New Hg?* and Cu?* Selective

and Fluoroionophore Based on a

Bichromophoric Azine

ORGANIC
LETTERS

2005
Vol. 7, No. 26
5869—-5872

Chromo-

Rosario Martinez, Arturo Espinosa, Alberto Tarraga,* and Pedro Molina*

Departamento de Qmica Organica, Facultad de Qumica, Universidad de Murcia,

Campus de Espinardo, E—30100 Murcia, Spain

pmolina@um.es

Received October 17, 2005

ABSTRACT

AN 1Hg*

400

A new probe, 1,4-bis(1-pyrenyl)-2,3-diaza-1,3-butadiene, selectively senses Hg

700

2+ and CuZ* through two different channels: the yellow — —deep-

pink color change and the enhancement of the fluorescence with the red shift of the excimer emission, which can visually be discernible by

a green fluorescence in the presence of Hg

2t and an orange fluorescence in the presence of Cu

2+

The design and synthesis of fluorescent sensors for heavyshowing a fluorescent enhancement with these metal ions

and transition-metal ions (HTM) is currently a task of prime
importance for environmental or biological applicatidns.

Many of the HTM cations are known as fluorescent quench-

ers via enhancement of spin—orbit coupling (e.g.2Hgor
energy or electron transfer (e.g., paramagneti¢lCuThe

have been reported.

To improve the fluorescence intensity enhancement of the
receptor upon binding of Hg or CW/", one needs to
carefully design the receptor molecule containing a fluoro-

most common fluorescent probes undergo nonspecific quench- _(4) For mercury: (a) Chae, M.-Y.; Czarnik, A. W. Am. Chem. Soc

ing with HTM analytes, such as Bgand Cd*'. So, the
known molecular systems that monitor #igand Cd" metal
ions exploit the mechanism of complexation-induced fluo-
rescence quenchirfeand only very few examples for probes
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phore so that the responsible mechanism for fluorescencehydrazine hydrate, in 65% yield. The chemosensor behavior
guenching is maximized in the receptor, whereas it is with several metal cations (LjNa*, K, Mg?", C&", Ci#",
minimized in the metal-bound state of the receptor. Z?t, CP*, Hg?t, Ni%*, Sn*, Ewt, Yb®*, and LGY) in

For the selective recognition of soft, heavy metal ions, acetonitrile was investigated by UV/vis and fluorescence
nitrogen binding sites might be a choice, as is well exempli- measurements, and the titration experiments were analyzed
fied with classical azacrown ethér®yrene has often been using the computer program Specéfit.
used as an effective fluorescence probe because of its high The absorption spectrum df shows the typical pyrene
detection sensibility. The emission wavelength of pyrene absorption bandsin the region 235391 nm along with a
has been proven to be extremely sensitive to the polarity of low-energy band centered at 421 nm attributed to the aza
the local environment. Formation of the self-assembled bridge, which is responsible for its pale-yellow color. The
complex results in a remarkable change in the fluorescenceaddition of increasing amounts of Pgmetal ions to a
emission intensities of the pyrene excimer and mondmer. solution of1 in acetonitrile (c= 2.5 x 107> M) promotes
Two informative parameters associated with the pyrene some changes in its absorption spectrum, with the most
excimer are the intensity ratio of the excimer to the monomer significant being the broadening of the absorption bands due
emission (Hly) and the wavelength corresponding to the to the pyrene ring and the appearance of a new low-energy

maximum of the excimer emissioid). Although thelg/ly

band atl = 515 nm. The well-defined isosbestic points at

parameter is sensitive to the structure of the pyrene-labeled378 and 460 nm clearly indicate the presence of a unique

systems, the corresponding pyretieis much less variable
and generally locates at 475—485 nm.

complex in equilibrium with the free ligand. The new low-
energy band, which is red shifted 94 nm, is responsible for

On the basis of this body of work, obviously, a suitable the change of color, which is perceptible to the naked eye,
designed aza-substituted pyrene derivative might be a goodfrom yellowish to a deep-pink (Figure 1). Analysis of
candidate for the selective sensing of HTM ions. This can
be realized by combining the 2,3-diazabutadiene dtoup | ENNNENENENEEGEGGEGEEEEEEEEEEE
(azine) as both a putative cation-binding site and a quencher
activity with the photoactive behavior of the pyrene ring to
endow the signaling properties. In this work, we report the
synthesis, characterization, and cation coordination properties
of 1,4-bis(1-pyrenyl)-2,3-diaza-1,3-butadiehén which two
photoactive pyrene groups are directly attached by a putative
cation-binding site. This small system displays not only the
Ig/lm but also thele variation depending on the metal ion A

present.
0
ooy
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The unreported symmetrical azidewas prepared using

the one-step reaction between 1-pyrenecarboxaldehyde andfigure 1. UV/vis spectra obtained during the titration fin
CH3CN (c = 2.5 x 107% mol dn3) with Hg(CIlOy),. The initial
spectrum (black) is that of startirig and the final spectrum (red)
corresponds to the complex formmHg?™ after addition of 1 equiv

of Hg?*. Arrows indicate the absorptions that increased (up) and
decreased (down) during the titration experiments. Inset: Change
in the color ofl after addition of 1 equiv of Hg(Clg),. From left

to right, in CH;CN and1 plus 1 equiv of Hg(CIQ), in CH3;CN.
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absorption spectral data confirmed a 1:1 (¥Hginding
model and an association constant of 970 M.

The Hg" response of is unaffected in a background of
relevant alkali, alkali earth metals, and Group 12 metafs Zn
and Cd™; only CW#* interferes with the Hg-induced
absorption change. The addition of increasing amounts of
CU?™ metal ions to a solution aof in acetonitrile promotes
the appearance of both a new red shifted low-energy

(10) Specfit/32 Global Analysis System; Spectrum Software Associates,
Claix, France, 1999—2004. (SpecSoft@compuserve.com).
(11) Forster, T.; Kasper, K. Zlektrochem1955,59, 976—980.

5870 Org. Lett, Vol. 7, No. 26, 2005



absorption band, at = 520 nm (Ad= 99 nm), and two the complex system was also determined by the changes in
isosbestic points at 361 and 452 nm, clearly indicating the the fluorogenic response df in the presence of varying
presence of a unique complex in equilibrium with the free concentrations of Hg, and the results obtained indicate the
ligand (see the Supporting Information). Addition ofZu  formation of a 1:1 complex giving an association constant
metal ions also showed a naked-eye perceptible color changeof 1.16 x 106 M1,
from yellowish to a deep-pink. The resulting titration fitted One of the most powerful methods for the differentiation
to a 1:1 binding model, and the association constant wasof a dynamic excimer from a static one is the excitation
6.9x 1° ML, spectrunt. Thus, the excitation spectrum obtained frdm
This behavior is similar to that encountered with several Hg?* at the excimer emissionl (= 508 nm) was different
multidentate thioether-containing ligands that exhibit selec- compared with the excitation spectrum taken at the monomer
tivity for metal ions in the “copper triangle” of the Periodic  emission wavelengtht (= 418 nm), which is generally taken
Table!? as compelling evidence for ground-state preassociation of
As expected, ligand showed a very weak fluorescence. pyrenes, demonstrating that the emissiort at 508 nm
The emission spectrum displays typical emission bands atcorresponds to a static excimer (see the Supporting Informa-
388 and 409 nm, which are attributed to the pyrene tion).
monomeric emission and a red shifted structureless maximum Ligand 1 was found to have a detection liftfiof 3.4 x
at 475 nm, typical of pyrene excimer fluoreseh¢é.x = 10 M as a fluorogenic sensor for the analysis ofH¢see
350 nm), with a low quantum yield = 0.016) (see the the Supporting Information), exhibiting higher sensitivity and
Supporting Information). The excimer emission band is selectivity than others previously reportédlthough they
concentration dependent, which is consistent with intermo- can operate in pure water.
lecular excimer formatiof® Quantum chemical calculations at the DFT level (see the
Upon addition of small amounts of Fgto the solution Supporting Information) indeed show the preference for a
of ligand 1 in acetonitrile ¢ = 2.5 x 10> M), a pronounced  2:2 complex (1-Hgf" with every Hg atom in a distorted
red shift along with an intensity enhancement of the pyrene tetrahedral environment made up by one N atokn g =
excimer emission was observed. An intensity maximum is 2.568 A, Wiberg bond index (WBI= 0.134) and one
reached at [1)/[Hg] = 1, where thele shifts as much as  pyrenyl C-10 atomdc—ng = 2.457 A, WBI 0.273) of every
33 nm (from 475 to 508 nm) (Figure 2). The final ligand, having overalD, symmetry (Figure 3). The latter

HgZi-

L e —
400 500 600
*Inm

Figure 3. Calculated (B3LYP/6-31G*) structure for thé-Hg),**
complex.

Figure 2. Changes in the fluorescence emission spectth(@fx.
= 350 nm) in CHCN (c = 2.5 x 107% mol dm3) upon titration
with Hg(ClOy,)./startingl (black) and after addition of 0.2 (cyan),
0.4 (pink), 0.6 (blue), 0.8 (green), and 1 equiv (red) ofHg

interaction approaches the two related pyrenyl rings lying
almost parallel to each other (angle between mean pkxnes

fluorescence enhancement factor (FEF) was 30, with the ratio24.5°). The resulting six-membered tetraazadimetallacycle
of the fluorescence intensityldgi416) of the being higher ~ has a twisted-boat conformation with a low angle around
(4.4) than that in the free ligand{gsss = 2.6), and the Hg (107.4) that keeps both metal atoms far enough to vanish
quantum yield (d= 0.17) resulted in a 10-fold increase their mutual interaction (g1 = 4.371 A, WBI= 0.002).

compared to that ol (® = 0.016). The stoichiometry of As we have mentioned before, addition of?Cto ligand
1 does not promote any significant changes in the-is
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strongly dependent on the nature of the metal ion2'Qu Supporting Information). In addition, the detection limit, in
Hg?*. Moreover, the fluorescence behavior of this ligand in this case, equaled approximately 3.21 106 (see the
the presence of Cti metal ions also depends on the amount Supporting Information), which is in the range of that
of metal ion added. Thus, addition ofOn < 0.5 equiv of exhibited by other sensors detecting2C.¢p-4115
Cu(OTf), promotes a remarkable red shift above 135 nm of  The calculated structure for the 2% complex (L-Cu)**
the excimer emission (from = 475 nm toA = 610 nm) (see the Supporting Information) resembles that of mercury
with concomitant enhancement of the fluorescence intensity, but displays a remarkably higher order metaletal contact
and consequently, the ratio of fluorescence intensiyo( (deu—cu = 2.363 A, WBI = 0.138) at the expense of
Asgg) Of the excimer/monomer was slightly higher (3.4) than negligible interaction with the pyrenyl ringdd-c, = 3.167
that in the free ligandAgs94sgs = 2.6). Surprisingly, when A, WBI = 0.028) that remain less parallel (mean-planes
0.5 < n < 1 equiv of Cd" was added, a slight blue shift angle= 57.2°). The Cu—Cu bond is favored by an almost
along with an enhancement of the pyrene excimer and flattened six-membered dimetallacycle with a high angle
monomer emissions was observed reaching the maximumaround the coordinatively unsaturated Cu atoms (150.2
intensity enhancement atj[[Cu?"] = 1, where théle shifts The fluorescent behavior of ligantl provides a good
20 nm (from 610 to 590 nm) and the ratio of fluorescence example for distinguishing between Hgand Céd* on the
intensity of the excimer/monometsgy/Asss) was lower (2.1) basis of the relative red shift of the excimer emission,
than that in the free ligand (Figure 4). The FEF was 8 and notwithstanding the fact that both are intrinsically quenching
ions. This red shift can be visually discernible by a green

_ fluorescence in the presence of #gand an orange
fluorescence in the presence of Cu

In conclusion, we have devised a new chromo- and
fluorogenic ionophore for Hg and Cd" by conjugating a
well-known cation-binding unit of 2,3-diaza-1,3-butadiene
s and an efficient signaling handle of pyrene. The prepared
ionophore shows detection limits which are sufficiently low
to allow fluorogenic detection of submillimolar concentra-
tions of HF' and Cd*, and it operates through absorption
5 and emission channels: (i) the yellewdeep-pink color
change and (ii) enhancement of the fluorescence with the
selective red shift of the excimer emission band, which make

150 4

100 4

0 - . 7 . possible that these two metal ions can be distinguished even
400 500 - 800 700 visually.
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Supporting Information Available: General comments.
Relevant spectral and characterization data. UV/vis and
fluorescence spectra upon titration with #lgand Cd™.
Semilogarithmic plot for determining the detection limits.
Figure with the calculated structure for the Zwcomplex
and Cartesian coordinates for both complexes. This material
is available free of charge via the Internet at http:/pubs.acs.org.

the quantum yield® = 0.033) was 2-fold larger than that
of the free ligandl (® = 0.016). Titration experiments of
the ligand1 and Cé* confirmed the empirical 1:1 stoichi-
ometry and gave a value of 5.38 10°f M~ for the
association constant.

In connection with the above-mentioned considerations
about differentiation of a dynamic excimer from a static one,
the excitation spectra obtained frolCw?*" at both the OL052508I
excimer emission and the monomer emission wavelengths — )
were also examined, demonsrating that the emissiarat (45 Ouf detecton it s sl near the range of e uaes eetabished
590 nm also corresponds to a static excimer (see thewater (50ug/L).
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