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Lanthanide luminescence sensing of copper and mercury ions 
using an iminodiacetate based Tb(III)-cyclen chemosensor 

Brian K. McMahon, Thorfinnur Gunnlaugsson∗  

School of Chemistry, Centre for Synthesis and Chemical Biology, Trinity College Dublin, Dublin 2, Ireland. 

 

Abstract— The design, synthesis and photophysical evaluation of 1.Tb.Na, a Tb(III)-cyclen based sensor, possessing a phenyl 
iminodiacetate based receptor, for the selective detection of Cu(II) and Hg(II) ions in water is demonstrated. Sensitisation of the Tb(III) 5D4 
excited state was achieved by excitation of the phenyl receptor, which in water gave rise to characteristic time-delayed and line-like Tb(III) 

emission. The Tb(III) emission was shown to be pH independent over the physiological pH window. The changes in the Tb(III) emission 
were monitored by carrying out metal titrations using various group I, II and transition metal ions. Of these, only the titrations of Cu(II) and 
Hg(II) gave rise to modulations in the Tb(III) emission; resulting in quenching in the Tb(III) emission by ca. 65% and 40%, respectively.© 
2010 Elsevier Science. All rights reserved 

——— 
∗
��Corresponding author. Tel.: + 353 1 896 3459; fax: + 353 1 671 2826; e-mail: gunnlaut@tcd.ie. 

One of the main research areas within the field of 
supramolecular chemistry is the development of sensors for 
use in competitive solution.1-4 In particular, the detection 
and monitoring of biologically relevant ions in vitro and in 
vivo has become of critical importance using luminescent 
sensors.3,4 Due to shorter lived background emission 
(autofluorescence) and light scattering from such biological 
environments, the development of sensors possessing long-
lived emission lifetimes has become an active area of 
research.5-7 The unique photophysical properties of the 
lanthanides,8-10 such as long wavelength emissions, sharp 
line-like bands and relatively long-lived excited state 
lifetimes [µs for Yb(III) and Nd(III) to ms for Eu(III) and 
Tb(III)], makes them very attractive candidates for such 
application in in vivo sensing as well as for biological 
imaging, another topical area of research.5,10-12 Careful 
functionalisation of the macrocyclic framework, 1,4,7,10-
tetraazacyclododecane (cyclen) has allowed for the 
formation of many examples of thermodynamically stable 
and kinetically inert complexes with LnIII ions, which have 
been employed in luminescent sensing of metal ions.12-17 
These possess a suitable antennae/receptor unit which can 
populate the lanthanide excited states via an energy 
sensitization process (e.g. the antenna effect); which are 
perturbed upon binding to ions, giving rise to changes in 
both the lanthanide emission intensities and lifetimes.15,16 

The design of sensors for detecting ions such as Cu(II) and 
Hg(II) in aqueous solution at low concentration levels is of 
current interest in both environmental and biomedical 
monitoring.13,18-20 Bound Cu(II) plays a vital role in many 
enzymatic processes, while free Cu(II) can disrupt and 
damage various biological processes, and is the cause of 
several conditions such as Wilson and Menkes diseases.21,22 
Similarly, Hg(II) is toxic in humans and can accumulate in 
the blood-brain barrier which can result in severe 
neurological disorders.19 Hence, the design and 
development of novel sensors which show a strong and 
selective response at low concentration values for these 
ions is both an important and topical area of research.23  

Herein, we describe the development of 1.Tb.Na, a Tb(III)-
cyclen based chemosensor possessing an iminodiacetate 
antenna. The objective is to take advantage of the long-
lived and long-wavelength emission properties of Tb(III) in 
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Figure 1. The overall changes in the Tb(III) luminescence of 1.Tb.Na (10 
µM) upon excitation of the phenyl antenna (λex = 285 nm) as a function of 
pH (I = 0.1 M NEt4HClO4 (TEAP)). Inset: The changes at 545 nm vs. pH. 

 
 
Scheme 1. Synthesis of 1.Tb.Na. 

conjunction with the use of a structurally simple and 
combined antenna/receptor moiety that could selectively 
recognize Cu(II) and Hg(II) ions in competitive media. 
While many examples of luminescent lanthanide sensors of 
group I and II metal ions, as well as several transition metal 
ions such as Cu(II), Zn(II), etc. exist,13-17 the sensing of 
Hg(II), has, to the best of our knowledge, not been 
achieved previously using lanthanide luminescence, and 
hence sensor 1.Tb.Na is the first example of a lanthanide 
sensor for targeting this ion.    

The synthesis of ligand 1 began with the formation of 2, 
Scheme 1. This involved the initial di-alkylation of aniline 
with ethyl bromoacetate using Na2HPO4 and KI in 
refluxing CH3CN for 24 h, which upon purification by flash 
silica gel column chromatography (gradient elution of 100 
to 90:10 CH2Cl2:CH3OH), resulted in the isolation of the 
desired intermediate in 56% yield. Nitration at the para 
position was achieved in acetic acid, at 0 °C, using 70% 
nitric acid. The desired product was obtained in 93% yield 
after recrystallisation from EtOH.24 The product was then 
subjected to catalytic hydrogenation using 10% Pd/C, in 
DMF, giving 2 in 90% yield. The formation of the α-
chloroamide of 2, was achieved using chloroacetyl 
chloride, in the presence of Et3N, at -10 °C in CH2Cl2, 
which after washing the organic layer with water, 0.1 M 
HCl and brine, gave 3, in 86% yield. With the 
receptor/antenna unit successfully synthesised, the next 
step involved introduction to the cyclen framework using 
the mono alkylation procedure recently published by our 
group.25 involving refluxing four equivalents of cyclen with 
one equivalent of 3, in dry CHCl3, in the presence of Et3N 
for 12 hours. Isolation of 4 was achieved in 90% yield after 
successful removal of the unreacted cyclen by extraction 
using 1 M NaOH. The final step involved refluxing 4 with 
three equivalents of dimethyl acetamide using K2CO3 and 
KI in freshly distilled CH3CN for five days. Purification of 
the crude mixture by alumina column chromatography 
(elution gradient 100 to 80:20 CH2Cl2:CH3OH) was 
required to give the desired ligand, in 63% yield. The 
formation of the Tb(III) complex of ligand 1 was achieved 
by refluxing overnight with an equivalent amount of Tb(III) 
triflate [Tb(CF3SO3)3]  in freshly distilled CH3CN, under an 
inert atmosphere. Upon completion, the solvent was 
removed under reduced pressure and the resulting residue 
re-dissolved in MeOH and added slowly into a large 
volume of dry diethyl ether, resulting in precipitation of 
1.Tb in 80% yield, as a pale orange solid. The final step 
involved alkaline hydrolysis of the diethyl diester moiety of 
1.Tb in MeOH/H2O, which gave 1.Tb.Na in 81% yield.26  

The design of 1.Tb.Na envisaged sensitization of the 
Tb(III) metal ion via excitation of the covalently attached 
phenyl chromophore, i.e. the antenna (possessing both 
π−π* and n-p* transitions). This would enable 
sensititization of the Tb(III) 5D4 excited state, with 
concomitant characteristic line-like Tb(III) emission; which 
would then be expected to be modulated upon binding of d-
metal ions at the iminodiacetate moiety, possibly involving 
electron transfer quenching. Indeed, excitation of 1.Tb.Na 
in H2O at 285 nm (λmax for the antenna) gave rise to Tb-
centered emissions at 490, 545, 586 and 622 nm, 
respectively, verifying successful energy transfer from the 
antennae to the 5D4 excited state, and deactivation to the 7FJ 
(J = 6, 5, 4, 3) ground state. The excited state lifetimes 
were also measured in both H2O and D2O, upon excitation 
at 285 nm. This gave τH2O = 1.469 ms and τD2O = 1.984 ms, 
demonstrating the long excited state lifetime, from which 
the hydration state q was determined as ~1 indicating that 
1.Tb.Na posseses one metal bound water molecule, and 
therefore the Tb(III) ion being overall nine-coordinate 
within the complex.  

It was clear from the structure of 1.Tb.Na that possible 
protonation of the aniline moiety as well as potential 
deprotonation of the secondary amide (as well as the metal 
bound water) could perturb the photophysical properties of 
the Tb(III) complex.27 In order to quantify the pH 
dependence of the Tb(III) emission from 1.Tb.Na, we 
carried out a pH titration, the result of which is shown in 
Figure 1. Here, the Tb(III) emission corresponding to the 
5D4 � 7FJ (J = 6, 5, 4, 3) transition occurring at 490 nm, 
545 nm, 586 nm and 622 nm, respectively, showed some 
change with respect to pH environment, Figure 1. Analysis 
of the Tb(III) emission for the ∆J = 5 transition (see inset in 
Figure 1) clearly demonstrates that the Tb(III) emission is 
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Figure 2. The overall changes in the absorption spectra (uncorrected) of 
1.Tb.Na (10 µM) upon titration with Cu(HClO4)2 in deionised H2O. Inset:
Changes observed at 285 nm as a function of equivalents of Cu(II) added 
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Figure 3. Changes in the Tb(III) luminescence spectra of 1.Tb.Na (10
µM) upon titration with Cu(HClO4)2 (being quenched) in deionised H2O. 
(0 � 100 µM) Inset: Changes observed at 454 nm as a function of 
equivalents of Cu(II) added.  
 

‘switched on’ within the physiological pH range, with any 
major modulations in emission intensity only occurring 
below pH 5.5, or above pH 11.5. Hence, there exists a large 
pH window in which no change in the Tb(III) emission of 
1.Tb.Na is observed, and that this window overlaps with 
the physiological pH range. Hence, we would anticipate 
that any modulation in the emission intensity observed 
within this pH range upon titration with various transition 
metal ions is solely due to some form of interaction with 
the complex, and not as a result of a change in the pH of 
the solution.8,15  

Having established the pH behaviour of 1.Tb.Na, the next 
step was to investigate its ability to recognise various group 
I, group II and transition metal ions in solution. Screening a 
large library of these in water at pH 7, demonstrated that 
the Tb(III) emission was only affected by the presence of 
Cu(II) and Hg(II), using either the Cl¯  or HClO4¯  salts of 
these ions. However, ions such as Co(II) and Ni(II) also 
gave rise to changes in the Tb(III) emission, but these were 
due to the appearance of an absorption band corresponding 
to these ions, and hence, an inner filter effect, and not the 
direct binding of these ions to the receptor of 1.Tb.Na.28 
Moreover, it was observed that in the presence of either 
HEPES or TRIS buffers alone, both the Cu(II) and Hg(II) 
ions showed some form of complexation with the buffers 
resulting in the formation of a strong absorption band 
which overlapped with the absorption of the antenna in 
1.Tb.Na. Given the fact that the Tb(III) emission can be 
considered as pH independent within the physiological pH 
range, e.g. as demonstrated as an inset in Figure 1, all the 
titrations discussed herein were carried out in the absence 
of any buffer in deionised H2O. Nevertheless, to ensure that 
there was no pH effect, the pHs of all the samples were 
recorded before and after carrying out these titrations; the 
pH was not found to change by more than 0.2 pH units.  

The changes in the ground state properties of 1.Tb.Na upon 
titration with Cu(II) ions (using the HClO4

- salt) were first 
investigated, the results of which are shown in Figure 2. 
The changes observed in the spectra clearly indicates an 
interaction between the Cu(II) ions in solution and the 
iminodiacetate moiety of 1.Tb.Na, where the absorption 

band centered at 285 nm was blue-shifted to 260 nm, with 
the formation of an isobestic point at ca. 266 nm. The 
titration profile of the absorbance changes at 285 nm versus 
the number of equivalents of Cu(II) added is shown as an 
inset in Figure 2, and suggests that the most significant 
interaction occurs between 0�1 equivalents of Cu(II), with 
minor changes occurring between 1�2 equivalents (0�20 
µM). A similar response was observed on analysis of the 
singlet excited state of 1.Tb.Na, where, in the absence of 
Cu(II), a broad emission band was observed, centered at 
350 nm with a slight shoulder at ca 300 nm. Upon binding 
to Cu(II), a moderate emission intensity increase of ca. 
15% was observed (with a slight hypsochromic shift to 345 
nm) being most significant within the addition of 0�2 
equivalents of Cu(II), as seen above in the absorption 
spectra.   

We next monitored changes in the Tb(III) emission upon 
Cu(II) binding to the receptor which was expected to effect 
the energy transfer process from the antenna to the 
lanthanide, and hence, the Tb(III) emission. The 
luminescence spectrum of 1.Tb.Na, upon titration with 
Cu(II) is shown in Figure 3, and clearly demonstrates a 
gradual decrease in the Tb(III) emission as a function of 

increased Cu(II) concentration with ca. 65% quenching 
being observed at 545 nm, with a similar magnitude of 
quenching being seen for the other transitions. The Tb(III) 
excited state lifetime was also shortened upon binding to 
Cu(II), with τ H2O = 1.180 ms. A plot of the Tb(III) 
intensity at 545 nm vs. Cu(II) equivalents is shown as an 
inset in Figure 3, and demonstrates the ability of 1.Tb.Na 
to bind Cu(II), with concomitant changes in the emission 
properties. Analysis of the changes in Figure 3 also showed 
that the sensor bound the ion in a 1:1 stoichiometry, Figure 
4, which demonstrates that the binding occurs over two log 
units, with an estimated binding constant29 of logK = 5.5 
(±0.2). Figure 4, also shows the response observed for ions 
such as Zn(II) and Cd(II) as well as the group II ions Mg(II) 
and Ca(II), which did not give rise to any significant 
changes in the Tb(III) emission. This also demonstrates the 
importance of our receptor design, as structurally related 
sensors have been developed by Parker et al.16 for the 
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Figure 5. Changes in the Tb(III) luminescence spectra of 1.Tb.Na (10 
µM) upon titration with Hg(HClO4)2 (being quenched) in deionised H2O 
(0 � 100 µM).  
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Figure 4. Plot of the changes in the Tb(III) luminescence of 1.Tb.Na (10 
µM) at 545 nm upon titration with M(HClO4)2 or MCl2 (expressed as pM 
= -log[M]) in deionised H2O.  
 

selective sensing of Zn(II); which is not detected by 
1.Tb.Na. With the free Cu(II) concentrations in serum 
being in the range of 12.5 – 21 µM,30 it is clear from the 
titration profile in Figure 4, that 1.Tb.Na can detect Cu(II) 
within this concentration window. Figure 4, also shows the 
changes observed in the Tb(III) emission of 1.Tb.Na, upon 
titration with Hg(II), the overall spectral changes being 
shown in Figure 5. A similar response to that seen with 

Cu(II) was observed, i.e. only the intensity and lifetime 
were affected, where upon the addition of 10 equivalents 
(100 µM) of Hg(II) gave rise to ca 40% luminescence 
quenching in the Tb(III) emission, with τ H2O = 1.302 ms. 
From these changes, we estimated the Hg(II) binding 
affinity of 1.Tb.Na as logK = 4.6 (±0.2). These studies 
suggest that 1.Tb.Na shows both high sensitivity and 
selectivity for both Cu(II) and Hg(II) ions; which was 
achieved through binding at the iminodiacetate receptor 
moiety in solution. These results also demonstrate that the 
sensor is more sensitive to Cu(II) over Hg(II) (c.f. Figure 
4). To confirm this, we also carried out a test where firstly, 
an excess amount of Hg(II) was added to a solution of the 
sensor. This again, gave rise to quenching in the Tb(III) 
emission to the same degree as seen for the Hg(II) 
titrations. However, subsequent addition of Cu(II) lead to 
further quenching in the Tb(III) emission, clearly 
demonstrating this selectivity. We also investigated the 
response of 1.Tb.Na towards Cu(II) and Hg(II) in a 

simulated biological environment with 150 mM NaCl, 10 
mM KCl, 10 mM CaCl2, 10 mM MgCl2, 10 mM CdCl2 and 
10 mM ZnCl2, at pH 7. As expected, no significant 
modulation in the singlet excited state properties of the 
Tb(III) metal was observed in the presence of this 
mimicked biological background, but addition of both 
Cu(II) and Hg(II) to the solution resulted in quenching of 
the Tb(III) metal luminescence, to the same extent as seen 
in the above titrations.    

In summary, we have developed a Tb(III) cyclen-based 
chemosensor, with the incorporation of an iminodiacetate 
receptor/antenna unit, for Cu(II) and Hg(II) ions in water at 
pH 7. While only minor changes were observed in both the 
absorption and fluorescence spectra of 1.Tb.Na, upon 
recognition of these ions, a substantial quenching was 
observed in the Tb(III) emission. These studies showed that 
the sensor has high affinity for both of these ions, where 
Cu(II) is selectively bound. It was also shown that in the 
presence of other biologically relevant ions, the emission 
properties of the Tb(III) metal were not modulated, 
confirming the 1.Tb.Na selectivity for Cu(II) and Hg(II). 
We are in the process of developing analogues of 1.Tb.Na, 
using other antennae, which will enable us to achieve 
sensitisation of Tb(III) at longer wavelengths and at the 
same time preserve the binding ability of the receptor unit, 
already used for 1.Tb.Na. 

Acknowledgements 

We thank TCD, Irish Research Council for Science, 
Engineering and Technology (IRCSET Postgraduate 
Award to BKMcM), and Science Foundation Ireland (SFI 
RFP 2008 and 2009 research grants to TG), for financial 
support. 

Notes and References 

1.   Ryan, G. J.; Quinn, S.; Gunnlaugsson, T. Inorg. Chem. 2008, 47, 
401; Zeglis, B. M.; Pierre, V. C.; Barton, J. K. Chem. Commun. 
2007, 4565; Moucheron, C.; Kirsch-De-Mesmaeker, A.; Kelly, J. M. 
J. Photochem. Photobiol. B 1997, 40, 91; Hannon, M. J. Chem. Soc. 
Rev. 2007, 36, 280; Metcalfe, C.; Thomas, J. A.; Chem. Soc. Rev. 
2003, 32, 215; de Silva, A. P.; McCaughan, B.; McKinney, B. O. F.; 
Querol, M. Dalton Trans. 2003, 1902; De Silva, A. P.; Fox, D. B.; 
Huxley, A. J. M.; Moody, T. S. Coord. Chem. Rev. 2000, 205, 41. 

2.   Filbey, M. H.; Steed, J. W. Coord. Chem. Rev. 2006, 250, 3200; 
Redshaw, C. Coord. Chem. Rev. 2003, 244, 45; Gunnlaugsson, T.; 
Glynn, M.; Tocci, G. M.; Kruger, P. E.; Pfeffer, F. M. Coord. Chem. 
Rev. 2006, 250, 3094; Quinlan, E.; Matthews, S. E.; Gunnlaugsson, 
T. J. Org. Chem. 2007, 72, 7497; Rurack, K.; Resch-Genger, U. 
Chem. Soc. Rev. 2002, 31, 116.  

3.   de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. 
J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T. E. Chem. Rev. 
1997, 97, 1515; Czarnik, A. W. Acc. Chem. Res. 1994, 27, 302; 
Fluorescent Chemosensors for Ion and Molecular Recognition; 
Czarnik, A. W., Ed.; ACS Books: Washington, 1993. Bissell, R. A.; 
de Silva, A. P.; Gunaratne, H. Q. N.; Lynch, P. L. M.; Maguire, G. 
E. M.; McCoy, C. P.; Sandanayake, K. R. A. S. Top. Curr. Chem. 
1993, 168, 223. 



  

 Tetrahedron Letters  5 

4.   Dai Z.; Canary, J. W. New J. Chem. 2007, 31, 1708; Gunnlaugsson, 
T.; Lee, T. C.; Parkesh, R. Tetrahedron 2004, 60, 11239; 
Gunnlaugsson, T.; Nieuwenhuyzen, M.; Richard, L.; Thoss, V. 
Tetrahedron Lett. 2001, 42, 4725; Balzani, V. Photochem. 
Photobiol. Sci. 2003, 2, 459; Balzani, V.; Credi, A.; Venturi, M. 
Pure Appl. Chem. 2003, 75, 541; Raymo, F. M. Adv. Mater. 2002, 
14, 401; Raymo, F. M.; Giordani, S. J. Am. Chem. Soc. 2004, 124; 
Gunnlaugsson, T. ; Leonard, J. P. Murray, N. S. Org. Lett., 2004, 6, 
1557. Brown, G. J.; de Silva, A. P.; Pagliari, S. Chem. Commun. 
2002, 2461. Ballardini, R.; Balzani, V.; Credi, A.; Gandolf, M. T.; 
Venturi, M. Acc. Chem. Res. 2001, 36, 445; Czarnik, A. W. 
Fluorescent Chemosensors of Ion and Molecular Recognition, ACS, 
Symp. Ser. American Chemical Society: Washington DC, 1993. 

5.   dos Santos, C. M.G.; Harte, A. J.; Quinn, S.; Gunnlaugsson, T. 
Coord. Chem. Rev. 2008, 252, 2512; Leonard, J. P.; Nolan, C. B.; 
Stomeo, F.; Gunnlaugsson, T. Top. Curr. Chem. 2007, 281, 1;  
Gunnlaugsson T.; Stomeo, F. Org. Biomol. Chem. 2007, 5, 1999; 
Gunnlaugsson, T.; Leonard, J. P. Chem. Commun. 2005, 3114; 
Leonard, J. P.; Gunnlaugsson, T. J. Fluoresc. 2005, 15, 585;  
Comby, S.; Bünzli, J.-C. G. In Handbook of the Chemistry and 
Physics of Rare Earths, Gschneider, K. A.; Bünzli, J.-C. G.; 
Pecharsky, V. K.; Ed. Elsevier, Amsterdam, 2007, 37; Murray, B. S.; 
New, E. J.; Pal, R.; Parker, D. Org. Biomol. Chem. 2008, 6, 2085; 
Liellar, F.; Law, G.-L.; New, E. J.; Parker, D. Org. Biomol. Chem. 
2008, 6, 2256; Chauvin, A.-S.; Comby, S.; Song, B.; Vandevyver, C. 
D. B.; Thomas, F.; Bünzli, J.-C. G. Chem. Eur. J. 2007, 13, 9515; 
Gunnlaugsson, T.; Harte, A. J.; Leonard, J. P.; Nieuwenhuyzen, M. 
Supramol. Chem. 2003, 15, 505. 

6.   Cantuel, M.; Lincheneau, C.; Buffeteau, T.; Jonusauskaite, L. 
Gunnlaugsson, T.; Jonusauskas, G.; McClenaghan, N. D. Chem. 
Commun., 2010, 46, 2486. Murray, N. S.; Jarvis, S. P.; 
Gunnlaugsson, T. Chem. Commun. 2009, 4959; Bonnet, C. S.; 
Massue, J.; Quinn, S. J.; Gunnlaugsson, T. Org. Biomol. Chem. 
2009, 7, 3074; Plush, S. E.; Gunnlaugsson, T. Dalton Trans. 2008, 
3801; Massue, J.; Quinn, S. J.; Gunnlaugsson, T. J. Am. Chem. Soc. 
2008, 130, 6900; Plush, S. E.; Gunnlaugsson, T. Org. Lett. 2007, 9, 
1919; dos Santos, C. M. G ; Fernandez, P. B.; Plush, S. E.; Leonard, 
J. P.; Gunnlaugsson, T. Chem. Commun. 2007, 3389; Harte, A. J.; 
Jensen, P.; Plush, S. E.; Kruger, P. E.; Gunnlaugsson, T. Inorg. 
Chem. 2006, 45, 9465;  

7.   Sénéchal-David, K.; Pope, S. J. A.; Quinn, S.; Faulkner, S.; 
Gunnlaugsson, T. Inorg. Chem. 2006, 45, 10040. 

8.   McCoy, C. P.; Stomeo, F.; Plush, S. E.; Gunnlaugsson, T. Chem. 
Mater. 2006, 18, 4336; Gunnlaugsson, T.; McCoy, C. P.; Stomeo, F. 
Tetrahedron Lett. 2004, 45, 8403 

9.   Bunzli, J.-C. G.; Piquet, C. Chem. Soc. Rev. 2005, 34, 1048; Nonat, 
A.; Gateau, C.; Fries, P. H; Mazzanti, M. Chem. Eur. J. 2006, 12, 
7133. 

10.   Bünzli, J.-C. G. Chem. Lett. 2009, 38, 104; Song, B.; Vandevyver, 
D. B.; Deiters, E.; Chauvin, A.-S.; Hemmila, I.; Bünzli, J.-C. G. 
Analyst 2008, 133, 1749; Pandya, S.; Yu, J.; Parker, D. Dalton 
Trans. 2006, 2757; Yu, J. J.; Parker, D.; Pal, R.; Poole, R. A.; Cann, 
M.J. J. Am. Chem. Soc. 2006, 128, 2294. 

11.   McMahon, B.; Mauer, P.; McCoy, C.P.; Lee, T. C.; Gunnlaugsson, 
T. J. Am. Chem. Soc. 2009, 131, 17542. 

12.   Nonat A. M.; Harte, A. J.; Sénéchal-David, K.; Leonard, J. P.; 
Gunnlaugsson, T. Dalton Trans. 2009, 4703. 

13.  Andrews, M.; Jones, J. E.; Harding, L. P.; Pope S. J. A. Chem. 
Commun., 2010, 46, DOI: 10.1039/c0cc00210k; Pope, S. J. A.; Laye, 
R. H. Dalton Trans. 2006, 3108; Hanaoka, K.; Kikuchi, K.; Kojima, 
H.; Urano, Y.; Nagana, T. Angew. Chem. Int. Ed. 2003, 42, 2996; 
Hanaoka, K.; Kikuchi, K.; Kojima, H.; Urano, Y.; Nagana, T. J. Am. 
Chem. Soc. 2004, 126, 12470. 

14.   Armelao, L.; Bottaro, G.; Quici, S.; Cavazzini, M.; Raffo, M. C.; 
Barigelletti, F.; Accorsi, G. Chem. Commun. 2007, 2911; Li, C.; 
Law, G. L.; Wong, W. T. Org. Lett. 2004, 6, 4841; Li, C.; Wong, W. 
T. Tetrahedron Lett. 2004, 45, 6055; de Silva, A. P.; Gunaratne, H. 
Q. N.; Rice, T. E. Angew. Chem. Int. Ed. Engl. 1996, 35, 2116; de 
Silva, A. P.; Gunaratne, H. Q. N.; Rice, T. E. Chem. Commun. 1997, 
1891; Gunnlaugsson, T.; Parker, D. Chem. Commun. 1998, 511. 

15.   Gunnlaugsson, T.; Leonard, J. P. Chem. Commun. 2003, 2424; 
Gunnlaugsson, T.; Leonard, J. P. Dalton Trans. 2005, 3204; 
Coldwell, J. B.; Felton, C. E.; Harding, L. P.; Moon, R.; Pope, S. J. 
A.; Rice, C. R. Chem. Commun. 2006, 5048.  

16.   Reany, O.; Gunnlaugsson, T.; Parker, D. Chem. Commun. 2000, 473. 
Reany, O.; Gunnlaugsson, T.; Parker, D. J. Chem. Soc., Perkin Trans 
2, 2000, 1819.  

17.   Voutsadaki, S.; Tsikalas, G. K..; Klontzas, E.; Froudakis, G. E.; 
Katerinopoulos, H. E. Chem. Commun. 2010, 46, 3292; Li, N.; 
Xiang. Y.; Tong, A. Chem. Commun. 2010, 46, 3363; Hanaoka, K.; 
Kikuchi, K.; Kojima, H.; Urano, Y.; Nagano, T. J. Am. Chem. Soc. 
2004, 126, 12470. 

18.   Selid, P. D.; Xu, H.; Collins, E. M.; Collins, M.; Zhao, J. X. Sensors 
2009, 9, 5446; Torrado, A.; Walkup, G. K.; Imperiali, B. J. Am. 
Chem. Soc. 1998, 120, 609; Beltramello, M.; Gatos, M.; Mancin, F.; 
Tecilla, P.; Tonellato, U. Tetrahedron Lett. 2001, 42, 9143; Yoon, J.; 
Ohler, N. E.; Vance, D. H.; Aumiller, W. D.; Tonellato, U. 
Tetrahedron Lett. 1997, 38, 3845. 

19.   Barja, B. C.; Aramendia, P. F. Photochem. Photobiol. Sci. 2008, 7, 
1391; Liu, Y.; Yu, M.; Chen, Y. ; Zhang, N. Bioorg. Med. Chem. 
2009, 17, 3887; Kwon, J. Y.; Hyun Soh, J.; Yoon, Y. J.; Yoon, J.  
Supramol. Chem. 2004, 16, 621; Tian, M.; Ihmels, H. Chem. 
Commun. 2009, 3175; Wanichacheva, N.; Siriprumpoonthum, M.; 
Kamkaew, A.; Grudpan, K. Tetrahedron Lett. 2009,  50, 1783; 
Hasegawa, Y.; Hieda, R.; Nakagawa, T.; Kawai, T. Helv. Chim. 
Acta. 2009, 92, 2238.  

20.   Sarkar, B. Chem. Rev. 1999, 99, 2535. 
21.   Lindar, M. C.; Hazegh-Azam, M. Am. J. Clin. Nutr. 1996, 63, 8218. 
22.   Sarker, B. Handbook on Metals in Clinical and Analytical 

Chemistry, Marcel Dekker Inc. New York, 1994. 
23.  Nolan, E. M.; Lippard, S. J. Chem. Rev. 2008, 108, 3443; Nolan, E. 

M.; Lippard, S. J. J. Am. Chem. Soc. 2007, 129, 5910.  
24.  Parkesh, R.; Gowin W.; Lee, T. C.; Gunnlaugsson, T. Org. Biomol. 

Chem. 2006, 4, 3611. 
25.   Massue, J.; Plush. S. E.; Bonnet, C. S.; Moore, D. A.; Gunnlaugsson 

T. Tetrahedron Lett. 2007, 48, 805 
26.   Ligand 1 was obtained as an orange crystalline solid. (0.5 g, 63% 

yield). m.p. 189-192 °C; HRMS (m/z, ES+) Calculated for 
C36H61N9O8Na m/z = 770.4541 [M + Na]. Found m/z = 770.4549;  1H 
NMR (400 MHz, CDCl3, δH): 10.40 (s, 1H, N-H), 7.70 (d, 2 H, J = 9 
Hz, Ar-H),  6.47 (d, 2 H, J = 9Hz, Ar-H), 4.17 (q, 4 H, J = 7 Hz, 
NCH2CO2CH2CH3), 4.08 (s, 4H, NCH2CO2CH2CH3), 3.30-1.98 (br 
m, 42H, cyclen-CH2 + 4,7,10-CH2CON(CH3)2 + 1-
CH2CONH), 1.26 (t, 6 H, J = 7Hz, NCH2CO2CH2CH3); 13C NMR 
(100 MHz, CDCl3, δc): 170.58 (q), 170.52 (q), 170.24 (q), 169.58 (q), 
143.48 (CH), 130.65 (CH), 120.72 (CH2), 112.06 (CH2), 60.59 
(CH2), 57.44 (CH2), 54.42 (CH2), 53.36 (CH2), 53.03 (CH2), 50.13 
(CH2), 35.96 (CH3), 35.71 (CH3), 35.22 (CH3), 35.12 (CH3), 13.80 
(CH3);  IR υmax (cm-1): 2818, 1740, 1646, 1518, 1450, 1400, 1370, 
1346, 1297, 1262, 1179, 1102, 1062, 1005, 974, 902, 818, 772, 730, 
631.  
 
Complex 1.Tb was obtained as a pale orange solid (0.06 g, 80% 
yield). m.p. decomposed above 200 °C; Calculated for 
C42H84Cl9F9N9O17S3Tb: C, 29.17; H, 3.85; N, 7.29. Found C, 29.19; 
H, 3.85; N, 7.47; HRMS (m/z) Calculated for C38H61F6N9O14S2Tb 
m/z = 1204.2937 [M +2(CF3SO3)]. Found m/z =1204.2952; 1H NMR 
(400 MHz, CDCl3,  δH) 72.47, 61.18, 50.78, 49.44, 46.20, 42.74, 
36,48, 35,48, 34.58, 23.40, 19.48, 17.81, 13.79, 7.64, 6.75, 4.25, 
3.79, 3.06, 2.76, 2.43, 1.43, 1.34, 0.93. IR υmax (cm-1): 3458, 2941, 
1735, 1618, 1560, 1520, 1459, 1411, 1246, 1224, 1158, 1081, 1028, 
958, 910, 823, 759, 635.  
 
Complex 1.Tb.Na was obtained as a pale yellow solid (0.080 g, 81% 
yield). m.p. decomposed above 250 °C; HRMS (m/z, ES+) 
Calculated for C34H53N9O14S2F6Tb m/z = 1148.2311 [M - CF3SO3 -
2Na + 2H]+. Found m/z = 1148.2357;  1H NMR (400 MHz, D2O, δH): 
85.92, 79.51, 69.02, 67.04, 61.52, 58.42, 54.56, 53.79, 52.79, 49.04, 
44.07, 44.38, 22.96, 21.53, 20.53, 16.67, 15.77, 14.20, 11.41, 10.37, 
8.35, 7.84, 7.19, 6.72, 6.59, 6.43, 6.34, 3.52, 1.30, 1.17, -0.06, -
82.05, -85.69, -88.45, -97.73, -101.59, -103.47; IR υmax (cm-1): 2972, 
1603, 1438, 1251, 1229, 1168, 1088, 1035, 945, 906, 878, 864, 765, 
687, 638.  

27 Plush, S. E.; Clear, N. A.; Leonard, J. P.; Fanning, A. M.     
Gunnlaugsson, T. Dalton Trans. 2010, 39, 3644. 

28. This was verified by carrying out titrations using these ions in the 
absence of the sensor, which on both occasions, gave rise to large 



  

 Tetrahedron Letters  6 

absorptions with a λmax of 400 and 505, which partially overlapped 
with the emission wavelengths of Tb(III).  

29  We were unable to fit the changes in the Tb(III) accurately using non-
linear regression analysis  

30 Pešák, J.; Opavský, J. Acta Univ. Palacki. Olomuc., Fac. Med. 2000, 
143, 71. 

 
 


