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A new fluorescent calix[4]arene 2 has been synthesized as an intramolecular excimer-forming Na+ sensor which 
shows a change in fluorescent characteristics specifically upon complexation w i th  Na+. 

The development of fluorescent Na+ sensors has become of toward Na+,  there are only a few sensors2J in which 
significant importance for selective Na+ detection in various fluorescence wavelength changes after Na+ complexation. For 
systems, especially in biological systems. 1 Several groups have the design of fluorescent Na+ sensors, much attention has 
recently reported’-5 fluorescent Na+ sensors derived from been paid to crown ethers and cryptands. Herein, we report 
macrocyclic compounds such as crown ethers2.4.5 and the design and synthesis of a new fluorescent Na+ sensor 2, 
cryptands.? While these sensors exhibit selective affinity employing a calix[4]arene, which induces large shifts in 
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Scheme 1 The synthesis of a fluorescent calix[4]arene 2 as a Na+ sensor 
which exhibits dual emission (pyrene monomer and excimer) 

fluorescence emission spectra specifically upon complexation 
with Na+.  

In order to design an efficient Na+ sensor, the following 
requirements must be kept in mind: (i) a high Na+ selectivity, 
(ii) a change in fluorescence emission spectrum upon complex- 
ation with Na+ and (iii) a high quantum yield. From the 
standpoint of the first requirement, we have chosen p-tert- 
butylcalix[4]arene6 as the basic skeleton of the Na+ sensor, 
since it has been shown that several alkoxycarbonylmethyl 
ethers of p-tert-butylcalix[4]arene exhibit a high selectivity7-11 
and complexing ability12 toward Na+ compared with crown 
ethers and cryptands. To  satisfy the latter requirements, we 
have designed a new fluorescent Na+ sensor 2, employing a 
calix[4]arene, in which two pyrene13 molecules are introduced 
as fluorophores forming an intramolecular pyrene excimer. 14 

When the fluorescent calix[4]arene complexes with Na+, the 
excimer : monomer intensity ratio will be altered by a change 
in the relative configuration of the two pyrene moieties, which 
is induced by the reorientation of the four carbonyl groups of 2 
to bind a Na+ ion. An examination of Corey-Pauling-Koltun 
(CPK) molecular model suggests that the distance between 
two pyrene moieties must be expanded by Na+ binding. An 
important characteristic of the design of the fluorescent Na+ 
sensor 2 is the combination of the fluorescence change 
(excimer-monomer balance) with the conformational change 
of a host molecule.15 

The fluorescent calix[4]arene 2T was synthesized by the 
reaction of the bis-ethoxycarbonylmethyl ether of p-tert- 
butylcalix[4]arene 110 and 1-pyrenemethyl iodoacetate (Mol- 

t Spectroscopic data for 2: 'HNMR (200 MHz; CDC13) 0.92,1.20 (s, 2 
x 18H, CMe3). 1.02 (t, 6H, OCH2CH3), 3.14,4.88 (d, 2 X 4H, 113.0 
Hz, ArCH2Ar), 4.04 (q,  4H, OCH2CH3), 4.59, 5.20 (s, 2 X 4H, 
OCH2C02), 5.82 (s, 4H, pyrene-CH2), 6.58, 6.94 (s, 2 X 4H, ArH), 
7.72-8.20 (m, 18H, pyrene); Field desorption mass spectrum, mlz 
1364(M+). 
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Fig. 1 Partial 'H NMR spectra of the fluorescent calix[4]arene 2 in 
CDCl3 at 25 "C: (a) R = [NaSCN]/[2] = 0, (6) R = 0.37, (c) R = 1, 
where [2] = 5.1 mmol dm-3. Aliquots from a CD30D 5olution of 1 
mol dm-3 NaSCN were added directly to a CDC13 solution of 2 in 
a NMR tube. ( A , A  = ArH; 0,0 = ArCH2Ar; V , V  = OCH20;  
.,U = pyrene-CH2) The signal marked S is due to CHC13. 

ecular Prob. Inc.) in anhydrous tetrahydrofuran in the 
presence of potassium carbonate (yield lo%, Scheme 1). 

To  examine the complexing ability of 2 towards Na+,  we 
carried out 1H NMR titration experiments. In the absence of 
NaSCN, the 1H NMR spectrum of 2 agreed with the distorted 
'cone'16 conformation with C2v symmetry [Fig. l ( a ) ] :  from the 
NOE experiments, the bridging methylene protons at b 3.14 
and 4.88 were assigned to the equatorial and axial protons, 
respectively.9 When NaSCN is added to the CDCl3 solution of 
2, all the signals in the 1H NMR spectrum change greatly [Fig. 
l(b)]. Upon reaching a salt: 2 molar ratio of 1 : 1, all the signals 
for the free ligand disappear [Fig. l(c)] and an increase in the 
salt: 2 molar ratio beyond unity produces no further spectral 
shifts. The 1H NMR titration experiment indicates a 1 : l  
stoichiometry for the NaSCN complex with 2. This finding 
implies that the introduction of two pyrene molecules to the 
terminal positions ( R-CH2C02-) of the binding groups does 
not inhibit the Na+ binding activity. Similar spectral behavi- 
our as shown in Fig. 1 has been also observed in other Na+ 
binding calix[4]arenes such as the tetrakis-butoxycarbonyl- 
methyl ether of p-tert-butylcalix[4]arene9 and tetrakis-ethoxy- 
carbonylmethyl ether of p-tert-butylcalix[4]arene. 12 

Fig. 2 shows Na+ titrations of the fluorescence emission 
spectra of 2 in methanol-tetrahydrofuran (v/v 15: 1). The 
fluorescence spectrum of 2 is characterized by the dual 
emission resulting from the excimer (ca. 480 nm) and the 
monomer (ca. 390 nm). In the absence of Na+ the excimer 
emission is dominant compared with the monomer emission: 
the intensity ratio of excimer to monomer emission is about 4. 
This intensity ratio is less affected by the concentration of 2 in 
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Fig. 2 Na+ titrations of the fluorescence emission spectra of 4.8 
pmol dm-3 of 2 in methanol-tetrahydrofuran (v/v 15: 1) at 25 “C: (a )  
[NaSCN] = 0 ,  ( b )  2.9, ( c )  5.8, ( d )  12, ( e )  33, cf) 82, ( g )  428 pmol dm-3. 
The spectra were measured with excitation at 330 nm. The excitation 
and emission bandwidths were set at 2 and 10 nm, respectively. 

the range 10-4-10-7 mol dm-3. Thus, it is concluded that the 
excimer emission results from an intramolecular excimer but 
not from an intermolecular excimer. The addition of NaSCN 
to the 4.8 ymol dm-3 solution of 2 causes significant changes in 
fluorescence emission spectra with an isoemissive point at 425 
nm. The fluorescence intensity of excimer emission at 480 nm 
decreases 9-fold in the presence of 428 ymol dm-3 Na+, while 
the intensity of monomer emission at 390 nm increases 
3.7-fold. From the data of Na+ and K+ titrations of the 
fluorescence spectra, the dissociation constants for Na+ and 
K+ complexes of 2 were determined as 3.7 X 10-5 and 5.7 x 
10-3 mol dm-3 respectively. The Na+/K+ selectivity, as 
measured by the ratio of the dissociation constants amounts to 
154. For Li+, the affinity of 2 for Li+ was too low to be 
determined accurately by fluorescence titration and the 
dissociation constant was estimated to be greater than 100 
mmol dm-3. 

To verify the utility of 2 as a fluorescent Na+ sensor, we 
have examined the effect of other alkali metal ions on the 
fluorescence intensity in the presence of Na+. As shown in 
Fig. 3, the addition of NaSCN to  4.8 ymol dm-3 of 2 in 
methanol-tetrahydrofuran (v/v 15 : 1) causes changes in both 
the excimer and the monomer emission intensity. However, 
subsequent addition of KSCN in 10-fold excess of NaSCN 
gives rise to only a slight change in the fluorescence intensity. 
By the addition of KSCN in 100-fold excess of NaSCN, the 
fluorescence intensity is altered by 11%. It should be noted 
that the second addition of NaSCN provides the intensity 
change again. When another alkali metal ion such as Li+, Rb+ 
and Cs+ in 100-fold excess of sodium ion was added to the 4.8 
ymol dm-3 solution of 2 containing of 15 pmol dm-3 Na+, the 
change in the fluorescence intensity at 390 or  480 nm was less 
than 1%.  These results indicate that 2 has potential ability for 
use as a fluorescent sensor for selective Na+ detection in 
nonaqueous solution. 

This is the first example of fluorescent Na+ sensor employ- 
ing a calix[4]arene. 
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Fig. 3 The effect of Na+ and K+ on the fluorescence intensity of 4.8 
pmol dm-3 of 2 in methanol-tetrahydrofuran (v/v 15: 1) at 25 “C. 
Fluorescence intensity was monitored at 390 and 480 nm. Aliquots 
from 10 mmol dm-3 NaSCN and 1 mol dm-3 KSCN in methanol were 
added directly to the solution of 2 in a cuvette. 
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