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Abstract: A new fluorescent chemosensor with two different types of cation binding sites on the lower
rims of a 1,3-alternate calix[4]arene (1) is synthesized. Two pyrene moieties linked to a cation recognition
unit composed of two amide groups form a strong excimer in solution. For 1, the excimer fluorescence is
guenched by Pb?*, but revived by addition of K* to the Pb?" ligand complex. Thus, metal ion exchange
produces an on—off switchable, fluorescent chemosensor. Computational results show that the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbitals (LUMO) of the two pyrene
moieties interact under UV irradiation of 1 and its K+ complex, while such HOMO—LUMO interactions are
absent in the Pb?" complex.

Introduction the formation of an excimer of pyrenes, Broan reported that a
calixarene containing pyrenyl esters forms a strong intramo-
cations have potential analytical applications in many differentglecUIar excimer bec_"’?use qf a stroqgn Interaction betW(_aen
two pyrenes. In addition, Jin described a fluorescent calix[4]-

fields, including chemistry, biology, and medicitie. Most of . . ;
- arene with four ester groups, two of which are linked to pyrene
the fluorescent chemosensors for cations are composed of a . 7 -
. " o . -~ “units1® The binding of N& to the carbonyl oxygen atoms of
cation recognition unit (ionophore) together with a fluorogenic , . . . 2. .
. - : this compound causes its excimer emission to decrease while
unit (fluorophore) and are called fluoroionophofe effective S .
. the monomer emission increases. Recently, it was reported that
fluorescence chemosensor must convert the event of cation . - .
o . . . - - several fluoroionophores, with a crown ether unit and a pyrenyl
recognition by the ionophore into an easily monitored and highly moiety connected by & (CHp)n— spacer, show moderate Na
sensitive light signal from the fluorophotés fluorogenic units, Y y 2)n~ SP '

. and K" selectivities based on 1:1 complex formation in
pyrenes (Py) are one of the most useful because of thelrnona ueous solutioft. Even more interestingly, one of them
relatively efficient excimer formation and emissi®&ince the d : gy,

intensity ratio of the excimer to the monomer emissitali{) was found to exhibit a supramolecular function in the presence

is sensitive to conformational changes of the pyrene-appende of y-cyclodextrin ¢-CD) to provide a remarkably high sensitiv-

. . ity and selectivity for K in water!? From the various
receptors, changes i@/l upon metal ion complexation can

be an informative parameter in various sensing svsiehEor fluorescence studies of pyrene moieties, it is well-established
P 9sy that the monomer bands appear at 3480 nm with well-

resolved vibronic features and a broad featureless emission band

Fluorescent chemosensors capable of selectively recognizin

T Dankook University.

# Chonnam National University. peak occurs at approximately 480 fimlso, pyrene excimer
$Texas Tech University. fluorescence has been established as a useful spectroscopic tool
(1) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J. M.; . . | lar i . h |
McCoy, C. P.; Rademacher, J. T.; Rice, T.Ghem. Re. 1997, 97, 1515. to probe intra- and intermolecular interactions of exchangeable

(2) Chemosensors of lon and Molecule Recognjtidesvergne, J.-P.; Czarnik, apoliproteins upon binding to |ipid]§.
A. W., Eds.; NATO ASI Ser.; Kluwer Academic: Dordrecht, The

Netherlands, 1997; p 492. Host molecules with more than one pyrenyl group exhibit
Eﬁg ?:/leaebur?zzsi"LI._'eII;EgIg’;gIicggﬁégh%?é.ﬁzlogogqu22(115 2 intramolecular excimer emission by two different mechanisms.

(5) (a) Nohta, H.; Satozono, H.; Koiso, K.; Yoshida, H.; Ishida, J.; Yamaguchi, One results fromr—z stacking of the pyrene rings in the free
M. Anal. Chem200Q 72, 4199. (b) Okamoto, A.; Ichiba, T.; Saito,J.
Am. Chem. So©004 126, 8364.

(6) Birks, J. B.Photophysics of Aromatic Molecule®Viley-Interscience: (9) Broan, C. JChem. Commuril996 699.
London, 1970. (10) Jin, T.; Ichikawa, K.; Koyama, T. Chem. Soc., Chem. Commad992

(7) Winnik, F. M. Chem. Re. 1993 93, 587. 499.

(8) (a) Lewis, F. D.; Zhang, Y.; Letsinger, R. . Am. Chem. S0d997, 119, (11) Nishizawa, S.; Watanabe, M.; Uchida, T.; Teramael.IChem. Soc., Perkin
5451. (b) Lou, J.; Hatton, T. A.; Laibinis, P. Anal. Chem.1997 69, Trans 2 1999 141.
1262. (c) Reis e Sousa, A. T.; Castanheira, E. M. S.; Fedorov, A. Martinho, (12) Yamauchi, A.; Hayashita, T.; Nishizawa, S.; Watanabe, M.; Teramae, N.
J. M. G.J. Phys. Chem. A998 102, 6406. (d) Suzuki, Y.; Morozumi, T.; J. Am. Chem. Sod 999 121, 2319.
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Scheme 1. Synthetic Routes to Fluorescent Chemosensors 1 and 22
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aConditions: (a) THF/HO/EtOH/NaOH; (b) HCI; (c) SOG] toluene.

state, which results in a characteristic decrease of the excimer Recently, the nature of electronic transitions that were
emission intensity and a concomitant increase of monomer analyzed from calculations by the collective electronic oscillator
emission intensity. The other mechanism is due to interaction method was adapted to explain the fluorescence changes of a
of an excited pyrene (Py*) with a ground-state pyrene (Py). fluoride-selective senséF.In addition, electror-hole interac-
Some pyrene-containing hosts exhibit excimer emission due totions under UV irradiation were found to be consistent with an
the former mechanisthand some due to the latter mechaniSm.  electron-transfer mode between the highest molecular orbital
Calixarenes with appropriate appended groups are good(HOMO) and three lowest unoccupied molecular orbitals

candidates as recognition moieties for cation probes becausdLUMOS). It seems reasonable to expect stabilization of the
of their high selectivity toward specific catiod16-20 A 1,3- excited molecule when there is an attractive interaction between

alternate calix[4]crown platform provides a crown ether ring two regions with aC(_:umuIated ele_ctron densities for the HOMO
for metal ion complexation with the potential for additional and LUMOs. Herein, we describe an “enff” switchable
binding by catior-z interactions between the two rotated calixcrown molecule that egh|b|tsachange.z in excimer emission
benzene rings and a polyether-complexed metatigteported upon metal ion complexation, apd we ra't|(.).nal|ze the .funct|on
calixarene-based fluorescence sensors utilize photophysicaf this chemosensor on the basis of ab initio calculations.
changes produced by cation binding: photoinduced electron
transfer (PET)# 2! photoinduced charge transfer (PC¥);
excimer/exciplex formation and extinctid?2or energy trans-
fer.23 For the PET type, we have previously reported a series
of “Molecular Taekwondo | and II” sensors with intramolecular
metal ion exchang&. In these cases, the metal ion exchange
processes are ascribed not only to repulsion between metal ions,
but also to an allosteric effect. An allosteric effect results when
the first binding event influences other binding or catalytic sites
by some conformational changes, inhibiting or promoting the
binding of other specie®.

(14) (a) Matsui, J.; Mitsuishi, M.; Miyashita, T. Phys. Chem. R002 106,
2468. (b) Nakahara, Y.; Kida, T.; Nakatsuji, Y.; Akashi, 8.0rg. Chem 1 2
2004 69, 4403.
(15) (a) Jones, G., II; Vullev, V. . Phys. Chem. 2001, 105 6402. (b) Araujo,
E.; Rharbi, Y.; Huang, X.; Ainnik, M. ALangmuir200Q 16, 8664. ; f
(16) Bthmer, V.Angew. Chem., Int. Ed. Engl995 34, 713. _ Results and Discussion
7 g;g,jghi,ﬁg;‘gggg-;éég"' J- W Cho, M- HL Yu, 1L Y3 Vicens ). Pyrene-appended, 1,3-alternate calix[4Jarehesid2 were
(18) Aoki, I.; Sakaki, T.; Shinkai, Sl. Chem. Soc., Chem. Comm892 730. prepared by the synthetic routes depicted in Scheme 1. Calix-

(19) Ji, H.-F.; Brown, G. M.; Dabestani, &hem. Commur1999 609. iethv in th f R h
(20) Leray, I.; O'Reilly, F.; Habib Jiwan, J.-L.: Soumillion, J.-Ph.; Valeur, B.  [4]arene diethyl esteB in the cone conformation was synthe-

Chem. Commur999 795. _ sized by reaction of calix[4]arene with ethyl bromoacetate and
(21) Leray, I.; Lefevre, J.-P.; Delouis, J.-F.; Delaire, J.; ValeurCBem. Eur. . . 27

J. 2001, 7, 4590. 1 equiv of K;CO3 in MeCN:
(22) }“r';g'szaz"‘gg%?z*é%geda’ H.; Uchida, T.; Teramae) NChem. Soc., Perkin Cyclization with tetraethyleneglycol ditosylate and alkylation
(23) Hecht, S.; Vladimirov, N.; Fehet, J. M. JJ. Am. Chem. So@001, 123 with 1-iodopropane and @80; in MeCN provided4 and 7,

18

(24) (a) Kim, J. S.: Shon, O. J.: Rim, J. A.: Kim, S. K.: YoonJJOrg. Chem respectively, in the 1,3-alternate conformation in quantitative

2002 67, 2348. (b) Kim, J. S.; Noh, K. H.; Lee, S. H.; Kim, S. K.; Kim,

S. K.; Yoon, JJ. Org. Chem2003 68, 597. (26) Lee, J. Y.; Cho, E. J.; Mukamel, S.; Nam, K. .Org. Chem2004 69,
(25) (a) Takeuchi, M.; Ikeda, M.; Sugasaki, S.; Shinkai,A8c. Chem. Res. 943.

2001, 34, 494. (b) Shinkai, S.; keda, M.; Sugasaki, S.; TakeuchiAwgk. (27) Cillins, E. M.; McKervey, M. A.; Madigan, E.; Moran, M. B.; Owens, M.;

Chem. Res2001, 34, 865. Ferguson, G.; Harris, S. J. Chem. Soc., Perkin Trans.1B91 3137.
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Table 1. Fluorescrence Changes (/ — lp) for 1 and 2 upon Addition of Various Metal lons?

fluorescence changes (/- )

ligand Aem (NM) Li Na* K* Rb* Cs* Ag* Ca?* Mg?* Zn?* Pb?
1 375 —-129 —10.4 —21.0 —23.8 —27.4 —27.9 59.8 —23.3 -7.3 —78.8
470 1.9 —-12.2 12.0 -35 7.2 —54.8 —46.2 4.2 -9.2 —381.4
2 375 —-1.8 17.2 24.1 —2.2 —-0.2 —90.5 —6.8 —22.4 —111.3 —170.9
470 1.7 —29.6 —-3.0 —-34 16.3 —104.8 —155 -0.4 —79.4 —320.7

aConditions: 1 and2, 6 uM in MeCN, excitation at 344 nm; metal ions, 500 equiv in acetonittje.fluorescence emission intensity of uncomplexed

1 and2; I: fluorescence emission intensity of metal ion-completezhd 2.

(d)

(a) (b) (©
Figure 1. Photograph of the quenched emissionlah MeCN. (a) Only
1 and in the presence of (b)"K(c) C&", and (d) PB".

yields. The ester groups were hydrolyzed to give the corre-
sponding calix[4]arene dicarboxylic aci@sand8 in moderate
yields. Reaction ob and 8 with thionyl chloride to give the
acid chlorides followed by amination with 1-pyrenemethylamine
hydrochloride afforded fluorescent chemosendcaad?2 in 46

and 35% yields, respectively. Iy there are both polyether and
amide binding sites for metal ion complexation, wher2ass
only the latter.

We first probed the metal ion binding abilities &fand 2
based on fluorescence changes of their MeCN solutions
produced by addition of perchlorate salts of the alkali metal
cations, Ag, Ca&", Mg?", PI#", and zZ#+. The results are

presented in Table 1. In the absence of metal ion, the two pyrene

units in 1 and2 exhibit strong monomerit, = 375 nm) and
excimer gem = 470 nm) bands. The latter is attributed to two
facing pyrene units in an intramolecular stacked arrange-
ment under UV irradiation, which will be discussed later. The
relative ratios of excimer to monomele,imef!monome) bands

for Land2 are 4.6 and 1.52, respectively. Presumably, the larger
ratio for 1 results from its greater conformational rigidity
compared t@.

Addition of PIZ" to a solution ofl markedly diminished the
fluorescence intensities of both the pyrene monomer and excime
bands (Figure 1), with a more pronounced effect on the latter.
The emission o, which has only amide binding sites, was
also strongly quenched by Pband to a lesser extent by Ag
and Zri#t (Table 1). These results suggest thad'Pb complexed
by the two amide groups of each fluorophore, strongly quench-
ing the emission intensity, but not by the crown-5 unitlof

i
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Figure 2. Effect of added PH" on the fluorescence emission spectrd of
in MeCN. (The excitation wavelength was 344 nm.)
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Figure 3. Effect of added PH on fluorescence emission spectraah
MeCN. (The excitation wavelength was 344 nm.)

carbonyl groups turning inward to bind with Pb In this
conformation, parallel stacking of the two pyrene units is no
longer possible (see Figure 2) under UV irradiation, which will
be discussed later more in detail.

Figures 2 and 3 show the fluorescence changes for solutions

The monomer fluorescence quenching can be explained asof 1 and 2, respectively, in MeCN with increasing Pb

reverse PET when Pbion is bound to the two carbonyl oxygen
atoms with the pyrene unit behaving as a PET donor to the
carbonyl grougé2°as well as a heavy metal effeé€tQuenching

of the excimer emission is rationalized as resulting from a
conformational change caused by two outward-facing amide

(28) Qjida, A.; Mito-oka, Y.; Inoue, M.-A.; Hamachi, J. Am. Chem. So2002
24, 6256

(29) de 'Silva, A P.; Gunarante, H. Q. N.; Lynch, P. MJLChem. Soc., Perkin
Trans. 21995 685.

(30) Chae, M.-Y.; Cherian, X. M.; Czarnik, A. Wl. Org. Chem.1993 58,
5797.
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concentration. From the data, association constants for com-
plexation of PB" by 1 and2 in MeCN were calculated to be
4.4 x 10°P and 5.2x 10° M1, respectively?! In contrast, the
addition of K" or Rb* to a solutionl in MeCN gave little

fluorescence change since these alkali metal cations are bounc

by the crown-5 ring? Selective K binding by the fluorophore-
free crown-5 ring was also shown by'Kitration into a solution
of the 1-P?* complex (vide infra).

When a metal ion is bound by, which has two different
recognition sites, the metal ion chooses the more favorable
binding location. The two amide oxygen atoms prefer binding
with PI?*, resulting in a conformational change that produces
excimer quenching. On the other hand, the additiongfihich
is suitable for coordination by the polyether unit Qfhardly
affects the excimer stability, and little change in its emission
intensity is observed. Metal ion-induced chemical shift changes
in the 'TH NMR spectra show that Kis bound to the crown
ether ring ofl and PB™ to the two amide oxygen atoms (Figure
S2). In the presence of 10 equiv offKchemical shifts of
protons H—H, on the crown-5 ring ofl. change significantly,
and the pyreneCH, protons are shifted upfield by 0.18 ppm.
In addition, the peak for jlin the OCH,CO unit is little
influenced, indicating that Kis complexed byl via the crown
ether ring. On the other hand, addition of 10 equiv of'Plo
1 shifts the pyreneCH; and OCH,CO protons downfield by
0.26 and 0.73 ppm, respectively, suggesting that the amide
carbonyl groups are involved in complexation with*PbThe
chemical shift change of the amideHNprovides additional
evidence for PH binding by the two amide units with a 1.12
ppm downfield shift in the presence of Phbut just 0.24 ppm
in the presence of K For the aromatic protons jHHyg,
downfield shifts of H (A6 = 0.20) and H (A6 = 0.36) are
attributable tar—metal complexation between meta- and para-
carbons and P.

With regard to cation exchange based upon discrimination
between these Kand PB", we observed an interesting en
off switching process. WhenKwas titrated into a solution of
1-PB?* complex, both the excimer and monomer bands gradually

(&)
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emission
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Figure 4. Fluorescence emission changes for1Hel? complex in MeCN
upon addition of K. (The excitation wavelength was 344 nm.)

implying that no cation exchange occurred2since the two
propyloxy groups are unable to function as & Kecognition

site. This observation supports the contention that-affi
switching based on metal-ion exchange requires more than one
cation binding site.

We also performed ab initio calculations to probe the

reformed and then became saturated upon addition of about 30fluorescence behavior df in the presence of different metal

equiv of K™ (Figure 4). It appears that this exchange process
for 1:1 complexation is due not only to an electrostatic repulsion
between the two metal ions, but also to an allosteric effect.
In the reverse of this metal ion exchange process3! Rlas
titrated into a solution of1-K™ complex, producing the

ion species. The calculations were carried out at the level of
density functional theory (DFT) with Becke-3-Le¥ang—Parr
(B3LYP) exchange functionals using the Gaussian 98 suite of
programs® The 3-21G basis sets were used except for'Pb
where the LANL2DZdp effective core potential (ECP) was

fluorescence changes shown in Figure 5. Once again metal ionutilized. Figure 7 presents energy-minimized structures of

exchange is evident. However, it was observed that addition of
P*™ slowly liberated K from the polyether binding site of
1-K* complex compared with the release ofPhpon addition

of K™ to the 1-PI?* complex. For the former, the fluorescence

fluorescence chemosensband its complexes with Ph and

K*. There are two different binding sites in the host molecule,
crown ether, and amide. FarPI?", the binding energy for the
amide site is much larger than that for the crown ether site by

quenching continued to increase even after more than 500 equiv~29.76 kcal/mol; while forl-K*, the binding energies for the

of P+ were added. This suggests that i€ complexed stronger
and faster by the crown-5 ring than is®koy the two amide
oxygen atoms ofl.

When K" was added to a solution &P+ complex, the
fluorescence intensity scarcely changed, as shown in Figure 6,

(31) (a) Association constants were obtained using the computer program
ENZFITTER, available from Elsevier-BIOSOFT, 68 Hills Road, Cambridge
CB2 1LA, United Kingdom. (b) Connors, K. ABinding Constants
Wiley: New York, 1987.

(32) Casnati, A.; Ungaro, R.; Asfari, Z.; Vicens, J.Qalixarenes 2001Asfari,

Z., Bohmer, V., Harrowfield, J., Vicens, J., Eds.; Kluwer Academic
Publishers: Dordrecht, The Netherlands, 2001; pp-3&4.
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ether and amide sites are almost the same, although the ether

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,; M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian,
Inc.: Pittsburgh, PA, 1998.
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Figure 5. Fluorescence emission changes for thié* complex in MeCN upon addition of Pb. (The excitation wavelength was 344 nm.)
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Figure 6. Fluorescence emission spectra for thB?" complex in MeCN upon addition of K (The excitation wavelength was 344 nm.)

site gives slightly stronger binding affinity by0.13 kcal/mol. irradiation (with an excitation wavelength of 344 nm) are
The calculated binding preference is consistent with the HOMO — LUMO, HOMO — LUMO2, HOMO — LUMO3,
experimental results that Pbis complexed at the amide site  or some transitions near them. (LUMO2 and LUMO3 represent
and K" at the crown ether site. the second and third LUMO, respectively.) In our previous work,
To shed light on the variation of fluorescence intensity upon it was found that these molecular orbitals could explain the
the addition of P and K to 1, we investigated the frontier  glectronic transitions quite reasonaBly.
molecular orbitals ofl and its PB™ and K" complexes. The
HOMO and LUMO for1 are shown in Figure 8. The frontier ) . . -
molecular orbitals for the complexes are depicted in Figure S1 density resides in one of the pyrene moieties. However, the
in the Supporting Information. The fluorescence intensity can “UMOS for the PB* complex reveal a remarkable difference
be considered to be the excimer emission. Therefore, chemicai™om those forl and its K" complex. It is seen in Figure 8 that
systems whose excited states are stabilized can give strongthe excited states df under UV irradiation can be stabilized
emission. In this regard, we first assume that the excited statesty 77— interactions, which can be evidenced by the HOMO
of the host molecule and its'complex are stabilized through ~— LUMO and HOMO — LUMO3 transitions. Similarly, the
the pyrene-pyrene interactions, while its Pbcomplex is not. excited states for the Kcomplex can be stabilized as implicated
This assumption can be justified from the frontier molecular in the HOMO— LUMO3 transitions. From this investigation
orbitals because the general electronic transitions under UV of the molecular orbitals, it is apparent that the excited state

In 1 and its complexes, the HOMO shows that most electron

J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004 16503



ARTICLES Kim et al.

Figure 7. B3LYP/3-21G predicted structures for (8)(b) its PB+ complex, and (c) its K complex. For the complexes, structures on the left are for crown
ether binding, and the structures on the right are for amide binding.

Figure 8. Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUM®) of

(LUMO) of one of the two pyrene units shows a strong the intensities of both monomer and excimer emissions increase
interaction with the ground state (HOMO) of the other pyrene upon addition of K, which excludes intramolecular excimer
unit through ther—x stacking inl and thel-K* complex. A emission fromz—s stacking of the pyrene rings in the free
steady-state fluorescence spectroscopy experiment showed thagtate and supports intramolecular excimer emission by interac-

16504 J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004
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tion of an excited pyrene (Py*) with a ground-state pyrene
(Py)*15However, the P complex does not show suah-m
interactions up to LUMO?7.

Conclusions

A new fluorescent chemosensor with two different cation
binding sites on lower rims of an 1,3-alternate calix[4]arene
framework is synthesized. In the free ligand, two pyrene moieties
linked to the cation recognition units composed of the amide

H, ArHm, J= 7.40 Hz), 7.07#7.04 (d, 4 H, AHn,, J= 7.00 Hz), 6.98

6.87 (m, 4 H, AH,), 4.13 (s, 4 H, ArOEi,CO), 4.0+-3.93 (d, 4 H,

ArCHAr, J = 16.4 Hz), 3.88-3.79 (d, 4 H, ArGi,Ar, J = 16.8 Hz),

3.58-3.53 (m, 12 H, OEl,CH,0), 3.19-3.13 (t, 4 H, O®,CH,0, J

=5.80).1%C NMR (50 MHz, CDC}): 169.5, 156.7, 154.5, 134.5, 130.7,

129.2, 125.5, 79.4, 73.3, 71.7, 70.7, 69.7, 68.0, 38.6 ppm. FAB MS

m/'z (M*) calcd 698.8, found 699.0. Anal. Calcd for#84,0:1: C,

68.75; H, 6.06. Found: C, 68.79; H, 6.04.
25,27-Bis(chlorocarbonylmethoxy)calix[4]crown-5 (6)A solution

of 5(0.30 g, 0.43 mmol) and SOL(3 mL) in dry toluene (5 mL) was

groups form a strong excimer. The emission spectrum changesstirred and refluxed for 4 h. The SOQInd toluene were removed by

induced by the addition of metal cations indicate that the
shows high selectivities for Pband K" over other metal ions
investigated, while with propyl groups instead of a crown-5
ring shows selectivity only for Pty. Upon addition of PB"

ion to a solution ofl in MeCN, both monomer and excimer

simple distillation. The residue was dissolved in dry THF (5 mL), and

the solution was evaporated in vacuo to remove the residual SOCI

The resulting white solid was used directly for the next reaction.
25,27-Bis(ethyl acetoethoxy)-26,28-dipropyloxycalix[4]arene (7).

A mixture of 3 (2.00 g, 2.50 mmol), GEO; (2.44 g, 7.49 mmol), and

bands were strongly quenched because of reverse PET fromrcetonitrile (60 mL) was stirred magnetically for 20 min, and then

the pyrene unit to the amide group and a geometrical change
of the two pyrene amide groups, respectively. On the other hand,
addition of K* to a solution ofl gave no change in emission
intensity because Kis entrapped not by the amide group but
by the crown-5 ring. Fot, the excimer fluorescence is quenched
by PZ*, but revived by the addition of Kto the PB* ligand
complex. Thus, the metal ion exchange produces anofin
switchable fluorescence. These experimental observatiohs of
and its complexes are rationalized by the electron densities of
the frontier molecular orbitals, HOMO and LUMOs. Fband
1-K*, the two separated pyrene groups have accumulated
electron densities for HOMO and LUMOs, whereasTert?,

such LUMOs were not found. Thus, the excited statesifor
and 1-K* can be stabilized byr—x interactions, which are
evident from the HOMG— LUMO and/or HOMO— LUMO3
transitions. However, thd-Pk?*" does not show suck—x
interactions up to LUMO?7.

Experimental Section

Compound3 was prepared following the literature procedgfe.
25,27-Bis(ethoxycarbonylmethoxy)calix[4]crown-5 (4)Under ni-
trogen,3 (1.00 g, 1.68 mmol), tetraethylene glycol ditosylate (0.93 g,
1.85 mmol), and GE£O; (1.64 g, 5.04 mmol) in 100 mL of MeCN
were refluxed for 24 h and evaporated in vacuo. To the resulting white
solid, 5% aqueous HCI solution (100 mL) and &Hy (50 mL) were
added. The organic layer was washed three times with water (50 mL),
dried over MgSQ@, and evaporated in vacuo to give a white solid.
Chromatography on silica gel with EtOAfexane (1/3) as eluent gave
1.08 g (85%) of4 as a white solid. mp: 170C. IR (KBr,): 1669
cm L. IH NMR (400 MHz, CDC}): 6 7.15-7.11 (dd, 8 H, AH,, J =
8.21 Hz), 6.92-6.88 (t, 2 H, AH,, J = 7.47 Hz), 6.86-6.82 (t, 2 H,
ArH,), 4.16-4.12 (d, 4 H, ArGH,Ar, J = 16.14 Hz), 4.05-4.00 (q, 4
H, COOH,CHg), 3.87-3.83 (d, 4 H, ArGH,Ar, J= 16.11 Hz), 3.66-
3.56 (m, 12 H, OEI,CH;0), 3.36 (s, 4 H, ArOEI,CO), 3.173.14 (t,
4 H, OCH,CH,0, J = 6.76), 1.19-1.15 (t, 6H, COOCHKCH3, J =
7.12).3C NMR (100 MHz, CDC}): 171.2,161.8,158.2,129.1, 126.9,
126.5,121.8, 121.1, 76.2, 73.6, 70.9, 70.5, 59.2, 38.7, 22.1, 13.6 ppm.
FAB MS m/z (M") calcd 754.8, found 755.5. Anal. Calcd for
CuHs0011: C, 70.01; H, 6.68. Found: C, 70.04; H, 6.70.
25,27-Bis(hydroxycarbonylmethoxy)calix[4]crown-5 (5) A solu-
tion of 4 (0.50 g, 0.66 mmol) and NaOH (0.25 g, 6.25 mmol) in THF

1-iodopropane (2.28 g, 13.4 mmol) was added. The reaction mixture

was refluxed for 2 days and evaporated in vacuo. The residue was

extracted with CHCI,, and the organic solution was washed with water,

dried over MgS@, and evaporated in vacuo to afford a slightly colored

residue. Recrystallization from GBI,—hexane produced 1.12 g (49%)

of 7 as crystalline solid. mp: 14ZC. IR (KBr): 1759 cn1t. *H NMR

(CDCly): 6 7.09 (d, 4 H, AHm, J = 7.6 Hz), 7.00 (d, 4 H, Aflm, J =

7.6 Hz), 6.72 (t, 2 H, A, J= 7.6 Hz), 6.71 (t, 2 H, A, J= 7.6

Hz), 4.12 (g, 4 H, O, J = 7.1 Hz), 3.89 (d, 4 H, Ar€Ar, J =

14.8 Hz), 3.68 (d, 4 H, Ar6,Ar, J = 14.8 Hz), 3.57 (s, 4 H, OB,

CO), 3.51 (t, 4 H, O€l,, J= 7.4 Hz), 1.45 (sextet, 4 H,l&, J=7.4

Hz), 1.23 (t, 6 H, i3, J = 7.1 Hz), 0.84 (t, 6 H, €3, J = 7.4 Hz).

3C NMR (CDCk): 170.29 C=0), 157.18, 155.40, 134.56, 133.84,

130.44, 130.27, 122.70, 122.54 (Ar), 73.66, 69.10, 60.62H£), 23.14

(CH,), 14.35, 10.44CH3) ppm. FAB MSm/z (M) calcd 680.8, found

681.0. Anal. Calcd for GH460s: C, 74.09; H, 7.11. Found: C, 74.17;

H, 7.04.
25,27-Bis(hydroxycarbonylmethoxy)-26,28-dipropyloxycalix[4]-

arene (8). Compound8 was synthesized by modification of the

procedure reported above forWhite solid (93%). mp: 265270°C.

IR (KBr): 1701 cntl. H NMR (200 MHz, CDC—CDsSOCDy):

7.09-7.06 (d, 4 H, AHy, J = 6.40 Hz), 7.06-7.03 (d, 4 H, AH,, J

=5.60 Hz), 6.876.77 (m, 4 H, AH},), 4.00-3.81 (m, 4 H, ArOCG,-

CO; 8 H, ArCH; Ar), 3.49-3.42 (t, 4 H, ArOGH,CH,, J = 6.60), 1.35

1.25 (sextet, 4 H, CKCH,CHjz), 0.74-0.67 (t, 6 H, CHCH,CH3, J =

7.20).13C NMR (50 MHz, CDC}—CD3;SOCDy): 170.4, 156.7, 154.4,

133.8, 133.4, 129.8, 129.4, 72.2, 67.5, 37.3, 22.7, 10.2 ppm. FAB MS

m/'z(M™) calcd 624.7, found 625.0. Anal. Calcd fosd400s: C, 73.06;

H, 6.45. Found: C, 73.07; H, 6.47.
25,27-Bis(chlorocarbonylmethoxy)-26,28-dipropyloxycalix[4]-
arene (9).Compound was prepared by modification of the procedure
reported above fob. The white solid was used for further reaction

without purification.
25,27-BisN-(1-pyrenylmethyl)aminocarbonylmethoxy]calix[4]-
crown-5 in the 1,3-Alternate Conformation (1).A solution of6 (0.30
g, 0.41 mmol), 1-pyrenemethylamine hydrochloride (0.23 g, 0.86
mmol), and EN (1.0 mL, 1.38 mmol) in 20 mL of dry THF was
refluxed with stirring for 2 days and then evaporated in vactlee
resulting solid was dissolved in G8I, (100 mL), and the organic layer
was washed three times with water, dried over MgSMd evaporated
in vacuo. The crude product was chromatographed on silica gel with
EtOAc—hexane (3/1) as eluent to give 0.21 g (46%)ladis a white
solid. mp: 262-270°C. IR (KBr): 3304, 1650 cmt. *H NMR (200

(5 mL), ethanol (10 mL), and water (5 mL) were refluxed for 12 hand MHz, CDCk): ¢ 8.15-7.80 (m, 18 H, AH, pyrene), 7.147.05 (m,
evaporated in vacuo. The residue was dissolved in EtOAc, and the 4 H, ArHy; 2 H, ArHp), 6.92-6.84 (t, 2 H, AH,, J = 7.2 Hz), 6.76-
solution was washed twice with 20% HCI and then three times with 6.73 (d, 4 H, AHm, J = 7.20), 6.276.20 (t, 2 H, COMICH,, J =

water. The organic layer was dried over Mg2@d evaporated in vacuo
to yield 0.43 g (93%) of5 as a white solid. mp: 273280 °C. IR
(KBr): 1693 cnt. *H NMR (200 MHz, CDC}): 6 7.19-7.15 (d, 4

7.40), 4.95-4.92 (d, 4 H, ArGi,NH, J = 5.60), 3.72 (s, 8 H, Ar€l,-
Ar), 3.57-3.43 (m, 4 H, ArO®,CO; 12 H, OG4,CH,0), 3.34-3.28
(M, 4 H, ArOCH,CH;0, J = 5.80).13C NMR (50 MHz, CDC}): 169.5,
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157.5, 155.8, 135.6, 134.7, 132.6, 130.8, 129.2, 127.4, 126.9, 126.2

,concentrations of the free ligands and complexed form& ahd 2

125.8, 125.7, 125.5, 124.5, 124.4, 123.8, 77.4, 73.2, 71.8, 70.2, 38.8from the fluorescence titration experiments, the association constants

ppm. FAB MSm/z (M™) calcd 1125.3, found 1125.0. Anal. Calcd for
C74HeaN2Oq: C, 78.98; H, 5.73. Found: C, 79.00; H, 5.76.
25,27-Bis[(N-(1-pyrenylmethyl)aminocarbonyl)methoxy]-26,28-
dipropyloxycalix[4]arene in the 1,3-Alternate Confirmation (2).
Compound2 was prepared by modification of the procedure given
above forl. The crude product was purified by chromatography on
silica gel with EtOAc-hexane (1:5) as eluent to give a 35% vyield of
2. mp: 22%230°C. IR (KBr): 3300, 1669 cm'. *H NMR (200 MHz,
CDCl): 6 8.25-7.90 (m, 18 H, AH, pyrene), 7.027.00 (m, 4 H,
ArHm; 2 H, ArHp), 6.76-6.66 (m, 2 H, ArH; 4 H, ArHp), 5.99-5.92
(t, 2 H, CONHCH,, J = 8.00), 5.18-5.14 (d, 4 H, ArGi_NH, J =
6.20), 3.65-3.30 (m, 4 H, ArO®,CO; 8 H, ArCH,Ar; 4 H, ArCH>-
NH; 4 H, ArOCH,CH), 1.65-1.54 (sextet, 4 H, CHCH,CHs), 0.88-
0.82 (t, 6 H, CHCH,CHj3, J= 5.2).13C NMR (50 MHz, CDC}): 168.9,
157.4, 153.8, 134.6, 123.3, 131.7, 131.5, 130.9, 130.7, 130.0, 128.8
127.8, 127.3, 126.8, 125.8, 125.2, 124.9, 124.5, 122.9, 122.6, 73.5
40.1, 37.1, 23.2, 10.1 ppm. FAB M&/z (M) calcd 1051.3, found
1051.0. Anal. Calcd for €HesN.Os: C, 82.26; H, 5.94. Found: C,
82.30; H, 5.90.

General Procedure for Fluorescence Studies:luorescence spectra
were recorded with a RF-5301PC spectrofluorophotometer. Stock
solutions (1.00 mM) of the metal perchlorate salts were prepared in
MeCN. Stock solutions of and2 (0.06 mM) were prepared in MeCN.
For all measurements, excitation was at 344 nm with excitation and
emission slit widths at 3 nm. Fluorescence titration experiments were
performed using &M solutions of1 and 2 in MeCN and various
concentrations of Pty perchlorate in MeCN. After calculating the
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were obtained using the computer program ENZFITPER.

Calculational Methods

The molecular complexes df with P?™ (1-Pl?*) and K~ (1-K™)
as well asl were optimized by DFT calculations using the nonlocal
exchange correlation functional of Becke’s three parameters employing
the Lee-Yang—Parr functional (B3LYP) with LANL2DZdp ECP for
P*™ and 3-21G basis sets for others using the Gaussian 98 program.
The two different complexes were considered in the geometry optimiza-
tion depending on the two binding sites, crown ether and amide. The
interaction energy is simply obtained by the energy of the complex
subtracted by the sum of energies of the constituents. Generally, the
basis sets superposition error (BSSE) correction should be included to
obtain an accurate interaction energy. However, in this study, the
‘interaction energy itself is not the main problem, and the interaction is
'very strong mainly because of the electrostatic interactions; hence, the
BSSE may contribute in minor manner. Thus, the BSSE is not
considered in this study. To obtain some insights on the intensity of
the excimer emission, the stability of the excited stateslfdrPk?",
and 1-K* are inferred from the electron densities of the frontier
molecular orbitals.

Supporting Information Available: Additional figures (Fig-
ures S1S3). This material is available free of charge via the
Internet at http://pubs.acs.org.
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