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Two ligands, L1 and L2, derived from 2,3-dihydroxybenzaldehyde and 8-hydroxyquinoline-2-carbaldehyde
using 4,4′-methylene-dianiline as spacer have been used to study their interaction with the group 13 metals,
Al3+, Ga3+ and In3+. In all cases, emissive dinuclear metal complexes were synthesized and characterized.
The complexation reactions with the diiminic ligands were obtained by direct reactions between ligand and
metal ions. The complexes have been characterized by elemental analyses, mass spectrometry, IR, UV–vis and
fluorescence spectroscopy. The interaction towards metal ions has been explored in solution by absorption
and fluorescence emission spectroscopy, obtaining results that support the solid-state helicate-type
complexes.
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Much attention has been focused on the development of
chemosensors for the selective and efficient detection of chemically
and biologically important metal ions [1]. A fluorescent chemosensor
for metal ions consists of a molecule incorporating fluorophores
linked to complexing units [2]. There are three main classes of
fluorescent molecular sensors for cation recognition which differ
by the nature of the cation-controlled photoinduced processes:
a) sensors based on control of photoinduced electron transfer (PET),
b) those based on cation control of photoinduced charge transfer
(PCT), and c) systems based on cation control of excimer formation or
disappearance [2].

Since the discovery of the double-stranded helical structure of
DNA by Watson and Crick [3], chemists have been searching for
simple linear molecules that could be able to form artificial double
helices through noncovalent interactions, such as π-stacking, electro-
static interactions, hydrogen bonding, or metal coordination [4]. In
artificial analogs of DNA, the hydrogen bonding interaction between
the two strands can be substituted by metal coordination. There are
numerous reports on coordination polymers that exhibit double-
helical motifs in the crystal [5]. A special class of well-defined
molecular double-stranded helical metal complexes was introduced
in 1987 by J.-M. Lehn and was termed double-stranded helicates [6].

Of the factors integral to helicate formation, the geometric
preferences of the metal and the group that separates and links the
donor atoms of the ligand are particularly influential. Chirality is
introduced upon wrapping of the helicating ligands around the metal
centers. In the case of the meso-helicates [7–12] (“side-by-side
complexes” [13] or “mesocates” [14]) an achiral supermolecule is
obtained that bears two oppositely configured chiral units. Different
factors can be responsible for the stereocontrol in the formation of the
helicate-type complexes [15,16]. Templating effects might influence
the diastereoselective formation of helicates [17,18]. Chiral units in
the ligand spacer can control the stereochemistry at the metal
complex units [19–21], or steric constraints enforce one of the two
possible diastereomeric forms of coordination compounds [22,23].

Ligands with an odd number of methylene units in the spacer
possess a “horizontal” mirror plane as the most influential symmetry
element of the idealized C2v symmetry, which mirrors the two
attached chiral metal-complex moieties onto each other. This
symmetry transformation leads to an opposite configuration at the
complex units, and thus the ligand is predisposed to form the achiral
dinuclearmeso-helicate [24]. However, to preserve this symmetry in a
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Scheme 1. Schematic synthetic route for ligands L1 and L2 in absolute ethanol.
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Fig. 1. Absorption (full line), emission (broken line) and excitation (dotted line) spectra
of compound L1 after the addition of 5 equivalents of (Bu4N)OH (λexc=425 nm;
λem=542 nm, [L1]=1.07 10−5 M) in CH3CN at room temperature (A). Spectra of
compound L2 after the addition of 20 equivalents of (Bu4N)OH (λexc=470 nm;
λem=710 nm, [L2]=1.14 10−5 M) in CH2Cl2 at room temperature (B).
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dinuclear complex with short spacers, the ligand has to adopt an
unfavorable conformation for complex formation. If long spacers are
present, this conformation should not be “unfavorable” (vide infra).

Following our ongoing research project in fluorescent materials and
emissive compounds and complexes [25], in the present work we have
reported the synthesis of a new helicate-type ligand L2 derived from
4,4′-methylene-dianiline and 8-hydroxyquinoline-2-carbaldehyde and
the derived aluminum(III), gallium(III) and indium(III) complexes. For
comparative purposes the corresponding cathecol ligand L1 was also
synthesized following the method described previously by M. Albrecht
[26] and complexed with the same metal ions, Al3+, Ga3+ and In3+.

Compounds L1 and L2 were synthesized following a one-pot
reaction, by direct condensation of 4,4′-methylene-dianiline and the
commercial carbonyl precursors 2,3-dihydroxybenzaldehyde and
8-hydroxyquinoline-2-carbaldehyde, respectively [27]. The reactions
were performed by a conventional method, heating an ethanolic
solution during 4 h. Both compounds were isolated as air-stable yellow
solids, with ca. 63 and 53% yields, respectively. The reaction pathways
are shown in Scheme 1.

The elemental analysis of the Schiff-bases L1 and L2 isolated as a
dry orange and yellow powders, respectively, confirmed the purity of
our sample. The infrared spectrum (in KBr) in both cases shows bands
at 1623 and 1627 cm−1, respectively, corresponding to the imine
bond ν(C=N)imine and no peaks attributable to unreacted amine or
carbonyl groups were present. The ESI-MS spectra of both sensors
show parent peaks at 439.1 and 531.2 m/z, corresponding to the
protonated imine forms of the ligands [L1+H]+ and [Na+L2+H]+,
respectively. The 1H NMR spectra of compounds L1 and L2 were
recorded using DMSO-d6 as a solvent. As it could be expected for a
Schiff-base, the 1H NMR spectra show peaks corresponding to the
imine protons ca. 9–8 ppm.

The presence of six potential donor atoms (N2O4) in the ligand
structure of L1 and (N4O2) in the ligand structure of L2, gives strong
recognition ability towards metal ions. For the preparation of the
complexes Na6[(L1)3M2], the ligand L1-H4 (3 equiv.), [MO(acac)2]
(2 equiv.) (M=Al3+, Ga3+ and In3+) and NaHCO3 (2 equiv.) were
mixed in ethanol. For the preparation of the complexes [(L2)3M2], the
ligand L1-H2 (3 equiv.), [MO(acac)2] (2 equiv.) (M=Al3+, Ga3+ and
In3+) and NaHCO3 (2 equiv.) were mixed in the same solvent. After
4 h the resulting solutions were concentrated in a rotary evaporator
and diethyl ether were slowly infused into the solution producing
powdery precipitates that were separated by centrifugation and dried
under vacuum [28].
The complexeswere characterized by elemental analysis, IR, and ESI
MS spectra [29]. Electro-spray Ionization Mass Spectrometry (ESI-MS)
in negative ion mode of the metal complexes displays peaks that
confirm the formation of the metal complexes. The IR spectra of the
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complexes were recorded as KBr disks. In the case of metal complexes
derived from ligand L1, the band due to the imine bond [ν(C=N)imine]
and the [ν(C=C)ar] stretching modes of aromatic rings are shifted to
higher wavenumbers when compared to its position in the spectrum of
the free ligand. In the case of metal complexes derived from ligand L2,
the band due to the imine bond [ν(C=N)imine] is shifted to lower
wavenumbers and the [ν(C=C)ar and ν(C=N)py] stretchingmodes are
shifted to higher wavenumbers when compared to its position in the
spectrum of the free ligand. Both effects suggest that in solid state the
Niminic atom could be involved in the coordination to themetal ion, and
in the case of metal complexes derived from ligand L2 the Npy are
involving in the coordination in solid state [30].
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Fig. 2. Spectrophometric (A) and spectrofluorimetric (B) titrations of ligand L1 (yellow
line) in CH3CN as a function of added (Bu4N)OH (orange line). The insets show the
absorption at 320 and 425 nm; and the normalized fluorescence intensity at 542 nm
([L1]=1.07*10−5 M; λexc=425 nm). Spectrophometric titration (C) of ligand L2

(yellow line) in CH3CN as a function of added (Bu4N)OH (orange line). The insets show
the absorption at 270 and 470 nm ([L2]=1.14 10−5 M).
After addition of tetrabutylammonium hydroxide, the spectro-
photometric characterization of receptors L1 and L2 are reported in
Fig. 1. The absorption, emission and excitation spectra of this
deprotonated species were studied in CH3CN at 298 K [31]. The
absorption spectrum of ligand L1 shows two bands with the maxima
centered at 325 and 425 nm, coincident with the excitation spectrum.
In the case of ligand L2 this bands appeared at 270, 340 and 470 nm.
Only after deprotonation, a very low emission was observed; the
luminescence of ligands L1 and L2 appears centered at 542 nm and
710 nm, respectively.

Titration of chemosensors L1 with tetrabutylammoniumhydroxide
in CH3CN solution at 298 K (Fig. 2), can be followed by the formation
of a new band centered at ca. 425 nm assigned to a charge transfer
(CT) process and a decrease in the band assigned to the π–π*
transition of the chromophores centered at 325 nm. In the case of
chemosensor L2 this new band appeared at ca. 470 nm and a decrease
in the bands centered at 270 and 340 nm was observed.

The weak luminescence of compounds L1 and L2 could be
attributed to the competition between the intramolecular photoin-
duced proton transfer (PPT) from the hydroxyl groups present in both
compounds, and the photo-induced electron transfer (PET) from the
imines [32]. After addition of tetrabutylammonium hydroxide, the
deprotonation effect prevents the PPT process, resulting in a short
enhancement of the fluorescence signal.

The sensing behavior of L1 and L2 toward Al3+, Ga3+ and In3+ has
been studied by UV–vis spectroscopy in CH3CN and CH2Cl2 as the
solvent for compounds L1 and L2, respectively.

As it can be seen in Figs. 3A, 4A and B, addition of increasing
amounts of anhydrous aluminum, gallium and indium nitrates to an
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Fig. 3. Spectrophometric (A) and spectrofluorimetric (B) titrations of ligand L1 (yellow
line) in CH3CN as a function of added Al3+, after the addition of 5 equivalents of (Bu4N)
OH (orange line). The insets show the absorption at 320 and 425 nm; and the
normalized fluorescence intensity at 542 nm ([L1]=1.07 10−5 M).



Table 1
Stability constants for compounds L1 and L2 in the presence of OH−, Al3+, Ga3+ and In3+

in acetonitrile.

Ligand Interaction Σ log β (absorption) Σ log β (emission)

L1 OH− (1:1) – 3.91±2.41.10−2

OH− (1:2) 7.88±1.28.10−2 –

OH− (1:3) 12.29±1.56.10−2 –

OH− (1:4) 16.65±1.76.10−2 –

L1 Al3 +(1:1) – 4.23±4.31.10−3

Al3+(1:2) 6.98±6.93.10−2 7.09±5.08.10−3

L1 Ga3+(1:1) – –

Ga3+(1:2) 6.36±4.93.10−2 –

L1 In3+(1:1) – –

In3+(1:2) 5.56±3.36.10−2 –

L2 OH- (1:1) 4.56±4.68.10−3 –

OH− (1:2) 8.38±4.53.10−3 –

L2 Al3+(1:1) 4.96±1.41.10−3 –

Al3+(1:2) 9.55±1.44.10−3

L2 Ga3+(1:1) 3.57±6.98.10−3 –

Ga3+(1:2) 6.79±7.04.10−3 –

L2 In3+(1:1) 4.06±8.64.10−3 –

In3+(1:2) 7.28±8.47.10−3 –
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acetonitrile solution of the deprotonated ligand L1 (1.07 10−5 M), at
298 K, led to an increase in the absorption bands centered at 320 nm,
and an decrease in the bands centered at 425 nm. Addition of
increasing amounts of the same metal ions to a dichloromethane
solution of the deprotonated ligand L2 (1.14 10−M), at 298 K, led to
an increase in the absorption bands centered at 270 nm, and a
decrease in the bands centered at 470 nm (Fig. 4C and D).

Simultaneously, upon addition of increasing amounts of anhy-
drous aluminum, gallium and indium nitrates to the deprotonated
ligands L1 (1.07 10−5 M) and L2 (1.14 10−5 M), at 298 K, respec-
tively, the emission disappears (Fig. 3B). This quenching can be
attributed to the coordination effect towards the hydroxyl groups.

The stability constants for the interaction of ligands L1 and L2 with
OH−, Al3+, Ga3+ and In3+ followed by absorption and fluorescence
titrations were calculated using HypSpec software and are summa-
rized in Table 1. Taking into account these values, the sequence of the
strongest interaction expected for compound L1, in decreasing order is
Al3+ N Ga3+ N In3+; and the decreasing order for system L2 is Al3+ N

In3+ N Ga3+.
In conclusion, chemosensor L1 and the new ligand (L2) containing

two 8-HQ units have been synthesized and fully characterized. The
deprotonation behavior and sensing capability of these ligands
toward trivalent Al3+, Ga3+ and In3+ metal ions have been studied
by UV–vis and fluorescent emission spectroscopy. The fluorescence of
chemosensors L1 and L2 is weak but an Enhancement of the
Fluorescence (EF) effect was observed in both cases after addition of
tetrabutylammonium hydroxide. Titration of ligands L1 and L2 with
trivalent Al3+, Ga3+ and In3+ metal ions led to a decrease in the
fluorescence emission. This effect in solution is due to the coordina-
tion of the oxygen atoms and the uncoordinated nitrogen donor
atoms present in the ligands, activating the quenching through the
PET phenomena. All of these results support our hypothesis of the
formation of helicate-type structures.
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