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anion binding units (Figure 3a).78 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. 1H-NMR anion binding studies conducted with the 

neutral [2]rotaxane 1a in DMSO-d6/CD3CN solvent mixtures 

reveal enhanced chloride anion affinities relative to the free 

heteroditopic macrobicycle receptor 1b (Figure 3b) (Ka = 300 M-

1 and Ka = 50 M-1 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, 1H-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 1H-NMR spectrum. By contrast, chloride complexation 

fails to disrupt the dynamic inter-component motions likely due 

to the lack of any axle-anion interactions.

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).67 Synthesised using a sodium cation-template 

driven threading methodology followed by copper(I) catalysed-

mediated CuAAC stoppering reactions, the resulting 

[2]rotaxane demonstrates remarkable alkali metal halide ion-

pair recognition in 4:1 CDCl3/CD3OD solvent media. 1H-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 1H-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).92
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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.
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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).71 Analysis of 1H-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 (Ka(Cl-) >104, Ka(Br-

) = 4.7 x 103, Ka(HSO4
-) = 2.3 x 103). Interestingly, while the 

protonated rotaxane .0�+ 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.93 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.94 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-

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.
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calix[4]pyrrole containing cylindrical macrocycle component 

(Figure 6).70 1H-NMR based binding studies indicated that 5 

strongly bound tetraalkylammonium salts of Cl-, OCN- and NO3
- 

in a 1:1 binding stoichiometry in CDCl3. Quantitative ITC titration 

experiments further revealed that the interlocked system 

demonstrated a preference for TBANCO (Ka = 7.9 × 105UMI%) over 

TBANO3 (Ka = 4 × 104UMI%) and TBACl (Ka = 5 × 104UMI%) 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 MTOCl 

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).95 

Taking inspiration from Chiu’s alkali metal template directed 

MIM synthesis,96 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-1H 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 1H-NMR titration studies in 

3:7 CD3CN/CDCl3 revealed the [2]rotaxane hosts to 
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Figure 6. Ballester’s [2]rotaxane 5 for the recognition of quaternary ammonium salts.

Page 5 of 16 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
9 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4-

09
-1

8 
 7

:2
4:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4CC03916E

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


Page 6 of 16ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
9 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4-

09
-1

8 
 7

:2
4:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4CC03916E

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


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

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 4���
� 

Interactions

Although hydrogen bonding binding motifs have traditionally 

dominated the field of anion recognition, recently the 

integration of W/��
� interactions into acyclic, macrocyclic and 

mechanically interlocked anion receptor systems has emerged 

as a promising alternative strategy. In particular, halogen 

bonding (XB)97 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.50, 98-102 Encouraged by these 

studies, we have begun to explore the potential of 

incorporating XB and related W/��
� 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 4���
� 

Interactions

The potential efficacy of using halogen bonding and related 

W/��
� 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). 1H 

NMR competition studies conducted in 60:35:5 

CDCl3/CD3OD/D2O (v/v/v) showed 7 was able to bind an NaI ion-

pair with significantly higher affinity than the non-XB 

pentafluorophenyl analogue (Ka
XB = 2.6 × 105 MX%; Ka

HB = 1.3 × 
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104 MX%). 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.103 Subsequently, Schubert and co-workers integrated a 

iodotriazole anion binding group into a tri(ethylene glycol)-

containing macrocycle to generate a heteroditopic receptor 8XB 

capable of binding sodium iodide ion-pairs in 3:1 CD2Cl2/CD3CN 

solvent mixtures with significant positive cooperativity between 

the cation and anion binding events (Figure 8b). In contrast, the 

hydrogen bonding analogue 8HB 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.76 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 

to 700-fold in the apparent halide anion association constants 

of the receptor, whereas Na+-complexation resulted in only a 

15-fold enhancement arising from electrostatic 

effects.77Recently, Docker and co-workers reported a chalcogen 

bonding (ChB)98 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 CDCl3 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.60

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 (11XB), chalcogen bond (11ChB) or hydrogen bond 

(11HB) donor motifs (Figure 9a).57 1H NMR titration studies in 

CDCl3/CD3CN solvent mixtures indicated strong cooperative 

binding of lithium halide ion-pairs by 11XB and 11ChB, which 

exhibited enhanced binding affinities relative to 11HB. 
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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. 7XB 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, 11ChB was unable to 

bind LiCl and instead demonstrates a marked preference for the 

'soft' LiI ion-pair.

Another example of integrating 6-HHH����� interactions into 

a macrocyclic scaffold for alkali metal halide ion-pair 

recognition was reported by Bak and co-workers,105 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 C60 unit (Figure 9b-c). The neutral receptors 12a-

b displayed enhanced XB-mediated anion binding relative to a 

non-fullerene analogue in 3:1 CD3CN/CDCl3, attributed to a 

combination of fullerene-mediated pre-organisation, solvent 

shielding and the formation of Y/��
� interactions with the 

polarisable C60 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 

C60 surface by the co-bound cation. The important contribution 

from C60 polarisation was reflected in the marked binding 

preference of the potassium bound receptor complex �%08+ for 

the softer iodide ion (Ka(ClI)  = 36000 MX% (12a), 19800 MX% 

(12b)) over bromide (Ka(BrI)  = 25600 MX% (12a), 8300 MX% (12b)) 

and chloride (Ka(I
I) = 15100 MX% (12a), 9300 MX% (12b)). 

Interestingly, detailed analysis of the 1H 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.

MIM Heteroditopic Receptors Utilising 4���
� 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 2022.106 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 1H NMR studies showed that 13 was capable of 

binding lithium bromide and iodide ion-pairs in CDCl3/CD3CN 

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,107 which has in turn driven 

efforts to develop efficient methods for the recovery and 

remediation of lithium salts.

Subsequently, related rotaxanes 14HB and 14XB employing a 

similar design concept, with an isophthalamide-based 

macrocycle and an axle containing a prototriazole (14HB) or 

iodotriazole (14XB) motif, displayed remarkably selective 

binding of lithium chloride over other alkali metal halides 

(Figure 10b). Interestingly, 1H 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 
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Figure 102. Beer's heteroditopic XB [2]rotaxanes capable of cooperatively binding LiX ion-pairs, including: a) rotaxane 13 which preferentially bind LiBr and LiI ion-pairs; b) rotaxanes 

14HB and 14XB which are capable of stabilising LiCl ion-pairs.
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diverse range of applications. For example, MIM-based 

heteroditopic architectures are particularly suited for use as 

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.48, 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 

further expand from simple inorganic ion-pairs to the 

recognition of complex guest species such as biological 

zwitterions including amino acids, where chiral heteroditopic 

MIM structural host frameworks can be employed.116-118
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