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of Chemistry From being an aesthetic molecular object to a building block for the construction of molecular machines,
catenanes and related mechanically interlocked molecules (MIMs) continue to attract immense interest in
many research areas. Catenane chemistry is closely tied to that of rotaxanes and knots, and involves
concepts like mechanical bonds, chemical topology and co-conformation that are unique to these
molecules. Yet, because of their different topological structures and mechanical bond properties, there

are some fundamental differences between the chemistry of catenanes and that of rotaxanes and knots
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Accepted 4th February 2022 although the boundary is sometimes blurred. Clearly distinguishing these differences, in aspects of

bonding, structure, synthesis and properties, between catenanes and other MIMs is therefore of
fundamental importance to understand their chemistry and explore the new opportunities from
rsc.li/chemical-science mechanical bonds.
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1. Introduction catenanes, molecular entanglements also exist in rotaxanes,

knots, and other related interlocked molecules, and the efficient
Catenanes are a representative class of mechanically inter- formation and characterisation of the well-defined, entangled
locked molecules (MIMs) that consist of interlocked macro- molecular structures are therefore a major focus in the early
cycles.*? It is the well-defined physical entanglement, or the development of the chemistry of MIMs.'** As such, catenane
mechanical bond, between the interlocked rings that charac- chemistry is highly related to and often discussed together with
terises the many unique features of catenanes. In addition to that of rotaxanes and knots. Owing to the different topologies,

nature and properties of the entanglement in catenanes and

other MIMs, there are however fundamental differences in the
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glement, in each type of MIM is therefore highly important for
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Fig. 1 Comparison of catenanes, rotaxanes and knots.

a deeper discussion of their chemistry, particularly when
properties and applications are concerned.

In this perspective, we aim at discussing the distinctive
features in the bonding, synthesis, structures and properties of
catenanes. Similarities and differences between catenanes,
rotaxanes and knots in these aspects will be highlighted when
appropriate, to give a clearer picture on the uniqueness and
future challenges in further advancing catenane chemistry in
both fundamental and application perspectives. Instead of
discussing specific examples in detail, we hope to give a more
general discussion on the underlying considerations on the
chemistry of catenanes. In particular, when applications are
concerned, we highlight the importance of entanglement
tightness and some other basic properties of the mechanical
bond in catenanes that are fundamental to that specific cate-
nane application. Some research challenges to further advance
the chemistry of catenanes and MIMs are also discussed.

2. Bonding, topology and structure
2.1 Mechanical interlocking and mechanical bond

Catenanes, rotaxanes and knots are often discussed together in
the literature as these are the three most representative classes
of interlocked molecules that feature physical entanglement.
Structurally, a catenane consists of only interlocked rings, while
a rotaxane contains both macrocyclic and linear components
that are interlocked. As such, there are at least two or more

3316 | Chem. Sci, 2022, 13, 3315-3334

“molecular components” in both a catenane and a rotaxane, but
a knot is one single entwined macrocycle. The interlocked
macrocycles in a catenane, or the interlocked macrocycles and
dumbbells in a rotaxane, are described as being held together
by mechanical bonds,* and the total number of interlocked
components is indicated by the prefix n in [r]catenane and [n]
rotaxane. Since the entanglement in a knot is formed within
itself in the single macrocyclic component, no mechanical bond
is present in a molecular knot.

In addition to van der Waals forces, it is common that metal-
ligand interactions, hydrogen bonds, and other interactions of
various strength and exchange rate are present between (or even
within) the interlocked components in a catenane or rotaxane,
and whether or not these interactions are to be considered in
the classification and nomenclature of the corresponding MIM
may be different in different cases. For example, while a MIM
composed of two interlocked rings is now usually referred to as
a [2]catenane irrespective of the type of the inter-component
interactions, the rotaxane reported by Pothig is named as [2]-
and [3]rotaxane when the two pyrazole-imidazole macrocycles
are connected (by Ag' coordination) and disconnected respec-
tively (Fig. 2).* Some multinuclear Au(1) catenanes may also be
considered as gold(i) nanoclusters with the presence of the
multiple Au()---Au() interactions.” If a dynamic covalent bond
exists between the interlocked components, the number of
interlocked components will also be dependent on the kinetics

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The rotaxanes reported by Pdthig and co-workers referred to
as [3]- and [2]rotaxane when the interlocked macrocycles are sepa-
rated and connected by Ag* ions respectively.*

and thermodynamics of the dynamic covalent bonds under
specific conditions.® Although the nature of the inter-compo-
nent interactions may present a grey area in the naming of some
MIMs, more importantly, the presence of these interactions will
directly influence the structure, dynamics and tightness of the
entanglement, and hence the properties and applications of the
MIMs. In fact, entanglement tightness is one important
parameter that describes the interlocking in MIMs, which is in
turn dependent on the physical size, number of crossings and
rigidity of the MIM. More details will be discussed in the
sections below.

2.2 Topology and structure

Catenanes and knots are topologically non-trivial and the
entanglement cannot be resolved without breaking a covalent
bond, or in other words, the MIMs and non-interlocked coun-
terparts cannot be interconverted by continuous deformation.”
A rotaxane, on the other hand, is topologically trivial because
the interlocked macrocycle and dumbbell can be separated if
the macrocycle is stretched and slips through the dumbbell. In
mathematical terms, a catenane is a link, and the knot theory
encompasses the study of knots and links .* A link and a knot
can be classified as being prime or composite, in which a prime
link and a prime knot cannot be described by a sum of other
links and knots, similar to the idea of prime and composite
numbers. The Alexander-Briggs notation (X%) is used to describe
the topology of prime links and knots, in which x, y and z
represent respectively the number of crossings, the number of
discrete components and the arbitrary order of the link and
knot in the knot table.” For example, the Hopf link (23) is
a simple [2]catenane with two crossings, and two non-inter-
locked macrocycles is a link with two components and zero
crossings (03).

High-order [n]catenanes with multiple interlocked macro-
cycles are usually composite links and the Alexander-Briggs

© 2022 The Author(s). Published by the Royal Society of Chemistry
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notation is not applicable in describing their topology and
structure. The way how the interlocked macrocycles are
arranged is often used to describe the structure of [n]catenanes
(Fig. 3).'*** The most commonly known [r]catenanes are radial
catenanes (also known as molecular necklaces), which consist
of n — 1 peripheral macrocycles interlocked on one same central
macrocycle. Linear and branched [n]catenanes are more diffi-
cult to synthesise and therefore rarer. When the number of
interlocked rings and crossings in an [n]catenane increases,
identification and description of the structure and topology
would become more difficult, and a clear presentation of the 3D
spatial relationship of the interlocked components will be
essential. On the other hand, a rotaxane in which multiple
macrocycles are interlocked on one dumbbell is the most
prevalent among all possible [n]rotaxane architectures,'® but an
[n]rotaxane with one macrocycle and multiple dumbbells,
known as molecular sheaf, is relatively rare."*

2.3 Isomerism

In the presence of a mechanical bond, the spatial relationship
of the constituting atoms in catenanes extends beyond that of
covalent connection and new types of isomerism become
possible when the interlocked components are differently
arranged. The resulting isomers may or may not be intercon-
vertible, depending on the topology, physical size and dynamics
of the MIM and constituting interlocked components.

A common and perhaps the most well-known type of isom-
erism in catenanes and rotaxanes is co-conformational isom-
erism (Fig. 4). Taking a simple [2]catenane (i.e. Hopf link) as an
example, different co-conformations will be obtained when the
two interlocked macrocycles adopt different relative orienta-
tions. Interconversion between catenane co-conformers by
motions such as circumrotation is possible depending on the
thermodynamic and kinetic properties of the interlocked rings.
Co-conformational switching in catenanes and rotaxanes has in
fact been widely recognised as an efficient mechanism for
developing molecular switches and machines.">** When two or
more recognition sites are incorporated in a catenane or
rotaxane, switching between several stable co-conformers can
be achieved by applying a specific stimulus. Both the population
and switching rate of the co-conformers will be critical to the
performance of the molecular switches and machines. As

Chem. Sci., 2022, 13, 3315-3334 | 3317
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molecular knots are composed of one entangled macrocycle,
there will be no co-conformational isomers for knots.

Another type of isomerism in catenanes is due to the
topology of the interlocked structure. For example, a Hopf link
(21), a Solomon link (43), a Star of David catenane (63), and an 8-
crossing Torus link (87) are topological isomers of a [2]catenane
with different number of crossings between the two interlocked
macrocycles.'** Similarly, molecular knots that have the same
covalent structure but different topologies (different number of
crossings) are also topological isomers. Due to their different
topologies, topological isomers are not interconvertible. On the
other hand, a rotaxane is topologically trivial and hence rotax-
anes that differ in the number of crossings between a pair of
interlocked macrocycle and dumbbell are not topological
isomers.

Orientational isomerism arises when macrocycles that lack
a symmetry plane with respect to their cavity (e.g. cyclodextrins)
are interlocked in a catenane or a rotaxane. On the other hand,
if constitutionally different macrocycles are interlocked in
different orders, sequence isomers are obtained. These two
types of isomerism are not applicable in knots because at least
three interlocked components are required to display orienta-
tional or sequence isomerism. Nevertheless, properties of
isomeric catenanes that differ by the orientation and/or
sequence of the mechanically bonded macrocycles have been
rarely reported when compared with similar rotaxanes.'® One
example of a catenane orientational isomer is the [3]catenanes
with two interlocked cyclodextrins. The different symmetry
imposed by the head-to-head and head-to-tail orientations of
the two interlocked cyclodextrins has resulted in slightly
different NMR spectral features and HPLC retention time."” Our
laboratory has recently reported two isomeric radial [5]cate-
nanes in which the dynamics of the macrocycles are related to
the sequence of the interlocked cucurbit[6]uril (CB[6]) and B-
cyclodextrin (B-CD), although these isomers should be classified
as constitutional isomers due to the different atom connectivity
in the central macrocycle.*®

3318 | Chem. Sci, 2022, 13, 3315-3334
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2.4 Chirality

Many molecular links and knots are chiral, and the chirality
that arises from the topology of the link and knot is known as
topological chirality.” For example, a Solomon link, Star of
David catenane and trefoil knot are inherently chiral, and their
chirality is due to their topology and independent of their
chemical structures. Some catenanes are also topologically
chiral if the interlocked macrocycles fulfill certain structural
requirements. A Hopf link, for instance, composed of two
directional interlocked macrocycles, is topologically chiral.*
Topological chirality is not applicable to rotaxanes because of
their trivial topology.

Chirality can also be expressed by mechanical bonding in
catenanes and rotaxanes when the interlocked components
possess specific symmetry features.™* For example, there will be
a chiral axis in a Hopf link if there is a prochiral centre in each
of the two interlocked macrocycles.”> A Hopf link can also
possess a chiral axis if it adopts a “twisted”, helical co-confor-
mation,* which has been described as mechanically helically
chiral®® or mechanically axially chiral.**

3. Catenane synthesis

The efficient generation of interlocked molecules with a well-
defined entanglement is one major focus in the early develop-
ment of the chemistry of catenanes and other MIMs. For the
different structures and topologies of catenanes, rotaxanes and
knots, considerations such as building block design and inter-
locking strategies would be quite different. For example, mac-
rocycle formation is not necessary in rotaxane synthesis, and
arotaxane can be formed by either stoppering a pseudorotaxane
complex or slipping a macrocycle through the bulky stopper of
a dumbbell.”® In contrast, macrocycle formation from linear
precursors will be necessary in catenane and knot synthesis
because of their non-trivial topology.

Method development to control the topology and number of
interlocked components could also be very different for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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catenanes, rotaxanes and knots. Currently, a majority of reported
complex rotaxanes are those featuring different number of
interlocked macrocyclic and linear components,'® and rotaxanes
in which there are more than two crossings in a pair of an
interlocked macrocycle and linear axle are very rare (if any). On
the other hand, building blocks of highly elaborate structures
such that a specifically oriented precursor can be generated
before macrocycle formation are often required in the synthesis
of complex knots and links.*** If multiple covalent bonds are to
be formed, the connectivity of the precursors will also be critical
because links that contain different numbers of macrocyclic
components and knots of different topologies could be ob-
tained.” For catenane synthesis, complexity in structures and the
associated synthetic challenges can therefore come from the
topology, the number of interlocked macrocycles or both.*®

3.1 General considerations

Generally, entwining and interlocking weakly associated
precursors into an MIM would reduce their conformational
freedom which is entropically unfavourable. In fact, statistical
synthesis of catenanes and rotaxanes is not efficient because of
the low probability of the precursors to entangle at the time
when a new covalent bond that interlocks the resulting
components is formed.?”*® Templated synthesis, in which the
low probability of interlocking is compensated by the favour-
able energetics of the templating interactions between the
precursors, has therefore become a mainstream in MIM syn-
thesis.»>**?° In a templated catenane synthesis, building blocks
will first be preorganised via non-covalent interactions in
a specific orientation that favours macrocycle interlocking, fol-
lowed by a covalent ring-closing that simultaneously forms the
mechanical bond (Fig. 5). Since mechanical interlocking is
resulted only when the covalent bond (the macrocycle) is
formed, efficiency of both the preorganisation and covalent
ring-closing reaction will affect the yield of the target MIM.
Efficiency of the preorganisation will be dependent on both the
strength of the templating interactions and structural charac-
teristics (e.g. backbone curvature, flexibility and length of
linkers... etc.) of the building blocks, while efficient covalent
bond formations such as click reactions,*® alkene metathesis®*
and dynamic covalent bond forming reactions (e.g. imine** and
disulfide®) can give MIMs in high yields.

If the preorganisation and ring-closing steps are coupled
such that macrocycles are formed only when the building
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Fig. 5 General templated synthesis of a catenane.
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Fig. 6 Example of catenane synthesis using (a) an active copper
template** and (b) CB[6]-mediated azide—alkyne cycloaddition.?*9

blocks are preorganised, the efficiency of ring interlocking will
be significantly enhanced. “Active template” is a strategy
developed by Leigh, in which a metal ion serves as both
a template for preorganisation and a catalyst for covalent bond
formation.**** The use of cucurbit[6]uril (CB[6]), which can be
assisted by cyclodextrins or pillararenes, to facilitate azide-
alkyne cycloaddition inside the CB[6] cavity has also been used
similarly for efficient rotaxane and catenane syntheses (Fig. 6).*

MIM synthesis via a series of chemical transformations, in
which a covalent scaffold with specifically oriented functional
groups to favour entanglement formation is generated, is
known as directed synthesis.*® There are relatively less examples
of catenanes synthesised by directed synthesis although the
first few examples have been described in the 1960's.***
Recently, Itami and co-workers have reported the strategic use
of a tetrahedral organosilicon to direct the formation and
interlocking of hydrocarbon macrocycles into [2]catenanes and
trefoil knots, and the topology of these nano-sized carbon

Fig. 7 A hydrocarbon
synthesis. 3¢9

[2]catenane obtained through directed

Chem. Sci., 2022, 13, 3315-3334 | 3319
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materials is expected to have interesting effects on their phys-
ical, dynamic and optoelectrical properties (Fig. 7).>%¢

3.2 Creating specific entanglements

Generation of a specific number of crossings is key in the
successful templated synthesis of molecular links and knots of
a specific topology. In contrast, rotaxanes with a high level of
entanglement are relatively less explored. Metal-ligand coordi-
nation featuring structurally sophisticated ligands is very
successful in this regard for the diverse symmetry and coordi-
nation geometry of metal ions possessing different electronic
structures.*”%*” For example, the use of the tetrahedral geom-
etry of Cu(i) developed by Sauvage is one classical and highly
efficient strategy to template [2]catenane (Hopf link) and trefoil
knot formation (Fig. 8).*** Various metal ions of different
coordination numbers and geometries have also been employed
in the templated synthesis of other links and knots for creating
the required molecular crossings.”” Purely organic molecular
links beyond the Hopf link have also been reported, but
generation of the required symmetry of the targeted topology
using organic building blocks is not trivial, although thermo-
dynamic synthesis seems to be particularly effective.*!

To obtain links and knots with a high level of entanglement
using metal templates, building blocks that contain multiple
sets of coordination ligands, and/or well-defined structural
characteristics are usually needed to create the required
molecular crossings. For example, a Solomon link can be
rationally synthesised from either a trinuclear double helicate
or a 2 x 2 interdigitated grid wherein four crossings will be
generated upon ring-closing of the templated precursors.*>*
The use of more complicated helicates and grid structures is
currently one efficient and reliable strategy to expand the

(a) |ntra Ilgand

V\Wﬁ/\

ring-closing

T — D

Fig. 8 Templated synthesis of (a) a Hopf link using a tetrahedral
template can lead to a molecular figure-8 and (b) Solomon link from
either a helicate or 2 x 2 grid template.
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topological diversity of molecular links and knots.2*%#*
Controlling the way of how the building blocks are connected
upon ring-closing of the preorganised precursor is also impor-
tant for obtaining a specific topology, although relevant strate-
gies are relatively less discussed and developed. For example,
two orthogonally preorganised ligands in a tetrahedral geom-
etry can give either a Hopf link or a topologically trivial figure-8
depending on the specific way of macrocycle formation.* In the
synthesis of complex links and knots from a structurally elab-
orate preorganised precursor, the different possible ring-closing
combinations and precursor connectivity will likely lead to
topological isomers of similar properties, which could render
the isolation of a particular link highly challenging. A careful
characterisation of the link topology is also necessary.

On the other hand, self-assembly based on metal-ligand
coordination can be equally successful in the formation of
topologically complex links and knots.*® Unlike a rationally
designed templated synthesis, the outcome of a self-assembly
may be difficult to be predicted from the structure of the ligands
because a slight structural modification in the ligand could
have a large effect on the overall sum of the weak, non-covalent
interactions.

3.3 Increasing the number of interlocked components

Except molecular knots which are one single entwined macro-
cycle, increasing the number of interlocked components is
another key challenge in complex MIM synthesis. Many of the
reported high-order [n]catenanes feature only two crossings
between a pair of interlocked macrocycles, because achieving
both a high number of crossings and interlocked rings in
a single catenane will be extremely difficult and different
strategies will have to be incorporated. On the other hand, high-
order [n]rotaxanes that are composed of n — 1 macrocycles
interlocked on one dumbbell are much more common,
although counterparts featuring one macrocycle interlocked on
n — 1 dumbbells, or other combinations of dumbbell and
macrocycle numbers are relatively rare.'* In 2016, Leigh and co-
workers have reported a triply threaded [4]rotaxane using active
metal template synthesis.' The relative size of the macrocycle
and the stoppers, such that multiple axles can be accommo-
dated in but do not dethread from the macrocycle, is critical.
Generally, a large number of mechanical and covalent bonds
will have to be formed in an [n]catenane synthesis, and strate-
gies to maintain high efficiency for both the preorganisation
and ring-closing steps will be necessary.”® In particular, pre-
organisation involving multiple building blocks can be difficult
because non-covalent interactions are usually weak, and the co-
existence of many equilibrating species will result in inter-
locked products of different topologies and number of inter-
locked rings. If macrocycles are interlocked in multiple steps,
the yield of the final [n]catenane will significantly drop with the
overall length of the synthesis, even if both preorganisation and
ring-closing are of high efficiency. On the other hand, [n]
rotaxane synthesis can be achieved by strategies that involve no
macrocycle formation (e.g. threading/slipping preformed mac-
rocycles onto polymer or polymerising short pseudorotaxanes),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Synthesis of (a) a radial [n]catenane with one ring-closing
reaction and (b) a linear [n]catenane with sequential interlocking of the
macrocycles.

which makes these [n]rotaxanes synthetically more acces-
sible.™*” For a similar reason, radial [n]catenane is the most
common among all [n]catenane structures as it can be syn-
thesised with the formation of only one new macrocycle (i.e. the
central macrocycle) (Fig. 9).*®

Linear and branched [n]catenanes are other catenane
architectures that are much less common and their synthesis
involves the formation of more than one new macrocycle.
Linear [n]catenane is of particular interest in polymer and
materials science because a polymer consisting of only
mechanically interlocked rings will allow a maximum mani-
festation of the effects of the mechanical bond on the polymer
mechanical and rheological properties.*” As one early hallmark
in catenane chemistry, Stoddart's olympiadane is an example of
a linear [5]catenane (Fig. 10a).>>** A few other linear [4]- and [5]
catenanes from either stepwise or one-pot synthesis have also
been recently reported.>* In 2017, Rowan and co-workers have
explored the use of a metallopolymer to obtain [n]catenanes.>
The metallopolymer consists of ditopic macrocycles and linear
components coordinated via Zn** ions in an alternate fashion,
from which a mixture of branched, linear and cyclic [n]cate-
nanes were obtained upon ring-closing metathesis (Fig. 10b).
Absolute molar mass measurement showed that there are 6 to
27 interlocked rings in the linear [n]catenane fraction.

Branched [n]catenanes have also been rarely reported, and
the [6]- and [7]catenanes obtained from the same reaction in the
synthesis of Stoddart's olympiadane are one early example of
branched [r]catenanes.®” Our group has also recently reported
the synthesis of a branched [6]- and [8]catenane featuring the
use of orthogonal templates.*® Polymer- and DNA-based [n]cat-
enanes with branched arrangements of interlocked rings have
also been prepared.* On the other hand, dendritic structures
featuring catenane-based branches are yet to be reported,
although related rotaxane dendrimers have been realised.®**
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+ branched [7]catenane

ring-closing
metathesis

Fig. 10 Synthesis of (a) linear [5]catenane (olympiadane) using an
aromatic donor—acceptor template;*® and (b) [n]catenanes from
a metallosupramolecular polymer.©®

Self-assembly can also give [n]catenanes although it may be
difficult to rationally design a building block and predict the
self-assembly process to target a specific [n]catenane structure.*®
For example, Fujita and co-workers have shown that a 12-
crossing [4]catenane and a 24-crossing [6]catenane can be
assembled using Ag" and peptide-based pyridine ligands.®>*
Assembly of only organic building blocks to nano-sized [r]cat-
enane has recently been demonstrated by Yagai and co-workers,
in which “supramolecular macrocycles” were assembled from
the circular stacking of hydrogen-bonded, hexameric rosettes
that interlock with each other to form catenanes.* The number
of interlocked nano-rings can be controlled by the assembly
conditions (e.g. number of material injections).

4. Properties and applications of
catenanes

Central to the unique properties of MIMs is the specific
molecular entanglement present in the interlocked molecules.
With the combined structural and topological diversity and
various levels of molecular entanglement, catenanes are
a versatile type of MIMs with a broad range of potential appli-
cations. With their related bonding and topology, applications
of catenanes actually share a lot of similarities with those of
rotaxanes and knots. Yet, with the differences in their synthesis,
structures and dynamic properties, these different MIMs will
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have their own advantages when a specific application is con-
cerned. On one hand, catenanes with few crossings and a low
level of entanglement are co-conformationally more flexible and
are suitable for applications that require dynamic properties
such as developing molecular switches and machines. On the
other hand, a highly entangled catenane will have a highly
specific topological structure, and the associated stereochem-
ical properties and structural rigidity could be suitable for
binding and recognition. In fact, properties and applications of
rotaxanes and knots that have been demonstrated to date are
quite different due to their different topologies and dynamics.
Rotaxanes are also common structures used in constructing
molecular switches and machines due to their dynamic prop-
erties and stimuli-responsiveness,” whereas the topological
chirality and specific structural characteristics from the
mechanically constrained knots are promising for guest
binding and related applications.*>*!#:6%

Recently, the concept of “supramolecular elements” has
been introduced by Schmidt and Wiirthner, in which macro-
cycles in a catenane are considered analogous to atoms in
a molecule.®® Features and characteristics of the mechanical
bond between the interlocked macrocycles are therefore of
fundamental importance to the properties and applications of
a catenane, as if molecular properties of a molecule are gov-
erned by the covalent bonds between the constituting atoms. In
fact, covalent bonds between different elements are of diverse
nature, geometry and chemical reactivity. Features of the
mechanical bond and entanglement between different inter-
locked components, in different types of MIMs, would also be
very different. In this section, distinctive properties of cate-
nanes will first be highlighted, followed by a discussion on
catenane applications that are related to these properties with
representative and recent examples.

4.1 Strength of the mechanical bond in catenanes

Bond strength is one important property that characterises
a covalent bond, and a weaker bond is generally more reactive
than a stronger bond. Information related to the strength of
a mechanical bond may therefore be important to the proper-
ties of catenanes as well. For the non-trivial topology, a catenane
structure cannot be maintained only when a covalent bond in
the interlocked macrocycle is broken, and hence the strength of
a mechanical bond in a catenane is generally considered to be
similar to that of the weakest covalent bond in the macro-
cycles.***%” For example, a Hopf link that contains bulky groups
can be converted to a (pseudo)rotaxane which also contains
a mechanical bond of a different nature and strength when the
macrocycle is cleaved. The mechanical bond for maintaining
the catenane entanglement in this case is considered to be
broken and converted to another mechanical bond that main-
tains the (pseudo)rotaxane structure. The size of the bulky
groups and strength of inter-component interactions may affect
the strength of the mechanical bond of the (pseudo)rotaxane
but not that of the parent Hopf link (Fig. 11).

While the strength of a covalent bond generally increases
with the bond order, the level of entanglement between two
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Fig.11 Breaking a covalent bond in (a) a Hopf link could result in either
a [2]rotaxane that contains a mechanical bond or separated derivatives
from the dumbbell and macrocycle; (b) a Hopf link and a Solomon link
could both result in the breaking of the mechanical bond.

interlocked rings in a catenane may not necessarily correlate
with the strength of the mechanical bond (i.e. strength of the
covalent bond/interactions that maintain the entanglement).
The entanglement may or may not influence the strength of the
weakest covalent bond that is essential for maintaining the
mechanical bond, which is dependent on the overall structure
and chemical composition of the specific MIMs. For example,
although the two interlocked macrocycles in a 4-crossing
Solomon link is “more entangled” than that in a 2-crossing
Hopf link, the mechanical bond between the macrocycles in
both MIMs will be broken once a ring is cleaved. While
a mechanical bond and the concept of mechanical bond
strength are not applicable in knots, the mechanical bond in
a rotaxane can be “broken” by a number of ways in addition to
covalent bond cleavage because of the trivial topology (e.g
slippage of macrocycle over the dumbbell), and hence there are
more factors that determine the mechanical bond strength in
rotaxanes.

4.2 Propensity to undergo co-conformational change

The ability of the interlocked macrocycles to undergo large-
amplitude motions to result in co-conformational changes is
another important feature that characterises the mechanical
bond in a catenane. In fact, the development of rotaxane- and
catenane-based molecular switches and machines is largely
premised on stimuli-triggered co-conformational changes of
the MIMs, and the dynamics of the interlocked components is
therefore of critical importance in this regard.®® Although
molecular knots cannot undergo co-conformational change,
and the dynamics of knots are relatively unexplored, motions
such as reptation (i.e. a “creep-like” movement similar to that of
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Fig. 12 Effect of tightness (top) and stickiness (bottom) of interlocked
rings on the kinetics and thermodynamics of catenane co-confor-
mational change.

a snake where segments of the knot move within the entangled
knot) have been suggested and identified.**»*

There are a few potential factors that would affect co-
conformation exchange in a catenane and rotaxane. The first
one is the “tightness” of the mechanical bond that is related to
the topology, physical dimension and rigidity of the interlocked
components which are largely kinetic in origin.”” Generally,
with a higher level of entanglement (i.e. more crossings)
between two interlocked macrocycles, undergoing co-confor-
mational change would be expected to be more difficult. For
example, a Solomon link would be tighter than a Hopf link that
is composed of the same macrocycles, and it is therefore easier
to develop switchable catenanes based on a Hopf link than
a Solomon link (Fig. 12).

In fact, tightness of an MIM influences not only co-confor-
mational changes but also conformations, and the physical and
chemical properties of the MIM as well. For example, in a study
reported by Leigh and co-workers, three 8,9 knots of different
sizes and tightnesses were found to display properties,
including dynamics, CD and NMR features, and chemical
reactivity, which are correlated with the tightness of the knots.™
Of note, it would often be difficult to compare the overall
tightness between different MIMs as it is contributed by
a number of factors including the number of crossings, physical
dimension, and chemical composition of the MIMs. Mass
spectrometric techniques may provide a comparative assess-
ment of tightness between different MIMs, but the tightness of
individual components in an MIM may need to be characterised
by their dynamic behaviour.”

Another factor that affects co-conformational exchange
dynamics in a catenane is the strength of the interactions
between segments of two interlocked macrocycles. As a majority
of catenanes (and rotaxanes) are synthesised using a templated
method, the interactions that template macrocycle interlocking
often remain in the resulting MIMs in addition to those that
exist between other parts of the interlocked macrocycles. These
interactions may stabilise a particular co-conformation of the
catenane, and contribute to the thermodynamics and kinetics

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

of the co-conformational exchange. If the interactions that
stabilise a particular co-conformation of a catenane are very
strong (relative to the average van der Waals interactions
between the macrocycles), co-conformational exchange may not
be favourable as the macrocycles are “stuck” firmly together. For
example, in transition metal-templated catenanes, due to the
presence of strong coordination bonds, the catenanes usually
exist as one stable co-conformation in the presence of the
templating metal, and thermal motions may not be sufficient to
result in large-amplitude co-conformational change. On the
other hand, facile co-conformation exchange can be observed if
the interlocked macrocycles are not bound by strong interac-
tions. For example, B-CDs interlocked by hydrophobic interac-
tions are usually more mobile as the hydrophobic interactions
involving B-CDs are only of moderate strength (log K ~ 3)."”

A catenane can exchange between different stable co-
conformations when additional binding sites are present in the
interlocked macrocycles. In fact, the incorporation of binding
sites other than that for the templating purpose is a common
strategy to obtain switchable catenanes and rotaxanes for
developing molecular switches and molecular machines. Co-
conformational switching in these bistable or multistable MIMs
can be triggered by a chemical, photo, thermal or environ-
mental stimulus that modulates the stability of the co-
conformations.®

4.3 Examples of catenane application in relation to the
properties of the mechanical bond

4.3.1 Stable co-conformations for switchable systems. The
development of molecular machines that exploits co-confor-
mational switching under controlled conditions is perhaps one
most appreciated application of catenanes and rotaxanes.
Various kinds of stimuli-responsive systems, such as molecular
shuttles, rotors, pumps, sensors, switchable catalysts... etc.,
have been developed based on the ability of the interlocked
components to undergo large-amplitude intramolecular
motions and switch between different stable co-conforma-
tions.®® If a specific change in a MIM property (e.g. photo-
physical or catalytic property) is targeted for functions or
applications, dependence of that particular property on the
MIM co-conformations will have to be considered in the
molecular design. For example, in a recent report by Qu and co-
workers, a reversible switching of the fluorescence properties of
a [2]catenane is demonstrated. Fluorescence properties of the
9,14-diphenyl-9,14-dihydrodibenzo|[a,c]phenazine (DPAC) fluo-
rophore are sensitive to its conformation, which in turn is
dependent on the co-conformation of the [2]catenane, and
therefore switching between stable co-conformations results in
a change in the observed fluorescence (Fig. 13).” The different
reactivities of catenane co-conformations have also been
exploited in the development of switchable catalysts. For
example, Willner and co-workers have developed DNA cate-
nanes that can be switched between the catalytically active and
inactive states.” Examples of switching of chirality, optical
rotations and other properties in catenanes due to co-confor-
mational change have also been reported.”™
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Fig. 13 Co-conformational switching of an acid—base responsive
DPAC-containing [2]catenane with different fluorescence properties.”

In addition to the stimuli that bring about the co-confor-
mational change and their associated kinetics and thermody-
namics, another noteworthy point in exploiting the co-
conformational change of MIMs in developing molecular
switches and machines is the direction of the movement of the
interlocked components. For example, a molecular shuttle can
be developed from the translational motions of the interlocked
macrocycle along a rotaxane axle, whereas a molecular rotor
may require rotatory motions that are available in a catenane;
the one-dimensional length extension/contraction from
a switchable polymeric linear daisy chain could be employed as
molecular muscles, whereas similar co-conformational switch-
ing of a cyclic daisy chain will lead to a two-dimensional area
change of the internal opening (Fig. 14).”%”

With the relatively higher level of entanglement and more
rigid structure, switchable systems derived from knots are rarely
explored although a flexible knot may be able to switch between
different conformations.” Currently, rotaxane-based switchable
systems are more developed than those based on catenanes, yet
the availability of a diverse selection and variety of MIMs will be
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chains results in length and aperture control.
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Fig. 15 Co-conformational switching in a chemically fuelled molec-
ular motor results in a unidirectional motion.”

necessary to further advance MIM-based molecular machin-
eries and applications. Similar to biomolecular machines or
machines in the macroscopic world, the presence of multiple
components of different chemical, physical and dynamic
properties, and strategies to control the thermodynamics and
kinetics of co-conformational changes in a coordinated and
orchestrated fashion will be essential for developing complex
MIM-based molecular machines. One recent example of such
a complex catenane-based molecular machine is the rotatory
motor powered by a chemical fuel reported by Leigh and co-
workers (Fig. 15).7° Both the strength of macrocycle binding at
different stations and the size of the bulky speedbumps can be
switched by pulses of trichloroacetic acids which initially acidify
but then slowly decarboxylate and neutralise the system. A
unidirectional rotatory movement of the interlocked crown
ether is achieved as only one of the base-labile disulfide or acid-
labile hydrazone speedbumps can be exchanged to allow the
macrocycle to pass through at a time. Other molecular
machines based on catenanes with sophisticated mechanisms
for motion control have also been reported.”

4.3.2 Exploiting co-conformational dynamics in materials.
Dynamics due to co-conformational changes in catenanes,
rotaxanes and other MIMs are also implicated in material
properties when they are incorporated into materials. For
example, by crosslinking the interlocked macrocycles in poly-
mers, Ito has obtained slide-ring gels (polyrotaxane) in which
forces applied on the polymer can be equalised through sliding
of the interlocked macrocyclic crosslinks along the linear
polymer chains, and the elasticity and softness of the slide-ring

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Examples of polymer materials that incorporate MIMs with
new properties: (a) slide-ring gel of unique elasticity and softness;®° (b)
a catenane polymer that shows selective mechanophore activation;®’
and (c) a catenane-crosslinked polymer with switchable rigidity and
hardness.®

gel are very different from those of covalently crosslinked
polymers (Fig. 16a).*° A study by De Bo has shown that ring
circumrotation in a catenane containing polymer can divert
tension away from the catenane and stabilise a mechanophore
incorporated in the ring over that in the polymer chain
(Fig. 16b).*” Huang and co-workers have also demonstrated that
polymers crosslinked by [2]catenanes with hydrogen bonding
capability can switch between rigid and soft states when the
dynamics of the catenane crosslinkers is modulated by pH
(Fig. 16¢).**

4.3.3 Binding sites created by molecular entanglements.
The strong and flexible mechanical bond in catenanes also
provides an efficient mechanical confinement and stabilisation
effect that are implicated in host-guest binding, catalysis and
other applications. In fact, templated catenane synthesis using
an external template will result in catenane hosts that are pre-
disposed with a highly complementary cavity for binding to the
template. Co-conformational change could also provide an
additional, low-energy mechanism for structural adaption
beyond that restricted by the covalent backbone. A wealth of
catenane-based hosts and sensors for cations, anions and other
guests have therefore been developed using the targeted guest
as a template in the synthesis.** In addition to the binding site
crafted by the template, the well-defined entanglements in
molecular links and knots can also result in a symmetrical,
highly preorganised cavity/binding site with unique stereo-
chemistry from the topology for guest binding. For example, the
Star of David catenane and pentafoil knot reported by Leigh and
co-workers can bind to anions in their internal cavity, and this
anion-binding ability of the MIMs has been employed as cross-
membrane ion channels and anion-binding -catalysts
(Fig. 17a).'*>** Cougnon and co-workers have also reported
a Solomon link with an internal cavity that can bind to four
water molecules (Fig. 17b).** On the other hand, while rotaxane-
based hosts with a binding pocket from mechanical bonding
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Fig. 17 Examples of guest-binding catenanes with a well-defined
cavity: (a) an anion-binding Star-of-David catenane;** and (b)
a Solomon link that binds to four water molecules.®®

have also been developed, the level of mechanical confinement
in rotaxanes may not be as strong as that in catenanes and knots
owing to their relatively more open binding pocket. Topological
chirality from molecular knots and links (catenanes) can also be
exploited for stereoselective guest binding, but additional
structural elements will be needed for creating a chiral rotaxane
host.*

4.3.4 Stabilisation and confinement of reactive species.
Highly reactive species and weakly associating complexes can

Ar
Ar = 3,5-CgHyBut,

ZnP-[Cu(phen)]>-Cgo

ZnP-[Cu(phen);I*-Cep 9™+ Znp_[Cu(phen),2*-Cgy* — = ZnP**-[Cu(phen);*-Cor

(© \

o0

[}
\\/0\2

Fig. 18 Examples of reactive species confined and stabilised within an
MIM: (a) a cation radical pair;®* (b) a charge-separated radical pair
generated upon photoexcitation;®® and (c) a metal carbene species.®®
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also be stabilised by binding to or being confined within a cat-
enane host. For example, air-stable radical species can be
generated when being incorporated within the interlocked
framework of catenanes (Fig. 18a).** Charge separated radical
pairs generated upon photoexcitation have been shown to have
longer lifetime when the donor and acceptor are mechanically
bonded as rotaxanes or catenanes (Fig. 18b).** Incorporation of
reactive carbene species with an MIM has also been recently
reported (Fig. 18c).®® Metal ions are kinetically stabilised by
coordinating to catenane (and rotaxane) ligands.”” Complete
ligand dissociation is prohibited by the mechanical bond and
adaption in coordination geometry is kinetically restricted.
Metal complexes of unusual coordination geometry and hence
electronic structure, redox properties, and chemical reactivity
could therefore be produced. Recently, it has been demon-
strated that weakly associating polyiodides can be stabilised as
networks of rotaxanes and catenanes.®

By stabilising these otherwise unstable radical and metal
species, new MIM-based catalysts can be developed.®” Recently,
the classical aromatic donor-acceptor [2]catenane developed by
Stoddart et al. has been studied for photoredox catalysis. Being
confined within the [2]catenane framework, the charge transfer
complex remains intact even at low concentrations with
a strong light absorption, and the cation radicals generated can
be employed in catalysing both photo-oxidation and photo-
reduction reactions (Fig. 19a).>° Our group has reported the use
of a catenane-coordinated copper(i) for catalytic C-O cross-

(a) photoredox catalysis
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Fig. 19 Recent examples of catenane catalysts for (a) photoredox,*®
(b) transition metal®* and (c) asymmetric catalysis.*?
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coupling reactions.’* The copper is kinetically stabilised by the
catenane ligands with a coordinatively saturated resting state,
but the coordination sphere can also be accessed by the
substrates due to the dynamic co-conformation changes of the
catenane ligands. As a result, the catalyst enjoys both a long
lifetime and a good reactivity (Fig. 19b). A study by Niemeyer
et al. has shown that confining two chiral phosphoric acid
groups within a [2]catenane can lead to a high local concen-
tration of the acidic catalytic sites for a high catalytic efficiency
and an appropriate substrate orientation for a good stereo-
selectivity (Fig. 19c).”> Together with the switchable catalysts
that are based on co-conformational switching,”*** and exam-
ples of asymmetric catalysis by virtue of the topological
chirality,”* these catenane catalysts that exploit mechanical
bond stabilisation highlight the versatility of catenanes that can
be exploited to address different challenges in catalysis.

The efficient stabilisation provided by MIMs is also attractive
for applications in complex biological matrices and the use of
MIMs as carriers in biological systems for drug delivery and
triggered release has been recently reported.””

5. Future outlook

Catenane chemistry has rapidly evolved since the introduction
of templated synthesis. Yet, the synthesis of simple catenanes
(e.g. Hopf link) and control of catenane co-conformations are
only the first step of our exploration in the new chemical space
of mechanical bond and molecular topology. From funda-
mental synthesis, structure and characterisation, to innovations
and applications of catenanes for new properties and functions,
there are many directions to further develop the chemistry of
catenanes.”® Here, we present some of our own views on the
challenges and opportunities in catenane chemistry.

While templated synthesis overcomes the unfavourable
entropy in macrocycle interlocking, there are other aspects in
the interlocking process that need to be controlled if catenanes
of diverse structural variety are to be obtained. One long-
standing challenge is the synthesis of [n]catenanes with a large
number of interlocked rings. Although [r]catenane synthesis/
assembly has been reported, the reported methods are still far
from being controllable and predictable. Strategies to control
the number, topology (i.e. number and way of crossings) and
connectivity (e.g. linear and branched catenanes) of the inter-
locked rings that allow a rational design to obtain high-order [#]
catenanes in a predictable and reliable fashion will be neces-
sary.?® Chirality is another attribute that needs further attention
particularly when catenanes are to be employed in guest
recognition and catalysis. Although Hopf links can be efficiently
obtained in a relatively large quantity and variety, and are
therefore more suitable than other high-order [n]catenanes and
molecular links for exploiting properties and applications,
topologically chiral Hopf links are much more difficult to
prepare due to the achiral topology. New strategies to direct the
orientation of directional macrocycles, such as the use of chiral
auxiliaries for enantioselective mechanical interlocking devel-
oped by Goldup, will be necessary.*
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Physical methods for efficient characterisation of catenanes
are also very important, especially as more catenanes of high
structural and topological complexity are now becoming
synthetically accessible. Currently, X-ray crystallography is one
highly reliable technique for topology assignment, but obtain-
ing suitable single crystals can be very difficult; in particular,
complex molecular links and knots are usually available in only
tiny amounts. The mechanically bonded macrocycles in cate-
nanes can also be characterised by analysing the fragmentation
patterns in tandem MS, and a recent study by Schalley et al. has
shown that ion mobility can be an additional parameter that
reflects the tightness of the MIMs.”> Symmetry and structural
analyses by two-dimensional NMR techniques are also common
in the structural characterisation of catenanes and other
interlocked structures. Methods for characterising the
dynamics and motions of the interlocked components such as
variable temperature NMR, vibrational spectroscopies and
microscopies will also be necessary.'® Computational studies
and simulations on the effects and properties of mechanical
bonds in catenanes, on the other hand, are an area that needs
more attention. Due to the relatively large molecular size of
catenanes and MIMs, calculations on interlocked systems are
usually of a high computational cost.***

Regarding properties and applications, synthesis and
studies on the switching behaviour in switchable catenanes
with two or more stable co-conformations remain one of the
more studied directions. In addition to the various mechanisms
and stimuli that have been developed to trigger co-conforma-
tional change, strategies in controlling the switching dynamics
and coordinating the motions of different interlocked compo-
nents will be important. Switchable systems will also need to
expand from simple [2]- and [3]catenanes to high order [n]cat-
enanes for more complex motions.

Studies of catenanes and mechanical bond properties in
different materials and applications are also one important
direction for further development of catenane chemistry. The
non-trivial topology of catenanes may offer an interesting
structural scaffold for unusual electronic structures and
conjugated systems which are implicated in electronic, lumi-
nescent and magnetic materials.®* Strategies for catenane
functionalisation and incorporation in extended networks and
interfaces such as surfaces, monolayers, thin films, polymers,
nanoparticles and metal-organic frameworks (MOFs) will also
be necessary for expressing the unique features of catenanes in
different materials and interfaces.'® On the other hand, the
good stability of catenanes provided by the mechanical bond
not only will allow studies and explorations of short-lived,
reactive species that are implicated in catalysis, energy/electron
transfer and material research, but also render catenanes
particularly suitable for applications in competitive environ-
ments such as biological systems, interfaces, devices and other
complex matrices.

Overall, with the unique properties arising from the non-
trivial topology, diverse structural variety and rich dynamics,
the realm of catenane chemistry overlaps much with that of
knots and rotaxanes, and as such the potential and opportu-
nities of knots and rotaxanes are also available to catenanes. Of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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course, what can be achieved by catenanes, rotaxanes and
knots, and properties that are unique to mechanical inter-
locking are not exclusive to any one of these kinds of MIMs, and
are largely dependent on the specific topology, structural char-
acteristics, and availability of synthetic methods to obtain
a particular MIM structure. A rigid rotaxane could be designed
with a highly elaborate cavity for efficient guest binding, and
a loose and flexible knot could also display dynamic confor-
mational changes similar to catenanes and rotaxanes. Never-
theless, with a thorough and fundamental understanding of the
nature of molecular entanglement in catenanes, it is hoped that
the boundary between different classes of MIMs is becoming
more clear, and that the different and unique properties of
catenanes and other MIMs can be strategically integrated with
the challenges and opportunities in various areas, where fruitful
and diverse discoveries and innovations are to be expected.
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