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Fluorescence and visible spectra of phenyl-sidearmed
lariat ethers and of toluene, ethylbenzene, and propyl-
benzene were obtained in dichloromethane and aceto-
nitrile solutions. Changes in their spectra were observed
in the presence of KSCN or CF3COOH in an effort to
obtain solution confirmation of cation–pi interactions.
The lariat ether receptor molecules, Ph(CH2)1 – 3
< N18N > (CH2)1–3Ph gave quite different results even
though they varied only in the sidearm chain length. In
previous studies, solid state cation–pi complexes were
obtained only with Ph(CH2)2 < N18N > (CH2)2Ph and not
with either PhCH2 < N18N > CH2Ph or Ph(CH2)3
< N18N > (CH2)3Ph. Variations in behavior in solution
were noted among the three lariat ethers in the presence
of different Lewis acids but definitive evidence for
cation–pi interactions proved elusive.

Keywords: Fluorescence; Lariat ether; Receptor; Crown ether;
Cation–pi; Cation–complexation

INTRODUCTION

We have reported extensive efforts [1] to characterize
cation–pi interactions [2,3] involving the arenes
benzene [4], phenol [5], and indole [6] with Naþ and
Kþ. These three arenes are particularly important
because they are the aromatic sidechains of
phenylalanine, tyrosine, and tryptophan. Progress
in understanding cation–pi interactions has been
reviewed several times [7–9] but remains an issue of
considerable contemporary interest.

The alkali metal cation–pi interactions involved in
complexes of receptors 1–5 with various salts have
largely been characterized by X-ray crystallography
[10,11]. The 13C-NMR studies we undertook have also
proved to be informative, although limited thus far to
unsaturated sidearms rather than arene-terminated

ones [12]. Sodium and potassium were the predominant

cations in the solid state studies but divalent calcium

complexes were prepared as well. Efforts to observe the

cation–pi interaction in Naþ and Kþ complexes of

dibenzyldiaza-18-crown-6 (1) had previously failed

[13]. The solid state structure of 1 was reported and of

1†KSCN, a complex in which Kþ was bound in the

center of the macroring. The benzyl sidearms were

extended from the macroring and the bound cation was

solvated by axial SCN2 groups. In the same report, we

showed that propargyl sidechains in N,N0-propargyl-

4,13-diaza-18-crown-6 also turned away from the

macroring, which included Kþ (from KSCN). The

anion, rather than the sidearm pi-donors provided axial

solvation to the ring-bound cation [13].
When the benzyl sidechain was elongated to 2-

phenylethyl (i.e. 1 ! 2, see below), the solid state
structures of 2†KX complexes clearly showed axial
solvation by the aromatic sidechain donor groups. In
addition, when the sidechains of N,N0-bis(propargyl)-
4,13-diaza-18-crown-6 were elongated from 2-propy-
nyl to 3-butynyl, crystal structure data showed that the
triple bond served as a pi-donor for the macroring-
complexed cation [14]. Based on the successful
solution NMR study noted above [12], and other
recent work [15], we considered fluorescence as a
method to detect cation–pi participation in solution.

The ability of crown ethers to complex alkali and
alkaline earth metal cations [16] has been exploited in
various analytical methodologies. An early example
was the use of polymer-bound crown ethers in ion
chromatography. Electrochemical sensing and switch-
ing was developed by merging redox-switchable
groups with crown ethers and cryptands. Residues
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such as nitrobenzene [17], anthraquinone [18], and
ferrocene [19] were linked to lariat ethers [20,21] to
achieve cooperative binding. Optical reporters of
complexation were also developed early in the history
of macrocyclic chemistry. Applications of nitro-
substituted phenols or azobenzenes as visible repor-
ters of cation binding were developed in the
laboratories of Misumi, Takagi, Shinkai, Pacey, and
Kaneda. Takagi reviewed these efforts [22].

The greater sensitivity of fluorescence, compared to
absorption spectroscopy, has led to numerous lariat
ethers, cryptands, and crowned calixarenes that bear
luminescent residues. Leray, Valeur, Vicens, and their
coworkers reported ditopic calixarenes as fluorescent
sensors for alkali metal cations [23,24]. Kubinyi et al.
used dinitroazobenzene as the fluorescent reporter in
a chiral, ditopic calix crown [25]. A Kþ-selective
fluorescent cryptand was reported by He and cow-
orkers [26,27]. Ballardini et al. used a ditopic
bis(naphthyl) cryptand as a receptor and sensor
for protons and pentanediammonium ion [28].
Nakahara, Nakatsuji, and their coworkers recently
reported the fluorescent detection of alkali metal
cations by using a cryptand having attached a pyrenyl
reporting group [29]. A fluorescent, bibracchial lariat
ether having anthracene-terminated sidearms con-
verted to a cryptand by virtue of an unanticipated 4 pi
þ4 pi cycloaddition reaction [30].

Most of the fluorescent sensors that have been
studied use relatively simple macrocycles with
pendant arms. These arms are typically terminated
in residues that fluoresce more or less strongly
depending on their structures. Minta and Tsien, in a
pioneering paper, prepared a variety of fluorescent
lariat ethers that were designed to function as
indicators for cytosolic sodium cation [31]. Naphtha-
lene was the fluorescent reporter in a compound
designed to complex zinc and copper dications [32].
It was also a component in the ditopic receptor noted
above [27]. The dansyl group, a substituted
naphthalene residue, is highly fluorescent and has
been incorporated in both one- and two-armed lariat
ether receptors [33]. We had previously prepared
N,N0-bis(dansyl)-4,13-diaza-18-crown-6 for use in
fluorescent studies [34] of hydraphile channel
compounds [35]. Anthracene has likewise proved
to be a popular reporter group. The earliest example
appears to be the report of Witulski et al., who
coupled the arene directly to aza-18-crown-6 [36].
The homolog, N-(9-anthracenylmethyl)aza-18-
crown-6 was reported as a fluorescent sensor for
the marine natural product saxitoxin [37]. Herrmann
et al. incorporated 10-methylanthracene as a side-
chain terminus to diaza-18-crown-6 and as a spacer
unit in a corresponding ditopic cryptand [38].

Pyrene is highly fluorescent and also well known
to form a dimeric excimer. Nakatsuji and coworkers
have incorporated the pyrene residue as a sidearm

terminus in several different lariat ether architec-
tures [39–41]. b-Cyclodextrin was added to aqueous
acetonitrile mixtures to augment excimer formation
[42]. Benzocrown-cyclodextrin conjugates have also
been reported recently by Liu et al. [43,44].

Numerous other dye-substituted crown ethers
have been described that have been studied as
sensors for alkali metal cations [45–50]. We note
early work by Valeur and coworkers who attached
coumarin derivatives to the sidearms of aza- and
diazacrowns [51]. Valeur has reviewed his own work
and the contributions made by others in his 2002
monograph titled Molecular Fluorescence [52]. Taken
together, there is considerable literature on fluor-
escent reporters attached to macrocycles. For the
most part, they have been used to detect alkali,
alkaline earth, or inorganic cations. DeSilva and
coworkers have exploited the photochemistry of
fluorescent crown compounds to develop molecular
switches and logic gates. This has led to an
understanding of photoelectron transfer issues
within these hybrid structures [53–55].

We now report our efforts to assess interactions
between macrocycle-bound alkali metal cations and
benzene, which serves as a pi-donor to Lewis acids.
Our goal in the present study was to use sidearm
fluorescence as a probe in solution of the cation–pi
interaction that was apparent in numerous solid state
structures.

RESULTS AND DISCUSSION

Compounds Studied

We anticipated that fluorescence would be weaker
from benzene than from either phenol or indole. We
began with phenyl-sidearmed compounds 1, 2, and
3, along with models for their sidearms. Toluene,
ethylbenzene, and propylbenzene were obtained
from commercial sources. Syntheses of 1 [56], 2 [4], 3
[57], 4 [1], and 5 [1] have been previously reported.

Solid State Structures

We have used X-ray crystallographic methods to
establish pi-sidearm participation in alkali metal
complexes of 2, 4, and 5. When the sidearm pi-
systems were separated from the macroring by one
carbon (benzyl, propargyl), typical crystalline crown
complexes (crownzMX) were obtained but no
evidence for any sidearm pi-interaction was appar-
ent [58]. Similarly, when the sidearms were propyl-
ene rather than ethylene (i.e. 3 compared to 2), solid
complexes could be isolated but X-ray crystallo-
graphy showed no evidence for cation–pi complexa-
tion. This apparent discontinuity in cation–pi
donicity was surprising to us but it was observed
consistently in the compounds studied.
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Figure 1 shows the solid state structures of three
complexes in four renderings. Sodium and potass-
ium iodide complexes of dibenzyldiaza-18-crown-6
(1zNaI, panel a and 1zKI panel b) are shown at the top
of the figure [59]. The bottom of the figure (panels c
and d) shows 2zKI in two different views that
illustrate the cation–pi interaction between benzene
and Kþ[60].

Crown ether complexes of MX salts usually have
the cation (Mþ) bound in the macroring and the
anion (X2) either in contact with the cation or
hydrogen bonded by a water molecule to it. A ring-
bound Kþ is in contact with I2 in panel b of Fig. 1.
The KzzzI distance is 4.87 Å in this complex. Sodium
cation (panel a) is not in contact with iodide, which is
at a distance of 5.67 Å from the cation. A water
molecule is visible below and to the right of Naþ in
the structure shown in panel a of Fig. 1. In this case, a
network of water molecules solvates two essentially
identical complexes from their exposed surfaces (not
shown). The puckered macroring apparently pre-
vents direct contact with the anion, but the water
network provides Naþ with additional solvation and
the anion maintains the charge balance.

In neither the NaI or KI complex of 1 is there a
cation–pi interaction. In 2zKI, the benzene rings
comprise axial donor groups for the ring bound
cation. It is clear from panels c and d of Fig. 1 that the
two benzene rings are organized directly above and
below the Kþ ion. The distances from Kþ to the
centroid are 3.43 Å and 3.44 Å. We have previously
noted that the thickness of a benzene ring is about
3.5 Å and the diameter of octacoordinate Kþ is 3.02 Å.

The minimum contact distance is therefore 3.26 Å,
less than 0.2 Å shorter than the observed distance.
Further, the arenes are offset from the straight line
connecting them through the cation by only about
118 [61].

Absorption Spectra

The differences in complex structure noted above
reflect an extensive study of these compounds in the
solid state [62,63]. In previous work, cation–pi
complexes were often, but not always, observed
with 2 but never with either 1 or 3. The arenes that
correspond to these sidechains are toluene, ethyl-
benzene, and propylbenzene. Their absorption spec-
tra are well known and were reported by Berlman [64].
When excited at 265 nm in cyclohexane, all three
compounds absorb at l < 262 nm. The molar
extinction coefficients reported (in cyclohexane) for
toluene, ethylbenzene, and propylbenzene are,
respectively, ,280, ,250, and ,220. Table I records
the values determined in this study for absorption and
emission maxima as well as the extinction coefficients
in both CH2Cl2 and CH3CN resulting from the spectra.

The absorption maximum for toluene, ethyl-
benzene, and propylbenzene was ,262 nm when
the irradiating wavelength was 265 nm. The extinc-
tion coefficients determined in this study do not
differ significantly from those previously reported.
Thus, for these three compounds, the absorption
spectra are indifferent to the alkyl chain attached to
benzene.

FIGURE 1 X-ray crystal structures of N,N0-dibenzyldiaza-18-crown-6 (1) complexing NaI (a) side view and (b) complexing KI. Panels c
and d show N,N0-bis(2-phenylethyl)-4,13-diaza-18-crown-6, 2, complexing KI (c, top view; d, side view in the space-filling format).
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UV-Visible Absorption Spectra of 1–3

The absorption spectra of toluene, ethylbenzene, and
propylbenzene in CH3CN correspond to results
reported previously in less polar solvents. We
obtained the absorption spectra of 1–3 in order to
confirm that no unexpected effect ensued when the
alkylbenzene was attached to 4,13-diaza-18-crown-6.
These spectra are very similar to each other and have
lmax and molar extinction coefficient values that are
comparable to N,N-dimethylbenzylamine. The simi-
larity of the absorption spectra of 1–3 stands in
contrast to the fluorescence spectra of the free receptor
molecules as discussed below.This is shown in Fig. 3.

Fluorescence Spectra of 1–3

The fluorescence spectra of compounds 1–3 were
determined in anhydrous, deoxygenated CH3CN
solution (see Fig. 2). The excitation wavelength in
each case was 265 nm, the slit width was 5 nm, and
the concentration was of each compound was
4.0 mM. Two differences are apparent when the
absorption and fluorescence spectra are compared.
First, the concentration required to obtain satisfac-
tory fluorescence spectra was higher than required
for the absorption spectra. Second, and of greater
significance, is that 2 exhibits much stronger
fluorescence than does either 1 or 3.

Titration of 1–3 With CF3COOH

Compounds 1–3 (concentration ¼ 4 mM) were
titrated with CF3COOH in CH3CN solution (see
Fig. 4). In principle, PET quenching would be
eliminated by protonation of the macroring nitrogen
atom. Photoelectron transfer presumably takes place
between the macroring nitrogen, and to a lesser
extent, oxygen atoms. A strong acid such as
trifluoroacetic acid (CF3COOH) should react rapidly
and completely with the macroring amines.

In each of the three figure panels, the fluorescent
response of the free receptor at a concentration of
4 mM in degassed CH3CN is shown as a black trace.
In all three cases, this is the trace closest to the
baseline. The trace above it (red) represents the
fluorescent response after addition of 1 equivalent of
CF3COOH. After addition of 2 equivalents of Hþ,
both nitrogens in diaza-18-crown-6 should be
protonated and only the oxygen atom non-bonding
and arene pi electrons will be available to photo-
quench the fluorescence signal. Figure 4, shows that
after addition of 2 equivalents of protons, the
fluorescence spectra of 1 and 3 are nearly unchanged
even after addition of 20 equivalents of Hþ. A
significant difference is observed in the spectra of 2
after addition of two protons. The orange line (panel
b, Fig. 4) shows that the fluorescence signal increases
significantly after 2 equivalents of acid are present
and a small amount even after 5 proton equivalents
are present (green line). Thus, the behavior of 1 and 3
differs in this respect from that of 2.

Compound 1 exhibits a new fluorescence band at
l ¼ 295 nm while 2 and 3 do not. The spectral
behavior observed for 1 suggests excimer formation
[65]. We thus recorded the fluorescence spectra of 1 at
concentrations from 0.11 mM to 8.7 mM in degassed
acetonitrile solution. The results of these studies are
shown in Fig. 5. At each concentration, 2 equivalents
of CF3COOH were added to protonate the macroring
nitrogen atoms. Panel a of Fig. 4 (for 1) shows that the
fluorescence spectra are unchanged after 2 equiva-
lents of acid are added. Thus, the possibility of non-
bonding electron pair interactions involving nitrogen
are not expected to affect the Fig. 5 spectra.

TABLE I Absorption and emission spectra for toluene, ethyl-
benzene, and propylbenzene

lmax
a

Compound lexc
a Absb Emc 1d Conc.e Solvent

Toluene 265 263 288 256 3.50 CH2Cl2
265 263 290 240 3.50 CH3CN

Ethyl-benzene 265 262 289 228 5.09 CH2Cl2
265 262 290 232 5.09 CH3CN

Propyl-benzene 265 262 285 236 3.50 CH2Cl2
265 262 284 224 3.50 CH3CN

a) Recorded in nm; b) Absorption maximum; c) Emission maximum; d) In
(cm21M21) Extinction coefficients determined at 2.5 mM, e) Concentration
in mM for emission spectra.

FIGURE 2 Fluorescence spectra of 1–3 determined in CH3CN at
4.0 mM of receptor excited at l ¼ 265 nm (slit width 5 nm). The
spectra are: 1, red; 2, green; and 3, blue.

FIGURE 3 UV-visible spectra of 1–3 (concentration ,40mM) in
CH3CN. The spectra are: 1, red; 2, green; and 3, blue.
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Spectra were recorded at 0.11, 0.22, 0.44, 0.87, 1.7, 4,
and 8.7 mM. Data are shown only for 0.11 mM
(black), 1.7 mM (blue), 4 mM (violet), and 8.7 mM
(red) concentrations in Fig. 5, top panel. At the
lowest concentration (0.11 mM, black line), the peak
having a maximum near 295 nm is small and the
peak at 404 nm is prominent. At a concentration 15-
fold higher (blue line), the 295 nm peak has reached
the highest fluorescence intensity observed in this
series and the 404 nm peak has diminished some.
When the concentration is approximately doubled
from 1.7 mM to 4 mM, both peaks are less intense
than at the lower concentration. At a final concen-
tration of 8.7 mM, approximately 80-fold higher than

the initial value, both peaks are again significantly
reduced in intensity. The overall trend of these data
can be seen in Fig. 5, lower panel, which shows a plot
of fluorescence intensity ratios for the two peaks as a
function of concentration. There is a gradual increase
from 0–2 mM and then a leveling. This suggests that
the excimer is formed intermolecularly. The peak at
295 nm is assigned to the monomer peak while the
peak seen at 404 nm is the lower energy excimer
peak. The spectra in Fig. 5 do not show a clear
isoemissive point so more than one excited state
species may be emitting.

Conformations of Diazacrowns

It is clear that compounds 1–3 must exist in different
conformations simply because the sidechains differ
in structure. When either a protonic or Lewis acid is
present, the lone pair electrons on nitrogen are
involved as Lewis base donors and this further alters
sidechain invertability and conformation. Some
structural information is available for 1–3. We
reported the solid state structures of 1 and of its
KSCN complex some years ago [66]. We have also
reported the structure of 2 complexed by various
salts [1]. Compound 2 is a low melting solid (mp 48–
50 8C) but the extended sidechain conformations of
N,N0-bis(2-(4-hydroxyphenyl)ethyl)-4,13-diaza-18-
crown-6, 4 [1], and N,N0-bis(2-(pentafluoropheny-
l)ethyl)-4,13-diaza-18-crown-6, are similar and as
expected for a phenylethyl residue. A visual
comparison of expected sidearm conformations in
1–3 can be made by considering the calculated
structures (Gaussian 03, gas phase) for the three
dimethylamines that correspond to the sidechains,
i.e., (Ph(CH2)nN(CH3)2 (n ¼ 1–3). These are shown
in Fig. 6 in panels a, b, and c, respectively.

The benzyl carbon in each structure is attached
to the arene. It is obviously coplanar with the ring
but the adjacent atom may not be. In both
dimethylbenzylamine and dimethylphenylethyl-
amine, the bond connected to the benzylic carbon
is nearly perpendicular to the arene. In contrast, the
aliphatic carbons and nitrogen in dimethylphenyl-
propylamine all lie in the same plane as the arene.
The distances between the nitrogen and the ipso

FIGURE 4 Fluorescence spectra of 1–3 (4 mM) in CH3CN when titrated with CF3COOH (lEx ¼ 265, slit width, 5 nm). (a) Titration of 1;
(b) titration of 2; (c) titration of 3. Color code: black, free receptor; red, 1 equiv.; orange, 2 equiv.; green, 5 equiv.; blue, 10 equiv.; and purple,
20 equiv. of trifluoroacetic acid (see colour online).

FIGURE 5 (Top) Fluorescence spectra of 1 in degassed CH3CN.
Acid concentration was 2 equivalents for the stated receptor
concentration: black, 0.11 mM; blue, 1.7 mM; purple, 4 mM; and
red, 8.7 mM. (Bottom) Plot of peak intensities as a function of
concentration.
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carbon are 2.47 Å, 3.83 Å, and 4.89 Å, for 1–3,
respectively. If the distance from nitrogen is
measured to the benzene ring centroid, the corre-
sponding distances are 3.72 Å, 5.15 Å, and 6.42 Å. Of
course, the angle between the nitrogen lone-pair
orbital and the arene’s pi system also varies and this
is expected to affect photoelectron transfer.

The conformation expected for a diprotonated
diazacrown must differ from that of the free base. To
our knowledge, three groups have reported struc-
tures of dibenzyldiaza-18-crown-6 proton com-
plexes. Evans et al. [67] reported evidence for
conformation-controlling CZHzzzpi interactions in
HBr and HNO3 complexes. These interactions were
observed between a macroring ethyleneoxy CZH
bond and the arene. The carbon-to-centroid distances
were under 4 Å suggesting a significant interaction.
The CZHzzzpi interaction was essentially confirmed
for the 1z(HBF4)2 complex in a recent study reported
by Basok et al. [68] and Gaballa et al. [69] reported a
significantly different conformation for H21

2þ in the
structure of 1zH2I8. In this case, no CZH contact was
apparent, but the ammonium proton on each
macroring nitrogen was involved in a bifurcated
hydrogen bond to the two nearest macroring oxygen
atoms.

We are unaware of any structural information that
is available for protonated forms of 2 and 3.
However, we have previously reported structures
for the analog of 2 in which the sidechain benzene

rings were replaced by indole residues (5) [1]. The
free receptor molecule exhibits the sidearm-extended
conformation typical of these macrocycles. Upon
protonation, however, a conformation strongly
reminiscent of that observed for cation–pi com-
plexes is observed. Solid state structures of 5 (top
panel) and 5z(HPF6)2 (lower panel) receptors are
shown in Fig. 7. Note that the hexafluorophosphate
anion is disordered.

Taken together, the computational models and
solid state structures show remarkable confor-
mational variation in these compounds. It is there-
fore reasonable that the fluorescence spectra differ as
much as they do. The different conformations alter
both the orientation of electron-rich groups and the
distances separating them. Both of these variables
affect photoelectron transfer in fluorescent lariat
ether compounds.

Titration of 1–3 with KSCN

Compounds 1–3 were titrated with KSCN in CH3CN
solution. Figure 8 shows fluorescence spectra for 1–3
(see Fig. 8 caption for concentrations) in the absence
and in the presence of 5 equivalents of KSCN.
Spectra were also obtained after addition of 10 and
20 equivalents of KSCN that were essentially
identical to those shown for the lower salt
concentration.

Complexation of 1–3 by KSCN involves the
macroring heteroatoms in Mþ-X interactions, where
X is either O or N. Typically, a single cation is bound
in the macroring by all six heteroatoms. Thus, a
single equivalent of salt should prevent significant
electron transfer from nitrogen during irradiation.

FIGURE 6 Computed structures for (a) N,N-
dimethylbenzylamine; (b). N,N-dimethyl-2-phenylethylamine;
(c) N,N-dimethyl-3-phenylpropylamine. (The structures were
calculated by using Gaussian 03 for the gas phase.)

FIGURE 7 Solid state structures of 5 in the absence (top panel)
and presence of HPF6.

E. K. ELLIOTT et al.180

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
3
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



The fluorescence spectra differ some in peak
position. Compounds 1 and 3 exhibit maxima near
l ¼ 360 nm and 365 nm, respectively. At the same
concentration (0.8 mM), the fluorescence intensity is
under 60 for 1 and under 300 for 3. This difference is
significant but the maximal fluorescent intensity
observed for 2 is nearly 700. Further, lmax for 2 is near
370 nm in the absence of salt and close to 380 nm after
20 equivalents of KSCN have been added.

In all three cases, the fluorescence spectra of 1–3
increase in intensity after addition of a single
equivalent of KSCN (black ! red). Little difference
is observed when a second equivalent is added; the
orange and red lines shown in Fig. 8 are nearly
superimposed in all three spectra. Addition of 5, 10,
and 20 equivalents of salt progressively reduced the
fluorescence intensity. Titration of toluene with
KSCN in control experiments resulted in fluorescence
quenching (data not shown). The change in intensity
did not result from dilution as the volume change
was #3%. The consistency of this effect suggests that
it may reflect increased polarity in the medium. None
of these observations translates clearly into evidence
for cation–pi interactions between benzene and
potassium in acetonitrile solution.

CONCLUSIONS

The fluorescence spectra of lariat ethers having
sidearms terminated by benzene rings have been
obtained in solution in the absence and presence of
both protonic and Lewis acids. The fluorescence
maxima observed for the arene in 1–3 varies in peak
position and intensity. In the absence or presence of a
cationic species, phenylethyl-sidearmed 2 invariably
exhibits a more intense spectrum. In all previous
studies, cation–pi complexes of either Naþ or Kþ

were obtained only with 2 and never with 1 or 3. The
spectral evidence comports with different solution
behavior for 2 compared to either 1 or 3.

Titrations of 1–3 with CF3COOH resulted in
varying degrees of fluorescence recovery by the
diazacrowns. Shorter alkyl spacers in 1 and 2 showed
a greater fluorescence increase. This may be due to
Hþ induced conformational changes; such differ-
ences have certainly been observed in solid state

structural studies. The fluorescence spectrum of 1 in
the presence of Hþ shows a new peak near 295 nm in
addition to the peak near 404 nm. The higher energy
peak is observed at a wavelength similar to that of
toluene, ethylbenzene, and propylbenzene. We
conclude that both monomer and excimer are
present in the acid titration spectrum of 1. The
intensity ratio of the higher and lower energy peaks
varies with concentration. This observation is
consistent with an intermolecular interaction.

Compared with Hþ, the influence of Kþ on the
fluorescence spectra of receptors 1–3 is less clear. The
Lewis acid-lariat ether receptor interaction may be
weaker and thus more difficult to observe than the
protonic acid-receptor interaction. Compounds 1–3
experience a similar trend upon titration with Kþ: a
slight fluorescence increase followed by quenching.
The decrease in fluorescence intensity could reflect an
increase in solution polarity. Taken together, the optical
spectra show significant differences in receptors 1–3
both alone and in the presence of Lewis acids. These
differences, however, do not provide a reliable
analytical method to assess cation–pi interaction
under the experimental conditions studied.

EXPERIMENTAL SECTION

N,N0-Dibenzyl-4,13-diaza-18-crown-6, 1

Was prepared as previously described [53–55].

N,N0-bis(2-Phenylethyl)-4,13-diaza-18-crown-6, 2

Was prepared as previously described [4].

N,N0-bis(3-Phenylpropyl)-4,13-diaza-18-crown-6, 3

Was prepared as previously described [56].

N,N0-bis(2-(4-Hydroxyphenyl)ethyl)-4,13-diaza-18-
crown-6, 4

Was prepared as previously described [1].

N,N0-bis(2-(3-Indolyl)ethyl)-4,13-diaza-18-crown-6, 5

Was prepared as previously described [1].

FIGURE 8 Titration of 1 (left, 0.796 mM), 2 (center, 0.145 mM), and 3 (right, 0.798 mM) in CH3CN with KSCN. Excitation was at
l ¼ 265 nm. Equivalents of KSCN added: black, 0; red, 1; orange, 2; green, 3; blue, 10; and purple, 20.
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Toluene, ethylbenzene, propylbenzene, and CF3-

COOH were obtained from Sigma-Aldrich and
distilled prior to use. KSCN was dried under high
vacuum overnight. CH2Cl2 and CH3CN were
distilled and degassed.

Absorbance Spectroscopy

Absorbance spectra were taken of 1, 2, 3, toluene,
ethylbenzene, and propylbenzene in CH2Cl2 and/or
CH3CN solution. Concentration of receptors 1–3 was
40mM. Toluene, ethylbenzene, and propylbenzene
were each measured at 2.5 mM. Data were recorded
on a Beckman Coulter DU7400 spectrophotometer.
The volume was 3.0 mL in a cell with a path length of
1.00 cm. Per sample reading, at least 5 absorbance
scans were taken and averaged.

Fluorescence Spectroscopy

Spectra were recorded on a Perkin Elmer LS 50B
fluorimeter. Compounds 1–3 were irradiated at
l ¼ 265 nm. The emission slit width was 5.0 nm. The
path length was 1.00 cm and each spectrum was
obtained on 3.0 mL solution. For each spectrum, 5
repetitions were averaged to obtain a smooth curve.
Fluorescence titrations of compounds 1–3 with
KSCN and CF3COOH were done in degassed
CH3CN solution. The concentrations of KSCN and
CF3COOH in CH3CN solution were 96 mM and
130 mM, respectively. A maximum of 50mL of each
solution was required for Hþ or Kþ titration so the
volume change from 3.0 mL in the cell was
negligible. Pure CH3CN was added up to 10%
(v/v) and there was no change in any of the spectra
(data not shown). Measurements were taken at room
temperature. The absence of H2O contaminant in the
solvent was confirmed by a lack of fluorescence
signal at 320 nm when excitation was set at
l ¼ 270 nm. Concentration ranges were achieved by
serial dilution of the original stock solution.

Calculations

The structures of the diamines shown in Fig. 6 were
calculated for the gas phase using Gaussian 03. The
structures were rendered as stick models by using
POV-ray.
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