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Preface

The intention of this work is to serve as a detailed introduction to the field of macrocyclic chemistry. We
will attempt to take the reader on a journey through this field, beginning with the simplest of systems and
progressing to increasingly complex ones, showing their inherent beauty and aesthetic appeal. Macrocyclic
compounds are becoming more and more useful with the passing of time and are employed in ever wider
fields of application.

We will begin in Chapter 1 with the simplest of the cyclic systems, low-molecular-weight compounds
such as cyclohexane and benzene, along with a brief discussion of bonding and aromaticity. Chapter 2
will then discuss larger systems such as annulenes and fused-aromatic-ring systems. Initially these will
all be carbon rings, but as we progress the use of other elements will become more and more common,
expanding the chemistry and binding interactions observed in these systems. This will begin in Chapter 3,
which will not only discuss the syntheses and properties of these compounds, but will also introduce the
concept of the template effect. The template effect is what makes the synthesis of many of the complex
systems described within this work possible. What the template effect does is pre-organise the units that
make up these macrocycles before covalent bond formation takes place; it can be based on a variety of
interactions such as oxygen–metal interactions within crown ether formation. Other interactions that can
be utilised to pre-organise the system include hydrogen bonding, metal–π interactions and interactions
between electron-rich and electron-poor aromatic systems. These interactions are responsible for the good
yields and clean reaction products obtained for many of these syntheses, many of which would be highly
unlikely or impossible without these pre-organisation events.

As we progress through the book the macrocyclic systems become more complex. Chapter 4 discusses
calixarenes, based on multiple phenol units arranged to form larger rings, while Chapter 5 looks at similar
systems based on heteroaromatic units such as calixpyrroles. Chapter 6 discusses the naturally obtained
cyclodextrins; these beautiful cyclic polysugars have been obtained in a range of sizes and substitution
patterns and are now becoming widely used within various commercial applications. Further chapters
discuss other synthetic systems such as the bowl-shaped cyclotriveratrylenes (Chapter 7) and the pumpkin-
shaped cucurbituril macrocycles (Chapter 8). Besides the syntheses and structures of all these families of
compounds, an account will be given of their binding of a wide variety of guests, utilising a range of
interactions. Many of these compounds bind with a specificity and selectivity that can only be surpassed
by biological interactions and has led to their use as sensors, extraction agents or selective encapsulation
agents for applications such as drug delivery.

Finally the assembly of these systems into even larger and more complex arrangements will be discussed.
Supramolecular interactions that lead to the formation of mechanically interlocked molecules such as the
rotaxanes, where linear molecules are threaded through macrocycles, molecular knots, and the catenanes,
where two or more macrocyclic rings are threaded through each other, are described in Chapter 9. Initial
studies on the use of these systems as molecular machines are described in Chapter 10, such as molec-
ular shuttles and switches, nano-valves and logic gates. The potential for using these types of systems
in molecular computing could perhaps address the requirement for ever smaller transistors to increase
computing power.



xii Preface

We hope that within this work we not only impart knowledge of these systems but also an appreciation
of their inherent fascination for many scientists. The sheer elegance of some of the syntheses along with the
simplicity of many others helps to impart some understanding of the intricate supramolecular interactions
which occur within these systems. Besides their aesthetic appeal, the potential applications for many of
these systems mean that the field of macrocyclic chemistry will continue to be a fascinating and important
area of study for the foreseeable future.

Frank Davis and Séamus P.J. Higson
Cranfield, September 2010



1
Introduction

Ever since the dawn of man, humans have been chemists of one form or another. One of the first chemical
reactions primitive man discovered was that certain materials could be burnt and the resultant heat released
used to cook food and warm dwellings. As time progressed other chemistries were discovered, ranging
from the smelting of metals to brewing to the use of plant extractions for dyeing textiles.

The ancient Greek philosopher Democritus proposed an atomistic theory of matter, which became popular
again in the sixteenth and seventeenth centuries AD with the work of some of the great chemists of that
time such as Boyle, Cavendish, Lavoisier and Priestley. Many elemental compounds were discovered by
these and other workers, and later workers such as Kekulé and Frankland introduced concepts such as
valence and molecular structure. One of the results of this work was the discovery of the tetravalence of
carbon. Molecular structures for compounds such as alkanes, alcohols, acids and so on were also deduced
around this time.

1.1 Simple Ring Compounds

Many early ring compounds were discovered and isolated and had their properties determined long before
their actual physical structures were known. Once valency and the concept of the chemical bond were
introduced, the structures of some alkanes were deduced to be cyclic, such as the simple hydrocarbon
compound cyclohexane (Figure 1.1a). There are a huge number of simple ring carbons, ranging from
the simple cyclopropane ring, the smallest of all hydrocarbon ring compounds, through to huge cyclic
structures. These large structures are often termed ‘macrocycles’ to reflect their large size; it is with these
compounds that this work is concerned.

There are many aliphatic hydrocarbon ring compounds, with cyclopropane being the smallest, followed
by cyclobutane, cyclopentane, cyclohexane and so on. These simple cycloalkanes are similar to the cor-
responding linear alkanes in their general physical properties, but have higher melting/boiling points and
densities. This is due to stronger intermolecular forces, since the ring shape allows for a larger area of con-
tact between molecules. As chemical synthesis methods have improved, the number and ring size of these
compounds have increased dramatically, as demonstrated by consideration of, for example, the crystal
structures obtained for the cycloalkane C288H576.1
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Figure 1.1 Schematic, chair and boat structures of cyclohexane

Of course, the formation of large rings is in no way limited to carbon. Many other elements can be
incorporated into ring structures: sulfur for example usually exists as a cyclic S8 compound, although other
ring sizes from 6–20 and polymeric forms have been synthesised.2 Se8 is also known, although selenium
tends to form polymeric chains. Cyclic siloxanes (with Si—O— chain repeat units) contain a variety of
ring sizes and are common industrial chemicals.

Many other elements, although not capable of forming stable ring structures by themselves, can be
incorporated into carbon-based rings. Typical examples include tetrahydrofuran, piperidine and ethylene
sulphide. The incorporation of heteratoms into hydrocarbon rings has led to the development of several
classes of macrocycles such as crown ethers and cryptands (see Chapter 2).

As drawn in Figure 1.1, the structure of cyclic alkanes such as cyclohexane appears to be a simple
flat ring. However the real structures of these systems are far more complex. Since three points define
a plane, cyclopropane is by definition flat. In cyclobutane however the carbon atoms adopt a puckered
conformation, with three atoms in a plane and the fourth at an angle of about 25◦. Cyclohexane, if it existed
as a flat hexagon, would undergo considerable angle strain and as a consequence exists in a ‘chair-like’
conformation (Figure 1.1), with a carbon–carbon bond angle of 109.5◦. A second, less energetically-
favoured conformation is the ‘boat’ conformation, which cannot be isolated; there are also a number
of other potential structures, such as the twist conformation. Substituted cyclohexanes can exist in the
chair conformation with substituents which are either ‘equatorial’ or ‘axial’; these two isomers tend to
interconvert rapidly at room temperature. In the case of large substituents, these are mostly in the equatorial
position, since this conformation is energetically more stable. Large ring structures have a multitude of
possible conformers.

Multiple ring systems are also possible, either linked as in bicyclohexyl or fused as in decalin. Within
the field of natural product chemistry, there are many examples of fused multiple aliphatic ring systems.
A review of this is far beyond the scope of this work, but these include for example the steroid family of
molecules such as cholesterol with fused cyclohexane and cyclopentane rings, as well as the multiple ring
systems of adamantane. There are also a huge number of carbohydrates based on linked cyclic furanose
and pyranose systems, such as sucrose. Within natural product chemistry, the five- and six-membered ring
compounds tend to dominate, although there are many exceptions such as the terpenes, pinene with fused
six- and four-membered rings, cembrene A with a 14-membered ring, and the penicillins, which contain
a four-membered ring. An extreme example is the family of compounds known as ladderanes, which are
formed by certain bacteria, an example of which is pentacycloammoxic acid,3 with five fused cyclobutane
rings. Figure 1.2 shows the structure of these compounds.
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1.2 Three-Dimensional Aliphatic Carbon Structures

There is an aesthetic desire amongst chemists to synthesise molecules with a symmetry and artistic beauty.
This can be seen in the amount of effort that has gone into the synthesis of numerous three-dimensional
structures from carbon and a wide range of heteroatoms. Often the high degree of strain in these compounds
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Figure 1.3 Platonic and other strained hydrocarbons

can lead to unusual forms of bonding and novel chemistries. Some of these small molecules will be
detailed below.

Platonic solids are regular convex polyhedra in which all angles and side lengths are identical. The
simplest of the five Platonic solids is the tetrahedron. Attempts have been made to synthesise tetrahedrane
(Figure 1.3), C4H4, but with no success, and it seems unlikely that this molecule is stable enough to
exist under normal laboratory conditions. However, derivatives of tetrahedrane where the hydrogen atoms
are replaced by larger stabilising groups have been successfully synthesised. Derivatives of tetrahedrane
substituted with either four tertiarybutyl4 or four trimethylsilyl5 groups have been successfully isolated as
stable solids. In the case of the trimethylsilyl derivative, the C—C bonds were significantly shorter than
typical C—C bonds and this compound could also be dimerised to form a ditetrahedrane with an extremely
short (144 pm) bond connecting the two tetrahedra.5

Tetrahedral molecules also exist for other elements. White phosphorus is made up of P4 tetrahedra, and
As4 tetrahedra are also known. A synthesis of a substituted silicon version of tetrahedrane with an Si4
tetrahedron substituted with stabilising silyl groups has also been reported.6

The second of the Platonic solids is the cube, and its chemical equivalent, cubane C8H8, has been
known7 since 1964. Cubane (Figure 1.3) is a stable solid melting at 131 ◦C and has a very high density
(1.29) for a hydrocarbon. The same group demonstrated the rich chemistry of cubane by synthesising
nitrated versions with between four and all eight hydrogen atoms replaced by nitro groups;8 this is a
highly energetic compound with potential for use as a high explosive. Cubane-type structures do exist in
nature, such as for example a number of iron-sulfur proteins containing cubane-type structures with Fe
and S atoms at alternating corners.

A third Platonic solid is the dodecahedron. Dodecahedrane (C20H20) was first synthesised9 in 1982.
The structure was confirmed by NMR spectra, which showed that all carbon and hydrogen atoms were
equivalent (Figure 1.3). When a sample of dodecahedrane was bombarded with helium ions, a small
fraction of the dodecahedrane molecules were shown to form a so-called He@C20H20 compound, where
the helium is not bound by a chemical bond (since it is a noble gas) but rather is encapsulated in the
carbon cage and physically unable to escape.10

Two other Platonic solids exist, the octahedron and the icosahedron. However, octahedrane (which
would have the formula C6) is thought to be too highly strained to exist, especially as stabilising groups
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cannot be attached. A carbon icosahedron cannot exist since it would require each carbon to bind to five
neighbouring carbons, which is ruled out by the tetravalency of carbon.

Apart from the platonic solids, a series of other symmetrical hydrocarbons also exists. Benzene has the
formula C6H6, which would normally require a combination of multiple bonds and ring systems, but much
of the chemistry of benzene does not fit with the presence of unsaturated groups. One proposed structure
was that of Ladenburg, which had the carbon atoms forming a prism (Figure 1.3). Although later proved not
to be the structure of benzene, the compound was eventually synthesised and named prismane.11 Prismane
is stable at room temperature but decomposes to benzene upon heating.11 A wide range of other esoteric
hydrocarbons have also been synthesised, including pentaprismane12 and pagodane.13

1.3 Annulenes

Many compounds have been found to have properties which are not in keeping with their predicted struc-
tures. One such is benzene, for which a formula C6H6 was deduced from Faraday’s work in 1825, which
discovered the empirical formula and molecular weight of benzene. However, if the classical valencies
of carbon and hydrogen were to be maintained, this would require the incorporation of multiple rings or
bonds within the structure. A number of possible structures were proposed but the one that became most
prevalent was that of Kekulé, who suggested that benzene was in fact cyclohexa-1,3,5-triene (Figure 1.4a),
with a six-membered ring structure containing alternating double and single bonds.14 This explained some
of the properties of benzene, such as the fact that there was only one isomer for singly-substituted ben-
zenes but three isomers of disubstituted rings.15 Twenty-five years later at a meeting in his honour, Kekulé
apparently spoke of how he had realised the structure of benzene during a dream in which he saw a snake
biting its own tail.

However, it soon became obvious that benzene could not be the simple hexatriene originally postulated.
First it was realised that there should be more isomers of disubstituted compounds than could be iso-
lated. The three isomers of, for example, dimethyl benzene are the 1,2, 1,3 and 1,4 substituted derivatives.
However, there should be two isomers of 1,2-dimethylbenzene, as shown in Figure 1.4b. These compounds
ought to be separable, but only one isomer could be isolated. One possible explanation for this could be
that benzene and substituted benzenes are mixtures of two rapidly equilibrating cyclohexatrienes.

Another fault with the postulated structure was that the chemistry of cyclohexatriene should be that
of a highly reactive alkene; cyclohexatriene should for example decolourise bromine water, with the
concurrent formation of highly brominated derivatives. However, for benzene this reaction does not occur
under conditions under which many other alkenes readily brominate. This required the development of
molecular orbital theory and the idea of resonance energy. Instead of alternating single and double bonds, a
structure was proposed where the carbon–carbon bonds are intermediate between single and double bonds.
Interactions between the p-orbitals lead to the formation of circular delocalised ‘clouds’ of electrons above

CH3

(a) (b) (c)

CH3
CH3

CH3

Figure 1.4 Structures of ‘cyclohexatriene’ and isomers of ‘dimethyl cyclohexatriene’
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and below the plane of the carbon atoms. The convention is to draw the six-membered benzene ring as a
hexagon with a circle (symbolising the cyclic delocalised system) inside it (Figure 1.5a). The symmetry
of such a structure was finally proved when X-ray crystallography could be utilised to determine the
structure of the benzene ring. Work by Kathleen Lonsdale in 1929 on hexamethylbenzene16 showed it to
have a symmetrical flat hexagonal structure, with the C—C bonds of the ring having a length (142 pm)
intermediate between those of carbon–carbon single and double bonds. The term ‘aromatic’ was coined
for hydrocarbons of this type.

One consequence of molecular orbital theory was the Huckel 4n + 2 rule. For a molecule to have
aromatic properties it must follow three rules: it must have 4n + 2 electrons in a circular conjugated bond
system (for example, benzene has six, i.e. n = 1), it must be capable of assuming a planar (or almost
planar) conformation, and finally each atom must be able to participate in the delocalised ring system by
having either an unshared pair of electrons or a p-orbital.

Once this rule was formulated, interest was generated in synthesising analogues of benzene with alter-
nating single/double bonds but of different ring sizes. These compounds have been grouped under the
name ‘[n]annulene’, where n is the number of atoms in the ring. Therefore benzene could be referred to
as [6]annulene. A wide range of other annulenes have been synthesised.

The smallest annulene, cyclobutadiene or [4]annulene (Figure 1.5b), has four electrons available to
participate in an aromatic system. This does not follow the 4n + 2 rule and experimental measurements
show that there is no aromaticity. Cyclobutadiene is rectangular rather than square and is highly reac-
tive, forming a dimer with a reaction half-life measurable in seconds. However, metal–cyclobutadiene
complexes17 such as (C4H4)Fe(CO)3 display much higher stabilities because the metal atom donates
two electrons to the cyclobutadiene ring, giving it six electrons, which enables it to obey the 4n + 2
rule. Similarly, the dilithium salt of a tetrasilylated cyclobutadiene dianion,18 C4(SiMe3)4

2− 2Li+, has
been shown to be relatively stable at room temperature and to contain a square, planar cyclobutadi-
ene species.

Cyclooctatetraene or [8]annulene (Figure 1.5c) was found not to be aromatic and displayed the chemistry
of a conjugated polyene. However, it is much more stable than cyclobutadiene and is available commer-
cially. With eight electrons, cyclooctatetraene was not expected to have an aromatic structure, as confirmed
by an X-ray study19 which showed the molecule adopts a ‘tub’ shape with alternating single and double
bonds. Reaction with potassium metal gives a dianion, however, which is highly stable, obeys the 4n + 2
rule since it has 10 electrons – and has been shown to be planar and aromatic in nature by X-ray studies.20

A large range of higher annulenes have been synthesised and a comprehensive review is beyond the
scope of this chapter. Early work has been reviewed by Sondiemer,21 and much later work has also been
reviewed.22 Within this chapter we will provide a brief summary of work that has been carried out in
this field.

[10]annulene has been synthesised. Since this obeys the Huckel 4n + 2 rule, it would be expected to
be aromatic. However, the NMR and reactivity of this compound are typical of a polyene-type structure
rather than an aromatic one. This can be explained by the fact that aromatic systems need a high degree of
planarity. A simple all-cis ring system such as that shown in Figure 1.5d would have C—C bond angles
of 144◦ rather than the 120◦ found in benzene. This high degree of strain prevents a planar structure
from forming; a possible structure with two trans double bonds would alleviate this but would display a
high degree of steric repulsion between the hydrogen atoms shown in Figure 1.5e. This can be alleviated
however by removing the two hydrogens and replacing them, for example with a methylene bridge23

as shown in Figure 1.5f. This compound is still not completely planar but the NMR spectrum indicates
considerable delocalisation. A triply bridged system (Figure 1.5g) with increased planarity has also been
synthesised24 and displays considerable aromatic chemistry.



Annulenes 7

(a) (b) (c)

=

O OO

O

H3C CH3

H

H H

H

H
H

H H

(d) (e) (f) (g)

(h)

(k) (l) (m)

(i) (j)

(n) (o) (p)

Figure 1.5 Structures of the annulenes

[12]annulene behaves similarly to cyclooctatetraene in that it is nonplanar and highly reactive. Reaction
with lithium metal gives the dianion,25 which does obey the 4n + 2 rule and although nonplanar is much
more stable than the parent compound, indicating some aromaticity. Very similar behaviour is observed for
16-annulene,26 with the parent compound displaying polyene-type chemistry and the dianion being much
more stable and almost planar.
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[14]annulene (Figure 1.5h) obeys the 4n + 2 rule and is therefore aromatic. However, there is some steric
interference from hydrogen atoms located within the ring, which leads to deviations from planarity. X-ray
crystallographic studies27 demonstrate this, but there is no single/double bond alternation and other studies
such as the NMR spectra also confirm the aromatic structure.21,22 Attempts have been made to reduce
the ring strain by replacing the internal hydrogens with bridging groups such as methylene. For example,
compounds have been synthesised with two methylene bridges (Figure 1.5i). When the bridges are on the
same side of the ring, a stable compound with an aromatic structure results,28 whereas when the bridges
are opposite to each other (Figure 1.5j) a puckered polyene structure is observed29 and the compound
reacts readily with oxygen. Similar behaviour occurs when carbonyl bridging groups are used,30,31 with
the syn (Figure 1.5k) isomer being highly stable and displaying a flat aromatic system, whereas the anti
(Figure 1.5l) isomer is unstable and shows no evidence of aromaticity. More complex bridging units have
also been utilised, such as in the dihydrodimethylpyrene molecule shown in Figure 1.5m, which has an
outer 14-carbon ring with alternating double bonds and is strongly aromatic. X-ray studies show a structure
in which all the peripheral bonds are essentially the same length and in the same plane.32 A large number
of compounds of this nature have been synthesised and their aromaticity has been investigated in detail.22

Apart from benzene itself, [18]annulene (Figure 1.5n) is the most stable of the annulenes22 and it has
the correct number of atoms to allow bond angles of 120◦, thereby eliminating ring strain. X-ray studies
show that it has an approximately planar structure with C—C bond lengths varying from 0.138 to 0.142 nm
throughout the structure,33 although there are some minor deviations from planarity due to steric interactions
and crystal packing. An interesting structure has been synthesised34 in which bridging groups increase the
rigidity of the ring, as shown in Figure 1.5o; this compound has been shown to have a higher ring current
(88% of the predicted maximum), indicating more efficient conjugation than [18]annulene (56%).

The higher annulenes, [20]annulene,35 [22]annulene36 and [24]annulene,37 have all been successfully
synthesised. NMR spectra indicate as expected that [22]annulene is aromatic (unfortunately as yet no
X-ray structures have been obtained to confirm this), whereas [20] and [24]annulene are not. Syntheses
of [30]annulene have been reported38 but yields were too low to adequately characterise the material,
the product was quite unstable and no evidence for aromaticity could be obtained. Theoretical studies on
annulenes containing up to 66 carbons have been carried out;39 these indicate that for annulenes containing
30 or more carbon atoms, conformational flexibility will lead to a drop in electron delocalisation and
nonaromatic structures with alternating single/double bonds will predominate.

A range of dehydroannulenes with one or more triple bonds within the ring system have been synthesised,
often as intermediates in the process of making various annulenes.21,22 These usually tend to show less
aromaticity and be less stable than the annulenes themselves. However, they are systems of interest and
have been the subject of several reviews21,22,38,40. One of the simplest dehydroannulenes is benzyne or
didehydrobenzene, C6H4, which is an extremely reactive species that can be trapped by, for example,
a Diels–Alder reaction with such species as cyclopentadiene or anthracene, and can be stabilised by
complexation with transition-metal atoms. A hexadehydrobenzene species with alternating single and triple
bonds would be highly unlikely to exist due to the extremely high ring strain within such a molecule,
but the larger C18 ring has been predicted to be relatively stable, possibly as a polycumulene with all the
bonds being C——C double bonds rather than with the alternating single/triple bond structure, as shown in
Figure 1.5p.41 The C18 ring system and larger C24 and C30 rings have not been synthesised and characterised
as yet but evidence of the C18 ring has been detected in mass spectra42 and by trapping it as a reaction
product in a low-temperature glass.43 It has also been postulated to be a component of interstellar clouds
and to exist in the hearts of dying stars.22
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1.4 Multi-Ring Aromatic Structures

Hexagons are one of the shapes that can pack perfectly without any intervening space, as shown for
example by the structure of a honeycomb. This is exemplified in aromatic chemistry by the large number
of fused-aromatic-ring-system compounds that have been discovered in natural substances or synthesised
over the years. Although aromatic, not all of these compounds obey the Huckel 4n + 2 rule, which appears
not to be valid for many compounds containing more than three fused aromatic rings. Examples of some
of these are shown in Figure 1.6.

[TI]Naphthalene consists of two benzene rings fused together and is commercially extracted from coal
tar. Its major uses include as a fumigant, for example in mothballs, and as an intermediate in the synthesis

(e) Benzanthracene (f) Chrysene

(l) Corannulene

(p) Hexahelicene(o) Kekulene

(a) Naphthalene (b) Anthracene (c) Phenanthrene (d) Tetracene

(g) Pyrene (h) Triphenylene

(i) Pentacene (j) Dibenzanthracene (k) Benzopyrene

(m) Coronene (n) Ovalene

Figure 1.6 Multi-ring aromatic compounds
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of other industrial chemicals such as phthalic anhydride. The molecule is planar, with carbon–carbon bond
lengths that are not all identical to each other but are close to those of benzene. Extended versions of
naphthalene with three (anthracene), four (tetracene), five (pentacene) and more rings have been either
isolated from products such as coal tar or synthesised in the laboratory.

Anthracene, with three fused benzene rings, is again commonly extracted from coal tar. Anthracene
is planar and the central ring is much more reactive than the others. For example, the central positions
are easily oxidised to give anthraquinone and the central rings participate readily in Diels–Alder type
reactions with a variety of dienes. Irradiation with UV light causes anthracene to dimerise via a 4 + 4
cycloaddition reaction of the central rings. Tetracene is a pale orange powder which can act as a molecular
organic semiconductor. Again it is planar, prone to oxidation and readily participates in Diels–Alder
reactions. Pentacene is a blue oxygen-sensitive compound and is being investigated for such purposes
as use in organic thin film transistors44 and photovoltaic devices.45 Hexacene and heptacene cannot be
isolated in bulk since they readily dimerise and are extremely oxygen-sensitive, although derivatives of
these compounds have been isolated.

Other polycyclic aromatic hydrocarbons include the three-ring-system phenanthrene (Figure 1.6f), again
with the central ring being the preferred site for a wide range of chemical reactions. Larger systems
include pyrene, which is widely used as a fluorescent probe, and chrysene, which is similar in reactivity
to phenanthrene. Many of these hydrocarbons have been found in tobacco smoke and some, such as
benzopyrene, have been shown to be highly carcinogenic.46

Larger ring systems have also been studied, such as coronene, which occurs naturally in the mineral
carpathite, and ovalene, which can be formed in deep-sea hydrothermal vents. One of the larger systems
synthesised is kekulene, with its large inner cavity. X-ray experiments47 have demonstrated that the structure
of kekulene is that of a large flat ring, but not all of the bond lengths are equivalent and it appears it
contains six discrete aromatic rings linked together, rather than being one large aromatic system. One of the
largest systems synthesised contains 222 carbon atoms.48 As these systems become larger, the compounds
become less soluble and their properties approach those of graphite, which has a structure essentially of
layers of infinite benzene rings, that is carbon atoms arranged in a hexagonal lattice with carbon–carbon
distances of 0.142 nm, and planes separated by 0.335 nm. Single-graphite planes have been isolated; this
material is known as graphene and is the subject of much current research due to its potential novel
physical and electronic properties.49

The aromatic systems mentioned so far have been in the main planar or near-planar structures. Not all
aromatic systems follow this rule. Hexahelicene (Figure 1.6p) consists of six aromatic rings and would
be expected to have a planar structure. However, this would mean that the atoms at the extreme ends of
the cyclic structure would have to occupy the same space. This is impossible, so the molecule is actually
twisted into a spiral shape, meaning that it is chiral. Both of the isomers have been isolated50 and display
high optical rotation (3640◦). Corannulene (Figure 1.6l) is not flat like the similar coronene structure,
but is in fact bowl-shaped. The ‘central’ ring is five-rather than six-membered, which results in the loss
of planarity. The ultimate example of the effect of five-membered rings on aromatic compounds is in
buckminsterfullerene, where the presence of 12 five-membered rings along with 20 six-membered rings
causes the C60 molecule to assume the shape of a sphere.

1.5 Porpyrins and Phthalocanines

Most of the ring systems described earlier in this chapter are simple hydrocarbons. However, there are a
huge number of aromatic systems that include heteroatoms. These range from simple molecules such as
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pyridine, pyrrole, furan and thiophene through to much larger compounds. One very important class of
compounds is the porphyrins.

The basic structure of the porphyrin unit is shown in Figure 1.7a; it consists of a large flat aromatic ring
with four pyrrole units bound together by methane carbons. The parent macrocycle contains 22 electrons,
thereby obeying the 4n + 2 rule. Porphyrins are usually very highly coloured compounds due to the presence
of this large aromatic system. There are many methods of synthesising porphyrins but the simplest involves
cyclisation of pyrrole with substituted aldehydes, as shown in Figure 1.7b. Four aldehydes condense with
four pyrrole units under acidic conditions to form a cyclic tetramer51,52 (the initial tetramer formed is not
actually aromatic but under the conditions of the reaction is readily oxidised to the porphyrin).
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Figure 1.7 Structures of some porphyrins
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The presence of the nitrogen atoms within the ring facilitates the binding of metal atoms to form
metalloporphyrins. In the parent porphyrin structure (known as a free-base porphyrin), two of the nitrogen
atoms have hydrogen atoms bound to them. Upon binding of metals these hydrogen atoms are lost and
the metal is bound within the central N4 cavity. One example of this metal binding can be found in the
heme porphyrins such as heme B (Figure 1.7.c). These types of porphyrin reversibly form complexes with
oxygen and are found within haemoglobin, the oxygen-carrying protein that makes up much of our red
blood cells.

Many variations on the porphyrin theme are known. The aromatic system can be extended as in the
tetrabenzoporphyrins (Figure 1.7d). Alternatively, more reduced forms or variations where one of the
methane units is missing and replaced by a direct pyrrole–pyrrole connection are known. These systems
generally do not obey the 4n + 2 rule. These related porphyrin analogues include corrins (containing a
direct pyrrole–pyrrole link and found in such natural products as vitamin B12), along with the reduced
forms known as chlorins, bacteriochlorophylls and corphins. Bacteriochlorophylls and corphins are used
as subunits in enzymes found in certain bacteria. Chlorins, which can be thought of as dihydroporphyrins,
are widely found in nature. A magnesium chlorin (Figure 1.7e) is a typical example, known as chlorophyll
A; this unit is vital to the process of photosynthesis and without this group of materials, green plants and
therefore ultimately most other forms of life would not exist.

Phthalocyanines are synthetic analogues of tetrabenzoporphyrins, in which the methine bridges are
replaced by nitrogen atoms. These are flat aromatic systems similar to porphyrins and can complex metal
atoms in a similar manner, as shown for copper phthalocyanine in Figure 1.8. The phthalocyanines are
highly coloured systems due to their large aromatic ring systems and tend towards the blues and greens.
This, combined with their stability, has led to extensive use of substituted phthalocyanines within the dye
industry (for instance, copper phthalocyanine is known as phthalocyanine blue BN). There are a wide
variety of methods for the synthesis of phthalocyanines, mostly based on similar cyclisation reactions to
those used for the porphyrins. An example is given in Figure 1.8b, which shows the condensation of four
phthalonitrile units to form phthalocyanine.

The simplicity of the phthalocyanine synthesis and the wide variety of structural variations available have
made these compounds the subject of widespread interest. Possible applications abound due to the novel
physical, electronic and optical properties of these materials, along with their thermal and chemical stability.
A review of this is outside the scope of this work, but we will mention that phthalocyanines and their
derivatives have been investigated for use as optical switches, liquid crystals, sensors, organic photoelectric
cells, nonlinear optical materials, electrochromic materials and optical information-recording media.53

The wide synthetic flexibility of these materials has led to a plethora of variations on the basic phthalo-
cyanine unit. For example, the benzo units can be replaced with naphthalene or anthracene units to
give extended phthalocyanines. Polymeric materials based on phthalocyanines have been made by linking
the phthalocyanines edge to edge, or via a substituent group or via atoms complexed in the centre of
the phthalocyanine cavity.53,54 In addition to this, the presence of an N8 unit (rather than N4 for por-
phyrins) has allowed the binding of larger metal atoms such as the lanthanides. Due to the presence of
the d-orbitals on these metals, they can bind to more substituent atoms. This has enabled the development
of compounds such as the bis-phthalocyanines:55 for example lutetium bisphthalocyanine, whose optical
spectra change dramatically on exposure to various vapours, giving rise to potential sensor applications.
Trisphthalocyanines are also available; in this context workers have for example sandwiched a lutetium
atom between two phthalocyanine rings and then added a europium atom and a third phthalocyanine ring
(Figure 1.8d) to make a triple-decker sandwich compound.56 It has also been possible to make polymeric
phthalocyanines via a central atom, with examples including polyphthalocyanines linked by a central Si—O
chain (Figure 1.8e), which have been synthesised and deposited as ultrathin films57 and shown to display
novel liquid-crystalline properties.58
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Figure 1.8 Structures of mono, bis, tris and poly phthalocyanines

1.6 Conclusions

This chapter has served to introduce some of the simpler ring systems, both aliphatic and aromatic in nature.
The aromatic systems tend to have planar or distorted planar structures, which can limit their ability to
form complexes (but not prevent it, as the examples of porphyrins and phthalocyanines prove). Further
chapters will address the many ring systems that are nonplanar, which thus possess three-dimensional
structures that allow for a richness and diversity of chemistry and complex formation.
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2
Cyclophanes

2.1 Introduction

Chapter 1 described a number of multi-ring organic compounds, in which the rings are usually fused
via adjacent carbon atoms. This can be seen in, for instance, tetralin (1,2,3,4-tetrahydronaphthalene; see
Figure 2.1a), which can be thought of as a single benzene ring with a four-carbon aliphatic bridge linking
the ortho positions. This arrangement is relatively unstrained and the presence of the aliphatic chain does
not overtly affect the structure of the aromatic ring since the aliphatic chain and the ring do not interact.
It is obvious however that should the chain bridge the 1,3 or 1,4 positions of the ring, there would be
two effects: first strain would increase since the chain would have to bridge a longer distance and second
the chain would have to pass ‘above’ the ring, thereby increasing the potential for interaction between the
chain and the aromatic π system; this could potentially modify the properties of the aromatic ring.

Simple cyclophanes can be thought of as hydrocarbons containing a benzene ring combined with an
aliphatic chain bridging two nonadjacent carbons. There are numerous variations on this theme, such as
compounds with multiple aromatic units or aromatic systems larger than benzene rings. They are not
limited to hydrocarbon structures, since heteroatoms can be included within the chains, or alternatively
the benzene rings can be replaced with furans, thiophenes, pyridines and so on. There has been a wide
study of cyclophanes since the strain inherent in many of these molecules can modify the conformations
and reactivities of the aromatic rings. Much of the early work in these types of systems, especially the
development of many of the classical cyclophane systems during the 1950s and 1960s, has been reviewed
elsewhere, such as within the husband-and-wife team Donald and Jane Crams’ elegantly named paper1 on
‘Bent and battered benzene rings’, as well as within the immense number of papers published by this group.

2.2 Cyclophanes with One Aromatic System and Aliphatic Chain

As stated earlier, within materials such as tetralin, which could be thought of as a ‘1,2-cyclophane’, there
is no inherent strain; tetralin displays chemistry typical of a substituted aromatic system. However, the
situation is very different when the chain bridges the 1,3 or 1,4 positions. The presence of a long bridging
chain has only minimal effect on the aromatic ring structure but as the bridging chain gets shorter it begins
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to ‘pull’ the benzene ring into a nonplanar shape, since otherwise it would be unable to reach across the
ring. This strain has a number of effects on the cyclophane’s structure and behaviour, as detailed below.

2.2.1 Properties of the cyclophanes

Metacyclophanes have the general structure shown in Figure 2.1b, where an aliphatic chain bridges the
1,3 positions on the benzene rings. Usually they are named as [n]metacyclophanes, where n is the number
of carbons in the aliphatic chain. As the chain becomes shorter, ring strain increases and the stability of
the compound decreases. [4]metacyclophane is an unstable intermediate which, while it can be formed
during processes such as flash-vacuum thermolysis of Dewar benzene derivatives,2 cannot be isoglated
but rather decomposes to products such as tetralin. UV irradiation of similar materials at low temperature
led to the detection of [4]metacyclophane by UV spectroscopy.3 [5]metacyclophane can be synthesised
as a colourless oil,4 but at room temperature it polymerises. When the chain is further lengthened, as in
[6]metacyclophane and higher analogues, the compound becomes stable at room temperature.

Paracyclophanes are similar in behaviour except that the bridge is of course between opposite carbons
on the benzene ring (Figure 2.1c). [4]paracyclophane was studied by the same groups who performed
the work on metacyclophanes detailed above and these workers showed that [4]paracyclophane could
be generated photochemically. On generation at −20 ◦C, the cyclophane can either polymerise to form
poly-p-xylylene or can be derivatised with trifluoroacetic acid.5 Alternatively, photogeneration in a glass
at 77 K allows measurement of the UV spectrum.6 [5]paracyclophane can be synthesised in a similar
manner7 and decomposes at room temperature. [6]paracyclophane is stable, as are the larger cyclophanes.
As the aliphatic chain length increases, its effects on stability and the benzene ring structure decrease due
to decreasing strain. An extensive review of these compounds has recently been published.8

With the [n]metacyclophanes, the effect of the bridging chain on the aromatic ring is profound. Rather
than adopting its preferred planar conformation, the benzene ring is forced to exist in a twisted-boat
conformation, as shown in Figure 2.2a. As the chain length decreases, the angle of the bridgehead carbons
from the plane of the ring and the distortion from the planar structure increases.8 X-ray crystallographic data
of crystalline derivatives of [6]metacyclophane show this angle to be of the order of 19.6◦ and 26.8◦ for
the corresponding [5]metacyclophane.8 No stable derivatives of [4]metacyclophanes exist, but theoretical
calculations8 give an angle of 40.6◦. [6]paracyclophane has been shown to have a similar boat-structure
(Figure 2.2b) angle (19–21◦) by crystallographic studies, and this angle has been calculated to be 23.7◦
and 29.7◦ for the [5] and [4]paracyclophanes respectively.8 What is interesting is that the carbon–carbon
bonds within the ring are still approximately the same lengths, indicating that aromaticity is retained, rather
than an alternating single/double-bond polyene structure.

The resultant nonplanarity of the benzene ring has a variety of effects on the chemical and physical
properties of these compounds. Aromatic compounds adsorb strongly in the UV region of the spectrum and

(CH2)n

(CH2)n

(a) (b) (c)

Figure 2.1 Structures of (a) tetralin, (b) metacyclophanes and (c) paracyclophanes
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(a) (b)

Figure 2.2 Conformations of [6]meta- and [6]paracyclophanes

both meta- and paracyclophanes show distinct red shifts compared to dialkyl benzenes.9 As the bridging
chains get longer this effect becomes less, and for n > 8 there is almost no effect at all. This effect
appears to be consistent across a wide range of cyclophanes with varying aromatic groups and could be
thought of as a measurement of the strain on the aromatic rings in these systems. NMR spectra are also
affected somewhat by the distortions from planarity.10,11 The ring protons, however, still give signals at
high frequencies for the highly strained [5]metacyclophane (6.8–7.8 ppm), indicating a high ring current
and an aromatic structure which is also correlated by low values for some of the chain protons, indicating
shielding by an aromatic system is occurring.12 [6]metacyclophane is similarly also shown to be aromatic.
In the case of [6]metacyclophane, NMR studies show the aliphatic ring can flip from one side of the
aromatic ring to the other; steric constraints do not allow this for [5]metacyclophane. The paracyclophanes
give similar results (aromatic protons at 7.17 ppm, aliphatics at 2.49, 2.15 and 0.33, indicating some
shielding occurs) at room temperature.13 As the temperature is lowered, the spectrum becomes more
complex due to ‘freezing’ of the structure and shielding effects increase (some methylene protons as low
as −0.6 ppm). A substituted [4]paracyclophane with bulky side groups was stable enough for measurement
of the NMR spectrum, which indicated considerable aromaticity14 even though the system was still highly
reactive. An extensive review has been published elsewhere on the NMR spectra of a wide range of
cyclophane structures.10

2.2.2 Chemistry of the cyclophanes

Many reactions which progress slowly or not at all with simple alkylbenzenes are easily achievable with
cyclophanes. A simple example of this is the instability of [4] and [5]cyclophanes compared to compounds
such as tetralin, which can be distilled at 206–208 ◦C. The Diels–Alder reaction is the addition of alkenes
to 1,3 dienes. Although the theoretical cyclohexatriene possesses alternating single/double bonds, benzene
derivatives because of their aromatic nature do not participate in the Diels–Alder reaction unless a com-
bination of vigorous reaction conditions and highly active dienophiles is used.8 However, the strained
cyclophanes react readily with dienophiles under much less forcing conditions. For metacyclophanes the
reaction normally occurs across the 2 and 5 positions of the ring since this relieves most strain. Usu-
ally the more strained the system, the more reactive this will be. For example, the active dienophile
dimethyl acetylene dicarbonate reacts readily at room temperature with [5]metacyclophane; it also reacts
with [6]metacyclophane at room temperature, but more slowly.8 Cyclophanes also react with dichlorocar-
bene, which does not occur with unstrained benzene derivatives. Protonation of cyclophanes with acids
often catalyses the shift of the bridging ring to form a 1,2 type cyclophanes (such as a tetralin). The
change in reactivity also occurs with substituent groups. Chlorobenzene in this context will not react with
methoxide ion but a [5]metacyclophane with a chloro substituent at the 2 position will undergo nucle-
ophilic substitution to give the 2-methoxy derivative. Similar behaviour is noted for the paracyclophanes,
with for example [4]paracyclophane reacting with dienophiles, readily adding bromine15 and rearranging
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to less strained isomers under acidic conditions. The [4] and [5] paracyclophanes display even more
enhanced reactivities.

2.2.3 Synthesis of the cyclophanes

Metacyclophanes have been synthesised through a variety of routes, the most successful being the rearrange-
ment of propellane-type derivatives, which is suitable for both [5] and [6]metacyclophanes. A variety of
cyclophanes including the [6]metacyclophane were prepared16 in 1975. [5]metacyclophane17 was initially
prepared using this method in 1977. Synthesis of the Dewar benzene isomers followed by photochemical
catalysed rearrangement has been shown to be a suitable method for generating [4]metacyclophanes,2,3

although it should be noted that these compounds need to be ‘trapped’ by further chemical reactions since
they are not stable enough to be isolated.

There have been a wide variety of synthetic routes to the paracyclophanes, many of which are based
on the synthesis of Dewar benzene-type derivatives, which can then be induced to undergo thermal or
photochemical rearrangements. Photochemical methods have been prevalent in the synthesis of the unsta-
ble [4] and [5]paracyclophanes.5–7 The stable [6]paracyclophane was initially synthesised13 in 1974, as
shown in Figure 2.3, from the cyclic ketone which was converted first into a hydrazone and then into its
lithium salt. Thermal pyrolysis produced 5–10% of [6]paracyclophane via a carbine-type reaction but the
necessity of isolation using gas chromatography greatly reduced the achieved yield. Other reactions such
as rearrangement of Dewar benzenes by thermal or photochemical methods have also been used. A full
review of the synthesis of cyclophanes is beyond the remit of this chapter, but much of the work up to
the 1990s was extensively reviewed by Kane et al.18

The bridging ring is of course not limited to an alkyl chain. There are a wide variety of moieties
capable of acting as a cyclophane bridge. Unsaturated chains are possible, an extreme example being
[4]paracyclophane-1,3-diene (Figure 2.4), which can be synthesised by photolysis of the Dewar benzene
isomer; although it is too unstable to be isolated, it can be trapped by a Diels–Alder reaction with
cyclopentadiene.19 A wide variety of bridging chains, a few of which will be further detailed within this

O NNHTs NN−TsLi+

Figure 2.3 Synthesis of [6]paracyclophane

Figure 2.4 Structure of [4]paracyclophane-1,3-diene
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work, have been utilised, containing such units as aromatic rings, double and triple bonds and heteroatoms
such as N, O, S, Si and P.

2.3 Cyclophanes with More than One Aromatic Ring

Chemists have often attempted to design what the Crams called ‘internally tortured molecules with inherent
suicidal tendencies that skirt a fine line between stability and self-destruction’.1 We have already seen some
of these types of molecule earlier in this chapter; another variant on this theme are molecules where two
or more aromatic systems are clamped together in close proximity, leading to a high degree of both bond
strain and π–π interactions. Systems in which two benzene atoms are joined by long bridging groups tend
to behave like simple open chain structures, however when the number of carbons in the bridges is four
or less, as with the earlier cyclophanes, the structures and chemistry of these compounds are affected.

The most highly strained system would be [1,1′]paracyclophane, the structure of which is shown in
Figure 2.5a. This system can be synthesised by photochemical reaction of a bis-Dewar benzene isomer
at 77 K,8 although the extreme strain in this system once again renders it too unstable to be isolated.
The compound was stable enough however at 77 K or in THF solution at −60 ◦C for spectroscopic
investigations to be made.21 As determined earlier, the strain causes red shifts in the UV/Vis spectrum of
the cyclophane, with adsorption extending out as far as 450 nm. The NMR spectrum of the cyclophane
gave peaks at 6.94 and 3.38 ppm, indicating that the benzene rings are still aromatic. Substituted versions
have been synthesised which are stable enough to be crystallised.22 X-ray studies show that the benzene
rings adopt the boat conformation, with the angle between the bridgehead carbons and the plane of the
other ring atoms being about 25◦.

One of the most extensively studied cyclophanes has to be [2,2′]paracyclophane1 (Figure 2.5b). Although
the benzene rings are connected by linkages just two carbons long (meaning this is a highly strained
system), this compound and various substituted derivatives are stable and are now commercially used in
the production of the various poly(xylylene) polymers.20 Poly-p-xylylene (Figure 2.5c) can be synthesised
by either pyrolysis of xylene or reaction of p-xylylene dichloride with sodium.23 Extraction of this polymer
led to the isolation of small amounts of [2,2′]paracyclophane.23 Other workers studied a range of chemical
methods to make a variety of cyclophanes, usually starting with compounds with two phenyl groups
linked by a two-or-more-carbon chain.24 These phenyl groups had reactive groups para to the alkyl chain
such as bromomethyl groups, which could then be ring-closed using the Wurtz reaction (Figure 2.6a).
Other reactive groups included ester groups, which could be condensed to form a cyclic acyloin, which
could then be reduced to give the hydrocarbon cyclophane24 (Figure 2.6b). Another synthetic scheme
(Figure 2.6c) involves the quaternisation of α-bromo-p-xylene with trimethylamine and conversion to the

(a) (b) (c)

CH2 CH2

n

Figure 2.5 Structures of (a) [1,1′]paracyclophane, (b) [2,2′]paracyclophane and (c) poly(p-xylylene)
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Figure 2.6 Synthesis of [n,n′]paracyclophanes

hydroxide salt with silver oxide followed by a 1,6-Hoffman elimination by refluxing in toluene25 to give
the cyclophane with yields of up to 19% along with insoluble polymeric material.

As expected, the X-ray crystallographic structure26 of [2,2′]paracyclophane reveals that the benzene
rings adopt the boat conformation, with the angle between the bridgehead carbons and the plane of the
other ring atoms being about 12–13◦. The distance between the bridgehead carbons of adjacent aromatic
rings is only 0.278 nm, with 0.309 nm between the planes of the other aromatic carbons – much closer
that the 0.335 nm separation of graphite planes or the 0.340 nm typical for stacked aromatic molecules.
There is a slight (6◦) staggering of the benzene rings;1 also of interest is that the aromatic hydrogen atoms
are bent towards the centre of the molecules. This is thought to be due to interactions between the two
π systems forcing relatively more of the electron density towards the outside faces of the benzene rings.1

The NMR spectrum shows the aromatic protons at 6.47 ppm and the benzylic protons at 3.01 ppm,27

demonstrating that aromaticity is retained, and once again there is a noticeable red shift in the UV/Vis
spectrum compared to open-chain analogues.24 When longer bridging chains with greater flexibility are



22 Cyclophanes

(a) (b)

(d)(c)

Figure 2.7 Structures of (a) [2,2′]metacyclophane and (b) [2,2′]metaparacyclophane, and (c, d) their relative
crystal structures

used, these strain-related effects are decreased. [3,3′]paracyclophane28 shows less of a red shift and has a
structure in which the benzene rings are less bent (6.4◦) and the rings are decentred with respect to each
other. Longer-chain separated cyclophanes show less strain effect, while [6,6′]paracyclophane behaves as
the open-chain analogue.1

Metacyclophanes and a number of mixed metaparacyclophanes are also known. [2,2′]metacyclophane
(Figure 2.7a) was first synthesised in 1899, although its crystal structure (Figure 2.7c) was not determined
until over 50 years later.29 The benzene rings are distorted in a similar manner to [n]metacyclophanes
and there is an extremely close approach (0.269 nm) of one ring to the other. The intermediate com-
pound [2,2′]metaparacyclophane30 (Figure 2.7b) can be synthesised by the acid-catalysed rearrangement
of [2,2′]paracyclophane. This has also had its structure determined;1 what is interesting is that the para
ring suffers somewhat more distortion from planarity than in [2,2′]paracyclophane (Figure 2.7d).

Other variations on the basic [n,n′]paracyclophane structure have been investigated and a few examples
will be given. Rather than alkane chains, a series of paracyclophanes with unsaturated bridging groups have
been studied. The highly strained compound [2,2′]paracyclophanediene (Figure 2.8a) has been synthesised
by bromination and dehydrobromination of the parent cyclophane.31 This would be expected from a simple
consideration of its structure to be highly conjugated. The bridging double bonds are however orthogonal
to the benzene rings and this prevents their interaction with the aromatic system. This is clearly shown
by various spectrographic methods, which demonstrate minimal interaction between alkenic and aromatic
systems.31 The crystal structure shows a typical paracyclophane, with bending of the aromatic rings32

similar to that in the saturated version. Larger systems containing a 1,3-butadiene linkage (Figure 2.8b) or
using the larger cyclophane [2,2,2]paracyclophane-triene (Figure 2.8c) have also been studied.33

Many substituted cyclophanes in which substituents are attached to one or both benzene rings are
known. Once again a review of these is far beyond the scope of this chapter so only a few examples
will be given. Some of the simplest systems involve just a single substituent on one of the benzene rings,
such as [2,2′]paracyclophane (Figure 2.9a) with a single carboxylic acid substituent. What is interesting
about this family of compounds is that there is an inherent asymmetry in the molecule, which means
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(a) (b) (c)

Figure 2.8 Structures of (a) [2,2′]paracyclophanediene, (b) [4,4′]paracyclophanetetraene and (c) [2,2′,2′′]-
paracyclophanetriene

(a) (b)

HOOC MeOOC COOMe
200°C

Figure 2.9 Structures of [2′2]paracyclophane carboxylic acid and isomerisation of its methyl ester

that the two isomers shown are actually enantiomers and display optical activity.34 Similar behaviour is
observed for the corresponding [3,3′] compound, but for the [4,4′] compound no resolution of enantiomers
is possible, indicating that the longer four-carbon bridges allow facile rotation of the aromatic rings.35 The
[2,2′]metacyclophanes and [2,2′]metaparacyclophanes, when mono-substituted, also show this restricted
rotation, and in the case of the metaparacyclophanes it can sometimes be found that one ring will rotate
while the other does not.1

As found for the [n]cyclophanes, the ring strain has a considerable effect on the reactivity of the
[n,n′]cyclophanes. Both the bridge and the aromatic system can be affected, as can be seen for example
when the optically active ester derivative of [2,2′]paracyclophane (Figure 2.9b) is heated to 200 ◦C, caus-
ing it to racemise.36 However, molecular models prove that it is impossible for the aromatic rings to
rotate and instead the system undergoes cleavage and reformation of one of the bridging chains. Other
rearrangements include the fact that when treated with HCl/AlCl3 the [2,2′]paracyclophane rearranges to
[2,2′]metaparacyclophane.37 The ring strain also has effects on the chemistry of the aromatic rings; for
instance, the acetylation or nitration of the aromatic rings of the [2,2′]paracyclophanes35 proceeds much
faster than similar reactions with cyclophanes with longer bridging chains. Also, the presence of a sub-
stituent on one aromatic ring can affect the reactivity of the opposing ring, with substitution usually taking
place on the carbon just opposite the original functional group – the so-called ‘pseudo gem effect’.38

Other novel reactions include the formation of inter-ring bonds, a brief example of which will be
given. When a cyclophane containing one naphthalene and one brominated benzene ring (Figure 2.10) is
treated with strong base, the benzene ring is dehydrobrominated to give a benzyne intermediate, which in
turn undergoes an internal Diels–Alder reaction with the opposing naphthalene ring.39 Chromium is well
known to form organometallic compounds with benzene rings and many exohedral chromium–cyclophane
complexes are known.10 However, the presence of two benzene rings in such close proximity allows the for-
mation of endohedral organometallic complexes with materials such as [2,2] and [3,3]paracyclophane40,41

(Figure 2.11a,b), where the chromium atom is sandwiched between two rings of the same cyclophane.
Another simple and symmetric structure is found in the complex42 formed between silver triflate and
[2,2′,2′]paracyclophane (Figure 2.11c).
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Figure 2.10 Intermolecular reactions of paracyclophanes
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Figure 2.11 Complexes of cyclophanes with metals
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Figure 2.12 Octafluoro[2,2′]paracyclophane and tetrasila[2,2′]paracyclophane

Benzene rings linked by nonhydrocarbon bridges have been described. Examples include fluorinated
bridges43 such as octacafluoro[2,2′]paracyclophane (Figure 2.12a), which is used as a feedstock for
the polymer parylene AF4 and the related trimer dodecafluoro[2,2′,2′]paracyclophane. Silicon bridges
(Figure 2.12b) have also been utilised, with the much longer Si–Si bond bridge allowing for much less
distortion of the benzene rings.44

Once the existence of such molecules as [2,2′]paracyclophane was shown, it was inevitable that chemists
would attempt to construct larger, more complex systems. A ‘triple-decker’ cyclophane45 (Figure 2.13a)
was first synthesised in 1967. Synthesis of a wide range of multiple systems containing up to six benzene
rings linked together by two-carbon bridges has been reported.46 For example, the quadruple system
(Figure 2.13b) was examined using X-ray crystallography, which showed the outer benzene rings to assume
the boat conformation and the inner rings to adopt a twisted conformation due to the strain imposed by
the four bridges.46
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(a)
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Figure 2.13 Triple and quadruple cyclophanes

Another field of interest was the incorporation of more connecting bridges between the two benzene
rings. The logical conclusion of this course of action was finally realised in 1979 with the synthesis of
the first ‘superphane’ with six two-carbon bridges linking together every aromatic carbon.47 Superphane
is a stable compound, melting point 325–327 ◦C, and X-ray crystallography shows it to have a distorted
structure with the aromatic–aliphatic C–C bonds bent at an angle of about 20◦ to the ring, as well as the
smallest ring–ring spacing reported for a cyclophane of 262 pm.48

2.4 Napthalenophanes and Other Aromatic Systems

Many other aromatic hydrocarbons have been included in cyclophanes, some examples of which will
be given. Versions of [6]paracyclophane, for example, where the benzene ring is incorporated into a
larger fused ring system, are known. Both naphthalene and anthracene were bridged across the 1,4-
positions of the ring49 to give the resultant [6](1,4)naphthalenophane (Figure 2.14a) as a colourless oil or
[6](1,4)anthracenophane (Figure 2.14b) as a solid with a melting point of 161–163 ◦C. As found with the
paracyclophanes, there were red shifts in the UV spectra compared to reference compounds and the NMR
spectra indicated aromaticity was retained. X-ray studies49 of the anthracenophane showed the bridged ring
again existed in a boat-like conformation. Similar studies were carried out on the [6](9,10)anthracenophane
(Figure 2.14c) and showed that the bridging and resultant distortion of the aromatic system led to a much
more unstable compound than the 1,4-bridged analogue.50

Pyrene has also been bridged in a similar manner, with chains not much longer than those in the
cyclophanes. When we consider that the smallest stable paracyclophane has a six-carbon bridge, even with
a much larger pyrene moiety, both the (1,7)dioxa[7]51 and (1,8)dioxa[8](2,7)pyrenophane52 have been
isolated (Figure 2.14d,e). X-ray studies of [8]pyrenophane show that the ring, rather than being flat, has
an overall bend of 87.8◦, with the distortion being spread evenly across it. [7]pyrenophane is even more
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Figure 2.14 (a–f) [n]cyclophanes containing multiring systems, (g) crystal structure of 2.14e

strained,51 with an overall bend of 109.1◦ being observed (Figure 2.14g). Similar hydrocarbon analogues53

have also been synthesised (Figure 2.14f).
Naphthalene, with its two fused benzene rings, has been incorporated into a large number of cyclo-

phanes. The earliest naphthalenophane appears to have been synthesised in 1951 using a Wurtz reaction on
2,7-dimromethylnaphthalene (Figure 2.15a), with the product being dehydrogenated to form coronene.54

Analogues of [2,2′]cyclophane have been synthesised, for example by using the Hoffman elimination
method. Cram and coworkers successfully synthesised [2,2′](1,4)naphthalenophane55 (Figure 2.15b) and
showed it existed in the anti rather than the syn conformer. A wide variety of napthalenophane isomers
have been reported in the literature; the NMR behaviour of many are reviewed by Ernst.10 Layered com-
pounds are also possible, such as the triple napthalenophane shown in Figure 2.15c,56 where the outer
rings are distorted into a boat form and the inner ring is in a twist form, similar to the benzene-derived
cyclophanes. Similarly, in 1961 other workers57 synthesised [2,2′](9,10)anthracenophane (Figure 2.15d).

One point worth noting about the naphthalene and anthracene compounds above is their ability to undergo
condensation reactions between the rings. For example, [2,2′](1,4)naphthalenophane when irradiated under-
goes an intramolecular condensation to give the compound shown in Figure 2.16a.58 Similar cyclisation
reactions occurred for the anthracenophane,57 except in the latter case cyclobutane rings were produced
by the condensation reaction (Figure 2.16b). Phenanthrene has also been incorporated into cyclophanes,
with for example three different isomers of [2,2′]phenanthrenophane (Figure 2.17) being successfully
isolated59 from the reaction products of vinyl-substituted paracyclophanes with benzyne (didehydroben-
zene). [2,2′](2.7)pyrenophane has also been synthesised,60 with the UV/Vis spectrum shown to be highly
red-shifted compared to open-chain compounds. The [3,3′] and [4,4′]pyrenophanes display lesser red shifts,
as expected due to the lower strain in these systems.61
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Figure 2.15 [n, n′]cyclophanes containing multi-ring systems
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Figure 2.16 Cyclisation products from [2,2′]naphthalenophane and [2,2′]anthracenophane

Figure 2.17 Three isomers of phenanthrenophane
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2.5 Cyclophanes Containing Heteroaromatic Systems

Most of the aromatic systems mentioned in this chapter have been hydrocarbons, but cyclophanes
containing heteroaromatic rings have also been widely studied. [2,2′](2,5)furanophane and [2,2′](2,5)-
thiophenophane (Figure 2.18a,b), for example, have been isolated and their structures determined by
X-ray crystallography.62 In both cases the aromatic ring is distorted into an envelope shape, with the
heteroatom being out of plane with the carbon atoms; however, the thiophene rings are more distorted
than the furan rings. What is also of interest is that the furanophane is conformationally flexible, whereas
the thiophene system is rigid, indicating the nature of the heteroatom has a large effect on the system.
Pyridinophanes63 such as [2,2′](2,6)pyridinophane (Figure 2.18c) have also been studied and again the
aromatic rings are shown to be distorted into a boat shape.

2.6 Ferrocenophanes

A large number of compounds have been synthesised which incorporate a variety of metal ‘sandwich’
complexes into cyclophanes, but a discussion of such a wide range of materials is outside the scope of this
chapter and we will limit this section to ferrocene compounds. Ferrocene was the first known sandwich
complex. It has an iron atom covalently bonded to two cyclopentadienyl ligands, as shown in Figure 2.19a.
It is an aromatic compound and undergoes typical aromatic reactions such as Friedel–Crafts acylation, at
rates approximately a million times more than would be observed for benzene. What makes this one of
the most studied organometallic compounds is its ease of handing, with ferrocene being soluble in most
common organic solvents and stable in air and at high temperatures. In ferrocene itself the two rings are
seen to be parallel to one another. A ferrocenophane is a compound in which there is bridging between
the rings of either a ferrocene molecule or two or more different ferrocene systems; in strained systems
this often leads to the rings being tilted with respect to each other.

Mononuclear systems are those in which the two rings are bridged by either an atom, a molecular chain
or another ring system. This can cause strain in the system, which often manifests itself as a tilting of
the two rings relative to each other. The smallest systems are single-atom bridged ferrocenophanes, which
have been reviewed.64 No stable compound containing a single carbon-atom bridge has been isolated
and it is thought that such [1]ferrocenophanes are too highly strained to exist. However, a range of
compounds bridged by heteroatoms are known. One of the most highly strained ferrocenophanes is the
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Figure 2.18 [2,2′]heterocyclophanes
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Figure 2.19 (a) Ferrocene, (b) a boron-bridged [1]ferrocenophane and (c) polymerisation of [1,1′]dimethyl-
silaferrocenophane

compound shown in Figure 2.19b,65 in which the bridge is a single boron atom and the rings are tilted
at an angle of 32◦ relative to each other. Other elements have been used to bridge the rings, such as S,
P, Ge, Se, Sn and Zr. However, the majority of research on [1]ferrocenophanes has been on those with
silicon bridges.64 These were the first [1]ferrocenophanes synthesised in 1975,66 with Si(C6H5)2 bridging
groups (Figure 2.19c). In these systems the strain leads to a structure in which the cyclopentadiene rings
are tilted at about 20◦ to each other.

The high degree of strain in these compounds is reflected by their ability to form polymers via a ring-
opening mechanism. Silicon-bridged ferrocenophanes were first polymerised thermally in 1992.67 Other
methods, such as anionic or transition-metal-catalysed polymerisations have been used.64 The resultant
polymers (Figure 2.19c) are stable thermoplastics which can be melt-processed and are soluble in a variety
of organic solvents.

[2]ferrocenophanes can be synthesised with carbon bridges. The simple [2]ferrocenophanes shown in
Figure 2.20a was the first carbon-bridged [2]ferrocenophane synthesised68 and is a highly strained system
with a tilt angle of 23◦. A wide variety of other compounds of this nature have been made, such as
for example the two compounds shown in Figure 2.20b,c, which were synthesised from a bisacetylene-
substituted ferrocene,69 and again exhibited high tilt angles. [2]ferrocenophanes have been shown to
undergo ring-opening polymerisation.70

[3]ferrocenophanes and [4]ferrocenophanes have been widely studied since they are relatively unstrained
and have been found to be relatively easy to synthesise.64 This also allows the use of multiple bridges,
culminating in the synthesis of a ferrocene derivative with five bridges71 (Figure 2.20d). Multinuclear
ferrocenes have also been examined, the simplest of which (Figure 2.20e) is the [0,0′]ferrocenophane,72

in which the rings are directly linked. This compound is highly insoluble. The [1,1′]ferrocenes such as
that shown in Figure 2.20e are much more amenable and much less strained than the systems in which
bridging is from ring to ring.73
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Figure 2.20 Structures of ferrocenophanes

2.7 Conclusions

In this chapter we have attempted to show how combinations of ring systems, both aliphatic and aromatic
in nature, and the strain inherent in many of these systems can have effects on their structure, stability and
reactivity. The distortion of aromatic systems away from planar structures effects their spectra and their
physical and chemical properties. Understanding the effects that the three-dimensional structures of many
of these systems have on their subsequent chemical and physical properties is crucial. The breadth of work
on these cyclophane systems means that this chapter can only serve as an introduction to this subject and
the interested reader is recommended to study the bibliography and references below.
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3
Crown Ethers, Cryptands and Other

Compounds

3.1 Introduction

A huge number of hydrocarbon rings have been synthesised, some of which have been described in previous
chapters. However, the chemistry of carbon, whilst an extremely rich and widely varied field of study, has
many limitations. The chemistry, structural variations and other properties of macrocycles can be greatly
enriched by the incorporation of other elements. The presence of these heteroatoms vastly extends the
possible conformations, chemistries, self-organisations and bindings of macrocycles. These macrocycles
will be detailed within this and later chapters. We will consider crown ethers, which are amongst the oldest
synthetic heteromacrocycles, along with other materials such as cryptands, spherands and their derivatives.
We will also attempt to introduce the concepts of supramolecular chemistry and molecular recognition.

Supramolecular chemistry can be thought of as an extension to classical chemistry. Over the past
centuries chemists have developed a wide range of methods for making and breaking covalent bonds.
This has led to the synthesis of such complex molecules as vitamin B12, polypeptides and artificial genes.
However, covalent bonds are not solely responsible for linking together and shaping molecular entities;
a whole range of noncovalent forces such as hydrogen bonding, CH–π interactions, π–π interactions,
dipole interactions and Van der Waals forces are involved in this. It is these interactions which in nature
allow the exquisite control of structure required for biological reactions to proceed and for life to exist.
For example, many proteins can be written as a simple linear chain of amino acid residues. This does
not give any impression of the complex three-dimensional nature of these moieties, which is vital to
their function. The intricate structure of these molecules is based on a combination of covalent bonding,
hydrogen bonding, dipolar and hydrophobic interactions. Similarly, a single DNA strand can be thought of
as a linear polymer of deoxyribose phosphate with a mixture of four bases attached as a side chain. If we
combine two chains with the correct sequences of bases, however, something spectacular occurs. Nobody
can fail to be impressed by the complexity and sheer beauty of the DNA double helix, held together by
multiple hydrogen bonding and other interactions. Compared to what nature has achieved, we are still
stumbling in the dark.
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© 2011 J ohn Wiley & Sons , Ltd. P ublis hed 2011 by J ohn Wiley & Sons , Ltd. ISBN: 978-0-470-71462-1



Crown Ethers 35

Many chemical reactions require very specific conditions to proceed, such as high temperatures, pressures
or specific solvents; they are often nonselective, can give a mixture of products and can be vulnerable to the
presence of common environmental materials such as water and oxygen. By contrast, biological reactions
usually progress at high rates within narrow temperature and pressure ranges, often working on a single
substrate and giving a single product – and all in aqueous solution. In fact, philosophers hypothesised that
organic compounds possessed a ‘vital force’, that much of the chemistry of biological systems could not
be duplicated by laboratory chemistry and that organic compounds would prove impossible to synthesise.
Eventually this was proved to be incorrect, as chemists finally gained the knowledge to construct molecules
such as amino acids and sugars.

The selectivity and efficiency of biological molecules are due to their extremely exact structures, which
allow them to recognise certain substrates. These are then bound in a specific manner, which, in the case of
enzymes for example, makes the substrate extremely susceptible to catalysis. Molecular interactions form
the basis of this recognition and allow for such complex processes as the binding and oxidation of glucose
by glucose oxidase, the highly selective interactions of antibodies with their antigens, and the storage and
transcription of the genetic code. These processes depend on the existence of many molecular recognition
events. Sometimes there can be a preorganised host into which a suitable guest will simply bind, the so-
called lock and key model. Other systems utilise a more cooperative system, where the presence of the
guest causes the host to organise around it. And of course in the case of two DNA strands, they can be
thought of as cooperating equivalently in the organisation and binding process. Again, nature has shown
the way with systems such as DNA, antibodies and enzymes.

Supramolecular chemistry is a relatively new field of science which attempts to construct artificial
compounds capable of the highly specific binding required for such selective molecular interactions. The
compounds described in the following chapters are among the many materials that have been developed
as ‘host’ compounds, which in many cases bind certain ‘guests’ with high specificity. One of the simplest
systems is that of the crown ethers.

3.2 Crown Ethers

Simple ethers have been known for many years; Paracelsus in the 16th century described the analgesic
properties of diethyl ether, for example. Polyethers such as polyethylene oxide are commercially widespread
and have a large number of applications. The interactions of ethers with potassium and its alloys with
sodium were reported and it was noted that ethers with more than one oxygen atom tended to give the
most intensely coloured blue solutions.1 One of the more effective ethers used was the cyclic tetramer
of propylene oxide (Figure 3.1a). We now know that the coloration observed was due to the formation
of electrides, where the potassium atom dissociates into a cation and an electron.2 Electrides tend to be
unstable, but in the case of ethers, the ether chain can solvate the cation and prevent it from combining
with the free electrons.

In 1960 Charles Pedersen was attempting to react dihydropyran with one of the hydroxyls of 1,2-
dihydroxybenzene and then further react the product with bis-(chloroethyl ether).3 After the first step he
realised that about 10% of the starting material remained in the mixture but decided to continue anyway.
The second reaction gave what he described as ‘an unattractive goo’, from which mixture (0.4%) a small
amount of a white crystalline product could be obtained. At that moment he could have simply thrown it
away, but instead started upon the path that eventually led to a share in the 1987 Nobel Prize for Chemistry,
along with two others who will be mentioned a great deal within this and other chapters, Jean-Marie Lehn
and Donald Cram.
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Figure 3.1 Structures of (a) propylene glycol tetramer, (b) dibenzo-18-crown-6, (c) 12-crown-4, (d) 15-crown-5
and (e) 18-crown-6. (f) Space-filling model of 18-crown-6/K+ complex

Amongst the things Pedersen observed about his compound was that it contained no free hydroxyl
groups, and from its molecular weight a cyclic structure (Figure 3.1b) resulting from a 2 + 2 addition
was deduced. This was highly unusual since most ring-forming reactions tend to give five-, six- or seven-
membered rings, whereas this had a central 18-membered macrocycle. Interestingly, although it had only
minimal solubility in methanol, addition of sodium salts allowed the compound to be dissolved. From
this and molecular models of the compound which showed it to be doughnut-shaped, Pedersen realised
that the positive sodium ion could sit inside the central ring, stabilised by the negative dipoles of the
oxygen atoms.

Further work on this family of compounds led to publication of his ground-breaking paper on what
he named crown ethers,4 since their actual chemical names were long and cumbersome. His original
compound, for example, was named dibenzo-18-crown-6. The system names first the substituent, then
the ring size and finally the number of oxygen atoms present in the ring. Other workers have used
the term ‘corand’ for these macrocyclic structures. Figure 3.1 shows the respective structures of (c) 12-
crown-4, (d) 15-crown-5 and (e) 18-crown-6. This naming system is still preferred today since the full
chemical names of this family of compounds are usually very long and cumbersome. Within his paper
Pedersen describes the synthesis of a large range of crown ethers with different central ring sizes. He also
varied the nature of the adjoining rings, utilising either one or two benzo, cyclohexyl, naphtho or decalin
rings. Usually these were synthesised by combining the required amounts of 1,2-dihydroxybenzene or
2,3-dihydroxynapthalene with a linear polyether capped with chlorine atoms under basic conditions to give
the aromatic crowns, which could be catalytically hydrogenated to give their aliphatic analogues. Later
work tends to utilise the ditosylates rather than the dichlorides since this usually leads to higher yields.
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3.3 Simple Complexes with Crown Ethers

These compounds were all screened for their ability to form complexes with various species. Stable com-
plexes could be obtained with alkali metal salts, ammonium salts and a variety of transition metal and
lanthanide salts. Complexation behaviour is a function of both ring size and substitution. For example,
dicyclohexyl-12-crown-4 shows some affinity for lithium and none for larger alkali metals;3,4 the cor-
responding 15-crown-5 solvates Na > K > Cs > Li; the 18-crown-6 prefers K > Cs > Na > Li; and the
21-crown-7 K ≈ Cs > Na > Li. Also, 18-crown-6 is much more selective for potassium over other alkali
metals than the corresponding dibenzo compound. Figure 3.1f displays a 3D model of the structure of the
18-crown-6 complex with potassium ion, showing how the potassium ion fits into the centre of the ring, with
the six oxygen atoms all acting as donors due to their negative dipoles. The potential for these compounds
as solvating agents for various ions in organic solvents was immediately realised. As an example, potassium
permanganate is often used as an oxidant but is unsuitable for use in many organic solvents because of
low solubility. The use of dibenzo-18-crown-6 allows potassium permanganate to be dissolved in solvents
such as benzene and this approach can be used to oxidise compounds which will not dissolve in water.

The theory was that the presence of, effectively, a ‘hole’ in the centre of the polyether, varying from
0.12–0.15 nm for 12-crown-4 compounds up to 0.34–0.43 nm for 21-crown-7 macrocycles,3,4 allows in
effect a solvation of the guest within this central cavity. An interesting effect of this is that it appears
that the guest is not just a passive part of this process but actually has its own part to play. This was
shown from the yields of various reactions. The yields of dibenzo-18-crown-6, for example, are much
higher (45%) when sodium or potassium hydroxide is used as a base during the ring-closing reaction
than if lithium or ammonium hydroxide is used.4,5 This is thought to be due to the intermediates in the
reaction process interacting with the alkali metals and so being brought into an orientation that disposes
them to undergo the final ring-closure reaction. This is an early example of templating chemical reactions,
where the units required to form macrocyclic or other three-dimensional structures are brought into the
correct orientation for a ring closure or other reaction to occur, often averting the need for high-dilution
reaction conditions. The yields of dibenzo-18-crown-6 can be increased to 80% by a two-stage reaction
in which two equivalents of the dihydroxy compound react with one dichloro-substituted chain to give
the dibenzo-substituted chain, followed by addition of a second equivalent of dichloride and more base to
cause cyclisation, thereby eliminating the formation of a 1 : 1 cyclisation byproduct.

The so-called ‘template’ effect is highly important in the synthesis of both of these compounds as well
as many other of the macrocycles that will be mentioned within this work. Without the template effect,
the synthesis of many of these compounds would either simply not occur or would have to be carried
out under high-dilution conditions – which would increase the cost and complexity of such syntheses.
Although ring-closing reactions are quite common, they usually involve the formation of five-, six- or
seven-membered rings rather than an 18-atom macrocycle. For example, in Pedersen’s synthesis4,5 of the
dibenzo-18-crown-6 compounds, the condensation reaction between a diphenol and dichloro compound
would be expected to lead to a polymeric product with a mixture of molecular weights. The fact that the
macrocycle can be obtained in such a good yield indicates that this cannot just be a simple condensation
reaction and that some other process must also be occurring.

The explanation for the high yields of the crowns is based on the presence of a template metal ion,
such as potassium, which can contributed by the base (KOH). The ethyleneoxy unit (—CH2CH2O—)
is especially suitable for the formation of complexes since within a chain or ring composed of these
compounds, each unit is flexible and can easily adopt the trans conformation. In the case of a crown ring,
this means that the lone pairs of each oxygen atom can be directed towards the centre of the ring. In the
case of the aromatic unit, the two oxygen atoms are already in the correct configuration. If we imagine
two equivalents of the potassium salt of 1,2-dihydroxybenzene reacting with the bis-chloroethylether to
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give the dibenzo-substituted compound, it is likely that the resultant product will interact with potassium
ions via dipolar interactions. Should a second equivalent of bis-chloroethylether be added and react at
one end of this unit, this product will have six oxygen atoms in its chain and potentially coil around the
potassium. This brings the remaining hydroxyl and chloro groups into close proximity, leading to a high
possibility of reaction and cyclisation. This is shown in Figure 3.2a. Similar template effects occur in the
synthesis of nonaromatic crowns, with for instance condensation of triethylene glycol with its ditosylate
(Figure 3.2b) under basic conditions6 demonstrating that yields of 18-crown-6 are dramatically increased
in the presence of metal ions, especially potassium.

X-ray crystallographic techniques were applied to these systems to confirm their cyclic structures and ion
complexation. Much of the early work was carried out by Mary Truter and collaborators in London. Their
studies proved Pedersen’s conclusion that the crown ethers enclosed the cations within the macrocyclic
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Figure 3.2 Synthesis of (a) dibenzo-18-crown-6 and (b) 18-crown-6
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ring. The structure of the sodium complex of dibenzo-18-crown-6 was shown to have a central sodium
atom in a hexagonal bipyramid environment, with the six oxygen atoms of the crown in the equatorial
plane and two water molecules occupying the apices.7 A similar complex, Na : benzo-15-crown-5, had a
pentagonal bipyramid arrangement, again with two water molecules included.7 Larger crowns give more
complex structures; in the potassium complex with dibenzo-30-crown-10 (Figure 3.3a), for example, the
macrocycle is described as being ‘wrapped round the cation like the seam of a tennis ball’,7,8 obviously to
maximise favourable O–K+ interactions. This effectively shields the potassium ion from the environment
and in fact this crown has good selectivity for potassium over other alkali metals. The larger crowns
could also give 1 : 2 complexes such as that formed between dibenzo-24-crown-8 and two equivalents of
potassium thiocyanate,9 where the potassium ions complex with the ether oxygens and the thiocyanate
ions serve as bridging ligands. A similar structure was found when potassium isothiocyanate was used
(Figure 3.3b) and in both cases there was evidence of benzene rings from other ligands being in the correct

(a)

(c)

(b)

Figure 3.3 (a) 1 : 1 complex of dibenzo-30-crown-10 with KI, (b) 1 : 2 complex of dibenzo-24-crown-8 with
KNCS and (c) 2 : 1 complex of benzo-15-crown-5 with KI
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position to allow electrostatic attraction between the potassium ion and the π-electrons.10 Alternatively,
crystallisation of benzo-15-crown-5 with potassium iodide gave a 2 : 1 complex,11 where the potassium ion
is sandwiched between the two crowns with all the K–O distances being approximately equal (Figure 3.3c).

What is interesting is that the uncomplexed crown ethers often do not have the same structure as
the complexed forms. For example, in the complex with potassium, 18-crown-6 has its oxygen atoms
all in the same plane orientated inwards towards the guest. However, when no central ion is present, the
compound adopts a structure that has two of the oxygens pointing outwards, showing that the oxygen–alkali
metal ion interactions cause the macrocycle to rearrange and shape the complex.

Besides the alkali metals, numerous other species have been shown to form complexes with crown
ethers. Within this chapter we will restrict ourselves to a general overview. For more data on the many
cation–crown complexes studied, a detailed and extensive review was published in 1985.12 Some general
trends will be discussed here; for example, we have already mentioned the effects of the size of the crown
ether on its interactions with alkali metals. Alkaline earths and other divalent metals can be bound even
more strongly, with for example dicyclohexyl-18-crown-6 having almost no affinity for Ca2+ but binding
Hg2+, Sr2+ and Ba2+ much more strongly than K+ and having a very high affinity for Pb2+ – almost a
thousand times higher than for K+. The corresponding dibenzo compound has also been shown to bind
barium and strontium, as well as silver.4 Lanthanides have also been studied; 18-crown-6 for example
forms strong complexes with La3+ and Ce3+, with the binding constants then dropping by up to 100-fold
as we move along the lanthanide series as far as Gd3+. Then there is an abrupt cessation of binding for
any further members of the lanthanides.13

Organic cations can also be bound by crown ethers. For example, 18-crown-6 can bind ammonium ion
(NH4

+), whereas the larger 27-crown-9 molecule forms a 1 : 1 complex14 with guanidinium ion C(NH2)3
+.

Within the same paper, formations of complexes with 18-crown-6 and arenediazonium salts were also
described. Neutral molecules can also be complexed, such as hydroquinone,15 which can be crystallised
as a 1 : 1 complex with 18-crown-6.

The result of Pedersen’s groundbreaking paper was a surge of interest in crown ethers and other variations
on this theme. One topic of research showed that a cyclic structure was not always necessary as expected,
since oligo and polyethers displayed the ability to complex cations to some degree.1 Linear analogues of
crown ethers were synthesised and the name ‘podands’ was coined for these systems, with details of early
studies on podands being reported in a 1979 review.16 For example, a linear analogue of 18-crown-6,
namely CH3O(CH2CH2O)5CH3 (Figure 3.4a), was synthesised and was shown to complex alkali metal
ions; however, this more open structure was much less effective, having a binding constant approximately
10 000 times lower than the corresponding cyclic compound. Binding constants can however be improved
by variation of the end-groups, allowing more facile synthesis of derivatised podands than the corresponding
crowns. Podands have been synthesised with a variety of interesting binding properties but since they are
acyclic we will not discuss them within this work; the reader is referred to the Bibliography and the
extensive and detailed review by Vögtle and Weber.16

One of the easier approaches to varying the crown ether structure is to utilise Pedersen’s original
method for the dibenzocrowns but to vary the aromatic diol. For example, 2,3-dihydroxy naphthalene
can be used, along with many other dihydroxy compounds. A substituted [2,2′]paracyclophane could be
utilised as the source material to synthesise the two compounds shown in Figure 3.4b,c, with the two crown
ethers bridging either across the individual benzene rings or between them.17 Heteroaromatic units were
incorporated, such as the compound shown in Figure 3.4d, which is one of a wide range of pyridyl crown
ethers synthesised by this group18 and shown to have a higher binding constant for t-butyl ammonium
ions than for 18-crown-6 itself. Replacing one of the oxygens of 18-crown-6 with a methylene group19

reduces the binding constant by over a thousand. The same group also incorporated a xylyl group within
the ring, with a reduction of binding constant by a factor of 700. Study of these compounds with different



Simple Complexes with Crown Ethers 41

(c) n = 1

(e) X = H, Br, CN, etc. (f)

(d)

(a) (b)

O

O

O

OO

O

O O

O O

O O

O O

O

O O

O

O O

OO

O

N

O O

OO

O

X

O O

OO

O

X

O

O

O

O

OO

n

O

O

O

O

OO

n

Figure 3.4 Structures of (a) a linear analogue of 18-crown-6, (b,c) bridged [2,2′]paracyclophane crowns, (d) a
pyridino crown ether and (e,f) substituted benzocrown ethers

5-substituents on the aromatic ring, as shown in Figure 3.4e, showed that substitution of the aromatic
ring had large (by a factor of 100) effects on the binding constant.19 Similar work was carried out using
aromatics substituted at the 2 position (Figure 3.4f) and showed that in some cases20 the incorporation of
H-bonding groups increased the binding constant by over an order of magnitude.

One of the most elegant pieces of work included the binaphthyl unit within a crown system. Binaphthol
exists in two enantiomeric forms, as shown in Figure 3.5a, since it cannot undergo rotation around the
C—C bond connecting the two naphthyl rings due to steric hindrance. The presence of the two hydroxyl
groups thereby enables this moiety to be included in a Pedersen-type synthesis to give binaphthyl crown
ethers, as shown in Figure 3.5b,c. If a single enantiomer of binaphthol is used then the resultant crown is
also chiral. This field was studied by Cram’s group, who synthesised a wide number of chiral crown ethers
and other macrocycles21 for study as hosts for chiral compounds. Compound 3d was shown to have a high
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Figure 3.5 Structures of (a,b) enantiomers of binaphthol, (c) mono-binaphthyl and (d) bis-binaphthyl crowns

enantiomeric selectivity for amino acid salts and their esters. These crowns were shown to be suitable
for use within chromatographic separations.22 Both liquid–liquid phase (where the crown is dissolved in
chloroform or dichloromethane) and solid–liquid phase (where the binaphthyl unit is substituted with a
siloxy group, enabling coupling to silica gel) experiments were carried out and separation could be observed
for the two enantiomers of various amino acids. NMR and X-ray crystallographic studies demonstrated
the interactions occurring between the host and guest, and showed that when the binaphthyl units are in
the R,R configuration the resultant complex with a D-amino acid is less sterically hindered than with the
L enantiomer.23

3.4 Azacrowns, Cyclens and Cyclams

All the crowns described so far have been based on carbon–oxygen rings. The introduction of nitrogen
into these systems adds a new degree of flexibility to the possible structures. Oxygen can only be divalent
under most conditions and although this enables it to be included in a chain or macrocycle, very little
further chemistry can be performed. Nitrogen however is either trivalent or tetravalent (in its charged
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ammonium form). This means it can be used to introduce new chemistry and substitution reactions to the
macrocycle. Also, simple replacement of O with N—H or N—R within the macroring will have an effect
on its binding properties since nitrogen and oxygen have different affinities for various ions, along with
the ability of N—H to act as a hydrogen bond donor. The effects of pH on binding will also be affected
by the much higher basicity of nitrogen.

Some of the earliest descriptions of crowns containing nitrogen atoms came from the group of Joyce
Lockhart,24 who utilised 2-aminophenol and 1,2-diaminobenzene units to incorporate nitrogen atoms in
crowns such as those shown in Figure 3.6a–c, by reacting polyether dichlorides with the amine. Other
methods involve protecting the nitrogen group of diethanolamine with benzyl groups and then reacting
the resultant compound with a ditosylated oligoether to form the aza macrocycle, followed by removal
of the benzyl group. A range of materials can be synthesised using a similar method, where an amine is
reacted directly;25 benzylamine, for example, can be reacted with triethylene glycol diiodide to give the
2 + 2 addition product, an N-benzyl-substituted diaza-18-crown-6. This can then have the benzyl group
removed to give the diaza-18-crown-6 compound, and it is worth noting that monoaza crowns can also be
synthesised by this method.

An alternative method was developed by Jean-Marie Lehn and coworkers,26 where oligoethers containing
either two amino or two acid chloride end groups are reacted together to give a cyclic polyether with two
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amide groups. These amides can then be reduced to give a diaza macrocycle such as that shown in
Figure 3.6d. This is then used in the synthesis of cryptands, a series of compounds which will be described
in Section 3.7. A recent review27 gives further details of all of these and other types of synthesis.

The presence of nitrogen atoms affects the binding properties of these crowns. An example of this can
be seen in the relative binding of potassium and silver. The log of the binding constant of 18-crown-6
with potassium is 6.1 and with silver is 1.6, indicating a large preference for potassium. For the mono-aza
crown, the binding constants are 3.9 and 3.3 respectively, indicating that the potassium is bound much less
and the silver more than in the case of the parent crown. In the case of the diazacrown (Figure 3.6d), the
values are 2.0 and 7.8, indicating that now silver is bound with high selectivity.28 The diaza-18-crown-6
has been reported to form complexes with transition metals such as copper,26 as well as other metals
including cobalt, nickel, zinc, cadmium, mercury and lead. A wide range of complexation studies with
oxygen- and nitrogen-based crowns have been made: far too many to list within this work. However, a
general rule can be drawn that oxygen atoms within a crown favour the binding of alkali and alkaline
earth metals, whereas the presence of nitrogen atoms leads to preferential binding of transition metals.27

It is possible to synthesise all nitrogen analogues of crown ethers. One of the most common is the aza
analogue of 12-crown-4, which is often given the trivial name ‘cyclen’. This family of compounds has been
very highly studied and can be synthesised in several different ways. One is via a condensation method
similar to that of crown ethers, where first diethylene triamine (H2NCH2CH2NHCH2CH2 NH2) is tosylated
at all three positions and then the end amino groups are deprotonated with sodium ethoxide to give the
dianion shown in Figure 3.7a. These can then be reacted with the tosylated derivative of diethanolamine to
give the tosylated derivative of tetraaza-12-crown-4, which can be deprotected with sulfuric acid to give the
parent amine29 (Figure 3.7b). Similarly, the deprotonated salts can be reacted with ethylene carbonate to
substitute the amines with —CH2CH2OH groups (Figure 3.7c). These hydroxy groups can of course then be
tosylated again, reacted with more of the dianion (Figure 3.7a), and finally deprotected to give the hexaaza
version30 of 18-crown-6 (Figure 3.7d). A variety of macrocyclic amines up to the octaaza-24-crown-8
compound can be made using these methods.29 A more recent synthesis31 involves the condensation of
triethylenetetraamine and dithiooxamide to form the bis-imidazoline compound (Figure 3.8a), which can
then be reduced with an organoaluminium hydride to undergo a ring expansion to give the tetraaza-12-
crown-4 compound.

Another method used with great versatility is the synthesis of Schiff bases. Dialdehydes and diamines
can be condensed together to form macrocyclic Schiff bases; a variety of possible reaction products can
occur – Figure 3.8b shows a schematic of a 2 + 2 addition reaction. These can then easily be reduced
to give the cyclic amines. This method is highly versatile and allows the incorporation of a wide variety
of aliphatic and aromatic groups and heteroatoms within the macrocycle. The synthesis of cyclen-type
compounds has recently been reviewed.32

There are a wide number of these cyclen-type compounds so we will restrict ourselves to two of the
most highly studied. These are the aza analogues of 12-crown-4 (cyclen), which is the most studied of this
family, and of 18-crown-6 (often known as hexacyclen). Hexacyclen has been shown to be a highly basic
molecule, usually existing as the tetraprotonated compound under neutral pH conditions. The presence of
the charged groups indicates that the azamacrocycles must have accompanying anions, which potentially
could be selectively bound inside the macrocycle. Although hexacyclen does form complexes with anions
such as nitrate, the anions do not occupy the centre of the ring in the same way 18-crown-6 complexes
potassium, probably because in the case of the cyclen, the cavity is partially filled by the N-H protons.
X-ray structures of, for example, the tetra(trifluoromethyl sulfonate) salt of hexacyclen33 clearly show that
although the hexacyclen adopts a puckered ring quite similar to the crown analogue, the anions all lie
outside the ring system (Figure 3.9a). However, larger rings such as the cyclen analogue of 30-crown-10
(Figure 3.9b) can include complex anions such as [PdCl4]2− within the ring.34
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Metals are also complexed by cyclens. Cyclen itself forms complexes with many transition metals, but
the metal ion is generally too small to fit within the ring system. Instead the ring usually adopts a nonplanar
configuration, which enables it to occupy four of the coordination sites around a metal ion. For example,
when cyclen and Co(NO3)2 are crystallised together, a complex is formed in which the cyclen adopts a
puckered conformation as shown in Figure 3.10a, with three of its nitrogens in the equatorial positions
around the cobalt ion and the fourth in an axial position, with the remaining axial and equatorial positions
occupied by the nitrates.35 Different structures can be obtained, for example when zinc cyclen perchlorate
is crystallised from ethanol;36 in this case the zinc atom is in a distorted square-pyramid conformation, with
the four nitrogen atoms providing the base and an ethanol molecule at the apex. A similar structure has also
been observed in the copper and nickel complexes of the bis-cyclen compound37 shown in Figure 3.10b,
with the cyclens providing the base of the pyramid and a water molecule its apex.
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PdCl4 unit
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(a) (b)

Figure 3.10 X-ray structures of (a) cyclen/Co(NO3)2 and (b) a copper bis-cyclen

Hexacyclen forms a wide series of compounds, especially with transition and precious metals.
Liquid–liquid extraction techniques showed hexacyclen to be an efficient complexing agent for Ag+,
Cu+, Cu2+, Hg2+, Pd2+ and Pt2+, but not for Fe3+.38 Many of these metal ions prefer a hexacoordinate
system such as an octahedral configuration. Hexacyclen contains six nitrogen atoms and is flexible enough
to assume the required conformation. An example of this can be seen in Figure 3.11a, which shows
the X-ray structure of one of the isomers of a Co3+ complex.39 Other workers have shown that a Cr3+
complex has a distorted octahedral structure40 and an Hg2+ complex has a distorted trigonal prismatic
structure.41 Lanthanides and actinides can also be complexed; Nd3+ for example forms a complex42

in which the Nd ion is 10-coordinate with both the macrocycle and the nitrate groups involved in the
complex, whereas UO2

2+ forms a hexagonal bipyramid form43 in which the macrocycle nitrogens are in
the equatorial positions (Figure 3.11b). Complexes in which the macrocycle binds two metal ions are also
known, such as for example the di-copper complex44 shown in Figure 3.11c.

Another very widely studied variation on this theme is the ‘cyclam’ series of compounds. Cyclam is simi-
lar to cyclen except that two of the ethylene bridges are replaced by propylene bridges (Figure 3.12a). Many
of these compounds are synthesised from Schiff bases. These can be made by several different methods;
amongst the earliest described was the nickel-templated reaction of acetone with the tris-ethylene diamine
complex of nickel45 (Figure 3.12b). Substituted Schiff bases can also be made by reacting materials such
as 2,6-dicarbonyl pyridine compounds with diamino compounds of various chain lengths (Figure 3.12c),
with iron salts being used as a template.46 Ring size can often be controlled by selection of the metal ions
and whether 1 + 1 or 2 + 2 addition products are formed. Polyethers with terminal amine groups can be
utilised to give combined Schiff base/crown ether-type ligands.

Schiff bases do complex metal ions, but the reactions used to form these macrocycles are reversible, with
the resultant products often being easily hydrolysed. Reduction of the Schiff base to the amine eliminates
this problem. It has been noted that complexation with metals often improves the stability of the Schiff
base. A recent review was published on the chemistry of these systems47 and there is also an extensive
review on their complexation behaviour with many metals.48

Synthesis of the Schiff bases and their reduction to the corresponding saturated macrocycles49 has
given rise to a wide range of compounds. The resultant cyclic amines are extremely good chelators of
metals, as demonstrated by the binding constant of cyclam to Cu2+ being 10 000 times stronger than the
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Figure 3.11 X-ray structures of (a) hexacyclen/Co(ClO4)3, (b) hexacyclen/UO2·2CF3SO3
− and (c) hexacyclen/

Cu2·2CH3CO2
−2PF6

− (some counter-ions removed for clarity)

corresponding linear analogue.50 Similar macrocyclic effects have already been described for the crown
ethers. The structures of many metal–cyclam systems have been obtained and show that the cyclam
molecule is quite flexible and can adopt a variety of conformations depending on factors such as the
chemical substitution of the macrocycle and the metal ion. For smaller metals such as Cu2+, a survey of
the Cambridge Structure database51 showed that in the majority of cases the copper was in an octahedral or
square planar configuration, although other configurations such as square pyramid or trigonal bipyramid are
known. A range of metal perchlorates have been complexed with cyclam, with Zn2+ 52, Co53 and Ni3+ 54

all having octahedral-type structures in which the macrocyclic nitrogens fill the equatorial positions. Pd2+
cyclam has a square planar structure,55 as does the complex56 with Ag+.

Large metal ions cannot be encapsulated within the ring. The Pb(NO3)2/cyclam complex, for example,
adopts a distorted cis-octahedral conformation57 where instead of the two nitrate groups being on opposite
sides of the metal ion they are cis to each other, with the amine nitrogens occupying the remaining four
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Figure 3.12 (a) Structure of ‘cyclam’ and (b,c) synthesis of Schiff bases

positions. When complexed with cyclam,58 Hg2+ adopts square-pyramid conformation in the solid state,
with the macrocycle nitrogens occupying the base positions and a chloride ion the apex. Cadmium adopts
a mixture of square-pyramid and trigonal-bipyramid conformations in solution and when Hg2+ or Cd2+
are crystallised with a cyclam in which the amine protons are replaced by methyl groups,58 X-ray studies
show the complexes to adopt a trigonal-bipyramid conformation.

The presence of nitrogen atoms within azacrowns and other macrocyclic systems allows the introduction
of more substitution. This has been achieved in many ways, some of which will be discussed later.
However, substitution of the N atoms can often reduce complexing ability, such as seen in the formation
of the complex of Cu2+ with the tetra-N-methyl or tetra-N-acetyl cyclam being several orders of magnitude
slower than that with the parent compound.59 A similar effect is observed for Hg2+, Pb2+, Co2+ and Zn2+.
The tetraacetate also binds Zn2+ and Co2+ more strongly than the methyl compound. Since the amines
are prone to protonation, pH also has an effect;60 for example, Cd2+ complexes of cyclam were stable at
pH > 8.2 but dissociated completely when the Ph was lowered to 5.3.
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3.5 Crowns Containing Other Heteroatoms

Sulfur has also been incorporated into macrocyclic systems and has noticeable effects on their behaviour
since it is larger than oxygen and is considered a relatively ‘soft’ atom while oxygen is considered a
‘hard’ atom. Some of Pedersen’s early crown ethers were synthesised containing a mixture of oxygen and
sulfur atoms, usually by replacing 1,2-dihydroxy benzene with 2-mercaptophenol or 1,2-dimercaptobenzene
in his classical synthetic scheme.61 Comparison of the extractions of potassium and of silver nitrate
showed that although dicyclohexyl-18-crown-6 extracts both metals effectively, incorporation of two or
four ‘softer’ sulfur atoms (Figure 3.13a–c) improved silver extraction but greatly reduced the affinity
for potassium.

Cyclic thioethers are synthesised by a variety of methods, many of which involve the reaction of
thioethers with alkyl halides under basic catalysis.62 There can be problems in that some of the compounds
that might be potential building blocks can be quite dangerous, such as ClCH2CH2SCH2CH2Cl, also known
as ‘mustard gas’ and classified as a chemical weapon. All sulfur analogues of 12-crown-4, 15-crown-5 and
18-crown-6 (Figure 3.13d) have been synthesised and their X-ray crystal structures obtained.63 In the case
of hexathia-18-crown-6, studies showed some of the sulfur atoms pointing towards the centre of the ring and
some away. This type of compound appears to bind metal in a very different manner than the conventional
crown ethers. X-ray structures of many 18-crown-6 complexes show the binding to be electrostatic in
nature, with the crown adopting an essentially planar form, with the metal atom in the centre, since the
electrostatic bonding is essentially nondirectional. However sulfur atoms tend to form dative bonds to
metals and this leads to much greater directionality. The earliest complex for which an X-ray structure was
obtained was that of hexathia-18-crown-6 with nickel,64 which shows that the macrocycle wraps around
the nickel atom so that the sulfur atoms are in an octahedral arrangement. Further papers by Hintsa et al .
show that Cu2+ and Co2+ also adopt octahedral conformations. However, there are exceptions to this
rule: CrCl3 forms a 1 : 1 complex with the chromium ion in an octahedral environment, although only
three of the S atoms are complexed to the metal, with the remaining three positions being occupied by
chloride ions.65 Thia versions of other ligands such as the tetrathia analogue of cyclam, where sulfur atoms
replace the nitrogen atoms, are known. Again, these form complexes with a wide variety of metals, such
as for example Hg2+, which can be bound in either a square pyramidal structure66 when it has perchlorate
counterions or a tetrahedral structure when it has chloride counterions.

Other heteroatoms have been utilised in crown formation, and for example selenium compounds similar
to cyclam and crown ethers (such as shown in Figure 3.13e) have been synthesised.67 The tetraseleno
compound (Figure 3.13e) has been shown to form complexes68 with both Cu+ and Cu2+. Mixed selena–thia
macrocycles were also reported. A tetraseleno compound (Figure 3.13f) and a hexaseleno compound
(Figure 3.13g) have also been shown to form 1 : 1 and 1 : 2 complexes respectively69 with Pd2+. In both
cases the palladium ions exist in a square planar configuration, as shown by X-ray crystallography. Crown
ethers containing tellurium70 and its platinum complex have also been reported. A range of phosphorus-
containing crowns,71 which also contain oxy, aza or thia groups (Figure 3.13h), have also been described
and shown to form complexes with transition metals.

3.6 Lariat and Bibracchial Crown Ethers

From some of the crystal structures shown previously, it can be seen that the crown ethers form an equatorial
band around a metal ion, with counter-ions being complexed at the axial sites. Additional complexation
between the macrocycle and the ion can be introduced by the synthesis of compounds such as lariat ethers
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ethers, (f) schematic of the coordination of 3.14d around Na+, (g) schematic of the coordination of 3.14d around
K+, (h) azacrown ethers and (i) cyclam substituted with pyridine units

(taking their name from the lariats or lassos used by cattle herders). These consist of a crown ether with a
side chain that can also form complexes with the central metal ion. A typical side chain might be a short
polyether chain and can be attached to the nitrogen atom in an azacrown ether. An example is shown
in Figure 3.14a, where a short chain containing oxygen atoms is attached to the aza group. This enables
further interaction and enhances the binding between metal and macrocycle. Attachment of the side chain
to one of the carbons of the crown ether is also possible.

Many of the early studies on lariat ethers have been reviewed by Gokel.72 A range of ring sizes and side
groups were utilised and their complexation with various ions was studied. One of the important results
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of this work showed that it is not the ring size per se that determines the binding strength but rather the
number of binding groups available; for example, a 15-membered crown with a —(CH2CH2O)2CH3 side
chain had essentially the same binding constant as the corresponding 18-membered crown (Figure 3.14b)
with a —CH2CH2OCH3 side chain.72 Addition of a —(CH2CH2O)3CH3 chain to the corresponding 12-
membered crown also greatly improved its binding to sodium and potassium. The lariats bind much more
strongly than the corresponding azacrowns without the side chains and a list of the binding constants for
several systems has been published.73 This shows that for the 12-crown-4 derivative, binding constants
for sodium and potassium increase dramatically with addition of a —CH2CH2OCH3 side chain: additional
—CH2CH2O— units cause further but smaller increases up to chains containing four oxygens. For the
aza-15-crown-5 system the compound with a single —CH2CH2OCH3 side chain again shows dramatic
enhancement of binding constant (>100-fold for sodium and potassium) over the unsubstituted crown
and severalfold further enhancement upon doubling the side-chain length, although this decreases slightly
if more ether units are added. For the aza-18-crown-6 compounds, a single —CH2CH2OCH3 side chain
has the most dramatic enhancements (about 100-fold for sodium and potassium), while addition of a
second ether unit causes a small increase for potassium but not sodium. Other ions such as ammonium
and calcium were also studied, but in these cases the effects of side chains on their binding were much
less pronounced.

Since the addition of a single sidearm was shown to enhance binding of anions, crown ethers with
two or three side chains were studied. These were known as bibracchial lariat ethers (BIBLES) and
tribracchial lariat ethers (TRIBLES). Again, enhancements were seen for these compounds: addition of
two —CH2CH2OCH3 side chains to diaza-18-crown-6 (Figure 3.14d) caused >1000-fold increases in the
binding constants for sodium and potassium ions, and addition of an ester side chain (Figure 3.14e) led to
10 000-fold enhancements compared to the unsubstituted diazacrown. Calcium was also 100 times more
strongly bound by the ester side chain than the ether.73 Triaza systems have also been synthesised based
on a triaza 18-crown-6 ring system, but binding constants were found to be lower than the corresponding
diaza compounds and it is obvious from molecular models that steric crowding prohibits any further
binding interactions than for two chains. The subject of these multiple armed systems has been reviewed
elsewhere.72,74

Solid-state studies were also made of these compounds and their complexes. One of the first successfully
analysed complexes75 was that between the compound shown in Figure 3.14b and potassium. The five-
ring oxygen atoms adopt an almost identical equatorial binding conformation to that seen for 18-crown-
6, with the nitrogen atom being somewhat bent out of the plane, with the side chain bending back
over the centre of the ring, allowing the oxygen to interact with the metal ion (Figure 3.14c). When
a bibracchial system is used, however, the structure is highly dependent on the metal ion. When the
compound shown in Figure 3.14d binds to sodium, the ring and pendent groups are shown by X-ray
crystallography75 to wrap around the sodium ion, with both pendent groups on the same side of the
macrocycle (Figure 3.14e). However, when the complex with potassium is crystallised, it has a structure
with the potassium ion within the macrocycle and the pendent groups trans to each other,76 as shown in
Figure 3.14f.

Other macrocyclic systems and sidearm groups have also been used as the basis for lariat-type com-
pounds, and for example both diaza-18-crown-6 and cyclam have had their nitrogen groups substituted with
pyridine moieties77 to give the structures shown in Figure 3.14h,i. The crowns showed little enhancement
for sodium binding but significant increases in their affinity for calcium and copper ions. Similar furan-
substituted crowns showed good affinity for potassium and barium, but the pyridine-substituted cyclam
was considerably poorer. Also, whereas cyclam itself is a poor transporter of ammonium ion, a cyclam
substituted with four furan groups showed a greatly enhanced affinity for ammonium.78
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3.7 Cryptands

Crown ethers and their derivatives are usually flexible molecules capable of accommodating a wide variety
of guests, which is one of the reasons they can often display poor selectivity. It should also be noted
that many of the crowns are restricted in the manner in which they can arrange themselves around a
guest, possibly reducing potential binding interactions. Jean-Marie Lehn, who shared the Nobel Prize
with Pedersen and Cram, deduced that a flexible molecule which could present donor atoms in a three-
dimensional array could potentially be capable of actually encapsulating a guest.

We have already mentioned Lehn’s method (Figure 3.6d) for the synthesis of diamide-containing crowns
from diamines and diacid chlorides, followed by reduction to the diazacrown.26 This material can then
serve as a feedstock for a further amidation reaction (Figure 3.15a), which after reduction leads to the
addition of another diether chain.79 These materials were first reported in 1969 and the term ‘cryptand’ was
coined for them. ‘Cryptate’ is the name for a complex formed of a guest and a cryptand. One of the most
widely used cryptands (Figure 3.15a,b) is 1,10-diaza-4,7,13,16,21,24-hexaoxabicyclo[8.8.8]hexacosane,
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also termed [2,2,2]cryptand. The figures describe the number of ether oxygens in the chains and so the
compound shown in Figure 3.16a is [1,1,1]cryptand.

The more rigid three-dimensional structures of cryptands (Figure 3.15b) confer higher selectivity and
specificity than similar-sized crown ethers. This is probably due to a combination of cryptands having
a more defined ‘hole’ size than the more flexible crown ethers, meaning that they cannot constrict or
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expand to accommodate ions of the wrong size. Also, the three-dimensional cryptands are already more
preorganised into a binding conformation and therefore there is less rearrangement of the macrocycle as
it goes from an uncomplexed to a complexed state. This means there are less unfavourable entropic and
enthalphic obstacles to binding.

As with the crown ethers, the cryptands are shown to complex alkali metals.80 However, the bind-
ing coefficients are much higher. The binding constant for [2,2,2]cryptand for potassium is some 104

times higher than for 18-crown-6. Much higher selectivities are also noted, and for example in water
[2,1,1]cryptand (Figure 3.16b) has a binding constant for lithium over 100 times higher than that for
sodium. Similar selectivities are observed for [2,2,1]cryptand (Figure 3.16c), which has a high prefer-
ence for sodium (binding constant approximately 30 times that for potassium), and [2,2,2]cryptand, which
prefers potassium (binding constant approximately 30 times that for sodium). As the cryptands get larger
than these, the binding coefficients in water tend to drop, but good binding is still observed in methanol.80

One possibility is that the increase in binding strength for cryptands over crowns is simply due to
the presence of more donor atoms (eight for [2,2,2]cryptand against six for 18-crown-6). However, a
cryptand containing just six donor atoms and a bridging five-carbon chain (Figure 3.16d) was shown to
bind potassium over a thousand times more strongly than the corresponding diaza-18-crown-6 compound73

and had a binding constant only 40 times less than the corresponding [2,2,1]cryptand. This appears to prove
that the incorporation of a bridging chain increases the binding ability, possibly due to the preorganisation
of the cryptate and better definition of the cavity. We have already discussed the macrocyclic effects of
crown ethers, cryptands appear to display an even stronger ‘macrobicyclic effect’.

Similar results were obtained for complexes with alkaline earth metals with even higher binding con-
stants. An enhancement of binding coefficient of about 105 was observed for barium-[2,2,2]cryptand in
comparison to a similar crown ether.80 Again, selectivity was observed, with [2,1,1]cryptand showing high
Ca/Mg selectivity and [2,2,2]cryptand showing high selectivity for Sr/Ca and Ba/Ca (ratios of binding
constants are 4000 and 105 respectively). An interesting piece of work involved the study of the com-
plexation of barium and potassium with various cryptands.81 What was notable was that [2,2,2]cryptand
has a binding constant for Ba2+ 104 times greater than that for K+, but for a similar hydrocarbon-bridged
compound (Figure 3.16e) the selectivities are reversed, with the binding constant for potassium being over
200 times greater than that for barium.81

The structure of the cryptates was examined by X-ray crystallography, with for example the rubidium
complex of [2,2,2]cryptand being shown to have a structure (Figure 3.16f) in which the rubidium ion is
entirely encapsulated within the cavity.82 Further work showed that the sodium, potassium and caesium
complexes all had similar structures and that the cryptand adopts a conformation intermediate between a
bicapped trigonal prism and a bicapped trigonal antiprism.83 Encapsulation was also observed for sodium
and potassium complexes with the smaller [2,2,1]cryptand.84

As for the crown ethers, various alternative heteroatoms to oxygen have been incorporated into cryptands.
The compound shown in Figure 3.17a exists as a highly protonated species in aqueous solution and forms a
complex with azide ion as shown.85 Sulfur atoms86 have also been successfully incorporated into cryptands,
as shown in Figure 3.17b–d. The compound shown in Figure 3.17b has been shown to form complexes
with potassium, barium, silver, lead and thallium. Disulfide groups have also been included into cryptands
to give ellipsoidal-shaped receptors.87

3.8 Spherands

Within this chapter we have seen how improving the organisation of the host and constructing molecules
with higher levels of structural definition can increase the binding strength and selectivity of the host.
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Figure 3.17 (a) Macrocyclic amine ligand complex with azide and (b–d) cryptands containing sulfur atoms

The cyclic crown ethers display much higher binding constants than the linear podands and are in turn
exceeded by the three-dimensional cryptands. For this reason, workers addressed the possibility of synthe-
sising molecules with preordered structures that would match as closely as possible potential hosts. These
structures have been named ‘spherands’ due to their approximately spherical shape and it was thought
that being preorganised into the optimal shape for binding would both remove any need for the host to
reorganise and minimise any unfavourble entropic or enthalphic penalties.

We will consider examples of two types of spherand. The first is a development of the cryptand synthesis
in which azacrown ethers are bridged with two chains, thereby creating a tricyclic structure. The structure
of one of these compounds can be seen in Figure 3.18a, while a space-filling model in Figure 3.18b clearly
shows its approximately spherical structure. This compound has been shown to form complexes with K+,
Cs+, Ba2+ and NH4

+ cations in chloroform.88 It was noted that exchange of bound cations was relatively
slow compared to crown ethers and cryptands. In acidic solution the same compound protonates and forms
a strong complex with chloride ion.89 Modelling shows that chloride is the best fit for the internal cavity,
bromide and fluoride fit less well and have lower binding constants, while iodide, nitrate and perchlorate
do not form complexes at all. X-ray crystal structures90 have been obtained for the ammonium and the
chloride complexes, and it has been shown in both cases that the guest resides inside the central cavity of
the spherand.

The second type of spherand was first reported by Donald Cram, the third of the 1987 Nobel Prize
winners for work on supramolecular chemistry. Whereas the systems described so far have been relatively
flexible, this group utilised a completely different type of compound. Starting from p-cresol,91 the much
more rigid system shown in Figure 3.19a was synthesised. This contains a permanent cavity of the correct
size and geometry to include guests such as alkali metal ions. The idea for this was that the presence
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of the permanent binding site would facilitate ion binding since there would be no requirement for the
host to rearrange its structure to accommodate a guest. The compound shown is capable of complexing
sodium or lithium (but not larger metals), with sodium being preferred. However, the ‘monomer’ of
this system, p-methylanisole, is only a poor ligand for metal ions. Also, the linear version of the cyclic
compound92 displays much lower binding to metal ions (binding constants differ by a factor of 1012) due
to the lack of a cyclic structure and of a preorganised cavity. X-ray studies93 show that the spherand
has a practically identical structure, both in its unoccupied form and as its lithium (Figure 3.19c) or
sodium complex.

Larger versions of these compounds containing eight rings were synthesised and shown to host alkali
metals, with caesium having the highest binding constant.94 In the same work a number of spherands
bearing cyano groups instead of methoxy groups were also developed and were shown to be hosts for
alkali metals and ammonium salts.95 Chiral systems have also been developed in which three, four or five
binapthol units, each of which is chiral, are linked to form a macrocycle.96

Intermediate systems containing a rigid unit combined with a flexible system such as a crown ether
were also developed and are known as ‘hemispherands’. Similar cryptand/spherand conjugates were named
‘cryptaspherands’. A variety of these were synthesised in an attempt to utilise the high selectivity of the
spherands but extend it to different ions. It appears that the selectivities of these compounds fall into
a series, with spherands > cryptaspherands ∼ cryptands > hemispherands > crown ethers > podands.
The hemispherands containing three benzene rings bridged with a variety of groups were the first to be
synthesised97 and showed high binding constants for many ions, which were dependent on the molecular
structure. A typical hemispherand is shown in Figure 3.20a.

Cryptaspherands have also been synthesised98 by bridging a diazacrown ether with an aromatic unit
to give structures such as that shown in Figure 3.20b and their crystal structures have been obtained.
Complexation studies99 demonstrated that they were stronger complexing agents than the cryptands. Selec-
tivity was dependent on structure, with the cryptaspherand in Figure 3.20b showing Na/Li selectivities of
>4000 for example and other compounds showing Rb/Cs selectivities of >100. Cram’s group was to take
this idea for using rigid preorganised compounds as hosts for a wide variety of inorganic and organic
species much further, utilising systems such as calixarenes and resorcinarenes to make cavitands and
hemicavitands – molecules which will be discussed in Chapter 4.
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3.9 Combined and Multiple Systems

The hemispherands and cryptashperands are examples of systems in which different binding moieties are
combined in a single molecule. There are many other such systems, a few of which will be discussed
here. One of the earliest studies linked together 15-crown-5 units to form dimers and polymers as shown
in Figure 3.21a–c, and similar studies were carried out on the 18-crown-6 ethers.100 The bis and poly
crowns were found to be more efficient extractants than the monomer (Figure 3.21a) and this was thought
to be due to the formation of sandwich complexes between two crown units and a metal ion.

What makes bis crown ethers of such interest is the potential to join them together with an active group.
For example, when two crown ether units are joined by an azobenzene group, light irradiation can switch
the azo unit from its trans form (Figure 3.21d) to the cis form.101 In the cis form the two crown units are
much closer to each other, which makes it a more effective complexant for potassium, which is too large
to comfortably fit in a 15-crown-5 unit but can form a sandwich compound with two units. Irradiation
of this crown noticeably increases its transport rate of potassium picrate. Evidence for the formation of
sandwich complexes came in further work,102 which showed that larger cations, especially rubidium, were
transported more effectively and also that the steady-state ratio under irradiation of cis /trans was affected
by the metal ion, being 52 : 48 with no metal and 98 : 2 when rubidium was present.
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(d) the trans form and (e) the cis form
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Figure 3.21 (continued)

Chiral spacers have been used103 as bridges between two crown units and the resultant bis crown has
been shown to selectively transport chiral diammonium compounds. Metallocenes have also been utilised
as bridging groups, as shown in Figure 3.22a, where ruthenocene or ferrocene104 is used to link two
azacrown ether units. The ferrocene derivative is shown to selectively form complexes with K+ over
Na+ and Cs+; the crystal structure of the 1 : 1 complex with potassium is shown in Figure 3.22b and a
space-filling representation is shown in Figure 3.22c; together these clearly demonstrate the formation of
a sandwich complex. Since ferrocene can be electrochemically switched between the neutral form and
ferricinium ion, compounds of this type open up the possibility of electrochemical control of binding.
Another system which has been synthesised is one in which diazacrown units can be linked by ferrocene
bridges,105 which has been shown to give both a ferrocene-bridged 1 + 1 addition cryptand and the 2 + 2
addition product (Figure 3.23a). This compound105 has been shown by X-ray studies to have a large central
cavity, as has the similar thiacryptand106 compound (Figure 3.23b).

Another series of versatile ligands (Figure 3.24a–c) was synthesised by joining together two diazacrowns
with a variety of aromatic groups.107 When mixed with methylammonium ions, 2 : 1 ion : ligand complexes
were formed, whereas larger substituted ammonium cations only formed a 1 : 1 complex. Much stronger
binding constants were observed for α,ω-alkyl diammonium cations, for which NMR studies showed
that 1 : 1 complexes were formed with the guest contained within the host. Triple-bridged dimers could be
obtained from triaza-18-crown-6 and were shown to display similar behaviour.108 Variation of the aromatic
linkers meant that different guests could be bound selectively, with for example the naphthyl derivative
(Figure 3.24c) binding the pentyl and hexyl diammonium compounds but not the butyl or octyl. The crystal
structure109 of the pentyl complex is shown in Figure 3.24d. Use of the chiral binaphthyl unit as a linker110

allowed the synthesis of chiral bis crown ethers, which could differentiate between enantiomers of chiral
ammonium compounds. Recently, other workers111 have synthesised a bis crown ether with a linking unit
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Figure 3.22 (a) Metallocene bis crown ethers, (b) their X-ray structure and (c) a space-filling model of the
ferrocene compound

containing photosensitive stilbazole units (Figure 3.25a); this could be incorporated into ultra-thin films
and shown by fluorescence studies to selectively bind 1,3-diaminopropane salts. Flexible oligopropylene
oxide spacers have also been used to construct a number of bis crown ethers which again show simple
binding of small alkali metals and sandwich-complex formation with larger ions.112 Many other systems
have been synthesised containing other units. These include for example the bis-cyclen compound,37 as
mentioned earlier (Figure 3.10b), and a wide variety of mixed systems with crowns, cryptands and other
compounds, such as calixarenes – some of which will be mentioned in later chapters.

Larger assemblies containing crown units have been made. One, two and three benzocrown ether units
have been attached to a benzene ring,113 as shown in Figure 3.26a, which shows the triply-substituted
system with benzo-15-crown-5 units attached. The benzo-18-crown-6 analogue was also synthesised.
The 15-crown-5 compounds showed increasing K/Na selectivity as the number of attached crown units
increased. Unlike some of the previous bis crowns in this section, sandwich complexes were not formed
with large ions; instead alkali metal-bridged dimers were formed. Other workers used hexahydrotriazine114

as a central unit to assemble tris crown ethers which could capture alkai metals and form sandwich
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complexes. We have already discussed porphyrins in Chapter 1; these have been used as units to link four
crown ethers together115 (Figure 3.26b). The resulting compounds complex a variety of ions. The por-
phyrin shown has a high selectivity for potassium and tends to form sandwich complexes which promote
the dimerisation of the porphyrin and quenching of its fluorescence. The dimerisation of the porphyrin
and its metallo derivatives is also shown to affect the electrochemistry of these compounds.116 Other
work has utilised porphyrins bridged with a single crown ether unit in a face-to-face arrangement and the
resultant fluorescent molecule is quenched by the binding of Cu2+ or Zn2+ ions.117 Phthalocyanines118

have also been used as scaffolds to assemble up to four crown ether units. Porphrazines substituted with
dithia-15-crown-5 units (Figure 3.26c) have been shown to give specific optical responses to silver and
mercury ions.119

Polymer crown ethers have also been utilised, as mentioned earlier in this section.100 A wide variety
of polymers have been synthesised, one of the simplest (Figure 3.27a) being poly(vinylbenzo-18-crown-
6), which has been shown to have a high affinity for both alkali metal cations and organic compounds
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(such as dyes) in water.120 This is thought to be due to its polysoap-like structure, with a hydrophobic
backbone and the relatively hydrophilic crown ether units. Polyacrylamides and bis-acrylamides with
pendant benzo crown ethers were blended with polyvinyl chloride (PVC) and utilised as potassium-
selective membranes.121 The materials could also be grafted onto silica122 and used as solid phases in
ion-chromatography separations, being capable of separating the alkali and alkaline earth metals depend-
ing on affinity. Methyl methacrylate polymers with crown ether side chains (Figure 3.27b) have also been
developed and their complexes with lithium perchlorate have been shown to display ionic conductivity,123

indicating potential uses as a solid-state electrolyte. Photoresponsive stibazole groups have been used
to link crown ethers to polymethyl methacylate backbones (Figure 3.27c) and the resulting materials
have been shown to complex alkali metal picrates and then be capable of releasing them into solution
upon irradiation.124

Condensation polymers have also been constructed. Diaza-18-crown-6, with its reactive amine groups,
for example, can be condensed with a diacid chloride to form a ‘Nylon’-type polymer (Figure 3.27d).
These polymers125 can be mixed with alkali metal perchlorates and shown to have ionic conductivity in the
solid state, the complex with KClO4 having the lowest conductivity, indicating the strongest crown–ion
interaction. The same group also utilised diazacrown ethers containing side chains, thereby synthesis-
ing poly(lariat ethers).126 Another method has been to synthesise electropolymerisable monomers such
as that shown in Figure 3.27e, which can be electropolymerised through the pyrrole group to give a
film of a polypyrrole–ferrocene crown ether.127 This material, when interrogated by impedance spec-
troscopy, has been shown to selectively recognise calcium and barium ions. A chiral binaphthyl crown
ether can also be deposited electrochemically128 and shown to recognise certain neurotransmitters. Den-
drimers have also been utilised as substrates for the attachment of crown ethers. A carbosilane dendrimer
for instance was recently grafted with 15-crown-5 moieties and utilised in the production of an ammonium-
selective electrode.129

Most of the work on these polymeric systems appears to have used crown ethers, but other moeities
have been incorporated into polymeric systems, with both crown and cryptand units, for example, having
been successfully grafted onto chloromethylated crosslinked polystyrene beads130 and used as polymeric
extraction agents for lanthanides or phase-transfer catalysts. Similar cryptand polymers have also been
used for several separation technologies, including nitrogen-isotope separation.131

There have also been numerous reports on the incorporation of crown ethers and similar materials into
a number of supramolecular assemblies via noncovalent interactions. Crowns have been utilised in the
construction of such assemblies as rotaxanes and catenanes; these will be described in Chapter 9.

3.10 Applications of Crown Ethers and Related Compounds

Although they have only been around for about 50 years, the use of crown ethers and related compounds
has become widespread within both the academic and the industrial world. We will attempt to give a brief
overview of how these compounds are being used today.

One of the earliest applications was the solvation of ionic salts in organic media. Many ionic materials
simply will not dissolve in solvents, such as hexane or toluene. Conversely, many organic compounds
are insoluble in water. This becomes a problem when we wish to react such a compound with a salt.
Some solvents such as dimethylformamide or dimethyl sulfoxide will dissolve both organic and inorganic
compounds, but these are high-boiling solvents which can often be difficult to remove afterwards. Crown
ethers and cryptands offer a solution to this problem since they can complex metal ions, encasing them in
an organic sheath and rendering them soluble in organic solvents. An example of this is potassium per-
manganate, a powerful oxidising agent which is completely insoluble in benzene; however, upon addition
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of 18-crown-6 and a trace of water we obtain the formation of an intensely purple solution which can
be used to oxidise many water-insoluble organic compounds. Another group of materials which is very
insoluble in organic solvents is the superoxides; again this insolubility can be overcome by using crown
ethers or cryptands.

Another example is the synthesis of alkyl cyanides, which can be performed using a simple nucleophilic
substitution reaction of an alkyl halide with a cyanide salt. The most economic way to perform this reaction
would be to dissolve the salt in a liquid alkyl halide without any solvent, but a material such as sodium
cyanide will not dissolve in a long-chain alkyl halide. One solution is phase-transfer catalysis, where the
salt is dissolved in water and a small amount of a crown ether or cryptand is added as a catalyst. Addition
of the alkyl halide results in a two-phase system. However, the catalyst binds the metal ion, allowing it
to be solvated in the alkyl halide so that some of the salt is transported into the organic phase. There it
reacts to give the alkyl cyanide and a halide ion. This transport phenomenon is repeated and eventually
all the alkyl halide is converted. Another factor in using these types of method is that quite often the
anion can become activated as the encapsulation of the cation hinders any association in solution; also, the
anion is relatively poorly solvated by the organic solvent. This poor solvation can often greatly increase
the reactivity of the anion and the rates of any reactions in which it participates. A wide range of crown
ethers, cryptands and so on are commercially available for exactly this purpose. To aid separation, many
of these macrocycles have been attached to polymeric supports such as crosslinked polystyrene, and these
materials are also commercially available.

We have already mentioned how the preferential binding of some materials enables the use of many
materials as selective media. Crown ethers and cryptands have been utilised in a variety of ion-selective
electrodes and specific crowns are available commercially, for example several of the commercial Selec-
tophore range of compounds are based on crown ethers or other macrocyclic compounds and are incorpo-
rated into various sensor or chromatographic applications. We have reported within this chapter on how
macrocycles can be utilised in chromatographic separations, such as for example in ion-chromatography
or Donald Cram’s work on enantiomeric separation using chiral crown ethers.

One field in which this range of compounds has excelled is the sensing of a wide variety of species.
For any sensor, there has to be a recognition event (e.g. binding of a metal) followed by a measurable
transduction event. Although the macrocyclic systems can be highly selective binding agents, one problem
is that the binding interactions are essentially noncovalent and there is often no easily measurable side
product such as a detectable molecule or the production or consumption of electrons. This problem can be
addressed by combining, usually in the same molecule, the binding macrocycle with a reporter group that
can be interrogated. Binding of a substrate affects the binding macrocycle and its reporter group, leading
to a change in the overall nature of the sensing molecule. Various reporter groups have already been
mentioned within this chapter, such as ferrocene units, which will have their electrochemical behaviour
modified by a binding event. Other reporter groups include photochemically active groups such as the
porphyrins or stilbazole units, which have their fluorescence behaviour modified by binding of substrates.
Incorporation of the macrocycles into conductive polymer films has also been studied.

Responsive materials in which chemical events can be modulated by electrical or optical stimulation have
also been addressed. Within this chapter we have mentioned polymeric crowns which bind and release ions
upon optical stimulation. Optically controlled transfer of substrates using photoresponsive crown ethers
has also been discussed. For other materials such as cryptands, cyclens or azacrown ethers, the presence
of the amine groups means that the binding of a variety of substrates can be controlled by the pH. Other
workers have used lariat-type ether compounds in which the side chain can be photochemically switched,
which can affect the electron density within the overall molecule and modulate binding. Similar work, for
example using ferrocene-bridged crown ethers and cryptands, has produced electrochemically switchable
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systems in which the redox state of the bridge controls binding. The potential is for these types of materials
to be used as controlled binding and release agents.

The ion-binding nature of these compounds has also led to their investigation as solid-state electrolytes,
for use in such applications as lithium-ion batteries and fuel cells. They have also been investigated
as potential artificial ion channels, transporting ions across hydrophobic membranes. Liquid crystalline
macrocycles whose mesomorphic properties change upon binding of guests have also been studied.

One extreme example of the stabilising ability of these macrocyclic materials can be seen in the synthesis
of alkalides and electrides.2 The characteristic chemistry of alkali metals is of a loss of an electron to give
the cation. If there is no corresponding species to accept this electron, for example to form sodium chloride,
the atom can still potentially disassociate into a cation and an electron, but will almost immediately
recombine to give the neutral atom. However, when the cation can be encapsulated in a macrocyclic
compound, the cation–electron pair can be stabilised and actually exist as a compound. For example,
caesium electride, in which the caesium cation exists as a sandwich complex between two 15-crown-
5 ether molecules, has been synthesised as an air-stable solid.2 A similar range of compounds can be
synthesised in which a second alkali metal atom can actually exist as an anion, for example hexacyclen
can be used to stabilise caesium sodide [Cs+(hexacyclen)Na−].

There has also been much attention paid to possible medical applications for a whole range of macro-
cyclic compounds. For example, the natural antibiotic nonactin (Figure 3.28a) is an oxygen-rich macrocycle
which acts by transporting metal ions across bacterial cell membranes until the resulting osmotic pressure
build-up ruptures the cell wall. This has led to much research into the development of artificial ions
transporting materials, and macrocyclic compounds have been widely studied due to their ion-complexing
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abilities. Another family is the cyclams, which have many potential medical applications, as reviewed
by Liang and Sadler.132 A detailed discussion of the potential medical uses of these materials is beyond
the scope of this chapter, but we will mention that cyclams, and especially the bis-cyclam depicted in
Figure 3.28b, have displayed strong anti-HIV activity. They have also been used in the radiopharmaceutical
field as encapsulants for radionuclides such as 67Cu, 90Y, 99Tc, 111In and 186Re, which are used in both
the diagnosis and therapy of a wide variety of conditions, including cancer, liver disorders and numerous
neurological and cardiological conditions. They are also widely used as contrast agents for magnetic reso-
nance imaging (MRI); the commercial MRI contrast agent Prohance (Figure 3.28c), for example, is based
on a cyclam-encapsulated gandolinum compound.

3.11 Conclusions

We have looked at several series of compounds: the crown ethers, the cryptands, the cyclens and so
on. This chapter has served to introduce the concept of the template effect, which simplifies the syn-
thesis of many of these compounds, and the macrocyclic effect, which explains their enhanced binding
strengths and specificities compared to simpler linear systems. We have also seen how the structure of the
compounds – factors such as the macrocyclic ring size, the presence of side groups or bridging rings, the
effects of heteroatoms such as N or S and the ionisation state – affects binding capability. We have also
introduced the concepts of macrocyclic rearrangement to accommodate a guest, and of utilising more rigid
systems to effectively construct cavities of precisely tailored shapes and sizes. It is clear that the physics
and chemistry of these macrocyclic systems are greatly affected by all these structural factors. This opens
up the possibility of designer molecules with reactivities, selectivities and specificities that approach those
synthesised by that greatest of chemists, nature.

We would like to finish this chapter with a quote from Pedersen’s Nobel Prize lecture3: ‘But whether
it be in biology or some other field, it is my fervent wish that before too long it matters not by whom
the crown ethers were discovered but rather that something of great benefit to mankind will be developed
about which it will be said that were it not for the crown compounds it could not be.’ It appears that his
hopes are beginning to or perhaps already have come true.
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4
Calixarenes

4.1 Introduction

The calixarenes and the related resorcinarenes represent an actively researched group of compounds.
Calixarenes are cyclic oligomers formed by the reaction of substituted phenols with formaldehyde and
have the general structure shown in Figure 4.1a. They come in a variety of ring sizes but the compounds
containing four, six or eight phenol rings within the macrocycle are the easiest to synthesise and the most
widely studied. Resorcinarenes have the general formula shown in Figure 4.1b and are synthesised by the
condensation of resorcinol with a variety of aldehydes, usually to form the cyclic tetramer, although other
rings sizes are known. Both groups of compounds are examples of cyclophanes and a calix-4-arene for
instance can in this context be thought of as a [1,1,1,1] metacyclophane. Much of the work that will be
summarised within these chapters has been extensively reviewed, the majority of it within the series of
monographs by David Gutsche (one of the pioneers within this field), along with several other titles which
are all given in the Bibliography.

As can be seen from the three-dimensional molecular models (Figure 4.1a,b), both calixarenes and
resorcinarenes generally adopt a bowl- or vase-shaped conformation. It is this structural shape that has
led to the name ‘calixarene’ and it acts as a major contributor to the properties and applications of these
compounds. The bowl shapes and the presence of the hydroxyl groups allow this family of compounds
to interact with a wide variety of guests by a combination of hydrogen bonding and aromatic ring-based
interactions. Calixarenes are usually thermally and chemically robust, can be made in large quantities from
inexpensive precursors and can be easily derivatised at the hydroxy groups or on the aromatic rings to
give a wide range of materials with highly specific purposes and potential commercial applications. Within
this chapter we will attempt to present an overview of the history, synthesis, structure, chemistry and
applications of these compounds.

4.2 History

The history of the calixarenes has been detailed elsewhere, especially within the series of monographs by
Gutsche (see the Bibliography), so only a brief review will be given here. One of the major hurdles of the
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early investigations of calixarenes was the difficulty in obtaining pure, crystalline materials. As far back as
1872 Baeyer reported the reaction between benzaldehyde and pyrogallol1 to give a resinous product. He
reported later the same year2 that formaldehyde also gave resinous material when reacted with phenols.
The field of phenol-formaldehyde chemistry was greatly advanced by the work of Leo Baekeland; at the
age of 37 Baekeland sold the rights to a photographic process, Velox, to George Eastman for one million
dollars (this in 1900). Baekeland obviously had a love for science because he used his wealth to set up a
home laboratory and hire assistants. One of the projects that he studied was the reaction of phenol with
formaldehyde, which could be catalysed by a small amount of alkali. This eventually led to the production
of a resinous material which was patented and named ‘Bakelite’. Bakelite is a crosslinked copolymer of
phenol and formaldehyde with a complicated structure, part of which is shown in Figure 4.2. The formation
of a complex network polymer is due to the fact that phenol has three reactive positions, two ortho to the
hydroxy group and one para .

In an attempt to simplify the reaction, Alois Zinke used para(t-butyl) phenol instead of phenol, reasoning
that the blocking of one of the positions would lead to the formation of a simple linear condensation polymer
which might prove more tractable than the crosslinked resin. Instead he obtained a series of crystalline
products for a series of phenols, detailed within his paper; based on molecular weights for these materials
he proposed a cyclic tetrameric structure,3 although it is likely that in the case of his early work with
para(t-butyl) phenol the cyclic octamer was the actual product synthesised. Within Baeyer’s original work
he described the formation of high-melting and crystalline products from the reaction of resorcinol with
a variety of aldehydes.1 Others advanced this work and in 1943 Niederl and Vogel4 published a series of
syntheses of aldehyde resorcinol products (resorcinarenes) and proposed a cyclic tetrameric structure.

The calixarenes still proved difficult to characterise and their syntheses proved difficult to reproduce. This
became a problem when the substituted (t-butyl)phenol-formaldehyde resins were utilised as deemulsifiers

OH OH

OH OH

OH OH OH

HO OH
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Figure 4.2 Proposed partial structure of Bakelite
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for oil, the so-called Petrolite products. This problem was addressed by the group of Gutsche, who varied
the solvents, reaction conditions and so on of the Petrolite procedure and finally formulated a series of
protocols for the synthesis of the cyclic tetramer,5 hexamer6 and octamer.7 They also coined the name
‘calixarene’ for this family of compounds, because of the resemblance between the shape of a calixarene and
a vase, the Greek ‘calix ’ meaning ‘vase’. Other oligomers such as the cyclic pentamer8 and heptamer9 have
also been successfully synthesised. Finally, in an acid-catalysed reaction of trioxane with t-butylphenol, a
series of cyclic oligomers with up to 20 phenol units10 were isolated. Besides these one-pot reactions, there
have also been a wide variety of synthetic schemes, some detailed in the monographs by Gutsche, where
the calixarenes are assembled ‘piece by piece’ in a series of condensation reactions. Although this process
is much more complex than the simple one-pot synthesis of calixarenes, it does enable the formation of
more complex asymmetric calixarenes containing different rings and bridging groups.

4.3 Structures of Calixarenes

A variety of potential conformations are known; these are shown in Figure 4.3 for a calix-4-arene. They
are generally labeled as ‘cone’ (where all the rings are in what Gutsche terms the ‘up’ conformation,
with the OH below the plane of the macrocycle and the aromatic rings above), ‘partial cone’ (uuud),
‘1,3-alternate’ (udud) and ‘1,2-alternate’ (uudd), respectively. Although the basic shape of the majority
of parent calixarenes is a cone, stabilised with so-called ‘cyclic’ hydrogen bonding between the —OH
groups, substituted calixarenes have been synthesised in all the possible conformers.

The larger calixarenes are even more complex, with eight possible up–down conformers for calix-6-
arenes and sixteen for calix-8-arenes. X-ray studies of calix-4-arenes with t-butyl,11 t-octyl12 or phenyl13

para substituents have all shown the macrocycles to exist in the cone conformation in the solid state.
Calix-6-arenes have a more complex behaviour, as shown by X-ray studies, in which crystallisation of
t-butylcalix-6-arene from benzene gives a pinched cone conformation,14 whereas crystallisation from a
strongly H-bond-disrupting solvent like DMSO, dioxane or acetone, may isolate a 1,2,3-alternate con-
formation with three —OH groups above and three below the ring of the macrocycle. The earliest X-ray
structure of t-butylcalix-8-arene crystallised from pyridine displayed a structure known as a pleated loop;15

other workers16 have also isolated a calix-8-arene–pyridine complex and showed that the macrocycle
existed in an open chair-like conformation with virtually no central cavity. Other larger calixarenes have
also been crystallised, such as for example the calix-10-arenes (Figure 4.4), which can exist in either
pleated-loop or pinched-cone conformations (where the calix is essentially attempting to form several
cavities within the macrocycle) depending on the solvent of crystallisation,17 whereas the t-butylcalix-12-
arene–pyridine complex18 adopts a type of pleated-loop conformation. The largest calixarene structure
successfully determined so far is the t-butylcalix-16-arene,19 which combines pleated-loop and cone-like
sections.

X-ray crystallography gives the structures of these molecules in the solid state. The parent hydroxy
calixarenes are all conformationally mobile in solution, as proved by NMR studies. The aromatic groups of
calix-4-arenes can rotate slowly at room temperature about the plane of the macrocycle, allowing transitions
between cone, partial-cone and the other conformers, with the cone conformer dominating (as well as
rotating faster at higher temperatures). Larger calixarenes tend to have lower energies of interconversion
and exist very much in a fluxional state. This interconversion only occurs when the aromatic rings can
freely rotate, but if substituents that are attached to the —OH groups are too bulky to pass through the
centre of the macrocycle, it becomes possible to synthesise and isolate calixarenes that are frozen into one
or more possible conformations.
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Figure 4.3 Conformers of t-butylcalix-4-arene and substituted variants

The tetra-acetates of calix-4-arenes and higher esters are all conformationally fixed, but calix-4-arenes
with four methoxy or even four ethoxy substituents (Figure 4.5a,b) can interconvert, as shown by NMR
measurements,20 although inspection of molecular models implies this should not occur, indicating that
sometimes molecules are more flexible than their models suggest. Tetramethoxy t-butylcalix-4-arene
exists mainly as a partial cone, as does tetraethoxy t-butylcalix-4-arene, although at high temperatures
the 1,2-alternate conformer is the major species.20 When longer substituents such as propyl and butyl
(Figure 4.5,c,d) are synthesised most of the product is a mixture of cone and partial-cone conformers,
which can be isolated because the alkyl groups are now too large to allow interconversion.

Calix-5-arenes display more flexibility, with up to the butyl ether being flexible; for t-butylcalix-6-arener
even the presence of large —O substituents such as p-phenylbenzyl22 does not prevent interconversion,
since the macrocycle is now large enough for the t-butyl group to pass through the central cavity, allowing
the rings to rotate. For the larger calixarenes, passage of the t-butyl group through the ring is even easier.
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(a)

(b)

Figure 4.4 Crystal structures of (a) the acetone and (b) the toluene complexes of t-butylcalix-10-arene (guest
molecules not shown), showing pleated-loop and pinched-cone conformations of the macrocycle

4.4 Chemical Modification of Calixarenes

There are a wide variety of methods by which calixarenes can be modified. If we begin with a simple
t-butylcalixarene then several sites can be ‘attacked’, such as the —OH groups, the t-butyl groups, the
methylene-bridging groups and the aromatic rings themselves.

4.4.1 Modification of the hydroxyls

The hydroxy groups are active species and can undergo reaction with a number of reagents. Early work,
for example by the Petrolite process, involved reacting the calixarenes with ethylene oxide under basic
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Figure 4.5 Structures of t-butylcalix-4-arene ethers

conditions to form calixarenes substituted with polyethylene oxide chains. The use of chemical substituents
sometimes made the calixarenes easier to crystallise or to separate using chromatographic methods and
indeed aided the characterisation of their structures, including for example the isolation of calixarenes via
conversion to the trimethylsilyl derivative, followed by purification via chromatography and hydrolysis
back to the parent calixarene.23

The calixarenes have been substituted with an immense number of different ester and ether groups,
so only those of most interest will be given. When the substituent groups are large enough to prevent
interconversion, different conformers can be isolated. The ratios of the conformers are dependent on a
wide range of parameters, such as the temperature of the reaction, the nature of any base used, the size
and steric constraints of the alkyl group, and the nature of the leaving groups. For example, the reaction
of p-t-butylcalix-4-arene with 1-bromopropane gives a mixture of 42% cone, 55% partial cone and 3%
1,3-alternate conformers when sodium hydride is used as the base; when caesium carbonate is used as
the base, the major conformer is the 1,3-alternate (57%), followed by the partial cone (34%) and the
1,2-alternate (9%), with the cone conformer being entirely absent.20 Several other examples of this are
discussed within Gutsche’s 2008 monograph (see Bibliography). Studies have also been carried out on
larger calixarenes; for example, not only has calix-8-arene been converted to its octamethylether but
methods have been developed for the synthesis of the mono- and various dimethyl, trimethyl, tetramethyl
and heptamethyl ethers.24,25 Variation of conditions and alkylating agents had large effects and in this
context the 1,2,3,4 and 1,3,5,7 substitution patterns could, for example, be obtained.24,25

So far in this section we have discussed the total substitution of calix-4-arenes, but it is also possible
to perform these substitutions in a stepwise manner: t-butylcalix-4-arene for example can be mono-,
1,3-di-, tri- and tetraalkylated by alkyl halides20 catalysed with NaH. When calix-4-arenes are reacted with
excess acetyl, propionyl, butyryl or isobutyrl chloride with NaH as the base,26 the fully esterified products
(Figure 4.6a–d) are obtained in a variety of conformers.
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(a) R = C(CH3)3, A=B=C=D= OCOCH3

(b) R = C(CH3)3, A=B=C=D= OCOCH2CH3

(c) R = C(CH3)3, A=B=C=D= OCOCH2CH2CH3

(d) R = C(CH3)3, A=B=C=D= OCH2CH(CH2)2

(e) R = C(CH3)3, A=H, B=C=D= OCH2Ph

(f)  R = C(CH3)3, A=C=H, B=D= OCH2Ph

(g) R = C(CH3)3, A=B=C=D= OPPh2
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Figure 4.6 Structures of t-butylcalix-4-arene esters

When calix-4-arene is reacted with benzoyl chloride27 in pyridine, the tribenzoate (Figure 4.6e)
can be formed, and when refluxed in toluene/NaH the result is the A,C-diester28 (Figure 4.6f) in an
anti -conformation, with one benzyl ring on each side of the macrocycle. An alternative preparation
using ice-cold THF/NaH gives the syn-conformer. A more complex situation occurs with dinitrobenzoyl
chloride, where by careful selection of reaction conditions it is possible to synthesise the monoester,
three different diester conformers or two triester conformers.29 Phosphorus-containing moieties30 can also
be attached to these —OH groups, for example by reaction with Ph2PCl (Figure 4.6g). A wide variety
of other ester and ether functionalities have been attached to calixarene frameworks and the reader is
advised to consult the Bibliography for further information.

Substitution of the —OH groups was utilised to build a new species of macrocycle combining calixarenes
with crown ethers. These so-called ‘calixcrowns’ are made by reacting calixarenes with oligoethers
substituted with leaving groups. Examples include systems such as those shown in Figure 4.7a,b, where the
calix-4-arenes in the 1,3-conformer is bridged by reacting with oligoethyleneglycol ditosylate.31,32 This
appears to combine the ion-binding properties of crown ethers with those that will be discussed for
calixarenes later in this chapter, with the crown(6) derivatives showing strong binding of caesium31 and
the crown(5) derivatives showing strong binding of potassium.32 Multiple bridges are also possible, such
as the doubly bridged calix-4-arenes (Figure 4.7c,d), where two crown ether chains bridge opposite sides
of the ring.33

Larger calixarenes have also been studied: an example of even higher levels of bridging is the
triply bridged calix-6-arene34 shown in Figure 4.8a. Similar approaches have also been used to bridge
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Figure 4.7 Structures of (a,b) calixcrowns and (c,d) calix-bis-crowns

calix-8-arenes. The doubly35 bridged calix-8arene (Figure 4.8b) has been synthesised and shown to be
chiral due to conformational immobility and can be resolved by chiral HPLC. Other examples of the
numerous-bridged calix-8-arenes are doubly bridged by durylene units (Figure 4.8c) or alternatively
contain a single durylene bridge (Figure 4.8d) attached via four of the —OH groups.36 The calix-8-arenes
are forced into an immobile pseudo pleated-loop conformation by the bridging.

Besides the calixcrowns, many other species have been utilised to bridge across calixarene skeletons.
Many of course are simple bridges such as alkyl or xylenyl, for example those discussed in Chapter 2.
Just a few examples will be given as an introduction to the types of more exotic bridging units, such
as those obtained by reacting 1,10-dibromomethylphenanthroline with t-butylcalix-6-arene in THF with
potassium carbonate catalysis, giving the product37 shown in Figure 4.9a. This material adopts an unusual
conformation in the solid state, where one of the rings ortho to one of the substituted aromatic rings adopts
an inverted orientation respective to the other aromatic units. Diglycosyl units could also be incorporated
to give a ‘calixsugar’,38 as shown in Figure 4.9b. Dialkyldichlorosilanes were reacted with t-butylcalix-
5-arene to give a mixture of mono- and disubstituted bridged structures and allow isolation of all four
conformers.39 In an elegant synthesis, t-butylcalix-9-arene was reacted with phosphorous pentachloride
then underwent hydrolysis to give a product (Figure 4.9c) in which all nine of the hydroxy groups were
substituted onto three phosphorus-bridging atoms. The substitution pattern with a central phosphorus atom
and two ‘outer’ bridges, rather than the structure shown in Figure 4.9d, is held to be evidence of a
pleated-loop conformation in solution.40

Since the combination of calixarene and crown ethers worked so well, studies have also been carried
out on bridging calixarenes with hemispherands.41 Metallocenes are suitable for use as bridging units with
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Figure 4.8 Structures of (a) a bridged calix-6-arene, (b,c) doubly bridged calix-8-arenes and (d) four-
point bridging

the reaction of ferrocene dicarbonyl chloride or the corresponding ruthenium compound with t-butylcalix-
4-arene, leading to formation of the 1,3-bridged ester.42 Inorganic groups have also been used as bridging
agents, such as those found when calix-4-arenes are reacted with WOCl4 to form a complex in which the
tungsten atom is coordinated to all four oxygens.43 Calixarenes have actually been used to bridge other
calixarenes to give structures such as calixtubes, which will be discussed later in this chapter.

4.4.2 Replacement of the hydroxyls

As an alternative to substituting the hydroxyl groups, it has proved possible to change them for another
group entirely. Reaction of t-butyl-calix-4-arene with ClP(O)(OEt)2 can give either the 1,3-diester or the
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Figure 4.9 Structures of (a) phenanthroline-bridged calix-6-arene, (b) glycosyl-bridged calixarenes and (c,d)
phosphorus-bridged calix-9-arenes

fully substituted phosphate ester,43 which can then be reduced by potassium metal in liquid ammonia to
give either the dihydroxy45 (Figure 4.10a) or the fully dehydroxylated44 (Figure 4.10b) calixarenes. The
fully dehydroxylated species is a flexible macrocycle but in solution exists mainly in the 1,3 conforma-
tion. Similar chemistry has been used to synthesise the fully dehydroxylated46 t-butylcalix-6-arene and
t-butylcalix-8-arene.44 The parent [1,1,1,1] metacyclophane (i.e. the completely dehydrogenated calix-4-
arene; see Figure 4.10c) has been isolated and shown to be extremely flexible in solution, and adopts an
unusual chair conformation in the solid state.47

Using a similar method, t-butylcalix-4-arene diphosphate ester was reacted with potassium amide in
liquid ammonia to give a mixture of monoamine (Figure 4.10d) and diamine (Figure 4.10e), both of which
were shown by NMR to be more flexible than the parent calixarene.48 Reaction of t-butylcalix-4-arene
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(a) R = C(CH3)3, A=C=H, B=D= OH

(b) R = C(CH3)3, A=B=C=D= H

(c) R = H, A=B=C=D= H

(d) R = C(CH3)3, A=C= OH, B= H, D= NH2

(e) R = C(CH3)3, A=C= OH, B=D= NH2

(f)  R = C(CH3)3, A=B=C= OH, D= SH 

(g) R = C(CH3)3, A=C= OH, B=D= SH 

(h) R = C(CH3)3, A=B=C= SH, D= OH 

(i)  R = C(CH3)3, A=B=C=D= SH
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Figure 4.10 Structures of t-butylcalix-4-arenes with replacement of hydroxy groups

(ArOH) with Me2NC(S)Cl gives rise to substitution with Ar-OC(S)NMe2 groups, which upon heating
react via the Newman–Kwart rearrangement to Ar-SC(O)NMe2 groups. These can then be hydrolysed to
—SH groups. Using this method, the t-butylcalix-4-arene has been converted to the mono-, 1,3-di-, tri- and
tetrathio derivatives.49 X-ray studies show that the monothioderivative (Figure 4.10f) is a cone, the dithiol
(Figure 4.10g) a flattened cone, the trithiol (Figure 4.10h) a partial cone and the tetrathiol (Figure 4.10i) a
1,3-alternate conformer.49 NMR studies indicate that all the calixarenes are mobile in solution except for
the tetrathio compound.

4.4.3 Reaction of the rings

Calixarenes are capable of being both oxidised and reduced. Chlorine dioxide and thallium trifluoroacetate
have been successfully used to oxidise calixarenes into calixquinone (Figure 4.11a). Chlorine dioxide50

is capable of oxidising the four-, five- and six-unit calixarenes to their corresponding quinones. Thallium
acetate also oxidises the t-butylcalix-4-arene to its corresponding quinone and has been used to synthesise
mono-, di- and triquinones when calixarenes with protected —OH groups are used as the starting material.
Further reactions of the calixquinones have also been investigated,51 with milder oxidation conditions
leading to the formation of spirodienones (Figure 4.11b), which can then undergo further chemical
modifications.52
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Figure 4.11 Structures of (a) a calixquinone, (b) a spirodienone derivative and (c,d) reduced calixarene
derivatives

Reduction of calixarenes has been accomplished with Pd/C catalyst and hydrogen under different con-
ditions; at 250 ◦C the rings are reduced to cyclohexane moieties (Figure 4.11c) with the loss of the —OH
group.53 Lower temperatures lead to formation of the product shown in Figure 4.11d, where two of the
aromatic rings have been hydrogenated. Other workers have also successfully reduced calixarenes using
Raney Ni54- or rhodium55-catalysed hydrogenation.

4.4.4 Reactions of the bridging groups

The bridging groups have also been the targets for some chemical modifications. The methylene units can
be converted to carbonyl groups (Figure 4.12a) by oxidation of the tetraacetate of t-butylcalix-4-arene56
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(a) R = C(CH3)3, X = COCH3
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Figure 4.12 Structures of methylene-substituted calix-4-arenes

and the resulting carbonyl converted to alcohols by reduction with sodium borohydride. Lithiation of
t-butylcalix-4-arene (with the —OHs converted to the methyl ether) by BuLi gave the tetralithyl derivative
(Figure 4.12b), which could then be reacted with alkyl halides to give tetra-alkyl calixarene or carbon
dioxide to give the acid derivative (Figure 4.12c).57 N-bromosuccinimide can also be used to brominate
(Figure 4.12d) the methylene groups.58

4.4.5 Modification of the upper rim

One of the easiest syntheses of calixarenes is from para-t-butylphenol, to give products which can be
obtained in moderate to excellent yields in a variety of ring sizes and at high purity. Although phenol itself
cannot be used directly in calixarene synthesis due to the formation of Bakelite-type materials, a phenol
calixrarene with just a hydrogen atom in the para position can be obtained from the t-butylcalixarene
by a simple Friedel–Crafts-type reaction with AlCl3. What is also extremely synthetically useful is that
this reaction is selective; for example, when the —OH groups are substituted, the rate of dealkylation
para to those groups is greatly diminished. The 1,3-dimethyl ether of t-butylcalix-4-arene (Figure 4.13a)
can therefore have the t-butyl groups para to the unsubstituted group selectively removed59 to give the
structure shown in Figure 4.13b.

Once the calixarene has been partially or totally dealkylated, there opens a large number of possible
reactions, of which only a few examples can be given; many more are detailed within the Bibliography.
The para hydrogen can be easily substituted by a wide range of reactions, some of which are listed below.

Early work60 by David Gutsche’s group utilised N-bromosuccinimide to brominate the para positions of
calix-4-arene tetramethyl ether (Figure 4.13c) to give the fully brominated compound (Figure 4.13d). This
was then used as a feedstock for a variety of reactions. Reaction with t-butyl lithium gave the tetralithio
compound (Figure 4.13e), which could then be reacted with carbon dioxide to give the tetracarboxylic acid
(Figure 4.13f); this could be converted into the methyl ester, while reaction of the brominated calixarene
with CuCN gave the tetracyano compound (Figure 4.13g).
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(a) R=R′= C(CH3)3, A=C= OH, B=D= OCH3

(b) R= C(CH3)3, R′= H, A=C= OH, B=D= OCH3

(c) R= R′= H, A=B=C=D= OCH3

(d) R= R′= Br, A=B=C=D= OCH3

(e) R= R′= Li, A=B=C=D= OCH3

(f)  R= R′= COOH, A=B=C=D= OCH3

(g) R= R′= CN, A=B=C=D= OCH3

(h) R= R′= H, A=B=C=D= OCH2CH=CH2

(i)  R= R′= CH2CH=CH2, A=B=C=D= OH

(j)  R= R′= CH2CH2 OH, A=B=C=D=OSO2Tos

(k) R= R′= CH2CH2 Br, A=B=C=D=OSO2Tos

(l)  R= R′= CH2CH2 N3, A=B=C=D=OSO2Tos

(m) R= R′= CH2CH2 NH2, A=B=C=D=OSO2Tos

(n) R= R′= CH=CHCH3, A=B=C=D=OSO2Tos

(o) R= R′= CHO, A=B=C=D=OSO2Tos

(p) R= R′= CH=NOH, A=B=C=D=OSO2Tos
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Figure 4.13 Dealkylation and substitution of t-butylcalix-4-arenes

Simultaneously, the same group61 investigated calixarene modification via a Claisen rearrangement
route. Calix-4-arene was converted to the tetraallyl ether (Figure 4.13h) and then refluxed in dimethy-
laniline to give the rearranged product shown in Figure 4.13i. After protection of the —OH groups with
p-toluenesulfonyl groups, the para allyl group could undergo further modification. The allyl group could
be reacted with ozone and then reduced with sodium borohydride to give a 2-hydroxyethyl group on the
para position (Figure 4.13j) – or could be brominated to give the 2-bromoethyl-substituted calix-4-arene
(Figure 4.13k). The bromide could be converted to an azide (Figure 4.13l), which could then be reduced
to give the 2-aminoethyl group (Figure 4.13m). The allyl group could also be rearranged to give the 2-
propenyl substituent (Figure 4.13n) and this could be converted to a formyl group (Figure 4.13o) and then
to an oxime (Figure 4.13p). Further work by the same group demonstrated an alternative to tosylation, a
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method utilising silyl ether-protecting groups,62 which has proved to be successful in introducing selectiv-
ity into this reaction protocol, making it possible, for instance, to synthesise calix-5-arenes with between
one and five p-allyl groups.

Other reactions at the para position include utilising Friedel–Crafts-type conditions to alkylate or
acylate the para positions. Chloromethylation is one of the most investigated, since the introduction
of a chloromethyl group allows many further reactions. Calixarenes could be reacted with chloromethyl
octyl ether with SnCl4 catalysis to introduce chloromethyl groups in the para positions;63 these could then
be converted to phosphate esters and hydrolysed to give water-soluble calixarene phosphonic acids. The
chloromethyl group is also amenable to substitution reactions such as those described earlier in this chapter
to give alcohols, ethers, amines, quaternary ammonium salts, thiols and so on. It can also be coupled with
alkyl or aryl halides to give p-ethyl or p-benzyl calixarenes.64 Introduction of acyl groups is also possible,
with for example calixarenes having been reacted with hexanoyl chloride with AlCl3 catalysis65 to give
p-hexanoyl calixarenes, which can then be reduced to p-hexyl calixarenes, thereby giving a route to p-alkyl
calixarenes, which generally cannot be synthesised directly from the corresponding phenols. Other groups
such as acetyl or benzoyl have also been successfully incorporated.

One field of interest is the synthesis of so-called ‘deep-cavity’ calixarenes, in which the benzene rings
are replaced or extended by further reactions to give much larger aromatic systems. Although some direct
syntheses such as the condensation of p-phenyl phenol with formaldehyde have been reported, these tend
to give rather intractable mixtures of ring sizes. A better method is to take a preformed calixarene and
chemically extend the system. Several methods exist to do this, with the Suzuki method being one, which in
this example66 involves the use of calix-4-arene, which first has its hydroxy groups protected by conversion
to the benzyl ether, is then brominated in the para positions, and is finally coupled with 3-benzyloxyphenyl
boronic acid, with the protecting groups being removed to give the structure shown in Figure 4.14a.
Alternative methods also exist, such as coupling p-lithiocalixarenes with aryl iodides catalysed by zinc
chloride to give p-phenyl calixarenes.67 Formyl-substituted calixarenes have also been used, allowing
the synthesis of calixarenes with p-phenanthryl68 groups linked by imidazole units (Figure 4.14b) – or the
structure shown in Figure 4.14c, in which a p-formyl calixarene was converted to the tetraethyne-substituted
compound; the ethyne groups can then reacted with tetraphenylcyclopentadienone in a Diels–Alder reaction
to give the highly substituted calixarene, as shown.69

Calixarenes are also easily substituted via the Mannich reaction with formaldehyde and a dialkylamine
to form the dialkylaminomethyl calixarene (Figure 4.15a shows a typical structure). Reaction with methyl
iodide gives a quaternary ammonium salt, which can then undergo nucleophilic substitution with a range of
nucleophiles to give calixarenes with para substituents of the formula —CH2X, where X can be cyanide,
an ether, azide or diethyl malonate, to name a few.

A series of other reactions have also been used to substitute the aromatic units of calixarenes. Two
of the most widely investigated are sulfonation and nitration. Sulfonation was studied because the
presence of sulfonate salts on the calixarene renders it extremely water soluble. Initial studies utilised
p-H-calixarenes,70 which could be reacted with concentrated sulfuric acid to give the types of structure
shown in Figure 4.15b. Further reaction of these compounds with concentrated nitric acid70 gave the
p-nitro compounds (Figure 4.15c). Direct ipso-substitution of the easily available t-butylcalixarenes
has since been demonstrated for both sulfonation71 and nitration.72 This form of nitration also has the
advantage of being selective, depending both on the nature of the group being removed and whether or
not there is an —OH or —OR group on the ring. Nitro groups are synthetically useful since they can be
reduced to amines, which can then serve as a base to attach a wide range of other groups.

Selective iodination of calixarenes has been demonstrated and the iodo groups converted into amines
and methoxy groups.73 Diazotisation74 with p-nitrobenzenediazonium tetrafluoroborate has also proved a
successful method of derivatising calixarenes, with the interesting effect that the reaction appears to be
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Figure 4.14 Deep-cavity calixarenes

autoaccelerating. If the amount of the diazonium salt is less than that required for full substitution, a mixture
of tetra and unsubstituted calixarene (Figure 4.15d) is recovered, with almost none of the mono-, di- and
tri-substituted products being formed. Calixarenes derivatised by this method are highly coloured due to the
presence of azobenzene units and have been shown to act as chromogenic sensors75 for species such as Li+.

Bridging reactions of calixarenes have been studied not just at the lower rim, as demonstrated earlier
in this chapter, but also at the upper rim. The earliest examples were synthesised by the reaction76 of
alkyl-bis-phenols with di(bromomethyl)phenols (Figure 4.16a,b). X-ray crystallographic studies76 showed
the calixarenes were in the cone conformer, although in the case of the calixarene with a five-carbon
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(a) R = −CH2NEt2
(b) R = −SO3H
(c) R = −NO2

(d) R = −N=N NO2

Figure 4.15 Structures of p-substituted calixarenes

(a) R= OH, R′= CH3, X= −(CH2)5−

(b) R= OH, R′= CH3, X= −(CH2)7−
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Figure 4.16 Upper-rim-bridged calix-4-arenes

bridge, the strain led to distortion of the cone. These types of compound have been named ‘arrichoarenes’,
from the Greek ‘arriches’, meaning a basket with a handle. Calixarenes bridged at the upper rim are much
less common than lower-rim-bridged calixarenes and are usually made by reacting a bridging group with
an upper-rim-disubstituted calixarene.
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4.5 Complexes with Calixarenes

The calixarene family of macrocycles has been shown to form complexes with metal ions, common
solvents and a wide range of organic compounds. Some examples will be given for all of these, but for
more detailed descriptions of a much wider range of host–guest complexes the reader is once again referred
to the Bibliography.

The first crystal structure obtained for t-butylcalix-4-arene11 clearly showed inclusion of a toluene
molecule within the calixarene cavity. These types of complex can often be very stable, with the calixarenes
clinging on tightly to their guests, although larger calixarenes do tend to lose bound solvent more easily.
Other examples of guest compounds include acetone,77 which can form a 1 : 1 or 3 : 1 complex with calix-4-
arene, and anisole,78 which forms a complex in which the anisole is inside the cavity between two calixarene
molecules. Different calixarene sizes and substituents have been examined, such as t-butylcalix-4-arene
tetracarbonate and tetraacetate, which form 1 : 1 complexes with acetonitrile and acetic acid respectively.
Interestingly, the X-ray crystal structures show that the tetracarbonate adopts a cone conformer,79 whereas
the tetraacetate is in the 1 : 3 alternate conformation.80 Many other calixarene/solvent combinations have
been isolated.

Similarly to the crown ethers, there has been a large volume of work concerning the binding of metal
ions by calixarenes. Many calixarenes have been shown to selectively bind metal ions in both solution and
solid state. The parent calixarenes themselves are not especially strong ion-binding materials, although in
strongly basic solution the phenols can ionise and allow transport of alkali metal ions through chloroform,81

with caesium being the preferred ion for transport in mixed systems. A crystal structure82 has also been
obtained for the 1 : 1 complex formed between caesium and t-butylcalix-4-arene, which clearly shows the
caesium ion to be inside the cavity rather than associated with the oxygen atoms.

More effective binding has been obtained by substituting the hydroxy groups. A crystal structure has
been obtained for the tetramethyl ether of t-butylcalix-4-arene (Figure 4.17a), which shows double guest
inclusion, with a sodium ion being bound by the ether groups and a molecule of toluene within the
calixarene cavity.83 More effective than the ethers though are the calixarene esters, an example of which is
shown in Figure 4.17b, and the similar ketones (Figure 4.17c). Extraction of alkali metals with an extensive
range of calixarenes of various sizes and substituents was attempted,84 with the tetramer showing good
affinity for sodium and the hexamer for rubidium and caesium, and larger calixarenes displaying very poor
binding. The ketones generally showed stronger binding than the esters and variation of the ester group
also affected the binding capabilities.

Even more effective binding was found for a range of amide-substituted calixarenes, such as that shown
within Figure 4.17d. This calixarene85 was shown to bind potassium ions with the calix in the cone
conformation and the cation encapsulated by the polar headgroups. Also, unlike the previous calixarenes,
besides complexing alkali metals these materials also form strong complexes with alkaline earths.85 The
larger alkaline earths are more strongly bound, the calixarene shown in Figure 4.17d for example has a
108-fold selectivity for calcium over magnesium. Larger calixarenes of this type also show preference for
strontium and barium, with for example strontium being favoured by the calix-6-arene. Other divalent
metals efficiently encapsulated86 include iron, nickel, copper, zinc and lead. Crystal structures for all
of these complexes can be obtained. The amides also act as effective hosts for trivalent metals87 such as
lanthanum, which is strongly bound by calixarene tetraamides synthesised in the partial-cone conformation.

Acid-substituted calixarenes can form complexes with both alkali metal ions and display even stronger
complexation of the alkaline earths, with the calixarene shown in Figure 4.17e for example displaying a
very strong preference for calcium over other ions.88 Even better preference occurs with the calixarene
containing two acid and two amide chains (Figure 4.17f), for which the calcium/magnesium selectivity is
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(a) R = C(CH3)3, X= CH3

(b) R = C(CH3)3, X= CH2CO2CH2CH3

(c) R = C(CH3)3, X= CH2COCH3

(d) R = C(CH3)3, X= CH2CON(CH2CH3)2

(e) R = C(CH3)3, X= CH2COOH
(f)  R = C(CH3)3, X= CH2COOH (1,3) +

 CH2CON(CH2CH3)2 (2,4 positions)
(g) R = C(CH3)3, X= PPh2

(h) R = C(CH3)3, X= CH2CSN(CH2CH3)2

(i)  R = SO3H, X= CH2COOH
(j)  R = C(CH3)3, X= CH2CONHOH

OX

R

n

Figure 4.17 Examples of metal ion-binding calixarenes

essentially infinite.89 Even stronger binding has been observed for lanthanide and actinide ions, especially
when the calixarenes are ionised. The hexamer has been shown to bind more strongly than the tetramer,90

with neodynium and europium being the most strongly bound.
Other groups that have been utilised include phosphorus-containing groups such as that shown in

Figure 4.17g, which has a high affinity for copper(II);91 similar calixarenes have been shown to bind
palladium(II).92 Further work utilised mono- to tetra-substituted calixarenes of the same family to design
materials which bound palladium(II) and platinum(II).93 Other phosphorus-containing calixarenes bind
lanthanides and actinides.94 Sulfur-containing thioamides, such as the structure shown in Figure 4.17h, are
effective binders for many heavy metals. The tetramer is an effective host for lead(II), the pentamer a host
for cadmium(II) and the related hexamer a host for for silver(I).95

Other calixarenes that have very high affinities for uranyl ions have been devised. The water-soluble
calixarenes containing p-sulfonato groups have very high affinities for uranyl cation (UO2)2+. A range of
calixarenes containing sulfonato and carboxylic acid groups (Figure 4.17i) have been synthesised, with the
pentamer and especially the hexamer being shown to have exceptional affinities for uranyl cation.96 The
related hydroxamic acid hexamer (Figure 4.17j) has been shown to be even more efficient in this respect
than the corresponding carboxylic acid.97

As demonstrated in this and the previous chapter, both calixarenes and crown ethers are capable of
binding metal ions, and so combined structures with high affinities would be expected to be possible. A
wide range of these compounds have been synthesised and tested, many aiming at the selective extraction
of caesium. Cs(137) is a radioactive isotope of caesium found in nuclear waste and displays high mobility
in the environment. Calixcrowns have been studied as potential hosts for caesium. A calixarene bridged
with an 18-crown-6 ether chain (Figure 4.7a) normally adopts the cone conformation, but adopts the
1,3-alternate conformation when binding caesium to maximise cation-π intercations.98 Similar work utilised
benzocrownethers to bridge the calixarene ring and again shown a very high selectivity for caesium.99

Anion-selective binding by calixarenes is much less developed than that of its cation counterpart. This
may be related to the various differences that exist between anions/cations,100 including ionic size (anions



Complexes with Calixarenes 97

are generally larger and require larger binding sites, for example Cl− has an ionic radius of 0.167 nm, K+
0.133 nm, the same as the smallest anion F−), shape (metals are generally spherical whereas sulfate is
tetrahedral and nitrate trigonal planar) and ionisation state (which can be pH-dependent, e.g. carbonate vs
bicarbonate). Anions are also relatively strongly hydrated in comparison to similar-sized cations; however,
with suitable substitution, calixarenes suitable as receptors for various anions have been developed.

One of the earliest approaches101,102 was to bridge the calixarene rings with metallocenes (Figure 4.18a)
in order to give calixarenes capable of binding a variety of anions with especially high affinity for dihy-
drogen phosphate.102 Direct attachment of aryl ruthenium species103 to the aromatic rings of calix-4-arenes
gave species that bound halides in solution. A complex with tetrafluoroborate ion could be crystallised and
X-ray studies showed the BF4

− unit to be located inside the calixarene cavity. Calixarenes substituted with
sulfonamide groups on the upper rim104 have been shown to complex a variety of anions, with the structure
shown in Figure 4.18b having a high selectivity for hydrogen sulfate over chloride and nitrate. Calix-6-
arenes containing three urea or thiourea groups105 on the upper rim (see for example Figure 4.18c,d) have
been shown to selectively bind bromide over chloride and have an even stronger affinity for tricarboxylate
anions. Other work used amide- and urea-substituted calix-4-arenes, which could simultaneously stabilise
both the anion and the cation, as well as showing a high affinity for sodium carboxylates.106 Much of the
work on anion-binding calixarenes up to 2005 is reviewed by Matthews and Beer.107

We have already described the encapsulation of solvents within calixarenes, but larger neutral molecules
have also been encapsulated. Calixarenes substituted at the upper rim with dimethylaminomethyl or
carboxyethyl groups are soluble in acidic and basic solutions respectively. These can be used to solu-
bilise organic guests in water.108 Calix-4-arenes cannot even solubilise durene; while calix-5 and 6-arenes
can solubilise larger species such as naphthalene and anthracene, calixarenes with seven or more units can
solubilise pyrene and perylene. Fullerene C60 has also been shown to complex strongly with t-butylcalix-
8-arene109 to give a soluble complex, and this can actually be used as a method of separating C60 and C70.

OX

R

n

(b) R= SO2NHCH2CH2NHCOCH3, 

X= CH2CH2OCH3, n=4

(c) R= C(CH3)3, X= (CH2)3NHCONHPh, n=4

(d) R= C(CH3)3, X= (CH2)3NHCSNHPh, n=4

OHOH OO

NH

O

HN

O

Fe

(a)

Figure 4.18 Examples of anion-binding calixarenes
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The p-sulfanatocalix-6-arene has been shown to solubilise lipophilic dyes such as orange OT in water.110

The corresponding tetramers have also been shown to form complexes with a variety of amino acids,111

with the amino acids being located in the hydrophobic cavity of the calixarene.

4.6 Bis and Multicalixarenes

One common theme within this work is of increasing complexity. Simple ring compounds such as ben-
zene have been combined to form multiple-ring compounds or cyclophanes. After the basic calixarene
chemistries had been established, researchers similarly began to look at ways to combine calixarenes
in more complex architectures. Calixarenes have been bridged with crown ethers, linked to other func-
tionalities such as metallocenes, and in this section the linking together of two or more calixarenes in
multicalixarene assemblies will be discussed.

There exist several ways to link together calixarenes. The most obvious is via covalent bonding through
one or more active groups, which can be on the upper or lower rims. Calixarenes can be incorporated into
polymeric systems. Finally, noncovalent interactions can be utilised, such as hydrogen bonding, electrostatic
interactions and other noncovalent interactions.

As an alternative to the bridged calixs and calixcrowns, where two hydroxyl groups on the calixarene are
bridged by a crown ether or other chain, it is possible to bridge between different calixarenes. One of the
earliest examples came from the Gutsche group, which bridged calixarenes via the lower rims. For example,
the pentamethyl ether of t-butylcalix-6-arene can be bridged by reacting with 1,4-dibromomethylbenzene
and sodium hydride to give the bis-calixarene112 with a p-xylene-bridging group (Figure 4.19b). Simi-
larly, the monopropargyl pentamethyl ether of t-butylcalix-6-arene can be coupled together112 to give a
diacetylene-bridged dimer (Figure 4.19b). In both compounds the calixs were shown to be in the cone
conformer. The bridging is not limited to single bridges, as can be seen in Figure 4.19c, where four bridges
have been used to link together two t-butylcalix-4-arenes.113 This format has been named a ‘calix-tube’,
with the compound shown displaying a strong selective affinity for potassium, which can be tailored by
modification of the upper-rim groups. Extended versions of this can be obtained by using calix-4-arenes in
the 1,3-conformation,114 such as the structures in Figure 4.19d,e, which were shown to complex potassium
and caesium ions. Esterification reactions have also been effective, with reactions of t-butylcalix-4-arene
with aromatic diacid or disulfonyl chlorides leading to substitution at the 1,3-positions and the isolation of
double and in one case triple calixarenes.115 Similar reactions also occurred when 1,1’-metallocene dicar-
bonyl chloride was used116 to give bis-calix-4-arenes, with a crystal structure of the ferrocene-containing
dimer being obtained, which showed the calixarenes maintained their con conformations. A trimer was
also obtained for the ferrocene-substituted calix-4-arene.

An interesting variation on this theme is where one or two bridges can be introduced by reacting
calix-4, 5 or 6-arene with 1,4-dibromobut-2-ene to give the mono- or dibridged calixarenes.117 An example
of the doubly bridged bis-calix-6-arene is shown in Figure 4.20a. What is especially interesting about this
series of compounds is that they undergo a tandem Claisen rearrangement to give reasonable yields of the
corresponding calixarenes bridged at the upper rather than the lower rim (Figure 4.20b). The bis-calix-5
and 6-arenes with a single bridge both bound C60 1 : 1 more tightly than the single calixarenes; however,
none of the calix-4-arenes or the doubly bridged bis-calixarenes could bind the fullerene.

Direct methods have also been used to bridge calixarenes at the upper rim. One of the simplest is direct
oxidative coupling118 of two calix-4, 5, 6 or 8-arenes with ferric chloride to form a C—C bond between
two calixarenes (Figure 4.21a). A second method is to take the calix-4-arene with amine substituents on the
1,3-upper-rim positions119 and utilise various condensations such as with thiophene-2,5- dicarboxaldehyde
to synthesise a double calixarene capable of binding viologen molecules along with other aldehydes to
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(a) R= C(CH3)3, X=  −CH2− −CH2−

(b) R= C(CH3)3, X= −CH2C
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Figure 4.19 Examples of multicalixarenes

create a wide variety of double calixarenes. Acylation reactions, for example with aromatic disulfonyl
chlorides, also gave double and in one case quadruple calixarenes.119

The reaction of t-butylcalix-8-arene with the tetramethoxy ether of p-chloromethyl calix-4-arene gave a
linked system in which the lower rim of the octamer was bound by four —OCH2- to the upper rim of the
calix-4-arene (Figure 4.21b), giving a calixarene dimer with a very deep cavity.120

Calixarenes have also been incorporated into polymeric systems. One of the simplest methods is simply
substituting a calixarene with a reactive group and allowing it to react with a preformed polymer, such
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Figure 4.20 Claisen rearrangement of a bis-bridged calix-6-arene

as the reaction of polyethylenimine with a calix-4-arene substituted with a single upper-rim bromopropyl
group121 to give a water-soluble polymer or with tetrachloromethyl calix-4-arene to give an insoluble resin.
Alternatively, it is possible to synthesise polymers by free-radical methods, by substituting the calixarene
with a methacrylate on the lower rim and polymerising this to give a chloroform-soluble calixarene
polymer122 which can form stable sodium complexes. Methacryl groups can also be added on the upper rim
and the resultant calixarene123 can be copolymerised with a second sulfonate-containing monomer, which
gives water-soluble polymers with calixarene units capable of solubilising perylene. Condensation polymers
can also be synthesised by the reaction of 1,3-disubstituted calix-4-crowns with difunctional monomers
such as diacid chlorides, diamines and so on, to give low-molecular-weight polymers.124 Copolymers of
calixarenes with bisphenol-A125 can also be obtained, which display a 100-fold enhanced affinity for silver
ion compared with the monomeric calixarene. Dendrimers containing multiple calixarenes have also been
reported, such as the structure126 in Figure 4.22, synthesised by amidation reactions.

Besides covalent binding, other forces have been used to assemble di- and multicalixarenes. This leads
to the field of self-assembly, where simply dissolving a calixarene in a suitable solvent or mixing together
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Figure 4.21 Upper-rim-bridged calixarenes

two calixarenes can lead to spontaneous formation of highly organised systems. Again, a few examples of
what is a wide-ranging field will be given. Hydrogen-bonding interactions in particular have been utilised
to construct some of the most intricate structures. The earliest examples came from calix-4-arenes with two
pyridinone groups127 attached to the upper rim (Figure 4.23a), which formed aggregates in chloroform.
Two different calixarenes containing either carboxylic acids or pyridine moieties on their upper rims
(Figure 4.23b,c) were shown to form a heterdimer in chloroform.128 Substituting the upper rims with
urea groups led to a productive series of materials, such as the calixarene shown in Figure 4.23d, which
spontaneously forms dimers in solution or when crystallised from a solution containing triethylammonium
ion, with the crystal structure clearly showing encapsulation of the ammonium ion within the cavity of the
calixarene dimer.129 Other papers from this group have shown that often the presence of a guest can aid
in dimer formation. It is also possible to assemble these systems and then perform chemical reactions so
as to ‘lock’ the two calixarenes permanently together.130
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Figure 4.22 Dendrimer calixarenes

Other hydrogen-bonding moieties have also been attached, such as barbituric acid groups, uracil groups
and melamine groups. One very elegant procedure is the synthesis of calixarenes bearing a single melamine
group, which in solution with diethylbarbituric acid forms the hydrogen-bonded trimer131 (Figure 4.24a).
When two calixarenes containing either melamine or isocyanuric acid groups were mixed, a cyclic hexamer
was formed131 (Figure 4.24b). Electrostatic forces have also been used, and a mixture of calix-4-arenes
with either sulfonato or quaternary ammonium salts at the upper rim spontaneously formed heterodimers
which could complex guests such as acetylcholine.132
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(a) R= H (1,3 positions) or −NHCO

(2,4 positions), X= CH2OCH2CH2OCH3

(b) R= COOH, X= CH2CH2CH3

(c) R= CH=CH−4−Pyridyl, X= CH2CH2CH3

(d) R= NHCONHC6H4CH3, X= C5H11

(e) R= C(CH3)3, X= CH2COOH
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Figure 4.23 Hydrogen-bonded calixarenes
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Figure 4.24 Hydrogen-bonded calixarenes
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Figure 4.24 (continued)

4.7 Oxacalixarenes, Azacalixarenes and Thiacalixarenes

As an alternative to the methylene groups between the rings, a series of other groups containing oxy-
gen and nitrogen atoms have been utilised. During the standard Petrolite procedure for the synthesis of
t-butylcalix-4-arene, besides condensation of phenol with formaldehyde, an alternative reaction may occur
where two hydroxymethyl groups undergo a dehydration reaction133 to give a calixarene in which one
of the linking groups is not —CH2— but rather —CH2—O—CH2—. This compound proved difficult to
isolate from the mixture however and if the reaction is driven to completion, is not found at all. It can
be synthesised by taking the linear tetramer substituted with hydroxymethyl groups and cyclising that.
Using similar methods, tetramers and trimers containing oxygen atoms can be synthesised, as shown in
Figure 4.25b,c.133
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(a) R= C(CH3)3 X=H, n=4, Y= −CH2− (1,2,3 
positions) or –CH2OCH2− (4 position)

(b) R= C(CH3)3, X=H, n=4, Y= −CH2− (1, 3 
positions) or –CH2OCH2− (2,4 positions)

(c) R= C(CH3)3, X=H, n=3, Y= −CH2OCH2−

(d) R= CH3, X=H, n=3, Y= −CH2−NPh−CH2−

(e) R= C(CH3)3 X=H, n=4, Y= S
(f)  R= C(CH3)3 X=H, n=4, Y= SO2

(g) R= C(CH3)3 X=H, n=4, Y= SO
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Figure 4.25 Oxa-, aza- and thiacalixarenes

Azacalixarenes have also proved amenable to synthesis, such as for example by condensing a
bis-hydroxymethyl phenol with an amine such as benzylamine (Figure 4.25d) to give good yields of
calix-3-arenes with bridging —CH2—NR—CH2— groups.134 This system was shown to selectively
complex potassium, barium and uranyl ions. Further work by the same group utilising phenol dimers
and trimers in a similar manner to the work above on oxacalixarenes gave mixed systems with both
—CH2—NR—CH2— and —CH2— bridging groups.135 Other workers have also demonstrated the ability
of these systems to bind lanthanides.136

Thiacalixarenes are relatively recent additions to the field. They were serendipitously discovered by a
group working on synthesising polyphenols by a condensation reaction with sulfur. Much of the history
and properties of these materials is extensively reviewed by Morohashi et al.137 We will only present a
short study of their chemistry, since much of it is very similar to the carbon-linked calixarenes – but will
instead highlight the differences between the two systems.

Thiacalixarenes are synthesised by a condensation reaction similar to that of the calixarenes. The initial
report described how t-butyl phenol, sulfur and sodium hydroxide were heated to 230 ◦C and then purified
to give reasonable yields of t-butylthiacalix-4-arene138 (Figure 4.25e). This compound had actually been
synthesised earlier by a stepwise procedure,139 along with calixarenes with mixed sulfur and methylene
bridges, although yields were rather poor. Use of a bis-t-butylphenol sulfur dimer improved the yield of
the tetramer and gave isolatable amount of hexamer and octamer.140

Crystal structures of the tetramer141 and octamer142 have shown that the thiacalixarenes adopt similar
conformations (cone for tetramer, pleated loop for the octamer) to those of the corresponding calixarenes.
However, the greater length of the C—S bond compared to the C—C bond (by about 15%) does mean
that thiacalixarenes are somewhat larger than their all-carbon analogues.137 This had led to differences in
their inclusion behaviour towards some solvents compared to the methylene-bridged calixarenes, a subject
again reviewed by Morohashi et al.137

Much of the physics and chemistry of the thiacalixarenes are similar to those of their analogues; for
example, solvents and other molecules can be complexed within the cavity; removal of t-butyl groups
allows reactions at the upper rim, with the lower rim being capable of being esterified, etherified and
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undergoing many other reactions.137 The thiacalixarenes easily interconvert in solution and are thought
to be somewhat more flexible than the calixarenes.137 The effect of the larger cavity can be seen for the
tetrapropyl ether of thiacalixarene, which still shows conformational mobility at higher temperatures,143

unlike the calixarene analogue.20 Heating the thiacalixarene solution and cooling to room temperature
allows isolation of the conformers.

The presence of the sulfur-bridging groups allows novel chemistry and binding behaviour not seen
in calixarenes. The t-butylthiacalix-4-arene can easily be oxidised by hydrogen peroxide144 to give the
tetrasulfone (Figure 4.25f), with similar oxidations capable of being performed on the larger thiacalixarenes.
X-ray crystallography showed that the tetrasulfones preferred the 1,3-alternate conformation144 to the cone
of a methylene-bridged calixarene, which is probably due to hydrogen-bonding interactions between the
hydroxyl and sulfone groups.

The sulfinyl calixarenes, in which the S atom has been oxidised to give an S——O group, have also been
synthesised. What is of interest is that because of the tetrahedral orientation around the sulfur atom, there
are four isomers, since the S——O bond can be orientated with the oxygen pointed towards or away from the
hydroxyl groups, as shown in Figure 4.26a. The rtct and rctt isomers can both be isolated from a simple
oxidation of the parent thiacalixarene, whereas synthesis of the tetrabenzyl ester in different conformations
and oxidation followed by debenzylation lead to the production of the other two isomers.145 Conversion
to the methyl ethers and X-ray crystallography confirmed the conformations of these isomers.
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Figure 4.26 Stereoisomer of sulphinyl calixarenes
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Besides complete oxidation of the sulfur atoms, it has also been possible to partially oxidise the
thiacalixarenes. The tetramethyl ether of t-butylthiacalix-4-arene could be oxidised by two equivalents
of sodium borate to give a mixture of monosulfinyl and two isomers of the disulfinyl thiacalixarenes.146

The disulfinyl shown in Figure 4.26b is of especial interest since it has no centre of symmetry and is inher-
ently chiral. The isomers shown could be separated by chiral HPLC, while their structures were confirmed
by X-ray crystallography.

Presence of the sulfur atoms also modifies the metal-binding ability of thiacalixarenes compared to
calixarenes. Examples of this include the thiacalix-4-crowns showing better extraction of silver ions than
alkali metals, which are preferred by the calix-4-crowns.147 Similar thiacalixcrowns have been shown
to strongly complex 226Ra2+, which occurs naturally and is found in mining waste streams.148 What
is of even more interest however is that whereas the unsubstituted calixarenes are relatively poor ion
binders and transporters, the thiacalixarenes bind a much wider range of metal ions.137 Thia, sulfinyl and
sulfonylcalixarenes have been shown to transport ions including nickel, cobalt, copper, zinc and alkaline
earths much more effectively than calixarenes.149,150 The tendency is for the thiacalixarenes to transport
‘soft’ ions and the sulfonylcalixarenes ‘hard’ ions, with the sulfinyl being intermediate and transporting
both types.151 It will be interesting to see whether these and other properties will allow thiacalixarenes to
rival calixarenes as objects of research.

4.8 Resorcinarenes: Synthesis and Structure

The condensation of resorcinol and related compounds with aldehydes has been known since the days of
Baeyer,1 who reacted benzaldehyde with pyrogallol but was unable to fully characterise the product. The
syntheses of several of these compounds were described by Niederl and Vogel,4 who also proposed the
cyclic tetrameric structure. The resorcinarenes, although like the calixarenes in some ways, have some basic
differences. Whereas calixarenes tend to be made from formaldehyde, a much wider range of aldehydes are
suitable for the synthesis of resorcinarenes, which adds a degree of complexity to the stereochemistry of
these materials since the substituents restrict rotation. In a calixarene in the cone formation, the hydroxyls
are attached to the ‘narrow’ lower rim of the calix and take part in cyclic hydrogen bonding, whereas
in resorcinarenes the hydroxyls are on the upper rim, as shown in Figure 4.1. This makes it impossible
to achieve a cyclic hydrogen and instead the hydroxyls tend to exist as hydrogen-bonded pairs. Much
of the earlier work on resorcinarenes has been extensively reviewed.152 These compounds have been
variously named ‘resorcinarenes’, ‘calix-n-resorcinarenes’ and ‘resorcarenes’ and are usually but not always
tetramers. We will mainly refer to them as resorcinarenes throughout this work unless we wish to specify
the ring size.

The resorcinarenes are usually synthesised by acid-catalysed reactions between resorcinol and various
aldehydes, apart from formaldehyde, which although it undergoes ready condensation with resorcinol
under both acidic and basic conditions, results in materials that are polymeric in nature and widely used
within the adhesives industry. Much of the groundbreaking work on the syntheses of resorcinarenes was
carried out by Hogberg, who reacted a range of aldehydes including acetaldehyde153 and benzaldehyde154

with resorcinol under different acidic conditions. There are a range of possible conformations for the
resorcinarenes (Figure 4.27a), known as crown (or cone), saddle, boat, diamond and chair. The bridging
substituents can also exist is a variety of cis and trans conformations (Figure 4.27b). From this it can
be deduced that there are a large range of possible isomers for a single resorcinarene. Using the methods
described by Hogberg to synthesise and esterify these materials, it was found that it was possible to
isolate two separate conformers whose relative yields varied with differing reaction conditions and times.
What is important is that these studies showed that the reaction is in constant equilibrium and whereas
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one product is favoured kinetically and is the major constituent after a short reaction time, longer times
lead to the formation of the second isomer as it is thermodynamically more stable. Mass spectra of the
esters of these materials proved the tetrameric structure and from NMR it was possible to deduce the
first product to be the chair conformer and the second the boat. Other work also provided the first X-ray
crystallographic proof of a tetramer structure – that of the octabutyrate of the reaction product of resorcinol
and p-bromobenzaldehyde.155 A more recent study showed that in the early part of the reaction a wide
range of oligomeric products are produced,156 but since the condensation reaction is reversible, as the
reaction proceeds, the thermodynamically most stable products dominate.

Further work was focussed towards the reaction of a range of aldehydes157 and substituted resorcinols.
Simple aliphatic aldehydes were shown to give just the crown conformer, whereas with para-substituted
benzaldehydes the composition depended on the substituent but was usually a mixture of crown and
boat – although the presence of some substituents such as nitro prevented condensation from occurring.
A substituted resorcinol, 2-methyl resorcinol, also formed tetramers, although no product was isolated for
the corresponding nitro and bromo compounds. Crystal structures of two of the compounds showed them
to be in the crown conformation and include solvent (acetonitrile). More recently, dodecanal tetramers
with resorcinol158 and pyrogallol159 have been crystallised from ethanol and have been shown to adopt
the crown conformation with bowl-to-bowl hydrogen bonding and interdigitation of the long side chains
(Figure 4.1b). Resorcinols that have been blocked at the 2-position, such as pyrogallol and 2-methyl
resorcinol,160 can form cyclic compounds with formaldehyde. A detailed list of the aldehydes that have
been utilised is given by Timmerman et al152 and as can be seen, most aldehydes can be used unless they
are extremely sterically hindered or contain active groups very close to the aldehyde such as glucose or
ClCH2CHO.

There are variations on these syntheses: resorcinarenes can be synthesised by simply combining alde-
hyde, resorcinol and a catalytic amount of toluene sulfonic acid and then grinding together in a mortar
and pestle for just a few minutes to give high yields of the pure resorcinarene161 under solvent-free
conditions. Condensation of 2-methyl, propyl or hexyl resorcinol with trioxane under acid conditions162

gave a mixture of the cyclic tetramers and hexamers (prolonged reaction times led to formation of the
tetramer only) and NMR studies showed the macrocyclic ring to be highly flexible in solution. Conden-
sation of 2,4-allyloxybenzyl alcohol using a Lewis acid catalyst, scandium trifluoromethyl sulfonate,163

gave a cyclic tetramer (Figure 4.28a) which could have the protective allyl groups removed to give the
parent resorcinarene (Figure 4.28b), which again was shown to have high conformational flexibility. Other
reactions include the Lewis acid-catalysed condensation of 2,4-dimethoxy cinnamates, with for instance
the reaction of 2,4-dimethoxy cinnamic acid, methyl ester (Figure 4.28c), with BF3/diethyl ether164 giving
the calix-4-resorcinarene octamethyl ether (Figure 4.28d) in a mixture of diamond and boat conformers. A
wide variety of other esters can be used and the parent resorcinarenes generated by removal of the methyl
groups with BBr3. One interesting variation on this condensation reaction is to utilise the monomethyl
ether of resorcinol to form a resorcinarene to give 95% of a product, which we would initially expect
to be a highly complex mixture due to the fact that the resorcinol units could be incorporated into the
macrocycle in different orientations respective to each other. However, it was found that the hydroxy group
of one resorcinol unit is always adjacent to the methoxy of the adjoining unit, as shown in Figure 4.28e,165

and this structure is probably thermodynamically favoured since it maximises hydrogen bonding. This
macrocycle does not have a centre of symmetry, making it inherently chiral.

Many of the reactions described previously for calixarenes work equally effectively for resorcinarenes.
Resorcinarenes can be alkylated to give ethers, and silylated, phosphorylated or esterified with acid anhy-
drides or chlorides. Many of the calixarene reactions depend on removing the group para to the phenols,
followed by reactions at the activated para position. This approach cannot be followed with resorcinarenes
since the hydroxy groups are para to the bridging groups and reactions at these positions would tear apart
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the macrocycle. However, the presence of two electron-releasing hydroxyl groups ortho to the 2-position
means that it is highly activated and can readily take part in substitution reactions.

Bromination with n-bromosuccinimide166 gives the tetrabromo compounds such as that shown in
Figure 4.29a. In a similar manner, a water-soluble resorcinarene can be synthesised by diazo coupling
(Figure 4.29b), and this is capable of solubilising large aromatic molecules such as coronene in water.

A variety of Mannich reactions can also take place, with for example the reaction with formaldehyde
and sodium sulfite167 giving rise to water-soluble resorcinarenes of the type shown in Figure 4.29c. Reac-
tions with amines have also been utilised, when a secondary amine is used, such as the reaction with
formaldehyde and diethylamine,168 the product having the structure shown in Figure 4.29d. When a pri-
mary amine is used with one equivalent of formaldehyde, a complex mixture is obtained; however, when
two equivalents of formaldehyde are utilised,168 the final product has the structure shown in Figure 4.29e.
What probably happens is an initial Mannich reaction with the amine at the 2-position, followed by further
condensation to give the oxazine rings; of interest is that the resorcinarene again exists as one isomer
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and is inherently chiral. Diasterioisomers can be obtained when a chiral amine (2-aminobutane) is used;
however, only one diasterioisomer is formed for each amine enantiomer, indicating that the chirality of
the amine has a high affect on the structure and chirality of the macrocycle.169

There has been a great deal of work concerning bridging of resorcinarenes, most of which will be dealt
with later in this chapter, via reactions of the hydroxy groups or the 2-positions. However, other methods do
exist, with for example resorcinol being condensed with a mixture of undecanal and 10-undecenal to give
a mixture of resorcinarenes with different ratios of the two side chains.170 Protection of the hydroxyls with
pivalate groups and careful chromatography allows isolation of resorcinarenes bearing one unsaturated side
chain. The double bonds can be converted to give a wide variety of monofunctionalised resorcinarenes – or
they can be linked together with a Grubbs catalyst, which allows synthesis of bis-resorcinarenes linked by
a single side chain, as shown in Figure 4.29f.

Like their counterparts the calixarenes, the complex-forming properties of the resorcinarenes have been
widely investigated. Much of the complexation chemistry of resorcinarenes has been reviewed152 and
several groups of compounds have been studied. One of the earliest investigations was of the solubilisation
of various sugars in chloroform by a resorcinarene bearing four undecyl sidechains (Figure 4.1b). This
compound was shown to form 1 : 1 complexes with sugars with a great deal of selectivity,171 and was
found for example to form strong complexes with fucose and xylose, although only minimal amounts of
glucose, galactose and mannose were extracted. This was thought to be due to the stereochemistry of the
sugars and only those that could bind via a two-point attachment would be strongly extracted. In the case of
ribose this was confirmed by the fact that the sugar only extracted in its pyranose form. This rule also held
true for simple cyclohexanediols, with the cis-1,4-isomer being most strongly extracted – showing high
selectivity over the trans isomer. Glycerol and water were also extracted into the chloroform phase but
only via single-point binding and as a 4 : 1 complex. No transfer was observed when 4-dodecyl resorcinol
or the octa-acetate of the resorcinarene was used. Binding was also observed in aqueous systems using
a water-soluble resorcinarene172 (Figure 4.29f) or in monolayers of resorcinarenes on water,173 although
with different selectivities. Other compounds that were found to form complexes were dicarboxylic acids,
again with strong selectivity and with glutaric acid being preferred over pimellic and malonic.173

Complexation of water-soluble resorcinarenes (Figure 4.29f) with amino acids has also been studied.
It was found that only amino acids with a hydrophobic residue bound, whereas there was no affinity for
hydrophilic compounds such as serine.174 It is also possible to dissolve resorcinarenes in basic solutions
to give the tetraanion in which four of the phenolic groups have ionised, with ionisation of the other
hydroxyls requiring much harsher conditions. The tetraanion binds ammonium compounds very well via
an electrostatic interaction, with large side chains on the ammonium salt reducing the binding constant.175

Neutral resorcinarenes have also been shown to form complexes with ammonium cations in ethanol/water,
and in the case of triethylammonium sulfate a 1 : 1 complex was crystallised, with X-ray diffraction showing
the resorcinarene to be in the cone conformation176 (unlike the uncomplexed resorcinarene, which is a
mixture of boat and chair153). Pyridinium compounds also complex with resorcinarene, with for example a
fluorescent pyrene–pyridinium compound forming a complex with resorcinarene tetraanion, with the pyrene
fluorescence being quenched. Addition of the neurotransmitter acetyl choline displaces the pyridinium and
restores fluorescence.177

The facile substitution of the side chains has also led to investigation of these systems as immobilised
monolayers. Immobilisation of a thiol-substituted resorcinarene (Figure 4.29g) onto a gold surface gave
a system which also showed high selectivity for some polyhydroxy compounds, such as ascorbic acid,
over others.157–179 Sulfide-substituted resorcinarenes have also been adsorbed onto gold and shown to bind
aromatic molecules from the aqueous phase180 or chlorinated solvents from the vapour phase.181



Cavitands and Carcerands 113

4.9 Cavitands and Carcerands

The proximity of the hydroxyls of adjacent resorcinol units makes bridging an attractive method for
fixing the cavity into a cone shape and also for extending the cavity. These fixed-cone-type molecules
have been extensively described in the Crams’ book (see Bibliography); highlights will be given here.
Resorcinarenes are particularly attractive because a wide variety of functional groups can be introduced
on the lower rim, thereby allowing manipulation of solubility or attachment of the resorcinarenes to solid
supports without affecting the structure and chemistry of the upper rim. One of the simplest bridges is
a methylene bridge, as shown in Figure 4.30a, where the resorcinarene in Figure 4.29a is reacted with
CH2BrCl and base.166 Bridges containing two or three carbon atoms could also be incorporated. X-ray
crystallographic studies proved the bridged resorcinarenes to be in the cone conformation, as well as
including guest molecules of the various crystallisation solvents. Variation of the ratios of resorcinarene
and bridging compound allowed the synthesis of tribridged, dibridged and monobridged resorcinarenes
with unreacted —OH groups.182 Both A,B and A,C dibridged resorcinarenes have been synthesised.182

More complex bridging ligands have also been utilised, some of which will be described here. When
2,3-dichloroquinoxaline is utilised, a good yield of a resorcinarene (Figure 4.30b) with an extended cavity
is obtained.183 NMR studies show that the compound can exist in a mixture of ‘vase’ form, where the
quinoxaline rings are essentially perpendicular to the plane of the resorcinarene macrocycle, and ‘kite’
form, where they are parallel, depending on the temperature and solvent. The ‘vase’ form has been proved
by X-ray crystallography183 and has been shown to contain a cavity approximately 0.7 nm in diameter
and 0.8 nm deep. Again, partially substituted derivatives have also been synthesised. Quinone-bridging
groups have also been used, such as for example the structure184 in Figure 4.30c, which is formed by the
reaction of a resorcinarene with 2,3-dichloronaphthoquinone. Other bridging groups include dialkylsilyl,185

such as that shown in Figure 4.30d, which selectively complexes linear guests such as O2 or CS2, and
phosphoryl186 hyphen;bridged compounds (Figure 4.30e), which strongly bind copper or gold ions.

The next stage after synthesis of these cavitands is to attempt to join them together to form carcerands,
where two resorcinarene bowls are linked together to form an approximately spherical host molecule (the
carcerand), which may contain a trapped guest, unable to leave without breaking covalent bonds in the
host. One of the first of these was obtained187 by bridging a resorcinarene with methylene groups and
then substituting the 2-position to give the two compounds in Figure 4.30f,g. These could then be coupled
together to give a double resorcinarene with the two macrocycles linked together by four —CH2SCH2—
linkers. Analysis showed that the carcerand contained solvent (DMF), water and caesium ions, and even
a small amount of the inert atmosphere (Ar) atoms was trapped. Many of these species could only be
released by hydrolysing the carcerand with trifluoroacetic acid.

Although the carcerand is a molecule of interest, it is limited by the fact it can only capture the
guest during the closure process and cannot release it. The hemicarcerands, which are molecules that can
capture and release a guest, have been objects of wider studies. There are two ways to achieve these.
The first is to use less linkages, such as the compound shown in Figure 4.31a, which has only three
methylene-bridging groups and contains a ‘portal’ through which small molecules can enter and leave.188

Alternatively, the compounds described by Cram et al.189 may be used, where groups have been used not
only to bridge between the hydroxyls of a resorcinarene but to form one or more bridges between two
different resorcinarene units, by using tetra-substituted species such as tetrafluorobenzoquinone or similar
quinoxalines. Another approach involves using four-fold bridging; if the bridges are flexible enough,
guests may enter and leave the cavity. Typical bridges include Schiff-base bridges, made by synthesising
the resorcinarene with four aldehyde groups (Figure 4.30h), which can be bridged using either 1,2- or
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1,3-diaminobenzene.190 This hemicarcerand has been shown to be capable of including large guests such
as ferrocene, [2,2’]paracyclophane and adamantane. Another approach was to utilise Mannich reactions
to join together resorcinarenes;191 however, these compounds (Figure 4.31c) tended to collapse together
and no guest incorporation could be detected. Many of these compounds are extensively reviewed in the
Crams’ book (see Bibliography).

One interesting aspect of these systems is the potential to utilise them as nanoreactors. Compounds
that are unstable in solution may well be protected by encapsulation within a hemicarcerand. An example
of this is the room-temperature synthesis of cyclobutadiene;188 cyclobutadiene can be photochemically
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synthesised from α-pyrone (Figure 4.31a), but this compound is highly unstable, readily reacting with
oxygen or solvents or dimerising to form cyclooctatetraene. Refluxing solutions of the hemicarcerand with
α-pyrone was found to cause the pyrone to become entrapped, and upon irradiation this reacted to form
cyclobutadiene within the cavity. This species could be detected by NMR and by trapping experiments with
oxygen. Heating the hemicarcerand solution caused loss of butadiene from the cavity, with the formation
of cyclooctatetraene.

The joining together of two resorcinarenes usually (but not always) gives a symmetric carcerand or
hemicarcerand. As an alternative system, the combination of resorcinarenes with calixarenes has been
studied. The synthesis of 1 : 1, 1 : 2, 2 : 1 and 2 : 2 compounds of resorcinarenes and calix-4-arenes has
been reported,192 with the 2 : 2 adduct being shown by NMR and modelling studies to be rigid and to
contain a pore approximately 1 nm3 in volume. Similarly, a 2 : 1 calix-4-arene : resorcinarene adduct was
synthesised and shown to selectively form complexes with steroids such as prednisolone-21-acetate.193
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A 1 : 1 adduct of a resorcinarene with a calix-4-arene was shown to include dimethylacetamide as a
guest,194 and because of the size and rigidity of the system, at low temperatures the guest could adopt two
different orientations within the cavity rather than rotating freely. This raises the possibility of using such
systems as molecular switches, while a sulfide-substituted version of the carcerand has been synthesised
and immobilised on a gold surface.195

The multiple systems described above are all linked by covalent bonds. However, multiple resorcinarene
systems have been shown to assemble in solution. C-undecyl resorcinarene (molecular weight 1104) has
shown by vapour pressure osmometry to have apparent molecular weights of between 3000 and 7000 in
nonhydrogen-bonding solvents,196 but of 1100 in ethanol, indicating that the resorcinarenes associate in
some solutions. More detailed work showed that the C-undecylresorcinarene associates in benzene solution,
along with adventitious water, to form a hexameric species,197 and in the case of the C-methylresorcinarene
this has been crystallised and shown by X-ray crystallography to have a snub cube geometry. A resor-
cinarene with fluorinated side chains has been shown to form a hexamer in wet fluorinated solvents.198

4.10 Conclusions

A variety of uses have been proposed for calixarenes and their related systems. The advantages of these
materials includes their ability to be made organic or water-soluble, their ability to be easily immobilised,
their chemical and thermal stability compared to many other macrocyclic systems, their ability to be
exquisitely tailored and the fact that many can be synthesised in bulk from inexpensive materials.

The ion-binding properties of these materials are of great interest to the nuclear industry as they have the
potential to be used as extractants for the removal of radioactive material from waste streams. There has
also been interest in using them as potential extractants for uranium from seawater. The high selectivity
of calixarenes has also led to their commercialisation as ion binders for use in ion-selective electrodes,
with three of the Selectophore range of ionophores, namely amine ionophore I, caesium ionophore I and
calcium ionophore VI, being calixarene-based.

A variety of other uses have been proposed for these compounds and in his most recent book Gutsche
gives details of some of the 200+ patents listed for them (see Bibliography); they have been investigated
for uses including the active components of sensors, catalysts and stationary phases for HPLC. It would
be fitting if calixarenes were to prove suitable for commercial uses since they were originally discovered
as a by-product of industrial products such as Bakelite and the Petrolite series of compounds.
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and triple calix[4]arenes connected via the oxygen functions. Tet Lett. 1990; 31: 4941.



122 Calixarenes

116. Beer D, Keefe AD, Slawin AMZ, Williams DJ. Dimer and trimer calix[4]arenes containing multiple metallocene
redox-active centres. Single-crystal X-ray structure of a bis(ferrocene)-bis(p-t-butylcalix[4]-arene) hydrophobic
host molecule. J Chem Soc. Dalton Trans. 1990; 3675–3682.

117. Wang J, Gutsche CD. Complexation of fullerenes with bis-calix[n]arenes synthesized by tandem claisen rear-
rangement. J Am Chem Soc. 1998; 120: 12226–12231.

118. Bottino A, Cunsolo F, Piattelli M, Garozzo D, Neri P. Synthesis of 5,5’-bicalix[6]arene and 5,5’-bicalix[8]arene
systems. J Org Chem. 1999; 64: 8018–8020.

119. Hwang GT, Kim BH. Synthesis and binding studies of multiple calix[4]arenes. Tet Lett. 2002; 58: 9019–9028.
120. Arduini A, Pochini A, Secchi A, Ungaro R. A new macrocavitand from the head to tail four-point capping of

p-tert-butylcalix[8]arene with a calix[4]arene. J Chem Soc Chem Commun. 1995; 879–880.
121. Georgiev EM, Troev K, Roundhill DM. Formation of ionic polymers by the alkylation of polyethyleneimine

with tetra-chloromethyl and mono-bromopropyl substituted calix[4]arenes. Supramol Chem. 1993; 2: 61–64.
122. Harris SJ, Barrett G, McKervey MA. Polymeric calixarenes. Synthesis, polymerisation and Na+ complexation

of a calix[4]arene methacrylate. J Chem Soc Chem Commun. 1991; 1224–1225.
123. Gravett DM, Guillet JE. Synthesis and photophysical properties of a novel water-soluble, calixarene-containing

polymer. Macromolecules. 1996; 29: 617–624.
124. Zhong Z-L, Tang C-P, Wu C-Y, Chen Y-Y. Synthesis and properties of calixcrown telomers. J Chem Soc Chem

Commun. 1997; 1737–1738.
125. Dondoni A, Ghiglione C, Marra A, Scoponi M. Synthesis and receptor properties of calix[4]arene–bisphenol-A

copolymers. Chem Commun. 1997; 1673–1674.
126. Cheriaa N, Abidi R, Vicens J. Calixarene-based dendrimers. Second generation of a calix[4]-dendrimer with a

‘tren’ as core. Tet Lett. 2005; 46: 1533–1536.
127. van Loon J-D, Janssen RG, Verboom W, Reinhoudt DN. Hydrogen bonded calix[4]arene aggregates. Tet Lett.

1992; 33: 5125–5128.
128. Koh K, Araki K, Shinkai S. Self-assembled molecular capsule based on the hydrogen-bonding interaction

between two different calix[4]arenes. Tet Lett. 1994; 35: 8255–8258.
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130. Vysotsky MO, Bolte M, Thondorf I, Böhmer V. New molecular topologies by fourfold metathesis reactions

within a hydrogen-bonded calix[4]arene dimer. Chem Eur J. 2003; 9: 3375–3382.
131. Vreekamp RH, van Duynhoven JPM, Hubert M, Verboom W, Reinhoudt DN. Molecular boxes based on

calix[4]arene double rosettes. Angew Chem Int Ed. 1996; 35: 1215–1218.
132. Corbellini F, Fiammengo R, Timmerman P, Crego-Calama M, Versluis K, Heck AJR, Luyten I, Reinhoudt DN.

Guest encapsulation and self-assembly of molecular capsules in polar solvents via multiple ionic interactions.
J Am Chem Soc. 2002; 12: 6569–6575.

133. Dhawan B, Gutsche CD. Calixarenes. 10. Oxacalixarenes. J Org Chem. 1983; 48: 1536–1539.
134. Takemura H, Yoshimura K, Khan IU, Shinmyozu T, Inazu T. The first synthesis and properties of hexahomo-

triazacalix[3]arene. Tet Lett. 1992; 33: 5575–5578.
135. Khan IU, Takemura H, Suenaga M, Shinmyozu T, Inazu T. Azacalixarenes: new macrocycles with

dimethyleneaza-bridged calix[4]arene systems’. J Org Chem. 1993; 58: 3158–3161.
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5
Heterocalixarenes and Calixnaphthalenes

5.1 Introduction

The calixarenes and the related resorcinarenes described in the previous chapter represent an actively
researched group of compounds. Calixarenes are cyclic oligomers formed by the condensation of substituted
phenols with formaldehyde, although phenols are not the only compounds capable of undergoing these
types of reaction. The larger naphthol aromatics have been shown to undergo almost identical condensation
reactions with formaldehyde. Similarly, a range of heteroaromatic compounds such as furan, pyrrole and
thiophenes can also form these types of macrocycle. Within this chapter we will give an overview of this
extended family of compounds and discuss their structures and binding capabilities. The use of a range of
aromatic compounds instead of just phenols should greatly enhance the structural and functional diversity
seen so far.

5.2 Calixnaphthalenes

Once the condensation of phenols with formaldehyde was successfully attained, attention turned towards
other hydroxyl-substituted aromatic compounds. Much of this work was pursued by the group of Paris
Georghiou. Naphthols have also been shown to undergo condensation reactions; 2-naphthol, for example,
condenses with formaldehyde under acidic or basic conditions to give the dimeric species shown in
Figure 5.1a. With the corresponding 1-naphthol, however, the base-catalysed reaction with formaldehyde
gives a mixture of products. When the condensation reaction was catalysed by potassium carbonate in DMF,
a complex mixture was obtained, from which three crystalline products could be taken.1 These had the ratio
1.0 : 2.2 : 3.0 in the crude mixture (in order of crystallisation) and were all shown by mass spectrometry
to have a mass of 624, corresponding to the cyclic tetramer analogous to calix[4]arenes. However, there
are four possible isomers, as shown in Figure 5.2. Studies of the NMR spectrum indicated that the first
product had the structure shown in Figure 5.2a (9.4% final yield), the second that of Figure 5.2c (16.0%
final yield) and the third that of Figure 5.2d, but the latter proved difficult to crystallise and could only be
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(a) (b)

HO

HO

OH

OH

OH

HO

HO

OH

Figure 5.2 Isomers of condensation products of formaldehyde with 1-naphthol
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Figure 5.2 (continued)

obtained in a 5.0% yield. Further analysis showed the isomers were all conformationally mobile, although
substitution to give the benzoate esters restricted this.2 Much of the work up to 2005 on calixnaphthalenes
has been reviewed by Georghiou et al .3

All four isomers of the calix[4]naphthalene could be obtained by stepwise synthesis.4 These structures
show one major difference from the classic calixarenes, in that the —OH groups are positioned on the
‘outside’ of the macrocycle (similar to the resorcinarenes) rather than ‘inside’ the main ring. A different
series of macrocycles were synthesised, again using a stepwise process rather than a simple condensation,
to give dihomocalix[4]naphthalenes,5 the structures of which are shown in Figure 5.3a, with the methoxy
groups inside the macrocycle. X-ray studies showed them to have a 1,2-alternate structure in the crystal
(Figure 5.3b). A structure with groups both inside and outside the macrocycle could also be synthesised
(Figure 5.3c). Both these materials were again shown to be conformationally flexible in solution5 and a
cone-like structure was not adopted. A variety of hydroxyl- and alkyl-substituted versions of this material
have been described.6 It has also proved possible to synthesise the hexahomotrioxacalix[3]naphthalenes
(Figure 5.4a,b) in symmetrical and unsymmetrical forms.7

One of the reasons for the study of these compounds is that a calix[4]naphthalene which adopted a
cone conformation would have a deeper and more electron-rich cavity than a simple calix[4]arene. A
calix[4]naphthalene containing hydroxyl groups in endo positions8 has been synthesised (Figure 5.4c) and
NMR studies9 showed it adopts a cone conformation at low temperatures, while X-ray crystal studies
showed it adopts a pinched-cone conformation in the solid state. This compound was initially thought
to form strongly associated complex with fullerenes,9 but later work indicated that calix[4]naphthalenes
substituted with tert-butyl groups gave much better complexation with the C60 molecule deeply inserted
into the cavity.10 Complexes have also been formed with the hexahomotrioxacalix[3]naphthalenes,11 in
which X-ray studies have shown the fullerene to be encased in a ‘capsule’ formed by two macrocycles
(Figure 5.4d). This compound has also proven amenable to oxidation to form spirodienones8 in the same
manner as some calixarenes, a reaction which does occur with the calix[4]naphthalenes with exo hydroxyl



Calixnaphthalenes 129

OCH3

(a) (b)

(c)

H3CO

OCH3

OCH3

OCH3

OCH3

OCH3

H3CO

Figure 5.3 (a,c) Structures of calix[4]naphthalenes constructed by stepwise synthesis and (b) X-ray structure
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Figure 5.4 Structures of (a,b) hexahomotrioxacalix[3]naphthalenes and (c) calix[4]naphthalenes with endo
—OH groups, and (d) crystal structure of a 2 : 1 complex of 5.4b with C60
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Figure 5.5 Structures of (a) oxidised calixnaphthalene and (b) ‘Zorbarene’

groups. Oxidation has also been shown to occur for the compound in Figure 5.1a, which can be oxidised
aerobically to give the compound shown in Figure 5.5a, this being confirmed by X-ray crystallography,
although the results did not give enough data for a full crystal refinement.12 A series of 2,3-disubstituted
naphthalenes have also been linked to form cyclic tetramers,13 which the authors named ‘Zorbarenes’
(Figure 5.5) and which formed complexes with tetramethyl ammonium ions.

Substituted naphthalenes have also been incorporated into macrocyclic structures. For example, 1,8-
naphthalene sultone12 can be condensed with formalin to give the water-soluble cyclic tetramer shown
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Figure 5.6 Condensation products of formaldehyde with (a) 1,8-naphthalene sultone and (b) chromotropic acid

in Figure 5.6a in 15% yield. NMR studies confirmed the structure and indicated that the macrocycle is
conformationally mobile. A more extensive study has been made of the condensation products between
chromotropic acid and formaldehyde by the group of Poh.14 When chromotropic acid and a fivefold excess
of formaldehyde were combined in aqueous solution for a week, a dark-red water-soluble product could
be obtained.14 Mass spectral and NMR studies indicated that the product was the cyclic tetramer shown
in Figure 5.6b, which is conformationally mobile in solution. Earlier work proposed a linear polymeric
structure15 for this molecule and although much work has been published by Poh’s group on this compound,
as yet no X-ray structure has been successfully obtained to prove the cyclic tetramer structure.

The same group studied the interactions of the ‘chromotropylene’ tetramer with a wide variety of
substrates. A range of aromatic compounds could be solubilised in water by the tetramer and the association
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constants were shown to increase with the number of aromatic rings in the guest.16 Metal ions such as
Ni2+ and Co2+ can be included in a 1 : 1 ratio.17 Also, when the macrocycle is deprotonated, amines18

can be included as guests. Other guests also bound in a 1 : 1 ratio include phenols,19 alcohols20 and
sugars;20 in the case of the latter two species, the binding strength appears to be determined by the
strength of the CH–π interaction. Biologically significant guests such as amino acids21 have also been
shown to form complexes in aqueous solutions; in the case of these guests, aliphatic CH–π interactions
were shown to be the major factor in determining binding, while in the case of aromatic amino acids, the
major factor was π–π interactions. Nucleosides22 also bind to the macrocycle in aqueous solution (1 : 1
ratio), with NMR studies showing the base unit is included in the cavity, and the same macrocycle also
forms 1 : 1 complexes with paraquat,23 a widely used herbicide, with the aromatic units of the guest being
included within the cavity. Other macrocyclic ring compounds have also been shown to form complexes
with cyclotetrachromotropylene. Crown ethers, for example, could be partially included in the cavity of
the macrocycle to form 1 : 1 complexes in water,24 with higher binding constants being observed for
dibenzo-18-crown-6 than for the parent crowns, again indicating π–π interactions. Another group of
macrocycles, the cyclodextrins (cyclic polysugars, which will be discussed in detail in Chapter 6), also
formed complexes25 with cyclotetrachromotropylene. This is the first case of cyclodextrins serving as guests
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Figure 5.7 Condensation products of formaldehyde with (a) 4-amino-5-hydroxynaphthalene-2,7-disulfonic acid
and (b,c) 5-sulfanato tropolone
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rather than hosts and again the guest is only partially included in the cavity since neither macrocycle is of
a size to completely encapsulate the other. An oxidised version of the tetramer has also been synthesised
by reaction with dichromate26 and has been shown to complex a variety of amines, tetraalkyl ammonium
salts and amino acids as both 1 : 1 and 1 : 2 host–guest complexes. A cyclic tetrameric structure has
also been claimed for the condensation product of 4-amino[5]hydroxynaphthalene-2,7-disulfonic acid with
formaldehyde,27 and this product (Figure 5.7a) has been shown to form complexes with polycyclic aromatic
compounds in water, with complex strength increasing with the number of rings in the guest.

Expanded calixnaphthalenes have been synthesised by the reaction of various derivatives of 2,7-
dihydroxynaphthalenes.28 When a 2,7-dihydroxynaphthalene is reacted with formaldehyde it will react at
the C1 position to form dimers rather than a cyclic structure, so substitution of this system is required.
When the derivative shown in Figure 5.8a is condensed using triflic acid as a catalyst, a cyclic trimer
(Figure 5.8b) is formed in 23% yield, with mass spectral studies showing the existence of the tetramer as
a minor product. Calculations indicate that this material will have a twisted propeller-like conformation.
Likewise, a naphthalene substituted with cyclic ether units (Figure 5.8c) was found to cyclise to form a
mixture of cyclic oligomers with three to six naphthalene units.28 The monomers could also be condensed
with formaldehyde to form a dimer and then reacted with hexanal to give the cyclic tetramer (Figure 5.8d)
as a mixture of cis and trans isomers, the latter of which were shown in X-ray studies to have the
structure in Figure 5.8e. This compound displays a flattened partial-cone structure, with two opposing
naphthalenes being approximately planar and the other naphthalenes perpendicular to this plane.

5.3 Tropolone-Based Macrocycles

The group that investigated the chromotropylenes has also investigated other water-soluble macrocy-
cles. A sulfonated tropolone derivative (Figure 5.7b) underwent condensation reactions with formaldehyde
to form – based on NMR and MALDI mass spectral results – a cyclic tetramer.29 NMR investigations
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Figure 5.8 Expanded calix[n]naphthalenes
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Figure 5.8 (continued)

showed this to exist in aqueous solution as a mixture of cone, partial-cone, 1,2- and 1,3-alternate con-
figurations. The tetramer was shown to form weakly-bound complexes with alcohols in aqueous solution
and more strongly-bound ones with aromatic species.30 Again, the tropolone-derived tetramer31 has been
shown to form complexes with polycyclic aromatic compounds in water, with complex strength increas-
ing with the number of rings in the guest. A second product (Figure 5.7c) with an oxacalixarene-type
structure could also be obtained in low yield and was shown to have a 1,3-alternate structure in aque-
ous solution.32

5.4 Calixfurans

It is not only benzene rings which undergo condensation reactions with formaldehyde and other aldehydes
and ketones – many heterocyclic compounds also undergo these reactions. One example is furan, which
can form cyclic oligomers with a variety of aldehydes and ketones. A number of ketones were condensed
with furan under acidic conditions in reaction media containing lithium perchlorate, which is thought to
act as a templating agent.33 Cyclic tetramers of acetone with furan (Figure 5.9a) could be obtained in 35%
yield and other linear and cyclic ketones also gave cyclic tetramers, although in lower yields. These have
been named ‘calixfurans’. Reduction with hydrogen and Raney nickel of the acetone/furan tetramer was
found to give good yields of the fully reduced compound (Figure 5.9c) as well as a by-product compound
in which two adjacent furan rings have been reduced (Figure 5.9b). Varying the metal salts affected the
yield of product, with lithium perchlorate giving the best yields.33 However, no isolatable complexes could
be obtained for the calixfurans with any of the metal salts used, although the tetrahydrofuran macrocycle
formed isolatable complexes with species such as LiSCN and Ni(ClO4)2. When a linear acetone furan
tetramer was reacted with acetone, a mixture of the cyclic tetramer and octamer was formed, which could
be separated, and when a linear hexamer was used, the cyclic hexamer could be obtained as a pure
compound. Later work utilised linear trimers and showed the synthesis of both the cyclic hexamer and
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Figure 5.9 (a) Condensation products of furan with acetone; (b) partially reduced and (c) fully reduced

the linear product containing nine furan residues.34 When this linear nonamer was further reacted with
acetone, a cyclic nonamer was obtained in reasonable yield.

Direct reaction of formaldehyde with furan does not give appreciable yields of cyclic compounds, but
when bis- and tris-furans were reacted with dimethoxyethane (Figure 5.10), reasonable quantities of the
cyclic tetramer could be obtained, along with small amounts of the pentamer, hexamer and octamer.35

Attempts were made to find template species that would increase the yields of these materials, but these
were unsuccessful. These compounds were however shown to form gas-phase complexes with ammonium
ions by mass spectrometry.36 Less symmetric calixfurans could be synthesised by reacting linear bis- and
tris-furans (formed by reacting furan with various aldehydes and ketones) with acetone or other compounds
to give cyclic tetramers and larger oligomers.37 These again could be reduced to give the tetrahydrofuran
macrocycles, which were found to be capable of transporting a range of alkali metals, ammonium and
silver ions through an organic medium.

X-ray studies have been carried out on these macrocycles. The cyclic tetramers usually adopt a 1,3-
alternate configuration, as shown in Figure 5.11a for the acetone tetramer.38 The cyclic hexamer has also
been studied;34,39 it is shown in Figure 5.11b. The hexamer has a structure in which two of the furan rings
are in the plane of the macrocycle and the remaining four are in an up-down-up-down orientation.
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Figure 5.10 Condensation of bis-furans with dimethoxymethane
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Figure 5.11 Crystal structures of acetone-furan (a) tetramer and (b) hexamer

Because synthetic schemes exist to make a wide variety of calixfurans, one field of investigation has
been their ring-opening reactions. For example, the cyclic tetramer (Figure 5.9a) can be oxidised40 to
convert the furan units into unsaturated diketones such as that shown in Figure 5.12a. This can then be
hydrogenated to give the cyclic octaketone shown in Figure 5.12b. The cyclic hexamer can also be oxidised
in the same manner and hydrogenated to give a cyclic dodecaketone. In the same work, treatment with
bromine followed by hydrolysis gave rise to enedione species such as that shown in Figure 5.12c, and by
careful control of the reaction conditions partially oxidised products such as that in Figure 5.12d can be
obtained. The diketone compounds are of interest since they can easily be cyclised to give furan, pyrrole
or thiophene units, thereby offering a route to compounds which contain a mixture of heterocyclic groups
within a single macrocycle;41 this will be discussed in more detail later.
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Figure 5.12 Oxidation products of acetone-furan tetramers

Furans also readily undergo Diels–Alder reactions, and the cyclic furan-acetone oligomers have been
studied as a substrate for this type of chemistry. The cyclic tetramers42 undergo Diels–Alder reactions with
species such as benzyne to give products such as those shown in Figure 5.13a. These could be converted
into the hydrogenated derivatives (Figure 5.13b), but attempts to convert either of the two macrocycles
into the corresponding naphthalene tetramers failed. Only one isomer of the tetramer was obtained, which
was shown by X-ray crystallography (Figure 5.13c,d) to again have a 1,3-alternate-type structure, in which
the bridging oxygen atoms are alternately above and below the mean plane of the macrocycle. When
crystallised from a mixture of o-, m- and p-xylenes, only p-xylene was found to be incorporated in the
lattice, demonstrating molecular recognition by the tetramer. Within this work the synthesis of mono- di-
and tri-adducts of benzyne with the calixfuran are also described, along with their hydrogenated derivatives.
In the case of the 1 : 1 adduct, it was found to be possible to dehydrate the epoxynaphthalene compound
to give the calix[3]furan[1]naphthalene system, the crystal structure of which is shown in Figure 5.14,
demonstrating a more cone-like structure with a central cavity.

The similar hexamer could also undergo these types of reaction.39 It proved possible to monosubstitute
the calix[6]furan with benzyne and convert the product into the calix[5]furan[1]naphthalene ring system,
and to also add two benzyne units to the hexamer and convert that to the calix[4]furan[2]naphthalene
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Figure 5.13 (a) Diels–Alder adducts formed by reaction with benzyne and (b) after reduction with H2, Pd/C;
(c) the crystal structure and (d) the space-filling model of 5.13a

macrocycle (with the two naphthalenes at the 1,3 or 1,4 positions of the macrocycle (Figure 5.15)).
Several other adducts could also be synthesised and their crystal structures determined. Dimethylacetylene
dicarboxylate also underwent Diels–Alder additions to the hexamer, allowing the synthesis of calixfurans
substituted with carboxylic acid groups.

5.5 Calixpyrroles

5.5.1 Introduction

We have already discussed (in Chapter 1) the porphyrin series of molecules. These can by synthesised via
the condensation of aldehydes with pyrroles to give a nonaromatic porphrinogen tetramer (Figure 1.7b),
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Figure 5.14 (a) Dehydrated 1 : 1 calix[4]furan:benzyne adduct, (b) its crystal structure and (c) its space-
filling model

which undergoes oxidation to give the aromatic porphyrin molecule. A similar reaction occurs when ketones
are condensed with pyrrole, but in this case the porphrinogen tetramer is stable and can be isolated as a
crystalline compound. These classes of molecules have been termed the ‘calixpyrroles’.

The earliest reports in this field come from 1886, when the great German chemist Adolf von Baeyer,
who was mentioned in Chapter 4 for his early work on phenol/aldehyde condensation and won the 1905
Nobel Prize in Chemistry, utilised an acid-catalysed condensation of acetone and pyrrole43 to synthesise
an octamethyl-substituted calix[4]pyrrole (Figure 5.16a; R = —CH3). Although it appears very similar
to a porphyrin, the aromatic pyrrole units are not conjugated together to form an extended delocalised
system. This led to major differences in the chemistry and structure of the porphyrins and calixpyrroles.
For example, porphyrins are usually highly coloured due to the extended pi system, whereas calixpyrroles
are usually white or pale yellow in colour unless substituted with other chromogenic groups. Furthermore,
porphyrins are flat, to allow extended interaction of the p-orbitals, whereas calixpyrroles are nonplanar in
structure, as will be discussed later. There have been several reviews of calixpyrroles, which provide much
more detailed descriptions than will be given in this chapter.44,45
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Figure 5.15 (a) 1 : 1 and (b) 2 : 1 Diels–Alder adducts of calix[6]furan with benzyne, dehydrated to give
naphthalenes
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Figure 5.16 Synthesis of calix[4]pyrroles with (a) linear ketones and (b) cyclohexanone

A wide variety of ketones have been reacted with pyrrole to give the cyclic tetramers. Two of the most
widely used are acetone (R = Me) and cyclohexanone, which give the compounds shown in Figure 5.16.
X-ray crystallographic studies of these compounds have been carried out; they demonstrated the non-
planarity of the structures.46 The calixpyrroles instead usually adopt a 1,3-alternate conformation of the
pyrrole rings, as shown in Figure 5.17a,b. This conformation is the most common for calixpyrroles, but
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Figure 5.17 Crystal structure of calix[4]pyrroles synthesised with acetone crystallised from (a) methanol,
(b) cyclohexanone calix[4]pyrrole/dichloromethane, (c) DMF and (d) octaethylcalix[4]pyrrole complex
with Zr(IV)

complexation can have a major effect on the structure and when for example the acetone-pyrrole tetramer is
crystallised from DMF, it instead adopts a 1,2-alternate conformation,47 as shown in Figure 5.17c. Studies
were carried out on other solvent/calixpyrrole combinations both in solution and in the crystalline state;
interestingly, the calixpyrroles tended to form 1 : 1 complexes with hydrophilic solvents in benzene but
1 : 2 host–guest complexes in the crystal.47

We have already described how porphyrins can bind a wide variety of metals. However, for simple
calixpyrroles, metal binding does not appear to occur to any great extent. Some success has been achieved
by deprotonating the pyrrolic N—H groups with BuLi and then utilising these species to form complexes
with iron and molybdenum species.48 In these complexes the calixpyrrole adopts a cone-like conformation,
as shown by X-ray crystallography, with all of the nitrogens complexing to the metal. The zirconium
complex49 displays quite different behaviour, with two of the pyrrole rings forming σ-bonds to the metal
via the nitrogen atom and the other two showing π-interactions via the aromatic system rather than via
the nitrogen.
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Figure 5.18 Crystal structure of (a) octamethylcalixpyrrole complex with chloride and (b) octacyclohexylcalix-
pyrrole complex with fluoride

One field of calixpyrrole chemistry that has excited much interest is their anion-binding capability. For
example, the simple acetone-pyrrole tetramer can be mixed in dichloromethane with tetrabutylammonium
chloride or fluoride and slowly evaporated to give crystalline complexes.46 X-ray studies show that the
calixpyrrole adopts a cone conformation, allowing all four N—H protons to hydrogen-bond to the anion
(Figure 5.18a). The two complexes are similar, but the fluoride ion is 0.15 nm above the plane of the
nitrogen atoms, while the larger chloride ion is 0.23 nm above the plane. Stability constants showed
stronger binding for fluoride (17170 M−1) than chloride (350 M−1); they also showed some binding
to dihydrogen phosphate but little or no binding for bromide, iodide and hydrogen sulfate. Binding of
fluoride and chloride was also observed for the cyclohexanone-based tetramer (Figure 5.16b), although it
was somewhat weaker.

Most calixpyrroles are cyclic tetramers but other ring sizes are known. One problem is that the
calix[4]pyrroles are the most ready to form, and although other ring sizes can be detected in reaction
mixtures, they cannot easily be isolated and tend to re-equilibrate to give the tetramer. Calix[4]pyrroles
can be synthesised directly from fluorinated pyrroles such as 3,4-difluoropyrrole50 by a methane sulfonic
acid-catalysed reaction with acetone (Figure 5.19). The fluorinated derivatives show increased affinities to
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Figure 5.19 (a) Synthesis of fluorinated calixpyrroles and (b) crystal structure of the octamer

chloride and especially H2PO4
− ions (increase in binding constant of >1000). In the case of H2PO4

−,
binding is accompanied by a visual colour change from yellow to orange. The solid-state structures of
these compounds are very complex and depending on the presence of various ions or solvents, cone,
partial-cone, 1,3- and 1,2-alternate structures can all be determined.

The reaction of fluorinated pyrrole is noticeably slower than the simple pyrrole-acetone condensation
and it was found that by careful optimisation of the reaction conditions, both the cyclic pentamer and
the octamer could be isolated from the reaction mixture in yields of 23% and 14% respectively.51 X-ray
crystallography studies showed that the calixpyrrole cores adopt what can best be described as distorted
alternate conformations. In both cases the macrocycles appear to contain a large cavity with (in the fluoride
complex) many but not all of the pyrrolic NH moieties pointing into it and displaying some NH-F hydrogen
bonding. Further work52 succeeded in isolating the cyclic hexamer and studied the interactions of this series
of calixpyrroles with anions. Strong binding was found to occur between the cyclic tetramer and a range
of anions such as chloride, bromide, acetate, benzoate and phosphate in acetonitrile and DMSO. It appears
that the strongly electron-withdrawing fluoride groups increase the affinity of the calixpyrrole for anions
compared to the unsubstituted tetramers; also, the fluorinated tetramer generally binds this group of anions
more strongly than the higher analogues. X-ray studies of the complex of the tetramer with chloride
showed a conical form for the calixpyrrole, stabilised by hydrogen bonding to the anion, as found for
the unsubstituted tetramer. A recent report has also described the condensation of pyrrole and acetone
in the presence of bismuth nitrate; using chromatographic methods the cyclic pentamer was obtained in
moderate yields.53
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Figure 5.20 (a) Crystal structure of calix[6]pyrrole/water and (b) its complex with bromide ion

We have already discussed the synthesis of calix[6]furans and their oxidation to unsaturated
dodecaketones.40 These can be reacted with ammonium acetate to give the corresponding calix[6]pyrrole
in 42% yield.54 X-ray crystallographic studies of the 1 : 1 complex with water (Figure 5.20a) showed it to
have a structure described as being like a ‘tennis-ball seam’. Complexation experiments with a variety of
ions were undertaken, and under the conditions used in this work, calix[6]pyrrole bound fluoride much
more weakly and chloride much more strongly than calix[4]pyrrole. The crystal structure of the complex
of the hexamer with bromide (Figure 5.20b) shows considerable change from the water complex, with a
cone-like shape and all six N—H groups directed towards the central anion.

Dipyrrolyl compounds have also been used in the synthesis of calix[6]pyrroles. Reacting pyrrole with
4-nitroacetophenone gave a dipyrrole species which could be condensed with acetone55 to give two
calix[4]pyrrole isomers, one with the nitrophenyl groups on the same side of the macrocycle and the
other with substituents on opposite sides, along with a calix[6]pyrrole with two nitrophenyl groups on
one side and one on the other (Figure 5.21). The calix[6]pyrrole with all three nitrophenyl groups on
the same side of the macrocycle was not detected. Crystal structures were obtained for both tetramers. A
range of anion-binding experiments were performed, which showed that both ring size and conformation
affected binding strength. Under dry conditions, fluoride bound to the tetramer in Figure 5.21a and the
hexamer in Figure 5.21c with approximately the same binding coefficient, and more weakly to the tetramer
in Figure 5.21b, although chloride was found to bind much more strongly to the hexamer. It should be
noted that solvent and especially adventitious water had large effects on the binding constants of anions
to calixpyrroles and therefore it is very difficult to compare results obtained by different groups under
different conditions.

The reactions of pyrroles with bulky ketones such as benzophenone did not progress to give calix-
pyrroles; instead dipyrrolyl species were isolated,56 probably due to the effect of steric hindrance preventing
cyclisation. These could however be condensed with acetone using a methane sulfonic acid catalyst to
give asymmetric calix[4]pyrroles (Figure 5.22). However, when trifluoroacetic acid was used as the cata-
lyst, calix[6]pyrroles were obtained. X-ray studies of the calix[6]pyrrole synthesised from benzophenone
showed that the pyrrole rings adopted a 1,3,5-alternate structure with the diphenylmethylene groups all on
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Figure 5.21 Synthesis of nitrophenyl-substituted calix[n]pyrroles: (a) tetramer (cis isomer), (b) tetramer ( trans
isomer) and (c) hexamer (up-up-down isomer)



146 Heterocalixarenes and Calixnaphthalenes

R = phenyl or 2-pyridyl

N
H

N
H

N
H

+
CF3COOH

R

R

Acetone + CF3COOH

Acetone + CH3SO3H

NH

NH HN

HN

R

R R

R

NH HN

NH HN

N
H

H
N

R

R

R

R

R

R

R2C = O

Figure 5.22 Synthesis of calix[4]pyrroles and calix[6]pyrroles

one side of the macrocycle and the dimethylmethylene groups all on the other. The overall shape of the
molecule is an asymmetric cone, with three N—H bonds perpendicular to the macrocycle on the side of
the dimethylmethylene groups and the other three pointing towards the centre of the cavity.

Synthesis of a substituted dipyrrole species and linkage to 1,3,5-trihydroxy benzene gave moieties such
as that shown in Figure 5.23, which could then be reacted with acetone to give the capped calix[6]pyrrole,57

albeit in only 2–3% yield. A similar species capped with a benzene tricarboxylate unit was also synthesised.

5.5.2 Chemical modification of the calixpyrroles

There appear to be three sites at which a calixpyrrole can be modified, namely the linking groups between
the pyrrole rings, the pyrrole N—H groups and the pyrrole 3-positions. The first, modification of the linking
groups, has not been widely studied since it is usually simpler to incorporate the required substituent into
the ketone used to assemble the calixpyrrole. If the desired substituent would either interfere with the
cyclisation reaction or be degraded by it then in some cases a protecting group can be utilised. For
instance, the Cbz-protected 3-aminoacetophenone could be reacted with pyrrole and 3-pentanone with
boron trifluoride catalysis and the resultant mixture of products separated by flash chromatography to give
the mono-substituted calix[4]pyrrole; the protecting group could then be removed to give a calix[4]pyrrole
bearing one aminophenyl side group58 and this side chain could be substituted with a number of dye
groups to give highly fluorescent anion sensors. These sensors showed high affinity for a number of
anions, especially for phosphate and pyrophosphate ions.
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Figure 5.23 Synthesis of a trihydroxybenzyl-capped calix[6]pyrrole

Replacement of the pyrrole 3,4-hydrogens by a variety of methods has been studied. The simplest method
is to utilise a substituted pyrrole. We have already mentioned for example the use of 3,4-difluoropyrrole.
Another compound that has been successfully utilised is 3,4-dimethoxypyrrole, which could be condensed
with cyclohexanone to give the material shown in Figure 5.24a, although with only an 8% yield after chro-
matographic purification.59 In the same work a calix[4]pyrrole could be reacted with N-bromo succinimide
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Figure 5.24 (a,b) C-substituted calix[4]pyrroles and (c) crystal structure of 5.24b

to give the octabromo derivative shown in Figure 5.24b, which in the crystal form adopts an unusual
flattened 1,2-alternate configuration. The hydrogens at the 3-positions of calix[4]pyrroles are acidic enough
to react with strong bases such as BuLi and the resultant carbanions react with electrophiles. Addition
of BuLi to octamethylcalix[4]pyrrole followed by reaction with ethyl bromoacetate59 leads to the for-
mation of both the mono-substituted calixpyrrole (26%) and a small amount (3%) of a single isomer of
diester (Figure 5.25). Complexation studies showed that electron-donating methoxy groups lowered anion-
binding strength, while electron-withdrawing bromo groups increased it. This synthetic methodology was
expanded to include a wider range of electrophiles and calix[4]pyrroles monosubstituted with carboxylic
acid, formyl, ethyl alcohol, ethyl piperidine and iodo groups have all been obtained.60 Small amounts of
di-substituted products could also be observed. X-ray crystal studies showed that in several cases the side
groups underwent interactions with the N—H groups of adjacent pyrroles, forming dimeric species.

An alternative synthetic procedure61 involved reaction of iodine-[bis(trifluoroacetoxy)iodo] benzene with
calix[4]pyrrole to give the monoiodinated product shown in Figure 5.25c. This could then be reacted with
excess trimethylsilyl acetylene to give the structure shown in Figure 5.25d, which could be deprotected
to give that shown in Figure 5.25e. Finally, this could be coupled with aromatic iodides using palladium
catalysis to give structures of the type shown in Figure 5.25f (where Ar = tolyl, nitrophenyl, dinitrophenyl,
p-dimethylamino azobenzene, phenanthrene and other aromatic moieties) in good yields. These compounds
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Figure 5.25 (a–f) Mono- and di-C-substituted calix[4]pyrroles and (g–i) structures of calix[4]pyrrole dimers

could serve as colorimetric or fluorimetric sensor materials for anions. Alternatively, two calix[4]pyrrole
units could be coupled together directly or via a di-iodo benzene62 to give the dimeric species shown in
Figure 5.25g. These structures open up the possibility of cooperative binding between two calix[4]pyrrole
units. The binding constants of the structure in Figure 5.25g were determined for complexation to benzoate,
phthalate and isophthalate ions were determined, and in the case of benzoate and phthalate, 1 : 2 host–guest
complexes were formed with association constants three to four times lower than those with the parent
calix[4]pyrrole (which formed 1 : 1 complexes). The bent isophthalate was found to form a 1 : 1 complex
with the structure in Figure 5.25g, with an association constant six times that of the complex with the
parent compound, indicating cooperative binding of the two carboxylate groups to the two pyrrole rings.

Usually reactions with strong bases and electrophiles give rise to C-substitution but N-substitution is
also known to occur. When octaethylcalix[4]pyrrole was treated with sodium hydride, 18-crown-6 and
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methyl iodide, a series of products could be obtained.63 These were the mono-N-methylated, 1,2-di-
N-methylated (in very low <1% yield), 1,3-di-N-methylated, tri-N-methylated and fully N-methylated
products. The major product (1,3-di-N-methylated) could be crystallised and was shown to have a 1,3-
alternate configuration in the crystal. When ethyl iodide was used, only the mono-N-ethylated product
was obtained. Direct condensation of ketones with N-methyl pyrrole has been attempted63 but as yet
macrocyclic products have not been obtained.

Attempts have been made to extend the cavities of calix[4]pyrroles, often by the use of functionalised
ketones. For example, 4-hydroxyacetophenone can be condensed with pyrrole to give cyclic tetramers as a
mixture of four configurational isomers (Figure 5.26a–d), which can be separated chromatographically.64

What is interesting is that the major product (45%) is the isomer with all four hydroxyphenyl units
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Figure 5.26 Isomers of tetra-substituted calix[4]pyrroles
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Figure 5.27 Crystal structures of (a) αααα 4-hydroxyphenyl calix[4]pyrrole and (b) the 4-methoxyphenyl
αααβ isomer

on the same side of the macrocycle (αααα; Figure 5.26a), while the isomer with three units on the
same side (αααβ; Figure 5.26b) is synthesised in 30% yield. The other two isomers are the system
with two adjacent hydroxyphenyl units above and below the macrocycle (ααββ, 25%; Figure 5.26c) and
the isomer with the αβαβ conformation (<5%; Figure 5.26d). This last isomer is the least sterically
hindered, so a simplistic model would predict it would be the most common, and the αααα the least. From
this it appears that there must be favourable interactions between adjacent hydroxyphenyl units, possibly
hydrogen bonding, π–π interactions or a combination, similar to the cooperative binding observed in
the formation of calixarenes and related species. Reaction with methyl iodide gave the methoxyphenyl-
substituted compounds.

The crystal structures of the αααα isomer of the hydroxyphenyl calix[4]pyrrole and the αααβ isomer of
the methoxyphenyl counterpart demonstrate how a deeper, extended cavity is formed by the hydroxyphenyl
units. Each contains a molecule of ethanol (Figure 5.27a) or acetonitrile (Figure 5.27b). Studies of their
interactions with fluoride, chloride and phosphate ions have been made. Generally stronger binding is
seen for the hydroxyphenyl systems, with the ααββ isomer showing the strongest binding for chloride and
with the αααα binding more strongly that the αααβ system. None of these bind as strongly as the parent
octamethylcalix[4]pyrrole, although their relative selectivity for fluoride appears to be better.

A similar group of compounds using 3-hydroxyacetophenone was also studied by different workers.65

Again three isomers were obtained, in the same order of occurrence. These occurred in a variety of crystal
forms, as determined by X-ray crystallography, with for example the αααα or cone isomer crystallised as
a dimer from DMF (Figure 5.28a) and as a trimer from acetic acid (Figure 5.28b). The arrangement of
the hydroxyphenyl units was likened by the authors to that occurring in calixarenes. The cavity could be
extended even further by converting the hydroxyl groups into N-phenyl carbamate, the crystal structure
of which is shown in Figure 5.28c, which demonstrates binding of the solvent of crystallisation (acetone),
although this is lost on gentle heating.

Even though the para-substituents of the compounds shown in Figure 5.26 are some distance from the
pyrrolic N—H groups which compose the anion-binding site, they obviously affect binding, as was shown
by the lower binding coefficients for methoxy- than for hydroxyl-substituted systems. Other reactions were
used to introduce ester (—OCH2CO2Et) and amide (—OCH2CONEt2) groups in these positions,66 and the
resultant calix[4]pyrroles were shown to be highly selective to fluoride ion, binding fluoride from DMSO
solution but showing no affinity at all for other halides, dihydrogen phosphate or hydrogen sulfate ions.
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Figure 5.28 Crystal structures of αααα 3-hydroxyphenyl calix[4]pyrrole from (a) DMF and (b) acetic acid, and
(c) the phenylcarbamate product from acetone

5.5.3 Confused calixpyrroles

Although pyrroles usually react via the 2,5-positions to form calixpyrroles, they can also undergo reaction
via the 2,4-positions to give N-confused calixpyrroles. These are much less common, with only a few
syntheses being known. One example involved pyrrole and cyclohexanone being reacted under a wide
range of conditions (solvent, catalyst) to give, besides the expected pyrrole, the single N-confused pyrrole
(Figure 5.29) – in some cases as the major isomer.67 In the same work, other reaction conditions gave
mixtures of the isomers of calix[4]pyrroles with two N-confused rings in >30% yield. The confused
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Figure 5.29 (a) Synthesis of N-confused calix[4]pyrroles and (b) crystal structures of a complex with butyl
methyl imidazolium chloride

calixpyrroles were much less soluble than the usual isomer. Crystal structures for N-confused octamethyl
calix[4]pyrrole with imidazolium chloride complexes68 have been obtained and demonstrate that in the
solid phase the chloride ion is hydrogen-bonded by the three ‘unconfused’ N—H groups, with the imidazole
unit being included in the calix[4]pyrrole cup (Figure 5.29b).

5.5.4 Substituted calixpyrroles

Recent years have seen a great increase in interest in the calixpyrroles and a brief review of this work will
be given here. Numerous other side chains have been attached to calixpyrroles – and calixpyrroles can
be bridged in the same way as other macrocyclic systems such as calixarenes to give strapped pyrroles.
A pyrrole substituted with a tetrathiafulvalene unit69 could be condensed with acetone to give the cyclic
tetramer shown in Figure 5.30a in 18% yield. This compound was found to form host–guest complexes
with electron-deficient materials such as 1,3,5-trinitrobenzene in dichloromethane solution, where each
calixpyrrole adopted a 1,3-conformation with a guest sandwiched between opposing tetrathaifulvalenes. In
the case of 1,3,5-trinitrobenzene, X-ray crystal structures demonstrated this binding. Other guests included
quinones and binding was accompanied by visible colour changes. Interestingly, the host–guest complex
could be dissociated by the addition of chloride, which was thought to form a complex, thereby pulling
the calixpyrrole into the cone conformation and disrupting binding of the neutral guest.69 Further work70

showed that the conical chloride complex was capable of binding both fullerene (but not the uncomplexed
calixpyrrole) and a fullerene substituted with an electron-deficient fluorine moiety that could be bound by
either the chloride complex or uncomplexed calixpyrrole, albeit with very different binding modes.

As an alternative to substituting the pyrrole unit, acetyl ferrocene could be condensed with cyclohexanone
and pyrrole71 to give a cyclic tetramer in 30% yield containing a single ferrocene unit (Figure 5.30b),
the structure of which was proved by NMR and X-ray crystallography. Cyclic voltammetry showed that
the material bound halide and dihydrogen phosphate ions with resultant shifts in cathodic potential of the
ferrocene unit. This material could be immobilised onto carbon paste electrodes72 to give electrochemical
detection of fluoride and dihydrogen phosphate ions. Calix[4]pyrroles bearing ferrocene amide groups
could also be synthesised,73 and demonstrated sensitivity to fluoride and acetate ions when studied by
NMR and electrochemically.
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Figure 5.30 (a) Tetrathiafulvalene-substituted calix[4]pyrrole and (b) ferrocene-substituted calix[4]pyrrole

Calix[4]pyrroles substituted at the bridging positions by a variety of p-phenoxy ethers could be
synthesised,74 and in the case of the material substituted with thioether groups (Figure 5.31a) were shown
to be an efficient extractant for both fluoride and mercury ions. Anion transport through dichloromethane
has also been demonstrated by the octafluoro calixpyrroles described earlier.75 Extended-cavity
calix[4]pyrroles could also be obtained, containing phenyl urea units76 (Figure 5.31b), and were shown by
NMR studies to selectively form 1 : 2 complexes with fluoride, where one anion binds to the macrocycle
and one to the phenyl urea groups, or 1 : 1 complexes with dihydrogen phosphate.

Chromogenic derivatives of normal calix[4]pyrroles substituted with azobenzyl and tricyanoethylene
moieties (Figure 5.31c,d) have also been synthesised, along with their N-confused isomers,77 with their
structures being determined by X-ray crystal studies. These were shown to undergo colour changes in solu-
tion on exposure to various anions. Interestingly, the confused calixpyrrole showed stronger colour changes
and different selectivities than the normal analogue. Also, the N-confused analogues of Figure 5.31d under-
went a tautomerisation of the side group with the pyrrole moiety to give a cyclic pyrrolizine-type group.
Immobilisation of the calixpyrroles in polyurethane matrices was found to give materials which gave
analyte-specific colour changes. The behaviour of these materials and their utilisation in sensor arrays for
anions has also been reviewed.78

Condensation of acenaphthene quinone with a dipyrrole compound gave the calix[4]pyrrole shown in
Figure 5.32a, which was demonstrated to have a 1,3-alternate conformation in the crystal (Figure 5.32b),
with the naphthalene rings almost perpendicular to the plane of the calix[4]pyrrole.79 Binding of fluoride
in solution affected the UV adsorption of the naphthalene units and also led to the adoption of a cone
conformation in the crystal (Figure 5.32c).
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Figure 5.31 (a) Thioether-substituted calix[4]pyrrole, (b) phenylurea substituted calix[4]pyrrole, (c) azobenzene-
substituted calix[4]pyrrole and (d) tricyanoethylene-substituted calix[4]pyrrole

Selective functionalisation of calixpyrroles has also been studied, with for example the compound shown
in Figure 5.33a bearing two p-nitrophenyl groups on the same side of a calix[4]pyrrole macrocycle.80 This
material is U-shaped and can be thought of as acting like a pair of molecular tweezers, which explains
its ability to form complexes with various hydroxybenzoic acids and benzene dicarboxylic acids. The
macrocycle formed complexes with many of these species; for example, it formed a 1 : 1 complex with
3-hydroxybenzoic acid, where the structure was pH-dependent: at lower pH binding of the macrocycle was
to the acid group but at higher pH the hydroxy group deprotonated and binding was to the phenoxide. Other
substrates, such as that of 1,3-benzene dicarboxylic acid, displayed a structure in which two macrocycles
formed a capsule around a single guest. This behaviour was also found for 4-hydroxybenzoic acid. Further
studies were carried out on these types of macrocycle, such as for example the compound shown in
Figure 5.33b, which has the two p-nitrophenyl groups on opposing sides of the macrocycle and has been
shown to catalyse Diels–Alder reactions, possibly due to its potential to act as a hydrogen-bond donor.81

However, the macrocycle with both p-nitrophenyl groups on the same side was totally ineffective as a
catalyst, as were simple dipyrrole species. Recent work however has demonstrated the potential of this
cis compound to bind neutral aromatic species and to act as a protecting agent and allow regioselective
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Figure 5.32 (a) Synthesis of acenapthene-substituted calix[4]pyrrole and crystal structures of the (b) CH2Cl2
and (c) F− complexes

alkylation of several dihydroxynaphthalene compounds;82 as an example, reaction of benzyl bromide with
1,6-dihydroxynaphthalene and base led to formation (in the presence of the structure in Figure 5.33a) of
the 1-monobenzyl ether – whereas in the absence of the macrocycle a mixture of mono- and dibenzyl
ethers was obtained.

An effective microwave synthetic strategy has been developed for the synthesis of calix[4]pyrroles
bearing substituents at the bridging positions83 which requires reaction times of minutes rather than hours.
This has allowed the syntheses of a variety of tetrasubstituted calix[4]pyrroles with a variety of groups.
One includes the p-nitrophenyl group (Figure 5.34a), the nitro group of which could then be reduced
to give the hydroxyamine (Figure 5.34b), which was then converted to a variety of hydroxamic acid
derivatives. One of these (Figure 5.34c) was found to be capable of forming a complex with two VO2

+
ions where the hydroxamic acid units are thought to complex the vanadium atoms and the pyrroles
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hydrogen-bond to one of the oxygens. A similar method was used to make calix[4]pyrroles with meso
phenolic (Figure 5.34d) and resorcinol (Figure 5.34e) substituents.84 These could then be further reacted
with diazonium salts to make a series of azobenzene-derived calix[4]pyrroles; examples of two of these
are shown in Figure 5.34f,g. Early studies showed that these azo compounds could bind copper(II) ions
in ethanol solution with a concurrent colour change from yellow to red. The calix[4]pyrrole shown in
Figure 5.34e can be isolated as its αααα isomer, which has all the resorcinol units on the same side of
the macrocycle85 and has a structure somewhat analogous to that of a resorcinarene. This compound,
when crystallised with tetraalkyl ammonium chlorides, shows a columnar structure with the chloride ions
bound within the calix[4]pyrrole unit. However, when a large excess of chloride is used, the complex
instead assembles into a hexameric cage compound with six calix[4]pyrroles assembled into an octahedral
arrangement.

5.5.5 Strapped calixpyrroles

In earlier chapters we have described how macrocycles can be bridged to give compounds such as cryptands
or bridged calixarenes, which affects their properties and binding ability. Similar work has been performed
using calixpyrroles; this is reviewed by Lee et al .,86 and we will concentrate here on the most recent
studies. Calix[4]pyrroles that were cis and trans strapped could be synthesised with phthalamide linkers.87

Phthalamides were synthesised with side chains substituted with ketone groups, these being condensed
with pyrrole to give dipyrrolic end groups, which were then cyclised with acetone (Figure 5.35a), where
the ends of the ‘strap’ could all be on one side of the calixpyrrole unit or be on opposing sides. These
materials demonstrated enhanced binding of halides in comparison to unstrapped calixpyrroles but did
not show enhancements in selectivity. Formylation of a calix[4]pyrrole strapped with a phthalyl ester unit
and condensation of the product with 1,3-indanedione88 gave two isomeric products, one of which is
shown in Figure 5.35b. Both of these materials interacted with anions; however, a specific bleaching of the
macrocycles was observed for cyanide ions, even in the presence of other ions, indicating the possibility
of using this material as a specific colourimetric sensor.

Dipyrrolylquinoxalines units could also be incorporated into the bridge to give chromogenic strapped
calix[4]pyrroles89 (Figure 5.35c), which displayed colour changes when complexed with various anions.
Colour changes were particularly observed for fluoride and dihydrogen phosphate ions, with the affinities
being enhanced compared to unstrapped macrocycles. Pyrrole units could also be incorporated into the strap
to give a structure like that shown in Figure 5.35d, which allowed real-time determination of chloride ion
in DMSO.90 A triazole-bridged calix[4]pyrrole has been synthesised which shows high affinity for chloride
ion and allows transport of the anion through a lipid bilayer.91

Other macrocycles have also been used to bridge calixpyrroles; a calix[4]arene can for example be
synthesised bearing four ketone groups and then reacted with four equivalents of pyrrole to give a
hybrid calix[4]arene/calix[4]pyrrole dimer in 32% yield.92 The resultant compound is cylindrical in nature
(Figure 5.36a) and its structure has been proved by X-ray crystallography. What is unusual is that com-
bining a tetraketone with pyrrole would be expected to give a highly crosslinked polymeric material. The
isolation of a pure compound in such good yields indicates that the conical calix[4]arene must help tem-
plate the formation of the calix[4]pyrrole and it has been shown by NMR that there is hydrogen bonding
between the pyrrole N—H groups and the carbonyls of the calix[4]arene. This idea has been extended to
the use of a calix[5]arene with identical substituents; when this was combined with pyrrole under acid
catalysis, a similar double macrocyclic compound was formed, except that in this case a calix[5]pyrrole
was formed, the first synthesis of a compound of this nature.93 Although in this case the yield was poorer
(10%), the formation of this ‘unnatural’ macrocycle again confirms the existence of a template effect.
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Figure 5.35 Structures of (a) phthalamide strapped calix[4]pyrroles, (b) indanedione-substituted strapped
calix[4]pyrrole, (c) dipyrrolylquinoxaline strapped calix[4]pyrrole and (d) pyrrole strapped calix[4]pyr

An even more complex structure contained three types of ring system (Figure 5.36c), a calix[4]pyrrole
being bridged by a calix[4]arene, which was in turn bridged by a 18-crown-6-ether.94 This species formed
a strong 1 : 1 complex with CsF, where X-ray crystallography showed complexation of the caesium by
the calixcrown moiety and hydrogen-bonding between the calix[4]pyrrole ring and the fluoride ion. With
caesium perchlorate, only binding of the metal ion was observed, and no binding at all occurred with
tetrabutyl ammonium fluoride; when both salts were used together, CsF was found to be incorporated. A
series of Ni(II) porphyrins were also synthesised bearing two side chains terminated with dipyrrollic units
and then cyclised95 to give porphyrin-bridged calix[4]pyrroles such as that shown in Figure 5.36e. These
were found to bind fluoride as a 1 : 1 complex (although not other halide ions), with the anion being shown
to reside inside the cavity formed by the two macrocycles.
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5.5.6 Modification of the pyrrole units

The aromatic rings of calix[4]pyrroles can also undergo other reactions. Recently the reduction of the
pyrrole rings using hydrogen and palladium/carbon catalysis96 in a solution of octamethyl calix[4]pyrrole
in acetic acid gave a 30% yield of the structure shown in Figure 5.37a, where two of the rings have
been reduced to pyrrolidine units. This compound is soluble when protonated and the X-ray structure
(Figure 5.37b) is quite different to that of the parent compound in that the two pyrrole rings are almost
planar, with the N—H bonds pointing to the centre of the macrocycle, and the pyrrolidine rings are
almost perpendicular. Optimisation of the reaction also allowed the isolation of about 7% of the fully
reduced compound (Figure 5.37c). This compound formed complexes with Cu(II), Ni(II) and Pd(II) ions,
and X-ray studies (shown for the copper complex in Figure 5.37d) demonstrated the four nitrogen atoms
forming a planar structure with the chloride ions assuming the axial positions of an octahedral coordination
arrangement around the copper ion. Similar structures were found for the nickel and palladium complexes.

Direct reaction of a calix[4]pyrrole with an organoruthenium compound allowed the formation of the
metallated compound97 shown in Figure 5.38a in 91% yield. Attachment of the organometallic moieties
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to the calix[4]pyrrole skeleton causes great changes in its nature. First the acidity of the N—H protons
is greatly increased, leading to loss of two of the macrocycle protons. Also, the pyrrole macrocycle
becomes a much better host for cation binding; a Cu(II) complex with the calixpyrrole could be isolated
and characterised by X-ray crystallography (Figure 5.38b), again with the nitrogen atoms assuming a
square-planar configuration about the central copper ion.

5.5.7 Sensing and other applications of calix[4]pyrroles

We have already discussed a large number of calixpyrroles and their behaviour towards many anions. We
will however mention here a few more examples of selective sensing with these compounds. A series of
chromogenic-substituted calix[4]pyrroles with tricyanoethylene substituents (Figure 5.31d) and a similar
compound bearing an anthracene moiety were screened against a range of anions and were shown to
undergo specific colour changes,98 especially to pyrophosphate, giving a bright-blue colouration. Encapsu-
lation of these compounds inside polyurethane membranes prevented access of these anions, however, but
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Figure 5.38 (a) Chemical structure of metallated calixpyrrole and (b) crystal structure of its copper complex

allowed the access of relatively hydrophobic carboxylate anions such as ibuprofen and salicylate, allowing
detection of these species in environments that contained chloride and hydrogen phosphate, such as in
blood plasma.

Calixpyrroles have also been used in chromatographic applications. Calix[4]pyrroles derived from ace-
tone or cyclohexanone were derivatised via reaction at one of the pyrrole 3-positions and this derivative
was used to tether the calix[4]pyrrole onto silica gel.99 These materials could be used as packing materials
in HPLC columns and successfully separated mixtures of anions. Within the same work, other experiments
showed separations of mixtures of either amino acids, fluorinated aromatic compounds or nucleotides.
Later work with similar systems100 succeeded in separating mixtures of other compounds, with the fami-
lies of compounds that could be separated including amino acids, phenols, benzene dicarboxylic acids and
some medicines.

We have discussed the complexation of calix[4]pyrroles with anions, but they can also complex with
some cations, such as the soft, polarisable silver ions. Silver has been shown to be capable of being
transported through supported liquid membranes containing a variety of calix[4]pyrroles, with high selec-
tivity over a number of other metal ions.101 Calixpyrroles are also capable of transporting a range of
salts through bilayer lipid membranes.91,102 Other workers have studied complex formation with tetraalkyl
ammonium salts and showed that although complexation of the anion is important, it is not the sole
factor in determining binding. For example, methyl, ethyl and n-butyl ammonium chloride have bind-
ing coefficients in dichloromethane of 100 000, 10 000 and 100 M−1 respectively towards the simple
octamethylcalix[4]pyrrole.103 However, in other solvents such as acetonitrile, this difference in bind-
ing strength is minimal. From this we can infer that interactions between the ammonium ions and the
calix[4]pyrrole bowl are also important in determining binding strength in certain solvents. Investigation
of a range of ammonium salts showed that the chloride ion causes the calix[4]pyrrole to adopt the cone
conformation, which then binds the ammonium cations. X-ray crystal studies confirm that the cations are
located in the calix[4]pyrrole cones. Other workers studied binding phenomena using UV spectroscopy
and showed that binding was dependent on the nature of the alkyl groups in the meso positions, the nature
of the anion and the nature of the tetraalkyl ammonium cation.104 It has also been shown that the nature
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Figure 5.39 Theoretical HOMO structure of Li@calix[4]pyrrole (Reprinted with permission from107. Copyright
2005 American Chemical Society)

of the meso substituents has a major effect; for example, tetraphenyl-substituted calix[4]pyrroles with a
variety of substituents (acid, amino, ester) on the phenyl groups were shown to give highly stable 1 : 1
complexes in water with a number of pyridine-N-oxides.105 The guests are bound via H-bonding of the
pyrrole N—H groups with the oxygen of the N-oxide, along with a combination of CH–π, π–π and
hydrophobic interactions.

Metal complexes with calix[4]pyrroles are also provoking considerable interest. We mentioned above
how calix[4]pyrroles can form zirconium complexes49 and recent work has demonstrated the synthesis
of mono- and bis-zirconium complexes of octamethyl calix[4]pyrrole.106 The bis-zirconium species in
particular displayed a high catalytic activity towards the polymerisation of ethylene. The potential of
calix[4]pyrroles for the stabilisation of electride-type materials has also been investigated, for example
in theoretical investigations of the Li@calix[4]pyrrole complex, where the lithium forms a Li+ cation
and a free-electron anion may be a stable electride at room temperature and display large nonlinear
optical properties.107 Figure 5.39 shows the theoretical highest occupied molecular orbital (HOMO) of this
material, with the lithium cation bound within the calix[4]pyrrole cup and the free electron beneath it. The
same group has also made theoretical studies of the alkalide compounds Li+ (calix[4]pyrrole)M− (M = Li,
Na, and K) and showed that these have even higher nonlinear properties than the electride and that the
hyperpolarisability increases with the atomic number of M.108

5.5.8 Calixpyrroles including nonpyrrole units

There has been a great deal of interest in the development of mixed heteroaromatic systems, where within
the same macrocycle a number of heteroaromatic units are incorporated. These can be assembled in two
ways, either via stepwise incorporation of various heteroaromatic units to form a mixed macrocycle, or
alternatively by synthesising a macrocycle containing heteroaromatic units and then modifying certain of
the units. For example, a carbazole unit could be substituted with two pyrrole units109 to give the structure
in Figure 5.40a, reaction of which with acetone gives the expanded calixpyrrole shown. This material forms
complexes with anions such as acetate or benzoate but not bromide and nitrate. X-ray studies of various
complexes shows that the compound adopts a winged conformation like that seen in the benzoate complex,
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Figure 5.40 (a) Structure of the carbazole expanded calixpyrrole and (b) crystal structure of the complex
with benzoate

where the benzoate anion is encapsulated within the macrocycle structure (Figure 5.40b). Another method
utilised a base-catalysed condensation of either furan or thiophene with acetone to give the disubstituted
heterocyclics shown in Figure 5.41. These could then be condensed with pyrrole to give the linear trimers
shown. These trimer could then be condensed with the disubstituted thiophenes or furans to give cyclic
tetramers as the major product, with cyclic octameric compounds as products in lower yields, along with
small amounts of cyclic hexamers.110 All these products could be separated by chromatographic techniques.
The reaction mechanisms and yields are shown in Figure 5.41 and were found to be relatively insensitive
to reaction temperatures and to be unaffected by the presence of inorganic ions, which were utilised in a
failed attempt to exploit template effects. The X-ray structure of the calix[2]furan[2]pyrrole was obtained
and demonstrated a typical 1,3-alternate conformation for this macrocycle.

A similar method was expanded to give a range of hybrid macrocycles111 which contained benzene
rings. Disubstituted benzene derivatives analogous to the furan and thiophene systems described
above could be condensed with pyrrole to give calix[2]benzene[2]pyrroles directly (Figure 5.42a)
or could instead be condensed to give trimers as before, which could then be cyclised with more
pyrrole to give calix[1]benzene[3]pyrroles (Figure 5.42b). Either unsubstituted or methoxybenzene
rings could be incorporated. X-ray studies of these systems showed them to have 1,3-alternate
conformations as expected, and binding of fluoride and chloride was observed in the case of the
calix[1]benzene[3]pyrroles, albeit with lesser binding constants than the calix[4]pyrroles. Also within
this work, the reaction of calix[2]benzene[2]pyrroles and calix[4]pyrroles with dichlorocarbene was
described. Dichlorocarbene inserts into pyrrole rings to expand the ring to six and thereby generates
calix[2]benzene[1]pyridine[1]pyrroles and calix[1]pyridine[3]pyrroles respectively (Figure 5.42c,d). These
structures could also be examined by X-ray crystallography and were shown to form flattened partial cones.

A novel electroactive bis(tetrathiafulvalene)calix[2]thiophene[2]pyrrole (Figure 5.43a) has been
synthesised112 and has been shown to adopt an unusual 1,2-alternate configuration in the crystal
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Figure 5.41 Structures of (a) tetramers and (b) octamers containing pyrrole, furan and thiophene units

form (Figure 5.43b). This macrocycle forms a strong charge-transfer complex with two molecules of
tetracyanoquinodimethane (TCNQ), as shown by UV/Vis and ESR spectroscopy. In the crystalline form
the macrocycle now adopts the expected 1,3-alternate conformation with one TCNQ inside the cavity and
the other between tetrathiafulvalene units of adjacent macrocycles (Figure 5.43c).

A stepwise synthesis method113 was also employed to generate cyclic tetramers, where a variety of
heterocyclic dimers were synthesised and then condensed with dipyrrolylmethane units to give the structures
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show in Figure 5.44a–d, where furan, thiophenes, fluorenes and thiazoles can all be incorporated into the
macrocycle. The compound shown in Figure 5.44c is fluorescent and its emission can be quenched by the
binding of chloride, although the binding coefficient is much less than that observed for calix[4]pyrroles.
The other macrocycles showed no obvious affinity for fluoride or chloride. A disubstituted phosphole could
be reacted with two pyrrole moieties114 as before and this system could then be ring-closed with a furan or
thiophene unit (Figure 5.45a,b). The furan-containing compound adopts a cone conformation in the crystal
(Figure 5.45c), whereas the thiophene compound adopts a partial cone (Figure 5.45d). In the case of the
thiophene compound, the P——S bond could be removed and the resultant compound used to synthesise a
platinum(II) complex, where the Pt ion coordinates to the phosphorus and the N—H bonds are pointed
towards one of the chloride counter-ions (Figured 5.45e).

It should be possible to construct calix[4]pyrroles by reaction of aldehydes with pyrrole, but the resultant
tetramers are easily oxidised to the corresponding porphyrin. When adamantane carbaldehyde was reacted
with pyrrole, a stable calix[4]pyrrole (Figure 5.46a) could however be obtained, albeit in only 23% yield.115

It also proved possible to condense 2-adamantone with pyrrole to give cyclic tetramers, the structures and
X-ray crystallography studies of which are shown in Figure 5.46b,c. This compound, when ground with
chloride salts, formed a complex with the chloride ion. Phyrins are macrocycles that can be thought to
be intermediate between a porphyrin and a calixpyrrole. The stability of the adamantane carbaldehyde
materials meant that they could be reacted to give a dipyrroyl-substituted compound, which could then be
reacted with benzaldehyde to give a cyclic tetramer.115 This could then be oxidised at the benzaldehyde-
derived bridges to give the calix[4]phyrin (Figure 5.47a), the structure of which could be proved by X-ray
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Figure 5.45 (a,b) Phosphorus-containing heterocalixarenes, (c,d) crystal structures of the heterocalixarenes and
(e) the platinum complex
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Figure 5.46 Calixpyrroles with (a) adamantane carbaldehyde and (b) 2-adamantone; (c) the crystal structure
of 5.46b
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(c)

Figure 5.46 (continued)

crystallography (Figure 5.47b). No binding of anions in solution was observed for this material. In other
studies, workers116 first condensed pyrrole with acetone to give the dipyrrolyl species and then reacted it
with a wide range of suitable aromatic aldehydes and oxidised it to give the calix[4]phyrins (Figure 5.47c).
These were characterised by X-ray crystallography and NMR. The conformations of these macrocycles
were found to be dependent on their substituents and in one case a doubly confused macrocycle was
isolated (Figure 5.47d)

N

NH N

HN

(a)

(b)

Figure 5.47 (a) Calix[4]phyrin with adamantane carbaldehyde, (b) its crystal structure; (c) ‘normal’ and (d)
‘confused’ calix[4]phyrins
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An unusual calix[3]dipyrrin has also obtained as a by-product of the synthesis of Ni(II)porphyrin.117 As
can be seen from the structure (Figure 5.48a), a cyclic hexamer has formed, which is only 50% oxidised
and binds three nickel atoms. In the crystal (Figure 5.48b) the complex has the nickel atoms forming
an equilateral triangle and the macrocycle consists of three planar dipyrrin units, which tilt to form a
bowl-shaped macrocycle. The complex could be demetallated with trifluoracetic acid and then treated with
copper salts to form a tris-copper complex.

We have already discussed how a calix[6]furan can be converted into a calix[6]pyrrole. Within this
work other mixed heteroaromatic systems apart from the calixpyrrole were synthesised.41 By careful
control of reaction conditions and the amounts of oxidation reagents, it proved possible to synthesise
calix[3]furan[3]pyrrole and calix[2]furan[4]pyrrole (Figure 5.49a,b), along with the calix[1]furan[5]-
pyrrole.54 X-ray crystallographic studies of these mixed pyrroles showed them to have a ‘tennis-ball

N HN

N

H 
N Ar

N

NH

Ar

O O

O

Ar Ar

Ar

M M

M

CO2CH3Ar =

(a) M = Ni2+, 2H or Cu2+

Ar

Figure 5.48 (a) Calix[3]dipyrrin and (b) its crystal structure (Ni complex)
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(b)

Figure 5.48 (continued)

seam’-like structure, similar to the calix[6]pyrrole.54 Binding studies have also been made on these four
hexamers, with calix[3]furan[3]pyrrole basically not showing any binding of anions at all, although the
other compounds did bind to anions, with binding strength being found to increase with the number
of pyrrole units within the macrocycle. Another extensive paper studied a wide range of macrocyclic
tetramers and an octamer with various combinations of pyrrole, furan, thiophene and bipyrrole as well
as their complexes with a variety of species.117,118 Many of these species showed weakened binding of
anions compared to calix[4]pyrroles. However, species containing bipyrrole units (Figure 5.49c–e) were
good receptors for carboxylate anions and bound these with high selectivity. This is thought to be in part
due to the effective matching of geometry between the host and guest, as supported by X-ray studies,
with for example a close matching being seen between the host shown in Figure 5.49d and the benzoate
anion in Figure 5.49f.

In a reaction analogous to calix[4]pyrrole synthesis, bipyrrole (Figure 5.50a) can be reacted with acetone
to form calix[3]bipyrrole and calix[4]bipyrrole in reasonable yields after chromatographic separation.119

These can be thought of as larger analogues to calix[4]pyrroles. The calix[3]bipyrrole did not give crystals
of sufficient quality to be suitable for X-ray analysis – although the chloride complex did – and showed the
macrocycle to adopt a cone-like structure with all six N—H bonds binding to the anion (Figure 5.50b). The
calix[4]bipyrrole could be crystallised from THF and gave a 1,3-alternate-type structure (Figure 5.50c). Of
the two compounds, the cyclic trimer was the most efficient at binding anions, binding chloride approxi-
mately as strongly as the calix[4]pyrrole and having much larger affinities for bromide and iodide, probably
due to its larger size. The calix[4]bipyrrole, because of its large size and flexible nature, was thought to
be unsuitable for use as an anion-binding agent, however studies have shown120 that it forms V-shaped
complexes with chloride (Figure 5.50d) and bromide in the solid state, with the anions encapsulated within
the cavity of the macrocycle. In acetonitrile the tetramer had a binding constant for chloride over 20 times
that of the trimer or calix[4]pyrrole, although in DMSO no binding of anion occurs at all.
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Figure 5.49 (a) Calix[3]furan[3]pyrrole, (b) calix[2]furan[4]pyrrole, (c–e) bipyrrole based macrocycles, (f) crystal
structure of 5.47d (benzoate complex)

5.6 Calixindoles, Calixpyridines and Calixthiophenes

Indole was first shown to form calixarene-type structures in 1989 when it was demonstrated that aryl
aldehydes could be condensed with 4,6-dimethoxy-3-methylindole and catalysed by phosphoryl chloride121

to give macrocycles with arylmethine links, an example of which is shown in Figure 5.51a. Later work122

utilised a series of 7- or 2-hydroxymethyl indoles to synthesise the methylene-bridged compounds such as
that shown in Figure 5.51b and also demonstrated the synthesis of the calix[3]indoles from other substituted
indoles. Another synthetic method utilised antimony chloride as the catalyst for this reaction.123 Reaction of
an indolylglyoxylamide gave the compound shown in Figure 5.50c, which gave crystals suitable for X-ray
crystallography and showed the calix[3]indole to have a cone-shaped conformation (Figure 5.51d) as well as
binding a molecule of ethanol within the cup.124 The conformation is thought to be stabilised by hydrogen
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Figure 5.50 (a) Synthesis of calix[3 and 4]bipyrrole and crystal structures of (b) calix[3]bipyrrole/Cl−,
(c) calix[4]bipyrrole and (d) calix[4]bipyrrole/Cl−

bonding between the indole N—H groups and the linkage carbonyl groups. Later work125 also succeeded
in isolating a calix[4]indole (Figure 5.52a), which was shown by NMR studies to be strikingly more rigid
than its corresponding trimer. X-ray data (Figure 5.52b) showed it to have a 1,3-alternate structure.

Calixpyridines have also been reported; these have so far not been synthesised directly but instead may be
formed from a ring expansion reaction of calixpyrroles. Attempts were made to condense pyridine-N-oxide
in the same manner as phenols, but these were unsuccessful.126 Reaction of octamethyl calix[4]pyrrole
with dichlorocarbene led to insertion of the carbene species into pyrroles to give chloropyridines. By
varying the reaction conditions, between one and all four of the pyrrole rings could be converted to
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Figure 5.51 (a–c) Structures of various calix[3]indoles and (d) crystal structure of 5.51c
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Figure 5.52 (a) Structure of a calix[4]indole and (b) its crystal structure
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Figure 5.53 (a–e) Structures of calixpyridines/pyrroles and (f) crystal structure of one isomer of 5.53e

chloropyridines.126 Structures of these materials are shown in Figure 5.53a–e and it should be noted
that since the carbene can attack either pyrrole double bond, the chlorine atoms can be on either side
of the pyridine ring. This means that isomeric mixtures are often obtained (we have only shown one
isomer for each compound). However, these have been separated and in some cases examined by X-ray
crystallography; the tetrachloro calix[4]pyridine, for example, was found to have a structure with two
rings parallel to the plane of the macrocycle (Figure 5.53f) and two perpendicular. A similar structure
occurs for the calix[1]pyridine[3]pyrrole, whereas the compounds with two and three pyridine rings both
adopt two different conformations in the crystal, while the bis-substituted product adopts conical forms to
maximise N—H to N hydrogen-bonding and the compound with three pyridine rings adopts a conformation
somewhat similar to that of the calix[4]pyridine.

A stepwise building approach has been used to synthesise azacalixpyridines, where nitrogen atoms
rather than carbons bridge the rings.127 Both benzene and pyridine rings could be utilised to build the
macrocycle, with both cyclic tetramers and octamers being isolated (Figure 5.54a–d) along with linear
species. The azacalix[4]pyridine has a 1,3-alternate structure with all eight of its nitrogen atoms almost
in the same plane (Figure 5.44e). The tetramer containing two pyridine and two benzene units adopts a
twisted 1,3-alternate structure and the corresponding octamer (Figure 5.54d) adopts a structure described
as a ‘double-ended spoon’, whereas the azacalix[8]pyridine has a pleated-loop structure (Figure 5.54f).
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Figure 5.54 (a–d) Structures of azacalixpyridines and crystal structures of (e) azacalix[4]pyridine and (f)
azacalix[8]pyridine

X-ray studies of protonated versions of these compounds were also obtained. Complexes were formed
with solvents and anions, and in the case of the octamers, complexes have been formed with fullerenes
with binding constants higher than those of calixarenes. Octamer 5.54d bound more strongly than 5.54c
and both species bound C70 more strongly than C60. The tetramers did not form complexes with fullerenes.

Pyridine-containing versions of resorcinarenes have also been synthesised. In a similar manner to resor-
cinarene formation, 2,6-dihydroxypyridine could be condensed with isobutanal to give a mixture of cyclic
tetramers along with some linear products.128 The macrocyclic compounds were poorly soluble and could
not be purified so were converted into their benzyl esters and then separated by column chromatogra-
phy and shown to be cyclic tetramers with different conformations. However, using glycol monomethyl
ether as the solvent allowed reflux at higher temperatures and prolonged heating of the reagents gave the
rccc isomer in 72% yield (Figure 5.55a). X-ray crystallographic studies proved the cone conformation
and showed that the macrocycle exists as a head-to-head dimer in the crystal (Figure 5.55b), although
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Figure 5.55 (a,d) Structure of pyridine-containing resorcinarenes, (b) crystal structure of the dimer, (c) tautomers
of the hydroxypyridines and (e) phosphorylated resorcinarene

this dimer appears to dissociate in THF. The X-ray and other spectrographic studies indicated that the
structure is highly dominated by the pyridinone tautomer (this equilibration is shown in Figure 5.55c).
A range of other aldehydes were found to form tetramers but formaldehyde gave amorphous solids and
many aromatic aldehydes gave either insoluble products that could not be characterised or highly coloured
quinone-type products.

Further work using these materials solubilised by using long alkyl side chains (Figure 5.55d) again
showed that these materials formed dimers and were capable of encapsulating various acids and amides
in chloroform solution, as shown by mass spectrometry.129 The cavity appears to be quite small, with
molecules larger than propionic acid not being encapsulated. Other work also showed that, like resor-
cinarenes and pyrogallenes, these species can form hexameric capsules in solution as well as dimers.130

Condensation of a phosphoryl-substituted acetal with 2,6-dihydroxypyridine131 gave the corresponding
resorcinarene-like compound (Figure 5.55e).



178 Heterocalixarenes and Calixnaphthalenes

(a)

(b)

N

N

N

N

N

N

N

N

N

N

N

N

R

R

(c)

N

N

N

N

N

N

Figure 5.56 (a–c) Structure of sexipyridine and analogues

A pyridine analogue of a spherand, sexipyridine (Figure 5.56a), was first successfully synthesised132 in
1983. Other workers also synthesised similar compounds, such as that shown in Figure 5.56b, which is
capable of forming 1 : 1 complexes with sodium ions.133 A version of this compound with the nitrogen
atoms on the outside of the macrocycle (Figure 5.56c) has also been reported.134

Condensation of 2,6-dibromopyridine with sodium hydrosulfide can give thiacalixpyridines such as those
shown in Figure 5.57a. Using a one-pot reaction the cyclic trimers, tetramers and hexameres were prepared
in yields of 40%, 8% and 4% respectively and separated.135 Both nitrogen and sulfur atoms can participate
in metal binding, for instance when crystallised from dichloromethane the cyclic trimer can form a 2 : 2
complex with copper(I), as shown in Figure 5.57b. However, when crystallised from acetonitrile, no Cu—S
bonding is observed; a 1 : 1 complex is formed, with acetonitrile binding to the copper (Figure 5.57c). The
tetramer, which when crystallised without any guest adopts a 1,3-alternate conformation, can also bind
copper(I) and the crystal structure again shows both Cu—N and Cu—S intercations (Figure 5.57d).
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Figure 5.57 (a) Structure of thia-calix[4]pyridine and crystal structures of (b) Cu(I)2(Py3S3)2(PF6)2, (c) Cu(I)-
(Py3S3)(CH3CN)(PF6) and (d) [Cu(I)(Py4S4)(CuBr2)2]n

Calixthiophenes have also been of some interest and we have already discussed earlier in this chapter how
thiophene units can be included along with other aromatic moieties in macrocyclic compounds110,112–114.
Other workers have also attempted the direct synthesis of calixthiophene. Condensation of dithienyl species
gave the cyclic tetramers shown in Figure 5.58a,b, albeit in very poor yields.136 Calixthiophenes linked
by sulfur bridges have been synthesised137 by condensation of linear thiophene oligomers with sodium
sulfide to give cyclic tetramers and pentamers (Figure 5.58c,d) and shown to form monolayers on gold
electrodes, which block the access of large ions such as ferricyanide to the electrodes but allow access
of smaller ions such as silver.138 Homooxacalix[n]thiophenes139 were prepared by dehydrating thiophene-
2,5-dimethanol to give trimers and tetramers (Figure 5.59a), which could be easily isolated, plus smaller
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Figure 5.58 (a,b) Structure of calix[4]thiophenes and (c,d) sulfur-linked calix[4]thiophene and calix[5]thiophene

amounts of n = 5, 6 and 7. X-ray studies revealed that trimer has helical chirality, while the tetramer adopts
a 1,2-alternate conformation in the solid state (Figure 5.59c,d). A similar dehydration route was utilised
with 3,4-diethylthiophene methanol140 to give the calixthiophenes shown in Figure 5.60. Oxidation of these
species gave compounds such as the octaethyltetrathiaporphyrin dication, a sulfur analogue of a porphyrin
which could be crystallised to give metallic-looking blue crystals and was shown to have an approximately
planar structure (Figure 5.60c). The large sulfur atoms lead to small deviations from planarity, but the
NMR spectra also indicate an aromatic nature for this species.

A cyclic tetramer containing uracil moieties has also been synthesised (Figure 5.61); it forms a complex
with silver.141 The crystal structure shows it adopts a pinched-cone conformation in the solid state.

5.7 Conclusions

We have attempted to demonstrate the richness of chemistry and structural versatility of the heterocal-
ixarenes. Many of these species are relatively new compared to the earlier crowns, cyclodextrins and
other heterocyclics. The use of heterocyclic compounds greatly expands the richness and diversity of these
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Figure 5.59 (a,b) Structures of homooxacalix[n]thiophenes and (c,d) their crystal structures

macrocyclic systems. The calixnaphthalenes offer deep, electron-rich cavities3 with potential novel binding
behaviours. This has been seen especially in the cyclochromotropylenes and related species, which display
a high water-solubility. Although their crystal structure is still not elucidated, they have been shown to
complex a wide variety of materials in water17–26 and even to solubilise large, hydrophobic molecules
such as polycyclic aromatic hydrocarbons.16,27 The presence of the multiple negative charges on these
species has allowed their incorporation into self-assembled polyelectrolyte multilayers142 and these have
been shown to act as optical sensors for ammonia as well as being able to be combined in the multilayer
with urease to give a urea biosensor.

The other heterocalixarenes also have potential applications; for example, the calixfurans can be easily
oxidised and then chemically modified to allow easy synthesis of a wide range of heterocalixarenes, as
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Figure 5.60 (a,b) Structures of calix[n]thiophenes and the crystal structures of the dication (c) side-on with
counter-ions and (d) face-on

well as being able to be modified using Diels–Alder type reactions to give expanded ring systems. The
calixpyrroles have been widely studied as both colourimetric58,61,78,81,88,98 and fluorimetric61 sensors for
a variety of anions, for example as selective sensors for cyanide.81 Compounds have been developed to
display optical or electrochemical changes in response to the presence of various species. There are few
specific sensors for anions and the calixpyrroles nicely fill this niche, especially since the crown ethers
and calixarenes complex cations so well. They can be incorporated into polymer films to give selective
colourimetric anion sensors,78 which have even been shown to function in plasma.98

We can conclude from this that the heterocalixarenes are a series of molecules that will continue
to be studied widely and will contribute greatly to the depth and richness of heterocyclic chemistry. The
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Figure 5.61 Structure of a tetra-uracil calixarene analogue

development and increased availability of various modified, funtionalised and deep-cavity heterocalixarenes
will lead to the development of compounds with improved affinities and selectivities.
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6
Cyclodextrins

6.1 Introduction

Many of the compounds mentioned previously within this work are entirely synthetic in origin and as such
do not occur naturally. The cyclodextrins are somewhat different however since they have a natural origin,
being synthesised originally by bacterial fermentation and now via the use of enzymes from a natural
feedstock. We have already discussed how small rings can be incorporated into macrocycles, such as in
crown ethers and calixarenes. The cyclodextrins, also known as cycloamyloses, represent further examples
of macrocyclic compounds formed by the joining of small rings to give rise to a much larger ring system.
We intend to provide a general overview of cyclodextrin chemistry within this chapter; for further detail
the reader is recommended to study some of the works listed in the Bibliography.

Amylose is a water-soluble polysaccharide which is made up of 1,4-linked glucose units. Together
with amylopectin it is one of the major constituents of starch. Cyclodextrins are made up of a series of
α-D-glucopyranoside sugars linked together to form a macrocycle and can be thought of as cyclic ver-
sions of amylose. The three most common members of this group occur naturally; these are the hexamer
(α-cyclodextrin), heptamer (β-cyclodextrin) and octamer (γ-cyclodextrin), as shown in Figure 6.1. The
cyclic pentamer has been successfully synthesised in the laboratory – as have larger members of the series.

Cyclodextrins were initially isolated by Villiers1 as long ago as 1891; Villiers coined the name ‘cellu-
losine’ for these materials. He digested starch with Bacillus amylobacter to obtain amongst other things
about 0.3% of a crystalline material. Elemental analysis showed it to be a polysugar and to have two
distinct crystal forms. However, the techniques for in-depth separation and characterisation of these mate-
rials (thought to have been α- and β-cyclodextrin) were not then available. Later work by Schardinger,2

again using bacterial digestion of starch, managed to produce materials similar to cellulosine in yields of
up to 30% and to separate and characterise the natural α- and β-cyclodextrins, which were then named
‘Schardinger sugars’ or ‘Schardinger dextrins’. The early history of these and the γ-cyclodextrins, the
elucidation of their composition from glucose (they can also be thought of as consisting of maltose; for
example, α-cyclodextrin can be thought of as consisting of six glucose or three maltose units) and their
cyclic structure have all been reviewed.3 In 1998, the journal Chemical Reviews published a special issue
on cyclodextrins, to which the reader is referred in the Bibliography.

Macrocycles: C onstruction, Chemistr y and Nanotechnology Applications, First Edition. Frank D avis and S éamus Higs on.

© 2011 J ohn Wiley & Sons , Ltd. P ublis hed 2011 by J ohn Wiley & Sons , Ltd. ISBN: 978-0-470-71462-1
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Figure 6.1 (continued)

The most widely used methods for the synthesis of cyclodextrins utilise starch as the feedstock and
degrade it with any of a number of easily available enzymes, such as cyclodextrin glycosyltransferase.
Starch is first degraded and solubilised either enzymatically by α-amylase or via heat treatment, then
cyclodextrin glycosyltransferase is added, which catalyses the enzymatic conversion to cyclodextrins. There
are a number of cyclodextrin glycosyltransferase enzymes available and each has its own characteristic α:
β: γ synthesis ratio. The synthesis of cyclodextrins by enzymatic means has recently been reviewed.4

Once this mixture has been obtained, it remains to separate out the different compounds. The easiest of
the family to separate is β-cyclodextrin, which is approximately an order of magnitude less soluble than the
α and γ compounds and therefore can be crystallised from the mixture. Separation of the other two isomers
normally requires chromatographic methods. However, yields can be improved and separation simplified
by the addition of a ‘complexing agent’ during the enzymatic conversion step. As we will mention in
detail later within this chapter, cyclodextrins have a high complexing ability towards organic molecules
such as toluene. If such a species is added to the conversion mixture, it complexes with the cyclodextrins
as they form and leads to precipitation. This has several benefits since precipitation simplifies separation of
the cyclodextrin by filtration or centrifugication, and since we are removing the product from the reaction
mixture, agents such as these drive the reaction towards the formation of cyclodextrins, thus improving their
yields. Furthermore, by correct selection of guest and enzyme, it can in some instances prove possible to
maximise the yield of one particular size of cyclodextrin. For example,3 a linear alcohol such as 1-decanol
favours the production of α-cyclodextrin, whereas if toluene is added, the toluene–β-cyclodextrin adduct
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precipitates very rapidly, making it the preferred isomer. Use of cyclohexadecenol leads to preferential
formation of γ-cyclodextrin. Once the cyclodextrin complexes are isolated, the ‘guest’ can be removed to
leave pure cyclodextrins.

Although many of the early reports only succeeded in isolating relatively small amounts of cyclodextrins,
the common ones can now be produced at reasonable cost on an industrial scale, facilitating research on
these series of molecules as well as allowing their use in numerous household, medical and industrial
applications. The price of cyclodextrins varies with purity and size; the cheapest is usually β-cyclodextrin
(due to ease of separation), which can cost as little as a few dollars per kilogram. Many derivatives such
as permethylated and acetylated cyclodextrins, along with such derivatives as the hydroxypropyl ethers
(Kleptose HPB) and 4-sulfonatobutyl ethers (Captisol), are also available.

The chemical structures of the α-, β- and γ-cyclodextrins (Figure 6.1) indicate that they might well
form a macrocyclic structure with a ‘hole’ in the middle that would be suitable for binding guests.
X-ray crystallographic measurements have been performed on many of these compounds. For example,
α-cyclodextrin can be crystallised from water5 and is shown to consist of six glucose units, each in the
‘chair’ conformation. The macrocycle is approximately doughnut-shaped, with a central cavity, and similar
conformations exist for the macrocycles with seven6, eight7 and nine8 sugar units that have been crys-
tallised from water. For many of these species, differing crystal forms and hydrates have been isolated
depending on crystallisation conditions; a detailed discussion of these is beyond the scope of this chapter.
A three-dimensional representation of β-cyclodextrin is given in Figure 6.2. As can be seen from this
structure, the molecule is a conical cylinder with a hydrophilic upper rim consisting of the secondary
—OH groups in the 2,3-positions on the sugar unit and a lower ring consisting of primary —OH groups.
The inside of the cavity appears to be relatively hydrophobic, consisting mainly of hydrogen atoms (from
the C3 carbons) and the glycosidic oxygen bridges. The lone pairs of oxygen atoms are directed into the
cavity, in some ways as in crown ethers. This dual nature is one of the factors that make cyclodextrins such
effective complexing agents, and in fact cyclodextrins are rarely found with an empty cavity, containing
either water, solvent or another guest.

There are some variations between the structures of the three common cyclodextrins. Intermolecular
hydrogen-bonding occurs within these compounds between the 2-hydroxy group and the 3-hydroxy of
the adjacent ring. In β-cyclodextrin this manifests itself as a complete belt of hydrogen bonds around the
macrocycle, making it a rather rigid structure and probably explaining its relatively lower solubility. In the
other two common cyclodextrins, steric effects prevent formation of a complete belt; in the hexamer one

(a) (b)

1.54 nm

0.64 nm

HO

HO OH

OH

Figure 6.2 (a) Three-dimensional model and (b) schematic of β-cyclodextrin
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of the glucose units is tilted relative to the others, whereas the octamer is quite flexible in solution – in
both cases leading to increased solubility.3

The common cyclodextrins (α, β and γ) can be thought to be effectively cones, of height approxi-
mately 0.8 nm (Figure 6.2), all containing this central cavity. Quoted diameters in the literature differ
due to different measuring techniques and what people consider to be the actual diameter (e.g. large rim,
small rim); quotes range from 0.42–0.58 nm (α) up to 0.95 nm (γ-cyclodextrin). This is probably very
dependent on the actual environment in which the cyclodextrin is located, and whether or not it contains
a guest; we will show later that cyclodextrins are not necessarily fixed rigid species, but can in fact be
quite flexible.

A simplistic view would be that the cavity size increases with the size of the cyclodextrin, but this
is not the case. Larger cyclodextrins have been isolated and characterised but their shapes differ from
the classic toroidal shape due to the large ring strain that would exist in a such structure. This means
that the cyclodextrins can adopt ‘pinched’ structures, which can cause the cavity to collapse, restricting
their use as complexing agents. The nine-unit (δ) cyclodextrin is boat-shaped,8 as is the decamer;9,10 the
cyclodextrin with 14 sugar units10,11 is bent into a saddle-like shape (Figure 6.3a) and the much larger
26-unit cyclodextrin12 displays a structure containing two left-handed single helices connected in the form
of a ‘figure eight’, as shown schematically in Figure 6.3b. Helical structures are known for amylase, which
can exist as either double-helical A- and B-forms or alternatively as single-helical V-amylose.12 A wide
variety of other rings sizes have also been synthesised; these will be discussed below.

(a) (b)

Figure 6.3 (a) X-ray crystal structures of a cyclodextrin containing14 sugar units and (b) top and side views
of a 26-unit cyclodextrin showing schematically the folding of the macrocycle into two left-handed single
helices connected in the form of a ‘figure eight’. (Reprinted from.12 Copyright (1999) National Academy of
Sciences, U.S.A)
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6.2 Complex Formation by Cyclodextrins

Since their isolation and purification, the structure of the cyclodextrins has evoked much interest within the
scientific world. The existence of molecules with a hydrophilic exterior and a relatively hydrophobic interior
immediately led to investigations of their abilities to form complexes with other molecules in water or in the
solid phase. Another major point of interest is that the cyclodextrins are all inherently chiral, since they are
made up of chiral sugar molecules. In aqueous solution the interiors of the cyclodextrins are occupied by
water molecules, as are those of many of the crystallised cyclodextrins.5,6 However, the water–cyclodextrin
interaction is relatively unfavourable and addition of a guest molecule leads to formation of a complex,
with the ‘driving force’ being the removal of these unfavourable interactions. This process is aided if
the guest is relatively nonpolar since unfavourable repulsive forces between the guest and water are also
minimised. These guest–water interactions do not exist in the solid state and it is quite common that
although a guest and cyclodextrin may associate very well in aqueous solution, when dried, the resultant
complex is unstable and disassociates. Other forces that may also possibly contribute to complex formation
are the relief of conformational strain of the cyclodextrin host, hydrophobic interactions, hydrogen-bonding
and induction and dispersion forces. There is still debate in the literature about the importance of these
various forces and a detailed discussion of these interactions has been published.13

The formation and stability of a wide variety of cyclodextrin complexes in solution have been exten-
sively reviewed by other workers13,14 and so only a general overview will be given here. The cyclodextrins
possess an ability to form complexes with a wide range of guests. This is thought to be due in part
to the fact that cyclodextrins are not necessarily rigid cones but instead possess a degree of flexibility
which allows them to adapt their shape to accommodate a guest. NMR studies15 have demonstrated that
α-cyclodextrin is conformationally flexible in aqueous solution and when such a solution is frozen the
macrocycle is ‘trapped’ in a range of conformations. This has been confirmed by molecular dynamics
calculations,16 which demonstrated that the crystal form is relatively static but the solvated form has much
more mobility and displays a quite different hydrogen-bonding arrangement than in the solid phase. Molec-
ular dynamics calculations have also showed that all three common cyclodextrins are conformationally
mobile and that the symmetric structures often portrayed are actually only the time-averaged structures.17

There are many different reasons why various groups have studied complex formation with cyclodex-
trins. Complexation can be a way of getting a poorly water-soluble compound to dissolve in an aqueous
environment. Also, incorporation into the cavity can modify the spectral properties, for example by reduc-
ing the quenching of fluorescence and enhancing lifetime. Cyclodextrin incorporation can also modify the
chemical properties or protect the guest from undesirable reactions. Solid complexes can bestow improved
properties; the volatility of the guest for instance can be greatly lowered, or release of the guest can occur
upon utilising a desired stimulus such as heating. The interactions of solid or immobilised cyclodextrins
have led to development of their use as solid-phase materials in various chromatographic applications.
The inherent chirality of the cyclodextrins has led to their use in separating enantiomeric guests and chiral
chromatography, as will be discussed later. We will also discuss the use of cyclodextrins as drug-delivery
systems, due to their ability to form complexes with a wide range of therapeutic compounds.

Some of the earliest guests bound to cyclodextrins were in fact common solvents. As we have mentioned
previously, such compounds as toluene can be used to modify the solubilities of certain cyclodextrins and
cause their precipitation during their synthesis. Many other solvents have also been shown to bind within
cyclodextrin cavities. We have already described some of the hydrates of these compounds, in which some
of the water molecules are included in the cavity and others between the cyclodextrin molecules.

A wide variety of simple alkyl compounds have been shown to form complexes with cyclodextrins.
Often these structures can be very complex, but there are some broad rules that are obeyed in most cases.
First, the larger cyclodextrins can bind larger guests (until the cyclodextrins start to adopt nonconical
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shapes, as discussed earlier). Guests are thought to enter via the wider secondary alcohol rim as there
are less steric problems there. The smaller α-cyclodextrin is thought to always enter this way, although
it is believed that the larger cyclodextrins will permit entry from either rim if the guest is small enough.
The guests tend to be accommodated with the hydrophobic portion of the molecule inside the cavity and
any polar guest headgroups usually undergoing interactions with the cyclodextrin hydroxyl groups. In the
case of longer guests, the polar groups will often protrude from the cavity and interact with a second
cyclodextrin unit.

The relationship between the structures of the cyclodextrins and guests and the stability of their com-
plexes in solution is a complex one. Connors13 details many of the theories as to what are the major
factors in determining binding constants. For example, in complexes between alcohols and cyclodextrins
there are a number of effects. Binding constants in aqueous solution were determined for a range of
linear, branched and cyclic alcohols with both α- and β-cyclodextrins.18 It was found for simple linear
alcohols the binding constant increased with chain length as far as the limits of the study (1-octanol). What
is also of interest is the effect of the size of the cyclodextrin and that linear alcohols were bound more
strongly by α-cyclodextrin, whereas bulkier branched and cyclic alcohols were bound more strongly by the
β-cyclodextrin. This is probably because the bulkier branched systems are more capable of accommodation
within the larger ring while the linear alcohols ‘fit’ better inside the smaller. This has been referred to as
the ‘Goldilocks’ effect, where for a certain guest some cyclodextrins may be too small or too large but
one will be just right.

Many other cyclodextrin–guest complexes are known. The most common seem to be simple 1 : 1 adducts
in solution. Alkane sulfonates have been shown to associate with both α- and β-cyclodextrins,19,20 with the
degree of association increasing with alkyl chain length from 5 to 10 carbon atoms, above which a plateau
is reached. Molecular modelling shows that only about six carbons can fit inside the hydrophobic cavity
and some must protrude out of the opposing rim. A model for the structure of the complex is shown in
Figure 6.4a. It was noted that association constants for the smaller compounds (pentyl or hexyl sulfonate)
with α-cyclodextrin were more than double those with β-cyclodextrin, but as the chain length increased to
octyl the association constants became equivalent and above this β-cyclodextrin was the superior host. It was
also noted that variation of the headgroup of dodecyl surfactants had minimal effect on association constant
apart from a strong increase in interaction between dodecyl benzene sulfonate and β-cyclodextrin.20 Similar
increases have been noted for alkane–cyclodextrin complexes,21 where α-cyclodextrin forms 1 : 1 and 2 : 1
complexes with alkanes, with larger cyclodextrins just giving 1 : 1 complexes. Association constants tended

(a) (b)

OHO2N
SO3

−

Figure 6.4 Schematics of (a) the cyclodextrin–dodecyl sulphonate and (b) the cyclodextrin–p-nitrophenol
complexes
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to be larger for β-cyclodextrin with short alkanes, while larger ones tended to have very similar association
constants with all three cyclodextrins, which was unexpected since it was thought γ-cyclodextrin would
be too large to suitably accept an alkane molecule. Other workers studied a range of alkyl compounds and
concluded that entry into the cyclodextrin is via the ‘wider’ end of the cone and that there is interaction
between polar headgroups and the secondary alcohols of the cyclodextrin.22 Disubstituted species have
also been studied;23 α-cyclodextrin for example in this context was shown to form 1 : 1 complexes with
α,ω-diols with chain lengths of three to seven carbon atoms, whereas for longer (8–10 carbons) diols,
complexes containing one or two cyclodextrins per diol molecule could be observed.

As mentioned before, complex formation in solution does not guarantee that a solid-state complex can
be isolated, but many stable adducts are known. Typical examples of solid-state cyclodextrin complexes
with simple compounds include methanol and water with α-cyclodextrin, in which the methanol can be
included either on one side of the cavity, bound to a glucose unit, or in the centre.24 The structure of the
cyclodextrin is also much closer to that of the six-fold symmetric cone shape than the twisted form found
in the hydrate. Longer-chain alcohols such as propanol25 also form a 1 : 1 adduct with α-cyclodextrin – as
does propane sulfonate.26 Both show a hexagonal conformation for the cyclodextrin, as shown for the
propane sulfonate complex (Figure 6.5a), which has a centrally located guest with the primary hydroxyl
groups hydrogen-bonding to it. The cyclodextrins stack together in a head-to-tail arrangement (Figure 6.5b),
so the guests can be thought of as occupying a channel within the crystal.

When larger cyclodextrins are used, larger guests can be incorporated. 1-adamantane methanol for
example can be incorporated into the β-cyclodextrin cavity, with the methanol unit protruding out of the
primary alcohol end of the macrocycle.27 In this structure the cyclodextrins adopt a symmetrical dimer
structure, with the two secondary alcohol ends hydrogen-bonding to each other and the alcohol unit of the
guest forming a strong hydrogen bond to the adjacent dimer’s primary alcohol end. A similar structure
was obtained for the adamantane carboxylic acid adduct.28

Disubstituted molecules have also been incorporated into these macrocycles. An X-ray study of the
β-cyclodextrin–1,4-butanediol 1 : 1 complex,27 for example, shows the diol is threaded through the
cyclodextrin with one hydroxyl at each end of the cavity interacting with the cyclodextrin hydroxyls.
Other polyfunctional alcohols such as ethylene glycol and glycerol have also been shown to form 1 : 1
complexes with β-cyclodextrin30 and to have the guests bound within the cavity, but in a relatively
disordered manner, with the alcohols spread between different sites within the cavity. Molecules with two
different functional groups can also be incorporated.

The ready inclusion of aromatic species such as toluene and pyridine has led to widespread study of
complex formation with many substituted aromatic rings, an overview of which will be given. The size of
the cyclodextrins has a major effect on their binding of aromatic species. It would be impossible within
this work to give a detailed description of the huge amount of work that has gone into determining the
complexation behaviour of cyclodextrins with a wide variety of aromatic systems, so just a few examples
will be given. Single-aromatic-ring compounds are easily bound by all the common cyclodextrins. Binding
constants vary with structure, but molecules that are capable of association with the hydroxyl groups of
the cyclodextrins tend to bind more strongly in aqueous solution. One type of system that has been widely
studied is that of the nitrophenols.

NMR studies of the complexation of nitrophenols by α-cyclodextrin have shown that steric factors and
hydrogen-bond formation both play a part in determining the association strength.31 Simple p-nitrophenol
binds to the cyclodextrin with a binding constant of 190 M−1. The nitrophenol can be encapsulated with
either its nitro group or phenol buried inside the cavity. When it is deprotonated to give the phenoxide
ion, however, the binding constant increases by an order of magnitude and this is indicative of increased
interaction between the phenoxide and the hydroxyl groups of the cyclodextrin, which can be thought
of as being similar to the aliphatic compounds above in that the most hydrophilic group is located at



198 Cyclodextrins

(b)

(a)

SO3
− SO3

− SO3
− SO3

−

Figure 6.5 (a) X-ray crystal structure of the α-cyclodextrin–propane sulfonate complex (only central sulfur atom
can be resolved); (b) schematic of complex stacking

the secondary hydroxyl ring. Indeed, this is confirmed by studies of the methyl-substituted compounds.
Substituting the two positions ortho to the phenol lowers the binding constant by a factor of two for the
phenoxide and three for the phenol. However, substituting a single ortho hydrogen with a methyl group
prevents binding of the phenol completely and lowers that of the phenoxide by a factor of approximately
100, while methylating both positions ortho to the nitro group prevents binding completely.31 The dramatic
lowering of the binding constants by steric hindrance at the ‘nitro end’ of the guest proves it must orientate
with the nitro group inside the cavity as shown in Figure 6.4b.

The larger β-cyclodextrin also forms complexes with substituted phenols, but the binding forces are
somewhat weaker; p-nitrophenol for example displays binding constants of 130 and 410 M−1 for the
neutral and deprotonated forms.32 Although the ortho and meta isomers display similar binding constants
in their undissociated forms, there is a loss in binding strength upon loss of a proton rather than a marked
enhancement, which is also found for phenol. This strong enhancement also has an effect on the actual
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dissociation constants of the phenols, with p-nitrophenol for example having a pKa of 6.90 in aqueous
solution but 6.4 when complexed with β-cyclodextrin.32,33 This is unusual and most other compounds
show increases in pKa when complexed, indicating that the ionised form is less stable. The pKa of phenol
increases from 9.82 to 10.75 when complexed with β-cyclodextrin, with similar trends being observed in
the case of ortho- (7.05 to 7.21) and meta-nitrophenol (8.09 to 8.33).33 Several explanations have been
proposed for this effect, for example that the p-nitrophenyl ion is much more polarisable than the neutral
compound and therefore increases induced dipole effects and binding strengths.32 Anilines have also been
shown to display pH-dependent binding,32 with for example the binding constant for aniline being 56 M−1,
approximately 20 times that of the protonated form, with the same effect being observed for p-nitroaniline,
which also binds strongly (300 M−1) – three times as much as the protonated form. Other workers have
performed similar studies13,34 with a range of substituted benzoic acid compounds and have demonstrated
that binding is stronger for the unionised substrates, indicating that the —COOH group is the primary
binding site. The presence of electron-donating para substituents also favours the binding of the acid but
hinders that of the anions.

Substituted p-nitro compounds have also been studied and shown to demonstrate interesting effects.
Esters of p-nitrophenol are capable of being included inside α- and β-cyclodextrin and when these com-
plexes are subjected to alkaline hydrolysis an interesting kinetic effect is observed.35 Esters with short side
chains such as p-nitrophenyl acetate hydrolyse more quickly when complexed; this is thought to be due to
the cyclodextrin hydroxyls participating in the reaction.36 The acetate or other ester group is transesterified
onto a secondary hydroxyl group of one of the amylose units and then hydrolysed in a second reaction
step. The hydrolysis of p-nitrophenyl acetate is accelerated when complexed with α-cyclodextrin, but as
the length of the ester side chain increases to butyrate, this effect becomes less apparent, then it accelerates
again for the hexanoate and even more for longer esters.35 The acceleration is even more pronounced for
β-cyclodextrin, dropping as chain length increases as far as hexanoate and then again accelerating as the
side chain length increases. The explanation for this is that for the acetates, the p-nitrophenyl group is
embedded in the cyclodextrin, allowing easy access of the hydroxyl groups to the ester unit. As the alkyl
chain length increases there is more steric hindrance, lowering the catalytic effect. However, as the alkyl
side chain becomes still longer it displaces the aromatic unit out of the cyclodextrin cavity, allowing access
to the hydroxyl groups and thereby facilitating the catalytic effect once again.35 The larger γ-cyclodextrin
has much smaller acceleration effects,36 probably due to less favoured complex formation.

Cyclodextrins can form complexes with compounds with two aromatic rings. One example is the complex
of α-cyclodextrin with methyl orange37 (Figure 6.6a), where a 2 : 1 complex is formed, with the dye
molecules being incorporated into one of the macrocycles in a number of conformations. The cyclodextrins
are in a head-to-tail arrangement with the dimethylamino group protruding from the ‘narrow’ end of
the cyclodextrin (Figure 6.6b) and making contact with an adjacent cyclodextrin ring that is unoccupied.
Similarly, sulfonato groups protrude from the other ends of the complex and make contact with an adjacent
cyclodextrin. Schematics of the packing arrangement are shown in Figure 6.6b. Another compound that
has been incorporated is biphenyl dicarboxylic acid (Figure 6.6c), where once again a 2 : 1 complex is
formed with the α-cyclodextrins38 in a structure in which each of the two cyclodextrins is occupied by
one of the aromatic rings.

Complex formation can often be stronger with the larger cyclodextrins because the guest can penetrate
deeper into the larger cavities. Again there is a Goldilocks effect, whereby larger cyclodextrins will often
form complexes with guests that cannot be accommodated inside the smaller macrocycles. As has been
shown, benzene rings can comfortably fit within the smaller cyclodextrins. Larger naphthalene rings can
also fit within some of these macrocyclic structures, but the size of the cyclodextrin usually determines the
binding conformation of the ring. Naphthalene has been shown to form 1 : 1 complexes in water39 with all
three of the major cyclodextrins, with binding constants of 630−1 M (β), 130−1 M (γ) and 83−1 M (α). In
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Figure 6.6 (a) Methyl orange, (b) schematic of complex stacking and (c) biphenyl dicarboxylic acid

addition, 1 : 2 naphthalene–α-cyclodextrin complexes have been observed. Methyl-substituted naphthalenes
have also been studied and a number of models have been proposed for the structures of these complexes.
It appears that α-cyclodextrin can only partially accommodate the aromatic molecule (i.e. the naphthalene
is inserted via the long axis), whereas the γ- and β-cyclodextrins can bind the molecule completely.

Work on substituted naphthalenes has shown that different orientations can exist, with for example both
the 1- and 2-naphthyl acetates having been complexed with cyclodextrins.40 We have already seen with
other aromatic esters that complexation with cyclodextrins can affect the rates of hydrolysis reactions. In
the case of α-cyclodextrin, the 1-naphthylacetate was hydrolysed relatively faster than 2-naphthylacetate,
indicating that the molecule is inserted with its long axis perpendicular to the plane of the hydroxyl
groups. As is shown in Figure 6.7a, this arrangement brings the ester group in much closer contact with
the cyclodextrin hydroxyls. In the case of the γ-cyclodextrin, the cavity is large enough to encapsulate the
naphthalene in a parallel orientation (Figure 6.7b), thereby favouring hydrolysis of the 2-naphthyl ester.
In the case of the β-cyclodextrin, no obvious preference is seen, perhaps indicating that there is a mixture
of the two conformations. X-ray analysis has shown that β-cyclodextrin can encapsulate a naphthalene
unit in the parallel orientation; 2,7-dihydroxynaphthalene for example adopts this conformation, with the
two hydroxyl groups protruding from the rim of the host.41 However, the cyclodextrin is distorted into an
elliptical shape to accommodate this guest, again demonstrating the flexibility of these systems.

Systems containing both benzene and naphthalene rings, such as 1-anilino-8-naphthalene sulfonate
(Figure 6.7c), have been complexed with the major cyclodextrins.42 In aqueous solution the α-cyclodextrin
was shown to complex weakly and bind the phenyl unit; the β-cyclodextrin bound the dye much more
strongly but again via the phenyl unit, whereas the γ-cyclodextrin was found to bind either the phenyl or the
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Figure 6.7 Schematic of complex formation showing (a) α-cyclodextrin–1-naphthyl acetate, (b)
γ-cyclodextrin–1-naphthyl acetate, (c) 1-anilino-8-naphthalene sulphonic acid, and (d) the crystal structure
of the γ-cyclodextrin–12-crown-4/Li+ complex

naphthyl unit, leading to two different complexes in solution. A series of substituted carboxylic acids with
various cyclic groups such as adamantane (Figure 1.2b), which is essentially a spherical functional group,
have also been studied43 and shown to form complexes whose structures are dependent on both host–guest
sizes and pH. Adamantane carboxylic acid forms complexes strongly with β-cyclodextrin, less strongly
with γ-cyclodextrin and not at all with α-cyclodextrin – although this does complex smaller cyclic acids.
Also of interest is that whereas β-cyclodextrin forms 1 : 1 complexes irrespective of pH, α-cyclodextrin
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forms 1 : 1 complexes at high pH, with the ionised forms of the acids forming 2 : 1 cyclodextrin:acid
complexes at low pH.

Larger ring systems can also be included within cyclodextrins; 2-anthracene sulfonate for example forms
a 2 : 2 complex with β-cyclodextrin44 and when the larger γ-cyclodextrin is utilised as a host it can complex
two anthracene molecules within its cavity. No complex formation was observed for α-cyclodextrin. When
anthracene derivatives are irradiated they can react with each other and dimerise. The yields of this
reaction are greatly enhanced when the anthracenes are irradiated whilst incorporated in cyclodextrin
complexes compared to when they are in simple aqueous solution, indicating that the molecules are held
in close proximity to each other. The larger pyrene system also forms 1 : 1 adducts with β-cyclodextrin45

when the pyrene is only partially encapsulated by the macrocycle, and 1 : 2 complexes when a pyrene is
almost completely encapsulated inside a head-to-head dimer. The larger γ-cyclodextrin usually forms a
1 : 1 complex in solution45 but in the solid state has been shown to be capable of accommodating two
pyrene units, as shown by luminescence measurements.46 Even larger polycyclic aromatic hydrocarbons
have been shown to form complexes with cyclodextrins, for example benzoperylene forms complexes in
aqueous solution with β-cyclodextrin47 and perylene has been shown to form a 1 : 2 complex in aqueous
solution with γ-cyclodextrin,48 as does the even larger coronene49 in a water–methanol mixture.

Other large ring systems have been complexed with cyclodextrins, with for example cholesterol forming
a complex with up to three β-cyclodextrin units.50 This has led to one of the major commercial uses of
cyclodextrins, namely the sequestration and removal of cholesterol, which will be discussed later. We have
already discussed in detail the properties of crown ethers as hosts, but when 12-crown-4 is combined with
γ-cyclodextrin51 a complex is formed in which the crown is a guest inside the cyclodextrin ring. When
lithium ions are also included, the crown can be thought of as host and guest. A complex crystal structure is
formed (Figure 6.7d) in which the ion is complexed within the crown, which is complexed along with water
within the cyclodextrin, an arrangement which has been called a ‘Russian doll’ system. Other workers
have also isolated γ-cyclodextrin–[2,2,1]cryptand–Ca2+ complexes and proved their structure.52

We have already seen how long, thin guests can in effect be ‘threaded’ through the cyclodextrin
rings, such as the alkane sulfonates mentioned earlier.19,20 Studies performed on the compound shown
in Figure 6.8a indicated that in aqueous solution the molecule threads itself through both α- and
β-cyclodextrin53 as shown, with the cyclodextrin encasing the alkyl chain spacer. We have already
described many 2 : 1 cyclodextrin–guest complexes, usually as a result of encapsulation. Other workers
investigated whether two or more cyclodextrin rings could be threaded onto a long guest, rather than
simply having the guest located within a double cavity. Obvious candidates include long (possibly
polymeric) hydrophobic compounds.

When polyethylene glycols54 (Figure 6.8b) of molecular weight 400–10 000 were combined with
α-cyclodextrin in water, the solutions became turbid and a crystalline precipitate was obtained, with
the molecular weight of the polymer affecting precipitation, peaking at MW = 1000. Short-chain com-
pounds such as ethylene glycol, diethylene glycol and triethylene glycol, did not appear to form complexes
with α-cyclodextrin under these conditions. Heating the complexes reversed the complexation and caused
resolvation. No complexation was observed when polyethylene glycol which had its terminal hydroxyls
substituted with bulky end groups was used; likewise no complexation occurred when polypropylene gly-
col (Figure 6.8c) was used. However, if the polymer–cyclodextrin complexes were treated to cap the end
groups55 and prevent the cyclodextrins ‘slipping off’, a stable complex was formed, which is an example
of a polyrotoxane, a structure that the authors refer to as a ‘molecular necklace’. What is interesting is
that this material is much more soluble under alkaline conditions; studies indicate that this is because
under neutral conditions the cyclodextrins are hydrogen-bonded together whereas under basic conditions
they deprotonate and move away from each other. Many cyclodextrins have been included in rotaxane
structures and these will be discussed in more detail in Chapter 9.
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Figure 6.8 (a) Structure of a cyclodextrin–dye ‘threaded’ complex, (b) polyethylene glycol, (c) polypropylene
glycol and (d) polyisobutylene

With β-cyclodextrin the situation is reversed, with no complex being formed with polyethylene glycol,
although a complex was formed with polypropylene glycol.56 Both the α- and the β-cyclodextrins seem to
incorporate two polymer repeat units within each cyclodextrin unit. Complexes are also formed between
polypropylene glycol and γ-cyclodextrin.56 Since β-cyclodextrin does not form complexes with polyethy-
lene glycol, we would not initially expect complexation to occur with the even larger γ-cyclodextrin,
but studies showed that in fact a complex was formed, though it was quite different to that formed by
α-cyclodextrin in that two polymer chains passed through the macrocycle.57

Other polymers that have been utilised are poly(oligoimino methylenes)58 and the hydrophobic,
water-insoluble polyisobutylene (Figure 6.8d).59 This latter polymer formed complexes with both β- and



204 Cyclodextrins

γ-cyclodextrin but not the α-cyclodextrin molecule. Interestingly, the γ-cyclodextrin gave better
yields with higher-molecular-weight polymers whereas the β-cyclodextrin gave better yields with
lower-molecular-weight polymers. The γ-cyclodextrin was studied further and it was shown that three
polymer repeat units were included in each macrocycle. The complexes were more stable than many of
the earlier complexes, and although no de-threading occurred even upon boiling, the addition of the strong
hydrogen-bonding compound urea caused the complex to disassociate, indicating that hydrogen-bonding
between the cyclodextrins plays a major role in complex stabilisation. Polymethylvinylether also
formed complexes with γ-cyclodextrin.60 A variety of other polymers have also been included, such
as oligoethylene, which forms complexes with α-cyclodextrin,61 and polypropylene,61 which forms
complexes with β- and γ-cyclodextrin. Polyesters such as polycaprolactone (Figure 6.9a) and others have
also been shown to form inclusion complexes with all three major cyclodextrins.62,63 These polymers
also gave the highest yields of complex for polymers with molecular weights of about 1000. Again
the γ-cyclodextrin was shown to be capable of binding two polymer chains within the macrocycle,
whereas the smaller cyclodextrins were found to bind just one; a schematic of the structure of the
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Figure 6.9 (a) Polycaprolactone, and the structure of the polymer complexed by (b) α- and (c) γ-cyclodextrin
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Figure 6.10 (a) Viologen containing polymers and (b) polyionenes

polycaprolactone–cyclodextrin complexes is shown in Figure 6.9b. β-cyclodextrins were found to give
much poorer yields of complex than either of the other two cyclodextrins, and the same was observed for
other polyesters such as polyethylene adipate.

Ionic polymers based on viologens have also been studied;64 the polymer with an octamethylene
(but not hexamethylene) spacer (Figure 6.10a) formed complexes with α-cyclodextrin and the corre-
sponding decamethylene-spaced polymer with β-cyclodextrin. Binding was found to be stronger to
β-cyclodextrin. Another series of ionic polymers, the ionenes (Figure 6.10b), were also found to be bound
by γ-cyclodextrin.64 For the interested reader, these types of polyrotoxanes and their properties have been
reviewed by Harada et al.61

The vast majority of compounds that have been complexed with cyclodextrins have been organic, but
some inorganic compounds have been shown to form complexes with cyclodextrins. It has long been
known that a simple test for starch is to add a solution of iodine and potassium iodide to the material
in question; the presence of starch is confirmed by a deep blue-black colour. Amylose forms a helical
structure and it is thought that linear triiodides and higher polyiodides can form inside the helices. It is the
presence of these species that is responsible for the colouration. Since cyclodextrins are cyclic versions of
amylose, various groups have studied their interactions with iodine.

X-ray crystallographic studies65 have been made of crystals formed by an interfacial reaction between
aqueous α-cyclodextrin and iodine in ether. The red-brown complex indicates that the cyclodextrins adopt
a cage structure, with the iodide species in the centre of the ring, and it should be noted that there is
also some water of hydration. From the bond distances observed and the packing structure, it is obvious
that the iodine molecules are enclosed by the cyclodextrin and that there is no iodine–iodine interaction.
However, when crystals are formed from aqueous solution of the cyclodextrin combined with iodine and
iodide, a very different blue-black complex is formed.66 Several different structures might be obtained
depending on which particular iodide salt was used, although all display a channel-type structure, in which
the cyclodextrin moieties are arranged together to in effect form a tubular structure containing polyiodide
ions of various sizes. It is these polyiodides that give the complex its colour. The electrical conductivity of
this complex has been shown to be much higher in the direction parallel to the channels than perpendicular
to them. Both the β- and γ-cyclodextrins also give similar complexes, as does the much larger 26-membered
macrocycle mentioned earlier in this chapter. When this macrocycle is complexed with iodine–iodide, it is
seen to accommodate triiodide ions in its helices.67 Very few of the larger cyclodextrins have been shown
to form complexes, but the cyclic nonamer does form complexes with several cyclic ketones.68 X-ray
crystal structures have been obtained for the complex with cycloundecanone and show the cyclodextrin
forms a head-to-head dimer enclosing four cycloundecanone molecules.

Other inorganic species have been complexed with cyclodextrins. When α-cyclodextrin is crystallised
from water in which krypton is dissolved at high pressure, krypton molecules can be included in the



206 Cyclodextrins

cavity.69 Potassium acetate70 can be co-crystallised with α-cyclodextrin to give a channel-type struc-
ture, although the potassium ions are located between cyclodextrin molecules not included in the cavity.
Organometallic species have also been complexed, with for example ferrocene forming a complex in which
it is encapsulated between two α-cyclodextrin molecules.71

Cyclodextrins have been used to solubilise C60 and the other fullerenes in water. Boiling solid C60

in aqueous solutions of γ-cyclodextrin led to formation of mixtures of fullerene complexes with either
one or two cyclodextrin molecules.72 Prolonged heating also led these species to form aggregates in
solution, which could be dispersed back into the original complexes by addition of more cyclodextrin.

(a)

(b)

Figure 6.11 (a) 2 : 1 C60–γ-cyclodextrin complex and (b) carbon nanotube/12-membered cyclodextrin.
(Reproduced by permission of the Royal Society of Chemistry 81)
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Under these conditions neither α- nor β-cyclodextrin nor C70 gave complex formation. Simple ball-milling
of γ-cyclodextrin and C60 powders73 also gave formation of a 2 : 1 complex (Figure 6.11a) with high
solubility and better preservation of the fullerene structure. Dissolving β-cyclodextrin and C60 into an
organic medium allowed formation of a 2 : 1 cyclodextrin–fullerene complex, which could be re-dispersed
in water and was stable for a period of months, although less stable than the complex with γ-cyclodextrin.74

There has also been a recent report of the synthesis of a 2 : 1 γ-cyclodextrin–C70 complex.75

6.3 Cyclodextrins of Other Sizes

Although the relative ease of isolation and purification means that the majority of cyclodextrin work has
been performed on the hexamer, heptamer and octamer, other ring sizes have been synthesised, as already
mentioned. The cyclic hexamer is the smallest cyclodextrin that can be synthesised using the standard
enzymatic procedures, although chemical synthesis of the cyclic pentamer,76 which was thought by many
workers to be too strained to exist, was finally achieved by a step-wise procedure.

Large-ring cyclodextrins have also been investigated and we have already mentioned some of them.
These are synthesised by enzymatic means as before, although the utilisation of different enzymes and
conditions can lead to a mixture of larger ring sizes being produced. One major problem is that a mixture
is generally formed, requiring expensive and time-consuming chromatographic methods to purify, and
this has limited the study of these larger ring systems. The largest to be isolated that we have found
in the literature is a cyclodextrin with 39 units, deduced by mass spectrometry and NMR.77 No X-ray
structure has been obtained for this material however, and the largest cyclodextrin for which a crystal
structure has been obtained is the 26-unit cyclodextrin mentioned earlier.12,67 Much larger macrocycles
have been detected in mixtures. Potato D-enzyme, for example, catalyses the conversation of amylose
to cyclodextrins.78 Chromatographic and mass spectral investigations of these mixtures have shown the
presence of cyclodextrins with rings sizes ranging from 17 up to a few hundred glucose units, but it is
likely that separations of the individual higher-molecular-weight compounds from this mixture would be
well nigh impossible.

Like their smaller brethren, the large cyclodextrins can accommodate a variety of guests. Their binding
however is usually not as effective since the larger cyclodextrins are more flexible and do not contain such
well-defined cavities. There are exceptions to this and as discussed before, δ-cyclodextrin forms crystalline
complexes with cycloundecanone.68 Also, workers have made studies of fullerene complexation with
γ- and δ-cyclodextrins,79 formed by the mechanochemical method mentioned earlier.73 Whereas C60

formed stable complexes with both cyclodextrins,79 the complex of δ-cyclodextrin with C70 was much
more stable than the complex with C60. C70 could also be solvated to a much greater extent in water
by δ-cyclodextrin than by γ-cyclodextrin.80 Besides fullerenes, other carbon-based systems have been
investigated, such as carbon nanotubes. These systems can be quite intractable, being insoluble in most
solvents and requiring often aggressive chemical modification. However, a large cyclodextrin (12 glu-
cose units) allowed the solubilisation of 1.2 nm-diameter carbon nanotubes in water.81 It is possible
that the cyclodextrins are just adsorbed onto the nanotube surface, but the use of NMR and mod-
elling studies indicate that instead two cyclodextrin units are threaded onto the nanotubes as shown in
Figure 6.11b. The 26-member cyclodextrin has also been shown by X-ray crystallography to act as a host
for iodine, as mentioned before, and also to form complexes with long-chain compounds82 such as unde-
canoic acid and dodecanol. The cyclodextrin has a structure containing two helices, each of which hosts
a guest.
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6.4 Modification Reactions of Cyclodextrins

Chemical modification of cyclodextrins (usually of the hydroxyl groups) has been used to create a wide
library of compounds. There are a variety of reasons for modifying the cyclodextrins, such as changing the
binding properties, changing the solubility of the cyclodextrins or allowing them to be coupled together to
make bis or multiple cyclodextrin structures. Much of the early work up to 1982 on chemical modification
of cyclodextrins has been extensively reviewed83 and a few examples will be given below.

The simplest type of reaction is to modify all the hydroxyl groups simultaneously. For example, com-
bining the parent cyclodextrin, methyl iodide and a solid base such as KOH in dimethyl sulfoxide84 leads
to almost quantitative yields of permethylated cyclodextrins. A simplistic view would be that substituting
the hydroxyl groups would reduce water solubility, although in fact the opposite is true; what is also
unusual is that solubility in water is lower at elevated temperatures. Crystals can be grown by heating
an aqueous solution of permethylated cyclodextrin, and when examined by X-ray crystallography85 the
structures of all three major cyclodextrins are shown to have a much reduced cavity volume. They can be
thought of as bowl-shaped rather than doughnut-shaped. This method works well for a number of alkyl
halides and has led to the production of a variety of totally or partially substituted cyclodextrins as com-
mercial products, such as perhydroxypropyl cyclodextrin (Kleptose HPB) and cyclodextrins substituted
with 4-sulfonatobutyl ethers (Captisol), both of which are used in drug-delivery applications. One versatile
method for fully substituting cyclodextrins is to firstly synthesise the fully substituted allyl ether, which
can be obtained in good yield using sodium hydride and allyl bromide, and then oxidising the allyl groups
with osmium tetroxide to give the 2,3-propanediol-substituted compound.86 This can easily be converted
to the hydroxyethyl-substituted cyclodextrin, which can be oxidised to give cyclodextrins substituted with
carboxymethyl groups.

Esterification reactions have also been used to modify the cyclodextrins, and in fact reactions such as
acetylation with acetic anhydride/pyridine87 were used as early as 1935 to help make the mixtures of
cyclodextrins easier to separate and characterise. Other ester functions are utilised, with for example all
the hydroxyl groups of cyclodextrin capable of being reacted to give benzoate esters,88 which allows the
selective removal of these ester groups from the primary hydroxyls to give cyclodextrins substituted at just
the 2- and 3-positions (Figure 6.12). This of course then opens up the possibility of further modification at
the 6-position to synthesise further asymmetrically substituted cyclodextrins. A wide range of other ester
groups have also been used, as previously reviewed.83 X-ray-structure analyses of the fully acetylated and
propyl and butyl esters analogues of β-cyclodextrin89 show that the macrocycle does not adopt the conical
form but instead is elliptically distorted to form a nonplanar boat-shaped structure.
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Figure 6.12 (a) Cyclodextrin, (b) cyclodextrin fully benzoated and (c) cyclodextrin benzoated at the 2- and
3-positions
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A variety of attempts have been made to nitrate the hydroxyl groups of the cyclodextrins,83 but as yet
the presence of either a single partially nitrated compound or fully nitrated products appears not to have
been proved.

Although many of the simple peralkylation and acylation reactions are of interest, a much more complex
problem is that of selective reactions of the —OH groups. Simply reacting a cyclodextrin with, for example,
six equivalents of a reagent could very easily lead to a product that is a complex mixture of cyclodex-
trins with differing degrees of substitution and different substitution patterns. Even the smallest common
cyclodextrin has 18 hydroxyl groups, leading to a huge number of potential partial reaction products. For
such applications as supramolecular chemistry, the products of any reaction must be pure and well charac-
terised. This problem would appear at first to be insurmountable but there are several factors that make it
somewhat easier. First, the three types of hydroxyl group are not identical in their behaviour. The hydroxyl
groups at the 6-position are both the most basic and the most nucleophilic of these groups, with those at the
2-position actually being the most acidic and those at the 3-position being the hardest to access. Because
of this, a number of reaction schemes have been devised, which allow us to substitute either all of one
particular hydroxyl position or to synthesise cyclodextrins with just one or several positions substituted.
This approach allows the substitution of different types of hydroxyl with differing functional groups.

6.4.1 Modification of the 6-hydroxyls

One reaction that is of great use is the formation of mesylates or tosylates of cyclodextrins. Since these
are excellent leaving groups, they open up the possibility of a great number of potential substitutions.
The primary hydroxyl groups of cyclodextrins appear to undergo preferential reaction with toluene sul-
fonyl chloride90 and after chromatography the hexatosylated α-cyclodextrin can be obtained (Figure 6.13a).
Simple displacement with azide gives the hexaazido compound (Figure 6.13b), which can then be catalyt-
ically hydrogenated to give the amino compound (Figure 6.13c), which can be converted to the acetamide
(Figure 6.13d). A similar strategy is used by selectively activating the primary hydroxyl groups with a
bulky triphenyl phosphonium salt and then carrying out nucleophilic substitution with azide or ammonia.88

Reactions have also been reported with other amines to give for example the N-methyl and N-ethyl
substituted derivatives.83

The primary hydroxyl group at the 6-position is also amenable to silylation. Reaction of α-cyclodextrin
with t-butyl dimethylsilyl chloride91 gives the compound shown in Figure 6.13e. The remaining secondary
hydroxyls can then be converted to their methyl ethers or acetate esters. These derivatives can have
the silyl-protecting group removed and the primary hydroxyls mesylated or tosylated, and the resulting
compounds converted to the hexaazide, hexachloride, hexabromide or hexaiodide. The hexaglucopyranosyl
derivative can also be synthesised from the tosylate.91 Further work using the silyl-protecting agent has
led to the synthesis of many partially esterified and etherified α-cyclodextrins along with similar products
derived from the β- and γ-analogues.92

The periodo compounds (Figure 6.13f) can easily be synthesised by reaction of cyclodextrins with iodine
and triphenyl phosphine.93 The presence of the easily replaceable iodine atom makes the synthesis of a
wide variety of derivatives possible, such as cyclodextrins that have been substituted with amino acid
groups.93 Other workers have used this method to synthesise cyclodextrins substituted in the 6-position
with propargyl94 groups (Figure 6.13g), which can then be used to link sugar groups to the cyclodextrin,
alkyl thioether95 groups and sugar units attached by a sulfide linker.96 The attachment of further sugar
units such as glucose, mannose and rhamnose via a thioether link has been used to synthesise what can
be thought of as first-generation dendrimers based on cyclodextrin.96

For many applications, however, it may be necessary to react just one of the hydroxyl groups of a
cyclodextrin. In this context, if the synthesis of a linear cyclodextrin polymer by a free-radical method
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Figure 6.13 Cyclodextrins substituted at the 6-position

is required, there must only be one polymerisable group per cyclodextrin, or else crosslinking will occur.
These types of reaction do exist, with for example the reaction of either α- or β-cyclodextrin with tosyl
chloride under alkaline aqueous conditions97 giving the mono-tosylated derivative (tosylation takes place at
one of the primary hydroxyls). This of course immediately opens up a wide range of possible derivatives,
as discussed earlier for the multi-tosylated derivatives. Most mono-substituted cyclodextrins originate from
the tosyl derivatives by direct substitution or conversion of the tosyl to other reactive moieties such as
amino groups.

Another possible reaction for modification of the 6-position is to oxidise the primary alcohol to an
aldehyde. A mild oxidation98 of all three of the major cyclodextrins with Dess–Martin periodinane led to
the formation of the monoaldehydes in good yields and these compounds could then be further coupled to
a variety of species. It proved possible to form di- and trialdehydes, but these reactions were much more
difficult. One possibility is that the relatively bulky reagent forms a complex with the cyclodextrin and
hinders further attack.

Making bis-substituted cyclodextrins is even more complex, since even if the reaction is selective for
the 6-position, there are three different positional isomers, as shown in Figure 6.14 for β-cyclodextrin
(α-cyclodextrin also has three isomers and γ-cyclodextrin four). This means either a selective synthetic
scheme or effective purification is required. However, success has been achieved; β-cyclodextrin for
example can be modified with t-butyl dimethylsilyl chloride to give a disubstituted product as the A,D
positional isomer. This can then be peracetylated at all the other hydroxyls, the silyl groups removed and
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A, B A, C A, D

Figure 6.14 Possible positional isomers of bis-substituted β-cyclodextrin

two sugar units coupled to the cyclodextrin.99 Finally, the acetyl esters can be hydrolysed back to the
hydroxyls. Cyclodextrins can also be substituted by tosyl chloride and then separated by chromatographic
methods to give all three disubstituted β-cyclodextrin isomers and all four γ-cyclodextrin isomers.100 The
tosyl groups can then be replaced by anthranilic acid groups and used as fluorescent sensors for various
guests. It has also proved possible to replace just one of the tosyl groups with a dansyl group to obtain a
bis-substituted cyclodextrin in which the two substituents differ.101

If a disulfonyl chloride such as mesitylene disulfonyl chloride is used, it is capable of reacting with two
primary A,B hydroxyl groups of the same cyclodextrin102 to give a capped cyclodextrin (Figure 6.15a).
This compound can then be reacted with imidazole to break one of the capping bonds, giving a cyclodextrin
substituted with two different groups in an A,B arrangement. In the case of a short mesityl spacer, it is only
capable of bridging between adjacent sugar residues, but longer rigid spacers should be capable of bridging
between A,C or A,D sugar units. This was shown to be possible by utilising other aromatic disulfonyl
chlorides. Two very effective bridging agents are benzophenone disulfonyl chloride (Figure 6.15b), which
was shown to form A,C bridges with β-cyclodextrin, and stilbene disulfonyl chloride (Figure 6.15c), which
formed A,D bridges.103 What is also of interest is that it proved possible to synthesise the doubly capped
cyclodextrin using benzophenone sulfonyl chloride (Figure 6.16). Other workers have also used the similar
azobenzene disulfonyl chlorides to form A,D-bridged β-cyclodextrin and A,E-bridged γ-cyclodextrin.100

When a monotosylated β-cyclodextrin was reacted with a rigid disulfonyl, a number of trisubstituted species
were obtained104 (the structure of one isomer being shown in Figure 6.16b) and these could be converted
into other trisubstituted cyclodextrins.

Although highly interesting species in themselves, these capped cyclodextrins also serve a dual purpose
since the capping groups are still sulfonate esters and are therefore easily displaced to give other cyclodex-
trins with controlled substitution of the primary alcohol rim. The use of these agents and their conversion
to a wide range of functional groups is a major reason that cyclodextrins can be incorporated within many
of the intricate structures that will be detailed within this and other chapters.

6.4.2 Modification of the 2- or 3-positions

There appears to be much less literature on direct selective modification of these hydroxyls, probably
because they are less nucleophilic secondary alcohols and more sterically hindered. Many of the cyclodex-
trins substituted in these positions have in fact been synthesised by multi-step procedures which involve
protection of the C6-hydroxyls first, followed by reactions at the 2- and/or 3-positions and then deprotection
of the C6 groups. There are however some protocols for direct modification at these positions.

Reaction of γ-cyclodextrin with aromatic sulfonyl imidazoles,105 catalysed by molecular sieves, gives
a product in which just one of the 2-hydroxyls has been converted to the sulfonyl ester. Similar results
have been obtained using a triazole sulfonyl and sodium hydride106 and the use of a base in the reaction
is probably the major factor in determining selectivity since the 2-hydroxyl is the most acidic. A similar
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Figure 6.15 β-cyclodextrins capped with (a) mesitylene, (b) benzophenone and (c) stilbene groups

process was utilised with β-cyclodextrin, where NaOH and benzyl bromide in DMSO were used to synthesis
the monobenzyl ether of the cyclodextrin.107 This compound proved difficult to isolate so was converted
into the fully methylated derivative with MeI/NaOH, then the benzyl ether was removed by hydrogenation
to give the cyclodextrin with one 2-hydroxyl group. This group was then converted to a variety of functional
groups. Reactions at the 3-position have also proved possible and for example when naphthalene sulfonyl
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Figure 6.16 (a) β-cyclodextrins doubly capped with benzophenone and (b) triply substituted β-cyclodextrin

chloride is reacted with β-cyclodextrin in acetonitrile,108 a mixture of the mono-substituted derivative along
with the A,C and A,D disubstituted derivatives is obtained. The production of these derivatives rather than
the expected 6-hydroxyl-substituted products has been explained as being due to the formation of inclusion
complexes prior to reaction, which places the 3-hydroxy and sulfonyl chloride moieties in close proximity.
Steric hindrance between bulky naphthalene units is thought to account for the minimal formation of the A,B
isomer. Later work on this reaction showed it could also be used to selectively synthesise a trisubstituted
β-cyclodextrin,109 with the three substituents in the A,C,E positions. A p-nitrophenyl tosylate reagent has
also been found to react with β-cyclodextrin to give the mono-tosylate in low yield (10%), where again
the 3-hydroxyl is tosylated.110

A different approach involves converting the diol unit formed by the 2- and 3-hydroxyls into an epoxide.
This reactive species can then be derivatised with a variety of reagents. We have already described the
mono-, di- and tri-substitution of the secondary rim of cyclodextrins with various sulfonyl groups. These
can be cyclised to the epoxides (Figure 6.17a) under alkaline conditions to give cyclodextrins containing
one or more epoxy units.111 The ring-opening reaction of a number of cyclodextrin epoxides to give
cyclodextrins substituted at mainly the 2-position, but with minor substitution at 3-positions, have been
described.111 Groups attached to these rings include imidazole, azido, amino, thioether or iodo moieties.
Either one, two or three substituents can usually be achieved, depending on the parent epoxide. The same
group took γ-cyclodextrin and protected the 6-hydroxyls by silylation, converted it fully into the epoxide
form (Figure 6.17b) and then reduced this with LiAlH4 to give the 3-deoxy-cyclo-mannin compound.112

Substitution of the cyclodextrins affects their conformation and binding properties. Monosubstitution
does not greatly affect the shape of the cyclodextrin macrocycle, but cyclodextrins substituted with suitable
groups can display self-inclusion; that is, the substituent can bend around and be included in the cyclodextrin
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Figure 6.17 (a) Conversion of cyclodextrin units to epoxides and (b) structure of per(3-deoxy)-γ-cyclomannin

cavity or can form a complex with an adjacent cyclodextrin. For example, a β-cyclodextrin substituted at the
primary hydroxyl with a phenylethylamino group113 shows intermolecular inclusion where the aromatic
group is incorporated into an adjacent cyclodextrin (Figure 6.18a). The choice of linker and terminal
group, although not having much effect on the cyclodextrin structure itself, can have large effects on
the way they pack together and variation of the substituent group can cause the cyclodextrins to pack in
channel-type, cage-type or helical structures.113 When however β-cyclodextrin is substituted at the primary
hydroxyl with a imidazole with a t-butoxy-terminated side chain,114 the substituent ‘turns around’ and
the t-butyl group is included in the cavity of the cyclodextrin (Figure 6.18b) in what has been termed
a ‘sleeping swan’ arrangement. This type of behaviour is of interest because it raises the possibility of
attaching reporter groups to the cyclodextrin ring that self-include but can be displaced by suitable guests.
If the reporter group is fluorescent for example, binding of guests will cause a concurrent change in
spectra. Doubly substituted cyclodextrins also show some interesting behaviour; a β-cyclodextrin with two
pyridylethylamino substituents115 attached to vicinal 6-positions shows a structure in which one of the
pyridyl units self-includes in the primary hydroxyl end while the other is included into the cavity of an
adjacent cyclodextrin via the secondary end. These leads to the formation in the crystal of long polymeric-
like structures stabilised by these host–guest interactions. Again, many of these types of compound have
been reviewed in detail elsewhere.83

Persubstituted cyclodextrins have also been shown to form solid-state complexes similar to the cyclodex-
trins. There can be noticeable changes due to the differences both in steric hindrance and also hydrogen-
bonding. For example, the fully permethylated ethers of the cyclodextrins have a much narrower primary
end and cannot act as hydrogen-bond donors. The crystal structure of the 1 : 1 p-nitrophenol complex with
permethylated α-cyclodextrin has the phenolic guest orientated in opposite direction to the complex with
the parent cyclodextrin; that is, with the hydroxyl group pointing to the primary end and the nitro group
protruding from the secondary end of the macrocycle.116 Although other molecules, such as p-iodoaniline,
adopt the same configuration in the permethylated cyclodextrin, they cannot insert themselves as deeply
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Figure 6.18 (a) Intermolecular and (b) intramolecular formation of cyclodextrin self-inclusion complexes

there as they can into the parent cyclodextrin.117 However, long linear molecules such as ethyl laurate
can also be included into permethylated β-cyclodextrin and notwithstanding the narrower primary rim, can
still protrude through the primary opening and interact with the adjacent cyclodextrin,118 although there is
some distortion of the macrocyclic structure.

Cyclodextrins which have been ‘capped’ by bridging again usually retain their conical shape. A 6A,6D-
diaminosubstituted methoxylated α-cyclodextrin119 for example can be reacted with a 2,2′-bipyridyl diacid
chloride under high dilution conditions to give the bisamide, where the bipyridyl unit bridges across the
primary end of the cyclodextrin. The cyclodextrin retains its conical shape in the crystal (Figure 6.19a).
Again, when a shorter 1,2-phenylene diphospite bridge is used, the cyclodextrin still retains its conical
shape.120 However, when the two amines are complexed with a single platinum atom121 the short bridge
causes the cyclodextrin to become distorted into a rectangular shape (Figure 6.19b).
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Figure 6.19 (a) Crystal structures of a bipyridyl-capped cyclodextrin and (b) a Pt complex-capped cyclodextrin
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6.5 Selectivity of Cyclodextrins

A huge number of cyclodextrins have been synthesised, not only by varying the ring sizes but by chemically
modifying the parent compounds. Between them these macrocycles have been shown to bind a wide variety
of targets. However, binding is often not enough and for a great many applications selective binding is
required. This section will discuss how the cyclodextrins can display selectivity, either in the solid state,
for example by the preferential crystallisation of cyclodextrins with specific guests, in solution, or in
heterogeneous interactions between solid or supported cyclodextrins and the liquid or vapour phase, as
demonstrated by the use of cyclodextrins in chromatographic separations.

There are many examples of geometric selectivity; for example, α-cyclodextrin forms a complex with
p-nitrophenol122 in which the aromatic guest is deeply embedded in the cavity, while m-nitrophenol123 is
only partially embedded and o-nitrophenol forms no crystalline inclusion complex at all with. In an early
chromatographic separation experiment, both α- and β-cyclodextrin and their permethylated derivatives
were adsorbed onto Chromosorb W and utilised as packing material for a gas chromatography column.124

A wide variety of volatile species can be separated by the cyclodextrin columns, with both the size and
polarity of the analyte affecting its retention, indicating that both inclusion into and hydrogen-bonding with
the cyclodextrins contribute to guest-binding. With the methylated cyclodextrins the hydrogen-bonding is
reduced and the geometry of the analyte has a much greater effect, with branched and tertiary alcohols
being complexed much less efficiently than their linear analogues. Similar effects are found with the
xylenes, with the α-cyclodextrin binding most strongly to the p-isomer, followed by the m-isomer and
finally the o-isomer. The differences are less with β-cyclodextrin and in fact the order also changes, with
o-xylene being retained the most and m-xylene the least. Similarly, 1,2,4-trimethylbenzene was retained
more strongly than the 1,2,3 or 1,3,5, isomers. A much wider range of chemicals have been separated
using cyclodextrin-modified columns, many of which will be found in the Bibliography.

One of the most intensely studied areas of cyclodextrin selectivity comes from the fact that all cyclodex-
trins are inherently chiral, due to the presence of the chiral D-glucose units. This means that complexation of
a cyclodextrin with a chiral guest will lead essentially to the formation of diastereoisomers with potentially
different physical properties. Again, selectivity can be seen in the solid state and in separation techniques.

Attempts to utilise co-crystallisation of racemic compounds with cyclodextrins to achieve enantiomeric
separation have met with varying degrees of success. Some compounds such as racemic 1-phenylethanol
(Figure 6.20a) simply crystallise with α-cyclodextrin with both isomers in a 50 : 50 ratio; that is, with-
out any selectivity. X-ray analysis of crystals made with pure enantiomers shows that both give a very
similar crystal structure, with some disorder of the guest position.125 However, when the drug compound
fenoprofen (Figure 6.20b) is co-crystallised with β-cyclodextrin, a 3 : 1 excess of the S-isomer crystallises
out.126 X-ray studies127 show that the inclusion compounds of the cyclodextrin with the two isomers
have quite different crystal structures. The cyclodextrins form a dimer linked at the secondary faces and
each dimer contains two guests of the same isomer ; that is, either R,R or S,S, but not R,S. For the S
isomer the two guests adopt a head-to-tail configuration, with the carboxylic acid groups of the guest
forming hydrogen bonds to the cyclodextrin, whereas the R isomers adopt a head-to-head arrangement and
hydrogen-bond with included water molecules. Methylated cyclodextrins can show similar behaviour,128

permethylated α-cyclodextrin forming complexes with both enantiomers of mandelic acid (Figure 6.20c),
although the R isomer is much more deeply embedded than the S isomer and forms a channel-type struc-
ture, whereas the S enantiomeric forms a layered structure. Repeated crystallisations of 1-(p-bromophenyl)
ethanol (Figure 6.20d) as a host–guest complex with permethylated β-cyclodextrin129 also allows enan-
tiomeric separation. X-ray studies have shown the R isomer to be more deeply included in the cyclodextrin
cavity than the S isomer. The replacement of the bromo substituent with other halides greatly affects the
separation behaviour.130
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Figure 6.20 Structures of (a) 1-phenylethanol, (b) fenoprofen, (c) mandelic acid and (d) 1-(4-bromophenyl)-
ethanol

Besides these solid-state studies, there much work has been done on the separation of enantiomers
by utilisation of cyclodextrins in chromatographic techniques. A wide variety of chiral GC and HPLC
columns are commercially available which utilise both the major cyclodextrins and various derivatives
such as methylated cyclodextrins as a chiral stationary phase. A vast amount of work has already been
performed on this subject, such as for example the commercial database Chirbase GC, accessed in mid-
2009, which claimed experimental details for over 24 000 protocols and over 8000 compounds. We will
only provide a very brief overview of this field here.

Gas chromatography is a method where mixtures of gases or other volatile compounds are passed with
an inert carrier gas such as helium (known as the mobile phase) down a long column which contains
a solid phase such as silica, polymer beads or some other solid material. Alternatively, the column can
be a very thin capillary, where its walls are the stationary phase. Gas or vapour molecules absorb and
desorb repeatedly from the stationary phase. This means the time or retention on the column is dependent
on the relative strengths of interaction between the stationary phase and the components of the mobile
phase. If two enantiomeric compounds are passed down a column they will undergo identical interactions
and elute from the column simultaneously unless the column materials themselves have been modified in
some way to be chiral. Materials for a chiral column must be stable, nonvolatile and easily available in a
pure enantiomeric form. The relative ease of synthesis and stability of the cyclodextrins along with their
inherent chirality makes them very suitable for this purpose. Schurig reviews much of the history and
current applications of chiral GC.131

One of the earliest cyclodextrin-containing GC columns utilised permethylated β-cyclodextrin dissolved
in polysiloxane and absorbed onto the walls of a glass capillary column to chirally resolve volatile com-
pounds such as 2,5-dimethyl tetrahydrofuran or α-pinene.132 What is interesting is that the order of elution
of isomers does not just depend on the chiral match between eluent and cyclodextrin. Cyclodextrins,
being natural products, are only available in a single enantioform, but the order of elution of the R and S
enantiomers is dependent on the size of the cyclodextrin and using a β-cyclodextrin column can lead to
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elution of the enantiomers in the opposite order to a α-cyclodextrin column.133 Similarly, the same size
of cyclodextrin modified with hydrophobic pentyl chains can lead to opposite elution when a cyclodextrin
with permethylated 2-hydroxyethyl substituents is used.133 It appears that a combination of factors affect
their interaction, chiral recognitions and separation behaviour, such as the polarity, steric bulk, orientation
and degree of substitution of the cyclodextrins and the eluents.

High-performance liquid chromatography is a similar method to GC except that the mobile phase
is a solvent or solvent mixture and the stationary phase a packed powder column. In Chapter 3 we
discussed how chiral crown ethers adsorbed onto solid phases could be used to separate different enan-
tiomers of amino acid derivatives. Cyclodextrins have also been utilised in both HPLC and thin-layer
chromatography application.134 This is a versatile technique and can cope with a number of sample formats.
Racemic drugs for example can be enantiomerically separated and analysed even from serum samples135

using a β-cyclodextrin chemically bound to silica column, which is commercially available.136 Normal
phase applications in which the analytes are in organic solution can also be performed on cyclodextrin
columns. Modification of β-cyclodextrin with a variety of substituents, including the addition of chi-
ral 1-naphthylethyl groups to generate additional stereocentres, can be attained and these materials when
immobilised on silica provid suitable solid phases for HPLC.137 It is interesting that the modified cyclodex-
trins show better resolution for some analytes under normal phase conditions than native cyclodextrins,
indicating that inclusion and aromatic interactions can both contribute to separation. In the case of aromatic
analytes, the elution order is determined by the configuration of the naphthyl group.

6.6 Multiple Cyclodextrin Systems

6.6.1 Bis and multi-cyclodextrins

Once specific functionalisation of cyclodextrins was developed, it then became possible to link together
cyclodextrins in a controlled manner. Since many cyclodextrins form 2 : 1 complexes with guests, a number
of groups began to investigate cyclodextrin dimers, reasoning that if the two host macrocycles are covalently
linked, there should be a cooperative effect, leading to much stronger binding and to the structure being
better defined, since the covalent linker will decrease the freedom of movement of the cyclodextrins and
mean the guest is grasped at both ends, not just one. The appearance of reproducible synthetic schemes to
produce mono- and di-substituted cyclodextrins allowed this idea to become reality.

There are several different arrangements in which cyclodextrins can be attached to form dimeric systems.
They can be linked at the primary or the secondary rim and by one or more linkers. Linking chains can be
rigid or flexible, long or short – and where there are two or more linking chains, they can be the same or
different. The manner of these linkages and the way the cyclodextrins can be held at various distances apart
and at different angles has major effects on the binding properties of the systems. Much of the early work
on cyclodextrin dimers and their application as specific binding agents can be found in the Bibliography
and in the review by Breslow et al.138

Some of the earliest work published involved using amines to bridge between two cyclodextrins. In this
reaction,139 β-cyclodextrin was capped with a bis-sulfonyl chloride (Figure 6.21a) in a similar manner to
the capped cyclodextrins previously discussed. This was then reacted with excess ethylene diamine to give
the tetra-amine shown in Figure 6.21b, which was reacted with a further equivalent of the bis-sulfonate to
give the cyclodextrin dimer in Figure 6.21c. This compound was shown to complex methyl orange with a
binding constant six times that of the cyclodextrin tetra-amine. An alternative synthesis of bis-cyclodextrins
involved the synthesis of both α- and β-cyclodextrins bearing a single mercapto (—SH) group, which
could be oxidised to give the dimer linked by a single disulfide (S—S) bond.140 The bis-β-cyclodextrin
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(Figure 6.22a) was shown to bind ethyl orange 224 times more strongly than the parent cyclodextrin.
This demonstrates the considerable effect of collaborative binding by two linked cyclodextrin units. A
double γ-cyclodextrin also displayed extremely high affinity for methyl and ethyl orange,141 forming 2 : 1
complexes with association constants several hundred times higher than that of the parent cyclodextrin.

So far the dimers discussed have been linked via the primary rim, but a rigid terephthaloyl spacer has
been used to couple two cyclodextrins via the secondary rim,142 as has a disulfide link (Figure 6.22b).
Within the same work bis-cyclodextrins142 bridged between the primary rims by thioanthone links were
studied. A variety of aromatic guests capped with t-butyl groups were examined and in many cases
extremely high binding constants were obtained. The size, shape and flexibility of the guests affected their
binding, with longer guests tending to bind more strongly to the cyclodextrin with the longer ester link
and the smaller guests binding more strongly to the system shown in Figure 6.22a. Similarly, the trans
isomer of 4,4′-t-butylstilbene (Figure 6.22c) bound much more strongly to the compound in Figure 6.22a
than did the cis isomer (Figure 6.22d). However, the cyclodextrin linked at the secondary rim by a short
disulfide link showed little enhancement and it is possible that the short linkage renders the binding
sterically unfavourable.

One problem about a host with single links is that the cyclodextrin complexes may not be held in an
optimum configuration for binding and in fact could easily adopt configurations in which it is impossible
for a guest to simultaneously bind to two rings. Multiple links would preorganise the host more and
possibly enhance binding, in the same way that cryptands usually bind more strongly to their guests than
crown ethers. We have already described how functional groups can be introduced onto neighbouring
glucose units of the same cyclodextrin via A,B substitution. Through these groups it should prove possible
to synthesise doubly linked cyclodextrins. One of the first compounds of this type was synthesised by
taking β-cyclodextrin with iodo groups in the A,B positions, substituting these for imidazole groups and
then reacting the bis-imidazole units with another di-iodo cyclodextrin142 to give the structure shown in
Figure 6.23a. Two isomers were obtained from this reaction, which were called the occlusive (Figure 6.23b,
where the A position of one ring is bound to the B of the other) and the aversive (Figure 6.23c, where
A binds to A and B to B). The occlusive was found to bind to double-ended substrates up to a hundred
times more strongly than the aversive, although the binding constants were not as strong as for the singly
bridged bis-cyclodextrins.142

This bis-cyclodextrins mentioned above all have either just one linker or two equivalent linkers. How-
ever, asymmetric compounds have also been synthesised. The di-iodo β-cyclodextrins mentioned above
for example can be reacted first with naphthalene-2,6-dithiol to give a singly linked bis-cyclodextrin;143

the remaining iodo groups can be converted to thiols and then oxidised to form a second disulfide bridge
(Figure 6.24a). As before, occlusive and aversive isomers can be obtained and separated by chromatogra-
phy. As shown in Figure 6.24b,c, the two isomers are not face to face. The aversive isomer has the two
cyclodextrin rings in a conformation in which they cannot bind cooperatively to the same substrate and
displays binding constants typical of monomeric cyclodextrins. However, the occlusive isomer, because
of the two different linker lengths, has a form which the authors referred to as a ‘clam shell’. This allows
it to bind suitable substrates in which complexation takes place with both cyclodextrin rings, such as the
flexible bis-(t-butylphenyl)ester shown in Figure 6.25a, with a binding constant of 1010 M−1 (comparable
to a strong antibody–antigen interaction). In the case of rigid substrates, not only is the size of the sub-
strate important but so is its shape and for example the compounds shown in Figure 6.25b,c are similar in
size but the bent compound (Figure 6.25b) displays a binding constant at least 4000 times higher than its
linear analogue.

Some bis-cyclodextrins do not necessarily display strong host–guest interactions. This can often be
because of interactions between the two macrocycles or with the linker groups. Cyclodextrins modified
with a single amino group on the secondary ring were linked together by reaction with an activated
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Figure 6.23 (a) The structure of doubly attached bis-cyclodextrins, and the (b) occlusive and (c) aversive isomers

dicarboxylic acid to give the structures shown in Figure 6.26. NMR studies of the β-cyclodextrin dimers
in solution showed that when an eight-carbon spacer was used, the spacer group was actually partially
incorporated into one of thee cyclodextrin cavities.144 The nature of this synthesis meant that it was possible
to make an unsymmetrical α-β-cyclodextrin dimer. In the case of this species, the linker was included in
the β-cavity, whereas from solution studies on monomeric cyclodextrins, inclusion of alkyl chains into
the α-cavity would be expected. In other work by this group, rigid bipyridyl spacers were also utilised
(Figure 6.26b).145 All these dimeric species bound a variety of aromatic guests much more strongly than
single cyclodextrins. In the case of the aliphatic spacers, the short two-carbon-chain spacer led to stronger
complexation than the eight-carbon analogue, indicating that closeness of the cyclodextrins and/or lack
of self-inclusion aids complexation.145 The symmetric β-β dimer also showed stronger binding than the
α-β cyclodextrin dimer. High affinity was noted for the bipyridine-bridged dimer for porphyrins and no
self-inclusion was seen to occur. Other workers have noted self-inclusion of an azobenzene spacer into
permethylated bis-cyclodextrins.146

Formation of bis-cyclodextrins by linking together at the secondary rims via disulfide binding at either
the 2- or the 3-position of cyclodextrins has been reported.147 Other workers have used a variety of nitrogen-
and sulfur-containing chains to link together β-cyclodextrins and showed that they bound aromatic guests
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Figure 6.24 (a) The structure of asymmetric bis-cyclodextrins, and the (b) occlusive and (c) aversive isomers

with association constants up to 20 times those of β-cyclodextrin.148 Selenium-containing chains149 have
also been used, with -Se-(CH2)3-Se- and 1,2-diselenobenzene units being used to bridge between two
β-cyclodextrin units via the primary or in one case the secondary rims. In recognition studies with aromatic
dyes, the dimers displayed higher binding constants than the native monomer. Interestingly, the binding
properties were enhanced by complexation of the selenium atoms with Pt(IV). In one case this allowed the
synthesis of a species bearing four cyclodextrin moieties. Later work by the same group utilised linkers
containing amino and seleno groups of different lengths and formed mono- and bis-Pt complexes of these
species.150 The binding constants for various dyes were evaluated and found to follow some trends, with
for example the binding constants for 1-anilino-naphthalene-6-sulfonate decreasing as the length of the
linking group increased. A system utilising Te-Te bridges has also been synthesised and shown to behave
as a mimic for the enzyme glutathione peroxidase.151
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Figure 6.25 (a) The structure of the bis-(t-butylphenyl) ester, and the (b) bent and (c) linear isomers of an
aromatic guest

Recently there has been some interest in utilising bis-cyclodextrins to bind to peptides, with a series
of dimers being synthesised and compared for binding ability.152 The compounds linked by ester groups
between the secondary rims displayed the best binding for the peptides investigated. Cyclodextrins bridged
with amino and disulfide groups153 showed good selectivity for simple peptides, with for example a
selectivity of 5.0 for Gly-Leu versus Leu-Gly, which is thought to be due to interactions between protonated
amine groups in the tether and the peptides. The binding and transport of saccharides has also been of
interest and for example two β-cyclodextrins were linked via a flexible ether linkage154 and shown to
transport various monosaccharides, but not disaccharides, across a liquid membrane.
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Figure 6.26 The structure of the bis-cyclodextrins with (a) flexible and (b) bipyridyl linkers

An A,D-diamino permethylated cyclodextrin155 was bridged using rigid biphenyl units and found to form
singly bridged and doubly bridged dimers along with a cyclic trimer (Figure 6.27). When complexation was
undertaken with an anthracene derivative, the highest binding constant was observed for the trimer and the
lowest for the doubly bridged compound, indicating that the higher preorganisation and entropic advantage
of this compound is countered by the greater difficulty of opening up the duplex to allow access by the
dye. The doubly bridged system also showed excimer formation upon irradiation in water, which indicates
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that the biphenyl units are held close together in a rigid structure; this does not occur in organic solutions
or for the other cyclodextrins in this study. Other workers have also synthesised cyclodextrin trimers
and shown them to bind to trimeric and dimeric amino acid amides, with the trimeric species binding
more strongly.156 Cyclodextrin trimers containing two α-cyclodextrins linked via one β-cyclodextrin157

have also been used to catalyse an esterification reaction. An ester compound is bound between the two
α-cyclodextrins in an arrangement similar to a 2 : 1 inclusion complex and a catalytic imidazole compound
is bound by the β-cyclodextrin in an organised manner so that the imidazole is held close to the ester
(Figure 6.28). When a long diphenyl-substituted ester is used there is a noticeable enhancement (30%) in
the initial rate of hydrolysis but there is no enhancement when a short ester with a single phenyl substituent
is used, indicating that preorganisation of the two reagents enhances their relative reactivity.

A switchable cyclodextrin dimer has been made by linking together two β-cyclodextrin units, each
containing a single amino group, directly via a photochromic dithienylethene linker.158 This material
can be switched photochemically between a relatively flexible (open) and a rigid (closed) form. Binding
of this compound to tetrakis-sulfonatophenyl porphyrin is 35 times stronger in the open form than in
the closed. However, if flexible trimethylene spacers are incorporated between the cyclodextrins and the
dithienylethene unit, irradiation has minimal effect on binding since both open and closed forms are flexible
enough to bind to the guest. This opens up the possibility of systems which can bind and release guests
on application of an external stimulus.
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Figure 6.28 Structure of a tris-cyclodextrin preorganising substrates for reaction
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6.7 Polymeric Cyclodextrins

There are several methods for making polymeric cyclodextrins. One, which we discussed earlier in this
chapter, simply involves taking a long polymer molecule and threading the annular cyclodextrin molecules
along it, thus forming a molecular necklace. Reaction of the end of the polymer with bulky stopper groups
can prevent dethreading. Other methods include covalent linking of cyclodextrins and assembly using
noncovalent forces to form supramolecular poly-cyclodextrins.

6.7.1 Covalently linked cyclodextrin polymers

One of the simplest ways to make a polymeric cyclodextrin is to utilise the reaction hydroxyl groups
directly, for instance by reaction with epichlorohydrin. Early work in this field was hampered by the fact
that due to the large number of hydroxyl groups on a cyclodextrin, the resultant polymers were crosslinked
and insoluble.159 However, by carefully controlling the reaction conditions,160 β-cyclodextrin could be
condensed with epichlorohydrin to give soluble polymers with molecular weights in the range 104 –106.

Once the synthesis of mono-functionalised cyclodextrins became possible, they could be grafted onto
preformed polymers, with for example the mono-tosylate of β-cyclodextrin being capable of being grafted
onto polyvinylamine.161 This process allowed a variety of polymers with different levels of grafting to
be synthesised. Although generally only a few of the amine groups were substituted, the final polymer
had a dense, folded conformation due to the multiple hydrogen bonds between the polymer and the
cyclodextrin units. Addition of a naphthalene-based dye caused formation of 2 : 1 cyclodextrin–guest
complexes, confirming that the cyclodextrin units are held close together. These polymers have been used
to catalyse the hydrolysis of p-nitrophenyl acetate, with the results indicating that the cyclodextrin and
amine units cooperate in this process.162 Polyallylamine was also used as a substrate and grafted with
γ-cyclodextrins that had been substituted on either the primary or the secondary rims.163 Polyamines are
susceptible to protonation and hydrogen-bonding, meaning that the product polymers are highly folded in
a similar manner to the polyvinylamines, although they are not highly soluble. To address this problem,
free amine groups were acylated, giving uncharged and highly water-soluble polymers. Other workers also
utilised polyethylenimine as the base polymer, grafted on β-cyclodextrin and then studied the effects of
the resultant material on the hydrolysis of various aromatic esters.164 Reaction rates were greatly enhanced
because the polymer both acts as a complexing agent via the cyclodextrin and provides nucleophilic amines
for the hydrolysis.

As an alternative to polyamine-type materials, β-cyclodextrin can be converted to an alkoxide with LiH
and then reacted with the anhydride units of a methyl vinyl ether–maleic anhydride copolymer.165 The
resulting material contains β-cyclodextrin grafted via its 2-hydroxyl group, is water-soluble and can be
obtained in a variety of polymer : cyclodextrin ratios from 6% to 84% substituted. Similar cyclodextrins can
be grafted onto polyvinyl pyrrolidinone–maleic anhydride copolymers, although binding to adamantane-
type derivatives is less favourable than for the parent cyclodextrins.166

Instead of grafting onto a preformed polymer, cyclodextrins can instead be synthesised containing a
polymerisable group, which can then be used to synthesise the polymer. One example167 took both α- and
β-cyclodextrins and treated them with a variety of m-nitrophenyl esters under conditions which caused
mono-substitution of the cyclodextrin at the 2-hydroxyl. Polymerisable groups grafted onto the cyclodex-
trins included acryloyl [CH2—— CHCO2-] and N-acrylyl-6-aminocaproyl [CH2—— CHCONH(CH2)5CO2-].
These materials could then be polymerised using a free-radical reaction, either by themselves or with
other water-soluble monomers to give copolymers. The same group168 also showed that the hydrolysis of
p-nitrophenyl acetate and benzoate was catalysed by the resultant polymers, with an enhanced efficiency
in comparison to the monomers. However, as the degree of substitution decreased (and thereby the average
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distance along the polymer chain between cyclodextrin units increased), the enhancement decreased. This
indicates the presence of 2 : 1 host–guest complexes enhances the catalysis. Furthermore the polymer was
found to be less effective than the monomer at binding the acetate ester but more effective for the benzoate
ester, again indicating cooperative effects between two cyclodextrin rings in the case of the larger guest.
Again, studies with the fluorescent dye 2-p-toluidinylnaphthalene-6-sulfonate showed that monomeric
cyclodextrins had 1 : 1 host–guest complexation at low concentrations and 2 : 1 complexation at high
concentrations, whereas the acryloyl polymer showed exclusively 2 : 1 complexation, again confirming
that the cooperative effect is caused by the macrocycles being located on a polymer chain.169 Fluorescence
studies using naphthalene-based probes have also been performed on epichlorohydrin–cyclodextrin
copolymers. They show that complexes with polymeric systems are much stronger than those with
monomeric cyclodextrins.170

Reaction of cyclodextrins with maleic anhydride gave a material with up to five polymerisable groups
per macrocycle. This could be copolymerised with N-isopropylacrylamide to give a pH- and temperature-
sensitive hydrogel.171 This hydrogel was capable of binding methyl orange, as was a second polymer made
by combining cyclodextrin, epichlorohydrin and maleic anhydride.172

Conjugated polymers have also had cyclodextrin units attached, and for example a β-cyclodextrin with
a single amino group was condensed with (4-carboxyphenyl)acetylene and then polymerised to give the
polyphenylacetylene173 shown in Figure 6.29. This polymer had a right-handed helical structure and in
DMSO solution gave an intense red colour. However, heating the solution to 80 ◦C changed the colour to
yellow (cooling reversed the colour change) and caused a switching of the helix from right- to left-handed.
Addition of water or alcohols to the DMSO solution lowered the temperature required for this switch.

Dendrimers have been used as an alternative to polymers. For example, β-cyclodextrin can be attached to
polyethylenimine dendrimers to give species that display novel behaviour.174 Protonation of the composite
occurs much less readily than for the parent dendrimer and it has been proposed that the complex has
a very compact structure, with the dendrimer tightly wrapped around the cyclodextrin. The combination
of complexing agent and amine nucleophiles means that these composites readily catalyse the hydrolysis
of several esters. Other workers grafted carboxy-modified β-cyclodextrin onto the commercial PAMAM
polyamine dendrimers and showed the resultant conjugates to have higher complexing abilities towards
certain dyes than either the cyclodextrin or the dendrimer alone.175

O NH

Cyclodextrin

Figure 6.29 Structure of a β-cyclodextrin-substituted polyphenylacetylene
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Crosslinked polymers have also been investigated for their ability to serve as molecularly imprinted poly-
mers. Toluene-2,4-diisocyanate was used to crosslink β-cyclodextrin in the presence of various steroids.176

The resultant polymers had the steroids washed out and were then shown to display a preference for bind-
ing those steroids over similar compounds. This is thought to be due to the cyclodextrins being mutually
orientated so that they cooperatively bind those target guests that are too large to be included in the cav-
ity of one cyclodextrin molecule. Similarly, acryloyl-substituted cyclodextrins were copolymerised with
bisacrylamides and templated with various antibiotics or peptides, again to give molecularly imprinted
polymers.177 Epichlorohydrin-crosslinked β-cyclodextrins could also be used as molecularly imprinted
polymers for creatinine.178

6.7.2 Noncovalently linked cyclodextrin polymers

Other interactions have been used to link together cyclodextrins in various assemblies. In fact, in crystalline
cyclodextrins the individual macrocycles, often with included guests, can assemble in channel-type struc-
tures; these can be thought of as ‘polymeric’ cyclodextrins held together by hydrogen-bonding and other
interactions. Again as previously described, long guests such as polyethylene glycols can hold together
numerous cyclodextrins, threaded like beads on a necklace.

More complex systems have been formulated to assemble cyclodextrins in a variety of architectures.
One of the simplest is formed by attaching a single aromatic tether to the primary ring of β-cyclodextrin.
These types of system in solution can form head-to-tail or even tail-to-tail dimeric structures, where the
tether of one macrocycle is actually included within the cavity of another.179 When crystallised, these
types of material can form helical or channel-type structures. When β-cyclodextrins substituted with single
naphthalene sulfonates were used, head-to-head dimers were formed in solution,180 where both naphthalenes
were encapsulated within the opposing macrocycle, entering via the secondary rim.

Trimers have also been shown to form in solution. When a cinnamoyl substituent was used (Figure 6.30a)
the β-cyclodextrin was found to be relatively insoluble in water but could be solubilised as a host–guest
complex with compounds such as p-iodophenol, indicating that in the absence of guests, the cyclodextrins
form a polymer.181 However, when α-cyclodextrin was substituted, the resultant material was soluble,
with the predominant species in solution appearing to be a trimer. Similar behaviour was observed for the
system shown in Figure 6.30b, which could be reacted with bulky ‘stopper’ groups to give the material in
Figure 6.30c. This precipitated as a solid product181 and was shown to be mainly a trimer with a structure
the authors termed a ‘daisy chain’ (Figure 6.30d). Polymeric versions with molecular weights of up to
18 000 could also be obtained. Other workers used tethered grouos to give ‘polymeric’ cyclodextrins.113,115

Use of azobenzene tethers and naphthalene ‘stoppers’ allowed formation of a much larger superstructure182

containing five cyclodextrin rings, again in a daisy-chain formation.
As an interesting variation on these themes, it has proved possible to incorporate both α- and

β-cyclodextrins as alternating units in the same polymer.183 When an α-cyclodextrin substituted with an
adamantyl group is combined with a β-cyclodextrin substituted with a t-butyl phenyl group, the adamantyl
group preferentially binds within the β-cyclodextrin cavity. The remaining t-butyl phenyl tether is then
incorporated within the α-cyclodextrin. This is shown schematically in Figure 6.31, with the resultant
polymers having molecular weights as high as 15 000.

6.8 Cyclodextrins Combined with Other Macrocyclic Systems

Not only have cyclodextrins been combined together, they have also been combined with a number of
other macrocyclic systems. Just a few examples will be given here, but these show the possibilities that
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Figure 6.30 (a,b,c) Structures of cyclodextrins substituted with cinnamoyl derivatives and (d) a ‘daisy
chain’ trimer

can be explored. Crown ethers have been attached to cyclodextrins, with one of the earliest examples
being the compound shown in Figure 6.32a, in which a diaza-18-crown-6 moiety has been attached at the
primary ring.184 This compound shows a 7–10 times higher affinity for aromatic ammonium ions than the
parent cyclodextrin, which is thought to be due to a cooperative effect in which the cyclodextrin binds
the aromatic moiety and the crown the ammonium ion. Multiply substituted cyclodextrins have also been
synthesised (Figure 6.32b), where seven crown-ether units are attached to a single β-cyclodextrin unit.185

Again these have been shown to bind to ammonium cations, but in the case of monovalent ammonium ions
the binding is poorer than that of the unsubstituted crown ethers, due to steric crowding and unfavourable
ion–ion interactions. In the case of divalent dialkylammonium ligands, an increase in binding constant of
two orders of magnitude is seen for certain host–guest pairs, indicating the possibility of chelate effects.
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3-AhHexNH-α-CD

6-p-tBocCiNH-β-CD
(intramolecular complex)

In aqueous solution

Supramolecular heterodimer

In aqueous solution

Alternating α-, β-CD supramolecular polymer

Figure 6.31 Structures of alternating α-, β-cyclodextrin polymers. (Reprinted with permission from.183 Copyright
2004 American Chemical Society)

Other crown ether-based systems have also been synthesised, such as that shown in Figure 6.32c,
where the cyclodextrin has been attached by the primary rim. In the same work186 bis-cyclodextrins were
synthesised in which the cyclodextrins were linked by crown ethers via either the primary (Figure 6.32d)
or the secondary rim (Figure 6.32e). Complexation studies with fluorescent guests showed that the primary
substituted cyclodextrins displayed increased binding to anionic guests, whereas the secondary-rim-linked
bis-cyclodextrin displayed enhanced binding to linear dyes, probably due to cooperative effects between
the two cyclodextrin units. Other workers187 have also synthesised cyclodextrins substituted with either
benzo-15-crown-5 or benzo-18-crown-6 at the primary or secondary rims, and showed that the cyclodextrins
modified at the secondary rim displayed superior complexation properties towards tryptophan and that use
of the larger crown ether further enhanced binding.

Calixarene–cyclodextrin conjugates188 have also been synthesised, such as those shown in
Figure 6.33a,b. It was thought that they would complement each other well, since calixarene binding is
often electrostatic in nature and cyclodextrin binding is often caused by hydrophobic effects. Complex
formation was investigated with various fluorescent dyes and increases of binding coefficient towards
such dyes as sodium 2-(p-toluidino)-6-naphthalenesulfonate and acridine red were observed. Synthesis
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Figure 6.33 Structures of calixarene-substituted β-cyclodextrins

of a bis-benzaldehyde-substituted γ-cyclodextrin and its reaction with pyrrole189 allowed the one-pot
construction of a cage molecule containing four cyclodextrin and two porphyrin units. Fluorescence
measurements appeared to confirm the cofacial arrangement of the porphyrin moieties.

6.9 Therapeutic Uses of Cyclodextrins

The discovery of the therapeutic activity of an organic compound is often only the first step in the
development of a successful pharmaceutical product; there are then a wide number of formulation
problems to be solved. First is the intrinsic solubility of the drug compound, which is simple if it is
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Figure 6.34 Structures of (a) paclitaxel and (b) digoxin

readily soluble in plain water, but many drugs are not. The use of other solvents is unfortunately not really
an option for pharmaceutical applications since the majority of solvents are toxic. A typical example
is paclitaxel (Figure 6.34a), usually marketed under the name Taxol, which is a potent anticancer drug.
The pharmaceutical system has severe side effects, some of which may not actually be due to the drug
itself but to the solvating agents. Insolubility can be an even worse problem if the drug is intended for
intravenous application since whilst the stomach has the capability to deal with a wide range of materials,
the cardiovascular system is far less tolerant.

Even if the compound is soluble in water, this may still not be enough since often the desired form of
application is a tablet, which must dissolve after being swallowed. Many factors, such as the particle size,



Therapeutic Uses of Cyclodextrins 237

salt form and level of hydration, can affect the rate of solution of an intrinsically soluble compound. Also,
the crystal form can vary depending on how the compound has been isolated and this too can have drastic
effects on solubility.

Besides solubility, other factors can also render a drug unsuitable. Stability of the compound is often
vital, both on-shelf (because products with a short shelf-life can easily end up being thrown away or used
after they have become ineffective) and in vivo, if the drug compound is to be taken orally it must not be
inactivated by exposure to digestive juices or acidic environments. If the drug is taken orally it must be
capable of being adsorbed by the digestive system and into the bloodstream. Once in the bloodstream it
must usually be capable of crossing cell barriers to be of any use.

In many instances a simple one-off administration of a drug will suffice, for example taking an analgesic
in response to a headache. Often the medical condition may require continuous medication over a long
period of time. Also, many therapeutic compounds have an optimum concentration within the body; too
low and no benefit is derived, too high and unwanted side effects or toxicity can occur, endangering
the health of the patient. An example of this is digoxin (Figure 6.34b), a cardiac drug widely used in the
treatment of various heart conditions such as atrial fibrillation and atrial flutter,190 with a narrow therapeutic
range of 0.8–2.0 ng ml−1. When a drug is ingested or injected, the level within the patient’s blood tends to
rise towards a plateau and then after some time to fall again to zero. A more efficient application method
would give a stable level of treatment. At the time of writing, approximately 15% of the current world
pharmaceutical market consists of products which utilise a carrier system,191 and a wide variety of drug-
carrier and -delivery systems are under investigation, with several reviews published on the subject.192–195

We will discuss here the principles of drug delivery and give examples of a few current commercial and
research applications of these materials; more details can be found in the References.192–195

Ingestion is the most popular form of drug delivery, because of its simplicity and convenience. There
are a number of problems with this technique, however, as discussed above; irritation of the bowel is
a common side effect, for example. A drug can also be dispersed, usually via a nebuliser, and directly
inhaled. Especially suitable for treating respiratory diseases, this technique is widely used for the treatment
of asthma. However, delivery via this method can still be adversely affected by the barrier between
air and blood within the lung. A drug can be incorporated within a transdermal patch, similar to the
nicotine patches used to relieve the ‘cravings’ of people attempting to stop smoking. Patches often need
to be applied only once every several days, are noninvasive and painless, and can be safely applied to
unconscious patients. The skin barrier does lead to slow penetration rates however and therefore in many
instances only relatively low dosage levels can be attained. A drug can also be administered by injection,
but this technique has the disadvantage of being invasive as well as being painful. Drug-carrier systems
can be utilised with this method, to prevent degradation of the drug within the bloodstream for example.
Alternatively, a drug–carrier composite can be surgically implanted close to an affected site.

Cyclodextrins are of interest in such situations because of their complexing ability: many water-insoluble
compounds can be dissolved in water by encapsulating them inside the cavity of a cyclodextrin. Being
encapsulated within a cyclodextrin can protect the guest from being degraded by the environment, as well as
enhancing its shelf and operational stability. Similarly, many compounds undergo polymorphic transitions
from one crystalline form to another upon storage, which can modify their efficacy, and encapsulation can
prevent this. Hydrophobic-modified cyclodextrins can be used to encapsulate water-soluble drugs and act as
sustained-release agents. Other advantages of cyclodextrins include their well-defined structure, low toxicity
and relatively simple chemical modification procedures, allowing production of tailored cyclodextrins. The
reader is referred to a series of reviews of cyclodextrins as drug-delivery systems,196–198 and to a 1999
special issue of the journal Advanced Drug Delivery Reviews on the subject (see Bibliography).

Initially cyclodextrins were actually thought to be toxic; in early work it was reported that rats fed on
cyclodextrins would only eat them in small quantities and soon died.199 Later work did not reproduce
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this and it is now thought possible that the cyclodextrins used had been isolated as inclusion complexes
containing toxic organic solvents that were responsible for the effects noted.3 Once it had been finally estab-
lished that cyclodextrins were not as toxic as first thought, their use in therapeutic applications was made
possible. However, cyclodextrins are not completely benign – some of their effects are briefly reviewed
by Uekama200 and include the removal of cholesterol from cell membranes by methylated cyclodextrins,
which leads to cell lysis.

There are numerous ways in which cyclodextrins can be utilised, a few of which will be listed here.
Hydrophilic cyclodextrins have been used to solubilise a range of water-insoluble drugs, such as Captisol�,
which is a β-cyclodextrin substituted with a number of sulfobutyl ether groups ionised at physiological
pHs and rendering this compound highly water-soluble. Commercial applications for this material include
the formulation Vfend� (marketed by Pfizer), which is a mixture of Captisol� and the antifungal active
ingredient voriconazole, which can be dissolved in water and applied intravenously. A similar formulation is
Zeldox, which contains the active ingredient ziprasidone, an antipsychotic agent. Captisol has also been used
within the delivery of budenoside via a nasal spray to relieve allergic symptoms and asthma.201 Another
β-cyclodextrin derivative that is being investigated for similar applications is the hydroxypropyl ether
(Kleptose HPB�). Digoxin and other digitalis glycosides have been shown to form 1 : 4 complexes with
γ-cyclodextrin and to lead, after oral administration, to 5.4-fold increases in plasma drug levels in dogs.202

A series of other drug–cyclodextrin complexes have been approved for use in various countries, as listed
by Loftsson and Duchêne198 and by French.199 These include Nitropen� (a tablet form of nitroglycerin
with β-cyclodextrin), Meiact (a tablet containing the antibiotic cephalosporin with α-cyclodextrin) and
Aerodiol� (a nasal spray containing estradiol and methylated β-cyclodextrin).

One potential application is the delayed-release agent, where a drug is released at a desired time or in
a desired place. For example, if one wanted to deliver a drug to the colon, simply swallowing it might
not suffice since it would have to run the gauntlet of the stomach and intestinal tract before it reached
its desired target and might not survive the journey. A stable host–drug complex might be engineered to
pass through this system and then degrades in the colon to release the drug. For example, cyclodextrins
covalently substituted with an anti-inflammatory agent, 4-biphenylylacetic acid, were found to release 95%
of the drug within one to two hours of exposure to rat colonic contents, and were unaffected by stomach
or intestine contents.203

Gene delivery using cyclodextrins is also being widely investigated. A variety of cationic, neutral and
anionic cyclodextrins have been studied and in several cases shown to enhance adenoviral-mediated gene
transfer to intestinal cells,204 with positively charged cyclodextrins being the most efficient. Combinations
of cyclodextrins and commercial PAMAM dendrimers were shown to be up to 200 times more effective
at DNA transfer than the dendrimer alone.205 Enhancements were also found for conjugates of dendrimers
covalently bound to cyclodextrins (1 : 1 ratio), with α-cyclodextrin being the most effective.206 Transfection
activity was 100 times greater for the conjugate than for either the dendrimer alone or a physical mix of
dendrimer and α-cyclodextrin.

These applications have only employed simple cyclodextrin complexes, but far more complex formula-
tions are described in the literature and have been reviewed by Trichard et al.207 These include incorporating
cyclodextrins into emulsions, microcapsules, polymeric nanospheres, nanocapsules and liposomes. Again
the reader is advised to study the Bibliography for further information.

6.10 Other Uses of Cyclodextrins

Besides the pharmaceutical applications, there are a vast range of other potential uses for cyclodextrins,
many of which are now commercial products. A 2009 search of the European patent database reveals
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almost 9500 patents for cyclodextrins, with an almost identical number in the US patent database, about
3000 in the Japanese and 1000 in the world patent database. The Bibliography and other reviews mentioned
in this chapter describe many of these potential applications in detail and a brief overview will be given
here. The cyclodextrins are the only group of supramolecular entities to so far have significant widespread
commercial applications. The main reason for this is that they can easily be manufactured on a large scale,
meaning they have relatively low cost. Combined with their stability and low toxicity, this has formed the
basis of their success.

One obvious potential application for cyclodextrins is as adsorbents. Among the simplest is their use as
deodorants, because of their ability to complex molecules and essentially remove them from the environ-
ment. Products such as the Febreze range of household odour-removal products, marketed by Proctor and
Gamble, contain cyclodextrins as the active ingredient. Other applications include the removal of unwanted
compounds from food and drink. For example, early-season Florida grapefruit have a high bitterness due
to high levels of compounds such as nomilin and limonin (Figure 6.35); passing grapefruit juice through
β-cyclodextrin polymers, usually as fluidised beds, removes these compounds and can improve its taste.208

Similarly, green tea contains catechins, which have health-promoting effects but unfortunately also impart
a very bitter taste. Addition of cyclodextrins reduces the bitter flavour whilst also helping to stabilise
the catechins.

Cyclodextrins often find applications as stabilising agents. Often an unstable compound can become
entrapped inside a cyclodextrin and in effect become shielded. This effect has been commercialised and for
example Wacker Fine chemicals have produced a range of cyclodextrin complexes for use in the personal-
care industry.209 They currently market cyclodextrin-encapsulated products such as retinol (Figure 6.36a),
which is used within the skin-care industry as an anti-aging agent. Retinol is highly sensitive to UV
light and oxygen and retains <10% activity after six months of storage, but when complexed with two
γ-cyclodextrin molecules is stabilised to such an extent that it retains >90% of its activity after two years.
When the cosmetic is applied to the skin the retinol is released onto its surface. Other skin-care products
of a similar nature include vitamin E (tocophenol), which is supplied as a 1 : 2 complex210 with β- or
γ-cyclodextrin (Figure 6.36b), linoleic acid (Figure 6.36c), as a 1 : 4 complex with α-cyclodextrin, and
tea-tree oil, complexed with β-cyclodextrin.
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Figure 6.35 Structures of (a) nomilin and (b) limonin
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Another product that utilises cyclodextrins as entrapment agents is Bounce, which is marketed by Proctor
and Gamble. This is a fabric sheet added to washing during a dryer cycle and contains various perfumes
which are stabilised by encapsulation inside cyclodextrins. During the dryer cycle these complexed per-
fumes are transferred to the clothes, and some are then released by a combination of heat and water
vapour from drying clothes.211 When the fabric is remoistened by perspiration or other moisture, fragrance
is again released from the complex to give an impression of freshness. Often the lifetime of this process
is extended by using a mixture of perfumes of differing volatilities.

Slower release of flavour compounds can also be obtained using cyclodextrins. For example, a chewing
gum containing the mint flavouring 3-1-menthoxypropane-1,2-diol (Figure 6.36d) was formulated with
and without β-cyclodextrin;212 the gum that contained the cyclodextrin demonstrated longer-lasting flavour
and ‘coolness’ and gave a much firmer texture (one disadvantage of 3-1-menthoxypropane-1,2-diol as a
flavour agent is that it can soften the gum). Similar flavour components characteristic of spices such as
garlic, cinnamon and ginger can be complexed with cyclodextrins for incorporation into baking products.
Not only does this enhance the stability, but as less of these flavour components are lost during cooking
due to reduced volatility, a smaller amount needs to be incorporated initially.

Cyclodextrins can also be used to mask scents and flavours. Beneficial dietary supplements such as fish
oils and garlic oils often have unpleasant odours, but complexation with cyclodextrins removes these and
allows the product to be formulated as a tablet or powder. Typical commercial products include OmegaDry
(manufactured by Wacker Chemie AG), which is a fish oil–γ-cyclodextrin conjugate, and Cardiomax garlic
tablets (Seven Seas Health Care), in which pure essential oil of garlic is formulated with cyclodextrins.

One major commercial application of cyclodextrins is in cholesterol removal. Steroids form complexes
with cyclodextrins,176 and cholesterol is no exception, forming complexes with β-cyclodextrin and a variety
of bis- and polycyclodextrins.213 This process is the basis of many low-cholesterol foods currently available
on the market, as reviewed by Szente and Szejtli.214 For example, molten butter can be mixed with
β-cyclodextrin, which forms a complex with the cholesterol present in the butter and can easily be removed.
Cholesterol can be removed in a similar way from cheese.215 Typical commercial low-cholesterol products
include Balade butter and Simply Eggs, a liquid-egg product made from whole eggs.

We have discussed at some length how cyclodextrins can aid in drugs and other formulations to improve
properties such as solubility and stability. This approach is not just limited to these applications and one
large area undergoing investigation is the use of cyclodextrins to modify agrochemicals. Modern agricul-
ture requires a wide range of chemicals, with fertilisers and pesticides being two of the most obvious.
Many of the problems associated with drug compounds, such as solubility, difficulty of controlled release
and stability, are also applicable to agrochemicals. Because of the large-scale availability of cyclodex-
trins and their affinity for a wide range of compounds – especially the pesticides, with their associated
problems of toxicity and controlled application – work has been undertaken on agrochemical–cyclodextrin
formulations. So far though this represents only a small fraction of the total cyclodextrin literature and no
large-scale commercial applications yet exist. Much of this work has been reviewed by Morillo.216

Several novel products based on cyclodextrins are currently being marketed in Japan, as reviewed
by Hashimoto.217 These include textiles modified with cyclodextrin complexed with squalene or linoleic
acid to help treat conditions such as dermatitis. A wide range of other compounds such as perfumes,
insecticides and so on complexed with cyclodextrins have been incorporated into textiles. Some workers
have incorporated cyclodextrins complexed with antifungal agents (o-methoxycinnamaldehyde) into socks
to successfully treat athlete’s foot. The use of cyclodextrin-based agents to modify textiles has been
reviewed by Szejtli.218 Wrapping materials which include cyclodextrin products have also been made. The
spice wasabi has been shown to have antibacterial properties, and stabilised by cyclodextrins it has been
incorporated into food wrapping materials to suppress mould and bacterial growth.217
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The stability and chirality of cyclodextrins has led to their incorporation as the recognition element in
chiral chromatography columns. The literature contains many papers describing the separation of a vast
number of compounds into their enantiomers using chiral GC or LC methods with cyclodextrin-based
columns. A number of commercial columns are available, such as the Cyclobond and Chiraldex series
marketed by Advanced Separation Technologies (Astec). Chiraldex columns are capillary GC columns
with a variety of stationary phases based on all three of the main cyclodextrins, which have then been
modified to give various etherified or trifluoroacetylated products. These can be used for separation of
aromatic and nonaromatic enantiomers. Cyclobond is a series of HPLC columns utilising a packed column
containing silica onto which cyclodextrins have been chemically grafted via an ether linkage. Again various
cyclodextrin sizes and substitution patterns are available. Similarly, Agilent supplies a number of chiral
columns such as the CycloSil-B GC capillary column, in which the stationary phase contains heptakis
(2,3-di-O-methyl-6-O-t-butyl dimethylsilyl)-ß-cyclodextrin, the similar Cyclodex column containing
the parent ß-cyclodextrin and the HP-Chiral ß GC column containing permethylated ß-cyclodextrin.
Phenomenex produces the chiral HPLC Chiradex columns based on silica solid phases modified with
ß-cyclodextrin. There are a number of other cyclodextrin-based columns available on the market.

We mentioned earlier in this chapter how certain reactions can be catalysed by the presence of cyclodex-
trins. Although the study of cyclodextrins as catalysts has increased greatly in recent years,219 and the
effects of cyclodextrins on the rates and sterospecificities of many reactions are being intensively investi-
gated, as yet no major commercial applications have been developed. The catalysis can take several forms,
via direct bond formation with the cyclodextrin, by acid base catalysis of the hydroxyl groups or by the
cyclodextrins simply accommodating one or more substrates within their cavity and acting as a minia-
ture reaction vessel. Cyclodextrins have also shown an ability to indirectly aid electrochemical reactions;
tetrathiafulvalene for example (Figure 6.36e) is a versatile mediation for electrochemical reactions but is
insoluble in water. It readily complexes with the three major cyclodextrins220 and as the 1 : 1 complex with
ß-cyclodextrin has been shown to effectively mediate the transfer of electrons between the reaction centre
of immobilised glucose oxidase and the electrode, with no mediator present the enzyme is essentially
insulated, with no electron transfer being observed.

Because of their sometimes selective complexation behaviour in solution, attempts have been made to
immobilise cyclodextrins onto various surfaces for use as sensors. For example, 3-methyl thiophene can
be electrodeposited to form a conducting polymer containing embedded γ-cyclodextrin221 and the resultant
modified electrode has been shown to be capable of detecting chlorpromazine and some neurotransmitters
at levels as low as 10−7 M. Similarly, both α- or β-cyclodextrins can be incorporated into polypyrrole
films and the resultant polymer membranes have been shown to display high permeability to metal ions,
with the β-cyclodextrin film being the most permeable except in the case of copper.222

Attaching thiol or disulfide groups to the cyclodextrins allows their attachment directly to a gold surface.
Early work utilised ß-cyclodextrins functionalised with seven sulfur-containing groups, but the resultant
films were very permeable and gave behaviour indicating poor packing of the cyclodextrin moieties. When
cyclodextrins with lesser degrees of substitution (usually 2–4 thiol groups on the primary rim) or mono-
functionalised cyclodextrins with both short and long spacers were utilised,223 the structure of the film
and the orientation of the cyclodextrin macrocycle were found to be highly dependent on the substitu-
tion. Cyclic voltammetry showed that cyclodextrins with longer spacer chains gave less permeable films,
indicating better packing and that monofunctionalised cyclodextrins packed more efficiently than those
which were multifunctionalised. Other characterisation techniques indicated that the monofunctionalised
cyclodextrins with long spacer chains packed with the cyclodextrin orientated with the macrocycle almost
perpendicular to the plane of the gold surface, whereas for the other systems the cyclodextrins were parallel
to the substrate.
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Other cyclodextrin mono-thiols were immobilised at gold electrodes and interrogated by AC
impedance.224 Near-perfect packing efficiencies of the macrocycles on the surface were observed and the
film was shown to respond to the presence of anilinonaphthalene sulfonate in solution. Other work225

also showed the response of these types of monolayer to a variety of substrates and further demonstrated
that mixed monolayers of the cyclodextrins with simple alkyl thiols were of higher quality than films
of cyclodextrin alone. A cyclodextrin monofunctionalised at the primary rim with a thiol group and
at the secondary rim with an anthraquinone unit also formed monolayers on gold, with fast electron
transfer being observed between the anthraquinone unit and the substrate even though the cyclodextrin
ring was between them.226 This process could be affected by the presence of a naphthalene guest in
the cyclodextrin cavity. It is not necessary to covalently bind a mediator to the cyclodextrin and simple
inclusion is sufficient; for instance, electron transfer has been demonstrated for thiolated cyclodextrin
layers containing a mediator – methylene blue – bound within the cavity.227 Similar work on various
quinine mediators in solution has shown that electron transfer only occurs when the mediator is of a size
that allows it to enter the cyclodextrin cavity.228

Other workers studied thiolated derivatives of the three main cyclodextrins229 and showed that
α-cyclodextrins blocked the access of ferrocene carboxylic acid to the electrode while the larger
macrocycles allowed access, although access could then be blocked by complexation with electroinactive
guests, demonstrating molecular recognition. Positional isomerisation was also found to be important.
The four positional isomers of a dithio derivative of γ-cyclodextrin230 for example were synthesised and
assembled on gold surfaces, and when the two anchor groups were well separated (i.e. the 6A,6E isomer),
near perfect coverage of the gold electrode was seen. Lesser coverage was however observed for the
6A,6D (89%), 6A,6C (86%) and 6A, 6B (60%) isomers.

As an alternative to direct immobilisation of a cyclodextrin, a gold surface was modified with thiooctic
acid and α-, β- or γ-cyclodextrins modified with protonated amino groups electrostatically adsorbed onto
this surface.231 The resultant system was shown to bind ferrocene carboxylate. The Langmuir–Blodgett
technique also offers an alternative method for assembling cyclodextrins in layers. For example, a
β-cyclodextrin substituted with seven tetrathiafulvalene moieties (Figure 6.36f) and the corresponding
γ-cyclodextrin can be deposited as an LB film,232 with the tetrathiafulvalene units showing the potential
to act as mediators.

Electrochemical methods have also been used to assemble cyclodextrins onto surfaces, and a potential
controlled adsorption of β-cyclodextrin onto gold led to the formation of cyclodextrin ‘nanotubes’ on the
surface,233 with the cyclodextrin cavities facing sideways rather than upwards in the tubes.

Cyclodextrins have also been utilised in the construction of a great many supramolecular systems, such
as rotoxanes and catenanes, and have also been applied to the development of a number of molecular
machines and devices. This will be discussed in Chapter 9.

6.11 Conclusions

Since nature has been synthesising organic chemicals for far longer than mankind, it is fitting that one of
the oldest and most commonly used groups of chemicals described within this book is of natural origin.
Without the enzymatic processes available to synthesise these systems, they would remain a little-known
academic curiosity, if indeed they had even been discovered at all. Instead cyclodextrins are so easily
available that we use them in a wide variety of commercial applications.

The ease of obtaining cyclodextrins at inexpensive prices and the wide variety of reactions that can be
used to selectively modify these compounds indicates that besides their current applications, a wide range
of future uses beckon. It is almost inevitable that the large numbers of intriguing papers published on these
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macrocycles every year will lead to many new advances in fields as diverse as pharmaceuticals, household
applications, food modification and health, along with more esoteric applications such as sensors and
molecular devices. The use of cyclodextrins in drug formulations could well provide a whole new range
of orally applicable drugs combined with prolonged therapeutic effects. They could also be instrumental
in the development of new specific site- or time-controlled delivery drugs for, for example colon-specific
delivery, and in advancing fields such as gene delivery. Other potential future applications could include
complex separation and fractionation techniques, incorporation into various matrices to give smart materials
and the mitigation or better still prevention of environmental pollution.

Within this chapter we have discussed the physical, chemical and functional properties of a selection
of what is a wide-ranging array of compounds. It is to be hoped that the advances made in this field will
continue and that we may begin to approach molecules with selectivities and specificities similar to the
wide array of proteins, enzymes, antibodies and nucleic acids that can be found in the natural world.
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Berengue A. Binding affinity properties of dendritic glycosides based on a β-cyclodextrin core toward guest
molecules and concanavalin A. J Org Chem. 2001; 66: 7786–7795.

97. Takahashia K, Hattoria K, Toda F. Monotosylated α- and β-cyclodextrins prepared in an alkaline aqueous
solution. Tet Lett. 1984; 25: 3331–3334.

98. Cornwell MJ, Huff JB, Bieniarz C. A one-step synthesis of cyclodextrin monoaldehydes. Tet Lett. 1995; 36:
8371–8374.

99. Ikuta A, Mizuta N, Kitahata S, Murata T, Usui T, Koizumi K, Tanimoto T. Preparation and characterization
of novel branched β-cyclodextrins having β-D-galactose residues on the non-reducing terminal of the side
chains and their specific interactions with peanut (Arachis hypogaea) agglutinin. Chem Pharm Bull. 2004; 52:
51–56.

100. Narita M, Hamada F, Suzuki I, Osa T. Variations of fluorescent molecular sensing for organic guests by
regioselective anthranilate modified β- and γ-cyclodextrins. J Chem Soc. Perkin Trans. 1998; 2: 2751–2758.

101. Narita M, Hamada F. The synthesis of a fluorescent chemo-sensor system based on regioselectively dansyl-
tosyl-modified β- and γ-cyclodextrins. J Chem Soc. Perkin Trans. 2000; 2: 823–832.

102. Yuan D-Q, Yamada T, Fujita K. Amplification of the reactivity difference between two methylene groups of
cyclodextrins via a cap. Chem Commun. 2001; 2706–2707.

103. Tabushi I, Kuroda Y, Yokota K, Yuan LC. Regiospecific A,C- and A,D-disulfonate capping of.beta.-cyclodextrin.
J Am Chem Soc. 1981; 103: 711–712.

104. Atsumi M, Izumida M, Yuan D-Q, Fujita K. Selective synthesis and structure determination of 6A,6C,6E-tri(O-
sulfonyl)-β-cyclodextrins. Tet Lett. 2000; 41: 8117–8120.



References 249

105. Teranishi K, Tanabe S, Hiramatsu M, Yamada T. Convenient regioselective mono-2-O-sulfonation of cycloma-
ltooctaose. Biosc Biotech Biochem. 1998; 62: 1249–1252.

106. Law H, Baussanne I, Fernández JMG, Defaye J. Regioselective sulfonylation at O-2 of cyclomaltoheptaose
with 1-(p-tolylsulfonyl)-(1H)-1,2,4-triazole. Carbohyd Res. 2003; 338: 251–253.

107. Suzuki M, Nozoe Y. Facile preparation of mono-2-O-modified eicosa-O-methylcyclomaltoheptaoses
(β-cyclodextrins). Carbohyd Res. 2002; 337: 2393–2397.

108. Fujita K, Tahara T, Imoto T, Koga T. Regiospecific sulfonation onto C-3 hydroxyls of beta-cyclodextrin:
preparation and enzyme-based structural assignment of 3A,3C and 3A3D disulfonates. J Am Chem Soc. 1986;
108: 2030–2034.

109. Fujita K, Tahara T, Yamamura H, Imoto T, Koga T, Fujioka T, Mihashi K. Specific preparation and structure
determination of 3A,3C,3E-tri-O-sulfonyl-.beta.-cyclodextrin. J Org Chem. 1990; 55: 877–880.

110. Ueno A, Breslow R. Selective sulfonation of a secondary hydroxyl group of β-cyclodextrin. Tet Lett. 1982; 34:
3451–3454.

111. Yuan D-Q, Tahara T, Chen W-H, Okabe Y, Yang C, Yagi Y, Nogami Y, Fukudome M, Fujita K. Functional-
ization of cyclodextrins via reactions of 2,3-anhydrocyclodextrins. J Org Chem. 2003; 68: 9456–9466.

112. Yang C, Yuan D-Q, Nogamib Y, Fujita K. Per(3-deoxy)-γ-cyclomannin: a non-glucose cyclooligosaccharide
featuring inclusion properties. Tet Lett. 2003; 44: 4641–4644.

113. Harata K, Takenaka Y, Yoshida N. Crystal structures of 6-deoxy-6-monosubstituted – cyclodextrins: substituent-
regulated one-dimensional arrays of macrocycles. J Chem Soc. Perkin Trans. 2001; 2: 1667–1673.

114. Impellizzeri G, Pappalardo G, D’Alessandro F, Rizzarelli E, Saviano M, Iacovino R, Benedetti E, Pedone
C. Solid state and solution conformation of 6-[4-[N-tert-butoxycarbonylN-(N-ethyl)propanamide]imidazolyl]-
6-deoxycyclo maltoheptaose: evidence of self-inclusion of the boc group within the β-cyclodextrin cavity. Eur
J Org Chem. 2000; 1065–1076.

115. Saviano M, Benedetti E, di Blasio B, Gavuzzo E, Fierro O, Pedone C, Iacovino R, Rizzarelli E, Vecchio
G. Difunctionalized -cyclodextrins: synthesis and X-ray diffraction structure of 6I,6II-dideoxy-6I,6II-bis
[2-(2-pyridyl)ethylamino]–cyclomaltoheptaose. J Chem Soc. Perkin Trans. 2001; 2: 946–952.

116. Harata K, Uekama K, Otagiri M, Hirayama F. The structure of the cyclodextrin complex. XV. Crystal structure
of hexakis(2,3,6-tri-O-methyl)-α-cyclodextrin–p-nitrophenol (1 : 1) complex monohydrate. Bull Chem Soc Jpn.
1982; 55: 3905–3910.

117. Harata K, Uekama K, Otagiri M, Hirayama F. The structure of the cyclodextrin complex. XI. Crystal struc-
ture of hexakis(2,3,6-tri-O-methyl)-α-cyclodextrin–p-iodoaniline monohydrate. Bull Chem Soc Jpn. 1982; 55:
407–410.

118. Mentzafos D, Mavridis IM, Schenk H. Crystal structure of the 1 : 1 complex of heptakis(2,3,6-tri-O-
methyl)cyclomaltoheptaose (permethylated β-cyclodextrin) with ethyl laurate. Carbohyd Res. 1994; 253:
39–50.

119. Armspach D, Matt D, Kyritsakas N. Anchoring a helical handle across a cavity: the first 2,2′-bipyridyl-capped
α-cyclodextrin capable of encapsulating transition metals. Polyhedron. 2001; 20: 663–668.
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7
Cyclotriveratylenes and Cryptophanes

7.1 Introduction

We have already discussed the calixarenes and the related resorcinarenes within Chapter 4 of this work.
Calixarenes have phenol units as their basic building blocks, while resorcinarenes are based on 1,3-
dihydroxy benzene (resorcinol). Another similar range of compounds is that of the cyclotriveratrylenes,
which have a structure containing derivatives of 1,2-dihydroxy benzene or catechol, meaning they might
also be thought of as calix[3]catecholarenes. Alternatively, they can be classified as members of the
[1.1.1]orthocyclophane family.

These compounds have been shown to assume rigid crown-type structures and to form inclusion
complexes with a variety of guests. One advantage of these compounds over many other macrocycles
is that it is relatively simple to synthesise derivatives which are inherently chiral and then to separate
the enantiomers. Many other macrocycles are much more difficult to substitute to give inherently chiral
structures and in the case of cyclodextrins only one enantiomer is usually available.

Another feature of these systems is that it is relatively simple to link two units together to form
cryptophanes, which are hosts for a variety of organic compounds. These hosts display a high degree of
preorganisation, which leads to high binding coefficients and good selectivity.

7.2 Synthesis of Cyclotriveratrylenes

Probably the first synthesis of these types of compound came from initial work by Arthur Ewins,1 who
reacted 3,4-methylenedioxybenzyl chloride (Figure 7.1a) under acidic conditions to give what he thought
was a dihydroanthracene structure (Figure 7.1b). Similar work by Gertrude Robinson2 in 1915 was reported
where homoveratryl alcohol (Figure 7.1c) was condensed by a sulfuric–glacial acetic acid mixture to
give what was thought to be the dimeric structure shown in Figure 7.1d. An identical product could be
obtained by the acid-catalysed condensation of veratrole (1,2-dimethoxy benzene) with formaldehyde, a
synthesis analogous to those reported for calixarenes. The supposed structure was supported by chemical
reactions in which the condensate was decomposed with, for example, nitric acid to give 6-nitroveratric
acid and 4,5-dinitroveratrole.

Macrocycles: C onstruction, Chemistr y and Nanotechnology Applications, First Edition. Frank D avis and S éamus Higs on.
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Figure 7.1 Structures of (a) ‘piperonyl chloride’, (c) veratryl alcohol, (b,d) suspected dimers of (a) and (c), and
(e,f) X-ray crystal structure of cyclotriveratrylene

Later work disputed the dihydroanthracene nature of the product and other structures were proposed
such as cyclic hexamers. However, it was finally established that a cyclic trimeric structure (Figure 7.1e)
was the correct one by determination of its molecular weight and chemical reaction products.3 In this
paper Lindsey also first coined the name ‘cyclotriveratrylene’ (CTV) and with a combination of molecular
modelling and NMR measurements deduced that the molecule existed in a ‘crown’ conformation. Other
workers obtained mass spectra and NMR which confirmed this result.4

Final proof of the structure5 came from an X-ray crystal study which clearly showed a trimeric crown-
shaped structure (Figure 7.1f,g). Both benzene and water co-crystallised as guests within this structure (not
shown), the benzene being incorporated into the cavity and the water hydrogen-bonding to the methoxy
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Figure 7.2 Structures of (a) ‘crown’ and (b) ‘saddle’ forms of cyclotriveratrylene

groups. The NMR studies showed that the methylene linker groups were asymmetric, that is the two
methylene protons were not equivalent,4 leading to splitting of the signal into a quartet. This means
that the crown structure is rigid, at least on the NMR timescale, as confirmed by a three-dimensional
crystal structure (Figure 7.1f), which shows that the narrow end of the cavity is practically closed and
that the ring hydrogens practically touch. Work on a cyclotriveratrylene that had been isotopically sub-
stituted to render it chiral6 showed that inversion of the macrocycle can occur, with the calculated
lifetimes for racemisation being of the order of 960 days, 36 days and 3 minutes at 0 ◦C, 20 ◦C and
100 ◦C, respective1y.

Besides the crown conformer, a possible ‘saddle’ conformer of CTV has been proposed; racemisation
of the crown conformer would progress via this structure. However, it was not isolated until 2004, when it
was found that rapid quenching with ice of hot solutions or melts of CTV compounds led to the formation
of mixtures of crown and saddle conformers that could be separated chomatographically,7 with up to
105 mg (from a 700 mg quenched sample) of the saddle conformers being obtained with >99% purity.7

The two structures are compared in Figure 7.2. NMR studies showed that the saddle form is much more
flexible than the crown. In chloroform solution a crown–saddle equilibrium can be observed, with up to
10% of the CTV being in the saddle form and the half-life of the interconversion being about a day. More
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polar solvents favour the crown form even more. Under the correct conditions, solid samples of the saddle
form are stable for months at room temperature.

Although the trimer is the major product, evidence of a tetrameric product was also observed in the
mass spectra.4 Later work succeeded in isolating the tetramer and NMR studies showed it to be much
more conformationally mobile in solution than the trimer, probably because of the larger, more flexible
central ring.8 Much of the early work on CTVs has been extensively reviewed elsewhere.9 From the fact
that direct reaction of veratryl alcohol and the condensation reaction between veratrole and formaldehyde
give identical products, it would appear that the active component in this reaction is the veratryl cation,
which is generated under acidic conditions and then condenses with itself. Another starting material for
this synthesis is N-tosyl veratrylamine and its derivatives, which have been shown to form the cyclic trimer
upon reaction with perchloric acid;10 it was also shown that use of organic solvents increased the yield of
the cyclic tetramer.

The condensation of veratrole-type compounds with formaldehyde is one method of making CTVs,
but a preferred technique is the earlier method using substituted benzylic alcohols. Formaldehyde has
been condensed with a variety of aromatic compounds as described in this and previous chapters. For
the formation of CTVs, the formaldehyde condensation seems to be restricted to aromatic rings bearing
two electron-donating groups. A single pure product can moreover only be obtained if the aromatic com-
pound is symmetrical, such as veratrole,2 1,2-diethoxybenzene or benzocrown ethers;11 see for example
Figure 7.3a,b. These condense with formaldehyde to form crown ether-substituted CTVs, which form crys-
talline 1 : 3 complexes with NaSCN and KSCN. When a nonsymmetrical compound such as that shown in
Figure 7.4a is used, however, condensation with formaldehyde gives two structures, one with C1 symmetry
(Figure 7.4a) and one with C3 symmetry (Figure 7.4b), in a statistical 3 : 1 ratio.9 Both these structures
are chiral and are formed as the racemate. Other aldehydes such as acetaldehyde tend to form products
with dihydroanthracene-type structures rather than trimers.3

Using benzylic alcohol-based starting materials, however, it is possible to both vary the structure of the
starting aromatic species more and synthesise the C3 symmetric substituted analogues of CTV without any
C1 isomer. A number of disubstituted benzyl alcohols have been studied and reviewed by Collet.9 The
structure of the benzyl compound has major effects on the efficiency of the reaction. Once the benzyl cation
is formed, it must attack a second benzylic compound ortho to the benzyl group to give a dimer as shown
in Figure 7.5a. This dimer can either be deprotonated and react with a third unit or else it may be attacked
by another benzyl cation to give a trimer. This then undergoes an internal reaction to attain ring closure.
For this reaction to occur, the position ortho to the benzyl group must be susceptible to electrophilic attack,
which requires the presence of a strongly electron-donating group para to this position (X in Figure 7.5). As
an example, 4-bromo-3-methoxy benzyl alcohol readily forms a cyclic trimer, whereas the corresponding
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Figure 7.3 Structures of cyclotriveratrylene-forming crown ethers
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Figure 7.4 Structures of substituted cyclotriveratrylene with (a) C1 and (b) C3 symmetry

3-bromo-4-methoxy benzyl alcohol with a bromine atom in the X position does not.12 From this we would
expect vanillyl alcohol (Figure 7.6a) to form a CTV-like structure – instead intractable tars are formed.
Possibly the free hydroxyl group increases reactivity at the 5-position, causing crosslinking in a similar
manner to that in Bakelite formation (Chapter 4). The allyl ether of vanillyl alcohol (Figure 7.6b) however
does form a cyclic trimer.13 Similarly, if the 4-position is unprotected, as in 3-methoxybenzyl alcohol, only
a small amount of trimer can be isolated, again indicating perhaps that this position is attacked, leading to
polymeric products.9

The facile synthesis and isolation of the pure C3 isomeric form also means that the substitution reaction is,
on the timescale of this reaction, essentially irreversible. If the methylene linkage were broken and reformed,
as for example happens during many calixarene and resorcinarenes synthetic processes (Chapter 4), then
the C1 form would become a sizeable contributor to the isolated products and perhaps even the major
form. Again, with this reaction the use of organic solvents increases the production of higher analogues
of CTVs and for example when the monomer shown in Figure 7.6b is reacted in 65% perchloric acid,
almost pure trimer is isolated (45% yield), whereas in acetic acid–perchloric acid 3 : 4 mixture, the trimer,
tetramer and pentamer are obtained in 28%, 20% and 7% yield, respectively.9

Several trisubstituted benzyl alcohols have also been successfully trimerised. For example, 2,3,4-
trimethoxy benzyl alcohol can be reacted under acidic conditions9 to give the CTV structure shown
in Figure 7.6d. Later work isolated the trimer from this in both the ‘boat’ and the ‘saddle’ forms.14

These two conformers are both inherently chiral, so the crown form can be further separated into its
enantiomers using chiral HPLC (the rapid interconversion of the two saddle enantiomers prevents their
separation). Another interesting compound is the hydroxyl-substituted benzyl alcohol,15 which, unlike
vanillyl alcohol, can be trimerised in aqueous HCl, since all positions ortho and para to the hydroxyl
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Figure 7.5 Synthesis of CTV via benzylic alcohol trimerisation

group are substituted. The resulting structures (Figure 7.6e) are quite similar to calix[3]arenes, except they
have phenolic groups ‘outside’ the macrocycle. However, NMR studies of these compounds indicated
they did not have a rigid crown conformer, and no inclusion compounds were isolated.

CTVs can also be synthesised by a step-by-step procedure in which two aromatic rings are combined
to form a biphenyl methane unit, which can then be reacted with a third ring to form a cyclic trimer.
This is of interest since it allows the synthesis of CTVs in which one ring bears different substituents to
another, or even of CTVs containing three different aromatic rings. One of the earliest examples3 is shown
in Figure 7.7a, where a bischloromethyl-substituted diphenylmethane was condensed with a variety of
disubstituted benzenes, including 2-methyl anisole and 1-benzyloxy-2-methoxy benzene, to give CTVs in
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Figure 7.6 Benzylic alcohols utilised in synthesis of CTVs

which one or two of the methoxy groups are replaced by other substituents. The monosubstituted CTVs are
actually chiral and the compound containing a single benzyloxy substituent (Figure 7.7e) was successfully
resolved on a chiral cellulose acetate column into its two enantiomers.16

This procedure can be used in a wider context to generate CTV-type structures. For example, the
bis-hydroxymethyl diphenylmethane compound shown in Figure 7.7f can be reacted with benzene under
acidic conditions to give a CTV-type structure, but without the peripheral substituents.17 This structure
was shown by NMR studies to adopt a rigid crown structure. Analogues synthesised from diphenyl units
containing different bridging groups can also be made when carbonyl or ether bridging groups are used
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Figure 7.7 Diphenyl units in the synthesis of CTVs

(Figure 7.7g,h); a macrocycle that is flexible in solution results. Macrocycles containing thia and sulfonyl
bridging units (Figure 7.7i,j), however, show the same rigidity as the hydrocarbon analogue.

An intensive study of the effects of the reaction conditions on the ratio of trimer : tetramer formation
was performed using a variety of synthetic methods.18 CTV was determined to be the kinetically favoured
cyclisation product and to be formed almost exclusively when 3,4-bis(methyloxy)-benzyl chloride is reacted
stoichiometrically with AgBF4, in dichloromethane. Cyclooligomerisation of the corresponding benzyl
alcohol also leads to high yields of CTV, especially when the reaction is performed in a nonsolvent and
catalysed with trifluorosulfonic or perchloric acid. Maximum yields of the tetramer (55%) are obtained by
using dilute solutions and a large excess of trifluoracetic acid as catalyst. In many cases higher cyclics
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Figure 7.8 Tetramers based on 3,4,5-trimethoxy benzyl alcohol

are also formed. The tetramer formed from 2,3,4-trimethoxy benzyl alcohol (Figure 7.8a) can also be
synthesised in reasonable yields19 and has been shown by NMR to exist in solution in a mixture of two
forms, crown and saddle – whereas X-ray studies show the saddle conformation is preferred in the solid
crystal (Figure 7.8b). The tetramer analogue of CTV has previously been shown to adopt just the crown
conformer8 in solution.

As an interesting alternative to many of the earlier syntheses, two new methods were reported which
unlike many of those described above do not require volatile inorganic solvents or inorganic acid catalysts.
One utilised an ionic liquid based on a tributylhexylammonium/bis(trifluoromethanesulfonyl)amide salt
as a ‘green solvent’ for the condensation of 3,4-dimethoxy benzyl alcohol, with p-toluenesulfonic acid
as the catalyst.20 Heating these compounds with the ionic liquid (80 ◦C, 4 hours) gave a viscous paste,
which upon addition of methanol gave 89% of crystalline CTV and, upon removal of methanol under
vacuum, allowed the ionic liquid to be recycled. In the same work, the authors also demonstrated that
simply grinding solid monomer and catalyst intermittently over a period of two days at room temperature
gave up to 54% of pure CTV product. Similar results were also obtained using the monomer shown in
Figure 7.6b, giving a tris-allyl CTV.

7.3 Modification of Cyclotriveratrylenes

There are several methods for the modification of CTVs. One of the most popular involves modification
of the peripheral substituents. Treatment of CTV with boron tribromide3 allows for complete removal of
the methoxy groups to give what can be termed a cyclotricatecylene (Figure 7.9a), which can then be
reacted with acetic anhydride to give the hexa-acetate (Figure 7.9b). Later work showed that the phenolic
compound forms host–guest complexes with a number of guests in a variety of stoichiometries. Water,
DMF and DMSO form crystalline complexes in which each host complexes three guest molecules and can
also form 1 : 2 host–guest complexes with acetone and isopropyl alcohol.21 Guests can only be removed
by prolonged heating under vacuum. No stable complex was observed for ethanol or methyl ethyl ketone.
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Figure 7.9 Substituted cyclotriveratrylenes

X-ray studies of the complex with isopropyl alcohol (Figure 7.10a) showed the macrocycle to adopt
an approximate crown conformation, with the solvent molecules sandwiched between rows. Exact C3
symmetry was not found, possibly due to hydrogen-bonding effects. The authors claim that the phenolic
compound forms more and better-defined complexes than are found for the parent CTV. For example,
no complex was observed for CTV with DMF or acetone, but complexes could be observed with ethyl
acetate, ethanol and methyl ethyl ketone, though usually with lower than 1 : 3 stoichiometry. The difference
in behaviour of these two hosts is probably a combination of macrocycle rigidity and the fact the phenolic
compound acts as a hydrogen-bond donor, unlike the methoxy compound.

Crystalline complexes have been found between cyclotriveratrylene and a variety of other organic
species, although in many cases there was not an exact ratio between host and guest, indicating perhaps
that a mixture of complexes was formed.22 In early work, two types of unit cell structure were found for
complexes of CTV, depending on whether guests were linear (such as butyric acid) or bulkier (such as
chloroform or benzene).22 Water and a range of organic solvents have been shown to be incorporated in
a similar manner, with for example CTV having been shown by X-ray crystallography to form complexes
with water, toluene, bromobenzene, chloroform, acetone and dimethoxyethane.23 Water and chloroform
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Figure 7.10 Crystal structure of cyclotricatechylene with (a) isopropyl alcohol and (b) clam-shell structure
with rubidium

were found to act as hydrogen-bond donors towards the methoxy groups and there were some distortions
from C3 symmetry in many of the complexes. In the same work cyclotricatechylene was shown to form
an inclusion complex with DMF and water which displayed an alternating hydrophobic/hydrophilic bilayer
structure. Other workers24 also formed solid-state complexes of CTV with a variety of chlorinated species;
in the main, these again showed inclusion of the guests between the host CTV units and in the case of
both 1,1,1-trichloroethane and 1,1,2-trichloroethane, structures were formed in which one solvent molecule
occupied the cavity.

Cyclotricatechylene has been shown to be capable of complexing cations, as demonstrated in this recent
work.25 A novel clam shell-like structure was observed when cyclotricatechylene was mixed with guan-
dinium and rubidium chloride. The phenolic compounds lost several protons to become anionic in nature
and formed a 2 : 1 host–guest complex containing an entrapped rubidium cation.25 X-ray crystal structures
have conclusively demonstrated that a ‘bare’, unsolvated Rb+ ion is located at the centre of the complex,
making contact with six aromatic rings that are face-on to it (Figure 7.10b). Similar structures could be
formed with caesium or tetramethylammonium guests but no ‘clam shell’ could be obtained with potas-
sium; this cation may be too small to fit snugly inside such a complex. A larger tetraethylammonium guest
led to formation of an open clam structure. Electrospray mass spectrometry indicated that these structures
are stable in aqueous solution, suggesting that the metal ions ‘prefer’ the interior of the clam shell to being
solvated in water. Cyclotetracatechylene has been shown to form complexes26 and in this context the
macrocycle for example was shown to form a 1 : 6 complex with DMF and a mixed 1 : 2 : 2 complex with
pyridine and methanol. X-ray crystal structures determined a chair conformation for the cyclic tetramer.

The ability to convert the CTV into the hexa-phenol compound allows the synthesis of a wide range
of derivatives, in manners similar to those described earlier for calixarenes and other compounds of this
nature. Oxidation of the phenolic compound to give a quinone-type structure was attempted but gave dark
polymeric products.3 Alkylation and acylation of the phenolic groups gave hexa-alkyl and hexa-acyl CTV
derivatives. These are of interest since many of them (for example the compound shown in Figure 7.9c)
display liquid-crystal properties.27 The combination of a rigid core with flexible side chains enabled these
compounds to stack, with the conical CTV units being embedded in each other, 0.48 nm apart28 – the same
distance as in crystals of CTV itself. A wide variety of alkyl and acyl side chains were utilised to give
liquid crystals which adopt a columnar mesophase over wide temperature domains. What is also of interest
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is that within the column all the CTV units are aligned in the same direction, which leads to the axis of the
column being polar and to the potential for aligning the crystals with an electric field. Similarly, a chiral
trimer such as that shown in Figure 7.6d, but with the methoxy units replaced by octanoyloxy chains,
could be synthesised and separated into its enantiomers by HPLC.29 Both the racemic mixture and the
pure enantiomers were shown to form columnar hexagonal liquid-crystal phases. The chiral mesophases
were found to be less well-ordered and more tightly packed than the racemate, as well as showing a lesser
tendency to crystallise.

The cyclic tetramers may also be liquid-crystalline materials and for example a number of octa-ether and
octa-ester derivatives of the tetrameric version of CTV demonstrate thermotropic columnar mesophases,
despite their relatively flexible structures compared to CTV.30 Twelve octa-acyl derivatives with chains
from 5 to 16 carbons in length were all found to show mesophases that were biaxial in nature, whereas
the octa-alkyl derivatives were uniaxial.31

The trimer obtained from 1-allyl-2-methoxy benzene13 (Figure 7.9d) is often used as a starting material
for a wide range of CTV-type compounds. It has the chiral C3 nature of these types of material. The allyl
ether could easily be removed by catalytic hydrogenation13 to give the triphenol (Figure 7.9e), which could
then be separated into its optical isomers. The triphenol could be reacted with 1-chloro-2-phenyltetrazole
under basic conditions to give the tetrazole ether, which could then be removed by hydrogenolysis to give
the compound shown in Figure 7.9f. Further reaction with BBr3 gave the triphenol shown in Figure 7.9g and
this could be reacted with 1-chloro-2-phenyltetrazole and further reacted with either hydrogen or deuterium
to give the tribenzylene compounds shown in Figure 7.9h,i. The cyclotribenzylene with the deuterium
substituent is very interesting because it is isotopically chiral and if prepared as a single enantiometer
displays an optical rotation of [α]365 = 8.9◦, which is much higher than noted for many other isotopically
substituted compounds. This has been proposed to be due to an exciton mechanism where dipoles within
the benzene chromophores give rise to the optical rotation.9,12

The tribromo compound (Figure 7.9j), which can be synthesised directly,12 has also been used as the
starting material for many compounds. The methoxy groups can be removed to give the triphenol.12

The bromide groups can be reacted to give the lithium derivatives (Figure 7.9k), which can be con-
verted to a range of other compounds,32 for example reaction with ethyl chloroformate gives the triester
(Figure 7.9l), which can be hydrolysed to the acid (Y = —COOH) or reduced to the alcohol (Y =
—CH2OH; Figure 7.9m), which can then be converted to the chloride (Y = —CH2Cl) and then the thiol
(Y = —CH2SH). Later work utilised a triphenol grafted with bulky aromatic side chains33 to give the
structure shown in Figure 7.11a, which showed mesophasic behaviour from room temperature up to 150 ◦C.
Both racemic and optically active forms were synthesised and it is thought they could well orientate under
a strong electric field.

Other long-chain compounds that have been attached include polyethylene oxide chains. Attempts to
react the cyclotricatechylene directly with ethylene oxide only resulted in intractable material, but the
macrocycle could be substituted with ethylene oxide tosylates to give CTVs bearing six polyethylene oxide
side chains.34 These ‘octopus’ molecules (Figure 7.11b) proved effective at solubilising alkali metal and
ammonium salts in organic solvents, approximately as well as 18-crown-6. The preorganisation caused
by the CTV skeleton has been shown to be important for good complexation and similar compounds
based on a flexible calix[4]resorcinarene framework did not solubilise the salts.29 A similar compound
(Figure 7.11c) named ‘hexapus’ was synthesised35 and shown to form micelles in aqueous solution, with
about nine macrocycles per micelle. Molecular models indicate it has a variable hydrophobic cavity and
it was shown both to form complexes with the dye phenol blue and to solubilise naphthalene in water. It
was also capable of binding p-nitrophenyl butyrate and inhibiting its base-catalysed hydrolysis. Similarly,
the CTV shown in Figure 7.9e could be derivatised to give CTVs bearing three carboxylic acid groups.
These could be converted to acid chlorides and then reacted with 1,7,13-triaza-18-crown-6 under high
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Figure 7.12 (a,b) Cyclotriveratrylene/azacrown compound and (c) Claisen rearrangement of a cyclotriveratry-
lene

dilution conditions36 as described earlier to give triamide compounds, which could then be reduced to
give the CTV-crown speleands shown in Figure 7.12a,b. Methylammonium cation was found to associate
strongly with the compound in Figure 7.12a, probably via a combination of hydrogen bonding between
the azacrown and the ammonium and inclusion of the methyl group in the CTV cavity.

The triallylether ether derivative (Figure 7.9d) when refluxed in dimethylaniline undergoes a facile
Claisen rearrangement, generating the compound shown in Figure 7.12c. NMR studies show a single sharp
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peak for the methylene protons, indicating that the compound is conformationally mobile and probably
adopts the saddle conformation.37 The presence of both phenol groups and ally groups makes this material
especially amenable to further modification.

7.4 Synthesis of Optically Active Cyclotriveratrylenes

We have already discussed the synthesis of C3 triveratrylenes, macrocycles which display an inherent
chirality, but most syntheses produce racemic mixtures of the two enantiomers. There has been a great
deal of research into obtaining optically pure enantiomers of these compounds. One method is simply
to separate the enantiomers using chiral chromatographic techniques;14,16 other approaches involve using
other chiral materials to either influence the reaction to form an excess of one enantiomer or aid in
their separation.

Modification of the C3 CTVs has been used to effect enantiomeric separation by the formation of dias-
terioisomers. When a benzyl alcohol containing a chiral substituent is trimerised38,39, two diasterioisomers
are formed, as shown in Figure 7.13. Because these are not simple optical isomers, they are usually formed
in different amounts and can be separated by chromatographic methods. The presence of the reactive ester
group has also allowed their conversion into other derivatives. As an alternative to chromatographic sep-
aration, the triphenol (Figure 7.9e) can be synthesised as a racemic mixture and then esterified with a
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H CH3

Figure 7.13 Chirally substituted triveratrylene diasteroisomers
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chirally pure compound such as the acid chloride of campanic acid.40 This results in a 50 : 50 mixture of
the two diastereoisomers, which can be separated by normal (not chiral) chromatography on silica and
then reductively cleaved with lithium aluminium hydride back to the original triphenol enantiomers, but in
an optically pure state. As an alternative, R-(+)-2-phenoxypropionic acid can be used as a resolving agent
in a similar manner.40 A number of other triphenols can be obtained by this method and can of course be
derivatised by many of the reactions mentioned above.

Differential crystallisation of diastereoisomers has been used for many years as a method of separating
enantiomers. One example of this within CTV chemistry is the reaction of racemic CTV triol (Figure 7.9n)
with a chiral isocyanate9 to give the diastereoisomeric compound shown in Figure 7.9o. This compound
when heated for 10 days gives 80% of a single crystalline diastereoisomer.9 Obviously, under heating in
solution, the two diastereoisomers interconvert via invertion of the CTV ring and the observed product crys-
tallises out preferentially, thereby driving the equilibrium towards conversion to this isomer. Alternatively,
both diastereoisomers can be obtained via chromatographic separation.

7.5 Modification of the Bridging Groups

Since the early days of CTV compounds, even before their structures were fully elucidated, it has been
known that they undergo oxidation reactions of the bridging methylene groups. In fact, formation of the
monoketone (Figure 7.14a) was one of the factors that enabled deduction of the trimeric structure of
CTV.3 For example, oxidation of CTV with chromic acid gave the monoketone, which was shown by a
combination of IR and NMR spectral studies to have a flexible saddle structure that allows conjugation of
the carbonyl group with the aromatic rings.41 These derivatives could be further reacted and for example
reduction of the ketone with hydrides gave the secondary alcohol (Figure 7.14e), which is not conjugated,
appears to be synthesised in both crown and saddle forms, and upon heating adopts purely the crown
conformation with the —OH equatorial to the central ring. Reaction with methyl lithium gave a flexible
tertiary alcohol (Figure 7.14f), which appeared to exist in the saddle form. Heating this compound caused
loss of water to form 5-methylenecyclotriveratrylene (Figure 7.14b), which in solution is an interconverting
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Figure 7.14 Structures of cyclotriveratrylenes modified at the bridging positions
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mixture of saddle and crown forms in a 1 : 7 ratio.41 Similar behaviour occured when the ketone was reacted
with isopropyl magnesium bromide to give the compound shown in Figure 7.14c (the intermediate tertiary
alcohol is in this case too unstable to be isolated). Other reactions include the acid-catalysed etherification
of the saddle form of Figure 7.14e with alcohols to give compounds like that shown in Figure 7.14g for
the reaction with ethanol. These compounds again were synthesised in an unstable flexible form which
upon heating converted to a stable, rigid crown form with the ether groups in an equatorial position.41 The
same reactions occurred with the crown conformations of Figure 7.14e but at a much slower rate.

The monoketone could also be reacted with hydroxylamine to give the oxime shown in Figure 7.14d.
This can exist in both crown and saddle forms,42 with the crown form being favoured in polar solvents
(DMSO, acetone, acetonitrile) and slightly favoured in dioxane and the saddle form favoured in chloroform.
The triketone of CTV was also reported but later work showed that it was not stable and underwent an
internal rearrangement to give a lactone structure with loss of the CTV macrocycle.43 The triketone of
cyclotribenzylene has been reported, as discussed above.17

Cyclotriveratrylene has been shown to be a relatively poor host in solution. This is thought to be due
to the relative shallowness of the cavity compared to many other families of host compounds. This means
that the CTV molecule does not provide much shielding, for instance of a hydrophobic guest from a polar
solvent. The aromatic rings also are only capable of relatively weak CH–π and π–π interactions. This
can also be seen in the solid state, where the bowl of the CTV is usually occupied by the base of another
CTV macrocycle, with any guests tending to be located in channels between the molecules rather than in
the cavity, as was shown for isopropyl alcohol.20

There are exceptions to this rule, with for example the C60 structure having a size and shape that
complements the CTV macrocycle very well. Mixing toluene solutions of CTV and C60 led to formation
of a black crystalline material that contained CTV and the fullerene in a 2 : 3 ratio.44 Although pure C70

could not be induced to form a complex, using mixtures of C60 and C70 led to formation of complex
materials containing both fullerenes. An X-ray crystal structure of C60/CTV was somewhat difficult to
obtain due to the solvent and excess C60 being disordered and acting as space fillers. However, the crystal
structure obtained clearly demonstrated formation of a ball-and-socket-type complex between host and
guest, with the distance between the two aromatic species being at the Van der Waals limit, similar to the
plane-stacking distance in graphite. This interaction has also been utilised to immobilise fullerenes on gold
surfaces. CTVs with thiooctic acid substituents (Figure 7.15a) will form complexes with C60 in toluene.45

These CTV derivatives spontaneously form monolayers on gold and the resulting layers have been shown
to bind the fullerene. A CTV derivative with thioether side chains (Figure 7.15b) did not form complexes
in solution but still bound the fullerene in the monolayer.

CTV trimers substituted with dendrimer branches (Figure 7.15c shows the simplest of this family of
compounds but higher generations were also used) have also been shown to form complexes with fullerenes.
When the dendrimer branches alone were used, no complexation was observed, indicating the CTV was the
recognition site.46 Similar dendrimers containing polyethylene glycol chains (Figure 7.15d) were capable
of solvating C60 into water,47 thereby opening up the possibility of using these complexes in biological
systems. Recent studies on polybenzyl ether dendrimers similar to those above with a CTV core have
also shown 1 : 1 binding of C60 and spectral studies indicate the fullerene is in close proximity to the
CTV unit.48 It has also proved possible, by using a suitable CTV derivative containing long alkyl chains
(Figure 7.15e), to generate 2 : 1 CTV–fullerene complexes that display liquid-crystal properties when cast
from benzene solution.49

Other workers have used CTVs as the basis for the design of capsules to envelop fullerenes. For instance,
a CTV substituted with three long chains containing pyrimidinone units (Figure 7.15f) formed a dimeric
hydrogen-bonded capsule in certain organic solvents.50 This material had high affinities for fullerenes and
showed high selectivity for C70 over C60. The capsule structure could be disrupted by polar solvents such as
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THF, thereby releasing the bound guest. Utilising such simple solid–liquid extractions, it proved possible
to obtain C70 with a purity of 97% from fullerite after only two repeats of the extraction process. Later
work also showed that C84 could be also preferentially extracted, having an affinity constant approximately
ten times higher than that of the lower fullerene analogues.51 Purities as high as 85% could be obtained
using solid–liquid extractions as above, allowing a relatively inexpensive and rapid method of obtaining
this material.

Another complimentary-shaped compound that forms inclusion complexes with CTV is 1,2-
dicarbadodecaborane(12), which has been shown to form 1 : 1 complexes with CTV in both solution
and the solid state.52 These two compounds have been shown to form crystalline 2 : 1 complexes in
which one carborane is incorporated into a CTV bowl, forming CH–π bonds to the aromatic rings,
while the other resides between three CTV bowls, held by hydrogen bonds to the methoxy groups
(Figure 7.16a,b). These complexes can exist as infinite arrays with two-dimensional hexagonal-grid or
helical-chain topologies. The resultant materials are capable of binding other species as well, including
fullerenes and various solvents. Figure 7.16c shows the structure of the quaternary system (C70)(o-
carborane)(CTV)(1,2-dichlorobenzene). Later work by the same groups showed the CTV/carborane

(a)

(c)

(b)

Figure 7.16 (a) Crystal structure of carborane/CTV complex, (b) crystal packing and (c) C70/carborane/CTV/1,2-
dichlorobenzene complex
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system also formed supramolecular assemblies with alkali metal ions and DMF, which showed chelation
of the metal ions by methoxy groups, and also inclusion of DMF into CTV cavities.53 A nonspherical
anionic cobalt-bis-carbolide could also be crystallised in 1 : 1 ratio with CTV and was shown to form a
two-dimensional Na-CTV coordination polymer with a channel structure containing the anion.54 Some of
the CTV cavities were occupied by solvent (trifluoroethanol) molecules. Mass spectral studies showed
that clusters of CTV with various guests could be obtained in the gas phase. Other cationic species could
also be incorporated into these bis-carbolide structures and for example silver ions in this context could
be incorporated into a CTV/cobalt bis-carbolide complex, with strong interaction between the Ag(I) ion
and the CTV ring system.55 Sodium[2,2,2]cryptate could also be incorporated and again X-ray crystal
structures showed strong interactions between the cryptate and CTV.56

7.6 Modification of the Aromatic Rings with Organometallic Groups

We have already shown for macrocyclic aromatics such as calixarenes that they can be modified with
organometallic moieties to give species capable of binding anions. One of the earliest compounds of this
type was synthesised by reaction of a ruthenium cymene organometallic compound with CTV. Both the
monosubstituted and trisubstituted compounds, such as that shown in Figure 7.17a, could be isolated.57

X-ray studies (Figure 7.17b) of the trisubstituted CTV show that it retains its bowl-shaped structure and
that a tetrafluoroborate ion is encapsulated within the cavity, albeit with a high degree of disorder.
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Figure 7.17 (a) Structure of triruthenium/CTV complex and (b) X-ray crystal structure
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A wider range of compounds were reported in a later paper58 in which CTV was substituted with both
the ruthenium species above and the pentamethylcyclopentadienyl iridium compound Ir(C5Me5). Mono-,
di- and trisubstituted species were obtained. The presence of the organometallic substituents had major
effects, for example in the monosubstituted compounds, where the presence of the substituent disrupted
the classic columnar packing of these materials. This meant the cavity of the CTV was more accessible
in the crystal and it was found to be capable of binding a variety of guests, such as nitromethane and
various anions. With di- and trimetallated species, anions were found to bind strongly in the CTV cavity,
stabilised no doubt by the partial positive charges on the CTV rings. Very strong binding was found
between the tri-iridium species and tetrafluoroborate. Complex anions such as ReO4

− and TcO4
− were

found to bind very strongly to the diruthenium-substituted CTV59 with inclusion of the anion in the cavity
(Figure 7.18a). Other species that were synthesised included a bis-CTV complex in which a ruthenium
atom was sandwiched between two CTV units (Figure 7.18b).

(a)

(b)

Figure 7.18 X-ray crystal structures of (a) bis-ruthenium/CTV complex with ReO4
− and (b) a bis-CTV Ru

sandwich compound
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As an alternative method of developing anion sensors, the attachment of cationic metallocene groups
as peripheral groups was studied.60 Racemic CTV triphenol (Figure 7.9e) was reacted with a sandwich
compound of the ferricinium type, where iron is sandwiched between a benzene and a cyclopentadiene
ring. The resultant tricationic CTV (Figure 7.19a) was shown to display high affinities for the PF6

− ion.
X-ray studies (Figure 7.19b, R = Cl) show the material to contain a deep cavity, with the anion bound
deep within it. More anions and diethyl ether molecules were incorporated between the CTV units. This
complex was also found to bind halide ions in solution and there appeared to be some preference for
iodide, although this was not conclusively established. Using these materials, there is also the possibility
of separating out the optical isomers and achieving chiral recognition of anions. Later work with these
types of complex again showed them to be capable of extracting pertechnetate and perrhenate anions from

RO OR

OR

OR

RO

RO

Fe

X

R =

X = H, Cl, CH3

(b)

(a)

Figure 7.19 (a) Structure and (b) X-ray crystal structures of a ferricinium-substituted CTV
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0.9% saline solution into nitromethane.61 This high efficiency in selectively extracting pertechnetate is of
great interest as pertechnetate is a major concern in the clean-up of nuclear sites, especially since it easily
migrates to the surrounding environment.

7.7 Selective Binding Applications of Cyclotriveratrylenes

As described in other chapters, suitably substituted macrocyclic compounds display selective binding
properties, and CTVs are no exception. Although CTVs themselves are relatively nonselective, a wide
range of substituted CTVs have been synthesised and their selective binding to many substrates studied.
One of the earliest group of compounds of this nature utilised a basic CTV triphenol,62 the hydroxyl
groups of which were substituted with sidearms terminated with bidentate groups such as catecholate,
pyridylamino or bipyridine, examples of which are shown in Figure 7.20a–c. The presence of three of
these groups, each with two binding sites, allows each macrocycle to bind a metal ion with octahedral
coordination. Iron is bound especially strongly to these species.

Recently CTVs have been used to develop sensors for various species. A sensor for Hg(II) ions63 has
been developed using a CTV substituted with three chemochromic azobenzene groups (Figure 7.20d). In
solution this gave a clear visual colour change (yellow to red/orange), with a visual detection limit of
5 × 10−6 mol L−1 and a linear range of adsorption to Hg concentration up to 2 × 10−4 mol L−1. There
was minimal interference from other metal ions and the CTV could be immobilised onto a PET film to
give a strip test. A similar CTV with quinoxaline substituents (Figure 7.20e) has been shown to act as a
selective fluorescent chemosensor for copper.64 Detection limits of 10−5 mol L−1 could be observed for
this macrocycle when immobilised in a polymeric membrane. Anion sensing has also been developed, as
seen for example when a CTV tri-amide (Figure 7.20f) substituted with disulfide groups was immobilised
on gold electrodes.65 Using AC impedance techniques, reversible binding of acetate could be detected
with some interference from dihydrogen phosphate and minimal effect from bromide, chloride, sulfate and
nitrate. A CTV substituted with three phosphonate groups (Figure 7.20g) has also been developed and in
water and physiological media it was shown to selectively bind acetylcholine66 in a range of 0–0.125 mol
L−1 as determined by the enhancement of CTV fluorescence in the presence of the analyte.

The use of CTVs as scaffolds for assembling peptide chains has also been investigated. A library of 40
different compounds based on a CTV triphenol substituted with a variety of amino acids and di- and higher
peptides was synthesised using combinatorial methods.67 One of these macrocycles containing two leucine
units per side chain was shown to selectively bind an Ac-Ala-Ala tripeptide. Larger libraries have been
developed; a CTV triphenol (Figure 7.20a) for example could be reacted with benzyl bromoacetate to give
the monosubstituted CTV (Figure 7.21a) along with smaller amounts of the di- and trisubstituted product.68

This could then be further reacted to give the Boc- or CBz-protected amino compound (Figure 7.21b). This
compound could then have the benzyl group removed to give the carboxylic acid, which could be bound
to a solid substrate. Combinatorial methods were used to substitute the two free side chains, generating
a 2197 strong library of CTV-based compounds containing peptide side chains. Similar methods have
been used to substitute CTV triphenols with PEG chains, to which amino acids glycoconjugates could
be bound.69

The synthesis of selectively substituted CTVs has been studied, via both the synthesis of selected
enantiomers and the selective substitution of the methoxy units. One elegant example took the simple
hexamethoxy CTV and demethylated it using a variety of procedures.70 Although many procedures such
as demethylation with HI gave complex mixtures, more controlled reactions could give pure products and
reaction with a large excess of TiCl4 under the correct conditions (room temperature, 24 hours) led to
formation of a CTV in which a single methoxy group was converted to a phenol. The compound shown in
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Figure 7.20 Structures of substituted CTVs

Figure 7.9e was obtained by reaction with AlCl3, and with BBr3 a mixture could be obtained containing the
compound shown in Figure 7.22a. The phenol groups present in these products can be converted into a wide
range of derivatives. Another synthesis involved the use of the racemic compound shown in Figure 7.22b
(synthesised from thiovanillin), which could be co-crystallised with the chiral amine cinchonidine and
separated into its enantiomers.71 These could then be cyclised to form CTVs (a typical one is shown in
Figure 7.22c) which were diasterisomeric in nature and therefore separable by chromatographic methods.
The sulfur substituents could then be converted into a variety of other functional groups such as —OH.
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CTV structures containing metal atoms bound to chelating groups attached to the CTV skeleton have
been widely studied. One of the simplest is cyclotricatechylene, which can be reacted with a platinum
(II) chloride complex with either diphenylphosphinobenzene or diphenylphosphinoferrocene72 to give the
materials shown in Figure 7.23a,b. X-ray structural studies of the diphenylphosphinobenzene compound
have shown that the CTV retains its convex shape and that within the extended cavity formed by the CTV
and the ligands, four guest dimethylacetamide units are located. Another family of compounds is based
on the triamino CTV shown in Figure 7.24a. This can be synthesised by the trimerisation of 3-methoxy-
4-acetamidobenzyl alcohol,73 which occurs in excellent yield, followed by hydrolysis to the salt of the
triamino compound.74 These then can be reacted with a variety of aldehydes such as salicylaldehyde to
give Schiff bases as shown in Figure 7.24b. These bases tend not to form complexes with metal centres
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Figure 7.23 Structures of (a) diphenylphosphinobenzene-substituted CTV and (b) diphenylphosphinoferrocene--
substituted CTV, and (c) crystal structure of 7.23a
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Figure 7.24 Structures of triamino CTV derivatives

very well, perhaps due to steric effects of the methoxy group; this can be removed by boron tribromide
and complexes with metal such as nickel can then be obtained.

The triamino-substituted CTV has been used as a feedstock for many other compounds. For example,
various pyridine carboxaldehydes have been reacted with the CTV to form Schiff bases.75 These tend to
hydrolyse quite easily after synthesis, so they can be reduced to give the amines shown in Figure 7.24c–e.
The compounds can be crystallised themselves or can form complexes with a variety of metallic species.
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With silver, a variety of topologies can be observed, for example the 3-pyridyl derivative (Figure 7.24d)
forms a dimeric 2 : 2 complex with a capsular shape, as shown by X-ray crystallography of the trifluo-
romethyl sulfonate salt (Figure 7.25a). However, when crystallised at the hexafluoroantimonate instead of
a capsule, a one-dimensional polymeric structure is observed (Figure 7.25b). When the 4-pyridyl com-
pound (Figure 7.24e) is complexed with silver ions, tetrahedral species containing four CTV units can be
observed, both in solution and when crystallised from the solid state;75 Figure 7.25c shows the structure

(a)

(c)

(b)

Figure 7.25 Structures of tripyridyl CTV derivatives complexed with silver ions
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of the hexafluorophosphate, clearly demonstrating the tetrahedral arrangement of the CTV units. When
the 4-pyridyl material is crystallised with aliphatic dinitrile compounds such as glutaronitrile, coordination
polymers are formed with a structure which consists of an extended network incorporating roughly rect-
angular channels. These dinitriles are too bulky to be incorporated into the cavity of the tetrahedron and
this could be why a polymeric structure is preferred.

Using different metals can lead to even more complex structures. Palladium can be complexed with an
isonicotinyl derivative (Figure 7.26a) to give a Pd6CTV8-type structure.76 This has been described as ‘a
stella octangular structure, a stellation of an octahedron that occurs when the edges of the octahedron are
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Figure 7.26 Structures of trisubstituted CTV derivatives
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extended until they intersect at points to produce a starlike prism’.76 Larger side chains such as pyridyl-
benzyl, quinolyl, imidazole and terpyridyl77 have been attached to CTV structures (Figure 7.26b–e);
several of these species undergo what the authors have termed ‘handshaking’, where the side chain
of one CTV is included as a guest in the cavity of another. Compounds that undergo this interaction
include the 2-pyridylbenzyl compound (Figure 7.26b), the 2-quinolyl compound (Figure 7.26c) and the
imidazole (Figure 7.26e), all as the silver complexes. However, they are quite different in nature, with
X-ray studies showing that the 2-pyridylbenzyl and the imidazole-substituted CTVs form one-dimensional
polymers, whereas the 2-quinolyl-substituted CTV exists as a tetrahedral structure. The terpyridyl struc-
ture forms a Cu(II)3CTV complex with CuCl2 and its crystal structure (Figure 7.27) clearly shows
an example of the handshake, with a dimeric structure in which the benzyl-terpyridyl-CuCl2 arm of
one complex within the dimer occupies the molecular cavity of the other and vice versa, giving a
racemic dimer.

Earlier we mentioned how the presence of bulky dinitrile guests had an effect on the structures of these
substituted CTVs75 and a similar effect has also been found for bulky carborane anions. When a 4-pyridyl-
substituted CTV (Figure 7.24e) is complexed with cadmium acetate in the presence of o-carborane, the
globular guest occupies the CTV cavity and the resultant structure is that of a two-dimensional coordination
polymer.78 However, in the absence of the bulky guest, only simple Cd3CTV complexes are formed.

Figure 7.27 Crystal structure of Cu-terpyridyl CTV dimer



284 Cyclotriveratylenes and Cryptophanes

The tendency of many of these CTV species to aggregate has led to their investigation as possible gelating
agents. Substituted CTVs have been shown to act as gelling agents for a variety of organic solvents. For
example, CTVs containing primary amine or nicotamic pendent substituents (Figure 7.28a,b) have been
synthesised;79 whereas the compound in Figure 7.28a only acted as a gelling agent for acetonitrile and
2-propanol, the compound in Figure 7.28b was shown to form opaque gels with 20 common solvents
and water. Robust, opaque and stable gels could be formed by as little as 14 mg ml−1 of the CTV
in a few seconds. Analysis of these gels showed the formation of ribbons made up of assemblies of
fibres 4–5 nm in diameter. FTIR studies showed that hydrogen bonding between the amide groups was
responsible for the formation and stability of these systems. CTV–metal complexes also form gels, such
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Figure 7.28 Structures of trisubstituted CTV derivatives that act as gelling or selective binding agents
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as the nicotinyl-containing CTV (Figure 7.26a), which when complexed with CuBr2 forms a dark-green
gel with acetonitrile.80 Similarly, the compound in Figure 7.28c forms gels with copper(II) and DMF, or
DMSO if complexed with AgSbF6. Again, microscopy has shown these gels to be fibrous in nature. The
thiourea derivative (Figure 7.28d) forms gels in trifluoroethanol and does not complex transition metals.

CTVs substituted with mercaptoethyl groups or thiolaromatic groups (Figure 7.28e) have also been
synthesised and shown to bind cubic iron–sulfur cluster compounds,81 which can act as synthetic models
for similar clusters found inside certain proteins. When cluster compounds with small substituents are
bound, they are incorporated into the cavity, but with larger substituents although binding still occurs there
is no incorporation. A variety of other substituted CTVs have also been made; for example CTVs with
either three or all six of the methoxy groups replaced by ethyl, propyl, ally or propargyl groups have
all been synthesised and their structures characterised;82 many of these demonstrate either intra-cavity
host–guest binding or self-stacking structures. A library of CTVs substituted with various dendrimer
chains was synthesised and shown to adopt crown-like conformations.83 These materials spontaneously
self-assembled to give a variety of structures including helical pyramidal columns and supramolecular
spheres, which could be racemic or chiral.

Other workers have looked at extending the cavity by reacting the CTV triphenol with fluorobenzenes
bearing electron-withdrawing groups.84 Several derivatives could be synthesised (Figure 7.28f) and fur-
ther chemistry could be performed, such as reduction of the nitro or cyano groups to the corresponding
amines and conversion into acetamides, phthalimides and so on. Sugar units have also been attached to
CTVs (Figure 7.29a), thereby rendering them water-soluble.85 A CTV substituted with three acid groups
(Figure 7.29b) has also been synthesised and shown to induce the folding of collagen peptides into a triple
helix. Recent work described a CTV substituted with multiple pyridine groups (Figure 7.29c) that was
synthesised and shown to bind copper ions;87 it was shown to form adducts with carbon monoxide, sulfur
and oxygen. These materials could possibly serve as models for oxygen-processing copper proteins.

As an alternative to condensation with formaldehyde, trifluoromethyl acetaldehyde could be condensed
with veratrole to give a mixture of cyclic and linear products.88 When BF3 was used as the catalyst, it proved
possible to isolate CTVs with trifluoromethyl groups attached to the methylene bridges (Figure 7.29d).
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Figure 7.29 (a–d) Structures of trisubstituted CTV derivatives and (e) a CTV with trifluoromethyl bridging groups
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Figure 7.29 (continued)

Liquid-crystal groups have been attached to CTVs, a typical structure being depicted in Figure 7.29e,
which was shown to form columnar smectic liquid-crystal phases.89 A cyclotetraveratrylene derivative was
also found to form a columnar phase. Other workers have incorporated cyclotetraveratrylene derivatives into
branched polyethers and shown formation of columnar mesophases.90 A tetrameric analogue of the CTV
shown in Figure 7.24d has also been developed and was shown by NMR to adopt a ‘sofa’ conformation
in solution and to be flexible at room temperature.91 The tetramer was found to form complexes with Cu,
Ag and Pd; the structure of the Ag complex is shown in Figure 7.30. This shows the cyclic tetramer to
exist in a distorted cup formation and to possess a binding cavity.
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Figure 7.30 (a) Structure and (b) crystal structure of a cyclic tetramer–Ag complex
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(b) 

Figure 7.30 (continued)

7.8 Analogues of CTV

A rigid analogue of CTV in which the methylene groups are linked together via a carbon bridge
(Figure 7.31a) has been synthesised by a multistep approach.92 This compound was shown to adopt a
somewhat different conformation than CTV, with significant out-of-plane distortion of the structure. The
bridging groups proved amenable to substitution, the compound being capable of being converted into
the tribromo, trimethyl or trihydroxy derivatives.

Heterocyclic analogues of CTVs have been synthesised and cyclic trimers, for example, can be
obtained from various pyrrole derivatives, which react with formaldehyde to give the products shown in
Figure 7.31b–d in reasonable yields.93 A more recent paper94 details the iodine-catalysed trimerisation
of the monomer shown in Figure 7.31g to give the cyclic trimer in Figure 7.31e. NMR studies of this
compound show it to exist in the crown conformation and it has substituents that are easily modified
chemically. Other workers synthesised the cyclic tripyrrole (Figure 7.31f), which was shown by NMR
studies to adopt the crown conformation in chloroform but to be conformationally mobile in pyridine
solution.95 When crystallised from chlorobenzene, the trimer was shown to adopt a saddle conformation
(Figure 7.31h).

We have already mentioned the calix[3]indoles in Chapter 5. An N-methyl indole methanol compound
cyclises under acid catalysis to give the trimer shown in Figure 7.32a. The crystal structure (Figure 7.32b)
shows this material to adopt the saddle conformation.96 Other N-substituted trimers could also be obtained
using this process, as could trimers derived from indoles with a variety of substituents on the benzene ring.

Thiophene analogues of CTVs have also been synthesised, with 2,5-dimethyl thiophene condensing
with formaldehyde to give the cyclic trimer97 shown in Figure 7.32c and 2,5-dimethyl furan and pyrrole
just giving complex tarry mixtures that cannot be purified. NMR studies show that the trimer is confor-
mationally mobile and probably exists in a saddle-like form. A small amount of tetramer is obtained as
a by-product.
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7.9 Synthesis and Structure of Cryptophanes

We have already commented on the relatively poor solution binding of CTV compared to many other
macrocyclic systems. Enhancements in binding have been made by chemical substitution, for example in
‘hexapus’ and the metallated CTVs. Another obvious method of improving complex formation and stability
is to deepen the cavity. Within this chapter we have already described how complexation with various metal
species with the CTV rim has enabled formation of deeper cavities, as has substitution of the rim. Another
approach is to increase the depth, rigidity and degree of preorganisation of the cavity by covalent bridging.
We have already demonstrated this effect for calixarenes and other macrocycles; Donald Cram was again
one of the earliest to investigate this approach.98 CTV was demethylated to give the hexaphenol, which
was then bridged using 1,3-bis(chloromethyl)arenes to give structures such as that shown in Figure 7.33.
A variety of materials were synthesised and one was successfully crystallised (Figure 7.33b). NMR studies

O

O

X

O

O

X

O O

X

R = H, Br, CH3

N

N N

X =

(a)

(b)

Figure 7.33 (a) Structure of bridged CTV and (b) X-ray crystal structure of 7.32a (R = H)
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showed that the CTV retained its rigid structure, although the bridging aromatic units were much more
mobile. In the X-ray structure two of the xylylene bridges were orientated approximately perpendicular
to the plane of the macrocycle, and one approximately parallel. Calculations also indicate that the deeper
cavity CTVs will form complexes with higher affinities than native CTV.

We have described in previous chapters how calixarenes and other macrocyclic systems can be linked
together to form ‘capsules’ that can temporarily or permanently entrap suitable guests. Several approaches
have also been utilised to link together CTVs to construct a series of compounds for which the name
‘cryptophane’ has been coined and about which a number of reviews have been written.9,99,100 CTVs are
linked via the outer-rim substituents to form dimeric capsules. Much of this the work on cryptophanes
has been carried out by the group of André Collét of the Collège de France and the Université Claud
Bernard-Lyon. Collét worked for quite some time in the laboratory of another worker featured prominently
within this book, Jean-Marie Lehn, but he will be remembered in his own right as a pioneer in the field
of cryptophanes and their parents, the cyclotriveratrylenes.

One of the earliest examples of cryptophane synthesis utilised the CTV triphenol (Figure 7.9h), which
could be substituted to give the structure shown in Figure 7.34a. The three benzyl alcohol units could then
be cyclised101 to give a product in 25% yield (when R = H) along with 5% of a second product. When
R = OMe, the yields increased to >80% for a single product. This good yield of product, rather than
formation of a crosslinked polymeric material, indicates that prearrangement of the reactive benzyl alcohol
units onto a preformed CTV skeleton aids cyclisation within the same molecule rather than intermolecular
reactions. This can be thought of as another example of the template effect.

There were two possible structures (known as syn and anti ) for this compound, as shown generically
for cryptophanes in Figure 7.35. In the case of the material with R = H, two products were obtained.
The cavitand nature of the major product was proved by the fact that a molecule of dichloromethane was
encapsulated within the cavity, as were the similar molecules bromochloromethane and dibromomethane.

R O
O R

R O

H3CO

OH

OCH3

HO
OH

OCH3

(a)

Figure 7.34 Structures of (a) substituted CTV and (b) cryptophane (R = H or CH3)
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Figure 7.35 (a) Structures of syn and anti cryptophane and (b) crystal structure of CH2Cl2 clathrates
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(b)

Figure 7.35 (continued)

NMR studies showed the binding coefficient for the dichloro compound was 12 times that of the dibromo
compound. An X-ray structure was obtained for this material and demonstrated that the cryptophane existed
in the anti conformation, as shown in Figure 7.35b, with the minor product being the syn compound.
When R = OMe, yields were greatly increased and only the anti product was obtained. The syn form
also forms complexes with dichloromethane (although not as strongly as the anti ) and discriminates
between it and dibromomethane.102 Crystal structures of this clathrate were obtained and showed that
there are some differences between the anti and syn forms in the solid phase, one being that the CTV
units in the syn isomer are nearly completely eclipsed whereas in the anti isomer they are staggered by
about 52◦.

Besides the syn and anti isomers, there are a number of possible conformers since CTVs can be
conformationally flexible. The structure determined above gives the so-called out-out conformer.101 Other
conformations100 are shown schematically in Figure 7.36: in-in, in-out and out-saddle.

Because of the difficulty of naming these cryptophanes and due to the complexity of their IUPAC
names, many of these species were named chronologically. Therefore, the earliest synthesised cryptophane
(Figure 7.37 R = OMe) was named cryptophane A (in the anti conformation) and the correspond-
ing syn isomer cryptophane B, even though this has not been isolated. The cryptophane shown in
Figure 7.35 R = H, is cryptophane C in the anti form and D in the syn form. Cryptophanes E and
F with —O(CH2)3O— bridging groups were next to be discovered; others such as cryptophanes O and P
with —O(CH2)5O— bridging groups followed. As the number of cryptophanes increased, this convention
soon became untenable, but even in the most recent papers many of the earlier compounds are referred to
by their familiar names. Another system that has been used for the most common form of cryptophanes,
those with simple alkyl bridging chains, is to simply give the number of carbon atoms in each chain; in
this nomenclature cryptophane A becomes cryptophane 222 and cryptophane E becomes cryptophane 333.
Mixed systems also exist, such as cryptophane 223 with two dimethylene and one trimethylene spacer.
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in-in out-out
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Figure 7.36 Possible conformations of cryptophanes

A direct method9 of synthesising cryptophanes involves two benzyl alcohol units being joined together
by a spacer group and then both macrocyclic rings forming simultaneously, as shown in Figure 7.38. This
synthetic method is more simple than the ‘template’ synthesis and does not require high-dilution conditions.
Unfortunately, it has the disadvantages that yields are often very low (2–5% for cryptophane A) and it is not
possible to synthesise cryptophanes with two different macrocyclic rings, since using an unsymmetrical
dibenzyl alcohol would lead to intractable mixtures of multiple cryptophanes. However, other bridging
groups have led to more amenable syntheses, with some cryptophanes such as cryptophane E being
obtained in 10–20% yields.9

Cryptophanes generally adopt the out-out conformation and therefore tend to exist as quasi-spherical
units with both CTV units adopting cone conformations. However, they are not completely rigid and
CTV units have been shown to interconvert or adopt a saddle conformation.7 Numerous X-ray structures
have been obtained for cryptophanes, as shown earlier in Figure 7.35. Similarly, cryptophane E has also
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(a) R = X = −OCH3, Y = −CH2CH2−, anti form

(b) R = X = −OCH3, Y = −CH2CH2−, syn form

(c) R = H, X = −OCH3, Y = −CH2CH2−, anti form

(d) R = H, X = −OCH3, Y = −CH2CH2−, syn form

(e) R = X = −OCH3, Y = −CH2CH2CH2−, anti form

(f) R = X = −OCH3, Y = −CH2CH2CH2−, syn form

(g) R = X = −OCH3, Y = −CH2C≡CCH2−, anti form

(h) R = X = −OCH3, Y = −CH2C≡CCH2−, syn form

(o) R = X = −OCH3, Y = −(CH2)5−, anti form

(p) R = X = −OCH3, Y = −(CH2)5−, syn form
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Figure 7.37 Naming and structures of the earliest cryptophanes (anti form shown)

been obtained as its dichloromethane clathrate103 (Figure 7.39a) and a similar structure has been shown
to occur for the chloroform clathrate.104 Interestingly, the dynamics of the two inclusion complexes have
been shown to be quite different in NMR studies; chloroform gave a broad peak, indicating slow reorien-
tation within the cavity, whereas dichloromethane gave a sharp peak, indicating fast motion of the guest
molecule.103 Cryptophane A has also recently been successfully crystallised as the chloroform clathrate and
was shown to display complex behaviour, with three different crystal structures being obtained.105 These
all contained a chloroform molecule bound within the cavity; Figure 7.39b shows the simple 1 : 1 complex.
Two others exist, with either 2 : 1 or 3.5 : 1 guest–host ratios; however, the additional chloroform molecules
are not within the cavity but between the cryptophane molecules. Cryptophane O also displays an out-out
structure (Figure 7.39c) and was crystallised as part of a study on cryptophanes linked with bridges of
4–10 methylene units;106 at 250 ◦C this cryptophane was shown to be capable of inversion to give an
in-out structure.100 NMR studies have indicated that in the larger members of this system, there is also
equilibration between in-out and out-out structures.106
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Figure 7.38 Direct synthesis of cryptophane A
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Figure 7.39 X-ray structures of (a) cryptophane E + CH2Cl2, (b) cryptophane A + CHCl3 and (c) cryptophane O
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(c)

Figure 7.39 (continued)

Other workers have synthesised dibenzyl alcohol with a variety of bridges, such as the m-xylyl-bridged
compounds shown in Figure 7.40. After condensation in formic acid, the compound in Figure 7.39a could
be obtained in 21% yield in its chiral form, whilst the achiral syn form was obtained from the same
reaction in 14% yield.107 X-ray structures of the syn form showed the ester functions orientated towards
the centre of the cryptophane (Figure 7.41a). The ester groups could then be hydrolysed to give the free
carboxylic acids. This triacid derivative was shown in chloroform solution to complex methanol (with
stability constants for the 1 : 1 complex of 7500 L mol−1) and ethanol (41 L mol−1) but not isopropanol,
acetonitrile, nitromethane, acetaldehyde or acetone. The triacid also acted as an efficient extractor for
a variety of metal ions into chloroform, probably due to the acid groups being directed towards the
centre of the cavity, and showed a preference for Ca2+ and Sr2+ ions. High affinities were also noted
for the lanthanides ytterbium and europium. A variation of this synthesis has been used to generate a
cryptophane with three exo ester groups (Figure 7.40c) in 10–12% yield exclusively in the racemic anti
conformation.108 This system was found to form a strong 1 : 3 complex with THF, which could be shown
by X-ray crystallography to contain an encapsulated THF molecule, with more THF located between the
cryptophanes (Figure 7.41b). Prolonged heating caused loss of first the interstitial and then the encapsulated
THF to give an ‘empty’ cryptophane. Interestingly, this was seen to exist as a mixture of ‘empty’ host
and a second material, which could be separated by chromatography. This second material was shown
to be cryptophane that had ‘imploded’. NMR and X-ray studies showed the two CTV macrocycles to be
non-equivalent, where one CTV is in the cup conformation and the other is in the saddle conformation
(Figure 7.41c), the so-called out-saddle conformation.

Similar CTVs were synthesised first by the direct method but later more effectively by the template
method,109 with o-xylyl, p-xylyl or diethylenoxy linking groups as shown in Figure 7.40d–g. A recent
paper has also been published detailing the use of scandium triflate110 in the synthesis of CTVs and
cryptophanes; in the case of cryptophane A this was synthesised via the template method, with yields
being increased to as high as 51%. This method also reduced the formation of side products and allowed
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Figure 7.40 Structures of cryptophanes (anti form shown) with various bridging groups

the synthesis of cryptophanes that could not be obtained via the classical strong acid conditions, such as
benzyl ether substituted compounds.

Another method used to synthesise cryptophanes is to couple together substituted CTVs. For example,
CTV triphenols can be substituted with propargyl bromide to give a CTV bearing three acetylenic groups.111

Two CTVs can then be coupled together using copper-catalysed oxidation of these groups to give the
structure shown in Figure 7.40h in both the anti and syn forms, albeit after chromatographic separation,
with yields of 4% and 2% respectively. X-ray crystal structures show that the CTV units are staggered
at 120◦ in the anti isomer and 60◦ in the syn isomer. The anti isomer was shown to strongly complex
dichloromethane in hexachloroacetone solution; other guests that readily complexed included toluene,
chloroform, propylene oxide and cubane. Within limits, the cavity size appears to be adaptable by bridging-
unit folding to accommodate the steric requirements of the guest. Noncovalent interactions have also been
utilised to link together CTVs into cryptophane-type molecules; pyridine-substituted CTVs for example
have been linked by silver atoms to give dimers and tetramers.75 As an alternative, palladium species have
also been utilised to link together CTVs.112 A tribromo-substituted CTV can be coupled with diethyl(4-
pyridyl)borane to give the CTV shown in Figure 7.42a; this can then be reacted with a palladium complex
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Figure 7.41 X-ray structures of cryptophanes, showing (a) the syn trimester, (b) THF clathrate (solvent not
shown) and (c) empty ‘imploded’
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Figure 7.42 Structures of palladium-linked cryptophanes

to give cryptophanes like that shown in Figure 7.42b. If a racemic mixture of CTVs is used as the feedstock,
a mixture of both racemates and the meso cryptophane is produced; using a chirally resolved CTV leads
to formation of chiral cryptophanes.

7.10 Modification of Cryptophanes

Cryptophanes can be chemically modified in the same manner as CTVs. We have already noted how CTVs
can be demethylated with a variety of reagents to give the phenolic compounds, and the same reaction can
be performed on cryptophanes. However, there is a complication in that too vigorous conditions result in
the similar reaction occurring for the ether-linking groups and destroying the cryptophane structure. One of
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Figure 7.43 Structures of substituted cryptophanes

the earliest successful examples113 involved taking cryptophane A, demethylating the methoxy groups with
lithium diphenylphosphide, substituting the phenol groups with methyl bromoacetate and hydrolysing to
give the hexa-acid shown in Figure 7.43a. This compound proved to be soluble in water as the sodium salt
and reversibly complexed dichloromethane and chloroform in these conditions, with chloroform binding
more strongly.

A direct synthesis using a bis-thiovanillin derivative (Figure 7.43f) has allowed the synthesis of a
cryptophane E analogue,114 with —SMe replacing OMe substituents (Figure 7.43b). The presence of the
—SMe groups reduces the negative charge density in the aromatic rings of the cyclophane and obstructs
the entrances to the cavity. This leads to (in comparison to cyclophane E) much slower guest-exchange
rates and lower association constants with guests such as chloroform, trimethylammonium and tetram-
ethyammonium salts.

A triphenol CTV (Figure 7.9e) could be reacted with a benzyl alcohol substituted with an allyl ether
to give a CTV in which just one of the phenolic groups is etherified.115 This could then be substituted
with two more veratryl units and cyclised to give the cyclophane shown in Figure 7.44a. The allyl ether
could be deprotected by palladium-catalysed hydrogenation to give a cyclophane bearing a single phenolic
group (Figure 7.44b). Reacting this material (named a ‘cryptophanol’) with 1,10-diiododecane gives the
bis-cryptophane shown in Figure 7.44c. An unsymmetrical bis-cryptophane in which one of the units is
partially deuterated has also been reported. The cryptophanol could also be reacted with the chiral (−)-
camphanic acid chloride, which since the cryptophanol is also racemic gives rise to two diastereoisomeric
materials.116 These could be separated by crystallisation and hydrolysed to give both enantiomers with an
enantiomeric excess >98%. The cryptophanols could then be reacted with methyl iodide to give optically
pure cryptophane A.117 Vibrational circular dichroism measurements have given the absolute configuration
and shown that both ‘empty’ (in tetrachloroethylene solution) and filled (chloroform or dichloromethane
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Figure 7.44 Cryptophanols and bis-cryptophanes
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solution) cryptophane have similar configurations. A series of derivatives of optically pure cryptophanol
have also been synthesised, where the free phenol was substituted with a variety of groups or used to link
two cryptophanes together via a decyl chain.118 Again vibrational circular dichroism measurements were
used to determine the absolute configuration.

Larger assemblies of CTVs and cryptophanes are also known. Cryptophanes can be linked to form one-
dimensional coordination polymers, with for example the cryptophane with three ester groups on the xylyl
linker108 (Figure 7.40c) capable of being hydrolysed to give the tricarboxylic acid.119 When combined
with copper ions, this material forms a linear coordination polymer.

An optically pure CTV with three aldehyde substituents (Figure 7.45a) was synthesised and could then
be reacted with a number of diamines.120 When 1,2-diaminocyclohexane was used, a chiral cryptophane
was formed (Figure 7.45b). However, when linear amines such as 1,4-diaminobenzene (12 equivalents)
were combined with eight equivalents of the CTV, a chiral nanocube (Figure 7.45c) was formed, with the
eight CTV units forming the corners of the cube and the amines the edges. The structure of the cube is
deduced from NMR and MALDI-TOF mass spectra.

(a) R = −(CH2)15CH3
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Figure 7.45 (a) CTV, (b) diimine-linked cryptophane and (c) nanocube (Reprinted with permission from120.
Copyright 2008 American Chemical Society)
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We have already discussed the substitution of CTVs with metalloorganic groups and some similar work
has been performed on the cryptophanes. Racemic cryptophane E can be reacted with cyclopentadienyl
ruthenium to give the hexaruthenylated compound shown in Figure 7.46a as triflate or antimony hexaflu-
oride salts, which are highly water/air-stable compounds.121 The presence of the organometallic moieties
renders the cavity relatively electron-poor and facilitates the binding of anions. Triflate is encapsulated
within the cavity, as shown by the X-ray crystal structure (Figure 7.46b), as is the hexafluroantiminonate
(Figure 7.46c). Other anions that can be successfully incorporated are PF6

− and trifluoroacetate.

7.11 Complexes with Cryptophanes

As detailed above, a number of solvents and ions have already been shown to associate with cryptophanes.
The three-dimensional structure of these macrocyclic compounds makes them much more suited as hosts
than the parent CTVs and a wide variety of host–guest complexes have been synthesised, as detailed
elsewhere.9,99,100 Examples of some will be given here.

Since cryptophanes are often inherently chiral, attempts have been made to form complexes with chiral
guests. Cryptophane C was used as a host for bromochlorofluoromethane122 and NMR studies showed that
when a single enantiomer host was used, the NMR spectra of the complexed guests gave two sets of peaks,
indicating formation of diasteroisomeric complexes. Theoretical calculations were made on this system
and confirmed the experimental observations that the (−) enantiomer of bromochlorofluoromethane123 was
more strongly bound to the (−) enantiomer of cryptophane C.

Cryptophane E, with slightly longer linking chains that cryptophane A, forms complexes with a variety of
halomethanes, such as dichloromethane, chloroform and bromoform.124 Chloroform showed the strongest
binding, followed by dichloromethane and then bromoform, with only weak complexation of carbon
tetrachloride and acetone. Binding constants for these guests were higher than for cryptophane A. Other
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Figure 7.46 (a) Hexaruthenium cryptophane, and the X-ray structure of (b) triflate and (c) hexafluroantimi-
nonate salts

work showed that cryptophane A forms an inclusion complex with methane, even managing to hold on to
this volatiles guest at room temperature.125 Cryptophane E also binds a molecule of isobutane from 1,1,2,2-
tetrachloroethane solution (this solvent is too big to enter the cavity). When substituted with acid groups,
the resultant water-soluble cryptophane E compound binds isobutane from water over 500 times more
strongly than in organic solvent and forms weaker complexes with butane and isobutene.99,126 A detailed
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description of the overall binding of cryptophanes C and E has recently been published.100 The even larger
cryptophane-O was demethylated and converted into its hexaacid derivative; this was shown to complex
tetrahedral molecules such as tetramethyl and tetraethyl derivatives of silicon, germanium, tin and lead.127

A variety of hydrocarbons can also be bound by cryptophanes with diethylenoxy or aromatic linking groups
(Figure 7.40d,e,g). Depending on the structures of the cryptophanes and whether they are anti or syn , a
number of hydrocarbons such as 3-methylpentane or 2,2,3-trimethylbutane can be encapsulated.109 What
is noticeable in many of these host–guest interactions is that many of the cryptophanes seem to prefer
tetrahedral guests.

Charged tetrahedral guests have also been shown to form 1 : 1 complexes with cryptophanes. The
aromatic bridged cryptophanes in Figure 7.40d,e were shown to bind a number of cationic ammonium
species, one of the strongest-binding being methyltriethyl ammonium.128 Cryptophanes with three —OMe
groups replaced by —SMe groups have been shown to bind trimethylammonium and tetramethyammonium
salts,114 again with preference for the tetramethylammonium compound (binding constant 475 000 M−1).
Molecular dynamics calculations suggest that incorporation of a tetramethyl ammonium cation within
a cryptophane E cavity causes the cryptophane to stretch and the cage region to become more rigid,
thereby slowing the fluctuations needed for release of the guest, stabilising the complex and extending its
lifetime.129 A great deal of experimental and theoretical work has been conducted to determine the driving
forces for molecular recognition by these species. For example, similar theoretical studies on cryptophane
E encapsulating tetramethylammonium or neopentane species indicated better ordering of the cationic
species within the cavity and that the neopentane tumbles relative to the cryptophane much faster than the
tetramethylammonium moiety.130

The effects of cryptophane size and substitution on the binding of cationic substrates have been
investigated for acetylcholine and other ammonium compounds.131 Cryptophane E in chloroform bound
tetramethylammonium ions most strongly with the replacement of one of the methyl groups with a longer
hydrocarbon chain (Et, Pr, Bu and so on), causing large decreases in binding. Similarly, its hexaacid
derivative bound ammonium salts from water, albeit with lower binding constants, and showed similar
patterns. The larger cryptophane O, as its hexaacid derivative, bound these species as well, but with much
less sizable differences in binding and some preference for larger ions such as tetraethylammonium and
acetylcholine. The same cryptophane was also shown to bind a number of piperidine-based free-radical
species and electron-spin resonance studies showed the radicals were located within the hydrophobic cavity
of the host.132 Some studies were also carried out on diethylenetrioxy-bridged cryptophanes (Figure 7.40g),
showing their ability to extract metals from water with a preference for caesium.

The complex between cryptophane E and chloroform has also been investigated by NMR studies and
shown to essentially behave as a single molecule on the NMR timescale; that is, there is no motion of
the guest relative to the host within the cavity.133 The spectra also show evidence of strongly anisotropic
(directional) interaction between the cyclotriveratrylene unit of the host and the hydrogen of the guest. These
types of structure were confirmed by Raman studies on crystalline samples of chloroform complexes of
cryptophane A and E.105 However, NMR studies of the dichloromethane complex indicated fast rotation of
the guest relative to the host, possibly because of the smaller size of the guest.103 Spectral analysis indicated
that the C—H bond of the guest pointed towards the centre of one of the CTV units and an increased red
shift for the cryptophane E complex confirmed stronger binding of the guest than for cryptophane A. A
solid-state carbon NMR study of the crystalline cryptophane E–chloroform complex demonstrated that the
mobilities of the guest were similar in both solid-state and solution complexes.134 There have also been
studies on chloroform and dichloromethane complexes with cryptophane E,135 and the thermodynamics
and kinetics of this binding process have been evaluated. The same group studied the binding of these
halomethanes to cryptophane A and the intermediate cryptophane (often known as cryptophane 223) and
determined the rotational freedom of the guests within the cavities.136 Other workers using thiomethylated
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cryptophane E (Figure 7.43b) bound either a CHFClBr or a CDFClBr guest and showed by NMR that the
guest motion was slowed upon complexation.137

Fluorescence measurements have been made on cryptophane A, which has been shown to give an
emission peak at 320–330 nm.138 Strong complex formation with dichloromethane was demonstrated and
chloroform and carbon tetrachloride were also studied, but they appeared to simply quench fluorescence.

We have seen how the molecular size of the cryptophanes affects their binding; recently some work
has been carried out on expanding the variety of cryptophanes and the study of their binding. A large
cryptophane containing six linking chains was constructed, as shown in Figure 7.47. This structure can be
considered to be a combination of a cryptophane and a crown ether.139 A dibenzo crown ether (Figure 7.47a)
substituted with a benzyl alcohol-type group can be cyclised using scandium triflate to give the CTV substi-
tuted with three crown-ether units (Figure 7.47b). The aldehyde substituents can be reduced to give a second
set of benzyl alcohols, which can undergo a second cyclisation to give the cryptophane in Figure 7.47c.
Two cationic aromatic guests were studied: dimethyldiazapyrenium and 4,4′-biphenylbisdiazonium ions
(Figure 7.48a,b). NMR studies showed formation of 1 : 1 complexes and this was confirmed by the crystal

N+ N+ +N2 N2
+

(b)

(a)

(c) (d)

Figure 7.48 (a) Dimethyldiazapyrenium, (b) 4,4′-biphenyl bisdiazonium and (c,d) complexes with the crypto-
phane in Figure 7.46c
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structures (Figure 7.48c,d). For the dimethyldiazapyrenium guests, the pyridinium rings were threaded
through two of the crown-ether rings.

At the other extreme, the smallest of this family, cryptophane 111 (Figure 7.43c), can be synthe-
sised by coupling two CTV triphenol units together with bromochloromethane.140 This smallest cyclo-
phane bound xenon very strongly in organic solvents, 10 000 M−1; in the next section we will describe
xenon–cryptophane complexes. Later studies investigated the formation of complexes of cryptophane
111 with other small molecules.141 Both methane and hydrogen were shown to bind to the cryptophane,
whereas ethane and ethylene were much more weakly complexed. These results indicate the potential for
cryptophane 111 to act as a selective host for small gases and perhaps to lead to a range of size- and
shape-selective gas-sensing cryptophanes.

7.12 Cryptophane–Xenon Complexes

We have already described the extremely high affinity of cryptophane 111 for xenon, but many other
xenon–cryptophane complexes are known. What makes these complexes more than just an academic
curiosity is that they can be utilised in MRI and biosensing. Nuclei of the stable xenon isotope 129Xe have
a spin of 1/2, making them suitable for NMR detection. When nuclei of this type are placed in a strong
magnetic field, they can align with or against it. Usually a small excess of nuclei align with the field – this
is referred to as polarisation (typically 0.001% of the maximum value at room temperature, even in the
strongest magnets). However, in the case of xenon this can be increased to over 50% of the maximum
possible value by mixing with nitrogen and alkali metal (usually rubidium) vapour and irradiating with a
circularly polarised laser. The laser polarises the valence electrons of the metal atoms and this polarisation
can be transferred to the xenon nuclei in a process known as hyperpolarisation. In the case of 129Xe, even
after the laser irradiation ceases and the xenon is separated from the metal vapour, hyperpolarisation can be
maintained for long periods of time, ranging from several seconds for xenon atoms dissolved in blood142

to several hours in the gas phase143 and several days in deeply frozen solid xenon.144 This enhanced
hyperpolarisation greatly increases the detectability of xenon via MRI by factors of up to 10 000. This has
led to its use in studies of the flow of gases within the lungs,145 for example, and trials are being carried
out on its use in imaging other tissues. Laser polarisers for xenon are available commercially. There are
several problems, however, such as the fact that dissolved xenon gas loses its hyperpolarisation rapidly in
blood and there are no covalent compounds of xenon suitable for use. While compounds such as xenon
fluorides and oxides exist, they are not suitable for clinical use.

One possible approach is to encapsulate the hyperpolarised xenon within an organic compound such as
a cryptophane. The cryptophane can encapsulate the xenon, in effect rendering it into an easily handled
form, thereby increasing its solubility compared to just dissolving the gas in a solvent due to high binding
constants, whilst also protecting it from environmental influences. Water-soluble cryptophanes could be
used to increase biocompatibility.

One of the first reports of xenon encapsulation in cryptophanes described the reversible 1 : 1 complexation
of xenon in cryptophane A.146 NMR studies (1H and 129Xe) clearly showed the binding of the xenon
atoms with a large upfield shift of the xenon nuclei and a binding constant of about 3900 M−1, four
times that observed for chloroform and 20 times that for methane. Binding was also stronger than for the
corresponding complexes between xenon and α-cyclodextrin. The strong binding was thought to be due to
a good size match between the cryptophane and guest, high London forces between the polarisable guest
and the electron-rich aromatic rings, and the minimal loss of entropy of the guest. Utilising cyclophane
A in which either or both of the methyl groups and the linking chains had been deuterated allowed
further refinement of the binding process.147 The chemical shift of the xenon nuclei was a direct function
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of the level of deuteration of the cryptophane and it was also shown that all complexation took place
between cryptophane and ‘free’ xenon and that there was minimal movement of xenon directly from one
cryptophane to another in a collision-type mechanism.

The possibility of encapsulating xenon led to a series of works on synthesising new cryptophanes in
an attempt to provide a ‘tailor-made’ cavity; an example is the deuterated cryptophanes above, in which
either the methoxy groups were replaced by —OCD3 groups or the linking chains were perdeuterated.148

The chemical shifts of bound xenon were found to depend on the ratio of hydrogen to deuterium. Besides
these, a more complex series was synthesised in which two types of linking chain were used in the same
cryptophane, as shown when a CTV triphenol (Figure 7.9e) was used as the starting material. First this
was monosubstituted with a benzyl alcohol unit by reacting the CTV with an alkyl iodide in 1 : 1 ratio
(Figure 7.49a, yield 30%); further reaction with a protected deuterated benzyl alcohol substituted the
remaining phenol units to give the structure shown in Figure 7.49b, which could then be cyclised using
typical conditions to give the cryptophane with one protonated and two deuterated linking chains. The
same method can be used to synthesise a wide variety of asymmetrical cryptophanes with different linking
groups between CTV units. For example, cryptophanes 223, 233 and 224 linked together by —O(CH2)nO
chains (where the numbers refer to the number of carbons (n) in each individual linking group) were
synthesised,149 albeit with lower yields than cryptophane A, possibly due to the asymmetry increasing the
number of undesirable side-products. Cryptophanes 223 and 233 bound xenon as a 1 : 1 complex with slow
exchange and binding constants of 2810 M−1 and 810 M−1 respectively, lower than for cryptophane A.
Xenon appears to bind to cryptophane 224, but with rapid exchange between solution and bound states;
the relatively poor binding of this cryptophane may be due to the increased flexibility of the host.

Bis-cryptophanes have been synthesised, similar to those in Figure 7.40c, but where one or both of
the cryptophanes is deueterated.150 The bis-cryptophanes bind two Xe atoms with similar complexation
behaviour to cryptophane A. In the case of the asymmetric bis-cryptophane in which one of the units
is deuterated, at low temperatures it proved possible to distinguish the bound xenon atoms by NMR,
depending on the cavity in which they were located (a difference in chemical shift of 1.16 ppm). Grafting
a (−)-camphanic acid unit onto a racemic cryptophanol gives rise to diasterisomeric cryptophanes. When
these materials are complexed with laser-polarised xenon, NMR studies prove capable of distinguishing
between the two diastereoisomers, the chemical shifts showing a difference of 7 ppm.151 Modelling of the
two diastereoisomers indicates that the more flexible of the two can distort its cavity more effectively to
accommodate the xenon guest.

Water-soluble cryptophane hexaacids are soluble in water at biological pH. A series of these compounds
(based on cryptophanes A, E, 223 and 233) were synthesised and their complexation behaviours with
xenon studied.152 Binding constants as high as 6900 M−1 for the cryptophane A hexaacid in water were
observed, making these compounds potential candidates for biosensing.

Once the feasibility of utilising cryptophanes as hosts for xenon was demonstrated, a number of appli-
cations were tested. For example, a cryptophanol substituted with a single carboxylic acid group was
first coupled with a peptide chain and then capped with a substituent bearing a biotin unit153 to give the
structure shown in Figure 7.50a. Biotin is well known to undergo extremely strong and selective binding
to the protein avidin. When laser-polarised xenon was incorporated into the cryptophane A unit on this
molecule and the resultant ‘functionalised’ xenon moiety was combined with avidin, a change in chemical
shift of the 129Xe NMR signal combined with broadening was observed. This did not occur when avidin
that had had its biotin binding site blocked with native biotin was used. Binding to avidin appeared to have
minimal effect on the xenon–cryptophane binding. What we therefore have developed is a ‘biosensing’
molecule which can selectively detect avidin. Combined with laser polarisation of the xenon, with its resul-
tant enhancement in sensitivity, this could potentially form the basis of an NMR ‘biosensor’. The possible
advantages of these types of biosensor include their ability to simultaneously detect multiple analytes,
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Figure 7.50 (a) Biotinylated cryptophane (Reprinted with permission from153. Copyright 2004 American
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their applicability to in vivo spectroscopy and imaging, and the possibility of ‘remote’ amplified detection.
Different cryptophane/peptide diastereoisomers affected the xenon chemical shift, allowing ‘fine-tuning’
of the shift and so raising the possibility of the simultaneous use of multiple ‘biosensing’ molecules, each
specific to a different target.

Xenon biosensors have been utilised for investigation into various biological interactions. The width of
the xenon signal can act to limit the sensitivity of this biosensor and therefore attempts have been made to
optimise the signal. Various biotinylated xenon@cryptophane conjugates (‘xenon@cryptophane’ being used
to describe xenon encapsulated within a cryptophane molecule) with different peptide and linking groups
were synthesised.154 Both the line width and sensitivity of chemical shift to avidin binding of the xenon
biosensor were found to be inversely proportional to linker length. Coupling of a xenon@cryptophane
complex to a peptide chain led to the development of a biosensor for the detection of metalloproteinase.155

Enzymatic cleavage of the peptide (which was a substrate for the proteinase) led to a measurable change
in the 129Xe spectra (change in chemical shift of 0.5 ppm). Similarly, an optically pure cryptophanol could
be substituted with a spacer and then a single-stranded 20-mer oligonucleotide chain.156 Binding of the
counterpart to the oligonucleotide caused a shift in 129Xe spectra. Use of laser hyperpolarisation meant
that low concentrations of probe (2 μM) could be utilised.

Further design of the cryptophane core to maximise the effects of binding on the xenon NMR
has been undertaken. A water-soluble cryptophane (Figure 7.50b) substituted with triazole units has
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been synthesised157 and its complexation with xenon in water and human plasma has been studied by
fluorescence. A binding coefficient of 30 000 M−1 in water was obtained. Further work utilised a triacid
cryptophane (Figure 7.50c), which was shown by NMR to exist in both crown-crown and crown-saddle
(<5%) conformations and displayed an even higher xenon binding coefficient of 33 000 M−1 in water.158

The authors hypothesise that the presence of ionisable groups near the cryptophane core improves xenon
binding. A range of 12 further cryptophanes with varying substituents, bridging groups and anti and syn
conformations were synthesised, and their xenon-binding behaviour determined.159 Many of these gave
different xenon NMR chemical shifts, allowing for the possibility of multiplexed sensors.

Cryptophanes have also been conjugated with the enzyme human carbonic anhydrase II.160 A crypto-
phane was synthesised (Figure 7.50d) that conjugates via a sulfonamidate anion to the active Zn2+ site of
the enzyme. An X-ray crystal structure of the enzyme–cryptophane conjugate has been obtained, which
verified the structure and encapsulation of the xenon. Later work161 showed that the binding to the enzyme
affected the NMR spectra of the xenon nuclei. Biosensor dissociation coefficients could be obtained for
the conjugates and the chemical shifts of the xenon allowed differentiation between the I and II isosymes.
Xenon biosensors may potentially determine human diseases characterised by protein biomarkers.

7.13 Other Uses of Cryptophanes

We have already detailed the use of xenon-based cryptophanes as sensors, but other cryptophanes also have
sensing abilities for a number of species. Carboxylic acid-substituted cryptophanes have been deposited
onto quartz crystal microbalance (QCM) crystals162 and shown to respond to ammonia in moist air with
minimal cross-sensitivity to H2S, CO2, N2O or CH4. Cryptophane A can be deposited as a solvent-cast film
or spin-coated along with polyvinyl chloride onto silicon substrates.163 Alternatively it can be deposited
as a Langmuir–Blodgett film along with a phospholipid or a porphyrin. The potential differences of the
films can then be measured, and in the case of the LB films, measurable differences are observed when
samples are exposed to a methane atmosphere, indicating their potential as a methane sensor.

Cryptophanes A and E can be dispersed in a polysiloxane matrix and then dip-coated onto optical
fibres.164 Optical measurements can then be made on the fibres during exposure to various levels of
methane. An evanescent wave is generated in this format which interacts with the fibre coating and allows
measurement of its refractive index. This refractive index is found to increase upon exposure to methane
of the cryptophane A-loaded system, with a detection limit of 2% v/v. High levels of other alkanes (>15%
v/v) do interfere, probably due to solubilisation in the polymer matrix. Cryptophane E composites can also
be used to detect methane but are not as sensitive (detection limit of 6% v/v). Recently a similar system
using optical fibres with cryptophane A incorporated into silicone cladding was used to detect methane.165

Decreases of mode-filtered light intensity were shown to correlate with methane concentrations in the range
0–16% v/v with a detection limit of 0.15% v/v and a response time of five minutes. Minimal interferences
were observed for oxygen, hydrogen and carbon dioxide, although halomethanes caused interference.

Cryptophane A can also be deposited from THF onto QCM crystals by an electrospray method.166

This sensor has proved to be selective and highly sensitive to methane (detection limit 0.05% v/v), with
response and recovery times <30 seconds, but becomes saturated at levels above 0.2% v/v. Cryptophane
A can also be deposited as a composite with polysiloxane onto an SPR chip and has proved suitable for the
detection of dissolved methane in an aqueous environment;167 it is selective and reversible and is suitable
for detection at low concentrations (1–300 nM), typical of open ocean environments, with detection limits
lower than 0.2 nM.

Cryptophane A is capable of being deposited as monolayers when mixed with phospholipids, as pre-
viously described.163 Cryptophanes C and E, along with two larger analogues with —O(CH2)9O— or
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—O(CH2)10O— bridging units, can also be spread as monolayers at the air–water interface.168 High surface
pressures cannot be achieved with these species, probably because of their lack of a classical amphiphile
structure, with a hydrophilic head group and a long hydrophobic alkyl chain. Cryptophane C does not
appear to form a stable monolayer but the other materials form monomolecular layers when the surface
pressure is between 0 and 10 mN m−1. It is thought the weakness of the ether oxygen–water interaction and
the readiness of these materials to crystallise lowers monolayer stability. However, when longer side chains
are incorporated, much more stable monolayers are formed. Cryptophanes substituted with three hexanols
or hexadecyls (Figure 7.43d,e) can be synthesised and have been studied as Langmuir monolayers.169 The
highest-quality monolayers are obtained for cryptophanes substituted with three hexadecyl groups, these
being stable up to 27 mN m−1. Higher pressure leads to the irreversible formation of aggregates.

It has also proved possible to incorporate cryptophanes into liquid crystals. Cryptophane A can be mixed
with and solvated into commercial liquid crystals and the resultant systems have been studied by NMR,170

showing higher degrees of spatial orientation and decreased mobility compared to bulk solutions. Later
work on this cryptophane and the bis-cryptophane again shows enhanced ordering for both hosts.171 The
bis-cryptophane gives very similar results to the parent moiety despite differences in size and mobility. By
analysis of chloroform molecules complexed within the cryptophane, it has been deduced in both cases
that the C3 axis of the cryptophane lies perpendicular to the liquid-crystal director.

Charge-transfer products have also been formed by cryptophanes. Normally charge-transfer complexes
are formed between two flat aromatic molecules such as tetrathiafulvalene and tetracyanoquinodimethane.
However, nonplanar macrocyclic systems can be incorporated into these systems. For example, crypto-
phane E can be electrochemically oxidised to give a radical cation and forms a stable 1 : 1 salt with
PF6

−, which can even be crystallised and binds a chloroform molecule within the cavity.172 A recent
report demonstrates that charge-transfer complexes can also be formed between C60 and either cryp-
tophane A or E. NMR, adsorption spectroscopy, fluorescence and electrochemical studies confirmed
complex formation.173

7.14 Hemicryptophanes

Hemicryptophanes are species similar to cryptophanes except that one of the CTV rings is replaced by a
different macrocyclic system. Several examples will be given here, such as the CTV–azacrown compound
mentioned earlier36 and the compound shown in Figure 7.51a, in which a CTV has been synthesised with
three ‘tentacles’ that are each ‘capped’ with a thiophosphoryl trihydrazide unit.174 This compound has
a nonpolar CTV unit and a more polar hydrazide moiety, making it a ditopic receptor with a potential
metal binding site. This material forms a crystalline inclusion compound with a toluene atom located in
the cavity. Similarly, a hemicryptophane synthesised from a chiral CTV and a chiral trialkanolamine unit
can be synthesised (Figure 7.51b), with all the stereoisomers characterised and absolute configurations
determined by CD spectra.175 The compound can also be reacted to give the vanadium oxide complex
(Figure 7.51c).

Recently it was found that both the syn and anti forms of this vanadyl complex could be obtained, and
both were found to be effective oxidation catalysts, catalysing for example the oxidation of sulfides to
sulfoxide by cumyl hydroperoxide.176 In these complexes the vanatrane unit has a propeller-like shape and
is chiral, leading to the formation of diasteroisomers. Interestingly, it was found that the solvent controls
the preferential clockwise or anticlockwise orientation of the atrane moiety, with for example benzene
giving the opposite orientation to DMSO.177 An X-ray crystal structure of this hemicryptophane has been
obtained (Figure 7.51d). Unusually a clathrate is not formed; instead the molecule is compact in shape,
with one of the linking units occupying the cavity and pushing the atrane unit outwards.
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complex, and (d) the X-ray crystal structure of a hemicryptophane
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Figure 7.52 Structure of a cryptacalix[6]arene

Mixed macrocyclic systems can also be synthesised; for example 1,3,5-trimethoxy-t-butyl calix[6]arene
can be substituted to give a calix with three benzyl alcohol substituents on the lower rim. These can then
be cyclised to give a ‘cryptacalix[6]arene’ (Figure 7.52) with a calix[6]arene joined by three alkyl bridges
to a cyclotriveratrylene.178 NMR studies indicate that both macrocycles are in a cone or crown form and
that there is a large cavity in the cavitand.

7.15 Conclusions

We have described the evolution of the cyclotriveratrylenes and cryptophanes. The cyclotriveratrylenes
provide a wide range of building blocks, often with inherent chirality, that can be used to assemble many
different cryptophanes. These have a variety of potential applications, including as sensors for species such
as methane. They also provide an opportunity for a study of the effects of confinement on a variety of
small molecules. Importantly, they can be used to effectively functionalise xenon, thereby opening up the
possibility for its use in clinical settings or as a biosensor. The combination of cryptophane chemistry and
xenon hyperpolarisation offers the potential for the production of a wide range of materials for multiplexed
biosensing and/or magnetic imaging.

Much of the chemistry of cryptophanes has been concerned with modifying the outside of the cavities to
optimise properties such as solubility. However, there is also potential to introduce functional groups within
the cavity, in an attempt to generate a selective or reactive site within the inner space to form a nanoreactor.
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Some success has also been attained in generating intermediate structures, where a cyclotriveratrylene has
been combined with another macrocyclic system to form a hemicryptophane.

Up to now the compounds described have mainly been utilised within the academic community.
However, the improvements in synthesis and purification, along with the development of methods for
incorporating these species in devices or in vivo applications, promises that these materials will soon join
many of the other families of macrocyclic compounds described within this work in being used within a
variety of scientific, commercial and medical settings.
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8
Cucurbiturils

8.1 Introduction

One recurrent theme throughout this book appears to be the serendipity of the discovery of many of
these macrocyclic compounds. Cyclodextrins are natural products, whereas crown ethers and calixarenes
were discovered by workers who were attempting to synthesise entirely different materials. The family of
macrocycles discussed within this chapter was also discovered almost by accident.

In 1905 workers in the group of Robert Behrend studied the acidic condensation of glycoluril (itself a
condensation product between urea and glyoxal) and formaldehyde, which gave rise to an almost insoluble
solid material which is now known as Behrend’s polymer.1 From this type of reaction we would expect
an intractable cross-linked polymer to form. The product from this particular reaction however could be
dissolved in and recrystallised from hot concentrated sulfuric acid to give a crystalline product in yields
of up to 70%, which was shown to be a condensation product – with one glycoluril reacting with two
equivalents of formaldehyde. This product was shown to display high chemical stability and to form
co-crystals with a variety of salts, including silver nitrate and potassium permanganate, as well as with
organic species such as methylene blue.

After the initial studies, very little work was done and the actual structure and properties of this product
remained a mystery until the 1980s. It was then that the group of Mock repeated this synthesis and isolation,
demonstrating by FTIR that the carbonyl remained intact and providing a simple NMR spectrum which
indicated high symmetry.2 Final determination of the structure was obtained by X-ray crystallography of
the calcium sulfate complex of the compound. The condensation reaction was shown to give a cyclic
hexamer (Figure 8.1a); it is surprising that a single product is obtained in such good yields from this
reaction in which 24 bonds are generated. This is thought to be a consequence of favourable strain coupled
with an abundance of hydrogen-bonding interactions. It is probable that the initial reaction generates a
wide range of cyclic and polymeric products and that under the drastic conditions needed to dissolve these
products, rearrangement occurs to give the thermodynamically favoured hexamer.

The hexamer bears a resemblance in shape to a pumpkin, which has led to the commonly used name of
‘cucurbituril’ (from the Latin cucurbitaceae) first used in an early paper by Freeman et al.2 Six glycoluril
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Figure 8.1 (a) Synthesis and (b) crystal structure of cucurbituril complexed with calcium, and (c) ‘top’ view of
cavity (sulfate and water of crystallisation removed for clarity)

units are linked together by paired methylene bridges (unlike other macrocycles, which are linked together
by single bridges); the methylene groups are orientated so that the C—H bonds point outward from the
macrocyclic structure. Unlike many of the other macrocyclic compounds described within this book, there
is no distinct upper and lower rim and the cyclic hexamer is symmetrical. The structure displays an internal
cavity some 0.55 nm in diameter, capped with 0.4 nm portals formed by the carbonyl groups (Figure 8.1b).
In the crystal structure the calcium ions coordinate to the carbonyl oxygens. There was also some early
description of binding within the work of Freeman et al., with for example cyclopentanemethyl amine
being shown to form a complex with the hexamer in formic acid, while the larger cyclohexanemethyl
amine did not.
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Much of the early work on cucurbiturils has been extensively reviewed, as shown within the Bibliography
and two recent and exhaustive works by Lagona et al. and Isaacs.3,4 Initial work with cucurbiturils utilised
just the hexamer, which can be abbreviated as CB[6]. This is the thermodynamically most stable isomer
and the easiest to synthesise in a pure form; for many years it was the only member of this family available.
Later work found that if lower temperatures and otherwise milder conditions were utilised, a variety of
compounds could be synthesised, usually as kinetically controlled mixtures. For example, glycoluril could
be condensed with formaldehyde in 9 M sulfuric acid at 75 ◦C for 24 hours and then at 100 ◦C for 12 hours.5

Electrospray ionisation mass spectrometry demonstrated the presence of a mixture of CB[n] (n = 5–11). A
typical batch of the mixture contains 60% of CB[6], 10% of CB[5], 20% of CB[7] and 10% of other higher
CB homologues. It is thought this is due to formation of linear condensation products, which then cyclise
to form the family of macrocycles. Careful fractionation and crystallisation has allowed the isolation of
CB[5], CB[7] and CB[8] and determination of their X-ray crystal structures, which were similar to that
of CB[6].

Other workers also examined the synthesis of cucurbiturils under a wide variety of acidic condensation
conditions6 and demonstrated formation of CB[5]–CB[10]. Several general rules for the production of
CB[n] compounds were deduced. First, strong acids such as sulfuric or hydrochloric acid are required;
trifluoroacetic acid, for example, is not strong enough to catalyse formation of cucurbiturils. Lower concen-
trations of starting materials (glycoluril) lead to relatively higher yields of CB[5] and CB[6] compared to
the higher homologues. It was also found that whilst CB[5], CB[6] and CB[7] are stable under hot, acidic
conditions, CB[8] reacts to give a mixture of CB[5]–CB[8]. The effects of metal ions on CB[n] formation
were also studied to see whether a template effect existed.7 Some differences were noted, namely that
potassium ions lead to higher yields of CB[5] whereas lithium ions catalyse the increased production of
the higher members of this family compared to when the reaction is carried out just in concentrated HCl.

The same group also found evidence of what from the molecular weight was a CB[15] compound, but the
NMR indicated presence of a CB[10] moiety plus another species which could not be separated by multiple
recrystallisation.8 X-ray crystallography finally solved this conundrum (Figure 8.2) and demonstrated that
the compound consisted of a CB[10] macrocycle with a CB[5] macrocycle encapsulated within it as a
guest. The smaller CB[5] was shown by NMR studies to freely revolve within the larger macrocycle.
Multigram syntheses of this complex proved possible. Isolation of pure CB[10] from this complex by
simple crystallisation or other methods was impossible, but addition of another strongly binding guest
molecule, melamine diamine, displaced the CB[5]. The second guest could then be reacted with acetic
anhydride, thereby converting the amino groups to amides and causing loss of guest9 to give pure CB[10].

The cucurbiturils all display similar structures, with a rigid symmetric cyclic structure approximately
0.9 nm in height containing a central cavity. Table 8.1 lists the characteristics of the different cucurbiturils
and shows how the central cavity increases dramatically in size with the incorporation of more glycoluril
units. The range of the cavity sizes of these compound spans and exceeds that of the cyclodextrins. It should
also be noted that the portal diameters are in all cases smaller than the cavity, adding steric hindrance to
the binding and unbinding of some guests. The cucurbiturils all display high stability, only decomposing
at high temperatures (>350–400 ◦C) and being stable in strongly acidic solutions.

The discovery of the synthesis of other members of the cucurbituril family besides CB[6] greatly
increased the interest in these compounds, since they now offered a wide variety of potential host groups
with wide-ranging cavity sizes and shapes. There are some differences in physical properties between
members of this family, most noticeably that the odd-numbered CB[5] and CB[7] both have reasonable
(20–30 mM L−1) solubilities in water,10 comparable to β-cyclodextrin, whereas CB[6] and CB[8] are much
less soluble (<0.01 mM L−1). The aqueous solubilities can be greatly enhanced by using either strong
acid conditions or metal salts. For example, CB[6] has a solubility of 61 mM L−1 in 50 : 50 water–formic
acid, with CB[5] having similar solubility3 and CB[7] a solubility of 700 mM L−1. Addition of salts can
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Table 8.1 Structural and physical parameters of cucurbiturils

Cucurbituril Cavity Width Portal Width Cavity Volume
(nm) (nm) (nm3)

CB[5] 0.44 0.24 0.082
CB[6] 0.58 0.39 0.164
CB[7] 0.73 0.54 0.279
CB[8] 0.88 0.69 0.479
CB[10] 1.13–1.24 0.95–1.06 0.870

also greatly increase solubility; alkali, alkaline and ammonium ions for example were all shown to form
2 : 1 complexes with CB[6] and to greatly enhance its solubility in water.10 The binding constants obtained
between the CB[6] compounds and the cations were found to be higher than for similar metal–crown ether
complexes. Cucurbiturils are also usually insoluble in organic solvents and so there has been some work
on the synthesis of derivatives of CB[n] to enhance solubility.11

8.2 Complexation Behaviour of Simple Cucurbiturils

8.2.1 Cucurbit[5]uril

The smallest of the cucurbituril family, CB[5] can bind a variety of small guests within the cavity or
externally via the carbonyl units. For example, alkali metals, ammonium ions and alkaline earth metals
all bind to CB[5] to form complexes.12 Smaller cations were found to have somewhat higher binding
constants, for example sodium bound more strongly than caesium. Ammonium and hexylamine chloride
also bound with very similar strengths, indicating that binding was between the carbonyl and ammonium
group, with no inclusion of the alkyl chain in the cavity. Similar work describes the complex formation
of CB[5] with a variety of transition metal ions,13 showing that the complexes are generally less stable
than those with CB[6]. The adduct of CB[5] with Cu(II) was crystallised and its structure determined by
X-ray crystallography.14 Crystallisation of CB[5] with a molybdenum oxo-species15 gave rise to a structure
in which the inorganic species capped the two ends of the cucurbituril (Figure 8.2b). Interestingly, two
sodium ions and one chloride ion were included within the CB[5] cavity as a Na-Cl-Na unit. Lanthanide
ions, along with cadmium, barium and potassium, were also shown to cap CB[5] units and form molecular
capsules in which a chloride ion could be trapped;16,17 the structure of a dysprosium-capped16 CB[5] is
shown in Figure 8.3a. While these species tend to crystallise as isolated molecules, the potassium complex
actually forms a one-dimensional polymeric chain in the solid state.17

CB[5] and its lanthanum-capped complex were examined for their ability to complex various anions.
Fluorescence studies showed the capped complex had a marked preference for chloride ion over nitrate,
while the uncapped parent molecule demonstrated a preference for the nitrate ion.18 The structures of
these materials were confirmed crystallographically (Figure 8.3b shows the CB[5]/La/NO3

− complex).
Asymmetric capped complexes in which CB[5] is capped at one end by a potassium ion and at the other
by a lanthanum species have also been isolated and shown again to incorporate a chloride ion.19 Complexes
between CB[5] and uranyl ions have also been reported.20

Organic compounds have also been shown to form complexes with CB[5]. NMR studies showed that
hexamethylene tetramine forms capped complexes with CB[5] (and CB[7]) but not CB[6] or CB[8]. With
CB[5], both 1 : 2 complexes in which the hexamethylene tetramine caps both ends of the CB[5] and
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(a)

(b)

Figure 8.2 (a) Crystal structure of CB[5]@CB[10] (some ions and water removed for clarity) and (b) crystal
structure of CB[5]/Mo complex
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1 : 1 complexes (probably one-dimensional polymers in nature, with the hexamethylene tetramine bridging
between CB[5] units) can be formed.21 CB[5] also forms 2 : 1 portal complexes with both 2-aminomethyl
pyridine and 2(2-aminoethyl) pyridine.22 Other materials that also form complexes include lysine, which
forms a 2 : 1 complex with CB[5], and the peptide pentalysine, which by mass spectral studies forms a
1 : 1 complex, though this cannot be threaded through the macrocycle but instead appears to bridge around
it,23 in contrast to CB[6] in which the pentapeptide is threaded through the macrocycle. However, when
CB[5] is combined with the linear tetraamine spermine (Figure 8.3c), it appears that the amine does thread
through the macrocycle.24 This has been confirmed by reacting the complex with benzoyl chloride to give
the rotaxane.

The aromatic compound thioflavin T (Figure 8.3d) has also recently been shown to form 1 : 1 and
2 : 1 host–guest complexes with CB[5], again via portal binding.25 The binding of the first macrocycle to
the guest has been shown to occur much more readily than binding of the second host, probably because the
initial binding occurs via a strong ion–dipole interaction between the host and guest molecules, whereas
the 2 : 1 complex formation is mainly driven by weaker forces like hydrophobic interaction. CB[5] also
forms weakly bound 1 : 1 complexes with cyclodextrins in water, with the interaction between CB[5] and
α-cyclodextrin being the strongest.26 CB[5] and CB[6] give very similar results, indicating that ring size
has only minimal effects, probably because the cucurbiturils are too large to be accommodated within the
cyclodextrin cavity.

8.2.2 Cucurbit[6]uril

The cyclic hexamer was the first member of this family of macrocycles to be isolated and is the material
on which most complexation studies have been carried out. The presence of a larger cavity than CB[5]
and wider portals means that in addition to capped CB[6], a wide variety of species have been obtained
in which guests are complexed within the central cavity. CB[6] has a pKa of 3.02, meaning that it can
be thought of as a weak base. This means that in many of the media in which it is soluble, such as
50 : 50 formic acid–water, the macrocycle is in fact protonated and any guest must compete with H3O+
in binding. This means that comparison of binding constants in different media can be misleading.

Numerous metal ions have been shown to bind to CB[6]. Studies performed on CB[6] in formic
acid–water mixture showed a maximum in solubility at 60% formic acid.27 Complexation studies showed
high affinities for alkali and alkaline earth metals, higher than observed for 18-crown-6 for most metals.
The barium complex proved soluble enough to be studied under a range of acid concentrations and it
was found that the log10 of the binding constants were much higher in water (5.23) than in 50% formic
acid (2.83).

Other work studied the dissolution of CB[6] in salt solutions. CB[6] is appreciably soluble in sodium
sulfate solution28 and can be crystallised to give a tetra-sodium complex. This complex has been shown to
be capable of binding THF within the cavity, the structure of which is shown in Figure 8.4a. Two sodium
atoms are above and two below the CB[6] units, which along with water of crystallisation form ‘lids’ to the
barrels, and the THF unit is included within the cavity (only one ‘lid’ is shown for clarity). NMR studies
indicate rapid exchange of bound sodium ions with those in free solution. Addition of trifluoroacetic acid
leads to loss of the bound THF. Other bound guest molecules include benzene, cyclopentanone and furan.
Later work by the same group29 also showed that xenon could form a stable 1 : 1 complex with CB[6]. A
variation on this approach used caesium ions to help solvate CB[6] and showed by X-ray crystallography
that a single caesium ion resides at each portal.30 This species was also found to complex THF with a
higher binding constant. This stronger binding was explained by the crystal structure, which demonstrated
Cs-O binding between the ion and the oxygen of the THF (Figure 8.4b). Other workers demonstrated by
thermochemical measurements that CB[6] formed complexes with a variety of neutral molecules, such as
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(a)

(c) (d)

(b)

Figure 8.4 (a) Crystal structure of CB[6]/Na/THF complex, (b) crystal structure of CB[6]/Cs/THF complex,
(c) hexagonal structure of Al complex with CB[6] and (d) crystal structure of CB[6]/Sm/U/ReO4 complex
(Reprinted from38 with kind permission from Springer Science + Business Media)

aliphatic acids, alcohols and nitriles.31 Although the formation of inclusion complexes was shown, in these
cases the guests were all shown to bind relatively weakly to the CB[6].

In other work this group studied the binding of CB[6] and CB[5] to alkali metal, alkaline earth and
ammonium ions10,12 and showed that CB[6] generally forms much stronger complexes than the smaller
analogue (binding constants tend to be 10–100 times higher) and displays a particularly high affinity
for barium. Similarly, CB[6] binds transition metal ions13 as or more strongly than CB[5] and forms
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weak complexes with cyclodextrins.26 Lanthanide ions have also been shown to bind to CB[6] to form
1 : 1 complexes, with neodymium having a slightly higher binding constant and the rest of the lanthanides
all giving very similar binding.32

A wide variety of CB[6]/metal compounds have been demonstrated, both in solution and in the solid
state. CB[6] (and CB[8]) have been crystallised from strontium nitrate solution to give a quasi-polymeric
structure where the CB[6] unit is capped by two strontium metals and the water and nitrate groups then
act as bridging ligands to other CB[6]/Sr complexes.33 The same group showed that both 1 : 1 and 2 : 1
complexes of Sc(III), Eu(III) and Gd(III) with CB[6] can be crystallised.34 The lanthanides have been
shown in the crystal structure to coordinate to the carbonyl oxygens; in the case of the 2 : 1 Gd/CB[6]
complex a pyridine molecule is complexed within the CB[6] cavity. The same group also observed similar
behaviour for Pr(III) and Nd(III), with both 1 : 1 and 2 : 1 complexes being successfully crystallised,35 and
successfully obtained crystal structures of 1 : 1 complexes of CB[6] with La(III)36 and Gd(III).37

Polynuclear aluminium aquo complexes have also been shown to form complexes with CB[6]. When
Al13O56 ‘Keggin’-type ions were utilised,38 1 : 1 coordination compounds with CB[6] could be obtained
in which the crystal structure was actually formed from a series of hexagons, each hexagon containing six
Al13O56 and six CB[6] units (Figure 8.4c). The Al13O56 units are at the vertices of the hexagons, which
are distorted analogously to cyclohexane in a chair conformation due to the tetrahedral shape of Al13O56.
In the crystal structure, these layers are packed in stacks in such a way that the Al13O56 polycation of one
layer lies virtually above the centre of the hexagonal ring of another layer. Polynuclear lanthanide aquo
complexes have also been successfully crystallised as complexes with CB[6], with for example CB[6] and
isonicotinic acid having been co-crystallised with Ln4(OH)8 complexes39 (where Ln = La, Pr, Dy, Ho, Er
or Yb). These complexes have been shown to form a sandwich-type structure and in the case of Eu are
luminescent. Addition of silver ions led to the formation of heterometallic coordination polymers. In other
work the luminescence and magnetic properties of the Eu(III) and Tb(III) complexes were studied.40

Other workers have recently reported the crystallisation of CB[6] with lanthanide, uranyl and perrhenate
ions to give a series of compounds with lanthanide and uranyl ions bound at the cucurbituril rim – and a
perrhenate ion actually encapsulated within the macrocycle.41 A typical structure is shown for the samarium
complex in Figure 8.4d; similar structures have been obtained for Lu, Gd and Eu.

Much stronger binding was observed when cationic guests were used. A variety of amino compounds
were combined with CB[6] in 50% formic acid and the results of many of these experiments are summarised
by Lagona et al.3 Initial work by the group of Mock studied a series of aliphatic and aromatic amines and
diamino compounds and their complexes with CB[6] in 50% formic acid.42,43 For example, the binding
constant of primary amines has been shown to increase as chain length increases up to butylamine (binding
constant of 105 M−1), after which it begins to fall again.43 Addition of a branching methyl group reduces
binding, with for example the binding constant of 4-methylbutylamine being about a third of that of
butylamine, and branching methyl groups nearer the amino unit lead to even greater reductions in binding.
In the case of α-methyl amines, NMR studies have shown that the substituent and α-methyl group are both
outside the cavity.

Relatively strong binding was observed for some amines capped with cycloalkylgroups; C-cyclopentyl
methylamine for example has a binding constant of 330 000 M−1. Molecular modelling appears to show a
good fit of the cyclopentyl moiety to the cucurbituril cavity. Similar results were obtained for the cyclobutyl
analogues, but the cyclopropyl and cyclohexyl versions of this material had much lower binding constants.
Aromatic compounds could also be bound, with 4-methyl benzylamine showing weak binding (binding
constant of 320 M−1) and the 2-methyl or 3-methyl benzyl analogues showing no binding, indicating that
the aromatic ring is complexed within the macrocycle and that the presence of ortho or meta methyl
groups increases steric hindrance to a level at which binding is no longer possible.
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The strongest binding constants were observed for diamino compounds and it was deduced that the
diamino compound is often ‘threaded’ through the cucurbituril macrocycle, thereby allowing interaction of
both ammonium groups with the two sets of carbonyl groups.42,43 Again this factor is length-dependent,
with binding constants peaking for 1,6-diaminohexane, which has a binding constant of 2 800 000 M−1,
and 1,5-diaminopentane, which has a binding constant of 2 400 000 M−1. However, hexylamine binds to
CB[6] with a binding constant of 2300 M−1, and 6-aminohexanol has an even weaker binding constant
of 1200 M−1. This shows the high preference of CB[6] for cationic groups. NMR studies show that the
diamino compounds (except for 1,3-diaminopropane) are threaded through the macrocycle, with the centre
four methylene groups undergoing chemical shifts due to shielding. The presence of heteroatoms in the
alkyl chain has also been studied; the replacement of the central methylene unit of 1,5-diaminopentane
with a sulfur atom for example leads to a six-fold fall in binding constant, but when an oxygen atom is
incorporated instead, the binding constant drops by a factor of 450. This is thought to be due to solvation
effects on the uncomplexed guest and the more hydrophilic ether compound interacting more strongly
with the solvent mixture than the thioether or methylene analogues. Polyamines such as spermine and
spermidine have also been shown to strongly associate with the macrocycles.42

NMR studies have been made on many of these complexes and show that the speed of complexation
is related to the molecular volume of the guest, not the thermodynamic stability of the final complex.44

Relaxation studies also demonstrate that the guests appear to move freely within their hosts. Kinetic studies
on the complexation of C-cyclohexyl methylamine with CB[6] under a variety of pH conditions show that
the binding constant is highest between pH 3 and 10, the region in which the CB[6] is unprotonated and
the amine is protonated.45 At high pH the rates of ingress and egress of the guest dramatically increase
by a factor of 300; this is thought to be due to participation of the free amine in the binding process.

Much of the pioneering work on cucurbit[6]uril complexes came from the group of Buschmann. For
example, a series of ω-amino acids and ω-amino alcohols were shown to form complexes with CB[6];
thermochemical measurements showed that the number of methylene groups in the amino acids had only
minimal effects on complexation unless the alkyl chain was eight or more methylene groups in length,
whereupon the binding constant decreased.46 The amino alcohols showed different behaviour, with 3-
aminopropanol having the strongest association, and the binding constant falling for longer alkyl-chain
compounds. Further work also studied the interactions of various dipeptides with CB[6] and showed
binding constants that varied with the peptide structure.47 Later work proved that inclusion complexes
were not formed, possibly because of unfavourable interactions between the polar peptide bond and the
relatively hydrophobic cavity of CB[6]; instead one ammonium group is bound by the portal carbonyl and
the rest of the peptide extends outwards.48

The same group also studied α,ω-dicarboxylic acids and diols – these also formed complexes with CB[6]
but with binding constants in the range 170–570 M−1, depending on the guest structure49 – as well as the
diamides formed by reacting α,ω-diamines with carboxylic acid chlorides,50 which were shown to form
threaded complexes with CB[6], although binding constants were much lower than the parent diamino
compounds. What is of interest is that the number of methylene groups in the parent diamine had only
minimal effect on binding strength, which was instead dependent on the length of acid chloride substituent,
with longer substituents such as butanoyl increasing the binding constant. The use of cycloalkyl or aromatic
acid chloride substituents led to blocking of the binding of the resultant diamides. The effects of various
metal salts on complexation of cyclohexylmethyl amine and hexylamine hydrochlorides were also studied
and it was shown that the binding of amines decreased as salt concentrations increased, although no
specificity was observed.51

Studies have also been made on using guests to noncovalently link cucurbiturils with other macrocyclic
species. For example, complexes of CB[6] with spermine and spermidine have been formulated and
combined with various crown ethers. NMR and other measurements have determined that the macrocycle
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can encapsulate the polyamines with in the case of spermidine one of the terminal amino groups being
located outside the cavity and in the case of spermine, the central two amino groups coordinating to the
CB[6] carbonyls to form a threaded structure with two external amino groups.52 These free amino groups
can then form complexes with crown ethers. The CB[6]–spermidine composite forms 1 : 1 complexes with
12-crown-4, 15-crown-5 and 18-crown-6 with binding constants of about 130–170 M−1. In the case of
spermine, the binding constants are somewhat higher (200–1000 M−1) and a second crown will bind,
giving 1 : 1 : 2 CB[6]–spermine–crown complexes. Similarly, a 1 : 1 complex can be formulated between
CB[6] and dihexylammonium where one hexyl chain is incorporated into the CB[6] cavity and the other is
external.53 This second chain can then be incorporated into a cyclodextrin cavity, thereby giving a 1 : 1 : 1
CB[6]–dihexylammonium–cyclodextrin complex. All three common cyclodextrins have been used and
form complexes, with binding being strongest for β-cyclodextrin, where the complex is stable enough to
be detected by mass spectrometry. NMR studies indicate much stronger hydrogen-bonding between the
two macrocycles than in the complexes formed with α- or γ-cyclodextrin. Further work showed that a
series of dialkyl and diarylamines could be used to generate these complexes,54 with both homogenous
and heterogeneous complexes being possible.

A series of complexes of cucurbit[6]uril and α- and β-cyclodextrins with nonionic surfactants and
polyethylene glycols were also studied; CB[6] was shown to bind to all of these and to bind more strongly
to polyethylene glycols with molecular weight >400 than to a lower-molecular-weight oligomer.55 Binding
to CB[6] was generally weaker than to cyclodextrins; again this is thought to be due to competition
from binding of protons at the portal rim. Mixed systems in which both CB[6] and α-cyclodextrin are
simultaneously threaded onto PEG 2000 chains have also been synthesised, although more cyclodextrin
molecules than CB[6] molecules are found in the final product.56 Complexes have been obtained between
CB[6] and either diazacrown ethers or cryptands, but binding constants are much lower (550–560 M−1)

than for classical linear diamines and it is thought that no inclusion complex is formed – instead one of
the amine groups is simply bound at the portal.57

A variety of organic molecules such as toluene, naphthalene, aniline and 1,2-dichlorobenzene have been
shown to be bound by CB[6] from the vapour phase.58 Desorption experiments indicate that in the case
of toluene, complex formation takes place, rather than simple adsorption. Attempts have also been made
to form complexes with bis-aromatic systems based on bipyridine. Although simple 4,4-bipyridine and
alkylated bipyridinium salts did not form complexes with CB[6], when two bipyridine units were linked
by an alkyl chain of four or more methylene groups, formation of a threaded 1 : 1 complex was observed.59

Other work described the complexation of a series of azo dyes with CB[6]. It was found that a number of
dyes could form complexes with CB[6] in formic acid solution and that as the acid concentration decreased,
the binding constant increased,60 thereby demonstrating again the effects of competitive proton binding
at the cucurbituril rims. For example, the binding constant of Direct Orange 40 (Figure 8.5a) increased
from approximately 60 M−1 in 40% formic acid to 1500 M−1 in 10% formic acid. In other work, two azo
compounds (4,4′-diaminoazobenzene and 4-amino-4′-nitroazobenzene) were studied. Both were shown to
bind to CB[6], with the diamino compound displaying the stronger binding.61

Another aromatic compound that has been shown to form complexes with CB[6] is the fluorescent
compound 2-anilinonaphthalene-6-sulfonate (Figure 8.5b), which has a binding constant of approximately
50 M−1 in 0.2 M Na2SO4. The fluorescence of the dye is increased by a factor of five62 and the authors pro-
posed that the mode of inclusion involves the phenyl group of the dye, because the relatively small size of
the cucurbituril cavity precludes incorporation of the naphthalene moiety. Solid fluorescent 2 : 1 guest–host
complexes between another compound of this family, 1-anilinonaphthalene-8-sulfonate (Figure 8.5c), and
CB[6] could also be obtained, but in this case X-ray crystal structures (Figure 8.5d) demonstrated that the
guest molecules were between the CB[6] molecules rather than part of an inclusion complex.63
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Figure 8.5 Structures of (a) Direct Orange 40, (b) 2-anilino naphthalene-6-sulfonate and (c) 1-anilinonaph-
thalene-8-sulfonate, and (d) crystal structure of 2 : 1 complex of 8.5c with CB[6] (Reprinted with permission
from63. Copyright 1999 American Chemical Society)
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Cucurbit[6]uril has been shown to bind diaminohexane very strongly, so aromatic variations on this
molecule have been synthesised. For example, a 1,6-hexylenedipyridinium guest dication forms a 1 : 1
complex with CB[6] and this can be crystallised to clearly show threading of the guest through the
macrocycle.64 The hexyl chain accommodates the hydrophobic CB[6] cavity, with the two pyridyl groups
protruding from the end to give a pseudorotaxane (Figure 8.6a). A number of similar compounds in which
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Figure 8.6 Structures of (a) CB[6]–hexylenedipyridinium, (b) bis-bipyridine compound, (c) bis-pyridine com-
pound, (d) p-phenylene diammonium diiodide, (e) p-xylylene diammonium diiodide, (f) methyl viologen,
(g) trans and (h) cis-4,4′-diaminostilbene, (i) (E)-1-ferrocenyl-2-(1-methyl-4-pyridinium)ethylene and (j) 2-ferro-
cenyl benzoxazole/benzthiazole
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the pyridinium rings were substituted with cyano groups have also been complexed with CB[6] and shown
to form pseudorotaxane structures.65 CB[6] has also been shown to form a 1 : 1 threaded complex with the
bis-bipyridine compound shown in Figure 8.6b, where the hexyl chain is incorporated within the cavity.66

Other workers studied α,ω-diaminoalkyl compounds with different lengths of alkyl chain and where the
amino groups had been reacted to give amides bearing 2-, 3- or 4-pyridyl groups.67 A variety of structures,
including pseudorotaxanes, were seen by NMR and X-ray crystallography but some of the complexes also
displayed an external binding of guests. Pyridine-substituted amines such as that shown in Figure 8.6c also
formed pseudorotaxanes with CB[6] and when complexed with various metals such as copper, cobalt or
silver formed one-dimensional coordination polymers as shown by NMR and X-ray studies.68

Smaller guests have also been shown to include in the cavity of CB[6], for example a 1 : 1 complex of
p-phenylene diammonium diiodide (Figure 8.6d) could be crystallised and the aromatic guest was shown to
be incorporated into the cavity.69 The similar p-xylylene diammonium diiodide (Figure 8.6e) also formed
an inclusion compound with CB[6], and X-ray crystal studies showed a large ellipsoidal deformation of the
cucurbit[6]uril skeleton.70 When the three isomers (o, m , p) of phenylene diamine were all complexed with
CB[6], the para isomer was shown to form an inclusion complex, whereas the other two formed external
complexes in which the guests were bound at the portals.71 The para isomers could not be displaced from
the complex by tert-butylamine, whereas the others exchanged with the amine.

Imidazole units have been shown to form complexes with CB[6]; the ionic liquids 1-ethyl-3-methyl
imidazolium bromide and 1-ethyl-3-methyl imidazolium bromide for example could be complexed with
the macrocycle and greatly increased its solubility in water.72 There were differences between the binding
of the two guests: the ethyl compound was initially thought to form a 2 : 1 guest–host complex with rapid
exchange kinetics, whereas the butyl derivative formed a 1 : 1 complex with slow exchange between bound
and free guests. Further work73 demonstrated that only 1 : 1 complexes were formed for both imidazolium
compounds and that in the case of the ethyl derivative the imidazolium unit was encapsulated within
the cavity, whereas the longer-chain analogue had its imidazolium located at the portal with the butyl
chain encapsulated.

Xenon has been shown to form complexes with CB[6], albeit with much lower binding constants
(∼210 M−1) than are observed for the cryptophanes described in the previous chapter.29 Detailed NMR
studies reveal that exchange between free and bound xenon is slow on the 129Xe NMR timescale but fast
on the 1H NMR timescale.74 Mass spectral studies have been carried out on CB[6] and show that inclusion
complexes with amines can exist in the gas phase.75 CB[6] has been shown to form a 1 : 1 complex with
1,4-diaminobutane in which the diamine is threaded through the molecule; however, the smaller CB[5]
forms 2 : 1 guest–host complexes, probably where a guest is bound at each rim via one of its amino groups.

Other gases have been shown to bind to CB[6]. Sulfur hexafluoride binds to CB[6] at 298 K with a
binding constant of 31 000 M−1 for SF6 dissolved in water.76 This is one of the largest constants seen for
a neutral guest. 19F NMR also demonstrated very slow exchange kinetics. Density functional calculations
have also been performed, showing that completely encapsulated SF6 is the most energetically favoured.77

Another guest that has been successfully bound to CB[6] is acetylene.78 The method used to synthesise
CB[6] was found to be crucial: CB[6] synthesised using HCl catalysis was found to be highly porous
and to contain one-dimensional channels within a honeycomb-like structure. These channels and cavities
were estimated to form approximately 24% of the volume. Acetylene could be adsorbed into this porous
structure, and even under room temperature and pressure, CB[6] could adsorb 6.1% of its own weight
of acetylene.

Butylamine and methacrylic acid could be combined to give the salt butylammonium methacrylate,
which formed a 1 : 1 complex with CB[6]. This complex could then be copolymerised with acrylamide
to give a number of copolymers with enhanced rigidity and higher glass transition temperatures.79 Thi-
ols and disulfides such as aminoethane thiol or cysteamine also formed complexes with CB[6], where
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the thiol/disulfide was encapsulated within the cavity.80 This encapsulation led to modification of the
reactive properties of these sulfur-containing groups, with thiols showing drastically decreased reactivity
when treated with several oxidants, and the CB[6]-bound disulfide also exhibited hindered reactivity with
reducing agents.

8.2.3 Cucurbit[7]uril

Since CB[7] has a very similar chemistry and shape to CB[6], they display a great similarity in much
of their complexation behaviour, for example in the binding of metal ions to the rims. Instead of simply
repeating much of the work for CB[6] with a slightly larger macrocycle, we will instead concentrate on
how CB[7] and larger macrocycles differ from CB[6]. The main differences of course are the larger cavity
size and larger portal size. These enable CB[7] to bind a range of guests that are simply too large to ‘fit’
inside the CB[6] cavity and this ‘enhanced’ binding will be the subject of this section.

A much wider range of aromatic structures are capable of being complexed with a CB[7] cavity, such
as viologen compounds. For example, methyl viologen (Figure 8.6f) forms a 1 : 1 complex with CB[7], as
shown by spectroscopic and electrochemical methods.81 Binding of the cationic forms of the viologen was
shown to be favoured over the reduced, uncharged species. Other workers also showed good binding of the
intermediate mono-cationic material.82 The same group studied the effects of salts on this equilibrium and
showed that metal ions, especially calcium, reduce the binding of the viologen, probably due to competitive
effects.83 Viologens with longer alkyl substituents instead of methyl were also studied and shown to bind
in two different modes: short-chain viologens were bound via interactions between CB[7] and the aromatic
unit, while longer side chains such as butyl displaced the viologen from the cucurbituril cavity.84 Use of
amino-substituted side chains followed by reaction of the terminal amines with bulky ‘stopper’ groups
allowed the formation of rotaxane structures. Viologens substituted with dendrimers have also been shown
to form complexes with CB[7], as shown by NMR and mass spectroscopy.85 Bis(pyridinium)-1,4-xylylene
species and benzyl-substituted viologens could also be incorporated within these complexes, with both
internal and external binding modes being observed.86 The effect of the larger cavity is demonstrated for
the compound shown in Figure 8.6b, which, when complexed with one equivalent of CB[6] or CB[7],
forms a 1 : 1 complex in which the hexyl chain is inside the cavity, but when excess CB[7] is used a
1 : 2 complex is formed, with each of the two viologen moieties being included in the cavity of a separate
CB[7] unit.66 No 1 : 2 complex however can be obtained for CB[6].

Two fluorescent dyes which formed complexes with CB[6], 2-anilinonaphthalene-6-sulfonate and 1-
anilinonaphthalene-8-sulfonate, also formed complexes with CB[7]. In the case of the 2,6 isomer the
phenyl group was shown to be included in the CB[7] cavity, whereas in the case of the other isomer, a 2 : 1
host–guest structure with the dye sandwiched between two CB[7] units was proposed.87 The trans isomer
of 4,4′-diaminostilbene (Figure 8.6g) could also be encapsulated in CB[7]; what is of interest is that when
the complex is irradiated the stilbene can switch to the cis isomer88 (Figure 8.6h). However, whereas the
cis isomer in solution isomerises back to the more stable trans form, in the complex the cis isomer is quite
stable at room temperature over a period of 30 days, although at higher temperatures isomerisation takes
place. This stabilisation is thought to be due to strong host–guest interactions such as hydrogen-bonding
between the two protonated amine termini of the cis guest and the portal carbonyl groups of the host.
Another example of CB[7] affecting cis–trans isomerisation occurs when the macrocycle is complexed
with 4,4′-diaminoazobenzene89 or the analogue in which one benzene ring is replaced by a naphthalene.
Whereas the azobenzenes are yellow in colour, the complexes are purple, and the spectra indicate the
azobenzenes are in the thermodynamically unfavoured cis conformation. There is thermal isomerisation
between cis and trans azobenzene and it appears that enhanced binding to the CB[7] compensates for the
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energy cost of the cis conformation. The azobenzenes can be displaced by certain amines, leading to a
colour change back to yellow and the development of a potential colourimetric test for these compounds.

Other aromatic species that have been incorporated include the organometallic compounds ferrocene and
cobalticene.90 Strong 1 : 1 binding was observed between CB[7] and the oxidised cationic forms of these
compounds. In the case of cobalticinium, a binding constant of at least 106 M−1 was observed. Ferrocene
moieties substituted with carboxylic acid-terminated dendrimers were also shown to form complexes,
via binding of the ferrocene unit, with CB[7]. This binding was shown in the case of the first-generation
dendrimer to be pH-dependent.91 At pH 2, clear evidence for binding was observed, but at pH 7 the terminal
carboxylate groups are deprotonated and repelled by the CB[7] rim, meaning no complexation occurs.
Higher-generation dendrimers in which the acid groups are remote from the ferrocene unit bind at both
pHs. Cobalticenium-substituted dendrimers have also been studied and the second-generation dendrimer
shown to undergo optimal binding.92

A very stable complex (binding constant of 1012 M−1 in water) was observed between CB[7] and (E)-
1-ferrocenyl-2-(1-methyl-4-pyridinium)ethylene cation (Figure 8.6i). Photochemical studies showed that
isomerisation to the Z isomer was completely inhibited by complexation.93 Other cationic ferrocenes
such as trimethylammonio)methylferrocene94 (Figure 8.6j) have also been shown to form extremely stable
complexes with CB[7]. A recent paper studied complexation of CB[7] with several cationic and neutral
ferrocene derivatives and demonstrated the formation of highly stable inclusion complexes (K > 107 M−1)
in all cases.95 Neutral ferrocene species such as heterocyclic 2-ferrocenyl benzothiazole and 2-ferrocenyl
benzoxazole (Figure 8.6j) also form complexes with CB[7], with the resultant NMR and UV/Vis studies
indicating that the ferrocene is included in the cavity, not the heterocycle.96

The cationic guests bis(diethylsulfonium)-p-xylylene (Figure 8.7a) and the related bis(tetrahydrothio-
phenium)-p-xylylene have also been shown by mass spectrometric, NMR and UV/Vis spectroscopic
studies97 to form complexes with CB[7]. Although these monomers can be polymerised to form
poly(phenylene vinylene), the complexes did not undergo this reaction. However, they could be
pre-polymerised to give a polyelectrolyte which formed complexes with CB[7] and then converted to
the polymer (Figure 8.7b) at much lower temperatures than the untreated polyelectrolyte. CB[6] did not
show this behaviour. Other cationic guests capable of being bound by CB[7] include the cationic species
R4N+, R4P+ and R3S+ (R = methyl, ethyl, propyl and so on). Whereas simple ammonium ions tend to
bind at the portal, these more charge-diffuse ions bind primarily within the cavity of CB[7] with stability
constants that are dependent on the size and coordination number of the central atom, as well as the size
and hydrophobicity of the alkyl group.98 Tetraethyl ammonium ion is bound especially strongly to CB[7]
and there is good selectivity of the macrocycle for different ions.

Larger ring systems have been shown to be capable of binding within the cavity, and for example 2,7-
dimethyldiazapyrenium (Figure 8.7c) has been shown to form a highly stable 1 : 1 complex with CB[7],
where NMR and mass spectrometry measurements show formation of an inclusion complex with some
distortion of the host into an elliptical shape to accommodate the guest.99 Multiple-ring systems such as
the 1,4-phenylene bis-imidazolium (Figure 8.7d) and diphenyl-bis-imidazolium (Figure 8.7e) have also
been shown to form complexes with CB[7] with high association constants.100 The presence of a variety
of aromatic, imidazolium and alkyl groups allows formation with CB[7] of 2 : 1, 1 : 1 and 1 : 2 host–guest
complexes with varying binding configurations. Later work also demonstrated that the types of compound
shown in Figure 8.7e form mixed heterocyclic systems in which the presence of two types of binding site
allows these guests to form heterogeneous complexes where each guest simultaneously binds to CB[7]
and a cyclodextrin.101 In these complexes the bis-imidazolium unit is bound by the CB[7] and one of the
aromatic units by a cyclodextrin, and the NMR spectra clearly show that there is cooperative supramolecular
interaction, probably due to hydrogen-bonding between the two macrocycles. Multiple cationic species have
been used as guests in CB[7], such as compounds containing up to four imidazolium units, which have
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been shown to form complexes with one, two or three CB[7] units threaded onto a single guest.102 NMR
studies show that the 1,4-xylylene unit is complexed within the CB[7] cavity.

Other heterocyclic compounds that have been studied as complexes with CB[7] include N-substituted
4-benzoylpyridinium monocations, which were shown to undergo electron-transfer reactions whilst
bound in the CB[7] cavity.103 The fluorescent material 4′,6-Diamidino-2-phenylindole also formed a
stable 1 : 1 complex with CB[7] and the exchange of the guest with various ionic liquids based on
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1-alkyl-3-methylimidazolium was studied, with the hexyl derivative having the strongest affinity for
the macrocycle.104 Nicotine was also shown to form complexes with CB[7] by competitive-binding
experiments with methylene blue, and this could be used as an assay for nicotine in cigarettes.105

Trimethyl ammonium-substituted anthraquinones bound to CB[7], although with binding constants of
only about 1000 M−1, indicating a less than ideal fit between the anthraquinone residue and the CB[7]
cavity,106 though the electrochemical behaviour of the anthraquinone was strongly affected by binding.

Dicationic species have already been shown to form threaded complexes with cucurbiturils. A variety
of materials which are basically alkyl chains substituted with trialkylammonium or trialkyl phosphonium
complexes have been shown to form complexes with CB[7]. At lower guest concentrations, 1 : 1 complexes
are formed in which the alkyl chain is threaded through the macrocycle.107 However, at higher CB[7]
concentrations 2 : 1 host–guest complexes are formed where each CB[7] unit encapsulates a -+NR3 or
-+PR3 headgroup. Similar behaviour is seen for chains with terminal pyridinium groups where 1 : 1 and
2 : 1 complexes are formed.108 The 2 : 1 complexes are less stable due to steric and electronic repulsions
between the two CB[7] hosts. The aromatic amine di(4-aminophenyl)amine forms complexes with CB[7]
which can then be reacted with aromatic aldehydes to give threaded complexes of oligoanilines like that
shown in Figure 8.7f. If bulky groups are used, stable rotaxanes can be obtained and the oligoaniline
can undergo oxidation reactions both chemically and electrochemically,109 with encapsulation within the
macrocycle stabilising the radical cation form of the guest. Later work showed that oligoaniline salts of
different length could be threaded through the cavities of CB[7] macrocycles.110 Pure complexes could be
obtained with up to four CB[7] units threaded onto an oligoaniline unit.

In this and other chapters, we have mentioned complexation of many chromophores and fluorophores
with cucurbiturils, and a wide variety of dye molecules have been studied for inclusion within these systems
since incorporation of a dye within a macrocycle can modify its properties. For instance, by insulating
the chromophores from the environment, a cucurbituril can improve fluorescence lifetimes for many dyes
or can disrupt the formation of dimers or other aggregates. A range of dye complexes with CB[7] and
the effects on their properties are reviewed by Koner and Nau.111 Rhodamine dyes are one of the most
important dye groups and complexation of rhodamine 6G (Figure 8.8a), which formed the basis of the first
dye lasers, with CB[7] leads to many beneficial effects, such as greatly enhanced fluorescence lifetime,
prevention of aggregation or surface adsorption and a reduction in photobleaching.112 Similar effects are
seen for hydrophobic derivatives of rhodamine,113 where the dye is substituted with alkyl side chains.
Complexation with CB[7] reduces aggregation and enhances fluorescence. Cyanine dyes have also been
complexed with CB[6] and CB[7], with the larger macrocycle having higher binding constants, forming
a threaded structure with the dyes and completely disrupting the formation of aggregates.114 Competing
adamantine guests can be used to control the degree of dye aggregation, as can addition of anionic
polyelectrolytes.115

The fluorescent porphyrin in Figure 8.8b has been shown to strongly bind four CB[7] units in aque-
ous solution116 with effects on both adsorption and fluorescence spectra. Neutral Red (Figure 8.8c) was
bound into the cavity of CB[7]; this binding could be affected by metal ions, which could be used to
control the transfer of the dye from CB[7] into the binding pocket of the protein bovine serum albumin.117

Acridine orange also bound to CB[7], with a binding constant of 17 000 M−1, and increased fluorescence
activity.118 NMR and mass spectral studies confirmed incorporation of the dye into the cavity and disruption
of dye aggregation.119 Other dyes that have recently been reported to form complexes with CB[7] include
lumichrome,120 where shifts in the fluorescence spectra demonstrate that complexation stabilises a ther-
modynamically unfavoured isoalloxazine-type structure, and 3,3′-diethylthia carbocyanine iodide dye,121

where again complexation shifts the fluorescence. Methylene blue has also been shown to form complexes
with CB[7] and laser photolysis allows generation of its excited triplet state with almost a doubling of the
lifetime compared to the aqueous dye.122 Complexation with the macrocycle also protects the triplet state
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from oxygen. Complexation of seven members of this family of tricyclic dyes and the determination of
association constants and effects on excited states have recently been reported.123

Styryl and bis-styryl dyes substituted with crown ethers, as shown in Figure 8.8d, have also been
studied.124 The mono-styryl dyes have been shown to form 1 : 1 complexes with CB[7], whereas the
bis-styryl compounds can bind either one or two equivalents of CB[7], with large effects on the spec-
tra and excited-state lifetimes upon complexation. Metal ions have been shown to form complexes with
the dye–CB[7] composites, though binding is to the CB[7] portals rather than the crown-ether units.
Dendrimers which have been modified with multiple naphthalene units at their periphery have been syn-
thesised and combined with CB[7] in solution.125 These light-harvesting materials have been shown to
have 70–100% higher energy-transfer efficiencies compared to the uncomplexed dendrimers. Thioflavin
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T (Figure 8.3d) has also been shown to form 1 : 1 and 1 : 2 complexes with CB[7]. What is of interest is
the effect of metal ions on these systems. Addition of metal ions to the 1 : 1 complex causes a drop in
fluorescence, due to the metal ions competing with the dye for CB[7] binding, but with the 1 : 2 complex the
opposite effect is observed.126 Sodium ions give a 160-fold increase and calcium ions a 270-fold increase
in fluorescence intensity; this is thought to be due to the CB[7] units assembling into a supramolecular
capsule and protecting the dye, with the metal ions forming a ‘seal’ at the portals of the cavity.

A series of works included 2,3-diazabicyclo[2,2,2]oct-2-ene in CB[7] and demonstrated the close fit of
the guest within the host, and from the fluorescence behaviour of the guest showed that the polarisability of
the CB[7] cavity is extremely low.127,128 The interaction of fluorescent probes with DNA and nucleotides
has been the subject of recent research and the CB[7] complexes described above have been shown,
compared to other fluorescent probes, to respond very selectively to different nucleotides.129

Besides these large macrocyclic systems, small molecules have been bound within CB[7] units, and
uranyl species have been shown to form solid-state complexes with CB[7] and acidic species such as
perrhenic, phosphoric and polycarboxylic acids.130 Molecular complexes and one-dimensional polymeric
species have been characterised. Incorporation of nitrate ions also allows the formation of two-dimensional
polymeric species.131 Other workers studied the complexation of a wide variety of small, nonionic guests
within CB[7] and demonstrated that hydrophobic and dipole–quadrupole interactions are responsible for
the binding of the guests.132 Inorganic species can also be complexed within the CB[7] and for example
Figure 8.9a shows the X-ray crystal structure of the 1 : 1 complex of CB[7] with cis-SnCl4(OH2)2, where
the tin unit is completely encapsulated within the macrocyclic cavity.133 CB[7] can also be incorporated into
capillary electrophoresis experiments and used to help separate positional isomers or aromatic compounds
such as nitrotoluenes.134

Multinuclear platinum complexes such as that shown in Figure 8.9b have been used in the treatment
of many human cancers. One drawback of these materials is their high toxicity. Encapsulation of the
complex in CB[7] has been shown to mitigate this somewhat by reducing the reactivity of the platinum
centres without compromising their cytotoxicity.135 A crystal structure of this complex has been obtained
(Figure 8.9c) and shows encapsulation of the Pt species within the cavity136 and enhanced stability, with
the complex being stable up to 290 ◦C. Another species that can be bound into CB[7] is oxaliplatin
(Figure 8.9d), with encapsulation of the drug resulting in a large stability enhancement and decreases in
reactivity towards amino acids, which the authors suggest may reduce unwanted side effects caused by
protein-binding of the platinum drug.137

Many more compounds of therapeutic interest have been studied as guests for CB[7]. For example,
riboflavin and CB[7] have been shown to form 1 : 1 complexes both in solution and in the solid state.138

Vitamin B12 can also bind to CB[7] via an axial 5,6-dimethylbenzimidazole nucleotide base to form highly
stable complexes and can under the correct conditions more weakly bind a second CB[7] unit.139 Other
nucleotides also interact with CB[7], such as adenine and its derivatives,140 which bind to the macrocycle
with binding constants in the order of 1800–6000 M−1.

The histamine H2-receptor antagonist ranitidine (Figure 8.9e) has been shown to bind to CB[7] with
binding constants as high as 108 M−1 for the diprotonated species, falling to 103 M−1 for the neutral
molecule.141 NMR studies show the central chain is complexed by the macrocycle. The aquated forms
of molybdocene dichloride and titanocene dichloride, which have both been shown to have antitumour
properties, can be encapsulated by both CB[7] and CB[8] to form 1 : 1 host–guest complexes in which both
the cyclopentadienyl ligands and the metal centre are positioned deep within the cucurbituril cavity.142

An encapsulated molybdocene complex was shown by in vitro cell studies to be more active than the
corresponding free metallocene; CB[7] (but not CB[8]) slowed protonolysis of the metallocenes. The
clinically important natural alkaloid berberine also forms 1 : 1 complexes with CB[7], leading to a 500-
fold increase in fluorescence,143 as do the alkaloids palmatine and dehydrocorydaline, again with dramatic
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increases in fluorescence.144 Palmatine has been shown to bind more strongly than dehydrocorydaline,
with deeper encapsulation in the cavity. The heterocyclic compound norharmane145 also binds strongly
to CB[7].

A wide variety of the biologically important cholines and phosponiumcholines146 have been studied for
their binding to CB[7]. Drug compounds have also been studied to see if encapsulation with CB[7] in the
solid state leads to enhanced stabilisation. For example, atenolol, glibenclamide, memantine and paraceta-
mol can all be stabilised in the solid state by complexation.147 Similarly, the local anaesthetics procaine,
tetracaine, procainamide, dibucaine and prilocaine all form complexes with CB[7], with a concurrent rise
in their pKa values.148

Binding of various molecules within CB[7] has been shown to affect their chemical reactivity. When
a bis-imidazolium compound was included as a 1 : 1 complex in CB[7], the exchange of the protons in
the 2-positions of the imidazolium unit with deuterium was shown to be inhibited by the macrocycle.149

The stability of the 4,4′-bis(dimethylamino) diphenylmethane carbocation (Figure 8.9f) in water can be
greatly enhanced by complexation with CB[7], with up to 90% of the guest existing in the intensely
blue carbocation form.150 Nitroxide derivatives of imidazoline and pyrrolidine151 can also be stabilised
by CB[7]. However, when ester derivatives of cadaverine are included in CB[7] the rate of their acid
hydrolysis is seen to increase by up to 300-fold,152 possibly as a result of the macrocycle stabilising the
positively charged reaction intermediate.

CB[7] has been shown to affect the activity of a variety of protease enzymes by forming complexes
with their substrates.153 The macrocycle has also been shown to display interesting templating properties;
when gold complexes are reduced in the presence of CB[7], gold nanoparticles <1 nm in diameter are
formed, which are encapsulated within the cavity.154 No evidence for this process is observed for CB[5]
or CB[6]. Gold nanoparticles stabilised with CB[7] have been shown to display much higher selectivity
and lower chemical reactivity than uncomplexed materials.

Other compounds that have been studied include o-carborane, which has been shown to form a 1 : 1
complex with CB[7] that the authors describe as resembling a molecular ball bearing.155 Other large
molecules have also been shown to interact with cucurbiturils; milling together CB[7] and C60 led to
formation of a 1 : 2 host–guest complex in which the fullerenes interact weakly with each portal of the
CB[7] macrocycle.156 Other workers157 also reported formation of this complex by stirring solid C60 and
an aqueous solution of CB[7]. Carbon nanotubes158 can also be solubilised by CB[7] (but not CB[5]).
Experiments showed that CB[7] is adsorbed on the surface of the nanotubes in place of the formation of
threaded structures.

8.2.4 Cucurbit[8]uril

In some ways CB[8] simply behaves like a larger version of the previously described macrocycles. How-
ever, it does also display some unique behaviour of its own. The larger cavity means that unlike its
smaller brethren, CB[8] is capable of simultaneously accommodating two guests, for example two differ-
ent aromatic rings. This has led to studies of several types of association within this host. For example, if
two different aromatic guests are encapsulated, charge-transfer interactions can occur. Alternatively, two
molecules of the same guest can be accommodated. One of the earliest observations of this was the for-
mation of complexes of the bis-imidazolium naphthalene compound (Figure 8.10a), which was shown to
form 1 : 1 complexes with CB[6] and CB[7], but with CB[8] a 1 : 2 host–guest complex was preferred.159

The binding of a second guest molecule was strongly favoured by π–π stacking interactions, so much so
that when the guest and CB[8] were mixed in a 1 : 1 ratio, a mixture of empty and 1 : 2 complexes was
obtained, with no 1 : 1 complex.
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When a relatively electron-poor aromatic species such as a viologen is mixed with CB[8] and an electron-
rich aromatic system such as 2,6-dihydroxy naphthalene (Figure 8.10b), formation of a ternary complex
in which the host binds one molecule of each guest is observed.160 When a substituted viologen is used
(Figure 8.10c), the crystal structure of the ternary complex can be obtained, which clearly shows inclusion
of both aromatic species within the cavity (Figure 8.10d). When viologens with long hydrocarbon sub-
stituents are used, formation of the ternary complex is accompanied by the formation of large, highly stable
vesicles.161 Further to this work, a novel compound has been synthesised (Figure 8.10e) which contains
both viologen and naphthalene units.162 This has a number of possible host–guest complexes with CB[8],
such as a 2 : 2 complex where the viologen of one guest binds together with the naphthalene unit of another
within a cavity, as shown in Figure 8.10f. However, the true structure has been shown by NMR studies to
be a 1 : 1 complex where the guest adopts a folded conformation with both its aromatic units within the
same macrocycle (Figure 8.10g). In later work, guests containing naphthalene and dipyridyliumylethylene
could be induced to form 1 : 1 and 2 : 2 complexes with CB[8], with the stoichiometry being dependent on
the linkers used to connect the two aromatic units.163 When a ruthenium-containing unit is attached to one
of this group of compounds, irradiation of the resultant folded complex with CB[8] leads to photoinduced
intramolecular electron transfer and generation of a viologen radical cation.164

The tetrathiafulvalene radical cation can also be incorporated as a dimer within CB[8]. The neutral
molecule is not encapsulated by CB[8] and if a preformed 1 : 2 complex is treated with ascorbic acid to
reduce the radical, the complex is destroyed.165 Viologens only form 1 : 1 complexes with CB[8], since the
electrostatic repulsion between two viologen units would destabilise any 1 : 2 complex. However, when the
viologen units are reduced electrochemically to the radical cation form, formation of 1 : 2 complexes can
be observed,166 along with production of empty CB[8]. Formation of radical cation dimers has also been
observed for viologens with dendrimers attached.167 When CB[8] is complexed with a compound containing
viologen and dihydroxybenzene units, a folded 1 : 1 complex is obtained. However, when one equivalent of
diethyl viologen is added and the viologen units are reduced to the radical cation form, a dynamic system
evolves consisting of an equilibrium mixture of 1 : 2 complexes with two viologen units encapsulated by
the macrocycle.168 A ruthenium bipyridyl complex in which one of the bipyridyl moieties is substituted
with a phenol unit can also form a ternary complex with CB[8] and methyl viologen.169 Irradiation of this
species leads to intermolecular electron transfer and formation of a 1 : 2 : 1 ruthenium–viologen–CB[8]
complex in which the viologen exists as the radical cation.

The complexation of a series of azastilbene molecules with CB[8] followed by UV irradiation leads
to the dimerisation of these molecules.170 In simple aqueous solution, the azastilbenes yield a mixture of
products of geometric isomerisation, cyclisation and hydration. However, when complexed with CB[8],
the predominant product is that of dimerisation, with predominantly a single dimer being obtained for each
compound. Similarly, a series of naphthalene esters form complexes with CB[8], and when irradiated,
dimerisation of the naphthyl units occurs with much higher efficiency than in simple solution.171 Again
this is thought to be due to formation of 1 : 2 complexes, bringing the naphthyl units close together and
facilitating dimerisation. A compound containing two naphthyl units (Figure 8.10g) has been shown to form
a ‘folded’ 1 : 1 complex with CB[8]; when irradiated again it undergoes an intramolecular dimerisation
reaction with a conversion of 98%, which is not observed in solution.172

Coumarins (Figure 8.11a) also form complexes with cucurbiturils. In the case of CB[7] a 1 : 1 complex
is formed, but in the case of CB[8] a 1 : 2 complex can be isolated, and the macrocycle has been shown
by X-ray crystallography (Figure 8.11b) to encapsulate the coumarins, although there is disorder in the
complex due to there being various possible locations for the guests inside the host.173 Irradiation of
CB[8]–coumarin complexes leads to dimerisation reactions, with the CB[8] both facilitating the reaction
and leading to the preferential formation of syn isomers.174
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A number of other guests have been shown to form complexes with CB[8]. Host–guest complexes with
1 : 2 stoichiometry have been formed with imidazole derivatives substituted with benzyl groups, whereas
the smaller CB[6] and CB[7] only form 1 : 1 complexes.175 A series of phenanthrolines were studied and
shown to form complexes with CB[8], again with two guests bound within the cavity.176 Different isomers
can be formed where the guests have different relative orientations and there are π–π stacking interactions
between the guests. A platinum-based DNA intercalating compound (Figure 8.11c) has been shown to form
complexes with CB[6], CB[7] and CB[8]. In the case of CB[6], binding has been shown to increase the
cytotoxicity of the metal complexes and the complex shows fast exchange processes.177 CB[7] has been
shown to bind the ancillary ligand of the complex, whereas CB[8] binds the phenanthroline moiety; in
both cases cytotoxicity is reduced.

The fluorescent dye acridizinium forms complexes with both CB[7] and CB[8]. In the case of CB[8], a
1 : 2 complex is formed, where the two guest molecules form a nonfluorescent, noncovalent dimer complex.
Adding CB[7] competitively extracts the dye and restores the fluorescence.178 The aromatic amino acids
tryptophan, phenylalanine and tyrosine all form complexes with CB[8] and its complex with methyl
viologen, whereas none of the other of the twenty genetically encoded amino acids bind,179 showing some
selectivity of the CB[8] unit. A recent interesting application of these interactions utilised proteins that
had a genetically incorporated N-terminal phenyalanine-glycine-glycine peptide. Mixing of this protein
with CB[8] led to the macrocycle binding two of these endgroups, thereby forming a noncovalently bound
protein dimer.180 This could be monitored by utilising fluorescent proteins and detecting energy transfer
between the two units of the dimer. A series of cationic diaryl ureas containing phenyl or biphenyl units
were also studied and shown to form either 1 : 2 or 2 : 2 host–guest complexes with CB[8], with the
conformation of the urea group being dependent on the binding.181

A number of paramagnetic nitroxide probes (such as that shown in Figure 8.11d) have been shown to
form 1 : 1 complexes with CB[7] and CB[8]. Interestingly, in the case of CB[8], the complexes have been
shown to interact with each other in solution and the EPR spectra are consistent with the formation of
trimers in aqueous solution. The formation of these trimeric species is dependent on the concentration of
the complexes and affected by the addition of NaCl.182 CB[8] has also been shown to catalyse the oxidation
of benzyl alcohols to aldehydes by p-iodoxy benzoic acid.183 Although the p-iodoxy benzoic acid is a
mild oxidant suitable for the generation of aldehydes, its use has been hindered by its poor solubility. This
is mitigated however by the use of CB[8] as a ‘nano-reactor’, helping to bring together the reagents and
facilitate the reaction. Presence of 0.1 equivalents of CB[8] almost doubles the reaction yield.

Larger, more complex assemblies containing CB[8] have been successfully obtained. Dendrimers which
have been substituted with either a single viologen or a para-dialkoxybenzene unit can be synthesised
and shown to form complexes with CB[8], where one dendrimer of each type is linked via interactions
of its aromatic groups with CB[8] and the other dendrimers.184 However, electrochemical reduction of
the viologens to the radical cation leads to formation of complexes where one CB[8] binds two viologen
dendrimers. Similarly, linear polymers with one end substituted with a viologen or naphthyloxy unit can
be self-assembled into AB block copolymers by binding of their end groups in CB[8], meaning that
the blocks are held together by supramolecular interactions rather than covalent bonds.185 A selection
of mono- or bis-viologen compounds such as that shown in Figure 8.11e can also be synthesised and
assembled with CB[8] and naphthyloxy compounds to give a number of complexes of different, controlled
stoiciometries.186 These are stable enough to be detected by mass spectrometry. A bis-viologen compound
(Figure 8.11f) has been shown to form a threaded compound with CB[8], with its hexamethylene linking
group included in the cavity.187 However, electrochemical reduction of the viologens to the radical cations
leads to formation of a looped structure, with both viologen units incorporated within the cavity. Materials
of this type have been proposed as potential molecular actuators since the complex undergoes a large
change in molecular shape and size in response to an electrochemical stimulus.
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Quinolines have been shown to form complexes with cucurbiturils. A variety of quinolines can be
incorporated into the cavities of CB[7] and CB[8] and display room-temperature phosphorescence.188 This
effect is strongest when the ratio of guest to host is 1 : 1. Unsaturated bis-quinolines substituted with
aminoalkyl chains (Figure 8.11g) can form 2 : 1, 1 : 1 or 1 : 2 complexes with CB[8]. When a 1 : 1 mixture
of the quinoline compound and CB[8] are crystallised under irradiation, the less-stable Z-isomer of the
quinoline is observed by X-ray crystallography.189 Other species bound include Proflavin,190 an acridine-
type molecule that forms strong complexes with CB[7] and CB[8] but not CB[6]. Thioflavin T can also
be hosted by CB[8] and forms a 2 : 1 guest–host complex, but incorporation of calcium ions instead leads
to formation of the 2 : 2 complex, which displays intense excimer emission at 570 nm. This is thought to
be due to closer association between the dye units when incorporated into a 2 : 2 complex and opens up
the possibility of using calcium as a ‘switch’ to turn the excimer fluorescence on and off.191

Numerous complexes of CB[8] with various inorganic ions have been isolated. These display similar
properties and structures to their smaller analogues so they will not be described here. Two compounds that
have recently been characterised will be described however, due to their novelty. CB[8] has been shown to
form complexes with bismuth; the X-ray structure shown in Figure 8.12a is the first complex obtained for
cucurbiturils with bismuth and shows portal-type binding.192 The complex ion Co(ethylene diamine)2Cl2
has been shown to form a 1 : 1 complex with CB[8] and in this case the ion is completely encapsulated
(Figure 8.12b), also existing in the trans form, whereas in solution the cis form tends to dominate.193

Prolonged heating in an evacuated tube is required to convert the trans to the cis form. Inclusion within
the macrocycle increases the thermal stability of the metal complex and hinders isomerisation into the
cis form.

The relatively large cavity of the CB[8] moiety enables it to incorporate smaller macrocycles. The
amine macrocycles described in Chapter 3, cyclen (Figure 3.7b) and cyclam (Figure 3.12a), can both be
successfully incorporated into CB[8]. Crystal structures of both free and metal complexes of these two
macrocycles can be obtained.194 In both cases the inner macrocycle is titled with respect to the cucurbituril,
as shown by the X-ray structures of the CB[8]–cyclen complex (Figure 8.12c). Metal complexes of these
composites can be obtained – another example of a ‘Russian doll’ complex, with a guest inside a guest
inside a host, as shown for CB[8]–cyclam–Cu (Figure 8.12d). Later work obtained nickel complexes of
CB[8]–cyclam195 and showed that they could be synthesised directly from the metal complex plus CB[8].
Complexes with CB[8] with copper and nickel cyclams in a variety of conformations can be separated
and characterised.196 Copper complexes have been shown to exist in both the trans-I and trans-II forms,
whereas the nickel complexes prefer the more energetically favourable trans-III form.

8.2.5 Cucurbit[10]uril

This is the largest of the family to be isolated and much less work has been done on this system.
The earliest example of guest complexation actually occurred during the synthesis of this compound,8

when it was found to form as a complex with CB[5]. It took complexation with a synthetic melamine
diamino compound (Figure 8.13a), followed by reaction with acetic anhydride,9 to enable the isola-
tion of pure CB[10]. Once this compound had been isolated, it was shown to form complexes with
various guests.

The X-ray crystal structure of the 1 : 2 host–guest complex with the synthetic melamine diamino com-
pound is shown in Figure 8.13b; as can clearly be seen, two U-shaped guests occupy the central cavity.9

The chiral binaphthyl compounds shown in Figure 8.13c also form a 1 : 2 complex with CB[10]. What
is interesting is that if a racemic mixture of the guest is used, the homochiral complexes appear to be
preferred over complexes in which one of each enantiomer is bound within the macrocycle. A series of
larger macrocycles were tested to see if they can be bound by CB[10], but the only success in this work
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Figure 8.12 (a) Crystal structure of CB[8] complex with bismuth, (b) CB[8] complex with trans-Co(ethylene
diamine)2Cl2, (c) complex with cyclen and (d) complex with Cu(cyclam)

occurred with the tetraamine-substituted calix[4]arene (Figure 8.13d). This was shown to be bound as a
mixture of cone and alternate isomers. When a second guest was added, in this case a substituted adaman-
tine, formation of a ternary complex was seen and the calixarene adopted a cone conformation. Notably,
the calixarene alone does not bind the adamantine guests.

Later work studied the binding of the tetracationic porphyrin shown in Figure 8.8b, along with its
metallated derivatives, to CB[10]. Mass spectral studies supported the formation of 1 : 1 complexes.197
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Figure 8.13 (a) Synthetic melamine derivative, (b) structure of 1 : 2 complex of CB[10] with 8.13a, (c) chiral
binaphthyl guest, (d) calix[4]arene guest and (e) bis-platinum complex

NMR studies indicated that as a result of binding there is considerable flattening of the CB[10] macrocycle.
Smaller guests such as pyridines and quinoline can also be incorporated to give ternary complexes which
benefit from π–π stacking between the aromatic systems. Especially strong binding is observed for
4,4′-bipyridine. A pair of binuclear platinum and ruthenium complexes were also combined with CB[10]
and shown to undergo complexation.198 Both guests formed threaded complexes with CB[10], the complex
being shown to be unsuitable as a slow-release agent for the platinum complex (Figure 8.13e) but suitable
for controlled slow release of the ruthenium complex. It was also noted within this paper that 1,12-diamino-
dodecane could be used to displace CB[5] from the CB[5]@CB[10] complex and that the 1,12-
diaminododecane could then be removed with a sodium hydroxide–methanol solution.
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8.3 Modification of Cucurbiturils

The cucurbituril macrocycle is somewhat less amenable to modification than many of the other families
described within this group, mainly due to its lack of readily modified groups such as hydroxyl. However,
derivatives of CB[n] have been synthesised, either by using modified glycoluril units in the synthesis of
the macrocycle or by using chemical modification of a preformed CB[n] unit. Many of these homologues
of cucurbituril have been reviewed by Lee et al.11

One of the earliest ‘substituted’ cucurbiturils was decamethylcucurbit[5]uril (Me10CB[5]). This com-
pound (Figure 8.14a) was first synthesised and fully characterised in 1992 by condensing formaldehyde
with dimethylglycoluril and took a year to crystallise.199 The crystal structure of this compound showed it
to be very similar to the parent CB[5], with almost identical cavity and portal sizes. Binding to metal ions
has been studied and formation of 1 : 1 complexes via portal binding was demonstrated, with exceptionally
high affinity for Pb2+ (>109 M−1); this is thought to be due to a good size match between the ion and
the portal.200 Binding of small solvent molecules with encapsulation in the cavity has also been shown by
mass spectrometry, as has binding of gases such as nitrogen and oxygen.201 In these systems, the portals
of the macrocycle are capped with ammonium ions, preventing escape of the guests. It was demonstrated
that when a competing host for the ammonium ions, 18-crown-6, is introduced, this capping is lost and
the gases can escape. Later work also studied further adsorption of gases to this macrocycle.202 Whereas
gases that were much smaller (helium, neon, hydrogen) or larger (methane, krypton, xenon) than the cavity
could not be adsorbed, reversible adsorption was observed for carbon monoxide and dioxide, nitrous and
nitric oxide and argon. Repeated cycles of adsorption and desorption of these gases could be observed,
indicating their potential use as gas storage agents. Threaded structures of decamethyl CB[5] have also
been observed with the amine spermine.24

Partially methylated versions of these compounds have also been obtained. When monomethyl glycoluril
(Figure 8.14b) is reacted with paraformaldehyde and HCl, two major products are obtained.203 Although
a number of isomers are possible for each macrocycle, separation and analysis of the products showed
them each to be single isomers, one of CB[5] and one of CB[6]. The crystal structures of these show
that the most thermodynamically stable forms are obtained. The partially methylated cucurbiturils are
much more soluble in water and organic solvents than their parent compounds. By reacting unsubstituted
monomethyl and dimethyl glycolurils in various proportions and under various conditions, a variety of
partially methylated cucurbit[5]urils can be obtained. For example, tetra-, hexa- and nonamethyl CB[5]
compounds have been synthesised and isolated.204 X-ray structures show that the methyl groups all point
outwards; therefore they only have minimal effects on the cavity properties. Supramolecular assemblies of
these macrocycles with hexafluoroplatinate ions were also constructed and their structures deduced. When
complexed with strontium ions, the metals were bound at the portals, thereby capping the macrocycles and
leading to formation of supramolecular capsules which encapsulated anions.205

One major problem with substituted cucurbiturils is that they can often only be obtained as complex
mixtures, which require separation. One method is to use chromatography, using diaminoalkyl-substituted
polystyrene beads as the solid phase.206 This enables the isolation of the fully methylated macrocycle,
dodecamethyl CB[6], from a reaction mixture in which the major product is decamethyl CB[5], albeit
in only 0.2% yield. Later work enabled the isolation of this derivative in a much better yield, and its
crystal structure with 1,4-dihydroxy benzene was obtained, showing inclusion of the guest within the
cavity.207 Another substituted cucurbituril can be obtained when diphenyl glycoluril (Figure 8.14c) is
reacted with unsubstituted glycoluril to give mainly the cyclic hexamer where the macrocycle bears two
phenyl substituents,208 with small amounts of the tetraphenyl CB[6] being detected by mass spectrometry.
No higher substituted derivatives were obtained. A rotaxane derivative with spermine was also synthesised.
These fully substituted CB[5] and CB[6] compounds and the partially substituted materials described below
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Figure 8.14 (a) Decamethyl CB[5], (b) partially methylated CB[n], (c) diphenyl glycoluril, (d) structure of
cyclohexano CB[n], and crystal structures of (e) pentamer and (f) hexamer

showed much improved solubility in water and other solvents over their unsubstituted analogues. This
means it is now possible to investigate the binding of these hosts in neutral water without requiring high
formic acid or salt concentrations.

Reaction of a dimethylglycoluril derivative with a glycoluril dimer with no methyl groups gave
tetramethyl–CB[6], in which two opposite dimethylglycoluril groups are incorporated into the hexamer.209

Interestingly, this material has an ellipsoidal cavity, as shown in its complex with 2,2′-bipyridine, which
binds with its long axis parallel to the cavity. This compound also formed 1 : 1 complexes with phenyl and
benzyl pyridines and it was observed that the phenyl moiety was encapsulated within the cavity, with the
pyridyl unit interacting with the portal carbonyl.210 Other guests which formed a 1 : 1 inclusion complex
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with this macrocycle were 3-amino-5-phenyl pyrazole,211 again with the phenyl group encapsulated,
and α-ω-alkyl dipyridines, with one pyridyl group encapsulated by the CB[6] unit.212 The amino acid
glutamate was also shown to form a threaded 1 : 1 inclusion complex with this macrocycle,213 whereas
in the case of p-nitrophenol a solid-state exclusion complex was formed, with the guest molecules being
incorporated between cucurbituril units rather than complexed within the cavity.214

Another useful monomer for synthesising substituted CBs is cyclohexanoglycoluril,215 which can be
condensed with formaldehyde and then under acidic conditions converted into a mixture of substituted
CB[5] and CB[6], as shown in Figure 8.14d. The pentamer is the major product compared to the hexamer
and these can be separated by fractional crystallisation in final yields of 16% and 2% respectively. Alterna-
tively, they can also be separated by the chromatographic procedure described above.206 Crystal structures
have been obtained for both isomers and clearly show formation of a macrocyclic structure, decorated on
the outside with cyclohexyl rings (Figure 8.14e,f).

The cyclohexyl–CB[5] macrocycle binds potassium ions in a 1 : 2 ratio, not 1 : 1 as found for CB[5] in
formic acid solution, thus providing evidence for the binding of protons to cucurbituril portals in acidic
solution. Ion-selective electrodes have been constructed using these species, with cyclohexyl–CB[5] show-
ing good selectivity for lead ions, whereas cyclohexyl–CB[6] allows construction of specific electrodes
for acetylcholine with good selectivity over choline.216

Symmetric compounds of this type can be attained by condensing the diether of cyclohexanoglycoluril
with the dimer of glycoluril to give a water-soluble CB[6] bearing two cyclohexyls located on glycoluril
units opposite one another across the macrocycle.217 X-ray crystal structures such as that of the cobalt
complex show that the CB[6] cavity is elliptical in shape, similar to the tetramethyl–CB[6] compounds
described above (Figure 8.15a). Inclusion of a bipyridine unit with its long axis parallel to the cavity has
also been demonstrated. Other symmetrical cucurbiturils can be synthesised, such as a tricyclohexyl–CB[6]
in which the substituents are located on alternate glycoluril units.218 The crystal structures of this com-
pound with a number of guests have been obtained; Figure 8.15b shows the complexation of a bipyridine
compound. Cyclopentyl rings can also be used to substitute CB[6] units; three different compounds are
obtained with two, three and four cyclopentyl units.219 Symmetrical structures, such as a 1,3,5-trisubstituted
structure or a 1,2,4,5-tetrasubstituted structure (the crystal structure shown in Figure 8.15c), can be syn-
thesised. Alternatively, a less symmetric 1,3-disubstituted structure can be obtained; the crystal structure
of the 1 : 1 complex with dihexyl bipyridinium is shown in Figure 8.15d, where one of the hexyl chains is
complexed within the cavity.

So far the cucurbiturils have been synthesised by simple cyclisation reactions. With many of the macro-
cycles described in other chapters, stepwise build-up of the ring system has been used as an alternative
method to synthesise less symmetrical macrocycles. This approach has also been applied to the synthesis of
CB derivatives. For example, a series of linear dimers, trimers and tetramers based on substituted glycoluril
compounds have been synthesised.220 These can be cyclised with phthalhydrazide (Figure 8.16a) to give a
series of macrocycles such as those shown in Figure 8.16b. The ester groups can easily be replaced by other
groups such as carboxylic acid or amides. The crystal structure of the butanamide derivative is given in
Figure 8.16c and clearly shows formation of an elongated cavity compared to that of simple cucurbiturils.

These compounds were further studied because of the presence of such a suitable binding cavity, the
potential for π–π stacking interactions, which increased the binding possibilities, and their inherent fluores-
cence, which should aid detection of any binding.221 The presence of benzene enhances host fluorescence
and shows a binding constant of about 7000 M−1, whereas when a fluorescent guest, the much larger
Nile Red molecule (Figure 8.16d), is used, suppression of guest fluorescence is observed and a binding
constant of about 8 × 106 M− is found. These binding constants are superior to those observed with any
of the cyclodextrins.
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Figure 8.15 Crystal structures of (a) 1,4-dicyclohexyl–CB[6] cobalt complex, (b) 1,3,5-tricyclohexyl–CB[6],
bipyridine complex, (c) 1,2,4,5-tetracyclopentyl–CB[6] and (d) 1,3-dicyclopentyl–CB[6] dihexyl bipyri-
dinium complex

There has been a great deal of work performed on building up these glycoluril linear oligomers and great
insights into the chemistry of cucurbituril formation have been made. Crystal structures have been obtained
showing how these oligomers often adopt curved conformations, such as C shapes. This gives an insight
into why cyclisation occurs, and often with such specificity. As the reaction proceeds, the oligomers build
up in length and adopt curved shapes, which increase the likelihood of cyclisation. A detailed discussion
is beyond the scope of this chapter, so we will recommend the Bibliography and the extensive reviews by
Lagona et al. and Isaacs.3,4
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Figure 8.16 (a) Phthalhydrazide, (b) aromatic ring incorporation into cucurbiturils, (c) structure of 8.15c and
(d) Nile Red
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As an alternative to the direct synthesis of substituted cucurbiturils from specially synthesised monomer
units, with all of the attendant problems of control of ring size and formation of complex mixtures, it
might be possible to simply take whichever CB[n] macrocycle you wish and chemically modify it to
put on any functional groups. Unfortunately, the CB[n] unit is much more resistant to modification than
many of the other families of macrocycles described within this book. However, some reactions have
been formulated which can be used to modify these ring systems. One of the first was to simply oxidise
CB[6] with hot potassium persulfate solution.222 This gives perhydroxycucurbit[6]uril (Figure 8.17a) in
45% yield, which is soluble in DMF and DMSO and has a crystal structure typical of CB[6], with the
hydroxyl groups pointing outwards. Besides improving the solubility of the compound, the presence of the
hydroxyl groups allows further modifications, such as for example conversion into allyl ethers, which can
then be converted into thioethers. Other alkyl ethers and esters have also been synthesised. Perhydroxy
CB[5] can be synthesised by the same procedure, though the larger CB[7] and CB[8] give very poor
(<5%) yields.

Various applications have been demonstrated for these compounds. When silylated glass slides substituted
with thiol groups were placed in solutions of the allyl derivative of CB[6] and irradiated, the macrocycles
were chemically grafted to the surfaces of the slides. Imaging of these was possible by complex formation
with a fluorescent spermine derivative.222 Alternatively, long-chain substituted CB[6] can be emulsified
to form nanospheres. Similarly, these long-chain derivatives can be incorporated into lipid membranes
and shown to transport metal ions, with transport activities for the CB[6] derivative being in the order
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Figure 8.17 (a) Perhydroxy CB[6] and crystal structures of (b) inverted CB[6], (c) nor-seco-CB[6] and (d) nor-sec-
o-CB[10] (1,4-diaminobenzene complex)
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Figure 8.17 (continued)

Li+ > Cs+ ∼ Rb+ > K+ > Na+, whereas for the CB[5] derivative lithium was transported more readily
than sodium but none of the other alkali metals, possibly because they were too big to pass through the
portals of the CB[5] unit.223

There have also been variations on the basic cucurbituril framework isolated from reaction mixture.
Inverted cucurbiturils, where one of the glycoluril units is turned inward and directs its methane hydrogens
into the cavity, have been synthesised. Inverted CB[6] and CB[7] have been successfully isolated and
their structures (shown in Figure 8.17b for inverted CB[6]) determined by X-ray crystallography.224 The
inwards-pointing hydrogens reduce the size of the cavity, and there is also flattening of the macrocycle.
Inverted cucurbiturils tend to bind less effectively than normal cucurbiturils. Under acidic conditions,
inverted cucurbiturils are shown to rearrange to their normal counterparts.225

When the amount of formaldehyde in the reaction was restricted, an interesting analogue of CB[6] was
isolated.226 The nor-seco cucurbit[6]uril was shown to have a structure in which essentially one pair of
methylene binding units is absent. This system forms a twisted structure (Figure 8.17c), which is inherently
chiral. It binds amino acids and amino alcohols with some enantiomeric selectivity. A larger version of
this compound, nor-seco cucurbit[10]uril, has also been successfully synthesised227 in up to 15% yield.
X-ray studies of the phenylene diamine complex (Figure 8.17d) show the structure to contain two binding
activities, each roughly equivalent in size to a CB[6] or CB[7]. This system binds guests such as amines
in 1 : 2 ratio and larger guests in 1 : 1 ratio, where the guest occupies both cavities. The macrocycle
can expand or contract to fit the guests. When several guests are presented to the macrocycle, it will
bind two of the same guest in preference to a mixed system; this indicates that binding of the first guest
preorganises the second cavity to bind a second guest. This macrocycle was studied for its potential to form
supramolecular polymers, since it was thought that a host with two cavities and guests which contained
two adamantylammonium ions separated by aromatic spacing groups could form polymeric systems held
together by noncovalent interactions.228 However, these systems appeared to prefer to form 1 : 1, 2 : 2 or
oligomeric complexes.
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8.4 Uses of Cucurbiturils

The high binding affinities and potential selectivities of this family of macrocycles has attracted much
attention, as has their ability to be included in supramolecular systems with the potential for use as
molecular machines. Here we will attempt to give an overview of some of these uses.

One potential use of these materials is as selective binding agents, since cucurbiturils often display
very high binding coefficients for certain guests. There have been several elegant examples of self-sorting,
where a series of guests and hosts are combined in the same solution and selective binding occurs, with
each host complexing a specific guest. For example, a wide variety of guests were tested for their affinities
to CB[6], CB[7] and CB[8]. Most (but not all) of the guests were amino compounds with a variety
of substituents.229 Wide variations in binding coefficients were noted for the various host–guest pairs;
adamantane derivatives for example displayed strong binding to CB[7]. This enables the hosts to pick out
various guests from mixed solutions. Mixed-host systems also display similar behaviour; for example, a
mixed 12-component system of cucurbiturils, cyclodextrins and cryptands with various guests was mixed
and shown to resolve itself into six individual host–guest pairings, with each host complexing its preferred
guest from the mixture.230 This self-sorting behaviour approaches the specificity seen in biological systems.

There have been other recent examples of self-sorting systems. For example, the compound shown in
Figure 8.18a forms 1 : 2 guest–host complexes with CB[6], where each CB[6] is bound to a diaminomethyl
triazole unit.231 However, with CB[7] and CB[8] a 1 : 1 complex is formed with encapsulation of the central
dodecyl chain and interactions of the portals with the amine units. When a mixture of CB[6] and CB[8] is
mixed with the guest, a 2 : 1 : 1 complex is formed with a central CB[8] unit complexing the alkyl chain
of the guest, with the resulting arrangement then binding two further CB[6] units at each end of the guest.
However, if the 2 : 1 complex of CB[6]–guest is combined with excess CB[8], no binding of CB[8] is
noted, demonstrating that there is good binding to the guest endgroups by the bulky CB[6] units, which
act as stoppers and prevent the CB[8] from complexing the alkyl chains. Another example of this occurred
for the spermine derivative shown in Figure 8.18b, which could bind CB[7] around the central diamino
butane unit of the guest and a CB[6] unit at each end.232 Therefore, if first CB[7] and then excess CB[6]
is sequentially added to the guest, the complex pseudorotaxane shown in Figure 8.18c will form, since the
larger CB[7] unit slips more easily over the endgroups of the guest. However, on heating to 90 ◦C, free
exchange occurs and the CB[7] unit is replaced by a CB[6] since this displays a higher binding constant.
This is an example of kinetic versus thermodynamic self-sorting.

Cucurbiturils have also been utilised as building blocks in larger supramolecular assemblies such as
rotaxanes and catenanes (see Chapter 9). Dioctyl viologen (Figure 8.19a) forms a 1 : 1 complex with CB[7]
where one of the octyl chains is complexed with the cavity. However, addition of excess α-cyclodextrin
leads to formation of a 2 : 1 : 1 complex where the CB[7] unit has been ‘driven’ along to encapsulate
the viologen unit, with each of the octyl side chains forming a complex with a cyclodextrin unit.233

The ruthenium-substituted bis-viologen compound (Figure 8.19b) binds a CB[8] unit on the viologen
closest to the metal complex.234 Addition of more CB[8] leads to binding of a second CB[8] on the other
viologen. Irradiation leads to light-induced electron transfer, which converts the terminal viologen into
its radical cation, meaning that two of these units can be incorporated into a single cavity. The resultant
supramolecular assembly consists of two ruthenium units linked together by three CB[8] units, as shown
in Figure 8.19b. Polymeric assemblies are also possible, with for example aniline being capable of being
complexed with CB[7] and then chemically oxidised to give a polyaniline–CB[8] composite material of
approximate ratio of two aniline units per cucurbituril unit, and with the CB[7] units being threaded on
the polyaniline chain.235 The composite displays greater solubility in water and the radical cation form of
polyaniline has been shown to be much more stable in the composite than in the pure polymer.
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Figure 8.18 (a) Bis-triazole guest, (b) spermine derivative and (c) kinetic versus thermodynamic self-sorting on
a spermine guest (Reprinted with permission from232. Copyright 2009 American Chemical Society)
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lene guest

A pH-controlled molecular switch system has been developed in solution.236 Hexylamino adaman-
tane (Figure 8.19c) and hexyldimethylamino adamantane (Figure 8.19d) were mixed in solution with
β-cyclodextrin and CB[6]. This mixture was self-sorting and at pH < 7 the dimethyl derivative preferred
to bind to the cyclodextrin and the less-crowded dihydrogen compound to CB[6]. At high pH, however,
this amino compound became deprotonated and the two guests then switched places, with the neutral
compound binding to β-cyclodextrin and the cationic dimethyl compound to the CB[6]. Electrochemi-
cal switching systems have also been demonstrated, and in this context the complex formation between
CB[8], dimethyl viologen and the tetrathiafulvalene (Figure 8.19e) has been studied.237 When the cucur-
bituril is mixed with one equivalent each of the two compounds, a heterocomplex is preferred where
one molecule each of viologen and tetrathiafulvalene are encapsulated in the cavity. Addition of a reduc-
ing agent (sodium dithionite, Na2S2O4) causes conversion of the viologen into its radical cation and a
new 2 : 1 viologen–CB[8] complex is formed, plus ‘empty’ CB[8]. When ferric perchlorate is used the
tetrathiafulvalene is oxidised and this molecule forms a 2 : 1 complex with CB[8].
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Larger assemblies of cucurbiturils have also been formed. We have already described how CB[6] sub-
stituted with allyl groups can be synthesised;222 later work showed that when these compounds were
irradiated in methanol solution along with a variety of dithiols, addition reactions occurred between the
allyl and thiol groups to give thioethers.238 Surprisingly, the product was not a crosslinked intractable mate-
rial; instead, polymeric nanocapsules were observed to form, with yields of up to 87%. After isolation by
dialysis, these were seen to have diameters of about 110 ± 30 nm. Variation of solvent and dithiol allowed
capsules between 50 nm and 600 nm in diameter to be obtained. Amine-substituted dyes were shown to
bind to the CB[6] units from solution and fluorescence results indicated the shells of the capsules were
essentially one molecule thick. Endocytosis into human oral cancer KB cells of substituted nanocapsules
was also observed. Later work utilised these capsules as hosts for quantum dots. If the reaction between
CB[6] and dithiols is performed in a solution of ZnS/CdSe quantum dots, the resultant nanocapsules are
shown to be fluorescent due to entrapped dots.239

Alternatively, cucurbiturils can be attached to the surface of solid materials by other means.
Figure 8.20a–c shows the work done on the development of molecular ‘nanovalves’. Mesoporous silica
can be loaded with dyes such as Rhodamine B and then derivatised at its surface with alkyne groups.
These can be converted to triazole units by a CB[6]-catalysed reaction, which leads to a surface that
is covered in tightly packed CB[6] groups, which prevent the dyes from escaping.240 Raising the pH
removes the CB[6]–guest interaction and allows controlled release of the Rhodamine B into solution.
The authors suggest that tailoring the linking groups ‘will enable the development of CB[6]-based
nanovalves for in vivo applications using the natural variations in pH that exist within healthy and
diseased cells in living systems’. Other workers chemically grafted allyl-substituted CB[7] onto surfaces
coated with vinyl groups.241 These surfaces were then used to immobilise biological moieties (such as
glucose oxidase) which had been substituted with ferrocenemethylammonium groups. These substituents
displayed high affinity for CB[6] (binding constants of 1012 M−1) and it was proposed that the system
could serve as an alternative to the classical avidin–biotin immobilisation method. The immobilised
enzyme was shown electrochemically to retain its activity, allowing its use within a glucose sensor. A
thiolated dipyridiniumethylene compound (Figure 8.21a) could be reacted with a gold surface, binding
via its thiol group. When this surface was exposed to CB[8] along with a difunctional guest with
electron-donor and acceptor groups separated by a rigid spacer (Figure 8.21b), a multilayer system was
built up where a CB[8] unit formed a complex at the surface with the dipyridiniumethylene unit and the
naphthalenoxy group of the other guest. This then left free viologen units at the surface to complex more
CB[8], which of course could then bind a second guest via the naphthalenoxy group.242 The resultant
charge-transfer interactions between the two guests stabilised these systems and meant that after a day, a
layer approximately four to five CB[8] units thick had grown on the surface. Longer immersion times did
not further increase thickness, as shown by FTIR and SPR studies. Other self-assembly systems include
complexes between CB[6] and butylamine toluene sulfonate salts, with these forming hydrogels that
spontaneously form a fibrous structure and are thermally responsive.243

Some studies have been made of potential medical applications of cucurbiturils. We have already dis-
cussed the potential for cryptophanes as hosts for xenon and its use in medical imaging. CB[6] has a cavity
suitable in size for the binding of xenon, and the water-soluble cyclohexyl derivatives (Figure 8.14d) have
been studied as potential hosts.244 Xenon forms a 1 : 1 complex with CB[6] and has a binding constant
of 3400 M−1 in water and a much higher relaxation time than many water-soluble cryptophanes. Com-
plexes of CB[6] with 1,6-bis(imidazol-1-yl)hexane have also been shown to cleave DNA in physiological
environments.245 It appears that the complex cleaves the phosphate esters, and it has been shown to catalyse
the hydrolysis of bis(2,4-dinitrophenyl) phosphate. In other work, the grafting of thiolglycosides was used
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Figure 8.20 (a) Alkyne-functionalised mesoporous silica nanoparticles MCM-41 are loaded (b) with rhodamine
B (RhB) molecules and capped with CB[6] during the CB[6]-catalysed alkyne–azide 1,3-dipolar cycloadditions.
RhB molecules are released (c) by switching off the ion–dipole interactions between the CB[6] rings and the
bisammonium stalks upon raising the pH value (Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission240)

to attach sugar units to allyl-substituted cucurbiturils.246 These polysugars were shown to bind strongly
to concanavalin A. The mannose-substituted CB[6] was shown to potentially act as a gene delivery agent
for hepaocytes.247

A number of reactions have been shown to be catalysed by cucurbiturils, one being the formation of
triazoles from alkynes and aliphatic azides. One of the earliest examples248 of this reaction is that shown
in Figure 8.21c, which is accelerated by a factor of 55 000 by CB[6]. For example, diazides and dialkynes
can be combined with CB[6] to give oligomeric triazoles, whereas in the absence of the macrocycle,
no triazole is formed.249 The oligomer is threaded through the macrocycles, but it can be dethreaded by
treating with base. By selecting the correct alkynes and azides it is possible using CB[6]-catalysed reactions
to synthesise a wide range of bis- and tris-triazoles in a regiospecific manner.250

Another potential application for cucurbiturils, due to their ability to bind a wide range of substances,
is in the clean-up of waste streams. Complex ions such as chromates, dyes and many other pollutants can
be bound from water by cucurbiturils. A detailed description is outside the scope of this chapter but much
of the work has been reviewed.3
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Figure 8.21 (a) Thiol dipyridiniumethylene anchor, (b) difunctional guest and (c) reaction of alkynes and azides
to form triazoles

8.5 Hemicucurbiturils

As an interesting adjunct to cucurbiturils, a condensation product can also be obtained by reacting ethylene
urea with formaldehyde (Figure 8.22a). Mixing equimolar amounts of the two reagents in 4N HCl at
room temperature gives the cyclic hexamer in 94% yield.251 The X-ray structure (Figure 8.22b) clearly
demonstrates the cyclic structure, an alternate arrangement of the ethylene urea units and the presence of
a chloride ion in the cavity. The macrocycle can also accommodate small species such as thiocyanate ion,
formamide and propargyl alcohol. A larger macrocycle, the dodecamer, can be obtained in excellent yield
by heating an equimolar mixture of ethyleneurea and 37% formalin in 1N HCl at 55 ◦C for three hours.
This compound can be recrystallised from chloroform and has been shown to be the cyclic dodecamer,
again in an alternate configuration (Figure 8.22c), and to include several chloroform molecules in its
crystal lattice. Later work with the cyclic hexamers showed them to be quite specific metal-binding agents,
forming complexes with Co2+, Ni2+ and UO2

2+ but not with alkali or alkaline earth metals, silver or
ammonium ions.252
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8.6 Conclusions

The supramolecular chemistry of cucurbituril means that it has been one of the most intensely investigated
family of cavitands recently, due to its multiple modes of molecular recognition, relative ease of synthesis
and availability in a range of ring sizes. Cucurbiturils not only bind strongly to alkali and alkaline earth
metal cations and ammonium ions but are capable of encapsulating a wide range of aliphatic and aromatic
molecules. They display high binding affinities and high selectivities, allowing self-sorting of hosts and
guests in complex mixed systems.

The potential for the use of these species in molecular machines is obvious. So far we have seen
examples of molecular shuttles utilising these macrocycles and controlled-release applications. The ability
of the larger cucurbiturils to bind two guests at once enables the formation of a range of novel charge-
transfer species, which in turn enables the binding together of two or more macrocycles. A range of intricate
supramolecular structures including cucurbiturils have been devised, some of which will be described in
Chapter 9.

Many of the early problems with the CB[n] series, such as poor solubility, have been addressed, either by
use of salts or by chemical substitution of the macrocycle. Since the beginning of the century, the number
of papers on this family of molecules has risen greatly, aided by the commercial availability of many of
its members. New synthetic procedures have been developed for the substitution of these materials, which
can only widen their field of use. Cucurbiturils have already been investigated for their application in
such fields as waste remediation, catalysis, gas purification and gene transfection. They also show great
promise in the field of nanotechnology, with their potential for use in self-assembly, molecular machines
and self-assembled monolayers. Systems that are responsive to external stimuli such as pH, along with
chemical, electrochemical and photochemical stimuli, have been developed.

Although for years very little work was done on this family of molecules, a recent Scopus search simply
for ‘cucurbituril’ (March 2010) gave 1453 hits, of which 858 were since 2006. This demonstrates how
the field has expanded over the last few years and shows that cucurbiturils will compete with the other
families of macrocycles for many of the applications proposed for these types of compound.
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9
Rotaxanes and Catenanes

9.1 Introduction

For many years chemists speculated on the possibility of mechanically interlocked structures in which
individual molecules are held together in a supramolecular arrangement by mechanical interactions rather
than by chemical bonds (sometimes termed a ‘mechanical bond’). Two examples of this type of structure
are rotaxanes and catenanes. There is an aesthetic pleasure in designing and constructing systems of this
type that is shared by many scientists, with a quote in one of the major reviews of this subject asking ‘How
can anyone not find these beautiful molecules fascinating?!’.1 As this chapter will describe, besides their
artistic appeal, there are also a wide range of potential applications for these systems, such as ‘molecular
machines’ and other nanotechnology applications.

A rotaxane is a structure in which a linear molecule is threaded through a cyclic molecule, with the
name ‘rotaxane’ being derived from the Latin for ‘wheel’ (rota) and ‘axle’ (axis). Should the linear
molecule be free to slip in and out of the macrocycle, the resultant structure is called a ‘pseudorotaxane’,
as shown schematically in Figure 9.1a. Capping the linear molecule with two bulky end groups prevents this
slippage, since the capping groups cannot slip through the macrocycle, giving rise to a rotaxane structure
(Figure 9.1b). Rotaxanes are usually named by the total number of units, with the structure shown in
Figure 9.1b for example being a [2]rotaxane while that in Figure 9.1c is a [3]rotaxane.

Another mechanically interlocked system is the catenane, in which two or more macrocyclic rings are
threaded through each other as shown in Figure 9.1d,e. These systems take their name from the Latin catena
meaning ‘chain’ and are named by the number of rings, as shown by the structures in Figure 9.1d,e, which
are a [2]catenane and a [3]catenane respectively.

There has been a great deal of work done on these types of interlinked systems and a detailed review is
far beyond the scope of this chapter. Instead we will attempt to give an overview of these systems and pick
out examples of various types, rather than detailing every structure that has been constructed by a number
of groups across the world. Similarly, much attention has been given to the topologies of these systems as
described mathematically, which again we will not discuss in detail. For further investigation into these
topics, we would recommend that the reader consults the Bibliography. Several books on these molecules
have been written and there have been numerous reviews,1,2 including a themed issue of Chemical Society
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(a) (b)

(c)

(d) (e)

Figure 9.1 (a) Pseudorotaxane, (b) [2]rotaxane, (c) [3]rotaxane, (d) [2]catenane and (e) [3]catenane

Reviews published in 2009 dedicated to the work of one of the leaders of this field, Professor Jean-Pierre
Sauvage. Sauvage was a PhD student of another figure mentioned frequently within this book, Professor
Jean-Marie Lehn, and published a thesis on cryptands and cryptates.3 However, his interest turned to the
making of molecules with novel topologies and he was the first to report synthesis of catenanes in good
yield, using a metal templating process which will be described later. This led to a long and distinguished
career which included the synthesis of many catenanes and other novel topologies such as molecular knots.

9.2 Rotaxanes

9.2.1 Synthesis using statistical methods

Within this book we have already described numerous pseudorotaxane compounds, in which macrocycles
encapsulate a variety of linear guests within their cavities, with the ends of the guests sticking out.
Especially suitable for this are the cyclodextrins and the cucurbiturils, with which a wide variety of linear
guests have been complexed. The larger systems can even accommodate more than one linear chain within
their cavities. Polyrotaxanes have also been described earlier within this work, such as for example the
complexes between polyethylene glycol and cyclodextrins that are described in Chapter 6. Within this
section we will describe a number of other rotaxanes, attempting to provide a glimpse of the wide variety
of structures available.

The first rotaxanes were synthesised using classical chemical techniques. If a macrocyclic compound
and a linear-chain compound are in solution together, then if the macrocycle is large enough, statistically
a fraction of the linear chains will be threaded through the macrocycle (albeit usually quite a small
fraction in the absence of host–guest binding interactions). Should the ends of this pseudorotaxane then
be chemically modified by bulky groups, the chain will in effect be trapped and unable to de-thread from
the macrocycle. This method was first adopted by the Harrisons, who reasoned that although the amount
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of rotaxane synthesised by a single reaction was small, more would be obtained if the reaction could
be repeated multiple times. They therefore attached a C30 macrocyclic ring to a solid support, namely
a Merrifield-type resin.4 This was treated with decane-1,10-diol to form the pseudorotaxane and capped
with triphenylmethyl chloride. The process was repeated 70 times and then the macrocycle was cleaved
from the resin. The resultant rotaxane was obtained as an oil in 6% yield and its rotaxane structure was
elucidated by chromatography and spectroscopy. Chemical cleavage of the macrocycle or removal of the
stopper groups could be used to separate the two components.

Later work studied simple hydrocarbon rings with a variety of ring sizes. A mixture of C14—C40

macrocycles was heated to 120 ◦C with the triphenylmethyl substituted decane-1,10-diol and it was found
that the ring could slip over the end groups at this elevated temperature5 to form small amounts of
rotaxanes, which on cooling could be separated by chromatographic methods. However, only the rotaxane
with a C29 ring could be isolated, indicating that smaller rings could not slip over the end groups and that
larger rings probably did form rotaxanes but could easily slip back off, meaning these systems were not
stable at room temperature. Another method within the same paper used a small amount of acid, which
reversibly removes and reattaches the stopper groups, allowing threading; this allowed rotaxanes to form
with rings in the range C25—C29 which were stable at room temperature and below C29 were stable at
120 ◦C. By using larger stopper groups, similar rotaxanes with ring sizes up to C34 could be obtained.6

The major drawback to these methods was the extremely low yields obtained because of the low proba-
bility of a macrocycle being threaded at any one time. One answer to this was to utilise other interactions
to prearrange a pseudorotaxane in high yield and then cap the axle to give a good yield of final product.
Higher yields of rotaxanes can be obtained when there is a degree of recognition between the chains; a
macrocyclic crown compound, dibenzo-58.2-crown-19.4, for example, was mixed with polyethylene glycol
(molecular weight 400) at 120 ◦C for 30 minutes and then capped with trityl units, each substituted with
a bromomethyl group. Up to 15% of the [2]rotaxane could be obtained and although the crown ethers
could slip over the capping groups, the rotaxane structure was relatively stable, indicating interactions
between ring and threading chain.7 Coupling of the bromomethyl groups allowed isolating in 23% yield,
which was shown to be a [4]rotaxane (three rings and one chain). Other workers8 utilised the method of
reversibly removing and attaching stopper groups on an alkyl chain in the presence of cycloalkanes and
by optimisation of ring and chain sizes could obtain rotaxanes in yields of up to 11.3%.

Because of low yields and purification problems, workers in the field turned their attention to ‘directed’
syntheses. The group of Schill pioneered the use of directed covalent synthesis of rotaxanes and other
interlinked structures. Although many of these syntheses were highly complex and required numerous
steps and repeated purification, they are an elegant method of making these systems. We will show here
part of one of these syntheses (Figure 9.2); many more are included in Schill’s book Catenanes, Rotaxanes,
Knots (see Bibliography). The ansa-compound shown in Figure 9.2a can be synthesised by a multi-step
procedure; as can be seen it contains a macrocyclic ring where two chemical groups on opposing sides
of the ring are bridged by a substituted aromatic group.9 The aromatic group contains two long alkyl
substituents, which are capped by large groups. The bridging aromatic group is then cleaved from the
macrocycle but cannot escape from inside the ring because of the presence of the bulky stopper groups,
thereby forming a rotaxane, as confirmed by mass spectrometry.

9.2.2 Rotaxanes containing cyclodextrins, cucurbiturils and calixarenes

One of the earliest attempts to form rotaxanes via noncovalent binding interactions involved the use
of cyclodextrins. We have already noted in Chapter 6 how many compounds form pseudorotaxanes with
cyclodextrins, where a linear-chain compound is bound by the macrocycle with both end groups protruding
from the cavity. Obviously, if these molecules can be successfully capped, a rotaxane will be formed. One
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Figure 9.2 Latter stages of rotaxane-directed synthesis: (a) ansa-compound, (b) attachment of capping groups
and (c) formation of rotaxane

of the first demonstrations of this involved complexing either α- or β-cyclodextrin with 1,10-diaminodecane
or 1,12-diaminododecane, followed by reaction with cis-[CoCl2(en)2lCl to give a rotaxane capped with the
inorganic cobalt species.10 Other workers used dibromoalkanes and thiol-containing cobalt complexes.11

Similarly, a biphenyl unit substituted with two alkyl ammonium chloride units (Figure 9.3a) was included
in the cavity of heptakis-(2,6-di-O-methyl)-β-cyclodextrin to give an aqueous solution which precipitated
when a bulky anion (tetraphenyl boron) was added to give a structure in 71% yield, which although
not strictly a rotaxane, was stable in acetone but disassociated when amines were added.12 Later work
utilised the same method along with a porphyrin with four aryloxy side chains (Figure 9.3b) as the axle,
which could form an analogue of a [3]rotaxane containing two cyclodextrins rings attached to an aryloxy
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Figure 9.3 (a) Axle for cyclodextrin-based rotaxane and (b) porphyrin axle

group on opposite sides of the porphyrin unit.13 Potentially this compound might act as a binder for four
cyclodextrins, but it appears that steric hindrance prevents more than two macrocycles binding.

Cucurbiturils have also been utilised in the construction of pseudorotaxanes and rotaxanes. We have
already described in Chapter 8 how many linear and aromatic molecules are complexed by cucurbiturils
of various sizes, with the guest being threaded through the cavity. This of course is a pseudorotaxane
and requires only capping to form a rotaxane. Much of the work in this field has been carried out by
the group of Kimoon Kim.14 For instance, diamines can be threaded though cucurbiturils and then metal
ions used to link together the terminal groups of the pseudorotaxanes to form polyrotaxanes. Various
polymeric architectures can be constructed by varying the axle and the linking ions, with for example
linear, zigzag and helical polymers being capable of being formed.14 More complex architectures such
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Figure 9.4 A three-dimensional polyrotaxane obtained using cucurbituril units (Reproduced by permission of
The Royal Society of Chemistry14)

as two-dimensional hexagonal or square-grid polyrotaxanes can also be synthesised, and when lanthanide
ions are used as linkers, three-dimensional polyrotaxanes such as that shown in Figure 9.4 can be obtained.

Many of the early rotaxanes were quite symmetrical, but later work developed rotaxanes with two
different binding sites on the same axle. What happens then is that the macrocycle can ‘choose’ which site
to bind to. External stimuli can affect these systems, giving us the molecular equivalent of a switch, where
the structure of the molecule can be reversibly changed by stimuli such as a change in pH. An example is
the compound shown in Figure 9.5a, which forms a [2]rotaxane with cucurbit[6]uril.15 At low pH, all three
amine groups are protonated and since the binding constant of a diaminohexyl group for CB[6] is higher
than that of a diaminobutyl, the CB[6] binds as shown and the resultant complex is fluorescent. Increasing
the pH causes deprotonation of the aryl amino group and the CB[6] unit will then bind more strongly to
the diprotonated diaminobutyl unit and ‘shuttle’ along the axle to give a nonfluorescent complex. Another
system of interest uses the axle shown in Figure 9.5b, which forms a pseudorotaxane with CB[6] in which
the macrocycle resides on the central diaminobutyl unit.16 Deprotonation of these amine units leads to
the rapid relocation of the CB[6] onto one of the viologen units. However, addition of acid does not
immediately reverse this process; the movement back of the CB[6] unit is exceedingly slow and requires
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Figure 9.5 (a) Switchable pseudorotaxanes containing cucurbituril units with fluorescence responses and
(b) axle of a kinetically controlled switchable pseudorotaxane

heating to 80 ◦C before it occurs at a reasonable rate. A [3]rotaxane with two CB[6] units complexed
with a long bis-triazole compound (Figure 8.18b) can be synthesised.17 This compound has a CB[6]
unit complexed to each triazole, but addition of base causes deprotonation and one of the macrocycles
migrates to the central chain. Addition of further base causes the second chain to also switch to forming
a complex with the central alkyl chain, whereas addition of acid and heat reverses this process and
regenerates the original structure, giving a molecular three-way switch. A variety of compounds of this
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nature have been studied and switching has been shown to depend on the nature of the aliphatic spacer.18

A tetraphenyl porphyrin unit substituted with triazole groups has been used as the central unit for a
[5]rotaxane and 5-pseudorotaxanes containing four CB[6] units.19 These have been demonstrated to undergo
pH-dependent switching, in which the macrocycles bind to the triazole units at low pH and the phenyl
units at higher pH.

Ionic interactions have also been utilised to assemble rotaxanes. CB[6] and CB[7] can both be threaded
with 1,6-diaminohexane and the resulting complex capped with tetraphenyl boron ions to give rotaxanes in
80% yield.20 CB[5] cannot be threaded and therefore forms a structure in which the diamino compounds
bridge between the macrocycles. The synthesis of polyrotaxanes containing cucurbituril units threaded
on linear and polyaromatic polymer chains such as polyaniline has already been described in Chapter 8.
Other more complex architectures have also been synthesised; commercial dendrimers for example can
be substituted so that they contain terminal diaminobutyl groups. These are then combined with CB[6] to
construct dendrimer pseudopolyrotaxanes tipped with rigid-shell CB[6] units.21 As an alternative method,
two dendrimers can be synthesised, one bearing a single viologen unit at the dendrimer apex, the other
a 1,5-dioxynaphthalene unit. Combination of these dendrimers with CB[8] in solution leads to a hetero-
pseudorotaxane in which the viologen and 1,5-dioxynaphthalene moieties are both bound by the CB[8]
and one of each dendrimer is the stopper group.22

Calixarenes have also been shown to form threaded structures, with for example a calix[6]arene having
been shown to form pseudorotaxanes with viologen guests.23 One interesting example is the use of tetra-
urea-substituted calix[4]arenes such as those shown in Figure 9.6. These can be synthesised in looped
or open-chain forms; when mixed together in aprotic solvents, heterodimers form exclusively where the
linear substituents are threaded through the looped ones.24 Further addition of bulky stopper groups leads
to the formation of a fourfold [2]rotaxane as shown in Figure 9.6. Calixarenes have also been used as the
stopper groups in rotaxane synthesis.25

9.2.3 Rotaxanes based on π–electron interactions

It has been long known that there are strong interactions between electron-rich and electron-poor aromatic
systems. We have already noted in Chapter 3 how aromatic crown ethers can form stable complexes with
electron-poor systems such as paraquat. One particularly strong interaction is between bis-p-phenylene-
34-crown-10 and paraquat as the hexafluorophosphate salt (Figure 9.7a,b). As can be seen from the crystal
structure,26 the paraquat unit is located in the cavity of the cyclic crown ether and stabilised by both
π–π interactions and C—H—O hydrogen bonds between the crown-ether oxygen atoms and the relatively
acid aryl protons. Similar interactions can be noted for the complex in which a cyclic diparaquat unit is
complexed with a dialkoxy benzene unit (Figures 9.7d,e). Use of a suitable capping agent allows capping
of this pseudorotaxane with trisopropylsilyl groups to give the true rotaxane, the crystal structure of which
is shown in Figure 9.8a. In an extensive paper by Anelli et al.26 the syntheses of a number of rotaxanes and
a [2]catenane were reported. These noncovalent charge-transfer interactions often lead to a characteristic
orange colour for these complex materials and have been utilised to construct a large range of some of
the most intricate interlinked structures developed to date – in particular the catenanes, which will be
discussed in Section 9.3. Much of this was pioneered by such workers as Angel Kaifer and especially Sir
J. Fraser Stoddart.

We have already described the threading approach to making these compounds, but the π–π inter-
actions can also preorganise the components in such as way to allow clipping of the outer ring onto
the central axle. When the linear compound shown in Figure 9.7d was ‘pre-capped’ with triisopropy-
lsilyl groups, it could be combined with the compound shown in Figure 9.8b and xylylene dibromide
to synthesise the rotaxane in 14% yield.26 This indicates that the diviologen compound and the alkoxy
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benzene axle preorganise to some extent before cyclisation occurs. This process can be enhanced by
increasing the number of electron-rich units on the axle; an axle containing two dialkoxy benzene units
(Figure 9.8c), for example, was used to form a rotaxane with the paraquat macrocycle via the same clip-
ping process.27 Not only were yields increased to 32% but this system behaved as a molecular shuttle in
that the cationic macrocycle could reside on either of the two electron-rich units. At room temperature
the NMR spectra of the dialkoxybenzenes are equivalent, indicating fast shuttling of the wheel along the
axle. Cooling to −50 ◦C slows down this movement and the complexed and uncomplexed rings can be
distinguished.

Longer versions of these rotaxanes, containing dialkoxybenzene units separated by polyether chains and
stoppered with adamantyl groups, were synthesised and studied using the clipping procedure shown in
Figure 9.8b. Interestingly, yields increased from 1% for the rotaxane with two dialkoxybenzene units up
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to 40% for one containing five.28 Analysis of the pentamer showed that the in the [2]rotaxane, the cyclic
paraquat units reside equally on the three central dialkoxybenzene units, whereas at higher temperatures
shuttling occurs. Interestingly, despite the presence of multiple electron-rich sites, no [3]rotaxanes or higher
species were observed.

Once rotaxanes with multiple sites had been synthesised, an obvious advance was to make asymmetric
systems with two or more potential different binding sites in order to study which sites are preferred and
whether outside stimuli can be used to switch the binding. One of the earliest successful switchable systems
involved the cyclic paraquat (Figure 9.7d) as the wheel, with the axle being a compound containing two
dialkoxybenzene units along with a central tetrathiafulvalene unit (Figure 9.9a). This could be switched by
solvent effects; in acetone the macrocycle enveloped one of the dialkoxybenzene units, whereas in DMSO
the tetrathiafulvalene acted as the guest.29 Similarly, a rotaxane axle containing benzidine and bisphenol
units was synthesised (Figure 9.9b) and could be utilised to synthesise a [2]rotaxane in which the paraquat
macrocycle preferentially occupied the more electron-rich benzidine site. However, this system could be
reversibly switched so that the macrocycle enveloped the bisphenol moiety. This process could be attained
both chemically by protonation with trifluoroacetic acid (and reversed by pyridine) and electrochemically
by oxidising the benzidine to the radical cation.30

The rotaxanes described above contain electron-rich axles and electron-poor wheels. However, the
reverse arrangement is also possible, such as for example the structure shown in Figure 9.10a, where
viologen units are used to make the axles.31 This can be assembled along with the cyclic crown shown
in Figure 9.7a to give a rotaxane in 23% yield. Shuttling of the macrocycle between the viologen groups
has been demonstrated to occur about 300 000 times per second at room temperature, much faster than
the systems above, and it is necessary to cool this system to −80 ◦C to slow it to the point where the
complexed and uncomplexed viologens can be visualised by NMR. A similar rotaxane (where one of the
t-butyl units has been removed from the stopper) can be assembled by slippage; heating the axle and the
excess of the crown ether at 55 ◦C for 10 days leads to formation of rotaxanes with one or two crown-ether
units complexed with the axle.32 The proportions of the [2] and [3]rotaxane can be controlled by the ratios
of axle and crown, and the [3]rotaxane can be obtained in yields of 55%. The same procedure was applied
to another similar rotaxane (where one of the t-butyl units had been replaced by an isopropyl group) and
allowed formation of the [2] and [3]rotaxane with the same crown ether as above.33 When the [2]rotaxane
was treated with another somewhat larger crown ether (Figure 9.10b), a [3]rotaxane could be obtained
with one of each crown ether complexed with the axle. A three-way axle (Figure 9.11) could also be
constructed and then used to assemble rotaxanes using the slippage method.34 Heating the axle at 50 ◦C
in acetonitrile for 10 days in the presence of two equivalents of Figure 9.7a led to isolation of the [2],
[3] and [4]rotaxanes after chromatography in yields of 46, 26 and 6%, respectively. Yields of the higher
rotaxanes could be increased by using excesses of the crown ether.

9.2.4 Other synthetic methods for rotaxane synthesis

Other noncovalent interactions have also been used in the assembly of rotaxanes. For example, when
the anthracene amine hydrochloride (Figure 9.12a) is reacted with an acylating agent (Figure 9.12b) an
amide is formed. It is known that crown ethers can form stable complexes with ammonium salts; if such
a reaction is carried out in the presence of dibenzo-24-crown-8, under optimum conditions up to 22% of
a [2]rotaxane can be obtained, where the resultant ammonium salt compound (Figure 9.12c) is threaded
through the crown.35 This rotaxane is formed best in a mixed water/chloroform media and it is thought
that the crown first complexes the amine salt and the acylating agent then approaches from the opposite
side of the macrocycle, reacts and acts as a stopper. The rotaxane is stable enough to be crystallised and
X-ray studies prove the threaded structure (Figure 9.12d). When a anthracene thiol (Figure 9.13a) is mixed
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Figure 9.9 (a) Structure of a tetrathiafulvalene rotaxane axle, (b) structure of the benzidene/bisphenol rotaxane
axle and (c) an axle with two electron-poor viologen moieties

with dibenzo-24-crown-8 and then oxidised with iodine to convert the thiols to disulfides, this resulting in
a [3]rotaxane with the two anthracene stoppers joined by a disulfide bond (Figure 9.13b), trapping between
them two crown-ether units.36 What is interesting is the very high yield of this reaction, 84%. X-ray crystal
structures again confirm the rotaxane structure (Figure 9.13c).

These crown ether–ammonium interactions have been pursued as a route to rotaxanes and pseudoro-
taxanes. For example, dibenzo-24-crown-8 forms a 1 : 1 pseudorotaxane37-like complex with dibenzyl
ammonium hexafluorophosphate (Figure 9.14a) and when this is mixed with the diammonium compound
shown in Figure 9.14b, a 3-pseudorotaxane is formed in which each ammonium unit is enveloped by a
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Figure 9.10 (a) Structure of an axle with two electron-poor viologen moieties and (b) a naphthalene-containing
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crown ether.38 When larger crowns such as dibenzo-34-crown-10 are combined with the dibenzyl ammo-
nium cation, they have been shown to also form [3]rotaxanes, but containing one ring and two axles.
With the diammonium compound an even more complex 4-pseudorotaxane is observed in the solid state
(Figure 9.14c), containing two rings connected by two axles.38 Further expanding the size of the crown
ethers39 allows construction of [4]rotaxanes (one macrocycle and three ammonium compounds) and the
5-pseudorotaxane with four ammonium groups (Figure 9.14d). This compound contains a central hexaflu-
orphosphate ion, which is thought to assist in the formation of this supramolecular system and opens up
the possibility of using it as an anion receptor.

Using ammonium axles with reactive groups such as azides allows construction of pseudorotaxanes
which can be further reacted to give true rotaxanes.40,41 In an elegant process an axle containing an
ammonium and a viologen unit is synthesised in the presence of dibenzo-24-crown-8 to give the rotaxane
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shown in Figure 9.15a. The crown ether has been shown to envelop the cationic ammonium group, but
when an amine compound is added, the ammonium group is deprotonated and the crown ether then
shuttles along the axle to occupy the viologen site.41 This transition is accompanied by the appearance of
a red colour due to charge-transfer interactions and can be reversed by adding trifluoroacetic acid. The
slipping procedure can also be used to assemble rotaxanes of this type and for example the axle shown in
Figure 9.15b can be heated with dibenzo-24-crown-8 in 90% yield.42

Some workers have utilised amide-containing macrocycles to form rotaxanes by the slipping method.
For example, the macrocycle shown in Figure 9.16a can be melted with the axle (Figure 9.16d) to give
a [2]rotaxane.43 A similar material can be obtained with sulfonyl linkers in the macrocycle. A very inter-
esting reaction occurs when the axle shown in Figure 9.17a is combined in high-dilution conditions with
isophthaloyl dichloride and p-xylylene diamine.44 Initial expectations were that this would synthesise
a simple polyamide, but the peptide axle appears to template the reaction and leads to formation of a
[2]rotaxane in yields of up to 30%. The presence of multiple cooperative hydrogen bonds is proposed
to be an explanation for this process. The macrocycle structure (Figure 9.17b) has been confirmed by
NMR, as well as threading of the axle through the macrocycle. NMR has also demonstrated that the
macrocycle shuttles between the two identical binding sites of the axle. Other workers have also shown
that similar reactions can be performed in the presence of a diamide compound containing two large
blocking groups (Figure 9.17c). The presence of this compound preorganises the monomers and affords
cyclisation to form the [2]rotaxane,45 with hydrolysis of the end groups allowing the release of the macro-
cycle (Figure 9.17b). Without the presence of the axle a mixture of polymeric, cyclic and even catenated
products forms.

Threading has also been shown to be a suitable method for rotaxane formation, again indicating that
preorganisation of the components is occurring. When the macrocycle shown in Figure 9.16a is combined
with isophthaloyl chloride and a bulky (4-aminophenyl)triphenylmethane stopper is added, a [2]rotaxane
is formed in good yield. It is thought the monoamide is formed first – this forms a complex with the
macrocycle due to good hydrogen-bonding interactions – and then addition of a second stopper leads to
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rotaxane formation.46 This method has proven useful for the synthesis of a variety of rotaxanes. For
example, the isophthalamide unit can be replaced by heteroaromatic units,47 substituted benzene rings,
terephthaloyl,47 biphenyls, azobenzenes, benzophenone,48 benzene sulfonamides47 and nonaromatic sys-
tems such as fumaroyl.

These amide-based rotaxanes have proven amenable to being assembled into larger supermolecules; for
example an axle containing two isophthaloyl units can be combined with excess macrocycle and then
stoppered to give the [3]rotaxane with two macrocycles on the axle.49 The analogous rotaxane in which
one of the macrocycles’ amide groups is replaced by a sulfonamide group has been synthesised50 and since
sulfonamides are relatively acidic compared to amides, it has proved possible to couple two macrocycles
together to give a bis-[2]rotaxane (Figure 9.18a). Similarly, a [2]rotaxane in which one of the axle amide
groups is replaced by a sulfonamide group has been synthesised,50 thereby allowing coupling of two axles
together to give the bis-[2]rotaxane shown in Figure 9.18b. Variations on this theme using [2]rotaxanes
in which the axle has two potential binding sites also exist, thereby allowing shuttling along the axle.
Coupling of these via the macrocycle gives a bis-[2]rotaxane that can potentially exist in any of three
states (Figure 9.18c). Asymmetric bis-[2]rotaxane systems with one long axle containing two binding sites
and one shorter single-site axle can also be obtained.50

(a) (b)

(c) (d) (e)

Figure 9.18 Schematics of (a) bis-[2]rotaxane via coupling of macrocycles, (b) bis-[2]rotaxane via coupling of
axles and (c–e) three potential states of bis-[2]rotaxane with axles that have two binding sites
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Many different functional groups have been incorporated into rotaxanes, either as substituents covalently
bound to the rotaxane or by simple physical incorporation as a wheel or axle, leading to potential modifi-
cations of the behaviour of the components. For example, it is possible to synthesise oligoalkynes like that
shown in Figure 9.19a, but these compounds are relatively unstable and tend to crosslink. When synthe-
sised in the presence of α-cyclodextrin or its silylated derivative, rotaxanes have been isolated containing
one or two cyclodextrin units, which stabilise the resultant systems, prevent crosslinking and improve
their solubility.51 Other workers have again used coupling reactions to form rotaxanes by first forming
pseudorotaxanes of dibenzo-24-crown-8 with an allyl-substituted ferrocenyl compound (Figure 9.19b) and
then coupling it using a Ru-catalysed cross-metathesis reaction with an acrylate ester containing a bulky
ferrocene or dimethyl benzene substituent to give [2]rotaxanes.52 A ferrocene substituted with two acrylate
groups can also be utilised to give a [3]rotaxane with the axle structure shown in Figure 9.19c and contain-
ing two crown-ether macrocycles. The same capping reaction has also been used along with derivatives
of dibenzo-24-crown-8 in which one of the benzo units is replaced by a ferrocene unit to give a series
of [2]rotaxanes with ammonium axles capped with groups such as anthryl or ferrocenyl.53 Fluorescence
experiments have shown that energy-transfer reactions between ferrocenyl and anthryl groups depend on
the relative positions of these two groups and can be affected by shuttling of the ferrocene macrocycle
along the axle.

Crown ethers can also be used to synthesise one of the smallest rotaxanes,54 where the pseudorotaxane
of dipropargylammonium tetrafluoroborate and 21-crown-7 is simply ball-milled with 1,2,4,5-tetrazine to
give the rotaxane with the axle shown in Figure 9.20a in a 81% yield. X-ray crystallography demon-
strates the rotaxane structure (Figure 9.20b). Other work has also demonstrated solvent-free syntheses
for rotaxanes by ball-milling crown ethers with bis(4-formylbenzyl) ammonium compounds as well as
1,8-diaminonaphthalene.55 The crown ether and ammonium compound forms a pseudorotaxane, which
then undergoes a condensation reaction with 1,8-diaminonaphthalene to give a [2]rotaxane with the axle
structure shown in Figure 9.20c. Using a tris-ammonium compound based around a triphenylbenzene core
also allows efficient synthesis of the [4]rotaxane. Other workers have formed a [2]rotaxane using dibenzo-
24-crown-8 and a protonated tertiary amine (Figure 9.20d) and showed that in its ionic form the amine
is complexed by the macrocycle and that deprotonation to the neutral compound causes a shuttling of the
macrocycle away from the amino group onto the central benzene ring, while still retaining the rotaxane
structure.56 Later work also alkylated the amino group of the rotaxane with a variety of functional groups,
and these compounds displayed pH-controlled shuttling, the crown binding the protonated ammonium
group but shuttling onto a benzene ring when deprotonated.57

Other workers have developed ‘one-pot’ syntheses for rotaxanes. Later in this chapter we will describe
how copper complexes of phenanthroline have been used to assemble catenanes. Similar strategies have
been used for rotaxanes;58 for example, a crown ether containing phenanthroline and fullerene units
can be complexed with a second phenanthroline compound and then capped with a variety of bulky
end groups such as porphyrins or ferrocenes; Figure 9.21a shows the reaction scheme. The resultant
systems exhibit high flexibility and display novel electron-transfer mechanisms. Rotaxanes with porphyrin-
containing wheels and fullerene axles have also been synthesised (Figure 9.21b) and shown to undergo
electron-transfer processes.59 In these systems a relatively long-lived radical-ion pair can be generated by
irradiation, with rotaxanes with shorter axles undergoing this reaction more efficiently. Other workers have
synthesised [3]rotaxanes60 with two truxene-containing crown-ether wheels as electron donors and an axle
containing a oligo(paraphenylenevinylene) unit as the acceptor (Figure 9.21b). Efficient energy transfer
from the wheels to the axis is observed even in dilute solution and the solid state. It is thought not only
that the [3]rotaxane topology promotes energy transfer, but that it prevents intermolecular aggregation in
the solid state. Molecules of this type have been proposed as light-harvesting molecular systems. As an
alternative to these systems, an axle containing fullerene groups has been synthesised and used as the
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Figure 9.20 (a) Axle structure and (b) crystal structure of the resultant rotaxane with 21-crown-7, (c) axle
structure formed by dialdehyde/1,8-diaminonaphthalene condensation and (d) an axle containing a tertiary
ammonium group
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Figure 9.21 (continued)

template for the reaction of a ferrocene-substituted isophthaloyl chloride with p-xylylenediamine to give
the [2]rotaxane.61 These rotaxanes have also been modified to contain porphyrin units.

More complex systems can also be synthesised using many of the procedures described above. Clipping
reactions have been used to assemble a number of rotaxanes with crown-ether wheels and ammonium
axles. Use of an axle containing four ammonium groups allowed formation of a [5]rotaxane containing
four crown-ether units.62 In the same paper, axles containing two or four ammonium units were used to
template the clipping reactions of bis-crown ethers, thereby forming rectangular [4]rotaxanes, which are
shown schematically in Figure 9.22.

Figure 9.22 Schematic of a rectangular [4]rotaxane
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Figure 9.23 (a) An osmium-based macrocycle and (b) a diamide axle used in rotaxane formation

Metal atoms have been incorporated into many rotaxane systems, as reviewed by Suzaki et al.63

Usually this is via the axle, for example by utilising diaminoalkanes as the axle and capping with cobalt
complexes.10,11 Other workers have utilised organometallic species, for example by attaching ferrocene
groups to the axle or macrocycle.52,61,63 Organometallic or inorganic macrocycles have also been utilised;
for example, the macrocycle shown in Figure 9.23a can be assembled in solution with an axle containing
two amide groups (Figure 9.23b) to give a pseudorotaxane.64 Axles with larger trityl end groups can also
be utilised and show much slower association and dissociation kinetics. It is thought that in the case of the
smaller stopper group the axle simple threads through the macrocycle, whereas in the case of the trityl end
group this cannot occur and rotaxane formation proceeds via reversible dissociation and reassociation of
the organometallic coordination bonds. In recent work an inorganic wheel consisting of seven chromium
atoms and one cobalt atom, held together by coordination with pivalic acid and fluoride anions, was
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synthesised and shown to form a [2]rotaxane with an ammonium axle.65 X-ray crystal structures
clearly show templating of the macrocycle formation around the central ammonium group of the axle
(Figure 9.24a). Using an axle containing two ammonium groups led to formation of a [2]rotaxane in
which the macrocycle shuttles between the two binding sites, along with a [3]rotaxane containing two
inorganic rings. Replacement of the cobalt species with copper led to formation of larger inorganic rings
through which two axles could thread, enabling construction of a [4]rotaxane (Figure 9.24b).

Larger macrocycles have been used to synthesise [3]rotaxanes with one wheel and two axles. As dis-
cussed in Chapter 6, γ-cyclodextrin, the largest of the common members of this family, is capable of
simultaneously threading two guests. This has made it suitable for the construction of a hetero[3]rotaxane
by inclusion of stilbene diboronic acid into the γ-cyclodextrin cavity and capping with terphenyl groups,
followed by inclusion of a cyanine dye diboronic guest and further capping.66 This is the first example of a
[3]rotaxane containing two different axles. Other workers reported the high-yield synthesis of [3]rotaxanes
by utilising a macrocycle and an axle which both contained isoquinoline units, examples of which are
shown in Figure 9.25a,b. Complexation of these types of system with iron(II) salts leads to formation
of octahedrally coordinated complexes containing two axles and a macrocycle which can be capped to
give the [3]rotaxane.67 In this work it did not prove possible to remove the iron centre to give metal-free
rotaxanes, but later work developed similar complexes based on cobalt which could be demetallated.68

These systems all had two identical axles, but recent work has utilised stepwise reaction to synthesise
[3]rotaxanes with two different axles.69

9.2.5 Rotaxanes as molecular machines

The use of these rotaxanes as nanosized ‘molecular machines’ has been of great interest recently and has
been reviewed by Balzani et al.70 and Kay and Leigh.71 We have already described some examples of
molecular shuttles based on rotaxanes. Others include the pH-sensitive rotaxane (Figure 9.26a,b), where
under basic conditions amide–amide hydrogen bonds hold the wheel over the peptide residue but under
acidic conditions the amine group is protonated and the ammonium–crown ether binding dominates.72

Irreversible switches have also been synthesised, as shown schematically in Figure 9.27a, where the
presence of a bulky side arm prevents the systems from returning. An early example was a rotaxane with
an amide macrocycle (Figure 9.17b) and an axle containing two succinimidyl binding sites (Figure 9.27b)
but with a bulky silyl group on the central hydrocarbon chain and different stopper groups on each end.73

Removal of the silyl group and then reattachment means that the ring can shuttle back and forth between
the two systems, so if a pure rotaxane with the ring adjacent to one of the stopper groups is synthesised
and then undergoes this process, after reattachment of the silyl stopper a 50 : 50 mix of the two possible
positional isomers is obtained. A more complex system invovles one of the succinimidyl being replaced
by an unsaturated group (Figure 9.27c). This can be photochemically switched between the trans and
cis isomers. When the pure rotaxane with the wheel located on the fumaramide group is synthesised
and the mid-chain blocking group is removed and then replaced after equilibrium is reached, 85% of the
resultant mixture still has the wheel located on the fumaramide group. However, if the reaction mixture is
irradiated, a different mixture in which 56% of the compound has the wheel located on the succinimidyl
group is obtained.73 Later work continued this theme and developed a molecular ratchet where instead
of utilising a chemical mid-chain blocking process, a rotaxane containing a 24-crown-8 wheel substituted
with a benzophenone group and an axle with two ammonium binding sites separated by a stilbene moiety
was developed.74 Irradiation of this system changed the relative populations of the macrocycle along the
axle. Other work on these types of system included the incorporation of benzyl ester groups as mid-chain
blockers. Benzyl esters are chiral and it was found that if chiral esterification catalysts were used, they
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(a)

(b)

Figure 9.24 X-ray crystal structures of (a) a [2]rotaxane and (b) a [4]rotaxane formed using inorganic macrocycles
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(a) R = CH2CH2OCH2CH2N3

(b)

N N

O O

O O

OO

N N

RO OR

Figure 9.25 Bipyridyl-containing species: (a) axle and (b) macrocycle

affected the distribution of the final product away from a 1 : 1 mixture of final enantiomers to a 2 : 1
mixture, controlled by the chirality of the catalyst.75

Other controllable shuttles include systems where an amide macrocycle has been threaded onto
an axle containing a fullerene group (Figure 9.28a). The macrocycle binds to the amide end of
the axle by hydrogen-bonding when in chloroform, but in DMSO this bonding is disrupted and the
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Figure 9.26 pH-responsive molecular shuttle: (a) axle and (b) wheel

macrocycle shuttles to the fullerene end of the axle.76 A similar effect can be obtained by electrochemically
reducing the fullerene to its trianion. This is unusual since it means the π–π stacking interactions are
stronger than hydrogen-bonding; normally the reverse is true. A more complex system described as a
‘molecular elevator’ has been designed; it consists of a compound containing three ammonium and three
bipyridyl binding sites arranged around a 1,3,5-triphenylbenzene core.77 This can form a complex with a tris
crown-ether system which is capped to give the supramolecular system shown in Figure 9.28b. In this
system the crown ethers preferentially form complexes with the ammonium units in the triply threaded
array; however, under basic conditions these are deprotonated and the crown-ether units slip ‘down’ the
legs to interact with the bipyridyl units.

Anions have also been used to moderate switching; a rotaxane containing an axle with a pyridinium and
a triazole binding site along with a crown-ether wheel can be synthesised.78 When a chloride counterion
is used the wheel rests on the pyridinium moiety, but for hexafluorophosphate the wheel shuttles along
to the triazole binding site (Figure 9.29a). A rotaxane with an axle containing a tetrathiafulvalene and a
triazole binding site along with an α-cyclodextrin wheel has been shown to adopt a conformation in which
the cyclodextrin encircles the tetrathiafulvalene unit.79 However, oxidation of this unit to the radical cation
or dication causes the macrocycle to migrate to encircle the triazole unit.

A rotaxane with two potential binding sites has been synthesised with a bis-para-phenylene-34-crown-
10 wheel and the axle shown in Figure 9.29b,c. The crown ether usually resides on the viologen unit
furthest from the ruthenium complex, but irradiation leads to electron transfer from the metal complex
to this viologen, converting it to its radical cation.80 This causes the wheel to shuttle onto the central
viologen unit; back transfer of the electron then occurs and the wheel resets itself to its original position.
Later work utilised the structure shown in Figure 9.30, which combines a bistable molecular switch with
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Figure 9.27 (a) Schematic of an irreversible molecular switch, (b) structure of an axle with central blocking
group and (c) fumaroyl-containing axle
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Figure 9.28 (a) Fullerene-moderated shuttle and (b) schematic synthesis of a ‘molecular elevator’ (Reprinted
with permission from77 . Copyright 2006 American Chemical Society)

a light-fueled power generator.81 Visible light is adsorbed by the porphyrin and leads to formation of a
charge-separated state in which the tetrathiafulvalene is oxidised to its radical cation and the electron is
accepted by the fullerene unit. Since these are separated by some distance, recombination is relatively
slow. The result of this is that the macrocycle shuttles onto the dioxynaphthalene unit. Spectroscopic
measurements demonstrate remarkable electronic interactions between the various units, indicating the
adoption of folded conformations in solution. As the authors point out, this is reminiscent of natural systems
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Figure 9.29 (a) An anion-mediated ‘molecular shuttle’ (Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 9.30 Redox-driven multicomponent molecular shuttle (Reprinted with permission from81. Copyright
2007 American Chemical Society)

in which it is not only the chemical composition that is important in determining the properties of
natural compounds but also their secondary and tertiary structures. Metal ions can also be used to mediate
switching; for example, the macrocycle shown in Figure 9.25b can be complexed with an axle that contains
two potential binding sites, a phenanthroline and a terpyridyl site,82 with a bipyridyl spacer to aid shuttling
of the macrocycle (Figure 9.31a). Binding between the macrocycle and the sites occurs via copper complex
formation and the conformation is dependent on the oxidation state of the copper atom. Copper(I) prefers
a four-coordinate binding pattern, forming a complex between the phenanthroline unit and the macrocycle,
whereas copper(II) binds the macrocycle to the terpyridyl unit in a five-coordinate complex. These two
states can be switched electrochemically, as shown in Figure 9.30a.

The possibility of switching these molecules could potentially change many of their properties. Workers
have synthesised a [3]rotaxane with two crown-ether wheels substituted with electron-rich pyrene moieties
and an axle with a central electron-deficient naphthalene diimide unit.83 Addition of base to this system
causes a change in its conformation, bringing one of the pyrene moieties close to the naphthalene diimide
and facilitating formation of a charge-transfer complex, as shown by UV/Vis spectroscopy. Similarly, a
[2]rotaxane with a fullerene-stoppered axle and a porphyrin-substituted wheel (Figure 9.31b) undergoes a
strong photoinduced electron-transfer effect since the conformation of the system allows close interaction
between fullerene and porphyrin units.84 However, when the cationic ammonium unit in the axle is reacted
with benzoyl chloride to give a neutral amide, the ring shuttles along the axle and the system adopts a
conformation in which they cannot interact (Figure 9.31b).

A four-level fluorescence switch has been developed based on the axle and wheel shown in
Figure 9.32a,b. The resultant rotaxane displays strong binding of the crown ether to the axle ammonium
as expected and the rotaxane is not fluorescent.85 Deprotonation of this system causes shuttling of the
wheel onto the amide-recognition site and weak fluorescence is then measured (reversible by adding
trifluoroacetic acid). Addition of Li+ to the system leads to complex formation between the alkali metal
and the crown-ether and amide units, further increasing fluorescence, with this process being reversible
by adding free 12-crown-4. Finally, addition of Zn2+ causes a shuttling back of the macrocycle to the
amine due to strong coordination of the zinc to the amine group, leading to a high level of fluorescence
(this process can be reversed by ethylene diamine tetraacetic acid). This shows the potential for rotaxanes
as active components in sensors. Other workers in this field have combined the recognition properties
of calixarene macrocycles with the switching abilities of rotaxanes. For example, the axle and wheel
structures shown in Figure 9.33a,b could be combined together via a clipping reaction, for which the
chloride anion is thought to act as a template, to give a [2]rotaxane (Figure 9.32c).86 This compound has
been shown to respond to the presence of anions in acetone solution, with the addition of chloride, nitrate
and especially hydrogen sulfate tetrabutylammonium salts leading to significant enhancement in emission
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Figure 9.31 (a) Axle and (b) wheel of a rotaxane that acts as a four-level switch

intensity. This is thought to be due to anion complexation inside the rotaxane structure increasing its
rigidity and hindering nonradiative decay processes. Other work by the same group incorporated a
calixarene unit into the wheel of [2]rotaxanes,87 the structure of one of which was proved by X-ray
crystallography. The resultant rotaxane bound chloride preferably but also had good affinity for bromide
and dihydrogen phosphate, and a lower affinity for acetate. Using a longer, less-rigid axle gave a rotaxane
which still bound ions but with lower efficiency and selectivity.

Recent papers have described more complex molecular machines. A molecular crank has been developed
where the rotation of two macrocyclic molecules causes movement of a molecular piston (Figure 9.34a).
NMR studies of this system show there is movement and that it is a function of the interaction between
the axle and wheel of the rotaxane, with strong interactions leading to very slow movement and less strong
interactions allowing much more freedom of movement.88 Other workers89 have described a rotaxane
system in which a long axle containing two ammonium binding sites is threaded through a crown-ether-
based cage (Figure 9.34b). The addition and removal of fluoride ions causes conformational changes that
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lead the molecule to switch between extended and contracted forms with length changes of about 36%,
larger than those found for human muscle (27%). The possibility of using rotaxane molecules as molecular
pistons has also been discussed in the literature.90

9.2.6 Thin films of rotaxanes

There has been much interest in using rotaxanes in a variety of possible applications, but they will probably
need to be immobilised in some kind of device rather than existing in solution or as a powder. This has
led to investigations of rotaxanes incorporated into thin films by a variety of methods. We have already
discussed how an amine macrocycle can be threaded onto an amide-containing axle and how shuttling of
the macrocycle along the axle induced by change of solvent76 leads to a change in fluorescence properties.
A similar axle with an anthracene stopper can be incorporated within a pseudorotaxane and the other end
of the axle polymerised along with methyl methacrylate to give a rotaxane-containing polymer film.91 Cast
films of the resultant polymers are not fluorescent when irradiated with a UV lamp, but upon exposure to
DMSO vapour a blue fluorescence can be observed under UV irradiation. Masking of the polymer from the
vapour allows the production of fluorescent grid patterns. In other work, rotaxanes containing fumaramide
moieties in the axles and cyclic amide wheels have simply been cast onto substrates such as pyrolytic
graphite.92 The film morphology depends greatly on the nature of casting solvent and on the structure of
the rotaxane.

More controlled methods of deposition of thin films of rotaxanes have already been studied. The rotaxane
formed between dibenzo-24-crown-8 and the axle shown in Figure 9.35a can be cast onto water along
with a suitable phospholipid and co-deposited as Langmuir–Blodgett multilayers.93 LB films containing
the rotaxane can be deposited on electrodes and cyclic voltammetric measurements can be performed on
the films. Exposure to HCl or ammonia vapour causes changes in the films’ electrochemical behaviour,
which is thought to be due to pH-dependent shuttling of the crown onto and off the bipyridyl unit. Model
bipyridyl compounds without a rotaxane structure do not show this behaviour. There has been a detailed
study of the structures of some LB films of these rotaxanes. Low-angle X-ray studies on monolayers of these
compounds at the air–water interface showed that these rotaxanes were highly hydrated and formed highly
tilted or folded monolayers.94 Increasing the surface pressure both reduced the amount of hydration and
increased monolayer thickness. Monolayers of the axles alone displayed much less pronounced hydration
and tilting, indicating that hydration and tilting are caused by the presence of the hydrophilic wheel
component. It was also shown that injection of an oxidant, ferric perchlorate, into the subphase led to
changes in electron density throughout the monolayer compatible with oxidation of the tetrathiafulvalene
unit and shuttling of the wheel onto the 1,5-dioxanaphthalene unit.95 Two isomeric rotaxanes were used in
this study, that in Figure 9.36a and an alternative version in which the positions of the tetrathiafulvalene
and 1,5-dioxanaphthalene units are reversed; both clearly demonstrated shuttling of the macrocycle in the
expected direction. Other work varied the hydrophilic headgroups of these materials, making changes in
the length of the oligoethylene chains and utilising both —OMe and —OH headgroups, and studyied
the effects of these changes on the monolayer behaviour.96 All the materials tested gave good-quality
deposition to form Langmuir–Blodgett multilayers. Much of this experimental work has been confirmed
by extensive molecular dynamics situations,97 which show that as the area per molecule increases so does
the molecular tilt, whilst the thickness of the monolayer decreases.

Self-assembly methods have also proved suitable for immobilising rotaxanes at surfaces; for example,
the tripodal rotaxane consisting of the axle shown in Figure 9.35b and a crown ether (Figure 9.7a) forms
monolayers on a gold substrate.98 Electrochemical measurements indicate a surface coverage of 1.1 × 10−10

mol cm−2. The tripodal axle without tetraphenyl stopper groups also adsorbs to form a monolayer on gold
and can bind the crown ether from aqueous solution to form a pseudorotaxane. A similar axle, however,
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with a much smaller headgroup (Figure 9.35c), forms a layer with much higher coverage (2.7 × 10−10

mol cm−2) and cannot bind the crown from solution, probably because the axles are too tightly packed to
allow encirclement by the macrocycle. Molecular modelling has also been used to simulate these systems
and concurs that oxidation of the tetrathiafulvalene occurs along with shuttling.99

The use of rotaxanes in molecular electronics devices has been reviewed by Jang and Goddard.99 Various
types of devices including rotaxanes have been proposed. Rotaxanes (shown in Figure 9.36a) can be trans-
ferred using the Langmuir–Blodgett technique onto silicon substrates to give smooth monolayers.100–102

Coating these samples with metals allows electrical contact to be made and the resulting system can be
switched electrically. In this system the molecule is initially in the ground state and about 90% of the
macrocycles encircle the tetrathiafulvalene unit, but on application of +2.0 V it switches into a metastable
excited state with a concurrent increase in conductivity. At this voltage the tetrathiafulvalene is oxidised
to the radical cation or dication and the wheel shuttles along the axle to exclusively encircle the 1,5-
dioxynaphthalene unit. The rotaxane can be switched from one state to the other and back over at least 35
cycles with no loss of performance. These systems, in conjunction with silicon nanowire electrodes, can be
used to fabricate simple 64 bit memory devices101 with approximately 108 molecules per junction. Using
these devices, text strings in ASCII code can be written, stored, read and erased. Larger arrays have also
been fabricated.100 Infra-red studies were made on these systems after evaporation of Ti, which showed
that in the case of layers deposited from tightly packed monolayers on water, the Ti deposition process has
a minimal effect on the IR spectra, indicating that no damage to the films occurs during the Ti deposition
process.103 Monolayers deposited at lower pressure are more loosely packed and demonstrate changes in
IR spectra and poor switching behaviour, thereby indicating that in tightly packed films the bulky stop-
pers ‘protect’ the monolayer during the Ti deposition process. Similar rotaxanes can be deposited as LB
films and written on by applying voltage pulses using a scanning tunnelling microscope.104 This enables
reversible, erasable and rewritable nanorecording with a dot size of 3 nm. Raman spectra confirmed the
switching of the rotaxanes. XPS studies of these systems have also confirmed movement of the macrocycle
along the axle after chemical and electrochemical switching.105

Similar rotaxanes containing sulfur species have also been synthesised and self-assembled as monolayers
onto gold surfaces.106 Cyclic voltametry showed that, as in the Langmuir–Blodgett films, these rotaxanes
could be electrochemically switched between different states. In both types of film, relaxation back to the
ground state was much slower than in solution. Other workers formed layers of mercaptoundecanoic acid
on gold and utilised these to immobilise [2]rotaxanes containing an amide macrocycle and succinimide and
naphthalene diimide units in the axle.107 This material acts as a three-way switch: at equilibrium the wheel
is preferentially located on the succinimide unit, at −0.68 V (vs SCE) it switches so that the wheel is in
equilibrium between the two sites and at −1.21 V the wheel is located on the naphthalene diimide unit.

As an alternative to adsorbing rotaxanes onto a surface, a different approach is to utilise the surface
as part of the rotaxane; that is, as one of the stoppers. One of the earliest examples of this is where
the compound shown in Figure 9.37a was synthesised on a gold surface by stepwise chemical reactions.
This axle can adsorb from solution a ferrocene-substituted β-cyclodextrin to give a pseudorotaxane in
which the macrocycle can slip off the axle.108 After capping the axle with an anthracene stopper this
dissociation is no longer possible and the species can then be thought of as a surface-bound rotaxane.
This is an interesting example of optical switching, in that when the azobenzene unit is in the trans
form the cyclodextrin encircles it and is located close to the gold surface. This allows fast electron
transfer between the ferrocene substituent and the gold electrode. Irradiation switches the azobenzene to
the cis form however and the cyclodextrin disassociates and shuttles along the alkyl chain, increasing the
ferrocene–gold distance and lowering the rate of electron transfer. A similar method was used to construct
the axle shown in Figure 9.37b, which forms a complex with a bis-viologen macrocycle (Figure 9.7e)
and can be capped with an adamantyl unit to give the rotaxane.109 The macrocycle encircles the π-donor
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Figure 9.37 Thiol-substituted axles used to immobilise (a) a cyclodextrin and (b) a cyclic bis-viologen on gold

diiminobenzene unit, but on electrochemical reduction of the macrocycle-respective biradical dication this
complex is no longer energetically favourable and the macrocycle shuttles towards the electrode. The same
rotaxane was used to bind flavin adenine dinucleotide and immobilise apo-glucose oxidase at the electrode
surface.110 This enabled the detection of glucose at −0.4 V (vs SCE), a much lower potential than is found
in many other biosensors, and showed that the rotaxane is facilitating electrical contact between enzyme
and electrode. Other workers have also immobilised rotaxanes with ferrocene units in both axle and wheel
and demonstrated their ability as anion sensors with a high specificity for chloride.111
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The switching effect of rotaxanes at a surface has been shown to modify the surface properties of
the resultant film. For example, when the rotaxane mentioned above109 is electrochemically reduced, the
hydrophilic bis-viologen macrocycle shuttles away from the surface, rendering it more hydrophobic. Other
workers have studied light-switchable surfaces, for example by immobilising a cyclodextrin/azobenzene
rotaxane at the surface.112 Switching the azobenzene from trans to cis caused shuttling of the cyclodextrin
away from the surface, increasing the water contact angle from 70◦ to 120◦. Other workers immobilised
a fumaramide-containing rotaxane onto a surface and by shining light on one edge of a droplet of
diiodomethane were able to change the surface contact angle on that edge, causing the drop to pref-
erentially move to one side.113 By moving the light spot it was possible to move the droplet in a controlled
manner across the surface and even up a 12◦ incline.

A [3]rotaxane (Figure 9.38) can be immobilised onto a silicon cantilever.114 When exposed to an
oxidant solution, the tetrathiafulvalene units are oxidised, causing migration of the macrocycle and
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contraction of the rotaxane. This means each rotaxane acts as a molecular muscle and between them the
immobilised molecules cause bending of the cantilever substrate. Reduction with ascorbate reverses the
effect. Other workers have immobilised rotaxanes onto porous silica substrates and used the immobilised
molecules as nanovalves.115 Upon switching, these valves open and close and can be used to entrap and
release dye molecules.

Rotaxanes can also be dispersed in polymer electrolyte gels and have been shown to be capable of being
used in electrochromic devices.116 In the ground state the rotaxane–polymer composite is green but upon
electro-oxidation it switches to a red/purple colour and relaxes back to the ground state after removal of
the potential. Many of the applications discussed within this section, and further applications, have recently
been reviewed.117

9.2.7 Polyrotaxanes

Rotaxanes can be included in a wide range of polymers. Since this book is centred around macrocyclic
compounds rather than polymers, we will not give a large number of examples of polyrotaxanes but instead
limit ourselves to leading examples of each type. Much of the work on polyrotaxanes up to 1999 has been
reviewed by Raymo and Fraser,118 in the Bibliography and elsewhere in the literature.

Many of the earliest polyrotaxanes were synthesised by threading macrocyclic compounds onto linear
polymers, giving ‘molecular necklaces’ with the basic structure shown in Figure 9.39a. Common examples
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Figure 9.39 (a,b,c) Main-chain polyrotaxanes, (d,e) side-chain polyrotaxanes and (f) daisy-chain polyrotaxanes
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include the systems obtained with cyclodextrins and cucurbiturils, with polymers such as polyethylene
glycol, and many of these systems have already been detailed in the relevant chapters on these macrocycles.
Incorporation of macrocycles onto polymers often has major effects on their properties; for example,
polyrotaxanes can be synthesised by the condensation of dimethyl sebacate with triethylene glycol in the
presence of crown ethers, followed by capping with triarylmethane groups.119 A polyrotaxane with one
crown-ether unit every four polymer repeat units (on average) can be obtained and is a viscous liquid
while the parent polymer is a high-melting solid. Many other polymers have been shown to have their
glass transition temperatures lowered by rotaxane formation.1,118

Other systems include threading the commonly used bis-viologen macrocycle (Figure 9.7a) onto a vari-
ety of polymers containing either hydroquinone or 1,5-dioxanaphthyl ether units.120 Alternatively, the
macrocycle can be threaded onto a preformed polymer containing both of these electron-rich aromatic
groups.121 In these families of polyrotaxanes the macrocyclic rings are free to interact with each other.
There has been interest in the use of macrocycles such as cyclodextrins to encapsulate conductive polymers
such as poly(para-phenylene), poly(4,4′-diphenylene vinylene) and polyfluorene.122 The effects of thread-
ing cyclodextrins onto these ‘molecular wires’ are to increase solution processability and increase their
photoluminescence efficiency whilst reducing intermolecular interactions and aggregation. These compos-
ite materials have been used in the fabrication of light-emitting diodes. Other workers recently synthesised
a permethylated α-cyclodextrin with a polymerisable aromatic side chain, which formed a self-inclusion
complex in which the aromatic unit is bound within the cavity.123 Coupling of this aromatic unit with
another aromatic monomer leads to formation of a polyrotaxane containing a conjugated organic polymer
axle and cyclodextrin wheels.

Polymers of the type shown in Figure 9.39b are similar to those above except that the macrocyclic
rings are held apart by bulky stopper groups and cannot interact with each other. Examples of these
types of polyrotaxane include cyclodextrins that have been complexed with stilbene polymers124 and
then photochemically reacted with further stilbene monomers; in the final substance the macrocycles are
separated by tetraphenyl cyclobutane moieties (Figure 9.40a).

The two families of polyrotaxanes above both utilise main-chain polymeric axles with the macrocy-
cles attached via ‘mechanical’ bonds. In another family the macrocycles are part of the main chain,
held by covalent bonds and threaded to give the polyrotaxanes. For example, bis(5-acetoxymethyl-1,
3-phenylene)-32-crown-10 can be polymerised with sebacoyl chloride to give the poly(crown ether) shown
in Figure 9.40b. Self-threading can be a problem in synthesis of these types of material, but this can be
avoided by the use of the strong hydrogen-bonding solvent DMSO.125 Polypseudorotaxanes can then be
formed with viologen compounds and give strong orange colours, indicating that charge-transfer interac-
tions are occurring. Melting the polymer above its Tg leads to loss of pseudorotaxane structure. Obviously,
capping these systems will give polyrotaxanes.

Another variant on this scheme is to combine the axle and macrocycles shown in Figure 9.41 via a
copper(I) template to give a pseudorotaxane and then use an electropolymerisation method to deposit the
polypseudorotaxane onto a platinum electrode.126 Removal of the copper template leads to collapse of the
rotaxane structure, but this can be mitigated by the use of lithium salts. Addition of methyl groups ortho
to the nitrogen atoms in the wheel greatly alters the physical and electrochemical properties of the resul-
tant polypseudorotaxane127 and gives a material with reversible copper(I) decoordination/recoordination
properties. A similar axle containing a bipyridyl rather than a phenanthroline unit can be complexed
with the wheel in Figure 9.41b and electrodeposited as an electroactive polymer film.128 This material’s
electroactive properties vary with the presence or absence of various metal ions, leading the authors to
propose its potential use as a sensor material. Another approach utilises the pyrrole-containing axle shown
in Figure 9.41c, which can be used to form a pseudorotaxane.129 Once again this can be electrodeposited
to give a film of electroactive polypyrrole-based polyrotaxane. A substituted hexathiophene compound
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Figure 9.40 (a) Main-chain polyrotaxanes containing cyclodextrins and (b) poly(crown ether)

(Figure 9.42a) can also be synthesised and then coupled with a viologen macrocycle (Figure 9.7e) via a
clipping reaction to give a [2]rotaxane, which can then also be electropolymerised to give a polyrotaxane
with a conjugated polymer axle.130

Side-chain polyrotaxanes of the type in Figure 9.39d have also been of interest; in fact, one could
argue that the earliest rotaxane synthesis4 actually involved the synthesis of a polyrotaxane, where a
Merrifield-type polymer resin was substituted with rotaxane side chains. Earlier in this chapter91 we
discussed the synthesis of polyrotaxanes via polymerisation of substituted axles, and in Chapters 6 and 8
we discussed polymers containing cyclodextrin and cucurbituril units. Branched polymers have been used
to form polyrotaxanes with β-cyclodextrins131 and the mobility of the cyclodextrin units around the chains
is shown to increase upon methylation. A cholic acid moiety containing a long side chain with a terminal
acrylamide group forms complexes with β-cyclodextrin and can be polymerised to give the polyrotaxane.132

Polybenzimidazole can also be functionalised with side chains complexed with cyclodextrins.133

Polymers with the macrocycle appended as a side chain and the axle joined by a mechanical bond
(Figure 9.39d) have also been synthesised. For example, conjugated polymers based on polythiophene
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or poly(phenyleneethynylenes) have been synthesised with crown ethers bound to the main chain of the
polymer (Figure 9.42b). These then form pseudorotaxanes with viologen units.134

The final group of polymers are the so-called ‘daisy chain’ polymers shown schematically in
Figure 9.39e. These differ from all the other polymers in that the polymer main chain is not covalent
but rather is held together by mechanical bonds. Pseudorotaxane daisy chains have been formed, with
for example the monomer shown in Figure 9.42c having been shown to self-associate in solution to give
polymers approximately 50 units long.135 Addition of bulky stopper groups stabilises these assemblies.
Daisy-chain polymers containing cyclodextrins and a cyclic daisy-chain trimer have also been reported;136

these are described in more detail in Section 6.2.2.

9.3 Catenanes

Catenanes were briefly described at the beginning of this chapter and consist a of supramolecular system
in which two or more rings are linked together to form a chain-like structure, shown schematically in
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Figure 9.1d,e. Again, there is no direct covalent connection between the two rings but they cannot be
separated without cleaving one, another example of a so-called mechanical bond. Along with the rotaxanes,
these systems have attracted great interest, not only because of the aesthetic pleasure of synthesising such
systems but also for their novel behaviour and potential for use in nanotechnology applications.

9.3.1 Synthesis using statistical and directed methods

In 1961 an early paper on potential topological isomers was published, describing such possible ring
systems as catenanes and molecular knots.137 Within this paper is a report that the great German chemist
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Figure 9.43 Ring-closure reaction used in the statistical synthesis of catenanes

and 1915 Nobel Prize winner Richard Willstätter (who elucidated the structure of chlorophyll) discussed
the possibility of interlinked-ring systems at seminars in Zurich (he was professor there between 1906 and
1912). The first actual synthesis of a catenane was described in 1960 and involved the cyclisation of a
diester of a long-chain carboxylic acid ester.138 Reaction of the diester with sodium caused the formation
of the cyclic acyloin compound shown in Figure 9.43. This compound could be reduced with Zn/DCl to
give a deuterated derivative. The cyclisation was then carried out on another sample of the long-chain
diester in a 1 : 1 mixture of toluene and the deuterated macrocycle. Again a cyclic acyloin was obtained,
but some product was also isolated by chromatography and was shown by IR spectroscopy to contain both
C—D and C——O units. Chromatography proved this was a single product, not just a mixture of the two
ring systems. Oxidation of the acyloin ring system back gave the expected linear dicarboxylic acid plus
the deuterated macrocycle. However, as in the case of the rotaxanes, these statistical syntheses are highly
inefficient, giving poor yields due to only a small proportion of macrocycles being threaded at any one time.

Directed methods such as those published by Schill in his work Catenanes, Rotaxanes, Knots have
also been applied. Again these are very long multi-step processes and will not be detailed here, though
Figure 9.44a shows an example of a typical synthesis of this type.139 The same group also managed the
directed synthesis of the [3]catenane shown in Figure 9.44b, in which the central ring contains two bulky
aromatic groups.140 This compound can exist as two isomers, first as the one shown in the figure, in which
the two lateral rings are on the same side of the aromatic groups, and secondly as the corresponding isomer
with one lateral ring on either side.

9.3.2 Catenates and catenanes via metal templates

An early breakthrough in catenane chemistry came from Sauvage’s group, which developed relatively high-
yield synthetic methods for catenanes based on metal-ion templates. We discussed earlier in this chapter
how rotaxanes can be made using a combination of phenanthroline units and copper(I) ions. Phenanthroline
units form 2 : 1 complexes with the metal template in which the two aromatic units are orthogonal to each
other. Attachment of bridging chains to these aromatic units can lead to formation of a complex with
interlinked rings. This is often called a catenate, since the complex is held together by metal coordination.
Removal of the metal ion then gives the true catenane, where the physical threading of the chains alone
holds the two ring systems together.

In the initial example of this work, the macrocyclic phenanthroline compound (Figure 9.41b) was
combined with the phenanthroline-bis-phenol (Figure 9.45a) and Cu+ to give the 1 : 1 : 1 complex, which
was then reacted with a bis-iodo-substituted polyether to give a catenate containing two identical units of
the type shown in Figure 9.45b, in which the two macrocyclic rings are threaded through each other.141
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Later work successfully developed the simpler process where just the phenolic compound is complexed with
Cu+ to give the 2 : 1 complex and reacted with two equivalents of 1,14-diiodo-3,6,9,12-tetraoxatetradecane
under high-dilution conditions to give the catenate in 27% yield.142 Treatment with cyanide ions removes
the copper template, giving the free catenane. The catenane can be converted back to a catenate by treatment
with Cu+, Ag+ or Li+. The complexes have been shown by electrochemical methods to be more stable and
difficult to demetallate than the parent macrocycle (Figure 9.41b). The conformation of the catenane has
been shown to change greatly depending on presence of a template;143 when metallated the phenanthroline
units are held in close proximity to each other, but on removal of the template, NMR studies show the
phenanthroline units to be completely separated. This has been confirmed by X-ray crystallography144 to
also occur in the solid state (Figure 9.46b). Kinetic studies indicate that the formation of complexes of
the catenane with many cations occurs as a two-stage process: in the first one of the phenanthroline rings
complexes the metal in a process that depends on metal-ion concentration; the second is independent of
the cation concentration and is thought to correspond to movement of the two rings relative to each other
while the second phenanthroline unit attempts to coordinate to the metal.145 Interestingly, the catenane
is shown to be several orders of magnitude more basic than the single macrocyclic analogue and X-ray
studies of the protonated catenane show it to adopt a configuration similar to the copper complex.146 This
arrangement is thought to be stabilised by π-stacking interactions between phenyl and phenanthroline
groups. These results demonstrate that chemistry is often not simply a result of the functional groups
present in a compound but can also depend on secondary structure and the relationship in which these
groups are held to one another. From this we can begin to gain an understanding of how biological systems
can have such precise properties, although their structure is immensely more complex than the systems
described here.

The catenane has been shown by NMR studies to be a mixture of different conformations which cannot
be ‘frozen out’; that is, they rapidly interconvert. However, a substituted catenane has been synthesised in
which one of the phenanthroline rings bears two phenyl substituents.147 Figure 9.47a,b shows a schematic
of the two isomers available for this ring system in the catenane. Because of the nature of the copper-
template process used to synthesise these materials, only the isomer in Figure 9.47a can be synthesised as
the catenane (because both phenanthroline groups are complexed to the copper ion), and removal of the
cation does not allow interconversion to occur since the additional phenyl substituents are too bulky to pass
through the annulus of the companion macrocycle. Reducing the size of the macrocycle by using a smaller
1,11-diiodo-3,6,9-trioxaundecane unit to close it leads to much lower synthetic yield (single macrocycles
being the major product, instead of catenanes) and a much more rigid system.148 Indeed, the catenane
formed from two units of a phenanthroline macrocycle with a shorter polyether chain (Figure 9.47c) is
chiral due to restricted rotation of the rings and no racemisation is seen up to temperatures as high as 160 ◦C.

These methods can be modified to produce more complex catenanes.149 For example, if the 1,14-diiodo-
3,6,9,12-tetraoxatetradecane used to bridge the phenanthroline units is replaced in the reaction scheme by
shorter linking units such as the dibromides of tri- and tetraethylene glycol, these cannot bridge across a
single phenanthroline unit and instead bridge between two separate complexes to give catenates such as
that shown in Figure 9.48. A 2-catenate with the same central ring but just one peripheral ring can also be
obtained, but yields are low due to formation of the free macrocycles. The catenates can be demetallated to
give the free catenanes. NMR and X-ray studies show that there are strong interactions between the phenan-
throline aromatic systems of the peripheral rings of these catenanes in both the solid state and solution.150

As an alternative synthetic method, the compound in Figure 9.45a was derivatised to give the dipropargyl
ether and then coupled together with macrocycles such as that in Figure 9.41b to give a complex which
was further reacted to give the catenate shown in Figure 9.49a. These types of catenate could be obtained
in up to 68% yields, and the 4-catenate with three complexes coupled together to give a larger central and
three peripheral rings could be obtained in up to 22% yield.151 The 3-catenate could be crystallised and the
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(a)

(b)

Figure 9.46 Crystal structures of (a) the Cu(I) catenate and (b) free catenane

structure shows that strong interactions exist between the peripheral rings in the solid state (Figure 9.49b),
leading to a compact, curled structure. NMR measurements demonstrate that similar interactions exist in
solution. Even larger catenates from this reaction have been detected by mass spectrometry,152,153 with
molecular weights up to 7800. The 3-catenates can be demetallated and then remetallated to give complexes
with silver, zinc, cobalt or nickel,154 and electrochemical studies have demonstrated that the two metal ions
interact with each other, confirming the folded state of the catenate. By stepwise demetallation followed by
remetallation, it is also possible to produce heteronuclear catenates containing two different metal ions.155
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Figure 9.47 (a,b) Two isomers of a hindered [2]catenane (rectangles = phenanthroline, hexagons = phenyl
groups) and (c) a catenane with hindered rotation
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Fluorescence studies have been performed on the catenane obtained from Figure 9.49a, along with its
homo- and heterocatenates and the monocatenate with one free and one complexed phenanthroline ring.156

The photochemistry of these systems has been extensively investigated and shows that interactions exist
between the metal ions or between metal-bound and free catenane units.

These methods pioneered by Sauvage’s group have been used to assemble a range of organic groups
of interest into catenated systems. For example, a porphyrin was synthesised with a bridging chain that
contained a phenanthroline unit, a so-called ‘basket with a handle’ porphyrin.157 This was complexed with
a second phenanthroline unit (Figure 9.45a), which was the reacted with a second porphyrin unit to give the
resultant catenane, a double basket with interlinked handles (Figure 9.50). A similar catenate (Figure 9.51a)
has also been synthesised containing tetrathiafulvalene units.158 When a terpyridyl-containing complex is
assembled as a catenate with a phenanthroline-containing macrocycle, the resulting structure is as shown
in Figure 9.51b. However, when the copper ion is oxidised to Cu(II) there is a slow change of spectra
over a few days that is consistent with rearrangement of the catenate so that the Cu(II) ion is complexed
with one phenanthroline and one terpyridyl unit, since this ion ‘prefers’ to be pentacoordinate.159 This
oxidation is reversible and accompanied by a rapid rearrangement to the original complex, giving us a
‘switchable’ catenane. A different method using a ruthenium template has succeeded in synthesising a
bis-terpyridyl-containing catenate.160

More complex catenates and catenanes have been synthesised by utilisation of components containing
multiple binding groups. For example, a linear strand containing three phenanthroline groups can form
copper-templated complexes with a similar strand, which upon cyclisation reactions with oligoethylene
glycol bridges gives doubly interlocked catenates (Figure 9.52a). A singly interlocked version of this
material can also be obtained and in both cases these materials can be converted to the demetallated
catenanes.161 NMR studies show the singly entangled isomer to be more conformationally flexible than
the doubly interlocked compound and mass spectral studies show that under high-energy conditions the
doubly interlocked compound is less stable than its topological isomer.162 Another system containing three
phenanthroline units has also been synthesised, but the core is bicyclic.163 Reaction of this compound
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Figure 9.49 (a) A 3-catenate synthesised by coupling of alkyne units and (b) its X-ray crystal structure
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with phenanthroline macrocycles gives the mono-, bis- and tris-catenates, albeit in very low yields. NMR
studies demonstrate large differences in rigidity between the three products.

Other systems that have been synthesised include the so-called ‘hook and ladder’ conformations, where
a catenane is synthesised using similar methods to those utilised by Sauvage’s group except that the
oligoethylene glycol units contain reactive side groups in the centre of the chain.164 These groups can
then be reacted with each other to give a type of structure shown schematically in Figure 9.53a. Other
chemistries have been utilised to create metal-containing catenates and catenanes and we will describe
several of these here. The first organometallic catenane was synthesised165 by reacting a bridged diphenyl
magnesium cyclophane with a crown ether to give the structure shown in Figure 9.53b. Another system,
which as the authors point out is reminiscent of the magician’s ‘magic rings’ trick on a nanoscale, involves
the synthesis of the macrocycle in Figure 9.53c by combination of the pyridyl compound with palladium
nitrate ethylene diamine complex.166 At low concentrations the macrocycle exists as a monomeric struc-
ture as shown, but at higher concentrations the catenane becomes the dominant species, as proved by
mass spectroscopy and NMR. A simple mechanism to allow this to occur is that the pyridine–palladium
coordination bonds must break and reform to allow a form of clipping reaction to take place, as shown
in Figure 9.54a. An alternative mechanism has been proposed, where two macrocycles come together
and undergo interconversion by way of ligand exchange between Pd—N bonds.167 Normally this reaction
would bind the two macrocycles together and then release them, but it is proposed that there is a twisting
of the rings (as shown in Figure 9.54b) which leads to catenate formation. Mixed systems have also been
synthesised where macrocycles containing hydrogenated or fluorinated aromatic rings are combined and
mixed catenanes containing one of each type of ring are formed.167,168

The same macrocycle but with platinum ligands (Figure 9.53d) does not show this behaviour at room
temperature, indicating stronger pyridyl–platinum binding.169 However, upon heating to 100 ◦C, this bond
becomes labile and the catenane forms in high yield. Cooling the solution then traps the molecule in the
catenated form, behaviour which the authors describe as that of a ‘molecular lock’. The catenane can even
be crystallised and its structure confirmed by X-ray crystallography.

Mixed systems can also be synthesised, with for example compounds containing both phenanthro-
line and pyridine units being synthesised and then linked as dimers using copper(I) coordination of the
phenanthrolines.170 These can then be clipped to form mixed metal catenates using palladium to give
compounds such as that shown in Figure 9.54c. Both entwining together of two macrocycles and a clip-
ping procedure, which allows the formation of catenanes with two different macrocyclic units, have been
utilised and both have been shown to be highly efficient synthetic methods. A similar procedure utilises
ruthenium complexes to give catenates containing Cu(I) and Ru(II), and the central copper ion can also be
removed.171 Bimetallic Ru-Cu and trimetallic Ru-Cu-Ru complexes can be obtained and potentially utilised
as photoactive multicomponent systems. Other workers have synthesised the ‘figure of eight’ molecule172

shown in Figure 9.55a and demonstrated that in solution it can be induced to form the elegant cyclic tris-
catenanes shown schematically in Figure 9.55b. Combination of this figure-of-eight molecule with other
macrocycles containing one palladium or platinum bridging group (Figure 9.55c) gives rise to complex
structures such as linear bis-[2]catenanes and linear tris-[2]catenanes.173

Box-like compounds have also been utilised to synthesise catenanes. One of the earliest examples174

utilised the synthetic scheme shown, where two pyridine-containing compounds are combined along with
palladium bridging groups to give the catenane in Figure 9.56a. The catenane displays high stability, not
reverting back to individual macrocycles even under high-dilution conditions. Various catenanes of this type
can be obtained and the interlocked structure has been proven by NMR and X-ray crystallography. Chiral
binaphthyl groups can be included in these structures and it has been found that if meso macrocycles con-
taining one of each binaphthyl enantiomer are synthesised, the resulting [2]catenane is chiral.175 When this
catenane is crystallised it is found to assemble via a series of secondary intermolecular Pd–ligand binding
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interactions to form an infinite one-dimensional polymer. In other work a palladium-linked macrocycle was
combined in solution with β-cyclodextrin and shown by NMR spectroscopy to give the catenane shown in
Figure 9.56b. This shows that there must be some disassociation and reassociation of the N—Pd bonds.176

When the larger γ-cyclodextrin is utilised, a pseudorotaxane structure is preferred. High concentrations of
the two macrocycles lead to formation of oligomeric products.

A range of octahedrally coordinated metals have been utilised to assemble catenanes. For example,
benzylic imine compounds (Figure 9.57a) can be combined with a variety of metal ions such as Mn2+,
Co2+, Cu2+, Hg2+, Cd2+, Zn2+, Fe2+ and Ni2+ to give 2 : 1 complexes with the metal ion octahedrally
coordinated.177 Cyclisation of the complexes to give the catenates is attained by ring-closing metathesis
reactions between the olefinic groups in the complex. The complexes do not undergo simple demetallation
reactions; rather reduction of the imines to amines with sodium borohydride allows isolation of free
catenanes. The same metal-ion complexation strategy can also be used to assemble rotaxanes.178 Later
work by the same group utilised linear coordination between Au(I) and pyridine units to successfully
assemble a gold complex which after ring-closing metathesis gave the catenate shown in Figure 9.57b,
which could then be reacted with HCl to give the free catenane.179 Again, this strategy could also be used
in rotaxane synthesis.

Besides acting as a template, copper ions can also catalyse various reactions, such as the reaction of
acetylenes and azides to give pyrazole units. This process has been used in catenane synthesis, where the
copper ion is complexed within a macrocyclic compound and then combined with the open-chain compound



446 Rotaxanes and Catenanes

F F

F F

F F

F F

N

N

Pd

FF

FF

FF

FF

N

N

F F

F F

F F

F F

N

N

M

H2
N

N
H2

(a)

(c)  M = Pd or Pt

(b)

Figure 9.55 (a) Structure of the figure-of-eight molecule and (b) schematic of its formation of a tris-catenane
(Reproduced by permission of the Royal Society of Chemistry172), and (c) a macrocycle used in the synthesis of
linear bis- and tris-catenanes



Catenanes 447

N N

N N+ +
NO3

Pd

O3N

NH
2

H2N

N N

Pd N PdN

NH2

N
H2

N
H2

H2N

O

O

N

N

H2N
Pd

NH2

O

O

N

N

NH2

Pd
H2N

O

O

N

N

H2N
Pd

NH2

O

O

N

N

NH2

Pd
H2N

O

O

N

N

H2N
Pd

NH2

O

O

N

N

NH2

Pd
H2N

β-CD Y-CD

2

(a)

(b)

Figure 9.56 (a) Synthesis of the ‘box’ catenane and (b) formation of rotaxanes and catenanes with cyclodextrins
(Reprinted with permission from176. Copyright 2004 American Chemical Society)



448 Rotaxanes and Catenanes

O

O

N

O

O

N

O

N3

O

H

OO

N
NN

O

O

N

O

O

N

N

N

N

N

N

N

H2C=HC(H2C)4O

H2C=HC(H2C)4O O(CH2)4CH=CH2

O(CH2)4CH=CH2

M2+

O O

O
O

N NAu

(a)

(b)

(c)

i. [Cu(CH3CN)4](PF6)

ii. EDTA

Figure 9.57 (a) Typical precursor for benzylic imine catenates (M = Mn, Fe, Hg, Zn, Co, Ni, Cu, Cd), (b) a
gold-based catenate and (c) catenates formed by active metal-template cyclisation (Reprinted with permission
from180. Copyright 2009 American Chemical Society)



Catenanes 449

shown in Figure 9.57c. The copper ion catalyses the condensation of the two acetylene groups to give
the catenate in 46% yield.180 Within the same paper another mechanism utilising coupling of substituted
acetylenes with the formation of diacetylene compounds was used to form catenates. A double macrocy-
clisation procedure was also developed that synthesised catenanes from pairs of open-chain molecules.

Other multiple-metal systems that have been synthesised include porphyrin-containing catenates. For
example, the catenate shown in Figure 9.58a contains three different metal ions.181 This species can be
synthesised in up to 11.5% yield using a preformed porphyrin macrocycle, which can be complexed with
phenanthroline, and then a clipping reaction to incorporate the second porphyrin moiety. NMR studies show
that removal of the central copper ion leads to major conformational changes, allowing the porphyrins to
come much closer to each other. Later work constructed an even more intricate supramolecular system in
which four porphyrin rings were assembled around a catenate core.182 Further bridging ligands were then
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containing four porphyrin substituents (Reproduced by permission of the Royal Society of Chemistry182)
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introduced between the Zn atoms in the centre of the porphyrin rings to give the complex structure shown
in Figure 9.58b.

Other workers have synthesised catenates such as that shown in Figure 9.59a, where porphyrin and
fullerene groups have been incorporated onto opposing rings as along with their simpler analogues con-
taining just one of these functional groups.183 NMR studies show that the fullerene and porphyrin units
are as widely separated as possible and photochemical studies show that upon irradiation electron-transfer
reactions occur, giving a charge-separated radical pair, with the porphyrin being positively charged and
the fullerene negatively charged. Other aromatic species that have been incorporated into these systems
include the quaterthiophene-containing catenates shown in Figure 9.59b. These can be demetallated to give
the parent catenanes, which like their catenates have the quaterthiophene units in close contact with their
phenanthroline units, interacting by through-space donor–acceptor interactions as shown by NMR and
quenching experiments.184 AFM pictures of these systems adsorbed onto pyrolytic graphite clearly show
the highly ordered catenane structure (Figure 9.59c). Other workers utilised a cyclotriveratrylene skeleton
to assemble three bipyridyl groups and then utilised zinc or cobalt to assemble a triply interlocked cate-
nate structure185 as shown in Figure 9.60a. This compound can be crystallised and has the X-ray crystal
structure shown in Figure 9.60b. Each complex consists of two trigonal bipyramidal cages which interlock
through all three windows to form the [2]catenane, which also contains an inner binding core with a central
cavity with an estimated volume of 0.2 nm.3

9.3.3 Catenanes based on π–electron interactions

Although both directed synthesis and especially metal-templated synthesis have been successful in the
development of catenanes, it is much more intellectually and aesthetically satisfying to develop systems
which spontaneously assemble to form intricately linked supramolecular systems rather than forming around
a central template. We have already discussed in Section 9.2.3 the assembly of rotaxanes via the use of
π–electron interactions, but it is in the field of catenane synthesis that these interactions have really come
to the fore.

This field can be thought of as having begun with the synthesis, developed by Fraser Stoddart and other
workers, of the catenane shown in Figure 9.61, published in 1989. When the crown ether, bis-bipyridyl
compound and p-xylylene dibromide were reacted together in acetonitrile solution, up to 70% of the
catenane could be obtained from this simple one-pot synthesis.186 Obviously, for such a high yield there
must be strong interaction between the cationic macrocycle and the crown ether to preorganise them in
such a way that when the dibromo compound clips onto the viologen species, a catenane is formed. The
noncyclic bis-bipyridyl species shown in Figure 9.61 does not strongly interact with the crown ether, but
what is thought to occur is that first one of the bipyridyl units reacts with p-xylylene dibromide to give
a compound containing one doubly charged viologen unit. The tricationic species does undergo a strong
interaction with the crown ether and is therefore encapsulated. NMR does not show the presence of the
tricationic species and it is thought that it rapidly ring-closes to give the catenane.187

NMR studies show that the catenane in this case is highly ordered in solution. At −65 ◦C the spectrum
shows peaks indicating that rotation is restricted; that is, NMR can distinguish between the viologen that
is ‘inside’ the crown-ether cavity and that which is ‘alongside’ it. At higher temperatures the cationic
macrocycle can rotate around the crown ether and at higher temperatures still both macrocycles can rotate
with respect to each other. X-ray crystallographic studies also show the catenane structure (Figure 9.62)
and the distances between the aromatic rings indicate strong π–π interactions not only between the two
components of the catenane but also between adjacent catenane molecules, which form a stacked structure.
Electrochemical measurements also demonstrate that there are interactions between electron-rich and -poor
rings in solution. Later work showed that this synthesis could be achieved in 18% yield by combining
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4,4′-bipyridine and p-xylylene dibromide in solution in the presence of excess crown ether.188 Raising the
pressure to 12 kBar increased yields to 42%.

Once this synthesis had been achieved, it was inevitable that many phenolic and pyridyl-based systems
would be investigated for their abilities to form catenanes. Replacement of the crown ether with a similar
resorcinol-based crown ether (Figure 9.63a) and reaction using the same scheme as above allowed con-
struction of the catenane in 17% yield.189 It is thought that the interactions between the crown and viologen
moieties are weaker than for the previous catenane, leading to lower yields. This is borne out by NMR
studies, which indicate a much more dynamic system, allowing greater motion of the two macrocycles
relative to each other than for the previous catenane. A mixed crown ether containing a hydroquinone
and a resorcinol unit (Figure 9.63b) can also be incorporated within the catenane system.190 NMR studies
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Figure 9.62 Crystal structure of a catenane

demonstrate much stronger interactions between the viologens and the hydroquinone unit in that in 98%
of the catenane in solution at any one time the hydroquinone unit is encircled by the cationic macrocycle.
When one of the hydroquinone units is replaced by a larger naphthalene unit (Figure 9.63c), again there are
two possible locations for the cationic ring on the crown ether.191 The ratio between the two translational
isomers in this system is dependent on the polarity of the solvent; in acetone 35% of the catenane has
bound the naphthyl unit but in DMSO encapsulation of the naphthyl unit is the preferred option. Since
the naphthyl unit is more electron-rich we would expect it to be the preferred occupant of the cationic
macrocycle, but solvent-shielding effects also need to be taken into consideration.

A study was also made on increasing the size of the crown-ether spacers.192 The highest yield (70%)
was obtained with the 34-crown-12 compound already described (Figure 9.61); removing one ethyle-
neoxy unit from the spacer reduced the cavity size and yield fell to 10%. Use of longer spacer chains
caused a drop in the yield as well, levelling off at about 40%. Also within this work, larger crown ethers
containing more than two hydroquinone units were synthesised, such as tris(p-phenylene)-51-crown-15
and tetrakis(p-phenylene)-68-crown-20. These could be used to assemble catenanes containing one of the
cationic macrocycles, but their larger ring size also allowed binding of two of these bipyridyl macrocycles,
in order to form [3]catenanes.

As an obvious counterpoint to using larger crown ethers, a series of larger bipyridyl-based macrocycles
can also be synthesised. When a bipyridyl-based compound containing a biphenyl spacer is reacted with
4,4′-bis-bromomethyl biphenyl in the presence of crown ethers, up to 25% of [3]catenanes can be isolated.
These consist of a bipyridyl macrocycle, as shown in Figure 9.64a, with two crown-ether units of the type
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Figure 9.63 (a) Resorcinol-based crown ether, (b) mixed crown ether and (c) crown ether containing a
naphthalene unit

in Figure 9.60 encircling the bipyridyl groups,192 along with a low yield of the [4]catenane, consisting of
three crown-ether units arranged around the macrocycle shown in Figure 9.64b. If larger crown ethers such
as that in Figure 9.65 are used, the resultant [3]catenanes can then be further reacted using the standard
clipping procedure (Figure 9.60) to give [4] and [5]catenanes, albeit in low yields. Mass spectrometry has
confirmed the formation of the higher catenanes. NMR studies have also been made on the dynamics of
these systems and show that when the macrocycles reach sufficient size, there is much more freedom of
rotation relative to each other.

Besides the resorcinol and naphthyl systems mentioned earlier, the central hydroquinone units have
been replaced with a number of other aromatic systems. In two successive papers, the incorporation of
furan or pyridine macrocycles into the crown ether was described. The furan-based system had lowered
recognition for the bipyridyl units but still gave the catenane in 40% yield.193 The pyridine-based crown



456 Rotaxanes and Catenanes

(a)

N+ N+

N+ N+

(b)

N+

N+

N+

N+

N+

N+

N+

N+

Figure 9.64 (a,b) Expanded bipyridyl macrocycle-based [3] and [4]catenanes

ether showed good recognition for the bipyridyl units but gave the catenane in lower (31%) yield.194 Both
systems appeared to be much more mobile than those based on hydroquinone. Further aromatic units could
also be added to the crown ethers, as in the structure shown in Figure 9.66a, where two catechol units
have been added.195 When the catenane is created, it can exist in two isomeric forms as shown; NMR
studies have shown that the isomer with the cationic macrocycle closer to the catechol units is more stable
(64% in this form in acetonitrile solution), probably due to greater electron density for the combined
hydroquinone/catechol units. The [3]catenane in Figure 9.65 and the related [2]catenane containing only
one cationic macrocycle have been studied by NMR to determine the dynamics of the system.196 In the
[2]catenane the cationic macrocycle is shown to rapidly travel around the crown ether. Similar behaviour
has been observed for the [3]catenane in which the macrocycles are always on diametrically opposite
hydroquinone rings. The authors of this work liken the behaviour to trains on a track and comment, ‘all
that remains to be done is to introduce signals to direct the train’.
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Figure 9.65 [3]catenane containing two bipyridyl macrocycles

Porphyrins have also been incorporated into these systems; as an example the porphyrin-based macro-
cycle shown in Figure 9.66b can be used to template the standard clipping reaction to give the catenane
shown.197 NMR studies show the cationic macrocycle slowly rotates around the hydroquinone unit (accel-
erating at higher temperatures) and there is significant face-to-face interaction between the bipyridinium
rings and the porphyrin. Further work has shown that depending on the catenane structure, rotation rates
at room temperature variy between 50 and 2500 rotations per second.198 These compounds are much
more resistant to protonation than their open-chain analogues, requiring strongly acidic conditions.199 The
resultant protonated systems display much less interaction between porphyrin and bipyridyl units due to
electrostatic repulsion, which causes a rearrangement of the structure so that the electron-rich hydroquinone
bridging groups are nearest the porphyrin. Also, the catenanes can rotate more freely, as demonstrated by
a catenane that has a rotation rate of 80 s−1 being increased to 1000 s−1 upon protonation. A version of
this with a 1,5-dihydroxynaphthyl bridging group shows similar behaviour.
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Figure 9.66 (a) Catechol-substituted crown ether and (b) porphyrin-containing catenane (Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission197 )

One problem with the formation of multiple catenanes is that many of the early syntheses of catenanes
often had poor yields, making multi-step syntheses challenging due to low final yields and presence of
many byproducts. The high yields and relatively simple clean-up of many of these π–electron-interaction
assembly procedures has allowed the development of multiple ring catenanes. We have already discussed
how [4] and [5]catenanes can be synthesised by use of larger macrocycles, but initially only very low yields
were obtained.192 A [5]catenane was synthesised as early as 1994 and its resemblance to the five rings of the
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Olympic flag led to the authors suggesting the name ‘Olympiadane’ for these compounds.200 By replacing
the phenylene units in the crown-ether components with 1,5-dioxanaphthyl units (which led to better
interactions with the clipping agents), along with high-pressure reaction conditions, much more efficient
syntheses were devised by the group of Fraser Stoddart. First, clipping together a cationic macrocycle
containing biphenyl spacers in the presence of crown ethers192 has been shown to yield a [3]catenane
(Figure 9.64a). This process can be applied to crown ethers containing three 1,5-dioxynaphthalene groups
to give some [2]catenane but mainly the [3]catenane201 (Figure 9.67). The [3]catenane can then be further
reacted again via a clipping reaction to give the [4] and [5]catenanes shown in Figure 9.68. This procedure
can be enhanced by the use of high pressures and good yields of Olympiadane (30%), and even higher
catenanes (28% for the [6]catenane and 26% for the [7]catenane) can be obtained, along with a second
[5]catenane which is a topological isomer of Olympiadane. Figure 9.68 shows the reaction scheme for
all of these compounds. X-ray crystallography studies of Olympiadane and the [7]catenane201,202 have
been obtained and show highly compact structures (Figure 9.69). Extensive NMR investigations have also
been made and thse demonstrate that as the size and complexity of the catenanes increase, the dynamics
of the system are diminished and translations such as the exchange of cationic macrocycles between the
1,5-dioxynaphthalene units are dramatically slowed.201
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Figure 9.67 Structure of a [3]catenane containing two crown ether units
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Figure 9.68 Synthesis of Olympiadane and other catenanes (Reprinted with permission from201. Copyright
1998 American Chemical Society)

Besides varying the constitution of the crown-ether units, it is of course possible to vary the cationic
macrocycle structure. There is however one difficulty with this since this is the macrocycle that is actually
formed during the clipping reaction. Should the structure of the precursor to the macrocycle be unable to
cyclise readily, yields of the resultant catenane may be greatly diminished. The classical synthetic scheme
for these reactions involves reacting a dibromo compound with at least two equivalents of a bipyridyl
compound and then reacting this precursor with a second dibromo compound to achieve cyclisation187
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(a)

(b)

Figure 9.69 Space-filling representations of the X-ray structures of (a) Olympiadane and (b) the [7]catenane
(Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission202)
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(although single-step procedures have been shown to work 188). To attempt to determine the factors that
affect the efficiency of these synthetic schemes, initial experiments were made to compare two isomers of
xylylene dibromide as ring-forming agents.

Two macrocyclic precursors were synthesised by reacting 4,4′-bipyridine with either the para or meta
isomer of xylylene dibromide. The precursors were then mixed with a crown ether (Figure 9.61) and
reacted with another equivalent of xylylene dibromide.203 When both the xylylene units were para , a
70% yield of catenane was obtained, whereas when both were meta , no catenane was obtained, probably
because of the much smaller size of the cavity of the macrocycle formed. However, increasing the pressure
to 10 kBar allowed the formation of this catenane in 28% yield. Mixed systems could be synthesised, as
shown in Figure 9.70. When the meta isomer was used to ring-close the macrocycle, the catenane was only
obtained in 18% yield, but the para xylylene dibromide was much more efficient, with the yield increasing
to 40%. NMR studies of these systems202 showed that rotation of the cationic macrocycle was easiest in
the product with two para-xylylene spacers (free energy of activation 15.6 kcal mol−1), increasing to 16.5
kcal mol−1 for the mixed system and 17.6 kcal mol−1 for the catenane with two meta-xylylene spacers.

Similar work replaced synthesised catenanes containing one or two thiophene units in 59% and 36%
yields respectively (Figure 9.71a,b). These systems display lower degrees of movement of the hydroquinone
rings, and from the X-ray structure (Figure 9.71c) it is clear there is an S—O interaction between the
hydroquinone and thiophene units.204 Photoactive azobenzene groups have also been incorporated into
catenanes (Figure 9.72). These systems can be isomerised from the E to the Z form by irradiation.205 The
reisomerisation process back to the Z form is assisted by incorporation in the catenanes; the half-lives
for the catenanes in Figure 9.72a,b are 20.5 hours and 12 days, whereas the corresponding azobenzene
macrocycles without any crown-ether counterpart have half-lives of 9.3 and 12 days respectively. The
effect is most noticeable for the catenane in Figure 9.72a, which is thought to be a function of the more
open nature of this catenane.

An intensive and detailed study of a number of catenanes was made with the scheme shown in
Figure 9.73a. With these the electron-poor groups can be either bipyridyl or the stilbene-like structures
shown, whereas the crown-ether units can contain either electron-rich phenylene or naphthyl moieties.206

In this case there are nine potential combinations, giving rise to a variety of catenanes. All of these can be
synthesised with yields from 19 to 70%. When the catenanes are nonsymmetric in nature, the preference is
for the naphthyl residues to be complexed by the tetracationic cyclophane components and a bipyridinium
unit inside the crown-10 components. Four of the possible combinations exhibit translational isomerisa-
tion in solution, as shown by NMR. One combination has four different aromatic groups, giving four
possible isomers. In all cases where crystal structures are obtained the catenanes are found to adopt only
one conformation, identical to the preferred combination in solution. Figure 9.73b shows a typical crystal
structure, in this case for the catenane containing two dipyridylethylene and two 1,5-dioxanaphthalnene
groups. Electrochemical measurements also show novel behaviour, and in this context for example the
catenanes containing a bipyridyl and a dipyridylethylene unit in the cationic macrocycle show signs of
undergoing electrochemically controlled switching of the isomers. Although the trans-bipyridylethylene
units can be photochemically isomerised in macrocyclic structures, incorporation into the catenane prevents
this process from occurring.

Other workers synthesised the chiral catenane showed in Figure 9.74b, along with a flexible, achiral
analogue.207 NMR studies indicated the system had a degree of mobility and X-ray studies demonstrated
there was steric hindrance between the chiral hydrobenzoin units and the bipyridyl systems, as shown in the
splaying of the bipyridyl units, which probably explains the low yield (8%) of this reaction. Another method
of synthesising chiral systems is to utilise 1,2,4,5-tetrakis-bromomethyl benzene as the ring-closing agent
instead of xylylene dibromide.208 This enables the synthesis of bis-[2]catenanes (Figure 9.75) with a yield
of 13%; these are covalently linked via a common benzene unit and since ring closure is most effective in
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Figure 9.70 Catenane synthesis by two routes

the para conformation, this linkage introduces a centre of chirality into the system. NMR studies on the
resultant catenane indicate that the crown ether groups can freely move around the cationic macrocycles.
Interestingly, reacting the 1,2,4,5-tetrakis-bromomethyl benzene with 4,4-bipyridine and attempting to
cyclise the resultant tetrakis-bipyridyl compound with p-xylylene dibromide does not afford catenanes.
Other workers also used longer linkers to couple together two catenane units, giving structures such as
that shown in Figure 9.76c (another version of this synthesis replaces the unsubstituted phenylene ring
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Figure 9.75 Structures of bis-catenanes held together by a common benzene unit

with a 1,5-dioxynaphthyl unit). This provides an example of chemical modification after synthesis of a
catenane. A crown ether containing an N-allylphthalimide unit (Figure 9.76a) was synthesised. Reduction
of the phthalimide to an amine followed by amidation gave a macrocycle that could be incorporated into a
catenane and its structure was proved by X-ray studies (Figure 9.76b). Coupling of two of these moieties
gave the structure shown in Figure 9.76c. NMR studies demonstrated the presence of a substantial degree
of order characterizing the molecular structure of the catenanes.209 A second method of synthesising bis-
[2]catenanes is to utilise the compound shown in Figured 9.77a as the ring-closing linker. Reacting this
with a bis-bipyridyl compound (Figure 9.61) and a crown ether gives a bis-[2]catenane (Figure 9.77b) in
31% yield.209 These various types of bis-catenane are of great interest since if they are suitably substituted,
they can undergo condensation reactions to yield polycatenanes.

As an alternative to bipyridyl units in the cationic macrocycles, diazapyrenium units have also been
studied.210 NMR studies indicate that there is a dramatic increase in association constants between diaza-
pyrenium moieties and either hydroquinone or 1,5-dioxynaphthalene units compared to those observed
with bipyridyl. This is borne out by the study of asymmetric catenanes in which the cationic macrocycle
contain a bipyridyl and a diazapyrenium unit (Figure 9.78a). NMR studies show that in solution such a
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Figure 9.78 (a) Diazapyrenium macrocycle/crown-ether catenane and (b) crystal structure of 9.78a

catenane exists as a mixture of isomers, but the diazapyrenium is preferably encapsulated by the crown
ether; this has been confirmed to occur exclusively in the solid state by a crystal structure (Figure 9.78b).
NMR studies also demonstrate that the barriers to rotation are higher in diazapyrenium-containing systems,
probably due to the stronger intercomponent interactions.

A variety of other molecular units have been incorporated into the catenane system; for example, the
commonly used bipyridyl macrocycle (Figure 9.61) can be incorporated into a catenane along with the
macrocyclic crown ether in Figure 9.79a. The cationic unit encapsulates the hydroquinone unit of the
crown ether rather than the pyrrole/tetrathiafulvalene moiety.211 A series of pseudorotaxanes have also
been made using this compound and have been shown to dethread when the tetrathiafulvalene unit is
oxidised. In the case of the catenanes, oxidation produces strong spectral changes but of course cannot
destroy the catenane structure. Other workers utilised a strapped tetrathiafulvalene derivative (Figure 9.79b)
and formed a catenane with the bipyridyl macrocycle (Figure 9.61). In this compound in the solid state the
tetrathiafulvalene was shown to preferentially exist in the cis conformation with types of charge-transfer
interaction.212 The X-ray structure (Figure 9.79c) shows the hydroquinone unit is encapsulated by the
bipyridyl macrocycle and that there are charge-transfer interactions, but the tetrathiafulvalene unit also
appears to participate in charge-transfer interactions with the pyridinium moeities, leading to a strong
green colour for the complex.

Other workers have successfully incorporated porphyrin and naphthalene diimide units into catenanes
such as that shown in Figure 9.80a. These are synthesised by taking a porphyrin macrocycle and clipping
together two units of bis-N-propargyl naphthalene diimide to give structures like that shown in the figure.213

NMR studies show that for the longer-strapped catenane the naphthalene diimide macrocycle rotates
around the dialkoxy axis at a rate of 420–450 revolutions per second; in the shorter-strapped catenanes
no rotation is observed. UV/Vis spectra indicate that there are charge-transfer interactions and electronic
communication between the two components of the catenane. Other workers synthesised catenanes between
the classical cationic macrocycle (Figure 9.61), a triazole-containing crown ether (Figure 9.80b), and
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Figure 9.79 (a) A pyrrole/TTF macrocycle, (b) A TTF macrocycle and (c) X-ray structure of the catenane formed
with 9.79b

successfully crystallised the product.243 X-ray crystallography revealed the catenane structure, where the
naphthalene unit is encapsulated by the cationic macrocycle. What is interesting is that this catenane
is chiral and crystallisation spontaneously resolves the enantiomers. The two enantiomers are present
overall in equal amounts but each individual crystal consists of a single enantiomer. Earlier work has also
shown that the bis-N-propargyl naphthalene diimide can be assembled with a crown ether containing two
1,5-dioxanaphthalene units and is preorganised so that oxidative coupling of the acetylenic groups leads
to catenane formation.215 Later work also utilised two bis-acetylenic monomers which preorganised in
solution and upon oxidative coupling formed catenanes.216

Other members of this family of supramolecular systems include a catenane in which one of the macro-
cycles contains fluorene and azobenzene groups (Figure 9.80c). This can be used as the template for the
clipping reaction (Figure 9.61) to give a small (8%) yield of catenane.217 X-ray crystallography shows that
the cationic macrocycle encapsulates one benzene ring of the azobenzene unit.

A number of other methods which utilise various noncovalent interactions to preorganise various moi-
eties before reaction to give catenanes have been developed. Metathesis reactions of various olefins have
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Figure 9.80 (a) A porphyrin–naphthalene diimide-containing catenane, (b) a triazole-containing macrocycle
and (c) a fluoreno/azobenzo macrocycle (Reproduced by permission of the Royal Society of Chemistry213)

been utilised – one elegant synthesis involves an unsaturated crown ether being combined with a macro-
cycle containing an ammonium centre (Figure 9.81a). When catalysed by ruthenium, the crown ether
reversibly ring-opens and – closes, and whilst in acyclic form can thread through the ammonium macro-
cycle and then recyclise to form the catenane.218 Alternatively, acyclic precursors can be used in this
synthetic method. Another method of using reversible ring-open reactions is to take the classic bipyridyl
macrocycle (Figure 9.61) and subject it to attack by a catalytic amount of tetrabutyl ammonium iodide.219

This reagent reversibly reacts with the macrocycle to give the acyclic derivative shown in Figure 9.82a
and then ring-closes again. If this is done in the presence of a suitable crown ether, such as that shown
in Figure 9.61, catenanes can be obtained in high yield without any byproducts. Reaction of dialdehydes
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Figure 9.81 Synthesis of catenanes by olefin metathesis

with a diamino ethylene glycol in the presence of the bipyridyl macrocycle gives catenanes. What is of
interest is that if a phenylene and a naphthalene dialdehyde are used in a 1 : 1 ratio, the resultant asym-
metric catenane (Figure 9.82b) is formed in 90% yield.220 This indicates a high degree of preorganisation
before chemical reactions take place. Other workers combined thiol-substituted naphthalene diimide and
1,5-dioxanaphthalene units and oxidised the thiols to form disulfides to give a mixture of products from
which catenanes could be isolated.221

9.3.4 Catenanes based on amide hydrogen-bonding interactions

The first catenane of this type was reported in 1992 and once again provides an example of serendipity in
these types of system. Workers at Sheffield were attempting to make the macrocycle shown in Figure 9.83
by condensation of isophthaloyl chloride and a diamino compound.222 When attempting a two-stage syn-
thesis, they obtained three products: the dimer shown in Figure 9.83, a cyclic tetramer and the catenane.
This compound consisted of two of the dimers interlocked with each other and could be obtained in 34%
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Figure 9.82 Synthesis of catenanes by reversible ring-opening reactions and (b) by a dialdehyde reaction to
give asymmetric catenanes

yield. Further work reacted one equivalent of isophthaloyl chloride group with two equivalents of the
diamine and then added a second equivalent of isophthaloyl chloride. Molecular models confirmed an
almost perfect fit of the macrocycles within each other and NMR studies showed that they could not pass
through each other due to the bulky cyclohexyl groups, although there were rocking motions within this
system. This catenane was shown to exist as a 50 : 50 mixture of enantiomeric forms as shown by NMR
studies with chiral shift reagents. The synthesis of the catenane in such high yield again indicates a high
level of preorganisation, probably due to hydrogen-bonding between amide groups. Finally, after a series
of failed attempts, crystals were obtained of sufficient quality to allow a determination of the catenane
structure and proof of chirality by X-ray crystallography.223 Replacement of the second isophthaloyl group
with a 2,6-pyridinyl group led to no formation of the dimer catenane; instead a [2]catenane formed in which
one unit was the cyclic dimer and one the cyclic tetramer, along with traces of the dimer–dimer–tetramer
[3]catenane.224 If the initial isophthaloyl unit was replaced with a 2,6-pyridinyl group, no catenane forma-
tion could be observed. This was thought to be due to the templating effect of amide hydrogen-bonding
being disrupted by the presence of the pyridine nitrogen.

Other workers also utilised this synthetic strategy; for example, a similar catenane in which a methoxy
group is in the 5-position of the isophthaloyl unit was synthesised in 8.4% yield and was shown to have
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Figure 9.83 Synthesis of macrocycles by reaction of acid chlorides and amines

a fixed conformation with inner and outer methoxy groups.225 Further work achieved the synthesis of
asymmetric lactam catenanes in which the two isophthaloyl groups bear different substituents.226 NMR
studies showed different isomers could be obtained for these molecules, with the methoxy groups being
either ‘inside’ or ‘outside’ the macrocycle.227 Using these more complex synthetic strategies allowed a
much more detailed determination of the mechanism of reaction. This group also developed a series of
catenanes incorporating furan groups (Figure 9.84a) and managed to isolate several isomers.228 Since these
systems cannot freely rotate there is a definite ‘inside’ aromatic group and ‘outside’ aromatic group. Three
possible isomers exist, with the furan being in–in, in–out or out–out, and the in–out and out–out were
isolated. A crystal structure was obtained for the out–out isomer.

An even more elegant synthesis, which starts with common, commercially available materials, was first
described in 1995. Isophthaloyl chloride and p-xylylene diamine were reacted together to give up to 20%
of the catenane (Figure 9.84b). This is a surprising result since a mixture of oligomeric and polymeric
products was the expected product; to have a reaction that requires not only the interlinking of the ring
systems but the formation of eight covalent bonds to progress in such high yield, demonstrates the amount
of preorganisation that occurs in these systems.229 Unlike the earlier amide-based catenanes, the two rings
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Figure 9.84 (a) Structure of a furan-containing macrocycle and (b) facile synthesis of catenanes from acid
dichlorides and diamines

in this system rotate quite rapidly around each other in solution since there are no bulky side groups. X-ray
crystal structures confirmed the catenane structure and demonstrated a layered structure of the catenanes,
with extensive hydrogen-bonding between layers. In another paper published simultaneously,230 the authors
described the synthesis of a series of catenanes in yields from 15 to 27% containing a variety of functional
groups, such as 5-substituted isophthaloyl groups, naphthalene units, pyridines and so on. Sulfonamide
groups have also been introduced into these systems, such as in the macrocycles shown in Figure 9.83,
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but with one —CONH— linking group replaced by —SO2 NH— a 10% yield of the catenane can be
synthesised.231 Use of a single —SO2NCH3— instead of —SO2 NH— increased the yield of catenane to
19%. These catenanes were topologically chiral. Much of this group’s early work in the field is reviewed
by Jäger and Vögtle232 and by Vögtle et al.233

Other workers synthesised the system shown in Figure 9.85, where a bipyrrole unit is utilised to syn-
thesise a catenane, albeit in only 2% yield.234 This can be improved slightly, to 4%, by use of a step-wise
process. This compound acts as an anion receptor with high affinities to several species, especially dihy-
drogen phosphate and chloride. Interestingly, the catenane displays much higher binding coefficients than
the open-chain precursor, perhaps indicating that the catenane is preorganised for binding.
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Most early work utilised arene-linking groups, but it proved possible to incorporate long alkyl chains
into these systems. When 1,12-diaminododecane was reacted with 3-chlorosulfonyl benzoyl chloride in the
presence of a macrocyclic compound (Figure 9.83), the catenane shown in Figure 9.86 could be obtained
in 21% yield.235 This is probably due to binding of an amide intermediate within the macrocycle cavity
to form a pseudorotaxane, followed by reaction to give ring closure. This indicates that preorganisation
afforded by fixed and angular building units is unnecessary for catenane formation. Because of the large
size of the aliphatic macrocycle, the two units of the catenane can rotate freely even down to −80 ◦C,
but by substituting one of the sulfonamide nitrogens with a bipyridine group it is possible to prevent
this circumrotation. By utilising a larger aromatic macrocycle it is possible to synthesise [3]catenanes
containing two aliphatic and one aromatic macrocycle, albeit in low (3–4%) yields.236 It is also possible
to synthesise a variety of [2]catenanes with different lengths of aliphatic chains, from 8 to 14 carbons,
in yields from 8 to 24%. Other workers synthesised catenanes containing aliphatic chains (Figure 9.87a)
and showed that their conformations in solution depended on the solvent.237 In nonpolar solvents there is
strong interaction between the amide units, which are in close proximity to maximise hydrogen-bonding, a
conformation which is also found in the crystal form. However, polar solvents disrupt this intramolecular
bonding and the rings rotate relative to each other in order to allow the amides to interact with the solvent
and bury the lipophilic chains in the centre of the catenane.

The presence of sulfonamide groups in the macrocycle shown in Figure 9.86 allows selective substitution
of these groups; for example, the —SONH— can be converted to —SONCH3—. This has allowed the
synthesis of several catenane derivatives, for example by bridging between the two —SONH— groups of
Figure 9.86 by reaction with an I(CH2CH2O)2CH2CH2I chain to give an interlocked compound238 with a
yield of 11%. This molecule, due to its shape, has been nicknamed a ‘pretzelane’. Metal-binding groups
have also been incorporated into catenanes, such as the system described in Figure 9.88, which upon ring
closure can give the tetralactam structure shown (10% yield), the larger octalactam macrocycle (31%), or the
catenanes formed from two tetralactams (1%) or one tetra and one octalactam (7%).239 Mass spectral studies
have shown that these macrocycles and catenanes can form complexes with copper(I). A flavin unit can also
be incorporated into a catenane (Figure 9.89).240 A flavin macrocycle was complexed with a tetralactam
macrocycle via a clipping synthetic scheme. X-ray crystallography showed the presence of hydrogen
bonds between amide groups of the two macrocycles. NMR studies showed that in chloroform there are
again these hydrogen-bond interactions, but they are disrupted in DMSO and the tetralactam encapsulates
the alkyl chain of the other macrocycle, not the succinamide site. Electrochemical studies showed that
the electrochemical transitions in the catenane occurred at significantly lowered potential compared to the
free macrocycle, indicating stabilisation of the reduced state by hydrogen-bonding in the catenane.

9.3.5 Catenanes containing other macrocyclic units

A variety of other macrocyclic species have been included into catenanes. One of the earliest examples is
the use of cyclodextrins in catenane synthesis. We have already described how many linear molecules can
thread through a cyclodextrin cavity, and earlier in this chapter we showed how this procedure, along with
capping of the guest, can be used to form rotaxanes. Should it be possible to join together the ends of these
linear guests rather than just capping them, a catenane will be formed. The first successful study on these
systems utilised a linear oligoethylene glycol with a central bitolyl ring system, which was incorporated
into the cavity of heptakis(2,6-di-O-methyl)-β-cyclodextrin.241 Reaction of this with terephthaloyl chloride
gave two catenated products, as shown in Figure 9.90a, with the cyclodextrin including the aromatic bitolyl
moiety in the cavity. A later, more extensive paper242 described the synthesis of a series of [2] and [3]cate-
nanes, which are shown in Figure 9.90b. The two [3]catenanes (Figures 9.90c,d) are actually topological
isomers of each other and can be separated chromatographically and distinguished by NMR spectroscopy.
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Figure 9.86 Structure of an aliphatic chain-containing catenane

NMR studies all indicated that the bitolyl units were located within the cyclodextrin cavity, and this was
confirmed by a crystal structure of Figure 9.90a. Other workers have also combined cyclodextrins with
other macrocyclic rings to give catenanes, as mentioned earlier in this chapter.176

Calixarenes have also been successfully incorporated into some catenanes. We have discussed how
multiple-looped calixarenes can serve as a base for a fourfold rotaxane.24 Using the same method, cal-
ixarenes substituted with four alkenyl units can be used to form a hydrogen-bonded dimer with a second
calixarene.243 Ring-closing reactions between the alkenyl groups lead to formation of two more loops,
which interlink with those of the first calixarene, leading to formation of a bis-[2]catenane. The schematic
of this reaction is shown in Figure 9.91a. The resultant catenane is chiral and only the heterodimer is
formed, with no homodimers being detected. Later work synthesised a range of these bis-[2]catenanes and
resolved their enantiomers using chiral HPLC.244 Usually (but not in every case) the calixarenes adopt
the cone conformation, as shown by NMR, and the structure is that of a molecular capsule. However,
in DMSO the hydrogen-bonding between the urea moieties is disrupted and the capsule is destroyed,
although the two calixarenes are of course still held together by the loops. One of the bis-[2]catenanes was
successfully crystallised and its structure elucidated (Figure 9.91b). When a heterodimer of a tetralooped
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Figure 9.87 (a) Structure of an aliphatic chain-containing catenane and (b) its X-ray crystal structure

calixarene with a second calixarene substituted with eight alkenyl groups is subjected to the same reaction,
four more loops are formed, which pass through and interlock with the two adjacent loops, thereby form-
ing an [8]catenane.245 The structure of this multiple catenane has been demonstrated by NMR and X-ray
crystallography (Figure 9.92a). A series of these looped catenanes have been synthesised now, including
bis-[3]catenanes, and these compounds, their NMR, binding properties and crystal structures have been
extensively reviewed.246 A variety of calixarenes and loop sizes were utilised to make a range of catenane
materials. Guest incorporation into the bowl of these calixarene catenanes was studied and it was found that
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for the bis-[3]catenanes, long loops meant that guests exchanged freely but smaller loops slowed guest
mobility; for example, replacement of chloroform by benzene took almost two days for one catenane,
while the exchange of C6H6 and C6D6 took seven to eight days. Ammonium compounds could also be
incorporated. The kinetics were slowed even further for the more sterically hindered [8]catenanes.

Other workers synthesised a chiral calixarene and substituted it with two bipyridyl units. A classical
clipping reaction with p-xylylene bromide and a crown ether led to formation of a catenane.247 The
resultant catenanes were more flexible and mobile than classical bipyridyl/crown-ether catenanes. Other
workers reversed this synthesis by taking a calixarene which had been bridged by a number of crown
ethers, like that shown in Figure 9.92b, and then either complexing these systems with bipyridine to form
pseudorotaxanes or performing a clipping reaction to give catenanes.248

Anions have been shown to template the formation of calixarene catenanes. For example, the macrocycle
shown in Figure 9.93a can be synthesised and has been shown to bind anions.249 This can be combined with
an acyclic amide derivative substituted with alkenyl-substituted chains and then ring-closed. The catenane
is only formed in the presence of chloride ions, with a yield of 29% (or bromide, with a yield of 8%);
no catenanes are formed if iodide or hexafluorophosphate ions are used instead. If the templating chloride
is removed, the rigidity of the catenane means that it retains a high binding affinity for chloride. As an
alternative approach the same group synthesised an upper-rim macrocyclic derivative, which could also be
utilised in an anion-templated clipping reaction with an acyclic isophthaloyl derivative.250 When chloride
ion was used as the template, yields of up to 60% of the catenane could be obtained. The templating ion
could be displaced by the nonbinding hexafluorophosphate anion to give a catenane with a binding affinity
of 2050 M−1 for chloride, 840 M−1 for bromide and lower affinities for dihydrogen phosphate, acetate
and fluoride.
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Figure 9.89 (a) Structure of a flavin-containing catenane and (b) its X-ray crystal structure

In fact, noncalixarene-containing analogues of these systems have been successfully demonstrated to
undergo chloride-templated cyclisation to give catenanes. For example, the acyclic compound shown in
Figure 9.94a can by cyclised by a metathesis reaction between the double bonds to give a catenated system
in 34% yield when templated by chloride ion.251 Other forces such as π–π stacking and hydrogen-bonding
must have an effect, however, since a yield of 16% is obtained even when a hexafluorphosphate counter-
ion is used. The crystal structure of the chloride complex of the catenane (Figure 9.94c) clearly shows
the chloride ion residing in a central cavity, stabilised by hydrogen-bonding. NMR studies show that both
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(e)

Figure 9.90 (continued)

amide hydrogens and the hydrogen para to the pyridinium nitrogens bind to the chloride ion. Again the
templating ion can be displaced by hexafluorphosphate anion to give a catenane with a binding affinity of
9240 M−1 for chloride, 790 M−1 for bromide and 420 M−1 for acetate ions. A second guest ion can be
bound, but much more weakly. A slightly different precursor (Figure 9.95a) was synthesised and its ring
closure reaction shown to be templated by sulfate ions with an exceptional yield of 80% of catenane.252 It
is proposed that besides favourable electrostatic interactions, the orthogonal arrangement of the four amide
hydrogen-bond-donating groups in the catenane complements the sulfate anion’s tetrahedral shape. No
catenated product was obtained with chloride, bromide or hexafluorophosphate counter-ions. The resultant
catenane could again have its sulfate ion displaced by hexafluorophosphate, with the resultant material
showing good affinity for sulfate (2200 M−1). This was higher towards chloride (780 M−1) and other
anions and twice that of sulfate for the simple macrocycle formed by the metathesis reaction. Much of the
work on anion-binding and anion-templated reactions has recently been reviewed.253

Fullerenes have also been included into catenanes, one example being the molecule shown in
Figure 9.95b. This can be utilised to form rotaxanes or catenanes with crown ether-containing naphthalene
units, which form due to association between the electron-rich naphthalene units and the electron-poor
naphthalene diimide moiety.254 This is followed by a capping reaction to form rotaxanes or a reaction
between the fullerene and the 1,3-diketone end group to form a catenane.

9.3.6 Switchable catenanes

We have already discussed within this chapter how rotaxanes can be made switchable; that is, they can
exist in two or more isomeric forms and can be converted from one to another by a suitable stimulus, such
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Figure 9.91 Schematic of the formation of (a) bis-[2]catenanes and (b,c) other potential products not isolated
(Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission243), and (d) X-ray structure of a
chiral bis-[2]catenane

as a pH change or electrochemical or photochemical transitions. The same procedure can often be applied
to catenanes and they can be synthesised with the rings bound together in a particular arrangement, which
then changes upon a chemical or other modification. Examples already discussed include the Sauvage-type
compounds, which have quite different structures depending on the presence or absence of the templating
metal. A range of other switchable catenanes will now be described. One early example of a catenane
which can exist in more than one state is shown in Figure 9.96. A crown ether/ammonium-type rotaxane
can be reacted in a 2 + 2 addition with a suitably protected dialdehyde to give the catenane in 12% yield.255

Deprotection of the catenane affords a resultant mixture of catenanes in which each unit has four potential
ammonium binding sites but only two crown-ether wheels. The wheels can reside on either adjacent
ammonium groups (proximate) or ammonium groups on opposite sides of the macrocycle (distant). NMR
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Figure 9.92 (a) Crystal structure of an [8]catenane and (b) structure of a calixarene/crown-ether catenane

studies show both isomers to be present. A [3]rotaxane can also be obtained using these synthetic methods
and again has been shown to exist as a mixture of isomers.

Other workers developed a catenane capable of circumrotation upon addition of base.256 When synthe-
sised, the catenane in Figure 9.97a exists in the conformation shown, but upon the addition of base, the
phenol group deprotonates to give phenolate. The catenane can then undergo a topological rotation to give
the structure in Figure 9.97b, where the phenolate anion is stabilised by hydrogen-bonding. Addition of
acid reverses this process. What is also of great interest is that this family of catenanes has been shown
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Figure 9.93 Structures of (a) a lower-rim calixarene macrocycle and (b) an upper-rim calixarene macrocycle
suitable for catenane synthesis

to form strong complexes with chloride ion, and this molecular system is no exception. Upon addition of
chloride, NMR experiments confirm formation of a complex; further addition of base does not lead to any
spectroscopic change, demonstrating that the presence of chloride in the binding pocket of the catenane
inhibits molecular rotation. Other workers synthesised the catenane structure shown in Figure 9.97b, in
which a crown ether is mechanically interlocked with an electron-poor naphthalene diimide unit.257 This
structure also contains a viologen moiety and between these two binding sites there are bulky tetraaryl-
methane units, described by the authors as ‘speed bumps’. At room temperature this conformation is stable
since the crown ether cannot get past the energy barrier of the ‘speed bumps’. However, at 70 ◦C this
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Figure 9.96 Synthesis of catenanes that can exist in either distant or proximate forms (Reprinted with permission
from255. Copyright 2002 American Chemical Society)

barrier can be circumvented and the equilibrium state at this temperature has a roughly equal amount of
the conformer, where the crown encircles the bipyridyl unit. Electrochemical switching of the conformers
is not possible, because of the high-energy barrier.

Electrochemical switching of catenanes offers one of the most useful ways of controlling the behaviour
of these molecules. For example, a simple catenane of the donor–acceptor type containing a tetrathia-
fulvalene unit (Figure 9.98) can be synthesised.258 Compounds of this type adopt a conformation in the
ground state where the tetrathiafulvalene unit is encircled by the cationic macrocycle. Chemical or elec-
trochemical oxidation of the tetrathiafulvalene unit gives cationic species that no longer interact strongly
with the cationic macrocycle, which instead moves around the ring to occupy a phenylene or naphthalene
site, concurrent with a change in adsorption spectra and colour. Other work utilised similar catenanes but
containing diazapyrenium rather than viologen units. However, electrochemical switching of these cate-
nanes can also be obtained, as discussed for the similar rotaxanes already described.116 Switching can also
occur within a viscous polymer matrix, allowing the development of electrochromic devices.
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Figure 9.97 Structures of (a) a catenane capable of anion-induced circumrotation (Reproduced by permission
of the Royal Society of Chemistry256) and (b) a bistable catenane (Reprinted with permission from257 . Copyright
2008 American Chemical Society)
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These catenanes are bistable; further work has given tristable materials. A material that can exist in any
of the three primary colours, red, green and blue, would potentially be of great use, and an ‘electrochromic
paper’ device has been proposed which would be based on electrochromism of electrochemically control-
lable materials (Figure 9.99a). Potentially, three-station [2]catenanes capable of exhibiting red, green, blue
colours could be utilised within the pixel layer of such a device. The colours of these materials could be
manipulated by applying different voltages. We have already discussed how catenanes and rotaxanes based
on naphthalene or phenylene ethers complexed with viologen-type derivatives undergo charge-transfer
reactions, which give the material a red-orange colour, and tetrathiafulvalene–viologen interactions lead
to a green colour. A catenane based on the classical viologen macrocycle complexed with fluorobenzidine
units has been synthesised and the charge-transfer interactions lead to a blue colouration.259 A material has
been proposed (Figure 9.99b) based on a macrocyclic polyether containing three binding stations, catenated
with a tetracationic cyclophane.260 Charge-transfer adsorption bands that are dependent on which station
the tetracationic cyclophane occupies are the basis of the colour changes. At a neutral state the cyclophane
resides on the tetrathiafulvalene unit, leading to a green colour. Oxidation of the tetrathiafulvalene and
benzidine systems leads to translocation of the macrocycle onto the dioxynaphthalene unit and a change
to red. Careful reduction can reduce the benzidine first, leading to a translocation of the macrocycle onto
this unit and the formation of a blue colour. Unfortunately, this state is not completely stable so the cate-
nane is only quasi-tristable. These materials can be incorporated into polymethylmethacrylate gels, which
slow down the transitions and allow some control over colour retention time. This use of catenanes in
electrochromic materials has been extensively reviewed.261

9.3.7 Catenanes on surfaces

We have already postulated that for many applications of rotaxanes they must be immobilised on surfaces,
and the same argument holds for catenanes, as reviewed by Coronado et al.117 Some of the earliest work
used a fairly simple switchable catenane (Figure 9.98a), which could be spread along with dimyristoyl
phosphatidic acid as a Langmuir monolayer and then transferred onto a silicon substrate.102 A Ti/Al top
electrode could be evaporated on top of this and then the layer switched between states in the same manner
as demonstrated earlier for a rotaxane.101,102 As an alternative method, a copper-templated catenate of the
Sauvage type was synthesised in which one of the oligoether chains contained a disulfide (—S—S—)
bridge.262 This material adsorbed onto a gold surface via breaking of the disulfide bridge and formation of
strong Au-S bonds to give a homogeneous layer with a slightly grainy texture, as visualised by STM and
AFM. IR spectroscopy indicated that the molecules were orientated perpendicularly to the gold surface.
Clear evidence of electrochemical switching could be observed, but in the case of the catenane containing
a phenanthroline and a terpyridyl unit, no evidence of molecular motion was seen, unlike the compounds
in solution, where the macrocycles rotated around each other. However, these types of catenane (when
copper-free) could be deposited onto a silver surface via vacuum sublimation.263 Spectroscopic studies
indicated that no decomposition of the macrocycles occurred during deposition. Addition of copper(I) ions
to the film led to complexation of the metal at the surface, indicating copper catenates were forming and
that therefore the macrocyclic rings of the catenanes must be able to slide past each other. STM studies
showed that the catenanes packed in a dimer-chain structure on the surface (Figure 9.100), probably via
π–π stacking interactions, and that this was disrupted to give isolated species on copper complexation.

Rotaxanes and catenanes of the type shown in Figure 9.98 but containing pyrrole substituents could
be synthesised and then deposited onto a platinum electrode using electrochemical methods,264 as was
demonstrated earlier for pseudorotaxanes.129 Electrochemical studies showed deposition was occurring
and proved that the cationic macrocycles were immobilised on the platinum surface, but no redox wave
for polypyrrole could be seen, indicating that at best short oligomers were formed, possibly due to steric
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hindrance inhibiting the polymerisation. Other work also studied incorporation of catenanes in conducting
polymers.265 Both the catenane shown in Figure 9.101a and the parent macrocycle without the tetracationic
cyclophane could be electrodeposited onto electrodes and gave cyclic voltammagrams consistent with the
formation of a conductive polymer.

The systems above have all immobilised catenanes onto planar surfaces, but another approach is to
immobilise these molecules onto nanoparticles. When salts of such metals as gold, platinum and palladium
are reduced in the presence of thiolate ligands, nanoparticles of these metals are formed, coated with
the thiolate species. Other ligands can also stabilise these nanoparticles, such as tetraalkyl ammonium
salts, which coordinate weakly to the metal surface. The group of Stoddart synthesised nanoparticles
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Figure 9.100 (a) STM topography of dimer-chain structures of a catenane on a Ag(111) surface; the arrow
points to a molecule sitting on top of a chain, (b) high-resolution STM topography of a single structure and
(c) a tentative model of the dimer-chain structure (Reprinted with permission from265. Copyright 2007 American
Chemical Society)

of these three metals and then exposed them to solutions of sulfur-substituted catenanes.266 The strong
binding of sulfur for these noble-metal surfaces displaced the alkylammonium capping groups. Best results
were obtained when a mixture of disulfide-substituted catenane (Figure 9.101b) and an ‘inert’ ligand
such as a polyethylene glycol with a disulfide substituent were used. The resultant metal nanoparticles
were approximately 2–5 nm in size, displayed enhanced solubility in polar solvents and were coated
with a mixture of catenated and inert disulfides. The tetrathiafulvalene units of the catenanes could be
switched between the neutral and cationic oxidised state by use of perchlorate and ascorbate, resulting
in a change in the zeta potential of the nanoparticles,266 which supported the premise that the catenanes
change conformation with the polyether moving from the tetrathiafulvalene to the dioxanaphthalene unit.
Nanoparticles substituted with linear polyethers containing dioxanaphthalene groups were also shown to
bind the tetracationic macrocycle (Figure 9.61) from solution. Threading/dethreading of these rotaxanes
could be controlled by the application of certain potentials. It was found that the redox potential for
switching could be regulated by the composition of the self-assembled layer. An extensive review has
recently been published on these switchable rotaxane and catenane moieties as well as their immobilisation
in thin films.267

9.3.8 Polycatenanes and catenated polymers

As might be expected, chemists have attempted to incorporate these catenane species into a variety of
polymer types, some of which are shown schematically in Figure 9.102. Many of these species are unusual
in that the polymer chains are held together not only by covalent but by mechanical bonds. Examples
of polycatenanes must exist in crosslinked polymer networks since the high density of polymer chains
and multiple crosslinks will almost guarantee the presence of interlocked rings. However, due to the
intractability and lack of ring-size control and relative conformations, these systems will not be considered
here. Neither will the numerous inorganic, organometallic and organic crystals which inherently contain
what can be thought of as interdigitated rings be discussed, as we feel they are outside of the scope of
this work. Instead we will concentrate on linear polymers which are held together by a combination of
covalent and mechanical bonds.

The most tempting polymers must be the polycatenanes, shown schematically in Figure 9.102a, which
are a series of interlinked rings held together only by mechanical bonds. However, these types of material
have so far proved elusive. We have already described the sequential build-up of molecules such as
Olympiadane, which can be thought of as an oligomer of this series, but this process would surely prove
too long and costly should we wish to construct molecules that were true polymers. Imagine trying
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to synthesise ‘Centurydane’, with a hundred rings! Constructing polymers of this type requires multiple
ring-closure or clipping reactions to occur simultaneously, but most such reactions do not progress with
high enough yields to allow the build-up of more than a few rings. Also, many of these reactions require
high-dilution conditions, again hindering polymer formation. Increasing concentrations would probably not
solve this problem since crosslinking reactions could then occur, rendering only intractable networks as
products.

A more promising approach is to synthesise catenanes in which each ring bears a reactive group. In
this way the resultant [2]catenane bears two reactive groups, which can then be used in the formation
of condensation polymers using classical polymer chemistry, giving as a product a poly[2]catenane, held
together by alternating covalent and mechanical bonds (Figure 9.102b). Early work took catenanes of the
classic amide type synthesised by Hunter and Vogtle and utilised palladium-catalysed coupling reactions
with bis-hexyloxy benzene or acetylenic co-monomers to give oligo[2]catenanes, but only degrees of
polymerisation as high as eight were attained.268 Other workers synthesised amide catenanes in which
one of the isophthaloyl units on each macrocycle contained a benzyl ether substituent in the 5-position.269

This catenane proved quite insoluble, so the amide functions were methylated to enhance solubility and
reduce molecular motion (in fact, steric hindrance was such that it proved possible to methylate only seven
of the eight amide functions). Acid hydrolysis removed the benzyl groups to give free hydroxyls, which
then underwent a condensation polymerisation with a highly soluble terephthalic acid derivative to give
the copolyester shown in Figure 9.103a. Gel-permeation chromatography indicated molecular weights of
about 60 000 and MALDI mass spectral studies clearly demonstrated polymers of up to 52 000 Daltons.
Thermal studies showed the polymer was highly stable up to 380 ◦C and displayed a glass transition
temperature of 265 ◦C. Later work synthesised substituted catenanes of this type in both the in–out and
out–out conformations and utilised the same polymerisation method to synthesise polymers.270 What was
interesting was that in the case of the in–out conformer, where the functional groups are at an angle of
60◦ to each other, a fraction was obtained that was a cyclic trimer and which did not occur in the out–out
catenane copolymer. The in–out catenane was also shown to give a polymer with a much more compact
structure in solution.

A number of poly[2]catenanes based on the Sauvage-type catenanes have also been synthesised. Again,
early work synthesised catenanes or catenates with two free hydroxyl groups (one on each macrocycle) and
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copolymerised them with the same terephthalic acid derivative to give polyesters.271 Molecular weights
were found to be quite high (600 000 for the polycatenate and 55 000 for the catenane) and the polymers
displayed good thermal stability. Later work suggested however that these molecular weights for the
catenanes were overestimations and only oligomers of up to eight or nine units were formed.272 Interestingly
it appears the catenate forms a high-molecular-weight linear polymer, whereas the catenane without the
central copper ion forms cyclic oligomers. However, a linear polycatenane can be obtained by removing
the metal ion from the polycatenate.

Other works also synthesised Sauvage-type catenates and catenanes, but these contained an amino group
in the bridging oligoether chains.273 These amino groups could then be reacted with a diacid chloride
(adipoyl chloride) to give polyamides in the case of the copper-complexed catenates, but the free catenane
did not polymerise and instead the adipoyl chloride reacted with both amino groups of the same catenane
to give a pretzelane. Again the polycatenane could be obtained by removal of the copper from the catenate,
with a molecular weight of 81 000.

Another method of forming polycatenanes involved the synthesis and full characterisation of the cate-
nanes shown in Figure 9.103b, where the substituents could be acid or alcohol groups.274 Attempts were
made to homopolymerise these materials to form polyesters, but these were unsuccessful, possibly due to
stereoelectronic effects. However, the catenane-containing —CH2OH groups on both macrocycles could
be copolymerised with bis(4-isocyanatophenyl) methane to give a polyurethane which by GPC had an
average degree of polymerisation of 17.

An easier way to incorporate catenanes into polymeric systems is to synthesise a catenane containing
a reactive group which can be modified to render it polymerisable and then to polymerise that group.
In this case the polymer chain is wholly covalent in nature, as is its bonding to one of the rings. The
only mechanical bond is that between the two rings. A schematic of this type of material is shown in
Figure 9.102d. We have already discussed some examples of this, where catenanes were substituted with
pyrrole or thiophene groups and electropolymerised onto electrode surfaces.263,264 Chemical methods have
also been utilised; for example, a bistable catenane was synthesised in which one ring was a crown
ether containing a naphthalene and a tetrathiafulvalene ring (Figure 9.98a), clipped with a tetracationic
macrocycle of the type widely discussed within this work, which in this case bore a side chain with a
terminal propargyl unit.275 This was then reacted with a methacrylate polymer bearing azide-substituted
side chains, the resultant ‘click’ chemistry forming pyrazole links between polymer and catenane. What is
interesting about this polymer is that it self-assembles into a variety of nanostructures, including hollow
spheres of about 200 nm diameter and 20 nm shell thickness. Electrochemical and spectroscopic studies
indicate that switching of the catenane units is still possible in the polymer and within these aggregates.
Other workers used a similar approach, utilising a crown ether with a propargyl substituent, clipped
with a cationic macrocycle.276 These catenanes and similar rotaxanes could then be reacted with a azide-
functionalised polystyrene to give polycatenanes and polyrotaxanes. We have already described how iodide-
catalysed ring-opening and -closing of tetracationic macrocycles can be used to construct catenanes.219

This method can also be used in the synthesis of side-chain polycatenanes, where a polymer containing
numerous side chains terminated with tetracationic macrocycles can be reacted with a typical crown ether
containing two dioxanaphthalene units under iodide-catalysis conditions to give the polycatenane.277 What
is amzing is that the yield of catenated side chains is essentially quantitative, and this is thought to be due
to favourable π–π interactions along the polymer chain as the catenanes form.

Besides polycatenanes there has also been some work on catenated polymers; that is, on using cyclic
polymers as the units in a catenane. It is possible that polymer catenanes form spontaneously during many
polymerisations, but the yields must be extremely low and would be extremely difficult to separate from
the main body of polymers. However, it has proved possible to deliberately synthesise catenated polymers.
For example, 2-vinylpyridine can be polymerised using an anionic protocol to give a linear polymer with



Catenanes 501

a narrow molecular-weight distribution and two anionic end groups. Reacting this under high-dilution
conditions with p-xylylene dibromide gives a cyclic polymer, and if performed in the presence of a
previously synthesised cyclic polystyrene can give the catenane.278 The resultant catenated polymer, with
an overall molecular weight of about 10 000, can be isolated from the simple individual macrocycles.
Multiple catenation cannot be detected. Other workers have also used the anionic polymerisation method
to synthesise a catenane with a cyclic polystyrene and a cyclic polyisoprene unit.279 The polymer has an
overall molecular weight of 37 000 and is shown by transmission electron microscopy to have a nanoscale
phase-separated structure in the bulk. Normally polystyrene and polyisoprene are not miscible, but of
course they cannot phase-separate on a large scale since the rings are mechanically linked together. These
syntheses often give less than 1% of catenated polymer, but more recently other workers have synthesised
catenated polyethers.280 A cyclic polytetrahydrofuran can be synthesised with an isophthaloyl benzylic
amide unit located in the ring. A second linear polymer containing the same central unit has also been
synthesised and then cyclised in the presence of the first ring. This leads to up to 7% yield of the catenated
polymer due to hydrogen-bonding and electrostatic interactions preorganising the polymers to some extent.
MALDI has proven the successful synthesis of the catenane.

Macromolecular polymers usually have a range of molecular weights, but other large ring catenanes
have been synthesised without any spread of molecular weight. The large macrocycle (Figure 9.104a)
and a linear precursor (Figure 9.104b) can be combined so that the phenoxide and carbonyl chloride react
together to link the two moieties via a carbonate group.281 The trimethylsilyl groups on the linear precursor
are then reacted to cyclise it and the carbonate group is hydrolysed away to give a mixture of the two
macrocycles and their resultant catenane. The use of the carbonate linkage holds the two portions together
during the cyclisation reaction, thereby increasing the amount of threading and the yield of the catenane
(Figure 9.105) to 63%. NMR studies show that these two rings rotate freely with respect to each other. Later
work extended this synthesis to give catenanes with rings containing 63 or 147 atoms.282 A small review of
these compounds has recently been published.282 This work also details the reduction of the alkyne links to
simple hydrocarbon chains by reaction with hydrogen/Pd and the incorporation of these large catenanes into
polymeric systems, albeit with low degrees of polymerisation (degrees of polymerisation of about 10 units).
These catenanes and the non-entwined macrocycles display thermotropic liquid-crystalline behaviour.

Catenanes have also been incorporated into more complex three-dimensional systems. For example,
crown ethers substituted with benzene carboxylic acid units have been synthesised and utilised to build
up three-dimensional metal-organic frameworks with Zn and Cu.284 Not only the crown ethers but their
catenanes and rotaxanes are also suitable for incorporation into these systems. The catenane shown in
Figure 9.105a can be reacted with copper(II) nitrate to give a metal-organic framework. During this reaction
Cu(II) is reduced to Cu(I) and a two-dimensional layered structure is formed.285 X-ray crystallography
studies show the regular arrangement of the catenanes within this layered framework (Figure 9.105b,c)
and suggest that there is enhanced π–π stacking within this extended system.

9.3.9 Natural catenanes

Although this chapter has demonstrated the inventiveness of many chemists in designing synthetic schemes
for some of these intricate structures, as usual we find that Nature has beaten them to it. A review on the
catenanes and other structures that are found in the natural world is once again beyond the scope of this
work but we will show a few examples in an attempt to whet the reader’s appetite.

In 1967 the first example of catenated closed circular mitochondrial DNA molecules was identified in
extracts of HeLa cells.286 Another paper published immediately afterwards studied human leukemic leu-
cocytes and showed evidence287 for the presence of [3]catenanes. Electron micrographs of DNA extracted
from sea urchin eggs has also showed the presence of catenanes.288 Other work on mutant bacterial
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topoisomerase DNA showed the presence of catenanes and trefoil knot structures.289 Proteins have also
been shown to display catenated structures.290 A survey of the Brookhaven protein database showed that
quinoprotein methylamine dehydrogenase, cytochrome and human chorionic gonadotropin all contained
catenanes, as well as the presence of knotted and catenated closed loops in ascorbate oxidase and human
lactoferrin.291 Besides these natural systems, it has also proved possible to synthesise polymer catenanes.
For example Yan and Dawson utilised a polypeptide that forms an interlocked dimer;292 the end groups
of these two peptides could then be ligated together to give a protein catenane.

9.4 Conclusions

The synthesis of structures like those described throughout this chapter has advanced immensely over the
last few decades. Initially rotaxanes and catenanes were only available in tiny quantities using statistical
methods of synthesis. The work of Schill and others advanced the field, but directed synthesis of catenanes
and rotaxanes required multiple steps, was time-consuming and expensive, and often produced poor overall
yields. The big advances came when synthetic schemes that made use of preorganisation of the components
before chemical reaction were developed.

Several major groups of catenenes and rotaxanes make use of different physical and chemical effects.
Metal-ion templating was one of the first effects to be employed, as shown by the work of Jean-Pierre
Sauvage and others, where copper ions were used to hold phenanthroline residues in an arrangement that
facilitated the synthesis of catenanes and rotaxanes. Alternative methods such as the interactions between
electron-rich and electron-poor aromatic systems were pioneered by Fraser Stoddart. Besides these, we also
have the amide macrocycles, where hydrogen-bonding is one of the driving forces towards the formation
of complex supramolecular systems such as those obtained by Hunter, Vogtle and Leigh, along with those
systems whose formation is templated by anions.

One of the main effects of these techniques is that it has become possible to obtain designed molecular
superstructures in good yields, often with volumes of many grams, at reasonable expense and within sen-
sible time frames. This has enabled the construction of molecular devices from these systems. Molecular
shuttles, switches, elevators, muscles, sensors and valves have all been demonstrated. The potential appli-
cations for these catenanes and rotaxanes, such as data-storage devices and molecular computers, along
with a host of other possible nanotechnological applications, are becoming more apparent and we may
soon see these systems being used in real-world applications.
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43. Handel M, Plevoets M, Gestermann S, Vögtle F. Synthesis of rotaxanes by brief melting of wheel and axle
components. Angew Chem Int Ed. 1997; 36: 1199–1201.

44. Lane AS, Leigh DA, Murphy A. Peptide-based molecular shuttles. J Am Chem Soc. 1997; 119: 11092–11093.
45. Johnston AG, Leigh DA, Murphy A, Smart JP, Deegan MD. The synthesis and solubilization of amide macro-

cycles via rotaxane formation. J Am Chem Soc. 1996; 118: 10662–10663.
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226. Ottens-Hildebrandt S, Meier S, Schmidt W, Vögtle F. Isomeric lactam catenanes and the mechanism of their

formation. Angew Chem Int Ed. 1994; 33: 1767–1770.
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232. Jäger R, Vögtle F. A new synthetic strategy towards molecules with mechanical bonds: nonionic template
synthesis of amide-linked catenanes and rotaxanes. Angew Chem Int Ed. 1997; 36: 930–944.
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288. Pikó L, Blair DG, Tyler A, Vinograd J. Cytoplasmic DNA in the unfertilized sea urchin egg: physical properties
of circular mitochondrial DNA and the occurrence of catenated forms. Proc Nat Acad Sci. 1968; 59: 838–845.

289. Adams DE, Shekhtman EM, Zechiedrich EL, Schmid MB, Cozzarelli NR. The role of topoisomerase IV in
partitioning bacterial replicons and the structure of catenated intermediates in DNA replication. Cell. 1992; 71:
277–288.

290. Liang C, Mislow K. Topological chirality of proteins. J Am Chem Soc. 1994; 116: 3588–3592.
291. Liang C, Mislow K. Topological features of protein structures: knots and links. J Am Chem Soc. 1995; 117:

4201–4213.
292. Yan LZ, Dawson PE. Design and synthesis of a protein catenane. Angew Chem Int Ed. 2001; 40: 3625–3627.



10
Other Supramolecular Systems, Molecular

Motors, Machines and
Nanotechnological Applications

10.1 Introduction

Within this chapter we will discuss a few other molecular systems that we feel are of interest but that have
not been the subjects of enough research to warrant chapters of their own. Following this we will expand
on the potential functionalities of the molecular systems discussed within this book and report on the strides
that are being made in the fields of molecular machines and motors, along with other nanotechnological
applications. Finally, we will conclude with an overview of this work and briefly discuss the visions of
the future that macrocyclic chemistry has the potential to make possible.

10.2 Other Molecular Systems

10.2.1 Aromatic and cyclacene compounds

Within this work we have detailed a number of aromatic compounds consisting of linked benzene rings.
Aromaticity ‘starts’ with simple molecules such as benzene and can extend through both flat aromatic
structures such as the larger aromatics, including for example naphthalene, pyrene, ovalene and so on, as
far as the essentially ‘infinite’ aromatic systems of graphene and graphite. Aromaticity is not limited to
flat systems either, as shown by molecules such as fullerene and carbon nanotubes. We include below two
examples of large aromatic systems that we feel exemplify the potential structures available.

One of the largest quasi-rigid macrocyclic aromatic systems that we have found which is still a pure
compound rather than an ‘infinite’ lattice is a cyclotetraicosaphenylene derivative,1 the structure of which
is shown in Figure 10.1a. This material could be crystallised and X-ray studies (Figure 10.1b) showed it
to have a ‘chair’ conformation, with the centre of the ring being filled with hexyl chains and disordered
solvent molecules. The molecules stack together so that the holes in the centre of the macrocycle lead to
the formation of tubes through the crystal. This material could conceivably act as an organic zeolite-type
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Figure 10.1 (a) Structure and (b) crystal structure of a cyclotetraicosaphenylene
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compound, or perhaps metal ions could be complexed within the tubes and then reduced to the metal,
giving rise to the formation of quantum wires.

Other workers have synthesised a series of compounds that they describe as an analogue of ‘cubic
graphite’; the structure of one of their compounds is shown in Figure 10.2a. This compound could be
crystallised and was shown to exist in a form in which each individual hexaphenylbenzene unit exists in
a six-bladed ‘propeller’ formation.2 These two structures show how organic chemistry is starting to meet
the nanoworld.

Carbon nanotubes are exciting much interest at the time of writing. The structure of a nanotube is
shown in Figure 10.3a; it can be thought of as a stack of repeating belts made up of benzene rings. There
have been a series of attempts to synthesise these carbon belts, known as cyclacenes. One of the earliest
involved utilising a number of Diels–Alder reactions to synthesise the compound shown in Figure 10.3b.
This compound was first obtained by Stoddart and coworkers and can be thought of as a precursor to
[12]cyclacene (Figure 10.3c). However, unfortunately as yet there has been no successful conversion of
the precursor into the cyclphane.3,4 This could well be due to the strain involved in these systems and
theoretical studies have indicated that such linearly annulated molecules display small energy gaps between
triplet and singlet states, which leads to the expectation that they would be unstable species.5 It has also
been proposed that the ‘aromaticity’ of a fused or annulated system depends on the number of aromatic
sextets that can be drawn within it.5 Benzene has one aromatic sextet per ring, naphthalene has one sextet
in two, tetracene one in four and so on, and an [n]cyclacene has none and so could be thought of rather
as a conjugated olefin. So far no cyclacenes consisting solely of benzene rings have been synthesised,
but a related [10]cyclophenacene system within a cage molecule (Figure 10.3d) has been synthesised by
selective reduction of a fullerene.6 These compounds form stable yellow crystals and X-ray and other
studies have shown them to be aromatic.

Although cyclacenes containing just six-membered rings have not been obtained as yet, other ring sys-
tems have been successfully cyclised. A fully conjugated molecular belt consisting of alternating six- and
eight-membered rings has been successfully synthesised7 and its structure shown by X-ray crystallography
(Figure 10.4a). The authors use the terminology [6,8]3cyclacene for this compound. Further work on this
synthetic scheme and the synthesis of precursors for the [6,8]4cyclacene has also been published.8 The
same group has also managed to synthesise similar systems with alternating four- and eight-membered
rings, albeit with stabilisation of the butadiene moieties by complexation with organometallic systems.9

For example, irradiation of a solution of 5,6,11,12-tetradehydro-dibenzo[a,e]cyclooctatetraene in the pres-
ence of a cobalt reagent led to the synthesis of a [4,8]3cyclacene stabilised by cyclopentadienyl cobalt
(Figure 10.4c). Similar rhodium species could be obtained. A crystal structure of the cobalt species is
shown in Figure 10.4d. Some of the species isolated during this work displayed near-planarity of the
cyclooctatetraene rings.

10.2.2 Other cavitands

We have described a wide range of cavitands within this work and wish to add just a few more that we
think are worthy of consideration. A cyclic compound containing four triazole units (Figure 10.5a) has
been developed utilising ‘click’ condensation chemistry between alkyne and azide groups.10 The resultant
triazolophane could be synthesised in an overall yield of 27% and displayed a high affinity for chloride
ions. The association constant was approximately 130 000 M−1 and NMR studies indicated that the ion
resides in the central cavity and shows hydrogen bonding between the eight internal hydrogens and the ion.
Substitution of the phenyl rings allowed increases of binding coefficient up to at best 11 000 000 M−1 for
chloride, 7 500 000 M−1 for bromide and 280 000 M−1 for fluoride.11 Iodide bound much less effectively
(19 000 M−1 at best); NMR results indicated that hydrogen bonding by the triazoles was the major factor
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Figure 10.3 (a) Side-on and end-on views of a carbon nanotube (b) Diels-Alder precursor, (c) [12]cyclacene,
(d) [10]cyclophenacene derivative from C60 (phenacene system shown in bold) (Reprinted with permission
from6. Copyright 2003 American Chemical Society)

in determining binding. Replacement of two of the phenylene units with pyridine rings gave macrocycles
which bound iodide by far the most strongly (binding coefficient of 8.6 × 1010 M−2) but exclusively as
a 2 : 1 sandwich complex.12 Recent work has described the incorporation of these materials into PVC
membranes for use within potentiometric sensors.13

Two isomeric Schiff-base macrocycles have been synthesised and shown by molecular modeling to have
large internal cavities (1.00 × 1.05 nm for Figure 10.5b and 1.23 × 0.93 nm for Figure 10.5c), much wider
than those of most of the commonly used macrocyclic hosts.14 These were shown by NMR studies to adopt
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Figure 10.4 (a) [6,8]3cyclacene (b) crystal structure (c) synthesis of [4,8]3cyclacene (Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission9) (d) crystal structure

a cone-like conformation and to strongly bind alkyl pyridinium salts. A similar compound with pyrogallol
units replacing the resorcinol units was found to be a good host for the classic catenane-forming macrocycle,
cyclobis(paraquat-p-phenylene). Another interesting species is the so-called ‘ouroborand’, named after the
legendary snake Ourobouros, which eats its own tail.15 This is based on a resorcinarene macrocycle
substituted with a side chain that binds within the cavity of the same molecule (Figure 10.6), thereby
rendering the cavity inaccessible for binding of other guests. However, on binding of metal ions such as
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zinc to the bipyridyl unit, this unit switches from the anti to the syn form, thereby forcing the tail away
from the cavity and rendering the molecule capable of binding guests such as adamantanes. Removal of
the zinc leads to the ‘tail’ displacing the guest from the cavity.

10.2.3 Pretzelanes, bonnanes and [1]rotaxanes

We have already mentioned pretzelanes, named because of their shape, in Chapter 9; they are catenanes in
which the two interlinked rings are then also covalently joined together by a linked group. Several varieties
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of these systems have been studied, one of the earliest being the amide-type catenanes, in which one amide
on each ring is replaced by a sulfonamide group (Figure 9.86). The sulfonamide is much more acidic than
an amide and can therefore be deprotonated by a strong base and substituted with alkyl halides.16 If
dibromoalkanes are used they will bridge between the two catenane rings; the yield has been shown to
decrease with shorter bridge lengths, the minimum bridge that gives reasonable yields being one of six
methylene groups. Rotaxanes with sulfonamide-bearing axles and rings have also been synthesised and
then converted into a so-called [1]rotaxane, in which there is a bridge between axle and ring.16 In this case
bridges as short as three methylene groups can be incorporated. Both pretzelanes and [1]rotaxanes are chiral
and capable of being separated by chromatography into their enantiomers. The same group synthesised an
amide catenane which bore a hydroxyl group on one isophthaloyl group of each ring.17 These hydroxyls
could be reacted with xylylene dibromide to bridge the two rings, meaning again that they are linked
by both a mechanical and a covalent bond. The same group has recently successfully synthesised amide-
based 3- and 4-rotaxanes, again containing sulfonamide groups, and successfully linked both the rings of
a 3-rotaxane.18 Bridging groups could be either decamethylene, bis-(4-bromomethylphenyl)methane or an
oligoethylene glycol chain, and good yields (65–90%) were obtained. These systems were conformationally
chiral and could be separated by chromatographic methods. The 4-rotaxane exists in two chiral and two
meso forms. The name ‘bonnanes’ has been proposed for these linked rotaxanes.

Pretzelanes can also be synthesised based on π–π interactions.19 One interesting system is shown in
Figure 10.7a, where a substituted crown ether is ‘clipped’ to give the pretzelane shown. Two enantiomers
exist for pretzelanes of this type, but in the second compound shown (Figure 10.7b) there is also an addi-
tional chiral centre located between the two ester groups.19 Since we have a chiral centre in an inherently
chiral pretzelane, two diastereoisomers must be formed. NMR studies have shown that this is the case; two
diastereoisomers were detected in a 9 : 1 ratio in acetonitrile and a 6 : 1 ratio in DMSO. In both cases the
M-conformer was preferred (Figure 10.7c). Molecular modelling studies were carried out to ascertain the
absolute configurations of the diastereoisomers. The same reaction scheme was used to assemble a pret-
zelane containing a tetrathiafulvalene group.20 This system could be switched electrochemically between
two states where the cationic macrocycle binds either to the tetrathiafulvalene or the 1,5-dioxanaphthalene
units. The behaviour of the pretzelane and a similar catenane were compared and interestingly on switching
the catenane, the cationic macrocycle can move in either direction around the ring. However, in the case
of the pretzelane, movement can only occur in a preferred direction; that is, back and forth rather than the
random circling of the bipyridyl ring around the crown ether that occurs on switching of the catenane.

We have discussed at length the behaviour of catenanes and rotaxanes and it was inevitable that
researchers would attempt to combine both systems. One example of this is a ‘rotacatenane’ synthesised
by Stoddert’s group which combines both of these systems.21 We have already shown how a biphenyl
containing cationic macrocycle can be utilised to synthesised 3-catenates such as those shown in Figure
9.67. In this case however the initial step was a clipping reaction to give the 2-catenane containing one
cationic macrocycle and one cyclic crown ether, followed by interaction with a polyether derivative of
1,5-dioxanaphthalene which threaded the cationic macrocycle. Capping of this system with silyl groups
gave the rotacatenane shown in Figure 10.7d.

10.2.4 Trefoil knots

Another series of interlocked molecular systems that have provoked great interest and research effort
involves the chains of a macrocycle being knotted together, sometimes known as ‘knotanes’. One of the
most widely researched has been the synthesis of a trefoil knot, shown schematically in Figure 10.8a.
Different techniques have been used to synthesise these systems. The Schill group attempted to use the
directed synthesis method, which had previously been used to synthesise rotaxanes and catenanes, to
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Figure 10.8 (a) A trefoil knot (b) a bis-phenanthroline ligand (c) a copper templated molecular trefoil knot

construct molecular knots. Although a strategy was devised, the necessity for a multistep synthesis com-
bined with the low yields of some of the reactions meant that not enough of the final product could be
synthesised and purified for a successful proof of structure.22

The template-based approach of the Sauvage group proved much more successful and in 1989
they reported the synthesis of a trefoil knot.23 They initially synthesised a bis-phenanthroline ligand
(Figure 10.8b) and then complexed it with copper ions to form a helical structure. Linking together the
terminal hydroxyl groups with oligoethylene glycol chains gave the knotane shown in Figure 10.8c.
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Figure 10.9 (a) Crystal structure of a copper templated molecular trefoil knot

Removal of the copper ions to give the free knotane was possible and NMR spectroscopy with chiral
chemical-shift reagents confirmed the chirality of the knotane. The knotane was also successfully
crystallised and Figure 10.9 shows the crystal structure of the bis-copper(I) complex.24 Although the
compound is chiral and synthesised as a racemate, each individual crystal is enantiomerically pure, as is
found for most of this series of compounds. A series of knotanes based on this synthesis with different
linkers and oligoethylene chain lengths was synthesised and yields of up to 24% were obtained.25 Later
work utilised a phenylene linker between the two phenanthroline units and substituted the hydroxyl groups
with oligoethylene linkers terminated with allyl groups.26 This allowed ring closure by a metathesis
reaction and gave knotane yields of up to 74%. More complex systems such as the double knotane
compound shown in Figure 10.10 can exist in three forms, since each individual knot is chiral: two
enantiomers plus a meso form.27

Studies were carried out on the demetallation reactions of these knots.28 It is of interest that the spacer
unit between the two phenanthroline units has a major effect on the disassociation kinetics of these
systems. In the case of a more flexible oligomethylene spacer, the first copper ion is released very slowly
and the second much faster, whereas for a more rigid m-phenylene spacer the reverse is true. NMR
studies indicate that this is due to structural rearrangements, which either facilitate or hinder the access of
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Figure 10.10 Structure of a copper templated double molecular trefoil knot

the demetallating agent (cyanide) to the metal ions. NMR studies have shown that the free knotanes are
much more conformationally mobile in solution than their copper complexes. Once demetallated, these
complexes can also be remetallated. The ability to remove the first copper ion much faster than the second
also allows the preparation of heteronuclear knotane complexes with two different metal ions.29

Other metal ions have been utilised to template knot formation, for example in the work of Adams et a.,30

where a bipyridine-containing oligomer (Figure 10.11a) was complexed with zinc ions. X-ray crystallogra-
phy confirmed the formation of a knotted structure templated around a central zinc ion (Figure 10.11b). This
is not a true knot since removal of the template ion will cause the knot to unravel, but later work substituted
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the end groups with alkenes, which were then subjected to a metathesis reaction to close the knot.31 The
zinc ion could then be removed to leave the free knotane. Knots have also been synthesised by Stoddart’s
group utilising the π–π interactions between electron-rich and -poor aromatic systems which they applied
so successfully to catenane and rotaxane synthesis.32 A complex was synthesised between two acyclic
compounds containing either electron-poor bipyridyl groups or electron-rich 1,5-dioxanaphthalene groups,
which adopted a helical structure. Ring-closure reactions gave the knotted compound (Figure 10.11c),
albeit in low yield.

We have already discussed the extensive range of threaded and interlinked structures formed using cyclic
amides, and these hydrogen-bonded systems have also proved successful in the synthesis of molecular
knots. The synthesis and behaviour of these materials have been reviewed by Lukin and Vogtle,33 and we
will present a few examples of these systems. A large series of amide molecular knots with the general
structure shown in Figure 10.12 have been synthesised by condensation of a 2,6-pyridine dicarboxylic
acid dichloride with a diamino compound. The earliest example of this reaction (Figure 10.12) gave up to
20% yield of the 3 + 3 condensation product, along with 1 + 1, 2 + 2 and 4 + 4 condensation products.34

However, when the 3 + 3 product was isolated and crystallised, X-ray studies showed it adopted a knotted
conformation, as shown in Figure 10.13a (the structure shown is for derivative 7, Figure 10.12). Again,
this is proposed to be caused by formation of hydrogen bonds during the condensation reaction, leading
to folding of the growing oligoamide and acting as a template for knot formation. Later work varied the
composition of the knot by varying both the diamino compound and the dicarbonyl chloride to give a
number of different chiral knots in varying yields.35 Separation of the chiral knots into their enantiomers
was achieved using chiral chromatography.

The possibility of incorporating functional groups in these knotanes is also important for assembling
them into larger systems. A number of synthetic schemes were utilised to render these knots amenable
to further reactions. It was found from X-ray crystal studies that the pyridinyl units are located at the
‘outside’ of the knot, whereas the isophthaloyl groups are buried within the system, this being reflected
by the fact that substituting the isophthaloyl groups can greatly diminish knotane yields, often to zero.
Larger substituents can be incorporated into the 4-positions of the pyridinyl units and knots containing
benzyl ethers and larger dendrimers have been successfully synthesised by direct synthesis using substituted
pyridinyl units.36 However, this technique often gives low yields and does not work for large dendrimers,
and therefore an indirect method in which a knot containing three pyridinyl units bearing benzyl ether
substituents in the 4-positions was synthesised, with the ethers being removed by catalytic hydrogenation.
This scheme was partially successful, giving a mixture of knots that contained one, two or three hydroxyl
groups. These were then substituted with dendrimers and separated by chromatography. The purified
racemates could be separated into their enantiomers by chiral chromatography.36

A better synthetic scheme involved the use of 4-allyloxy protecting groups, which could be converted
to the hydroxyl compound by the use of tributyl tin hydride and a palladium catalyst.37 The tris-allyloxy
knot can be isolated in 8% yield from a one-pot reaction and then reduced to give either the mono- or
tris-hydroxy knot by controlling the amount of reducing agent. The bis-hydroxy unit can also be obtained
as a mixture, with the mono-hydroxy compound and its derivatives separated. The hydroxyl groups could
be phosphorylated with diethylchlorophosphate or sulfonated with p-toluene sulfonyl chloride to give
knotanes with one, two or three types of substituent. NMR studies showed that in DMSO the knots existed
in a relatively rigid, nonsymmetrical conformation, whereas in other solvents a more flexible behaviour
was observed, which was slow on the NMR timescale, giving rise to broad signals. Heating the DMSO
solutions to 80 ◦C led to signal coalescence, indicating higher flexibility at increased temperatures. Using
mixed solvents could help ‘freeze’ the molecular conformations, with for example just 10% of DMSO in
chloroform inducing formation of the rigid structure. It is thought that this could be due to inclusion of
DMSO molecules within the ‘loops’ of the knotane, stabilising the rigid structure by formation of hydrogen
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bonds with the amides. This has been borne out by molecular modelling, which shows the perfect fit of
two DMSO molecules inside the knot.33

The mono- and tris-hydroxy knots could also be reacted with (1S)-(+)camphor-10-sulfonyl chloride,
which since both the knot and the camphor group are chiral, gave rise to the formation of diastereoisomers.38

These could then be separated using standard silica gel chromatographic techniques without requiring
chiral chromatography. When a mono-hydroxy knot was reacted with biphenyl-4,4′-disulfonyl chloride, a
‘molecular dumbbell’ was the result, containing two knots linked by a biphenyl-4,4′-disulfonyl unit.39 This
existed in one meso and two enantiomeric forms, all of which could be separated by chiral chromatogra-
phy. A longer axle could also be synthesised and used to form a bis-knotane, as shown in Figure 10.13b.
If this reaction was carried out in the presence of the macrocycle however (Figure 10.13c), both the
bis-knotane and the ‘knotaxane’ could be obtained in 55% and 19% yield, respectively (for the allyl-
substituted knotane). The knotaxane consisted of the bis-knotane as the axle threaded through the cavity
of the macrocycle.40 The shorter isophthaloyl chloride linker was also utilised, but in this case no kno-
taxane was formed, probably due to steric effects. The knotaxane could be resolved somewhat into its
enantiomers by chiral HPLC, but it was found to be quite insoluble in organic solvents and so a bis-dansyl
derivative was used instead, which could be resolved much more easily. One topic of interest is whether,
if enantiomerically pure knotaxanes were obtained, the revolution of the ring around the axle would have
a preferred direction.

It was found that larger assemblies of knotanes could be obtained and that, for example, the dumbbell-
shaped compound39 mentioned above could be deprotected to remove just one allyl group. Two equivalents
of this compound could then be reacted with biphenyl-4,4′-disulfonyl chloride to give a linear tetramer41

(Figure 10.14a). Alternatively, a tris-allyloxy knot could have just one of its allyl groups removed, which
could be reacted with excess biphenyl-4,4′-disulfonyl chloride. This substituted knot could then be reacted
with a completely deprotected knot with three hydroxy groups to give the star-like tetramer shown in
Figure 10.14b.41 Cyclic oligomers could be synthesised by taking the tris-hydroxy knot, protecting one of
the groups with a tosyl group and then reacting with biphenyl-4,4′-disulfonyl chloride to give the 4 + 4
addition product (Figure 10.14c) along with the 2 + 2 and 3 + 3 cyclic addition products in approximately
equal amounts.41 MALDI and HPLC proved the composition of these macrocycles and showed no higher
condensation products were formed. Unfortunately, the complexity of these systems meant that in most
cases complete enantiomeric resolution could not be attained.

In an attempt to further understand the knotting procedure, a series of oligoamides corresponding to
potential intermediates in the formation of a trefoil knot was synthesised.42 Studies indicated that as
an oligoamide becomes longer it adopts a twisted conformation in solution. There was an attempt to
confirm this by reacting the amide with bulky stoppers that would give an ‘open knot’ but would hinder
dethreading; however, it is thought that the stoppers used were not bulky enough and an equilibrium
mixture of knotted and linear polyamide resulted, which could not be separated. In other work the same
group synthesised knotanes in which the 4-positions of the pyridinyl groups were substituted with long
alkyl ether or oligoethylene glycol chains (Figure 10.15). These compounds displayed enhanced solubilities
and could easily be separated into their enantiomers.43 The presence of long alkyl side chains allowed
the knotanes of this type to be deposited as Langmuir–Blodgett films. Good isotherms were obtained for
butyloxy, hexyloxy, decyloxy and p-bromobenzyloxy substituents (Figure 10.15a–d). These were shown to
have a thickness of 1.6 nm, which is approximately what would be expected for monolayers. They could
be transferred onto mica substrates and were shown by AFM to form homogenous films. Octenyloxy-
substituted knots (Figure 10.15g) were also synthesised and were shown to undergo metathesis reactions
with styrene, or with each other to give triple-bridged double knots. The p-bromobenzyloxy-substituted
knot underwent Suzuki coupling to give tris-pyrene-substituted knots (Figure 10.15h).
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Figure 10.14 (continued)

Amide knots with mixtures of allyloxy, dansyl and pyrene sulfonyl groups synthesised from the readily
available tris-allyloxyknotane have also had their fluorescence behaviour studied.44 Fluorescence quantum
yields and lifetimes were partially quenched by the knotane. In the compound containing one pyrene
sulfonyl and two dansyl groups (Figure 10.15i), the pyrene fluorescence was quenched and the dansyl
fluorescence sensitised, demonstrating energy transfer from pyrene to dansyl units. Protonation of the
dansyl group led to an enhancement of the pyrene fluorescence.

Other workers have synthesised cyclooligoamides consisting of valine and aminodeoxycholanic acid
(Figure 10.16a) and have shown that they adopt knotted structures.45 When the hexapeptide was made and
cyclised, two isomers were found, one being the simple hexapeptide macrocycle and one a trefoil knot
containing twelve peptide units. The knot structure was proved by X-ray crystallography (Figure 10.16b).
There is a possibility of diastereoisomers forming, since both peptides used are chiral, but only one
diastereoisomer was isolated, indicating that the chirality of the amino acids determines the chirality of
the knot. The knots of this type are bowl-shaped and have a nonpolar outer and a polar inner surface.

One of the most direct visualisations of knot formation comes from a recent paper in which workers
took ABC triblock copolymers where the central block is a chloroethyl vinyl ether polymer and the end
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Figure 10.15 Structures of substituted knotanes

A and C blocks are polystyrene.46 These polymers could be cyclised to form macrocyclic materials and
when cast onto pyrolytic graphite could then be imaged by AFM. The results are some stunning pictures of
interlinked rings. Trefoil knots (Figure 10.17a) can be visualised along with simple macrocycles, catenanes
and figure-of-eight polymers.

We have already mentioned how natural DNA can adopt catenated and knotted structures, as can several
peptides, which can adopt a knotted conformation via the formation of cystine bonds.47 Other workers
have also taken specific synthetic single-stranded DNA and ligated it together to form knotted structures
using T4 DNA ligase.48 Linear, circular and knotted DNA could all be obtained and separated. This same
group undertook much research in the field of DNA topology and much of it is reviewed by Seeman.49,50

Shapes that have been synthesised include cubic multi-catenated structures, Borromean rings and truncated
octahedrons.

The field of molecular knots has led to some of the most elegant syntheses of macrocyclic compounds
to date. Much of the work on knots up to 2005 is reviewed by Vogtle and Lukin,51 and for more detail,
especially of the history and mathematics of knots, the reader is referred to the Bibliography.
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Figure 10.16 (a) Schematic and (b) crystal structure of a steroid amino acid knotane

10.2.5 Solomon links and Borromean rings

We have already described in Chapter 9 the synthesis and structure of a doubly interlinked catenane.52

These types of structure can also be thought of as Solomon links (also known as Solomon’s knots), doubly
interlinked systems shown schematically in Figure 10.18. One of the earliest systems of this type was
synthesised by the reaction of gold acetylides with a diphosphane ligand, Ph2P(CH2)4PPh2, to give a
variety of compounds including macrocyclic rings, catenanes and a doubly braided catenane or Solomon
link – depending on the structure of the gold acetylide.53 A schematic of the double-braid catenane is shown
in Figure 10.18b. This compound could be crystallised and its structure proved by X-ray studies. The crystal
structure demonstrates the high amount of binding within this system, both Au-Au and π–π interactions
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Figure 10.17 AFM images of (a, b) enantiomers of polymeric trefoil knots, (c) a catenane structure (d) depth
profiling AFM showing increased thickness of catenane compared to a simple ring (Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission46)

being present. NMR studies indicate the rings rock with respect to each other at room temperature, although
actual rotation of one ring through the other is probably hindered by the bulky diphenyl phosphine groups.

A Solomon link has also been synthesised using the attractions between electron-rich and -poor aro-
matic rings, as described at length in Chapter 9 for catenanes and rotaxanes. The synthetic scheme used
in Figure 10.19 was developed for the combination of bipyridyl or diazapyrene moieties with a crown
ether and a palladium or platinum complex.54 An intense red colouration demonstrated the presence of
electron-transfer interactions, and mass spectra proved the formation of a 2 : 2 : 1 aza compound–metal
complex–crown ether species. Proof of the Solomon-link structure with the metallocycle doubly encir-
cled by the crown ether could be obtained from NMR studies and X-ray crystal structures (shown for
the compound 5c in Figure 10.19b). In the bipyridine-based system there was fast rotation (on the NMR
timescale) of the metallocycle at room temperature, but lower temperatures (188 K) gave a frozen structure.
The diazapyrene-based system was found to be much less conformationally mobile.

An even more complex system is that of the Borromean rings. These are shown schematically in
Figure 10.20a. An elegant templating procedure for the formation of these molecules was first reported
in 2004, when the combination of zinc ions with pyridine-containing species gave the Borromean ring.55

This compound was synthesised by the reaction of 2,6-diformylpyridine with a diamine containing a 2,
2′-bipyridine group, catalysed by trifluoroacetic acid. In the absence of any template, a complex mixture
of macrocyclic and polymeric structures would be the likely outcome. Extensive molecular modelling was
undertaken and these structures were chosen to be optimal. Zinc ions were chosen as the template since
they bind to pyridyl and bipyridyl species- and are relatively kinetically labile. Therefore zinc acetate was
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Figure 10.18 (a) Schematic of a Solomon link (b) a gold-phosphine double braided catenane and (c) its
crystal structure
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Figure 10.19 (a) Synthetic scheme of a Solomon link (Reprinted with permission from54. Copyright 2009
American Chemical Society) (b) crystal structure of the compound 5c

utilised as the template for the reaction, resulting in one zinc atom in each of a total of six pentacoordinate
complexation sites (Figure 10.20b). This preparation can only work if there is an extremely high degree
of preorganisation, since 18 precursor molecules have to come together to form the tri-ring Borromean
system. Molecular modelling indicates that the building blocks self-assemble through 12 aromatic π–π

interactions and 30 zinc–nitrogen dative bonds. These multiple interactions render the Borromeate as the
thermodynamically most stable reaction product out of potentially many others. All of the condensation
reactions are reversible and the system is in equilibrium- and it follows therefore that the borromeate
should be the predominant reaction product.
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Figure 10.20 (a) Schematic of a Borromean ring system (b) zinc templated condensation reaction to give a
Borromean ring
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When the reagents are combined, up to 90% of a single product can be obtained.55 The mass spectrum is
consistent with a trimeric structure and the NMR indicates the system is highly symmetric (in a Borromean
ring system all rings are equivalent) and fluxional. The X-ray crystal structure is shown in Figure 10.21
and clearly shows the Borromean structure. The system also contains an inner chamber with a diameter of

(b)
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O O

OAc

N

O O

SCH3 

(c) (d)

N

O O

O

(a)

Figure 10.21 (a) Crystal structure of a Borromean ring system (solvent and acetate ions removed for clarity)
(b-d) substituted 2,6-diformyl pyridines
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2.5 nm, which is essentially lined with the oxygen atoms of the rings, which form a cuboctahedral array. As
the authors point out, this system is somewhat like Cram’s spherands in appearance and there is evidence
that a seventh Zn atom is complexed within this cavity. This reaction is so efficient the authors have
modified it as a lab instruction experiment suitable for undergraduate students, requiring seven four-hour
blocks of time and synthesising Borromean rings with 90% on a scale of grams.56 The name ‘borromeates’
has been suggested for these systems.

The Borromean ring described above is still held together in part by zinc ions and also contains potentially
hydrolysable imine units. These imines could be reduced to amines by sodium borohydride in ethanol to
give the metal-free borromeate compound.57 Under more drastic conditions some of the ring compounds
cleave, thereby releasing the other macrocycles, since if you cleave one ring, the whole Borromean ring
structure falls apart. It has also proved possible to synthesise substituted borromeates by utilising 2,
6-diformylpyridine building blocks containing either 4-acetoxymethylphenyl or 4-methylthiophenyl groups
in the 4-position (Figure 10.21b,c) in yields of 97% and 89% respectively.58 Likewise, the substituted
pyridine compound (Figure 10.21d) can be utilised to synthesise a borromeate in 85% yield.59 The olefin
functions can then be reacted with styrene under metathesis conditions to give borromeate with between one
and five aromatic substituents, but none of the fully hexasubstituted compound can be obtained. However,
this can be synthesised in good yields by metathesising the pyridinyl compound first and then assembling
into the borromeate.

Since borromeates are again inherently chiral, synthesis from chiral building blocks can impose a pre-
ferred chirality on the final ring system. Chiral bipyridines (Figure 10.22a) can be used in the synthesis
of borromeates.60 When condensed with diformylpyridines, borromeates are obtained in good yield. The
chirality of the bipyridine unit has been shown to affect the overall borromeate chirality. From X-ray
crystal structures it appears that chirality is imposed upon the zinc ligands. Variation of the templating
metal is also possible61 and although Zn(II) gives the best results, other divalent ions that have been used
to template borromeates include Ni, Cu, Mn, Co and Cd in yields from 36 to 85%. One unexpected result
occurred however when the borromeate synthesis was carried out with a 50 : 50 mixture of Zn(II) and
Cu(II) ions. A green crystalline compound was obtained by recrystallisation from methanol/diethyl ether
and its crystal structure was determined (Figure 10.22b). Instead of the expected borromeate trimer, a
two-ring system was in fact produced with the structure of a Solomon link.61 NMR studies indicate that
a mixture of Solomon link and Borromean ring structures exists in solution and the crystallisation of the
Solomon link is kinetically controlled.

Other workers have attempted a step-by-step synthesis of Borromean rings. This method has the advan-
tage that it proves possible to incorporate different macrocycles in a Borromean-type structure. For this to
be feasible, one intermediate has to be a stable ring inside a ring complex, which can then be threaded with
the third ring. Stable complexes of this type have been obtained, for example by using terpyridine con-
taining rings and complexing them with ruthenium to give ring-in-ring complexes.62 Other workers have
utilised the classic interactions between 1,5-dioxanaphthalene crown ethers and paraquat-based macrocy-
cles to give a stable ring-in-ring complex.63 However, as yet we are unaware of any group taking these
synthetic schemes to completion by incorporation of a third ring.

We have attempted to present here examples of some of the most interesting and intricate linked-ring
systems to be constructed to date. Much greater detail on the construction of these novel architectures is
available from the Bibliography and from Stoddart’s review.64 The use of the reversible imine-forming
reactions utilised in the Borromean-ring synthesis and in reactions to give other interlocked molecules has
also been reviewed.65 One big advantage of this method is that the imine-forming reaction is reversible and
the products are in equilibrium, so any ‘errors’ in the formation of these linked systems can be reversed
and corrected. This is probably why such high yields are possible for such complex reactions.
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Figure 10.22 (a) Chiral bipyridine unit (b) crystal structure of a Solomon knot from a mixed Cu(II)/Zn(II)
catalysed reaction (solvent and acetate ions removed for clarity)

10.2.6 Other systems

A so-called ‘molecular bundle’ can be synthesised by complexing a tris-ammonium compound with three
equivalents of crown ethers containing one or two aldehyde units to give a 4-pseudorotaxane.66 Reaction
of these pseudorotaxanes with melamine leads to the formation of singly and doubly capped interlocked
species, as shown in Figure 10.23a. NMR and mass spectrometry have been used to prove the struc-
ture of these moieties but as yet there has been no success in growing X-ray-quality crystals. A similar
singly capped system has been synthesised by utilising crown ethers substituted with alkenyl chains and
metathesis reactions.67

A very intimately linked molecular architecture has been devised in which one macrocyclic material is
almost encapsulated in another.68,69 A 3-rotaxane can be synthesised by threading two crown ether wheels
containing aldehyde substituents – as shown above – onto an axle (Figure 10.23b). These crowns can then
be joined together by reaction with p-diaminobenzene to form imine groups. The resultant structure then has
the axle encapsulated inside a ‘suit’ formed of the two linked crown ether units, leading the name ‘suitane’
to be proposed for these systems. When combined with the crown ethers, an almost quantitative yield of
the 3-rotoxane was formed. Addition of two equivalents of the diamine led initially to a dynamic mixture
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(b)

(a)

Figure 10.24 (a) X-ray crystal structures of the ‘‘suitane’’ ball and stick and (b) space filling representation of
the ‘‘suitane’’

of products, which after 29 days had reached equilibrium. Crystals could be grown and the structure of the
suitane elucidated (Figure 10.24a) and shown to be identical to that obtained from molecular modelling
studies.67 The space-filling representation in Figure 10.24b demonstrates the intimate contact between
‘body’ and ‘suit’. Heating the sample in acetonitrile to 70 ◦C for 30 days caused no changes in the NMR
spectrum, indicating that a truly interlocked structure had been formed.

Besides these covalently bound assemblies, there have also been a wide range of studies on self-
assembly of capsules in solution. We have already mentioned this for such systems as calixarenes and
other macrocycles in earlier chapters, and cucurbiturils have had a chapter devoted to them, but there are
also some linear versions of these materials that self-assemble in solution to form molecular capsules.
One of the earliest reports came from the group of Julius Rebek, who synthesised a glycouril derivative
(Figure 10.25a), which dimerises in solution.70 This dimer is held together by eight hydrogen bonds and
has a structure in solution that has been described as being like a tennis ball. The molecule has a central
cavity and has been shown to complex species such as methane. Using an analogue of this system in which
there are two differently substituted glycoluril functions on the monomer gives rise to a chiral system.71

A larger glycouril derivative (Figure 10.25b) also dimerises to give a molecular capsule capable of
incorporation of larger guests such as ferrocene or adamantane in solution.72 A smaller system also self-
assembles in solution (Figure 10.25c) to form a capsule, and in this case four units are required.73 Again
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Figure 10.25 (a) Structure of the ‘‘tennis ball’’ monomer (b) the ‘‘softball’’ monomer and (c) the tetrameric
‘‘football’’ monomer

adamantane is included as a guest within this capsule. Generally the capsules only form in nonhydrogen-
bonding solvents (being monomeric in solvents such as DMSO) and in many cases they often only dissolve
if there is a hydrophobic guest present. These capsules can also be substituted to render them chiral and
have been shown to strongly bind tetralkyl ammonium salts.74 A review on these systems and other
molecular capsules and their guest binding has been published.75

10.3 Molecular Devices, Motors and Machines

The last 50 years have seen an unprecedented change in the size and complexity of the machines we
use. For example, early computers were huge devices, containing thousands of valves and occupying
entire rooms. We have seen shrinkage of this down to desktop, laptop and palmtop computers, to say



550 Other Supramolecular Systems, Molecular Motors, Machines and Nanotechnological Applications

nothing of the revolution in communications technology, where the mobile phone has become ubiquitous
within society. In 1965 Gordon E. Moore wrote his paper in which he predicted that the number of
transistors on a single circuit would double every year,76 although he later revised this to every two
years. Moore’s Law has proven reasonably accurate, with the number of transistors on a chip continuing
to increase exponentially – at the time of writing, for example, the Intel Itanium processor contains two
billion transistors.

Obviously an increase in transistor number can only occur if the transistors become smaller, or else
processors would of course become larger and unwieldy. At present commercial transistors are fabricated by
a top-down approach from silicon, usually using lithographic techniques. However, the photolithographic
process does have its limitations in resolution (becoming much more economically and technically limited
for features smaller than 100 nm), and as silicon structures become smaller and closer together there is
also the possibility of electron ‘leakage’. Due to the limitations of these methods it appears that Moore’s
Law will eventually cease to be valid.

One way to circumvent this problem would be to use discrete molecular or supramolecular systems,
which could operate by electronic or physical rearrangements. This is one of the driving forces for the con-
struction of such devices as the molecular switches described in previous chapters. These could potentially
be utilised to construct devices via bottom-up approaches, in which simple components spontaneously
assemble to form a complex device. We have seen this occur on molecular and supramolecular levels, as
examplified by the spontaneous assembly of rotaxane and catenanes in solution by templating, hydrogen
bonding and π–π interactions. It is possible that these types of interaction could also be used to cause
these components to self-assemble into larger devices.

There has also been a huge interest in nanotechnology. The ability to develop miniaturised devices on
the same scale as biological moieties such as enzymes, antibodies and cells could revolutionise medicine.
Other potential uses for these supramolecular systems include energy harvesting from sources such as solar
energy. A detailed description of this field warrants a whole book, if not a series of books, so we will
concentrate on the areas in which macrocycles have shown promise in molecular machines and devices;
some of these have already been covered in earlier chapters.

10.3.1 Molecular and supramolecular switches

Many macrocyclic materials display structural changes upon complexation of a specific guest, thereby
demonstrating molecular recognition. This can also modify the host properties. Molecular recognition has
been widely discussed in previous chapters, for example in the recognition of crown ethers towards metal
ions, cucurbituril towards diamines and so on (Chapters 3 and 8). Other systems we thought to be of
interest include the bis-crown ether shown in Figure 10.26a, where complexation of a zinc atom changes
the conformation of the host such that the two crown-ether rings are moved into an arrangement in which
they can cooperatively bind a diammonium compound,77 and the so-called ‘molecular syringe’, in which
a calix[4]arene binds a silver ion as shown in Figure 10.26b; upon protonation, the silver–crown complex
is destabilised and the metal ion is bound instead by the terminal ethers.78 Deprotonation reverses this
process and the silver ion passes back through the calixarene macrocycle and returns to being bound by
the bridging crown ether.

Structural changes within a single unit can also be observed, as shown within the compound in
Figure 10.27a, which has a structure similar to a pseudorotaxane, where the bipyridyl unit is com-
plexed within the cavity of the crown ether79 to give what the authors describe as a ‘scorpion-like’
structure. This means this system does not form complexes with guests such as the diazastilbene com-
pound (Figure 10.27b). Deprotonation of the bipyridyl group with tributylamine to the monocation leads to
dethreading of this internal pseudorotaxane and in the presence of the diazastilbene leads to the formation
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(b) a calixarene that can act as a molecular syringe

of a 1 : 1 pseudorotaxane. Solvent and electrochemical effects can also control the threading–dethreading
equilibrium. Photochemical effects can also be utilised; the complex between the bipyridyl crown ether
and a ruthenium(bis-phenanthroline) unit (Figure 10.27c) for example can be decomposed photochemically
but recombined quantitatively upon heating.80

Other internal rearrangements can also be switched photochemically, such as that shown for the
azobenzene-substituted crown ether (Figure 10.28a). In solution this system cannot form an intramolecular
complex, but in the trans form photochemical isomerisation to the cis form allows ‘tail-biting’ to occur,
where the ammonium group is complexed within the crown ether.81 More complex behaviour for these
systems also exists, such as the anthracene-substituted crown ether (Figure 10.28b). The compound is
essentially nonfluorescent except in the presence of protons and sodium ions, which protonate the amine
and form a complex with the crown ether respectively.82 Without protons, the amine donates electrons to
the anthracene and quenches fluorescence; without sodium the crown ether behaves in the same way. If
both protons and sodium are present, the compound becomes highly fluorescent and can be thought of as
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Figure 10.27 (a) A crown ether derivative that forms an ‘‘internal’’ pseudorotaxane (b) a diazastilbene compound

acting as a molecular AND gate. Another system that behaves in this way is that shown in Figure 10.28c,
which acts as an AND gate and is also affected by pH. In acidic solution this system acts as a fluorescent
sensor for caesium and in alkaline media it acts as a fluorescent sensor for potassium ions.83

Other examples of simple logic gates based on macrocyclic systems have been developed. Some are
very simple, such as the compound shown in Figure 10.29a, which can act both as a YES and a NOT gate
for the presence of acid.84 When irradiated, the neutral compound demonstrates a broad emission centred
at 438 nm, which is attributed to charge-transfer interactions between naphthyl and amine units; however,
upon addition of acid this disappears and is replaced by intense fluorescence centred at 342 nm. Therefore,
when monitored at 342 nm this system gives a positive (YES) response to acid, and at 438 nm it gives a
negative (NOT) response. An XOR logic gate could be synthesised by combining the two materials shown
in Figure 10.29b,c to give a pseudorotaxane.85 If the fluorescence output of the diazapyrene compound
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is monitored at 343 nm, the system gives a positive response in the presence of either a strong acid
(trifluoroacetic acid) or tributylamine, both of which cause dethreading. In the absence of these systems
the two components form a pseudorotaxane and fluorescence is quenched; in the presence of both materials
in 1 : 1 ratio, again there is no fluorescence since the acid and base simply neutralise each other. Other
workers have also appended pyrenyl units to a calixarene-based scaffold to give structures like that shown
in Figure 10.29d and have demonstrated that they can act as NOR, XNOR and INHIBIT gates in the
presence of such species as acid, base and lead ions.86

Many of the systems described within the literature are of interest because they have electron-transfer
processes that can be influenced by various chemical or electrochemical inputs. Examples include the
ammonium–crown ether interactions described in Chapter 9 for various rotaxanes and catenanes, which
are influenced by acid–base inputs. For example, two substituted crown-ether systems which form a pseu-
dorotaxane are shown schematically in Figure 10.30a. The ruthenium-substituted crown ether forms a
pseudorotaxane with the protonated ammonium group of the second crown ether under acidic conditions
and this complex disassociates on addition of base.87 A separate bipyridyl moiety can also interact with
the second crown-ether unit, with this interaction being capable of being controlled electrochemically.
The ruthenium complex and the bipyridyl can then be thought of as being linked together by a molecular
‘extension cable’. On irradiation the ruthenium complex acts as an electron donor and the bipyridyl unit as
the acceptor. Photochemically activated electron transfer (as demonstrated by the quenching of the ruthe-
nium emission) only occurs when all three components are assembled together. An earlier variation on this
assembly in which the ammonium and bipyridyl units are located on the ‘extension cable’ and bind to two
different crown ethers (Figure 10.30b) was also constructed and was shown to display similar behaviour.88

10.3.2 Molecular motion

One area that has been reviewed intensely is the conversion of molecular chemical or electronic changes
to mechanical motion. In Chapter 9 we discussed at length the motions of molecular species, such as
the shuttling of rings along axles in rotaxanes and the relative rotation of rings in catenanes. Species
which acted as artificial muscles, molecular elevators and pistons were also discussed. Within this section
we will discuss other systems of these and other types that have caught our attention in their relation
to macrocyclic components. Other types of molecular systems which have been incorporated into devices
such as molecular rotors have been reviewed extensively89 and have formed a special edition within Topics
in Current Chemistry .90

One simple example of a mobile macrocyclic system is a molecular oscillator like that in Figure 10.31a.
In this system the two porphyrin rings are shown by NMR studies to oscillate relative to each other in
a rotational manner around the cerium centre.91 In similar systems without the crown-ether linkers the
two porphyrins can freely rotate with respect to each other. Other systems with rotational ability include
the paddlewheel-like compounds shown in Figure 10.31b, where triptycene moieties can rotate around
the place of the crown ether rings.92 NMR studies demonstrated that rotation of the paddlewheels was
dependent on the temperature and the size of the crown-ether macrocycle.93 A molecular turnstile was
also synthesised and was shown to undergo rapid rotation at ambient temperature when R = —CH2OCH3

(Figure 10.31c). This rotation could be frozen out at low temperature (−54 ◦C) and when a bulky aromatic
substituent was used, no rotation could be observed, even at elevated temperatures.94 Other workers used
similar systems to synthesise molecular gyroscopes95,96 containing aromatic spindles – demonstrating that
these underwent rotation.

Other applications include the possibility of utilising these types of supramolecular system to selectively
capture guests; that is, to act as molecular tweezers. A simple system involves an azobenzene substituted
with two crown-ether moieties (Figure 3.21a) which upon irradiation converts to the cis form and binds
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alkali metals in a cooperative manner (Chapter 3, references 101 and 102). Another photoresponsive
system utilised a dithienylethene unit substituted with crown ethers such as that shown in Figure 10.31a.
This material bound large metal ions in a cooperative manner but on irradiation at >480 nm underwent
a ring-closure reaction, with a concurrent conformational change that prevented cooperative binding and
then released the metal.97 Cyclodextrin systems have also been used; for example, an azobenzene-bridged
β-cyclodextrin was not capable of binding 4,4-dipyridyl in solution, but isomerisation of the azobenzene
to the cis form expanded the cavity and allowed binding.98 Upon reisomerisation back to the trans form,
the guest was expelled.

Another photoresponsive system is that shown in Figure 10.31b. When irradiated, the azobenzene unit of
this system undergoes isomerisation to the cis form.99 This then causes the ferrocene rings to rotate relative
to each other and the whole molecule changes conformation, forcing the porphyrin units further apart and
twisting the bis-azanaphthyl guest. This supramolecular system has been likened to a ‘molecular pedal’.

Redox-responsive systems have also been described, such as a calix[4]arene with urea groups at the
upper rim and substituted with ferrocene groups at the lower rim.100 In chloroform this system formed a
stable dimer, but upon treatment with an oxidising agent the ferrocene units became cationic ferricinium
moieties and the dimer disassociated to the monomer. Disassociation could also be achieved by the addition
of hydrogen bond-disrupting solvents such as DMSO. We have already described in detail in Chapter 9
many electrochemically switchable systems, such as rotaxanes and catenanes containing the tetrathiaful-
valene (TTF) unit. This system can also be used to form a three-way switch in solution by mixing TTF, a
bis-1,5-dioxanaphthyl crown ether (Figure 9.10b) and a tetracationic macrocycle (Figure 9.7e). In solution
TTF in its neutral form forms a complex with the tetracationic macrocycle.101 Reduction of the TTF to its
monocation caused dissociation of the complex and the formation of free TTF+. A second reduction step
gave TTF2+, which then formed a stable complex with the crown ether. Formation of these complexes
could be detected by X-ray crystallography in the solid state, NMR in solution and mass spectroscopy
in the gas phase. A simpler ditopic system was formed by combining a 1,5-dioxanaphthalene compound,
the tetracationic macrocycle and TTF.102 The TTF–cationic macrocycle complex which formed preferen-
tially could be dissociated by addition of ascorbic acid, and the macrocycle then formed a complex with
the naphthalene derivative. Similar redox-controlled threading and dethreading processes could also be
observed for example between cyclodextrins and substituted viologens.103

Redox-controlled binding of β-cyclodextrins to dendrimers containing ferrocene104 or cobalticenium105

has also been demonstrated. Oxidation of the ferrocene residues to ferricinium disrupted this binding and
caused disassociation of the supercomplex. With the cobalticenium dendrimers no initial binding was seen
but reduction of the organometallic moieties led to their complexation by the β-cyclodextrin.105 Redox
switching of guests between two different macrocyclic host systems has also been observed in solution, such
as in the case of cobalticenium, which forms a strong complex with calix[6]arene hexasulfonate in water in
the presence of β-cyclodextrin.106 However, when the cobalticenium is reduced to the neutral cobaltocene,
this complex disassociates and 1 : 1 complexes between cobaltocene and β-cyclodextrin are formed.

A photochemically based association/disassociation reaction has also been studied. A diazapyrenium
macrocycle (similar to that shown in Figure 9.78) forms a pseudorotaxane with the azobenzene compound
shown in Figure 10.32c. Irradiation (at 365 nm) of this system leads to isomerisation of the azobenzene
to its cis isomer.107 This then dethreads, as shown by fluorescence measurements – a process that can be
reversed by irradiation at 436 nm.

Metal-ion binding has also been used to chemically drive motion. For example, the structure shown in
Figure 10.33a was synthesised108 and then complexed with copper(II) ions to give a dimer containing two
phenanthroline and two terpyridyl groups. This could then be stoppered with bulky tetraphenylmethane
derivatives to give the structure shown in Figure 10.33b. In this system the copper complexed with the
phenanthroline units to give a system approximately 8.5 nm in length. However, removal of the copper ions
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with cyanide and then remetallation with zinc led to a different structure since zinc formed a phenanthro-
line/terpyridyl complex (Figure 10.33b), causing the ‘molecular muscle’ to contract to 6.5 nm in length.
The same group have used other metal-based systems such as ruthenium based compounds. These systems
have been studied because they have been shown to undergo various photochemical rearrangements.109,110

For example, the catenane shown in Figure 10.34a can be synthesised and upon irradiation undergoes a
rearrangement reaction in which the bipyridyl unit decomplexes from the ruthenium moiety and the rings
rotate with respect to each other110 – a process that can be reversed thermally. Similar pseudorotaxane
systems have also been synthesised and shown to undergo light-stimulated dethreading.109

A porphyrin-based macrocycle containing a manganese unit (Figure 10.34b) has been synthesised and
shown to thread onto a number of polymers to form a pseudorotaxane.111 When threaded onto polybuta-
diene, the manganese unit catalyses the oxidation of the double bonds to epoxide units. As the catalyst
oxidises each double bond it moves on, although the initial work did not show whether the movement is
sequential or random. This can be thought of as being a synthetic mimic of such natural processes as the
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action of DNA polymerase. Later work using a variety of polymers showed that the speed of the threading
process is related to the porphyrin structure.112

A variety of different movements of macrocycles along rotaxane axles were discussed in Chapter 9.
Several others are also of interest, such as the anthracene-based systems shown in Figure 10.35. These
form rotaxanes with the tetracationic macrocycles previously described (Figure 9.7e). In the case of the 2,
6-dioxyanthracene-containing axle (Figure 10.35a), the cationic macrocycle is clipped around the
anthracene unit.113 Oxidation of the 2-rotaxane led to the anthracene being converted to a radical cation,
with concurrent migration of the macrocycle onto the hydroquinone units. When a 9,10-dioxyanthracene-
containing axle is used (Figure 10.35b), both the 2- and 3-rotaxanes can be isolated and in both cases the
wheels reside solely on the hydroquinone units, probably due to the increased steric hindrance that occurs
with the 9,10-dioxyanthracene moiety. A 3-rotaxane with an axle containing both stilbene and azobenzene
with two α-cyclodextrin wheels (Figure 10.35c-e) has also been synthesised and was shown to undergo
light-initiated molecular motion.114 This system actually displayed three stable states, as synthesised it
existed with one cyclodextrin (CD1) encompassing an azobenzene unit and one (CD2) encompassing
the stilbene unit (Figure 10.35c). Irradiation at 280 nm caused isomerisation of the stilbene unit and
migration of CD2 onto the biphenyl moiety of the axle; this could be reversed by irradiation at 313 nm.
Similarly, irradiation at 380 nm caused isomerisation of the azobenzene unit and migration of CD1 onto
the biphenyl moiety of the axle; this could be reversed by irradiation at 450 nm or by heating. A slightly
simpler system containing the same axle and only one cyclodextrin unit could also be synthesised and
was found to be able to act as a ‘molecular abacus’, being able to add together two photochemical
stimulation events.115 The cyclodextrin freely shuttles between the azobenzene and stilbene binding sites
when they are both in the trans conformation. Switching of either binding site to the cis form causes the
cyclodextrin to bind exclusively to the other site. Isomerisation of both of these to the cis form causes
migration of the cyclodextrin to the biphenyl binding site, meaning that in effect this system mimics a
half-adder with distinct AND and XOR logic gates. A half-adder can carry out elementary addition by
using the XOR gate to generate the sum digit and the AND gate to generate the carry digit.115

There has also been a great deal of study on movement in catenanes caused by various switching
processes. These processes can be electrochemical, photochemical or chemical in nature. For example, we
have already discussed (Chapter 9, reference 258) how a 2-catenane made up of the classic tetracationic
macrocycle (Figure 9.98) and a polyether containing a TTF unit and either a phenoxy or naphthyloxy unit
has a conformation in which the TTF unit is encapsulated by the cationic macrocycle. Electrochemical
or chemical oxidation of the TTF leads to migration of the cationic macrocycle onto the phenoxy or
naphthyloxy binding site. Similarly, the catenane shown in Figure 10.36a can be switched from its normal
state, where the diazapyrenium unit is encapsulated inside the crown ether, to a conformation where the
bipyridyl unit is encapsulated by addition of hexylamine.116 This amine forms a charge-transfer adduct with
the diazapyrenium unit, leading to migration of the crown ether. This process can be reversed by addition
of trifluoroacetic acid to protonate the amine and disrupt the adduct. Catenanes can also be synthesised
containing expanded cationic macrocycles such as that shown in Figure 10.36b, along with phenoxy- or
naphthyloxy-containing crown ethers.117 Both 2-catenanes and 3-catenanes containing two crown ether
units can be synthesised. The crown ethers preferentially reside on the bipyridyl units but can be switched
onto ammonium binding sites by electrochemical reduction of the bipyridyl units. One system also acts as
an AND gate, being switchable both electrochemically and by variation of pH.

In most of these systems, when one ring moves relative to the other it can migrate in either direction
around the ring. It has however proven possible to synthesise systems in which this movement is in a
preferred direction. One example is shown in Figure 10.37, where an amide-type catenane is synthesised
which contains two blocking groups to prevent rotation of the smaller ring around the larger.118 The
compound is synthesised with the amide ring bound at the fumaramide site, as shown in Figure 10.37.
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The silyloxy-protecting group is removed and the fumaramide unit is photoisomerised to a maleamide.
The amide ring then migrates to the succinimide binding site because of unfavourable steric effects. The
silyloxy unit is then replaced. Addition of piperidine causes the maleamide to reisomerise back to the
fumaramide. Removal of the trityl-protecting group allows free migration of the amide back to its original
site and replacement of the trityl group gives the original compound, with the amide ring having moved
in one direction around the larger ring (clockwise in Figure 10.37).
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Although the system above does give unidirectional motion, it requires several deprotection and repro-
tection steps, which would make it unusable in any device. A more elegant method would involve different
photochemical stimuli ‘pushing’ one ring around the other. Such a system has been developed, in which
the amide macrocycle shown in Figure 10.37 is used to form a catenane with the macrocycle shown in
Figure 10.38. In this system the amide macrocycle resides on the nonmethylated fumaramide site.119 How-
ever, this group is sensitised by the benzophenone unit and can be isomerised by irradiation at 350 nm.
This causes the amide macrocycle to move ‘clockwise’ onto the methylated fumaramide site. Irradiation
at 254 nm causes this site to isomerise and the macrocycle then moves onto the succinimide ester site.
Finally, heating the macrocycle causes reisomerisation and the amide relocates back to its original position.
A 3-catenane bearing two amide groups can also be synthesised and shows similar unidirectional motion.119

10.3.3 Light harvesting

Other macrocyclic systems have been used to harvest energy from light. A light-harvesting antenna is a
system in which multiple chromophores capture light and transfer the energy to a single acceptor system.
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For example, a water-soluble β-cyclodextrin containing seven naphthyloxy substituents has been shown to
form a 1 : 1 complex with a merocyanine dye in solution.120 Energy transfer from the naphthyloxy units
to the dye has been shown to occur with 100% efficiency. Similarly, a polyrotaxane can be synthesised
from polyethylene glycol- and naphthyloxy-substituted cyclodextrins and then stoppered with anthracene
units.121 Upon irradiation, energy transfer from naphthyl to anthracyl units is observed, with transfer
efficiencies as high as 79%.

10.3.4 Ion channels

In natural systems, ion channels are pore-forming proteins that reside within cell membranes and facilitate
and regulate ion diffusion through these membranes. Attempts have been made to synthesise artificial
versions of these systems, many of which have been based on helical peptides. Since crown ethers bind
sodium and potassium ions strongly, they have been studied as potential ion-channel materials. A number
of papers have studied crown ether/peptide systems, an example of which is shown in Figure 10.39a.
This material is a helical 21-mer peptide with a structure in which the six crown-ether rings stack above
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each other, forming a ‘column’ of crown ethers.122 This material transports ions such as caesium across
vesicle membranes with an effectiveness approximately the same as that of gramicidin A. A much simpler
series of compounds is the urea-substituted crown ethers (Figure 10.39b), which hydrogen-bond together
to form stacks containing columnar channels of crown ethers.123 These materials transport ions across
bilayer lipid membranes and form a mixture of crown-ether pores which can also associate together to
form structures with a larger central pore. A series of resorcinarene compounds with attached crown
ethers (Figure 10.39c) have also been synthesised and were shown to transport ions, especially K+, across
both liquid and lipid bilayer membranes.124 Their effectiveness was of a level comparable to that of
natural systems (e.g. gramicidin) and they displayed outstanding K+/Na+ flux selectivity. It is thought the
resorcinarenes aggregate to form pores or channels within the membrane.

10.3.5 Other uses of interlinked systems

We briefly discussed in Chapter 9 how some workers immobilised rotaxanes onto porous silica substrates
and used the immobilised molecules as nanovalves.125 Upon switching, these valves opened and closed,
and they could be used to entrap and release dye molecules (Figure 10.40a). Later work optimised these
nanovalves, which could be opened using ascorbic acid, and showed that the most effective valves had
the active component of the rotaxane anchored deep within the pores and utilised short covalent linking
groups between rotaxane and nanoparticle.126 The construction and use of these systems has recently
been reviewed127 Other nanoparticles that have been modified using these types of system include silver
nanoparticles, which were surface-functionalised by a thiol-substituted crown ether.128 Addition of bis-
dibenzylammonium dication led to formation of pseudorotaxanes, which initiated aggregation of the silver
nanocrystal dispersion, opening up the potential for controlled assembly of nanoparticles into complex con-
structions.

A bistable rotaxane has been substituted with mesogenic groups and shown to form a stable smectic A
liquid-crystal phase over a wide temperature range.129 A smectic A phase is a liquid-crystal phase in which
the molecules are aligned in the same direction and form a layered structure (‘smectic’ is derived from
the Greek word for soap and many soaps do adopt this type of structure). These types of material could
potentially display electrochemically switchable liquid-crystal behaviour, with the mechanical switching
affecting the properties of the liquid-crystal phase as a whole.

Very recently, workers have combined porphyrins substituted with eight β-cyclodextrin units and por-
phyrins substituted with eight adamantane units in water and shown that the multiple β-cyclodextrin/
adamantane interactions actually lead to the spontaneous formation of porphyrin nanowires, 100 nm in
width and with lengths of a few microns.130 Use of more dilute solutions gives nanowires just 3.5 nm in
diameter and hundreds of nanometres long.

10.4 Conclusions

In writing this work, we have attempted to demonstrate how simple materials can often be assembled into
more complex structures. As bricks, beams, slates and so on all go together to make a house, so simple
chemical structures can be fitted together to make more complex ones. Sometimes this fitting together
is a long, complex process, as can be seen for example in the total-synthesis schemes recorded in the
literature for many natural compounds. We started this work with simple chemistry and described the rings
and chains that go on to make up so many compounds within the text. The assembly of these materials
to make more complex regular structures is one of the most fascinating fields in chemical research. The
assembly of small units to form macrocycles makes up a large section of this work, before we go on to



568 Other Supramolecular Systems, Molecular Motors, Machines and Nanotechnological Applications

(a)

O

O

O

O

O

OO

H
N

N
H

H
N

O

O

O

O

N
H

O

O

O

O

O

O

OO

O

H
N

O

OCH3

3

(b)

O

O

O

OO

O

H
N

O

H
N

Alkyl

(c)

AcOOAc OAc
OAcAcO

AcO OAc AcO

O

O

O

OO

O

O

O

O

OO

O

O

O

O

O O

O

O

O

O

O O

O

Figure 10.39 (a) Peptide based poly-crown ethers (b) urea crown ethers (c) resorcinarene crown ethers used in
ion channels



Conclusions 569

Open

Close

Figure 10.40 Schematic of rotaxane ‘‘nanovalves’’ (Reprinted with permission from126. Copyright 2007
American Chemical Society)

even more complex systems such as the mechanically linked molecules described in Chapters 9 and 10,
in which macrocycles are threaded or interlinked together. The structure of these compounds is often so
complex that first impressions are that they would be impossible to synthesise in any reasonable yield.
However, one theme that we have returned to many times is how various interactions can be utilised to
preorganise these systems and facilitate their synthesis in good yields.

We first described this effect, often known as the template effect, in the synthesis of crown ethers, where
the presence of alkali metal ions preorganises the reagents in such a way that ring closure occurs to give
the cyclic oligomers. Throughout this book different templating effects are seen to occur. This is especially
significant in the later chapters, where a range of interactions such as metal templating, hydrogen bonding
and π–π interactions are used to construct supramolecular systems of increasing beauty and complexity. It
is these effects combined with serendipity that has actually led to the discovery of many of these systems.
Crown ethers and calixarenes were both isolated from reactions intended to create other products and it
was only the patience and dedication of workers that allowed the structural details of these systems to
be obtained. Similarly, cucurbiturils were synthesised many years before their structures were actually
elucidated and cyclodextrins were obtained from natural sources as mixtures in small amounts and only
a great deal of hard work allowed their separation and structural determination. As an example of simple
components forming a highly complex system, a possible trefoil-knot structure has been proposed for the
macrocucle compound t-butylcalix[20]arene, a simple condensation product of trioxan and t-butylphenol,
although as yet no crystallographic evidence for this has been obtained.131

The macrocyclic compounds described within this work are becoming less of an academic curiosity and
more prominent in practical and commercial applications. For example, crown ethers are widely used as
phase-transfer catalysts and as selective ionophores, whereas cyclens are used within MRI contrast agents.
Calixarenes have been used within the oil industry and their ion-binding properties have led to their use
in ion-selective electrodes and potentially as encapsulents for radionuclides within the nuclear industry.
Cucurbiturils are being investigated for applications such as waste remediation and gas purification. One of
the most used families of macrocycles though is the cyclodextrins. The ability to make these compounds
in large amounts at reasonable prices, combined with their strong binding abilities, has led to widespread
applications in the food industry, as air fresheners, as encapsulents for perfumes and in a range of potential
therapeutic roles in the field of drug delivery. Although the most complex architectures we have described,
the physically interlinked molecules such as catenanes, rotaxanes and knots, have not yet been exploited
commercially, there is great potential for their use in future applications such as computing and nan-
otechnology. What makes these systems of such interest is that they are intermediate in size between our
macroscopic world and the quantum world of the atom. Further suggested applications include controlled
drug-release devices, memory storage and molecular computers. Whether these applications will come
about, only time will tell.
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Whilst writing this book we have studied the work of a large number of notable scientists. Many of these
are sadly no longer with us and it is a matter of conjecture what would be the reaction of the workers
who made the initial steps in the discovery of the various systems if they could see how far the field
has come. We can wonder what scientists like Baeyer, Baekeland, Villiers and Schardinger, Ewins and
Robinson, Behrend and Willstätter, and more recently Pedersen and Cram would make of the current state
of macrocyclic chemistry. We feel that not only would they see how far we had come but also how much,
much further we have to go before we can construct supramolecular structures anywhere close to the size,
specificity and intricacy found in the natural world.

Bibliography

Steed JW, Atwood JL. Supramolecular Chemistry. John Wiley and Sons; 2000, 2009.
Atkinson IM, Lindoy LF, Stoddart JF. Self-assembly in Supramolecular Systems. Monographs in Supramolecular

Chemistry. Royal Society of Chemistry; 2000.
Sauvage J-P, Dietrich-Buchecker C. Molecular Catenanes, Rotaxanes and Knots: A Journey Through the World of

Molecular Topology. Wiley VCH; 1999.
Schill G. Catenanes, Rotaxanes, Knots. Academic Press Inc; 1971.
Balzani V, Credi A, Venturi M. Molecular Devices and Machines. Wiley VCH; 2008.
Kelly TR. Molecular Machines. Topics in Current Chemistry. Vol 262. Springer; 2005.

References
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Note: Figures, Schemes, structures and Tables are indicated by italic page numbers, Boxes by emboldened numbers,
and footnotes by suffix ‘n’.
Abbreviations: CTV = cyclotriveratrylene; CB = cucurbituril

acetone-furan hexamers 135, 136
Diels–Alder reactions 137–8

acetone-furan tetramers 134, 135, 135, 136
Diels–Alder reactions 137, 138
oxidation products 136, 137
see also calixfurans

acetone-pyrrole tetramers 140–1
acetylcholine

binding with calixarenes 102
binding with cryptophanes 305
binding with CTV derivatives 276
selective electrodes for 356

acetylene, complexation with cucurbiturils 338
acridine orange (dye), binding with cucurbiturils 342
acridizinium ions, complexes with cucurbiturils 350
actinide complexes

with calixarenes 96
with hexacyclen 47

adamantane 2, 3
adamantane carboxylic acid, complexation with

cyclodextrins 201–2
adsorbents, cyclodextrins as 239
agrochemical–cyclodextrin formulations 241
aliphatic-chain-containing catenanes 479, 480, 481
alkalides 69, 163
alkaloids, complexation with cucurbiturils 344, 346
alkyl cyanides, synthesis of 68
alkynes, coupling in [3]catenate synthesis 439
4-alloxy protecting groups, in knotane synthesis 532
aluminium aquo polynuclear complexes, binding with

cucurbiturils 332, 333
amide macrocycles

hydrogen bonding in, catenane synthesis
using 474–9

synthesis 474–5, 476

amide molecular knots
fluorescence behaviour 537
structures 533, 534
synthesis 532, 533

amide-based catenanes 474–9, 498
sulfonamide-substituted 479, 480, 526

amide-based rotaxanes 399–402
amine macrocycles 44–9

complexes with cucurbiturils 351, 352
see also cyclams; cyclens

amino acid derivatives, separation of
enantiomers 41–2, 219

amino acids
complexes

with cucurbiturils 350
with cyclotetrachromotropylene 132

knotted cyclooligoamides formed from 537, 539
amino adamantane derivatives, mixed with

cyclodextrins and cucurbiturils 363
amino compounds, complexes with

cucurbiturils 333
4-amino-5-hydroxynaphthalene-2,7-disulfonic acid,

condensation with formaldehyde
132, 133

amylose 190
interaction with iodine 205

AND (logic) gate 552, 562
1-anilinonaphthalene-8-sulfonate 201, 336

complexes
with cucurbiturils 335, 336, 339
with cyclodextrins 200–1

2-anilinonaphthalene-6-sulfonate 336
complexes, with cucurbiturils 335, 339

anion sensors 149, 158, 161–2, 182, 275, 276, 416–17,
419, 425
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annulenes 5–8
[4]annulene (cyclobutadiene) 6
[6]annulene (benzene) 6
[8]annulene (cyclooctatetraene) 6
[10]annulene 6
[12]annulene 7
[14]annulene 8
[16]annulene 7
[18]annulene 8
[20]annulene 8
[22]annulene 8
[24]annulene 8

anthracene 9, 10
anthracene-based axles (in rotaxanes) 562, 563
anthracene derivatives

complexation with cyclodextrins 202
reaction with dibenzocrowns 392–3, 396–7

anthracenophanes 25, 26, 26, 27
cyclisation products 26, 27

anthraquinones, complexes with cucurbiturils 342
aromatic hydrocarbons 6

multi-ring structures 9–10
aromatic macrocycles 518–20, 521–2
aromaticity 518, 520

of cyclacenes 520
Huckel (4n + 2) rule for 6

arrichoarenes 94
aversive isomers, bis-cyclodextrins 222, 223, 224
avidin, binding of biotin to 309
azacalixarenes 105
azacalixpyridines 175–6
azacrowns 42–3

compounds with CTV 267
see also cyclams; cyclens

azastilbenes, complexation with cucurbiturils 348
azo dyes and compounds, complexation with

cucurbiturils 335
azobenzene/stilbene-containing axle (in rotaxanes)

562, 563
azobenzene-substituted crown ethers 551, 553
azobenzenes, irradiation-induced isomerisation

to cis form
in catenanes 462, 465
in crown ethers 60, 61, 558
in cucurbiturils 339–40
in cyclodextrins 558, 562
and internal complex formed by crown ether

551, 553
in pseudorotaxanes 558
in rotaxanes 424, 426

bacteriochlorophylls 12
Baeyer, Adolf von 79, 107, 139
Bakelite (phenol–formaldehyde polymer) 79
‘basket with handle’ molecules

calixarenes 94
porphyrins 438, 440

Behrend’s polymer 325
benzanthracene 9
benzene

conformation in cyclophanes 17, 18, 20, 21,
24, 25

structure 5–6
benzene-linked crown ethers 62, 65
benzidene/bisphenol axle (for rotaxanes) 392, 393
benzopyrene 9, 10
benzylic alcohol compounds, cyclotriveratrylenes

synthesised from 160, 258–61
benzylic imine catenates 445, 448
benzyne 8
bibracchial lariat ethers (BIBLEs) 52, 53
binaphthol, enantiomers 42
binaphthyl compounds, complexation

with CB[10] 351
binaphthyl crown ethers 41–2
biosensors

cucurbituril-based 364
rotaxane-based 425
xenon–cryptophane complexes 309, 311, 312

biotin, binding to avidin 309
biotinylated xenon@cryptophane conjugates 311
biphenyl-bridged cyclodextrins 226–8
biphenyl dicarboxylic acid 200

complexes with cyclodextrins 199
4,4′-biphenylbisdiazonium ion, as guest in

cryptophane 307
4,4′-bipyridine

complexation with cucurbiturils 353
reaction with xylylene dibromide isomers

(in catenane synthesis) 462, 463
bipyridines, in borromeate synthesis 545, 546
bipyridyl macrocycles, in catenane synthesis 453,

454–5, 456
bipyridyl oligomers, in knotane synthesis 530–2
bipyridyl rotaxanes 411, 421
bipyrrole-based macrocycles 171, 172
bipyrrole-containing catenanes 478
bis(binaphthyl crown) 42
bis-bipyridine compounds 337

complexation with cucurbiturils 338
bis-(t -butylphenyl) ester 225

complexation with two cyclodextrin rings 222
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bis-calixarenes 98
doubly bridged 98, 100

bis-[2]catenanes 468, 469
synthesis 462–3, 468, 480–1, 486

bis(crown ether)–azobenzene complex, trans to cis
switch on irradiation 60

bis(crown ethers) 60–5
aromatic-linked 61, 64
cis and trans forms 60, 61
naphthyl-bridged 61, 64
in rotaxane synthesis 407
stilbene-linked 61–2, 64

bis-cryptophanes 300, 301
xenon complexes 309

bis-CTV ruthenium sandwich compound 274
bis-cyclams, medical applications 69, 70
bis-cyclene compounds 46, 47, 62
bis-cyclodextrins 219–28

asymmetric 222, 224
structures 221, 222, 223, 224, 226, 227
synthesis 219, 220, 222, 223–4

bis(diethylsulfonium)-p-xylylene 341
complexation with cucurbiturils 340

4,4′-bis(dimethylamino)diphenylmethane
carbocation 345

complexation with cucurbiturils 346
bis-furans, condensation with dimethoxyethane

135, 136
bis-imidazolium compounds, complexation with

cucurbiturils 346
bis-knotanes 534, 535
bis-metallocene bis(crown ethers) 61, 63
bis-phenanthroline, copper complex, in knotane

synthesis 528–9
bis-p-phenylene-34-crown-10 390, 415

complex with paraquat salt 388, 390
as wheel in rotaxane 412, 415

bis-phthalocyanines 12, 13
bis-platinum complex 352

binding with cucurbiturils 352
bis-quinolines 349

complexation with cucurbiturils 351, 387
bis-resorcinarenes 111, 112
bis-[2]rotaxane 402
bis-ruthenium complex, binding

with cucurbiturils 352
bis-styryl dyes, crown ether-substituted, complexation

with cucurbiturils 343
bistable molecular switch 412, 416
bis(tetrathiafulvalene)calix[2]thiophene[2]pyrrole

164–5, 166

bis-triazole compound 362
complexation with cucurbiturils 361

bis-viologen compounds 349
complexation with cucurbiturils 350
ruthenium-substituted, complexation with

cucurbiturils 361, 363
bis-viologen macrocycle

in polyrotaxanes 428
in rotaxanes 424–5, 426

bis(xylylene dibromide), in bis-catenane synthesis 470
bitolyl ring system, in catenanes 479–80, 484–5
boat conformation

cyclohexane 2
cyclophanes 17, 18
esterified cyclodextrins 208

bonnanes 526
Borromean rings 540, 542–5

step-by-step synthesis 545
borromeates, synthesis 540, 542–5
box-like catenanes

formation of catenanes with cyclodextrins 445, 447
formation of pseudorotaxanes with

cyclodextrins 445, 447
synthesis 443, 447

bridged calixarenes 84–5, 85–7, 93–4, 98–9
bridged resorcinarenes 113, 114
1-(4-bromophenyl)ethanol 218

enantiomeric separation of 217
buckminsterfullerene 10

see also fullerenes
butadiene, photochemical synthesis 114–15
butylammonium methacrylate, complexation with

cucurbiturils 338
t -butylcalix-4-arenes

conformers 80, 81
ethers 83
glycosyl-bridged 85, 87
guest compounds for 95
structure 78
synthesis 80, 104

t -butylcalix-6-arenes, phenanthroline-bridged 85, 87
t -butylcalix-9-arenes, phosphorus-bridged 85, 87
t -butylcalix-12-arenes, pyridine complex,

conformers 80
t -butylcalix-20-arene 569

caesium, selective extraction of 96
calix-4-arene-bridged calix[4]pyrrole 158, 160
calixarene catenanes 480–2, 486–8
calixarene–cyclodextrin conjugates 233, 235
calix-8-arene–pyridine complex 80
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calixarenes
acid-substituted 95
amide-substituted 95
anion binding by 96–7
bridging reactions 84–5, 85–7, 93–4, 98–9
calix-4-arenes 78, 80, 81

bridged with crown ethers 84, 85,
550, 551

doubly bridged 84, 85
glycosyl-bridged 85, 87
methylene-substituted 89–90
tetraamine-substituted 353

calix-5-arenes 81
calix-6-arenes 80

phenanthroline-bridged 85, 87
triply bridged 84, 86

calix-8-arenes 80
doubly bridged 85, 86

calix-9-arenes, phosphorus-bridged 85, 87
calix-10-arenes 80, 82
in catenanes 480–2, 486–8
chemical modification of 82–94

modification of hydroxyls 82–6
modification of upper rim 90–4
reaction of bridging groups 89–90
reaction of rings 88–9
replacement of hydroxyls 86–8

combination with resorcinarenes 115–16
commercial applications 569
complexes 95–8

with cucurbiturils 351–2
conformations 80, 81
coupling of 98
encapsulation of solvents by 95
history 77–80
hydrogen-bonded 101–2, 103–4
logic gate based on 552, 554
looped

in catenane synthesis 480, 486
in rotaxane synthesis 388, 389

lower-rim-bridged calixarenes 84–5, 85–7
in catenane synthesis 482, 488

metal-ion-binding 95–6
oxidation of 88
in polymeric systems 99–100
in pseudorotaxanes 388
reduction of 89
in rotaxanes 388, 389, 416–17, 419
sensor based on 552, 553
structures 77, 78, 80–2, 255
synthesis 80, 90

tetra-uracil analogue 180, 183
upper-rim-bridged calixarenes 94, 98–9, 101

in catenane synthesis 482, 488
uses 116
see also t -butylcalixarenes; heterocalixarenes

calix[2]benzene[1]pyridine[1]pyrroles 164, 166
calix[1]benzene[3]pyrroles 164, 166
calix[2]benzene[2]pyrroles 164, 166
calixbipyrroles 171, 173
calix-bis-crowns 84, 85
calix[3]catecholarenes see cyclotriveratrylenes
calixcrowns 84, 85, 96
calix[3]diphyrin 170
calix[3]furan[1]naphthalene 137, 138
calix[4]furan[2]naphthalene 137–8, 139
calix[1]furan[5]pyrrole 170
calix[2]furan[2]pyrrole 164
calix[2]furan[4]pyrrole 170, 172
calix[3]furan[3]pyrrole 170, 172
calixfurans 134–8

applications 181–2
reactions 136–8
ring-opening reactions 136, 137
synthesis 134–5
see also acetone–furan hexamers; ...tetramers

calix[3]indoles 172–3, 174
calixnaphthalenes 126–33

calix[4]naphthalene 128, 129
oxidation of 130

dihomomcalix[4]naphthalenes 128, 129
expanded 133
hexahomomtrioxacalix[3]naphthalenes

128, 129
calix[4]phyrins 167, 169, 169–70
calix[1]pyridine[3]pyrrole 164, 166, 175
calixpyridines 173, 175
calixpyrroles 138–72

anion binding by 142
applications 149, 158, 161–3, 182
bromo derivatives 147–8
C-substituted derivatives 147–9
calix[4]pyrroles

acenaphthene-substituted 154, 156
with adamantane carbaldehyde 167, 168
with 2-adamantone 167, 168
azobenzene-substituted 154, 155, 157, 158
chemical modification of 146–52
chromogenic-substituted 154, 155, 161
complexation with cations 162–3
dipyrrolylquinoxaline-strapped 158, 159
with extended cavities 150–1
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calixpyrroles (continued )

ferrocene-substituted 153, 154
1,3-indanedione-strapped 158, 159
metal complexes 163
metallated compound 160–1, 161
modification of pyrrole units 160–1
(p-nitrophenyl)-substituted 155–6, 157
with cis (p-nitrophenyl) groups 155–6, 157
with trans (p-nitrophenyl) groups 155, 157
phthalamide-strapped 158, 159
porphyrin-bridged 159, 160
pyrrole-strapped 158, 159
reduction of pyrrole units 160, 161
synthesis 139–41, 145, 146
tetra-substituted 156, 157, 158
tetrathiafulvalene-substituted 153, 154
thioether-substituted 154, 155
triazole-bridged 158, 159
tricyanoethylene-substituted 154,

155, 161
zirconium complexes 141, 163

calix[5]pyrroles 158
calix[6]pyrroles

synthesis 144, 145, 146
trihydroxybenzyl-capped 146, 147

carbazole expanded 163–4
chemical modification of 146–52
complexes with metal ions 141
confused 152–3
dimers 149
fluorinated 142–3
iodinated derivatives 148, 149
N-substituted derivatives 149–50
with non-pyrrole units 163–72
strapped 158–60
substituted 153–8
synthesis 139–41, 144, 145, 146, 156

calixquinones 88, 89
calix-n-resorcinarenes

tetraundecylcalix-4-resorcinarene 78
see also resorcinarenes

‘calixsugar’ 85, 87
calixthiophenes 179, 180, 180, 182

sulfur-linked 179, 180
calix-tube 98
carboanhydrase, cryptophanes conjugated

with 312
carbon belts 520
carbon nanotubes 520, 522

and cucurbiturils 346
and cyclodextrins 206, 207

carborane–CB[7] complex 346
carborane–CTV complexes 272
carcerands 113
catalysts

copper(I) ions 445, 448, 449
crown ethers and cryptands as 68
cucurbiturils as 365
cyclodextrins as 242

catechol-substituted crown ethers, in catenane
synthesis 456, 458

catenanes 430–504
aliphatic-chain-containing 479, 480, 481
amide-based 474–9, 498
anion-induced circumrotation in 487–8, 492
asymmetric 468, 471, 474, 475
azobenzene-containing 462, 465
bipyridyl-containing 454–6, 456–7
bipyrrole-containing 478
bistable 488, 492
[2]catenanes 381, 382

directed synthesis 433
hindered 435, 437
with two reactive groups 498

[3]catenanes 381, 382
synthesis 432, 433, 454, 455, 456, 457, 459,

479–80, 484–5
[4]catenanes, synthesis 455, 456
[5]catenanes

structure 461
synthesis 455, 458–9, 460

[6]catenanes, synthesis 459, 460
[7]catenanes

structure 461
synthesis 459, 460

[8]catenanes 481, 487
cucurbiturils in 361
cyclodextrins in 479–80, 484–5
diazapyrenium-containing 468, 471
dipyridylethylene-containing 462, 466
dynamics 456–7
electrochemically switchable 462, 491, 494, 495
flavin-containing 479, 483
furan-containing 476
hindered 435, 437
looped 480–2, 487
naphthalene diimide-containing 471, 473
in Nature 501, 504
organometallic 443, 444
porphyrin-containing 457, 458, 471, 473
schematic diagrams 382
surface-bound 493–6
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switchable 485–8, 491–3
synthesis

based on amide hydrogen-bonding
interactions 474–9

statistical and directed methods 431–2
via π–electron interactions 450, 453–74
via template reactions 432, 434–50

tetrathiafulvalene-containing 471, 472
thiophene-containing 462, 464
in three-dimensional systems 501, 503
‘unidirectional’ 562, 564–5, 565, 566

catenated closed loops, occurrence
in Nature 504

catenated polymers 500–1
macromolecular 501

catenates
[2]catenates 435, 440, 441
[3]catenates 435–6, 438, 439
[4]catenates 435
demetallation of 432, 435
doubly interlocked 438, 442
formation of 432, 434, 435
fullerene-containing 450, 451
heteronuclear 436
porphyrin-containing 449–50, 451
terpyridyl-containing 438, 441
tetrathiafulvalene-containing 438, 441
thiophene-containing 450, 451
trimetallic 449
triply interlocked 450, 452

cavitands 113, 520, 522–5
cembrene A 2, 3
‘Centurydane’ 498
chair conformation, cyclohexane 2
channel hosts, cyclodextrin complexes 206
charge-transfer complexes

calixpyrroles in 165
cryptophanes in 313

charge-transfer interactions
in catenanes 388, 471, 493
in CB[8] complexes with two aromatic

guests 346, 364
in rotaxanes 388, 399, 428

chiral binaphthyl compounds 353
complexation with CB[10] 351

chiral bipyridines 546
in synthesis of borromeates 545

chiral bis(crown ethers) 41, 42, 61
chiral calixarenes 85, 482
chiral catenanes 443, 462, 467, 472, 475,

478, 480, 486

chiral chromatography
applications 85, 107, 259, 480, 532, 535
with cyclodextrin-based columns 218–19, 242

chiral cucurbiturils 360
chiral GC, with cyclodextrin-based columns

218–19, 242
chiral HPLC

applications 85, 107, 259, 480, 535
with cyclodextrin-based columns 219, 242

chiral resorcinarenes 109, 112
chiral rotaxanes 526
chiral spherands 59
chiral thiacalixarenes 107
chirality

of borromeates 545
of CTVs 257, 258, 259, 261, 266, 268–9, 277, 315
of cyclodextrins 195, 217–19, 242
of knotanes 529, 532
of pretzelanes 526, 527

chloride-templated cyclisation, in catenane
synthesis 483, 485

chlorine dioxide, calixarenes oxidised by 88
chlorins 12
chloromethylation, calixarenes 92
chlorophyll A 11, 12
cholesterol 2, 3

complexation with cyclodextrins 202, 241
chromatographic applications

calix[4]pyrroles 163
cyclodextrins 218–19

chromogenic-substituted calix[4]pyrroles
154, 155, 161

chromophores, complexation with cucurbiturils 342
chromotropic acid, condensation with

formaldehyde 131
chromotropylene tetramers see

cyclotetrachromotropylene
chyrsene 9, 10
cis– trans isomerisation

effect of cucurbiturils 339
see also azobenzenes, irradiation-induced

isomerisation to cis form
Claisen rearrangement, calixarenes 91, 98, 100
‘clam shell’ arrangement

bis-cyclodextrins 222
cyclotricatecylene complex 265, 265

clipping reactions
in catenane synthesis 443, 445, 450, 453, 455, 459
in rotaxane synthesis 388, 389, 390, 407, 416

cobalt di(ethylene diamine) dichloride, complexes
with cucurbiturils 351, 352
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cobaltocene-based complexes
with cucurbiturils 340
with cyclodextrins 558

collagen peptides, folding into triple helix 285
Collét, André 290
colorimetric sensors 149, 158, 182
commercial applications 569
condensation polymers

calixcrown-based 100
diaz-18-crown-6-based 66, 67

conducting polymers, catenanes on 495
conformations

catenanes 498
cryptophanes 290, 291, 292, 293
cyclohexane 2
cyclophanes 17, 18
cyclotriveratrylenes 256–7
resorcinarenes 107, 108

confused calixpyrroles 152–3
conjugated polymers, in formation of

polyrotaxanes 430, 431
copper-moderated molecular shuttle 416, 418
copper phthalocyanine 12, 13
copper(I) ion, as template

in catenate synthesis 432, 434, 435
in knotane synthesis 528–9, 530
in rotaxane synthesis 428, 432

corands 36
see also crown ethers

corannulene 9, 10
coronene 9, 10
corphins 12
corrins 12
coumarins 349

encapsulation within cucurbiturils 348, 349
Cram, Donald J. 16, 35, 54, 57, 68, 289
Cram, Jane M. 16
crosslinked cyclodextrin-based polymers, as

molecularly imprinted polymers 231
crosslinked phenol–formaldehyde polymer 79
crown conformation

cyclotricatecylene complex 264, 265
cyclotriveratrylene 256–7, 258

crown ether–ammonium interactions
in catenanes 486–7, 491
in rotaxanes 392–4, 399

crown ethers 35–6
alkali-metal complexes 39–40
alkaline-earth-metal complexes 40
anthracene-substituted 551, 553
applications 67–8

azobenzene-substituted 551, 553, 555
benzene-linked 62, 65
benzocrown ethers, substituted 40–1
binaphthyl crown ethers 41–2
catechol-substituted 456, 458
in catenane synthesis 450, 453–74

larger crown ethers used 454
commercial applications 68, 569
compared with cryptands 55–6
complexes with cyclotetrachromotropylene 132
12-crown-4 36, 37

aza analogue 44, 45
complexation with γ-cyclodextrin 201, 202

15-crown-5 36
18-crown-6 36

aza analogue 44, 45
linear analogue 40, 41
polymers 65, 66, 67
synthesis 38
thia analogue 50, 51

21-crown-7 37
in rotaxanes 403, 405

with cyclodextrins 232–3, 234
cyclophanes in 40, 41
diaz-18-crown-6

condensation polymers 66, 67
with β-cyclodextrin 232, 234

dibenzo-18-crown-6 36
synthesis 37–8

dibenzo-24-crown-8, in rotaxane synthesis 392–3,
394, 399, 403

dibenzo-34-crown-10
in catenane synthesis 450, 453
in rotaxane synthesis 394

dimers 60–5
furan-based 455
heteroaromatic units in 40, 41, 455–6
lanthanide complexes 40
linear analogues 40

see also podands
mixed (hydroquinone/resorcinol) 453, 455
naphthalene-containing 394, 454, 455
nitrogen analogues 44–7
organic cation complexes 40
phosphorus-containing 50, 51
phthalimide-substituted 468, 469
polymers 65–7
in polyrotaxanes 428
porphrazine-linked 65
porphyrin-linked 65
in pseudorotaxanes 393–4
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pyridine-based 41, 455–6
resorcinol-based 453, 455
in rotaxanes 392–4, 399, 403
selenium-containing 50, 51
sulfur analogues 50, 51
sulfur-containing 50, 51
synthesis 37–8
tellurium-containing 50
triazole-containing 471, 473
urea-substituted 567, 568

18-crown-6-ether/calix-4-arene-bridged
calix[4]pyrrole 159, 160

cryptacalix[6]arene 315
cryptands 54–6

alkali-metal complexes 56
alkaline-earth-metal complexes 55, 56
amine ligand complex 56, 57
compared with crown ethers 55–6
complexes, with cucurbiturils 335
[1,1,1]cryptand 55
[2,1,1]cryptand 55, 56
[2,2,1]cryptand 55, 56
[2,2,2]cryptand 54–5, 56
sulfur-containing 56, 57
synthesis 43–4, 54

cryptaspherands 59, 60
cryptates 54, 55, 56
cryptophane–xenon complexes 308–12
cryptophanes

bridged 296, 297
carboxylic acid substituted 312
chemical modification of 299–303
complexes 303–8

with xenon 308–12
conformations 290, 291, 292, 293
cryptophane 111

synthesis 308
xenon encapsulated by 308

cryptophane 223 292, 305
xenon complexes 309

cryptophane 224, xenon complexes 309
cryptophane 233, xenon complexes 309
cryptophane A (cryptophane 222) 292

chemical modification of 300
complexes 304, 305, 307
structure 294, 295
synthesis 293, 295, 296, 300
xenon complexes 308, 309

cryptophane C 292
complexes 303

cryptophane E (cryptophane 333) 292

complexes 303, 304, 305
structure 293–4, 295
synthesis 293

cryptophane O
complexes 305
structure 294, 296

dichloromethane clathrates 292
diimine-linked 302
hexaruthenylated 303, 304
molecular size affecting binding 307–8
as monolayers 312–13
nomenclature 292, 294
out-out conformation 292, 293
out-saddle conformation 293, 296, 298
palladium-linked 297, 299
structures 290, 291, 295–6, 297, 298
sulfonamidate-substituted 311, 312
syn and anti isomers 290, 291, 292
synthesis 290, 293, 294, 295, 296–7, 299
triacid-substituted 311, 312
triazole-substituted 311–12
water-soluble 311–12

cryptophanols 300, 301, 302
CTV–fullerene complexes 270, 271
cubane 4
cube 4
cucurbituril

origin of name 325
resistance to modification 359

cucurbituril nanovalves 364, 365
cucurbituril pseudorotaxanes 337, 338
cucurbiturils 325–80

azobenzene-containing complex 339–40
catalysis by 365
chemical modification of 354–60
commercial applications 569
complexation behaviour 328–53
cucurbit[5]uril (CB[5])

complexes 328–31
encapsulation within CB[10] 327, 329, 351, 353
lanthanide-capped 328, 330
molybdenum-capped 328, 329
physical and structural parameters 328
synthesis 327

cucurbit[6]uril (CB[6])
allyl derivatives 359, 364
caesium complex 331, 332
complexes 331–9
oxidation of 359
physical and structural parameters 328
sodium complex 331, 332
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cucurbiturils (continued )
structure 325–6, 326
synthesis 325, 326, 327
xenon complex 331

cucurbit[7]uril (CB[7])
compared with CB[6] 339
complexes 339–46
physical and structural parameters 328
synthesis 327

cucurbit[8]uril (CB[8])
complexes 346–51
physical and structural parameters 328
synthesis 327
two guests in 346, 348, 350, 363

cucurbit[10]uril (CB[10])
CB[5] encapsulated within 327, 329, 351, 353
complexes 351–3
physical and structural parameters 328
synthesis 327

inverted 359, 360
methylated 354, 355
partially methylated 354, 355
physical properties 327–8
in polyrotaxanes 385–6, 388
in pseudorotaxanes 337, 338, 361, 362, 382, 385
in rotaxanes 331, 342, 361, 385–8
synthesis 325, 326, 327
uses 361–6

cyanide sensors 182
cyanine dyes, complexation with cucurbiturils 342
cyclacenes 520

[12]cyclacene 520, 522
[4,8]3cyclacene 520, 523
[6,8]3cyclacene 520, 523
[10]cyclophenacene 520, 522

cyclams 47–9
copper complex, with cucurbiturils 351, 352
medical applications 69, 70
pyridine-substituted 52, 53

cyclen (aza analogue of 12-crown-4) 44, 45, 46, 47
cyclens 44–7

commercial applications 569
complexes 45, 47, 48

with cucurbiturils 351, 352
synthesis 44, 45, 46

cyclic diparaquat compound 390
cyclic diparaquat rotaxane

with dialkoxybenzene axle 391
with dialkoxybenzene/tetrathiafulvalene axle

392, 393
cyclic polysugars see cyclodextrins

cyclic voltammetry
calixpyrroles 153
cyclodextrins 242

cyclobutadiene 6
room-temperature synthesis 114–15

cyclobutane 2
cyclodextrin–azobenzene rotaxane, trans to cis change

of azobenzene on irradiation 424, 426
cyclodextrin catenanes 479–80, 484–5
cyclodextrin epoxides 213, 214
cyclodextrin nanotubes 243
cyclodextrins 190–254

azobenzene-substituted 424, 426, 558
benzoate esters 208
bipyridyl-capped 215, 216
bis-substituted 210–11
capped 211, 212, 215, 216
in catenanes 479–80, 484–5
chemical modification of 208–16

modification of 6-hydroxyls 209–11
reaction at 2- and 3-positions 211–16

chirality 217–19, 242
with cinnamoyl substituents 231, 232
combined with other macrocyclic systems 231–5
commercial applications 238–42, 569
complexes 195–207

with alkane sulfonates 196, 196, 197, 198
with aromatic species 197–202
with cucurbiturils 331, 335
with cyclotetrachromotropylene 132–3
with polymers 202–5, 382, 429
with substituted p-nitro compounds 199

with crown ethers 232–3, 234
α-cyclodextrin (hexamer)

binding constants for various guests 196, 197
complexation with nitrophenols 197–8
complexation with polymers 202, 204, 205
solid-state complexes with alcohols 197
structure 190, 191, 194

α-cyclodextrin/β-cyclodextrin co-polymer 231, 232
β-cyclodextrin (heptamer)

binding constants for various guests 196, 198, 199
bis-substituted 210–11
calixarene-substituted 233, 235
capped 211, 212
combination with ‘box’ catenane 445, 447
complexation with adamantane derivatives 197
complexation with polymers 203, 204, 205
complexation with substituted phenols 198–9
doubly capped 211, 213
ease of separation 192, 193
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structure 190, 191, 193, 194
trisubstituted 211, 213, 213

γ-cyclodextrin (octamer) 190, 192
combination with ‘box’ catenane 445, 447
complexation with polymers 203, 204, 205
simultaneous threading of two guests 204, 409

δ-cyclodextrin (nonamer) 194, 207
dimers 219–28
doubly linked 222–3, 223, 224, 226, 227
‘figure-of-eight’ (26-unit) form 194
films 243
inclusion chemistry 213–14, 215, 217
large-ring cyclodextrins 194, 207
medical applications 235–8
mono-substituted 209–10
permethylated 208, 214–15, 428
polymeric 229–31
in polyrotaxanes 202, 382, 428, 429, 429
in pseudorotaxanes 382
Pt complex capped 215, 216
removal of cholesterol by 202, 241
in rotaxanes 383–5, 403, 424, 426
selectivity 217–19
self-inclusion complexes 213–14, 215, 428
separation of mixture 192–3
side effects in therapeutic uses 238
structures 191–2, 193–4
synthesis 192
tetrathiafulvalene-substituted 240, 242, 243
therapeutic uses 235–8
thiolated derivatives 243
trimers 227, 228, 231, 232
see also bis-cyclodextrins

cyclohexane 1, 2, 2
cyclohexanocucurbiturils 355, 356
cyclohexanoglycoluril, condensation with

formaldehyde 356
‘cyclohexa-1,3,5-triene’ 5
cyclohexyl–cucurbiturils 356
cyclooctatetraene 6
cyclophanes 16–33

complexes with metals 23, 24
with heteroaromatic systems 28
[1,1,1,1]metacyclophane 77
[2,2′]metacyclophane 22
[4]metacyclophane 17, 19
[5]metacyclophane 17, 18, 19
[6]metacyclophane 17, 18, 19
[2,2′]metaparacyclophane 22
with more than one aromatic rings 20–5
with multi-ring systems 25–7

with one aromatic system and aliphatic chain 16–20
[1,1′]paracyclophane 20
[2,2′]paracyclophane 20–1

in crown ethers 40, 41
[3,3′]paracyclophane 22
[4]paracyclophane 17, 18, 19
[5]paracyclophane 17, 19
[6]paracyclophane 17, 18, 19
[6,6′]paracyclophane 22
properties 17–18
reactions 18–19
structures 17, 18, 20, 22
synthesis 19–20, 20–1, 22
see also calixarenes; resorcinarenes

cyclopropane 1, 2
cyclotetracatechylene 265

liquid-crystalline materials 266, 286
cyclotetrachromotropylene, interactions with various

substrates 131–3
cyclotetricosaphenylene derivative 518–20
cyclotricatechylene 263, 264

clam-shell structure 265
crown conformation 264, 265
liquid-crystalline materials 266
reactions 265–6, 279
substituted derivatives 266, 267

cyclotriveratrylene (CTV)
bridged 289
conformations 256–7
name first coined 256
rigid analogue 287, 288
tetrameric analogues 262–3, 286
in triply interlocked catenate 450, 452

cyclotriveratrylene–azacrown compounds 267
cyclotriveratrylene triphenols 264, 266

coupling of 308
reactions 275, 276, 285, 300
in synthesis of cryptophanes 290, 297, 308, 309

cyclotriveratrylenes
chemical modification of 263–8
Claisen rearrangement of 267
complexes 264–5

with carboranes 272–3
copper-based 283
with fullerenes 270, 272
palladium-based 282–3
platinum-based 279
silver-based 281, 283

diphenylphosphinobenzene-substituted 279
diphenylphosphinoferrocene-substituted 279
effect of dinitrile guests on structure 282, 283
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cyclotriveratrylenes (continued )
heterocyclic analogues 287, 288
indole analogues 287, 288
linked to form cryptophanes 290
modification of aromatic rings with organometallic

groups 273–6
modification of bridging groups 269–73
optically active, synthesis of 258, 259, 268–9
pyrimidinone-substituted 270, 271
selective binding applications 276–86
structures 256–8
substituted 264, 270, 271, 279–80

coupling of 297, 299
synthesis 255, 258–63
thiophene analogues 287, 288
triallylether ether derivative, Claisen rearrangement

of 267
triamino-substituted 279–80
tribromo compounds 266

‘daisy chain’ cyclodextrin-containing polymer 231
‘daisy chain’ cyclodextrin trimer 231, 232
‘daisy chain’ polyrotaxanes 427, 430
decacyclen (aza analogue of 30-crown-10) 44, 46
decamethylcucurbit[5]uril 354, 355
‘deep-cavity’ compounds

calixarene dimers 99
calixarenes 92, 93
calixnaphthalenes 128, 181
4-hydroxyphenyl calix[4]pyrroles 151

dehydroannulenes 8
delayed-release agents (for drugs) 238
delocalised electrons, in aromatic compounds 5–6
dendrimers

with calixarenes 100, 102
complexes with cucurbiturils 350, 388
with crown ethers 67
with CTV trimers 270, 271
with cyclodextrins 209, 230, 238, 239

diacetylenes, in catenate synthesis 449
dialdehydes

catenane synthesis involving 473–4, 475
condensation with diamines 44, 46

dialkoxynezene-containing axles (in rotaxanes)
389, 391

diamide axle (in rotaxane) 408
diamino compounds, complexes with cucurbiturils 334,

337, 388
1,8-diaminonaphthalene, in rotaxane axle 403, 405
4,4′-diaminostilbene 337

complexation with CB[7] 339

diammonium compound, binding by crown ethers and
zincion 550, 551

diazacrown ethers
complexes with cucurbiturils 335
diaza-18-crown-6 43, 44

condensation polymers 66, 67
diazapyrenium macrocycles

in catenanes 468, 471
in pseudorotaxanes 558

diazotisation, calixarenes 92–3
dibenzanthracene 9
dibenzo-18-crown-6 36

synthesis 37–8
dibenzo-24-crown-8, in rotaxane synthesis 392–3, 394,

396–7, 399, 403, 421
dibenzo-34-crown-10

in catenane synthesis 450, 453
in rotaxane synthesis 394

1,2-dicarbadodecaborane, complexes with CTV 272
1,4-dicyclohexyl–CB[6] cobalt complex 356, 357
1,3-dicyclopentyl–CB[6] dihexyl bipyridinium

complex 356, 357
Diels–Alder reactions

calixarenes 92
calixfurans 137–8, 182
catalysis by calixpyrroles 155
cyclophanes 18

3,3′-diethylthiacarbocyanine iodide dye, complexation
with cucurbiturils 342

3,4-difluoropyrrole, calix[4]pyrroles synthesised
using 142–3

2,6-diformylpyridines, in borromeate synthesis 540,
544, 545

digoxin 236, 237
3,4-dimethoxypyrrole, calix[4]pyrroles synthesised

using 147–8, 148
2,7-dimethyldiazapyrenium ion 341

complexation with cucurbiturils 340
dimethyldiazapyrenium ion, as guest in

cryptophane 307, 308
dimethylglycoluril, condensation with

formaldehyde 354
dioctyl viologen 363

complexation with cucurbiturils 361
dioxapyrenophanes 25, 26
2,6-dioxyanthracene-containing axle (in rotaxanes)

562, 563
9,10-dioxyanthracene-containing axle

(in rotaxanes) 562, 563
diphenyl units, CTVs synthesised

from 260–2, 262
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diphenyl-bis-imidazolium ion 341
complexation with cucurbiturils 340

diphenylglycoluril 355
condensation with glycoluril 354

dipyridylethylene-containing catenane 462, 466
Direct Orange 40 (azo dye) 336

complexation with cucurbiturils 335
‘directed’ synthesis

catenanes 432
rotaxanes 383, 384

diruthenium-substituted CTV complex 274
disulfinyl thiacalixarenes 106, 107
DNA

catenanes in 501, 504
trefoil knot structures in 504, 538

DNA polymerase, synthetic mimic for 559, 562
dodecahedrane 4
dodecahedron 4
doubly interlocked catenanes and catenates 438, 442,

539–40, 541, 542
doubly linked cyclodextrins 222–3, 223, 224,

226, 227
drug-delivery systems 237

cyclodextrins used 237, 238
drugs, encapsulation within cucurbiturils 346
dyes

complexes
with cucurbiturils 335, 336, 339, 342–3
with cyclodextrins 200–1

see also azo dyes; cyanine dyes; fluorescent dyes;
rhodamine dyes; styryl dyes

electrides 35, 69, 163
electrochemical switching

catenanes 462, 491, 493, 494
crown ethers and derivatives 68–9
cucurbiturils 363
pretzelanes 526
rotaxanes 424

electrochemically switchable systems 68–9
electrochromic devices 427, 491, 493
electronic paper displays 495
electropolymerisable crown ethers 66, 67
enantiomers, separation of

by chiral crown ethers 41–2, 219
of CTV derivatives 269

by cyclodextrins 217–19
energy-harvesting systems 550
enzyme–cryptophane conjugates 312
expanded calixnaphthalenes 133
expanded calixpyrroles 163–4

fenoprofen 218
enantiomeric separation of 217

ferricinium-substituted cyclotriveratrylenes 275
ferrocene 28, 29
ferrocene-bridged calix[4]pyrrole 153, 154
ferrocene-bridged crown ethers 61, 62
ferrocene-containing axles (in rotaxanes) 403, 404,

407, 408
ferrocene and derivatives 337

complexes
with cucurbiturils 340
with cyclodextrins 206, 558

ferrocenophanes 28–9, 30
[0,0′]ferrocenophanes 29, 30
[1]ferrocenophanes 29
[1,1′]ferrocenophanes 29, 30
[2]ferrocenophanes 29
[3]ferrocenophanes 29
[4]ferrocenophanes 29
silicon-bridged, polymerisation of 29

‘figure of eight’ cyclodextrin 194
‘figure of eight’ molecule 446

in formation of tris-[2]catenanes 443, 446
films

catenanes 493
cryptophanes 312
cyclodextrins 243
knotanes 535
rotaxanes 421–7

flavin-containing catenanes 479, 483
flavour compounds, complexation with

cyclodextrins 241
fluorene/azobenzene-containing macrocycles, in

catenanes 472, 473
fluorescent dyes 201, 336

complexes
with cucurbiturils 335, 336, 339, 349, 356
with cyclodextrins 200–1

fluorimetric sensors 146, 149, 182
fluorinated calixpyrroles 142–3
fluorophores, complexation with cucurbiturils 342
‘football’ glycouril-based monomer 549
Friedel–Crafts-type reactions, calixarenes 90, 92
fuel cells 69
fullerene-moderated shuttle 411–12, 414
fullerene/porphyrin-containing catenates 450, 451
fullerene/porphyrin-containing rotaxane 416, 418
fullerenes

with azacalixpyridines 176
in calixarene inclusion complexes 97
with calixnaphthalenes 128, 130
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fullerenes (continued )
in catenates and catenanes 450, 451, 485, 490
with CTV derivatives 270, 272
with cucurbiturils 346
with cyclodextrins 206–7
in light-fueled power generator 414, 416
purification/separation of 272
in rotaxanes 403, 406, 416, 418

fumaramide-containing rotaxane 409, 413
modification of surface properties by light 426

furan
condensation with acetone 134–5
see also calixfurans

furan-based crown ethers, in catenane synthesis 455
furan-containing catenanes 476
furan-containing macrocycle 477
furanophanes 28
fused-aromatic-ring-system compounds 9–10

gas chromatography (GC) 218
chiral applications of cyclodextrins 218–19, 242

gas storage agents 354
gelling agents, CTV derivatives as 284–5
gene delivery agents 238, 365
glucose sensor 364, 425
glutathione peroxidase, mimic for 224
glycoluril, condensation with formaldehyde 325, 326
glycoluril linear oligomers 356

building up of 357
glycosyl-bridged calixarenes 85, 87
glycouril-based capsules, self-assembly of 548–9
gold acetylides, in Solomon links 539–40, 541
gold-based catenate 445, 448
gold nanoparticles, encapsulation within

cucurbiturils 346
gold surfaces

cyclodextrins attached to 242–3
rotaxanes deposited on 421, 422, 423, 424
thiolated dipyridiniumethylene compound on 364

‘Goldilocks’ effect (in cyclodextrins) 196, 199
graphene 10
Grubbs catalyst 112
guest–host interactions see host–guest interactions
Gutsche, C. David 77, 80, 90, 98, 116

‘handshaking’ by CTV complexes 283
Harrison, I.T. & S. 382–3
heme B 11, 12
hemicarcerands 113–14

as nanoreactors 114–15
hemicryptophanes 313–15

hemicucurbiturils 366, 367
hemispherands 59, 60
heteroatom-containing cyclic compounds 2

see also crown ethers; cryptands
heterocalixarenes 138–80

see also calixfurans; calixindoles; calixpyridines;
calixpyrroles; calixthiophenes

hexacyclen (aza analogue of 18-crown-6) 44, 45, 47
hexahelicene 9, 10
hexamethylene tetramine, complexes with

cucurbiturils 328, 331
hexathia-18-crown-6 50, 51
1,6-hexylenedipyridinium dication, complex with

cucurbiturils 337
high-performance liquid chromatography (HPLC) 219

chiral applications of cyclodextrins 219, 242
hindered catenanes 435, 437
homooxacalix[n]thiophenes 179–80, 181
‘hook and ladder’ catenane system 443, 444
host–guest interactions

calixarenes 95
crown ethers 35
cryptophanes 305
cyclodextrins 221, 222–8, 230

Huckel (4n + 2) rule 6
hybrid macrocycles 164–72
hydrogen bonding

in amide macrocycles, catenane synthesis
using 474–9

in calixarenes 101–2, 103–4, 106
in cucurbiturils 325
in rotaxanes 399

hydrogen sulfate ions, rotaxane as sensor for
416–17, 419

3-hydroxyphenyl calix[4]pyrroles 151, 152
4-hydroxyphenyl calix[4]pyrroles 150–1, 151
hyperpolarisation, xenon 308

icosahedron 5
imidazole derivatives, complexation with

cucurbiturils 350
imidazolium compounds, complexation with

cucurbiturils 338, 341–2, 346
imine-forming reactions, in synthesis of interlocked

structures 545
inorganic macrocycles, in rotaxanes 408–9, 410
Intel Itanium processor 550
inverted cucurbiturils 359, 360
iodination, calixarenes 92
iodine, interactions with cyclodextrins 205
ion channels, artificial 69, 566–7, 568
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ion-selective electrodes 68, 116
ionic liquids

complexation with cucurbiturils 338, 341–2
as ‘green solvent’ in CTV synthesis 263

iron–sulfur cluster compounds, binding of CTVs
with 285

irreversible molecular switches 409, 411, 413
isophthaloyl chloride, reaction with diamines 474–5,

476, 476, 477
isoquinoline-containing rotaxanes 409

Kaifer, Angel 388
‘Keggin’-type ions, complexes with cucurbiturils

332, 333
kekulene 9, 10
Kim, Kimoon 385
knotanes 526, 528–39

demetallation reactions 529–30
double knot compound 529, 530
functional groups incorporated in 532
studies on formation of 535
substituted knotanes 535, 538
synthesis 526, 528, 530–2, 533
tetramers 535, 536–7
see also trefoil knot structures

knotaxane 535
macrocyclic wheel 534

knotted closed loops, occurrence in Nature 504
krypton, encapsulation within cyclodextrins 205–6

lactam catenanes 476, 479
ladderanes 2, 3
Langmuir–Blodgett films

catenanes 493
cryptophanes 312
cyclodextrins 243
knotanes 535
rotaxanes 421, 422, 423, 424

lanthanide complexes
with calixarenes 96, 105
with crown ethers 40
with cryptophanes 296
with cucurbiturils 328, 330, 333
with hexacyclen 47

lariat ethers 50, 52–3
bibracchial lariat ethers 52, 53
tribracchial lariat ethers 53

Lehn, Jean-Marie 35, 43, 54
light-emitting diodes 428
light-harvesting molecular systems 343, 403, 407, 414,

416, 565–6

light-stimulated rearrangement of catenanes 559, 561
light-switchable surfaces 426
limonin 239
linoleic acid 240

complexation with cyclodextrins 239
liquid crystalline macrocycles

catenated polymers 501
crown ethers 69
CTV derivatives 265–6, 286
rotaxanes 567

liquid crystals, cryptophanes incorporated into 313
lithium-ion batteries 69
‘lock-and-key’ model 35
Lockhart, Joyce C. 43
logic gates, macrocycle-based 552–5
looped catenanes 480–2, 487
lumichrome (dye), complexation

with cucurbiturils 342
lysine, complexes with cucurbiturils 331

macrocyclic effect 56, 70
macrotricyclic compound 57, 58
‘magic rings’ macrocycle 443, 444
mandelic acid 218

enantiomeric separation of 217
Mannich reactions

calixarenes 92
resorcinarenes 110, 112, 114, 115

mechanically interlocked structures 381, 428, 431
see also catenanes; rotaxanes

medical applications 69–70
cucurbiturils 364–5
cyclodextrins 235–8

melamine diamino compound, complex with
CB[10] 351, 352

Merrifield-type polymer resi, in rotaxane synthesis
383, 429

[1,1,1,1]metacyclophane 77, 87
see also calix-4-arene

metacyclophanes
properties 17, 18
structure 17, 18
synthesis 19
see also cyclophanes

metallocene bis(crown ethers) 61, 62
metallocenes

attachment to CTV derivatives 275–6
calixarenes bridged with 97
see also ferrocene

metalloporphyrins 12
metalloproteinase, biosensor for detection of 311
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metathesis reactions
in catenane synthesis 472–3, 474, 483, 489
in knotane synthesis 529

methane, detection by cryptophane-based sensors 312
methoxyphenyl calixpyrroles 151
methyl orange (dye) 200

complexes with cyclodextrins 199, 200, 219
methyl viologen 337

complexes
with CB[7] 339
with CB[8] and tetrathiafulvalene 363

methylene blue (dye), complexation with
cucurbiturils 342

methylglycoluril, condensation with formaldehyde 354
mixed heterocyclic systems, binding to cucurbiturils

and cyclodextrins 340
mixed-host systems, self-sorting in 361
‘molecular abacus’ 562
‘molecular bundle’, synthesis of 546, 547
molecular cable extension 555, 556
molecular crank 417, 420
molecular dumbbell 535
molecular electronics devices 424
molecular elevator 412, 414
molecular extension cable 555, 556
molecular knots see knotanes
molecular lock (catenanes) 443, 444
molecular machines

cucurbiturils as 368
rotaxanes as 409, 411–21

molecular motion 555–65
molecular muscles 417, 420, 421, 426–7, 558–9, 560
‘molecular necklaces’ 202, 231, 427
molecular orbital theory 5, 6
molecular oscilator 555, 557
molecular paddlewheels 555, 557
‘molecular pedal’ 558, 559
molecular piston 417, 420, 421
molecular ratchet 409
molecular shuttles/switches 550–5

anion-moderated 412, 415, 416
catenanes 562, 564
combined with light-fueled power generator 414, 416
copper-moderated 416, 418
cucurbiturils in 363, 368
effect of solvents 411–12, 414, 421
four-level 416, 417
fullerene-moderated 411–12, 414
irreversible 409, 411, 413
pH-controlled 363, 386–8, 403, 409, 412
redox-driven 414, 416

rotaxanes 386–8, 389, 392, 399, 402, 403, 409–17,
412, 418, 562

molecular syringe 550, 551
molecular ‘trains’ 456
molecular turnstile 555, 557
molecular tweezers 155, 555
molecular ‘wires’ 567

threading cyclodextrins onto 428
molecularly imprinted polymers, cyclodextrin-based

polymers used as 231
mononuclear systems 28
Moore’s Law 550
MRI (magnetic resonance imaging) agents 70, 308, 364
multicalixarenes 98–104
multicyclodextrins 226–8
multiple-metallic catenates 449
multi-ring aliphatic compounds 2, 3
multi-ring aromatic structures 9–10

nanocapsules 364
nanocube, CTV-based 302, 303
nanoparticles, catenanes on 495–6
nanoreactors

cucurbiturils as 350
hemicarcerands as 114–15

nanospheres, cucurbituril-based 359
nanovalves 364, 365, 427, 567, 569
nanowires 520, 567
naphthalene 9–10

complexation with cyclodextrins 199–200
naphthalene diimide-containing catenanes 471, 473,

488, 492
naphthalene esters, complexation with cucurbiturils 348
1,8-naphthalene sultone, condensation with

formaldehyde 130–1
naphthalene-containing crown ether 394
naphthalenophanes 25, 26, 26, 27

cyclisation products 26, 27
1-naphthol, condensation with formaldehyde 126, 127
2-naphthol, condensation with formaldehyde 126, 127
naphthyl acetates, complexation with

cyclodextrins 200, 201
natural catenanes 501, 504
Neutral Red (dye), binding with cucurbiturils 342
nicotine, complexes with cucurbiturils 342
Nile Red (fluorescent dye) 356, 358
nitroxide radical probes, complexes with

cucurbiturils 350
NMR spectroscopy, cyclophanes 18
nomilin 239
nonactin (antibiotic) 69–70
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non-carbon ring compounds 2
NOR (logic) gate 555
nor-seco-cucurbiturils 359, 360
NOT (logic) gate 552, 554
nucleosides, complexes with

cyclotetrachromotropylene 132

occlusive isomers, bis-cyclodextrins 222, 223, 224
octahedrally coordinated metals, in catenane

synthesis 445, 448
octahedron 4
octanitrocubane 4
‘octopus’ molecules, CTV derivatives 266, 267
odour-masking agents, cyclodextrins as 241
olefin metathesis, catenane synthesis using 472–3, 474
oligoalkyne axle (in rotaxane synthesis) 403, 404
oligoanilines 341

threaded complexes with cucurbiturils 342
oligo[2]catenanes 498
Olympiadane 459, 461, 496
‘one-pot’ syntheses

for catenanes 450, 453
for rotaxanes 403, 406–7, 407

optical switching 424
organometallic catenanes 443, 444
organometallic compounds, complexation with

cucurbiturils 340
organometallic macrocycles, in rotaxanes 408
osmium-based macrocycle, in rotaxane formation 408
ouroborand 523, 525
ovalene 9, 10
oxacalixarenes 104, 105
oxaliplatin 345

encapsulation within cucurbiturils 344
oxygen-processing copper proteins, model for 285

π–electron interactions
catenanes based on 450, 453–74
rotaxanes based on 388–92

π–π interactions
in catenanes 435, 493
in cucurbiturils 346, 350, 356
knotane synthesis using 531, 532
pretzelanes synthesised via 526, 527
in rotaxanes 388, 412

paclitaxel (Taxol) 236
pagodane 4, 5
Paracelsus 35
[2,2′]paracyclophane carboxylic acid, methyl ester 23
[4]paracyclophane-1,3-diene 19
[2,2′]paracyclophanediene 22, 23

paracyclophanes
with nonhydrocarbon bridges 24
properties 17, 18
reactions 18–19, 23, 24
structure 17, 18, 23
synthesis 19
triple and quadruple systems 24, 25
see also cyclophanes

[4,4′]paracyclophanetetraene 23
[2,2′,2′′]paracyclophanetriene 22, 23
paraquat

complexes with aromatic crown ethers 388, 390
complexes with cyclotetrachromotropylene 132
see also cyclic diparaquat

patents, cyclodextrin applications 238–9
Pedersen, Charles J. 35, 36, 54, 70
penicillins 2, 3
pentacene 9, 10
pentacycloammoxic acid 2, 3
pentaprismane 4, 5
peptide-based poly(crown ethers) 566–7, 568
peptides

binding with bis-cyclodextrins 225
complexes with cucurbiturils 331
CTVs in assembly of 276
in rotaxane synthesis 399, 401

per(3-deoxy)-γ-cyclomannin 213, 214
perfume-encapsulation agents, cyclodextrins as 241
perhydroxycucurbiturils 359
perrhenate anions, extraction by CTV complexes

274, 275
pertechnetate anions, extraction by CTV

complexes 274, 275–6
Petrolite process 80, 82–3
Petrolite products 79–80
pH-controlled molecular switches 363, 386–8, 403,

409, 412
pharmaceutical applications

cyclodextrins used 237–8
side effects 236, 237

phase-transfer catalysis 68
phenanthrene 9, 10
phenanthrenophane, isomers 26, 27
phenanthroline-bis-phenol 434

complexation with macrocyclic phenanthroline
compound and Cu+ ion 432, 434

reaction of Cu(I) complex with
1,14-diiodo-3,6,9,12-tetraoxatetradecane 435

phenanthroline-bridged calixarenes 85, 87
phenanthroline-containing crown ether, reactions

403, 406



592 Index

phenanthrolines
complexation with cucurbiturils 350
in doubly interlocked catenates 438, 442
in knotane synthesis 528–9
in polyrotaxane synthesis 428, 430

phenol–formaldehyde polymers 79
1,4-phenylene bis-imidazolium ion 341

complexation with cucurbiturils 340
p-phenylene diammonium diiodide 337

complexation with cucurbiturils 338
photochemical switching

crown ethers 68–9, 551, 553, 558
cucurbiturils 368
cyclodextrins 228, 558
rotaxanes 409, 416
see also azobenzenes, isomer switch on irradiation

photochemical synthesis, cyclophanes 19, 20
photoresponsive compounds 60, 67, 68, 555, 558
phthalhydrazide 358

aromatic ring incorporation into cucurbiturils
356, 358

phthalimide-substituted crown ethers 468, 469
phthalocyanines 12, 13
phyrins 167
pinene 2, 3
platinum anticancer drugs 345

encapsulation within cucurbiturils 344
platinum-based DNA intercalator 349

complexation with cucurbiturils 350
Platonic solids 4–5
podands 40
polyacrylamides, with pendant benzocrown ethers 67
polyaniline–cucurbituril composite 361, 388
polybenzyl ether dendrimers 270, 271
polybutadiene, catalytic oxidation of bouble bonds

559, 561
polycaprolactone, complexation with

cyclodextrins 204–5
polycatenanes 496, 498–500
poly[2]catenanes 498–500
poly[3]catenanes 498
poly(crown ethers) 65–7

peptide-based 566–7, 568
in polyrotaxanes 428, 429

polyesters
complexes with cyclodextrins 204–5
copolymers with polycatenanes 498, 499, 500

poly(ethylene glycols)
complexes

with cucurbiturils 335
with cyclodextrins 202, 335, 382

poly(ethylene oxide) side chains, CTVs with 266, 267
polyionenes, complexation with cyclodextrins 205
polyisobutylene, complexation with

cyclodextrins 203–4
polymer–cyclodextrin complexes 202–5, 429
polymeric cyclodextrins 229–31

covalently linked 229–31
non-covalently linked 231

poly(methyl methacrylate), with crown ethers 66, 67
poly(oligoimino methylenes), complexation with

cyclodextrins 203
polypeptides, catenane formed from 504
polyphenylacetylene, β-cyclodextrin-substituted 230
polyphenylene dendrimer 520, 521
poly(phenylene vinylene) 340, 341
polyphthalocyanines 12, 13
poly(propylene glycols), complexation with

cyclodextrins 203
polypseudorotaxanes 428
polyrotaxanes 427–30

bipyridyl-based 428, 430
cucurbiturils in 385–6, 388
cyclodextrin–polymer complexes 202, 382, 428,

429, 429
‘daisy chain’ polyrotaxanes 427, 430
main-chain polyrotaxanes 427, 428, 429
phenanthroline-based 428, 430
poly(crown ethers) in 428, 429
polypyrrole-based 428
side-chain polyrotaxanes 427, 429–30
synthesis 421, 428, 429
viologen-containing 428

polythiophene rotaxane 429, 431
poly(vinylbenzo-18-crown-6) 65, 66, 67
poly(p-xylene) 20
porphrazine-linked crown ethers 65
porphyrin nanowires 567
porphyrin-bridged calix[4]pyrroles 159, 160
porphyrin-containing catenates and catenanes 449–50,

451, 457, 458, 471, 473
porphyrin-containing wheels (in rotaxanes) 403, 406
porphyrin-linked crown ethers 65
porphyrins 11–12

in rotaxanes 384–5, 416, 418
synthesis 11, 138–9
tetracationic 343

complexation with cucurbiturils 342, 352–3
potassium permanganate, solubility in organic

solvents 67–8
potentiometric snsors 522
preorganisation
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calixarenes 101
catenane synthesis 450, 472, 474, 475, 476
catenanes 478
cryptands 56
cryptophanes 255, 289
CTVs 266
cucurbiturils 360
cyclodextrins 222, 226, 228
rotaxane synthesis 388–9, 399
spherands 57, 59

pretzelanes 479, 500, 525–6, 527
prismane 4, 5
Prohance (MRI agent) 69, 70
‘propeller’ formation, polyphenylene dendrimer

520, 521
propylene oxide tetramer 35, 36
proteins, catenated structures in 504
‘pseudo gem effect’ 23
pseudorotaxanes 381, 382

catenanes in 445, 447
crown ethers in 393–4, 550, 552
cucurbiturils in 337, 338, 361, 362, 382
cyclodextrins in 382, 383, 445, 447
‘internal’ 550, 552

pyrene 9, 10
pyreneophanes 25–6
pyridine-based crown ethers, in catenane

synthesis 455–6
pyridine-substituted amines 337

complexation with cucurbiturils 338
pyridinium/triazole binding sites (on rotaxane

axle) 412, 415
pyridinophanes 28

quantum dots, nanocapsules as hosts for 364
quantum wires 520
quartz crystal microbalance (QCM) crystals,

cryptophanes deposited on 312

ranitidine, binding to cucurbiturils 344
Rebek, Julius 548
rectangular [4]rotaxanes 407
redox-responsive systems 558
reporter groups 68
resorcinarene crown ethers 567, 568
resorcinarenes

bridged 113, 114
combination with calixarenes 115–16
complexation chemistry 112
conformations 107, 108
joining together of 113, 115

multiple systems 115–16
phosphorylated 177
pyridine-containing 176–7
reactions 109–12
structures 77, 78, 109, 110, 255
sulfide-substituted 111, 112
syntheses 107, 109
thiol-substituted 111, 112
C-undecylresorcinarene 116

retinol 240
complexation with cyclodextrins 239

reversible ring-opening reactions
catenane synthesis using 473, 474, 475
polycatenane synthesis using 500

rhodamine B 364
rhodamine dyes, complexation with cucurbiturils 342
rhodamine 6G 343
ring-opening reactions, calixfurans 136, 137
rotacatenanes 526, 527
rotaxane nanovalves 427, 567, 569
rotaxanes 381, 382–430, 382

amide-based 399–402
bipyridyl-containing 411
calixarenes in 388, 389, 417, 419
crown ethers in 392–4, 399, 403
cucurbiturils in 331, 342, 361, 385–8
cyclodextrins in 383–5, 403, 424, 426
films 421–7
immobilised on cantilever 426–7
isoquinoline-containing 409
as molecular machines 409, 411–21
‘one-pot’ syntheses for 403, 406–7, 407
π–electron interactions in 388–92
[1]rotaxanes 526
[2]rotaxanes 381, 382

synthesis 383, 386, 388, 389, 392, 399, 403
[3]rotaxanes 381, 382

synthesis 387, 392, 393, 394, 403
[4]rotaxanes 398

rectangular 407
synthesis 383, 394, 403, 526

[5]rotaxanes 398, 407
schematic diagrams 382
slippage methods in synthesis 392, 399
surface-bound 424–5, 567
synthesis 382–3, 392–409

classical chemical techniques 382–3
by crown ether–ammonium interactions

392–4, 399
‘directed’ synthesis 383, 384
by slippage method 392, 399
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rotaxanes (continued )
statistical methods 383
via π–electron interactions 388–92

‘Russian doll’ arrangement 202, 351, 352
ruthenium cymene organometallic compound, reaction

with CTV 273–4

saccharides, binding and transport of 225
saddle conformation, cyclotriveratrylene 257–8
Sauvage, Jean-Pierre 382, 504
‘Schardinger dextrins’ 190
Schiff-base bridges 113
Schiff-base macrocycles 44, 522–3, 524
Schiff bases

cyclams formed from 47
synthesis 44, 46, 47, 49, 279, 280

Schill, G. 383, 432
selective binding agents, cucurbiturils as 361
selenium cyclic compounds 2
self-assembly

cucurbituril systems 350, 364
cyclotriveratrylene derivatives 285
glycouril-based capsules 548–9
multicalixarenes 100–1
rotaxanes at surfaces 421, 422, 423, 424

self-inclusion cyclodextrin-containing
complexes 213–14, 215, 428

self-sorting systems 361
cucurbiturils 361, 363, 368
kinetic vs thermodynamic 361, 362

sensing applications
calixarenes 552, 553
calixpyrroles 149, 158, 161–2
cyclodextrins 242–3
cyclotriveratrylenes 275, 276
rotaxanes 416–17, 419

sexipyridine and analogues 178
side-chain polycatenanes 498, 500
side-chain polyrotaxanes 427, 429–30
siloxanes 2
silver nanoparticles 567
simple ring compounds 1–3
skin-care products, cyclodextrins used in 239
‘sleeping swan’ arrangement, cyclodextrin

self-inclusion complexes 214, 215
slippage method, rotaxane synthesis using 392, 399
‘softball’ glycouril-based monomer 549
Solomon links 539–40, 541, 542

synthesis 539, 540, 542
solvents, molecular shuttling affected by 411–12,

414, 421

spermine and derivatives 330, 362
complexes with cucurbiturils 331, 334–5, 361
kinetic vs thermodynamic self-sorting 361, 362

spherands 56–9
aromatic-based 57, 58, 59
pyridine analogues 178

spirodienones, formation of 88, 89, 128
starch

components 190
test for 205

statistical synthesis
catenanes 432
rotaxanes 383

‘stellar octangular’ structure, Pd/CTV complex 282–3
steroid amino acid knotanes 537, 539
Stoddart, (Sir) J. Fraser 388, 450, 504
strapped calixpyrroles 158–60
strapped tetrathiafulvalene derivatives, in

catenanes 471, 472
styryl dyes, crown ether-substituted, complexation with

cucurbiturils 343
succinimidyl-containing axle (in rotaxane) 409, 413
sucrose 2, 3
suitane

structure 548
synthesis 546, 548

5-sulfanato tropolone, condensation with
formaldehyde 132, 133

p-sulfanatocalix-6-arene 98
sulfate-templated cyclisation, in catenane synthesis 485
sulfinyl calixarenes 106
sulfonation, of calixarenes 92
sulfonylcalixarenes 107
sulfur cyclic compounds 2
sulfur hexafluoride, complexation with

cucurbiturils 338
superoxides, solubility in organic solvents 68
superphane 25
suprachemistry, meaning of term 34–5
surface-bound catenanes 493–6
surface-bound rotaxanes 424–5, 567
Suzuki method 92
switchable catenanes and catenates 438, 441, 485–8,

491–3
switchable pseudorotaxanes 363, 386–8
switchable rotaxanes 386–8, 389, 392, 399, 402, 403,

409–17, 418
switches see molecular shuttles/switches

template effect 37, 38, 70, 158, 290, 569
templating reactions/synthesis
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calixpyrroles 158
catenanes and catenates 432, 434–50, 482
crown ethers 37
cryptophanes 290, 296
CTVs 296
cyclams 47
molecularly imprinted polymers 231
rotaxanes 399, 401, 409

‘tennis ball’ glycouril-based monomer 548, 549
‘tennis-ball seam’-like structures 170–1
terephthalic acid derivatives, copolymerisation with

catenanes and catenates 498, 500
terpyridyl-containing catenates 438, 441
tetrabenzoporphyrins 11, 12
tetracene 9, 10
1,2,4,5-tetracyclopentyl–CB[6] 356, 357
tetrahedrane derivatives 4
tetrahedron 4
1,2,3,4-tetrahydronaphthalene 16, 17
1,2,4,5-tetrakis-bromomethylbenzene, as ring-closing

agent 462
tetra-knotanes 535, 536–7
tetralactams, in catenane synthesis 479, 482
tetraline 16, 17
tetramethylcucurbit[6]uril 355
tetrathiafulvalene 240, 242
tetrathiafulvalene-containing catenates 438, 441
tetrathiafulvalene derivative, complex with CB[8] and

methyl viologen 363
tetrathiafulvalene/dialkoxybenzene axle (for

rotaxanes) 392, 393
tetrathiafulvalene/1,5-dioxanaphthalene axle (for

rotaxanes) 421, 424
tetrathiafulvalene macrocycles, in catenanes 471, 472
tetrathiafulvalene radical cations, encapsulation within

cucurbiturils 348
tetrathiafulvalene-substituted calix[4]pyrroles

153, 154
tetrathiafulvalene-substituted cyclodextrins 240,

242, 243
tetrathiafulvalene/triazole axle (for rotaxanes) 412
tetra-uracil calixarene analogue 180, 183
textile applications, cyclodextrins 241
thallium trifluoroacetate, calixarenes oxidised by 88
therapeutic compounds 345

delivery via cyclodextrins 235–8
as guests for cucurbiturils 344, 346

thiacalixarenes 105–6
oxidation of 106, 107

thiacalixcrowns 107
thiacalixpyridines 178, 179

thiacrowns 50, 51
thioflavin T, complexes with cucurbiturils 330, 331,

343–4, 351
thiophene-containing catenates and catenanes 450, 451,

462, 464
thiophenophanes 28
thiovanillin derivatives 278

CTVs synthesised from 277, 278
threading

cucurbiturils 334, 335, 337, 338, 341, 342, 350, 353,
354, 361, 365, 385

cyclodextrins 197, 202, 203, 206, 207, 229,
231, 335

in rotaxane synthesis 399, 402
three-dimensional aliphatic carbon structures 3–5
three-way axle 395

in rotaxane synthesis 392
three-way switch 424, 558
tocophenol (vitamin E) 240

complexation with cyclodextrins 239
transistors, fabrication of 550
trefoil knot structures 526, 528–39

in DNA 504, 538
studies on formation of 535
synthesis 526, 528, 530–2, 533
visualisations of formation 537–8, 540
see also knotanes

triazoles
hydrogen bonding by 520
synthesis 366

factors affecting 365
triazolophanes 520, 522, 524
tribracchial lariat ethers (TRIBLEs) 53
1,3,5-tricyclohexyl–CB[6] bipyridine complex

356, 357
trimetallic catenates 449
2,3,4-trimethoxy benzyl alcohol

tetramerisation of 262–3, 263
trimerisation of 259, 261

triphenylene 9
triply interlocked catenates 450, 452
tris-[2]catenanes, synthesis 443, 446
tris(crown ether), in molecular elevator 412, 414
tris-cyclodextrin 227, 228
tris-furans, condensation with dimethoxyethane 135
tris-phenanthroline macrocycle 438, 442, 443

in multiple-catenate synthesis 438, 442, 443
trisphthalocyanines 12, 13
triveratrylene see cyclotriveratrylene
tropolone-based macrocycles 134–5
twisted-boat conformation, cyclophanes 17, 18, 24, 25
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‘unidirectional’ catenanes 562, 564–5, 565, 566
uranyl cation, affinity of calixarenes for 96
urea-substituted crown ethers 567, 568

veratrole and compounds
condensation with formaldehyde 258
condensation with trifluoromethylacetaldehyde 285

veratryl cation 258
see also cyclotriveratrylenes

viologen compounds 337, 349
in catenane synthesis 450, 453
complexation with cucurbiturils 339, 347, 348
polypseudorotaxanes formed from 428

viologen-containing axles (for rotaxanes) 392, 394,
394, 399, 399, 412, 415

viologen-containing polymers, complexation with
cyclodextrins 205

vitamins, binding to cucurbiturils 344
volatile organic compounds, complexes, with

cucurbiturils 335

water-insoluble drugs, cyclodextrins used to
solubilise 238

Willstätter, Richard 432
Wurtz reaction 20, 26

xenon complexes
with cryptophanes 308–12
with cucurbiturils 331, 338, 364

XNOR (logic) gate 555
XOR (logic) gate 552, 554, 562
p-xylylene diammonium diiodide 337

complexation with cucurbiturils 338
xylylene dibromide, as ring-closure agent 388, 450,

462, 463, 501, 526
effect of (para or meta) isomer 462, 463

zinc-templated synthesis
borromeates 540, 542, 543
knotanes 530–2

‘Zorbarenes’ 130
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