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We synthesized a novel receptor with benzimidazole moieties in a tripodal framework. The receptor dis-
plays rarely observed metal specific fluorescence enhancement at two different wavelengths. The recep-
tor was investigated for the simultaneous analysis of Cu2+ and Fe3+ and successfully quantified the ions
without interference over a wide concentration range.
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Development of sensitive and selective chemosensors that are can be used for the clinical study of metabolic processes.9 These

capable of assaying cations and anions is of great importance in
the areas of biology and environmental science.1 Fluorescent
probes are widely used for the detection of neutral molecules, cat-
ions, or anions because of their high sensitivity. Selective detection
of transition metal ions is particularly critical owing to their bio-
logical and environmental implications.2 Several methods for the
selective and sensitive analysis of metal ions have been developed
that include an array of detection methods3 and mathematical
analyses4 such as PCA (principal components analysis), ANN (arti-
ficial neutral networks), and PLS (partial least squares regression).
However, the development of single molecular sensors capable of
detecting multiple metal analytes with different spectral responses
is still a great challenge.5

Copper and iron are the most abundant transition metal ions in
biological systems that play important roles in metabolic processes
at low concentrations.6 Fet3p, a yeast glycoprotein localized to the
plasma membrane, contains a multicopper structure and catalyzes
the oxidation of Fe2+ to Fe3+.7 For normal physiological functions,
homeostasis is required between these two ions.8 Thus, the con-
tent of these metal ions in bodily fluids is frequently analyzed. Sev-
eral research efforts have been devoted to finding methods for the
simultaneous determination of Cu2+ and Fe3+ concentrations that
ll rights reserved.

+82 337602182.
methods mainly rely on the use of signal processing and multivar-
iate techniques because of overlapping optical signals. These tech-
niques suffer from either difficulty in their operational use or Cu2+

interference in Fe3+ analysis and vice versa. Moreover, these re-
ported methods have sensitivity and selectivity limitations. In this
context, developing a single molecular sensor for the simultaneous
estimation of Cu2+ and Fe3+ through different optical signals is in
great demand.

For a simultaneous analysis, a receptor should be semi-selective
and should have moderate binding affinity for the metal ions in
question. These properties will ensure real-time determination of
metal ions without any cross interference. Herein, we report a fluo-
rescent benzimidazole-based tripodal receptor for the real-time
simultaneous analysis of Cu2+ and Fe3+. The selection of the benz-
imidazole unit is based on imidazole having a good binding affinity
for both Fe3+ and Cu2+ as well as being present as a proficient bind-
ing unit in numerous biomolecules.10

Compound 3 was synthesized by a condensation reaction of tri-
podal aldehyde 1 with amine 2 in the presence of a catalytic
amount of Zn(ClO4)2, followed by reduction with NaBH4 (Scheme
1). Compound 3 was fully characterized by spectroscopic meth-
ods,11 and the 1H NMR spectrum of the compound showed three
unambiguous signals (without any splitting) for the three methy-
lene groups, indicating that the compound adopts a symmetrical
conformation in solution.
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Scheme 1.

Figure 1. Changes in fluorescence intensity of receptor 3 (10 lM) upon addition of
a particular metal salt (200 lM) in acetonitrile (kex = 361 nm).

1104 D. Y. Lee et al. / Tetrahedron Letters 51 (2010) 1103–1106
A 10 lM solution of receptor 3 in acetonitrile upon excitation at
361 nm exhibited a fluorescence spectrum with an emission band
at 415 nm and a Stokes shift of 54 nm (Fig. 1). The cation recogni-
tion behavior of receptor 3 was evaluated from changes in the fluo-
rescence intensity upon addition of a particular metal salt. Upon
addition of a solution of Cu2+ to a solution of receptor 3, a signifi-
cant enhancement in the intensity was observed in the emission
band at 415 nm. On the other hand, addition of a solution of Fe3+

to a solution of receptor 3 showed significant quenching in the
intensity of the emission band at 415 nm with the concomitant for-
mation of a new red-shifted emission band at 475 nm. Other metal
ions such as Ca2+, Mg2+, Co2+, Ni2+, Zn2+, and Ag+ showed no such
significant changes in the fluorescence spectrum under the same
Figure 2. Fluorescence intensity of receptor 3 (10 lM) upon addition of a particu
conditions. A comparison of the fluorescence intensity of receptor
3 upon addition of various metal ions reveals remarkable selectiv-
ity of Cu2+ binding at 415 nm and Fe3+ binding at 475 nm (Fig. 2).
These phenomena allow receptor 3 to be used for the real-time
simultaneous analysis of Cu2+ and Fe3+ by directly correlating the
fluorescent intensity at 415 or 475 nm with the concentration of
Cu2+ or Fe3+ ions, respectively.

The enhancement of fluorescence intensity upon addition of
Cu2+ reflects a change from the flexible conformation of receptor
3 to a rigid form upon metal complexation, making non-irradiative
decay less probable.12 Another factor affecting the enhancement of
fluorescence intensity can be attributed to quenching due to PET
from the nitrogen donor lone pairs to the fluorophores in the free
receptor being obviated by metal complexation engaging the nitro-
gen donor lone pairs, resulting in quenching via PET (photoinduced
electron transfer).13 Only a few examples have been reported on
receptors which show enhancement with complexation of transi-
tion metal ions.14 Interestingly, Fe3+ complexation induce enhance-
ment with a blue shift in kmax by 55 nm. The blue shift in
fluorescence is due to ICT (internal charge transfer) processes;
but on the other hand, the complexation leads to the enhancement
of fluorescence intensity, which is most likely due to the cancel-
ation of PET from nitrogen donors. Thus, the blue shift along with
fluorescence enhancement is the result of two operation, that is,
the combination of PET and ICT processes.15

The fluorescence intensity increased continuously at 415 nm
with the titration of receptor 3 with Cu2+, while during the course
of titration with Fe3+, the intensity of the emission band decreased
at 415 nm with a continuous increase in the intensity of band at
470 nm (Figs. 3 and 4). These continuous and stepwise changes
lar metal salt (200 lM) in acetonitrile at 415 nm and 470 nm (kex = 361 nm).



Figure 4. Changes in the fluorescence spectra of receptor 3 (10 lM) upon
successive addition of Fe(NO3)3 (0–150 lM) in CH3CN (kex = 361 nm).

Figure 3. Changes in the fluorescence spectra of receptor 3 (10 lM) upon
successive addition of Cu(NO3)2 (0–200 lM) in CH3CN (kex = 361 nm).
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in fluorescence intensities ensure the use of receptor 3 for analyt-
ical applications of metal analysis over a wide range of metal con-
centration. Receptor 3 can detect a minimum concentration of
2.3 � 10�5 M for Cu2+ and 2.1 � 10�5 M for Fe3+, respectively.16

Binding constants of receptor 3 with metal ions were calculated
by using Benesi–Hildebrand plots and were found to be
(5.9 ± 0.1) � 103 M�1 for Cu2+ and (1.3 ± 0.1) � 103 M�1 for Fe3+,
respectively.17 The Job plots reveal that Cu2+ and Fe3+ ions each
form a 1:1 complex with receptor 3.18

For the simultaneous analysis of metal ions, the receptor must
exhibit the same optical behavior for a particular metal ion in
the presence of other competing ions. To examine this point, an
experiment was designed in which the Cu2+ concentration was
measured in the presence of an equivalent amount of Fe3+ and in
Figure 5. Plot of fluorescence intensity of receptor 3 against equivalents of metal
ion: ( ) Cu2+ at 415 nm, ( ) Cu2+ in the presence of equimolar Fe3+ at 415 nm, ( )
Fe3+ at 475 nm, and ( ) Fe3+ in the presence of equimolar Cu2+ at 475 nm.
the absence of any metal ions. The same experiment was per-
formed with Fe3+ using Cu2+ as the interfering ion. The results
are shown in Figure 5. The precision in the analysis of Cu2+ and
Fe3+ ions in the presence of the interfering ion unambiguously
demonstrates that receptor 3 can be used for the real time analysis
of Cu2+ and Fe3+.

In conclusion, we have developed an easily engineered single
molecular multianalyte fluorescent probe for the simultaneous
determination of Cu2+ and Fe3+ in a wide concentration range.
The receptor was successfully used for the real time analysis of
Cu2+ and Fe3+ without any cross interference.

Acknowledgment

This work was supported by the Center for Bioactive Molecular
Hybrids.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2009.12.085.

References and notes

1. (a) Zhu, L.; Wu, W.; Zhu, M.-Q.; Han, J. J.; Hurst, J. K.; Li, A. D. Q. J. Am. Chem. Soc.
2007, 129, 3524–3526; (b) Katayev, E. A.; Ustynyuk, Y. A.; Sessler, J. L. Coord.
Chem. Rev. 2006, 250, 3004–3037; (c) Gale, P. A. Acc. Chem. Res. 2006, 39, 465–
475; (d) Yoon, J.; Kim, S. K.; Singh, N. J.; Kim, K. S. Chem. Soc. Rev. 2006, 35, 355–
360; (e) Martínez-Máñez, R.; Sancenón, F. Chem. Rev. 2003, 103, 4419–4476.

2. (a) Kwon, J. Y.; Jang, Y. J.; Lee, Y. J.; Kim, K. M.; Seo, M. S.; Nam, W.; Yoon, J. J. Am.
Chem. Soc. 2005, 127, 10107–10111; (b) Yoon, S.; Albers, A. E.; Wong, A. P.;
Chang, C. J. J. Am. Chem. Soc. 2005, 127, 16030–16031; (c) Bricks, J. L.;
Kovalchuk, A.; Trieflinger, C.; Nofz, M.; Büschel, M. A.; Tolmachev, I.; Daub, J.;
Rurack, K. J. Am. Chem. Soc. 2005, 127, 13522–13529; (d) Métivier, R.; Leray, I.;
Valeur, B. Chem. Eur. J. 2004, 10, 4480–4490; (e) Zheng, Y.; Orbulescu, J.; Ji, X.;
Andreopoulos, F. M.; Pham, S. M.; Leblanc, R. M. J. Am. Chem. Soc. 2003, 125,
2680–2686; (f) Gunnlaugsson, T.; Lee, T. C.; Parkesh, R. Org. Lett. 2003, 5, 4065–
4068.

3. (a) Schmittel, M.; Lin, H.-W. Angew. Chem., Int. Ed. 2007, 46, 893–896; (b)
Jiménez, D.; Martínez-Máñez, R.; Sancenón, F.; Ros-Lis, J. V.; Soto, J.; Benito, A.;
García-Breijo, E. Eur. J. Inorg. Chem. 2005, 2393–2403; (c) Jiménez, D.; Martínez-
Máñez, R.; Sancenón, F.; Soto, J. Tetrahedron Lett. 2004, 45, 1257–1259.

4. (a) Mikami, D.; Ohki, T.; Yamaji, K.; Ishihara, S.; Citterio, D.; Hagiwara, M.;
Suzuki, K. Anal. Chem. 2004, 76, 5726; (b) Cho, E. J.; Bright, F. V. Anal. Chem.
2002, 74, 1462–1466; (c) Goodey, A.; Lavigne, J. J.; Savoy, S. M.; Rodriguez, M.;
Curey, T.; Tsao, A.; Simmons, G.; Wright, J.; Yoo, S.-J.; Sohn, Y.; Anlsyn, E. V.;
Shear, J. B.; Neikirk, D. P.; McDevitt, J. T. J. Am. Chem. Soc. 2001, 123, 2559–2570.

5. (a) Singh, N.; Mulrooney, R. C.; Kaur, N.; Callan, J. F. Chem. Commun. 2008,
4900–4902; (b) Kaur, N.; Kumar, S. Tetrahedron Lett. 2008, 49, 5067; (c) Kaur,
N.; Kumar, S. Chem. Commun. 2007, 3069–3070; (d) Komatsu, H.; Miki, T.;
Citterio, D.; Kubota, T.; Shindo, Y.; Kitamura, Y.; Oka, K.; Suzuki, K. J. Am. Chem.
Soc. 2005, 127, 10798–10799; (e) Komatsu, H.; Citterio, D.; Fujiwara, Y.;
Minamihashi, K.; Araki, Y.; Hagiwara, M.; Suzuki, K. Org. Lett. 2005, 7, 2857–
2859.

6. (a) Blomberg, M. R. A.; Siegbahn, P. E. M.; Wikstrom, M. Inorg. Chem. 2003, 42,
5231–5243; (b) Yamamoto, S.; Takeda, H.; Maki, Y.; Hayaishi, O. J. Bio. Chem.
1969, 244, 2951–2955; (c) Cartwright, G. E.; Gubler, C. J.; Wintrobe, M. M. J. Bio.
Chem. 1957, 224, 533–546.

7. Taylor, A. B.; Stoj, C. S.; Ziegler, L.; Kosman, D. J.; Hart, P. J. Proc. Natl. Acad. Sci.
2005, 102, 15459–15464.

8. Lahey, M. E.; Gubler, M. S.; Chase, G. E.; Cartwright, G. E.; Wintrobe, M. M. Blood
1952, 7, 1053–1065.

9. (a) Safavi, A.; Abdollahi, H.; Mirzanjani, R. Spectrochim. Acta A 2006, 63, 196; (b)
Safavi, A.; Hormozi Nezhad, M. R. Can. J. Anal. Sci. Spectros. 2004, 49, 210; (c)
Garcia Rodriguez, A. M.; Garcia de Torres, A.; Cono Pavon, J. M.; Bosch Ojeda, C.
Talanta 1998, 47, 463; (d) Mykytiuk, A. P.; Russell, D. S.; Sturgeon, R. E. Anal.
Chem. 1980, 52, 1281–1283; (e) Schilt, A. A.; Taylor, P. J. Anal. Chem. 1970, 42,
220–224; (f) Banerjea, D.; Tripathi, K. Anal. Chem. 1960, 32, 1598.

10. (a) Bénisvy, L.; Halut, S.; Donnadieu, B.; Tuchagues, J.-P.; Chottard, J.-C.; Li, Y.
Inorg. Chem. 2006, 45, 2403–2405; (b) Syme, C. D.; Nadal, R. C.; Rigby, S. E.;
Viles, J. H. J. Biol. Chem. 2004, 279, 18169–18177; (c) Chauvin, A.-S.; Frapart, Y.-
M.; Vaissermann, J.; Donnadieu, B.; Tuchagues, J.-P.; Chottard, J.-C.; Li, Y. Inorg.
Chem. 2003, 42, 1895–1900; (d) Miura, T.; Suzuki, K.; Kohata, N.; Takeuchi, H.
Biochemistry 2000, 39, 7024–7031.

11. Synthesis of compound 3: A solution of tripodal aldehyde 1 (300 mg,
0.650 mmol) and 2-(2-aminophenyl)-1H-benzimidazole (2) (476 mg,
2.28 mmol) in MeOH (30 mL)/THF (30 mL) was stirred in the presence of a
catalytical amount of Zn(ClO4)2 at room temperature. Upon completion of the

http://dx.doi.org/10.1016/j.tetlet.2009.12.085


1106 D. Y. Lee et al. / Tetrahedron Letters 51 (2010) 1103–1106
reaction, NaBH4 (241 mg, 6.50 mmol) in THF (50 mL) was added and stirred at
reflux for 14 h. After evaporation of the solvent, the crude product was
dissolved in CH2Cl2, washed with water, and dried over anhydrous MgSO4.
After evaporation, the residue was purified by column chromatography on
silica gel eluting with hexane: EtOAc (7:3) to give the compound 3 as a light
yellow solid (528 mg, 78%): 1H NMR (400 MHz, CDCl3): d 3.04 (t, 6H, –CH2,
J = 5.6 Hz), 3.97 (t, 6H, –CH2, J = 5.6 Hz), 4.31 (s, 6H, –CH2), 6.54–6.60 (m, 6H,
Ar), 6.71–6.73 (m, 3H, Ar), 6.77–6.81 (m, 3H, Ar), 7.05–7.12 (m, 6H, Ar), 7.16–
7.20 (m, 6H, Ar), 7.24–7.26 (m, 3H, Ar), 7.33 (br, 3H, Ar), 7.47–7.49 (m, 3H, Ar),
7.67 (br, 3H, Ar), 8.84 (br, 3H, –NH), 9.57 (br, 3H, –NH); 13C NMR (100 MHz,
DMSO-d6): d 41.6, 59.8, 67.0, 110.8, 111.2, 114.6, 118.1, 120.1, 121.4, 122.6,
127.0, 127.5, 127.9, 130.8, 133.6, 142.7, 147.6, 152.5, 156.4, 170.3. HR-MS
(FAB) calcd for C66H61N10O3 [M+H]+: 1041.4928; found 1041.4930.

12. (a) Singh, N.; Lee, G. W.; Jang, D. O. Tetrahedron 2008, 64, 1482–1486; (b) Singh,
N.; Lee, G. W.; Jang, D. O. Tetrahedron Lett. 2008, 49, 44–47; (c) Jung, H. J.; Singh,
N.; Jang, D. O. Tetrahedron Lett. 2008, 49, 2960–2964; (d) Joo, T. Y.; Singh, N.;
Lee, G. W.; Jang, D. O. Tetrahedron Lett. 2007, 48, 8846–8850.

13. Gao, L.; Wang, Y.; Wang, J.; Huang, L.; Shi, L.; Fan, X.; Zou, Z.; Yu, T.; Zhu, M.; Li,
Z. Inorg. Chem. 2006, 45, 6844–6850.

14. (a) Rurack, K.; Kollmannsberger, M.; Resch-Genger, U.; Daub, J. J. Am. Chem. Soc.
2000, 122, 968; (b) Hennrich, G.; Sonnenschein, H.; Resch-Genger, U. J. Am.
Chem. Soc. 1999, 121, 5073–5074; (c) Ramachandram, B.; Samanta, A. J. Phys.
Chem. A 1998, 102, 10579–10587; (d) Ghosh, P.; Bharadwaj, P. K.; Mandal, S.;
Ghosh, S. J. Am. Chem. Soc. 1996, 118, 1553–1554.

15. Xu, Z.; Kim, G.-H.; Han, S. J.; Jou, M. J.; Lee, C.; Shin, I.; Yoon, J. Tetrahedron 2009,
65, 2307–2312.

16. Shortreed, M.; Kopelman, R.; Kuhn, M.; Hoyland, B. Anal. Chem. 1996,
68, 1414.

17. Benesi, H.; Hildebrand, H. J. Am. Chem. Soc. 1949, 71, 2703–2707.
18. Job, P. Ann. Chim. 1928, 9, 113–203.


	A benzimidazole-based single molecular multianalyte fluorescent probe for the simultaneous analysis of Cu2+ and Fe3+
	Acknowledgment
	Supplementary data
	References and notes


