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A new versatile emissive molecular probe (3) derived from 1,5-bis(2-aminophenoxy)-3-oxopenthane
bearing two units of 6-nitro-4-oxo-4H-chromene- has been prepared by a Schiff-base condensation
method using conventional and green, ultrasound-aided, methods. The dry yellow powder was char-
acterized as the imine species (3). These imine species, however, where found to rapidly convert to their
enamine form (4) in solution, under the presence of water traces. This reaction was computationally
studied through Density Functional Theory (DFT) in order to investigate the relative stability of the
molecular pair 3/4. The sensing properties of the enamine (4) towards various metal ions were in-
vestigated via absorption and fluorometric titrations in solution in dichloromethane, acetonitrile and
DMSO. The compound shows a fluorescent turn-off response in the presence of Cu2þ, Zn2þ, Cd2þ, Hg2þ

and Agþ over the other metal ions studied, such as Liþ, Naþ, Kþ, Ca2þ, Co2þ and Ni2þ, being stronger for
Cu2þ and Hg2þ. The gas phase chemosensing abilities of (3) were also explored suggesting (3) as new
active MALDI-TOF-MS matrix by two dry methods showing a strong selectivity towards Cu2þ and Agþ.
Our preliminary results show promising uses of (3) supported in PPMA films as metal ion solid
chemosensor.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Chemosensors are natural or artificial systems including a re-
ceptor fragment, which is capable of selectively interacting with
a substrate, a signalling fragment and some times a linker con-
necting them.1 Among all the chemosensors, fluorescent probes are
particularly important due to their intrinsic sensitivity.2

The chiral chromene unit is the core structure of a number of
natural products3 and is used as a versatile synthon in heterocyclic
chemistry as well as in pharmaceutical industry. These systems
exhibit a wide range of biological properties,4e9 for example, di-
uretic, anticoagulant and anti-anaphylactic activity.10,11 They also
have interesting photochemical properties,12 and are used as col-
orimetric probes.13

The synthetic significance of 3-formylchromone derivatives rai-
ses from their usefulness as reactive agents and valuable precursors
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for many different heterocycles. They contain three electron de-
ficient sites (C-2, C-4 and CHO) suitable for nucleophilic attack and,
as a consequence of competition between these centers, various
types of compounds can be formed upon the reaction of 3-for-
mylchromones with strong nucleophiles.14 In general, 3-for-
mylchromones readily react with primary amines in an alcoholic
mediumyielding an enamine-adduct, which rarely reacts further to
give the corresponding Schiff-base.12,15a

The present investigation aims to develop a multifunctional
chemosensor furnished with reactive chromene groups for metal
cation detection in solution as well as in gas phase. As a part of our
ongoing research in the design and synthesis of new versatile dual
chemosensors,16 fluorescent probes in solution and active-recog-
nition matrices in gas-phase, we report here the synthesis, char-
acterization and studies of a new fluorescence ligand containing
two emissive 6-nitro-4-oxo-4H-chromene units (3) and the corre-
sponding enamine (4). The presence of a complex chelating unit
formed by four oxygen atoms of the chromene units, two imine
nitrogens and the three oxygen atoms of a flexible poly-oxa chain,17

gives themolecule strong recognition capability towardsmetal ions
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through formation of coordination compounds. Moreover, when
the imine compound (3) converts to the enamine structure (4) the
receptor presents two hydroxyl groups, which also allow increasing
the coordination capability of the system and introduce new pho-
tophysical properties as the excited state internal proton transfer
(ESIPT), mechanism. Some solid metal complexes and doped
polymeric materials have also been synthesized and characterized
in order to explore (3) as precursor of new fluorescent hybrid
materials.

2. Results and discussion

Probe (3) was synthesized following a one-pot reaction, by
direct condensation of 1,5-bis(2-aminophenoxy)-3-oxapenthane17

and the commercial carbonyl precursor 6-nitro-4-oxo-4H-chro-
mene-3-carbaldehyde. The reaction was performed by a conven-
tional method, heating an ethanolic solution during 4 h and by
a greenmethod, using a Branson 1510 E-MT ultrasound bath during
1.5 h. Both methods led to formation of the final product (3), which
could be isolated as an air-stable yellow solid, with ca. 90e92%
yield. The reaction pathway is shown in Scheme 1.
Scheme 1. Synthesis of chemosensor (3).
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Scheme 2. Conversion of compound (3) in (4) in the presence of traces of water.
The elemental analysis of the Schiff-base (3) isolated as a dry
yellow powder confirmed the purity of our sample. The infrared
spectrum (in KBr) in both cases shows bands at 1647 and
1640 cm�1, respectively, corresponding to the imine bond n(C]N),
and no peaks attributable to unreacted amine or carbonyl groups
were present. A band attributable to the CeOeC flexible chain can
be also observed at 1257 cm�1 in both spectra. The matrix assisted
laser desorption time-of-flight mass (MALDI-TOF-MS) spectrum of
(3) shows a parent peak at 691.52 m/z, corresponding to the pro-
tonated imine form of the ligand [3H]þ obtained irradiating the
sample at 337 nm by a N2 laser, (see Fig. 1) with no evidence of
peaks at 726.18 m/z corresponding to the enamine form (4).
Fig. 1. MALDI-TOF-MS mass spectrum of compound (3).
The 1H and 13C NMR spectra of compound (3) were recorded
using DMSO-d6 as solvent. Proton signals were assigned upon
standard 2D homonuclear (COSY) and 1H/13C heteronuclear
(HMQC) spectra. As it could be expected for a Schiff-base, the 1H
NMR spectrum of compound (3) in DMSO-d6 does not show any
peak at ca. 8e9 ppm corresponding to the imine protons. This result
confirms that, in solution, the enamine species (4) is formed as
a more stable compound. It is well known that chromones are ef-
ficiently converted in protolytic solvents at room temperature into
enamine-type compounds with a typical lemon-yellow colour.18

The stability of these species in solution was explained by the for-
mation of a hydrogen bonding between the carbonyl oxygen of the
pyrone group and the hydrogen atom of the NH group. This be-
haviour was observed in other similar systems (See Scheme 2).19
In the 1H NMR spectrum, the aromatic hydrogen atoms were
observed as multiple signals in the aromatic region of the spec-
trum, while the protons of the ethylene bridges appeared as trip-
lets in the aliphatic region of the spectrum. The signals assigned to
the hydroxyl groups appeared at 6.0 ppm as singlet and at
12.0 ppm a singlet signal was observed for the amine proton. Upon
addition of D2O to the sample, the signal assigned to the amine
protons disappeared and, in this case, the proton signal of the
hydroxyl groups remains because the hydrogenedeuterium ex-
change is slower.

The imine species (3) seems to be unstable upon solvation.
Experimental evidence supports that cromene units in (3) readily
add a water molecule to form an enamine structure yielding (4).
Density functional calculations also support these conclusions. The
calculated free energy of hydration at the M06-2X/631þg(d,p)
is �2.88 kcal/mol per cromene unit, which is consistent with
a quantitative shift of the hydration/dehydration equilibrium to-
wards the enamine (4) form. Furthermore, the existence of more
hydrogen bond donors and acceptors in the enamine counterpart
should render it evenmore stable under proticmedium (Scheme 2).

The presence of seven potential donor atoms (N2O5) in the li-
gand structure of (3), gives strong recognition ability towardsmetal
ions. In order to explore the potential uses in the synthesis of new
emissive materials, some solid metal complexes were synthesized
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by direct reaction between ligand (3) and Cu(BF4)2$6H2O, Zn
(ClO4)2$6H2O, Ag(CF3SO3)$H2O, Cd(ClO4)2$H2O and Hg
(CF3SO3)2$H2O metal salts. Addition of the metal salt dissolved in
acetonitrile to a stirred solution of (3) in the same solvent gave in all
cases analytically pure mononuclear complexes. The photophysical
characterization of all complexes is summarized in Table 1.
Table 1
Optical data for (3), (4) and the metal complexes of compound (3) in acetonitrile
(lexc¼399 nm; 298 K)

Metal complex lmax (nm);
log 3

lem
(nm)

Dl
(nm)

4 lem (nm)
solid state

(3) d d d d 545
(4) 393; 4.56 500 107 <0.001 d

[Cu3](BF4)2$5H2O 388; 4.41 471 83 <0.001 d

[Zn3](ClO4)2$1H2O 393; 4.46 484 91 <0.001 d

[Cd3](ClO4)2$6H2O 387; 4.47 497 110 <0.001 535
[Ag3](CF3SO3)$3H2Oa 386; 4.20 463 77 <0.001 542
[Hg3](CF3SO3)2$3H2Oa 384; 4.32 464 80 <0.001 d

a DMSO solution.

Fig. 2. MALDI-TOF-MS mass spectra of compound (3) after titration with Ag
(CF3SO3)2$H2O (1 equiv of metal) using two methods: a dry droplet and layer-by-layer
deposition.

Fig. 3. MALDI-TOF mass spectra of compound (3) after titration with Cu(BF4)2$6H2O,
(1 equiv of metal) using two methods: a dry droplet and a layer-by-layer deposition.
It is important to mention that despite compound (3) being
maintained in solution during 4 h, the IR spectra and the MALDI-
TOF-MS spectra of each complex shows clearly the signals attrib-
uted to the imine bond vibration and the (3) M peaks, respectively.
This result evidences the reversible equilibrium between the imine
(3) and enamine (4) species after drying the complexes under
vacuum.

In order to explore the application of chemosensor (3) as mo-
lecular probe for metal ions in gas phase, several MALDI-TOF-MS
titrations were performed. Compound (3) dissolved in acetonitrile
without any additionalMALDImatrix was titratedwith six different
transition and post-transition metal ions, such as Co2þ, Ni2þ, Cu2þ,
Zn2þ, Hg2þ and Agþ in molar ratios ligand/metal 1:1 and 1:2.

To perform the metal titrations, two different strategies were
explored: a dried droplet solution and a layer-by-layer deposition
sample preparation. First, two solutions containing compound (3)
(1 mL) and the metal salt (1 mL) were mixed and shaked and then
applied in the MALDI-TOF-MS sample holder. The second method
consisted of a layer by layer addition of different solutions: (i) a
solution of (3) was spotted in the MALDI-TOF-MS plate and then
dried in vacuum; subsequently, 1 mL of the solution containing the
metal salt was placed on the sample holder and dried. Finally,
the plate was then inserted in the ion source. For this second case,
the complexation reaction between the ligand and the metal salts
occurred in the holder, and the complex species were produced in
gas phase.

The ligand peak in the MALDI-TOF-MS appears always at
691.52 m/z; this peak can be unambiguously attributed to the
protonated species [3H]þ. No peak corresponding to (4) with
726.6 m/z was detected. By both methods of sample preparation,
upon addition of 1 equiv of Agþ, the peak attributable to the ligand
disappears, and a new peak with 100% of intensity appears at
799.49 m/z (by layer-by-layer deposition) and with 100% of in-
tensity appears at 798.35 m/z (by solution sample). This peak cor-
responds to themononuclear species [3Ag]þ (see Fig. 2). Once again
upon drying under vacuum the sample holder the enamine (4) was
always transformed into the imine (3) as can be observed in the
spectra.

In the copper(II) titration, the peak assignable to the mono-
nuclear [3Cu]þ species was observed upon addition of 1 equiv of
Cu2þ with 100% of intensity at 753.60 m/z (by layer-by-layer de-
position) and 753.57 m/z (by solution sample). A second peak at
834.66 m/z (by layer-by-layer deposition) and 834.63 m/z (by so-
lution sample), attributable to the dinuclear species [3Cu2(H2O)]þ

also was detected (see Fig. 3).



Fig. 5. Absorption (left) and emission (right) titration of chloroform solutions of (4) as
a function of increasing amounts of Cu(BF4)2$6H2O. ([4]¼1.00.10�5 M for absorption
and [4]¼7.923.10�6 M for emission, lexc¼389 nm).

J. Fern�andez-Lodeiro et al. / Tetrahedron 67 (2011) 326e333 329
In bothmetal titrations and by both analytical methods explored
it is important to mention that the peak assignable to the pro-
tonated ligand at 691.5 m/z disappears.

In the other metal titrations, peaks with low intensity at 795.60
and 767.54 m/z corresponding to [3CoEtOH]þ and [3NiH2O]þ, re-
spectively, were observed when compound (3) was titrated in the
same conditions with a stoichiometric quantity of Co2þ or Ni2þ

suggesting less stability of the complexes formed in the technique.
In all cases the peak attributed to the protonated ligand [3H]þ was
observed as the most intense. In the case of Zn2þ and Hg2þ ti-
trations any peak corresponding to the metal complex was
detected. The results suggest that (3) can be used to sense these
metal ions by MALDI-TOF-MS with high selectivity towards Cu2þ

and Agþ.
The absorption, emission and excitation spectra of (4) were

studied in aprotic solvents, such as CHCl3, DMSO and CH3CN at
298 K. The results in CHCl3 are reported in Fig. 4.
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Fig. 4. Absorption, emission and excitation spectra of compound (4) in CHCl3 solution
at room temperature. (lexc¼390 nm; lem¼510 nm, [L0]¼1.00.10�6 M).
The absorption spectrum shows two bands with the maxima
centered at 291 and 398 nm, coincident with the excitation spec-
trum. These bands appear in the same spectral region as other
chromenes reported in the literature. The fluorescence emission
spectrum of (4) presents a band centered at 500 nm, with weak
intensity assigned to the chromene emission.20 The relative fluo-
rescence quantum yield obtained in DMSO solution using a quinine
solution as reference was in the range of 10�3 M. This low emission
could be due to the presence of the nitro group in the chromene
units,20 and to the photophysical internal ESIPT and PET de-
activation mechanisms.21

The lower intensity emission observed in the coordinative sol-
vents DMSO and CH3CN prevent further complexation studies in
these solvents and due to this all complexation studies were de-
veloped only in CHCl3.

In order to explore the chemosensor ability of the enamine
species (4) in solution, the effect of metal cations, such as Cu2þ,
Zn2þ, Cd2þ, Hg2þ and Agþ on the absorption, and the fluorescence
spectra was studied in CHCl3 as solvent.

Fig. 5 depicts the absorption and emission spectra of a solution
of (4) in the presence of increasing amounts of Cu(BF4)2 dissolved in
acetonitrile. Upon addition of 14 equiv of metal ion, the absorption
band centered at 398 nm shows an intense absorption decrease
effect, and the fluorescence emission observed at 500 nm was
totally quenched.
After the addition of Hg(CF3SO3)2$H2O, Zn(ClO4)2$6H2O, Cd
(ClO4)2$H2O and Ag(CF3SO3)$H2O to (4), a similar quenching on the
fluorescence emission was observed; but contrary to copper(II),
which only required a few equivalents of metal to turn-OFF the
emission, in these cases 23, 83, 1200 and 1400 equiv were neces-
sary, respectively (see Fig. 6).

On the other hand, no changes were observed in the absorption
and emission spectra of ligand (4) with the addition of Liþ, Naþ, Kþ

and Ca2þ in our conditions.
This turn-OFF effect observed on the luminescence upon metal

complexation with Cu2þ and Hg2þ is consistent with a chelation
enhancing of the quenching effect (CHEQ), when coordination in-
duces a photoinduced energy transfer that quench the p* emissive
state through low-lying metal-centered states.22

More interestingly, metals, such as Zn2þ, Cd2þ or Agþ with fully
filled electron shells usually enhance the fluorescence upon che-
lation, by CHEF effect, however in our case the quenching observed
can be ascribed to the strong excited state internal proton transfer
(ESIPT) from the two OH groups present in the enamine species (4)
to the excited chromophores. Previous studies reported by us with
an emissive ligand bearing two b-naphtol units shows similar
emission intensity in compare with (3).23

The stability constants for the interaction of (4) with Cu2þ, Hg2þ

and Zn2þ were calculated using HypSpec software and are sum-
marized in Table 2.24 Unfortunately, for Cd2þ and Agþ it was not
possible to calculate the stability constants using HypSpec.

Taking into account the values reported in Table 2, the sequence
of the strongest interaction expected for sensor (4), in decreasing
order is Hg2þ>Zn2þzCu2þ>>>Cd2þ¼Agþ.

Once the Schiff-base species (3) is rapidly converted into the
enamine (4) in the presence of water-traces in solution, we tried
to encapsulate the emissive dye (3) into a polymeric matrix in
order to compare the fluorescence emission in the solid state as
powder and in the polymethylmethacrylate (PPMA) in the ab-
sence of water. This strategy is commonly applied for emissive
lanthanide complexes that increase the luminescence and
brightness in the absence of water.25 This new emissive hybrid
inorganiceorganic material could be also explored as new metal
ion chemosensors.

Taking this strategy in mind, compound (3) and all metal
complexes were studied in solid state using a optic fibre device
connected to the spectrofluorimeter. As it can be seen in Fig. 7A,
the emission of the free ligand observed at 545 nm is quenched
by the presence of Cu2þ, Zn2þ and Hg2þ as were observed in
solution. In the solid state the Cd2þ and Agþ complexes are highly
emissive showing the typical CHEF effect in compare with the
free (3) in powder. The fluorescence band for the ligand appears



Table 2
Stability constants for compound (4) in the presence of Cu2þ, Zn2þ and Hg2þ ions in
CH3CN or CHCl3. (M:L)

Ligand Interaction log K(Absorption) log K (Emission)

4a Cu2þ (1:1) 2.46�4.3�10�2 2.41�4.3�10�2

4a Hg2þ (1:1) 4.66�2.4�10�3 4.21�6.5�10�3

4b Cu2þ (1:1) 1.24�2.6�10�3 1.24�4.3�10�2

4b Hg2þ (1:1) 4.68�2.5�10�3 4.10�2.0�10�2

Hg2þ (2:1) 3.34�2.4�10�3 3.25�2.0�10�2

4b Zn2þ (1:1) 2.44�2.1�10�3 2.56�2.1�10�3

a CH3CN.
b CHCl3.

Fig. 6. Emission titration spectra of a chloroform solution of (4) as a function of increasing amounts of Hg2þ, Zn2þ, Cd2þ and Agþ. ([4]¼1.00.10�5 M, lexc¼389 nm).
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red-shifted when compare to the solution studies, while the
strong emissive PPMA doped films shows a blue-shift band in
40 nm.

Spraying a water solution containing Hg2þ, Cd2þ or Cu2þ (ca.
5�10�2 M) over the PPMA solid films (Fig. 8) and dried with air
shows clearly an interaction with the ligand, and as consequences
the fluorescence emission was quenched in all cases. This pre-
liminary result clearly shows a promising application of compound
(3) in PPMA support as new solid supported metal chemosensor.
Fig. 7B shows the decrease observed in the PMMA doped film after
15, 30 and 60 min of exposure to Cu2þ.
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Fig. 8. PPMA doped film with (3) under UV irradiation. (lexc¼366 nm).
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3. Conclusions

By a simple and green synthetic method a new multifunc-
tional ligand containing two nitro-cromene units (3) were suc-
cessfully synthesized and characterized. Experimental and
computational evidence show that two chemical forms of the
ligand occur depending of the physical state: the imine form (3)
in solid state and gas phase, and the enamine form (4) in
solution.

The effect of cations, such as Co2þ, Ni2þ, Cu2þ, Cd2þ, Zn2þ, Agþ

and Hg2þ, on the absorption, fluorescence and MALDI-TOF-MS
spectra was explored. To conduct spectrophotometric analyses, the
ligand was dissolved in CHCl3, DMSO or acetonitrile and titrated
with the analytes. A remarkable selectivity towards Cu2þ and Hg2þ

was observed in the solution studies and towards Agþ and Cu2þ by
the MALDI-TOF-MS analyses.

Some Metal complexes with Cu2þ, Zn2þ, Cd2þ, Agþ and Hg2þ

were synthesized and characterized in order to compare with the
results obtained in solution by absorption and fluorescence
spectroscopy.

Finally PPMA doped films were prepared with compound (3) in
order to explore the potential application of (3) as solid supported
fluorescence chemosensor for metal ions. Our preliminary results
show promising uses of (3) supported in PPMA films as metal ion
solid chemosensor.
4. Experimental section

4.1. Materials and general methods

Elemental analyses were carried out at the REQUIMTE DQ Ser-
vice (Universidade Nova de Lisboa), on a Thermo Finnigan-CE
Flash-EA 1112-CHNS instrument and in the CACTI, University of
Vigo Elemental analyses Service on a Fisons EA-1108 analyser. In-
frared spectra were recorded as KBr discs using Bio-Rad FTS 175-C
spectrophotometer. Proton NMR spectra were recorded using
a Bruker WM-400 MHz spectrometer.

MALDI-TOF-MS analysis were performed in a MALDI-TOF-MS
model voyager DE-PRO biospectrometry workstation equipped
with a nitrogen laser radiating at 337 nm from Applied Biosystems
(Foster City, United States) at the REQUIMTE DQ, Universidade Nova
de Lisboa. The acceleration voltage was 2.0�104 kV with a delayed
extraction (DE) time of 200 ns. The spectra represent accumula-
tions of 5�100 laser shots. The reflectron mode was used. The ion
source and flight tube pressures were less than 1.80�10�7 and
5.60�10�8 Torr, respectively. TheMALDImass spectra of the soluble
samples (1 or 2 mg/mL), such as the ligand and metal complexes
were recorded using the conventional sample preparation method
for MALDI-MS.

The MALDI mass spectra of the soluble samples (1 or 2 mg/mL),
such as metal salts were recorded using two sample preparation
methods for MALDI-MS: ‘dried droplet’ and ‘layer by layer’.

The ‘dried droplet’ standard MALDI sample preparation is very
simple. Here, the sample and matrix are dissolved in a common
solvent or solvent system, and mixed either before deposition onto
or directly on the MALDI sample support. The matrix-analyte
droplet of typically 1 mL is then slowly dried in air, or under a forced
flow of cold air. This results in a deposit of crystals, which
depending on the matrix; vary between sub micrometer and sev-
eral hundred micrometers in size. The ‘layer by layer’ method in-
volves the use of fast solvent evaporation to form the first layer of
small matrix crystals, followed by deposition of the analyte solution
(metals) on top of the crystal layer.26

UV/vis absorption spectra (200e800 nm) were performed using
a JASCO-650 UV/vis spectrophotometer and fluorescence spectra
on a HORIBA JOVIN-IBON Spectramax 4. The linearity of the fluo-
rescence emission versus concentration was checked in the con-
centration range used (10�5e10�6 M). A correction for the absorbed
light was performed when necessary. All spectrofluorimetric ti-
trations were performed as follows: a stock solution of the ligand
(ca. 1.00�10�3 M) were prepared by dissolving an appropriate
amount of the ligand in a 50mL volumetric flask and diluting to the
mark with CHCl3, DMSO or CH3CN UVAeso. The titration solutions
([4]¼1.00�10�6 and 1.00�10�5 M) were prepared by appropriate
dilution of the stock solution. Titrations were carried out by addi-
tion of microliter amounts of standard solutions of the ions dis-
solved in DMSO or CH3CN.

Fluorescence spectra of solid samples were recorded using
a fibre optic system connected to the Horiba-Jovin Ybon Fluo-
romax 4 spectrofluorimetric exciting at appropriated l (nm) the
solid compounds. All the measurements were performed at
298 K. Luminescence quantum yields were measured using a so-
lution of quinine sulfate in sulfuric acid (0.5 M) as a standard
[4]¼0.54 and were corrected for different refraction indexes of
solvents.27

4.2. Synthesis of chemosensor (3)

4.2.1. Conventional method. A solution of 1,5-bis(2-amino-
phenoxy)-3-oxopenthane (0.1974 g, 0.6838 mmol) in ethanol
(20 mL) was added dropwise to a refluxing solution of 6-nitro-4-
oxo-4H-chromene-3-carbaldehyde (0.315 g, 1.43 mmol) in the
same solvent. The resulting solution were gently refluxed with
magnetic stirring for ca. 4 h at room temperature and then evap-
orated to dryness. The residues were extracted with water-
echloroform. The organic phase was dried (MgSO4), filtered and
solvent removal gave a yellow powder precipitate, which was then
filtered off, washed with cold absolute ethanol and cold diethyl
ether and dried under vacuum. After purification by chromatog-
raphy column, the compound was characterized as (3).

4.2.1.1. Compound (3). Yellow solid (92%). Anal. Calcd for
C36H30N4O11$H2O: C, 60.62; H, 4.53; N, 7.81. Found: C, 60.61; H,
4.83; N, 7.41. MALDI-TOF/MS, [LH]þ¼691.37. IR (KBr) 3410 n(NeH)st,
1647 n(C]N)imin, 1257 n(CeO), 944 n(CeOeC). 1H NMR (400 MHz)
in DMSO of compound 4: d (ppm) 4.1 (t, 4H1), 4.4 (t, 4H2), 7.4 (m,
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4H4,6), 7.3 (m, 2H5), 7.1 (m, 2H7), 12.0 (s, 2H9), 6.9 (m, 2H10), 8.3 (m,
2H14), 8.4 (m, 2H16), 8.2 (m, 2H17), 6.8 (m, 2H19), 6.0e6.1 (s, 2H20).
13C NMR (100 MHz) in CD3CN: 69.20 (C1), 69.30 (C2), 147.15 (C3),
114.17 (C4), 119.25 (C5), 114.06 (C6), 113.11 (C7), 141.78 (C8), 124.49
(C10), 141.74 (C11), 176.91 (C12), 102.48 (C13), 128.53 (C14), 122.30
(C15), 121.17 (C16), 144.91 (C17), 159.93 (C18), 121.22 (C19).

4.2.2. Green ultrasound synthesis (US). A solution of 1,5-bis(2-
aminophenoxy)-3-oxopenthane (0.1351 g, 0.46 mmol) and 6-nitro-
4-oxo-4H-chromene-3-carbaldehyde (0.2074 g, 0.93 mmol) in
ethanol (40 mL) was placed in an ultrasound bath during half an
hour at room temperature. The yellow powder precipitate formed
was filtered off, washed with cold absolute ethanol and cold
diethyl ether and dried under vacuum. After purified the com-
pound by chromatography column, was characterized as com-
pound (3).

4.2.2.1. Compound (3). Yellow solid (82%). Anal. Calcd for
C36H30N4O11$H2O: C, 60.62; H, 4.53; N, 7.81. Found: C, 60.55; H,
4.05; N, 7.33. MALDI-TOF/MS, [LH]þ¼691.37 (100%). IR (KBr) 3410 n

(NeH)st, 1647 n(C]N)imin, 1257 n(CeO), 944 n(CeOeC). 1H NMR
(400 MHz) in DMSO of compound 4: d (ppm) 4.1 (t, 4H1), 4.4 (t,
4H2), 7.4 (m, 4H4,6), 7.3 (m, 2H5), 7.1 (m, 2H7), 12.0 (s, 2H9), 6.9 (m,
2H10), 8.3 (m, 2H14), 8.4 (m, 2H16), 8.2 (m, 2H17), 6.8 (m, 2H19),
6.0e6.1 (s, 2H20). 13C NMR (100 MHz) in CD3CN: 69.20 (C1), 69.30
(C2), 147.15 (C3), 114.17 (C4), 119.25 (C5), 114.06 (C6), 113.11 (C7),
141.78 (C8), 124.49 (C10), 141.74 (C11), 176.91 (C12), 102.48 (C13),
128.53 (C14), 122.30 (C15), 121.17 (C16), 144.91 (C17), 159.93 (C18),
121.22 (C19).
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Scheme 3. Truncated molecular system employed throughout the computational
study.
4.3. Synthesis of metal complexes of (3)

A solution of the corresponding metal salt (0.146 mmol) dis-
solved in acetonitrile (10mL) was added to awarmed solution of (3)
(0.146 mmol) in the same solvent (50 mL). The resulting mixture
was stirred during 4 h heating gently. A precipitate was formed,
which was then filtered off, washed with cold diethyl ether and
dried under vacuum line for 3 h. All the compounds are soluble in
chloroform, acetone, DMSO, acetonitrile and insoluble in water and
diethyl ether, except the silver(I) and mercury(II) complexes that
are only soluble in DMSO and acetone.

4.3.1. [Cu(3)](BF4)2$5H2O. Colour: brown. Yield 74%. Anal. Calcd for
C36H36CuN4O16B2F8: C, 42.50; H, 3.56; N, 5.50. Found: C, 42.38; H,
3.80; N, 5.78; IR (cm�1): 3458 n(NeH)st, 1637 n(C]N)imin, 1262 n

(CeO), 934 n(CeOeC); MALDI-TOF-MS (m/z): 691.4 [(3)H]þ; 754.3
[(3)Cu]þ.

4.3.2. [Zn(3)](ClO4)2$1H2O. Colour: orange. Yield 87%. Anal. Calcd
for C36H28ZnN4O20Cl2: C, 44.45; H, 2.90; N, 5.76. Found: C, 44.49; H,
2.80; N, 5.48; IR (cm�1): 3457 n(NeH)st, 1645 n(C]N)imin, 1261 n

(CeO), 940 n(CeOeC); MALDI-TOF-MS (m/z): 691.4 [(3)H]þ; 755.2
[(3)Zn]þ; 855.5 [(3)Zn(ClO4)]þ.

4.3.3. [Cd(3)](ClO4)2$6H2O. Colour: yellow. Yield 84%. Anal. Calcd
for C36H38CdN4O25Cl2: C, 38.95; H, 3.45; N, 5.05. Found: C, 38.60; H,
3.80; N, 5.45; IR (cm�1): 3445 n(NeH)st, 1649 n(C]N)imin, 1260 n

(CeO), 948 n(CeOeC); MALDI-TOF-MS (m/z): 691.4 [(3)H]þ; 803.2
[(3)Cd]þ.

4.3.4. [Ag(3)](CF3SO3)$3H2O. Colour: yellow. Yield 90%. Anal. Calcd
for C37H32AgN4O17F3S: C, 44.37; H, 3.22; N, 5.59. Found: C, 44.52; H,
3.34; N, 5.62; IR (cm�1): 3442 n(NeH)st, 1643 n(C]N)imin, 1259 n

(CeO), 931 n(CeOeC); MALDI-TOF-MS (m/z): 691.4 [(3)H]þ; 799.8
[(3)Ag]þ.
4.3.5. [Hg(3)](CF3SO3)2$3H2O. Colour: yellow-orange. Yield 72%.
Anal. Calcd for C38H32AgN4O20F6S2: C, 36.71; H, 2.60; N, 4.50.
Found: C, 36.52; H, 2.83; N, 4.62; IR (cm�1): 3440 n(NeH)st, 1641 n

(C]N)imin, 1260 n(CeO), 931 n(CeOeC); MALDI-TOF-MS (m/z):
691.4 [(3)H]þ; 910.4 [(3)Hg]þ.

4.4. Preparation of doped (3) PMMA polymer films

Polymethylmethacrylate (PMMA) is a common, low-cost, sim-
ply-prepared polymer with excellent optical quality. Preparation of
the doped PMMA films was performed by a simple and easy
method. The PMMA powder (0.1 g) was dissolved in chloroform
PA, followed by addition of the compound 3 doped with
0.001e0.005 g dissolved in the same solvent. The polymer film
was obtained after evaporation of solvent at 40 �C under vacuum
for 24 h.28

Due to the spectroscopic characteristics, the film doped with
0.005 g of (3) was selected for the studies with metal ions.

4.5. Computational methods

All calculations have been performed employing Density Func-
tional Theory (DFT)29 as implemented in the Gaussian 09 code.30

Due to its remarkable performance for medium-size organic mol-
ecules, the M06-2X31 density functional was used along with the
reasonably extended double-z quality 6-31þG(d,p) basis set. The
stationary points obtained were confirmed to be minima by com-
putation of the second derivatives of the energy with respect to the
nuclei displacement. Solvation effects were taken into consider-
ation through the polarizable dielectric continuum model (PCM)
using DMSO parameters.32

To reduce the computational cost of the hydration process
a truncated system including a single cromene unit condensedwith
a 2-aminophenoxymethyl derivative has been employed (see
Scheme 3).
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