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This work reports the synthesis, characterization and study of complex formation equilibria of the new ligand
6,6′-(2-(diethylamino)ethylazanediyl)bis(methylene)bis(5-hydroxy-2-hydroxymethyl-4H-pyran-4-one) with
FeIII, AlIII, CuII and ZnII. On the basis of previous encouraging results with tetradentate bis-kojic acid chelators,
this ligandwas designed to improve the pharmacokinetic properties: increase the solubility, neutral at physiological
pH 7.4, and enhancement of membrane crossing ability. FeIII and AlIII complexation gave evidence of high
metal-sequestering capacity of L9. Cellular assays showed that the ligand is capable of crossing cellular
membranes and it does not present toxic effects. Complex formation equilibria with the essential metal
ions CuII and ZnII have been furthermore studied to evaluate disturbances of this chelator on the homeostatic
equilibria of these essential metal ions. A variety of techniques (potentiometry, UV–visible spectrophotometry,
1D and 2D NMR spectroscopy, ESI–MS (electrospray ionization–mass spectrometry), quantum mechanical
calculations and X-ray diffraction) have facilitated the characterization of the ligand, and the corresponding
iron and zinc complexes, together with an exhaustive analysis of the protonation and complex equilibria.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In the frame of our research on chelating agents for iron and
aluminium [1–6], a set of kojic acid (KA) derivatives were synthesized
and the complex formation equilibria with these two trivalent metal
ions were fully characterized [7–10]. The principal features of these
ligands (Scheme 1) are i) the presence of two coordinating groups associ-
atedwith two kojic units, heterocycles containing a pair ofO-donor atoms
due to a carbonyl and a vicinal hydroxyl group, which allow the ligands
acting as tetradentate chelators (except KA and L7); ii) the formation of
binuclear Fe2L2 and Fe2L3 complexes of high stability; and iii) the
remarkable increase of ironbinding affinity comparedwith the parent KA.

Literature search on iron chelating agents shows a preponderant
interest, on one side, towards bidentate and tridentate chelators,

apparently due to the better adequacy of their characteristics to the
requirements of an oral drug (permeability, molecular mass, etc.); on
the other side, towards the not orally active hexadentate chelators,
which form the most stable complexes. Archetypes of these ligands are
those in clinical use for the treatment of iron overload in thalassemic
patients, bidentate Deferiprone, tridentate Deferasirox, and hexadentate
Desferal. Minor attention has been devoted towards tetradentate
chelators, presumably because denticity two and three allow the forma-
tion of octahedral mononuclear complexes FeL3 and FeL2. However, by
mimicking the natural rhodotorulic acid, a bis-hydroxamate siderophore
[11], a number of tetradentate ligands have been proposed to date as
potential FeIII chelators, namely bis-hydroxamates [11], bisphosphonates
[12], bis(3-hydroxy-4-pyridinone) [13], and a bis-(kojic acid) derivatives,
similar to L1 and L8 (Scheme 1), recently proposed by Zhu et al. [14].
The molecular weight of these ligands is generally below the limit of
500 g/mol suggested by Lipinski's rule of five and pFe values are in
the range 18–21. In order to completely fulfill the hexacoordination of
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ferric ion, the denticity of these ligands requires formation of polynuclear
species, invariably found in these systems. In particular, the most
common polynuclear complex is the dimer Fe2L3, with a charge
depending on the ligand structure. The tetradentate chelators we
proposed display the following features:

1 The length of the linker and themolecular conformation do not allow
that the ligand acts as a tetradentate ligand toward a single FeIII ion;
nevertheless, in all cases the tetradentate nature of the ligand favors
the formation of dinuclear complexes Fe2L2 or Fe2L3. In particular the
complex of stoichiometry FeL2 found with L1 and L8, of exceptionally
higher stability than that of the corresponding FeL2 complexes with
KA and L7, should be better hypothesized as Fe2L4. This complex should
be structurally thought as a central Fe2L2, further coordinated by one
ligand on each iron through one KA moiety, satisfying its octahedral
coordination.

2 The formation of Fe2L2 or Fe2L3 complexes seems dictated by the
length of the linker. Linker constituted by a free or substituted
methylene group (L1, L2, L3 and L8) allows two ligands bridging
the two iron atoms, while a longer chain permits the formation of a
helicate, in which three ligands completely satisfy FeIII octahedral
coordination. Similar Fe2L3 complexes are formed by the natural
siderophores rhodotorulic acid and synthetic analogues [11].

3 The possible conformations related to the length of the linker are
shown in Scheme 2: conformation 1, accessible when the length of
the linker allows the tetradentate chelation on the same iron ion by
the same ligand (bis(3-hydroxy-4-pyridinone)-IDA derivative) [13];
conformation 2, which is obtainedwith linkers too short with respect
to the above requirements, but long enough to allow the formation
of a helicate in which the three ligands completely satisfy the
hexacoordination of the two iron atoms (L4, L5, andL6); conformation
3, inwhich a too short linker does not allow the formation of the above
helicate (L1, L8).

4 These tetradentate chelators join the advantages of being small
enough to allow membrane permeability (molecular weight
(MW) b 500) and requiring, for complete iron hexacoordination, an

amount 1.5 times that of chelatable iron, i.e. between the value 1
for hexadentate chelators and 2 and 3 for tridentate and bidentate
chelators, respectively.

We have synthesized a new ligand, 6,6′-(2-(diethylamino)
ethylazanediyl)bis(methylene)bis(5-hydroxy-2-hydroxymethyl-4H-
pyran-4-one), termed L91 (Scheme 3), similar to L4 and L5, and bearing a
diethylaminoethyl group on the nitrogen atom in the linker, instead of
methyl or benzyl groups, with the aim of improving the solubility and
having a neutral molecule at pH 7.4. In the present work the characteri-
zation of this new ligand and of its FeIII and AlIII complexes is presented.
The study of the complex formation equilibria with the essential metal
ions CuII and ZnII, whose homeostatic equilibria could be perturbed by
iron and aluminium chelation, is furthermore reported.

2. Experimental

2.1. Reagents

Kojic acid, N,N-diethyl-ethylenediamine, NaOH, KOH, FeCl3, ZnCl2,
CuCl2. H2O, AlCl3, methyl alcohol, and ethyl alcohol were purchased
from Aldrich, formaldehyde from Merck, HCl from Fluka, KCl from
Carlo Erba (Milan, Italy), and Desferal from Biofutura Pharma. All the
reagents were used without any further purification. Carbonate free
0.1 M KOH solution was prepared as previously described [15]. The
metal ion standard solutions were prepared by dissolving the required
amount of chloride salts in pure double distilled water to which
stoichiometric amounts ofHClwere previously added to prevent hydroly-
sis. All metal solutions were standardized by EDTA titration, except the
iron solution, which was standardized by spectrophotometric analysis
as Desferal complex.

1 L9 is a diprotic acid. In the formulae we will represent L9 as LH2, and L2− for its
completely deprotonated form.

Scheme 1. Chemical structures of ligands KA, L1–L8.
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