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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,
39 070 675 4478.
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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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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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.
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Scheme 2. Conformation of iron complexes with tetradentate chelators.
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2.2. Synthesis of ligand, 6,6′-(2-(diethylamino)ethylazanediyl)bis(methy-
lene)bis(5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one)

N,N-diethyl-ethylenediamine (0.98 ml, 7 mmol) and aqueous form-
aldehyde (36%, 2.6ml, 15.5 mmol)weremixedwith ethyl alcohol (96%,
20 ml) for 30 min; this solution was added drop wise to a solution of
kojic acid (2.0 g, 14.1 mmol) in ethyl alcohol (96%, 30 ml) and then
the reaction mixture was stirred at room temperature for 5 h (reaction
followed by TLC, using as eluent a 6:0.7 CH2Cl2/MeOH solution). The
mixture was then evaporated in a rotavapor under vacuum. Addition
of ethyl alcohol (99.5%), followed by refrigeration for 2 h, lead to
formation of a light yellow precipitate, which upon filtration and wash-
ing with cold ethyl alcohol, afforded the pure final product (2.00 g,
67%yield); M.p. 142–143 °C;1H-NMR (D2O): δ 6.35 (s,2H), 4.39 (s, 4H),
3.88 (s, 4H), 3.38 (s, 2H), 3.26 (s, 4H), 3.10 (s, 2H), 1.32 (s, 6H); ESI–
MS: 425.2 (MH+). Elemental analysis (%) calculated for C20H28N2O8: C
54.29; H 6.83, N 6.33; found: C 54.00, H 7.16, N 6.34.
Scheme 3. Chemical structure of ligand L9. For labels A–G, see Table 2.
2.3. Analysis of the synthesized ligand

Elemental datawere obtained using a Fisons EA1108 CHNS/Owithin
the limit of ±0.4%. NMR spectra were recorded on a Bruker AVANCE III
300 MHz spectrometer. Chemical shifts (δ) were reported in ppm from
the internal reference 3-trimethylsilyl-propionic acid-d4 sodium
salt (DSS). The mass spectra (ESI–MS, electrospray ionization–mass
spectrometry) were obtained by a 500 MS LC Ion Trap (Varian Inc.,
Palo Alto, CA, USA) mass spectrometer equippedwith an ESI ion source,
operating in the positive and negative ion modes.

2.4. Synthesis of crystals

2.4.1. Synthesis of the L9 crystal
L9 (0.07 mmol, 30 mg) in 6 ml of 1:1 water/methanol solution was

stirred until complete dissolution (45 min). Afterwards, the resulting
light yellow solution, filtered into a crystallization device to remove
impurities, was placed into an acetone diffusion chamber, where
acetone acts as an antisolvent in the crystallization process. After 2
days, parallelepiped colorless crystals suitable for X-ray diffraction
(XRD) were obtained. Single crystals of L9 were also obtained without
acetone diffusion, leaving the solution at 4 °C.

2.4.2. Synthesis of the FeL4 crystal
A quantity of FeCl3 · 6H2O (0.13 mmol, 35mg) dissolved in 25ml of

distilled water was left to react with L4 (0.2 mmol, 68 mg) stirring for
4 h at room temperature. Once a dark reddish solution was obtained,
a solution of Na2CO3 (0.14 mmol) was added drop by drop. The
resulting solution was filtered into a crystallization device to remove
impurities. Crystals suitable for XRD were collected after 2 months.

2.4.3. Synthesis of the Zn(L9)2 crystal
Zn2CO3(OH)2 (0.05 mmol, 11mg) reacted in 20ml of distilled water

with L9 (0.1 mmol, 42 mg) in a Kitasato flask, adding drop by drop 2ml
of a solution of Na2CO3 until the ligand completely dissolved, stirring
under moderate vacuum. The reacting mixture was left stirring for 1 h
and then filtered, without vacuum, in a crystallization device, covered
with a plastic film to control the evaporation. After 1 week colorless
rhombus crystals suitable for XRD appeared. It was also possible to
obtain crystals in an acetone diffusion chamber and in an ether diffusion
chamber. The solution became yellow with time, indicative of a slow
degradation of the ligand.

2.5. Spectrophotometric–potentiometric measurements

Protonation and complex-formation equilibrium studies were
carried out at the same conditions previously described [16]. The
operating ligand concentrations ranged from 3 × 10−4 to 3 × 10−3 M.

image of Scheme�2
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Complex formation studies were performed using constant ligand
concentration, and 1:1, 1:2 and 1:3 metal/ligand molar ratios. Combined
potentiometric–spectrophotometric measurements were performed for
protonation equilibria in the 200–400 nm spectral range and in the
400–800nmrange for FeIII complexation, using 0.2 and1 cmpath lengths,
respectively. Protonation and complex formation data were analyzed
using the Hyperquad program [17].

2.6. ESI–MS analysis of complexes

All MS experiments were performed on a Bruker microTOF-Q
spectrometer (BrukerDaltonik, Bremen, Germany), equipped with an
Apollo II electrospray ionization source with an ion funnel.

The instrument parameters were: scan range m/z 250–2000, dry
gas–nitrogen, temperature 200 °C, ion source voltage 4500 V, collision
energy 10 eV, analyte aqueous solutions (70 μl) were introduced at a
flow rate of 3 μl/min. The ligand was incubated with the inorganic
salts (AlCl3, Fe(NO3)3, CuCl2 and ZnCl2) at equimolar concentrations
(1 × 10−4 M) for 10 h at room temperature before the measurements.
The instrument was calibrated externally with the Tunemix (tm)
mixture (BrukerDaltonik, Germany) in the quadratic regression mode.
The mass spectrometer was operated in the positive ion mode. Each
spectrum was obtained with more than 100 individual scans. The
overall charge of the analyzed ionwas calculated on the base of distance
between isotopic peaks. The formulae of the complexesweredetermined
by application of the Compass Data Analysis (Bruker Daltonik, Germany)
program.

2.7. NMR spectroscopy

NMR experiments were performed on a BrukerAscend™ 400 MHz
spectrometer equipped with a 5 mm automated tuning and matching
broad band probe (BBFO) with z-gradients. The samples used for NMR
experiments were 5 mM D2O solutions. All NMR experiments were
carried out at 298 K in 5 mm NMR tubes. The solution pH, corrected
for the deuterium isotopic effect, was adjusted with diluted DCl and
NaOD on a pH meter Crison micro TT 2050 with an electrode Mettler
Toledo InLab 422. The pD values measured for the D2O solutions
were converted to the pH values using the deuterium isotopic
correction pH = pD–0.4 [18]. The concentration of zinc or aluminium
ions was achieved by using a stock acidic deuterated aqueous solution
of zinc and aluminum chloride. The metal ions were added to L9 ligand
solutions and the pH was then set to the right value just before the
acquisition of spectra. 2-D 1H–13C heteronuclear correlation spectra
(HSQC, heteronuclear single quantum correlation) were acquired by
using a phase-sensitive sequence employing Echo-Antiecho-TPPI
gradient selection with a heteronuclear coupling constant JXH = 145 Hz,
and shaped pulses for all 180° pulses on f2 channel with decoupling
during acquisition; sensitivity improvement and gradients in back-inept
were also used [19–21]. Relaxation delays of 2 s and 90° pulses of about
10 μs were applied in all experiments. Solvent suppression for 1D 1H,
2D 1H–1H TOCSY (total correlation spectroscopy) and 1H–1H ROESY
(rotating-frame overhauser effect spectroscopy) experiments was
achieved by using excitation sculpting with gradients. The spin-lock
mixing time of TOCSY experiment was obtained with MLEV17 [22,23].
1H–1H TOCSYs were performed by using mixing times of 60 ms. A
combination of 1D, 2D TOCSY, HSQC and ROESY experiments was
employed to assign the signals of both free and metal-bound ligand at
different pH values. All NMR datawere processedwith TopSpin (Bruker
Instruments) software and analyzed by Sparky 3.11 [24] and MestRe
Nova 6.0.2 (Mestrelab Research S.L.) programs.

2.8. Crystal structure determination

Measured crystals were prepared under inert conditions immersed
in perfluoropolyether as protecting oil for manipulation. Suitable
crystals were mounted on MiTeGen MicromountsTM and these samples
were used for data collection. Data were collected with a Bruker D8
Venture diffractometer. Data were processed with APEX [25] and
corrected for absorption using SADABS [26]. The structures were solved
by directmethods [27], which revealed the position of all non-hydrogen
atoms. These atomswere refined on F2 by a full-matrix least-squares pro-
cedure using anisotropic displacement parameters [27]. All hydrogen
atomswere located in difference Fouriermaps and included as fixed con-
tributions riding on attached atoms with isotropic thermal displacement
parameters 1.2 times those of the respective atom. Geometric calculations
were carried out with Mercury [28] and PLATON [29] programs, and
drawings were produced with Olex2 [30] and Mercury [28]. The solvent
masking procedure as implemented in Olex2 was used to remove the
electronic contribution of highly disordered solvent molecules from the
refinement of ZnL complex with L9. One void was found in the unit cell
and it is postulated to contain 1.2 molecules of water.

In the case of Fe2L3 iron complexwith L4 ligand, although four water
molecules were localized in difference Fourier maps, the voids in the
unit cell contain disordered solvent at partial occupancy. A satisfactory
disorder model for the solvent was not found, and therefore the Olex2
[30] solvent mask routine was used to mask out the disordered density.
Additional crystal data andmore information about the X-ray structural
analyses are reported in S1, S2 and S3 as Supporting Information. Crys-
tallographic data for the structural analysis have been deposited with
the Cambridge Crystallographic Data Centre, CCDC 984048–984050 for
ligand L9, zinc complex with L9 and iron complex with L4, respectively.
Copies of this informationmay be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: 44 1223 336 033;
e-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
2.9. Quantum chemical calculation

Density Functional Theory (DFT) calculations were performed
on L9 · H2O, H2O, and also copper and zinc complexes with stoichi-
ometry CuL(H2O), CuL(H2O)2, [Cu(LH)(H2O)]+, [Cu(LH)(H2O)2]+,
[Cu(LH)(H2O)3]+, Cu2L2, ZnL, ZnL(H2O), and [Zn(LH)(H2O)]+. All
calculations were carried out with the commercial package of software
Gaussian09 [31] with themPW1PW [32] hybrid functional and the full-
electron Ahlrichs double-ζ basis sets [33] with polarization functions
(pVDZ) for all atomic species. NBO populations [34–36] and Wiberg
bond indices [37] were calculated at the optimized geometries, which
were verified by harmonic frequency calculations. Frequency calcula-
tions were exploited to derive the thermodynamic data summarized
in Table S4.1 in Supporting Information. Reaction enthalpies ΔrH°
at 298.15 K were obtained from total electronic energies E0 as
ΔrH° = ΣΔfH°products − ΣΔfH°reagents = Σ(E0 + Hcorr)products −
Σ(E0 +Hcorr)reagents = Δ(Ε0 + Hcorr) [38]. The results of the calculations
were examined with GaussView 5 [39] and Molden 5.0 [40] programs.
2.10. Cellular assays

The human cell line HepG2 (ICLC HTL95005), was furnished by the
“Istituto Nazionale per la Ricerca sul Cancro” (ICLC, Genova), and kidney
proximal cell line (LLC-PK1) from the American Type Culture Collection.
The used culture medium was a mixture of minimal essential
medium with Earle's balanced salt solution (MEMEBSS), 10% fetal
bovine serum (FBS), 100 units/ml penicillin, 100 μg/ml streptomycin,
2 mM L-glutamine, 1% non-essential amino acids. Confluent cells were
isolated using trypsin/EDTA and samples of 2–3 × 104 cells/cm2

HepG2were plated at 37 °C, 5% CO2. After 24 h of growthwith complete
medium, L9 was added to the samples and its concentration was
spectrophotometrically evaluated at different times (0, 2, 6 and 24 h).
The analytical determination of L9 has been performed on itsmaximum
of absorbance in the cell growing medium at 316 nm.

mailto:deposit@ccdc.cam.ac.uk
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Fig. 1. Asymmetric unit in the crystal of L9•2H2O ligand. Intramolecular H-bonding
interaction in the zwitterion L9 and the stabilizing role of the O2-water molecule
are plotted in dashed lines. Ellipsoides are drown at 50% probability level.
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3. Results and discussion

3.1. Synthesis and crystal structure of the ligand L9

The synthesis of ligand L9 follows a methodology similar to that
recently reported [9], involving a multicomponent condenzation of a
non-enolizable aldehyde, a primary amine and a cyclic enol, to afford
an aminoalkylated product (Mannich type reaction). The iminium inter-
mediate of the reaction between the amine and aldehyde carbonyl is
the acceptor of the reaction with the enol carbon. In particular, L9 was
prepared by 2-alkylation of two kojic acid (KA) units with a double
imine backbone, due to reaction of two formaldehyde equivalents with
the primary amine (N,N-diethyl-ethylenediamine), resulting the forma-
tion of the N-functionalized dimeric KA derivative. Since the bearing
tertiary amine of the primary amine reactant molecule could act as base
catalyst of the reaction there was no need of extra base addition
(Scheme 4).

The crystallization of L9 fromwater solutions yielded colorless crystals
of stoichiometry L9 · 2H2O belonging to the P21/c space group. In the
lattice L9 exists as a zwitterion crystallized in dihydrate form (Fig. 1).

The H-onium atom comes from the O8(phenolate) group and was
located in the difference Fourier map on the N20 tail/terminal atom of
the ethylenediamine arm. The N+–H group further cooperates in the in-
termolecular interaction, N20–H20⋯O8(phenolate) (2.675(3) Å, 167.3°).
Hence the ‘onium H20-atom’ falls inside of a distorted tetrahedral
surrounding (NC2O). All C=C and C–O bond distances in kojic rings of
L9 are equivalent and have usual values (Table S1.2). Shortest C–C bond
distances than typical C(sp2)–C(sp2) distance and longest C=O bond
lengths than typical C(sp2)=O in 4-H-pyran-4-one rings bring out
the aromaticity of a typical benzene ring system although enables π-
electronic delocalization that ensures its planarity. L9 zwitterion adopts
a folded conformationwith the twokojicmoieties piled oneuponanother
as a consequence of a week π,π-stacking interaction between them (that
is featured by a short ring-ring centroid-centroid distance = 3.50 Å but
with an open interplanar dihedral angle of 20.44°). This conformation is
further stabilized by twowater mediated hydrogen bonding interactions,
connecting the O2–H bonds to the O7(phenolate) and O17(hydroxyl) ac-
ceptor atoms. To enable such water mediated interactions and minimize
steric hindrances related to the hydroxylmethyl moieties, the kojic rings
are rotated nearly 180° to each other.

In the crystal lattice of L9, pairs of adjacent zwitterions are
symmetrically connected by intermolecular H-bonds which involve
hydroxylmethyl and keto kojic groups (Table S1.3, Fig. 2, left). Likewise
adjacent of zwitterionic pairs are associated by additional intermolecular
H-bonding interactions where water molecules (O1) and keto-kojic
groups, as well as the phenol and hydroxylmethyl groups, are involved,
building a 3D H-bonded network (Fig. 2, right).

3.2. Protonation equilibria

The protonation equilibria of the ligand have been studied by
potentiometry, UV–vis spectrophotometry and 1H-NMR spectroscopy.
Scheme 4. Reaction scheme
The protonation constants were evaluated by potentiometric titration
at 25 °C and 0.1 M KCl ionic strength, and by 1H-NMR spectroscopy for
the very acidic log β4. These values are reported in Table 1, and the
corresponding distribution curves are shown in Fig. 3.

Ligand L9 is characterized by four protonation constants, correspond-
ing to the two kojic phenolates and the two nitrogen atoms in the linker.
A protonation sequence of the ligand, based on the spectrophotometric
and 1H-NMR results, can be proposed. The spectra of L9 look similar to
those of KA, with a near double intensity due to the presence in L9 of
two KA units [7]. The first deprotonation (pK= 0.51) does not alter sig-
nificantly the band characteristic of the fully protonated phenol groups
at 270 nm, so allowing the attribution of this deprotonation to one of
the two nitrogen atoms. During the second and the third deprotonations,
frompH5.0 to 10.0, a substantial decrease of the band intensity at 270 nm
and a concomitant increase of that at 320 nm (phenolate group) take
place, giving evidence that these deprotonations can be attributed to
the phenol groups in the KA units. The lack of evident spectral variations
during the fourth deprotonation allows to ascribe it to the loss of a proton
from the second nitrogen atom. The above attributions are supported by
the absorptivity spectra calculated for the four species using the HypSpec
program on the spectra collected from pH 0 to pH 12 [41].

The trends of the 1H-NMR chemical shifts of the different protons
versus pH, analyzed with the program HypNMR [42,43], have allowed
both to refine the value of log β4 (related to a log K4= 0.51, not reliably
determinable from potentiometric measurements) and to obtain the
intrinsic chemical shifts of the various protons in the differently proton-
ated species, reported in Table 2.
for the synthesis of L9.
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Fig. 2. Pair of molecules of L9 connected through symmetrical H-bonding interactions (left) and 3D network of L9 in the ac plane (right).
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In the same table (Table 2b) the variations of the intrinsic chemical
shifts during eachdeprotonation step are also reported. These variations
allow the unambiguous assignment of the first deprotonation step to
the nitrogen atom on the linker, and of the fourth deprotonation to
the nitrogen atom in the lateral chain. In fact, in the first deprotonation
(LH4

2+→ LH3
+) themost affected protons are E andDwhile in the fourth

the most affected protons are B and C, and, in a less extent, A and D.
3.3. Iron complexes

3.3.1. Crystal structure of Fe2L3 complex with the ligand L4
In the absence of crystal structure of the iron complex with L9, we

have decided to present the structure of corresponding complex with
L4 as its surrogate, which will also allow to infer useful insights on the
coordination geometry of this kind of tetradentate chelators. In fact L4
differs from L9 just for a methyl group instead of the diethylaminoethyl
moiety as substituent of the linker nitrogen atom. The chelating proper-
ties of L4 toward iron were previously presented [9], together with a set
of analogous ligands.

Fe2L43 crystallizes (monoclinic, C2/c) as a hydrated complex salt
according to a formula [Fe2(μ2-HL)3]Cl3 · nH2O. In the crystal structure
solution only four water molecules have been localized meanwhile the
remaining highly disordered solvent molecules have been removed
during the structure refinement. The dinuclear cation complex (Fig. 4)
contains slightly distorted octahedral FeIII centers, which are bridged
by three zwitterionic μ2-HL− ligands. Each ligand supplies O-keto and
O-phenolate donors from a kojic moiety to a FeIII atom building a planar
five-membered chelate ring. We can assume that the univalent anionic
form of L4 tautomerizes, with transference of the ‘acid’ proton from one
O(phenol) kojic group to the central N(tertiary) atom, in order to use
both anionic kojic moieties as bidentate chelating groups for two FeIII

centers. In this manner, the anticipated octahedral coordination of
each FeIII atom (with 3d5electronic configuration) is fully accomplished
by three halves of the L4 ligand (as monoanionic groups) in a neutral
surrounding. This coordination provides FeIII centers with a noticeable
resistance against potential hydrolytic processes and polymerization
reactions. The three positively charged N-ammonium moieties of the
HL4 ligands per dinuclear complex are compensated by the three
chloride counter anions to provide the electro neutrality of the salt.
Table 1
Protonation constants evaluated from the potentiometric titration at 25 °C and 0.1 M KCl
ionic strength.

Species log β log K

LH− 10.81(1) 10.81
LH2 19.04(2) 8.23
LH3

+ 25.99(2) 6.95
LH4

2+ 26.50(4)⁎ 0.51
The tris(kojic) moieties associated to each metal center are further
connected by H-bonding interactions involving O10 and O11 water
molecules and the hydroxy group from two symmetrical L4 ligands
(O4 and O24 acceptor atoms). Furthermore, the tris–chelate moieties
exhibit fac configuration with dihedral angles between planar kojic
rings ranging from 64.35° to 89.86° andwith the hydroxymethyl groups
pointing towards the carbon atom of the kojic rings in position 3. These
features are in good agreement with other tris–chelate complexes
containing KA as bidentate ligand reported previously [7].

The helical nature of the tris–chelate moiety confers chiral proper-
ties and thereforeΔ/Λ isomerism is expected. In the dinuclear structure,
amirror plane bisects the complex cation, passing through theN12, N32
and N52 atoms and therefore, both isomers Δ and Λ are present. The
propeller structure is further stabilized by H-bonding interactions
between the ‘oniom’ N+–H groups (N32 and N52) and the ‘linker’ O10
and O11 water molecules. One of the most striking features of this struc-
ture is that the three chlorine anions and twowatermolecules are located
endohedrally in the cavity build inside the complex by the three ligands
and two FeIII centers.

π,π-stacking interactions build ribbons that extend parallel to the
b axis, involving symmetry related kojic rings (those containing O46
atoms). These ribbons are reinforced by –OH⋯Cl interactions (Fig. 5,
left). Additional H-bonding interactions between water molecules
and the remaining of O-acceptor finished the 3D array that exhibits
an overall solvent accessible volume/cell of 1708 Å3 (namely 26%)
where the disordered water molecules are located (Fig. 5, right).

3.3.2. Formation equilibria of iron complexes
The complex formation equilibria of ligand L9 with FeIII have

been studied by combined potentiometric–spectrophotometric
techniques. The estimation of reliable complex formation constants
Fig. 3. Speciation plot of ligand L9 calculated with the protonation constants in Table 1.
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Table 2
a) Intrinsic chemical shifts of the different protons in L9 (see Scheme 3 for atom labels
A–G) ligand in the differently protonated species, calculated with HypNMR. b) Variations
of the intrinsic chemical shifts connected to each deprotonation step.

a) Intrinsic chemical shift (δ, ppm)

Species A B C D E F G

L2− 0.84 2.40 2.60 2.52 3.77 6.29 4.37
LH− 1.20 3.12 3.20 2.96 3.74 6.17 4.26
LH2 1.22 3.15 3.28 2.99 3.79 6.27 4.31
LH3

+ 1.26 3.26 3.35 3.09 3.86 6.36 4.35
LH4

2+ 1.13 3.15 3.50 3.47 4.28 6.34 4.29

b) Variation of intrinsic chemical shift (Δδ, ppm)

Deprotonation A B C D E F G

LH− → L2− 0.36 0.72 0.60 0.44 −0.03 −0.12 −0.11
LH2 → LH− 0.02 0.03 0.08 0.03 0.05 0.10 0.05
LH3

+ → LH2 0.04 0.11 0.07 0.10 0.07 0.09 0.04
LH4

2+ → LH3
+ −0.13 −0.11 0.15 0.38 0.42 −0.02 −0.06
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from potentiometric data alone was not possible, since the FeIII was al-
most completely complexed when mixing reagents before the base po-
tentiometric titrations. Therefore the complex formation equilibria have
been studied both in strong acidic medium (pH 0–2) and in the pH
range 2–10, using different sets of solutions with known amount of acid
and base. The Evolving Factor Analysis [17] of spectra collected from
pH 0 to pH 2.5 for the 1:1, 1:2 and 1:3 iron/ligand molar ratios allowed
the observation of a minor species with a maximum at pH ~ 2 and a sec-
ond species whose intensity increases up to pH 4. The amount of the
minor species in the three different solutions is proportional to iron con-
centration; furthermore the absorptivity spectrum of this species strictly
resembles that of the 1:2 complex of FeIII with KA [7]. The absorptivity
of the spectra of the second species agrees with that expected for a
Fe2L3 complex; in this case the spectra resemble those of FeL3 complex
with KA, confirming that iron atoms are fully hexacoordinated. Analysis
of thewhole set spectra in the acidic rangewithHypSpec [41] has allowed
the calculation of the formation constants of [Fe2L2H4]6+ and [Fe2L3H3]3+.

The analysis of potentiometric titrations with Hyperquad [17],
setting constant the previously determined stability constants, allowed
to obtain the complex formation constants of the variously protonated
[Fe2L3Hn]n+ complexes. Complex formation constants (logβ) of L9
with FeIII in species [Fe2L2H4]6+, [Fe2L3H3]3+, [Fe2L3H2]2+, and Fe2L3
are 60.3(1), 78.1(2), 72, 4(2) and 55.3(1), respectively. pFe value was
17.7. The speciation plot of iron complexes, calculated on the basis of
Fig. 4. Asymmetric unit in the crystal of [Fe2(μ2-HL)3]Cl3 · nH2O complex of iron with L4
ligand. The stabilization of the complex conformation byH-bonding interactions is plotted.
Ellipsoides are drown at 50% probability level.
these complex formation constants and of the protonation constants
in Table 1, is presented in Fig. 6. In the [Fe2L2H4]6+ species the two
iron atoms are each one coordinated by two KA units of two different
ligands, both protonated on the nitrogen atoms, i.e. each iron atom
has a coordination environment similar to that of iron in the 1:2
complex FeL2 with KA [7]. In the [Fe2L3H3]3+ complex a third L9 ligand
saturates iron hexa-coordination, similar to that found for the structure
of Fe2L3 isolatedwith the ligand L4 (see Supporting Information), all the
ligands being protonated at the more basic terminal nitrogen atoms.
These three protons are progressively lost with pK 5.7 (the first), and
pK 8.5 (the remaining two). These values, respectively 5.1 and 2.4 pK
units lower than that determined for pure ligand, are accounted for by
the different charges of the molecules (−1 in the free ligand and +3
and +2 in the complexes respectively).

The peaks of the complexes with iron in ESI–MS spectra (Fig. 7)
confirm the previous findings. The intensity of the free ligand peak is
one order of magnitude higher than that of the complex peaks. The
signal at m/z 478.103 derives from the dinuclear complex with
stoichiometry [Fe2L2]2+, the signal atm/z 506.071 is in excellent agree-
ment with the simulated signal of [Fe3L2]2+ complex, and the peak
atm/z 690.195 is the product of reaction between three ligands and two
iron ions [Fe2L3H2]2+. ESI–MS spectra further confirm the [Fe2L3H2]2+

species calculated in the potentiometric studies. The peak at m/z 613.18
is possibly originated by the two ligands, two iron ions and one
kojic-amine linker molecule; such a complex could be the product of
decomposition of [Fe2L3]2+ complex in ESI–MS, and it suggests strong
affinity of KA to the iron ions in the complex. It is noteworthy that dimeric
complexes with water molecules are not present, in opposition to what
happened with other KA derivatives [8].

3.4. Complexes of L9 with aluminium, copper and zinc

3.4.1. Formation equilibria of aluminium complexes
The lower stability of aluminiumwith respect to the iron complexes

allowed to evaluate the complexation model and the relative constants
from the potentiometric data alone (Table 3).

The speciation plots of complexes formed by L9 with aluminium,
calculated using the complex formation constants in Table 3 and the
protonation constants in Table 1, are reported in Fig. 8.

The species [Al2L3H5]5+, observed at low pH values similar to the
[Fe2L3Hn]n+ iron complexes, has the three most basic nitrogen atoms
protonated, aswell as two of the least basic nitrogen atomson the linker.
These later two protons are lost, thefirst one to give [Al2L3H4]4+ and the
second one to give [Al2L3H3]3+, with the same pK 5.5, while the same
protons are lost in the free ligand at the very acid pK 0.51. The strong
increase of the basicity of the nitrogen atom in the linker could be
explained referring to a complex structure similar to that reported in
Fig. 4 for the FeIII–L4 complex: the involvement of two –NH+ groups
in the linker in hydrogen bonding with two water molecules well
accounts for the permanence of these protons up to pH 5.5. The 1H-
NMR spectra collected at the two 2:1 and 3:2 ligand/aluminium molar
ratios and at variable pH confirm the potentiometric results and allow
to detail them. The spectra recorded at pH ≈ 2 for both 2:1 and 3:2
L9–Al systems do not show differences as compared to those of the
free ligand, in agreement with the potentiometric data; in fact, the first
species starts to form at pH above 2.5. At pH 4 the spectra show remark-
able differences between that of the free ligand and that of [Al2L3H5]5+

species. A similar behavior in terms of changes in the chemical shifts is
found at pH 5.9, where the main species is [Al2L3H4]4+. Whereas at
2:1 L9–Al ratio a remarkable amount of the free ligand is still visible in
the spectra, no signals attributable to the free ligand are observed at
3:2 ratio, in agreement with the proposed species.

The ESI–MS spectrum of ligand–aluminium solutions shows dif-
ferent peaks that can be attributed to [LH2 + H]+, [Al2L2]2+,
[Al2L2(KA-amine)]2+, and [Al2L3H2]2+ species. The intensity of free ligand
is twice stronger than the intensity of the complexeswithmetal ions. The
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Fig. 5. Detail of a ribbon generated by π,π-stacking interactions between symmetry related kojic moieties (left) in the crystal structure of [Fe2(μ2-HL)3]Cl3 · nH2O. 3D network in the ac
plane showing voids (right).
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m/z values of the molecular ions are in excellent agreement with the cal-
culated masses. The complex [Al2L2(KA-amine)]2+ confirm strong affini-
ty of kojic acid unit to the metal ion and the importance of amine
linker. As long as no evidence of the minor species [Al2L2]+2 was
given by potentiometric and 1H-NMR measurements, we suggest
that dinuclear complex [Al2L2]2+ is only the breakdown product of
[Al2L3H2]2+. It is noteworthy that water complexes of our ligand with
aluminum and iron ions are not present in ESI–MS spectra. The reason
of such a phenomenon could be the formation of [M2L3H2]2+ in which
the presence of water molecules is restricted.
3.4.2. Formation equilibria of copper complexes
The potentiometric data were fitted with the model reported

in Table 3, which is consistent with the ESI–MS results, except for the
existence of a CuL complex at low pH. According to ESI–MS spectrum,
L9 forms copper complexes of different stoichiometry, whose presence
is confirmed by the signals at m/z 486.106, 549.035, 602.236, and
971.202 assigned to [Cu2L2H2]2+, [Cu2LH]+, [CuLH(amine)]+, and
[Cu2L2H]+, respectively. The m/z values of calculated and experimental
isotopic patterns are in perfect agreement. The species [Cu2LH]+ in
which one ligand is able to coordinate two copper ionswas not detected
by potentiometric analysis, while complexes [Cu2L2H2]2+ and [Cu2L2H]+

were calculated in potentiometric studies. The peak at m/z 602.236
corresponds to a complex of one copper ion, one ligand and the
amine of the linker. Such complex is probably a breakdown product
Fig. 6. Speciation plots of complexes formed by L9 with FeIII, at [L] = 2 × 10−3 M and
[Fe] = 1 × 10−3 M using the complex formation constants reported in Table 3 and the
protonation constants in Table 1.
of [Cu2L2H]+ during the ESI–MS experiment, remarking the strong
affinity of amine linker to the copper ion in the complex.

3.4.3. Crystal structure of ZnL9 complex
The 1:1 complex between ZnII and L9 has been isolated in the

compound of stoichiometry [ZnL(H2O)] · 2.6 H2O (Fig. 9). In this com-
plex, the ZnII atom exhibits a trigonal bipyramidal coordination where
the equatorial plane is defined by two O-phenolate (kojic) and the
tail/terminal-N20(ethylenediamine) atoms fromdianionic form of L9 li-
gand (Table S2.2). The coordination polyhedron is accomplished by the
O1-aqua ligand and one head-N(ethylenediamine) atom as trans-apical
donors. Hence, L9 displays a tripodal-tetradentate chelating role. The
equatorial donor atoms (N1, O19 and O30) define an almost equilateral
trigonal surrounding (strictly an isosceles triangle with O19⋯O30 sepa-
ration (3.487 Å) N N1⋯(O19 or O30) ones (2.443 Å)). Consistently, the
sum of the equatorial coordination angles is (359.87°) approximately
360°. Thereby the ZnII atom is minimally displaced (0.042 Å) from the
trigonal plane toward the closest apical O-aqua donor as well as the
‘open’ dihedral angle between the kojic ring (116.68°) is close to 120°.
In the complex the ethylenediamine chelate ring of L9 adopts a δ-
puckered conformationwith a small bite angle (N1–Zn1–N20) of 84.35°.

The O-aqua and all donor atoms of L9 feature a hard base behaviour
according to the Pearson's criterion, whereas the ZnII atom is unambig-
uously considered a borderline Pearson's acid [44] due to its relatively
small ionic radius (0.74 Å) and in spite of the filled [Ar]3d10 electronic
configuration [45,46]. The bipyramidal trigonal coordination is rather
common for ZnII (by its 3d10 electronic configuration and ionic size)
but is also related to the partial protonation and conformational
constraints of the L9 chelating ligand. As indicated in the experimental
section, besides the water molecules localized in difference Fourier
maps, the crystal of the complex has disordered water molecules (0.6
molecules per complex unit) filling voids of the lattice.

In the crystal complexmolecules build ribbons byweakπ,π-stacking
interactions between symmetry related anti-parallel kojic moieties.
These ribbons are further stabilized by H-bonds between the
O17(hydroxymethyl) and the O15(keto) groups. Moreover, additional
H-bonding interactions involving aqua ligands, hydroxymethyl groups
as well as water molecules connect ribbons giving rise to a 3D
architecture.

3.4.4. Formation equilibria of zinc complexes
The analysis of potentiometric data for the zinc complex formation

gives evidence of a [ZnLH]+ complex that is transformed in ZnL with a
pK value of 7.42. Taking into account the structural results, it can be
hypothesized that in the first complex [ZnLH]+, the zinc ion is coor-
dinated by the phenolate on one of the kojic moieties and by both
nitrogen atoms, being the second phenolic group still protonated.
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Fig. 7. ESI–MS spectra of the system L9-FeIII.
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This phenol group loses its proton with a pK 7.42, about 0.8 pK units
lower than the pK 8.23 in the free ligand, accounting for the different
charges of the molecules from which the proton is lost (0 in the free
ligand and +1 in the complex). According to ESI–MS results, L9 ligand
formswith zinc ionsmono- and dinuclear complexes. The high intensity
peaks at m/z 487.105, 520.059 and 603.236 are in agreement with
[ZnLH]+, [Zn3L2]2+ and [ZnLH(amine)]+ complexes, respectively.
As mentioned above, evidence of [ZnLH]+ complex was given by
potentiometry. The peak at m/z 603.236 corresponds to a complex of
one zinc ion, one ligand, and the amine of the linker. Such complex is
surely an ESI–MS breakdown product of [Zn2L2H]+ complex, not
revealed by potentiometry neither by 1H-NMR. Such a complex remarks
the strong coordination between the amine group on linker and zinc.
Two other signals at 720.071 and 821.173 m/z can be attributed to
further breakdown products, [Zn2LH(KA)]+ and [Zn2L(KA)(amine)]+

complexes with strong affinity both of KA and amine linker to the
metal ion. The free ligand peak is 10 times more intense than signals
of the complexes.

NMR spectra of 1:1 ligand–zinc solutions were recorded at different
pH values. The spectrum recorded at pH 2.5 shows that ZnII ions do not
interact with the ligand, in agreement with potentiometric data, which
show that the first species [ZnLH]+ appears at pH around 4 and it is
visible until pH 10, reaching its maximum concentration at pH around
6 (Fig. 8).

NMR measurements are consistent with this model. In fact, the
spectrum at pH 4.7, where ZnLH species should be present at low
concentration (less than 10%), reveals the beginning of ZnII-ligand
interaction, with some new low intensity signals appearing in the
spectrum. By raising the pH the intensity of these signals increases,
reaching a maximum at pH around 6.3, in agreement with speciation
curves (Fig. 8).
Table 3
Complex formation constants of L9 with AlIII, CuII and ZnII.

Al Cu Zn

Species log β Species log β Species log β

[Al2L3H5]5+ 76.02(2) [CuLH2]2+ 25.38(2) [ZnLH]+ 18.17(2)
[Al2L3H4]4+ 70.5(8) [Cu2L2H2]2+ 46.42(2) ZnL 10.75(3)
[Al2L3H3]3+ 65.0(1) [Cu2L2H]+ 39.23(5)

Cu2L2 31.11(3)
[Cu2L2H−1]− 20.84(4)
[Cu2L2H−2]2− 10.29(3)

pAl 10.3 pCu 9.7 pZn 7.6
3.5. Theoretical calculations

DFT calculations have been exploited successfully on a plethora of
chemical systems, ranking from simple organic compounds to complex
species involving transition or main group metals [47–49]. In recent
works, someof the authors reported on the application of QMcalculations
at DFT level on iron and aluminium complexes of ligands containing the
kojic units. In particular, the relative stabilities of AlIII and FeIII complexes
featuring the 2,2′-[(2-hydroxy-3-methoxyphenyl)methanediyl]bis
[3-hydroxy-6-(hydroxylmethyl)-4H-pyran-4-one] and 2,2′-[(4-hy-
droxy-3-methoxyphenyl)methanediyl] bis[3-hydroxy-6-(hydroxyl
methyl)-4H-pyran-4-one] ligands were investigated [8]. The results
reported previously prompted for a DFT investigation on the species
discussed in this work.

The structure of the ligand L9 was optimized starting from the
structural data discussed above. The pattern of the metric parameters
optimized for L9 · H2O is in good agreement with the structural data,
and confirms the role of the water molecule in the conformation and
the stability of the species as an inner zwitterion. Not only the bond
distances are correctly optimized, but also non-bonding interaction
arewell-reproduced by the adopted computational set-up. In particular,
the O⋯C shortest distance between atoms belonging to the two planar
kojic rings, was optimized at 3.230 Å (experimental value 3.317 Å,
see below). The N⋯O distance between the nitrogen atom of the
diethylaminoethyl arm and the C–O group of one of the two kojic
moieties (N20⋯O8 in Fig. 1), whose interaction is mediated by an
hydrogen bond, is well reproduced [calcd. 2.726; structural value
2.675(3) Å], although the optimized structure describes the system as a
N⋯H–O group rather than a N–H⋯O one (N–H–O angle: calcd. 156.90°).

While the stoichiometry and the stability of thedifferently protonated
species of iron and aluminium species are clearly understood on the
grounds of mass spectrometry and UV–vis spectroscopy, the nature of
copper and zinc species is less clearly defined, and therefore theoretical
calculations have been carried out to shed a light on the structural
features of the possible species present in solution.

The geometry of the ligand prevents the saturation of the coordina-
tion of CuII, hence differently hydrated forms have been studied. The
neutral complex with stoichiometry CuL(H2O), featuring both kojic
moieties deprotonated, was optimized in the doublet ground state
starting from the structural data collected for the corresponding Zn
complex (see above), where both kojic units interact with the same
metal center. In CuL(H2O) the copper ion shows a distorted trigonal
bipyramidal coordination geometry (Fig. 10a), achieved by the two
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Fig. 8. Speciation plots of complexes formed by L9 with the examined metal ions (Me= Al, Cu, Zn), calculated at [L] = 2 × 10−3 M and [Me]= 1 × 10−3 M using the complex formation
constants reported in Table 3.
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unprotonated nitrogen atoms (Cu–N2.239 and 2.233Å), by two carbonyl
groups of the kojic donors (Cu–O 1.907 and 1.937 Å), and by a water
molecule, strongly interacting with a free oxygen atom of one kojic ring
(Owater⋯OKojic2.717 Å; O–H⋯O 162.37°). It is worth noting that in this
complex the copper also shows a short distance with the carbon
atom of a carbonyl donor (C⋯Cu 2.569 Å), analogously to what found in
different CuII complexes featuring phenolic donors in strained conforma-
tions [50–52]. A second water molecule in compound CuL(H2O)2 does
not lead to a variation in the coordination sphere of the metal ion, but
interacts with the first water molecules and one of the oxygen atoms of
the kojic rings through hydrogen bonds2.

Protonation of a free kojic oxygen provides the complex with
stoichiometry [Cu(LH)(H2O)]+. In this species, the central metal
ion preserves the coordination geometry described above for
CuL(H2O), with only small variations in the pattern of bond lengths
and angles (Cu–N2.309 and 2.191; Cu–Okojic 1.908 and 1.964; Cu–Owater

2.046). A second isomer of the same cationic complex, less stable than
the former by about 7 kcal mol−1, can be obtained by protonation at
the nitrogen atom on the diethylaminoethyl arm, which is the least
acidic site in the free ligand according to spectroscopic, potentiometric,
and NMR measurements discussed above. In this case, the Cu center
shows a distorted square-planar coordination, achieved by two trans-
disposed carbonyl groups (Cu–O 1.907 and 1.882 Å), the available
nitrogen donor of the spacer (Cu–N 2.173 Å), and the water molecule
(Cu–O 2.000 Å; N–Cu–O, 86.41 and 89.85°; Okojic–Cu–Owater 103.40 and
85.037°; Okojic–Cu–OKojic 164.15°). The addition of a second water
molecule to the latter complex yields the species [Cu(LH)(H2O)2]+

(ΔrH° = 19.3 kcal mol−1 at 298.15 K) showing the copper ion in a
trigonal bipyramidal coordination (Fig. 10b), the axial positions being
occupied by the two carbonyl groups of the kojic donors (Cu–O, 1.916
and 1.899 Å; Okojic–Cu–Okojic 172.74°), and the equatorial ones by the
free N donor atom (Cu–N 2.172 Å) and the two water molecules
(Cu–O 2.139 and 2.206 Å). Such a species provides a conceivable
model for the CuLH2 species detected in solution at acidic pH values.

Finally, an attemptwasmade to optimize a dimeric species, identified
in alkaline solutions (Fig. 8). In the neutral complex Cu2L2 optimized in its
triplet ground state,3 the aminic nitrogen atoms and two kojic carbonyl
groups bridge the two copper ions, whose coordination is completed by
the phenolic oxygen atoms of the remaining kojic units to give a
pseudo-trigonal bipyramidal coordination at the metal centers
(Fig. 11). Hence, each copper ion is coordinated by two aminic nitrogen
donor atoms (average Cu–N, 2.145 Å), by one carbonyl group of a kojic
ring (average Cu–O, 1.937Å) and twobridging carbonyl groups (average
2 The bridging interaction of the second water molecule is thermodynamically favored,
and is calculated to involve a |ΔrH°| = 19.1 kcal mol−1 (Table S4.1 in Supporting
Information).

3 The triplet state is calculated to be more stable than the singlet state by about
19.1 kcal mol−1 in the total electronic energy (Table S4.1).
Cu–O, 2.117 Å) as a part of an elongated Cu2O2 diamond core, where the
two metal centers do not interact directly significantly (Cu⋯Cu distance
3.344 Å; Wiberg bond index 0.013).

DFT calculations have been also applied on the Zn species deriving
from the L9 ligand. The structural parameters from the crystal structure
of the compound ZnL(H2O) (see above) were used to model the mono-
nuclear complex. The optimized structure shows metric parameters
very close to the experimental ones [Calcd. Zn–N1 2.357, Zn–N20
2.106, Zn–O1 2.111, Zn–O8 1.968 Å, Zn–O16 1.931 Å; exp. Zn–N1
2.263(3), Zn–N20 2.091(3), Zn–O1 2.115(3), Zn–O8 1.973(3), Zn–O16
1.927(3) Å; see Fig. 9 for numbering scheme]. Accordingly, the ZnII ion
shows a trigonal bipyramidal coordination, only slightly distorted
with respect to that established by single crystal X-ray diffraction.
Calculations have been extended to the species ZnL, not including a
water molecule in the coordination sphere of the metal ion.4 In
ZnL, the metal ion is tetrahedrically coordinated and shows, as ex-
pected, bond distances slightly shorter than those calculated for
Zn(L)(H2O) (Zn–OKojic, 1.894 and 1.895; Zn–N 2.114 and 2.138 Å].
Protonation of the L9 ligand in the Zn complex leads to the cationic
species [Zn(LH)(H2O)]+. As discussed above for the copper isologue,
protonation can be theoretically achieved by protonation on the ter-
minal diethylamino N pendant or by O-protonation on a free kojic
oxygen. In the former case, the ZnII ion shows a tetrahedral coordina-
tion by the water molecule (Zn–O 2.117 Å), two carbonyl groups
(Zn–O 1.862 and 1.898 Å) and the amino group of the spacer (Zn–N
2.172 Å). In the latter case, the coordination of the corresponding
neutral species is preserved, with only a modest increase in the dis-
tance between the metal ion and the oxygen atom of the ring featur-
ing the protonated group (Zn–N1 2.391, Zn–N20 2.097, Zn–O1 2.073,
Zn–O8 2.004, Zn–O16, 1.943 Å). Notably, a comparison in the total
electronic energy of the two isomers (see ESI) shows that the second
isomer, at least in the gas phase, is more stable than the N-
protonated isomer by about 33 kcal mol1, in concordance with
what it was observed for the corresponding copper species.

The stability of such L-protonated species supports the hypothesis
that these could represent structural models of the species ZnLH identi-
fied in solution (Table 3 and Fig. 8).

3.6. Cellular assay

Two different cellular lines (PK1 andHepG2) have been used both to
evaluate the toxicity of L9 and its ability to enter the cellular mem-
branes. After adding L9 to cells growing 24 h in a complete medium,
the amount of ligand entered into the cells was evaluated at different
times. During the first 2 h, 3.6 ± 0.7 μmol of ligand were absorbed by
4 A comparison of the total electronic energies of [ZnL] and [Zn(L)(H2O)]
(Table S3.1) shows that the reaction enthalpy at room temperature of the process
[ZnL] + H2O → [Zn(L)(H2O)] is favored by 24.9 kcal mol−1.
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Fig. 11.Optimized geometry at DFT level of the complex Cu2L2. Hydrogen atomshave been
omitted for clarity.

Fig. 9.Asymmetric unit in the crystal of ZnL9 complex of stoichiometry [ZnL(H2O)] · 2.6H2O.
Ellipsoides are drown at 50% probability level.
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PK1 cells, and 0.8 ± 0.2 by HepG2 cells. After 6 h from the beginning,
PK1 cells absorbed 4 ± 2 μmol of L9, and HepG2 cells 1.9 ± 0.1 μmol.
The final determination at 24 h showed an absorption of 7.4 ±
0.6 μmol by PK1 cells, and 5.6 ± 0.8 μmol by HepG2 cells. The exper-
imental error evaluated on triplicate measurements on different cell
cultures comes from the different number of cells in each culture. The
used concentration of ligand was not toxic at all for both cellular lines,
actually, no apoptotic cells were observed in the cells growing vertically.

4. Conclusions

The results presented herein, involving several solid state and solution
techniques for the study of complex formation between a new amine-
bearing bis-kojic acid and four metal ions, highlight the different coordi-
nation schemes adopted towards the two trivalent hard metal ions
(iron and aluminium) and the two borderline divalent ions (copper and
zinc). For the complexes with the hard metal ions, only chelation with
both hydroxypyrone (O,O)-donor atoms is implied in the coordination,
whereas for complexes with the borderline divalent ions, the nitrogen
Fig. 10. Optimized geometry at DFT level of Cu(L)(H2O) (a) and of the isomer
of [Cu(LH)(H2O)2]+ featuring the L9 protonated at the terminal diethylamino group
(b). Hydrogen atoms have been omitted for clarity.
atoms of both the linker and the side-chain amine groups, together with
oxygen atoms of phenolate groups, are involved in metal coordination,
the carbonyl oxygen atoms being not involved.

FeIII and AlIII complexation gave evidence of highmetal-sequestering
capacity of L9. Cellular assays showed that the ligand is capable of crossing
cellular membranes and it does not present toxic effects.

A detailed knowledge of speciation of L9, free and bonded to the four
target metal ions, will be of great value for giving a picture of its
bioavailability and behavior in chelation treatments. Actually, one of
themain requirements of ametal chelator for clinical use is the selectivity
toward the target metal ion, which takes into account the contemporary
physiological presence of a number of essential metal ions.5 Complex
formation equilibria with the essential metal ions CuII and ZnII have
been therefore studied to evaluate disturbances of this chelator on the
homeostatic equilibria of these essential metal ions. With the aim
of estimating the possible homeostasis perturbations, the total amounts
of essential metal ions in the body, and that of the ligand, should be
evaluated, and some assumptions made. A beta thalassemic patient of
60 kg, who receives 45 blood units annually, has a transfusion iron
intake of about 9 g iron/year, corresponding to 0.4 mg Fe/kg body
weight/day; a further gut absorption 0.07 mg Fe/kg body weight/day
can be assumed, for a total of 0.47 mg Fe/kg body weight/day that
corresponds to 8.4 μmol Fe/kg body weight/day. To reach a steady
situation between assumed iron (transfusion + ingestion) and
excreted iron, the necessary amount of chelating agent should be
provided (at least 8.4 μmol chelator/kg body weight/day in the case
of Desferal that forms a 1:1 complex, twice in the case of Desferasirox
that forms a 1:2 complex and three times in the case of Deferiprone
that forms a 1:3 complex). A survey of clinical doses shows that a
large excess (4–10 times) is used. On the other hand, zinc and copper
concentrations in plasma are evaluated as 1.5 × 10−5 M [53]. In fact,
the total zinc concentration circulating in plasma has been assumed
according to the “Report of the Task Group on Reference Man” [54,55],
and that of copper according to Linder et al. [56]. These estimates are
the necessary bases to evaluate how a given iron chelator can affect
copper and zinc homeostasis once the complex formation stability
constants are known for all the involved metal ions. As a general rule,
the used doses of iron chelators in clinical treatments, planned to
reach a steady state between assumed and excreted iron, are 5–10
times higher than the necessary stoichiometric amount. This excess,
5 A ligand can be surely considered selective toward a givenmetal ionMewhen the cor-
responding pMe value is at least 4 units greater than that with any other metal ion; i.e. an
excess concentration of a competitive metal ion 103 times greater than that of the target
metal ion interferes less than 10% with Me chelation.
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intended to overcome the quantity of chelator not bioavailable (because
of incomplete absorption, metabolism, etc.), surely perturbs the ho-
meostatic equilibria of essential metal ions. Actually, even with Zn2+

that is the metal ion that forms the less stable complexes, an ex-
tremely low excess concentration of L9 (10−6 M), is able to chelate
zinc (10−6M) at 66% that in this complexed form is ready to be excreted.
It is therefore to be remarked that while on one hand selectivity assures
that iron chelation is not perturbed by the presence of essential metal
ions, on the other hand the required excess of chelating agent can surely
constitute a problem for the homeostatic equilibria of essential metal
ions. This last point in our opinion has been undervalued in chelation
therapy, whereas it deserves particular attention mainly in long life
iron overload treatments.
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