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Two rhodamine-based chemosensors (1 and 2) were designed, and their sensing behavior toward metal ions was investigated by fluorescence
spectroscopies. 1 and 2 achieved tuning the selectivity to Fe(lll) and Cr(lll) in 100% aqueous solution, whereas other ions including Cd(ll),
Co(ll), Cu(l), Ni(l1y, Zn(lr), Mg(l1), Ball), Ph(ll), Na(1), and K(I) induced basically no spectral change, which constituted a Fe(lll)-selective and a
Cr(lll)-selective fluorescent chemosensor, respectively.

The development of fluorescent chemical devices is a trivalent form of iron is an essential element in man. It
promising field* An important area within this field is the  provides the oxygen-carrying capacity of heme and acts as
design of fluorescent chemosensors for various metaldons. a cofactor in many enzymatic reactions involved in the
lons play a fundamental role in a wide range of chemical mitochondrial respiratory chain. Meanwhile, the trivalent
and biological processes, and numerous efforts have beerform of chromium is also an essential nutrient for humans,
made in the development of effective fluorescent chemo- and its deficiency causes disturbances in the glucose levels
sensors. Sensors based on ion-induced changes in fluoresand lipid metabolism. On the other hand, chromium is an
cence appear to be particularly attractive due to their environmental pollutant, and its build-up due to various
simplicity, high sensitivity, and instantaneous respdiiSene industrial and agricultural activities is a matter of concérn.
Thus, there is an urgent need to develop chemical sensors
(1) (8) Desvergne, J. P.. Czamik, A. hemosensors of lon and  that are capable of detecting the presence of iron and

MOlchlQ Recognition; Kluw_er: Dordrecht, 1997. (b) Spi_chiggr-KeIIer,_U. chromium ions in environmental and bio|ogica| Samp|es at
S. Chemical Sensors and Biosensors for Medical and Biological Applica- hvsiological bH | C id bl f h b
tions; Wiley-VCH: Weinheim, Germany, 1998. (c) Leigh, D. A.; Morales, & Physiological pH value. Considerable efforts have been

M. A. F.; Perez, E. M.; Wong, J. K. Y.; Saiz, C. G,; Slawin, A. M. Z,;  devoted to developing fluorescent chemosensors for various
Carmichael, A. J.; Haddleton, D. M.; Brouwer, A. M.; Buma, W. J.; Wurpel, ; _
G. W. H.. Leon, S.: Zerbetto, FAngew. Chem., Int. E2005,44, 3062. metal .|ons over the last few decades. To date, some Fe(lll)
(2) For reviews, see: (a) de Silva, A. P.; Gunaraine, H. Q. N.; Selective fluorescent chemosensors have been achieved;
Gunnlaugsson, T.; Huxley, A. J. M.; McCoy, C. P.; Rademacher, J. T however very few fluorescent sensors for Cr(lll) have been
Rice, T. E.Chem. Rev1997,97, 1515. (b) Valeur, B.; Leray, ICoord. .y . ( ) . .
Chem. Rev2000, 205, 3. (c) Rurack, KSpectrochim. Act2001,57A, reported mainly owing to the lack of a proper selective ligand
2161. (d) Rurack, K.; Resch-Genger, Ohem. Soc. Re2002, 116. () system for Cr(lll), and only Sarkar et al. reported one
Amendola, V.; Fabbrizzi, L.; Forti, F.; Licchelli M.; Mangano, C.;
Pallavicini, P.; Poggi, A.; Sacchi, D.; Taglieti, £&oord. Chem. Re 2006
250, 273. (3) Zayed, M.; Norman, TPlant Soil2003,249, 139.
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containing di(2-ethylsulfanylethyl)amine as a selective recep- nantly. The characteristic peak near 65.0 ppm (9-carbon) in
tor moiety for Cr(lll) in tetrahydrofuraf.Furthermore, no  the 3C NMR spectra ofl and 2 also supports this
Cr(lll) fluorescent sensors in aqueous system have beenconsideratiod. Besides, the fluorescence characteristic of
successfully designed so far. rhodamine could not be observed fbiand 2 between pH
Because paramagnetic Fe(lll) and Cr(lll) are described as6.0 and 8.0 in water, suggesting that the spirocyclic form
two of the most efficient fluorescence quenchers among thewas still preferred in this range. As the solution became even
transition metal ions, the signal transduction occurrence viamore acidic (pH< 5), however, an obvious enhancement
chelation enhanced fluorescence (CHEF) with these inherentof color and fluorescence appeared due to the formation of

guenching metal ions is a challenging task. The rhodaminethe open-ring staté!

framework is an ideal mode to construct CHEF GFBN

fluorescent chemosensors due to its particular structural_

property; i.e., it undergoes equilibrium between nonfluores-
cent spirocyclic (“off” signal) and strongly fluorescent ring-
open (“on” signal) forms, and the two forms always behave
with completely different fluorescent propertfesieretofore,

some studies on rhodamine-based chemosensors have been 2%  » -

reported'd’

In this study, we synthesized two rhodamine-based
chemosensors (&nd 2) with a similar structure and were
able to alter their selectivity to certain ions by tiny structural
alterations of the recognition moiety. The selectivity lof
and2 was switched between Fe(lll) and Cr(lll) at biological
pH value in 100% aqueous solution, depending on their
structures of the recognition moiety.

Scheme 1. Synthetic Pathways df and2
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As depicted in Scheme 1, compouridsnd2 were facilely
synthesized from the reaction of rhodamine 6G with di-
ethylenetriamine or triethylenetetriamine. Their molecular
structures were confirmed by NMR and M®\lthough 1
and 2 are derivatives of rhodamine 6G, they form nearly
colorless solutions in HEPES aqueous buffer solution (pH
= 7.2), indicating that the spirocyclic forms exist predomi-

(4) For iron-responsive sensors, see: (a) Fan, L.-J.; Jones, W. &., Jr.
Am. Chem. Soc2006, 128, 6784. (b) Bricks, J. L.; Kovalchuk, A,
Trieflinger, C.; Nofz, M.; Blschel, M.; Tolmachev, A. I.; Daub, J.; Rurack,
K. J. Am. Chem. So2005 127, 13522. (c) Tumambac, G. E.; Rosencrance,
C. M.; Wolf, C. Tetrahedron2004, 60, 11293. (d) Xiang, Y.; Tong, A.
Org. Lett.2006,8, 1549.

(5) Sarkar, M.; Banthia, S.; Samanta, Retrahedron Lett2006, 47,
7575

(6) Valeur, B. Molecular fluorescence: principles and Applications;
Wiley-VCH Verlag GmbH: New York, 2001; Chapter 10.
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Figure 1. Fluorescence spectra of (A)10 «M) with addition of
various concentrations of Fe(lll) and (B)(10 xM) with addition
of various concentrations of Cr(lll) [(a) O, 5, 10, 20, 30, 50, and
100uM Fe(lll), respectively; (b) O, 1, 3, 5, 7, 10, and 2M Cr(lll),
respectively] in HEPES buffer (20 mM, pl= 7.2) with an
excitation at 500 nm. (c) and (d): plots according to the method
for continuous variations, indicating (c) the 1:2 stoichiometry
[Fe(ll)/1] and (d) the 1:1 stoichiometry [Cr(lli2] (the total
concentration of eithet and Fe(lll) or2 and Cr(lll) is 20uM).

Figure 1 shows the fluorescence emission changésrof
HEPES aqueous solution at pH 7.2 upon the addition of
Fe(lll) and of 2 upon the addition of Cr(lll) in the same
conditions. The fluorescence spectra were obtained by
excitation at 500 nm? When no metal ion was added to the
solution of1 or 2, almost no fluorescence signal in the range

(7) (a) Xiang, Y.; Tong, A.; Jin, P.; Ju, YOrg. Lett.2006,8, 2863. (b)

Yang, Y.-K.; Yook, K.-J.; Tae, JJ. Am. Chem. So@005,127, 16760. (c)
Kwon, J. Y.; Jang, Y. J.; Lee, Y. J.; Kim, K. M.; Seo, M. S.; Nam, W.;
Yoon, J.J. Am. Chem. So005,127, 10107. (d) Zheng, H.; Qian, Z.-H.;
Xu, L.; Yuan, F.-F.; Lan, L.-D.; Xu, J.-G0rg. Lett.2006,8, 859. (e) Wu,
J.-S.; Hwang, I.-C.; Kim, K. S.; Kim, J. ©rg. Lett.2007,9, 907. (f) Wu,
D.; Huang, W.; Duan, C.; Lin, Z.; Meng, Qnorg. Chem2007,46, 1538.
(g) Lee, M. H.; Wu, J.-S.; Lee, J. W.; Jung, J. H.; Kim, J.CBg. Lett.
2007,9, 2501. (h) Burdette, S. C.; Lippard, S.ldorg. Chem.2002,41,
6816.

(8) For more details, see the Supporting Information.

(9) Anthoni, U.; Christophersen, C.; Nielsen, P.; Puschl, A.; Schaumburg,
K. Struct. Chem1995, 3, 161.

(10) Excitation was performed at 500 nm rather than at 527 nm (the
peak of the absorption spectra) to obtain a full view of the fluorescence
spectra from 520 to 600 nm.
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from 520 to 600 nm could be observed, whereas a significant ||| | EGcTcTNGNGN

enhancement of the characteristic fluorescence of rhodamine
6G emerged quickly, either after Fe(lll) was injected into (@3

the HEPES buffer solution df or after Cr(lll) was injected
into the HEPES solution d. However, other ions, such as
Co(ll), Ni(ll), Zn(ll), Cd(l), Ag(l), Pb(ll), Ba(ll), Mg(ll), |l
Ca(ll), K(l), and Na(l), gave no distinct response to the
solution of bothl and 2 in fluorescence spectra. For the 10
buffer solution ofl (10 uM), there was a large (22-fold)
fluorescence enhancement (FEWgh = 552 nm upon the o _ .
addition of 5 equiv of Fe(lll) (5Q:M). A mild increase of 12345678910M
fluorescence at 552 nm was also detected after addition of (b)8
Cr(Ill) (50 uM, causing 5-fold FE) due to its low binding
affinity to 1. Other cations of interest gave no response 60
(Figure 2a). For the buffer solution @f(10 uM), there was FIFElO—
| 20k
@ (©) w0 0123245578910
o =
Szo i 8004 Figure 3. Metal—ion selectivity of (a)l and (b)2 at pH 7.2 (20
=t - mM HEPES). The light bars represent the fluorescence emission
() 15 7} of a solution ofl or 2 and 5 equiv of the cation of interest. The
c C 400] dark bars show the fluorescence change that occurs upon addition
9 100/l _.U_,J of (a) 5 equiv _of Fe(lll) to the solution containir_ig_and the ca_tion
c c and (b) 5 equiv of Cr(lll) to the solution containirjand cation.
= o =200y 1, blank; (a) 2, Cr,(lll); (b) 2, (Fe); 3, Cd(ll); 4, Cu(ll); 5, Ni(ll);
6, Zn(ll); 7, Mg(ll); 8, Ba(ll); 9, Pb(ll); 10, Na(l); 11, K(I). The
. 0 response (F) is normalized with respect to the emission of the free
520 ~ 5480 580 © 580 600 520 540 560 580 600 dye (F).
wavelength (nm ) wavelength ( nm )

Figure 2. Fluorescence spectra of (&)(10 uM) and (b)2 (10 result of the spiro ring-opening mechanism (Figure 4). That
uM) in the absence and presence of 5 equiv of different metal ions is, the chelation of Fe(lll) or Cr(lll) with the oxygen atoms

rmHEPES buffer (20 mM, pH= 7.2) with an excitation at 500 of the amide groups df or 2 results in the formation of the

a large enhancement factor (61-fold) of fluorescenckat
= 552 nm upon the addition of 5 equiv of Cr(lll) (5M).
A moderate enhancement of fluorescence at 552 nm was also
detected when the same amount (80) of Fe(lll) (causing
17-fold FE) was added because of the low binding affinity
between Fe(lll) and®. Other cations of interest failed to
respond (Figure 2b). This interesting feature reveals that
and 2 can serve as selective fluorescent chemosensors for
Fe(lll) and Cr(lll), respectively, in a 100% aqueous system.

Achieving high selectivity for the analyte of interest over
a complex background of potentially competing species is a
challenging task in sensor development. Figure 3 illustrates
the fluorescence responseIofo Fe(lll) and of2 to Cr(lll)
in the presence of alkali, alkaline earth, and other transition
metal ions. A background of most selected metals does not
interfere with Fe(lll) coordination td and Cr(lll) to2 and
subsequent fluorescence turn-on. The characteristics of
Fe(lll) and Cr(lll) are so similar that, generally speaking,
Cr(ll) is able to affect the Fe(lll)-selective chemosensor to
a certain extent and vice ver&.

As with many reported rhodarnme;-based spirolactam Figure 4. Proposed mechanism for the fluorescence enhancement
chemosensors, the selected cation-induced fluorescenceys 1 upon the addition of Fe(lll) ang upon the addition of Cr(lll).
enhancement of the chemosensoo(®) is most likely the
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open-ring form. The fluorescence titration experiments were [Kre—/Kcr—1 & 6], as discussed above was obtained by a
performed by means of mixing various amounts of metal tiny structure alteration of and increases by one nitrogen
ions with a HEPES buffer solution dfor 2 (Figure S2a—d, coordination site, resulting in 1:1 stoichiometry with metal
Supporting Information). Figure 1c,d indicates that a 1:2 ions. Interestingly? displays the opposite outcome, relative
stoichiometry is most possible for the binding mode of Fe(lll) to 1;i.e., the affinity of2 to Cr(lll) is stronger than to Fe(lll)
and1 and that a 1:1 stoichiometry is most possible for the [K¢,—o/Kre—22 9]. Accordingly,1 and2 tune the selectivity
binding mode of Cr(lll) an®. The stability constan() of between Fe(lll) and Cr(lll).
1 and2 with Fe(lll) and Cr(lll) was calculated (Table*}. In conclusion, we synthesized two fluorescent chemo-
sensors using rhodamine as a fluorophore and were able to

_ alter their selectivity to Fe(lll) and Cr(lll) by tiny structure

Table 1. Stability Constant (K) ofl and2 with Fe(lll) and alterations of the recognition moiety. The selectivity Iof
Cr(lna and2 was switched between Fe(lll) and Cr(lll) at a neutral
chemosensor metal ions K (M) pH value (7.2) in 100% aqueous solution, depending on their
structures. Commonly coexistent metal ions, e.g., Co(ll),
! Fe(IID 6428 Ni(Il), Zn(ll), Cd(ll), Ag(l), Pb(ll), Ba(ll), Mg(ll), Ca(ll),
1 Cr(IID) 1057 . Lo
9 Fe(ITD) 4731 K(l), and Na(l), displayed little interference for bothand
2 Cr(II) 41600 2. To the best of our knowledge, this is an excellent example

_ of a fluorescent sensor for Cr(lll) in agueous solution.
a K values were estimated from the fluorescence spectral data. These

values of other ions including Cd(ll), Cu(ll), Nill), Zn(ll), Mg(ll), Ba(ll),
Pb(il), Na(l), and K(I) were too low to detect. Acknowledgment. This study was supported by the

NSFC (Grants 20431010, 20621091, J0630962). Thanks to
Dr. Zhiwei Zhang and Dr. En Zhang for NMR measure-
ments.

We speculated that the distinct binding modes lead to the
difference in affinity to Fe(lll) and Cr(lll)1 provides only
three coordination sites and thus tends to form 2:1 stoichi-

. : . . . S ting Inf tion Available: E [ tal pro-
ometry with metal ions. Yet it shows higher affinity to Fe(lll) upporfing fnformation Awvatiable xperimental pro

cedures, characterization data for the compounds described,
and selected spectroscopic data. This material is available

(11) For the details to calculate the binding stoichiometries and the

binding constants, see: (a) Connors, KBding Constantswiley: New free of charge via the Internet at http://pubs.acs.org.
York, 1987. (b) Polster, J.; Lachmann, Spectrometric Titrations; WCH:
Weinheim, 1989. OL7020687
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