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CONS P EC TU S

T he development of automated, high-throughput organic synthesis and screening techniques has created an urgent demand
for methods that rapidly determine the enantiomeric composition of chiral compounds. Enantioselective fluorescent sensors

offer the potential for real-time, high-sensitivity techniques for determining enantiomeric data in high-throughput chiral assays. In
this Account, we describe a range of fluorescent sensors derived from 1,10-bi-2-naphthol (BINOL), a readily available biaryl
compound with axial chirality.

We show that BINOL can be used to construct structurally diverse, chiral fluorescent sensors to carry out highly
enantioselective, sensitive recognition of chiral amino alcohols, r-hydroxycarboxylic acids, and amino acid derivatives. For
example, we prepared an (S)-BINOL derivative whose 3,30-positions are attached to two chiral amino alcohol units, each having
two phenyl substituents. This compound shows a fluorescence enhancement of 950-fold in the presence of (S)-mandelic acid but
very little change in the presence of (R)-mandelic acid. It also allows the enantiomers of thisR-hydroxycarboxylic acid to be visually
discriminated by an enantioselective precipitation process.

A structurally similar (S)-BINOL�amino alcohol molecule, but with three rather than two phenyl substitutents in each of the two
amino alcohol units, was found to exhibit generally enantioselective fluorescence responses toward structurally diverse R-
hydroxycarboxylic acids. We further prepared a pseudoenantiomeric analogue of this compound from (R)-H8BINOL, which has the
opposite chiral configuration at both the biaryl center as well as the pendant amino alcohols. These two compounds have opposite
enantioselectivity in the recognition of a chiral substrate, with distinctly different fluorescence emission wavelengths. By mixing them
together, we developed a pseudoenantiomeric sensor pair to facilitate chiral assays. Using this pseudoenantiomeric sensor pair allows
both the concentration and the enantiomeric composition of a substrate to be determined in a single fluorescence measurement.

We synthesized another compound by ligating a terpyridine unit to BINOL and found that coordination of a Cu(II) ion to the
terpyridine unit almost completely quenched its fluorescence. Displacement of the Cu2þ ion from this complex by chiral amino
alcohols leads to enantioselective fluorescence enhancement. This BINOL�terpyridine�Cu(II) complex also exhibits enantiose-
lective gel collapsing in the presence of chiral amino alcohols, providing a new visual chiral discrimination method.

When a series of light-absorbing conjugated units are attached to the BINOL structure, the resulting multiarmed dendritic
molecules show greatly amplified fluorescence responses. Thus, the light harvesting effect of dendrimers can be used to greatly
increase the sensitivity of the fluorescent sensors.

The progress described here demonstrates that highly enantioselective and sensitive fluorescent sensors can be obtained
through a systematic investigation of the structure�property relation between the sensors and the substrates. These sensors show
great potential for the development of rapid assays of chiral organic compounds.
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1. Introduction
The inherently high sensitivity of the fluorescence technique

has attracted enormousactivity for the studyofmolecule-based

fluorescent sensors, and these sensors can provide multiple

signaling modes such as quenching, enhancement, excimer/

exciplex formation, lifetime, and anisotropy for substrate anal-

ysis. Applications of fluorescent sensors or labels in the

detection of protons, metal cations, anions and neutral mo-

lecules and inbiological investigationshavebeenextensively

investigated.1�7 In recent years, thedevelopmentof fluorescent

sensors for the enantioselective recognition of chiral organic

molecules has also received increasing attention.8 These sen-

sors can potentially provide a real-time technique to determine

the enantiomeric composition of chiral organic compounds

which could greatly facilitate the high throughput screening of

chiral catalysts and reagents and allow rapid assay of chiral

molecules. References 9�21 list a number of selected pub-

lications by other researchers in this area.

1,10-Binaphthyls represent a class of important chiral mole-

cules that have found extensive application in molecular

recognition, asymmetric synthesis, and materials.22�30 In our

laboratory, we have chosen 1,10-bi-2-naphthol (BINOL) as the
starting material to build fluorescent sensors for the recogni-

tion of a variety of chiral organicmolecules. A BINOLmolecule

has the following unique features: (1) It has a stable chiral

configuration with both of its pure enantiomers, (R)- and (S)-

BINOL, commercially available. (2) The structure of a BINOL

molecule is highly tunable since functional groups can

be specifically introduced to the 2-, 3-, 4-, 5- and 6-positions

of the enantiomerically pureBINOL. (3) The fluorescent proper-

ties of BINOL can be systematically varied by structural mod-

ification. We have studied the use of the BINOL-based

fluorescent sensors for the recognition of amines, amino

alcohols, R-hydroxycarboxylic acids and amino acid deriva-

tives, and have achieved both high enantioselectivity and

sensitivity in a number of cases. Herein, these studies are

discussed. For the selected work of other researchers on the

fluorescence of 1,10-binaphthyl-based molecules in chiral re-

cognition, see refs 9�14.

2. Fluorescent Recognition of Amino Alcohols
2.1. Using Dendritic BINOLs for Signal Amplification. In

1992, Iwanek and Mattay reported that the fluorescence of

BINOL can be quenched by chiral amines with small

enantioselectivity.31 The fluorescence quenching followed

the Stern�Volmer equation, and the ratios of the Stern�
Volmer constants (KSV) between (S)-BINOL and (R)-BINOL in

the presence of the optically active amines were ca.

0.89�1.16 in acetonitrile. The fluorescence quenching of

BINOL by the amines was probably due to the formation of

the excited hydrogen-bonded complexes and the excited

state proton transfer complexes.

We studied the use of dendritic structures to amplify the

fluorescent response of BINOL for the detection of amino

alcohols. Dendrimers with light absorbing branching units

and a built-in energy gradient are found to exhibit light

harvesting effect because of an efficient intramolecular

energy transfer.32 We envisioned that attaching dendritic

light absorbing groups to a BINOL core unit should sig-

nificantly increase its fluorescence signal. If fluorescence

quenching occurs upon the interaction of the BINOL core

hydroxyl groups with an amine molecule, the fluores-

cence intensity change should be much greater for the

FIGURE 2. Fluorescence spectra of (R)-4 and (R)-5 (each at 5.0� 10�7 M
in 2:3 CH2Cl2/n-hexane).

FIGURE 1. Comparison of the fluorescence spectrum of (S)-3 (λexc =
310 nm) (solid line) with that of (S)-BINOL (λexc = 280 nm) (dashed line)
(each at 4.0 � 10�8 M in 1:4 benzene/hexane).



152 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 150–163 ’ 2012 ’ Vol. 45, No. 2

A Tale of BINOL Pu

dendritic sensor than the small molecule. Thus, the den-

dritic structure should amplify the fluorescent sensitivity

of the sensor.

Scheme 1 shows the synthesis of (S)-1, (S)-2, and (S)-3 as

generation 0�2 (G0�G2) dendrimers from the Sonogashira

coupling of the phenylene-ethynylene-based dendronswith

SCHEME 1. Synthesis of the BINOL-Based Dendrimers
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the 4,40,6,60-tetrabrominated BINOL acetate.33 The fluores-

cence intensity increases greatly from (S)-BINOL to (S)-1, (S)-

2, and (S)-3 as the dendritic branches increase. As shown in

Figure 1, at 4.0� 10�8M, BINOL is barely emissive while the

G2 dendrimer (S)-3 exhibits an intense emission maximum

at 422 nm. This greatly enhanced emission is attributed to

an efficient energy migration from the periphery light ab-

sorbing diphenylacetylene units (λmax = 310 nm) of (S)-3 to

its core of more extended conjugation. The light harvesting

effect of these dendrimers makes (S)-3 a much more sensi-

tive fluorescent sensor than BINOL when treated with amino

alcoholquenchers.Asmall enantioselectivitywasalsoobserved

in the fluorescent quenching by the (S)- and (R)-amino alcohols

including valinol, leucinol, and phenylalaninol with KSV
S/KSV

R =

1.10�1.27.34,35a When the core hydroxyl groups of (S)-3 were

methylated, no significant fluorescencequenchingbyanamino

alcohol was observed. The BINOL-based dendrimers with phe-

nylene dendronswere also preparedwhich exhibited the same

light harvesting effect as (S)-1�(S)-3.35b

2.2. A Fluorescence Enhancement Sensor for Amino

Alcohols and Enantioselective Gel Collapsing.As described

above, the fluorescence of BINOL and its derivatives is

generally quenched by amines and amino alcohols. In order

to prepare a fluorescent sensor that could exhibit fluores-

cence enhancement in the presence of amino alcohols,

the BINOL-terpyridine compound (R)-4 was obtained

(Scheme 2).36 The fluorescence of (R)-4 at λ = 396 nm

(λexc = 289 nm) was almost completely quenched upon

coordination with a Cu(II) ion to form (R)-5 probably due to

a ligand to metal energy or electron transfer process

(Figure 2).
When (R)-5 was treated with (S)-phenylglycinol, its fluor-

escence signal at λ = 396 nm was greatly enhanced

(Figure 3). This indicates that the excess amino alcohol

molecules might compete with the terpyridine ligand of

(R)-5 to displace the Cu(II) from (R)-5 and restore the emission

of (R)-4. The fluorescence enhancement of (R)-5 was much

weaker in the presence of the enantiomer (R)-phenylglyci-

nol. This enantioselective fluorescent response could be

attributed to a more favorable equilibrium for the reaction

of (R)-5 with the (S)-amino alcohol than with the (R)-one,

giving IS/I0 = 24 and ef = 2.8 (Figure 3a). Figure 3b shows the

fluorescence enhancement of (R)-5 in the presence of (R)-

and (S)-phenylglycinol at various concentrations.When (R)-5

SCHEME 2. Synthesis of a BINOL�Terpyridine�Cu(II) Complex

FIGURE 3. (a) Fluorescence spectra of (R)-5 (5.0� 10�7M in 2:3 CH2Cl2/
n-hexane) in the presence of (R)- and (S)-phenylglycinol (5.0 � 10�4 M)
(λexc = 289 nm). (b) Fluorescence responses of (R)-5 (5.0� 10�7 M in 2:3
CH2Cl2/n-hexane) toward (R)- and (S)-phenylglycinol at λemi = 396 nm.
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was treated with other chiral amino alcohols including

prolinol, valinol, phenylalaninol, leucinol, and 1-amino-2-

propanol, significant enantioselective fluorescent enhance-

ments were also observed.

(R)-5 (15 mg) was not completely soluble in CHCl3
(0.40 mL) at 3.75% (w/v, g/mL) (5.74 � 10�2 M) but formed

a green suspension. Upon sonication for 1 min and then

standing at room temperature for 30 s, the suspension of (R)-

5 turned into an opaque green and unmovable gel. When

this gel was treated with a solution of (S)-phenylglycinol

(0.10 equiv) in CHCl3 (0.1 mL), after sonication for 2 min, the

gel collapsed. However, under the same conditions when

the gel of (R)-5 was treated with (R)-phenylglycinol, the gel

remained stable. This enantioselective gel collapsing pro-

vides a new means to visually recognize the two enantio-

mers of phenylglycinol. It also demonstrates that in the

gel of (R)-5 there should be a cooperative effect between

the molecules through intermolecular interactions which

allows the use of only a small amount of (S)-amino alcohol

(0.1 equiv) to cause the gel to collapse. Similar enantiose-

lective gel collapsingwas observedwhen the gel of (R)-5was

treated with (R)- and (S)-1-amino-2-propanol.

3. Sensors for the Recognition of r-Hydro-
xycarboxylic Acids

3.1. A Monoamine-Linked BisBINOL Sensor. R-Hydro-
xycarboxylic acids are biologically important and syntheti-

cally versatile compounds. We designed and synthesized

the bisBINOL compound (S)-6 for the recognition ofR-hydro-
xycarboxylic acids (Scheme 3).37 Structure 7 shows a pro-

posed interaction between (S)-6 and (S)-mandelic acid (MA).

The nitrogen atom in (S)-6 is incorporated to quench the

fluorescence of the two BINOL units it links. Upon binding

with the acid proton of MA as shown in 7, the basicity of the

nitrogen will be neutralized and the fluorescence of the

BINOL unit in (S)-6 should be restored, giving fluorescence

enhancement. The chirality of the bisBINOL unit in (S)-6 and

the three point hydrogen bonding shown in 7 should make

the interactions of (S)-6 with the two enantiomers of MA

different, generating enantioselective fluorescent response.

Figure 4 gives the fluorescence spectra of (S)-6 (9.5 �
10�5 M) in the presence of (R)- and (S)-MA in benzene in

which 2%dimethoxyethylene (DME)was added to improve

the solubility of MA. It shows that (S)-MA (5.0 � 10�3 M)

enhances the fluorescence of (S)-6 more than (R)-MA with

IS/I0 = 2.87 and the enantiomeric fluorescence enhancement

ratio ef [=(IS � I0)/(IR � I0)] = 2.49. This is attributed to the

stronger binding of (S)-6 with (S)-MA than with (R)-MA.

In order to enhance the fluorescence sensitivity of (S)-6,

(R)-8 and (R)-9 were prepared as the two dendritic deriva-

tives of (S)-6.38 As we have shown in the study of the

dendrimers (S)-1�(S)-3, the light harvesting effect of the

polyaromatic branching units in (R)-8 and (R)-9 should in-

crease the fluorescence of the BINOL units which could

then be quenched by the central nitrogen atom. Upon

interaction with a chirality-matched R-hydroxycarboxylic

SCHEME 3. Synthesis of a Monoamine-Linked BisBINOL Sensor
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acid, the fluorescence enhancement of (R)-8 and (R)-9 should

be greater than that of (R)- or (S)-6.

Figure 5 gives the fluorescence spectra of (R)-6, (R)-8, and

(R)-9 with and without (R)-MA. It shows that in the presence

of the chirality-matched (R)-MA at a sensor concentration

significantly lower than that in Figure 4, the fluorescence

enhancement of (R)-8 is 14 times that of (R)-6 and the

fluorescence enhancement of (R)-9 is 22 times that of (R)-6.

Thus, these dendritic derivatives are much more sensitive

fluorescent sensors than the core. The enantioselectivities of

(R)-8 and (R)-9 are close to that of the core.

3.2. BisBINOL-Based Macrocyclic Sensors. In order to

improve the enantioselectivity of the BINOL-based fluores-

cent sensor for the recognition ofR-hydroxycarboxylic acids,
two bisBINOL-basedmacrocyclic compounds (S)-1139,40 and

(S)-1241 were prepared from (S)-BINOL. As shown in

Scheme 4, the synthesis involved a four component con-

densation of a chiral diamine with the 3,30-diformylBINOL

(S)-10 followed by reduction.

The macrocycle (S)-11, made of (R,R)-1,2-diphenylethyle-

nediamine, gave dual emissions at λemi = 365 and 424 nm

(Figure 6).40 The long wavelength signal was assigned to be

the excimer emission and the short wavelength one to be

the monomer emission. As shown in Figure 6, when (S)-11

was treated with (S)-MA, there is a large fluorescence en-

hancement at the excimer emission with IS/I0 = 2.9. In the

presence of (R)-MA, the fluorescence enhancement at the

excimer emission was much smaller which led to ef = 12.

Thus, the enantioselectivity of (S)-11 is much greater than

that of the acyclic bisBINOL compound (S)-6.

Very different fluorescence responses were observed when

(S)-12,madeof (R,R)-cyclohexane-1,2-diamine,was treatedwith

FIGURE 5. Fluorescence spectra of (R)-6, (R)-8, and (R)-9 (each at 3.1 �
10�6 M in benzene/0.1% DME) with/without (R)-MA (1.0 � 10�3 M).

FIGURE 4. Fluorescence spectra of (S)-6 with and without MA (λexc = 310 nm).
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MA.41 As shown in Figure 7a, in the presence of (S)-MA, the

fluorescence of (S)-12 was greatly enhanced with the major

enhancement (20-fold) observed at themonomer emission. (R)-

MA only generated a very small fluorescence enhancement

with the enantioselectivity ef = 46. Figure 7b shows the fluor-

escenceenhancementof (S)-12atvariousconcentrationsofMA.

A two stage fluorescence enhancement mechanism was

proposed to account for the high fluorescence sensitivity and

enantioselectivity of (S)-12 toward MA. In the first stage, (S)-12

includes (S)-MA inside its chiral cavity to form a 1:1 complex. A

large upfield shift (δΔ = ∼1.1) for the 1H NMR signal of the R-
proton of (S)-MA was observed for the 1:1 complex. Although

the structural rigidity of such a 1:1 complex should make it a

much stronger fluorophore, themultiple nitrogen atoms in (S)-

12 should still quench its fluorescence. In the second stage, an

excess amount of (S)-MA interacts with the 1:1 complex and

protonates the remaining nitrogen atoms to cause the

observed large fluorescence enhancement. The much greater

fluorescent sensitivity and enantioselectivity of (S)-12 than (S)-

11 are attributed to their structural differences. The single

crystalX-ray structuresof (S)-11and (R)-12aregiven inFigure8.

It shows that the structureof (S)-11 ismore likea tubewithboth

endsopenso that small guestmolecules caneasily fall through.

However, the structure of (R)-12 is more like a bucket with a

closed bottomwhich allows it to form a stable and structurally

rigid 1:1 complex with the chirality-matched (S)-MA.

SCHEME 4. Synthesis of the BisBINOL-Based Macrocycles (S)-11 and (S)-12

FIGURE 6. Fluorescence spectra of (S)-11 (1.0� 10�4 M in benzene/2%
DME) with/without (R)- and (S)-MA (2.0 � 10�2 M) (λexc = 340 nm).

FIGURE 7. (a) Fluorescence spectra of (S)-12 (1.0� 10�5 M in benzene/
0.05%DME)with/without (R)- and (S)-MA (5.0�10�4M) (λexc = 332nm).
(b) Fluorescence enhancement of (S)-12 (1.0 � 10�5 M in benzene/
0.05% DME) versus concentration of (R)- and (S)-MA (λexc = 332 nm).
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The interaction of (R)-12 with the enantiomers of other

R-hydroxycarboxylic acids was studied. When (R)-12 (1.0 �
10�5 M in benzene/0.4% DME) was treated with (R)-hexahy-

dromandelic acid (4.0 � 10�3 M), an even greater fluo-

rescence enhancement was observed with IR/I0 = 80.

The enantioselectivity was also very high with ef [(IR � I0)/

(IS � I0)] = 64. This indicates that the sterically more bulky

hexahydromandelic acidmight lead to the formationof amore

structurally rigid complex with the sensor than MA, giving the

greater fluorescence response and higher enantioselectivity.

However, when (R)-12 [1.0� 10�5M (benzene/1%DME) was

treated with the structurally more flexible phenyllactic acid

(8.0�10�3M), both the fluorescence enhancement (IR/I0=6)

and the enantioselectivity (ef = 3) were significantly lower.

3.3. MonoBINOL-Based Sensors. The acyclicmonoBINOL

(S)-13 was prepared which contains only half of the structural

units of the macrocycles (S)-11 and (S)-12.42 This compound

gave dual emission at λem = 360, 430 nm (Figure 9 inset).

When (S)-13was treatedwith (R)-MA, its fluorescence intensity

was increased to 30-fold (IR/I0 = 30) with the enantioselectivity

ef = 4.2 (Figure 9). The enantioselectivty of (S)-13 is the

oppositeof (S)-11and (S)-12which indicates their verydifferent

steric interactions with the enantiomers of MA.

Additional hydroxyl groups were introduced to (S)-13 to

increase its binding with R-hydroxycarboxylic acids in order

to improve its enantioselectivity. From the reductive ami-

nation of (S)-10 with (1R,2S)-2-amino-1,2-diphenyletha-

nol, (S)-14 was obtained.43 As shown in Figure 10, when

(S)-14was treated with (S)-MA (g3.0� 10�3 M) in benzene

(0.4% DME), a white precipitate was produced but (R)-MA

(3.0 � 10�3�8.0 � 10�3 M) could not give a preci-

pitate. This enantioselective precipitation allows the two

FIGURE 9. Fluorescence spectra of (S)-13 (1.0� 10�4 M in benzene/2%
DME) with/without (R)- and (S)-MA (2.0 � 10�2 M) (λexc = 320 nm).

FIGURE 8. Space-filling models for the X-ray structures of (S)-11 and
(R)-12.

FIGURE 10. Images of (S)-14 (5.0 � 10�4 M in benzene/0.4% v DME)
with (R)- and (S)-MA (4.0 � 10�3 M).

FIGURE 11. Fluorescence spectra of (S)-14 (5.0 � 10�4 M in benzene/
0.4% v DME) with (R)- and (S)-MA (4.0 � 10�3 M) (λexc = 341 nm).
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enantiomers of the R-hydroxycarboxylic acid to be dis-

criminated visually.
The fluorescence spectra of (S)-14 in the presence of (R)-

and (S)-MA were obtained. As shown in Figure 11, the

white suspension of (S)-14þ(S)-MA gave a dramatically

increased fluorescence signal at 367 nm with up to 950-

fold enhancement, but the solution of (S)-14þ(R)-MA

showed a much smaller change with ef as high as 485.

The white precipitate of (S)-14þ(S)-MA was dissolved in

CDCl3, and its 1H NMR spectrum showed a sensor/sub-

strate ratio of 1:4. The solid state induced large fluores-

cence enhancement of (S)-14þ(S)-MA is attributed to the

isolation of the fluorophore by complexing with the chir-

ality matched chiral acid and the greatly increased struc-

tural rigidity in the solid state. (S)-14 also showed

enantioselective precipitation and enantioselective fluor-

escent enhacement in the presence of hexahydromande-

lic acid, but its enantioselective fluorescent response

toward other R-hydroxycarboxylic acid such as phenyllac-

tic acid was much lower.

Through the study of a number of derivatives of (S)-14

containing various substituents on the 3,30-amino alcohol

units, we found that (S)-15 containing three phenyl substit-

uents on each of its amino alcohol units is a generally

enantioselective fluorescent sensor for structurally diverse

R-hydroxycarboxylic acids though it did not form precipitate

with the acids.44 As shown in Figure 12, while (S)-phenyllac-

tic acid quenches the fluorescence of (S)-15 at the monomer

emission, (R)-phenyllactic acid greatly enhances it. Because

of these opposite effects of the two enantiomers of the chiral

acids on the fluorescence signal of (S)-15 at the monomer

emission, IR/IS instead of ef is used to represent the enantios-

electivity which is 11.2. Figure 13 summarizes the IR/IS
values when (S)-15 was used to interact with a variety of

R-hydroxycarboxylic acids under the same conditions.
FIGURE 13. Fluorescent enantioselectivity of (S)-15 toward various
chiral R-hydroxycarboxylic acids.

FIGURE 14. Calculated structure of the proposed 1:1 complex of (S)-15þ(R)-phenyllactic acid.

FIGURE12. (a) Fluorescence spectra of (S)-15 (2.0�10�4M in benzene/
0.4%v DME) with (R)- and (S)-phenyllactic acid (5.0 � 10�3 M).
(b) Fluorescence enhancement of (S)-15 with varying concentrations of
(R)- and (S)-phenyllactic acid at λem. = 382 nm (λexc = 334 nm).
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These data demonstrate that (S)-15 can be used to deter-

mine the enantiomeric composition of various types of

R-hydroxycarboxylic acids.

A computational study of the 1:1 complexes of (S)-15 and

(R)-phenyllactic acid using the Gaussian 03 program with the

density functional theorymethod of B3LYPwas conducted. As

shown in Figure 14, there are strong acid�base interactions

between the amine nitrogen of (S)-15 and the carboxylic acid

group. The R-hydroxy group of the acid could also form

hydrogen bonds with each of the hydroxyl groups of the

amino alcohol units in (S)-15. The structural rigidity of this 1:1

complex and its further interaction with additional chiral acid

molecules should have contributed to the observed enantio-

selective fluorescent response.

3.4. Using Pseudoenantiomeric Sensor Pair for Chiral

Assay. Because the fluorescence of a chiral sensor is strongly

influenced by both the concentration and the enantiomeric

composition of the substrate, these two parameters need to be

determined separately. We have developed a strategy to use a

pseudoenantiomeric sensor pair to determine both the concen-

tration and the enantiomeric composition of an R-hydroxycar-
boxylic acid by a single fluorescence measurement.

TheH8BINOL-aminoalcohol (R)-16wassynthesized fromthe

partially hydrogenatedBINOL (R)-H8BINOL for usewith (S)-15as

a pseudoenantiomeric sensor.45 These two compounds have

opposite chiral configuration at both the axially chiral biaryl

centers and the amino alcohol units with distinctly different

FIGURE 15. Fluorescence spectra of (R)-16 (1.0 � 10�4 M in CH2Cl2)
with/without (R)- and (S)-MA (4.0 � 10�3 M).

FIGURE 16. Fluorescence spectra of (S)-15 (1.0 � 10�4 M in CH2Cl2)
with/without MA (4.0 � 10�3 M).

FIGURE 17. (a) Plot of (I1/I10 � I2/I20) versus [(R)-Acid]% at varying MA
concentrations (mM). (b) Plot of (I1/I10 þ I2/I20) versus MA concentration
at varying [(R)-acid]%. (λexc = 290 nm).

FIGURE 18. (a) 3D plot of (I1/I10� I2/I20) and (I1/I10þ I2/I20) versus theMA
concentration (mM). (b) 3D plot of (I1/I10 � I2/I20) and (I1/I10 þ I2/I20) versus
[(R)-acid]%.
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emission wavelengths. (S)-15 has more extended conjugation

than (R)-16, and thus, it emits at amuch longerwavelength (λ1=

374nm) than (R)-16. Figure 15 gives the fluorescence spectra of

(R)-16 in the presence of (R)- and (S)-MA in CH2Cl2. It shows that

(S)-MA greatly enhances the fluorescence of (R)-16 at λ2 = 330

nm but (R)-MA causes a much smaller fluorescence enhance-

ment. It is found that IS/I0 = 11.7 and ef = 3.6.

As described in section3.3, (S)-15 exhibits generally enan-

tioselective fluorescent responses towardR-hydroxycarboxylic
acids in benzene solution. Because of the reduced conjugation

of (R)-16 versus (S)-15, benzene interferes with the fluorescence

spectrum of (R)-16 and is not a suitable solvent for this pseu-

doenantiomeric pair. Thus, the interaction of (S)-15 with MA in

CH2Cl2 was studied which also gave highly enantioselective

fluorescent responses. As shown in Figure 16, (R)-MA greatly

enhances the fluorescence of (S)-15 at λ1 = 374 nm in CH2Cl2

similar to that observed in benzene, but (S)-MA causes a very

small fluorescence enhancement which is different from that

observed in benzene where a slight quenching at the short

wavelength signal was observed. Figure 16 gives IR/I0 = 11.4

and ef [= (IR �I0)/(IS � I0)] = 26.0.

Because of the distinctly different fluorescent responding

wavelengths between (S)-15 and (R)-16, a 1:1mixture of this

pseudoenantiomeric pair in CH2Cl2 (each at 1.0 � 10�4 M)

was used to interact with MA of varying concentrations and

enantiomeric compositions. It is proposed that the fluores-

cence intensity difference at λ1 and λ2 could be used to

determine the enantiomeric composition of the substrate

and the sum of the fluorescence intensity at these two

wavelengths could be used to determine the total concen-

tration of the substrate. In Figure 17a, the fluorescence

intensity difference at λ1 (374 nm) and λ2 (330 nm), that is

(I1/I10� I2/I20) (I1 and I2: fluorescence intensity at λ1 and λ2 in

the presence of the acid. I10 and I20: fluorescence intensity in

the absence of the acid), is plotted against the enantiomeric

composition [(R)-acid]% at various acid concentrations. In

Figure 17b, the fluorescence intensity sum at λ1 (374 nm)

and λ2 (330 nm), that is (I1/I10 þ I2/I20), is plotted against the

acid concentration at various enantiomeric compositions.

FIGURE 19. Fluorescence spectra of (R)-11 (1.0 � 10�4 M in benzene/
2% DME) with/without D- and L-BPG (4.0 � 10�3 M) (λexc = 340 nm).

FIGURE 20. Enantioselectivity of (R)-11 in the fluorescent recognition of various amino acid derivatives.

FIGURE21. (a) Fluorescence spectra of (S)-14 (5.0�10�4M in benzene/
2.5%DME) with (D)- and (L)-17 (2.0 � 10�3 M) (λexc= 341 nm).
(b) Fluorescence spectra of (S)-15 (2.0 � 10�4 M in benzene/2.5%DME)
with (L)- and (D)-17 (1.0 � 10�3 M) (λexc = 334 nm).
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Using the data of Figure 17, the 3D graphs of the acid

concentration and the enantiomeric composition versus the

sum and difference of the pseudoenantiomeric sensor pair

at λ1 and λ2 were obtained (Figure 18). These 3D graphs

demonstrate that both the acid concentration and the en-

antiomeric composition of anMAsample canbe determined

by a single fluorescence measurement of the sample in the

presence of the pseudoenantiomeric sensor pair.

4. Sensors for the Recognition of r-Amino
Acid Derivatives

4.1. Using BisBINOL Macrocycle-Based Sensors. The

macrocycles 11 and 12 were also used for the recognition

of N-protected amino acids. As shown in Figure 19, when (R)-

11 was treated with N-benzyloxycarbonylphenyl glycine

(BPG), the D-BPG increases the long wavelength emission

of (R)-11 much greater than L-BPG with ID/I0 = 4.3 and

ef =5.7.40b,46 The fluorescence enhancement of (R)-11 was

also found to be linearwith the enantiomeric composition of

the acid. 1H NMR study indicates that (R)-11 could form a 1:4

complex with BPG in the ground state probably by proton-

ation of the four nitrogen atoms of the macrocycle with the

acid. Although the interaction of (R)-11 with BPG showed

good enantioselectivity, much smaller enantioselectivity

was observed when (R)-11 was used to interact with other

amino acid derivatives as shown in Figure 20. (R)-12 also

gave good enantioselectivity in the recognition of BPG with

ef up to 7.41b

4.2. Using MonoBINOL-Based Sensors. The interaction

of the monoBINOL (R)-13 with BPG was studied.42 It was

found that the fluorescence intensity of (R)-13 (1.0� 10�4 M

in benzene/2% DME) increased over 11.5-fold in the pre-

sence of D-BPG (4.0�10�3M) and 6.1-fold in the presence of

L-BPG. Thus, the enantioselectivity (ef = 2.0) was lower than

those of the macrocycles (R)-11 and (R)-12.

The interactions of (S)-14 and (S)-15 with N-protected

amino acids were studied. When (S)-14 was treated with

the enantiomers of the N-protected serine 17 (see Figure 22),

highly enantioselective fluorescent responses were obser-

ved.47 As shown in Figure 21a, at the long wavelength

emission of (S)-14, the fluorescent sensitivity ID/I0 was found

to be 6.0 and the enantioselectivity ef to be 12.5. When (S)-

15 was used to interact with 17, the enantioselective fluor-

escent enhancement at themonomer emission of (S)-15was

observed with ID/I0 = 3.8 and ef = 3.5 (Figure 21b). Figure 22

shows that compounds (S)-14 and (S)-15 have exhibited

quite high fluorescent sensitivity and enantioselectivity for

a number of amino acid derivatives.

5. Summary
The unique structure of BINOL has been used to construct

enantioselective fluorescent sensors. Various types of func-

tional groups have been attached to the enantiomerically

pure BINOL to build chiral macrocycles, dendrimers, and a

variety of acyclic compounds. It has been demonstrated that

the conjugated dendritic units can be used to amplify the

fluorescence response of the BINOL-based sensors to gen-

erate highly sensitive sensors. Incorporation of a metal ion

(Cu2þ) and its subsequent enantioselective displacement by

chiral amino alcohols can convert a fluorescent quench

sensor to a fluorescent enhancement sensor. Highly sensi-

tive and enantioselective fluorescent sensors for the recog-

nition of R-hydroxycarboxylic acids and amino acid

derivatives have been obtained by incorporating amine

and amino alcohol units into the BINOL structure. The

research on the BINOL-based molecules has demonstrated

that it is possible to develop enantioselective and sensitive

fluorescent sensors for the chiral assay of organic molecules

by designing and systematically modifying the structure of

the chiral molecular receptors.
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