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Mechanically interlocked molecules have fascinated chemists for decades. Initially a tantalising synthetic
challenge, interlocked molecules have continued to capture the imagination for their aesthetics and,
increasingly, for their potential as molecular machines and use in materials applications. Whilst preliminary
statistical attempts to prepare these molecules were exceedingly inefficient, a raft of template-directed
strategies have now been realised, providing a vast toolbox from which chemists can access interlocked
structures in excellent yields. For many envisaged applications it is desirable to move away from small, dis-
crete interlocked molecules and turn to oligomers and polymers instead, either due to the need for mul-
tiple mechanical bonds within the desired material, or to exploit an extended scaffold for the organisation
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and arrangement of individual mechanically interlocked units. In this tutorial-style review we outline the
synthetic strategies that have been employed for the synthesis of mechanically interlocked oligomers and
polymers, including oligo-/polymerisation of (pseudo)interlocked precursors, metal—organic self-assembly,
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1 Introduction

Mechanically interlocked molecules (MIMs), such as rotaxanes
(Fig. 1a) and catenanes (Fig. 1b), have fascinated chemists ever
since they were first purportedly proposed by Willstétter over
one hundred years ago.' Interest in MIMs has continued to
grow to the extent that the 2016 Nobel prize in chemistry,
awarded for seminal contributions to the design and synthesis
of molecular machines, was in part awarded to two pioneers in
the field of interlocked molecules.”

Initial efforts to prepare these species were either extremely
low yielding - using Wasserman’s statistical synthesis approach,’
Harrison and Harrison published the preparation of a [2]rotaxane
in 6% yield after 70 iterations of the reaction!* - or a synthetic
tour de force, as exemplified through Schill and Liittringhaus’
ingenious multi-step covalent approach to the synthesis of a
[2]catenane.”

The introduction of template methodologies - Sauvage’s
passive metal template (PMT),° Stoddart’s use of n-r inter-
actions,” and Vogtle and Hunter’s hydrogen-bond approach® -
finally allowed access to interlocked species in good yield and
using relatively simple starting materials. The field was further
revolutionised by Leigh’s introduction® of the active metal tem-
plate (AMT) approach,'® in which metal ions act to both pre-
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the use of orthogonal template motifs, iterative approaches and grafting onto polymer backbones.

organise precursors and catalyse covalent bond formation to
mechanically trap components.

With a range of synthetic strategies available, efforts to syn-
thesise more and more elaborate interlocked molecules
remain ongoing. Some of the MIMs realised to date (Fig. 1c-h)
include the trefoil knot,"" pentafoil knot,"* an 8, knot,'
Borromean rings,"* Solomon link,"” and a Star of David cate-
nane (6% link).'® Alongside these impressive synthetic efforts,
applications of these molecules have begun to be investigated.
Some notable examples include the use of MIMs as infor-
mation ratchets,'” drug delivery vectors,'® a sequence-specific
peptide synthesiser,"” mechanically planar chiral ligands for
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Fig. 1 Examples of mechanically interlocked molecules: (a) [2]rotaxane;
(b) [2lcatenane; (c) trefoil knot; (d) pentafoil knot; (e) 819 knot; (f)

Borromean rings; (g) Solomon link (double-braided [2]catenane); (h) Star
of David [2]catenane (62, link).
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Shuttling Pirouetting

Fig. 2 Changes in co-conformation of MIMs as a result of shuttling or
pirouetting of sub-components relative to each other.

asymmetric catalysis,>® and as components of monolayers to
control the wettability of a surface.>"

One of the most enticing properties of MIMs is the ability
of their sub-components to move relative to each other (Fig. 2).
Both translational (shuttling) and rotational (pirouetting)
motion have been exploited in the functioning of molecular
switches and machines based on mechanically interlocked
components.”” It is this very same characteristic that makes
small molecule MIMs so exciting a prospect that has encour-
aged chemists to explore incorporating them into polymeric
materials. The archetypal examples of this is the slide-ring gel,
first reported by Okumura and Ito. Prepared through cross-
linking of macrocycles between polyrotaxane strands, the
resultant gel was capable of absorbing 400 times its dry weight
in water and possessed good tensile strength. This was due to
the ability of the macrocycles to move along the polymeric
axles and delocalise stress, allowing tension to be distributed
not only across a single polymer chain, but also those held
adjacent by the mechanical bond.*?

Polymeric MIMs can be classified dependent on both the
interlocked unit in the structure and the manner in which the
mechanical bond is incorporated into the polymer (Fig. 3).
These include different types of main chain polyrotaxanes
(Fig. 3a-d), side chain polyrotaxanes (Fig. 3e and f), daisy
chain [an]- and [cn]polyrotaxanes (Fig. 3g and h, respectively),
linear, radial and network polycatenanes (Fig. 3i, j and k,
respectively), main chain polycatenanes (Fig. 31) and side
chain polycatenanes (Fig. 3m and n).

Excellent reviews on polyrotaxanes and polycatenanes have
been previously published with an emphasis often placed on
specific types of polyMIMs,>* select components,> or an ana-
lysis of function.”® Herein, we instead seek to provide a broad
and general overview of the synthetic approaches that have
been applied to preparing oligomeric and polymeric mechani-
cally interlocked systems (polypseudo-MIMs will not included).
This will not be comprehensive; instead, relevant examples
from the literature will be used to highlight different synthetic
strategies. For clarity and utility we have separated method-
ologies for preparing oligomeric and polymeric MIMs, with oli-
gomers broadly defined for convenience as molecular systems
for which the precise number of interlocked components is
known (and is greater than two). MIMs of this nature are often
termed higher order to distinguish them from simpler, more
common systems, such as [2]catenanes and -rotaxanes.
Systems for which there is a polydispersity of products will be
considered polymeric.
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Fig. 3 Cartoon diagrams of various polymeric rotaxanes and catenanes.
Main chain polyrotaxanes which may consist of (a) a polymeric axle with
multiple threaded macrocycles, (b) a [2]rotaxane polymerised through
the macrocycle, (c) a [3lrotaxane polymerised through both macro-
cycles, or (d) a [2]rotaxane polymerised through both the macrocycle
and axle. Side chain polyrotaxanes in which either (e) the axle or (f)
macrocycle components are pendant from the polymer chain. (g) [an]-
and (h) poly[c2]-daisy chain rotaxanes. Poly[n]catenanes can be (i) linear,
(j) radial, or (k) branched/network. (1) Main chain polycatenanes consist
of polymer strands joined through a topological link. Side chain polyca-
tenanes can have one of the macrocycle components covalently (m)
appended off the polymer chain, or (n) incorporated into it.

2 Synthesis of mechanically
interlocked oligomers

In some instances it may be preferable to have a mechanically
interlocked oligomer either with a particular number of com-
ponents, or for which the precise number of components is
known. In this section we outline three main approaches to
such oligomeric MIMs. The first is a one-pot approach with
pre-organised precursors designed to react to give a specific
product. We term this the orthogonal template strategy as it
uses multiple templating interactions simultaneously - in
order to be effective these must be specific and not interfere
with each other in a deleterious fashion, ie. they must be
orthogonal. This approach is operationally quite simplistic,
with a number of different components being able to be
brought together in a single reaction. However, this also limits
the range of products that can be obtained, as these need to be
considered when designing the precursor materials. An
alternative, and (at least potentially) more flexible, approach is
the iterative reaction strategy, in which an additional unit is
added with each reaction cycle. Although generally less expedi-
ent, this method does allow for different components to be
incorporated at each iteration which might not otherwise be

This journal is © The Royal Society of Chemistry 2020
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mutually compatible and hence amenable to orthogonal
templation.

The third approach described is oligomerisation of
(pseudo)interlocked precursors. This can be further subdi-
vided: if irreversible covalent chemistry is used the oligomeric
product will be formed under kinetic control; if labile metal-
organic interactions are used then conditions can be tuned for
thermodynamic control. The former is likely to lead to a
mixture of products that will require separation. However,
whilst self-assembly is liable to give more homogenous
metallo-oligomers in high yields, the products will tend to be
less robust than their organic counterparts.

2.1 Orthogonal templates

To construct relatively complex interlocked molecules in a
minimum number of steps, multiple copies of templates used
for lower order MIMs can be incorporated into the building
blocks. As an exemplar of this concept, Cronin, Stoddart and
co-workers observed that an acyclic diamine could undergo
imine condensation with 2,6-pyridinedicarboxaldehyde about
a bis-ammonium axle to quantitatively form a [3]rotaxane
(Fig. 4). By using oligo-ammonium axle components, the same
clipping methodology was able to furnish main chain [12]-,
[16]- and [20]rotaxanes in excellent yields (typically >90%).
Thus, by simply extending the number of template moieties in
the axle (combined with an exceedingly efficient cyclisation
reaction) higher order rotaxanes could be obtained.>”

To incorporate multiple different components, however,
requires the simultaneous use of multiple templates. This
is a sophisticated approach that necessitates orthogonality
between template motifs - the intercomponent interactions
need to be specific so as not to cause interference.

An early example of this approach was the synthesis of a
sequence-specific [3]rotaxane by Schalley and co-workers,
employing what was referred to as ‘cascade stoppering’.
An axle component with two ammonium binding sites was
prepared with a phenylene spacer unit between them.
Combining with two crown ether macrocycles of different sizes
(dibenzo-24-crown-8 - DB24C8 - and benzo-21-crown-7 -
B21C7) resulted in integrative self-sorting of the components
to give a pseudo[3]rotaxane. The inability of the smaller
B21C7 macrocycle to pass over the phenylene spacer ensured
that, following stoppering (with a group small enough for any
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Fig. 4 Cronin and Stoddart’s imine clipping approach to main chain
oligoln]rotaxanes. By incorporating multiple ammonium template motifs
into an oligomeric axle, high yielding dynamic covalent chemistry was
demonstrated to afford oligorotaxanes with up to 20 interlocked
components.
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Fig. 5 (a) Integrative self-sorting of a pseudo[3]rotaxane via cascade
stoppering ensured exclusive formation of a single sequence-specific
isomer of a heterocircuit [3]rotaxane. This approach has subsequently
been extended to the one-pot synthesis of (b) a [4]rotaxane prepared
from six components, and (c) a doubly-threaded [7]rotaxane from
eleven components.

errant DB24C8 to pass over), the heterocircuit [3]rotaxane
product consisted exclusively of one of the possible sequence
isomers (Fig. 5a).”

This methodology has recently been expanded by Qu and
co-workers to prepare a [4]rotaxane, in one pot from six com-
ponents, incorporating a [c2]daisy chain motif in over 50% iso-
lated yield (Fig. 5b),>° and Liu and co-workers to synthesise an
astonishing doubly-threaded [7]rotaxane (Fig. 5c) from eleven
components in 42% yield!*® Whilst the remainder of this dis-
cussion will continue to focus on templates that operate under
thermodynamic control, it should be noted that it is possible
to achieve self-sorting through kinetic control. This has been
demonstrated by Neal and Goldup with the AMT synthesis of
heterocircuit [3]rotaxanes. Through careful choice of macro-
cycle and stoppering groups, specific sequence isomers of het-
erocircuit [3]rotaxanes were formed to the exclusion of alterna-
tives by exploiting the relative kinetic stabilities of the poten-
tial products.®*

Although a potentially powerful approach, cascade stopper-
ing relies upon carefully tuned steric interactions, which may
not always be simple to include in a molecular design. An
alternative would be to use two (or more) distinct intercompo-
nent interactions, wherein selective formation of specific host-
guest assemblies enables one-pot syntheses of multi-com-
ponent MIMs with high structural fidelity.

Qu and co-workers were able to achieve this through an
extension of Schalley’s cascade stoppering with DB24C8 and

Org. Biomol. Chem., 2020, 18, 6757-6780 | 6759


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ob01583k

Open Access Article. Published on 25 Liigen 2020. Downloaded on 03/03/2026 1:56:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

N'\' 'I” ,\

Hy o'\/\IW\.\IV\\
NN

r(

Fig. 6 Qu’s eight-component synthesis of a heterocircuit [6]rotaxane
with three different crown ether macrocycles (DB24C8, blue;
BPP34C10, red; B21C7, orange).

B21C7 through inclusion of a third crown ether macrocycle,
bis(paraphenylene)-34-crown-10 (BPP34C10), known to bind
electron poor paraquat-based guests, chiefly through n—x inter-
actions,®> with much greater affinity than DB24C8. In this
manner a sequence-specific heterocircuit [6]rotaxane was
obtained in almost 50% yield from the CuAAC reaction of a
DB24C8/BPP34C10 pseudo[4]rotaxane with a B21C7 pseudo[2]
rotaxane, based on the selective binding preferences of the
three macrocycles for the three axle recognition motifs
(Fig. 6).*

Stoddart and co-workers also investigated the potential of
orthogonal interactions by using two macrocycles with
different guest-binding properties: cucurbit[r]urils (CB[n]s)
and cyclodextrins (CDs). CDs are a versatile class of macro-
cycles that are water soluble yet possess a hydrophobic cavity.
This facet can be exploited to drive host-guest formation via
the hydrophobic effect.>® In contrast CB[n]s bind strongly to
cationic guests, such as those with ammonium units.*> An
interesting property of CB[6], first noticed in the early 1980s by
Mock and co-workers, is that upon formation of a heterotern-
ary assembly with azide and alkyne guests, regiospecific for-
mation of 1,4-disubstituted-1,2,3-triazoles by confinement-
accelerated 1,3-dipolar cycloaddition of the reagents is
effected.’® Through the use of bulky N-tert-butyl ammonium
reagents, too large to pass through the cavity of CB[6], the
same group were able to form a kinetically stable [2]rotaxane
product using this CB-azide-alkyne cycloaddition (CB-AAC)
reaction.””

Based on this property, a bitolyl building block was
designed such that the core aromatic unit was bound by - or
y-CD in aqueous media, whilst propargylammonium groups at
the termini were encapsulated by CB[6]. Addition of a suitable
azide blocking group allowed the CB-AAC reaction to proceed,
resulting in the desired heterocircuit [4]rotaxanes in essen-
tially quantitative yield (Fig. 7a). Intriguingly, the presence of
the CD macrocycle appeared to accelerate the CB-AAC reaction
over 100-fold, apparently arising from hydrogen bonding inter-
actions between the two macrocycles.*®

The CB-AAC reaction is also amenable to cyclisation reac-
tions between appropriate di-functionalised building blocks.

6760 | Org. Biomol. Chem., 2020, 18, 6757-6780
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Fig. 7 Combining non-covalent templates with the CB[6]-catalysed
azide—alkyne cycloaddition: (a) Stoddart’s synthesis of a heterocircuit [4]
rotaxane with - and y-CDs, and (b) Au-Yeung's [6]catenane synthesised
using a Cu(i)-phenanthroline PMT.

Under pseudo-high dilution conditions, Au-Yeung and co-
workers were able to cyclise two bis(propargylammonium)
units, held orthogonal to each other by phenthroline ligands
coordinated to a Cu(i) ion, with a bis-azide. The resulting
molecule, formed in an astounding 91% yield (as determined
by LCMS), can be described as a heterocircuit [6]catenane,
composed of two interlocked [3]catenanes (Fig. 7b). Omitting
the Cu(1) template allowed isolation of the individual [3]cate-
nane component. Alternatively, addition of a pre-formed phe-
nanthroline macrocycle with Cu(i) to the reaction formed a
pseudo[2]rotaxane complex, resulting in a radial [4]catenane
constituted of three different macrocycles.*”

Although extensive research has given us an acute knowl-
edge of various template motifs, seemingly innocent structural
modifications are still capable of profoundly affecting reaction
outcomes in unpredictable ways, as demonstrated by the fol-
lowing example from Stoddart and co-workers. Building on the
above work on CD-accelerated CB-AAC reactions, an investi-
gation was undertaken to explore the potential for using
Ogoshi’s pillat[n]arenes®® in a similar fashion. An N,N'-bis(azi-
doalkyl)-4,4"-bipyridinium was reacted in the presence of pillar
[5]arene, with which it is capable of forming a pseudorotaxane
assembly, with a propargylammonium stopper and CB[6].
With an ethyl or propyl linker between the pyridinium and
azide units heterocircuit [4]rotaxanes with two CB[6] macro-
cycles and one pillar[5]arene were obtained in >95% yield;
when repeated with the butyl-linked bis-azide, the seemingly
insignificant addition of a single methylene unit was found to
effect exclusive formation of a [5]rotaxane with two pillar[5]

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Stoddart’'s orthogonal CB-AAC-mediated formation of heterocir-
cuit [nlrotaxanes. Changing from an ethyl/propyl to a butyl linker
between the azide and pyridinium units served to effect quantitative
switching of the reaction product from a [4]rotaxane to a [S]rotaxane.

arene macrocycles encircling the bipyridinium core of the axle
(Fig. 8).*"

2.2 Iterative approaches

One of the key advantages of the previously described orthog-
onal template strategies is that a considerable amount of mole-
cular complexity can be built up in a single step, allowing
rapid access to intricate multi-component MIMs. However, the
exact structure of the target molecule would need to be known
in order to design the building blocks with precision, allowing
little in the way of adaptability. In contrast an iterative
approach, in which a set number of components would be
added with each reaction, could potentially allow for the intro-
duction of different components and enable structure diversi-
fication at a late stage in the synthetic process.

An early example of this was reported by Tsivgoulis and
Hadziioannou. A [2]rotaxane was prepared with functional
groups on the axle and macrocycle - an alcohol and a car-
boxylic acid, respectively - rendered unreactive by orthogonal
protecting groups. Selective removal of either the alcohol’s
‘BuPh,Si protecting group with Bu,NF or the allyl group of the
carboxylic acid with Pd(PPh;), yielded [2]rotaxanes with comp-
lementary reactive groups. An esterification reaction between
the two selectively deprotected products gave the corres-
ponding [3]rotaxane (Fig. 9); this MIM could again be selec-

Ogo OH
51 Q

Fig. 9 Orthogonal protecting group strategy towards the iterative syn-
thesis of oligolnlrotaxanes: the ‘BuPh,Si alcohol protecting group can
be selectively removed with BuyNF, and the allyl ester can be cleaved
with Pd(PPhs),. Selective ester formation between the macrocycle of
one rotaxane and the axle of another can be ensured in this manner.

OH
—>

[e) O’\/\rfo\/\ o)

,—/_I(o

O’\/YO\/\
0 - —

ﬂ

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

tively deprotected, and reaction of the two resultant products
successfully yielded the desired [5]rotaxane.** This orthogonal
protecting group strategy is elegant in its simplicity, although
versatility may be hindered by the need for deprotection and
coupling conditions that do not interfere with each other or
the structure of the mechanically interlocked components.

An alternative method, utilised by Stoddart and co-workers,
is to exploit the difference in reactivity profiles between
reagents. The clipping of tetracationic cyclobis(paraquat-4,4™-
biphenylene) around two tris-p-phenylene-51-crown-15
(TPP51C15) macrocycles in MeCN at ambient temperature and
pressure gave the corresponding [3]catenane, albeit in a
modest 3.5% yield. Under more forcing conditions (DMF,
11-14 kbar) it was possible to subsequently effect interlocking
of the smaller cyclobis(paraquat-p-phenylene) (CBPQT™),
giving both the heterocircuit [4]catenane, in 22% yield, and
trace amounts (<0.5%) of the [5]catenane (Fig. 10a).*?

a) * = = B "
(C"/\O,\O_) =) N r /‘N/\cr\oz\(‘)x
o} o i o
Q N Pa)
o O
p DMF N —(}

J 11-14 kbar

Fig. 10 Stoddart’s iterative synthesis of oligo[n]catenanes: (a) two-step
synthesis of a [5]catenane via a [3]catenane intermediate, and SCXRD
structures of (b) the [5]catenane olympiadane, and (c) a fully saturated
[7]catenane.
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As 1,5-dihydroxynaphthylene derivatives were known to
bind within the cavity of CBPQT** with higher affinity than
hydroquinone derivatives, TPP51C15 was replaced with tris-
naphtho-57-crown-15 (TNP57C15) to give an analogous [3]cate-
nane intermediate. Subsequent clipping of CBPQT*" was able
to be effected under milder conditions (ambient temperature
and pressure), giving the [4]- and [5]catenane products in
appreciable yields (31% and 5%, respectively). The latter com-
pound is famously known by the name ‘olympiadane’, after its
resemblance to the five interlocked rings constituting the
symbol of the Olympic Games (its SCXRD structure is shown,
with appropriate colouring of the macrocycles, in Fig. 10b).

Repeating the second step of this synthetic route under
high pressure conditions (12 kbar in DMF) enabled clipping of
additional CBPQT*" macrocycles around the remaining
naphthalene binding sites. This led to a mixture of products
that could be separated and isolated by column chromato-
graphy, giving an increased yield of olympiadane (30%) as well
as a [6]catenane (28% yield) and the fully saturated (i.e. all reco-
gnition sites occupied) [7]catenane (26%; Fig. 10c).** Thus
through careful design of components and judicious choice of
reaction conditions, [n]catenanes with n = 3-7 were able to be
obtained in good yield, with control over the incorporation of
different macrocyclic components.

One drawback of this approach was that the inter-com-
ponent interactions used to drive formation of the mechanical
bonds persisted in the resultant interlocked structure. This
effectively removed them from use as template sites and once
fully saturated, as in the [7]catenane above, subsequent reac-
tion becomes impossible.

Leigh and co-workers devised an ingenious method to
avoid this by incorporating a single, reusable binding site into
a rotaxane axle (Fig. 11a). The rotaxane design was based on a
previously established Pd-PMT approach.*®> An asymmetric axle
was prepared incorporating a pyridine station at one end, and
a collecting chain at the other. Binding of the palladium
complex of an acyclic pyridine dicarboxamide ligand
(Fig. 11b), followed by cyclisation and demetallation, gave the
[2]rotaxane product (62% yield). Importantly, the demetalla-
tion step removed the template interaction between macrocycle
and axle, liberating the pyridine binding site. Subsequent iter-
ations of this reaction sequence added, due to the lone
binding site, a single macrocycle each time, allowing succes-
sive access to the [3]- and [4]rotaxanes.*® Due to the proximity
of the pyridine station to the adjacent stoppering group,
binding of the incipient macrocycle ensured that extant macro-
cycles were located on the collecting chain only. This was sub-
sequently exploited for the sequence specific addition of
different macrocycles, resulting in the ability to uniquely form
and isolate specific diastereoisomers of a heterocircuit [3]
rotaxane (Fig. 11c)."’

A thematically similar approach, utilising an energy ratchet
mechanism, was reported recently by Stoddart and co-workers.
The pump operates through initial reduction of the CBPQT**
macrocycle and bipyridinium station of the axle to CBPQT*(*)
and the bipyridine radical cation, respectively. The stable
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Fig. 11 (a) Leigh's iterative approach to sequentially add macrocycles to
a pre-formed axle, using a (b) palladium-based PMT motif. (c) Through
careful design of the axle it was possible to add different macrocycles in
a specific sequence allowing access to heterocircuit [3]rotaxane
isomers. (d) Stoddart's redox-driven molecular pump. Reduction of
CBPQT** and the bipyridinium station of the axle results in threading
due to attractive interactions between the radical cations. Subsequent
oxidation forces the CBPQT** onto the collecting chain. Repetition of
the redox cycle traps a second macrocycle. (e) Goldup’s AMT iterative
strategy in which each reaction both adds a macrocycle and extends the
axle, theoretically allowing indefinite growth of the oligo[n]rotaxane.

radical trication host-guest complex® formed between these
two allows the macrocycle to pass over a pyridinium valve.
Subsequent oxidation results in coulombic repulsion between
the tetracationic macrocycle and both the pyridinium valve
and bipyridinium station, forcing it over an isopropylphenyl
speed bump onto the collecting chain where it is kinetically
trapped, giving a [2]rotaxane. Another round of redox pumping
traps a second macrocycle (Fig. 11d).*® Exploiting the precision
of this mechanism, Astumian, Li, Stoddart and co-workers
positioned two of the molecular pumps at either end of a PEG
collecting chain. Thus, with each round of redox pumping,
two CBPQT*" macrocycles were added to the polymer chain.
Due to the high efficiency of the molecular pumps, iterative
redox cycles could be performed in a one-pot manner. In this
way homocircuit [5]-, [7]-, [9]- and [11]rotaxanes were obtained
without the need for intermediate purification steps.”®

An inherent issue with these designs is the finite size of the
axles, which limits the potential number of macrocycles that
can be incorporated into the main chain oligo[n]rotaxane
structures. A solution to this was presented by Goldup and co-
workers, using an efficient AMT*' variant of this iterative
approach, in which the addition of a macrocycle component
occurred with concomitant lengthening of the axle, theoreti-
cally presenting the opportunity for indefinite, controlled
growth. The key building block was a stoppering unit with

This journal is © The Royal Society of Chemistry 2020
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both azide and TIPS-protected alkyne moieties. The
CuAAC-AMT reaction of this unit with a terminal stopper, fol-
lowed by deprotection of the TIPS-alkyne, gave a [2]rotaxane
with an alkyne unit on one end, capable of undergoing
another CuAAC-AMT reaction. Thus, re-submission of this
product to the reaction conditions gave the [3]rotaxane
product (Fig. 11e). The need to remove the TIPS protecting
group between AMT iterations ensured that only a single
macrocycle was added each time. It was shown to be possible
to generate up to a [6]rotaxane, with no loss of efficiency for
each iteration. This method was also suitable for the formation
of heterocircuit systems. By using a different macrocycle in
three back-to-back iterations, a [4]rotaxane was prepared with
the three different macrocycles incorporated in a specific
sequence.’”

2.3 Oligomerisation

Shortly after their initial report on the use of a Cu(i) metal ion
template to synthesise a [2]catenane, Sauvage and co-workers
applied this PMT to the synthesis of a [3]catenane (in 58%
yield) through cyclodimerisation of a pseudo[2]rotaxane pre-
cursor. It was noted that an additional product, formed in
22% yield, was likely to be the corresponding radial [4]cate-
nane resulting from cyclotrimerisation of the precursor.>
Repeating this reaction with an alternative pseudo[2]rotaxane
(featuring a smaller, 27-membered, macrocycle) allowed iso-
lation of the [3]- (23%), [4]- (23%), and [5]catenane (10%) pro-
ducts (Fig. 12), as well as a mixture of higher order structures
(identified by MS to include the [6]- and [7]catenanes).>*

To limit this polydispersity of products, Anderson and co-
workers employed a template-directed strategy for the cyclo-oli-
gomerisation of an alkyne-terminated bis-porphyrin [2]rotax-
ane. A hexapyridyl template was used to pre-organise the rotax-
ane through coordination to the axial sites of the Zn(u)-por-
phyrin,®® with subsequent oxidative homocoupling giving the
cyclotrimerised radial [4]catenane in 62% yield (with displace-
ment of the template able to be effected through addition of

Fig. 12 Sauvage's cyclooligomerisation via oxidative homocoupling of
a pseudo[2]rotaxane. The [3]-, [4]-, and [5]catenane products could be
separated and isolated, with a mixture of higher order catenanes also
obtained.

This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Anderson's template-directed synthesis of a radial[4]catenane.
Addition of DABCO as a competing ligand resulted in displacement of
the hexapyridyl template to give the “free” catenane. As a by-product of
the reaction the double-template [7]catenane was also isolated.

excess DABCO as competing ligand). Interestingly, the “figure-
of-eight” [7]catenane, incorporating two copies of the template
molecule, was also isolated from the reaction mixture, albeit in
only 6% yield (Fig. 13).>°

Alternatively, dynamic covalent chemistry may be used to
enable ‘error correction’ and arrive at the thermodynamically
favoured structure. In this respect, this approach has more in
common with self-assembled metallo-MIMs (vide infra) than
the covalent systems described above. The potential power of
this method was demonstrated by Wang and co-workers who
were able to isolate a [5]catenane in 58% yield, through simple
precipitation, from the imine condensation reaction between a
90° diaminocarbazole unit and a diformyl bis-pyridinium axle
threaded through CB[7] (Fig. 14).”

g R = (CHy)7CH3
Fig. 144 Wang's dynamic covalent approach to the synthesis of a radial

[5]catenane via imine condensation of an aldehyde-functionalised CBI[7]
pseudorotaxane with a carbazole-based diamine.

Org. Biomol. Chem., 2020, 18, 6757-6780 | 6763


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ob01583k

Open Access Article. Published on 25 Liigen 2020. Downloaded on 03/03/2026 1:56:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

2.4 Self-assembly

Metallo-supramolecular self-assembly has become a topic of
intense research interest over the last few decades due to the
ability to generate astounding and aesthetically beautiful struc-
tures in high yields by combining metal ions with relatively
simple ligands.”® It is therefore perhaps unsurprising that
(pseudo)MIMs have begun to be explored as ligands®® and
assembled into discrete (and polymeric - vide infra) metal-
organic structures. Metal-organic self-assembly is a particu-
larly attractive option as the metal nodes can simultaneously
link MIMs together and act as stoppers to prevent dethreading;
furthermore, by operating under thermodynamic control
greater product heterogeneity and yields are often possible.
Self-assembly of a pseudorotaxane was first demonstrated
by Kim and co-workers who observed the quantitative for-
mation of a radial [4]catenane, termed a molecular necklace,
from the combination of a dipyridyl bis-ammonium axle and
CB macrocycle with cis-protected Pt(u) ions (Fig. 15a).°°
Subsequently radial [5]catenanes were accessed through alter-
ing the substitution of the pyridyl ligand components®" and
dimerisation of a pseudo[3]rotaxane ligand.’* This approach
has been used by Stang and co-workers to generate radial [3]-,
[4]- and [7]catenanes as platinum complexes of ligands derived
from pseudorotaxanes of dipyridyl 1,2-bis(pyridinium)ethane/
paraquat axles and crown ether macrocycles/cryptands.®®

Fig. 15 (a) SCXRD structures of radial metallo[4]- and [Slcatenanes
reported by Kim and co-workers. (b) Schalley, Sanders and Nitschke's
formation of a 3D metallo[7]catenane from naphtho-crown ether
macrocycles and an FeyLg tetrahedron with NDI-functionalised ligands.
(c) Lewis' [2]rotaxane ligand capable of self-assembling into a metallo-
[Slrotaxane with a Pd,L4 cage core (PM6 model).
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An interesting variant on this approach is the formation of
dynamic covalent libraries (DCLs) of 3D metallo[n]catenanes
by Schalley, Sanders, Nitschke and co-workers. Addition of the
macrocycle dinaphtho-38-crown-10 (DNP38C10) to a tetra-
hedral Fe Ly cage — assembled from bis(pyridylimine) ligands
with a naphthalenediimide (NDI) core - resulted in self-assem-
bly of a dynamic mixture of [n]catenanes arising from the
favourable interactions between the NDI units and
threaded macrocycles. Through addition of a large excess of
macrocycle it was possible to effect quantitative formation of
the [7]catenane structure (Fig. 15b).°* A similar Zn,L, tetra-
hedron assembled from smaller NDI ligands was found to only
form up to a [3]catenane as a result of steric encumberance
between macrocycles.®

In contrast to these DCL systems, Lewis and co-workers
recently synthesised a permanently interlocked [2]rotaxane
incorporating a dipyridyl ligand motif into the structure as one
of the stoppering units. Addition of Pd(u) ions resulted in self-
assembly of the ligand into a Pd,L, cage architecture, periph-
erally decorated with rotaxanes, forming a porous metallo-[5]
rotaxane (Fig. 15¢).°

With the previously described tetrahedral cage structures
from Schalley, Sanders, Nitschke and co-workers, the axle
ligand components used were relatively rigid. Thus, formation
of the interlocked assembly had minimal effect on the struc-
tural framework. Loeb and co-workers have investigated the
difference in coordination complexes formed between rotax-
anes and their non-interlocked axle counterparts when the
latter possesses a degree of flexibility. A non-interlocked
dipyridyl axle was found to form a dinuclear complex (Fig. 16a)
upon coordination to cis-protected [Pt(dppp)]** as it was able
to adopt a bent conformation (Fig. 16¢) (dppp = 1,3-bis(di-
phenylphosphino)propane). In contrast when encircled by
a 24-crown-6-ether a linear conformation of the axle was
enforced (Fig. 16d); as a result, self-assembly of the rotaxane
ligand formed a trimeric structure - a radial metallo-[4]cate-
nane (Fig. 16b).*”

Metal complexes have been used as stoppering units for
rotaxanes since some of the earliest work in the field.®® They
are versatile building blocks which, through careful design,

a) M b)
c) d) \

T

- 7 =

Fig. 16 SCXRD structures of Loeb's (a) [Pt(dppp)a(L)2]** metallacycle
and (b) [Pts(dppp)s(L)s]®* radial metallo[4]catenane. The dipyridyl axle
component was able to adopt (c) a bent conformation, but when
encircled by the crown ether macrocycle (d) a linear conformation was
enforced.

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 Yang's iterative approach to rotaxane metallo-dendrimers.
Coupling of a Pt(i)-acetylide rotaxane to 1,3,5-triethynylbenzene gave
the first generation dendrimer, a [4]rotaxane. Two subsequent iterations
of deprotection and coupling gave the third generation dendritic [22]
rotaxane.

can act as both inert blocking groups and reactive moieties for
self-assembly. This dual functionality has been demonstrated
elegantly through the work of Yang and co-workers. A [2]rotax-
ane was prepared with a pillar[5]arene macrocycle encircling
an axle with a 1,3-bis(triisopropylsilylethynyl)phenyl stopper at
one end, and a Pt(u)-acetylide complex at the other (Fig. 17).
Trimerisation of this rotaxane through reaction of the Pt(u)
with 1,3,5-triethynylbenzene resulted in formation of a [4]
rotaxane. Removal of the TIPS protecting groups from this
product and subsequent reaction with the rotaxane precursor
yielded the second generation dendritic [10]rotaxane. Two
further iterations gave the [46]rotaxane; the high fidelity of the
coupling reaction was demonstrated through the low polydis-
persity of the dendritic assemblies as determined by gel per-
meation chromatography (GPC) analysis.”® Alternatively,
through iterative reaction of an analogous, but non-inter-
locked, precursor, a dendritic framework could be constructed
and subsequently terminated with rotaxane units, yielding [7]-,
[13]- and [25]rotaxanes in yields of 60%, 49% and 41%,
respectively.”® More recent work has shown that it is possible
to utilise this strategy with stimuli-responsive building blocks,
allowing the construction of dendrimers capable of exhibiting
expansion/contraction behaviour.”"

2.5 Conclusions

It is now thirty years since Stoddart suggested that non-
covalent templates could be used to assemble multi-com-
ponent interlocked molecules towards “the construction of a
molecular abacus”.”” Since then, not only have a multitude of
template motifs been elaborated, but also numerous compati-
ble methods of assembling (pseudo)MIMs into larger arrayed
structures have been established. As outlined above, these
have their benefits and their disadvantages. Generally speak-
ing, there is a trade-off between robustness and the yield/speci-
ficity of product formation. However, by judicious choice of
methodology, the desired properties of the target species can
be incorporated into the molecular design. In this manner, oli-
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gomeric MIMs can be engineered with precision control over
the number and arrangement of the building blocks.

3 Synthesis of mechanically
interlocked polymers

Polymeric materials incorporating mechanical bonds, either in
the polymer backbone itself or as pendant units, are highly
attractive targets sought after for use in various applications.”®
Ostensibly there are two ways to obtain these materials - either
forming mechanical bonds about a pre-formed polymer, or
polymerisation of an (pseudo)interlocked monomer unit.
Conceptually we have divided synthetic methodologies for
polymeric interlocked materials into five key stretegies: (i) poly-
merisation of MIMs, or their (ii) pseudo-interlocked counter-
parts (host-guest assemblies); (iii) functionalisation of a
polymer chain with MIMs (grafting); (iv) trapping of a pseudo-
poly-MIM through either stoppering or clipping reactions, and
finally (v) formation of coordination polymers upon self-
assembly of metal ions with (pseudo)interlocked ligands.

3.1 Polymerisation of MIMs

Following several decades of research there is now a plethora
of effective template motifs for the synthesis of MIMs, allowing
access to a wide range of structures. This has enabled the syn-
thesis of MIMs incorporating reactive functionalities suitable
for polymerisation reactions. Through using polymerisable
monomers in which the mechanical bond is kinetically stable,
it can be ensured that the ratio of monomer units to mechani-
cal bonds incorporated into the resultant polymer is known
precisely. In designing MIM monomers for polymerisation
there are three main factors to consider to obtain the desired
polymer structure: (i) the number of reactive groups to incor-
porate; (ii) which MIM sub-components to append these to;
(iii) whether the functional groups are designed to react with
themselves, each other, or an external linker.

3.1.1 Polymerisation of [2]rotaxanes. Based on these cri-
teria, the conceptually simplest structure would be a MIM with
a single reactive functionality, which would invariably give rise
to a side chain poly-MIM. In 2009 Osakada and co-workers
synthesised a DB24C8-based [2]rotaxane with an acrylamide
moiety appended to one of the stoppers (Fig. 18a). Co-poly-
merisation with a range of substituted styrenes led to the suc-
cessful formation of side chain poly[n]rotaxanes in which the
number of interlocked units incorporated could be effectively
controlled by varying the ratio of the rotaxane and styrene
monomers.”*

Homopolymerisation of this rotaxane was found not to
proceed, likely due to the steric bulk of the macrocycle. This
idea was supported by the work of Takata and co-workers who
were able to incorporate an acid/base-controlled switchable
molecular shuttle, featuring a chiral BINOL-based macrocycle,
into a helical polyacetylene. In the protonated state the macro-
cycle was located remotely from the acetylene stopper (and
subsequently polymer chain), and adjacent when neutral
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Fig. 18 (a) Osakada’'s acrylamide [2]rotaxane monomer; (b) Takata's
acid/base-switchable [2]rotaxane acetylene monomer with chiral
BINOL-based crown ether macrocycle; (c) change in CD intensity
(500 nm) of the switchable polyacetylene upon sequential addition of
base and acid. Adapted from ref. 75 with permission from the Royal
Society of Chemistry.

(Fig. 18b). Polymerisation of the neutral rotaxane could not be
achieved, whilst efficient formation of the desired polymer was
observed when the amine station was protonated.

In apolar CHCI; no Cotton effect could be observed for the
polyacetylene chain by circular dichroism (CD) spectroscopy,
indicative of a racemic helix, in the cationic polymer. Addition
of DBU to neutralise the ammonium stations and induce shut-
tling of the macrocycle proximal to the polymer chain resulted
in the appearance of a Cotton effect, indicative of single-
handed helicity in the polymer. This switching between a
racemic and single-handed helix could be effected through
sequential addition of TFA and DBU, respectively (Fig. 18¢).”

Alternatively, if more than one reactive group is introduced
into a rotaxane structure, the resultant polymeric architecture
will depend upon the relative locations of these groups. Leigh
and co-workers demonstrated this through the preparation of
[2]rotaxanes with tetralactam macrocycles in which the axles
contained two blocked isocyanate moieties - either one on
each (Fig. 19a) or both on a single stopper (Fig. 19b). Reaction
of these with a diamine co-monomer gave a main chain poly
[n]rotaxane (n ~ 46) or side chain poly[n]rotaxane (n ~ 96),
respectively.”®

Ikeda and co-workers were able to generate an electrochro-
mic poly[n]rotaxane film through electrochemical polymeris-
ation of a [2]rotaxane monomer with a sexithiophene axle com-
ponent (Fig. 19¢).”” In comparison to the non-interlocked axle
polymer, the polyrotaxane films were found to be more hom-
ogenous, and possessed improved electrochromic properties
as a result of the mechanical insulation afforded by the macro-
cyclic components.”® Although the polymerisation of a sym-
metrical [2]rotaxane with reactive groups on each stopper is
perhaps the conceptually simplest approach to main chain
poly[n]rotaxanes, it appears to be underutilised in the
literature.

Conversely, if both reactive groups are present on the
macrocycle of a [2]rotaxane precursor, the product obtained
following polymerisation might be considered somewhat more
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Fig. 19 SCXRD structures of Leigh's [2]rotaxane monomers with
blocked isocyanate groups on (a) both stoppers, and (b) one stopper; (c)
lkeda’s sexithiophene rotaxane monomer, used to prepare electrochro-
mic films through electrochemical polymerisation; (d) Takata’s main
chain poly[nlrotaxane prepared through Mizoroki-Heck coupling of a
[2]rotaxane with a dialkene-functionalised macrocycle.

difficult to categorise. If the reactive handles are at distal ends
of the macrocycle, as in the case of a divinyl-functionalised
rotaxane reported by Sato and Takata, then polymerisation will
yield a main chain poly[nJrotaxane in which the threaded
macrocycles are part of the polymer chain (Fig. 3b). In this
example, Mizoroki-Heck coupling of the rotaxane with various
aryl dihalides gave the corresponding polyrotaxanes (Fig. 19d)
in good yields (83-98%), with co-polymerisation of two
different rotaxane monomers also achieved.”® Alternatively if
the functional groups were to be located proximal to each
other, the distinction between a main chain (Fig. 3b) and side
chain (Fig. 3f) polyrotaxane becomes more difficult to make.

If reactive groups are placed on both the axle and macro-
cycle components of a rotaxane monomer, the resultant
polymer architecture will depend on whether these groups are
complementary. If the groups are the same then there will
theoretically be an equal chance of forming macrocycle-macro-
cycle, axle-axle and macrocycle-axle linkages, and will result
in a main chain polyrotaxane of the type seen in Fig. 3d.
Examples of this include work from Tamaoki and co-workers
wherein a bis-isocyanate linker was reacted with a [2]rotaxane
incorporating alcohol functional groups on both the axle and
macrocycle components (Fig. 20a),’° and a CuAAC variant
reported by Wang and co-workers in which a bis-alkyne rotax-
ane (Fig. 20b) was reacted with a bis-azido polycaprolactone
linker.®!

Alternatively, if complementary functional groups are used
that cannot react with themselves, only each other, then [an]
daisy chain rotaxanes (Fig. 3g) will be obtained. Such a
polymer was reported by Takata and co-workers by incorporat-
ing a terminal alkyne onto the macrocycle and an aryl iodide
onto the axle of a [2]rotaxane (Fig. 21a). Submission of this
precursor to Sonogashira reaction conditions ([Pd(PPhj;),Cl,],
Cul, THF/piperidine) ensured exclusive formation of bonds
between macrocycle and axle components.®

This journal is © The Royal Society of Chemistry 2020
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Fig. 20 [2]Rotaxane monomers with equivalent functional groups on
the axle and macrocycle components. (a) Tamaoki's alcohol-functiona-
lised rotaxane that was reacted with a bis-isocyanate linker, and (b)
Wang's bis-alkyne rotaxane that was polymerisered by CuAAC chemistry
with a bis-azide linker.
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Fig. 21 (a) [2]Rotaxane monomer with aryl iodide and alkyne functional
groups on the axle and macrocycle components, respectively.
Polymerisation under Sonogashira reaction conditions yielded an [an]
daisy chain poly[n]rotaxane. (b) A [c2]daisy chain rotaxane with alkene
units, tethered to the stoppering units, that could be polymerised via
alkene metathesis.

It is also possible to prepare polymeric [c2]daisy chain
rotaxanes (Fig. 3h) through polymerisation of monomeric[c2]
daisy chains with functional groups on each of the stoppering
units. This approach has been shown to be compatible with
both alkene metathesis®® (Fig. 21b) and CuAAC chemistry.®*

3.1.2 Polymerisation of [2]catenanes. The situation with
polymerising catenane precursors is simpler: if a single macro-
cycle contains the functionality for polymerisation, a side
chain poly[n]catenane will be formed; if at least two of the
components are reactive, a main chain poly[n]catenane will be
the product. Examples of the former include condensation of a
xylylenediol-containing [2]catenane with a bis-isocyanate
(Fig. 22a), reported by Stoddart and co-workers (with 120 [2]
catenane units incorporated per polymer chain on average, as
determined by GPC),*” and electrochemical polymerisation of
a thiophene-functionalised [2]catenane demonstrated by
Simone and Swager (Fig. 22b and c).%°

The first polymerisation of a [2]catenane with reactive
groups on both macrocycles was reported by Geerts and co-
workers in 1995. Based on the octaamide catenanes reported
by Vogtle and Hunter,® a [2]catenane with aryl bromide moi-
eties on each macrocycle (Fig. 23a) was prepared and various
palladium-catalysed cross-couplings (Sonogashira, Suzuki and
Stille) attempted. In two instances oligomeric materials were
obtained, albeit with low degrees of polymerisation (up to 5 by
GPC, although larger oligomers were observed by MS) as a
result of the poor reactivity of the bulky catenane substrate.®”
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Fig. 22 (a) Stoddart’s polymerisation of a xylylenediol-functionalised [2]
catenane upon reaction with 4,4'-methylenebis(phenyl isocyanate), and
(b) Swager's electrochemically polymerised thiophene-based side chain
polyln]lcatenane; (c) SCXRD structure of the bis(thiophene) [2]catenane
monomer.

Fig. 23 (a) Geerts' bis(aryl bromide) functionalised octaamide [2]cate-
nane, used to prepare main chain poly[n]catenanes through palladium-
catalysed cross couplings; (b) Kern, Sauvage and Geerts’ bis-phenan-
throline catenane with alcohol functionality used in polyesterification
reactions; (c) Takata's heterocircuit [2]catenane with dienophile and
masked-diene functionality for Diels—Alder polymerisation.

Subsequent work by Kern, Sauvage, Geerts and co-workers
with a larger, more flexible and more readily soluble [2]cate-
nane precursor bearing alcohol groups on each macrocycle
produced main chain poly[n]catenanes following ester conden-
sation with a terephthalic acid derivative. Interestingly, if the
Cu(1) complex of the catenane monomer was used in the poly-
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merisation, mainly linear oligomers/polymers were obtained;
in contrast the demetallated catenane (Fig. 23b) appeared to
give mostly cyclic oligomers.®®

Since this early work a variety of reactions have been
used to polymerise difunctional [2]catenane monomers:
Sonogashira coupling between a catenane with aryl iodide
units and diyne linkers;*® CuAAC reaction between a bis-azide
catenane and diyne linker,”® and incorporation of catenanes
into polycarbonate®® and poly(ethylene terephthalate)®® via
solid-state polymerisation have been reported.

All of these previous examples involve the polymerisation of
homocircuit catenanes through reaction with an appropriate
linker. Takata and co-workers reported the polymerisation of a
heterocircuit [2]catenane in which each macrocycle incorpor-
ated one component for a Diels-Alder reaction: a fumaric acid
ester as the dienophile, and a sulfolene as a masked diene.
Heating the catenane, either neat or in 1,2-dichlorobenzene as
solvent, at 140 °C resulted in elimination of SO, to form the
diene in situ, and rapid formation of the Diels-Alder adduct
gave the poly[n]catenane (Fig. 23c).”*

3.1.3 Polymerisation of higher order MIMs. There are also
a limited number of examples in the literature of using higher
order MIMs as monomers. As early as 1998 Stoddart and co-
workers synthesised a [3]catenane composed of a handcuff bis-
macrocycle with interlocked alcohol-functionalised macro-
cycles that could be polymerised through reaction with a bis-
isocyanate linker.®® Takata and co-workers have prepared
homocircuit [3]rotaxanes (Fig. 24a) in which both macrocycle
components contain either alkene or alkyne moieties for poly-
merisation by Mizoroki-Heck coupling®® or [2 + 3] cyclo-
addition with nitrile N-oxides,”® respectively, using appropriate
di-functional linker reagents.

A notable example by Okada and Harada entailed the
photopolymerisation of a-CD/PEG main chain poly[n]rotaxanes
utilising anthracene units as stoppering moieties (Fig. 24b).
Irradiation of a DMSO solution (2 x 107> mM) of the poly[r]
rotaxane with visible light (A > 340 nm) resulted in photodi-
merisation of the anthracene units, giving larger polymers
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Fig. 24 (a) Takata's [3]rotaxane polymerised through reaction with bis
nitrile-N-oxide linkers; (b) Harada’s CD/PEG poly[nlrotaxane with
anthracene stoppering units that reversibly dimerise upon photoirradia-
tion, resulting in larger main chain poly[n]rotaxanes and radial poly[n]
catenanes which disassemble upon heating.
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with molecular weights in excess of 10" g mmol ™. Performing
the reaction under more dilute conditions (7 x 10~ mM) gave
additional products, proposed to be radial poly[n]catenanes
arising from intramolecular cyclisation reactions. Due to the
reversibility of the anthracene dimerisation reaction, simply
heating a DMSO solution of the polymers at 120 °C resulted in
over 90% reversion to the starting poly[n]rotaxanes.”® This
motif was also used by Huang and co-workers for the revers-
ible assembly/disassembly of a poly[n]rotaxane from a [3]rotax-
ane incorporating two axle components, each with one anthra-
cene stopper.”’

3.2 Polymerisation of pseudo-MIMs

The polymerisation of MIM monomers has the advantage that
the exact nature of the interlocked component(s) being incor-
porated into the polymer is known and as such, assuming the
integrity of the mechanical bond is maintained under the reac-
tion conditions, the ratio of repeating units to mechanical
bonds can be known with precision. However, the synthesis of
mechanically interlocked monomers containing functional
groups suitable for polymerisation may be arduous, limiting
the amount of material that can be conveniently accessed.

A commonly used route to discrete rotaxanes is to form a
pseudorotaxane, or host-guest complex, between a macrocycle
and a linear guest, before covalently appending stoppering
groups to secure the mechanical bond; this is known as
capping. This approach can be applied to main chain polyro-
taxanes, wherein self-assembled pseudo-interlocked mono-
mers are polymerised in the presence of a suitable bulky
reagent, resulting in simultaneous in situ formation and stop-
pering of a pseudopolyrotaxane (Fig. 25). Through careful
design of the components and choice of functional groups for
the polymerisation reaction other forms of mechanically inter-
locked polymers can be accessed. A limitation of this approach
is that the ratio of recognition sites to interlocked macrocycles
is likely to be less than unity. However, the simplicity and rela-
tive ease of access to starting materials for this method makes
it a highly attractive one that has been exploited extensively in
the synthesis of polymeric MIMs.

In 1989 Gibson and co-workers reported the synthesis of a
polyester from the condensation of sebacoyl chloride with
1,10-decanediol using macrocyclic 30-crown-10 as solvent, with
addition of 3,3,3-triphenylpropionyl chloride as a stoppering
group prior to the end of the reaction. By using the macrocycle

e
R

Fig. 25 Polymerisation of a pseudo[2]rotaxane, derived from the self-
assembly of a reactive axle unit with a macrocycle, in the presence of a
stoppering reagent results in a main chain poly[n]rotaxane. Due to the
equilibrium formation of the pseudorotaxane precursor, the number of
trapped macrocycles, n, is less than the total number of recognition
sites, n + m.

This journal is © The Royal Society of Chemistry 2020
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as solvent it was hoped that serendipitous threading would
take place in the vein of Harrison and Harrison’s statistical
synthesis of a [2]rotaxane,” with kinetic trapping of the
threaded crown ethers effected by the bulky stopper groups.
Purification of the resultant polyrotaxane by precipitation
ensured removal of any remaining non-interlocked macrocycle,
and the repeating unit/macrocycle ratio was determined to be
6.0 by integration of signals in the NMR spectrum.’® Gradual
de-threading of the polymer over time indicated that this was
in fact a metastable pseudopolyrotaxane. Subsequent use of
larger substituted trityl groups in a similar polyrotaxane, pre-
pared by transesterification, was shown to completely inhibit
de-threading.”

As in the development of methods for the synthesis of their
discrete counterparts, it was rapidly recognised that statistical
methods are extremely limiting for the preparation of poly-
meric MIMs. To increase the threading efficiency in forming
pseudorotaxane monomers, template motifs were required.

In 1987 Stoddart and co-workers had reported the for-
mation of a host-guest adduct between bis-(p-phenylene)-34-
crown-10 (BPP34C10) and paraquat'®® (and related crown-ether
macrocycles'®!). These arose from favourable charge transfer
interactions between the electron poor guest and electron rich
aromatic units of the macrocycle, a motif that was able to be
exploited for the template-directed synthesis of catenanes'®?
and rotaxanes.'® Using this template, Gibson and co-workers
used the pseudo[2]rotaxane formed between BPP34C10 and
N,N'-bis(2-hydroxyethyl)-4,4"-bipyridinium as a monomer in
the synthesis of a polyurethane-based poly[n]rotaxane (Fig. 26).
Due to the strong host-guest interactions, 80% of the
bipyridinium moieties in the polymer were encircled by
BPP34C10 macrocycles.'®*

Since this early example, a variety of pseudorotaxane motifs
have been used as monomers for the synthesis of main chain
poly[n]rotaxanes. In theory any combination of template inter-
action and polymerisation reaction can be used, provided one
does not interfere to any great extent with the other. Below we

Fig. 26 Gibson’s polymerisation of a pseudo[2]rotaxane precursor
assembled from BPP34C10 macrocycle and paraquat-based diol.

This journal is © The Royal Society of Chemistry 2020
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have described select examples from the literature to display
the utility of this approach, categorised based on the macro-
cyclic component employed.

3.2.1 Crown ethers. Crown ether have
remained popular due to their commercial availability and
relatively easy synthesis, and their ability to form pseudo-
rotaxanes with several axle motifs, such as ammonium,'®®
1,2-bis(pyridinium)ethane'®® and 1,2-bis(benzimidazolium)
ethane.'””

Grubbs and co-workers used acyclic diene metathesis poly-
merisation of a DB24C8 host-guest adduct with dienyl
ammonium salts in the presence of a bulky chain-transfer
agent to produce main chain polyrotaxanes with threading
efficiencies of up to 82% (Fig. 27a).'°® Through use of this
strategy with an alternative dipyridyl-24-crown-8 macrocycle,
Li, Wu and co-workers were able to obtain a main chain poly
[n]rotaxane with switchable properties. Addition of acid to the
polymer resulted in protonation of the macrocycle pyridyl
units, causing them to shuttle away from the ammonium
stations as a result of charge repulsion, with deprotonation by
NEt; allowing them to shuttle back. The pyridine units also
allowed for supramolecular cross-linking of polymer chains
upon addition of [Pd(PhCN),Cl,] through formation of metal-
ligand bonds, with reversion to the individual polymer strands
triggered through addition of a competing PPh; ligand to dis-
place the Pd(u) ions."*

An interesting variant of the crown-ether/ammonium host-
guest motif was reported by Chen and co-workers in which a
‘pseudosuitane’ assembled from a bis-macrocycle was
polymerised by CuAAC reaction with a bis-azide, with an
anthracene core acting as a stoppering unit to prevent
dethreading (Fig. 27b).**°

Through incorporating alkene tethers on both a dialkyl-
ammonium half-axle component and a substituted DB24C8
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Fig. 27 (a) Grubbs’ ADMET polymerisation of a diene pseudorotaxane;
(b) Chen’s main chain poly[nlrotaxane prepared from the CuAAC poly-
merisation of a pseudosuitane precursor.

Org. Biomol. Chem., 2020, 18, 6757-6780 | 6769


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ob01583k

Open Access Article. Published on 25 Liigen 2020. Downloaded on 03/03/2026 1:56:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

74 S
gQg
Co o

T4

e
=,
O

Fig. 28 and a

(@) Macrocycle and axle monomers used by Oishi,
cartoon representation of the resultant polymer containing both homo-
and hetero-dimers. (b) Huang's synthesis of an [anldaisy chain rotaxane
through ester condensation. (c) Side-chain poly[nlrotaxane reported by
Takata, prepared from the radical polymerisation of a pseudorotaxane
with an acrylate moiety at one of the axle component.

macrocycle, Oishi and co-workers formed a cross-linked rotax-
ane polymer, by alkene metathesis, composed of all three poss-
ible hetero- and homo-dimers of the two starting materials
(Fig. 28a).""" In this example the macrocycle and axle com-
ponents were able to react with themselves as well as each
other. If the functional groups on each component are only
able to react with the other then an [an]daisy chain polyrotax-
ane will result. This was demonstrated by Huang and co-
workers through polyesterification of a crown ether/1,2-bis( pyr-
idinium)ethane pseudorotaxane (Fig. 28b)."'> Alternatively, if
the pseudorotaxane axle contains only a single polymerisable
reactive group, with the other end possessing a suitable stop-
pering unit (this species sometimes referred to as a semi-rotax-
ane), then a side-chain polyrotaxane will be obtained. Takata
and co-workers have used such a design with DB24C8 and an
ammonium half-axle through radical alkene polymerisation,
reporting up to 51% macrocycle incorporation of the theore-
tical maximum (Fig. 28¢c).""

3.2.2 Cyclodextrins. In 1996 Yamaguchi,
Yamamoto reported the Ru-catalysed condensation of 3,3'-dia-
minobenzidine with 1,12-dodecanol in the presence of a- or
f-CD. The CD macrocycles were able to thread onto the alkyl
chains of the diol but were too small for the resultant benzimi-
dazole units to pass through in the obtained main chain poly
[n]rotaxane, thus preventing dethreading (Fig. 29a).''* Soon
after, Ritter and co-workers prepared a side chain polyrotaxane
from radical polymerisation of the host-guest adduct of
dimethyl-8-CD with a cholic acid-derived half-axle. Two frac-

Osakada and
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Fig. 29 (a) Yamaguchi, Osakada and Yamamoto's benzimidazole-based
polyln]rotaxane, and (b) Simionescu'’s imine poly[n]rotaxane.

tions of the polymerised product were isolated: a non-water-
soluble polymer with 40% incorporation of CD units, and a

second, water-soluble, with  95%
115

polymer macrocycle
content.

In the same year Simionescu and co-workers polymerised
pseudorotaxanes of a- and B-CD with 1,6-diaminohexane via
imine condensation with a slight excess of terephthaldehyde,
catalysed by toluenesulfonic acid. Addition of p-aminophenyl-
triphenylmethane served to stopper the resultant pseudointer-
locked polymers, giving main chain polyrotaxanes with
CD : monomer ratios of 1:6 and 1:7 for a- and p-CD, respect-
ively (Fig. 29b).""® Farcas and Grigoras subsequently showed
that a diformylcarbazole derivative was sufficiently bulky to
negate the need for an additional stoppering unit upon con-
densation with these pseudorotaxanes.'”

Anderson and co-workers were able to form a pseudorotax-
ane through encapsulation of a 4,4-diphenyldiboronic ester
within B-CD. Suzuki coupling of this assembly with an iodo-
naphthalene gave the desired [2]rotaxane, although the stop-
pering unit appeared to impinge on the bound p-CD resulting
in a low 4% isolated yield. However, when the reaction was
repeated in the presence of a 4,4'-diiododiphenyl moiety, the
resulting conjugated poly-p-phenylene main chain polyrotax-
ane was successfully obtained in 45% yield (Fig. 30a)."*® This
strategy was also shown to work with Ni-catalysed Yamamoto
coupling between B-CD encapsulated dibromothiophene and
dibromofluorene in the presence of 9-bromoanthracene
(Fig. 30b), with macrocycle coverage for both polymers esti-
mated to be 60% based on data from small angle neutron scat-
tering measurements."'® Sonogashira coupling has been
shown to be effective as well: Shinohara and co-workers
polymerised pseudorotaxane complexes of a-CD with p-diiodo-
benzene and p-diethynylbenzene in the presence of 10% 9,10-
diethynylanthracene to prevent dethreading.'*°

3.2.3 Cucurbiturils. Mock and Shih demonstrated in 1983
that cucurbit[6]uril was capable of strongly binding a number
of cationic ammonium and diammonium guests within its
cavity."”" Sometime later, Buschmann and co-workers showed
that condensation of the host-guest adduct between CB[6] and
1,6-hexanediammonium with a suitable acid chloride gener-
ated the desired [2]rotaxane."*” If a bulky diacid chloride, such
as 1,4 or 2,6-naphthalene dicarboxylic acid chloride, was used
(either by itself or co-polymerised with an alkyl diacid chlor-

This journal is © The Royal Society of Chemistry 2020
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Fig. 30 Polymerisation of CD-pseudorotaxanes through (a) Suzuki
coupling, and (b) Yamamoto coupling.

Pd(OAc),, cho3

(J *[W

Fig. 31 (a) Buschmann's amide condensation and (b) Tuncel's Suzuki
coupling approaches to CB-polyrotaxanes.

ide) in the condensation reaction, main chain poly[n]rotaxanes
were obtained with CB threading efficiencies of 35 to 60%
(Fig. 31a).">® Analogous to the CD-based systems described
above, CB[n] pseudorotaxanes have been used as building
blocks for insulated conjugated polymers via Suzuki coupling
of a thiophene bis-boronic ester or dibromobithiophene
encapsulated within CB[7] with a fluorene-derived coupling
partner (Fig. 31b)."**

Using Mock’s CB-AAC reaction, in 1999 Tuncel and Steinke
showed that bis-azide/alkyne units with mesityl cores were
able to react with the corresponding tert-butyl azide/alkyne
stoppering reagent, catalysed by CB[6], resulting in [3]rotax-
anes isolated in excellent yield. As the mesityl units were
sufficiently large to act as stoppers, polymerisation between
the bis-azide and bis-alkyne building blocks gave main chain
poly[n]rotaxanes (Fig. 32).">>

3.2.4 Coordinating macrocycles. Metal ions have played an
integral part in the development of efficient synthetic methods

This journal is © The Royal Society of Chemistry 2020
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Fig. 32 Steinke's CB-AAC approach to the synthesis of main chain poly
[nlrotaxanes.

for the synthesis of MIMs, with myriad metal ion and ligand
design combinations used effectively, particularly for passive
template strategies. It is therefore somewhat surprising that
there are relatively few examples of polyrotaxanes synthesised
through polymerisation of a metal ion-directed pseudo-
interlocked precursor, although the groups of Sauvage'®
and Swager'?” have investigated metallo-pseudopolyrotaxanes
derived from the electropolymerisation of Cu(i)-templated
pseudorotaxane complexes with bithiophene substituents on
the axle component.

In 2011 Takata and co-workers prepared a bis-macrocycle
with pyridinedicarboxamide coordinating units which, upon
reaction with Pd(OAc),, gave the neutral dipalladium(u)
complex (Fig. 33). Addition of 4-vinylpyridine was found to
result in displacement of coordinated solvent from the metal
ions. Radical polymerisation of 4-vinylpyridine with a small
amount (0.5 mol%) of this complex, with 4-tert-butylstyrene as
co-monomer to prevent dethreading, afforded a polyrotaxane
gel. The effect of the mechanical bonds in the polymer
network was demonstrated through the preparation of two
control gels, one without 4-tert-butylstyrene as co-monomer,
and one with an acyclic analogue of the bis-macrocycle
complex. In contrast to the polyrotaxane gel, dilution of these
two control polymers in DMF led to dissociation of the com-
2% In a subsequent
study, several vinyl monomers were polymerised in the pres-

ponents with a resultant gel-sol transition.

Fig. 33 Takata's bis-macrocycle palladium(i) complex with in situ for-
mation of a bis-pseudorotaxane complex with 4-vinylpyridine resulting
in a cross-linked rotaxane polymer during radical polymerisation in the
presence of a bulky 4-tert-butylstyrene co-monomer to inhibit
dethreading.

Org. Biomol. Chem., 2020, 18, 6757-6780 | 6771


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ob01583k

Open Access Article. Published on 25 Liigen 2020. Downloaded on 03/03/2026 1:56:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

ence of the 4-vinylpyridine adduct of the palladium(u) bis-
macrocycle complex (0.5 mol%) and a bulky tris(4-tert-butyl-
phenyl)methyl monomer (10 mol%). For the polymer derived
from butyl acrylate, decreasing the content of the bulky
monomer to 2 mol% resulted in a gel with increased swellabil-
ity, attributed to the increased mobility of the macrocycle com-
ponents along the polyvinyl chains."*’

The extensive work of the Beer group over the last two
decades has shown the viability of using anions as alternative
templates to metal ions for the formation of (pseudo)MIMs."*°
For example, a combination of isophthalamide and pyridi-
niumdicarboxamide ligands is able to form a heteroleptic
aniono-assembly about halide ions (Fig. 34a)."*' Due to their
intramolecular nature, cyclisation reactions are inherently
more prone to non-productive side reactions than inter-
molecular couplings. Nonetheless, both clipping’** and stop-
pering'?*® reactions of anion-templated pseudointerlocked pre-
cursors have been used to prepare MIMs.

Using the design principles delineated through this work,
Kakuchi and co-workers prepared a chloride-templated assem-
bly consisting of an axle component with trityl stoppers, and
an acyclic macrocycle precursor with terminal alkyne units.
Cyclopolymerisation'** of this precursor resulted in simul-
taneous cyclisation of the acyclic unit and mechanical bond
formation between the axle and incipient macrocycle, as well
as polymerisation of the rotaxane structure (Fig. 34b). The
cyclisation efficiency was determined to be very high (>99%)
with up to 26% of the macrocycles successfully threaded by an
axle in the isolated polymers (DOSY NMR was used to confirm
the interlocked nature of the components)."**

In summary, a wide range of pseudorotaxane assemblies
have been shown to be viable monomer precursors for the syn-
thesis of main chain poly[n]rotaxanes, provided the reaction
conditions do not significantly disrupt the host-guest inter-
actions. It is interesting to note that, despite their continued
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Fig. 34 (a) Formation of a pseudorotaxane from the self-assembly of
an isophthalamide macrocycle and pyridiniumdicarboxamide axle using
an anion template. (b) Kakuchi's cyclopolymerisation to form a chloride-
templated polyrotaxane.
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Fig. 35 Woisel's CuAAC approach to grafting rotaxane and catenane
units onto the side chains of an azide-functionalised polystyrene.

popularity for the synthesis of discrete MIMs, fuelled by their
predictability and robustness, metal ion templates have rarely
been used in preparing mechanically interlocked polymers,
perhaps due to the potential difficulties for subsequent
removal of the metal ions from the resultant polymers.

3.3 Post-synthetic polymer functionalisation (grafting)

In the previous examples, polymer formation, trapping of the
mechanical bond, or both, occurred as the final synthetic step.
Alternatively, pre-formed polymers may be post-synthetically
functionalised with MIMs. Woisel and co-workers prepared [2]
catenane and [2]rotaxane monomers with alkyne-functiona-
lised CBPQT*" macrocycles and were able to achieve an esti-
mated 50% incorporation of these MIMs onto the backbone of
an azide-functionalised polystyrene using CuAAC chemistry
(Fig. 35)."*® Subsequently Grzybowski, Stoddart and co-
workers demonstrated the efficacy of this CUAAC approach for
grafting an electrochemically active catenane onto a polymer
side chain, importantly showing that it retained its ability to
operate as a molecular switch."*”

3.4 Capping/clipping approaches

As with discrete MIMs, capping - the addition of stoppers to a
pseudorotaxane to kinetically trap the macrocycle(s) on the
axle - and clipping - the cyclisation of a macrocycle precursor
about an axle — are commonly employed strategies for the syn-
thesis of poly[n]rotaxanes (Fig. 36). Thus, unsurprisingly, many
of the template motifs used for the synthesis of discrete MIMs
can, and have, be used for preparing polymeric analogues.

3.4.1 Capping. The first poly[n|rotaxane prepared in this
manner was reported by Harada and co-workers in 1992.
Based on a prior observation that combining aqueous solu-
tions of PEG and o-CD resulted in the precipitation of pseudo-
polyrotaxane assemblies,"*® the threaded assembly obtained
with diamino-PEG was stoppered by reaction with 2,4-dinitro-
fluorobenzene, trapping ~20 macrocycles on each chain
(Fig. 37a)."°

The threading of PEG was found to be specific for a-CD;
neither B- nor y-CD formed similar inclusion complexes.
However, both of these larger macrocycles were able to encircle
poly(propylene glycol) (PPG)."*° Unsurprisingly, addition of
appropriate stoppering groups to a p-CD/PPG polypseudorotax-
ane gave the permanently interlocked structure."*' Likewise,
poly[n]rotaxanes generated from inclusion complexes of poly

This journal is © The Royal Society of Chemistry 2020
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Fig. 36 Capping and clipping are commonly employed methods to
prepare main chain poly[nlrotaxanes. Although an inherently more chal-
lenging reaction, the intramolecular cyclisation of a pseudoln]rotaxane
will give rise to a radial [n]catenane.

d)

Fig. 37 Main chain poly[n]rotaxanes

prepared via
approach: (a) Harada's seminal PEG/a-CD polyrotaxane; (b) Stoddart's
donor—acceptor system; (c) an alternative design in which the macro-
cycle is incorporated in the polymer backbone by Takata; (d) Ogoshi's
pillarene polyrotaxane with viologen-based axle.

the capping

(butadiene) (PBD) and poly(dimethylsiloxane) (PDMS) have
also been reported.'*>

Following on from Harada’s seminal work, the combination
of PEG and a-CD remains the most popular choice for prepar-
ing poly[n]rotaxanes via this capping approach. However, there
have been numerous reports using alternative template motifs.
Stoddart and co-workers used a CuAAC-derived polymer with
1,5-dioxynaphthalene units to thread CBPQT*', with a final
CUAAC used to stopper the system (Fig. 37b);'*> Wenz and
Keller observed threading of a-CD onto poly(iminooligomethyl-
ene) chains, introducing nicotinyl groups to effectively prevent
dethreading;'** diamino-PEG could also be used as an axle
component with CB[7], as shown by Resmerita and co-
workers;'** Ogoshi and co-workers synthesised a polyrotaxane
composed of an adamantane-stoppered viologen polymer
threaded with pillar[5]arene macrocycles (Fig. 37d);**® poly
(hexamethyleneammonium) was found to be a suitable axle
for trapping DB24C8 with very high efficiency by Takata and
co-workers."*’

A much less common approach to main chain poly[n]rotax-
anes is the capping of axle components threaded through a

This journal is © The Royal Society of Chemistry 2020
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Fig. 38 Higashi, Arima and Li's formation of a radial poly[nlcatenane
through oxidative cyclisation of a dithiol block co-polymer threaded
with CD macrocycles.

polymer constructed from multiple macrocyclic components.
Takata and co-workers first demonstrated the feasibility of this
strategy through self-assembly of a poly-DB24C8 chain with an
ammonium half-axle that subsequently stoppered
(Fig. 37¢).1*8

3.4.2 Cyclisation. If, instead of an intermolecular stopper-
ing reaction, a pseudopolyrotaxane were able to undergo intra-

was

molecular cyclisation, a radial poly[n]catenane would result
(Fig. 3j). This is obviously a synthetically more challenging
target to access and as a result there are far fewer examples in
the literature. Higashi, Arima, Li and co-workers initially
attempted to oxidatively cyclise a dithiol-PEG threaded
with a-CD. Despite successful disulfide bond formation, no
cyclised product could be detected, reasoned to be due to
the rigidity of the polymer chain in the pseudopolyrotaxane
preventing intramolecular reaction. To remedy this an
HS-PEG-PPG-PEG-SH block co-polymer was used with the
larger B- or y-CD macrocycles, providing the terminal thiol
groups with additional flexibility. Following oxidation with
H,0, the desired radial polycatenanes were obtained and iso-
lated by precipitation and washing (Fig. 38).**°

3.4.3 Clipping. The clipping approach to mechanically
interlocked polymers involves the cyclisation of macrocycle
precursors around a pre-formed axle/macrocycle. As with the
cyclisation example described above, the use of a more chal-
lenging intramolecular reaction explains the paucity of
examples in comparison to the capping method. In 2010
Grubbs and co-workers were able to successfully synthesise
and isolate from linear impurities a cyclic polyammonium
polymer. Using ring-closing metathesis (RCM), crown ether
macrocycles were formed around the ammonium templates
from a diene precursor (Fig. 39), with ~15% macrocycle occu-
pancy of the resultant radial poly[n]catenane observed by "H
NMR."*°

In 2017 Rowan and co-workers reported the synthesis and
characterisation of main chain poly[r]catenanes obtained from
ring-closing alkene metathesis of a Zn(un) coordination
polymer, assembled from an alternating mixture of two com-
ponents: a macrocycle and an acyclic diolefin, both incorporat-
ing two tridentate coordination sites (Fig. 40). Following deme-
tallation and isolation of the resultant polymeric material
from non-interlocked by-products and smaller oligomers, the
mixture was fractionated by preparative GPC. Through a com-
bination of GPC coupled to multiangle light scattering, MS
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Fig. 40 Rowan's synthesis of main chain poly[n]catenanes through ring
closing alkene metathesis of a zinc(i) coordination polymer assembled
from bis-tridentate macrocyclic (green) and acyclic (blue) building
blocks.

and NMR analysis, including comparison with model com-
pounds, the polymeric mixture was found to contain linear,
cyclic and branched poly[r]catenanes. Of the latter, polymers
with molecular weights of up to 200 kg mol™" were identified,
corresponding to poly[130]catenanes!**

3.5 Coordination polymers

As highlighted above, metal ions/complexes can be extremely
useful units for organising (pseudo)MIMs into oligomeric
metallo[n]rotaxanes and -catenanes. Just as these can be
obtained from judiciously chosen building blocks, careful
design can also allow the synthesis of polymeric materials
incorporating mechanically bonded components.'>*

In the mid-1990s the early work in the field was dominated
by the group of Kim who explored the effect of both metal
source and ligand structure on the self-assembly of CB-based
pseudorotaxanes (Fig. 41). A bis(4-pyridyl) axle was observed
to form a one-dimensional polymer with Cu(NO;), (with
Cu(OH,); nodes stoppering and connecting interlocked
ligands)'®® and a two-dimensional network with Ag(NO;).">*

6774 | Org. Biomol Chem., 2020, 18, 6757-6780
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Fig. 41 SCXRD structures of 1D, 2D and 3D coordination polymers
derived from CBI[6]-based pseudo[2]rotaxanes with Cu(i), Ag(i) and Tb(in)
ions, respectively.

The first three-dimensional rotaxane coordination polymer,
latterly termed metal-organic rotaxane frameworks (MORFs)
by Loeb,"”® was obtained from the self-assembly of a bis(ben-
zoate) axle with Tb(NO,);.">® Likewise, Loeb and co-workers
showed that pseudo[2]rotaxanes derived from 1,2-bis(pyridi-
nium)ethane axle ligands and DB24C8 macrocycles could be
used to assemble one-, two- and three-dimensional coordi-
nation polymers."?’

In the majority of MORFs the coordinating moieties are
located on the axle component, likely due to a combination of
the commercial availability of many macrocycles and the rela-
tive synthetic ease of preparing functionalised acyclic com-
ponents. Despite this, there are several examples in the litera-
ture of (pseudo)[2]rotaxane coordination polymers with
ligands on the macrocycle,"®® or on both components
(Fig. 42a).">°

For the same reasons outlined above, catenanes as ligands
in coordination polymers are relatively scarce. However, Ag(1)-
based one-dimensional coordination polymers have been
reported by the groups of Lewis - who utilised a [2]catenane
ligand with monodentate pyridine donors in each macro-
cycle'® - and Stoddart, who employed a handcuff [3]catenane
with  bipyridine-functionalised terminal —macrocycles.'®
Furthermore, by using relatively rigid carboxylate ligands with
pendant catenane units, Stoddart, Yaghi and co-workers have
successfully prepared both two- and three-dimensional MOFs
(Fig. 42b)."*

Due to the efficiency of solid-state packing, incorporation of
MIMs into crystalline coordination networks tends to inhibit

a)

HO'

IO~
HO O 2

Fig. 42 (a) A [2]rotaxane reported by Loeb incorporating ligand units in
both the axle and macrocycle components. (b) Stoddart and Yaghi's [2]
catenane ligand used in the synthesis of a 2D MOF.

This journal is © The Royal Society of Chemistry 2020
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Fig. 43 Schurko and Loeb’s [2]rotaxane ligands that form MORFs in
which the macrocycle components are able to undergo pirouetting (left)
and shuttling (middle; SCXRD structure of methyl ester on right) motion
in the solid state.

relative motion of the components. This is something of a dis-
appointment given that mechanical dynamism within ordered
arrays is an oft touted reason for studying these materials in
the first place.'®® However, through careful ligand design,
Schurko, Loeb and co-workers have managed to generate
several MORFs in which movement of uncoordinated com-
ponents within interstitial spaces can be realised. Using rigid
axle components, rotaxane ligands within crystalline MOFs
have been demonstrated to exhibit both pirouetting'®* and
shuttling'®> motion of interlocked crown ether macrocycles in
the solid state (Fig. 43).

4 Conclusions

The development of synthetic methods for accessing mechani-
cal bonds has revolutionised the chemical space in which the
scientific community can operate. Progress in this area has
been exponential: from the early, painstaking, syntheses of
MIMs in the 1960s - half a century after they were first pro-
posed - it was two decades until Sauvage’s seminal metal tem-
plate-directed preparation of a [2]catenane was reported.
Within another ten years the field had exploded, with various
non-covalent templates described, multi-component MIMs
and molecular switches realised, and the first examples of
polyrotaxanes synthesised. Today a multitude of efficient syn-
thetic strategies have been established, and increasingly atten-
tion is being paid to potential applications for these molecules
in areas as diverse as drug'®® and gene delivery,'®” and as com-
ponents in hydrogels'®® and batteries."®’

In this review we have sought to outline the key synthetic
strategies used to prepare higher order discrete MIMs, and their
polymeric counterparts. Clearly there remain issues to be
solved. For many systems controlling the polymer length, and
even the nature of the mechanical connectivity (as in the
elegant synthesis of polycatenanes reported by Rowan and co-
workers'>"), can be extremely difficult. However, with the range
of methods available it is fast becoming possible to design
interlocked molecules with precision engineering of their pro-
perties. Given the previous rate of expansion of our knowledge
and understanding of mechanically interlocked systems it is
clear that sophisticated technologies and materials exploiting
the mechanical bond are within our grasp.

This journal is © The Royal Society of Chemistry 2020
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