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A new family of squaramide-based anionophores (L1-L8) have been synthesised and fully characterised
with the aim to investigate the effect of indolyl substituents on their anion binding and transmembrane
transport properties. L1, L2, L6, and L8, bearing a 7-indolyl/indol-7-yl moiety as the substituent, were
found to be the most efficient of the series in binding chloride with high stability constants. L1, L6, and L8
were also found to be the most potent anionophores of the series, able to mediate transmembrane anion
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transport. In particular, L6 bearing the 3,5-bis(trifluoromethyl)phenyl group was found to be the most
active transporter, and its efficiency as an anionophore/anion transporter was favourably compared with
that of their symmetrically-substituted squaramide analogues L9 and L10, previously reported in the
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Introduction

Chloride is the most abundant anion in the human body and
plays important roles in various biological and cellular pro-
cesses such as control of the membrane potential, cell volume,
cellular pH balance or secretion of the transepithelial fluid
and electrolytes."” Indeed, misregulation of chloride transport
could lead to a range of diseases.’> One of these conditions is
cystic fibrosis (CF). Cystic fibrosis originates from mutations of
the CF transmembrane conductance regulator (CFTR) gene
which encodes for the transmembrane transport protein
CFTR- that selectively transports ClI~ and HCO;™ in epithelial
tissues.! The resulting clinical manifestations are diverse and
multi-organ, affecting especially the lungs, and the gastrointes-
tinal and endocrine systems.’ Interventions at the root of the
problem through pharmacological modulation of CFTR pro-
duction and activity have just opened a whole new scenario for
improved life-quality of affected patients.® In this context, the
development of synthetic chloride carriers or channels that
could act as a replacement of defective natural chloride chan-
nels has attracted the interest of researchers.” *® Disruption of
chloride transport and homeostasis upsetting could lead to
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cellular stress and cytotoxicity.!' This is an area in which
anion selective ionophores, anionophores, are being explored
as future anticancer drugs,">™"* antimicrobials or antiparasitic
agents.'®™® The development of these applications relies on
understanding the multiple factors that play a role in deter-
mining the efficiency of these molecules as anion carriers.'® In
particular, various studies have demonstrated the important
role of the lipophilicity of the carrier to improve the partition-
ing into the lipid membrane and increase the transport
ability.?®*' Synthetic chloride carriers should be able to extract
the anion from aqueous phases and facilitate its diffusion
through the apolar membrane interior.>>*> This implies that
the carrier should form a stable adduct with chloride. For this
reason, classic anion binding motifs such as ureas, thioureas,
amides, and squaramides have been successfully used for
developing artificial chloride carriers.*®™° In particular, we
have recently demonstrated that the use of additional H-bond
donor groups, such as indole, into the molecular skeleton in
the design of squaramide-based anion receptors could be an
alternative to the introduction of electron-withdrawing groups
(EWGs, such as -CF; and -NO,) to obtain potent anionophores
that can also work in aqueous media.’® On this basis, we
decided to investigate the effect on the anion transport abil-
ities of non-symmetric squaramides of replacing one of the
indole moieties in the previously reported bis-indolyl squara-
mide with different substituents such as 4-pentafluorosulfanyl-
phenyl (L1), n-hexyl (L2), tryptamine (L3), 3,5-bis(trifluoro-
methyl)phenyl (L6), and trifluomethyl coumarin (L8)
(Scheme 1). We also explored the effect on the transport pro-
perties of changing the position of the indole NH with respect
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Scheme 1 Anionophores L1-L8 discussed in this paper. L9 and L10
have been included in the study for comparative purposes.

to the cyclobutene ring by using tryptamine for the symmetric
squaramide L4 and for the non-symmetric squaramide L5,
bearing 3,5-bis(trifluoromethyl)phenyl as a second substituent,
and 5-aminoindole for L7 (Scheme 1). Solid state and solution
studies were carried out to evaluate the interaction of these
receptors with chloride, whereas anion transport experiments
in model liposomes (POPC) were performed to explore the
ability of this new family of indole-containing squaramide-
based receptors to act as anionophores.

Results and discussion

Synthesis and characterisation of the compounds and solid-
state studies

Squaramides L1-L8 (Scheme 1) were synthesised following
different reaction sequences depending on their symmetry and
on the nature of their substituents. In the case of symmetric
squaramides (L4 and L7), the reaction between diethyl squa-
rate and the corresponding amine (2 equiv.) in the presence of
Zn(OTf), as a Lewis acid catalyst provided the desired com-
pounds. For the non-symmetric squaramides, an intermediate
containing one of the substituents was first synthesised from
diethyl squarate and the appropriate amine, employing an
excess of the squarate. Once isolated, the second residue was
introduced by the reaction between such an intermediate and
the desired amine; in all cases, the presence of the Zn(u) cata-
lyst was necessary to allow the reaction. Compounds L1-L8
were obtained in satisfactory to good yields (50-81%) and fully
characterised ("H and "*C NMR spectroscopy, high-resolution
mass spectrometry and, in some cases, single-crystal X-ray
diffraction; see the ESI, for more details, Fig. $1-S34f for 'H
and "*C NMR spectra, and high-resolution mass spectra).
Single crystals of L6-TBACI were grown by slow evaporation
of an n-butanol solution containing L6 and two equivalents of
tetrabutylammonium chloride. The asymmetric unit consists
of two 1:1 receptor:chloride adducts and two tetrabutyl-
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ammonium cations. The receptor, which exhibits positional
disorder in its two trifluoromethyl groups, interacts with the
chloride anion through its three hydrogen-bond donor groups
(see Fig. 1 for the structure of one of the two adducts). For
both adducts, the distances between the N-H fragments of the
squaramide core and the chloride anion [N---Cl 3.159-3.189 A]
are shorter than those found for the hydrogen bond involving
the indole ring [N--Cl 3.221-3.311 A], with N-H-CI angles
close to linearity in most of the cases (158.43-173.45°). The
observed hydrogen-bonding interactions are of moderate
strength, being those involving the indole N-H fragment the
weaker ones. In fact, in one of the adducts found in the asym-
metric unit, the indole ring is significantly bent with respect
to the plane defined by the atoms of the squaramide core (the
angle between this plane and that of the indole ring is 25.27°),
whereas in the other adduct both fragments are almost co-
planar (angle between planes: 6.38°). N-squaramide:--Cl and
N-indole-:-Cl distances are similar to those found in structu-
rally related compounds.®® The closest aromatic C-H fragment
of the 3,5-bis(trifluoromethyl)phenyl residue to the chloride
anion also establishes a weak hydrogen-bonding interaction.
Meanwhile, parallel-displaced n-stacking interactions between
the 3,5-bis(trifluoromethyl)phenyl substituents of contiguous
receptor molecules are observed; the centroid-centroid dis-
tance for the stacked aromatic rings is 3.811 A, whereas the
closest C---C contact is 3.694 A (Fig. $38t). Hydrogen bond dis-
tances and angles for L6-TBACI and crystal data and refine-
ment details of both structures can be found in Tables S1 and
S2,T respectively.

Altogether, this result provides evidence for a convergent
hydrogen-bond cleft that is suitable for interaction with halide
anions, not only in the solid state but also in solution

(vide infra).

Solution studies

Anion-binding studies towards chloride and nitrate anion
species (as tetrabutylammonium salts) were conducted by
means of "H-NMR titrations using DMSO-d/0.5% water as a

Fig. 1 X-ray structure of L6-TBACL. Only one of the two adducts found
in the asymmetric unit is shown. Trifluoromethyl groups exhibit pos-
itional disorder, and the represented fluorine atoms correspond to those
displaying the highest occupation factor. A tetrabutylammonium cation
has been omitted for the sake of simplicity. The thermal ellipsoid plot
(Olex 2) is at the 30% probability level.

This journal is © The Royal Society of Chemistry 2022
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solvent mixture. Stability constants from the obtained "H-NMR
titration curves (see the ESI, Fig. S39-S647) were calculated by
fitting the data to a 1:1 binding model using WinEQNMR2.*"
The results are shown in Table 1.

As reported in Table 1, the calculated stability constants
suggest how the presence of the indol-7-yl moiety in the struc-
ture of the studied squaramide-based receptors causes a
strong interaction towards chloride species following the order
L6 > L1=L2=L8 > L3. Indeed, as observed in the stack plot
shown in Fig. 2 for the "H NMR titration conducted for L6 in
the presence of increasing amounts of TBACI, the signals
attributable to the squaramide NH protons (in green and blue
for the indolyl and 3,5-bis(trifluoromethyl)phenyl moieties,
respectively) undergo a dramatic downfield shift (Appm = 1.77
for the NH adjacent to the indolyl moiety, Appm = 1.16 for the
NH adjacent to the 3,5-bis(trifluoromethyl)phenyl moiety). The
downfield shift of the signal corresponding to the indole NH
protons (in red in Fig. 2) is less pronounced, with a Appm of
0.20. A significant downfield shift was also observed for the
doublet at ca. 7.2 ppm (Appm = 0.36), which probably rep-
resents the formation of the strong H-bond between the squar-
amide NH groups and the anion guest. Interestingly, for all the
7-indolyl-containing squaramides (L1-L3, L6, and L8) a coop-
erativity of the squaramide core NHs and the 7-indolyl NHs in
binding of the anion is observed. This behaviour is similar to
that previously found for the symmetric 7-indolyl squaramide.

Moreover, the experimental evidence observed in solution
for all the 7-indolyl-containing squaramides is in agreement
with the solid state structure of L6-TBACI (see above).

Furthermore, it is worth highlighting that no significant
interactions of the indolyl group and the anion were detected
in the case of L4, L5, and L7, underscoring how both the dis-
tance and the position of the indolyl NH binding site in the
squaramide core are critical for contributing to the stabiliz-
ation of the anion. Indeed, in L4 and L5, bearing the trypta-
mine moiety as a substituent, the presence of the ethyl chain
along with the lower convergence of the indolyl NH site is det-
rimental for the anion binding ability and the cooperativity
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Fig. 2 Stack plot of the 'H NMR spectra of L6 upon addition of increas-
ing amounts of TBACL in DMSO-d/0.5% water (298 K).

between the two hydrogen-bond donor sites in binding the
anion. On the other hand, in the case of L7 it is the different
position of the indolyl NH that caused a dramatic decrease of
the binding capability towards chloride. Nevertheless, 'H-NMR
titration experiments using TBANO; showed very limited evi-
dence of binding towards this anion and only minor shifts of
N-H signals were observed (see the 'H-NMR titrations para-
graph in the ESI for detailst).

Transmembrane anion transport studies

The ability of L1-L8 to facilitate the transmembrane anion
transport was evaluated in model liposomes (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocoline, POPC) by potentiometric
(ion-selective electrode, ISE) and fluorescence-based tech-
niques. To perform ISE experiments, vesicles loaded with a
NaCl aqueous solution buffered to pH 7.2 were suspended in
an isotonic, chloride-free aqueous solution, also buffered to
pH 7.2 (see the ESI for details, Fig. S65-S877). Chloride efflux
elicited by the addition of a compound (¢ = 0 s) at a certain
concentration was recorded over time with a chloride-selective

Table 1 Association constants K, for compounds L1-L10 with chloride and nitrate (added as their tetrabutylammonium salts), determined from *H
NMR titration experiments in DMSO-dg/0.5% water at 298 K; transport activities expressed as ECsq and the Hill parameter (n); and calculated lipophi-

licities. All errors are <15%

CI7/NO;™ antiport assay

CI"/HCO;™ antiport assay

K (M)
Code cl” ECso (nM) ECs5o (mol%) n ECso (nM) ECs, (mol%) n log P*
L1 1000 132 +13 0.026 + 0.003 1.14 £ 0.12 1381 £ 70 0.276 + 0.014 0.95 £ 0.04 4.29
L2 1100 10987 + 625 2.197 £ 0.125 1.52 £ 0.13 n. d. n. d. n. d. 3.31
L3 800 n. d. n. d. n. d. n. d. n. d. n. d. 2.76
L4 20 n. d. n. d. n. d. n. d. n. d. n. d. 3.20
L5 140 n. d. n. d. n. d. n. d. n. d. n. d. 4.48
L6 1600 61+4 0.012 £ 0.001 1.17 £ 0.10 962 + 116 0.192 + 0.023 0.86 = 0.09 4.29
L7 200 n. d. n. d. n. d. n. d. n. d. n. d. 2.85
L8 1000 545 + 14 0.109 £ 0.003 1.02 £ 0.03 6516 £ 172 1.303 £ 0.034 0.80 = 0.02 3.39
L9b 1200 600 + 40 0.12 £ 0.01 0.68 £ 0.03 14924 + 1060 3.0+£0.2 0.67 £ 0.03 2.84
L10° 643 100 0.01 1.10 £ 0.05 3300 0.33 1.2+£0.2 5.69

“ Determined through Virtual Computational Chemistry Laboratory. ” Values taken from ref. 30. °Values taken from ref. 29. In some cases a

reliable calculation of ECs, values was not possible (n. d.).

This journal is © The Royal Society of Chemistry 2022
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electrode and, at the end of the experiment (¢ = 300 s), a deter-
gent was added to release all the encapsulated chloride
anions. The obtained value was used to normalise the data.
The assays were repeated using several concentrations. These
data were fitted using Hill’s equation, from which two para-
meters, ECs, the concentration of the compound needed to
induce 50% release of chloride anions, and n, the Hill para-
meter, were obtained. The lower the value of ECs, the higher
the potency of the anion carrier. Assays involving the exchange
of CI” and NO;™, and of CI™ and HCO;™, were conducted and
the results are presented in Table 1. The chloride efflux pro-
moted by the studied compounds at 5 pM concentration
(5 pM, 1 mol% carrier to the lipid concentration) in unilamel-
lar POPC vesicles in the of CI” and NO;™~ exchange assay is pre-
sented in Fig. 3. As expected, compounds L1, L2, L6 and LS,
containing a 7-indolyl residue, are those displaying the highest
activity as chloride transporters. Nevertheless, significant
differences depending on the nature of the other substituents
were observed. Indeed, the presence of an alkyl chain as the
substituent caused a remarkable reduction in the transport
activity, and the ECs, value determined for L2 is in the micro-
molar range (CI7/NO;~ exchange), much higher than those cal-
culated for compounds L1, L8 and L6. L1 and L6, containing
aryl substituents bearing EWGs, are the most potent anion
transporters of the family, outperforming the coumarin-substi-
tuted compound L8. L6 bearing the 3,5-bis(trifluoromethyl)
phenyl group was found to be the most active transporter,
roughly two-fold as potent CI7/NO;~ exchanger than L1, incor-
porating a 4-(pentafluorosulfanyl)phenyl residue. This trend is
consistent with the number and nature of EWGs, especially
when considering that both compounds display identical cal-
culated lipophilicity values (Table 1).>* Compounds L3, L4, L5
and L7 were found to display marginal transport activity and
no ECs, value could be determined for these derivatives. The
first three derivatives contain, at least, an indol-3-yl moiety
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Fig. 3 Chloride efflux promoted by L1-L8 (5 pM) in unilamellar POPC
vesicles. Vesicles were loaded with a 489 mM NaCl solution buffered to
pH 7.2 with 5 mM NaH,PO, and dispersed in a 489 mM NaNOs3 solution
buffered to pH 7.2 with 5 mM NaH,PO,. Each trace represents the
average of at least three trials, performed with three batches of vesicles.
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attached to the squaramide core through an alkyl linker,
whereas L7 holds two indol-5-yl residues. Consequently, both
aliphatic spacers and modification of the substitution position
of the indole ring led to a dramatic decrease of the transport
activity. This might be related to both the alkyl substitution of
the squaramide N-H groups and the fact that the NH frag-
ments of these indole moieties are not in a suitable position
to interact with the anions as demonstrated by the '"H NMR
solution studies in DMSO-dg/0.5% water. The ECs, values
determined for the CI"/HCO;~ exchange are, for a given com-
pound, about one order of magnitude higher than those calcu-
lated for the CI7/NO;~ exchange. This is commonly observed
and is a consequence of the higher hydration energy of bicar-
bonate vs. nitrate, which makes the former more difficult to
solubilise into the membrane than the latter. The trend
observed for the studied compounds discussed above are as
follows: L6 is the most active transporter and L2 is not active
enough for the calculation of an accurate ECs,. It is interesting
to compare the anionophoric properties of L6 with respect to
those previously observed for the symmetric 3,5-bis(trifluoro-
methyl)phenyl- and indol-7-yl-containing squaramides L9 and
L10.>%3° L6 was found to be ten-fold as potent than the bis-7-
indolyl-containing squaramide L9 in both CI"/NO;™ and CI™/
HCO;™ exchange assays, whereas a similar potency to the sym-
metric bis(trifluoromethyl)phenyl-squaramide L10 in the Cl17/
NO;~ exchange experiment (ECs, 0.012 mol% vs. 0.01 mol%),
and a small increase of potency in the CI"/HCO;~ exchange
assay (0.19 vs. 0.33 mol%) were observed. It can be speculated
that the incorporation of an aromatic substituent bearing the
EWG -CF; groups as well as the indol-7-yl residue provide an
optimal balance of lipophilicity and hydrogen bond ability.

To check whether the activity exerted by these compounds
was exclusively due to their anionophoric properties and not
related to a detergent action, the well-known carboxyfluores-
cein-based experiment was carried out. Briefly, vesicles loaded
with an aqueous solution containing NaCl and carboxyfluores-
cein, buffered to pH 7.2, were dispersed in an isotonic Na,SO,
aqueous solution, also buffered to pH 7.2. Emission changes
were recorded over time upon the addition of the compound (¢
= 60 s) and, at the end of the assay, a detergent was added to
lyse the vesicles and release all the entrapped carboxyfluores-
cein (¢ = 360 s). This led to a marked increase of emission
intensity, which was used to normalise the data (for a
thorough procedure see the ESIf). As observed in Fig. S88-
S97,1 addition of the studied compounds causes negligible
emission changes, which allows us to conclude that none of
them generates large non-selective pores in the membrane
and, consequently, that their activity is only due to their ability
to exchange anions throughout the membrane.

The ability of these squaramides to discharge pH gradients
across the membrane was also evaluated by means of the
HPTS-based assay.** 7:3 POPC:cholesterol vesicles were
hydrated with an aqueous solution containing NaNO; and
HPTS (a ratiometric fluorescent probe which is also sensitive
to pH changes), buffered to pH 7.2, and suspended in an iso-
tonic NaNO; aqueous solution buffered to pH 7.2 as well. A pH

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Variation of pH upon addition of compounds L1-L8 (0.5 pM) to
7:3 POPC:cholesterol vesicles (0.5 mM POPC). Vesicles (loaded with a
126.2 mM NaNOs solution buffered to pH 7.2 with 10 mM NaH,PO,, and
containing 1 mM HPTS; ionic strength (1.S.) 150 mM), were suspended in
a NaNOs solution (126.2 mM NaNOs buffered to pH 7.2 with 10 mM
NaH,POy; 1.S. 150 mM). At t = 30 s an aliquot of a NaOH solution
(12.5 pL, 0.5 M) was added, and at t = 60 s the anion carrier was added.
The blank is DMSO (1.25 pL). Each trace represents the average of at
least three trials, performed with three batches of vesicles.
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gradient was created by adding an aliquot of a NaOH aqueous
solution (¢ = 30 s), followed by the addition of the compound
(t = 60 s). Changes in the I,0/I403 ratio were monitored over
time and the experiment was finished by adding a detergent
(t = 360 s). The obtained emission ratios were subsequently
converted to pH values through calibration (see ESI for
detailst). As observed in Fig. $S98-S105,f the ability of the
studied squaramides to dissipate the pH gradient depends on
their concentration. As shown in Fig. 4, the most active com-
pounds, L1, L6 and L8, are found to balance the pH at 0.5 uM
concentration, whereas L2 and L5 display a poor activity and
L3, L4 and L7 are not active under these conditions. This trend
is very similar to that observed in the ISE assays and confirms
the importance of both the lipophilicity and the substitution
pattern of the squaramides (including the presence or absence
of EWGs in the molecule backbone) in the transport activity.

Conclusions

In conclusion, we have studied a novel family of squaramide-
based compounds L1-L8, with the aim to evaluate the effect of
the indolyl substituent on their anion binding and transmem-
brane anion transport properties. "H NMR titration experi-
ments conducted in DMSO-dg/0.5% water solution showed a
stronger affinity of L1, L2, L6, and L8, bearing an indol-7-yl
residue, towards the chloride anion, forming 1:1 anion
adducts, and confirming that the presence of an additional
H-bond donor group improves their anion binding affinities.
These observations were also supported by the solid state
structure of the L6 chloride complex. L1, L6, and L8 are also
the most potent anion transporters of the family. They are also

This journal is © The Royal Society of Chemistry 2022
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able to dissipate a roughly 1.0 unit pH gradient across the
membrane at 0.5 pM concentration. The other compounds
exhibit a significantly lower activity or are not active.
Importantly, the anion transport potency of L6 is favourably
comparable with that of their symmetrically substituted parent
squaramides. Indeed, L6 displayed an ECs, value ten-fold
lower than that of its bis 7-indolyl squaramide analogue L9,
and comparable to or slightly lower than those previously
reported for the symmetric analogue with 3,5-bis(trifluoro-
methyl)phenyl residues L10. This piece of work highlighted
how additional H-bond donor groups, due to the presence of
the 7-indolyl residue in this case, could be used in combi-
nation with the presence or absence of electron-withdrawing
groups in their structures to control the anion binding
strength and lipophilicity with the aim to improve their anion
binding and transmembrane anion transport properties, and
to obtain potent anionophores.
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