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a b s t r a c t

The synthesis and characterization of three novel tetradentate ligands (T1, T2 and T3) based on 3-hy-
droxy-4-pyridinone chelating units are described. The three ligands exhibit different flexibility due to the
use of two different anchor molecules, piperazine and 1,2-diaminobenzene, and to the diverse length of
the 3-hydroxy-4-pyridinone arms. All reactions were performed using both conventional heating and
microwave irradiation in order to evaluate the possibility of using greener methods in these synthetic
procedures. The results showed that, in all cases, microwave irradiation provides the desired ligands
reducing reaction time in ca. 97%. The structure of ligand T3 was resolved by X-ray crystallography,
showing significant hydrogen bonding and interesting pep interaction between the benzene and pyr-
idinone rings. The use of potentiometric and spectroscopic methods allowed determination of acidity
constants and unequivocal assignment of proton loss for each pKa value. Interaction of the ligands with
divalent metal ions was assessed by spectroscopic methods.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Ligands of the 3-hydroxy-4-pyridinone (3,4-HPO) type are well
known for their biomedical, chemical and analytical applications.
The possibility of using these ligands in such a variety of fields is
mainly due to their high affinity towards M(II) andM(III) metal ions
as well as their versatility in synthesis.1

In the recent years, a significant number of these bidentate li-
gands with variable lipophilicity have been prepared and used to
produce tetra and hexadentate chelators. These polydentate li-
gands originate metal ion complexes with different thermody-
namic and kinetic properties thus allowing a better choice for its
use. Also, additional functionalities such as fluorophores2 and an-
choring molecules,3 to connect the ligands to surfaces or polymers,
have been successfully introduced thus enlarging their range of
application.

Several cyclic and acyclic backbones functionalized with pen-
dant arms have been used to prepare hydroxypyridinone de-
rivatives, namely platforms including the six-membered
heterocyclic piperazine backbone to anchor 3,2-HPO chelating
unities with the purpose of preparing siderophore mimics.4 In the
latter and other related examples,5 the piperazine molecule has
fc.up.pt (M. Rangel).
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been used as a backbone in supramolecular coordination chemistry
and in the preparation of several coordination polymers.6 Acyclic
backbones such as amino-triscarboxylic anchoring skeletons, were
also used in the synthesis of tripodal tris(3-hydroxy-4-pyridinone)
hexadentate chelators.7

As part of an on-going project focused on the preparation of
3-hydroxy-4-pyridinone complexes of vanadium(IV) and zinc(II)
with potential as insulin enhancing agents, we designed tetra-
dentate ligands based on 3,4-HPO bidentate units in order to
compare the activity of complexes with different stability and
lability. In this work we report the preparation of three novel
tetradentate 3,4-HPO chelators, which exhibit different flexibility
due to the use of two anchor molecules, piperazine and 1,2-
diaminobenzene, and diverse length of the 3-hydroxy-4-pyr-
idinone arms.

In a first approach, 1,4-bis(3-aminopropyl)piperazine was
chosen to anchor the two 3,4-HPO units since this platform can
provide the required flexibility for metal ion chelation and en-
hance solubility in water due to the presence the two extra amine
groups. The two primary nitrogen atoms of the piperazine side-
arms can easily be linked to the 3,4-HPO chelating unities
through (i) a direct condensation reaction allowing the formation
of the ligand T1 (Fig. 1) or (ii) an amide linkage allowing the
synthesis of the ligand T2 (Fig. 1). The results obtained show that
these ligands differ both in their overall molecular shape and in
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flexibility. As a drawback, the piperazine scaffold introduces two
additional heterocyclic nitrogen atoms, which contribute to the
acidebase properties of the ligands giving rise to a higher
number of equilibria in aqueous solution and in the presence of
metal ions. In order to overcome this problem we used a different
anchoring molecule, 1,2-diaminobenzene and synthesized ligand
T3 (Fig. 1). This platform also provides a relatively rigid and
hindered structure to anchor the chelating units. The different
structure of the two platforms is reflected in the structure of li-
gands T1, T2 and T3 and that of the corresponding metal ion
complexes.
Fig. 1. Ligands T1, T2 and T3 described in the present work.
The acidebase properties of the three ligands were examined in
aqueous solution by using potentiometric and spectrophotometric
methods. The values of the acidity constants of the ligands were
calculated from titration data and unequivocal assignment of pro-
ton loss for each pKa value was assessed by NMR. Interaction of the
ligands with divalent metal ions was assessed by spectroscopic
methods.
2. Results/discussion

2.1. Synthesis and characterization

Scheme 1 outlines the synthesis of tetradentate 3,4-HPO li-
gands T1 and T2 bearing the same 1,4-bis(3-aminopropyl)piper-
azine scaffold and different side-arms; the protected form of T1
(derivative 1) arises from the direct condensation of piperazine
with 3-benzyloxy-2-methyl-4-pyrone, whereas the protected
form of T2 (derivative 2) arises from the amide coupling of
piperazine with 3-benzyloxy-1-(30-carboxypropyl)-2-methyl-4-
pyridinone. Thus, to synthesize 2 a solution of 3-benzyloxy-2-
methyl-4-pyrone and 1,4-bis(3-aminopropyl)piperazine, in
a mixture of ethanol, water and NaOH, was refluxed for 24 h,
affording the corresponding bis-condensation derivative 1 in 70%
yield. The synthesis of derivative 2 involves a coupling step of 3-
benzyloxy-1-(30-carboxypropyl)-2-methyl-4-pyridinone with
1,4-bis(3-aminopropyl)piperazine, using DCC (N,N0-dicyclohex-
ylcarbodiimide) and HOBt (1-hydroxybenzotriazole) as coupling
agents, at room temperature for 4 days. After purification by
column chromatography, the expected derivative 2 was obtained
in 65% yield.
Scheme 1. Synthesis of ligands T1 and T2.
Derivative 3 (Scheme 2) was prepared in 31% yield from the
reaction of 3-benzyloxy-1-(30-carboxypropyl)-2-methyl-4-pyr-
idinonewith 1,2-diaminobenzene, in the presence of DCC and HOBt
(room temperature, 3 days) using the same synthetic methodology.

Scheme 2. Synthesis of ligand T3.
Subsequent removal of the benzyl protecting groups using
a solution of BCl3 in dichloromethane, lead to the desired hydro-
chloride salt of ligands T1, T2 and T3 in good yields.

The latter synthetic protocols proved to be simple and easy to
perform but the reactions are quite slow and therefore very time
consuming. In order to improve the reaction rates, controlled
single-mode microwave heating was tested as opposed to the tra-
ditional heating. Microwave irradiation has become a very popular
technique that provides a direct and rapid heating with a very high
energetic efficiency.8 A significant number of synthetic reactions
have been improved by microwave irradiation, including the syn-
thesis of ligands with different denticities.9 In many examples
reported in the literature, microwave heating dramatically reduced
reaction times, in some cases increased reaction yields, and en-
hanced product purity by reducing unwanted side-reactions com-
pared with conventional heating methods. In the present work, the
use ofmicrowave heating significantly diminished reaction times in
such a way that derivatives 1, 2 and 3 were prepared in 30 min and
at 50 �C, opposed to 24 h and 80 �C for derivative 1, 4 days and room
temperature for derivative 2 and 3 days and room temperature for
derivative 3.

2.2. NMR spectroscopy

The 1H NMR spectra of derivatives 1, 2 and 3 are relatively
simple, which reflects the symmetry of the compounds. From the
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analysis of 1H NMR spectra of these precursors, one can detect that
the most characteristic signal or group of signals of the common
structural feature, which is the 3,4-HPO ring, are two doublets
corresponding to the resonance of 5-H and 6-H protons. The res-
onance of 6-H appears at higher frequencies (d¼7.58, 7.51 and
7.61 ppm, respectively, in 1, 2 and 3) than those corresponding to 5-
H (d¼6.13, 6.11 and 6.15 ppm, respectively, in 1, 2 and 3). This fact is
due to the mesomeric and anisotropic deshielding effect of the
carbonyl group in 6-H. Another important feature is the presence of
the NH resonance signal from the amide linkage present in de-
rivatives 2 and 3, which appear as a triplet at d 7.96 ppm in 2 and as
a singlet at d 9.41 ppm in 3. When the benzyl groups are removed
from these derivatives using BCl3 protocol, the resulting ligands T1,
T2 and T3 are isolated as hydrochloride salts, in the dihydrox-
ypyridinium form. This is elucidated by the absence of the reso-
nance of the benzyl groups and by the resonances of 6-H and 5-H
protons, which undergo downfield shifts. Indeed, 6-H appears at
d 7.93, 7.97 and 8.28 ppm, respectively, in T1, T2 and T3, and 5-H
appears at d 6.70, 7.04 and 7.31 ppm, respectively, in T1, T2 and T3.
These chemical shifts values are in agreement with chemical shifts
values found for other related (3,4-HPO)s isolated in the dihy-
droxypyridinium form.9b
2.3. X-ray crystallography

Crystalline material of ligand T3 suitable for single-crystal X-ray
diffraction analysis was obtained by controlled recrystallization
from a mixture of dichloromethane/n-hexane. Unfortunately, it has
not been possible to isolate crystals of ligands T1 and T2 with
quality for X-ray diffraction methods, although many attempts and
distinct procedures have been carried out. The crystal structure of
T3 was determined in the monoclinic crystal system and in the
centrosymmetric space group P21/n, confirming that the ligand T3
was isolated as hydrochloride salts in dihydroxypyridinium form
(Fig. 2). The asymmetric unit cell (asu) includes one cationic ligand
T3, two chloride anions and, three water molecules and half n-
hexane molecule, as crystallization solvents (more details related
with the crystallographic data collection and structure refinement
are in Experimental section). Ligand T3 shows a structural ar-
rangement with the two 3,4-HPOmoieties practically parallel, since
the dihedral angle between both the planes defined by these
Fig. 2. Crystalline structure of the ligand T3, with three crystallization water molecules
and two chloride ions, showing the labelling scheme for selected atoms; ellipsoids
were drawn at the 50% probability level and hydrogen bonded to carbon atoms have
been omitted for clarity purposes.
groups is only 4.210�. The 3,4-HPO units are considerably twisted
with respect to the phenyl ring of the 1,2-diaminobenzene anchor
group (the dihedral angles between the planes of each 3,4-HPO
moiety and the phenyl ring are ca. 66.633� and 70.821�).

The structural conformation of ligand T3 is definitely condi-
tioned and stabilized by an extensive network of inter-molecular
interaction, mainly hydrogen bonds and p/p stacking. Adjacent
molecules interact directly by p/p contacts involving two pyr-
idinone rings (green shadow in Fig. 3a) and a pyridinone unit with
the benzene ring (yellow shadow in Fig. 3a) with the Cg/Cg dis-
tances of 3.5264(2)�A and 3.7763(2)�A, respectively (Cg represents
the gravity centre of the ring). Furthermore, the ligands T3 are in-
volved in an extensive inter-molecular hydrogen bonding network
with the crystallization water molecules, OeH/O and NeH/O
interactions, as well with the chloride anions, OeH/Cl and
NeH/Cl interactions, with distances DeH/A found between
1.684(16) and 2.465(11)�A (ligh-blue dashed lines in Fig. 3b; for
geometric details about hydrogen bounds see Table S1 in
Supplementary data). In this cooperative hydrogen bonding net-
work, the organic molecules act principally as donor, through the
hydroxyl groups of pyridinone rings [O(2)eH(7)/O(4)i; O(3)e
H(8)/O(3W); O(5)eH(9)/Cl(2)ii and O(6)eH(12)/O(2W); sym-
metry operations: (i) �xþ3, �y, �z and (ii) x, y, zþ1] and the amine
group [N(1)eH(1)/Cl(1) and N(2)eH(6)/O(1W)]. Interestingly,
the hydrogen bond interactions between the crystallization waters
and the chloride counterions [O(1W)eH(1W)/Cl(2)iii; O(1W)e
H(2W)/Cl(1)iii; O(2W)eH(3W)/Cl(1)iv and O(3W)eH(5W)/
Cl(2)v; symmetry operations: (iii) xþ1/2,�yþ1/2, zþ1/2; (iv) xe1/2,
Fig. 3. Non-covalent interactions: (a) p/p stacking involving pyridinoneepyridinone
rings (green shadow) and pyridinoneebenzene rings (yellow shadow) of adjacent li-
gands T3; (b) hydrogen bonding network, where the light-blue and the orange dashed
lines represent inter- and intra-molecular interactions, respectively; (c) the pentameric
hydrogen bounded cluster with three water molecules and two chloride anions.
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�yþ1/2, zþ1/2 and (v) �xþ2, �y, �z.] lead to the formation of
a pentameric cluster that include three water molecules and two
chloride anions (Fig. 3b). Additionally, intra-molecular OeH/O
hydrogen bonds were observed between the adjacent hydroxyl
groups belonging to the same pyridinone ring (orange dashed lines
in Fig. 3b). Ultimately, all the inter-molecular interactions lead to
the formation of a 3D supramolecular network (not shown). The
extended packing of ligand T3 in the [100] direction of the unit cell
shows apertures, which house the charge-balancing chloride as
well as the crystallization water and n-hexane molecules (Fig. S1).

2.4. Characterization in aqueous solution

The acidity constants of T1, T2 and T3 were calculated from po-
tentiometric and UVevis spectroscopy data and the values obtained
are reported in Table 1 together with those of 1,2-dimethyl-3-
hydroxypyridinone (Hdmpp) and piperazine for comparison.
Table 1
Acidity constants of ligands T1, T2, T3, Hdmpp and piperazine

pKai T1 pot T2 pot T2 UVevis T3 pot T3 UVevis Hdmppa pot Piperazineb pot

pKa1 2.26�0.10 2.28�0.02 2.35�0.36 3.00 �0.04 2.78�0.14 3.69�0.01 5.64
pKa2 2.96�0.06 3.07�0.10 2.67�0.26 3.14 �0.02 3.42�0.17 9.61�0.03 9.82
pKa3 3.47�0.07 3.40�0.08 3.24�0.43 8.77�0.14 8.17�0.18 d d

pKa4 6.76�0.08 7.14�0.10 7.17�0.50 9.86�0.07 9.99�0.18 d d

pKa5 9.10�0.08 9.14�0.10 8.14�0.22 d d d d

pKa6 9.80�0.08 9.70�0.19 9.58�0.11 d d d d

a Ref. 10.
b Ref. 5.
The acidity constants of ligand T2 were determined both by
potentiometric and spectrophotometric methods and values
obtained are in good agreement for the two methods. Due to the
low solubility in water of ligands T1 and T3 the corresponding
values of acidity constants were obtained by UVevis spectroscopy.
Scheme 3. Dissociation steps of ligand T2.
Isolated in thedihydroxypyridiniumform, ligandT3possesses four
dissociable protons, which correspond to the two hydroxyl groups of
the two pyridinone rings. The first two constants (pKa1 and pKa2) can
be related to the deprotonation of the oxygen atom on the pyridinone
ring. The remaining two constants (pKa3 and pKa4) are assigned to the
deprotonationof the enolate groupof thepyridinone. Thesevalues are
in close agreement with the previously reported for Hdmpp.

Regarding ligands T1 and T2, also isolated in the dihydroxy-
pyridinium form, there are two additional acidity constants
resulting from the piperazine ring. Typical piperazine acidity con-
stants are 5.64 and 9.82 and the difference between these two
values is due to the electrostatic repulsion between the protonated
atoms of the piperazine ring.5

The deprotonation sequence of T2 has been assessed on the
basis of the pH dependence of the 1H NMR chemical shifts over the
range 1.96e11.11 at 25 �C of the non-labile protons and is presented
in Scheme 3. In the pH range 1.96e4.00 (see selected spectra in
Fig. 4) the signals of both aromatic protons of the pyridinone ring
are significantly shifted to lower values of chemical shift, while the
signals of the remaining protons are slightly adjusted. These data
indicate that the pKa1 and pKa2 values can be associated with the
first deprotonation of the two pyridinone rings. In pH ranges from
4.00e4.71 to 7.56e8.14 the aliphatic protons of the piperazine ring
together with those of H-11 and H-16 are significantly shifted to
lower values of chemical shift, whereas the peaks corresponding to
the remaining protons are not perturbed. These results reveal that
the pKa3 and pKa4 values are associated with the deprotonation of
the first and the second nitrogen atoms of the piperazine ring. At
higher pH values (above 9.00) the deprotonation of the enolate
group of the two pyridinone rings is observed giving rise to pKa5
and pKa6.
The distribution diagrams as a function of pH of the ligands are
available in Supplementary data. The distribution diagrams clearly
illustrate the different number of species that result in each case and
allow identification of the predominant species at physiological pH.

2.5. Coordination with VO(II), Zn(II) and Cu(II)

The interaction of ligands T1, T2 and T3with divalent metal ions
was investigated for VO(II), Zn(II) and Cu(II) by mixing the



Fig. 4. 1H NMR spectra (spectrum A: pH¼3.43; spectrum B: pH¼4.00; spectrum C: pH¼4.71; spectrum D: pH¼7.20; spectrum E: pH¼7.56; spectrum F: pH¼8.14) of the ligand T2.
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appropriate reagents to prepare the corresponding metal com-
plexes according to the usual procedures for 3,4-HPO ligands.11

Formation of complexes was detected visually for ligands T1 and
T3 since immediate precipitation occurred in contrast with ligand
T2 for which complexes were more difficult to isolate as powders.
Evidence for the formation of complexes in solution was provided
for zinc(II) by the characteristic deviation of ca. 1 ppm in the 1H
NMR chemical shifts of protons H5 and H6 of the pyridinone ring
(Scheme 3) and a bathochromic shift of ca. 30 nm in the UVevis
spectra (Figs. S1 and S2 in Supplementary data) and for oxidova-
nadium(IV) complexes by the observation of the characteristic
UVevis spectra (Fig. S3 in Supplementary data).12 Interaction of
copper(II) with the three ligands was assessed by EPR spectroscopy
and the results obtained are shown in Fig. 5.

The EPR spectra depicted in Fig. 5 show the typical signal of
copper(II) complexes in the g¼2 region and exhibit for ligands T1
and T2 an additional signal at g¼4. The latter is better resolved for
T2 and clearly shows the hyperfine interaction of the unpaired
electron with the copper nucleus (I¼3/2). The observation of the
EPR signal at g¼4 together with the usual signal in the g¼2 region is
consistent with the presence of two magnetically coupled cop-
per(II) centres. These results are indicative that the three ligands
strongly bind copper(II) and that ligands T1 and T2 form binuclear
copper species inwhich the two copper(II) centres are close enough
Fig. 5. EPR spectra of the copper(II) complexes of ligands T1, T2 and T3 obtained in
DMSO at 20 K.
to interact. The spectra of copper complexes with T1 and T2 are
very similar to that observed for a copper(II) complex of guanine 13

in which X-ray data confirm the structure of binuclear complexes
with two copper centres ca. 4�A apart. The formation of binuclear
species for ligand T3 is not ruled out but in this case the two copper
centres must be further distant as their magnetic interaction is not
detected by EPR. These results provide evidence for the different
flexibility of the ligands, which is introduced by the two different
platforms used to anchor the 3,4-HPO units. A full characterization
of the structure of the various types of complexes formed by ligands
T1, T2 and T3 is under analysis and due to its complexity will be
discussed in a different work.
3. Conclusion

Three novel 3-hydroxy-4-pyridinone based tetradentate ligands
have been synthesized and characterized. The ligands exhibit dif-
ferent flexibility that was achieved by the use of two different an-
chor molecules and pyridinone arms of diverse length. The
synthetic versatility of the 3,4-HPO ligands allowed the synthesis of
the tetradentate ligands without changing the acidebase proper-
ties of the dissociable groups of the pyridinone units thus providing
ligands that maintain a high affinity towards metal ions.

Owing to the variety of species formed by metal ions with li-
gands T1 and T2 and to the low solubility of complexes of T3 we
believe that their Zn(II) and VO(II) complexes will not be useful as
anti-diabetic agents. However from the structural point of view
these ligands have a very rich coordination chemistry, whichwill be
further explored.
4. Experimental section

4.1. General information

Reagents and solvents were purchased as reagent-grade and
used without further purification unless otherwise stated. NMR
spectra were recorded with Bruker Avance III 400 spectrometer
(400.15 MHz for 1H and 100.63 MHz for 13C). Chemical shifts (d) are
reported in parts per million and coupling constants (J) in hertz;
internal standard was TMS. Unequivocal 1H assignments were
made with aid of 2D gCOSY (1H/1H), while 13C assignments were
made on the basis of 2D gHSQC (1H/13C) and gHMBC experiments
(delay for long range J C/H couplings were optimized for 7 Hz).
Mass spectra were acquired by Unidade De Espectrometria De
Masas of Santiago de Compostela and microanalyses were acquired
by Unidad De An�alisis Elemental of Santiago de Compostela. Flash
chromatography was carried out using silica gel Merck (230e400
mesh).
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4.2. Synthesis

3-Benzyloxy-2-methyl-4-pyrone and 3-benzyloxy-1-(30-car-
boxypropyl)-2-methyl-4-pyridinone was prepared as described in
the literature.14

4.3. Synthesis of 1,4-bis[(3-benzyloxy-2-methyl-4-
pyridinone)propyl]piperazine (1)

(a) Using standard conditions: To a mixture of 1,4-bis(3-amino-
propyl)piperazine (5.30 mL, 2.57 mmol), 3-benzyloxy-2-methyl-4-
pyrone (1.17 g, 5.41 mmol, 2.1 equiv), ethanol (100 mL) and water
(100 mL) was added dropwise a concentrated solution of NaOH
until pH 13. The resulting mixture was refluxed during 24 h. After
that time, the reaction mixture was concentrated in the rotative
evaporator until remove 100 mL of solvent. Subsequently,100 mL of
water was added and the pH was adjusted to 2 using HCl. The
aqueous layer was extracted three times with ethyl ether and the
organic layer was rejected. The pH of the aqueous layer was ad-
justed to 10 using a 20% solution of NaOH and it was extracted two
times with dichloromethane. The organic layer was dried over
anhydrous Na2SO4 and the solvent evaporated in vacuo to give
1.07 g (70% yield) of 1 as a white pallid solid. (b) Using microwave
irradiation: To a mixture of 1,4-bis(3-aminopropyl)piperazine
(2.65 mL, 1.29 mmol), 3-benzyloxy-2-methyl-4-pyrone (0.585 g,
2.71 mmol, 2.1 equiv), ethanol (50 mL) and water (50 mL) was
added dropwise a concentrated solution of NaOH until pH 13. The
resulting mixture was placed in the cavity of a CEM microwave
reactor using open vessel conditions. The reaction vial was irradi-
ated at 50 �C (1 min ramp to 50 �C and 30 min hold at 50 �C, using
100W maximum power). The reaction work-up was similar to the
described before affording 0.2517 g of compound 1 (33% yield). 1H
NMR (400.15 MHz, DMSO-d6) d: 1.71e1.75 (4H, m, 2�CH2), 2.18 (6H,
s, 2�CH3), 2.20e2.35 (8H, m, 4�CH2-piperazine), 3.87 (4H, t, J
6.8 Hz, 2�CH2), 5.02 (4H, s, 2�CH2C6H5), 6.13 (2H, d, J 7.5 Hz, 2�5-
H), 7.29e7.40 (10H, m, 2�CH2C6H5), 7.58 (2H, d, J 7.5 Hz, 2�6-H)
ppm.

4.4. Synthesis of 1,4-bis[(3-hydroxy-2-methyl-4-pyridinone)
propyl]piperazine (T1)

A 1 M solution of boron trichloride in dichloromethane (16 mL)
was dropped slowly into an ice-bath-cooled suspension of 1 (1.60 g,
2.68 mmol) in dry dichloromethane (100 mL), under argon atmo-
sphere. The mixture was stirred at room temperature overnight.
Methanol (50 mL) was added to quench the reaction. After removal
of the solvent in vacuo, the residuewas precipitatedwithmethanol/
acetone to afford the hydrochloride salt of T1 (1.13 g, 75% yield) as
a white solid. C, 40.75; N, 8.54; H, 7.12. C22H32N4O4$4HCl$5H2O re-
quires C, 40.50; N, 8.59; H, 7.11%. 1H NMR (400.15 MHz, D2O) d:
2.18e2.22 (4H, m, 2�CH2), 2.47 (6H, s, 2�CH3), 3.21e3.26 (4H, m,
2�CH2), 3.47e3.56 (8H, m, 4�CH2-piperazine), 4.31 (4H, t, J 7.6 Hz,
2�CH2), 6.70 (2H, d, J6.8 Hz, 2�5-H), 7.93 (2H, d, J6.8 Hz, 2�6-H).13C
NMR (100.63 MHz, D2O) d: 12.3 (CH3), 24.4 (CH2), 49.1 (CH2-piper-
azine), 53.0 (CH2), 53.2 (CH2),111.3 (C-5),138.5 (C-6),142.3 and142.9
(C-2 and C-3), 159.1 (C-4). MS (FAB)m/z: 417 [(MþH)�4HCl]þ.

4.5. Synthesis of 1,4-bis[(N-propanamide-3-benzyloxy-2-
methyl-4-pyridinone)propyl]piperazine (2)

(a) Using standard conditions: A mixture of 3-benzyloxy-1-(30-car-
boxypropyl)-2-methyl-4-pyridinone (2.57 g, 8.94 mmol, 2.3 equiv),
DCC (1.92 g, 9.33 mmol, 2.4 equiv), HOBt (1.26 g, 9.33 mmol,
2.4 equiv) and dry DMF (80mL) was stirred at room temperature,
under argon atmosphere, for 30 min. After that time, 1,4-bis(3-ami-
nopropyl)piperazine (0.80mL, 3.89mmol) was added and the
resulting reactionmixturewasallowed to stir at roomtemperature for
4 days. Upon filtration and removal of the solvent under reduced
pressure, the residue was purified by column chromatography using
amixture of chloroform/methanol (6:4) as eluent to afford 1.87 g (65%
yield)of2asawhite solid. (b)Usingmicrowave irradiation:Amixtureof
3-benzyloxy-1-(30-carboxypropyl)-2-methyl-4-pyridinone (0.184 g,
0.64mmol, 2.3 equiv), DCC (0.138 g, 0.67mmol, 2.4 equiv), HOBt
(90.0mg, 0.67mmol, 2.4 equiv), 1,4-bis(3-aminopropyl)piperazine
(0.06mL, 0.28mmol)anddryDMF (20mL) was prepared and placed in
the cavity of a CEM microwave reactor using open vessel conditions.
The reaction vial was irradiated at 50 �C (1 min ramp to 50 �C and
30 min hold at 50 �C, using 100W maximum power). The reaction
mixturewas thenpurifiedbycolumnchromatographyusingamixture
of chloroform/methanol (6:4)aseluent togive2 (0.113 g,55%yield).1H
NMR (400.15 MHz, DMSO-d6) d: 1.46 (4H, quintet, J 6.9 Hz, 2�CH2),
2.15e2.35 (12H, m, 6�CH2), 2.21 (6H, s, 2�CH3), 2.46 (4H, t, J 6.8 Hz,
CH2), 2.98e3.05 (4H,m, CH2), 4.09 (4H, t, J 6.8 Hz, 2�CH2), 5.00 (4H, s,
2�CH2C6H5), 6.11 (2H, d, J 7.6 Hz, 2�5-H), 7.31e7.43 (10H, m,
2�CH2C6H5), 7.51 (2H, d, J 7.6 Hz, 2�6-H), 7.96 (2H, t, J 5.4 Hz, 2�NH)
ppm.
4.6. Synthesis of 1,4-bis[(N-propanamide-3-hydroxy-2-
methyl-4-pyridinone)propyl]piperazine (T2)

A 1M solution of boron trichloride in dichloromethane (6 mL)
wasdroppedslowly into an ice-bath-cooled suspensionof solutionof
2 (0.73 g, 1.00 mmol) in dry dichloromethane (50 mL), under argon
atmosphere. Themixturewas stirredat room temperatureovernight.
Methanol (25 mL)was added toquench the reaction.After removal of
the solvent, the residue was precipitated with methanol/acetone to
afford the hydrochloride salt of T2 (0.55 g, 78% yield) as awhite solid.
C, 45.97; N,11.05; H, 6.78. C28H42N6O6$4HCl$2H2O requires C, 45.41;
N, 11.35; H 6.81%. 1H NMR (400.15 MHz, D2O) d: 1.84e1.90 (4H, m,
2�CH2), 2.54 (6H, s, 2�CH3), 2.79 (4H, t, J 6.8 Hz, 2�CH2), 3.15e3.22
(8H, m, 4�CH2), 3.55e3.65 (8H, m, 4�CH2-piperazine), 4.56 (4H, t, J
6.8 Hz, 2�CH2), 7.04 (2H, d, J7.2 Hz, 2�5-H), 7.97 (2H, d, J7.2 Hz, 2�6-
H) ppm. 13C NMR (100.63 MHz, D2O) d: 12.3 (CH3), 23.4 (CH2), 35.5
(CH2), 36.1 (CH2), 48.7 (CH2-piperazine), 52.4 (CH2), 54.5 (CH2), 111.0
(C-5), 138.7 (C-6), 142.3 (C-2), 142.7 (C-3), 159.1 (C-4), 171.8 (C]O)
ppm. MS (FAB)m/z: 559 [(MþH)�4HCl]þ.
4.7. Synthesis of 1,2-bis(N-propanamide-3-benzyloxy-2-
methyl-4-pyridinone)benzene 3

(a) Using standard conditions: A mixture of 3-benzyloxy-1-(30-
carboxypropyl)-2-methyl-4-pyridinone (0.92 g, 3.19 mmol,
2.3 equiv), DCC (0.69 g, 3.33 mmol, 2.4 equiv), HOBt (0.45 g,
3.33 mmol, 2.4 equiv) and dry DMF (20 mL) was stirred at room
temperature, under argon atmosphere, for 30 min. After that time,
1,2-diaminobenzene (0.15 g, 1.39 mmol) was added and the
resulting reaction mixture was allowed to stir at room temperature
for 3 days. Upon filtration and removal of the solvent under reduced
pressure, the residue was purified by flash chromatography using
a mixture of chloroform/methanol/ethyl acetate (17:2:1) as eluent
to afford 3 (0.31 g, 34% yield) as a white solid. (b) Using microwave
irradiation: A mixture of 3-benzyloxy-1-(30-carboxypropyl)-2-
methyl-4-pyridinone (0.184 g, 0.64 mmol, 2.3 equiv), DCC (0.138 g,
0.67 mmol, 2.4 equiv), HOBt (90.0 mg, 0.67 mmol, 2.4 equiv), 1,2-
diaminobenzene (30.0 mg, 0.28 mmol) and dry DMA (4 mL) was
placed in a 10 mL reaction vial, which was then closed under argon
atmosphere and placed in the cavity of a CEM microwave reactor.
The reaction vial was irradiated at 50 �C (1 min ramp to 50 �C and
30 min hold at 50 �C, using 100W maximum power). The reaction
mixture was then purified by flash chromatography (chloroform/
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methanol/ethyl acetate in 17:2:1) to give 3 (54.3 mg, 30% yield). C,
60.57; N, 7.64; H, 5.60. C38H38N4O6$CHCl3$1/2H2O requires C,
60.43; N, 7.23; H, 5.20%. 1H NMR (400.15 MHz, DMSO-d6) d: 2.25
(6H, s, 2�CH3), 2.73 (4H, t, J 6.9 Hz, 2�CH2), 4.18 (4H, t, J 6.9 Hz,
2�CH2), 5.01 (4H, s, 2�CH2C6H5), 6.15 (2H, d, J 7.5 Hz, 2�5-H),
7.13e7.15, 7.31e7.42 and 7.46e7.48 (14H, 3 m, AreH), 7.61 (2H, d, J
7.5 Hz, 2�6-H), 9.41 (2H, br s, 2�NH) ppm. 13C NMR (100.63 MHz,
DMSO-d6) d: 11.9 (CH3), 36.6 (CH2), 48.9 (CH2), 71.8 (CH2C6H5),
116.0, 125.0, 127.8, 128.2, 128.3, 130.1, 137.8, 139.5, 140.5, 145.3,
168.3, 171.9 ppm. MS (FABþ) m/z: 647 (MþH)þ.

4.8. Synthesis of 1,2-bis(N-propanamide-3-hydroxy-2-
methyl-4-pyridinone)benzene T3

A 1 M solution of boron trichloride in dichloromethane (2.7 mL)
was dropped slowly into an ice-bath-cooled suspension of solution
of 3 (0.30 g, 0.46 mmol) in dry dichloromethane (17 mL), under
argon atmosphere. The mixture was stirred at room temperature
overnight. Methanol (5 mL) was added to quench the reaction
mixture. After removal of the solvent, the residue was precipitated
with methanol/acetone to afford quantitatively hydrochloride salt
of T3 as a white powder. C, 51.86; N, 10.04; H, 5.56.
C24H26N4O6$2HCl$H2O requires C, 51.71; N,10.05; H, 5.42%. 1H NMR
(400.15 MHz, DMSO-d6) d: 2.63 (6H, s, 2�CH3), 3.05 (4H, t, J 6.8 Hz,
2�CH2), 4.66 (4H, t, J 6.8 Hz, 2�CH2), 7.09e7.12 (2H, m, AreH), 7.31
(2H, d, J 7.0 Hz, 2�5-H), 7.55e7.57 (2H, m, AreH), 8.28 (2H, d, J
7.0 Hz, 2�6-H), 10.12 (2H, s, NH) ppm. 13C NMR (100.63 MHz,
DMSO-d6) d: 12.6 (CH3), 35.9 (CH2), 52.4 (CH2), 110.6 (C-5), 124.5,
124.6, 129.6, 138.5 (C-6), 141.8, 142.8, 158.5 (C-4), 167.7 (C]O) ppm.

4.9. Single-crystal X-ray diffraction

Single-crystals of 2[C24H4N24O4]4Cl$6(H2O)$C6H14, 2(T3)
4Cl$6(H2O)$C6H14 were harvested from the crystallization vial and
immersed in highly viscous FOMBLIN Y perfluoropolyether vacuum
oil (LVAC 140/13). A suitable single-crystal was mounted on
a Hampton Research CryoLoop with the help of a Stemi 2000 ste-
reomicroscope equipped with Carl Zeiss lenses.15 Data were col-
lected on a Bruker X8 Kappa APEX II charge-coupled device (CCD)
area-detector diffractometer (Mo Ka graphite-monochromated
radiation, l¼0.71073�A) controlled by the APEX2 software pack-
age,16 and equipped with an Oxford Cryosystems Series 700 cryo-
streammonitored remotely using the software interface Cryopad.17

Images were processed using the software package SAINTþ,18 and
data were corrected for absorption by the multi-scan semi-empir-
ical method implemented in SADABS.19 The structure was solved by
direct methods implemented in SHELXS-97,20,21 and refined from
successive full-matrix least-squares cycles on F2 using SHELXL-
97.20,22 All non-hydrogen atoms were successfully refined using
anisotropic displacement parameters, including those from the
crystallization solvent molecules (water and n-hexane).

Hydrogen atoms associated with the amine (NeH) and hydroxyl
(OeH) groups of T3 were markedly visible in difference Fourier
maps and were included in the structure with the NeH and OeH
distances restrained to 0.85(1) and 0.90(1)�A, respectively, and with
Uiso fixed at 1.5�Ueq of the parent attached atom. H-atoms bound to
carbon were located at their idealized positions using appropriate
HFIX instructions in SHELXL: 43 for the aromatic, 23 for the eCH2

carbons and 137 for the terminal eCH3 methyl groups. All these
atoms were included in subsequent refinement cycles in riding-
motion approximation with isotropic thermal displacements pa-
rameters (Uiso) fixed at 1.2 or 1.5�Ueq of the carbon atom to which
they are attached. The H-atoms associated with the crystallization
water molecules were clearly visible in the difference Fourier maps
and included in the final structure model during subsequent re-
finement stages with the OeH and H/H distances restrained to
0.90(1) and 1.50(1)�A, respectively. This procedure ensures
a chemically reasonable geometry for these molecules. Atoms were
treated using a riding-motion approximation with an isotropic
thermal displacement parameter (Uiso) fixed at 1.5�Ueq of the
parent oxygen atom. Despite the H-atoms of the n-hexanemolecule
were not located in the refined structure, they have been included
in the empirical formula of the compound.

Information concerning the crystallographic data collection and
structure refinement of T3: Formula, C27H41Cl2N4O5; Mr¼636.54;
crystal size 0.21�0.10�0.06 mm3, T¼150(2) K; Monoclinic; space
group P21/n; a¼9.9479(9)�A, b¼23.770(2)�A, c¼12.4952(11)�A;
b¼105.412(4)�; V¼2848.4(5)�A3; Z¼4; rcalcd¼1.468 g cm�3; m¼0.289
mm�1; 45,929 reflections collected, 5827 independent reflections,
Rint¼0.0503; R1¼0.0570 and wR2¼0.1523 for data I>2s(I);
R1¼0.0800 and wR2¼0.1682 for all data.

Crystallographic data (excluding structure factors) for the
structure in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-811973. Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
þ44 (0)1223 336033 or e-mail: deposit@ccdc.cam.ac.uk).

4.10. Potentiometric and spectrophotometric determinations

All solutions were prepared with double de-ionized water (con-
ductivity less than 0.1 mS cm�1). Potentiometric measurements were
performed with a Crison 2002 decimillivoltmeter and a Crison 2031
automatic burette controlled by an IBM 425SX computer. The elec-
trode assembly consisted of a Russell 900029/4 double junction Ag/
AgCl reference electrode and a Russell 18026/02 glass electrode as
indicator. All titrations were carried out in a thermostat-controlled
double-walled glass cell at (25.0�0.1 �C) under argon atmosphere,
homogeneity of the solutions was maintained using a Crison 2038
magnetic stirrer and ionic strengthwas adjusted to 0.10 MwithNaCl.
Solutions of NaOH were prepared in de-ionized water previously
purged with argon while boiling to reduce carbonate impurity. Sys-
tem calibration was performed by the Gran method23 in terms of
hydrogen ion concentration by titrating solutions of strong acid with
strongbase. Before each run a calibrationwasperformed to check the
electrode behaviour. For the determination of the acid dissociation
constants of the ligands an aqueous solution (1 mM, I¼0.1 MNaCl) of
the protonated ligand was titrated with NaOH (ca. 0.03 M,
25.0�0.1 �C) under an argon atmosphere.

For the spectroscopic data the pH values were measured by
a Crison pH meter Basic 20þ, which is equipped with a combined
glass electrode, and it was standardized at 25 �C by using standard
buffers of pH 4, 7 and 9. The UVevis spectra obtained to determine
absorptiometric pKa values were record, at each pH, using a Varian
Cary bio50 double beam spectrophotometer, equipped with a Var-
ian Cary single cell Peltier accessory controlled by a computer. Stock
solutions of the ligands were prepared in water (I¼0.1 M NaCl).
After each pH adjustment the solution was transferred into the
cuvette, and the absorption spectra were recorded. Spectra were
acquired at 25 �C and between 200 and 400 nm (1 nm resolution).

The pKa values were determinate by using the programs:
Hyperquad 2006 for the treatment of the curves obtained in po-
tentiometric titration and HypSpec for the treatment of the
obtained UVevis spectra.24 The errors associated were determined
using the Albert and Sergeant theory.25 The species distribution
curves were plotted with the HySS program.

4.11. UVevis spectroscopy

Electronic absorption spectra of solutions of the complexes were
recorded with a Varian Cary bio50 spectrophotometer, equipped
with a Varian Cary single cell Peltier accessory. Spectra were

mailto:deposit@ccdc.cam.ac.uk
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recorded at 25 �C in 1 cm path length quartz cells with a slit width
of 1 nm, in the range 200e800 nm. The samples were prepared by
dissolution of the compound in dried DMSO and placed in the
quartz cells. Typical solution concentrations were in the range
1�10�5 to 1�10�6 M.

4.12. EPR spectroscopy

EPR spectra of the paramagnetic complexes were recorded in
frozen solution in the temperature range 20e77 K using an X-band
(9 GHz) Brucker EMX spectrometer equipped with a variable tem-
perature unit (Oxford ESR900). The samples were prepared by dis-
solution of the compound in dried DMSO and placed in quartz tubes.
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