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CONSPECTUS: The promise of mechanically interlocked / \
architectures, such as rotaxanes and catenanes, as prototypical
molecular switches and shuttles for nanotechnological A s 4 -
applications, has stimulated an ever increasing interest in v — 4 ‘ ‘
their synthesis and function. The elaborate host cavities of

interlocked structures, however, can also offer a novel Rotaxane and catenane sensors in solution

approach toward molecular recognition: this Account
describes the use of rotaxane and catenane host systems for

binding charged guest species, and for providing sensing (

capability through an integrated optical or electrochemical

reporter group. Particular attention is drawn to the /
exploitation of the unusual dynamic properties of interlocked Mechanical interlocked ion sensors

molecules, such as guest-induced shuttling or conformational \ / — \

switching, as a sophisticated means of achieving a selective and
functional sensor response. We initially survey interlocked host
systems capable of sensing cationic guests, before focusing on
our accomplishments in synthesizing rotaxanes and catenanes ~
designed for the more challenging task of selective anion 9
sensing.
In our group, we have developed the use of discrete anionic <
templation to prepare mechanically interlocked structures for
anion recognition applications. Removal of the anion template
reveals an interlocked host system, possessing a unique three- Surface-confined lon sensing through
dimensional geometrically restrained binding cavity formed \interlocked sensors / \ dynamic behaviour J
between the interlocked components, which exhibits impres-
sive selectivity toward complementary anionic guest species.
By incorporating reporter groups within such systems, we have developed both electrochemical and optical anion sensors which
can achieve highly selective sensing of anionic guests. Transition metals, lanthanides, and organic fluorophores integrated within
the mechanically bonded structural framework of the receptor are perturbed by the binding of the guest, with a concomitant
change in the emission profile. We have also exploited the unique dynamics of interlocked hosts by demonstrating that an
anion—induced conformational change can be used as a means of signal transduction. Electrochemical sensing has been realized
by integration of the redox-active ferrocene functionality within a range of rotaxane and catenanes; binding of an anion perturbs
the metallocene, leading to a cathodic shift in the ferrocene/ferrocenium redox couple.

In order to obtain practical sensors for target charged guest species, confinement of receptors at a surface is necessary in order to
develop robust, reuseable devices. Surface confinement also offers advantages over solution based receptors, including
amplification of signal, enhanced guest binding thermodynamics and the negation of solubility problems. We have fabricated
anion-templated rotaxanes and catenanes on gold electrode surfaces and demonstrated that the resulting mechanically bonded
self-assembled monolayers are electrochemically responsive to the binding of anions, a crucial first step toward the advancement
of sophisticated, highly selective, anion sensory devices.

Rotaxane and catenane host molecules may be engineered to offer a superior level of molecular recognition, and the
incorporation of optical or electrochemical reporter groups within these interlocked frameworks can allow for guest sensing.
Advances in synthetic templation strategies has facilitated the synthesis of interlocked architectures and widened their interest as

prototype molecular machines. However, their unique host—guest properties are only now beginning to be exploited as a
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Figure 1. Schematic representation of (a) rotaxane and (b) catenane hosts functionalized with optical or electrochemical reporter groups for sensing

of charged guests.

sophisticated approach to chemical sensing. The develop-
ment of functional host—guest sensory systems such as
these is of great interest to the interdisciplinary field of
supramolecular chemistry.

B INTRODUCTION

The unique topology and dynamic behavior of interlocked
molecular architectures, including rotaxanes and catenanes, has
been the subject of intense recent research. Controlling the
novel dynamics of these structures represents the crucial first
step toward the goal of their development into molecular
machines, as the building blocks of proposed nanotechnological
applications.'~* The possibility of using interlocked molecules
in molecular guest recognition and sensing, however, has
remained largely overlooked. This is surprising since inter-
locked hosts have been shown to exhibit superior levels of
molecular recognition, including enhanced selectivity and
binding affinities, compared to that of analogous non-
interlocked systems.>® With the potential for being ideal
candidates for chemical sensor design, this Account focuses on
rotaxane and catenane interlocked hosts functionalized with
optical or electrochemical reporter groups incorporated in
either the macrocycle or axle components, that are capable of
sensing charged guest species (Figure 1).

This paradigm is initially discussed in relation to cation
recognition and sensing by rotaxanes and catenanes, before
exploring anion sensing both in solution and at a surface-
confined monolayer by optical and electrochemical means.
Particular attention is drawn to the exploitation of the unusual
dynamics of interlocked structures, such as molecular shuttling
(Figure 2), which can also serve as a novel means of achieving a
selective sensory response.

B ROTAXANES AND CATENANES FOR CATION
SENSING

Using rotaxanes and catenanes as a means of binding and
sensing cationic guests remains relatively underdeveloped, yet
the inspirational examples presented here demonstrate the
impressive range of possibilities offered by this approach.
Particular attention is drawn to the use of the cation guest as a
means of stimulating a dynamic response within the interlocked
system, which, when coupled to a signaling output, offers a
sophisticated way of selectively sensing the cationic guest.

In a pioneering paper published in 1996, Swager and co-
workers demonstrated the preparation of a conducting
polyrotaxane polymer using Cu' or Zn** cation templation
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Figure 2. Schematic representation of a rotaxane molecular shuttle for
charged guest sensing.

(Figure 3).”® The conductivity of the metal-free rotaxane
polymer was found to be inferior to that of the metal-

Figure 3. Swager’s cation-sensing polyrotaxane.

complexed analogue, while addition of metal ions resulted in
significant red-shifting of the UV—vis absorption in CH,Cl,
solution. As a result, the metal-free polymer could act as a
sensor for Cu" ions, through both conductivity and optical
responses. Crucially, the noninterlocked thiophene-derived
polymer backbone displayed no change in the UV-—vis
absorption spectra upon exposure to a solution of metal
cations, demonstrating that the rotaxane structure is key to the
cation-sensing capability of the system.

More recently, a range of pseudorotaxane and rotaxane host
systems have been reported, capable of sensing alkali metal
cations.

Sanders and co-workers have used Li* cations as a means of
templating the formation of a pseudorotaxane assembly in
CHCI;, in which a naphthalene-diimide moiety is threaded
through a naphthalene-polyether derived macrocycle (Scheme
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Scheme 1. Optically Responsive Pseudorotaxanes
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Figure 4. Squaraine based, optically responsive molecular switch.

[2.2.2]cryptand

la).” The enhancement of the donor—acceptor aromatic
charge-transfer interactions between the two components
results in a visible color change, thus enabling colormetric
sensing of Li".

In a similar manner, Chiu and co-workers described the
sodium-templated interpenetration of squarine or anthraqui-
none dyes within a bis-dibenzo[18]crown-6-derived macrocycle
in CDCl;/CD;CN, which led to enhancement of the dye’s
fluorescence (Scheme 1b).'° The system exhibits high
selectivity for Na* over the other alkali metal cations: addition

1937

of K" results in no pseudorotaxane formation. The authors
extended this principle to prepare a Na' responsive molecular
shuttle, in which the same macrocycle translocates and
encapsulates the integrated squaraine dye upon Na* addition
in CD;CN, resulting in fluorescence enhancement (Figure 4).M

A variety of cation-sensing interlocked hosts have also been
synthesized, in which the reporter group is incorporated in one
of the interlocked components. Hiratani and co-workers
synthesized a fluorescent [1]rotaxane in which the threading
component is stoppered with an anthracene group (Scheme

dx.doi.org/10.1021/ar500012a | Acc. Chem. Res. 2014, 47, 1935—1949
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Scheme 2. Alkali-Metal-Sensing Rotaxanes
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2a).2 Binding of Li" in CH,Cl,/CH;CN led to a conforma-
tional change in which the anthracene fluorophore in the thread
is brought into closer proximity to a naphthalene derivative
within the macrocycle. Consequently, naphthalene excitation
leads to enhanced energy transfer to the anthracene emitter,
and thus, Li" binding is detected though emission intensity
enhancement. Hiratani also utilized a cation-induced conforma-
tional change as a means of modulating the optical response in
a [3]rotaxane. The host system, comprising two crown-ether-
derived macrocycles threaded onto an anthracene-based axle,
binds Cs* between the two macrocycle components in a
“sandwich” complex fashion in CH,Cl,/CH;CN, resulting in
enhancement of the anthracene emission (Scheme 2b)."

Li and co-workers demonstrated that the cation-induced
motion of a molecular shuttle may be coupled to a fluorescence
response, which can report the location of the macrocycle on a
multistation rotaxane (Scheme 3).'* The anthracene stopper
emission in the metal-free rotaxane is partially quenched in 10:1
CHCIy/THF, due to photoinduced electron transfer (PET)
from the axle’s amine motif. Addition of Li* results in
macrocycle rotation, and complete PET quenching of the
emission. In contrast, Zn*" causes macrocycle translocation
from the axle amide to the amine moiety, concomitant with
anthracene emission enhancement due to removal of PET
quenching via amine-Zn*" coordination. Cation binding was
shown to be fully reversible by the respective addition of Li*/
[12]crown-4 and Zn*'/EDTA.

Yashima and co-workers have reported a [2]catenane
containing an amidinium—carboxylate salt-bridge between the
two macrocycle components, which locks the optically active
catenane in a fixed conformation."” The salt bridge can be
cleaved upon addition of acid or Zn*" (Scheme 4), resulting in
a significant enhancement and red-shifting of the terphenyl
fluorescence in 10:1 CH,Cl,/THF. The reversible nature of
this effect was demonstrated by removal of Zn** with 2.2.1-

cryptand.

B INTERLOCKED HOST SYSTEMS FOR SENSING

ANIONIC GUESTS

The selective binding and recognition of anions represents a
significant challenge, and has necessitated the development of
intricate and sophisticated anion receptors over recent years.16
Anions are less charge dense than comparable isoelectronic
cations, display no exploitable ligand-field effects, are pH-
dependent, and exhibit high hydration energies. Consequently,
simple hydrogen-bonding acyclic receptors only function in
aprotic-organic media and in general suffer from modest
binding affinities and selectivities. Hence, the ability to bind
anions selectively in competitive protic solvents arguably
requires a more elaborate approach. Taking inspiration from
nature, where phosphate and sulfate binding proteins selectively
recognize their oxoanion guests within a buried, solvent-
inaccessible binding pocket through an intricate network of
hydrogen bonds,'”'® we have designed interlocked hosts which
can encapsulate the anion in a three-dimensional binding site
formed between the interlocked components.

The synthesis of such interlocked receptors has required the
development of an innovative anion templation approach,
which has been a major theme of our group’s research over the
past decade. Unlike the established field of cation templation,
pioneered bZ Sauvage and co-workers using copper(I)
templation,'”*® and Stoddart with positively charged organic
systems,* anion templation has been less extensively
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researched.” Our initial work in this area began with the
discovery that an orthogonal complex could be formed between
a hydrogen-bond-donating 3,5-bis-amide pyridinium and a
neutral isophthalamide motif via chloride anion coordination
(Figure S). This association was initially employed in the

Figure S. Orthogonal association of hydrogen-bonding components
about a chloride anion.

preparation of a chloride-templated pseudorotaxane, by
incorporatin§ the isophthalamide motif within the macrocycle
(Scheme 5).”' The interpenetrated association is enhanced by
secondary supramolecular interactions, aromatic donor—accept-
or interactions and pyridinium-N-methyl-polyether CH—-O
hydrogen bonding.

Exploiting this strategic anion templation methodology in the
construction of rotaxane 1 was achieved using a ring-closing
metathesis (RCM) approach by cyclizing a bis-vinyl-appended
macrocycle precursor around a terphenyl-stoppered pyridinium
chloride axle (Scheme 6a).”> More recently, we have
demonstrated alternative routes toward anion-templated
interlocked structures: using an amide condensation strategy,
rotaxanes 3 and 4 were formed by templating the formation of
the macrocycle in the presence of pyridinium chloride axle 2 in
yields of 56% and 60%.”

Chloride anion templation has also been applied to the
synthesis of catenanes** and more complex architectures, such
as a hand-cuff catenane,” Janus [2]rotaxane,”® and [3]-
rotaxanes,””*® while bromide,”® sulfate®® and nitrate®’ have
also been utilized as the templating anions for mechanical bond
formation.

Removing the anion template from these interlocked
molecular architectures, by exchanging to a noncoordinating
anion such as hexafluorophosphate, reveals an anion host
system which possesses a three-dimensionally restrained
binding cavity formed between the interlocked components.
Importantly, such hosts exhibit high selectivity for the
templating anion in competitive organic-aqueous solvent
mixtures. For example, the dicationic chloride-templated
rotaxane 3c (Scheme 6) is highly selective for Cl™ in 65:35
dg-acetone/D,0 (K = 500 M™") over the more basic oxoanions
H,PO,” and AcO~ which do not bind since they cannot
penetrate the interlocked binding cavity.>* This is the reverse of
the anion selectivity observed for the noninterlocked axle 2.>*

We have extended this methodology to prepare interlocked
hosts with a variety of hydrogen16 and halogen®*™** bonding
anion binding motifs, which allows tuning of the anion
recognition properties. The use of halogen bonding in solution
molecular recognition is relatively underdeveloped;*® however
the localized region of positive charge exhibited by electron-
deficient halogen atoms, such as bromine or iodine, can be
exploited to form a stringent linear halogen bond to the anion
within a rotaxane or catenane host cavity. This can result in
notable enhancement of the anion binding strength and
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Scheme 5. Chloride-Templated Pseudorotaxane Assembly
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Figure 6. Transition-metal-appended luminescent rotaxane hosts.
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Scheme 7. Synthesis of Lanthanide-Appended Rotaxane 10
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Figure 7. Schematic representation of successive chloride binding to rotaxane 10.

improved halide anion selectivity relative to the hydrogen-
bonding interlocked analogues.

Bl OPTICAL ANION SENSORS

Thus far it has been shown that interlocked anion receptors can
be prepared using a versatile anion-templation strategy, and
that the unique topology of these structures enables strong and
selective binding of complementary anions. By incorporating
redox or photoactive reporter groups within either the
macrocycle or axle components, the development of an anion
sensor which exhibits an electrochemical or optical response
upon guest binding may be achieved.

Our first optical anion sensing rotaxane S was based on a
Re(I)-bipyridyl luminophore incorporated within the macro-
cycle component, with the axle stoppered with bulky
calix[4]arene motifs (Figure 6).” Addition of anions to a
solution of §-PF; in acetone resulted in enhancement of the
MLCT emission band of the Re(I) center, postulated to be due
to increased rigidity of the rotaxane-anion complex which
disfavors nonradiative decay processes. Rotaxane S$-PF¢ was
found to be selective for HSO,™, an anion that has proved
particularly difficult to bind and sense, more strongly than CI~
and NO;™ due to its poor hydrogen-bond-acceptor ability.

Recently we have incorporated both Ru(1I) and Re(I) into
bipyridyl macrocycle-based rotaxanes that are capable of anion
sensing in aqueous solvent mixtures.”® Rotaxanes 6 and 7
(Figure 6), synthesized by chloride templation, were
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determined to bind CI™ selectively over H,PO,” and AcO~
in competitive aqueous-acetone solvent mixtures by '"H NMR
titrations. Crucially, photophysical investigations revealed that
anion binding was signaled through increasing MLCT emission
intensity of both rotaxanes.

We have extended the use of metal luminophores to include
lanthanide cations as the anion sensing motif, which are
particularly useful in imaging and assay due to their long-lived
luminescence. We recently reported the first example of a
lanthanide-containing interlocked structure, by preparing
[2]rotaxane 10 by a CuAAC “click” reaction of a propargyl-
DO3A-lanthanide complex 9 to azide-appended rotaxane 8,
with the aim of exploring the time-gated luminescence
detection of complementary anions binding within the rotaxane
cavity (Scheme 7).> The europium-containing rotaxane
exhibited chloride-responsive luminescence behavior, within
two independent chloride binding sites: the first chloride anion
binds strongly to the lanthanide cation at the axial ninth
coordination site, concomitant with dramatic quenching of the
hypersensitive AJ = 2 transition. Further chloride binding
within the rotaxane cavity leads to a gradual recovery of the
lanthanide emission intensity (Figure 7). This first generation
lanthanide-containing rotaxane demonstrated selectivity for CI~
over both H,PO,” and AcO~. To further utilize the
combination of the optical anion-sensing properties of
lanthanide complexes with the selectivity of interlocked anion
receptors, we have recently reported the first lanthanide-cation

dx.doi.org/10.1021/ar500012a | Acc. Chem. Res. 2014, 47, 1935—1949
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Figure 8. Anion-sensing catenanes containing organic fluorophores.

Scheme 8. Heteronuclear d-f Anion-Templated Pseudorotaxane Assembly 11-12
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templation of interlocked structures*® as a first step to
developing more sophisticated lanthanide-rotaxane anion
Sensors.

Incorporating organic fluorophores within interlocked
receptors provides an alternative route to optical anion sensing.
Jeong et al. have reported an indolocarbazole-based homo-
catenane, that senses chloride selectively over a range of
oxoanions in 99:1 acetone/water by means of fluorescence
intensity enhancement (Figure 8a).*' We recently reported an
all-halogen bonding catenane assembled using bromide-
templation (Figure 8b).® The catenane selectively senses
chloride and bromide, which bind through the cooperative
effect of two halogen bonds, in CH;CN via modulation of the
naphthalene emission. No response was observed upon
addition of F~, I, NO;~, H,PO,~, AcO~, and HCO;™.

B EXPLOITING THE DYNAMICS OF INTERLOCKED
HOST SYSTEMS FOR AN OPTICAL ANION SENSING
RESPONSE

The rotaxane anion sensors reviewed thus far possess a
common sensing mechanism in which there is direct electronic
communication between the reporter group and the cavity
bound anionic guest. Rotaxane and catenane hosts offer another
means of signal transduction, however, in which the anion-
binding event modulates the dynamic interactions between the
mechanically bonded components, which can result in a
measurable optical response. In the next section we review
the initial work carried out by us and others in demonstrating

this paradigm.

1942

We first demonstrated this idea in a chloride-templated
pseudorotaxane assembly 11-12 in which photoinduced energy
transfer between a macrocyclic Re(I)bipyridyl-sensitizer 11 and
a luminescent lanthanide complex appended to a chloride-
benzimidazolium thread 12 signaled the formation of the
interpenetrative assembly (Scheme 8).** It was demonstrated
initially that by using a thread which contained either no
lanthanide cation, or a gadolinium cation that was unable to
undergo energy transfer with the Re(I)-bipyridyl center, an
enhancement of the Re-bipyridyl- MLCT band was observed
upon pseudorotaxane formation. However, addition of neo-
dymium thread 12 resulted in a significant reduction in the
MLCT emission, with the concomitant appearance of a near-IR
lanthanide emission band due to energy transfer between the
MLCT excited state and the lanthanide complex. This Forster
energy transfer process is dependent on the distance between
the two metal centers, and thus only occurs upon
pseudorotaxane formation, which in turn occurs only in the
presence of specific anion templates.

Anion-induced molecular shuttling, in which binding of an
anion guest leads to macrocycle translocation from one station
to another along the axle component of a rotaxane, can be
exploited to provide a further mechanism of signal trans-
duction. This proposition has been realized by Smith and co-
workers, who demonstrated that the addition of chloride to a
squaraine-derived rotaxane caused macrocycle trans-location
away from the dye moiety, with concomitant modulation of the
fluorescence intensity. They had previously reported that by
encapsulating a squaraine dye (which emits at deep red
wavelengths and is desirable for biological imaging applica-
tions) within a macrocycle to form a pseudorotaxane assembly,

dx.doi.org/10.1021/ar500012a | Acc. Chem. Res. 2014, 47, 1935—1949
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the fluorescence quantum yield of the dye is decreased 3-fold.*
An analogous [2]rotaxane, 13, which incorporates the
squaraine dye within the axle, was prepared by stoppering of
a pseudorotaxane assembly. This rotaxane host system was
demonstrated to act as a reversible optical chloride sensor in
CHCI; (Figure 9): chloride binding to the triazole motif

Figure 9. Smith’s chloride-sensing squaraine rotaxane shuttle.

induces translocation of the macrocycle away from the
squaraine motif, resulting in restoration of the fluorescence
intensity."* The process is reversed when chloride is removed.
Recently, this concept has been extended to include ratiometric
chloride sensing.*

With the aim of developing an anion-responsive molecular
switch which exhibits optical signaling, we have synthesized
naphthalimide-triazolium rotaxane 14 which undergoes selec-
tive anion-induced unidirectional shutthn% behavior upon
addition of CI” or Br~ in CHCl; (Figure 10).*® The macrocycle
initially resides over the naphthalimide group, due to aromatic
donor—acceptor interactions with the electron-rich hydro-
quinones on the macrocycle; however, the formation of an
anion binding cavity requires the translocation to the axle’s
triazolium motif. Complete macrocycle translocation occurs
only in the presence of the smaller halide anions, and
importantly, the change in naphthalimide-hydroquinone
donor—acceptor interactions upon macrocycle shuttling is
signaled by changes in the rotaxane’s UV—vis absorption band.

Lin and co-workers have very recently reported a
diketopyrrolopyrrole (DPP) based rotaxane which can
selectively sense F~ via both a colormetric and fluorescence
response.”’” Fluoride anions bind within the amide binding
cavity of the macrocycle component of rotaxane 15 (Figure
11). Further equivalents of F~ result in deprotonation of the
amides, and shuttling of the macrocycle toward the axle DPP-
fluorophore, concomitant with fluorescence quenching and a
color change. The response is selective for F~ over a range of
anions, including other halides, NO;~, H,PO,”, and AcO™ in
DMSO.
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Figure 11. Diketopyrrolopyrrole-based [2]rotaxane shuttle for fluoride
sensing.

The previous four examples demonstrate that an anion-
induced change in geometry or co-conformation can be used as
an approach to achieving an anion-selective optical response.
With this in mind, we designed a [3]rotaxane host, containing a
fluorescent naphthalene motif for optical anion sensing, that
was able to undergo a conformational change upon anion
binding.”® Selective recognition of sulfate in 45:45:10 CDCl,/
CD;0D/D,0O by rotaxane 16 resulted in a conformational
change where the sulfate anion is bridged between the two
macrocycle components in a 1:1 “sandwich” complex (Figure
12). The anion is held in close proximity to the naphthalene
moiety which resulted in a dramatic fluorescence quenching in
CHClI;. In contrast, Cl™ binds within the two rotaxane cavities,
leading to a modest emission enhancement.

B SOLUTION-BASED ELECTROCHEMICAL ANION
SENSING BY INTERLOCKED HOST SYSTEMS

Over the years, there has been much interest in developing

anion receptors capable of selectively sensing anions via

electrochemical methods, and our previous research in this

area has focused on incorporating ferrocene within anion-

dx.doi.org/10.1021/ar500012a | Acc. Chem. Res. 2014, 47, 1935—1949
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Figure 12. Schematic representation of anion binding in fluorescent
[3]rotaxane 16.

receptor systems.*® Anion binding typically results in a cathodic
shift in the ferrocene/ferrocenium redox couple due to
stabilization of the ferrocenium state by the anionic guest.
Our first interlocked structures for electrochemical sensing
incorporated ferrocene either on the periphery of the

macrocycle component (rotaxane 17* and catenane 19°°), or
in the axle by utilizing a pentaphenylferrocene stopper
component in rotaxane 18 (Figure 13).>" All three structures
were prepared by chloride anion-templation, using ring-closing
metathesis of a suitable bisvinyl appended macrocycle
precursor, and exhibited a common selectivity for ClI~ over
HSO,~, BzO7, and H,PO,". Importantly, CI~ selectivity was
also manifested in the electrochemistry, with the maximum
cathodic shift of the Fc/Fc* couple occurring after addition of 1
equiv of CI” in CH;CN. In contrast, the addition of excess
oxoanion was required to achieve a maximum response. 1,1’
Disubstituted ferrocene was incorporated within the axle
component of [3]rotaxane 20, which was shown to electro-
chemically sense anionic guests in 0.1 M NH,PF,/CH,CN.”’
Binding of CI” and SO,*” occurs in a similar way to
[3]rotaxane 16; Cl~ binds in a 2:1 stoichiometry within the
two interlocked cavities, while the divalent sulfate anion leads
to a 1:1 “sandwich” complex, with concomitant cathodic shift of
the ferrocene/ferrocenium redox couple of 55 and 265 mV,
respectively.

We have also recently integrated the porphyrin motif as an
electrochemical antenna within rotaxane host systems (Figure
14).> Both rotaxanes 21 and 22 were responsive to CI,
resulting in a cathodic shift of the first porphyrin oxidation
waves of 50 and 23 mV, respectively after 2 equiv of anion in
CH,Cl,/CH,;CN.

B SURFACE CONFINED INTERLOCKED
ARCHITECTURES FOR ANION SENSING

While interlocked structures have been extensively studied in
the solution phase, and their ability to function as molecular
shuttles and ion sensors has been demonstrated, the fabrication
of such molecules into workable devices for proposed

Figure 13. Ferrocene-functionalized interlocked hosts.

dx.doi.org/10.1021/ar500012a | Acc. Chem. Res. 2014, 47, 1935—1949
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Figure 14. Porphyrin-functionalized rotaxanes for electrochemical anion sensing.

applications in sensing or data storage is in its infancy. Central
to addressing this challenge is the interfacing of these molecules
with a supportive optically transparent or electroactive surface.
The formation of two-dimensional self-assembled monolayers
(SAMs) represents a means of amplifying molecular-level
properties to the macroscopic scale. From the point of view of
host—guest sensing, SAMs offer the possibility of generating a
robust, reusable anion-responsive surface (Figure 15) which can

-~ “ -
:' %:'«

Figure 15. Schematic representation of a surface-appended rotaxane
anion sensor.

be integrated into a device capable of operating in a wide
variety of solution-based environments. Furthermore, confine-
ment of host species at a surface can significantly enhance the

thermodynamics of host—guest interactions, in part due to the
preorganization of the receptors at the surface.

There have been several examples of surface-attached
interlocked molecular architectures reported in the literature
to date;>* *° however, sensory applications are rare. We
reported the first example of a sensory rotaxane-SAM that was
redox-active in 2007.>” A chloride-templated pseudorotaxane
assembly 23-24 was initially prepared in solution by mixing
ferrocene-functionalized macrocycle 24 and an ion-pair
threading component 23 in which the bulky stopper
component is the redox-active pentaphenylferrocene motif
(Scheme 9). Immersing a gold electrode into this solution led
to the formation of rotaxane-SAM 28§, from which the CI™
anion template could be removed by washing with NH,PF¢,q
to reveal the chloride-responsive adlayer. The ferrocene moiety
of the macrocycle demonstrated a selective voltammetric
response to the presence of CI~ (AE ~ 40 mV) in a 0.1 M
NH,PF;/CH;CN electrolyte solution, even in the presence of a
100-fold excess of competing oxoanions, such as H,PO,”. The
crucial importance of the interlocked nature of the SAM was
demonstrated when comparing the electrochemical response to
that of the free, noninterlocked, components in solution: thread
23-PFg exhibited small cathodic shifts in the presence of both
Cl” and the oxoanions, while macrocycle 24 displayed a
selective and strong response (AE ~ 45 mV) for the oxoanions,
the reverse of the observed CI~ selectivity of the rotaxane SAM.

Scheme 9. Fabrication of a Chloride-Responsive Rotaxane SAM
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Scheme 10. Surface-Assembled Ferrocene Catenane 26
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Figure 16. Osmium-functionalized rotaxanes for optical and electrochemical anion sensing.

Scheme 11. Fabrication of Surface-Assembled Osmium Rotaxane
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We have also demonstrated the self-assembly of a catenane 19 discussed earlier. The high degree of preorganization of
host system on a gold surface. A pseudorotaxane assembly 24- catenane 27 at the surface, however, coupled with poor solvent
26 was preformed in solution between ferrocene-appended access prevented the removal of the Cl™ anion template, and
macrocycle 24 and bis-thiol-appended pyridinium-chloride 26, thus inhibited the exploration of the anion sensing capabilities.
which, upon exposure to a gold surface, afforded the surface- Recently, we developed a family of rotaxane hosts that
confined catenane 27 (Scheme 10),° the analogue of catenane contain an osmium(II) bipyridyl-derived macrocycle, capable of
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sensing anions via both luminescence and electrochemistry.>®
Three distinct rotaxanes were prepared by Cl™ templation,
comprising macrocycle 28 and axles of different lengths (Figure
16).

'"H NMR anion-binding studies of the rotaxanes revealed a
strong selectivity for CI™ over AcO™ and H,PO,”, while anion
binding was demonstrated to perturb the osmium-bipyridyl-
MLCT luminescence. Surface-bound analogues of rotaxanes 34
and 35 were prepared on an alkyne-terminated SAM by a
CuAAC click reaction of the pseudorotaxane assembly (Scheme
11). Removal of the CI~ template revealed the surface-
immobilized rotaxane to selectively bind and sense CI~
electrochemically via a cathodic shift of the Os**/*>*-bipyridyl
redox couple in CH;CN.

B CONCLUDING REMARKS

In this Account, we have demonstrated that suitably designed
mechanically interlocked molecules can be used to bind
charged guest species, and by incorporating optical or
electrochemical reporter groups the bound guest can be
sensed. The superior selectivity of interlocked hosts compared
to their acyclic analogues makes them ideal candidates for
developing ion-selective sensors, and importantly, their unusual
dynamics can be exploited as a means of obtaining a functional
sensor response. While the molecular architectures presented
here are complex and intricate, the development of high
yielding templating strategies has made rotaxanes and catenanes
synthetically accessible, and the prudent choice of such
receptors is often necessary when dealing with the selective
recognition of more challenging targets, such as anionic guests.
Having developed the use of anion templation to synthesize
interlocked anion receptors, we have prepared a wide range of
anion-sensing rotaxanes and catenanes, incorporating a variety
of reporter groups for both optical and electrochemical sensing,
including transition metals, lanthanides, and organic chromo-
phores. We have also developed more complex rotaxane
architectures that can undergo anion-induced conformational
changes or molecular motion, as a means of obtaining a
functional sensor response.

Ultimately, the fabrication of such devices on to surfaces is
required to prepare robust anion-sensing devices, and we have
recently approached this challenge through the preparation of
redox-active rotaxane and catenane architectures on gold
surfaces, which can act as selective chloride sensors. While
the study and application of the host—guest chemistry of
interlocked receptors remains in its infancy, the examples
presented in this Account highlight the exciting potential of
rotaxane and catenanes as sophisticated and selective sensors
for practical application.
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