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Research on mechanically interlocked molecules has advanced substantially over the last five decades. A large
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proportion of the published work focusses on the synthesis of these challenging targets, and the subsequent
control of the relative position of the covalent sub-components, to generate novel molecular devices and
machines. In this Feature Article we instead review some of the less discussed consequences of mechanical

bonding for the chemical behaviour of catenanes and rotaxanes, and their application in synthesis, including
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1. Introduction

Synthetic methods for the production of mechanically inter-
locked molecules, in particular catenanes and rotaxanes, have
improved immeasurably since the ground-breaking first reports
of their synthesis in low yield using statistical methods in the
1960s. These synthetic advances have facilitated the study of
mechanically bonded species for a range of applications including
electronic devices, sensors, smart materials, and drug delivery
systems, as well as their investigation in prototypical molecular
machines. Many of these applications, particularly the latter,
rely on controlling the relative position of the covalently
bonded sub-components of the interlocked structure and
stimulating their large-amplitude relative motion between
well-defined co-conformations.
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striking recent examples of molecular machines which carry out complex synthetic tasks.

Applications of catenanes and rotaxanes which rely on other
aspects of their unusual chemical properties and, more recently,
their utility in organic synthesis both as substrates and catalysts
have also been reported. In this Feature Article we briefly
introduce catenanes and rotaxanes, and their synthesis before
moving on to focus on some of the less discussed effects of
mechanical bonding on the physical and chemical properties of
interlocked structures. Finally we highlight the relatively recent
development of catenanes and rotaxanes for synthetic applica-
tions, including exciting examples of molecular machines
being employed in chemical synthesis.

2. A brief introduction to catenanes
and rotaxanes

Catenanes are mechanically bonded molecules containing two
(or more) ring shaped molecules linked together in the manner
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of links in a chain. Similarly, rotaxanes are composed of one or
more rings threaded on one or more dumbbell shaped molecules,
where large end groups prevent the macrocycle(s) from escaping.
This arrangement ensures that, despite not being linked covalently,
they are held together due to the inability of covalent bonds to pass
through one another, leading to a mechanical bond. Mechanically
bonded molecules are synthetically challenging targets, largely
due to the difficulty inherent in trying to arrange two or more
independent molecules in space such that a mechanical bond
can be formed. Thus, although the first catenane and rotaxane
were synthesised respectively by Wasserman in 1960' and
Harrison in 1968,” they remained hard to access curiosities
for the majority of the next two decades. Although early directed
methods developed by Schill and others led to improvements in
the yield of the final mechanical bond forming step, the overall
efficiency of the approach was low due to the need for long
synthetic routes.’

A key breakthrough in the synthesis of mechanically inter-
locked molecules was provided by Sauvage and co-workers through
the demonstration of a non-covalent template method for the
synthesis of a [2]catenane,” in which they employed a tetrahedral
Cu' ion to organise two phenanthroline ligands, such that when
the ends of each ligand were linked, the target catenane was
formed in high yield.> This passive template approach (Fig. 1a),
in which the covalent components of the target are held together
by a non-covalent “glue” prior to formation of the final covalent
bond which establishes the mechanical bond between them, has
facilitated developments in the field, and has been extended to a
wide range of template motifs and increasingly complicated inter-
locked structures, often in excellent yield, by Sauvage, Stoddart,
Leigh, Végtle, Harada, Anderson, Beer and others.®

More recently, Leigh and co-workers introduced a conceptually
novel approach based on an active template, in which a reactive
unit in the macrocycle (typically a metal ion) both acts to organise
the components and mediate the formation of the mechanical
bond. This approach allows the synthesis of rotaxanes (Fig. 1b)
and catenanes in excellent yield and can allow sub-stoichiometric
quantities of the template to be employed.”

For more details on the synthesis of rotaxanes and cate-
nanes, the interested reader is directed to several excellent
recent reviews on methods for the synthesis of mechanically
bonded structures.®’
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Fig. 1 Synthesis of rotaxanes and catenanes by (a) the passive and (b) the
active template synthesis of a [2]rotaxane.
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3. Isomerism in catenanes and
rotaxanes

Although the covalent subcomponents of a mechanically bonded
molecule are not covalently linked, the mechanical link restricts
their relative motion considerably. Most fundamentally, the linear
and macrocyclic components in a rotaxane cannot move apart, as
the bulky stoppers prevent the macrocycle from escaping the
thread and similarly, the rings in a catenane cannot separate,
as they cannot pass through one another. Indeed, separation of
the covalent subcomponents of a rotaxane or catenane requires
the breaking of one or more covalent bonds and thus they are
generally considered to be molecules in their own right rather
than supramolecular species.®®

As they are independent isomers of their non-interlocked
components, rotaxanes and catenanes often display very different
physical properties compared with their constituent molecules,
including altered solubility,’® photophysical behaviour,"* and
optical activity.’? They also display forms of isomerism which
are distinct from their non-interlocked counterparts.

3.1 Co-conformational isomerism

The mechanical bond restricts large-amplitude relative motion of
the covalent sub-units in rotaxanes to shuttling of the macrocycle
along the thread and pirouetting of the macrocycle about the
thread axis (Fig. 2). Similarly, in catenanes the rings can rotate
with respect to one another and these motions are referred to as
pirouetting or circumrotation. For example, in the case of a hetero-
[2]catenane, there are two such non-degenerate, large-amplitude
motions available (Fig. 1a). Where one ring is significantly larger
than the other, circumrotation is often used to describe the
motion of the smaller ring around the larger ring and the
pirouetting, the rotation of the smaller ring on its own axis."?
Despite these restrictions, in many cases a number of different
relative arrangements of the components are possible and these
are dubbed co-conformations, in recognition of their similarity
with conformations in covalent molecules."
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Fig. 2 Controlling co-conformation in a [2]rotaxane molecular shuttle
using (a) changes in the thermodynamic preference for two binding sites
and (b) kinetic barriers to shuttling.
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In early examples of catenanes and rotaxanes there were
little or no attractive non-covalent interactions between the
components.* However, the development of passive template
methods allowed the synthesis of catenanes and rotaxanes in
which attractive interactions between the covalent components
lead to one or more well-defined co-conformation.'® Further, it
is possible to alter the co-conformational preference of the
system by application of an external stimulus (e.g. acid-base,®
temperature,'” solvent,'® oxidation-reduction,'®'® photo-
chemistry®’), which modifies the non-covalent interactions
between the components. For example, in a rotaxane it is
possible to shuttle the macrocycle from one binding site
(termed a station) to the other by application of an appropriate
stimulus (Fig. 2). The co-conformational preference of a
mechanically interlocked molecule has a large impact on its
physical and chemical properties, including fluorescence,*
optical activity,"> conductivity?* and hydrophilicity>> and such
molecular shuttles have been applied as sensors,>® smart
materials,*® drug delivery vehicles,> and molecular electronic
components.”® This general principle also forms the basis for
the development of rotaxanes and catenanes as prototypical
molecular machines, as changes in co-conformation lead to
large amplitude controlled mechanical motion.*”

As with conformational isomerism, when one or more
co-conformation is available, the system adopts a Boltzmann
distribution between the available states based on their relative
free energy. Thus, although there is a large change in the
average position of the macrocycle on shuttling, unless the
difference in free energy between the two stations is infinite, it
is important to note that there will always be a small but finite
population of co-conformations where the less favoured binding
site is occupied.

Another  similarity  between
co-conformational isomerism is that, in general, a mixture of
co-conformational isomers cannot be separated. However,
when the interaction between the components is very strong or
exchange between co-conformations is not chemically possible
under the reaction conditions, as has been observed in some
molecular shuttles based on metal-ligand interactions,*® the
co-conformations become separable. Alternatively, it is possible
to “trap” the covalent components in a given co-conformation
by introducing a steric blocking group that prevents exchange
between the available states (Fig. 2b). This approach can be
used to ratchet molecular motion,?® and has been applied to
great effect by Leigh and co-workers in the development of
molecular motors based on [2]catenanes.

conformational and

3.2 Connectivity in rotaxanes and catenanes

In their seminal paper on chemical topology, Wasserman and
Frisch discussed the potential for isomeric catenanes and
rotaxanes with different mechanical connectivity.® For example,
a [3]catenane composed of two different rings can potentially
exist as two different isomers (Fig. 3a). Similarly, a [3]rotaxane
comprised of a translationally unsymmetrical thread (i.e. the two
ends of the thread unit are different) and two different rings can
be formed as two different isomers based on the arrangement of
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Fig. 3 Constitutional isomerism in (a) a [3]catenane; (b) [3]rotaxane; (c) X-
ray crystal structure of olympiadane. Fig. 3c from ref. 34 and reproduced
with permission from Elsevier.

the rings on the thread (Fig. 3b). In the case of catenanes these
isomers are often referred to as topological isomers as their
molecular graphs are non-identical.*" This term does not apply
in the case of rotaxanes as both isomers are topologically trivial.
However, both cases are reminiscent of constitutional isomers
in covalent chemistry, and thus they could be said to differ in
their mechanical constitution.

Although still challenging, methods to selectively synthesise
specific isomers of molecules containing multiple mechanically
bonded components have been developed, including the selective
synthesis of both isomers of a hetero-ring [3]rotaxane by Leigh and
co-workers through sequential bond formation,** and the Stoddart
group’s impressive synthesis in 1994 of olympiadane, a [5]catenane
with the same connectivity as the Olympic logo (Fig. 3c).**?*

3.3 Stereoisomerism of catenanes and rotaxanes

Depending on the molecular symmetry of the sub-components of a
mechanically interlocked molecule, there is the potential for stereo-
isomerism as a consequence of the mechanical bond. For instance,
when the thread of a [2]rotaxane is translationally unsymmetrical
and the two faces of the macrocycle are differentiated there are two
possible diastereoisomers depending on the relative orientation of
the components, analogous to the geometrical isomers of alkenes
(Fig. 4a). These are separable as they cannot be interconverted
without breaking the mechanical bond and examples of their
stereoselective synthesis have been reported, particularly in the
case of rotaxanes based on cyclodextrin macrocycles.*

The formation of the mechanical bond also gives rise to
optical isomerism, even when the covalent sub-components
themselves are devoid of sources of covalent chirality. Wasserman
and Frisch recognised that a [2]catenane composed of two

a) a a b) l .

C)‘ e ' I e I d‘ o
Fig. 4 Examples of stereoisomerism in [2]rotaxanes and [2]catenanes:
(a) cis and trans isomers; (b) a chiral catenane based on rotationally
unsymmetrical macrocycles; (c) a chiral rotaxane composed of a translationally

unsymmetrical thread and rotationally unsymmetrical macrocycle; (d) a chiral
catenane based on facially unsymmetrical macrocycles.
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rotationally unsymmetrical rings exists as a pair of mirror
images (Fig. 4b).® Similarly, Schill proposed in 1971 that a
[2]rotaxane in which the thread and macrocycle are translationally
and rotationally unsymmetrical respectively is a chiral molecule
(Fig. 4c).>® In the former case, the catenanes are referred to as
topologically chiral as they possess a chiral molecular graph.*!
Again, in the case of such chiral rotaxanes, this term does not
apply. Given the similar origin of the optical activity, the term
mechanically chiral is used below in order to emphasise
the structural feature responsible for the optical activity and
differentiate sources of covalent chirality from that arising from
the mechanically bonded structure.

Although mechanically chiral catenanes and rotaxanes
based on rotationally unsymmetrical macrocycles have been
synthesised and their enantiomers separated using chiral stationary
phase HPLC by Végtle, Sauvage and others,*” there is currently
no published method for the stereoselective synthesis of these
challenging targets in enantiopure form,*® which has limited
their investigation to date. However, Vogtle and co-workers,
using resolved material, demonstrated that mechanically chiral
rotaxanes show extremely high molar ellipticity.’” Further,
Hiratani and Kameta demonstrated that a racemic mixture of
mechanically chiral rotaxanes bind small chiral molecules with
high diastereoselectivity.*

It is also possible to generate optically active [2]catenanes
if both rings are facially unsymmetrical (Fig. 4d), the first
example of which was synthesised as a racemic mixture by
Puddephatt and co-workers.*® Later work from Marinetti and
co-workers employing a covalently chiral, facially unsymmetrical
macrocycle as a single enantiomer allowed the separation of the
diastereoisomers of catenane 1 to give both diastereoisomers in
optically pure form (Fig. 5).**

The investigation of stereoisomerism in catenanes and
rotaxanes is a relatively underdeveloped area which is ripe for
further study. In particular, the development of mechanically
chiral catenane and rotaxane catalysts represents an exciting
opportunity to apply a new form of molecular asymmetry in the
challenging field of enantioselective synthesis. In order to achieve
this, novel methods are required to allow stereoselective access to
these molecules in enantiopure form.

Fig. 5 Diastereoisomers of mixed mechanically and covalently chiral
[2]catenane 1 synthesised by Marinetti and co-workers and separated
using HPLC.
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4. Challenges in the post-synthetic
modification of rotaxanes and
catenanes — maintaining the
mechanical bond

The post synthetic modification of rotaxanes and catenanes by
reaction of pendant functionality is relatively trivial, although
perhaps underexplored, approach to generating structural
diversity in catenanes and rotaxanes. It is also possible to convert
a rotaxane into a catenane by cyclisation of the thread component,
again an underutilised approach, which allows the synthetic
challenges of mechanical bond formation and macrocyclisation
to be dealt with separately.*> However, the need to maintain the
mechanical bond places restrictions on the modification of key
components including the skeleton of the macrocycle and the
stoppering units of rotaxanes. A limited number of elegant
solutions to these synthetic challenges have been reported.

4.1 Replacement of stopper units in rotaxanes

A crucial requirement in any successful post synthetic modifi-
cation of a rotaxane is that the mechanical bond itself is not
disrupted, which places restrictions on the development of
successful strategies to replace the stoppering end groups; if
stopper is removed the macrocycle is free to escape the thread
and the mechanical bond is broken.

Stoddart and co-workers developed a grafting approach that
allows the stoppering unit of a rotaxane to be replaced without
any risk of the system dethreading, by ensuring that all of the
intermediates of the reaction are also stoppered. In the first
example reported, the bulky phosphonium stopper in rotaxane
2 was replaced using a Wittig reaction; as the bulky phosphorous
unit remains associated throughout the process, based on the
established mechanism of the Wittig reaction, the steric bulk of
the stopper unit is always sufficient to maintain the mechanical
bond, even though under the strongly basic conditions of the
reaction the crown ether-ammonium template is completely
disrupted (Fig. 6a).** Thus phosphonium rotaxane 2 is converted
in high yield into rotaxane 4 where the stopper unit is now an
alkene derived from aldehyde 3.

The utility of the approach was demonstrated through the
synthesis of a [4]rotaxane comprised of three macrocycles around a
single thread. This grafting approach has since been extended to
more complex structures,* and other reactions which meet the
criteria of producing fully stoppered intermediates including the
Tsuji-Trost reaction of allylic ester in which a bulky carbonate
stopper is replaced by a substituted malonate,*® transesterification®®
and aminolysis?” of simple and activated esters, and the Michael/
retro-Michael displacement of vinyl sulfoxides by sulfides.*®

Leigh and co-workers extended this concept to produce a
mechanically interlocked auxiliary for the synthesis of rotaxanes in
which no recognition elements are present, so called “impossible”
rotaxanes (Fig. 6b)."® Rotaxane 5 was synthesised through a
clipping reaction of the macrocycle around the amide template.
The macrocycle is initially confined to the more polar left-hand
amide portion of the thread, due to the bulky TBDMS group

Chem. Commun., 2014, 50, 5128-5142 | 5131
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Fig. 6 Replacing the stoppers in a [2]rotaxane:
Wittig grafting approach (PFg anions omitted for clarity);
mechanical auxiliary synthesis of an “impossible” rotaxane.
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(a) Stoddart's original
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which acts as a kinetic barrier to shuttling. Subsequent desilylation
allows the macrocycle to explore the full length of the thread. In
DMSO, the dominant co-conformation is that with the macrocycle
on the alkyl right-hand portion of the thread, as this both allows
the amide station to hydrogen bond to the DMSO and the macro-
cycle to shield the lipophilic alkyl chain from the polar solvent.
Thus, subsequent resilylation in DMSO yields rotaxane 6 as the
major product, in which the macrocycle is now confined to the
alkyl portion of the thread. A subsequent transesterification
grafting reaction with alcohol 7 yields rotaxane 8 which contains
no significant inter-component interactions. Overall, the amide
template for the clipping reaction to produce rotaxane 5 acts as
an auxiliary for the formation of a mechanical bond between the
macrocycle and alkyl thread, which would be extremely challenging
to form in any other way.

4.2 Shrinking or expanding the macrocycle

In the same way as replacing the stopper units of a rotaxane
runs the risk of breaking the mechanical bond, removing or
adding functionality to the skeleton of the macrocycle runs the
risk of allowing the covalent sub-components of a rotaxane or
catenane to dissociate if the ring is opened during the process.
Overcoming this problem in the case of the macrocycle is
extremely challenging and to date only a few examples have
been reported.

Contraction of the ring by removal of a sub-unit has been
achieved via the photoextrusion of SO, from a crown ether sulfone
macrocycle (Fig. 7).*>*° Thus, pseudorotaxane 9, in which the
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Fig. 7 Contraction of a macrocycle via photochemical extrusion of SO,
(PFg anions omitted for clarity).

macrocycle is large enough to slip over the stopper units (albeit
slowly at room temperature) is converted to rotaxane 10 in 28%
yield upon irradiation with UV light. The mechanism of the
reaction is thought to be the loss of SO, to give a diradical
intermediate, which then recombines to form the new C-C
bond. Given that the interlocked product is isolated after ring
contraction, it appears that the recombination of the radical
chain ends is competitive with the dissociation of the thread
and macrocycle.

Insertion of functionality into the ring skeleton to enlarge the
macrocycle is similarly underutilised. Takata and co-workers
demonstrated that the Diels-Alder reaction of an exocyclic diene
in catenane 11, followed by ozonolysis of the resulting cyclohexene
with oxidation of the thioether units, led to catenane 12, in which
the macrocycle skeleton has been expanded by six atoms in
reasonable yield (Fig. 8a)." Recently, Advincula and co-workers
demonstrated that a living ring-opening polymerisation can be

then KCN
—_—

73%

n

Fig. 8 Expansion of macrocycles in [2]catenanes: (a) a Diels—Alder/ozo-
nolysis approach developed by Takata et al.; (b) Advincula and co-workers'
living ring opening polymerisation of [2]catenane 13 to deliver catenated
polymers 14.
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used to expand the macrocycles of [2]catenane 13 which con-
tain reactive stannyl ester units, to deliver catenated cyclic
polymers 14 that the authors successfully visualised using
AFM on a mica surface.>

5. The effect of mechanical bonding
and chemical reactivity

The mechanical bond alters the chemistry of catenanes and
rotaxanes by restricting the relative motion of the subcomponents,
increasing steric hindrance of reactive functionalities and altering
the strength of intercomponent non-covalent interactions with
important implications for their chemistry and applications.

5.1 The effect of mechanical bonding on non-covalent
interactions

Perhaps the most obvious effect of mechanical bonding is to
increase the strength of non-covalent interactions between the
components. This became apparent early in the development of
passive template methods with the observation by Sauvage and
co-workers that the removal of the Cu' template from the
[2]catenane product required much more harsh conditions
than those required to demetallate a simple homoleptic
Cu"-phenanthroline complex, for which the authors coined the
term “catenand effect”.>® Similarly, the pK, of the ammonium
unit in rotaxanes synthesised using a crown ether-ammonium
template is significantly increased compared to a mixture of the
non-interlocked components.>*

This strengthening of the interaction between components
is attributed to the loss of degrees of freedom, due to the formation
of mechanical bond. In keeping with this, the effect is larger for
systems where conformational and/or co-conformational flexibility
is minimised. Thus in rotaxanes 15, in which the macrocycle size
was systematically varied, the C-H hydrogen bond between the
triazole proton of the thread and the bipyridine nitrogen of the
macrocycle increases in strength (as judged by the chemical shift of
the triazole proton in "H NMR) as the macrocycle size is reduced
(Fig. 9).>> A similar effect was observed with variation in thread
length; shorter threads led to a stronger C-H hydrogen bond, with
the shortest thread examined giving a rotaxane in which the
triazole C-H resonated at 10.5 ppm, an approximately 2.5 ppm
shift relative to the non-interlocked thread.

5.2 The effect of mechanical bonding on chemical reactivity

The mechanical bond can also play a large role in reducing the
kinetic reactivity of the products as demonstrated by Vogtle and

e \.N N-' Bu
O o =y O) O En1try . r115 Sy tr;ag:le H
f a .
- OOO N’:NN[)f)_\O Q O Bu 2 6515b; 7.19
o "o O 3 4(15c) 764
nd ‘(CHz)’n s 4 2(15d) 835

Bu

Fig. 9 Effect of macrocycle size on the strength of a C—H hydrogen bond
as measured by the *H NMR chemical shift of the triazole C—H.
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Fig. 10 The effect of the mechanical bond on the reactivity of an alkene
towards hydrogenation.

co-workers: the hydrogenation of the alkene in the thread of
rotaxane 16 to give rotaxane 17 was significantly retarded
compared to the non-interlocked thread, with significantly
lower yields of the product observed over the same reaction
time (Fig. 10).°° The reduction in reactivity was ascribed to the
steric hindrance caused by the mechanical bond. A similar
effect was observed by Leigh and co-workers in the Diels-Alder
reaction of a fumaramide unit in the thread of a rotaxane and
by Prato and Mateo-Alonso in the stabilisation of fulleropyrrol-
idine N-oxides.”>”*®

The steric hindrance of the rotaxane architecture has been
shown to kinetically stabilise otherwise reactive intermediates
and allow their isolation. Takata and co-workers reported the
unexpected isolation and characterisation of thiophosphonium
rotaxane 19, a reactive intermediate of phosphine-mediated
cleavage of disulfide rotaxane 18 (Fig. 11a).”® The equivalent
reaction of the non-interlocked thread did not lead to an isolable
thiophosphonium salt. Recently, Goldup and co-workers seren-
dipitously isolated Cu'-triazolide rotaxane 20, the intermediate
of an active template Cu-mediated azide-alkyne cycloaddition
reaction, in which the normally highly reactive Cu-C bond is
protected by the mechanical bond (Fig. 11b).°° Even carboxylic
acids cleave the Cu-C bond only slowly to cleanly produce
triazole rotaxane 21 and it is even possible to isolate triazolide
20 in excellent yield under aqueous conditions.

In contrast, the interaction between subcomponents can
also serve to increase the reactivity of functionality through

"

Conditions

AcOH, 2 h

PrcO,H, 4 h
BUCO,H, 8 h
adamantyl-CO,H, 18 h
TFA, <5 min

>95% yield in all cases

Fig. 11 Mechanical stabilisation reactive intermediates: (a) thiophosphonium
rotaxane 19 (PF¢ anions omitted for clarity) isolated by Takata et al.; (b) the
Cu'-triazolide rotaxane isolated by Goldup and co-workers.
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Fig. 12 Sterically deactivated but electronically activated nitrone rotaxane 22.

non-covalent activation. An interesting example which combines
kinetic deactivation and thermodynamic activation was reported
by Leigh and co-workers.®" The authors found that the nitrone
functionality of rotaxane 22 was protected from reduction by
small chemical reductants such as NaBH, by the mechanical
bond; rotaxane 22 was recovered unchanged after 12 h while
corresponding thread was reduced in quantitative yield in just
30 min under the same conditions (Fig. 12). Conversely, cyclic
voltammetry revealed that the first reduction wave of the nitrone
group in rotaxane 22 occurs at E;, = —1.3 V compared with E;, =
—1.7 V for the non-interlocked thread, indicating that the first
step in the reduction is ~8 kecal mol~* more favourable. How-
ever, a kinetic study revealed that although more favourable, the
standard rate constant for the single electron reduction was two
orders of magnitude lower for the rotaxane than for the non-
interlocked thread. Thus it appears that the system is kinetically
deactivated but electronically activated towards reduction.

It is clear from the examples discussed, that mechanical
bonding has a large effect on the intrinsic chemistry of the
functional groups present in the covalent subcomponents of
catenanes and rotaxanes. This potential to modify reactivity
without altering the covalent structure and thus maintain other
desirable properties has led to a catenanes and rotaxanes being
investigated for a number of technological applications.

5.3 Applications of mechanical bonding in controlling
reactivity

The tendency of the mechanical bond to alter the reactivity of the
components, in particular to protect against unwanted reactions,
has been exploited in a number of areas. One of the first applica-
tions was in the protection of organic dyes from environmental
degradation: Anderson and co-workers demonstrated that organic
dyes such as azo- and cyanine-dyes could be encapsulated in a
rotaxane architecture and that this encapsulation enhanced their
stability to photobleaching and other environmental degradation
pathways, as well as enhancing their fluorescence.®® Later,
Smith and co-workers demonstrated that squaraine dyes, which
are unstable under biologically-relevant conditions, but highly
fluorescent in the deep red and near infrared (NIR) region - a
highly desirable property for biological applications - could be
stabilised in a rotaxane architecture.®

Anderson and co-workers demonstrated that conjugated
polymers threaded in cyclodextrin macrocycles to form a poly-
rotaxane insulated molecular wires (IMWs), such as polyvinyl-
phenylene rotaxane 24, display enhanced stability compared
with their non-interlocked analogues (Fig. 13).** The insulation
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Increased stability due to protection through encapsulation

>2-fold (a) or >3-fold (3) photoluminescence efficiency vs non-interlocked thread

Fig. 13 Enhancement of the photoluminescent properties of a polyphe-
nylene molecular wire in a polyrotaxane architecture.

of the molecular wire in a rotaxane architecture also prevents
aggregation of the conjugated polymers in the solid state and
reduces the effect of external fluorescence-quenching species; the
size of the macrocycle strongly influences the effect of insulation,
enhancing their photophysical and electro-luminescent properties
for device applications (Fig. 13). Rotaxane IMWSs have been proposed
as components of plastic electronic devices such as OLEDS, TFTs
and organic solid state lasers.®® This approach has since been
extended to other insulated oligomeric and polymeric electronic
materials by Anderson and others, including the radical cationic
form of an oligomer of polyaniline.®®

Stoddart and co-workers have developed a radical m-mer
template for the synthesis of rotaxanes and catenanes that
has allowed them to synthesise and study mechanically bonded
organic radicals based on the viologen radical cation. Impressively,
this approach allowed them to access [2]catenane 25 which displays
a remarkable six oxidation states.”” Under ambient conditions
catenane 25 exists as a mixture of the +7 (monoradical) and +6
(diradical) oxidation states (Fig. 14), the closed shell +8 state being
disfavoured due to high coulombic repulsion. Chemical oxidation
with tris(4-bromophenyl) aminium hexachloroantimonate allowed
the +8 state to be characterised fully by NMR. Square-wave
differential pulsed voltammetry allowed the closed shell +8,
and open shell +7, +6, +4, +2 and +0 species to be accessed
reversibly, allowing the system to be switched between multiple
oxidation states. When the stability of a series of analogous
rotaxanes was studied, the stability of the reduced species was
found to depend on the length of the rotaxane thread indicating
that the highly restricted nature of the mechanical bond is key in
stabilising the normally reactive paraquat radical cation.®®

Papot, Aucagne, Leigh and co-workers demonstrated a twofold
role for the steric protection of bioactive peptide, met-enkephalin
(also known as opiate growth factor, OPG), in a rotaxane architecture
in order to develop a prototypical rotaxane pro-drug.’>”® Peptidic
drugs are exciting therapeutic candidates, but their stability i vivo is

256+ 257+

diamagnetic paramagnetic

Fig. 14 Stoddart's radically configurable [2]catenane (PFg anions omitted
for clarity).
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Fig. 15 A rotaxane pro-peptide for the targeted delivery of bio-active
peptide 27. B-Galactosidase cleaves the glycosidic bond which removes
the stopper group and allows the macrocycle to escape, liberating
the peptide.

often poor. Macrocycle 28 wrapped around the peptide thread
of rotaxane 26 prevents the degradation of OPG by peptidases
and also leaves it in a biologically inactive form. Cleavage of the
stopper unit by the enzyme B-galactosidase releases active
peptide 27, suggesting that this approach could be used to
deliver peptide drugs and allow their targeted release (Fig. 15).
This is particularly useful in the case of OPG as it possesses both
anti-tumour activity and influences perception of pain. Thus it
would be extremely advantageous to be able to administer it in
an inactive form and target its activation to the tissue of interest.
In a follow up study the authors enhance the approach further by
equipping the macrocycle with solubilising groups, increasing
the rotaxane’s solubility by four orders of magnitude relative to
the corresponding thread, thereby addressing another key
problem experienced in the development of peptidic drugs,
bioavailability.”*

In 2001, Okumuro and Ito demonstrated a very different role
for mechanical bonding in controlling the mechano-chemistry
of polymers by introducing mobile cross links between the polymer
chains based on cyclodextrin macrocycles (Fig. 16a).”>”* Here
the purpose of the mechanical bond is not to enhance or reduce
reactivity per se, but to allow the strain experienced by a
polymer under deformation to be distributed over the network
in a manner akin to a pulley in a network of cables (Fig. 16b)
and thus reduce the driving force for mechanically induced
chain scission. These slide-ring polymers and gel show drama-
tically enhanced tensile strength among other unusual proper-
ties, such as remarkable swelling properties (Fig. 16c), and
have begun to find application in scratch resistant coatings
and paints.

Recent work from the Smith group has combined the
stabilisation of a squaraine dye in a rotaxane architecture with
control over chemical reactivity to generate chemoluminescent
NIR biosensors (Fig. 17).”* Irradiation of rotaxane 29 with red
light in the presence of O, led selectively to mono-endoperoxide
rotaxane 30 which is stable indefinitely at —20 °C. On warming
to 37 °C the endoperoxide undergoes smooth cycloreversion to
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Fig. 16 Slide ring polymers: (a) schematic diagram of a slide ring cross-
linked polymer; (b) the figure of eight cross link acts like a macroscopic
pulley to distribute stress over the polymer network; (c) example of
the volume change possible in a polyrotaxane gel: left: as synthesised
(65 mg). Right: the dry gel (7.2 mg). Below: the water-swollen gel (2.93 g).
The polyrotaxane gel absorbs water up to ca. 400 times its dry
weight (reproduced with permission from Adv. Mater.). Fig. 16a and b from
ref. 72 and reproduced with permission from Nature Publishing Group.
Fig. 16c from ref. 73 and reproduced with permission from John Wiley
and Sons.

red light
0,

—_
Z 37°C

10, + hv

Fig. 17 Smith’'s NIR chemoluminescent rotaxane. Irradiation of rotaxane
29 with red light leads to formation of endoperoxide 30 which can be
stored at —20 °C. 30 undergoes cycloreversion at 37 °C to produce 'O,
and regenerate rotaxane 29.

regenerate rotaxane 29 and singlet oxygen, with concomitant
excitation of the squaraine fluorophore leading to chemo-
luminescence in the NIR. Rotaxane 30 was investigated in vivo
as a prototypical chemoluminescent biosensor. The behaviour
of rotaxane 29 is noteworthy in that (i) the parent macrocycle
is known to undergo cycloaddition with singlet oxygen on
both anthracene units to generate the corresponding
di-endoperoxide and (ii) the thermal decomposition of endo-
peroxides typically requires higher temperatures and leads to
skeletal rearrangement rather than smooth cycloreversion.”
Thus it appears that the rotaxane architecture is serving both to
control the initial cycloaddition and sterically activate the
cycloreversion process while directing the reaction to give
quantitative recovery of the rotaxane starting material.

Finally, Leigh and co-workers have demonstrated a very
different role for mechanical bonding in controlling chemical
reactivity in which the position of the macrocycle in a mole-
cular shuttle determines the rate of a chemical reaction
(Fig. 18). The non-interlocked thread of rotaxane 31 is achiral.
However, the two co-conformations of rotaxane 31 are chiral, as
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Fig. 18 A chemically driven information ratchet. Dynamic kinetic resolu-
tion of the enantiomeric co-conformations of [2]rotaxane 31 leads to
displacement of the macrocycle.

the position of the macrocycle desymmetrises the thread,
rendering the central carbon bearing the hydroxyl group stereo-
genic. These enantiomeric co-conformations exist as a racemic
mixture and react with benzoic anhydride and DMAP at an equal
rate to produce racemic rotaxane 33, in which the macrocycle is
now prevented from exploring the thread by the bulky benzoyl
ester. However, when chiral acylation catalyst (S)-32 is employed,
a dynamic kinetic resolution takes place: the two enantiomeric
co-conformations of 31 react at different rates and produce an
enantioenriched mixture of rotaxanes 33 (34% ee). When the
opposite enantiomer of catalyst 32 is employed, the opposite
enantiomer of rotaxane 33 dominates in the product mixture.
In molecular machine terms rotaxane 32 is operating as an
information ratchet,”® and this principal has since been extended
to a 3-compartment prototypical linear molecular motor.

6. Rotaxanes and catenanes as
reagents and catalysts

Given the extensive use of catalytically active metals such as Cu
and Pd, as well as organocatalytic functionality such as amines,
in the construction of catenanes and rotaxanes, it is perhaps
surprising that very few examples in which these residual
functionalities are exploited in the development of mechanically
interlocked catalysts have been reported. An obvious reason for
this apparent omission is that catenanes and rotaxanes produced
via passive template methods typically give rise to coordinatively
saturated transition metal complexes that are poorly suited
to catalysis.

The first example of a catalytically active rotaxane, thiazolium-
containing rotaxane 34, was reported by Takata and co-workers in
2004 (Fig. 19). The chiral binaphthyl unit in the macrocycle
allowed the thiazolium unit in the thread to mediate a benzoin
reaction in good yield and reasonable enantioselectivity. This
result demonstrates not only that the mechanical bond can
provide an unusual, sterically crowded reaction field for
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Fig. 19 Takata's chiral rotaxane organocatalyst 34. The chiral information
in the macrocycle is able to induce enantioselectivity in a benzoin con-
densation mediated by the thread.

catalysis, but also that chiral information transfer is possible
from one component (here the macrocycle) to a catalytic
functionality in the other (the thread).

With regards to transition metal catalysis, Hagiwara and
co-workers have reported a bis-phosphine containing [2]catenane
as a ligand for Pd in a simple Suzuki coupling. However, no
comparison was provided between the interlocked structure and
its non-interlocked analogue to demonstrate the advantages of the
catenane over two equivalents of the corresponding macrocycle.””
In 2007 and 2008 respectively, Nishibayashi and Fan indepen-
dently reported chiral [2]pseudorotaxane rhodium complexes
as enantioselective hydrogenation catalysts.”®”® Although not
permanently interlocked, these systems demonstrate the
potential of threaded architectures in transition metal catalysis;
[2]pseudorotaxane 35 was shown by Nishibayashi et al to
provide superior enantioselectivity and activity in the hydrogenation
of enamides than the chiral macrocycle alone (Fig. 20). The authors
also demonstrated the inherent modularity of their approach by
variation of the thread and macrocycle structure, which led to large
variations in the efficiency and selectivity of the reaction.*

Loeb, Stephan and co-workers used the steric protection of a
Lewis basic amine by the mechanical bond to develop a novel
frustrated Lewis base for the activation of hydrogen.® When
rotaxane 36 and a boron Lewis acid were treated with H,,
protonated rotaxane 37 and the corresponding borohydride
anion were produced, resulting from the heterolytic activation
of hydrogen (Fig. 21). The steric hindrance of the mechanical
bond is essential for this chemistry; when the corresponding
non-interlocked thread was employed, no activation of H,
was observed. Given the general interest in frustrated Lewis
pairs in the development of novel reactions and reactivity, this

Qo o

35 (1 mol%), Hy,

Ph  NHAc se? Ph NHAG ¢\ @ /N
_ CH,Cl, 0°C
2Clz O _NH,0, ()
\

PANMO O =
(31%, 71% ee with a5 \O thPﬁ?/
macrocycle alone) g RS
O-P.
0_9 = (S)-Binol 6_9—

Fig. 20 Nishibayashi's [2]pseudorotaxane enantioselective hydrogenation
catalyst. Pseudorotaxane 35 displays superior reactivity and selectivity
compared with the macrocycle alone (PFg anions omitted for clarity).
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Fig. 21 Loeb's [2]rotaxane frustrated Lewis base: in combination with B(CgHs)s
rotaxane 36 achieves the heterolytic activation of H, at room temperature.

Phl
2 AcOH

PhI(OAC),

Fig. 22 Bernd's catalytic azodicarboxamide rotaxane for the Mitsunobu
esterification of alcohols. Stoichiometric studies demonstrated that the
macrocycle shuttles between the two stations during the catalytic cycle.

application of the unusual, sterically crowded environment of
the mechanical bond seems a promising approach.

A recent report from Berna and co-workers demonstrated the
use of an azodicarboxamide-containing molecular shuttle in a
catalytic Mitsonobu esterification (Fig. 22).#* Stoichiometric stu-
dies demonstrated that the reaction of PPh; with rotaxane 38 to
give phosphonium rotaxane 39 takes place with concomitant
shuttling of the macrocycle from the azodicarboxamide station
to the succinamide station. Rotaxane 39 then reacts with an
aliphatic alcohol to give reduced rotaxane 40, in which the major
co-conformation is still that in which the macrocycle encircles the
succinamide station. Re-oxidation of the rotaxane 40 by iodoso-
benzene diacetate regenerates rotaxane 38 and the macrocycle
then returns to the azodicarboxamide station. Thus, when
rotaxane 38 was employed sub-stoichiometrically, the catalytic
cycle proceeds with shuttling of the macrocycle between the two
stations. The authors also demonstrated that the binding of the
macrocycle to the azodicarboximide station activated the azo
functionality to attack by a phosphine, presumably due to the
Lewis acidic effect of the hydrogen bond between macrocycle
N-H and the thread carbonyl.

Osakada and co-workers have developed a di-nuclear Pd
catalyst based on a [3]rotaxane architecture which mediates
the Mizoroki-Heck reaction.®? The purpose of the rotaxane
architecture is to provide a flexible scaffold, arranging the
two palladium centres a suitable distance apart to encourage

This journal is © The Royal Society of Chemistry 2014
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Fig. 23 Osakada'’s [3]rotaxane Pd catalyst for the Mizoroki—Heck reaction.

macrocyclisation over oligomerisation when a bifunctional alkene
and organohalide are employed (Fig. 23). The authors demonstrated
that the yield of macrocycle 43 produced with rotaxane catalyst 44 is
slightly enhanced relative to using a simple mono-nuclear Pd
catalyst, although it should be noted that the effect of the rotaxane
architecture appears small and that the comparison between the 44
and Pd(PPh;),(OAc), is perhaps uninformative, given the dramati-
cally different ligands bound to the Pd centre.

Leigh and co-workers recently reported a rotaxane catalyst which
mimics one of the quintessential functions of an enzyme: the
ability to regulate its activity in response to external stimuli.** They
achieved this by employing the steric hindrance provided by the
macrocycle to reversibly cover and reveal a catalytic site using large-
amplitude molecular motion, much as the regulation of enzymes is
often achieved by opening and closing channels which give access
to the active site. The system reported is based on the application of
non-degenerate crown ether-based molecular shuttle as an organo-
catalyst for the conjugate addition of a thiol to cinnamaldehyde.
When the central amine unit is protonated it is encircled by the
macrocycle and rotaxane 45 demonstrates no catalytic activity over
5 days at room temperature (Fig. 24). In contrast, the non-
interlocked ammonium thread achieves 49% conversion under
the same conditions. However, when the ammonium unit in
rotaxane 45 is deprotonated to give rotaxane 46 simply by shaking
a solution of 45 with NaOH, the macrocycle occupies the triazolium
stations, revealing the organocatalytic amine moiety. Rotaxane 46
catalyses the conjugate addition reaction efficiently, achieving 83%
conversion over 5 days at room temperature.

7. Processive rotaxane catalysts —
towards molecular machines for
synthesis

The replication, synthesis and degradation of biopolymers in
living cells are carried out by enzymes that are remarkable for
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Fig. 24 Leigh's switchable organocatalytic rotaxane for the thiol-Michael
addition (PFe anions omitted for clarity). Switching of the co-conformation
through protonation—deprotonation of the central amine unit switches the
catalytic activity on and off.

their processivity (the number of steps they take before the
enzyme and template dissociate) and accuracy. In the case of
many DNA polymerase and exonuclease enzymes, these properties
are a consequence of the unusual arrangement of enzyme and
substrate: the substrate threads through a ring-shaped portion
of the enzyme termed the sliding clamp; this mechanical bond
holds template and catalyst together, minimising the risk of
them moving apart again before the operation is complete.®®
This mechanical link confers a significant increase in reaction
rate, as well as dramatically increasing the processivity com-
pared with the non-threaded architecture.’*®” Recently, a
number of groups have reported non-natural molecular devices
that mimic aspects of the behaviour of these complex biological
molecular machines.

In 2003, Rowan and Nolte reported the first example of
an artificial processive molecular machine by threading a
polybutadiene unit through a urea-clip macrocycle containing
a catalytically active manganese porphyrin to form a threaded
structure (Fig. 25a).%®®° Capping of the porphyrin with a bulky
pyridine ligand prevented the catalyst from acting on substrates not
threaded through the cavity. Subsequent addition of ‘BuOOH
allowed the macrocycle to epoxidise the butadiene thread rapidly.
Like the natural molecular machine it aimed to mimic, the
epoxidation reaction is highly processive (the catalyst and substrate
remain associated over multiple rounds of catalysis), with the
unusual catalyst-substrate architecture accelerating the reaction
dramatically. Further, as a consequence of the unusual catalyst-
substrate arrangement the stereochemistry of the epoxide product
(80:20 cis-trans) is different to that produced by a non-interlocked
Mn-porphyrin catalyst (20: 80 cis-trans).

Originally the reaction was thought to take place in sequence,
with each double bond transformed into the epoxide product in
turn, as shown in Fig. 25a. In subsequent publications, the authors
reported detailed and elegant investigations of the mechanism of
polymer threading through the cavity of the macrocycle and the
rate of macrocycle diffusion along the polybutadiene thread.
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Fig. 25 Rowan and Nolte's DNA polymerase mimic: (a) fragment of
rotaxane structure showing (i) macrocycle containing the Mn porphyrin
catalyst and (i) the partially oxidised polybutadiene thread resulting from
the initially proposed sequential oxidation process; (b) a schematic of the
now accepted random walk oxidation process. From ref. 89 and reprinted
with permission from the National Academy of Sciences U. S. A.

Ultimately it was determined that, although the epoxidation of
polybutadiene by such catalysts is highly processive, it does not
happen in sequence; the macrocycle diffuses along the polymer
far more rapidly than the rate of catalyst turn over and thus
randomly epoxidises the reactive alkene units (Fig. 25b).®® Takata
and co-workers reported a similar result in the cyclo-isomerisation
reaction of a thread containing allylic carbamates mediated by a
macrocyclic Pd catalyst.”

In a recent publication, Rowan and Nolte report an impressive
bio-hybrid catalyst which combines a naturally occurring DNA
clamp from the bacteriophage T4 replisome with a small molecule
catalyst.”® The authors succeeded in substituting the clamp
enzyme with three equivalents of a Mn porphyrin catalyst that is
able to oxidise DNA. By running the reaction both with and
without an octapeptide, which prevents the clamp from encircling
the DNA substrate, they demonstrated that, depending on whether
the DNA plasmid substrate threads the clamp, oxidation of the
DNA takes place in a processive or distributive fashion (Fig. 26).
They also demonstrate the directed loading of the clamp onto a
plasmid which had been nicked using a mutated restriction

“open” catalytic clamp . “closed” catalytic clamp

peptide inhibitor

of clamp binding
[ e

spontaneous
loading

loading
hampered

;lll\\ .,m L

distributive catalysis

processive catalysis

Fig. 26 Rowan and Nolte's bio-hybrid clamp for DNA oxidation. When
the clamp is prevented from encircling the DNA the oxidation events are
distributed randomly along the plasmid. When threading occurs the
catalyst behaves processively. From ref. 91 and reprinted with permission
from Nature Publishing Group.
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Fig. 27 Leigh's sequence processive peptide synthesising rotaxane. The macrocycle bearing the catalyst proceeds along the thread, cleaving each
amino acid ester gate in turn and transferring the activated thioester to the N-terminus of the peptide in a native chemical ligation reaction. From ref. 92
and reprinted with permission from the American Association for the Advancement of Science.
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enzyme. The visualisation of the DNA product was achieved using
an innovative AFM approach whereby sites of oxidation were
labelled with streptavidin and the product imaged directly.
Recently, Leigh and co-workers described a synthesising
molecular machine which uses steric control over the move-
ment of a catalyst relative to a threaded substrate to deliver the
first example of a processive rotaxane molecular machine that
is capable of reading a covalent template to produce a single,
simple, sequence specific product (Fig. 27).°> The components of
the molecular machine are the thread, which bears the amino
acid monomers as reactive phenolic esters, and a macrocycle
which bears both a terminal amine and a cysteine unit capable
of mediating a native chemical ligation reaction. The key feature
of the machine is that the amino acid monomers are too bulky to
allow the macrocycle to pass without prior cleavage of the
phenolic esters. Thus, the macrocycle cleaves the amino acids
in the order it encounters them on the thread, to produce an
activated thioester and transfers them to the amino terminus via
a native chemical ligation reaction. This process repeats until
all the esters have been transferred to the macrocycle and the
macrocycle can escape the thread. HPLC analysis revealed the
process to be remarkably selective, with only the desired
tripeptide sequence observed. When the same reaction was
carried out with a non-interlocked catalyst a complex mixture of
products was observed which demonstrated the importance of
the rotaxane architecture, which serves to inextricably link the
reaction coordinate and the motion of the macrocycle.

8. Conclusions

In this Feature Article we have discussed some of the unusual
physical and chemical properties of catenanes and rotaxanes,
and highlighted some of the challenges, opportunities and
applications that can result from their mechanically bonded
structure. Some of these applications, such as insulated mole-
cular wires, mechanically-stabilised dyes and slide ring polymers
are well established while others, such as the use of mechanical
bonding in the development of targeted pro-drugs, are already
showing significant promise.

Although synthetic methods for the production of mechanically
bonded molecules are now mature and allow complex products,
often with multiple mechanically bonded components, to be
synthesised efficiently, there is still a need for methods that allow
the synthesis of rotaxane and catenane stereoisomers. In particular,
the synthesis of mechanically chiral molecules remains an
unsolved problem which has prevented all but the most cursory
investigation of their properties.

Finally, the use of rotaxanes and catenanes as catalysts for
synthetic transformations is starting to receive attention and,
based on these early results, is proving a rich area for investiga-
tion. Further, as demonstrated in recent work by Nolte and
Rowan, and Leigh and co-workers, by combining mechanical
motion with catalysis it is possible to control chemical reactions
and alter their outcomes, in much the same way that nature
uses controlled molecular motion to regulate complex chemical
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processes such as DNA transcription. These exciting results
point the way to a marriage of the fields of catalysis and
molecular machines, which may provide future breakthroughs
for chemical synthesis.

Ultimately, artificial molecular machines that carry out
multi-step chemical reactions may allow synthetic chemistry to
approach the complexity of nature’s synthetic machinery, which
produces intricate products in an astounding mixture of starting
materials and catalysts, with each performing only their desired
function. In particular, molecular machines may find application in
the synthesis of copolymers with a precise sequence of monomers.
Such materials are produced by nature with apparent ease, but
remain a challenge for conventional synthetic methodologies.
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