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of Chemistry The selective recognition of carboxylates in water, the biological solvent, could have various applications in
biology and medicine. Of particular interest is the design of antibiotics which mimic the glycopeptides such
as vancomycin through binding C-terminal peptide units involved in bacterial cell wall synthesis. Here we
report a general approach to carboxylate receptors with structures capable of encapsulating and
interacting with all parts of their substrates. The synthesis involves elaboration of a diamino bridge unit
into a bicyclic system incorporating a tetralactam anion binding site. Water-solubility can be achieved in
a final step which introduces two dendrimeric nonacarboxylate units via Cu()-catalysed azide-alkyne
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Introduction

The design of receptors for anions in water is a challenging task,
especially if one wishes to avoid using Lewis acids or positive
charges.”™ Good solutions are available for the more hydro-
phobic anions,*® but charge-neutral receptors which target
hydrophilic oxoanions are still very rare.”'® Among anionic
targets, the carboxylate group is especially prevalent in biology,
appearing in proteins and peptides, oligosaccharides and many
other biochemicals. Selective carboxylate receptors could
therefore produce a variety of useful effects. Substrates of
interest include the p-Ala-p-Ala C-terminal peptide 1, and the
related p-Ala-p-Lac unit 2 (see Fig. 1a). Dipeptide 1 plays
a central role in bacterial cell wall synthesis and is targeted by
glycopeptide antibiotics such as vancomycin, while ester 2 is
employed by bacteria which are resistant to the glycopep-
tides."*> Receptors for either (or ideally both) would have
potential as novel antibiotics.® Alternatively, receptors for
smaller targets such as lactate 3 might find use in sensors.'*
Despite these motivations, carboxylate recognition in water has
received limited study.>*>' In particular, there has been very
little work on carboxylate receptors with electroneutral binding
sites, which may be less susceptible to high ionic strength and
non-selective binding.’* Researchers have probably been
discouraged by the high hydration energy of the RCO,™ unit,"”
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with potential for medical applications.

expected to curtail affinities, as well as practical issues such as
receptor solubilisation.”

A selective receptor for carboxylate RCO,~ will presumably
need a binding site for the anionic group with extensions that
can interact with group R, increasing affinity and conferring
selectivity (see Fig. 1b). As indicated, cyclisation to link the
extensions is likely to reduce flexibility and help preorganisa-
tion. We considered that core binding sites with well-defined 3D
architectures would be useful to preorganise the extensions for
binding to R, and the disubstituted tetralactam unit 4 ** (Fig. 1c)
emerged as a favoured candidate. As described previously,”
versions of 4 with R” = aromatic groups did not perform well as
receptors for simple carboxylates in water. We therefore decided
to link the two R” groups to generate bicyclic structures,
beginning with a bis(phenoxy)phenyl bridge derived from
diamine 5 (Fig. 1d). Unexpectedly, the synthesis led to the
tricyclic, dimeric structure 6 with two equivalent binding sites.
Divalent receptor 6 was found to perform well as a receptor for
carboxylates in water - the first example of a synthetic charge-
neutral binding site with this capability.” Notably, this was
achieved despite the presence of multiple solubilising carbox-
ylate groups.

Although 6 was remarkably effective, the dimeric structure is
too large and complex to serve as a starting point for receptor
development. Moreover, calculations suggested that the struc-
ture would adopt a folded conformation in water, lacking an
open hydrophobic cavity. We therefore wanted to show we could
access structures which align with our original concept, with
just one tetralactam binding site and cavities capable of
enclosing carboxylate substrates. Here we describe the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Carboxylate receptors prepared and studied in this work.
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synthesis of a series of bicyclic receptors 7-13 (Fig. 2), which
conform to Fig. 1b. We show that they are effective in both
organic media and water, and provide evidence for the expected
binding mode. We also show that the design can be adapted to
provide fluorescence sensing of anions in water. The work
serves as an important step towards selective carboxylate
recognition under biological conditions, including mimicry of
the glycopeptide antibiotics.

Results and discussion
Design and synthesis

Our synthetic approach to receptors such as 7-13 is shown in
Scheme 1. An intermediate 14 is generated, formally derived
from a diamine (blue) and differentially protected i-dia-
minobutyric acid (Dab). Protecting groups P; are removed and
the resulting diamine treated with an excess of an activated
isophthalate ester 15 to give intermediate 16. Group X is
included in the isophthalate to allow control of solubility. In the
present work, X = CO,Me for 7, and O-CH,-C=CH for 8, 10 and
12. The O-CH,-C=CH groups can be converted into various
solubilising groups at the end of the synthesis, in this case the
dendrimeric nonacarboxylate X; (see Fig. 2). Intermediate 16 is
treated with acid to remove the Boc protection leading to dia-
mmonium diester 17. Finally addition of 17 to a tertiary amine
at high dilution deprotonates the ammoniums and leads to
bicyclic tetralactams 18. The final cyclisation is accelerated by
the addition of chloride ions, presumed to act as templates. In
the present work, it proceeded in up to 65% yield.

In principle the scheme is highly versatile. The only limita-
tion on the blue diamine component is that the two amino
nitrogens must be close enough together for the final

Chem. Sci., 2025, 16, 14314-14322 | 14315
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Scheme 1 General synthetic scheme for bicyclic carboxylate recep-
tors based on tetralactam core 4. P, = Fmoc for 7-11 (remove with
NaOH/MeOH) and Teoc for 12—13 (remove with TBAF).

cyclisation, although it is also desirable that the amide groups
in target bicycle 18 should all be available for H-bond donation
to a carboxylate. In particular, the diamine need not be
symmetrical; the C2 symmetry of the core tetralactam unit
ensures that only one product is possible. In the present work,
we chose diamino bridges that might assist binding and
selectivity through hydrophobic and/or steric interactions with
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the carboxylate R-group, as well as generating a fluorescence
response for use in sensing.

For initial trials, we chose the phenyloxy-p-xylyl-oxyphenyl
bridge in 7-9, derived from diamine 19. Monte Carlo molec-
ular mechanics searches suggested that, unlike 6, these struc-
tures should possess persistent amphiphilic cavities in water,
defined by the tetralactam ring and the bridge aromatic
surfaces (Fig. S1047). The apolar cleft formed by the bridge
could accommodate straight-chain carboxylates up to buta-
noate (see Fig. S105-S108t). Diamine 19 was prepared and
converted into intermediate 21 via reaction with commercially
available 20, as shown in Scheme 2a. Intermediate 21 was then
carried forward to bicycles 7 and 8, as indicated in Scheme 1.
For studies in water, the dendrimeric solubilising group X;
(Fig. 2) was added to 8 via Cu-catalysed azide alkyne cycload-
dition, as described previously,*® to give 9.

To generate a second example, the benzene unit in the
bridge was mutated into a naphthalene, as in 10 and 11. This
enlarged the cavity slightly, adding apolar surface, and intro-
duced fluorescence in the region 300-480 nm. The intermediate
23 required to prepare 10 and 11 was synthesised via diamine
22, as shown in Scheme 2b. Intermediate 23 was converted into
organic-soluble receptor 10 as indicated in Scheme 1, and
thence into water-soluble 11.

Finally, apolar surface and fluorescence emission were
further increased by introducing an anthracene unit, as in 12
and 13. The synthesis of 12/13 was complicated by the sensi-
tivity of the anthracenyl CH,-O unit to the acid conditions
needed to remove N-Boc groups, as discussed below, as well as
solubility issues. Intermediate 25 was therefore prepared via
a route which did not involve strong acid, and employed the
Teoc-protected starting material 24 to increase solubility
(Scheme 2c).
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Scheme 2 Preparation of acyclic intermediates required for the syntheses of 7-13.
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mediates such as 25, and the application of a reversible Diels—Alder
reaction as a protection strategy. (b) Trial reactions starting with 26
establish the practicality of the approach.

The acid-sensitivity of the anthryl CH,-O bond also raised
issues later in the sequence, and these were resolved by an
unusual stratagem. The source of the problem is the nature of
the carbocation derived from CH,-O cleavage. As shown in
Scheme 3a, acid-catalysed loss of ArOH from an intermediate
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such as 25 generates a cation stabilised by extended conjuga-
tion. Anthracenes are known to undergo Diels-Alder reactions
across positions 9 and 10, and these can often be reversed by
heating.>** The Diels-Alder adduct should not be acid-
sensitive, and this could provide a straightforward way to
protect the system from damage.

The scheme proved quite easy to implement. Tetracyanoe-
thene (TCNE, 27)**> and close relatives*>* were known to react
efficiently and reversibly with 9,10-disubstituted anthracenes.
Trial experiments on model compound 26 showed that the
Diels-Alder, acid-catalysed Boc deprotection and reverse Diels-
Alder all worked well (Scheme 3b). Accordingly, intermediate 25
was converted to bis-PFP ester 28 and carried through to
diprotonated diamine 29 as shown in Scheme 4. 29 was then
cyclised to 12 through addition to a tertiary amine, following the
pattern in Scheme 1. For studies in water, the dendrimeric
solubilising group X, (Fig. 2) was installed via Cu-catalysed
azide alkyne cycloaddition to give 13.

Schemes showing each sequence in full are available in the
ESL+

Binding and structural studies - organic media

Bicycles 7, 8,10 and 12 were suitable for study in organic media.
Previous work' had shown that the tetralactam core was
capable of binding carboxylates with affinities in the range 10°-
10* M~ in DMSO-d®, and this solvent was again used to allow
comparisons. 'H NMR titrations were performed with tetrabu-
tylammonium (TBA) salts of acetate, propionate, butyrate and
benzoate as titrants. Substantial signal movements were
observed in all cases, consistent with binding with fast
exchange on the 'H NMR timescale. Spectra from the titration
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Scheme 4 Conversion of intermediate 25 into receptors 12 and 13, employing TCNE 27 for anthracene protection.
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of 7 with TBA acetate are shown in Fig. 3a. The lactam NH
protons b and ¢ move downfield by >0.6 ppm, consistent with H-
bond donation to the acetate substrate. The bridge NHa also
moves downfield, but only by ~0.1 ppm suggesting that its role
in binding is less important. Inward-directed aromatic CHd
moves downfield by ~0.35 ppm while bridge CHK, which is
relatively remote from the tetralactam binding site, moves
upfield significantly. These movements were analysed using the
programme Bindfit,* and fit well to a 1:1 binding model with
K, = 10600 M " (Fig. 3b). In addition, protons j move slightly
downfield and protons | separate to form an AB quartet.

The movements of protons j and k seemed to suggest a direct
interaction between the host bridge and the guest, as expected if
the acetate is positioned in the cavity. The separation of protons
1 suggests a loss of conformational freedom in the bridge, also
consistent with intracavity binding. To provide further evidence
of this binding geometry, a NOESY spectrum was acquired for
a1:3 mixture of 7 and TBA acetate. As shown in Fig. 3c, a strong
cross-peak was recorded between acetate CH; and receptor
proton j. The complex was modelled using molecular
mechanics, confirming that these protons should be in close
proximity (Fig. 3d and see also S106+). The results thus suggest
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that the substrate does indeed enter the cavity where, in prin-
ciple, it can be affected by the choice of bridge.

The binding studies with TBA propionate and butyrate as
substrates produced fairly similar results, the main difference
being that the bridge NHa moved very little. The affinities are
shown in Table 1, and were very similar to that for acetate.
Again, NOESY spectra provided evidence that the anions
entered the cavity of 7. For both anions, connections were
revealed between o-CH, and receptor protons j, and between
the terminal CH; and receptor protons m (Fig. S101 and S1027).
For benzoate, protons b-d moved downfield, and k upfield, as
for the other anions. However, in this case NHa moved upfield
by ~0.3 ppm, and bridge CHj also moved upfield significantly.
The measured affinity was somewhat lower, at 3400 M~". These
differences are again consistent with the proposed mode of
binding. Modelling suggests that benzoate is too large to enter
the cavity but will clash with the bridge (Fig. S109t). The
structure of the complex should therefore differ somewhat from
those of the others. The lower binding constant could also be
due to these steric interactions.

Receptor 8 was also studied with all four anions, giving very
similar results to 7. Receptors 10 and 12 were tested with just
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(a) *H NMR spectra (500 MHz) from a titration of receptor 7 with TBA acetate in DMSO-d®. (b) Chemical shift measurements from the

spectrain (a) fitted to a1 : 1 binding model in Bindfit. (c) Portion of the 2D NOESY spectrum of receptor 7 (1.5 mM) + TBA acetate (5 mM) in DMSO-
d®. (d) Energy-minimised structure of receptor 7 binding acetate anion via six NH---O™ hydrogen bonds in the expected binding geometry.

Details of the calculations are given in the ESI.{

14318 | Chem. Sci., 2025, 16, 14314-14322

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04104j

Open Access Article. Published on 05 July 2025. Downloaded on 4/15/2026 5:34:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Table 1

'H NMR titrations of organic-soluble receptors in DMSO-d®

View Article Online

Chemical Science

Binding constants K,” (M)

10 12

Substrate® 7 8

Acetate 10 600 (+2.6%) 11500 (+3.4%)
Propionate 10900 (£5.3%) 10100 (£1.9%)
n-Butyrate 10100 (+4.4%) 9100 (£1.9%)
Benzoate 3200 (£0.9%) 3400 (+£1.3%)

“ As tetrabutylammonium salts. ? Analysed using Bindfit.?*

acetate and benzoate, showing similar affinities to 7 and 8. The
full set of data is listed in Table 1.

Binding and structural studies - aqueous media

Bicycles 9, 11 and 13 were designed to operate in aqueous media
at near-neutral pH. Samples for study were prepared by sus-
pending the receptors in water, adding NaOH to adjust the pH to
~7.4, then freeze-drying the resulting clear solutions. Redissolv-
ing in H,O or D,O gave solutions for characterisation and binding
experiments. Given that the receptors contained carboxylate sol-
ubilising groups as well as a carboxylate binding site, it was

H o COONa
/ NaOOC
IN— NaOOC
R Q\I(N HN =70, d COONa
g 7/ \ - o
N ) — o ¥
N oY 1 Neood oA NN COONa
\ ) 1
d Vs
o n S )i w { o y
NH x —NH
RN o & s PR R= | L O coona
N-N 7 Ynahg LK ’
d NN HN
LIRS 1 COONa
a) NaOOC
0.0mM mpx
8, e a ‘h' N ol i \I"‘ K !
\ i \ A
N VAT W PN st irpnnd Moot Mo vl Ssparon
25mM / /
7.4 mM / ' | |
P A , | \l
ettt Niakrsmnngitt 'w"‘mw‘w".f\"'\wwv UL PRI, W
15.4mM // ‘l | " | ‘l
| i\ |
o ! o
SV ORI v WO BYGRRPpORY W (WYL L SR | WY | W ol
258 mM l | | “
| I | |
A A v | |
TR o S A\ VT Yo MU W | WO [t
382 mM q|mx f .(L t

WJ () ‘h-.w g™

e &8s W5 aa 82 8o 78 7 7a 72 70 ¢ )

() |
s i ~’\:Wu bt JW‘??" \

b)

K, = 185 M1

Chemical shift (ppm)

guest concentration (mM)

10 400 (+4.0%) 10 800 (+£2.1%)

3000 (£2.9%) 2400 (42.6%)

necessary to check for self-association. "H NMR dilution studies
showed small signal movements consistent with intermolecular
carboxylate-tetralactam interactions, but implied that 9, 11 and
13 should be monomeric below 90, 75 and 56 uM respectively.
DOSY spectra on 9 supported this interpretation, yielding an
estimated diameter of ~2 nm, consistent with the monomeric
structure (Fig. S24 and S251). UV-visible and fluorescence spec-
troscopic dilution experiments on 11 and 13 showed linear
concentration dependences up to 10 uM. Another consideration
was intramolecular association between the binding sites and
side-chain carboxylates. In principle this can be probed through
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Fig. 4 (a) *H NMR spectra (500 MHz) from a titration of receptor 11 (16 uM) with sodium L-lactate in 1: 9 D,O/H,O at constant near-neutral pH.
(b) Chemical shift measurements from the spectra in (a) fitted to a 1:1 binding model in Bindfit. (c) Fluorescence spectra from a titration of
receptor 11 (2 puM) titrated with sodium L-lactate in H,O at constant near-neutral pH. Excitation wavelength = 255 nm, slit width for both
excitation and emission = 4 nm. (d) Emission intensities at two wavelengths from the spectra in (c) fitted to a 1: 1 binding model in Bindfit.
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NMR spectra at differing pH. The side-chain carboxylates are not
expected to be fully ionised at neutral pH,* so it is likely that
binding site occupancy will increase with pH. The phenomenon
had been observed with dimeric receptor 6, where increasing the
pH from 7.7 to 9 resulted in significant "H NMR signal move-
ments. Similar experiments were performed here for 9, 11 and 13,
with similar results. The data were consistent with intramolecular
binding, but also implied that empty binding sites were available
at near-neutral pH (otherwise little change would be expected).
Fluorescence pH titrations on 11 and 13 also produced changes,
but these were more difficult to interpret. The experiments
confirmed the need to study binding at a constant, controlled pH.

"H NMR binding studies were performed in H,0/D,0 9:1 at
near neutral pH (7.30-7.65), with a range of anionic substrates
(see Fig. 4a and Table 2). The guest solutions were carefully
adjusted to match the pH of the host. The host concentration was
always below the threshold for aggregation, as determined by the
dilution studies (see above). Signal movements were observed,
consistent with 1:1 binding which is fast on the '"H NMR
chemical shift timescale. Fig. 4a shows an example involving
receptor 11 titrated against r-lactate. Protons b, ¢ and d, expected
to interact directly with the carboxylate, were observed to move
downfield for all receptor-substrate combinations, although the
movements for 13 were smaller than for the other two receptors.
Proton a generally moved slightly upfield, as did protons j and, to
a lesser extent, k. Protons I again changed from a singlet to an AB
quartet suggesting a loss of conformational freedom in the
complex. For each titration, several signals could be followed and
were analysed using Bindfit>® based on the 1:1 binding model
(see for example Fig. 4b).

The resulting K, values are listed in Table 2. The affinities are
generally consistent with those measured for dimeric receptor
6, considering that the latter benefits from a statistical contri-
bution due to the two identical binding sites.>” As in the case of
6, selectivities between different carboxylates are modest. This
suggests that binding is dominated by polar interactions, while
hydrophobic and steric interactions with the bridge play
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a relatively minor role. Inorganic anions are also bound, espe-
cially the well-hydrated sulphate, again suggesting that polar
interactions predominate. Differences between the receptors
are also quite small, but seem to be significant in some cases. In
particular, 13 is generally slightly stronger than 9, both for
carboxylates and inorganic anions.

As discussed earlier, the introduction of fluorescence sig-
nalling was a key objective of this work. The naphthalene unit in
11 generated useful levels of emission between 300 and 500 nm
if excited between 250 and 300 nm. Excitation at 250 nm was
preferred for binding studies as this minimised the Raman
emission of the solvent. Addition of anions caused a roughly
two-fold increase in emission intensity, as exemplified for 11 +
t-lactate in Fig. 4c. The changes were again consistent with 1:1
binding, and analysis with Bindfit gave closely similar affinities
to those measured by NMR (e.g. Fig. 4d). The anthracene unit in
13 generated peak emission at longer wavelengths than 11.
However addition of r-lactate induced just a ~1.3-fold increase
in fluorescence. This could be analysed to obtain an affinity, but
the low sensitivity discouraged further investigations. As further
confirmation of binding, we also performed ITC measurements
on 9 and 11 with acetate, isobutyrate and chloride. The results
are listed in Table 2. Sensitivity limitations necessitated host
concentrations above the aggregation threshold, so it is
unsurprising that the values are slightly lower than those ob-
tained by the other methods.

Finally, we sought direct evidence that the substrates enter
the cavities of these water-soluble macrocycles, as already
shown for 7 + acetate, propionate and butyrate in DMSO.
NOESY spectroscopy was complicated by the low binding
constants and the intense signals from the solubilising groups,
especially as these tended to overlap with substrate protons of
interest. However a NOESY spectrum of 9 + propionate showed
cross-peaks which, despite overlaps, could be assigned with
reasonable confidence to connections between propionate o-
CH, and receptor protons d and j, as expected for enclosed
substrate. Further details are given in the ESI (Fig. $S103).

Table 2 Binding constants (K, M) to water-soluble receptors measured by titration methods in aqueous solution at near-neutral pH

9 11 13
Substrate H NMR* ITch H NMR* Fluorescence® ITc? "H NMR” Fluorescence”
Formate 70 (£4.5%) 93 (£2.9%)
Acetate 79 (£2.5%) 33 123 (£3.6%) 102 (£3.0%) 54 154 (+4.5%)
Propionate 100 (+1.7%) 154 (+6.6%) 144 (+4.6%) 182 (+4.1%)
n-Butyrate 126 (+3.0%) 93 154 (£5.3%) 69 148 (+4.6%)
Iso-butyrate 134 (+3.6%) 198 (45.4%) 182 (+2.7%)
Pivalate 146 (£3.1%) 174 (£6.4%)
Benzoate 135 (+3.5%) 110 (+8.0%) 176 (+3.3%)
L-Lactate 135 (+4.6%) 185 (+5.4%) 170 (+7.8%) 161 (+£4.7%) 143 (+5.6%)
p-Lactate 140 (3.9%) 191 (+8.0%) 181 (+3.3%)
Chloride 96 (£1.7%) 54 192 (£4.8%) 207 (£10.3%) 77 239 (£7.8%)
Bromide 137 (£3.0%) 203 (£5.4%)
Todide 112 (£3.1%) 215 (+£4.6%) 205 (£4.9%)
Sulphate 232 (£2.5%) 406 (£7.0%)
Nitrate 100 (£1.6%)

“ Analysed using Bindfit.>* * Analysed using an Excel spreadsheet developed in-house, see ESL
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Conclusions

The most important conclusion derived from this work is that
carboxylate receptors capable of encapsulating their substrates
can be prepared via a sequence of reactions which occur in
reasonable yields and, importantly, would seem to be quite
general. There should be a very wide range of diamines to which
the method could be applied, generating a variety of potential
binding sites. Versatile solubilisation is built into the method-
ology - the alkynyl groups introduced with reagent 15 can be
variously modified in a straightforward final step.

A second conclusion is that the tetralactam binding site 4,
when constrained by a polycyclic architecture, is confirmed to
be effective at binding carboxylates and other hydrophilic
anions in water even in the presence of 18 solubilising carboxyl
groups. The fluorescence results for 11 and 13 are especially
helpful in this respect, providing complementary data that was
not available for 6.

Thirdly, NOESY data support the proposed binding mode for
carboxylates, in which the substrate enters the cavity as indi-
cated in Fig. 1b. The shifts in bridge proton signals during 'H
NMR titrations and the emission changes during fluorescence
titrations are also supportive of intracavity binding. It might
seem surprising that the bridge NHa NMR signals do not move
consistently downfield on binding, but both DMSO and water
are good H-bond acceptors which must be displaced by the
carboxylates. Depending on the strength of the H-bonds formed
on binding, substantial downfield movements are not neces-
sarily expected. Similar behaviour was observed for the corre-
sponding protons in 6.*°

Fourthly, simple linearly connected bridges as in 7-13 are
relatively ineffective in controlling selectivity, even in water
where hydrophobic interactions can contribute to binding.
These tris-aromatic straps are quite flexible and it seems that
they cannot provide effective, well-defined hydrophobic
pockets. However, given the versatility of the synthesis it should
be possible to generate analogues with more structured cavities,
capable of both polar and hydrophobic interactions. Improved
discrimination should thus be possible, perhaps leading to
selectivity for C-terminal peptides and ultimately to mimics of
the glycopeptide antibiotics.

Experimental

For detailed experimental procedures see the ESIL.{
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