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Abstract: The use of metal ions as templates to direct the assembly of complex architectures and topologies is
briefly reviewed, highlighting milestones in the field from [2]catenanes, through to trefoil knots, Solomon links,
Borromean rings and most recently to a molecular pentafoil knot.
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Polymers and Molecular Materials:
The Need for Topological Control?

Interest in molecular materials has
exploded in the past decade, with much
emphasis on the fields of coordination
networks (or MOFs),ll supramolecular
gelsi2l and supramolecular polymers.3!
Applications of these new materials range
from selective gas storage,[*l small mole-
cule sensing, catalysis,! the development
of self-healing polymers!l and tools for
improved crystallisation in the pharmaceu-
tical industry.[2l However, control over the
topology!!al of coordination networks has
been largely limited to the use of simple
‘struts’ and ‘joins’, to give (in varying de-
grees of reliability) 1D,I71 2DI81 or 3DI¥1 co-
ordination networks with the most complex
examples — such as an almost unbelievable
54-fold interpenetrated network!!% — being
the result of serendipity rather than design.
Similarly, the synthesis of supramolecular
gelsl?l and polymers!? still largely rely on
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diverse distributions of functionality and
connectivities, rather than precise control
over structure. It is well established that
the topology of connectivities in extended
materials can powerfully influence their
bulk properties. For example, the presence
of knots alters the strength of individual
polymer strands,!'!l the position of cross-
links in supramolecular polymers has been
shown to be critical to their properties,!'?!
and the topology of linked colloids has al-
lowed significant control over the proper-
ties of soft matter.l'3] However, chemists
still remain relatively unable to control
complex topologies in a predictable, well-
defined manner. If materials are to be de-
signed with specific molecular topologies
— as opposed to simply being porous or
forming gels — a greater degree of control
over the structure of interwoven structures
will be required.

What are Knots and Links?

Knot theory is a field of mathemat-
ics which deals with non-trivial topolo-
gies that can be crudely considered to be
comprised of two major categories: knots
and links; some of the simplest examples
are shown in Fig. 1. Knots are single,
continuous ‘threads’ differing only in the
manner they are entangled and cannot be
‘untangled’ without breaking the thread.
Similarly, links are comprised of multiple
rings which differ in the manner they are in-
terlocked, which cannot be separated with-
out breaking at least one ring. Molecules
which possess such topologically complex
structures have proven fascinating and
challenging targets for synthetic chemists
for decades,!!4! although until the use of
metal ion templates by Sauvage in the ear-
ly 1980s!!3] these had been accessible only
by lengthy and very low yielding synthetic
procedures.

macrocycle
(unknot)

[2]catenane

Borromean rings Trefoil knot

Fig. 1. Topological
knots and links which
have succumbed

to small molecule
synthesis. Note a
simple macrocycle
(known topologically
as an ‘unknot’), and
all knots, including
a trefoil knot and a
pentafoil knot are
topological isomers,
differing only by the
arrangement of their
crossing points.

Solomon link

Pentafoil knot
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Metal Template Approaches to
Interlocked Molecules

The strategyl1®] introduced by Sauvage
was to employ a copper(1) centre as a tet-
rahedral template to gather and orient two
bidentate ligands (phenantholine-deriva-
tives, Scheme la) appropriately in space
to generate a ‘crossing point’.[15] The next
challenge was to react the end-groups of
the ligands together in the desired man-
ner, avoiding both intermolecular (which
would in this case give oligomeric or poly-
meric structures) and inter-ligand reac-
tions (which would give a topologically
uninteresting macrocycle, also known
as the ‘unknot’). Reaction of the phenol
end-groups of this crossing point with a
suitable diiodo linker (using Williamson
ether synthesis) gave the first high-yield
synthesis of a mechanically interlocked
[2]catenane (Scheme 1a). Almost two dec-
ades later, the Leigh group applied metal-
template imine-bond formation to prepare
[2]catenanes about a range of octahedral
metal ions using 2,6-diformylpyridine and
terminal diamino linkers (Scheme 1b).[17]
This strategy has the advantage of the
imine bond forming reaction being revers-
ible, leading to the potential for the assem-
bly to occur under thermodynamic con-
trol and subsequently deliver high yields.
Importantly, subsequent reduction of the
imine groups to kinetically inert amines
allowed the [2]catenane to be ‘locked’.
Imine bond formation was also used by
the Nitschke group, then based in Geneva,
to form [2]catenanes using two copper(1)
centres,[18] and remains the central tool in
their continuing research program.

The First Non-Trivial Synthetic
Molecular Knot: The Trefoil Knot

In 1989 the first synthetic molecular
knot — a trefoil knot, see Fig. 1 for a car-
toon — was prepared using an extension of
Sauvage’s original strategy.l'91 A ligand
with two phenanthroline binding groups
separated by a short spacer (to prevent the
formation of a 2:1 ligand : metal complex)
was reacted with copper(1) ions to form a
dimetallic, double-stranded helicate from
two copper(l) ions and two organic li-
gands. Williamson ether synthesis formed
the trefoil knot in low yield (~2%), which
was later increased to a respectable 29% by
the use of a rigid meta-substituted phenyl
spacer which helped stabilise the entwined
assembly. However, it was the introduction
of efficient catalysts for ring-closing olefin
metathesis (RCM) which allowed the knot
to be synthesised in an impressive 74%
yield (Scheme 1c). Octahedral iron(1r) ions
have also been exploited to template the
formation of a trefoil knot using linked ter-
pyridine-based ligands, although the yield
was significantly lower (20%).1201 Hunter
and co-workers recently reported the use of
a single tris(2,2’-bipyridine) ligand which
was capable of being wrapped around an
octahedral zinc(i1) ion to form a trefoil
knot in 68% yield.?!l The use of a single
metal ion to produce multiple crossing
points suggests more complex knots may
be accessed via similarly well-designed
methods. It is worth noting that this result
comes a decade after the pre-cursor acyclic
complex was reported,[221 highlighting the
difficulties often present when attempt-
ing to ‘tie the knot’. The smallest trefoil
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knot to date,[?31 with an organic backbone
of 76 atoms, was also recently synthesised
by the Leigh group using an active-metal
template approach. Beginning with a sin-
gle ligand strand, a copper(1) ion acted as
a template to form the crossing points, and
a separate copper(1) ion subsequently as a
catalyst for the azide-alkyne cycloaddition
(‘click’) reaction within a defined cavity, to
give the knotted architecture.

Knots and Chirality

Knots are inherently chiral species,
and chiral HPLC has been used to sepa-
rate the two enantiomers of Sauvage’s tre-
foil knot.?* Through a collaborative effort
between Sauvage and von Zelewsky, who
was based in Fribourg, an elegant approach
allowed a single enantiomer to be specifi-
cally formed.[2] Chiral groups were fused
to the ends of the ligand to strictly control
the stereochemistry of the metal centres
and deliver an enantiopure molecular tre-
foil knot in 74% yield.15! This degree of
control of the stereochemistry of large as-
semblies has potential applications in the
development of enantioselective receptors
or catalysts.

Higher Order Molecular Links:
Solomon Links

Sauvage and co-workers extended their
successful strategy to form linear helicates
with three copper(1) centres, reaching, what
appeared to be, the furthest this strategy
could be stretched. In order to successfully
form the desired structure, a topological
constraint!'®l was required where one ring
was pre-formed so only a single (as opposed
to double) ring-closure reaction would be
required. Williamson ether synthesis then
gave the doubly interlocked catenane (see
Fig. 1 for a cartoon), known as a Solomon
link (or a Solomon Knot, although it is not
technically a knot). The metal centres were
removed, and the resulting free doubly
interlocked catenane was isolated in 2%
yield. An alternative approach was to form
a precursor helicate with three lithium(r)
ions and to use RCM for the ring closure,
which gave a Solomon link in 30% yield.
Other examples of Solomon links have
followed, including those formed from
palladium(ir)-containing metallocycles,[20]
and an example related to the Borromean
rings discussed below.[2”]

Higher Order Molecular Links:
Borromean Rings

Borromean rings are a topology formed
with three separate rings, where no two
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Short

Fig. 2. Two strategies to form a pentafoil knot.
a) The use of a linear helicate easily generates
the five required crossing points, but the final
ring closure to give a pentafoil knot must oc-
cur over a long distance, with the dominant
competing reaction (which gives a simple mac-
rocycle) involving only a short distance. b) The
use of a cyclic structure allows the desired ring
closure to be only a very short distance, with
the sacrifice being that five ring closing reac-
tions will be required, as opposed to just two
for the linear example.

rings are interlocked, but the overall entan-
glement cannot be disassembled without
the breaking of at least one ring (see Fig. 1.
for a cartoon representation). Borromean
rings with metal-organic connections
were formed serendipitously by Schroder,
Champness and co-workers, where six
polypyridyl ligands were combined with
six silver(1) or copper(l) ions to produce
the interwoven structure. However, it is
Stoddart and co-workers use of zinc(ir)
template imine bonds in a remarkably
robust one-pot which stands alone as the
most impressive synthetic achievement
in the field.?8) In this assembly eighteen
individual components spontaneously as-
semble into the desired link in 90% iso-

lated yield (quantitative by NMR). This
synthesis is sufficiently straightforward
that it has been shown to be suitable for an
undergraduate laboratory!2%! Surprisingly,
although the use of copper(i1) also gener-
ated the same topology, the use of mixed
copper(11) and zinc(i) gave a Solomon
link — again demonstrating the subtleties
involved in these assembly processes.

The Second Non-Trivial Synthetic
Molecular Knot: A Pentafoil Knot

Attempts to further extend the Sauvage
linear helicate strategy to higher order knots
and links have been reported.[301 These ef-
forts proved unsuccessful, presumably due
to the long spatial separation of the de-
sired end groups to be reacted, compared
with the relatively short distance between
those which would give a simple macrocy-
cle (Fig. 2a). Inspired by Lehn’s seminal
work with circular helicates formed with
iron(1n) salts,3!! we recently reported(32l an
alternative strategy (Fig. 2b) to form a pen-
tafoil knot. By using a cyclic structure as
a scaffold the distance between the ‘ends’
to be reacted is short, increasing the prob-
ability of the desired reactions. The down-
side is that five such reactions will now be
required, as opposed to only two where a
linear helicate is used — increasing the pos-
sibility for errors. Lehn’s original ligand
was modified to introduce imine bonds to
allow a capacity for error correction dur-
ing the ring closure reactions. The use of a
range of iron(11) salts and diamine linkers
gave only polymeric material, but iron(ir)
chloride and a diamine with a glycol spacer
(Fig. 3) was found to produce the desired
knot. This demanding assembly requires
the subtle energy gain delivered by the
gauche effect of the glycol linkers, which
allow the linker to form a low energy turn,
as later evidenced in the solid-state struc-
ture.32] The formation of this knot repre-
sents the first new molecular primary knot
in over 20 years.

1. FeCly
2. KPFg

Fig. 3. Synthesis of
the first pentafoil
knot, using iron()
ions to direct the
imine bond formation
between a dialdhyde
and a dimaine
linker.2

A Future for Topological
Chemistry?

Far from being dead, the success of
new approaches to preparing entwined and
interlocked molecular structures offers in-
spiration for the development of increas-
ingly complex architectures, unimagina-
ble only a few years ago. However, future
goals will not merely represent a ‘stamp
collection’ of new topologies, but the dem-
onstration that these structures — with their
well-expressed chirality, potentially useful
cavities and versatility of functionalisa-
tion — may be exploited to form molecu-
lar devices or machines. Additionally, the
lessons learnt controlling the topology of
small molecules should be applied to pre-
paring molecular materials, allowing ma-
nipulation of bulk properties by precise
control of the topology of extended struc-
tures to form lighter, stronger and smarter
functional materials.
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