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Synthesis and different molecular recognition of two
dye-modified cyclodextrins with spacer of different length
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Abstract—Two b-cyclodextrin derivatives (1 and 2) bearing a hydroxyazobenzene unit, each having a butylene or a 4,7-dioxadec-
ylene spacer between the cyclodextrin and the dye, were prepared, which showed guest-induced color changes with a marked dif-
ference in molecular recognition behavior in aqueous solution.
� 2006 Elsevier Ltd. All rights reserved.
Chemical indicators that change color in response to the
presence of organic compounds are of current interest.
Host–guest complexation is a key phenomenon to devel-
op such indicators for molecules.1 Some synthetic indi-
cators are known to exhibit color changes on binding
molecules as well as metal ions in organic solvent.2

However, there are few reports on indicators that act
in aqueous solution. Cyclodextrins (CDs), which are
cyclic oligosaccharides consisting of several glucose
units and capable of forming inclusion complexes with
a variety of organic compounds in aqueous solution,
are useful for constructing such aqueous-based mole-
cule-sensing systems.3 During the past decade, we have
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Figure 1. Structure of 1, 2 and, guest compounds.
shown that dye-modified b-CDs exhibit guest-induced
color changes with interesting molecular recognition
behaviors in aqueous solutions.4 In these systems, the
CD and the dye units act as the guest binding site and
the transducer of the guest binding into the color change
signals through the guest-induced location change of the
dye unit from the inside to outside of the CD cavity,
respectively. In this letter, we report the synthesis and
unique molecular recognition behaviors of two b-CD
derivatives, 1 and 2, both bearing a hydroxyazobenzene
(HAB) unit connected to the CD with a spacer of differ-
ent length (Fig. 1). Compounds 1 and 2 have different
flexibilities and are likely to form the inclusion complex
lor change.
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with different conformations. Such difference is expected
to reflect in molecular recognition behaviors.

Compounds 1 and 2 were prepared by the reaction of
6-deoxy-6-tosylated b-CD and 1, 4-diaminobutane or
ethylene glycol bis(3-aminopropyl) ether, respectively,
followed by the DCC condensation reaction with
2-(4-hydroxyphenylazo)benzoic acid (HABA) in dime-
thylacetamide. These were purified by ion column
chromatography on a QAE-Sephadex and Dianion
HP-20, and identified by 1H NMR, TLC, and elemental
analysis.5

HABA changed from colorless to yellow when the solu-
tion became alkaline. This color change involves the
structural change of HABA; the phenol form existing
under weak acidic condition (pH 5.9) is converted into
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Figure 2. Absorption and the induced circular dichroism spectra of
1 at different pH values, and the second derivative curves of the
absorption spectra at pH 3.67 and 11.94. The concentration of 1 is 0.01
and 0.03 mM for absorption and induced circular dichroism measure-
ments, respectively. (a) pH of the solution: (1) 5.61, (2) 7.10, (3) 7.52,
(4) 7.83, (5) 8.06, (6) 8.37, (7) 8.65, (8) 8.98, (9) 9.36, (10) 11.90; (c) pH
of the solution: (1) 3.63, (2) 7.58, (3) 8.15, (4) 8.95, (5) 12.0.
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Scheme 1. Schematic representation for acid base dissociation equilibria of
the phenolate anion form. Compound 1 exhibited the
color change similar to HABA itself, as shown in Figure
2a. An absorption band around 350 nm was observed at
pH 5.61. The band decreased with increasing pH and a
band around 420 nm increased. This indicates the
change in structure of the dye unit from the phenol form
into the phenolate anion one with increasing pH. Com-
pound 2 also exhibited the pH-induced spectral varia-
tion similar to 1. It was observed that these spectral
variations of 1 and 2 were accompanied with two isos-
bestic points at 381 and 383 nm for 1 and at 381 and
384 nm for 2, respectively. The observation of two isos-
bestic points suggests the existence of two acid dissocia-
tion equilibria for both compounds.

The curve fitting analysis of the pH-titration curves of
absorbance at 440 nm gave two apparent pKa with the
values of 7.44 and 8.67 for 1 and 7.62 and 8.76 for 2,
each corresponding to pKa1 and pKa2, respectively. Tak-
ing account of the pKa value for HABA itself (8.64) and
diethylamine (11.1),6 the pKa1 and pKa2 estimated for 1
and 2 should be associated with the equilibrium between
the phenol and the phenolate anion forms in the HAB
unit and that between the amine and ammonium forms
of the secondary amine group located near the CD cav-
ity, respectively. As shown in Scheme 1, therefore, 1 and
2 change their structures with increasing pH from the
phenol–ammonium form into the phenolate–amine
form via the phenolate–ammonium form as an
intermediate.

In the presence of 1-adamantanol (AN) as the guest, the
pH-induced spectral variations of 1 and 2 were similar
to those in the absence of the guest. It was observed,
however, that the pKa values were shifted by the pres-
ence of the guest, as shown by the values estimated to
be 7.39 and 8.56 for 1 and 6.90 and 9.10 for 2, respec-
tively. Such guest-induced shift in pKa values are associ-
ated with the environmental change around the HAB
and the secondary amine group. These results indicate
the presence of the guest-induced conformational
changes for 1 and 2.

The conformational features were confirmed from the
induced circular dichroism spectra.7 Figure 2c shows
the induced circular dichroism spectra of 1 under vari-
ous pH conditions. The positive and negative dichroism
bands were observed around 360 and 450 nm at pH 3.63
and around 400 and 470 nm at pH 12.0, respectively.
The analysis of the absorption spectra of 1 gave the elec-
tronic transitions at 355 and 450 nm at pH 3.63 and 410
and 460 nm at pH 12.0 (Fig. 2b). These transitions are
ascribed to p–p* and n–p* for the shorter and longer
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wavelengths in each condition, respectively.8 Since the
transition moments are parallel and perpendicular to
the HAB unit for p–p* and n–p* transition, respectively,
the HAB unit of 1 is included in the CD cavity with an
orientation parallel to the CD axis. Under the condition
not only at pH 3.63 and pH 12.0 but also in other pH, 1
accommodates the HAB unit in the CD cavity axially. A
similar pH-induced dichroism variation was observed
for 2, indicating the similar conformation of 2 to that
of 1. Since the spectral shapes and the molecular extinc-
tion coefficients of 1 and 2 were not dependent on their
concentrations in the range from 10�6 to 10�4 M, they
exist as the intramolecular self-inclusion complex form,
in which the HAB unit is included in their own CD cav-
ity axially.

Upon addition of AN at pH 3.2, the dichroism intensi-
ties of 1 and 2 decreased and disappeared in the presence
of a large amount of AN. These suggest that the HAB
units are excluded to the outside of the cavities. Conse-
quently, the dye units have no interaction with their CD
cavities, as shown in Scheme 2. At pH 11.5, however, the
guest-induced dichroism variations of 1 and 2 were dif-
ferent. Upon addition of AN, the dichroism pattern of 1
turned over oppositely, in which the positive dichroism
band around 400 nm changed to the negative one and
the negative band around 470 nm changed to the posi-
tive one. This indicates that the HAB unit of 1 changed
the orientation from parallel to perpendicular to the CD
axis by being excluded to the outside of the cavity
(Scheme 2). On the contrary, the dichroism bands of 2
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Scheme 2. Schematic representation of guest-induced conformational
change for 1 and 2.
disappeared upon addition of AN, which is similar to
the dichroism variation at pH 3.2. These results demon-
strate that the guest-induced conformational change is
different between 1 and 2. The longer spacer of 2 can en-
hance the flexibility of the HAB unit, while the shorter
one of 1 restricts the unit. Therefore, the HAB unit
interacts with the guest with a different mode, which de-
pends on the pH of the solution as well as the spacer
length. Such guest-induced conformational difference
observed for 1 and 2 are to be reflected in their molecu-
lar recognition abilities.

When AN was added to the solution containing 1 at
pH 8.4, the solution changed from colorless to yellow,
as shown in Figure 3. The solution of 2 also exhibited
a similar spectral variation upon addition of AN at
pH 7.2. These indicate the conversion of the HAB unit
from the phenol form to the phenolate anion one upon
accommodation of AN into the CD cavities, accompa-
nied with the exclusion of the dye unit from the inside
to outside of the cavity.

By using this guest-induced color change, we have inves-
tigated the molecular recognition ability of 1 and 2. The
guest-induced change in absorbance at 440 nm that is
normalized by the original absorbance ðDI=I0

440Þ was
used as the parameter to evaluate the molecular recogni-
tion ability. The results obtained are summarized in
Table 1. Both 1 and 2 recognized 1-adamanatanecarboxilic
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Figure 3. Absorption spectra of 1 (pH 8.4) in the presence of various
concentrations of AN: (1) 0, (2) 0.07 mM, (3) 0.13 mM, (4) 0.5 mM, (5)
3 mM.

Table 1. Sensitivity parameter (DI/I0) and binding constants (K/M�1)
for 1 and 2

1 2

DI/I0 K/M�1 DI/I0 K/M�1

AN 0.119 4510 0.711 8180
AC 0.093 6380 0.854 25900
CDCA 0.214 46100 0.077 79800
DCA 0.093 2820 0.023 1220
CA 0.060 2990 0.046 1660

Sensitivity parameter (DI/I0) was estimated from the increase in the
absorbance at 440 nm (DI) relative to its original value (I0).
[Host] = 0.01 mM, [Guest] = 0.2 mM. Binding constant was estimated
from the guest-induced absorption variation at 440 nm except for 2

with steroid compounds, which is estimated from the analysis at
340 nm.
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acid (AC), which has the carboxyl group instead of the
hydroxyl group of AN, with lower affinities than AN
because of the negative charge of AC. Interestingly,
the different recognition pattern between 1 and 2 was
observed for steroid compounds. Chenodeoxycholic
acid (CDCA) was recognized by 1 with higher sensitivity
than cholic acid (CA), deoxycholic acid (DCA), and
AN. CDCA is different from CA only in the hydroxyl
group at C12, while DCA is different from CA only in
the hydroxyl group at C7. However, no color change
of 2 was observed upon addition of CDCA as well as
DCA and CA, namely, the steroid compounds could
not be recognized by 2. Bile acids form complex with
compound 2, which was detected with the change in
absorbance at 340 nm. However, color change does
not take place upon complexation. The reason of this
may be the formation of a hydrogen bond between the
hydroxyl group of HAB and the carboxyl group of the
guest, which stabilizes the phenol form of the HAB,
resulting in less change in color. This is an interesting
phenomenon not only from the molecular sensing but
also from host–guest chemistry viewpoint. The order of
the recognition ability of 1 is roughly parallel to that
of the binding constants, although the binding constant
of 1 is smaller than that of 2. The HAB unit that inter-
acted with the CD cavity may act as the inhibitor for
guest binding for 1. Compound 2 detected the adaman-
tine derivatives with higher sensitivity than 1, but did
not detect steroid guest at all.

In conclusion, the dye-modified CDs with spacers of dif-
ferent length showed unique molecular recognition, in
which the dye unit acts not only as the signal generator
but also as the molecule recognition site. Further works
to clarify the mechanism of the molecular recognition
involving the hydrogen bond in aqueous solution and
the relationship between the spacer length and the
molecular recognition ability is under way.
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