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CONS P EC TU S

N ature achieves impressively strong and selective complexation of small
molecule anions through the elaborate binding sites of sophisticated

proteins. Inspired by these examples, we have developed an anion templation
strategy for the synthesis of mechanically interlocked host structures for anion
recognition applications. Upon removal of the discrete anionic templating
species, such host systems possess unique, three-dimensional, geometrically
restrained cavities containing convergent hydrogen bond donor atoms. Such
structures exhibit high affinity binding selectivity toward complementary anions.

This Account describes recent advances in this anion templation meth-
odology, demonstrating the versatility and scope of this approach, and
progressing to more diverse architectures. Specifically, we have prepared an
expansive range of interlocked hosts with enhanced anion recognition proper-
ties, such as the ability to operate effectively in competitive aqueous media. We
have produced these structures through the utilization of a new anion
templated amide condensation synthetic method and through the incorporation
of a range of different anion binding motifs, such as groups capable of effective solution-phase halogen bonding interactions.
Importantly, direct comparisons between halogen bonding and hydrogen bonding systems reveal impressively magnified anion
recognition properties for halogen bonding interlocked host systems. We have also employed the anion templation strategy
successfully to construct selective electrochemical and luminescent anion sensors, as well as architectures of increasing complexity,
such as a triply interlocked capsule and a handcuff catenane. The synthesis of these latter examples presents greater challenges;
however, such molecules offer additional applications in higher order recognition and sensing and in switchable molecular devices.

Having established anion templation as a viable synthetic route to interlocked architectures, we have used this strategy to
fabricate a multitude of innovative structures. The key principles of this approach are the ability of anionic species to template the
association of carefully designed components, and of the resulting molecular framework with its interlocked host cavity to display
impressive anion recognition selectivity. Mechanically interlocked structures have numerous potential applications in nanotech-
nology. Therefore, the continuing development of effective synthetic methods, especially those which yield functional systems, is of
great interest in the broad interdisciplinary field of supramolecular chemistry.

Introduction
The challenge of constructing molecular architectures of

increasing complexity has inspired many supramolecular

chemists to test the limits of existing synthetic methods as

well as explore novel approaches. Primarily motivated by

their potential nanotechnological applications asmolecular

switches and machines,1�3 a number of innovative and

effective cationic and neutral templation strategies devel-

oped over the past 25 years have enabled the preparation

of a variety of mechanically interlocked structures of

impressive diversity.4,5 In spite of this, the potential of their

unique topological cavities in host�guest chemistry has

been largely neglected, especially for the recognition of anions.

Anions are ubiquitous in Nature and fundamentally

important to a range of biological processes; hence, the con-

struction of potent anion receptors and sensors is of great

interest.6 Nature's strong and highly selective binding of sulfate

and phosphate anions in water is achieved by a network of

hydrogenbondsburieddeeply inside specificproteins.7,8 These

binding sites are in protected microenvironment pockets,
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facilitating the total encapsulation of the anionic guest species.

This suggests that in order to significantly “raise the bar” in

anion selectivity exhibited by current abiotic receptors,6 more

elaborate three-dimensional systems are required, such as

interlocked host structures. Compared with cationic or neu-

tral templation methods, however, the construction of inter-

locked architectures using discrete anion templates is

considerably underdeveloped. Consequently, one of the

research themes of our group over the past decade or so

has been to establish anion templation as a viable route to

interlocked structures with the goal of preparing host sys-

tems exhibiting selective anion recognition and sensing

properties.

Beginnings of Interweaving Anion
Templation
Our research into anion templation began with the dis-

covery that a 3,5-bis-amide-pyridinium chloride ion pair

forms anorthogonal complexwith aneutral isophthalamide

derivative via halidehydrogenbonding interactions (Figure1a).9

This arrangement is reminiscent of Sauvage's copper(I)

templated systems,10 in which the tetrahedral ligand re-

quirement of the metal center mediates the association of

phenanthroline components (Figure 1b).

Initially, this association was utilized to form an

anion templated pseudorotaxane by incorporating

the isophthalamide motif into a macrocycle (Scheme 1).9

While the chloride anion templates this assembly, further

stabilization is achieved from aromatic donor�acceptor inter-

actions between the electron-rich hydroquinone groups

of macrocycle 1 and the electron-deficient pyridinium

thread 2, and secondary hydrogen bonding between the

macrocycle polyether oxygen atoms and the pyridinium

N-methyl protons.

The progression from interpenetrated assemblies to in-

terlocked structures, for example, rotaxane 3, required the

use of Grubbs'-catalyzed ring closing metathesis (RCM) to

“clip” a bis-vinyl-appended macrocycle precursor around a

terphenyl-stoppered pyridinium chloride axle (Scheme 2).11

Upon exchange of the halide template to the noncoordinat-

ing hexafluorophosphate, such structures possess unique

three-dimensional binding cavities, which exhibit favorable

selective anion recognition for the chloride template as

larger basic oxoanions are unable to penetrate the binding

pocket. Importantly, this is a reversal of the selectivity ex-

hibited by the pyridinium axle.

In 2007,we published anAccount detailing “first-generation”

receptor systems based on the 3,5-bis-amide-pyridinium

motif and employing RCM as the solemethod of interlocked

structure formation.12 This Account will discuss our efforts

since then to expand the scope of the anion templated

synthesis of interlocked structures. Namely, the utilization

of alternative synthetic strategies and different anion binding

motifs, including those for solution-phase halogen bonding, the

incorporation of electrochemically active and luminescent

reporter groups to achieve selective anion sensing, and the

fabrication of interlocked architectures capable of anion-

induced molecular motion and of increasing complexity.
FIGURE 1. Orthogonal association of components around a) a chloride
template, and b) a copper(I) template.

SCHEME 1. Formation of Anion Templated Pseudorotaxane Assembly 1 32
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Recently, twoother research groups have employed similar

methods to synthesize interlocked anion receptors, namely,

the chloride-selective, indolocarbazole-based catenanes

reported by Jeong et al.13 and Li and Li14 (Figure 2).

An Alternative Anion Templation Synthetic
Strategy
To develop the anion templation strategy further and pre-

pare hosts with enhanced recognition properties, we have

recently established a novel amide condensation route.

Specifically, the formation of macrocycle 4 was found to

be templated by 3,5-bis-amide-pyridinium chloride thread

2,15with rotaxanes6 and7 synthesized in yields of 56%and

60%when the appropriate macrocyclization reactions were

carried out in the presence of stoppered axle 5 (Scheme 3).16

Amide condensation methods have been employed pre-

viously for interlocked structure formation, notably byHunter,17

V€ogtle et al.,18 and Leigh et al.19 We have, however, demon-

strated thatourapproachoperates throughananion templation

mechanism due to the formation of an intermediate assembly

produced via binding to the halide template by the axle

and half-formed macrocycle (represented in Scheme 3).

This association is further stabilized by the secondary hydro-

gen bonding and donor�acceptor interactions discussed

above, and importantly, substantially lower yields were

observed in analogous reactions without the sources of

potential halide templates.16

The anion recognition properties of the systems con-

structedvia thismethod canbe comparedwith theanalogous

systems synthesized using RCM, for example, rotaxanes 3

and 7. While the binding of chloride by 3 is able to be

quantified in 1:1 CDCl3/CD3OD (Table 1), the same interac-

tion is too strong with rotaxane 7 (K > 104 M�1) and the

addition of 10% D2O in the solvent media is necessary to

obtain an accurate association constant using 1H NMR spec-

troscopy. The enhanced chloride binding strength exhibited

by 7 compared with 3 is due to the hydrogen bonding

interactions between the axle pyridinium N-methyl protons

and themacrocycle polyether oxygenswhich are reduced in

3due to thepresenceof thevinyl group. Increased stabilization

from these interactions favors the preorganization of the

interlocked cavity in the correct orientation for anion binding.

As in previous systems, rotaxane 7 displays selectivity for

the chloride template over the larger, more basic oxoanions

SCHEME 2. Anion Templated Synthesis of Rotaxane 3 Using Grubbs'-Catalyzed Ring Closing Metathesis (RCM)

FIGURE 2. Indolocarbazole-based catenanes reported by (a) Jeong et al. and (b) Li and Li.
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dihydrogen phosphate and acetate in 45:45:10 CDCl3/

CD3OD/D2O. The X-ray crystal structure of the chloride salt

of rotaxane 7 (Figure 3) illustrates the ability of the halide

guest species to bind within the rotaxane host cavity, facil-

itating optimum complexation with the convergent axle

and macrocycle N�H and C�H hydrogen bond donors.

The presence of different binding modes for the halides

and oxoanions, internal and external to the constrained

rotaxane cavity, is supported by both molecular dynamics

simulations16 and differential 1H NMR shifts in the signal

corresponding to the para-pyridinium proton of 7 (Figure 4).

While chloride binding within the interlocked cavity induces

a downfield shift due to a C�H hydrogen bonding

interaction, upfield shiftswere observedwith the oxoanions,

due to a substantial change in rotaxane co-conformation to

assist the peripheral association of the larger oxoanion

guest species.

Stronger chloride complexation and more definitive

selectivity over the oxoanions can be achieved by

preparing a doubly charged system, bis-pyridinium ro-

taxane 8 (Figure 5a).16 Impressively, in the highly polar

65:35 d6-acetone/D2O solvent mixture, 8 is capable of

binding chloride with an association constant of 500 M�1,

while no binding was observed with either dihydrogen

phosphate or acetate (Table 1). The scope of this synthetic

method has also been demonstrated by synthesizing

TABLE 1. Association Constants, K (M�1), of Rotaxanes 3, 7, and 8 with Anionsa

3 7 8

anion 1:1 CDCl3/CD3OD 1:1 CDCl3/CD3OD 45:45:10 DCl3/CD3OD/D2O 65:35 d6-acetone/D2O

Cl� 1130 >104 1190 500
H2PO4

� 300 120 NBb

OAc� K11 = 100, K12 = 40 180 NBb

aErrors < 10%. bNB = no binding.

SCHEME 3. Macrocycle 4 and the Synthesis of Rotaxanes 6 and 7 via an Anion Templated Amide Condensation Route
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related catenane systems such as 9 (Figure 5b),20 and

adjusting the macrocycle binding cleft to prepare both

sulfonamide-containing rotaxane 1016 (Figure 5c) and

meta-xylenediamide rotaxane 1121 (Figure 5d).

Incorporating Different Binding Motifs:
Hydrogen Bonding
The desire to incorporate different anion binding motifs

into interlocked host structural frameworks is driven by

the possibility of influencing significantly the recognition

properties of these systems. For example, the high yielding

synthesis of pyridinium nicotinamide homocatenane 12

using RCMwasmediated by sulfate as the templating anion

(Scheme 4).22 This system was the first sulfate templated

interlocked structure and displayed selective recognition for

this templating anion over chloride, bromide and acetate in

1:1 CDCl3/CD3OD.

The triazole group has received intense recent attention

due to its accessibility via the copper(I)-catalyzed alkyne�
azide cycloaddition (CuAAC) reaction, as well as its C�H hy-

drogen bonding capabilities. We have integrated this motif

into an interlocked host using the novel 3,5-bis(triazole)-

pyridinium functionality within catenane 13 (Figure 6a),23

and this systemwas found to exhibit substantially enhanced

halide selectivity in comparison with the analogous amide

catenane 14 (Figure 6b).24 While the two receptors display

similar chloride affinities (Table 2), catenane 13 binds di-

hydrogen phosphate much more weakly than 14. This

increased halide-oxoanion discrimination arises from the

unique nature of the bis-triazole bis-amide interlocked cav-

ity. Furthermore, as alternatives to the pyridinium motif, the

positively charged heterocycles triazolium and imidazolium,

both capable of anion complexation through electrostatic and

C�H hydrogen bonding interactions, have been successfully

incorporated into the axle components of rotaxane host struc-

tures which display selective anion recognition properties.25,26

Incorporating Different Binding Motifs:
Halogen Bonding
Electron-deficient halogen atoms, most commonly bromine

and iodine, have been shown to act as electrophiles due to

the existence of a highly localized region of positive charge.

Halogen bonding was, however, until very recently, mainly

restricted to crystal engineering and materials applica-

tions.27 The rapid expansion in the use of halogen bonding

in solution-phase molecular recognition processes has in-

cluded developments in anion binding as Lewis basic anions

can act as excellent halogen bond acceptors, with a range of

suitable acyclic28�31 and macrocyclic32,33 anion host sys-

tems reported by our group and others. The interest in this

interaction arises from its comparison with hydrogen bond-

ing � comparable in strength but with more strictly linear

geometrical requirements. Moreover, halogen bonding ap-

pears to be highly suited for exploitation in competitive

polar media and polar/aqueous solvent mixtures.

To establish the use of halogen bonding in facilitat-

ing anion templated interpenetrative assembly, bromo-

imidazolium thread 15 was demonstrated to form a pseu-

dorotaxanewith isophthalamidemacrocycle 19 (Figure 7).34

Thread 15 exists as a tight ion pair due to charge-assisted

halogen bonding between the bromo-imidazolium group

and the chloride counteranion, and halide complexation to

themacrocycle hydrogen bond donorsmediates the assem-

bly of pseudorotaxane 15 319 along with stabilizing donor�
acceptor interactions. This process was proven to be anion

FIGURE 3. X-ray crystal structure of the chloride salt of rotaxane 7.

FIGURE 4. Shifts of the para-pyridinium proton in rotaxane 7 upon
anion addition in 45:45:10 CDCl3/CD3OD/D2O. Symbols represent data
points, lines represent binding isotherms.
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templated as the hexafluorophosphate salt of thread 15 did

not form a pseudorotaxane with macrocycle 19.

Importantly, the stability of this assemblywas found to be

significantly enhanced compared to the analogous protic-

imidazolium system using 4,5-dimethylimidazolium thread

16 (Table 3). Furthermore, the increased linear requirements

of halogen bonding compared with hydrogen bonding

were demonstrated by the related bis-bromo thread 17

displaying no affinity for macrocycle 19, while the related

bis-protic thread 18 formed a stable pseudorotaxane,

tolerating the divergent nature of the imidazolium hydro-

gen bond donors.

A similar enhancement in anion templated pseudo-

rotaxane stability was also observed with iodo-triazolium

thread 20 compared with protic-analogue 21 (Figure 8 and

Table 3).35 In this system, bromide was found to be the

most effective halide template for interpenetrative assem-

bly using 1H NMR spectroscopic titration experiments, with

apparent association constants of 1188 M�1 for 19 320 and

610 M�1 for 19 321 in CDCl3.

Encouraged by these halide anion templated halogen

bonding pseudorotaxane findings, rotaxane 22 (Figure 8)

was prepared by bromide templation.35 This was the first

interlocked structure to use halogen bonding to control the

assembly process, and its solid-state crystal structure illus-

trates the increased steric considerations which arise from

incorporating a large halogen atom within the molecular

frameworks of interlocked structures.

Initial anion recognition studies in 1:1 CDCl3/CD3OD

revealed that rotaxane 22 binds bromide anions at least

an order of amagnitude stronger than the analogous protic-

triazolium rotaxane25 (K > 104 M�1). Pleasingly, this result,

enhanced binding strength with halogen bonding, is in

agreement with the pseudorotaxane findings. In addition,

despite the apparent exposed nature of the interlocked

cavity in the solid-state, rotaxane 22 did exhibit consider-

able selectivity between halide anion guest species in

45:45:10 CDCl3/CD3OD/D2Owith 1:1 association constants

of 457, 1251, and 2228 M�1 for chloride, bromide, and

iodide respectively. This unusual binding preference for the

FIGURE 5. (a) Doubly charged bis-pyridinium rotaxane 8, (b) catenane 9, (c) sulfonamide rotaxane 10, and (d) meta-xylenediamide rotaxane 11.
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larger iodide is thought to arise from a combination of the

exact geometrical requirements of the mixed halogen- and

hydrogen-bonding cavity, its relative accessability, and the

greater lipophilicity of iodide given the aqueous content of

the media.

Returning to the bromo-imidazolium motif, we have

reported the synthesis of a bromide anion templated

homocatenane 23 capable of selective anion recognition

solely via halogen bonding (Scheme 5).36 The inclusion of

naphthalene spacerswithin componentdesignwas influenced

by thedesire to createa larger, enclosed interlockedhost cavity

than in rotaxane 22, as well as the potential for thesemotifs to

act as fluorescent reporter groups.

This potential was confirmed using fluorescence spec-

troscopy in acetonitrile, with catenane 23 displaying signifi-

cant changes in its emission spectrum upon chloride and

bromide binding. A range of other anions were also tested,

however, no fluorescence perturbations were observed, nor

upon addition of any of the anions to the component

macrocycle. This impressive selectivity, complete sensing

discrimination for these twohalides, is thought to arise from the

properties of the preorganized interlocked cavity. Only anions

which can penetrate the binding domain perturb the naphtha-

lene emission, with chloride bound substantiallymore strongly

than bromide (3.71 � 106 and 1.48 � 105 M�1, respectively).

Electrochemical Anion Sensing
With the objective of selectively sensing anions via electro-

chemical methods, previous research in our group has been

undertaken to incorporate ferrocene as an appropriate

reporter group within anion receptor systems.37 Binding

can perturb the metallocene redox center sufficiently to

result in cathodic shifts in the ferrocene/ferrocenium oxida-

tion potential as the anion stabilizes the oxidized ferroce-

nium state. To exploit the selective recognition properties of

anion templated interlocked structures, the ferrocene motif

was integrated into rotaxane and catenane host structural

frameworks. In preliminary work, an anion templated bis-

ferrocene rotaxane self-assembled monolayer (SAM) was

shown to exhibit an electrochemical response to chloride

anions.12,38 Since then, various new methods of ferrocene-

attachment have been achieved.

Ferrocene was incorporated either as pentaphenylferro-

cene stopper groups within a pyridinium axle component in

rotaxane 24,39 appended onto the isophthalamide macro-

cycle component of rotaxane 25,40 or similarly onto one of

the macrocycles in the first ferrocene-containing catenane

2641 (Figure 9). All three systems were constructed using

chloride anion templation, and the interlocked natures of

these structures were confirmed by diagnostic 1H NMR

spectra and intercomponent 1H�1H NMR ROESY couplings,

TABLE 2. Association Constants, K (M�1), of Catenanes 13 and 14 with
Chloride and Dihydrogen Phosphatea

anion 13 14

Cl� 680 730
H2PO4

� 49 K11 = 480, K12 = 520
aErrors < 10%.

SCHEME 4. Sulfate Templated Synthesis of Pyridinium Nicotinamide Homocatenane 12

FIGURE 6. (a) Triazole-containing catenane 13 and (b) amide-containing catenane 14.
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as well as X-ray crystal structures of the chloride salts of

rotaxane 24 and catenane 26 (Figure 10).

Rotaxanes 24 and 25 and catenane 26 were all found

to selectively bind chloride over oxoanions dihydrogen phos-

phate, benzoate, and hydrogen sulfate using 1H NMR titra-

tion experiments in 1:1 CDCl3/CD3OD (Table 4). Interestingly,

the chloride binding affinity of rotaxane 25 was consider-

ably higher than that displayed by both 24 and26. It is thought

that the increased acidity of theN�Hprotons of the pyridinium

axle component of 25, due to direct attachment of the terphe-

nyl stoppers, comparedwith thealiphatic bis-amide-pyridinium

groups within 24 and 26 is responsible for these differences.

Solubility considerations required the use of alterna-

tive 1:1 CH2Cl2/CH3CN or CH3CN solvent conditions in

electrochemical anion sensing investigations (Table 5). Se-

lective characteristic responseswith chloridewere observed,

in which the maximum cathodic shift in the respective

ferrocene redox couple occurred after one equivalent of

halide, in contrast with the oxoanions which required many

more equivalents to achieve sensing saturation. Impor-

tantly, these findings are in agreementwith theNMR studies,

indicating a preference for strong chloride bindingwithin the

interlocked cavities of 24�26.

Surface-based sensor devices have a number of advan-

tages when compared with solution-phase analogues, in-

cluding reusability, the avoidance of solubility problems,

and the potential for beneficial amplification effects, and

hence, a surface-confined analogue of catenane 26 was

fabricated (Scheme 6).41 Thiol functionalities allow for ad-

sorption of pyridinium derivative 27 onto a gold electrode,

and this reaction was carried out in the presence of 10 equiv

of ferrocene-appended macrocycle 28 to bias the associa-

tion equilibrium toward pseudorotaxane, and ultimately

catenane formation. Evidence for formation of SAM 29

was obtained using cyclic voltammetry, ellipsometry, and high

resolution X-ray photoelectron spectroscopy. Surprisingly, the

inability to remove the chloride template negated anion sen-

sing studies. This dramatically amplified SAM halide binding

strength is postulated to be due to the high degree of surface

preorganization in the doubly attached catenane system.

Luminescent Anion Sensing
Returning to fluorescent sensing methods, which are desir-

able due to inherent high sensitivity, previous work within

FIGURE 7. Threads 15�18, macrocycle 19, and pseudorotaxane
15 319.

TABLE 3. Apparent Association Constants, K (M�1), for Pseudorotaxane
Formation between Threads 15�18 and 20�21 and Macrocycle 19 in
CDCl3

a

macrocycle threads

15 16 17 18 20 21
19 254 97 NAb 245 1188 610

aErrors < 10%. bNA = no association.

FIGURE 8. Threads 20 and 21, and iodo-triazolium rotaxane 22 and
X-ray crystal structure of the bromide salt of 22.
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the group has included anion sensing using acyclic and

macrocyclic luminescent transition metal receptors.37,42

Rotaxanes 30 and 31 (Figure 11) were synthesized using

the new amide condensation method to incorporate the

4,40-bis-amide-2,20-bipyridyl group for rhenium(I) and

ruthenium(II) complexation.43

The recognition and sensingproperties of30and31were

studied using 1H NMR and photophysical investigations in

aqueous acetone mixtures (9:1 to 7:3 acetone/water), and,

as expected, both systems were found to exhibit consider-

able binding selectivity for chloride over dihydrogen phos-

phate and acetate. Importantly, these recognition events

were signaled by significant enhancements in the respective

metal�ligand complexes luminescent emissions. Examples

of interlocked structures displaying fluorescent anion sen-

sing behavior are relatively rare,13,44,45 and operation in

aqueous solvent media is vital in the development of

this area.

FIGURE 9. (a) Pentaphenylferrocene-stoppered rotaxane 24, (b) ferro-
cene-appended rotaxane 25, and (c) ferrocene-appended catenane 26.

FIGURE 10. X-ray crystal structures of the chloride salts of (a) rotaxane
24 and (b) catenane 26.

SCHEME 5. Bromide Templated Synthesis of Bromo-Imidazolium Homocatenane 23 Using Halogen Bonding

TABLE 4. Association Constants, K (M�1), of Ferrocene-Containing
Rotaxanes 24 and 25 and Catenane 26 with Anions in 1:1 CDCl3/
CD3ODa

anion rotaxane 24 rotaxane 25 catenane 26

Cl� 1780 4200 1900
H2PO4

� 350 640 350
BzO� 490 640 190
HSO4

� 1040 1560 1100
aErrors < 10%.
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Anion-Induced Molecular Motion
The potential for mechanically interlocked molecules to

act as molecular-scale switchable devices, even “machines”,

arises from their ability to undergo reversible molecular

motion through changes in the relative positions of the

constituent parts. The use of molecular recognition events

such as anion binding to induce this behavior is, however,

relatively underdeveloped. By incorporating an orthogonal

set of noncovalent intercomponent interactions into our

target systems,we have been able to successfully synthesize

interlocked structures capable of effective anion-induced

molecular motion.

This principle is illustrated by the anion-induced shuttling

behavior of rotaxane 32 (Scheme 7),46 synthesized via

chloride templation using the CuAAC reaction to stopper a

2,6-bis-imidazolium-pyridine axle. In the absence of a co-

ordinating anion, 32 exists with the macrocycle residing

preferentially over one of the two axle triazole groups due

to hydrogen bonding interactions between the macrocycle

isophthalamide motifs and the axle carbonyl oxygen

atoms. Upon chloride addition, a considerable macrocycle

SCHEME 6. Synthesis of Ferrocene-Containing Catenane SAM 29

TABLE 5. Cathodic Shifts, ΔE1/2 (mV), of Fc/Fcþ or Ppfc/Ppfcþ Redox
Couple upon Anion Addition of Ferrocene-Containing Rotaxanes 24
and 25 and Catenane 26

rotaxane 24 rotaxane 25 catenane 26

1:1 CH2Cl2/CH3CN CH3CN 1:1 CH2Cl2/CH3CN

anion 1 equiv 10 equiv 1 equiv 10 equiv 1 equiv 5 equiv

Cl� �20 �20 �20 �20 �20 �20
H2PO4

� �35 �115 �10 �100 �25 �85
BzO� �20 �65 �15 �25 <10 <10
HSO4

� �20 �40 �15 �40 �10 �25
FIGURE 11. Transitionmetal appended luminescent rotaxanes30 and 31.
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translocation event occurs to allow for cooperative anion

complexation by the macrocycle and axle binding motifs.

Evidence for the interlocked co-conformations is obtained

primarily from rationalization of 1H NMR shifts and definitive

changes in the observed 2D 1H�1H NMR ROESY couplings.

For the development of anion-induced switchable mo-

lecular devices, it is advantageous for systems to exhibit

unidirectional motion, selectivity between coordinating an-

ions, and optical or electrochemical signaling. For example,

naphthalimide triazolium rotaxane 33 contains an asymme-

trical axle which facilitates unidirectional shuttling upon

anion addition (Scheme 8).47 Donor�acceptor interactions

between the electron-rich hydroquinone groups of the

macrocycle and the electron-deficient axle naphthalimide

motif, along with complementary isophthalamide-carbonyl

hydrogen bonds, are responsible for the initial rotaxane co-

conformation. Subsequent molecular motion is driven by

anion complexation within the rotaxane host cavity created

by macrocycle translocation, with selectivity displayed for

the smaller halides chloride and bromide over iodide and

oxoanions acetate and dihydrogen phosphate in 4:1 CDCl3/

CD3OD, both in the strength of binding and the extent of the

SCHEME 7. Synthesis and Chloride-Induced Shuttling Behavior of 2,6-Bis-imidazolium-pyridine Rotaxane 32
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co-conformational change.Molecularmotionwas able to be

reversed by protic solvent addition, increasing the competi-

tive nature of the media and hence sufficiently weakening

the anion recognition interactions. Furthermore, while the

macrocycle translocation is relatively small in this system, the

changes in the hydroquinone�naphthalimide donor�acceptor

interactions are signaled effectively by perturbations in the

rotaxaneabsorbancebanddetectablebyUV/vis spectroscopy.

In addition to rotaxane shuttling, catenane ring circum-

rotation, “pirouetting”, is another mode of interlocked struc-

ture molecular motion, and catenanes 3448 and 3549 both

undergo this type of behavior (Figure 12). Debenzylation of

SCHEME 8. Anion and Solvent Controlled Shuttling of Naphthalimide Rotaxane 33

FIGURE 12. Controlled pirouetting motions exhibited by (a) catenane 34 and (b) catenane 35.
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SCHEME 9. Synthesis of Triply Interlocked Capsule 36

FIGURE 13. (a) Janus [2]rotaxane 37 and (b) handcuff catenane 38.
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34 and removal of the chloride template yields a neutral

catenanewhichprimarilyadoptsapirouettedco-conformation

due topyridine-isophthalamidehydrogenbonding (Figure12a).

Chloride addition in d6-acetone requires the reversal of this

rotation and “locks” the catenane in the co-conformation

which allows for halide binding in the interlocked cavity. In

contrast, the pirouetting of catenane 35 is mediated by acid/

base stimuli by virtue of the 5-hydroxy-isophthalamide

group (Figure 12b). When this group is protonated, aromatic

donor�acceptor interactions areoptimized,while upondepro-

tonation thephenolateanionchelates to thepyridiniumamide

protons, resulting in the contrasting co-conformation. Similarly

to catenane 34, chloride complexation “locks” the system in

such a way to prevent this base-mediated molecular motion.

Interlocked Architectures with Increased
Complexity
As the synthesis of [2]rotaxanes and [2]catenanes has been

facilitated greatly by the number of available templation

strategies, attention is being increasingly turned to more

topologically diverse interlocked architectures. While these

structures test the limits of strategic templation, they canalso

offer additional benefits in the form of unique binding

domains and “higher order” intercomponent interactions.

Sulfate templated capsule 36 (Scheme 9),50maintains the

precedent of containing two components which both con-

tribute to one anion templation/recognition site, but is triply

interlocked due to the tripodal nature of the precursor. The

symmetrical 1HNMRspectrumof36andextensiveNMRDOSY

experiments confirm the formation of the intended two-

component capsule. In fact, the templating anion is bound so

strongly by the array of 12 hydrogen bond donor atoms from

the convergent ureamotifs that it was unable to be completely

removed. An interesting comparison can be made between

this structure and the sulfate binding protein found in Salmo-

nella typhimurium inwhich the target anion is shielded from the

surrounding media and held by seven hydrogen bonds.6

Progressing to two-component structures with two tem-

plation sites, “Janus” [2]rotaxane (or [c2]daisy chain) 3751

and “handcuff” catenane 3852 are shown in Figure 13. Both

of these systems contain similar components composed of

the same functional groups, and were constructed using

chloride anion templation and RCM. By controlling the exact

arrangement of these groups within the constituent parts,

however, we were able to design and synthesize the

two topologically distinct architectures. A Janus [2]rotaxane

consists of two interlocked components which both con-

tain a monostoppered axle section covalently attached to a

macrocycle. By contrast, in a handcuff catenane two cova-

lently linked macrocycles have a single macrocycle passing

through both rings. A solid-state X-ray crystal structure for

handcuff catenane 38 was obtained, allowing for visualiza-

tion of this system's unusual topology. For both 37 and 38,

no product was able to be isolated from the reaction

mixtures in the absence of the chloride templating species,

highlighting the crucial importance of the halide template.

To utilize “exotic” anion templated interlocked structures

for functional applications,weare exploring the potential for

`higher order' anion sensing behavior, for example, that dis-

played by ferrocene-containing [3]rotaxane39 (Figure 14).53

In this system, a ferrocene reporter group is integrated

within a symmetrical axle component between two anion

templation sites. The amide condensation method de-

scribed above was employed in the efficient synthesis of

39, isolated in a yield of 37%. 1H NMR titrations in 45:45:10

CDCl3/CD3OD/D2O revealed that while a 1:2 host:guest

stoichiometry is observed for chloride anion binding, one

in each pyridinium�isophthalamide cavity, the larger

sulfate anionic guest species cannot efficiently penetrate

a single cavity but is able to interact with both binding

sites peripherally in a 1:1 complexation mode due to the

rotational flexibility of ferrocene. Preliminary electroche-

mical studies showed anion-induced cathodic shifts in

the ferrocene/ferrocenium redox couple, with contrasting be-

havior in response to chloride and sulfate addition further

supporting the proposed differential binding modes.

Concluding Remarks
We have successfully expanded the scope of the anion

templation strategy for the fabrication of mechanically

interlocked structures, in particular in the synthesis of host

FIGURE 14. Ferrocene-containing [3]rotaxane 39.
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systems with enhanced anion recognition properties by

utilizing an alternative synthetic method and by the integra-

tion of different anion binding motifs, including those for

halogen bonding. Furthermore, we have constructed selec-

tive electrochemical and luminescent sensors, as well as

innovativemolecularmotion and “higher-order” interlocked

structures. Importantly, the key anion templation principles

have proved sufficiently versatile and robust throughout

these investigations. Namely, the orthogonal association

of components mediated by a discrete anion template is

followed by interlocked structure formation, and removal of

the template yields a binding cavity which discriminates

between anionic guest species on the basis of size and shape

complementarity.

An area which we believe will be most fruitful in our

present and future research focuses on the synthesis

of hosts capable of recognition and sensing in solvent

mediawith increased aqueous content. In addition, given

the intense interest being shown in supramolecular

chemistry at the interface between solution and solid

phases, the anion templated surface-attachment of func-

tional systems to produce practical molecular devices

has the potential to provide a multitude of nanotechno-

logical advances.
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