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We report herein the synthesis and characterization of a family of ligands containing different cation
binding sites covalently connected to a thiopyrylium signalling reporter. The receptors L'-L¢ are able to
signal the presence of certain metal cations via three different channels; i.e. electrochemically,
fluorogenically and chromogenically. An acetonitrile solution of L'-L® shows a bright blue colour due
to a charge-transfer band in the 575-585 nm region. The colour variation in acetonitrile of L'-L¢ in the
presence of the metal cations Ag*, Cd*, Cu**, Fe**, Hg**, Ni**, Pb** and Zn>* has been studied. A
selective hypsochromic shift of the blue band was found for the systems L*-Pb** and L>-Hg**.
Additionally, L'-L¢ are poorly fluorescent but coordination with certain metal cations induces an
enhancement of the fluorescence at ca 500 nm. For instance, the presence of Cu** and Fe** induced a
remarkable 42-fold and 45-fold enhancement in the emission intensity of L! centred at 500 nm,
respectively. Also remarkable was the 18-fold enhancement observed for L* and L® in the presence of
Fe** and Cu*, respectively. The electrochemical behaviour of receptors L'-L° was studied in
acetonitrile using platinum as a working electrode and [Bu,N][BF,] as a supporting electrolyte. This
family of receptors showed a one-electron reversible redox process at ca. -0.46 V versus sce attributed to
the reduction of the thiopyrylium group. A moderate anodic shift in the presence of certain metal
cations was observed. The effect in the UV-visible spectra of acetonitrile solutions of receptor L'-L¢ in
the presence of anions was also studied. A remarkable bleaching was found in the presence of cyanide.

Introduction

One appealing research area within the field of supramolecular
chemistry is the development of chemical sensors' that are
generally composed of two subunits; namely the binding site
and the signalling subunit.? The binding site carries out selective
coordination with a certain target guest and is usually designed
bearing in mind coordination and supramolecular chemistry
principles in order to achieve a high degree of complementarity.
The coordination event modulates the spectroscopic properties of
the signalling unit, therefore transducing host—guest recognition
into an easily measurable signal. Three main systems have been
extensively employed as reporter units: fluorescent groups,?® dyes,*
and redox-active moieties® that transform the recognition event
through changes in fluorescence emission, colour, and redox-
potential shifts, respectively.

These two basic components, i.e. signalling and coordination
subunits, could be spatially preorganised in different styles leading
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to several basic protocols for the development of chemosensors.
The most commonly used is the so-called ‘binding site-signalling
subunit,>* in which both subunits are connected through covalent
bonds. A closely related approach relies on the formation of an
ensemble between the binding site and the signalling subunit that
is characterized by the absence of any covalent link between the
two units.® In this case, the coordination platform incorporates an
external indicator, and the overall signalling functions as a colori-
metric displacement assay. Finally, the so-called ‘chemodosimeter’
approach made use of specific chemical reactions induced by the
target species coupled with changes in certain physical properties.”

The coupling of these three main approaches with the three
types of signalling subunits (fluorescence groups, organic dyes,
and redox-active groups) has lead in recent years to a myriad
of selective receptors for a number of chemical species including
anions, cations and neutral guests. Additionally, the versatility
of these protocols has resulted in the development of differential
receptors that respond rather unspecifically, yet differently, to a
group of similar guests.?

However, and despite the development of individual fluorogenic,
chromogenic, and electrochemical molecular sensors, there are few
examples of receptors capable of displaying two or more output
signals upon guest binding. Moreover, in the past decade some
groups have become increasingly interested in including more
than one chemically addressable group in chemosensors.> These
have been used as dual-responsive dyes, and also in the design
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of molecular logic gates, ion-pair signalling, and cooperative
recognition.

In relation to chemosensing, an easy mode for preparing multi-
channel receptors is the functionalisation of certain binding
sites with two different signalling subunits. Recent examples
of this class of poly-functionalised ligands include the works
of Delavaux-Nicot,!" Beer,”> Shimidzu and Lehn,” Martinez-
Maiiez,'* Molina,'™"” and Ghosh.!"®

The second class of multi-channel chemosensors are those that
are functionalised with only one subunit capable of displaying
two or more observable events upon addition of certain guests.
Although examples showing both fluorescence and colour changes
are not uncommon in intrinsic chemosensors,'*?*?! paradigms dis-
playing fluorescence or colour modulations and electrochemical
responses are rare, while chemosensors exhibiting three or more
signalling channels are unusual.?®

Because of our experience in the design of molecular probes?
for various analytes and our background in functionalised
chromophores we became interested in developing new multi-
channel chemosensors able to detect the presence of metal cations
via chromogenic, fluorogenic, and electrochemical signals. In
this context we report herein the synthesis, characterisation,
binding behaviour, and signalling properties of a new family
of chemosensors containing different crown ether cation bind-
ing sites anchored to a 4-aminophenyl-2,6-diphenylthiopyrylium
scaffolding. The 4-aminophenyl-2,6-diphenylthiopyrylium group
is simultaneously a redox-active group, showing reduction pro-
cesses at moderately modest potentials, and a chromo-fluorogenic
signalling reporter. Additionally, the thiopyrylium moiety has
been barely used as a signalling subunit in the development
of chemical sensors—except for a recent example that used the
pyrylium-to-thiopyrylium transformation for the development of
a probe for sulfide anion detection in aqueous solution.”® We have
recently published a preliminary communication of part of this
work.?

Results and discussion
Synthesis and characterization

Receptors L?-Lf contain macrocyclic binding sites (of dif-
ferent sizes and also containing different heteroatoms such
as nitrogen, oxygen and sulfur) and a 4-aminophenyl-2,6-
diphenylthiopyrylium salt as a signalling reporter (see Scheme 1).
Receptor L', containing an N,N-dimethylamino moiety, was
selected as the model compound. L' was prepared following
literature procedures.”” For the preparation of the ligands, firstly
2,6-dipheylpyrylium perchlorate (1) was synthesized® and the
Richman-Atkins procedure was used to synthesise the phenyl-
functionalised macrocyclic subunits 3-7. The experimental details
of the synthesis of these crowns and their spectroscopic char-
acterization were published elsewhere.”*? Electrophilic aromatic
substitution reaction between N,N-dimethylaniline (2) or the cor-
responding N-phenyl macrocycle (3-7) and 2,6-diphenylpyrylium
perchlorate in dry DMF resulted in formation of the correspond-
ing pyrylium derivatives 8-13. Finally, multi-channel receptors
L'-L® were prepared by reaction of the pyrylium salts with an
aqueous solution of sodium sulfide and subsequent treatment with
perchloric acid (see Scheme 1).
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Scheme 1 Synthetic procedure and chemical structures of receptors
L'-LS.

The "H-NMR spectra of receptors L*~L* showed the methylene
protons of the macrocycle located near nitrogen and oxygen atoms
in the 3.4-3.8 range whereas for receptors L’ and L¢ the macrocycle
protons appear split into two clearly defined zones: (i) methylene
protons adjacent to the sulfur atoms at § 2.6 to 2.9 ppm; and (ii)
methylene protons located near nitrogen or oxygen atoms found in
the 3.5-3.8 ppm range. The aromatic part of the spectrum was very
similar for all the receptors synthesised showing a typical singlet
centred at ca. 8.45 ppm from the aromatic 2,4,6-trisubstituted
thiopyrylium ring. Also the presence of two doublets centred at ca.
6.90 and 8.15 was indicative of the presence of one p-disubstituted
benzene derivative. The appended monosubstituted benzene rings
show two broad multiplets centred at ca. 7.60 and 7.85 ppm. The
BC-NMR showed the same well defined zones (see experimental
section).

This family of receptors contains an extended m-conjugated
system involving one donor anilino nitrogen atom and the acceptor
thiopyrylium ring. The lowest-energy absorption bands for com-
pounds L'-L¢ are broad, structureless, and centred at ca. 580 nm
in acetonitrile. This charge transfer band is responsible for the
deep blue colour of the solutions.*® L>-L¢ are functionalised with
macrocyclic subunits of different sizes and containing different
types of heteroatoms that could coordinate with transition metal
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Table 1 Abpsortion A, (nm) for receptors L'-L* (C = 1.0 x
10° mol dm™) and their variation upon addition of metal cations in
acetonitrile solutions

A'ma,\ Cu2+ F€3+ Hg2+ P b2+
L! 585 5604 5550 585 585
L 584 S740% 5547 584(¢ 584
L} 575 575 5750 575 575
L 580 580 5804 580 560 °/4004°
L 575 5750% 5550 53504/4054° 575

L¢ 582 560 500 550 582

“The downward pointing arrows indicate a significant hypochromic
change in the visible band with respect to that of the free ligand. ® The
upward pointing arrows indicate the appearance of a new visible band.

Table 2 Logarithm of constant stability for the formation [M(L")]™ and
[M(L"),]™ in acetonitrile solutions

M (L:M™)  Fe't Cut He™ P
L' (1:1) 3.69£0.07 3.57£0.03 — —
L (1:1) 465+002 3.1+01  — —
@2:1) 994002 8.34+0.05 — —
L (1:1) 423+001 — — —
L (1:1) 6.01+0.08 — — 4.01 £0.09
L (1:1) — — 6.98+£0.09 —
L (1:1) 48+0.1  4.59+0.07 4.72£0.04 —

cations. Additionally, the presence of a positive charge in this
thiopyrylium ring also determines its electronic properties and
reactivity (vide infra).*

Spectroscopic studies involving metal cations

The chromogenic behaviour of receptors L'-L¢ in the presence
of the metal cations Ag", Cd**, Cu*, Fe’*, Hg**, Ni**, Pb**
and Zn** was studied in acetonitrile (see Table 1). Additionally,
the logarithm of the stability constants for the formation of
the corresponding complexes is summarised in Table 2. Firstly
coordination studies with receptor L', which lacks a macrocyclic
subunit, in the presence of these metal cations were carried out.
Acetonitrile solutions of receptor L! show a visible band centred at
585 nm. Addition of up to 10 equivalents of Ag*, Cd**, Hg*", Ni**,
Pb** and Zn** induced negligible changes in its visible spectra,
suggesting very weak or no interaction with these metal cations.
In contrast, upon the addition of Cu** and Fe** a colour change
in the solution of L' from blue to magenta was observed (see
Fig. 1). In more detail, the presence of 10 equivalents of Cu**
induced a moderate hypsochromic shift of 30 nm in the visible
band together with a small hypochromic effect. The presence of
defined isosbestic points at 540 nm and at 390 nm suggested the
formation of a single 1: 1 receptor—cation complex. The addition
of 10 equivalents of Fe** to solutions of L! resulted in a similar
behaviour to that found for Cu*; ie. a hypsochromic shift of
45 nm and a hypochromic effect. Again the presence of isosbestic
points indicated the formation of the [Fe(L')]** complex. These
hypsochromic shifts observed upon addition of Cu®* and Fe** are
consistent with a binding of the cations with the aniline group, so
weakening its donor character.

From the studied N-crowned receptors, L? contains the smaller
macrocycle. L? shows a visible band centred at 584 nm. Addition of
Ag*, Cd*, Hg?, Ni**, Pb* and Zn”* metal cations (10 equivalents)

Absorbance

% T L T T T
300 400 500 600 700
Wavelength/nm

Fig. 1 UV-visible spectra of L' in acetonitrile (1.0 X 10~ mol dm™) and
L! in the presence of 10 equivalents of Fe** and Cu** cations.

to acetonitrile solutions of L? induced negligible changes in the
visible spectra. For Fe*, a strong hypochromic effect (10-fold
intensity reduction) together with a moderate hypsochromic shift
of 30 nm was found, whereas for Cu®** a 1.5-fold decrease in
intensity and a hypsochromic shift of 10 nm was measured. For
L2, the absence of isosbestic points in the UV-visible titrations
with Fe** and Cu?* indicate the formation of 1:1 and 1: 2 metal-
to-ligand complexes. The formation of these species is most likely
due to the large size of Fe** (64.5 pm) and Cu** (73.0 pm) that
induced a poor fit on the macrocyclic cavity of L?; and resulted
in the formation of 1:2 complexes in which the metal cation is
most likely surrounded by two macrocycles in a sandwich-like
structure.*

Receptor L? is similar to L* but contains one more oxygen atom
and one more ethylene bridge. Acetonitrile solutions of receptor
L? show an absorption band at 575 nm. Of all the metal cations
tested, only the addition of Fe** clearly induced changes, showing
an intensity decrease of 1.7-fold without any remarkable shift in
the wavelength.

Acetonitrile solutions of L* showed an absorption band at
580 nm. L* remains silent in the presence of the tested metal
cations except for Fe** and especially Pb** (see Fig. 2). The
response upon addition of Fe** induced a simple reduction in
the extinction coefficient (3-fold). However, the most remarkable
effect observed for receptor L* was the selective response in the
presence of the cation Pb**. Receptor L* shows a large macrocyclic
cavity ready to coordinate larger cations such as Pb* (119.0 pm
of ionic radius). In fact, addition of equimolar quantities of Pb**
induced the appearance of a new band centred at 400 nm; together
with a 3-fold reduction of the intensity of the band at 580 nm. The
existence of isosbestic points in the titration profiles indicates the
formation of [Pb(L*)]** complex.

Interestingly, L® also behaves very differently when compared
with the other receptors. This different behaviour is governed by
the presence in the macrocycle of two S atoms, near the aniline N
atom, that strongly inhibit this site against complexation with
non-thiophilic cations.***** Therefore, L shows a remarkable
selectivity for Hg** as can be seen in Fig. 3. In fact, it is well-
known that Hg** coordination can be achieved by introducing
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Fig.2 (Top) UV-visible spectra of L* in acetonitrile (2.0 x 10~ mol dm™)
and L* in the presence of 10 equivalents of Fe** and Pb** cations. (Bottom)
changes in the visible band centred at 400 nm for receptor L* upon addition
of increasing quantities of Pb** cation.

sulfur atoms in the macrocyclic ring.*® The addition of equimolar
quantities of Hg?* in acetonitrile solutions of L® induced a 5-fold
reduction in the extinction coefficient of the charge-transfer band
centred at 575 nm together with a hypsochromic shift of 40 nm.
At the same time, a new band centred at 405 nm grew in intensity.
These changes in the visible zone of the spectrum were reflected
in colour modulations; i.e. from bright blue for L* to faint yellow
upon the addition of Hg*".

The observed behaviour is consistent with a strong Hg**
coordination with the macrocyclic subunit, and the engagement of
the lone electron pair of the aniline N atom leading to a reduction
of the push-pull character. The issue of selectivity was additionally
confirmed by noting that the addition of other metal cations to
acetonitrile solutions of L* resulted in negligible changes in the
position and in the intensity of the visible band.

On changing from L® to L, in which the two sulfur atoms were
located far from the nitrogen atom (separated by two oxygen atoms
and two ethylene bridges), the selectivity towards Hg?* cation was
severely diminished. In fact, L¢ shows a hypsochromic shift and a
significant decrease of the intensity band at 582 nm in the presence
of the metal cations Hg**, Cu®* and Fe**.

In recent research we have prepared a family of N-crowned 4-(p-
aminophenyl)-2,6-diphenylpyridines (MeNPys).%* These com-
pounds are similar to the L'-L¢ family but containing a pyridine

16 L
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Fig.3 (Top) UV-visible spectra of L* in acetonitrile (1.0 x 10 mol dm™)
and L in the presence of 10 equivalents of Hg?* cation. (Bottom) changes
in the visible band centred at 405 nm for receptor L’ upon addition of
increasing quantities of Hg?* cation.

ring instead of thiopyrylium. Although the coordination chemistry
of the MeNPys derivatives is quite complex due to the presence
of two coordination sites (i.e. the aniline and pyridine units) it
is important to remark that MeNPy generally showed stability
constants one order of magnitude greater than those found with
the receptors L'-L°.2% The lower stability constants observed for
the thiopyrylium derivatives are most likely due to the positive
charge located in the structure of the chromophoric system
that leads to some degree of repulsion between the charged
thiopyrylium ring and the metal cation.

Fluorescence studies involving metal cations

From the emission viewpoint the compounds 2.4,6-
triphenylpyrylium (TPP) and 2.,4,6-triphenylthiopyrylium
(TPTP) are both emissive (quantum yields of 0.60 and 0.12,
respectively in acetonitrile)* the former being extensively used as
a photosensitizer in a wide range of photochemical reactions.*
However, in contrast, acetonitrile solutions of receptors L'-L¢ are
poorly fluorescent. This absence of any remarkable emission band
may be ascribed to the presence of non-radiative deactivation
pathways due to the existence of a nitrogen atom in the structure
of the receptors directly attached to the TPTP chromophore.

In order to study the effect that coordination on the nitrogen
has on the emission behaviour of the thiopyrylium derivatives,
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the model compound L' was selected and its emission behaviour
in acetonitrile studied in the presence of increasing quantities of
protons (using acetonitrile solutions of perchloric acid). Whereas
L' is not emissive, addition of protons resulted in the appearance
of a broad intense emission band centred at 500 nm (A, = 410
nm). This emission band reaches its highest intensity (305-fold
enhancement) upon addition of 50 equivalents of protons, as
can be seen in Fig. 4. This proton-induced switch-on response is
most likely due to the inhibition of the non-radiative deactivation
mechanism via nitrogen coordination that restores the emissive
properties of the 2,4,6-triphenylthiopyrylium group.

4000 -
3500 50 eq.
3000 +
2500 -
2000 -

1500 +

Emission Intensity (a.u.)

1000 4

500 +

T T T T T T T T 1
420 440 460 480 500 520 540 560 580 600

nm

Fig.4 Emission enhancement observed upon addition of 50 equivalents
of protons to acetonitrile solutions of L' (1.0 X 10~ mol dm~, A, =
410 nm).

Intrigued by the high enhancement of the emission intensity
observed in the presence of protons we carried out fluorescence
studies with receptors L', L* and L® in the presence of target
metal cations and using 410 nm as the excitation wavelength in
all cases. The results are summarized in Table 3. The addition of
10 equivalents of Fe* to acetonitrile solutions of L' induced a
remarkable 45-fold enhancement in the emission intensity centred
at 500 nm. Nearly the same level of emission enhancement was
observed in the presence of Cu®* cation (41-fold, see Fig. 5). This
large emission enhancement is remarkable bearing in mind that
the usual behaviour with fluorogenic receptors in the presence
of metal cations is an emission quenching upon complexation.
Smaller enhancements in the emission intensity of 6- and 1.8-
fold were measured for Hg** and Pb** cations respectively. It
is also noteworthy that the enhancement observed with metal
cations for L' is lower than that found in the presence of protons.
This might be explained bearing in mind that the final observed

Table 3 Fluorescence emission intensity variation (as % of the receptor
alone) obtained for L', L* and L’ (C = 1.0 X 10~ mol dm~) upon addition
of 10 equivalents of metal cations in acetonitrile

Cur Fe** He Ph*
L' 40001 44001 5001 801
L 3001 16601 3004 114
L5 16601 2204 5201 5<

“ Excitation wavelength 410 nm. ® The upward pointing arrows indicate an
increase in emission intensity.

700 -
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L'+cu™
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300 -
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200 -
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7 - - - - = : = -
450 500 550 600 650
nm
Fig. 5 Fluorescence enhancements observed upon addition of 10 equiv-

alents of the corresponding metal cations to acetonitrile solutions of
receptor L! (1.0 x 10° mol dm~, A, = 410 nm).

behaviour for a certain cation is a sum of the contribution of the
emission enhancement, due to the suppression of the non-radiative
deactivation pathways upon metal coordination (and regeneration
of the TPTP emission) and deactivation paths from the excited
state due to the presence of a certain metal cation (for instance
open-shell paramagnetic, or easily reducible metal cations).*’

On changing to L*, the highest enhancement in the emission
intensity, upon excitation at 410 nm was observed upon addition
of 10 equivalents of Fe** (17.6-fold). In general, the emission
enhancements in this case are lesser than those observed with
L' and the same cation. The addition of 10 equivalents of
Hg?* and Cu?* induced a 4-fold enhancement in the emission
intensity. Perhaps the most remarkable fact of the fluorescent
behaviour of receptor L* was the absence of any significant
response in the presence of Pb* (only a 1.1-fold enhancement)
that greatly contrasts with the response obtained in UV-visible
titration experiences (vide ante).® Whereas coordination of Pb*
with the macrocycle in L* would induce the suppression of the
non-radiative deactivation pathways thus leading to an increase
in the emission intensity, the presence of a non-emissive decay
pathway arising from a heavy atom effect would, in the opposite
direction, deactivate the emission with the net effect of a very low
fluorescence enhancement.

Upon excitation at 410 nm acetonitrile solutions of receptor L’
showed a poor emission in the 430-600 nm range. However, the
addition of increasing quantities of Hg** induced the development
of an emission band centred at ca. 500 nm which reached a
6.2-fold enhancement upon addition of 10 equivalents of the
cation.®® The addition of the trivalent Fe** cation induced a
3.2-fold enhancement. However, the most remarkable emission
change was obtained with Cu?* that induced a 17.6-fold increase
in the emission intensity (see Fig. 6). The fluorescent behaviour
of L* in the presence of metal cations clearly contrasts with that
observed in the UV-visible experiences (the most important shifts
were obtained with Hg*" cation). This fact may be related to a
heavy atom effect that is more effective for Hg**. In the case of
Cu?* the strength of coordination with the macrocycle of L, when
compared with Hg?*, is less effective and leads to moderate changes
in the visible band (only a slight hypochromic effect) whereas
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600 4

Table 4 Electrochemical data for L', L* and L® complexes in acetonitrile

5 2+
Lo solution (0.1 M [Bu,N][BF,) at 298 K*
= 500 4
g Reduction E,,,/mV®
>
g 400+ L! -0.47
2 L* -0.45
& _
s 3001 | 0.48
:::‘g “ Working electrode, platinum. * E,, = (E,, + E,.)/2; E,, and E,, are peak
E 200 anodic and peak cathodic potentials, respectively.
100 1 Table 5 Values of AE (mV) “for receptors L', L* and L (C = 1.0 x
10~ mol dm™) in the presence of metal cations
04
475 500 525 550 575 600 AE(L") AE(L'y AE(L)
nm
Cu* 11 — 12
Fig. 6 Fluorescence enhancements observed upon addition of 10 equiv- Fe* 18 25 28
alents of the corresponding metal cations to acetonitrile solutions of E};‘%;: 24 i 31

receptor L (1.0 X 10 mol dm~, A, = 410 nm).

the emission of the 2,4,6-triphenylthiopyrylium moiety is restored
more efficiently.

The selectivity trend observed in the fluorescence measurement
for L® was clearly different from that observed in the UV-titration
experiences. Thus, L’ provides an example of sensing modulation
by appropriate selection of the measurement technique; i.e.
acetonitrile solutions of receptor L’ change colour selectively from
blue to yellow in the presence of Hg>* cation, whereas L’ shows
in the presence of Cu®* the greatest emission enhancement of the
band centred at 500 nm.

The sensing features showed by these receptors, namely a
remarkable enhancement of the emission intensity instead of
quenching, led us to carry out prospective studies of the response in
aqueous environments. From these studies it was observed that the
addition of increasing amounts of water (up to 20%) to acetonitrile
solutions of the [Hg(L%)]** complex induced a reduction of only 2-
fold in the emission. In contrast, addition of water to other metal
complexes induced a severe decrease of the fluorescence intensity.
The still high level of enhancement observed on adding Hg** to
acetonitrile-water solutions of L® opens the door for the use of
this receptor as a selective fluorescent sensor for this highly toxic
cation in aqueous environments.

Electrochemical studies involving metal cations

The electrochemical behaviour of thiopyrylium receptors L, L*
and L’ was studied in acetonitrile with platinum as the working
electrode and [Bu,N][BF,] as a supporting electrolyte. These
receptors show a one-electron reversible reduction process in the
—0.45, —0.49 V range vs. sce attributed to the reduction of the
thiopyrylium ring (see Table 4).

Additionally, a detailed electrochemical study in the presence
of metal cations was carried out with ligands L', L* and L* for
which a remarkable chromo-fluorogenic behaviour was observed.
In Table 5 the electrochemical responses regarding the difference
between the reduction potential of the free ligand and the
reduction potential in the presence of the corresponding metal
cations is summarised. Only the presence of the metal cations
Cu*, Fe**, Hg** and Pb* resulted in a significant electrochemical

“ AE(L") = E(L" + M™) — E(L") (AE in mV)

response, whereas the remaining cations gave no redox potential
shifts (AE < 5mV).

Electrochemical studies in the presence of certain metal cations
show, in general, a moderate shift of the redox potential of the
thiopyrylium derivatives with maximum anodic shifts of the redox
wave of 31 mV for the L5-Hg* system. This anodic shift is
expected bearing in mind that the coordination of the ligand
with the metal cations would result in highly positively charged
species that should be prone to easier reduction. However, it
is apparent that the transformation of the positively charged
thiopyrylium scaffolding into the corresponding metal cations
complexes does not result in a large decrease in the redox potential.
This observation contrasts with other systems that we have recently
reported where large redox shifts were observed in the presence of
metal cations using similar coordination sites.*’

Triple signalling

We have studied above the changes in colour, fluorescence emis-
sion, and redox potential for a family of thiopyrylium derivatives
in the presence of certain metal cations in acetonitrile. An outcome
of this study is that, for a given signalling channel, selectivity can
be achieved via the use of different macrocyclic subunits. Thus
for instance, the development of a new band at ca. 400 nm is
observed selectively for Pb?* and Hg** when using the receptors
L* and L, respectively. However, it is also noteworthy that for a
certain ligand the response is somewhat different, depending on
the transduction channel studied (electrochemical, chromogenic
or fluorogenic). For instance, L* shows a selective chromogenic
response to Pb*, whereas it is the Fe** cation which gives a
greater fluorescence enhancement and both cations induced a
reduction wave shift greater than 20 mV. When using receptor
L3, the electrochemical response is of ca. 30 mV for Hg?* and Fe**,
whereas a very remarkable Cu?* response is found in fluorescence
and a selective response is observed in the chromogenic channel
for Hg** (see Table 6).

In order to explain this effect, it has to be taken into account that
the specific response observed in each channel strongly depends
on the particularities of each coordination-transduction process.
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Table 6 Different channel response of ligands L', L* and L® to metal
cations”

Aat 400 nm Emission enhancement > 1000% AE > 20 mV
Ll . Cu2+, FC’H Hg2+
L4 Pb2+ Fe3+ Fes+ , Pb2+
LS Hg2+ Cu2+ Fe%, Hg2+

“The ligand concentrations used for the UV-Vis, fluorescence and elec-
trochemical experiments were 1 x 107, 1 x 10~ and 1 x 10~ mol dm,
respectively.

Thus, for instance, the electrochemical response (changes in the
redox wave of the redox-active groups) is usually governed by
changes in the charge between the ligand and the complex; and by
the existence of chemical (i.e. decomplexation) reactions before,
or after, the electrochemical process. Chromogenic transduction
(hypsochromic shift) will be expected when there is a strong enough
interaction of a certain metal cation with the anilino nitrogen in
the chromophore. Additionally, the strength in the coordination
and the coordination mode of the metal cations with the different
ligands can also modulate the final signal observed. Thus, it is
expected that the interaction of a given cation with binding sites
(such as the oxygen and sulfur atoms) in the macrocycle, but not
directly with the nitrogen atom, may result in an electrochemical or
flurogenic response, but not in changes in colour. Other variables
such as the strength of the coordination bonding (more covalent
or cation-dipole type), or the interaction with the photo-excited
receptors with metal cations through energy or photo-electron
transfer processes, can also influence the observed final response.

This differential response as a function of the channels selected
has also been found in other multi-channel signalling receptors
and we and other authors have suggested that this behaviour might
open the possibility of using a unique receptor for different sig-
nalling applications and for the development of certain molecular
logic gates.

Spectroscopic studies involving anions

The development of abiotic receptors for anions has been a subject
of growing interest in recent years due to the crucial roles played
by anions in biological and environmental processes.*’ In this
section we were interested in studying the interaction of L'-L¢
with anions. For instance, it has been reported that the parent
derivatives containing pyrylium rings suffer ring opening/closing
processes in the presence of certain anionic species and this effect
has been used in different signalling applications.*

The addition of 1 equivalent of CI, Br-, I, NO;~, H,PO,",
HSO, , AcO~, BzO~ and NCS- to acetonitrile solutions of L!
induced negligible changes in the UV-visible spectra or in the
colour of the solutions. The most striking effect was observed
upon the addition of 1 equivalent of cyanide anion because a
complete bleaching of the colour of the solution was produced
(see Fig. 7).* The same behaviour upon addition of anions was
observed with the crown ether-functionalised L?>-L° receptors,
strongly suggesting that the presence of the macrocyclic subunits
in L>-L¢ is not responsible for the observed selectivity. This, in
turn, pointed to an interaction of cyanide anions with the 2,4,6-
triphenylthiopyrylium moiety in a chemodosimeter fashion that is
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Fig. 7 Changes in the visible band of acetonitrile solutions of receptor
L' (1.2 x 10 mol dm™) upon addition of increasing quantities of cyanide
anion up to 1 equivalent.

most likely related to a nucleophilic attack on the electron deficient
thiopyrylium ring. In fact, similar behaviour was observed upon
the addition of the anion OH™ (added as a tetrabutylammonium
salt) with L>-L; i.e. a complete bleaching.

Thiopyrylium, and the parent pyrylium heterocycles, contain
in their structures one positively charged sulfur and oxygen atom
respectively, that induce a certain electrophilic character in the
carbons located in the heterocyclic rings.?® In fact, quantum chem-
ical calculations at semiempirical level* indicate that the charge
density on atoms C2, C3, and C4 for 2,4,6-triphenylpyrylium
are 0.233, —0.266 and 0.245, respectively. In the case of 2.4,6-
triphenylthiopyrylium, similar calculations lead to values of —0.06,
—0.191, and 0.206. These calculations suggest that the pyrylium
and thiopyrylium rings are prone to suffer nucleophilic attack on
C4 and C2 (see Scheme 2). These calculated charges, together with
the fact that the C-O* and C-S* bonds in the ring are polarized
by inductive effects, should account for the reactivity observed.

In order to confirm this possible attack, a detailed study was
carried out with compound L' and cyanide. '"H-NMR studies in
acetonitrile-d; showed that two different compounds are clearly
formed upon the addition of one equivalent of CN~. The singlet
at 8.63 ppm for L' turned into three new singlets at 5.96, 6.17, and
7.26, upon cyanide addition. The singlet at 6.17 ppm was assigned
to the product obtained by cyanide attack on C4 (product II),
whereas the other two signals corresponded to the product formed
by cyanide addition on C2 (product I). From the area of the signals,
aratio of 75: 25 for structures I-II was determined. Unfortunately,
attempts to isolate the reaction products were unsuccessful and
chromatographic techniques resulted in decomposition of the
products.

These preliminary results pointed to the possible use of receptor
L! for the colorimetric detection and quantification of cyanide
anion. Unfortunately, it was also confirmed that the addition of
small quantities of water (less than 5%) to acetonitrile solutions
of receptor 1 inhibited bleaching in the presence of cyanide. We
recently reported a more detailed study that included the signalling
in cyanide with L! in water using micelles.*

Nearly the same chromogenic behaviour as that observed for
thiopyrylium derivative L' was found for acetonitrile solutions of
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Scheme 2 Proposed structures for the products of cyanide attack over
thiopyrylium and pyrylium rings presented by receptors L' and 8.

pyrylium salt 8 upon the addition of 1 equivalent of cyanide that
induced the complete disappearance of the charge transfer band
centred at 540 nm. 'H-NMR studies in DMSO-d, (pyrylium salt 8
does not dissolve in acetonitrile-d;) of 8 in the presence of cyanide
resulted in a complex mixture of, at least, three compounds (IIL, IV
and V). The major product was identified as coming from an attack
of cyanide on the C4 (product IV) at the pyrylium moiety featuring
asinglet at 5.14 ppm and the protons at the dimethylanilynium ring
at 7.89 and 6.9 ppm. The mixture evolved over time producing a
major product coming from the attack on C2 (product III) and the
opening of the pyrylium ring (product V). In this final product, the
dimethylanilynium protons are now at § 6.26 and 6.71 (overlapped
with the olephynic protons) and the phenyl protons are now de-
shielded.

Conclusions

A family of receptors based on functionalised thiopyrylium
moieties have been synthesised and characterised and their
interaction with metal cations studied via optical (colour and
emission fluorescence) and electrochemical changes. The optical
properties of the products reveal that the acceptor thiopyrylium
group and the donor aniline moiety are strongly m-conjugated
and produce intense CT bands at ca. 580 nm. The receptors show
a rich chromogenic response to metal cations modulated by the
nature of the coordination ring. A selective hypsochromic shift of
the CT band was observed for the L*-Pb** and L5-Hg>* systems.
Receptors L'-L¢ are poorly fluorescent most likely because of
the presence of non-radiative deactivation pathways due to the
presence of a nitrogen atom directly linked to the chromophoric
system. Moreover, coordination at the anilino moiety resulted in
a very remarkable enhancement of the emission that is modulated

by the nature of the metal cation and the coordination site.
For instance, whereas L' is not emissive, protonation of the
anilino group resulted in the appearance of a broad intense
emission band centred at 500 nm (4., = 410 nm). Additionally,
the presence of Cu** and Fe** induced a remarkable 42-fold
and 45-fold enhancement in the emission intensity band centred
at 500 nm of receptor L'. Also remarkable was the 18-fold
enhancement observed for L* and L* in the presence of Fe** and
Cu?*, respectively. This family of receptors showed a one-electron
reversible redox process at ca. -0.46 V versus sce attributed to
the reduction of the thiopyrylium group. A moderate anodic shift
in the presence of certain metal cations was observed. Finally,
the receptors L'-L¢ also show sensing features in the presence of
cyanide, which is able to react with the electron-deficient pyrylium
ring and results in a bleaching of the blue solution.

Experimental
General remarks

All commercially available reagents were used without further
purification. Air/water-sensitive reactions were performed in
flame-dried glassware under argon. Acetonitrile was dried with
CaH, and distilled prior to use.

Physical measurements

Metal cations (Ag*, Cd**, Cu*, Fe**, Hg**, Ni**, Pb* and Zn**
as perchlorate or triflate salts) and anions (F-, CI°, Br, I,
NO;~, H,PO,~, HSO,™, AcO~, BzO~, NCS™~ and CN" as tetrabuty-
lammonium salts) were used to obtain acetonitrile solutions of
concentration ca. 1.0 x 10 mol dm=. UV-visible studies were
carried out with a Perkin Elmer Lambda 35 spectrometer. The
concentrations of ligands used in the UV-visible measurements
were ca. 5.0 x 10° mol dm™ in acetonitrile. UV-visible spectra
were recorded in the presence of equimolar quantities of the
corresponding ligand and metal cation or anion. The fluores-
cence behaviour was studied with a FS900CDT Steady State T-
Geometry Fluorimeter, Edinburgh Analytical Instruments. All
solutions for photophysical studies were previously degassed.
The concentrations of ligands were ca. 5.0 x 107 mol dm™ in
acetonitrile. Fluorescence emission spectra were recorded in the
presence of equimolar quantities of ligand and the corresponding
metal cation. Electrochemical data were carried out in dry
acetonitrile solutions previously degassed, with a programmable
function generator Tacussel IMT-1, connected to a Tacussel PJT
120-1 potentiostat. The concentration of ligands and metal ions
were ca. 1.0 x 10 mol dm™ in acetonitrile (the metal ions
were perchlorate or triflate salts of Ag®, Cd**, Cu*, Fe**, Hg*,
Pb* and Zn**). Electrochemical studies were carried out in the
presence of equimolar quantities of ligand and the corresponding
metal cation. The working electrode was platinum connected with
a saturated calomel reference electrode separated from the test
solution by a salt bridge containing the solvent and the supporting
electrolyte (0.25 mol dm= [Bu,N][BF,]). The auxiliary electrode
was a platinum wire. The 'H and "C NMR spectra were recorded
with a Varian Gemini spectrometer. Chemical shifts are reported
in ppm downfield from TMS signal. Spectra taken in CDCl; were
referenced to residual CHCl,.
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Synthetic procedures

The synthesis of macrocyclic subunits 10-phenyl-10-aza-1,4,
7-trioxacyclododecane (3), 13-phenyl-13-aza-1,4,7,10-tetraoxa-
cyclopentadecane (4), 16-phenyl-16-aza-1,4,7,10,13-pentaoxa-
cycloheptadecane (5), 10-phenyl-10-aza-1,4-dioxa-7,13-dithiacyc-
lopentadecane (6) and 4-phenyl-4-aza-1,7-dioxa-10,13-dithia-
cyclopentadecane (7) were previously published. The syntheses of
pyrylium-based receptors (8-13) were also previously published.

General procedure for the synthesis of the thiopyrylium derivatives
(L'-L%)

N,N-dimethylaniline (2, 2 mmol) or the corresponding N-phenyl
macrocycle (3-7, 2 mmol) were reacted with 2,6-diphenylpyrylium
perchlorate (1, 4 mmol) in dry DMF (20 mL) at 150° C for
three hours. Pyrylium derivatives 8-13 (1 mmol, yield: 50%) were
precipitated from the crude reaction as dark brown solids by
addition of dimethyl ether (25 mL). These pyrylium derivatives
(0.8 mmol) were then dissolved in acetone (50 mL), Na,S (2 mL,
10% water solution) was added and the crude reaction was allowed
to react for 20 min at room temperature. Finally, perchloric acid
(2 mL, 20% water solution) was added and the crude reaction
stirred for another 40 min at the same temperature. The final
thiopyrylium derivatives were isolated as dark blue solids by
vacuum filtration and successive washings with water and diethyl
ether.

L': Yield: 50%, '"H NMR (300 MHz, DMSO-D6): § = 3.16
(6H, s, N-(CH;),), 6.89 (2H, d, C¢H,), 7.60 (6H, m, C4H), 7.88
(4H, m, C¢H5), 8.19 (2H, d, C4H,), 8.49 (2H, s, CsH,S). "C {'H}
NMR (75 MHz, CDCl;): § = 40.5, 114.3, 122.2, 124.8, 127.7,
130.1, 132.6, 133.2, 134.5, 154.8, 156.6, 160.9. HRMS calc. for
C,sH,, NS, 368.1473, found 368.1455.

L% Yield: 45%, '"H NMR (300 MHz, DMSO-D6): § = 3.66
(8H, s, O-CH,-0), 3.75 (4H, t, N-CH,-0), 3.78 (4H, t, O-CH,-
0), 6.88 (2H, d, C4H,), 7.61 (6H, m, C,Hs), 7.89 (4H, m, C;H5),
8.20 (2H, d, C¢H,), 8.47 (2H, s, C;H,S). "C {'H} NMR (75 MHz,
CDCl): 6 = 53.5, 70.0, 70.4, 71.3, 114.2, 122.2, 124.7, 127.9,
130.1, 132.4, 133.2, 134.6, 154.7, 156.6, 161.1. HRMS calc. for
C;H;,NSO;, 498.2103, found 498.2095.

L*: Yield: 48%, '"H NMR (300 MHz, DMSO-D6): § = 3.62
(4H, s, O-(CH,),-0), 3.67-3.78 (16H, m, O-(CH,),-O, N-(CH,),-
0), 6.92 (2H, d, C;H,), 7.57 (6H, m, CsH), 7.86 (4H, m, C,H),
8.14(2H, d, C4H,), 8.43 (2H, s, C;sH,S). C {'H} NMR (75 MHz,
CDCl): 6 =53.6,68.2,69.9,70.4,71.0, 114.5, 122.5,125.1, 127.8,
130.2, 132.7, 133.2, 134.6, 154.7, 157.0, 161.3. HRMS calc. for
C3;H3NSO,, 542.2365, found 542.2377.

L*: Yield: 46%, '"H NMR (300 MHz, DMSO-D6): § = 3.63-
3.77 (24H, m, O-(CH,),-0O, N-(CH,),-0), 6.95 (2H, d, C,H,), 7.56
(6H, m, C¢Hs), 7.87 (4H, m, C,H;), 8.14 (2H, d, C,H,), 8.39
(2H, s, CsH,S). *C {'"H} NMR (75 MHz, CDCl,): 6 = 51.9, 68.5,
70.6, 70.7, 114.3, 122.2, 124.8, 127.7, 130.1, 132.6, 133.2, 134.5,
154.9, 156.6, 160.9. HRMS calc. for C;;H,,NSOs, 586.2627, found
586.2709.

L*: Yield: 48%, '"H NMR (300 MHz, DMSO-D6): 6 =2.76 (4H,
t,N-(CH,),-S),2.93 (4H, t, O-(CH,),-S), 3.63 (4H, s, O-(CH,),-0),
3.80 (8H, m, S-(CH,),-N, O-(CH,),-S), 6.92 2H, d, C,H,), 7.57
(6H,m, C4H;),7.86 (4H, m, C4H5), 8.14 (2H, d, CH,), 8.43 (2H, s,
CsH,S). "C {'H} NMR (75 MHz, CDCL,): § = 30.1, 32.1, 52.7,

70.6, 73.6, 114.1, 122.5, 125.6, 127.9, 130.2, 132.8, 133.4, 134.6,
153.8,157.5,162.0. HRMS calc. for C;;Hy NS, 0,, 574.1908, found
574.1867.

LS: Yield: 40%, 'H NMR (300 MHz, DMSO-D6): § = 2.72 (4H,
t, O-(CH.,),-S), 2.81 (4H, s, N-(CH.,),-S), 3.70 (4H, t, O-(CH.),-
0), 3.77 (4H, t, O-(CH,),-S), 3.85 (4H, t, N-(CH,),-S), 6.91 (2H,
d, CoH,), 7.58 (6H, m, C,H), 7.87 (4H, m, C,H.), 8.13 (2H, d,
C,H,), 8.43 (2H, s, C;H,S). *C{'H} NMR (75 MHz, CDCI3):
5 = 31.93, 32.96, 51.73, 69.23, 72.16, 115.3, 123.5, 126.4, 128.3,
131.0, 131.6, 132.8, 133.7, 154.3, 158.6, 163.3. HRMS calc. for
CyHyNS,0,, 574.1908, found 574.1987.
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