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I. Introduction: General Description of
Cycloamyloses

If the amylose fraction of starch is degraded by
glucosyltransferases, one or several turns of the
amylose helix are hydrolyzed off and their ends are
joined together, thereby producing cyclic oligosac-
charides called cyclodextrins (CDs) or cycloamyloses
(CAs). Since these enzymes are not very specific, a
family of macrocycles with different numbers of
glucose units are produced.1,2 The most abundant are
R-, â-, and γ-cyclodextrin with six, seven, and eight
glucoses respectively; they are also called, and in this
article used throughout, cyclohexa-, cyclohepta-, and
cyclooctaamylose or CA6, CA7, CA8. These doughnut-
shaped molecules have been investigated with the
use of spectroscopic, kinetic, and crystallographic
methods,1-5 and there is only one X-ray crystal
structure analysis of the larger δ-CD or CA9.6 Be-
yond that, the crystal structures of two larger mem-
bers of the cyclodextrins have recently been pub-
lished, namely that with 10 glucoses (ε-CD or CA10)7,8

and that with 14 glucoses in the ring (ι-CD or CA14),7
and the crystal structure of an even larger cyclodex-
trin with 26 glucoses (CA26) has been obtained.9
Whereas larger cyclodextrins with more than 100
glucoses in the ring and beyond have been prepared
by the action of disproportionating enzyme on amy-
lose,10 smaller molecules would be sterically strained
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and are therefore not produced by the glucosyltrans-
ferase enzymes.

The chemical structure of CA7 is presented in
Figure 1. It immediately suggests that this molecule
and the related CA6 and CA8 are able to accom-
modate small guest molecules that fit spatially within
the cavities formed by the annular structures. This
particular feature distinguishes CA from most other
host molecules which per se are unable to form
inclusion complexes and require crystallization into
a lattice in order to provide a matrix with suitable
cavities.

As in amylose, the glucose units in the CAs are
linked by R(1-4) bonds and adopt the 4C1 chair
conformation. They may be considered as fairly rigid
building blocks, the only conformational freedom of

the macrocycle residing in rotation of the C6-O6
groups and (limited) rotational movements about the
glucosidic link C1(n)-O4(n-1)-C4(n-1). Since all
glucoses are aligned in register (in cis) with the
secondary O2 and O3 hydroxyls on one side connected
by O2(n)‚‚‚O3(n-1) hydrogen bonds, and the primary
O6 hydroxyls on the other side, the smaller CA6 to
CA8 have the overall shape of a hollow, truncated
cone with the wide side occupied by O2 and O3 and
the narrow side by O6.

One of the most important features of CA concerns
the distribution of hydrophilic and hydrophobic groups.
Because the hydrophilic hydroxyl groups occupy both
rims of the cone, they render the CAs soluble in
water. The inside of the cavity, however, is hydro-
phobic in character since it is covered by C3-H, C5-
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H, and C6-H2 hydrogens and by the ether-like
oxygens O4. Consequently, the cavities provide a
hydrophobic matrix in aqueous solution, which led
to the term “microheterogeneous environment”.12

The unique structural properties of the CA cavity
explain some of the unusual features of these mol-
ecules. They form inclusion complexes rather non-
specifically with a wide variety of guest molecules,
the only obvious requirement being that the guest
molecule must fit into the cavity, even if only
partially. Consequently, it is not surprising to find
that noble gases, paraffins, alcohols, carboxylic acids,
aromatic dyes, benzene derivatives, salts, and water
are included, just to name a few of a long list of
potential guest substances.1-3,12-14 The most inter-
esting inclusion complexes of the CAs are of course
those which are of importance to the chemical,
pharmaceutical or food industry.14 As they will be
the topic of other articles in this issue, they are not
treated here further. CAs are, however, not only of
practical value but they have been studied in detail
because they are prototypes for the investigation of

noncovalent interactions between different molecules
which are so ubiquitous in all aspects of molecular
recognition in chemistry, supramolecular chemistry,
and biology.12,15 These interactions are mainly of the
van der Waals or hydrogen bonding type and can be
studied with the CAs using crystallographic
methods.3-5,13 Crystals of CA inclusion complexes
generally permit data collection to high resolution
(<1 Å) and grow large enough for neutron diffraction
to be carried out, thereby providing a rich source for
studies on hydrogen bonding where the accurate
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positions of hydrogen atoms must be known.16 In
addition to crystallographic studies, the inclusion
process of the CAs has been investigated in terms of
kinetics and thermodynamics using spectroscopic
methods.3

There have been many attempts to modify the
glucose units in the CAs by chemical methods.17 The
main interest in these modifications was to improve
the inclusion properties of the CAs for industrial
applications by simple extension of the length of the
cone with alkyl groups. In other, more sophisticated
approaches, functional groups were attached to one,
some, or all of the hydroxyl groups to further enhance
the naturally observed enzyme-like activity that the
CAs exhibit due to their inclusion properties and the
high density of hydroxyl groups on their rims. In a
wide variety of studies these model enzymes have
been characterized in terms of inclusion and catalytic
properties.14,15

II. Structural Features of Cyclodextrin Molecules

1. The Glucose Is a “Rigid” Unit
By and large, the overall shapes and the 4C1 chair

conformation of individual glucose units in all CAs
so far investigated are comparable, no matter what

guest is included within the cavity.4,5 Moreover, the
endocyclic torsion angles in the glucose rings are
confined to (+)- or (-)gauche within a narrow range,
as indicated by comparable values of Cremer-Pople
puckering parameters,18 suggesting that the glucose
can be considered as a fairly “rigid” building block
(Table 1). This does not hold strictly for fully
methylated CA7 where, in inclusion complexes, se-
vere distortions of the 4C1 chair form were observed19

and in the monohydrate, one glucose even adopts the
inverted 1C4 form.20

By contrast, the primary O6-H hydroxyl group can
rotate about the C5-C6 bond (Figure 2). In prin-
ciple, three staggered orientations (+)gauche, (-)-
gauche, and trans can be adopted by the O5-C5-
C6-O6 torsion angle, yet only the first two have
actually been observed in CAs; trans has not been
found thus far. A reason for this behavior could be
that in the trans orientation, adverse steric interac-
tions might occur between O6-H and atoms of the
adjacent glucose unit in the ring. In addition, the
gauche effect,21,22 operative in O-C-C-O systems,
should also destabilize the trans arrangement.

The two gauche conformers are not equally com-
mon, the (-)gauche form with O6-H pointing “away”
from the center of the cavity (Figure 2) being largely
preferred. The (+)gauche orientation with O6-H
“toward” the cavity is only found in crystal structures
if certain packing requirements are met or if a
hydrogen bond is formed with an included guest
molecule.

2. The Macrocyclic Geometry Is Well-Defined in
CA6 to CA9

Some remarkable features are observed concerning
the overall shape of the CAs. Above all, the O4 atoms
defining the macrocyclic hexa-, hepta-, octagons are
virtually coplanar, with less than 0.25 Å deviation
from the common mean plane, but larger deviations
are observed for the nonagon in CA9.6 The O4(n)‚‚‚
O4(n-1) distances forming the edges of the macro-
cycles are more or less constant within each member
of the CA family; they increase, however, from CA6
to CA8 because the glucose unit has to adjust to the
respective radius of the CAs. For CA8 and larger
ring sizes they are roughly constant, ∼4.5 Å (Table
1).

In line with these observations are distributions
of O4(n)‚‚‚O4(n-1)‚‚‚O4(n-2) angles, which are around

Takeshi Takaha received his bachelor’s degree in engineering from Osaka
University and has been working for Ezaki Glico Co. Ltd. (Osaka, Japan)
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the University of Edinburgh in 1997. His current research interests include
studies of the enzymes involved in the synthesis and degradation of starch
(glycogen) and utilization of such enzymes for the production of useful
carbohydrates.

Figure 1. (left) Chemical structure of CA7 (â-cyclodextrin);
according to IUPAC rules,11 numbering of glucoses 1 to 7
is counterclockwise; and (right) atom numbering scheme
of a glucose unit.

Figure 2. Glucose 4C1 chair conformation with O6-H in
(-)gauche (left) and (+)gauche (right) orientations. Bonds
about which rotations are likely to occur in cycloamyloses
are indicated by circles.4
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120° in CA6, 128° in CA7, and 135° in CA8, with
variations within (5°. Exceptions from these rather
constant macrocyclic data are only observed for the
smallest member, CA6. In the hexahydrate of CA6,
the macrocycle is somewhat collapsed due to the
insertion and tight fit of the small H2O in the cavity
(see also section IV), and in the complexes formed
between CA6 and para-disubstituted benzene deriva-
tives, the diameter of the benzene ring is wider than
the cavity so that the CA6 macrocycle is elliptically
distorted.23 The data given in Table 1 and in Figure
3 describe the average geometry of the macrocycles

and of the glucose unit; they are more or less constant
and not or only slightly modified by inclusion of guest
molecules. This means that upon complex formation,
the guest has little or no influence on the conforma-
tions of the glucoses but may slightly distort the
macrocycle of the enclosing CA.

3. The Torsion Angle Index

French and co-workers noted a correlation between
the O4(n)‚‚‚O4(n-1) distance and a certain combina-
tion of endocyclic torsion angles in several pyra-
noses.24,25 This interrelation can also be found for
CA6 complexes in different crystal forms, for which
the diagram shown in Figure 4 is obtained.26 There
is an obvious, almost linear correlation observed for
brick-type cage structures (see section III) formed by
CA6 and the above-mentioned para-disubstituted
benzene derivatives, indicating that the distortions
of CA6 as expressed by O4(n)‚‚‚O4(n-1) variations
of about 0.5 Å are also reflected in changes of
endocyclic torsion angles. This correlation for the
para-disubstituted benzene derivatives extends over
the whole plot in Figure 4, whereas data for CA6
inclusion compounds crystallizing in cage-type struc-
tures with herringbone arrangement (see section III)
and with channel-type structures are more narrowly
clustered in the center of the diagram, showing that
the CA6 molecules are less distorted if the guest
molecules are not of the para-disubstituted benzene
type. As to CA7 and CA8, the conformations of the
macrocycles and of the individual glucose units are
only marginally influenced by the guest molecules so
that the torsion angle index is confined to the center
of the diagram.

Figure 3. Average geometry for the glucose unit in
R-cyclodextrin-methanol-5 H2O. Standard deviations in
parentheses.23

Table 1. Some Physical Characteristics of CA6, CA7, CA8, CA9, CA10, and CA14 and Structural Parameters of the
Hydrates

CA6 CA7 CA8 CA9 CA10 CA14
number of glucose units 6 7 8 9 10 14
molecular weight 972 1135 1297 1459 1621 2270
solubility in water g/100 mL at room temperature 14.5 1.85 23.2
[R]1,4 150 ( 5 162.5 ( 5 177.4 ( 5
cavity diameter, Å 4.7-5.3 6.0-6.5 7.5-8.3
height of cone, Å 7.9 ( 1 7.9 ( 1 7.9 ( 1
volume of cavity, Å3 174 262 472
pK by potentiometry, 25 °C 12.33 12.20 12.08
partial molar volumes in solution, (mL mol-1 611.4 703.8 801.2

Structural Parameters of the Hydratesa-f

torsion angles φg av 109.2a 109.8b 108.9c 112.1d 99.4 103.4
min. 102.0a 102.3b 103.6c 88.4d 94.1e 96.6f

max. 114.9a 118.6b 123.2c 141.2d 102.1e 110.2f

torsion angles ψg av 128.8a 127.6b 127.1c 124.7d 106.1 112.6
min. 115.1a 114.2b 111.9c 97.6d 96.3e 103.6f

max. 148.7a 140.4b 138.5c 144.5d 122.0e 135.2f

angles av 119.9 128.3 134.9 136.6 138.2 138.2
O4(n)‚‚‚O4(n-1)‚‚‚O4(n-2) min. 116.9 125.2 133.5 125.7 126.7 131.6

max. 122.3 132.5 136.9 149.9 145.9 142.5

distances av 4.235 4.385 4.502 4.489 4.488 4.54
O4(n)‚‚‚O4(n-1) min. 4.158 4.267 4.433 4.262 4.36 4.45

max. 4.298 4.499 4.592 4.734 4.63 4.61

distances av 2.981 2.884 2.823 2.906 2.927 2.83
O2(n)‚‚‚O3(n-1) min. 2.902 2.801 2.765 2.741 2.85e 2.76f

max. 3.150 2.978 2.911 3.234 3.01e 2.90f

a In the “round” R-cyclodextrin‚7.52H2O, ref 44. b In â-cyclodextrin‚11H2O, ref 51. c In γ-cyclodextrin‚14H2O, see ref 38. d In
δ-cyclodextrin‚13.75H2O, ref 6. e In CA10‚H2O, only the three values without flip and kink, ref 7. f In CA14‚H2O, only the five
values without flip and kink, ref 7. g For definition see ref 11.
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4. A Ring of Intramolecular O2(n)‚‚‚O3(n−1)
Hydrogen Bonds

The remarkable structural rigidity of the CA mac-
rocycle appears to be primarily due to a ring of
hydrogen bonds. It is found in all the CA crystal
structures investigated so far and formed intramo-
lecularly between O2-H and O3-H hydroxyl groups
of adjacent glucose units which are oriented cis. The
average O2(n)‚‚‚O3(n-1) distance is not constant for
all CAs but decreases from CA6 (2.98 Å) through CA7
(2.88 Å) to CA8 (2.82 Å), indicating that hydrogen
bonds become increasingly stronger going from CA6
to CA8 (Table 1). This statement is corroborated by
measurements of hydrogen/deuterium exchange in
aqueous solution which is rather slow per se in CA
and indicative of strong hydrogen bonding.27,28 As
established by H/D exchange rates, hydrogen bonding
is stronger for CA7 than for CA6, in agreement with
the average O2(n)‚‚‚O3(n-1) distances and their
variations. Whereas the variations are small (∼0.2
Å) for CA7 and CA8 (Table 1), they can be much
larger in CA6 to the extent that O2(n)‚‚‚O3(n-1)
distances are >3.5 Å and hydrogen bonds are broken.
This is observed for CA6‚6H2O where one glucose is
rotated out of register with the other five (vide infra)
and in the elliptically distorted CA6 in complexes
with hydroquinone‚6H2O29 and with benzaldehyde‚-
6H2O.30

The O2(n)‚‚‚O3(n-1) hydrogen bonds are special
because they are the major components of three-
center bonds, the minor components donating to the
O4 atom linking the two respective glucose units31

(Figure 5). Although this should add only weakly to
the overall stability of the CA macrocycle, it will
contribute to its rigidity as it will strengthen the O2-
(n)‚‚‚O3(n-1) hydrogen bonding interactions.

As to the O6-H hydroxyl groups, they are fre-
quently engaged in intraglucose hydrogen bonding
of the type O6sH‚‚‚O5, and in most cases represent
the minor component of three-center hydrogen bond-
ing interactions; sometimes these interactions are

mediated by water molecules O6‚‚‚W‚‚‚O5, where O6
and O5 again belong to the same glucose.4

5. Glucosyl Torsion Angles O and ψ Are Rather
Constant

The intramolecular O2(n)‚‚‚O3(n-1) hydrogen bonds
stabilize the macrocyclic conformation and the ori-
entation of one glucose unit relative to its adjacent
neighbors. This, on the other hand, limits the
conformational space of torsion angles φ and ψ
describing rotations about the glucosyl C1(n)-O4(n-
1) and O4(n-1)-C4(n-1) bonds. In this paper, φ and
ψ are defined as O5(n)-C1(n)-O4(n-1)-C4(n-1) and
C1(n)-O4(n-1)-C4(n-1)-C3(n-1), respectively (see
footnote Table 1 and ref 11). The average φ, ψ torsion
angles are virtually identical for CA6 to CA8 and, in
general, do not deviate markedly from the values
given in Table 1 except for the unusual hexahydrate
of CA6. Associated with the increased ring size, the
larger CA9 displays some conformational instability
relative to CA6 to CA8 with extreme values of φ, 88.5°
to 141.2° and ψ 97.6° to 144.5°, respectively.6

III. Two Types of Crystal Structures: Channels
and Cages

CAs are easily dissolved in water (Table 1) and
crystallize with their cavities filled only by water
molecules. For the crystallization of an inclusion
complex of a CA, one has to add the guest molecule
in manyfold molar excess to form the complex be-
cause the dissociation constants are in the molar to
minimolar range, indicating weak affinities. If CA6
to CA8 are crystallized either as hydrate or as
inclusion complex, the molecules are arranged within
the crystal lattice in one of two modes described as
cage and channel structures according to the overall
appearance of the formed cavities,32 see Figure 6.

Figure 4. Correlation of O4(n)‚‚‚O4(n-1) distance with
torsion angle index in R-cyclodextrin complexes with para-
substituted benzenes (O, brick-type cage motif); complexes
with herringsbone cage motif (b) and with channel-type
motif (4). Torsion angle index defined as:19,20 |φ C1-C2| +
|φ C2-Ce| + |φ C5-O5| + |φ O5-C1| - |φ C3-C4| - |φ
C4-C5| with φ C1-C2 torsion angle O5-C1-C2-C3 etc.
From ref 26.

Figure 5. Detail of the crystal structure of â-cyclodextrin
ethanol‚8D2O determined by neutron diffraction at 15 K.
Hydroxyl group O(2)2 donates a three-center hydrogen
bond, with major component to O(3)3 (D‚‚‚O at 1.87 Å) and
minor component to O(4)3 (D‚‚‚O at 2.26 Å). Filled covalent
bonds represent O-D; thick broken lines are C-H‚‚‚O
hydrogen bonds with dH‚‚‚O < 2.7 Å; dotted lines with 2.7
Å < dH‚‚‚O < 3.0 Å; thin lines are O-D‚‚‚O bonds. Note
systematic occurrence of C3-H‚‚‚O4, C5-H‚‚‚O4 and C6-
H‚‚‚O4 interactions which stabilize the glucose conforma-
tion. Reprinted from ref 31. Copyright 1992 American
Chemical Society.
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1. Channel-Type Structures

In channel-type complexes, CA molecules are
stacked on top of each other like coins in a roll, and
the now linearly aligned cavities form “infinite”
channels in which the guest molecules are embedded
(Figure 6c). The stacks of CA are stabilized by
hydrogen bonds either between O2-H/O3-H and
O6-H sides producing head-to-tail patterns, or be-
tween O2-H/O3-H and O2-H/O3-H on one side
and between O6-H and O6-H on the other side
leading to head-to-head arrangement. In general, in
one particular crystal structure only one type of stack
is formed. In CA8 complexed with small organic
molecules, however, a unique situation is encoun-
tered because head-to-tail and head-to-head orienta-
tions alternate within the same stack, with three
stacked CA8 molecules forming the repeating unit
along the stack axis, see Figure 7.

Another related packing motif is frequently ob-
served with CA7 in which the stack consists of CA7
dimers hydrogen bonded with their O2-H/O3-H
sides. They form basket-like units in which guest
molecules are accommodated. The dimers are then
stacked and interact with their O6-H sites to form
the channel structure.

It goes without saying that the channels are not
always straight, and frequently the individual CA
molecules are tilted with respect to the channel axis.
Only in cases where a crystallographic symmetry axis
coincides with the channel axis the CA macrocycle
is exactly perpendicular to the channel (symmetry)
axis.

2. Cage-Type Structures in Herringbone and
Brick Motifs

In crystal structures belonging to the cage type, the
cavity of one CA molecule is blocked off on both sides
by adjacent CAs, thereby leading to isolated cavities

in which the guest molecules are not in contact with
each other.

With the cage-type structures, two different cat-
egories are encountered, depending on the packing
of the CA molecules. In one, CAs are packed cross-
wise in herringbone fashion, Figure 6a; this packing
motif is observed for CA6 to CA9 if cocrystallized with
water, and if CA6 is cocrystallized with krypton and
with small molecules such as iodine, methanol, or
propanol. As to CA7, the cage-type packing is
observed with small alcohols, whereas complexes
with larger alcohols and other guest molecules prefer
the channel type. With CA8, cage-type packing is
only observed with water, and all other guest mol-
ecules induce the channel form.33

The other cage-type packing is observed when CA6
is complexed with para-disubstituted benzene deriva-
tives34 or with a dimethyl sulfoxide/methanol35 mix-
ture (Figure 6b). The obtained packing motif is
reminiscent of bricks in a wall; the CA6 molecules
are arranged in layers, and adjacent layers are
laterally displaced so that the cavity of each CA6 is
closed on both sides by molecules in adjacent layers.
Besides CA6, this brick-type packing is also observed
with CA7. It can form a different brick-type packing
motif, in which dimer “baskets” are stabilized inter-
molecularly by hydrogen bonding between O2-H/
O3-H sides and arranged in layers which are dis-
placed laterally. In fact, this brick-type pattern can
be considered as a variety of the channel motif in
which every second unit is displaced with respect to

Figure 6. Schematic description of (a) herringbone, (b)
brick-type, and (c) channel crystal structures formed by
cyclodextrin inclusion complexes. Taken from refs 4 and
32.

Figure 7. Schematic description of the crystal structure
of γ-cyclodextrin (CA8) inclusion complexes other than
water. The space group is P4212, the positions of symmetry
elements are indicated by respective symbols. There are 3
× 1/4 molecules in the asymmetric unit, denoted A, B, and
C. The intermolecular contacts are head-to-tail for A/B, tail-
to-tail for B/C, and head-to-tail for C/A. Reprinted from ref
40.
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the channel axis so that the channel is disrupted and
individual cages are produced. For the CA7 dimer,
all kinds of different forms of this variety have been
observed, from truly channel to truly brick-type
packing.

3. What Are the Conditions for Formation of
Channel- or Cage-Type Crystal Structures?

The answer is that we can predict the type of
crystal packing only for CA6 with some degree of
certainty. As discussed in an early survey of crystal-
line CA6 inclusion complexes,36 small molecular
guests form cages, whereas long molecular and ionic
guests prefer channels. This behavior is especially
obvious with carboxylic acids: CA6 complexes with
acetic, propionic, and butyric acids crystallize in cages
whereas valeric acid and higher analogues form
channelssa clear and well-defined size selectivity.36

A good example for a pair of molecular and ionic
guests is acetic acid. Molecular acetic acid (the free
acid) crystallizes as a complex with CA6 in a cage
structure, contrasting with the inclusion complex of
the salt, potassium acetate, which produces a channel
structure. In the latter, acetate ions and water
molecules are located within the channel and are
disordered, and potassium ions are hydrated by
water molecules and located in external interstices.37

The situation for CA7 appears to be different, and
prediction of channel or cage forming guests is not
possible so far. In any case, the dodecahydrate as
well as methanol, ethanol, and hydroiodide complexes
of CA7 crystallize as cage-type complexes. 1-Pro-
panol, which easily fits into the cavity, induces a
change to the channel type for CA7, in contrast to
CA6 which crystallizes in the cage type with this
guest molecule. As for CA8, a herringbone cage-type
complex has only been obtained for CA8‚15.7H2O,38,39

whereas other guest molecules, even the small metha-
nol, induced the channel form.40 It appears, there-
fore, that generalizations can be made only for CA8,
and extrapolations to other CAs are not possible.32,36

Is there any rationale for the preferred channel
complex formation of CA7 and CA8? The channels
formed by CA6 are mostly of the head-to-tail form
and only in some complexes such as polyiodides
formed by disordered triiodides, do head-to-head
structures occur.41 By contrast, in most CA7 channel
structures, the CA7 molecules are arranged head-to-
head. In channel type structures formed by CA8,
alternating head-to-head/head-to-tail distributions
are found.33,40 It appears likely that, as proposed for
the complexes formed between polyiodides and CA6,
dimer formation with CA7 occurs already in aqueous
solution with appropriate guests, the CA7 molecules
being hydrogen bonded head-to-head via O2-H/
O3-H hydroxyl groups. These “baskets” contain the
guests and crystallize in linear aggregates to produce
channels. Arguments for the “basket” hypothesis are
the many channel-type structures exhibiting different
molecular packing with variations extending to the
brick-type motif.

IV. Cycloamyloses Have Many OsH‚‚‚O and
CsH‚‚‚O Hydrogen Bonds

1. Intramolecular, Interglucose O2(n)‚‚‚O3(n−1)
Hydrogen Bonding as Primary Source of CA
Structural Stability

As thermodynamic studies have indicated, CA6 is
able to form four different hydrates when crystallized
from water, three of which have been analyzed by
X-ray methods.42-44 In one of them, the CA6 mac-
rocycle adopts a “round” shape with all O2(n)‚‚‚
O3(n-1) hydrogen bonds formed; 2.57 water mol-
ecules are enclosed in the cavity and statistically
distributed over four disordered sites.44 In the other
two complexes, all water molecules are fully ordered,
but the CA6 macrocycle is partly collapsed by rotation
of one glucose unit out of the alignment with the
other five. This rotation leads to a “kink”-like
discontinuity further discussed below (section VII.3),
and disrupts two of the six interglucose O2(n)‚‚‚O3-
(n-1) hydrogen bonds; it moves the O6-H of this
rotated glucose closer to the center of the CA6
molecule so that a hydrogen bond to one of the
included water molecules is formed. As a conse-
quence, the volume of the cavity is reduced to provide
a good fit for these water molecules; it is in hydrogen
bonding contact with another water close to the O2-
H/O3-H rim in the complex called form I.42 In form
II,43 this second water is replaced by the O6-H of
an adjacent CA6, thus forming a self-complex.

This conformation of CA6, where one glucose is
rotated out of register with the other five, has only
been observed with water as guest molecule (see
section II.4). If water is replaced by the even smaller
krypton45 or with methanol23 or any other guest
molecule, CA6 adopts the “round” form with all six
O2(n)‚‚‚O3(n-1) hydrogen bonds formed. Since the
cavity is now too wide to provide a snug fit, the guest
molecules are disordered, as in case of krypton and
methanol.

2. Cooperative Networks Formed by OsH‚‚‚O
Hydrogen Bonds

Neutron diffraction was used to study form I of
CA6‚6H2O so that all the hydrogen atoms could be
located and the OsH‚‚‚O hydrogen bonds could be
determined. All the O-H hydrogen atoms are well
ordered, and since so many O-H groups (18 from
each CA6 and 12 from the 6 water molecules) occupy
the crystal asymmetric unit, extended networks of
OsH‚‚‚O hydrogen bonds are formed. They are not
organized at random but form “infinite” chains and
circular structures with four, five, and six-membered
rings predominating, where the OsH‚‚‚O all point
in the same direction, OsH‚‚‚OsH‚‚‚OsH‚‚‚ This
indicates the predominance of a cooperative effect47

which, as shown by quantum chemical calculations,
contributes about 25% of additional energy to the
invidual hydrogen bond.48,49 Since all the O-H
groups point in the same direction, these patterns
were called homodromic.47 Besides these, antidromic
arrangements are found in which one water molecule
donates two hydrogen bonds in a chainlike or cyclic
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motif which then collide on one oxygen acceptor. The
heterodromic case with all O-H groups in random
arrangement could not be identified, probably be-
cause it is less stable than the homodromic or
antidromic forms.

3. Flip−Flop Hydrogen-Bond Disorder in CA7

Since CA7 has a wider cavity than CA6, it was not
surprising to find that the hydrate CA7‚12H2O
harbors seven water molecules in the molecular
cavity. They are disordered over 11 partially oc-
cupied sites, and the remaining 5 water molecules
are distributed over 8 sites located in interstices
between the CA7 molecules. A neutron diffraction
study with all CA7 and water O-H groups deuter-
ated (O-D) showed that of the 53 O-D‚‚‚O hydrogen
bonds in the crystal asymmetric unit, 35 are of the
type Os(1/2D)‚‚‚(1/2D)sO, which was interpreted as
dynamic equilibrium DsO‚‚‚DsO T OsD‚‚‚OsD.50,51

These “flip-flop” hydrogen bonds are in fact due to
a dynamical (and not statical) disorder because CA7‚
12D2O undergoes a reversible disorder-order phase
transition at -46 °C as shown by calorimetric stud-
ies52,53 and a neutron diffraction analysis carried out
at 120 K.53 Quasi-elastic neutron scattering experi-
ments55,56 have shown that the disorder is accompa-
nied with jump rates (describing rotations of O-D
groups) of up to 2 × 1011 s-1 at room temperature, in
agreement with results obtained from molecular
dynamics simulations.57 The flip-flop disorder was
found for all seven O2(n)‚‚‚O3(n-1) interglucose
hydrogen bonds in CA7 (Figure 8), and again in the
deuterated complex CA7‚ethanol‚8D2O.58 This com-
plex also shows a phase transition at around -50 °C,
and crystal structure analyses of CA7‚12D2O and of
CA7‚ethanol‚8D2O at 120 K54 and 15 K59 respectively
have shown that upon cooling, the flip-flop disorder
of O-D groups and of water molecules has been
replaced by strict order (except for a four-membered
ring where flip-flop disorder remained). It comes
as no surprise that the OsD‚‚‚OsD‚‚‚OsD hydroxyl
groups are now aligned in the homodromic arrange-
ment, indicating that the disordered O-D groups
have oriented such that the energetic advantage due
to cooperativity is optimized.

It should be stressed here that the flip-flop dis-
order of interglucose, intramolecular O2(n)‚‚‚O3(n-
1) hydrogen bonds appears to be a characteristic
structural feature of CA7 and possibly also of CA8,
but not of CA6. This is also consistent with the
observation that X-ray analyses permitted the loca-
tion of O2-H and O3-H hydrogen atoms only in CA6
crystal structures where they are fully ordered,
whereas hydrogen atoms could not be located in CA7
and CA8, probably due to disorder. It appears that
the flip-flop disorder is confined to CA with a ring
size of seven and eight glucoses because the inter-
glucose geometry is then optimal for the stabilization
of O2(n)‚‚‚O3(n-1) hydrogen bonds with three-center
minor components to the glucosidic O4 (see section
II.4 and Figure 5). This is supported by the observa-
tion (Table 1) that the O2(n)‚‚‚O3(n-1) distances are
in narrow ranges, 2.801-2.978 Å (average 2.884 Å)

in CA7 and 2.765-2.911 Å (average 2.823 Å) in CA8,
i.e., they are energetically similar. This contrasts
with CA6 where O2(n)‚‚‚O3(n-1) distances vary over
a broader range, 2.902-3.150 Å (average 2.981 Å)
and are considerably longer (and weaker) than in
CA7 and CA8. Since the geometry in CA6 is different
due to the increased curvature of the smaller ring,
conditions for flip-flop disorder are apparently less
suited than in CA7 and CA8. It should be noted that
for entropic reasons, a flip-flop disorder network is
more favored than a network with ordered OsH‚‚‚O
hydrogen bonds.

4. CsH‚‚‚O Hydrogen Bonding Occurs if There
Is a Lack of O−H Donors

The very detailed crystal structures of CA inclusion
complexes have shown that besides normal OsH‚‚‚O
hydrogen bonding, there occur a large number of
CsH‚‚‚O hydrogen bonds that stabilize not only the
host-guest interaction but they also contribute to the
stabilization of the crystal lattice. A very good
example of this interaction is shown in Figure 9
where hydroxyl groups from CA7, water, and ethanol
and O(4) from CA7 are engaged as acceptors in
CsH‚‚‚O interactions. This suggests that an oxygen
atom satisfies its acceptor hydrogen bonding poten-
tial with C-H hydrogens if not enough donor O-H
hydrogen atoms are available;60 in fact in carbohy-
drate crystal structures, 25% of the hydrogen bonds
are of the CsH‚‚‚O type.16

Figure 8. Section of the crystal structure of deuterated
â-cyclodextrin (CA7)‚12D2O.51 All of the O2-D, O3-D
hydroxyl groups (drawn with filled O-D bonds) show 2-fold
flip-flop disorder indicated by curved double arrows; the
distances between hydrogen atoms in O2‚‚‚O3 hydrogen
bonds are ∼1 Å and too short to permit simultaneous, full
occupation; consequently, these positions are only filled to
about 50%. Oxygen atoms in light shading are fully
occupied; in heavy shading, partially. Reprinted from ref
56. Copyright 1991 Taylor & Francis.
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In the glucose units of the CA, intramolecular
CsH‚‚‚O interactions are observed that contribute
to the conformational stability. They are formed
between C3-H(n), C5-H(n), and O4(n+l), and one
of the two C6-H(n) hydrogen atoms is in close
intraglucose contact with O4(n) and interglucose
contact with O5(n-1), thereby stabilizing the (-)-
gauche torsion angle O5-C5-C6-O6, see Figure 5.

V. Diffusion of Water Molecules in the Crystal
Lattice of Ca7‚12H2O

The flip-flop disorder described in section IV.3
changes at about -50 °C to order, associated with a
phase transition measurable by calorimetric meth-
ods.52,53 This suggests that the disordered water
molecules in the crystal lattice are mobile to some
extent, and that the O-H groups of CA7 may rotate.
Since the CA7 molecules are packed in the CA7‚
12H2O crystal structure in cage-type herringbone
arrangement, it was of interest to see whether
movement of water molecules was confined only to
the cavities (7 water molecules disordered over 11
sites) and interstices (5 water molecules disordered
over 8 sites) separately or whether they would also
move between the cavities and interstices.

This was studied by X-ray analyses on CA7‚12H2O
exposed to different relative humidities (r.h.) in the
range of 100% to 15%. The crystals did not decom-
pose but their water content reduced continuously
from 12 to 9.4 molecules per CA7 and the crystal unit
cell volume shrank by 2.3%.61 At different r.h., X-ray
structure analyses were carried out which clearly
indicated that the water escapes preferentially the
CA7 cavity and is more retained in the interstices
between the CA7 molecule.62 This is probably as-

sociated with the more hydrophobic character of the
cavity in relation to the more hydrophobic interstices
containing most of the CA7 O-H groups.

Since it was of interest to determine the rate of
water diffusion through the crystal lattice of CA7‚
12H2O, a Raman spectroscopic study was carried out
where powdered CA7‚12H2O crystals were exposed
to D2O atmosphere.63 The H2O/D2O ratio in the
sample was directly monitored using the Raman
bands at 2300 and 3400 cm-1 characteristic of O-D
and O-H stretching vibrations. The H2O/D2O ex-
change follows first-order kinetics CH2O ) CH2O,Oe-kt,
with CH2O,O being the H2O concentration at the
beginning of the experiment and k ) 1.4 × 10-2

min-1, i.e., after 50 min, 50% of the H2O is replaced
by D2O. The exchange is fully reversible so that H2O
can be replaced by D2O and vice versa, and all the
H2O and O-H groups in CA are exchanged with D2O
and O-D, indicating that no O-H is engaged in such
a strong hydrogen bond that it could not experience
exchange with D. In a similar experiment, the
dehydration/rehydration of CA7‚12H2O was mea-
sured, again finding first-order kinetics with a half-
time of ∼35 min.64

The question remains whether D and H are trans-
ported by diffusion of intact water molecules or by
chains of H+ (or D+) transfer processes, with OH- (or
OD-) remaining at the surface. This question was
tackled in a complementary experiment in which
CA7‚12H2

16O was exposed to an atmosphere of H2
18O

and after defined time periods, samples were trans-
ferred to a mass spectrometer.63 The kinetics of the
16O-18O exchange agreed with those of the H/D
exchange reported above, and the analysis showed
that, finally, all H2

16O were replaced by H2
18O,

although there are no continuous channels in the
CA7‚12H2O crystal lattice. This indicates that mo-
lecular and atomic movements occur in the crystal
lattice of CA7‚12H2O which transiently open paths
so that H2O can diffuse; this is supported by molec-
ular dynamics calculations indicating that atoms in
CA7‚12H2O vibrate with amplitudes around 0.4 Å65.
As estimated from the measured kinetics, the diffu-
sion constant, D ≈ 3 × 10-8 cm2 s-1 is about 1/1000
that in pure water, D ≈ 2.2 × 105 cm2 s-1.

VI. Ca9 Is the Intermediate between Smaller and
Larger Cycloamyloses

CA9 is not commercially available as it is produced
by the glucosyltransferases in only very small amounts
and the purification is difficult. Therefore, only one
crystal structure, that of CA9‚13.75H2O, has been
published so far.6 It is of the herringbone cage type
with most of the water molecules and some of the
O6 hydroxyls of CA9 disordered. In contrast to CA6
to CA8, the macrocycle of CA9 is distorted such that
the O4 atoms describe an ellipse shaped like a boat
(Figure 10A,D). The O2,O3 hydroxyls are on the
wider “deck” side and form hydrogen bonds with
O2(n)‚‚‚O3(n-1) distances varying much more than
observed for CA6 to CA8, 2.741-3.234 Å, average
2.906 Å, see Table 1. In fact, there are even two
diametrically opposed indentations suggesting that
here the structure shows greatest distortion, whereas
the other O2(n)‚‚‚O3(n-1) hydrogen bonds are more

Figure 9. Hydrogen-bonding interactions of type OsD‚‚‚O
(thin lines) and CsH‚‚‚O (dotted lines) in deuterated
â-cyclodextrin (CA7) complexed with ethanol (EtOD) and
8 D2O as obtained from a neutron diffraction study at 15
K. The cavity accommodates one ethanol and three water
molecules W6, W7, and W8. Oxygen atoms shown dotted,
O-D as filled bonds. Reprinted from ref 59. Copyright 1990
American Chemical Society.

1796 Chemical Reviews, 1998, Vol. 98, No. 5 Saenger et al.



“normal”. The O6 hydroxyls are at the narrower
“hull” side of the boat-shaped molecule and point
toward the central cavity, which is considerably
collapsed compared with CA6 to CA8. As indicated
by molecular modeling, the distorted boat-shaped
structure of CA9 is enforced by steric strain resulting
from the large ringe size.7 It appears that CA9 has
the maximum number of glucose residues for forma-
tion of an annular structure and that an increase by
one or even more glucoses must result in a structure
that deviates substantially from the doughnut shape
that is characteristic for CA6 to CA8 (and still for
CA9).

VII. Strain-Induced Flips of Glucoses and Kinks
in Ca10 and Ca14

Recently, larger CAs with 100 and more glucoses
in the ring became available by preparative-scale
treatment of amylose with a disproportionating en-
zyme.10 13C NMR studies7 showed that the structures
of CA6 to CA8 are different from CA10 and its higher
homologues, and X-ray structures identified a novel
structural motif, the band flip, in CA10, CA14, and
CA26.

1. 13C NMR Spectra Indicate Different Structures
13C NMR spectroscopy on the series formed by CA6

to CA26 showed only one sharp signal for each of the
six glucose carbon atoms in the different CA, indicat-
ing that glucoses are identical on the NMR time
scale.7,8 Increasing the ring size mainly affects 13C1
and 13C4 signals, while resonances of the other

carbons are only marginally influenced. For CA6 to
CA8, 13C1 and 13C4 signals occur at ∼102.4 and ∼81.8
ppm respectively; for CA10 and the higher homo-
logues, these signals shift to ∼100.2 and ∼78.3 ppm,
suggesting some as yet undefined structural differ-
ences. The signals for CA9 are intermediate, 13C1
at 100.9 ppm and 13C4 at 79.2 ppm. The shift in
13C1 and 13C4 signals between CA8 to CA10 indicates
clear distinction of two structural types; one is
defined by CA6 to CA8 and the other by the higher
homologues from CA10 on. However, according to
its 13C signals, CA9 could occur in both forms, the
observed singlets being indicative of rapid structural
changes well below the millisecond NMR time scale.

2. CA10 and CA14 Are Not Doughnut-Shaped
The nature of the differences between the two

structural forms of CA has been elucidated by X-ray
analyses of CA107,8 and CA147 (ε- and ι-cyclodextrin
or cyclodeca- and cyclotetradecaamylose) crystallized
from aqueous solutions as 20.3 and 27.3 hydrates,
respectively.7 Both crystals belong to the monoclinic
space group C2 with half a molecule in the asym-
metric unit, the second half being related to the first
by crystallographic 2-fold rotation symmetry. The
molecular shapes of CA10 and CA14 are very differ-
ent compared to the shapes of the smaller CA6 to
CA9 (Figure 10 parts B, E and C, F). This is due to
the ∼180° flipping of two diametrically opposed
glucoses so that the ring of intramolecular O2(n)‚‚‚
O3(n-1) hydrogen bonds, which is still present in
CA9, is disrupted. At the flip site, two adjacent
glucoses are oriented trans, the other glucoses still

Figure 10. Schematic representation in top and side views of the molecular structures of CA9 (A, D), CA10 (B, E), and
CA14 (C, F), to show the distortions associated with increase in ring size of the cycloamyloses. In Figures B, E, C, and F,
the flips occur where the course of the O2, O3, and C6 atoms is broken. For clarity, only O2,O3 (dark) and C6 (light) atoms
are drawn. For numbering of O2 and O3 hydroxyl groups, see Figure 4. Reprinted from ref 7. Copyright 1998 VCH
Publishers.
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remaining cis, but all are rotated. This is analogous
to a band that is cut in two halves, on each half one
of the end residues is rotated 180°, and the two
halves are glued back together. For this reason, this
new structural motif was called2 “band flip”7 (Figure
11A,
B). As a consequence of these two symmetrically
arranged “band flips”, the molecules are clearly
divided into two halves connected at the flip sites.
The central cavities are no longer open and round
as in the smaller homologues but more slitlike, and
the elliptically distorted molecules adopt molecular
shapes resembling butterflies with the band flips
located at the “body” and the wings formed by CD-
like segments.

3. “Band Flips and Kinks as New Structural
Features in CA Containing More than Nine
Glucoses

There are significant conformational differences
between CA10 and CA14. In CA10, the band-flip

occurs between glucoses G5′ and G1 (primed and
unprimed numbers refer to glucoses in one or the
other symmetry related halves of CA10 and CA14).
The orientation of flipped glucose G1 is stabilized by
three-center hydrogen bonds16 donated by O3(5′),
namely O3(5′)‚‚‚O6(1)B, 2.74 Å and O3(5′)‚‚‚O5(1),
3.21 Å (Figure 12A). Between the next two glucoses
G1 and G2, a kink increases the O2(2)‚‚‚O3(1)
distance to 3.94 Å so that the hydrogen bond is
broken; instead, a hydrogen bond unusual for oli-
gosacharides O6(1)A‚‚‚O6(2)B, 3.08 Å, is formed
between these two glucoses and may contribute to
the stabilization of the kink; these two O6 hydroxyls
point toward the cavity of CA10 and delimit its width
(Figure 10A). The remaining glucoses (G2 to G5) are
in the usual cyclodextrin-like arrangement with
interglucose O2(n)‚‚‚O3(n-1) hydrogen bonding dis-
tances in the range 2.89-3.03 Å.

In CA14, the flipped glucose G1 is again held in
orientation by a three-center hydrogen bond donated

Figure 11. Molecular structures of CA10 (left) and CA14 (right) in top and side views, water omitted for clarity. The
positions of the crystallographic 2-fold rotation axes are indicated (solid oval), glucoses in the two asymmetric units are
denoted with primed and unprimed numbers. Oxygen and carbon atoms drawn as large (dotted) and small spheres,
respectively; O6 oxygen atoms of glucoses 1, 2, 3, and 5 in CA10 and 1, 4, and 6 in CA14 are 2-fold disordered. Dotted lines
suggest possible hydrogen bonds with O‚‚‚O distances smaller than 3.5 Å, flip and kink are marked. In CA14, the thick
arrows in the center indicate how glucoses might approach each other in larger cycloamyloses to form antiparallel double-
helical structures with hydrogen bonds formed between O2 and O3 hydroxyl groups (see also Figure 13). Figures drawn
with MOLSCRIPT.77
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by O3(7′); namely O3(7′)‚‚‚O6(1)B, 3.05 Å and O3-
(7′)‚‚‚O5(1), 3.32 Å; reminiscent of the geometry
around the band-flip site in CA10 (Figure 12B).
There is also a kink which, in contrast to CA10, does
not directly follow the band-flip site but occurs
between glucoses G5 and G6, and is stabilized by a
long (weak) O2(6)‚‚‚O3(5) hydrogen bond of 3.40 Å.
All other O2(n)‚‚‚O3(n-1) hydrogen bonds including
those adjacent to the flip site are in the common
range, 2.75 to 2.89 Å. In contrast to CA10, the
narrowest diameter of the slitlike cavity in CA14 is
formed by the O2,O3 hydroxyls of gluoses G6 and G7
preceding the band-flip site.

The band flip is best described by torsion angles φ
and ψ.7,11 They are in the normal range for the
O2(n)‚‚‚O3(n-1) hydrogen bonded glucoses in the two
halves, φ (94.1-102.1°); ψ (96.3°-122.0°) in CA10
and φ (96.6-110.2°); ψ (103.6-135.2°) in CA14 (Table
1). However for the flipped glucoses, these torsion
angles are φ ) 84°; ψ ) -65° for G5-G1′ in CA10
and φ ) 82°; ψ ) -69° for G7-G1′ in CA14, and for
the kinked glucoses φ ) 76°, ψ ) 84° in CA10 and φ
) 93°; ψ ) 92° in CA14.7 Despite these structural
peculiarities, all glucoses in CA10 and CA14 are in
4C1 conformation and unstrained as indicated by
Cremer and Pople18 puckering parameters (not
shown), by the virtual O4(n)‚‚‚O4(n-1) distances
(4.36-4.63 Å for CA10 and 4.45-4.61 Å for CA14)
and by the angles subtended by O4 atoms, O4(n)‚‚‚
O4(n-1)‚‚‚O4(n-2), 126.7-145.9° for CA10 and
131.6-142.5° for CA14, Table 1.

The two band flips observed in CA10 and CA14 are
a novel structural motif in (cyclo)amyloses and may
occur whenever steric strain has to be relieved. They
have comparable structure as indicated by φ and ψ
torsion angles, and the trans orientations of adjacent
glucoses are stabilized by O6(n)B‚‚‚O3(n-1) and O5-
(n)‚‚‚O3(n-1) hydrogen bonds. It appears that this
motif, although less preferred, is as characteristic for
amylose structures as the common motif where
adjacent glucoses are in register (in cis) and O2(n)‚‚‚
O3(n-1) hydrogen bonded. If these two motifs do not

suffice in stabilizing an amylose structure in a low
energy conformation, kinks are introduced. They can
vary in degree and position along the amylose chain
and are stabilized either by O6(n)(+gauche)‚‚‚O6(n-
1)(-gauche) or by long O2(n)‚‚‚O3(n-1) hydrogen
bonds as shown for CA10 and CA14, respectively.

4. Band Flips Must Occur Due to Conformational
Strain

The energetics of the CA molecules, CA6 to CA10
and CA14, have been investigated by two comple-
mentary methods. First, the structures obtained
from the X-ray study were energy minimized in a
vacuum using the CHARMM22 force field. Second,
the solvation energy was calculated using the Pois-
son-Boltzmann program SOLVATE.7 The sum of
force field energy and solvation energy per glucose
unit are remarkably similar for all molecules, ranging
from -7.42 kcal/mol (CA6) to -7.94 kcal/mol (CA10).
By contrast, the contributions of individual energy
terms in that sum can vary significantly. This is
especially true for the energetic changes in CA10 and
CA14 in connection with the two band flips. There,
due to the disturbed chain of intramolecular O2(n)‚‚‚
O3(n-1) hydrogen bonds, the Coulombic energy per
glucose unit in CA10 is 2 kcal/mol higher than the
corresponding energy in CA9. However, this differ-
ence is balanced by the more relaxed torsion angle
energies and the better solvation of CA10.

5. Extension of the Structure of CA10 and CA14
to Very Large CAsA Plausible Model

One could assume that all very large CAs will
exhibit comparable structures. This is because in
CA14, the band-flip site forms short O2(n)‚‚‚O3(n-
1) hydrogen bonds to preceding and following glu-
coses. Additional glucoses in larger CA may be added
at the band-flip sites to form strings of O2(n)‚‚‚
O3(n-1) hydrogen bonded glucoses, and the kink
may vary (and even disappear), depending on re-
sidual strain energy. The two strings in opposite

Figure 12. Structural details of kink and flip sites in CA10 (A) and CA14 (B). Water oxygens are shown as large spheres
(labeled W); glucose oxygen and carbon atoms are drawn with large and small spheres, respectively; O2, O3, O6 darker;
O2, O3 are numbered. View is from the center of the molecules. Note that the flips with trans oriented glucoses are stabilized
by three-center hydrogen bonds O(3)‚‚‚O(5′)/O(6′; in (+)gauche) between glucoses 1 and 5′ in CA10 (A) and between 1 and
7′ in CA14 (B). The kink in CA10 is stabilized by an unusual hydrogen bond between O6 hydroxyls, O6(1)A‚‚‚O6(2)B, 3.06
Å. The O2(1)‚‚‚O3(2) distance at this kink site is too long (3.94 Å) to be hydrogen bonded, whereas in CA14, the O3(5)‚‚‚-
O2(6) distance of 3.40 Å is indicative of a long, weak hydrogen bond. The orientations of the glucoses at the flip sites are
marked by arrows, and thick arrows at O4 and C1 atoms at both ends of the flip sites delineate the course of the CA chain.
Reprinted from ref 7. Copyright 1998 VCH Publishers.
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orientation may approach each other and associate
across the center of the molecule through hydrogen
bonds between O2 and O3 hydroxyl groups (see
caption to arrow in Figure 11B). Since the strings
will be twisted in cyclodextrinslike form due to their
O2(n)‚‚‚O3(n-1) hydrogen bonding, we anticipate
formation of a left-handed antiparallel double helix
(Figure 13) as observed in the crystal structure of (p-
nitrophenyl-R-maltohexaoside)2‚Ba(I3)2‚27H2O.66-68

6. CA10 and CA14 in SolutionsDo They Form
Inclusion Complexes?

The three-dimensional structures of CA10 and
CA14 appear to be relatively rigid even in solution
because these molecules crystallize as readily as the
smaller cyclodextrins, in contrast to linear maltooli-
gomers with their high degrees of conformational
freedom. The three-dimensional structures of CA10
and CA14 are not only stabilized by intramolecular,
interglucose hydrogen bonding but also by interac-
tions with water molecules in hydrogen bonding
contacts with the glucose hydroxyl groups (not shown).
The water molecules are mostly disordered and
located in the narrow cavities enclosed between the
rows of O2, O3 groups on one side and of O6 groups
on the other (Figure 10C-F). In solution, CA10 and
CA14 undergo conformational changes that are fast
on the NMR time scale as all CAs show only six 13C
signals and no doublets for C1 and C4. We assume
that the chain flips move along the chains and/or
glucoses flip back to form much distorted cyclodex-
trin-like structures.

It is not yet clear whether the larger cycloamyloses
CA10 and beyond will form inclusion complexes as
observed for the cyclodextrins, CA6 to CA8. A
preliminary note8 reports the structure of CA10
crystallized from a 1:1 mixture of water and aceto-
nitrile. The crystals, however, are identical to those
obtained from pure water7 and had not formed a
complex with the organic solvent. This suggests that
the inclusion properties of CA10 are different to the
cyclodextrins CA6 to CA8 which may accommodate

many kinds of guest molecules, among them aceto-
nitrile,69 in their central, round cavities, permitting
a snug fit. In CA10 and the higher homologues, a
guest molecule would not experience a comparably
close proximity to the host molecules, because their
cavities are so distorted into narrow grooves that only
guest molecules with geometries complementary to
these grooves might be able to form inclusion com-
plexes. This could open avenues for very specific
host-guest interactions with the larger CA mol-
ecules.

On the other hand, the situation may be different
with CAs large enough to form an antiparallel double
helix as proposed above (Figure 13). The double helix
contains a central, channel-like cavity which may
accommodate guest molecules of suitable size, analo-
gous to the inclusion of ployiodide (I3

-)n in the double
helix formed by (p-nitrophenyl-R-maltohexaoside)2‚
Ba(I3)2‚27H2O.66,67 This view is supported by the
observation (unpublished) that CA50 and larger show
properties similar to linear amylose. They form
precipitates from aqueous solutions if higher alcohols
or long fatty acids are added, and produce blue or
brown complexes with iodine depending on their size.
This could, however, be due to inclusion into the
channel-like cavities in helices of the V-amylose type
as shown below.

VIII. A Glimpse at the Structure of CA26sDéjà
Vu Cyclodextrin and Band Flips: The V-Amylose
Helix

The crystal structure of CA26 hydrate9 contains
(CA26)2‚78H2O in the triclinic unit cell. It shows that
the CA chain is not folded as proposed on the basis
of the structure of CA14 (Figure 14) with central
antiparallel, left-handed double helix and two band
flips in the loops. By contrast, CA26 adopts the
shape of a figure eight in which each half consists of
two left-handed, single helical turns with six glucoses
per repeat, the same conformation as proposed for
V-amylose on the basis of X-ray fiber and electron
diffraction,70-72 and 13C-CP MAS NMR.73,74 The
turns are stabilized by hydrogen bonds formed in-
ternally between the glucoses O2(n)‚‚‚O3(n-1), and
between the turns by O2 and O3‚‚‚O6. At the “upper”
and “lower” sides, the short helices are connected by
two stretches of three glucoses containing one band
flip each. The flips have geometries as described for
CA10 and CA14 in Figure 12, i.e., the structure of
CA26 hydrate is modular with elements taken from
CA6 and CA10 and from V-amylose.

The two short single helices in CA26 contain
channel-like cavities with a similar width as found
in R-cyclodextrin. They accommodate disordered
water molecules but could also enclose other mol-
ecules of suitable size. Such inclusion complexes
have actually been observed for very long CA (see
above).

The amylose chain in CA26 hydrate is folded such
that the two single helical structures in the figure
eight are tightly associated though hydrogen bonding
and van der Waals interactions. It appears that this
structural organization is very specific for a CA of

Figure 13. Illustration of the proposed antiparallel left-
handed, double helical form (only half a molecule) for larger
cycloamyloses. The O2,O3 chain of the molecule is indicated
by the solid line. It is interrupted at the flip site marked
by the arrow. Reprinted from ref 7. Copyright 1998 VCH
Publishers.
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this particular size. If the length of the amylose
chain is extended or shortened by only few glucose
units, the tight intramolecular packing will be changed
adversely so that structural reorganization might
occur. This view is supported by the finding that we
were able so far to crystallize only CA10, CA14, and
CA26 although we have available the whole series
of CAs. It could well be that the figure eight shape
of CA hydrate is only one possible molecular struc-
ture of long CA, and others are provided by the
folding with central antiparallel double helix as
suggested in Figure 13. In fact, even other structures
might be feasible, depending on the length of the CA
chain, as illustrated by modeling of CA21 into dif-
ferent shapes that were used to interpret small-angle
X-ray scattering data obtained for CA21 dissolved in
water.75

IX. Outlook
Although CAs have been known since 1903 when

they were discovered by Schardinger,76 they still
provide surprises in research and applications. The
most common members of this family of compounds,
CA6 and CA7, play increasing roles in chemical and
pharmaceutical industry, and they have been and
still are utilized in model studies relating to nonco-
valent intermolecular interactions. In addition, they
belong to the best known “supramolecular com-
pounds” and consequently are of current interest also
in relation to other synthetically prepared ring-
shaped molecules. The very recent emergence in

preparative quantities of the very long CAs has
widened the horizon of the CAs considerably. With
the structure determinations, their geometrical prop-
erties and characteristics have been describedstheir
solution and inclusion properties have yet to be
elucidated, not to mention the possible industrial
applications.
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