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Highly Enantioselective Recognition of Structurally Diverse
o-Hydroxycarboxylic Acids using a Fluorescent Sensor**
Hai-Lin Liu, Qian Peng, Yun-Dong Wu, Di Chen, Xue-Long Hou,* Michal Sabat, and Lin Pu*

The rapid construction of libraries of chiral organic com-
pounds in drug discovery and the efforts to develop high-
throughput chiral-catalyst screening techniques demand rapid
and sensitive analytical tools for chiral assays. Amongst many
of the enantioselective methods under investigation,'™ the
use of fluorescence has attracted a sizable interest because it
can offer the advantages of real-time analysis, high sensitivity,
multiple sensing modes, widely available instrumentation,
and remote detection capabilities.*! During the past several
years, there has been a growing interest in the enantioselec-
tive recognition of a-hydroxycarboxylic acids,>® especially
using fluorescence spectroscopy,”®! owing to the synthetic
utility of this class of molecules and their biological signifi-
cance. Several fluorescent sensors, including those developed
within our group, have been reported to show high enantio-
selectivity in the recognition of mandelic acid and/or hexahy-
dromandelic acid.”! However, the enantioselective recogni-
tion of other chiral a-hydroxycarboxylic acids is poor, and the
normalized ratios of the fluorescence intensity of the sensors
when treated with the two enantiomers of these acid
substrates, that is I/l or Il are all less than 2.8
Therefore, the development of enantioselective fluorescent
sensors for structurally diverse a-hydroxycarboxylic acids has
become a major challenge in this area.
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Recently, we reported the use of Ph, Ph
1,1"-bi-2-naphthol(BINOL)-amino
alcohol molecule (S)-1 for the rec-
ognition of mandelic acid.”! When OH
(5)-1 was treated with (S)-mandelic OO
acid, a white precipitate was
formed. This precipitate, a complex PR “Pn
between (S5)-1 and four molecules of
(S)-mandelic acid, showed a large
solid state fluorescence enhance-
ment. In contrast, when (S)-1 was treated with (R)-mandelic
acid, no precipitate was generated and little fluorescence
enhancement was observed. (5)-1 can be used as an enantio-
selective sensor for the recognition of mandelic acid and
hexahydromandelic acid; however, the enantioselective fluo-
rescent response of (S)-1 toward other a-hydroxycarboxylic
acids was low. To improve the scope of (S)-1 for the
enantioselective fluorescent recognition of a-hydroxycarbox-
ylic acids, we conducted a systematic modification of the
structure of this compound. Herein, we report an enantiose-
lective fluorescent sensor that exhibits unprecedented enan-
tioselectivity for the recognition of diverse a-hydroxycarbox-
ylic acids.

Initial structural modifications of (S)-1 were performed by
introducing various R substituents at the chiral amine centers
to afford derivatives (S)-2a-2e. However, when these com-

R
NHOH (S-2a R=Me
OO (S)2b R=i-Pr
OH (S-2¢c R=i-Bu
OH (S-2d R =t-Bu
OO (S2¢ R=Ph
NH OH

pounds interacted with o-hydroxycarboxylic acids, their
fluorescent responses were indicative of poorer enantioselec-
tivity; thus, the reduced steric bulk at the terminal hydroxy
sites had reduced the enantioselectivity of the fluorescent
responses. Therefore, the BINOL

amino alcohol compound (S)-3,

which has very bulky tertiary hydroxy Ph Ph
groups, was synthesized and its fluo- Hs"H“Ph
rescent response studied. We found NH OH

that the increased steric bulk in (S)-3 OO OH

. . AU (S)-3
led to high enantioselectivity in the OO OH
fluorescent recognition of various o- NH OH
hydroxycarboxylic acids. H™: |~
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Ph Ph
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The UV/Vis spectrum of (S)-3 in benzene showed
absorptions at A4, =281, 292, and 334 nm. The fluorescence
spectrum of (§)-3 in benzene showed an emission signal at 1 =
374 nm (Figure 1). Although no change was observed for the
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Figure 1. Fluorescence spectra of (S)-3 in benzene, and in dichloro-
methane, at 5.0x10™*molL™". (e, =334 nm, slit=5.0/5.0 nm).

UV/Vis absorption wavelengths of (S)-3 when the solvent was
changed to dichloromethane, the fluorescence spectrum
displayed two emissions, at A =372 and 448 nm, that are
very different from that in benzene. The ratio of the long-
wavelength to short-wavelength emission in dichloromethane
was found to increase as the concentration of (S5)-3 increases.
The long-wavelength signal was assigned to the excimer
emission and the short-wavelength signal to monomer
emission. The excimer emission of (S)-3 is probably due to
an intermolecular association between the aromatic rings of
this compound. As benzene solvates the aromatic rings of (.5)-
3 better than dichloromethane, this should contribute to the
much less intense excimer emission observed in benzene than
in dichloromethane. The more polar dichloromethane should
interact with the polar amine groups and hydroxy groups of
(5)-3 more strongly, which might encourage intermolecular
association between the aromatic rings for an enhanced
excimer emission. The X-ray structure of (S)-3 crystallized
from a polar solvent (ethanol) also reveals an intermolecular
interaction between the aromatic rings of (S)-3 (Supporting
Information, Figure S1)."

The fluorescent responses of (§5)-3 towards a variety of a-
hydroxycarboxylic acids (Scheme 1) are summarized in the
Supporting Information (Figure S2). As an example, the
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Scheme 1. Chiral a-hydroxycarboxylic acids.
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interaction of (§)-3 with phenyllactic acid (7) is shown
(Figure 2). A benzene solution of (§)-3 (2.0x 10 *molL™")
was treated with the individual enantiomers of 7 over the
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Figure 2. a) Fluorescence spectra of (S)-3 (2.0x10*molL" in ben-
zene, 0.4%v/v DME) with (R)-7 or (S)-7 (5.0x10*molL™"). b) Fluores-
cence enhancement of (S)-3 at various concentrations of (R)-7 or (S)-7
at A =382 nm (Ao =334 nm, slit=5.0/5.0 nm).

concentration range 1.0x107-5.0x 10~ molL"". 1,2-Dime-
thoxyethane (DME, 0.4 %v/v) was added to the solution to
improve the solubility of the acid in benzene. Whilst (S)-7
quenches the monomer emission of the sensor and enhances
the excimer emission, (R)-7 greatly enhances the monomer
emission of (§)-3 (Figure 2a). The ratio of the fluorescence
intensities for the monomer emission, that is I/l (or IJ/1y),
can be used to represent the enantioselectivity of the sensor
toward the a-hydroxycarboxylic acids under investigation. I/
I ratios of up to 11.2 are observed for the interaction of (§)-3
with 7. To our knowledge, this is the first reported fluorescent
recognition of phenyllactic acid with such high enantioselec-
tivity.

The enantioselectivity of (S)-3 towards 7 was compared
with that towards mandelic acid (4). When (S)-3 was treated
with (R)-4 under the same conditions, the monomer emission
was greatly enhanced; when (S)-3 was treated with the other
enantiomer, (S5)-4, the monomer emission was slightly
quenched and there was a significant enhancement in the
excimer emission. I/I ratios of up to 4.0 were observed for
the monomer emission of (§)-3. Thus, the fluorescent sensor
(8)-3is highly enantioselective toward both mandelic acid and
phenyllactic acid, with the enantioselectivity significantly
higher for 7 than for 4. This is particularly noteworthy as 7
contains a flexible methylene unit between the benzene ring
and the a position of the acid; this has previously led to much
lower enantioselectivities for 7 than for 4 in fluorescent
recognition.["!

The fluorescent responses of (5)-3 in the presence of (R)-
and (S)-hexahydromandelic acid (5), the hydrogenated deriv-
ative of 4, was then studied. (R)-5 was found to greatly
enhance the monomer emission of (§)-3, with a much smaller
change observed for excimer emission. The other enantiomer,
(S)-hexahydromandelic acid, quenched the monomer emis-
sion of (§)-3 whilst also enhancing excimer emission. For the
monomer emission, the //I ratio was found to be as high as
25.8 in the concentration range 1.0x 107°-5.0x 10 >mol L™\,
The fluorescent responses of the sensor towards the enantio-
mers of a second B-branched a-hydroxycarboxylic acid, a-
hydroxyisovaleric acid (6), gave I/I ratios of up to 11.2.
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When (S)-3 interacted with the enantiomers of hexahy-
drophenyllactic acid (8), the hydrogenated derivative of 7, it
showed even higher enantioselective responses than with 7.
For the monomer emission of (S)-3, the observed I/ ratios
were up to 22.8. Therefore, the more sterically demanding
hydrogenated derivatives 8 and 5 exhibited significantly
greater enantioselectivity than 7 and 4, respectively.

(5)-3 was then used to investigate the recognition of
enantiomers of a linear unbranched aliphatic a-hydroxycar-
boxylic acid, a-hydroxybutyric acid (9). As before, (R)-9
significantly enhances the monomer emission of (S)-3, and
(5)-9 quenches the monomer emission. I/ ratios of up to
13.9 were obtained. This is the first example of the highly
enantioselective fluorescent recognition of a linear aliphatic
a-hydroxycarboxylic acid.

The ability of the sensor (S)-3 to recognize a tertiary o-
hydroxycarboxylic acid, atrolactic acid (10), was also consid-
ered. It was found that (S)-10 quenched the monomer
emission of (S)-3, and that enantiomer (R)-10 greatly
enhanced it. At the monomer emission wavelength, I/l
ratios of up to 13.0 were observed. The interaction of tertiary
o-hydroxycarboxylic acid 11 with (S)-3 was also studied. (S)-
11 quenched the monomer emission of (S)-3 slightly whereas
its enantiomer (R)-11 enhanced it. At the monomer emission
wavelength, I/I ratios of up to 2.4 were observed. This is the
first reported example of a highly enantioselective fluorescent
sensor for the recognition of a-fert-hydroxycarboxylic acids.

The enantioselective fluorescent recognition of chiral
acids by (5)-3 was confirmed using sensor (R)-3, which gave
the expected mirror image responses for the enantiomers of
all of the tested chiral acids.

The fluorescent responses of (S)-3 in an enantiomeric
mixture of 7 were also investigated. The fluorescent enhance-
ment of the sensor at 382 nm had an almost linear relationship
with the enantiomeric composition of the a-hydroxycarbox-
ylic acid (Figure 3a, Curve B). Therefore, from the fluores-
cence measurement, the enantiomeric purity of the acid could
be determined. Curve A shows the fluorescence enhancement
of (S)-3 in the presence of the enantiomerically pure (R)-7
(Figure 3a). The difference between the two curves in
Figure 3a is due to the fluorescence quenching by (S)-7 at
the monomer emission of (S)-3.
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Figure 3. a) Fluorescence enhancement of (S)-3 (2.0x10™*molL™",
benzene/0.4% DME (%v/v)) in the presence of enantiomerically pure
(R)-7 (Curve A) and a mixture of (R)-7 and (S)-7 at 5.0x10 > mol L™
(Curve B) (Aee =334 nm, slit=5.0/5.0 nm). b) Fluorescence enhance-
ment of (S)-3 (2.0x10"*molL™") at 4..,=382 nm when titrated with
(R)-7 (0-1.0 mmolL™). (Ae,e =334 nm, slit=5.0/5.0 nm).
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The interaction of (R)-7 with (S)-3 has also been inves-
tigated using "H NMR spectroscopy. A mixed solvent system
of [D¢]benzene/[Dglacetone (96:4) was used, and the total
concentration of (S5)-3 and(R)-7 was maintained at 6.0 x
10*molL"". The H, signal of (R)-7 at 6 =4.414 ppm (dd)
was shifted upfield; the most pronounced shift (Ad,,, =0.16)
was observed at an (S)-3/(R)-7 ratio of 1:1 (Supporting
Information, Figure S3). The chemical shift of the Hy signal of
(5)-3 with respect to the concentration of (R)-7 was also
examined. In the absence of (R)-7, the chemical shift of the Hg
proton of (5)-3 was 4.639 ppm. This signal underwent a small
downfield shift when treated with (R)-7 but no Ad,,, was
observed (Supporting Information, Figure S4). The Job plot
(Supporting Information, Figure S5) obtained from the
'"HNMR data of the Hy proton of (S)-3 showed multiple
binding modes between (S)-3 and (R)-7. The largest change in
the "H NMR signal of (R)-7 was observed at a 1:1 ratio,
though the chemical shift of (S)-3 changes continuously with
increasing (R)-7.

Figure 3b shows the fluorescence enhancement of (§)-3 in
the presence of (R)-7 at concentration ratios of close to 1:1. A
solution of (§)-3 (2.0x10™*molL™' in benzene/DME,
99.6:0.4, 3 mL) was titrated with (R)-7 (6.0x 10?molL"" in
benzene/DME, 92.5:7.5) at 1 pL intervals. At an (R)-7/(S)-3
ratio of less than one, that is at [(R)-7] <0.2 mmolL", the
fluorescence enhancement rate was low. The fluorescence
enhancement rate was much larger at concentrations of (R)-7
of over 0.2 mmolL .

On the basis of these NMR spectroscopy and fluorescence
titration studies, we propose a two-stage interaction mecha-
nism7¥ for the fluorescent recognition of (R)-7 by (S)-3. In
the first stage, (S)-3 and (R)-7 form a relatively stable 1:1
complex, held together by rigid hydrogen bonding that
includes a strong interaction between the carboxylic acid
proton of (R)-7 and the (S)-3 nitrogen atom. Although this 1:1
complex gives the most pronounced chemical shift change in
the '"H NMR spectrum of (R)-7, there is minimal fluorescence
enhancement in (S)-3. This is because (S)-3 contains an
additional nitrogen atom that has not been protonated by (R)-
7 and is thus free to quench the fluorescence of the 1:1
complex between (S)-3 and(R)-7 by photoinduced electron
transfer. During the second stage, further (probably weaker)
interaction between the 1:1 complex and excess amount of
(R)-7 allows the protonation of the second nitrogen atom,
which in turn enhances the fluorescence of the complex. This
complex is an inherently stronger fluorophore than (S)-3
alone, probably due to the increased structural rigidity.

A computational study of the 1:1 complex of (S)-3 and
(R)-7 was performed using the Gaussian 03 program!'”! with
the density functional theory method B3LYP.'! Geometries
were optimized using the 6-31G basis set and energies were
estimated using the 6-31G* basis set. In the complex, there
are multiple functional group interactions between the o-
hydroxycarboxylic acid (R)-7 and the BINOL amino alcohol
sensor (S)-3. The NH and BINOL hydroxy groups on the
sensor may have strong base and acid interactions with the
hydrogen atom on the COOH group and the oxygen of the C=
O group in (R)-7, respectively. Therefore, as the three
proposed modes show (Figure 4a), the a-hydroxy group of

Angew. Chem. Int. Ed. 2010, 49, 602 -606


http://www.angewandte.org

(R)-7 may form hydrogen bonds with the tertiary hydroxyl
group of the sensor on the opposite side (A), on the same side
(B), or on both sides (C) according to the orientation of the
acid group in (R)-7 combined with the NH group. The
structure of mode C is shown in Figure 4b. This mode is
calculated to be 4.3 kcalmol ! and 1.7 kcalmol * more stable
than modes A and B, respectively.

Figure 4. a) The modes, A—C of the proposed 1:1 complexation of (S)-
3+ (R)-7. b) Calculated structures of mode C. For clarity, most hydro-
gen atoms are omitted.

In summary, we have found that the easily accessible
BINOL amino alcohol molecule (S)-3 is a highly enantiose-
lective fluorescent sensor for structurally diverse a-hydrox-
ycarboxylic acids. This sensor exhibits an unprecedented
enantioselectivity for phenyllactic acid, in addition to man-
delic acid and hexahydromandelic acid. It is also the first
highly enantioselective fluorescent sensor for the recognition
of linear aliphatic a-hydroxycarboxylic acids and a-tertiary-
hydroxycarboxylic acids. When (S)-3 was treated with a chiral
acid, one enantiomer of the acid greatly enhances its
monomer emission whilst the opposite enantiomer quenches
it. This effect leads to high enantioselectivities in the
recognition of a variety of a-hydroxycarboxylic acids. Such
sensors are potentially useful for high throughput chiral
assays and chiral catalyst screening. Further work in this area
is underway.
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