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A novel calix[4]arene derivative locked in the 1,3-alternate conformation (2) bearing two pyrene and
rhodamine fluorophores was synthesized as a selective sensor for the Hg”" ion. The sensoring is based on
FRET from pyrene excimer emissions to ring-opened rhodamine absorption upon complexation of the
Hg’ " ion. Addition of Hg*" to a mixed solution of 2 gave significantly enhanced fluorescence at ~576 nm
via FRET with excitation at 343 nm. We also found that the pyrene excimer emissions formed by the
intramolecular 77—z interactions are more effective in obtaining strong FRET bands than those by

intermolecular 77—t interactions.

Introduction

Mercury undergoes long-range transport in the environment
among various media such as air, soil, and water by deposition
from anthropogenic releases. However, elemental and ionic
mercury can be converted into methylmercury by bacterial or
chemical action; methylmercury is highly toxic and causes
mercury poisoning due to its special properties, such as
migration through cell membranes and bioaccumulation
within living tissues.’

To detect environmentally and biologically hazardous mer-
cury, a fluorogenic mercury chemosensor based on artificial
receptors is viewed as an efficient method because of several
advantages over other analytical methods with respect to high

(1) (a) Boening, D. W. Chemosphere 2000, 40, 1335. (b) Benoit, J. M.;
Fitzgerald, W. F.; Damman, A. W. Environ. Res. 1998, 78, 118.
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sensitivity, specificity, and real-time monitoring with fast re-
sponse times.>* To fulfill efficient detection of targeted mole-
cules with a chemosensor, it should be pursued in accordance
with literature precedence that the sensing ability of the chemo-
sensor is dependent upon the interaction between the recogniz-
ing unit (ionophore) responsible for selectively binding the ions
and the fluorogenic unit (fluorophore) for signal transduction,
whether by fluorescence enhancement or inhibition.*
Calix[4]arene has been widely exploited as the basic molec-
ular framework for many fluorescent chemosensors in the

(2) (a) Nolan, E. M.; Lippard, S. J. Chem. Rev. 2008, 108, 3443 and
references cited therein. (b) Darbha, G. K.; Singh, A. K.; Rai, U. S.; Yu, E.;
Yu, H.; Ray, P. C. J. Am. Chem. Soc. 2008, 130, 8038.

(3) Shao, N.; Zhang, Y.; Cheung, S.; Yang, R.; Chan, W.; Mo, T.; Li, K.;
Liu, F. Anal. Chem. 2005, 77, 7294.

(4) Kim, J. S.; Quang, D. T. Chem. Rev. 2007, 107, 3780 and references
cited therein.
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construction of selective binding sites given its structural
rigidity, various conformations, and facile introduction of
fluorophores.® In particular, calix[4]arene derivatives bear-
ing two pyrene moieties as fluorogenic units have attracted
considerable interest because they form an efficient excimer
signal by the strong intramolecular m7—s interactions be-
tween the two pyrenes,6 For these reasons, until now, a
variety of calix[4]arene-based chemosensors with pyrene
units have been reported for the detection of organic or
inorganic species.*>’

Recently, fluorogenic research with FRET systems has
actively progressed in the region of supramolecular chemistry
given its potentially practical benefits in cell physiology and
optical therapy, as well as selective and sensitive sensing toward
targeted molecules or ionic species.*” FRET arises from an
excited-state energy interaction between two fluorophores in
which an excited donor transfers energy to an acceptor without
photoemission. Accordingly, it is strongly influenced by the
distance between donor and acceptor, the extent of spectral
overlap between donor emission and acceptor absorption
spectra, and the relative orientation of the donor emission
dipole moment and acceptor absorption moment.*!°

The rhodamine moiety has been used widely in the field of
chemosensors, especially as a chemodosimeter, given its fluo-
rescence OFF—ON behavior that results from its particular
structural properties. In general, spirolactam formation of
rhodamine derivatives is nonfluorescent, whereas its ring-
opened amide system gives rise to a strong fluorescence emis-
sion.!! Furthermore, the rhodamine fluorophore exhibits a
longer wavelength emission (over 550 nm), often serving as a
sensing group for the analyte to avoid the influence of
background fluorescence (below 500 nm).'?

In our previous works, a calix[4]arene was reported that
included one 2,3-naphthocrown-6 and two coumarin amide units
in a partial-cone conformation that acted as colorimetric and
fluorometric sensors for F~ and Cs™ ions via a FRET system

(5) (a) Senthilvelan, A.; Ho, I.-T.; Chang, K.-C.; Lee, G.-H.; Liu, I.-H.;
Chung, W.-S. Chem.—Eur. J. 2009, 15, 6152. (b) Ho, I.-T.; Lee, G.-H.;
Chung, W.-S. J. Org. Chem. 2007, 72, 2434. (c) Chang, K.-C.; Su, I.-H.;
Senthilvelan, A.; Chung, W.-S. Org. Lett. 2007, 9, 3363. (d) Leray, I.; Valeur,
B. Eur. J. Inorg. Chem. 2009, 3525. (¢) Ji, H.-F.; Brown, G. M.; Dabestani, R.
Chem. Commun. 1999, 609. (f) Leray, I.; Lefevre, J.-P.; Delouis, J.-F.;
Delaire, J.; Valeur, B. Chem.—Eur. J. 2001, 7, 4590. (g) Lee, S. H.; Kim,
H.J.; Lee, Y. O.; Vicens, J.; Kim, J. S. Tetrahedron Lett. 2006, 47, 4373.

(6) Kim, S. K.; Lee, S. H.; Lee, J. Y.; Bartsch, R. A.; Kim, J. S. J. Am.
Chem. Soc. 2004, 126, 16499.

(7) (a) Broan, C. J. Chem. Commun. 1996, 699. (b) Kim, S. K.; Kim, S. H.;
Kim, H. J.; Lee, S. H.; Lee, S. W.; Ko, J.; Bartsch, R. A.; Kim, J. S. Inorg.
Chem. 2005, 44, 7866. (c) Kim, S. K.; Bok, J. H.; Bartsch, R. A.; Lee, J. Y.;
Kim, J. S. Org. Lett. 2005, 7, 4839. (d) Choi, J. K.; Kim, S. H.; Yoon, J.; Lee,
K.-H.; Bartsch, R. A.; Kim, J. S. J. Org. Chem. 2006, 71,8011. (e) Lee, S. H.;
Kim, S. H.; Kim, S. K.; Jung, J. H.; Kim, J. S. J. Org. Chem. 2005, 70, 9288.
(f)Lee,J. Y.; Kim, S. K.; Jung, J. H.; Kim, J. S. J. Org. Chem. 2005, 70, 1463.

(8) Martinez-Mdnez, R.; Sancendn, F. Chem. Rev. 2003, 103, 4419.

(9) (a) Shih, W. M.; Gryczynski, Z.; Lakowicz, J. R.; Spudich, J. A. Cell
2000, 702, 683. (b) van Dongen, E. M. W. M.; Evers, T. H.; Dekkers, L. M.;
Meijer, E. W.; Klomp, L. W. I.; Merkx, M. J. Am. Chem. Soc. 2007, 129,
3494. (¢) Kim, H.-K; Liu, J.; Li, J.; Nagraj, N.; Li, M.; Pavot, C. M.-B.; Lu,
Y. J. Am. Chem. Soc. 2007, 129, 6896. (d) McLaurin, E. J.; Greytak, A. B.;
Bawendi, M. G.; Nocera, D. G. J. Am. Chem. Soc. 2009, 131, 12994. (¢) Sun,
Y.; Zhong, C.; Gong, R.; Mu, H.; Fu, E. J. Org. Chem. 2009, 74, 7943.

(10) Lakowicz, J. R., Ed. Principles of Fluorescence Spectroscopy; Plenum
Publishers Corp.: New York, 1999.

(11) Valeur, B. Molecular Fluorescence: Principles and Applications;
Wiley-VCH Verlag GmbH: New York, 2001; Chapter 10.

(12) (a) Kim, H. N.; Lee, M. H.; Kim, H. J.; Kim, J. S.; Yoon, J. Chem.
Soc. Rev. 2008, 37, 1465 and references cited therein. (b) Wu, J.-S.; Hwang,
1.-C.; Kim, K. S.; Kim, J. S. Org. Lett. 2007, 9, 907.

(13) Lee, M. H.; Quang, D. T.; Jung, H. S.; Yoon, J.; Lee, C.-H.; Kim,
J.S. J. Org. Chem. 2007, 72, 4242.
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from the naphthalene emission to the coumarin absorption.'* We
have also made efforts toward a pyrenyl excimer-induced FRET
system, preliminary to this work, using a rhodamine group as
an acceptor. Unfortunately, it did not exhibit effective FRET
behavior due to very weak pyrene excimer emissions.'* Li and
co-workers reported a fluorescent probe possessing both BOD-
IPY and rhodamine moieties for selective detection of Hg*™ and
Ba’" ions by a logic gate system.!® Nevertheless, reports on
FRET-based ion sensors with calix[4]arene remain very rare.

Keeping the aforementioned research in mind, we herein
report not only the synthesis of a new pyrene excimer-based
calix[4]arene FRET chemosensor (2) involving two pyrenyl and
one rhodamine substituent, but also its fluorometric properties
and sensing abilities toward Hg>" with respect to FRET
changes. Above all, the correlation between the pyrene excimer
emission and FRET behavior, using 1 and 2, is proven, which
exhibits different intensities of the pyrene excimer emissions that
occur by two separate molecular interactions.

) ) ®
%‘ %O ‘OO
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O O

Results and Discussion

Two calix[4]arene derivatives (1 and 2), both possessing
bisamidopyrenyl and rhodamine moieties in the partial-cone
and 1,3-alternate conformations, respectively, were prepared

(14) Othman, A. B.; Lee, J. W.; Wu, J.-S.; Kim, J. S.; Abidi, R.; Thuéry,
P.; Strub, J. M.; Dorsselaer, A. V.; Vicens, J. J. Org. Chem. 2007, 72, 7634.
(15) Yuan, M.; Zhou, W.; Liu, X.; Zhu, M.; Li, J.; Yin, X.; Zheng, H.;
Zuo, Z.; Ouyang, C.; Liu, H.; Li, Y.; Zhu, D. J. Org. Chem. 2008, 73, 5008.
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SCHEME 1. Synthetic Routes of Compounds 1—3 and 7
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by the synthetic routes depicted in Scheme 1. Cone-7 was
synthesized by the reaction of calix[4]arene diethyl ester 5 and
tren-appended rhodamine 6 (tren = N',N'-bis(2-aminoethyl)-
ethane-1,2-diamine) in toluene/ethanol (1:1) under reflux con-
ditions to give a white solid. To prepare 1 and 2, 7 was reacted
with 2.1 equiv of N-(1-pyrenylmethyl)chloroacetamide and
excess Cs,COs in refluxing acetone. Each conformation was
confirmed by "H and '*C NMR spectroscopy. Synthesis of 1,
3-alternate 3 was achieved by alkylation of 7 with 1-iodopropane
in the presence of Cs,COj as a base.

The structures of 1—3 and 7 were characterized by "H NMR,
13C NMR, FAB-MS, and MALDI-TOF MS. The spirolactam
form of the rhodamine unit in 1—3 was confirmed by the presence
of a peak at ~65 ppm in the '*C NMR spectra.'® Furthermore,
the "H NMR spectrum of 1, showing the three sets of doublet
peaks at 4.44, 3.92, and 3.09 ppm for eight hydrogen atoms, and
double sets of '*C NMR peaks at 38.12 and 30.94 ppm on the
ArCH,Ar moiety, respectively, was consistent with the partial-
cone conformation of calix[4]arene, whereas 2 displayed a typical

(16) Yang, Y.-K.; Yook, K.-J.; Tae, J. J. Am. Chem. Soc. 2005, 127,
16760.
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%‘ Cs,COg, acetone

"H NMR spectrum of a calix[4]arene bridge moiety in the
1,3-alternate conformation at 3.47 ppm as a singlet peak and
3C NMR at 37.13 ppm, respectively.'’

The binding abilities of 1 and 2 were first probed based on
UV/vis spectra changes in their mixed organic solutions pro-
duced by addition of the perchlorate salt of various metal ions,
such as Hg>", Pb*", Na™, K™, Cs™, Rb", Mg?", Ca*", Ba>",
Sr*t, Fe?t, Co®t, Zn?*, Agh, Cd*", AT, and In*", as illus-
trated in Figure 1. Upon addition of 10 equiv of cations to a
solution of 2, Hg>" and Pb*" lead to the appearance of a new
absorption band centered at 559 nm. Figure 1 reveals that
complexation of 2 with Hg>" resulted in a relatively larger
absorption peak, as well as strong color changes compared to
that of Pb>". The visual color change from colorless to pink was
indicative of a typical ring-opened spirolactam moiety of rho-
damine toward Hg*".'"® Compound 1 also showed similar

(17) Calixarenes: A Versatile Class of Macrocyclic Compounds; Vicens, J.,
Bohmer, V., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
1991.

(18) (a) Huang, J.; Xu, Y.; Qian, X. J. Org. Chem. 2009, 74, 2167.
(b) Suresh, M.; Shrivastav, A.; Mishra, S.; Suresh, E.; Das, A. Org. Lett.
2008, 70, 3013. (c) Lee, M. H.; Wu, J.-S.; Lee, J. W.; Jung, J. H.; Kim, J. S.
Org. Lett. 2007, 9, 2501.
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UV—vis spectral patterns and visual changes toward Hg*" and
Pb>", but smaller absorbance intensities compared with that of 2
as depicted in Figure S13 in the Supporting Information.

To compare the intensity of the pyrene excimer emission of
each ligand (1—3) without the metal ion, a fluorescence
experiment was conducted in the mixed solvent system under
the excitation region of pyrene. As shown in Figure 2a, 2
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FIGURE 1. UV/vis spectra and visual change of 2 (10.0 uM) in
CHCI5/CH;CN (50:50, v/v) in the presence of various metal ions,
including Hg>", Pb*" Na*, K+, Cs", Rb", Mg>", Ca®", Ba®", S**,
Fe?t, Co*", Zn?*, Agh, Cd*", AI**, and In*" (10 equiv, respec-
tively, as the perchlorate).
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exhibited a strong pyrenyl excimer emission at ~460 nm and
weak monomer emissions at 375 and 395 nm, suggesting that
the two pyrenyl moieties present on the calix[4]arene skeleton
formed a strong intramolecular 7—s interaction between an
excited pyrene and ground-state pyrene under UV/vis irradia-
tion. Nevertheless, 1 displayed both a strong monomer peak
induced by the monopyrenyl moiety located at the partial-cone
position of the calix[4]arene and a slightly larger excimer
emission peak, resulting from the intermolecular z7—s interac-
tion between the pyrene and another pyrene bound to the
neighboring calix[4]arene.'® In the case of 3, it does not give
the fluorescence because of the absence of any fluorophore
capable of excitation under these conditions. From the results
of the pyrene excimer emission, the probability of the FRET
formation with two calix[4]arene derivatives (3 and 4), invol-
ving the respective bispyrenylamido and rhodamine groups,
could be estimated. As expected, the spectral results of 4 and
3-Hg>" exhibited the proper spectral overlap capable of giving
rise to a FRET signal of ring-opened rhodamine when the
pyrenyl moiety was excited (Figure 2b).

Figure 3a demonstrates the detailed fluorescence changes
of 2 (10.0 uM) in CHCI3/CH;CN (50:50, v/v) as a function of
Hg>" concentration when excited at 343 nm. Upon gradual
addition of Hg>" to a solution of 2, the increased emission of
the ring-opened rhodamine at 576 nm was observed with a
concomitantly declining pyrenyl excimer emission at 470 nm
with an isosbestic point centered at 550 nm. This ratiometric
fluorescence change indicated that an energy transfer from the
pyrene excimer to rhodamine was triggered by Hg®" ions.
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FIGURE 2. (a)Fluorescence spectra of 1—4 (10.0 uM) without metal ion and (b) spectral overlap between pyrenyl emission (black) of 4 with an
excitation at 343 nm and ring-opened rhodamine absorption (red) of 3-Hg?>" in CHCl5/CH;CN (50:50, v/v).

400

300+

200+

Fluorescence

400 500

Wavelength (nm)

0.5- /

/

00 05 10 15 20 25 30
[Hg™ (10 uM)

0.0 we==n

FIGURE 3. (a) Fluorescence titration spectra of 2 (10.0 uM) in CHCIl;/CH3CN (50:50, v/v) upon addition of different concentrations of
Hg(ClOy4),(0.7,0.8,0.9,1,1.2,1.4,1.6, 1.8, 2.0, 3.0 equiv) and (b) the corresponding plot of ratiometric fluorescence intensity ratios (/576/1470)

versus Hg”" concentration (0.1—3.0 equiv, Aex = 343 nm).
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FIGURE 4. Bar profiles of fluorescence intensity for 2 (10.0 M) at 576 nm in CHCIl3/CH;CN (50:50, v/v) upon addition of 10 equiv of various
metal ions as perchlorates with an excitation at 343 nm. Fluorescence photograph of 2 and 2-Hg®* under UV light (inset).
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FIGURE 5. Competition experiment of 2 (10.0 M) at 576 nm with 10 equiv of various coexisting metal cations in CHCl;/CH3CN (50:50, v/v)
in the presence of Hg>" (3 equiv). I, and I denote the fluorescence intensity of 2-Hg>" and various metal ions in the presence of 2-Hg>".

Moreover, the plot of fluorescence intensity ratios at Is7¢/I470
(energy acceptor/excited-state energy donor) versus Hg> " con-
centration showed that a ratiometric fluorescence change
commenced with 0.5 equiv of Hg?" capable of estimating a
detection limit near 5.0 uM of 2 toward Hg2+ using FRET, as
depicted in Figure 3b.

The selective fluorometric response of 2 over other metal ions,
including AP, Ba>", Ca®", Cd*", Co®", Cs*, Hg*", In*", K,
Lit, Mg, Na™, Pb>", Rb", Sr*", and Zn”>" as perchlorate salts,
was also studied. Figure 4 indicates that 2 detected Hg*" with

(19) (a) Ben Othman, A.; Lee, J. W.; Abidi, R.; Kim, J. S.; Vicens, J.
Tetrahedron 2007, 63, 10793. (b) Kim, J. S.; Lee, S. Y.; Yoon, J.; Vicens, J.
Chem. Commun. 2009, 4791.

high selectivity based on the FRET system. Although Pb*" also
induced a similar appearance of fluorescence increase, the inten-
sity was quite lower than that of Hg”". Little effect was also ob-
served in the case of other cations such as AP, In**, and Zn>".

Competition experiments were conducted to confirm a
potential applicability of 2 for the selective detection of Hg**
ion in CHCl3/CH3CN (50:50, v/v) in the presence of 10 equiv
of various metal ions. Marginal fluorescence changes were
seen in most of the cations as shown in Figure 5. However,
addition of Pb*" to a solution of 2- Hg”" remarkably reduced
FRET fluorescence intensity. This finding can be interpreted
by Pb>* complexation to two amides, thus serving to diminish
the excimer signal through reverse PET (photoinduced energy
transfer) or a heavy-metal effect.® Nevertheless, these results

J. Org. Chem. Vol. 75, No. 21, 2010 7163
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SCHEME 2. Expected FRET System of 1 (Right) and 2 (Left) for Hg>" (Filled Gray Circle)
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FIGURE 6. FRET intensity of L-Hg*" (L = 1-3, 10.0 uM) in
CHCI3/CH;CN (50:50, v/v) upon addition of Hg(ClOy), (3.0 equiv)
with excitation at 343 nm.

suggest that 2 can be used as a potential Hg* -selective
chemosensor.

To gain insight into the role of the calix[4]arene framework
on the FRET effects in 2, its analogue 1 was employed and
compared to the FRET efficiency with Hg>". As expected, 2
displayed a 3-fold enhanced fluorescence over that of 1 in the
presence of 3 equiv of Hg>" ion, as shown in Figure 6. This is
because the calix[4]arene framework of 2 furnished the
geometrical advantage of two pyrenyl substituents to be on
the same side of each other, producing stronger pyrene
excimer energy. However, 1 showed weak FRET because
two pyrenyl substituents were too remote to interact strongly
with each other (Figure 6 and Scheme 2).

To determine the stoichiometry of the 2- Hg*" complex, a
UV/vis titration experiment was performed with 2 (10.0 M)
in CHCI;/CH3CN (50:50, v/v). The absorption peak at
559 nm was gradually increased upon addition Hg*". A Job’s
plot analysis exhibited a maximum at a 0.66 mol fraction of
Hg>" (inset of Figure S15 in the Supporting Information),
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indicating a 1:2 complexation between 2 and Hg?". Presum-
ably, the complexation mechanism of 2- Hg>" can be deduced
as two Hg”" ions interact with the tren-appended spirolactam
resulting in the ring-opening of the rhodamine unit and
bispyrenylamido moieties present on the same side of the
calix[4]arene core to produce the FRET-ON signal.

Further investigation to provide evidence on the com-
plexation behavior was also carried out with proton NMR
study of the 2-Hg®" complex in a mixed solvent system
(CDCl3/CD5CN, 50:50, v/v). Due to the different solubility
of the ligand and metal ion in the organic solvent, the NMR
peaks of the 2-Hg>" complex were so broad that the peak
changes could not be clearly assigned. Nevertheless, metal ion-
induced chemical shifts of the specific peaks related to the
complexation were assignable for the "H NMR spectrum. As
shown in Figure S16 in the Supporting Information, two methy-
lene protons of the tren moiety (H, and Hy) were obviously
shifted downfield, implying that the Hg*" ion was coordinated
to the nitrogen atoms of the azacrown portion. Moreover,
phenyl proton peaks of the calix[4]arene core appended to the
para and meta positions underwent downfield shifts as a result
of the cation—x interactions that formed between the two
benzene rings and metal ion.”® To elucidate the two factors of
metal binding, such as 7—metal ion complexation and coordi-
nation behavior of the tren moiety, a more detailed investigation
of the proton NMR study was performed with 3 and 4. As
shown in Figures S17 and S18 in the Supporting Information, in
the case of 3- Hg> ", the proton NMR spectrum of the methylene
(H, and H,) present in the tren moiety was shifted downfield,
which is similar with the complexation behavior of 2-Hg*".
Furthermore, the partial proton NMR spectroscopy of 4 and
4-Hg>" showed the plain w—metal ion interactions be-
tween the para-positioned proton of the benzene ring and the
Hg>" ion.

(20) (a) Casnati, A.; Pochini, A.; Ungaro, R.; Ugozzoli, F.; Arnaud-Neu,
F.; Fanni, S.; Schwing, M.-J.; Egberink, R. J. M.; de Jong, F.; Reinhoudt,
D. N. J. Am. Chem. Soc. 1995, 117, 2767. (b) Kim, J. S.; Shon, O. J.; Lee,
J.K.; Lee, S. H.; Kim, J. Y.; Park, K. M_; Lee, S. S. J. Org. Chem. 2002, 67,
1372.
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Conclusions

We synthesized a novel calix[4]arene-appended FRET chemo-
sensor (2) based on pyrene excimer emission and rhodamine
ring-opened absorption for selective detection of the Hg*" ion.
Photophysical studies of the pyrene excimer and rhodamine
fluorophores revealed metal ion-induced FRET OFF — ON
behavior. Complexation of the Hg”" ion with 2 induced a ring-
opening of the rhodamine moiety to give a specific color change,
as well as fluorescence enhancement at ~576 nm with an
excitation at 343 nm. Interestingly, it was found that the pyrene
excimer formed by the intramolecular 77— interaction exhibited
a stronger FRET band compared to that formed by intermolec-
ular 77— interactions.

Experimental Section

Calix[4]arene diethyl ester 5, tren-appended rhodamine 6,'*
and 1,3-alternate 25,27-bis(ethyl acetoethoxy)-26,28-dipropyloxy-
calix[4]arene 7° were prepared according to literature procedures.

Compounds 1 and 2. A mixture of 7 (0.30 g, 0.26 mmol),
2-chloro-N-(pyren-1-ylmethyl)acetamide (0.11 g, 0.37 mmol),
and Cs,CO; (0.18 g, 0.56 mmol) in dry acetone (40 mL) was
refluxed for 3 d under a nitrogen atmosphere and evaporated under
reduced pressure. Chromatography on silica gel with acetone/
hexane (1:2) for 1 and acetone/hexane (1:1) for 2 gave 0.11 g of 1
(yield: 26%) and 0.22 g of 2 (yield: 52%) as a white solid, respec-
tively. Compound 1: '"H NMR (300 MHz, CDCls) 6 8.24—7.72 (m,
18H, pyrene-H), 7.44—7.41 (m, 2H, rhodamine-H), 7.09—6.98 (m,
6H, ArH, rhodamine-H), 6.90 (t, /=7.38 Hz,2H, ArH ), 6.81 (t, J=
4.89 Hz, 2H, NH amide), 6.66 (d, J="7.11 Hz, 2H, ArH), 6.38 (d,
J = 2.07Hz,2H, rhodamine-H ), 6.26—6.17 (m, 4H, rhodamine-H ),
6.15(d,J = 7.20Hz,2H, ArH), 5.55(t,J = 7.62Hz,2H, ArH), 5.10
(t,J = 5.79 Hz, 1H, NH amide), 5.04 (d, J = 5.37 Hz, lH, NH
amide), 4.74 (d, J = 6.12 Hz, 2H, pyrene-CH>), 4.44 (d, /=15 Hz,
2H, ArCH,Ar), 4.18 (s, 2H, OCH0), 3.97 (d, J= 15 Hz, 2H,
ArCH,Ar), 3.78 (s, 2H, pyrene-CH,), 3.72 (d, /= 6.24 Hz, 2H,
OCH-CO), 3.29 (q, J = 7.05 Hz, 8H, CH,CH3), 3.09 (d, J =
13.71 Hz, 4H, ArCH,Ar), 3.03 (br, 6H, CH,CH,), 2.34 (br, 6H,
CH>CH>), 1.10 (t, J = 6.84 Hz, 12H, CH;) ppm; *C NMR
(100 MHz, CDCl3) ¢ 12.8, 30.9, 37.4, 38.1, 40.2, 41.4, 44.5, 52.6,
54.6,65.0,68.0,71.32,72.1,98.2,105.8,108.1, 120.3, 122.7, 122.7,
123.0, 124.0, 124.2, 124.5, 124.8, 124.8, 124.9, 124.9, 125.1, 125.1,
124.5, 125.6, 125.7, 126.3, 126.3, 126.9, 127.5, 127.5, 127.6, 127.8,
127.9, 128.3, 128.4, 128.4, 128.9, 129.0, 129.1, 129.0, 129.7, 130.5,
130.6, 132.9, 131.0, 131.5, 131.9, 132.5, 132.9, 132.9, 134.0, 148.9,
152.5, 153.0, 153.2, 153.5, 153.8, 167.2, 167.6, 168.0, 168.4 ppm;
mp >300 °C; IR (deposit, cm ') 3414 (N—H), 3047 (aromatic
C—H), 2968—2858 (aliphatic C—H), 1679 (C=0); HRMS
(FAB) caled for C104H97N3010 [M+] 16177360, found
1617.7321. Compound 2: 'H NMR (400 MHz, CDCl;) 6
8.23—7.88 (m, 18H, pyrene-H), 7.47—7.45 (m, 2H, rhodamine-H),
7.25—7.23 (m, 1H, rhodamine-H), 7.13—7.11 (m, 1H, rhoda-
mine-H), 6.78 (d, J = 7.48 Hz, 4H, ArH), 6.71 (d, J=7.6 Hz,
4H, ArH), 6.47—6.43 (m, 4H, rhodamine-H), 6.40 (d, 2H, J =
8.90 Hz, ArH), 6.23—6.20 (m, 2H, rhodamine-H), 6.02 (t, J =
7.48 Hz, 2H, ArH), 5.86 (t, J=4.48 Hz, 2H, NH amide), 5.18 (d,
J=5.68 Hz, 4H, pyrene-CH,), 4.03 (s, 2H, OCH,CO), 3.47 (s,
8H, ArCH,Ar), 3.30 (q, J=7.12 Hz, 8H, CH,CH3), 3.24—3.20
(br, 2H, CH,CH,), 3.12 (s, 4H, CH,CH,), 2.62 (br, 4H,
CH,CH,), 2.50 (br, 2H, CH,CH,), 1.12 (t, J = 7.00 Hz, 12H,
CH;)ppm; >*CNMR (100 MHz, CDCl3) 6 12.8,37.1,41.3, 44.6,
46.0, 65.1, 70.4, 70.5, 98.1, 105.9, 108.4, 122.9, 123.1, 124.2,
124.3, 124.7, 124.9, 125.1, 125.5, 125.5, 126.2, 127.0, 127.5,
127.7, 128.2, 128.5, 129.0, 129.1, 130.8, 131.0, 131.2, 131.4,

(21) Cillins, E. M.; McKervey, M. A.; Madigan, E.; Moran, M. B.; Owens,
M.; Ferguson, G.; Harris, S. J. J. Chem. Soc., Perkin Trans. 1 1991, 3137.
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131.5, 131.7, 132.0, 132.7, 134.2, 134.6, 149.0, 153.0, 153.9,
154.1, 155.4, 167.6, 167.9, 168.6 ppm; mp >300 °C; IR
(deposit, cm™") 3410 (N—H), 3040 (aromatic C—H), 2958—
2851 (aliphatic C—H), 1673 (C=0); HRMS (FAB) calcd for
C104Ho7NgO o [M "] 1617.7360, found 1617.7306.

Compound 3. A mixture of 7 (0.20 g, 0.19 mmol), Cs,CO;
(0.18 g, 0.56 mmol), and 1-iodopropane (0.10 g, 0.59 mmol) in
dry acetone (20 mL) was refluxed for 3 d under a nitrogen atmo-
sphere. After cooling to room temperature, the solvent was removed
under reduced pressure and purified with silica column chromatog-
raphy with ethyl acetate/hexane (3:1) as the eluent to give 0.14 g of
3 as a white powder (yield: 63%). '"H NMR (300 MHz, CDCl;) ¢
7.93—7.90 (m, 1H, rhodamine-H), 7.48—7.45 (m, 2H, rhodamine-
H), 7.14=7.11 (m, 1H, rhodamine-H), 7.04 (d, J = 7.5 Hz, 4H,
ArH), 6.82—6.77 (m, 6H, rhodamine-H, ArH), 6.51—6.41 (m, 6H,
rhodamine-H, ArH), 6.29—6.25 (m, 2H, rhodamine-H), 5.96 (t,
2H, J = 4.38 Hz, NH amide), 4.14 (s, 4H, OCH,CO), 3.71 (d, J =
14.38 Hz, 4H, ArCH,Ar), 3.55—3.49 (m, 6H, CH-CH>), 3.37—3.30
(m, 12H, CH,CH,, ArCH>Ar), 2.63 (br, 4H, CH,CH,), 2.54—2.49
(br, 2H, CH,CH,), 1.64 (sextet, J = 7.62 Hz, 4H, CH,CH,CH3),
1.28 (t,J = 7.14 Hz, 4H, CH,CH,CH,;), 1.17 (t, J = 6.81 Hz, 12H,
CH,CHj), 098 (t, J = 7.35 Hz, 6H, CH,CH,CHj;) ppm; mp
280 °C; IR (deposit, cm™ ') 3408 (N—H), 3060 (aromatic C—H),
2980—2883 (aliphatic C—H), 1698 (C=0); '*C NMR (100 MHz,
CDCl;) 6 10.2,12.6,37.1,44.4,46.8, 52.4,60.4,64.9, 69.6,72.9,98.0,
105.7, 108.2, 121.6, 122.9, 123.9, 128.2, 128.9, 129.9, 130.9, 131.8,
132.4, 133.3, 134.0, 148.9, 153.0, 153.7, 154.5, 156.7, 167.5,
168.4 ppm; HRMS (FAB) calcd for C;>HgN¢Og [M — H]"
1159.6270, found 1159.6272.

Compound 7. A mixture of 5 (1.0 g, 1.68 mmol) and 6 (0.93 g,
1.68 mmol) in mixed solvent (50 mL, toluene:ethanol = 1:1) was
refluxed for 3 d under a nitrogen atmosphere and evaporated in
vacuo. Chromatography on silica gel with acetone/CH,Cl, (1:7) as
the eluent gave 0.30 g (yield: 17%) of 7 as a white solid. '"H NMR
(300 MHz, CDCls) 6 8.08 (t, J = 5.70 Hz, 2H, NH amide), 7.82—
7.78 (m, 1H, rhodamine-H), 7.41—7.38 (m. 2H, rhodamine-H),
7.07(d,J = 7.47Hz,4H, ArH), 7.03—7.01 (m, 1H, rhodamine-H),
6.93 (s, 2H, ArOH), 6.80 (d, J = 7.08 Hz, 4H), 6.73—6.66 (m, 4H,
ArH), 6.42(d,J = 2.22 Hz, 2H, rhodamine-H), 6.27—6.19 (m, 4H,
rhodamine-H), 4.46 (s, 4H, OCH,CO), 4.15 (d, J = 13.47 Hz, 4H,
ArCH,Ar), 3.38—3.29 (m, 16H, ArCH,Ar, CH,CH3), 3.16—3.11
(m, 2H, CH,CH,), 2.53—2.51 (m, 4H, CH-,CH,), 2.48—2.41 (m,
2H, CH-CH,), 1.16 (t, J = 7.05 Hz, 12H, CH;) ppm; *C NMR
(100 MHz, CDCl;) 6 12.8, 31.5, 38.0, 39.1, 44.6, 54.8, 65.0, 75.1,
98.2, 105.9, 105.9, 106.0, 108.3, 120.4, 122.6, 124.0, 126.2, 128.2,
129.1, 129.2, 129.2, 129.6, 131.8, 132.4, 148.9, 151.4, 152.6, 153.2,
153.8, 167.6, 168.3 ppm; mp 278 °C; IR (deposit, cm ') 3590—3396
(br, N—H, O—H), 3047 (aromatic C—H), 2972—2871 (aliphatic
C—H), 1684 (C=0); HRMS (FAB) calcd for C4sH7oN¢Og [M +
H]" 1075.5313, found 1075.5333.

UV—Visible and Fluorescence Studies. UV —visible and fluores-
cence spectra were recorded with a S-3100 spectrophotometer and a
RF-5301PC spectrophotometer, respectively. Stock solutions of all
compounds were prepared in CH;CN/CHCI; (1:1). For all fluores-
cence spectral measurements, excitation was effected at 343 nm with
excitation and emission slit widths at 3.0 nm. UV visible and fluores-
cence titration experiments were performed starting with 10.0 uM
solutions of 1—4 in CH3CN/CHCI; (1:1), followed by varying the
concentrations of the guest molecules in CH;CN/CHCl; (1:1).
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