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Analogues: Signal Amplification and Chiral Recognition
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A series of optically active macrocyclic and acyclic bisbinaphthyls have been synthesized and
characterized. The structure of one of the bishinaphthyl macrocycles has been established by a
single-crystal X-ray analysis. The UV and fluorescence spectra of these chiral compounds in various
solvents and at different concentrations are studied. Formation of excimers is observed for the
macrocyclic bisbinaphthyl compounds. Introduction of conjugated substituents to the 6,6'-positions
of the binaphthyl units in the macrocycles leads to greatly amplified fluorescence signals. Using
the 6,6'-substituted bisbinaphthyl macrocycles in place of the unsubstituted macrocycles allows a
2 orders of magnitude reduction in the sensor concentration for the fluorescence measurements.
These macrocycles have exhibited highly enantioselective fluorescent enhancements in the presence
of chiral a-hydroxycarboxylic acids and N-protected a-amino acids. They are useful as fluorescent
sensors for chiral recognition. The macrocycles show much greater enantioselectivity in the substrate

recognition than their acyclic analogues.

Introduction

Organic macrocycles have been extensively studied in
the host—guest chemistry because of their better orga-
nized binding sites than the corresponding acyclic
compounds.> Among many chiral macrocyclic com-
pounds, the 1,1'-binaphthyl-based hosts hold prominent
positions in chiral recognition.®® The 1,1'-binaphthyl
macrocycles have exhibited excellent chiral discrimina-
tion ability toward organic substrates when analyzed by
NMR, UV, and various separation methods. However,
prior to our recent work,® there was almost no report on
using binaphthyl-based macrocycles in fluorescent rec-
ognition.”8 Fluorescence-based enantioselective sensors®
are of great practical value because they can potentially
provide a real time analytical tool for chiral assay. Rapid
determination of the enantiomeric composition of organic
compounds will be very useful in the high-throughput
combinatorial analysis of chiral drug molecules and
catalysts. Because of the excellent chiral recognition
properties of binaphthyl macrocycles, we have initiated
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a program to explore their use as enantioselective
fluorescent sensors.

We are interested in the enantioselective fluorescent
recognition of chiral carboxylic acids such as o-hydroxy-
carboxylic acids and a-amino acids.®!° These compounds
are precursors to as well as the structural units of many
important organic compounds. Highly enantioselective
fluorescent sensors for these molecules should greatly
facilitate the determination of their enantiomeric com-
position and allow a rapid screening of chiral catalysts
or reagents for their synthesis.

We have chosen the 1,1'-binaphthyl macrocycles (S)-
and (R)-1 (S and R stand for the configuration of the 1,1'-
binaphthyl units), previously prepared by Brunner and
Schiessling,** in our fluorescent recognition study for the
following reasons: (1) These macrocycles contain two
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axially chiral binaphthyl units and four additional chiral
carbon centers. These chiral elements may provide a good
asymmetric environment for the desired enantioselective
recognition. (2) The nitrogen atoms adjacent to the
naphthalene fluorophores in these compounds can quench
their fluorescence via a photoinduced electron transfer
(PET) process.*? Upon interaction of the nitrogen lone
pair electrons with acidic protons, these macrocycles
should show fluorescence enhancement by suppressing
the PET quenching, leading to fluorescent signaling. (3)
The tetrahydroxyl and tetraamine groups of these mac-
rocycles are good hydrogen bond donors and acceptors.
They should allow good binding with chiral carboxylic
acids. We have found that these bisbinaphthyl macro-
cycles and their derivatives exhibit highly enantioselec-
tive fluorescent responses toward o-hydroxycarboxylic
acids and o-amino acids. Herein, our studies of the
fluorescence properties of the bisbinaphthyl macrocycles
and derivatives and their applications in chiral recogni-
tion are reported. A portion of this work has been
communicated earlier.®

Results and Discussion

1. Synthesis of Macrocyclic and Acyclic Bisbi-
naphthyls. Scheme 1 shows the procedure developed by
Brunner and Schiessling for the synthesis of the binaph-
thyl macrocycle (S)-1.** Condensation of the binaphthyl
dialdehyde (S)-2 with (R,R)-1,2-diphenylethane-1,2-di-
amine, (R,R)-3, in ethanol at reflux gave the macrocyclic
Schiff base (S)-4 in high yields. This macrocycle was then
reduced with NaBH, in refluxing ethanol to give (S)-1
in 98% yield. The enantiomer of this compound, (R)-1,
was obtained by using (R)-2 and (S,S)-3 as the starting
materials. It was also found that the mismatched chiral-
ity of (R)-2 with (R,R)-3 led to the formation of polymers
rather than the macrocycle.

We introduced conjugated substituents to the 6,6'-
positions of the binaphthyl units of the macrocycle (S)-1
to build compounds of more extended conjugation in order
to improve the fluorescence property. Scheme 2 shows
the construction of the bisbinaphthyl macrocycle with
6,6'-p-ethoxyphenyl substituents. The Suzuki coupling*?
of (S)-5* with p-ethoxyphenylboronic acid gave (S)-6,
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Soc. Rev. 1992, 21, 187—195. (d) Czarnik, A. W. Acc. Chem. Res. 1994,
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SCHEME 1. Synthesis of the Bisbinaphthyl
Macrocycle (S)-1

__CHO

H,N_FaPh

OH l EtOH

+ —_— S

N“z“Ph
CHO

(5)-2 (RR)-3

which was then converted to the chiral dialdehyde (S)-7
by treatment with n-BuLi and DMF.'*> Condensation of
(S)-7 with the chiral diamine (R,R)-3 gave a macrocyclic
Schiff base which upon reduction with NaBH, produced
the macrocycle (S)-8 in 80% yield over the two steps. This
compound contained four p-ethoxyphenyl groups at the
6,6'-positions of the two binaphthyls. Another 6,6'-
substituted macrocycle (S)-11 was prepared as shown in
Scheme 3. The Heck coupling®2® of (S)-5 with styrene
in the presence of Herrmann's catalyst gave (S)-9%6¢ which
was converted to the chiral dialdehyde (S)-10. Condensa-
tion of (S)-10 with (R,R)-3 followed by reduction with
NaBH, produced (S)-11 in 81% yield over the two steps.

The acyclic analogues of the bisbinaphthyl macrocycles
were prepared for comparison in the subsequent fluores-
cent study. Schemes 4 and 5 show the use of the
binaphthyl monoaldehydes (R)-12 and (S)-15 to generate
the acyclic bisbinaphthyl compounds (R)-14 and (S)-16.
Compounds (R)-12 and (S)-15 were obtained in the
preparation of (R)-2 and (S)-7. Condensation of (R)-12
with (S,S)-3 in methylene chloride yielded the acyclic
Schiff base (R)-13 as reported by Kozlowski.l” Reduction
of (R)-13 by NaBH, gave (R)-14. In the same way, (S)-16
was obtained from the condensation of (S)-15 with (R,R)-3
followed by reduction.

2. NMR and UV Analyses of the Binaphthyl
Compounds. The *H NMR spectra of the new macro-
cycles (S)-8 and (S)-11 were compared with that of (S)-
1. In acetone-ds, the p-ethoxyphenyl-substituted macro-
cycle (S)-8 gave a doublet at 6 3.89 (J = 13.2 Hz, 4H) for
one of the diastereotopic haphthylmethylene protons on
the ring. The other naphthylmethylene proton signal
overlapped with that of the methylene protons of the
ethoxyl groups at 6 4.15 (m, 12 H). These signals were
very close to what were observed at 6 3.73 and 4.12 (AB,
8H, J = 13.4 Hz) for the diastereotopic naphthylmeth-
ylene signals of (S)-1.11* The protons on the chiral carbon
centers of (S)-8 gave a singlet at 6 4.39 (s, 4H), and the
methyl protons appeared at 6 1.42 (t, J = 6.9 Hz, 12 H).
For the styryl-substituted macrocycle (S)-11, its naphthyl
methylene signals appear at 6 3.88 and 4.08 (AB, J =
13.2 Hz, 8 H). Similar signals were observed for the two
acyclic compounds (R)-14 and (S)-16. In all of these
compounds, no signals due to the hydroxyl and amine
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SCHEME 2. Synthesis of the 6,6'-p-Ethoxyphenyl-Substituted Bisbinaphthyl Macrocycle (S)-8
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SCHEME 4. Synthesis of the Acyclic Bisbinaphthyl (R)-14
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SCHEME 5. Synthesis of the Acyclic Bisbinaphthyl (S)-16

EtO EtO
1 (RR3
2 NeBH, NaBH,

(S)-15

protons were observable. The structures of these com-
pounds were confirmed by high-resolution mass spectro-
scopic analyses.

The UV spectra of the bisbinaphthyl compounds in
benzene and methylene chloride are shown in Figures 1
and 2, respectively. From the unsubstituted compounds
(S)-1 and (R)-14 to the 6,6'-substituted compounds (S)-
8, (S)-11, and (S)-16, large red-shifts in the longest

6286 J. Org. Chem., Vol. 69, No. 19, 2004

(S)-16

wavelength absorptions were observed. This is consistent
with the increased conjugation in the 6,6'-substituted
compounds. The substitution with the conjugated units
also greatly increased absorbance. The absorption spectra
of the macrocycles (S)-1 and (S)-8 are very close to those
of their acyclic analogues (R)-14 and (S)-16, respectively.

The UV spectra of (S)-1 and (R)-14 were compared with
those of 2-naphthol and (S)-1,1'-bi-2-naphthol (BINOL)
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FIGURE 1. UV spectra of compounds (S)-1, (S)-8, (S)-11, (R)-
14, and (S)-16 in benzene (1.0 x 107° M).
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FIGURE 2. UV spectra of compounds (S)-1, (S)-8, (S)-11, (R)-
14, and (S)-16 in methylene chloride (1.0 x 10~ M).
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FIGURE 3. UV spectra of compounds (S)-1, (R)-14, 2-naph-
thol, and BINOL in methylene chloride (1.0 x 1075 M).

in methylene chloride (Figure 3). Only a small red shift

o T @
2-naphthol OO

(S)-1,1"-bi-2-naphthol (BINOL)

at Amax ~ 230 nm was observed going from 2-naphthol to
BINOL and the bisbinaphthyl compounds, and the shape
of the absorptions remained similar. This demonstrates
that there is very little conjugation between the naph-
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FIGURE 4. ORTEP drawing (30% ellipsoids) of (S)-1.

thalene rings in BINOL and the bisbinaphthyl com-
pounds. There is also a small red-shift from BINOL to
(S)-1 in the longest wavelength absorption which could
be attributed to the intramolecular hydrogen bonding
between the hydroxyl groups and the amine nitrogens
in (S)-1. This assumption is supported by the X-ray
structure of (S)-1 discussed in the next section. The UV
absorption maxima and extinction coefficients of all the
compounds are summarized in Table 1 of the supporting
materials.

3. Molecular Structure of (S)-1. A single-crystal
X-ray analysis of the chiral macrocycle (S)-1 was con-
ducted on a colorless crystal obtained from a deuterated
acetone solution of (S)-1. The crystal was triclinic with
the space group P1l. Two independent molecules of
slightly different conformation were found to exist in the
unit cell of this molecule. Figure 4 shows the ORTEP
drawing of one of those molecules. The central cavity of
the macrocycle is flanked on two opposite sides by almost
exactly parallel naphthol moieties separated by 7.65 A.
The long axes of the two groups are mutually perpen-
dicular. In addition to the molecules of (S)-1, there are
six molecules of deuterated acetone solvent molecules.
Each of the macrocycles contains one of the solvent
molecules sandwiched between the parallel naphthol
units. This indicates that small molecules can be included
inside the cavity of this macrocycle. The distances
between the C atoms of acetone and naphthol range
between 3.8 and 4.05 A, indicating possible C—H---x
interactions. All of the O atoms of the naphthol units are
on the same side of the macrocycle. The macrocyle rings
are stabilized by intramolecular O—H---N bonds, with the
average O---N donor—acceptor distance of 2.68 A in one
molecule which is somewhat shorter than the corre-
sponding distance of 2.75 A in the other.

4. Fluorescence Spectra of the Unsubstituted
Bisbinaphthyl Compounds (S)-1 and (R)-14. The
fluorescence spectra of the bisbinaphthyl macrocycle (S)-1
and the acyclic bisbinaphthyl (R)-14 in methylene chlo-
ride are shown in Figure 5. Although these two com-
pounds had almost identical UV spectra, they exhibited
dramatic differences in emission. The macrocycle (S)-1
gave dual fluorescence signals with a major emission

J. Org. Chem, Vol. 69, No. 19, 2004 6287
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FIGURE 5. Fluorescence spectra of the macrocycle (S)-1 and

the acyclic compound (R)-14 in methylene chloride (1.0 x 107
M, Aexe = 327 nm).
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FIGURE 6. Concentration effect on the fluorescence of (S)-1
in methylene chloride.

band at 439 nm (ding) @and a small emission peak at 370
nm (Ashort) When excited at 327 nm. Its acyclic analogue
(R)-14, however, gave a major emission at the short
wavelength (Aemi = 371 nm) with only low intensity
shoulders in the long wavelength region.

To determine whether the long wavelength emission
of (S)-1 was due to an intramolecular transition or an
intermolecular interaction, we studied the effect of
concentration on its emission. Figure 6 compares the
fluorescence spectra of (S)-1 in methylene chloride in the
concentration range of 10~7—10"* M. As the concentration
of (S)-1 decreased, the ratio of Aing Versus Asport also
decreased. At the concentrations below 10% M, only the
emission at Asport Was observed. The UV spectra of (S)-1
showed almost no change in the shape and position of
the absorptions as the concentration of (S)-1 increased
from 1077 to 10* M (see Figure 2 in the Supporting
Information). These observations suggest that the long
wavelength emission of the macrocycle should be due to
the excimer emission of (S)-1 formed between an excited
molecule and that at ground state. The difference be-
tween the macrocycle (S)-1 and the acyclic compound (R)-
14 in their fluorescence spectra demonstrates that they
have different ability in forming the intermolecular
excimers. It might be easier for the rigid macrocycle to
achieve a stronger intermolecular interaction because it
may be less solvated than the flexible acyclic compound.

The fluorescence spectra of (S)-1 and (R)-14 in benzene
were similar to those in methylene chloride. We mea-
sured the fluorescence spectra of (S)-1 in a mixed solvent

6288 J. Org. Chem., Vol. 69, No. 19, 2004
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FIGURE 7. Fluorescence spectra of (S)-1 in benzene/2-
propanol solutions (1.0 x 1074 M).
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FIGURE 8. Fluorescence spectra of 2-naphthol, BINOL, (S)-
1, and (R)-14 in methylene chloride (2.0 x 1076 M, Aexc = 274,
278, 305, and 305 nm, respectively).

of benzene and 2-propanol. As shown in Figure 7,
addition of 2-propanol to a benzene solution of (S)-1 (1.0
x 1074 initially led to the reduction of the emissions at
both Ashore @nd Aiong. After more than 20% of 2-propanol
was added, there was almost no change for the excimer
emission while the emission at Aspnort decreased continu-
ously. This indicates that the intermolecular interaction
for the excimer of (S)-1 may not be through hydrogen
bonds. Little change in the UV spectra was observed for
(S)-1 in the mixed benzene/2-propanol solutions. As
shown by the X-ray structure of (S)-1, all of the hydroxyl
groups of (S)-1 are involved in intramolecular hydrogen
bonding with the amine nitrogens. This makes (S)-1 less
likely to form intermolecular hydrogen bonds both in the
ground state as well as in the excited state. No intermo-
lecular hydrogen bonds were found in the solid-state
structure of (S)-1.

The fluorescence spectra of the macrocycle (S)-1 and
the acyclic compound (R)-14 were compared with those
of 2-naphthol and BINOL. As shown in Figure 8, 2-naph-
thol and BINOL had much stronger fluorescence inten-
sity (by ca. 2 orders of magnitude) than (S)-1 and (R)-14
at 2.0 x 1076 M even though the light absorption of the
bisbinaphthyl compounds was much stronger. The fluo-
rescence signals of both (S)-1 and (R)-14 are close to the
baseline in Figure 8. This is because the fluorescence of
(S)-1 and (R)-14 is largely quenched by their nitrogen
lone pair electrons via the PET process. The lower
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FIGURE 9. Comparison of the fluorescence spectra of the 6,6'-
substituted compounds (S)-8, (S)-11, and (S)-16 with those of
the unsubstituted compounds (S)-1 and (R)-14 in methylene
chloride (2.0 x 1076 M).

fluorescence intensity of BINOL than 2-naphthol can be
attributed to the rotation around the 1,1'-bond of BINOL,
which could facilitate the nonradiative decay of its excited
state. The emission maxima of 2-naphthol and BINOL
were at 349 and 368 nm, respectively, close t0 Asport Of
the macrocycle (S)-1 and the acyclic compound (R)-14.

5. Fluorescence Spectra of the 6,6'-Substituted
Bisbinaphthyl Compounds (S)-8, (S)-11, and (S)-16.
The fluorescence spectra of the 6,6'-substituted bisbi-
naphthyl compounds (S)-8, (S)-11, and (S)-16 are com-
pared with those of the unsubstituted compounds (S)-1
and (R)-14 in methylene chloride at 2.0 x 10°% M (Figure
9). As shown in Figure 9, introduction of the 6,6'-
conjugated substituents to the binaphthyl compounds not
only caused red shifts for the emission maxima, but also
enhanced the fluorescence intensity by about 2 orders of
magnitude.® Similar to (S)-1, the 6,6'-substituted mac-
rocycles (S)-8 and (S)-11 gave intense excimer emissions
at 445 and 491 nm, respectively, when excited at 305 nm.
They also had short wavelength emissions at 379 and
403 nm, respectively. When the concentrations of these
two macrocycles were reduced, the excimer emissions
relative to the short wavelength emissions were greatly
reduced. The flexible acyclic compound (S)-16 gave
mainly the short wavelength emission at 382 nm, similar
to (R)-14. When the solvent was changed from methylene
chloride to benzene, the long wavelength emissions of
(S)-8 and (S)-11 were greatly reduced and the short
wavelength emissions became the predominate signals.

6. Enantioselective Fluorescent Recognition of
o-Hydroxycarboxylic Acids Using the Unsubsti-
tuted Macrocycles (S)- and (R)-1 and the Acyclic
Compound (R)-14. We studied the interaction of (S)-
and (R)-1 with mandelic acid, a chiral aromatic a-hy-
droxycarboxylic acid. In our study of the fluorescent
recognition in this and later sections, the enantioselec-
tivities were obtained by measuring the changes in the
fluorescence intensity of the sensors corresponding to the
two enantiomers of the substrate at the same concentra-
tion. The fluorescence intensities were not normalized
with respect to the corresponding absorptions because
these results are more useful for the future high-
throughput screening measurement. Therefore, the ob-
tained enantioselectivity of these sensors in this paper
does not necessarily reflect the differences in the quan-
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FIGURE 10. Fluorescence spectra of (R)-1 (1.0 x 10* M in
CH,CI,/2% DME) in the presence of (R)- and (S)-mandelic acid
(0.02 M) (Aexc = 327 nm).

tum vyields of the sensors when treated with the two
enantiomers of the substrate.

OH

0]
OH

mandelic acid

Figure 10 shows the fluorescence spectra of (R)-1 in
methylene chloride in the presence of (R)- and (S)-
mandelic acid. The methylene chloride solution contained
2% dimethoxyethylene (DME) in order to improve the
solubility of mandelic acid. The two emission bands of
the chiral macrocycle responded differently to the acid.
The emission at 4.,y sShowed small change in intensity
when treated with the two enantiomers of mandelic acid.
However, large changes were observed at Asport. The two
enantiomers of mandelic acid enhanced the fluorescence
of the macrocycle at A¢nort Very differently. This enantio-
selective fluorescent response corresponds to an ef of 3.2
[ef: enantiomeric fluorescence difference ratio = (Ir —
o)/ (Is — 1o)]. (R)-Mandelic acid enhanced the fluorescence
of (R)-1 to a much greater extent than (S)-mandelic acid.

The interaction of the macrocycle with mandelic acid
in benzene (containing 2% DME) was also studied and
the results were communicated earlier.® When the mac-
rocycle (S)-1, the enantiomer of (R)-1, was treated with
the enantiomers of mandelic acid in benzene, very
different fluorescence responses from those in methylene
chloride were observed. (S)-Mandelic acid greatly en-
hanced the excimer emission of (S)-1 at g, but (R)-
mandelic acid only led to a small enhancement. At Ashort
of (S)-1, (S)-mandelic acid generated a small enhance-
ment while (R)-mandelic acid quenched the fluorescence
slightly. The enantioselective fluorescence response of
(S)-1 toward the two enantiomers of mandelic acid at Ajong
was extremely high with an ef value greater than 12. At
a lower concentration of (S)-1, e.g., 107° and 107¢ M, the
enantioselectivity was greatly reduced.

As described above, the fluorescence of the sensor
responded toward mandelic acid in very different ways
in benzene or methylene chloride. The major enantio-
selectivity was observed at the short wavelength emission
in methylene chloride but at the excimer emission in
benzene.

The fluorescence enhancement of (S)-1 at Aiong in the
presence of 5.0 x 1073 to 2.0 x 1072 M of (R)- and (S)-
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mandelic acid in benzene demonstrates that although
(R)-mandelic acid did not significantly enhance the
fluorescence of (S)-1 in the measured concentration
range, (S)-mandelic acid generated over 2-fold fluores-
cence enhancement.® The enantiomer (R)-1 was also
interacted with (R)- and (S)-mandelic acid under the
same conditions as above. A mirror image relationship
with the responses of (S)-1 was observed. That is, (R)-
mandelic acid greatly enhanced the fluorescence of (R)-1
at Aiong, and (S)-mandelic acid caused little change. This
confirmed the enantioselective fluorescent responses of
the bisbinaphthyl macrocycles toward mandelic acid.

hexahydromandelic acid

The macrocycle (S)-1 was also used to recognize
hexahydromandelic acid, an aliphatic a-hydroxycarboxy-
lic acid.® We observed that while the (S)-acid enhanced
the intensity of (S)-1 significantly at 40ng in benzene (2%
DME), the (R)-acid almost did not change the fluores-
cence. This is the same as the responses of (S)-1 toward
mandelic acid except that the magnitude of the fluores-
cent enhancement (=<1.8-fold) was smaller in the case of
hexahydromandelic acid.

The fluorescence intensity of (S)-1 at Ajong Was found
to be linearly related to the enantiomeric composition of
mandelic acid and hexahydromandelic acid. Thus, these
bisbinaphthyl macrocycles can be used as highly enan-
tioselective fluorescent sensors for the recognition of both
aromatic and aliphatic a-hydroxycarboxylic acids.

We studied the fluorescence property of the acyclic
compound (S)-14 in the presence of (R)- and (S)-mandelic
acid in benzene. Although large fluorescence enhance-
ments were observed at Aqhort, the enantioselectivity was
very small (ef = 1.1—-1.4) (see Figure 5 in the Supporting
Information).

7. Enantioselective Fluorescent Recognition of
a-Hydroxycarboxylic Acids and a-Amino Acid De-
rivatives Using the 6,6'-Substituted Bisbinaphthyl
Macrocycles (S)-8, (S)-11 and the Acyclic Com-
pound (S)-16. a. Enantioselective Fluorescent Rec-
ognition of Mandelic Acid. The 6,6'-substituted com-
pounds were used for the fluorescent recognition of
mandelic acid in methylene chloride solution. Figure 11
gives the fluorescence spectra of (S)-8 in the presence of
(R)- and (S)-mandelic acid. Large fluorescence enhance-
ment of the 6,6'-p-ethoxyphenyl substituted macrocycle
(S)-8 at Ashort Was observed when treated with mandelic
acid. In the meantime, the excimer emission at Aj,ng Was
either quenched or unchanged. The fluorescence enhance-
ment at Ashort Was enantioselective with an ef of ca 2. The
effect of the mandelic acid concentration on the fluores-
cence enhancement was studied and the results are
plotted in Figure 12. The error bars in the plot were
obtained by four independent measurements. This fluo-
rescence enhancement at Aghore OF (S)-8 is similar to that
of the unsubstituted macrocycle (S)-1 in methylene
chloride as shown in Figure 10 except that the fluores-
cence intensity of (S)-8 was much stronger and its
fluorescence measurements could be conducted at con-
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FIGURE 11. Fluorescence spectra of the 6,6'-p-ethoxyphenyl
bisbinaphthyl macrocycle (S)-8 (2.0 x 1078 M in CH.Cly/
0.4%DME) in the presence of (R)- and (S)-mandelic acid (4.0
x 1072 M) (Aexc = 305 nm).
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FIGURE 12. Fluorescence enhancement at Asport Of (S)-8 (2.0
x 107 M in CH,CI,/0.4%DME) versus concentration of (R)-
and (S)-mandelic acid (lexc = 305 nm).
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FIGURE 13. Fluorescence spectra of the 6,6'-styryl-substi-
tuted macrocycle (S)-11 (2.0 x 1078 M in CH,CI,/0.4%DME)
with (R)- and (S)-mandelic acid (4.0 x 1073 M) (Aexc = 305 nm).

centrations of 2 orders of magnitude lower, i.e., 1076 M
versus 10~* M. Mandelic acid also enhanced the fluores-
cence of the acyclic compound (S)-16 in methylene
chloride, but almost no enantioselectivity was observed.

The 6,6'-styryl-substituted macrocycle (S)-11 behaved
similarly as (S)-8 when treated with the enantiomers of
mandelic acid in methylene chloride (Figure 13). Both
(R)- and (S)-mandelic acid quenched the excimer emission
of the macrocycle at Ajong and enhanced at Ashore. The
fluorescence enhancement at Agnore IS enantioselective
with an ef of ca 2. The effect of the concentration of
mandelic acid on the fluorescence enhancement at Agnort
(380 nm) was shown in Figure 14.

We also studied the interaction of the 6,6'-substituted
bisbinaphthyls with mandelic acid in benzene. Although
the acyclic compound (S)-16 showed the expected fluo-



Macrocyclic Bisbinaphthyl Fluorophores and Their Acyclic Analogues

3-: (S)-Acid

2‘2 (R)-Acid
o 45
1
05

01 T : T .
0 0.001 0.002 0.003 0.004

Concentration of the Acid (M)

FIGURE 14. Fluorescent enhancement at Asport Of (S)-11 (2.0
x 1078 M in CH,CI,/0.4% DME) in the presence of (R)- and
(S)-mandelic acid (Aexc = 305 nm).
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FIGURE 15. Fluorescence spectra of (S)-11 (2.0 x 107 M in
CH,Cl,/0.4% DME) in the presence of p- and L-17 (4.0 x 1073
M) (Aexc = 336 nm).

rescent enhancement, we were surprised to find that both
(R)- and (S)-mandelic acid quenched the fluorescence of
the macrocycles. The solution remained clear when the
macrocycles were treated with the acid. Thus, precipita-
tion was not the cause of the fluorescence reduction. It
is unclear at this stage what contributed to the fluores-
cence quenching in benzene.

b. Enantioselective Fluorescent Recognition of
the N-Protected Phenyl Glycine 17. The unsubsti-
tuted macrocycles (R)- and (S)-1 were used to recognize
N-protected o-amino acids, and highly enantioselective
fluorescent responses to a few substrates were detected.'8
We also studied the fluorescence responses of the 6,6'-
substituted macrocycles (S)-8 and (S)-11 to p- and L-17
in the presence of the N-protected phenylglycine 17.

N-Benzyloxycarbonylphenylglycine

Because of the much stronger fluorescent signals of these
compounds with 6,6'-conjugated substituents, their fluo-
rescence studies were conducted at concentrations of 2
orders of magnitude lower (106 M versus 10~* M) than
the unsubstituted (R)- and (S)-1.1® Figures 15 and 16
show the fluorescence change of (S)-11 when treated with
D- and L-17. The error bars in Figure 16 were obtained
by three independent measurements. Figures 17 and 18
show the fluorescence change of (S)-8 when treated with
D- and L-17. The chiral amino acid quenched the excimer
emissions of both macrocycles but enhanced their short

(18) Lin, J.; Li, Z.-B.; Zhang, H.-C.; Pu, L. Tetrahedron Lett. 2004,
45, 103—106.
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FIGURE 16. Fluorescence enhancement at Asnort 0f (S)-11 (2.0
x 1076 M in CH,CI,/0.4% DME) with p- and L-17 (Aexc = 336
nm, ef at Ashort = 3.5—7).
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FIGURE 17. Fluorescence spectra of (S)-8 (2.0 x 107 M in

CH_Cl,/0.4% DME) in the presence of b- and L-17 (4.0 x 1073
M) (Aexc = 305 nm).
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FIGURE 18. Fluorescence enhancement at Ashort Of (S)-8 (2.0
x 1078 M in CH,CI»/0.4% DME) with p- and L-17 (lexc = 305
nm, ef at Ashore = 3.7—10).

wavelength emissions. Both of the macrocycles exhibited
very high enantioselectivity in their fluorescent responses
to the amino acid. The observed ef values were up to 10.
These compounds are useful as highly enantioselective
fluorescent sensors for the recognition of this amino acid
derivative.

Summary

A series of optically active macrocyclic and acyclic
bisbinaphthyls have been synthesized and characterized.
The structure of one of the bishinaphthyl macrocycles has
been established by a single-crystal X-ray analysis. The
UV and fluorescence spectra of these chiral compounds
in various solvents and at different concentrations are
studied. Formation of excimers is observed for the mac-
rocyclic bisbinaphthyl compounds. Introduction of con-
jugated substituents to the 6,6'-positions of the binaph-
thyl units in the macrocycles leads to greatly amplified
fluorescence signals. Using the 6,6'-substituted bisbi-
naphthyl macrocycles in place of the unsubstituted
macrocycles allows a 2 orders of magnitude reduction in
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the sensor concentration for the fluorescence measure-
ments. These macrocycles have exhibited highly enantio-
selective fluorescent enhancements in the presence of
chiral a-hydroxycarboxylic acids and N-protected a-ami-
no acids. They are useful as fluorescent sensors for chiral
recognition. The macrocycles show much greater enan-
tioselectivity in the substrate recognition than their
acyclic analogues.

Experimental Section

Preparation and Characterization of (S,S)-6,6'-Bis(4-
ethoxyphenyl)-2,2'-bis-methoxymethoxy[1,1']binaph-
thalenyl, (S)-6. To a round-bottom flask were added (S)-5
(2.00 g, 3.75 mmol), Pd(PPh3)4 (320 mg, 0.28 mmol), THF (50
mL), 4-ethoxyphenylboronic acid (1.38 g, 8.31 mmol), and
aqueous potassium carbonate solution (1 M, 9.4 mL). After
being degassed by freeze—pump—thaw for three times, the
reaction mixture was heated under nitrogen at reflux for 2 d.
The solvent was evaporated, and the residue was extracted
with methylene chloride. The methylene chloride solution was
washed with water and brine and dried with Na,SO,4. After
filtration and removal of the solvent, the residue was purified
by column chromatography on silica gel eluted with CH,CI./
hexanes (30/70) to give (S)-6 (2.15 g) as a white solid in 93%
yield. 'H NMR (CDCls, 300 MHz ): ¢ 1.41 (t, J = 7.2 Hz, 6H),
3.16 (s, 6H), 4.06 (g, J = 7.2 Hz, 4H), 4.99 (d, J = 6.9 Hz, 2H),
5.09 (d, J = 6.9 Hz, 2H), 6.93 (s, 2H), 6.96 (d, J = 2.1 Hz, 2H),
7.24 (d, 3 = 9.0 Hz, 2H), 7.44 (dd, J = 2.1, 9.0 Hz, 2H), 7.58—
7.62 (m, 6H), 7.98 (d, J = 9.0 Hz, 2H), 8.02 (d, J = 1.5 Hz,
2H). 13C NMR (CDCls, 75 MHz): ¢ 14.8, 55.8, 63.5, 95.2, 114.8,
117.7, 121.1, 124.9, 125.8, 126.0, 128.1, 129.5, 130.2, 132.8,
133.3, 136.4, 152.6, 158.4. Mp: 88—91 °C. [a]p = +112.2 (c =
1.14, CH,Cly).

Preparation and Characterization of (S)-6,6'-Bis(4-
ethoxyphenyl)-2,2'-dihydroxy[1,1'lbinaphthalenyl-3,3'-
dicarbaldehyde, (S)-7, and (S)-6,6'-Bis(4-ethoxyphenyl)-
2,2'-dihydroxy[1,1']binaphthalenyl-3-carbaldehyde, (S)-
15. (1) Preparation of (S)-6,6'-Bis(4-ethoxyphenyl)-2,2'-
bis-methoxymethoxy[1,1']binaphthalenyl-3,3'-dicarb-
aldehyde (A) and (S)-6,6'-Bis(4-ethoxyphenyl)-2,2'-bis-
methoxymethoxy[1,1']binaphthalenyl-3-carbaldehyde (B).
To a stirred solution of (S)-6 (1.00 g, 1.63 mmol) in Et,O (40
mL) was added n-BuLi (4.3 mL, 6.8 mmol, 1.61 M in hexane)
at room temperature under nitrogen. The stirring continued
for 2 h, and the resulting mixture was cooled to 0 °C. DMF
(0.57 mL, 7 mmol) was slowly added, and the suspension was
then warmed to room temperature. After an additional 4 h,
saturated aqueous NH4Cl was added to quench the reaction.
Methylene chloride was added to extract several times. The
combined organic layer was washed with water and brine and
dried over Na,SO.. After filtration and removal of solvent, the
residue was purified by flash column chromatography on silica
gel eluted with hexane containing 12—16% ethyl acetate to
give A (475 mg, 43%) and B (129 mg, 12%) as yellow solids.
For A: *H NMR (CDCls, 300 MHz): 6 1.45 (t, J = 7.2 Hz, 6H),
2.93 (s, 6H), 4.10 (g, J = 7.2 Hz, 4H), 4.73 (d, J = 6 Hz, 2H),
4.78 (d, J = 6 Hz, 2H), 7.02 (d, J = 8.7 Hz, 4H), 7.25—7.32 (m,
2H), 7.63(d, 3 = 8.7 Hz, 4H), 7.69 (m, 2H), 8.21 (m, 2H), 8.65
(s, 2H), 10.57 (s, 2H). For B: *H NMR (CDCls, 300 MHz ): &
1.42 (t, J = 7.2 Hz, 6H), 3.05 (s, 3H), 3.20 (s, 3H), 4.10 (q, J =
7.2 Hz, 4H), 4.69 (d, 6 Hz, 1H), 4.80 (d, 6 Hz, 1H), 5.09 (d, 6.9
Hz, 1H), 5.18 (d, 6.9 Hz, 1H), 6.96—7.02 (m, 4H), 7.25—7.32
(m, 2H), 7.52—7.65 (m, 7H), 8.02—8.05 (m, 2H), 8.18 (m, 1H),
8.61 (s, 1H), 10.61 (s, 1H).

(2) Preparation of (S)-7. Compound A (330 mg, 0.49
mmol) was dissolved in methylene chloride (50 mL) and
combined with trifluoroacetic acid (0.5 mL, 6.4 mmol). After
the mixture was stirred for 2 h, the organic layer was washed
with water several times and brine and dried over Na;SOa.
The solvent was then evaporated, and the residue was purified
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by flash column chromatography on silica gel eluted with
hexane containing 18—22% ethyl acetate to give (S)-7 (260 mg)
as a yellow solid in 91% yield. *H NMR (CDCls, 300 MHz ): ¢
1.43 (t, J = 6.9 Hz, 6H), 4.08 (g, J = 6.9 Hz, 4H), 6.94—7.01
(m, 4H), 7.24—7.29 (m, 2H), 7.54—7.58 (m, 4H), 7.63—7.67 (m,
2H), 8.10—8.12 (m, 2H), 8.36 (s, 2H), 10.12 (s, 2H), 10.60 (s,
2H). 3C NMR (CDCl3, 75 MHz ): ¢ 15.1, 63.9, 115.3, 116.7,
122.7, 125.6, 127.0, 128.3, 128.4, 130.7, 132.7, 136.5, 137.3,
138.9, 153.8, 159.0, 197.1. Mp: 144—147 °C. [a]p = 110.0 (c =
0.64, CH2C|2). HRMS: calcd for CssH300s 582.2073, found
582.2057. Anal. Calcd for C3sH300¢: C, 78.33; H, 5.19. Found:
C, 78.49; H, 5.32.

(3) Preparation of (S)-15. By using the same procedure
as for the preparation of (S)-7, compound B was hydrolyzed
to give (S)-15 as a yellow solid in 91.7% yield. *H NMR (CDCls,
300 MHz ): 6 1.46 (m, 6H), 4.13 (m, 4H), 5.01 (br s, 1H), 7.00—
7.76 (m, 13H), 7.95-8.08 (m, 2H), 8.19-8.21 (m, 1h), 8.47 (s,
1H), 10.27 (s, 1H), 10.70 (s, 1H). *3C NMR (acetone-ds, 75 MHz
): 6 14.5, 63.4, 63.5, 114.0, 115.0, 115.2, 117.4, 119.1, 119.2,
123.3, 125.3, 125.8, 126.8, 128.1, 128.2, 128.6, 129.6, 129.8,
130.3, 132.5, 133.3, 133.4, 135.4, 136.7, 137.0, 138.7, 153.4,
154.6, 158.8, 159.2, 198.0. Mp: 146—149 °C. [a]o = +102.9 (c
= 0.71, CH.Cl;). HRMS: calcd for C37H3005 554.2093, found
554.2112. Anal. Calcd for C37H300s: C, 80.12; H, 5.45. Found:
C, 79.96; H, 5.64.

Preparation and Characterization of the 6,6'-p-Eth-
oxyphenyl-Substituted Bisbinaphthyl Macrocycle, (S)-
8. The dialdehyde (S)-7 (300 mg, 0.51 mmol) and (R,R)-1,2-
diphenylethane-1,2-diamine (109.2 mg, 0.51 mmol) [(R,R)-3]
were dissolved in CH,Cl, (20 mL) and stirred for 2 d at room
temperature under nitrogen. After the solvent was removed,
the crude product was purified by passing through a short
silica gel column eluted with methylene chloride to give the
macrocyclic Schiff base as a yellow solid. The Schiff base was
then dissolved in ethanol (40 mL) and combined with NaBH,
(55 mg, 1.45 mmol). The resulting reaction mixture was heated
under nitrogen at reflux for 4 h to form a clear colorless
solution. After removal of the solvent, methylene chloride (30
mL) and HCI (0.2 N, aq, 30 mL) were added, and the solution
was stirred for 2 h. The organic layer was separated and
washed with saturated ag NaHCO3, water, and brine. The
solution was dried over MgSO,4 and then passed through a
short silica gel column eluted with CH,Cl,/acetone (1:5). The
product was further purified by recrystallization from CH,Cl,
and ethanol to give (S)-8 as a white solid in 80% overall yield.
IH NMR (acetone-ds, 300 MHz ): 6 1.42 (t, J = 6.9 Hz, 12H),
3.89 (d, J = 13.2 Hz, 4H), 4.15 (m, 12H), 4.39 (s, 4H), 6.94—
7.03 (m, 12H), 7.16—7.29 (m, 12H), 7.36—7.44 (m, 12H), 7.55—
7.64 (m, 12H), 7.94 (s, 4H). 3C NMR (acetone-ds, 75 MHz ):
015.1,52.2,64.0,69.6,115.6,117.1, 125.5, 126.3, 127.7, 128.2,
128.3, 128.6, 129.1, 129.2, 129.3, 133.8, 134.1, 135.4, 140.6,
155.2, 159.3. Mp: 222 °C dec. [a]po = —15.9 (c = 0.11, CH.CI,).
HRMS: calcd for CioaHosN4Os (MHT) 1525.6988, found
1525.6998. Anal. Calcd for CioaHo2-
N.Os: C, 81.86; H, 6.08; N, 3.67. Found: C, 81.92; H, 6.35; N,
3.40.

Preparation and Characterization of (S,S)-2,2'-Bis-
methoxymethoxy-6,6'-distyryl[1,1'] binaphthalenyl, (S)-
9. To a round-bottom flask were added (S)-5 (2.00 g, 3.76
mmol), Herrmann’'s catalyst [trans-di(u-acetato)bis[o-(di-o-
tolylphosphino)benzyl]dipalladium(11)] (165 mg, 0.17 mmol),
sodium acetate (1.40 g, 16.9 mmol), and DMF (100 mL). Then
styrene (2.64 mL, 22.6 mmol) was added, and the resulting
mixture was heated at 130 °C under nitrogen for 2 d. After
bering cooled to room temperature, the reaction mixture was
diluted with water and extracted with methylene chloride. The
solvent was evaporated, and the residue was purified by
column chromatography on silica gel eluted with CH.Cl,/
hexanes (30/70) to give (S)-9 (1.62 g) as a white solid in 74%
yield. *H NMR (CDCl3, 300 MHz ): 6 3.22 (s, 6H),5.05(d, J =
6.9 Hz, 2H), 5.16 (d, J = 6.9 Hz, 2H), 7.15—7.23 (m, 4H), 7.27—
7.32 (m, 4H), 7.40 (t, J = 7.5 Hz, 4H), 7.53 (s, 2H), 7.59(d, J =
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7.5 Hz, 4H), 7.64 (d, 3 = 9.0 Hz, 2H), 7.95 (s, 2H), 8.01 (d, J
=9.0 Hz, 2H). 13C NMR (CDCls, 75 MHz): § 56.2, 95.5, 117.9,
121.6, 124.4, 126.3, 126.7, 127.0, 127.8, 128.7, 129.0, 129.8,
130.4, 133.4, 133.9, 137.7, 153.2. Mp: 184—186 °C. [o]p =
+427.6 (c = 0.63, CHCl,).

Preparation and Characterization of (S)-2,2'-Dihy-
droxy-6,6'-distyryl[1,1']binaphthalenyl-3,3'-dicarbalde-
hyde, (S)-10. (1) Preparation of (S,S)-2,2'-Bis-meth-
oxymethoxy-6,6'-distyryl[1,1']binaphthalenyl-3,3'-di-
carbaldehyde (C). A procedure similar to the preparation of
A was applied to make C from (S)-9. After general workup,
the crude product was purified by column chromatography on
silica gel eluted with hexane containing 12—16% ethyl acetate
to give C as a yellow solid in 60% yield. *H NMR (CDCls, 300
MHz ): 6 2.95 (s, 6H), 4.75 (d, J = 6.9 Hz, 2H), 4.80 (d, J =
6.9 Hz, 2H), 7.22—7.45 (m, 12H), 7.58—7.61 (m, 4H), 7.72—
7.75 (m, 2H), 8.12 (s, 2H), 8.65 (s, 2H), 10.61 (s, 2H). 13C NMR
(CDCls, 75 MHz ): ¢ 57.1, 100.7, 125.9, 126.5, 126.7, 127.3,
127.4, 128.1, 128.3, 128.8, 129.2, 130.3, 130.4, 132.1, 1354,
136.1, 136.8, 154.1, 190.6. Mp: 86—89 °C. [a]p = +260.6 (c =
0.42, CHCly). (2) Preparation of (S)-10. The procedure used
for the hydrolysis of C to give (S)-10 was the same as the
hydrolysis of A in the preparation of (S)-7. After general
workup, the crude product was purified by column chroma-
tography on silica gel eluted with hexane containing 12—16%
ethyl acetate to give (S)-10 as a yellow solid in 34% yield. The
low yield may be due to the side reaction of the styryl double
bonds under the strong acidic conditions, and higher yields
were observed at smaller scale reactions. 'H NMR (CDCl3, 300
MHz): 6 7.10—7.30 (m, 8H), 7.32—7.39 (m, 4H), 7.51—7.53 (m,
4H), 7.65—7.68 (m, 2H), 7.99 (s, 2H), 8.33 (s, 2H), 10.12 (s,
2H), 10.62 (s, 2H). ¥C NMR (CDClz, 75 MHz ): 6 116.96,
122.65, 125.55, 126.86, 127.96, 128.16, 128.18, 128.46, 128.68,
129.04, 129.59, 133.99, 137.19, 137.34, 138.61, 154.21, 197.07.
Mp: 163—166 °C. [o]p = +59.8 (¢ = 0.37, CH.Cl,). HRMS:
calcd for CsgH2604 546.1831, found 546.1802.

Preparation and Characterization of the 6,6'-Styryl-
Substituted Bisbinaphthyl Macrocycle (S)-11. The same
procedure as for the preparation of (S)-8 was applied to
synthesize (S)-11 from (S)-10. After separation with a short
silica gel column and recrystallization from methylene chloride
and ethanol, (S)-11 was obtained as a white solid in 81%
overall yield. H NMR (acetone-ds, 300 MHz ): ¢ 3.88 (d, J =
13.2 Hz, 4H), 4.08 (d, J = 13.2 Hz, 4H), 4.37 (s, 4H), 6.89—
6.92 (m, 4H), 7.18—7.40 (m, 40H), 7.46—7.51 (m, 8H), 7.58—
7.61 (m, 8H), 7.82 (s, 4H). 3C NMR (acetone-ds, 75 MHz ): 6
51.6,69.1, 116.9, 123.6, 125.6, 126.6, 127.1, 127.2, 127.5, 127.6,
128.5, 128.6, 128.7, 128.9, 129.1, 132.0, 133.9, 138.0, 140.1,
155.2. Mp: 227 °C dec. [o]o = 4+108.7 (¢ = 0.13, CH,Cl,).
HRMS: calcd for CiosHssN4Os (MHT) 1453.6565, found
1453.6495. Anal. Calcd for C104HgsN4O4: C, 85.92; H, 5.82; N,
3.85. Found: C, 86.06; H, 5.80; N, 3.91.

Preparation and Characterization of the Acyclic Com-
pound (R)-14. By using a procedure similar to the preparation
of (R)-1, a 2:1 mixture of (R)-12 and (S,S)-3 was converted to
(R)-14. After separation with a short silica gel column and

JOC Article

recrystallization from methylene chloride and ethanol, (R)-14
was obtained as a white solid in 88% overall yield. *H NMR
(acetone-dg, 300 MHz): 6 3.93 (d, J = 13.8 Hz, 2H), 4.09 (d, J
= 13.8 Hz, 2H), 4.20 (s, 2H), 6.92—6.98 (m, 4H), 7.02—7.26
(m, 20H), 7.62 (s, 2H), 7.70—7.73 (m, 2H), 7.77—7.82 (m, 4H).
13C NMR (acetone-de, 75 MHz ): 6 49.98, 67.37, 114.51, 115.46,
118.67, 122.85, 122.96, 124.54, 125.16, 125.97, 126.16, 127.27,
127.39, 128.12, 128.14, 128.28, 128.66, 128.85, 129.23, 129.30,
134.27, 134.76, 140.27, 153.13, 154.93. Mp: 167—171 °C. [a]o
= +19.2 (C = 053, CH2C|2) HRMS: calcd for C56H45N204
(MH™") 809.3374, found 809.3359.

Preparation and Characterization of the Acyclic Com-
pound (S)-16. By using a procedure similar to the preparation
of (S)-8, a 2:1 mixture of (S)-15 and (R,R)-3 was converted to
(S)-16. After separation with a short silica gel column and
recrystallization from methylene chloride and ethanol, (S)-16
was obtained as a white solid in 79% overall yield. *H NMR
(acetone-ds, 300 MHz ): 6 1.40—1.46 (m, 12H), 3.99(d, J = 13.2
Hz, 2H), 4.06—4.15 (m, 8H), 4.21 (d, J = 13.2 Hz, 2H), 4.30 (s,
2H), 6.98—7.28 (m, 24H), 7.34—7.39 (m, 2H), 7.52—7.74 (m,
12H), 7.82—7.85 (m, 2H), 8.01-8.06 (m, 4H). ¥C NMR
(acetone-ds, 75 MHz ): 6 14.53, 50.00, 63.42, 66.94, 114.65,
114.97, 115.06, 115.58, 119.04, 125.04, 125.23, 125.29, 125.46,
125.94, 127.40, 127.63, 128.12, 128.33, 128.68, 129.22, 129.48,
129.54, 133.24,133.52, 133.57, 133.60, 135.14, 135.31, 140.23,
153.03, 154.98, 158.72, 158.80. Mp: 185—-188 °C. [a]p = +177.0
(C = 0.58, CH2C|2) HRMS: calcd for CggH77N,Og (MH+)
1289.5674, found 1289.5682. Anal. Calcd for CggH7N2Og: C,
81.96; H, 5.94; N, 2.17. Found: C, 81.89; H, 5.95; N, 2.38.

Preparation of Samples for Fluorescence Measure-
ments. Materials: The sensors were purified by column
chromatography and recrystallization and then stored in a
refrigerator. The enantiomers of mandelic acid were purchased
from Aldrich and recrystallized from methanol. The amino acid
derivatives were purchased from Advanced Chemtech. All of
the solvents were HPLC grade. The benzene and CH,CI; stock
solutions of the sensors were freshly prepared for each
measurement. A 0.01 M stock solution of mandelic acid or the
amino acid was freshly prepared by using solvents (benzene
or CHCl,) containing 1% (v) DME. DME was added to improve
the solubility of the acid. For the fluorescence enhancement
study, a sensor solution was mixed with the mandelic acid
solution at room temperature in a 5 mL volumetric flask and
diluted to the desired concentration. The resulting solution was
allowed to stand at room temperature for 2—4 h before the
fluorescence measurement.
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