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Two p-nitrophenol modified â-CDs (1, 2) were synthesized in order to assess colour changes induced by
host–guest complexation as well as to investigate their conformations and binding properties as colour
changeable indicators for the presence of  organic molecules in pH neutral aqueous solutions. Host 3,
which has an á-CD in place of  the â-CD of  1, was also synthesized for comparison. The induced circular
dichroism spectra of  1–3 suggest that the p-nitrophenol unit of  1 and 3 is not completely included in their
CD cavities and that of  2 is fully included in its â-CD cavity. The spectra of  1–3 in the presence of  guest
supported these results, slightly enhancing the absolute intensities for 1 and 3 and decreasing the intensity for
2. The guest-induced conformation changes of  1–3 caused the colour to change from yellow to colourless,
which is associated with the conversion of  the appending moiety from phenolate anion to neutral phenol
species at pH 5.10 for 1 and 3 and at pH 6.50 for 2. The binding constants of  1 were markedly larger than
those for 2, reflecting that the p-nitrophenol moiety of  1 acts as an effective hydrophobic cap while that of
2 acts as an intramolecular inhibitor upon guest accommodation. These results demonstrate that various
colour changeable indicators for molecules which work under neutral conditions may be constructed on
the basis of  the appropriate design of  the appending part in dye-modified cyclodextrins.

Artificial receptors which transform binding of chemical
species into spectroscopic signals are of current interest. The
signal transduction of these systems usually occurs based on
host–guest complexation. Although many artificial ionophores
based on crown ethers,1 cryptands 2 or calixarenes 3 have been
shown to act as chemosensors which are responsive to metal or
ammonium cations, there have been few examples of receptors
which are responsive to organic molecules.4

Cyclodextrins (CDs) are typical hosts for organic com-
pounds, forming inclusion complexes in aqueous solution.5

Although CDs are spectroscopically inert, they can be con-
verted into spectroscopically active hosts by modification with
an appropriate chromophore. Ueno et al. have recently dis-
covered that CDs can be used as starting materials for con-
structing fluorescent indicators for organic molecules.6 They
have prepared various types of modified CDs bearing one
or two fluorophores: pyrene,7 naphthalene,8 dansyl 9 or N,N-
dimethylaminobenzoyl 10 moieties, and found that they act as
sensors for detecting organic compounds in aqueous solution.
In these CD-based sensors, the binding of guest species is
transduced into fluorescent signals through the guest-induced
locational change of the chromophores, mostly from inside to
outside the CD cavity. On the same basis, we have recently con-
structed colour-change indicators for detecting molecules using
modified CDs bearing a methyl red unit.11

The methyl red modified systems work only in acidic solu-
tion, so in the present study, we have attempted to develop
another type of CD-based colour-change sensor which works
in neutral solution. From this point of view, p-nitrophenol
is attractive as a unit to be attached since it changes from
yellow to colourless when the neutral solution becomes acidic.
Furthermore, the use of the p-nitrophenol unit seems promis-
ing since p-nitrophenol shifts its pKa from 7.09 to 6.15 upon
complexation with α-CD.12 With this in mind, we have prepared
CD derivatives 1, 2 and 3, which have a p-nitrophenol moiety at
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the primary side of the CD unit and examined their properties
as colour-change indicators.

Results and discussion

Absorption spectra
Fig. 1 shows the absorption spectra of 1 alone (a) and in the
presence of adamantan-1-ol (b) measured at various pH values.
Compound 1 exhibits a strong peak at 389 nm at pH 8.06,
indicating that the p-nitrophenol unit of 1 exists as the pheno-
late anion. When the pH of the solution was lowered, the
absorbance decreased, while that at ca. 320 nm increased. This
spectral change reflects the structural change of the p-nitro-
phenol unit from the phenolate anion form to the neutral
phenol. The isosbestic point at 330 nm indicates the existence
of an equilibrium between these two species. The pH depen-
dency of 1 in the presence of adamantan-1-ol is similar to that
of 1 alone, but differences exist as shown in Fig. 2.
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Fig. 2 shows that the pH titration curve of 1 is shifted to
higher pH upon addition of adamantan-1-ol. These obser-
vations suggest that the pKa values of the complex of the CD
derivative are different from those of the individual com-
ponents. Compound 2 exhibits an absorption maximum at 420
nm at pH 10.40, while that of 3 is at 390 nm at pH 9.50 [Fig.
4(b)]. A red shift in absorption maximum of the phenolate
anion form of 2 may be due to the existence of the benzene ring
as the spacer unit, which is absent in 1 and 3. With a lowering of
the pH of the solution of 2 and 3, they display similar spectral
variations to that of 1. The existence of isosbestic points at 360
nm for 2 and at 330 nm for 3 indicates that there is also an
equilibrium between the two forms in the p-nitrophenol unit for
2 and 3. Compounds 2 and 3 showed similar shifts to that of 1
upon addition of adamantan-1-ol and hexan-1-ol, respectively.
The pKa values estimated by curve fitting analysis are summar-
ized in Table 1.11b The guest-induced pKa shifts for 1 and 2 are
ca. 0.3, while that for 3 is 0.16. The environmental change
around the p-nitrophenol unit may be reflected in the values of
these guest-induced pKa shifts. This argument is consistent with
the reported result that the pKa of  p-nitrophenol is shifted from
7.09 to 6.15 by complexation with α-CD.12 Therefore, the data
of 1–3 suggest that their p-nitrophenol unit is partly or fully
included in the hydrophobic CD cavities of 1–3 and is exposed
to bulk water upon the addition of guest. The smaller guest-
induced pKa shift for 3 may be due to the fact that its

Fig. 1 Absorption spectra of 1 alone (a: 3 × 1025 mol dm23) and in the
presence of adamantan-1-ol (b: 6 × 1024 mol dm23) at various pH
values

Fig. 2 pH dependence of the absorbance at 389 nm of 1 alone (r) and
in the presence of adamantan-1-ol (6 × 1024 mol dm23) (s)

p-nitrophenol unit is not deeply included in the α-CD cavity.
The shallow inclusion of the appending moiety of 3 might
imply that the ring size of the primary hydroxy side, where
p-nitrophenol is attached, is too narrow or geometrically
unfavourable to include the p-nitrophenol unit.

It is noted that spectral shapes of 1–3 are hardly influenced
by the concentration itself  in the range from 6 × 1027 to 6 ×
1025 mol dm23, indicating that the inclusion of the p-nitro-
phenol unit in the CD cavity occurs not intermolecularly but
intramolecularly.

At pH 5.00, it was observed that the yellow colour of 1 fades
when adamantan-1-ol was added to the solution of 1. Fig. 3
shows the absorption spectra of 1, alone and in the presence of
adamantan-1-ol. The absorbance at ca. 390 nm decreased upon
addition of adamantan-1-ol, while that at ca. 320 nm increased.
This observation suggests that the environment around the
p-nitrophenol unit of 1 changes upon accommodation of
adamantan-1-ol in the cavity, resulting in the structural conver-
sion of the p-nitrophenol unit from the phenolate anion into the
phenol form by protonation. Similar spectral variations were
observed when other guests were added in place of adamantan-
1-ol. The solution of 2 at pH 6.50 and that of 3 at pH 5.05 show
similar spectral behaviour upon guest addition, suggesting the
occurrence of the similar structural change in these systems.
More detailed results and discussion on guest binding will be
described below.

Induced circular dichroism spectra
Since CDs consist of chiral -glucose units, the chromophore-
modified CDs may exhibit induced circular dichroism in their
absorption wavelength regions.13 Fig. 4 shows the induced circu-
lar dichroism spectra of 1–3 in alkaline solutions in the absence
and the presence of the guest. Compounds 1 and 3 exhibit a
negative dichroism band at ca. 320 nm, while 2 exhibits positive
ones at ca. 300 and 420 nm. The dichroism patterns of 1 and 3
suggest that 1 and 3 have similar structures which are different
from the structure of 2. The positive dichroism band of 2 at ca.
420 nm indicates that the p-nitrophenol unit is included in the
cavity with an orientation parallel to the CD axis, being consist-
ent with the reported result that the p-nitrophenol included in
the β-CD exhibits a positive dichroism band at ca. 410 nm.14

From the second derivative of the absorption spectra of 1 and
3, it was found that they have transition peaks at 330 and 400

Fig. 3 Absorption spectra of 1 (3 × 1025 mol dm23) with various
concentrations of adamantan-1-ol at pH 5.00 guest concentration:
(1) 0, (2) 6.0 × 1026, (3) 1.0 × 1025, (4) 1.4 × 1025, (5) 3.0 × 1025, (6)
6.0 × 1025 mol dm23

Table 1 pKa of  p-nitrophenol-modified CDs (1–3) alone and in the
presence of guest a 

 

pKa (alone) 
pKa (with guest) 

1 

4.82 
5.11 

2 

6.40 
6.73 

3 

4.98 
5.14 

a Guest are adamantan-1-ol (0.60 mmol dm23) for 1 and 2 and hexan-1-
ol (3 mmol dm23) for 3. 
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nm, whose transition moments are coplanar with the aromatic
ring. These results can be interpreted in terms of equatorial
inclusion of the chromophore unit or shallow inclusion into its
own CD cavity. The examination of CPK models indicates that
the p-nitrophenol unit of 3 is unlikely to be fully included in its
narrow α-CD cavity. The model examination also indicates that
the equatorial inclusion of the p-nitrophenol unit of 1 is
unlikely. Therefore, it is suggested that the p-nitrophenol unit of
1 and 3 is located near the rim of the CD ring with an orien-
tation perpendicular to the CD axis. The larger absolute
intensity of the Cotton effect of 1 than that of 3 indicates that
the interaction between the p-nitrophenol unit and the CD
cavity of 1 is stronger than that for 3. This fact coincides with
the result that the guest-induced pKa shift of 1 is larger than
that of 3.

The induced circular dichroism spectra of 1–3 also change
upon the guest addition (Fig. 4). Upon addition of adamantan-
1-ol to the solution of 1, the absolute intensity of the negative
dichroism band at ca. 320 nm increased. Similar trends were
observed for 3 when hexan-1-ol was added as a guest. These
results suggest that the p-nitrophenol moiety, which may act as
a hydrophobic cap, is located closer to the rim of β-CD in the
complexes of 1 and 3 due to the hydrophobic interaction
between the cap and the guest.15

On the other hand, the spectral behaviour of 2 is different
from those of 1 and 3. The positive dichroism band at ca. 410
nm disappeared upon adamantan-1-ol addition, indicating that
the p-nitrophenol unit formerly included in the CD cavity is
excluded from the cavity. These results demonstrate that the
kind of the connecting group between CD and the appending
moiety is important, determining the type of conformational
change occurring associated with the guest binding.

NMR spectra
Current NMR techniques are powerful tools for the structural
and conformational analysis of modified CDs. On this basis, we
have investigated the structures of various modified CDs and
determined the orientation of the pendant groups of several
modified CDs by the combined use of 1D and 2D NMR tech-
niques.16 In this work, we studied the spectra of 1 and 3. We
estimated the orientation of the pendant group of 1 by the 1H
resonances for protons of the C6 position in the glucose unit A in
which the pendant group was connected with an amide bond at
the C6 position. It was difficult to assign all 1H resonances of 1
because of the overlapping of the resonances for their anomeric
protons. The partial 1H NMR spectrum of 1 is shown in Fig.
5(a). The resonances for the protons of the C6 position in the

Fig. 4 Circular dichroism (a) and absorption (b) spectra of 1–3
(3.0 × 1025 mol dm23) alone (1, pH 8.8; 2, pH 10.4; 3, pH 9.5) and in
the presence of guests (19, adamantan-1-ol, 0.60 mmol dm23; 29,
adamantan-1-ol, 0.45 mmol dm23; 39, hexan-1-ol 3.0 mmol dm23) in
alkaline solutions

glucose unit A could be assigned to peaks at 3.28 and 4.03 ppm by
the 1H–13C HSQC spectrum. This dispersion of the resonances
may be attributed to the anisotropic shielding effect of the car-
bonyl group of the pendant moiety.17 Before analysing the NMR
spectra of 1 and 3, we analysed the conformation around the
C5]C6 bond of -glucose. Coupling constants measured for -
glucose, of J5,6a and J5,6b, are the averaged values of component
coupling constants in three rotamers, gg, gt and tg, weighted by
their fractional populations (Fig. 6).18 On the basis of observed
coupling constants, the populations of rotamers around the
C5]C6 bond can be analysed. The coupling constants were esti-
mated with the spin-simulation program on a Varian VXR500S
system (Table 2). The rotamer gt is the major component. The
rotamer tg scarcely existed, because of steric and/or stereoelec-
tronic interaction. It is well known that the rotamer tg of  -
glucopyranose monomer is unlikely to be present because of
unfavourable parallel 1,3-interactions between C4]O and
C6]O.18 The orientation of the pendant group was estimated
from the anisotropic shielding effect of the carbonyl group to the
protons at the C6 position of glucose unit A and the most plaus-
ible rotamer around the C5]C6 bond is shown in Fig. 7.

The 1H NMR spectrum of 1 in the presence of adamantan-1-
ol (0.6 mol dm23) is shown in Fig. 5(b). The resonances for
protons of the C6 position in the glucose unit A were found at
3.08 and 4.34 ppm and the dispersion of resonances became
larger on addition of the guest. The conformation around the

Fig. 5 (a) Partial 500 MHz 1H NMR spectrum of 1 alone in D2O (pD
4.8) at 25 8C; (b) partial 500 MHz 1H NMR spectrum of 1 in the pres-
ence of adamantan-1-ol in D2O (pD 4.8) at 25 8C

Fig. 6 The three rotamers about the C5]C6 bond of glucose
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C5]C6 bond was also analysed by the coupling constants
(Table 2). The populations of rotamers were scarcely changed
by addition of the guest. This result indicates that the confor-
mational change occurring upon addition of the guest is
induced by the rotation around the C6]NHCO bond rather
than the C5]C6 bond. Similar trends were observed for 3.

Binding constants
The binding constants are determined by a nonlinear least-
squares fitting procedure for the guest-induced changes of the
absorbances at 389 and 420 nm for 1 and 2, respectively.11b A
typical saturation curve for 1 and adamantan-1-ol was
obtained. The same curve fitting analysis could be applied to
other guests with good fitting. The binding constants of 2 at pH
6.50 were also estimated in the same manner as the case of 1.
Table 3 shows the binding constants of 1 and 2 for various guest
compounds. The binding constants of 1 for adamantan-1-ol 8
are markedly larger than that of 2. All other guests examined
are bound to 1 and 2 with the same tendency. These results
indicate that the p-nitrophenol moiety of 1 acts as an effective
hydrophobic cap which increases the hydrophobic nature of the
environment around the cavity while that of 2 acts as an intra-
molecular inhibitor for guest accommodation. The binding
ability of 3 is almost negligible for the guests shown in Table
3; however, it is noted that 3 can bind smaller guests, e.g. 9500
mol21 dm3 for hexan-1-ol.

Fig. 7 3D-Conformation around the amide bond and a schematic
representation of proximal glucose residues and the p-nitrophenol
moiety of 1

Table 2 Calculated fractional populations (P) of rotamers of
the C5]C6 bonds of modified glucose units and observed coupling
constants (J5,6a, J5,6b) of 1 alone and in the presence of guest 

 

1 
1/adamantan-1-ol 

Pgg 

14.4 
19.0 

Pgt 

78.7 
81.0 

Ptg 

6.9 
~0 

J5,6a/Hz 

2.5 
1.5 

J5,6b/Hz 

9.1 
9.3 

Table 3 The binding constants of 1 and 2 for various guests a 

 K/dm3 mol21

 

Adamantan-1-ol 
Adamantane-1-carboxylic acid 
(2)-Borneol 
Cyclooctanol 
Cyclohexanol 
Nerol 
Geraniol 

1 

700 000 
140 000 
47 000 
16 000 
2 300 
3 400 
2 500 

2 

15 500 
3 880 
5 650 
1 530 

140 
60 

480 

a The binding constants are apparent values obtained at pH 5.0 for 1
and pH 6.5 for 2 at 25 8C. The binding constants of 3 for these guests
are too small to be accurately determined. 

Sensitivities and selectivity
The values of ∆I/I0 were used as the measure of the sensitivity
of 1, 2 and 3, where ∆I = I0 2 I, and I0 and I are the absorbances
in the absence and presence of guest, respectively, measured at
390 nm for 1 and 3 and at 410 nm for 2. Fig. 8 shows the
sensitivities of 1 and 2. Fig. 8(a) shows the data obtained at 0.03
mmol dm23 guest concentration. The sensitivity order of 1 for
the steroids is 4 (ursodeoxycholic acid) ≈ 5 (chenodeoxycholic
acid) > 7 (cholic acid) > 6 (deoxycholic acid), while that of 2
is 4 > 5 > 6 ≈ 7. Adamantane derivatives are known to be
good guests in β-CD, and here 8 and 9 are compared with 4.
The sensitivities of 1 for 8 and 9 are larger than that for 4 while
those of 2 are opposite, being smaller than that for 4. The data

Fig. 8 The sensitivity factor ∆I/I0 of  1 (j) and 2 (h) (3 × 1025 mol
dm23) for guests 4–14 [(a) 3 × 1025 mol dm23; (b) 1.5 × 1024 mol dm23]
at pH 6.50 for 2 and pH 5.00 for 1
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shown in Fig. 8(b) were obtained at 0.15 mmol dm23 guest
concentration. The use of a threefold higher concentration is
due to the smaller responses of some of these guests. The sensi-
tivities of 1 and 2 for 11 are much smaller than those for 12.
This result reflects the fact that the size of 12 fits the cavity of
β-CD while 11 is too small to be accommodated in the cavity of
β-CD. The bicyclic compound 10 was detected with higher
sensitivity than the monocyclic 12, but with a lower sensitivity
than adamantane derivatives (8 and 9). These trends are unique
for 2. For the open chain monoterpene, the sensitivity to the cis
form 13 is slightly better than the trans form, 14 with 1 while it
is almost the same for both guests with 2. On the other hand,
the sensitivities of 3 for all these guest compounds were small or
negligible, indicating that the sizes of these guests are unsuited
to being accommodated in the small α-CD cavity of 3. How-
ever, it is noted that 3 can be responsive for smaller linear guests
as shown by the sensitivity value of 0.055 for hexan-1-ol (0.12
mmol dm23).

All these results demonstrate that the p-nitrophenol-modified
CDs work under neutral conditions as sensors for molecules.

Experimental

Materials
β-CD and α-CD were kind gifts from Nihon Shokuhin Kako
Co. Ltd. All reagents as guests were purchased from Tokyo
Kasei and were used without further purification.

Syntheses
6-Deoxy-6-(2-hydroxy-5-nitrobenzoylamino)-â-CD 1. A solu-

tion of 2-hydroxy-5-nitrobenzoic acid (1.02 g, 5.57 mmol),
hydroxybenzotriazole (0.80 g, 5.92 mmol) and dicyclohexyl-
carbodiimide (1.19 g, 5.77 mmol) in dimethylacetamide was
stirred at 0 8C for 10 min. To the mixture was added 6-deoxy-6-
amino-β-CD (1.51 g, 1.33 mmol) and the resultant solution was
stirred at 0 8C for 18 h, and then at room temp. for 16 h. After
removing the solid formed by filtration, the solution was
poured into acetone (500 ml) to form a precipitate. The precipi-
tate was collected by filtration and dried in a vacuum overnight.
This procedure was repeated several times. After removing 6-
deoxy-6-amino-β-CD by column chromatography on Sephadex
CM-25, the solution was concentrated in a rotary evaporator
and subjected to a HP-20 column which had been washed with
methanol first, and then water before use. The column chrom-
atography was performed by stepwise elution with 5, 10, 15 and
40–60% methanol–water solutions. The fractions obtained by
elution with 40–60% methanol–water contained the desired
product, giving a pale-yellow powder after removing the solvent
(yield 14%).

The purity of the product was checked with TLC, 1H NMR
and elemental analysis: Rf 0.61 (n-butanol–ethanol–water,
5 :4 :3). Anal. calc. for C49H74O38N2?4H2O: C, 42.92; H, 6.03; N,
2.04. Found: C, 41.52; H, 5.94; N, 2.01%; δH(D2O, 500 MHz)
3.28–4.00 (m), 4.96–4.99 (5H, m), 5.02 (1H, d), 5.07 (1H, d),
6.78 (1H, d), 8.12 (1H, dd), 8.63 (1H, d).

6-Deoxy-6-[2-(2-hydroxy-5-nitrophenyl)benzoylamino]-â-CD
2. A solution of 6-deoxy-6-amino-β-CD (2.44 g, 2.15 mmol)
and 6-nitro-3,4-benzocoumarin (1.23 g, 5.08 mmol) in dimethyl-
acetamide (30 ml) was stirred at 75 8C for 72 h. The reaction
mixture was evaporated and concentrated in a vacuum, and
acetone (1 l) was added to the residue. The crude product was
collected, dried in a vacuum at room temp. overnight, and then
dissolved in a small amount of water. After filtration, the solu-
tion was subjected to ion-exchange column chromatography on
Sephadex QAE with Na2CO3–NaHCO3 (0.03 mmol dm23),
affording fractions that contained the desired product. The
fractions were concentrated in a rotary evaporator and dried at
0 8C in a vacuum. The product was obtained as yellowish crys-
tals which contained the sodium salt; it was desalted on an
HP20 column (yield 10%). The purity of the product was

checked with TLC, 1H NMR and elemental analysis: Rf 0.58 (n-
butanol–ethanol–water, 5 :4 :3). Anal. calc. for C55H77O38N-
2?6H2O: C, 44.54; H, 6.12; N, 1.89. Found: C, 44.31; H, 5.91; N,
1.84%; δH(D2O, 500 MHz) 3.10–4.10 (m), 4.93–5.07 (7H, m),
6.76 (1H, br), 7.40 (1H, d), 7.50 (1H, t), 7.60 (2H, m), 7.22 (1H,
d), 7.96 (1H, dd).

6-Deoxy-6-(2-hydroxy-5-nitrobenzoylamino)-á-CD 3. Com-
pound 3 was prepared by the procedure employed for synthesis
of 1, using α-CD in place of β-CD. The purity of the product
was checked with TLC, 1H NMR and elemental analysis: Rf

0.56 (n-butanol–ethanol–water, 5 :4 :3). Anal. calc. for C43H64-
O33N2?5H2O: C, 42.09; H, 6.08; N, 2.27. Found: C, 41.58; H,
6.10; N, 2.31%; δH(D2O, 500 MHz) 3.25–4.15 (m), 4.96–4.99
(4H, m), 5.02 (1H, d), 5.05 (1H, d), 6.65 (1H, d), 8.05 (1H, dd),
8.55 (1H, d).

Measurements
Absorption spectra were recorded on a Shimadzu UV-3100
spectrophotometer. Induced circular dichroism spectra were
measured with a JASCO J-600 spectropolarimeter. All spectro-
scopic measurements were made at 25 8C in aqueous solution.
The concentration of the solutions of 1–3 was 0.03 mmol dm23.
1H NMR spectra were run on a Varian VXR-500S spectrometer
in D2O. The pH of the solution was measured on a TOA pH
meter HM-60S, which had been calibrated at 25 8C with pH
standard solutions of pH 4.01 ± 0.01, 6.86 ± 0.01 and 9.22 ±
0.01. Phosphate buffer was used for the measurements of bind-
ing constants of 2 at pH 6.50. Acetate buffer was used for the
measurements of binding constants of 1 and 3 at pH 5.00. The
1H NMR experiments were performed at pD 5.00 in DCl–D2O
solutions.
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