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PREFACE

Supramolecular chemistry emerged only a few decades ago but it is
developing rapidly despite the lack of a precise definition of this domain.
Interacting with chemistry, physics, biology, and technology it is gaining its
strength from fruitful collaborations of researchers representing these diverse
fields. It promises, on the one hand, a better understanding of processes in living
organisms on the molecular level and, on the other, numerous applications which
will change our everyday life. A supermolecule, the subject of study in
supramolecular chemistry, is composed of molecules and/or ions held together by
weak nonbonding interactions. Weak, but numerous, these interactions may
dramatically change the properties of constituent parts of the association. Anions
of alkaline metals created owing to a high affinity of cryptands to these metals,
nitrogen atoms and He, and Ne, molecules isolated in fullerene cages, and stable,
otherwise short-lived, species obtained in 'molecular flasks' are probably the most
spectacular examples of nontrivial effects resulting from the supermolecule
creation. The aim of this book is an introductory presentation of this fascinating
field to research scientists working in related areas and to Ph.D. students. It will
be useful to specialists as well since it gives a comprehensive, fully referenced,
concise and balanced view of the subject. The book is divided into two parts.

X1



Xii

General ideas constituting the basis of supramolecular chemistry, its
interdisciplinary character, present and future potential applications are presented
in the first part. The second part gives a brief but complete overview of important
groups of compounds and systems involved. I have been fascinated by their
variety and by prospects of industrial applications and hope to transmit my
fascination to the reader.

While working on the book I received generous help from many people. Dr.
O. Lukin and Mr. G. Dolgonos took an integral part in the process from
stimulating comments in the beginning to formatting formulae, preparing
drawings and the camera ready copy required by the publisher in the end.
Comments and critical remarks by Professors Z. R. Grabowski, B.
Korybut-Daszkiewicz, J. Lipkowski, W. Kutner, W. Pasik-Bronikowska, M.
Geller, J. F. Biernat, A. Poniewierski and R. Nowakowski lead to numerous
improvements of the presentation and are gratefully acknowledged. Thanks are
due to Professors A. Harada, J. Lipkowski and J. A. Ripmeester for supplying
me with drawings.

Finally, I would like to express my hope that readers' pleasure while reading
this book will not be less than that I have experienced in writing it.



Chapter 1

SUPRAMOLECULAR CHEMISTRY - WHAT IS
THIS?

Supramolecular chemistry [1] is a new emerging domain lying amidst
chemistry, biochemistry, physics, and material science (or technology). Its
foundations were laid down less than 50 years ago and in 1987 its founding
fathers, Pedersen. Cram and Lehn, were awarded the Nobel Prize in Chemistry
[2] for their works on molecular recognition. According to one definition
proposed by Lehn [1b], supramolecular chemistry is chemistry beyond the
molecule. A concept of supermolecule was coined much earlier in the thirties [3]
and was later applied to describing objects studied in this research area. Lehn's
definition is not very specific. For instance, in accordance with it a monocrystal
and a solution of sodium chloride in water are gigantic supermolecules. This
situation could result in claims that supramolecular chemistry does not exist at
all because it simply encompasses all chemistry and a great deal of physics.

Another Lehn's definition stresses the role of nonbonded interactions in
supramolecular chemistry as opposed to that played by covalent interactions in
classical organic chemistry. Nonbonded interactions forcing the association of
molecules are characterized by much smaller energies than those of 200-400
kJ/mol typical for covalent chemical bonds. In addition to relatively strong ion-
ion electrostatic interactions ofca. 4-40 kJ/mol and hydrogen bonding ofca. 1-80
kJ/mol, they include much smaller Londondispersion forces, ion-induceddipole
and dipole-dipole interactions that are less than 4 kJ/mol strong. Hydrophobic
effects are also of this order of magnitude. The definition of supramolecular
chemistry on the basis of noncovalent interactions seems a little more specific.

1



2 Chapter 1

Unfortunately, it also covers too vast an area. It does not exclude crystals and
solutions mentioned above. Moreover, it also includes polymers, in which
nonbonded interactions play such an important role, into the realm of
supramolecular chemistry.

In spite of the lack of a precise definition, the domain of supramolecular
chemistryisblooming. It hasdiversified enormously and includes charge-transfer
complexes [4], inclusion complexes (incorporating e.g. Cram's hemicarcerands
[le, 5] and cyclodextrins [6]), mono- and polylayers, micelles (see examples 2,
5-8 below), vesicles (Figure 1.4) [1d], liquid crystals [7] and cocrystals
consisting of at least two different kinds of molecules [8] which form highly
specific domains differing in the objects studied and research techniques. The
specificity and separateness of the first group, i.e., charge-transfer complexes,
and those of liquid crystals seem generally recognized. On the other hand, as
concerns inclusion complexes or other molecular aggregates consisting of only
few molecules, higher molecular aggregates, and cocrystals formed by at least
two types of molecules the situation is not that clear. The objects studied in these
areas differ essentially as concerns the number of molecules which are formed of
and the typical methods of research used.

Inclusion, that is host-guest, complexes and small aggregates typically consist
of a few (usually two) molecules and the physicochemical methods applied in
their studies are very close to those used in classical organic chemistry. Contrary
to such aggregates, larger molecular assemblies (micelles, vesicles, mono- and
polylayers) are characterized by much larger, ill-defined number of objects
forming them. In this respect they are similar to polymers of which the molecular
weight is also only approximately given. The assemblies have found numerous
applications but their internal structure and the mechanism in which such
structures are built from isolated molecules are not fully understood. Studying
such complicated structures requires novel experimental techniques other than
those used to analyze single molecules. On the other hand, to study the last group
of supermolecules involving crystals the standard X-ray technique is used. This
group is of practical importance for the new research area bearing the name
crystal engineering. The aim ofthis domain consists in obtaining crystals with
predefined desirable properties.

Science is a complicated matter and any definition of a research area is an
oversimplification. This is especially true for a new domain in statu nascendi
such as supramolecular chemistry [9]. However, a recent development in
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Figure 1. 1. Some supramolecular architectures of hydrogen bonded Whitesides complexes.
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supramolecular chemistry is so innovative, involving both novel concepts and
ideas as well as specific experimental techniques, that it justifies the
establishment of this new field even if at present it lacks any precise definition.
Let us look at a few examples showing what makes supramolecular chemistry
different from the classical organic chemistry.

1. Melamine 1 and cyanuric acid 2 derivatives can form various types of
stable aggregates characterized by different hydrogen bonding patterns such as
those presented in Figure 1.1 [10]. The structure of these aggregates influences
their properties as reflected, amongst others, by their NMR spectra. The energy
ofa single hydrogen bond is much smaller than that of acovalent bond. However,
one ofthe most complicated systems of this kind created by the Whitesides group
contains as many as 54 hydrogen bonds. Even assuming a moderate value of 16
kJ/mol for the energy of one of such bonds, one arrives at more than 800 kJ/mol
for the energy ofthe whole H-bonded system. Interestingly, the energy of these
bonds is much higher than that of a standard covalent C-C bond influencing the
properties of the whole system.

2. Cyclobutadiene 4 is extremely unstable undernormal conditions. However,
it was obtained and kept at room temperature for several months inside § by
Cram and coworkers [5], who called the latter molecule a molecular flask.

3. The synthesis of a molecular knot 6

VZ [11], olympiadane 7 [12], and many other

~ N | topological molecules discussed in Sections

I =N_ a 2.3 and 8.1 would not be possible without
| =N M\ preorganization of substrates forcing their
=~ NZ r appropriate orientation. In this case the
N preorganization is accomplished by the

) .. complexation of phenanthroline fragments

Figure 1.2. Perpendicular orientation . h 1 F; 12

of phenanthroline fragments with a metal ion (Figure 1.2).
complexed with metal. Thus there is an essential difference
between classical homogeneous reactions in
organic chemistry and reactions such as those in which catenanes and knots are
formed. In the latter, there are heterogeneities on the micro scale. Thus
supramolecular chemistry lies also in the border area between classical organic
chemistry and surface chemistry.
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Figure 1.4. Schematic structures of aggregates of amphiphilic molecules in a polar solvent
(the hydrophilic regions of each molecule are shaded).
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4. Polyether containing 2,2'-bipyridil units 8 spontaneously forms a double
helicate 9 by multiple coordination with Cu® ions [13]. This process of
self-organization is enforced by the proper orientation ofcoordinated bipyridyl
units analogous to that shown in Figure 1.2. It is characterized by a positive
cooperativity yielding no partly assembled species.

5. Nitroglycerine 10a is both a drug and an explosive. Its inclusion into the
cavity of B-cyclodextrin, -CD, 11 prevents its decomposition and enhances its
bioavailability [14]. The complex of 10a with 11 is marketed under the name
Nitropen as a coronary dilator sublingual tablets by Nippon Kayaku company in
Japan.

6. In polar solvents amphiphilic molecules, that is molecules with a polar
‘head’ and hydrophobic ‘tail’, tend to form various aggregates. The structure of
micelles is usually much more complicated than that schematically shown in
Figure 1.4 (see the pertaining discussion in Section 2.3). Nevertheless, in water
they can include nonpolar molecules into their voids acting like surfactants
applied in toiletry [15]. Similarly to cyclodextrins such as 11 [6, 16] and liquid
crystals [7] discussed in Section 2.6, surfactants are examples of few
supramolecular systems which have found numerous practical applications.

7. The ‘molecular necklace’ 12 of a-cyclodextrin 13 ‘beads’ threaded on a
polyether chain (Figure 1.5) forms spontaneously in solution [17]. This is an
example of a so-called ‘one-pot reaction’ in which complicated structures are
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obtained in one step as opposed to multistep reactions typical for chemistry of
natural products.

8. The formation of supramolecular complexes catalyzes numerous reactions.
In case of autocatalytic reaction one can speak about a self-replicating system
crudely mimicking reproduction. An interesting example of this kind was
provided by Luisi and coworkers [18]. The authors created a system of reverse
micelles consisting of water droplets stabilized in organic solvent by a layer of
surfactant, which promoting a reaction inside these micelles is capable of
forming the new micelles. The system under consideration consists of 50 mM
octanoid acid sodium salt acting as a surfactant, aqueous LiOH and 9:1 (v/v)
mixture of isooctane with 1-octanol. The alcohol that serves as cosurfactant is

o]

OH

o
%" Lon HO O
HO 0
HO

COH

o o]
o F N NH, + HO
#‘Q’ + HN 0\_{_/0\_);1/0\_/ 2 OH .
NO o
4 HO OH pa~
OH
o) HO
13
" g
O,N —Quuo\ 0 \_/o\ O jouu Quo,
NO, U U \/ O,N
L —n

12

Figure 1.5. The ‘one-pot’ formation of a ‘molecular necklace’ involving 20-22
a-cyclodextrin *beads’ represented schematically by buckets.
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essential for the creation of stable reversemicelles partitions between the micelle
layer and the bulk solvent. The reaction used was the hydrolysis ofoctanoic acid
octyl ester catalyzed by LiOH. In control experiments the reaction producing new
micelles was shown to depend critically on the presence of reverse micelles.
9. The hydrolysis of adenosine triphosphate 14, ATP, to adenosine
diphosphate 15, ADP, is of considerable chemical and biochemical importance
since such processes catalyzed by numerous enzymes play a crucial role in

o™ . (0/_\03
0 & o} 0: ’ ‘li’ .
CCL/OJQ T e @Stf;f)

17 18 19

oy '
ij Y 0=

21 22

biology. Lehn with coworkers [19] developed several substituted macrocycles
which catalyze among others the transformation of ATP to ADP by means of
formation of intermediate complex 16.
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10. Selective complexation of cations by crown ethers 17 [1b, 1g] and
calixarenes 18 [1f] depending on the rings size was proposed to be used in
Sensors.

11. Sodium and other alkali metals are known to easily form cations.
Surprisingly, they can also form anions, which are the strongest known reducing
agents. One ofthe most stable of such salts consisting ofaNa" cation trapped in
cryptand 19 and Na" is relatively easy to obtain and does not decomposes in
vacuum at room temperature. Its X-ray analysis and NMR spectra prove the
existence of such highly untypical anions [20].

12. Wonderful colours of butterfly and bird wings emerge as a result of
diffraction or scattering of light by thin-film nanostructures. [21]

In all examples presented above the systems have changed their properties
upon association. Cyclobutadiene 4 has become stable after being complexed
with §, in spite of it being a highly reactive species under normal conditions [5].
Somewhat similarly, the possibility of nitroglycerine 10a explosion is
considerably diminished after complexation with B-cyclodextrin 11 [14]. Micelles
and vesicles allow one to introduce nonsoluble agents into a solution. The spatial
reorientation of reaction substrates, i.e. their preorganization, owed to the
complexation with metals allowed Dietrich-Buchecker and Sauvage with
collaborators to obtain a molecule twisted into a knot 6 [11]. Similarly, the
synthesis of olympiadane 7 by Stoddart's group [12] would not be possible
without the preorganization forced by m-stacking interactions. All these examples
and many other discussed in this book show that a system of interacting
molecules or ions is different from the sum ofits separated parts thus pointing to
the most essential specificity of supramolecular chemistry. The above examples
point to a basic property of the complexation processes under consideration and
of supramolecular chemistry in general, namely, molecular recognition.
Accordingto Lehn [22] it "is defined by the energy and the information involved
in the binding and selection of substrate(s) by a given receptor molecule; it may
also involve a specific function". This translates into the selectivity of
intermolecular binding making possible by "pattern recognition process through
astructurally well-defined setofintermolecular interactions". The formation of
Whitesides' hydrogen bonded aggregates 3a-c [4] shown in Figure 1.1 is so
efficient because:(1)there are favourable spatial relationships between melamine
and cyanuric acid molecules; and (2) the electrostatic fields of both molecules
complement each other. Thus suitable conditions for efficient intermolecular
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attractions are created and the molecules recognize each other. Similarly, one-pot
synthesis of the ‘necklace’ 12 [7] would not be so effective (or even possible)
with a larger cyclodextrin. Thus, also in this case the substrates recognize each
other. The recognition phenomenain nature and host-guestchemistry are mostly
analyzed using the concepts of receptor and substrate and that of ‘key and lock’
mechanism of the recognition process introduced by Emil Fischer more than 100

SN
=P
2

S

S

S

=

Figure 1.6. Example of induced fit complexation.
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years ago [23]. They usually involve a larger molecule with a kind of cavity
called receptor and a smaller one that fits into this cavity bearing the name
substrate. According to this model, these two parts of the system fit as a key into
a lock. Today we know that this a is somewhat oversimplified picture of the
recognition phenomenon, and amore subtle model involving induced fit [24a] will
be presented in Chapter 3. An impressive example of the dendrimer host
adaptation to the complexed guest presented by the Sanders group [24b] is
schematically visualized in Figure 1.6balthough itis notclear why the dendrimer
molecule depicted in Figure 1.6a does not complex four bicyclic amines.

Supramolecular chemistry owes its importance to a great extent to the
abundance of recognition and assembling processes in living Nature. To name
but a few:

1. Enzymes recognize substrates highly specifically and carry out reactions
in very efficient way. Thus L-, not D-, amino acids are predominantly synthesized
in living organisms. However, contrary to common opinion, they are not
exclusive [25].

2. The sensitivity of our (or better dogs') noses to fragrances is based on the
ability of the smell receptors to discriminate between sometimes very small
differences in molecular shape and charge distribution. Noses recognize
fragrances at molecular level very precisely. For instance, by smelling one can
easily differentiate between (+)- and (- )-carvone 20a,b which differ only in the
configuration on one carbon atom [26]. The carvone isomers are mirror images,
and this type of recognition bears the name chiral recognition.

3. The central part of cell walls is a membrane consisting of complex
self-assembled structures with built-in channels that execute complicated
functions, e.g., the transport of ions briefly discussed in Section 5.3.4). Creating
artificial membranes mimicking the functioning of biological membranes is one
of the important tasks of supramolecular chemistry.

4. As discussed in detail in Section 5.2.1, a living creature, tobacco mosaic
virus, is built ofa helical strand of RNA enclosed by a sheath composed of2130
proteins. Amazingly, by changing the experimental conditions one can decompose
the virus into its constituents parts and then reassemble it by switching to the
former conditions [27a]. This means that a kind of living organism [27b] could
be obtained from the fragments which, at least in principle, can be synthesized
in a test tube. Such observations further complicate the answer to the
fundamental question ‘Whatislife?’.To understand the structure and behaviour
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of supramolecular assemblies in Nature one can model them by simpler systems
called biomimetic structures. This is one of the most important tasks of
supramolecular chemistry.

In spite of its importance, the significance of supramolecular chemistry
cannot be limited to the understanding of molecular foundations of life. Present
or prospective practical applications of molecular assemblies are another driving
force for the rapid development of this domain. The use of the complex of
nitroglycerine 10a with B-cyclodextrin 11 in the pharmaceutical industry was
mentioned above. Such a mode of drug administration not only prevents the
decomposition but also enhances its solubility resulting in its increased bio-
availability [16]. Similarly, the complexation of fragrances or spices with
cyclodextrins allows one to store them without loss for a long time [28]. Adding
cyclodextrins to waste water enables its more effective purification [29]. Another
field of practical applications of supramolecular assemblies provides liquid
crystals [7] widely used, amongst others, as displays (see, however, the
discussion in Section 4.2.6).

The prospective applications ofmolecular assemblies seem so wide that their
limits are difficult to set. The sizes of electronic devices in the computer industry
are close to their lower limits. One simply cannot fit many more electronic
elements into a cell since the ‘walls’ between the elements in the cell would
become too thin to insulate them effectively. Thus further miniaturization of
today’s devices will soon be virtually impossible. Therefore, another approach
‘from bottom up’ was proposed. It consists in the creation of electronic devices
of the size of a single molecule or of a well-defined molecular aggregate. This is
an enormous technological task and only the first steps in this direction have been
taken. In the future, organic compounds and supramolecular complexes will serve
as conductors, as well as semi- and superconductors, since they can be easily
obtained with sufficient, controllable purity and their properties can be fine tuned
by minor adjustments of their structures. For instance, the charge-transfer
complex of tetrathiafulvalene 21 with tetramethylquinodimethane 22 exhibits
room- temperature conductivity [30] close to that of metals. Therefore it could
be called an organic metal. Several systems which could serve as molecular
devices have been proposed. One example of such a system which can also act
as a sensor consists of a basic solution of phenolophthalein dye 10b with
B-cyclodextrin 11. The purple solution of the dye not only loses its colour upon
the complexation but the colour comes back when the solution is heated [31].
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Therefore after scaling it could serve as thermometer. The complicated processes
involved in de- and re-colouration are not fully understood, but the latter is
undoubtedly associated with the complex decomposition triggered by thermal
motion of the cyclodextrin involved. Thus it reflects the dynamic character of the
phenolophthalein complex with 11 (see Section 3.4 for a short discussion of
dynamic character of supramolecular complexes). Optoelectronics making use
of nonlinear optical phenomena is yet another field of prospective applications
of molecular assemblies [32].

Another aspect of future applications of supramolecular chemistry, as
opposed to classical organic chemistry, is that it opens the possibility for much
cleaner technological processes on the one hand, and provides means for the
removal of toxic wastes from the environment on the other (see Section 6.3.4).

It should be noted that the word ‘complex’, often used in supramolecular
chemistry, is not very specific. It is applied to charge-transfer complexes like the
one formed by 21 with 22 [30] as well as to coordination complexes consisting
of one or more atoms or ions with n ligands like K,[Pt(NO,),]. The same name
complex also covers the Whitesides’ hydrogen bonded systems [10] shown in
Figure 1.1 and inclusion complexes of 4 embedded in 5. Thus the term complex
without any adjective has no specificity and can be applied to any type of
molecular associates.

According to Lehn [33] "A receptor-substrate supermolecule (i.e.
supramolecular complex) is characterized by its geometric (structure,
conformation), its thermodynamic (stability, enthalpy and entropy of formation)
and its kinetic (rates of formation and of dissociation) features." It should be
stressed that due to its smaller energy the ‘intermolecular bonding’ in
supramolecular systems is much softer than a covalentchemical bond. Therefore,
(1) in solution some of these complexes, e.g. cyclodextrin or donor-acceptor
complexes, exist as mixtures of rapidly interconverting free and complexed
species. The processes of overall and local molecular motions can be studied by
means of NMR relaxation experiments [34], which in certain cases indicate very
short lifetimes of the complexes, comparable with the overall reorientation rates
[35], raising the question about the criterion of existence of the complexes under
study. Moreover: (2) as discussed in Section 3.3, the complex structure in the
solid state can be different from that in solution in analogy with a famous
biphenyl case [36]. Also, as the result of a weak ‘bonding’ in supramolecular
systems the dynamics of the motion of molecules constituting the complex under
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investigation may be, and usually is, different from those of its free constituent
parts. Also in this case the investigation of nuclear relaxation is a method of
choice.

To summarize, supramolecular chemistry is a rapidly developing, but
ill-defined, field encompassing at least three highly specific domains mostly
characterized by different objects and research techniques. As discussed in some
detailin Section4.1, shortly after its establishment supramolecular chemistry has
ripened into being divided into small aggregate chemistry which encompasses
host-guest (or inclusion) chemistry, the chemistry of higher aggregates which at
present lacks a proper name (aggregate chemistry?) and crystal engineering.

Numerous supramolecular systems have found practical applications but
their internal structure and the mechanism of their formation from isolated
molecules are not fully understood. Their study requires the application of new
experimental techniques. Thus, in addition to the classical physicochemical
methods (IR, UV, NMR and ESR), novel specific experimental techniques
evolve. They include Scanning Probe Microscopy, SPM [37a], (in particular,
Atomic Force Microscopy, AFM) [37b], Small Angle X-ray Scattering SAXS
[38], Extended X-ray Absorption Fine Structure EXAF [39], Brewster Angle
Light Microscopy [40], Langmuir Balance [41], electrochemical techniques [42],
Thermogravimetric Analysis and Differential Scanning Calorimetry [43], to name
but a few. The complex structure of supramolecular assemblies and their
dynamic character call for a wide, but cautious (see Section 7.4.3), use of
molecular modelling for investigation of the structure and behaviour of
supramolecular assemblies [44].
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Chapter 2

MOLECULAR AND CHIRAL RECOGNITION.
SELF-ORGANIZATION, SELF-ASSEMBLY
AND PREORGANIZATION

2.1 Molecular and Chiral Recognition

Molecular recognition, self-organization and self-assembly are the central
concepts in supramolecular chemistry. The recognition consists in selective
binding of a substrate molecule, called a guest in supramolecular chemistry, by
a receptor bearing the host name. As mentioned in Chapter 1, according to Lehn
[1]asupramolecular complex is characterized by the energy and the information
involved in its binding, by the selection of substrate(s) by a given receptor
molecule, and sometimes by a specific function [2]. Strong bonding need not
necessarily be accompanied by selectivity, thus, it is different from molecular
recognition. The macrocyclic tetraphenolate 23 is a strong binder of
neurotransmitter cholin (CH;),N"CH,CH,OH OH" 24 (the association constant
K =50000M"' [3]). However, such a large value is characteristic of not only this
but of all guest molecules possessing a N "(CH;); group that lacks considerable
steric hindrance. Thus the complexation of 24 by 23 is very selective for the latter
group but does not recognize the rest of the molecule. An illustration of higher
affinity but lower selectivity in chiral recognition by cyclodextrins is presented
below. Some examples of the recognition were briefly presented in Chapter 1. For
instance, the highly selective and diversified aggregation of melamine 1 with
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uronic acid 2 and/or of their derivatives is made possible by complementarity of
their donor and acceptor sites enabling multiple hydrogen bond formation [4].

Similarly, the favourable orientation of 2,2'-bipyridine units 8 coordinated with
Cu’ ions forces the formation of the double helicate 9 [5a] and knot 6 [5b], On
the other hand, weak but numerous dispersive interactions are one of the main
driving forces for the cyclodextrin complexation (such as that ofnitroglycerine
10 with P-cyclodextrin 11 [6] and the ‘molecular necklace’ of 12 and 13 [7]).
Molecular and chiral recognition in nature (exemplified, amongst others, by
enzymatic reactions, the formation of the DNA double helix ,and the
reassembling of the decomposed tobacco mosaic virus [8] discussed in some
detail in Chapter 5) is much more efficient, enabling unrivaled specificity of
reaction chains in living organisms. As discussed in briefin Chapters 1 and 5, the
‘lock and key’ [9a] and ‘induced fit’ models [9b] have been proposed for
describing recognition processes. In agreement with the latter model, some
enzymes were found to undergo conformational changes promoting their action
[10]. Another example showing that the host is not rigid and adapts itself to the
anionic guests of varying size is provided by cryptophane 25a [1 la]. This host
includes not only molecules the van der Waals radii of which perfectly match the
size of its cavity [11b] but also a relatively large chloroform guest. In agreement
with the ‘induced fit’ model, this indicates the host ability to undergo changes to
adapt itself to the guest. On the other hand, the ternary complex involving
cavitand 25b, benzene and cyclohexane in the highly unusual boat conformation

in the solid state represents a fascinating example of the accomodation [12]. One
of the most spectacular changes upon complexation was reported by the
Raymond group [ 13a]. The latter authors have shown that the ligand 26a forms
complexes 26b and 26¢ not only ofdifferent spatial structure but also of different
stoichiometry with X = [Ti(acac),] or [Ga(acac),] depending on the presence of
the Me,N" guest.

The building of a cavity around the guest is an extension of ‘induced fit’
concept. This is the case with hexokinase enzyme [ 13b] and foldamers [ 13c] that
wrap themselves around the guest.

By analogy with molecular recognition, chiral recognition consists in the
selective binding of enantiomers, that is, of the molecules that are mirror images
of each other, such as 27a and 27b. A small child trying to put his left foot into
the right shoe is probably the best visualization of this phenomenon. As discussed
in Chapter 5, chiral recognition is especially important in living organisms.
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Cyclodextrins (Section 7.4) are one of the best enantio-discriminating factors
[14a]. The chromatographic separation of o-pinenes 27 and camphor 28
enantiomers by a-cyclodextrin [ 14b,c] may serve as examples. Interestingly, the
latter host 13 recognizes the enantiomers of 27 although the stability constants
of the complexes are smaller than those with 11 that does not recognize them
[14d]. Specific hosts such as 29 for very effective enantio-selective binding of
aminoacid derivatives have been synthesized by Still group [15]. The free energy
difference between diastereomeric complexes formed by a host with enantiomeric
guests are usually less than 0.3 kcal/mol. However, for the complex of 29a with
enantiomers of an alanine dipeptide this difference is equal to 1.3 kcal/mol [ 15b],
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Figure 2.1. Enantiomerization of cyclohexene.

and it reaches the unusually high a value of 3 kcal/mol for 29b complexed with
enantiomers of a simple peptide [15c]. Interesting example of solvent (e.g.,
diethyl ether, pentane) polarity affecting the product chirality was reported by
Inoue and Wada [16]. The photochemical isomerisation of cis-cyclooctene carried
out by the authors yielded M or P enantiomer (Figure 2.1). The effect should be
cleared up since, contrary to other factors used by Inoue and Wada to influence
the outcome of the reaction, an achiral solvent should not, in principle, generate
such effects.

2.2 Self-Assembly and Self-Organization

The spontaneous formation of complicated well-defined architectures such as
hydrogen bonded Whitesides systems (Figure 1.1), those of intertwined helicates
9 (Figure 1.3) and ‘molecular necklaces’ presented in Figure 1.5, as well as those
of the aggregates shown in Figure 1.4, illustrates self-organization of molecular
components leading to the self-assembly of complicated supramolecular systems.
One can distinguish between chemical (i.e., covalent) self-assembly and
supramolecular one induced by intermolecular interactions such as hydrogen
bonding, ion-ion, ion-induced dipole, dipole-dipole, and van der Waals
interactions. A few examples of covalent self-assembly are given in Section 2.4,
while those of supramolecular self-assembly will be amply discussed in several
chapters of this book. Self-assembly is based on the fremplate effect (see below)
often involving not one but several steps taking place spontaneously in a single
cooperativeoperation. The formation of thedouble helix of model nucleic acids,
the all or nothing process discussed in Section 2.2, exemplifies such

cooperativity.
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A spontaneous arrangement of molecules with respect to each other
facilitating chemical reactions is called preorganization [17a]. Some examples
of the latter phenomenon in the domain of topological chemistry are given in
Sections 2.3 and 8.2. A factor that forces preorganization by appropriate spatial
arrangement of reagents, thus assisting self-assembling processes, is called a
template [17b,c,d],

Molecular imprinting is a special polymerization technique making use of
molecular recognition [18] consisting in the formation ofa cross-linked polymer
around an organic molecule which serves as a template. An imprinted active site
capable of binding is created after removal of the template. This process can be
applied to create effective chromatographic stationary phases for enantiomers
separation. An example of such a sensor is presented in Section 6.3.2.3.

Allosteric effect operates in a system exhibiting conformational mobility when
inclusion of one guest creates an additional cavity for a second guest (Figure
2.2). A similar example with two identical guests was presented in Figure 1.6.

Intermolecular forces can induce creation of larger polymolecular assemblies.
For instance, amphiphilic molecules (see Chapter 4) having a polar ‘head’ and

Figure 2.2. Owing to the allosteric effect the inclusion of an alkaline ion into the crown part
of the ligand is favoured by the first complexation involving bipyridyl moiety.
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apolar ‘tail’ can form layers, micelles, or vesicles (held together by weak
noncovalent interactions) which were shown schematically in Figure 1.4. The
central part of cell walls is amembrane consisting of a phospolipid bilayer. Thus
studies of natural and model artificial membranes are of basic importance,
enabling the understanding ofthe membranes’ operation in living organisms. In
particular, the membranes with inserted pores [19a] serve as models for the
transport of ions through the cell walls. These problems will be discussed shortly
in Chapter 4.

Supramolecular chemistry is a rapidly developing domain creating its own
language, e.g., recently one even started to speak about the synthesis of a
noncovalent molecular assembly. In analogy with the concepts of synthesis and
synthons in organic chemistry, Fuhrhop and K&nig [19b] have introduced the
word ‘synkinesis’ for the supramolecular assembly process, and the word
‘synkinon’ for the building blocks of such assemblies. Tecton is another word
proposed for these blocks [20].

23 The Role of Preorganization in the Synthesis of Topolo-
gical Molecules. Template Reactions

Since Mobius works in the
1820s [21a] mathematicians’
studies of the relationships

/-— 040 between sets and topology have
C.H.D | evolved as a branch of
ZeE c mathematics dealing with such

~
OH relationships. If a set can be
\ / transformed into another by a
(CHo)3 continuous transformation then
these sets are topologically
equivalent. For instance (Figure
2.3), two circles of different diameters or a circle and a triangle are topologically
equivalent, whilst a circle and an interval orknot are not. Links bearingthe name
catenanes in chemistry, such as 30 [22], the knot 6 [23], and the M&bius strip
31a, b (Figure 2.4) [21b], all have distinct topological properties. The latter
molecule is obtained by glueing the ends of an interval after one of them is turned

30
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Figure 2.3. Equivalent and nonequivalent topological objects.
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Figure 2.4. The scheme of Mobius strip formation.
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Figure 2.5. The highly-efficient (70%) formation of [2]catenanc making use of n-stacking
interaction [30].
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around by 180° (before connecting the ends) while the other is held firmly. Until
recently the study of such objects was considered to have no relation with
chemist activities. However, as discussed in detail here and in Section 8.1,
several molecules with distinct topological properties have been synthesized since
the 1960s. At first simple catenanes were obtained by a statistical approach as
a by-product in the reactions of cyclization of large rings, since in a few cases a
macrocycle was closed when the long chain was accidentally threaded through
another ring formed earlier. Such reactions allowed one to obtain only simple
catenated structures with extremely low yields of 10°-10" [24]. More
complicated molecules with distinct topological properties, such as polycatenanes
32-34 [25-27], the knot 6 [23] obtained by Sauvage and Dietrich-Buchecker’s
group, olympiadane 7 [28] synthesized by Stoddart and coworkers, and the

®
> >

. 39¢

39a 39b

Figure 2.6. Schematic view of a rotaxane 39a and its separated constituent parts.

‘pretzel’ molecule 35 made in the Vogtle group [29a] could be obtained only by
making use of the preorganization phenomenon. In the case of the reactions
leading to 32-34, the complexation of phenanthroline 36 fragments with metal
ions (Figure 1.2) forced them to adopt an appropriate orientation before the
cyclization which enabled the syntheses of such highly unusual structures. In a
similar way, w-stacking interactions of aromatic rings forced the suitable
orientation of molecular fragments yielding catenane [30] (Figure 2.5) and
olympiadane structure 7. Hydrogen bonding is believed to enforce the formation
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of the ‘pretzel’ molecule 35 and catenane 37 [29b], whilst weak but numerous
van der Waals interactions are responsible for the formation of the ‘molecular
necklace’ 12 [31 ].The above reactions leading to the formation of topologically
distinct molecules are examples of so called template reactions [18b, c, 32]
making use of preorganization phenomenon in which one of the substrates forces
appropriate spatial arrangement of the others leading to a spectacular increase
in reaction yields. The template effect is also operating in the synthesis of crown
ethers like 17 discussed in some detail in Chapter 3 and Section 7.1 [33],
hemicarcerands like 5 [34], p-t-Bu-calix[6]arene 38 [35] and in many other
reactions. Rotaxanes 39a (Figure 2.6) have until recently not been included in the
realm of topological chemistry, since they can be decomposed into separate
fragments 39b and 39¢ by a sufficiently large distortion of the central ring.
However, they were often discussed together with the catenanes they resemble.
We have recently shown [36a] that one can define topological isomers in such a
way that rotaxanes and endohedral fullerene complexes with one or more ions
inside the Cqy cage 40 and ‘in’ and ‘out’ isomers of hydrogenated fullerenes
having CH bonds directed inside the cage [36b] will also constitute molecules
with distinct topological properties. Some interesting rotaxanes 41 have been
recently synthesized in Vogtle’s group [37].

The molecules with distinct topological properties are not a mere curiosity,
since they can be found in Nature. Circular DNA schematically presented as 42
are sometimes found in living organisms in the form of catenanes and knots [38],
and special enzymes topoisomerases take part in their formation and
transformations [39]. Circular DNA molecules can even form nets of catenated
structures like that schematically presented in Figure 2.7 [40]. A discussion of
biological topological structures falls outside the scope of this monograph; it
should be stressed, however, that their role in Nature is not understood and
warrants an explanation.

2.4 ‘One-Pot’ Reactions. Covalent Self-Assembly Based on
Preorganization

Both in nature and in test tubes many complicated reactions take place with
apparent ease. Highly specific enzymatic reactions involving complementarity of
substrate and receptor both with respect totheir spatial structure and electrostatic
fieldslie outside the scope of this book. Here we wouldlike only to mention a few
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Figure 2.8. Some examples of covalent self-assembly. Note “zipper reaction’ (bottom).
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Figure 2.9. Further examples of covalent self-assembly: of a tetracyclic hydrocarbon (top);
the Ugi reaction (middle); atropine synthesis (bottom).
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43

one-pot reactions, leading to complicated structures, with still unknown
mechanisms which must be governed by preorganization of molecules or
molecular fragments.

As noticed by Lehn [41], the formation of highly symmetrical Cg 40
represents an ultimate case of covalent self-assembly. The same is true for those
of other fullerenes and nanotubes briefly discussed in Sections 4.2.4 and 7.5.
Although the mechanisms of monomolecular reactions of (poly)cyclization [42],
the ‘zipper reaction’ [43], and the cascade reaction [44] (Figures 2.8 and 2.9)
have not yet been elucidated, they certainly involve very efficient preorganization
rearrangements enabling the high yield one-pot reactions. Similarly, in the Ugi
reaction [45], as well as in the formation of atropine cited in most chemical
textbooks (Figure 2.9), a spatial rearrangement, that is a preorganization, of
reagents must play adecisive role in their high yields. Obtaining oligoporphyrins
43 in one-pot electrochemical reactions also involves self-assembly of smaller
units [46]. According to Ghadiri opinion crystallization is an ultimate example
of self-recognition (see discussion in Chapter 6). If one agrees with this notion
then photochemical reactions like that presented in Figure 2.10 are forced by

hv

N N\ \
N N\ \
Y

Figure 2.10. Photochemical solid-state trimerization.
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preorganization of diyn molecules in the crystalline state [47a].

Monolayers discussed in Section 4.2 also introduce order preorganizing
molecules. An analogous photochemical reaction making use of this phenomenon
was carried out in diacetylene monolayers on gold [47b]. At present most
‘one-pot reactions’ are of no practical importance. However, their occurence in
prostaglandin synthesis [48] indicates that they will find their applications leading
to more environmentally clean technologies.
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Chapter 3

INCLUSION COMPLEXES: HOST-GUEST
CHEMISTRY

3.1 Early Development of Host-Guest Chemistry. Pedersen’s
Works on Crown Ethers

“In a preparation of bis[2-(o-hydroxyphenoxy)ethyl] ether by reacting in
aqueous 1-butanol bis(2-chloroethyl) ether with the sodium salt of
2-(o-hydroxyphenoxy)tetrahydropyran contaminated with some catechol, a very
small amount of a white, fibrous, crystalline by-product was obtained. It was
found to be 2,3,11,12-dibenzo-1,4,7,10,13,16-hexaoxacyclooctadeca-2,11 -diene
44 (another number is given in the original paper), a cyclic polyether capable of
forming stable complexes with many salts of the alkali and alkaline earth metals.”
[ 1] This modest observation on the by-product obtained owing to the presence of
impurities in the reaction mixture, correctly assessed by Pedersen, marked the
beginning of Nobel Prize winning research in host-guest (or inclusion) chemistry.
As discussed earlier, in full analogy with biochemistry, it involves a larger host
molecule with a cavity in which a guest molecule can be embedded (see, however,
the discussion of the complications involving the choice of host and guest in the
solid state supramolecular chemistry presented in Section 6.2 and the hexokinase
enzyme [2a] and the foldamers [2b] which wrap themselves around the guest).
The hosts are usually macrocyclic organic molecules, whilst neutral organic
molecules, their ions, as well as metal ions, can serve as guests. Typical
coordination complexes formed by transition metal ions with nitrogen-containing
macrocycles such as cyclam 45 and porphyrins 46, representing a border case, are
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not always included in this domain. Hemicarcerand 5 complex with
cyclobutadiene 4[3a], that of B-cyclodextrin 11 with nitroglycerine 10a[3b] and
the complexes of metal cations with crown ethers 17 [4] and calixarenes 18 [5]
briefly presented in Chapter 1 are typical examples of inclusion complexes.

It should be stressed that there is not alwaysjustice in reseach evaluation. The
selective formation of inclusion complexes by cyclodextrins (such as 11) was
established by Cramer [6] at least 15 years earlier than that by crown ethers.
However, cyclodextrin studies forming an independent branch of host-guest
chemistry seem underestimated in spite of their considerably greater practical
importance at present than that of other host macrocycles (crown ethers 17,
calixarenes 18, etc.). Sometimes they are even totally neglected by discussing
inclusion phenomena [7].

ol )
O:o oji;j EN Nj
(Lo S

44 45 46

The Pedersen work on polyethers [1] was carried out about 30 years ago.
Since then enormous progress has been made in this area of chemistry in general
and in physical methods allowing one to determine the structure of a complex and
its strength in particular. Therefore it is probably worth showing briefly how the
crown ethers complexation was proved by Pedersen in order to compare his
method of research with those used today. Three criteria have been used with this
purpose in mind: (a) changes in the solubilities of the polyethers and salts upon
complexation in different solvents; (b) analogous characteristic changes in the
UV spectra ofthe aromatic polyethers and those in the IR spectra, and, naturally;
(c) isolation ofthe complexes in form of pure compounds and their X-ray study.
It was not always possible to use the last criterion, which could provide direct
evidence since some complexes, stable in solution in certain solvents, could not
be isolated.
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Let us compare the methods applied by Pedersen for establishing the complex’
formation with a modern approach. Today tedious solubility studies are carried
out almost exclusively with practical applications in mind, but they are not
performed to prove the complex’ formation. For instance, one ofthe main reasons
for the use of cyclodextrin complexes in the pharmaceutical industry is their
solubilizing effect on drugs [8]. There, and almost only there, solubility studies
are a must. As concerns spectroscopic methods, at present the NMR technique is
one of the main tools enabling one to prove the formation of inclusion complex,
carry out structural studies (for instance, making use of the NOE effect [9a]),
determine the complex stability [9b, c] and mobility of its constituent parts [9d].
However, at the time when Pedersen performed his work, the NMR method was
in the early stage of development, and thus inaccurate, and its results proved
inconclusive. UV spectra retained their significance in supramolecular chemistry,
whilst at present the IR method is used to prove the complex formation only in
very special cases.

Applying the above criteria to almost 50 crown ethers Pedersen was able to
formulate conditions influencing the stability ofthe complexes he studied. The
following were considered important:

1. The size of the ion must be smaller than that of the hole in the polyether
ring. Thus, a stable complex was not formed if the ion was too large to fit into the
polyether ring.

2. The larger the number of oxygen atoms, the greater the stability of the
complex provided, that,

3. The oxygen atoms are coplanar (they lie in the same plane and the apex
of C—O—C angle is centrally directed in the same plane) and they are symmetrically
evenly spaced in a circle).

4. The stability of the complex is higher with

(\O/ﬁ higher basicity of the oxygen atoms. (The atoms
: attached to aromatic rings are less basic than the ones

0. .0 L
E = B j attached to aliphatic carbon atoms).
o <o

5. Steric hindrance in the polyether ring prevents
the formation of the complex.
k_/o\) 6. The strong tendency ofthe ion to associate with
the solvent also hinders or even precludes the
formation of the complex.

Figure 3.1.18-crown-6
complex with K.
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Figure 3.3. The Lehn classification of the recognition patterns.

7. The electrical charge on the ion should influence the effect under study.
However, Pedersen has not studied it. He has only observed the 1 : 1
stoichiometry of the complexes (corresponding to one molecule of the crown to
one of the guest) regardless of the valence.
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As concerns the spatial fit of host
and guest, 44 forms the most stable
complex with K* (Figure 3.1) [10],
since its radius of ca. 138 pm is
approximately equal to the ionic
radius of the guest. The dependence
of stability constants of the
complexes of 47, 48 and 44 with
alkali metal cations on the ion
diameters is shown in Figure 3.2.
The complicated character of the
depicted relations indicates that more
factors (e.g., solvent effect) are at
play in the ions recognition.

The studies started by Pedersen
[1]havebeenextendedbyLehn[11a]
and Cram [2b] and their coworkers
and, later, by many others. To be
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able to rationally design a host macrocycle for a specific guest Lehn introduced
the concepts of spherical recognition ofcations and anions, tetrahedral recognition
of ammonium cation and water, linear recognition, and recognition of neutral
molecules. ValinomycinS1selectivelybinding K*ion [12], dibenzo-18-crown-6
44 formingacomplex with Rb"ion [ 1] andtrinuclearsodiumcryptate 52 [ 13] are
examples of spherical recognition. The complexes of 53 [14] and 54 [15] with
NH," ion represent tetrahedral recognition while complex 55 [16] corresponds to
the linear recognition. Lehn’s classification [11b] involving the recognition
patterns shown in Figure 3.3 played an important role in the development of

67a 67b
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host-guest chemistry paving the way to rational design of hosts for particular
guests. Recently, this type of reasoning involving hydrogen bonding patterns has
been frequently applied in crystal engineering and in host design discussed in
Section 6.2 and Chapter 8. However, itis not general and does not cover, amongst
others, the complexation by calixarenes 18, hemicarcerands such as §, and
cyclodextrins in which saturated or aromatic rings form the ‘walls’ of the cavities.
What is more important, the recognition by these and many other macromolecules
is based on less specific nonbonded interactions: binding of adenine 56 by Rebek's
cleft 57 [17] through hydrogen bondings and n-stacking interactions; the beautiful
Whitesides structures presented in Figure 1.1 (as well as other examples shown
in Section 6.2) exemplify the recognition of neutral molecules; similarly,
discrimination between a~pinene 27 [18a] and camphor 28 [18b] enantiomers by
a-cyclodextrin 13 on the basis of van der Waals interactions (mentioned in the
former Chapter), as well as most cases of recognition by cyclodextrins (discussed
in Section 7.4) represent the same type.

The complexation studies involving anions have been started later than those
involving cations but at present then constitute a rapidly growing domain [16,
19a].

Development of ditopic receptors S8 for both an anion and a cation is a logical
extension [19b]. It should be stressed that the recognition by cyclodextrins,
calixarenes, hemicarcerands, and many other systems does not involve specific
recognition sites, whereas tetrahedral recognition by 53 and 54, the adenine 56
selective binding, and multiple recognition like the one shown in formula §9 [20]
require the presence of specific sites in receptor capable ofdirectional interactions.

3.2 Nomenclature

As stated by Pedersen [1] at the very beginning, systematic names of
polyethers are too cumbersome for repeated use. Thus, he coined an efficient
system of their trivial names that is in common use. The polyethers were dubbed
‘crown ethers’ or ‘crowns’. The total number of atoms in the macrocycle preceded
this term whilst the number ofoxygen atoms followed it. The presence ofaromatic
44 or saturated 60 rings in the systems is marked at the beginning. In Lehn's
system for bicyclic molecules called cryptands the number of OCH,CH, unitsin
each branch ofthe bicyclic hosts 61-63 ([1.1.1]-, [2.1.1]- and [2.2.2]cryptands
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[21] is given. Thus 48 is denoted 18-crown-6, 44 as dibenzo-18-crown-6, and 60
as dicyclohexyl-18-crown-6, for which specification of the stereoisomer involved
should be given.

As stated above, systematic names of macrocyclic host molecules were
“absurdly complicated for routine discussions” [22]. Therefore Vgtle proposed
the name ‘coronand’ for crown ethers, and that of coronates for their complexes
while cryptand complexes were called ‘cryptates’. The corresponding noncyclic
analogues are podands such as 64 [23] and podates, respectively. The
cumbersome name ‘podando-coronands’ (and correspondingly
‘podando-coronates’) was proposed for lariat ethers [24] having at least one
sidearm like 65. Examples of hemispherands 66 [25], cavitands 25 [26] and those
of some other hosts are discussed in Chapter 7 in some detail, whilst the
exceptional stability of fragile guests 4 [2a] and 67 [27] in the hemicarcerand 5
cavity are discussed in Chapters 1 and Section 7.3.

The most common cyclodextrins (discussed in Section 7.4) formed of6, 7 or
8 glucopyranoside units are called a-, B-and y-cyclodextrins 11, 13 and 68 [8,
9a]. Further letters ofthe Greek alphabet are used to denote next members ofthe
series but there is a small designation problem with cyclodextrin consisting of 5
glucopyranoside rings 69. Namely, on the basis of model calculations for more
than 20 years the latter molecule was thought to be sentenced to non-existence in
view of excessive strain [28]. Nevertheless, it was recently successfully
synthesized by Nakagawa et al. [29] but no shorthand name was proposed for it.

In addition to macrocyclic hosts discussed above, many other molecules
capable of selective complexation have been synthesized. They belong to so-called
macrocyclic chemistry [30] encompassing crown ethers discussed in this Chapter,
cryptands 61-63 [21], spherands 70 [31], cyclic polyamines 71 [32], calixarenes
18 [5], and other cyclophane cages such as 72 [33] to name but a few.
Hemicarcerand 5 [2b] discussed in Chapter 1 and Section 7.3 also belongs to this
domain. Typical macrocyclic host molecules are presented in Chapter 7.

3.3  The Structure of Inclusion Complexes

As noted by Pedersen in his seminal paper [1], he had clear evidence ofthe
existence of several crown ether complexes in solution although he was not able
to crystallize them. In solution prevailing majority of inclusion complexes is
present in the equilibrium with their free hosts and guests [9c]. Exceptions are
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Figure 3.4. Schematic presentation of the mode of entrance of 74 into the 75 cavity in the
solid state (left) and in the solution (right).

complexes involving hemicarcerands like 5 or Cq hosts which prevent their once
entrapped guests 4 [2a] and 67 [27] escaping from the cavity. Understandably, in
solution the complexed host and guest are less mobile than their free constituent
parts. On the other hand, in the complexed form they are considerably more
mobile in solution than in the solid state. As stated by Lehn [34], the delicate
balance between the rigidity and flexibility of supramolecular complexes plays an
important role in their stability and functioning. Comparison of X-ray results with
solid state NMR spectra reveals that even in the solid state the complexes may be
less rigid than they appear in X-ray studies [35]. For instance, NMR NOE results
reveal that the aromatic ring of benzaldehyde 73 in a- and B-cyclodextrin (13 and
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11, respectively) complexes executes
fast 180° flips around C1-C4 axis (\0/\
which are undetected by the former

technique [36]. Na k/o
There is an interesting relation K/

between ligand flexibility and the

stability of the corresponding

complexes. Podands like 64 are
considerably more flexible than crown

ethers. The latter, in turn, are more (\O O’»
flexible than the corresponding

cryptands. Their complexes reveal an @E Na Na i D
opposite order of stability with their , _
respective complex formation O 0
constants equal to 102-10¢,10*-10% and k/ 0 0 \)
105-10% [37]. The increase in the LT
stability constant when going from 77
podates to coronates bears the name
macrocyclic effect, whilst the
corresponding increase ofthe constant
when going from coronates to |
cryptates is called the macrobicyclic
or cryptate  effect [38].
Thermodynamic behaviour of the 78
complexes should be differentiated
from their kinetic behaviour. For
instance, conformationally most rigid
cryptands form their complexes very
slowly. 79

As discussed in some detail in
Section 6.2, the crystal forces are of magnitude comparable to those inducing
complex formation. Thus a complex in the solid state can have a different
structure from that in solution. The complex of p-nitrophenol 74 with
hexakis(2,6-di-O-Me)-a-cyclodextrin 75 illustrates this point, exhibiting strikingly
different modes of entrance of the guest into the host cavity in these two states
(Figure 3.4) [39]. Nevertheless, numerous solid state studies of the complexes

\ 7/
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structures [40] provide proofs of existence of the inclusion complexes under
consideration and the details of their structure in the solid state.

It is obvious that beautiful formulae and molecular models of high symmetry
do not necessarily correspond to the structure of real molecules. For instance, 48
in its uncomplexed state assumes the conformation schematically presented in
formula 48b with methylene groups filling the void, whilst in the complex with K
48a the macrocyclic ring assumes D;, symmetry [41]. Similarly the complex of
76 [42] with sodium ion exhibits irregular structure different from that of the
complex with K* (Figure 3.1) [43]. In agreement with the induced fit model ofthe
complexation, in the above cases the guests enforce changes in the host
macrocycles. On the other hand, in the dibenzo-24-crown-8 77 complex with two
Na" ions [44] the macrocycle assumes the ‘extended’ conformation. Two
ortho-nitrophenolate counteranions each provide two additional (nitro and
phenoxide) donor sites and the charge neutralization in this complex.

Sometimes the same host and guest can form complexes with varying
stoichiometries that differ in stabilities. 1,8-dimethylnaphthalene 78 complex with
B-CD 11 was found to be about 100 times stronger than the corresponding
complex with 2,3-dimethylnaphthalene 79 and other dimethylsubstituted isomers
[45]. Using a low temperature NMR technique the former complex was found to
exist in solution as a mixture of two: that of 1:2 stoichiometry and the more usual
1 : 1 complex typical for other dimethylsubstituted isomers [46].

Several inclusion complexes with cations, anions and neutral molecules are
discussed in Chapter 7 and in other parts of this book.

34 Dynamic Character of Inclusion Complexes

Molecules are composed of nuclei with their electron clouds executing
vibrations around their respective equilibrium positions corresponding to an
optimum geometry. They move as a whole and, in addition to vibrations, their
fragments rotate. For instance, owing to internal rotations around Csp*-Csp’
bonds there are 33 isomers (some of them indistinguishable) of n-hexane CH,,
[47]. Another example of the dynamic equilibrium is that owing to ring inversion
in cyclohexane resulting in two isomers of the monosubstituted six-membered ring
[48]. Sometimes the barriers to internal rotations are very small, allowing for
almost unhindered movement. This is the case in cyclopentane, which executes
pseudorotation [49], and in toluene C¢HsCH; with a barrier of 0.014 kcal/mol [50]
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much lower than kT'describing vibrational energy at room temperature. Thus,
molecules are well defined, but dynamic, entities.

Supramolecular assemblies are even less rigid. As discussed in Chapter 1,
they are held together by weaker forces than those maintaining molecular integrity.
Thus the inclusion complex H'G in solution exists in equilibrium with its
constituent parts (H and G)

HG=H+G. 3.1

Two quantities characterize the equilibrium and its measurements: free energy
difference between free and complex species 4G and the rate of the complex
formation and decomposition.

Ifthe processes of complexation are assumed to be bimolecular ones, then the
following equilibria hold for the simplest complexes [51]

of 1:1 H+ G = HG, (3.2)

of 1:2 HG + G = HG,, 3.3)
and of 2:1 host-to-guest stoichiometry
H+HG = H,G. (3.4)

The corresponding stepwise binding constants (also called formation constant
K}, association constant K,, or stability constant K,) are given by the equations

K, = [HG)/([H][G]), (3.5)
K;; = [HG, J([HG][G)), (3.6)
Ky = [H,G)/([H][HG), 3.7

where the brackets denote molar concentrations in Mol units. The K constants
are not the real thermodynamic quantities but the concentration quotients.
However, the difference between these values can be neglected in most cases
taking into account the experimental accuracy and precision of most reported
measurements.
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In a general form the complex H,G, formed directly from the free,
unassociated species obeys the equilibrium

mH +nG = H,G, (3.8)
with overall binding constant
Brn = [Hn GoJ/([H]"[G]") (3.9)

that can be expressed as a product of stepwise constants K, In most
determinations only the overall binding constant is measured, and its separation
into the stepwise constants is not possible. The determination of stepwise X, and
K, stability constants for the 1:2 complexes of camphor enantiomers 28 with
a-cyclodextrin 13 allowed Dodziuk and coworkers to demonstrate the
cooperativity of their formation, since the former constants were more than 1000
times smaller than the latter ones [18b].

As stated above, the stepwise binding constants are not thermodynamic
constants. Therefore using the AG® symbol for the free energy change calculated
from these constants although not precise is commonly done. By measuring the
temperature dependence of the equilibrium constant or carrying out calorimetric
measurements enthalpy and entropy changes upon complexation can be obtained
(the choice of units is discussed by Connors [51]).

The stability constant of the complex in solution K depends on the free energy
difference 4G and temperature T [52]

K = (40KD (3.10)
where k is the Boltzmann constant. According to the Gibbs-Helmholtzequation
4G = 4H-T4S, 3.1

where 4H and T4S denote the enthalpy and entropy change upon complexation,
respectively. Therefore,

RTInK = - AH + T4S. (3.12)
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The rate constant in conjunction with the time scale of an experimental
techniques determines whether the free and complexed species can be observed
separately oronly the average value ofaquantity characterizing the system under
investigation can be observed. For instance, the exchange amongst free and
complexed species for inclusion complexes with cyclodextrins 11, 13 and 68 is
usually too fastto be observed by the NMR technique. Therefore, in this case the
complex formation manifests itself by, usually small, shifts of NMR signals of H,
and/orH; cyclodextrin protons pointing inside the molecular cavity accompanied
by some shifts of the guest signals. Separate signals of free and complexed
species have been observed in case of CD complexes of rotaxane type like 12 in
which the exchange is practically excluded owing to the bulkiness of the terminal
groups [53] . An interesting example of a simultaneous observation of the signals
pertaining to complexes of different stoichiometries in proton and carbon NMR
spectra of 11 with 78 was reported by Dodziuk and coworkers. The rate constant
for the formation ofthe 1:2 complex in this case is such that in addition to the
more usual average signals of the 1:1 complex and its free constituent parts, the
separate signals of the 1:2 complex could be observed at 225K [46]. The flip of
the aromatic ring of benzaldehyde 73 in the complex with 11 in the solid state was
mentioned earlier in this Section. Fascinating examples of the guest mobilities in
cage-like hosts and in clathrate hydrates are discussed in Sections 3.5 and 8.3.3.

3.5 The Complexes Involving Induced Fit and Without It:
Endohedral Fullerene, Hemicarcerand and Soft Rebek’s
Tennis Ball-Like Hosts

As discussed in Chapters 1 and 2, during the complexation process there is
usually a mutual adaptation of host and guest bearing the name ‘induced fit’. The
fit involves sometimes subtle changes in molecular geometry allowing maximum
attraction of the host and guest. The changes of the geometry of the structure of
48 on complexing K* discussed in Section 3.3 illustrate this point. The geometry
adjustment can be quite intricate as is the case with the enzyme hexokinase and
foldamers wraping themselves around the respective guest molecules creating the
host cage only in the presence of the guest [2]. One cannot speak about the simple
fitting in such cases. On the other hand, rigid cage-like molecules may undergo
only minor adjustment of their geometry on guest inclusion. The guests enter
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inside their cages either during their formation, as is the case of endohedral
fullerene complexes 41 presented in Sections 2.3 and 7.5, or they are ‘produced’
inside a ‘molecular flask’ like cyclobutadiene 4 in hemicarcerand 5, discussed in
Chapter 1 and Section 7.3. Restriction of the guests’ movements by the
corresponding host cage in these complexes is much smaller than those discussed
earlier. Pertinentexamples are discussed, for instance, by Cram [54]. An exciting
example of the guests mobility was recently demonstrated by Akasaka, Nagase
and coworkers [55]. By using *C and '*’La NMR techniques they have shown

R 0 COOH

81b 82a 82b 82c
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that two lantanide ions rapidly move
aroundinside Cg, 80 cage.

An interesting example of less
rigid cages is also provided by

0\\;\\ molecular self-assembling capsules

S obtained in the Rebek group [56]. 81

84 was found to form dimers held

together by hydrogen bonds between

R = CH,CH,Ph the donors at its ends and the
83 acceptors in the middle.

Stability constants with various
guests reflect their fitting into the host cage. For instance, for adamantane 82a
stability constant equals to 5.2:10° M™', whereas the corresponding values for
smaller cyclohexanone 82b and larger adamantanoic acid 82¢ drops to 1.7-10%and
1.310° M™', respectively. An even less restricting cage of carceplex 83 enables
execution of inversion of thioxane ring 84 [57].

Clathrate hydrates discussed in Section 8.3.3 also provide exciting examples
of dynamic complexes. The cages formed by hydrogen bonded water molecules
in these systems are constantly decomposed and reformed, but they are stabilized
by appropriate guests [58]. Ifthe latter are too small to fill the cage they, in turn,
move inside it.

Another example of structural changes induced in the complex involving
porphyrin derivative are shown in Figure 1.6.

REFERENCES

1. C.J. Pedersen, J. Am. Chem. Soc, 1967, 89, 7017.

2. (a) T. A. Steitz, M. Shoham, W. S. Burnett, Jr., Phil. Trans. Roy. Soc. Series B, 1981, 293,
43; (b) R. B. Prince, S. A. Barnes, J. S. Moore, J. Am. Chem. Soc., 2000, 122, 2758.
3. (a) D. J. Cram, M. E. Tanner, R. Thomas, Angew. Chem. Int. Ed. Engl., 1991, 30, 1024, D.

J. Cram, J. M. Cram, Container Molecules and Their Guests, The Royal Society of
Chemistry, Cambridge, United Kingdom, 1994; (b) A. Stadler-Szdke, J. Szejtli, Acta Pharm.
Hung., 1979, 49, 30.

4. G. Gokel, Crown Ethers and Cryptands, The Royal Society of Chemistry, Cambridge, United
Kingdom, 1989.



INCLUSION COMPLEXES: HOST-GUEST CHEMISTRY 61

5. C. D). Gutsche, Calixarenes, The Royal Society of Chemistry, Cambridge, United Kingdom,
1989.

6. F. Cramer, Angew, Chem., 1952, 64, 437.

7. Cyclodextrins for which the complexation of neutral molecule was proved in innumerable

studies are not even mentioned in the review ‘Enantioselective and diastereoselective
molecular recognition of neutral molecules’ by T. H. Webb, C. S. Wilcox, Chem. Soc. Rev.,

1993, 22, 383.

8. J. Szejtli, Cyclodextrin Technology, Kluwer Academic Publishers, Dordrecht, 1988.

9. (a) B. Perly, F. Djeddaini, P. Berthault, in New Trends in Cyclodextrins and Derivatives, D.
Duchene. Ed., Edition de Sante, Paris, France, 1991, p. 201; (b) Ref. 9a p. 179; (c) F.
Djeddaini, B. Perly, in Ref. 9a p. 217; (d) E. B. Brouver, J. A. Ripmeester, G. D. Enright,
J. Incl. Phenom. Mol. Rec. Chem., 1996, 24, I; Y. Inoue, F.-H. Kuan, Y. Takayashi, R.
Chujo, Carbohydrate Res., 1985, 135, c12.

10. (a) J. D. Lamb, R. M. Izatt, J. J. Christensen, D. J. Eatough, in Coordination Chemistry of
Macrocyclic Compounds, G. A. Melson, Ed., Plenum Press, New York, 1979, p. 145; (b)
R. M. Izatt, Chem. Rev. 1985, 85, 271.

11. (a) J.-M. Lehn, Supramolecular Chemistry. Concepts and Perspectives, VCH, Weinheim,
1995; (b) p. 16.

12. M. R. Truter, Struct, Bonding, 1973, 16, 71; M. Dobler, lonophores and Their Structures,
J. Wiley, New York, 1981.

13. C. O. Roth, J.-M. Lehn, unpublished work, cited in Ref. 11a.

14. E. Graf, J.-P. Kintzinger, J.-M. Lehn, J. LeMoigne, J. Am. Chem. Soc, 1982, 104, 1672.

15. B. Dietrich, J.-P. Kintzinger, J.-M. Lehn, B. Metz, A. Zahidi, J. Phys. Chem., 1987. 91,
6600.

16. B. Dietrich, J. Guilhem, J.-M. Lehn, C. Pascard, E. Sonveaux, Helv. Chim. Acta, 1984, 67,
91.

17. J. Rebek, Jr., Angew. Chem. Int. Ed. Engl., 1990, 29, 245.

18. (a) C. Moeder, T. O'Brian, R. Thompson, G. Bicker, J. Chromatography A, 1996, 736, 1; (b)
H. Dodziuk, A. Ejchart, O. Lukin, M. O. Vysotsky, J. Org. Chem., 1999, 64, 1503.

19. (a) see Section 7.8; (b) D. M. Rudkevitch, Z. Brzozka, M. Palys, H. C. Visser, W. Verboom,
D. N. Reinhoudt, Angew. Chem. Int. Ed. Engl., 1994, 33, 467.

20. A. D. Hamilton, J.-M. Lehn, J. L. Sessler, J. Am. Chem. Soc, 1986, 108, 5158.

21. B. Dietrich, J.-M. Lehn, J.-P. Sauvage, Tetrahedron. Lett., 1969, 2885.

22. Ref. 4, p. 19.

23. G. Zupancic, M. Sopcic, Synthesis, 1979, 123.

24. D. M. Dishong, C. J. Diamond, M. I. Cinoman, G. W. Gokel, J. Am. Chem. Soc, 1983, 105,
586.



62 Chapter 3

25. K. Koenig, G. M. Lein, P. Stuckler, T. Kaneda, D. J. Cram, J. Am. Chem. Soc, 1979, 101,
3553; Ref. 2b, p. 28.

26. Ref. 2, Chapter 5.

27. R. Warmuth, Angew. Chem. Int. Ed. Engl., 1997, 36, 1347.

28. P. R. Sundararajan, V. S. R. Rao, Carbohydr. Res., 1970, 13, 351.

29. T. Nakagawa, K. Ueno, M. Kashiwa, J. Watanabe, Tetrahedron Lett., 1994, 35, 1921.

30. L. F. Lindoy, The Chemistry of Macrocyclic Ligand Complexes, Cambridge University Press,
Cambridge, 1989.

31. D. J. Cram, Angew. Chem. Int. Ed. Engl., 1986, 25, 1039.

32. (a) G. W. Gokel, D. M. Dishong, R. A. Schultz, V. J. Gatto, Synthesis, 1982, 997; (b) E.
Kimura, in Top. Curr. Chem., 1985, 128, 113.

33. T. Fujita, J.-M. Lehn, Tetrahedron Lett., 1988, 29, 1709; F. Diederich, Cyclophanes, The
Royal Society of Chemistry, Cambridge, United Kingdom, 1989.

34. Ref. 11a, p. 14.

35. Ref. 9b; E. B. Brouver, G. D. Enright, C. I. Ratcliff,J. A. Ripmeester, Supramol. Chem.,
1996, 7, 79.

36. M. G. Usha, R. J. Wittebort, J. Am. Chem. Soc., 1992, 114, 1541.

37. F. Vogtle, Supramolecular Chemistry, Wiley, 1991, p. 43.

38. Ref. 11a, p. 18, 20.

39. Y. Inoue, Y. Takahashi, R. Chujo, Carbohydr. Res., 144, 1985, C9.

40. See data collected in crystallographic Cambridge Data Base that is a source of comprehensive

information on the (mainly) X-ray and neutron diffraction studies of the structure of free
ligands and inclusion complexes in the solid state. F. H. Allen, S. Bellard, M. D. Brice, B.
A. Cartwright, A. Doubleday, H. Higgs, T. Hummelink, B. G. Hummelink-Peters, O.
Kennard, W. D. S. Motherwell, J. R. Rodgers, D. G. Watson, Acta Crystallogr. Sect. B:
Struct. Crystallogr. Cryst. Chem., 1979, B35, 2331.

41. (a)J. D. Dunitz, M. Dobler, P. Seiler, R. P. Phizackerly, Acta Crystallogr. Sect. B, 1974, 30,
2733; (b) J. D. Dunitz, P. Seiler, Acta Crystallogr. Sect. B, 1974, 30, 2739.

42. M. Dobler, J. D. Dunitz, P. Seiler, Acta Crystallogr. Sect. B, 1974, 30, 2741.

43. P. Seiler, J. D. Dunitz, M. Dobler, Acta Crystallogr. Sect. B, 1974, 30, 2744.

44. D. L. Hughes, J. Chem. Soc. Dalton Trans., 1975, 2374.

45. D. Sybilska, M. Asztemborska, A. Bielejewska, J. Kowalczyk, H. Dodziuk, K. Duszczyk, H.
Lamparczyk, P. Zarzycki, Chromatogr., 1993, 35, 637.

46. H. Dodziuk, J. Sitkowski, L. Stefaniak, D. Sybilska, J. Jurczak, K. Chmurski, Pol. J. Chem.,
1997, 71, 757.



INCLUSION COMPLEXES: HOST-GUEST CHEMISTRY 63

47. S. Tsuzuki, L. Schifer, H. Goto, E. D. Jemmis, H. Hosoya, K. Siam, K. Tanabe, E. Osawa,
J. Am. Chem. Soc., 1991, 113, 4665.

48. H. Dodziuk, Modern Conformational Analysis. Elucidating Novel Exciting Molecular
Structures, VCH Publishers, New York, 1995, p. 138.

49. T. B. Malloy, Jr., L. E. Bauman, L. A. Carreira, Top. Stereochem., 1979, 11, 97.

50. H. D. Rudolf, A. Jaeschke, P. Wendling, Ber. Bunsenges. Phys. Chem., 1968, 70, 1172A as
cited by A. P. Zens, P. D. Ellis, J. Am. Chem. Soc., 1975, 97, 5685.

51. K. A. Connors, Chem. Rev., 1997, 97, 1325.

52. W. Burgemeister, R. Winkler-Oswatitsch, Top. Curr. Chem., 1977, 69, 91: R. M. Izatt, J. S.
Bradshow, S. A. Nielsen, J. D. Lamb, J. J. Christensen, D. Sen, Chem. Rev., 1985, 85, 271.

53. A. Harada, J. Kamachi, Nature, 1992, 356, 325; G. Wenz, F. Wolf, M. Wagner, S. Kubik,
New J. Chem., 1993, 17, 729.

54. Ref. 2b p. 139, 203.

55. T. Akasaka, S. Nagase, K. Kobayashi, M. Wilchli, K. Yamamoto, H. Funasaka, M. Kako,
T. Hoshino, T. Erata, Angew. Chem. Int. Ed. Engl., 1997, 36, 1643.

56. J. M. Rivera, T. Martin, J. Rebek, Jr., J. Am. Chem. Soc, 1998, 120, 819.

57. R. G. Chapman, J. C. Sherman, J. Org. Chem., 2000, 65, 513.

58. K. A. Udachin, G. D. Enright, C. L. Ratcliffe, J. A. Ripmeester, J. Am. Chem. Soc., 1997,
119, 11486.



This page intentionally left blank



Chapter 4

MESOSCOPIC STRUCTURES

AS AN INTERMEDIATE STAGE
BETWEEN MOLECULES (MICRO SCALE)
ON THE ONE HAND AND BIOLOGICAL
CELLS (MACRO SCALE) ON THE OTHER

4.1 Introduction

Mesoscopic structures [1,2] occupy an intermediate position between the
micro scale represented by small molecules and the macro scale to which
polymers and complex biological assemblies (e.g., biological cells and their
constituent parts) belong. As discussed earlier, the properties of an assembly
differ from those of its parts, justifying studies of these objects in an emerging
separate science supramolecular chemistry. The latter has become a kind of hot
topic today and research dubbed by this name covers significantly different
objects using techniques which sometimes have very little in common. This
allows one to expect that the research area called supramolecular chemistry at
present will eventually split into three domains on the basis of the size of the
assemblies under investigation and specific methods used for their studies. The
first one will deal with host-guest (or inclusion complexes) and other small
assemblies consisting of few molecules. The second which could be called
aggregate science encompasses research of larger molecular assemblies such as
thin molecular films (Langmuir and Langmuir-Blgdgett layers), micelles, vesicles
(also called liposomes), fibers and liquid crystals. The third domain, crystal
engineering,todayjustinitsinfancy,shouldallowonetoobtaincrystals withthe
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properties desired to be used in optoelectronics, information storage systems,
sensors and in many other fields. In this chapter molecular aggregates of the
order of magnitude intermediate between simple assemblies consisting of few
molecules and macroscopic objects will be presented. As mentioned earlier, their
study requires the application, and even development, of novel experimental
techniques mostly different from standard physical methods used for the
determination of structure in classical organic chemistry that are also applied in
the studies of small inclusion complexes.

4.2 Medium Sized Molecular Aggregates

Most molecular assemblies are usually formed by amphiphilic molecules
(also called surfactant or detergent molecules) consisting ofa polar ‘head’ and
of one or more nonpolar ‘tails’. Head groups can be cationic, anionic, non-ionic

=

Figure 4.1, Schematic view of bilayer forming one- and two-tail one-headed
amphiphiles and two-headed bolaamphiphile that can form a monolayer.

(neutral) or zwitterionic. Types of amphiphilic molecules are presented in Figure
4.1. Among them there are also bolaamphiphiles such as 85 having two head
groups connected by two (usually hydrocarbon) chains [3]. As schematically
shown in Figure 1.4, in a polar solvent amphiphilic molecules tend to associate
exposing their polar ends to the solvent since polar-nonpolar interactions are
unfavourable (see however, the discussion on the micelles structure in Section
4.2.3). In such a way molecular mono- and polylayers, as well as micelles and
vesicles, are formed. In nonpolar solvents, analogous structures, i. €., reverse
micelles with the opposite arrangement of polar groups pointing inwards, form.
One example ofa reverse micellar system was briefly presented in Chapter 1. If,
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85 86a 86b

in addition to water and surfactant, halogenated compounds or long chain
alcohols are present in solution, then structurally ill-defined but
thermodynamically stable microemulsions involving surfactant and the alcohol
are formed. A cosurfactant can, eventually, also take part in the formation ofthe
so called oil-in-water(o/w) microemulsions. On the other hand, water-in-oil (w/o)
microemulsions are created in hydrocarbon solutions which, in addition to
surfactant, contain water and long-chain alcohol.

Micelles and vesicles can be formed above a certain concentration. For
instance, small micelles are formed above critical micellar concentration, cmc.
(The latter abbreviation is often used for critical vesicle concentration, too.
However, sometimes a more general term critical aggregate concentration, cac
is also applied.) Bilayers of specific amphiphiles with two ‘tails’ are typical of
the central part of cell membranes discussed in some detail in the next chapter.
Studying artificial mono- and bilayers (uniform or with built in pores) is
indispensable for gaining information about the structure and functioning of cell
membranes involving the transport through them.

Another type ofordered monolayer has been obtained by vapour deposition
of polycyclic aromatic hydrocarbons 86 [4a] onto a freshly cleaved surface ofa
single crystal of the layer chalcogenide MoS, or by deposing dendrimers on a
gold surface [4b]. Close packing in a plane enabling monolayer formation was
achieved by directed syntheses of two isomeric 86a and 86b Cs, aromatic
hydrocarbons. According to equilibrium thermodynamics [5] a system of
molecules in solution forming aggregated structure should have the same
chemical potential of all identical molecules. Thus
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w=po + kT log X, = oy + 1/2 kT log 1/2 X, = poy + 1/3 kT log 13 X, = ...

or
p=puy = pon + k7/N log (Xy/N)=const, N=1,2,3, ...

where N is the mean chemical potential of a molecule in an aggregate of

aggregation number My, Moy the standard part of the potential (the mean

interaction free energy per molecule) in aggregates of aggregation number N, and

X, the concentration (or more strictly the activity) of molecules in aggregates of

number N. For monomers N= 1 and p,, and X, correspond to isolated molecules.
The latter equation can be rearraged to the form

Xy =N{X;exp[(p - HON)/kT]}N,

which together with the equation for the total solute concentration C rearranges

to
C=XI+X2+X3+ ..... =ZX]\'

If the rate of formation of N-th aggregate, i.e., its rate of association is equal
to k. Xy, whilst the corresponding rate of dissociation is given by kn(X)/N) then,
on the basis of the law of mass action the equilibrium constant

K= ky/ky = exp[-N(po - poi YKT].

The necessary condition for the existence of stable aggregates is the presence
of cohesive energy enabling the aggregate formation. The major factors forcing
self-assembly of amphiphiles into micelles, bilayers, or other well-defined
aggregates arise (in a polar sovent) from the hydrophobic attraction at the
hydrocarbon/water interface leading to the association and the hydrophilic, ionic
(or steric) repulsion of the head groups which oppose it. The delicate balance
between these two competing interactions determines the interfacial area a per
molecule (that is, the effective headgroup area) exposed to water.
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4.2.1 Langmuir and Langmuir-Blgdgett Films and Other Self-assembling
Layers

By pouring a spoon of oil on a surface of a pond in the middle of the 19th
century Benjamin Franklin probably obtained the first intentionally created
molecular monolayer. There is no uniformity in the notation of mono- and
polylayers. Accordingto FuhrhopandKoning[2a] monolayerson water bearthe
name Langmuir films whilst those on the solid surfaces are called
Langmuir-Blgdgettt films. On the other hand, Lednev and Petty [4c] speak about
Langmuirmonolayers and Langmuir-Blgdgett multilayers. Fuhrhop and Koning
[2a] claim that such films are not molecular assemblies at all but represent
separate liquid or solid phases exhibiting domain structures typical for bulk
phases. The films spread on a (water) surface can be compressed, forcing into
existence a regular arrangement of amphiphilic molecules (Figure 4.2).

Figure 4.2. Uncompressed and compressed film of amphiphilic molecules on a surface.

Importantly, even linear molecules are not necessarily oriented perpendicularly
to the surface in the compressed monolayer [6]. Such an aggregate can be
stabilized by covalent bonding to a solid, often gold, surface and polymerization.
One example of this kind, a film of 1-octadecanethiol C,sH3;SH on gold (Figure
4.3), was probed by measuring time-resolved emission spectra of a tethered
chromophore 1-pyrenebutanethiol 87. The results obtained indicated that: (a) the
long axis of alkanethiols forms an average tilt angle of 26°; and (b) that within
about the first 10 CH, groups the local environment is very rigid whilst the rest
ofthe molecules are much more mobile. This example shows how the structure
and dynamics of a monolayer can be studied by analyzing the response of a
chromophore embedded in the monolayer. The tilted arrangement ofamphiphiles
(in contrast to that with an orientation of molecules perpendicular to the film
surface) analogous to that of 1-octanethiol is typical for many films. The first are
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87 \
Figure 4.3. Tethered pyrene inserted in a monolayer on gold.

Au Substrate

called J-aggregates whilst the layers with the perpendicular arrangement of
molecules bear the name H-aggregates [7]. Kunitake and coworkers, who
reported the first artificial bilayer membrane [8a], undertook a detailed study on
the molecular design of molecules forming bilayers [8b]. The ability to build
aggregates was analysed for more complicated molecules capable of the layer
formation. The resulting aggregates were observed mainly by electron
micrographs.

Amphiphilic monolayers are two-dimensional model systems which are
extensively analyzed notonly to gain abasic understanding of self-organization
and structure-property relationships at an interphase. In addition, they are
frequently studied, since one expects thatthey will find applications as lubricants
and anti-corrosive coatings [9]. As mentioned earlier, the study of molecular
aggregates requires the application of specific, sometimes specially developed
experimental methods. In the case of mono- and multilayers they include,
amongst others, Brewster Angle Microscopy [10], the Langmuir Trough (also
called Langmuir Balance) [11], light scattering [12], Differential Scanning
Calorimetry [ 13], techniques making use of second harmonics (second harmonics
generation SHG, second harmonics microscopy SHM, Fourier Transform
Infrared FTIR) [14] and special X-ray techniques (Small-Angle X-ray Scattering
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SAXS [15a], Near-Edge X-ray Absorption Fine Structure spectroscopy,
NEXAFS [ 15b], and X-ray Photoelectron Spectroscopy, XPS [15¢]). In the case
of larger assemblies, such as giant vesicles [16], modifications of microscopic
technique provide interesting information. A discussion of these methods falls
outside the scope of the present book. However, it should be mentioned that the
Langmuir trough allows one to measure isotherms relating surface area per
molecule A and interfacial pressure & while Brewster Angle Microscopy provides
information on the morphological features of amphiphilic monolayers. Using the
latter method, one can establish that monolayer structures are not uniform. They
are, rather, characterized by domains of various sizes and shapes [17]. Today we
are far from understanding the origin of the domains’ formation.

422  Mono- and Bilayer Lipid Membranes

Monolayer lipid membranes, MLM, are composed of bolaamphiphiles
schematically shown in

- Q & ;23 Figure 4.1 which are
% > %%% g%‘ég more water soluble since
S S % 22 they have two polar head
groups, compared with

%%%% % single headed amphiphiles

e forming bilayer lipid

Figure 4.4. Mono- and bilayer membranes. membranes, BLM,
(Figure 4.4). BLM

constitute the central part
P of cell membranes

%% % (briefly discussed in the

next Chapter) which play

( an essential role in all
living processes. MLM
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attraction, leading to their
Figure 4.5. Thermal undulation of bilayer membrane. ~ precipitation. The latter
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usually does not occur
since the membranes

counteracting the

precipitation. One can

membrane by inserting

Figure 4.6. Stabilization of membrane by a comb shaped  hydrophobic side chains
into it or by polymerizing other suitable inserted groups (Figure 4.6) [19]. Such
polymers mimic stabilizing role of cytoskeleton in cell membranes (see next

undergo thermal

fluctuations called

undulations (Figure4.5)

[18] preventing their

= .

% %% further aggregation, thus
% stabilize a vesicle

polymer, of a comb shape polymer

Chapter).

4.2.3 Microemulsions, Micelles and Vesicles

According to Fuhrhop and Koning [2] microemulsions are isotropic and
optically clear dispersions of hydrocarbons-in-water or water-in-hydrocarbons,
where oil or water droplets are small (5-50 nm). They are thermodynamically
stable and, interestingly, they remain clear indefinitely. Microemulsions are
formed spontaneously by mixing water, hydrocarbon, surfactant and cosurfactant
in specific proportions. They have no defined supramolecular structure. As
briefly discussed in Section 6.3.5, microemulsions and other supramolecular
assemblies provide an ideal medium for cleaning process involving removal of fat
as well for some other prospective applications. Menger and coworkers [20a]
proposed to use microemulsions to destroy half-mustard 88 (a warfare agent
much less dangerous, but similar in action to, mustard) by its reaction with
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hypochlorite in microemulsion
formed by water, cyclohexane,
sodium dodecyl sulfate
C,,H;sSONa (surfactant,
often denoted SDS) 89 and
I-butanol (cosurfactant). As
schematically shown in Figure 4.7,
the half-mustard is oxidized
exclusively to nontoxic sulfoxide
on a reasonable scale by this
simple, inexpensive, mild and rapid
H method. 5% aqueous solution of
/ hypochlorite (which is used in
C1 2 H25S 04 wd 'ﬂ € I domestic bleach) was added to half
mustard first. Then the mixture
was dissolved in a microemulsion
formed by water, cyclohexane, acommon amphiphile SDS 89 (surfactant), and
1-butanol (cosurfactant) in a specific proportion. Substrate with the oxidant,
water, hydrocarbon, surfactant and cosurfactant represent a complicated system
in which all components act cooperatively. Water dissolves the inorganic oxidant,
while cyclohexane acts as a solvent for half mustard. Both these immiscible
components are combined with SDS. The role of butanol-1 that acts as
cosurfactant lies in filling the space between the charged SDS molecules.
The effectiveness of the method is most probably based on the fact that alkyl
hypochlorite is formed at the oil/water interface where the cosurfactant alcohol
resides. The oxidation that follows takes place either inside or on the surface of
oil droplet. The rate of the reaction can result from a large hydrocarbon/water
contact area permitting interaction between oil-soluble sulfide with interfacial
cosurfactant that served as an intermediary. An extension ofthis procedure to
mustard deactivation has also been proposed [20b]. Such systems could be also
applied to the degradation of several environmentally contaminating materials.
The formation of microemulsions, micelles and vesicles is promoted by
unfavourable interactions at the end sections of simple bilayer membranes. There
is no simple theory of solute-solvent interactions. However, the formation of

Figure 4.7. Scheme of deactivation of half-mustard.
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aggregates of nonpolar molecules in
water is known to be owed to the
entropic effect on the basis of the
estimation of the free energy change
AG of the transfer of bulk alkane into
water. The low solubility of alkanes
and the entropic character of AG of
solvation result in the so-called
hydrophobic effect. Micelles and 90

vesicles shown in Figure 1.4 differ in

theirsize and stability. Micelles are small short living species containing 50-100
amphiphillic molecules while considerably larger vesicles are so stable that they
can be separated by chromatography. As briefly discussed in Section 6.3.5, small
nonpolar molecules can reside within micelles and vesicles in water, thus these
aggregates can act as surfactants or drug carriers. In this way the inclusion of
nonpolar molecules inside micelles leads to their increased solubility in water. For
instance, SDS solubilizes benzene in water, resulting in about 40 benzene
molecules per micelle [21]. Interestingly, NMR shifts seem to situate most of the
benzene molecules not inside the micelles in anonpolarenvironment but at the
micelle/water interface [22]. This brings us to the fascinating problem of the
micelles structure. Certainly their schematic representation in Figure 1.4 is an
oversimplification and representing the shapes of surfactant molecules in form
of cones is misleading [23]. Several models of micelle structure have been
proposed: sphere-like model with statistical distribution of conformations of the
dynamic hydrocarbon chains [24], the ‘block’ model [25] and ‘reef’ or ‘rugged’
model [26]. Still another, more complicated model ofa helical micelle structure
was proposed for rigid facial amphiphiles like deoxycholic acid 90 with the
lipophilic sides of the acid orientated inside the ultrathin cylinder formed by the
helically arranged molecules of the acid. Surprisingly, suchamodelexhibits the
nonpolar face of the amphiphile orientated toward the bulk aqueous medium [27].
Experimental results involving, amongst others, NMR and laser Raman spectra,
diffusion and light scattering data, and high resolution neutron scattering do not
allow for unequivocal choice ofthe model. This is certainly the result of the
dynamic character of the micelles’ structure which have millisecond
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Figure 4.9. Expanded micelles leading to pore enlargement.
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lifespan with individual surfactant molecules in constant motion. The amphiphile
aliphatic tails undergo rotations, they can also abandon a micelle, move toward
another one, and, eventually, intrude into another micelle joining it. As a result,
the micelles which constantly collapse and reintegrate are a difficult research
object. Some researchers [28] consider micelles and vesicles as distinct liquid
crystalline phases, allowing one to draw parallels between functionalized
biomembranes and (polymeric) materials with anisotropic structures.
Specific systems in which only one or two different molecules are contained
within each micelle (Figure 4.8) can be obtained by careful design. The size of

Figure 4.10. Fourth-generation dendrimer with porphyrin core.
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the molecules and the micelles lifetime have to be fine-tuned for this purpose.

An interesting example of extension of the size of micelles is provided by the
system composed of hexadecyltrimethylammonium bromide acting as a
surfactant, to which n-alkane acting as solubilizing agent was added [29].

The process utilizing supramolecular organization involves pore expansion
in silicas. A schematic view of such micelles built from the pure surfactant and
those involvingin addition n-alkane is shown in Figure 4.9. Another example of
pore creation provides a cross-linking polymerization of monomers within the
surfactant bilayer [30]. As aresult vesicle-templated hollow spheres are created.
Dendrimers like that shown in Figure 4.10 exhibit some similarity to micellar
structures and can host smaller molecules inside themselves [2c]. Divers
functionalized dendrimers that are thought to present numerous prospective
applications will be presented in Section 7.6.

Larger and more stable vesicles are sealed, extremely thin (< 10nm), mostly
spherical, membranes characterized by the aggregation number of 10*-10°. They
can be divided into six groups according to their considerably varying sizes from

15 to 1000 nm. Starting from small unilamellar vesicles (SUV) typical for
phospholipids and other amphiphiles (e.g., 15 nm egg lecithin); through
intermediate sized unilamellar vesicles (IUV) with diameters of ca. 100 nm;
multilamellar vesicles (MLV) of considerable sizes range (100-1000 nm)
consisting ofat least 5 layers; to large unilamellar vesicles (LU V) with diameters
of ca. 1000 nm. Even larger are giant vesicles that were studied by Menger as
primitive models of biological cells [16].

Supporting the bilayer surfaces by synthetic polymer scaffolds (Figure 4.6)
enables one to enhance the vesicle stability and to control the permeability of
their membranes. The polymers can be embedded within the vesicles among

Hom/\jof\,o @_/

= 91 @ 92
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others by incorporating them during the vesicle formation or by polymerization
of hydrophobic monomers solubilized in the interior of the surfactant bilayer
[19].

The association of amphiphiles is strongly solvent-, temperature-, pH- and
concentration-dependent. The studies of various aggregates formed by a
cholesterol derivative 91 [31] illustrate this point (Figure4.11). The dissociation
and reassembling of tobacco mosaic virus into its constituent parts discussed in
Section 5.2.1 provides an elegant example of a more complicated assembly

ornpibinkils process that also depends on
mesogen 91 these factors.

Vesicles can be formed
not only by simply adding a

Q surfactant (eventually with
a cosurfactant) but also
UM‘) Lyotropic

|

e
==

upon sonification. Asshown
ng Le by Gokel and coworkers
[32], their reversible

o Wl

Thermotropic o
0 collapse can be controled
chemically by influencing

the polarity of head groups.
X ,H ::““"""""“ For instance, cholestanyl
ferrocenylmethyl ether 92

Micelle does not form any
aggregates but its cor-

ale ;-é‘\éld/fé responding ferrocenium salt
momooe Vesicle fragment "7,//;?{0\1\%5\* obtained by oxidation

\}MM‘{W/ afforded  vesicles upon
% sonification. However, the
W aggregates collapsed when

ferrocenium ion  was

Figure 4.11.Various modes of aggregation of 91. .
reduced to its mnormal

relatively nonpolar state.

Vesicles are known to exhibit catalytic activity. An impressive example of this
kind reported by Grooves and Neumann is presented in Section 6.4.2 [33]. The
catalytic oxidation of the inactive carbon atom mimicking the action of
cytochrome P-450 enzyme by a porphyrin derivative in the presence of vesicles
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was rationalized by assuming embedding of both the porphyrin catalyst and
substrate into the vesicle membrane.

4.24 Nanotubes

Self-assembled objects of various nature bear the name nanotubes. Some of
them are covalently bound structures while other are self-assembled
aggregates.The best known among them are probably elongated fullerenoid
structures called carbon nanotubes obtained, in addition to spheroidal fullerenes,
like Cqo 40, and its higher analogues like
C,o and Cg, 93 and 80, by evaporating
carbon in an arc discharge [34]. In view of
prospective applications mostly associated
with their ability to include other
molecules, the latter finding attracted huge
interest. At first, non-uniform multi-wall
nanotubes in the form of a number of
tubes inserted one into another like
Russian dolls and capped with several
half-spheres have been produced [35].
Then, by optimizing the procedure not
only simple single walled nanotubes, SWNT, have been obtained [36] but the cap
could be removed [37] allowing one to insert small crystals [38a] or metal cluster
[38b] into the nanotubes.

Co 1s known to play a unique role within the fullerene family. Its analog, “a
perfect nanotube”, has 13.8 A in diameter, is capped by half of a giant Cy
fullerene and has enough space inside to host C¢q [39], Seven to 14 single walled
nanotubes, SWNTSs, can form fibers which can be used to store H, inside orin
the interstitial spaces between bundled nanotubes [40]. At present the process is
not very efficient but its optimization could lead to fuel cells needed for vehicles
driven by electricity. Another possibility of SWNTSs’ application is to use them
as quantum wires. Tans and coworkers [41] have shown that one can handle a
single nanotube and measure its conductance. Moreover, an electronic device
consisting of a single nanotube has recently been reported by the same group

[42].
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Technical problems related to carbon nanotubes and their applications are
discussed in some detail in Section 7.5.

A different kind of self-assembled nanotubes (Figure 4.12) are spontaneously
built from cyclic peptides made up of alternating D- and L-amino acids. As
predicted by DeSantis group in the mid 1970s [43], the octapeptide
cyclo-[-(D-Ala-Glu-D-Ala-Gln),] 94 [44a] is approximately planar with NH and
C=0 bonds orientated perpendicularly to the mean plane ofthe macro-ring thus
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Figure 4.12. Self-assembled nanotube built from cyclic peptides.

favouring formation of hydrogen bonds. Hydrophobic side chains in
cyclo-[-(Trp-D-Leu);-GIn-D-Leu] 95 obtained by Ghadiri and coworkers enabled
the incorporation of such nanotube into a membrane where 95 can play a role of
trans-membrane channel capable of proton transport [45] (Figure 4.13). The
channel pore diameter leading to a selective transport of ions depends on the
macrocycle size. A modified peptide as a transmembrane channel was also
reported by Meillon and Voyer [46].

A similar type of macrocycle stacking leading to the nanotube formation was
recently reported by the Stoddart group [44b]. The latter authors synthesized
cyclodextrins analogues 96 built of alternating D- and L- sugar units. The
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Figure 4.13. Self-assembled peptide nanotube incorporated into a membrane.

resulting oligosaccharides also self-assemble into nanotubes. Another type of
self-assembled nanotube formed by acyclodextrin derivative and 1,6-diphenyl-
1,3,5-hexatriene was reported by Pistolis and Malliaris [47].

4.2.5 Fibers [48]

The solvophobic effect and head group repulsion promote micelles and vesicle
formation. These effects and the dynamic character of self-assembled
nanostructures protect them from further aggregation and crystallization.
Hydrogen bonding counteracts the repulsion and by including secondary amides
as head groups, one obtains vesicular tubules for amphiphiles with low cmc
(<10” M) or thinner micellar rods for amphiphiles exhibiting higher cmc of
10*-102 M. The process is slow, involving the formation of simpler helical
structures first. It may take even a month to get fibers as was the case for
glutamic acid diester 97 [48].

Hydrogen bonds can be reversibly broken by raising the temperature above
the phase transition of the bilayers (Tc = 34°C) and fibers slowly grow up upon
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cooling. An interesting dependence of UV absorption wavelengths on the length
of the amphiphiles tail was reported for 98 [49]. Owing to differences in the close
packing of azobenzene chromophoric groups, the aggregate aborbs at 320 nm for
n=9, 11 and 13 whereas forn = 10 and 12 the corresponding absorption band
appears at 350 nm.

Fibers were also found to be formed, amongst others, by amphiphiles like 99
having a phospholipid nucleotide head group [50], by porphyrin derivatives like
100 [51], and by helicene derivative 101 [52].

(R,R)- and (S§,5)-cyclohexanediamines 102 self-assemble with
cyclohexane-1,2-diol 103 forming helical fibers of 40-70 nm length whilst the
racemate produces platelets [53].

Fuhrhop and coworkers [54] discovered higher aggregates - ropes - consisting
of quadruple helices of N-octyl-D-gluconamide 104.

4.2.6 Liquid crystals [55]

Melting point describing the temperature at which the solid to liquid transition
takes place is one of the main characteristics of chemical substances. When heat
is supplied to a crystalline species its temperature usually rises until it starts to
melt. This temperature corresponding to the melting point is maintained until all
the substance is liquified. During this process the long-range order of the
crystalline solid is destroyed. Simultaneously anisotropy of the crystal, that is,
a dependence of its optical and some other properties on the direction of, for

Thermotropic
liquid crystals

liquid nematic smectic crysiol

order

Y

temperature

—_
-

Figure 4.14. Schematic presentation of ordering in liquid.
liquid crystal, and crystal.




MESOSCOPIC STRUCTURES AS AN INTERMEDIATE STAGES 85

\ i:: /
h{ (0]
106 (R =H)

106b (R =n-C,,H,,)
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SR SR
R=CgHys
108

instance, incident light, subsides during the melting process, which leads to an
isotropic liquid. However, this is not always the case. To the great surprise ofthe
Austrian botanist Reinitzer [56], two cholesteryl esters 105a and 105b [57] did
not give a clear, transparent liquid on melting. The ‘liquid’, later called a
thermotropic liquid crystal, was anisotropic until the clearance temperature was
reached. Thermotropic liquid crystals are built from form-anisotropic molecules
bearing the name mesogens. By varying the temperature between those
corresponding to the crystalline and liquid phases one can generate a nematic
phase with a preferred orientation of the longitudal molecular axis and one of the
smectic phases characterized by a layered arrangement of mesogens orientated
perpendicularly or atan angle to the layers. Thermotropic liquid crystals can be
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also built from disc shaped molecules like 106 [58] forming molecular stacks.
Another kind of liquid crystal requiring a solvent for formation bears the name
lyotropic liquid crystals (shown in Figure 4.14). For almost 80 years studies of
these and other substances exhibiting similar behaviour were thought to be a
mere curiosity of no practical significance. The title of an article in the German
journal News from Chemistry, Techniques, and Laboratory in 1966 “Liquid
Crystals - an Area of Research with Little Use?” reflects these opinions [59]. The
situation has changed rapidly with the development of the first compound
exhibiting liquid crystal behaviour at room temperatures
4-methoxybenzylidene-4'-n-butylaniline 107 [60]. At present there are huge
industrial application of liquid crystals in wrist watches and high contrast
computer displays. Many other applications of ferroelectric liquid crystals as
sophisticated optical computing systems [61], flat panels for high definition
computer and video displays, and materials exhibiting nonlinear optical
properties are foreseen in the near future. Notably, some high strength polymeric
materials, such as the famous Kevlar, are spun out of lyotropic liquid crystal.

There is a significant degree of m-orbital overlap between the adjacent
aromatic ring of discotic columns built of 108, thus they were thought to form
quasi one-dimensional conductors. Instead, they proved to be insulators.
However, an electron is extracted from the triphenylene core by dissolving a
small amount of an electron acceptor, such as AICly, in the liquid-like
hydrocarbon matrix in which the stacks are immersed. This charge transfer
results in the creation of a positive hole which is highly mobile along the stack,
leading to quasi one-dimensional conductivity [62]. Colour-responsive liquid
crystals built of cholesterol and its crown ether derivative in a helical
arrangement were obtained by Shinkai group [63] whilst a quasi-polymeric
hydrogen-bonded nematic mesophase 109 was reported by Lehn and coworkers
[64]. An interesting combination of fullerene, ferrocene and cholestenyl units in
one molecule also results in thermotropic liquid crystalline properties 110 [65].

Interestingly, tobacco mosaic virus, discussed in Section 5.2.1, owing to its
rodlike shape forms lyotropic liquid crystalline phases which can be analysed
theoretically [66].
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Chapter 5

BETWEEN CLASSICAL ORGANIC
CHEMISTRY AND BIOLOGY.
UNDERSTANDING AND MIMICKING NATURE

5.1 Introduction

In the last hundred years a considerable amount of information has been
collected by chemists on small and middle sized molecules owing to the
development of very precise analytical methods enabling the determination of
their structure and reactivity. On the other hand, the structure and functioning of
large natural objects such as cells and cellular networks have been studied by
completely different methods typical for biology. An exciting field of
biochemistry bridging the gap between these fields was started not long ago. It
involves the study of the structure of biopolymers and their functioning at the
molecular level. On the other hand, the structure of molecular aggregates,
transport through membranes, recognition phenomena between simple molecules,
as well as the study of artificial biomimetic structures, are the subject of
supramolecular chemistry. It should be stressed that there is no clearcut division
between biochemistry and biomimetic supramolecular chemistry; the two fields
partly, but strongly, overlap.

One of the most exciting phenomenon in biochemistry is molecular
recognition enabling outstanding selectivity and efficiency of chemical reactions
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in living organisms. As briefly discussed in Chapters 2 and 3, the revolutionary
‘key and lock’ model of the recognition was introduced by Emil Fischer in 1894
[1]. It consists in the highly specific interaction of a larger molecule, the
substrate, with a smaller one, the receptor, which fits into the cavity of the
former. This model was later replaced by the more subtle “induced fit” model [2]
in which both molecules have to undergo conformational or other changes [3] to
lower the barrier for the complex formation. A remarkable example of induced
fit (presented in Chapter 1) provides a porphyrin dendrimer (shown in Figure
1.6) changing its conformation to accept the guest molecule. Several other
examples of induced-fit complexation are presented throughout this book.
However, this fruitful concept can hardly be applied to the hexakinase enzyme
creating the host site by wrapping itself around the guest (Section 2.1). On the
otherhand, the difficulties encountered sometimes by choosing hostand guest in
the solid state are discussed in Section 6.2.

Only a few examples from the vast area of biochemistry and biomimetic
chemistry will be presented in this chapter to substantiate the claim that
supramolecular chemistry is situated between chemistry and biology.

5.2 The Role of Self-Organization and Self-Association in the
Living Nature

Living organisms are built of highly organized assemblies of organic
molecules performing very efficiently specific tasks of enormous complexity.
These assemblies are characterized by high level of organization and considerable
mobility. At present we are only beginning to understand the structure and
functioning of living organisms at molecular level [4]. Here the role of
supramolecular assemblies in Nature will be illustrated only by few examples
exhibiting their basic importance.

5.2.1 Tobacco Mosaic Virus

Let us consider the structure of the tobacco mosaic virus first. As shown
schematically in Figure 5.1, it is composed of a single strand of ribonucleic acid,
RNA, covered by a sheath formed from 2130 identical protein units. Thus the
whole virus constitutes arather simple supramolecular assembly. By changing
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Figure 5. 1. The scheme of formation of tobacco mosaic virus.

physical or chemical stimuli this assembly can be split into its component parts.
Moreover, Fraenkel-Conrat and Williams showed that such a living structure can
not only dissociate into the corresponding RN A and proteins [5] but, amazingly,
the virus can be recomposed in vitro, that is in the test tube. In addition, the
concentration, time, and pH dependences of the reassembly process are typical
for chemical reactions implying that a living organism [6a], a virus, can be
formed artificially from molecules which in principle could be synthesized in a
test tube. The importance of this fascinating discovery can be compared only
with that of the Wohler synthesis of the organic molecule, urea, from the
inorganic reagents in 1825 [6b]. The latter observation provided the decisive
argument against the living force ‘élan vital’ which had earlier been considered
indispensable for the existence of a living creatures.

The process of assembling of tobacco mosaic virus exhibits several
characteristic features ensuring its effectiveness [7]:

1. Information: A large structure is built from only one or a few types of
subunits. In this way the amount of genetic information is greatly reduced.

2. Control: The highly selective fit of constituent parts ensures control of the
assembly process. Simultaneously, making use of numerous weak interactions in
the association of subunits not only allows for the control of the process and but
also enables a response to the changes in environment.
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3. Error checking: The complementarity of shape and electrostatic field of
subunits constituting the assembly forms the basis for the recognition process. It
provides for self-checking and excludes defective subunits thus correcting
occasional synthetic errors.

4. Efficiency and cooperativity: As will be discussed below, the construction
of large structures by self-assembly is much more effective than obtaining them
step by step. In many cases the assembly is a cooperative all or nothing process.

5.2.2 Helical Structure of DNA

The formation of a DNA double helix from the complementary
single-stranded oligonucleotides is probably the best known self-assembly
process in Nature. The strands recognize each other by very selective hydrogen
bonds between adenine 111 and thymine 112 (or uracil 113 for RNA) or guanine
114 and cytosine 115 base pairs (Figure 5.2) first found in 1953 by Watson and
Crick [8] and later confirmed in numerous crystal structure analyses [9]. A
detailed study of an assembly of the model nucleic acids containing either 17
adenine residues or the same number of uracil residues has shown that the
formation of the first three to four base pairs is necessary to trigger the process
[10]. This first stage, nucleation, is unfavourable in terms of free energy but the
subsequent base-pairing provides large and negative contribution to the overall
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Figure 5.2. Adenine-thymine(uracil) (left) and guanine-cytosine (right) dimers.
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free energy. Thus once the initial nucleus is formed the further self-assembly
proceeds cooperatively until all possible base pairs are formed. The double helix
formation is all or nothing process since it cannot stop before completion ofthe
pairing. Several molecules intertwining upon complexation with ametal ion, thus
spontaneously forming double-, triple-, or quadruple-strand helicates, will be
discussed in Section 8.4.2.

5.2.3 Cell membranes

Cell membranes play an essential role in all basic biological phenomena [11].
A biomembrane consists of three interconnected layers (Figure 5.3): the
glycocalix in which recognition phenomena on the cell surface take place, the
lipid bilayer with built in protein channels enabling, amongst others, transport
through membrane, and the cytoskeleton stabilizing the membrane.
Carbohydrates forming glycocalix take part in intercellular communication,
signal transduction, cell adhesion, infection, cell differentiation, development and
metastasis. In addition to its function as a filter, the middle bilayer participates
in signal transduction and cell motion.

Glycocalix

AR =nm
i | W Mm g

Cytoskeleton

Figure 5.3. Schematic view of cell membrane.

Biological membranes are highly complicated entities performing various
functions. Thus also in this case one has to study simpler supramolecular systems
(like those shown in Figure 4.1) to better understand their operation. A
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spontaneous formation, i e., self-assembly, of lipid bilayers was presented in the
previous Chapter. As discussed in Section 4.2.2, one can mimic the bilayer
support realized by the cytoskeleton by inserting hydrophobic side chains of an
appropriate polymer into the membrane (Figure 4.6). Multiple recognition
phenomena executed by sugars on a cell membrane surface have been recently
reviewed by Whitesides and coworkers [ 12a], whilst the use of smaller molecules
mimicking carbohydrates was discussed by Sears and Wong [12b]. Recent
development in the domain of recognition of carbohydrates through noncovalent
interactions was summarized by Davis and Wareham [13]. These studies are not
only of basic importance enhancing and deepening our understanding of the
operation of cell membranes but they also have great practical significance since
bacterial and viral infections, cancer metastasis, inflammatory reactions, and
other similar processes are based on biological recognition by carbohydrates at
the cell surface.

Interestingly, complicated systems of parallel bilayers form organelles
involved in photosynthesis which bear the name chloroplasts [14].

The above examples of self-assembling supramolecular systems in Nature
point to the basic importance of the understanding of their structure and

functioning.
5.3 Modeling Processes in Living Organisms

Modeling processes taking place in Nature at the molecular level is a
formidable task. It involves, amongst others, mimicking chemical reactions in the
organisms, allowing one to understand enzyme action. Studying cell
transformations on the giant vesicle models mentioned in Section 4.2.3, modeling
self-replication, membrane formation and transport through them, and many
other phenomena also belong to this field. Understandably, only few such studies
can be discussed briefly in this book in general and in this Chapter in particular.

5.3.1 Host-guest Complexes as Analogues of the Interacting
Substrate-Receptor Unit in Biochemistry

An amazing selectivity and efficiency characterizes chemical reactions carried
out in Nature that are catalyzed by specific enzymes. The fact that living
organisms are built almost exclusively (see, however, [15]) from L-aminoacids



BETWEEN CLASSICAL ORGANIC CHEMISTRY AND BIOLOGY 99

points to their enormous enantio-specificity. Topoisomerases enabling the
synthesis of knotted or catenated circular DNAs (Section 2.3) represent another
example of the thought inspiring enzymes action. The spatial folding of one or
more peptide chains forming the tertiary structure of enzymes allows for the
formation of reaction sites in which the reactants perfectly fit not only spatially
but also stereo-electronically. Macrocyclic hosts catalyzing chemical reactions
mimic the receptor site of an enzyme whilst the guest plays the role of the
substrate. Few examples of enzyme mimics will be discussed in Section 5.3.5.
As discussed in Section 6.3.3, rational drug design [16] plays an ever
increasing role in the development of more effective new drugs. Simplifying the
problem, one can say that the development consists in finding molecules that
enter the active site, blocking the malfunctioning of the organism. This means
that the shape and electrostatic field of the active site and those of the drug
molecule under development should complement each other. In such situation
one speaks about their stereo-electronic fit. The task is less complicated when the
active site is known. Otherwise it can be modelled on the basis of the stereo-
electronic structure and pharmacological activity of known drugs [16a].

5.3.2 Principles of Molecular Modeling of the Origin of Life

It should be stressed that the most widely accepted models of the origin and
evolution of life are based on the concept of self-assembling molecular systems.
The models rooted in information theory involve [17]:

(1) The association of small molecules into more complicated ‘“‘smart”
biomolecules and assemblies that possess retrievable molecular information for
specialized functions.

(2) Successful molecular evolution that puts strict demands on accurate
transfer of molecular information executed by highly precise control of size,
shape, topology, flexibility, and surface chemistry at the molecular level. The
latter five features have been dubbed critical molecular design parameters.

(3) The control of these parameters allowing for the development of highly
complicated structures of living organisms which are able to reproduce, to pass
on genetic information to the next generations, and to carry out various
specialized functions.

These simple principles together with natural selection have led to the
enormous complexity of life forms. As discussed in the review of Tomalia et al.
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[18] in which microscopic, mesoscopic, and macroscopic dimensions of some
chemical and biological objects are given, there is a remarkable correspondence
between the size ofa system and the complexity ofits structure on one hand and
its complicated functioning on the other. As mentioned earlier, modeling of
natural systems is one of the most important tasks of supramolecular chemistry.

5.3.3 Modeling of Self-replication

Self-replication is probably the most essential property of living organisms
[19]. Can it be modeled by artificial systems? The closest to the prebiotic life
modeling are probably condensation reactions of trideoxynucleotides like 116
reported by Kiedrowski and coworkers [20], which in the presence of
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide lead to a hexadeoxynucleotide
template promoting the reaction. Self-replicating micelles and vesicles have been
described by Luisi and coworkers [21]. The latter authors reported the growing
number and decreasing size of “newly born” aggregates using, amongst others,
light scattering and luminescence techniques. Another approach to the study of

self-replication processes was

" adopted by Menger and
| SN coworkers [22]. The latter

EHACHD N/ko authors observed birthing,
@ i.e., partitioning, and growth
2 of giant vesicles by a
| N modified  microscope
= technique.  Interestingly,
0 Maoz, Sagiv et al. [23] have
o] shown that even amphiphilic

NH

o N N monolayers can self-replicate.
o P—0 </N | /J\ The Rebek group reported
- 2} N™ "N, an increase of the yield of a

reaction of the Kemp acid
derivative 117 owed to
template action ofthe product
118a [24] (Figure 5.4). The
effect observed was
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Figure 5.4. Rebek’s self-replicating system.
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interpreted in terms of the preorganization of substrates enforced by the reaction
product consisting in the favourable formation of the intermediate
hydrogen-bonded complex 118b. This interpretation was questioned by the
Menger group [25] who claimed that simple catalytic action of amides was
responsible for the yield increase. The controversy seems still open to discussion
in spite of further arguments by the Rebek and Reinhoudt groups [26].
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5.3.4 Transport through Membranes. ‘“Transport antibiotics’:
Valinomycin, Nonactin, Monensin and Their Mimics

Cell membranes not only separate their content from the outside environment,

they also perform numerous other important activities. One ofthe most important
membrane functions consists in transport through it. The passive transport based
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on concentration gradient is seldom effective and the active one coupled to
another thermodynamically favoured process takes place in living cells.
Membrane pores play an active role in such a transport. Valinomycin 5l,
nonactin 119 and monensin 120 [27] are so called “transport antibiotics” which
bind and transport cations through membranes. Crown ethers derivatives like 121
[28] and bolaamphiphile 122 [29], monensin based bolaamphiphile 123 [30],
Fe Il transporting oligoamine with anionic head groups (also bolaamphiphiles)
124 [31] and some other molecules have been incorporated into vesicle
membranes mimicking cell border. 122 not only executed proton flow out ofthe
vesicle but it also exhibited the transport inhibition in the absence of the
simultaneous transport of K ions through the membrane. A transport of a

T:_}— CH2CH(NH2)COOH

127a 127b

. D - :

127¢ 128a 128b
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tryptophane derivative in the presence of zwitterionic dye 125 resulted in the
transport through the membranes upon the UV irradiation [32].

Another type of self-assembling channel transporting sodium and potassium
through lipid membrane represent nanotubes built of eight D and L aminoacids
residues discussed in Section 4.2.4 (Figure 4.13) [33],

5.3.5 Cyclodextrins as Enzyme Mimics [34]

Catalytical aspects of supramolecular chemistry will be discussed in some
detail in the next chapter. In this section only cyclodextrins as enzyme models
will be briefly presented. Several examples of cyclodextrins’ catalytic activity
have been reported. The acceleration of the reaction rate upon adding of CDs is

Base
0
PN
O\ on 'N"_f—-* " HN&N e Base
'0..-}3:0 \=/ 0]
o-
AR /\0 -
HN NH Base
— O\PO' .
o 2
O\ ) OH \
O’P02
\
o Base o Base o Base
P M N —
HRNNH =~ 0. .0 = O OH
QP P Lo
7 /7
FO 0 = / 2
HO
A AO.

Figure 5.5. The classic mechanism of enzymatic RNA cleavage.
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usually moderate [34]. However, in a few cases figures as many as several
hundreds thousands oreven millions have been found [35a]. Thus the catalytic
activity of these oligosaccharides and their derivatives was studied with the aim
of elucidating the mechanism of enzyme action. For instance, ribonuclease A is
known to catalyze the cleavage of RNA with subsequent cyclization of cyclic
phosphate ester followed by its hydrolysis using imidazole groups of Histidine-12
and Histidine-119 (histidine 126) residues. To model the action of such
bifunctional enzymes the Breslow group synthesized three regioisomers of

disubstituted P-cyclodextrins 127a-127¢ and studied their influence on the
hydrolysis of 128a. Both the inclusion of the aromatic ring of 128a into the
cvclodextrin cavities and the mutual orientation of imidazole rings in the latter
molecules with respect to the substituents allowed one to test the classic
mechanism of the enzyme action presented in Figure 5.5. If the latter mechanism
were to operate, then the isomer 127¢ with an almost linear arrangement of the
imidazole groups should be the most efficient catalyst. However, the 127aisomer
proved to be the best leading to the abandonment of the classic mechanism found
in textbooks. The same model cyclodextrins were also used to study enolization
of ketone 128b in order to mimic simultaneous bifunctional mechanism of
catalysis of many enzymes. In this case, the reaction did not proceed without
cyclodextrin and the rates were comparable to that of monosubstituted
cyclodextrin when the isomers 127a and 127b were added. Only with the 127¢
catalyst was the reaction significantly faster, thus it best fitted the transition state
for bifunctional catalysis of enolization. More complicated cyclodextrin
derivatives were used as models of nuclease, ligase, phosphatase and
phosphorylase enzymes [35b].

5.3.6  Porphyrins Involving Systems Modeling Photosynthesis

The synthesis of carbohydrates (usually starch or sugar) from H,O and CO,
using light energy is one of the most common photosynthetic processes in Nature
[36]. It is a complicated process involving light energy for transferring electrons
from water to NADP™ 129 and the generation of adenosinetriphosphate ATP 185.
Chlorophyll 130 having a porphyrin core is the light receptor driving the process.
Absorbtion of light by an isolated chlorophyll molecule produces its excitation,
i.e., one of its electrons is raised to a higher energy state. In a photosystem built
of several chlorophyll molecules the electron is passed on to a neighbouring
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molecule. Such a supramolecular photosystem forms a crucial part of pigment
protein complexes, bound to membranes, that bear the name reaction center.
Recent X-ray analysis of the structure of the reaction center protein of some
bacteria [37] allowed one to model electron transfer taking part in photosynthesis.
One of the numerous examples of such modeling is provided by a study of
porphyrins containing rotaxanes by Sauvage group [38]. The latter authors
synthesized and analyzed photo-induced electron transfer in bis-porphyrin 131a,
rotaxane 131b presented in Figure 5.6. They found a very fast transfer from Zn
to Au in 131¢ (1.7 ps) which involved the central Cu atom, a slower one in 131b
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131c

Figure 3.6. Electron transfer in linear
diporphyrine 131a and two rotaxanes

131b and 131c. involving it.

lacking the mediating
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atom and a much slower
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process in 130 (55 ps).
Such studies provide not /N N\
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only a better under- Y
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standing of the electron
transfer process in Rg)k(k R3
photosynthesis but they

are also a prerequisite R!
for the design of systems 132a
enabling conversion of
the solar energy for future useage. Some
other supramolecular systems for artificial
photosynthesis are presented in the
Wasielewski review [39a] whilst dioxygen
carriers like cyclidene 132a pertaining to O,
transport and storage have been reviewed
by Bush and Alcock [39b].

Several porphyrin derivatives
mimicking O, carriers myoglobin and
hemoglobin have been reported [40],

5.3.7 Light Driven Proton Pump

In the purple bacterium Halobactium
halobium, light driven proton transfer
through membranes is executed by
bacteriorhodopsin  [4la]. This protein
consisting of seven helical fragments
criss-crosses the membrane seven times,
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forming a cluster of seven helicesspanning the o
membranewith chromophore molecule retinal R
132b embedded within it. Photoisomerization =

. . - o= »=o0
of all-trans retinal to its 13-cis isomer causes -

large movement of the helices to the position

favouring proton transfer. Mimicking this N0

action by the pump incorporated into the lipid O

bilayer of a vesicle wall [41b] is probably one

of the greatest achievement of biomimetic Q &

chemistry in recent years. The pump 133a
which represents a molecular device composed
of only one molecule (the so called C-P-Q
triad) consists of a quinone Q acting as the
electron acceptor, free base porphyrin P and
carotene C as the primary and final electron
donors, respectively. The triad is embedded into
the vesicle with the smaller lipophilic
carotenoid unitsituated in the innerlayer whilst
bulkier porphyrin and quinone parts occur in
the less dense packed region closer to the outer
surface. Photoexcitation and proton transfer it
causes proceed in seven steps. In the first step,
C-P-Q is converted to the charge separated
diradical state C*-P-Q". Then an electron is
transferred from Q° to the lipid-soluble 133a
2,5-diphenylbenzoquinone Qs 133b yielding
Qs”. In the third step uncharged semiquinone
QsH: is formed when the latter accepts a proton
from the external aqueous solution. The basic
function of a proton shuttle is carried out when
the semiquinone radical diffuses through the
membrane in the fourth step. Itis then oxidized 133b

to Qs™ by the carotenoid radical cation

encoutered in the interior layer of the membrane (Step 5) and releases the proton
intothe aqueous medium (Step 6). The cycle is closed by random diffusion of the
regenerated Qs (Step 7).
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134

53.8 Iron Sequestering Agents Promoting
Microbial Growth Siderophores

Siderophores are highly specific agents
performing a very important role in sequestering
low-solubleironionsandaccumulatingthemin
living organisms [42]. Together with their
synthetic analogues they provide a good
example of the systems of biological
significance bearing also supramolecular
aspects. Modeling of their functioning allows
one to understand better the operation of living
organisms. Almost all of them require iron for
metabolic processes. However, salts of ferric ion
are insoluble at physiological pH and low
molecular weight (500-1000 Daltons) strong
ferric ion chelating agents sideophores sequester
ironandaccumulateitinlivingorganisms. They
are produced by micro-organisms in cases of
iron deficiency and promote microbial growth
by solubilizing and assimilating this
conspicuous ingredient. They also execute some
other biological functions. Pathogenic micro-
organisms exposed to blood produce
siderophores that compete for iron with the
human protein transferrin [43a]. On the other
hand, the secretion of strongly iron-binding
siderophores protects humans from potentially
harmful micro-organisms by making iron
unavailable for them [43b]. The biosynthesis of
chlorophyll by plants requires iron. Thus
siderophores, more precisely called
phytosiderophores in this case, are also found in
plant roots.

An interesting example of siderophores was
recently found in marine bacteria. The other
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amphiphilic molecules like 134 consist of a polypeptide polar end that binds to
Fe(1I1) and a hydrophobic fatty acid tail [44]. They form spontaneously micelles
in iron-free solution. However, in the presence of Fe(IlI), large spherical vesicles
200 nm in diameter are formed. Siderophores have fiound some practical
applications. For instance, a siderophore is employed clinically in the treatment
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of acute iron poisoning by removing it from the body [45]. Studying siderophore
complexes with ferric ion and their synthetic analogues improves the
understanding of the stereochemical recognition offerric siderophore complexes
by membrane receptors as well as their mode of operation by iron removal from
mammalian iron transport. Enterobactin 135, mycobactin 136, aerobactin 137,
ferrioxamine 138 and numerous other naturally occuring siderophores have been
isolated (mostly from bacteria) and characterized. Their most important and
common feature is formation of six-coordinated octahedral complexes with ferric
ion of great thermodynamic stability although mixed forms of coordination have
sometimes been found. The complexes with iron (III) are mostly of 1:1
stoichiometry.

The latter is many orders of magnitude too low for microorganisms that need
at least a total concentration of ca. 5.10 7 mol/l. Siderophores are potent
chelating agents capable of collecting iron from the environment and promote its
transport through the membranes into the microbial cells. Stability constants of
the naturally occurring siderophore complexes with iron were very bigreaching
the value of 10% for enterobactin 135, mycobactin 136, aerobactin 137,
ferrioxamine B 138 [46]. Only recently synthetic siderophores (like 139)
characterized by a significantly larger Fe (III) sequestering capability have been
obtained [47]. For the most effective of them, the stability constant of ca. 10%,
that is, seven orders of magnitude bigger than that of enterobactin, has been
found.

Recent studies have shown that the mechanism of iron sequestering in
bacteria is highly complicated, involving complexing of ferric ion Fe** by potent
siderophores and the transport of such a complex through the cell membrane [48].
Synthetic siderophores like 139 are highly capable complexing agents. However,
to our knowledge their transport through cell membrane has not been analysed
yet.

Octadentate ligands with four catechol units like 140 exhibiting eight
coordination sites are capable of effective complexation of not only iron ions, but
also much larger Pu** [49].
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Chapter 6

ON THE BORDER BETWEEN CHEMISTRY AND
TECHNOLOGY - NANOTECHNOLOGY AND
OTHER INDUSTRIAL APPLICATIONS OF
SUPRAMOLECULAR SYSTEMS

6.1 Introduction

As discussed in Chapter 1, the ultimate aim of supramolecular chemistry is
not only to gain an understanding of Nature but also to build devices of practical
importance on the basis of supramolecular aggregates. Developing crystals with
predetermined desired properties has become a vivid branch of supramolecular
chemistry crystal engineering. Another promising venue consists in developing
devices built of one molecule or one molecular aggregate. One of numerous
exciting ventures in this area is the miniaturization of computers aiming at a
“cray of the size of paperback” [1] being an ultimate challenging goal. It requires
development of electronic elements (logical gates and switches) as well as
connecting ‘wires’ of a single molecule or a supermolecule [2] and nano-sized
tools capable of manipulating them. Systems making use of the generation of
second (or higher) harmonics form the basis of devices that, amongst others,
should find application in much more effective computer memories [3].
Supramolecular sensors [4] will undoubtedly find diverse applications, in
particular in environmental protection. Systems superconducting at room
temperatures allowing one to minimize energy losses by electricity transfer are
at present another aim of intensive research [5]. Harvesting light energy and
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mimicking the process of photosynthesis [6] should also lead to more effective
and environmentally friendly energy generation and use. Rational design ofnew
drugs or new ways of drug administration is yet another target that has
experienced an enormous boost thanks to the development of supramolecular
chemistry. It should be stressed that at present there are very few industrial
applications of supramolecular systems.Liquid crystalline displays which may
soon come out of the use [7] and cyclodextrin (like 13) complexes in
pharmaceutical and food industry, in cleaning and cosmetics are those few
bringing profits today [8]. Therefore most of the contents of this chapter is
devoted to the presentation of ideas. They promise a lot, however, as is illustrated
by the failure of numerous proposed fullerene applications discussed in Section
7.5, not all of them will be realized. It should be stressed that the prospective
applications of supramolecular aggregates are numerous and diverse. Therefore,
only a few of their representative examples could be presented here.

6.2 Between Chemistry and Solid State Physics - Crystal
Engineering. Obtaining Crystals With Desired Properties

Obtaining crystals with desired properties, that is crystal engineering, is a
formidable task [9, 10]. The anticipated turn from inorganic to organic materials
for electronics, optoelectronics, information storage and other applications is
associated with the ability of fine-tuning properties of organic molecules on the
one hand, and with the development of theoretical methods which allow one to
reliably predict them, on the other. The possibility of building crystals from two
(or more) different types of molecules expands the ability to manipulate their
properties. Although a model of packing of molecules in a crystal was proposed
by Kitajgorodsky long ago [11], at present we are, in general, notable to predict
the crystal structure formed by one type of molecules let alone the structure of
a cocrystal formed by at least two types of molecules. Intermolecular forces
(charge-transfer, hydrogen bonding, electrostatic and van der Waals ones [12])
are responsible for both crystallization and complex formation. Desiraju [9]
states that “the interactions that bind molecules in crystals are identical to those
responsible for molecular assembly in solution”. He considers the crystallization
process as an ultimate example of molecular recognition. Desiraju also states that
“the solid state supermolecule is not only of inherent interest but also a model for
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the less precise, ‘looser’, solutionsupermolecule, which

can be studied only indirectly with NMR and other

spectroscopic methods.” We believe that such statements
represent an oversimplification since: (1) the solvent

plays an important role in the complexation in solution; 141

and (2) the binding forces of many inclusion complexes

are of the order of magnitude of crystal forces. In crystal, these forces ‘disturb’
the structure of the loosely bound solution aggregates. Thus, in a certain respect,
some supramolecular complexes resemble the famous biphenyl 141 which is
twisted in solution [13] and planarin the crystalline state [ 14]. In close similarity,
different modes of entrance of the guest have been found for the complex of
para-nitrophenol 74 with hexakis(O-methyl)-a-cyclodextrin 75 in solution by
NMR technique [15] and in the solid state by X-ray analysis [16]. Moreover,
owing to the time and positional averaging, X-ray structure determinations
strongly underestimate internal mobility of the complexes [17- 19]. Thus the

information obtained from X-ray analysis of the crystals of inclusion complexes
is of great value. However, its application for the elucidation ofthe structure of

the complexes in solutions
Y
N
Al

may be limited.
Contrary to the Desiraju
claim that complexes in

solutions can be adequately
: modelled by those in the
//// /// / solid state, there is an
a) b) essential difference between
them, namely, in the former

.

Figure 6.1. Schematic view of host cavities formed by (a)
one and (b) two molecules. the complexes are usually in

equilibrium with their free
constituent parts. Their smaller rigidity reflected in the bigger mobility in solution
[17-19] can facilitate, at least in some cases, better mutual adjustment of the host
and guest. On the other hand, as has been noticed by Pedersen in his early study
of crown ether complexes (discussed in Chapter 3), some complexes present in
crystals (in which solvent molecules often participate) can be very weak or even
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nonexistent in solution. Thus the Desiraju claim that crystallography is the most
reliable source of information on the structure of inclusion complexes not only
in the solid state but also in solutions is not always valid.

Desiraju distinguishes two types of inclusion complexes in the solid state. In
the first type (Fig. 6.1) the guest molecule is embedded inside the host cavity. In
the second two or more different molecules form the cavity to include another
one. It should be stressed that the decision about which is the host and which is
the guest is not always obvious. For instance, the complex of three hydroquinone
molecules 142 with C,, [20] reflects this ambiguity since the molecular mass of
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the guest here is more than twice as large as that ofthree molecules forming the
host cavity.

As mentioned before, intermolecular interactions force complex formation
and/or crystallization. The directionality and dependence on the distance are the
most important characteristics of some of these interactions from the point of
view of crystal engineering. The statistical analysis of numerous crystal data
collected in the Cambridge Data Base [21, 22] (over 220 000 structures as of
March 2001) enables one to study the influence of weak intermolecular
interactions on molecular structure. Typical building blocks forming
characteristic ‘motifs’ or ‘patterns’ are then recognized. Subsequently, by
analogy with synthetic methods of organic chemistry one can (at least
theoretically) obtain supramolecular aggregates and/or crystals with foreseeable
spatial structures and desired properties.

Hydrogen bonding is one of the

a

,ﬁ strongest nonbonded interactions

HC  o...... H—N N= o o
_\N manifesting pronounced directional
4 N=H s N)—\g/ “r properties [10]. As such it is mostly
,N—é >:N used in crystal engineering. Let us
R Ko =N look at some frequently appearing
b H H-bond patterns in crystals. (1)
H,C 0 Carboxylic acids are known to form
8/—‘( /=N very strong dimers 143 persisting even
’ N=H.-oonoo N\ Y/ N/R in the gas phase [23]. More
; O .n-n. =N b ] complicated ribbon 144a and planar
‘H 144¢ motifs have been obtained for

Figure 6.2. Watson-Crick (a) and reverse aromatic di- and tri- carboxylic acids
Watson-Crick (b) types of hydrogen bonding.  144b, d [23]. (2) Ribbon structures
are characteristic for primary amides

145 [23]. (3) Watson-Crick H-bond base pairing [24] of adenine and thymine (or
uracil) 111, 112, 113 and that of guanine and cytosine 114, 115 are typical of
numerous crystal structures [25] (Fig. 6.2). (As mentioned in Section 5.2.2, these
bonds are responsible for the helical structure of DNA.) (4) Exciting diversity of
hydrogen-bonded aggregates formed by melamine 1 and cyanuric acid 2 are
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Figure 6.3. Various planar arrangements of A and A isomers of 146 that may involve (d)
2,2'-biimidazole.

discussed in Chapter 1 and Section 8.3. Some of them were found to crystallize
in well-defined structural motifs [26]. One-pot cation-dependent formation of
different hydrogen-bonded networks from nickel A and A complexes of
2,2'-biimidazole 146 shown in Fig. 6.3 was reported by Tadokoro and coworkers



122 Chapter 6

Figure 6.4. Alternate layers of 1,3,5-fricyanobenzene and hexamethylbenzene
are stacked in the crystal structure of the 1:1 complex.

Naphtalene Pyrene

AN
%;i\iﬁ%

Coronene Tribenzopyrene

b4

Figure 6.5. The four basic aromatic crystal packings.
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[27]. It should be stressed that all these H-bonds are so effective since these
systems exhibit an especially favourable match ofthe donor and acceptor groups
as concerns both their spatial arrangements and electrostatic potential fields.
Multiple recognition in the latter systems allows for highly effective collective
hydrogen bond formation. The above examples encompassed mostly cases of
strong OH...O , NH...O, and NH...N hydrogen bonds. The existence of much
weaker hydrogen bonds involving CH protons and/or m-electron systems have
been proposed [28]. A hexagonal network involving relatively weak CH...N
hydrogen bonds was reported by Desiraju group [29] as one example of such
systems. The 1:1 crystal was built from the parallel layers of
1,3,5-tricyanobenzene and hexamethylbenzene (Fig.6.4). However, not only
hydrogen bonding but also strong charge transfer interactions could be the
driving force for the crystal formation in the latter case.

Wolf and coworkers [30] have shown that a combination of hydrogen
bonding capability with symmetry requirements can enforce similar crystalline
arrangements yielding the pattern analogous to that formed by unsubstituted
melamine 1 and cyanuric acid 2 (Chapter 1) independent of the steric
requirements of the substituents. The pattern can be called molecular fabric.
Mascal and coworkers [31] have used this term for their more loose structure 147
exhibiting voids.

Analysis of the continuous donor-acceptor stacks in the solid state such as
those depicted in Fig. 6.4 [32] in the solid state inspired Stoddart to use stacking
interactions of aromatic rings as the factor forcing preorganization in the
syntheses of topological molecules discussed in Sections 2.3 and 8.1. These
stacking interactions are especially effective between m-electron acceptors and
n-electron donors. However, in addition to electrostatic attractions, such
interactions also involve van der WaalsC...Cdispersive attractions [33] between
the atoms of neighbouring rings. On the basis of the statistical analysis of the
data collected in Cambridge Data Base, Desiraju and Gavezzotti found that fused
aromatic molecules crystallize in four basic crystal packing patterns (Fig. 6.5)
and proposed empirical rules allowing one to predict the packing mode of a
molecule under study [34].

Metal coordination, a powerful organizing factor allowing one to design,
among others, cage-like or cylindrical nanoarchitectures will be discussed in

Section 8.5 [35].
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As discussed in detail in Ref. 36, for use in optoelectronics only systems
crystallizing in non-centrosymmetric crystal lattices are of interest ifthe use of
expensive enantiomers of chiral molecules is to be avoided. This considerably
limits the available crystal lattices since most organic achiral molecules
crystallize into centrosymmetric space groups. An interesting example of
enantioselective inclusion complexation was reported by Gdaniec and coworkers

[37].
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6.3  Nanotechnology and Other Industrial Applications of
Supramolecular Systems

The very trendy term nanotechnology is somewhat misleading since it is used
with at least three different meanings. The first of them refers to small, metal
clusters measuring no more than 100 nm which could find practical applications.
This domain falls outside the scope of the present book but an amazing
production of gold nanoparticles by bacteria Pseudomonas stutzeri AG259 [38]
can be mentioned here. The second field also dubbed nanotechnology is based on
a concept first proposed by Nobel laureate Richard Feynman in 1959 [39]. It
deals with hypothetical devices, so-called Drexler machines [40], which can
replicate themselves [41]. There are predictions stating that around the year 2030
such machines could be “biodegradable medical devices that are small enough to
fit inside a cell. There is no limit to the molecular or structural defects that can
be repaired nor viruses or bacteria that can be destroyed.” by them. Another
vision speaks about “tiny robots which may be swallowed or injected into your
bloodstream, where they'd race around inside arteries and veins, cleaning out
plaque, chewing up tumors, perhaps repairing faulty blood vessels.” [42]. Even
if the last statements promise too much too fast, as the author of this book thinks,
the prospects of nano-sized molecular machines are bright. Supramolecular
systems (discussed below) which, responding to photo or electric stimuli, can
reversibly execute large amplitude motion represent the first step towards
molecular machinery. The last meaning ofnanotechnology, most closely related
to supramolecular chemistry, refers to technological applications of molecular
aggregates of nanometer size.

In spite of great efforts focussed on the present and prospective applications
of supramolecular aggregates, no comprehensive account of this field can be
found since this is a huge, rapidly developing domain. Moreover, last but not
least, the publications are hampered by companies propriety interests. DuPont is
mentioned in the following citation illustrating this pointbut such an information
policy is obviously notrestricted to this company: “....if DuPontis talking about
it, it has absolutely no commercial interest in it whatsoever. If there were any
suggestion that those compounds were interesting, you would never see a word
about them in print” [43]. On the other hand, researchers abundantly propose
new applications in efforts to attract funding. This could probably best be seen
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at early stages of fullerene studies [44]. A flood of patents was filed and
proposed applications abounded after the Krdtchmar group paper described Cg,
purification that allowed them to obtain gram quantities of the compound [45].
Several, sometimes fantastically sounding prospective fullerene applications have
been described (see also Section 7.5) including a fullerene cage possessing an
opening with a door which should enable controlled release of a drug [44]. Some
other apparently more down to earth applications proved at least up to date
unrealizable. Until now this has been the case of high-temperature
superconductivity [46] and the application of CgFg as a lubricant [47] that are
briefly discussed in Section 7.5. Keeping in mind that very few supramolecular
systems have really made their way to industry, let us look at their few present
and numerous prospective applications.

6.3.1 Molecules in motion: towards machines and motors consisting of a
single molecule or molecular aggregate [48]

According to Sauvage [48a] “...compounds containing interlocking rings or
rings threaded onto an acyclic
fragment are the ideal precursors
to molecular machines, 1. e.
multicomponent systems for
which selected parts can be set
in motion while the other
fragments are motionless.”
Several such systems possessing
photo-, thermo- 148 [49a],
chemo- or electroactive groups
149 [49b] (Fig. 6.6) can perform
large amplitude motions. Metal
complexation inducing rotaxane
formation 150 and 151 also
causes large amplitude
molecular motion consisting in
threading and dethreading ofone
or two rings on a molecular
151 string [50]. Analogous
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152a 152b

Figure 6.7. Redox controlled rearrangement in metallocatenanes.

electrochemically induced molecular rearrangements take place in catenane 152
(Fig. 6.7). In all examples presented in this section the shape of the molecule and
its internal motion can be externally controlled by electrochemical, photochemical
or other means. For instance, in 149 the threaded ring is a tetracationic electron
deficient cyclophane which can interact with two electron-donating groups
situated on the central rotaxane string. Of the two groups, benzidine and
biphenol, the former is the stronger electron donor. Thus in the initial state over
80% of the macrocycles occupy this position. However, the electrochemical
oxidation of the benzidine group forces the macrocycle into the second position.
The reversibility of this process can be achieved by reducing the benzidine group
back to its initial state. Response of the systems shown in Fig. 6.6 and 6.7 can
be applied not only in molecular machines but also in sensors and logical
elements that can be used in memory devices.

6.3.2  Electronics on the basis of organic molecules or their aggregates
chemionics

6.3.2.1 The need for miniaturization of electronic devices

Faster computers with bigger memory capabilities and smaller size and
energy consumption are a must for further technological development. More
complicated tasks can be handled with computer speed and memories doubling
every 3 years and an increase in computers efficiency being accompanied by the
shrinking oftheir sizes. One of the first electronic computers ENIAC occupied
several rooms and weighted 30 tons [51], its counterparts in the seventies were
of the size of a wardrobe while todays palmtops are more efficient than
mainframes of the 1980-ties. However, this miniaturization process cannot
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proceed much further since, for

instance, the walls between memory

f/\o' cells will soon become too thin to

protect their content. Therefore a

completely different approach ‘from

“: OO :. the bottom up’ has been proposed to

obtain much smaller electronic

devices with single-molecule or

single-supermolecule devices as the

ultimate goal. DNA and RNA

computers which lie outside the

153 scope of this book, can serve as a

good illustration of the concept [52].

Enormous technological challenges must be overcome to realize it. Molecules and

supramolecular systems acting as wires, switches and conductors, have been

reported. However, as illustrated by the example ofa single carbon single-walled

nanotube field-effecttransistor [53], its incorporation intoadevice involves other

elements obtained using current microtechnology, resulting in a device which
offers no gain in size in comparison with current silicon transistors.

The schemes presenting the logical operation of AND, OR and XOR
(exclusive OR) gates are shown in Fig. 6.8. Balzani and coworkers [54]
proposed a pseudorotaxane 153 which can reversibly decompose (i.e., unthread)
by chemical stimuli thus modeling the XOR logic gate. The complex 153
composed of a macrocyclic electron donor 2,3-dinaphtho-30-crown-10, and an
elongated electron acceptor 2,7-dibenzyldiazapyrenium dication, unthreads upon
addition of stoichiometric amounts of acids or amines. Rethreading can then be
induced by addition of amine. Both processes are accompanied by strong changes
in the fluorescence properties ofthe system enabling monitoring and modeling of

\l./°\J

the gate.

6.3.2.2 (Supra)molecular wires, conductors, semi- and superconductors, and
so forth
According to Lehn [2] “The processing of molecular information via
molecular recognition events implies a passage from the molecular to the
supramolecular level. By endowing photo-, electron-, or iono-active components
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with recognition features, one may be able to design programmed molecular
systems that undergo self-assembly into organized and functional (photonic,
electronic, ionic) supramolecular devices, and these are in turn likely to reach
nanometer dimensions. Thus the chemistry of supramolecular devices,
chemionics, is the chemistry of molecular recognition-directed, self-organized,
and functional entities of supramolecular nature” [2]. Several exciting systems
which could act as molecular wires, conductors, semiconductors, etc. have been
proposed. A few of them will be briefly presented below, but basic technological
problems involving understanding of the operation of mesoscopic systems, their
reproducible production, and the assembly of them into electronic devices are still
enormous. Obstacles are huge and very few such systems have been presented in
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the literature to date. One type of these devices is represented by a

room-temperature transistor based on a single carbon nanotube and a kinked

single-walled nanotube acting like a rectifying diode [53, 55]. On the basis of

molecular modeling [56], the kink is believed to be a defect in the nanotube

consisting of the presence of a pentagon and a heptagon on opposite sides of the

standard hexagon carbon lattice. As briefly discussed earlier, these devices serve

as a good illustration of the problems encountered by miniaturization of

electronic devices since they are of the size of a conventional chip. Another type

of supramolecular devices is represented by multilayer Langmuir-Blgdgett
organic rectifiers [57] and monolayer Langmuir-Blgdgett photodiode [58].

One of the most promising types of organic metals and superconductors to

be used eventually as wires is based on bis(ethylenedithio)tetrathiafulvalene 154

complexes with 7,7,8,8-tetracyanoquinodimethane 155 [59]. Molecular wires

have been proposed by Lehn [2] as elements connecting parts of electronic

circuitry enabling electron flow between them. An interesting attempt to create

insulated molecular wires was reported by the Ito group [60]. The authors have

observed thatat low temperatures (below 275 K) polyaniline 156 in solution with

B-cyclodextrin 11 changes its conformation from coil to rod. The finding was

interpreted in terms of formation of polyrotaxane complex with cyclodextrins that

form an insulating cover on the rod. Lehn and coworkers inserted viologen

molecules acting as wires into micelle walls mimicking charge transfer through

s 5 . s the membrane [2] whilst Schoorbeck and

E I >=< I j coworkers [61 ] observed efficientintermolecular

S S S s charge transport in self-assembled fibers of

mono- and bithiophene bisurea derivatives. A

154 formation of a metallic wire of single gold atoms

NC & was reported by Yanson et al. [62] while

— DNA-templated assembly and electrode

NC>:<z>_<CN attachment of a thicker conducting silver wire

was described by Braun and coworkers [63a].

155 Carbon nanotubes which have also been

proposed to be used as wires are briefly

@N+ discussed in Sections 7.5. Yet another type of

B =P molecule which could be applied as nanowires

was reported by Simon [63b]. The system

consisting of columnar liquid crystals formed

156
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from heptaalkyl substituted
phthalocyanines 157 exhibited
one-dimensional energy
migration and charge transport.
Thin organic magnetic films
developed by J. Miller and
coworkers exhibit electrical
properties ranging from
insulating to semiconducting and
may be flexible and transparent
[64a]. The properties of such
materials may be studied by the
computer modelling which is
widely used in rational drug
design [64b]. A detection in the
early 1990s that certain doped
fullerenes are superconducting at
low temperatures was met with
euphoria, since the lack of
resistance in such a conductor
would significantly cut energy
losses. However, it turned out
that one could reach much higher
values of the Curie temperature,
that is, the highest temperature
at which the superconductivity
takes place, with other materials
than by using doped fullerene
[65]. Some other examples of
unfulfilled fullerene promises are
presented in Sect. 7.5.
Polynuclear nickel
complexes like 158 also exhibit
conductivity or even
superconductivity [66]. Such
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compounds have been found alsoto be potentially important forthe assembly of
molecular ferromagnets [67].

6.3.2.3 Sensors and switches

A change in, mainly photochemical or redox, properties upon supramolecular
aggregate formation constitutes the basis of operation of sensors or switches.
Thus some examples of aggregates which may be applied in such systems were
presented earlier in this Chapter.

\ o) NHR

R=C,Hy

160 161

A prospective sensor made of a couple 159 consisting of B-cyclodextrin 11
and calix[4]arene 18 bearing a fluorophoric substituent was reported by Biigler
and coworkers [68]. The compound forms fibers which change into vesicles upon
complexation, forcing the fluorophore out of the cyclodextrin cavity. As a
consequence, the intensity of fluorescence is reduced. In another approach to

molecular sensors Dermody and coworkers [69]

applied B-cyclodextrin-functionalyzed polymeric

/Y\ J\ films to enhance the selectivity of molecular

H OH H sensors. A fluorescent sensor for barbiturates

presented in Fig.6.9 makes use of the selective

O complexation of these guests due to hydrogen
bonds formation [70]. Costaet al. [71] synthesized

162 amolecule 160 acting as a fluorescence sensor for
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choline-containing phospholipids.
The selectivity of this sensor is also
based on hydrogen bonding
interactions. A supramolecular
sensor for the detection ofalcohols
on the basis of cavitands 161 was
developed by Dalcanale with
coworkers [72].

An enantio-selective sensor for
recognizing P-blocking drug
S-propranolol 162 was proposed by
Haupt and coworkers [73]. The
sensing in this device is executed by
a polymer film imprinted with the
latter enantiomer. As shown in Fig.
6.10, the weight of the film glued to
the oscillating quartz crystal
changes as a result of the selective
complexation of the S-enantiomer
of the drug enabling its detection.

A supramolecular electronic
switching device with quite
nonstandard properties at low
temperatures was reported by the
Tour group [74]. It consisted of ca.
1000 molecules 163 spanned
between two gold electrodes. When
a steadily increasing voltage was
applied to this system at 60 K no
current was observed until a certain
threshold voltage was reached. The
current then sky-rocketed and, at a
higher voltage, it turned off even
more sharply. The device’s

microgravimetric detection of S-propanolol using characteristic peak-to-valley ratio

S-imprinted polymer.

(PVR), that is the ratio of the peak
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‘on’ current to the ‘off’ (leakage) current, was greater than 1000:1, while in
standard semiconductor devices based on gallium arsenide the PVR is usually
less than 100:1.

A more complex behaviour exhibits a three-pole supramolecular switch
proposed by Ashton and coworkers [75]. The system consists of two macrocycles
(the m-accepting tetracationic cyclophane cyclobis(paraquat-p-phenylene) 164
and the n-donating polyether 1,5-dinaphtho-38-crown-10 165) which can host
tetrathiafulvalene 166 guest capable of existence in three stable forms: neutral
TTF(0), cation radical TTF* and dication one TTF*. Electrochemical
experiments showed that depending on the potential range TTF can be: (1) free
inthe TTF", (2) complexed with 164 as TTF(0); or (3) included within the cavity
of 165 in the TTF** state. Such a behaviour could provide interesting
opportunities for the design of electrochromic displays and other devices.
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6.3.2.4 Photochemical devices

Chapter 6

Light consists of photons, which can be considered as both energy quanta and

Compound

'AB
AB—""—""""'"

Figure 6.11. Scheme of light excitation (top),
oxidation (middle) and reduction (bottom) in

supramolecular system A~B.

Energy

Supramolecular species

Nuclear configuration

Figure 6.12. Scheme of photoexcitation with the

following photoinduced electron transfer and
radiative electron transfer.

information bits, and photochemical
processes in Nature perform the two
major functions of photosynthesis and
vision [76,6]. More generally
speaking, these processes either take
part in the conversion of the solar
energy into chemical or electrical
energy or they process the input light
signal to be eventually stored and
retrieved. Systems mimicking these
functions may be called energy and
information processing devices. Let
us consider a supramolecular system
A~B consisting of two weakly
interacting parts A and B (we do not
agree with the opinion of V. Balzani
and F. Scandola that a covalently
linkedbutweakly interacting system
may also be called supramolecular,
as stated in Ref. 6). Its excitation by
light results either in excited states
localized on A or B, causes an
electron transfer between A and B or
leads to the excited states
considerably delocalized on both A
and B. Analogously, oxidation and
reduction in a supramolecular system
can be described either as oxidation
or reduction of specific components
or of the whole species (Fig. 6.11).
Thefollowingequationsdescribethe
most important localized processes of
photo excitation, energy and electron
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transfers and charge transfer between A and B (corresponding to so-called optical
electron-transfer process), respectively,

A~B + hv = *A~B, (6.1)
*A~B = A~*B, (6.2)
*A~B = A'~B, (6.3)
A~B +hy = A*~B.. (6.4)

Let us note that only one of two photoexcitation (and electron transfer)
processes is shown in the equations. A thermal back electron-transfer process
may follow photoexcitation (Eq. 6.1), photoinduced electron transfer (Eq. 6.3)
and radiative electron transfer (Eq. 6.4)

A'~B = A~B + hv. (6.5)

The relationships among all these processes are schematically shown in
Figure 6.12.

Photoinduced bond breaking, lightemission, or electron transfer may be used
in such simple processes as photochemical synthesis, photodecomposition,
photochromism, or photoluminescence, but migration of electronic energy,
vectorial electron transfer, on/off switching of receptor reaction and other more
complex functions induced by light require the cooperation of several components
and can be carried out by supramolecular aggregates. For instance, in Nature in
green plants, algae and bacteria, thanks to photosynthesis, water and carbon
dioxide are converted into oxygen and carbohydrates producing oxygen in the
atmosphere and the organic material supporting the food chain and responsible
for the accumulation of fossil fuels

H,0 + CO, + hv = 0, + 1/6 (C¢H,,05) (6.6)

The chemical reaction described by Eq. 6.6 is endothermic, it is made
possible by light energy quanta hv. In green plants the incident light is collected
by so-called antennae consisting of a large number of chromophoric groups
(pigments) which in addition to the absorption of the photon energy transfer it
through the whole system to the reaction centers (Fig. 6.13), leading to the charge
separation reaction described by Eq. 6.4. The positive hole enables, with the help
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Sunlight

I

Carotenoids L_I
L L L

Energy
transfer

Reaction
center

Figure 6.13. Schematic representation of an antenna unit of a natural photosynthetic system.
The various pigments are kept together by intermolecular forces.
ofan enzyme containing manganese, the oxidation of water to oxygen whilst the
negative charge takes part in the reduction of NADP™ 167 to nicotinamide
adenine dinucleotide phosphate (NADPH) 168 and in the production of adenosine
triphosphate ATP 14. (The transformation of ATP to ADP catalysed by
macrocycles synthesized in the Lehn group was presented in Chapter 1). 167 and
14 are later used for the synthesis of carbohydrates from CO,. From the point of
view of photochemical devices, two processes play the most important role in
photosynthesis: photo-induced charge separation and the antenna effect. They can
be, and actually are, used in photoelectrochemical cells (solar batteries) for the
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OH OH

167 168

conversion of visible light energy into electricity [77]. The simulation of the light
harvesting and the following charge separation processes with
Langmuir-Blgdgett film mimicking the light harvesting and electron transfer
reactions proceeding in course of photosynthesis in the living systems in the lipid
bilayer thylakoid membrane was studied by the Fujihara group [78].

Contrary to energy-processing photosynthesis, in vision light acts only as a
signal. To be able to react to the absorption of a single photon a highly effcient
amplification process operates in living organisms. A recent X-ray analysis ofa
trans-membrane protein bacteriorhodopsin forming the photochemically active
part (i. e. reaction center) of a photoreceptor cell has helped to deepen our

understanding of the process of vision

[79] which is far from being fully

AN clarified. In the core of vision is the
photoisomerisation of the red 11-cis

H—Lys isomeric form of the chromophore
retinal 169 to the all-trans form. Using
additional sources of energy coming

169
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Figure 6.14. A photoresponsive crown ether capable of performing
a photoswitching for modification of cavity size.
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from metabolism, this process triggers a sequence of multiple chemical reactions,
yielding an amplification factor of 500 000 in the conversion of incident photons
to chemical mediators of membrane permeability sufficient to produce a
measurable neural pulse at the synaptic termination. Photoinduced structural
changes may also be used in devices performing a photoswitching function.
Shinkai and Manabe [80] proposed such a device the idea of which is
schematically presented in Fig. 6.14.

Only a few out of numerous photochemical devices proposed can be
presented here. The self-assembled dendritic decanuclear complex 170 (see
Section7.6for information on dendrimers) was designed by Balzani group so that
the energy absorbed by all the units in the complex is transferred via efficient
intercomponent process from the center to the perifery, where it is re-emitted by
the osmium(II)-subunits in form of near-IR luminescence [81]. Therefore, the
system represents a typical light-harvesting antenna. An efficient electronic
energy transfer between the protonated form of 9-aminomethyloanthracene 171
and aromatic crown ethers like 172 [82] also observed by Balzani and coworkers
could be applied in sensors.

6.3.3 Pharmaceutical, cosmetic, and food industries

The quiet revolution taking place in the pharmaceutical industry in about the
last 20 years consists not only in creating new drugs on the basis of better
understanding of their action but also in changing ways in which drugs are
administered. Both these approaches are deeply rooted in Supramolecular
Chemistry. By knowing an active site one can model the most effective
prospective drug using not only experimental methods (Quantitative Structure
Activity Relations QSAR [83]), but also computational approaches
(Computer-Assisted Molecular Design, CAMD) [84,85]. This procedure bearing
the name 'rational drug design' considerably speeds up the development of new
drugs, which can take more than 10 years and 3 billion dollars (a spending of
about one million dollars per day). It should be stressed that even if the CAMD
approach were to allow one only to exclude some molecules as unsuitable as a
new drug or drug precursor, appreciable cost cutting would be achieved by
avoiding synthesis and expensive pharmacological trials of these substances.
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COOH Complexing a drug with a
OH o .
0COCH, cyclodextrin 173 has opened a
( OH new venue in drug administration
HO O/4n

since its encapsulation in the

174 macrocycleincreases solubility of
173 poorly soluble drugs, stabilizes
thempreventingdecompositionby

moisture, light etc. [86] (see, however, the aspirin 174 case, in which its use in
the form of cyclodextrin complex was prevented by catalytic action of the
cyclodextrin on the drug [87]). It also reduces irritation caused by certain drugs
and decreases their bad taste or smell. Thus the complexation can considerably
increase the drug bioavailability and lead to less frequent drug administration.
This is achieved by a slow release ofthe medicine which also allows for its more
uniform content in the organism, enabling its administration once in a few days
instead of several times a day [86]. Today more than 10 drugs are marketed in
the form of cyclodextrin complexes. More highly-targeted drug delivery and
release systems such as the one mimicking mast cell secretory granules found in
fatty tissue are studied [88]. Using supramolecular assemblies as building blocks
in biomolecular engineering as microsurgery materials is thought to be another
prospective application [89]. Menger with coworkers speculated even on
exploiting the reversibility of self-assembling of fibers to dissolution of blood
clots by using bio-compatible fibrous organics to simulate the clots that can be
dissolved chemically or thermally [90]. Non-toxicity of cyclodextrins is a
prerequisite of their use in agrochemistry, pharmacological, cosmetic and food
industries [8]. In addition to the drug formulations involving cyclodextrins that
have reached marketing stage,

(08 O = numerous patents describing further
HA—C. 9 O 9 application of analogous complexes
onH ) as  drugs exist.  Similarly,

H o OH O cyclodextrin use in food industry and

H cosmetics is booming. Removal of
0 n O naringin 175 responsible for the
P HH unpleasant bitter taste of grapefruit

juice [91] and that of cholesterol to
obtain products for acholesterol-free

175 _
diet [92] show only a few examples
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of the cyclodextrins application for removal of undesired food components. On
the other hand, one can use the analogous complexes as additions to food or
cosmetic products to enhance their stability. Garlic extracts and tea [93]
marketed in the form of cyclodextrin complexes as well as stabilized foams and
fragrances illustrate this point. It should be stressed that using CDs to store
fragrances consisting of several substances may pose some problems, since these
substances are unlikely to form complexes of the same stability. Thus some
ingredients ofthe mixture may be lost earlier than other resulting in the change
in odour.

6.3.4 Environmental protection [94, 95]

‘Green chemistry’, ‘sustainable chemistry’, ‘clean chemistry’,
‘environmentally compatible chemistry’ or ‘environmentally benign synthesis’
denote novel approach that gains in importance in industry, According to Anastas
and Warner [94a], “Green chemistry is a set of principles that reduces or
eliminates the use or generation of hazardous substances in the design,
manufacture and application of chemical products”.

The chemical industry is known to be one ofthe main sources of pollutants,
and its development of taking care of environmental concerns is crucial for the
survival of future generations. Therefore there is a growing public awareness
exerting pressure demanding environmental legislation, and stimulating the drive
towards clean technology. It should be stressed that a high level of environmenta
protection, such as proper disposal oftoxic waste, can be costly. Thus developing
clean technologies, that is chemical processes reducing (or better avoiding) waste
or toxic emissions, is an essential priority. Such technologies include clean
syntheses, recycling, as well as purification methods which should take care of
pollutants in air, water and soil [94]. Clean synthesis consists in the use of
environmentally friendly reactants [95a] and/or their re-use as well as the
recycling of hazardous by-products. An interesting idea with this respect is to use
a by-product of one process as a raw material for another one [95b].
Optimization of chemical reactions to maximize the yield of the desired product,
thus minimizing polluting wastes on the other, are also aims of environmentally
friendly technologies. At present novel environmentally friendly processes which
can find industrial applications fall outside the realm of supramolecular
chemistry [95¢]. However, this domain will undoubtedly play an important role
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in future. An important aspect of environmental protection is a multidisciplinary
approach taking into account the whole complexity of the problem. For instance,
as shown by T. Gerngross [96], producing plastics from renewable resources can
consume considerably more energy than obtaining them from petroleum. On the
basis of patent data and scientific literature this author showed that production
of polyhydroxyalkanoates (PHAs) from maize is 19 times more energy
demanding, requires 7 times more water and 22% more steam than standard
manufacturing if the whole of the costs of PHAs production is calculated. The
latter must include the cost of sowing, growing and harvesting of maize as well
as those of the transport to the plant, a subsequent processing of starch and the
purification of PHAs. 70% of electric power in the USA is obtained by burning
coal, gas and petroleum, thus the net effect of PAHs production from maize
fermentation results in considerable consumption of fossil fuel reserves. As a
consequence, the use of renewable resources does not necessarily lead to a more
environmentally friendly technology. However, it should be stressed that the first
commercially scaled production unit for polylactide derived solely from annually
renewable feedstocks is currently being built by Cargill Dow Polymers and
should be opened by the end of 2001 [97]. It is also noteworthy that in the year
2000 about 10% ofthe polymer production stems from renewable resources and
the figure is estimated to be 25% and 90% by 2020 and 2090, respectively [97].

As concerns clean technologies, significant efforts are directed at advancing
the possibility of using hydrogen as a fuel, since, when burned in oxygen, this gas
does not produce any pollution. It also does not create greenhouse emission and
its energy content is more efficient than that of petrol. However, problems
associated with the hydrogen storage are one of the main obstacles hampering its
application. Storing the gas has been ridiculously impractical so far. If hydrogen
were to be used as fuel, a tank for a car would be 3000 times bigger than a
conventional petrol tank. Carbon nanotubes (discussed in Section 7.5) may
provide a solution of this problem since they have been shown to take up H,
efficiently [98].

Avoiding the creation of waste and the discharge of pollutants into air, water
and soil is obviously a preferable approach to environmental protection. Limiting
waste requires a complete change in chemical technology. For instance, by
making use of one-pot reactions instead of multistep processes. Such reactions,
made possible by preorganization (discussed in Chapter 2), allow one to avoid
numerous purification procedures using large amounts of organic solvents.
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Synkinesis, that is the creation of supramolecular aggregates, is also more
environmentally friendly than standard chemical reactions since it is usually
carried out in aqueous solutions. Methods rooted in supramolecular chemistry
have been also proposed for removing dangerous polluting agents from the
environment after contamination has taken place. Filters capable of extracting
pollutingagents such as heavy metals may considerably reduce this burden. For
instance, selective complexation of cadmium, lead, mercury, and uranium by
calixarenes presented in Section 7.2 has been proposed as a highly efficient
technique for their removal [99]. Thus this process can be applied for removing
lead from domestic water supplies, removing and recycling lead and cadmium
from wastedischarges from pigmentand battery manufacturers, and forcleaning
land fill leachates and mining waste streams. Not only calixarenes (Section 7.4)
butalso cyclodextrins and other selectively complexing agents could be used for
air, water and soil purification. However, the stability of these complexes and
their disposal also present problems. The best way of solving them would be to
recycle heavy metals or other pollutants for their subsequent reuse.

As discussed in Section 4.2.3, the use of microemulsions to destruct
half-mustard gas 88 (a warfare agent much less dangerous, butsimilarin action
to mustard gas) was proposed by Menger and coworkers. A treatment of waste
waters carrying a heavy load of ‘hard’ polluting agents with cyclodextrins proved
very successful in decreasing the activity of the toxic substances by their
complexation with cyclodextrins leading to their partial and temporarily masking.
As a result, the variety of yeast and bacteria present in active sludge can cope
with the waste remaining in water as they are able to oxidise, hydrolyse or
degradeit[100]. Swolleninsolublecyclodextrin polymershavebeenalsoshown
to remove polychlorinated biphenyls or detergents like lithium dodecylsulphate
[101] from waste water.

6.3.5 Microemulsions in cleaning processes [102]

The term ‘cleaning’ describes several complicated processes, depending on
the type of dirt involved, while washing refers specifically to the cleaning
process taking place in a water bath containing, amongst others, dissolved
amphiphilic compounds called detergents. Dirt is mostly of an organic nature
(originating from sebum, food, oils and dyes, and many other biological or
industrial sources) and the methods used to remove it depend on the type of dirt
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involved. Inorganic dust can typically be eliminated using a vacuum cleaner or
a brush. Greasy dirt is concentrated within soft fat films by anionic or neutral
amphiphiles that form an essential part of practically all washing powders and
soaps. The surfaces of such films become polar, thus they can be hydrated
forming water soluble fat droplets. To avoid the irreversible precipitation of the
droplets caused by Ca** and Mg?" counter-ions, the latter should be removed by
‘builders’ such as polyacrylate, sodium phosphate or, most recommendable, with
zeolites. Other additives such as carbomethoxyl cellulose prevent dirt
redeposition, presumably by adsorption, on the dirt and the fabric, by intensifying
surfacerepulsions.

The procedures effective in removal of soft grease cannot be applied to other
types of dirt. For instance, hard organic solids such as stacked multilayers of
aromatic dyes (e.g., aniline type of dyes of ink or hemoglobin) on surfaces are not
affected by detergents. Their removal is executed by oxidative bleaching or
enzymatic degradation. It should be stressed that these kinds of dirt are water
soluble before their adsorption onto surfaces. The process of washing pertains to
supramolecular chemistry in several aspects: (1) surfaces bind dirt of organic
nature in thin layers; (2) neither water-soluble nor water-insoluble dirt material
can be removed quantitatively by water alone; (3) the action of detergents
consisting in solubilization of soft materials is most effective for dirt compounds
with long alkyl chains such as fats, fatty acids, and hydrocarbons; (4)
Hydrophobic organic dirt can be also removed by creating structurally ill-defined
microemulsions between water and organic compounds; (5) solubilization of
aromatic dye molecules can often be achieved only by their destruction by
bleaching, or by the use of detergent above its critical micelle concentration (see
Chapter 4 for its definition) or by solvents.

There is an interesting development in cleaning products marketed recently
[102b]. Cleaning itself is not the problem now and “research and development
laboratories are on the hunt for that breakthrough ingredient they hope their
customers will adopt to increase sales, boost profits, and make shareholders
happy.” [102b] For instance, in 1998 Proctor and Gamble introduced
cyclodextrin-based odor-removing spray in which the oligosugar molecules
capture odourous compounds on carpets and textiles keeping them from floating
into the air.
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Figure 6.15. The (a) symport and (b) antiport modes of ionophore operation.
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6.3.6  Cation extracting systems ionophores [103a]

Strong and selective affinity of crown ethers to metal cations have been
applied in so-called liquid membranes (which are completely different from
mono- and bilayer membranes

discussed in Chapter4). A scheme

i ‘ N (\0/3 of their operation is presented in
O 0 \G[Loj) Fig. 6.15. The device enables

either selective extraction of a

cation from the mixture (Fig.

176 6.15a) or, as shown in Fig. 6.15b,

transport. The complexation of

benzo-15-crown-5 fluorophore with y-cyclodextrin 68 yields a system 176 with
exceptionally high potassium ion sensivity and selectivity in water [103b].

6.3.7 Other applications of supramolecular systems

Only few out of many proposed applications of supramolecular systems can
be mentioned here. Nanotube

h* ‘tweezers’ which enable manipulation

/@/ N\O4"/ and characterization of nanoscale

\{\ clusters and wires developed by
’T‘ Lieber and Kim [104] seem to be one

H of the first tools necessary for
nanoscale manufacturing. The device
consists of two electrodes deposited
s N\ / In onto a tapered glass micro-pipette to

which two conducting multiwalled
carbon nanotubes were attached. The

177

178 nanotubes, forming the arms of the

Y tweezers, bent closer to each other

/ O upon the application of a bias voltage

Q ranging from 0 to 83 V to the
electrodes. At 8.5 volts the arms

179 close, whilst with the voltage removed
they relax to their original position.
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Using scanning probe microscope one can follow the manipulation process. For
instance, the nanotweezers were shown to be able to grab and pick up clusters or
nanowires with diameter of 500 nm. Moreover, one can immediately probe their
electrical properties, since the tweezer arms serve as conducting wires. The
probing may not be limited to manmade materials but it can also be used to
manipulate and modify substructures within cells once the nanowire tips will be
insulated.

Various approaches to organic magnets have been explored.
Langmuir-Blgdgett films of single-molecule nanomagnets has been reported by
Coronado, Mingotaud and coworkers [105a]. The macroscopic ferromagnetic
behaviour was detected in doped meta-para aniline oligomers like 177 [105b].

The application of Langmuir-Blodgett films as rectifiers and/or switches have
been also proposed. Peterson [106] investigated two semiconductors
polyparaphenylene 178 and polyphenylenevinylene 179 with these purposes in
mind. These systems with the chain lengths ofat least 20 units could also be used
as photovoltaic devices since their electroluminescence should be readily
detectable. The doping of such materials may be necessary but at present it is not
clear whether they will form Langmuir-Blodgett films when doped.

6.4. Supramolecular Catalysis
6.4.1 Introduction

Modelling enzymatic processes in living organisms, on one hand, and
developing effective catalysts for industrial application, on the other, are the most
important driving forces of the field. These studies enable one better to
understand the operation of living organisms at the molecular level but, to our
knowledge, until now no supramolecular catalyst for industrial use has been
developed. It should be stressed first that supramolecular catalysis differs
considerably from the classical catalysis since both acceleration or inhibition of
a chemical reaction can take place in the aggregate under study. Secondly, the
amount of catalyzing agent in supramolecular catalysis is much larger. Thus one
should rather speak about the acceleration of a chemical reaction than about
catalysis sensu stricte. Moreover, selectivity of a chemical reaction involving
supramolecular aggregate is much more effective than the acceleration ofreaction
rates. Similarly to the whole of supramolecular chemistry, supramolecular
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Catalysis of the 15, 15' double bond scission of beta-carotene
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R = 4-n-heptylphenyl

Acceleration of a Diels-Alder reaction by a self-assembled dimeric capsule

Reversing stereoselectivity of a Diels-Alder reaction
by preorganization of reactants within a porphyrinic host
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A synthetic self-replicating system by K1cdmwsky etal.
Figure 6.16. Examples of host-catalyzed reactions.
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catalysis may be divided according to the type of the aggregate involved since it
can be based on a catalytic action of a macrocyclic host, that of microemulsions,
micelles or vesicles or on the catalytic activity of mesoporous materials. Several
host-catalyzed reactions are schematically presented in Fig. 6.16. Two
assumptions are made in the transition state theory of chemical reactivity, that
are neither exact or rigorous but allow one to understand reactivity at the
molecular level. The first assumption defines the transition state complex as a
hypothetical unstable transient species in fast equilibrium with the reactants and
the second states that the overall reaction rate is determined by the decomposition
of the activated complex.

oo - Supramolecular catalysis
Transition state

obeys the general rule

(SP* (Fig. 6.17) stating that

catalytical action consists
in stabilization of a
transition state of the
reaction [107] and in the
rapid release of the
product. In a reaction
catalyzed by the formation

of a supramolecular
transition state complex,
Reaction Coordinate substrates are inserted into

Figure 6.17. Three stages of supramolecular catalysis:  either an active site of an
1) Selective binding of reactant(s) based on their recognition
by the receptor that may bear reactive group(s);
2) Transformation of the bound species; layer, a micelle, a vesicle
3) Release of the products, thus regenerating the catalyst.  or micropores bringing

their functional groups
into a close contact for relatively long time. In addition, the incorporation can
stabilize favourable conformations of the substrates. Functional groups in the
active site or cavity such as hydrogen bonding donor or acceptor groups can
additionally exert ‘true’ catalytic action. Contrary to that of substrates and
transition state complex, the fit of the product into the active site or catalyst
cavity must be worse to enable its release. Otherwise, as sometimes happens with
artificial catalysts [108], the reaction is inhibited. As mentioned in Section 5.3.5,
enzymes enable high selectivity and reaction yields taking place in living

Products

enzyme, a host cavity, a
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Figure 6.18. Ring-opening of asymmetric phosphodiesters which
can give two different products.

C| organisms; thus together with their mimics, they are the
0 main object of studies in supramolecular catalysis. Native
enzymes are organic macromolecules (in a single globular
structure) made up of polypeptide chains consisting of
several hundreds of amino acid residues. As such they fall
outside the scope of this book. Enzymes active sites, as we understand them
today, are their relatively small fragments that can be modelled by artificial
enzymes for which the names synzymes or chemzymes are sometimes used.

-

182

R-OH 6.4.2 Enzyme mimics

W %

‘
MCH,),

Regio- or stereo-
’\(\ selectivity of enzymes

action is much easier to
mimic than the enormous

) /Df‘

o'o

yields of reactions they
catalyze (accelerations
factors of 10%10'%). A
simple example of this kind
is provided by chlorination
of anisol 180 that produces
only p-chloroanisol 181 in
the presence  of
J\, a-cyclodextrin 13 while
g both 181 and 182 are

formed without the latter
Figure 6.19. Catalytic oxidation of a steroid in the bilayer. factor [109]. By using suitably
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Figure 6.20. Oxidation reaction catalysed by tetra-
cyclodextrin-porphyrin (Phl=0 denotes iodosobenzene).

designed hosts Breslow [110]
and Hamilton groups [111]
were able to control the
outcome of ring-opening of
cyclic phosphodiesters (Fig.
6.18)directingthe substrate
along one reaction pathway.
Several mimics of selective
oxidation of inactive carbon
centers by cytochrome P-450
have been reported. An
impressive example of
vesicular catalysis of this
type was proposed by
Grooves and Neumann
[112]. In the process the
activation of a CH bond is
carried out by the catalyst
embedded in the bilayer
forming a vesicle wall
together with the steroid
substrate shown in Fig. 6.19.
Another kind of a porphyrin
catalyst, mimicking a similar
reaction without involvement
of aggregate formation, was
proposed by Breslow [113].
In the latter case (Fig. 6.20)
phenyl rings bearing large
p-substituents complexed

with cyclodextrins pendant on the porphyrins ensure a close contact ofoxidation
site with the porphyrin core thus catalyzing the reaction. Halogenation of the
porphyrin enabled the authors to avoid catalyst destruction during the reaction.
Another enzyme carrying oxidation reactions in living organisms is pyruvate
oxidase. Mattei and Diederich have recently developed a system mimicking the
action of this enzyme [114]. The system, oxidizing 2-naphthyl aldehyde to the
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Figure 6.21. Diedrich's model of pyruvate oxidase system.

corresponding methyl ester in methanol (Fig. 6.21) reaches a catalytic turnover
number of ca. 100. It binds the aromatic aldehyde inside its cavity, enables the
formation of a covalent intermediate by reaction with its thiazolium group,
oxidizes the intermediate by intramolecular transfer of a hydride equivalent to
the flavin residue and, finally, releases the product by solvolysis. Catalytic

turnover is carried out by electrochemical
regeneration of flavin. It is one of the few
catalytic supramolecular systems described
in literature that have achieved a genuine
preparative scale. Two latter examples
belong to transformation reactions. A
catalystinvolving acyclodextrin derivative
was also presented for fission reaction by
Zhang and Breslow [115]. Cyclodextrins as
enzyme mimics have been briefly discussed

in Section 5.3.5. (2-Cq)-bis(triphenylphosphine)palladium complex 183 (double
bonds in the formula have been omitted for clarity) was found to exhibit catalytic
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properties both as homogenous and heterogeneous catalyst. In the former case it
was assumed to mimic enzyme action [116].

6.4.3 Macrocyclic host molecules, medium-sized aggregates
(microemulsions, micelles,vesicles, etc.) and mesoporous materials as
catalysts

Numerous macrocyclic hosts have been shown to exert the catalytic activity
on the included guest. This activity can be even undesirable. For instance, as
mentioned before, cyclodextrins 173 use as aspirin carrier proved unsuccessful
in view of a catalytic
decomposition ofthe

N drug [87]. Two

exo interesting host

o o p systems catalyzing
NM N0 the Diels-Alder
= \ L Q/ endo reaction have been
reported. Sanders and

coworkers [117]

184 185 analyzed the influence

of the cavity

constraints on the exo- or endo-adduct 184 and 185, respectively, formation
involving cyclic porphyrin trimers 186 and 187 with acetylene linkages. At 30°

C for the smaller 1,1,2-trimer 186, the endo 500-fold acceleration was observed
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Figure 6.22. The immobilization of polyoxometalate
POM catalyst within a polyethyleneglycol layer.
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while the exo-adduct was
preferred with 187.
Interestingly, at 60° C the
former host looses its
stereoselectivity. This evokes
the question of the catalyst
rigidity. As discussed in
Chapters 1 and 3, enzymes are
known to exhibit a certain
flexibility allowing them to
adapt themselves to the guest
owing to conformational
changes described by the
induced fit model. However,
most  syntheses involving
supramolecular catalysts are
limited to rigid cage
compounds. According to
Sanders [108] the failure to
design an effective catalyst for
industrial use may be owing to
the neglect of the importance of
the host’s flexibility in catalytic
processes. The effective and
exo-selective catalytic action of
the linear dimer 188 [117]
analogous to that of 187
supports the Sanders notion. As

briefly presented in Chapter 1, Lehn with coworkers [118] developed several
substituted macrocycles which catalyze an important biochemical process of the
hydrolysis of adenosine triphosphate 14 to adenosine diphosphate 15 by means

of formation of intermediate complex 16.

A self-replicating system based on the catalytic action of reversed micelles
has been presented in Chapter 1. Other cases of micellar catalysis have been
discussed in Ref. 119. The use of semicrystalline fibers to immobilize catalysts
and substrates was also proposed [120]. Another approach to the enhancement
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of catalytic activity by exploiting supramolecular aggregates consists in partial
immobilization of polyoxometalate POM catalyst within a polyethylene glycol

layer covalently bound to a solid support (Fig. 6.22) [121].
Porous materials such as organic zeolites discussed in Section 8.4 are

vigorously studied since they often exhibit catalytic activity [122]. An interesting
type of zeolite materials is obtained by tucking chiral amines inside pores of a
commercially available zeolite. Such an approach allowed Ramamurthy’s group
to enhance stereoselectivity of a photochemical reaction [122b].

The catalytic action of alkalides and electrides will be briefly discussed in
Section 7.1.3.

6.5  Concluding Remarks

In addition to numerous applications presented in this chapter, several
examples of more specific ones are presented in other chapters. Cyclodextrins as
enzyme mimics have been briefly discussed in Sect. 5.3.5, hydrogen storing in
nanotubes is mentioned in Sect. 7.5, and huge deposits of methane in the form of
clathrate hydrates found mainly in sea water that surmount carbon, oil, and gas
combined as fuel resource that are presented in Section 8.3.3 illustrate this point.
The latter case clearly shows a fragile balance between promise, the enormous
energy gain we could obtain, and technological obstacles associated with
obtaining methane from the clathrates. As shown by the numerous examples
presented in this chapter, a massive effort must be made to bridge this gap. As
shown by the proposal of using CgFg, 189 as an ideal lubricant, as well as by
fullerene superconductivity, discussed in Section 7.5, not all of the numerous
suggestions of prospective applications will come to fruition.

Supramolecular aggregates are a rich source of systems which could serve
as molecular devices. Chemically driven unthreading and rethreading of a
[2]pseudorotaxane 190 [123] provide one example of large amplitude motion that
in future can be used in logic devices [124] and computer technologies [125].
DNA based computers fall outside the scope of this book although they operate
as supramolecular aggregates [126].

Several other applications of supramolecular systems have been proposed.
Amongst those that are thought to be capable of bringing enormous benefits are
devices making use of nonlinear optical phenomena [3,127]. Another exciting
possibility of application of supramolecular systems includes the use of nematic
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189 190

crystals as media for real-time holography [128]. Even if present day applications
of Supramolecular Chemistry are limited and huge obstacles have to be
overcome, the prospects are bright and far reaching, promising to change many

aspects of our lives.
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Chapter 7

THE MOST INTERESTING MACROCYCLIC
LIGANDS WHICH ARE HOSTS FOR
INCLUSION COMPLEXES

7.1  Crown Ethers and Coronands, Cryptates and Cryptands
[1]

7.1.1 Introduction

As noted in Chapter 3, Pedersen synthesized dibenzo-18-crown-6 44 which
marked the beginning of inclusion (or host-guest) chemistry as a minor product
obtained as a result of the presence of catechol as an impurity in the reaction

mixture [2]. However, in agreement with
Pasteur saying “Dans les champs de
(\ 0 I’observation le hasard ne favorise que les

L .0 / ésprits préparés”. (“In the field of

0. ‘
@\/ \:,(fa\""* | observation luck favours only prepared
0" “~0 A minds”), this discovery was by no means
accidental. At that time Pedersen was
191 searching foracompound 191 which would
serve as Ca”’*-complexing agent. He
synthesized and patented it [3]. The spin-off of this research was the discovery
ofthe crown ethers, theirability tocomplex alkali metals and, finally, the Nobel
Prize in 1987. This was totally new since only neutral
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neutral complexing agents for transition and coinage metals were known at the
time of the Pedersen’s discovery.

He continued this research in two directions. The first one consisted in the
synthesis of various macrocycles of this kind expanding the ring’s size and
varying heteroatoms and substituents. He succeeded in the synthesis of
macrocycles as large as those containing 60 atoms at times when only very few

1
J

N=N

(E)-form (Z)-form
200a 200b
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such large macrocycles with well-defined structures were known. He also showed
that nitrogen and sulfur atoms containing crown ethers could be easily obtained
[4]. The studies of the crown ethers complexation behaviour determined the
second direction of the Pedersen efforts. He observed that crown ethers
selectively bound not only potassium, sodium, and other alkaliions but were also
capable of complexing alkaline earth metal cations and alkylammonium ions. As
discussed in Section 3.2, at the very beginning Pedersen recognized that
systematic names of crown ethers were not ‘user friendly’ and he proposed the
very convenient system for their designation. The analogous system for cryptands
was proposed by Lehn [5]. Both systems were briefly presented in this Section.
As briefly described in Chapter 3, Pedersen and Lehn led foundations of this
burgeoning research field. Syntheses ofthousands of such molecules varying in
size and substituents and containing not only oxygen and nitrogen atoms but also
sulfur atoms or aromatic rings built into the polyether macrocycle like in 192 [6]
followed. Their modifications include numerous polycyclic systems exemplified
by Cram’s chiral ethers 193-195 [7], symmetrical N4 cage 196 [8] capable of
tetrahedral recognition discussed in Chapter3 and aesthetically pleasing 197 [9].
Bis-crown macrocycles may exhibit ‘face to face’ arrangement ofthe ether rings
198 [10] or isomers interconverting by photochemically induced change of
configuration at N=N bond 199 influencing their complexing ability [11]. In the
latter case, photoinduced isomerisation of 2,2'-azopyridine bridge dramatically
changes cordination behaviour of the ligand towards heavy metal ions Cu(Il),
Ni(II), Co(II) and Hg(I). 200 exemplifies photoresponsive systems providing
photochemical control of complexation.

7.1.2  Crown ethers and cryptands syntheses

As a matter of fact, the synthesis of crown ethers was patented in Britain as
early as the mid 1950s by Stewart, Waddan and Borrows [I12].
Cyclooligomerization ofethylene oxide in the presence of alkyl aluminum, zinc
or magnesium compounds produced dioxane and other cyclic materials with
cyclic tetramer 201 prevailing among the macrocyclic oligomers. Similarly to the
famous Cgycase which was reported without any appreciation of its importance
[13] prior to the Nobel Prize inning report [14], the authors ofthe British patent
(not interested in the complexing ability ofthe macrocycles) failed to recognize
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o_
o) AIR, [0 Oj N
PO O S L. 0 o._._
0O O 202a 202b
201

Figure 7.1.1. Cyclooligomerization of ethylene oxide leading to crown ether,

the potential of their finding.

The ethylenedioxy unit 202a (Fig. 7.1.1) is the most common building block
of most crown ethers and cryptands. This is owed to: (a) the flexibility of this
system which is less rigid that 1,2-phenylenedioxy unit 202b; (b) 202a can easily
assume the gauche conformation allowing for appropriate alignment of the
acceptor groups of the donor; and (c) the availability of this unit in common
industrial chemicals. On the other hand, acetal and propyleneoxy units are less
suitable as crown ethers fragments since the former is acid labile whilst the latter
must be converted from its more stable all-anti conformation to the one with
oxygen atoms pointing inwards the macrocycle.

There is no general synthetic strategy allowing one to obtain any ofthe highly
diversified members of crown ethers or cryptand families. Crown ethers can be
formed by reacting linear polyethers that are electrophilic at one end and
nucleophilic at the other. In such a reaction either the macrocycle can be formed
or linear oligomeric (or polymeric) species are obtained (Fig. 7.1.2). One can
shift the equilibrium between these processes by carrying out the reaction under
high dilution conditions or by making use of the template effect. In the former
case there is more probability that the ends of the reacting molecule will meet
forming the macrocycle (first order reaction) prior to the meeting of two
molecules resulting in the formation of the linear molecule (second order
reaction). High dilution prohibits the latter reaction but it does notenhance the
rate of the former one. In the case of template effect, adding of metal ion forces
polyether conformation suitable for the macrocyclic ring closure. A typical
reaction scheme involving the templating action of a sodium ion, ie.
preorganization, is given in Fig. 7.1.3. The importance of template
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Figure 7.1.2. The formation of macrocycle and the completing oligomerization reaction.
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Figure 7.1.3.The formation of 18-crown-6 making use of Na’ template.
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effect in the syntheses of macrocycles was proved by Greene in case of crown
ethers [15] while Bush proved their significance in the reactions involving
nitrogen macrocycles [16].

Pedersen used reactions of nucleophilic substitution to synthesize most of the
crown ethers he has obtained. On the other hand, Lehn and his coworkers [17]
(Fig. 7.1.4) carried out cyclization reactions involving amide formation under
high dilution conditions in their quest for cryptands such as 54. Pedersen analysis
of the selective inclusion of alkali metal cations into the crown ethers cavity

Oﬂgo OC‘>=O :(*0/_\0'>:0 (OHO—B

c_!clzzahonag NH HN _hydrid HN —
NHZ HZN high dilution ucu:gn

e pd

0O O
et

=(‘O 0-& /_\ 0/_\0
W :{7\0/\,0\;\2 R [\OXO\:/'}

high dilution
0 0
\_/ L

54
Figure 7.1.4. The scheme of formation of {2.2.2]cryptand.

marked the start of molecular recognition studies. As described in Chapters 2 and
3, the Pedersen analysis was later extended by Lehn’s studies of the
complementarity of sizes and shapes ofthe cryptand cavities and their guests, and
by Cram’s preorganization studies. In general, crown ethers and cryptands
exhibit analogous complexation behaviour. Thus, similarly to the former host
molecules, cryptands in the free, uncomplexed state elongate the vacant cavity by
rotating a methylene group inward. Thus, the N...N distance in [2.2.2]-cryptand
54 across the cavity is extended to almost 70 pm [18] whilst, in the complexed
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Figure 7.1.53. The structure of the complex
of [2.2.1]cryptand with KSCN,

204

form with aspherical K" cation of ca.
26.6pmin diameter, its internal size is ca.
28 pm [19]. The average structure of the
complex exhibits an approximate
three-fold symmetry axis. As concerns the
smaller [2.2.1]-cryptand 203, it is too
small to includethe K" cation. Therefore
in the latter molecule (Fig. 7.1.5) there is
the cation binding on the 18-membered
ring surface accompanied by its solvation
from above by the oxygen atom of the
short chain while the thiocyanate anion
solvates the cation from the bottom [20].
The structure of this complex resembles
that of the analogous lariat complex. By
an unfavourable match of the host and
guest sizes, as is the case for the
palladium dichloride complex 204, a
so-called exclusive complex is built [21].
The use of crown ethers as liquid
membranes was presented in Sect. 6.3.6.
Their use as sensors and switches have
been also proposed [22]. However, the
most exquisite application of these
compounds as components of reducing
reagents will be described in the next
section.

7.1.3 Alkalides and Electrides

Alkali metal cations are ubiquitous in
chemistry since these atoms can easily
lose their single valence electron. The
corresponding anions and isolated

electrons are much more exotic species although Sir Humphry Davy note in 1808
about blue and bronze coloured potassium ammonia solutions indicates that this



174 Chapter 7

was the first observation of solvated

6 o o\ clectrons. A strong tendency ofcrown

/\ ’\ N/@,O N ethers 205a, cryptands 206a, and

O o | their aza-analogues 205b and 206b,

L&O\_y o respectively, to complex alkali metal
n m

cations has opened new exciting

possibilities allowing one to obtain
not only ionic crystals having the

| | corresponding anions but also
(\ "/\ 5 N K crystals in which ionic sites are
—N N— N’@;N N occupied by a single electron [23].
L&N“y I Such compounds are called alkalides
| /n N and electrides, respectively. They

m

consist of an alkali cation buried

205b 206b inside a crown or cryptand (or their

aza analogue) and the corresponding

anion obtained as a result of the disproportionation of an alkali metal into the
cation and anion. The reaction of alkalide formation with one alkali metal is

v d

described by the equation:

2M(s)+nL

M*(L,)M(s) (1)

The equilibrium (1) is very sensitive to several factors. The complexing
ability of L, the electron affinity of M and the lattice energy of the resulting salt
drive the alkalide formation while the lattice energies ofthe solid metal M(s) and
the complexant L, the ionization energy of M, and the unfavourable entropy of
formation ofthe well ordered crystalline product oppose it. Not only alkalides
with the cation and anion of the same element but also mixed ones such as
K*C(222)Na have also been obtained [24].

Even more exotic than alkalides are electrides. They are formed instead of
alkalides when an excess of a strong complexant is present:

M(s)+nL M*(L,)e(s) (2)
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Carefullypurifiedsolvents,specializedrigorouslycleanglassware,vacuum
technique (p < 10~ torr)and low temperatures (usually < 230 K) are necessary
for synthesizing alkalides and electrides from cryptands (or 205a, 206a or 206b)
and the corresponding metal(s). Their stability and reactivities should not be
confused. They all react vigorously with air and moisture, but when kept under

vacuum Na“"C(222)Na’ is stable for hours at room temperature [25a]. Even more
stable are crystalline salts of Na'and K with aza[2.2.2]cryptand 207 [25b]. They
are stable in a vacuum at room temperatures for

months. On the other hand, Li*C(222)e" rapidly

\/ / decomposes above 230K [23b]. The identity ofthese
N N

\{ unusual salts was proved by X-ray analysis of more

t | than 30 alkalides involving Na through Cs™ [23b].

known today are auride Au” [26] and nonastannide

NK/ ;N\ fN\ :-N The only other metal anions of proven structure

£ X / \ Sng' [27] ones. The crystals of both alkalides and

electrides consist of large, closely packed cations

207 having 800-1000 pm in diameter. The anions in the

former salts usually fit into the ‘empty’ cavities

between the closely packed cations. In electrides, the electrons are trapped in
these voids.

An interesting comparison have been carried out between the X-ray structures
of Na"C(222)Na" and the iodine salt Na*C(222)I' [28]. Sodium cation is known
to have a very small radius. Interestingly, the radius of the corresponding anion
is much larger, very close to that of I'. As a result there is no significant
difference between Na'-N, Na’-O, C-N and C-O bonding distances in the latter
complexes. Similarly, all corresponding nonbonded distances are very close in
both salts. On the other hand, C1-C2 bond lengths in the latter cryptates having
sodium and iodine anions differ by 15 pm and large differences (from 15 to 50
pm) have been found between the distances between the negative ion (Na or I')
and Na", N or O atoms. Considerable differences in bond angles (up to 15°) and
those in torsional angles (up to 37°) reflect the flexibility of the host
[2.2.2]cryptand 54 enabling the accomodation of various guests inside its cage.

Interestingly, a considerable number of trapped electrons are present in most
alkalides. However, their concentration (up to several percent) can be
significantly reduced by applying an excess of metal during the synthesis. Na°
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ions have 1s22s?p®3s? configuration. As such they should be diamagnetic in pure
sodides, but even a small admixture of electrons in the crystals dramatically
changes their magnetic and optical properties.

The X-ray structures of five electrides, representing even greater novelty,
have cation packing analogous to those in the corresponding alkalide structures.
However, the anionic sites in the electrides are X-ray empty with no detectable
electron densities. Anions, that is electrons, in electrides can be considered to be
‘stoichiometric F-centers’ since they are trapped at anions vacancies similarly to
the entrapment of electrons in electron doped alkali halide crystals [29]. As
mentioned above, alkalides are diamagnetic. The magnetic behavior ofelectrides
is much more complex since the interaction of loosely bound electrons with one
another depends on the structure of the solid and the nature of complexant.

NMR is one of the most easy and effective methods in alkalides studies since
M and M’ signal positions differ considerably. Forinstance, Na”and Na’signals
of Na"C(222)Na’ in ethylamine appear at 10.4 + 0.5 ppm and 62.8 + 0.2 ppm,
respectively, while the signal of uncomplexed Na* should lie lower than at -10
ppm [30]. Moreover, the signal of Na*of the complex is much broader pointing
to a restricted motion of the cation in the cryptand cage.

Most ofalkalides and electrides behave as semiconductors characterized by
band gaps of few tenth of eV to 2.5 eV. Alkalides and electrides can form not
only crystals butalso thin films suitable for optical studies. They strongly absorb
in the red and infrared regions. A single broad absorption peak at about
1200-1800 nm typical for electrides is analogous to the corresponding band of
solvated and trapped electrons in liquids and glasses [31]. The analogous bands
in transmission spectra endow the electride with dark blue colour similar to that
observed by Davy almost two hundred years ago.

Alkalides and electrides are the strongest known reducing agents in a given

solv 1N their solution [32]. For instance, only

solvent due to the presence of M or €

a catalytic amount of 18-crown-6 48 is necessary to carry out a reduction of
alkynes to alkanes at sufficient reaction times [33]. Similarly to reduction of
aromatic derivatives in the presence of alkalides and electrides [34], the latter
reaction results in a more complete reduction than in the classical Birch reaction.

Highly reactive nanoscale metal particles (3 to 15 nm in diameter) are formed
by reducing metal salts to metals by solvated elecrons or alkali metal anions that
may also find use in organometallic synthesis [35].
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7.1.4 Miscellaneous molecules involving crown ethers, cryptands and
related moieties

A plethora of crown ether- or cryptand type molecules have been reported.
Some ofthem are depicted below to show their diversity and versatility. Lariat
azaether containing cyclen macrocycle 208 [36] and azaethers involving triazole
209 [37], furane or pyrrole containing macrocycles which can complex two
copper 210 [38] or one barium cations 211 [39], spiro-linked crown ethers 212
[40] and cagecompounds213 [41] which,inadditiontotwoalkalications, could

host another guest are few examples of

N“ sometimes somewhat exotic crown ethers.

| Notably, Cram introduced the name corand
for crown ethers involving ether and pyridine

b & bindingsitesandstericallyconfininggroups
such as 44 or 193 and the name coraplexes
fortheirinclusioncomplexes[42]. Tricyclic

N N_ molecules 214 [43], 215 [44], 216 [45], 217
H \—/ H [46], 218 [47] represent a small selection of
diverse cryptands. 219a is a pseudocryptand
capable of the simultaneous binding of boron
and alkali metal cations 219b [48].
N[—|N Macrotricycliccryptandcapableofspherical
Oﬁ/k )\fo recognition 53 was discussed in Section 3.1.
N Diprotonated[1.1.1]cryptand 220a capable

of in-out conformational isomerism 220b-d

3 o (o]
\[ j/ is presented in Fig. 7.1.6. Its parent
? ¥ compound 220a exhibits extraordinary
LG/ O\/}J acid-base and proton transfer properties. On
: the basis of the NMR study, 220a was found
209 to be thermodynamically an exceptionally
strong base (pK, = 17.8 forthe firstinternal
protonation) on one hand and, in view ofremarkably slow proton transfer in the
protonated species, kinetically it is a remarkably sluggish base, on the other [49].

Crystallographic studies ofthe cryptand and its mono- and diprotonated forms
confirmed that the protons are situated inside the molecular cavity [50].
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Figure 7.1.6. The protonation-deprotonation reactions and in-out isomerism of
[2.2.1]cryptand.
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7.2 Calixarenes [1], Hemispherands, and Spherands [2]

7.2.1 Calixarenes syntheses

The name calixarems was proposed by Gutsche for cyclic oligomers of
general formula 221 since the word ‘calix’, coming from Greek and Latin,
meaning beaker reminds us of the most freqentiy assumed conformation ofthe
tetramer bearing the name calix[4]arene 18. The molecules of this type, readily
obtained by treatment of p-alkylphenol with formaldehyde and base (Fig. 7.2.1)

OH OH
) CH,
OH
n + nCHO ——> +n HZO
R R n
n=4-8
221

Figure 7.2.1. The one-pot synthesis of calix[n]arenes.

[1c], have been known for some time, but the interest in this domain was limited
to the formation and properties of phenol-formaldehyde condensates. Pedersen’s
discovery ofthe complexation ability of crown ethers stimulated the development
of calixarene research changing its perspectives from the classical organic
chemistry to the supramolecular one. Bohmer [1c] divides these compounds into
three groups. The first one 222 consists of n-metacyclophanes bearing no
substituents on the phenyl rings. Calixarenes 221 (R =¢-Bu) form the second, the
most popular, group while the analogous products ofresorcinol condensation 223
bear the name resorcarenes.

Contrary to most other synthetic macrocycles, Calixarenes are easy available
since one can synthesize them using inexpensive chemicals in a ‘one-pot’
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reaction. Thisreaction (Fig. 7.2.1) enables one

to obtain tetra-, hexa- or octamer 221 in ca.

50%, 85%, and 63% yields forn =4, 6 and 8§,

respectively [Ic]. Such high yields are quite

astonishing since in these reactions 8,12 or 16

new covalent bonds are formed in a defined

manner. Moreover, the formation of these
cyclic oligomers is significantly favoured in
N comparison to their linear analogues. No other
example of this kind is known in polymer
chemistry where mixtures of several oligomers

are obtained in such reactions. Calixarenes 221

can be also obtained by stepwise syntheses

(Fig. 7.2.2) [3] or by fragment condensation

R (Fig. 7.2.3) [4] that are of special importance

\ when the molecule 224 bears different

CH substituents R. Although calix[n]arenes with n

=4, 6, and 8 are best known, the syntheses of

HO OH the macrocycles with n =15 [5] and 7 [6] and of

n those with n up to 20 have been reported [7].

In view of the greater reactivity of

resorcinol, its cyclic tetramers are synthesized

by the acid catalized condensation with less reactive aldehydes (Fig. 7.2.4) [1c].

However, in contrast with calixarenes 221, only hexamer resorcarene has been

reported [8]. In view ofdifferent relative configurations at the CHR bridges, 225
can exist in form of four diasterecomers [lc].

By bridging calixarenes 226 [9], forming their dimers like 227 with one or
several bridges [10] or by combining them with crown ethers 228[11],
calixarenes with several novel architectures and complexation behaviour have
been obtained. Some of such systems have been proposed as prospective sensors.

Hydrogen bonded capsule consisting of calixarene dimers will be briefly
presented in Section 8.3.2.

CH,

222

223
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OH OH OH

Figure 7.2.3.Two synthetic approaches to calix[4]arenes with different substituents.
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228
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7.2.2 Calixarene conformations

The calix[4]arenes are known to assume one of four conformations: cone
(from which its name was coined), partial cone, 1,2-alternate and 1,3-alternate
shown in Fig. 7.2.5. The parent calix[4]- and [5]-arenes exhibit only cone
conformation. However, at elevated temperatures they undergo ring inversion
between twocones shown inFig. 7.2.6. Other conformations are realized only for
O-substituted calix[4]arenes.

R, R OR, R OR, R
4 OR1 ORI R
3 3
R OR, 1 " OR, OR,
R 3
R R
cone partial cone 1,3-alternate 1,2-alternate

Figure 7.2.5. The conformations of calix[4]arenes.

All crystal structures ofcalix[4]arenes with free OH groups exhibit the cone
conformation stabilized by intramolecular hydrogen bonds [12]. However, the
cone may suffer considerable deformations owing to the steric hindrance [13].

In solution, calix[4]arene with ¢-butyl groups 18 shows only four sets of
signals for the hydroxy, aromatic, methylene and #-butyl protons in the room-
temperature 'H NMR spectrum [14]. The CH, protons in the molecule are
nonequivalent. Their signal splits at temperatures lower than 60° yielding a pair
of doublets with the coupling constant of 12-14 Hz typical of the geminal
protons [15]. Thus athigher temperatures this signal is an average resulting from

Figure 7.2.6. Calix[4]arene inversion between two conformations.
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COOEt

CH

229 230

a dynamic process of interconversion between the two opposite cone
conformations presented in Fig. 7.2.6. The activation parameters ofthis process
depend on the compound and the solvent used. Typical activation barrier AG* is
equal to 14-16kcal/mol[16] with AH* lying between 9 and 17.4kcal/mol while
prevailing majority of AS* values is small and negative. The low-temperature
freezing of dynamic equilibrium, usually yielding only one conformation, has
been also observed for higher calixarenes [15, 17].

Hydrogen bonds keeping most calixarene structures in the cone conformation
can also be characterized by the position of the voy band in IR spectra and the
hydroxyl proton signal in the NMR spectra; both are shifted with respect to the
corresponding values for the free phenolic OH [Ic].

229 provides an example of the 1,3-alternate conformation [18]. For
calixarenes with larger substituents, such as 230, by disturbing the inversion
process Iwamoto and Schinkai even succeded in isolating all four possible
conformers in the pure form [19].

7.2.3 Calixarenes as complexing agents

Owing to its conformational mobility, calix[4]arene 221 (n = 4) complexation
is not very selective and it can change the conformation (induced fit) by the
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Cone - M complex 232a

Me Me Me
Y ara
o Q

HNH, o
Partial cone 231 \ 7 S \\
|

Cone - ammonuim complex 232b

Figure 7.2.7. Cone-partial cone-cone isomerization driven by complexation with cations.

complexation. For instance, tetra-0-methylated calixarene 231 adopts the partial-
cone conformation in water [20]. In the solid state [21 ] itincludes Li", Na” and
ammonium cations. As a complex it assumes the cone conformation with alkali
metals and ammonium group residing in different parts of 232 (Fig. 7.2.7) [ 1 b].
Calix[4]arenes 221 (n = 4) form either 1:1 or 1:2 complexes with aromatic guests
[22]. In the former case of so-called endo complexes, the guest enters the cup-like
cavity while in the latter one two calixarene moieties form a capsule hosting the
guest. Although toluene (that forms the 1:1 complex) has been found to enter the
cavity with methyl group first, the group was proved to rotate freely inside the
cavity ofthe calix [23]. Interestingly, a removal of alkyI groups from the upper
rim results in a dramatic drop in complexation ability [24]. Calix[6]- and
[8]arenes do not form endo complexes since they are too mobile to form a well-
defined cavity. However, calix[5]arenes are known to form complexes with
aromatic molecules [25].

Calixarene derivatives involving crown ethers like 233 exhibit complexation
ofalkali orammonium cations typical ofcrown ethers that is especially effective
in the partial cone conformation [26]. By a proper functionalization selective
synthetic receptors for specific hosts have been developed. For instance, two 2,4-
diaminotriazine groups at diametrical positions of the upper rim of a
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R = CH,CH,0Et

234
O(CH,),SO,Na /g

237
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calix[4]arene resulted in selective receptor for barbiturates 234 [27]. Several
calixarenes-based synthetic receptors for anions have been obtained [28]. A
simultaneous complexation of anions and cations have been claimed by the
Reinhoudt group by the receptor 235 [29]. The syntheses of highly soluble in
water sulphonated calixarenes like 236 extended the calixarenes ability to host
neutral molecules and ions [30]. Introduction ofthe same group on a tether at a
lowerrim 237 [31] allowed Williamson and Verhoeven to obtain a 1:2 fullerene
complex in water exhibiting strong electronic interactions ofcharge transfer type
(CT) between the host and guest.

Exciting motives obtained by hydrogen bonding of calixarenes bearing 2-
pyridone [32b], carbonyl and pyridyl [32c], urea [32d], melamine and cyanuric
acid [32e] and other acceptor and donor groups have been recently reviewed by
Bohmer and Shivanyuk [32a].

7.2.4  Spherands, hemispherands, and other similar macrocycles capable
of inclusion complex formation [33]

As discussed in Section 3.3, when complexed 18-crown-6 assumes a circular
conformation with CH bonds pointing outside the cavity 48a (Fig. 3.1), while in
the free ligand the structure is squashed with the bonds pointing inside. Thus
considerable free energy costs of preorganization must be overcome during the

1) BuLi
2) Fe(acac),

3) EDTA

4) HCI )
28% M€

“CH,

70 - LiCl

Figure 7.2.8. The template synthesis leading to spherand after demetallation.
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complexation. These costs are smaller in the case of calixarenes exhibiting much
less conformational mobility in the free state. Cram’s spherands [34] such as 70
were developed as the preorganized host molecules which do not change
conformation upon the complex formation. (Moreover, contrary to crown ethers
205a that must be desolvated during the complexation oxygen atoms in 70 are
shielded from solvation by its aryl and methyl groups.) It should be noted,
however, that increasing the number of anisyl groups to eight in 238 leads to the
conformation with two methyl groups of the OCH, moieties turned inward,
considerably diminishing the energy gain owing to the host preorganization [35].

The synthesis of the latter molecule in form of its Li* complex called
spheraplex is presented in Fig. 7.2.8 [34]. The demetallation of 70 LiCl was then
carried out by heating it in 4:1 methanol-water at 125°C. The cavity of 70 can
also hostNa' cation. Interestingly, as aresult ofinduced fit introduced in Section
2.1, the host cavity ofthe complex of 70 shrinks in the lithium complex while
that of the complex with sodium expands [36].

Hemispherands like 66 [37] and 239 [38] are macrocycles in which at least
halfofthe ligating heteroatoms is preorganized prior to complexation (another
part being crown ether) while in cryptahemispherands like 240 [39] there are two
crown type bridges. The latter are very strong binders of alkali metal ions.
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Numerous modifications of calixarenes, spherands and similar systems have
been synthesized: 241 [40], 242 [41], calixspherands like 243 [42] and forands
like 244 [43] to name but a few pertaining interesting ligands.
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7.3 Carcerands, Hemicarcerands and Novel ‘Molecular
Flasks’ Enabling Preparation and Stabilization of Short-
lived Species [1]

Bowl-shaped molecules like 245 and 246 inspired Cram to propose cage
molecules like 247 [2] that could host incarcerated smaller guests, hence the
name carcerands. The lattermolecule remained hypothetical butthe Cram group

247
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1) (CH,CO),NCI
-—
2) (CHy),P

1) (CH,),NCHO
—
2) (CH,) 0
2)Cs,CO,, Ar

Figure 7.3.1. The synthesis of the first carcerand.
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OH

OH
256

254 R =(CH,),CH, 258
255 R =Ph

OH

2 Solvent / Gues
K,CO, or Cs,CO,
CH,CIBr

257

Figure 7.3.2. The formation of 257 using a guest molecule as template.
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succeeded in synthetizing 248 from 249 by a five-step synthesis with the total
yield 0f4.7%. The reaction products insolubility prevented their purification but
they were proved to exist in the form of complexes of 248, called carceplexes,
with various guests [3]. By changing eight methyl groups by either eight
(CH,);CHj; or eight CH,CH,C¢H; groups, the solubility of 254 and 255 was
achieved owing to the conformational flexibility ofthese substituents that have
provided the carceplexes with additional solvation sites. The synthesis of 254
from CH;(CH,),CHOand resorcinol 256 was carried out in eight steps. During
the last step ofthe latter synthesis, the shell closure, one molecule ofthe reaction
solvent became the guest since it was incarcerated into the cage [4]. The guest
can be later released from the carceplex by heating. The solvent guest molecule
acts astemplate in the lastreaction in Figure 7.3.1. Sherman [5] described highly
efficient template syntheses of carcerands 257 (Figure 7.3.2) with the highest
yield of 75% obtained with pyrazine guest 258.

The incorporation ofa guest into the carcerand cage influences its properties.
For instance, all guest proton NMR signals are shifted upfield by 1- 4 ppm from
their standard positions owing to the large shielding effect ofthe eight aryl groups
of the cage. The signals of the protons in the O-CH,-O bridges sometimes
exhibit splitting owed to the restricted rotation of the guest inside the cage [6]
once more showing dynamic character of inclusion complexes discussed in
Section 3.4. Aromatic solvent-induced proton shifts are, somewhat surprisingly,
larger for the incarcerated guest than for the free guest [7]. The explanation of
this observation lies beyond the scope ofthis book. On the basis of IR spectra of
incarcerated amides, Cram and coworkers proposed also a new type of
diastereoisomerism in such carceplexes [7]. Another effect forced by the guest
incarceration was the increase of the barrier to internal rotation around the
nitrogen-carbon amide bond [7]. Dynamic 'H NMR spectra of Me,;NCOMe and
Me,NCHO in C,DsNO, gave coalescence temperatures of 63°C and 120°C,
respectively, and AG';;4 = 75 kJ/mol and AG';,; = 85 kJ/mol, respectively, for
the two methyl signals. The coalescence temperatures for the complexes of 255
with the latter amides are 190°C and 140°C, respectively and the corresponding
barriers equal to 85 and 79 kJ/mol, respectively.

The above observations and many other similar ones prompted Cram to
define inside carceplex volume as a specific inner phase intermediate between the
polar solvent and vacuum.
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The portals enabling guests to escape from the cage can be enlarged either by
lengthening of the bridges linking two bowl-shaped parts of a carcerand or by
omitting one ofthese bridges. Ifthe portals are so big that the guest molecule can
escape at high temperatures but it stays inside at temperatures which allow one
to isolate, purify, and characterize the complex, then, according to Cram, such
hosts are called hemicarcerands and their complexes bear the name
hemicarceplexes. As presented in Chapter 1, the synthesis of hemicarcerand 5

A
(o) (o]
i Ohv I// A
=2 || — >
x 0 0 o]
hv
~ (o]
(o =" [D+co=
-0
4
A
hv
H—C=C-—H
H—C=C-—H

Figure 7.3.3. The scheme of formation of 4 and its chemistry.

allowed Cram and coworkers to carry out the reaction leading to highly unstable
cyclobutadiene 4 that dramatically changed its stability upon incarceration [§].
This paved the way to, to-date a very rarely realized possibility, to obtain short-
lived species stabilized in a molecular or supramolecular cage.

4 was dubbed by Cram “the Mona Lisa of organic chemistry in its ability to
elicit wonder, stimulate the imagination, and challenge interpretive instincts”
since “No other organic compound combines such a fleeting existence and so
many different syntheses, with such apropensity fordifferentchemical reactions,
and with the variety of calculations of its structure.” The molecule obtained
according to Figure 7.3.3 was characterised in an argon matrix at 8 K as a short-
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lived species [9]. Carrying the reaction in hemicarcerand 5 allowed the Cram
group to obtain the hemicarceplex 4@5 in which the size of the host cavity
portals prevents the guest escape and dimerization.

Hemicarcerand 259 (X =CH,CH,Ph) differing from 5inthenumberof CH,
bridges, 4 vs. 3, and their lengths was applied by Warmuth to the photochemical

Ph Ph Ph ph

o AN
74 ~
o} 0 0 4
67a@259
Figure 7.3.4. Diels-Alder reaction of encapsulated o-benzyne 67 with host cage 259.
N
Ho /\\
N
hv 1A intersystem 3 hv
A > 320 nm l crossing l % > 416 nm
o]
| _ _ Hl 260 2
H innermolecular insertion

. product 262
H_CI H OCH,
A= O CH,OH Q
—_——

Figure 7.3.5. The scheme of formation of 260 and its chemistry.
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4

R = (CH,),CH, X=CH, CD, R = (CH,),CH, X =CH,, CD,
Y =H,D
261 262

synthesis of another short-lived molecule o-benzyne 67a at 77 K [ 10]. When the
sample was warmed to 198 K, a product ofthe reaction ofthe guest with the host
was detected [10, 11 ]. Interestingly, the first study (in which chemical shifts and
carbon Jec coupling constants have been reported) did not allow Warmuth to
decide whether the guest has the o-benzyne 67a or cumulene 67b structure. The
equivocality was removed by quantum calculations [12] in favour of o-benzyne.
The latter molecule 67a was highly reactive and by warming from 77 K to room
temperature it underwentthe Diels-Alder addition to the host [13] (Figure 7.3.4).

Another significant accomplishment in this domain was

HO R the synthesis of 1,2,4,5-cycloheptatetraene 260 in the inner
.Si. phase of 261 also achieved by the Warmuth group [14]

| ?/ OH (Fig. 7.3.5). Similarly to cyclobutadiene, which was stable
R_F'- O—S'\ in hemicarceplex 4@5, the otherwise unstable cumulene
HO i remained stable at room-temperature in 261. Interestingly,

the authors of Ref. 14 took advantage of the deuterium

263 isotope effect that had slowed down the competing reaction

ofthe guest with the host cage leading to 262. The yield of

cycloheptatetraene 260 in the last reaction was increased to ca. 60% not only by

using the deuterated host but also by lowering the temperature of photolysis to

15.5 K and the addition of the triplet sensitizer [DgJacetophenone to the bulk
phase(15%v/v).
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The Cram and Warmuth syntheses leading to the stabilization of
hydrocarbons 4, 67a and 260 were carried out inside the covalently bonded
hemicarcerands 5, 259 and 261, respectively, while two recent syntheses of other
kinds of unstable species took place in self-assembled cages extending
considerably the prospects of such studies. Kusukawa, Fujita and coworkers [15]
succeeded in obtaining trimers of siloxanes 263 in the self-assembled 264 cage.
The former molecules and the corresponding trimers were considered as
intermediates in the polycondensation of trialkoxysilanes (so-called sol-gel
condensation) resulting in the formation ofsiloxane networks or ladder polymers
[16]. Thus the study of 263 is of importance not only for gaining understanding
of the condensation process but also for modeling silica gel

(266) @264 267@264

Figure 7.3.6. The condensation of 265 10 267 in the nanocage 264.
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surface in ahomogeneous system and the fabrication of silicon-based functional
materials.

264 obtained by self-assembly of Pt(2,2-bipyridyl)(NOs), and tris-(4-
pyridyl)-1,3,5-triazine was shown to be stable underacidic and basic conditions.
Phenyltrimethoxysilanes 265 which could enter the last cage were hydrolyzed
there to oligomers 0f266 (Figure 7.3.6) that yielded 267. The products 267 @264
could be isolated since the guest molecules were too big to escape from the host
cage. When confined to the cage the otherwise unstable cyclic guest trimers
remained intact for 1 month in water at room temperatures. They even survived
the acidic conditions (pH < 1) necessary for the isolation of the encapsulated
complex.

Another outstanding achievement in this domain was the synthesis of, of
course unstable, [(CH;),C(OH)PC,H;);]" cation 268 in the self-assembled cage
269 similar to 26 discussed in Section 2.1 [17].

Only a few reactions in ‘molecular flasks’ have been successfully carried out
up to today, but they certainly mark the beginning ofexcitingdevelopment in the
border area between organic, supramolecular and theoretical chemistry. The link
between organic and supramolecular chemistry in this domain is obvious, while
numerous calculations of cyclobutadiene 4 and the decisive role of theoretical
studies in the assignment of benzyne 67a structure obtained by Warmuth, as
67a@259 mentioned earlier in this Section, exemplify the role of theoretical
studies in this area. Several nonstandard molecules which have been recently
proposed as plausible synthetic targets on the basis of quantum calculations may
be short-lived species that can be accessible only in the form of supramolecular
complexes stabilized by the host cages. On the other hand, the attainability of
short-lived species stabilized in the complexes which until now could be
examined only at very low temperatures in noble gases’ matrices extends
tremendously the possibilities of their study. Silacyclopropyne 270 with the
ultimate deformation of C=Cbond [18], cubene 271 [19], highly strained 272
[20] and fully unsaturated dodecahedrane (i. e.fullerene Cy) 273 [21] are only
few examples of the latter species. On the other hand, bowlane 274 [22] which
should have a pyramidal carbon atom, dimethylspiro[2.2]octaplane 275 [23]
(with the planar configuration on one carbon) developed on its basis,
[ 1.1.1]geminane 276 [24] and 277 which should have a linear C-C-C
arrangement [25] as well as compounds of light noble gases (neon, helium) [26]
are only few examples of hypothetical species still awaiting their syntheses,
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eventually in supramolecular cages. Thus ‘molecular flasks’ expand enormously
the limits of what is possible in synthestic chemistry.

References

1. D. J. Cram, J. M. Cram, Container Molecules and Their Guests. The Royal Society of
Chemistry, Cambridge, Great Britain, 1994.

2. D.J. Cram, Science, 1983, 219, 1177.

3. D.J. Cram, S. Karbach, Y. H. Kim, L. Baczynskij, G. W. Kalleymeyn, J. Am. Chem. Soc.,

1985, 107, 2575; D. J. Cram, S. Karbach, Y. H. Kim, L. Baczynskij, K. Marti, R. M.
Sampson, G. W. Kalleymeyn, J. Am. Chem. Soc., 1988, 110, 2554.

4. L. M. Tunstad, J. A. Tucker, E. Dalcanale, J. Weiser, J. A. Bryant, J. C. Sherman, R. C.
Helgeson, C. B. Knobler, D. J. Cram, J. Org. Chem., 1989, 54, 1305.

. R. G. Chapman, N. Chopra, E. D. Cochien, J. C. Sherman, J. Am. Chem. Soc., 1994, 116,
369; A. Jasat, J. C. Sherman, Chem. Rev., 1999, 99, 931.

.J. A. Bryant, M. T. Blanda, M. Vincenti, D. J. Cram, J. Am. Chem. Soc., 1991, 113, 2167.

9}

. D.J. Cram, M. E. Tanner, R. Thomas, Angew. Chem. Int. Ed. Engl., 1991, 30, 1024.

. O. L. Chapman, C. L. Macintosh, J. Pacansky, J. Am. Chem. Soc., 1973, 95, 614; C. Y. Lin,
A. Krantz, J. Chem. Soc. Chem. Commun., 1972, 1111.

10. R. Warmuth, Angew. Chem. Int. Ed. Engl., 1997, 36, 1347.

6
7. 1. C. Sherman, C. B. Knobler, D. J. Cram, J. Am. Chem. Soc., 1991, 113, 2194.
8
9

11. R. Warmuth, J. Chem. Soc. Chem. Commun., 1998, 59; B. R. Beno, C. Sheu, K. N. Houk,
R. Warmuth, D. J. Cram, J. Chem. Soc. Chem. Commun., 1998, 301.

12. H. Jiao, P. R. Schleyer, B. R. Beno, K. N. Houk, R. Warmuth, Angew. Chem. Int. Ed. Engl.,
1997, 36, 2761.

13. R. Warmuth, J. Chem. Soc. Chem. Commun., 1998, 59.

14. R. Warmuth, M. A. Marvel, Angew, Chem. Int. Ed. Engl., 2000, 39, 1117.

15. M. Yoshizawa, T. Kusukawa, M. Fujita, K. Yamaguchi, J. Am. Chem. Soc., 2000, 122,
6311.

16. R. H. Baney, M. Itoh, A. Sakakibara, T. Suzuki, Chem. Rev., 1995, 95, 1409.

17. M. Ziegler, J. L. Brumaghim, K. N. Raymond, Angew. Chem. Int. Ed. Engl., 2000, 39,
4119.

18. G. Maier, H. Pacl, H. P. Reisenauer, M. Meudt, R. Janoschek, J. Am. Chem. Soc. 1995,
117, 12712.



THE MOST INTERESTING MACROCYCLIC LIGANDS 207

19. P. E. Eaton, M. Maggini, J. Am. Chem. Soc. 1988, 110, 7230.

20. B. M. Branan, L. A. Paquette, D. A. Hrovat, W. T. Borden, J. Am. Chem. Soc. 1992, 114,
774.

21. H. Prinzbach, A. Weller, P. Landenberger, F. Wahl, J. Worth, L. T. Scott, M. Gelmont, D.
Olevano, B. von Issendorff, Nature, 2000, 407, 60.

22. H. Dodziuk. J. Mol. Struct., 1990, 239, 167.

23. D. R. Rasmussen, L. Radom, Angew. Chem. Int. Ed. Engl., 1999, 38, 2876.

24. H. Dodziuk,J. Leszczynski, K. Jackowski, J. Org. Chem., 1999, 64,6177.

25. H. Dodziuk, J. Leszczynski, K. S. Nowiriski, J. Org. Chem., 1995. 60, 6860.

26. L. Khriachtchev, M. Petersson, N. Runeberg, J. Lundell, M. Rasanan, Nature, 2000, 406,
874.

7.4  Cyclodextrins, and Their Complexes [1]

74.1 Introduction

Cyclodextrins, CDs, 278 and their complexes clearly fall into the domain of
host-guest chemistry and the importance of these macrocycles is enhanced by
their numerous practical applications [1b, 1c]. However, they form an

OR independent area and there is

o} little mutual interaction between

= " n=6178 cro'wn ethers., cryptands,

HO a R=H calixarenes, hemispherands, and
A b: R=Me other types of manmade

¢. R=n-CiH, macrocycles discussed earlier in

d: R=COCH, this chapter and CDs that are

obtained by using a
278 biotechnological procedure. As

indicated by their formulae and

the computer model presented in Fig. 7.4.1, CDs have a cavity in which other,
mostly smaller, molecules (or ions or even radicals) may reside. The
encapsulation of guest molecules by CDs is selective, forming the basis for their
applications. As sometimes happens with novel ideas, the first notion of small
molecules located inside larger CDs expressed by Cramer was met with fierce
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criticism [2]. As he recalled
many years later, one of his older
authoritative colleagues even
wanted to expel such a fallacious
young man from the academic
community for expressing
unacceptably eccentric ideas.
CDs are macrocyclic
oligosaccharides built of a-D-
glucopyranoside units
interconnected by a-(1,4) bonds.
They are obtained by enzymatic
degradation of dextrins (Figure
7.4.2). The most important in
this group of compounds 278a
with n = 6, 7 and 8 bear the
Figure 7.4.1. Computer model of a-CD 13 displaying name native CDs and are
the cavi-ty in which guest can enter. denoted as a-, 13, -, 11, and y-
68 CDs, respectively [3a]. Their full IUPAC designation is cumbersome. For
instance, for 13 it is 5,10,15,20,25,30,35-heptakis(hydroxymethyl)-
2,4,7,9,12,14,17,19,22,24,27,29,32,34-tetradecaoxaoctacyclo
[31.2.2.236,2811 213.16 51821 92326 28311nopatetracontane-36, 37, 38, 39, 40, 41,
42,43, 44, 45, 46, 47, 48, 49-tetradecol [3b]. A 21 step synthesis of 13 with a
0.3% total yield and that of 68 with the 0.02% yield was recently reported by
Ogawa and coworkers [4]. Larger CDs bearing the names 6-, €-, &-, efc. have

ae O

macerans

orCGTenzyme N\ Purification 00,00 O
T - 1 . IR + 04
) OO0 O

Yy
,{_‘:,O 0 Cyclodextrins

Starch Linear and cyclic dextrins

Figure 7.4.2. Scheme of biotechnological process of CD formation.
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been obtained either by tedious chromatographic separations [5a] or by taking
advantage of sophisticated biochemical process [5b]. They have been obtained
in small quantities and are not well characterized. The largest CD for which X--
ray structure has been determined is that with 26 glucoside units [5c] and
gigantic analogues with more than 100 units have been reported [5d]. For many
years, on the basis of molecular mechanics calculations [6a] CDs having less
than 6 glucopyranosidic rings were sentenced to nonexistence. However, the
Nakagawa group successfully carried out the synthesis of 279 [6b]. Interestingly,

OH2

OH3

C6H PHS

780 pm

13 a=570pm
11 a=780pm
67 a=950pm

Figure 7.4.3. Atom numbering shape and size of a-, -, and y-CDs.
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three CD derivatives were even found in Nature [7].
On the basis of X-ray studies a-, - and y-CDs were for a long time
considered to have a rigid truncated cone

= structure. They are schematically shown

in Fig. 7.4.3 with the primary hydroxyl

= A 0 4&&/ e groups situated at the narrower rim and

/vAV 1 the secondary ones located at the wider

a rim [1]. As a result, the hydroxy groups

“C, 4C, render polar character to the rims while

a glycosidic oxygen atoms lying in a plane

and H3 and HS hydrogen atoms pointing

o 1 e &ﬁ inside the cavity secure relatively apolar

F ¥ character of the cavity. Recent NMR

8 results have shown that the molecules are

1C 1C flexible even in the solid state [8] in line

4 ¢ with some other experimental data [9a],

Figure 7.4.4. Conformations of the model calculations [9b] and the ease of

glucopyranoside ring. selective complex formation that would be

impossible for the rigid structure.

Therefore the symmetrical structures 13, 11 and 68 with C,symmetry axes (n =

6, 7 or 8, respectively) and the planar ring of glucoside oxygen atoms do not

refer to the real but to the averaged structures. The interglucoside C10C4

bridges are responsible for CDs flexibility but glucopyranoside rings usually

assume the rigid so-called *C, chair conformation shown in Fig. 7.4.4. However,

in per-3,6-anhydro-a-, B- and y-CDs 280a-c the rings are locked in 'C,

conformation [ 10]. In contrast with the symmetrical

- - averaged structures, very large  macrocyclic

rgﬁ toxo\ dextrins have been found to possess twisted
3’&,0 ° structures without any cavity [11].

. %" CDs are chemically stable and non-reducible and

% i they can be modified in complete or regioselective

o
o o
manner leading to analogues with increased
0 o o OH
DA
O HO

solubility and interesting complexing properties
[12]. They can undergo various reactions which may
281 involve cleavage of OH, CO, CH or CC bonds. It
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Figure 7.4.5. Regioselective formation of anthacene dimers in y-CD cavity.

should be stressed, however, that the preparation of CDs bearing several
substituents at distinct positions is often extremely difficult and requires a tedious
chromatographic purification. On the other hand, completely O-methylated and
O-acetylated CDs are obtained in good yields, thus they are commercially
available. (11 is known to be poorly soluble in water. Surprisingly, its heptakis-
(2,6-0-dimethylated) derivative with less OH groups is better soluble than the
parent compound.) 278a with n = 6-8 are soluble in water but insoluble in
common organic solvents, whereas permethylated CDs 278b, with all OH groups
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Figure 7.4.6. Schematic view of hexadecanuclear complex of
sixteenfold deprotonated y~CDs.
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substituted, are soluble both in water and the latter solvents. This property can
be of importance for potential applications in extraction, catalysis, and so forth.
Similarlyto278b, heptakis-(2,3,6-O-pentyl)-3-CD 278c¢ is an important additive
to a mobile phase in chiral chromatography [13]. On the other hand,
peracetylated CD 278d is soluble only in organic solvents. Some interesting CD
derivativesinclude per-2,3-epoxy- B-CD 281 [ 14],regioselectivelydisubstituted
y-CDs 282a-d (Figure 7.4.5) which can undergo stereoselective
photodimerization of self-included anthracene substituents [15] and so-called
capped CDs like 283 [ 16] which are believed, actually without any sound proof,
to exhibitbetter enantioselectivity than their parent compounds. CD dimers with
a carefully chosen bridge are known to complex much stronger appropriate
guests [ 17] than their monomers. For instance, 284 complexes p-t-butyl-phenyl
groups of 285 more than 1000 times stronger than the parent 13 does with p--
butylphenol 286. Aesthetically pleasing sixteenfold deprotonated y~CD dimer,
formed with the corresponding number of lead cations, is presented schematically
in Figure 7.4.6 [18]. A rare case of the CD complex with 2:2 stoichiometry is
provided by the B-CD dimer 287 with a bipyridine derivative (Figure 7.4.7) [19].
CDs appended with peptides, like 288 [20a], or capped with a sugar unit, like
a,o-trehalose 289 [20b], are expected to find applications as drug carriers.
Exciting rotaxanes and catenanes involving CDs are presented in Chapter 1 and
Section 8.1. Interestingly, CDs can form nanotubes either by covalent [21] or
noncovalent self-assembly [22].

As chiral molecules, CD hosts are one ofthe best chiral selectors [23]. They
can also induce circular dichroism signal in an achiral guest. As shown by
Zhang and Nau [24] for the complexes of B-CD with bicyclic azaalkanes 290 or
291, this effect may allow one to determine the orientation of the latter molecule
in the CD cavity. An interesting example of the influence of 11 on the guest
conformation was reported by Brett and coworkers [25]. They have shown that

p-amino-p -nitrobiphenyl 292, which is planar in the
CH, solid state, becomes nonplanar in the solid state complex
Cl with B-CD.
As discussed in Section 3.5, CDs have been used as
enzyme mimics. Their catalytic activity usually results
Cl in only modest reaction rate enhancements, but in a very
293 294 few specific cases these rates may reach values typical

CH

3
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of enzymes. They are usually much more effective at influencing reaction
stereoselectivity than in the enhancement of the reaction yields. The first
possibility may be illustrated by the influence of B-CD on the chlorination of
toluene [26]. Without the additive this reaction yields as a result a mixture of
ortho- 293 and para-chlorotoluenes 294. However, in the presence of 11 only the
latter isomer is formed.

7.4.2 CD complexes as one of the few supramolecular systems that have
found numerous applications

The industrial applications of CDs are possible owing to the easy
manufacture of native CDs and their low cost (over 1500 tons per year and few
dollars per kg for 11). CDs are known to discriminate between different
molecules, constitutional isomers and enantiomers [27]. However, to our
knowledge they are not used for preparative chromatography on an industrial
scale in spite of thousands of successfully separated mixtures. On the other hand,
enantioselective chromatography using these macrocycles as chiral stationary or
mobile phases is a powerful analytical technique allowing one to carry out
stereochemical analysis of natural compounds, in order to determine the
enantiomeric excess in asymmetric syntheses and to prove the enantiomeric
purity of pharmaceuticals and chiral reagents. In addition, CDs are invaluable in
the studies of metabolism of chiral compounds both in clinical tests and
environmental research as well as in investigations of the mechanism of reactions
involving conversion of chiral compounds (inversion or retention of
configuration, racemization and chirality transfer in the rearrangement reactions).

Several CDs’ applications have been discussed in Chapter 6. Their lack of
toxicity forms the basis for their applications in pharmaceutical, agrochemical,
and food industries as well as in toiletry and cosmetics [1b, 1c]. They are also
used or have been proposed to be applied, as sensitizers and stabilizers of dyes
in photography, for impregnating paper, as fluorescent and other sensors [28],
as corrosion inhibitors and rust proofing materials, UV stabilizers and
antioxidants. One of the most spectacular is the prospective use of CDs as
biodegradable plastics [29]. The complex of nitroglycerine with B-CDmarketed
in Japan was mentioned in Chapter 1 while some other CDs applications have
been presented in Chapter 6.
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7.4.3  Predicting molecular and chiral recognition of CDs on the basis of
model calculations

Molecular and chiral recognition by CDs is often modelled computationally
[30] in view of their theoretical and practical importance. However, the
mechanical complexity of CDs which have a very complicated energy
hypersurface exhibiting several low-lying energy minima separated by low energy
barriers [9, 23b] complicate such studies. Nevertheless, user-friendly programs
producing delightful molecular models create a false impression of omnipotence
of CD theoretical studies in unprepared researchers. Such an opinion is supported
by the uncritical review by Lipkowitz [30] which, in addition to some vague
comments concerning an incompetent use of the programs, presents unlimited
prospects for such computations. In particular, the problem of the accuracy and
reliability of the results obtained and their dependence on the parameterization
used was not discussed there as also was not the way in which the comparison of
calculated results with the corresponding experimental data should be carried out.
(Our recent results indicate that the latter data strongly depend on the experimental
technique used for their determination [31].) Experiments, for instance
chromatographic studies, which are often performed in mixed solvents yield free
energy differences, whereas steric energy differences provided by molecular

mechanics calculations [32] can be

compared only with enthalpy
differences. In addition, no difference
H H between the modelling of molecular
and chiral recognition is made there,
H H

although the latter process is usually
associated with much smaller energy

295a 295b . . . )
differences which are impossible to

be interpreted in terms of any
m physical model [33]. These problems
were recently discussed by the
Dodziuk group [34]. The complexes
of 11 with the decalin isomers 295,

experimentally studied earlier in the same group [35], provide a unique
opportunity for analysing molecular and chiral recognition in the same system

295¢

since invertomers of cis-decalin 295a and 295b are enantiomers as well.



THE MOST INTERESTING MACROCYCLIC LIGANDS 217

Molecular mechanics calculations [34a] using four different force fields and five
values of electric permittivity for the complexes of 295 with 11 revealed that the
results obtained do depend on the assumed parameters values which cannot be
reliably chosen. Moreover, in several cases the energy differences characterizing
molecular recognition were smaller than the corresponding values describing
chiral recognition. The molecular dynamics [36] calculations [34b] in the same
system seemed to indicate that the average energies calculated by this method may
qualitatively describe molecular recognition. However, long simulations for
diastereomeric complexes of 13 and a-pinene 27 enantiomers [34c] have shown
that not only the value of the energy difference but also its sign depends on the
lengths of the simulation times. Therefore much longer simulation times are
needed to carry out reliable modelling of molecular and chiral recognition by CDs.

The Free Energy Perturbation method provides the most accurate values of
energy differences by simulations [37]. However, to our knowledge this method
was only once applied to CD complexes [38], but too little information about the
procedure applied, provided in this paper, precludes the assessment of its
reliability.
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7.5 Endohedral Fullerene Complexes, Nanotubes and Other
Fullerene-based Supramolecular Systems

Fullerene chemistry is a very new but rapidly developing research field [1 ].
Its beginning was marked by theoretical predictions in the early 1970s [2] which
were confirmed only in the mid 1980s [3] gaining the Nobel Prize for the
discoverers of Cqy 40 (also denoted [60]fullerene) Kroto, Curl and Smalley.
Interestingly, this molecule is the fifth (besides diamond, graphite, carbene and
carbyn) allotrope form of carbon [4]. Until now fullerenes and their complexes
are prepared not by standard chemical syntheses but by the methods such as arc
discharges or laser evaporation of graphite (mixed with metal oxides or carbides
[5a], if necessary). The Kritschmer group succeeded in developing an efficient
preparation procedure allowing one to obtain 40 in gram quantities [5b]. As
mentioned in Section 2.4, generation of Cg, is a very efficient all-or-nothing
covalent self-assembling process.

Fullerenes are fascinating molecules capable of inclusion complex formation
since, as will be shown below, they can not only host ions or molecules inside

their cages but also play the guest role of being buried inside a capsule formed
by two y-cyclodextrin 68 or calix[5]arene 221 (n = 5) molecules. In spite of
considerable efforts no total organic synthesis of 40 has yet been reported.
Interestingly, attempts to patent Cgo in the USA have failed since it has been
found in Nature. They occur not only in some ores, coals, and meteorites [6] but
2 to 40 different fullerenes are also generated by burning dinner candles [1a].
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Most stable fullerenes usually obey IPR (the isolated pentagon rule) [7a]
which states that fullerenes having adjacent five-membered rings are less stable
than their counterparts with isolated rings. However, notonly C;, with a few
adjacent five-membered rings was reported [7b] but also C,, 273, the smallest
known fullerene type of compound, built solely of pentagons was synthesized
[7c]. Cgoof icosahedral symmetry with all carbon atoms equivalent is the parent
compound for all fullerene family because of its remarkable stability. The next
member of the family, C;y 296, was detected early since it is formed in
considerable amount together with Cg,. For higher fullerenes several structural
isomers of different symmetries are possible for a given number of carbon atoms.

Figure 7.5.1. Various chemical reactions of Cg,.
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A few of them have been unequivocally assigned until now but the pace of
research in this field allows one to expect that many others will be detected and
characterized soon. Cs5 297a of D, symmetry (another possible isomer has T,
symmetry 297b) is remarkable since it is chiral and was resolved into

298
enantiomers [8]. ‘All nitrogen fullerene’ was calculated by Manaa [9]. Fullerenes

were shown to exhibit numerous chemical reactions schematically depicted in
Figure 7.5.1 [10a]. As presented in the figure, fullerenes can undergo
hydrogenation, alkylation, amination, oxidation, reduction, halogenation,
cycloaddition and epoxidation reactions. They can also polymerize, form host-
guest complexes (serving as both host and guest, see below), and organometallic
derivatives. Interestingly, they can gain up to six electrons, thus being an object
of numerous electrochemical studies [10b]. Several exciting fullerene derivatives
are shown in 298-303 [10c]. Crown ether-Cg, conjugate forms a self-assembled
monolayer on a gold surface (Figure 7.5.2) taking advantage of the recognition
of ammonium ion by the ether [10d].
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{H,C,00C),C C({COOC,H,),

C(COOC,Hy),

302

Noteworthy, chlorin coupled to fullerene 304 has been obtained by one-pot
synthesis [10e], 2-(n-alkyl)fulleropyrrolidines 305 capable of formation of
Langmuir films has been reported by Kutner, D’Souza and coworkers [10f],
while self-assembled nanorods and vesicles have been obtained by the Tour group
[10g] using 306. By attaching an alkyl chain of different length through
pyrrolidine linkerto Cg, the first authors were able to study the effect of
protonation of the pyrrolidine ring nitrogen on the electrochemical behaviour and
Langmuir film properties.
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Owingto its almost spherical shape, at room temperature 40 executes random
rotations even in the solid state making X-ray determination of its bond lengths
impossible. Thus their first, quite inaccurate, measurement was carried out by
using NMR[11] showing that the length of the CC bonds connecting six-member
rings was different from that of the bonds connecting five-membered and six-
membered rings. The size of Cq, cavity, ca. 700 pm in diameter, allows for the
encapsulation of practically any element of the periodic table inside it [12].
However, mainly lantanides (and to a lesser extent alkaline metals, noble gases,
nitrogen, and a few other elements) have been found to form endohedral
complexes denoted as M,,@C,,. The fact that the guest is situated inside the host
cage was first unequivocally proved by X-ray synchrotron powder diffraction of
the solid Y@Cs;, [13a]. The study has not only manifested the encapsulation of
the lantanide inside the cage but has also shown that it is not situated at the
cage’s center. Hence, a large permanent dipole moment of Y@Cs, which has

/I

i(i-Pr),

305
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Figure 7.5.2, Cq, derivative monolayer self-assembled as a result of ammonium cation
recognition by crown ether moiety.

been experimentally observed [13b]. These findings were in agreement with the
calculations preceeding the experiment [14]. The dynamic circular motion of two
guest La cations inside Cgy 80 cage [15] have been discussed in Section 3.5. The
oxidation state of the metal ion entrapped inside the fullerenes, studied by ESR
experiments, was first found to be +3 for La@Cy; leading to La*"Cgy> formula
[16a]. The amount of charge transfer in these structures is still under question on
the basis of more recent ESR results, and an exohedral La?*Cg,* structure has
been proposed for the complex [16b] in addition to theendohedral La**@Cyg,*
one advocated by the former research groups. It should be stressed that
endohedral fullerene complexes with ions represent an interesting example of
ionic compounds that cannot be dissociated into their constituting ions without
the cage breaking, i. e., the decomposition of the whole system. Thus endohedral
fullerene complexes contradict the classical definition of salt. The fullerene cages
can contain up to four metal atoms (or ions) [ 17]. Atpresent, La@C,4 seems to
be the endohedral complex of the smallest fullerene known [18].

The endohedral complex formation can change considerably the properties
of the host and guest. The most striking cases, exemplifying the tremendous
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influence the host cage can play, are probably the trapping of diatomic molecules

of noble gases He, or Ne, inside C,;296 [19a], on the one hand, and that of
atomic nitrogen inside the same host [19b], on the other. Interestingly, in the

latter case of N@Cs, nitrogen was found by ESR to be in the quartet ground

state *S,5; [20] confirming extraordinary inertness of the inner fullerene surface.
Contrary to this inertness, the outer surface exhibits considerable reactivity. An

observation of an elementary particle muon inside 296 should also be mentioned

[19¢c]. Amazingly, a permanent distortion of the Cq, cage can influence the

wavefunction of the guest. The effect was documented by EPR investigation in
solution [20] for the endohedral monoadduct N@Cy(COOEL), 307 [21],

obtained by nucleophilic cyclopropanation of N@C, with diethyl

bromomalonate.

Beside of those with the noble gases molecules and Sc,@Cg, [22], no other
endohedral fullerene complexes involving molecular guests have been proven up-
to-date. Sc;N@Cy, is an equivocal case since some experimental data on this
system have been interpreted in terms of the structure containing bonds between
scandium atoms and the host cage [23a]. (The most recent data on ScsN@Cys
and Sc;N@Cgs did not specify the structure [23b, c]). On the basis of molecular
mechanics calculations [24] only H, and H,O molecules were found to be capable
of forming the endohedral
complexes with the parent Cgy.

As mentioned earlier, in
spite of efforts by several
research groups, Cy has not yet
been prepared by a
conventional chemical
synthesis. Such an approach
would eventually enable the
incorporation of a guest inside
the cage during the synthesis.
However, the synthesis of Cy
with a hole by the Rubin group

308 [25] paves the way to
endohedral fullerene complexes with organic molecules.

Nested (or onion-like) fullerenes built of several cages buried inside one
another such as Co@C46@C540@Cye0 308, were found by using a Tunneling
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Electron Microscopy, TEM, technique [26a]. Molecular mechanics calculations
have shown that very weak, but numerous, nonbonded interactions are
responsible for their formation [26b]. The communication on the formation of
Cee@C140@Cs¢, with all fullerenes of icosahedral symmetry [26¢] seems ill-
founded since: (a) only C, cages with # = 60k* have J, symmetry [26d]; (b)
according to our theoretical study, Cg@C,,0@Css should be less stable than
Ceo@czw@cm [26D].

Other onion-like structures reported recently include those built of tungsten
sulphide and other inorganic materials [26e].

Understandably, guest inclusion can stabilize the fullerene cage. For instance,
genuine Cg and Cgg are not very stable, and they have not been isolated in
considerable amounts. However, endohedral complexes of these fullerenes have
been reported [23]. Efficient 1:2 complexation of Cgwithy-cyclodextrin [27a]
or calix[5]arenes [27b] may open the way for very efficient purification of
fullerenes. Another method of the purification making use of antibodies has been
proposed in Ref. 28: in the efforts to create smart nanotools mimicking an
amazing effciency of Mother Nature, Chen and coworkers used animal produced
antibodies to separate Cq,. They first tethered a derivative of Cgy to a large
protein and injected the product into a rabbit or mouse. Out of a wide variety of
antibodies extracted from bloodstream, a single type of antibody recognizing very
selectively Cqowas separated and multiplied. In this way 50 mg of the pureanti-
C¢o monoclonal antibody was obtained which binded very strongly to SWNT or
Cg. The authors suggested the use of this recognition process for sorting out
different types of nanotubes.

Fullerene itselfrexhibits catalytical activity and, as mentioned in Section 6.4.2
it can increase the activity of other catalysts. Electrocatalytic reduction of a,w-
diiodoalkanes I(CH,),,[ (m= 1 -8) atthe C,film-modified electrodes have been
reported by D’Souza, Kutner and coworkers [29].

As mentioned in Section 6.3, band waggoning in the early 1990s resulted in
several proposals for uses of fullerene [30a] which until now have not reached
fruition. High-temperature fullerene superconductors and a CgFgo lubricant
illustrate the point. The latter, ball shaped perfluorinated hydrocarbon, should
have revolutionized industry by minimizing friction losses of energy. The
compound was synthesized. However, it proved unstable. Moreover, it
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decomposed in air with HF formation, precluding any industrial application
[30b]. Concerning the use of doped C4 as a prospective room-temperature
superconductor which should minimize energy losses by electricity transmission,
it seems also a failure today, since the effect was observed at much higher
temperature for inorganic materials [31a]. However, a new material consisting
of hole-doped Cq, raises hopes of the
achievability of fullerene
superconductivity at temperatures in
excess of 100 K [31b]. In addition,
fullerenes with ‘a hole’ and ‘door’
have been thought of as a designed
drug carrier capable of controlled
discharge of the drug from its cavity
only when the door is open [29]. This
proposal has not been accomplished
but a C,, derivative promises to be an
e effective photodynamic drug
destroying tumor tissue owing to its
309 ability efficiently to generate singlet
oxygen [32]. The possibility of
applying lanthanide metallofullerenes as new diagnostic tools or therapeutic
radiopharmaceuticals is also vividly explored [33]. One of the most promising
C,, uses is its application as a scanning tunneling microscope tip [34]. Several
other applications of fullerenes and their complexes have been patented. Amongst
others, the use of fullerenes in diamond production that should be much easier,
since it would not require high pressure [35].

The twelve pentagons of the fullerene structure ensure its curvy shape. A net
built only of carbon atom hexagons can be planar like graphite 309 or be rolled
to form various types of single-wall nanotubes (Figure 7.5.3): armchair 310 (by
connecting e with e’ f with f°, etc.), zigzag 311 (by connecting a with a’, b with
b’, etc.), and chiral 312 ones (by connecting, for instance, a with ¢ ’, b with d’,
etc.) [36]. In achiral nanotubes some Csp*Csp’ bonds have parallel or
perpendicular arrangement with respect to the tube axis while there are no such
bond arrangements in the helical nanotubes. The prediction that nanotubes should
exhibit metallic conductivity or operate as semiconductors depending on the
cylinder diameter and its wrapping angle [37] has been recently confirmed by two
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Figure 7.5.3. Armchair 310(left), zigzag 311(middle) and chiral 312 (right) nanotubes.

research groups [38]. Thus conducting nanotubes could be used as wires. The
properties of nanotubes are changed and, perhaps, could be tuned by insertion of
atoms inside them.

One should differentiate between single-wall (SWNT) and multi-wall
(MWNT) nanotubes. By analogy with nested fullerenes, i.e. giant fullerenes
containing smallerones inside one another like the Russiandolls, MWNT consist
of several coaxial layers of tubes. Understandably, it is much more difficult to
obtain them in the uniform form. Considerable effort has been put into
reproducible fabrication of nanotubes of a given size and structure since they
typically exhibit dispersions of these parameters which influence their electrical
conductivity and other properties. Present methods used to synthesize SWNTs
result in tubes with different diameters and helicity. Scanning tunneling
microscopy, STM, is a convenient tool for studying these critical parameters.

Nanotubes may form various higher interesting structures such as ropes
[39a], bundles [39b], circles, and catenanes [39c] and even crops [39d].
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Nanotubes are obtained by the methods analogous to those used for the
preparation of fullerenes [5]. Most of these methods are based on the sublimation
of carbon in an inert atmosphere, such as an electric arc discharge, laser ablation,
or a solar technique. Interestingly, nanotubes with an extra large diameter of
80— 120 nm were obtained by explosive synthesis [40a]. The most effective
synthetic route to more typical nanotubes (of several nm in diameter) is chemical
vapour deposition [40b] allowing one to obtain not only high quality nanotubes
with high yields but also to align those deposited on a planar support. Their
subsequent isolation and purification by high performance liquid
chromatography, HPLC, is a tedious process. Until recently the yields were up
to 1% of the produced soot corresponding to microgram up to milligram
quantities. The small production yields, and, sometimes, air sensitivity limit
studies of endohedral fullerene complexes and their applications. This restriction
seems to be overcome by the Smalley group [4la] who make SWNTs from
carbon monoxide according to the reaction

2CO — C(SWNT) + CO,

typically carried out at ca. 900° C in 10 to 40 atm of CO in the presence of
Fe(CO);s or another metal carbonyl. The nanotubes obtained can consist of up
to 99% of SWNT with no amorphous carbon or graphite and only about 1% of
the catalytic metal. However, the reactor produces 250 mg per hour, that is, 6
gram per day, and there are hopes that the process can be sped up to allow for
production of 100 g of SWNT per day. The production of large arrays of well
aligned carbon nanotubes was also a formidable task of technological importance
which only recently seems to be solved [41b].

Capped with halves of fullerene pseudospheres the nanotubes can be regarded
as elongated fullerenes, although today one rather calls fullerenes spheroidal
nanotubes. In the first experiments on nanotube formation various multi-wall
nanotubes were obtained. The mechanism of their build-up is still little
understood but today one can control the process to produce and manipulate
single-wall nanotubes. Moreover, as discussed in Section 6.3.2.2 an electronic
device consisting ofonly one semiconducting, single-wall nanotube about 1 nm
in diameter has been recently built [42]. In this device the nanotube is draped
over two platinum electrodes situated 400 nm apart on a SiO; layer covering a
silicon substrate, which plays the role ofa gate electrode. It should be stressed
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that the switch in this case is molecular, however, other elements of the device
fabricated by using current microtechnology render the whole device’s
dimensions comparable to those of conventional silicon transistors. Thus the
device, of hybrid molecular and solid state character, is a great achievement, but
enormous technical difficulties are still to be overcome on the way to industrial
applications of monomolecular devices. Nevertheless, it brings Lehn’s idea of
chemionics, that is molecular electronics [43], closer to realization.

Similarly to fullerenes, nanotubes may include atoms or small molecules
either into their walls or inside them leading to new materials. H,, small metal
crystals and nanoclusters embedded in carbon nanotubes which promise
numerous applications have been briefly discussed in Sect. 4.2.4 and 6.3. For
instance, lithium- or potassium-doped carbon nanotubes are potent hydrogen
sorbents capable of storing 14 weight percent of H, at room temperature [44]. Its
reversible release at higher temperatures could provide a basis for H, storage,
which presents the main technical obstacle preventing the use of this highly
effcientenergy carrier. Nanotubes can form even more complicated complexes
such as those containing several fullerenes, which were dubbed ‘pea pots’ [45a].
A linear hydrocarbon chain in multi-wall nanotube has also been found [46].
Moreover, similarly to La,@Cyg, 80 (discussed in Section 3.5) the fullerenes can
be filled withrapidly moving two lanthane ions [45b] observed by Transmission
Electron Microscopy, TEM, technique.

As briefly discussed in Chapter 6, miniaturization of electronic devices is an
imperative [47]. This requires the ability to manipulate molecular clusters or even
single molecules. Nygard and coworkers’ measurements of electrical transport
on single-wall carbon nanotubes [48] are one of the first examples of such
manipulation. De Heer and coworkers’ prototype of the nanobalance, based on
multi-wall carbon nanotubes, is another example of a nanodevice. It operates on
the basis of observation that the fundamental frequency and higher harmonics of
MWNT depended on the weight of the nanocluster attached to the tube [49].
Nanotweezers composed of two nanotubes is another tool for construction of
molecular sized devices [50]. Nanotube based planar displays which should
replace liquid crystalline displays are close to realization [51], while molecular
pressure sensors [52] exemplify numerous nanotube applications in sensing.
High-temperature superconductors, redox-active systems, ferromagnetic
compounds, drug carriers are representative examples of many other proposed
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applications of nanotubes marking a definite trend of shifting the research focus
from fullerenes to nanotubes.

Different types of nanotubes built of self-assembled organic molecules have
been discussed in Section 4.2.4. Inorganic nanotubes, for instance, built of
vanadium oxide [53] are also known [54].
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7.6 Dendrimers [1]

The name dendrimers was coined from Greek dendron meaning tree and
meros denoting part, since the oligomers like poly(amidoamine) PAMAM
dendrimers 313 (Figure 7.6.1) exhibit a repetitive branching responsible for their
unique character. Arborols or cascade molecules are also used to denote these
oligomers. One can distinguish three characteristic parts of them: a core;
repetitive units the number of which defines the dendrimer generation; and end
groups (peripheral units). Numerous molecules can be used as dendrimer cores
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Figure 7.6.1. Reaction scheme of the syntheses of the first 313a. second 313b and third
313c¢ generations of the PAMAM dendrimer.

of different multiplicity m like ammonia, pentaerithritol, benzene, adamantane,
porphyrin, or even fullerene. Two strategies to obtain dendritic architectures have
been proposed:

1. Divergent method [2] consisting in the successive attachment ofone set of
branching units, characterized by their multiplicity n, after another leading to the
multiplication of the number of peripheral groups. Thus, in case of the PAMAM
dendrimer 313 there are three amine groups in the so called first generation G1
multiplication of the number of peripheral groups. Thus in the case of the
PAMAM dendrimer 313 there are three amino groups in the so-called first-
generation G1 dendrimer 313a, 6 in the second-generation dendrimer 313b, 12
in the third-generation dendrimer 313c, and so forth. (Note that a different system
of denoting generations was originally used by Tomalia and coworkers [la].)

2. Opposite to the divergent method, the convergent method [3] consists in
the stepwise synthesis of dendrimer branches first. They are then attached to the
core yielding the dendrimer. Today the name dendrimer has been extended to
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315 3 G,

317

cover not only globular structures like 313 but also those composed of single
branches called dendrons, which may more easily find applications.

The number of attached groups increases considerably with the increase of
generation number. Thus even by a planar core the substituents go out of plane
and bigger dendrimers have a globular structure. For instance 313 dendrimers
start from a disc-like shape for generations 1 to 3 and reach a nearly symmetrical
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spheroids at generations 6 and
higher. The surface end groups
are so numerous that, after
reaching about the 10th
generation, the steric
overcrowding prevents the
formation of further generations
without defects. This so-called
starburst effect, predicted on the
basis of mathematical analysis
[4], leads to the accumulation of
defects by the build-up of
further generations. On the other
hand, the convergent synthesis
allows one to remove the
unwanted by-products after each
step of the branch growth.
However, the steric problem will
reappear when the reaction of
the branch segments with the
core is carried out. In their
seminal review [ 1 a] Tomaliaand
coworkers stated that there is an
analogy between fractal
structures (Cantor dust, Koch
snowflakes, etc.) and
dendrimers. However, the steric
overcrowding in hypothetical
bigger dendrimers of high
generation preventing their
existence renders this analogy
unfounded. It seems also
inaccurate to use the term
polymers for dendritic structures
as is done in the review, since
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dendrimers are oligomers with well-defined molecular weight.

Due to their unique globular shape, viscosity and the possibility to
accumulate numerous functional end groups at the surface, dendrimers occupy
an intermediate position between simple organic molecules and (hyperbranched)
polymers. Several interesting dendritic molecules are presented in 314-316:
polyethylenimine 314 [5], iptycenes 315 [6], polyamidoalcohol 316 [2b,7].

HOOC
20 HOOC COOH

COOH

320
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321

Dendrimers based on 1,4,7-triazacyclononane macrocycle (capable of multiple
coordination of Cu(Il) and Ni(II) metal cations) like 317 have been synthesized
by Beer and Gao [8].

Synthetic methods in dendrimer chemistry have developed in recent year to
such an extent that one can obtain dendrimers with hydrophilic surface and
hydrophobic inside. In such a way dendrimers can exhibit solubilizing effect
analogous to that shown by micelles. Similarly to cyclodextrins 278 in the
pharmaceutical industry discussed in Sect. 6.3.3, dendrimers can be used as drug
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Figure 7.6.2. The scheme of the synthesis of the dendrimer lacking the core.



THE MOST INTERESTING MACROCYCLIC LIGANDS 243

OH
HO
HO  OH 0 o
o NHAC .- -~
o M 0 o
55 3 NHAC o
o NHAc
0 6
HO NHAc NH NH
NH o
0
o OO0 O e
,L /\\
W N
-
|
t-&] t.&
t-Bu t-Bu
323

carbohydrate-binding

|- e
)\ protein )\ >\ o
calixarene

Hydrophobic surface

Figure 7.6.3. The scheme of the calixarene-based monolayer mimicking the recognition at
a cell surface.
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Figure 7.6.4. A dendrimer branch self-assembling to hexagonal
packing.
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Figure 7.6.5. A dendrimer hosting two different kinds of the guest molecules that
selectively releases them.

delivery systems [9]. One of the most vivid fields of dendrimer research is
associated with their application in medical diagnostics [10], in particular, as in
vivo and in vitro [11] contrast agent in X-ray, Magnetic Resonance Imaging MRI
and Ultrasound analyses. The resonance imaging contrasting agent Gadomer-17
318 [10] seems to be one of the most prospective application. The latter
compound with a molecular weight of 17 kilodaltons, which was very difficult
to obtain in monodispersed form, allows for a complete elimination of the heavy
metal from the body. The second generation iron porphyrin 319 [12] synthesized
in the Diederich group mimics globular heme and cytochrome proteins.
Dendrimers must not necessarily be obtained by covalent synthesis. Self-
assembled hexameric dendrimer 320 with a large cavity in which a guest
molecule could be included was reported by Zimmerman and coworkers [13].
Interesting luminescent and redox-active self-assembled dendrimers 321 have
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been obtained in Balzani’s group [14]. There can even be adendrimer withouta
core! Zimmerman and Wendland succeeded in removing the core of 322 by cross-
linkingthe dendrimer’s peripheral groups (Figure 7.6.2) [15].

As with other systems discussed in this book, only a few out of the numerous
dendrimers synthesized up-to-date can be mentioned. A thin film formed by
amphiphilic dendrimers bearing peripheral fullerene units 299 [16], a glycocalix

mimic composed of amphiphilic p-

g g tert-butylcalix[4]arene units bearing

- - carbohydrate dendrons 323 attached

@ @)_ od?’ to hydrophobic polystyrene surface
- " - & (Figure 7.6.3) [17], and a dendritic
- “"Y@ rod with high molecular weight of
T : 280,000 324 that is soluble in organic

@fn/ -"~-~-’*-/-\7-i@ solvents and capable to emit very

_ e ¢ " & _ efficiently blue light [18] as well as
® - dendritic branch 325 which can self-

assemble to hexagonal packing
(Figure 7.6.4) [19] should be
mentioned here. Another branch

328 involving calixarene moiety self-
assembles to the cubic packing [19].This brings us to the exciting topic:
dendrimers in the chemistry of inclusion complexes, where they can play either
the role of host or that of guest. The first is exemplified by a dendrimer (Figure
7.6.5) which can host both Rose Bengal 326 and p-nitrobenzoic acid 327 which
can be selectively freed [20a] and by regioselective gold complexation by
phosphorous-containing dendrimers [20b]. A complex of dendrimer 328 with
multiple B-cyclodextrins 11 hosts reported by the Kaifer group [20c] exemplifies
the second possibility.

Dendrimers could be also applied as surface coatings [1c], light-harvesting
antennae [21], and catalysts [22]. Exciting, but still poorly investigated,
properties exhibit phosphor-containing dendrimers (Figure 7.6.6) investigated by
Majoral [23]. Built of repetitive sequences of two types of branching units, they
were found to provide microcompartments for chemical reactions carried out
inside the dendrimers in analogy with the chemical reactions carried out in
hemicarcerands discussed in Section 7.3. Moreover, different reactions could be

{:O [“&:@-j :

carried out in different compartments.
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7.7  Cyclophanes and Steroids That May Form Inclusion
Complexes

7.7.1 Cyclophanes [1]

There is no uniformly accepted definition of cyclophanes. Usually one
understands under this name a macrocyclic or macrobicyclic compound having
built-in aromatic rings. However, [UPAC rules define (cyclo)phanes much more
broadly; they include linear molecules containing rings that are not necessarily

aromatic [2]. Here the presentation will be
limited to Cyclophanes in the first, narrower,
meaning. The charge distribution in a benzene
- ring is characterized by a permanent dipole
moment equal to zero and a large quadrupole
- effect leading to the regions of negative charge
~ above and below the ring plane and to a ring of
positive charge roughly coinciding with the
hydrogen atom positions. Thus cyclophanes are
329 capable of binding not only neutral molecules
but also cations. Somewhat surprisingly, but
understandably in view of the above reasoning, in the gas phase the binding of K*
to benzene is stronger than to the water molecule in spite of the big dipole
moment ofthe latter molecule. The binding by cyclophanes is strongly influenced
by the hydrophobic effect [3], thus solvent effects play an important role in such
binding. The Koga group [4] synthesized the cyclophane 329 water-soluble at pH
< 2 due to protonation of the nitrogen atoms.
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It should be stressed that calixarenes, hemispherands and spherands,
carcerands and hemicarcerands, and some other molecules discussed elsewhere
in this book, belong to the cyclophane group of compounds.

Formulae 330-333 represent various interesting cyclophane structures [5].

Cyclotriveratrilene 334 (also a cyclophane) [6] is an interesting building
block for the synthesis of complex systems. Its obtaining was reported as early
as in 1915 [7a] but its structure was established only 50 years later [7b]. The
molecule can exist in one of the crown conformations separated by the barrier of
ca. 27 kcal/mol [6].

7.72 Steroids [8]

Steroids like cholesterol 335, cholic acid 336, or the sex hormone testosterone
337 play an important role in almost all living organisms. Therefore they are the
subject of numerous studies,
analysing, in particular, their
transport through membranes,
bindingby specificenzymesand

protein, and so forth. In

335 supramolecular chemistry

biomimetic studies of steroid complexes with cyclodextrins 278 are of special
importance as well as the prospective application of such complexes in
pharmaceutical industry as orally, sublingually, transdermally, intravenously and
intracerebrally administered drugs. As discussed in Section 6.3.3, the
complexation by cyclodextrins stabilizes the drug and enhances its solubility.
Steroids form complexes not only of 1:1 stoichiometry; cholecalciferol 338,
that is, vitamin Dj, forms a 1 : 2 complex with B-cyclodextrin 11 (Fig.7.7.1).
Synthetic receptors for specific steroids [9] or cholesterol imprinted polymers
[10] have been reported. A few steroid based synthetic receptors like 339
complexing alkylglycosides [11] and steroid capped porphyrins (with OH groups
pointing inside the cavity) for complexation of amines and monosaccharides [ 12]
have been reported. Another macrocyclic system consisting of porphyrin and
steroid moieties 340 is especially good receptor for (-)morphine 341 [ 13 ]. Steroid
based receptors can form not only inclusion complexes but also higher
aggregates. For instance, those bearing crown ether moiety 342 are amphiphillic
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and self-assemble forming vesicles [14]. In the solid state steroids can form
clathrates of different structure [15].
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7.8  Anion Binding Receptors and Receptors with Multiple
Binding Sites [1]

7.8.1 Cationic receptors for anions

The first unambiguous observation of selective noncovalent complexation of
halide anions by a molecular cage 343 was published as early as in 1968 [2].
However, until the late 1980s the studies of inclusion complexes were focused
mainly on cations and neutral molecules as guests. This situation has drastically
changed in recent years due to the appreciation of the importance of anionic
guests recognized by neutral receptors in Nature [3] on one hand, and the
prospects of using complexes involving such guests as sensors [4], on the other.

Almost all elements can form stable singly charged anions in the gas phase
[5]. Many elements are more stable at higher oxidation states in the condensed
phases. The stability is enhanced in the presence of water or oxygen due to
delocalization ofthe net charge over a few atoms in oxoanions formed. Owing to
electrostatic stabilization by their environment, many multiply charged anions
stable in the solid phases are unstable in the gas phase [6]. In polar protic
solvents a considerable anion stabilization associated with huge solvation
energies due to hydrogen bonding formation takes place. An analogous
interactions of anions in water are much stronger and not fully understood [7].

There is a significant difference between cationic and anionic guests. The
latter exhibit smaller electrostatic interactions with the environment but, owing
to larger polarisabilities, their dispersion interactions are considerably stronger
than those of cations. As a result, anions are more easily transferred from water
to typical organic solvents of higher polarizability, stabilizing the softer anionic
species. On the other hand, the common anions are considerably larger than
cations, thus, bigger host structures are needed to accommodate them. However,
for the ions of comparable sizes like F~ and K, the former are more strongly
hydrated and considerably stabilized.

In most cases the receptors for anions are positively charged ions. However,
they can also be neutral molecules which bind ions exclusively by hydrogen
bonding, ions-dipole interaction or coordinate anions as Lewis acid centers ofan
organometallic ligand.
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Positively charged cyclic hosts like 343a [2], polyprotonated azacrown ethers
344a-c [8] and ATP* 14 complexing azacrown 16 form complexes with ions
mainly due to ion pairing and hydrogen bonds. The complexes of 344 with
common anions like oxalate 345a, sulfate 345b and fumarate 345¢ are quite
strong (log K,.= 2-4) but usually not very selective. However, a few cases ofa
remarkable selectivity have been observed. For instance, the values of K, for
citrate 345d in complexes with 344a-6H and 344b-8H differ by almost a factor
of 1000 (log K,, equal to 4.7 and 7.6, respectively). Similarly, for a given
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polyammonium macrocycle 344 there is a significant discrimination among
adenosine monophosphate AMP?%, the corresponding diphosphate ADP*15 and
triphosphate ATP* 14. Nevertheless, in general the selectivity of the binding in
this group of guests is rather poor, partly due to the flexibility of the macrocycles
that are prone to the adaptation of their structure to the guest at a very little
energy cost. The splitting of the Gibbs free energy into enthalpic and entropic
components can yield adeeper insight into the complexation mechanism. Such
measurements by isothermal titration calorimetry carried out by Gelb et al. [9]
for the complexes of chloride, bromide and some oxoanions with hexacyclene 346
in water revealed that the host-guest association in these complexes is entropy-
driven and, surprisingly, the complex stability increases with increasing
temperature. This unexpected
behaviour was ascribed to the
- a N release of a water molecule in
E j X \ X\, s the course of the association. In

NH  HN //X /’i/fo general, solvent reorganization

’\/ 3 plays an important, if not
e always decisive, role in the

X = (CH,) or (CH,), ~ complexes’ stabilization, in
347 addition to the direct mutual
host-guest interactions.

Bicyclic cage complexing N, anion 55 and another, 53, have been mentioned
in Chapter 3. The latter cage was designed as the receptor for alkali metal cations
but, when protonated, it was found to complex anions [10]. Its four protonated
ammonium sites bind chloride counteranion by an array of four hydrogen bonds
leading to a very high association constant and remarkable selectivity of the 53
host (chloride anion complexation is favoured over 1000 times than that of the
bromide). X-ray studies confirmed inclusion of the chloride anion into the cage
and its localization at the cage center [11]. The inclusion complex formation with
1:1 stoichiometry was also found for a variety of anions complexed with polyaza
hosts 347 [12].

Guanidinium group, ubiquitous in anion-binding enzymes, stabilizes
oxoanions not only through electrostatic attraction but also by two parallel
hydrogen bonds documented in numerous X-ray structures of the corresponding
salts like 348 [13]. Simple guanidinium compounds like 349 form complexes of
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considerablestability ( K,= 510* M'in acetonitrile) with phosphodiesters and
exhibited rate enhancement for transesterification reactions by a factor of 300
[14] while more preorganized host 350 complexed p-nitrobenzoate even more
strongly (K,=1.410° M in chloroform) [13b]. High enantioselectivity(of ca.
80% ee, enantiomeric excess) was found for 350 host in two-phase liquid
extractions of L-tryptophane [15].

Nitrogen-bearing cyclophanes like 351 [16] and 352 [17] bind larger organic
anions in water due to superposition of the hydrophobic effect and electrostatic
attraction. The phenanthridinium hosts like 351 have been found to form the most
stable nucleotide complexes known so far. On the other hand, free tetrapyrrolic
porphyrins do not bind anions since their cavity is too small to take advantage of
the convergent N-H dipoles for the complex stabilization [18]. However,
expanded diprotonated porphyrins like sapphyrin 353 were shown to form stable
complexes with phosphate [19a] and halide [19b] anions.

Native cyclodextrins 278a form weak complexes (K, isequalto 10-50M™)
with many inorganic ions [1a, le]. Considerably stronger complexes were found
for protonated aminocyclodextrins. Stability constant of the complex of fully
protonated heptamethylamino-B-CD 354 with ATP* 14 reaches the value of 3 10°
M'[20]. As discussed in Section 3.5, modified CDs, e. g., selectively substituted
with amidozole groups, serve as enzyme mimics not because of the big
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acceleration factors of the reactions involving anions but due to the achieved

regioselectivity.
7.8.2  Neutral receptors for anions

There are two types of neutral anion-binding receptors: those that bind anions
solely by hydrogen bonding or ion-dipole interaction and those that coordinate
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anions as Lewis acid centers ofan uncharged organometallic ligand. Hydrogen
bonding is responsible for the strong complexation of H,PO, by 355 [21] and
356 [22]. Electrostatic ion-dipole interactions play an important role in the
complex of cyclic peptide 357 with p-nitrophenylphosphate 358 which shows
remarkably strong association K, = 1.2:10° M [23]. Calixpyrrole 359 [24]
preferentially binding fluoride anion over chloride or H,PO,” forms the complexes
through four cooperative hydrogen bonds. The formation of the latter complex
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is subjected to induced fit mechanism introduced in Chapter 1 since free
calixpyrrole macrocycle assumes 1,3-alternate conformation that changes to the
cone conformation upon complexation. A favourable arrangement of H-bond
donors can also be achieved by their incorporation into a molecular framework.
Calixarene derivative 360 designed on this basis exhibits strong and
regioselective binding of 1,3,5-benzenetricarboxylate 361 while its less
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symmetric 1,2,3- and
O\Q s Pl-Cl_ c:% OD 1,2,4-isomers were bound
H 10 to 100 times weaker

_ [25]. Analogous steroid-

based macrocycle 362

367 [26] is also the receptor
for anions making use of

Ri=GRCH Certs i /—/—\—\ , hydrogen bonds between
366 2o \ the host and guests.
\—\——/_J By analogy with

/\o

Q 368 cation complexing crown

il N o o ethers like 47-50,

j ~ud, b : I ﬂ attachment of a defined

o o© N~ ONT NH, .

-~ H nu'mber and type' O.f Ije'w1$

/O = @ acids to a rigidified
molecular scaffold in
369 370 such a way that their
electron-efficient sites are

exposed for the interaction with the lone-electron pairs of anions should lead to
the receptors for anions. This design principle was called ‘anticrown chemistry’
[28]. Pure Coulombic interactions are sensitive to size, density and distance
between the charges. Thus electroneutrality of anion receptors synthesized
according to this design is of great advantage since much more subtle factors
influencing the Lewis acid-Lewis base interaction (stereoelectronic factors,
symmetry of molecular orbitals, softness, back-bonding ability, etc.) can be
utilized in poly Lewis acid hosts. A proton sponge consisting of naphthalene
having two boron Lewis acids in 1,8 positions 363 [27], macrotricyclic borane
364 [29] and borane tetraadduct 365 [30] are typical examples of such receptors
for anions. Calixarenes functionalized at the upper rim like 366 also act as poly
Lewis acid hosts for anions since they exhibit size-selective binding of halides
[31]. More exotic anion receptors acting on the same principle are Si- or Ge-
containing macrocycles, 367 [32] and 368 [33], respectively. Hydrogen bonds
between H,PO, guest and substituted salophen unit 369 with uranyl cation
coordinating the anion make the binding stronger and more selective [34]. Due
to the lack of electrostatic attraction with anions, neutral ferrocene derivatives
370-372 form only weak complexes with anions [35]. However, by oxidation
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ferrocene to ferrocenium,

\ \ ﬁ“ i — thus, by switching on
: N NH, these interactions,

° H,o °~H g Fe stronger complexes are

z g @ formed more selectively.

NH  HN 372 For instance, 370 and 371

o 0 0 @ were able to detect H,PO,
/\@ in the presence of 10-fold

i ‘ N excess of HSO, and CI’
(bipy),Ru anions  while 372

selectively bound HSO,

371 O H
N\/@ in the presence of H,PO,".

0 fe Such effects can be used
in amperometric anion
373 sensors. Similarly to 370

and 371, mixed-
ruthenium(II) bipyridyl-ferrocene receptor 373 sevectively binds H,PO," in the
presence of HSO, and CI' [36]. However, anion complexation through second-
sphere coordination is responsible for the effect observed in this case. The
luminescence of the ruthenium center of 373 is quenched by ferrocene units.
However, the quenching is not only removed by complexation with dihydrogen
phosphate anion but it is manifested by a 20-fold increase of emission. Thus the
latter receptor can be used as luminescent sensor for H,PO,".

783 Receptors with multiple binding sites

Receptors that simultaneously bind cations and anions (or ion- and neutral
molecule) can be constructed by binding the respective fragments in one
molecule. For instance, heteroditopic bis(calix[4]arene) rhenium(I) bipyridyl
receptor molecules 374 are capable of simultaneous cooperative alkali metal
cation and iodide anion recognition [37]. Deetz and coworkers synthesized a
macrobicyclic receptor 375 which simultaneously binds an ion pair and
selectively complexes dimethylsulfoxide [38]. Anion binding porphyrin 376 and
cation binding calix[4]arene 377 self-assemble to yield a bifunctional receptor.
The aggregation is initiated by sodium complexation by 377 then enhancing in
turn the binding of SCN" to the porphyrin unit in 376.
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The respective association
constants of the latter anion to
free 376 isonly 10 M while for
the self-assembled complex it is
equal to 2.510* M [39]. Kubik
and Goddard obtained a cyclic
pseudopeptide ditopic receptor
378 for the simultaneous
complexation of cations and
anions [40]. Simultaneous
encapsulation of NO; and PF{
ions by a highly charged (+12)
anion receptor 379 was achieved
by Schnebeck and coworkers
[41]. By coordinating of
2,4,6-tris[(4-pyridyl)methylsulfa
nyl]-1,3,5-triazine 380 with Ag,

Hong and coworkers obtained nanosized tubes (Fig.7.8.1) that could host solvent

and anionic molecules [42].

The application of anion receptors in sensing has been mentioned earlier.
Dioxatetraazamacrocycles 381 were synthesized for the application in chiral
anion recognition [43]. Mesoporous films by 382 were developed to be used as
sensors for volatile organic compounds [44]. Receptors for anions were also
studied to mimic their transport through membranes [45].
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7.9 Porphyrin-based Hosts

The vivid interest in porphyrins 46 is triggered by both the biological
significance of its analogues (photosynthetic centers, hemes responsible for the
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oxygen and CO, transport in living
organisms [1] and by their applications
as light harvesting antennae briefly
presented in Section 6.3.3. Simple metal
porphyrins are the subject of
coordination not supramolecular
chemistry but a rapid improvement in the
syntheses of theses compounds, e. g.
one-pot synthesis of 43, obtaining a
square 21-porphyrin oligomer 383 [2]
capable of aggregation, 100 forming
fibers, rotaxane 131 used in studies of
the electron transfer, 384 involving three
porphyrin moieties with different metal

ions [3] or several catalysts discussed in section 6.4 justifies their discussion in
this book. Similarly to fullerenes and dendrimers, porphyrins may play both the
roles of a host, as in 59, and that of a guest, as in 340. Interestingly, in 385
(mimicking light harvesting antennae) their derivatives play these roles
simultaneously [4]. Crown-ether-armed metalloporphyrins represent an unusual
example of ditopic receptors, since they recognize both cations and anions [5].
Self-assembly of porphyrin derivatives may create cavities prone to accepting
guest molecules. Thus 386a forms 2:4 coordination complex with 386b involving
pyridine nitrogen atoms. This complex can host the dipyridine molecule 387 [6].

389
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M = Zn?*, Cu?*, Fe?*, Co?*
392

The oligomeric porphyrin self-
assembled ring 388 has a cavity
which can accept guest(s) [7].
Porphyrin-based  self-assembled
‘molecular squares’ 389 can form
mesoporous thin films in which the
edge of a square, thus the size of
the cavity, can be adjusted by
appropriate choice of substituents
[8]. Fibers that form coil-coiled
aggregates with distinct, tunable
helicity are built from crown ethers
bearing porphyrins 390 [9]. In
addition to the porphyrin
applications discussed in Sections
6.3.2.2 and 6.4, dendrimer
metalloporphyrins 391 to be
applied in catalysis [10] and the
water-soluble dendritic iron
porphyrin 319 modelling globular
heme proteins [11] can be
mentioned.
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Phthalocyanines 392 are porphyrin analogues embellishing Nature with
exciting colours. Their pentamer 393 obtained in a one-step reaction has a
cavity, thus it can play the role of host [12].
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OTHER EXCITING SUPRAMOLECULAR
SYSTEMS

8.1 Introduction

Supramolecular chemistry has emerged about 30 years ago as a new research
domain after the importance of recognition, preorganization and self-assembly
in the aggregation processes was acknowledged. As described in Chapter 3, the
first rules governing the inclusion of guests by macrocyclic hosts were
established by Pedersen, Cram and Lehn in the late 1960s and 1970s. In spite of
the established potential utility of the complexes involving the latter hosts, very
few applications of macrocyclic inclusion complexes have been reported, since
macrocyclization is a very inefficient kinetically controlled process. Contrary to
low yields of reactions in which crown ethers like 17, calixarenes like 18, and
most other covalently bound macrocycles are obtained, metal-directed self-
assembly under thermodynamic control is frequently highly efficient [1-3].
These, often one-pot, syntheses enabling generation of large amounts of
nanostructures of complicated architectures allow one to overcome the major
obstacle preventing industrial use of supramolecular systems, on one hand; on the
other, the apprehension that numerous intricate biological and artificial systems
arise as the result of self-assembly of simple molecular subunits in a single step
under equilibrium thermodynamic conditions, formed the basis of supramolecular
design consisting in a controlled use of intermolecular interactions as a general
building principle for the construction of supermolecular aggregates. Lehn
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considers chemistry as information science dealing with programmed chemical
systems obtained through non-covalent interaction algorithms that operate
through molecularrecognition incidents based on interaction patterns of hydrogen
bonding arrays, sequences of donor and acceptor, n-stacking or ions and ion
coordination sites’ interactions. In this language the information leading to self-
assembly is contained at molecular level in the covalent structure and self-
assembly is the information processing [4].

Self-assembled aggregates mimicking objects in living Nature were discussed
in Chapter 4. Here, artificial superstructures obtained by a designed self-
assembly on the basis of strong, directional interactions will be presented.
Catenanes, knots, and other systems with distinct topological features that were
introduced in Section 2.3 will be discussed first. Complex molecular architectures
composed of hydrogen bonded species will be shown next. Metal directed self-
assembly leading to a fascinating variety of intertwined strands (helicates),
macrocycles, cages, and grids will appear nextand organic zeolites will conclude
the presentation. The self-assembled aggregates discussed in this Chapter are of
importance not only in the new emerging field of Material Chemistry but also as
systems mimicking the operation of biological organisms. Several such systems
were presented in Chapters 4—6. It should be stressed that many self-assembled
aggregates have cavities capable of guest inclusion leading to systems of higher
complexity. As discussed in Section 7.3, templation by molecules or ions playing
the guest role in the resulting aggregates is frequently observed [5]. The host-
guest chemistry of such higher aggregates has been especially well studied in
clathrate hydrates presented in Section 8.2.3 and organic zeolites discussed in
Section 8.3.
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8.2 Making Use of the Preorganization Phenomenon:
Topological Molecules [1]

For more than 100 years the Mobius strip, links modelling catenanes, knots,
and other topological objects (discussed in Section 2.3) had been considered
mathematicians' toys by chemists, and the first paper analysing the possibility of
syntheses of this kind of objects was not accepted for publishing in 1960. It
circulated, was widely cited as preprint, and finally appeared more than 30 years
later [1a]. The synthesis of a first molecule with unusual topological properties,
[2]catenane 30, was published in the same 1960 [Ib]. The syntheses of higher
catenanes [2] followed soon, At first such molecules have been obtained by
means of the statistical approach making use of the fact that by cyclization of
long chains a few rings were formed when the starting chain was threaded
through an earlier formed ring. However, obtaining more complicated higher

catenanes (such as doubly intertwined

catenane 33, [3] olympiadane 7 [4], and

t\\ multicatenane with bicyclic core 34 [5] as

; well as trefoil knot 6 [6] was made possible

\:\“'\\ only by directed syntheses taking advantage of

'__'_’ wﬁ preorganization phenomenon. For this reason

\J" they are included in this book. On the other

. . hand, it should be stressed that catenated and

Figure 8.2.1. Atomic Force . .

Microscopy image of a DNA catenane knotted structures are common in circular

kindly provided by Prof. Akira Harada DNAs 42 [7], which even in their simplest

from Osaka University. form (the cycle consisting of two intertwined

strands) model a non-trivial topological object. The AFM image of a catenated

DNA is presented in Figure 8.2.1. As mentioned in Section 2.3, special enzymes
topoisomerases are involved in the syntheses of such DNAs.

Topology is a branch of mathematics investigating relations between objects
and object’s properties pertinent to continuous transformations of one object into
another [8]. These transformations may involve considerable deformations of the
objects. However, no cutting of them or gluing their points together are allowed
by the transformations. Topological singularity of such molecules as those
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Figure 8.2.2.Two projections of C4Hg, with two CH bonds pointing inside. Other hydrogen
atoms omitted for clarity.
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modelling links (catenanes) like 3234, the Mobius strip 31a, b [1e, 9], and
knots like 6 [1f], 394 [10] (double knot) was defined applying precise topological
definitions allowing for considerable, unrealistic when applied to a
molecule,deformations. Dumbbell systems consisting of a linear chain, threaded
through a ring called rotaxanes 8, "in" isomers of hydrogenated fullerenes (Figure
8.2.2) and endohedral fullerene complexes have only recently been included into
the realm oftopological molecules [11,11] although rotaxanes have been usually
discussed together with catenanes [1c, 12]. To unite 8 and the aforementioned
fullerene isomers with catenanes, knots, and the molecules modelling the M&bius
strip, some semiquantitative physical restrictions on the allowed deformations
have to be imposed. We have recently shown [11] thatitis possible to incorporate
these physical restrictions into the language of topological models. The latter
refer to an ideal mathematical object while molecules are physical species that
cannotbe distorted infinitely withoutbond breaking. Thus endohedral fullerene
complexes [13a, b] like 307 and nested fullerenes [13c] cannot be separated into
their constituent parts unless an unrealistically large extension ofone ring were
to enable the separation. Similarly, rotaxanes 39a with a small central ring and
big substituents cannot be separated into their parts without bond breaking.
Interestingly, when the sizes of these two rotaxane components are comparable
one can increase the temperature to achieve their formation or decomposition [1i].
From the point of view of topology the latter rotaxanes represent borderline case
between 39a on one hand and 39b and 39¢ on the other.

As stated above, simple catenanes were first obtained by a statistical
approach. However, the successful syntheses of more complicated topological
molecules would not have been possible without an enforcement of spatial
orientation of reaction substrates called preorganization, introduced in Section
2.3. The latter effect can be achieved by

(1) The coordination of phenanthroline fragments with a metal atom as
depicted in Figure 1.2. In this way knots like 6 [1f] and 394 [10a], a doubly-
intertwined catenane 33 [3] and a mixture of [2]-, [3]-, [4]-, [5]- and [6]-
catenanes 32 [14] have been synthesized by the Sauvage and Dietrich-Buchecker
group.

(2) Electrostatic and m-stacking interactions between aromatic rings piled one
upon another. This effect observed in the solid state of so-called pseudorotaxanes
(that is the rotaxanes without voluminous substituents at the axle ends) [15]
inspired the Stoddart group leading to the syntheses of not only numerous simple
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catenanes and rotaxanes [1i, 1j] but also olympiadane 7 [4] and a molecule
consisting of seven interlocked rings 395 [16].

(3) Hydrogen bonding is thought to be responsible for the formation of such
molecules as the catenane 37 [17], rotaxane 396 [18] and even knot 397 [19].

And last but not least

(4) very weak but highly effective nonbonded interactions are responsible for
the formation of "cyclodextrins necklace" 12 [20a] (Figure 1.5) and some other
complexes. It should be stressed that the name “molecular necklace” was used by
the Kim group for another kind of system 398a involving cucurbituril “beads”
398b [21]. Interestingly, cyclodextrins in a necklace like 12 can polymerize
yielding a tubule 399 [20b].

Making use of the preorganization phenomenon also allows one to achieve
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substantial yields of the products. For instance, a knot was obtained in 30% yield
by the Dietrich-Buchecker and Sauvage group [22a] while some amide-based
rotaxanes were synthesized with up to 41% yield by Vogtle and coworkers [22b].



OTHER EXCITING SUPRAMOLECULAR SYSTEMS 279

Out of many exciting recently obtained topologically distinct structures
combined rotaxanes 41, 400 [23], pretzel-molecule 35 [24a] and bis(pretzelane)
401 [24b], a topologically chiral [2]catenane [25] and an interestirg catenated
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system that self-assembled in the solid state to form stable intertwined dimers
(Figure 8.2.3) [26] should be mentioned. Rotaxanes, catenanes and some other
topologically nontrivial systems [27] like 402 may exhibit cycloisomerism
leading to chirality. Some such systems [28a] as well as a knot [28b] have been
resolved to enantiomers. Two distinct positions of the ring in rotaxane 149 [29a]
exemplify translational isomerism, while those in the catenane 152 [29b] can be
called rotational isomerism. Head-to-head and head-to-tail isomers of
[3]catenanes 403 involving cyclodextrin rings 278a [30] represent another type
of isomerism exhibited by such systems. Amabilino and Stoddart [1i] proposed
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Nag,s

Figure 8.2.3. Schematic view of self-assembled dimer composed of two catenane.

406

1) NaNO,, | 2) NaOH

HCI 3 O
mo,sso,n.

407
Figure 8.2.4. Rotaxane type of cyclodextrin dimer.

50,Na

a Borromean ring 404 and
a cyclic [6]catenane 405 as
still unknown plausible
synthetic targets while
Dodziuk and Nowinski
proposed hypothetical
toroid nanotube isomers
with two possible locations
of an endohedral ring [11].
A carbon nanotube toroid
was later reported by
Martel et al. [31]. A
Borromean ring system
from DNA has been later
obtained by the Seeman
group [32a] but, to our
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402a 402b

C?J

405

knowledge, no such array of organic
molecules has been synthesized. The
latter group was able to obtain also
knotted and other topologically
nontrivial DNA structures [32b].

Fujimoto and coworkers used a self-
assembled Janus [2]-pseudorotaxane 406
to obtain a Janus[2]rotaxane 407 (Figure
8.24) [33]. A quadruply stranded
alkaline earth metal containing helical
catenate, a charge-neutral heterotopic
homodinuclear [2]catenane, was reported
by Castro et al. [34].
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Another, more complicated topological structure represents a [2]catenane
formed by two interlocked nanotube rings observed by Scanning Electron
Microscope by Mattel and coworkers [35].

Polymers are generally not discussed in this book. However, a polymer with
rotaxane structures involving cyclodextrins in side chains 408 [36],
pseudorotaxane superstructures [37], doubly twisted polyrotaxane [38] as well
as infinite polyrotaxane network (Figure 8.2.5) [39] can be mentioned here.
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The synthetic skills developed in recent years has allowed researchers not
only to obtain exciting structures with nontrivial topology but also to incorporate
photochemically active (or other interesting) groups into topological molecules.
According to Amabilino and Stoddart [1i] this enables “heading towards systems
that are addressable in an electrochemical or photochemical manner”. Some
proposed applications of such systems have been presented in Section 6.3. The
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409

Figure 8 2.6. Rotaxane system mimicking contraction and stretching of muscles.

application of large amplitude motion such as those presented in Figures 6.6 and
6.7 for sensing and the construction of molecular machines and motors was
discussed by Sauvage [40] and some other authors while a series of more than
50 papers entitled “Molecular meccano” by the Stoddart group was devoted to
the latter application [41]. The latter group have proposed the name “molecular
weaving” for the crystal structures of (pseudo)rotaxanes [42] (see also “DNA
tissue” schematically presented in Figure 2.6), while the Sauvage group also
developed and synthesized an interesting rotaxane system 409 (Figure 8.2.6)
capable of contracting and stretching, thus mimicking muscles action [43].
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8.3 Multiple Hydrogen-bonded Systems

8.3.1 Rosettes, tapes (ribbons), fibers and two-dimensional networks
Due to its strength, directionality, and biological relevance, hydrogen bonding

is one of the most important interactions leading to self-assembly, thus to the

formation of supramolecular aggregates. Simple hydrogen-bonded aggregates like
the dimer in micelle shown in Figure 4.8, 111-115 base pairs, the aggregates 118

410
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Figure 8.3.1. The formation of the triple rosette involving 54
hydrogen bonds.
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(Figures 5.2 and 6.2), the complex involving hydrogen-bonded barbiturate that
should serve as sensor (Figure 6.9) and 234 have been presented earlier. The
Whitesides rosette 3a[ 1], tapes 3b[2] and 109, crinkled tape 3¢ [ 1 ] (Figure 1.1)
formed by melamine 1 and cyanuric acid 2 also shown earlier as well as
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Chapter 8

hydrogen-bonded motifs
discussed in Section 6.2
are a good representation
of the higher aggregates.
The rosette is formed only
when R and R1 are
different from H otherwise
a two-dimentional infinite
net 410 is formed. The net
observation by Wang and
coworkers [3] inspired
Whitesides to the study of
not only 3a—3c but also of
more sophisticated three-
dimentional structures.
One of the most
complicated of such
aggregates 411 (Figure
8.3.1) is composed of 10
molecules and is stabilized
by 54 hydrogen bonds [4].
If conservatively 4
kcal/mol are assumed for
the energy of such a bond,
then the resulting energy of

these weak interactions is bigger than that of two covalent bonds. Out of
numerous tape structures found in the solid state, 144a and 145 have been
mentioned earlier together with the two-dimensional network 144c formed by
144d. Interestingly, melamine-cyanuric acid monolayer (tape) with hydrophobic
tail 412 was used by Champ and coworkers [5] as templates for the synthesis of
modified mineral phases. Lehn and coworkers [6] developed a multiply hydrogen-
bonded rosette 413 analogous to 3a formed from molecules 414a and 414b. By
substituting calixarene with either cyanuric acid or melamine 415a, b the
Reinhoudt group obtained bis-rosette structures [7] with a considerable cavity
which, atleastin principle, iscapable of including large aromatic molecules. The
Lauher group studied several hydrogen bonded two-dimentional networks formed
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Figure 8.3.4. Quadruplets of guanosine derivatives (left) forming a channel
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by two types of hydrogen bonds [8]. The first one typical of carboxylic acid
dimers resulting from the interactions of the groups situated at the ends of linear
molecules produces tapes, while the urea fragment is resposible for the second
type of hydrogen bonds between the tapes yielding the network (Figure 8.3.2).
Aoyama and coworkers adopted a different approach to the problem of two-
dimensional networks formation (Figure 8.3.3) since theirhydrogen-bonded tapes
self-assemble due to the stacking interactions and additional guest intercalation
9]

The fibers formed from cyclic octapeptides 94 and 95 by hydrogen bonds
perpendicular to the average ring planes were discussed in Section 4.2.4. The
presence of the hydrophobic side chains in the latter molecule enabled Ghadiri

Figure 8.3.5. The formation of a capsule with cyclohexane template.
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9 ,0 and coworkers the incorporation of these fibers into a
Hepy /S\N_-H membrane. Another type of highly ordered structure of
importance in biomimetic studies is formed by lipophilic
R R guanosine derivatives 416 (Figure 8.3.4). They form
hydrogen-bonded tetramers which self-assemble in the
Ar presence of alkali metal anions in organic solvents to form

oﬁ/N N tubular polymers [10].

NH™NH 2

Ar 832 Hydrogen-bonded capsules and other higher

420 architectures

Most hydrogen-bonded capsules are dimers formed by calixarenes like 417
[11], resorcarenes like 418a [12], cyclodextrins like 13 [13] and Rebek tennis
ball compound 81b built of two hydrogen-bonded 8la units [14]. In many cases,
selectively included guests stabilize the structures. Thus, the 418a dimer is
stabilized by the included tropylium cation 418b. As shown by the selectivity of
inclusion of camphor enantiomers 28 by 13, the capsules can exhibit
enantioselectivity [13]. They can also catalyze chemical reactions [ 15]. Although
hydrogen-bonded capsules are relatively ‘soft’ structures, they can influence
conformational mobility of the included guest. For instance, the capsule 419
(Figure 8.3.5) restricts the included cyclohexane molecule freezing its inversion.
The latter is characterized by a free energy of activation at coalescence (AG*)of
10.55 £ 0.05 kcal/mol for the included species, while the corresponding value for

COOH

421 422
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the free one was about 0.3 kcal/mol lower [6].

Tetrameric capsules like that formed by 420 [7] and the hexameric capsule
formed by 421 [18] have been also reported. Six resorc[4]arene units 421
crystallize with eight water molecules, yielding a spherical superstructure, held
together by 60 hydrogen bonds, with a voluminous cavity of 1,375 A which can
host guest molecules [19], while resorc[6]arene 422 self-assembles to amolecular
cube [20]. A macrocyclic organometallic hydrogen-bonded ring structure in
which 24 nickel atoms are involved was reported by Dearden and coworkers [21].

833 Clathrate hydrates of gases

As follows from his laboratory notes, the first discovered clathrate hydrate
(of chlorine) was observed, but not recognized, by Davy in 1810. Then Cl,, Br,,
S0,, CO,, CH,Cl, CH,, C,H,, and numerous other gases were shown to form
clathrate hydrates [22, 23]. Contrary to inorganic stoichiometric hydrates, those
involvinghydrocarbons are both non-stoichiometric and crystalline. In addition,
gas hydrate composition was found to depend on temperature, pressure, and some

TR 2\ s

423
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otherfactors. Hydrates of natural gases
present certain industrial hazards, since
they plug pipelines so causing
considerable losses. They are also
probably the cause of some
atmospheric disasters. On the other
hand, they are expected to offer a huge
amount of methane gas - amany times
richer energy source than the existing
supply of carbon, oil, and gas together.

Dodecahedrane 423 I, of symmetry
like Cqq(the notation 5'2shows that it
consists of twelve five-membered rings)
is one of the most frequently formed

feSs

51264

51268

Figure 8.3.6. Examples of hydrate cages.
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water clusters held together by hydrogen bonds. Few other cages representing the
clusters are shown in Figure 8.3.6. The clusters are dynamic entities since the
hydrogen bonds holding the cage together are so weak that they are constantly
broken and reconstructed. Interestingly and understandably [24], the cage's
stability is increased considerably by the included guest. For instance, ¢-
butylamine stabilizes 4°5°6*7° 424. Having Cs symmetry axes, 423 cannot fill the
space, thus hydrate structures are characterized by numerous voids. Only four
types of clathrates crystal structures have been found upto today by using X-ray
analysis and molecular modeling. Cubic structures CS-I and CS-II are the most
popular. The former one consists of two types of voids formed by 46 water
molecules in a crystallographic cell. It can include cyclopropane in the voids of
the first type and methane or xenon in the second one. A cell of the CS-II crystal
structure is built by 136 water molecules also forming two types of voids
(capable of including SFg, tetrahydrofuran or CCl, in the first type, Ar or Kr in
the second). Less frequently found are the tetragonal structure TS-1 (of 172 H,O
molecules in elementary cell forming three type of voids that can include Br,) and
the hexagonal structure HS-IIT (built out of 34 H,O having three type of voids
capable of hosting methylcyclohexane and H,S). The domain of hydrate clathrate
studies is relatively young and vividly expanding. Thus a discovery of other
structures of clathrate hydrate cannot be excluded.

Due to its tetrahedral arrangement and the possibility of hydrogen bond
formation, water is known to build various different structures which are close
in energy. Therefore a change in experimental conditions (concentration,
pressure, temperature) can lead to different clathrate structures for the same
guest. For instance, all four types of structures have been found for N*(z-Bu),Br
[25]. In general, small guests seem to stabilize better the structures with smaller
voids, while larger guests are better accommodated by the larger voids. However,
to achieve an effective stabilization of the latter structures an additional small
guest must occupy at least part of smaller voids forming so-called double
hydrates. As said before, methane, ethane, and other natural gases can be and
are, included into clathrate cages (and/or voids) stabilizing them. They form huge
deposits both on-shore (e. g., in permafrost in Alaska and Siberia) and off-shore
on the ocean bed. The deposits are considered to be a potential alternative energy
resource since most of them contain methane. Estimated to be as large as 10'® m?,
the hydrate resources of hydrocarbon gases are thought to be at least twice as
large as the combined fossil fuel reserve [26]. It should be stressed, however, that
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arapid pace of discovery of clathrate hydrates
deposits constantly changes these proportions
disfavouring traditional fuel resources. Many
serious technical problems have to be solved
prior to the commercial use of methane from
gas clathrates. The avoidance ofthe formation
of clathrate hydrates is also of considerable
practical interest today since they can block gas
transmission lines and create problems in deep
Figure 8.3.7, A hydrate cage with ©0ccan drilling, and so forth. The formation of

highly disordered Br, molecule.  the clathrate plugging that damages pipelines

The figure kindly provided bu Prof. 1.ocen(s a serious problem for gas companies,
Ripmeester.

ey o

5
&

since their removal increases the production
costs by up to 20% [27]. Over the long term, the deposits of clathrate hydrates
are influenced by the Earth’s climate and, in turn, their decomposition has
influenced, does influence and will influence the future climate [28] thanks to the
"greenhouse effect” of methane that is considerably stronger than that of carbon
dioxide. The existence of carbon dioxide hydrates was also suggested on Mars
[29], in Saturn’s rings [30] and in comets [31].

As mentioned earlier, clathrate hydrates are often in a very fragile
equilibrium, depending, among others, on pressure and temperature. Thus some
eruptions of underwater vulcanoes in the Caspian sea [32] and the sea bordering
Panama [33] are thought to be caused by the destruction of clathrate hydrates.
Interestingly, the "secret of the Bermuda triangle" was also explained by the same
phenomenon [34]. Namely, huge amounts of gases released by the decomposition
of clathrates coming to the water’s surface could result in very big waves in
which a ship could sink in relatively short time. When released into the
atmosphere the gases could also produce tremendous winds in the air high above
the water’s surface, which could be the reason for the disappearance ofaircraft
in thisregion.

Geological studies have recently proved that at least four times during the
past 60,000 years there were massive releases of methane from hydrates [35].

As mentioned before, clathrates are highly dynamic structures. Not only are
hydrogen bonds forming the clathrate cages constantly disrupted and reformed,
but also guest molecules can exhibit considerable mobility. The X-ray structure
of bromine hydrate reported by the Ripmeester group illustrates this point [36].
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Their single crystal diffraction study of 16 different crystals of distinct
composition (Br,*8.62H,0 to Br,*10.68H,0)and morphologies revealed the
existence of only one structure with a considerable degree of variation in the
occupancy of large voids by bromine molecules which can assume 41
crystallographically independent sites in three types of cavities. Disordering of
one Br, molecule in one of these cavities is visualized in Figure 8.3.7.

Clathrate hydrates can be formed not only with neutral organic molecules but
also with alkylammonium salts with small anionic counteranions [37] and with
guests involving polymeric anions [38].
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8.4  Organic Zeolites

Zeolites are a class of microporous inorganic crystals consisting of

425
426
a b COOH
e=m= (:)H2 @ = m = HOOC,, —_—
COOH
{P. -H-O\
o= = (0-H..0 o= = —C ,}C—
O-H--0O
C d r_N
o= c@—cn]4 & i 2&1
m=Cu = = CBr,

o—m = (.‘.—<;>—CH---CU+ om = N-Br

Figure 8.4.1. Examples of moieties forming porous
adamantane type of structures,

tetrahedrally arranged
aluminosilicates which are able
to catalyse chemical reactions
by making use of a reversible
binding of guest molecules in
their cavities [1, 2]. The design,
creation, and study of
mesoporous compounds
constitute one of the most
important branches of crystal
engineering discussed in Sect.
6. 2. Organic zeolites, which
sometimes bear the name pillar
compounds, could become
much more versatile than their
inorganic counterparts.
Porosity may be generated,
for instance, either by using
awkwardly shaped molecules
like 425 or by creating a net
with large cages or channels
(avoiding interpenetration)due
to hydrogen bonds or
coordination. In this way three-
(3D) or two-dimensional (2D)
nets are created which can host
smaller molecules. Few
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Figure 8.4.2.The formation of a zeolite type of 2D networks by complexation with Ag” or Cd*
ions.
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examples of 3D diamond-like lattices and layered 2D nets are shown in Figure
8.4.1 and 8.4.2. The porosity of such materials may be characterized either by
the surface area of the material (which may exceed 1000 m?¥/g [3]) or by the
volume of cavities or channels (occupying in favourable cases up to 70% of the
total volume [1]). The classical zeolites also called molecular sieves are
aluminosilicate materials with a pore size less than 15 A, while recently
developed novel inorganic zeolites have well-defined larger pores of 15-100 A
[4]. On the basis of pore sizes, microporous (<20 A), mesoporous (20-500 10\)

HO

HO

427 428

and macroporous (> 5000 A) materials are distinguished [5]. Zeolites
applications are based on their capability of selective guest binding. It should be
stressed once more that the pore sizes (> 20 A) and void volumes (> 50%) of
organic zeolites are larger than those of inorganic ones. As discussed in Section
8.3.3 on clathrate hydrates, a guest can stabilize the host cage. When the guest
is removed the hydrogen-bonded network can either be preserved or collapse to
a more dense structure. However, the latter systems may be flexible enough to
readsorb the guest in favourable conditions and restore the porous structure.
Thus two main problems in the studies of organic zeolites are the formation of
large but stable permanent voids in the absence of any guest in organic crystals,
and the study of molecular guests diffusion in solid materials.

Host-guest interactions are of crucial importance for the properties and
applications of organic zeolites. The saturation of hydrogen bonding capacity for
many hosts capable of multiple hydrogen bond formation provides for robust
networks in spite of the presence of large voids in the crystals [1]. However, a
simple hydrogen bond between OH groups is coordinatively unsaturated. Thus,
two such free protons can form hydrogen bonds with a polar guest for the
diresorcinol host 427 leading to the formation of 1 : 2 adduct when crystallized
from ethyl acetate. Interestingly, when crystallization is carried out from a
mixture of ethyl acetate and benzene aternary adduct 427:2(ester):2(benzene) is
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created [6]. This means that

HO WOH " CH, the volume control of the
H,C CH; HO OH inclusion is very strict in this

case, allowing only for the

429 430 entering of nonpolar guests
HO OH into the cavities partly filled
H,C CH, with the polar ester molecules.

The enclosure of a polar and
431 nonpolar guests within a
cavity of 427 provides a basis
for application of this organic
zeolite as a solid catalyst for
bimolecular Diels-Alder

reactions [7]. Larger cavities
are formed in the net of

432

analogous diresorcinol
derivative of Zn(II)-porphyrin 428 allowing in addition for greater flexibility of
design making use of cooperation of coordination and hydrogen bonding since the
tetrahydrofuran guests have been found to exhibit both hydrogen bonding and
coordination interactions with the host [8]. Similarly, in most crystal structures
of metalloorganic solids studied, the metal centres are coordinatively saturated
and there is no guest-metal interaction unless guest/ligands exchange occurs. In
the absence of strong host (metal)-guest interaction, in large cavities or channels
there are many guest molecules of the solvent that are highly disordered. Thus,
by high porosity of the crystal adduct of 426¢ with x(C¢HsNO,) (x =z 7.7) two
thirds of its volume is essentially liquid [9]!

Although several highly enantioselective [10], regioselective [11], or
functional group-selective [12] solid state complexations have been reported, the
unambiguous description of such a selectivity is not clear since the crystal
packing forces are of a magnitude comparable to those responsible for the
complex formation. However, it is obvious that pore size and shape are important
factors determining, amongst others, the selectivity. Their control is an important
target in the design of organic zeolites. Sometimes the size and shape of the pores
may be systematically varied by modifying the host. However, these tactics do
not always work since an apparently minor structural alteration can significantly
change the crystal structure. This is not the case for a family of chiral bicyclic
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SO, SO,
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Figure 8.4.3. Guest-dependent association leading to a 2D network.
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diols such as 429-431, since the basic spiral motif is preserved in the family [13]
while the canal cross-sectional areas are changed from 0 to 35 A. Thus guest
molecules of varying sizes such as ferrocene Fe(CsHs), and squalene 432 can be
incorporated into the tuned intrahelix channels. Another procedure enabling pore
expansion was schematically presented in Figure 4.9 (Section 4.2.3). Holman and
Ward were able to control and fine-tune the cavity sizes by creating a layered
structure in which the interlayer distance (i. e. the pillars length) was changed
(Figure 8.4.3) [14]. Interestingly, the layered structure is not rigid. It can partly
adapt itself to the guest by accordion-like puckering of the layers and rotational
freedom of the pillars.

There is also rapid development in the domain of standard silica-based
zeolites. Their versatility can be extended by imprinting. For instance, Davis and
Katz [15] recently successfully carried out imprinting and obtained a silica
framework with pore walls anchoring three aminopropyl groups in cavities.
Another achievement was reported by Ramamurthy, Schefer and coworkers [16].
The latter authors were able to obtain 90% diastereomeric excess of a product
of the photochemical reaction in a commercially available zeolite containing
chiral tropolone ether 433 in its pores.

Numerous applications of organic zeolites have been proposed. In the future
they could serve as catalytic sites and miniature reaction chambers as well as
storage compartments and stationary chromatographic phases to be used for the

separation of components from mixtures or

o’R purification. Similarly to microporous oxides, organic

o} zeolites could probably also be applied as novel
functional materials with unique electronic, optical, or

mechanical properties. Since 1950 such materials

R = CH,, C,H,, CH(CH,), have made possible cheaper and lead-free gasoline,
433 low cost synthetic fibers, and plastics with various
versatile applications such as insulated windows,

automobile air-conditioning, and air brakes on trucks, to mention but a few [18].
Zeolites are also used to improve energy efficiency, reduce automobile exhaust
and other emissions and to clean up hazardous waste (e. g., leakage of
radioactive substances by the Three Mile Island nuclear power plant). They have
also enhanced environmental protection by facilitating the replacement of ozone-
depleting chlorofluorocarbons by new refrigerants. An interesting application
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may arise from nanowires interconnection pores in silica aerogels [18] and from
tunable size- and shape-selective microcavities in nanoporous channels [19].
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8.5  Metal-directed Self-assembly of Complex Supramolecular
Architecture: Chains, Racks, Ladders, Grids, Macro-
cycles, Cages, Nanotubes and Self-intertwining Strands

(Helicates)

8.5.1 Chains, racks, ladders, grids, macrocycles and cages [1]

HN NH,

/Pt'-.. /
0] 7y \O
H;N NH,
HSN\ /NH
OOHTIO | N
= Nh\“Pt/N =
/ N\
H.N NH,
434

Metal coordination is a strong directional
interaction capable of inducing an abundance of
various supramolecular architectures. Today
oligomeric linearly arranged cis-platinum ions
held together by ligands are probably the most
important chain systems 434 due to antitumor
activity of PtCI,(NH,), [2]. Ladders, grids,
macrocycles, cages, helicates, or even cones are
formed, depending on the nature of cation(s)
and ligand(s) which, according to the
terminology developed by Lehn [1], bear
information in their structures. The recognition
process leading to the formation of

435

Figure 8.5.1. Symbolic view of a rack (left), ladder (middle), and grid (right).
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supermolecule is ‘the program’ reading this information and utilizing it in the
aggregation process. An understanding of this process allows one to design
supramolecular systems with specific features which could find applications. For
instance, racks (Figure 8.5.1) were obtained when the bipyridine unit 8 was
bound to 436 via Cu(I) or another metal ion of tetrahedral coordination, while an
analogous reaction involving 436 and 437 with the same type of ion yielded a
ladder. A grid 435 was designed using the same reasoning by making use of six
ligands 438 and nine Ag(I) cations [1b]. The latter structure was proved by X-

436 438 439

ray analysis [3]. An unexpected, partly filled, grid 439 self-assembled from the
linear ligand 440 and Ag(I) cations was established by the same method [4].
Interestingly, the self-assembly process in this case was not specific, yielding, in
addition to 439, a rare quadruple helicate 441. The latter example shows that the
rules governing self-association, especially when solvent molecules are involved,
are not that simple, as seemed to follow from the first examples presented above.

Other types of exciting supramolecular motifs include square 382, 389 and
circular 388 macrocycles presented earlier. Similar to the former ones are
molecular rectangles [5]. By using chiral strands 442a and six Ag(I) ions the von
Zelewsky group succeeded in obtaining the single-stranded 442b macrocycle of
defined chirality [6]. Hexaruthenium macrocycle 443 built, also of six,
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442b
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445 446
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bis(terpyridyl) monomers 444 was developed in the hope to obtain a material for
a prospective use [7] similarly to the ruthenium-based dendrimer 321 which has
interesting luminescent and redox-active properties. The quite unusual circle 445
is composed of seven doubly bridged ferrocene units [8]. 388 mentioned above
is self-assembled of approximately 12 cobalt porphyrins bearing similar pyridine
substituents [9]. A series of square macrocycles with various aromatic fragments
as edges was reviewed by Stang and Olenyuk [10a]. They include, among others,
ferrocene 446 [10b], crown ether
[10c], or calixarene [10c] units at
vertices. More complicated
aggregation which cannot not be
rationalized in simple terms has
taken place to produce the
macrocyclic dimer involving a
phenanthroline derivative 447,
sugar-boronic acid 448 and Cu(l)
cations [11].

j\ A few supramolecular cages

o o self-assembled by means of metal
coordination have been presented

L OH HO OH earlier in this book. They include
448 26b, capable of the inclusion of

tetramethylammonium cation, the
self-assembled cage built of 386a and 386b with 387 guest, as well as 264 and
269 in which short-lived species 267 and 268, respectively, have been stabilized.
A nanometer-sized hexahedral capsule (Figure 8.5.2) self-assembled from 18 Pd
ions and six 1,3,5-tris(3,5-pyrimidyl)benzene ligands was obtained by Takeda
and coworkers [13]. The tetranuclear Fe(Ill) complex 449a with a hydrophobic
cavity lined with the six phenyl groups (obtained by reacting deprotonated
acetylacetonate derivative like 449b with the metal ions) was described as
adamantane-like but it resembles a tetrahedral structure [14]. A supramolecular
nanometer-sized cube with 0, symmetry was obtained by Hong, Cao, Chan and
coworkers using metal coordination [15]. Today the biggest abiological self-
assembled supermolecule is a dodecahedron (Figure 8.5.3) with the general
formulaC,g50H;300Ne0P1209600200F 180Ptgo and a molecular weight of 61,955 [16].
The system, stable for weeks as a solid in the refrigerator or for more than a day
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18 Pd?*

Figure 8.5.2. Formation of a hexahedral complex involving 18 Pd?* ions.
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?so,ca
(CgHg),P—Pt—P(C.H,),

=

) 214

(C¢Hy),P—Pt—P(CgH,),

Figure 8.5.3. Self-assembly of 50 molecules yielding huge structure with dodecahedrane
architecture.

in solution at room temperature, may serve as a host for several large molecules
even as big as fullerenes.

Still another type of a self-assembled structures, an open cone and a
coordination nanotube, was obtained by Fujita’s group [17]. The process of self-
assembly in the latter case is guest controlled, yielding either a cone or a
tetrahedron.

Metal-directed self-assembled cyclic complexes can exhibit remarkable

selectivity of neutral organic

F
_‘ 4+ molecules complexed in their voids.
The macrocycle 450 [18] exhibits
F N“pd association constant of 2680 L' mol™!
N

F

K F o with p-dimethoxybenzene while the

corresponding  constant for p-

T dinitrobenzene is equal to only 30
450 Lmol".

\

z—
N\ /
4

N

N -
E/Pd

N S

=z
N\ /
7\
=z

852 Helicates

Helical structures are typical of proteins, nucleic acids and oligosaccharides.
Therefore self-assembling helicates and helical fibers have focused the attention
of several research groups [19]. Most of the efforts in this field were carried out
by the Lehn group. Thus the helicates presented below were mainly obtained by
them. The double helicate 9 (Figure 1.3) has been mentioned in Chapter 1. By
studying a series of complexes involving oligoethers 451 of different lengths, the
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453b

selectivity (in particular, self-recognition) and cooperativity of the helicates 452
formation have been established by the Lehn group in analogy to the simple
reasoning enabling them to design hosts for the linear, tetrahedral and spherical
guests briefly presented in Section 3.1. The double helix formation resulting from
the tetrahedral-like coordination put on by each Cu(l) cation involved, on the one
hand, and from the design of the ligand, on the other, was formulated by Lehn in
terms of the recognition process constituting “the algorithm” and the molecular
steric “program”. Understanding the rules governing the helicates’ formation
leads to a rich variety of such structures including double-, triple- [20] and
quadruple- 441 helicates [4]. Attractive molecules promising interesting
applications are helicates with pendant nucleosides that bind to nucleic acids

[21].
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As mentioned above, oligoethers 451 exhibited self-recognition forming the
doubly-stranded helicates consisting of two identical fragments. However, a
mixed, so-called heteroleptic, helicate built of two different strands 453a and
453b of a similar length but different constitution was reported by Cohen’s group
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[22]. Heteronuclear helicatesinvolving Co*" and Ag"* cations are also known
[23]. The beautiful circular tetra- 454 [24], penta- 455 [25] and hexa-nuclear
456 [24] helical structures are built of the ligands each of which coordinates with
three metal ions. Interestingly, the self-assembly of trisbipyridine ligand 457 to
afford the penta- or hexanuclear complex is governed by the counterion. Namely,

458a

the use of FeCl, salt yields
the smaller macrocycle, with
a chloride anion proved to
be situated in the cavity by
X-ray analysis. On the other
hand, applying Fe(BF,),,
FeSO,, or FeSiF, salts
provides the larger complex,
which probably carries one
counterion in its centre. By
extending the strands, the
gorgeous  dodecanuclear
helicate 458 [Cu,,(458a),'%*]
has been obtained [26].
Under certain experimental
conditions not only
macrocyclic 454-456 and
458 are obtained, but also
grid-type structures like 435
or 439 depending on the
number and the type of ions
used.

Helical intertwined
structures  should  exhibit
chirality. However, the
helicates obtained from
strands 451 are racemic
mixtures of the right- and
left-handed double helices.
Jodry and Lacour resolved a
dinuclear triple helicate 459
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Cl

Cl

460 461

by asymmetric extraction/precipitation with TRISPHAT anions 460 as resolving
agents [27].

Lehn and coworkers also discussed the principles of design of self-assembling
helical structures on the basis of conformational control. Depending on the
solvent used, they were able to obtain helicate fibers and bundles possessing
extended molecular channels characterized by hollow cores of limited diameter
of ca. 8 A. This finding could form the basis of functional materials for multi-
channel ion active transport [28].

Metal coordination is the main building factor used in helicate synthesis. Few
examples utilizing hydrogen bonding with purpose in mind include among others
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polymeric 461 synthesized in the Hamilton group [29], quadruple helices 104
forming in water and self assembling 102 with 103 discussed in Section 2.5.
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Chapter 9

THE PROSPECTS OF FUTURE DEVELOPMENT
OF SUPRAMOLECULAR CHEMISTRY

In spite of its lack of definition, supramolecular chemistry is booming and
only a few examples of research in this rapidly developing area could be
presented in this book. The field is expanding so fast, it has widened to such an
extent that, in the author's opinion, it has ripened to be split into three areas
differing by the objects studied and experimental techniques used. The first one
would deal with small aggregates, that is, mainly with inclusion complexes.
Inclusion or host-guest chemistry, is an accepted name for the greatest part of
it. Another well-defined area of supramolecular chemistry is crystal engineering,
devoted to the design and studies of crystals with desired properties built of two-
or more components. In between these two fields is a domain which could be
dubbed aggregate chemistry. This area lying between supramolecular chemistry
of small aggregates and those crystal studies dealing with huge aggregates would
be devoted to the studies of aggregates of intermediate size: mono-, bi-, and
multi-layers, micelles, vesicles, fibers and similar mesoscopic systems. It should
be stressed that, while small aggregate chemistry deals with complexes having a
well-defined mass, the number of subunits forming layers, micelles, and other
objects falling into this category is not defined. In this respect small aggregates
resemble simple molecules while the latter objects and supramolecular crystals
are analogues of polymers.

On the basis ofthe present achievements in supramolecular chemistry, some
trends in its future development can be foreseen. The prospects for
supramolecular chemistry are bright. Situated between chemistry, physics,
biology, and technology, it should enhance our understanding of the operation of

321
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living organisms at the molecular level, on the one hand, and formal baisi for the
creation of not only smaller (ideally unimolecular) but environmentally friendly
and more efficient devices, on the other. The trend to obtaining bigger self-
assembled species is obvious. Beautiful huge cages, such as those discussed in
Section 8.5, mark one direction of development. Physicochemical studies leading
to a better understanding of the driving forces of self-assembly, in particular for
inclusion complex formation, is another. Such studies combined with theoretical
methods will allow one to predict in the future the recognition ability ofa given
host. They will build a sounder basis for the rational design of complexes
exhibiting desired properties. In the terminology developed by Lehn [1], we will
be able to read the information encoded in a molecular structure, using another
structure to direct the formation of supramolecular aggregates.

A better understanding of complicated recognition processes, such as that of
hexakinase enzyme in which the host cavity is created in the guest presence [2],
will be achieved.

The creation of aggregates of higher complexity, such as the self-assembled
channels which are subsequently built into a layer (such as those consisting of the
alternating D- and L-amino acids discussed in Section 4.2.4), is another booming
area that will expand rapidly. Such channels enable studying transport through
membrane. The latter example brings us to the recently founded field of
biomimetic supramolecular chemistry. Mimicking a spider's web, enzyme
activity (e. g. by cyclodextrins discussed in Section 3.5) or the smelling
sensitivity of dogs' noses will not only deepen our knowledge of the living world
but also help by the creation of smaller and much more efficient devices. Some
of these developments were discussed at "NanoSpace 2000. Advancing the
Human Frontier" conference organized by the National Aeronautics & Space
Administration (NASA) [3]. The application of antibodies for fullerenes and
nanotubes selection and formation of composite nanosized implant materials
(exhibiting much better properties than the existing ones) presented there are
representative examples of this development [4], As discussed in Section 7.5,
carbon nanotubes are indispensable in the drive to miniaturize computers, sensors
and other devices. Today the available amounts of high-quality uniform
nanotubes are very small. Massive efforts to obtain larger amounts of pure
fullerenes and, especially, nanotubes should be mentioned here. The considerable
funds supporting the studies of their formation allow one to expect that a
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considerable breakthrough will change this situation soon. This, in turn, will
enable industrial production of electronic devices built of elements consisting of
one molecule or one aggregate. The first transistor based on a single nanotube
discussed in Section 6.3.2.2 (still large with all its connecting elements) and
logical gates, such as the one proposed by Balzani, Stoddart e/ al. [5], exemplify
such devices. A tiny fuel cell smaller, but similar, to those that power NASA
space shuttles [6] and a palm-sized chemical analysis device [7] are significantly
larger than the monomolecular devices mentioned above, but they represent a
technological trend in the same direction. In addition to such devices,
supramolecular chemistry will not only form the foundations for the development
ofnovel catalysts and drugs, but also for new methods of drug administration as
well as numerous other new supramolecular materials. Alkalides and electrides
discussed in Section 7.1.3 and stable cyclobutadiene 4 in the hemicarcerand S
cage discussed in Section 7.3 show how dramatically can change the properties
of a molecule or ion when it is involved in a supramolecular complex. The latter
example points to a fruitful cooperation between supramolecular chemistry, on
the one hand and theoretical and synthetic chemistry of unusual hydrocarbons,
on the other, which would enable capturing and studying short-lived species in
supramolecular complexes.

Such a development would be impossible without the generation of new
experimental techniques extending the possibilities of studies of supramolecular
systems. One such new technique is the vibrational (or infrared-visible)
spectroscopy sum frequency generation [8] enabling one to look atjust the outer
monolayer, thus providing more information than more standard methods like
contact angle and surface tension measurements [9].

The question "Will chemistry survive in XXI century?" posed at The 215%
Meeting of the American Chemical Society in Dallas in March 1998 [10] was
answered positively. But it was stressed that chemistry will undergo a certain
evolution. Rapidly developing exciting domain of supramolecular chemistry will
certainly occupy an important position in this development.
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acetylacetonate 311
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170, 177, 184, 191, 247,
251, 254, 259, 261, 289,
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active site 26, 141, 151

adamantane 59, 60, 237, 300, 311

1 : 2 adduct 302

adenine 48, 50, 96, 120, 138

adenosine diphosphate ADP9, 10, 156

adenosine triphosphate ATP 9, 10,
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aerobactin111

aggregate 6, 14, 16, 65, 67-69, 84,
115, 127, 133, 149, 151,
153, 321, 323
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H-aggregate 70
aggregate chemistry 16, 321
aggregation number 68, 77
agrochemistry 142
air sensitivity 231
air, water and soil purification 145
alanine dipeptide 24
Alcock 107, 114
alcohol 8, 67, 73
aldehyde 154
alkalide 173-176
alkane 74, 77
alkylammonium 169, 298
alkylation 222
p-alkylphenol 183
all or nothing process 25, 96, 97
allosteric effect 26
allotrope 220
aluminosilicate 302
Amabilino 17, 41, 160, 280, 283,

285
amide 172, 199, 278
amidozole 257
amination 222
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amine 129, 237
amino acid 13, 18, 81, 152, 322
D- and L-amino acids 81, 104
p-amino-p’-nitrobiphenyl 214
amino group 237
amino 81
9-aminomethyloanthracene 141
ammonia 173, 237
ammonium complex 189
ammonium cation 49, 222, 226
amphiphilic molecule 6, 7, 66-79, 82,
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aniline 149
anion 50, 173-175, 254, 256, 258,
259, 261, 262, 264, 316
receptors for anion 254-262
anisol 152
anisyl 192
antenna 138, 141
antibodies 228, 322
antiport 147
antitumor 307
anthracene 86, 211, 302, 304
Aoyama 164, 253, 298, 306
applications 16, 66, 70, 79, 87, 115,
117, 127, 142-144, 148,
149, 158, 173, 229, 245,
251, 264, 284, 303, 305,
322
Argon 200, 296
armchair nanotube 229, 230
aromatic 32, 44, 45, 50, 53, 58, 67,
87, 120, 123, 141, 146,
154, 169, 176, 187, 189,
199, 249, 277, 290, 311

aspirin 142, 155

assembly 21, 25, 27, 35-39, 65,
68, 78, 116, 130, 131,
133, 205, 214, 269, 273,
274, 287, 307, 308, 313,
316, 322

association constant 21, 56, 256,
313

Atomic Force Microscopy, AFM
16, 275

ATP 9, 10, 138

atropine 37, 38

automobile air-conditioning 305

automobile exhaust 305

aza 174

azaether 177

2,2'-azopyridine 169

bacteria 106, 109, 111, 125, 137,
145

bacteriorhodopsin 107, 139

bacterium 107

Balzani 129, 136, 141, 158, 161,
162, 248, 286, 287, 323,
324

barbiturate 133, 134, 289

barrier 18, 55, 188, 199, 251

barrier to internal rotation

18, 199

Beer 241, 248, 265, 266

benzaldehyde 51, 53, 58

benzene 22, 23, 74, 237, 249, 302,
311

1,3,5-benzenetricarboxylate 260
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1,2,3-and 1,2,4-benzenetricarboxylate
261

benzidine 128

benzo -15-crown-5 148

benzyn 49, 201

Bermuda triangle 297

2,2'-biimidazole 121

bilayer 6, 66, 70 - 73, 75, 77, 78, 139,
148, 152, 153

bilayer membrane 27, 70-72,
139, 148,
bilayer lipid mambrane, BLM,

71,72

binaphthyl 166

binding 11, 21, 23, 24, 26, 39, 49, 50,
56, 57, 117, 150, 173, 177,
249, 251, 254, 256, 258-
262, 300, 302

binding constant 57

bioavailability 7, 142

biochemical 10, 156, 209

biodegradable 215

biomimetic 251, 293, 322

biomimetic chemistry 14, 93-114, 322

biomolecular engineering 142

biotechnological process 207, 208

biphenyl 15, 18, 117

bipyridine 23, 214, 308

bipyridyl 7, 26, 205, 262

Birch reaction 176

bis(calix[4]arene) rhenium(I) bipyridyl
receptor 262

bis(ethylenedithio)tetrathiafulvalene
131

bis(pretzelane) 279

bis-crown 169
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bis-rosette 290

blood clot 142

Bohmer 41, 183, 191, 194, 195,
298

bolaamphiphile 66, 103

borane 261

Borromean ring 281

Borrows 169

bowlane 204, 205

Br, 294, 296-298

Braun 131, 161

Breslow 41, 153, 154, 164, 218,
219

Brewster Angle Light Microscopy
16, 70, 71

birthing 100

bromine hydrate 297

buckminsterfullerene see fullerene
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bulk medium 74
fullerene manufacturingin
bulk 233

bulk phase 69, 202
bundle of nanotubes 79
Bush 107, 114, 172
Bugler 133, 162

Cy 205, 221

Ca900H2300N60P 120S600200F 180Pteo 311

C,H, 294

Ci6 221, 233

Ceqo 33, 35, 38, 53, 58, 59, 79, 86,
87, 89, 116, 118, 127,
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132, 154, 157, 158, 169,
191, 205, 220-222, 224-
229, 231, 233, 237, 247,
277, 295
in’ isomers of perhydro-
genated 276, 277, 281
(2-C¢p)-bis(triphenylphosphine)palla-
dium 154
Cao@Cso@Csa 227, 228
Coo@C140@C54e@Cog0 227
CuoFeo 127, 157, 228
CooHeo 276
Cy 227, 228
Ce 227, 228
Cy 79,221, 227
Cq 220, 222
Cso 60, 79, 226-228,
Coo@C140@Cse 228
cage 35, 58-60, 123, 127, 156,169,
175-177, 196, 199, 200,
202, 203, 205, 220-236,
254, 256, 292, 296, 297,
302, 311, 323
calixarene 183, 184, 183-191, 194,
243, 247, 260, 289, 290,
311
calix[4]arene 10, 132, 133,
183, 185-190, 188, 191,
261 - 263, 289, 293
calix[5]arene 183, 220
calix[6]arene 30, 35, 183, 260
calix[7]arene 183
calix[8]arene 183
calixarene complexation 188 - 191
calixarene conformation 187, 188
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calixpyrrole 259, 260

calixspherand 194

Cambridge Data Base 62, 120, 123

CAMD 141

camphor 23, 24

cancer metastasis 98

Cao 206, 286, 311, 318

capsule 59, 150, 184, 189, 220,
292-294,311

carbene 220

carbohydrate see also cyclodextrin
61, 243, 247

carbomethoxyl cellulose 146

carbon dioxide 137, 297

carbon nanotube see also nanotube
131, 281

carbonyl 191, 231

carboxylic acid 292

carbyn 220

carceplex 60, 199

carcerand 196 - 202

carrier 155, 229, 232

carvone 10, 13

carotene 108

cascade molecules 236

cascade reaction 38

Castro 249, 282, 286

catalysis 10, 78, 149-157, 176,
214,231,270, 305

catechol43, 111, 165

catenane 5, 27, 29, 31, 32, 35, 99,
128, 224, 250, 275, 277-
279, 280 - 282, 285

cation 11, 46, 49, 50, 121, 135,
148, 173-176, 192, 205,
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226, 261, 262, 293, 307,
311,314
cavitand 22, 23
CCl, 296
CD see cyclodextrin
cell
adhesion 97
crystallographic cell 296
biological 13, 27, 65, 67, 71,
72, 77, 125, 139, 142, 243
differentiation 97
fuel cell 323
cell membrane 103
memory cell 14, 27, 129
cell motion 97
recognition at cell surface
mimics 243
centrosymmetric space group 124
CH,CI 294
CH, see methane
[(CH3),C(OH)PC,H;);]" 205
chain 7, 32, 67, 137, 149, 173, 224,
232, 275, 2717, 307
Champ 290, 298
Chan 311, 318
channel 81, 317
charge 2, 13-15, 17, 47, 55, 87, 116,
123, 131, 132, 137-139,
191, 226, 249, 254, 282
charge transfer 87, 123, 131, 137,
191, 226
cheaper 305
chemical vapour deposition 231
chemionics 128, 130, 232
chemoactive group 127
chemzyme 152
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chiral anion recognition 264

chiral chromatography 214
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chlorin 224
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cholecalciferol 251

cholestanyl ferrocenylmethyl ether
78

cholestenyl 87

cholesterol 78, 87, 142, 251

cholesterol-free diet 142

cholesteryl ester 85

cholic acid 251
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chromatographic stationary phases
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chromatography 24, 26, 40, 61, 74,
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231, 305

circle 27, 45, 311

circular dichroism 214
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circular motion 226

circular macrocycles 308,
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circular helicates 316

circular dichroism 214

circular DNA 34, 35, 275

cis-decalin 216

citrate 255

Cl, 294

classical definition of salt 226

clathrate 58, 60, 157, 274, 294, 296-
299, 302

clathrate hydrate 294-300

clean synthesis 143

clean technology 143

cleaning 72, 116, 125, 145, 146

cleavage of RNA

cluster 79

Cl 262

CO, 137, 138, 231, 269, 294, 316

coal 144

cocrystal 116

Cohen 164, 235, 319
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collective motion 123

colour-responsive liquid 87

columnarliquid crystals 131

complementarity 23, 35, 39, 172
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computer industry 14
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condensation 183, 184, 203
conductivity 14, 87, 132, 229, 230
cone
conformation 187-189, 260
cone structure 313
truncated-cone  structure
210
conformation 15, 23, 55, 131, 170,
183, 187-189, 191, 192,
210, 214, 260
1,2-alternate 187
1,3-alternate 187, 188, 260
conformational isomerism 177
conformers 188
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54, 56-58, 60, 68, 256,
257, 313,
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binding constant see
association constant
coupling constant 187
formation  constant see
association constant
stability  constant see
association constant
contamination 145
contrast agent 245
convergent method 237
cooperativity 7, 25, 57, 314
coordination 4, 7, 15, 43, 61, 123,
241, 262, 269, 274, 277,
300, 303, 307, 308, 311,
313,314, 317
corand 177
Coronado 149, 163
coronand 52
coronate 52
coronene 122
corrosion
anti-corrosive coating 70
cosmetic 141-143
Costa 133, 162
cosurfactant 8, 67, 72, 73, 78
Coulombic interaction 261
coupling constant see constant
covalent bond 4
covalent interaction 274
covalent self-assembly 35-39
Cram 1, 4, 16, 17, 40, 47, 59, 60, 62,
177, 181, 182, 194, 195,
196, 199-201, 203, 206,
273, 275
Cramer 44, 61, 207
Crick 96, 112, 120
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critical aggregate concentration,
cac, 67
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67
critical vesicle concentration 67
cross-linking polymerization 77
crown 10, 11, 17, 26, 35, 41, 43-
49, 52, 54, 55, 60, 87,
117, 126-129, 135, 140,
141, 148, 158, 165-182,
189-191, 192, 207, 222,
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cryptahemispherand 192, 193
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159, 187, 284, 296, 298,
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65, 115, 117, 120, 159,
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crystal forces 54, 117
cubene 204, 205
cucurbituril 278
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Curie temperature 132
cyanuric acid 3, 4, 11, 120, 123,
191, 287-289, 290
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cyclam 43, 44

cyclen 177

cyclic peptide 80-82, 259

cyclic [6]catenane 281

cyclidene 107

cycloaddition 222

cyclobis(paraquat-p-phenylene) 135

cyclobutadiene 4, 5, 11, 15, 44, 59,
200, 202, 205, 323

cyclodextrin 7, 8, 11, 12, 14, 15, 17,
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57, 58, 61, 82, 103, 116,
117, 131-133, 142, 143,
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B-cyclodextrin 7, 11, 14, 23,
44, 53, 131, 133, 208, 2009,
247, 251, 252, 257
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214, 220, 228
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1,2,4,5-cycloheptatetraene 201, 202
cyclohexane 23, 55, 73, 84, 292, 293
cyclohexane template 292
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84
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cyclohexanone 60
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cyclo-[-(Trp-D-Leu);-Gln-D-Leu]
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cytochrome P-450 enzyme 78
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Dearden 294, 299
decalin 216
Deetz 262, 266
de Heer 232, 236
demetallation 191, 192
dendrimer 12, 13, 76, 222, 223,
236-249, 270, 311
dendrimer lacking the core
242
dendritic decanuclear
complex 141
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223,270
generations 237 - 249
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imer 246, 247
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design 116, 123, 130, 132, 135, 141,
143, 156, 159
supramolecular design 17, 49,
50, 70, 76, 261, 273, 300,
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see also drug design and
rational design
Desiraju 116-118, 123, 159, 160
deuterium 202
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diamond 61, 220, 229, 302
diastereoisomerism 199
2,7-dibenzyldiazapyrenium dication
129
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Diederich 17, 62, 153, 154, 164, 233,
234, 245, 248, 253, 265,
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dimer 59, 60, 96, 156, 214, 281, 287,
293, 311
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1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide 100

p-dimethoxybenzene 313

dimethylspiro[2.2]octaplane 205

dimethylsulfoxide 262

2,3-dinaphtho-30-crown-10 129

1,5-dinaphtho-38-crown-10 135

p-dinitrobenzene 313

diol 84

dioxane 169

2,5-diphenylbenzoquinone 108
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259

dipole moment 225, 249
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dirt 145, 146
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DNA double helix 23, 96,
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Drexler 125, 160
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drug administration 14, 116,
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electrochemistry 126, 128, 134, 135,
149, 154, 222, 224, 283
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154
electroluminescence 149
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electron efficient sites 261

electronics 131, 134
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transfer 136, 137-141, 269
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entropic energy component 256
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302, 304,

hydrogen storage 79, 144, 232

hydrogenation 222

hydrophilic 5, 68, 241

hydrophobic effect 1, 7, 68, 72, 74,
78, 81,146, 241, 247,
249, 257, 290, 292, 311

hydrophobic attraction 68

hydroquinone 118

hypochlorite 73
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