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A pillar[S]arene host, functionalised with halogen bonding (XB) recognition
sites and BODIPY fluorophores, demonstrates strong binding and optical
sensing of environmentally relevant dicarboxylates and a chemical warfare
agent simulant, in organic and competitive aqueous-organic media —
enabled by the unprecedented combination of fluorophore-conjugated
XB interactions with the hydrophobic pillar[Slarene host cavity.

As significant intermediates in many biosynthetic pathways,"
dicarboxylic acids (DCAs) and dicarboxylates (DCBs) (Fig. 1a)
are implicated in a variety of chronic illnesses, including kidney
and liver disease.” In addition, DCBs are commonly used in the
manufacturing of plastics and as linkers in the ever-increasing
production of MOFs,>* and hence are emerging as environ-
mental pollutants of concern.? As a result, the recognition and
sensing of DCAs and DCBs is of intense interest for applica-
tions in health monitoring, industrial material production and
environmental protection.®>”’

Since its first use in World War I, sulfur mustard (Fig. 1b)
has been deployed in several conflicts as a chemical warfare
agent (CWA), causing blistering effects soon after exposure, in
addition to potentially fatal respiratory system effects and its
carcinogenic and mutagenic potential.® Clearly, sensing sulfur
mustard and other CWAs is of great importance, and an optical,
supramolecular, integrated assembly approach to doing so has
a number of advantages, including low sensor loadings and
good reversibility.” "

First developed in 2008," pillar{5]arenes (P5As) are a class of
highly symmetric macrocyclic host compounds,” which have
emerged as useful supramolecular scaffolds for molecular recogni-
tion,'* on account of their unique host-guest properties."® P5As have
an electron-rich, hydrophobic, cavity,'® which has been demon-
strated to include a variety of electron-deficient molecular species
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In recent years, halogen bonding (XB) has been utilised as a
powerful non-covalent supramolecular host-guest interaction, espe-
cially, but not exclusively, for anion recognition purposes in compe-
titive aqueous solvent media.*>>® Despite exhibiting significantly
greater potency and hydrophobic character than conventionally
employed hydrogen bonding (HB) interactions,” decoration of the
hydrophobic pillararene cavity with XB donors, for the recognition of
target negatively charged and neutral environmental contaminants
in aqueous media, has yet to be achieved.

Herein, we report a bis-XB-functionalised P5A, appended
with very bright BODIPY fluorophores,***" (Fig. 2), which
demonstrates sensing of DCBs and a sulfur mustard simulant
in organic and aqueous media.*> The XB receptor shows
enhanced binding of the analytes over its HB analogue,

and hydrophobic molecules in aqueous
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Fig. 1 Structures of (a) dicarboxylates and (b) sulfur mustard.
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Fig. 2 Structures of pillar[Slarene-based sensors, showing the proposed
binding mode of DCBs and CEES.
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Scheme 1 Synthesis of precursor 2-XB.

particularly in aqueous media, in which binding is hydropho-
bically enhanced for both receptors.

The receptor design sought to append one bis-iodotriazole
XB donor motif to each rim of a P5A, wherein the stringent
linearity of XB, coupled with its improved performance in
aqueous solvents, was expected to give enhanced selectivity
and binding affinity for DCBs over previously reported urea-
appended P5As.>®** The XB P5A recognition site was paired
with BODIPY fluorophores to enable an optical response to
guest binding, allowing in situ detection of the target guest.**

The BODIPY iodo-alkyne, 1-XB, was prepared in accordance
with literature procedures.**” Mono-functionalised intermediate
2-XB was prepared via a CUAAC reaction (Scheme 1).>” Exploiting
the dichloroethane solvent-templated synthesis of P5As,*® the bis
alkyne-functionalised P5A 3-HB was obtained in moderate yield
(12%) by statistical condensation of 1,4-bis(prop-2-yn-1-yloxy)
benzene and 1,4-dimethoxybenzene with paraformaldehyde under
conventional P5A synthesis conditions.*® Iodination of 3-HB by
N-iodomorpholine hydroiodide afforded the P5A bis-iodoalkyne
3-XB in quantitative yield (Scheme 2). Subsequently, the host
4XB was afforded in 72% yield by a further CuAAC reaction
between 3-XB and two equivalents of 2-XB (Scheme 2). The hydro-
gen bonding receptor analogue 4-HB was prepared in a similar

CU(CH4CN),4PFg, TBTA
DCM, t, OIN
72%

2-XB
(2 equiv.)

4-XB

Scheme 2 Synthesis of precursor 3-XB and receptor 4-XB.
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Fig. 3 Fluorescence response of receptor 4.-XB upon addition of
“0O,C(CH2)10CO, . ([4-XB] = 1 puM, [DCBlpmax = 142 uM, CHCls, 298 K).

manner (Schemes S1 and S2, ESIt). Both receptors were fully
characterised by 'H and *C NMR, optical spectroscopy, and
high-resolution mass spectrometry (Fig. S4-S9, ESIT).

The ability of the receptors to respond to DCBs in organic
media (CHCl;) was first investigated by fluorescence host-guest
binding studies with DCBs with a range of alkyl chain lengths,
in which the intensity of the BODIPY emission was measured
upon successive additions of a DCB tetrabutylammonium (TBA)
salt, prepared by neutralisation of the corresponding DCA with
TBA hydroxide.*

Pleasingly, XB host 4-XB demonstrated a marked ‘switch-on’
fluorescence response upon the addition of a range of aliphatic
straight chain DCBs with the number of carbon atoms in the
backbone, n, ranging from n = 8-16 (Fig. 3). Such a response
likely arises from an inhibition in the ability of the BODIPY
chromophore to rotate about its meso position upon anion
binding.*” Qualitative "H NMR studies in CDCl; showed a marked
upfield shift in the P5A phenyl proton resonance, H;, coupled with
an upfield shift in the DCB methylene proton resonances upon
addition of a DCB guest solution to the host, confirming the
threading of the DCB through the P5A cavity (Fig. 4).*

Increasing [DCB]

7.0 4.0 3.5
S (ppm)
Fig. 4 Stacked H NMR spectra of 4-XB upon addition of increasing
concentrations of “O,C(CH5)10CO, ™. (1 mM, CDCls, 298 K).
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Table 1 Association constants K% (M™% of receptor 4-XB in CHCls

n (T0,C(CH,), »,CO,") KM
8 6800
10 8400
12 9900
14° 8600
16 6700
TBAOAC® 240
CEES? 32000

“ Determined in CHCl; at 298 K by global fitting of fluorescence
isotherms to a 1:1 binding model and errors <5% unless otherwise
noted. ? Error <7%. ¢ Fitted to 1:2 host-guest binding model, K,
reported. ¢ Determined by global fitting over an extended concen-
tration range. Error <12%.

Calculation of the host-guest association constants K,*' via
global fitting of the fluorescence emission isotherms at a range
of wavelengths, demonstrated binding affinity is highly dependent
on the length of the carbon backbone, with the strongest
binding for n = 12, likely due to size complementarity of the
DCB guest with the separation of the XB host binding sites
(Table 1). Interestingly, the first association of ~OAc, fitted with
a 1:2 host-guest binding stoichiometry, was 30 times lower
than for any of the DCBs, highlighting the importance of the
DCB-P5A threading interaction for the recognition event. In
stark contrast, no fluorescence response was measured for 4-
HB upon addition of DCB salts, despite a "H NMR experiment
demonstrating threading of the TBA salt of dodecanedioic acid
(Fig. S13 and S22, ESIt). This suggests that the interaction
between the carboxylate functional group and the HB binding
site of 4-HB is insufficient to elicit a fluorescence response from
the BODIPY reporter group, highlighting the previously
observed superior signal transduction characteristics of XB in
the context of fluorescent anion sensing.*>

Attention then turned to exploiting the hydrophobicity of
the P5A cavity and XB donors for the enhanced recognition of
DCBs in 50% ACN: H,O (buffered to pH = 8.0 with 50 mM
HEPES). Fluorescence titration experiments were conducted
with the TBA salt of dodecanedioic acid, as it had demonstrated
the strongest binding in CHCI;. In contrast to the experiments
in CHCI;, both 4-XB and 4-HB exhibited ‘switch-off’ fluores-
cence responses upon the addition of the DCB (Fig. 5 and
Fig. S14 and S15, ESIt) which may be a consequence of reduced
meso rotation of the BODIPY in this more viscous solvent
mixture,*® leading to anion binding-induced quenching acting
as the dominant quenching method, consistent with previous
studies.** Impressively however, the dianionic carboxylate
was bound with high affinity by both 4-XB and 4-HB, with
K = 104000 M~ and 28500 M, respectively (Table 2). This
represents a 10-fold enhancement in binding for the XB recep-
tor upon changing to the aqueous organic mixture, notably
illustrating the potency of the hydrophobic effect employed by
this receptor.” It is also important to note the 4-fold stronger
anion affinity demonstrated by the XB receptor over its
HB counterpart, showing its potency in aqueous-containing
media.*®
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Fig. 5 Relative fluorescence response of receptor 4-HB to addition of
various analytes. DCB (C12) measured in 50% ACN: H,O (buffered to
pH = 8.0 with 50 mM HEPES), CEES and thiodiglycol measured in 50%
ACN: H>O. ([4-HB] = 1 pM, 298 K).

Table 2 Association constants K* (M™1) of 4-XB and 4-HB in agqueous-
organic mixtures

KM
Guest 4-XB 4-HB
~0,C(CH,),0CO,~ 104 000” 28500”
CH;CH,SCH,CH,CI (CEES) 528 00097 145 000°

¢ Determined at 298 K by global fitting of fluorescence isotherms to 1:1
binding model. ? 50% ACN: 50% H,O pH = 8.0 (50 mM HEPES buffer)
and errors <15%. © 50% ACN: 50% H,O and errors <7%. ¢ Average of
3 repeats.

In relation to sensing, sulfur mustard and its simulants have
similar molecular properties to DCBs. In particular, it contains a
hydrophobic central core appended with halo-chlorine electron-
rich end groups which could themselves be bound by XB or HB
interactions. Indeed, such interactions have formed the basis of
catalysts for nucleophilic substitution reactions.*® Therefore,
fluorescence titrations of 4-XB and 4-HB with 2-chloroethyl ethyl
sulfide (CEES), a simulant of sulfur mustard, in 50% ACN: H,O,
were undertaken (Fig. S16 and S17, ESIt).”” For both receptors, a
modest switch-off response (ca. —10%) was observed upon addi-
tion of CEES (Fig. 5) and binding constants of 528000 M~ " and
145000 M were observed for 4-XB and 4-HB respectively
(Table 2). The increase in affinity for CEES over the TBA salt of
dodecanedioic acid was attributed to the increased hydrophobi-
city of the former. The limit of detection of CEES remained very
low for both receptors (0.13 uM and 0.40 puM for 4-XB and 4-HB
respectively), highlighting the sensitivity of the fluorescence tech-
nique (see Section S6, ESIt). Titrations of CEES with 4-XB were
also attempted in CHCl; and a small but significant decrease in
emission intensity (ca. —9%) was observed (Fig. S18, ESIt). An
association constant of 32000 M~ was determined (Table 1),
which is an order of magnitude weaker than in the aqueous-
containing media, emphasising the importance of the hydropho-
bic effect in this recognition event.

It is noteworthy that neither tributyl phosphate, a nerve
agent simulant,*®*° nor the non-toxic hydrolysis product of

This journal is © The Royal Society of Chemistry 2024
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sulfur mustard, thiodiglycol, elicited a significant fluorescent
response upon addition to solutions of either the XB or HB
receptor, highlighting the likely selectivity of 4-XB and 4-HB to
sulfur mustard itself (Fig. 5 and Fig. S19-521, ESIt).

In summary, we report the synthesis of a novel XB, BODIPY-
appended, P5A host molecule 4-XB, as an optical molecular
sensor for a range of anthropogenically generated molecules of
environmental interest. Upon addition of DCBs to organic
solutions of 4-XB, marked turn-ON emission of the BODIPY
reporter groups was observed, while no such response was
observed for HB analogue 4-HB, highlighting the superiority
of XB-based systems as binding event signal transducers.
'H NMR binding studies confirmed the DCBs thread through
the P5A cavity. On account of the hydrophobic nature of the
P5A cavity, a marked increase in host-guest binding affinity is
observed in highly competitive 50% ACN: H,O aqueous-organic
solvent mixtures. Such increased affinity demonstrates the
combination of guest threading through a hydrophobic P5A
cavity and the use of hydrophobic XB binding groups as a
uniquely potent strategy for the sensing of pollutants in aqu-
eous media. Most impressively, the system demonstrates very
high binding affinities for a charge-neutral CWA mustard
simulant, CEES, demonstrating the power of combining the
supramolecular toolkit for sensing both charged and neutral
environmental pollutants.
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