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ABSTRACT

Fluorescent

A new probe based on an anthryl derivative bearing an azadiene side chain selectively senses Cu 2+ in acetonitrile through two different
channels: the yellow-to-orange color change and a remarkable enhancement of the fluorescence, whereas the pyrenyl analogous behaves as
a fluorescent sensor for Cu 2+ and Hg?* in aqueous environment.

The development of fluorescent molecular sensors for metalfor the detection of Ctf ions. For most of the reported €u
ions, especially for cations with biological interest, has fluorescent sensors, the binding of the metal ion causes a
always been of particular importance and usually involves guenching of the fluorescence emissfodye to its para-
the design and synthesis of molecules containing binding magnetic naturé, although a few sensors in which the
sites and a signaling subunit able to display selective changesinding of a Céd" ion causes an increase in the fluorescence
in fluorescence emission intensity upon guest bindiNpre have also been reportéddowever, the low sensitivity and
specifically, sensors directed toward the detection and high order of interference by chemically closely related metal
measurement of divalent copper have enjoyed particular
attention. The soft transition metal ion €uis third in (1) (a) Bissel, R. A; de Silva, A. P.; Gunaratne, H. Q. N.; Lynch, P. L.
+ ; M.; Maguire, G. E. M.; Sandanayake, K. R. A. GShem. Soc. Rel992,
abund?nce,(after Feand Zrt ) among the esgentlal hany 187—195. (b) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.;
metal ions in the human body and plays a pivotal role in a Huxley, A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T.Chem.

i i i i i Rev.1997,97, 1515—1566. (cFluorescent Chemosensors for lon and
Vane_ty of fundamen_tal phyS|0Iog|caI Processes in organisms Molecule Recognition; Desvergne, J. P., Czarnik, A. W., Eds.; Kluwer
ranging from bacteria to mammal©n the other hand, Ct Academic Publishers: Dordrecht, The Netherlands, 1997. (d) Prodi, L.;
can be toxic to biological systems when levels ofCions Bolletta, F.; Montalti, M.; Zaccheroni, NCoord. Chem. Re 2000, 205,

L . . 59-83. (e) Valeur, B.; Leray, ICoord. Chem. Re 2000,205, 3-40. (f)
exceed cellular needs, and it is also capable of displacingge siiva, A. P.; Fox, D. B.; Huxley A. J. M.; Moody, T. Soord. Chem.
other metal ions which act as cofactor in enzyme-catalyzed Rev.2000,205, 41-57. _

tions Th hand. is i tant for lif (2) (a) Linder M. C.; Hazegh-Azam, MAm. J. Clin. Nutr 1996, 63,
reactions. thus, copper, on one hand, Is important for iif€ - 797s.811s. (b) Uauy, R.; Olivares M.; Gonzalez, M. J. Clin. Nutr
but, on the other hand, is highly toxic to organisms. For these 1998,67, 952S-959S.

: (3) (a) Harris Z. L.; Gitlin, 3. D.Am. J. Clin. Nutr.1996, 63, 836S—
reasons, the past few years have witnessed a number 0f,7g ‘) scheinberg . H.. SternliebAm. J. Clin. Nutr 1996 63, 8425

reports on the design and synthesis of fluorescent sensors4ss.
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ions has necessitated the development of new highly selectivethe binding of the target metal ion causes significant changes

and sensitive Cti fluoroionophores.

to the photophysical properties of the fluorophore linked to

Fluorescene quenching is not only disadvantageous for athe azadiene bridge.

high signal output upon recognition but also hampers
temporal separation of spectrally similar complexes with
time-resolved fluorometr§.Thus, it is of interest that the

recognition of Cé" by the sensor does not quench the

To study the influence of the relative position of the
fluorescence unit, with respect to the nitrogen atom within
the bridge, on the recognition properties of these kind of
ligands, the corresponding regioisom&rand4 were also

fluorescence. To improve the fluorescence intensity enhance-prepared and studied (Scheme 1).

ment of the receptor upon binding of €y one needs to

carefully design the receptor molecule containing a fluoro- _

phore so that the photoinduced intramolecular electron
transfer (PET) responsible for fluorescence quenching is
maximized in the receptor, whereas the PET is minimized
in the Cé#*-bound state of the receptor. Anthracene and
pyrene are two of the fluorescent groups most widely used
in the development of fluorescent chemosené8ors.

On the basis of this body of work, we have designed and
studied the metal ion binding properties of ligaridand 2
which are composed of two structural subunits: a ionophore
for selective recognition of metal ions, constituted by a 2-aza-
1,3-diene moiety as a putative cation-binding $itand a
fluorophore for signal transduction (anthracene or pyrene)
linked to the 1-position of the azadiene bridge. These two

Scheme 1. Synthesis of the Fluoroionophorés-4 Studied
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components are intramolecularly correlated together such that Preparation of these ligands was achieved following the

(4) (a) Sasaki, D. Y.; Shnek, D. R.; Pack D. W.; Arnold, F.Ahgew.
Chem., Int. Ed. Engll995,34, 905-907. (b) Yoon, J.; Ohler, N. E.; Vance,
D. H.; Aumiller W. D.; Czarnik, W.Tetrahedron Lett1997,38, 3845—
3848. (c) Torrado, A.; Walkup G. K.; Imperoali, B. Am. Chem. Soc
1998, 120, 609—-610. (d) Krdmer, RAngew. Chem., Int. EdL998, 37,
772—773. (e) Bolleta, F.; Costa, |.; Fabbrizzi, L.; Licchelli, M.; Montalti,
M.; Pallavicini, P.; Prodi L.; Zaccheroni, N. Chem. Soc., Dalton Trans
1999 1381-1385 (f) Grandini, P.; Mancin, F.; Tecilla, P.; Scrimin P.;
Tonellato, U.Angew. Chem., Int. EA999,38, 3061—3064. (g) Bodenant,
B.; Weil, T.; Businelli-Pourcel, M.; Fages, F.; Barbe, B.; Pianet |.; Laguerre,
M. J. Org. Chem.1999, 64, 7034—7039. (h) Klein, G.; Kaufmann, D.;
Schirch S.; Reymond, J.-IChem. Commur2001, 561—-562. (i) Zheng,
Y.; Huo, Q.; Kele, P.; Andreopoulos, F. M.; Phamand S. M.; Leblanc, R.
M. Org. Lett.2001,3, 3277—3280. (j) Zheng, Y.; Gattas-Asfura, K. M;
Konka V.; Leblanc, R. MChem. CommurR002, 2350—2351. (k) Zheng,
Y.; Orbulescu, J.; Ji, X.; Andreopoulos, F. M.; Pham S. M.; Leblanc, R.
M. J. Am. Chem. So@003,125, 2680—2686. (I) Boiocchi, M.; Fabbrizzi,
L.; Licchelli, M.; Sacchi, D.; Vazquez, M.; Zampa,Chem. Commur2003
1812—1813. (m) Roy, B. C.; Chandra, B.; Hromas, D.; Mallik, Srg.
Lett. 2003,5, 11-14. (n) Kaur, S.; Kumar, STetrahedron Lett2004,45,
5081-5085. (0) Mei, Y.; Bentley, P. A.; Wang, \W.etrahedron Lett2006
47, 2447-2449.

(5) (@) Varnes, A. V.; Dodson R. B.; Whery, E. . Am. Chem. Soc
1972,94, 946—950. (b) Kemlo J. A.; Shepherd, T. @hem. Phys. Lett
1977,47, 158—162. (c) Rurack, K.; Resch, U.; Senoner M.; Daehn@, S.
Fluoresc.1993,3, 141—-143.

(6) (a) Chosh, P.; Bharadwaj, P. &.Am. Chem. S04996,118, 1553-
1554. (b) Ramachandram B.; Samanta,Ghem. Commuril997, 1037—
1038. (c) Rurack, K.; Kollmannsberger, M.; Resch-Genger U.; Dauh, J.
Am. Chem. So2000,122, 968—969. (d) Yang, J.-S.; Lin C.-S.; Hwang,
C.-Y.Org. Lett 2001,3, 889-892. (e) Wu, Q.; Anslyn, E. VJ. Am. Chem.
So0c.2004,126, 14682—14683. (f) Weng, Z.-C.; Yang, R.; He, H.; Jiang,
Y.-B. Chem. Commur2006, 106—108. (g) Yang, H.; Liu, Z.-Q.; Zhou,
Z.-G.; shi, E.-X.; Li, F.-Y.; Du, Y.-K.; Yi, T.; Huang, C. HTetrahedron
Lett. 2006,47, 2911—2914.

(7) (a) Kaur S.; Kumar, SChem. CommurR002, 2840—2841. (b) Xu,
Z.; Xiao, Y.; Qian, X.; Cui, J.; Cui, DOrg. Lett,2005,7, 889—892. (c)
Royzen, M.; Dai, Z.; Canary, J. W. Am. Chem. So®005,127, 1612—
1613. (d) Kim, S. H.; Kim, J. S.; Park, S. M.; Chang, S.-Brg. Lett.
2006,8, 371—-374.

(8) Rurack, K.; Resch-Genger U.; Rettig, \l.Photochem. Photobiol.
A. Chem.1998,118, 143—149.

(9) (&) Winnick, F. M.Chem. Rev1993,93, 587—614. (b) Nishizawa,
S.; Kato, Y.; Teramae, NJ. Am. Chem. S0d 999,121, 9463—9464. (c)
Sahoo, D.; Narayanaswami, V.; Kay C. M.; Ryan, RBiachemistry2000
29, 6594-6601. (d) Callan, J. F.; de Silva, A. P.; Magri, D. Tetrahedron
2005,61, 8551—8588.
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recently described method for the synthesis of 1,4-disubsti-
tuted 2-aza-1,3-butadiengsThus, diethyl aminomethylphos-
phonaté? was first condensed with the appropriate aldehyde
to give the correspondiny-substituted diethyl aminometh-
ylphosphonate in almost quantitative yield. Generation of
metalloenamine by reaction with-BuLi at —78 °C and
subsequent reaction with the adequate aldehyde provided the
ligands1—4, characterized using conventional methods.

The chemosensor behavior of ligaridand2 with several
metal cations (LT, Na", K, Mg?t, Ca*, Cl*, Zn?t, Cd,
Hg?", PB*, Snt, EB*, Yb3*, and Li#t),'3 in CH;CN or
CH3CN/H,O (70/30), was investigated by Uwis and
fluorescence measurements. All titration studies carried out
in CH3CN/H,O (70/30) were conducted at pH 7 (0.1 M
HEPES), and the titration experiments were analyzed using
a computer prograrif.

The UV—vis spectrum ofl in CH3CN exhibits the typical
anthracene absorption bandstat 256 and 331 nm along
with a low energy (LE) band centered at 413 nm attributed
to the aza bridge. Titration experiments carried out by using
the above-mentioned set of metal cations<(2.5 x 103
M in CH3CN) demonstrate that only €upromotes remark-

(10) (a) Caballero, A.; Tormos, R.; Espinosa, A.; Velasco, M. D.; Tarraga,
A.; Miranda M. A.; Molina, P.Org. Lett.2004 6, 4599-4602. (b) Caballero,
A.; Lloveras, V.; Tarraga, A.; Espinosa, A.; Velasco, M. D.; Vidal-Gancedo,
J.; Rovira, C.; Wurst, K.; Molina P.; Veciana, Angew. Chem., Int. Ed.
2005, 44, 1977—-1981. (c) Caballero, A.; Tarraga, A.; Velasco, M. D.;
Espinosa, A.; Molina, POrg. Lett.2005,7, 3171—3174.

(11) Lloveras, V.; Caballero, A.; Tarraga, A.; Velasco, M. D.; Espinosa,
A.; Wurst, K.; Evans, D. J.; Vidal-Gancedo, J.; Rovira, C.; Molina P.;
Veciana, JEur. J. Inorg. Chem2005, 2436—2450.

(12) Davidsen, S. K.; Phillips G. W.; Martin, S. Brg. Synth1993,8,
451—458.

(13) Lit, Na*, K+, Mg?*, C&*, Zn?*, Cd**, Hg?*, and PB* were used
as their perchlorate salts, while @y Sn?*, EL*, Yb3*, and L#* were
used as their trifluoromethanesulfonate salts.

(14) Specfit/32 Global Analysis System, 1992004, Spectrum Software
Associates (SpecSoft@compuserve.com).
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able responses. Thus, the bandslat 413 and 331 nm Hg?", and PB" show a very slight increase in the fluorescent
progressively disappear, and at the same time, new bands aémission of ligandl, the other tested alkali, alkaline earth,
A =493 and 372 continuously increase in intensity, reaching transition, and lanthanide metal ions showed almost insig-
a maximum when 1 equiv of this metal cation was added. nificant changes. In the aqueous solvent, the stoichiometry
The red shift observed for the new low-energy absorption of the complex system was also determined by the changes

band (AA= 80 nm) resulted in a naked eye color change
from yellowish to orange. Two well-defined isosbestic points

in the fluorogenic response afin the presence of varying
concentrations of CU, the results indicating the formation

at1 = 352 and 455 nm were found, indicating the presence of a 1:1 complex with an association constant of &3P

of a unique complex in equilibrium with the neutral ligand
(Figure 1b). The resulting titration isotherm fit nicely a 1:1

/{au

400 500 600
A/lnm

er metals tested

450 500 550
A /nm

400

Figure 1. (a) Fluorescence spectra bf(c = 2.5 x 107> M) in
CH3CN in the presence of Gt and other metal ions . = 370
nm). (b) Evolution of the UV/vis spectrum af(1-10~4 M in CH3-
CN) with increasing amounts of €t Arrows indicate the
absorptions that increase or decrease during the experiment.

binding model, and the association constant was>3 5P
M~ (error < 10%).

The fluorescent spectral properties of ligah¢t = 2.5 x
105 M) were determined in both GJEN and CHCN/H,O
(70/30) as solvents {4 = 370 nm) showing a very weak

fluorescence and absence of the typical structured pattern

of the parent anthracene. However, when ligdn@Figure
1la and Supporting Information) was titrated with?Cin

M~! and a detection limit of 4.66x 10°® M (see the
Supporting Information).

The absorption spectrum of compouBdwith a pyrene
subunit conjugated to a 2-aza-1,3-butadiene group, displays
the typical pyrene absorption baigialong with a LE broad
band centered &t = 404 nm, attributed to the aza-bridge,
which is responsible for its pale yellow color. Among the
above-mentioned set of cations tested, only‘Cand Hg"
interact with2 in CH3CN (c= 2.5 x 105 M) causing a red
shift in its LE band by 92 and 96 nm, respectively (see the
Supporting Information): the absorption band at 404 nm of
2 gradually decreases with concomitant increase of a new
band at 496 and 500 nm, respectively, which is responsible
for the change of color from yellowish to deep orange. In
both cases, two clear isosbestic points at 275 and 440 nm
were observed during the spectral titration, indicating the
formation of a well-define@—metal cation complex (Figure
2a). From these experiments, a 124/Qw* or 2/HFY)

a)
1.0 5

0.8 1

0.6 1

4 400 450 500 550 600
0.4 1 A fnm
0.2 1
0.0 f |
200 400 600 800 1000
A fnm

both solvents, the anthracene-like spectrum was clearly rigure 2. Variation of the UV/vis in CHCN (a) and fluorescence

observable with three maximaat= 394, 416, and 438 nm.
After addition of 1 equiv of C&' to a solution of the ligand
1, in CH,CN (¢ = 0.0006) or CHCN/H,O (70/30) (¢p=

0.002), the fluorescence quantum yield increased by a factor

of 87 (@ = 0.056) and 3¢ = 0.006), respectively. These

data suggest that the coordination of the metal ion with the

N atom in the aza-bridge is taking place so that the
responsible mechanism for fluorescence quenching in the fre
ligand is minimized in its metal-bound state. Moreover,
ligand 1 was found to have a detection liffitof 2.55 x
106 and 4.58x 10% M as fluorogenic sensor for the
analysis of Cé&" in CHsCN and CHCN/H,O (70/30),
respectively (see the Supporting Information). WhileZn

(15) Shortreed, M.; Kopelman, R.; Kuhn M.; Hoyland, Bnal. Chem.
1996,68, 1414—1418.
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spectra in CHCN/H,O (b) of ligand2 (c = 2.5 x 1075 M) upon
addition of increasing amounts of Cu(OZfarrows indicate the
absorptions (or emissions) that increase (up) and decrease (down)
during the experiments.

€

binding model was confirmed and the association constants
(Ko of 2 with Ci?* and Hg " were calculated to be 8.56

1C° and 2.36x 10° M1, respectively, which indicate that
CW" and Hg™ bind to a similar extent t@ in the ground
state. The cation binding by recep®was also detected by
changes in théH NMR spectrum; upon addition of variable
amounts of Hg", the downfield shift of the CHN protons

and the upfield shift showed the protons within the

(16) Forster, T.; Kasper, K. Zlektrochem1955,59, 976—980.
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methoxyphenyl group being the most significant. Moreover,  Similar studies were carried out using the regioison3ers

after the cation concentration has reached the ligand con-and4, in which the fluorescent unit is linked to the 4 position

centration, further addition of Hg is ineffective (see the  of the aza-bridge. However, the results obtained, both igr CH

Supporting Information). This observation is also in agree- CN and CHCN/H,O (70/30), show neither optical nor

ment with the above-mentioned 1:1 binding model. fluorescence selectivity for any of the metal ions tested (see
Compound2 exhibits a very weak fluorescence in @H  the Supporting Information).

CN when excited atexc = 350 nm. The emission spectrum  DFT calculations (see the Supporting Information) showed
shows typ|Ca| bands at 387 and 410 nm, attributed to the a preference fora2:2 Comp'ex.pu(o'rf)z]z having overall
pyrene monomeric emission, and a red-shifted structurelessc, symmetry in which every Cu atom lies in a rather unusual
maximum at 450 nm, typical of pyrene excimer fluores- trigonal pyramidal environment, characteristic of the active
cence’ with low quantum yield ¢ = 0.003). The fluores-  redox site T1Cu in blue copper proteiianade up by one
cence behavior a2 in CHCN (c=2.5x 10°M) and in N atom, two triflate O atoms, and one long contact with the
the presence of the previously mentioned metal ions was a|5°anthryl C-1 atom of the same ligand. In principle, this 2:2
examined, and a sizable fluorescence intensity enhancemeng,inding model seems to be also confirmed by the ESI-MS
was only observed upon addition of €ulcompiedlfree igand  spectra of an acetonitrile solution of equimolar amounts of
= 22-fold) with a simultaneous blue shift of the pyrene cy(CcRS0;), and the corresponding ligartior 2. These
excimer emission. An intensity maximum is rgached at spectra show a base peak corresponding to a compkex [L
[2JICu?"] = 1, where the excimer emissioag] shifts 21 cyp+ and a peak of lower intensity due to the addugt [L
nm (from 450 to 429 nm) (see the Supporting Information). cyp+ formed from the [l-Cu]** complex, although the
The stoichiometry of the complex system was also deter- peak derived from a 2:2 stoichiometry was silent (see the
mined by the changes in the fluorogenic respons@ of Supporting Information).
the presence of varying concentrations of Cand the results In conclusion, we have demonstrated that ligdnahith
obtained indicate the formation of a 1:1 complex giving an - C o o

an efficient signaling anthracene unit directly linked to a

association constant of 5.1 10° M. . - . .
cation-binding moiety of 2-aza-1,3-butadiene, behaves as a
The response of the fluorescence2abward such set of . )
new class of C-responsive chromo- and fluorogenic

tmhgtsael g)onr;s d\iléliiigseomsi::ze\?elrn W; eaﬁfoggéi?])é;(nfr chemosensor, whereas the fluorescent behavidyledéaring
y ¢ a pyrene unit, has shown its ability for sensing bot#'Cu

350 nm) showing the characteristic emission bands for pyrene d HE+ i .
and a total fluorescence quantum vyield of= 0.005. and Hg* in an agueous environment.
Titration experiments demonstrate that only*C(Figure 2b)
and Hg* (see the Supporting Information) ions yielded
progressively an intensity enhancement of the pyrene excime
emission along with a slight red shift (10 nm) of this emission
band. Moreover, the increase in quantum yiel@ @iduced
by CU#* (¢ = 0.05) and Hg" (¢ = 0.066) ions was 10- and ) ) ) o
13-fold, respectively. The fluorescence titration data indicate  SUPPorting Information Available: ~ Characterization
an empirical 1:1 stoichiometry for the complexes formed data of the free ligands. UWvis and fluorescence spectra
being the estimated association constants of k% and upon titration with metal ions. Titration profiles. Semiloga-
8.45 x 10° when Cd* or Hg?* were added. On the other rithmic plot for determining the detection limits. Figure with
hand, the calculated detection limits were 3:97.0°6 and the calculated structure for tieCu(OTf), 1:1 complex and
4.29 x 1078 M for Cu?* and Hg*, respectively. The other Carte;ian. coord_inates for both 1:1 and 2_:2 complexes. This
metal ions studied revealed relatively insignificant responsesMaterial is available free of charge via the Internet at
in the spectrum. http://pubs.acs.org.

The interference in the selective responsed ahd2 in 0OL0610791
the presence of Ctiand Hg", from the other metal cations
tested, was also studied by using cross-selectivity experi- (17) Gray, H. B.: Malmstrém, B. G.; Williams, R. J. B. Biol. Inorg.
ments (see the Supporting Information). Chem.2000,5, 551—559.

Acknowledgment. We gratefully acknowledge grants
from DGI-Spain CTQ 2004-02201 and FundatiSemeca
(CARM-Spain) PB/72/FS/02. R.M. and A.C. also thank MEC
for a predoctoral grant.

3238 Org. Lett, Vol. 8, No. 15, 2006



