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Squaramide-based receptors in anion
supramolecular chemistry: insights into anion
binding, sensing, transport and extraction
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Over the last 15 years, squaramide-based receptors have attracted the attention of supramolecular

chemists working in the field of anion recognition. Herein, we highlight examples of squaramide-based
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Introduction

One of the main strategies adopted by supramolecular chemists
to bind anions is the development of synthetic receptors that
are able to interact with anionic guests via the formation of
hydrogen bonds (H-bonds). In this regard, the use of urea,
thiourea, amide, and sulphonamide functional groups has
been widely explored since the early 90’s. More recently, the
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receptors that are able to bind, sense, extract and transport anions.

squaramide moiety has been added to the toolbox of H-
bonding groups for the development of receptors for anion
binding. The first report on squaric acid derivatives dates back
to 1966 when Cohen and Cohen described the synthesis
of alcoxy, hydroxy and amino derivatives starting from 1,2-
dihydroxycyclobutenedione." The success of the use of squar-
amides depends on some peculiar aspects related to the
presence of a 4-membered ring in their molecular skeleton,
such as its aromaticity according to the Hiickel rule as the lone
pair on the nitrogen atoms can delocalise on the cyclic struc-
ture and the aromatic character is increased when anion
binding or deprotonation occurs as demonstrated by Frontera
and Deya.” The aromaticity is related to the Brgnsted acidity of
the NH bonds which is an important aspect when comparing
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this class of compounds with analogous croconamides and
deltamides.® Squaramides are also characterised by their ability
to act both as H-bond donors (via the NH groups) and H-bond
acceptors (via the carbonyl groups) and this aspect is particu-
larly relevant for applications in organocatalysis.” Several
reports have demonstrated how the rigidity of the 4-membered
ring, the directionality of the NH bonds, and the bond angles
make squaramides better candidates as receptors for anion bind-
ing compared to analogous ureas.>®

For all these reasons, as well as for synthetic accessibility,
squaramides have started to be widely used as receptors for
anion binding, sensing, extraction, transport and, very recently,
for the development of different anion-responsive materials.
Some efforts have been directed towards exploring polymers,”’®
nanomaterials,” and soft materials.’® As an example, Wezen-
berg and co-workers recently described that polymeric gels
containing a squaramide crosslinker were able to swell and
bend in the presence of different concentrations of various
anions.""

Although the topic has already been the subject of previous
reviews covering different aspects of application of squara-
mides in supramolecular chemistry,">™** herein we will high-
light examples of the use of squaramides for anion binding,
extraction, sensing and transmembrane transport with the
purpose of providing some inputs for the future of this very
active field of research.

Anion binding

The first use of squaramide derivatives for carboxylate binding
has been reported by Costa, Ballester and co-workers in 1998."
In this seminal paper, they described the series of mono
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squaramides 1-4, symmetric and non-symmetric, bearing neu-
tral or charged substituents (Fig. 1). When titrated with tetra-
methylammonium acetate in DMSO-d; or in a mixture of
DMSO0-ds/10%D,0 by means of "H-NMR titrations, these recep-
tors showed a moderate affinity for this anion forming adducts
with 1:1 stoichiometry with the highest association constant
measured for squaramide 4 in DMSO-dg (Kass = 14200 £ 3200
M™'). As expected, the presence of the positively charged
trimethylammonium group on one of the pendant arms of 4
improves the anion binding properties of this receptor.

Authors showed that an efficient binding of dicarboxylates
could be achieved with bis-squaramides 5-9 (Fig. 1). For
example, squaramide 7 bearing two benzylic substituents
showed association constants for the formation of the 1:1
adduct with glutarate [as its tetrabutylammonium (TBA) salt]
in DMSO-d¢/10%D,0 of 1400 + 200 M ' and in DMSO-d,/
15%D,0 of 150 + 40 M~ * while in DMSO-d, the association
constant was too high to be measured by "H-NMR spectroscopy
(Kass > 10" M™"). The charged bis-squaramide 9 was able to
bind glutarate in a very hydrophilic medium such as CD;CN/
30%H,0 with an association constant of 560 + 50 M~ * demon-
strating the efficiency of the squaramide NHs to act as H-bond
donor groups even in a very competitive solvent medium.
Finally, the authors reported the ability of receptors 10 and
11 characterised by a pseudo C; symmetry to bind tricarbox-
ylates (Fig. 2). Indeed, tris-squaramide 11 was able to bind
trimesoate and cis-cyclohexentricarboxylate (both as their TBA
salts) with association constants for the formation of the
corresponding 1:1 adducts in DMSO-d¢/10%D,0 of 3900 +
400 M~ ' and 7700 + 1300 M, respectively.

Costa’s group also gave insight into the thermodynamic
aspects behind the carboxylate binding by the mono and bis-
squaramides described above, showing by ITC that in solvents
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Fig. 2 Receptors 10-11 developed by Costa, and co-workers for tricar-
boxylate binding.

such as CHCI; or DMSO the formation of the adducts between
squaramide derivatives (especially in the case of those bearing
positively charged ammonium groups) and carboxylates anions
are driven by the formation of H-bonds and electrostatic
interactions, and the process is overall exothermic. In polar
solvents, such as CH3;OH, the interactions still occur but the
process is endothermic and entropically driven by the reorga-
nization of solvent molecules during the binding event."®
Al-Sayah and Branda have studied the carboxylate binding
properties of squaramide 12 (Fig. 3) and compared them with
those of the analogous thiourea."” Upon "H-NMR titration of 12
with TBAAcO in CD;CN/CDCI; (1:1 v/v), an association con-
stant of 7390 M~ ' was calculated for the formation of the 1:1
adduct, while a lower association constant (Kyss = 5790 M~ ') for
the formation of the acetate adduct with the analogous
thiourea was determined. Authors also performed calorimetric
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Fig. 3 Receptor 12 synthesised by Al-Sayah and Branda.

titration studies in CH;CN/CHCl; (1:1 v/v) demonstrating that
the binding event is both enthalpically and enthropically driven
with a AH of —2209 cal mol ™" and a AS of 10.3 cal mol ' K.

Very recently, Elmes and co-workers have reported on a
family of symmetric squaramides (13-15) functionalised with
naphthalimide groups differing for the length of the aliphatic
chain between the squaramide core and the substituents
(Fig. 4)."® As shown by the SEM image reported in Fig. 4(A),
squaramide 13 undergoes molecular self-assembly/aggregation
giving rise to some sort of pine cone structures. A similar
behaviour was observed in the cases of 14 and 15. The aggrega-
tion behaviour was further confirmed by "H-NMR studies in
DMSO-dg at variable temperatures (Fig. 4(B)) which demon-
strated that at 298 K the signals assigned to the squaramide
NHs and the naphthalimide CHs appeared broad while they
became sharper and resolved well by increasing the tempera-
ture up to 358 K. The aggregation/disaggregation process was
reversible as the peaks became broad again by cooling down
back to 298 K. The three squaramide derivatives were able to
selectively bind AcO™ (as its TBA salt) in DMSO with low
association constants (K = 422 + 11.9% M~ ' for the 1:1
adduct formation calculated with receptor 13 at 273 K). This is

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Squaramides 13-15 reported by Elmes and co-workers. SEM
image of 13, and the scale bar is 10 um (A). *H-NMR spectrum of 13
(5.0 x 1073 M) recorded at variable temperatures in DMSO-dg (B).
Reproduced with permission from ref. 18. Copyright Elsevier 2022.

probably due to a competition between the self-aggregation of
the free receptors and the formation of the adducts. The
authors demonstrated that the length of the chain in the design
of the receptors does not have any effect as they all showed a
similar behaviour.

Recently, a series of squaramides able to bind non-steroidal
anti-inflamatory drugs (NSAIDs) ketoprofen and naproxen as
their sodium salts have been reported (Fig. 5).">*° The macro-
cyclic systems 16 and 17 have been found to be able to bind
ketoprofen in its anionic form in a 1:1 stoichiometry in
CH;CN/DMSO solution (1:1 v/v) with association constants of
Kass = 9.4 % 10* £+ 0.6% and K,e = 8.3 x 10* M~ £+ 1%,
respectively. Receptors 19-24 were employed successfully for
developing ion selective electrodes (ISEs) able to discriminate

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Squaramides for naproxen and ketoprofen binding in their anionic
forms.

ketoprofen and naproxen in their anionic forms in real
samples.

Few examples of squaramide receptors for selective phos-
phate binding have been reported in the literature, to the best
of our knowledge. Elmes and co-workers have described two

novel self-associating amphiphilic (SSA) squaramides 25 and 26
(Fig. 6), which are able to bind anions in DMSO, while in a more
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Fig. 6 SSA squaramides that are able to act as colorimetric sensors for
HoPO, ™.
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competitive solvent medium such as DMSO/H,O (1:1 v/v) the
deprotonation event caused by H,PO, (as its TBA salt) on
receptor 16 is able to cause a colour change of the solution.*

A well-known strategy in anion supramolecular chemistry is
the exploitation of vacant coordination positions on a metal
centre to bind anions.?* This strategy was successfully used by
Delgado and co-workers to bind phosphate anions in water.
Squaramide 27, bearing dipicolylamine (dpa) and ethylpiper-
azine substituents, forms stable copper(un) complexes in water
with different degrees of protonation depending on the pH. In
particular, the binucluear complexes [Cu,27H_;]*?* in which
the metal centres are in a distorted octahedral environment
determined by the nitrogens of the dpa/ethylpiperazine moi-
eties, a nitrogen atom and an oxygen atom of the squaramide
unit (Fig. 7(A) for the [Cu,27H_4]** calculated structure) and
two H,O molecules. At physiological pH values, the dinuclear
complexes [Cu,27H_,]“~)* bind selectively ATP*~ over ADP>~,
AMP>", aminoethylphosphate (Haep ) and phenylphosphate
(PhPO,>"), with significant interference of hydrogenpyropho-
sphate (HPPi*") with very high association constants. DFT
calculations, as shown in Fig. 7(B) and (C), revealed that in
the presence of HPPi*~ and ATP*~, the aqua ligands bound to
the metal centres are replaced by the oxygen atoms of the anion
guests and a further H-bond interaction between the hydroxyl
group of the ribose unit and the squaramide oxygen atoms in
the case of ATP*", which stabilize the complexes.

The cryptand-like receptor 28 (Fig. 8) was reported by Fusi,
Micheloni and co-workers.? It consists of two separate binding
sites: a Me,[12]aneN, polyaza macrocyclic unit suitable for
cation binding bridged by two squaramide units suitable for
anion binding.

Macrocycle 28 was found to be selective for H,PO,  over
SO4>~ and H,P,0,”" (the log K, values for SO,>~, H,PO, ", and
H,P,0,>” are 2.96, 4.04, and 2.56, respectively) as determined
by potentiometric titrations in 0.15 M NaClO, aqueous
solution. Potentiometric studies also highlighted that the
selectivity for H,PO,” was maintained in the pH range of
4.0-10.5 with a peak of selectivity at pH 7.4.

Fig. 7 Squaramide 27 reported by Delgado and co-workers and its
dinuclear copper(i) complex [Cu,27H_;]1*" (A), complex [Cu,27H_(PPi)|~
(B), complex [Cu,27H_1(ATP)]~ optimised by DFT calculations (C). Adapted
with permission from ref. 22. Copyright RSC 2019.
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Fig. 8 Cryptand-like and cage-like squaramide-containing receptors 28
and 29 for dihydrogenphosphate binding.

Very recently, Kim and Yang reported the excellent binding
behaviour in solution and in the solid state of the cage-like
squaramide receptor 29 (Fig. 8).>* The anion binding properties
of 29 in the presence of a set of anions as their TBA salts
(fluoride, chloride, bromide, iodide, hydrogensulfate, sulfate,
hydrogenpyrophosphate, and dihydrogenphosphate or triethyl-
ammonium hydrogencarbonate) were studied in DMSO-dg/
10%H,0 by means of "H-NMR titrations. A downfield shift of
the signals attributed to the squaramide NHs was observed
upon the addition of the anions. By fitting the titration data
using a 1:1 binding model, an association constant of K,s =
(6.57 £ 1.12) x 10> M " was determined for the formation of
the adduct of 29 with H,PO, . The formation of the 1:1 adduct
was confirmed by a Job plot experiment in solution and by
SCXRD analysis in the solid state. Single crystals were grown by
slow evaporation of a CHCIl3/CH;0H solution of 29 in the
presence of an excess of TBAH,PO,. As shown in Fig. 9, the
anion is bound to the squaramide NHs via four H-bonds.
The anion also forms H-bonds with CH;OH molecules and
the carbonyl groups of the squaramide moieties of an adjacent
receptor molecule.

One of the most targeted anions in the development of
artificial receptors for anionic systems is sulfate, SO,> ,>>2°
which is involved in numerous biological, environmental, and
chemical processes.”’>° This is not an easy task considering
the tetrahedral shape of this anion, its charge density and
high hydrophilicity (AG, = —1080 kJ mol"),*® which require

Fig. 9 Views of the single X-ray crystal structure of the 1:1 adduct of 29
with TBAH,PO,4. Reproduced from ref. 24. Copyright RSC 2023.

This journal is © The Royal Society of Chemistry 2024
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an accurate choice of building blocks, functional groups and
related spatial disposition in the structure of the abiotic
receptors in order to maximize non-covalent interactions via
topological complementarity. In fact, SO,>, binding proteins
(SBPs), which are involved in the high selective binding and
active transport of this anion into bacteria cells, feature binding
sites located in hydrophobic pockets far from the protein
surfaces where the SO,>~ anion can be bound in a dehydrated
form and completely shielded from the solvent.** Furthermore,
a precise arrangement in the binding sites of selected amino-
acids with appropriately oriented H-bonding donor groups
allows the exact encapsulation and efficient binding (an asso-
ciation constant of about 10° M™" in H,0 at pH 5-9)** and
recognition of the tetrahedral SO,2™ anion via the formation of
seven H-bonds.

Inspired by nature, many researchers have proposed
macrocyclic, interlocked,** and tripodal®® scaffolds for selec-
tive SO,>~ receptors, featuring various H-bond donor binding
sites, among which also squaramide moieties.

In 2013, considering the results achieved with the well-known
tren-based tris-(thio)urea receptors for anion binding,***” Jiang,
Lin and co-workers reported the tripodal receptors 30-32 (Fig. 10)
and investigated by "H-NMR their binding properties towards
inorganic anions as TBA salts in DMSO-de.*®

The results indicated that receptors 30-32 show strong
binding affinities or acid-base interactions with Cl~, SO,>",
HSO, , H,PO, , and AcO™ (Cl” and H,PO, provoked depro-
tonation of 31 and 32) with a preference for SO, [Kags: 4.75
(30), 4.95 (31), and 4.87 M™~* (32)] followed by the other anions
in the order H,PO, " [K, Cass :4.14 (30) M '], HSO,~ [ asst 3-65 (30),
3.78 (31), and 3.65 M~ (32)], AcO™ [Kyss: 2. 82M 1 (30)],and CI~
[Kass: 2.58 (30), 2.61 (31), and 2.65 M~ ' (32)] and a fine
modulation exerted by substituents present on the phenyl
groups. In any case, these receptors showed a binding affinity
for SO,>~ higher than those observed for urea-based tripodal
systems.’®*” Interestingly, all evidences (including Job plots
and DOSY NMR experiments) suggested the formation of a 1:1

Fig. 10 Molecular structures of the tren-based tris(squaramide) receptors
30-32.

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Molecular structure of the 2:2 adduct [[30(SO4).1%" in
[30(SO4)I>(TBA),. Reproduced with permission from ref. 38. Copyright
RSC 2013.

adduct in solution between 30 and $O,>~, despite in the solid
state the 2:2 [30(SO,)],(TBA), dimeric adduct was isolated and
structurally characterized (Fig. 11). Each SO,>” anion in the
dimer is coordinated by the NH protons of the squaramide
units from two arms of 30 and by the squaramide moiety
belonging to a symmetry related receptor unit.

The same authors successfully employed these receptors as
anionophores in the preparation of ISEs for sulfate recogni-
tion.>® In particular, the membrane prepared incorporating
receptor 31 showed a Nernstian slope of —30.2 mV with a
linear range from 1 pM to 100 mM sulfate concentration and
was employed for the quantification of sulfate in cell lysates
and drinking water. Jolliffe and co-workers have reported a
series of neutral macrocyclic receptors of different ring size
cavities, preorganization for SO,>~ binding, and solubility in
aqueous media, featuring two or three squaramide moieties in
their structures and two or three benzene (Fig. 12) or pyridine
spacer units (Fig. 13).*>"

Receptors 33-36 contain alternating aryl and squaramide
units (Fig. 12), and they do not feature triethyleneglycol mono-
methyl pendants via ester or amide linkages for 37-42. Unfor-
tunately, despite clear evidences for the ability to bind strongly
SO,>", due to the low solubility even in DMSO-dg, and the
complexity of the "H-NMR spectra, quantitative anion binding
studies were not possible for 35 and 36."> In the case of the
more soluble 33 and 34, these studies were performed in
DMSO0-de/0.5%H,0 by titration with the TBA salts of the anions

)=
® o ©/\ /D ojj.f/_@_\:\:{

S ™ o NH NH
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- L 4} o
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34 o,
O 40, i y j;f i
o¢ﬁh¢ = "

>
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35 070t
37 : 38
Fig. 12 Cyclic squaramide-based receptors featuring aryl spacers and in
the cases of 37 and 38 also triethylene glycol monomethyl pendants via
ester linkages.
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Fig. 13 Cyclic squaramide-based receptors 39-42 featuring benzene or
pyridine spacers and triethylene glycol monomethyl pendants via amide
linkages.

SO4>~, H,PO,~, AcO™, and Cl~, for which preliminary results
indicated a strong interaction with the two receptors in DMSO-
d (in the presence of F~, deprotonation of the NH protons was
observed for 33 and 34 in DMSO-d,).** In this medium, both 33
and 34 were found to bind SO,>~ with association constants
(Kass) higher than 10* M™" for the formation of 1:1 adducts.
However, significant differences were observed for the mea-
sured binding constants with the other anions with the highest
selectivity for the SO,>~ observed in the case of 34 [K,g: >10"
(S04>7), >10* (H,PO, ), 7530 (AcO ™), and 28 M * (CI") for 33;
>10" (S0,%7), 409 (H,PO, ™), 776 (AcO™), and 144 M~ (CI") for
34].”” '"H-NMR spectra indicated the involvement of both
squaramide NH protons and aromatic CHs sitting between
the two benzene ring substituents in SO,*~ and H,PO,  bind-
ing by both 33 and 34. For the other two anions, only the NH
protons appeared to be involved in the binding. A clear picture
of the binding mode of 33 with SO, comes from the X-ray
crystal structure of the complex [33(SO,)](TBA),-2H,0.*” In the
complex anion [33(SO,)]*”, the receptor adopts a bowl-like
conformation, reminiscent of a calixarene in the cone confor-
mation, with NH protons from both squaramide units and the
two aromatic CH protons (one from each benzene ring) point-
ing towards the macrocyclic cavity (Fig. 14). In this conforma-
tion, the prevailing binding mode of the SO,>~ anion by the
receptor involves the formation of NH---O H-bonds between
each of the four amide protons and three of the anion oxygens
as shown in Fig. 14(A) and (B). The free coordination hemi-
sphere of SO,> is nestled among the butyl chains of the TBA"
counter cations. Interestingly, the optimized geometry of the
anion [33(AcO)]” features the anion bound to the four NH
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Fig. 14 Two different views of the structure of the complex anion
[33(SO4)12~ with the receptor in the dominant binding mode (A) and (B).
The optimized model of the complex anion [34(SO4)12~ (C). Reproduced
with permission from ref. 42. Copyright RSC 2016.

protons, but the aromatic CH protons sitting between the two
benzene ring substituents point away from the anion binding
site and the conformation assumed by the receptor is reminis-
cent more of that observed for a 1,3-alternate calixarene.*?

The higher selectivity of 34 towards the SO4>~
supported by the optimized structure of the complex anion
[34(SO,)*~ (Fig. 14(C)). The SO,>~ anion sits inside the macro-
cyclic cavity with all four oxygens engaging H-bonds with the
squaramide NH protons, all six of them being involved.
Furthermore, all three benzene rings have one proton pointing
towards the SO, anion, thus suggesting the involvement of
them in additional stabilizing interactions, which would con-
tribute to the high affinity and selectivity of 34 for SO,>".

The introduction in 37 and 38 of triethylene glycol mono-
methyl pendants via ester linkages allowed anion binding in
H,0/DMSO-d, (1:2 v/v) to be studied by "H-NMR. In this more
competitive solvent mixture, a remarkable decrease of the
association constant was observed for 37 [Kue: 1820 M
(S0,>7)] compared to 33 [Ku,: >10* M ' (SO,>7)] in the
formation of the 1:1 adduct. However, receptor 38 still showed
a high affinity for SO, [Kuss: >10* M~ ']. This was attributed
not only to the presence in 38 of an additional squaramide and
aromatic CH binding sites, but mainly to the perfect match of
the size of the anion to the cavity of the receptor, which allows
the former to be protected from the interactions with solvent
molecules in a sort of hydrophobic cavity. In H,O/DMSO-d¢
(1:2 v/v), 38 showed also great selectivity for SO,>~ in compar-
ison with other tetrahedral anions such as phosphate species
(Kass: 16 M ! at pH 7 in the presence of both H,PO, and
HPO,>"), Se0,>” (Kass: 1900 M Y), CrO,>~ (Kass: 165 M™1), and
ClO,>™ (Kass: too low to be determined). "H-NMR titrations of 38
with SO,>~ and phosphate species in H,O/DMSO-dg (1:2 v/v)
were also performed at pH 9.1 (tris buffer) at which the
predominant phosphate species is HPO,>~; under these condi-
tions, the K,4s values observed for the two anions were 2045 and
13 M, respectively. A higher affinity of 38 for sulfate than
other anions was also confirmed in aqueous mixtures [H,O/
DMSO-ds (1:1 v/v)] mimicking the anion composition of
plasma (measurements made at pH 7.4) and nuclear waste
(pH 3.2).

In order to further increase the solubility in aqueous DMSO
mixtures with a higher water content, and the SO,>~ binding
affinity and selectivity over a wide pH range, Joliffe and co-
workers also synthesised the receptors 39-42 (Fig. 13), which

anion is
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are structural analogues of 37 and 38, but feature amide
linkages instead of ester ones for decorating the macrocyclic
structures with the solubilizing triethyleneglycol chains, and
pyridines instead of benzene spacers (41 and 42).*° As expected,
receptors 40 and 42 (featuring three squaramide units in their
structures) displayed higher affinities than analogues 39 and 41
(featuring two squaramide units in their structures), in both
H,0/DMSO0-d; (1:9 v/v) and H,O/DMSO-d, (1:2 v/v) at pH 7, as
already observed for 38 with respect to 37 (the low solubility of
41 in the latter solvent mixture prevented an evaluation of its
SO4>~ binding affinity in this medium), with K, values for the
1:1 adduct formation higher than 10* M~". While the replace-
ment of ester linkages by amide ones resulted in a little impact
on the $O,>~ binding ability, the replacement of benzene
spacers with pyridine ones revealed to be a winning strategy.
In fact, due the higher solubility of 40 and 42 in comparison to
that of 34, "H-NMR binding studies were performed for these
two receptors also in DMSO-d¢/H,O (1:1 v/v) at pH 7. In this
very competitive medium, 42 resulted to bind SO,*> about
three times more strongly than 40 (K,s: 4870 and 1340 M ™"
for 42 and 40, respectively), and this selectivity was maintained
even in DMSO-ds/H,0 (1:2 v/v) (K,ss: 480 and 130 for 42 and 40,
respectively). In agreement with DFT calculations, this beha-
viour was attributed to a greater preorganization of 42 to SO,>~
binding due to intramolecular H-bonds between the pyridine N
atoms and the NH protons with the free ligand that presents in
its more stable conformation all squaramide protons already
pointing towards the centre of the ring cavity. In contrast, 40
would undergo a significant conformational change for SO,>~
binding through all six NH protons (Fig. 15).

Significantly, in DMSO-d¢/H,O (1:1 v/v), binding of the
anions AcO™, NO;, ClI7, HCO;™ and H,PO, to 42 was negli-
gible as no changes in the "H-NMR spectrum of the receptor
was observed upon addition of 5 equiv. of these anions.

Fig. 15 Optimized structures of 42 (A), 40 (C), [42(SO4)* (B), and
[40(SO,)1>~ (D). Reproduced with permission from ref. 41. Copyright RSC
2019.
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Fig. 16 Molecular structures of dipeptides 43—45 featuring squaramide
functionalized side chains and the modelled structure of the adduct
[43(5S0,4)12~ showing the possible H-bond patterns responsible for the
high binding affinity of 43 towards SO42~ in very competitive solvent
mixtures. Reproduced with permission from ref. 43. Copyright Wiley 2014.

Furthermore, in this medium, 42 exhibited a binding selectivity
for SO, over SeO,”~ and CrO,>~ with a selectivity index for
the latter (Kugs(sulfate)/ Kass(chromate) = 483) much better than that
observed for 38 under the same experimental conditions.
Compared to 38, the SO,>” binding performances of 42
resulted significantly increased also in aqueous mixtures
[DMSO-ds/H,0 (1:1 v/v)] mimicking the anion composition of
plasma (measurements made at pH 7.4, Kys: 2490 M™') and
nuclear waste (pH 3.2, K, 4870 M ') in the presence of
competing anions, and under conditions of pH 14 (K,
610 M~ ") in which the receptor resulted stable for 5 hours.

Neutral dipeptides 43 and 44 bearing squaramide functio-
nalised side chains have been reported by Joliffe and co-
workers as efficient SO,>~ receptors in mixtures of DMSO and
H,O (Fig. 16)."

Due to the large association constant of these receptors with
SO,>” in DMSO-dg containing 0.5% of water (v/v) (strong
binding is suggested by "H-NMR spectra over titration experi-
ments, which could not be fitted to a suitable binding model,
probably because of a two-stages binding process), titration
experiments were repeated in DMSO-ds/20%H,0 (v/v). In this
more polar and competitive mixture, both 43 and 44 retained a
high binding affinity for SO,>~ (Kuss: >10* M™", demonstrating
the negligible effect of the different chirality of the two recep-
tors), with the formation of the 1:1 adduct, and high selectivity
over AcO™ [Kyss: 44.9 (43), 72.6 M " (44)] and BzO~ [K,g: 17.1
(43), 29.7 M™' (44)], the only anions that express detectable
interactions with the two receptors in the same solvent mixture.
Of note, the binding affinity for SO,>~ of 43 and 44 resulted
significantly higher than those observed for the analogous
systems featuring thiourea groups instead of squaramide moi-
eties (K,ss: 1282 and 775 M%), for the modified amino acid 45
(Kass: 1116 M™') (Fig. 16), and related amino acid-based
squaramides.** Moreover, Joliffe and co-workers observed that
receptor structural analogues of 43 and 44, but featuring
shorter peptide side chain lengths, increased length and flex-
ibility of the peptide backbone, and the increased number
of electron withdrawing or hydrophilic groups present on the
squaramide phenyl substituents did not alter significantly
the binding affinity and selectivity towards SO,>~ in DMSO-
de/20%H,0 (v/v).*

Chem. Soc. Rev,, 2024, 53, 3952-3975 | 3959
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To obtain insight into the possible binding mode of this
class of receptors, the structure of the 1:1 [43(SO4)]*~ adduct
was modelled.”® The results of calculations show the SO,>~
anion wrapped by the receptor and forming seven H-bonds, of
which four with the squaramide NH protons, two with the NH
amide protons from the peptide backbone, and one with the
carboxamide group (Fig. 16), in agreement with changes in the
"H-NMR spectra upon titration with SO,*~

Recently, the bis[squaramido]ferrocene receptor 46 has been
reported for SO,>~ binding and electrochemical recognition
(Fig. 17).*°

'"H-NMR binding studies were performed initially in DMSO-
de containing 1% of water by titrations of 46 with various
anions as TBA salts. No changes in the "H-NMR spectrum of
46 were observed upon addition of Cl, HSO, , and NO;,
while the more basic F~ and AcO™ caused NH deprotonation.
S0,>” and H,PO,~ strongly interact with 46 with formation of
1:1 adducts (Ku: >10* M™') (in contrast to the 1:1 adduct
with H,PO, ", the 1:1 adduct with SO,*" resulted quite stable
even in the presence of a large excess this anion). On passing to
a more competitive aqueous medium (DMSO containing 20%
of H,0), it was possible by UV-Vis spectroscopy to quantify the
K, values for the 1:1 adducts of 46 with SO,>~ and H,PO,~
(Kass: 3.1 x 10° and 1.4 x 10* M, respectively), which suggest
a marked selectivity of the receptor for the former. Interest-
ingly, the structural analogue of 46 featuring only one squar-
amide moiety linked to the ferrocene unit shows in DMSO-d,
containing 1% of H,0 a much lower selectivity for SO,>~ with
respect H,PO, ™, and an association constant (measured by H-
NMR titrations) for the formation of the 1:1 adduct with SO,*~
(Kass: 1.2 x 10> M) that is over two orders of magnitude lower
than that measured for 46 in DMSO containing 20% of H,O,
thus suggesting a higher efficiency of the scaffold having two
stacked squaramide units in 46 for SO,>~ binding.

Chloride binding is of high interest due to the fact that the
transport of this anion through channels is particularly relevant
from a biological point of view (see the Anion transport
section). Muthyala and co-workers have demonstrated that
the insertion of carbonyl groups such as benzoyl groups on
the squaramide skeleton facilitates chloride binding in polar
solvents such as CH3;CN by disrupting the intermolecular
H-bonds between the carbonyl group of the substituents and
the squaramide NHs which is instead favoured in apolar
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Fig. 17 Molecular structures of bis[squaramidolferrocene 46 and tripodal
receptor 47.
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solvents such as CHCl;.*” The same authors have lately shown
that these types of receptors can be used to detect chloride via
excited state intramolecular proton transfer (see the Anion
sensing section).

The tripodal receptor 47 (Fig. 17) was successfully employed
for the development of ion selective electrodes (ISEs) to selec-
tively sense chloride in sweat and blood samples.*® Interest-
ingly, the membranes prepared incorporating 47 were found to
have a high selectivity towards chloride over commonly found
interferents such as salycilate (often found in patients treated
with aspirin) and heparine (used as the anti-coagulant).

Squaramide derivatives can be successfully employed for the
development of interlocked structures such as rotaxanes*’
which were used, for example, for sodium halide ion pair
recognition.’® Very recently, Evans and co-workers have found
that the addition of chloride to a solution of chiral 2-rotaxane
48 in CDCIl; caused the shuttling of the macrocycle from the
squaramide station to the diphenyl stopper (Fig. 18) as demon-
strated by "H-NMR experiments with a measured association
constant K, of 1300 M~ '.>*

Anion extraction

Recently, it has been discovered that squaramides can be used
to develop efficient methods to extract cations, anions, and ion-
pairs.

Romanski and coworkers have been very active in the field.
They have developed various squaramide-based receptors
(Fig. 19) that have been successfully used as extractants.>>°

As shown in Fig. 19, all the receptors developed in Romans-
ki’s lab are characterised by the presence of at least one
squaramide unit and one crown-ether unit, which are respon-
sible for the binding of anions and cations, respectively.
Indeed, receptors 49-57 are able to extract ion-pairs from water
solution. As an example, receptor 50, presenting a squaramide
unit non-symmetrically substituted with a 3,5-trifluoromethyl-
phenyl moiety and a benzo-18-crown-6 unit, acts as an efficient
extractant for potassium sulphate in liquid/liquid extraction
(LLE) technology. It is well known that benzo-18-crown-6 is
highly specific for potassium cation binding and this also
improves the anion affinity (Kass = 2300 and 4300 M~ for NaCl
and KCl, respectively in CH3CN/5% H,O for the formation of
the 1:1 complex, calculated from UV-Vis titrations). Interest-

ingly, receptor 50 formed the 1:1 adducts with C17, I, NO,™
X5
] e o, H ”N
oS o

Fig. 18 Scheme of the shuttling of the macrocycle in rotaxane 48

induced by the addition of chloride in CDCls. Adapted with permission
from ref. 51. Copyright Wiley 2023.

This journal is © The Royal Society of Chemistry 2024
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Fig. 19 Receptors 49-57 developed by Romanski and co-workers for
ion-pair extraction.

and NO;~, while in the case of SO,>~ a peculiar supramolecular
assembly formed by the 4:1 receptor/anion adduct was
observed. The formation of the self-assembled structure was
demonstrated by "H-NMR titrations in CD;CN and DOSY-NMR
(a decrease of 28% of the diffusion coefficient of the free
receptor was measured), dynamic light scattering (DLS) experi-
ments (an hydrodynamic diameter, dy, of 28 nm for the
supramolecular assembly was measured) and single crystal
X-ray diffraction analysis on the crystals obtained by slow
diffusion of diethyl ether vapours into a methanol solution of
receptor 50 in the presence of an excess of Na,SO, (Fig. 20).
The authors demonstrated for the first time the possibility to
extract a highly hydrophilic anion such as SO,>~ from an
aqueous solution of an alkaline earth salt to an organic phase.
A "H-NMR experiment was carried out by adding a 2 mM
solution of 50 in CDCl; aqueous solutions 50 mM of various
anions (CI~, Br~, NO;~, NO, , H,PO,, and SO,*") as their
potassium salts. To confirm the importance of the counter
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Fig. 20 Crystal structure of the supramolecular assembly formed by
Na,SO4 and receptor 50 (A). Changes in the chemical shift of selected
protons of receptor 50 in CDClsz before (a) and after (b) the addition of an
aqueous solution of K,SO4 (B). The spectrum (c) is referred to a back
extraction experiment and shows the reversibility of the process. Repro-
duced with permission from ref. 52. Copyright RSC 2019.

cation, Na,SO, was also tested. In all cases, except for K,SOy,
the formation of insoluble solids was observed confirming the
unique properties of receptor 50 to increase the solubility of the
S0, salt in organic solvents. Indeed, as shown in Fig. 20(B),
a dramatic shift of the squaramide NH signals was observed
when a solution of 50 was in contact with the aqueous solution
of K,S0,. Back extraction experiments showed the ability of 50
to release the salt back to water.

Jolliffe and co-workers have also shown that squaramides
can promote SO,>  extraction. In this case, the macrocyclic
receptor 58 was employed.”® LLE experiments were conducted
by vigorously shaking a water solution containing TBA,SO,
with a CDCl; solution containing receptor 58 and analysing
the organic phase by "H-NMR spectroscopy and it was demon-
strated that one equivalent and even a substoichiometric
concentration of SO,>~ could be extracted from the aqueous
phase. However, in contrast to what was observed by Romanski,
the lipophilicity of the counter cation was crucial in this case as
Na,S0, could not be extracted. In a competitive experiment, it
was found that a CDCI; solution of receptor 58 could selectively
extract SO,>~ from an aqueous solution containing both SO,*~
and NO; ™ and that a full recovery of SO, could be obtained
by precipitating it back in water in the form BaSO, by using
aqueous Ba(NOj;), and forming the adduct 58-NO;~ via an
anion metathesis process. Starting from these results, a
U-tube experiment was designed (Fig. 21) and the sulfate
transport across a bulk chloroform membrane was demon-
strated in a wide pH range (pH = 3.2-9.4). In this experiment,
the SO, extraction from the organic phase was monitored via
ICP-MS using BaSO, gravimetric analysis. SO,>~ transport was
possible only in the presence of NO; ™ in the organic phase
while a 2-fold increase in the transport rate was observed in the
presence of BaCl, in solution, which drove the equilibrium by
the Le Chatelier principle.

Interestingly, Maniesotis, Baggiani and co-workers showed
that polymerisable squaramides 59 and 60 (already employed to
prepare imprinting polymers)®" could be used for producing
molecularly imprinted polymers (MIPs) for the solid state
extraction of 4-hydroxy-3-nitrophenylarsonic acid (commonly
known as roxarsone), an organoarsenic compound used in
poultry production as a feed additive (Fig. 22).°* Monomers
59 and 60 showed good association constants for the formation

Chem. Soc. Rev., 2024, 53, 3952-3975 | 3961
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Fig. 21 Structure of receptor 58 and scheme of the U-tube test to
demonstrate sulfate transport across the chloroform membrane. Repro-
duced with permission from ref. 40. Copyright RSC 2020.
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Fig. 22 Squaramides 59 and 60 used to prepare MIPs for the solid-state
extraction of the organoarsenic compound roxarsone. The structures of
roxarsone analogues acetarsone and nitarsone are also reported.

of 2:1 adducts with roxarsone as its TBA salt in the range of
10> M~ in DMSO-d, measured by "H-NMR titrations. Imprinting
polymers were prepared by mixing monomers and roxarsone salt
in a 2:1 ratio with the cross-linker dimethylacrylate (EDMA) and
the free-radical initiator 2,2’-azobis(2,4-dimethyl)valeronitrile
(ABDV). Imprinting polymers showed similar affinity towards
roxarsone than the monomers but in the more competitive
solvent methanol (K,ss = 14.65 x 10> M~ " and 16.85 x 10> M,
for the MIP prepared with 59 and 60, respectively). In terms of
selectivity, a remarkable selectivity towards roxarsone when
compared to its analogous acetarsone and nitarsone was
observed for MIP based on squaramide 60.

This MIP was successfully used to establish a protocol for
the solid state extraction of roxarsone by loading polypropylene
solid-phase extraction cartridges with the MIP and then putting
it in contact with an aqueous sample containing the target
analyte. Cartridges were then washed, and the eluates were
analysed by HPLC. With this method, it was possible to measure
concentrations of roxarsone down to 1 ug mL ™" in water samples.

Very recently, Jolliffe and co-workers have shown a novel
strategy for developing squaramide copolymers by combining
together poly(ethylene glycol) methyl ether methacrylate
(PEGMA) and [(tert-butoxycarbonyl)amino]ethyl methacryla-
mide (Boc-AEMA) in different ratios and functionalising the
resulting polymer with squaramides bearing various substitu-
ents (3,5-(bis)-trifluoromethylphenyl and 2-fluornyl) after the
removal of the Boc group. The polymers showed the ability to
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Fig. 23 Structure of squaramide-based COF 61 and its structure obtained
by PXRD (A). Enrichment factor for a family of PFAS for COF 61 and other
commercially available extractants (B). Reproduced with permission from
ref. 64. Copyright Wiley 2022.

bind anions in DMSO with no selectivity and similarly to the
corresponding molecular squaramides while no binding was
observed in pure water.*

A fluorinated squaramide-based covalent organic framework
(COF) (61, Fig. 23(A)) that is able to efficiently extract a broad-
spectrum of per- and polyfluoroalkyl contaminants from water
was described by Zheng, Ouyang and co-workers.®* COF 61
allows for multiple interactions with PFAS as it is able to act as
the H-bond donor and H-bond acceptor and has fluorophilic
moieties. The PFAS chosen for the extraction measurements
comprise, among others, PFOA (perfluorooctanoic acid, in its
anionic form), PFOS (perfluorooctane sulfonate), GenX (2,3,3,3-
tetrafluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy)propanoic acid,
in its anionic form), F-53B (chlorinated polyfluorinated ether
sulfonate), the cationic PFOSAmS (perfluorooctaneamido quatern-
ary ammonium salt), and the zwitterionic N-CMAmP-6:2FOSA
(N-(carboxymethyl)-N,N-dimethyl-3-  (((3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluorooctyl)sulfonyl)Jamino)1-propanaminium).  Glass
capillaries etched with HF were covered with COF 61 by dip-
coating technology and immersed into a water solution spiked
with PFAS. The extraction performance was analysed by mea-
suring the areas of the mass spectra of the pollutants. As shown
in Fig. 23(B), COF 61 showed a higher enrichment factor (that
measures the overall success of the extraction) than other
commonly used commercially available extractants such as
PDMS (polydimethylsilossane), DVB (divnylbenzene), PA (poly-
acrylate), and carboxen.

Anion sensing

Since their introduction as receptors for the molecular recogni-
tion of anions,"” squaramide-based systems for anion binding
and sensing represented an active field of research. Similarly, to
the case of imidazole-, pyrrole-, urea- or amide-based systems,
the design of squaramide-based molecular sensors has under-
gone significant developments, involving different approaches.
Among these, one of the simplest involves the use of host-guest
complexes between a receptor and a specific indicator, to be
used in the so-called indicator displacement assays (IDAs).®®

This journal is © The Royal Society of Chemistry 2024
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Fig. 24 Receptors 62—-69 developed by Costa and co-workers.

This strategy exploits the competition between the indicator
and the target analyte in interacting with the receptor, produ-
cing a detectable response, such as changes in color or fluores-
cence emission, when the indicator is displaced from the
receptor. Examples of this approach in squaramide-based
systems were described in an early work by Costa et al., which
focused on different families of squaramide-ammonium
charge-assisted receptors (Fig. 24). Their design allows the
combination of electrostatic interactions and hydrogen bonds
to target oxyanions, such as sulfate and hydrogen phosphate, in
aqueous media.®®%®

The anion binding ability of receptor 62 towards different
anions was investigated by NMR and isothermal titration
calorimetry (ITC).*® The results show a reduced binding ability
of receptor 62 towards nitrates, halides and other monoanions,
due to the selectivity promoted by the two tetra-alkylammonium
groups. The authors suggested that the selectivity towards sulfates
over other divalent anions might be due to constrains imposed
by the squaramide functions, which favors interactions with
tetrahedral sulfate anions. In the presence of fluorescein disodium
salt, receptor 62 produced a quench of the fluorescein emission,
as the consequence of a photo-induced electron transfer (PET)
process from the squaramide donor to the excited singlet state of
the fluorophore. Upon addition of sulfate anions, the PET is
suppressed due to the complexation of the competing anion,
restoring the fluorescence emission of the non-complexed
fluorescein.

Receptors 63-68 were designed to work in a similar fashion.*®
Different from receptor 62, this family was based on a linear
molecular skeleton, showing subtle differences in the
H-bonding capability and in the spacing between the charged
sites, with distances between the electropositive sites that
increase from receptor 63 to receptor 68. In this case, the
sensing was achieved using a colorimetric ensemble, exploiting
the acid-base equilibrium of the common pH indicator cresol
red. When complexed by receptors 63-68, the indicator showed
a purple coloration. This corresponds to the dianionic semi-
quinone form, which is preferentially complexed by receptors
63-68. The color turned to yellow upon addition of dianions
such as HPO,>~ and SO,". The selectivity of the ensembles was
also investigated in the presence of potential competitive
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anions such as F~, Cl7, Br~, I, CO;>~ and NO;~ in EtOH/
H,0 mixtures (9:1 v/v). The results showed a slight affinity
towards sulfate over phosphates. This was particularly evident
for receptor 68, which showed a relative sulfate/phosphate
selectivity ratio of 2.28.

The choice of the indicator can also affect the selectivity of
the IDA towards specific anionic species. In a more recent
article, Costa et al. described two IDAs based on receptor 69
complexed with cresol red and bromocresol green, respec-
tively.®” In the presence of different anionic species in mixtures
of EtOH/H,0 (9: 1, v/v), both IDAs produced a positive response
only in the presence of phosphate and sulfate. In particular,
phosphate and sulfate both produced a positive IDA response
with cresol red, while bromocresol green proved to be selective
only for the sulfate anion. On the basis of these results, the
author implemented this approach using a UV-Vis microplate
reader, enabling the parallel quantitative detection of these two
anions by comparison with calibration curves.

In a further development of this approach, Costa, Alarcon,
Garcia-Espana et al.®® designed a squaramide based boehmite-
(70) or silica-coated boehmite (71) IDAs, decorated with
charged alkylammonium groups, able to complex bromocresol
green (Fig. 25). The system works in a similar fashion as
described above; however, different to the previous systems,
this has the advantage to produce, among different anions, a
selective response toward carboxylates and sulfates in pure
water. The authors pointed that none of the previous systems
were able to produce such a selective response in pure water
and attributed this behavior to the presence of the nanoparticle
substrate.

Morey et al.”® developed magnetic squaramide-coated Fe;O,4
nanoparticles 72 for the detection of carboxylates, based on
receptor 73 (Fig. 26). In this case, the nanoparticles were
pretreated with a buffered (pH = 8) solution of fluorescein
(2 x 107° M). This system was then tested with solutions of
different anionic species (mono, di, tricarboxylates, F~, Cl~,
Br, NO;~, PO,*~ and SO,>7), also in competing media such as
water. The displacement of the fluorescein and the consequent
increase of the emission at 490 nm was observed only in the
case of mono and dicarboxylates. As pointed out by the authors,

Fig. 25 Receptors 70-71.
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Fig. 26 Receptors 72-74.

this system shows a selectivity analogous to that of more pre-
organized receptors such as 74, previously published.”*

A typical approach to the design of chemosensors, consists
of a receptor covalently linked to a signaling unit, either directly
or via a spacer. The interaction between the receptor unit and
the analyte produces a specific response that depends, in the
first place, to the intrinsic properties of the signaling unit.
Accordingly, depending on the type of signaling unit, a chemo-
sensor can be defined as fluorescent, colorimetric or redox.
This strategy has been largely applied for designing chemosen-
sors for different analyte sensing, including anions. Recently, it
has also been applied to squaramide based systems.

Jolliffe et al.”? described four chemosensors for anions
(75-78), consisting of aryl substituted squaramides covalently
bonded to a luminescent anthracene moiety (Fig. 27). The
choice of different electron-withdrawing aryl substituents and
different positions of substitution (3,5-CF3;, 4-CF3;, 4-NO,)
allowed a modulation of the acidity/H-bonding ability of the
squaramides. The sensing ability of the four receptors was
investigated upon addition of different halides (F~, ClI7, I",
and Br ) and NO;~ anions. The systems showed a selective
response only upon the addition of Cl™ anions, producing a
quenching of the fluorescence. Specifically, receptors 75-77
exhibited a quench of the excimer emission at 530 nm, which
was less evident on passing from 75 to 77, suggesting an
influence of the substituents (i.e., type, position and number
of substituents) in modulating the optical response.”*”*
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Fig. 27 Receptors 75-78.
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No particular changes in the fluorescence emission were
observed for the less acidic receptor 78.

The response is attributed to the formation of a 1:1 complex
via H-bonding, as suggested by "H-NMR and a solid-state
analysis by single crystal X-ray diffraction. However, in the
presence of a large excess of Cl™, receptors 75-77 showed an
unusual example of deprotonation of a receptor by Cl, as
suggested by the disappearance of the 'H-NMR signals
observed for the NH protons at high concentrations of this
anion. The deprotonation was also evidenced by dramatic
naked-eye color changes observed for 75-77, making these
systems suitable also for colorimetric detection of ClI™ anions
via deprotonation of the squaramide NHs. Deprotonation
induced by anions represents in fact another strategy for anion
sensing and exploits the development of acidic receptors able
to produce a change in color upon partial or complete depro-
tonation of the H-bond donor sites.”” This approach has been
applied to several urea-based systems,”®”” and squaramide-
based receptors have also been the subject of a number of
recent studies.”®®" The first example of squaramide-based
colorimetric receptors for anions (Fig. 28) has been developed
by the Taylor group,®" which investigated the sensing ability of
electron-deficient receptors 79-81 towards different anions
and compared their behavior with that of N,N-bis(dinitro-
phenyljurea (82).

In a very recent work, Lane and Jolliffe® described a case of
colorimetric sensors as a part of a more general study, aimed at
investigating the influence of the direct receptor-fluorophore
conjugation in anion sensing. The authors compared the
sensing ability of a family of squaramide-based chemosensors
(83-90) functionalized with different fluorophores (Fig. 29), via
both, a direct conjugation or a methylene spacer. The results
suggest that direct conjugation has a strong effect in increasing
the acidity of the NHs, probably due to the higher stabilization
by electronic delocalization of the deprotonated species. This is
reflected in the response of the conjugated receptors in the
presence of anions. In particular, receptors 84-86 undergo
deprotonation upon addition of 50 equiv. of different anions,
accompanied by a color change, according to the basicity of the
anions (yellow in the absence of anions, orange for the mono-
deprotonated receptor and deep blue for complete deprotona-
tion). Receptor 83 showed a different behavior. An investigation
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Fig. 28 Receptors 79-82.
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by UV-Vis spectroscopy showed a red shift in the maximum
absorbance only in the presence of monovalent oxyanions,
mainly H,PO, , AcO™, consistent with a 1:1 binding model.
Although this response was even more pronounced in the
presence of SO,>”, it was not possible identifying the binding
model, probably due to complex equilibria involved. Receptors
bearing a methylene spacer, 87-90, showed neither deprotona-
tion nor changes in the UV-Vis spectra upon addition of anionic
species. This was attributed to the methylene spacer that
insulate the squaramide receptor from the substituents.

While the fluorescence response of 83-86 in the presence of
anions could not be investigated, due to the deprotonation or
the shift of the absorbance maximum, 87-90 showed an inter-
esting behavior. The emission spectra of 87 and 88 showed two
bands at 325 nm and 495 nm, attributed to the monomer and
the excimer, respectively. Dilution experiments suggested that
the excimer is the result of intermolecular aggregation rather
than intramolecular interactions promoted by a syn-syn con-
formation of the receptor. Upon addition of H,PO, , AcO™ and
SO4>~, 87 and 88 responded with a decrease of the emission
intensity of the excimer band, with a more pronounced effect
observed for 88 and, in general, a greater response in the
presence of SO, (Fig. 30).

Receptor 86 was also the object of a recent study by Calta-
girone et al.** The anion binding ability of the receptor towards
a number of anions (F, Cl7, Br, I, CN~, and BzO ") was
investigated by "H-NMR, UV-Vis and fluorescence spectroscopy
in DMSO (DMSO-d;)/0.5%H,0. The results showed deprotona-
tion in the presence of BzZO™, CN™ and F, accompanied by a
chromatic change of the solution, from colorless to yellow.
Among the remaining halogenides, 86 showed a low affinity
only upon addition of CI". This was explained considering that

This journal is © The Royal Society of Chemistry 2024
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Fig. 30 Emission spectra of 87 (20 uM) in DMSO (1% H,O) upon addition
of TBA,SO,4 (0 to 60 equiv.) (lex = 280 Nnm) at 298 K (A). Emission spectra
88 (20 uM) in DMSO/1%H,0 upon addition of TBA,SO,4 (0 to 80 equiv.)
(Zex = 280 nm) at 298 K (B). The ratios of Is25//490 for 87 (C) and 88 (D) in
DMSO/1%H,0 at 298 K in the presence of anion (10 equiv.). Adapted with
permission from ref. 82. Copyright RSC 2023.

Intensity

C) 2

2-1 I
10
5

No Anion

Relative concentration
‘m wlla lsoom

DMSO represents a competing molecule for the interaction
with the squaramide, as suggested by the tendency of this
receptor to form solvate phases in the solid state. In less
competing solvents, such as CH3;CN, 86 showed a higher
affinity for Cl- anions. Investigation of the fluorescence
response toward different anions suggested a scarce ability of
86 to operate as fluorescence molecular sensors for anion
species. This was attributed to the steric hindrance in the
receptor molecule, probably due to the direct conjugation
between the pyrene moiety and the squaramide core. Previous
studies®! suggest that increasing the flexibility of the system by
adding an alkyl spacer might improve the response.

In this case, this was achieved using an alternative
approach. Indeed, in the presence of copper(u) ions, 86 formed
a 2:1 metal-to-ligand complex, accompanied by a naked eye
detectable fluorescence emission (Fig. 31). Among different
cations, 86 selectively responded to copper(u), producing an
emission band at 480 nm (Aexe = 350 nm). Upon addition of
anions, the 2:1 metal-to-ligand complex showed a variation of
the fluorescence emission only in the presence of excesses of
basic anions, resulting in a naked eye detectable change from
green to a pale red (under a UV lamp). This was attributed to
the deprotonation of the squaramide NHs of the metal
complex, which caused the formation of a red-shifted emission
band. The authors speculated that the 2 : 1 metal complex could
be used as a fluorescence chemodosimeter to recognize basic
anions.

The same authors recently described a family of macrocyclic
and non-cyclic bisquaramide receptors (16-17 and 19-20
respectively), directly conjugated to a dansyl moiety.'® These
receptors have been investigated as potential fluorescent
probes for the recognition of salted forms of naproxene and
chetoprofen (see the Anion binding section).

Another example of macrocyclic receptors was reported
by Romanski et al.,* which developed a family comprising a
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Fig. 31 Emission spectra of 86 (1.0 x 107> M) in CH3zCN upon addition of
Cu(ClOy), hydrate (2.5 x 1073 M), dexe = 350 nm (A) (inset: naked-eye
colour change of 86 in the presence of 2 equiv. of Cu(ClOy4), hydrate). The
plot reporting the fluorescence emission intensity (480 nm) versus molar
ratio relative to the titration of 86 with Cu(ClOy4), hydrate (B). The emission
spectra of the 86-Cuf(i) complex (2.5 x 107> M) in the presence of
increasing amounts of TBACL (2.5 x 1072 M, Jexe = 350 nm) (C) (inset:
naked eye emission of 86 and upon addition of 10 equiv. TBACI). The
emission spectra of the 86—Cu(i) complex (2.5 x 107> M) in the presence
of increasing amounts of TBAOH (2.5 x 107> M, Jexc = 350 nm) (D) (inset:
naked eye emission of 86—Cu(i) complex, upon addition of 2 equiv. and
6 equiv. of TBAOH). Adapted with permission from ref. 83. Copyright MDPI
2021

simple squaramide based macrocyclic receptor for anions (91)
and its ditopic analogues linked respectively to one (92-93) or
two (94) benzo-18-crown-6 moieties (Fig. 32). In addition, in the
case of 93, a fluorescent naphthalene moiety was also incorpo-
rated into the macrocyclic receptor, providing a platform
suitable for ion pair sensing. The anion and ion pair ability
of 91 and 92 were investigated by "H-NMR, also comparing the
influence of the cations in enhancing the binding ability.

The results suggest that, in general, anion binding occurs
preferentially via hydrogen bonds involving the squaramide
NHs rather than the amide donors. Among the anions tested,
these receptors showed a higher affinity towards V-shaped and
tetrahedral anions, such as benzoate and sulfates. In general,
the ditopic receptors, due to the presence of the electron
donating alkoxy groups, showed a weaker anion recognition
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Fig. 32 Structures of receptors 91-94.
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Fig. 33 Structures of receptors 95-97.

with respect to monotopic 92; however, in the presence of
cations such as Na" and K', an enhanced binding is observed.
The optical response of 93 towards different anions was also
characterized. 93 produced a selective optical response in the
presence of sulfate anions which consists of a bathochromic
shift from 291 nm to 296 nm in the electronic absorption
spectrum. Furthermore, the emission spectra showed an
increase of the fluorescence emission and a concomitant
formation of a new band at 420 nm. 93 was also tested as an
optical ion pair sensor, responding in the presence of potas-
sium sulfate.

In a second article, Romanski et al.®® described a family of
luminescent squaramide-based receptors analogous to that
reported by Elmes et al.”*> Receptors 95-97 (Fig. 33) show an
anthracene moiety as a fluorogenic unit. Furthermore, 95 and
96 bear a macrocyclic unit capable of complexing metal ions,
making these systems suitable for ion pair detection (see the
Anion extraction section). The presence of the metal ion in the
macrocyclic cavity induced an enhancement of the affinity
towards anions. Receptor 95 selectively extracts SO,>  salts
from aqueous and organic phases, providing quenching or an
increase of the fluorescence, depending on the water content in
the receptor solution.

A family of redox chemosensors (98-100) was recently devel-
oped by the same authors,®” using the same molecular skeleton
proposed for 95 and 97, only differing for the replacement of
the fluorescent anthracene moiety with a ferrocene redox
signaling unit (Fig. 34). The family consists of a monotopic
receptor 100, and two ditopic receptors 98 and 99, obtained by
linking the squaramide receptor to 15-crown-5 ether and an 18-
crown-6 ether, respectively. The binding ability of these systems
towards cations and ion pairs was characterized via different
techniques, including single crystal X-ray diffraction, spectro-
photometric, spectroscopic, and electrochemical measurements.
The choice of different cavity sizes was reflected in different

This journal is © The Royal Society of Chemistry 2024
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selectivities towards cations. 98 moderately captured Na® ions
(Ksodium = 9400 M~ 1) while 99 showed strong binding with both
Na" (Ksodium = 25900 M ") and K' (Kpotassium = 144200 M),
though showed higher selectivity towards K'. The binding ability
of 98-100 in the simultaneous presence of anions and cations
showed a behavior consistent with that previously observed. Due
to the absence of the electron donating alkoxy groups of the
ditopic receptors 98 and 99, the monotopic receptor 100 showed
the strongest anion binding ability. However, in the presence of
Na' or K' cations, acetonitrile solutions of 98 and 99 showed an
enhanced binding. This effect was attributed to the presence of
the cations in the macrocylic cavity, which increased the hydrogen
bond donor nature of the squaramide function, influencing the
strength of the interactions with the anionic species. The sensing
ability of 98-100 towards different anions was investigated in the
presence or absence of Na“ or K' cations by cyclic voltammetry
measurements. The results showed that, upon the addition of
different anions, the presence of Na" or K cations induced a more
significant response in oxidation potentials when compared to
that measured in their absence. In particular, for 98, this effect
was observed in the presence of Na', while, for 99, with both Na*
and K" cations.

A further example of redox sensors was recently reported by
Jolliffe, Bowman-James and Adriaenssens®® which reported the
binding and sensing ability of the bis[squaramido]ferrocene 46
(for a description of the anion binding properties of receptor 46
see the Anion binding Section). Receptor 46 showed an irrever-
sible oxidation at —63 mV vs. F¢/Fc¢' with the anodic current
that was about 3 times higher than the cathodic one. Upon the
addition of SO,*>~ or H,PO, ", a two-wave behavior was observed
(Fig. 35).

In particular, the new wave corresponding to the oxidation
of the 1:1 adduct of 46 with the SO,>~ anion resulted significantly
shifted to more a negative potential (AE,, = 242 mV vs. free 46) as
compared to the wave recorded for the adduct with H,PO,
(AEy, = 107 mV vs. free 46), in agreement with the higher affinity
of 46 for SO,>~ than that for H,PO, . Furthermore, for SO,>, the
anodic current increased linearly when the concentration of the
anion was increased up to 4 equiv. (Fig. 35).

This journal is © The Royal Society of Chemistry 2024
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Fig. 35 Cyclic voltammetry of 46 (0.25 x 10~° M) in DMSO/20%H,0,
after addition of 2, 4 equiv. of (TBA),SO4 and 6 equiv. of TBAH,PO,4 (0.1 M
TBACIO,) at a scan rate of 100 mV st and T of 80 °C. Inset: electro-
chemical response of 46 after addition of SO42~ at —0.25 V vs. Fc/Fc*.
Reproduced with permission from ref. 46. Copyright RSC 2022.
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The recognition of guest species exploiting the variation of
emission due to an excited-state intramolecular proton transfer
(ESIPT) mechanism represents another approach for anion
sensing. In an ESIPT process, a proton of the chromophore is
transferred after photo-excitation from an HB-donor (generally
amines or hydroxyl groups) to a nearby HB-acceptor (for
example N, O and S) producing a fast enol-cheto photo-
tautomerization.”> Therefore, molecules featuring ESIPT
require the presence of an intramolecular hydrogen bond
within the chromophore to allow the proton transfer. In general,
ESIPT can produce variable luminescence phenomena (for
example dual emission), large Stoke shifts and is very sensitive
to the surrounding environment. These features can be con-
veniently exploited for sensing and imaging.

Muthyala et al. proposed a sensing approach based on the
suppression of ESIPT,*® designing three squaramide-based
receptors 101-103 (two ortho- and one meta-benzoyl squara-
mide derivatives) for the recognition of Cl~ anions (Fig. 36).

Sanes 9¥9
;3 f. s

Fig. 36 Structures of receptors 101-105.
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The results highlighted differences in the behaviour between
ortho- and meta derivatives. Specifically, the two ortho-
derivatives showed a solvent polarity-dependent emission, not
observed for the meta-derivative, with a decrease of fluores-
cence emission by a factor 1000, passing from acetonitrile to
the lower polar chloroform. Furthermore, upon the addition of
different halides in acetonitrile, ortho-squaramides produced
an enhancement of the emission intensity only in the presence
of CI™ anions, while the meta-derivative showed a decrease of
the emission irrespective of the anion added. The differences
observed between ortho- and meta-substituted squaramides were
ascribed to the ability of the formers to interact intra-
molecularly via hydrogen bonds between the N-H donors and
the C—0 acceptors. In the presence of polar solvents or anions,
the intramolecular interaction was weakened or disrupted, sup-
pressing the ESIPT and producing a variation of the fluorescence
emission. In a more recent article, Muthyala et al.®® investigated in
more detail the emission enhancement promoted by Cl~ binding
of ortho-substituted squaramides, investigating the three receptors
101 and 103-105 experimentally and computationally. The results
suggest that this behaviour could ascribed to two degenerate
excited states, resulting from two distinct competing charge
transfer pathways. In the absence of anions, the emission is
decreased due to the competition of these two pathways. The
complexation of ClI™ suppresses one of the two charge-transfer
pathways, resulting in the increase of the emission.

Due to their intrinsic features, such as the presence of
strong hydrogen bond donors and the aromatic cyclobutene-
dione ring, squaramides tend to self-assemble via hydrogen
bonds and m-m stacking. This ability has been exploited to
design self-assembled systems able to respond to anion bind-
ing with changes in one of their properties, such as lumines-
cence. There are different ways in which self-assembly or its
perturbation can induce changes in the optical properties of the
system. Examples of these are ‘“aggregation-caused quenching”
(ACQ), “aggregation-induced emission” (AIE) and “disaggregation-
induced emission” (DIE).”>*" In this respect, Elmes focused both
on simple molecules'®°> and more complex systems.>*

In a recent work,’® the two chemosensors 106 and 107
(Fig. 37(A)), consisting of a squaramide-based receptor linked
via a short spacer to a naphtalimide fluorogenic unit, were
investigated as chemosensors, exploiting a disaggregation-
induced emission (DIE) mechanism to recognize halides. Self-
assembly of 106 and 107 was investigated in solution and the
solid-state. Investigation by "H-NMR at 298 K and 343 K showed
a strong tendency to self-aggregate in aqueous solutions
(Fig. 37(B)). Increasing the temperature resulted in disruption
of the self-assembly of both 106 and 107. Attempts to crystallize
the two receptors from DMSO and obtain some insights into
the self-assembly in the solid state resulted in the formation of
amorphous materials, featuring interesting morphologies
(Fig. 37(C)). Characterization of 106 and 107 by UV-vis and
fluorescence spectroscopy showed three absorption bands at
280 nm, 340 nm, and 445 nm and an emission band at
approximately 525 nm. In particular, by varying temperature
in DMSO/5%H,0, both 106 and 107 showed a dramatic
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Fig. 37 Receptors 106 and 107 (A). *H-NMR spectra showing disaggrega-
tion phenomena when temperature is increased from 298 K (bottom) to
343 K (up) (B). Scanning electron microscopy (SEM) images of the solid-
state self-assembly for 106 (left) and 107 (right) (C). Variable temperature
fluorescence emission experiments (from 25° to 110 °C) in DMSO/5%H,0,
reported for 107 (5.0 x 1076 M) (D). Fluorescence response of 106 (5 uM)
in DMSO/5%H,0 upon addition of different anions (lexc 435 nm) (bottom),
and fluorescence responses of 106 and 107 toward different halides in 5%
aqueous DMSO as seen by the naked eye under a UV-vis lamp (top) (E).
Adapted with permission from ref. 92. Copyright Frontiers 2019.

enhancement of the fluorescence emission (220-300%) as the
temperature increased (Fig. 37(D)). This was attributed to the
disaggregation promoted by the increase of temperature, as
also suggested by the results of the "H-NMR variable tempera-
ture experiments (Fig. 37(B)). The anion binding ability of
106 and 107 was investigated in 0.5% aqueous DMSO-ds by
"H-NMR, upon the addition of different anions (30 equiv.) as
their TBA salts (AcO~, H,PO,, SO,>, Br~, ClI", F~, and I").
Anions such as AcO™, H,PO,~, SO,>~ and F~ showed a complex
behavior, leading to disappearance or either sharpening or
broadening of the NH signals. In particular, in the presence
of F~, both receptors underwent deprotonation, accompanied
by a stark colour change of the solution, which turned from
yellow to red. The other halides showed a significant downfield
shift of the NH signals only in the presence of CI~ and Br~,
suggesting interactions with these anions via hydrogen bonds.
The results of the NMR titration fitted with a 1:1 binding
model and produced association constants in the range of
100-500 M. Based on these results, the authors investigated
whether interactions with different anions promoted disaggre-
gation, resulting in an enhancement of the fluorescence emission
by DIE. Bases such as AcO~, H,PO,, SO,°>~ and F~ promoted a
quenching of the emission band at 525 nm. This, at least in the
case of F~, was attributed to the deprotonation. The addition CI™
and Br~ anions induced a consistent enhancement of the fluores-
cence emission. In particular, Br~ produced the best response,
resulting in an enhancement of the fluorescence emission of about
500% for 106 and 600% for 107 (Fig. 37(E)).

Anion transport

Since Costa and co-workers introduced the evidence that
squaramide-based compounds were able to bind marvellously

This journal is © The Royal Society of Chemistry 2024
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both cations and anions, there has been an increasing interest
in the exploiting their great anion binding properties, especially
towards halogens such as chloride. On this basis, squaramide-
based compounds represent excellent candidates as iono-
phores for the transmembrane transport of anion species such
as chloride, bicarbonate, and sulphate.

The first example of squaramide-based ionophores for this
purpose was reported by Gale and co-workers, one of the
pioneers in the use of supramolecular architectures for trans-
membrane anion transport.”® Squaramides 108-110 reported
in Fig. 38, previously studied for their anion binding properties,
were also tested for their capability to transport CI™ across the
synthetic membranes in comparison with their analogous urea-
and thiourea-derivatives A-F (Fig. 39).

To investigate their transport activity, antiport Cl"/NO;",
H'/Cl~ or Na'/Cl~ symport assays were conducted. The results
reported in Fig. 40 demonstrate that squaramides 108 and 109
are able to transport Cl™ out of liposomes much faster than that
of the analogous thioureas and ureas.

Nevertheless, similar results are obtained in the case of
110. Indeed, the values of the ECs, obtained through the Hill
analysis suggested that 108-110 are more efficient with respect
to the analogous ureas and thioureas, in particular 109 and 110
(ECsp of 109 is about 4-fold and 7-fold higher than that of C and
D, respectively, while EC5, of 110 is about 16-fold and 30-fold
higher than that of E and F, respectively).

° o o, o CF,4 o o CF,
N N N N N N
H H CFy CFy
110

108 109
S S S, S CFy s s CFy
CF5 CF,
111 112 113

S o
N’ N
H H

114
Fig. 38 Squaramides 108-114 studied by Gale and co-workers.

010 00
A B
CF, : Hiﬁ : CF; CFj : Hj\u : CFs
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CF4 CF4 CF,4 CF,4
CFy N)J\” CF, CFj ”J\u CF;

E F

Fig. 39 Ureas and thioureas used in anion transport studies in compar-
ison with the analogous squaramides 108-114.
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108 260 1.38 1.7 2.02
A 15 ND ND 3.66
B 31 ND ND 2.51
109 458 0.06 1.2 3.87
C 43 0.22 1.6 5.50
D 75 0.42 2.2 4.35
110 643 0.01 11 5.71
E 41 0.16 2.0 7.34
F 88 0.30 14 6.20

Fig. 40 Chloride efflux promoted by 108 and 109 and their analogous
urea and thiourea (A—B and C-D for 108 and 109, respectively) at a
concentration of 1 mol% (receptor to lipid) from unilamellar POPC vesicles
loaded with 489 mM NaCl solution buffered to pH 7.2 with 5 mM sodium
phosphate salts and dispersed in 489 mM NaNOs solution buffered to pH
7.2 with 5 mM sodium phosphate salts (A). Summary of the chloride
association constants (Kass) and anion transport data obtained through Hill
analysis (ECsg and n), and calculated log P of 108-110 and their analogous
ureas and thioureas A—F (B). Reproduced with the permission from ref. 93.
Copyright Wiley 2012 (Fig. 1).

Most likely, the explanation for the superior transport
abilities of the squaramide systems 108-110 in comparison to
their urea and thiourea analogues is the enhanced anion-
binding properties of the former.

In a subsequent study, Gale and co-workers proposed
another family of fluorinated squaramide-derivatives 115-119
(Fig. 41) able to induce caspase mediated cell death.®* In
particular, also 109 was able to disrupt autophagy by HCl
symport, while the apoptosis of the HeLa and A549 cancer cells
was caused by the concomitant transport of CI~ and Na™.

Based on these results obtained on squaramides, Gale,
Jolliffe and co-workers considered also the use of thiosquara-
mides 111-113 for anion binding and transport.”®> The antiport
Cl/NO; ™ assay conducted on unilamellar POPC vesicles loaded
with 489 mM Nacl solution buffered to pH 7.2 with 5 mM
sodium phosphate salts and dispersed in 489 mM NaNOj;
solution buffered to pH 7.2 with 5 mM sodium phosphate salts
evidenced the scarce anion transport ability of 111-113 at this
pH. However, the spectrophotometric determination of the pK,
suggested that at pH 7.2 thiosquaramides considered are
in their deprotonated form, thus characterized by a negative
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Fig. 41 Fluorinated squaramides 115—-119 able to cause cancer cells death.

charge and not able to bind and transport chloride species
across to the membrane (pK, = 7.3, 5.3, and 4.9 for 111, 112,
and 113, respectively). The transport assay repeated at pH 4.0
of the vesicles internal and external buffered solutions, high-
lighted how under these experimental conditions the anion
transport ability of thiosquaramides 111-112 switched on, due
to the presence of the compounds in their neutral form,
demonstrating a strong pH-dependence of their anion trans-
port properties. This experimental evidence is further sup-
ported by the value of the ECs, calculated through the Hill
analysis, which pointed out that oxosquaramides 108-110 are
potentially potent anion transporters at both pH 7.2 and 4.0,
the analogous thiosquaramide 111 is unable to do transport at
PH 7.2 and can be switched on at pH 4.0, whereas the anion
transport properties of 112 dramatically increased at lower
pH values. It is worthy noting that 113 is unable to transport
the anion species at pH 4.0 probably due to its too high
lipophilicity (see Table 1).

Finally, the same group decided to investigate the anion
binding and transport properties of a mixed oxothiosquara-
mide 114,°° based on the results previously obtained and
reported above that allowed them to identify in the oxo- and
thio-squaramide bearing the p-trifluoromethylphenyl group as

Table 1 Summary of the anion transport of 108-113 at pH values of 4.0
and 72

Compound ECso [mol%] at pH 7.2 ECso [mol%] at pH 4.0
108 1.38 1.42

109 0.06 0.08

110 0.01 0.01

111 ND* 0.0125

112 0.68 0.0125

113 ND“ ND“

% Not enough active to calculate an ECs, value.
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the substituent in the symmetric structure the best anion
transporters through synthetic membranes. Indeed, authors
first reported the anion binding properties of 114 towards Cl™
(as TBA salt) by means of "H-NMR in DMSO-d¢/0.5%H,0, which
pointed out an association constant for the formation of the
host-guest adduct similar to that calculated for the analogous
oxosquaramide. Interestingly, the value of the pK, of 114 was
found to be close to that calculated for the analogous thio-
squaramide 112. For this reason, to investigate the anion
transport properties of 114, a series of experiments were con-
ducted at pH values of 7.2 and 4.0. The results indicated that, as
already observed in the case of the analogous thiosquaramide,
114 possessed a higher anion transport ability at pH 4.0. In this
case also, the value of the ECs, calculated through the Hill
analysis of the data supported the experimental trend.

After the first results obtained on oxo-, thio-, and oxo-
thiosquramides, the effect in ClI- binding and transport of
the presence of additional H-bond donor groups in the mole-
cular skeleton of the transporters was investigated.

Caltagirone and co-workers described the ability of bis-
indolylsquaramide 21 (see the Anion binding section) to bind
and transport chloride.®* It was demonstrated that 21 was able
to bind chloride with 10-fold higher association constant than
the analogous urea (K = 1200 and 128 M~ ' in DMSO-dy/
0.5%H,0 for 21 and the analogous urea, respectively) and that
it was able to efficiently transport this anion across the syn-
thetic phospholipidic membrane with EC5, = 0.12 mol%. Start-
ing from these results, the same group in collaboration with
Quesada demonstrated that the combination of the indolyl and
the 3,5-trifluoromethylphenyl substituents on the molecular
skeleton of squaramide 120 (Fig. 42) allowed in obtaining the
transport efficiency results similar to those obtained for the
symmetric squaramide 110 in the CI /NO;~ antiport assay, and
slightly better in the CI"/HCO;~ exchange assay.””

The authors concluded that the simultaneous presence of
the indolyl group and the electro-withdrawing 3,5-trifluoro-
methylphenyl group confers an ideal lipophilicity to the system.
In the same study, Caltagirone and co-workers proposed
the first simple numerical model to fit and analyse the experi-
mental data of Cl transport. Based on these preliminary
results, Scorciapino and co-workers proposed an extended
version of this theoretical model taking into account the impact
of several important parameters on the transport efficiency of
the anionophore, such as the equilibrium in the formation of
the adduct, the balance between the affinity of the transporter
towards chloride and the lipophilicity of the anionophore,
and the effect of the diffusivity of the carrier and its complex

CF, o o
Q N R
CF, o 7
120

Fig. 42 Non-symmetric squaramide 120 bearing
trifluoromethylphenyl substituents.

indolyl and 3,5-
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Fig. 43 Bright field (left) and fluorescence images (right) of A549
cells after 24 hours incubation with 121 (1.0 uM). Adapted from ref. 101.
Copyright RSC 2018.

through the membrane.’® It is worthy to highlight that in silico
investigation and quantitative structure-activity relationship
(QSAR) analysis were previously proposed to better understand
and predict the anion transport properties of this type of simple
squaramides.®®*%°

A similar non-symmetric squaramide 121 (Fig. 43) was
reported by Gale and co-workers."®" This system was able to
transport Cl~ with an ICs, of 0.15 from a CI"/NO;~ exchange
assay. In this case, the presence of the 1,8-naphthalimide
fluorophore also allows compound 121 to be used for fluores-
cence imaging in cells, with high efficiency in staining of living
A549 cells (Fig. 43).

Davis, Gale and co-workers have highlighted that an appro-
priate balance between the affinity for CI~ and the transport
efficiency should be considered when designing anionophores.
Indeed, steroidal squaramides 122-127 express excellent chloride
binding properties (K, in the range 10°-10° M~ in water-saturated

122 7= OAc, Ar = 4-MeOC¢H,

123 Z=0Ac, Ar =Ph,

124 7= 0OAc, Ar = 4-CF,CgH,

125 Z = OAc, Ar = 3,5-(CF;),CH,

126 Z = NHCOCF;, Ar = 4-CF,C¢H,
127 Z = NHCOCF;, Ar = 3,5-(CF,),C¢H;

122
—123

124

125

N 126
094 i —127

Normalized Fluorescence F/F,

0.4

T T T T ,
0 100 200 300 400 500
Time/s

Fig. 44 Steroidal squaramides 122-127 and lucigenin assay for the Cl7/
NO3z~ exchange by 121-126. Reproduced with permission from ref. 102.
Copyright Wiley 2015.

This journal is © The Royal Society of Chemistry 2024

Fig. 45 Tris-squaramide 128.

CHCl;) but negligible transport activity (Fig. 44 for Cl7/NO;~
exchange in large unilammelar vesicles).'®

Very recently, Elmes and co-workers have described the
moderate transport properties of amidosquaramides which
can be switched on at acidic pH as shown above for
thiosquaramides.*®?

Valkenier and co-workers described a calix[6]arene functio-
nalised with three squaramide groups 128 (Fig. 45) which is

E-a

' IR

v &
455 nm 625 nm

Fig. 46 Photo-switchable squaramides 129-133 and cartoon illustrating
their ON-OFF transport abilities. Reproduced with permission from ref.
105. Copyright RSC 2021.
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Fig. 47 Photo-conversion of 110 to 110a upon irradiation in DMSO (A).
Evidence of efficiency loss in Cl™ transport upon different irradiation times
studied by the lucigenin assay (B). Reproduced with permission from ref.
106. Copyright ACS 2023.

able to efficiently transport Cl~, NO;, HCO; , and AcO™ as
demonstrated by HPTS and lucigenin fluorescence assays. This
represents a rare example of a tris-squaramide as an active
anion transporter.'%*

Recently, Langton and co-workers have shown a very elegant
example of a photo-switchable azobenzene family (129-133)
functionalised with squaramide substituents which can switch
ON and OFF their chloride transport ability (Fig. 46).'% Indeed,
by using the HPTS-assay, the authors showed that the Z isomers
were able to transport chloride with an ECs, 8-fold higher than
the E isomer (ECso = 0.07 mol% and ECs, = 0.58 mol% for Z and
E, respectively for compound 128). This difference was attrib-
uted to a change in the mobility in the membrane as well as to
chloride encapsulation.

Another example of transport modulation by light was
recently reported by Costa, Rotger and co-workers.'*® As shown
in Fig. 47(A), upon irradiation at 365 nm, squaramide 110 was
photo-converted to maleic anhydride 110a which is not able to
act as chloride transporter as demonstrated by the lucigenin
assay. When large unilamellar POPC vesicles were irradiated in
the presence of 110, a loss in the transport efficiency was
observed during time due to the photo-conversion (Fig. 47(B)).

Conclusions

In this review, we have highlighted the versatility of the
squaramide H-bonding motif in the design of receptors for
anions with different functions. The results reported in the
literature so far corroborate the excellent properties of this class
of compounds in the anion binding, sensing, and extraction,
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and in the transmembrane anion transport. While simple bis-
substituted squaramides have been successfully employed for
anion transmembrane transport, macrocyclic and acyclic sys-
tems featuring two or more squaramide moieties in their
structures appear more versatile for anion binding, sensing,
and extraction, in particular in the case of sulfate and phos-
phate tetrahedral anions. However, solubility issues have, in
most of the cases, prevented the application of squaramide
systems in real matrices. For this reason, particular attention in
the future design of squaramide receptors should be given
to the functionalisation with polar groups for increasing the
solubility, possibly in water.

In terms of fluorescence responses, the results reported in
the literature suggest that the direct conjugation of fluorogenic
fragments to the squaramide central core in most cases ham-
pers the optical properties of the systems. On the other hand,
the introduction of an alkyl or more flexible spacer seems to
facilitate the fluorescence emission. It is interesting to note
that, to the best of our knowledge, in terms of optical sensing,
squaramides have never been employed in the development of
arrays for anion recognition.

Moreover, the fundamental parameters such as the affinity
for the anion species, binding modes, acid-base equilibrium,
and lipophilicity of the system must be carefully balanced when
designing an anionophore. On the other hand, the higher the
affinity towards the anion species, the more efficient the anion
binding and sensing properties of the receptor. Despite the low
number of examples reported so far, squaramides have been
demonstrated to be useful synthons in the construction of
interlocked systems such as rotaxanes and their ability to
be photoconverted or to be linked in photo-switchable mole-
cules is opening novel strategies for the development of more
sophisticated and stimuli-responsive materials. In particular,
the possibility to act as both the H-bond acceptor and donor
favours the self-assembly of squaramides to form complex
architectures for the development of supramolecular gels
which can be used for remediation or sensing applications or
for the development of MOFs in the presence of metal ions for
anion recognition.

We believe that in the next few years we will assist to an
increasing interest towards this class of molecules.
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