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Abstract

A chiral Schiff-base compound, 4-methyl-2,6-bis-[(2-hydroxy-1-phenylethylimino)methyl]phenol, is found to act as highly enantioselective
fluorescent agent for a-hydroxycarboxylic acid, e.g., mandelic acid. It is observed that, within a certain concentration range, one enantiomer of
the chiral acid can increase the fluorescence intensity of the Schiff-base compound 122-fold while the other enantiomer enhances the intensity
only 42-fold. Such highly enantioselective responses towards the chiral acid make the unusual Schiff-base compound attractive as a fluorescent
sensor for determining the enantiomeric composition of a-hydroxycarboxylic acids.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The luminescent properties of an organic chromophore can
be utilized for chiral recognition of a molecule." The meth-
odology involved is to introduce a chiral centre by introducing
a fluorophore into the binding site so that it can achieve enan-
tioselective recognition of chiral organic molecules. Amines,
amino alcohols and hydroxycarboxylic acids have been inten-
sively and widely studied from a viewpoint of their usefulness
in synthetic applications.! Modern analytical approaches, e.g.,
high-resolution mass spectroscopy, electronic spectroscopy,
electrophoresis etc.’ are also used for such studies. Although
there have been several other methods, e.g., chromatography
and NMR techniques, there are significant advantages of using
a fluorescent agent.*””’

A literature survey shows that the fluorescence properties of
the naphthalene moiety in 1,1’-bi-2-naphthol (BINOL) and its
derivatives have been previously used as an agent for chiral
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recognition and asymmetric catalysis.®”'! Recently we have
reported the fluorescence sensing property of a Schiff-base
molecule which can bind to zinc(Il). X-ray structural analysis
and other solution studies showed the formation of a discrete
hexanuclear complex on binding where the ratio of zinc/
Schiff-base was 3:1.'> We report here the design and syntheses
of Schiff-base molecules (R,R)-1 and (S,5)-1 (Scheme 1),
which can effectively be used as enantioselective fluorescent
sensors for mandelic acids. Systematic studies have been per-
formed to get an insight into the intimate mechanisms of such
interactions. The choice of mandelic acids as the sensing sub-
strate for detection lies in the fact that it is present in certain
skin care products, and is an intermediate molecule in the pro-
duction of other biochemicals, an analytical reagent and a pre-
cursor in the manufacture of certain dyes.'>'* In the presence
of (5)- or (R)-mandelic acid, (R,R)-1 and (S,S)-1 exhibit signif-
icant fluorescence enhancements owing to suppressed PET
(photoinduced-electron-transfer) quenching when the acidic
proton of mandelic acid interacts with the nitrogen of the im-
ine nitrogen of the sensor. On complexation, the lone pair of
electrons on the nitrogen atom is no longer available for
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Scheme 1. Synthesis of the chiral Schiff-base (R,R)-1 sensor.
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Figure 1. Fluorescence spectra of (a) (R,R)-1 and (b) (S,S)-1 with and without mandelic acid (A.x=462 nm).

PET,15 leading to a fluorescence enhancement. Since the inter-
action of the sensor with the two enantiomers of mandelic acid
should generate two different diastereomers, different fluores-
cence enhancements can occur.

2. Results and discussion

Compound (R,R)-1 was prepared by the Schiff-base conden-
sation between 4-methyl-2,6-diformylphenol and (R)-2-amino-
2-phenylethanol (Scheme 1) in acetonitrile. Similarly (S,S)-1
was synthesized by the same dialdehyde and (S)-2-amino-2-
phenylethanol. The UV—vis spectrum of (R,R)-1 in benzene
displays absorption at Ap,x 277, 353 and 442 nm. It emits at
522 nm on excitation at 462 nm. We have studied the fluorescent
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recognition of (R,R)-1 and (S,5)-1 for mandelic acid. A large
enhancement was observed when (R,R)-1 was treated with
(8)- or (R)-mandelic acid. This behaviour is highly enantiose-
lective. The response of (R,R)-1 towards (S)- or (R)-mandelic
acid shows a dramatic difference. As demonstrated in Figure 1a,
(R)-mandelic acid (3.0x 10> M) has little effect on the fluores-
cence of (R,R)-1 (1.0x10™*M in benzene containing 2%
1,2-dimethoxyethane (DME)). Interestingly, under the same ex-
perimental conditions (S)-mandelic acid causes a large increase
in the fluorescence intensity of (R,R)-1. By way of comparison
the increase in the case of (R,R)-1is ca. 122 times with (S)-man-
delic acid, which falls to ca. 42 times with (R)-mandelic acid.
We have shown in Figure 2 the change in fluorescence of
(R,R)-1 and (S,9)-1 (1x 107*M in benzene containing 2%
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Figure 2. Fluorescence enhancement of (a) (R,R)-1 and (b) (S,5)-1 (1.0x 10~* M in benzene containing 2% DME) versus concentration of (R)- and (S)-mandelic

acid.
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DME) in the presence of various concentrations of (S)- and (R)-
mandelic acid. The factor (/.) related to the fluorescence en-
hancement of (R,R)-1 by (S)-mandelic acid may be expressed
by I.=(Is—1y)/(Ir—Iy) and assumes a value of 2.9 where /Iy, I
and I indicate the emission intensity of (R,R)-1 in absence of
mandelic acid, in presence of (§)-mandelic acid and (R)-man-
delic acid, respectively. This clearly justifies the suitability of
this sensor.'#

We studied under identical conditions the fluorescence en-
hancement of (§,5)-1 in the presence of (R)- and (S)-mandelic
acid. The results are displayed in Figure 1b showing the effi-
ciency of (R)-mandelic acid over (S)-mandelic acid in modu-
lating the fluorescence characteristic of (S,5)-1. As expected,
we note a ‘reverse image’ relationship between the fluores-
cence enhancement of (R,R)-1 and (S,5)-1 in the presence of
mandelic acid. A ‘mirror image’ relationship between the fluo-
rescence enhancement of enantiomers (sensors) has been
observed earlier."

Time-dependant measurements of (R,R)-1 and (S,S5)-1 in the
absence and presence of added mandelic acids have been per-
formed using time-correlated single-photon counting (TCSPC)
(Fig. 3). The fluorescence lifetime (7¢) of (R,R)-1is only 0.90 ns,
which is significantly increased to 3.67 and 3.78 ns in the pres-
ence of (R)- and (S)-mandelic acid, respectively. The relative
quantum yield (@) of (R,R)-1 increases from 0.12 to 0.58 and
0.66 in the presence of (R)- and (S)-form of the acid, respec-
tively. According to the equation16 7 '=k 4k, and k=T,
the radiative rate constant k, and total nonradiative rate constant
knr of (R,R)-1, (S5,5)-1 and the corresponding complexes with
acid (2:3 sensor/acid ratio, estimated from Job plot analysis)
are calculated and listed in Table 1. The data suggest that k;
has just slightly changed, but the factor that induces fluorescent
enhancement is mainly ascribed to the large decrease in k.. The
remarkable difference in 7; and @; values between (R)- and (S)-
acids is probably due to the generation of two different diaste-
reomeric complexes with the sensor.

Fluorescence titration of a solution of (R,R)-1 (1.0x 10~ M)
with mandelic acid (1.0x107*=3.0x10"°> M) affords data
which can be effectively used to extract the association constant
(K) assuming 1:1 binding, in conjunction with the modified
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Table 1
Radiative and total nonradiative rate data of (R,R)-1 and (S,5)-1 in the presence
and absence of mandelic acid

Te(ms) D ke (108s7D ke 10°s7hH  x2
(R,R)-1 0.90 0.12  1.33 9.78 0.974
(R,R)-1+(R)- 3.67 0.58 1.58 1.14 1.099
Mandelic acid (2:3)
(R,R)-1+(S)- 3.78 0.66 1.75 0.89 1.028
Mandelic acid (2:3)
(S,9)-1 0.78 0.10 1.28 11.54 0.959
(8,9)-1+(S)- 3.76 0.57 1.51 1.15 1.094
Mandelic acid (2:3)
(S,9)-1+(R)- 3.86 0.64 1.66 0.93 1.029

Mandelic acid (2:3)

Benesi—Hildebrand type equation,17 1/AF=1/AF .+ (1/
KC)(1/AF 45), in which AF=F,—F, and AF ,.x=F . —Fy; Fo,
F, and F , are the emission intensities of (R,R)-1 in the absence
of mandelic acid, at an intermediate mandelic acid concentra-
tion and at a concentration of complete interaction, respec-
tively, and C is the mandelic acid concentration. The value of
K (£15%) was evaluated as 7.2x10°M~' for (R,R)-1 with
(S)-mandelic acid (Fig. 4). The corresponding value for the
system (R,R)-1 with (R)-mandelic acid is 1.8x10*M~'. The
greater stability of the former association is apparent from the
evaluated parameters.

To confirm further the type of association, an NMR study on
the interaction of the (R,R)-1 with mandelic acid in C¢Dg¢ (con-
taining 2% [D;]acetonitrile) has been made. An upfield shift of
the methine proton signal of (S)-mandelic acid is noted at 6 5.19
as a consequence of the sensor interaction which shifts to 0 4.99
(A6=0.20 ppm) for a 9:1 sensor/acid solution. The NMR shift
values were utilized to frame a Job’s plot analysis (Fig. 5),
which corresponds to the formation of a complex in 2:3 ratio
(sensor/acid, Scheme 2).'® Experiments carried out under iden-
tical conditions with the chirality-matched mixture of (R,R)-1
and (R)-mandelic acid lead to a small shift for the methine pro-
ton of the (R)-mandelic acid. This suggests that in the sensor—
mandelic acid complex, (S)-mandelic acid is probably located
much deeper inside the cavity of (R,R)-1 than (R)-mandelic
acid which significantly shields the methine proton of
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Figure 3. Time-resolved fluorescence decay of (a) (R,R)-1 and its complexes with (S)-mandelic acid and (R)-mandelic acid (2:3 sensor/acid ratio) and (b) (S,S5)-1
and its complexes with (R)-mandelic and (S)-mandelic acids (2:3 sensor/acid ratio) in benzene containing 2% DME (A.,=440 nm). The sharp profile on the left is

the lamp profile.
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Figure 4. Benesi—Hildebrand plot of (a) (R,R)-1 and (b) (S,5)-1 (1.0x 10~* M in benzene containing 2% DME) in the presence of mandelic acid (/y: fluorescence
intensity of the sensor in the absence of the acid, I: fluorescence intensity of the sensor in the presence of the acid).
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Figure 5. Job plot of (R,R)-1 with (S)-mandelic acid at a constant concentration
0f 2.0x1072 M in C¢Dg containing 2% [D3]acetonitrile measured by '"H NMR
spectra. The mole fraction of the acid, X, is plotted against A6X. Ad is the
chemical shift change of the methine proton of the acid.

(8)-mandelic acid by the aromatic rings. This could be the ori-
gin of the dramatic difference in the fluorescence response of
(R,R)-1 towards the two enantiomers of mandelic acid.
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Both (R)- and (S)-2 were found to enhance the fluorescence
of (R,R)-1 under identical conditions that were used in the
study with mandelic acid. Note here that the fluorescence
enhancement does not indicate any enantioselectivity. Com-
pound 3 was also introduced to interact with the sensor
(R,R)-1. In the presence of racemic 3, no fluorescence en-
hancement was detected. It is quite logical to infer from these
experiments that the characteristic enantioselective fluores-
cence enhancement exhibited by the sensor molecule owes
its origin to both the —OH and —COOH groups of mandelic
acid. The proposed structure of the complex between (R,R)-1
and (S)-mandelic acid formed through a multiple bonding pro-
cess can be framed and shown in Scheme 2.

AcO H HO H
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OH OMe
2 3

Further FTIR spectroscopic investigation (Fig. 6) of (R,R)-
1-+(S)-mandelic complex reveals that *C=N and >C=0 peaks
have shifted from 1633 to 1572 cm ™' and 1725 to 1617 cm ™',
respectively, indicating the formation of hydrogen bonds
through acid group of mandelic acid and imine group of the
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Scheme 2. Proposed structure for (R,R)-1+(S)-mandelic acid.
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Figure 6. FTIR spectra of (S)-mandelic acid, (R,R)-1 and (R,R)-1+(S)-mandelic acid complex (2:3 sensor/acid ratio).
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Figure 7. Fluorescence enhancement of (a) (R,R)-1 and (b) (S,5)-1 (1.0x10™* M in benzene containing 2% DME) versus the enantiomeric composition of mandelic

acid (3.0x1073 M).

sensor. A comparison of the 3100—3600 cm ™' region shows
that the alcoholic —OH group of acid and phenolic —OH group
of sensor have also shifted from 3448 to 3362 cm ™' and 3380
to 3362 cm™ ', respectively. The results clearly indicate that
the sensing properties of 1 are due to variant H-bonding
interactions.

The fluorescence enhancement (/1) of (R,R)-1 as a function
of the concentration of (§)- and (R)-mandelic acid is plotted
(Fig. 7). As the concentration of the acid increases, the (S) en-
antiomer greatly enhances the fluorescence of (R,R)-1, but the
(R) enantiomer does not. Similarly, the fluorescence enhance-
ment of (S,5)-1 significantly increases in presence of (R) enan-
tiomer as the concentration of acid increases. We have further
designed some experiments whereby the fluorescence intensity
of (§,5)-1 has been monitored in the presence of mandelic acid
with various enantiomeric excesses. The results show a linear
relationship between I/l and the amount of S-component of
mandelic acid. This would enable one to ascertain the enantio-
meric ratio. The fluorescence of (R,R)-1 in the presence of
mandelic acid with various enantiomeric compositions has
been studied which shows a linear relationship between //],

and the percent of the S-component of mandelic acid enabling
one to determine the enantiomeric composition.

3. Conclusion

We have been able to synthesize a chiral Schiff-base com-
pound. It acts as a fluorescent sensor in ascertaining the enan-
tiomeric composition of (R)- and (S)-mandelic acid and may
find analytical applications over a definite concentration range.
This type of sensor could be useful to facilitate transport or
molecular mixture separations.

4. Experimental section
4.1. Materials and physical methods

All reagents and chiral substrates were purchased from
Aldrich. All solvents were HPLC grade. FTIR spectra were
obtained on a Nicolet MAGNA-IR 750 spectrometer with
samples prepared as KBr pellets. Elemental analysis was car-
ried out in a 2400 Series-Il CHN analyzer, Perkin—Elmer,
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USA. Luminescence spectra were performed using a Perkin—
Elmer LS 55 Luminescence Spectrometer. Fluorescence life-
times were determined from time-resolved intensity decay
by the method of time-correlated single-photon counting using
a picosecond diode laser at 440 nm as light source.

4.2. Synthesis and characterization of sensor (R,R)-1

4-Methyl-2,6-diformylphenol was synthesized starting from
p-cresol following a published procedure.'® To a solution of 4-
methyl-2,6-diformylphenol (0.328 g, 2 mmol) in 25 mL of
methanol was added (R)-2-amino-2-phenylethanol (0.549 g,
4 mmol) in 10 mL acetonitrile. The reaction mixture was re-
fluxed for 2 h. The solution was filtered and kept overnight at
4 °C for few days. Yellow crystalline compound, (R,R)-1, was
obtained in a good yield. Yield=0.76 g, 94%. Mp 67—69 °C.
Anal. Calcd for C,5H,6N,O5: C, 74.60; H, 6.51; N, 6.96. Found:
C,74.23; H, 6.45; N, 6.89%; FTIR (KBr phase) (V/cm_l): 1635,
1600; 'H NMR (300 MHz, CDCl5) 6: 2.30 (s, 3H, Ar—CHj),
3.89—3.99 (m, 4H, CH,), 4.49 (t, J=6.3 Hz, 2H, CH), 7.26—
7.46 (m, 12H, Ar—H), 8.63 (s, 2H, HC=N); '*C NMR
(75 MHz, CDCl;) 6: 20.4 (CHj3), 67.7 (CHy), 76.2 (CH),
127.3 (CH), 127.8 (CH), 128.8 (CH), 132.3 (C), 133.5 (CH),
138.5 (C), 140.0 (C), 159.5 (C), 166.3 (CH); [a]5 +74 (c
1.36, CH30H).

4.3. Synthesis and characterization of sensor (S,S)-1

Compound (S,5)-1 was synthesized similarly starting from
(8)-2-amino-2-phenylehanol and the same diformylphenol.
Yield=0.74 g, 92%. Mp 67—70°C. Anal. Caled for
C,5sH,y6N>,O5: C, 74.60; H, 6.51; N, 6.96. Found: C, 74.23;
H, 6.45; N, 6.89%; FTIR (KBr phase) (V/cmfl): 1635, 1600;
'"H NMR (300 MHz, CDCl;) 6: 229 (s, 3H, Ar—CH,),
3.88—3.98 (m, 4H, CH,), 4.48 (t, J/=6.3 Hz, 2H, CH), 7.22—
7.44 (m, 12H, Ar—H), 8.60 (s, 2H, HC=N); '*C NMR
(75 MHz, CDCl3) 6: 20.5 (CH3), 67.6 (CH,), 76.2 (CH),
127.3 (CH), 127.7 (CH), 128.7 (CH), 132.4 (C), 133.4 (CH),
138.5 (C), 140.0 (C), 159.5 (C), 166.3 (CH); [a]p —76 (c
1.60, CH;0H).

4.4. Preparation of samples for fluorescence measurement

Benzene stock solution of (R,R)-1 and (S,S)-1 was freshly
prepared for each measurement. Chiral a-hydroxycarboxylic
acids were freshly prepared containing 2% (v/v) DME
(DME was added to improve the solubility of the acid in ben-
zene). The solution of (R,R)-1 and (§,S)-1 was mixed with chi-
ral acid solution at room temperature and resulting solutions
were allowed to stand at room temperature for 3 h before fluo-
rescence measurement.

4.5. Fluorometric analysis

Emission quantum yields (®) were estimated by integrating
the area under the fluorescence curves using the formula:

ODstandard X Asamplc
ODsample X Astandard

¢sample - ¢standard

where A is the area under the emission spectral curve and OD
is optical density of the compound at the excitation wave-
length.?® The standard used for the fluorescence quantum yield
measurement is  [Ru(bpy);]Cl, (£=0.042 in water)
(Aex=450 nm).>’
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