Acc. Chem. Res. 2007, 40, 657668

Interweaving Anion Templation
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ABSTRACT

A new general interweaving anion templation strategy for the
formation of interpenetrated and interlocked architectures is
presented. Furthermore, the functional properties of the resulting
systems, which have novel anion binding and sensory properties,
are discussed.

Introduction

The threading and interlocking of two or more compo-
nents has been of interest to mankind since time im-
memorial. At the macroscopic level, such threading may
be encountered in everyday life, from sewing to chain-
link fences, in high art, and in mechanical devices. More
recently, the intense interest in the production of nano-
technological devices has led to a strong motivation to
develop such interpenetrated motifs on the molecular
scale; such “molecular machines” could potentially revo-
lutionize modern society.! The basic motifs of these
devices are illustrated in Figure 1. Thus, the threading of
one component through another in a reversible manner
leads to a pseudorotaxane, and where this threading is
irreversible (being blocked by suitable stopper units), a
rotaxane is formed. The permanent interlocking of two
ring components leads to a catenane.

Manufacturing such elegant architectures on the mo-
lecular scale is not, unfortunately, a trivial matter as it is
obviously not possible to manually thread the compo-
nents. The earliest syntheses of interpenetrated and
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FIGURE 1. Elementary interpenetrated and interlocked motifs: (a)
[2]pseudorotaxane, (b) [2]rotaxane, and (c) [2]catenane. The number
in square brackets corresponds to the number of interpenetrated
components (2 for all these systems).

©

interlocked compounds thus relied on the statistical
association of two components, which resulted in low
yield and laborious procedures.>® Over the past 25 years,
however, the application of designed self-assembly ap-
proaches has led to the elaboration of a panoply of
fascinating motifs based on mutual interpenetration.” Two
key types of self-assembly have been employed (Figure
2). In the first, the assembly is mediated by direct
interaction between the building blocks in the reversible
formation of a precursor complex, which is then “trapped”
to give a permanently interlocked system; the example
shown illustrates the penetration of a dibenzo-24-crown-8
ring by a dibenzylammonium-based thread, which occurs
through a combination of electrostatic and hydrogen
bonding interactions.® Subsequent “stoppering” then
yields a [2]rotaxane. Alternatively, an interweaving tem-
plate® may be used to direct complex formation. In this
case, the template may be removed from the interlocked
system following synthesis, which is advantageous as it
should distinguish the properties of the resulting species
from the method used to form it. The archetypal example
of such a template is provided by the seminal work of
Sauvage and co-workers, who have used the tetrahedral
directing nature of Cu(l) metal cations to control the
formation of a wide range of interlocked species, including
the [2]catenane that is illustrated.”

The interweaving templates used historically have
invariably been cationic. This is a natural consequence
of the strong coordinative geometric preference of transi-
tion metals, which allows the accurate orientation of the
two interweaving components. As anions do not benefit
from such strong geometric preferences, and their coor-
dination chemistry remains substantially less well eluci-
dated,? it is perhaps unsurprising that they have received
considerably less attention as potential templates, in spite
of the potential for interesting function in the resulting
materials.” Thus, although interpenetration has been
accomplished using anion-dependent self-assembly pro-
cesses, such as those based on organic phenoxides'®'! or
hexafluorophosphate anions,'? the anion always forms a
part of the product; no designed approach for exploiting
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FIGURE 2. Two methods of generating interlocked architectures. Self-assembly of a thread and ring component (left) followed by stoppering
yields a [2]rotaxane, while the template-directed assembly of two orthogonal components (right) followed by clipping vields a [2]catenane,

with template removal possible in this case.
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FIGURE 3. Anion-templated assembly of orthogonal complexes. In acetone-dg, the K, value was 100 M.

discrete anion templates has been documented. With an
eye to addressing this deficiency, and using the resulting
systems as novel sensory and device-like materials, we
present within this Account such a strategy based on
interweaving anion templation.

Design of a General Anion Templation Motif

A fundamental requirement for an interweaving template
is the ability to direct two components in an orthogonal
manner. While such a feat has been accomplished using
cations, using anions for this purpose required careful
consideration of design (Figure 3). First, appropriate anion
coordination units had to be selected; as receptors such
as 1 based on the isophthalamide binding cleft had
previously been shown to bind halide anions strongly in
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nonpolar organic solvents through convergent hydrogen
bonding,'® these were chosen.'* Unfortunately, the bind-
ing stoichiometry of this motif with halides was 1:1 in all
solvents studied, making it impossible to form orthogonal
complexes on the basis of this alone. However, utilization
of a tightly associated pyridinium-chloride ion pair (2a)
as one of the assembling components rectified this
problem. In acetone-dg, the pyridinium cation and chlo-
ride anion associate strongly in a 1:1 manner, but impor-
tantly, the chloride anion presents a vacant coordination
meridian to which a molecule of 1 can bind. The resulting
orthogonal complex 1.2a, with a pseudotetrahedral ge-
ometry enforced by steric interactions, was demonstrated
to form by 'H NMR methods in acetone-ds with an
association constant of 100 M.
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Increasing complex stability

FIGURE 4. Increasing the strength of orthogonal complex formation using secondary interactions.

Augmentation of the primary anion-mediated associa-
tion of the two components could be accomplished
through alterations in the structure of the neutral com-
ponent (Figure 4).'® Thus, sequential introduction of
hydroquinol diether (3) and extra ether oxygens (4) led
to incremental enhancements in the anion-templated
orthogonal complex association constants, as measured
by '"H NMR methods in dichloromethane-d,. The hydro-
quinol diether functionality allows m-stacking/charge
transfer interactions to occur with the pyridinium cation
unit, with such an interaction being detected by UV-vis-
ible spectroscopy. The extra ether oxygens then act as
hydrogen bond acceptors for the weakly acidic protons
of the N-methyl group. These interactions are secondary
to the anion templation event, as no orthogonal complex
formation could be detected in the presence of noncoor-
dinating anions, such as hexafluorophosphate. In light of
the strength of the primary anion recognition event in
concert with these secondary interactions, it was postu-
lated that a robust motif for the anion-mediated inter-
penetration of two components had been elucidated.

Anion-Mediated Interpenetration

Replacement of the neutral acyclic component of the
assemblies described above with a suitable macrocycle
should therefore lead to interpenetrated complexes,
[2]pseudorotaxanes. Indeed, such an assembly proved to
be possible using the macrocycle 5 and thread 2a (Figure
5).'* This could readily be proved through consideration
of the differences between the "H NMR spectra of the free
components and the 1:1 mixture in acetone-dg; foremost,
it is evident that significant shifts in the protons involved
in anion complexation are observed. Thus, upfield shifts
in the pyridinium aromatic and amide protons (A) and
downfield shifts in the macrocycle isophthalyl and amide
protons (C) are seen, these being consistent with competi-
tive coordination of chloride. Secondary hydrogen bond-
ing interactions may be evidenced by a downfield shift in
the pyridinium N-methyl proton signal (B), and a charge
transfer/m-stacking interaction by an upfield shift in the
macrocycle hydroquinol diether proton signal (D). Ad-
ditionally, as in the formation of orthogonal complexes
3.2a and 4.2a, this charge transfer interaction between the
hydroquinol diether rings of the macrocycle and the
pyridinium unit of the thread could be detected through
UV-visible spectroscopic means in acetone. The strength
of this pseudorotaxane assembly is critically dependent
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FIGURE 5. Formation of anion-templated [2]pseudorotaxane. General
scheme (top), macrocycle 5 and pseudorotaxane 5.2a (middle), and
'H NMR spectroscopic evidence of pseudorotaxane formation
(bottom). For spectrum labeling, see the text.

on the nature of the templating anion. Thus, when the
thread counterion is chloride (2a), the pseudorotaxane has
an association constant of 2400 M}, but for bromide (2b),
iodide (2c¢), and hexafluorophosphate (2d), the constants
are lower, being 700, 65, and 35 M !, respectively. This
reflects the relative complexation abilities of these anions.

The strength of pseudorotaxane assembly was further-
more found to depend on the size of the macrocyclic unit
(Figure 6).'® As macrocycle ring size was increased, the
stability of the resulting pseudorotaxane decreased. Thus
for macrocycles 6-8, the pseudorotaxane association
constants for 6.2a, 7.2a, and 8.2a were 9500, 2400, and
950 M, respectively, in acetone-dg. Such variations in
association constants could be ascribed to the entropic
deficit of pseudorotaxane formation increasing with mac-
rocycle size. There is also a significant favorable enthalpic
contribution to the threading process; single-crystal X-ray
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FIGURE 6. Variation of [2]pseudorotaxane stability with macrocycle
ring size.

structures of 5.2a, 6.2a, and 8.2a reveal that an optimum
complementarity exists between the midsize macrocycle
5 (analogous to 7) and the pyridinium thread, maximizing
the secondary stabilizing interactions (Figure 7). These
crystal structures also highlight the interpenetrated na-
tures of the complexes, the coordination of the templating
anion by both components, and the presence of the
expected secondary charge transfer and hydrogen bonding
interactions.

This anion-templated assembly is tolerant of other
changes in the macrocycle structure. For example, the
crown ether portion of 5-8 may be replaced with a
calix[4]arene unit, as in 9 (Figure 8).'” This macrocycle
also undergoes [2]pseudorotaxane formation on treatment
with thread 2a, although the association constant is much
reduced (170 M ' in acetone-dg) compared to those of
the simpler systems, possibly due to steric constraints. It
is possible to enhance pseudorotaxane stability by im-
proving the anion binding properties of the macrocycle.
Thus, introduction of a 5-nitroisophthalamide function as
in 10, which increases the acidity of the amide hydrogen
bond donors, also increases the observed pseudorotaxane
association constant (240 M~! in acetone-dy).

In addition to this tolerance of a range of macrocycle
structures, the assembly process also supports a number
of different thread species (Figure 9).'®'® For example,
threads based on the pyridinium nicotinamide unit (11)
penetrate macrocycles 6-8 readily, with the same depend-
ences on templating anion and macrocycle ring size that
were seen for pyridinium thread 2. However, the stabilities
of these pyridinium nicotinamide-based pseudorotaxanes

<

FIGURE 8. Calix[4]arene macrocycles for [2]pseudorotaxane formation.

are lower than those of their pyridinium analogues, with,
for example, K, for 8.11a being 320 M~' compared to a
value of 980 M~! for 8.2a (in acetone-dg). This reduction
is due to the absence of secondary hydrogen bonding
interactions stabilizing the pseudorotaxane complex, which
can clearly be observed in the single-crystal X-ray structure
of 7.11a. Furthermore, pseudorotaxane assemblies based
on imidazolium (12), benzimidazolium (13), and guani-
dinium (14) thread motifs were also demonstrated. For
these thread systems, however, analysis of the pseudoro-
taxane formation event was complicated by weak ion
pairing. For the pyridinium and nicotinamide thread
systems 2 and 11, the thread—anion ion pairing was found
to be very strong, and thus, essentially the macrocycle
bound the anion and thread as a single unit; however, in
the more weakly ion paired systems (12d binds chloride
with an association constant of 1800 M~ ! in acetone-d),
this assumption was not valid, as significant quantities of
“free” anion and thread were present. The two potential
competing equilibria that may be observed are shown in
Figure 9. Of these, Kj,, which corresponds to the threading
of the cationic portion of the thread alone, is known to
be negligible. However, the contribution of the macrocycle
sequestering the anion (K, could not be ignored; we
had to account for this in measuring the pseudorotaxane
formation constants for threads 12-14. The magnitudes
of corrected K, values for these systems were lower than
those found for 2 or 11, with, for example, K, for 6.13a
being 320 M ! in acetone-d,. This is a consequence of

6.2a 5.2a

8.2a

FIGURE 7. Single-crystal X-ray structures of [2]pseudorotaxanes 6.2a, 5.2a, and 8.2a. All hydrogens except those in the primary anion coordination
sphere have been omitted for clarity. Chloride is represented as a space-filling sphere.
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FIGURE 9. Alternative threads for pseudorotaxane assembly. Chemical structures (top), single-crystal X-ray structure of 7.11a (bottom left),
and a summary of potential solution equilibria present on threading (bottom right).

both weaker ion pairing and weakened secondary interac-
tions. For thread 14, it was not possible to obtain associa-
tion constant data, although evidence for pseudorotaxane
formation could be inferred through ROESY NMR spec-
troscopic experiments.

This general anion templation methodology may there-
fore be used to mediate the interpenetration of a variety
of different threads and macrocycles. The stabilities of the
resulting pseudorotaxane systems are heavily dependent
on the nature of the components, in particular the nature
of the templating ion, but also the size of the macrocycle,
propensities for secondary stabilizing interactions, and the
strength of thread-anion pairing. The successful inter-
penetration of such a variety of systems using anion
templation suggested that this assembly process was
appropriate for the formation of permanently interlocked
derivatives.

Routes to Permanently Interlocked Structures

To access anion-templated interlocked structures, a suit-
able method of trapping assemblies such as those outlined
above needed to be identified. The primary method
chosen for this purpose was olefin ring closing metathesis,
mediated by Grubbs’ catalyst,'® which had been previously
used to “clip” other precursors to form catenanes®®?! and
rotaxanes.”?> Grubbs’ catalyst was deemed particularly
suitable in this case as the mechanism of catalysis did not
include any intermediates which would interfere with the
anion templation event.

The scope of this ring closing metathesis approach was
tested by the clipping of acyclic precursors such as 4 and
15 (Figure 10).>® The lowest-energy conformation of this
isophthalamide motif has been determined to be syn-
anti,"® which results in the divergent orientation of the
precursor arms. Consequently, on treatment with Grubbs’
first-generation catalyst in dichloromethane, neither of the
cyclic products (16 or 17) was obtained. A chloride anion
template orients these allylic arms prior to reaction,
allowing the formation of the macrocycles, with the trans-
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FIGURE 10. Anion-templated macrocycle formation using ring closing
metathesis.

isomeric forms dominating. A higher yield of 17 was
achieved, which is a result of the precursor having a
greater affinity for the anion template.

The application of such an anion-templated ring clos-
ing reaction to an orthogonal complex will produce a
[2]rotaxane when one component is terminated by bulky
stopper units (Figure 11).'® Thus, when complex 4.18a,
assembled in dichloromethane, was treated with Grubbs’
first-generation catalyst, [2]rotaxane species 19a was
formed in 47% yield. Use of chloride-based thread 18a
gave an optimal yield of 19; use of the bromide, iodide,
and hexafluorophosphate salts 18b-d did not give any
[2]rotaxane product. The interlocked nature of 18a could
be inferred both from NMR spectroscopy and from single-
crystal X-ray analysis (Figure 12). The latter clearly dem-
onstrated the expected encirclement of chloride by the
primary anion coordination spheres of the two compo-
nents, as well as the expected secondary stabilizing
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FIGURE 11. Formation of [2]rotaxanes. General scheme (top left), stoppered thread (top right), and formation of rotaxanes 19a and 19b

(bottom).

FIGURE 12. Single-crystal X-ray structure of 19a. All hydrogens
except those in the primary anion coordination sphere have been
omitted for clarity. Chloride is represented as a space-filling sphere.

interactions. This interlocked rotaxane structure persisted
following removal of the chloride anion template to give
the hexafluorophosphate rotaxane 19b. As mentioned in
the Introduction, this is a crucial advantage of an inter-
weaving template strategy. In this case, it leaves a unique
three-dimensional anion-binding domain, the properties
of which are discussed in the next section.

This synthetic route to [2]rotaxanes is tolerant of
changes in the macrocycle structure. It has therefore been
used to generate a number of species similar to 19a
(Figure 13).?® Again, the process is highly dependent on
the nature of the templating anion and furthermore

662 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 8, 2007

demonstrates a correlation with the structure of the
macrocycle. Yield is therefore optimized for the nitro-
containing rotaxane 21a, which is a result of the precursor
orthogonal complex assembly being more stable as a
result of increased amide acidity. The yield of naphthyl-
containing [2]rotaxane 22a was somewhat lower, due to
an increase in macrocycle size and flexibility. Importantly,
the interlocked nature of these systems could withstand
the removal of the chloride anion template.

If the precursor to be clipped in this manner is not an
orthogonal complex containing bulky stopper groups but
a pseudorotaxane, the resulting species will be a catenane
(Figure 14).* Thus, treatment of an assembly constituting
macrocycle 5 and thread 23a, which contained olefinic
termini, with Grubbs’ catalyst in dichloromethane gave
the [2]catenane 24a, in 45% yield. As for the case of the
[2]rotaxanes described above, the synthesis was highly
dependent on the nature of the templating anion, with
no product being obtained for iodide or hexafluorophos-
phate, and a low yield (6%) for bromide. Once again, the
interlocked nature of the product could be established
both from NMR spectroscopic experiments and from
single-crystal X-ray analyses (Figure 15). It was clear from
this structure that chloride is essential in controlling the
orientation of the two interpenetrated components and
that the secondary x-stacking and hydrogen bonding
interactions involving the pyridinium function are present.
Finally, as in the case of the [2]rotaxanes described above,
it was possible to remove the interweaving chloride
template to leave a vacant hydrogen bond donating cavity.

Other derivatives may be prepared by such anion-
templated catenations (Figure 16). Thus, an interesting
side product of these processes was the [3]catenane 25,
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FIGURE 13. Anion-templated [2]rotaxanes. The percentages in parentheses correspond to the yields of the [2]rotaxane formation step from
the acyclic precursors.
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FIGURE 14. Formation of anion-templated catenanes from the [2]pseudorotaxane precursor. General scheme (top left), structure of thread
precursor 23 (top right), and formation of catenane 24 (bottom). Yields for the catenane formation process are given in parentheses.

FIGURE 15. Single-crystal X-ray structure of 24a. All hydrogens
except those in the primary anion coordination sphere have been
omitted for clarity. Chloride is represented as a space-filling sphere.

which formed in <5% yield during the synthesis of 24a;
interweaving anion templates may be used to generate
interlocked structures of larger numbers of components.
Furthermore, the assembly process is tolerant of changes
in the neutral macrocyclic components, with, for example,
the [2]catenane 26a being formed in 29% yield from
reaction of calix[4]arene macrocycle 9 and 23a.'” As
before, this process was reliant on the presence of a
suitable anion template, and exchange of this template
to give the hexafluorophosphate salt 26b also proved to
be possible.

An alternative route to [2]catenanes relies on the
“double clipping” of an orthogonal complex precursor.
Such an approach was illustrated for Cu(I) templation in
Figure 2, and an anion template analogue of this method
was identified (Figure 17).%° Thus, assembly of two of the
acyclic precursors 27 followed by exposure to Grubbs’

catalyst in dichloromethane yields the doubly charged
catenane 28. Again, this approach is strongly dependent
on the templating anion. Thus, for the precursor 27a-27b
complex, the two components arrange themselves around
a single chloride anion, resulting in an exceptionally high
yield of the [2]catenane product 28b (78%). When the
hexafluorophosphate salt 27b was so treated, the [2]cat-
enane product 28c formed, but in much lower yield (16%).
In this case, therefore, the secondary interactions alone
are sufficient for the direct assembly of the orthogonal
complex. However, the presence of a templating chloride
anion substantially enhances the practicality of the reac-
tion. When the chloride precursor 27a was treated with
Grubbs’ catalyst, the catenane product is also formed, in
intermediate yield (34%). This is representative of a
competition between the chloride template effect and the
dominant 1:1 coordination stoichiometry of this system.
Once again, the interlocked nature of the product may
be demonstrated by spectroscopic and crystallographic
means (Figure 18), which show the expected primary
coordination of chloride and secondary hydrogen bonding
and charge transfer interactions. Furthermore, it is pos-
sible to exchange the chloride anions of 28a for hexafluo-
rophosphate, thus removing the interweaving template.

This general anion templation methodology may there-
fore be used to prepare numerous interpenetrative as-
semblies which may then be clipped to form permanently
interlocked catenane and rotaxane systems, in a manner
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FIGURE 16. Alternative anion-templated catenanes: [3]catenane 25 (top and left) and calix[4]arene catenane 26 (bottom right).
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FIGURE 17. Double clipping route to [2]catenane. General schematic (top left), precursor molecule 27 (top right), and formation of [2]catenanes

28a—c (bottom).

FIGURE 18. Single-crystal X-ray structure of 28b. All hydrogens
except those in the primary anion coordination sphere have been
omitted for clarity. Chloride is represented as a space-filling sphere.

analogous to existing cation templation approaches.
Importantly, these processes are critically dependent on
the nature of the anion template but are highly tolerant
of changes in assembly strategy and precursor structure.
Furthermore, it is possible to remove the interweaving
template in every case to furnish interlocked topologically
unique binding domains. The properties of these domains
form part of the discussion in the following section.

Functional Properties of Anion-Templated
Interlocked Systems

It was mentioned in the Introduction to this Account that
a prime motivation for the investigation of such sophis-
ticated architectures was the possibility for them to act
in molecular-mechanical or device-like manners. The use
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FIGURE 19. Anion hinding by interlocked species. Two-dimensional
hydrogen bonding by the parent pyridinium compound (top) and
three-dimensional pocket provided by interlocked species such as
a catenane (bottom).
of anion-templated interlocked derivatives for prototype
sensoryand mechanical materials was therefore investigated.
The removal of the halide anion templates from the
interlocked architectures could be accomplished by treat-
ment with silver hexafluorophosphate. This produced
novel three-dimensional hydrogen bond-donating binding
domains defined by the interpenetration of the two
components, with the hexafluorophosphate anion too
large to bind within it. The unique topology lends such
anion-templated rotaxanes and catenanes potential un-
precedented anion binding characteristics distinct from
those of their “parent” species (Figure 19), as the non-
interlocked components present linear convergent arrays
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Table 1. Anion Binding Properties of Anion-Templated Rotaxanes and Catenanes and Their Asymmetric
Pyridinium Precursors®

thread rotaxanes thread catenanes
18d 19b 20b 21b 23d 24c¢ 26b 28c
Cl™ (K;y) 125 1130 4500 4500 230 730 960 4320 92407
H,PO, (K;,) 260 300 1800 1500 1360 480 480 x¢ x¢
H,PO,™ (K;5) b b 180 b 370 520 - x¢ x¢
AcO™ (Kyy) 22000 100 930 725 1500 230 400 x¢ 4204
AcO™ (K;5) 140 40 b b 345 b b X 407
@ Units of M™%, solvent of 1:1 CDCI,/CD,0D, errors of <10%. Values highlighted in bold correspond to the strongest 1:1 association

constant for a given compound. ® No 1:2 binding mode in the interaction with that anion. ¢ Experiment not yet conducted. ¢ Solvent, 1:1

acetone-dg/CDClj;.

of hydrogen bond donors. The anion binding properties
of the rotaxane and catenane cavities were probed by 'H
NMR spectroscopic titration methods, largely in the 1:1
chloroform-d/methanol-d, solvent mixture, and are pre-
sented in Table 1.'>'7*25 It may clearly be seen from
these data that the non-interlocked pyridinium precursor
compounds preferentially bind the more basic anions
dihydrogen phosphate and acetate; that is, they discrimi-
nate on the basis of charge density. The neutral macro-
cyclic components were not found to demonstrate sig-
nificant anion binding in this solvent mixture. However,
the interlocked rotaxanes and catenanes universally dem-
onstrate selectivity for chloride, which is furthermore
bound more strongly by these species than by the free
acyclic pyridinium precursors. This increase in binding
strength coupled with a reversal of selectivity is due to
the provision of the encircled binding domain mentioned
above, which allows good size, shape, and charge comple-
mentarity to the chloride anion, while precluding the
binding of the more oxobasic acetate and dihydrogen
phosphate on steric grounds. Thus, these architectures
demonstrate anion binding properties dependent on the
nature of the template used in their formation.

These results also indicate that it is possible to achieve
the fine-tuning of the binding properties of the interlocked
species by small changes in structure. Thus, among the
rotaxanes, introduction of the electron-withdrawing nitro
or iodo functionalities (20b or 21b, respectively) leads to
an enhancement in anion binding due to the increased
acidity of the protons involved in hydrogen bond forma-

tion. Correspondingly, in the catenane systems, a doubling
of the charge (28c) leads to a large increase in the chloride
association constant. Given the general applicability of the
templation methodology outlined in the previous section,
it should be possible to prepare numerous other inter-
locked systems with superior anion binding selectivities,
as well as for sensory purposes.

This potential was demonstrated by the formation and
study of a luminescent [2]rotaxane system (Figure 20).%°
The chloride derivative 29a was prepared in 21% yield
through the now established ring clipping of the neutral
rhenium(I) bipyridyl-containing precursor 30 around the
pyridinium—chloride thread 31; the bulky calix[4]arene
stopper groups were necessary to prevent dethreading of
the larger macrocycle. Again, replacement of the chloride
template with hexafluorophosphate gave a [2]rotaxane 29b
which contained not only a three-dimensional anion
binding domain but also a luminescent metal center
which is capable of sensing the anion binding event. Thus,
addition of TBA anion salts to a solution of 29b in acetone
induced an enhancement in the *MLCT emission band
intensity of the receptor. Titration experiments in acetone
demonstrated that the rotaxane selectively bound hydro-
gen sulfate (K,i; > 10° M™') over nitrate and chloride,
which contrasts with the properties of the luminescent
macrocycle 32, which bound chloride selectively (K, =
8.7 x 10* M™1). An anion templation approach may
therefore be used to generate molecular sensors for
different anions, where the selectivity is based on the
interlocked nature of the products.
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FIGURE 22. Luminescence sensing of [2]pseudorotaxane assembly using a rhenium-containing macrocycle. General schematic (top) and

formation of pseudorotaxane 35.2a (bottom).

FIGURE 23. Single-crystal X-ray structure of 35.2a. All hydrogens ex-
cept those in the primary anion coordination sphere have been omit-
ted for clarity. Chloride is represented as a space-filling sphere.

The confinement of such anion-templated systems at
electrode surfaces should allow the harnessing of this
specific binding behavior in electrochemical sensing
materials. This possibility was probed by the formation
of self-assembled monolayers (SAMs) of redox-active bis-
ferrocene functionalized pseudorotaxane 33.34a at a gold
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surface; the transformation results in a rotaxane with the
gold electrode effectively acting as one of the stoppers
(Figure 21).%” This assembly process was dependent on
the presence of the chloride anion template as in previous
systems, and again replacement of the chloride template
with hexafluorophosphate proved to be possible without
a disruption of the interlocked nature of the rotaxane SAM.
The anion binding properties of this redox-active rotaxane
SAM could be probed using electrochemical methods,
examining the perturbations in the redox waves of the
system’s two ferrocene centers upon addition of a variety
of analytes; proximal anion binding should be accompa-
nied by a cathodic shift due to electrostatic stabilization
of the oxidized ferrocene unit. In acetonitrile solutions,
the ferrocene unit of the rotaxane macrocycle was shown
to demonstrate a selective voltammetric response to
chloride (AE ~ 40 mV), even in the presence of a 100-
fold excess of competing anion such as dihydrogen
phosphate. This contrasts sharply with the solution re-
sponses of the free thread 34b and macrocycle 33, which
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demonstrate small cathodic shifts in the presence of most
anions, except for 33 with dihydrogen phosphate (AE ~
45 mV) and hydrogen sulfate (AE ~ 15 mV). This therefore
provides another example of the change in selectivity
induced by the mutual interpenetration of two compo-
nents, and further demonstrates the ability of this tem-
plation methodology to give sophisticated surface-con-
fined species with very promising electrochemical recog-
nition properties.

While the use of such permanently interlocked deriva-
tives for sensing purposes demonstrates much promise,
it would also be highly desirable to use this anion-
templation phenomenon to direct and sense molecular
movement. The threading of one component by another
to form a [2]pseudorotaxane is a simple example of such
movement, and methods of signaling this were therefore
investigated. The first approach utilized the luminescent
properties of rhenium(I) bipyridyl previously exploited for
anion sensing (Figure 22).2% The ability of the rhenium(I)
bipyridyl motif to signal anion binding also allowed the
detection of the anion-templated interpenetration of
macrocycle 35 by a range of thread species, with an
enhancement in the >MLCT luminescence emission band
being observed upon addition of, for example, thread 2a
in acetone. 'H NMR spectroscopic titration studies dem-
onstrated that this enhancement corresponded to a
threading process; these experiments were supported by
the single-crystal X-ray structure of 35.2a (Figure 23).

This molecular threading event may also be signaled
using direct electronic communication between the thread
and macrocycle components. The mechanism used to
accomplish this was Forster energy transfer between a
rhenium(I) bipyridyl center contained within macrocycle 36
and a lanthanide complex appended to the terminus of
threads 37a—c (Figure 24).%° Addition of threads containing
no lanthanide center, or a lanthanide center not suitable for
energy transfer such as gadolinium (37a), to thenium mac-
rocycle 36 resulted in an enhancement of *MLCT lumines-
cent emission, as observed in the case of 35.2a described
above. For threads containing a suitable lanthanide metal
such as neodymium or ytterbium, however, no such en-
hancement was observed on pseudorotaxane formation;

indeed, for the neodymium thread 37b, a significant quench-
ing of rhenium-centered luminescence was observed. Fur-
thermore, the evolution of new near-infrared emission bands
consistent with lanthanide metal emission could be detected.
This observation is consistent with the proposed Forster
energy transfer between the *MLCT excited state of the
rhenium(I) bipyridyl center and the lanthanide complex. As
such an energy transfer process is highly dependent on the
distance of separation between the two metal centers, the
existence of such an interaction may be used to sense a
direct interaction between the thread and macrocycle com-
ponents, and hence pseudorotaxane formation.

To date, therefore, this general strategy for anion tem-
plation has been exploited in two main areas. The first
concerns the removal of the anion template from perma-
nently interlocked molecules, which gives receptors dem-
onstrating binding properties dependent on the presence of
a unique three-dimensional hydrogen bond-donating pocket,
which is defined by the original anion template. By including
optical and electrochemical readout functionalities and by
attaching these derivatives to surfaces, we have begun to use
such anion-templated structures for sensory purposes. Sec-
ond, anion-templated molecular motion in the form of
threading has been signaled by luminescence spectroscopic
means. This opens the door for molecular machine-like
devices based on anion recognition processes.

Conclusion

A comprehensive anionic alternative to existing cation
interweaving templation and self-assembly approaches has
been devised and exploited in the assembly of numerous
interpenetrated systems. These range from reversible as-
semblies such as orthogonal complexes and pseudorotax-
anes to permanently interlocked derivatives such as rotax-
anes and catenanes. Removal of the anion template from
these permanently interlocked systems leads to novel recep-
tor and sensory behaviors defined by the mutual interpen-
etration of the two components. This is distinct from many
other literature interlocked systems stabilized by hydrogen
bonding or charge transfer interactions which often lack such
binding cavities, therefore negating the possibility of charged
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guest recognition and sensing, and restricting machine-like
responses to pH and redox control. The added synthetic
versatility of anion templation also allows for a much wider
range of systems to be assembled which can be designed to
exhibit a multiple choice of switchable chemical host-guest
recognition-induced and/or electrochemical responses. These
observations underline the general applicability and scope
of this novel templation strategy.

The anion templation approach is, however, currently
very much in its infancy; still only a handful of interlocked
structures have been developed, and we are currently
seeking to redress this balance, focusing on ever more
complex motifs. The goal is ultimately to create increasingly
sophisticated device-like structures to complement the
impressive array of molecular machines already furnished
through other templation and self-assembly strategies. We
also continue to be fascinated by the potential for these
anion-templated architectures to be used for highly selective
sensory devices for ionic substrates, and we aim to continue
the development of such systems. As with the emergence
of cationic interweaving templation more than two decades
ago, however, a huge catalogue of anion-templated struc-
tures has yet to be exploited.
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