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Phenolphthalein-modified -CD, 1, was synthesized for the purpose of developing a new type of
guest-responsive color change indicator. The pH titration curve of 1 depends on its concentration,
suggesting that 1 exists not only as an self-inclusion form but also as an association form at a
concentration of 1074 M in neutral aqueous solution. At pH 11.0, the association species dissociates
into the monomer one, taking a dianion form in the phenolphthalein part. Upon the guest addition
at pH 9.70, 1 exhibits the color change from colorless to purple at its concentration of 5.0 x 107®
M due to the 1:1 host—guest complex formation. The guest-induced absorption changes were used
for molecule sensing. The sensing abilities of 1 for various guests are roughly parallel to the binding
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constants.

Introduction

Cyclodextrins (CDs), which are cyclic oligosaccharides
composed of b-(+)-glucopyranose units with o-1,4-glyco-
sidic linkage, can form inclusion complexes with a variety
of organic compounds in aqueous solution.! The com-
plexation phenomenon often involves remarkable varia-
tions in photophysical and photochemical properties of
guest molecules because of the environmental difference
between the CD interior and aqueous medium. On this
basis, the spectra of chromogenic guest molecules are
usually perturbed in the presence of CDs.

One typical example for this type of the spectral change
was reported for phenolphthalein.?® Phenolphthalein is
known as a pH indicator that changes color from colorless
to purple when the neutral solution becomes alkaline one.
However, phenolphthalein included in the 5-CD cavity
exhibits no absorbance even at pH 10.5 in the visible
region. This was explained in terms of the constrained
conformation of phenolphthalein in the -CD cavity.
Methyl orange also changes its color from red to yellow
by complexation with a-CD in acidic medium due to the
shift in the acid dissociation equilibrium.2~> In the case
of the fluorophores such as naphthalene®’” and pyrene®
as guests, the changes in their fluorescent spectra were
observed upon complexation. Recently, Ueno et al. have
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shown that some fluorescently-modified CDs exhibit
variations in fluorescence intensity on binding organic
molecules and constructed the CD-based fluorescent
sensors.® 1% These systems are based on the guest-
induced locational changes of the fluorophore, mostly
from inside to outside of the CD cavity. When a dye was
used as the substituent in place of the fluorophore, the
binding of the guest species is transduced into the color
change signals based on the same principle. Recently,
we reported that modified CDs bearing methyl red'516
or p-nitrophenol’'® as a dye unit change colors or
absorption intensities on guest binding under the acidic
or neutral conditions.

To develop another type of CD-based sensor that works
in alkaline solutions, we have designed a novel color-
changeable CD (1), in which the phenolphthalein unit is
attached to a primary side of CD (Chart 1). Here, we
report that 1 exhibits absorption changes from colorless
to purple upon guest binding in alkaline solutions and 1
is useful as a sensor for detecting organic molecules by
color change.

Results and Discussion

Synthesis. The phenolphthalein unit was linked with
B-CD through the amide bond, which was expected to be
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Chart 1. Structure of Phenolphthalein-Modified
p-CD, 1
Scheme 1. Schematic Representation for Acid

Dissociation Equilibria of Phenolphthalein
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stable in the alkaline condition as compared with the
ester one. The amide bond formation reaction was
performed in dimethylacetamide by using dicyclohexyl-
carbodiimide (DCC) as a condensation reagent. Before
this reaction, we checked the possibility of the reactivity
of the lactonoid group in phenolphthalein with 6-deoxy-
6-amino-4-CD and found that this reaction gave no
product. The desired product was purified by ion-
exchange chromatography on a QAE-Sephadex column
and HPLC with an ODS column and characterized by
TLC, 'H NMR spectra, and elemental analysis.
Absorption Spectra of 1. The color change of
phenolphthalein involves the structural change as shown
in Scheme 1.2 The colorless lactonoid form existing under
acidic or neutral conditions dissociates two protons to
form a purple dianion form when the solution becomes
alkaline. The resonance between two phenol units is
achieved in the phenolphthalein dianion form with one
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Figure 1. Absorption spectra of 1 (1.0 x 10~* M) at different

pH values. pH of the solution: (1) 8.51, (2) 9.53, (3) 9.82, (4)
9.96, (5) 10.10 (6) 10.29, (7) 10.46, (8) 11.22.

Figure 2. Plot of esgo 0f 1 as a function of pH in the absence
and the presence of 1-adamantanol (6.0 x 107* M): 1.0 uM
solution of 1 in the absence (—#—) and the presence (—<—) of
l-adamantanol; 0.1 mM solution of 1 in the absence (—@—)
and the presence (—O—) of 1-adamantanol.

of phenol units existing as a phenolate anion and the
other as a quinoidal form.

Figure 1 shows the effect of pH on the absorption
spectra of 1 (1.0 x 1074 M). A strong peak at 560 nm at
pH 11.32 indicates that the phenolphthalein unit of 1
exists as the dianion form. This peak decreased with
lowering pH of the solution and disappeared at pH 8.02,
indicating the conversion of the phenolphthalein unit into
the lactonoid form from the dianion one. Since 1 exhibits
the similar pH-induced spectral variation to that of
phenolphthalein itself, the acid dissociation equilibrium
behavior of 1 is attributed to that of the phenolphthalein
unit, which is exposed in the bulk water.

Similar pH-induced absorption variations were ob-
served when the concentration of 1 was lowered (1.0 x
1076 M). It was found, however, that the pH titration
curve of 1 was remarkably affected by the concentration
of 1. Figure 2 shows the plot of molecular extinction
coefficients of 1 at 560 nm, esgo, as a function of pH under
various conditions. In the solution of the higher concen-
tration of 1 (1.0 x 10~* M), the pH titration curve of 1
was shifted toward the alkaline side as compared with
that in the lower concentration (1.0 x 10~¢ M), suggesting
the existence of the association form of 1 in the solution
of the higher concentration of 1. The phenolphthalein
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Scheme 2.
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Schematic Representation for Conformational and Acid Disociation Equilibria of 1 and Guest
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unit of 1 may be included in another CD cavity of 1 in
the solution of higher concentration (1.0 x 10™* M).
However, the fact that there is no difference in the
molecular extinction coefficients of 1 at pH 11.00 between
the higher and lower concentration solutions indicates
that 1 exists as a monomer form in both solutions with
the phenolphthalein unit assuming the dianion form.

In the presence of the excess of 1-adamantanol as a
guest, however, no concentration dependency in the pH
titration curve was observed, indicating that the inter-
moleculer interaction of 1 is canceled by accommodation
of the guest molecule into the CD cavity. Since the
interaction between 1 and guest molecule is stronger
than the intermolecular interaction of 1, the cavities of
all hosts are occupied by the guest molecule and cannot
interact with the phenolphthalein unit, which is exposed
to the bulk water solution in this condition. On the other
hand, the shift of the pH titration curve toward the acidic
side by the guest addition observed even in a highly
diluted concentration of 1 (1 x 10°® M) suggests the
existence of the self-inclusion form, in which the phenol-
phthalein unit of 1 is included in its CD cavity. However,
in the self-inclusion form, the phenolphthalein unit is not
deeply included in the CD cavity as indicated by a slight
shift of the curve occurring upon the guest addition. The
shift may be interpreted by the facilitated dissociation
of the hydroxyl proton of phenolphthalein unit by the
guest-induced exposure of the unit to the solution.

The shifts of the pH titration curves are reflected in
the shifts of the apparent pK, values of 1. The pK, values
estimated by fitting of the absorbance at 560 nm as a
function of pH value using the equation reported by
Yoshida et al. are summarized in Table 1.3 In the
absence of the guest, the pK,2 values are hardly affected
by the concentration of 1, showing 9.05 (1.0 x 107¢ M)
and 8.93 (1.0 x 1074 M). It is obvious, however, that the
pK,l values are strongly affected by the concentration
of 1. The pK,1 estimated here for the lower concentration
of 1 is 9.75, while that for higher one is 11.16. Such
tremendously high pK,1 value in the higher concentra-

Table 1. pKa Values of the Acid Dissociation Equilibria
of 1 and Phenolphthalein

compd concn (M) [l-adamantanol] (M) pKal pKa2

1 1.0 x 1076 0 9.75 9.05
6.0 x 1074 8.84 9.13

1.0 x 104 0 11.16 8.93

6.0 x 10~ 9.51 8.97

phenolphthalein 6.0 x 1075 9.22 9.51

tion of 1 indicates the difficulty of the first proton
dissociation due to the formation of the association form
of 1.

The guest addition to the solution of 1 causes the shift
in pK,1 toward the acidic side from 9.75 to 8.84 in the
lower concentration of 1 and from 11.16 to 9.51 in the
higher concentration case. These results suggest that the
dissociation of the proton occurring upon guest addition
is facilitated in both cases of the self-inclusion form and
the association one. Phenolphthalein shows 9.22 and
9.51 for pK,l and pK,2, respectively.® Similar results
were obtained in the case of the lower concentration of 1
in the presence of the guest, suggesting that the phenol-
phthalein unit is mostly exposed in the bulk water in the
intermolecular (host—guest) complex of 1. On the con-
trary, the solution of higher concentration (1.0 x 107*
M) of 1 in the presence of guest gives larger value for
pKal than for pK,2. The result may be due to the fact
that 1 exists not solely as the host—guest complex and
there still remains the self-inclusion form of 1.

Such structural feature was summarized in Scheme
2. In the absence of the guest at pH 11.00, 1 exists as a
dianion monomer. Under the conditions of high concen-
tration of 1 at lower pH, the intermolecular interaction
of plural molecules of 1 becomes stronger. However, it
is not clear how many host molecules associate in this
system. Taking account of the moderately high concen-
tration (1.0 x 10~4) employed in this system, 1 may exist
predominantly as a dimer form. In the presence of the
guest, 1 accommodates the guest molecule in its CD
cavity, forming the host—guest inclusion complex, and
the phenolphthalein unit is exposed to bulk water.
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Figure 3. Induced circular dichroism spectra of 1 (1.0 x 1075
M) alone at pH 7.24 (—) and at pH 11.45 (— —) and in the
presence of 1-adamantanol (3.0 x 1074 M) at pH 7.42 (——)
and at 11.61 (---).

Induced Circular Dichroism of 1. Since CD con-
sists of the chiral p-glucose, chromophore-modified CD
may exhibit induced circular dichroism in the wavelength
region of the electronic transitions.®~2!

Figure 3 shows the induced circular dichroism spectra
of 1 under various conditions. In the neutral solution, 1
exhibits the positive dichroism band at 290 nm, associ-
ated with the 7—x* transition of a phenol unit in the
phenolphthalein of 1. This indicates that 1 includes a
phenol unit of the phenolphthalein unit in the CD cavity
with an orientation parallel to the CD axisis. This
positive dichroism band disappeared upon the guest
addition, suggesting that the phenol unit included in the
CD cavity was excluded to outside of the cavity. This
observation is in good agreement with the results ob-
tained by absorption measurements.

In an alkaline solution of 1 at pH 11.45, two weak
negative dichroism bands at 560 and 375 nm were
observed, indicating that the phenolphthalein unit exist-
ing as a dianion form interacts with CD cavity so as to
cap the primary hydroxyl group side of 1. This implies
that the chromophore part is not included deeply in the
CD cavity of 1. Upon addition of the guest, the changes
in dichroism spectrum are small, suggesting no remark-
able conformational change of 1 occurs by guest accom-
modation. This result is also in good agreement with the
result obtained by pH titration experiment.

Because no concentration dependency in the dichroism
spectrum of 1 was observed in neutral condition as well
as in the alkaline one, the basic features for interaction
between phenolphthalein unit and CD cavity may be
similar in monomer and associated forms of 1.

1H NMR Spectra of 1. The interaction between the
phenolphthalein unit and the CD unit in 1 was clearly
observed by using the visible spectrophotometric or the
spectropolarimetric techniques. We also studied the
conformation of 1 in the presence and the absence of the
guest in aqueous solution by 'H NMR spectroscopy in
order to gain a better comprehension about this interac-
tion.

Figure 4 shows the 1D and 2D *H NMR spectra of 1 in
D,0. Although the unmodified CDs show one set of 'H
resonances around 3.5—4.0 and 5.0 ppm in D,0 like a
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Figure 4. 1D (a) and 2D (b) *H NMR spectra of 1 in D;0O.

glucose monomer, each ascribing to H2—H6 and H1
protons of the glucopyranose units in CD, respectively,
1 shows the complex *H NMR spectrum with the remark-
able shifted and splitted peaks of the CD unit. Four
doublet peaks were observed in the upper-field in the
range of 1.6—2.8 ppm. The resonances at 1.64 and 2.58
ppm were assigned to H6 protons connecting at the same
C6 position by the *H—H-correlated spectroscopy (COSY)
and the 2D total correlation spectroscopy (TOCSY)
spectrum, and the resonances at 2.30 and 2.70 ppm were
assigned to H6 protons connecting at the same C6
position of another glucose unit. Such shift of H6 protons
to the upper-field indicates that the aromatic ring of the
phenolphthalein unit faces to these H6 protons and that
the phenolphthalein unit exists near the rim of the
primary hydroxyl group, interacting to the CD cavity. The
major conformation around the C5—C6 bond of the
glucose units is the gg rotamer because both of the
coupling constants Jss, and Js g, are less than 2 Hz.?223

These upper-field-shifted resonances disappeared by
the addition of l-adamantanol as a guest or in the
alkaline condition, suggesting the weaker interaction of
the phenolphthalein unit with the CD cavity in the
presence of the guest or in the alkaline condition. These
IH NMR observations ensured the interaction between
the CD cavity and the phenolphthalein unit and are
consistent with the observation in the spectrophotometric
or the spectropolarimetric studies.

Guest Binding and Sensor Ability of 1. At pH 9.70,
the guest-induced hyperchromic effect of 1 (5.0 x 107
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Figure 5. Absorption spectra of 1 (5.0 x 107% M) at pH 9.70
with various concentrations of 1-adamantanol. 1-Adaman-
tanol: (1) 0, (2) 6.0 x 1075, (3) 1.2 x 1075, (4) 4.8 x 1075, (5)
9.6 x 1075 M.
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Figure 6. Curve-fitting data for the guest-induced absorption
intensities of 1 at 540 nm as a function of 1-adamantanol
concentration.

M) was observed as shown in Figure 5. The increase of
the intensity around 560 nm with increasing concentra-
tion of 1-adamantanol is interpreted by the conversion
of phenolphthalein unit of 1 from the lactonoid form to
the dianion one, the deprotonation being due to the
exclusion of the phenolphthalein unit from inside to
outside of the cavity associated with the host—guest
complex formation. Similar results were observed when
the other guests were added to the solution of 1.

We have investigated the molecule sensing ability of
1 and have determined binding constants for various
guest compounds shown in Chart 2. The increase in the
absorbance at 540 nm relative to its original value (Al/
I1°) was used as a sensitivity parameter. The binding
constant was estimated by a nonlinear square fitting
analysis from the plot of the guest-induced absorbance
change at 540 nm for 1 as a function of the guest
concentration.

A typical example of the saturation curve for 1 and
l-adamantanol is shown in Figure 6. Similar fitting
could be obtained for other guests, and the results are
shown in Table 2. In Table 2, the binding constants of
the parent 3-CD with some guests and those of alizarin
yellow-modified cyclodextrin (13)?* were also shown for
comparison. Among the steroidal compounds examined,
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Table 2. Sensitivity Factor Al/I° and Binding Constants
of 1 for Various Guest Compounds

host
1 13

guest Al/l° KIM™t  Kb/M~L
ursodeoxycholic acid (2)ad 0.19 385000 93200
chenodeoxycholic acid (3)2d 0.14 137000 9180
deoxycholic acid (4)d 0.026 16300 1360
1-adamantanecarboxylic acid (5)24  0.17 49800 9240
1-adamantanol (6)4 0.24 96100 8160
1l-adamantanol (6)® 0.36
d-fenchone (7)¢ 0.093 4470 c
I-fenchone (8)¢ 0.11 4430 c
d-camphor (9)¢ 0.087 6870 460
I-camphor (10)® 0.17 12300 393
d-menthol (11)¢ 0.48 22600 918
I-menthol (12)¢ 0.48 26700 1010

a Binding constants of 8-CD: 32 000, 23 000, and 18 000 M~
for 2, 3, and 5.2526 b Binding constant of alizarin-yellow modified
CD. ¢ No data. 9 Guest concentration is 7.5 x 107¢ M. ¢ Guest
concentration is 7.5 x 107°> M.

ursodeoxycholic acid (2) and chenodeoxycholic acid (3)
were detected by 1 with higher sensitivity than deoxy-
cholic acid (4), which is different from 2 and 3 only in
the position of hydroxyl group. The order of the sensi-
tivities of the three steroids is correlated with the binding
constants with the values of 358 000, 137 000, and 16 000
M~1 for 2, 3, and 4, respectively. Since the binding
constants of the parent -CD for 2 and 3 are 32 000 and
23 000 M1, respectively,?® such larger binding constants
of 1 for 2 and 3 suggest that 1 has an ability to bind the
guest molecules strongly. This may be due to the
phenolphthalein unit acting as a stabilizer for the
complex formation of 1. The similar corelation between
the sensitivity and the binding constant was observed
for adamantane compounds. The Al/I° value for 1-ada-
mantanol (6) is larger than that for 1-adamantanecar-
boxylic acid (5), and the binding constant for 5 is about
half the value for 6. This may be due to the ionic nature
that seems unfavorable for 5 to be included in a hydro-
phobic CD cavity. However the binding constant of 1 for
5 is larger than that of the parent 5-CD (18 000 M~ at
pH 8.5%). This fact also indicates that the phenolphtha-
lein unit plays an important role for guest binding of 1.

Both d and | enantiomers of menthol, fenchone, and
camphor were used for evaluating the sensor ability to
the terpenoid compounds. Among these guests, d-men-
thol (11) and I-menthol (12), which are monocyclic
compounds, were detected with the high sensitivity than
the other bicyclic guests. Although similar Al/l° values
for d-fenchone (7) and d-camphor (9) were observed,
I-camphor (10) was detected with higher sensitivity than
I-fenchone (8). Furthermore, a slightly favorable dis-
crimination was observed for the I-enantiomer compared
to the d-enantiomer for each enantiomer pair. For these
guests also, the order of sensitivities is roughly correlated
with the binding constants. The binding constants for
11 and 12 were more than 20 000, while those for 7 and
8 were ca. 4400. The binding constant for 10 is half the
value for 9.

All these binding constants of 1 for the guest molecules
examined are more than 10 times higher than those of

(24) Aoyagi, T.; Nakamura, A.; lkeda, H.; Ikeda, T.; Mihara, H.;
Ueno, A. Anal. Chem. 1997, 69, 659.
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Kuwabara et al.

Structure of the Guest Compounds
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13 except for 2 and 5, these binding constants of 1 being
ca. 5 times higher than those of 13. This implies that 1
is better host for detecting the guest species with high
sensitivity. The order of binding constants is roughly
parallel between host 1 and 13. It was noted, however,
that the binding constant of 13 for 5 is almost same as
that of 6, while that of 1 for 5 is almost half as that of 6.
This result indicates that 1 can be used for detecting the
difference between the hydroxyl or the carboxyl group
on the adamantane framework.

Conclusion

Phenolphthalein-modified 5-CD, 1, was prepared as a
guest-responsive color change indicator. In the neutral
medium in the higher concentration, 1 tends to form the
association form as well as the self-inclusion form,
causing the pK,1 shift of the phenolphthalein unit of 1
toward the alkaline side. Upon the guest addition at pH
9.70, 1 was converted into 1:1 host—guest complexes
accompanying color change from colorless to purple. The
sensing ability of 1 is roughly parallel to the binding
constant. All these results demonstrate that the host 1
is capable of detecting organic compounds by changing
color in alkaline solution. Other systems can be con-
structed on the same basis.

Expermental Section

Measurements. Absorption and induced circular dichro-
ism measurements were performed by using a 1 cm cell at 25
°C in an aqueous solution except for the pH titration experi-
ment at 1.0 x 1074 M of 1, which was performed by using a 5
mm cell. The pH meter was calibrated at 25 °C with pH
standard solutions of pH 4.01 4+ 0.01, 6.86 + 0.01, and 10.11
4+ 0.01. Sodium hydroxide was used to set pH in the alkaline
region in the pH titration experiment. Carbonate buffer was
used in the measurements for binding constants of 1 (5.0 x
1076 M) to set pH at 9.70. 1D and 2D NMR spectra were
recorded in D,O at 25 °C on a Varian VXR-500S operating at
499.843 MHz for *H. All the NMR spectra were measured by
using pulse sequences and standard procedures offered by
Varian.

&@f

OH Y OH

11 12

The binding constants of 1 for several guests, K, were
defined by the following equation:

N C
K= G- O H,— ) ()

Here, Ho, Go, and C represent the initial concentrations of host,
guest, and the complex, respectively. In the condition of a
large excess of Gy, eq 1 gives the following equation (eq 2).

_ C
K= GyH, — ) (@)

The concentration of the complex, C, is reflected in the
magnitude of Al, where Al is the guest-induced absorbance
change at 540 nm and is equal to Almax When every host exists
as the inclusion complex. Using the values of Hg, Go, Al, and
Almax, €9 2 may be led to the following representation:

Al/AL
— - max (3)
Go(1 — (AVAIL,)
Therefore
_ KGoAl hax @)
1+ KGy)

The binding constant, K, is estimated by fitting eq 4 to the
data obtained.

Materials. p-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-[[6-[3,3'-bis-(4-hydroxyphenyl)-
phthalide]carboxy]amino]-f-cyclodextrin (1). A dimethyl-
acetamide (DMACc) solution of carboxyphenolphthalein (150
mg, 0.41 mmol), dicyclohexylcarbodiimide (DCC) (80 mg, 4.35
mmol), and hydroxybenzotriazole (HOBt) (60 mg, 4.45 mmol)
was stirred at 0 °C for 10 min. To the mixture was added
6-deoxy-6-amino-S-cyclodextrin (1.0 g, 0.88 mmol), and the
resultant solution was stirred at 0 °C for 2 h and then at room
temperature for 2 days. To this solution was added additional
DMACc solution of DCC (50 mg, 2.72 mmol), HOBt (30 mg, 2.22
mmol), and 6-deoxy-6-amino-f-cyclodextrin (1.0 g, 0.88 mmol),
and the mixture was stirred at 0 °C for 10 min and then at
room temperature for 2 days. After the insoluble material was
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removed by filtration, filtrate was concentrated by a rotary
evaporator. The resultant solution was poured into acetone
(500 mL) to precipitate the product. After being washed with
acetone (300 mL) several times, the crude product was charged
on a column of QAE Sephadex and eluted with an aqueous
solution of ammonium hydrogencarbonate (O to 1 x 0.001 N).
The fraction containing 1 was concentrated by a rotary
evaporator and injected to HPLC with an ODS column (eluted
with water/methanol 100/0 to 50/50). The eluted solution was
concentrated to obtain the desired product as white powder
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(60 mg, 10%): R¢ 0.67 (n-butanol—ethanol—water 5:4:3); *H
NMR (D,0; 500 MHz) 6 1.64 (1H, d), 2.30 (1H, d), 2.59 (1H,
d), 2.71 (1H, d), 2.80—4.20 (majority, m) (protons of CD unit),
4.78-5.05 (7H, m, anomeric protons), 5.33 (2H, d), 6.65 (2H,
d), 6.69 (2H, d), 6.85 (2H, d), 8.14 (2H, s), 9.32 (1H, s) (aromatic
protons of phenolphthalein unit). Anal. Calcd for CszHgsNO3g*
3H,0: C, 49.38; H, 5.85; N 0.91. Found: C, 49.75; H, 6.11;
N, 0.92.
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