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Preface

One of the most important landmarks in the phenomenon of chirality was the
first successful separation of a pair of enantiomers achieved by Louis Pasteur
in 1848. Since then, huge progress has been made in the resolution of racemic
mixtures and in the preparation by covalent synthesis of chiral molecules.
The latter is still a major topic of interest especially because of its implication
in the development of new drugs and catalysts. The advent of supramolec-
ular chemistry 30 years ago with tools such as molecular recognition and
molecular self-assembly has expanded the toolbox of chirality tremendously.
However, the noncovalent synthesis of chiral self-assembled aggregates is not
an easy task due to the highly dynamic character of noncovalent interac-
tions. Recently, the field of supramolecular chirality (i.e. the nonsymmetric
arrangement of molecules in a noncovalent assembly), has started to master
control over many aspects of chirality. In the literature of the past 5–10 years
beautiful examples of noncovalent systems have been described in which the
process of self-assembly is fully controlled, resulting in the stereoselective
synthesis of diastereomeric and enantiomeric assemblies. Intriguing concepts
such as self-resolution, chiral memory and chiral amplification have emerged
with very promising consequences. For applications, especially in the field of
nanofabrication, the initial study and control of the supramolecular chirality
in solution has been extended to the chirality of two-dimensional structures.
There are now very interesting and novel examples dealing with the concept
of two-dimensional chirality (chirality on surfaces). New paradigms such as
the amplification of chirality in two-dimensional lattices have already been
observed. It is obvious that control of supramolecular chirality of increasingly
complex synthetic assemblies in solution and on surfaces will be of crucial
importance to their application in the field of molecular recognition, asym-
metric chemical synthesis, chiral separation, catalysis, material sciences, and
especially nanotechnology and nanosciences.

This volume of Topics in Current Chemistry on supramolecular chirality aims
to acquaint the researcher with the principles and applications of noncovalent
chiral assemblies or aggregates. The first chapter illustrates the reader the state
of the art on the construction of synthetic chiral supramolecular assemblies
held together by means of weak intermolecular noncovalent forces in solution
except metal–ligand coordination. The next chapter deals with dynamic heli-
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cal polymers which respond to the chirality of optically active small molecules
via noncovalent interactions. This chapter also includes recent representative
examples of helical aggregates based on small molecules. A comprehensive re-
view of the supramolecular chirogenesis in various porphyrinoid-containing
systems is the topic of the third chapter, while the preparation and analysis of
a variety of chiral architectures based on metal–ligand coordinative interac-
tions are described in the fourth chapter. The following chapter discusses the
relationship between mechanical motion and chirality at the (supra)molecular
level. Next, in the sixth chapter, chirality induction due to confinement of
molecules at surfaces and chiral recognition in two dimensions is discussed.
Chiral amplification and homochirality are also presented in this chapter. The
book concludes with a chapter concentrating on applications, focusing on
supramolecular materials with a function—be it electronic, magnetic, optical,
etc.—where the role of chirality is evident.

Hopefully, this volume will be useful to readers not currently working with
chiral supramolecular structures as well as informative to those who are more
familiar with the subject. This book written by recognized experts in their re-
spective fields and not only provides an excellent and comprehensive overview
of the supramolecular chirality, but also shows that there are many new aspects
to be discovered, understood, and controlled.

Several supramolecular chiral systems were discovered as a result of “lucky
breaks,” but one should not forget that even 100 years ago chemists thought
Pasteur was lucky. On this topic Pasteur once said: “Chance favors the prepared
mind.”

Enschede, March 2006 Mercedes Crego-Calama, David N. Reinhoudt
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Abstract The present review is aimed at illustrating to the reader the state of the art on
the construction of artificial chiral supramolecular assemblies held together by means
of weak intermolecular non-covalent forces in solution except metal-ligand coordination.
Chiral supramolecules are self-assembled finite aggregates characterized by the presence
of chiral residues or by asymmetric arrangement of components. These assemblies have
proven to be powerful tools to explore chirality and its effects in host-guest interactions
and represents important steps toward a superior control in asymmetric non-covalent
synthesis, which is still a peculiar prerogative of natural systems. The introduction serves
as a quick overview of weak (non-covalent) interactions refreshing concepts like coop-
erativity and multivalency that are crucial to molecular assembly, as well as providing
selected examples of supramolecular chiral systems found in nature. Four main strategies
have been so far employed for the preparation of chiral supramolecular assemblies: these
are discussed on the bases of the nature of the monomeric components employed. Intrin-
sically chiral scaffolds have been used both in the enantiopure or racemic mixture form to
assemble into chiral aggregates. A second approach instead makes use of achiral building
blocks to give racemic chiral supramolecules, and a step further consists of the enrich-
ment of these species in one enantiomeric form exploiting the chiral memory effect. The
last approach is based on encapsulation of chiral guests, which allows reciprocal sensing
of chiral species confined in close proximity within an achiral host.

Keywords Supramolecular chemistry · Chirality · Non-covalent synthesis ·
Hydrogen bond · Weak interactions

Abbreviations
Alk alkyl chain
Ar aryl
BAR barbiturate
Cbz benzyloxycarbonyl
CD circular dichroism
CYA cyanurate
d.e. diastereoisomeric excess
e.e. enantiomeric excess
EXSY exchange spectroscopy
1H-NMR proton nuclear magnetic resonance
2D-NMR bidimensional nuclear magnetic resonance
I ionic strength
NOE nuclear Overhauser Effect
PC packing coefficient
Pr propyl chain
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1
Introduction: Chiral Spaces in Supramolecular Assemblies

The world where we live, and in particular living systems, appear to be sym-
metric in shape from a macroscopic point of view, but are indeed chiral if
observed from a molecular point of view [1]. All the biopolymers in the liv-
ing systems are made of chiral building blocks, (e.g. amino acids, nucleic
acids, sugars, lipids, etc.) from primary up to quaternary structure and their
functions are specifically related to their reciprocal supramolecular interac-
tions. Even though it is not clear what the advantages of this are (whether
a chiral world is more efficient than an achiral one in conserving and devel-
oping life), most of the reactions in living systems occur in a stereospecific
manner, therefore preferring a particular pathway rather then the opposite
one which leads to the mirror image species. The importance of chirality in
chemistry is clear: with a myriad of examples provided by Mother Nature
as references, some of the most challenging targets for chemists are the cre-
ation of artificial systems that resemble natural ones in terms of catalytic
efficiency and stereoselectivity. From these challenges arises for scientists the
great interest in the study of chirality, in particular in natural supramolecular
assemblies.

Origins of chirality are still extensively debated, but since chemistry and
other disciplines have gained insight into the molecular structure of living
systems, they have highlighted the pivotal role played by chiral supramolecu-
lar structures in life. In biochemistry supramolecular chirality arises from
the aggregation of intrinsically chiral biopolymers and this feature represents
a superior tool, which allows that, in principle, a better stereocontrol of cat-
alyzed reactions is possible to be achieved. Self-assembly has emerged as an
important tool for the bottom-up approach to nanofabrication of a plethora
of thermodynamically controlled supramolecular functional devices due also
to particular features like reversibility and self correction. Parallel to this, the
construction of (finite) chiral supramolecular aggregates is still in its infancy
even though important steps have been made to master weak interactions and
to develop more and more sophisticated scaffolds that bear specific functional
groups.

Rather than aiming at compiling an exhaustive list of examples, this work
has the purpose to rationalize the strategies employed for the creation of
chiral artificial supramolecules and to sort the many artificial systems thus
far reported in the literature into four main subcategories, addressing topics
like supramolecular chirality both starting from chiral and achiral building
blocks, chiral memory effect encapsulation, giving a broad overview of struc-
tures. Only chiral supramolecular finite assemblies held together by means of
weak interactions (except metal-ligand coordination which is reviewed else-
where in this volume) have been covered.
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1.1
Kinds and Strength of Weak Intermolecular Forces.
Multivalency and Cooperativity Concepts

Within a molecule, covalent bonds have energies in the range 170–450 KJ/mol,
while interactions between molecules are typically much weaker [2]: in gen-
eral the enthalpy for intermolecular attractive forces spans from 8–80 KJ/mol
for a hydrogen bond, to ∼ 8 KJ/mol for ionic interactions, and as low as
0.4–2 KJ/mol for van der Waals or dispersive and CH – π interactions. These
kinds of non-covalent forces have been thoroughly reviewed elsewhere [3–7],
and in the present work we intend to remind the reader of a few charac-
teristics of only hydrogen bonds and ionic interactions because these are
the classes of intermolecular forces that are responsible for the chiral supra-
molecular assemblies known in the literature. Weaker attractive interactions
like dispersive forces and CH – π interactions have not been used so far
for the construction of artificial chiral supramolecular structures probably
due to their low energy of binding which therefore requires the presence of
many concomitant interactions (high level of multivalency) and do not ensure
a high level of control over the geometry of the assemblies.

Hydrogen bonding prevails among other weak interactions in terms of dif-
fusion in nature, importance and energy of binding: it is needless to state
the pivotal role played by such a kind of attractive force in protein and many
other natural macromolecule folding and how essential it is for their bio-
logical activity. Moreover, water with its unique properties as a solvent and
as a biological reaction medium, represents the most striking example of
the pervasive importance of the hydrogen bond because life on earth, in the
forms that we know, is a direct consequence of water’s hydrogen bond ability.
Even the hydrophobic effect, which could be considered to be another form
of weak interaction, is an indirect consequence of water’s structure which
squeezes out hydrophobic solutes from the network of hydrogen bonds and
forces them to aggregate [7]. Multivalent hydrogen bonds, when present in
close reciprocal distance, have an enthalpy of binding which is not a multiple
of a single interaction, rather they are characterized by extra attractive and
repulsive interactions as observed when comparing the three complexes A, B
and C in Fig. 1. The same number of hydrogen bonds gives rise to binding
constants that differ overall for three orders of magnitude [8, 9], attesting to
these presumptions. This large binding affinity difference has been elucidated
in terms of secondary interactions that are present between one donor group
and those present in the other acceptor counterpart.

Ion pair interactions are also present in natural supramolecular systems
(e.g. DNA-peptides, polyamine-nucleic acids and among proteins or en-
zymes). Such kinds of attractive forces are strongly dependent on the ionic
strength (I) of the solution: if extrapolated to I = 0 the average value for the
free energy of association for one cation–anion pair is about 8 KJ/mol, and
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Fig. 1 Examples of positive and negative secondary hydrogen bond interactions on the
binding affinity between triple donor D and acceptor A hydrogen bond partners

the value decreases down to 4 KJ/mol for I = 0.02. As observed in many syn-
thetic systems, a certain level of tolerance is permitted for complexation be-
tween molecules bearing two or more charges, in other words pre-orientation
and rigidity of the scaffold is not as important as in hydrogen bonded assem-
blies [4].

In nature weak interactions between two counterparts are rarely mono-
topic, more frequently multiple complementary interactions take place at the
same time to strengthen the interaction between the counterparts [10, 11].
To ensure multivalent interactions, the proper functional group requires the
adequate relative orientation which is ensured by the design of the system
and by the architecture of the scaffold. The thermodynamic character of
multivalent interactions is particularly interesting because this phenomenon
is pervasive in nature, e.g. adenine–thymine is a divalent interaction and
cytosine–guanine is trivalent. By means of careful design of counterparts it
has been demonstrated that increasing the rigidity of the partners results in
an increase of binding mainly because of less flexibility and a lower number
of possible conformers, thus a smaller entropy loss. Cooperativity is often in-
voked in supramolecular systems when binding constants between n-valent
species are higher the n monovalent binding constants. It has to be stressed
that cooperativity is strictly peculiar for consecutive monovalent interactions



6 A. Scarso · J. Rebek

with a multivalent platform, and not directly applicable to two multivalent
molecules: in other words cooperativity can be only assessed if the com-
pared equilibrium constants have the same dimensions [12]. The presence
of a few concomitant interactions can have a remarkable effect both on the
thermodynamic and kinetic formation of a supramolecular complex: for ex-
ample association and dissociation of many hydrogen bonds at a time give
rise to higher activation energies and slower kinetics for dissociation of the
species, which is a fundamental aspect in choosing which kind of spectro-
scopic methodology has to be used to follow the process.

1.2
Lifetime of Supramolecular Assemblies

All the processes that take place in solution have to deal with solvation and
de-solvation phenomena; basically the solvent plays a crucial role both on
a thermodynamic and kinetic point of view. When two molecules come to-
gether in solution and no special attractive interactions are present among
them, the lifetime of this encounter complex is on the order of < 10–9 sec.
At the opposite extreme, for topological linked molecules like catenanes or
rotaxanes that are not covalently bound together but simply interlocked,
the lifetime is on the order of breaking a covalent bond, namely 1010 sec.
Supramolecular complexes have a lifetime that is strictly related to the kind,
strength and overall number of weak interactions. Assemblies like capsules
with trapped guests have intermediate activation barriers and lifetimes for
their association and dissociation in the order of 103 to 10–3 sec (Fig. 2) [13].
Often they can release the guest without complete disassembly of the multi-
meric structure, but simply by means of gating through one of the walls of

Fig. 2 Timescales for different intermolecular interactions: mechanically interlocked
molecules, encapsulated species and solvated encounters
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the monomers, thus limiting the enthalpic cost and favoring a chiral memory
effect.

Monitoring of these phenomena requires tools able to “take snapshots” of
the system at a rate faster then that of the process under investigation, thus
allowing us to detect signals for each species present in solution. If this is not
the case, the pictures taken are the average, during the time required for ob-
servation, of the system, with signals in between the species that exchanged
during the shot. NMR spectroscopy is the most adequate/prevalent technique
because the change between fast and slow exchange regime, compared to the
chemical shift timescale, falls in the range from 0.1 ms up to a few seconds
with the opportunity to tune temperature to regulate the exchange process
rate. IR and UV-Visible spectroscopy are instead in the range of picoseconds,
in which case the systems observed almost always reside in the slow exchange
regime [14].

1.3
Examples in Nature

In nature, as well as in artificial systems, the most widely used tool for the
construction of supramolecules is hydrogen bonding. The supremacy of this
kind of weak interaction is related to the strength of such a kind of attrac-
tive force, as well as the extremely large choice of functional groups able to
give hydrogen bonding that are easily implemented into more complex archi-
tectures. Bearing in mind that most of the natural building blocks are chiral
and enantiopure, we will first consider the effect of this chirality on supramo-
lecules based on biopolymers. As a leading example, the double helix of DNA
represents a supramolecular assembly that exhibits a chiral quaternary struc-
ture. The complementarity between the nucleobases adenine–thymine and
cytosine-guanine allow dimerization of the helices in an anti-parallel fashion
leading to the well known double helix structure. With natural D-nucleotides,
among the two mirror image helices which are diastereomeric, DNA-A as-
sumes only a right-handed double helix as an indication of a very high level
of supramolecular diastereoselection. The left-handed helix is not observed
as a consequence of the chiral information implemented in the ribose ring
of nucleotides: this transfer of chiral information from the building blocks
to the tertiary structure adopted is a common phenomenon and is observed
in other DNA structures. DNA-B also assumes only a right-handed conform-
ation of the double helix, while DNA-Z, which is characterized by alternation
of purine and pyrimidine nucleobases, exists as a double left-handed helix
(Fig. 3) [15]. Proteins exhibit chiral tertiary structure too, like the one ob-
served in the triple helix of collagen, where the L relative configuration of the
amino acids forces the supramolecule to adopt a right-handed triple helical
structure once again with complete diastereoselection on the supramolecular
level of organization (Fig. 3). Natural organic chiral pigments display supra-
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Fig. 3 Different handedness and supramolecular chirality of DNA (A, B and Z forms) aris-
ing from the same D-nucleotides, and the triple right-handed helix of polypeptide natural
collagen made of natural L-aminoacids

molecular chirality as well, like complexes between six anthocyanines and
six flavone units where both kinds of monomers assemble around a Mg2+

cation into a supramolecular right-handed propeller-like structure that is
composed of three blades and exhibits chirality. Natural flavone compo-
nents containing D-sugars form an intensely blue colored stacked complex
only with anthocyanines with the same relative configuration on the sugar
moiety. In fact, with L-sugars the proper supramolecular chiral assembly is
not possible due to steric hindrance and only a weak color is observed for
the system [16].

1.4
Supramolecular Chirality in Artificial Systems

Supramolecular chirality arises when finite molecular non-covalent assem-
blies are present in a non-symmetrical arrangement and it is distinguished
from “chiral molecular recognition” which regards one to one host-guest chi-
ral interaction, recently reviewed [17, 18], and will not be covered here. Typical
properties of supramolecular aggregates are reversibility, self-correction and
self-recognition, which are all fundamental tools for the creation of chiral ag-
gregates. Figure 4 depicts the four different approaches to the construction of
chiral supramolecular aggregates. All the chiral supramolecular aggregates re-
ported so far in the literature can be classified into four different strategies [19].

The first approach (Fig. 4A) called “diastereoselective non-covalent syn-
thesis” regards the self-assembly of chiral units which bear stereogenic cen-
ters or which are intrinsically chiral (for instance because of atropoiso-
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Fig. 4 Schematic representations of the possible pathways for the construction of chiral
supramolecular aggregates. A Chiral supramolecular aggregates from chiral components.
B Chiral racemic supramolecular aggregates from chiral components. C Chiral enantioen-
riched supramolecular aggregates from chiral components exploiting the chiral memory
effect. D Chiral encapsulation: achiral capsule binds an enantiopure primary guest form-
ing a chiral space in the cavity, which is filled preferentially by one of the two enantiomers
of a secondary guest
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merism). When chiral components associate by means of hydrogen bonding
or other weak intermolecular forces, the overall three-dimensional structure
can be characterized by a higher degree of asymmetry, for example heli-
cal shape, thus leading to diastereomeric structures. The second approach
is based on the aggregation of achiral building blocks where only racemic
enantiomeric assemblies are possible (Fig. 4B). To induce an imbalance into
such kinds of enantiomeric supramolecules, the chiral memory effect can be
exploited. This procedure takes advantage of the opportunity to create a chi-
ral supramolecular enantioenriched structure starting from chiral building
blocks in a highly diastereoisomeric excess, and, in virtue of the slow kinetic
of association and dissociation of the assembly, chiral templating components
can be replaced by achiral ones without modifying the supramolecular level
of chirality (Fig. 4C). The structure thus obtained is chiral and with a cer-
tain degree of enantiopurity even though it is made of achiral components. It
has to be noticed that this species is not under thermodynamic control and it
racemizes slowly by means of dissociation and reassembly of the components.

Entrapment of guests within self-assembled capsules provides a fourth
method for the construction of chiral supramolecular aggregates. In fact, con-
finement of guests into cavities with a proper shape and size limits their
available space and allows the control over their reciprocal positioning. This
reflects directly into their mutual electronic and steric interaction and, as
a consequence, in their stereorecognition (Fig. 4D).

2
Chiral Assemblies Comprising Enantiopure Building Blocks

This section presents different kinds of chiral supramolecular aggregates
based on various scaffolds endowed with stereogenic centers. This is the
easiest approach to chiral supramolecular systems—present also in Nature—
because of the high level of steric control that it permits.

2.1
Achiral tris-Melamine with Chiral Cyanurate Assembly

One of the earliest examples of chiral melamine–cyanurate was reported by
Whitesides and collaborators, who studied the hydrogen-bonded aggregate
between three molecules of chiral cyanurate and a complementary achiral
tris-melamine unit based on a 1,3,5 trisubstituted benzene with a melamine
unit appended at each arm (Fig. 5) [20]. The tris-melamine unit is not chi-
ral itself, but in the complex with cyanurate forms a tightly bonded hydrogen
bond platform with C3 symmetry which is chiral at a supramolecular level
due to the clockwise (P) and counterclockwise (M) conformation of the pen-
dants (Fig. 5).
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Fig. 5 Tetrameric diastereoisomeric complexes based on the assembling of achiral tris-
dimelamine unit with chiral isocyanuric acid

The 1H-NMR spectrum showed two distinct diastereomeric complexes
with C3 symmetry each one characterized by two singlets for the NH res-
onances, in a 3 : 1 ratio (50% d.e.), that is a difference of 1.3 KJ/mol in free
energy. C1 symmetric diastereoisomers were also observed, but as minor
complexes (∼ 10%) and correct assignment remains uncertain. Both C3/C1
ratio and diastereomeric ratio were affected by the solvent employed with ex-
change rate for cyanurate that was larger in chloroform than in benzene or
carbon tetrachloride, and by the temperature with expected increasing dia-
stereomeric ratio at lower temperature. The activation energy barrier for the
interconversion between these couples of diastereoisomers is high and re-
quires the dissociation of one or more cyanurate units, which means breaking
at least six hydrogen bonds. This is a slow process compared to the chemical
shift timescale.

2.2
Double Rosettes

2.2.1
Diastereoselective Non-Covalent Synthesis of Chiral Dimelamines—
Barbituric Acid Assemblies

The multimeric assembly reported in Fig. 6 forms spontaneously when three
calix[4]arene dimelamine units and six barbiturates or cyanurate are mixed
in a 1 : 2 ratio in apolar solvents. These assemblies, made of nine achiral com-
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Fig. 6 Schematic representation of double rosette assemblies with three constitutional
isomers with different symmetry. The D3 symmetric assembly is chiral and exists as
a racemic mixture

ponents, are held together by 36 hydrogen bonds and can adopt up to three
diastereoisomeric forms with D3, C3h and Cs symmetry due to the recipro-
cal staggering or aligning of the dimelamine units. Only the D3 species exists
as a pair of enantiomers (P) and (M) as a function of the orientation of each
calix[4]arene dimelamine unit. The relative distribution between the isomers
is related to the substituents on both the calix[4]arene and barbiturate or cya-
nurate, with a marked preference for D3 symmetry if more hindered units are
employed [21].

The chirality of the assembly was clear upon addition to the system of
ten equivalents of enantiopure Pirkle’s reagent that caused the splitting of the
bridging methylene of the calix[4]arene into equally populated signals due to
diastereomeric complexation of the reagent with the M and P enantiomeric
assemblies. The interaction between the chiral shift reagent and the hydrogen
bonded assemblies was too weak to induce an energy difference between the
diastereomeric complexes and proved the existence of slowly interconverting
chiral assemblies in solution [22].
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With a chiral calix[4]arene bearing stereogenic centers in the dimelamine
moieties (Fig. 7A), the complexation with achiral diethyl-barbiturate showed
only two NH signals which implies the presence of only one of the two dia-
stereomeric complexes with D3 symmetry: (M) or (P) [23]. This turned out in
an induced diastereomeric excess ≥ 98% corresponding to a ∆H◦ (298 K) of
13.4 KJ/mol with different several chiral residues thus indicating that a high
level of stereocontrol is implicit in such kinds of supramolecular well-defined
aggregates: six homochiral stereogenic centers are present in each aggregate
strongly inducing a very high control of supramolecular chirality. (S) stereo-
genic centers in the melamine moieties induce (P) chirality in the major dia-
stereomeric assembly as demonstrated by spatial coupling observed with
2D-NMR experiments.

Chiral calix[4]arene dimelamines are weakly CD active, while on the
contrary chiral double rosettes show strong absorptions with |∆εmax|

Fig. 7 Schematic representation of highly diastereoselective non-covalent synthesis:
A (R,R) chiral dimelamine and achiral barbiturate components lead only to the (M) dou-
ble rosettes with very high d.e. B Achiral hindered dimelamine and chiral barbiturate
leads to highly solvent dependent asymmetric induction, while; C achiral alkyl dime-
lamine and chiral barbiturate components lead instead to all the isomeric double rosettes
with different symmetry
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∼ 100 L/(mol · cm) due to exciton coupling between the chromophores
present in the core of the assembly. Titration of the (R,R)– (M) double-rosette
with the enantiomer (S,S)– (P) showed a linear decrease of the CD activity
that can be explained only assuming no interchange between (R) and (S)
calix[4]arenes which means no heteromeric assemblies comprising (R) and
(S) dimelamine components are present in the same assembly and complete
chiral self-recognition of these units is achieved. Analogously an equimolar
amount of (R,R) and (S,S) dimelamine in the presence of achiral barbiturate
did not show the presence of any heterochiral complexes. Further evidence of
the high degree of stereocontrol implemented in this kind of self-assembled
structure was observed also employing the (R,S) dimelamine component with
one R and one S stereogenic center on the same calix[4]arene unit. Only poly-
meric species and not finite aggregates were observed, underlining once again
the pivotal role played by stereogenic centers in controlling supramolecular
chirality in double-rosettes.

Chiral barbiturates can be employed as well for the construction of chi-
ral double rosettes (Fig. 7B,C). Compared to chiral dimelamines, the higher
average distance of the stereogenic center of the barbiturate (Cβ) from the
hydrogen-bonded network allows a good level of stereocontrol only if em-
ploying more sterically demanding nitro-substituted achiral calix[4]arene
dimelamines. This time the asymmetric induction is strongly solvent depen-
dent, with values as low as 17% in the more polar chloroform-d1 and as high
as 96% in benzene-d6 or toluene-d8 where hydrogen bond strength is likely
to be higher with concomitant lower flexibility of the assembly and more
pronounced steric effects (Fig. 7B). With calix[4]arenes lacking the NO2 sub-
stituents, all the isomeric D3, C3h and Cs complexes are present (Fig. 7C) in
similar amounts and no clear interpretation of the spectra is possible. The
smaller asymmetric inducing effect of chiral barbiturates compared to chi-
ral dimelamines correlates with the higher distance in the former system
between the chiral centers and the hydrogen-bonded network [22].

2.2.2
Chiral Amplification in Dimelamines-Cyanurate Assemblies

Similar chiral supramolecular assemblies are also observed from achiral
calix[4]arene dimelamine derivatives with chiral cyanurates thus leading to
D3 symmetry species [21]. Analogously to chiral dimelamines, predomin-
antly one of the two possible diastereomeric double-rosette assemblies was
observed in most cases and it is noteworthy that the same (R) chiral moi-
ety when mounted in the dimelamine is located on the left-hand side of the
calix[4]arene and induces (M) chirality, while when implemented in the cya-
nurate is placed on the right-hand side and therefore promotes P chirality
(Fig. 8).
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Fig. 8 Schematic representation of highly diastereoselective non-covalent synthesis: achi-
ral dimelamine calix[4]arene with enantiopure chiral cyanurate components lead to chiral
double rosettes with d.e. as high as 96%; (R)-cyanurate induces complete (P) chirality,
while (S) favors only (M) chirality

Chiral amplification is the phenomenon observed when a chiral unit
present in a small initial enantiomeric bias, induces a much higher stereo
preference (high d.e. or e.e.) when introduced into a bigger aggregate. Double
rosette assemblies are typical examples of such a relationship. From a the-
oretical point of view, mixing different amounts of an enantiopure complex
comprising a chiral dimelamine unit with a second racemic one bearing a dif-
ferent achiral dimelamine residue should lead to a linear dependence of the
CD intensities as a function of the molar ratio of the two complexes. On
the contrary, experimental data showed a positive deviation from linearity
as a direct consequence of the so-called “sergeants and soldiers principle”,
which indicates that within the assembly the achiral units tend to follow the
helicity of the chiral units, thus leading to higher d.e. then expected [24].
Moreover, when chiral dimelamine was present, the exchange of chiral com-
ponents and (M) – (P) interconversion took place via identical pathways,
while when chiral cyanurates were employed, exchange of chiral components
was faster then (M) – (P) interconversion. This leads to a much stronger chiral
amplification in the latter case, even though the overall number of stereocen-
ters is the same in both cases.

Diastereoisomeric non-covalent synthesis was accomplished also on
dimelamine–cyanurate double rosettes using an external chiral inductor of
asymmetry. Employing a dimelamine unit with appended pyridine units,
it was possible to prepare racemic rosettes and to amplify preferentially
one of the enantiomers by complexation (ion pair formation) with chiral
enantiopure monocarboxylic acids, with d.e. up to 50%. In particular the se-
lectivity observed is strongly dependent on the structure of the acids, with
interesting results with aromatic species, and on the number of equivalents
employed [25]. It is worth noting that titration of the racemic rosette with
(R)-2-phenylbutyric acid showed a sigmoidal profile for the CD signal, which
was attributed to cooperativity in the binding process.
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2.3
Capsules

A simpler approach to the construction of chiral supramolecules is based
on concave-shaped molecules endowed with H-bond donor and acceptor
residues capable of self-assembling into closed structures. The cavity thus
formed can be created usually by two, but sometimes up to six units, and
properties like size, shape and polarity of the capsule have reached a high
level of sophistication due to the development of proper scaffold struc-
tures and hydrogen-bonding motifs. The encapsulation process can be easily
studied because NMR resonances of the trapped guests are shifted upfield by
the aromatic ring currents of the host, often kinetically stable and in slow ex-
change on the NMR chemical shift timescale, revealing two distinct species
for the encapsulated and free guest. A common rule for succeeding in encap-
sulation is to choose the proper geometry, electronic properties and volume
of the guest in agreement also with the general observation made for several
liquids that feature packing coefficients in the range 45–55% [26].

2.3.1
Calix[4]arene Urea Dimeric Capsules

Calix[4]arene provides a suitable semi-rigid concave scaffold for the construc-
tion of dimeric capsules. Both the upper and lower rim can be decorated with
a wide variety of functional groups, in particular the urea moiety is known
to provide a good combination of hydrogen bond donor and acceptor char-
acter implemented in the same functional group and this sequence of atoms
have been extensively employed in the constructions of calix[4]arene dimeric
molecular capsules (Fig. 9). Characteristic of these dimers is the presence of
a cyclic seam of hydrogen bonds that seal the capsule and provides an internal
molecular cavity that easily accommodates molecules as big as benzene.

Chiral (due to the presence of stereogenic centers in the R groups) or achi-
ral homodimeric capsules show clockwise or counterclockwise orientation of
the hydrogen bond seam but the two different arrangements defines exactly the
same molecule (Fig. 9B). On the contrary, the combination of two different urea
calix[4]arene results in the formation of the corresponding homo- and het-
erodimers, with a remarkable shift of the equilibrium towards the latter species.
For instance, if an aryl urea is mixed with an equimolar amount of sulfonyl
urea calix[4]arene, in virtue of the higher hydrogen bond donor character of
the latter and the attractive interactions between aromatics in the side chains,
only the heterodimer capsules are observed. This time the capsule assumes a C4
symmetry with the presence of distinct northern and southern hemispheres. In
this capsule the head-to-tail hydrogen bond network defines two enantiomeric
structures, more precisely; cyclo-enantiomers, which racemize via inversion of
hydrogen bond orientation (Fig. 9C) [27]. The kinetic stability of these assem-
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Fig. 9 A Calix[4]arene tetraurea dimeric capsules with a particular head-to-tail hydrogen
bond network. B Achiral tetraurea units form achiral homodimeric capsules, while C two
different achiral units forms chiral heterodimeric capsules

blies is a function of the guest’s size and PC, and increases drastically increasing
the steric hindrance around the urea groups [28, 29].

The easiest approach to the construction of chiral tetraurea calix[4]arene
capsules is based on the covalent attachment of chiral residues (Fig. 10).
The reaction of tetraamino calix[4]arene with isocyanates of aminoacid
methyl esters or enantiopure α-methylbenzylamine provided easy access to
chiral urea calix[4]arene, which has been thoroughly investigated by Re-
bek and collaborators in the formation of homo- and heterochiral capsular
dimers [48]. Optically active tetraurea species 3–10 were singularly investi-
gated in common non-polar solvents, but only the β-branched L-isoleucine
7 and L-valine 8 provided sharp spectra in agreement with a C4 symmet-
ric homodimeric capsule, with two distinct sets of signals, one for each
half of the capsule. Unfortunately, no evidence of selective binding of chi-
ral guests was observed. It is noteworthy that L-leucine calix[4]urea 9 with
an amide functionality compared to 6 did not show homo- or heterodimer-
ization because of the presence of extra hydrogen bonding species which
tend to be intramolecular rather the intermolecular. If the amide bond links
a second aminoacid with the opposite relative configuration like in 10, ho-
modimerization is again observed, because amide NH groups provide extra
binding between lateral chains as an indication of the fine tuning of geom-
etry and functional groups that is required for the construction of such kinds
of chiral capsules [30].
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Fig. 10 Chiral Calix[4]arene tetraurea unit bearing stereogenic centers on the urea
residues

Fig. 11 Heterodimeric diastereoisomeric capsules arising from dimerization of achiral
sulfonyl tetraurea and chiral tetraurea calix[4]arenes

Equimolar amounts of achiral urea 1 and the optically active calix[4]urea
5 give rise to the formation of a heterodimeric capsule with only one cyclic
arrangement of the urea hydrogen bonds (Fig. 11), and in the presence of
a chiral racemic substrate like norcamphor two diastereoisomeric complexes
were present in a 1.3 to 1 ratio.
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2.3.2
Peptido Calix[4]arene Capsules

Because of their efficiency in natural systems in giving supramolecular ag-
gregates, aminoacids have been implemented extensively in calix[4]arene
scaffolds. Di- and tetrasubstitution with aminoacid derivatives have been in-
vestigated observing different behaviors depending on the orientation of the
chiral residues attached to the calix[4]arene scaffold. Derivatives compris-

Fig. 12 Tendency to self-assembly formation of homodimeric chiral assemblies for disub-
stituted and tetrasubstituted peptido calix[4]arenes
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ing two C-linked or N-linked aminoacids or peptides bound parallel on two
facing aromatic rings of a calix[4]arene showed no dimeric capsule forma-
tion mainly because of the preference for the formation of intramolecular
hydrogen bonds rather then intermolecular interaction (Fig. 12) [31]. On the
contrary, if the aminoacids are connected one via the carboxylic group and
one via the amino group (N,C-linked) on the calix[4]arene scaffold, dimer-
ization occurs as observed by strongly concentration-dependent 1H-NMR
spectra [32]. The opposite directionality of the peptides is therefore crucial
because it favors the dimerization of the N,C-linked peptido-calix[4]arene as
depicted in Fig. 12 forming an antiparallel β-sheet hydrogen bond network
that seals the capsule. Dimerization constants in apolar solvents depends on
the number of hydrogen bonds and are of the order of 70–700 M–1; the as-
sembly resides in the fast exchange compared to the NMR timescale. Unfortu-
nately, no guest encapsulations except for the solvent have been investigated
with this kind of chiral enantiopure molecular capsule, but they seem to be
highly promising due to the easy substitution with different aminoacids, and
the possible further elongation of the β-sheet motif that would increase the
strength of the dimer.

Functionalization with L-alanine residues on each aromatic ring in the
N-linked form with free amino groups provided a system which assembled in
CD3OD/D2O with association constants as high as 3 ·104 M–1 [33]. The high
association constant was ascribed to strong hydrogen bonds between charged
– NH3

+ residues and carbonyl as acceptors. The chiral enantiopure capsule
showed affinity towards positively charged guests such as arginine or lysine,
but the stoichiometry of the resulting structure turned out to be 1 : 1 be-
tween guest and calix[4]arene, ruling out capsule binding of the guest. Once
again, little variations on the chemical structure, like acetylation of the free
amino groups, changed the behavior and dimerization was not observed [31]
(Fig. 12B).

2.3.3
Ion Pairing Dimeric Capsules

Ionic interactions between positively and negatively charged residues have
been less thoroughly investigated compared to hydrogen bonds, and have
rarely been implemented into supramolecular assemblies. In fact, due to sol-
ubility concerns, the construction of supramolecular aggregates held together
by ionic couples is a more challenging task because often charge pairing could
cause a net decrease of solubility of the aggregate resulting in precipitation.
Reinhoudt and collaborators succeeded in adorning calix[4]arene scaffolds
with N-coupled L-alanine carboxylate anionic groups or amidinium cationic
moieties on the wider rim, thus providing two hemispherical units that in
buffered water solution dimerized by means of four electrostatic ion–pair
interactions (Fig. 13).
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Fig. 13 Chiral heterodimeric capsule held together by means of ionic interactions

Dimerization was proved via NMR analysis that showed an upfield shift
for the protons of the propyl amidinium chains compared to the simple
tetracationic scaffold in solution, as an indication of dimer formation via in-
clusion of the alkyl chain inside the cavity [34]. The assembly was fast on
the NMR chemical shift timescale, indicating a rather low activation energy
barrier for capsule dissociation and reassembly. A wider range of possible
guests was investigated [35], discovering some neutral ones characterized by
high binding affinity. The presence of the L-alanine residues imparts chiral-
ity to the capsular assembly but thus far examples of enantioselective binding
have not been observed, even though the ionic interactions that held to-
gether the capsule provide an association constant as high as 105 M–1 in
pure water.

2.3.4
Tetrameric Capsule

A molecular capsule can be composed of more than two units; also a sphere
can be obtained assembling together a generic number n of slices. Rebek and
collaborators, in their extensive exploration of the properties and features of
self-assembled capsules [36], developed a L-shaped molecule characterized
by the presence at one end of the glycoluril hydrogen bond system, and at the
other end, separated by an aromatic ring, a sulfamide moiety (Fig. 14).

This unit, decorated with an extra hydroxyl group in the aromatic spacer,
is chiral and single enantiomer isolation was possible by means of chi-
ral chromatography. In the presence of suitable guests, four enantiopure
monomers self-assemble into a head-to-tail arrangement with eight hydro-
gen bonds between alternating glycoluril and sulfamide residues yielding
a chiral tetrameric capsule with D2 symmetry and an internal volume of
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Fig. 14 Tetrameric capsule made of L-shaped components held together by 16 hydrogen
bonds. Aryl and OH groups have been removed for clarity

Table 1 Diastereoselective excess in the binding of chiral racemic ketone guests by chiral
enantiopure tetrameric capsule

Racemic guest d.e. % Volume (Å3) Racemic guest d.e. % Volume (Å3)

60 113 0 104

13 98 23 111

23 120 9 126

about 170 Å3 [37]. The presence of the phenol groups not only desym-
metrizes the cavity, but also strengthens the assembly providing an additional
hydrogen bond for the adjacent glycoluril carbonyls. This chiral capsule,
analogously to the achiral counterpart, showed a remarkable preference for
binding ketones. A variety of chiral ketones were investigated as guests for
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this capsule in m- and p-xylene-d10 and in Table 1 a few examples are re-
ported. Racemic (±)-3-methyl-cyclopentanone showed doubling of the NH
resonances of the host due to the formation of the diastereoisomeric com-
plexes in a 1.3 to 1 ratio. Analogously (±)-3-methyl-cyclohexanone was en-
capsulated in the cavity but with a 4 : 1 diastereoselective ratio, which was
the result of a bigger size and a better fitting with the cavity. On the con-
trary a constitutional isomer of the latter guest like (±)-norcamphor is not
discriminated at all. The presence of an extra carbonyl group in [2.2.1]-
bicyloheptane-2,5-dione enhanced selectivity towards the enantiomers, with
a 23% d.e. due to a more tight dual binding by hydrogen bonds with the
polar extremities of the cavity, allowing a better sensing of the chirality of
the capsule that is confined in the equatorial belt. From these data, no dir-
ect relationship was observed between guest size and enantio-discrimination,
rather the positioning of the functional groups in the cavity was fundamen-
tal: this is evident considering the molecules examined which are sparsely
functionalized. These results attest to the importance of close contact be-
tween the chiral counterparts, even if the assembly is composed of several
chiral subunits.

2.3.5
Cylindrical Dimeric Capsule

Chirality is a pervasive property of an object, which means that in theory,
a single remote asymmetric center in a macromolecule is enough to make the
entire molecule chiral and, in principle, even the more distant residue could
sense the asymmetry induced by the stereogenic center. On the contrary, ex-
periences maturated by synthetic chemists in the construction of molecular
species for enantioselective recognition speak for the necessity of placing the
asymmetric units in close contact to allow chiral sensing and discrimina-
tion. The latter, in fact, arises from attractive forces and steric interactions
that require close contact between the counterparts. On the contrary, mag-
netic asymmetry is not a direct consequence of weak interactions, but is more
a property of the space which surrounds a chiral object.

The cylindrical capsule depicted in Fig. 15 can be prepared with achiral
or chiral pendants that reside external to the cavity. It resembles a tennis
ball can and its elongated inner space allows up to three guests and im-
pedes them slipping past each other. Therefore, an encapsulated guest is
confined in a precise portion of the cavity for an average time that is a func-
tion of the strength of the assembly and that can allow 1H-NMR observation
of the phenomena involved due to the slow in-out exchange of guests from
the capsule.

Coencapsulation of enantiomerically pure (R)-styrene oxide with a co-
guest such as isopropyl chloride in the achiral capsule 11·11 showed doubling
of the methyl resonances of the methyl groups of the halogenated guest,
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Fig. 15 Homodimeric cylindrical capsule held together by means of a seam of 16 hydrogen
bonds. R groups have been removed for clarity

which are no longer magnetically equivalent [38]. Much more unexpected was
the analogous observation made using the chiral capsules like 12·12, 13·13
and 14·14, where the chirality is placed outside the capsule. In this case,
a single guest bearing an isopropyl ester moiety showed at the 1H-NMR two
doublets for the methyl groups, even though these are physically shielded by
the capsule from the chiral steroidal pendants placed outside the cavity [39].
Moreover, the magnetic asymmetry experienced by the isopropyl group was
related to the length of the spacer between the CH of the resorcin[4]arene
scaffold and the steroidal parts, with a decreasing splitting in the resonances
with an increase in length of the spacer.

Different asymmetric residues with a different number of stereocenters
attached with the same spacer to the resorcin[4]arene part showed an import-
ant influence on the encapsulated guest, even though the overall number of
stereocenters changes drastically from 88 for 14·14 to only 8 for 12·12. These
complementary experiments are undoubtedly proof of principle that mag-
netic desymmetrization of closed space can be performed by placing a chiral
object outside the immediate environment.
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2.4
G-Quadruplex Assemblies

The hydrogen bond complementarity between purine and pyrimidine nu-
cleobases is an example of the high level of recognition typical of most of
the natural functional units. Nucleosides containing guanosine are known
to arrange in tetramers via hydrogen bond self-assembly and to bind al-
kaline cations to provide G-quartets that stack to give G8-M+ sandwiches
or higher-ordered G-quadruplets [40]. It is remarkable that in this kind of
aggregate, enantiomeric self-recognition is present and it is dependent on
the nature of the templating cation (Fig. 16A). In fact, racemic (D,L)-5′-
silyl-2′,3′-O-isopropylidene guanosine (G1) in the presence of Ba2+ picrate
(r = 1.42 Å) formed only homochiral aggregates in organic chlorinated sol-
vent. Eight guanosine with the same relative configuration created two G-
quartets with a Ba2+ in between, while on switching to the monovalent K+

(r = 1.51 Å) only heterochiral aggregates were observed, where diastereoiso-
meric quartets were present in the form of layers with interposed potassium
cations (Fig. 16B) [41]. The structure self-assembled through hydrogen bond-
ing while the cations triggered the stereoselective recognition. A pivotal role
was played also by the picrate anion that provided hydrogen bond contacts
between two (G1)8Ba2+ into a hexadecameric homochiral structure.

NMR experiments on freshly mixed [(L)-G1]16Mn+
m and [(D)-G1]16Mn+

m
showed re-equilibration of the monomers for K+ with new emerging NH
resonances, while for Ba2+ no appearance of new signals was observed, as
a clear indication of self-enantiorecognition. The latter divalent cation pro-
vides stronger cation–dipole interactions and strengthens hydrogen bonds,
while the bridging picrate favors enantiorecognition between two G8-Ba2+

octamers. With the isomeric nucleobases isoguanosine, a racemic mixture
of D,L forms gave rise to the formation of homochiral pentamers that stack
forming a meso decamer in the presence of Cs+ cations. Once again, hydrogen
bond complementarity assembles the structure and the metal ion directs the
enantiorecognition [42].

2.5
Other Dimeric Assemblies

By means of proper tailoring of the shape and chirality of the monomer it is
possible to prepare instructed chiral molecules capable of enantiomeric self-
sorting. Two prerequisites are necessary: the proper functional groups must
be chosen to act as recognition elements and the latter have to be mounted on
an adequate molecular scaffold to promote formation of the desired assembly.
One clear example is illustrated in Fig. 17A: achiral racemic clip molecules
formed kinetically and thermodynamically stable homodimers in CDCl3 with
complete diastereoselectivity [43].
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Fig. 16 A Self assembling of G-quadruplex chiral aggregates and their stacking by inter-
position of cations. B Stereospecific binding of Ba2+ cations to give homochiral G-qua-
druplex, while K+ leads to heterochiral aggregates

In particular racemic 16 forms only heterochiral aggregates because this
combination benefits from two hydrogen bonds from the amide groups and
π – π stacking, while in the homochiral complex one hydrogen bond is missing.
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Fig. 17 Examples of intrinsically chiral molecules that associate into dimeric struc-
tures: A clip racemic molecule provides only heterochiral dimers, while B helicene-based
molecules give only homochiral dimers

As observed for the molecular clips reported above, the chiral scaffold
is pivotal in promoting homo- or heterochiral self-discrimination. Amide
hydrogen bonds were implemented on helicene chiral scaffolds as well, but
in this case dimerization of the monomers was characterized by homochiral
enantioselective self-recognition, that is self-association between molecules
with the same helicity (Fig. 17B) [44]. These species dimerized in solution
with association constants of 207 M–1 by means of four non-covalent bond-
ing interactions and, in combination with the peculiar helical shape of the
monomers, forms only homochiral dimers.

Guanidinium cations are easily prepared functional groups characterized
by both hydrogen bonding and an ionic interaction ability. Such kinds of
derivatives have been implemented onto semirigid scaffolds like those re-
ported in Fig. 18. The first is an elegant example of a chiral dimeric complex
that was investigated by the group of de Mendoza. They prepared enan-
tiopure bis-guanidinium and tetra-guanidinium cationic molecules bearing
asymmetric centers in the bicyclic rings endowed with a CH2SCH2 spacer.
These molecules have the peculiar property of folding in pairs around sulfate
counter-anions into helical—well defined in length—structures resembling
the double helix of DNA (Fig. 18A) [45].

(S,S) relative configuration on the guanidinium moieties induced com-
plete (M) helicity in the complex as confirmed by 2D-NMR, because of the
strong salt-bridged and N – H · · ·O hydrogen bond pairs, which are respon-
sible for the chiral supramolecular structure. Significantly weak CD traces
for complexes comprising chloride as the anion were observed, as well as
a lack of intermolecular NOE contacts as an indication of the importance
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Fig. 18 Supramolecular chiral aggregates based on bis-guanidinium functional groups:
A chiral tetra-guanidinium units self-assemble around sulfate anions into a left-handed
double helical structure; B chiral bis-guanidinium unit associates with a complementary
bis-anionic counterpart leading to a left-handed double helix

of H-bonds provided by the sulfate anion, which are not present with the
chloride anion.

A second more recent example is depicted in Fig. 18B where a bis-
guanidinium molecule bears chiral functional groups attached to the nitrogen
atom of the amidinium residues. This species is coupled with a comple-
mentary dicarboxylic anionic counterpart with all the benzene rings twisted
clockwise into a right-handed double helical structure that resembles the
DNA double helix [46]. The chiral supramolecular structure was observed
both in the solid state and in chloroform-d1 solution as confirmed by NMR
investigation and by the presence of a strong Cotton effect on the CD signals
for the diacetylenic linkages.

3
Chiral Assemblies Comprising Achiral Building Blocks

This section collects examples based on the employment of achiral self-
assembling components which aggregates to produce chiral supramolecular
structures [47]. This strategy is much less costly in terms of time required for
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the synthesis and purification of the enantiopure components, but allows the
obtainment of only racemic chiral aggregates.

3.1
Racemic Capsules

3.1.1
Calix[4]arene Capsules

As mentioned before [27], equimolar amounts of the achiral calix[4]urea 1
and 2 (Fig. 10) provided only one set of signals as a clear cut indication of
complete formation of the heterodimeric capsule that is chiral and racemic
due to the clockwise or counterclockwise arrangement of the hydrogen bond
network. Encapsulation of chiral enantiopure guests was investigated in these
chiral racemic assemblies. Bicyclic (1R)-(–)-myrtenal clearly showed two sets
of signals for the encapsulated guest due to the chirality imparted by the seam
of hydrogen bonds that seals the capsule, while a racemic guest like norcam-
phor provided two sets of signals in a 1.3 to 1 ratio as an indication of a little
stereorecognition in binding [27, 48].

The geometry of achiral dimeric calix[4]arene endowed with urea func-
tionalities offers further possibilities to obtain homodimeric chiral capsules.
In fact, simply employing two different substituents A and B on the urea
or on the ether part of the calix[4]arene aromatic rings and considering all
the possible combinations depicted in Fig. 19, it was possible to obtain up

Fig. 19 Achiral calix[4]arenes with different substituents on the urea residues lead to
diastereoisomeric chiral dimeric capsules
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to five different chiral capsules, in some cases with a certain degree of dia-
stereoselection [49]. For all these systems, the capsule is chiral and inversion
of the directionality of the hydrogen bond seam does not create additional
stereoisomers but simply maintains unchanged the structure.

For the ABBB monomer, two diastereoisomeric chiral capsules were pos-
sible, with a diastereoisomeric ratio that varies from 6 : 1 in cyclohexane-d12
to 1 : 1 in chloroform-d, with a strong solvent effect: the latter was also
the guest and therefore influenced the stability of the capsules both from
the inside and outside of the capsule. The ABAB monomer gave rise to
only one chiral racemic capsule, while for AABB two regioisomeric struc-
tures were possible, with a relative amount from 1 : 1 to 2 : 1 increasing
the steric difference between A and B from n-hexyl to adamantyl residues.
Moreover, the equilibrium between the regioisomeric forms could be shifted
entirely on one side if two adjacent A and two B groups are covalently
connected.

All these capsules are in principle stable enough for optical resolution
by means of chromatographic methods, even though this has not been ac-
complished yet. In these systems, the weak asymmetry imparted on the
cavity is not sufficient to allow chiral discrimination of chiral enantiopure
guests.

3.1.2
Tennis Ball Capsule

Another remarkable example of chiral assemblies made of achiral compo-
nents is provided by concave-shaped molecules which self-assemble into
supramolecular capsules. These species are usually quite rigid, based on
aromatic and cyclic structures and are specifically decorated on the ex-
tremities with complementary hydrogen bond donors and acceptors. For
a capsule made of two identical achiral components, if the concave monomer
has different extremities, the capsule obtained by homodimerization is
chiral. The smaller chiral supramolecular capsule is derived from the so-
called tennis ball [50] (Fig. 20). The monomeric unit based on the durene
scaffold comprises two different glycoluril units at the extremities that
provides eight hydrogen bonds to seal the capsule and form a cavity of
approximately 60 Å3 that can accommodate gaseous guests like methane
and ethane. Upon dimerization of the monomer four well-separated N – H
signals were observed in the downfield region of the 1H-NMR spectrum
due to the chirality of the assembly, even though it is composed of achi-
ral monomers. Racemization takes place by dissociation and re-assembly
of the dimer and the activation energy for this process has been calcu-
lated to be ∼ 73 KJ/mol at 295 K from EXSY experiments. Because of the
small space inside the capsule, no encapsulation of chiral guests could
be investigated.
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Fig. 20 Chiral homodimeric tennis ball capsule from an achiral component bearing two
different glycoluril residues. The R1 and R2 groups have been removed for clarity

3.1.3
Softball Capsule

More insight into this class of systems came from the extensive investigation
of the so-called chiral “softball” molecular capsules based on a rigid poly-
cyclic scaffold with two different glycoluril moieties at the extremities. When
two such achiral subunits associate, the chiral capsule obtained, maintains
a C2 symmetry axis but no longer has the planes of symmetry featured by
the monomer (Fig. 21) [51]. Monomers assemble because of the proper fill-
ing of the inner cavity, and if the encapsulated guests were achiral no splitting
was observed at the NMR for the NH signals of the capsule. If the trapped
guest is chiral, like for (R)-(+)-camphor, two diastereoisomers are present
and showed separate signals of the guest in the two diastereoisomeric com-
plexes. No diastereoselectivity was observed because of the symmetry of the
cavity.

This serves as proof of concept to underline how asymmetry can be eas-
ily sensed at a magnetic level more easily then at a binding level. To provide
selectivity in the binding due to stereorecognition, closer interactions and
tighter binding are pivotal requisites. Moreover, the asymmetry of the sur-
faces has to extend into the cavity, rather then be limited to the exterior.
A step forward is presented by the evolution of the chiral softball in Fig. 22.
In this case the monomer maintains the same glycoluril functional group at
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Fig. 21 Chiral homodimeric softball capsule from an achiral component bearing two dif-
ferent glycoluril residues. The R1 and R2 groups have been removed for clarity

Fig. 22 Second generation of chiral dissymmetric softball capsules with the same gly-
coluril residues at the two extremities of the monomer but with different spacers. The R
groups have been removed for clarity
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the extremities but is characterized by different lengths of the two spacer
residues. The monomer is still achiral due to the presence of a plane of sym-
metry, but leads to a chiral dimeric capsule characterized by a dissymmetric
inner space [52].

Differently from the previous chiral softball, in this case the dissymmet-
ric inner surface of the cavity easily sensed chiral guests, providing different
diastereoisomeric complexes in different amounts. Each diastereoisomer is
characterized by four different NH resonances because of the complete loss
of symmetry of the complex. The system described was extensively investi-
gated pursuing the synthesis of a total of six different glycoluril monomers
(21–26) with various spacers in terms of size and electronic properties on the
two sides of the bicyclic six-membered unit, and the relative homodimeric
capsules were studied with a total of 20 chiral enantiopure guests (Fig. 23 and
Table 2) [53].

The cavity volume varies from 190 to 390 Å3 and the average size of the
guest is in the range 160–225 Å3 for camphor derivatives and 145–175 Å3

for pinane derivatives. Therefore, the proper matching of host and guest was
crucial to obtain complexes characterized by the proper fitting and packing

Fig. 23 Chiral enantiopure guests studied in the encapsulation in the chiral racemic soft-
ball and their relative molecular volume
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Table 2 Diastereoisomeric excesses for chiral racemic softballs as a function of different
chiral enantiopure guests

Guest PC d.e. % Guest PC d.e. %

G@22·22
G1 0.70 17 G16 0.69 16
G2 0.71 12 G17 0.73 20
G3 0.73 8 G18 0.73 10
G4 0.73 8 G19 0.74 29
G5 0.73 0 G20 0.76 35
G15 0.63 0

G@23·23
G1 0.67 12 G19 0.71 19
G2 0.68 6 G20 0.73 32
G15 0.60 0

G@25·25
G1 0.54 — G12 0.65 44
G7 0.61 34 G14 0.75 —
G8 0.61 — G15 0.48 —
G9 0.61 56 G19 0.57 —
G10 0.63 0 G20 0.59 —
G11 0.63 60

G@26·26
G6 0.46 — G11 0.49 0
G7 0.47 6 G12 0.50 —
G8 0.47 — G13 0.53 —
G9 0.47 — G14 0.58 36
G10 0.49 44 G20 0.45 —

coefficient to allow reciprocal sensing and diastereoselectivity, as observed
comparing hosts 23·23 with the smaller 22·22, which provided higher se-
lectivities for pinane guests (Table 2). Considering the most selective com-
bination of host and guest emerged the clear indication that the presence
of functional groups capable of hydrogen bonding to the host is important
for affinity as well as selectivity, as observed comparing the alcohol (+)-
pinanediol (d.e. 32%) with the ketone (+)-nopinone (d.e. 0%).

This effect is added to the steric interactions imparted by the asymmetric
shape of the cavities, and to more weak interactions like CH/π. Nevertheless,
in a few cases d.e. was above 50% and never more then 60% probably because
the average distance between the capsule and the chiral content is not opti-
mized, bearing in mind also that even in the presence of a good fit and high
PC, still about half of the cavity’s volume is not filled and this space surrounds
the guests and is also interposed between them.
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4
Enantioselective Synthesis via the Chiral Memory Effect

This phenomenon consists of the preparation of a highly diastereoselect-
ive assembly using a chiral enantiopure unit, then the latter is exchanged
with achiral counterparts that are characterized by a higher binding affin-
ity. The result of these operations is an enantioenriched complex comprising
only achiral units that is not thermodynamically stable, but if the kinetics
of racemization is slow enough, it can persist long enough to ensure full
characterization, even though it inexorably undergoes slow racemization by
dissociation and reassembly until reaching the racemic mixture.

4.1
Enantiopure Double Rosettes

For hydrogen-bonded supramolecular chiral complexes, the interconversion
between the enantiomers often takes place via dissociation and reassembly of
one or more units, with an activation energy for racemization that is at least
as high as the energy required to break the hydrogen bonds. Few supramo-
lecular structures are so tightly connected to allow a half-life time of several
hours for this process; one of these is the hydrogen-bonded double rosette.
With this class of supramolecules it is possible to exploit the “chiral memory
effect”. Reinhoudt and collaborators succeeded in this task preparing initially

Fig. 24 Enantioselective non covalent synthesis of double rosettes exploiting the chiral
memory effect. Exchange of chiral barbiturate with the achiral cyanurate occurs faster
then racemization by dissociation of the supramolecular structure and allows temporary
preservation of the asymmetry instructed in the first diastereoselective step
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a double rosette from achiral calix[4]arene dimelamine and chiral (R)-BAR
obtaining predominantly the (M) isomer in 98% d.e. (Fig. 24). Subsequently,
in the presence of a slight excess of achiral cyanurate, which is characterized
by a stronger hydrogen bond attitude than barbiturate due to the more acidic
NH protons, the original chiral assembly released the (R)-BAR without com-
plete dissociation of the structure, yielding a chiral double rosette made of
achiral components with 90% e.e.

The chiral enantiopure double rosette therefore preserved the (M) chiral-
ity as a memory of the native form of the assembly, despite the fact that
it no longer contains any chiral components [54, 55]. This complex is CD
active with intensity of about ∆ε ≈ 90 L/(mol · s), comparable to other chi-
ral double-rosettes and much higher than the chiral barbiturate released
(< 5 L/(mol · s)). The kinetic analysis of the racemization reaction at different
temperatures gave an activation energy of 106 KJ/mol with a half-life time of
4.5 days at room temperature, confirming the requirement of a high energy
barrier to take advantage of such kinds of memory effect.

Exploiting the same concept, Reinhoudt and Shinkai were able to obtain
another example of enantioenriched chiral double-rosette made of achiral
components. In this case achiral calix[4]arene bearing dimelamine moieties
with pyridine functionalities were assembled with achiral cyanurate leading
to racemic chiral double rosettes. The latter are perfect counterparts for chiral
D-dibenzoyl tartaric acid via two-point hydrogen-bonding interactions thus

Fig. 25 Enantioselective non covalent synthesis of double rosettes exploiting the chiral
memory effect. Pyridyl residues on the dimelamine units bind chiral dicarboxylic acids
leading mainly to one diastereoisomer. Once the chiral templating carboxylic acid is
removed by precipitation, the enantioenriched double rosette persists for several hours
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giving with the pyridyl functionalities predominantly the (P) diastereomeric
supramolecular complex with 90% d.e. (Fig. 25) [56].

The imbalance between the two diastereoisomers is prolonged when the
chiral D-tartrate is removed by precipitation with ethylendiamine thus lead-
ing to an enantioenriched chiral double-rosette made of achiral components
with 90% e.e. The memory effect in this case is even stronger then in the
former example with activation energy towards racemization as high as
119 KJ/mol and a half-life time of one week at room temperature.

4.2
Chiral Enantioenriched Softball

In chiral supramolecular capsules made of achiral building blocks, guest
sensing of chirality is a phenomenon that is directly connected to the life-
time of the capsule. If the latter is very high and in-out exchange of the guest
is faster and allowed without complete dissociation of the closed structure,
which causes racemization, it is possible to observe a chiral memory effect.
In particular, it is possible to template the capsule with a chiral enantiopure
guest thus favoring one of the two enantiomeric capsular structures, then the
guest can be replaced with another one without racemization of the structure.
Removal of the chiral template leaves a chiral non-racemic host capsule that
slowly re-equilibrates to the thermodynamically most favorable enantiomer.
With this purpose Rebek and collaborators endowed the chiral softball with
extra phenolic groups to provide four extra hydrogen bonds and to increase
the lifetime of the chiral capsule thus obtained (Fig. 26) [57].

In p-xylene-d10 the monomer assembled only in the presence of a suit-
able guest like (+)-pinanediol leading to two diastereoisomeric complexes
in 2 : 1 ratio the inclusion phenomenon was rather slow to reach equilib-
rium, requiring several hours to reach completeness (half-life time 19 h).
Providing the diastereoisomeric system with an excess of the opposite enan-
tiomer (–)-pinanediol, the relative ratio between the two diastereoisomers
was then altered from the equilibrium composition: the replacement of the
(+)-enantiomer with the (–)-enantiomer occurs via opening of flaps of the
pyridazinyl ring, characterized by a low energy barrier for inversion. In fact,
the capsule imprinted with (+)-pinanediol and subsequently exchanged with
an achiral guest and again with the enantiomer (–)-pinanediol showed the
same d.e. 50% d.e. in favor of the less stable diastereoisomeric complex,
which proved that the chiral memory is maintained even in the presence of
the wrong enantiomeric guest. Then the system, in few days, slowly equi-
librated to a 2 : 1 diastereoisomeric ratio in favor of the (–)-enantiomer
complex.
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Fig. 26 A Chiral memory effect applied to the construction of a chiral softball homo-
dimeric capsule made of achiral units. B Racemic softball binds a chiral guest leading
preferentially to one diastereoisomer. Fast exchange, compared to capsule’s racemization
rate, with a better achiral guest allows preparation of enantioenriched capsule

5
Asymmetric Spaces within an Achiral Cylindrical Host

Coencapsulation is a process that limits the space provided to trapped guests
and obliges them to sense reciprocally simply because they cannot avoid each
other. Chirality is a feature related to the spatial distribution of objects, there-
fore any symmetric closed space becomes chiral if a chiral object is placed in
it (Fig. 27A). This simple concept is then applied to spherical and cylindrical
capsules: in both cases the correct orientation of two chiral guests is necessary
to allow interactions between the asymmetric centers of the two partners. In
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Fig. 27 A A chiral object like a hand in an achiral environment leaves a chiral space
available. B Spherical supramolecular capsules are much less suitable compared to
C cylindrical ones for enantiorecognition because of the greater number of possible re-
ciprocal orientations of two co-guests encapsulated

a cylindrical space the number of possible reciprocal orientations of the two
guests is lower compared to a spherical space because of the constrictions im-
posed by the geometry of the cavity (Fig. 27B and C). In addition, the polarity
of the cavity can favor certain spatial arrangements among all the possible
ones. This is the case for the cylindrical achiral capsule depicted in Fig. 15,
which is composed of two resorcin[4]arene scaffolds with four pyrazine walls
adorned with four imide groups that provide a seam of 16 hydrogen bonds
that seal the capsule. All of the following encapsulation studies refer to the
use of such kinds of capsule. The elongated shape hampers free tumbling for
many guests and allows a better control over their reciprocal position.

5.1
Single Encapsulation

A guest that is achiral in its elongated antiparallel most stable conformation
can become chiral if it assumes staggered conformations. Encapsulation in
the achiral cylindrical capsule of a single achiral guest can force the latter to
assume chiral conformations thus leading to chiral racemic complexes. This is
the case observed in the complexation of extended hydrocarbon chains which
are longer than the internal cavity of the capsule (Fig. 28). Encapsulation oc-
curred but the hydrocarbon had to assume a helical chiral conformation as
demonstrated by the presence of consistent NOE contacts along the hydro-
carbon chain [58, 59]. The extra energetic cost due to the presence of several
gauche interactions is overcome by a better fitting with the host and the pres-



40 A. Scarso · J. Rebek

Fig. 28 Hydrocarbon encapsulation in the achiral cylindrical capsule occurs forcing the
guest to assume a helical conformation in order to fit the available space

ence of many attractive CH – π interactions. The hydrocarbon helix is chiral
and every proton of a methylene group is therefore diastereotopic; however,
no geminal coupling was observed suggesting rapid helix–helix interconver-
sion (racemization) on the chemical shift timescale. This phenomenon is
likely to occur within the capsule by means of propagation of short-range
uncoiling.

5.2
Double Coencapsulation

The easiest combination of two chiral guests in the cylindrical capsule comes
by the double encapsulation of racemic species with adequate size, shape and
polarity to be accommodated in pairs, giving two diastereoisomeric com-
plexes, the homochiral couple (R) – (R)/(S) – (S) and the heterochiral (R) –
(S) combination. (±)-trans-1,2-Cyclohexanediol has all the above requisites
and showed a ∼ 1.2 ratio between the two complexes in favor of the heterochi-
ral combination [60]. This observation may be related to the preference in
nature for centrosymmetric crystals or, alternatively stated, the higher melt-
ing points of racemates vs. enantiopure compounds where the resolution is
driven by the less soluble pair [61, 62]. In the cylindrical capsule a single
couple of chiral molecules is extrapolated from the bulk and the interactions
between the two is governed by the shape of the cavity and their goodness of
fit within the cavity.

The coencapsulation of chiral carboxylic acids was investigated in detail,
seeking the weak forces that drive the coencapsulation to be homochiral or
heterochiral depending on the nature of the chiral acid and on the relative
orientation of the guests within the cylindrical capsule (Table 3) [63]. α-Halo
or α-hydroxy acids are all suitable guests that are accommodated in pairs
within the cavity, but only a few of them give rise to diastereoselective bind-
ing, all with energy differences < 6.3 KJ/mol. In particular, substitution in
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Table 3 Coencapsulation of racemic chiral guests within the achiral cylindrical capsule
11·11

Racemic guest d.e. % Preferred dimer Racemic guest d.e. % Preferred dimer

23 ND 9 homochiral

13 ND 13 heterochiral

20 homochiral 13 homochiral

9 heterochiral 7 ND

9 heterochiral

the β position hinders the guests and this leads to a diastereoselective ratio
of up to 1.6 : 1 in coencapsulation for bromo and hydroxy acids. In some
cases the more stable combination is the heterochiral one like for (±)-3-
methyl-2-hydroxy-butyric acid, while for (±)-3-methyl-2-bromo-butyric acid
the homochiral couple is preferred. Computational Monte Carlo conforma-
tional search on these diastereoisomeric complexes revealed differences in
energy between the complexes that are in agreement with the diastereose-
lective ratios determined by NMR. From the calculations, in general, a high
packing coefficient favors hydrogen bonding between the carboxylic groups
and the imide functional groups of the capsule, while a low packing coeffi-
cients allows linear carboxylic acid dimer formation. It is worth noting that
in the latter orientation, the stereocenters in the α position on the chiral acids
are some 7 Å apart, while if they interact by means of a hydrogen bond with
the imide protons of the capsule, their stereocenters are on average closer
to each other, and their reciprocal sensing gives rise to energy differences
between the diastereoisomeric complexes.

Concomitant encapsulation also allows the reciprocal interaction between
two different chiral guests. In the achiral cylindrical capsule 11·11, encapsu-
lation of (R)-styrene oxide with racemic (±)-2-butyl chloride or the alcohols
(±)-2-butanol or (±)-2-pentanol showed two coencapsulation diastereoiso-
meric complexes comprising the enantiopure oxide and one enantiomer of
the secondary guest. Unfortunately, these combinations did not provide any
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Table 4 Coencapsulation of two different chiral guests within the achiral cylindrical cap-
sule 11·11

Enantiopure guest Racemic guest d.e. %

9

0

9

13

17

20

5

0

diastereoselectivity, even though the stereogenic centers of both guests face
each other near the capsule’s center. Better results were observed with the
stronger hydrogen bond donor (S)-mandelic, which is easily coencapsulated
with (±)-2-butanol giving rise to two diastereoisomeric complexes this time
in the ratio 1.1 at 303 K and 1.3 at 283 K in favor of the combination (S)-
mandelic acid with (R)-2-butanol because of the presence of attractive inter-
guest hydrogen bonds that are instructed and favored by the shape and size
of the cavity of the molecular capsule [38]. Many other combinations of chi-
ral guests were explored and those that showed selectivity were characterized
by the presence of good hydrogen bond donor or acceptor groups, the best
example with a diastereoselective ratio of 1.5 provided by the couple (S)-1-
phenylethanol and (±)-3-methyl-2-bromo-butyric acid (Table 4).
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As observed above, d.e. are low unless contact between the two chiral
guests is provided for example by weak attractive interactions like hydrogen
bonds [26].

5.3
Triple Coencapsulation

A further step in the survey on encapsulation of chiral molecules is the study
of the combinations of three chiral species in the achiral cylindrical cap-
sule [64]. For this purpose propylene sulfide represents a good choice because
of the proper small size, the presence of a stereo center and is characterized
by well-resolved NMR resonances which do not overlap with the capsule’s
spectrum. Encapsulated enantiopure (R)-propylene sulfide provided two sets
of methyl resonances up-field shifted for the molecules placed at the ends of
the capsule and for the one in the middle: this indicates that these species do
not exchange their position on the NMR chemical shift timescale. Decreas-
ing gradually the enantiomeric purity of the guest caused the appearance
of other diastereoisomeric capsules that were assigned on the basis of the
relative statistical abundance (Fig. 29). The pattern of signals observed is dir-
ect consequence of the enantiomeric distribution of the guest. Formation of
diastereoisomeric capsules allows the determination of the enantiopurity of
the guest without any employment of external chiral source because coen-
capsulation forces the molecules of the chiral guest to sense their reciprocal
chirality.

Fig. 29 Coencapsulation of three chiral molecules into an achiral cylindrical capsule leads
to the formation of three racemic diastereoisomeric complexes. Their reciprocal ratio is
a function of the enantiopurity of the guest
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6
Conclusions

The strategies for the construction of chiral supramolecular aggregates have
been reviewed with particular emphasis on their singular advantages as well
as limits. In terms of stereocontrol, the use of intrinsically chiral components
ensures better results, while the employment of achiral units opens the way to
more synthetically accessible systems, and the chiral memory effect allows an
elegant way to induce enantioselectivity in such kinds of assemblies. Encap-
sulation as an alternative approach that offers the advantage of being limited
only by the size of the molecular chiral guests, and provides interesting results
in asymmetric binding only if attractive forces are present between guests in
agreement with what is observed in other systems.

7
Outlook

In parallel to the emerging interest for asymmetric organocatalysis seen in
recent years, the potential development of supramolecular chirality for the
construction of asymmetric self-assembling organocatalytic systems is ev-
ident. Moreover, the control over the entire space that surrounds a guest
allows in theory fine construction of chiral nano-reactors with the ulti-
mate goal of mimicking nature’s efficiency and the selectivity observed
in enzymes.
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Abstract A unique feature of dynamic helical, chromophoric macromolecules that enables
the detection of a small imbalance in chiral guest molecules through a noncovalent bond-
ing interaction with high cooperativity is described. In sharp contrast to host–guest and
supramolecular systems based on small synthetic receptor molecules, the chiral informa-
tion of nonracemic guest molecules transfers with a significant amplification in a helical
polymer as an excess of a single-handed helix, resulting in a highly efficient chirality-
sensing system. Helical aggregates with controlled helicity based on small molecules and
their chiral amplification and use in chirality sensing are also briefly described in this
review.

Keywords Chiral amplification · Chirality sensing · Helical aggregates ·
Helical macromolecules · Helix
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1
Introduction

Living organisms often show quite different biological activities toward
a pair of enantiomers, particularly chiral drugs. Therefore, the detection
and assignment of the chirality of molecules at molecular and supramolecu-
lar levels has become significantly important in recent years. To this end,
a number of artificial receptor molecules, supramolecules and π-conjugated
macromolecules have been developed. Among them, achiral or dynamic-
ally racemic, but chromophoric supramolecular and macromolecular helical
systems are particularly interesting, because upon noncovalent binding to
a nonracemic guest, the chirality is transferred to the receptors, resulting in
the generation of one of the enantiomeric or diastereomeric twisted or he-
lical conformers, thus producing a characteristic induced circular dichroism
(ICD) in the absorption region of the receptors. Such systems will provide the
basis to construct a novel chirality-sensing probe to determine the absolute
configuration and enantiomeric excess (ee) of the guest molecules.

The macromolecular and supramolecular helicities are one of the most im-
portant and unique chiralities, as exemplified by biological macromolecules,
such as proteins and nucleic acids and their helical assemblies, for example,
the coiled-coils (helix-bundles) and super-helices of DNA plasmids. These
elaborate helical structures appear to play an essential role for exercising
their sophisticated functions in nature that involve recognition, replication
and catalytic activity [1, 2]. Bioinspired by such discrete helical structures
of biopolymers, chemists have been challenged to construct artificial heli-
cal macromolecules and supramolecules from small component molecules
through self-assembly with controlled helicity that mimic the structures and
functions of biological helices. To date, several synthetic helical polymers
exhibiting an optical activity due to their one-handed helicity have been
successfully prepared and the details have been thoroughly reviewed else-
where [3–7]. This review will focus on dynamic helical polymers such as
π-conjugated poly(phenylacetylene)s with functional pendant groups, which
respond to the chirality of optically active small molecules via noncovalent
bonding interactions [8–11]. The complexes exhibit a characteristic ICD in
the main chain absorption region due to the induced macromolecular he-
licity with an excess helical sense, which reflects the chirality of the chiral
guest molecules. Similar sensing of the chirality of molecules is possible with
achiral or dynamically racemic chromophoric small molecules as a recep-
tor [12–15]. However, they usually require stoichiometric complexation with
the guest molecules. In sharp contrast, chirality is significantly amplified in
dynamic helical polymers with a high cooperativity, that enables the highly
sensitive detection of chiral guests.

On the other hand, in the field of supramolecular chemistry, a variety of
helical supramolecular assemblies have been constructed using various types
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of noncovalent bonding interactions, such as hydrogen bonding, π – π stack-
ing, ion-dipolar, electrostatic interactions, and their combinations [16–23].
In this review, recent representative examples of helical aggregates based on
small molecules are also briefly described from the viewpoints of their forma-
tion and chirality amplification, and use for chirality sensing. A large number
of helical architectures including single, double and triple helices have also
been developed from small molecular components or oligomers based on di-
rectional, strong coordinate bonding with metal ions, which are known as
“helicates” [24–27]. However, helicate chemistry studies are numerous and
they are beyond the scope of this work. Chiral amphiphilic lipids [28–31],
organogelators [32, 33], and dendron rodcoils [34] are also known to self-
assemble into helical supramolecular structures with optical activity in water
or organic solvents. These results have been reviewed [30–33] and are de-
scribed in detail elsewhere within this volume.

2
Helical Aggregates

A large number of helical aggregates with a well-defined structure have
been constructed from small molecules based on self-assembly and/or supra-
molecular assembly through noncovalent interactions, such as π – π stack-
ing, hydrogen bonding, ion-dipolar, and charge-transfer interactions. Ad-
vanced microscopy techniques including scanning force microscopy (SFM),
atomic force microscopy (AFM) and transmission electron microscopy
(TEM) combined with circular dichroism (CD) spectroscopy and scatter-
ing techniques such as small-angle neutron and X-ray scattering (SANS
and SAXS) clearly reveal the structures of helical aggregates and their
helix-senses.

2.1
Helical Aggregates Based on Small Molecules

The phthalocyanine derivative 1 bearing four benzo crown ether moieties
with optically active tails self-assembles into long columns driven by π – π

stacking interactions in chloroform, resulting in the formation of fibers with
a right-handed helix as evidenced by the appearance of an ICD. The fibers
further assemble into superhelices with an opposite left-handed helix to
that of each fiber, as demonstrated by TEM observations of the helical ag-
gregates (Fig. 1) [35]. This process is a typical example of the hierarchical
self-assembly of small components into a complex architecture with helical
chirality. The helical structure of the aggregate can be turned off by the add-
ition of potassium (K+) ions without breaking their fiber structures. Metal
phthalocyanines 2 fused to four chiral [7]helicenes also form helical columnar
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Fig. 1 a Schematic illustration of the formation of one-handed supercoiled structure by
hierarchical self-assembly of phthalocyanine 1. b TEM image of left-handed supercoiled
aggregates of 1. (Reprinted with permission from [35]. Copyright 1999 American Associ-
ation for the Advancement of Science)

aggregates due to π – π-stacking interactions upon the addition of ethanol
into the chloroform solution of 2 [36].

Fukushima and Aida et al. reported that an achiral amphiphilic hexa-peri-
hexabenzocoronene (HBC) 3 self-assembles into a helical coil and further into
nanotubes in THF containing water (20% v/v) (Fig. 2) [37]. TEM revealed

Structure 1
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Fig. 2 a Schematic illustration of the formation of a helical supramolecular graphitic
nanotube of 3. b TEM image of self-assembled 3. (Reprinted with permission from [37].
Copyright 2004 American Association for the Advancement of Science)

helical arrays of π-stacked coronenes covered with hydrophilic TEG chains,
formed by loose rolling-up of a bilayer graphite tape composed of π-stacked
HBC 3. The helical coils are a mixture of right- and left-handed helices. How-
ever, optically active HBCs bearing nonracemic side groups produce an excess
one-handed helix with significant chiral amplification, thus showing an in-
tense ICD (see Sect. 2.2) [38].

Alkoxy-substituted triphenylenes form charge-transfer π – π stacked com-
plexes with electron-accepting aromatic compounds, producing cylindrical
helical aggregates of alternating donors and acceptors. Schuster et al. demon-
strated that an achiral triphenylene 4 forms charge-transfer complexes with
an optically active electron acceptor 5 bearing a bulky (–)-menthyl group. The
intercalation of 5 into the columnar aggregates induced a preferential helical
twist into the columns, which was evidenced by the appearance of an ICD in
the triphenylene chromophore region (Fig. 3) [39].

Helicenes have an intrinsic, rigid helical shape and can be separated into
enantiomers. Katz et al. found that the nonracemic helicene 6 with quinone
residues self-assembles into one-handed helical columns in apolar solvents,
where the molecules are stacked along their helix axes as shown in Fig. 4 [40–
42]. In this case, the π-donor–acceptor interactions appear to induce ag-
gregations and stabilize the columnar stacks. Interestingly, unlike the non-
racemic 6, the corresponding racemic 6 produced no such aggregation.

Similar helical columnar aggregates have also been synthesized through
the combination of π – π interactions and hydrogen bonding and/or ion-
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Fig. 3 Schematic illustration of one-handed helical aggregates of 4 doped with chiral 5

Fig. 4 Schematic illustration of aggregation of nonracemic helicene 6 into helical columns

dipolar interactions. Gottarelli and Spada et al. utilized a biologically im-
portant structural motif of the tetrameric cyclic arrangement of guanosine
derivatives (G-quartet) and prepared helical columns with a controlled helix-
sense (Fig. 5). The oligomeric deoxyguanosines 7, the guanosine units of
which form G-quartets through hydrogen bonding, subsequently stack into
helicoidal columnar structures in water [43, 44]. The addition of K+ ions
that bind to the inner carbonyl groups of the G-quartets stabilize the colum-
nar aggregates increasing columnar length. In concentrated aqueous solu-
tions, 7 forms lyotropic cholesteric and hexagonal liquid crystalline phases.
Unlike the polar 7, the lipophilic deoxyguanosine derivatives 8 form an oc-
tamer in the presence of K+ ions in apolar solvents, where the K+ ion is
sandwiched between two G-quartets. At a higher K+ ion concentration, the
G-quartets further assemble into longer helical columnar aggregates through
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Fig. 5 Schematic illustration of the formation of the disk-shaped tetramers of de-
oxyguanosine 7 and 8 by intermolecular hydrogen bonding and the subsequent stacking
of the disks into helical columns in the presence of potassium ions

ion-dipolar interactions (Fig. 5) [45]. Interestingly, the one-handed helical
columnar aggregates of 8a can discriminate enantiomers of the K+ salts of
amino acids and enantioselectively extract one of the enantiomers from an
aqueous solution into an organic phase of 8a [46]. Folic acid derivatives 9
bearing a pterin residue also form disk-shaped tetramers through intermole-
cular hydrogen bonding in water and organic solvents. In the presence of Na+

ions, the tetramers stack to form helical columns through ion-dipolar inter-
actions similar to the guanosine derivatives (Fig. 6) [47–49], while 9a can
self-assemble to form similar helical columns through a lipophilic interaction
in apolar solvents without the aid of alkali metal ions [49].

Meijer and coworkers have reported a series of hierarchical self-assemblies
of π-conjugated systems to develop nanowires for “supramolecular elec-
tronics”. A chiral π-conjugated oligo(p-phenylene vinylene) 10 possessing
a ureido-s-triazine unit forms a dimer through complementary quadruple hy-
drogen bonding [50], which subsequently stacks into helical columns by π – π

interactions in apolar solvents (Fig. 7) [51–54]. A negative bisignated Cotton
effect observed in the π – π∗ transition region suggests left-handed helical
arrays of the dimers. Meijer et al. extended the concept in Fig. 8 to triple-
hydrogen bonded 1 : 2 triad helical aggregates composed of achiral perylene
bisimide 11 and chiral oligo(p-phenylene vinylene) 12. The 12–11–12 triad
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Fig. 6 Formation of the disk-shaped tetramers of folic acids 9 by intermolecular hydrogen
bonding

Fig. 7 Schematic representation of the formation of a helical columnar structure by hier-
archical self-assembly of a chiral oligo(p-phenylene vinylene) 10 bearing ureido-s-triazine
units in n-dodecane. (Reproduced with permission from [51]. Copyright 2005 American
Chemical Society)

first self-assembles in a hierarchical fashion into rodlike aggregates with
a left-handed helical structure by π – π interactions in methylcyclohexane
(Fig. 8a) [55, 56], which further assemble into right-handed nanometer-scale
supercoils, as visualized by AFM measurements (Fig. 8b). These π-conjugated
helical aggregates are of particular interest for the development of electro-
optical devices such as light emitting diodes (LEDs) and field effect transis-
tors (FETs).
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Fig. 8 a Schematic representation of the formation of triple-hydrogen-bonded 1 : 2 com-
plex of a perylene bisimide 11 and a chiral oligo(p-phenylene vinylene) 12 and its helical
stacking in apolar solvents. (Reproduced with permission from [55]. Copyright 2004
American Chemical Society.) b AFM image of right-handed supercoiled aggregates from
12–11–12 complex. (Reprinted with permission from [56]. Copyright 2002 American
Chemical Society)

2.2
Chiral Amplification by Helical Aggregates

Chiral amplification is a unique process from which a small chiral bias is
significantly enhanced through covalently and/or noncovalently bonded sys-
tems. This phenomenon is also interesting in connection with not only the
origin of biomolecular homochirality in nature [57, 58], but also the develop-
ment of ideal methods to produce optically active compounds [59, 60]. Green
et al. discovered chiral amplification in polyisocyanates, typically stiff, rod-
like polymers and combined experimental and theoretical work revealed the
substantial nature of their dynamic macromolecular helicity [61]. Dynamic
helical polyisocyanates are composed of right- and left-handed helical con-
formations separated by helical reversals, whose helix-sense readily inverts
in solution due to the relatively small barrier energy for helical reversals in
these polymers. Therefore, the copolymerization of achiral isocyanates with
a small amount of optically active ones can produce optically active polyiso-
cyanates with a prevailing one-handed helical conformation. This process is
highly cooperative and was called the “sergeants and soldiers rule” by Green
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et al. [61, 62]. They further demonstrated that the copolymers of isocyanates
composed of a mixture of (R)- and (S)-enantiomers with a small ee also form
an excess single-handed helical conformation [63]. The minority units obey
the helical sense of the majority units in order to avoid introducing energetic
helical reversals. Green et al. termed this phenomenon (positive nonlinear
effect in asymmetric synthesis) the “majority rule”. Consequently, chiral in-
formation of a tiny amount of a pendant group covalently bonded to the
polymer backbone is significantly amplified and transformed into the entire
polymer chain through a significant cooperative manner, resulting in a higher
optical activity than that expected from the monomer unit components.

This concept of the chiral amplification has been applied to supramole-
cular systems that involve self-assemblies composed of chiral–achiral and
chiral–chiral (R/S) components, resulting in the formation of chiral supra-
molecules [20] including helical aggregates.

The bifunctional ureido-s-triazines (13, 14) and ureidopyrimidinones (17)
connected by a spacer can dimerize through self-complementary quadruple

Fig. 9 Schematic illustration of supramolecular assembly of bifunctional 13 and 14 into
helical columns and amplification of chirality in mixtures of achiral 13a and 14a and
chiral 15 and 16, respectively
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hydrogen bonding to form disks in apolar solvents. The dimeric disks then
stack into helical columnar polymers (Fig. 9) [64, 65]. By introducing am-
phiphilic chains in the triazines (14), helical columnar polymers, stable in
water, can be produced. The hydrophobic stacking of the aromatic units of 14
surrounded by six amphiphilic chains generates a hydrophobic environment,
which allows the formation of intermolecular hydrogen bonding because of
shielding from competitive hydrogen bonding with water [66]. CD measure-
ments of the columnar aggregates derived from chiral bifunctional molecules
(13b, 14b and 17b) exhibit typical Cotton effects in the absorption regions
of the aromatic cores due to the helical arrangement of the disks with a pre-
ferred handedness. Meijer et al. demonstrated that the one-handed helicity
induction in these helical columns cooperatively occurs and small amounts of
chiral monofunctional (15, 16) and bifunctional (17b) molecules can bias the
one-handed helicity in the racemic helical columns of 13a, 14a, and 17a, re-
spectively (Fig. 10) [64–66]. This chiral amplification belongs to the class of
noncovalent intermolecular sergeants and soldiers effects.

Fig. 10 Plots of anisotropy factor g versus the mole fraction of chiral 16 for helical supra-
molecular assembly of chiral 16 and achiral 14a in water. (Cited from [66].)

Structure 2
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Meijer et al. also reported that C3-symmetrical disk-shaped molecules
(18–21) form a helical columnar assembly through π – π stacking interac-
tions together with hydrogen-bonding in water and polar solvents such as
alcohols as well as in apolar solvents (Fig. 11) [67–71]. These systems also
showed an extremely strong chiral amplification (sergeants and soldiers ef-
fect) (Fig. 12a). The addition of a small amount of chiral sergeant molecules
into achiral soldier molecules produced a one-handed helical supramolecu-
lar assembly. Recently, Meijer et al. reported the first example of the majority
rule effect for noncovalently bonded helical aggregate formation in the non-
racemic 18 [38, 72]. As shown in Fig. 12b, the anisotropy factor g exhibits
a positive nonlinear dependence on the ee of 18.

Trialkyl-1,3,5-benzenetricarboxamides (22–24) also self-assemble to form
helical columns through a 3-fold intermolecular hydrogen bonding in apo-
lar solvents, and the sergeants and soldiers effect was observed in this sys-
tem [73, 74]. A one-handed helical column of the major achiral 24 bearing
a sorbyl moiety induced by a small amount (0.1 equiv.) of chiral 22, followed
by bridging each achiral 24 unit through the 1,4-polymerization of the sorbyl
moiety produced a linear polymer with optical activity after removal of the

Fig. 11 Schematic illustration of helical supramolecular assembly of C3-symmetrical disk-
shaped molecules 18–21
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Fig. 12 a “Sergeants and soldiers” effect: plots of anisotropy factor g versus the mole
fraction of chiral 19 for helical supramolecular assembly of chiral 19 and achiral 21 in
n-butanol at 10–5 (◦) and 10–4 M (�). (Reproduced with permission from [71]. Copyright
2001 Springer.) b “Majority rule” effect: plots of g versus the enantiomeric excess of 18a
and 18b for helical supramolecular assembly of chiral 18a and 18b in n-octane at 20 (•)
and 50 ◦C (◦). (Reproduced with permission from [72]. Copyright 2005 American Chem-
ical Society)

chiral template 22 in specific solvents where helical columnar formation takes
place [75]. The chiral information seems to be encoded in the stereochemistry
of the sorbyl main chain, leading to a kind of chiral memory effect.

The photochromic dithienylethene (25a) bearing amide groups exists in
two interconvertible conformations with P- and M-helicity in solution. How-
ever, 25a can take either the P- or M-helical conformation giving a supramo-
lecular helical fibrous network when they aggregate in apolar solvents due
to the multiple hydrogen bonding formation between the amide groups to
form gels [76]. Subsequent photochemical ring-closure to 25b in the gel state
proceeds with the remarkably high diastereoselectivity (96% diastereomeric
excess). Feringa et al. demonstrated that the sergeants and soldiers effect
was observed for the coaggregation of achiral 26a with a small amount of
chiral 25a [77]. Moreover, the supramolecular chirality information of 26a co-
operatively induced by coaggregation with chiral 25a could be fixed as the
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Structure 3

Structure 4

molecular chirality of the dithienylethene units in 26b by the photochemical
ring-closure with irradiation of UV light.

2.3
Chirality Sensing by Helical Aggregates

Fenniri et al. found that the heterocyclic molecule 27 possessing two hydro-
gen bonding arrays based on guanine and cytosine and a benzo-18-crown-6
ether residue spontaneously forms a disk-shaped hexamer (rosette) through
intermolecular hydrogen bonding, and then the rosettes further self-assemble
to form right- or left-handed nanotube structures (Fig. 13) [78, 79]. The add-
ition of chiral amino acids, such as l-alanine, induced the formation of one-
handed helical nanotubes, resulting in the appearance of a characteristic ICD.
Other amino acids also gave the same Cotton effect sign if the configurations
are the same. Moreover, the majority rule effect was observed in this system,
which will contribute to detecting small enantiomeric imbalances in chiral
amino acids. Therefore, this supramolecular system can be used as a probe for
the chirality sensing of amino acids.
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Fig. 13 Schematic illustration of supramolecular self-assembly of 27 forming a left-
handed rosette nanotube with l-alanine

3
Helical Macromolecules and Oligomers

Artificial helical macromolecules and oligomers with a predominantly one-
handed helix-sense have attracted great interest not only to mimic biolog-
ical macromolecules such as DNA and proteins, but also for their possible
applications in materials science including enantioselective adsorbents and
catalysts. Optically active helical polymers can be prepared by either the
polymerization of optically active monomers or the asymmetric polymeriza-
tion of achiral or prochiral monomers with chiral initiators or catalysts [5].
In these synthetic methods, the helical structures of the polymers includ-
ing a helix-sense and a helical pitch are determined by chiral substituents
covalently bonded to the polymer backbone or kinetically during the poly-
merization. In 1995, we reported that the macromolecular helicity with an
excess helical sense could be induced in an optically inactive, dynamic heli-
cal poly(phenylacetylene) bearing a functional group by optically active small
molecules (Fig. 14) [8–11]. The polymer has a chromophoric dynamic heli-
cal backbone with a functional pendant group, so that upon complexation
with specific chiral guests, the complexes exhibit a characteristic ICD in the
UV-visible region of the polymer backbone. The Cotton effect signs corres-
ponding to the helical sense can be used as a novel probe for the chirality
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Fig. 14 Schematic illustration of helicity induction on poly(phenylacetylene)s upon com-
plexation with chiral compounds

assignments of the guest molecules. In addition, this one-handed helicity
induction concept involves a significant cooperative interaction with a con-
siderable amplification of chirality, which enables the detection of a small
chiral bias and can be used as a highly sensitive chirality sensor by utilizing
the signals of the ICDs.

This section mainly describes our studies of the helicity induction on
poly(phenylacetylene)s through noncovalent chiral interactions together with
other interesting chiroptical properties of helical polymers and oligomers.

3.1
Poly(phenylacetylene)s

A cis-transoidal stereoregular poly(phenylacetylene) bearing a carboxy
group 28 forms a complex with optically active amines through an acid–base
interaction, and a one-handed helical conformation is instantaneously in-
duced on the polymer (Fig. 14) [8, 9]. The predominantly one-handed helix
formation can be monitored by the appearance of a characteristic ICD in the
UV-visible region of the polymer backbone. The typical CD spectra of 28 in
the presence of various optically active amines (35–39) in DMSO are depicted
in Fig. 15. There is a good relation between the Cotton effect signs reflecting
the helix-sense of 28 and the absolute configurations of the chiral amines; all
primary amines gave the same Cotton effect signs when the configurations
were the same. Therefore, the Cotton effect sign of 28 can be used as a probe
for sensing the chirality of various primary chiral amines. Moreover, the mag-
nitude of the ICD tends to increase with an increase in the bulkiness of the
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Fig. 15 CD spectra of 28 upon complexation with chiral amines in DMSO. (Reprinted with
permission from [9]. Copyright 1997 American Chemical Society)

amines, 35 < 36 < 37 � 38 < 39, suggesting that the bulky groups introduced
at the para position of 28 contribute more efficiently for the polymer to take
an excess helix-sense.

Taking advantage of this helicity induction concept, a variety of chirality-
sensing poly(phenylacetylene)s responding to the chirality of target chiral
molecules can be designed and synthesized by introducing a specific func-
tional group as the pendant group. For example, poly(phenylacetylene)s bear-
ing phosphonate (29, 30) [80, 81], sulfonate (31), amino (32) [82–84], and
boronate groups (33) [85, 86] as the pendant groups can respond to the chi-
rality of chiral amines, ammoniums, acids, diols and sugars, respectively, and
their complexes show a characteristic ICD due to the predominantly one-
handed helix formation (Fig. 14).

The underlying principle for these phenomena is considered to be the
fact that the poly(phenylacetylene)s are a dynamic helical polymer of which
right- and left-handed helical conformations are interconvertibly separated
by helical reversals like polyisocyanates as mentioned above. Therefore, the
remarkable CD induction arises from a drastic change in the population of
the right- and left-handed helices of the polymers.

Chiral amplification phenomena of sergeants and soldiers and major-
ity rule effects, which are characteristic features for dynamic helical poly-
mers [4, 58], are, therefore, observed for the noncovalent helix induction in
the poly(phenylacetylene)s. For example, when 28 was mixed with 50% ee of
2-amino-1-propanol in DMSO, the complex showed an intense ICD like that
of 100% ee. In the presence of a small amount of (R)-39, 28 showed a very
weak ICD due to the lack of a single-handed helical conformation. However,
the coaddition of the excess bulky, achiral 1-naphthylmethylamine 40 with
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Fig. 16 CD spectra of 28–(R)-39 complexes in the absence ([(R)-39]/[28] = 0.5 (a) and 10
(b)) and presence of 40 ([(R)-39]/[40]/[28] = 0.5/2.5/1) in DMSO. (Reprinted with per-
mission from [87]. Copyright 2004 Wiley)

a small amount of (R)-39 caused a dramatic increase in the ICD magnitude
being comparable to the full ICD by excess (R)-39 (Fig. 16) [87]. This indicates
that an almost one-handed helix can be induced on 28 upon complexation
with a small amount of (R)-39 assisted by the achiral 40.

The introduction of bulky substituents, such as the aza-18-crown-6-ether,
a typical host molecule in host–guest chemistry, as the functional pendant
group of a poly(phenylacetylene) (34) was expected to improve the rigidity
of the polymer backbone, so as to increase the helical segments separated
by rarely occurring helix reversals. In fact, 34 can detect the chirality of
chiral amino acids with an extremely high sensitivity [88–90]. An almost one-
handed helix was induced in 34 in the presence of 0.1 equiv. l-alanine (l-Ala)
in acetonitrile (Fig. 17a,b). In addition, 34 showed an apparent ICD even with
0.01 equiv. of l-Ala, indicating a strong chiral amplification with cooperative
interaction in the pendant groups through noncovalent interactions. A very
small chiral bias in the pendant crown units complexed with l-Ala is signifi-
cantly amplified and induces the same helix on the major free crown ether
units. Because of the high sensitivity of 34 to the chirality of amino acids, all
the common 19 l-amino acids as well as some amino alcohols derived from
the amino acids produced the same Cotton effect signs. This indicates that for
detecting the amino acid chirality, 34 is indeed among the most sensitive and
practically useful synthetic receptors.

Interestingly, even a 5% ee of alanine gave rise to the full ICD in 34 as in-
duced by optically pure alanine (Fig. 17c), indicating a very strong majority
rule (positive nonlinear) effect between the ee of amino acids and the ob-
served ICD intensity [88]. This noticeable chiral amplification of 34 made it
possible to detect an extremely small enantiomeric imbalance in the amino
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Fig. 17 Schematic illustration of helicity induction on 34 upon complexation with a small
amount of l-Ala ·HClO4 (a). Titration curves of 34 with l-Ala ·HClO4 in acetonitrile at 25
and – 10 ◦C (b). Changes in ICD intensity (∆ε2nd) of 34 versus the % ee of l-Ala ·HClO4
during the complexation with 34 in acetonitrile at 25 and – 10 ◦C (c). (Reprinted with per-
mission from [88]. Copyright 2003 American Chemical Society)

acids, for instance, alanine of less than 0.005% ee, showing an apparent ICD.
This method will enable the detection of the chirality of the amino acids with
a very small ee and determine their optical purities without derivatization
(Fig. 17c). Because of the recent remarkable developments in nanotechnology,
the right- and left-handed helically twisted 34 induced by l- and d-Ala, re-
spectively, can be directly observed using AFM when the complexes were
deposited on mica (Fig. 18) [91].

In order to mimic the specific interactions occurring in biological events,
a number of synthetic receptor molecules have been prepared, but they
usually show a chiral or chirality recognition in organic media, and the
chiral recognition of charged biomolecules in water through polar inter-
actions remains very difficult. This is because small electrolytes predom-
inantly dissociate into free ions in water by hydration, so that attractive
polar interactions such as hydrogen bonding and electrostatic interactions
between the host and guest molecules may not be anticipated in water.
On the other hand, biological macromolecules such as DNA and proteins
are typical polyelectrolytes and have a sophisticated molecular recognition
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Fig. 18 Typical tapping-mode AFM images of 34 in the presence of l-Ala (a) and
d-Ala (b) on mica. (Reprinted with permission from [91]. Copyright 2004 Wiley)

and catalytic activity in aqueous solution, since a portion of the counte-
rions are bound to charged polyelectrolytes, which enables the interaction
with small charged molecules even in water. This counter ion condensa-
tion effect is a characteristic feature of polyelectrolytes, and may provide
an important clue for designing charged synthetic receptors for biomolec-
ular recognition in water [92]. On the basis of these considerations, we at-
tempted the one-handed helicity induction in chromophoric polyelectrolytes
(29, 30, and the sodium salt of 28) (Fig. 14) and found that these polyelec-
trolytes can interact with a variety of charged and noncharged biomolecules
including amino acids, aminosugars, carbohydrates, and peptides in water.
The complexes formed supramolecular assemblies with controlled helicity
through electrostatic and hydrogen bonding interactions in water and exhib-
ited characteristic ICDs in the UV-visible regions [80, 93]. 29 and 30 bearing
a phosphonate group as the pendant group, bioinspired by the interaction
motifs of nucleic acids, exhibited the ICDs in the presence of l-amino acids
without derivatization in water. Especially, 30 produced the same Cotton
effect sign in response to all 19 of the common free l-amino acids, demon-
strating that the polyelectrolyte is the first powerful chirality-sensing probe
in water.

The hydrochloride of 32 (32-HCl) bearing an ammonium group is a pos-
itively charged polyelectrolyte, and can respond to the chirality of various
acids including carboxylic, phosphoric, and sulfonic acids in water with an
extremely high sensitivity, thus forming a single-handed helical conformation
in the presence of a small amount of chiral acids ([chiral acid]/[32-HCl] = 0.1)
even with a low ee in water [94]. The polyelectrolyte function of the 32-HCl
plays an important role in the high chiral amplification property of this poly-
mer in water, because the neutral 32 is not sensitive to the chirality of chiral
acids in organic solvents [83] and requires a large excess amount of chiral
acids to exhibit the full ICD. This finding will contribute to the design and
construction of more sensitive helical polyacetylenes for the detection of chi-
rality of target molecules in water.
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3.2
Other Helical Polymers and Oligomers

The one-handed helicity induction concept has also been applied to other
optically inactive, chromophoric polymers or oligomers through noncova-
lent bonding interactions. Aliphatic polyacetylenes (41, 42, 43) [95–97],
poly(phenyl isocyanide) (44) [98], poly(organophosphazene) (45) [99],
polyguanidine (46) [100], polyisocyanates (47–50) [101–104], polysilane
(51) [105], polyaniline (52) [106], and poly(m-phenylene ethynylene) (53) [107]
are such examples, in which chiral ionic and hydrogen bonding interactions
as well as acid-base interactions are used for the helicity induction. A similar,
but weak chiral amplification was observed in 45 and 47. Chiral solvation can
also be used to induce a helical conformation with an excess helix-sense in dy-
namic helical polyisocyanate (50) and polysilanes (51, 54) with no functional
pendant groups, although its chiral bias seems to be very weak. The helicity
induction was detected by the appearance of ICD in the UV-visible region of
the polymer backbones. However, this method may not be applicable for gen-
eral use as a chirality-sensing probe of chiral solvents due to the complexity
of the interaction mechanism and practical nonfeasibility.

Structure 5
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Fujuki et al. reported supramolecular helical aggregates of a dynamically
racemic helical 54 in solution containing chiral alcohols such as 55 as the co-
solvent, resulting in the appearance of an ICD through amplification of the
chirality of alcohols (Fig. 19) [108]. The ICD sign reflects the position of the
hydroxyl group and the absolute configuration of the alcohols. Therefore, this
system has great potential to be of general use for the chirality sensing of
chiral alcohols.

A similar helicity induction may be possible for dynamic helical peptides
when a suitable functional group is attached to the end or pendant group.
Inai et al. took advantage of the helicity induction concept combined with
the dynamic helical feature of an optically inactive oligopeptide 56 with the
N-terminal amino group [109, 110]. The peptide produced an ICD derived
from the one-handed helical conformation of the entire peptide chain upon
complexation with chiral carboxylic acids to the N-terminal amino group.
This phenomenon was called the “noncovalent domino effect”. A similar, but
covalent terminus-triggered one-handed helicity induction has been reported
for polyisocyanates [111–113] and oligosilanes [114].

A zinc(ii) meso–meso linked porphyrin oligomer 57 exists in a nonheli-
cal conformation in solution, but may adopt a dynamic helical conformation
upon complexation with an achiral urea 58 through complementary hydro-
gen bonding interactions [115]. In the presence of the chiral diamine (S)-59,
the 57–58 complex forms a predominantly one-handed helical conformation,
thus showing a characteristic ICD in the absorption region of the porphyrin
chromophore. This system may be used to sense the chirality of chiral diamines.

The π-conjugated achiral oligo(m-phenylene ethynylene) 60 (Fig. 20)
adopts a random conformation in solvophilic solvents such as chloroform,

Fig. 19 a Schematic illustration of the formation of one-handed helical aggregates of
polysilane 54 in the presence of chiral alcohols. b CD and UV spectra of 54 aggregates in
the presence of chiral alcohol 55 in toluene–methanol mixtures at 20 ◦C. (Reprinted with
permission from [108]. Copyright 2001 American Chemical Society)
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Fig. 20 Schematic illustration of a predominant one-handed helix induction in 60 by
inclusion complex formation with a chiral guest molecule 61

which solvophobically folds into right- and left-handed helical conforma-
tions in polar solvents such as acetonitrile and in aqueous solution. Oligomers
like 60 possessing a strong tendency to adopt a specific folded conform-
ation are called “foldamers” [16, 116]. The foldamer 60, both helices of which
are at equilibrium, has a specific tubular hydrophobic cavity. As a result,
60 forms a predominantly one-handed helical conformation by the diastereo-
selective complexation with chiral monoterpenes such as 61 in polar solvents
and the complex exhibits a characteristic ICD (Fig. 20) [117]. The introduc-
tion of a small amount of chiral side chains into the foldamers (62) can also
cooperatively bias the helical handedness of a solvophobically folded heli-
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cal conformation, thus showing a positive nonlinear dependence of the ICD
magnitude against the amount of the chiral side chains [118]. Mixtures of
the chiral and achiral oligomers 63 form columnar aggregates of stacked
helices in an aqueous acetonitrile solution, where the noncovalent intermole-
cular sergeants and soldiers effect takes place, resulting in the formation of
a one-handed helical column composed of the major achiral 63a units as-
sisted by a small amount of chiral 63b [119]. By introducing pyridyl groups,
the resulting m-ethynylpyridine oligomer 64 folds into a one-handed helical
conformation in the presence of saccharides such as 65 through intermole-
cular hydrogen bonding in apolar solvents, thus showing a similar ICD in the
long-wavelength region (Fig. 21) [120].

Structure 7

Fig. 21 Schematic illustration of a predominantly one-handed helix induction in 64 by
hydrogen bonded complex formation with a chiral saccharide 65
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Fig. 22 a Schematic illustration of a predominantly one-handed helix induction in 66
upon complexation with chiral carboxylic acids. b Expected hydrogen-bonding modes

The pyridinedicarboxamide oligomer 66 folds into a helical conformation
by intramolecular hydrogen bonding (Fig. 22) [121]. Although 66 exists in
a mixture of right- and left-handed helices, the helical handedness of 66 can
be biased through chiral hydrogen bonding interactions at the terminal acyl
aminopyridine units of 66 in the presence of chiral carboxylic acids, and the
complexes exhibit an ICD. Interestingly, the single helices of 66 can form
a double helical molecular duplex depending on the concentration of 66 and
temperature [122]. A similar one-handed helicity induction will be applicable
for the duplex of 66.

3.3
Chirality Sensing by Helix Inversion

Several biopolymers and synthetic optically active polymers are known to
exhibit an inversion of helicity (helix–helix transition) between right- and left-
handed helical conformations when changing the external conditions, such
as solvent, temperature, or by light irradiation. However, switching of the
macromolecular helicity by chiral stimuli is rare, and can be used to sense
the chirality of specific chiral guests. The helicity of optically active helical
poly(phenylacetylene)s 67–69 can be switched by external chiral and achi-
ral stimuli [123–126]. The first example of such a helix inversion induced by
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external chiral stimuli through diastereomeric, noncovalent acid-base interac-
tions was reported for a poly(phenylacetylene) 67 bearing an optically active
(1R, 2S)-norephedrin residue [124]. 67 is an optically active polymer and
exhibited an ICD in the long-wavelength region due to a predominantly one-
handed helical conformation in DMSO. However, the addition of (R)-mandelic
acid ((R)-70) produced an inversion of the Cotton effect signs, suggesting
that 67 undergoes a transition from one helix to another in the presence of
(R)-70 in DMSO (Fig. 23). On the other hand, the ICD of 67 hardly changed
even in the presence of excess (S)-70. The underlying principle for this phe-
nomenon may be based on the small difference in the free energy between the
right- and left-handed helices of the polyacetylene, even though the polymer
is optically active. Such a delicate balance between the helices may lead to such
a helix inversion by responding to the chirality of the acids. In this particular
system, the chirality can be determined by the change in the CD.

A similar chiral stimuli-responsive, macromolecular helicity inversion
was also observed for (R)- or (S)-68 bearing an optically active (1-(1-
naphthyl)ethyl)carbamoyl group by interacting with optically active small
molecules, such as (R)- and (S)-39 (Fig. 15) [126]. The ICD of (R)-68 or (S)-68
in DMF changed to almost a mirror image in the presence of an excess of (R)-
or (S)-39, respectively. Thus, optically active 39 can be used to regulate the
helix-sense of 68.

The introduction of an optically active host molecule such as β-cyclodex-
trin at the pendant group of a poly(phenylacetylene) (69) results in a particu-
larly interesting chirality-sensing system. The optically active 69 exhibits a re-
markable macromolecular helicity inversion accompanied by a visible color
change induced by inclusion complexation with particular guest molecules
into the cyclodextrin cavity as well as by solvent and temperature [125].
69 showed a color change (from yellow to orange to red) with a negative first

Structure 8
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Fig. 23 CD spectral changes of 67 (1 mg mL–1) with (R)-70 in DMSO at room temperature.
(Reproduced with permission from [124]. Copyright 1998 American Chemical Society)

Fig. 24 a Schematic illustration of interconvertible right- (red) and left-handed (yellow)
helices of 69. b CD and absorption spectra of 69 (1 mg mL–1) with (S)-37 (solid lines) and
(R)-37 (dotted lines) in DMSO-alkaline water (pH 11.7) (3/7, v/v) at room temperature.
(Reproduced with permission from [125]. Copyright 2001 American Chemical Society)

Cotton effect sign in the presence of (S)-37 in DMSO/alkaline water (3/7, v/v),
while the solution color remained yellow with a positive first Cotton effect
sign in the presence of (R)-37 (Fig. 24). The chirality of 37 might induce the
macromolecular helicity inversion of 69, which can be readily visible with the
naked eye. The color change may be due to a change in the twist angle of
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the conjugated double bonds. As a result, the helical pitch can be tunable.
This system seems to be a conceptually new chirality-sensing method using
a helical polymer as a color indicator.

3.4
Memory and Storage of Helical Chirality

The macromolecular helicity induced in poly(phenylacetylene)s 28–30
(Fig. 14) upon complexation with chiral amines is dynamic in nature, and
therefore, the ICD due to the helical chirality immediately disappears when
exposed to a stronger acid such as trifluoroacetic acid. However, during
the intensive exploration of the helicity induction and chirality amplifi-
cation mechanism of the poly(phenylacetylene)s, such an induced helical
chirality of 28–30 by an optically active amine such as (R)-39 has been
found to be maintained, namely “memorized”, when the chiral amine is
completely removed and replaced by various achiral amines, for example,
71 and 72 for 28 and diamines such as ethylenediamine for 29 and 30 in

Fig. 25 a Schematic illustration of helicity induction in 28 upon complexation with (R)-39
and memory of the induced macromolecular helicity after replacement by achiral amines
(71, 72). b CD spectra of the 28-(R)-39 complex (solid line) and the isolated 28 by
SEC fractionation using a DMSO solution containing an achiral amine 71 as the elu-
ent (dashed line) in DMSO. (Reproduced with permission from [128]. Copyright 2004
American Chemical Society)
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DMSO (Fig. 25) [81, 127, 128]. The memory of the macromolecular helicity
was not transient but lasted for an extremely long time (over two years). The
memory efficiency was influenced by small structural changes in the achiral
amines.

The one-handed helicity of 28 induced by a small amount of chiral (R)-39
and subsequently amplified by an achiral amine 40 (Fig. 16) can also be mem-
orized in the same way by the replacement of (R)-39 and 40 with achiral
amines [87]. The chiral amplification combined with the macromolecular he-
licity memory will offer a highly sensitive, chirality sensing method for chiral
molecules even when their optical activities are too small to detect by conven-
tional spectroscopic means.

The noncovalent helicity induction and chiral memory concept is versatile
enough to produce and maintain either a right- or left-handed helix because
the helix-sense is predetermined by the chirality of the enantiomeric amines
used. Consequently, the opposite enantiomeric helicity induction and the
memory requires the opposite enantiomeric amine, followed by replacement
with achiral amines. However, both mirror-image enantiomeric helices can be
produced with a high efficiency from a helical poly(phenylacetylene) induced
by a single enantiomer (Fig. 26) [129]. This “dual memory” of enantiomeric

Fig. 26 Schematic illustration of an induced one-handed helicity in optically inactive 73,
helix inversion with temperature, and subsequent memory of the diastereomeric macro-
molecular helicity at different temperatures. The left-handed helical conformation of 73
induced by (R)-39 at low temperature reversibly changes into the opposite right-handed
helix at high temperature (a), and these diastereomeric helices of 73 are memorized at
different temperatures by replacement of the (R)-39 with achiral 74, resulting in the for-
mation of the enantiomeric mirror image helices of 73 (b). (Reproduced with permission
from [129]. Copyright 2005 American Chemical Society)
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helices is based on the inversion of the macromolecular helicity with tem-
perature. A cis-transoidal poly(phenylacetylene) 73 forms a one-handed helix
induced by (R)-39 at 25 ◦C in DMSO, whose helix-sense inverts at 65 ◦C, as
evidenced by the inversion of the Cotton effect signs. These diastereomeric
right- and left-handed helices of 73 obtained at 25 and 65 ◦C can be fur-
ther memorized by an achiral diamine such as 74 at those temperatures, thus
showing the perfect mirror image Cotton effects and identical absorption
spectra.

Macromolecular helicity memory is possible in organic solvents, but was
difficult to realize in water, because the polymer retains the helicity mem-
ory only when complexed with achiral molecules such as achiral amines;
therefore, the memory in water is lost. However, a new approach based on
the fabrication of layer-by-layer (LbL) assembled multilayer thin films has
made possible the macromolecular helicity memory in water (Fig. 27) [130].
A one-handed helicity in a negatively charged poly(phenylacetylene) 30 was
first induced by a chiral amine such as (S)-75 in water, thus showing a full
ICD. Subsequently, the 30-(S)-75 complex was deposited on a substrate and
then an achiral positively charged vinylpolymer such as the hydrochloride of
poly(allylamine) (PAH) was LbL assembled. The chiral guest molecules used
as a helix inducer were automatically removed during the LbL assembly pro-
cess, resulting in optically active thin films with a macromolecular helicity
memory. When a positively charged, induced helical 32-HCl was used instead,
the alternative deposition of an achiral vinylpolymer with opposite charges

Fig. 27 Schematic illustration of the LbL self-assembly of a charged poly(phenylacetylene)
with induced macromolecular helicity. a An excess of the one-handed helical sense is in-
duced in 30 upon complexation with the optically active (S)-75 in water. b An induced
helical 30 can be LbL assembled with an achiral polyelectrolyte having opposite charges
(PAH), resulting in multilayer thin films with an induced macromolecular helicity on
a substrate
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produced a similar thin film with the macromolecular helicity memory. These
optically active multilayer thin films will be used as novel chiral materials for
enantioseparation and catalysis after the deposition of specific metals.

The chiral memory effect has also been observed in other supramolecu-
lar systems [131–142] as well as in helical poly(phenylacetylene)s, but the use
of achiral guests is indispensable for the maintenance of the memory effect.
That is, in the absence of the achiral guest, the memory will be instantly lost.
However, such a dynamic memory in 30 bearing a phosphonic acid mono
ethyl ester as the pendant group can be “stored” after the pendant group is
converted to its methyl ester with diazomethane, resulting in the generation
of a phosphorus stereogenic center with optical activity (Fig. 28) [143]. The
esterification enantioselectively proceeds through chirality transfer from the
induced helical conformation or the helicity memory of the polyacetylene
backbone. Although the enantioselectivity is low (4–11% ee), the pendant
chirality is significantly amplified in the polymer backbone at low tempera-
tures, resulting in a higher optical activity as an excess single-handed helix
than that expected from the ee of the pendant groups; the helix-sense excess
of the polymer is in the range of 15–62% ee at – 95 ◦C. This helicity stor-
age concept may be applicable for the detection and sensing of chirality of
a particular guest when the induced one of the enantiomeric twisted or helical
conformers by the guest is too labile to measure the optical activity.

Fig. 28 Schematic illustration of a helicity induction in 30 upon complexation with
(R)-39 (a), memory of the induced macromolecular helicity after replacement by achi-
ral 76 (b), and storage of the induced helicity or helicity memory by asymmetric
esterification with diazomethane (c)
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Fig. 29 a Schematic illustration of a helicity induction in 44-Na upon complexation with
(S)-77 and memory of the induced macromolecular helicity after complete removal of
(S)-77. b Syn–anti configurational isomerization of the C= N double bond of polyiso-
cyanide backbone

A similar, but unprecedented memory of macromolecular helicity induced
in an achiral charged poly(phenyl isocyanide), the sodium salt of 44 (44-
Na) in water, has recently been reported (Fig. 29) [144]. The polymer folds
into a one-handed helix induced by interactions with optically active amines
such as (S)-77 and this helicity is automatically memorized even after com-
plete removal of the optically active amine in water. In sharp contrast to the
conformational memory of poly(phenylacetylene)s, configurational isomer-
ization around the C= N double bonds (syn–anti isomerization) may take
place during the helix formation of 44-Na; that is, an imino configurational
mixture of syn and anti of the optically inactive 44 is transformed into one
of a single configuration upon complexation with chiral amines, and this con-
figurational homogeneity then forces a helical conformation on the polymer
backbone, which is influenced by the chiral amines, to take an excess helical
sense (Fig. 29b). The significant advantage of this helicity memory over that
of helical poly(phenylacetylene)s is that there is no longer a need to have the
achiral chaperoning amines to retain the helicity in the polymer, so that fur-
ther modifications of the side groups with a variety of functional groups can
be possible along with maintaining the macromolecular helicity memory.

3.5
Chirality Sensing in Gel and Solid

A predominantly one-handed helix can be induced in poly(phenylacetylene)
gels (78, 79) and solid films (28) bearing a carboxy pendant group as well as in
solution. The gels 78 and 79 were synthesized either by the copolymerization
of (4-carboxyphenyl)acetylene with a bis(phenylacetylene) as the cross-linker
using a rhodium catalyst or by the cross-linking of 28 with a diamine, respec-
tively. The gels significantly swelled and exhibited an ICD in the main chain
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absorption region in the presence of optically active amines in DMSO and
alkaline water [145], resulting in the first example of a chirality-responsive
gel. The aza-18-crown-6 ether-bound poly(phenylacetylene) (34) also forms
a predominantly one-handed helix upon complexation with optically active
bis(amino acid)s such as l-homocystine perchlorate (l-HCys) in acetonitrile,
resulting in an optically active gel, exhibiting an ICD [146]. The gelation of 34
is highly sensitive to the structure and chirality of the bisammoniums with
a different distance between the separated charges, and achiral diamines with
a similar structure to l-HCys gave rise to no gelation. In addition, the racemic
l-HCys did not gel 34, while HCys of more than 60% ee produced gelation
with a full ICD as intense as that of the 100% ee of HCys. This is the first
observation of a helical gel induced and assisted by noncovalent chiral inter-
actions in an enantioselective fashion.

A cast film of 28 also responded to the chirality of liquid and solid chiral
amines, and exhibited an ICD in the UV-visible region. The observed Cot-
ton effect patterns were similar to those of 28 induced by the chiral amines
in solution [147]. These methods are more convenient and practically feasible
to sense the chirality of chiral amines than the solution method, and may be
applicable to other dynamic helical polyacetylenes.

3.6
Sensing and Amplification of Chirality in Liquid Crystal

Doping nematic liquid crystal (LC) phases with nonracemic molecules can
induce cholesteric or twisted nematic LC phases. This process is highly
sensitive to a small bias of chirality and is a powerful tool for amplify-
ing and detecting chirality [148, 149]. This implies that, if dynamic helical
poly(phenylacetylene)s formed a cholesteric LC phase induced by a chiral
dopant, their helix-sense excesses would be further amplified in the LC state
over that in dilute solution because each helical polymer chain can interact
with others, thus leading to a tightening of the cholesteric pitch [150]. In fact,
water-soluble 32-HCl (Fig. 30) has been found to form a lyotropic, nematic LC
in concentrated water (> 8 wt %) and the LC phase changed into a cholesteric
one by the addition of a tiny amount of optically active acids such as (S)-80.
This first example of the liquid crystalline poly(phenylacetylene) is based
on its main chain stiffness in water [151]. The macromolecular helicity in-
duced in 32-HCl by (S)-80 in dilute solution was further amplified in the LC
state (Fig. 30). The helical pitch reached an almost constant value at 0.01 to
0.1 equiv. of (S)-80 in the LC state, while a higher excess (S)-80 (0.1–0.3 equiv.)
was required in dilute solution for the appearance of the full ICD. Because of
its high sensitivity in the LC state, the 32-HCl showed an apparent cholesteric
LC phase of well-defined fingerprint patterns even in the presence of 0.0005
equiv. of (S)-80. Furthermore, 32-HCl exhibited an extremely strong nonlin-
ear effect (majority rule) for the ee of 80 in the LC phase (Fig. 31); the helical
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Fig. 30 Schematic illustration of chiral amplification in macromolecular helicity of
32-HCl in dilute solution and liquid crystalline (LC) state. (Reproduced with permission
from [151]. Copyright 2004 American Chemical Society)

pitch decreased with the increasing ee and reached a constant value at about
10% ee, whereas in dilute solution, the ICD value became constant at over
60% ee. In the LC state, once an excess of one helical sense is induced in a 32-
HCl chain with nonracemic dopants, the same helical sense can be induced
in the dynamically racemic helical 32-HCl chains of the nearest neighbors
through interchain interactions in the LC state, so that all the polymer chains
are transformed into a one-handed helix, resulting in the cholesteric LC phase
with amplification of the helical chirality (Fig. 30).

4
Supramolecular Assembly of Helical Polymers

Biological macromolecules such as DNA and proteins are typical polyelec-
trolytes, which further hierarchically self-assemble into complicated supra-
molecular structures such as coiled coil (helix bundle) superstructures, which
are responsible for their sophisticated functions [152, 153]. Therefore, with
implications for biological superstructures and functions, the design and syn-
thesis of supramolecular helical assemblies with a controlled helicity have
attracted great interest.
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44-Na with a macromolecular helicity memory is an optically active poly-
electrolyte with negative charges, which can serve as the template for further
helicity induction in a different achiral polyelectrolyte with opposite charges
in water (“helicity-replication”), resulting in biomimetic helix bundles and
helical assemblies with controlled helicity in water (Fig. 32) [154]. As de-
scribed above, 44-Na forms a one-handed helix upon complexation with
chiral amines in water and the induced macromolecular helicity can be mem-
orized after complete removal of the chiral helix inducers. Although the poly-
mer no longer has any chiral components and stereogenic centers, the macro-
molecular helicity memory of the polymer is efficiently transformed into an
optically inactive, cationic polyelectrolyte 32-HCl through electrostatic inter-
action, resulting in the appearance of an ICD in the 32-HCl chromophore
region due to an excess one-handed helicity induced in 32-HCl. These he-

Fig. 31 a Changes in the cholesteric pitch and ICD intensity of 32-HCl versus the
enantiomeric excess (% ee) of 80 (S rich) in concentrated (20 wt %) and dilute (inset,
1 mg mL–1) water solutions. b Polarized optical micrographs of cholesteric liquid crys-
talline phases of 32-HCl (20 wt %) in the presence of 0.001 equivalent of (S)-80 and 5% ee
(S rich) of 80 (0.1 equivalent) in water. (Reprinted with permission from [151]. Copyright
2004 American Chemical Society)

Fig. 32 Schematic illustration of the replication of the macromolecular helicity
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lical polyelectrolytes are held together by the simple attraction of opposite
charges, but their interpolymer complexations were more difficult to control
compared to the complexation between a polymer and small molecules and
highly influenced by external conditions such as the pH and salt concentra-
tion. This result further provided a new approach for the stepwise replication
of the macromolecular helicity through layered helical assemblies with a con-
trolled helix-sense (Fig. 27).

Inganäs et al. have taken advantage of chromophoric, luminescent, and
water-soluble π-conjugated polythiophenes and developed sensory systems
to detect biopolymers in water. A negatively charged, optically inactive poly-
thiophene 81 and a positively charged, artificial peptide 82 with a random
coil conformation self-assemble into a helix bundle in an aqueous solu-
tion (Fig. 33) [155]. Interestingly, a one-handed helical conformation and
an α-helix are simultaneously induced in both polymers upon complexation
through electrostatic interactions by mixing the two polymers in water. When
optically active zwitterionic polythiophenes are used instead, their helical as-
sembly properties as detected by CD and emission spectra can be used as
a novel sensor for peptide helix bundles [156] and DNA hybridization [157].

Nolte et al. found that an amphiphilic block copolymer 83 composed
of a hydrophobic tail of poly(styrene) and a hydrophilic head group of
a charged, right-handed helical poly(isocyanide), which is referred to as a
“superamphiphile”, self-assembles in a hierarchical fashion in water to form
left-handed superhelices (Fig. 34) [158]. They suggest that this type of copoly-
mer will serve as an experimental model for the theoretical study of the
packing of helices due to their versatility and easy accessibility.

A noncovalent chiral amplification based on the sergeants and soldiers ef-
fect between chiral and achiral polymers in the film state has been developed
by Fujiki et al., which results in the formation of helix bundles (Fig. 35) [159].
An optically active, helical polysilane 84 with an almost single-handed screw-
sense was chemically bonded or spin-coated on the surface of a quartz plate,
followed by further spin-coating of an optically inactive polysilane 85 to give

Fig. 33 Schematic illustration of self-assembly of a chiral supramolecule from nonchiral
polythiophene polyanion 81 and random coil synthetic peptide 82
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Fig. 34 a Schematic illustration of the formation of a superhelix by hierarchical self-
assembly of a block-copolymer of isocyanide and styrene 83. b TEM image of a left-
handed superhelix from 83. (Reprinted with permission from [158]. Copyright 1998
American Association for the Advancement of Science)

Fig. 35 Schematic illustration of thermodriven chiroptical transfer and amplification of
helicity into dynamically racemic helical 85 from one-handed helical 84

a binary polysilane film. The film showed a dramatic increase in the CD in-
tensity by thermal annealing at 80 ◦C, while no significant change in the CD
intensity was observed for the single layer film composed of only 84 immo-
bilized on a quartz plate. These results indicate that an excess helical sense is
induced in the optically inactive 85 as a result of chirality transfer either from
the chiral side chain or one-handed helical backbone of 84 through a weak
van der Waals interaction between these two different polymers. This effect
is also called the “command surface” [160].

5
Conclusion

A large number of chromophoric, helical macromolecules and oligomers, and
supramolecular helical assemblies have been constructed by utilizing vari-
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ous types of noncovalent bonding interactions. Some have a dynamic feature
and may form a dynamic one-handed helix or helical assembly responding
to the chirality of guest molecules as evidenced by the examples presented in
this review. Here, we have mainly concentrated our attention on the detection
and amplification of chirality by dynamic macromolecular and supramolecu-
lar helical systems. Chiral amplification, that requires cooperativity, during
the transfer of chiral information from nonracemic guests to the helical sys-
tems is essential for developing a highly efficient chirality-sensing probe. On
the basis of this concept, the rational design of macromolecular and supramo-
lecular receptors is possible by using chromophoric helical (macro)molecules
or components for further helical assembly with a dynamic characteristic,
combined with functional groups or a suitable cavity for the target chiral
guest molecules. In addition, such receptors may be further applied for de-
veloping novel chiroptical devices and chiral materials as enantioselective
catalysts and adsorbents.
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Abstract Supramolecular chirogenesis is a smart combination of supramolecular chem-
istry and molecular chirality resulting in effective functioning of living organisms
and important implications in modern sciences, technologies and medicines. Recently,
amongst the vast number of molecules employed in studying this phenomenon, por-
phyrinoids have repeatedly been shown to be one of the most suited and versatile
chromophores owing to their spectral and physicochemical properties, easy handling and
versatile modification, great biological importance, and wide applicability. This is the
first comprehensive review of the supramolecular chirogenesis in various porphyrinoid-
containing systems, covering the progress made in this field during the last 10 years. In
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particular, a variety of chirogenic assemblies based on monomeric, dimeric/oligomeric
and self-assembled/aggregated porphyrinoids (both achiral and chiral) upon interaction
with chiral/achiral counterparts or external chiral field are described, and the role of
various external and internal controlling factors are discussed. The results and subse-
quent concepts arising from these studies are of consequence and general applicability to
various fields of science and technology.

Keywords Supramolecular chemistry · Chirality · Porphyrinoids · Host–guest ·
Aggregation

Abbreviations
TPP 5,10,15,20-tetraphenylporphyrin
TMP 5,10,15,20-tetra(4-N-methylpyridyl)porphyrin
CE Cotton effect
CD circular dichroism
BNP 1,1′-binaphthyl
AA amino acid
DACH trans-1,2-diaminocyclohexane
A CD amplitude

1
Introduction

1.1
Supramolecular Chirogenesis:
Definition, Significance, and Occurrence in Natural Systems

In recent years the considerable progress in the field of supramolecular chem-
istry and its combination with new insights into molecular chirality has given
rise to a new interdisciplinary area of chemistry—supramolecular chirogen-
esis. The rapid growth in this area derives from its direct relevance to many
natural processes and artificial systems, as well as its importance in under-
standing fundamental chemical principles and vital biological functions, and
its applicability to various chiroptical devices, modern molecular technolo-
gies, and medicine. This area includes the processes of immediate asymmetry
transfer from a chiral guest to an achiral host (or vice verse) via noncovalent
interactions, chirality induction in achiral supramolecular complexes affected
by the external chiral field and environment, optical activity modulation in
supramolecular systems by various controlling factors, chirality amplification
of whole assemblies upon association of the individual elements with a low
degree of asymmetry, and spontaneous resolution of racemic supramolecular
systems.

Supramolecular chirogenesis is widely observed and plays a vital role in
a large number of natural systems such as the DNA double helix, the sec-
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ondary α-helical structure of proteins, heme proteins, photosynthetic appara-
tus, etc. [1–4]. In particular, tetrapyrrolic structures are one of the key elem-
ents of many important biomolecular assemblies. Hence, this prompted vari-
ous research groups to investigate various chirality aspects of porphyrinoid-
containing natural systems for better understanding of the functional mech-
anisms and various influencing factors [5–12]. Indeed, the extraordinary in-
tricacy of biological objects gave impetus to the research of a large number of
model supramolecules on the basis of tetrapyrrolic pigments. These kinds of
macrocycles turned out to be well-suited for studying the processes involved
in supramolecular chirality owing to their unique spectral and physicochem-
ical properties, easy handling and versatile modification, thus resulting in
numerous examples of various structures and different applications that will
be discussed in subsequent sections.

So far, several reviews have been published, some of which refer to supra-
molecular chirogenic porphyrinoid-containing systems to a greater or lesser
extent. Therefore, before moving to specific examples of this area, we shall
give an overview of some of these articles.

1.2
Overview of Latest Reviews

The review articles dealing with some aspects of supramolecular chirogenesis
can be conventionally divided into four major categories: devoted to vari-
ous supramolecular systems including chiral and porphyrinoid-containing
assemblies; summarizing different molecular and chiral receptors on the ba-
sis of porphyrinoids; dealing primarily with circular dichroism (CD) phe-
nomena, enantiomeric excess (ee), and other chirality issues and presenting
porphyrinoid structures as examples; and focusing on an alternative subject,
while referring to chirogenic phenomena in porphyrins.

The first type includes several recent reviews written by Lawrence, van
Nostrum, Hupp, Miyake, MacGillivray and their colleagues, which described
various supramolecular and self-assembled systems [13–17]. Amongst the
systems described there were several porphyrinoid-based natural and ar-
tificial chiral assemblies, such as hemoglobin, porphyrins inside lipid bi-
layers, porphyrin–cyclodextrin conjugates, porphyrinoid-containing liquid
crystals, porphyrin-chiral ligand complexes. Our recent article that summa-
rized some advances in the supramolecular chirogenesis phenomenon in
bis-porphyrinoids also fits into this category [18].

To the second class belong a number of articles describing different syn-
thetic receptors possessing molecular and chiral recognition abilities. Ogoshi
et al. in several comprehensive reviews summarized the results of using syn-
thetic monomeric and dimeric porphyrins for molecular recognition pur-
poses with few specific examples of chiral porphyrins applicable for chiral
recognition and achiral porphyrins interacting with various chiral counter-



92 V.V. Borovkov · Y. Inoue

parts [19–22]. More specialized articles devoted to porphyrins with differ-
ent structural features and their application to asymmetric catalysis, chi-
ral recognition, memory systems, CD studies, etc., by Marchon and Ra-
masseul [23] and by Berova et al. [24] were also recently published. Shinkai
et al. thoroughly analyzed a variety of synthetic receptors including those
that were porphyrin-based with a particular emphasis placed on saccharide
sensing [25–28]. Also a chapter devoted to porphyrin-containing saccharide
receptors was included in a broad review on synthetic receptors by Hartley,
James, and Ward [29]. Tsukube et al. examined in close detail another type of
molecular and chiral sensor—different lanthanide complexes including many
porphyrinoid structures [30–32], while Simonneaux and Maux analyzed the
application of optically active ruthenium porphyrins for chiral recognition
and asymmetric catalysis [33]. Additionally, a few examples of porphyrin-
based metalloreceptors for anion binding including chiral recognition were
presented by Bondy and Loeb [34].

The third type of review primarily focused on the different aspects of chi-
rality and contained some porphyrin-based supramolecular chirogenic sys-
tems as examples. For example, Finn, Wenzel, and Wilcox discussed various
methods and reagents for the determination of ee and absolute configu-
ration using different spectroscopic approaches [35, 36]; whilst Allenmark,
Pasternack, Kobayashi, Formaggio et al. addressed the induced and electronic
CD upon the intra- and intermolecular interactions considering several por-
phyrinoid chromophores [37–40].

The last category was concerned with miscellaneous subjects, while cit-
ing some chirogenic porphyrin-based systems. Representative reviews in-
clude chiral lanthanide complexes by Aspinall [41], coordination chemistry
of tin porphyrins by Arnold and Blok [42], photoprocesses of copper com-
plexes that bind to DNA by McMillin and McNett [43], nonplanar porphyrins
and their significance in proteins by Shelnutt et al. [44], cytochrome P450
biomimetic systems by Feiters, Rowan, and Nolte [45] and phthalocyanines by
Kobayashi [46, 47].

Thus, this brief overview clearly demonstrates the importance, large diver-
sity, and wide applicability of supramolecular chirogenesis in various fields
of chemistry. Although there were numerous reviews devoted to different
subjects, which discussed the chirogenic phenomenon in a greater or lesser
extent, to-date there has not been a review comprehensively describing the
chirogenic behavior of porphyrinoids in supramolecular systems. To fill this
gap, we have summarized the most representative developments in this area
over the last 10 years to illustrate the major principles, mechanisms, driving
forces, and various controlling factors of this phenomenon. The presented ex-
amples are classified into several categories according to the complexity of
the supramolecular systems: on the basis of monomeric, dimeric/oligomeric
and aggregated porphyrinoids, and as intrinsically achiral and chirally modi-
fied ones. However, the complex supramolecular systems on the basis of such
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structurally sophisticated natural and bio-related compounds, such as pro-
teins, polypeptides, cyclodextrins, DNA/RNA, etc., which are able to form
three-dimensional chiral spatial conformations, are out of the scope of this
review.

2
Supramolecular Systems on the Basis of Monomeric Porphyrinoids

As the simplest, and thus most easily understandable and widely applica-
ble structural type, supramolecular chirogenic systems based on monomeric
achiral and racemic porphyrinoids will be discussed first.

2.1
Achiral/Racemic Porphyrinoids

Chirogenic processes in this type of supramolecular system can be achieved
only upon interaction with an external chiral field, such as a single optically
active guest or host molecule, artificial self-organized chiral assembly, vari-
ous natural biopolymers and superstructures. The occurrence of asymmetry
transfer to achiral or racemic porphyrinoids usually results in a correspond-
ing chirogenic response, which can be detected by various spectroscopic
techniques. In general, the supramolecular systems in this section can be
classified according to the type of porphyrin co-binder, functionality, and
chiroptical response.

Despite apparent simplicity of the monomeric porphyrin-based systems,
they may possess some intriguing properties. For example, Aida’s group pre-
pared a series of saddle-shaped fully substituted porphyrins 1–3 [48, 49].
Their nonplanarity derived from the steric repulsion among the neighbor-
ing substituents resulting in two enantiomeric forms, which rapidly inter-
converted to yield a racemic mixture. This equilibrium was shifted to one
particular conformation (higher than 98%) upon interaction with various
enantiopure acids via hydrogen bonding of two carboxylates to the pyrrole
nitrogens of the porphyrin ring from opposite sides to give a 1 : 2 complex.
The supramolecular complexes exhibited a noticeable induced CD signal in
the region of the Soret band, the sign of which was correlated with the relative
steric bulk at the asymmetric center allowing the absolute configuration de-
termination excepting some bulkiness borderline cases. Although the authors
have not discussed the electronic origin of the observed optical activity, the
induced chirality was found to show remarkable chirality memory proper-
ties upon replacement of the chiral acid with an achiral one. Other examples
included a group of various saccharide sensors. Shinkai et al. designed a se-
lective porphyrin sensor exclusively for D-lactulose on the basis of distance
matching between the binding sites of this sugar and two boronic acid groups
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in cis-4 that yielded a 1 : 1 complex with a monosignate CD response in the
Soret band region [50].

Another type of supramolecular system is based on amino acids (AAs)
as chiral guests. Hence, Mizutani, Ogoshi and their coworkers using the
trans-isomers of 5 and 6 developed a receptor for AAs with particular se-
lectivity found for Asp-OMe (the binding constant was found to be as large
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as 6.98×104 M–1) because of the conformational matching for a three-point
fixation mode ensured by the coordination and two hydrogen-bonding inter-
actions [51]. All the systems studied exhibited a small-to-moderate negative
couplet in the Soret region induced, as suggested, via the porphyrin-carbonyl
coupling mechanism, although other factors could also contribute. To expand
the applicability of the AA receptors, a series of porphyrins 7 were proposed
for a dual use, in nonpolar organic solvents as the ester derivatives, and in
aqueous media as the hydrolyzed derivatives [52]. Interestingly, it was found
that two driving forces competitively contribute to the binding: the electro-
static interactions upon coordination of the amino group to the Zn central
ion in organic solvents (enthalpic forces) and the host–guest dispersion in-
teractions (an enthalpic force) along with the desolvation-driven binding (an
entropic force) which were dominant in water. To sense the chirality of un-
protected zwitterionic AAs, Tamiaki et al. applied a biphasic organic solvent-
water system using 8 for extraction of AAs from the aqueous phase [53].
The resulting 1 : 1 complexes gave two well-resolved CD couplets of opposite
sign, which were matched to the split Soret band and Q transitions in UV-
vis spectra. The CD amplitude (A) value was strongly dependent upon the
solvent used and the Ph ring substituents, with the highest sensitivity found
for aromatic solvents and X = t-Bu, and the sign of the induced CD followed
the chirality of AAs, though with several reported exceptions. Although the
chiroptical properties and observed dependencies were not rationalized, the
authors suggested the use of this method for determination of the absolute
configuration of unprotected α-AAs. The sensitivity of this method was fur-
ther improved by using a synergistic binding approach upon incorporation
of the crown ether moiety to yield 9 [54]. Apparent co-coordinations of the
CO–

2 group of AA to the lanthanide center and the NH+
3 group to the crown

ether along with appropriate metal choice considerably enhanced the extrac-
tion abilities and A values. Another approach for sensing unprotected AAs
was demonstrated by Harmon et al. by using solid-state optical detection [55].
This method was based on the hypsochromic shifts in UV-vis spectra of 10
immobilized as a monolayer onto a cellulose film caused by interaction with
AAs. The degree of spectral change was dependent upon the structure of the
AA, making it possible to quantify different AA in solutions, although the
operating mechanism was not reported.

Besides the host functions, porphyrin structures may serve as the achiral
guests for certain chiral hosts possessing specific binding sites. For example,
Dougherty et al. reported several interesting effects upon complexation of
simple 5,10,15,20-tetra(4-N-methylpyridyl)porphyrin (TMP) and 10 with an-
ionic cyclophane hosts 11, 12 [56]. Thus, while the interaction of cationic
TMP with smaller 11 induced a noticeable asymmetric negative couplet
(A = – 166.6 M–1cm–1), enlarging the cavity in 12 resulted in stoichiometry
controlled CD changes. Particularly, the induced chirality, expressed also as
a negative couplet regardless of the host’s opposite absolute configuration,
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was inverted upon increasing the TMP concentration, apparently due to the
complex stoichiometry switching from 1 : 1 to 1 : 2. Another surprising result
was a generation of the monosignate CD signal upon binding of 10 with 11
and 12 despite the expected electrostatic repulsions between the negatively
charged guest and hosts. The rationale of these phenomena was not pre-
sented making it difficult to understand the corresponding origins and driv-
ing forces, although these supramolecular systems obviously deserve further
investigation as interesting and rare examples of stoichiometry-controlled
chirogenic processes.

As the last supramolecular chirogenic system presented in this section,
a three-component assembly consisting of an achiral monomeric porphyrin
and two chiral units, which exhibited selective optical differentiation prop-
erties is worthwhile of discussion [57]. As shown above, while achiral lan-
thanide porphyrin 8 served as an effective chiral sensor in biphasic con-
ditions, replacement of the acac external ligand with enantiopure 3-acetyl-
camphors resulted in the corresponding chiral complexes, which in turn
could be applied for chirality recognition. Indeed, this was nicely demon-
strated by the complexation with two antipodal AA dipeptides, the CD re-
sponse of which gave opposite bisignate couplets of different intensities de-
pending upon the corresponding diastereomeric composition. However, the
sensitivity of this system was not high enough to detect antipodal alanines.

The representative examples of chirogenic assemblies on the basis of achi-
ral monomeric porphyrinoids exposed to a chiral influence clearly show
their great importance and wide applicability in various fields. The major
chiroptical properties of these relatively simple supramolecular systems in-
clude transferring the chiral information and controlling the induced asym-
metry by different factors. However, another type of chirogenic process—
modulation of inherent chirality is going to be illustrated for chiral por-
phyrins in the next sections.
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2.2
Chiral Porphyrinoids

In contrast to achiral/racemic porphyrinoids, the chirogenic properties of
chiral porphyrinoids have been scantily investigated despite their prime im-
portance for chiral recognition, asymmetric catalysis, medical purposes, and
various biomimetic studies.

Shinkai et al. reported an interesting example of the association between
chiral 13 and [60]fullerene forming the corresponding 2 : 1 complex, which
enhanced the gelation ability of 13 [58]. In the gel phase, this complex yielded
a strong negative exciton couplet in the region of the Soret band indicat-
ing an anticlockwise orientation of the corresponding interaction transitions,
although a more detailed rationalization of the chiroptical properties seems
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to be an arduous task due to the uncertainty of the molecular organization
within the gel.

In another example one of the most effective recognitions of AA esters
with an enantioselectivity as high as 21.54 (for PheOMe) was reported by Zhu
et al. upon applying the AA substituted 14–16 [59]. It was shown that the
enantioselectivity was exponentially dependent upon the temperature, and
that the diastereomeric complexes exhibited different CD responses. Specific-
ally, the CD spectrum of 14 in the presence of weakly bound l-AlaOMe was
essentially similar to that of uncomplexed 14 yielding a single negative CE
in the region of the Soret band, whilst strongly bound d-AlaOMe produced
a positive couplet, apparently due to the excitonic interactions between the
porphyrin and AA’s carbonyl transitions, although this chiroptical effect was
not explained.

The use of organized media for studying various aspects of chiral
supramolecular systems was effectively exploited by Monti et al. [60, 61].
Thus, the selective interactions between proline-substituted 5,10,15,20-
tetraphenylporphyrin (TPP) 17 and chiral micelles made of sodium N-do-
decanoyl-l-prolinate were analyzed. The inclusion complexes yielded differ-
ent chiroptical responses for the free base and Mn complex of 17, a negative
and positive bisignate CD signal, respectively, caused by exciton coupling
between the chirally arranged chromophores, although porphyrin aggrega-
tion was ruled out by the authors. In contrast, upon using achiral micelles
constructed from sodium dodecyl sulfate, the formation of chiral porphyrin
aggregates leading to CD couplets of opposite sign was suggested. Although
these astonishing transformations have yet to be rationalized, the usefulness
of this chiral supramolecular assembly for stereoselective epoxidation was
demonstrated by applying the corresponding Mn complex with (R)-limonene
as a test substrate. The reaction carried out with this system proceeded with
the highest regioselectivity (> 95%) and de (up to 42%) in comparison to the
other catalytic systems, in which one of the components was replaced with the
corresponding achiral analog.

The aforementioned representative examples of chirogenic supramolecular
systems based on monomeric porphyrinoids clearly demonstrate their vital
importance and wide applicability in various fields, while many aspects of
the operating mechanisms and especially chiroptical properties have yet to be
comprehensively investigated and well understood. However, in many cases
just a monomeric porphyrin cannot function properly without the synergetic
assistance of another porphyrin unit (or several porphyrins) that give rise
to chirogenic supramolecular assemblies built upon the dimeric/oligomeric
porphyrinoids, which will be discussed in subsequent sections.
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3
Chiral Dimeric/Oligomeric Porphyrinoids
Constructed from Achiral Monomers Fixed by Noncovalent Bridges

Chirogenic supramolecular systems based on dimeric/oligomeric porphyri-
noids can also be classified according to their complexity and structural fea-
tures. First, the assemblies consisting of two or more monomeric porphyrins
fixed in an asymmetrical fashion by chiral bridges via supramolecular bind-
ing will be examined.

The most facile approach in designing such systems lies in the center-to-
center fixation of two porphyrin macrocycles through a multivalent metal
ion or bidentate spacer. Using this methodology Jiang, Ng and coworkers
synthesized racemic mixtures of the metal-bound chiral double-decker bis-
phthalocyanines 18 [62]. While optical resolution was not achieved, these
compounds crystallized as racemates in a monoclinic system with two pairs
of enantiomeric 18 per unit cell. In contrast, Aida’s group succeeded in
the separation of the corresponding antipodes of some double-decker bis-
porphyrins 19–22, which was confirmed by the corresponding mirror-image
CD spectra [63, 64]. The CD spectral profiles consisted of several bisignate
CEs apparently arisen from the excitonic interactions of two pairs of the por-
phyrin electronic transitions arranged in a chiral fashion, although the band
assignment has not been done. The chiroptical properties were strongly af-
fected by the nature of the central metal and its oxidation state. For example,
reduction of the Ce complex of 22 considerably enhanced the porphyrin ro-
tation around the central metal ion leading to easier racemization, while the
oxidized forms of the Zr complex of 19 in contrast decelerated the complex
racemization by 21 and 99 times for monocationic and dicationic forms, re-
spectively. These redox effects, as assumed, were a result of weakening the
π-electronic interporphyrin interactions upon enlargement of the reduced
Ce ion and enhancing the bonding character of the π-electronic interactions
upon decreasing of the number of electrons in the antibonding orbital of the
oxidized forms. Another approach for the fixation of two porphyrinoids via
chiral linkers to obtain 23 and 24 was used by Durfee, Kobayashi, Ceulemans
and coworkers [65, 66]. In particular, two subphthalocyanine units connected
by an (R)-1,1′-binaphthyl (BNP) bridge in 23 produced intense CD signal
in the region of low energy Q transitions, the complex shape of which was
rationalized in terms of the excitonic interactions by analyzing band decon-
volution results. In the case of 24 a pair of phthalocyanine chromophores
were brought together in chiral arrangement by the hematoxylin bridge. The
chiroptical response consisted of an intense negative-to-positive bisignate
and several weak CD signals in the Q- and Soret band regions arising from
the excitonic interaction between two phthalocyanines. The induced optical
activity was unambiguously confirmed by ab initio geometry optimization
combined with a Kuhn–Kirkwood coupled-oscillator mechanism, which add-
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itionally allowed determination of the absolute configuration of hematoxylin
as the (6aS,11bR)-form. Although this method provides a powerful tool for
assigning stereochemistry, the practical application is rather limited due to its
overall complexity.

Shinkai’s group applied another method for the chiral spatial fixation
of two porphyrins via peripheral substitution at the corresponding meso-
position with boronic acid residue [67, 68]. Thus, anionic 25 and cationic 26
formed an optically active 1 : 1 complex only in the presence of glucose and
xylose in aqueous solution as a result of the boronic acid binding to the sac-
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charide diols. However, 27 was found to be more versatile in interacting with
different saccharides to form the bis-porphyrin chiral complexes upon bind-
ing of two molecules of 27 with one molecule of sugar in CH2Cl2. The induced
bisignate exciton-coupling CD in the Soret region was strongly dependent
upon the saccharide and porphyrin structures, while not always following
the sugar’s absolute configuration. Further exploiting the meso-substituent
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strategy, Stang and coworkers obtained chiral dimeric and tetrameric por-
phyrins 28 and 29, respectively, by self-assembly via the enantiopure BNP
bridge [69]. The chiroptical properties were distinguished for these systems
exhibiting a strong bisignate Soret CD signal (A = 1800 M–1cm–1) in the case
of the free bases of 29 apparently due to the multiporphyrin exciton coup-
ling, a moderate monosignate CE (300 M–1cm–1) in the case of 28, and no
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CD of the Zn complexes of 29. This remarkable behavior was suggested to
be governed by the difference in the chromophore’s symmetry and spatial
geometry, although the detailed rationale is yet to be elaborated. A very
similar self-assembly procedure and the same BNP bridge were used by
Shinkai et al. to construct a different capsule-type geometry of the chiral di-
and polymeric 30 and 31 [70]. The asymmetry of BNP forced the face-to-
face orientated porphyrins to adopt a twisted conformation resulting in the
unidirectional (clockwise or anticlockwise) coupling of the porphyrin elec-
tronic transitions. For example, in the case of the (R)-enantiomer, porphyrins
formed the left-handed helical twisting structure, as confirmed by computa-
tional methods, yielding a negative exciton couplet in CD spectra of the Soret
region, the intensity of which was markedly increased by oligoporphyrin
interactions in 31.
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The conformational stability and structural rigidity of these systems
makes it difficult to comprehensively investigate the various controlling fac-
tors that influencing the chirogenic processes. For this purpose, achiral or
racemic bis- or oligoporphyrins connected by a sufficiently flexible covalent
bridge, which are able to finely sense the chirality of the interacting counter-
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part and facilely respond to various external and internal stimuli are of most
promise. These supramolecular systems will be discussed in the subsequent
sections.

4
Supramolecular Systems
on the Basis of Dimeric/Oligomeric Porphyrinoids

Supramolecular systems on the basis of dimeric and oligomeric porphyri-
noids are varied depending upon the chirality of the supramolecular coun-
terparts, type of the covalent linkage, and number of the porphyrin subunits.
Firstly, we shall examine examples of the assemblies consisting of achiral and
racemic bis-porphyrinoid hosts and chiral guests.

4.1
Achiral/Racemic Porphyrinoids

This kind of chirogenic system primarily serves for sensing the asymmetry
of the interacting chiral guest. Although there are different mechanisms of
the chirality information transfer, generally this process can be schemati-
cally depicted in Fig. 1. An achiral bis-porphyrinoid should possess at least
two interaction sites and a flexible enough covalent bridge in order to adopt
a stereospecific three-dimensional conformation induced by a chiral guest,
hence generating chirality in the whole supramolecular assembly.

The importance of these two factors can be easily understood by the fol-
lowing examples. Shinkai and coworkers widely employed a double-decker
architecture of the center-to-center bound bis-porphyrins 32–39 designed
on the basis of µ-oxo dimers and Ce complexes to sense the chirality of

Fig. 1 Schematic representation of chirality sensing of enantiomeric guests by achiral bis-
porphyrinoids
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various chiral guests [71–76]. The association mechanism was unambigu-
ously established and included the interaction of a bidentate guest with two
binding groups of the neighboring porphyrins, forcing these porphyrins to
rotate around the central axis and subsequently to twist the macrocycles in
the right- or left-handed direction, depending on the guest’s stereochemistry
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(Fig. 2). This asymmetry transfer resulted in noticeable optical activity in the
region of the porphyrin absorption caused by interporphyrin exciton coup-
ling. Although the electronic origin of the induced CD has not been fully
rationalized, these systems were successfully applied for sensing the chirality
of saccharides (for 32, 33, 37, 38), dicarboxylic acids (for 34, 35, 36), dian-
ions (for 39) and memorizing chirality (for 36). The generated chiral memory
was remarkably preserved for 3 days at 0 ◦C and even for 1 year at – 37 ◦C.
The host–guest binding occurred in a highly cooperative manner exhibiting
a positive allosteric effect, and the CD response was strongly affected by the
guest’s structure [71, 72], solvent [76], and pH [75]. Interestingly, in the case
of maltooligosaccharide guests, a chirality switching effect controlled by the
number of saccharide units was reported for 37.

The entropically unfavorable face-to-face architecture of bis-porphyrins
could also be preserved by two oppositely located covalent bridges as in the
case of cryptand-containing 40, 41 prepared by Schmidtchen et al. [77]. These
hosts were also able to bind various saccharides presumably via an encapsu-
lation mode, while only a very weak CD induction in the Soret region was
reported, as a result of the inability of the bis-porphyrins to follow the guest’s
stereochemistry apparently caused by structural peculiarity of this particular
linkage. The Aida’s group applied more flexible covalent bridges of different
structure and length to obtain a face-to-face arrangement in 42–44 [78, 79].
The bis-porphyrins 42, 43 with longer linkage showed high specificity toward
bis-pyridyl substituted chiral guests of appropriate length to form stable 1 : 1
inclusion complexes with association constants of up to 2.3×106 M–1 (Fig. 3).
It was found that the helicity of the guest played a key role in transferring

Fig. 2 Schematic representation of chirality transfer from enantiomeric guests to 32–39
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the chiral information and inducing a strong exciton coupling in the Soret re-
gion. bis-Porphyrin 44 with a shorter bridge was used for complexation with
the smaller mandelic acid, exhibiting significant amplification (more than 7
times) of the CD activity (A = 260 M–1cm–1) in comparison to the correspond-
ing monomer, owing, as assumed, to the translation of the nonplanar chirality
of the porphyrin ring into the helical chirality of the entire assembly. A step-
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Fig. 3 Molecular model of inclusion complex of 42 with a chiral guest (reprinted in part
with permission from Guo et al. [78]. Copyright (2004) American Chemical Society)

wise increasing of the guest concentration resulted in complicated changes of
CD signals apparently reflecting the multistep equilibrium of the binding pro-
cess. Although the observed chiral responses have not been clearly rationalized
as yet, these chiroptical systems are of certain interest as potential chirality
sensors for reading the stereochemistry of interacting guests.

Another structural type of bis-porphyrin is based on connecting the two
chromophoric units by a single covalent bridge. While the spatial arrange-
ment becomes less predictable in this case due to decreasing the overall sys-
tem’s rigidity, some additional factors, such as bidentate guest complexation
or shortening the linkage, can bring two porphyrin units close to each other
and fix the bis-porphyrin in a face-to-face or linear conformation, respec-
tively. Hence, Tsukube et al. prepared a series of lanthanide bis-porphyrins
45, 46 connected by ether bridges of different length as potential hosts for
binding cystine polyions [80]. These receptors exhibited a remarkable size se-
lectivity for sensing chiral guests. For example, the Yb complex of 45 with
a short bridge efficiently extracted cystine from an aqueous solution into
the organic phase, while cystathionine, homocystine, and methionine were
only modestly extracted. In contrast 46 favored longer homocystine. The
complexation proceeded through the formation of 1 : 1 complexes of presum-
ably a tweezer type resulting in a complex CD response in the Soret region,
which was markedly enhanced in comparison to that of the corresponding
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monomer but the origin of which has yet to be understood. Even more dras-
tic length selectivity in binding chiral diamines was reported by Hayashi and
coworkers for the rigidly linked 47, 48 [81]. The host–guest size matching
was an important requirement for effective complexation with the association
constant determined as high as 2.4×106 M–1 for the best pair. The induced
CD was strongly affected by the bulkiness and the number of stereogenic
centers, porphyrin peripheral substituents, and temperature. For example,
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the greatest A value (1340 M–1cm–1) was a further 1.5-fold increased upon
lowering the temperature to – 45 ◦C. However, for potential application of
these supramolecular systems as chiral sensors, a comprehensive rationale of
the observed effects would be needed. A crown ether type of linkage gave
additional stimuli for controlling the bis-porphyrin conformation via spe-
cific complexation with alkali metal ions that was exploited by the groups of
Monti and Kubo [82–84]. This effect was nicely demonstrated by an almost
2-fold increase of the binding constant (from 2.6×105 M–1 to 4.5×105 M–1)
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upon addition of Na ions to the 49/trans-1,2-diaminocyclohexane (DACH)
tweezer system as a result of the bis-porphyrin preorganization. The corres-
ponding chiroptical properties have also been tuned by the addition of Na+

markedly enhancing the A value of the induced CD couplet. A very similar
effect of the binding and CD amplification was found for 50 upon inter-
action with N-alkyl-substituted DACH [83]. However, a larger crown ether
cavity required a bigger K ion in this case. In addition, 50 could read out the
chirality of potassium salts of carboxylates such as camphorates and mande-
lates inducing the corresponding exciton couplet CD through the solid/liquid
two-phase extraction. Furthermore, the induced chirality in the tweezer con-
formation of 51 was effectively preserved upon replacement of a chiral di-
amine with an achiral one in the presence of Ba ions, with the CD intensity
showing only a little decrease after one day [84]. Although the discussed
tweezer systems produced rather high optical activity due to the chiral spatial
arrangements of two porphyrin chromophores, no efforts have been under-
taken to provide a detailed explanation of the electronic and structural factors
involved.

One of the first attempts to resolve this issue in the case of bis-porphyrin
systems was undertaken by Nakanishi and coworkers using the more flexi-
ble 52, which was able to adopt a tweezer conformation upon complexation
with bidentate ligands (Fig. 4) [85–95]. The chirogenesis mechanism was
found to be based upon the stereospecific differentiation of the substituents’
relative bulkiness at the asymmetric carbon by forcing the bis-porphyrin to
adopt in general the least sterically hindered conformation, although it was
also reported that other factors such as hydrogen bonding, presence of het-
eroatoms, solvent, etc., might affect the overall geometry of assembly. This
resulted in formation of the directional orientation of two porphyrins in
52, thus inducing an exciton couplet CD, the sign of which was suggested
to be used as a tool for the absolute configuration determination of vari-
ous bidentate guests. In the cases when the relative bulkiness could not be
directly determined, molecular mechanics calculations were applied for the
conformational analysis to explain the observed inconsistency between the
predicted and obtained chirality. Although it is well known that a metallopor-
phyrin chromophore consists of two degenerate (or nearly degenerate owing
to the asymmetry imposed by the meso-substitution) transitions along the
meso 5–15 and 10–20 axes, only the excitonic coupling of the pair of 5–15
oscillators was chosen for the rationalization of induced optical activity in
52, without further in-depth analysis. However, contribution of the 10–20 os-
cillators via homo- and heterocoupling may play an important role as well,
especially in some certain conformations. Some dependencies of induced CD
upon solvent, guest’s structure, and temperature were also reported, although
not comprehensively studied.

In order to comprehensively investigate various chiroptical aspects of the
bis-porphyrin-based supramolecular systems and unambiguously rationalize
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Fig. 4 Molecular model of complex of 52 with a chiral guest (reprinted in part with per-
mission from Huang et al. [91]. Copyright (2002) American Chemical Society)

the chirality induction mechanism, our group used a simple ethane-bridged
host 53 [18, 96–109]. In sharp contrast to the above-discussed bis-porphyrin
systems, this host was able to sense chirality of not only bidentate but also
monodentate guests owing to the linkage’s semi-flexibility/semi-rigidity pro-
vided by the relatively short but flexible enough C2 chain via formation
of the stable extended 1 : 2 host–guest complexes in a cooperative manner
with the Gibbs free energy ranged from – 6.7 to – 8.4 kcal mol–1 for primary
amines as determined by analyzing the corresponding UV-vis/CD spectral
changes [96–105]. The specific chirogenic mechanism in 53 by monoden-
tate guests included competitive repulsive interactions between the two most
bulky substituents at the ligand’s stereogenic center and the ethyl groups
of the neighboring porphyrin ring (Fig. 5). The bulkiest group forced the
neighboring macrocycle to move outwards, thus generating a unidirectional
twist, which resulted in a moderate-to-strong exciton couplet CD signal in the
Soret region. The chirality sign correlated with the induced helicity allowing
straightforward determination of the absolute configuration of monoden-
tate guests. A fully rationalized host–guest interaction mechanism allowed
the detailed investigation of various external and internal factors influenc-
ing the chirality induction processes. For example, it was shown that the
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Fig. 5 The mechanism of chirality induction in 53 upon interaction with chiral guests
(reprinted in part with permission from Borovkov et al. [18]. Copyright (2004) American
Chemical Society)

A value was linearly dependent upon the size of the largest substituent at
the stereogenic center for homologous ligands, thus allowing prediction of
the induced chirality [96, 97, 99]. Also, a decisive role of solvent as an active
part of the overall supramolecular system was clearly understood through
judicious analysis of the selective solute–solvent interactions in the border-
line cases where the difference between the competitive chiral interactions
were small and the substituent’s relative bulkiness could be modulated upon
formation of a specific solvation shell [104, 105]. Temperature was found to
be another important factor controlling the chirogenic processes consider-
ably increasing the A values upon lowering the temperature via enhancing
the binding affinity, thus allowing the chirality induction by alcohols pos-
sessing a well-known low affinity for Zn porphyrins [100–102]. However, the
alcohol binding, and thus the chirogenic ability was considerably increased
by the replacement of the Zn central ion with a Mg ion [103]. Interaction of
53 with bidentate guests resulted in the formation of extremely stable 1 : 1
tweezer complexes with the binding constants estimated as high as > 107 M–1.
However, further increasing the bidentate guest concentration could shift
the supramolecular equilibria toward the extended 1 : 2 complex, hence al-
lowing investigation of the corresponding stoichiometry effect [106–109].
In the case of enantiomeric 1,2-diphenylethylenediamine a remarkable phe-
nomenon of chirality switching controlled exclusively by the stoichiometry
of the supramolecular system as a result of the opposite spatial orienta-
tion of the 1 : 1 and 1 : 2 complexes was discovered. More importantly, a full
and unambiguous rationalization of the induced optical activity in the bis-
porphyrin-based supramolecular system was achieved for the first time by
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using chiral DACH. Particularly, on the basis of the obtained crystallographic
structure of the 53/(R,R)-DACH tweezer complex (Fig. 6) and the Kuhn–
Kirkwood coupled-oscillator mechanism, the CD signal was assigned to be
a combination of the two B|| – B|| and B⊥ – B⊥ homocouplings, both of which
were orientated in an anticlockwise manner, thus resulting in an intense
negative CD couplet (A = – 590 M–1cm–1), while the contribution of the cor-
responding B|| – B⊥ heterocouplings was found to be negligible [109]. Thus,
high sensitivity, full rationalization, and wide applicability for various types
of guests showed that 53 could serve as a powerful tool for studying various
aspects of supramolecular chirogenesis and additionally for use as a versatile
chirality sensor.

Another single bridged bis-porphyrin host 54 was proposed by Shinkai
et al. for selective binding of oligosaccharides in a cooperative manner by
virtues of the enhanced rigidity of the system [75, 110]. Particularly, the fixed
porphyrin–porphyrin distance was well matched to the maltotetraose size
producing a stable 1 : 2 complex, which resulted in a complex chiroptical
response in the Soret region consisting of three nonequivalent and asym-
metrical CEs, presumably due to the overlapping of two or more exciton
couplets. A further increase of the porphyrin multiplicity in the correspond-
ing meso-meso linked oligomers 55 led to considerable amplification of the
induced chirality as observed by Kim, Osuka and coworkers [111]. These
oligomers formed a helical structure by clipping the meso-aryl substituents
with hydrogen bonding between carboxyl groups and a cyclic urea guest.
The direction of the helix was then controlled by complexation with a chi-
ral diamine derivative of BNP resulting in an induced CD of similar shape.
However, the CD intensity as judged by the corresponding anisotropy factor
was enhanced by three times upon increasing the number of porphyrin units

Fig. 6 The crystallographic structure of the 53/(R,R)-DACH tweezer complex (top and
side views)



116 V.V. Borovkov · Y. Inoue

from n = 2 to n = 8. Although the chiroptical properties were not rational-
ized, an interesting effect of chirality memory was reported for 55 (n = 8).
Upon addition of the antipode to the helical array formed by the oppo-
site enantiomer the sign of induced chirality, while reduced, could not be
completely switched.

A different type of two-dimensional multiporphyrin arrangement was ex-
plored by the groups of Kim, Osuka, Jiang, and Aida to test its corresponding
chirogenic properties [112, 113]. It was found that the hexamer 56 induced
a strong bisignate CD signal in the Soret region in the presence of enan-
tiopure (1-naphthyl)ethylamines exclusively, while other chiral amines led
to only weak CEs indicating that the host–guest size matching was an es-
sential requirement for effective chirogenesis in these systems. Even more
drastic chiral selectivity was found for a series of dendric porphyrins 57–60
upon binding with a bidentate chiral guest. Particularly, the induced CD was
strongly dependent upon the porphyrin multiplicity with the highest A value
(2693 M–1cm–1) observed for 58. However, these intriguing chiroptical effects
have yet to be comprehensively investigated.

In order to fulfill the function of chiral discrimination and enantioselective
catalysis as well as some others, the corresponding dimeric and oligomeric
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chiral porphyrinoids were used. Therefore, in the following section we shall
show some recent representative examples of supramolecular systems based
on this category of porphyrinoids.

4.2
Chiral Porphyrinoids

This type of porphyrin host can also interact with achiral guests and with chi-
ral guests to generate corresponding supramolecular systems, and interaction
with the achiral supramolecular counterparts will be discussed first.
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4.2.1
Interactions with Achiral Counterparts

Because of the limited utility of this type of supramolecular system, there
were only a few examples found in the literature. Particularly, Ji et al. linked
two TPPs via a covalent bridge containing AA residues to obtain the con-
formationally flexible 61–63 [114, 115]. Upon interaction with achiral mon-
odentate amines, the induced CD was dramatically diminished apparently
due to breaking the attractive intramolecular interactions between two por-
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phyrin macrocycles. However, bidentate ligands behaved differently. For ex-
ample, the short ethylenediamine resulted in CD sign inversion at a 1 : 1
molar ratio, while further addition led to decreasing the CD intensity. In the
case of the longer 1,10-diaminodecane, the behavior was found to be the
same as for monodentate ligands. Although the detailed mechanism of this
chirality switching was not investigated, the authors interpreted this obser-
vation in terms of formation of chiral linear porphyrin arrays. However, the
1 : 1 tweezer structure would be more reasonable as in the case of above-
and below-described supramolecular systems on the basis of achiral and
chiral bis-porphyrins. A thorough analysis of the distance dependent host–
guest complexation was undertaken by Ema, Utaka and coworkers using the
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more rigidly bound 64 [116]. While the binding constants were found to be
> 107 M–1 in all cases, this host exhibited a remarkable CD selectivity for the
binding of a series of diamines NH2(CH2)nNH2 (n = 2 – 7) upon forming the
corresponding 1 : 1 tweezers by tuning the chiroptical response. Particularly,
the greatest amplification of negative CD couplet was found for n = 6, pre-
sumably caused by a good distance matching between the two Zn ions of 64
and the two amino groups of the diamine. Similar results were obtained by
Hayashi, Ogoshi and coworkers upon using the BNP strapped rigid 65, which
gave the greatest exciton couplet (A = + 1788 M–1cm–1) upon interaction with
the longer diamine (n = 8), apparently due to the enlarged chiral cavity [117].
Although the observed effects opened an interesting opportunity for the chi-
rality amplification of supramolecular systems, none of the reported distance
dependences have been comprehensively rationalized.
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4.2.2
Interactions with Chiral Counterparts

Chirogenic supramolecular systems consisting of both optically active coun-
terparts gained wider acceptance in different fields owing to some specific
properties. For example, flexible and chiral bis-porphyrin 66 was used by
Molinski et al. for determination of the absolute configuration of camono-
side A upon incorporation into liposomes prepared from 1,2-distearoyl-sn-
glycero-3-phosphocholine and subsequent application of the exciton coupling
CD method [118]. While the liposome environment played a rather ordering
role to fix the spatial orientation of two porphyrins in 66, empirical analysis of
the chiroptical response from four possible stereoisomeric complexes and its
comparison with the reference bis-porphyrin of known stereochemistry led
to assignment of the C10 configuration as R.

However, chiral recognition was the most common field of application of
various chiral bis-porphyrinoids. Hence, Sessler’s group prepared a series of
bis-sapphyrins 67–69 for the chiral recognition of dicarboxylate anions via
a combination of Coulombic attractions and hydrogen bonding [119]. While
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flexible 67 and 68 were found to form strong complexes with N-Cbz-Asp and
N-Cbz-Glu with the association constants in the range of 104–105 M–1, and
displayed a preference for Glu over Asp, with 68 showing a modest level of
enantiomeric selectivity, cyclic and more rigid 69 exhibited low affinity for
these guests but showed significant chiral discrimination. Apparently, this
arose from a good size and shape match between the host and guest as a re-
sult of the fixation of two porphyrinoids by two covalent bridges, however,
the detailed recognition mechanism has yet to be understood. Crossley et al.
were able to obtain 80–86% and 48% ee for the binding of histidine and lysine
esters, respectively, by using the spatially fixed 70 owing to the ditopic interac-
tion of the two nitrogen sites on the guest with the two zinc centers leading to
the corresponding tweezer structure [120]. Similarly, Hayashi and coworkers
also applied the rigidly BNP linked 65 for the chiral recognition of AA deriva-
tives [81]. This host exhibited a particularly high (11–12 fold) ee for the lysine
derivatives due to tweezer formation. The host–guest complex optimization
revealed that the selectivity mechanism was based on steric repulsion occur-
ring between the two methoxy groups of 65 and the amide group of the AA
derivative in the unfavorable diastereomeric complex.

Oike, Aida and coworkers after chiral insertion of the leucine residue into
the covalent bridge of achiral 43 obtained the corresponding chiral 71, which
was used for optical resolution of a series of artificial oligopeptides of dif-
ferent lengths containing the two terminal pyridines for ensuring the ditopic
binding and a leucine group in the middle as a chiral source [121]. The ee
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value was determined to be as high as 80%, with significant enhancement of
the CD signal in the Soret region upon formation of the favorable tweezer
complex. While the detailed mechanism of the chirality amplification was
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not presented, a comparative study revealed that the observed effect was ap-
parently due to the directional stabilization of the twisted geometry of the
host by the guest’s helicity. An opposite tendency of chirality quenching upon
host–guest interaction was reported by Paolesse et al. [122]. In particular,
the negative monosignate CD signal of 72 was noticeably diminished and
hypsochromically shifted in the presence of limonene with a different de-
gree of the chirality modulation for the two enantiomers. Although neither
chiroptical behavior nor recognition mechanism were rationalized, 72 was
successfully applied to the enantiodiscrimination of this particular guest in
the solid state upon deposition onto the gold electrodes of quartz crystal mi-
crobalances and exposure to the guest containing gas phase as the first step
for developing nanogravimetric sensors.

Our group discovered a similar property of the CD signal reduction in the
case of chiral bis-chlorin 73 upon interaction with chiral ligands due to the
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induced conformational changes, while the chiroptical response was found
to be noticeably different for the corresponding antipodal ligands [123]. This
makes it possible to apply 73 for the purposes of chiral recognition utilizing
a new principle of enantioselectivity on the basis of only a two-point host–
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guest interaction model combined with the coupling electronic transitions
of chromophoric host, the chiral orientation of which was controlled by the
guest stereochemistry.

Despite the excessive complexity from the synthetic viewpoint, the above-
discussed supramolecular systems are of obvious interest for various appli-
cation fields, especially for chiral recognition purposes. However, the specific
host–guest matching, which is one of the key elements for enantioselective
processes, requires fine design of the chiral host that in turn imposes limita-
tions on the scope of the host’s applicability.

In contrast, the last type of chirogenic supramolecular systems consisting
of aggregated porphyrinoids to be considered in the next section brings wider
structural variability at a sacrifice in the geometrical certainty.

5
Supramolecular Systems on the Basis of Aggregated Porphyrinoids

The supramolecular assemblies involving aggregated porphyrinoids simi-
larly to other types of previously discussed systems could be reasonably
divided into different categories: on the basis of achiral, chiral monomeric,
and dimeric porphyrinoids. Again, the simplest monomeric achiral porphyri-
noids will be presented first.

5.1
Monomeric Achiral/Racemic Porphyrinoids

Although the aggregation process is responsible for greater supramolecular
and chiroptical uncertainty and uncontrollability, the repeated intermole-
cular interactions make it possible to considerably amplify any small (and
even almost negligible) chiral deformations within assembly leading to a sig-
nificant chiroptical response. This results in two recently observed remark-
able chirality phenomena that are spontaneous optical resolution and stirring
induced chirality in porphyrin aggregates, which can be hardly seen in other
types of supramolecular systems.

5.1.1
Spontaneous Resolution and Stirring Induced Chirality

For example, Wakayama and coworkers discovered the formation of two
oppositely orientated domains of 5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)-
porphine deposited onto a Cu surface using low-temperature scanning tun-
neling microscopy [124]. It was demonstrated that the twin domains were
produced by a pair of chiral conformations induced by a combination of
symmetrical tilting and twisting rotation of the phenyl rings with respect to
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the porphyrin macrocycle upon surface adsorption. The tilting and twisting
angles were estimated as 46 and 49◦, respectively. In another development,
Langmuir–Schaefer films made of achiral 10 and different amphiphiles exhib-
ited significant optical activity in the Soret and Q band regions as a result
of interporphyrin excitonic coupling occurring in spontaneously optically re-
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solved J-aggregates as reported by Liu et al. [125]. The intensity of induced
CD signal was dependent upon the nature of amphiphiles with the great-
est observed for cetyltrimethylammonium bromide, while the chirality sign
could not be controlled and appeared with equal probability. However, the
chiroptical and resolution mechanisms have yet to be rationalized.

Ribó and coworkers reported an intriguing phenomenon of chirality con-
trol in the J-aggregates of 10 and related meso-sulfonatophenyl-substituted
porphyrins by vortex motion during the aggregation process caused by the
intermolecular association between the positively charged porphyrin ring
and the negatively charged sulfonato groups [126–129]. While without stir-
ring equal amounts of left- and right-handed aggregates were formed, upon
stirring the porphyrins were arranged with a unidirectional helical orien-
tation with about 85% probability, having the helicity dependent upon the
vortex (i.e. stirring) direction. Clockwise and anticlockwise stirring gen-
erated right- and left-handed chirality, respectively, that corresponded to
a strong positive and negative CD couplet in the porphyrin absorption re-
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gion as a result of the interchromophoric exciton coupling. While the detailed
mechanisms of the chirality induction and amplification remained unclear,
it was suggested that the chiral vortex acted at the mesoscale level upon the
kinetically controlled growth of the supramolecular assembly and sponta-
neous symmetry-breaking processes in the diffusion-limited generation of
the high-molecular-weight homo-associates. This assumption was further
supported by the direct visualization of 3D homochiral helices using atomic
force microscopy. A similar approach was undertaken by Aida et al. to induce
chirality in the hydrogen-bonded J-aggregates of dendritic 74–76 by spin-
coating [130]. The chirality sign was also governed by the spin direction with
clockwise and anticlockwise rotation generating a positive and negative ex-
citon couplet, respectively, while the CD intensity was strongly affected by
the structure of the dendritic periphery with the largest A value detected for
75 (n = 1). While the origin and driving forces of this phenomenon have yet
to be rationalized, the generation of these 2D supramolecular sheets, which
adopt a twisted geometry relative to one another upon rotational force, was
proposed.

Besides the relatively weak asymmetry fields discussed above, chirogenic
processes in various aggregated and self-assembled systems on the basis of
achiral porphyrinoids can be driven by more conventional (and more pow-
erful) chiroptical influences upon interacting with a supramolecular counter-
part possessing optical activity.

5.1.2
Interactions with Chiral Counterparts

The well-known ability of porphyrins to aggregate in the solid state was uti-
lized by Shinkai’s, Liu’s and our groups to generate supramolecular chirality
using different interaction modes [131–133]. For example, 77 formed a one-
dimensional face-to-face assembly in an organogel phase via combining the
π – π interporphyrin stacking and hydrogen-bonding interactions among
urea moieties, which turned into an optically active aggregate in the pres-
ence of (R)- or (S)-N-(1-phenylethyl)-N′-dodecyl urea, thus resulting in an
exciton-coupling CD signal in the Soret region [131]. A different type of the
solid state structure was used to induce chirality in the aggregates of 10 [132].
Upon deposition of 10 onto a multilayer film consisting of enantiomeric tryp-
tophan hexa- or octadecyl ester, the formed porphyrin J-aggregate adopted
the chiral structure of the Trp surface resulting in bisignate and monosignate
CD signals in the Soret and Q band regions, respectively, the sign of which
was governed by the Trp absolute configuration. The third type of solid state
supramolecular system was obtained on the basis of simple zinc octaethylpor-
phyrin incorporated into a glassy KBr matrix in the presence of enantiopure
1-cyclohexylethylamine [133]. An interesting feature of the observed chi-
rogenic process was a time-dependent gradual development of highly stable
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and optically active J-aggregates with the rate constant of 0.026–0.030 h–1 and
helicity controlled by the amine’s absolute configuration. While in general
the chirality induction was a result of interporphyrin excitonic interaction
within the chirally orientated assembly, elaboration of the precise chirality
transfer mechanism in the solid state appeared to be an arduous task due to
a great variability of possible conformations and aggregation modes as well
as a rather limited number of available investigation methods. In connection
with this, solution phase studies always open more opportunities for elucida-
tion of the chirogenic processes in various aggregates.

Thus, Purrello et al. reported a self-assembly effect of oppositely charged
10 and CuTMP in the presence of enantiopure aromatic AAs yielding opti-
cally active aggregates that exhibited an exciton couplet type of CD signal
in the Soret region [134]. A remarkable long lasting chirality memory effect
expressed in terms of retaining the CD signal was observed upon remov-
ing the AA template. The initiation role of AA clusters (ca. 10–13 M for Phe)
for the formation of similar concentrations of chiral porphyrin assemblies
followed by the self-propagation process was established as a driving force
for the chirogenic mechanism in this system. Further insight into the self-
assembly of 10 onto polylysine was gained by Purrello, Periasamy and co-
workers [135, 136]. This system also exhibited efficient chirality transfer from
the optically active matrix to the porphyrin J-aggregates. This process was
controlled by pH and rationalized in terms of the monomer-aggregate equi-
librium, which shifted towards the aggregation state at low pHs due to the
protonation of polylysine. Additionally, it was reported that metallation could
strongly affect the aggregation behavior, and consequently the chiroptical
properties: the corresponding Zn complex presumably favored the face-to-
face arrangement yielding a complicated multicomponent CD signal, while
the hexacoordinate Sn complex exhibited strong resistance towards aggrega-
tion. Another attractive development for this matrix was, as in the case of
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monomeric AA, a combination of cationic and anionic porphyrins [137–140].
Particularly, 10 and various metal complexes of TMP formed stable chiral ag-
gregates on poly(glutamic acid) resulting in a strong chiroptical response in
the Soret region (A = 2500 M–1cm–1 for the Zn complex). Using CuTMP pro-
moted further stability of this heteroporphyrin assembly allowing the chiral
information to be memorized even when the chiral matrix was disrupted by
raising pH. The chiral memory was retained for several days decreasing only
by 30% in about 4 weeks owing to the kinetic inertness of the aggregates.

The last example to be cited in this section is an intermediate type of
aggregated system consisting of racemic porphyrins. Thus, Bischoff et al.
reported spontaneous optical resolution of a racemic mixture of diacetyl
derivative of hematoporphyrin IX upon aggregation via π – π and hydrogen-
bonding interactions [141]. While the CD sign was always unpredictable,
unexpectedly, increasing the temperature above 25 ◦C at low salt concentra-
tion (< 40 mM) produced drastic chiroptical changes resulting in a strong
bisignate signal with an always positive first CE. The mechanism of such
directional transformation is difficult to perceive in the absence of an exter-
nal chiral field. However, the interaction with a chiral template such as DNA
yielded a negative CD signal in the Soret region as a result of the porphyrin-
DNA interactions.

After examining the aggregates consisting of achiral/racemic porphyrins,
it is reasonable to discuss the self-assembled systems based on chiral por-
phyrinoid.

5.2
Monomeric Chiral Porphyrinoids

This class of supramolecular systems is directly related to many biomimetic
systems, including photosynthetic models and new materials, which have at-
tracted much attention of the scientific community for years.

The largest part of research works in this field have been devoted to
investigation of the aggregation behavior and self-assembly of different natu-
rally occurring and artificial chlorin derivatives to mimic the photosynthetic
special pairs and light-harvesting antennae. In general, this type of aggre-
gation is driven by three binding forces: coordination to the central metal,
H-bonding, and π – π interactions, the individual contribution of which is
varied depending upon a particular pigment structure, and characterized
by considerable bathochromic shifts of the Q bands in comparison to the
corresponding monomeric form. For example, Holzwarth, Oba, Watanabe
et al. reported aggregation of chlorophylls and bacteriochlorophylls extracted
from natural sources [142–144]. Using bacteriochlorophyll 78, they observed
autocatalyzed chlorosomal-like self-assembling, with an induction period fol-
lowed by an exponential build-up, leading to a sigmoidal growth of the ag-
gregate [142]. These chiral associates were characterized by a particular low
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energy absorption at 739 nm yielding a strong negative CD excitonic couplet.
The chiroptical properties of the aggregates were found to be largely affected
by the epimeric compositions of chlorophyll a/a′ (distinguished by the ab-
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solute configuration at the 132 position) [143]. Surprisingly, the CD signal of
the epimeric mixture comprising of a negative couplet (CEs at 765 nm and
742 nm) could not be reproduced by a linear combination of the CD spectra
of the pure epimers, both of which were high-energy shifted negative couplets
at 754/715 nm and 706/694 nm. This was an indication of different supra-
molecular architectures of the aggregates, but with the same orientation of
coupling electronic transitions, however, the structural details have yet to be
understood. Further insight into the diastereoselective control was obtained
by studying a series of bacteriochlorophylls 79 distinguished by the stere-
ochemisty of the hydroxy ethyl group at the 3 position [144]. It was found
that the S absolute configuration promoted the formation of chlorosome-like
structures as judged by the appearance of absorption at about 717 nm. Be-
sides, 79 (R2 = i-Bu) showed a clear solvent dependence of the chiroptical
response even resulting in a chirality switching effect from negative in hexane
to positive in a water–lecitin mixture.

Among the synthetic analogs of natural pigments, Zn complexes of chlo-
rins were the most frequently used for self-assembly owing to their well-
determined pentacoordinate ability. This approach was undertaken by Tami-
aki, Knapp, Potenza, Schugar, Würthner et al. [145–149]. As in the case
of natural chlorophylls, Zn complexes of 80 exhibited a tendency to form
J-aggregates in the water–leticin solution, the structures and subsequent chir-
optical properties of which were dependent upon the substituent’s stereo-
chemistry at the 3 position and other peripheral substituents [145]. Again
the epimeric mixture resulted in new spectral profiles, which were not re-
producible by a spectral combination of the individual components. More
pronounced and better understood diastereomeric control over aggregation
was obtained by changing stereochemistry at the 13′ position of 81 [146].
The self-assembly pathways were found to be different for the two epimers
yielding an energetically stable face-to-face dimer for the (R)-diastereomer
and large oligomers for the (S)-diastereomer with a significant difference in
the stabilization energy. Also, the CD signal of (R)-diastereomer, consisting
of a negative couplet in the Qy region, was consistent with the anticlockwise
coupling of the corresponding electronic transitions in the optimized dimeric
structure. Another structural modification of the substituent at the 3 position
allowed investigation of the distance dependence on the self-assembly [147].
Particularly, it was found that increasing the distance between the hydroxyl
group and the chlorin moiety in 82 diminished the aggregation abilities as
was found by smaller red-shifts of the Qy band absorption and reduction of
the negative CD couplet arising from an increase of the conformational flexi-
bility. In contrast, enhancement of the substituent’s rigidity by introduction
of the double bond resulted in structurally ordered large aggregates yield-
ing precipitates. Further replacement with the oxime group yielded a dimeric
structure in solution with a special pair like pyrrole-over-pyrrole overlap and
a positive Qy exciton couplet in the CD spectrum, which correlated with the
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obtained crystallographic structure [148]. Changing the ester group as in the
case of 83 was another stimuli to control the self-organization process [149].
It was shown that 83 formed well-defined rod aggregates, spin-coating sam-
ples of which were visualized by atomic force microscopy. The chiroptical
response consisted of an intense negative Qy exciton couplet, which was re-
versibly controlled by the temperature resulting in its considerable reduction
upon increasing the temperature. Additional information regarding the influ-
ence of the ester group on the aggregation behavior was obtained by Matysik,
de Groot and coworkers upon using Cd complexes 84 [150]. While the trun-
cated tail of the methyl ester yielded a microcrystalline solid with a head-to-
tail orientation of the chlorin layers, the long stearyl tail gave more disordered
aggregates having both syn and anti layers, as suggested by NMR, which re-
semble the chlorosomal antennae.

Besides chlorins, chiral porphyrins were also successfully used for pho-
tosynthetic mimicking. For example, Fajer et al. revealed supramolecular
organization of the bacteriochlorophyll d analog 85 on the basis of crystallo-
graphic analysis [151]. The formed aggregates were comprised of hydrogen-
bonded dimers with the assistance of π – π interactions, surprisingly without
the expected Zn – O coordination, with the interporphyrin distance being
3.33 Å. These dimers were subsequently connected to each other via the π – π

interactions with a separation of 3.54 Å between successive dimer units. A se-
ries of chiral porphyrins 86–88 were applied by Balaban and coworkers to
obtain the corresponding self-aggregates, which were characterized by an in-
tense CD exciton couplet and a monosignate signal in the Soret and Q band
regions, respectively. The chirality sign was found to be governed by the ab-
solute configuration of the stereogenic carbon, while the CD induction was
dependent upon the solvent [152, 153].

Aside from photosynthetic models, the aggregation and self-assembly
properties of various chiral porphyrinoids were investigated. For example,
a porphyrin–cyclodextrin conjugate 89 was reported by Carofiglio, Fornasier
and coworkers to have unusual pH-controlled chiroptical properties upon
self-assembling [154]. In particular, a negative CD exciton couplet in the Soret
region induced in alkaline conditions as a result of intermolecular interac-
tions was switched into a positive bisignate CD signal of a complex profile
in acidic media arising from the split absorption bands. Although some ag-
gregation modes (inclusion complexes, face-to-face, and J-type arrangement)
were proposed, none of them gave a clear rationale for the observed chirality
switching phenomenon.

A different type of chiral porphyrin bearing the guanidine moieties 90 ex-
hibited a strong aggregation ability caused by the Coulombic and H-bonding
attraction forces of the guanidine residues combined with π – π interpor-
phyrin stacking as reported by Kral, Schmidtchen et al. [155]. These self-
assemblies produced a CD exciton couplet in the Soret region, the intensity
and surprisingly even sign of which were controlled by the nature of the
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counteranion, which apparently affected the supramolecular structure of the
aggregates, while particular relationships between the anion structure and
chiroptical response have not been established. A more directional approach
to obtaining self-assemblies of predictable structure was exploited by Masiero
et al. by using a porphyrin–guanosine conjugate 91 [156]. This conjugate
formed an octameric supramolecular complex consisting of two G-quartets in
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the presence of potassium picrate inducing a positive CD exciton couplet in
the Soret region, a relatively low intensity of which was likely to be as a result
of the conformational freedom of the porphyrin chromophores owing to the
flexible linkage.

Besides the above-mentioned applications, new chiral materials were pre-
pared by Shinkai, Katz and coworkers utilizing the aggregation properties of
optically active porphyrinoids [157–160]. Thus, cholesterol-containing por-
phyrins 92 exhibited gelation properties, which were strongly dependent
upon the stereochemistry at the C-3 position of the cholesterol moiety with
the (S)-configuration being exclusively able to form a gel phase [157]. The
chiroptical response was also changed from a monosignate negative CE to
a complex red-shifted CD signal that consisted of several CE of opposite signs,
probably due to porphyrin stacking according to the J-aggregation mode.
More intelligent control of the gel structure was achieved via the synergetic
effect of π – π interporphyrin interactions and hydrogen bonding between
the saccharide moieties in 93 [158, 159]. It was demonstrated that these por-
phyrins formed a one-dimensional aggregate, the helical orientation of which
was governed by the chirality of the appended sugar residue. For example,
the aggregates made of α- and β-D-galactopyranoside moieties yielded nega-
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tive and positive CD couplets in the Soret region indicating a right- and
left-handed helical orientation, respectively, which were further visualized
by scanning electron microscopy. Moreover, these organic helixes were suc-
cessfully transcripted into inorganic helical silica fibers. A similar type of
interchromophore stacking was obtained by using optically active phthalo-
cyanines 94 resulting in a CD exciton couplet in the Q band region [160].
The observed spectral profile was essentially preserved in a casting film,
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while the obtained Langmuir–Blodgett films exhibited large second-order
nonlinear optical responses owing to the chirality of these supramolecular
systems.

While self-assembled and aggregated chirogenic systems are mainly based
on monomeric porphyrinoids, a further increase of the pigment multiplicity,
despite raising the overall complexity of supramolecular structures, may lead
to novel functional properties and new applications. Therefore, in the last sec-
tion we shall show a few examples of self-assembled and aggregated systems
constructed from dimeric and oligomeric porphyrins.
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5.3
Dimeric/Oligomeric Porphyrinoids

Since this class of supramolecular assemblies is represented by a small
number of examples due to the enhanced structural intricacy and syn-
thetic complexity, we shall present both chiral and achiral dimeric/oligomeric
porphyrinoid-based systems in one section.

Hence, our group, while studying a phase transition effect on supramo-
lecular chirogenesis, has found that 53 (M = Zn) formed chiral aggregates
in a solid KBr matrix in the presence of enantiopure monoamines [161].
These structures were characterized by a bathochromic shift in comparison
to the solution phase CD signal of complex shape due to simultaneous con-
tribution of the inter- and intramolecular exciton couplings and considerable
enhancement of the anisotropy factors by a factor of 1.6–9.1 due to the asym-
metry amplification effect in the aggregates. Surprisingly, the chirality sign
was also switched reflecting opposite orientation of the inter- and intramolec-
ular helicity, although the detailed mechanism of the supramolecular chirality
induction in the solid state has yet to be understood.

Kimura, Shirai and coworkers used two chiral dimeric porphyrins 95 and
96 to investigate their self-assembling behavior [162, 163]. While incorpora-
tion into fibers made of the alkylamide derivatives of (R,R)-DACH, 95 formed
stable well-resolved fibrous assemblies as visualized by transmission electron
microscopy, the fluorescence of which was not quenched by external elec-
tron acceptors [162]. However, the induced CD was not detected indicating an
inability of 95 to form chirally orientated aggregates under the applied con-
ditions. In contrast, 96 was able to produce optically active intermolecular
self-assemblies with an enhanced chiroptical response through the µ-oxo
bridging in an alkali solution, while intramolecular µ-oxo dimer formation
was excluded on the basis of steric reasons [163].

Osuka’s and Kim’s groups reported more controllable self-assembly of
dimeric porphyrins 97 into chiral porphyrin boxes of well-defined structure
that were comprised of four dimeric molecules by using the pentacoordinate
ability of Zn porphyrins [164]. The obtained self-assemblies exhibited a com-
plex CD signal in the Soret region, the intensity of which was considerably
enhanced (more than 10 times) in comparison to the CD signal of 97 due
to multiple exciton coupling interactions. While the precise band assignment
has not been done, an exciton coupling model was proposed upon empiri-
cal consideration of the fixed geometry of these supramolecular systems. In
addition, the well-defined spatial arrangement ensured the effective exciton
energy migration described by the Förster-type incoherent energy hopping
model depending upon the size of porphyrin boxes.
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6
Concluding Remarks and Future Perspectives

In conclusion, this review demonstrated recent progress on supramolecular
chirogenesis in different porphyrinoid-based assemblies. In particular, the
wide structural diversity of these systems was emphasized in light of high
demand from various fields of science, technology and medicine. However,
despite a great number of presented examples, and the apparent importance
of the obtained asymmetries, the detailed origin of the chiroptical properties
of many of them have been only perfunctorily examined. Furthermore, there
are only a few examples of comprehensive and unambiguous rationalization
of optical activity in these assemblies. Also, although supramolecular chem-
istry offers a unique tool for fine-tuning the chiroptical properties via various
controlling factors, this opportunity has been scarcely exploited. These are
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serious setbacks for designing optimal systems for fulfilling a particularly
desired function, since the optical activity outcome is often directly related
to various chiroptical applications. Therefore, further efforts in this field
should be concentrated on closing this gap, which should have an immedi-
ate positive impact in such important applications as asymmetric synthesis
and catalysis, photodynamic therapy and magnetic resonance imaging, struc-
tural and stereochemical assignment, chemical and chiroptical sensors and
biomimetic studies. Furthermore, recent advances in this field exhibited con-
siderable promise for newly emerged molecular technologies such as chiral
nanotechnology, intelligent molecular devices and chiroptical memory.
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manuscript.
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Abstract Supramolecular chirality is generated from assemblies based on supramolecular
interactions such as hydrogen bonding, van der Waals and metal-ligand coordinative in-
teractions. In this chapter, we discuss chiral supramolecular architectures that are based
on metal-ligand coordination. Emphasis is given to ensembles that are formed exclusively
from achiral building units and thus rely on metal coordination geometries or asymmet-
ric ligand arrangements in order to generate chirality via supramolecular (coordinative)
interactions. Particular interest is given to assemblies that exhibit chiral cavities with po-
tential for guest encapsulation for recognition, storage, and utilization as nano-reaction
vessels. Examples of chiral architectures are presented that resemble molecular symme-
tries of helicates, trigonal (anti)prisms, tetrahedra, trigonal bipyramids, octahedra and
cuboctahedra.

Keywords Chirality · Coordination compounds · Guest inclusion ·
Host-guest interactions · Supramolecular chemistry
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1
Introduction

Chirality is widespread in nature and is expressed ubiquitously in the most
abundant forms of matter. As an example, the basic structure of quartz min-
erals consists of covalently linked silicon-oxide tetrahedra, which are corner-
connected and twisted in a helical fashion around three- and six-fold screw
axes, rendering individual quartz crystals chiral (Fig. 1) [1]. Although crys-
talline quartz aggregation exemplifies a form of static chirality only found
in the solid state, it is most noteworthy that it is generated exclusively from
the spatial arrangements of achiral building units. Contrary to static chi-
rality, assemblies based on dynamic equilibria—mediated by non-covalent,
supramolecular interactions allow the formation of thermodynamically sta-
ble ensembles exhibiting supramolecular chirality. With a plethora of chiral
compounds based on supramolecular interactions, a series of questions arise:
How can chirality principally be generated from achiral building units? What
enables the formation of chiral architectures based on dynamic equilibria of
individual building units? How can the formation of specific assemblies be
controlled?

In order to answer some of these outstanding questions, this chapter
presents and analyzes a variety of chiral architectures based on metal-ligand
coordinative interactions. Although there are a number of ways in which chi-
rality can be introduced into coordination assemblies [2], we will concentrate
on ensembles formed from achiral components, where chirality arises from
metal coordination geometries or asymmetric ligand arrangements. Particu-
lar focus lies with assemblies that show host-guest encapsulation potential
and maintain their chirality in solution.

Fig. 1 Quartz minerals consisting of covalently linked silicon-oxide tetrahedra that are
corner-connected and twisted in a helical fashion around three- and six-fold screw axes,
rendering individual quartz crystals chiral
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Biology is chiral. The design and synthesis of self-assembled and chiral
supramolecular architectures is inspired by the stunning variety of non-
covalently linked ensembles that are found in nature. The assembly of such
macromolecular structures is a fundamental biological process, and the well-
ordered assembly pathways that typically form one polymeric arrangement
have been characterized most thoroughly in viral systems. As one example,
human rhinovirus 14, a member of the major rhinovirus receptor class, pos-
sesses a protein capsid that is composed of 60 protomers arranged in an
icosahedrally symmetric array [4–6]. Many viruses exhibit such high symme-
try, which is illustrated by comparison of an example virus [7] to a man-made
wooden ball-and-stick puzzle (Fig. 2). Both assemblies exhibit the highest
molecular chiral symmetry, icosahedral I-symmetry with 6 C5-, 10 C3- and
15 C2-symmetry axes. It is important to note that the formation of the com-
plex wooden, and chiral, icosahedron is achieved entirely from achiral ball
and stick building units.

The existence of chirality in nature is of particular importance in nu-
merous recognition processes, often illustrated by examples detectable by
non-spectroscopic methods such as the different orange and lemon odors of
R-(+)- and S-(–)-limonene, respectively (Fig. 3) [8]. As such, chiral discrim-
ination is also of considerable consequence in the medical sciences, as often
one enantiomer is pharmaceutically active whereas the other may show ad-
verse side effects. A historic example is the anti-emetic activity of one of the
enantiomers of thalidomide, while the other can cause fetal damage [9, 10].
These considerations highlight the importance of chiral discrimination in the
production of biologically active materials, whereas on the other hand, the
design of routes to asymmetric synthesis presents an active challenge to syn-
thetic chemists worldwide.

Fig. 2 Comparison of an icosahedral wooden model and enterobacteria phage PhiX174.
Reprinted with permission from [3]
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Fig. 3 Orange and lemon odor in mirror image molecules: R-(+)- and S-(–)-limonene,
respectively

In this respect, one fascinating aspect of the highly symmetric architec-
tures present in nature is the fact that they are constructed via the self-
assembly of just a small number of identical subunits. Most importantly, they
form enclosed environments that are vital to the functioning of many bio-
logical processes, e.g., in the protection of genetic material in the wide range
of viral species or in the storage of iron in apoferritin [11]. The simplicity
of self-assembling building blocks into highly symmetric containers or pro-
tective shells inspires the vision of chemists in creating molecular systems
that can act as vessels for a variety of purposes [12, 13]. Such functions in-
clude storage and recognition of ions [14–19] or molecules [20–22], as well as
utilization of such encapsulated spaces as nano-reaction vessels in chemical
transformations and catalysis [23–29].

Synthesis of supramolecular assemblies can be achieved utilizing an as-
sortment of non-covalent interactions such as van der Waals, hydrogen bond-
ing, and metal-ligand coordinative interactions. The latter are advantageous
as they typically possess the strong directionality and higher stability that
are crucial in the geometric control of the overall architecture. But whereas
the individual interactions involved in cluster formation are relatively well
understood, less is known about the mechanics that favor the construction
of specific architectures with defined stoichiometries and high symmetry,
rather than a mixture of random polymorphs. Synthetic coordination clus-
ters of various sizes, stoichiometries, and symmetries have been the subject of
a number of review articles [30–32], and it appears that careful consideration
of the geometric requirements of a particular cluster symmetry and stoichi-
ometry can lead to the controlled formation of “designer” assemblies [31, 33].
Once such a model has been established, it is then possible to create a library
of assemblies by the combination of different subunits of available ligands
and metals.
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Of the wealth of supramolecular architectures reported, many structures
have attracted particular attention due to interesting topological, dynamic
and electronic properties [34–36], as they represent promising models for
the production of molecular switches, motors and machines [37–41]. Sig-
nificant examples of these include the design and synthesis of rotaxanes [42,
43], catenanes [44–48] and knots [49, 50], as well as various polyhedra
such as boxes [51–53], tetrahedra [14, 54, 55], octahedra, cubes, dodeca-
and icosahedra [13, 56–59]. Unlike the great variety of common organic
host compounds such as crown ethers, acyclic podands, macropolycyclic
cryptands, calixarenes, cyclodextrins and spherands [60–62] that display
a rich host-guest chemistry, fewer examples of cavity containing, metal-
ligand based ensembles have been utilized for molecular guest encapsula-
tion [15, 19, 29, 45, 63]. However, there are a variety of metal-ligand based
host systems that encapsulate small ions such as Li+, Na+, K+, Cl– and
NH4

+ [14–19].
Uncertainty can arise concerning the formation of supramolecular com-

pounds that encapsulate guest molecules. Such architectures are often synthe-
sized in the presence of suitable guests, leaving ambiguity as to whether the
structure was pre-formed for guest encapsulation or, alternatively, whether
the presence of the guest facilitated the formation of the host by acting
as a template. A variety of examples have been reported where assemblies
form without the influence of guest molecules [12, 14, 47, 54, 55, 64–70]. How-
ever, guest molecules have also been found to play an important role in
the synthesis of many metal-ligand architectures [15, 71] either by driving
cluster formation via host-guest interactions [14, 45, 72–74] or by estab-
lishing guest-mediated equilibria between multiple clusters [75, 76]. Rather
than interpreting the role of these templates as adhering to the classical
“lock and key” [77] concept found in molecular recognition processes in na-
ture [77, 78], Busch and coworkers have defined the template effect as either
a kinetic or a thermodynamic phenomenon, where “the chemical template
organizes an assembly of atoms [...] in order to achieve a particular link-
ing of atoms.” [79]. In addition, Busch states that the role of the template
should not be thought of in terms of the molecular lock-and-key interac-
tion, which resembles a construct in which the key is a constituent part of
the assembly. A true template should be removable and leave behind the
desired product, as in the case of many macrocycles, macrobicycles and cate-
nanes etc. [80–82]. The definition of template as “a pattern, mold, or the
like, usually consisting of a thin plate of wood or metal, serving as a gauge
or guide in mechanical work” [83] implies that this is a repeatable (e.g.,
catalytic) process as opposed to a stoichiometric reaction. Hence, one can
differentiate between a thermodynamic (template becomes integral part of
the architecture) versus kinetic (template is removable after formation of
the desired product) templated host-guest interaction in metal-ligand cluster
formation [79].
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1.1
Generation of Chirality

The term chirality describes objects (molecules) that exist as pairs of enan-
tiomers, which are non-superimposable mirror images of each other. Various
alternative definitions exist, e.g., the necessary and sufficient condition of
the lack of improper rotational axes Sn (where S1 = σ (mirror plane) and
S2 = i (inversion center)). Different elements of chirality can be identified in
molecules; (i) chirality center or chirotopic stereogenic center as suggested by
IUPAC [84]—created around a single point in space, e.g., tetrahedrally substi-
tuted atoms with four different substituents, (ii) chirality axis—created with
respect to a molecular axis, as for example found in a tetra-substituted al-
lene with four different substituents, and (iii) chirality plane—with respect to
a plane within a molecule, for example as found in (E)-cyclo-octene. These
three elements of chirality in three-dimensional space, which have themselves
the dimensions 0, 1 and 2, are described in the classical publications by Cahn,
Ingold and Prelog [85, 86] that led to the definition of the R- and S-descriptors
of chirality according to the CIP-system. Furthermore, structures compris-
ing chirality axes and chirality planes can alternatively be viewed as helical.
As this type of chirality is the most predominant in coordination chemistry,
it is important to systematically analyze the origin of chirality within dif-
ferent parts of the molecule. This subject has been extensively covered [87]
and is therefore just briefly summarized here. Chirality can principally be
introduced into metal-ligand assemblies (Fig. 4) by (i) coordination of differ-

Fig. 4 Generation of chirality upon metal ligand coordination from a orientation
of individual chelating ligands (δ/λ) ([Ni(en)(OH2)4]2+); b tris-bidentate octahe-
dral coordination (∆/Λ) ([Fe(cat2–)3]3– [88]); c coordination of chiral ligands (R/S)
([Co(NH3)4(sarcosinato)]2+); d loss of improper symmetry axes of individual ligands
upon coordination ([Pt(iso-butylenediamine)(meso-stilbenediamine)]2+ [89]); en = 1,2-
ethylenediamine; cat2– = 1,2-catecholate dianion
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Fig. 5 Definition of skew-line chirality descriptors with rotational right- (δ/∆) and left-
(λ/Λ) handed orientations

ent types of monodentate ligands, (ii) chiral conformations within individual
chelating rings (δ/λ, Fig. 4a), (iii) formation of helical structures utilizing
chelating ligands (∆/Λ, Fig. 4b) [88], iv) coordination of chiral ligands (R/S,
Fig. 4c), v) coordination of one or more ligands that lose improper symmetry
axes upon coordination (Fig. 4d) [89].

The chiral identity of a molecule is included in the nomenclature of inor-
ganic compounds, and today’s comprehensive system is based upon sugges-
tions made in 1990 in IUPAC’s Recommendations on Nomenclature of Inor-
ganic Chemistry [84], and ACS’s Inorganic Chemical Nomenclature [90]. The
basis for the usage of stereochemical descriptors was laid by Brown [91, 92],
from which three types of chiral descriptor conventions were developed:
(i) Steering-wheel-convention [93], (ii) Skew-lines convention [94] and (iii)
Oriented-skew-lines convention [95].

The IUPAC recommended nomenclature of chirality is the skew-lines con-
vention in cases where the CIP system does not apply. It can be formulated for
any complex where two non-intersecting skew lines uniquely define a helical
system. Examples of two skew lines that generate chirality are the projection
of two planar chelating rings about a metal center or any non-planar chelat-
ing ring (Fig. 5). The descriptors for right and left handed helical chirality are
∆/Λ for chirality involving the whole molecule and δ/λ for chirality caused by
molecular fragments (such as conformations of chelating rings), respectively.

1.2
Overview of Coordination Assemblies

Molecular systems formed from metal-ligand coordinative interactions are
generally kinetically more labile and thus, dynamically more flexible than co-
valently bound systems. This is important since supramolecular architectures
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are formed under thermodynamic control, allowing self-correction to enable
the formation of the thermodynamically most stable product. Additionally,
metal-ligand interactions are highly directional due to preferred coordination
environments of the chosen metal ions. In combination with suitable ligand
geometries, this directionality allows a certain predictability of the architec-
ture formed. A common feature of such design approaches is the use of rigid
and poly-functional organic ligands as geometrically pre-determined build-
ing blocks. Rigidity is an important factor to ensure the formation of the
desired architecture that represents the most favored structure as a function
of the geometrical restraints. Elegant examples of the rational design ap-
proach can be seen in the architectures based both on chelating ligands used
by Lehn [96, 97], Raymond [30, 31] and Saalfrank [14, 98] that show increased
pre-organization and high formation constants [99] and on monodentate lig-
ands [32, 100–103] exemplified by the work of Stang [33, 64] and Fujita [104].

These two rational design approaches are based on either control of the
bonding vector direction between the building units (symmetry interaction
model) or on control of the overall symmetry by the molecular components
(molecular library model) (Fig. 6) [30, 33].

The symmetry interaction model takes advantage of multibranched chelat-
ing ligands, which show increased pre-organization and stronger binding
energies as a result of the chelate effect [99]. Geometric relationships between
the ligand and metal ion form the conceptual basis to understand the formation
of a given supramolecular architecture. The predominant coordination geom-
etry for tris-bidentate coordination is the pseudo-octahedral coordination
geometry with idealized D3 symmetry. This arrangement results in inherently
chiral structures, where the helical ∆ or Λ chirality is induced by the trigo-

Fig. 6 Illustration of two rational design approaches to construct coordinative supra-
molecular architectures. The symmetry interaction model is based on controlling the
bonding vector direction between individual building units, whereas the molecular library
model relies on control of the overall symmetry by the molecular components
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nal twist of the three chelating ligands around the metal center. For example,
a tetrahedron with T symmetry contains four C3 and six C2 axes. The struc-
ture may be formed from the combination of four C3-symmetric tris-bidentate
chelated octahedral metal centers spanned by six C2-symmetric bis-bidentate
ligands (M4L6 tetrahedron). This approach places the metal ions at the vertices
of the tetrahedron and the ligands on the edges. However, not every combina-
tion of C2-symmetric bis-bidentate ligands and octahedrally coordinated metal
centers will generate a tetrahedron. The structure of the ligand is critical in
achieving the correct orientation of symmetry elements in the target assem-
bly, e.g., 54.7◦ between the C2 and C3 axes for a tetrahedron and 90◦ for a triple
helicate (Fig. 6) [33]. The importance of geometric design criteria in order to as-
semble the desired architectures over entropically favored lower stoichiometry
compounds has been discussed in depth previously [68, 105, 106]. Advantages
of this design approach lie with the utilization of pseudo-octahedrally coor-
dinated metal ions, which upon tris-bidentate coordination generate helical
chirality from achiral building blocks.

Contrary to this, the molecular library model takes advantage of multi-
branched monodentate ligands as first applied by Verkade [102]. It describes
metal and ligand components as angular and linear pieces to be combined
in the formation of two-dimensional polygons and three-dimensional polyhe-
dra. A matrix of combinations of these simplified elements provides a formula
for the synthesis of an array of self-assembled architectures (Fig. 6). For ex-
ample, a molecular square can be assembled in several different ways, such
as combining four linear with four 90◦ angular building blocks or by com-
bining four 90◦ angular subunits. Similarly, three-dimensional polyhedra can
be constructed where a minimum of one building unit has to be a tritopic
subunit [33]. Although an elegant approach to high symmetry coordination as-
semblies, the molecular library approach lacks the generality of creating chiral
architectures from achiral components upon coordination. Although chirality
can be induced by introducing chiral ligands, this approach is not the sub-
ject of this overview and is discussed elsewhere [107–113]. Throughout this
chapter we will concentrate on assemblies that generate chirality from achiral
components upon coordination, regardless if the resulting racemic mixtures
were separated into its enantiomers. Independent of the chosen synthetic ap-
proach, an important factor in utilizing chiral architectures as nano-reaction
vessels is their enantiostability in solution. Hence, inertness to racemization or
diastereomeric isomerization is an important factor and the potential pathways
to isomerization of coordination compounds need to be evaluated.

1.3
Racemization of Coordination Assemblies

Although racemization represents an energetically spontaneous process, ac-
tivation barriers need to be overcome along the reaction coordinate that can
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lead to one or more transition intermediates. In an achiral environment, the
racemization enthalpy (∆H) is zero, whereas the entropy (∆S = R ln 2) equals
a purely statistical distribution of both enantiomers leading to a free Gibbs
energy (∆G = 1.72 kJ mol–1 standard conditions T = 298 K) in favor of the
racemate. The height of the energy barrier, and thus the timescale on which
racemization occurs, determines if the separation of enantiomers is princi-
pally possible.

Trivial racemization mechanisms represent dissociation of the metal-
ligand coordinative bonds. The magnitude of the energy barrier is thereby
dependent on the type of ligands (e.g., denticity) and kinetic inertness of the
metal ions. Utilizing multi-dentate ligands in combination with kinetically
inert metal ions can dramatically increase the energy barrier for dissociation
and completely prevent this pathway from occurring. However, alternative
racemization pathways with lower energy barriers represent intra-molecular
racemization mechanisms. Two such non-dissociative reaction mechanisms
are available for pseudo-octahedral, D3 symmetric complexes that represent
the most utilized coordination geometry in generating chirality upon metal-
ligand coordination [114]: (i) the Bailar twist with a trigonal D3h transition
state and (ii) the Ray-Dûtt twist with a rhombic C2v transition state (Fig. 7).

Both mechanisms proceed via trigonal prismatic transition states. In
the Bailar twist, all three chelating rings remain equivalent throughout the
racemization, whereas in the case of the Ray-Dûtt twist, the ligands are
grouped into non-equivalent pairs of one and two ligands, respectively. The

Fig. 7 Definition of the chelating bite angle α. Large angles α facilitate Ray-Dûtt twists
with rhombic (C2v) transition states, whereas small angles α favor Bailar-twists with
trigonal (D3h) transition states
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differentiation between the two racemization pathways is not trivial but the-
oretical studies indicate a dependence on the chelating bite angle α (Fig. 7).
Small bite angles will favor the Bailar twist, whereas large angles favor Ray-
Dûtt twists [114, 115].

In the case of poly-metallic assemblies that are linked via organic bridging
ligands, racemization is strongly dependent on the conformational rigidity
of the organic linker, as rigid linkages lead to an increase in the activation
barriers for intra-molecular racemization pathways. This increase in acti-
vation energy can be expressed as mechanical coupling between multiple
metal centers [116], which has been investigated in triple-stranded dinuclear
helicates [117, 118], where distinctions were identifiable between different
racemization pathways involving individual racemization of metal centers
and simultaneous racemization of multiple metal centers. In the case of flex-
ible organic linkers that allow conformational freedom upon coordination,
each metal vertex racemizes at rates comparable to those of mononuclear
complexes, indicating little or no communication between different metals.

Fig. 8 Series of chelating ligands 1, 3 and 5, forming the three complexes 2 (mononuclear),
4 (dinuclear) and 6 (tetranuclear), respectively, illustrating the concept of mechanical
coupling by slowing racemization rates of individual metal centers from 10 s–1 (2) [118]
to 0.1 s–1 (4) [117] and no observed racemization (6) [119]



158 G. Seeber et al.

Contrary to this, mechanical coupling is observed if the ligand exhibits struc-
tural rigidity. This is illustrated in the coordinative series of mononuclear
tris-catecholate 2, helical dinuclear tris-catecholate 4 and the tetranuclear tris-
catecholate assembly 6 (Fig. 8).

Utilization of the conformationally rigid bridging ligand 3 results in a 100-
fold decrease in racemization rate (0.1 s–1) [117] of the dinuclear helicate 4
compared to the mononuclear complex 2 (10 s–1) built from the simple cate-
cholate ligand 1 [118]. More dramatically, coupling of four metal centers via
six rigid bridging ligands 5, entirely prevents the assembly 6 from racem-
ization [119] (Fig. 8). As a direct result of the rigidity of the ligands (strong
mechanical coupling), the metals communicate their ∆/Λ chirality to each
vertex and the architectures formed are found to exhibit identical chirality
at all metal vertices (homoconfigurational or homochiral ensembles) [31, 106,
120]. In such cases, it has been shown that calculated energies for the for-
mation of heterochiral assemblies are higher than those for their homochiral
counterparts, being a direct measurement for the magnitude of mechanical
coupling. This magnitude difference of mechanical coupling is further illus-
trated for tetrahedral coordination assemblies (Fig. 9) where racemization of
individual metal centers (a) [121], synchronous racemization of four metal
centers (b) [122] or no racemization (c) [119] can be observed.

Fig. 9 Schematic representation of racemization processes in tetrahedral complexes de-
pending on increasing mechanical coupling between the metal vertices: a individual
racemization of each metal vertex; b Synchronous racemization of four metal vertices;
c no racemization



Supramolecular Chirality in Coordination Chemistry 159

2
Chiral Supramolecular Architectures

Supramolecular architectures formed upon metal-ligand coordination from
achiral building units without the use of chiral auxiliaries are usually ob-
tained as racemic mixtures. Resolution of enantiostable racemic ensembles is
principally possible but not always synthetically achieved. We therefore also
include compounds that are reported only as racemic mixtures in the litera-
ture. Albeit helicates principally do not fall into our categorization of guest
encapsulating systems, we include a brief categorization of helical systems as
they represent the first examples of inherently chiral, supramolecular archi-
tectures formed via metal-ligand coordinative interactions.

2.1
Helicates

Although the term “helicate” was introduced into coordination chemistry
by Lehn and coworkers in 1987 [123], the first example of a coordination
helix, ferric rhodotorulate—a di-iron(III) triple- stranded helicate, was pro-
posed a decade earlier by Raymond and coworkers [124]. Since then, the
concept of helicates extends the idea of classical coordination complexes to-
wards more complex “supermolecules” in which two or more metal ions lie
on a helical axis [123, 125–127]. Thus, helicates are discrete supramolecular
structures formed by one or more covalent organic strands entwined and
coordinated to a series of metal-ions defining the helical axes. Helical ar-
rangements implicitly result in chirality, producing right- (∆ = Plus = P) or
left-handed (Λ = Minus = M) helicity around the principal axis [127–130].
Variations in helical arrangements can be described (i) by the number of
coordinated strands, corresponding to single-, double- and triple-stranded
helicates and (ii) by the symmetry of the coordinating strands1. From the
myriad of reported helical structures, only a few examples are represented in
this chapter and more examples can be found in recent reviews [131, 132].

2.1.1
Single-Stranded Helicates

The quinquepyridine ligand 7 forms a dinuclear, single-stranded helicate
with ruthenium(II) ions (8) [133]. The crystal structure shows two different
six-coordinate metallic sites, with one ruthenium(II) coordinated to a ter-
pyridine subunit of 7 and the second ruthenium(II) bound to the remaining
bipyridine subunit (Fig. 10). The helical twist of the strand (74.9◦) results

1 Identical strands correspond to homotopic arrangements, whereas non-symmetrical strands rep-
resent heterotopic helicates, which can form isomers by different orientations of the coordinating
binding units (Head to Head or Head to Tail)
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Fig. 10 Representation of the single-stranded helicate 8 formed from quinquepyridine lig-
and 7 and ruthenium(II) ions [133]. Ligand 7 is shown in blue to illustrate the helical
twist

from the torsion between the two connected pyridine rings of each subunit.
The remaining vacant coordination sites around the ruthenium(II) ions are
occupied by a chloro and two tridentate terpyridine ligands.

2.1.2
Double-Stranded Helicates

The double-stranded helicate 10, reported by Constable and coworkers [134,
135], was characterized both in the solid state and in solution. In this D2 sym-
metric structure, two tris-bidentate sexipyridine ligands 9 wrap around two
octahedral cadmium(II) ions forming the dinuclear double-stranded heli-
cate 10 (Fig. 11).

Fig. 11 Representation of the double-stranded helicate 10 formed from sexipyridine lig-
and 9 and cadmium(II) ions [134]. The two sexipyridines are shown in blue and red to
illustrate the helical twist

2.1.3
Triple-Stranded Helicates

The spontaneous, highly selective process of helicate formation has been
reported to exhibit self-recognition [120, 136]. Amongst a variety of exam-
ples, Raymond and coworkers have reported that gallium(III) and iron(III)
coordination by the bis-bidentate catecholate ligands 3, 11 and 12 facilitate
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Fig. 12 Self-recognition and formation of triple-stranded helicates 13, 4, and 14 from bis-
catechol ligands 11, 3, and 12 and iron(III) or gallium(III) ions, respectively [120]

exclusive formation of the complementary homo-triple helicates 4, 13 and 14
in high yield without traces of oligomeric or mixed species (Fig. 12) [120].
This is remarkable in as much as principally 27 homo- and hetero ligand com-
binations are possible. The high degree of conformational rigidity of each
donor subunit in 3, 11 and 12, combined with different spacer lengths be-
tween the catecholate binding sites provide a possible explanation for the
self-recognition and formation of exclusively homo-triple helicates.

2.1.4
Quadruple-Stranded Helicates

A rare example of higher stranded helicates is found in the decanuclear
quadruple-helicate 16. Lehn and coworkers reported the dynamic equilibrium

Fig. 13 Three representations of the decanuclear, quadruple-stranded helicate 16 formed
from the polydentate ligand 15 and silver(I) ions [137]. The two sets of ligands 15 are
shown in red and blue to illustrate the helical twist
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between silver(I) helicate 16 and an [4×5]-icosanuclear silver(I) grid [137].
In the quadruple-helicate 16, eight silver(I) ions are arranged into two parallel
and nearly linear rows of four silver(I) ions, with the top and bottom capped
by the two remaining silver(I) ions (Fig. 13). Each row of four silver(I) ions is
coordinated by two strands of ligands 15 that additionally interconnect both
silver(I) rows by alternating coordination to the top and bottom silver(I) caps.
The quadruple strand can be seen as two subsets from two pairs of ligands
that are wrapped around the helical axis.

2.1.5
Circular Helicates

Circular helicates exhibit a particular aesthetic appeal as they comprise closed
tori of chiral architectures. Hannon and coworkers [138] have reported the
self-assembly of the “chiral ball” ([Cu3173])12+

4 (19) assembled from four ho-
mochiral, circular helicates [Cu3173]3+ (18) that are held together via CH-π
interactions (Fig. 14). Each copper(I) ion is tetrahedrally coordinated by two
imine-ligands 17, resulting in the solution-stable trimeric helicate 18. The re-
sulting chiral tetramer 19 is quite remarkable as it is self-assembled from
a one-pot reaction of 48 simple and achiral building units.

Fig. 14 Formation of the “chiral ball” ([Cu3173])12+
4 (19) assembled via CH-π interactions

from four circular helicates [Cu3173]3+ (18), where each copper(I) ion is tetrahedrally
coordinated by two imine-ligands 17 [138]

2.2
Trigonal (Anti)prism

Trigonal prismatic assemblies can be formed from only five building blocks;
two angular tritopic subunits such as tripyridine ligand 20 and three angular
connecters such as the square planar palladium(II) complex 21. Formation of
these cage-like molecules were reported by Fujita and coworkers upon guest
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Fig. 15 Formation of trigonal prismatic coordination complexes from tripyridine ligand
20 and angular connector 21. Upon guest encapsulation, a dynamic equilibrium between
chiral cage 22 and achiral 23 is observed. Reprinted with permission from [75]. Copyright
1999 American Chemical Society

encapsulation (Fig. 15) [75]. A dynamic equilibrium between chiral cage 22
and achiral compound 23 was observed depending on the shape of the guest
molecule. Whereas the addition of “flat” 1,3,5-benzenetricarboxylic acid led
to the formation of chiral cage 22, the addition of more spherical guests such
as CBrCl3 or carbontetrabromide led primarily to the formation of achiral
cage 23. This shape preference is explained by molecular modelling studies
that indicate a “flattened” cavity within the cage 22 as compared to the more
spherical shape found in compound 23. Despite the C2v symmetrical struc-
ture of the tripyridine ligand 20, cage structure 22 is asymmetric because of
its ligand orientation in the cage framework (Fig. 16).

The chirality of 22 was observed by diastereomeric encapsulation of
R-mandelic acid. The observation of two diastereomers in the 1H-NMR evi-
denced that the racemization of P-22 to M-22, which requires the cleavage of
at least two Pd – N bonds, did not take place on the NMR timescale. Notably,
diastereomers were not observed when racemic mandelic acid was employed,
indicating a rapid guest exchange of R- and S-mandelic acid on the NMR
timescale. Modest chiral induction was obtained in a 3 : 2 diastereomeric ratio
upon encapsulation of the chiral guest (S)-1-acetoxyethylbenzene.

Another example of a trigonal prismatic complex is the porphyrin
prism 24, also reported by Fujita and coworkers [139]. This complex is
formed upon coordination of three face bridging zinc(II)-coordinated por-
phyrin ligands to six palladium(II) ions at the corners of the prism. Although
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Fig. 16 Illustration of the right- (P) and left- (M) handed chirality of cage 22. Reprinted
with permission from [75]. Copyright 1999 American Chemical Society

the structure originally exhibits D3h (conformation A) symmetry with the
palladium(II) centers at the apical positions of the prism, suitable guest
molecules such as pyrene can trigger a conformational change into a chi-
ral, C2 symmetrical species as monitored by 1H-NMR spectroscopy (Fig. 17).
Addition of powdered pyrene to a solution of 24 and heating at 80 ◦C for 3 h
results in desymmetrization of the prismatic structure due to pyrene encap-
sulation. A large upfield shift in the 1H-NMR pyrene signals indicates guest
inclusion within the cavity, which was further confirmed by integration of
the 1H-NMR signals and cold-spray ionization mass spectrometry. Based on
molecular modelling analysis, the authors suggest that the guest binding trig-
gered the apical to equatorial flipping of two Py-Pd-Py hinges at diagonal
positions, thus providing C2-desymmetrized conformation B.

Fig. 17 Illustration of the conformational change in compound 24 from D3h (conform-
ation A) to C2 (conformation B) symmetry upon guest (pyrene) encapsulation. Reprinted
with permission from [139]. Copyright 2001 Wiley, Inc.
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Fig. 18 Formation of the trigonal antiprism 26 upon coordination of six pyrazolone lig-
ands 25 and six gallium(III) ions [67]

Serendipitous syntheses of trigonal antiprismatic ensembles were recently
reported by Raymond and Saalfrank [67, 140]. One such assembly results
from the stoichiometric reaction of a pyrazolone based ligand 25 with gal-
lium(III) acetylacetonate, forming the [Ga6256] cylinder 26 with idealized D3
symmetry (Fig. 18). The gallium(III) ions are octahedrally coordinated and
define a distorted trigonal antiprism in which six ligands 25 form the equa-
torial faces of the cylinder, leaving gaping holes at the top and the bottom.
The cylinder exists as a racemic mixture of homochiral 26 (∆∆∆∆∆∆ or
ΛΛΛΛΛΛ) in the solid state and in solution. 26 is remarkably enantiostable
as no racemic interconversion to any of the 64 possible isomers was observed
on the NMR timescale in the temperature range from – 40 ◦C to 120 ◦C.

Two similar systems of trigonal antiprismatic geometry are represented
by dimeric calixarene capsules that are also based on only five building
units [141, 142]. This is illustrated for capsule 28 [141], where two ligands 27,
each with three meta-pyridyl substituents, are connected via coordination
to three palladium(II) ions. Due to the meta-substitution at the coordinat-
ing pyridyl rings, the resulting capsule 28 is helically twisted (Fig. 19). The

Fig. 19 Formation of the dimeric coordination capsule 28 based on the calixarene lig-
and 27. The helical twist results from the orientation of the meta-substituted pyridyl
units upon coordination to palladium(II) ions (represented by grey spheres). Adapted
with permission from [141]. Copyright 2001 American Chemical Society
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structure was elucidated in solution by NMR studies and cold-spray mass
spectrometry techniques. Chiral induction was observed upon encapsulation
of chiral guest molecules such as S-2-methylbutylammonium ions; however,
the helical orientation of the diastereomeric aggregates was not established.

2.3
Tetrahedra

The most utilized chiral supramolecular architectures resemble tetrahedra.
They comprise the highest symmetry observed to date for chiral molecular
systems (T symmetry) and a variety of splendid examples are reported in
the literature [15, 68, 143, 144]. Molecular tetrahedral symmetry can be rep-
resented by a number of different cage stoichiometries (Fig. 20) [143], all of
which are realized in molecular systems.

Fig. 20 Categorization of molecular tetrahedra into different cage stoichiometries M4L6,
M4L4 and M6L4 [143]

2.3.1
M4L6 Stoichiometry

The earliest example of a coordination tetrahedron was reported by Saalfrank
and coworkers [144]. Their study showed the formation of the tetranuclear
magnesium(II) complex 30 bridged by six tetra-carboxylate ligands 29, rep-
resenting the first reported coordination tetrahedron exhibiting M4L6 stoichi-
ometry (Fig. 21). This serendipitous discovery was followed by the formation
of other, pre-designed tetrahedral architectures [19, 122, 145].

In the Mg4296 tetrahedron 30, the four magnesium(II) ions are coordi-
nated by three chelating ligands 29 in an octahedral fashion. Temperature-
dependent 1H-NMR studies have shown that 30 is formed as a racemic mix-
ture of homochiral ∆∆∆∆ and ΛΛΛΛ ensembles. This enantiostability is
ensured by restricted rotation around the C – C single bond in ligand 29 im-
posed by the carboxylate residues. Replacement of the carboxylate residues
by smaller hydrogen atoms results in ligand 31 that forms the Mg4316 tetra-
hedron 32. Although exclusively homochiral ∆∆∆∆ and ΛΛΛΛ ensembles
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Fig. 21 Saalfrank and co-workers reported the formation of the first molecular tetra-
hedron 30 [144]. Modification of the original tetra-carboxylate ligand 29 allowed the
formation of tetrahedron 32 based on ligand 31 [122]

are formed and thus 30 and 32 are isostructural in the solid state, 32 shows
a dynamic temperature dependence in solution that consists of four sim-
ultaneous Bailar twists at the four octahedrally coordinated magnesium(II)
centers. These twists are synchronized with the sterically unhindered at-
ropenantiomerization processes around the C–C single bonds in the six lig-
ands 31 resulting in the remarkable enantiomerization of (∆∆∆∆)-32 to
(ΛΛΛΛ)-32 without the formation of diastereomeric intermediates (Fig. 22).
The activation barrier for this racemization process was determined to be
14.3 kcal/mol from variable temperature 1H-NMR experiments.

A series of rationally designed M4L6 coordination tetrahedra 6, 35 and 36
based on the bis-catecholate ligands 5, 33 and 34, respectively, was reported
by Raymond and coworkers [68, 76, 146]. The tetrahedral M4L6 complexes
form from four metal ions such as Al(III), Ga(III), In(III), Sn(IV), Ge(IV),
Fe(III) and Ti(IV) that are octahedrally coordinated by six bis-catecholate
ligands. The 2-fold symmetric ligands 5, 33 and 34 span the edges of the tetra-
hedra and coincide with the C2 symmetry axes of the assembly, while the

Fig. 22 Four synchronous Bailar-twists and six ligand atropenantiomerization processes
are required for the enantiomerization of (∆∆∆∆)-32 to (ΛΛΛΛ)-32 [122]
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metal ions are positioned on the C3 symmetry axes of the overall T sym-
metric ensembles. The resulting M4L6 tetrahedra are rendered chiral due to
helical tris-bidentate coordination of the catecholates to the octahedral metal
centers. Furthermore, the chirality established at one vertex is mechanically
coupled by the rigid backbones of ligands 5, 33 and 34 onto the three remain-
ing metal vertices resulting exclusively in homochiral (∆∆∆∆ or ΛΛΛΛ)
architectures (Fig. 23). Importantly, the obtained tetrahedra 6, 35 and 36 ex-
hibit a molecular cavity capable of guest encapsulation. In this respect, it is
noteworthy that formation of 6 occurs either with or without the presence of
suitable guest molecules, whereas 35 and 36 require the presence of suitable
guest molecules such as tetramethyl- and tetraethylammonium ions as ther-
modynamic templates to ensure formation. Without the presence of a guest
template, ligand 33 forms the triple-stranded helicate 37.

Fig. 23 Formation of a series of M4L6 tetrahedra 6, 35 and 36 from the bis-catecholate
ligands 5, 33 and 34. Tetrahedron 6 forms with or without the presence of suitable guest
molecules [68], whereas 35 and 36 require thermodynamic guest templates [76, 146].
Without the presence of NMe4

+ guest molecules, ligand 33 forms the dinuclear, triple
helicate 37 [76]
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Tetrahedron 6 represents one of the rare examples of supramolecular as-
semblies where complete enantiomeric resolution can be achieved. Treatment
of racemic 6 with the chiral auxiliary (S) – N-methylnicotinium (s-nic, 38)
preferentially precipitates the diastereomeric ion-pair of (∆∆∆∆)-638. Once
resolved, the chiral auxiliary can be replaced by achiral counter-ions such
as tetramethyl- or tetraethylammonium ions, while the tetrahedra maintain
their enantiopurity for at least 8 months, even upon extended heating in D2O
(Fig. 24) [119].

Tetrahedron 6 shows the remarkable ability to encapsulate a variety of
monocationic species, to stabilize reactive intermediates [147], and even to
catalyze chemical reactions inside the encapsulated space [25]. Chemical
species that are readily encapsulated include NMe4

+, NEt4
+, PEt4

+, Cp2Co+,
Cp∗

2Co+, Cp2Fe+ and alkali-metal crown ether complexes [148] (Cp = η5-
cyclopentadienyl; Cp∗ = η5-pentamethyl-cyclopentadienyl). The affinity of
the guest molecules for the cavity depends on their size, lipophilicity, en-
thalpy of desolvation, and charge. The chiral environment of the cavity can
be probed by employing chiral ruthenium(II) half-sandwich complexes of the
general formula [CpRu-(diene)(halide)] and [Cp∗Ru(diene)(halide)]. In polar
media, these complexes undergo halide dissociation to form cationic sol-
vated ruthenium(II) species, which can be encapsulated into the tetrahedral
assembly [22]. Encapsulation of the chiral cation 39 reveals a striking stereo-
chemical feature: the generation of two diastereomeric host-guest complexes.
Combination of the racemic tetrahedron 6 with the racemic ruthenium(II)
half-sandwich complex 39 results in four different host-guest stereoisomers
(∆/R, ∆/S, Λ/R, Λ/S), that is, two diastereomeric pairs of enantiomers
(Fig. 25) [24]. At present, combination of a variety of chiral guest molecules
led to observed diastereomeric ratios up to 85 : 15, which is encouraging con-

Fig. 24 Overview of the synthesis and resolution of solution stable, chiral tetrahe-
dron 6 [119]. a Formation of racemic, homochiral (∆∆∆∆)-6 and (ΛΛΛΛ)-6; b Chiral
resolution and separation upon addition of s-nic ions (38) by formation of diastereomeric
ion-pair (∆∆∆∆)-6·38; c Ion-exchange of chiral auxiliary 38 by achiral counterions such
as NMe4

+ and NEt4
+ maintains the chirality of the resolved tetrahedra (∆∆∆∆)-6
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sidering that the recognition process relies solely on weak supramolecular
interactions [21, 23, 24].

In an incredible example of structural memory, tetrahedron 6 not only
shows remarkable time-resolved enantiostability, but its chiral configuration
also exhibits robustness towards substitution of edge-bridging ligands from
the assembly. It was shown that as many as three (!) of the six edge bridging
ligands 5 can be replaced by ligand 3 while maintaining its original chiral-
ity (Fig. 26) [149]. This is particularly remarkable since 3 originally does not
form tetrahedra but rather forms M233 helicates 4.

The previous tetrahedra exhibited anionic frameworks with the capabil-
ity of cationic guest encapsulation [63, 68, 148]. Further examples of M4L6
tetrahedra also include cationic Co4L6 frameworks capable of anionic guest
encapsulation as exemplified by Ward and coworkers (Fig. 27) [15, 150–152].
These cationic clusters are formed upon tris-bidentate coordination of the
N-heterocyclic ligands 40, 41 and 42 to octahedral cobalt(II) ions. The struc-
tures are trigonal pyramidal rather than tetrahedral, with the apical cobalt(II)
ions exhibiting facial coordination geometries and the basal cobalt(II) ions
showing meridional ligand arrangements. This overall distortion results in

Fig. 25 Formation of two diastereomeric pairs or enantiomers by combination of racemic
mixtures of tetrahedron 6 and ruthenium(II) half-sandwich complex 39. Reprinted with
permission from [24]. Copyright 2005 American Chemical Society
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Fig. 26 Schematic representation the chiral memory effect observed in enantiomerically
pure tetrahedron 6. Ligand 3 can replace up to three bridging ligands 5 in the (∆∆∆∆)-6
tetrahedron, while still maintaining its original ∆∆∆∆-homochirality [149]

Fig. 27 Representation of the N-heterocyclic ligands 40, 41 and 42 that form cationic
Co4L6 tetrahedra. The identical coordination assemblies are illustrated by the distorted
tetrahedron Co4406 (43). Reprinted with permission from [150]. Copyright 2004 The
Royal Society of Chemistry

reduced C3 symmetry as is evidenced both in the solid state and in solution.
As exemplified with tetrahedron 43 (formed from ligand 40), the assembly
encapsulates anions such as tetrafluoroborate, perchlorate, and hexafluo-
rophosphate. Their dynamic exchange behavior in solution was monitored by
NMR spectroscopy and showed no preference between encapsulated anionic
species [150].

2.3.2
M4L4 Stoichiometry

An alternative stoichiometry in the formation of chiral tetrahedral assemblies
is the utilization of tris-bidentate chelating, face-bridging ligands resulting in
M4L4 tetrahedra. Three such ligands 44, 45 and 46 of comparable size have
been shown to form anionic (47), neutral (48) and cationic (49) M4L4 ar-
chitectures, respectively (Fig. 28). The complexes are formed by octahedral
coordination of metal ions located at the vertices of the tetrahedron, gen-
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Fig. 28 Overview of the ligands 44 [105], 45 [140] and 46 [153] that form M4L4 tetrahedra:
anionic [M4444]8–/12– (47); neutral [Fe4454] (48) and cationic [Mn4464]4+ (49)

erated by bidentate chelating groups from each of the three adjacent faces.
The resulting tetrahedra 47, 48 and 49 are homochiral in both solution and
the solid state and exhibit cavity sizes that are too small to encapsulate guest
molecules [105, 140, 153]. Anionic cluster 47 shows the greatest versatility as it
is formed from a variety of metal ions such as Al(III), Ga(III), Sn(IV), Fe(III)
and Ti(IV), whereas neutral 48 and cationic 49 are only reported to form from
Fe(III) and Mn(II), respectively.

Subsequently, larger M4L4 clusters were developed that showed increased
cavity sizes with potential for guest encapsulation [154, 155]. However, only
tetrahedron 51, reported by Raymond and coworkers [154], was actually
shown to dynamically encapsulate guest molecules such as NMe4

+, NEt4
+ and

PEt4
+ in solution. Tetrahedron 51 is based on ligand 50, a phenyl extension

of the previous described ligand 44. The rigid phenyl extension appears ne-
cessary to ensure tetrahedron formation as it was shown that a more flexible
methylene linker results in the formation of mononuclear M1L1 complex 52
(Fig. 29) [156].

Tetrahedra 51 were formed from a variety of metal ions such as Al(III),
Ga(III), In(III) and Ti(IV) (Fig. 30). The overall charge of the anionic clus-
ters is dependent on the metal ion employed. Trivalent metal ions result in
an overall 12- charge, whereas tetravalent Ti(IV) ions reduce the charge to 8-.
The compounds were unambiguously characterized in solution by NMR spec-
troscopy and high-resolution mass spectrometry.
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Fig. 29 Extension of the face bridging, C3-symmetric ligand 44 that forms M4L4 tetrahe-
dron 47. Introduction of rigid phenyl bridges in ligand 50 preserves the necessary rigidity
to form tetrahedron 51 [154], whereas introduction of a flexible methylene bridge results
in the formation of mononuclear M1L1 complex 52 [156]

Fig. 30 Two representations of a molecular model based on M4L4 tetrahedra 51 that are
formed from Al(III), Ga(III), In(III) and Ti(IV) ions [154]

2.3.3
M6L4 Stoichiometry

A third alternative in building chiral molecular tetrahedra is represented by
the M6L4 stoichiometry, where four face bridging ligands are connected by
six metal ions located on the edges of the tetrahedron. Although this exact
stoichiometry has not been realized thus far, related examples are reported by
Robson and Müller [143, 157]. They utilize guanidine-based ligands 53 and 54
that form tetrahedra 55 and 56, respectively, upon reaction with cadmium(II)
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chloride. Each cadmium(II) center is tetragonal pyramidal coordinated by
basal coordination of two nitrogen and one phenolate oxygen atom of one
ligand and a bridging phenolate oxygen atom from the adjacent tetrahe-
dral face. This square-[Cd2O2] bridging motif results in an overall M12L4
stoichiometry with the metal ions located close to the edges of the tetrahe-
dron. The fifth, apical cadmium(II) coordination site is occupied by a chloro
ligand. Both tetrahedra 55 and 56 resemble anionic frameworks and, upon
formation, encapsulate small cationic NMe4

+ and NEt4
+ guest molecules.

The tetrahedra are tightly closed so that no dynamic exchange of incarcer-

Fig. 31 Supramolecular architectures based on the face bridging and tridentate coordi-
nating guanidine-ligands 53 (X = H) and 54 (X = Br). The screw-like orientation of the
faces upon tris-metal coordination generates the chirality that is maintained within the
final assemblies. Tetrahedra: both 53 and 54 form tetrahedra 55 and 56 upon cadmium(II)
coordination, where the faces are linked via a square [CdO]2 coordination motif; Trigo-
nal bipyramid 57 is formed from ligand 54 upon palladium(II) coordination, where the
face bridging occurs through palladium(II)-bar coordination; Octahedron 58 is formed
from ligand 53 triply coordinating to palladium(II). The faces are further connected by
palladium(II)-bar coordination. Adapted with permissions from [57, 143, 157, 158]. Copy-
rights 2004, 2005 Wiley, Inc.
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ated guest molecules with charge balancing, non-encapsulated counter-ions
was observed. The chirality of the assemblies originates from the screw-
like orientation of each ligand upon coordinating to three cadmium(II) ions
at each face of the tetrahedron, with each face exhibiting identical “screw-
orientations” (Fig. 31). Furthermore, both ligands 54 and 53 can also be
utilized in the formation of trigonal bipyramid 57 [158] and molecular octa-
hedron 58, respectively [57]. Although both of these structures are exclusively
characterized in the solid state, they are discussed here as they represent an
informative “modular” approach in the construction of high symmetry coor-
dination architectures.

2.4
Trigonal Bipyramid

The sterically demanding bromo-substituted, triangular guanidine-based lig-
and 54 can also be utilized in the formation of the trigonal bipyramidal
assembly 57 [158]. Each ligand 54 coordinates three palladium(II) centers in
a tridentate manner and six of theses triangular units cover the faces of a trig-
onal bipyramid, which are linearly connected by nine barbiturate ligands
(bar) completing the square planar coordination sphere of the palladium(II)
ions (Fig. 31). All faces exhibit identical screw-like orientations, rendering 57
chiral. The anionic framework encapsulates up to five counter-ions such as
NEt4

+ and NEt3H+. Under identical reaction conditions, a partially assem-
bled, open-sided tetrahedron was also characterized in the solid state. This
structure can be seen as an intermediate in the formation of trigonal bipyra-
mid 57 with only two triangular faces missing from completion [158].

2.5
Octahedra

Contrary to the sterically demanding bromo-substituent on ligand 54,
guanidine-based ligand 53 features a smaller hydrogen atom that allows the
formation of octahedron 58 [57]. As previously observed, each ligand 53
coordinates three palladium(II) ions in a tridentate fashion resembling the
trigonal faces from which octahedron 58 is formed (Fig. 31). Six of these faces
are interconnected by linear coordination of 12 barbiturate (bar) ligands.
The overall structure is chiral as all faces show identical screw-orientation of
the palladium(II) coordination. Octahedron 58 resembles crystallographic T
symmetry as the rotational twist in the faces prevents higher O symmetry.

Another example of a molecular octahedron is represented by assembly 60,
reported by Fujita and coworkers [56]. The ensemble is formed from six
end-capped diamine palladium(II) ions that are located at the vertices of an
octahedron and bridged by four C2v-symmetric pyridyl ligands 59. The self-
assembly is facilitated by the presence of suitable guest molecules such as
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Fig. 32 Assembly of the molecular octahedron 60 from six end-capped palladium(II) cor-
ners and four C2v-symmetric ligands 59. The overall C2-chirality of 60 arises from the
non-symmetrical arrangement of 59. Reprinted with permission from [56]. Copyright
2002 The Chemical Society of Japan

p-dichlorobenzene and other neutral, disubstituted benzenes. The ensemble
exhibits C2 chirality where two ligands are linked together by their termi-
nal pyridine rings, creating an S-shaped helical motif, whereas the other two
ligands are linked by their center pyridine rings, resulting in a mesomeric X-
shaped motif (Fig. 32). Modest chiral induction was achieved utilizing chiral
ligand caps at the palladium(II) ions.

2.6
Cuboctahedra

The only example of a twisted cuboctahedron was reported by Kimura and
coworkers [159]. Cuboctahedron 63 was obtained by the 4 : 4 self-assembly
of tris(ZnII-cyclen) complex 61 with trianionic trithiocyanurate (TCA3–, 62)
upon guest encapsulation and was characterized both in the solid state
and in solution (Fig. 33). Suitable guests are lipophilic organic molecules
of matching size, such as, ([D4]-2,2,3,3)-3-(trimethylsilyl)propionic acid
(TSP), 1-adamantanecarboxylic acid, 2,4-dinitrophenol (2,4-DNP), adaman-
tine (ADM), or the tetra-n-propylammonium (TPA) cation.

Each triangular TCA3– unit links to three ZnII-cyclen moieties through
apical ZnII – S– coordination, forming a triangular face of the cuboctahe-
dron (Fig. 34, left). The rotational offset by this coordination results in either
a clockwise or anti-clockwise twist of the triangular faces, rendering the over-
all ensemble chiral (Fig. 34, center). Furthermore, 63 contains a cavity best
described as a twisted truncated tetrahedron that enables encapsulation of
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Fig. 33 Schematic representation of cuboctahedron 63 formation. Equimolar amounts of
tris(ZnII-cyclen) complex 61 react with trianionic trithiocyanurate (TCA3–, 62) upon suit-
able guest encapsulation to form 63. Adapted with permission from [159]. Copyright 2002
Wiley, Inc.

Fig. 34 Cuboctahedron 63: a Space-filling representation viewed along a C3-symmetry
axis. The four units of 61 are shown in light green, green, light blue, and blue, the 1,3,5-
triazine rings of TCA3– (62) are orange, and the sulfur ions shown in yellow; b Ball and
stick representation of the bonding mode around TCA3– in 63; c The exterior framework
of 63 is represented as a twisted cuboctahedron formed from four triangular faces of
61 units (purple triangles) and four triangular faces of 62 (yellow triangles). The green
framework shows the inner cavity of 63, representing a twisted, truncated tetrahedron.
Adapted with permission from [159]. Copyright 2002 Wiley, Inc.

anionic and neutral guest molecules (Fig. 34, right). Chiral induction was
achieved by encapsulation of chiral guest molecules such as (1S,2R,4R)-(–)-
camphorsultam indicating that an encapsulated chiral guest can control the
exterior chirality of 63.

Although a number of impressive chiral, supramolecular architectures
were not discussed in this chapter either due to their instability in solution
or their inability to encapsulate guest molecules, they should not go unmen-
tioned and are referenced to follow up for the interested reader. Some selected
examples are: (i) Saalfrank and coworkers octadecametallic square box com-
posed of 52 achiral components with molecular D2 symmetry [160]; (ii) Ward
and coworkers truncated, cationic tetrahedral cage [CoII

12L18]24+ [161] that
encapsulates four tetrafluoroborate counter-ions in the solid state; (iii) James
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and coworkers “super-adamantoid” [AgI
6(trisphos)X4]2+ (X = SO3CF3

–,
ClO4

–, NO3
–, BF4

–) cages, where the chirality originates from the phenyl
orientation of coordinating triphos-ligands [73]; and (iv) Robson and co-
workers homochiral, neutral [CuII

8L8] cube, with rotational trinuclear metal
coordination around each ligand face that results in an effectively windowless
shell [58, 59].

3
Conclusions and Outlook

While nature’s evolutionary development of complex hierarchical architec-
tures resemble the blueprints for our attempts to imitate and create ensembles
in a designed, architectural approach, we have only begun to understand
the underlying principles that allow for the construction of highly organized
assemblies. From the toolkit of supramolecular interactions, metal-ligand
coordination is most promising due to the directionality and predictability
of metal coordination geometries. Based on this predictability, two design
approaches—the symmetry interaction and molecular library model— were
developed, allowing for the construction of the diverse architectures pre-
sented. The variety of geometric polyhedra spans from simple trigonal pris-
matic assemblies to more complex octahedra and cuboctahedra. Although
the reported molecules resemble highly symmetric constructs, the highest
molecular point symmetry observed for these chiral architectures is tetrahe-
dral T-symmetry. This leaves us trailing behind nature’s beautiful examples
of higher octahedral O- and icosahedral I-symmetries. Further investigations
will have to deepen our understanding of the basic design principles in order
to enable the construction of assemblies with higher symmetry. Particular
focus will thereby lie on the utilization of such ensembles in recognition
processes and as chemical reaction vessels for storage, stabilization, trans-
formations, and catalysis. Ideally, individual molecular containers will be
tailor-made featuring the unique size, shape, charge, and inclusion proper-
ties required for specific chemical reactions. Tremendous progress has been
made within this relatively new field of supramolecular chemistry over the
last decade and many beautiful examples of coordination compounds with
increasing complexity are reported, while we are continuing to explore the
potential of this exciting and stimulating area of research.
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Abstract To appreciate the technological potential of controlled molecular-level motion
one only has to consider that it lies at the heart of virtually every biological process. When
we learn how to build synthetic molecular motors and machines that can interface their
effects directly with other molecular-level sub-structures and the outside world it will add
a new dimension to functional molecule and materials design. In this review we discuss
both the influence of chirality on the design of molecular level machines and, in turn, how
molecular level machines can control the expression of chirality of a physical response to
an inherently achiral stimulus.

Keywords Dynamics · Chirality · Catenane · Rotaxane · Molecular shuttle ·
Molecular machine · Molecular motor

Abbreviations
ICD induced circular dichroism
NMR nuclear magnetic resonance
NOE nuclear Overhauser effect
TTF tetrathiafulvalene

1
Introduction

The term chirality (from the Greek kheir = hand) was introduced by the
Scottish scientist, Lord Kelvin, a few years after Pasteur’s separation of the
enantiomers of tartaric acid [1]. Kelvin defined chirality as “a property of
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any object that cannot superimpose, or overlap, completely with its own mirror
image”. Nature has a remarkable inclination to asymmetry at all hierarchical
levels: the relative spatial location of the organs in our body, the organelles in
a cellule, the configuration of key supramolecular assemblies (such as those
formed by nucleic acids), the geometry of proteins, and the molecular struc-
ture of smaller building blocks (e.g. sugars and aminoacids) are all chiral [2].
In fact, due to parity violation, even atoms are weakly chiral [3, 4]. While the
origin of biomolecular homochirality in evolution remains uncertain, [5]. its
significance throughout biology is self-evident.

However, because traditional mechanics are based on non-chiral con-
cepts—like the Newtonian center of mass—the effects of chirality on molecu-
lar level motion have largely been overlooked [6]. This review is concerned
with the relationship between mechanical motion and chirality at the mo-
lecular level; we will discuss how chirality—or its expression—can be altered
through molecular motion, and how a fixed chiral configuration can help to
direct motion. But first it is important to briefly describe the physics that gov-
erns motion at the molecular level since it is fundamentally different to that
which governs movement in the macroscopic world and, in many respects,
the differences are somewhat counterintuitive [7].

1.1
Controlled Motion at the Molecular Level; Walking in a Hurricane

Molecules and their parts move incessantly and randomly at any temperature
above 0 K. This chaotic movement is termed Brownian motion after another
Scottish scientist, Robert Brown, who observed it in 1827 when looking at
pollen particles suspended in water through a microscope. As a consequence
of this phenomenon any attempt to “push” or “pull” molecules in a particular
direction by the one-off application of a force (as opposed to the continuous
application of a force) will be completely swamped by the random back-
ground motion of the environment. In many ways trying to control motion at
the molecular level is like trying to play pool on a table on which hundreds of
balls are moving constantly and randomly. As soon as we strike the cue ball it
is immediately hit by others and proceeds on a random pathway irrespective
of the direction that it was initially struck.

The dominating influence of Brownian motion is not the only difference
between motion at the molecular-level and in the macroscopic world. In the
macroscopic world the equations of motion are governed by inertial terms
(dependent on mass). This means objects do not move unless we give them
specific energy to do so but once we have given them that initial impetus
they keep on moving in the same direction until all that energy is dissi-
pated. Viscous forces (dependent on surface areas) dampen motion by con-
verting kinetic energy into heat. As objects become smaller, inertial terms
decrease in importance and viscous terms begin to dominate. At the mo-
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lecular level the effect of inertia is negligible so an objects behavior will be
determined by the forces applied to it at that very moment, and by nothing
in the past.

From a practical point of view, this change in the dominant physical terms
has several implications. Firstly, when trying to produce controlled move-
ment at the molecular level, we will need to “tame” Brownian motion rather
than provoke movement by applying a force [8, 9]. This is an intimidating
task. Even the motor proteins of Nature hardly begin to punch against the
power of Brownian motion. A typical motor protein consumes adenosine
triphosphate (ATP) at a rate of 100–1000 molecules every second, which cor-
responds to a maximum possible power output in the region 10–16 to 10–17 W
per molecule. When compared with the random environmental buffeting of
∼ 10–8 W experienced by molecules in solution at room temperature, it is
surprising that they manage any controlled motion at all [10]! But Nature
has found a way around this problem. To start with, motor proteins follow
a “track”. Tracks reduce the degrees of freedom of the protein, so that mo-
tion does not need to be controlled in all three dimensions, only in one. Also,
in order to comply with the Second Law of Thermodynamics, an external in-
put of energy is required to do work through controlled directional motion.
Motor proteins typically utilize ATP hydrolysis as an energy source, although
other energy supplies can also be used. Secondly, it is reasonable to say that
the same techniques and tools that have proven useful to make macroscopic
machines (even very small ones) are not a good choice when trying to make
molecular-sized machines. Working on the definition given above, if what we
intend to do is to assemble molecular components, it seems sensible to opt
for chemistry as the basic tool for the synthesis and operation of very small
machines.

2
Dynamic Chirality in Covalently Linked Molecular Rotors

Control of chirality is present in many natural materials and is an intrinsic
feature of living organisms [11]. Inspired by this, the search for new chemical
entities in which chirality can be controlled at the molecular [12], macro-
molecular [13] and supramolecular [14, 15] levels has gained great impetus in
recent years.

Molecular machines can be defined as “a subset of molecular devices (func-
tional molecular systems) in which some stimulus triggers the controlled, large
amplitude mechanical motion of one component relative to another (or of
a substrate relative to the machine) which results in a net task being per-
formed” [9]. Since chirality is a direct consequence of the relative position of
the different parts of a molecule, the intimate relationship between mechani-
cal motion in molecular machines and chirality is self-evident.
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The rotational triple energy minima about C – C single bonds follows di-
rectly from the tetrahedral geometry of saturated carbon centers [16], yet was
not proven experimentally until 1936 [17]. In practice, the energy barrier to
rotation around a C – C single bond is so low (ca. 3 kcal mol–1) that this is an
effectively barrierless process at room temperature. To achieve some kind of
control over rotation about a chemical bond it is necessary to raise that en-
ergy barrier. This has typically been achieved by increasing the steric demand
in the proximity of the bond around which we want to control rotation.

The restricted rotation of molecular components around a central carbon
atom was first observed by Kwart and Alekman in 1968 when studying the
1H NMR of mesityl carbonium ions, 1, and their tetravalent precursors 2
(Fig. 1) [18].

In 1 and 2 the rotation of each mesityl ring about the bond linking it to
the central carbon is relatively unrestricted. Calculations of internuclear dis-
tances between non-bonded atoms of a single pair of methyl groups, one from
each ring, showed no overlap of van der Waals radii of the hydrogen atoms
provided the rings could be assumed to rotate in coordination and with the
same angular velocity. In other words, although both aromatic rings can ro-
tate independently, their concerted rotation is energetically favored, so the
rotation of one ring clockwise, say, leads to rotation of the other ring counter-
clockwise and vice versa.

This first example inspired the design of many other similar systems,
most famously those investigated in the 1970s and 1980s by Mislow and
Iwamura [19]. Later, the structurally complex but conceptually similar “mo-
lecular turnstiles” 3–5 (Fig. 2) were introduced by Moore [20]. Variable tem-
perature 1H NMR studies on the methylene protons, Ha and Hb, showed that
the central aromatic ring of 4 spins rapidly on the NMR timescale at room
temperature, while spindle rotation does not occur in turnstile 5 even at 85 ◦C
due to steric constraints.

All of these devices show a certain degree of restriction in the movement
of their molecular components, but rotation occurs randomly with no control
over directionality. In an attempt to achieve directional motion Kelly investi-
gated the dynamic behavior of a so-called “molecular ratchet”, 6 [21, 22].

The structural features of 6 are identical to those of a macroscopic ratchet.
The helical chirality of the helicene “pawl” generates an energy profile for

Fig. 1 Mesityl carbonium ion 1 and its tetravalent precursor 2 studied by Kwart and
Alekman [18]
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Fig. 2 “Molecular turnstiles” reported by Bedard and Moore [20]. The variable tempera-
ture 1H NMR of protons Ha and Hb provides evidence of spindle rotation in 4 and
a locked spindle in 5

rotation of the triptycyl “wheel” that imitates the teeth on the macroscopic
wheel (Fig. 3) and might be expected to make rotation in one direction an
energetically favored process. However, 1H NMR experiments showed that ro-

Fig. 3 Schematic representation of a macroscopic ratchet, structure of the “molecular
ratchet” 6 and calculated enthalpy changes for rotation of the triptycene “wheel” around
the helicene “pawl” [21, 22]
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tation in 6 occurred at identical rates in both directions. In fact, such a result
had been predicted by Feynman more than 30 years earlier in his celebrated
discussions on a miniature ratchet-and-pawl [23]. Although unsuccessful,
molecular ratchet 6 was probably the first experimental attempt at prob-
ing the relationship between chirality and molecular-level motion. Although
the helicity of the pawl might superficially be expected to favor thermally-
activated rotation in one direction, it does not! This outcome serves as a re-
minder of the differences between the macroscopic and the molecular-level
worlds. In the authors’ words: “In contrast to mountain climbing, [in the
molecular-level world] it is only the height of the summit, not the steepness of
the terrain that matters” [21]. If we look at the problem from the point of view
of thermodynamics, the number of molecules populating a certain energetic
level depends on its state functions only, not on the pathway they followed
to get there. Kelly’s molecular ratchet provides an illustration that the Sec-
ond Law of Thermodynamics holds in the molecular world too: work cannot
be exerted continuously using the thermal bath as the only energy source, no
matter how clever the structural design [8].

Kelly therefore proposed 7a (Scheme 1) [24], a modified version of the
ratchet structure in which a chemical reaction is used as a source of en-
ergy to control the motion, thus preventing conflict with the Second Law.

Scheme 1 A chemically powered unidirectional rotary motor in action [24]. Priming of the
motor in its initial state with phosgene (7a → 8a) allows a chemical reaction to take place
when the helicene rotates far enough up the potential energy well towards the blocking
triptycene arm (8b). This gives a tethered state, 9a, for which rotation over the barrier
to 9b is an exoergic process that occurs under thermal activation. Finally, the urethane
linker can be cleaved to give the original rotor rotated by 120◦ (7b)
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Ignoring the amino group, all three possible positions for the helicene with
respect to the triptycene “spokes” are identical—the energy profile for 360◦
rotation would appear as three equal energy minima, separated by simi-
lar barriers, large enough to prevent rapid rotation at room temperature
(∼ 25 kcal mol–1). Treatment of 7a with phosgene yields isocyanate 8a. Once
the isocyanate has been formed, as the helicene oscillates randomly in the
thermodynamic trough, sometimes the alcohol will come close enough to the
isocyanate (8b) for a chemical reaction to occur to form urethane 9a, result-
ing in “ratcheting” of the motion some way up the energy barrier. Rotation
in the same direction over the energy barrier to give 9b is now an exothermic
process, while rotation in the opposite direction is virtually impossible with-
out breaking the urethane bond. Finally, hydrolysis of urethane 9b affords 7b
in which the chemical structure has been restored but a unidirectional 120◦
rotation has taken place. It is worth noting that all the rotation steps are pow-
ered thermally while the chemical reaction serves to bias Brownian motion
in one direction. Again, chirality plays a central role in the functioning of
this molecular rotor. Indeed, the unidirectional rotation is ultimately derived
from the asymmetry of the helicene and the use of a pro-chiral triptycene.

Carbon–carbon double bonds (olefins) present significantly higher ro-
tational barriers—typically 25–65 kcal mol–1—than single bonds, providing
kinetic stability of both cis and trans isomers. This stability, together with
the possibility of their interconversion by photoisomerization, have been ex-
ploited in the construction of a wide variety of rotors—and even directional
molecular rotary motors—in which the “rotor” and “base” are connected via
an olefin.

First reported in 1977 [25], Feringa’s overcrowded alkene systems account
for the most abundant and significant contribution to this area [26]. Chirop-
tical switch 10 (Scheme 2) [27] was the first example of this kind of molecular
rotor.

The system shown in Scheme 2 is based on the fact that irradiation at 250
and 300 nm yielded photostationary states of slightly different composition.
Irradiation of enantiomerically pure (M)-cis-10 or (P)-trans-10 at 250 nm
resulted in a photostationary state consisting of 68% (M)-cis-10 and 32%
(P)-trans-10, whereas irradiation at 300 nm yielded 64% (M)-cis-10 and 36%
(P)-trans-10. Thanks to the thermal stability of these pseudoenantiomers—
no (P)-cis or (M)-trans-10 were detected after irradiation—the small dif-
ference in composition of the photostationary states could be detected by
circular dichroism (CD) spectroscopy. In this case, the photoinduced 180◦
rotation around the olefin results in a change in the helicity of the tetrahy-
drophenanthrene unit. Similar behavior was observed for the structurally
related benzoannulated bithioxanthylidene [28].

Later, a rotor that showed a much more significant difference in composi-
tion between the photostationary states was reported by the same group [29].
Molecular switch 11 features an unsymmetrically substituted donor-acceptor
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Scheme 2 Feringa’s chiroptical switch based on a molecular rotor [27]. The switch func-
tioning mechanism is based on photoinduced cis/trans isomerizations

rotor “base”. This substitution pattern results in (M)-cis-11 and (P)-trans-11
having sufficiently different electronic absorption spectra to obtain a 30 : 70
and 90 : 10 (M)-cis-11:(P)-trans-11 ratio by irradiation at 365 nm and 435 nm
respectively.

The change in chirality obtained by irradiation of 11 was sufficient to
provoke the light-induced conversion of cholesteric to nematic phases in li-
quid crystals of 4′-(pentyloxy)-4-biphenylcarbonitrile doped with 1% w/w
(P)-trans-11 [33].

Scheme 3 A highly stereoselective optical switching process [29]. Molecular switch 11
gives a 30 : 70 and 90 : 10 (M)-cis-(P)-trans ratio by irradiation at 365 nm and 435 nm,
respectively
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Scheme 4 Photochemical interconversion of P (right handed) and M (left handed) helicity
in 12 by irradiation with l- or r-CPL [31]

In molecular switch 12 [31] the relationship between chirality and mo-
lecular motion becomes even more apparent. Indeed, irradiation of a dilute
(9×10–5 M) hexane solution of a racemic mixture of 12 with left or right cir-
cular polarized light (CPL) at 313 nm resulted in enantioenriched solutions
of (P)-12 and (M)-12, although with only moderate enantiomeric excesses of
0.07 and – 0.07%, respectively.

Irradiation of a stable nematic phase consisting of 20% w/w (P/M)-12 and
4′-(pentyloxy)-4-biphenylcarbonitrile with l-CPL under similar conditions to
those used in solution resulted in the formation of a cholesteric phase, show-
ing that an optical enrichment in (M)-12 was also achieved in the liquid
crystalline phase.

The chiral helicity of molecules such as 12 causes the photo-induced trans-
cis isomerization to occur unidirectionally according to the handedness of
the helix. Therefore, these systems already possess many of the necessary
requirements for a unidirectional molecular rotor and, indeed, the incor-
poration of two further stereogenic centers allowed realization of the first
synthetic molecular rotor capable of achieving a full and repetitive 360◦
unidirectional rotation (Scheme 5) [32]. Irradiation of (3R,3′R)-(P,P)-trans-
13 at λ > 280 nm, causes chiral helicity-directed unidirectional rotation of
the upper half relative to the lower portion (as drawn), at the same time
switching configuration of the double bond and inverting the helicity to give
(3R,3′R)-(M,M)-cis-13. Unlike previously investigated systems, this form is
not thermally stable at temperatures above – 55 ◦C as the methyl substituents
are placed in unfavorable equatorial positions. At ambient temperatures the
system relaxes via a thermally activated helix inversion thus continuing to ro-
tate in the same direction to yield (3R,3′R)-(P,P)-cis-13. Irradiation of this new
species (λ > 280 nm) results in photoisomerization and helix inversion to give
(3R,3′R)-(M,M)-trans-13. Once more, the methyl groups are in unfavorable
equatorial positions and thermal relaxation (this time temperatures > 60 ◦C
are required) completes the 360◦ rotation.

As each different step in the cycle involves a change in helicity, the uni-
directional process can be observed by the change in the circular dichroism
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Scheme 5 Feringa’s unidirectional rotor [32]. The 360◦ unidirectional rotation is achieved
in a four-step process involving alternative photo-isomerization of the double bond and
thermal interconversion of helicity

spectrum at each stage. The four different states can be populated depend-
ing on the precise choice of wavelength and temperatures, while irradiation
at temperature above 60 ◦C results in random rotation.

Later, the same group reported second [33] and third [34] generation mo-
lecular rotors, based on the same basic design, in which structural variations
allowed for faster 360◦ rotation. An even more significant improvement is
molecular rotor 14 in which apparently perfect diastereomeric selection can
be achieved by alternative irradiation at 303 and 376 nm [35].

Although, as we have already stressed, analogies between the macroscopic
and the molecular world often lead to misunderstandings and must be used
carefully, it is tempting to compare the relationship between chirality and
motion in Feringa’s systems with that seen in a macroscopic example: the
windmill. When the wind blows at the vanes of a windmill, its rotor immedi-
ately “knows” which direction to rotate in. When blown at by the same wind,
two “enantiomeric” windmills will rotate in opposite directions, and if the
vanes were symmetric with respect to the axis of rotation, the windmill just
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Scheme 6 A molecular rotor with apparently perfect stereocontrol, recently reported by
Feringa and co-workers [35]

wouldn’t rotate. Similarly, it is the pre-determined chirality of these molecular
systems that decides their direction of rotation.

3
Dynamic Chirality in Interlocked Architectures

Because of their extraordinary dynamic properties, interlocked architec-
tures [36–38] are particularly well suited for the development of molecular
machinery [9]. Catenanes (from the Latin catena = chain) are molecules in
which two or more macrocycles are interlocked. Rotaxanes (from the Latin
rota = wheel and axis = axle) are molecular species in which one or more
macrocycles are threaded onto a linear component and de-threading is pre-
vented by bulky “stoppers” (Fig. 4).

Because the components of these species are not covalently but mechanic-
ally connected, they can move relative to each other in well-defined ways. One
component can serve as a “track” that restricts the degrees of freedom along
which the other component can move, greatly facilitating the possibility of

Fig. 4 Cartoons representing a [2]catenane and a [2]rotaxane. The arrows show the main
possible large-amplitude movements of one component with respect to the other: “pirou-
etting” (curved arrows) and “shuttling” (double-headed arrow)
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achieving controlled molecular motion. There are two main kinds of possible
large-amplitude motion in catenanes and rotaxanes: “pirouetting”, in which
one ring rotates around the other—in the case of catenanes—or around the
thread—in the case of rotaxanes; and “shuttling”, in which the macrocycle
moves along the thread.

3.1
Translational Isomerism in Molecular Shuttles

The spatial arrangement of the components of interlocked molecules re-
quires definition of a new stereochemical term: co-conformation. This refers
to the relative positions of the non-covalently linked components with respect
to each other [39]. By analogy to conformational changes within classical
molecules, the relative movements of the submolecular constituents of in-
terlocked species are termed co-conformational changes. If the thread in
a rotaxane is decorated with more than one possible binding sites (“stations”)
for the macrocycle, the two or more possible states in which the macrocycle
binds to different stations are termed translational isomers. In the absence
of kinetic barriers, these isomers are in thermodynamic equilibrium, and the
macrocycle will distribute its time between the alternative stations depending
on their binding affinity according to a Boltzmann distribution. If the binding
sites have accessible free activation energy barriers between them and are lo-
cated far enough apart so that the shuttling movement can be distinguished
from any other internal motions, shuttling of the macrocycle along the thread
can be observed spectroscopically.

A [2]rotaxane containing two degenerate and well-separated stations on
its thread can be considered the simplest example to study the shuttling
phenomenon [40]. In such a system the macrocycle shuttles back and forth

Scheme 7 The first molecular shuttle, 154+ [40]
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between the two energetically identical stations, spending exactly half of its
time over each of them. The first two-station [2]rotaxane of this kind, 154+,
was reported by Stoddart and co-workers in 1991 [40].

Molecular shuttle 154+ consists of a tetracationic cyclophane macrocycle,
a linear thread containing two hydroquinol stations and a polyether spacer.
The macrocycle binds the stations via π – π and charge-transfer interactions
between the electron-poor cyclophane and the electron-rich hydroquinols.
As explained above, because both stations are energetically degenerate (they
are chemically identical) the macrocyclic unit has no preference for either
of them and randomly shuttles between them, in this case at a rate of
k = 2360 s–1 in (CD3)2CO at 34 ◦C, measured by 1H NMR spectroscopy. It was
already noted in Stoddart’s seminal 1991 paper that including two stations of
different binding affinity in the thread could allow a stimuli-induced change
of position of the macrocycle in a molecular shuttle.

The minimum requirements to achieve stimuli-responsive molecular shut-
tles of this type are (Fig. 5): Firstly, one of the stations must be able to be
switched between a state in which it shows high affinity (green) and another
one in which it shows low affinity (pink) for the macrocycle. Secondly, we
require a non-switchable station (orange) which exhibits a binding affinity
somewhere between the high and low affinity states of the switchable one.
The macrocycle populates the stations following a Boltzmann distribution ac-
cording to the difference in binding affinities. Therefore, when the switchable

Fig. 5 Idealized free energy profiles for a switchable molecular shuttle
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station is in its high affinity state, (i), the macrocycle spends most of its time
over the green station because its binding affinity is higher than that of the in-
termediate non-switchable station. When the switchable station is addressed
with stimulus 1 it is transformed into its low affinity state. In this new state,
(ii), the macrocycle will reside preferentially over the non-reactive station
which is now the one with the highest affinity. The system should ideally be
reversible by application of another stimulus, 2 (Fig. 5).

Figure 5 also indicates how the net flow of macrocycles from one station
to the other is achieved. The external stimulus does not directly induce di-
rectional motion of the macrocycle. Instead, by destabilizing the initially pre-
ferred binding site (stimulus 1) and/or increasing the binding strength of the
less populated station (stimulus 2), the system is put out of co-conformational
equilibrium. Relaxation towards the new global energy minimum subse-
quently occurs via biased Brownian motion. In state (i) the activation energy
for shuttling from the green to the orange station is greater than that for the
reverse process. Consequently, macrocycles shuttle “faster” from the orange
to the green station than in the opposite direction. This results in a net flux
of macrocycles to the green station until the new equilibrium concentration
at each station is reached. When stimulus 1 is applied the difference in acti-
vation energies is reversed. It is now energetically easier to shuttle from the
pink to the orange station than in the opposite direction, so the system relaxes
to an equilibrium in which the macrocycle spends most of its time over the
orange station.

In these systems, chirality and sub-molecular motion stem directly from
each other, thus showing an even more intimate relationship. Many different
kinds of stimuli have been used to provoke such changes in co-conformation
including pH-change [41–47], redox processes [41, 47–49], the nature of
the environment [50], photochemistry [51, 52], temperature (entropy-driven
shuttling) [53] and reversible covalent chemistry [54].

3.2
Translational Isomerism in Catenanes

The fundamental principles of controlling shuttling in rotaxanes and rotation
in catenanes are the same. For example, homocircuit [2]catenane 16 [55] acts
somewhat like a two station degenerate shuttle such as 15. In halogenated sol-
vents such as CDCl3, the two macrocycles in 16 interact through hydrogen
bonding between their aromatic-1,3-diamide groups (Scheme 8). In a hy-
drogen bond-disrupting solvent such as (CD3)2SO, however, the preferred
co-conformation has the amides exposed on the surface, where they can inter-
act with the polar environment, while the hydrophobic alkyl chains are buried
in the middle of the molecule.

In heterocircuit [2]catenane 174+, the tetracationic cyclophane initially en-
circles the more electron-rich tetrathiafulvalene station (TTF) as evidenced
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Scheme 8 Translational isomerism in an amphibilic benzylic amide [2]catenane 16 [55]

by 1H NMR, UV-Vis spectroscopy and cyclic voltammetry [56]. Oxidation of
the TTF to either its radical cation or dication can be achieved chemically or
electrochemically. This oxidation results in complete movement of the cyclo-
phane away from the cationic residue to the hydroxynaphthalene unit. The
process can be reversed by reduction of the TTF unit back to its neutral state.
There is, however, no control over which direction the motion occurs; the cy-
clophane has a choice of two identical routes between the stations and half the
molecules will rotate one way, the other half the other (Scheme 9).

Sauvage has demonstrated both electrochemical and photochemical con-
trol over ring motions in a catenate, 18 [57, 58]. The observed behavior of the
catenate is essentially similar to the analogous rotaxane, the only difference
being that the 4-coordinate to 5-coordinate (dpp → terpy) shuttling process
is slower in the catenate and the reverse step is faster. Again, the issue of
directionality is not addressed in this system.

In 2003, Leigh and co-workers reported the first example of unidirectional
rotation in a catenane system [59]. A [2]catenane in which one of the macro-
cycles is larger and displays three binding stations of different affinity for the
smaller one was designed. Two of those stations can be addressed by different
stimuli in an orthogonal fashion, altering the order of relative binding affini-
ties and provoking the smaller macrocycle to move sequentially from A to B
to C to achieve net full rotation around the bigger one (Fig. 7).

Scheme 9 Chemically and electrochemically driven translational isomer switching of
[2]catenane 17 [56]
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Fig. 6 Heterocircuit switchable catenate 18

Fig. 7 Stimuli-induced sequential movement of a macrocycle in a [2]catenane [59]

The chemical structures of [2]catenane 19 and the related [3]catenane 20
(Fig. 8) were conceived as an extension of their work on molecular shuttles.
The larger macrocycle in 19 comprises two fumaramide stations with dif-
fering macrocycle binding affinities. In station B (red) the methyl groups
on the fumaramide motif cause it to have lower affinity than the stan-
dard fumaramide station. The non-methylated fumaramide station (station
A, green) is located next to a benzophenone unit. This allows selective,
photosensitized isomerization of station A by irradiation at 350 nm. Sta-
tion B (red) can be photoisomerized by direct irradiation at 254 nm. The
third station, a succinic amide ester (station C, orange), is not photoac-
tive and is intermediate in macrocycle binding affinity between the two fu-
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Fig. 8 [2]Catenane 19 and [3]catenane 20, shown as their E,E-isomers [59]

maramide stations and their maleamide counterparts. A fourth station, an
isolated amide group (shown as D in 20) which can make fewer intercom-
ponent hydrogen bond contacts with the smaller macrocycle than A, B or
C, is also present but only plays a significant role in the behavior of the
[3]catenane, 20.

Let us first consider the behavior of [2]catenane 19. In the initial state (state
I in Fig. 7), the small macrocycle resides on the green, non-methylated fu-
maramide station. Isomerization of this station by sensitized irradiation at
350 nm (green → blue) destabilizes the system and the macrocycle finds its
new energy minimum on the red station (state II). Subsequent photoisomer-
ization of this station by direct irradiation at 254 nm (red → pink) forces the
macrocycle to move onto the succinic amide ester unit (orange, state III).
Finally, heating the catenane (or treating it with photo-generated bromine
radicals or piperidine) results in isomerization of both the Z-olefins back to
their E-forms (pink → red and blue → green) so that the original order of
binding affinities is restored and the macrocycle returns to its original pos-
ition on the green station (state I).

The 1H NMR spectra for each diastereomer show excellent positional in-
tegrity of the small macrocycle at all stages of the process. However, rotation
of the small macrocycle does not occur unidirectionally.

To bias the direction the macrocycle takes at each of the transformations,
temporary barriers would be required in order to restrict Brownian motion in
one particular direction. Such temporary barriers are intrinsically present in
[3]catenane 20 (Fig. 8 and Scheme 10). Irradiation at 350 nm of E,E-20 causes
counter-clockwise rotation of the light-blue macrocycle to the succinic amide
ester (orange) station to give Z,E-20. The light-blue macrocycle cannot ro-
tate clockwise because the purple macrocycle effectively blocks that route.
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Photoisomerization of the remaining fumaramide group is achieved by dir-
ect irradiation at 254 nm and causes the purple macrocycle to relocate to the
single amide (dark green) station (Z,Z-20). Again, this occurs in a counter-
clockwise fashion because the clockwise route is blocked by the light-blue
macrocycle. This process, each macrocycle first moving and then blocking
a direction of passage for the other macrocycle, is repeated throughout the
sequence of transformations shown in Scheme 10. After three diastereomer
interconversions, E,E-20 is again formed but 360◦ rotation of each of the small
rings has not yet occurred, they have only swapped places. Complete unidi-
rectional rotation of both small rings occurs only after the synthetic sequence
(i)–(iii) has been completed twice.

Recently, Hernández et al. reported the first catenane system in which
unidirectional rotation can be achieved in either direction [60]. Catenane
21 works by biasing Brownian motion with the aid of chemically labile ki-
netic barriers. The system is a simple [2]catenane in which the route that the
smaller macrocycle can take between two stations on the larger can be se-

Scheme 10 Unidirectional rotation in a four station [3]catenane, 20. (i) 350 nm, CH2Cl2,
5 min, 67%; (ii) 254 nm, CH2Cl2, 30 min, 50%; (iii) ∆, 100 ◦C, C2H2Cl4, 24 h, 95% [59]
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lected by the manipulation of steric barriers. The small ring is made to move
around the larger one by applying a series of chemical reactions. Remarkably,
the sense of rotation (clockwise or counter-clockwise) is governed solely by
the order in which these reactions are carried out (see Scheme 11 legend).

Scheme 11 Operation of a reversible synthetic molecular motor, 21 [60]. The motor con-
sists of two mechanically interlocked rings; the larger ring can be considered a track
for the smaller ring to move around. The smaller ring starts on the fumaramide sta-
tion (fum-E-21). Photoisomerization of the fumaramide to maleamide with ultra-violet
light (254 nm) places the system out of equilibrium; the preferred position for the macro-
cycle would now be the succinamide station but the bulky protecting groups (trityl
ether and TBDMS) act as kinetic barriers, blocking both routes to it (mal-Z-21). Se-
lectively removing and replacing either blocking group allows the macrocycle to move
to the succinamide station by biased Brownian motion (succ-Z-21). Re-isomerization of
the maleamide to fumaramide using piperidine generates succ-E-21. Now removal/re-
attachment of the second blocking group allows the ring to return to its original position,
completing the full rotation. The choice of blocking group to be removed/reinstalled in
the first and second place determines the direction of rotation
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Catenane 21 is, in fact, a minimalistic molecular motor, since every frag-
ment it contains is strictly necessary to perform repetitive, unidirectional
motion. In the absence of kinetic barriers—blocking groups—the small ring
would rotate between the stations without control over the directionality. On
the other hand, the fumaramide-maleamide isomerizations act as balance-
breaking reactions, allowing the small macrocycle to utilize Brownian mo-
tion to move energetically downhill—from maleamide to succinamide to
fumaramide.

3.3
Influencing the Expression of Chirality with Interlocked Architectures

The relationship between chirality and motion in interlocked architectures
is not limited to translational (or rotational) isomerism. In some cases, the
characteristics of the mechanical bond can also help express or suppress the
expression of chirality.

The first example of a photoresponsive [2]rotaxane, published in 1997 by
Nakashima and co-workers, is one of those cases [61]. Molecular shuttle E/Z-
224+ consists of an α-cyclodextrin macrocycle, and a tetracationic thread
containing an azobiphenoxy moiety, very closely related to azobenzene, and
two bipyridinium stations. The well-known E – Z isomerizations of azoben-
zenes and the ability of cyclodextrins to bind lipophylic compounds in water
are exploited in this system to achieve shuttling. When the azobiphenoxy sta-
tion is in its trans form, E-224+, the cyclodextrin encapsulates it preferentially
over the more hydrophilic bipyridinium station (Scheme 12).

Scheme 12 Photochemically driven shuttling movement of an α-cyclodextrin in an
azobenzene-containing thread through reversible E/Z photoisomerization [61]
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The shuttling process was confirmed by 1H NMR and NOE experiments,
and significantly also resulted in changes in the circular dichroism spectrum,
suggesting that the change in position also affected the influence of the chi-
rality of the cyclodextrin upon the aromatic regions of the thread.

In a study of chiral dipeptide [2]rotaxanes it was found that the pres-
ence of an intrinsically achiral benzylic amide macrocycle near to the chiral
center could induce an asymmetric response in the aromatic ring absorp-
tion bands [62]. This induced circular dichroism (ICD) effect was stronger in
apolar solvents (Fig. 9), where intercomponent interactions are maximized,
showing a direct relationship to the “tightness” with which the macrocycle
binds the chiral thread. Computer simulations showed that chirality is trans-
mitted from the amino acid asymmetric center on the thread via the achiral
macrocycle to the aromatic rings of the achiral C-terminal stopper.

Fig. 9 a Molecular structure of the Gly-Met dipeptide rotaxane 23 and b CD spectrum of
solutions of 23 in MeOH, MeCN and CHCl3 [62]

These observations led to the design of chiroptical switch E/Z-24 which
utilizes the same fumaramide–maleamide isomerization seen in the previous
catenanes (Scheme 13) [63]. In this case, however, the presence of a chiral
dipeptide unit as a second, non-reactive station confers the shuttle its unique
properties. In the E-24 form, the macrocycle is held over the fumaramide
template, far from the chiral center in the peptidic station. Consequently, the
CD response in the aromatic region is flat, as observed for the free thread.
In the Z-24 isomer, where the macrocycle resides on the peptide station,
close to the l-Leu residue, a strong and negative (ca. – 13 k deg cm2dmol–1

at 246 nm) CD response is observed. Remarkably, thanks to a small differ-
ence in the UV-Vis spectra of the E and Z forms, it was possible to achieve
two photostationary states of different composition by irradiation at 254 nm
(photostationary state 56 : 44 Z : E) and 312 nm (photostationary state 49 : 51
Z : E). This modest difference was enough to produce a large net change
(> 1500 deg cm2 dmol–1) in the elliptical polarization response that is repro-
ducible over several cycles of irradiation. Unlike chiroptical switches in which
the presence of or the handedness of chirality is intrinsically altered, E/Z-
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Scheme 13 a Chemical structure and switching mechanism of molecular shuttle E/Z-24.
b Above: CD spectra of E-24 (dashed) and Z-24 (solid line). Below: Percentage of E-24 in
the photostationary state (from 1H NMR data, 400 MHz, CD3CN, 298 K) after alternating
irradiation at 254 nm (half integers) and 312 nm (integers) for five complete cycles. The
second Y axis shows the CD absorption at 246 nm

24 remains chiral and non-racemic, with the same handedness, throughout
the changes in translational isomerism; it is the expression of chirality that is
altered.

4
Conclusions and Outlook

The relationship between chirality and molecular-level motion is a complex
one. Chirality is not an inherent requirement for generating directional mo-
tion and yet in some cases it is precisely what causes molecular level motion
to proceed in one direction only. New generations of molecular machines
will undoubtedly shed more light on this matter; for instance in establishing
the processes for which chirality is an absolute requirement in their design.
Conversely, some molecular machines have the ability to dramatically in-
fluence the expression of chirality through controlled submolecular motion.
This feature has potential application in data storage, displays and switchable
catalysis.
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Abstract Two-dimensional supramolecular chemistry on surfaces is strongly governed by
directional forces, and expression of chirality in two dimensions is quite pronounced
due to confinement to the plane. In particular the absence of certain symmetry elements
has a strong influence on pattern formation. With the appearance of scanning tunnel-
ing microscopy, two-dimensional supramolecular chirality has become a popular issue in
the field of surface self-assembly during the last decade. By using recent examples from
literature, a conceptual overview on different aspects of surface chirality will be given.
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The main topics are adsorption-induced chirality, chiral recognition, transfer of chiral-
ity from single molecules into supramolecular structures, and cooperatively driven chiral
amplification phenomena.

Keywords 2D self-assembly · Chiral surfaces · Crystallization · Enantiomorphism ·
Molecular monolayers

Abbreviations
1D one-dimensional
2D two-dimensional
3D three-dimensional
[7]H heptahelicene
8CB 4-cyano-4′-octibiphenyl
AA arachidic anhydride
AES Auger electron spectroscopy
AFM atomic force microscopy
bcc body centered cubic
CCW counterclockwise
CW clockwise
∆Φ workfunction change
ee enantiomeric excess
fcc face-centered cubic
hcp hexagonal close-packed
hopg highly ordered pyrolytic graphite
HREELS high-resolution electron energy loss spectroscopy
ISA 5-[10-(2-methylbutoxy)decyloxy] isophthalic acid
LC liquid crystal
LEED low-energy electron diffraction
MAA methylacetoacetate
ML monolayer
MMC molecular modeling calculations
NN 1-nitronaphtalene
NP naphtho[2,3-a] pyrene
PVBA 4-trans-2-(pyridyl-4-yl-vinyl) benzoic acid
RAIRS reflection–absorption infrared spectroscopy
RT room temperature
SDA 4,4′-stilbene dicarboxylic acid
SIMS secondary ion mass spectrometry
STM scanning tunneling microscopy
SU succinic acid
SubPC chloro[subphthalocyaninato] boron(ii)
TA tartaric acid
TPD temperature programmed desorption
UHV ultra-high vacuum
XPS, XPD X-ray photoelectron spectroscopy, -diffraction
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1
Introduction

1.1
Chirality at Surfaces

Since the 1990s, surface chirality has received increasing attention. The ori-
ginal motivation for studying chirality at surfaces came from a classic field of
surface science, namely, heterogeneous catalysis. Enantioselective catalysis on
a solid support is a promising approach with a high potential for sustainable
pharmaceutical synthesis. By coadsorbing a chiral modifier on the catalyti-
cally active metal surface, a bias towards enantioselectivity is introduced. In
addition, new thin film devices for optical and electronic applications sub-
stantially increased the interest in self-assembly phenomena of large organic
molecules on solid substrates1.

A more fundamental concern in investigating chiral molecules at surfaces
comes from the aspect of chiral recognition. Ever since Pasteur’s separation
of enantiomorphous TA-salt crystals and his realization that there is a con-
nection between crystal enantiomorphism and the handedness of the mo-
lecular building blocks, there has been a growing interest in understanding
the mechanisms of chiral resolution during crystallization at the molecular
level. Moreover, the transfer of chirality into mesoscopic structures—a very
important issue in liquid crystal science—is difficult to predict in three di-
mensions, but 2D model systems help to get insight. In particular, the pos-
sibility to study these processes with sub-molecular resolution on surfaces
by exploitation of STM has substantially increased the number of molecular
surface science publications during the last ten years.

Supramolecular chemistry on crystalline surfaces is governed to a large
extent by lateral interactions. Nevertheless, the substrate plays an important
role in mediating these interactions. Intermolecular recognition on a surface,
for example, can take place only if the adsorbate–substrate interaction allows
the molecules to meet each other. Therefore, the choice of the substrate plays
a decisive role. Too strong interactions immobilize molecules and do not leave
room for 2D supramolecular chemistry or may even induce decomposition;
too weak adsorbate–substrate interactions cause high mobility and 2D crys-
tallization phenomena will not occur.

The interplay between lateral forces and interaction with the substrate is il-
lustrated in Fig. 1. The adsorption energy ∆Ead of a single atom or molecule
is modulated laterally due to the atomic corrugation of the crystalline surface.
At low temperatures, the molecule will be in its ground state and immobile.
In order to migrate on the surface, the molecule must overcome the acti-

1 In contrast to the meaning in synthetic chemistry, throughout this review “substrate” stands for
the solid support of adsorbed molecules.
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Fig. 1 Modulation of adsorption energy due to lateral interactions between molecules on
surfaces: a potential diagram of a single molecule on a crystalline surface. b potential
curves for repulsive and attractive lateral interaction ω. c lateral repulsion lowers the ad-
sorption energy (left), attraction leads to an increase in adsorption energy (right). The
adlayer periodicity is the result of the balance of lateral molecular interaction, i.e., ex-
tent of repulsion allowed in a close-packed molecular layer, and the energy gain with
increased adsorption. Reproduced with permission of the author [1]

vation barrier ∆Ediff. At higher coverage, lateral forces between molecules
become more prominent and have an influence on the interaction with the
substrate. Attractive forces between molecules cause an increase of the ad-
sorption energy, while repulsion between adsorbates lowers the adsorption
energy. The latter is often observed in close-packed monolayers. When fi-
nally the amount of repulsion energy within one layer becomes as strong as
the adsorption energy of a single molecule, the saturation coverage at that
particular temperature is reached. Under these conditions, theory predicts
the strongest chiral discrimination forces [2]. That is, any steric influence be-
comes substantially large and molecular shape and symmetry determine the
outcome [3]. For the same reason, an energetically favored adsorption site
for the single molecule at low coverage may switch to a different binding
site at high packing density. This subtle balance between lateral intermole-
cular interaction and molecule-substrate interaction determines the long-
range 2D molecular crystal structure and is the most important aspect of this
review.

This contribution is restricted to supramolecular chiral phenomena on
solid surfaces. Neither interaction of molecules with chiral inorganic sur-
faces [4], nor chiral amphiphilic molecules at the air–water interface are
considered [5–8]. It is the intent of this review to present principle aspects
of surface chirality. That is, examples are used to highlight typical chiral as-
sembly mechanisms and structures. Most of these examples, however, belong
to more than one aspect presented within this review. Hopefully, this set-up
will be accessible to the reader who is not working with surfaces as well as
informative to those who are familiar with the subject.

In order to give the non-specialist a basis, the remainder of this section
gives a short introduction into the methodologies of surface science and to
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important experimental techniques for studying self-assembly phenomena
on solid surfaces. Section 2 deals with chirality induction due to confinement
of molecules at surfaces. Chiral recognition in two dimensions and 2D supra-
molecular chiral structures will be presented in Sect. 3. Section 4 treats chiral
amplification and homochirality based on cooperative molecular phenomena
followed by a short summary.

1.2
Structures of Clean Surfaces

The arrangement of atoms on solid surfaces strongly affects the supramolecu-
lar structure of adsorbates. Cleaving a crystal parallel to crystal planes reveals
defined surface structures. These crystal planes are denoted by the Miller in-
dices (hkl), which are the integer ratios of the reciprocal unit vectors where
the particular plane intercepts the crystal coordinates x, y and z. If a plane is
parallel to one or two axes, it intercepts at infinity; consequently, the Miller in-
dex is zero. Three different cuts through the fcc lattice and the corresponding
surface structures are shown in Fig. 2. These are the low-index planes (100),
(110) and (111) (Fig. 2a–c, respectively). The obtained surface lattice symme-
tries for the top-most atomic layer are quadratic, rectangular and hexagonal
(Fig. 2d–f). Depending on the cut, similar surface geometries can be obtained
for bcc and hcp crystals [9]. Ni, Cu, Ag, Au, Pt, Pd and Rh are examples of fcc
metals, but few of their clean surface structures deviate from the bulk geome-
tries and undergo a so-called reconstruction. The topmost layer may show
a different periodicity or an up-down buckling of the surface atoms. Exam-
ples of surfaces undergoing reconstruction are Pt(110), Au(110) and Au(111).

Fig. 2 The low-index planes (100), (110) and (111) of the fcc-crystal (a–c), and the corres-
ponding surface lattice structures. Reproduced in part with permission of the author [1]
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Surface reconstruction after adsorption of gases or organic molecules is a also
common phenomenon [1, 9].

A popular substrate for solid–liquid interface studies is hopg. Cleaving
the crystal perpendicular to the c-axis leads to the well-defined honeycomb-
structured basal plane (Fig. 3).

In order to describe the 2D crystal lattice periodicities of the adsorbate
unit cell, two notations are used in the literature: the Wood notation [10]
and the matrix notation [11]. For the latter, the transformation matrix
(m11m12, m21m22) links the adsorbate lattice vectors (b1, b2) to the substrate
lattice vectors (a1, a2) via:(

b1
b2

)
=

(
m11m12
m21m22

)(
a1
a2

)
,

i.e. , b1 = m11a1 + m12a2
and b2 = m21a1 + m22a2

The Wood notation describes the adsorbate structure periodicity by the ratios
of the unit vectors of the adlattice and the substrate unit vectors. In addition,
if a rotation is required to bring substrate and adlattice to coincide, the value
of the rotation angle is given. Primitive or centered unit cells can be distin-
guished by p or c in front of the parentheses. The three examples shown in
Fig. 4 are denoted as p(2×2), (

√
2×√

2)R45◦ or c(2×2), and (
√

3×√
3)R30◦

in Wood notation, or as (2 0, 0 2), (2 0, 1 1) and (2 0, – 1 1) in matrix notation
(from left to right, respectively). In order to further specify or to distinguish
from other possibilities, sometimes crystallographic symmetry symbols are
added to the Wood notation. For example, (2×1)p2mg stands for a primitive
(2 × 1) cell with two mirror planes and a glide plane, which is substantially
different to p(2×1) or c(2×1) structures. In order to have consistent labeling,
the choice of the proper unit cell is also important. Different assignment pro-
cedures give rise to much confusion, although rules for the appropriate choice
of vectors and angles have been established [12].

If an adlattice is oriented in an oblique angle with respect to the substrate,
e.g., 0◦ < ϕ < 30◦ for a surface lattice with hexagonal symmetry, two mirror-

Fig. 3 Lattice of hopg. The basal plane of the hexagonal lattice structure is commonly used
for adsorption studies from solution
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Fig. 4 Examples for adsorbate lattice structures on (100) and (111) fcc-surfaces. The
choices of unit vectors for adlattice and substrate lattice are indicated. Adatoms are shown
in grey. Instead of the four-fold and three-fold coordination sites for the adsorbates, the
same adlayer periodicities can result for sites with different coordination; e.g., on top or
bridge sites

like alignments must be expected. In this case, rotation and translation are
not sufficient to bring both domains to coincide. An example of this “lattice-
chirality” is discussed in Sect. 2.5.

If a rotation operation must be included in order to bring two domains
on a surface to coincide, we speak of “rotational domains”. If, by no means,
a regular adlattice can be brought into a periodic relation with the underly-
ing substrate lattice, the superstructure is incommensurate. In this case, the
lateral interactions are so strong that the substrate registry cannot govern the
lateral order.

1.3
Experimental Aspects

Investigating 2D self-assembly at the molecular level provides new insight
into complex intermolecular interactions. These model studies are usually
performed under well-defined conditions in order to have more control on
complicated surface processes [13]. This includes single-crystal substrates
which allow the application of diffraction techniques.

There has been substantial progress in experimental and theoretical sur-
face analytical methods over the last years. Methods based on X-rays and
UV light for diffraction, absorption, or photoelectron spectroscopies benefit
from new generation synchrotron light sources. To name a few, surface ex-
perimental methods include XPS, AES and SIMS for investigating the surface
chemistry; ∆Φ and TPD for adsorption energetics and kinetics; as well as
XPD, RAIRS, HREELS, LEED and STM for molecular and surface structure
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determination. Being able to deliver information on the long-range structure
of molecular films, the latter two are by far the most important methods for
studying supramolecular chemistry on surfaces and will be introduced briefly
in this section.

1.3.1
Molecular Deposition

Self-assembly phenomena on solid substrates are usually studied in ultra-
high vacuum (UHV) or at the liquid–solid interface. Surface analytical
methods involving electrons require vacuum. But UHV has also the advantage
that reactive metal and metal oxide surfaces can be used as substrate since
the very low background pressure also guarantees long investigation times on
a non-altered sample.

Adsorbate layers in UHV are obtained by evaporation of molecules. Li-
quid organic substances usually have a sufficient vapor pressure to be directly
admitted to the vacuum chamber via leak valves. Larger molecules must be
heated so their vapor pressure becomes substantial. Here, organic molecular
beam deposition is the method of choice under UHV conditions. The solid
substance is sublimed and collimated by a Knudsen cell. Because the stick-
ing coefficient of larger molecules on surfaces at RT is usually at unity, this
method does not affect the background pressure. However, not all species can
be adapted to UHV, such as those with relatively low thermal stability and/or
high molecular weight (i.e., macromolecules), not allowing sublimation.

Adsorption from the liquid phase is experimentally much easier (cheaper),
but requires, even for highest-purity solvents, chemical inert substrates, e.g.,
hopg, or selective adsorbate systems, like thiols on gold.

As mentioned above, the choice of substrate is crucial for tuning the lateral
mobility. This problem might also be addressed in part by temperature con-
trol. Cooling can lower mobility so that the 2D gas aggregates into 2D crystals.
If mobility on a particular substrate is not sufficient, it can be increased by
heating. However, this could raise the probability of decomposition or de-
sorption. Low temperatures, on the contrary, put constrain on experimental
control that comes with cooling with liquid nitrogen or helium.

1.3.2
STM

This method is undisputedly the most important innovation in this field since
the advent of the “surface science founding methods” AES and XPS in the
1960s [14]. It has revolutionized surface structure determination and is an
extremely powerful method for investigating 2D molecular pattern forma-
tion. Applications also include biology, electrochemistry, solid state physics,
as well as atomic and molecular manipulation. Although most of the studies
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are performed under UHV, ambient conditions and the liquid–solid interface
allow high-resolution STM imaging as well [15]. STM analysis also benefits to
a great extent from the regularity of crystalline substrates.

The principle set-up of an STM experiment is illustrated in Fig. 5. A tung-
sten tip as one electrode and the electrically conductive sample as the other
leave a finite probability of electrons to tunnel through the gap in between.
The tunneling current depends exponentially on the tip–sample distance and
is used for exact distance control. The relative positioning of tip and sam-
ple is achieved via piezoelectric actuated x–y–z manipulation. The x–y map
of the tunneling current at constant bias voltage, for example, delivers elec-
tronic and topographic features of the surface. However, this spatial variation
of tunneling current actually reflects the local density of states [16]. Never-
theless, STM provides good insight into molecular ordering in 2D molecular
monolayers. Depending on the sign of polarity between tip and sample, tun-
neling occurs either from the tip to the surface into unoccupied states or from
the sample’s occupied states into the tip. Via bias-current (I–V) curves, this
method is sensitive to the electronic structure of the substrate–adsorbate sys-
tem. This makes STM a spatially resolved spectroscopy for electronic states
of adsorbate systems. It allows further manipulation of single molecules
and atoms at the surface [17], or even breaking and formation of chem-

Fig. 5 Schematic presentation of the STM experiment. The tunneling current is utilized
for distance control of an electrode above the sample surface and maps spatially resolved
the geometric and electronic properties of surfaces
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ical bonds [18]. Although cumbersome, supramolecular structures could be
built in this way via human intervention and then compared to natural self-
assembly.

For molecular systems at surfaces, one must take into account that STM
may interfere with natural assembly. That is, the tip-molecule interaction may
induce disorder during scanning operation. In other words, defined molecu-
lar 2D crystals can be distorted by this method, not allowing true geometric
analysis. Again, low temperatures in UHV or saturated monolayer systems, in
general, help to circumvent this problem.

Shortly after the invention of STM, another scanning probe microscopy
has been developed, which is based on the force between a bendable probe
and the surface. The atomic or scanning force microscope (AFM or SFM) is
now the most popular tool in nanoscience. Constant progress allows today
lateral resolution which is comparable to STM.

1.3.3
LEED

Determination of lateral periodicities in the self-assembled layer is an import-
ant goal in surface analysis. 2D surface crystal structures are best studied with
low energy electrons, since their escape depth, contrary to X-rays, is basi-
cally limited to the top-most atomic layers. Consequently, LEED has become
the most important method in surface monolayer crystallography. However,
single-crystalline substrates are required. Via this technique, 2D supramo-
lecular chiral lattice structures on single crystal surfaces had already been
observed in 1978 [19].

The typical experimental set-up is shown in Fig. 6. Mono-energetic colli-
mated electrons, with energies usually between 20 to 500 eV, are backscat-
tered from the crystal surface onto a fluorescent screen, whereby only the
elastically scattered electrons are allowed to pass the grids of an electron op-
tic in front of the screen. Because of their wave-like behavior, the electrons are
diffracted at the crystal lattice and the interference maxima become visible at
the fluorescent screen.

A LEED pattern is the projection of the reciprocal lattice. The unit cells
of molecular adlattices are usually larger than the atomic substrate lattice,
which results in smaller reciprocal vectors and smaller distances between the
superstructure spots of the reciprocal adlattice.

LEED does not only reveal the relative periodicities of the adsorbate mesh
with respect to the substrate lattice. Applying dynamical scattering theory,
i.e., modeling the scattering intensity of diffracted beams versus electron en-
ergy (so-called I–V curves), allows determination of absolute positions of
atoms on the surface [20]. Unfortunately, the complexity of the method lim-
its the number of atoms per unit cell and makes it applicable only to atomic
or small-molecule lattices.



Supramolecular Surface Chirality 219

Fig. 6 Backscattering of low energy electrons from a single crystal surface. Reproduced
with permission of the author [1]

2
Achiral Molecules at Surfaces

If chiral molecules are adsorbed on a surface, the supramolecular system
will be always chiral. There are, however, ways of creating single motifs or
layers devoid of reflection symmetry due to interaction of achiral molecules,
belonging to the Cnh, Cs, or Ci point groups, with the achiral surface [21].
All adsorption-induced chirality processes have in common that both enan-
tiomers will be created as long as no further bias for single handedness is
present. At a global level, the surface remains achiral, but at a local level,
spontaneous symmetry breaking is a common phenomenon.

This section deals with principle ways of inducing chirality at surfaces.
Some of the following examples could be listed under more than one category
and most of them are strongly influenced by the crystalline substrate.

2.1
Surface-Induced Chirality

If only the presence of the surface itself destroys the mirror symmetry of
the free species, i.e., even without any distortion of the molecular back-
bone, the two resulting enantiomers cannot be superimposed by translation
and rotation within the plane. The resulting absolute configuration depends
on which enantiotopic face of the molecule is turned towards the substrate.
Interconversion is only possible by reflection with the mirror plane perpen-
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Fig. 7 Examples for planar achiral molecules creating 2D chiral motifs when confined to
a plane

dicular to the surface or by “flipping one enantiomer over”, which would
be a 3D operation. Therefore, this type of chirality-induction is often ad-
dressed as “2D chirality”. However, taking the entire adsorbate complex, that
is, molecule plus surface, or the surface-induced polarization in the elec-
tronic system of the adsorbed molecule into account, leads to a 3D chiral
object. Hence, “2D-chirality” actually applies only to a freestanding molecu-
lar monolayer without any preference of up and down, which is a purely
theoretical construct.

Examples of planar pro-chiral molecules creating a chiral surface complex if
adsorbed with their molecular plane parallel to the surface are shown in Fig. 7.

Fig. 8 Chiral methane due to asymmetric alignment on a surface: All four H-atoms are
distinguishable by their distance to the surface
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Fig. 9 Top-view on enantiomers and diastereoisomers of adsorbed glycine and alanine.
The amino nitrogen and the two oxygen atoms form bonds to the surface and create a chi-
ral footprint configuration. The surface-induced absolute configuration, as indexed with
a superscripted i, is specified using CIP-rules and by giving an atom or group closer to
the surface a higher priority

A molecule may also lose mirror symmetry if the presence of the sur-
face induces non-equivalence of otherwise identical groups. This is shown
for the theoretical example of methane in tilted adsorption geometry (Fig. 8).
Another example is the amino acid glycine. In tilted geometry, it will be-
come chiral on the surface [22]. This surface-induced handedness, in turn,
gives rise to four diastereomeric configurations for alanine on a surface
(Fig. 9).

2.2
Molecular Rearrangement

The interaction with the surface or the influence of adjacent molecules in
a close-packed supramolecular film may force the single molecule into a chi-
ral conformation. On hopg, the molecular arrangement of long-alkyl chain
molecules is largely based on C – H· · ·π interactions of methylene groups
with the top graphite layer, stretching out the alkyl chains parallel to the
surface [23]. AA, for example, can be aligned either in an achiral or chiral
geometry (Fig. 10). The specific interaction to the substrate mesh, in combi-
nation with a dense-as-possible packing arrangement, as observed via STM,
led to a chiral conformation (Fig. 10b) [24].

For the inherently chiral (R, R)- and (S, S)-TA, a zigzag distortion has been
confirmed experimentally via XPD [25]. DFT calculations, however, predicted
also for achiral (R, S)-TA and SU on Cu(110) a chiral zigzag conformation
after deprotonation of both carboxyl groups (Fig. 11) [26]. Indeed, observa-
tions of long-range chiral patterns suggest this geometry [27–29].
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Fig. 10 Chirality due to molecular arrangement. Top-view on achiral and chiral configu-
rations of AA on hopg. The nonadecyl groups stretch out into zigzag configurations on
hopg (not shown)

Fig. 11 Top-view of ball and stick models of (R, S) tartaric acid (a) and succinic acid (b) in
chiral zigzag arrangements on Cu(110). The interaction with the surface atoms causes
deprotonation of the carboxyl groups in first place and forces both species into chiral con-
formations. For (R, S)-TA, a stabilizing intramolecular hydrogen bond is indicated as a
dashed line

2.3
Reaction-Induced Chirality

A pro-chiral molecule may turn chiral after undergoing a symmetry breaking
chemical reaction on a surface. An example where covalent bonds to surface
atoms are formed is the reaction of trans-2-butene with Si(100) [30]. As with
purely adsorption-induced chirality, the relative alignment of the prochiral
reactant with respect to the surface plane determines the handedness of the
adsorbate complex (Scheme 1a).

As mentioned in the introduction heterogeneously catalyzed hydrogena-
tion of prochiral species is industrially important. The relative alignment
of the prochiral species to the surface determines the direction of hydro-
gen attack, and, thus, the handedness of the product. Enantioselectivity can
be introduced by co-adsorbed chiral modifiers. These influence the align-



Supramolecular Surface Chirality 223

Scheme 1 a The [2 + 2] cycloaddition product of prochiral trans 2-butene with Si dimers
of the Si(100) surface leads to chiral adsorbate complexes. b Hydrogenation of prochiral
α-keto esters over platinum is a heterogeneously catalyzed reaction leading to chiral alco-
hols. Using cinchonidin as chiral modifier makes this surface reaction enantioselective. In
a similar fashion, TA-modified nickel is a highly enantioselective catalyst for β-keto ester
hydrogenation

ment of the reactant so that identical enantiotopic faces are turned towards
the surface. Most prominent are hydrogenation of functionalized ketones
on cinchona-modified platinum group metal catalysts (Scheme 1b) [31] and
hydrogenation of β-keto carboxylic acid esters and ketones on tartaric acid-
modified nickel catalysts [32].

2.4
Assembly-Enforced Chirality

Chiral supramolecular architectures are sometimes formed by molecules that
stay achiral as a single entity. Hence, chirality arises just because of close-
packed self-assembly on the surface. The single pentane molecule in its linear
configuration remains achiral. For the close-packed monolayer, a rectangu-
lar unit cell has been identified by neutron diffraction. In addition, a tilt of
the molecular axis with respect to the adlattice vectors would make the whole
layer chiral [33]. For a particular mirror domain, the tilt angle ψ can be either
turned clockwise or counterclockwise (Fig. 12).
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Fig. 12 Pentane on hopg forms at 11 K a rectangular unit cell. A small tilt angle Ψ of
the molecular axis with respect to the adsorbate lattice vectors a and b would break the
mirror symmetry of the layer. Reproduced with permission of the authors [33]

Fig. 13 a The STM image (12.8 nm×12.8 nm) of CuPcOC8 on hopg reveals rotated struc-
tures due to interdigitation of the alky chains, as shown in the structure model (b).
Reprinted in part with permission from [35]. Copyright (2000) American Chemical So-
ciety

For discotic molecules with long alkyl side chains, 2D assembly also often
leads to mirror-symmetry-broken structures. In addition to steric hindrance
and superlattice formation, the mechanism involves conformational mobility
of the side chain [34]. This has been shown for the Cu-phathlocyanine deriva-
tive CuPcOC8 on hopg using STM (Fig. 13). The C4v-symmetric molecule
forms dense layers with interdigitated alkyl chains. This forces the molecules
into a rotated structure [35, 36].

2.5
Substrate Lattice-Induced Chirality

In order to explain the chirality induction processes in the previous examples,
we simply had to take the presence of an isotropic surface into account. Nev-



Supramolecular Surface Chirality 225

ertheless, the surface crystallography has in some of these cases an influence
on (chiral) pattern formation. If the substrate mesh is considered, more ways
of creating chirality arise. A simple chiral motif is a linear molecule; e.g. CO
or N2, tilted in an oblique angle with respect to a highly symmetric lattice
direction.

Another commonly observed case of lattice-enforced chirality is the for-
mation of mirror domains in close-packed monolayers. The interplay of lat-
eral and perpendicular interactions leads to a chiral supramolecular arrange-
ment; i.e., two mirror-like surface structures are observed. Benzene adsorbed
under ultra-high vacuum (UHV) conditions on Ni(111) is a classic example.
At RT, the benzene ring is centered above a bridged site between two sur-
face atoms. Higher lateral packing densities are achieved below 270 K, with
the molecules forced into three-fold adsorption sites leading to a saturation
coverage of one molecule per seven surface atoms [37]. Shown in Fig. 14a is
a model for this (

√
7×√

7)R19.1◦ structure. Since the domain size rarely ex-
ceeds the diameter of the probing electron beam, both domains contribute to
the diffraction pattern. Therefore, the LEED pattern, as schematically shown
in Fig. 14b, is the superposition of the reciprocal lattices of both mirror do-
mains. Other examples for mirror domain structures of benzene are (

√
19 ×√

19)R23.4◦ on Rh(111), (
√

13 ×√
13)R13.9◦ on Ru(001), including coad-

sorbed CO, and (
√

21 ×√
21)R10.9◦ on Os(0001) [38].

Fig. 14 a Benzene on Ni(111) forms mirror domains with the mirror plane parallel to the
[110] surface lattice direction. The unit cell is rotated either by + 19.1◦ or by – 19.1◦ with
respect to the [110] direction of the substrate. The van der Waals radii around the hydro-
gen atoms show that the structure is closely packed. b Schematic drawing of the LEED
pattern. The unit cell periodicity of substrate (large hexagon) and adlayer for both mirror
domains (small hexagonal prisms, open and closed circles) are indicated
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Interestingly, there are two levels of chirality involved here. If benzene
were replaced by single atoms, one would still observe mirror domains, i.e.,
a LEED pattern with identical diffraction spot periodicities. The loss of mir-
ror symmetry then comes solely from the relative alignment of adsorbate
and substrate lattice. For benzene molecules, however, the relative azimuthal
alignment within the adsorbate unit cell already presents a chiral arrange-
ment. Consequently, the two benzene mirror unit cells alone cannot be su-
perimposed. Although forced into this alignment by a regular substrate, just
the adsorbate unit cell plus molecular orientation—like the above-mentioned
pentane example —represents a 2D supramolecular chiral system. Practically,
there is no difference between the examples in Sects. 2.4 and 2.5. The distinc-
tion is based on the extent of interactions, that is, if substrate–adsorbate or
the lateral interactions prevail.

3
Chiral Recognition in Two Dimensions

Chiral recognition at surfaces occurs at different levels and in different ways.
Chiral expression becomes especially obvious in the formation of chiral mo-
tifs. That is, chirality is transferred from the single molecule into a supramo-
lecular enantiomorphous structure. Moreover, enantioselective interactions
between identical or different species are decisive for spontaneous resolution
or play an important role in cooperative phenomena.

We will find in this section that different electrostatic intermolecular
forces, e.g. dipole–dipole, quadrupole–quadrupole, van der Waals, and
acceptor–donor interactions contribute to chiral recognition. Most import-
ant, however, are hydrogen bonding and steric interactions.

Beside the presented supramolecular systems on surfaces, it is worth men-
tioning that recognition of chiral sites on crystalline surfaces has been re-
ported in biomineralization or at the solid–liquid interface [39–41]. Enantio-
selective interactions with kink sites of metal surfaces have been demon-
strated for the electro-oxidation of R- and S-glucose over Pt and for desorp-
tion of chiral molecules from Cu(543) [42, 43].

3.1
Enantiomorphism at Surfaces

There are several ways for molecules to transfer chirality into supramolecular
structures. The typical examples presented in this section are distinguished
whether chiral expression occurs in the close-packed monolayer or in smaller
molecular aggregates. The case that chiral molecules in ordered structures do
not show a supramolecular chiral motif is also discussed here, since it also
highlights the balance between lateral and perpendicular acting forces.
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3.1.1
Chiral Patterns in Close-Packed Monolayers

Pure enantiomers at surfaces form in most cases 2D enantiomorphous struc-
tures in close-packed monolayers. That is, chirality is transferred from the
single molecule into a long-range chiral motif at the surface. The created mo-
tifs are mirror images for the opposite enantiomers. This was clearly observed
via STM for helically shaped aromatic [7]H on Cu(111) [44]. Close to mono-
layer saturation, handed pinwheel structures were observed (Fig. 15a, top),
with M-[7]H-pinwheels having the opposite handedness as P-[7]H-pinwheels.
In addition, at full monolayer coverage “three-molecule-cloverleaf ” units
show opposite tilt angles with respect to the adsorbate lattice unit cell
(Fig. 15a, bottom).

Molecular modeling calculations (MMC) revealed that these structures are
governed by steric constraints. The lowest-energy structure for the close-
packed monolayer delivers identical adsorption sites for all molecules of the
unit cell. Their azimuthal orientations, however, are different. Similar to the
frustrated lattice structures observed for crystalline polymers of single he-
licity, e.g., isotactic poly(propylene) [45, 46], not all helices can be aligned
“in phase”. The azimuthal orientations, in turn, depend strongly on the he-
licity of the molecules, so that opposite structures are generated for the
enantiomers. Assuming that the brightest features of the STM images reflect
the off-centered topmost part of the molecular helix, the MMC structures

Fig. 15 a M-[7]H forms at 95% of the saturated monolayer CW-rotated pinwheels (top,
left) while CCW-rotated pinwheels are observed via STM for P-[7H] (top, right) [44]. At
full ML opposite tilt angles of cloverleaf clusters with respect to the adlattice are observed
(bottom). Images: 10 nm × 10 nm. Reprinted with permission from Wiley. b Model for
the M-[7]H cloverleaf structure obtained from MMC. Minimal repulsion is achieved for
certain relative azimuthal orientations
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agree well with the experimentally observed STM structures [44]. [7]H on
Cu(111) thus stands for short-range sterically controlled supramolecular self-
assembly mediated by the surface lattice.

At the solid–liquid interface, solvent molecules may also become coad-
sorbed into the monolayer. Dissolved in heptanol, ISA forms on hopg lamel-
lae in which the larger lamella ∆L1 reflects the interdigitated ISA alkyl chains
(Fig. 16) and the shorter lamella is composed of 1-heptanol molecules [47].
The zigzag alignment of the ISA alkyl chains on hopg, in combination with
the handedness of the stereogenic center, yields opposite tilt angles of the
lamella axis with respect to the substrate lattice for the two enantiomers. The
chiral expression is further transferred via intermolecular hydrogen bonding
between the ISA head groups and the hydroxyl groups of the heptanol. The
aligned achiral solvent molecule is rotated, with respect to the ∆L1 lamella
axis: clockwise for (S)-ISA and counterclockwise for (R)-ISA.

The opposite supramolecular chiral motif is always observed for oppo-
site enantiomers, but which handedness will be expressed in the supra-
molecular assembly of a particular enantiomer is difficult to predict. An
example for opposite-handed supramolecular structures built by equally
handed monomers is the formation of chiral rosettes with oligp(p-phenylene
vinylene) derivatives on hopg (Fig. 17). Again, the interplay of lateral hy-

Fig. 16 STM images (b: 11.7× 11.7 nm2, c: 11.5× 11.5 nm2) and structure models (d,e)
for the enantiomorphous lamella structures induced by adsorption of ISA (a) on hopg
from a 1-heptanol solution [47]. For opposite enantiomers, opposite lamella tilt angles
(θ) are observed. The large lamella ∆L1 is built up from pure ISA enantiomers, while
the smaller ∆L2 lamella consists of coadsorbed achiral 1-heptanol molecules. The ISA
chirality is transferred to the coadsorbed solvent molecules via opposite alignment an-
gles ϕ (f,g). Reprinted with permission from Wiley
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Fig. 17 Oligo(p-phenylene vinylene) derivatives (a) OPV3T, (b) OPV4T, and (c) OPV5T

drogen bonding and molecule-substrate interaction govern the pattern
formation [48].

Although all stereogenic centers in the side chains have identical handed-
ness, OPV3T forms a CW-rotating rosette, while OPV4T and OPV5T generate
CCW-rotated rosettes (Fig. 18). These wheel structures are based on a hydro-
gen bonding network between six terminal diaminotriazine units. Detailed
structure models suggest that for OPV4T and OPV5T denser lateral packing
is achieved in a CCW-rotated alignment. For OPV3T, however, this would im-
pose an unfavorable steric interaction between alkyl chains and the terminal
phenyl rings, explaining the CW-rotated wheel formation.

The pinwheel structure is not only observed for chiral adsorbates. An early
example was reported for small molecules at low temperatures on graphite
in UHV (Fig. 19). Neutron and electron diffraction experiments as well as
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Fig. 18 STM images of OPV3T (14.4 nm × 14.4 nm) and OPV4T (18.4 nm × 18.4 nm)
showing opposite rotation directions [48]. Reprinted with permission from Wiley

Fig. 19 Pinwheel structures formed by CO adsorbed on hopg: a commensurate Ar(CO)3
lattice, b pure but incommensurate CO(CO)3 layer. Reproduced with permission of the
authors of [49, 50]

Fig. 20 SubPc (a) and C60 (b) form at 1 : 1 ratio on the Ag(111) surface a six-molecule pin-
wheel structure [51]. The STM image (c , 13.6 nm×13.6 nm) reveals locally only clusters
of equal handedness. All subPc molecules (triangles) of a single pinwheel are rotated into
the same direction. Reprinted with permission from Wiley

mean-field calculations suggested that quadrupole–quadrupole interactions
between flat-lying CO molecules favor a pinwheel structure [49]. Coadsorbed
argon atoms, having no quadrupole moment, act like lattice vacancies in the
center of the wheel. A similar structure, based on static LEED analysis only,
has been proposed for pure CO layers in which one molecule in the unit cell,
adsorbed in a different geometry (probably in upright adsorption geometry),
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serves as the vacancy [50]. In the latter case, however, the structure is incom-
mensurate along one highly symmetric substrate direction.

Electron acceptor–donor interactions should favor intermixing different
species at equimolar ratios. This has been confirmed for coadsorption of C60
and the three-fold symmetric subPC on Ag(111) [51]. Among other struc-
tures, pinwheels are formed under local spontaneous symmetry breaking
(Fig. 20). The pinwheels contain three C60 and three subPC molecules, which
are azimuthally rotated. Because C60 acts as an electron acceptor and subPC
as a donor, an anti-parallel dipole alignment governs the packing. However,
the chiral wheel alignment must be attributed to lateral van der Waals forces
in combination with steric repulsion and substrate registry. That is, the dens-
est packing on the Ag(111) surface is achieved by rotating the three subPc
molecules plus occupation of a certain surface site. Only one handedness was
presented in the original paper, but we assume that both structures have been
observed.

3.1.2
Chiral Clusters, Chains and Rings

If lateral attractive forces prevail and mobility of the single unit is sufficient,
supramolecular assemblies can be observed at low coverages. This is often
observed for intermolecular hydrogen-bonded systems on substrates not in-
teracting too strongly with the adsorbents; e.g., noble metals (Au, Ag) and
hopg. A remarkable example is the decamer formation of NN (Fig. 7b) on
gold(111) observed via STM at 5 K [52]. The Au(111) substrate embodies al-
ternating domains of hcp- and fcc-stacked surface atoms. At sufficient terrace
size, the domain orientations rotate by 120◦ and form a herringbone struc-
ture [53]. The NN molecules nucleate first at the fcc elbows of the herringbone
structure. NN decamers are comprised of eight equally handed molecules at
the periphery surrounding two opposite handed molecules in the core [54].
This gives the whole cluster a chiral shape (Fig. 21). Also observed were ho-
mochiral tetramers [54]. The relatively strong intermolecular hydrogen bonds
in a decamer even allowed manipulation of the clusters. Utilizing the STM,
a one-by-one lateral separation of opposite-handed clusters was performed
like in the classical Pasteur experiment, but this time at the nanoscale [52].

A striking example of mesoscopic pattern formation governed by inter-
molecular hydrogen bonding on noble metal surfaces is PVBA (Fig. 7a) on
Au(111) and Ag(111) [55]. Due to head-to-tail hydrogen bonding between
carboxyl and pyridine groups, linear chains are formed (Fig. 22). In add-
ition, hydrogen bonds between aryl hydrogen and the carbonyl oxygen induce
formation of twin chains. Since these hydrogen bonds are sensitive to the
handedness of the adsorbed PVBA, homochiral recognition between two sin-
gle strands of a twin chain is observed. The strands are several µm long. The
distance between parallel running chains depends on the coverage, since the
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Fig. 21 a STM image of chiral clusters formed by ten NN molecules on Au(111) [52].
b Structure model for the alignment within a decamer. Reprinted with permission from
Wiley

Fig. 22 a PVBA forms enantiomorphous twin chains of homochiral composition on
Ag(111) and Au(111). b,c Depending on the coverage the twin chain distances vary,
indicating repulsion between them. Only equally handed chains are observed within
one domain. Reprinted with permission from [55]. Copyright (2001) American Physical
Society

twin chains do not attract each other. Ignoring metastable deviations, no op-
posite handed chains have been observed within these gratings; i.e., chiral
correlation is extended over large distances without apparent direct molecu-
lar contact. However, the mechanism put forward for explaining these ho-
mochiral gratings embraces twin chains as the template and metastable triple
chains deviating from the template once a fourth chain is formed. The in-
terconversion of enantiomers, e.g. by rotation of the pyridine vinylene group
during a partial lift-off from the surface, as a possible alternative for building
these long-range homochiral gratings, has been excluded for energetic rea-
sons. Instead, an intramolecular transfer of the carboxyl hydrogen from one
oxygen atom to the other in the metastable third chain has been proposed.
If we compare this PVBA/Au(111) example with the system PVBA/Pd(111),
it becomes clear that mobility of single molecules is very important for chi-
ral pattern formation. Much stronger adsorbate–substrate interactions allow
only formation of dimers and trimers on Pd(111) [56].
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Homochiral hydrogen bonded linear chiral structures have also been re-
ported for adenine on Cu(110) [57]. In a 2D network of adenine molecules,
a number of different intermolecular hydrogen bonds between homo- or het-
erochiral pairs are possible. The calculated energies for most of these pairs
do not differ much [58], but the most stable homochiral hydrogen bridged
pair (Fig. 23a) agrees well with a model suggested by STM [57]. The pairs,
in turn, are connected via other hydrogen bonds that come into play due
to the best fit to the substrate lattice (Fig. 23b). Again, intermolecular lat-
eral bonding and the substrate–adsorbate interactions contribute to the pat-
tern formation. Depending on the handedness of its building blocks, the
dimer chain is either aligned parallel along the (1, 2) or the (– 1, 2) direc-
tion on the surface; i.e., CW- or CCW-rotated away from the [001] surface
direction.

A beautiful example for hierarchical chiral structures is the spon-
taneous self-assembly of 5,6,11,12-tetraphenylnaphtacene (“rubrene”) on
Au(111) [59]. The backbone of the sterically overcrowded rubrene is heli-
cally twisted, and its handedness can be directly observed in highly resolved
STM images. Beside homochiral chains, rubrene forms a ring structure of
five equally handed units, which, in turn, self-assemble into a ring struc-
ture containing ten of the pentamers (Fig. 24). Within the pentamers, the
monomers are equally rotated for close interdigitation in a gear wheel-
like fashion. CCW or CW rotation is representative of the handedness of
the monomers. Depending on their chirality, ten pentamers in a pentacon-
tamer are either rotated CW or CCW (Fig. 24c). The handedness of the
monomer is thus transferred step-by-step into the supramolecular ring unit
of 50 monomers.

Fig. 23 The most stable hydrogen bonded 2D conformation has been calculated for ho-
mochiral pairs of adenine (a). The STM image (b , 4.2 nm × 4.2 nm) suggests that these
homochiral pairs are connected via other hydrogen combinations into linear chains on
Cu(110). Reprinted with permission from [57]. Copyright (2002) American Chemical
Society
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Fig. 24 Hierarchical homochiral self-assembly as observed via STM on Au(111): Chirally
distorted rubrene (a) self-assembles in a first step into homochiral pentagons and these,
in a second step, into homochiral rings containing 50 monomers, (b) [59]. Within these
pentacontamers, all ten pentamers are rotated equally 12◦ with respect to the virtual
spokes of the wheel (c). Reprinted with permission from Wiley

3.1.3
Losing the Expression: Achiral Lattices from Chiral Molecules

In three dimensions, chiral molecules always crystallize in chiral space groups.
In order to transfer molecular chirality into supramolecular structures on a sur-
face, the interaction forces must allow the molecular asymmetry to come into
play. Very strong interactions with the substrate may force the molecules to
align in a symmetry that is strictly dictated by the substrate. Typical examples
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are the rectangular adlattices generated by alanine and glycine on Cu(110) and
Cu(100) [19, 21, 60–69]. Both species become deprotonated at RT, and anneal-
ing to 420 K leads to a tridentate bonding configuration; i.e., carboxylate atoms
and the amino group bind to copper atoms of the surface [21]. The adlattice
structure formation is governed only by this footprint interaction on the (110)
and (100) grid (Table 1), which is so strong that the inherent molecular chiral-
ity does not come into play. If not annealed, a chiral (2 – 2, 5 3) phase can be
observed for enantiopure alanine on Cu(110) [64, 69].

Another example is the adsorption of prochiral 1,2,4-benzene tricarboxylic
acid on Cu(100). As determined via X-ray absorption studies, this molecule
has a tilted local geometry on the surface. The adsorbate complex is therefore
chiral [70]. The long range ordered adlattice, however, has p(3 × 3) periodi-
city; i.e., the molecules are strictly aligned by the quadratic substrate mesh.

(R, R)-TA crystallizes in different enantiomorphous superstructures on
Cu(110), but at a coverage of 0.25 molecules per substrate atom, the monotar-
trate species forms an achiral c(4×2) or (4 0, 2 1) structure [71]. In contrast
to the bitartrate in its sawhorse geometry, only a single molecular site is
connected to the substrate and chirality is not transferred into the lattice
structure. Under these conditions, chiral resolution cannot be expected (see
below) [72].

With the chiral center located in a side chain that is bent away from the
surface, an achiral lattice is formed by the chiral diacetylene isophthalic acid
derivative at the 1-octanol/graphite interface [73]. Because of the relatively
weak interaction between the dangling chiral side chains, the achiral part of
the molecule interacting with the substrate dominated the pattern formation.

The interaction of molecules with substrate atoms at step edges is usu-
ally stronger than with those of a flat terrace. This has consequences for
the long-range structure, if the number of step edges becomes considerably
large. The Cu(332) surface has a high step density and its (111)-terraces have
a width of only 1.2 nm. The distance perpendicular to the steps is just suffi-
cient for one [7]H molecule, and only formation of molecular rows parallel
to the steps is possible. This 1D confinement and a specific molecule-step in-

Table 1 The most stable DFT structures of glycine and alanine on Cu(110) and Cu(100)
surfaces have rectangular symmetry [60]

Cu(110) Cu(100)

Glycine (3×2) heterochiral c(4×2) homochiral/
(4×2) heterochiral (“(2×2) grid”)

Alanine (3×2) c(4×2) homochiral/
(enantiopure) (4×2) diastereomeric (“(2×2) grid”)

Alanine racemic (3×2) heterochiral (4×2) heterochiral (“(2×2) grid”)
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Fig. 25 a Homochiral pairs are observed in STM after adsorption of racemic cysteine.
L-cysteine pairs are tilted CW away from the [11̄0] substrate direction as clearly observed
via STM (inset). Reprinted with permission of the authors. b Superposition of the most
stable structure obtained from DFT calculations and a STM image acquired after an-
nealing of a D-cysteine layer at 380 K. By removing the top-most atomic row underneath
the cysteine double row structure the (1×1) Au(110) surface is restored. Reprinted with
permission from [78]. Copyright (2004) American Physical Society

teraction interfere with the azimuthal transfer mechanism observed on the
Cu(111) surface [44]. For the M-enantiomer all molecules were found to oc-
cupy an identical azimuthal orientation, not allowing the transfer of helicity
into the molecular layer [74].

In the last example here, the interaction of the amino acid cysteine with
the Au(110) surface is so strong that a rearrangement of the substrate occurs.
The clean Au(110) surface is (1×2) “missing row” reconstructed; i.e., along
the [001] direction every second atomic row of this fcc(110) surface (see
Fig. 2e) is missing. Upon adsorption of cysteine, however, this reconstruction
is lifted locally. At low coverage, homochiral pairs are observed in STM that
show, depending on their handedness, opposite tilt angles with respect to the
substrate lattice (Fig. 25a) [75]. In combination with specific surface sites oc-
cupied by the sulfur atom and amino group, this homochiral recognition is
well-explained via the classical three-point contact model [76, 77]. DFT cal-
culations suggested that under every cysteine pair the surface atoms of the
densely packed row are etched away. After prolonged annealing at 380 K, uni-
directional growth of cysteine double rows is observed (Fig. 25b) [78]. This
process goes hand-in-hand with the deconstruction of the Au surface under
the cysteine double rows and forces them into an alignment parallel to the
[11̄0] direction.

3.2
Spontaneous Resolution

The most discussed issue in chiral surface science is whether enantiomeric
lateral separation occurs after adsorption of racemates. Compared to the
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230 space groups of 3D crystals there are only 17 lattices, of which five are chi-
ral. In three dimensions, racemic crystals outnumber chiral conglomerates,
but for 2D systems a higher probability of enantiomeric separation has been
proposed [79]. Beside lower entropic contributions in 2D, common 3D sym-
metry elements do not exist on a surface. That is, the inversion center and
glide planes or screw axes parallel to the surface are not possible [80]. On
the other hand, metastable racemic structures can be the result on a surface
with limited mobility. In contrast to crystallization from solution, UHV ex-
periments with coverages up to one monolayer allow only 2D mass transport.
Crystallization at full monolayer coverage due to cooling is a disorder–order
transition and may lead to metastable racemic structures if lateral long-range
mass transport is hindered. But if the barrier for chiral interconversion is
small, the low-energy homochiral structure could form without lateral mass
transport.

Initially, almost all studied systems seemed to confirm the hypothesis of
2D lateral enantiomeric separation [81]. However, recent reports shine a dif-
ferent light on 2D conglomerate formation [82–88]. Early studies were biased
by experimental approach, that is, molecules containing polar groups favor
formation of intermolecular hydrogen bonds, and strong lateral interactions
lead to more stable networks for STM at RT. Strong and directional interac-
tions, in turn, support chiral recognition in two dimensions. Low temperature
STM studies, on the contrary, allow investigation of order phenomena of
a wider range of molecules.

One of the early examples for enantiomeric separation was phenylglycine
on Cu(110) [89]. The racemic mixture shows in LEED a superposition of two
mirror domains, while for the pure enantiomers only the respective single
enantiomorphous domain is observed. Like for the above-mentioned ben-
zene/Ni(111) structure, the primary electron beam probes both enantiomor-
phous domains in case of the racemate. However, to conclude lateral reso-
lution based only on co-existence of mirror domains, is a doubtful procedure,
since a non-separated racemate may form—just like achiral molecules—
mirror domains as well. For phenylglycine/Cu(110), nevertheless, mixtures
with excess of one enantiomer showed the corresponding LEED spots with
higher intensity than the opposite mirror domain diffraction spots, strongly
supporting the separation scenario. That is, the LEED intensity, which is
proportional to the total area of the corresponding mirror domains, scaled
linearly with ee. The STM image of two opposite homochiral mirror domains
of phenylglycine on Cu(110) are shown in Fig. 26. The fact that the local
structure within the domains is identical with the structure observed after
adsorption of enantiopure phenylglycine finally confirms the spontaneous
resolution for the racemate.

A remarkable example of spontaneous resolution is the adsorption of achi-
ral NP (Fig. 7c) on the reconstructed Au(111) surface [90]. Within one do-
main only one handedness has been observed by highly-resolved STM. Since
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Fig. 26 STM image (27 nm × 27 nm) showing two enantiomorphous domains of R- and
S-phenylglycine on Cu(110) after adsorption of the racemate. Courtesy of N.V. Richardson

Fig. 27 NP on Au(111) forms enantiomorphous homochiral domains. Grey areas repre-
sent up-lifted atoms of the reconstructed clean surface. Reprinted in part with permission
from [90]. Copyright (2003) American Chemical Society

the NP layer is not densely packed to such an extent that this packing re-
sults from steric reasons, we assume that the equal handedness is substrate
mediated. The homochiral alignment must stem from occupation of favored
substrate binding sites. The model in Fig. 27 shows the terminal C6 rings atop
sites of substrate atoms, and the white and grey areas represent the hcp and
fcc stacked domains of the reconstructed Au surface. Reflection of a single
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molecule does not lead to identical (energetically favored) adsorption sites.
A racemic lattice for adjacent molecules is thus avoided. This exemplifies the
role of the substrate in 2D supramolecular chemistry. For this system, a sec-
ond homochiral structure built up by “69” pairs has been identified [91].

Among the systems showing lateral resolution is the above-mentioned
long-alkyl-chain-ISA/heptanol/hopg system [47]. Prochiral 1,5-bis(3′-thia-
alky) anthracenes, on the other hand, have been demonstrated to show either
lateral resolution or 2D racemate formation [85]. Highest packing density is
achieved when the terminal bonds of the alkyl chain are oriented parallel to
the aryl-C1 bonds (Fig. 28). Consequently, interdigitation of alkyl chains with
an even number of bonds aligns anthracenes of adjacent rows with opposite
enantiotopic faces toward the surface (Fig. 28a). Adding one methylene group
to the alkyl chain, in turn, switches the assembly from the 2D racemate to
a 2D conglomerate (Fig. 28b).

Chiral 9,10-iodine-substituted octadecanol is another example of a sys-
tem that does not undergo spontaneous resolution on hopg [84]. Adjacent
rows are packed head-to-head interacting via hydrogen bonding between the
OH-groups. A parallel orientation of alkyl chains is best achieved for the same
enantiomers. STM further reveals that the optical isomers have different ap-
parent heights and are separated into different rows. That is, closest packing
is achieved by pointing the iodine atoms away from the surface for one enan-
tiomer and being buried underneath the alkyl chain for the other enantiomer.

Fig. 28 Model structure for bis-thiaalkylanthracene derivatives on hopg. Depending
on alkyl chain length, either crystallization as 2D racemate (a) or spontaneous reso-
lution (b) occurs. Terminal bonds of the alkyl chains and the aryl-C1 alkyl chain (bold
sticks) are forced into a parallel arrangement by steric means. Reproduced with permis-
sion of the authors [85]
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It is worth mentioning that in this orientation on the surface, the two enan-
tiomers of a single pair are not superimposable by a glide plane operation
with the plane perpendicular to the surface. Consequently, a heterochiral pair
forms a chiral entity and the lattice is “pseudo-racemic”.

Although devoid of alkyl chains, [7]H on Cu(111) forms, similar to 9,10-
iodo-octadecanol and the anthracene derivative shown in Fig. 28a, a racemic
lattice structure. Conglomerate formation was initially concluded from LEED,
because the mirror domain pattern observed for the racemate was identi-
cal to the superimposed patterns of the pure enantiomers [92]. STM images,
however, delivered different lattice structures for the mirror domains of the
racemate and the pure enantiomers [93]. High-resolution STM and MMC fi-
nally showed that the enantiomorphous domains are racemic [88]. We will
return to this system in more detail in Sect. 4.

Depending on the local molecular adsorption geometry, lateral interac-
tions can vary substantially. Therefore, 2D-resolution may switch for a single
compound. The already mentioned TA/Cu(110) system undergoes, depend-
ing on temperature and/or coverage, different types of phase transitions.
Upon thermal activation, bitartrate species are formed from the initially
generated monotartrate species at RT [71]. With increasing coverage, how-
ever, the newly adsorbed TA molecule hydrogenates the doubly deprotonated
C2-symmetric bitartrate species to monotartrate again [71, 94]. Besides this
new local adsorption geometry, the enantiomorphous (9 0, 1 2) lattice disap-
pears and an achiral (4 0, 1 2) lattice is formed [71]. For racemic TA, a lateral
resolution occurs only for the bitartrate species where homochiral (9 0, 1 2)
and (9 0, – 1 2) domains are present [72]. The non-enantiomorphous (4 0, 1 2)
monotartrate lattice, however, is heterochiral; but as we will see in the next
section, the “achiral” enantiopure and racemic (4 0, 1 2) lattices still show sub-
tle differences.

The “2D chiral” systems of NN and PVBA do not need a change in local
adsorbate geometry in order to show a chiral phase transition [83, 86]. Ho-
mochiral structures have been observed for PVBA (Fig. 7a) and SDA on
Cu(100) [95]. A CW-rotated structure contains exclusively λ-PVBA, while
the CCW-rotated structure contains only δ-PVBA (Fig. 29) [86]. Increasing
the PVBA coverage above 0.05 molecules per copper atom induces a phase
transition into a single achiral structure that possesses two mirror planes
(Fig. 29c). Highly resolved STM shows that this structure is now comprised of
a δ-/λ-PVBA racemate and that the unit cell contains equal numbers of CCW-
and CW-rotated units.

A coverage dependence of 2D conglomerate or racemate formation was
first observed for NN on Au(111). In that case, the transition from homochi-
ral chain structures to heterochiral 2D domains is strongly influenced by the
hcp-fcc substrate reconstruction sites of the substrate [83].

The fate of resolution is actually determined by the free energy of the sys-
tem; i.e., the energy difference between homo- and heterochiral structure.
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If this energy difference is very small, coexistence of both can be the re-
sult. For glycine on Cu(100), several structures have been proposed [61]. DFT
calculation clearly favored a (4 × 2) homochiral and a (4 × 2)pg heterochi-
ral/“pseudo (2 × 2)” structure (Fig. 30) over other possible structures [67].
Because of a very small energy difference between these two structures, they
are expected to coexist on the surface (see Table 1).

Finally, we mention a remarkable example of lateral resolution reported
for supramolecular nanostructures on hopg [96]. Held together by 72 hy-
drogen bonds, the molecular nanostructure is formed from three melamine-
substituted calix[4]arene units and twelve 5,5-diethylbarbiturate molecules
(Fig. 31a). The nanostructure, basically a stack of four rosettes, has chi-
ral symmetry. With its components all being achiral, both enantiomers are
formed upon self-assembly in solution. Deposition of the tetrarosettes on
hopg leaves this nanostructure intact and allows surface self-assembly. AFM
studies revealed close-packed 2D lattices formed by the tetrarosettes on hopg

Fig. 29 a,b Clockwise and counterclockwise rotated domains contain exclusively λ- or
δ-PVBA molecules, respectively. c At coverages exceeding the critical value of one mol-
ecule per 20 Cu-atoms, a butterfly structure comprising both enantiomers is formed. Re-
printed in part with permission from [86]. Copyright (2005) American Chemical Society

Fig. 30 Lowest energy configurations for glycine on Cu(100). a Homochiral c(4× 2)
glycine layer, as indicated by the rectangular cell. Also shown is the (

√
2×√

2)45◦ unit
cell. b Heterochiral (4×2)pg structures of glycine on Cu(100). Ignoring the handedness,
the molecules form a (2 × 2) grid on the surface. Reprinted in part with permission
from [67]. Copyright (2005) American Chemical Society
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(Fig. 31b). In addition to rotational symmetry reflecting the symmetry of
the substrate, mirror-like structures have been observed. Taking into account
the extent of lateral interactions due to the large size of the nanostruc-
tures, this observation strongly suggests that the P and M enantiomers of

Fig. 31 Self-assembly of chiral nanostructures on hopg. Melamine-calix[4]arene units
self-assemble with diethylbarbiturate (DEB) into chiral tetrarosettes (a) [95]. The nanos-
tructures form different 2D domains with unit cells being mirror images of each other
(b). Reprinted with permission from Wiley
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the tetrarosettes undergo spatial resolution and crystallize in 2D homochiral
domains.

3.3
Enantiospecific Surface Chemistry

Since pre-adsorbed chiral modifiers like cinchonidin or TA are assumed to in-
fluence the adsorption geometry of prochiral keto-esters, we deal here with
intermolecular chiral recognition on a surface. However, whether supramo-
lecular features or single reactant-modifier interactions play a role in these
processes is not clear. Chiral voids between long-range ordered enantiomor-
phous domains have been proposed as enantioselective reaction sites [97]
and the homochiral alignment of MAA due to coadsorbed long-range ordered
(R, R)-TA on Ni(100) has been shown directly in STM [98]. Long-range
ordered structures, on the other hand, were suspected to suppress the
single molecule-modifier interaction and were blamed for low enantio-
selectivity [99].

OOC – CHOH – CHOH – COOH → CO2 + H2O + 2C + 1/2H2

Scheme 2 Decomposition reaction of monotartrate on Cu(110)

The influence of chirality in a 2D supramolecular array on a chemical re-
action has clearly been demonstrated recently [100]. The thermally induced
decomposition reaction of mono-TA on Cu(110) in vacuum (Scheme 2) is cat-
alyzed by free surfaces sites. Since the decomposition, in turn, creates active
sites, the reaction is under autocatalytic control. In addition, the stability of
monotartrate is enhanced due to the close-packed monolayer structure not
allowing interaction of upper parts of the molecule with the surface in the
first place. This leads upon heating to complete decomposition in a small
temperature interval (i.e. 1.6 K) once the reaction has started. Because the
gaseous decomposition products desorb instantaneously at decomposition
temperature, a sharp pressure rise is observed. Therefore, this type of auto-
catalytic decomposition was coined “surface explosion” [101]. The initial step
requires a rearrangement of the upper part of the molecule in order to get in
contact with the surface in a densely packed environment, and that is where
the supramolecular chirality, i.e., the handedness of adjacent molecules, plays
a role. As already mentioned, racemic monotartrate is not enantioseparated
on Cu(110), but forms at 405 K the same c(4×2) lattice structure as enantio-
pure TA; i.e., with identical periodicity and coverage. A direct comparison
of decomposition temperature and decomposition kinetics of both structures
reveals remarkable differences which were assigned to a supramolecular en-
semble effect (Table 2). The decomposition temperature for the enantiopure
structure exceeds the one for the racemic structure by 8 K. The higher sta-
bility of the enantiopure structure can be explained by the more extended
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Table 2 Comparison of decomposition data of enantiopure and racemic monotartrate
monolayers on the copper surface

∆E A Tdec
kJ mol–1 s–1 K

R, R 162 1015 517
rac. 142 1014 509

H-bonding network, whereby the initial “unhinging” process from the lateral
mesh of next neighbors has a higher activation barrier than for the racemic
structure.

3.4
Diastereoisomeric Recognition

In addition to the chiral interactions of enantiomers, interactions of dissim-
ilar chiral species are fundamentally important. As described above, aden-
ine becomes chiral upon adsorption and forms homochiral dimer chains
on Cu(110). These chains are tilted ±19.5◦ with respect to the [001] sur-
face direction. This tilt makes the sites right next to an enantiomorphous
supramolecular chain chiral! Consequently, the interactions of inherently chi-
ral molecules with both chain types are energetically nonequivalent. This

Fig. 32 Enantiospecific recognition between the nucleic acid base adenine and the amino
acid phenylglycine on Cu(110) [102]. a STM image (15 nm × 10 nm) of coadsorbed S-
phenylglycine and alanine. Only the CW-rotated adenine double rows, marked by arrows,
are decorated with S-phenylglycine double rows. b Structure model superimposed on the
STM image of adenine/S-phenylglycine. The carboxylate oxygens and the N atom have
been placed atop Cu atoms. Reprinted with permission of the authors
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has been beautifully demonstrated for phenylglycine coadsorbed with aden-
ine. S-phenylglycine was found to bind only to adenine double chains that
were CW rotated with respect to the [001] surface direction (Fig. 32) [102].
Interestingly, the adenine double rows were decorated with double rows of
phenylglycine on both sides. Hydrogen bonding and dipole–dipole interac-
tions in combination with preferred substrate sites have been put forward as
dominating lateral interaction forces. With the carboxyl and amino group of
phenylglycine bound to specific Cu-atoms and hydrogen bonding to the aden-
ine amino group, the three-point contact model explains the chiral recog-
nition of the first phenylglycine row. The relatively large inter-row spacing
of the phenylglycine double rows, however, suggests a stronger role of the
surface. Local strain or charge density waves, for example, have been dis-
cussed in order to explain voids or large distances between molecular struc-
tures [103, 104].

4
Amplification of Chirality in Two Dimensions

One of the most recent observations in supramolecular surface chirality is the
induction of homochirality on surfaces via cooperatively amplified interac-
tions in molecular monolayers. As discussed in Sect. 2, adsorption-induced
chirality leads to both mirror motifs. However, in the presence of additional
chiral bias, “lattice homochirality” can be installed in the entire molecular
layer. Such bias comes from a chiral dopant, small ee or physical fields in
combination with symmetry breaking of the surface.

Chiral amplification phenomena have been observed for helical polyiso-
cyanate copolymers and were coined as the “sergeants-and-soldiers” princi-
ple and “majority rule” [105, 106]. Small amounts of chiral groups in the side
chain or small ee gave enough bias for single helicity in the entire polymer
chain. Because helix reversals are energetically unfavorable, a small symme-
try breaking influence suffices to induce single helicity [107]. Both effects
were explained by a one-dimensional random field Ising model based on co-
operative interactions of the polymer backbone units [108, 109].

4.1
Homochirality from Prochiral Precursors

The coadsorption of chiral molecules into racemic layers is an efficient way
to induce further asymmetrization towards single handedness. While in het-
erogeneous chiral catalysis the stationary ratio of modifier and reactant at the
surface is assumed to be one, a small amount of chiral dopant can be suffi-
cient for induction of homochirality on the entire surface! SU on Cu(110), for
example, forms two enantiomorphous domains in its bisuccinate phase [27].



246 K.-H. Ernst

Fig. 33 Homochirality induced by chiral doping in enantiomorphous succinic acid (SU)
monolayers observed by LEED. Doping with 2 mol % (S, S)-TA (left) or 2 mol % (R, R)-TA
(right) allows only formation of one enantiomorphous mirror domain, while the un-
doped SU layer shows both domains (middle). Reprinted with permission from [28].
Copyright (2004) American Chemical Society

It is reasonable to assume that the molecules in these domains have oppo-
site handedness. Doping the SU layer with one TA enantiomer suppresses
completely the formation of one mirror domain and installs global homochi-
rality [28]. The opposite TA enantiomer suppresses the opposite SU enan-
tiomorph (Fig. 33). Since hydrogen bonds between the bisuccinate molecules
cannot be expected to play a role, one must consider a substrate-mediated
mechanism. That is, a chiral footprint onto the surface acts as a chiral
bias and suppresses opposite handedness in the adjacent adsorbate complex.
A chiral footprint reconstruction has also been proposed for the TA/Ni(110)
system [110]. The same type of homochirality inductions have been shown
for (S, S)- or (R, R)-TA-doped (R, S)-TA monolayers on Cu(110) [29].

4.2
Homochiral Pseudo-Racemic Systems

The equivalent to the majority rule, but in two dimensions, has been reported
recently for [7]H on Cu(111). In that case, a small ee induces homochi-
ral long-range order [88]. As mentioned above, the two [7]H enantiomers
crystallize in a 2D racemic lattice, which forms two enantiomorphous do-
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mains [93]. The difference of both mirror domains is based on the relative
alignment of two enantiomers in a heterochiral pair on the surface (Fig. 34).
A glide plane operation connects the two enantiomers but is not a sym-
metry operation for this 2D lattice. Because of steric constraints, any ee
is expelled from these racemic enantiomorphous domains during crystal-
lization. From the domain boundaries, however, the excess molecules have
an influence on the relative alignment of the heterochiral pairs at the do-
main edge. M-[7]H excess favors formation of λ-domain pairs and P-[7]H
excess ρ-domain pairs. This chiral bias is amplified by the cooperative inter-
action among heterochiral pairs, strongly favoring an equal alignment. Like
helix reversals in a polymer chain, opposite alignment would create energet-
ically unfavorable mirror domain boundaries. Even for the racemate, these
boundaries are rarely observed on a single terrace, and locally spontaneous
symmetry breaking occurs. Nevertheless, the number of λ- and ρ-domain
decorated terraces is equal. From ee = ± 0.08 on, the entire surface—although
still close to racemic content—is driven into a homochiral arrangement dur-
ing 2D crystallization and only λ- or ρ-domains are observed. In contrast
to the SU-TA-doped system, where the molecular frame of the molecule is
switched to its mirror configuration, interconversion between both structures
here requires only a change in relative position of both enantiomers of a het-
erochiral pair. Chiral resolution is not required. Similar studies performed
with chiral long alkyl chain formamide on hopg under 1-heptanol did not
reveal any amplification mechanism; the domain orientation scaled directly
with ee [111].

Fig. 34 Racemic but enantiomorphous structures of [7]H on Cu(111) [88]. Opposite tilt
angles with respect to a highly symmetric substrate direction of heterochiral M – P dou-
ble rows create left-tilted λ domains (a) and right-tilted ρ domains (b). The sign of the
tilt angle is determined by the relative position of the M – P enantiomers in a heterochiral
pair
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4.3
Magnetic Field-Induced Enantiomeric Excess

Surface-induced ordering in LCs has been known for a long time, but the re-
verse process, i.e., ordering of the adsorbate layer due to oriented molecules
in the fluid above the surface, is quite a new phenomenon [112]. Although
the alignment of a single molecule is still governed by the substrate lat-
tice, formation of certain rotational or mirror domains can become unfa-
vorable if the molecules in the liquid phase are pre-aligned. For a nematic
fluid, this can be achieved by a magnetic field. Because of the collective in-
teractions in the LC, the weak magnetic forces are magnified and induce
polar order. If for prochiral LC-molecules a pre-alignment is maintained in
an oblique angle with respect to a highly symmetric substrate lattice dur-

Fig. 35 Magnetic field aligned LC molecules show a preferred formation for single enan-
tiomorphism on hopg [112]. With the field vector pointing either + 19◦ or – 19◦ away
from the 〈1100〉 directions, either left- or right-handed domains prevail (top and bot-
tom), the vector aligned parallel to the 〈1100〉 directions has no effect. Reprinted with
permission of Wiley
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ing adsorption, chiral symmetry breaking can occur. Such an effect has
been reported for 8CB when cooled down from 100 ◦C to RT in a field of
1.2 Tesla [113]. This LC molecule itself forms enantiomorphous lamella struc-
tures on hopg [114].

With the field directed in an angle of – 19◦ or + 19◦ with respect to the
〈1100〉 directions of hopg, the vast majority of domains shows identical enan-
tiomorphism (Fig. 35). As already realized by Faraday and Lord Kelvin more
than 100 years ago, a magnetic field alone has no chirality. Furthermore, it
is not strong enough to realign adsorbed molecules. The chiral symmetry
breaking is actually induced by the surface during adsorption of the polar
ordered 8CB. While the cyano head group tends to be aligned parallel to the
magnetic field and the alkyl chain prefers alignment parallel to the 〈1100〉
surface directions, any oblique angle of the bulk director with respect to the
substrate breaks the left–right symmetry during adsorption. Once locked in,
however, the alignment is amplified by the supramolecular monolayer struc-
ture forcing additional molecules into homochiral alignment.

5
Outlook

Chiral surface science is still in its infancy. Most of the information has been
gathered during the last few years only. With the further development of
experimental and theoretical tools, in particular DFT methods, much new
insight on 2D intermolecular interactions will be achieved in the near fu-
ture. Chirality is a wonderful approach in order to better understand complex
molecular interactions. Many cooperative phenomena ruling supramolecular
processes are still waiting to be understood and to be described on a mo-
lecular level. From the riddle of the transfer of molecular structure into the
shape of (enantiomorphous) crystals to the influence of small impurities de-
ciding the outcome of macroscopic shape, a 2D model systems will help
to understand these complex mechanisms. Beyond that, well-characterized
2D systems are an excellent starting point in studying the structural transfer
mechanisms into the 3D world.

Acknowledgement I thank André Niederer for his help drawing the figures.
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Abstract The preparation of chiral functional materials with new, improved, and interest-
ing properties is aided tremendously by control of the spatial arrangement of the functional
units within them. The use of non-covalent interactions is absolutely critical in this regard,
and the molecular–supramolecular balance has to be strictly controlled. The conducting,
magnetic and optical properties of chiral materials whose function is profoundly influenced
by supramolecular chemistry will be reviewed. Special emphasis is placed on the control
of helical arrangements in liquid crystalline systems, in which both chiral induction and
spontaneous resolution are important phenomena which can be controlled.

Keywords Conductors · Chiral induction · Gels · Liquid crystals · Magnetism
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CPL circularly polarised light
CSA camphorsulphonic acid
IR infrared
LB Langmuir–Blodgett
LC liquid crystal
OPV oligophenylenevinylene
PANI poly(aniline)
PEDOT poly(ethylenedioxythiophene)
Pc phthalocyanine
PT poly(thiophene)
SEM scanning electron microscopy
TEM transmission electron microscopy
TTF tetrathiafulvalene

1
Introduction

1.1
Why Chiral Functional Materials?

Chirality is inherent to most biological materials. It is essential to the func-
tioning and the growth of many living things, where it is manifested in the
twisted shapes of shells or the entwined vines of climbing plants, for example.
It determines the smells and flavours that we sense, and the action of the
drugs that cure us [1]. Unlike the vast majority of materials which function in
the natural world, synthetic materials have been achiral, by and large. How-
ever, chirality in materials can have very beneficial consequences [2]. Not
only is optical activity presented, but the structural aspects that asymmetry
endows on the products can lead to useful, surprising and unique physical
effects. In general, specific interactions of chiral compounds with polymers
is responsible for their separation during chromatography [3], and in liquid
crystal displays chirality is a key player [4]. Bearing in mind that other con-
tributions will treat aspects of supramolecular polymers, in this chapter we
shall concentrate on molecular materials with a function—be it electronic,
magnetic, optical, etc.—in which the chemistry beyond the molecule is par-
ticularly important, and where the role of chirality is evident. Chiral supra-
molecular materials do not only show structural chirality and optical activity,
they present the chance to investigate the combination of different phenom-
ena and explore their synergies.

1.2
Preparing Supramolecular Chiral Materials

The balance between molecular structure and supramolecular organisation is
essential in the preparation of materials if their properties are to be of any
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interest. While studies of the basic rules of self-assembly [5], crystal engineer-
ing [6] and the like abound, the use of non-covalent interactions in materials
in general is complicated by the fact that the very units that are included
to control the arrangement of the functional units can dilute or nullify any
effect [7]. For chiral materials this statement is even more true.

The two general ways of preparing chiral materials—spontaneous reso-
lution and chiral induction—are both valid and have been exploited. In the
first, non-chiral building blocks come together in a chiral sense thanks to
non-covalent interactions to form, at random, either left-handed or right-
handed superstructures [8, 9]. The problem with this approach from a prac-
tical viewpoint is that the enantiomers must be separated from each other. In
a more controllable fashion, chirality can be induced into a material by in-
corporating stereogenic centres into the components [10–16] or—to a lesser
extent—by forming the materials under a physical chiral “field” [17]. These
approaches have afforded supramolecular materials that will be detailed in
the following sections, subdivided into the type of property that they display.

2
Supramolecular Chirality in Systems of Interest in Molecular Electronics

2.1
Conductivity in Materials

The transport of electrons through materials—electrical conductivity—is an
important phenomenon for a number of reasons. The motion of electrons
in low dimensional molecular materials (with a mixed valence nature and
that have a band structure) has provided great insight into the mechan-
isms of transport, and many materials based on organic building blocks have
been prepared which meet the requirements for these properties [18–20].
Usually, conducting salts are of two types: charge transfer complexes and
charge transfer salts. Both types contain stacks of molecules in close con-
tact through which the electrons may flow. In general, electrons preferentially
flow through networks formed by one of the components of these ionic com-
pounds giving rise to metallic conductivities. The dimensionality of the solid
state structure determines directly the space available to the mobile elec-
tron, thus non-covalent interactions play a critical role. The use of conducting
polymers in a number of technologically important applications is well doc-
umented [21–24]. Here, the conductivity takes place along and between the
chains, principally through a hopping mechanism resulting in semiconduct-
ing properties. Therefore, the organisation of the polymers can have very
dramatic consequences on their conductivity in the bulk.

Conductivity in chiral materials is a topic of great interest presently be-
cause of the possibilities of observing chiral electron movement in mate-
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rials [25, 26], although this notion is not new [27, 28]. Also, the synergy
between chirality and conductivity in polymeric systems raises a number of
interesting opportunities in sensing materials or systems with optical prop-
erties. All of these applications are particularly relevant given the growing
interest in molecular electronics in general [29, 30].

2.2
Chiral Conductors Incorporating Small Molecules

The two types of molecular conductors, charge transfer salts and charge
transfer complexes, are formed by the combination of electron donor and ac-
ceptor which crystallise in segregated stacks with partial transfer of charge,
and by oxidation or reduction of the active component in a solution which
contains an electrolyte whose ions are incorporated into the salt, respec-
tively. In principle, one could imagine two ways to introduce chirality in these
systems: to prepare the charge transfer salts and complexes with intrinsi-
cally chiral donor or acceptor molecules, or to prepare the salts with chiral
counter-ions. Both of these approaches have yielded chiral salts with conduct-
ing properties. The molecules most widely employed to generate conducting
regions in these salts are those derived from tetrathiafulvalene, TTF (Fig. 1).

A great number of chiral TTFs have been prepared [31, 32], and some of
their charge transfer salts have been crystallised. The π-donor 1 can be elec-
trocrystallised to give a salt 12 · PF6, which has a conductivity of ≈ 5 Ω–1 cm–1

at room temperature and metallic behaviour when cooled down [33]. While
the structure of the crystals is chiral, the structure of this salt and other re-
lated ones [34] has an essentially achiral stack of donor molecules, which
are pseudo-centrosymmetric [35]. The methyl groups at the periphery of the
molecule are apparently not sufficient to cause a truly chiral stack of donors,
which prefer to stack in parallel arrangements with partial overlap of the
π-systems in the solid state, a situation which is true for the majority of the
efforts to prepare salts of this type (even if the salts are metallic).

Fig. 1 TTF and some of the chiral donor molecules derived from it
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A very nice example in which racemic and both enantiopure conducting
salts were prepared involves the donor 5, where an oxazoline ring is used as
the source of chirality [36]. Again, the molecules stack parallel to each other
(the β form), with the neighbours in the stack located head-to-tail (Fig. 2).
The real advantage of chirality in this system turned out to be that in the
enantiopure 2 : 1 salts with hexafluoroarsenate (which crystallise in the P1
space group) the order in the crystal is much greater than that in the corres-
ponding racemic compound (which crystallises in the P1 space group). In the
latter, the oxazoline ring is disordered such that the s-cis and s-trans conform-
ers of the R and S enantiomers, respectively, occupy the same crystallographic
position (Fig. 2), while in the enantiopure salts there is slight disorder in the
ethylenedithio group (as there is in the racemic compound) but not in the chi-
ral part. The mixed valence nature of the salts and the efficient packing means
that the samples are metallic at room temperature—the racemic compound
has a conductivity of approximately 10 S cm–1, while that of the enantiomers
is 100 S cm–1—and show broad minima in resistivity at around 230 K. The
reason for the difference in conductivity by an order of magnitude is the dis-
order in the structures, which favours localisation of the charge carriers.

The donor (S, S)-3 forms two different polymorphs when it forms a salt
with perchlorate anions, one of which shows a crystalline packing somewhat
different to those described above, in which the donors form orthogonally
oriented dimers in a sheet (κ type packing) [37]. Pseudo-symmetry again pre-
vails here, at the centre of the dimer, despite a slight homochiral twist at the
central C= C bond. The salt is weakly metallic. Meanwhile, the compound 2

Fig. 2 Views of the crystal structures of salt 52 · AsF6 as the racemic compound (top) and
R enantiomer (bottom) [36]
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in its racemic undoped state is interesting in the sense that it resolves spon-
taneously, crystallising in the space group P43212 (with the racemic crystals
pertaining to P43212 inferred but not proven) [38]. However, the salts ob-
tained from the racemic compound are neither chiral nor conducting.

One approach to chiral conductors using the counterions as the source
of asymmetry is that employed in the preparation of a conductor based
on bis(ethylenedithio)-tetrathiafulvalene (BEDT, Fig. 3) [39]. When this or-
ganic donor is electrocrystallised in the presence of the l-tartrate salt K2[Sb2
(l-tart)2] the compound that is formed is BEDT3Sb2(l-tart)2 · MeCN. Thus,
the BEDT is in a mixed valence state, with two third charge per molecule on
average. The salt, which pertains to the P212121 space group, has layers of
donor molecules and ions derived from BEDT which alternate with layers of
the chiral counter-ions.

The stack of BEDT is of the so-called α-phase. The sulphur–sulphur con-
tacts between the stacks (S· · ·S distances ≈ 3.47 Å, shorter than the sum
of the van der Waals radii of 3.6 Å) and within the stack (S· · ·S distances
≈ 4.1–4.2 Å) give the layers a decidedly two-dimensional character. The
BEDT donors are related by a two-fold screw axis, and therefore have no real
chiral nature (the molecules have pseudo-centre symmetry). There are sev-
eral hydrogen bonds between the hydrogen atoms of the ethylene groups of
BEDT and the carboxylate groups of the counter-ion. The material is a semi-
conductor, where the conductivity falls as the temperature is lowered, from
about 1 S cm–1 at room temperature.

The great challenge in this area of research, then, is to be able to form a chi-
ral stack of the planar organic donors and their ions in a crystalline form, and
much of the problem arises from the inability of chemists to prepare com-
pounds which will stack in a helical form in the crystal. In Sect. 5 of this

Fig. 3 Views of the crystal structure of the enantiopure salt BEDT3Sb2(L-tart)2 · MeCN in
which the stacks of BEDT molecules can be appreciated [39]
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Fig. 4 The TTF-bearing Pc 6 and a TEM image of the helical fibres it forms [45]

chapter we describe interesting recent results that may go some way to meet-
ing this challenge. We should also point out that the preparation of chiral
conductors using helicene-type molecules is potentially very interesting [40].
Although useful helicenes have been synthesised [41–43], their conducting
properties have not been reported.

A strategy that may find a more practical possible remedy to the difficulty
in preparing helices in crystals is to prepare self-assembling molecules that
form conducting fibres. There are a number of examples of phthalocyanines
(Pcs) which form supramolecular chiral fibres [44]. One such molecule is the
TTF-bearing Pc 6, which although achiral forms helical fibres from dioxane–
chloroform mixtures, according to TEM microscopy (Fig. 4) [45]. The forces
that hold these aggregates together are probably between the TTF moieties
and the phthalocyanine aromatic surface. The doping and study of conduc-
tivity is pending.

2.3
Chiral Polymeric Conductors

Intrinsically chiral conducting organic polymers—in which the stereogenic
centre is contained in a pendant sidechain—can show significant optical
activity thanks to their aggregation. Perhaps the prime example is that of
polythiophene (PT) derivatives, which show very weak optical activity in sol-
vents in which the material is readily soluble, but when they are dissolved
in solvents where dissolution is less favourable the macromolecules aggre-
gate and very significant optical activity is recorded [46]. The aggregates also
reveal odd-even effects [47]. That is, when the position of the stereogenic cen-
tre is positioned at each consecutive carbon atom in the chain the Cotton
effects resulting from the polymer alternate sign. The origin of this optical
activity, which is expressed in a very strong Cotton effect of the π–π∗ tran-
sition of the polymer chain, is believed to be a result of the self-assembly of
molecules that are mainly planar (Fig. 5) [48]. The chirality of the aggregates
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is not only manifested in absorption, but also in the luminescence properties
of the aggregates, where circularly polarised luminescence is observed [48].
More examples of this kind of phenomenon will be given in the section on
optical properties (see Sect. 6).

The supramolecular chirality in PTs can also be promoted by metal ion
binding when suitable groups are used as side chains. When chiral oxazoline
was used as a pendant moiety, addition of copper(II) triflate to a chloroform
solution of the polymer caused a dramatic increase in the optical activity [49].
Most notably, the Cotton effects observed in the CD spectrum grow from
practically zero to quite significant values in the region of the polymer back-
bone transitions. The polymer is very sensitive to regioregularity, since the
random polymer is not as optically active when treated with metal ions as the
regioregular form. Proof for aggregation was also provided by AFM measure-
ments, which revealed round aggregates.

In a similar vein, aggregates of other conjugated polymers have been dis-
covered, with the focus of this research being directed at the optical proper-
ties of the materials (see Sect. 6). Another interesting aspect of these materials
is the possibility of changing the optical activity by oxidising the polymers.
A representative example is that of films of poly[(R) or (S)-1,4-bis(2-(3′,4′-
ethylenedioxy)thienyl)-2-benzoic acid 1-methyl heptyl ester] prepared by
electropolymerisation [50], which shows strong Cotton effects in the region
of the π–π∗ transition of the polymer chain, indicative of the kind of ag-
gregate mentioned above. In common with other PTs, in the oxidised state
virtually no optical activity is observed in the visible region, but cycling back
to the neutral state restored the activity. This kind of chiral PT can also be
used to sense chiral anions by cycling the voltage [51]. All of these exam-
ples concerned intrinsically chiral polymers, where the stereogenic centre is
incorporated during the synthesis.

The preparation of chiral conductors is perhaps most easily achieved by
supramolecular induction in preformed achiral conducting polymers. Al-

Fig. 5 Possible aggregated form of chiral polythiophene derivatives [48]



Supramolecular Chiral Functional Materials 261

though the structures are not as well defined as those in the previous section,
the availability of poly(aniline) (PANI), PT and the like makes them a logi-
cal choice for many potential applications. A classic example is that of PANI,
which in its half oxidised emeraldine base guise can be easily doped to
the emeraldine salt form—which is conducting—by treatment with strong
acids (Scheme 1). 10-Camphorsulphonic acid (CSA) is a chiral dopant that
is readily available in both its enantiomeric forms, and can be used to treat
emeraldine base and generate optically active PANI.

Films have been prepared from cresol which showed a large Cotton ef-
fect in the region of the absorption bands of the doped PANI [52]. The
maxima in the Cotton effects could not be seen in the conducting samples
which have absorption maxima in the near IR (the range of CD spectrom-
eters is limited), but partial de-doping allowed observation of an exciton
splitting. In this initial report, it was stated that no Cotton effect could be ob-
served for the solution of the salt in meta-cresol solution. The absence of any
CD absorption bands in films prepared using other chiral acids as dopants
prompted the authors to imply a specific binding of the CSA to the PANI
through both sulphonate and ketone groups. The substrate used for casting
the films was shown to have a significant effect on the optical activity. This
sensitivity to surroundings was accentuated when a study of the water con-
tent of the salt was performed [53]. Doping of the emeraldine base dissolved
in N-methylpyrrolidinone with (S)-CSA produced a positive Cotton effect at
450 nm when the system was relatively dry (3–5% water content), but when
the water content was greater than 50% a negative effect was observed. Cast-
ing of the solutions onto quartz gave the same Cotton effects as observed
in solution. This observation could explain some discrepancies between the
signs of the Cotton effects reported in this system [54–57].

In addition to the optical activity of the samples, CSA also has benefi-
cial effects on the conductivity of the polymer when compared with other
dopants [58, 59], and can be exploited for systems used for chiral recogni-

Scheme 1 Doping of PANI in its emeraldine base form with CSA
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tion. When the PANI-CSA thin film system is dedoped (with ammonium
hydroxide) the chirality remains in the polymer backbone, as seen by CD
spectroscopy, but disappears when the dedoped polymer is redissolved show-
ing the supramolecular origin of the chirality [60]. The chiral films obtained
after de-doping could be used to bind amino acids stereoselectively in aque-
ous solution. The authors hypothesise that hydrogen bonding within the
polymer maintains a chiral pocket. The selectivity is particularly good for
phenylalanine [61], an effect which can be observed electrochemically [62].

It is also possible to prepare chiral PANI by in situ polymerisation with
CSA, and in this case the reaction can afford chiral nanotubes [63]. The op-
tically active materials contain nanotubes with 80 to 200 nm outer diameter
and an internal diameter of between 20 and 40 nm, as revealed through mi-
croscopy images. A self-assembly process was proposed in which anilinium
cations and CSA anions form micelles which act as templates for the growing
polymer chains. Nanotubes are also formed when (R)- or (S)-2-pyrrolidone-

Fig. 6 Lipid molecules used to template the formation of helical fibres of conducting
polymers. The SEM images correspond to PEDOT formed using the sulphonate lipid as
a template. TEM image reprinted with the permission of Wiley [66, 67]
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5-carboxylic acid was used as dopant in the in situ polymerisation. The bulk
material is optically active and weakly conducting [64].

In these examples it was not possible to visualise any chiral structure with
a microscope, but when PANI was prepared using poly(acrylic acid) as an
in situ template, helical microwires were visualised [65]. In an even more
general sense, helical fibres of PANI, poly(ethylenedioxythiophene) (PEDOT),
and poly(pyrrole) were prepared using synthetic lipids as templates [66, 67].
The synthetic lipid molecules used are shown in Fig. 6 along with some of the
helical fibres of PEDOT that are formed when the sulphonate salt is used to
shape the fibres during the polymerisation. The procedure involves growing
the fibres by electrochemical polymerisation onto an ITO electrode with the
lipid molecules in the electrolyte.

3
Stereochemistry of Supramolecular Liquid Crystals

The role of supramolecular chemistry in materials is perhaps expressed most
impressively in liquid crystals, in which slight variations of chiral content can
lead to dramatic influences in the properties of the mesophases. The heli-
cal sense of these mesophases is determined not only by intrinsically chiral
mesogens but also by the use of dopants which more often than not interact
with achiral host LCs to generate chiral phases (Fig. 7). These phenomena are
important both scientifically and technologically, most notably for the chi-
ral smectic and cholesteric liquid crystal phases [68–71]. These materials—as
small molecules and as polymers [72, 73]—are useful because their order

Fig. 7 Induction of chiral mesophases in achiral LCs by addition of chiral dopants
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can be switched by application of an electric field thanks to their ferroelec-
tricity [74–76], and they are useful components for systems with optical
applications, because they can selectively reflect polarised light (see Sect. 6).
Non-covalent interactions play an important role in the ordering of these li-
quid crystals.

The consequences of supramolecular chemistry in this area is so wide
that it is impossible to give a comprehensive account of the subject in this
short general review. We will instead focus on examples which are more con-
temporary and appealing from the authors’ perspective, and encourage the
interested reader to read the general reviews that we have cited.

3.1
Intrinsically Chiral Supramolecular Liquid Crystals

A vast array of covalent molecules have been synthesised over the years in
the search for LCs that show the useful cholesteric and ferroelectric smectic
C∗ phases, often on a trial and error basis ignoring the interactions between
the molecules. The idea that one could think of the interactions between the
molecules as a kind of molecular recognition came from the careful analy-
sis of the conformations of molecules in the layers [77, 78]. The arguments
are based on the symmetry limitations of the angle formed by the alkyl chain
and the phenyl benzoate moiety in the molecules that were the subject of this
study. A molecular recognition site within the phase was used as the basis for
these “speculations”, which have actually proved rather successful. The actual
interactions between molecules are usually weak, but the formation of layers
of aromatic and aliphatic units in these mesophases gives rise to their unique
properties.

On the other hand, the preparation of liquid crystals in general using inter-
molecular hydrogen bonds as a structuring element to form a rigid core of
calamitic and other mesogens is reasonably well established [79, 80]. While
the simple dimerisation of benzoic acids was the first in this area [81], per-
haps the most investigated supramolecular synthon is the dimer formed by
benzoic acids with pyridine derivatives [82], which has been used for a very
wide variety of achiral and chiral LC systems. For example, ferroelectric LCs
can be prepared from achiral polysiloxanes with 4-alkoxybenzoic acid side
chains in combination with optically active trans-stilbazole. The ferroelectric
properties are determined through the proportion of stilbazole to polymer
units, as well as the length of the alkyl spacers in the structures [83]. The same
principle can be used with simple benzoic acid derivatives [84]. The nature of
the mesophases (the smectic A phase is observed as well as the smectic C∗)
and the temperature intervals they display depend on the number of carbon
atoms as well as the proportions of the components. A study of one of the
mixtures showed that the 1 : 1 complex does not actually give the widest tem-
perature range of the chiral phase. Rather, when 25% of the chiral stilbazole



Supramolecular Chiral Functional Materials 265

was added the temperature range of the smectic C* phase was between 72 and
124 ◦C, after which a chiral nematic (cholesteric) phase was observed up to
the clearing point at 138 ◦C.

The valency of the hydrogen bond donors and acceptors can be varied to
produce chiral mesophases [85]. Mixtures of the divalent 4,4′-bipyridine with
4-[(S)-2-methylbutoxy]benzoic acid in ratios between 1 : 9 and 4 : 6 show LC
behaviour, but the chiral mesophases are exhibited for only a small range of
compositions [86]. Here, the cholesteric and a blue LC phase were observed.
The association of the acid to the bipyridine was confirmed by a crystal struc-
ture of the 1 : 2 complex.

Cholesteric liquid crystals based on branched systems have been prepared
by the self-assembly of non-mesomorphic molecular components thanks to
the same carboxylic acid pyridine hydrogen bond [87]. The mixture of the
two components shown in Fig. 8 gives rise to a material that exhibits an enan-
tiotropic mesophase which shows a focal-conic fan texture under a polarising
microscope, a feature that is characteristic of a cholesteric phase with rela-
tively short helical pitch. It is interesting that this phase is generated, because
the rod-like structure which normally gives the cholesteric phase is clearly
not preferential in the branched supramolecular topology that is generated.

Fig. 8 The self-assembly of chiral networks presenting cholesteric LC phases [87]
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This topology has the potential for a high degree of supramolecular cross-
linking.

One of the most classic examples of chiral expression in thermotropic
liquid crystals is that of the stereospecific formation of helical fibres by di-
astereomers of tartaric acid derivatised either with uracil or 2,6-diacylamino
pyridine (Fig. 9) [88]. Upon mixing the complementary components, which
are not liquid crystals in their pure state, mesophases form which exist over
very broad temperature ranges, whose magnitude depend on whether the tar-
taric acid core is either d, l or meso [89]. Electron microscopy studies of
samples deposited from chloroform solutions showed that aggregates formed
by combination of the meso compounds gave no discernable texture, while
those formed by combinations of the d or l components produced fibres
of a determined handedness [90]. The observation of these fibres and their
dimensions makes it possible that the structural hypothesis drawn schemat-
ically in Fig. 9 is valid. This example shows elegantly the transfer of chirality
from the molecular to the supramolecular level in the nanometer to microm-
eter regime.

Lyotropic (in solvent) cholesteric mesophases have been observed for self-
assembled guanosine derivatives. In water, the compounds shown in Fig. 10
generate left-handed columnar aggregates [91]. When the concentration is
sufficiently high, cholesteric phases are formed which also have a left-handed
twist, as determined by CD spectroscopy. The same tetrameric motif is
present in the lyomesophases formed by more lipophilic guanosine deriva-

Fig. 9 The self-assembly of complementary chiral tartaric acid derivatives which self-
assemble giving liquid crystalline materials [88]
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tives when they complex potassium ions [92]. In this case the metal ions
are located in between the disc-like tetramers and aid in the formation of
the LC. The optical activity of these derivatives increases very dramatically
upon introduction of the alkali cation as observed by CD spectroscopy in
tetrachloroethane. In hexane the optical activity of the cholesteric phase is
increased even further.

The preparation of a cubic phase with supramolecular chirality was
achieved using a branched folic acid derivative incorporating glutamic acid
residues (Fig. 11) as the source of chirality [93]. The pterin rings of folic
acid residues are able to form a cyclic tetramer as a result of two hydro-
gen bonds between the components. Depending on the number of carbon
atoms in the alkyl substituents, the compounds form columnar phases over
a wide temperature range, and for 8 and 9 form cubic phases at tempera-
tures above 130 ◦C. Addition of sodium triflate stabilises the cubic phase
for 7, and the salt is incorporated into the other mesophases. It was implied
that the cation resides between stacked tetramers. Supramolecular chirality is
expressed for both the columnar and the cubic phases, as revealed by vari-

Fig. 10 Guanosine derivative tetramers that form lyotropic cholesteric phases [91]

Fig. 11 The chiral folic acid derivatives 7, 8 and 9, which display mesophases thanks to
the formation of a supramolecular cyclic tetramer by the pterin rings (right) [93]
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able temperature CD studies. The induced chirality in the cubic phase for
compound 8 is dependent on the presence of the sodium ion. It is an inter-
esting example of an achiral ion that influences the expression of chirality in
a material.

The chirality of the glutamate residues has been sequentially modified, and
it has been shown that the mesophases are maintained, but their optical ac-
tivity can be changed by these modifications [94]. The formation of chiral
structures in chloroform solutions of these compounds is assisted by the add-
ition of sodium cations, while in dodecane the ions are not necessary for the
chiral expression.

Metallomesogens have been shown to form helical supramolecular organ-
isations in their mesophases [95]. Chiral oxazoline complexes with various
metal ions and six alkyl chains did not show LC behaviour, but when mixed
with trinitrofluorenone form achiral smectic A phases [96]. Furthermore,
when a branch was included in the structure of the ligands (Fig. 12) the
corresponding complexes with copper(II) and palladium(II) form colum-
nar mesophases which have a helical organisation [97]. The presence of the
stereogenic centre near the central metal ion in these complexes (Fig. 12)
is enough to cause the parallel molecules to stack in a tilted manner with

Fig. 12 Chiral metallomesogen based on a chiral oxazoline core and representations of
its helical organisation from above (top right) and side-on (bottom right) to the helix
axis [97]
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each molecule twisted by 60◦ with respect to the next, as shown by the
X-ray diffraction pattern in oriented mesophases. The CD spectra of the
mesophases confirm this analysis. An exciton coupled signal is observed,
whereas in solution the compounds show a single Cotton effect in their spec-
tra, a clear sign that the organisation of the molecules has influenced the
chiroptical properties. Interestingly, the racemic mixture and the mixture of
diastereomers show a similar type of organisation, suggesting that sponta-
neous resolution occurs in the mesophase.

The position of the stereogenic centres has an important influence on the
helix that is observed in this kind of metallomesogen, it can give rise to
discotic phases that exhibit ferroelectric switching [98]. Oxovnanadium(iv),
copper(ii) and palladium(ii) β-diketonates bearing ten chiral chains derived
from lactic acid showed room temperature discotic phases, seen most clearly
by optical microscopy in which Maltese cross patterns were observed [99].
X-ray diffraction proved a rectangular columnar arrangement in which the
planes of the molecules are tilted with respect to the column axis and with
respect to each other. This organisation allows switching of the molecular
orientation when introduced in electro-optic cells. A ferroelectric response
was seen from the clearing temperature at around 150 ◦C down to around
80 ◦C (at which temperature the samples become too viscous to reorient at an
appropriate speed). An electro-optic effect was observed for all the complexes
when an alternating electric field was applied.

3.2
Induced Chirality in Achiral Liquid Crystals

The induction of chirality in liquid crystals (LCs) has a long history [100–
104]. The supramolecular induction can be used to assign absolute config-
urations [105–108], conformations of molecules [109, 110] and the interplay
between inter- and intra-molecular interactions [111], and models can be
developed to justify the sense of the inductions that are observed. Twist-
ing powers of dopants—the twist per mole—can be pushed to extraordinary
values [112]. Given the history and vast body of work, we will focus here on
the more contemporary aspects of work in this area.

In general, the chirality of the cholesteric phases are indicated by the sign
and magnitude of the cholesteric pitch, which in turn depends on the heli-
cal twisting power and the concentration. At a fixed concentration for a given
compound the pitch depends on the enantiopurity of the compound. An
ingenious method for easily evaluating enantiomeric purity was described
recently [113]. This method involves the functionalisation of biphenyl deriva-
tives with chiral groups and the use of these adducts to induce a cholesteric
phase. The colour of the induced cholesteric reveals the enantopurity of the
sample, once a set of standard measurements have been done. It is a visual
chiral indicator, which can be used with micrograms of chiral material.



270 D.B. Amabilino · J. Veciana

Recently, the importance of the structure of chiral metal complexes on
the handedness of the mesophases induced in a nematic LC was exempli-
fied [114]. The chiral metal complexes 10 and 11—in which the alkyl sub-
stituents are aligned almost perpendicularly to the C2 axis in the former and
parallel in the latter—show very different induction phenomena. Not only are
the induced helicities in the nematic LC of opposite sense for the two com-
pounds, but the helical twisting power of 10 is much higher than that of 11.
The reason for these differences is the way in which the molecules are incor-
porated into the host nematic phase and exert their force upon it to create the
twist between the layers.

While the vast majority of studies on chiral induction were mainly con-
cerned with the induction of the chiral (twisted) nematic or cholesteric phase,
more recently induction of the smectic C∗ phase in the smectic C has come to
the fore, with a special emphasis on the way chirality is transferred between
molecules [115]. It should also be noted that comparison of the chiral induc-
tion phenomena in the two types of LC phase and in other media can provide
useful information concerning mechanisms of transfer and amplification of
stereochemical “information” [116].

The calamitic (rod-like) molecules in the smectic C phase are organised in
layers with the long axes of the molecules at an angle to the normal to the
layer plane. Judicious choice of a chiral dopant forces this angle into a he-
lical arrangement whose vector lies perpendicular to the layer plane, with
a pitch of a few microns. It is believed that the induction mechanism involves
a host–guest type interaction, in such a way that an orientational bias is in-
ferred on the host. These chiral superstructures may be induced by molecules
with stereogenic centres in the alkyl chains attached to rigid cores. The rela-
tively high flexibility of the stereogenic centre in general induces chirality
in host phases with a wide variety of structural features. Meanwhile, when
rigid atropoisomeric cores are present in the dopant molecules, more spe-
cific interactions take place between host and guest and a more pronounced
dependence on the structure of the two is observed [115]. The substituted
biphenyl derivative 12 (Fig. 13) acts as a dopant by interacting with smec-
tic C liquid crystals of the type which contain a phenyl pyrimidine core (13)
in such a way that a preferred axially chiral conformation of the host is in-
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duced by the dopant guest, and this conformation is propagated through the
layers [117–119].

Chirality can be induced in discotic polymeric liquid crystals based
on triphenylene residues by the addition of chiral π-electron deficient
dopants [120]. The achiral polymers were constructed by linking the triph-
enylene groups through their sides with a methylene spacer (x = 10, Fig. 14)
such that a stack of the aromatic residues can form, and the alkyl substituents
ensure the liquid crystalline mobility. With achiral alkyl chains no chiral
phase was observed. When the electron-deficient fluorene derivative 14 (in
either of its enantiomeric forms) was added a charge transfer complex is
formed and a very strong Cotton effect was observed in the CD spectra of thin
films of these mesophases, which were stabilised by addition of the dopant.
The Cotton effect arises from the triphenylene chromophores, as witnessed
by the fact that chiral polymers of the same type show similar signals. This
method constitutes an appealing way to generate chiral discotic liquid crys-
tals.

Just as chiral induction can be realised in discotic liquid crystals, it can
also be realised in assemblies of disc-like molecules or disc-like aggregates. As
far as molecules are concerned, C3-symmetrical trisamides (Fig. 15), which
actually exhibit discotic liquid crystalline phases, also form chiral columnar
stacks through π–π interactions when dissolved in apolar solvents, which
are depicted schematically in Fig. 15 [121]. An achiral compound of this type
(15) exhibits no optical activity in dodecane, but when the compound is
dissolved in the chiral (R)-(–)-2,6-dimethyloctane significant Cotton effects
(only slightly less intense than those observed in a chiral derivative) are de-
tected. The chiral disc-like trisamide 16 can also be used as a dopant at
concentrations as low as 2.5% to induce supramolecular chirality in the stacks
of achiral compound. In this case, the presence of the additional hydrogen

Fig. 13 The doping of a smectic C mesogenic phase with an atropoisomeric biphenyl
dopant [117]
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Fig. 14 An achiral discotic polymer and the chiral dopant used to induce chiral columnar
packing, as represented schematically in the lower part [120]

bonds in the form of the self-complementary urea unit is detrimental to chiral
induction.

The induction effect can also be used to prepare materials which can
be reversibly switched with light when a suitable chromophore is used
as the dopant [122]. For example, switching of fulgide derivatives incor-
porating a binaphthyl group caused reversible changes in helical pitch in
a cholesteric [123]. Also, when the planar chiral compound 17 (Fig. 16) is
introduced as an equimolar mixture of the M-cis and P-trans isomers into
a nematic liquid crystal (4′-pentyloxy-4-biphenylcarbonitrile) no cholesteric
LC phase is formed, but when the system is irradiated with light at 435 nm, an
excess of the M-cis atropoisomer is formed in the solution, and a cholesteric
LC phase is induced (Fig. 16) [124]. In a sample with 1% (weight) of the
chiral compound the pitch was found to be 12.3 µm. Subsequent irradiation
with 365 nm light generated P-trans-17, which induces a cholesteric pitch of



Supramolecular Chiral Functional Materials 273

Fig. 15 Self-assembly of an intramolecularly hydrogen bonded disc-like molecule [121]

Fig. 16 Reversible photochemical cholesteric LC induction promoted in a nematic liquid
crystal (4′-pentyloxy-4-biphenylcarnonitrile)



274 D.B. Amabilino · J. Veciana

only 5.3 µm. In addition, the helical sense of the cholesteric phase is inverted.
Thus, the switching of axial chirality in the molecule results in a switching
of the cholesteric state. The same switching is seen when a mixture of the
corresponding M-trans and P-cis atropisomers is introduced. In addition, the
nematic phase can be regenerated by irradiating at 313 nm, which produces
equal proportions of M and P isomers at the photostationary state.

Using similar effects, the colour of the liquid crystalline material can
be tuned [125]. In addition, a similar molecule has been used for dy-
namic control of chirality using circularly polarised light (CPL). When a ne-
matic mixture of 4′-pentyloxy-4-biphenylcarbonitrile containing a racemic
crowded alkene related to 17 was illuminated with left-handed CPL, an ex-
cess of the M atropoisomer was generated and a left-handed cholesteric
phase formed [126]. The nematic phase could be regenerated by illuminat-
ing with linearly polarised light, or the opposite-handed cholesteric LC could
be formed by illuminating with right-handed CPL, albeit that long irradiation
times (90 min) were necessary.

Photoswitching can also be achieved in the ferroelectric smectic C∗ phase
by using achiral azobenzene dopants in chiral phases [127] or using chiral
thioindigo dopants in achiral hosts [128, 129]. In the latter case, the dopant
molecule was specifically designed to invert the sign of the spontaneous
polarisation in the smectic C* phase upon irradiation. The polarisation is
changed by varying the transverse dipole moment of the molecule upon iso-
merisation, as it is this factor which determines the helical sense in these LCs.
Aggregation of the dyes is a possible reason for the lower efficiency of the
dopant as its concentration is increased in the host smectic. In any case, the
bulk chiral properties of the LC material are modified by minute changes in
stereochemistry at the molecular level.

3.3
Spontaneous Resolution in Achiral and Racemic Liquid Crystals

Spontaneous formation of chiral LC phases from achiral mesogens—an
equivalent to spontaneous resolution of achiral compounds in crystals but in
a fluid phase—is a relatively recent phenomenon [9, 130–132]. The first com-
pounds discovered with this extraordinary property were the “bent-core” or
“banana-shaped” mesogens [133, 134].

A detailed analysis of the high temperature mesophase formed by the
achiral compounds 18 and 19 revealed spontaneous resolution and an ex-
traordinary stereochemical complexity of the systems at the supramolecular
level [132].

The molecules form tilted layers that pack to give either racemic or
enantiopure stacks which are defined by three supramolecular factors
(Fig. 17) [133] (i) the chirality (tilt angle) of each layer, P or M with respect
to the normal to the layer plane; (ii) the relative interlayer clinicity in the tilt
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plane, either synclinic or anticlinic, and; (iii) The relative directions of the po-
lar axes (P, defined by the C – H bond direction at the central 1,3-phenylene
ring) of the layers, either ferroelectric (parallel axes) or antiferroelectric (an-
tiparallel axes). Thus, there are the four possible phases depicted in Fig. 17.

Freely suspended thin films of 18 and 19 have chiral layers of molecules,
as evidenced by depolarised reflected light microscopy in conjunction with
small applied electric fields. The layers stack on top of each other with alter-
nating chirality giving a racemic compound [134]. When the materials were
located in electro-optic cells, two different polymorphs were observed in the
transmission polarised light micrographs: [134] a more abundant racemic
compound (SmCSPA), and a minority conglomerate SmCAPA. Proof of the
enantiomeric domains came by switching an applied electric field in oppo-
site directions, and noting opposite optical twisting of the extinction brushes

Fig. 17 The stereochemical possibilities for packing in bent-core molecule phases
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depending on the field direction and the domain. The metastable minor-
ity domains are formed predominantly by warming the lower temperature
phase. The origin of this remarkable discovery probably resides in the con-
formational chirality of the core of the molecule, arising from twisting of the
aromatic rings joined by ester or imine units which can be of P or M chirality,
and this twisting is then transferred hierarchically through supramolecular
interactions.

A shrewd design strategy based on the observations outlined above and
precedents in other LCs led to the preparation of a molecule (20) which
favours anticlinic unions between the smectic layers: it is a ferroelectric liquid
crystalline conglomerate. [135] In the polar plane the ferroelectric SmCSPF is
anticlinic and the 1-methylheptyloxycarbonyl group promotes anticlinic in-
terfaces in other mesogens. The racemate 20 forms the so-called B7 LC phase
(SmCSPF in Fig. 17), as confirmed by the characteristic behaviour of the phase
in electric fields. Another very interesting observation in this type of mate-
rial [136–138] is that when the isotropic phase is cooled to the B7 phase left-
and right-handed helical ribbons and tubes are observed with a polarised
light microscope, another example of spontaneous resolution.

Supramolecular chemistry can be used to create the bent cores that give
rise to the symmetry breaking in this family of liquid crystals [139]. The for-
mation of a complex between a calamitic benzoic acid derivative and a bent
core terminated with a pyridyl group—neither of which display mesomor-
phic behaviour—gave rise to a material which displayed SmCP mesophases.
The achiral bent cores can also give rise to symmetry breaking when they are
attached to flexible polymeric chains, such as poly(siloxane) [140].

More classical calamitic (rod-shaped) mesogens can also form conglomer-
ates. The unlike racemic mixture (with two stereogenic centres with opposite
configurations with respect to each other, which exist as RS or SR) of com-
pound 21 with two stereogenic centres in its tail forms a smectic phase in
an electro-optic cell [141]. The diastereomers show electro-optic switching of
the mesophase akin to chiral compounds (racemates and achiral compounds
normally show no switching because there is no net dipole). Evidence for con-
glomerate formation was also revealed in the textures of the smectic phase
in a polarising microscope. This spontaneous resolution, which was not ob-
served in the corresponding homologues with just one substituent in the
chain, was attributed to a bent orientation of the alkyl chain with respect to
the rigid core of the molecule, and its greater rigidity when two substituents
are present in the chain [142].

Achiral nematic-type LCs formed by certain trans-4-alkylcyclohexane car-
boxylic acids [143] and 4-n-alkyloxybenzoic acids [144] also show signs of
spontaneous resolution. These molecules form a dimer at low temperatures
arising from hydrogen bonding between acid groups in a complementary
manner, which can interconvert with a dimer united by a single hydro-
gen bond, and eventually dissociate at higher temperatures. The chirality
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was inferred from textures observed in the polarised transmission micro-
graphs during cooling from the isotropic phase, which were characteristic
of cholesteric rather than nematic phases. The latter were observed on fur-
ther cooling, although near the surface chiral grains were still observed.
The author’s hypothesis implied surface anchoring of the acids, followed by
oligomerisation of the open singly hydrogen-bonded aggregate to generate
a chiral superstructure [144]. The surface attachment is reversible, since the
chiral domains appear randomly throughout the cell on heating cycles. While
the explanation is still rather vague, this is a nice example of how a surface
might initiate supramolecular chirality spontaneously.

The bent core molecules do not only exhibit spontaneous resolution in
smectic phases. One achiral derivative resolves in a nematic phase in this
fluid state [145], while a substituted oxadiazole which forms a biaxial nematic
phase also segregates [146]. The bent core clearly has a special stereochemical
influence as a result of the effects it induces beyond the molecule, at least for
liquid crystals.

4
Gels

The term gels refers to a range of materials which are grouped under the
general definition: A dilute mixture of two or more components which form
a separate uninterrupted phase throughout the system [147, 148]. This classi-
fication includes chemical gels—where covalent bonds create the continuous
network—and physical gels which are maintained by non-covalent interac-
tions, which concern us here.

In general, low molecular weight molecules that gel fluids do so by forming
an infinite entangled network of supramolecular fibres in the solvent [149, 150].
Hydrogen bonds and van der Waals interactions are both important in the
formation of a good gel, but crystallisation has to be avoided. Thus, a deli-
cate balance of the intervening intermolecular interactions must be achieved in
order to hinder the crystallisation of compounds favouring the gel formation.

Amide derivatives of trans-1,2-diaminocyclohexane have proven to be par-
ticularly reliable gelators (Fig. 18). A simple alkylamide derived from this
compound can gelate a wide range of organic liquids—from hexane to ace-
tonitrile, ethyl acetate to silicone oil—in concentrations below ten grams per
litre of liquid. In the case of hexane, one molecule of gelator interacts with
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around 600 of the solvent [151]. Chemical constitution is also a crucial is-
sue: The cis isomer forms no gels at all. IR studies of the gels formed by the
trans isomer shows stretching vibrations typical of amide groups involved in
the formation of hydrogen bonds. CD spectra of loose gels show very sig-
nificant exciton coupled Cotton effects, the most intense of which appears
at 212 nm (positive for the S,S enantiomer and negative for R,R) which dis-
appear when the gel is heated and the solution becomes isotropic. Direct
evidence for the formation of helical fibres in the gel was obtained by TEM
imaging on a stained loose gel. Intertwined aggregates formed from these fi-
bres, with widths of 40–70 nm and pitches of around 150 nm, were observed.
The helices were always right-handed for the R,R sample, and the opposite for
the enantiomer. The proposed structure for the molecular aggregates involves
antiparallel chains of hydrogen-bonded amides (Fig. 18). These aggregates
must come together to form the helical tapes seen in the TEM images, which
in turn interact by van der Waals forces with the solvent.

Thermoreversible liquid crystalline gels can be prepared using the same
gelling agent [152, 153]. Figure 19 shows the phase transition behaviour of the
mixture of 22 and the nematic LC 4-pentyl-4′-(cyano)biphenyl as a function
of mol.-% of 22. These mixtures exhibit two transitions, gel–gel and gel–sol.
It is worth noticing that two thermally reversible gel states with order and dis-
order are achieved. The sol–gel transition temperature from isotropic liquid to
gel increases as the molar ratio of 22 increases while the other transition tem-
perature remains unchanged, being almost identical to the isotropic-nematic

Fig. 18 Proposed structure for the molecular aggregate formed by the trans-(1R,2R)-
bis(alkylamino)cyclohexane and a TEM image showing the helical fibres in one of the
gels. TEM image reprinted with the permission of Wiley [151]
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Fig. 19 Phase transition behaviour of the mixture of 22 and the LC 4-pentyl-4′-
(cyano)biphenyl (nematic: 24–35 ◦C) as a function of their molar ratios and proposed
structure for the molecular aggregates

transition temperature of the pure nematic compound. Another interest-
ing result is that the sol–gel transition is not dependent on the structure
of the mesogenic compound, as revealed by the thermal behaviour of the
gels formed by the LC 4-(methoxy)-benzylidene-4′-(butyl)aniline (nematic:
22–47 ◦C) and 22. In this particular case the sol–gel transition temperature is
identical to the previous case while the sol–gel transition occurs at 45 ◦C.

Incorporation of urea functions onto the diaminocyclohexane scaffold also
produces very good gels of organic solvents and oils [154–156]. The co-
operative nature of aggregation in these gel systems was studied elegantly
by employing enantiomeric bis-urea cyclohexanes incorporating azobenzene
units as photoisomerisable guest chromophores to probe the chiral microen-
vironment [157]. Spectroscopic methods showed differences in the rates of
isomerisation of the azobenzene group when it was incorporated into gels
containing majority gelators of opposite handedness, and therefore implied
that chiral recognition plays an important role in determining the structure
of the gels.

Ionic compounds can also gelate solvents, perhaps one of the nicest ex-
amples being that of dicationic gemini surfactants in which tartrate is used
as the counterion and source of chirality [158], because it shows the very
important role of chirality on the property of the salt. When either d- or
l-tartrate dianions and dimers of cetyltrimethylammonium cations are com-
bined, stable gels are formed in chlorinated solvents, but neither the mixture
of enantiomers nor the meso tartrate form a gel. The structure of the gelator
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aggregates in these organic solvents is presumably a kind of inverse micelle.
The authors invoked both hydrogen bonding and electrostatic interactions
between the bridged pairs of ions, and subsequently developed a model for
the interaction in membranes derived from the same materials [159]. The
compounds also gel water, but this time the racemic mixture does form a gel.
The textures formed by the enantiomers in the gels in both chloroform and
water are very long helical fibres about 20 nm in width and with a pitch of
about 130 nm in chloroform and 250 nm in water. The d- and l-enantiomers
give fibres of opposite handedness, and the mixture of the two enantiomers
in water shows plates. The authors proposed that the gels are multilayers with
either tails or head exposed to the solvent depending on its polarity.

Amido alcohols are often good candidates for the formation of organogels.
Chiral bis(amino alcohol)oxalamides are capable of gelating a variety of or-
ganic compounds. The structural basis for the fibres observed in the gels
was obtained by X-ray crystallography [160]. The structures are comprised
of layers of molecules in which chains form through amide hydrogen bonds.
These chains unite through weaker hydrogen bonds involving the hydroxyl
groups (Fig. 20). The capacity of the compounds to gel solvents is very sen-
sitive to the chiral modification. TEM images show fibres without any chiral
morphology. A variety of functionalised gluconamides [161, 162] and their
metal complexes also form gels in a range of solvents. The helical nature of
the aggregates can be visualised in some cases by TEM [163]. In particular,
it is interesting that the compounds can be used to gel acrylates, and that
polymerisation starting from the gelled state leads to imprinted structures.
Although the helical nature of the fibres was not obvious in the morphological
features in the polymer, this may lead to a number of interesting opportuni-
ties [164]. The sensitivity of the morphology of gels to chiral composition has

Fig. 20 Layers formed in the crystals of a chiral bis(amino alcohol)oxalamide
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also been shown for two-component gels incorporating dendritic peptides as
one of the components and an aliphatic diamine as the other [165].

The incorporation of azobenzene moieties into gel-forming molecules can
afford materials which switch from solution to gel and the reverse upon ir-
radiation, as shown elegantly for cholesterol derivatives such as 23 [166]. CD
spectroscopy is a very useful tool for the observation of the helical aggregates
that are formed in the gel state, because they have a significant optical activ-
ity, while the solution state is virtually devoid of it. Interestingly, some of the
derivatives showed a sensitivity of their chirality on the cooling rate from the
isotropic solutions. The opposite handedness of aggregates was not only seen
by CD spectroscopy but also by SEM. A light-driven transition was caused by
irradiating at 330–380 nm from the gel state, with the azobenzene in the trans
conformation, to the solution state, where the azobenzene is in the cis con-
formation (which does not pack efficiently). The reverse process was achieved
by irradiating at wavelengths longer than 460 nm.

The use of the gel state to transfer supramolecular into molecular chirality
has been elegantly demonstrated for the dithienylethene derivative 24, which
can be converted to the closed form 25 with UV radiation [167]. Compound
24 can exist as two diastereomers with opposite helicity (Fig. 21). When 24
is irradiated in solution a 1 : 1 mixture of the diastereomers of 25 was ob-
tained, so there was no transfer of chirality during the reaction. When the
same reaction is carried out in the gelled state—which shows fibres with
a clear helical structure—by irradiating at 313 nm, a 98 : 2 ratio of diastere-
omers in a yield of 40% at the photostationary state was obtained. The result
shows clearly that there is a preference for one of the conformational di-
astereomers in the gelled state thanks to induction from the stereocentres
near the hydrogen bonding sites which presumably drive the fibre formation.
Curiously, the new state of the gel is metastable, as a heating and cooling
cycle of the diasteromeric 25 gave fibres with an inverted helicity, as re-
vealed by CD spectroscopy. Thus, performing the ring-opening reaction with
visible light can lead to a metastable form of the gel formed by 24, which
was otherwise inaccessible. It is a beautiful example of the interplay between
molecular and supramolecular chirality leading to a sophisticated molecular
material.
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Fig. 21 The different open (24) and closed (25) states of a chiroptical switch in a gel

5
Chiral Magnets

There has been a surge of interest in the preparation of chiral molecular
magnets as a result of the seminal work which showed the presence of mag-
netochiral dichroism in luminescence from a paramagnetic complex in solu-
tion [168]. The use of non-covalent interactions in the preparation of chiral
molecular magnets of organic and metallo-organic nature will be reviewed,
with special reference to the pathways of chiral induction, and the relation
between supramolecular structure and optical activity in the systems.

A number of purely organic chiral radicals have been prepared which
exhibit optical activity and paramagnetic nature at room temperature [169–
174], while at low temperatures the interactions between the unpaired elec-
trons are antiferomagnetic. Perhaps the most thoroughly investigated system
to date is that of the phenyl nitronyl nitroxides [175]. This system can have
four diastereomeric conformations in the molecular sense, where the twist in
the imidazolyl unit and the angle between this ring and the phenyl substituent
can be positive or negative (Fig. 22) [176]. Which diastereomer is adopted in
the crystals of the compounds depends largely on the interactions in the solid.

A series of radicals bearing side chains derived from the same enan-
tiomer of lactic acid show all four of the possible diastereomers depending
on the position and nature of the lactate residue (ester or acid) and the
other substituents [177]. The compounds bearing acid groups invariably form
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Fig. 22 The chiral conformations exhibited by phenyl nitronyl nitroxides

hydrogen-bonded chains in the crystals by interaction with the nitroxide
groups [178]. CD spectroscopy in the solid state is particularly useful for
determining the optical activity of the compounds as a function of the mo-
lecular and supramolecular structures [179].

A purely organic chiral nitroxide which shows liquid crystalline behaviour
as well as intriguing magnetic properties and a dependence on the enan-
tiomeric nature has been reported [180]. The reason for studying the com-
pounds was to increase the sensitivity of mesophases to magnetic and electric
fields. The racemic modification of the radical, which displays a nematic
phase, proved to be more sensitive to alignment than the cholesteric phase
with the enantiomers present. It was proposed that the compounds may also
be used to study the dynamic nature of mesophases by electron paramagnetic
resonance spectroscopy.

The low optical activity and the absence of ferromagnetic order in the
purely organic compounds makes them inadequate for the observation of
magnetochiral effects [181], and therefore coordination compounds incor-
porating the radicals are more interesting. The combination of the nitronyl
nitroxides with metal hexafluoroacetylacetonate (hfac) can produce molecu-
lar magnets [182]. When manganese(ii) is used as the metal ion and the
complex with the nitroxide ligands provides a coordination polymer, the an-
tiferromagnetic interaction between the metal and the radical gives rise to
ferrimagnetic chains which order at low temperatures. A chiral complex of
a phenyl nitronyl nitroxide with manganese hfac is actually known [183].
A phenyl nitronyl nitroxide with a methoxy group in the para position to the
radical forms a 31 helical coordination polymer in the solid state (Fig. 23).
There are no significant non-covalent interactions between the chains. The
complex orders magnetically at about 4.8 K. The isomorphic cobalt complex
can also be prepared, but the formation of a chiral structure is extremely sen-
sitive to the substitution pattern on the nitroxide [184], added to which the
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Fig. 23 A spontaneously resolved chiral complex between Mn(hfac)2 and a phenyl nitronyl
nitroxide which is a magnet

collection of crystals is racemic. Therefore, chiral induction is a better way to
prepare optically active magnets.

Chiral induction from anions or organic ligands to metal ion centres is well
documented, if not entirely predictable because of high coordination num-
bers and multitude of metal ions [10]. When the chiral nitroxide (R)-3MLNN
is crystallised with manganese(ii) hfac a coordination polymer is formed
in which the chirality in the ligand induces a chiral Λ configuration in the
manganese coordination sphere [185], as shown in Fig. 24. Interestingly, the
chiral conformation adopted by the ligand—regarding the helicity between
the phenyl ring and the imidazolyl ring and the imidazolyl ring itself—is of
the same type as that seen in the isolated ligand’s crystal structure. The op-
tical activity of radical ligand in the free state and in the complex is quite
different, because of the charge transfer taking place between the two, as
revealed in the solid state CD spectra (Fig. 24). The Cotton effect at approxi-
mately 460 nm in the complex is at a wavelength of low absorption, which is
good for observing magnetochiral dichroism. In addition to being optically
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Fig. 24 The radical (R)-3MLNN, the monomeric unit in the crystal structure of the com-
plex with Mn(hfac)2, and the solid state CD spectra of the two in KBr

active, this metal-radical-based material is interesting since it is a magnet at
low temperatures.

In addition to these nitronyl nitroxides, bisnitroxides which have a triplet
ground state can be used to link metal centres to generate molecular mag-
nets [186]. Making use of a chiral derivative of just such a bisnitroxide, an
optically active metamagnet was prepared using Mn(II)(hfac)2 as the source
of metal ion [187, 188]. The complex consists of alternating organic ligands
and metal ions in a 21 chain. Here, the complex could even be identified in so-
lution by CD spectroscopy, unlike the previous cases. Attempts to extend this
approach to chiral triradicals have also led to partial success [189], although
no structural data are available to our knowledge.

A quite remarkable case of spontaneous resolution in a magnetic system
was found when tetrathiafulvalene (TTF) was electrocrystallised in the pres-
ence of mellitate anions [190, 191]. Electrochemical oxidation of TTF was
carried out in the presence of metillitic acid and pyridine, leading to the for-
mation of hexagonal plates of the salt [TTF+]2[C6(COO)6H4

2–], which has
the crystal structure shown in Fig. 25. The salt, which belongs to the space
groups P6222 or P6422 depending on the enantiomer, contains a helical stack
of TTF radical cations which coincides with the 62 screw axis, while the
metillate anions form a double helical hydrogen-bonded chain around this
stack. This kind of regular stacking in flat π-functional materials is virtually
without precedent [192]. In fact, in the present case, one of the two crys-
tallographically independent TTF units is partially disordered [as shown in
Fig. 25 (iii)]. Unfortunately, magnetic susceptibility measurements show that
the chain of radicals has a singlet ground state, with the TTF units thought to
be dimerised. The disorder in the crystal gives rise to a higher than expected
paramagnetic contribution to the susceptibility, but even so it corresponds to
only 1.7% of the radicals. Nonetheless, it is an intriguing material which may
provide inspiration for new magnets or conductors. Indeed, the preparation
of the corresponding tetramethyl-TTF [193] and ethylenedithio-TTF [191]
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Fig. 25 Representations of parts of the solid state structure of the salt [TTF+]2[C6(COO)6
H4

2–]. (i) The hydrogen bonds between the mellitate ions. (ii) The helically arranged
TTF cation radicals in the double helix of mellitate anions. (iii) Disorder in the stacks,
(a) shows the regular helix, (b) and (c) two dimer faults and (d) the average column with
disorder in the A site. Adapted and reprinted with the permission of the Royal Society of
Chemistry [191]

salts has already been achieved, although here the packing is achiral in either
sheets or channels with different topology and topography to the chiral salt.

Spontaneous resolution can afford chiral coordination polymers [194].
A particularly nice example of this phenomenon is the formation of azide-
linked manganese complexes in which twisted diazine ligands complete the
coordination sphere [195, 196]. It is an interesting case in that partial spon-
taneous resolution takes place, because the racemic compound is also formed
along with the chiral one, which contains a 21 chain of manganese ions linked
by the diazine unit. Both compounds are weak ferromagnets. The sponta-
neous resolution process is sensitive to the ligand that is employed, slight
changes result in the formation of racemic compounds or conglomerate [196].

The coordination chemistry of oxalate (ox, C2O4
2–) compounds provides

a series of very interesting compounds from the stereochemical and mag-
netic points of view [197]. Most frequently the compounds form honeycomb
layers in the presence of transition metal ions, in which the stereochemistry
of the metal ion coordination sphere alternates between ∆ and Λ. How-
ever, a three-dimensional homochiral structure is also possible. On the other
hand, the negative charge of the oxalates necessitates the incorporation of
cations between them, which provides the opportunity to introduce chiral-
ity and additional functionality in materials. The compound formed between
homochiral manganese II oxalate and iron II tris-2,2′bipyridine (bpy) with
formula [MnII

2 (ox)3]2n–
n [FeII(bpy)3]2+

n crystallises in the space group P4132.
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The formal oxalate subunits act as three-directional connecting points and
form a well-defined 3D 3-connected 10-gon net (10,3). Three cations occupy
the spaces. This is a helical supramolecule that orders antiferromagnetically
on cooling below 13 K [198, 199]. Changing the nature of the metal ions coor-
dinated by the oxalate and bipyridine units gives rise to magnets [200, 201],
or to compounds which show energy or electron transfer [202, 203], and
even to complexes which exhibit spin transitions [204]. In particular, the
use of resolved Cr(ox)2–

3 as a building block for these three-dimensional chi-
ral materials has proven particularly fruitful, giving complexes which show
marked optical activity—as shown by CD spectroscopy—and magnetic or-
dering [205–207].

Ferrimagnets based purely on the magnetic interaction between more
strongly coupled transition metal ions have the potential to provide mate-
rials with much higher transition temperatures than the examples cited so
far. The complex formed when manganese(ii) perchlorate and potassium
hexacyanochromate are mixed with (S)-1,2-diaminopropane (C3H10N2) di-
hydrochloride affords a compound with empirical formula K0.4[Cr(CN)6]
[Mn(S) – C3H10N2](S) – C3H10N2H0.6 in which four cyanide groups are co-
ordinated to the Mn(II) ions giving helical dimetallic loops, whose chiral-
ity is determined by the coordinated diamine [208]. The crystals belong to
the space group P61. Magnetic measurements reveal that the compound is
a three-dimensional ferrimagnet with an ordering temperature of 53 K, rela-
tively high for a molecular material. Varying the experimental conditions
for the crystallisation gives a two-dimensional network in which there are
four coordinating cyanide groups to the manganese ion again, but there is
no additional amine in the structure, which pertains to the P212121 space
group [209]. The compound orders ferrimagnetically at 38 K, as witnessed
both by magnetisation experiments and magnetic circular dichroism spec-
troscopy, which shows very intense Faraday effects below the transition tem-
perature and 400 nm. Replacing the amine in the previous examples by d-
or l-amino alanine produces a three-dimensional chiral ferrimagnet with
a triple helical stranded structure in the P63 space group [210]. In contrast
to the previous structures, the manganese ion is surrounded by the chiral
ligands which links these cations to give helical chains which in turn come
together. There are three manganese ions per chromate, and all the cyanide
groups coordinate to them. The ferrimagnet orders at 35 K. This compound is
unique, in that it may possess a helical spin structure. Hexacyanoferrate has
also been used as a building block for the construction of chiral magnets in
which the optical activity originates from enantiomers of trans-cyclohexane-
1,2-diamine coordinated to nickel or copper(ii) ions [211, 212].

The preparation of chiral magnetic materials is not limited to those
that show paramagnetism and magnetic ordering. Another important phe-
nomenon is that of spin crossover, as it can lead to bistable systems, that in
addition can be switched by light [213, 214]. A homochiral spin crossover
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compound incorporating iron(ii) and iron(iii) centres was achieved by spon-
taneous resolution during the crystallisation of iron(iii) nitrate with the
tripodal ligand tris{[2-{(imidazole-4-yl)methylidene}amino]-ethyl}amine
in the presence of base [215]. Two-dimensional sheets are present in the crys-
tals where the di- and tri-valent iron cations (both surrounded by the tripodal
ligand) are linked to each other by imidazole to imidazolate hydrogen bonds.
The proof of the conglomerate was shown in the CD spectra of the enan-
tiomeric crystals. The material was shown to undergo a spin state transition
both thermally and under light irradiation from the low spin state which ex-
ists at low temperatures to the high spin state (which predominates above
150 K). The chiral material provides an advantage over others, in that the spin
state can be read out using optical rotation at long wavelengths, which does
not disturb the spin state of the material, and therefore makes the compound
interesting as a model for data storage using these methods.

6
Materials with Interesting Optical Properties

6.1
Colourants

Colourants are perhaps the oldest recognised synthetic molecular materials,
and they present a wide range of properties, both optical and other, and a var-
ied supramolecular chemistry [216, 217]. Several chiral dyes are known and
their aggregates have been studied [218, 219]. Here we shall concentrate on
the more recent advances in the area.

Achiral dyes have been shown to aggregate into structures which spon-
taneously resolve and generate an enantiomeric excess of one of the chiral
supramolecular assemblies. A series of benzimidocyanine dyes (26) shows
spontaneous generation of chirality in dilute basic aqueous solutions [220].
The chirality is observed when measuring the CD spectra of the dyes
J-aggregates (named after one of their discoverers, Jelley), which present op-
tical activity in the two absorption bands (a Davydov-split band) shifted to
long wavelength with respect to the longest wavelength band of the isolated
molecule. Addition of dilute aqueous NaOH to ethanolic solutions of the
dyes containing isolated molecules produces optimum induction of chirality.
Proof that the CD spectra observed were not artefacts (linear dichroism) was
achieved by embedding the aggregates in a polymeric matrix and observing
the spectrum at defined angles [221].

A statistical plus-minus distribution of the sign of chirality is observed.
The formation of the chiral aggregates is reversible by cooling or heating the
sample, a procedure which causes the formation of a different achiral aggre-
gate. This effect bears witness to the equilibrium state of the system, and
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might point to a type of spontaneous resolution either as a result of mul-
tiple nucleation centres or under racemising conditions, where small chiral
aggregate fragments break off a growing chiral supermolecule and initiates
the growth of another larger supermolecule.

Chiral systems of biological origin or inspiration can behave as tem-
plates for the formation of chiral dye aggregates. DNA can be used as
a template for dye aggregates to generate chiral superstructures in which
dye molecules form end-to-end dimers [222]. Very recently, a role rever-
sal has been achieved, in that a chiral dye has induced a chiral conform-
ation on a peptide nucleic acid duplex [223]. The addition of adenosine
5′-triphosphate (ATP) to aqueous solutions of the dichloro-substituted thia-
carbocyanine dye 27 produced an immediate colour change and the appear-
ance of Cotton effects in the areas of the visible spectrum corresponding to
H-aggregated dyes [224]. The aggregates grow and separate from the disper-
sions as fibrous microstructures. TEM images showed that nanowires can be
formed, with a width of about 10 nm and several micrometers long. No fibres
were observed for either components, and other phosphates do not lead to
fibres either, the phenomenon is specific to ATP. The assembly-disassembly
is thermally reversible, and heating-cooling cycles give rise to more homo-
geneous wires. Unlike the aggregation of dyes with macromolecular bio-
logical systems, this example gives rise to continuous dye aggregates with
excitation–delocalisation, and energy migration within them is expected.

Supramolecular chiral induction into dye chromophores can also be
achieved in totally synthetic systems. Interpenetrated ion pairs of cyanine
dyes and chiral borate anions show that the twisting of the dye is important
for the observation of the induced optical activity by CD spectroscopy [225].
The incorporation of merocyanine dyes into synthetic self-assembled systems
provides important information about their stability and chirality [226].

Dyes can also be incorporated into hydrogen-bonded superstructures
using the complementarity of the hydrogen bond donors and acceptors. The
addition of a perylene bisimide dye to chiral dialkyl melamine derivatives
leads to aggregates (Fig. 26) which show induced circular dichroism in the dye
part of the assembly in methylcyclohexane as well as the formation of meso-
scopic fibres when the solvent is evaporated [227]. The melamine compounds
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Fig. 26 The assembly of a perylene imide dye with a chiral melamine derivative to give
chiral supramolecular chains

themselves are capable of forming aggregates, but because of the strength
of bonding between the imide and amine groups, the dye’s incorporation is
favoured. In addition, within these aggregates the perylene moieties stack
with each other, even at very low proportions of the dye with respect to the
melamine. The assembly process is sensitive to the type of substituent at the
stereogenic centres in the melamine derivative. The exciton coupling seen in
the CD spectra allowed assignment of the handedness of the assemblies.

In a very different way, various N-substituted chiral perylenes have
been prepared and their assembly in the presence of p-type materials was
studied [228]. When the perylenes were mixed with oligo(para-phenylene
vinylene) compounds in methylcyclohexane, “orthogonal self-assembly” took
place, in which aggregates of the perylenes and oligomers formed separately.
Indeed, in this solvent, the perylenes form aggregates, a phenomenon which
was proven by variable temperature CD experiments in which intense sig-
nals were observed at low temperature, which vanished when the temperature
was raised sufficiently. Spin casting of solutions onto mica resulted in fibres
of these assemblies containing the two supramolecular networks, which were
observed by AFM. When toluene was used as the solvent, neither orthogonal
self-assembly nor fibre formation took place. In films prepared from both
solvents, electron transfer takes place.

Porphyrins are very interesting chromophores for optically active com-
pounds [229], especially in the realm of chiral supramolecular materials.
More frequently than not they are used as chiral reporters of host stereo-
chemistry by interaction of guests with the centre of the ring [230–234], and
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the chirality induced in the porphyrin can even be “memorised” [235, 236].
These compounds also provide a particularly interesting example of chi-
ral expression in an achiral chromophoric system that is displayed upon
aggregate formation by the multiply charged porphyrins. The family of
4-sulfonatophenyl porphyrins shown in Fig. 27 form J-aggregates in their
diprotonated form (in which all the pyrrole rings bear protons) in wa-
ter as a result of the electrostatic interaction between the anionic and
cationic parts of the molecule [237]. The aggregation was detected by ab-
sorption spectroscopy as well as by CD spectroscopy. This result shows that
when aggregation occurs in the absence of a vortex, spontaneous symme-
try breaking takes place giving dextro or levo-rotary aggregates in a random
way [238]. However, when the aggregates are formed while the solutions
are stirred in one direction, the vortex leads to assemblies of one hand-
edness [239]. It is believed that the molecules form ribbon-like aggregates
which kink during their formation in one sense or the other, as shown
schematically in Fig. 27, and this gives rise to the chirality. The authors be-
lieve that this vortex-induced chiral effect may be useful in soft materials,
catalysis, and even that it might explain the genesis of chirality in prebi-
otic times. Subsequently, self-replication of chiral memory has been demon-
strated in related porphyrin systems [240], and the hierarchical assembly
process has been influenced using the sergeants and soldiers effect [241].
Self-assembly can also be effected in organic solvents for systems related to
chlorophyll [242].

Fig. 27 Charged porphyrins which self-assemble in water to give chiral aggregates
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6.2
Nonlinear Optical Materials

The preparation of materials which display non-linear optical properties—
the frequency multiplication of light—can benefit enormously from simul-
taneous control of supramolecular structure and chirality. For the obser-
vation of second-order non-linear optical (NLO) effects, the existence of
a non-centrosymmetric structure is a prerequisite [243]. So the use of chiral
materials increases the chances of having an effect [244], although the mag-
nitude can be almost nullified by the adoption of pseudo-centre symmetry.
Polar order is required, and therefore control of the supramolecular struc-
ture in these chiral systems is also essential. Crystal engineering can be used
for the organisation of chiral molecules, as nicely shown for a chiral quinoid
compound which organises via hydrogen bonds between the molecules [245],
or in coordination chemistry for the preparation of chiral networks [246].
However, other organisational techniques are preferred.

A beautiful example of supramolecular control over the scale of the
second-order non-linear optical response is that of the helicenebisquinone 28.
In its non-racemic form, this compound self-assembles into fibres in which
the molecules are organised in hexagonally packed columnar stacks [247],
which have huge optical activity [248]. The racemic form does not generate
fibres at all. Films of the molecules were prepared by the Langmuir–Blodgett
(LB) technique, up to 60 layers, and the non-linear optical properties were
measured [249]. The intensity of the second harmonic for the non-racemic
sample is approximately 1000 times that of the racemic film, which corres-
ponds to an increase in susceptibility of approximately 30-fold. An interpre-
tation of the data collected implied that not only was polar order important,
but the intrinsic chiral form of the molecular and supramolecular organisa-
tion was vital to explain the magnitude of the effect. In the films prepared by
the LB method, AFM measurements of the non-racemic sample show much
longer nanometre scale fibres than does the racemic sample, and the order of
these fibres is more homogeneous. This observation suggests that packing of
the different enantiomers in single fibres is not favoured, while those of sin-
gle enantiomers is. The dominance of chiral tensor components and the high
NLO activity—despite the non donor-acceptor character in the molecule—
constituted a conceptually important step in this area.
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Liquid crystals are interesting supramolecular systems which can show
second harmonic generation when they are aligned appropriately. Ferroelec-
tric LCs [250] as well as bent-core molecules have been used to this purpose,
and show reasonable second harmonic generation [251]. These materials
combine non-linear optical effects with simple processing procedures on ac-
count of their liquid crystalline flow characteristics and the possibility of
organising them with electric and magnetic fields.

6.3
Luminescent Materials

The organisation of luminescent materials is interesting for a number of rea-
sons. Chiral supramolecular systems that have been extensively investigated
because of their potential applications in light-emitting diodes or photodiodes
are the substituted oligophenylenevinylenes (OPVs). In particular, the use of
the ureido-s-triazine as a hydrogen-bonding unit has been particularly produc-
tive in the organisation of the OPV units [252, 253]. The dimerisation of these
groups (Fig. 28) affords nanoscopic dimeric aggregates in solution, which are
able to assemble further to generate columnar stacks resulting from the stack-
ing of the π-functional unit. The stacks are made chiral by the incorporation of
the 2-methylbutyl group, a fact that is witnessed in apolar solvents by intense
CD activity. AFM measurements have confirmed the formation of the fibres
on surfaces [253]. Fast migration of charges is seen in the stacks [254], a phe-
nomenon that has been successfully modelled in a way that implies excitation
delocalisation over the acceptor molecules [255]. The chiral side groups are key
in the organisation and functions of these supramolecular systems.

Fig. 28 Self-assembling oligophenylenevinylenes
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When an appropriate asymmetric influence is exerted on a lumines-
cent material, it is possible that circularly polarised light is generated. This
can be achieved by embedding a light-emitting compound in a chiral li-
quid crystal, and such is the case for an oligofluorene in a chiral nematic
phase [256]. In this case, in optimised processing and compositional factors,
nearly pure right-handed luminescence was achieved, and practical applica-
tions were implied. This phenomenon arises because the helical structure of
the cholesteric phase suppresses the luminescence of one handedness when
the wavelength coincides with the selective reflection band of the LC, let-
ting the other circularly polarised light through. A very broad spectral range
for circularly polarised luminescence was achieved by combining a calamitic
hole-transporting chiral nematic glass as host and indirectly exciting a dye
embedded in the material [257].

7
Conclusion and Outlook

A wide variety of chiral functional materials exist, and the development of
the liquid crystalline variety has seen remarkable development, from their use
as display components to their potential as second harmonic generation ma-
terials. Chiral conductors are still a real challenge for the materials scientist
today, and much needs to be learned in order to arrange the generally planar
molecules used in a reliable way. The preparation of truly chiral spin arrange-
ments in magnetic systems is proving a similarly formidable task, although
great strides are being made in this area. The use of chiral induction for the
preparation of chiral materials is still in its infancy, with relatively few ex-
amples and applications, in clear contrast to biological materials. There are
opportunities for the use of supramolecular chiral induction [258] to produce
functional systems with new and interesting properties.
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Zlatušková P, see Stibor I (2005) 255: 31–63





Subject Index

Amplification 47
Antiprism 162

Bailar twist 156
Barbituric acid 11
Benzylic amide [2]catenane 199
Bipyramid, trigonal 175
Bis(ethylenedithio)-tetrathiafulvalene

258

Calix[4]arene capsules 16, 19, 29
10-Camphorsulphonic acid 261
Capsules 16
–, cylindrical dimeric 23
–, dimeric, ion pairing 20
–, racemic 29
–, tetrameric 21
Catenanes 185
–, translational isomerism 198
Chains 231
Chirality, assembly-enforced 223
–, reaction-induced 222
–, stirring-induced 126
–, surface-induced 219
Chirality sensing 47
Chirogenesis, supramolecular 93
Clean surfaces 213
Clusters 231
Coencapsulation 40
Conductors 253
–, polymeric 259
Coordination assemblies, racemization

147, 155
Crystallization 210
Cuboctahedra 176
α-Cyclodextrin 204

Deposition, molecular 216
2,6-Diacylamino pyridine 266

Dimelamines-barbituric acid assemblies
11

Dimelamines-cyanurate assemblies 14
Dynamics 185

Enantiomeric excess, magnetic
field-induced 248

Enantiomorphism 210, 226
Enantioselective synthesis, chiral memory

effect 35
Encapsulation 39

Feringa’s chiroptical switch 192
– unidirectional rotor 194
Fumaramide stations 200

Gels 253, 277
–, chirality sensing 78
G-quadruplex assemblies 25
Guest inclusion 147

Helical aggregates 47, 49
– –, chiral amplification 55
– –, chirality sensing 60
Helical chirality, memory and storage 74
Helical macromolecules 47, 61
Helical polymers, supramolecular assembly

80
Helicates 49, 159
–, circular 162
Helix 47
– inversion, chirality sensing 71
Hexa-peri-hexabenzocoronene 50
Homochirality, prochiral precursors 245
Host, cylindrical 38
Host-guest interactions 90, 147
Hydrogen bond 1

Induction 253



312 Subject Index

Interlocked architectures 204
– –, dynamic chirality 195

Lattices, achiral 234
LEED 218
Liquid crystal 79, 253, 269

M4L4 stoichiometry 171
M4L6 stoichiometry 166
M6L4 stoichiometry 173
Magnetic field-induced enantiomeric

excess 248
Magnets/magnetism 253, 281
Mechanical coupling 157
Melamine, chiral cyanurate assembly 10
Metallomesogen 268
Molecular deposition 216
Molecular machine 185
Molecular monolayers 210
Molecular motor 185
Molecular ratchet 189
Molecular rotors 187
Molecular shuttle 185
– –, translational isomerism 196
Molecular switch 192
Molecular turnstiles 189
Monolayers, close-packed 227
–, molecular 210

Non-covalent synthesis 1
Nonlinear optical (NLO) materials 292

Octahedra 175

PANI-CSA 261
Peptido calix[4]arene capsules 19
Phthalocyanines 259
Pirouetting 195
Poly(ethylenedioxythiophene) (PEDOT)

263

Poly(phenylacetylene)s 62
Polythiophene (PT) 259
Porphyrinoids 97
–, achiral/racemic 93, 105
–, chirality 90, 117
–, dimeric/oligomeric 139
–, monomeric 126, 131
–, racemic 126
–, supramolecular 105
Pseudo-racemic systems, homo-

chiral 246

Ray-Dutt twist 156
Rings 231
Rosettes, double 11
–, enantiopure 35
Rotaxane 185

Self-assembly, 2D 210
Shuttling 195
Softball, capsule 31
–, chiral enantio-enriched 37
STM 216
Stoichiometry, M4L4 171
Substrate lattice-induced chirality 224
Supramolecular chemistry/architectures

93, 126, 147, 159
Surfaces 210
–, achiral molecules 219
–, chirality 210
–, enantiomorphism 226
Switch, molecular 192

Tennis ball capsule 30
Tetrahedra 166
Translational isomers 196
Tris-melamine, chiral cyanurate assembly

10

Weak interactions 1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


