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ABSTRACT

A chiral 1,1-bi-2-naphthol-derived calix[4]arene (1) was synthesized via a click reaction. Fluorescence spectra and dynamic light-scattering
revealed that Cu(II)�1 complexes were generated in situ and exhibited remarkable enantioselectivity toward mandelic acid. Using this dynamic
light-scattering technique, the detection sensitivity was improved almost 100-fold, with a detection limit of 2.0 � 10�7 M, compared with
fluorescent methods.

Chiral recognitionplays an important role inmany fields
of science and technology.1 Because studies on chiral
recognition contribute to an understanding of interactions
among biological molecules, enabling the development of
useful separationprocesses, catalysis, and sensing techniques,

much consideration has been devoted to the design and
synthesis of artificially enantioselective receptors and in-
vestigation of their applications.2 Chiral discrimination
has been achieved using various methods such as chiral
HPLC,3 capillary electrophoresis,4 fluorescence,5 colori-
metric analysis,6 and electrochemistry.7 Although reason-
able chiral discrimination has been achieved using these
techniques, improving the sensitivity of chiral recognition

(1) (a)Wu,Y. B.;Guo,H.M.; James, T.D.; Zhao, J. Z. J.Org. Chem.
2011, 76, 5685–5695. (b)Han,C. P.;Hou,X.; Zhang,H. C.; Guo,W.; Li,
H. B.; Jiang, L. J. Am. Chem. Soc. 2011, 133, 7644–7647. (c) Iwaniuk,
D. P.; Wolf, C. J. Org. Chem. 2010, 75, 6724–6727. (d) Lim, C. S.;
Jankolovits, J.; Zhao, P.; Kampf, J. W.; Pecoraro, V. L. Inorg. Chem.
2011, 50, 4832–4841. (e) Trant, A. G.; Baddeley, C. J. Langmuir 2011,
27, 1788–1795.

(2) (a)Hargrove,A. E.;Nieto, S.; Zhang, T. Z.; Sessler, J. L.; Eric, V.;
Anslyn, E. V. Chem. Rev. 2011, 111, 6603–6782. (b) Xie, S. M.; Zhang,
Z. J.; Wang, Z. Y.; Yuan, L. M. J. Am. Chem. Soc. 2011, 133, 11892–
11895. (c) Ema, T.; Hamada, K.; Sugita, K.; Nagata, Y.; Sakai, T.;
Ohnishi, A. J. Org. Chem. 2010, 75, 4492–4500. (d) Lei, X. X.; Liu, L.;
Chen, X. J.; Yu, X. C.; Ding, L. S.; Zhang, A. J. Org. Lett. 2010, 12,
2540–2543. (e) Hoffmann, C. V.; Lindner, W. Anal. Chem. 2008,
80, 8780–8789.

(3) (a) Ou, J. J.; Kong, L.; Pan, C. S.; Su, X. Y.; Lei, X. Y.; Zou,H. F.
J. Chromatogr. 2006, 1117, 163–165. (b) Sun, P.; Krishnan, A.; Yadav,
A.; Singh, S.;MacDonnell, F.M.; Armstrong, D.W. Inorg. Chem. 2007,
46, 10312–10315. (c) Slama, I.; Dufresne, C.; Jourdan, E.; Fahrat, F.;
Villet, A.; Ravel, A.; Grosset, C.; Peyrin, E.Anal. Chem. 2002, 74, 5205–
5208.

(4) (a) Lammers, I.; Buijs, J.; Ariese, F.; Ariese, F.; Gooijer, C.Anal.
Chem. 2009, 81, 6226–6229. (b) Lammers, I.; Buijs, J.; Ariese, F.;
Gooijer, C. Anal. Chem. 2010, 82, 9410–9414.

(5) (a) Pu, L.Chem. Rev. 2004, 104, 1687–1690. (b)McCarroll,M. E.;
Billiot, F. H.; Warner, I. M. J. Am. Chem. Soc. 2001, 123, 3173–3177.
(c) Han, C. P.; Li, H. B. Small 2008, 4, 1344–1347.

(6) (a) Zhang, M.; Ye, B. Ce. Anal. Chem. 2011, 83, 1504–1509.
(b) Lu, Q. S.; Dong, L.; Zhang, J.; Li, J.; Jiang, L.; Huang, Y.; Qin, S.;
Hu, C. W.; Yu, X. Q. Org. Lett. 2009, 11, 669–672.

(7) Mirri, G.; Bull, S. D.; Horton, P. N.; James, T. D.; Male, L.;
Tucker, J. H. R. J. Am. Chem. Soc. 2010, 132, 8903–8906. (b) Khotari,
H. M.; Kulp, E. A.; Boonsalee, S.; Nikiforov, M. P.; Bohannan, E. W.;
Poizot, P.; Nakanishi, S.; Switzer, J. A. Chem. Mater. 2004, 16, 4232–
4235. (c) Dom�enech, A.; Alarc�on, J. Anal. Chem. 2007, 79, 6742–6745.
(d) Limmer, S. J.; Kulp, E. A.; Switzer, J. A. Langmuir 2006, 22, 10535–
10541.



Org. Lett., Vol. 14, No. 14, 2012 3573

is essential and remains a challenging task. Dynamic light-
scattering (DLS), because of its sensitive analysis of the size
distribution of aggregates ranging from 0.5 nm to 10 μm,8

is expected to be a feasible method for improving the
sensitivity of analyte discrimination. To date, increased
sensitivity of recognition via DLS characterization has
been successfully accomplished in a few studies.9

Calixarenes, which are well-known representative host
molecules, and also promising in molecular recognition,
have attracted significant attention in supramolecular
chemistry.10 Calixarenes are amphiphilic molecules which
can spontaneously assemble to form nanocapsules and
nanoparticles.11 For example, Lee et al. have reported
supramolecular nanocapsules from amphiphilic calixarene
assembly, and the aggregation behavior of calixarenes in
solution has been investigated using DLS.12 However,
highly sensitive chiral recognition of calixarenes via DLS
has not been achieved.
In this study, we synthesized a novel fluorescent calix-

[4]arene bearing a chiral 1,10-bi-2-naphthol (BINOL) group
and investigated its ion-binding properties and chiral recog-
nition abilities with respect to mandelic acid (MA).MA is a
structural unit of many natural products and drug mol-
ecules and is the multifunctional precursor of a variety of
organic compounds.13

As shown in Scheme 1, (R)-BINOL-derived calix-
[4]arene 1 was synthesized in two steps.14 All of the com-
pounds were characterized by 1H and 13C NMR spectros-
copy, HDMS, and elemental analysis. The recognition
ability of as-prepared 1 was investigated in detail, and 1
demonstratedhighly selective binding towardCu(II) to form
a Cu(II)�1 complex, resulting in prominent fluorescence
quenching. Significantly, the as-obtained Cu(II)�1 complex
could be used as a fluorescent sensor for enantioselective
recognition of MA with a fluorescence “turn on” mode.

A specific DLS technique was employed, and the sensitiv-
ity of the chiral discrimination was improved 100-fold.

The fluorescence spectrum of 1 (λex = 300 nm) in
CH3CN exhibited a characteristic emission band at
361 nm. As Figure S4 (Supporting Information) shows,
the fluorescence of 1 was almost completely quenched by
Cu(ClO4)2. Thebinding constant of 1withCu

2þwas calcu-
lated using the Benesi�Hildebrand equation, and the
corresponding association constant Ka was found to be
7.38 � 105 M�1.15 Job plots analysis and MALDI-TOF
MS spectra show that 1 and Cu(II) form a 1:1 complex
Cu(II)�1, and the 1H NMR spectrum of Cu(II)�1 shows
that the Cu2þ ion of the Cu(II)�1 complex is located in the
cavity formed by the nitrogen-rich triazole (Figures S5�S9,
Supporting Information).
To further investigate the chiral recognition perfor-

mance of the Cu(II)�1 complex, (R)- and (S)-MA were
tested using the complex, which was first prepared in situ
by mixing 1 and Cu2þ in a 1:1 ratio.16 When the Cu(II)�1
complex was treated with (R)- or (S)-MA, significant fluo-
rescence enhancement was observed in both cases. Evident
enantioselectivity can be observed from the degree of fluo-
rescence increase. As shown in Figure 1, in CH3CN, the
fluorescence intensity of theCu(II)�1 complex (1� 10�5M)
increased 6.35-fold on addition of (R)-MA (1 � 10�4 M).
However, (S)-MA (1 � 10�4 M) only increased the fluores-
cence intensity of theCu(II)�1 complex 4.87-fold; that is, the
enantiomeric fluorescence difference ratio, ef [ef = (IR �
I0)/(IS � I0)], is 1.69. This large difference in enantiomeric
fluorescence enhancement makes Cu(II)�1 a useful sensor
for the enantioselective recognition of chiral (R)-MA. The
analogs tartaric acid and malic acid were also investigated.
All of the R analogues increased the fluorescence recovery
(Figures S10 and S11, Supporting Information); that is,
results on fluorescence responses similar to those of MA
were displayed. However, in contrast,MA gives much better

Scheme 1. Synthetic Route to 1
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enantioselectivity, and extensive investigations of the chiral
discrimination of MA have been carried out.

To determine whether the enantioselectivity of MA is
reflected in the nanostructural features, AFM studies were
performed on Cu(II)�1, {[Cu(II)�1] þ (R)-MA}, and
{[Cu(II)�1] þ (S)-MA}. The corresponding micrographs
and particle size distributions are shown in Figure 2.
Cu(II)�1 is composed of spherical particles in the size
range 25�35 nm (Figure 3a). When (R)-MA is added to
Cu(II)�1, the size of the particles increases significantly to
447�572 nm, and the particles become nonspherical
(Figure 3b). For {[Cu(II)�1] þ (S)-MA}, the particle size
increases to 149�233 nm, and the shape remains spherical
(Figure 3c). This large difference innanostructural features
also confirms that Cu(II)�1 is a useful sensor for enantio-
selective recognition of chiral (R)-MA.

Based on the above analysis, a possible mechanism of
enantioselective recognition is proposed. The fluorescence
recovered by adding MA was the result of suppression of
PET quenching in the Cu(II)�1 system. The observed
enantioselective size in the AFM images was the result of
preferential complexation betweenCu(II)�1 and (R)-MA,
and in this case, larger aggregates were formed. The char-
acteristic changes observed in the fluorescence spectra

during the sensing of Cu2þ and followed by (R)/(S)-MA
are represented schematically in Figure S13 (Supporting
Information).
Although chiral recognition of MA is achieved through

monitoring of fluorescence signatures, compared to other
examples,17 the sensitivity of the detection is not much
improved (the detection limit is 2 � 10�5 M), which may
limit its potential applications. To solve this problem, we
used DLS to improve the sensitivity of the assay toward
MA. It is known that DLS is a powerful method for
determining small changes in particle sizes, and can be
used to detect size changes in nanoparticles. As shown in
Figure 3, the diameter of the Cu(II)�1 complex particles
(1 � 10�5 M) increased 6.74-fold on addition of (R)-MA
(1� 10�6M).However, (S)-MA(1� 10�6M) only increased
the diameter of the Cu(II)�1 particles 2.79-fold, that is, the
enantioselectivity could be detected by DLS. Quantitative
analysis of MA was achieved using a plot of the size
distribution versus the concentration of MA from 1.0 �
10�7 to 1 � 10�6 M, as shown in Figure 3. The titration
curves show that the detection limit of the enantioselectivity
measured using DLS is 2.0 � 10 �7 M (Figure S14,
Supporting Information). As a result, the detection sensi-
tivity was improved almost 100-fold compared with that
of the fluorescent method. The results described here de-
monstrate that the complex Cu(II)�1, with a chiral cavity,
assembled into well-defined and tunable nanoparticles
that increase significantly in diameter on addition of
MA. In this chiral recognition system, calixarene plays
a very important role. First, calixarene 1 is an amphi-
philic molecule which can be expected to spontaneously
assemble to form nanoparticles. Second, the calixarene
frameworkwas coordinatedwith chiral binaphthyl groups
to construct a chiral cavity for the enantioselective recog-
nition of MA.

In summary, we have designed and synthesized a versa-
tile chiral calixarene derivative, 1. Cu(II)�1was generated
in situ and exhibited excellent enantioselective recognition

Figure 1. (a) Fluorescence variation (λex = 300 nm) of 1 (1 �
10�5 M) added to Cu(II) (2 � 10�5 M) (black line) and the as-
formed Cu(II)�1 complex added to (R)-MA (1� 10�4 M) (blue
line) and (S)-MA (1 � 10�4 M) (red line), respectively.
(b) Titration curves of the rate of fluorescence change (I/I0) in
different concentrations of (R)-MA (blue line) and (S)-MA
(red line) in CH3CN. That is, the enantioselective recognition
of MA has been achieved.

Figure 2. AFMimagesofCu(II)�1added to (R)-MAand (S)-MA:
(a) Cu(II)�1 alone, (b) Cu(II)�1 with (R)-MA, and (c) Cu(II)�1
with (S)-MA. Figure 3. Size distribution curves of Cu(II)�1 with changes in

concentration of (R)-MA (blue line) and (S)-MA (red line).
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ofMAwith a fluorescence “turn on” mode. Furthermore,
significantly improved sensitivity of chiral discrimination
of MA was achieved using a DLS technique, which may
provide a novel and effective way of enhancing the sensi-
tivity of enantioselective recognition for other analytes.
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