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The ever-increasing interest directed towards the construction of host architectures capable of the strong and selective
recognition of various ionic species of biological, medical and environmental importance has identified mechanically

interlocked molecules (MIMs), such as rotaxanes and catenanes, as potent host systems, owing to their unique three-

dimensional topologically preorganised cavity recognition environments. lon-pair receptors are steadily gaining prominence

over their monotopic receptor analogues due to their enhanced binding strength and selectivity demonstrated primarily

through acyclic and macrocyclic heteroditopic host systems. Exploiting the mechanical bond for ion-pair recognition through

the strategic design of neutral heteroditopic MIMs offer exciting opportunities to accomplish potent and effective binding

while mitigating competing interactions from the bulk solvent and counter-ions. This review details the design and ion-pair

recognition capabilities of rotaxanes and catenanes employing hydrogen bonding (HB) and halogen bonding (XB) motifs,

providing valuable insight into the burgeoning field and inspiration for future research.

Introduction

Driven by the prevalence and importance of charged species in
chemistry,’ 2 biology®3 and the environment,%8 the design of
molecular host systems for ion recognition remains a crucial
research focus within supramolecular chemistry, with ongoing
efforts aimed at enhancing binding affinities and selectivity
profiles through strategic structural host design.

The development of supramolecular anion receptors has
lagged behind its sister field of cation coordination, reflecting
the greater challenges associated with anion binding, including
relatively low charge densities, pH sensitivity, variable
geometries and high hydration enthalpies of anions.? Indeed,
anion receptors capable of functioning in competitive aqueous-
containing media have traditionally utilised multiple positively
charged scaffolds.1%-%> Despite the gains in anion affinity elicited
by employing favourable Coulombic interactions, their non-
directional nature can lead to compromised binding selectivity.
Additionally, the nominally ‘non-coordinating’ counter-anions
of the positively charged receptor may compete with the target
anion guest. From a functional perspective, the reliance on
positively charged binding motifs limits the potential
applications of anion receptors; for instance, anion transport
across lipid bilayers typically requires lipophilic carrier
molecules.'® 17 To address these limitations, interest in the
design and synthesis of neutral anion receptors has been
steadily growing in recent years.

In this context, mechanically interlocked molecules (MIMs)

MIMs three

dimensional binding sites for guest encapsulation, which

present unique opportunities to design
through non-covalent donor/acceptor group functionalisation
can be tuned to achieve size and shape complementarity
towards a target guest.!®25 The resulting improvements in
binding affinity and selectivity over non-interlocked receptor
analogues, termed a ‘mechanical bond effect’ (MBE),?® have
motivated the construction of numerous MIM-based cation?7-31
and anion3237 receptors over the years. In particular, the
development of highly potent charge-neutral binding motifs has
enabled the design of neutral MIM-based receptors for various
novel applications, broadening the potential functionality of
this class of receptors. Pioneering studies on transition metal
cation template-directed synthesis of MIMs by Sauvage and co-
workers demonstrated the potential of neutral catenanes to
bind and stabilise low oxidation states of transition metal
cations such as copper(l) via encapsulation of the guest within
a bis-phenanthroline-functionalised interlocked cavity.3844 In
more recent years, Goldup and co-workers designed a series of
neutral [2]rotaxanes capable of binding transition metal cations
in CHsCN, wherein the confined environment of the interlocked
cavity enforces unusual coordination geometries and redox

gede

state stabilisation.*®

>0

offer distinct advantages over traditional acyclic or macrocyclic Chelate Macrocyclic echanical bond
. . . effect effect effect
hosts due to their unique structural and topological features "
(Figure 1). The pre-organised and solvent-shielded cavities of _— >
Increasing host pre-organisation and strength of ion-pair
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Figure 1. Mechanical bond effect enhanced ion-pair recognition.
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Notable advancements have also been made in the area of
neutral anion binding MIMs, with Beer and co-workers
reporting a template-directed synthetic strategy driven by
potent halogen bonding (XB)---Cl~ interactions to prepare
neutral interlocked hosts capable of halide anion recognition in
aqueous-acetone solvent mixtures.*® This strategy was recently
employed in the preparation of the first hetero[2]catenanes
capable of binding and selectively transporting halide anions
across a phospholipid bilayer.” The compact geometry and
lipophilic nature of the catenane hosts enabled facile
membrane transversal while their strong binding affinity and
preference for halides translated to an impressive transport
selectivity for chloride over nitrate and hydroxide anions.
Rotaxane hosts prepared using a similar template-directed
approach have also shown promise as selective colorimetric
sensors for chloride anions.*® Recently, Chmielewski and co-
homo[2]catenane

workers charge-neutral

sulfate anion template-directed

reported a

synthesised via a novel
which
selectivity for sulfate over other oxoanions and halides, and was

strategy, showed impressive binding affinity and
capable of functioning as a sensitive fluorescence sensor for
sulfate anions in competitive 9:1 DMSO/H,0 solvent mixtures.*?

While charge-neutral MIM-based receptors are increasingly
finding applications in cation and anion recognition, their
greatest advantage over charged receptors lies in their
propensity to be utilised as heteroditopic receptors capable of
simultaneously binding a cation and anion ion-pair. lon-pair
recognition has emerged as a powerful strategy to augment the
binding properties of a receptor by exploiting favourable
proximal cation-anion electrostatic interactions and, in some
cases, conformational allosteric cooperativity associated with
binding oppositely charged guests.>° Indeed, studies conducted
on acyclic/macrocyclic heteroditopic ion-pair receptors
generally reveal improved binding affinities for ion-pairs or
constituent ions relative to monotopic receptor analogues.>!
This has encouraged their use in a myriad of applications,
including  salt  extraction/solubilisation,>?%2  membrane
transport®® ® and the recognition of biologically-relevant
zwitterions.%> ¢

Mechanically interlocked molecules are promising scaffolds
upon which cation and anion binding sites can be incorporated
in a modular fashion to construct complex heteroditopic
receptors. While still in its infancy, the field has gained
significant traction in recent years, with a growing diversity of
catenane- and rotaxane-based heteroditopic hosts that show
promising ion-pair binding properties and potential applications
in ion-pair sensing and extraction.87-72

In this article, we present prominent developments in the
field of mechanically interlocked heteroditopic host molecules
forion-pair recognition, ranging from early receptors that utilise
traditional hydrogen bonding (HB) interactions for anion
binding to recent examples featuring halogen bonding (XB)
donor groups. In particular, we highlight the importance of the
interlocked receptor topology in creating solvent-shielded
binding cavities and its role in dictating MBE enhanced ion-pair

affinity and selectivity profiles of the receptors.
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Heteroditopic MIM-based Receptors

Heteroditopic receptors typically consist of one or more cation
and anion binding sites, which can be located in close proximity
to each other or spatially separated. This forms the basis for a
broad general classification of ion-pair receptors into contact
ion-pair or separated ion-pair receptors (Figure 2). Contact ion-
pairs are formed when the two bound ions are held proximal to
each other within the receptor, as determined by X-ray
crystallographic studies. In contrast, when the cation and anion
binding sites are distal to each other, the co-bound ion-pair may
be separated by solvent molecules or the receptor framework.”®

Figure 2. lon-pair binding modes in heteroditopic receptors: (a} Host-separated; (b}

Solvent-separated; (c} Direct contact.

The literature surrounding supramolecular ion-pair

recognition has been largely dominated by reports of
heteroditopic receptors for alkali metal halide binding, 3% 6 63
64, 74-86 gwing to the ubiquity of these salts across a range of
biological and environmental systems. For instance, sodium and
potassium are crucial in maintaining cellular electrolyte
concentrations, while the mis-regulation of chloride and iodide
in the body has been associated with various diseases.7-8°
Recently, methods for detection and recovery of lithium salts
have grown in prominence with the large-scale development of
lithium-ion battery technologies.®® ®! Heteroditopic receptors
capable of binding alkali metal halide ion-pair binding typically
utilise hard oxygen donors for metal cation coordination, often
introduced as crown ether or poly(ethylene glycol) moieties,
alongside a range of neutral hydrogen bonding, and more
recently halogen bonding, donor groups for halide binding. The
synthetic accessibility of these binding motifs, as well as their
proven ability for strong and selective alkali metal halide
binding, have encouraged their integration into a range of MIM-

based heteroditopic receptors.

MIM Heteroditopic Receptors Utilising Hydrogen Bonding (HB)
Interactions

Despite the advantages of their unique topologies and
preorganised interlocked cavities that have in particular been
shown to enhance anion guest recognition capabilities,
examples of neutral heteroditopic MIMs remain relatively
scarce. Early examples of neutral hydrogen bonding interlocked
frameworks capable of ion-pair recognition include Smith’s
[2]rotaxane 1a macrobicyclic

comprising a component

functionalised with a crown ether cation and isophthalamide

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. a) Smith’s heteroditopic [2]rotaxane 1a capable of KCl ion-pair binding; b) Macrobicyclic precursor 1b, which previously also demonstrated cooperative binding of KCl ion-

pairs.

anion binding units (Figure 3a).”® The synthesis of the rotaxane
1a utilises a discrete potassium cation template bound to the
dibenzo-18-crown-6 ether group to direct the association of an
anionic phenolate half-axle through the isophthalamide cavity.
Subsequent stoppering esterification reactions afforded the
[2]rotaxane in 20% yield. The crucial role played by the
potassium cation template was highlighted by the failure to
form the desired rotaxane product in the absence of the
potassium cation as well as in the presence of a larger cesium
cation. 'H-NMR anion binding studies conducted with the
neutral [2]rotaxane 1a in DMSO-ds/CD3CN solvent mixtures
reveal enhanced chloride anion affinities relative to the free
heteroditopic macrobicycle receptor 1b (Figure 3b) (K,= 300 M-
1 and K, = 50 M respectively), attributable to the steric
shielding effect of the interlocked binding cavity inhibiting the
competing DMSO complexation previously reported to occur
within the free macrocycle 1b. Interestingly, whilst
macrobicycle 1b exhibits a 7-fold enhancement in chloride
binding affinity in the presence of potassium, no enhancement
in chloride binding is observed in the case of the [2]rotaxane 1a.
This lack of cooperativity is ascribed to the aforementioned
steric effects engendered by the interpenetrating axle which
disrupt the electrostatic interactions between the co-bound
ions. Furthermore, 'H-NMR studies in polar organic solvents
suggest that the presence of a K* cation serves to ‘lock’ the
dynamic co-conformations assumed by the components in the
free state, as evidenced by the sharpening of the proton signals
in the 'H-NMR spectrum. By contrast, chloride complexation
fails to disrupt the dynamic inter-component motions likely due
to the lack of any axle-anion interactions.

This journal is © The Royal Society of Chemistry 20xx

Since then only a handful of neutral hydrogen bond donor
containing heteroditopic MIMs have been reported, including
Beer’s neutral [2]rotaxane 2 consisting of a pyridine N-oxide
axle and an isophthalamide bridged calix[4]diquinone
macrocycle operating as an axle-separated ion-pair receptor
(Figure 4a).%” Synthesised using a sodium cation-template
driven threading methodology followed by copper(l) catalysed-
mediated CuAAC stoppering reactions, the resulting
[2]rotaxane demonstrates remarkable alkali metal halide ion-
pair recognition in 4:1 CDCl3/CDs0D solvent media. *H-NMR
based characterisation studies suggest that the free rotaxane 2
adopts a co-conformation where the axle pyridine N-oxide
forms intercomponent hydrogen bonds with the macrocycle
bis-amide functionalised pyridine unit. Sodium cation
complexation thereafter pre-organises the N-oxide motif to
pirouette within the macrocycle towards the calixdiquinone
unit. Quantitative 'H-NMR studies conducted on 2 reveal
significant amplification in the halide binding constants in the
presence of co-bound sodium and potassium cations, displaying
a striking 15-fold cooperativity factor in the case of the NaCl ion-
pair. This enhancement is accredited to favourable axle-
separated electrostatic interactions between the co-bound ions
and receptor preorganisation in the presence of the alkali metal
cation. More recently, the same authors prepared an analogous
[2]catenane 3 via a sodium cation-template activated ester
amide condensation clipping methodology (Figure 4b), wherein
the [2]catenane was serendipitously isolated with a NaCl ion-
pair endotopically bound within the binding cavities separated
by the macrocycles, characterised by single crystal X-ray
structural analysis (Figure 4c).%2

J. Name., 2013, 00, 1-3 | 3


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc03916e

HEEEE S ChemGomm Lc iz s

ARTICLE

DOI: 10.1039/D4CC03916E

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Atrticle. Published on 16 9 2024. Downloaded on 2024-09-18 7:24:55.

[{ec

a) ¥ 00

Figure 4. Knighton and Beer's heteroditopic a) [2]rotaxane 2 and b) [2]catenane 3, based on interlocked calix[4]diquinone and pyridine-N-oxide components. c) Single crystal XRD

structure of [2]catenane bound to an NaCl ion-pair.

Another recent example includes Goldup’s fluorescent
[2]rotaxane 4 comprising a urea-based naphthalimide axle
component and bipyridine functionalised macrocycle,
synthesised using active metal template methodology in 92%
yield (Figure 5).7* Analysis of 'H-NMR, UV-vis and fluorescence
titration data of 4 reveals that in the free state, the bipyridine
group in the macrocycle interacts with the anion binding urea
motif in the axle via strong HB interactions, precluding it from
participating in anion binding even in the presence of highly
basic anions such as AcO- and F-. By contrast, the free axle
exhibits similar binding trends albeit with higher binding
affinities. Notably, protonating the bipyridine motif enables
macrocyclic translocation away from the urea unit in the axle,
consequently enabling exogenous anion recognition at the urea
station in 1:1 CDCl3/CD3CN solvent mixtures (K,(Cl") >10%, K,(Br-
) = 4.7 x 103, K,(HSO4) = 2.3 x 103). Interestingly, while the
protonated rotaxane 4-H* shows a greater affinity towards less

basic anions in comparison to the free axle, presumably due to
favourable electrostatic interactions between the co-bound
ions, addition of basic anions like AcO- and F- predictably results
in deprotonation of the interlocked system.

Calix[4]pyrroles and their derivatives have been formerly
known to function as heteroditopic receptors, binding anions
through the cone-shaped pyrrole NH groups and cations via the
electron rich bowl-shaped cavity formed by the calix[4]pyrrole
anion complex.?® Looking to exploit the ambidentate nature of
calix[4]pyrroles, Ballester and co-workers sought to design a
rigid three-dimensional macrocyclic scaffold containing two
calix[4]pyrrole units, envisioned to bind ion-pairs by forming
cascade complexes.®* Encouraged by the binding behaviour
exhibited by the macrocycle, the authors synthesised a bis-
calix[4]pyrrole functionalized [2]rotaxane 5 prepared using
CuAAC ‘click’ reactions to stopper a pseudo-[2]rotaxane
assembly involving a N-oxide axle thread and the bis-

Please do not adjust margins
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Figure 5. Goldup’s dynamic [2]rotaxane shuttle 4 capable for cooperative HCl ion-pair binding.

calix[4]pyrrole containing cylindrical macrocycle component
(Figure 6).7° 'H-NMR based binding studies indicated that 5
strongly bound tetraalkylammonium salts of CI, OCN- and NO3"
ina 1:1 binding stoichiometry in CDCl;. Quantitative ITC titration
experiments further revealed that the interlocked system
demonstrated a preference for TBANCO (K, = 7.9 x 10°> M%) over
TBANO; (K, = 4 x 10* M™1) and TBACI (K, = 5 x 10* M) in
chloroform, likely due to host-guest size complementarity
between the cylindrical cavity and linear NCO- anion. Notably,
replacing the organic cation to methyltrioctylammonium
(MTO") resulted in a 20-fold increase in the binding of MTOCI
relative to TBANCO, presumably due to better encapsulation of
the quaternary ammonium cation within the calix[4]pyrrole
unit.

Squaramides are another well-known class of neutral,
potent hydrogen bonding anion receptors. However, the unique
ambidentate properties of the squaramide motif allows for the
potential simultaneous binding of anions through the Lewis
acidic NH donors and cations via bidentate chelation of the
Lewis basic carbonyl groups. Beer and co-workers recently
demonstrated for the first time ambidentate squaramide ion-
pair binding behaviour through a series of HB functionalized
heteroditopic [2]rotaxanes 6a-c wherein the squaramide-based
axle component played a pivotal role in achieving axle-
separated sodium halide ion-pair recognition (Figure 7).%°

N

‘ ]

O

/ (]
OO o\..{jﬂ 1

Figure 6. Ballester’s [2]rotaxane 5 for the recognition of quaternary ammonium salts.

This journal is © The Royal Society of Chemistry 20xx

Taking inspiration from Chiu’s alkali metal template directed
MIM synthesis,®® an unprecedented sodium cation-template
directed strategy driven by orthogonal coordination of the
sodium cation by the Lewis basic carbonyls of the axle
squaramide unit and the polyether/pyridyl region of the
macrocycle was employed to facilitate threading and
subsequent mechanical bond formation.

In order to investigate the factors governing the ion-pair
association capabilities of the interlocked squaramide axle
containing [2]rotaxane hosts, macrocycles with varying cation
and anion binding units were chosen, functionalized with either
crown-ether like arrangements of oxygen donors or a
combination of polyether and pyridyl isophthalamide linkages.
1H-'H ROESY NMR characterisation indicated that the free
squaramide rotaxanes adopted co-conformations where the
axle squaramide carbonyls were engaged in hydrogen bonding
interactions with the bis-amide isophthalamide unit of the
macrocycle in concert with analogous interactions between the
macrocycle polyether/pyridyl units and axle squaramide NH
groups. Notably, sodium cation binding co-conformationally
pre-organises the macrocycle such that amide donors from both
the macrocycle and axle form an intercomponent convergent
hydrogen bond donor site for cooperative anion recognition.
Extensive cation, anion and ion-pair *H-NMR titration studies in
3:7 CD3CN/CDCl; revealed the [2]rotaxane hosts to

J. Name., 2013, 00, 1-3 | 5
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cooperatively bind and extract sodium halide salts, engendering
up to a ca. 20-fold enhancement in bromide and iodide binding
strength in the presence of an equivalent of sodium cation (K, =
494 to 10* M and K, = 67 to 1298 M respectively for the
pyridyl functionalized [2]rotaxane 6c¢). This remarkable
amplification in association constant magnitudes was
attributed to favourable coulombic electrostatic interactions
between the co-bound ions and co-conformational allosteric

a) b)

c)

DOI: 10.1039/D4CC03916E

Journal Name

effects instigated by the ion-binding event. In the case of the
NaCl ion-pair, exogenous ion-pairing salt recombination
equilibrium necessitated the calculation of % bound sodium to
the [2]rotaxane systems in order to rationalise the differing
chloride binding properties of the sodium complexed receptors.
While systems with macrocycles containing the crown-ether
arrangement {6a) and polyether linkages (6b) failed to bind the
NaCl ion-pair, the pyridyl-functionalised rotaxane 6c¢

Figure 7. a} Propensity of the squaramide motif for metal cation and ion-pair recognition, highlighting its ambidentate coordination mode, b} Cartoon showing ion-pair recognition

in target squaramide axle containing [2]rotaxane host systems, b} Beer’s squaramide-based [2]rotaxanes 6a-c for the recognition of sodium halide ion-pairs.
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successfully overcame the NaCl contact ion-pair lattice
enthalpy, underpinning the crucial interplay of strong
concomitant cation and anion binding affinities of the receptors
in enabling ion-pair recognition.

Heteroditopic Receptors Utilising o-Hole
Interactions

Although hydrogen bonding binding motifs have traditionally
dominated the field of anion recognition, recently the
integration of o-hole interactions into acyclic, macrocyclic and
mechanically interlocked anion receptor systems has emerged
as a promising alternative strategy. In particular, halogen
bonding (XB)®” interactions have grown in prominence by virtue
of their often superior anion binding strength, more stringent
linear interaction geometries and contrasting selectivity profiles
relative to analogous HB receptors.>% %8102 Encouraged by these
studies, we have begun to explore the potential of

a) Q

F <)_ o C@ '
\_kIN \_/0—)

Comm 111210

ARTICLE

incorporating XB and related o-hole binding motifs into
heteroditopic ion-pair receptors as a means to further tune ion-
pair binding affinity and selectivity.

Acyclic and Macrocyclic Heteroditopic Receptors Utilising -Hole
Interactions

The potential efficacy of using halogen bonding and related
o-hole interactions to modulate the affinity and selectivity
profile of ion-pair receptors was initially demonstrated in non-
interlocked heteroditopic host molecules. The first example of
using halogen bonding interactions in ion-pair binding was
reported in 2005 by Resnati and co-workers, who synthesised a
tripodal heteroditopic host 7 comprising a
tris(olyoxyethylene)amaine cation recognition site and 4-
iodotetrafluorophenyl anion recognition sites (Figure 8a). 'H
NMR  competition  studies conducted in  60:35:5
CDCl3/CD5s0D/D,0 (v/v/v) showed 7 was able to bind an Nal ion-
pair with significantly higher affinity than the non-XB
pentafluorophenyl analogue (K,*® = 2.6 x 10> M1; K,"8 = 1.3 x

b) (\O
0]
C &Y.
J WD)
K/O\) gXB
(o
O-...
——
O N‘l(ll
K/O\/ 8|.|B
d) NO,
IN \
N' \ ‘IN

%

10

Figure 8. Heteroditopic ion-pair receptors utilising XB and ChB interactions: a) Resnati's tripodal receptor 7; b) Schubert's triazole-incorporated cyclic ethylene glycol receptos 8; c)
Taylor's B15C5-functionalised XB receptors 9; d) Docker's B15C15-functionalised ChB receptors 10.

This journal is © The Royal Society of Chemistry 20xx
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10* M™1). However, single crystal X-ray analysis suggested that
only one iodine donor in 7 participates in XB interactions with
the iodide guest due to the divergent arrangement of the donor
motifs.193 Subsequently, Schubert and co-workers integrated a
iodotriazole anion binding group into a tri(ethylene glycol)-
containing macrocycle to generate a heteroditopic receptor 8X8
capable of binding sodium iodide ion-pairs in 3:1 CD,Cl,/CD3sCN
solvent mixtures with significant positive cooperativity between
the cation and anion binding events (Figure 8b). In contrast, the
hydrogen bonding analogue 8"8 showed no measurable ion-pair
binding in the same solvent system, which was attributed to
intramolecular hydrogen bond formation between the
prototriazole and ether oxygen atoms outcompeting guest
binding.104

In an elegant demonstration of utilising allosteric
cooperativity in receptor design, a series of potassium halide-
selective acyclic ion-pair receptors were designed to exploit the
tendency of benzo-15-crown-5 ether (B15C5) to form 2:1
sandwich complexes with potassium ions.”® One example
reported by Taylor and co-workers features a 1,3-
bis(iodotriazole)benzene-based XB ion-pair receptor 9
functionalised with B15C5 groups (Figure 8c). Pre-complexation
of 9 to K* or Rb* facilitated the formation of an intramolecular

sandwich complex which led to significant enhancements of up

View Article Online
DOI: 10.1039/D4CC03916E

to 700-fold in the apparent halide anion association constants
of the receptor, whereas Na*-complexation resulted in only a
15-fold arising
effects.”’Recently, Docker and co-workers reported a chalcogen
bonding (ChB)®2 heteroditopic receptor 10 based on a modified
receptor design, which consists of an acyclic 3,5-bis-
tellurotriazole nitro-benzene scaffold with B15C5 units directly
appended to the tellurium-incorporated triazoles (Figure 8d).
10 showed marked selectivity for potassium chloride over other
alkali metal chloride salts, with crystallographic studies
confirming the formation of an intramolecular co-facial bis-
B15C5 K* sandwich complex. In addition 10 was shown to
solubilise KCl in CDCls through a series of solid-liquid and liquid-
liquid extraction studies, and preliminary U-tube membrane
transport experiments further indicated its capability to
selectively transport KCl across a membrane.®°

Tse and co-workers prepared a series of heteroditopic
macrocycles comprising a phenanthroline-based cation binding
site opposite a bidentate anion binding motif based on either
halogen bond (11*8), chalcogen bond (11¢"8) or hydrogen bond
(11M8) donor motifs (Figure 9a).>’ 'H NMR titration studies in
CDCI3/CDsCN solvent mixtures indicated strong cooperative
binding of lithium halide ion-pairs by 11*8 and 118, which
exhibited enhanced binding affinities relative to 11",

enhancement from electrostatic
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11XB: X = |
11ChB; X = TeCHj

pd

N
NO, \ J/\/y

N
12a: R = ‘—Q—/
12b: R = ’—©—7\

Figure 9. Non-interlocked heteroditopic incorporating XB anion binding motifs, including a) Tse's phenanthroline-functionalised macrocycles 11, and b) Bak's fullerene-containing

receptor 12a-b.
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Importantly, the ion-pair binding affinities and preferences of
the macrocycles could be tuned by varying the nature of the
anion binding interaction. 7X8 showed overall strongest binding
affinity for all LiX ion-pairs (X = Cl, Br, I) and is notably able to
stabilise the 'hard' LiCl ion-pair. In contrast, 118 was unable to
bind LiCl and instead demonstrates a marked preference for the
'soft' Lil ion-pair.

Another example of integrating XB---anion interactions into
a macrocyclic scaffold for alkali metal halide ion-pair
recognition was reported by Bak and co-workers,'%> who
synthesised fullerene-containing heteroditopic receptors 12a-b
utilising iodotriazole XB donors as the anion binding motif and
dibenzo-18-crown-6 ether as the cation binding group, wherein
importantly the cation and anion binding sites are spatially
separated by a Cgo unit (Figure 9b-c). The neutral receptors 12a-
b displayed enhanced XB-mediated anion binding relative to a
non-fullerene analogue in 3:1 CD3;CN/CDCl;, attributed to a
combination of fullerene-mediated pre-organisation, solvent
shielding and the formation of m-hole interactions with the
polarisable Cg surface. Pre-complexation of a potassium cation
to the crown ether unit significantly enhanced the halide
binding affinities of 12a-b through positive electrostatic
cooperativity associated with the increased polarisation of the
Ceo surface by the co-bound cation. The important contribution
from Cgo polarisation was reflected in the marked binding
preference of the potassium bound receptor complex 12-K* for
the softer iodide ion (K,(CI-) = 36000 M~ (12a), 19800 M~
(12b)) over bromide (K,(Br~-) = 25600 M~*(12a), 8300 M1 (12b))
and chloride (K,(I") = 15100 M~ (12a), 9300 M (12b)).
Interestingly, detailed analysis of the *H NMR spectral data
suggests that a significant proportion (40%) of the chloride
guest is directly coordinated to the potassium cation in a
contact ion-pair binding fashion, and does not benefit from the
polarisation-enhanced XB interactions, accounting for the
halide’s weaker binding to the receptor. These studies thereby
highlight the potential of integrating XB interactions into
heteroditopic receptor design to elicit nuanced selectivity
effects in ion-pair binding.
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MIM Heteroditopic Receptors Utilising o-Hole Interactions

To the best of our knowledge, the first instance of a
heteroditopic  [2]rotaxane-based ion-pair receptor 13
employing XB donor groups for anion binding was reported by
our group in 2022.1% The rotaxane design consists of a
bis(iodotriazole)-functionalised macrocycle as well as an
iodotriazole-functionalised axle component (Figure 10a), which
was prepared via a CuAAC active metal template reaction.
Quantitative 'H NMR studies showed that 13 was capable of
binding lithium bromide and iodide ion-pairs in CDCl3/CDsCN
mixtures, an impressive feat considering the high lattice
enthalpies of lithium halide salts. Crystallographic and DFT
modelling studies indicated that the interlocked nature of 13
was pivotal in creating the requisite cation and anion binding
sites. Cation binding occurs via the 2,6-dialkoxypyridyl motif of
the macrocycle and the triazole N-donors of the axle, which
forms a binding cavity complementary in size to the small Li*
cation. Li* complexation within this cavity pre-organises the
iodotriazole XB motifs of the macrocycle and axle to participate
in convergent anion binding, giving rise to a positive allosteric
effect that contributes to favourable cooperativity in ion-pair
binding. Importantly, the non-interlocked axle and macrocycle
components were unable to bind lithium halide ion-pairs. The
selectivity of the rotaxanes for binding lithium halide ion-pairs
is particularly interesting given the widespread adoption of
lithium-based battery technologies,®” which has in turn driven
efforts to develop efficient methods for the recovery and
remediation of lithium salts.

Subsequently, related rotaxanes 14"8 and 14*® employing a
similar design concept, with an isophthalamide-based
macrocycle and an axle containing a prototriazole (14%8) or
iodotriazole (14*®) motif, displayed remarkably selective
binding of lithium chloride over other alkali metal halides
(Figure 10b). Interestingly, *H NMR, crystallographic and DFT
computational studies revealed the free rotaxanes adopted a
co-conformation which allows the axle triazole nitrogen atoms
to participate in intramolecular hydrogen bonding interactions

[ AN
A N

N
O Bu tBu

—

tBu

tBu
HB. y —
13 14XB. X=H
147" X =|

Figure 102. Beer's heteroditopic XB [2]rotaxanes capable of cooperatively binding LiX ion-pairs, including: a) rotaxane 13 which preferentially bind LiBr and Lil ion-pairs; b) rotaxanes

1418 and 14*® which are capable of stabilising LiCl ion-pairs.
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with the isophthalamide motifs. Binding of Li* induces a re-
orientation of the triazole to create pre-organised cation and
anion binding cavities, thereby exploiting the co-
conformational dynamism of the MIM architecture to achieve a
positive cooperative allosteric enhancement of anion binding
upon Li* pre-complexation.

15PE6.Nal-H,0

DOI: 10.1039/D4CC03916E
Journal Name

Integrating XB donor motifs into pre-organised catenane-
based host architectures proved to be a promising strategy for
modulating the binding affinities and selectivity profiles of ion-
pair binding (Figure 11). A series of neutral all-XB
homo[2]catenanes 15Pf6 and 156 were prepared via an
elegant template-directed synthetic strategy, in which a sodium

Cation binding

Y

15™¢-Nal

Figure 11. a} Sodium cation template-directed synthesis of heteroditopic all-XB [2]catenanes 15 for alkali metal halide ion-pair binding; Solid-state structures of (b} 15°t¢-Nal-H,0

and (c} 15™¢-Nal, showing a single [2]catenane unit bound to a sodium cation and two iodide anions (middle} and a truncated representation of the ethylene glycol region (bottom}

highlighting the coordination environment around the sodium ion. Atom colours are as follows: black (carbon}, blue (nitrogen}, red (oxygen}, purple (iodine}, light pink (hydrogen},

bright pink (sodium}. The chemical structures of 15°%¢ and 15™¢ are shown on the left for reference.
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cation directs the formation of pseudo-[2]rotaxane complex
between an oligo(ethylene glycol)-functionalised XB macrocycle
and a bis-azide. The acyclic bis-azide precursor subsequently
underwent a CUAAC-mediated macrocyclisation reaction with a
bis-iodoalkyne to form a second interlocked macrocycle
containing a bidentate XB donor motif. The mechanical bond
formation step thereby simultaneously generated both cation
and anion recognition sites (Figure 11a).

The resulting homo[2]catenanes exhibited moderate
affinity for sodium and potassium cations, with 1:1 host-guest
stoichiometric binding constants (K,) in the range 700-1800
M. Notably, the smaller di{ethylene glycol)-based catenane
15PE6 preferentially binds sodium over potassium and vice versa
for the larger tri(ethylene glycol)-based catenane 15TES,
reflecting the size complementarity between the interlocked
cation binding site and the cation guests. No metal cation
binding was observed for the non-interlocked macrocycles,
attesting to the importance of the mechanical bond effect
{(MBE) in switching on the cation affinity of the host. The modest
halide affinities of the free catenanes (K, = 100-200 M) were
found to be significantly enhanced by pre-complexation of a
sodium or potassium cation, reflecting the positive electrostatic
cooperativity in ion-pair binding. Interestingly, a detailed
analysis of the 'H NMR titration isotherms showed that
depending on the identity of the catenane and the pre-
complexed metal ion, the halides were bound in either a 1:1 or
1:2 host-guest stoichiometry. XRD crystallographic analysis
revealed that, in addition to the anticipated XB-mediated anion
binding, the smaller [2]catenane 15Pf6 can also adopt a direct
contact ion-pair binding mode in which an anion guest
coordinates to the unsaturated Na* centre (Figure 11b), giving
rise to an overall 1:1:2 host-cation-anion stoichiometry. In
contrast, the larger [2]catenane 15T%¢ exhibits a 1:1:1 host-
cation-anion binding stoichiometry as its coordinatively
saturated Na* cation guest precludes direct contact ion-pair
binding (Figure 11c).'%®

While the homo[2]catenane systems highlighted the
potential of exploiting the highly pre-organised binding cavities
binding, the
moderateindividual cation and anion affinities of 15PE¢ and

of catenanes to elicit ion-pair relatively

156 precluded strong ion-pair binding. Building on this work, a
heteroditopic [2]catenane ion-pair host system 16 containing a
more potent bis-di{ethylene glycol) cation binding site was
synthesised (Figure 12), which demonstrated a dramatic

a) /\ /’@f\ .N,
SN NN
O"‘@"“O}‘ k = oy

increase in affinity for sodium and potassium cations compared
to homo[2]catenane systems, as well as marked sodium over
potassium selectivity arising from the size complementarity
between the di{ethylene glycol)-based cation binding site and
the smaller sodium cation. Similar to the homo[2]catenanes,
ion-pair titrations conducted on 16 showed that its anion
binding affinity could be ‘switched on’ by pre-complexation
with a metal cation. Notably, 16 displayed significantly stronger
binding of alkali metal halide salts compared to the
homo([2]catenanes, indicating that the modified host design
was effective in enhancing the ion-pair affinity of the
interlocked receptor. In addition, the binding preference for
sodium halide over potassium halide ion-pairs was maintained,
with 16 displaying 3 to 5-fold stronger binding to NaX ion-pairs
(X = Br, 1) relative to the corresponding KX salts. This binding
preference was impressively translated to the solid-liquid
extraction properties of the catenane, with competitive SLE
experiments indicating preferential extraction of sodium halide
salts from a solid mixture of NaX/KX salts (X = Br, 1).109

To the best of our knowledge, comparative studies of
‘mechanical bond isomers’ for ion-pair binding and recognition
remain unprecedented to date. This is somewhat surprising
considering the different co-conformational behaviours of
rotaxanes and catenanes and the potential effects on their
recognition properties. As such, encouraged by the promising
ion-pair binding properties of the catenane-based heteroditopic
receptors, attention was turned to investigating their
[2]rotaxane analogues (Figure 13a). To this end, a series of
heteroditopic [2]rotaxanes 17a-d were prepared via a modified
sodium cation template-directed methodology, in which a
stoppering-type reaction was performed on the intermediate
pseudo[2]rotaxane assembly using sterically bulky iodoalkyne-
functionalised terphenyl groups. Notably, *H NMR binding
studies revealed that metal cation binding to the rotaxanes
induces a translocation of the macrocycle component towards
the central ethylene glycol stations to facilitate convergent
metal coordination by the polyether binding motifs of the
macrocycle and axle. The need for a large-amplitude co-
conformational change led to reduced cation binding affinities
of the
homo([2]catenanes, which in turn gave rise to complex parallel

[2]rotaxanes relative to the analogous
and competing equilibria in the ion-pair binding studies that
complicated the quantitative determination of ion-pair binding

affinities. Importantly, comparing the apparent alkali metal

Figure 12. A heteroditopic XB [2]catenane 16 showing enhanced alkali metal halide ion-pair binding and extraction properties.
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Figure 13. a} Heteroditopic HB or XB rotaxanes 17a-d demonstrating cooperative binding of alkali metal halide ion-pairs; b} Proposed ion-pair binding mode of heteroditopic

rotaxanes.

cation iodide ion-pair binding constants of the [2]rotaxanes and

the [2]catenane analogues revealed that the rotaxanes
exhibited a higher degree of positive cooperativity in ion-pair
binding despite weaker cation binding (Figure 13b), suggesting
the advantages of incorporating mechanical bond co-
conformational flexibility into the design of future heteroditopic

interlocked receptors.*°

Conclusions

In the pursuit of novel heteroditopic receptors capable of
improved ion-pair binding affinity and selectivity, the use of
mechanically interlocked host topologies is emerging as a
promising avenue of research. Although efforts to incorporate
the mechanical bond into heteroditopic host design has thus far
remained limited, the examples discussed in this review
importantly highlight significant binding affinity enhancements
and positive cooperativity in ion-pair recognition by MIM-based
heteroditopic receptors relative to non-interlocked acyclic and
macrocyclic analogues. Crucially, in many cases, MIM-based
heteroditopic receptors leverage not only favourable proximal
cation-anion bound electrostatic effects but also their inherent
co-conformational dynamism to achieve allosteric
cooperativity, wherein the binding of one guest ion induces a
of the

interlocked components, including macrocycle translocation,

co-conformational rearrangement mechanically

pirouetting or inter-ring circum-rotation, to create a pre-

12 | J. Name., 2012, 00, 1-3

organised binding cavity suited for binding to the second guest
counter-ion of the ion-pair. Impressively, chemically similar
alkali metal cations or halide anions can often be distinguished
by varying the nature of the cation/anion binding motifs and the
size of the interlocked cavity, which serves as a powerful means
to achieve highly selective ion-pair binding. Notably, recent
advancements in the incorporation of halogen bonding (XB)
anion recognition motifs into MIM receptor scaffolds have
enabled further modulation of ion-pair binding affinity and
selectivity profiles.

Given the relatively small number of heteroditopic MIM
receptors reported to date, future work in this area is expected
to initially focus on laying the groundwork for this expanding
field. From a synthetic perspective, this would entail exploiting
and combining emerging classes of non-covalent interactions,
such as chalcogen bonding and anion-mt interactions in
innovative host designs. Equally important is the development
of robust analytical methods to quantify the strength and
cooperativity of ion-pair binding, which would enable
systematic comparisons to be made between various receptor
systems. Combining these synthetic and analytical tools to
evaluate the cation, anion and electrostatic/allosteric
cooperative ion-pair binding properties would elucidate guiding
principles to achieve selective ion-pair recognition in future
strategic MIM heteroditopic host design.

Further

construction of functional MIM-based ion-pair receptors for a

progress in the field would encourage the

This journal is © The Royal Society of Chemistry 20xx
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MIM-based
heteroditopic architectures are particularly suited for use as

diverse range of applications. For example,
ion-pair sensors, as their high binding affinity and selectivity for
target guests allows them to function at low concentrations.
Initially, sensors can be prepared in a relatively facile manner
via the integration of fluorophoric or redox-active reporter
groups into established heteroditopic MIM receptor scaffolds.
Additionally, the inherent co-conformational dynamism of
MIMs is a powerful tool for the development of novel sensing
mechanisms for ion-pairs, as has been demonstrated in a series
of reports featuring chromophore-functionalised rotaxane
shuttles which utilise anion recognition induced macrocycle
translocation to elicit a selective optical response to specific
anionic guest species.*® 111-115 There is also potential for utilising
MIM-based heteroditopic receptors in selective ion-pair
transport or extraction. Finally, the scope for guest binding may
expand from simple inorganic ion-pairs to the
recognition of complex guest species such as biological

further

zwitterions including amino acids, where chiral heteroditopic
MIM structural host frameworks can be employed.116-118
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