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Three modifiedS-cyclodextrins appended with a hydroxyazobenzene as a dye 4n#, and 3, each
incorporating a different length spacer betweenheD and the dye unit with a bis(propyl(oxyethylene)),
butylene, and amide bond spacer, respectively, were synthesized in order to investigate their spectroscopic
changes induced by pH and hesfuest complexation as well as to investigate their conformations and guest-
binding properties by means of absorption and induced circular dichroism spectroscopies in aqueous solutions.
All hosts accommodated the dye unit in their own CD cavities with an orientation parallel to the CD axis,
forming intramolecular complexes. When the pH of the solution changed, the structure changed in response
to pH without conformational changes. Existing as the phenol form under acidic condition, they were converted
to the yellow phenolate form by dissociation of a proton of the hydroxyl group in the dye unit with increasing
pH (pKaz; 7.62 forl, 7.44 for2, 8.00 for3). Further increase in pH led to the dissociation of the ammonium
proton in the secondary amine group in the spacet ahd2 (pK,z 8.76 forl, 8.67 for2). Upon addition

of 1-adamantanol (AN) as a guest, all hosts accommodated AN in their CD cavities, forming :ihest
inclusion complexes. The complexation phenomena were accompanied with changes in the conformation of
the hosts, in which the dye units dfand2 are excluded to outside of the cavity, but not iThe dye unit

of 3 remained in the cavity, where the guest was also included partly. Therefore, the guest-binding abilities
of 1 and2 were larger than that &, which has poor binding ability. The binding constantd p?, and3 for

AN are estimated to be 7400, 1940, and 140" Mt pH 3.2, respectively. However, the guest-binding abilities

of 1 and2 were dependent on the pH of the solution. The abilitylafnder weak alkaline condition was
stronger than under acidic or alkaline conditions, while tha® @ficreased with increasing pH. Under the
condition from neutral to weak alkaline mediaand2 demonstrated color changes from colorless to yellow
upon formation of inclusion complexes. When 1-adamantanecarboxylic acid (AC) was used as the charged
guest,1 and2 bound to AC with a larger binding constant than AN. On the other harahd 2 bound to
1l-adamantineamine (AA) with a smaller binding constant than AN. All these results demonstrate that the
complexation phenomena depend on the pH of the solution as well as the length of the spacer of the hosts
and that the electrostatic interaction between the host and the guest is also important for forming a stable

complex.

Introduction modified cyclodextrins (CDs) have received much attention over
All biological structures and processes such as specific recent years as aqueous-based hosts for studying the recognition

recognition of a substrate by an enzyme, folding of protein into °f ©rganic compounds.
an intricate three-dimensional form, and precise replication of ~ Our interest has been focused on molecular recognition of
DNA depend on the interplay of noncovalent interactions as CD derivatives that possess a chromophore, with which guest
well as covalent bonds. The investigation of molecular- Species can be detected by spectroscopic chérigks.hosts
recognizing supramolecular systems offers a powerful tool for usually exist as intramolecular complexes in which the appended
the detailed rationalization of these processakhough small chromophore unit is included in their own hydrophobic CD
synthetic organic hosts bear little resemblance to a natural cavities. The intramolecular complexes are converted to inter-
receptor, they are more advantageous not only in manageablenolecular hostguest complexes upon the addition of guest
degrees of structural complexity but also in making it possible species, changing the location of the chromophore unit from
to prepare and design the hosts so as to make them sophisticatethside to outside of the cavities. Previously, we have shown
with different functional group orientation, various degrees of that the guest-induced conformational change of the host results
flexibility, and appropriate electronic properties. Natural and in remarkable changes in visible absorption, and the hosts have
been used as sensory systeénhs particular,3-CD derivatives
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results in the unique molecular recognition ability, although they
are limited to acidic media. Furthermore, the hosts are limited
in the structure with the short and rigid spacer between the CD
and the chromophore units. When hydroxyazobenzene is con-
nected to CD by a spacer with various lengths as the dye unit,
the modified CD can be expected to show guest-induced color
change under neutral conditions and unique molecular recogni-
tion behavior. In the present study, we have prepared three types
of hydroxyazobenzene-modifiggtCDs, which have a spacer
with different lengths between the dye and CD units, in order
to get insight into the mechanism of color change upon guest
binding as well as to elucidate the role of the flexible spacer
and the modified unit in guest binding. The guest-binding and
inclusion phenomenon of the host will be shown to be greatly (c) Dichroism
affected by the flexibility of the hosts and pH value of the
solution.
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Figure 1. Absorption and the induced circular dichroism spectra of

at different pH values and the second-derivative curves of the absorption
spectra at pH 3.67 and 11.94: (a) the pH of the solution is (1) 4.26,
(2) 7.10, (3) 7.38, (4) 7.58, (5) 7.78, (6) 8.05, (7) 8.46, (8) 8.76, (9)
9.13, and (10) 11.94; (c) the pH of the solution is (1) 3.67, (2) 7.61,
(3) 8.02, (4) 8.70, and (5) 11.94.

2: _NH

3: _NH—

Results and Discussion

pH Dependence in the Absorption Spectra of 1, 2, and 3.
Figure 1 shows the absorption and the induced circular
dichroism spectra ol under various pH conditions together
with the second-derivative curves of the absorption spectra at
pH 3.67 and 11.94. Compourtis colorless with a strong
absorption band around 350 nm at pH 4.26. With increasing
pH, it exhibited a yellow color with a decrease and increase on
the absorption intensities around 350 and 440 nm, respectively.
This indicates the pH-induced change in the structure of the
dye unit in 1 from the phenol form to a phenolate one.
Compound2, which has a butylene spacer between the CD and Figure 2. Absorption spectra o2 and3 at different pH values: (a)

; o R : .+~ the pH of the solution is (1) 5.61, (2) 7.10, (3) 7.52, (4) 7.83, (5) 8.06,
the dye units, underwent similar pH-induced absorption variation (6) 8.37, (7) 8.65, (8) 8.98, (9) 9.36, and (10) 11.90; (b) the pH of the

to that of1 (Figure 2a), indicating a similar change in the dye ¢, vion'is (1) 3.86. (2) 6.65. (3) 7.25, (4) 7.56, (5) 7.85, (6) 8.26, (7)
structure. The absorption variations &f and 2 were ac- 8.65, (8) 9.00, (9) 9.51, and (10) 12.01.

companied with three isosbestic points at about 383, 293, and

260 nm. However, we found that each isosbestic point was in their systems; one should be attributed to the equilibrium
composed of two adjacent isosbestic points. As shown in the between the phenol form and the phenolate one in the dye unit,
inset of Figure 1a, the isosbestic point at longer wavelength for and the other may be attributed to the equilibrium between the
1 was observed at 381 in the acidic region and at 384 nm in amine form and the ammonium one in the secondary amine
the alkaline region on the boundary at pH 8.2. The isosbestic group near the CD cavity in the spacer unit.

point observed at 293 nm was also composed of 292 and 294 The plots of the absorption intensities at 440 nmX@nd?2

nm below and above pH 8.2, respectively, while the two adjacent as a function of pH are shown in Figure 3. The curve-fitting
isosbestic points could not be found clearly for the isosbestic analysis of the pH titration curves using eq 1 gave the apparent
point at the shorter wavelength far In the case o2, two sets pKa with the values of 7.62 and 8.76 fdrand 7.44 and 8.67

of two adjacent isosbestic points were also observed at 381 andor 2, respectively (Table 1). Good fitting of the theoretical
383 nm and at 291 and 295 nm on the boundary at pH 7.9. Thecurves with the data obtained fbrand2 suggests the existence
appearance of two adjacent isosbestic points Xoand 2 of two acid dissociation equilibria, which is well coincident with
demonstrates the existence of two acid dissociation equilibria the observation of the two adjacent isosbestic points stated
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similar to those ofl and2, although the precisei value was

not obtained. The difference in the apparenkgvalues as well

as the titration curves betweérand2 is not so large but reflects

the length of the spacer. Since no concentration dependency of
the spectral shapes as well as their molecular extinction
coefficient for1 and2 was observed in the range fromfao

10~ M, the inclusion of the dye unit into the CD cavity occurs
not intermolecularly but intramolecularly.

Compound3, whose dye unit was connected to the CD unit
by an amide bond, also displayed the color change from
colorless to yellow when the solution became alkaline (Figure
2b). The absorption variation 8fwas basically similar to those
of 1 and2. The isosbestic points were observed at 382, 292,
and 261 nm, indicating thaB8 involves only the phenet
phenolate equilibrium, which is different from that band2.

The analysis of the pH titration curve 8fgave the apparent
pKa with the value of 8.00 (Table 1). The shift in appareKktp
toward the alkaline side as compared with thatlo&nd 2
suggests the more hydrophilic environment around the hydroxyl
group in the dye unit 08 as compared to that dfand2. This

is owing to the rigid structure @&. Previously, we have reported
that methyl red-modifiegs-CD (4), which is different from3
only in one substituent with a dimethylamino group in place of
the hydroxyl group o83 in the dye unit, accommodates its dye
unit axially and that the dimethylamino group projecting from
Figure 3. Plot of absorption intensity at 440 nm farand 2, and at the secondary hydroxyl group side of its CD is exposed to bulk
450 nm for3, as a function of pH in the absence (white circles) and water® So, it can be considered thatalso includes the dye
presence (black circles) of 1-adamanatanol. The 1-adamantanol conynit in its CD cavity axially, in which the hydroxyl group in

0.20 -

Absorbance at 440 nm

Absorbance at 450 nm

centration is 5.1, 6.0, and 3 mM fdr 2, and3. the dye unit projects from the secondary hydroxyl group side
TABLE 1: pK, Values of the Acid Dissociation Equilibria of of its CD. Consequently, the hydroxyl group of the dye unit in
1, 2, 3, and HABA 3 is exposed to bulk water solution.
host MKas PKaz In the presence of 1-adamantanol (AN) as a gugs2, and
= 3revealed similar pH-induced absorption variations to those in
1 10~ M 7.62 8.76 - L
+AN 6.90 9.10 the absence of the guest. The absorption variatiorisasfd 2
were accompanied with two isosbestic points at 378 and 383
2 105M 7.44 8.67 . T
+AN 739 8.56 nm for 1 and at 379 and 381 nm f&; respectively, indicating
3 105 M 8.00 that1 and2 change structure from the pher@mmonium form
TAN 8.00 to the phenolateamine one through the phenolat@mmonium
- one with increasing pH, which are similar changes in structure
HABA 1075M 8.64

to those in the absence of AN. It was found, however, that the

previously. Since the K values of hydroxyazobenzene car- isosbest_ic points observe_d farand 2 in the presence of AN
boxylic acid (HABA) itself and diethylamine are 8.64 and 14.1, Were shifted to the blue side by-B nm as compared to those
respectively, the apparenKg and fKa» values estimated fak in the absence of_the guest. Further_more, the pH titration curves
and2 are associated with the pherghenolate equilibrium and ~ ©f 1 and2, especially forl, were shifted to the acidic side by
the ammoniurs-amine one, respectively. The observation in the presence of AN (Figure 3). Such guest-induced shifts in
the large absorption variations of pH titration curves in the acidic the pH titration curves are resulted from the shifts in their
side as compared to those in the alkaline sidelf@nd 2 is apparent K, values (Table 1). The apparenKq values
also one of the reasons for such an assignment (Figure 3).est|mated forl andz were shifted to the acidic s@e by the
Therefore,1 and 2 existing as the phenslammonium form presence of AN, while the apparerkp for 1 was shifted to
under the acidic condition are converted to the phenelate the alkaline side. These results indicate the guest-induced
ammonium one, which is a zwitterionic structure, with increas- changes in the environment around the dye unit and the
ing pH. Further increase in pH causes the dissociation of a Seécondary amine group df and 2, which resulted from the
proton on the secondary amine in the spacer, aadd?2 exist guest-induced conformational change. Compoufidand 2

as the phenolateamine form under alkaline conditions (Scheme ~ eXisting as the intramolecular complex forms, in which the dye
1). For1 and2, the estimated shifts of the appareit,walues units are included in their CD cavity, are converted to an
shifts to the acidic side as compared to those of HABA and intermolecular complex form upon the guest accommodation.
diethylamine, especiallyKy,, are resulted not only from the In the intermolecular complex form, the dye units may be
difference in the structure but also from the hydrophobic €xcluded to outside of the cavity and are exposed to the bulk
environment around the dye unit and the secondary amine groupwater solution, as shown in Scheme 2a.

of 1 and 2. Therefore, it can be considered that the dye units  The pH-induced absorption variation ®in the presence of

for 1 and2 are included in the hydrophobic CD cavities. Yoshida AN is also similar to that in the absence of the guest,
and co-workers also observed the equilibrium between the amineaccompanied with an isosbestic point at 382 nm. There exists
and ammonium forms of the secondary amine group connectedthe phenot-phenolate equilibrium with no shift in the apparent
at the C6 position of the glucose unit in the CD in the pH region pKj, of 3 by the presence of the guest (Table 1). However, the
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SCHEME 1: Schematic Representation for Acid-Base Dissociation Equilibria of 1, 2, and 3
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hyperchromic effect induced by the guest was observed around M
450 nm in the acidic and the alkaline regions. These suggest 0
the guest-induced change in the conformation3ofvith no 1
change in the environment around the hydroxyl group in the v
dye unit. This is explained by the fact that the hydroxyl group S Lo L5y
is exposed to the bulk water solution even in the presence of 300 400 500 600

AN. The dye unit may be excluded from the cavity, or the unit
penetrating the cavity is inclined by the partly accommodated
guest, as shown in Scheme 2c.

Induced Circular Dichroism of 1, 2, and 3 in the Absence
of the Guest. Since CD consists of chiral-glucose units, a
chromophore-modified CD exhibits induced circular dichroism
in the wavelength region of the electronic transitions. The
conformational features of the chromophore-modified CDs are
confirmed by their induced circular dichroism speéra.

Figure 1c shows the induced circular dichroism spectra of
at various pH values. The positive band around 350 nm and
the negative one around 440 nm were observed at pH 3.67.
With increasing pH, these bands were shifted to the longer
wavelength side with increasing intensities, and the positive band
around 400 nm and the negative one around 470 nm were
observed at pH 11.94. The isoellipiticity point was observed at
375 and 445 nm. The analysis of the second derivatives of the
absorption spectrum df gave the electronic transitions at 355
and 450 nm at pH 3.67 and at 410 and 460 nm at pH 11.94,
respectively (Figure 1b). The electronic transitions with the
shorter wavelength under each condition are ascribed to the
m—s* transition and those with the longer wavelength to the
n—a* transition, respectively® The transition moments of the
m—m* and the n-z* bands under both conditions are parallel
and perpendicular to the long axis of the dye unit, respectively.
Therefore, the dichroism signs observed at pH 3.67 and at pH
11.94 imply that the dye unit df is included in the CD cavity
with an orientation parallel to the CD axis under both conditions.
So the pH-induced change in the dichroism spectrd a$
associated with change not in its conformation but in the
structure of its dye unit. In any pH,adopts the intramolecular
complex form, in which the dye unit is accommodated in its
CD cavity axially.

Figure 4 shows the induced circular dichroism spectra of
and 3 under different pH values. Compourdexhibited the
positive dichroism band around 350 nm and the negative one
around 450 nm at pH 3.63. Both bands were shifted to the longer
wavelength side with increasing pH, accompanied with the
isoellipiticity points at 370 and 445 nm. At pH 12.00, the

Wavelength / nm
Figure 4. Induced circular dichroism spectra Bfand 3 at different
pH values: (a) the pH of the solution is (1) 3.63, (2) 7.58, (3) 8.15, (4)
8.95, and (5) 12.00; (b) the pH of the solution is (1) 3.49, (2) 7.30, (3)
7.75, (4) 8.36, and (5) 12.14.

positive and the negative bands were observed around 400 and
470 nm, respectively. This dichroism variation 2fs similar

to that of1, although the intensity is slightly smaller than that
of 1. The spectral analysis @& gave the electronic transitions

at 355 and 450 nm at pH 3.63 and 410 and 460 nm at pH 12.00,
which are the same wavelength to thosel@nd are ascribed

to the same electronic transitions and the transition moments
to those ofl because of the same modified dye unit. Therefore,
the dichroism signs a2 demonstrate the axial inclusion of the
dye unit for2 in its CD cavity under both conditions, which is

a similar conformation to that df, as well as under other pH
conditions.

On the other hand, the dichroism variation3ifs somewhat
different from that ofl and2 when the pH of the solution is
varied (Figure 4b). Two positive dichroism bands observed
around 370 and 430 nm at pH 3.49 changed to positive and
negative dichroism bands around 410 and 490 nm at pH 12.14,
respectively, accompanied with the isoellipiticity points at 383
and 450 nm. The electronic transitions were found at 355 and
450 nm at pH 3.49, and 410 and 460 nm at pH 12.14, which
are the same wavelengths as thoseloénd 2. A similar
dichroism sign of3 to those ofl and 2 in alkaline condition
indicates the similar conformation & to those ofl and 2,
although the different dichroism pattern 8ffrom those ofl
and 2 in the acidic condition is associated with the different
conformation of3. However, it is hard to consider thathanges
its conformation in response to pH because of no occurrence
of pH-induced conformation change even foand 2, which
have a flexible spacer in their structures as compared. to
Although it is not clear that the dichroism pattern®fn the
acidic condition is different from those df and 2, it might
arise from the dye unit leaning against the CD axis in the cavity
of CD due to the rigid structure & Since methyl red-modified
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Figure 5. Absorption and the induced circular dichroism spectra of ~ Figure 6. Induced circular dichroism spectra &t pH 3.19 and at

at pH 3.24, alone and in the presence of 1-adamanatanol: (a) thepH 3.23, alone and in the presence of l-adamanatanol: (a) the
1-adamantanol concentration is (1) 0 and (2) 1.8 mM; (b) the l-adamantanol concentrationis (1) 0, (2) 3.5, (3) 4.5, and (4) 5.5 mM;
1-adamantanol concentration is (1) 0, (2) 0.04, (3) 0.16, (4) 0.46, and (b) the 1-adamantanol concentration is (1) 0, (2) 0.22, (3) 0.55, (4)

(5) 1.8 mM. 1.22, (5) 2.22, and (6) 4.23 mM.
B-CD, 4, which has a similar structure t8 also adopts the  The shorter spacer & causes the stronger interaction of the
axial inclusion of the dye unit in any p#3 is likely to dye unit with the CD cavity.

accommodate the dye unit axially in any pH. Such strong interaction between the dye and the CD units

In conclusion, all hosts accommodate the dye units in their was observed foB (Figure 6b). When AN was added to the
own CD cavities with an orientation parallel to the CD axis in solution of 3 at pH 3.23, the positive dichroism band around
any pH, although the self-inclusion of the dye unit is ac- 420 nm turn to the negative one, while the positive dichroism
companied with a slight inclination to the CD axis between each band around 360 nm decreased slightly. These indicate that the
host. Such a difference between hosts should reflect the guest-induced conformation change3afccurs. The observation
difference in the length of the spacer. of the dichroism sign even in the presence of excess of AN

Guest-Induced Spectral Change of 1, 2, and 3n order to (4.23 mM) indicates that the dye unit still interacts with the
investigate the guest-induced conformational behavior of the CD cavity and is not excluded from the CD cavity completely.
hosts, we measured the guest-induced spectral variatiohs of From consideration with the molecular models (Cerey
2, and3 under acidic and alkaline conditions, whereand 2 Pauling-Koltun model), it is possible for3 to adopt the
exist as the phenelammonium form and the phenolatamine intermolecular inclusion complex form to accommodate the dye
one, respectively, whil@ exists as the phenol form and the unit and AN simultaneously, where the dye unit is inclined by
phenolate one, respectively, whether the guest is present or nothe partly accommodated AN molecule (Scheme 2c). Namely,
in the solution. the dye unit is not excluded at all. So, the hydroxyl group is

Figure 5 shows the absorption and induced circular dichroism exposed to the bulk water solution from the secondary hydroxy!
spectra ofl, alone and in the presence of AN at pH 3.24. Upon group side of the CD whether the guest is present or not. This
the addition of AN,1 exhibited a small absorption change. The is coincident with the result obtained in the absorption measure-
absorption maximum at 354 nm was shifted to 352 nm with a ment for3. Such difference in the guest-binding and confor-
little decrease and increase in its intensity around 370 and 420mational behavior 08 from those ofl and2 is associated with
nm, respectively, accompanied with the isosbestic point at 394 the rigidity between the dye and the CD units. The conformation
nm. This result indicates no change in the structure of the dye of the host in the complex is different, depending on the spacer
unit but change in the conformation @f associated with the  length.
formation of the 1:1 hostguest inclusion complex. In contrast Under alkaline condition at pH 11.5,and?2, existing as the
with the small absorption change, a drastic dichroism change phenolate-amine form, displayed unique spectral behavior upon
induced by the guest was observed, as shown in Figure 5b. Theaddition of AN. The addition of AN caused small absorption
positive dichroism band around 350 nm and the negative onechanges with a red shift of the absorption maximum from 420
around 440 nm decreased with increasing concentration of AN, to 430 nm forl (Figure 7a) and from 425 to 430 nm f@
and no dichroism band was observed in the presence of 1.8respectively. The isosbestic points were observed at 432 for
mM AN. This indicates that the dye unit changes location from and 398 nm fo, respectively. These indicate the guest-induced
inside to outside the cavity upon the guest accommodation andconformation changes dfand2 and the formation of 1:1 host
that the dye unit has no interaction with the CD cavity, being guest inclusion complexes. In contrast to small absorption
exposed to the bulk water solution (Scheme 2a). Comp@und variations, large guest-induced dichroism change& ahd 2
also exhibited similar guest-induced absorption and dichroism were observed with marked difference betwdeand2. The
variation to those of at pH 3.19, suggesting the occurrence of positive band around 400 nm and the negative one around 470
a similar conformational change as that2ofFigure 6a). The nm for 1 decreased upon the addition of AN, accompanied with
dichroism bands 02 disappeared upon the addition of 5.5 mM the isoellipiticity point at 400 nm at pH 11.47 (Figure 7b). This
AN. The larger amount of AN to cancel the dichroism signs of indicates that the dye unit is excluded from the inside to the
2 as compared to the case bkuggests a stronger interaction outside of the cavity to accommodate the guest, resulting in
of the dye unit with the CD cavity fo? than in the case faot. the dye unit being exposed to the bulk water solution (Scheme
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Figure 7. Absorption and the induced circular dichroism spectra of

at pH 11.47, alone and in the presence of 1-adamanatanol: (a, b) the 5%
1-adamantanol concentration is (1) O, (2) 0.04, (3) 0.16, (4) 0.46, and l l —>
(5) 1.8 mM. -
(a)2 although the isosbestic point was not observed clearly. In the

] dichroism spectra, the positive band around 410 nm decreased
Sr v and the negative one around 480 nm increased upon AN
6 addition, which is a different dichroism variation from that of

0 1 and?2 (Figure 8b). The dye unit a3 has an interaction with
% the CD cavity even in the presence of 2.8 mM AN. The guest-
5L ? induced conformation change 8fat pH 11.47 may seem to be

L Lo not so large as compared to thoseland2. This may be due
; to the rigid structure o8.
5L ¢ ¢ When the guest was added near the neutral conditiamd
3 2 displayed a color change. Figure 9 shows the absorption
N spectra ofl, alone and in presence of AN. The colorless solution
containingl changed to yellow upon addition of AN at pH 7.20.
V The absorbance around 350 nm fodecreased upon addition
of AN, while that around 450 nm increased. This suggests the
structural conversion of the dye unit from the phenol form to
the phenolate one by dissociation of the proton of the hydroxyl
group in the dye unit irl, associated with the exclusion of the
Figure 8. Induced circular dichroism spectra 2fand3 at pH 11.5, dye unit from the inside to outside of the cavity upon

alone and in the presence of 1-adamanatanol: (a) the 1'adama”ta”°5ccommodation of AN. as shown in Scheme 3. The a
S E , . ppearance
concentration is (1) 0, (2) 0.06, (3) 0.26, (4) 0.46, (5) 0.79, and (6) 2.8 of the isosbestic point at 383 nm indicates thdbrms a 1:1

mM; (b) the 1-adamantanol concentration is (1) 0, (2) 0.02, and (3) . . .
2.8 mM. inclusion complex with AN. Compoun2lalso showed the color

change from colorless to yellow upon guest addition at pH 8.40
2a). Such a conformational feature bat pH 11.47 is similar (Figure 10). This reflected the similar structural and conforma-
to that at pH 3.24. On the other hand, the positive and the tional changes 02 to those ofl. The isosbestic point observed
negative bands observed around 400 and 470 nn2 frpH at 376 nm indicates th& also forms a 1:1 inclusion complex
11.52, respectively, turn to the opposite upon guest addition, with the guest. On the other harishowed no change in color
and the negative and positive bands were observed around 40@pon addition of the guest under the neutral conditions.
and 470 nm, respectively, in the presence of 2.8 mM AN (Figure  Guest-Binding Properties of 1, 2, and 3.The spectral
8a). The isoellipiticity point was observed at 433 nm. These variations ofl, 2, and3 induced by formation of the inclusion
suggest that the dye unit included in the CD cavity with an complex are used for determining the binding constants. The
orientation parallel to the CD axis f@ris excluded to the outside  binding constants of the hosts could be evaluated by a nonlinear
of the cavity, lying on the rim of the primary hydroxyl side least-square curve-fitting analysis of the guest-induced absorp-
perpendicularly (Scheme 2b). Consequently, the dye unit tion variations of the host. The results obtained are summarized
interacts with the CD cavity in the presence of the guest so asin Table 2. The binding constant @ffor AN was estimated to
to cap the CD cavity. Such a guest-induced conformation changebe 7400 M at pH 3.2, while that oR is 1940 M1, which is
of 2 under alkaline conditions is different from that under acidic about a quarter of the value far Compound3 bound to AN
conditions as well as that df It was noted, therefore, that the  with a binding constant of 130 M. The fact that the binding
conformation of the dye-modified CD in the presence of the ability of the native-CD with AN (5900 Mt at pH 4.0) is
guest is dependent not only on the length of the spacer but alsosimilar to that ofl rather tharn2 and 3 is coincident with the
on pH of the solution. Compound also exhibited a small  result obtained in the dichroism spectraladt pH 3.24, in which
change upon the addition of AN at pH 11.47. A red shift in the the dye unit ofl has no interaction with the CD cavity in the
absorption maximum from 430 to 440 nm was observed, presence of AN. On the contrary, the dye unit3ahteracting

[6] mdeg

300 400 500 600
Wavelength / nm
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TABLE 3: Host —Guest Binding Constants (M) of 1 and 2
for Adamantane Derivatives

3 AC AA
g host 7.20 8.40 7.20 8.40
3 1 25900 16400 1020 1310
< 2 4610 6380 110 620

When l-adamantanaecarboxylic acid (AC), which has a
300 400 500 600 carboxyl group in place of the hydroxyl group of AN, was used
Wavelength / nm as the guest, the binding constantldbr AC is 3 times larger
Figure 10. Absorption spectra of at pH 8.40, alone and in the  than AN at pH 7.2, while it is the same at pH 8.4 (Table 3).
presence of 1-adamanatanol: the 1-adamantanol concentration is (1)Similar trends were observed far The binding constant dt

0, (2) 0.07, (3) 0.13, (4) 0.5, and (5) 3 mM. for AC is 2.5 and 1.4 times larger than those for AN at pH 7.2
and 8.4, respectively. Because of the negative charge of AC
TABLE 2: Host—Guest Binding Constants (M) of 1, 2, 3, under these conditions, the binding of AC with the hydrophobic
and f-CD for AN CD cavity is unfavorablé? The reason for the larger binding
pH constant forl at pH 7.2 may be due to the interaction between
host 32 720 8.40 115 the positive charge of the ammonium unit in the_ s_pacel in
and the negative charge of AC. This electrostatic interaction
1 7400 8180 16800 4000 causes the formation of a stable complex and disappears when
g 1?38 1f518 4510 %27%0 the ammonium form in the spacer unit bfs converted to the
p-CD 5400 6900 neutral amine with increasing pH. On the other hand, smaller

guest-binding ability ofl and 2 was observed for 1-adaman-
tineamine (AA), which has the amino group in the adamantine
L ) . o framework. The binding constants for AA at pH 7.2 and 8.4
with its CD cavity strongly results in the small binding constant. . astimated to be 1030 and 1310™Mor 1 and 110 and 620
The tight inclusion of the dye unit in its CD cavity f8mprevents M~1for 2, respectively. Since AA exists as the ammonium form

guest binding. Therefore, it can be concluded that the dye unit ,\qer these conditions, the positive charges of the host and the
acts as an inhibitor against guest binding with shortening the g, a5t cause repulsion. All these results demonstrate that the

length of the spacer. When the pH of the solution was set at charge effect of the guest is also important for guest binding.
7.2, the binding constant for AN is estimated to be 8180, 1810,

and 150 M! for 1, 2, and 3, respectively. These values are conclusion

almost the same as those obtained at pH 3.2. Under the condition - )

below pH 7.2,1, 2, and3 would exist as the protonated form: The dye-modified CDs/1, 2, and 3, all appending the

the phenotammonium form forl and2, and the phenol form 4-hydroxyazobenze_ne residue, have a different spacer beMeen
for 3. Therefore, it can be considered that the binding abilities the dye and CD units. The dye parts are accommodated in the
of the hosts for AN are independent of pH below pH 7.2 and CD caV|_ty axially regard_less _of th_e length _of the spacer. The
are governed only by the length of the spacer. At pH 8.40, change in pH _of the solution gives rise to their structures W|t_h_o_ut
however, it was observed thiand2 revealed ca. 2 times larger the conformathnal changes. Howgver, the guest-binding abilities
binding constants for AN as compared to those at pH 7.20, while and the gut_est-lnduced conformational features of the hosts were
negligible pH dependency was reported in the binding constant markedly dlf_fergnt between hosts. These rgsults dem_onstrate that
of B-CD for AN.11 This demonstrates that the dye unit bf the _g_uest-blndlng and the spectroscopic properties _of dye-
acts as a promoter for guest binding and tha2dbses the modified CDs can be remarkably modulated by varying the
inhibitory character. Above pH 8.4, howevdr|ost the guest- spacer lengths as weII_as the dye structures. These findings may
binding ability, as shown by the fact that the binding constants 2€ useful for constructing supramolecular systems, the recogni-
of 1 are 5910 and 4000 M at pH 8.8 and 11.5, respectively. tion, reaction, or ggtalytlc action of which can be regulated by
The guest-binding ability of reverts to that of the natiye-CD pH and the flexibility of the hosts.

with further increase of pH. The fact thatexisting as the
phenolate-amine form has similar guest-binding ability to the
native5-CD is also in good agreement with the result obtained ~ Measurements.'H NMR spectra were recorded on Bruker

in the dichroism spectra, which shows no interaction of the dye AVANCE 400 spectrometer. Absorption and circular dichroism
unit with the CD cavity forl at pH 11.5 in the presence of the spectra were recorded on Shimadzu UV-2500 and UV-3100
guest. On the other hang,increased the guest-binding ability  spectrophotometers and a JASCO J-820, respectively. All of
with increasing pH. The binding constant ®fs estimated to the measurements were performed at°Z5in an aqueous

be 6200 Mt at pH 11.50. Since the interaction of the dye unit solution. The concentration df 2, and3 was 0.01 mM for the

with the CD cavity for2 in the presence of AN under the measurement of absorption spectra and 0.03 mM for that of
alkaline condition was observed in the dichroism measurement, the dichroism one. The pH of the solutions was measured on a
the dye unit of2 acts as a hydrophobic cap for guest binding Beckman 720 pH meter, which was calibrated at°25with
rather than an inhibitory character. On the other h&mdyealed pH standard solutions of pH 4.01, 6.86, and 9.22. Hydrochloric
very poor guest-binding ability as compared to thosé ahd acid and sodium hydroxide were used to set pH for pH titration

2 even in the higher pH. All these results suggest that the guest-experiments. Phosphate buffer was used in the measurement of
binding ability of the host is regulated not only by the length the binding constants dfand2 at pH 7.2, while borate buffer

of the spacer but also by pH of the solution because the was used at pH 8.4 and 8.8. The acidic and alkaline solutions
conformations of the hosts in the complexes are influenced by at pH 3.2 and 11.5 were made by hydrochloric acid and sodium
these factors when the guest is the neutral form. hydroxide, respectively.

apH = 4.0.bpH = 9.3.

Experimental Section
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In the acid dissociation equilibria fdrand2, there are two
equilibria involving three chemical species with the phenol
ammonium, the phenolatammonium and the phenolate
amine forms. So, thely, values ofl and2 were estimated by
curve-fitting analysis with the following equatidf:

T (KH DI + (KK /H A
P 1 (KH ') + (KK H 1)

1)

wherelpsis the absorbance at 440 nm fband?2. Ky andKao

are the values of the acid dissociation constants between the
phenol and phenolate form and between the ammonium and

amine form. Here, at a certain pand?2 are assumed to exist
as the phenetammonium, the phenolateammonium, or the
phenolate-amine form, and their absorbance can be expresse
asl™, 19, andI—, respectively. [H] is the concentration of proton,
which can be evaluated from pH of the solutions. On the other
hand,3 involves an acid dissociation equilibrium between the
phenol and phenolate form. So, th&gpvalues of3 were
estimated by the following equation, in whiéh, equals 0 in

eq 1. Therefore, the following equation was used for estimation
of pKj, for 3. In the case of3, lqps expresses the absorption
intensity at 450 nns.

d

A (KJHDIC

P 1+ (KYH) @

Determination of Association Constants.The following
equation describes the complexation equilibrium

H+G=H-G

where H, G, and HG represent free host, free guest, and tost
guest complex, respectively. This means the host forms only a
1:1 complex with the guest. The binding constant of the host
for the guestK, is estimated by fitting the following equation

to the data obtained.

Al =
Al (G, + Hy + 1K) — {(G, + H, + 1/K)? — 4GHL ]
2H,

®)

whereH, andGg represent the initial concentration of host and
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material was removed by filtration, the filtrate was concentrated
by a rotary evaporator and was poured into acetone (1 L) to
form precipitates, followed by washing with acetone (300 mL)
several times. The crude product was charged on a column of
QAE Sephadex and eluted with an agueous solution of am-
monium hydrogen carbonate {8 mM). After the fraction
containingl was concentrated by a rotary evaporator to 100
mL, a small amount of diluted hydrochloric acid was added to
set the pH at ca. 4. The solution was poured into acetone (1 L)
to obtain the desired product as a yellow powder (0.40 g 22.7%).
The purity of the product was checked with TL& NMR,
and elemental analysi$¥ 0.09 (-butanot-ethanot-water 5:4:
3); 'H NMR (D2O; 400 MHz) 1.86-1.60 (4H bs), 2.91 (4H
m), 3.04-3.15 (4H m), 3.26-4.0 (m), 4.83-4.95 (7H, m), 6.97
(2H, d), 6 7.50-7.40 (6H, m), 7.65 (2H, d). Anal. Calcd for
Ce3HoeN4O3g9H,0: C, 45.05; H, 6.84; N, 3.34%. Found: C,
44.95; H, 6.10; N, 3.23%.
6-Deoxy-6-amind4-(2-[4-hydroxyphenylazo]benzoyl)ami-
nobuty} -5-cyclodextrin 2). A DMAc solution of HABA (1.12
g, 4.64 mmol), DCC (1.07 g, 5.22 mmol), and HOBt (0.70 g,
5.22 mmol) was stirred at OC for 20 min. To the mixture was
added 6-deoxy-6-amino-(4-aminobuty)cD (1.40 g, 1.16
mmol), and the resulting solution was stirred at® for 30
min and subsequently at room temperature for 10 days. The
product was purified in the same manner as in the cask of
except for the concentration of ammonium hydrogen carbonate,
which was 6-2.5 mM. The product was obtained as a yellow
powder (0.25 g 15.0%). The purity of the product was checked
with TLC, 'H NMR, and elemental analysisRs 0.07 (-
butanot-ethanot-water 5:4:3)H NMR (D,0; 400 MHz) 1.58
(4H, bs), 2.76-2.90 (3H, bd), 3.05 (2H, bt), 3.28 (2H, bd),
3.35-4.0 (m), 4.88-5.0 (7H, m), 6.95 (2H, d), 7.457.62 (4H,
m), 7.63 (2H, d). Anal. Calcd for §gHgsN4O3¢HCI-4H,0: C,
46.08; H, 6.36; N, 3.64; Cl, 2.42%. Found: C, 46.12; H, 6.24;
N, 3.21; Cl, 2.05%.
6-Deoxy-6-amind-2-[4-hydroxyphenylazolbenzdyp-cyclo-
dextrin ). A DMAc solution of HABA (1.74 g, 7.0 mmol),
DCC (1.63 g, 7.7 mmol), and HOBt (1.07 g, 7.9 mmol) was
stirred at 0°C for 10 min. To the mixture was added 6-deoxy-
6-aminop-CD (4.0 g, 3.5 mmol), and the resulting solution was
stirred at 0°C for 1 h and then at room temperature for 2 days,
The product was purified in the same manner as in the case of
1 and2. The product was obtained as a yellow powder (0.062
g 1.3%). The purity of the product was checked with T8,
NMR, and elemental analysisR 0.41 (-butanot-ethanot-

guest,Al represents the difference of absorption intensity at water 5:4:3)H NMR (D,O; 400 MHz) 3.10 (1H, d), 3.20 (1H,
440 nm for the host alone and in the presence of the guest, andy), 3.25-3.96 (m), 4.75-5.06 (7H, m), 6.93 (2H, d), 7.47 (2H,

Alnaxis its value when all hosts exist as the inclusion complex.
The value ofAl was used at 370 nm for estimating the binding
constantK, at pH 3.2 for all hosts, while the value &fl at
440 nm were used for estimatigfrom pH 7. 2 to pH 8.4 for

1 and 2, respectively. At pH 11.5, the value &l at 420 nm
was used forl and2, and at 450 nm foB.

Materials. The 8-CD was a kind gift from Nihon Shokuhin
Kako Co. Ltd. All chemicals were reagent grade and were used
without further purification unless otherwise noted.

Synthesis. 6-Deoxy-6-amind-10-[2-(4-hydroxyphenylazo)-
benzoyllamino-4,7-dioxadegy-cyclodextrin (). A dimethy-
lacetamide (DMAc) solution of HABA (1.12 g, 4.64 mmol),
dicyclohexylcarbodiimide (DCC)(1.07 g, 5.22 mmol), and
1-hydroxybenzotriazole (HOBt) (0.70 g, 5.22 mmol) was stirred
at 0°C for 20 min. To the mixture was added 6-deoxy-6-amino-
(10-amino-4,7-dioxadecyf}-CD (1.50 g, 1.16 mmol), and the
resulting solution was stirred at T for 30 min and subse-
quently at room temperature for 7 days. After the insoluble

m), 7.58 (2H, m) 7.67 (2H, d). Anal. Calcd fors§H79N3Ose
5H,O: C, 45.61; H, 6.19; N, 2.90. Found: C, 45.55; H, 5.61;
N, 2.80.
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