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The ubiquity of anions in biological and environmental systems has motivated the development of many
novel anion receptors and sensors over the past two decades. Optical anion sensors, which undergo a
spectral change in response to anion binding, are particularly desirable due to the technical simplicity and
fast response time of such systems. A myriad of macrocyclic host molecules have been shown to be
effective anion receptors and present a promising platform for elaboration into optical anion sensors by
incorporation of an appropriate fluorogenic or chromogenic group. The enhanced anion binding pro-
perties of the three-dimensional binding cavities in mechanically interlocked host molecules have also
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been exploited to design anion sensors that exhibit remarkable selectivity and sensitivity. This review sum-
marises recent progress in the development of optical anion sensors based on macrocyclic and inter-
locked hosts. The major classes of macrocyclic receptors possessing neutral, cationic and metal-based
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1. Introduction

Prompted by the pivotal role of anions in multiple biological' ™

and environmental®™® processes, the field of anion recognition
has grown significantly in recent years. A particularly exciting
development is the design of increasingly sophisticated
sensors capable of reporting the presence of specific anions in
a rapid and sensitive manner.”

Macrocyclic hosts are particularly well-suited to act as anion
receptors due to the relative ease with which they can be func-
tionalised with multiple anion binding motifs.® This enables
the use of a variety of synergistic non-covalent interactions,
including hydrogen bonding, electrostatic interactions, metal
coordination, halogen bonding and anion-r interactions, to
achieve the recognition of a target guest species. By careful
choice and placement of these binding groups, it is possible to
design cavities that are complementary to specific anions -
often a prerequisite for strong and selective recognition.
Perhaps unsurprisingly, the earliest anion receptor, reported
by Park and Simmons in 1968, was a cryptand-like macrobicyc-
lic host that encapsulated halides between the ammonium
groups located at the poles of its cavity.” More recently,
mechanically-interlocked molecules, such as catenanes and
rotaxanes, have emerged as promising molecular hosts due to
their highly pre-organised binding cavities, which have been
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binding motifs are examined, followed by a survey of optically-responsive interlocked anion hosts.

shown to enhance the affinity and selectivity for target
guests.'’

The modular synthesis of macrocyclic and mechanically
interlocked hosts facilitates the incorporation of various repor-
ter groups, opening up possibilities for optical and/or electro-
chemical sensing of anions."" The development of colorimetric
and fluorescent probes for anions is especially desirable due
to the sensitivity, fast response and technical simplicity of
such systems.'>'® Many examples of optical anion sensors
have been reported, including acyclic'® and metal-based
systems'®> which have been comprehensively discussed in
other reviews. This review highlights recent developments in
macrocyclic and interlocked optical anion sensors, with a par-
ticular focus on examples in which the macrocyclic/interlocked
nature of the host significantly influences its sensing pro-
perties, either by conferring selectivity for specific anions,
and/or by facilitating the spectral changes that occur upon
anion binding. Macrocycles containing various neutral, cat-
ionic and metal-based binding motifs are discussed, followed
by a survey of advances in the field of mechanically interlocked
anion sensors.

2. Macrocycles with neutral anion-
binding motifs
2.1. Calix[n]arene-based macrocycles

Calixarenes and their derivatives are versatile scaffolds for
guest binding due to their highly pre-organised arene core
which can be readily functionalised with a range of binding
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and reporter groups. As such, calixarenes have been widely
employed as chemo-sensors,'® catalysts’” and biomimetic
models.'® A slew of functionalised calixarene derivatives have
also been employed as optical anion sensors, in which a
common design feature involves attaching one or more fluoro-
genic and/or chromogenic groups to the lower rim of the calix-
arene core. The linkers that connect the reporter group to the
calixarene core typically contain hydrogen bond donors like
amide or urea, with the aim of encapsulating the target anion
in the cavity formed between the lower rim and the reporter
groups.

Of the available fluorophores, pyrene has been most fre-
quently used in calixarene-based sensors, possibly due to the
propensity of pyrene units to form an excimer, which is typi-
cally accompanied by the appearance of a diagnostic emission
band. This effect was exploited for anion sensing by Kim and
co-workers, who synthesised a calix[4]arene based receptor 1
functionalised with two pyrenyl moieties (Fig. 1)."° Upon
binding of fluoride to the amide linkers in acetonitrile, a new
band at 470 nm was observed in the emission spectrum of 1.
The authors attributed this to the formation of a static excimer
when the pyrenyl groups, which previously enjoyed a high
degree of conformational freedom, were forced to reside in
close proximity to each other by their mutual interaction with
fluoride. A similar principle was employed in a calix[6]arene
sensor 2, which contained three pyrenyl units appended to the
core via urea linkages (Fig. 1). The receptor selectively binds
S0,>~ in DMSO via multiple hydrogen bonds involving the
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urea groups, resulting in slight quenching of the monomer
emission while the excimer emission increased, suggesting
that the pyrenyl moieties were brought closer together.
Interestingly, 2-80,>~ was shown to cooperatively bind an
ammonium cation as a contact ion pair in chloroform,
whereas the free receptor displayed no affinity for
ammonium.?® In contrast, the pyrene-functionalised 1,3-alter-
nate tetraoxacalix[2]arene[2]triazine azacrown receptor 3
(Fig. 1) exhibited a decrease in the excimer fluorescence at
477 nm and increase in the monomer bands at 378-396 nm
upon addition of fluoride in 95:5 acetonitrile/chloroform.
This was attributed to deprotonation of a triazine-appended
amino group by the basic fluoride ion, resulting in an intra-
molecular hydrogen bond that pulled the triazine moieties
closer to each other. A concomitant increase in the distance
between the alternate benzene rings caused the pyrene
excimer to break apart.*!

Recently, two further examples of pyrenyl-appended deriva-
tives of calixarenes were developed for optical sensing of
halides. A calix[4]arene receptor 4 decorated with tert-butyl
groups on the upper rim and amide-pyrene groups on the
lower rim (Fig. 1) served as a dual cation and anion sensor
specific for As(ur), Nd(u) and Br™. Impressively, 4 exhibited a
binding constant of 6.31 x 10° M~* for Br~ in a competitive
solvent mixture of acetonitrile/aqueous phosphate buffer (8: 2,
v/v). The formation of hydrogen bonds between Br~ and the
amide linkers increased the partial negative charge on the
pyrenyl-adjacent nitrogen atom, switching on photoinduced

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Structures of pyrene-appended calix[n]arenes 1-5 with the pyrenyl moieties highlighted in blue.
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electron transfer (PET) and quenching the pyrenyl fluo-
rescence.”” A hexahomotrioxacalix[3]arene receptor 5 similarly
underwent fluorescence quenching upon addition of iodide in
THF/H,O (7 : 3, v/v) (Fig. 1). The authors suggested that iodide
was bound by synergistic hydrogen bonding interactions invol-
ving the amide groups. The heavy atom effect associated with
iodine led to increased intersystem crossing to the non-emis-
sive triplet state of pyrene.*

The fluorenone-appended calix[4]arene receptor 6 exhibits a
high affinity for fluoride, with a binding constant of 1.18 x 10°
M~ in acetonitrile, attributed to the formation of multiple OH
and NH hydrogen bonds (Fig. 2). Addition of small quantities
of fluoride resulted in significant fluorescence quenching due
to an increase in PET from the partially deprotonated amide
nitrogen atoms to the fluorenone groups, as well as a ‘naked
eye’ colour change from yellow to orange-red.>* A clear trend
towards preferential fluoride binding was observed in a related
series of calix[4]arene-based receptors functionalised on the
lower rim with various fluorophores or chromophores (Fig. 2),
including benzooxadiazole (7),>® naphthalene (8),>° anthraqui-
none (9),”” nitrophenyl (10)*® and naphthol (11).>° In these
systems, anion binding occurs in the pocket formed by the
lower rim and the hydrogen-bonding linker, suggesting that
size complementarity exists between this binding site and the
small fluoride anion. In a slightly unusual synthesis, the calix
[4]arene receptor 12 was functionalised at the upper rim with

O,N

10 11
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thiourea linkers connected to coumarin groups.’® This recep-
tor once again displayed a high affinity for fluoride, with NMR
studies in DMSO-ds suggesting the deprotonation of the
thiourea groups and formation of HF,™ at high fluoride con-
centration. This resulted in fluorescence quenching due to
enhanced PET. In addition, a new absorption band appeared
at 475 nm, causing a colour change from colourless to orange.

A unique bis(bora)calix[4]arene 13 similarly displayed selec-
tively for fluoride (Fig. 3).>' Unlike the previous examples, in
which hydrogen bonding interactions were responsible for
anion binding, 13 binds fluoride in chloroform via Lewis acid—

13

Fig. 3 Structure of a bis(bora)calix[4]larene for fluoride sensing (K, =
2.00 x 10 M~ in CHCL3).

12

Fig. 2 Structures of calix[nlarenes 7—-12 functionalised with various chromophores/fluorophores highlighted in blue.
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base interactions with the boron centres. The authors
suggested that the fluoride selectivity arose from endo binding
of fluoride in the pocket between the two boron centres, which
is too small to accommodate other anions. However, a sub-
sequent computational study suggested that cooperative endo
and exo binding modes were responsible.’” The fluorescence
of the boron-adjacent phenyl groups was quenched upon fluor-
ide binding, which may be due to increased PET from boron
to the phenyl groups or internal conversion to a long-lived
‘dark state’ that suppressed the ‘prompt’ fluorescence from the
higher excited states.

While many calix[4]arene receptors recognised fluoride
selectively, tweaking the nature and position of the binding
groups can alter the selectivity for anions. A resin consisting of
calix[4]Jamido-crown-5 receptor 14 attached to 4-benzyloxy
benzyl alcohol polymer was found to preferentially bind iodide
(Fig. 4). The addition of iodide to a suspension of the resin in
CH,Cl,/CH;0H (v/v 1:1) resulted in an enhancement of fluo-
rescence emission, which was attributed to increased config-
urational rigidity of the amido-crown macrocycle upon anion
binding.>® A calix{4]arene host 15 was synthesised by Singh
and co-workers, which bore long aliphatic linkers ending in
urea groups for an enlarged binding pocket that was comp-
lementary for iodide (Fig. 4). Unlike the majority of calixarene-
based optical sensors, 15 did not contain a fluorophore tag;
instead, the receptor was coupled to the surface of gold nano-
particles. Binding of iodide to a suspension of 15 in water
induced the aggregation of nanoparticles, as seen by TEM,
resulting in a colour change from light pink to blue.**

t-Bu

Fig. 4 Structures of iodide-selective calix[4]arene receptors 14 (where
the grey sphere represents a resin of 4-benzyloxybenzyl alcohol
polymer) and 15.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Structure of an oxacalix[2]arene[2]triazine capable of sensing
H,PO,™ (K, = 7.98 x 10° M~ in CH3CN).

An unusual oxacalix[2]arene[2]triazine host 16, in which
two of the benzene rings in the calix[4]arene core were
replaced by triazines, was used as a sensor for H,PO,  in
acetonitrile (Fig. 5). The binding of the anion was due to a
combination of hydrogen bonds with the pendant amide
groups as well as anion-r interactions with the electron-poor
triazine rings. Binding of H,PO,~ to 16 was accompanied by a
quenching of the triazine fluorescence at 310 nm and the
appearance of a new band at 412 nm.*’

2.2. Calix[n]pyrrole-based macrocycles

Calix[n]pyrroles are a well-studied class of macrocycles first
synthesised by Baeyer in 1886,>® and subsequently repurposed
as an anion receptor by Sessler in 1996.>” To elaborate these
anion receptors into functional optical sensors, a natural
approach is to attach a fluorophore or chromophore to the
macrocyclic ring. This was first demonstrated by Sessler and
co-workers, who prepared a series of p-functionalized calix[4]
pyrrole anthracene conjugates (17a-c), which contain amide
linkers of varying length (Fig. 6). These systems formed 1:1
complexes with various anions, which were shown by '"H NMR
studies to bind via multiple hydrogen bonds in the macrocyclic
cavity. The addition of F~, CI” and H,PO," in dichloromethane
resulted in significant fluorescence quenching, attributed to
an increase in PET, with electrons being transferred from the
pyrrole rings to the anthracene fluorophore. Consistent with
this mechanism, the quenching effect was most pronounced
in 17a, which contained the shortest linker.*® Anzenbacher
and co-workers recently reported a series of five calix[n]pyrrole-
based macrocycles of varying ring sizes and bearing different
fluorophores (18a-e) (Fig. 6). The macrocycles showed surpris-
ingly high cross-reactivity for different anions, with little size
discrimination observed. For example, in acetonitrile, the
expanded calix[2]benzo[4]pyrrole 18d exhibited similar or
lower affinities for large carboxylates compared to the smaller
calix[4]pyrrole analogue 18a. Nonetheless, subtle differences in
the photophysical responses of the five sensors towards
different anions enabled the establishment of a fluorescence-
based microarray that successfully classified 18 anions by
linear discriminant analysis.*®
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Fig. 6 Structures of calixpyrrole-based anion receptors 17—18 with chromophores highlighted in blue.

In a bid to improve the binding affinity of calix[4]pyrroles
for anions, Lee and co-workers synthesised a bicyclic or
‘strapped’ calix[4]pyrrole 19, which bears a dipyrrolylquinoxa-
line strap that serves the dual roles of providing additional
sites for receptor-anion interactions as well as reporting anion
binding via colour changes in the quinoxaline chromophore
(Fig. 7). "H NMR anion binding studies in CD3;CN/DMSO-dj
(9:1 v/v) showed that fluoride formed hydrogen bonds with
the NH groups of the calix[4]pyrrole, but not the pyrrole
groups of the strap, which did not undergo any appreciable
downfield shift upon fluoride addition. Instead, the p-pyrrolic
protons of the pyrrole groups in the strap shifted downfield by
up to 0.3 ppm, which the authors attributed to an anion-n
interaction between the electron-deficient pyrrole rings and
the anion in the cavity. The binding of fluoride and dihydro-

NO,

K

\ 4

19

Fig. 7 Structure of 'strapped’ calix[4]pyrrole 19 with quinoxaline fluoro-
phore shown in blue. 19 binds F~ with K, = 8.97 x 10 Mt in 97:3
CH3CN/DMSO.
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gen phosphate to the receptor in CH3;CN/DMSO (97 : 3 v/v) was
accompanied by a ‘naked eye’ colour change from orange to
dark blue.*

A novel bis-calix[4]pyrrole-appended phenazine sensor 20,
which uses vibration induced emission (VIE) to differentiate
between anions, was designed by Sessler and co-workers
(Fig. 8). VIE is a phenomenon in which the fluorophore in
question undergoes reversible vibrations between bent and
planar configurations, resulting in multiple and tunable emis-
sion wavelengths from a single system.*' The free receptor
adopts a planar configuration which has a long n-conjugation
pathway and therefore emits orange-red fluorescence. Dubbed
a ‘molecular calliper’ by the authors, 20 binds dicarboxylate
anions in a bridging fashion between the two calix[4]pyrrole
units, imposing strain on the phenazine core and inducing a

OJ
Q

20

Fig. 8 Structure of a bis-calix[4]pyrrole-appended phenazine for anion
sensing using VIE, with the phenazine core shown in blue. 20 binds a
range of dicarboxylates with K, values ranging from 10°-107 M~ in

CHsCN.

This journal is © The Royal Society of Chemistry 2021
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bending vibration that causes the emission to blueshift. In
general, the shorter the dicarboxylate anion, the greater the
degree of bending and therefore the observed blueshift, allow-
ing structurally-similar anions to be distinguished in aceto-
nitrile based on the colour of the fluorescence signal
produced.*”

2.3. Amide- and urea-based macrocycles

The incorporation of hydrogen bonding donor groups directly
into the core of the macrocycle is a common strategy for
designing potent anion receptors, with amides, ureas and
thioureas being some of the most widely utilised motifs.'* An
added advantage of the aforementioned groups is their ease of
formation, allowing them to be readily constructed during the
macrocyclization process, which greatly simplifies synthetic
efforts. A diverse range of anion sensors based on amide or
urea groups have been reported over the years,**** with some
recent examples highlighted below.

Yoon and co-workers reported a chiral urea-based macro-
cycle 21 which contains an (S)-binaphthol (BINOL) unit that
serves both as a chiral recognition site and a chromophore
(Fig. 9). 21 bound D-Boc-alanine via hydrogen bonding inter-
actions between the deprotonated carboxylate of the amino
acid and the urea moieties of the macrocycle, resulting in
marked enhancements in the UV-Vis absorption at 258 and
370 nm as well as a decrease at 342 nm in DMSO. Addition of
L-Boc-alanine, however, induced only small changes in the
absorption at these wavelengths, allowing discrimination of
the two enantiomers.*® In the following year, Anzenbacher and
co-workers synthesised three chiral macrocycles (22a—c) deco-
rated with multiple amide and/or sulfonamide groups (Fig. 9).
BINOL was once again chosen as the chiral fluorophore, with
both the (R)- and (S)-enantiomers of each macrocycle prepared.
In addition, 22a also possesses a chromogenic nitrophenyl
group that enabled colorimetric detection of anions. The three
sensors displayed significant cross-reactivity for simple in-
organic ions as well as various chiral nucleoside phosphates,

X,
OH
99 nlrn

21

0 AL

T S
3} OO, o

22a 22b (X = N), 22¢ (X = CH)

Fig. 9 Structures of the chiral amide-based anion receptors 21-22,
with BINOL fluorophores shown in blue.

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 (Top) Structures of tetraamide macrocyclic anion receptors
with azulene units shown in blue. (Bottom) Crystal structure of
23b-H,PO,~, with hydrogen bonds between the receptor amide groups
and H,PO,4~ shown as dashed lines. All other hydrogen atoms have been
omitted for clarity. K, (H,PO47) = 4800 M~ for 23a and >10* M~* for
23bin 9:1 DMSO/MeOH.

exhibiting moderate enantioselectivities. Promisingly, a multi-
sensor array of the six sensors was capable of discriminating
seven biologically relevant anions (AMP, ADP, ATP, CMP, GMP,
PO, and P,0,"") in DMSO."’

Two macrocyclic tetraamide receptors containing one (23a)
or two (23b) azulene units were found to be selective for phos-
phate-containing anions (H,PO,~ and HP,0,") (Fig. 10). The
addition of these anions to a DMSO solution of the asymmetri-
cal receptor 23a produced a redshift of the UV-vis absorption,
which led to observable colour changes. Crystallographic
studies showed that both the free and complexed receptors
adopt a bent-sheet conformation that allows all four amides to
participate in hydrogen bonding with the anionic guest, dis-
playing a high degree of pre-organisation that favours anion
binding. Notably, acyclic analogues of both receptors showed
reduced affinity for phosphate, with no detectable spectro-
scopic changes.*®

Jolliffe and co-workers synthesised two semi-flexible tetra-
thiourea macrocycles 24a-b as receptors for ditopic anions, in
order to study the effects of chelate cooperativity in multitopic
anion receptors (Fig. 11). Although not the main focus of the
study, fluorescence studies of 24a-b in H,O/DMSO (1:9 v/v)
showed that the emission of the 1,8-diaminocarbazole groups
was significantly quenched in the presence of dicarboxylates
and sulfate, but not when mono-anions were added. This was
attributed to increased PET from the thiourea moieties to the
1,8-diaminocarbazole groups and demonstrates the preference
of the receptors for binding ditopic anions.*’

Amide or urea functionality can also be inserted into the
pendant groups of the macrocycle, as demonstrated in a series
of hybrid polyether/polyaza macrocycles 25a-d synthesised by
Nuiiez and co-workers (Fig. 12). Anion recognition in 25a-d

Org. Biomol. Chem., 2021,19, 4652-4677 | 4657


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ob00601k

Open Access Article. Published on 06 2021. Downloaded on 21-02-26 05.57.06.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review
N” N S _NH HN__S
HOH L Y id
NH HN
NH HN
s >
NH HN
NH HN
O WMowow
NTN S7ONH | HNTSs
) Phg

24b

Fig. 11 Structures of semi-flexible tetrathiourea macrocyclic anion
receptors 24a—b with 1,8-diaminocarbazole fluorophores shown in blue.
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Fig. 12 Structures of macrocyclic receptors with pendant amides with
nitrophenyl chromophores shown in blue.
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typically proceeds via the formation of hydrogen bonds invol-
ving the amide/urea/thiourea groups on the arms in DMSO or
acetonitrile. The receptors displayed significant cross-reactivity
for a range of anions and also showed affinity for some metal
cations, which were coordinated by the lone pairs of the
oxygen or nitrogen groups forming the macrocyclic cavity.
Binding events were signalled by colour changes associated
with changes in the absorption of the nitrophenyl
chromophore.>*™?

2.4. Miscellaneous neutral macrocycles

Although the literature on optical anion sensors based on
macrocyclic hosts with neutral binding groups has been domi-
nated by the types discussed in the preceding sections, there is
certainly scope to design new macrocycles that contain novel
anion binding groups or employ unusual sensing
mechanisms.

Anion-r interactions, which occur between the HOMO of
the anion and the LUMO of an electron-deficient aromatic
ring, have been increasingly identified in the crystal structures
of small molecules and proteins.>® Recently, several examples
of anion receptors based on anion-r interactions have been
reported,” including two s-tetrazine-based macrocycle
examples that possess optical sensing capabilities. Li and co-
workers synthesised a tetrazine-containing diamide macrocycle
26, which bound fluoride selectively through a combination of
hydrogen bonding involving the amide NH groups as well as
anion-n interactions involving the electron-poor tetrazine
(Fig. 13). The addition of fluoride to a solution of 26 dissolved
in DMSO led to a rapid colour change from red to green,
which the authors attributed to the formation of a tetrazine
radical anion due to electron transfer from the fluoride guest.
The formation of the radical anion was further confirmed by

N=N
o— ,)o
N-N

N=N
o—{ )oO
N-N

27d

Qc
(- 1
@

Fig. 13 Structures of macrocycles that form anion—x interactions with guests. (Top) Structures of 26 and 27a—d with tetrazine units highlighted in blue.

27a—d showed weak binding to azide and thiocyanate with K, values ranging from 23-166 M~* and 3-22 M

! respectively. (Bottom) Structure of 28 with BTI

groups shown in blue and crystal structure of 28-N5~. Hydrogen atoms have been omitted for clarity. 28 bound N3~ with K, = 1.54 x 10* M in acetone.
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the appearance of a diagnostic signal in the EPR spectrum.’”
Subsequently, Wang and co-workers synthesised four tetraho-
mocorona[4]arenes 27a-d, which contained rectangular box-
like cavities complementary in size and shape to linear anions
such as azide and thiocyanate (Fig. 13). The receptors exhibi-
ted low binding strengths even for these anions, as evidenced
by stability constants in the range 23-166 M~ for azide and
3-22 M™! for thiocyanate in acetonitrile. This is likely due to
the relatively weak nature of anion-r interactions compared to
other non-covalent interactions like hydrogen bonding.
Nonetheless, 27a-d showed a detectable fluorescence response
to azide and thiocyanate, with gradual quenching of the tetra-
zine emission observed when these anions were introduced
into acetonitrile solutions of the receptors.®®

Recently, the same group synthesised a Cs;-symmetric cage
28 based on benzene triimide (BTI) (Fig. 13), which was found
to bind N;3;~, SCN™ and I" via anion-n interactions, with a
remarkable affinity for N;~ in particular (K, = 15372 M™" in
acetone). The formation of charge-transfer interactions
between the electron-deficient BTI moieties and azide resulted
in a naked-eye colour change of the solution from colourless to
bright orange. A co-crystal of 28 with azide showed that the
anion is sandwiched between the two BTI planes with inter-
molecular distances of 2.830-2.873 A, providing evidence for
strong anion-x interactions.””

Photoswitchable anion receptors that can undergo revers-
ible conformational changes have the potential to demonstrate
altered affinities for different guests upon light irradiation.
Bandyopadhyay and co-workers reported a fluorescent azo-
benzene-containing macrocycle 29 which resides predomi-
nantly in the ‘open’ E form, where it binds preferentially ATP
over GTP in aqueous tris buffer (1 mM, pH 6.8) (Fig. 14). This
is seen in a 7-fold fluorescence enhancement when ATP is
added to 29, whereas GTP only induces a 3-fold enhancement.
Crystallographic and computational studies suggested that the
protonated pyridinium group of 29 forms charged interactions
with both GTP and ATP, but only the adenosine moiety of ATP
contains an appropriately-positioned amine group to form an
additional hydrogen bond with the azobenzene lone pair.
However, upon irradiation with light at 366 nm, 29 photoi-
somerises to the ‘closed’ Z form, which is unable to form a
hydrogen bond with ATP due to geometrical constraints. The

o
(o}

S
I 2 ~
N N
(o] (o]
N\\ N=N
N
29F 297

K, (ATP) = 1.1 X 10° M
K, (GTP) = 1.9 X 10° M-

K, (ATP) =5.36 X 10°M™?
K, (GTP) =8.92 X 102 M

Fig. 14 Photoswitchable azobenzene-based anion receptor 29 with
photoisomerisable azobenzene groups shown in blue.
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reduced affinity of the Z form for ATP is reflected in the low
fluorescence enhancement (1.5-fold), which is slightly lower
than the GTP-induced enhancement (1.9-fold).® While the
findings are somewhat preliminary, this work demonstrates
the potential of photoswitchable macrocycles with tunable
affinities for ostensibly similar anionic guests.

Unlike the majority of optical anion sensors, which possess
colorimetric and fluorescent signalling units, Pasini and co-
workers designed a chiroptical probe 30 that responds to halide
binding via changes in its circular dichroism spectrum in methyl-
cyclohexane/dichloromethane (9:1, v/v) (Fig. 15). The halide
guests docked in the cleft generated by the triazole units and
phenyl spacer, forming weak CH-X" hydrogen bonds with the tri-
azole groups and the phenyl ring. The inclusion of halides in the
macrocyclic cavity changed the dihedral angle of the BINOL
group, which altered the intensity of its characteristic CD signal.
Notably, these changes were not observed in the acyclic analogue,
which is inherently conformationally flexible.>

Another example of atypical anion sensor design comes in
the form of four trans-homoporphodimethenes 31a-d syn-
thesised by Ravikanth and co-workers (Fig. 16). These recep-
tors are irreversible chemodosimeter sensors that selectively
recognise cyanide via covalent bond formation. Addition of
cyanide to a THF solution of the 31a led to significant fluo-
rescence enhancement, with NMR studies suggesting this was
due to nucleophilic attack of cyanide on the meso-carbon of
the dipyrrin moiety, converting it to a cyanodipyrromethane.®®

Fig. 15 Structure of a chiroptical probe for halide sensing with BINOL
shown in blue. The K, values for binding of halides to 30 range from
8.9-18.1 M~tin CDCls.

< 3la

{; X7 3w

O h 31c
CH

<ph3 31d

Fig. 16 Structure of homoporphodimethenes for selective cyanide
sensing with nitrophenyl chromophore highlighted in blue.
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3. Charged macrocycles

3.1. Macrocycles with ionisable groups

The incorporation of cationic groups capable of forming strong
electrostatic interactions with anions is another common
approach to enhance the potency of macrocyclic anion recep-
tors, particularly when these electrostatic forces are combined
with more directional interactions like hydrogen or halogen
bonding. Amines, in particular, facilitate reversible guest-
binding as they can be protonated in acidic media to ‘turn-on’
the anion recognition capabilities of the host. In some cases,
the binding of a basic anionic guest leads to deprotonation of
the amine group, which quenches the emission of adjacent
fluorophores via enhanced PET. Therefore, amines are useful
and versatile groups that can assist in binding anions as well as
inducing spectral changes in the receptor.

A handful of optical anion sensors rely predominantly on
charged interactions established between multiple protonated
amines and the anionic guest. Senge and co-workers employed
a tetrakis(2-aminophenyl)porphyrin 32 as a selective host for
pyrophosphate (Fig. 17). The hexaprotonated form of 32,
formed in the presence of excess TFA, exhibited exceptionally
high affinity for pyrophosphate, with an association constant
of 2.26 x 10° M~ in CH,Cl,. Pyrophosphate binding was
accompanied by notable changes in the UV-Vis spectrum,
including shifts in the Soret band, reduced intensity of the
main porphyrin Q band and the appearance of two new Q
bands, which resulted in a ‘naked eye’ colour change from
yellow-brown to green. Interestingly, upon addition of excess
of pyrophosphate (16 equiv.), the increased basicity of the solu-
tion causes deprotonation of the amino groups and regener-
ation of the free receptor. Addition of TFA reverses these
changes, demonstrating switchable behaviour that could be
repeated for at least eight cycles.®!

Gellini and co-workers synthesised a tetra-aza macrocycle
33 containing an acridine fluorophore (Fig. 17). At low-to-inter-
mediate pH, the free receptor exists predominantly in the +2
or +3 protonation state and can undergo a proton migration
from one of the protonated ammonium groups to the acridine
moiety, forming an acridinium-like fragment that fluoresces
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intensely at 450 nm. Upon binding of fluoride or chloride in
water, the emission is enhanced, with calculations suggesting
that the F~ and CI” complexes of 33 preferentially undergo the
proton transfer upon excitation to the S, state due to a
reduction of the energy barrier for this reaction. In contrast,
addition of bromide or iodide to 33 results in fluorescence
quenching, which was attributed to the heavy atom effect.®?
Hybrid macrocycles that utilise both electrostatic inter-
actions and hydrogen bonding interactions have been shown
to act as potent anion sensors. Kataev and co-workers syn-
thesised a series of hybrid amido-amine macrocycles 34a-c of
varying sizes (Fig. 18). 34a showed an increase in fluorescence
intensity upon addition of fluoride, whereas other halides and
oxyanions induced aggregation and fluorescence quenching in
aqueous MES buffer (10 mM, pH 6.2). This interesting optical
response was attributed to the size of the macrocyclic cavity in
34a, which was suitable for encapsulating up to three fluoride
ions, encouraging protonation of the tertiary amine groups
and hindering PET from the amine to the naphthalimide
fluorophore. The larger ionic radii of other anions prevent
more than one anion from fitting inside the binding cavity,

HN NH HN NH
CﬁNH H;jg NH HN
N
0PN o oY Ny SNo
34a 34b

Fig. 17 Structure of hexaprotonated tetrakis(2-aminophenyl)porphyrin
host 32 (K, (P,0;*7) = 2.26 x 10° M~ in CH,Cl,) and tetra-aza macro-
cycle 33 (K (F7) = 3.98 x 10° M~* and K, (CI7) = 1.58 x 10 Mt in
water).
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Fig. 18 Structures of hybrid amine-containing macrocycles 34-36 with
various fluorophores shown in blue.
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with the second anion bound on the periphery of the macro-
cycle, thereby resulting in aggregation by intermolecular n-n
and electrostatic interactions.’® The same group synthesised a
similar hybrid amide-amine macrocycle 35 (Fig. 18), which
was able to bind various nucleoside monophosphates, of
which ¢cGMP was most strongly bound (K = 8.1 x 10* M~ in
aqueous acetate buffer with 2% DMSO). The binding of cGMP
by the dicationic macrocycle led to fluorescence quenching
due to n-n stacking of the guanine base with the pendant
naphthalimide groups of the macrocycle.®® Subsequently, a
cage-like amido-amine receptor 36 was reported, which con-
tains an anthracene fluorophore held in a ‘strap’ over the
macrocyclic cavity (Fig. 18). The receptor formed a 1:2 recep-
tor-anion complex with phosphate in aqueous solution. Initial
binding of phosphate leads to fluorescence quenching due to
deprotonation of the benzylic amines by the basic phosphate
anion, enhancing PET to the anthracene moiety. In excess
phosphate, a fluorescence enhancement is observed, attribu-
ted to the protonation of the tertiary amines to maintain
charge balance when additional anions coordinate to the
outside of the receptor cavity.®®

The versatility of amine groups is further demonstrated in
their ability to bind both anionic and cationic guests. Chehri
and co-workers synthesised a hybrid macrocycle 37 containing
both ether and amine linkers, which served as a dual sensor
for Fe(m) and iodide in aqueous solution (Fig. 19). Fe(u) was
coordinated by the lone pairs of the ether and amine groups,
leading to fluorescence quenching of the naphthalene groups
via ligand-to-metal charge transfer, which opens a new non-
radiative deactivation channel for electrons in the excited
state. The addition of I to the naked receptor induces a
change in the UV-vis absorbance spectrum, with the appear-
ance of a new band at 360 nm, accompanied by a change from
colourless to pale-pink. The fluorescence intensity also
decreases due to the heavy atom effect.®® Another dual sensor
for Hg(u) and HSO,” consisted of a tetraazamacrocycle
attached to a bromosalicylaldehyde pendant arm 38 (Fig. 19).
Coordination of Hg(u) led to fluorescence quenching in
CH;CN/HEPES buffer (2:8, v/v, 20 pM, pH 7.4). In contrast,
the binding of HSO,™ in the same solvent mixture, which was
postulated to occur via multiple hydrogen bonds and/or
charged interactions with the amine and hydroxyl groups of
38, induced chelation-enhanced fluorescence by restricting the
free rotation of the sensor.®”

Ionisable pyridine groups have also been used to enhanced
the binding of receptors to anions. Johnson and co-workers

Br

~t e

/\/\
o ° N NH OH O
H H (E
N A~N
N_N

37 /K@J 38

Fig. 19 Structures of amine-based dual cation/anion receptors.
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Fig. 20 Structures of pyridine-based macrocyclic receptors for chlor-
ide sensing.

reported two pyridine-containing macrocycles 39a-b (Fig. 20),
which exhibit chloride-selective binding via a combination of
hydrogen bonding from the amide/urea groups as well as
charge-assisted hydrogen bonding from the protonated pyridi-
nium moiety. The receptors were found to be unstable in
aqueous solution, but could be incorporated into a thin film.
In the solid state, intermolecular interactions between the
fluorophore backbones induced a redshift of the emission
peak when the receptors were exposed to an acidic solution of
chloride.®®

3.2. Macrocycles with intrinsically charged groups

Cationic groups such as imidazolium and benzimidazolium
units are capable of forming both electrostatic interactions
and charge-assisted hydrogen bonds with anionic guests, and
have been widely employed in a range of macrocyclic optical
anion sensors. The majority of these hosts are cyclophane-like
macrocycles consisting of multiple charged binding groups
and signalling units connected by methylene spacers. Weakly-
associated counterions such as PF,~ are typically utilised in
the preparation of such hosts to minimise competition for
binding sites between the counterion and the target anion.
Some early examples of cyclophane-like benzimidazolium
receptors were reported by Gao and co-workers.’>’® A series of
acridine-containing hosts 40a-b (Fig. 21), containing linkers of
varying length and flexibility, were synthesised and found to
bind H,PO,~ via charge-assisted hydrogen bonds between the
two benzimidazolium CH groups and the anion. This resulted
in a significant redshift of the acridine fluorescence from
430 nm to 556 nm in acetonitrile, which was attributed to the
anion-induced assembly of excimers between the acridine
rings of two macrocycles. The degree of redshift increased as
ring size decreased, which likely indicated differing extents of
excimer formation; in smaller rings, there was greater repul-
sion energy between the benzimidazolium rings in the ground
state and largest stabilisation energy in the excited state,
leading to the lowest-energy excimer.®® Liu and co-workers
recently reported a related pair of cyclophanes 41a-b, posses-
sing two dibenzimidazolium units and an anthraquinone
fluorophore (Fig. 21). The smaller macrocycle 41a exhibited
fluorescence enhancement in the presence of acetate while the
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Fig. 21 Structures of cyclophane-like receptors with benzimidazolium
groups and various fluorophores (shown in blue).

larger macrocycle 41b was a sensor for nitrate in H,O/CH3;CN
(1:1,vw).7"

Zheng and co-workers synthesised a dicationic imidazo-
lium-based macrocycle 42 with tetraphenylethylene fluoro-
phores (Fig. 22), which are known to exhibit aggregation
induced fluorescence (AIE). The receptor initially showed no
emission when subjected to a range of inorganic anions;
however, when 42 was mixed with one equivalent of zinc(i)
acetate in a H,O/DMSO solution (99.5:0.5 v/v), blue fluo-
rescence was observed upon the addition of P,0,*”. The
authors suggested that Zn(u) promoted aggregation of the pyr-
ophosphate-bound complexes, resulting in AIE.”> Another
dicationic imidazolium-based macrocycle 43 (Fig. 22), reported
by Gong and co-workers, exhibited turn-on fluorescence in
response to HP,0,°~. However, unlike in 42, this fluorescence
enhancement was attributed to the anion-induced disaggrega-
tion of non-fluorescent excimers present in concentrated
acetonitrile solutions of the free receptor 43. A weaker fluo-
rescence enhancement was also observed in the presence of
H,PO,” and HCO;™.”?

cho Job

><

42 43
Fig. 22 Structures of imidazolium-based macrocycles for sensing pyro-

phosphate, with K, = 1.41 x 10* M~* for 42 in H,O/DMSO and 4.7 x 10°
M~ for 43 in CHsCN.
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Fig. 23 Cationic macrocycles containing metal-based chromophores
(shown in blue).

Metal-based chromophores have also been employed in
conjunction with cationic imidazolium binding units. A
simple ferrocene-containing macrocycle 44 with two imidazo-
lium binding units exhibited optical responses to fluoride,
acetate and dihydrogen phosphate in acetonitrile (Fig. 23). The
free receptor is non-fluorescent due to quenching of the
excited state by ferrocene, but the binding of fluoride and
acetate appears to inhibit the quenching process, leading to
weak fluorescence enhancement. Interestingly, the addition of
dihydrogen phosphate to 44 did not elicit a fluorescence
response, but instead caused a redshift and reduction in inten-
sity of the main absorption band.”* Another imidazolium-con-
taining macrocycle 45 (Fig. 23), which adopts a bowl-like con-
formation in solution and incorporates an Ru-arene as a
fluorophore, was found to bind halides via CH-X hydrogen
bonds, with iodide in particular inducing changes in the UV-
Vis absorption spectrum of 45 in methanol.”®

Cationic haloimidazolium groups can bind anions via
charge-assisted halogen bonding interactions, which are
highly directional interactions between the anion and an elec-
tron-deficient c-hole present at the pole of a halogen atom co-
valently bound to an electron-withdrawing group such as imi-
dazolium.”® Halogen bonding interactions were exploited for
anion sensing in a series of cyclophanes consisting of haloimi-
dazolium binding groups linked by naphthalene spacer groups
(46a-c) (Fig. 24). The bromo- and iodo-imidazoliophane recep-
tors displayed high affinities for iodide (K, = 6.31 x 10° M)

X = Cl (46a)

NT N X = Br (46b)
I X X=X I( X = | (46¢)
N N X = H (46d)

(L s

Fig. 24 Structures of proto- or halo-imidazolium-containing cyclo-
phanes (44a—d) with imidazolium shown in red and naphthalene fluoro-
phores in blue. 46b bound I~ with K, = 6.31 x 10°> M~* and 46d bound
Br~ with K, = 9.55 x 10° M~*in 9: 1 CHzOH/H,0.
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and bromide (K, = 9.55 x 10° M™") respectively. The binding of
these ions was accompanied by a redshift and enhancement of
the naphthalene emission band. Notably, the fluorescence
response was observed even in a competitive CD;OD/D,O
(9:1) solvent mixture. In contrast, a hydrogen bonding ana-
logue 46d displayed no fluorescence response in the same
solvent mixture, providing evidence for the greater strength
and selectivity of halogen bonding for anion recognition in
aqueous media.”’

While imidazolium-based motifs are commonly used in
macrocyclic anion receptors, charged pyridinium groups have
also been employed. A hybrid macrocycle 47, containing four
cationic pyridinium groups and four amide groups (Fig. 25),
was found to preferentially bind 1,4-phenylenediacetate, which
exhibits size complementarity for the large cavity. The dicar-
boxylate binds at the charged pyridinium sites and forms

8
N’ .NQ
° Q O He

4PFg

Fig. 25 Structure of pyridinium-based macrocycles with fluorophores
shown in blue.
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hydrogen bonds with the nearby amide groups, as well as weak
n-stacking interactions with the aromatic anthracene spacer.
Fluorescence enhancement was observed upon anion addition
to an acetonitrile solution of 47, attributed to inhibition of
PET from the binding sites to the anthracene moieties.”®
Recently, Cao and co-workers synthesised a octacationic cage
48 based on eight pyridinium moieties and two tetraphenyl-
ethylene (TPE) units. 48 was shown to bind the fluorescent dye
sulforhodamine 101 (SR101), which contains two sulfonate
groups that form electrostatic interactions with the pyridinium
sites as well as an aromatic core that can form n-stacking inter-
actions with the TPE moieties. Binding of SR101 to 48 led to
quenching of the fluorescence emission at 545 nm as well as
the appearance of a sharp emission peak at 621 nm, resulting
in a fluorescence colour change from yellow to red under UV
illumination.”

4. Metallomacrocycles

The cationic and Lewis acidic nature of metal ions, as well as
the interesting photophysical properties exhibited by some
transition metal and lanthanide ions, has prompted the devel-
opment of many metal-based systems for anion sensing.'®
Combining metal ions with macrocyclic ligands, usually deco-
rated with additional chromophores or anion-binding sites,
can enhance the sensing capabilities of these systems.
Homodimetallic complexes of cryptand-like ligands have
been used to selectively encapsulate anions that are of suitable
size and geometry to bridge the metal centres. An early
example was reported by Ugozzoli and co-workers in 2000, in
which three di-copper bis-tren cryptands with linkers of
varying length and flexibility (49a-c) demonstrated preferential
binding for different anions (Fig. 26). 49a exhibited a prefer-
ence for linear anions like N;~ and NCO™, which are long
enough to bridge the two Cu(u) centres. In contrast, the more
flexible ether and 2,5-dimethylfuran spacers in 49b and 49c
respectively enabled the receptors to rearrange into geometries
suitable for binding various halide ions. The coordination of
chloride to the copper centres of 49c in particular gave rise to
an intense absorption band at 410 nm in aqueous solution,
which was attributed to ligand-to-metal charge transfer.®

N 7
A\ | I
&) b H H H (o) H H © © H
N N v N N ¥ L \ :
NP N AN L >N, VS o R
‘N cw?  cu N X Ngy 0TGN X cf:|'|zo"‘NA’ o P
N S N G € N < Nc“j’ 4 " NG cu? N,
= H " e = TN o "
d ps S \)
49a 4% 49c 50

Fig. 26 Structures of dicopper cryptand-like anion receptors. 50 binds GTP as a 1: 2 host—guest complex with K; = 5.01 x 10* M~ and K, = 1.58 x

10* M~tin 1:1 CH3OH/H,0.
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A dicopper complex of an extended cryptand-like ligand 50
was found to bind nucleoside monophosphates in H,O/
CH;O0H (1:1, v/v) (Fig. 26). The anionic guests bridge the two
Cu(u) ions in the cryptand, binding through the phosphate
group and a donor atom on the nucleobase. In the absence of
a nucleoside monophosphate, 50 could form a non-fluorescent
complex with the anionic dye 6-carboxyfluorescein. The dye
was displaced upon binding of GMP to the receptor, switching
on the yellow fluorescence emission of the free dye.®’ This
indicator-displacement method, in which the displacement of
a dye (the indicator) from the receptor by the target anion
switches on the fluorescence of the free dye, was later used
extensively by Hossain and co-workers for the optical sensing
of dicarboxylates. Over a series of publications, the authors
demonstrated that dinuclear complexes of foldamer-like
macrocyclic ligands could form non-fluorescent ion pairs with
eyosin Y (an anionic dye). The dye was readily displaced by
dicarboxylates such as oxalate and citrate, which were bound
more strongly by the receptors. Anion binding and the conco-
mitant release of eyosin Y was signalled by an increase in the
characteristic fluorescence of the free dye.**"%®

In a twist on the indicator-displacement method, Zhang
and co-workers synthesised a host a 2-(hydroxy)-naphthyl
imino-functionalised pillar[5]arene 51 (Fig. 27), which co-
ordinated to Fe(m) through its imine nitrogen and hydroxyl
groups in H,0/DMSO (1:9, v/v). In the presence of Fe(u), the
blue fluorescence of 51 was quenched. However, upon
addition of fluoride, Fe(m) is displaced to form [FeFg]>~, restor-
ing the fluorescence of the free receptor. Therefore, 51 could
be used as either a ‘turn-off’ fluorescence sensor for Fe(u) or a
‘turn-on’ fluorescence sensor for fluoride.®”

Macrocyclic complexes of zinc have also been explored as
anion sensors. A mononuclear Zn(u) complex of a bipyridine
crown ether 52 (Fig. 28) was shown to undergo a 3-fold fluo-
rescence enhancement in the presence of acetate, with smaller
enhancements for larger carboxylates in H,O/CH3;OH (1 : 4, v/v,
buffered at pH 7.4). The carboxylates were postulated to
chelate the Zn(u) centre as well as form hydrophobic inter-
actions with the crown ether ring; interestingly, an acyclic ana-
logue of 52 showed no fluorescence response to carboxylates
under the same conditions, suggesting at the importance of
the crown ether.”® A tetranuclear Zn(u)-Schiff base complex 53,
which contained multiple imine and amine groups (Fig. 28),

Fig. 27 Structure of pillar[5]arene receptor 51 functionalised with a 2-
(hydroxy)-naphthyl imino fluorophore (in blue).

4664 | Org. Biomol. Chem., 2021,19, 4652-4677

View Article Online

Organic & Biomolecular Chemistry

N OH N
7\ _/ [~ ONH HNT
= N =N N=
° Zn>* d OH HO
j =N N=

z/ j kNl»i HN—/

o o j

/ N on N

52

53

Fig. 28 Structures of Zn-based metallomacrocyclic anion receptors 52
(K, (CHsCOO") = 880 M~*in 1: 4 H,O/MeOH) and 53.

underwent a blueshift of its absorption band upon addition of
fluoride or acetate in aqueous methanolic solvent mixtures.
Computational studies suggested this was due to a deprotona-
tion of the iminium groups by the basic anions, making the
iminium substituents less electron-withdrawing and widening
the HOMO-LUMO gap of the adjacent aromatic ring. The spec-
tral changes could be reversed by addition of a protic acid to
the receptor-anion solutions.”*

A handful of metallomacrocyclic anion sensors have been
synthesised containing metal ions that do not directly coordi-
nate to the anionic guests, but instead serve as fluorogenic or
chromogenic signalling units, whilst providing a positively-
charged environment to enhance anion binding. Ru(u) poly-
pyridyl complexes have been widely used in chemosensing due
to their favourable photophysical properties, including high
photostability, long emission lifetimes and emission in the
visible region.?® It is therefore unsurprising that Ru complexes
are amongst the most common metal-based chromophores
used in optical anion sensors.”>>> An early example reported
in 1996 was a series of macrocyclic and calix[4]arene-based
receptors 54a-d containing bipyridyl units to which ruthenium
() could be appended (Fig. 29). "H NMR studies in DMSO-dg
indicated that receptors preferably bound H,PO,™ over Cl™ via
convergent hydrogen bonds. A comparison of the two calix[4]
arene receptors showed that 54c, which contains shorter
linkers and therefore a smaller binding cavity, exhibited stron-
ger binding to all anions tested. The interaction of 54c¢ with
H,PO,” resulted in a blueshift of the Ru(n) MLCT emission
band, accompanied by an increase in emission intensity. The
latter was attributed to the rigidification of the macrocycle
upon anion binding, which decreases the rate of non-radiative
decay.’® A series of hetero-dinuclear macrocycles containing
ruthenium(u) tris(bipyridyl) alongside ferrocene, cobaltoce-
nium and osmium(u) tris(bipyridyl) were subsequently syn-
thesised and found to bind chloride strongly in acetonitrile
with a concomitant enhancement in emission intensity.”*°”

Mukherjee and co-workers synthesised platinum-based
square macrocycles 55a-c¢ which contain a conjugated Pt-

This journal is © The Royal Society of Chemistry 2021
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54a

Fig. 29 Macrocycles incorporating ruthenium(i) bipyridyl complexes
(shown in blue) for sensing of various anions.
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Fig. 30 Structures of Pt-containing square macrocycles with carbazole
fluorophores shown in blue. 55a binds P,O,*~ with K, = 2.4 x 10* M~ in
DMF.

ethynyl-carbazole fluorophore and amide groups for anion
binding (Fig. 30). The Pt(u) centres were not involved in anion
binding; instead, they served the dual purposes of directing

This journal is © The Royal Society of Chemistry 2021
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the formation of square macrocycles and facilitating PET from
the amide groups to the carbazole, quenching fluorescence
from the excited state of the carbazole in the free receptor.
Binding of pyrophosphate to the amide groups suppressed
electronic transfer, leading to significant fluorescence
enhancement in DMF.%®

5. Mechanically interlocked
structures

Mechanically interlocked molecules (MIMs), such as rotaxanes
and catenanes, possess topologically unique cavities that
mimic the three-dimensional binding sites of proteins. These
binding cavities provide a shielded hydrophobic environment
to reduce the thermodynamic cost of binding, particularly in
competitive solvents. The cavities can also be decorated with
multiple pre-organised binding motifs that are complementary
in geometry and size to the target guest. Building upon the
seminal MIM metal template synthesis work of Sauvage in
particular,”™*% in the past two decades, significant progress
has been made in the development of complementary tem-
plate-based approaches for MIM synthesis, including anion
templation'® and active metal templation'®™'°® strategies.
These powerful synthetic methods have enabled the prepa-
ration of complex interlocked structures in greatly improved
yields, making MIMs more than synthetic curiosities and
unlocking the vast potential of these molecules as platforms
for anion sensing.

5.1. MIMs containing organic luminophores

In an analogous manner to macrocyclic anion hosts, optical
sensing capabilities can be introduced to MIMs by the incor-
poration of fluorogenic or chromophoric units that exhibit
anion-induced spectral changes. The use of aromatic lumino-
phores such as naphthalene, which also serve as spacer groups
to adjust the size of the macrocycles, was a natural starting
point.

A halogen bonding [2]catenane 56 was constructed from
two identical macrocycles, each of which contained a cationic
bromoimidazolium for anion binding as well as naphthalene
groups as signalling units (Fig. 31). The [2]catenane selectively
bound Br~ (K, = 1.48 x 10° M) and CI~ (K, = 3.76 x 10° M)
in acetonitrile solution to form 1:1 stoichiometric host-guest
complexes, with molecular dynamics (MD) simulations indi-
cating that the halide anions were held in the binding cavity
by convergent halogen bonds. Anion binding was
accompanied by a decrease in the emission band at 309 nm,
alongside the appearance of a new broad band at 445 nm."*’
Another example of a [2]catenane-based anion sensor was the
hetero-[2]catenane 57, which bound a range of anions via a
combination of hydrogen bonding from isophthalamide group
of one macrocycle and charge-assisted halogen bonding from
the iodotriazolium of the second macrocycle (Fig. 31). Upon
addition of anions, in particular acetate and H,PO,”, an
enhancement of the naphthalene emission bands was
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Fig. 31 A halogen bonding [2]catenane 56 selective for Br™ (K, = 1.48 x
10° M7Y) and Cl™ (K, = 3.76 x 10° M%) in CH5CN and mixed halogen/
hydrogen bonding [2]catenane 57 which binds AcO™ (K, = 1.5 x 10° M%)
and H,PO,4~ (K, = 4.5 x 10* M™Y) in CHsCN.

observed in acetonitrile, attributed to an increase in the rigid-
ity of 57, which reduces the available non-radiative decay path-
ways. In contrast, no observable changes in the UV-vis absorp-
tion spectrum occurred under analogous conditions. This
reflects the lower sensitivity of UV-vis spectroscopy compared
to fluorescence spectroscopy, with the former unable to detect
the subtle electronic and structural changes that occur in the
highly pre-organised [2]catenane host."*°

An indolocarbazole-containing [2]rotaxane 58, synthesised
by active metal templation, displayed an unusual preference
for oxyanions (CH;COO~ and H,PO,”) over halide ions in
acetone-de/D,0 (95 : 5, v/v) (Fig. 32). A strong affinity for sulfate
was also observed, possibly due to the complementary tetra-
hedral geometry of the dianion and the arrangement of the
hydrogen bond donor groups in the binding cavity of 58. The
addition of anions induced a redshift in the emission band of
the indolocarbazole fluorophore. In addition, chloride binding

View Article Online
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resulted in fluorescence enhancement, while fluoride and
acetate led to quenching.'*!

Higher-order interlocked structures have been shown to
produce interesting optical responses upon the binding of
anions. A dicationic [3]rotaxane 59 (Fig. 33) containing a
naphthalene reporter group was synthesised by chloride anion
templation and formed 1:2 host-guest complexes with the
monoanions Cl”, Br~ and AcO~, producing modest enhance-
ments of fluorescence intensity arising from the increased
rigidity of the receptor. In contrast, the addition of sulfate to a
CDCl;/CD;OD (1:1, v/v) solution of 59 initially resulted in a
1:1 stoichiometric complex with the anion bridging the two
macrocycles. The rotary flexibility of the naphthalene linker
allowed the rotaxane to fold around the sulfate guest to form a
sandwich complex, quenching the naphthalene fluorescence
through the formation of close contacts. The second equi-
valent of sulfate induced a conformational change in 59 to a
more open form, forming a 1:1 host-guest complex in which
each sulfate is associated with one macrocycle. This confor-
mational change restored the fluorescence of the naphthalene
units.'"?
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Fig. 33 A dicationic [3]rotaxane which displays an unusual optical
response to SO42 (K, > 10* M~ in 45:45: 10 CDCl3/CDs0D/D,0).

t-Bu

t-Bu

t-Bu

58

Fig. 32 A neutral indolocarbazole-containing [2]rotaxane which binds AcO~ (K, = 2.36 x 10° M™) and H,PO,;~ (K, = 2.05 x 10®> M*in 95:5
acetone-dg/D;0).
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Fig. 34 A chiral (S)-BINOL-containing [3]rotaxane with two bis(iodotriazolium) stations, which displays stereoselective binding of (S)-/(R)-glutamate
(Ks/Kr = 5.7 + 0.3) and fumarate/malonate (Kfumarate/ Kmatonate = 4.4 + 0.3) in 60 : 39 : 1 CHCl3/CH3OH/H,0.

A chiral [3]rotaxane 60, which possessed a central (S)-
BINOL unit flanked by two halogen bonding 3,5-bis(iodotria-
zole)pyridinium motifs in the axle (Fig. 34), was employed as a
sensor for dicarboxylates. The dicarboxylate guests resided in
the binding pocket between the two macrocycles, spanning the
gap between the halogen bonding sites of the axle to form 1:1
stoichiometric sandwich complexes. Significant fluorescence
quenching was observed in the presence of dicarboxylates, pre-
sumably due to the formation of close contacts between the
bridging anion and the (S)-BINOL fluorophore, whereas the
binding of smaller anions like chloride elicited much weaker
responses. 60 exhibited an impressive ability to discriminate
between both enantiomers (Ky/Kg for glutamate = 5.7 + 0.3)
and geometric isomers (Kpymarate/Kmalonate = 4.4 + 0.3) in
CHCIl;/CH;0H/H,0  (60:39:1  v/v/v). MD simulations
suggested the observed selectivity stemmed from differences
in the number of synergistic halogen and hydrogen bonding
interactions that could be formed between 60 and the respect-
ive stereo- or geometric isomers, alongside important contri-
butions from anion-solvent interactions."?
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5.2. MIMs containing metal-based luminophores

Luminescent metal complexes have also been incorporated
into the structure of MIM-based anion receptors to produce
effective optical sensors. An early example was a pair of cat-
ionic [2]rotaxanes 6la-b with rhenium(i) or ruthenium(u)
bipyridyl complexes incorporated into the macrocyclic com-
ponents (Fig. 35). The rotaxanes preferentially bound chloride
over larger oxyanions, which were unable to penetrate the
binding cavity. This preference may have been a consequence
of using a chloride template to construct the interlocked struc-
ture, producing a cavity that was complementary to the anion
template. The addition of chloride or H,PO,” induced an
increase in fluorescence intensity in both rotaxanes, with the
optical response persisting even in competitive solvent systems
containing up to 10% water.'**

A ruthenium(u) bipyridyl complex was once again inte-
grated into the macrocyclic component of a [2]rotaxane 62,
which contained permethylated p-cyclodextrin stoppers for
water solubility and exhibited a fluorescence response to
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[2]Rotaxanes with a ruthenium(i) (61a) or rhenium(i) (61b) complex integrated into the macrocycle which preferentially bind chloride (K, >

10* M~ for 61a in 9: 1 acetone/D,0 and K, = 1500 M~ for 61b in 7 : 3 acetone/D,0).
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Fig. 36 A water-soluble ruthenium(i) bipyridyl-functionalised [2]rotaxane which binds iodide (K, = 6300 M~ in water).

anions in pure water (Fig. 36). NMR studies suggested that 62
formed 1:1 receptor-anion complexes in which the anionic
guest resides in the cavity formed between the macrocycle and
axle, where it is held by convergent hydrogen and halogen
bonds. The receptor demonstrated a remarkably high affinity
for iodide (K, = 6300 M™' in water), as well as moderate
affinities for chloride (K, = 190 M™"), bromide (K, = 1020 M)
and sulfate (K, = 450 M~"). The addition of iodide and sulfate
induced modest enhancements of the ruthenium(u) MLCT
emission, attributed to rigidification of the receptor upon com-
plexation with the anions, allowing the rotaxane to be
employed as a luminescent sensor for these anions in
water.'"?

Recently, luminescent 1,3-di(2-pyridyl)benzene complexes
of Pt(u) and Ru(u) were incorporated into a range of acyclic,
macrocyclic and interlocked anion hosts (63a-f) (Fig. 37). The
acyclic Pt receptor 63a bound anions in a 1:1 stoichiometry
and underwent significant fluorescence enhancement of 60%
upon addition of chloride or sulfate, attributed to rigidifica-

N
0NH HNO (NH HN)

[M] = Pt''Cl (63a) [M] = Pt''Cl (63¢)

tion of the receptor upon anion coordination. On the other
hand, the macrocyclic analogue 63c showed a smaller fluo-
rescence enhancement due to the higher pre-organisation and
rigidity of the free receptor. Promisingly, preliminary lumines-
cent titrations of the cationic [2]rotaxane 63f with chloride
suggested that the interlocked host exhibited a significantly
higher affinity for the halide than that of the acyclic or macro-
cyclic analogues in a competitive solvent mixture of acetone-
de/D,0 (7 : 3, v/v)."°

An all-halogen bonding [2]rotaxane 64, which contains a
rhenium(i) complex integrated into the macrocyclic com-
ponent (Fig. 38), was shown to selectively bind halide ions
over a range of oxyanions. The preference for halides was
attributed to complementarity in size and shape between the
spherical anions and the binding cavity, with X-ray crystallo-
graphic studies confirming the presence of halogen bonds
between the chloride anion and the iodotriazole/iodotriazo-
lium groups. Luminescence titrations in solvent systems con-
taining up to 50% water showed an initial increase in the

N HN

Bu PFe

[M] = Pt'Cl (63e)

[M] = Ru"(ttpy) (63b) [M] = Ru'(ttpy) (63d)

Fig. 37 Anion receptors incorporating 1,3-di(2-pyridyl)benzene fluorophores 63a—f.
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Fig. 38
K, = 560 M~ in CHCls.

intensity of the rhenium(i) MLCT band in the presence of
halides, followed by fluorescence quenching when a large
excess of the anions was added.""”

A related rhenium-containing [2]rotaxane 65 (Fig. 38) was
prepared via an elegant synthetic route involving an active tem-
plate Cu-mediated alkyne-azide cycloaddition reaction
(AT-CuAAC).""® A macrocycle containing a flexible bis-iodotria-
zole motif was used to bind the copper(i) template, which pro-
moted a Cu-AAC reaction between the two stopper precursors
to yield the interlocked host. After removal of the metal tem-
plate, introduction of a more sterically-demanding rhenium(r)
complex, which coordinated to the bis-iodotriazole group in
an exotopic manner, inverted the bis-iodotriazole group so
that the halogen bond donors were directed into the macro-
cyclic cavity. 65 preferentially bound chloride over larger
halides and acetates, leading to a decrease in the broad
rhenium(1) MLCT absorption band in CHCl;.

Surprisingly, despite the useful luminescent properties of
lanthanide ions in sensing and imaging,"'® the only report of
a lanthanide-containing MIM used in optical anion sensing
was a europium-containing [2]rotaxane 66, which was syn-
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Fig. 39 A [2]rotaxane with a europium(i) complex integrated into the
macrocycle which binds fluoride (K, = 2.42 x 10°> M~ in 99: 1 acetone/
water).
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[2]rotaxanes with a rhenium() complex integrated into the macrocycle. 64 binds various halides while 65 binds chloride preferentially with

thesised via nitrite anion templation (Fig. 39)."”° Upon
removal of the nitrite template, it was found that fluoride
addition caused substantial quenching of the Eu(ur) emission
in acetone/H,O (99:1 v/v). The increase in fluorescence life-
time and changes in the intensity of the hypersensitive AJ = 2
bands in fluoride-bound 66 suggested that fluoride was co-
ordinated directly to the Eu(m) centre. Charge-assisted hydro-
gen bonds from the axle also enhanced the affinity of 66 for
fluoride, as shown by the binding strength of the macrocyclic
component alone. Nitrite and acetate led to weaker fluo-
rescence quenching, which was attributed to a different mode
of binding, wherein these anions did not directly coordinate to
the emissive Eu(m) ion but were instead associated with the
organic groups in the binding cavity.

A zinc metalloporphyrin was used as a signalling group in a
hetero-[2]catenane 67, which was synthesised via chloride
anion templation, with auxiliary contributions from aromatic
donor-acceptor interactions and pyridyl coordination to the
apical site of Zn(u) centre (Fig. 40). These interactions further

- 5
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(5} | o)
Oy, N 0
: HN

NH
\ Gy y
67

Fig. 40 A hetero-[2]catenane incorporating a zinc porphyrin chromo-
phore which selectively binds Cl™ (K, = 2144 M~ in DMSO-dg).
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served to pre-organise the interlocked cavity for chloride reco-
gnition. Crystallographic studies showed a high degree of com-
plementarity between the binding cavity and the spherical
halide, which was bound via six convergent CH-Cl and NH-CI
hydrogen bonds in DMSO. The encapsulation of chloride by
67 led to a gradual blueshift of the Soret band absorbance as
well as slight increases in emission intensity."*"

5.3. MIMs that undergo anion-induced shuttling

One of the most fascinating and useful properties of mechani-
cally interlocked systems is the ability of the components to
undergo reversible co-conformational changes in response to a
stimulus. Due to this dynamic behaviour, MIMs are regarded
as highly promising candidates for design of molecular
machines and switches.””*'* A number of MIMs that
undergo anion-induced conformational changes have been
constructed and show promise as optical anion sensors. The
majority of these systems are based on multi-station rotaxanes,
which produce a photophysical response when the macro-
cycles translocate from a photoactive station to an anion
binding station.

A simple chloride-selective [2]rotaxane 68 was synthesised
by Goldup and co-workers using AT-CuAAC (Fig. 41). In the
free receptor, strong intramolecular hydrogen bonds between
the urea station of the axle and the bipyridine group of the

Fig. 41
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macrocycle precluded the binding of anions. However, proto-
nation of the bipyridine group in acidic solutions forced the
macrocycle to move away from the urea station and onto the
adjacent triazole station. This displacement was inferred from
'H NMR experiments and confirmed by crystallographic ana-
lysis, which additionally showed the formation of a new hydro-
gen bond between the protonated bipyridine and the triazole
as well as n-m interactions between the bipyridine and the
naphthalimide stopper. The ‘freed’ urea group in the proto-
nated receptor was able to form hydrogen bonds with
various anions, exhibiting a marked preference for
chloride (K, > 10" in 1:1 CDCl;/CD;CN) and inducing a fluo-
rescence enhancement in 68. The authors postulated this was
due to a combination of receptor rigidification as well as the
formation of n—n interactions with the naphthalimide group in
the conformation adopted upon protonation of the [2]
rotaxane.'**

Lin and co-workers prepared a BODIPY-stoppered three-
station [2]rotaxane 69, containing a central dibenzylammo-
nium group and two peripheral triazolium stations
(Fig. 42)."*>'?® In acidic solution, the crown ether-based
macrocycle preferentially resides over the ammonium group, a
co-conformation stabilised by hydrogen bonds between the
ammonium NH groups and the oxygen atoms of the crown
ether. The addition of OH™ resulted in deprotonation of the

(Left) Structure of urea-containing [2]rotaxane 68; (middle) crystal structure of apo-receptor 68; (right) crystal structure of 68-HCL.

Hydrogen bonds are shown in dashed lines and all other hydrogen atoms have been omitted for clarity. 68 binds Cl™ strongly with K, > 10% in 1:1

CDCl3/CDsCN.

69

j N
N-B~f
F

Fig. 42 A BODIPY-stoppered [2]rotaxane with a central ammonium station and peripheral imidazolium anion binding stations which binds H,PO4~

(K = 3.75 x 10* M~ in CH3CN).
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ammonium group, allowing the macrocycle to instead shuttle
between the triazolium stations. The reduced distance
between the macrocycle and the BODIPY stoppers resulted in
quenching of the BODIPY fluorescence at 516 nm due to
enhanced PET from the macrocycle to the fluorophore. 69 also
underwent quenching in the presence of H,PO,” in aceto-
nitrile. However, this optical response was not a result of
anion-induced shuttling; instead, computational calculations
indicated that electrostatic interactions between the peripheral
triazolium motifs and H,PO," caused the axle component to
fold around the anion, thereby activating PET. This was con-
firmed by quenching studies conducted on the free axle,
which possessed greater flexibility and accordingly displayed a
higher binding constant (K = 4.80 x 10* M™") than the [2]rotax-
ane (K=3.75x 10" M),

The first true example of an optical anion sensor that pro-
duces a colorimetric response through the controlled, anion-
induced translocation of a macrocycle along a multi-station
axle is a pair of naphthalene diimide (NDI)-containing [2]rotax-
anes 70a-b (Fig. 43).">” The rotaxanes differ in the binding
motif present in the axle, with 70a containing a triazolium
station for hydrogen bonding, while 70b contains an iodotria-
zolium for halogen bonding. In the presence of the non-coor-
dinating anion PFs~, the macrocycle resides predominantly on
the NDI station due to the formation of stable charge transfer
interactions between the electron-poor NDI and the electron
rich hydroquinone groups of the macrocycle. The addition of
halides favours a translocation of the macrocycle to the triazo-
lium or iodotriazolium station, which allows the isophthali-
mide group to participate in encapsulation of the guest. The
loss of the donor-acceptor charge transfer interactions
between the NDI units and the macrocycles in the resulting
complex leads to a naked eye colour change from orange to col-
ourless. NMR studies were used to estimate the percentage
occupancies of the stations in the presence of different anions.
When iodide was added, the halogen bonding rotaxane 70b
exhibited significantly higher positional integrity in 1:1
CDCl;/CD;0D, with an iodotriazolium occupancy of 63%,
compared to only 37% for the proto-triazolium in 70a, thereby

0

N
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demonstrating the superiority of halogen bonding for anion
binding.

The use of dynamic higher-order interlocked structures has
proven to be a fruitful avenue of research, yielding a series of
sophisticated and elegant anion sensors. One example is a
four-station [3]rotaxane 71 that exhibited selectivity for nitrate
(Fig. 44), which is challenging to target due to its lower affinity
for hydrogen bonds and high degree of solvation. In the free
receptor, the two macrocycles symmetrically occupied the
naphthalene diimide (NDI) stations of the axle, as shown by
"H NMR and 2D 'H ROESY NMR studies in CDCI;/CD;0D
(1:1, v/v). Upon addition of nitrate, the macrocycles undergo a
concerted pincer motion from the peripheral NDI stations to
the central halogen bonding iodotriazolium stations, with an
accompanying discolouration of the solution in CHCl;. The
preference for nitrate over halides and more basic oxyanions
such HCO;~ and H,PO,” was attributed to complementarity
between the triangular geometry of the nitrate anion and the
arrangement of the binding motifs in the three-dimensional
cavity of 71. Once again, halogen bonding interactions proved
to be superior for anion recognition, with the hydrogen
bonding analogue of 71 exhibiting a lower affinity for nitrate.
This suggests that the stricter preference for a linear geometry
in the halogen bonding interaction was instrumental in creat-
ing a geometrically-defined binding site.'*®

A hetero-[3]catenane 72, comprising a large four-station
central macrocycle and two smaller isophthalamide-containing
macrocycles (Fig. 45), was constructed by chloride anion tem-
plation. The central macrocycle contains a tetrachloro-functio-
nalised perylene diimide (PDI) unit as well as two triazolium
anion-binding stations. The free receptor exhibited solvent-
dependent co-conformational changes; in aprotic solvents like
CHCl;, the smaller macrocycles reside predominantly on the
triazolium stations, while the introduction of a polar protic
solvent like CH3;OH induces circumrotatory motion of the
small macrocycles to the two naphthalimide subunits of the
PDI. This change in co-conformation was accompanied by a
naked eye colour change from orange to red. The anion
binding properties of 72 were thus investigated in 3:1 CHCl;/

O
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0 )
: X
&
[()
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Fig. 43 NDI-containing [2]rotaxanes with a prototriazolium (70a) or iodotriazolium (70b) anion binding station.
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71
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Fig. 44 A nitrate-selective [3]rotaxane with iodotriazolium anion binding stations and NDI chromophores. 71 binds NOs~ with K, = 1782 Mt in1:1
CDCl3/CD3OD while the hydrogen bonding analogue exhibits a lower K, of 653 M™%,

Fig. 45 A hetero-[3]catenane incorporating a perylene diimide
chromophore. 72 binds various anions as a 1:2 host—guest complex
with highest affinity for Cl™ (K; = 1.55 x 10* M~* and K, = 1.58 x 10> M~*
in 3:1 CHCl3/CH3OH).

CH;0H, where the small macrocycles preferentially reside on
the PDI unit. 72 was found to bind chloride in a 1:2 host-
guest stoichiometry, with an accompanying colour change
from red to orange. This is consistent with the loss of intra-
molecular interactions between the PDI stations and the
hydroquinone groups of the small macrocycles, indicating that
chloride binding to the triazolium units induced the concomi-
tant movement of the small macrocycles to the triazolium
binding sites. A significant enhancement of the PDI fluo-
rescence was also observed upon chloride binding in a solvent

4672 | Org. Biomol. Chem., 2021,19, 4652-4677

mixture of 45:45:10 CHCIl;/CH;0H/H,0, allowing 72 to be
used as a fluorescent anion sensor in competitive media.**’

An exotic fullerene-containing four-station [3]rotaxane 73
was shown to undergo dynamic shuttling and photophysical
changes in the presence of chloride (Fig. 46). The axle com-
ponent comprised a central Cg( fullerene bis-triazolium motif
flanked by two peripheral NDI stations, while the two macro-
cycles contained isophthalamide binding motifs tethered to
ferrocene groups. The [3]rotaxane adopted two distinct co-con-
formations mediated by anion binding; in the presence of the
non-coordinating anion PFs , the ferrocenyl macrocycles
reside predominantly on the NDI stations, while addition of
chloride induced a translational motion of the macrocycles to
the central bis-triazolium stations. In the co-conformation
adopted in the PF4~ salt of 73 in CHCI; solution, NDI emission
is quenched due to PET from the ferrocenyl groups to the NDI
stations. In the chloride-bound [3]rotaxane, the shuttling of
the macrocycles to the central fullerene unit results in the for-
mation of a Cgo fullerene-based charge-separated state and
also precludes ferrocenyl-NDI electron transfer, thereby switch-
ing on NDI emission."*’

5.4. MIMs that undergo anion-induced dissociation

The anion-triggered dissociation of MIMs into the respective
axle and macrocyclic components can lead to a turn-on of fluo-
rescence arising from the separation of a fluorogenic unit from
a quencher. Reversible dissociation was first demonstrated
using a pseudorotaxane 74 comprising an NDI-based axle with
no stoppers and an isophthalamide naphthohydroquinone-
containing macrocycle (Fig. 47). Although 74 is not strictly a
MIM due to the lack of mechanical bonds in the structure, in

This journal is © The Royal Society of Chemistry 2021
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Fig. 46 A fullerene-containing [3]rotaxane with appended ferrocene units.

[NH
N Y2\
0
ko
0
| W\

74

Fig. 47 Pseudo-rotaxane assembly that undergoes anion-triggered
dissociation.

the absence of an anion, the axle was threaded through the
macrocycle to form a coloured pseudorotaxane stabilised by
charge transfer interactions between the NDI unit and the
naphthohydroquinone groups. Addition of various anions,
including sulfate, benzoate, fluoride, chloride and H,PO, ,

NO,

75

Fig. 48 Fluoride-selective self-immolating rotaxanes.

This journal is © The Royal Society of Chemistry 2021
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73 t-Bu—

t-Bu

displaces the NDI axle by formation of hydrogen bonding
interactions with the isophthalamide group, resulting in a dis-
coloration of the solution in CHCl,."*!

Jasti and co-workers synthesised a self-immolating [2]rotax-
ane 75 capable of selectively sensing fluoride (Fig. 48)."** The
macrocyclic component of 75 was a fluorescent carbon ‘nano-
hoop’ while the asymmetrical axle is stoppered by a fluo-
rescence-quenching 3,5-dinitrobenzyl unit and a fluoride-clea-
vable triisopropylsilane (TIPS). The intact [2]rotaxane is non-
fluorescent in CHCI; due to the proximity of the quencher to
the macrocyclic fluorophore. The addition of fluoride pro-
moted cleavage of the TIPS stopper, allowing rapid de-thread-
ing of the axle from the macrocycle. The separation of the
macrocycle from the quencher resulted in a dramatic 123-fold
enhancement of fluorescence. A similar concept was employed
by Zhu and co-workers using synthesised a [2]rotaxane 76 with
a pillar[5]arene-based macrocycle and a silane-stoppered axle
(Fig. 48). As before, disassembly of the rotaxane in the pres-
ence of fluoride restored the fluorescence of the pillar[5]arene
in DMSO/THF (1: 1, v/v). A simple test kit was made by adsorb-
ing 76 onto strips of filter paper, which exhibited fluorescence
turn-on when dipped in THF solutions containing fluoride."*?

NO

O:\J.'Av
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6. Conclusions

This review highlights the significant progress that has
been achieved in the development of optical anion sensors
based on macrocyclic and interlocked hosts over the past
two decades. A plethora of fluorogenic and chromogenic
signalling units, both organic and metal-based, have been
integrated into macrocyclic hosts to produce a range of
optical responses to anion binding, including ‘naked eye’
colour changes and fluorescence enhancement/quenching.
Sensors capable of distinguishing between different anions
have also been developed; while the majority of these
systems rely on multi-sensor arrays, a notable bis-calix[4]
pyrrole-appended phenazine that uses vibration induced
emission to differentiate dicarboxylates of varying length
has also been reported.*”

While the majority of macrocyclic hosts rely on hydrogen
bonding or electrostatic interactions for the recognition of
anions, recent years have seen increased use of other non-
covalent interactions, such as halogen bonding and anion-n
interactions. Halogen bonding motifs have been shown to sig-
nificantly enhance the strength and selectivity of anion
binding in competitive media. Moving forward, we foresee the
development of potent halogen bonding motifs and their
incorporation into anion receptors to tackle the challenge of
achieving strong anion binding in water.

Mechanically interlocked molecules have emerged as
highly promising candidates for optical anion sensing due
to the presence of three-dimensional binding cavities that
can be exploited to provide shape and size complementarity
to target anions. Future developments in MIM-based anion
sensors may exploit the three-dimensional nature of the
binding cavities to selectively detect environmentally-rele-
vant oxyanions such as nitrate, which are challenging
targets due to their high solvation and complex geometries.
The propensity of interlocked systems to undergo anion-
induced shuttling also provides a novel means of producing
an optical response, as exemplified in a series of sophisti-
cated anion sensors based on [3]rotaxanes and [3]catenanes.
There is great scope to exploit the switchable nature of
MIM-based molecular shuttles in the design of complex
sensors and devices, and we foresee exciting developments
in this direction.
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