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Two water-soluble tricyclic “Temple” macrocycles featuring pyrene roof/floor units and bis-urea spacers
have been synthesised and studied as receptors for aromatic compounds in aqueous media. The tricycles
show good selectivity for methylated purine alkaloids such as caffeine versus unsubstituted heterocycles
such as adenine and indole. Binding is signalled by major changes in fluorescence, apparently due to the
break-up of intramolecular excimers. The formation of excimers implies cavity collapse in the absence of
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guests explaining why, unlike an earlier relative, these receptors do not bind carbohydrates.

Naphthalenediimides (NDIs) have also been studied as geometrically complementary guests, and indeed
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Introduction

The recognition of polar molecules in aqueous media stands
as one of the major challenges in modern supramolecular
chemistry." Water is the biological solvent, thus the relevant
medium for most biological applications. However, it presents
special difficulties because of the competition of water for
binding functionality in host and guest, while also providing
the opportunity of hydrophobic interactions. Binding sites
must be carefully designed to match polar groups in target
substrates, e.g. with complementary hydrogen bonding units,
while exploiting hydrophobic effects where possible. Solubility
is also an issue; ideally, receptors should not only be water-
soluble but monomeric at NMR concentrations, or they are
difficult to study in full detail. Research activity is increasing,
but there are still relatively few systems where polar and apolar
interactions combine to achieve recognition in water.>

We have explored the “Temple” receptor architecture, in
which hydrophobic aromatic roof and floor units are separated
by polar spacers (pillars) (Fig. 1a).” The Temple layout is comp-
lementary to disc-like substrates with radially divergent polar
groups and hydrophobic lower and upper surfaces, such as all-
equatorial pyranoses (B-glucose and close relatives) and polar
aromatics. The first-generation Temples employed isophthaloyl
spacers furnished with dendrimeric polyanionic side chains to
maintain water-solubility,® as exemplified in Fig. 1b. These
macrocycles were moderately effective at binding carbo-
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bind especially strongly (K, > 107 M~

1): this powerful and selective association suggests potential appli-

cations in supramolecular self-assembly.
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Fig. 1 (a) Schematic representation of the “Temple” receptor concept.
(b) First-generation Temples with isophthaloyl spacers. Three examples
are shown??< out of >20 published.
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hydrates, which were our main objective and are intrinsically
very challenging substrates.’ For example, monocycle 1 bound
glucose in water with K, ~60 M~ (ref. 4d) while tricycles 2 and
3 achieved 120 M~ and 190 M™" respectively.* Unfortunately
for our carbohydrate-binding programme, they were also
effective for polar aromatic substrates, where some very high
affinities were measured (e.g. ~10” M~" for the biogenic hetero-
cycle hypoxanthine).” Biological media contain various polar
aromatics, circumscribing potential applications as “synthetic
lectins”.>

Seeking to tune the system in favour of carbohydrates, we
then embarked on a second generation of Temples in which
the spacer incorporates two urea groups and is one bond
longer than the first-generation isophthalamide unit (Fig. 2).
Prototype 4 was synthesised and tested as a receptor for
glucose, and was outstandingly successful. Termed “GluHUT”
(Glucose-Binding Hexaurea Temple), receptor 4 bound glucose
with K, ~20000 M, excellent selectivity over other carbo-
hydrates and no detectable binding to non-carbohydrate sub-
strates including polar aromatic compounds.®

Following the success of GIUHUT 4, we are interested in
exploring the properties of other second-generation Temples
featuring the new bis-urea spacers. Pyrene-based tricycles 2
and 3 had proved very effective in the earlier, first-generation
series,* so we concluded that the second-generation analogues
5 and 6 should be worth investigating. Here we report the syn-

Fig. 2 Second-generation Temples featuring bis-urea spacers. (a)
GIUHUT 4, which binds glucose with remarkable strength and selecti-
vity.® (b) The pyrene-based receptors reported in this work. For X, see
Fig. 1.
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thesis of tricyclic octaureas 5 and 6, and studies of their
binding properties towards carbohydrates and certain polar
aromatics. The results suggest that these tricycles do not main-
tain open cavities in aqueous media, and do not bind carbo-
hydrates as a consequence. However, the cavities can open to
accept some substrates, with major changes in fluorescence
output. As a result, these tricyclic octaureas are effective recep-
tors/sensors for methylated purine alkaloids such as caffeine.
They also bind very strongly to certain designed substrates,
pointing to applications in supramolecular self-assembly.

Results and discussion
Synthesis

The two receptors were prepared in organic-soluble, ¢-butyl
protected form as summarised in Scheme 1. The conversion of
pyrene 7 into tetra-azide 8 was accomplished as described pre-
viously for the synthesis of 2 and 3.*° The sequence is designed
to bypass solubility problems, a key issue in pyrene chemistry.
Solubility was again an issue in the further conversion of 8 to
tetraisocyanate 9; for example, the tetra-amine resulting from
the reduction of 8 was insoluble in all organic solvents tested.
Fortunately, the direct conversion of 8 to 9 via aza-Wittig’ reac-
tion with CO, proved workable and highly efficient. Nearly
quantitative yields of pure 9 could be obtained if high press-
ures (~20 bar) of CO, were used with polymer-supported tri-
phenylphosphine.® The tetra-isocyanate was combined with
protected diamine 10° to give “half-receptor” 11, which was
then cyclised with 9 to give organic-soluble cages 12 and 13,
separable by HPLC, in a ratio of ~2: 1. Treatment of each with
trifluoroacetic acid (TFA) to remove the ¢-butyl groups, followed
by suspension in water and neutralisation to pH = 7.4 with
NaOH, led to the water-soluble cages 5 and 6. Distinguishing
between the two isomers was not immediately feasible, but
could be achieved in the context of binding studies (see later).

Conformational and binding studies

Receptors 5 and 6 were initially characterised by NMR and
optical spectroscopy. The "H NMR spectra of both receptors in
D,0 were severely broadened at 25 °C but sharpened appreci-
ably as the temperature was raised to 85 °C. Dilution studies
on both receptors, covering the range 750-63 pM, yielded no
signal movements in either case suggesting that the broad
spectra were due to conformational equilibria rather than
aggregation. UV-Visible absorption spectra revealed bands at
330, 350 and 370 nm as expected for pyrene units, and fluo-
rescence spectroscopy gave weak bands at 385 and 405 nm as
well as a much larger, structureless emission between 430 and
580 nm for both receptors (Fig. 3). The bands at 385 and
405 nm are consistent with emission of pyrene monomer,
while the broad emission at 430-580 nm implies the formation
of the pyrene excimers, which can occur when two pyrene
molecules are in close proximity to each other.”'® Notably,
excimer formation was not observed for receptors 2 and 3,
despite the fact that the isophthaloyl linker is a bond shorter

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthesis of protected receptors 12 and 13: (i) Br,, PANO,, 98%; (ii) BUOH, CO (30 bar), DIPEA, Pd(OAc),, BINAP, xylenes, 80%; (iii) LiBH,4,
THF, MeOH, 96%; (iv) (PhO),PON3z, DMF, DBU, 46%. (v) polymer-supported triphenylphosphine, CO, (20 bar), toluene, 50 °C, 95%. (vi) 10, DCM, pyri-
dine, 77%. (vii) DBU, DCM, 92%. (viii) 9, DMF, DCM, pyridine, 26% (12) and 10% (13).
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Fig. 3 Optical measurements for (a) eclipsed receptor 5 and (b) stag-
gered receptor 6 in H,O. UV-Vis absorbance spectra (blue) at 12.5 pM and
fluorescence emission spectra (orange) at 0.39 pM, excited at 340 nm.

than the bis-urea unit in 5 and 6. The implication is that 2 and
3 maintain open cavities, with pyrene units held apart, while
in 5 and 6 the tricyclic structures tend to collapse in water

This journal is © The Royal Society of Chemistry 2023

bringing the pyrenes together. The observation of cavity collapse
did not bode well for complex formation, as a substrate would
need to prise the surfaces apart. However, in compensation, sep-
arating the pyrenes should result in loss of excimer fluorescence
providing a reliable and sensitive assay for binding.

Fluorescence titrations were employed to investigate the
binding of 5 and 6 to a variety of polar molecules in aqueous
phosphate buffer (10 mM, pH 7.4). ESIT was obtained in some
cases using "H NMR. Initial dilution studies confirmed that the
fluorescence emission from both receptors varied linearly with
concentration below ~2 pM, implying that both were mono-
meric at least within this concentration range. The strong
excimer emission allowed fluorescence titrations to take place at
350 nM receptor concentrations. The substrates are shown in
Fig. 4, binding results are summarised in Fig. 4 and Table 1.

For carbohydrate substrates 14-19 no change was observed
in fluorescence emission during the titrations, implying that
no binding was occurring. "H NMR titrations with glucose 14
and cellobiose 18 in D,O similarly showed no change in recep-
tor signals. It thus seems that complex formation with carbo-
hydrates does not in general provide sufficient free energy to
rearrange either 5 or 6 into a binding conformation. Among
aromatic substrates, 20-23 also had no effect on receptor fluo-
rescence, but 24-34 caused significant changes in emission. In
all cases the excimer emission decreased, consistent with sub-
strate entering the cavity and separating the pyrene units."
For some substrates (“n.d.” in Table 1) the changes were small
and roughly linear with concentration, implying a low affinity

Org. Biomol. Chem., 2023, 21, 525-532 | 527
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Fig. 4 Substrates for binding studies with receptors 5 and 6 in aqueous phosphate buffer.

Table 1 Binding constants (K,) for aromatic guests to receptors 5 and 6
in aqueous phosphate buffer (10 mM, pH 7.4)

Binding constants K, (M™")

Substrate Eclipsed 5 Staggered 6
Hypoxanthine 24 n.d.” n.d.
Adenine 25 n.d. 288
Thymine 26 n.d. n.d.
L-Tryptophan 27 61 84
Indole 28 n.d. n.d.
Paracetamol 29 98 70
Caffeine” 30 760 4066
Theobromine” 31 1379 3982
Theophylline® 32 705 3456
Bis(dimethylamino)” NDI 33 1.6 x 107 1.5 x 107
Bis(trimethylammonium) NDI” 34 2.6 X 107 1.7 x 107

“n.d = not determined; a change in fluorescence emission intensity
was observed but was too small for a binding constant to be estimated.
b average of three independent titrations.

that could not be quantified. In other cases the changes were
larger, tending towards saturation, and could be fitted to a
1:1 binding isotherm. The resulting binding constants are
listed in Table 1. Examples of emission spectra from the titra-
tions are shown in Fig. 5, and binding analysis curves are
given in the ESL}

Notably, among the common aromatic substrates, the
methylated purine alkaloids caffeine 30, theobromine 31 and
theophylline 32 showed moderately strong binding with
affinities in the range ~700-1400 for 5 and ~3500-4000 M™"
for 6. In these cases the transition from excimer to pyrene
monomer emission was especially clear; see for example
Fig. 5a and b. As illustrated in Fig. 6 for receptor 6 + caffeine,
the responses to the methylated purines were clearly visible.
Visual sensing of these alkaloids, especially caffeine, has
attracted much attention,"” and receptors 5 and 6 may be

528 | Org. Biomol. Chem., 2023, 21, 525-532

added to the options available. The affinities are well-adjusted
for estimating [caffeine] in the range observed in real-life
samples (~0-5 mM, c¢f. Fig. 5a). Modelling confirmed that the
methylated purines could be good substrates for 5 and 6. As
illustrated in Fig. 7 for 5 + caffeine, the carbonyl groups in the
substrate can form at least six close interactions to the urea
NH groups while the methyl groups lie within the cavity contri-
buting hydrophobic/CH-=n interactions.

The naphthalenediimide (NDI) fluorophores 33-35 were
selected as substrates because they appeared complementary
to the cavities of 5 and 6, and seemed likely to bind quite
strongly. As illustrated in Fig. 8 for 6 + 34, the four NDI carbo-
nyl groups are positioned to interact well with the bis-urea
spacers while the electron-rich pyrene and electron-poor NDI
aromatic surfaces should form excellent n-n/hydrophobic
interactions.”® Strong binding between synthetic partners is
potentially useful in the development of “supramolecular
glues”, which can perform roles similar to the much-used
avidin/streptavidin-biotin pairings."*" In the event, titrations
of both 5 and 6 with all three NDIs caused complete quench-
ing of excimer fluorescence at low substrate concentrations
(see e.g. Fig. 5¢). Affinities above 10" M~ were estimated for all
combinations of 5/6 + 33/34. Although much weaker than the
(strept)avidin-biotin pairings, for which K, ~ 10™* M, this is
within the range considered for “synthavidin” or “noncovalent
click” applications™* and a starting point for further develop-
ment. The apparent binding constants to 36 were smaller, at
~10° M7, but fluorescence spectra suggested that this NDI
was substantially self-associated even at low pM concentrations
so that the true values are likely to be higher. "H NMR titra-
tions of 5 and 6 with NDIs 34 and 35 resulted in the appear-
ance of new signals consistent with the expected complexes
(e.g- Fig. S42 and S447%), implying that complex formation was
slow on the "H NMR chemical shift timescale. These spectra
are discussed further in the following section.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Fluorescence spectra from titrations of aromatic substrates into
receptors 5 and 6 in 10 mM aqueous phosphate buffer (pH 7.4) at 298 K.
(a) Eclipsed receptor 5 (0.35 pM)+ caffeine 30. (b) Staggered receptor 6
(0.35 puM) + theobromine 31. (c) Eclipsed receptor 5 (0.25 pM) +
naphthalenediimide (NDI) 34.

Fig. 6 Solutions of receptor 6 with increasing amounts of caffeine 30
under irradiation with UV light. 1ex = 365 nm; [6] = 5 pM; solvent =
10 mM aqueous phosphate buffer, [30] (left to right) = 0 mM, 2.5 mM,
5 mM, 10 mM, 20 mM, 40 mM.

Distinguishing between 5 (eclipsed) and 6 (staggered)
connectivities

A key issue in this work was the structural assignment of the
two products from cage formation - “eclipsed” structure 12,

leading to receptor 5, and “staggered” structure 13 leading to
receptor 6. This type of problem has been faced by our group

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Molecular model of receptor 6 binding NDI 34. After minimis-
ation, thirteen NH..-OC distances are less then 2.5 A (yellow broken
lines). Receptor side-chains are omitted for clarity. Other details as for
Fig. 7.

Fig. 7 Molecular model of receptor 5 binding caffeine 30. The coordi-
nates were obtained from a Monte Carlo Molecular Mechanics (MCMM)
conformational search using Maestro—Macromodel, in which the
caffeine was allowed to move within the cavity. Energy calculations
employed the OPLS3e force field with GB/SA water solvation. Six close
NH...OC interactions (1.9-2.5 A) are shown as yellow broken lines.
Receptor side-chains are omitted for clarity.

before, in distinguishing between 2 and 3, and also by Tan,
Stoddart and coworkers studying pyrene-based Temples with
bis-pyridinium bridges."® A particular challenge is that the
NMR spectra expected and observed for the two connectivities
are closely similar, the only differences being small variations
in chemical shifts. Tan, Stoddart & coworkers argued that the
p4 protons in their staggered isomer should be shielded by the
second pyrene and thus upfield of the corresponding protons
in the eclipsed isomer (for proton labelling, see Fig. 9). The p4
protons in their isomers were ~0.1 ppm apart, and the one
with the upfield signals was accordingly assigned the stag-
gered connectivity.'® In the present case, the p4 protons in 12/
13, were also ~0.1 ppm apart and the compound with the
upfield p4 signals was provisionally assigned staggered struc-
ture 13. Fluorescence spectroscopy on 5/6 pointed tentatively
in the same direction. The emission spectrum for the com-
pound assigned eclipsed constitution 5 showed a stronger
excimer emission and weaker monomer emission than for the
compound assigned 6 (Fig. 3, orange traces). This is consistent
with greater pyrene-pyrene overlap in a collapsed structure, as
might be expected for the eclipsed isomer. The lower binding
constants measured for 5 to most substrates (Table 1) support
this interpretation, as improved pyrene-pyrene interactions

Org. Biomol. Chem., 2023, 21, 525-532 | 529
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Fig. 9 Geometries of possible complexes between receptors 5 and 6 and NDIs 33—-35. The labelling system used for NMR analysis (Fig. 10) is shown

for the eclipsed-parallel arrangement.

would be expected to favour the collapsed cavity and resist
opening by a substrate.

To support these assignments, we drew on the 'H NMR
spectra of the NDI-receptor complexes. It is relevant to note
that each receptor can, in principle, form two different com-
plexes with an NDI guest. As illustrated in Fig. 9, the eclipsed
isomer 5 can accept the NDI in orientations either parallel or
orthogonal to the pyrene units. These are likely to be of sub-
stantially different energies, so it is probable that only one will
form in practice. In contrast, the staggered isomer 6 can form
two complexes which are very similar (Staggered 1 and
Staggered 2 in Fig. 9). In both cases the NDI is parallel to one
pyrene and orthogonal to the other, the only difference being
that in Staggered 1 it is parallel to the pyrene meta to COX in
the spacer, while in Staggered 2 it is parallel to the pyrene para
to COX. These should be similar in energy and one would
expect that both would be present in solution.

Detailed NMR analyses were performed on the complexes
between the two receptors and NDIs 34 and 35. For the macro-

a)

cycle assigned eclipsed structure 5, the spectra were dominated
by a single species in which all receptor protons could be
identified via 2D methods. The assigned spectrum of 5 + 34 is
shown in Fig. 10a. NOESY peaks were observed between NDI
side-chain protons and receptor p4 protons, but not the p2
protons. The spectra were thus consistent with the “eclipsed-
orthogonal” complex, supporting the eclipsed constitution for
the receptor. For the receptor assigned staggered structure 6
paired with NDI 35, a complete set of peaks with NOESY con-
nections could be observed for one complex, but there were
also a set of weaker signals suggesting that a second complex
was present in the ratio major : minor ~3:1 (Fig. 10b, starred
signals). Following the argument presented above, the evi-
dence for two complexes of similar energy is strongly indicative
of the staggered constitution for the receptor. The inter-
molecular NOEs were difficult to interpret fully, but cross
peaks between NDI side-chain protons and both p4 and p2
were also consistent with the staggered receptor structure.
Thus fluorescence spectroscopy, NMR of the receptors and

85 84 83 82 81 80 79 78 77 76 75 74 73 72 7.1 7.0 69 68 67 66 65 64 63 6.2
2 (ppm)

b) cst s2 P4
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Fig. 10 Partial *H NMR spectra (700 MHz, 9:1 H,0 : D,O, 298 K) of (a) Eclipsed receptor 5 (250 uM) + NDI 34 (750 uM)and (b) Staggered receptor 6
(250 pM) + NDI 35 (1 mM). Assignments were made using NOESY correlations, see ESI.T For labelling see Fig. 9, “eclipsed-parallel” combination.
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NMR of receptor-NDI complexes all pointed to the assignment
shown in this paper.

Conclusion

In this work, we have shown that the methodology used to
prepare bicyclic receptor GluHUT 4 can be extended to tricyclic
octaurea cages 5 and 6, but that the carbohydrate-binding pro-
perties of 4 are not matched by these new structures. We
propose that a major reason for the failure to bind saccharides
is the collapse of the cavities in 5 and 6, driven by hydrophobic
and n—x interactions and signalled by the fluorescence spectra.
The contrast between 5/6, which do not maintain cavities, and
the earlier systems 2/3 which do, suggests an important differ-
ence between the bis-urea spacer in the second-generation
Temples and the isophthalamide pillar which underpins the
first. The isophthalamide is relatively rigid and, as far as we
can tell, reliable in holding roof and floor apart. The bis-urea
is more flexible, and while it presumably holds the triethyl-
benzene surfaces apart in 4, it does not succeed with the
pyrenes in 5 and 6. It thus seems the design of second-gene-
ration carbohydrate-binding Temples will be more challenging
than their earlier cousins, although if conformations can be
controlled the binding properties of the bis-urea spacer will
hopefully compensate.

Given the collapsed nature of 5 and 6, it is remarkable
that they do show significant binding properties. Purine alka-
loids such as caffeine are bound quite strongly, with respect-
able selectivity, and fluorescence signalling which could be
employed in sensing. Napthalenediimides (NDIs) are bound
very strongly, to the extent that further development could
lead to potential applications in “supramolecular glues”.
While other options show higher affinities, the geometrical
match between NDI substrate and octaurea cage suggests
potential for useful specificity. Host-guest pairs which are
orthogonal to each other and can operate simultaneously
could allow the development of sophisticated self-assembling
systems. The ability to detect binding visually through fluo-
rescence signalling should be advantageous, while the NDI
guests could be modified in various ways, potentially increas-
ing affinities.

Experimental

For detailed experimental procedures see the ESI.}
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