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ABSTRACT

The circular dichroism of the complexes formed between slightly hydroxypropylated amylose and
cyclomalto-hexaose, -heptaose, and -octaose (a-, 8-, and y-cyclodextrin) with nine different achiral
ketones and phenolphthalein has been investigated. In the complexes with the ketones, the amylose
helix has a conformation with six glucose units per turn, whereas, in the complex with phenolphthalein,
it has seven.

INTRODUCTION

In recent years, complex molecules have been synthesised which are used as
hosts for certain guest molecules!. Typical natural host—guest systems are cnzymes,
amylose, and cyclomalto-oligosaccharides (cyclodextrins, CDs). Amylose, a (1 — 4)-
a-D-glucan, can adopt a helical conformation with the hydroxyl groups of the
glucose units on the outer surface. CDs are formed from amylose by enzymic
digestion.

CDs and amylose form complexes with the guest molecules included in the
mainly non-polar cavity of the helix or the ring, respectively. Whereas CDs have
rather rigid molecules, the amylose chain is flexible. Electron diffraction measure-
ments, using crystallised amylose complexes, indicate that, depending on the size
of the guest molecule included, a helix with six, seven, or eight glucose units per
turn can be formed>.

C.d. spectroscopy is useful for the study of complexes where an achiral molecule
with a suitable chromophore is included in the chiral cavity of a CD, because of
the induced Cotton effects*. The blue iodine—amylose complex has been studied in
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a similar manner?. Cotton effects occur when Congo Red and other azo-dyes form
complexes with amylose®, but they have been interpreted in terms of an adsorption
of the dye molecule on the surface of the helix.

The inclusion complexes of amylose with organic molecules usually precipitate
from solution and there have been few reports about their structures in solution’.
However, the complexes of slightly hydroxypropylated amylose are soluble and can
be studied by c.d. spectroscopy®. The hydroxypropylated amylose used, and re-
ferred to subsequently as amylose, had a degree of substitution of 0.075 (i.e., only
one substituent per thirteen glucose units). This substitution did not alter the
complexing behaviour significantly but markedly improved the solubility of the
complexes. By comparing the c.d. spectrum of the 4-tert-butylphenol complex of
amylose with those of the corresponding CD complexes, it was concluded that the
amylose forms a helix with seven or eight glucose units per turn®. We now report
the c.d. spectra of complexes of amylose and CDs with some achiral ketones and
phenolphthalein.

RESULTS AND DISCUSSION

When an achiral chromophore is introduced into the chiral cavity of a CD
molecule, it is usually possible to observe an induced Cotton effect”. The structure
of the complex between the CD and the guest molecule is influenced by the size of
the’ CD cavity, the shape of the guest molecule, and the interactions of the
hydroxyl groups of the glucose units with the guest molecule. C.d. spectroscopy
allows the geometry of the insertion of the guest molecules to be investigated
because the induced Cotton effects depend, for example, on whether the electronic
transition moment of the guest molecule is arranged parallel or orthogonal to the
central axis of the CD molecule®.

C.d. spectra of complexes with aliphatic ketones.—The carbonyl group of an
aliphatic ketone usually exhibits!® a Cotton effect at the wavelength of the n —» 7 *
absorption when included in a CD. The c.d. spectra for the complexes of nine
different ketones with cyclomalto-hexaose («CD), -heptaose (BCD), and -octaose
(yCD) have been measured. The ketones were chosen to test a range of molecular
shapes. Furthermore, the c.d. spectra of the same ketones with the slightly
hydroxypropylated amylose have been recorded in solution. The inclusion com-
plexes of underivatised amylose with these ketones are insoluble. Fig. 1 shows the
results for 2-hexanone. The spectra are presented as recorded. Since no attempt
was made to shift the equilibrium to the side of the complex, the molecular
ellipticity could not be calculated.

The complex of 2-hexanone with «CD has a negative Cotton effect at 272 nm,
whereas that with BCD has a positive effect. The c.d. spectrum of the amylose
complex is analogous to that of the «CD complex. The results for the other
ketones are summarised in Table I. The shapes of the spectra are essentially the
same as those in Fig. 1.
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Fig. 1. C.d. spectra of 2-hexanonc complexed with aCD (a), BCD (b), yCD (c), and amylose (d).

The data in Table I show that only the acyclic ketones and 4-methylcyclo-
hexanone yield different c.d. spectra for «CD and SCD. Only four of the ketones
showed Cotton effects when included in amylose, and the spectra were analogous

to those of the «CD complexes.

C.d. spectra of complexes with phenolphthalein. —None of the amylose—ketone
complexes exhibited a c.d. spectrum analogous to that of the BCD complex.
However, since 4-tert-butylphenol has a c.d. spectrum analogous to that of the

TABLE 1

Sign “ of the observed Cotton effects at the wavelength of the n — 7* absorption of each ketone
complexed with amylose and CDS

Ketone aCD BCD yCD Amylose
O
)J\/\/ _ + —
O
A _ N _
O
/J\i/ - 0 0
M - + -
|
O
e o
O o
Lo -
T .
_ - 0

&

“ 4, positive; —, negative;

0, no Cotton cffect.
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Fig. 2. C.d. spectra of phenolphthalein complexed with SCD at pH 7 (a) and 11 (c), and with yCD at
pH 7 (b) and 11 (d).

BCD complex when included in amylose®, other phenols were investigated. Phe-
nolphthalein forms stable complexes with SCD at pH 7 and 11 which exhibit
rather complex c.d. spectra'l. The purple colour of a solution of phenolphthalein
at pH 11 disappears after the addition of SCD. This effect has been interpreted in
terms of a strong interaction of phenolphthalein and BCD, which forces the
aromatic rings into a non-planar conformation, probably due to the formation of a
lactone ring which normally is hydrolysed in alkaline medium'?.

Fig. 2 shows the different c.d. spectra of the complexes of phenolphthalein with
BCD and yCD at pH 7 and 11; no Cotton effects were observed with o CD.

Fig. 3 shows the c.d. spectra of the complexes of phenolphthalein with slightly
hydroxypropylated amylose, which are comparable only with the c.d. spectra of the
BCD complex.

The disappearance of the purple colour during the formation of the SCD-phe-
nolphthalein complex at pH 11 allows the stability constant &, to be determined.
By measuring the absorption of a series of solutions with a fixed concentration of

pH 7 pH 11
10 5
Cd. Cd.
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Fig. 3. C.d. spectra of phenolphthalein complexed with amylose at pH 7 (a) and 11 (b).
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Fig. 4. Determination of (a) the stoichiometry and (b) the stability constant, of the BCD-phenol-
phthalein complex at pH 11.

phenolphthalein and increasing concentrations of BCD, a graph can be obtained
from which &, can be calculated by non-linear regression’>. The stoichiometry of
the complex was determined by the method of continuous variations'*. The results
are shown in Fig. 4.

The ratio of host (H) and guest (G) molecules in the complex is 1:1; and k. is
given by:
. [HG]

> [H]-[G]

With [H]=[H], —[HG], [G]=I[G],—[HG], and [HG]l/[G],=(E —Ey)/(E,,, —
E,), a quadratic equation is obtained which can be solved, namely,

E—E, x+k+1 \/(x+k+l)2
E.-E 2 4 o

x=[H]y/[Gly; k=1/k[G]o,

where [H], and [G], are the initial concentrations of the host and guest, respec-
tively, and E, E,, and E_, are the absorption, the absorption of the guest, and
the absorption of the complex, respectively. E, ., was assumed to be zero since the
colour of the solution of phenolphthalein completely disappeared!® after the
addition of a large excess of BCD. By variation of k, the theoretical binding-iso-
therms can be calculated. The stability constant is given by the curve which best
fits the observed curve. Hence, k, was determined to be 33000. This result is in
good agreement with reported values (31000'> and 37000'6).

The stoichiometry of the amylose—phenolphthalein complex can be obtained by
the method of continuous variations', Fig. 5 shows the Job plot for an amylose of
M, 3.7 % 10°. In contrast to the SCD complex, the ratio of host to guest is 1:2.
For amyloses with M, 0.8 X 105 and 4.9 X 10°, similar results were obtained.
Hence, only two molecules of phenolphthalein are included in the amylose chain.

max
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Fig. 5. Determination of the stoichiometry of the amylose—phenolphthalein complex at pH 11.

The stability constant for the amylose—phenolphthalein complex was determined
for three amyloses of different molecular weight.

Fig. 6 shows that the stability constants for the amyloses of high molecular
weight are of the same order. The complex of the amylose with M 0.2 X 107 is less
stable. Due to the different stoichiometry compared with the BCD complex,
another equation for the determination of k, was used. The formation of a 1:2
complex is a two-step reaction with the stability constants k,, and k.

H+ G = HG kg

HG + G = HG, ke,

The overall stability constant k for the reaction H + 2 G = HG, is given by:
(HG, ]

[H]-[GT’

With [H]=[H], - [HG,], [G]=I[G],—2[HG,], and 2[HG,]/[Gl,=(E —E,)/

(E,.« — Eg), a cubic equation is obtained. At the beginning of the host—guest
titration, [HG,] < 1. Hence, [HG,P’ =0 and the equation can be solved by’

ks= s1 g2 =

0.6 0.6 0.6
1-E/Eq
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Fig. 6. Determination of the stability constant of the amylose—phenolphthalein complex at pH 11
(0, M, 0.2%x10% 00, M, 3.7x10%; a, M, 49x10°).
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neglecting the cubic term. However, this approximation is valid only when the
concentration of the complex is low.

E—-E, x+k+4 (x+k+4)7> 1
E.—E, 4x+4 (4x+4)>  x+1

max

x=[Glo/[H]o; k= 1/ks[G]0[H]O

The stability constants for the amylose—phenolphthalein complexes were deter-
mined to be 1.9 X 10° for M, 4.9 X 105, 2.1 x 10° for M_ 3.7 X 10°, and 9.4 x 107
for M, 0.2 X 10°, with an error of +5%. The calculated and observed curves
showed good correlation and indicated that no large error was made by neglecting
the cubic term in the calculation and that a 1:2 complex of amylose with
phenolphthalein is reasonable.

The acyclic ketones and 4-methylcyclohexanone exhibit Cotton effects with
opposite sign when included into «CD or BCD (Table I), which could reflect
different modes of inclusion.

For complexes of substituted benzene and naphthalene derivatives®, positive
Cotton effects are observed if the electronic-transition moment of the chro-
mophore is arranged parallel to the central axis of the CD. On the other hand, if
the transition moment is arranged orthogonal to the axis, then negative effects are
obtained; there is no effect if it forms an angle of 30° with the axis’. However, to
our knowledge, no such rules have been assigned for the carbonyl group.

There are mainly two geometries for the arrangement of a carbonyl group in the
cavity of a CD as presented in Fig. 7. Since the carbonyl group has a weak
electronic-transition moment parallel to the C-O bond!’, geometries A and B
should lead to positive and negative Cotton effects, respectively. If only steric
factors are taken into account (size of the guest molecule, diameter of cavity), it
seems reasonable that the acyclic ketones should exhibit negative Cotton effects
with «CD (geometry B) and positive effects with the larger 8CD (geometry A). In
contrast, 4-methylcyclohexanone seems to be included into aCD with geometry A
and in BCD with a geometry more like B.

For the interpretation of the c.d. spectra of the other cyclic ketones, the
conformation of the guest molecules also has to be taken into account. X-ray

Fig. 7. Possible geometries for the inclusion of a carbonyl group in cyclomalto-oligosaccharides.
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analysis of the aCD-cyclopentanone complex showed that the guest molecule
adopts a chiral twist conformation in the cavity of the CD, which leads to a
negative Cotton effect'®. This situation may apply to the other cyclic ketones since
each exhibited a negative peak in the induced c.d. spectra. The different behaviour
of 4-methylcyclohexanone could be due to the fact that the energy barrier between
the chair and the twist conformations is too high. In the twist conformation, the
methyl group is in a more axial, hence, unfavourable position.

The inclusion complexes of 2-hexanone, 4-methyl-2-pentanone, dicyclopropyl
ketone, and 1,4-cyclohexancdione with amylose exhibited negative Cotton effects
in their induced c.d. spectra. Each spectrum was analogous to that of the
corresponding «CD complex. Thus, it is concluded that amylose has a conforma-
tion with six glucose units per helix turn in these complexes. Not even the bulkier
ketones seem to be able to force the amylose into a conformation with a larger
cavity. However, in the complex with phenolphthalein, amylose is analogous to
BCD, as can be seen by comparing the c.d. spectra. In this complex, the amylose
helix should have seven glucose units per turn.

The main difference in the complexes of amylose and BCD with phenolph-
thalein is the stoichiometry, with one molecule of phenolphthalein included in the
latter and two molecules in the former, This stoichiometry is independent of the
chain length of the amylose. Even amylose with a M, as high as 4.9 X 10° can
include only two molecules of phenolphthalein, which may reflect its size. It is
urlikely that such a large molecule could be complexed in the middle of the helical
domain, and inclusion occurs only at each end of the amylose chain. Probably only
part of the phenolphthalein molecule enters the helix. With smaller guest
molccules, complexation along the whole helical domain should be possible, so
that the number of complexed guest molecules should increase with increasing
chain length.

The overall stability constants (k,) for the phenolphthalein complexes with the
amyloses of high molecular weight are rather large. It is assumed that k; and k_,
for each step of complex formation are of the same order. It is unlikely that the
inclusion of one phenolphthalein molecule in the amylose helix influences the
inclusion of the second one at the other end of the chain. With this assumption,
the relation kg, =k, =45000 is obtained. This value is even larger than the
stability constant of the corresponding BCD complex. Therefore, the amylose—
phenolphthalein complex seems to be somewhat more stable.

Amylose with a M, of 0.2X10° forms a much less stable complex with
phenolphthalein. This dependence of the stability constant on the molecular
weight of amylose accords with the results of microcalorimetry®. However, using
microcalorimetry, the formation of a complex of amylose and a guest molecule
which induced a helix with more than six glucose units per turn could be detected
only for amylose with M, higher than 0.4 X 10°. In contrast, phenolphthalein is
complexed by an enlarged helix of amylose with M, 0.2 X 10, due to the fact that
the complexation occurs only at the more flexible chain ends of the helix.
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EXPERIMENTAL

Amylose (Aldrich) and the cyclodextrins (Roth) were commercial products.
Slightly hydroxypropylated amylose was synthesised as described®. The ketones
were purified by distillation before use, except for 1,4-cyclohexanedione and
phenolphthalein which were rccrystallised twice.

C.d. spectroscopy. —Spectra were recorded with a JASCO J-600 c.d. spectropo-
larimeter with 1-cm cuvettes. The following aqucous stock solutions were pre-
pared: 0.102 M 2-hexanone, 0.089 M 4-methyl-2-pentanone, 0.087 M 2,2-dimethyl-
3-butanone, 0.043 M dicyclopropyl ketone, 0.124 M cyclopentanone, 0.122 M
cyclohexanone, 0.126 M 4-methylcyclohexanone, 0.079 M 1,4-cyclohexanedionc,
0.100 M cycloheptanone, and 1.38 X 10~* M phenolphthalein.

CD (50 mg) or hydroxypropylated amylose (200 mg) was dissolved in 1 mL of
phosphate buffer (pH 7.0) and 5 mL of the corresponding stock solution. For
phenolphthalein, carbonate buffer (pH 11.0) was used for the alkaline solutions.
The volume was made up to 10 mL. The solution was stored overnight, and c.d.
spectra were recorded.

Host—guest—titration.—Amylose with M_ 4.9 X 10° was obtained by fractiona-
tion of potato starch. Commercial amylose had M, 3.7 X 10°. Amylose with M
0.2 x 10° was obtained by treatment of commercial amylose (20 g) at 90° in 0.2 M
HCI (1 L). After 1 h, the suspension was neutralised, and the product was filtered
off, washed repeatedly with water, and dried in vacuo. The amylose with M,
0.8 x 10° was synthesised enzymically'®. Molecular weight distribution was deter-
mined by gel-permeation chromatography on a Waters hydrogel column.

Increasing amounts of hydroxypropylatcd amylose were dissolved in 8 mL of
water with gentle heating. After cooling, 1 mL of a 8.2 X 10™° M phenolphthalein
stock solution (pH 11, carbonate buffer) was added, and the solution was made up
to 10 mL. The ratio glucose units: phenolphthalein was in the range 250-10000.
The absorption was measured at 553 nm after 2 h in 1-cm cuvettes. The absorption
for complete complexation was assumed to be zero. The stability constant of the
BCD complex was determined in the samc way. Here, the glucose units: phenol-
phthalein ratio was in the range 2-500 (3.7 X 10~* M phenolphthalein).
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