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TOC Summary

A cyclic [3]catenane was prepared in two stages via a selective imine exchange reaction

upon a self-assembled triangular precursor.
Abstract

Interlocked molecules possess properties and functions that depend upon their intricate
connectivity. In addition to the topologically trivial rotaxanes, whose structures may be
captured by a planar graph, the topologically non-trivial knots and catenanes represent
some of chemistry’s most challenging synthetic targets because their non-planar graphs
require three-dimensional assembly instructions to be supplied. Here we report the
synthesis of a cyclic [3]catenane, which consists of three mutually interpenetrating
rings, via an unusual synthetic route. Five distinct building blocks self-assemble into a

heteroleptic triangular framework composed of two joined Fe''sLs circular helicates.
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Subcomponent exchange then allowed specific points in the framework to link together
to generate the cyclic [3]catenane product. Our method represents an advance both in
the intricacy of the metal-templated self-assembly procedure and in the use of selective
imine exchange to generate a topologically complex product.

Some of the most complex objects of synthetic chemistry that have been prepared to date
have intricate interlocked molecular topologies, such as knots, links and catenanes.*™ The
precise intertwining of molecular subunits has been shown to allow access to new properties,
such as directed molecular motion® and novel forms of chirality.® In nature there is a strong
link between topology and function, with natural examples of functional interlocked
topologies being found in DNA,” proteins®® and the chainmail-like structure of the capsid of
virus HK97.%° Synthetic chemists have exploited topology to create molecular machines and
other devices." More complex link or knot topologies remain attractive targets, as it has been

observed that knotting affects the properties of synthetic polymers.*'*2

The syntheses of interlocked structures can be broken down into elementary steps, where the
final ring-closing step to form the knot or catenane must be preceded by pre-organisation of
the components. Sauvage et al. pioneered the use of metal-ligand interactions to preorganise
ligands around metal ions to program crossing points in order to synthesise topologically
non-trivial structures, such as [2]catenanes and a trefoil knot.™® This preorganisation can also
be promoted by other templation effects using supramolecular interactions, such as © donor-
acceptor interactions* and hydrogen bonds™ or through use of the hydrophobic effect in
water.>* The final ring-closing step can be completed using either kinetically-controlled™® or
thermodynamically-controlled*'’*° reactions. Other methods, where both templation and
mechanical interlocking occur in a one pot reaction, such as metal-templated imine
condensation,?® and ‘active metal template’ reactions® have also been fruitfully developed. As
supramolecular synthetic methods have increased in sophistication, so too have the scaffolds
available for knotting increased in structural complexity. A case in point is the recent

., 221 which were built

syntheses of a pentafoil knot and Star of David catenane by Leigh et a
using principles uncovered during the preparation of Lehn’s pentanuclear and hexanuclear

circular helicates.” A feature in the syntheses of these interlocked architectures is the need to



program a high level of structural complexity into the precursor framework before the

mechanical interlocking step.

Results and discussion

Here we report the preparation of a new cyclic [3]catenane, a chiral assembly of three
mutually interpenetrating rings. The underlying framework of this [3]catenane was
constructed through an intricate metal-templated self-assembly procedure, which involved
five distinct precursors, to generate a mixed-ligand circular double helicate. The design of
this framework allowed for the subsequent mechanical interlocking of specific sites to form

the cyclic [3]catenane product.

As shown in Fig. 1, the self-assembly of mixed-ligand circular double helicate 1 involved the
in-situ generation of ligands L” and L® from their precursor subcomponents A, B and 4-
chloroaniline. These subcomponents came together around iron(ll) templates in acetonitrile,
with bromide anions completing the octahedral coordination spheres of the outermost iron(l1)
centres. Single crystal X-ray analysis revealed the solid-state structure of 1 (Fig. 1b and 1c) to
be consistent with solution measurements taken by both Electrospray lonization Mass
Spectrometry (ESI-MS) and Nuclear Magnetic Resonance (NMR, discussed below). The
architecture of 1 consists of two interwoven trinuclear circular helicates, linked by
coordination of the three iron(ll) centres in the inner FesL®; triangle to the three central
bipyridine sites of ligand L” in the outer FesL*; triangle. The structure is further stabilised by
n-stacking interactions between the 4-chloroaniline residues of L2 and the central bipyridine
rings of L™ with centroid-centroid distances of 3.42-4.01 A. The six iron(l1) centres in 1 are

roughly coplanar and the complex possesses approximate D3 point symmetry (Fig. 1).
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Figure 1 | Synthesis and X-ray crystal structure of mixed-ligand circular double helicate
1. (@) Ligands L* and L® formed from subcomponents A and B. L was designed with 3
rigidly-held parallel chelate vectors to favour the formation of mixed-ligand architectures. (b)
view down a threefold axis of symmetry (c) view down a twofold axis. Hydrogen atoms, non-
coordinated anions and solvent are omitted for clarity (C: grey L* or turquoise L2, N: blue,

Br: brown, Fe: purple, Cl: green). X = BF, or CIO, .

The bromide ligands act to satisfy the octahedral coordination preference of the iron(ll)
centres at the corners of the larger helicate. The low ligand strength of bromide stabilised the
high-spin state of these iron(ll) centres, causing the complex to exhibit paramagnetism as
observed in the 'H NMR spectrum (Supplementary Information Section 1.6). The inner
iron(11) centres, in contrast, were observed in the low-spin state due to their higher-strength
FeNs ligand environment. The Fe-N bond lengths are in the range 1.960(4)-1.997(4) A for the
inner iron(11) centres and 2.147(4)-2.304(5) A for the outer iron(ll) centres; these values are

consistent with their respective low- and high-spin states at 100 K.

The architecture of 1 was observed to form when other coordinating anions (e.g. Cl and
SCN") were used in place of bromide and when other anilines (e.g. 4-toluidine and 4-

anisidine) were used in place of 4-chloroaniline. However, we did not observe discrete
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species to form when the primary aliphatic amines benzylamine and 2-methoxyethylamine
were used in place of an aniline; we infer this may be due to a combination of unfavourable
steric effects and the absence of favourable n-stacking interactions when these amines are
employed. Single crystal X-ray analysis of the CI" and SCN™ derivatives (Supplementary
Information Section 3) confirmed they shared a common architecture with 1. No combination
of aniline and coordinating anion was found to generate the architecture of 1 where all
iron(11) centres exist in a low-spin state, with insoluble precipitates being formed when higher
ligand field strength anions (e.g. F ) were employed.

Five distinct building blocks thus self-assembled to form mixed-ligand circular helicate?® 1 in
solution. Crucially no homoleptic species of either ligand were detected by ESI-MS or *H
NMR spectroscopy. In most cases where multiple different ligands are used in concert, self-
sorting occurs, resulting in the formation of two or more discrete homoleptic species.?** In

the present case, we were able to avoid self-sorting through the design of ligand L".

During the design of self-assembled structures using metal coordination, the principle of
coordinative saturation is often employed as a first-order construction principle. This
principle holds that the smallest structure will be formed in which all ligand binding sites
(nitrogen atoms, here) and all metal coordination sites will be bound together.”® This
approach resulted in the self-assembly of unstrained MyLs tetrahedra and MyoL15 pentagonal

prisms®’ when previously reported subcomponent B reacted with octahedral metal ions.

To favour the formation of mixed-ligand structures, we therefore considered the principle of
coordinative saturation applied across the whole system.”® Mixed-ligand species in which all
potential coordination sites are satisfied would be favoured if one or more of the ligands
could not form discrete unstrained homoleptic structures.?® Ligand L* was designed to have
complimentary inter-binding-site distances to ligand L®. The three binding sites (red arrows
in Fig. 1) are held rigidly parallel to one another precluding the formation of a discrete
unstrained structure containing only L* and six-coordinate metal ions (such as Fe'). Indeed,
no discrete species were observed in either the ESI-MS or *H NMR spectra when L* was

combined with iron(1l) salts in acetonitrile.



However, together with equimolar amounts of L®, L” is able to coordinate to iron(I1) to form
the central triangle of circular helicate 1 without significant strain. This geometry places the
terminal coordination sites of L” in close proximity to each other, enabling the chelation of
additional iron(Il) ions in these sites. Coordinating anions — bromide in the case of 1 — serve

to cap the vacant coordination sites of these outer iron(l1) centres.

The proximity and the orientations of the 4-chloroaniline residues within the structure of 1
led us to hypothesise that pairs of these residues could be selectively replaced through the
addition of a diamine (Fig. 2). Although one could envisage linkage between different
potential connection sites within 1, control over diamine length and geometry permitted the
two closest metal-coordinated imine sites on the same face to be selectively linked.

Figure 2 | Subcomponent substitution of 1 with diamine C yielded cyclic [3]catenane 2,

shown as the crystal structure. Six equivalents of electron-rich diamine C replace twelve
equivalents of electron-poor 4-chloroaniline, while retaining the geometry of 1 to yield the
mechanically interlocked cyclic [3]catenane 2. Hydrogen atoms, disorder, non-coordinated
anions and solvent are omitted for clarity (C: grey or turquoise, N: blue, O: red, Br: brown,

Fe: purple, CI: green).

Preliminary molecular modelling studies suggested that an optimal length of dianiline would

be provided by the pentaethylene glycol chain of bis-para-substituted dianiline C. However,
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studies on C and a range of flexible and rigid diamines using a one-pot synthesis method,?
whereby all the building blocks were combined directly, led to the formation of insoluble
materials, which we inferred to be cross-linked polymers. We therefore devised a method of
mechanically interlocking the ligands based on subcomponent substitution, whereby electron-
rich anilines displace electron-poor aniline residues® (in this case 4-chloroaniline) whilst

maintaining the complex geometry of the self-assembled precursor framework 1.

The reaction of 1 with dianiline C (6.5 equiv.) and NaBr (1 equiv.) in acetonitrile led to the
formation of metal-organic cyclic [3]catenane 2 after heating at 70 °C for five days. ESI-MS
confirmed that the complete substitution of twelve 4-chloroaniline residues in favour of six
dianilines had occurred. The addition of NaBr or other alkaline metal salts (Supplementary
Information section 1.13) was found to be necessary for the clean formation of the cyclic
[3]catenane. We hypothesise that Na* acts to preorganise the dianiline through complexation
of the pentaethylene gycol linkers around the sodium cation,® bringing the two aniline

groups into spatial proximity.

X-ray quality crystals of the bromide salt of 2 were obtained through diffusion of diisopropyl
ether into an acetonitrile solution containing additional KBr. Subsequent single-crystal
analysis confirmed the structure of the cyclic [3]catenane, with each residue of C linking a

residue of A with a residue of B on the same side of the Feg plane.

The rings constituting a cyclic [3]catenane (&3 in Alexander-Briggs-Rolfsen notation)*® are

interwoven such that if any one ring is broken, the remaining two remain interlocked. This
arrangement is different to a molecular Borromean link (Fig. 3e), where upon ring fission, all
three rings break apart.’ Cyclic [3]catenanes also exhibit topological chirality, in contrast to
the achiral Borromean links.® Both enantiomers of 2 were observed in the crystal, linked by a

centre of inversion.
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Figure 3 | Views of cyclic [3]catenane 2. (a) Space-filling representation of the crystal
structure of 2 with non-coordinating anions, solvent and disorder omitted for clarity, (b)
Schematic representation of 2, (c) representation of the topology of a cyclic [3]catenane. The
three interlocked rings are coloured red, blue and grey. The differences in crossing points
between 2 and the alternative topologies shown in (d) and (e) are highlighted with asterisks.

(d) Abstract representation of a linear[3]catenane (4 in Alexander-Briggs-Rolfsen notation),
where the blue and red links do not interlock (¢) Representation of a Borromean link (&3), (f)

Representation of a closed 3 link chain (&7).

Finally, a fully organic, non-labile cyclic [3]catenane 3 was prepared from 2. The dynamic
covalent imine linkages of 2 were rendered kinetically inert and suitable for HPLC analysis
through reduction of the imine bonds to secondary amines with excess sodium borohydride,
followed by demetalation using Na,EDTA, adapting the protocol of Stoddart et al.** The
resulting yield was low due to formation of insoluble precipitates;** however, the product
could be subjected to LC-MS analysis.®® The three major components observed are the
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expected [3]catenane 3, the related [2]catenane, and the macrocycle formed from hydrolytic
dethreading of the catenane during reduction (Fig. 4a).** MS/MS analysis of the molecular
ions from the peak corresponding to demetallated and reduced 3 (Fig. 4b) is consistent with
the retention of its topology. On breaking one of the rings through energetic bombardment,**
the resulting MS trace (Fig. 4c) showed the presence of signals corresponding to the
[2]catenane (Fig. 4c-d). Observation of this fragment is consistent with the hypothesis that

the rings of the parent ion were interpenetrated in the fashion found in a [3]catenane.
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Figure 4 | HPLC-MS analysis of demetallated and reduced catenane 3. (a) HPLC trace of
the mixture obtained upon reduction and demetalation of 2, with peaks corresponding to the
related macrocycle, [2]catenane and [3]catenane 3, (b) MS of the peak corresponding to
reduced [3]catenane 3, (c), MS/MS of the peak corresponding to the reduced [3]catenane 3,
showing the formation of a [2]catenane from the rupture of one macrocycle, (d) MS of the

reduced [2]catenane peak for comparison.



The successful synthesis of both a metal-organic and fully organic cyclic [3]catenane
highlights the power of selective imine exchange in the formation of mechanically
interlocked structures. We envisage that this method, in conjunction with new more complex
scaffolds, will allow access to new topologies that may not form using current strategies,
allowing for new molecular devices that have complex topologies® to be prepared.

Methods

Synthesis of [1](BFa.)s

[3,3'6',2"5",3"-quaterpyridine]-6,6"-dicarbaldehyde A (30.5 mg, 83.3 pumol, 3 equiv.), [3,3'"-
bipyridine]-6,6'-dicarbaldehyde B (17.7 mg, 83.3 umol, 3 equiv.) and Fe(BF,),-6H,0 (56.3,
166.6 umol, 6 equiv.) were suspended in CH3CN (20 mL) and heated at 70 °C in a PTFE
stoppered Schlenk tube until all the solids dissolved and a dark red solution was obtained. A
solution of 4-chloroaniline in CH3CN (2.78 mL, 0.12 mM, 12 equiv.) was added followed by
the dropwise addition of tetra-n-butylammonium bromide in CH3CN (3.47 mL, 0.048 mM, 6
equiv.). The reaction mixture was stirred at 70 °C for 36 hours. The solution was filtered
through a PTFE syringe filter (4.5 pm pore size) and subsequent addition of diethyl ether (30
mL) precipitated out [1](BF4)s as a green solid that was isolated by centrifugation (111 mg,
91 %).

'H NMR (400 MHz, 298 K, CD3CN): & 198.37, 186.43 br, 49.04, 25.68, 19.29, 14.81, 13.66,
13.04, 10.87, 9.32, 8.30, 7.06, 6.60, 5.75, 4.65. °F NMR (376 MHz, 298 K CDsCN,
reference CgFg): & 150.99 (BF, ). Further assignments were hampered by the paramagnetic
nature of the complex. ESI-MS: m/z: 643.969 [1]%*, 790.208 [1](BF4):°*, 1009.519
[1](BF4),**, 1374.550 [1](BF4)s*". Elemental analysis: C, 46.10; H, 2.85; N, 9.06. Required
[1](BF4)s-8H,0 : C, 46.14; H, 2.89; N, 9.28.

Green crystals of [1](ClO4)s(FeBrs)os-10CH3CN-H,0 suitable for X-ray diffraction studies
were grown by slow diffusion of diisopropyl ether into an acetonitrile solution of the
perchlorate salt of 1 (see Supplementary Information) over several days and were used

directly in analysis. X-ray analyses are detailed in the Supplementary Information.

Synthesis of [2](BF4)s
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A 1.86 mM solution of [1](BF4)s in CH3CN (8.2 ml, 15.3 mmol, 1 equiv.) was added to a
stirred solution of C (41.7 mg, 99.1 umol, 6.5 equiv.) and NaBr (25 uL, 0.62 M, 1 equiv.) in
2 mL CH3CN. The solution was degassed by three freeze-pump-thaw cycles and then heated
at 70 °C for 5 days. The solution was filtered through a 4.5 uM PTFE syringe filter and the
complex precipitated out by the addition of diethyl ether : hexanes (1:1, 30 mL). The
resulting dark green solid was isolated by centrifugation and the remaining solvent removed

in vacuo (65 mg, 79%).

'H NMR (400 MHz, CD3CN) 6 191.98, 179.98 br, 48.36, 25.68, 17.83, 13.80, 13.01, 8.76,
8.11, 7.16, 6.67, 6.59, 6.15, 5.46, 5.30, 5.07, 4.74, 4.59, 4.43, 4.34, 4.14, 3.65, 3.58, 1.15 *°F
NMR (376 MHz; CDsCN, reference CgFs): 6 151.04 (BF, ). Further assignments were
hampered by the paramagnetic nature of the complex. ESI-MS: m/z: 809.578 [2:Brg]®",
988.620 [2](BF4):>*, 1257.096 [2](BF4),*". Elemental analysis: C, 50.23; H, 4.34; N, 7.23.
Required [2](BF4)s 12H,0 : C, 50.24; H, 4.65; N, 7.51.

A variety of crystallisation conditions were screened including the use of different Fe' salts
in the synthesis of 2, and the addition of different group 1 and 2 salts as detailed in section
1.10 of the Supplementary Information. Green crystals of [2](Br)s-0.75KBr-6.25H,0 suitable
for X-ray diffraction studies were grown by slow diffusion of diisopropyl ether into an
acetonitrile solution of [2](BF,)s containing KBr over several days and were used directly in

analysis. X-ray analyses are detailed in the Supplementary Information.
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