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We have prepared a series of MyL¢ tetrahedral cages containing BODIPY and pyrene moieties

and followed their guest-binding properties through electronic absorption and fluorescence
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spectroscopies. Our results indicate that these cages are capable of encapsulating anions,

leading to colour and fluorescence changes; the use of fluorescence spectroscopy thus allowed
for guest detection at nanomolar concentration. On the basis of our observations, we developed
an inexpensive test-paper strip assay for easy and practical detection of anions. These cages
were also found to encapsulate polycyclic aromatic hydrocarbons such as perylene. By
manipulating the concentration of host and guest species, we developed a white-light-emitting
ensemble. Additionally, these metal-organic cages were observed to react with amino acids,
allowing the sensing of these analytes. These multi-functional cages’ interactions with light thus

enable new applications.

Introduction

Recent research on complex supramolecules has been
driven not only by interest in the design of increasingly
complex forms, but also by their wide-ranging applications.*™*°
Among supramolecules, metal-organic assemblies have gained
particular attention. They can be synthesized easily through
designed coordinative interactions involving preformed
ligands,**" or through subcomponent self-assembly in which
the ligands are prepared in situ from precursors.®! Moreover,
an appropriate selection of building blocks allows properties to
be tailored for diverse applications.?? Hollows may thus be
incorporated, allowing for the exploration of host-guest
functionality. Recent examples include the stabilization of
reactive species,®® ¥ catalysis,®®?%" photoreactions,?®*° and
selective recognition of substrates.

Even though metal-organic capsules are known to
encapsulate and stabilize guest molecules within their cavities,
their utility as molecular sensors has only begun to be
explored.®*® This is partly because NMR spectroscopy is used
in the majority of cases for analysing host-guest binding.
Although NMR spectroscopy is one of the most versatile
experimental techniques for interpreting molecular interactions,
it is less sensitive than other techniques.** Optical
spectroscopies, such as electronic absorption and fluorescence,
have inherently higher sensitivity than NMR and are widely
utilized for studying host-guest interactions.***” Therefore, we
reasoned that a metal-organic capsule incorporating

31-36

This journal is © The Royal Society of Chemistry 2013

fluorophores would provide an ideal platform to study guest
encapsulation at lower concentrations, thereby allowing the
sensitivity limits of molecular recognition in these systems to
be probed. In addition, the subcomponent self-assembly method
would enable incorporation of multiple chromophores site-
selectively.

Herein, we describe the synthesis of a series of fluorescent
metallo-supramolecular capsules containing 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene (BODIPY) and pyrene residues.
These fluorophores were selected on the basis of their useful
photophysical properties and established optoelectronic
applications.*®** BODIPY and pyrene moieties were
incorporated into amine and aldehyde building blocks 1 and 2,
respectively, which then underwent subcomponent self-
assembly involving the simultaneous formation of both
dynamic covalent (C=N) and coordinative (L—M) bonds to
yield metal-organic cages 4-6 (Scheme 1). We observed
significant changes in the optical properties of both
chromophores upon cage formation. Subsequent investigations
of guest binding indicate that these cages are able to detect
nanomolar concentrations of anionic substrates. On the basis of
our observations, we developed a test-paper strip assay for the
straightforward visual recognition of anions. Furthermore, we
discovered that the cage 5 interacts with perylene, thereby
leading to a white-light-emitting ensemble. Finally, these cages
have been employed for the optical sensing of amino acids,
which takes advantage of the dynamic nature of bonds between
subcomponents. This process proceeds through the analyte-
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induced rupture of the cages. Our results demonstrate that cage
frameworks synthesized from a set of simple building blocks
can perform multiple functions and thus highlight the utility of
subcomponent
materials.
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Scheme 1. Subcomponent self-assembly of the bis(aminophenyl)BODIPY 1 to
form MylLe cages. The structure of only one edge is shown for clarity.

RESULTS AND DISCUSSION

Subcomponent Syntheses and Cage Preparation

The syntheses of subcomponents 1 and 2 were
accomplished as shown in Scheme 2. Following a reported
procedure, 8-mesityl BODIPY (7)°* was brominated using N-
bromosuccinimide (NBS) to yield dibromo derivative 8, which
subsequently underwent coupling with 4-nitrophenylboronic
acid under Suzuki-Miyaura conditions to yield bis(nitrophenyl)
BODIPY 9.5 The linear bis(aminophenyl) BODIPY 1 was
obtained by reducing the bis(nitrophenyl) BODIPY derivative 9
using dihydrogen in the presence of Pd/C as catalyst. Similarly,
commercially available pyrene-1-boronic acid (10) and 5-
bromo-2-formylpyridine (11) were joined via Suzuki-Miyaura
cross-coupling to yield pyrene-appended formylpyridine (2) in
65 % yield.
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Scheme 2. Syntheses of (A) bis(aminophenyl)BODIPY 1 and (B) pyrene-appended
formylpyridine 2. Reaction conditions: (i) NBS, 1 : 1 DCM : DMF, 25 °C, 8 h, 80 %;
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(ii) 4-nitrophenylboronic acid, Pd,(dba)s-CHCls, 'BusP-HBF,, Cs,COs, THF : water,
25 °C, 24 h, 65 %; (iii) Hy/Pd-C, methanol, 25 °C, 5 h, 95 %; (iv) Pd(PPhs),, aq.
NaOH (1 M), toluene, 100 °C, 30 min, 200 W microwave, 65 %.

UV-Vis absorption and fluorescence spectra of the
subcomponents 1 and 2 are presented in Fig. SI1.
Bis(aminophenyl)BODIPY 1 exhibited an intense green colour
and the absorption peak corresponding to its So — S; transition
was broad and bathochromically shifted (1mac = 655 nm),
whereas its fluorescence was completely quenched. This
behaviour contrasts with the commonly-observed sharp
absorption and emission spectra for most BODIPY
derivatives.*® * However, both the absorption and fluorescence
properties of 1 were comparable to a previously reported
bis(N,N-dimethylaminophenyl)BODIPY derivative®* and could
be explained by invoking an intramolecular charge transfer
(ICT) state involving the aminophenyl units and the BODIPY
core in 1.52:%3

The optical spectroscopic features of the pyrene appended
2-formylpyridine (2) were also unusual. In comparison to the
parent fluorophore pyrene, the UV-Vis absorption spectrum of
2 lacked the characteristic vibrational structure; a plateau was
instead observed in the region from 340 to 355 nm in
acetonitrile. Similarly, the fluorescence spectrum of 2 was
broad with an emission maximum at 525 nm and lacked the
characteristic vibrational structure. The fluorescence quantum
yield (&) of 2 was found to be 0.16. In order to understand the
optical properties of 2, we investigated the effects of solvent
polarity and temperature (Fig. S2 and S3). We observed a
bathochromic shift in the emission maximum of 2 with an
increase in solvent polarity. Similarly, the emission maximum
of 2 was found to vary at different temperatures — we observed
an emission maximum of 530 nm at 10 °C which underwent a
hypsochromic shift on increasing the temperature to 513 nm at
80 °C. However, both the solvent polarity and temperature had
negligible effects on the excitation spectra of 2. On the basis of
these observations and previous reports,> we assign the broad
red-shifted emission in 2 to an intramolecular exciplex-type
state.

Scheme 1 depicts the subcomponent self-assembly of
bis(aminophenyl)BODIPY 1 with 2-formylpyridines 2 and 3
and the metal ions Fe" and Zn". The reaction between 1 and 2-
formylpyridine (3) together with iron(ll) trifluoromethanesul-
fonate (triflate, -OTf) or zinc(ll) di[bis(trifluoromethylsulfonyl)
imide] (triflimide, -NTf,) in acetonitrile yielded cages 4 and 6,
respectively, as the exclusively-observed products. Similarly,
the reaction of 1 with pyrene-appended formylpyridine (2) and
Fe(OTf), afforded the corresponding cage 5. The identities of
these MyLg cages were established by one- and two-
dimensional NMR and mass spectrometry (Fig. 1, $4-59). 'H
and °F NMR spectra of 4-6 were consistent with complex
mixtures of diastereomeric products having A and A
configurations at the metal stereocenters, as has been
previously observed.® 5557

This journal is © The Royal Society of Chemistry 2012
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Fig. 1. Partial "H NMR spectra of (A) cage 4 and the subcomponents (B) 1 and (C)
3 in CD3CN.

In order to visualize the cages’ geometries, we employed
molecular modelling.*® The energy-optimized structures of 4-6
(Fig. 2) were analogous to those of previously reported MyLg
cages.’® Models indicated that the mesityl groups of the
BODIPY moieties could point into the cavities, out of them, or
in any direction in between these two extremes, which we infer
to add additional complexity to the observed NMR spectra.
Possibly due to this stereochemical diversity in solution, our
efforts aimed at growing single crystals of the cages were
unsuccessful.

Metal-ion-mediated self-assembly brought about changes to
the optical properties of the BODIPY chromophore. As
compared to subcomponent 1, cages 4-6 exhibited sharper S, —
S; transitions and the absorption maxima were shifted into the
shorter wavelength region (A2 = 70 to 100 nm, Fig. S1).
Moreover, the fluorescence of the BODIPY moiety was
“turned-on” during self-assembly and the quantum yields of
fluorescence were found to be @& = 0.012, 0.015 and 0.055 for
4-6, respectively. Cage formation also influenced the
absorption and fluorescence properties of the pyrene moiety in
2. We observed a blue shift of ca. 10 nm in its absorption
maximum whereas a new shoulder was observed in the
fluorescence spectrum around 400 nm. Moreover, the
fluorescence quantum vyield of cage 5 was significantly
diminished (ca. 10-fold) as compared to that of the
subcomponent 2. The changes in the optical properties of the

Chemical Science

subcomponents upon cage formation could be attributed to the
disruption of ICT/exciplex states during imine formation.

Interaction with Anions

The favourable optical properties of metallo-supramolecular
cages 4-6 led us to investigate their interaction with a variety of
prospective guests. As shown in Fig. 3A, the titration of
tetrabutylammonium acetate into a solution of 4 in acetonitrile
resulted in a gradual decrease in the absorbance at 555 nm with
a concomitant increase in longer-wavelength absorption.
Isosbestic points were observed at 588, 464, 268 and 252 nm.
When the concentration of acetate exceeded that of the cage, we
observed a shift in the absorption maximum from 555 to 606
nm. In the emission spectrum, the addition of acetate resulted in
a regular increase in the fluorescence intensity at 653 nm. In the
presence of excess acetate, we observed a ca. 25-fold increase
in the fluorescence intensity along with a bathochromic shift of
~5 nm (Fig. 3B). The changes in both the absorption
(bathochromic shift) and fluorescence (enhancement in
intensity) enabled visual dual-mode recognition of acetate
(insets of Fig. 3A and 3B). Importantly, these optical changes
were sufficient to allow the detection of nanomolar
concentrations of acetate.

Subsequently, titrations were carried out with other anions
to investigate if cage 4 exhibited selectivity towards other
anions. As shown in Fig. 1C, acetate and azide induced
significant enhancements in the fluorescence of 4, whereas
moderate responses were obtained with fluoride and chloride.
However, only negligible changes were observed in the
fluorescence of 4 upon the addition of bromide, iodide, nitrate,
hexafluorophosphate, triflate, perchlorate and tetrafluoroborate.
The observed anion binding affinities of 4 could be attributed to
the relative nucleophilicity and hydrogen-bond acceptor
strength of the guests.>® To gain insight into the interaction
between 4 and anions, we carried out NMR titrations of 4 with
acetate and azide. Although the H NMR spectrum of 4
exhibited negligible changes in the presence of these anions
(Fig. S10) we observed deviations in the chemical shifts of the
fluorine atoms of the BODIPY groups in its °F NMR spectrum
(Fig. S11), thereby confirming the interaction of the cage with

acetate.

Fig. 2. Energy minimized structures of cages 4-6 obtained at the MM2 level using CAChe Workspace.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. Changes in the (A) UV-Vis absorption and (B) fluorescence spectra (Aex = 590 nm) of 4 (67 nM) with the addition of tetrabutylammonium acetate (0-5.77 uM) in
acetonitrile. Insets of (A) and (B) show photographs of 4 (67 nM) in acetonitrile in the absence and presence of acetate (5.77 uM). (C) Relative changes in the
fluorescence intensity of 4 (67 nM) at 653 nm in the presence of selected anions. (D) Photographs of a filter paper test-strip coated with 4 and (E) the same strip after

dipping the bottom half in an aqueous solution of sodium azide (1 mM).

Taking advantage of the clear changes in the optical spectra
of 4 in the presence of anions, we devised a test-paper strip test
for the visual detection of anions. The strip was prepared by
dip-coating an acetonitrile solution of 4 onto commercially
available Whatman filter paper. Upon exposure to a 1 mM
aqueous solution of strongly interacting anions such as acetate,
azide, fluoride or chloride, the strip changed colour from purple
to greenish-blue (Fig. 3D and 3E). Thus, this test-paper strip
assay serves as a rapid and straightforward technique for the
qualitative detection of certain anions in aqueous media.®

In order to compare the guest binding capabilities of 4 with
those of related cages, we carried out optical titrations of 5 and
6 with anions. Cages 5 and 6 have tetrahedral molecular
geometries analogous to that of 4 and are expected to behave
similarly to 4. As anticipated, the addition of acetate to an
acetonitrile solution of 5 resulted in a significant bathochromic
shift in its absorption maximum (Fig. S12). Similarly, the
fluorescence response of pyrene-containing 5 towards acetate
was comparable to that of 4. As shown in Fig. S12, we
observed that the addition of excess acetate resulted in 28-fold
enhancement in fluorescence intensity at 653 nm when excited
at 590 nm (corresponding to the absorption maximum of the
BODIPY moiety). However, under identical conditions, we
observed negligible changes in the fluorescence intensity of the
pyrene moiety of 5 when excited at 333 nm (inset of Fig. S12).

We then investigated the interaction between Zn" cage 6
and selected anions. The addition of acetate to a solution of 6 in
acetonitrile resulted in a significant bathochromic shift in the
absorption maximum from 559 to 606 nm (Fig. S13), which is
comparable to the changes observed with 4 and 5. However, the
fluorescence response of 6 differed significantly from those of
4 and 5; we observed negligibly small enhancement in the
fluorescence intensity of 6 upon the addition of acetate (Fig.
S14-S15). As the fluorescence quantum yield of 6 is inherently
higher than that of 4, acetate appears not to further enhance this
fluorescence through binding. We have also investigated the
interaction of the subcomponent 1 with anions. In contrast to
the observations with cages 4-6, addition of acetate to 1
resulted in minor changes in its absorbance (Fig. S16).

4| J. Name., 2012, 00, 1-3

The presence of six BODIPY moieties in the cage
architecture increased the molar absorptivity of the cages as
compared to single-fluorophore systems. This enabled us to use
dilute solutions of the cages for optical titrations. In order to
understand if the cages were stable at these low concentrations,
we monitored time-dependent changes in the optical spectra of
cage 4 alone and also in the presence of the metal ion-chelating
agent disodium ethylenediaminetetraacetic acid (EDTA). As
shown in Fig. S17, the absorption maximum of 4 shifted to 607
nm in the presence of EDTA which indicates the de-
coordination of the BODIPY-imines from the metal centre. In
contrast, the optical spectra remained unperturbed in the
absence of EDTA thereby indicating the presence of a stable
cage at nanomolar concentrations.

The following three observations are relevant in
understanding the interaction between cages and anions: First,
changes observed in the absorption spectra of cages 4-6
following the addition of acetate were similar and the same
absorption maxima were observed for 4-6 in the presence of
excess acetate (Fig. S13). This indicates that all three cages
interact with guests in a similar fashion. Second, subcomponent
1 was not observed to interact with anions (Fig. S16), thereby
highlighting the importance of positive charges as well as the
three-dimensional cavities of cages for anion recognition.
Third, the absorption spectrum of cage 4 in the presence of
acetate resembles that of 4 in the presence of EDTA (Fig. S13
and S17). Hence, it is plausible that addition of anions could
lead to partial de-coordination of the ligands. However, the
enhancement in the fluorescence of cage 4 in the presence of
anions was significantly higher than was induced by EDTA
(Fig. 3B and Fig. S17), which suggests that anions interact
strongly with cages rather than merely de-coordinating the
ligands. Finally, even in the presence of larges excess of anions,
we did not observe the red-shifted absorption spectrum
characteristic of the subcomponent 1 (/s = 655 nm). This led
us to infer that the cages remain intact after binding anions. On
the basis of the above observations we hypothesize that the
cage structure was essential for anion recognition. We attribute
electrostatic and anion-n interactions to be the driving forces

This journal is © The Royal Society of Chemistry 2012
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behind the recognition event.5:*” The observed red-shift in the
absorption spectra of 4-6 in the presence of anions could be
attributed to the perturbation of the ligands’ 7 orbitals due to
anion-m interactions.

Cage 5 contains two types of fluorophores, arranged both
along the edges and at the vertices of the cage. The binding of a
guest within the cavity of the cage is expected to induce
selective changes in the optical properties of the chromophores
along the edges rather than those outside the vertices. In
keeping with this inference, we observed significant
enhancement in the fluorescence of BODIPY, whereas the
pyrene fluorescence remained unperturbed (Fig. S12). This
observation, together with the perturbation of the °F NMR
signals of the BF; groups (Fig. S11), suggests that anions could
be bound within the cage cavity, which is a commonly
observed binding mode for this class of molecules.® 245

White-Light-Emitting Ensemble

As presented above, by following the subcomponent self-
assembly pathway, we have effortlessly synthesized
supramolecular metal-organic cages from simple building
blocks and have incorporated multiple chromophores in a single
cage framework. Moreover, our preliminary results indicate
that minor modifications in the cage structure (eg. identity of
M'" or guest binding) result in significant variations in their
fluorescence properties. Therefore, these systems could be
envisaged to have photophysical applications and may be
considered as complementary to multi-chromophoric systems
whose syntheses involve multi-step organic transformations.®®
% In this context, we set out to fine-tune the fluorescence output
from these cages as a function of guest binding. With this
objective, we carried out optical titrations of cage 5 with the
polycyclic aromatic hydrocarbon (PAH) perylene. The addition
of perylene to a solution of 5 in acetonitrile resulted in
hypochromicity of the absorption at 555 nm (Fig. S18). In
contrast, the absorbance corresponding to the pyrene moiety in
the region between 340-355 nm remained unaffected. During
fluorescence titrations, when 5 was excited at 590 nm (where
the excitation energy was exclusively absorbed by the BODIPY
chromophore), we observed an enhancement in fluorescence
intensity. When an excitation wavelength of 333 nm was used
(absorbed by both pyrene and BODIPY fluorophores), the
fluorescence from the pyrene moiety at 525 nm remained intact
whereas the BODIPY fluorescence exhibited an enhancement
in intensity. Titrations carried out with naphthalene, anthracene
and pyrene suggest that 5 exhibits similar low binding affinity
towards these other PAHs without significant selectivity (Fig.
S19).

Titration of perylene into cage 5 provided the following
observations: Initial aliquots of perylene increased both red and
blue emission, but once the cage cavity had been filled, only
blue emission was enhanced upon further additions of perylene
(Fig. S18), allowing the colour of emission to be tuned. Thus,
as shown in Fig. 4, the fluorescence from a mixture of 5 and
perylene in 1:3 ratios had equivalent intensities in the blue,
green and red regions of the electromagnetic spectrum. This

This journal is © The Royal Society of Chemistry 2012
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emission spectrum was broad and covered the entire visible
region leading to white light emission with a fluorescence
quantum yield of &g = 0.11. When the emission spectral data
were mapped onto chromaticity coordinates on a Commission
Internationale de 1’Eclairage (CIE) 1931 colour space
chromaticity diagram, we obtained values of (0.30, 0.36) for the
(%, y) coordinates.
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Fig. 4. (A) Fluorescence spectrum with photograph and (B) the CIE coordinates
for a mixture of 5 (110 nM) and perylene (330 nM) in acetonitrile. Aex = 365 nm.

The cage architecture and the changes in its fluorescence
upon interacting with perylene were critical in generating pure
white light. Pyrene moiety in cage 5 contributes towards the
green region of the spectrum whereas the BODIPY moiety in
(guest-free) cage 5 has a minor contribution in the red region.
Perylene adds the blue emission and importantly enhances the
emission intensity of the BODIPY moieties in the red region
thereby enabling white emission. The enhancement in the
fluorescence of the BODIPY moiety in the presence of perylene
could be attributed to excitation energy transfer from perylene
to BODIPY.” The importance of cage and the bound perylene
for white light emission was further exemplified in a control
experiment wherein the fluorescence from a mixture of 1, 2 and
perylene has been recorded (Fig. S20). This solution exhibited
fluorescence in the blue and green regions and the
corresponding (X, y) coordinates on the CIE diagram were
found to be (0.24, 0.33). This solution, however, lacked
emission in the red region which can only be generated from
the perylene-bound cage. Thus, by combining the
photophysical and guest-binding properties of cage 5, we have
developed a new strategy for tuning colour of light emission.

Assignment of the mechanism of interaction between 5 and
PAHs is challenging, due to the significantly lower
perturbations to the host’s absorption and emission spectra in
the presence of these prospective guests. As the addition of
perylene to 5 resulted in negligible changes in the fluorescence
from pyrene and a moderate enhancement in the emission
intensity from BODIPY, we assume that perylene could be
selectively interacting with the BODIPY moieties of 5. The
driving force for the interaction between 5 and perylene is
inferred to be the n-n stacking between perylene and BODIPY.
As such stacking interactions are known to be weaker in non-
aqueous solvents,®® the smaller variations in the absorption and
emission spectra upon the addition of perylene are not
unexpected. Furthermore, neutral perylene (as compared to the

J. Name., 2012, 00, 1-3 | 5
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negatively charged anions) is expected to bind weakly to the
positively-charged cages.

Self-destructive Amino Acid Recognition

Reaction-based chemical indicators are systems wherein
substrate-triggered reactions are used to signal the presence of a
given analyte.”"® In general, the reaction of the indicator with
the analyte results in a structural change that leads to
measurable changes in the optical properties of the indicator.”
" Previous reports indicate that supramolecular assemblies can
undergo subcomponent exchange with added aldehydes or
amines.””"® The feasibility of such exchange processes was
found to be dependent on the relative reactivities of the
subcomponents in question. Therefore, we anticipated that the
reaction of M,Lg cages with suitable amines would liberate the
bis(aminophenyl)BODIPY 1, which could serve as a signalling
event for amine detection.

In order to verify this hypothesis, we studied the interaction
of 4 with selected amino acids. Thus, titration of cysteine into a
solution of 4 resulted in a regular decrease in the absorbance at
555 nm along with the emergence of a broad peak in the region
between 625-725 nm with an isosbestic point at 606 nm (Fig.
5). Similarly, the fluorescence spectrum of 4 exhibited an initial
enhancement in intensity with the addition of cysteine. On
standing for ca. 5 hours, the absorption spectrum of a mixture
of 4 and cysteine resembled that of the free subcomponent 1
and the fluorescence of the solution had been completely
quenched. The corresponding changes in the fluorescence
titration data of 4 with other amino acids are shown in Fig. S21.
Different amino acids interacted with 4 in a similar fashion to
cysteine, but with varying rates of reaction. These absorption
and fluorescence titration data are consistent with the reaction
of amino acids with 4 leading to the release of 1.
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Fig. 5. Changes in the (A) absorption and (B) fluorescence spectra of 4 (52 nM)
with the addition of cysteine (0-161 pM) in 50% acetonitrile-water mixture. A, =
610 nm. Dashed trace in (A) shows the absorption spectrum of the mixture after
5 hours.
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On the basis of these data, we infer that the addition of an
amino acid to a solution of 4 initially resulted in a transient
complex [4-amino acid] having higher fluorescence as
compared to the cage. This event was followed by the
substitution of the BODIPY-based imines to generate amino
acid-centered imines, leading to the formation of the
corresponding amino-acid-based mononuclear complexes
(Scheme 3). Simultaneously, bis(aminophenyl)BODIPY 1 was
released, which accounts for the red-shift in absorption and loss
of fluorescence. 'H NMR titrations provided further evidence in
support of this mechanism (Fig. 6). The addition of 2
equivalents of cysteine to a solution of 4 resulted in peaks
corresponding to free 2-formylpyridine, which indicates the
dissociation of the cage. Subsequently, when the concentration
of amino acid was in large excess relative to that of the cage,
we observed a NMR spectrum consistent with that of the free
subcomponent 1 along with the formation of an insoluble
precipitate. We infer the precipitate to contain the mononuclear
Fe'' complex formed from cysteine and 2-formylpyridine. This
experiment thus exploits the dynamic nature of the cages’ imine
bonds for detecting amino acids through a reaction based
indicator approach, wherein the imines in 4 were transformed
into the linear bisamine 1 by reaction with amino acids. The
accompanying colour changes served to signal the analyte’s
presence.

@'
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\_/ 4
RNﬁOH R
NH, +
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Fluorescence: "High" /2\
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Scheme 3. Schematic representation of amino acid recognition by 4.
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Fig. 6. Partial 'H NMR spectra of cage 4 following the addition of (A) 2 and (B)
100 equivalents of cysteine in 50% CD3;CN-D,0 mixture.

This journal is © The Royal Society of Chemistry 2012
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Table 1. Guest Binding Properties of Cage 4

Guest Mode of Binding  Colour Fluorescence
Interaction Affinity  Change change
. . . Purple Strong
Anions Encapsulation High to blue enhancement
Polycyc_llc _ Weak
aromatic Encapsulation Low -
enhancement
hydrocarbons
Amino acids Reaction - Purple Completely
to green quenched
Conclusions

We have synthesized a series of fluorescent metallo-
supramolecular cages by incorporating BODIPY and pyrene
fluorophores. Individual subcomponents exhibited useful
optical spectroscopic properties that underwent well-defined
changes upon cage formation. Investigation of the guest
binding properties of these cages, as noted in Table 1 for the
most versatile exemplar, cage 4, indicated that they (i) were
capable of reporting on nanomolar concentrations of anions,
which led to the development of a test-paper strip assay for the
visual detection of anions; (ii) could form a white light emitting
ensemble with perylene; and (iii) functioned as reaction-based
indicator for the visual recognition of amino acids. The novelty
of the systems presented herein is that metallo-supramolecular
cages synthesized from the same building blocks are capable of
performing multiple functions. These systems thus provide a
foundation upon which future practical applications can be
built, such as new chemoselective sensors, through the
immobilization of such cages on polymer substrates.
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