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Mechanically interlocked molecules have a long and rich history as ligands thanks to the key role
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coordination chemistry has played in the development of high yielding passive template syntheses
of rotaxanes and catenanes. In this Feature Article, we highlight the effect of the mechanical bond
on the properties of metal ions bound within the sterically hindered environment of the macrocycle

cavity, and discuss the emerging applications of interlocked ligands in catalysis, sensing and supra-

www.rsc.org/chemcomm molecular materials.

Introduction

Species in which two or more covalent sub-components are
entangled and held together not through direct covalent inter-
actions but through the inability of bonds and atoms to pass
through one another are referred to as mechanically interlocked
molecules (MIMs)." The archetypal examples of MIMs are catenanes,
consisting of two or more mechanically interlocked macro-
cycles, and rotaxanes which, in their simplest form, consist of
a macrocyclic component wrapped around a linear axle, with
dissociation of the subcomponents prevented by bulky stopper
units at the axle termini.

Initially an esoteric curiosity, the exploration of MIMs for a
variety of applications has increased dramatically over the last
three decades, a trend inextricably associated with the develop-
ment of template-directed methods for their synthesis." The
first such high yielding method was reported by Sauvage and
co-workers in 1983 and relied on the predictable tetrahedral
coordination geometry of a Cu' ion with phenanthroline ligands to
arrange macrocycle 1 and macrocycle precursor 2 perpendicular
to one another in such an orientation that cyclisation of 2 gave
relatively facile and high yielding access to [2]catenane 3
(Fig. 1).% Soon after, Gibson and co-workers demonstrated that
the introduction of bulky stoppering units to 2 rather than
cyclisation, using the same Cu'-phenanthroline passive template,’
gave the corresponding [2]rotaxane species.”

Sauvage’s seminal work on the Cu'-phenanthroline template
inspired the development of many other template-directed methods,
including a great many examples based on metal ions. MIMs
prepared by these methods inherently possess the ability to
bind metal ions between the two components in a mechanically

Chemistry, University of Southampton, University Road, Southampton, SO17 1B],
UK. E-mail: s.goldup@soton.ac.uk

298 | Chem. Commun., 2017, 53, 298-312

quant. O rcuy2)t ©

\ ; [Cumy@]”
o O 2 o O
\— —

ICH»(CH,OCH,),CH,l | C82C03
2(CH2 2)4CH2l o
42%

Fig. 1 Sauvage's seminal passive Cu'-template directed synthesis of
[2]catenane 3.2

chelating manner where the donor atoms are linked via the
mechanical bond. Perhaps most famously, this has been further
capitalised on in the development of molecular switches where
the relative position of the covalent sub-components (their
co-conformation) is controlled by metal-ligand interactions."
The synthesis and operation of interlocked molecular machines
using such passive metal templates has been comprehensively
reviewed elsewhere and will not be covered here." Instead, in this
Feature Article, we shall discuss the effect of the mechanical
bond on the chemistry of coordinated metal ions and emerging
applications of mechanically interlocked ligand (MIL) scaffolds,
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focussing on MIMs as ligands for catalysis, MILs as sensors,
and finally MIMs as structural components within metallo-
supramolecular architectures.

The effect of the mechanical bond on
the chemistry of coordinated metal ions

Given the preponderance of metal ion templated syntheses of
MIMs and the inherent ability of the products to bind metal ions
strongly in an endohedral manner between the two covalent
components, this is unsurprisingly the most prominent mode
of coordination by MIM-based ligands. Furthermore, these
“mechanically chelating” ligands inherently place metal ions
in an unusual sterically shielded and conformationally restricted
environment, and this can have significant consequences for
their properties.

Firstly, the interlocked product of a passive metal template
synthesis typically forms more kinetically stable complexes with
the metal ion template than the precursor ligands. Sauvage
observed this phenomenon early in the development of his
Cu'-phenanthroline template; the templating Cu' ion remained
bound to catenane 3 following column chromatography, requiring
the use of "CN to achieve demetallation.> Subsequent studies
demonstrated that the rate of Cu' removal by KCN was lower in the
case of catenane 3 than analogous non-interlocked phenanthro-
line complexes (Fig. 2).° Sauvage termed this increased kinetic
stability the “catenand”® effect by analogy with the cryptate effect,”
and attributed the observed stabilisation to the pre-organisation of
the ligand donor atoms in the catenane architecture, combined
with steric protection of the metal centre, afforded by the organic
foliage of the MIM itself.

Secondly, endotopic coordination within the binding pocket
of catenane 3 was shown to alter the redox chemistry of the
bound metal ion. Sauvage and co-workers found that catenane 3
is capable of binding a range of metal cations (Li', Ag', zn", cd",
Co", Ni", Fe", Pd") other than Cu', demonstrating that, although

[M(4).]
kon(mol'Ls®)  0.16:£0.01 820 + 43
Cu kg (s7) 1.8+09x10% 48+06
Eq2(Cu0) (V) -1.650 -1.610
Eqp(Niz**) (V) -0.180 -0.160
i [koz(Ni*’z*) (M1 s ~10'5 2

Fig. 2 Effect of the mechanical bond on the stability and electrochemistry
of metal complexes of catenane [M(3)] compared with non-interlocked
analogue [M(4),]>8
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the ligand pocket is restricted, it is flexible enough to accom-
modate ions of different radii; indeed, the enforced association
of the phenanthroline ligands in catenane 3 allowed tetra-
coordinate complexes of Li' and Fe" to be isolated, whereas
complex formation was not observed with non-interlocked
ligand 4.%° However, the mechanical bond of catenane 3 signi-
ficantly altered the accessible oxidation states of the bound
metal ions by disfavouring higher oxidation states; Fe'™ and
Co™ proved inaccessible under the experimental conditions
used.® The inability to access higher oxidation states was
attributed to the catenane structure preventing coordination of
additional ligands to provide the higher coordination numbers
required to stabilise the high charge density of the trivalent
cations. Conversely, reduction potentials to access lower oxidation
states (Cu”® and Ni"") were not significantly altered in the
interlocked structure.

Finally, the mechanical bond also modifies the kinetics of
chemical oxidation. Thus, although [Ni"(3)] and non-interlocked
analogue [Ni"(4),] were reduced at comparable potentials to give
spectroscopically similar Ni' species, with EPR studies confirming
the formally d° electronic state of the Ni' ion in both cases, the
rate constant for oxidation of catenane complex [Ni'(3)] by dis-
solved O, in CH,Cl, solution was found to be 10> times smaller
than the non-interlocked analogue.'

Thus the mechanical bond in catenanes has been shown to
significantly alter the coordination chemistry, stability and redox
properties of the interlocked metal complex. The observation of
similar effects in the case of rotaxanes is much less common, at
least in part because the environment of the mechanical bond is
typically less constrained than in catenanes. However, similarly to
Sauvage’s report in the case of catenane 3, Leigh and co-workers
have demonstrated that the enforced association of convergent
binding sites within a rotaxane can give rise to complexes that are
not accessible in the case of the corresponding non-interlocked
ligands."" More recently, we have demonstrated that the active
template Cu-mediated alkyne-azide cycloaddition (AT-CuAAC)'?
approach to rotaxanes can be used to generate very hindered
interlocked molecules™ to the point where this unusual environ-
ment can stabilise a reactive Cu'-organometallic species; when
N'Pr,Et is employed to accelerate the AT-CuAAC reaction, the
isolated product is not the expected rotaxane, but interlocked
Cu'-triazolide [Cu(8)] intermediate of the CuAAC reaction
(Fig. 3)."* Given the well-established protolytic instability of
Cu' organometallic species, the stability of [Cu(8)] is remark-
able; not only does it survive aqueous work up with NH;-EDTA,
it even displays an appreciable stability in the presence of a
variety of carboxylic acids. Tellingly, the time taken for proto-
nation of the Cu-C bond is strongly correlated with the steric
bulk of the acid.

It is perhaps surprising that, although the catenand effect
and the modification of redox behaviour of metal ions were two
of the first concrete examples of the effect of mechanical bonding
on the chemistry of metal complexes, both remain largely unused
as a method for generating metal complexes with tailored proper-
ties. Indeed, although a great many interlocked ligands with
endohedrally bound metals have been reported, in many cases
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Fig. 3 Synthesis of Cu' triazolide [Cu(8)] under aqueous conditions
and the effect of carboxylic acid size on the rate of protodemetallation.*
Ad = 1-adamantyl.

detailed comparisons with the corresponding non-interlocked
metal complex are not discussed. Given the many potential
applications of metal ions, for instance in bioimaging through
radiochemical, optical and magnetic modes, the key role complex
stability plays in their biocompatibility, and the flexibility pro-
vided by mechanically chelating ligands,"® this is clearly an area
that warrants further investigation.

Mechanically interlocked ligands for
catalysis

Despite the large number of interlocked metal complexes reported
to date, the majority of these are poorly suited to catalytic applica-
tions; mechanically chelating ligands produced through metal-
based passive template methods are typically coordinatively
saturated and sterically hindered, limiting their catalytic potential.
For this reason, relatively few metal complexes of mechanically
interlocked ligands have been reported as catalysts. However,
the unusual properties of the mechanical bond, principally the
restricted relative motion of the covalent sub-components and
the ability to generate a crowded but flexible reaction environ-
ment, have been shown to impart unusual properties on catalysts
based on interlocked molecules.

Intramolecular transformations of metal-ion containing MIMs

Architectures in which a catalytically active metal ion is bound
to the ring component of a rotaxane bear comparison with
information processing enzymes such as DNA polymerase III
that operate by threading their polymeric template through a
toroidal clamp bearing the catalytic subunit.'® This arrange-
ment of catalyst and substrate results in high processivity - the
number of catalytic cycles before the catalyst and substrate
separate. Inspired by these natural systems, in 2003 Rowan and
Nolte reported a rotaxane in which an endotopic Mn'"" centre in
the macrocycle was demonstrated to epoxidise a threaded poly-
butadiene substrate in a highly processive manner (Fig. 4a)."”
The interlocked catalyst-substrate architecture is assembled
through n-n stacking interactions between a viologen unit in
the axle and the electron rich aromatic units of a glycoluril-clip
macrocycle. Subsequent addition of a bulky pyridine ligand
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Fig. 4 (a) Partial structure of Rowan and Nolte's DNA polymerase mimic
showing the macrocycle containing the Mn porphyrin catalyst and the
partially oxidised polybutadiene axle.” Adapted from ref. 17c. Copyright
2007 National Academy of Sciences. (b) a cartoon of the recently reported
biohybrid mechanically interlocked catalyst.'® Adapted by permission from
ref. 18. Copyright 2013 Nature Publishing Group.

that binds to the Mn"™ centre blocks the outer face of the
Mn-porphyrin catalytic unit, ensuring that catalysis can only take
place in the macrocycle cavity. Addition of an oxidant (PhIO)
results in the rapid epoxidation of the threaded substrate with
catalysis taking place inside the cavity of the macrocycle. In
addition to ensuring extremely high processivity, this unusual
catalyst-substrate arrangement leads to high selectivity for
the ¢rans epoxide product (80: 20 trans—cis) whereas the corres-
ponding intermolecular reaction produces the cis epoxide (20 : 80).
Subsequent studies of the threading and sliding process indicate
that the enzyme mimic operates by randomly sliding along its
macromolecular substrate rather than transforming each indi-
vidual alkene in the order they are encountered. More recently,
the same authors reported the extension of this approach to the
site selective oxidation of DNA by tethering a similar Mn™
porphyrin to the toroidal sliding clamp protein of bacterio-
phage T4, to produce a biohybrid mechanically interlocked
catalyst (Fig. 4b)."®

In Rowan and Nolte’s systems, the catalytic unit of the
macrocycle component was not employed directly in the syn-
thesis of the interlocked structure. More recently, Takata and
co-workers reported examples of rotaxanes assembled using a
Pd" passive template in which the metal ion can then be used
to catalyse the conversion of allylic carbamate units in the axle
to produce oxazolidinone rings (Fig. 5)."° Coordination of
pyridine 11 to Pd complex [Pd(10)(MeCN)] produced threaded
complex [Pd(10)(11)] which was subsequently trapped by reac-
tion with an isocyanate to give rotaxane Pd complex [Pd(12)].
Heating [Pd(12)] in the presence of Mg(OH), resulted in the
cyclisation of the urethane units to produce [Pd(13)]. Test reac-
tions demonstrated that both the Pd" complex and the base were
required for the reaction to take place efficiently. Furthermore,
the reaction of the non-interlocked axle with the same macro-
cyclic Pd" complex led to no conversion demonstrating that the
reaction takes place within the cavity of the rotaxane.”

This journal is © The Royal Society of Chemistry 2017
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Fig. 5
groups by a threaded macrocyclic Pd catalyst. R = 4-CgH4(C(4

Intramolecular cyclisation of allylic and propargylic carbamate
-‘BuCgHa)3).*°

The reaction could be extended to rotaxane [Pd(14a)] con-
taining four allyl groups and an excellent yield of tetra-cyclised
product [Pd(15a)] was maintained (99%). However, when pro-
pargylic rotaxane [Pd(14b)] was reacted under the same condi-
tions, a much lower yield of the corresponding tetra-oxazolone
product [Pd(15b)] was obtained (16%). Although the oxazolone
unit of [Pd(15b)] is unstable under the reaction conditions,
inherently reducing the yield of this reaction, the difference in
yield between [Pd(15a)] and [Pd(15b)] was, in part, attributed to
the inability of the macrocycle to move freely along the axle in
intermediates leading to [Pd(15b)]. Conversely, the macrocycle
can move freely in the case of more flexible [Pd(15a)]. This
suggests that the modification of the axle is once again not
sequence-processive, with the cyclisation reaction taking place
by a random walk pathway.

Recently, Saito and co-workers reported the transformation
of rotaxane 16, whose axle contains a diyne unit, into pyrrole-
containing rotaxane 17 by addition of aniline to the diyne unit
mediated by a Cu' ion coordinated in the macrocyclic cavity
(Fig. 6).>! The rate of the double hydroamination reaction was
found to be significantly higher in the case of the interlocked
structure than the non-interlocked axle with a range of Cu' sources,
confirming that the reaction is significantly accelerated by the
endotopically bound Cu' ion in rotaxane 16. By varying the size of

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Double hydroamination of rotaxane 16 mediated by an endotopically
coordinationed Cu' ion. %

the aniline nucleophile employed the authors were able to control
the rate of macrocycle shuttling in the product.

These examples demonstrate that metal ions bound within
the macrocyclic cavity of rotaxanes can enable reactions of the
axle that are hard to perform otherwise and, in some cases, lead
to high processivity when transforming multiple functional
groups, suggesting potential applications in the post-synthetic
modification of polymers. However, unlike the enzymes they set
out to mimic, in the systems disclosed to date the macrocyclic
catalyst explores the axle and randomly transforms the functional
groups. If these systems are to deliver sequence controlled post-
synthetic polymer modification, methods are needed to match
the rate of macrocycle motion to the rate of the catalytic process,
or the development of other strategies to control the relative
position of the macrocycle and axle, as has been demonstrated in
related systems relying on organocatalysis.>*

MIM complex-based catalysts with exogenous substrates

The sterically crowded nature of the mechanical bond can pro-
foundly affect the reactivity of functional groups on the inter-
locked components® including bound metal ions (cf. the catenand
effect). Logically, this effect should extend to metal ions capable of
catalysing reactions between exogenous substrates and thus inter-
locked ligands present an interesting opportunity for the develop-
ment of new catalysts with unusual properties. However, only
limited examples of ligands that take advantage of this effect
have been reported to date.

In 2008 Hagiwara and co-workers described catenane 18,
which is functionalised by two phosphine moieties, and synthe-
sised using a hydrogen bonding passive template (Fig. 7).>* This
ligand has the potential to act as an unusual bidentate phos-
phine in which the bite angle is determined by the mechanical
bond. Catenane 18 was investigated in the Pd-catalysed Suzuki-
Miyaura cross-coupling reaction between bromobenzene and
phenylboronic acid. Although the reaction was successful,
producing biphenyl in 66% yield, no comparison was made

PhBr + PhB(OH),

o] :—@-NHCO
NH

OCHN—éS—]N 0 ! Na,COs | Pd(OAc),
Ph,P i PrOH/H,0 | (1.5 mol %)
{ 3943%2! ZUN 18 (2.8 mol %)
oSG
0 NHCO— :
18 69%

Fig. 7 Suzuki—Miyaura coupling reaction with catenane 18 as a ligand.?*
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with the non-interlocked ligand making it hard to assess the
effect of the mechanical bond on the reaction. Furthermore, the
ratio between the metal ion (1.5 mol%) and the potentially
bidentate ligand 18 (2.8 mol%) suggests that only one of the
two phosphine moieties is involved in coordination to Pd.

As in the case of Rowan and Nolte, and Takata’s catalysts above,
one of the advantages of interlocked molecules is the ability of the
covalent components to move relative to one another. Osakada
and co-workers investigated the potential advantages of this
effect for transformation of exogenous substrates by synthe-
sising [3]rotaxane [Pd,(19)(Cl)y] in which both macrocycles
contain an exotopically ligated Pd" ion (Fig. 8).° They then
investigated this binuclear Pd" complex as a catalyst for the
Heck cyclisation of bis-alkene 20 and bis-iodobenzene 21. The
reaction was successful, producing target macrocycle 22 in
higher yield and with greater selectivity than the same reaction
mediated by Pd(OAc), in the presence of four equivalents
of PPh;. The authors proposed that this might be due to the
rotaxane architecture allowing both metal centres to react with
the substrates simultaneously to promote macrocyclisation
due to the ability of the two macrocycles to move relative to
one another. This is, to date, the only example of using the
mechanical bond to provide a flexible environment for
bimetallic catalysis, an exciting potential application of MIM-
based catalysts.>®

Leigh and co-workers reported a chiral [2]rotaxane ligand for
a Nickel-catalysed enantioselective Michael addition (Fig. 9).>
Rotaxane 23, which is synthesised using an active template
methodology, is unusual in that it can form coordinatively
unsaturated endotopically bound complexes. The NiBr, com-
plex of rotaxane 23 mediates the Michael addition between
diethyl malonate and ¢rans-B-nitrostyrene to give the product in
86% ee. Rotaxane 23 delivers the product in higher ee than
corresponding acyclic amine ligand 24 (86% and 36% ee
respectively), although the rotaxane-mediated reaction is an

Et;N

DMF, 100 C
cat
/@’O‘/\O/\’O
I 21
catalyst yield
2 mol% Pd(PPh3),(OAc), 32%
1 mol% 19 45%

Fig. 8 Ring-closing Mizoroki—Heck reaction by [3]rotaxane Pd complex
[Pd2(19)(Cl41 2
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Fig. 9 An enantioselective Michael-addition reaction mediated by a

rotaxane ligand.?”

>98% conv. 86% ee
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CO,Et
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order of magnitude slower (27 days vs. 48 h), presumably due to
the hindered nature of the metal centre.

Recently we reported an interlocked gold catalyst with a
number of unusual properties.*® Rotaxane Au'-phosphine complex
[Au(25)(Cl)] was synthesised using an AT-CUAAC approach and its
performance in the cyclopropanation reaction between styrene
and propargyl ester 26 was compared with the corresponding
non-interlocked catalyst. Surprisingly, although the non-interlocked
catalyst mediates the cyclopropanation of styrene in moderate
diastereoselectivity, rotaxane catalyst [Au(25)(Cl)] fails to mediate
the reaction at all (Fig. 10).

Ultimately, "H NMR analysis suggested that binding of the
bipyridine donors to the Au' centre inhibited the interlocked
catalyst. Accordingly, addition of a catalytically innocent guest
(Cu', Zn™), that binds inside the macrocycle cavity, reverses the
inhibition and switches the catalyst on, leading to higher yields
and diastereoselectivity compared with the non-interlocked axle.
The enhanced diastereoselectivity of [Au(25)(Cl)] was rationalised
by considering the buried volume (%Vbur - a measure of the
space occupied by ligands in the coordination sphere of metal
ions)*® values of the rotaxane and non-interlocked Au complexes,
which demonstrated the enhanced steric hindrance provided by
the mechanical bond.*® Intriguingly, not only does the identity

W [Au(LXCI] )\A )\/A

: AgSbFg
E cis-27 trans 27
,  additive yield cis-trans
: none no reaction o . -
: zn! 72% 12 : 1
: cu 85% 16 ? 1
: )\\A 2.1:1 (zn") )\/A\ 19:1 ')
: 24 1 (Cu') 15:1 (Cu')
: BzO

[Au(25)(CI)] :
N 20:1 (Zn“) )\A 1.8:1 (zn")
: Ph15:1 ( 1 6:1 (Cu')
i PivO Pivi

Fig. 10 Sterically hindered, stimuli responsive rotaxane catalyst [Au(25)(Cl)]
was studied in the Au-mediated cyclopropanation reaction shown and the
effect of catalytically innocent cofactors on the diastereoselectivity of the
reaction demonstrated.?®
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of the additive influence the yield and diastereoselectivity of the
reaction catalysed by [Au(25)(Cl)], the “best” additive varies
depending on the substrate, with aryl esters favouring Cu' as
the co-factor and alkyl esters giving the highest selectivity in the
presence of Zn". This variation in dr with additive was ration-
alised by the effect of additive binding on the shape of the catalyst
and thus the steric hindrance around the reaction site.

The development of rotaxanes as catalysts is still in its early
stages. In order to demonstrate the key advantages of the mecha-
nical bond in catalysis, in particular the effect of the crowded,
flexible environment of the mechanical bond, it is important
that proper controls are provided for comparison and this is
not always trivial. For instance, the behaviour of [3]rotaxane
[Pd,(19)(Cl),] and rotaxane ligand 23, in both of which the
catalytic metal ion is bound by the macrocyclic component,
were compared with acyclic non-interlocked catalysts which
makes it hard to tease apart the potential influences of ligand
topology®" and the mechanical bond. This point notwithstanding,
it is clear that interlocked ligands for catalysis bear further
investigation as the studies above suggest the potential for the
mechanical bond to influence the activity, chemo- and stereo-
selectivity of catalysed reactions.

Mechanically interlocked ligands as
sensors

Rotaxanes and catenanes have the proven potential to act as
hosts for ions and small molecules by binding the guest in the
crowded environment created by the mechanical bond.**> The
extension of this property to sensors requires the development
of systems that display a “readable” signal (typically optical or
electrochemical) that selectively distinguish between different
potential guests.

MILs that report the binding of metal ions

A simple way to design a metal responsive MIM is by employing
the mechanically chelating ligand produced in a metal ion
mediated passive template synthesis to bind the analyte. Swager
and co-workers demonstrated this approach by employing Sauvage’s
phenanthroline-Cu' template to produce rotaxane 28 that dis-
plays exciplex emission in the metal-free state (Fig. 11).**¢
Addition of Zn" to a solution of 28 leads to quenching of the
longer wavelength emission as the energy levels of the coordi-
nated phenanthroline moiety and relative orientation of the
chromophores in metal complex [Zn(28)]** disfavour exciplex
formation.** Other metal ions also quenched the exciplex emis-
sion. The authors later extended this system to the solid state by
electropolymerisation of an interlocked precursor and demon-
strated that Zn" or Cu' binding alters the electrical conductivity
and optical properties of the conjugated polymer.>3>

Rotaxane 28 relies on metal binding in the mechanically
chelating ligand produced in the passive template synthesis to
induce electronic and conformational changes that result in optical
and electrochemical read out. It is also possible to use metal
binding in systems where the metal binding unit is not residual

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 (a) Emissive rotaxane 28; (b) the response of 28 to Zn'".33 Adapted
with permission from ref. 33a. Copyright 2001 American Chemical Society.

from the method of synthesis. Catenane 29, which is synthesised
through a hydrogen bond directed strategy, exhibits a switch on
fluorescent response in the presence of Zn" (Fig. 12).*> The origin
of this effect is not entirely clear but it appears that the binding of
Zn" interrupts the salt bridge between the amidine and carboxylate
units,*® leading to enhanced relative motion of the two macro-
cycles, as shown by the loss of CD signal on complexation. Addition
of a cryptand to sequester the Zn" ion regenerates the free ligand.

CDCly o

Zn(ClOy),
CDCl3

N

o)
QO
U [Zn(29)1%*
Fig. 12 (a) Catenane 29 synthesised using a salt-bridge template; (b) addition

of Zn" interrupts the salt bridge leading to visibly enhanced fluorescence (c).*
Adapted with permission from ref. 35. Copyright © 2010 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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Fig. 13 (a) Li-selective rotaxane based host 30 and (b) its fluorescence
response in the presence of group | metal ions. Adapted with permission
from ref. 38. Copyright 2004 American Chemical Society.

In 2004 Hiratani and co-workers reported [1]rotaxane®’
30 that selectively binds Li' over other group I metal ions
(Fig. 13);*® "H NMR studies demonstrated that Li' was able to
bind in the cavity formed between the crown ether macrocycle
and the amide axle component, whereas Na' and K' did not
bind.*® Furthermore, binding of Li" was proposed to lead to a
(co)conformational change that brings the macrocycle and
anthracene moiety into closer proximity. This in turn enhanced
energy transfer between the naphthol moiety of the macrocycle
and the anthracene moiety of the axle, resulting in an enhanced
emission. The same authors later extended this approach to a
[3]rotaxane that shows different coordination behaviour with
Li' and the larger Cs' ion;*® while Li' is coordinated within the
macrocycle cavity and forms a 2:1 complex, the larger Cs' ion
is coordinated between the macrocycles in a 1:1 complex.
Coordination of Cs' is reported to result in an increase in
fluorescence intensity.*!

Perhaps the best-known role of metal ions in the develop-
ment of stimuli responsive MIMs is as molecular shuttles where
addition or removal of metal ions leads to changes in the
relative position of the interlocked components.' Most of these
systems are studied either by NMR or cyclic voltammetry.
However, a small number of examples have been reported in
which metal driven changes in the co-conformation leads to an
optical output.

In 2008 Li and co-workers demonstrated metal-responsive
shuttle 31 that displays changes in optical output depending
on its coordination state (Fig. 14).*> In the neutral state, the
macrocycle occupies the amide station and photo-induced electron
transfer from the amine moieties of the axle and macrocycle
quenches the anthracene emission. Addition of Li' leads to an
increase in emission that the authors propose is due to a change in
orientation of the macrocycle on the amide station reducing the
efficiency of the quenching process. Addition of Zn" to rotaxane 31
led to shuttling of the macrocycle from the amide station to the
amine to provide the Zn>" ion with a tetra-aza binding pocket.
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Fig. 14 (a) Metal responsive rotaxane 31 and (b) the observed changes in
emission intensity depending on the coordination state.*? The exchange of
Zn'" for Li' and vice versa was reversible over a number of cycles (inset).
Adapted with permission from ref. 42. Copyright 2008 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

This led to a much larger increase in the fluorescence output
from the anthracene moiety as the amine in the axle and the
macrocycle, now coordinated to Zn", are no longer able to
quench the excited state by electron transfer.

Chiu and co-workers took a different approach in the develop-
ment of rotaxane molecular shuttle 32, which also shows optical
read out of metal ion binding (Fig. 15).** In this case, the
macrocycle occupies the bipyridinium station in the absence of
metal ions. This exposes the squarine dye to the polar solvent
(MeCN) and results in quenching of the emission. Addition of
Na' leads to shuttling of the macrocycle to the squarine station
due to ion—-dipole interactions between the crown ether windows
of the macrocycle and the alkoxide moieties of the dye, shielding
the dye from its environment and increasing the quantum yield
of the squarine unit.

Relatively few examples of MIMs that display a “readable”
signal on metal binding have been reported, despite the extremely
large number of reported MIMs with metal binding units. Further-
more, although these examples produce a useful optical read-out,
the majority do not report selectivity in the response; only in the

This journal is © The Royal Society of Chemistry 2017
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Fig. 15 Molecular shuttle 32 and its response to Na' binding.** Adapted
with permission from ref. 43. Copyright 2008 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

case of [1]rotaxane 30 and shuttle 31 are different responses
reported for different metal ions. Thus, although all of the above
examples demonstrate the potential of MIMs to bind metal ions
and report that binding event, only Hiratani’s system (Fig. 13)
demonstrates the potential of this approach in the development
of sensors by using the confined cavity of the rotaxane to develop
a selective three dimensional binding site for a specific analyte.
Given the proven potential of rotaxanes as sensors for small
molecules and ions (see below), this seems to be an area with
significant potential.

Metal ions as reporter units in rotaxane-based sensors

In contrast to the limited examples of selectivity in metal ion
binding with MILs, interlocked hosts have been reported to
bind to a range of anionic and small molecule analytes thanks to
the restrictions imposed by the mechanical bond.** Work from
Beer and co-workers demonstrates both the potential of MIMs as
selective hosts and an alternative application of metal-ligand
interactions in sensor development; using the bound metal ion
as a reporter unit.

As with metal ion templated MIMs, MIMs prepared via anion
templation methods tend to have high affinities for anions.
Importantly, the shape and size of the cavity generated between
the MIM components often leads to high selectivity between
anions, which in some cases contradicts those obtained with the

&

Emission intensity (a.u.)
- nN w S (3, [} ~
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non-interlocked components. For example, although the corres-
ponding non-interlocked macrocycle alone binds most strongly to
CIY, interlocked hydrogen bonding host 33, which contains a Re'
centre bound to the exocyclic bipyridine unit, shows a greater than
10-fold higher binding constant for HSO,  (Fig. 16). The presence
of the emissive Re(CO);Cl complex allowed the binding of anions to
be monitored by fluorescence spectroscopy (Fig. 16b).***> Recently
Beer and co-workers have extended this approach to halogen
bonding systems that display selectivity for iodide under aqueous
conditions.”® The same approach has been extended to other
emissive metal ion reporters including MILs for Eu™,*” and Ru".*®

In addition to their emissive properties, metal ions also offer
the possibility of electrochemical read out. Beer and co-workers
have demonstrated this using ferrocene substituted MIMs in
which anion binding perturbs the Fe™™ couple leading to a
cathodic shift (Fig. 17).* Extending this to Os™, as in rotaxane 34,
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Fig. 17 (a) Surface appended electrochemical anion sensor [Os(34)(bipy).]

with bound chloride anion and (b) its optical and (c) electrochemical response

to CL.°° Adapted with permission from ref. 50. Copyright 2013 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim.
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(a) Beer's hydrogen bonding host [Re(33)(CO)s(CDI™, (b) its optical read out on HSO,4~ addition and (c) a comparison with the response of the

rotaxane host (diamonds), the corresponding non-interlocked macrocycle (triangles) and an acyclic analogue (circles).** Reproduced from ref. 44 with

permission from the Royal Society of Chemistry.
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and mounting the host on a gold surface allowed the anion
binding event to be detected both optically and electrochemically.*

The examples presented above clearly show that metal ions
bound within the MIM structure can be used to report changes
upon guest binding which, combined with the selectivity imparted
by the mechanical bond, provide an excellent platform for sensor
development.

Mechanically interlocked ligands in
metallo-supramolecular chemistry

There is currently a growing interest in metallo-supramolecular
materials in which metal-ligand interactions are used to direct
the assembly of complex 1D, 2D and 3D architectures.”" In the
final section of this Feature Article we will discuss systems
that attempt to combine MILs with metallo-supramolecular
assembly. We have chosen to focus on robust, permanently
interlocked building blocks rather than metallo-supramolecular
systems based on pseudorotaxane units in which the metal-
ligand interactions are integral to the stability of the interlocked
structure.*

Discrete metallo-supramolecular assemblies

As a first step towards metallo-supramolecular assemblies, in
2003 Loeb and co-workers demonstrated the homo-dimerisation
of rotaxane ligand 35%*, which is functionalised by a terpyridine
stopper unit, to give a simple MIM-based metal complex. Treat-
ment with Fe” led to a homoleptic low-spin Fe'" complex in
which two rotaxane ligands bind to the Fe centre and the
resulting complex was characterised by "H NMR, MS and UV-
vis spectroscopy (Fig. 18).>> What is perhaps noteworthy about
this relatively simple coordination complex is that, by associat-
ing the axle units using metal-ligand interactions, the macro-
cycle components are also brought into proximity. Crowley and
co-workers demonstrated the inverse of this effect by substitut-
ing the macrocycle component of a [2]rotaxane with terpyridine
moieties.>*

[Fe(35)1%

Fig. 18 Dimerisation of rotaxane ligand 35°" in the presence of Fe' >3
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Fig. 19 Hierarchical self-assembly of a metallo-supramolecular dimer.>®

Wang and co-workers took advantage of such a coordination-
driven dimerisation of [2]rotaxane ligands to construct supra-
molecular polymers using hierarchical self-assembly.>> Monomer
unit [2]rotaxane 36 is stoppered by a terpyridine moiety and the
macrocycle is substituted with a Hamilton receptor (Fig. 19).
Addition of Zn" leads to the efficient dimerisation of the rotaxane
ligand, which produces an assembly containing two Hamilton
receptors. At concentrations above ~7 mM, this dimer self-
assembles through H-bonding interactions in the presence of
bis-cyanuric acid derivative 37 to produce a supramolecular
polymer, and the polymerisation process was monitored by
DOSY NMR and viscometry. Importantly, neither Zn" nor bis-
cyanuric acid derivative 37 alone are sufficient for supra-
molecular polymerisation to take place. The product polymer
forms flexible, transparent free-standing films.

In the case of the examples above either the axle or macro-
cycle component provide the ligand used in the assembly of the
metallo-dimer and the only effect of the mechanical bond is to
associate the second covalent component with the assembly. In
2014 Crowley and co-workers observed a dimeric complex in
which both the macrocycle and thread provide donor atoms
(Fig. 20). In the presence of Ag" ions, [2]rotaxane 38 dimerised
to form an M,L, assembly; in the solid state the silver ions
adopted a distorted trigonal planar geometry, with the 1,2,3-
triazole units of the thread acting as bridging ligands between

) ?N_@N,OJ’
g9
v,

OH

Fig. 20 (a) Interlocked rotaxane ligands 38 and (b) the solid state structure
156

of the corresponding dimer formed in the presence of Ag'.
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two Ag' ions (forming a six membered metallocycle), and the
pyridines of the macrocycle completing the coordination sphere
(Fig. 20b).%¢

Schalley and co-workers recently extended this approach to
surface modification by using a Pd" ion to link rotaxane 39 to a
gold surface and study the ordering of the interlocked molecule
at the interface (Fig. 21a).>” The terpyridine ligand of rotaxane
39 was first coordinated to Pd" to give a stable complex with a
labile coordination site. A monolayer was prepared function-
alised by a linear mono-pyridine ligand. Immersion of this
monolayer in a solution of [Pd(39)(MeCN)] resulted in coordina-
tion to the monopyridine ligands, generating an ordered array
of rotaxanes bound to the gold surface. X-ray photoelectron
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Fig. 21 (a) Schalley’'s rotaxane monolayer assembled using metallosupra-
molecular chemistry;®” (b) a cartoon representation of the layer-by-layer
deposition of Cl-responsive rotaxanes and (c) their proposed switching in the
presence of Cl anions.>® Adapted with permission from ref. 58. Copyright
2015 American Chemical Society.
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[Pt3(41)3(dppp)3]®*

(a) Rotaxane 41 and corresponding non-interlocked axle 40 and
t”_59

[Pt2(40)2(dppp)2]**

Fig. 22
(b) the products of their self-assembly in the presence of P

spectroscopy (XPS) confirmed the presence of the iodine-labeled
rotaxane axle on the surface, with near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy revealing nitrogen resonances
indicative of the macrocycle, thus leading to the conclusion that
the rotaxanes had been successfully bound to the surface. A linear
dichroism effect was observed in the NEXAFS C K-edge, suggesting
the formation of ordered arrays of the surface-bound rotaxanes,
and a packing density of 15-20% was estimated from XPS data.

This self-assembly technique was subsequently employed to
deposit multilayers of a chloride-responsive rotaxane in which
the macrocycle was substituted with two terpyridine moieties
(Fig. 21b).”® This allowed the layer-by-layer deposition by sequen-
tially washing the surface with solutions of Fe(BF,),-6H,0 and
the rotaxane, with addition of up to 20 layers reported. Most
impressively, the surface-bound rotaxane multilayer retained its
ability to bind chloride ions; reversible changes in contact angle
measurements and angle-resolved NEXAFS spectra upon addition
and removal of chloride ions suggested on-surface switching took
place (Fig. 21c).

Although there is increasing interest in the use of MIMs in
metallo-supramolecular assembly, relatively little attention has
been paid to the effect of the mechanical bond on the outcome
of the assembly process. Loeb has recently found that bis-
pyridine ligand 40 and its interlocked analogue 41 form different
architectures in the presence of Pt"(dppp) (Fig. 22);> non-interlocked
axle 40 formed a simple M,L, metallo-rectangle whereas [2]rotaxane
41 formed a M;L; molecular necklace and higher order M,L,
complexes. The difference in behaviour between rotaxane 41
and axle 40 was attributed to the higher rigidity of the inter-
locked ligand induced by the encircling macrocycle, combined
with the increased steric demand provided by the macrocycle;
the macrocycles completely fill the cavity of the triangle.

Interlocked metallo-supramolecular polymers

The discrete assemblies above, in particular Loeb’s molecular
triangle, suggest the possibility of larger metallo-polymers.®°
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Fig. 23 (a) Tetradentate interlocked ligand 422* and (b) the product of its
self-assembly in the presence of Cd" %!

The first such structure based on a permanently interlocked
[2]rotaxane linker relied on ligands not in the axle component
but in the macrocycle.®* In 2011 Loeb and co-workers reported
a series of rotaxanes in which the macrocycle component was
appended with pyridine-based ligands. When rotaxane 42, in
which each macrocycle bears four 3-substituted pyridine units
(Fig. 23a), was combined with Cd" a coordination polymer was
obtained in which the pyridine ligands of each macrocycle
coordinate to a different Cd" ion (Fig. 23b). The authors later
extended the approach by replacing the pyridine ligands with
thio-ether units to create coordination polymers using Ag'-S
interactions.®?

Through post-synthetic modification of a [2]rotaxane, Crowley
and co-workers were able to install terpyridine units on both
the macrocycle and thread components (Fig. 24).>* Addition of
[Fe(H,0)6](BF,), to a dilute solution of functionalised rotaxane

([Fe(43)1%)s

Fig. 24 A metallo-supramolecular polymer formed by coordination of
Fe'' to both the macrocycle and the axle.
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Fig. 25 Solvent responsive monomer 44 that assembles in the presence
of Fe!' to give a stimuli-responsive metallo-supramolecular polymer.®*

43 resulted in formation of a simple ML complex, with coordi-
nation of the macrocyclic and thread terpyridine units from the
same rotaxane to an Fe' ion. Conversely, addition of FeCl, to a
concentrated solution of the rotaxane yielded metallo-oligomeric
species, underlining the important role that the reaction condi-
tions play in determining the outcome of coordination-based
polymerisation reactions. Using both DOSY NMR and GPC the
metallo-oligomers were estimated to be formed from between
11 and 13 rotaxane units.

In 2014 Huang and co-workers reported a rotaxane molecular
machine-based metallo-supramolecular polymer.*® Rotaxane 44
(Fig. 25) is based on their previously reported “molecular spring”
in which changing the solvent environment changes the preferred
positions of the macrocycles on the axle, resulting in a change in
the average length of the assembly.®* In the presence of FeCl,, 44
assembles into a 1D supramolecular polymer and the resulting
fibres were visualised by TEM and SEM. As with the monomeric
building block 44 (Fig. 25), variation in the solvent environment
changes the length of the assembled metallo-supramolecular
polymer and these changes were visualised using DLS.

Metal-organic frameworks (MOFs)

Crystalline coordination polymers in which the network con-
tains appreciable void space - commonly referred to as metal
organic frameworks (MOFs) - have become an intense area of
research for applications as diverse as drug delivery, gas sorption,
sorting of chemical mixtures,®® and recently as an analytic tool in
X-ray crystallography.®® In recent years several research groups
have sought to combine MOFs and MIMs to generate networks
with interlocked ligand components.

This journal is © The Royal Society of Chemistry 2017
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Fig. 26 (a) Tetracarboxylic acid ligand rotaxane 45 and (b) the MOF

formed by 45 in the presence of Cu'".

Loeb and co-workers have demonstrated a number of crown
ether-ammonium templated rotaxanes as MOF building blocks.
In 2012 they reported that tetra-carboxylic acid rotaxane 45
formed a crystalline MOF when heated with Cu(NO3),-3H,0 in
DMF-EtOH-H,0 and allowed to cool slowly (Fig. 26).°” Single
crystal X-ray analysis confirmed the porous nature of UWDM-1
and revealed that the crown ether macrocycle is hydrogen bonded
to a water molecule bound to a Cu™ paddle-wheel unit (Fig. 26b).
This interaction, combined with steric interactions with further
molecules of H,O occupying void space in the lattice, lock the
macrocycle in place, preventing free rotation of the macrocycle
relative to the lattice.

Heating the green, as-synthesised material to 150 °C in vacuo
removed these water molecules. In the new lattice the macro-
cycle components are significantly less restricted and a number
of dynamic modes were observed including pirouetting of the
ring around the axle. This activation was reversible and the
material could be switched between rotating and locked states
repeatedly. The rotation of the macrocycles around the struts of
the framework could be monitored by variable temperature
solid-state *C and *H NMR (of a labelled analogue), which
showed the barrier to be around 50 k] mol™".

In later work Loeb and co-workers investigated the effect of
macrocycle structure on the solid-state dynamics of a family of
related MOFs.°® Replacing the 24 membered crown ether with a
22-membered analogue resulted in a framework that does not
display macrocycle rotation in the solid state, which was attri-
buted to the enhanced hydrogen bonding interaction between
the smaller ring and the aniline proton. Similarly, when a bulkier
24-membered crown ether was investigated, free rotation was
not observed, presumably due to the increased steric barrier.
This study suggests that the solid-state dynamics of such systems
can be tuned rationally.

Having demonstrated the pirouetting of the macrocycle of a
rotaxane within a MOF framework Loeb and co-workers turned
their attention to the issue of macrocycle shuttling in the solid
state.®® Molecular shuttle 46 with two degenerate benzimidazole
stations was prepared, with 50% of the stations labelled using **C
at the central imidazole carbon (Fig. 27a). Solution phase studies
demonstrated that the chemical shift of the '*C labelled imida-
zole station varies depending on whether it is encircled by the
macrocycle or not (46-'*C-occupied or 46-'’C-occupied respec-
tively). Ligand 46 assembled in the presence of Zn" to form a
porous MOF (Fig. 27b). Using line shape analysis, solid state

This journal is © The Royal Society of Chemistry 2017
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Fig. 27 (a) Pseudo-degenerate molecular shuttle 46 and (b) the MOF
formed by reaction of 46 with Zn". Solid state **C NMR line shape analysis
revealed that the macrocycle continues to shuttle even in the solid state.®*

3C NMR allowed rate constants to be determined for the
shuttling motion in the MOF framework and the macrocycle
was shown to be in dynamic exchange even at room tempera-
ture. Unsurprisingly given the crowded nature of the solid-state
structure, the rate of shuttling in the rotaxane MOF framework
was five orders of magnitude lower than in solution.

Stoddart, Yaghi and co-workers have investigated the synthesis
of catenane-based coordination polymers. Catenanes 47, which
were assembled using donor-acceptor m—r interactions, contain a
rigid strut appended by carboxylate groups, common ligands in the
assembly of metallo-supramolecular polymers (Fig. 28a). The length
of the strut was found to be crucial to the metallo-supramolecular
structure formed in the presence of Cu'; both ligands gave the same
coordination mode about the metal ions but the smaller (19.3 A)
strut length (47a*) gave a 2D coordination network,”® whilst the
larger (32.9 A) strut (47b"") resulted in a 3D MOF (Fig. 28b).”

47a%* (n=1)
47b% (n = 2)

HO" ™0

Fig. 28 (a) Catenanes 47*" with different length strut units and (b) a
cartoon representation of the MOF formed by 47b** in the presence of
Cu'”* Adapted with permission from ref. 71. Copyright 2010 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Combining metallo-supramolecular chemistry with MIMs is
a relatively new area that holds promise in the development
of functional materials by providing new structural motifs,
combining the benefits of supramolecular polymerisation and
stimuli responsive behaviour and, particularly in the case of
MOFs, offering the possibility of dynamic behaviour in systems
that are typically required to be rigid to maintain porosity and
stability; Loeb’s recent contributions regarding large amplitude
motion of the macrocycle component in the solid state clearly
demonstrate this principle of “robust dynamics”.>** By provid-
ing a new approach to interfacing the behaviour of molecular
machines with the macroscopic world, metallo-supramolecular
chemistry brings real-world applications of these intriguing
molecules one step closer.

Conclusions and outlook

The exploitation of MIMs as ligands has a long history given the
central role metal-ligand interactions have played in the synthesis
of rotaxanes and catenanes. However, the application of such
metal complexes, beyond the operation of molecular machines, is
a relatively recent phenomenon. In this Feature Article we have
highlighted some of the under-exploited areas that we believe
MIMs have the potential to have an impact in. In particular, the
ability of the interlocked structure to augment the properties of
the bound metal ion in terms of the kinetic and thermodynamic
stability of the metal complex and its catalytic activity have only
received relatively cursory attention to date. For the potential
of these systems to be realised it is important that, wherever
possible, relevant comparisons with a corresponding non-
interlocked ligand are performed. Similarly, the use of inter-
locked molecules as scaffolds for metal ion sensing is currently
underdeveloped, despite the success of interlocked molecules
for sensing other charged species. Again, simple tests of metal
ion selectivity need to be performed routinely.

In both sensing and catalysis, systems that take advantage
of the potential for unusual stereoisomerism in interlocked
structures have yet to be reported.”” This arguably represents a
significant and untapped area for study; the ability to rapidly
generate chiral, crowded but flexible chemical fields for sensing
or catalysis could bring benefits in sensing of chiral analytes
and enantioselective catalysts.”®

The area that has shown the greatest development recently
is that of metallo-supramolecular materials but it is clear that
there is still much to discover; the first rotaxane shuttle in a
metal organic framework was only reported very recently. The
potential to combine metallo-supramolecular assembly with
some of the other areas we have highlighted to produce, for
example, frameworks that selectively sequester metal ions for
extraction, metallo-supramolecular supports for heterogeneous
interlocked catalysts and sensors, and stimuli responsive frame-
works with dynamic properties, present exciting opportunities
for further study.

As more details emerge of the potential benefits of ligand
frameworks based on rotaxanes and catenanes in a variety of areas,
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it seems likely that the field will expand rapidly. Based on the
results presented in this Feature article we have no doubt that
mechanically interlocked molecules have a bright future as
ligands for a range of applications.
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