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Abstract: In this paper we demonstrate the transmembrane chloride transport properties of a series of calix[4]pyrroles appended with
squaramide moieties for the first time. The flexibility imparted by the methylene group between the squaramide and macrocycle allowed for
changes between 1: 1 and 1 : 2 (host : guest) binding modes at high chloride concentrations. Electroneutral transport was observed in the
substituted compounds compared to the parent calix[4]pyrrole, with an improvement in transport activity when distal electron withdrawing
groups were appended. These results highlight the important role of the squaramide in facilitating transmembrane transport for the substituted

macrocycles.

Keywords: calix[4]pyrrole, squaramide, chloride, transmembrane transport.

INTRODUCTION

T RANSMEMBRANE chloride transport within biologi-
cal systems is an important process responsible for
regulating critical physiological functions.[%2l Disruption
of natural chloride transport has been linked to several
diseases, including cystic fibrosis and cancer. Cystic
fibrosis is the result of a genetic defect in the cystic
fibrosis transmembrane conductance regulator (CFTR), a
chloride ion channel within the lungs. The defect results
in impaired channel functionality, causing a buildup of
mucus that leads to breathing difficulties and
infection.[34 Small molecule anionophores have been
proposed as a potential future therapy for cystic fibrosis
and similar conditions, where they act to restore the
missing chloride transport. Separately, the co-transport of
chloride and H* was shown to dissipate lysosomal pH
levels in Hela cancer cells, leading to apoptosis. Studies
into the mechanisms of cell death indicated that H* / Cl-
co—transport disrupted autophagy, while chloride uniport
induced apoptosis.[>¢l Therefore, research into synthetic
anion receptors capable of chloride transport may open
up novel avenues for their use in the remediation of life-
threatening diseases.

Calix[4]pyrroles are a well-known class of neutral an-
ion receptors with strong affinities for anions in organic sol-
vents!’- The strong binding is driven by a conformational
change in the macrocycle in the presence of an anionic
guest, where the four pyrrole ring N-H groups rearrange to
provide a convergent hydrogen bond donor site. In partic-
ular, halides such as fluoride and chloride are strongly
bound.[*9 Efforts to enhance the binding affinity of meso-
octamethylcalix[4]pyrrole (OMCP) have included extending
the binding cavity via substitutions at the B position with
halogenated or aromatic substituents. A B-substituted
calix[4]pyrrole prepared by Sessler and co-workers, formed
from pyrrole fused to N-tosylpyrrolidine, was found to rec-
ognise halides more effectively than OMCP.[!1] The same
researchers used 3,4—difluoropyrrole as the subunit for a
fluorinated calix[4]pyrrole, which resulted in a two-fold
increase in the affinity towards fluoride and chloride, and a
seven-fold increase in affinity to dihydrogen phosphate
compared to OMCP.[8]

Substitutions at the meso-position of calix[4]pyrrole
with other functional groups can also yield improved anion
binding and enhanced functionality. Ballester and co-work-
ers extended the walls of OMCP to include four aromatic
surfaces in a “four-walled” calix[4]pyrrole, which displayed
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higher affinities to chloride with the aid of significant anion-
7 interactions.[*2] Similar improvements in the affinity to-
ward halides have been achieved through other substitu-
tions at the meso-position, including photoswitchable
groups, nucleic acids, and aliphatic groups.[*3-15] The bind-
ing properties of OMCP can also be improved through the
addition of a bridge across the macrocycle, forming a bicy-
clic “strapped” system. Strapped calix[4]pyrroles display
enhanced anion binding affinities, selectivity, and aug-
mented chloride transport behaviour depending on the
nature of the strap.[16-181 OMCP is incapable of performing
transmembrane chloride transport on its own and will only
perturb chloride concentrations via a coupled process with
caesium.[19.20l However, the installation of various substitu-
ents has alleviated this limitation while also allowing for the
transport of phosphate and fluoride, anions that were his-
torically difficult to transport.[21.22]

The design of small molecule anionophores for chlo-
ride transport often incorporates dual hydrogen bond do-
nor groups such as ureas, thioureas, and squaramides.[23-27]
Squaramides have attracted considerable interest as anion
receptors and transporters due to their dual hydrogen
bond donor sites. The rigidity of the cyclobutene ring, the
convergent directionality of NH bonds, and the NH bond
angles are key elements that often make squaramides bet-
ter receptor motifs than urea analogues.[?8] While a variety
of functional groups have been explored and appended
onto the OMCP scaffold, there is a lack of exploration in the
conjugation of squaramides onto the macrocycle. Recently,
Wang and co-workers explored the anion binding ability of
a single-walled meso-substituted calix[4]pyrrole involving an
aliphatic-squaramide unit.2% Their initial investigation high-
lighted that the addition of a squaramide unit to OMCP pro-
vided an additional hydrogen-bond donor site for an anion,
thus increasing the binding affinity of the compound towards
fluoride, chloride, and dihydrogen phosphate.l2%] Molecular
modelling also suggested the formation of an encapsulated
anion binding site with the methylene —CH, group imparting
the necessary flexibility.

We sought to investigate whether the increased
binding affinity to chloride afforded by adding a squara-
mide unit to OMCP would translate to enhanced chloride
transport capability. It was envisaged that the presence of
aromatic substituents on the squaramides would form a
more encapsulated binding pocket around the anion. Pre-
vious work in our group highlighted the benefits of a
strapped calix[4]pyrrole in enhancing fluoride transport.
However, it was challenging to modify the bridging triazole
with alternative functional groups.3% The electron-with-
drawing groups (EWGs) on the aromatic substituents will
also allow a comparison to be made between the effects of
preorganization on anion transport versus the enhance-

ment caused by appending electron-withdrawing deriva-
tives. To the best of our knowledge, this work represents
the first investigation into the transport properties of a
calix[4]pyrrole with a squaramide substituent. The chloride
transport activity of the molecules was explored in a com-
prehensive series of assays. Several of the compounds dis-
played moderate transport activity in the HPTS assay,
whereas OMCP was inactive, demonstrating that H* / CI-
cotransport could be achieved through the addition of a
squaramide unit.

EXPERIMENTAL

Chemicals and Materials

Chemicals were purchased from commercial sources and
used without purification unless otherwise stated.
Synthesis of the squaramide-substituted calix[4]pyrroles
studied in this work is outlined in Scheme 1. The
calix[4]pyrrole intermediates (11-14), compound 7, and
OMCP 8 were prepared according to literature
procedures.??l Pyrrole oligomers formed during the
synthesis of 12, which resulted in the need for additional
washes with hot n-hexane after column chromatography.
These oligomeric side products were also responsible for
reduced yields in this step.?1] The mono-substituted ethyl
squarates ES1-ES7 were prepared by treating diethyl
squarate with one equiv. of the appropriate aniline in the
presence of zinc triflate. For ES6 and ES7, additional washes
with  n-hexane were necessary after column
chromatography to fully remove residual diethyl squarate.
Finally, ES1-ES7 were treated with aminomethyl
calix[4]pyrrole (14) to give the final squaramide-substituted
calix[4]pyrroles (1-7). Compounds 1-5 slowly precipitated
out of the reaction mixture over several hours during
cooling, eliminating the need for further workup. OMCP 8
was prepared from distilled pyrrole and acetone according
to literature procedures.
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Scheme 1. Synthesis of ethyl squarates ES1-ES7, final
compounds 1-7, and OMCP 8 studied in this work.
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Transport Studies

Vesicles were prepared using l1—palmitoyl-2-oleoyl-sn—
glycerol-3—phosphocholine (POPC) lipids and loaded with
NaCl (487 mM) solution, buffered to pH 7.2 with sodium
phosphate salts (5 mM). The lipids were suspended in a
NaNOs external solution (487 mM), also buffered to pH 7.2.
The addition of the transporter as a DMSO solution induced
chloride efflux out of the vesicles, which was detected using
the ISE over 300 s before lysing the vesicles with detergent
to obtain a 100 % chloride efflux reading.

RESULTS AND DISCUSSION

Crystallography
Crystals of 6 that were suitable for single crystal X-ray
diffraction were grown from a DMSO solution of the
compound. Compound 6 crystallised in the P—1 space group
with three formula units in the unit cell (CCDC deposition
number: 2499222).

The pyrrole subunits for 6 were oriented in a partial
cone configuration where three subunits were face up and
one face down (Figure 1). Hydrogen bonds were observed
between the three face-up pyrrole subunits (N-H---O 2.05
A) and the singular face-down subunit (N-H---0 2.04 A) to
the oxygen of nearby DMSO molecules, which could have
acted as a guest and induced a geometric change within the
macrocycle. Hydrogen bonds were also observed between
the two squaramide NH groups and a singular DMSO mole-
cule. The pentafluorobenzene subunit was observed in a
non-planar orientation compared to the squaramide moi-
ety, most likely due to steric interactions between the fluo-
rine atoms and squaramide oxygens if both groups were
aligned within the same plane.

Binding Studies

To assess the binding affinity of the compounds for chlo-
ride, titrations with tetrabutylammonium chloride (TBACI)
salt were performed and monitored via 'H NMR. Chloride
binding can be visualised and tracked via shifts in the reso-
nances corresponding to protons involved in the binding
event. The 'H NMR titrations were performed with TBACI
guest in DMSO-dg/ 0.5 % H>0. In all cases, the addition of
chloride resulted in simultaneous downfield shifts of reso-
nances corresponding to the squaramide NHs and the pyr-
rolic NHs of the macrocycle unit (Figure 2). Furthermore,
the pyrrolic NH resonance peaks showed a marked change
in shape from a doublet to a broad singlet following the
addition of 1 equiv. of chloride, which indicated strong
hydrogen binding interactions between the anion and
macrocycle.?9]

At higher equivalents of chloride (> 20 equiv.), the
pyrrolic NH signals resolved back into sharp doublets and

no longer shifted downfield, which suggested that binding
saturation was reached. Notably, both squaramide NH sig-
nals continued to shift downfield to the maximum of 100
equiv. during the titration. This behaviour suggested that
the squaramide initially formed an encapsulated binding
site for chloride within the macrocycle but rearranges at
higher equiv. to swing out and form a separate, secondary
binding site. The methylene —CH, signal was also observed
to move downfield in a similar fashion to the pyrrole NH
signals, with a saturation point at approx. 20 equiv. of chlo-
ride. Due to the proximity of this —CH; group to the central
macrocycle cavity, it was likely that chloride has a weak
binding interaction with these protons.

The chemical shifts of the pyrrolic NHs, two
squaramide NHs, and methylene —CH, were plotted against
the equivalents of chloride throughout the titration. The
data set was fitted to both a1 :1 and 1 : 2 (host : guest)
binding model using the BindFit v0.5 software.33Asa1:2
binding model considers more parameters and naturally
gives a better fit to the data, a subsequent analysis of the
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Figure 1. Crystal structure of compound 6 with hydrogen
bonds shown in red. Thermal ellipsoids are shown at 50 %
probability.
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Figure 2. TH NMR titration of compound 1 at 400 MHz with
TBACI in DMSO-dg / 0.5 % H,0. Movement of the two
squaramide NH (red), pyrrolic NH (cyan), and methylene -
CH, signals (purple) are highlighted with a straight line.
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covariance of fit for both models was performed, and the
ratio (F covsit) between1:1and1:2 models was compared.
A F covsit > 5 is usually required to confirm thata 1 : 2
binding model is preferred.34 For all compounds, the 1 : 2
binding model was confirmed as the best fit (Table 1).

The binding constants and preference fora 1: 2 bind-
ing sequence further reinforce the hypothesis that the mac-
rocycle and squaramide unit act as separate binding sites at
high equiv. of chloride. The high K11 value (~ 500 M-1) in
compounds 1-7 is indicative of chloride binding to the mac-
rocycle, which is comparable to the binding constant of 8.
The high error (23 %) in the binding constant for 8 can be
attributed to the difficulty in accurately quantifying the pyr-
role NH peaks due to significant broadening upon anion
binding. For the second binding event, compounds 1-6
exhibited a stronger affinity than 7 due to the presence of
the aromatic phenyl group which has been shown to en-
hance the hydrogen bonding donicity within squara-
mides.[3¢] The geometry of the squaramide also allows the
aromatic Co—H to participate in hydrogen bonding with the
anion.[28! This was reflected in the NMR shifts, where the
corresponding signal shifts slightly downfield in response to
chloride. The lack of a similar secondary interaction in 7 ac-
counts for the lower Ki; value compared to the other
compounds.

While the Ki; binding constants are relatively small,
there is still a trend in compounds 1-4 where the more po-
tent EWGs (p-NO3, p-CF3, and 3,5-bisCF3) displayed higher
affinities. This was a result of the EWGs ability to increase
the acidity of the NH proton, leading to stronger complexa-
tion with an anionic guest. While 6 also contained electron-
withdrawing fluorine groups, the replacement of the hy-
drogen at Cy with a fluorine atom may result in steric hin-
drance, leading to a lower Ki; value. A similar hindrance was
seen in the crystal structure of 6, where the pentafluoroben-
zene subunit could not be aligned in the same plane as the
squaramide group due to steric hindrance between the fluo-
rine and oxygen atoms. The compound library displayed
negative binding cooperativity throughout the titration,
reflected in the lower K1, values. The negative cooperativity
was likely to be caused by the electrostatic repulsion of a
second chloride following the first binding event.

An additional titration with 4 equiv. of fluoride was
attempted for compounds 2, 4, and 7 as OMCP 8 is known
to have a strong affinity for fluoride.3”) These three com-
pounds were chosen as the p-NO; and 3,5-bis(CF3) groups
are strongly electron-withdrawing, leading to increased
acidity of the squaramide NH proton. In contrast, the n-
butyl group is likely to reduce acidity as a result of hyper-
conjugation.®8l The addition of 0.25 equiv. of fluoride
resulted in the formation of a new set of peaks in all three
compounds and slow exchange was observed on the NMR
timescale. However, the proton shifts could not be fit to a

binding model due to complex binding events which sug-
gested the presence of multiple species in solution. At
higher equiv., deprotonation of the compounds was sus-
pected due to the disappearance of the squaramide NH
peaks (Figure 3) in addition to a colour change within the
NMR solution. This deprotonation was confirmed by the
addition of one drop of 1 M hydrochloric acid to the NMR
solution after 4 equiv. of fluoride had been added. The
addition resulted in a reversal of the colour change, as well
as regeneration of the squaramide NH peaks.

Table 1. Binding constants (M) for compounds 1-8. Binding
studies were performed in DMSO-d6 / 0.5 % H20 with TBACI.
Affinity errors are < 6 % for compounds 1-7 and 23 % error for 8.

Compound K11 K12 at® F covge®
1 549 9.28 0.07 99
2 510 16.4 0.13 57
3 518 12.7 0.10 98
4 491 17.7 0.14 77
5 513 8.96 0.07 62
6 529 6.77 0.05 117
7 568 3.67 0.03 121
8 740 N/A N/A N/A

@ The interaction parameter (a) was calculated by multiplying Ki, by four
and dividing by K1;. An a value < 1 indicates negative cooperativity, a
value > 1 indicates positive cooperativity, while a value of 1 describes
non-cooperative binding.

() Factor of covariance of fit (F covy), calculated by dividing the 1 : 1 covg
by 1:2 covfe. 1: 2 binding is the preferred model if F covg, > 5.5%
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Figure 3. IH NMR titration of compound 4 at 400 MHz with
four equivalents of TBAF in DMSO-ds / 0.5 % H,0. Addition
of one drop of 1 M HCl regenerates the squaramide peaks,
indicating deprotonation. A comparison spectrum of 4
titrated with 8 equiv. of TBACI demonstrates chloride
binding to 4 following regeneration of the squaramide
peaks.
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Chloride/Nitrate Exchange

The transport properties of the compounds were initially
tested using an ion-selective electrode (ISE) chlo-
ride/nitrate exchange assay. Despite the modest binding
affinities of 1-7 towards chloride, the compounds showed
little activity in this assay. Compounds 3 and 4 demon-
strated the highest activity overall, reaching approx. 40 %
efflux after 300 s. This assay relies on the exchange of
chloride with nitrate to sustain continued chloride efflux
(Figure 4a). As the calix[4]pyrrole macrocycle does not bind
nitrate strongly, it is unlikely to participate in the exchange
process.[39 Thus, the transport activity observed could be
attributed solely to the squaramide unit. Previous work
with squaramides showed that the mono- and bis—CF; func-
tionalised derivatives had the highest transport activity,
which is reflected in the activities of 3 and 4, which were
comparatively highest in this series.[24:36]

Early work in our group indicated that OMCP 8 is
capable of co-transporting caesium chloride as an ion-pair
due to conformational changes that occur in the macrocy-
cle following anion binding.[1020] As 3 result, we repeated
the chloride/nitrate exchange assay with an internal solu-
tion of caesium chloride in order to check for CsCl co-
transport. Under these conditions, there was no improve-
ment in the transport activity for any of compounds 1-7
compared to the NaCl conditions (Figure 4b). The lack of
transport improvement is likely due to poor solubility of the
squaramide derivatives under the conditions of the chlo-
ride/nitrate exchange assay, which hinders the incorpora-
tion of the macrocycles into the vesicle bilayer. The
transport activity also remained the same when the inter-
nal cation of the chloride salt was replaced with potassium.

We further modified the chloride / nitrate exchange
assay to investigate whether a chloride uniport mechanism
was possible. This involved the use of potassium gluconate
instead of nitrate in the external solution. Gluconateis a large
hydrophilic anion and cannot be transported or diffuse
independently across the lipid bilayer. This alteration was
made to assess whether a lack of nitrate back-transport was
was responsible for a depreciation in the chloride transport
capabilities of the compounds. In this new assay, chloride
transport is only possible in the presence of a cationophore,
such as valinomycin or monensin. Valinomycin strictly
uniports potassium, whereas monensin can exchange
potassium with a proton. Coupling to valinomycin requires
the ability to uniport chloride, known as electrogenic
transport, while coupling to monensin requires H*/ CI- co-
transport, known as electroneutral transport. Across all
compounds, the transport activities showed coupling to both
ionophores, but no improvement over the activity in
chloride/nitrate exchange conditions. The results indicated
the compounds have no preference between electrogenic or
electroneutral transport, which may arise as a result of

chloride transport being rate-limiting in all processes studied.
In the presence of valinomycin, it is possible that electrogenic
transport arises from chloride binding to the macrocycle.

HPTS Assay for HCI Co-transport

As the compounds exhibited HCl co-transport, we further
investigated their activity using the 8-hydroxypyrene-1,3,6-
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Figure 4. (a) Schematic of the ISE chloride/nitrate exchange
assay. Comparison of transport activities at 1 mol% in the
Cl-/NO3~ exchange assay with NaCl, KCI, and CsCl internal
solutions for: (b) compound 1 and (c) OMCP 8 .
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trisulfonic acid trisodium salt (HPTS) assay.!*?! Here, POPC
vesicles were loaded with KCI (100 mM) and the fluorescent
dye HPTS (1 mM), balanced to pH 7.0 with HEPES buffer
(10 mM). The vesicles were suspended in an otherwise
identical solution without HPTS. The excitation wavelength
of HPTS changes after deprotonation at pH 8, but not the
emission wavelength. As a result, changes in the ratio of ex-
citation / emission can be monitored as an indicator of H* /
Cl- transport. The addition of a NaOH base pulse generates
the necessary pH gradient across the lipid bilayer to drive
transport. Due to the lower amount of chloride transport
(100 mM) in this assay, the compounds were much more
active and displayed stronger transport activity. Conse-
quently, Hill analysis and the corresponding ECso values
could be calculated for compounds 1-5 and 7 (Table 2). The
transport activity for compound 6 plateaued at approx.
60 % of the maximal concentration, thus an ECsp could not
be accurately calculated.

The activity of the compounds aligns with a trend in
the potency of the EWGs attached to the squaramide.
Compounds 2-4 exhibited much lower ECsg values com-
pared to 1and 7. Similarly, compound 5, containing an elec-
tron-donating methoxy group, had a higher ECsq (similar to
that of 7). The EWGs in 2—-4 improve the charge-delocalisa-
tion of the chloride complexes, allowing rapid shuttling
through the lipid bilayer. Furthermore, previous work has
shown the importance of lipophilicity in predicting the ac-
tivity of an anion transporter.l*ll The correlation between
lipophilicity and activity can be seen in the cLogP values in
Table 2, where the more active compounds 2-4 have higher
lipophilicity values. The decreased activity of compounds 1
and 5 could be attributed to the electron-donating methoxy
and n-butyl groups, which hindered the effective delocali-
sation of the negative charge. The effects of the EWGs on
the ECsp clearly demonstrated that the squaramide group
exerted a substantial influence on the transport activity of
the compounds.

The Hill coefficient (an indicator of anion transport
stoichiometry) is close to 1.0 for compounds 2—-4, indicating
a transport stoichiometry of one transporter per chloride.
In contrast, the coefficient is closer to 2.0 for compounds 1,
5, and 7, suggesting transport via higher order aggregates.

The rate-limiting step during H* / CI- symport can be
determined through the addition of valinomycin or a
protonophore,  carbonyl  cyanide = m-chlorophenyl
hydrazone (CCCP). An increase in activity in the presence of
valinomycin indicates chloride transport is the rate-limiting
step, whereas activity increases in the presence of CCCP
indicate proton transport is the rate-limiting step.

Across the tested compounds, enhanced activity was
seen after adding valinomycin but not CCCP, indicating H* >
Cl- selectivity in these compounds (Figure 5). As the
squaramide unit was the major contributor to transport

activity, the chloride rate-limiting step could be a result of
the comparatively weaker chloride binding affinities of the
squaramide moiety, which prevented the effective capture
and release of the anion during transport.
Squaramide—based transporters have previously
been shown to facilitate proton transport via a fatty acid
flip—flop mechanism. This process involves the transporter
binding to the anionic carboxylate headgroup of a fatty acid
before diffusing over the bilayer together.[*2l Commercially
available POPC lipids contain fatty-acid impurities, which
provide an alternative pathway to proton efflux.3! To in-
vestigate the effect of fatty acids on transport activity, the

Table 2. ECso values and Hill coefficients (n) for compounds 1-8
calculated from the HPTS assay. Calculated lipophilicity values

(cLogP) were also obtained for all compounds

Compound ECso® (mol%) N(®) clogpP®
1 0.861+0.11 15 6.57
2 0.084 +0.014 0.95 6.56
3 0.098 +£0.012 11 6.95
4 0.043 + 0.005 0.98 7.25
5 1.33+0.12 1.7 6.56
6 —(d) —(d) 5.93
7 1.17+£0.07 2.4 6.23
8 N/A N/A 6.40

o

ECso at 200 s in the HPTS assay, presented as a transporter : lipid
percentage.

A

Hill coefficient is an indicator of the transport stoichiometry between the
compound and chloride.

g

cLogP values were calculated using VCC Lab’s online tool.
Compound 6 was not active enough in the HPTS assay to calculate an
ECso value.
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Figure 5. Comparison of transport activities for compound 3
at 0.1 mol % in the HPTS assay in the presence of ionophores
and BSA.

Croat. Chem. Acta 2026, 99(1)

DOI: 10.5562/cca4223



ROATICA
CT
A

P. WANG. et al.: Squaramide Calix[4]pyrroles for Anion Transport

(not final pg. Ne) 7

assay was repeated in the presence of bovine serum albumin
(BSA), oleic acid (OA), and a combination of both additives.
BSA sequesters fatty acid impurities and halts the fatty acid
flip-flop process. If a fatty acid flip-flop mechanism is
involved, the addition of OA would restore transport activity.

The addition of 2 mol% OA resulted in a decrease in
activity in all compounds (Figure 6), which indicated
competitive binding between oleate and the compounds in
place of chloride. BSA binds fatty acids ina 1 : 6 molar ratio,
thus the addition of 1 mol% BSA to the POPC vesicles results
in the sequestration of all fatty acid impurities within the
POPC. Under these conditions, the transport activity for 7
was significantly attenuated, while a small decrease in
transport was observed for compounds 1-6. Overall, these
results suggested that the compounds had minimal reliance
on the fatty acid flip-flop mechanism. This may be due to
the inability of the compounds to form a convergent
binding site around the carboxylate head groups,
preventing movement through the bilayer. Higher binding
ratios, such as one transporter to two head groups, would
also be unfavourable due to high entropic energy costs.

For compound 4, there was no change in activity af-
ter adding BSA, which was unusual due as it suggested H* /
CI- transport independent of the flip-flop cycle. One possi-
bility for this might be the ability of 4 to self-deprotonate
to facilitate H* / CI- symport. The presence of fatty acids act
as a hindrance by competitively binding to 4. Given that the
presence of 2 mol% OA only resulted in a small decrease in
activity for 4, it is possible that the affinity of 4 for oleate is
lower than the other compounds. Finally, the addition of
10 mol% OA after adding 1 mol% BSA gives a final
concentration of approx. 4 mol% fatty acid in the vesicles.
Restoration of transport activity under these conditions
provides evidence for the flip—flop mechanism. In this
assay, however, the transport activity decreased even more
for all compounds than with only 2 mol% OA. This
behaviour provides further evidence that oleate interferes
and binds competitively with the compounds.

The anion selectivity of the compounds was investi-
gated via a modified HPTS assay, using a method reported
recently by our group.*¥ The preparation of POPC vesicles
was the same as for the standard HPTS assay, with the
exception of a NaCl (100 mM) internal solution instead of
KCI. They were then suspended in an external buffer with
Cl-, Br-, NOs7, I, or CIO4™ anions as the respective NaX salts
(100 mM). None of compounds 1-7 showed preferential
chloride selectivity over the other anions. Compound 5
showed slight anti-Hofmeister behaviour, with a small
preference for iodide over perchlorate. The other
compounds followed the Hofmeister series for anion
selectivity. This was not unexpected, as anti-Hofmeister
selectivity is difficult to achieve and typically requires
substantial pre-organisation of the binding cavity.[!

H8
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Figure 6. (a) Schematic of the HPTS assay and comparison of
the effects of oleic acid (OA), bovine serum albumin (BSA),
and a combination of both on (b) compounds 3 and (c)
compound 7.

CONCLUSIONS

We present the first investigations into the anion transport
activity of a series of squaramide-substituted
calix[4]pyrroles. The effect of a single-walled substitution
on the conformational flexibility of the compounds was
evident, as the calix[4]pyrroles displayed a change in bind-
ing geometry from a 1 : 1 binding mode to a 1 : 2 mode in
the presence of high chloride concentrations. We have
shown the importance of the squaramide moiety in
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facilitating anionophoric activity in the ISE and HPTS assays.
Despite their modest transport activities, the influence of
EWGs on activity was still evident in the HPTS assay. Further
modifications with squaramide-substituted calix[4]pyrroles
may provide more functionalities for this class of com-
pounds.
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Synthesis

Synthetic Procedures
Chemicals were purchased from commercial sources and used without purification unless

otherwise stated. Anhydrous solvents were collected from an Inert Corp PureSolv MD7

solvent purification system.

NMR spectra were recorded on Bruker Avance NEO 300, Bruker AVIII 400, Bruker AVIII 500,
Bruker NEO 500 NMR, or Bruker AVIII 600 spectrometers in the indicated solvent at 298
K. Chemical shifts are reported relative to the deuterated solvent used. Spectra resolution are

indicated before the chemical shifts.

Low-resolution mass spectrometry (LR-MS) was collected using positive and negative
electrospray ionisation on a Bruker amaZon SL mass spectrometer. High-resolution mass
spectrometry (HR-MS) was collected on a Bruker Solarix 2XR mass spectrometer by Sydney

Analytical. All mass spectrometry data are reported as m/z.

3-Ethoxy-4-(phenylamino)cyclobut-3-ene-1,2-dione (ES1)

0] 0]

0

Diethyl squarate (0.5319 g, 3.13 mmol) was suspended with zinc triflate (0.0671 g, 0.18 mmol)
and aniline (0.3531 g, 3.79 mmol) in absolute ethanol (30 mL). The mixture was stirred at RT
for 23 h before removing the solvent under vacuum. The residue was washed with 1 M NH4Cl
(3 x 30 mL) and water (3 x 30 mL). The solid was washed with hot diethyl ether (200 mL) and
the filtrate concentrated under vacuum to give the product as a pale-yellow powder. Yield

0.5189 g (76 %).

1H NMR (300 MHz, DMSO-ds) &: 10.74 (s, 1H), 7.40 — 7.29 (m, 4H), 7.16 — 7.08 (m, 1H), 4.77
(g, J = 7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H). LR-MS (ESI+) [M+Na]*: 240.11 m/z.
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3-Ethoxy-4-((4-nitrophenyl)amino)cyclobut-3-ene-1,2-dione (ES2)

(@) @]
jj( /@/ NO;
~0 N

Diethyl squarate (0.4981 g, 2.93 mmol) was suspended with zinc triflate (0.0831 g, 0.23 mmol)
and 4-nitroaniline (0.4359 g, 3.16 mmol). The mixture was stirred at RT for 22 h before
removing the solvent under vacuum. The residue was washed with 1 M NH4Cl (3 x 30 mL) and
water (3 x 30 mL). The final product was recrystallised from MeCN (20 mL) as an orange

crystalline powder. Yield 0.4531 g (59 %).

1H NMR (300 MHz, DMSO-ds) &: 11.22 (s, 1H), 8.24 (d, J = 9.2 Hz, 2H), 7.60 (d, J = 9.2 Hz, 1H),
4.81(q,J=7.1Hz, 2H), 1.45 (t, J = 7.1 Hz, 3H): LR-MS (ESI-) [M—H]": 261.06 m/z.

3-Ethoxy-4-((4-(trifluoromethyl)phenyl)amino)cyclobut-3-ene-1,2-dione (ES3)

(@) O
= L
/=07 N
Diethyl squarate (1.0845 g, 6.37 mmol) was dissolved in absolute ethanol (10 mL) before
adding 4-(trifluoromethyl)aniline (1.3394 g, 5.85 mmol) and zinc triflate (0.1665 g, 0.458
mmol). The solution was stirred at RT for 21 h, then filtered and the solid washed with excess

hexane until the filtrate was colourless. The product was dried as a pale yellow powder. Yield

1.7509 g (98 %).

1H NMR (300 MHz, DMSO-de) 6: 11.01 (s, 1H), 7.72 (d, J = 8.6 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H),
4.79 (g, = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H): LR-MS (ESI+) [M+Na]*: 308.10 m/%.
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3-((3,5-Bis(trifluoromethyl)phenyl)amino)-4-ethoxycyclobut-3-ene-1,2-dione (ES4)

o) o) CF,4
mﬁNQ
H CF,
Diethyl squarate (1.3007 g, 7.64 mmol) was dissolved in absolute ethanol (15 mL) before
adding 3,5-bis(trifluoromethyl)aniline (1.7464 g, 7.62 mmol) and zinc triflate (0.1649 g, 0.454
mmol). The solution was stirred at RT for 21 h. The mixture was filtered and washed with

water (2 x 10 mL), cold absolute ethanol (2 x 10 mL), and finally hexane (3 x 60 mL). The

product was dried into a pale-yellow powder. Yield 1.7466 g (65 %).

1H NMR (300 MHz, DMSO-ds) &: 11.19 (s, 1H), 8.03 (s, 2H), 7.76 (s, 1H), 4.80 (g, J = 7.1 Hz, 2H),
1.42 (t, J = 7.1 Hz, 3H): LR-MS (ESI+) [M+Na]*: 376.02 m/%.

3-Ethoxy-4-((4-methoxyphenyl)amino)cyclobut-3-ene-1,2-dione (ES5)

0] @)
Mo
/=07 N

Diethyl squarate (0.5117 g, 3 .01 mmol) and zinc triflate (0.2884 g, 0.790 mmol) were
suspended in absolute ethanol (10 mL) before adding a solution of p-anisidine (0.3482 g, 2.83
mmol) in absolute ethanol (15 mL). The mixture was stirred at RT for 19 h before
concentrating under reduced pressure. The residue was washed with 1 M NH4Cl (3 x 30 mL)
and water (3 x 30 mL). The solid was then refluxed in hot hexane for 1 h before hot filtering

to give the product as a grey powder. Yield 0.5301 g (76 %).

1H NMR (300 MHz, DMSO-ds) 6: 10.61 (s, 1H), 7.27 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 9.0 Hz, 2H),
4.74 (g, J = 7.1 Hz, 2H), 3.73 (s, 3H), 1.40 (t, J = 7.1 Hz, 3H): LR-MS (ESI+) [M+H]*: 248.11 m/z.
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3-Ethoxy-4-((perfluorophenyl)amino)cyclobut-3-ene-1,2-dione (ES6)

F
@) OF
F
e N
H F
F
Diethyl squarate (0.5342 g, 3.14 mmol) was suspended with pentafluoroaniline (0.5387 g,
2.94 mmol) and zinc triflate (0.2572 g, 0.708 mmol) in absolute ethanol (10 mL). The mixture
was stirred at RT for 17 h and the solvent removed under reduced pressure. The crude
product was purified via flash chromatography, eluting with hexane/ethyl acetate (9:1) to give
a clear oil which dried into a white solid after concentrating under reduced pressure in the

presence of n-hexane. The solid was washed with excess n-hexane to remove excess diethyl

squarate and dried to give the product as a white powder. Yield 0.4959 g (55 %).

1H NMR (500 MHz, DMSO-ds) &: 11.12 (s, 1H), 4.69 (q, J = 7.1 Hz, 2H), 1.35 (t, J = 7.1 Hz, 3H):
LR-MS (ESI-) [M—H]": 305.97 m/z.

3-(Butylamino)-4-ethoxycyclobut-3-ene-1,2-dione (ES7)

N-butylamine (0.4241 g, 5.80 mmol) was added to a solution of diethyl squarate (1.0760 g,
6.32 mmol) in MeCN (6 mL). The reaction was stirred at RT for 17 h before filtering and
concentrating the filtrate under reduced pressure to a yellow oil. The crude product was
purified via flash chromatography, eluting with hexane/ethyl acetate (7:3) to give a clear oil
which dried into a white solid after concentrating under reduced pressure in the presence of

n-hexane. Yield 0.9766 g (85 %).

1H NMR (300 MHz, DMSO-de) 6: 8.70 (s, 1H), 4.72 — 4.58 (m, 2H), 3.47 (t, J = 6.9 Hz, 1H), 3.28
(t,J=6.9 Hz, 1H), 1.57 — 1.41 (m, 2H), 1.41 — 1.20 (m, 4H), 0.87 (t, J = 7.3 Hz, 3H). LR-MS (ESI+)
[M+H]*: 198.19 m/z.
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2-(2-Oxopropyl)isoindoline-1,3-dione (I1)

@il}

Potassium phthalimide (25.7095 g, 138.8 mmol) was suspended in acetone (75 mL) with
chloroacetone (12.2412 g, 132.3 mmol). The mixture was refluxed at 80 °C for 10 h and the
solvent removed under reduced pressure. The solid was dissolved in DCM (100 mL) and
washed with water (2 x 100 mL) followed by 10% Na>COs (2 x 100 mL). The organic layer was
dried over MgSOs and concentrated under reduced pressure to give a yellow oil, which
crystallised into a white solid after cooling. The solid was washed with excess water and dried

to give the product as a white crystalline powder. Yield 22.6823 g (84 %).

1H NMR (300 MHz, DMSO-ds) 6: 7.98 — 7.82 (m, 4H), 4.58 (s, 2H), 2.24 (s, 3H): LR-MS (ESI+)
[M+Na]*: 226.09 m/z.

2-(2,2-Di(1H-pyrrol-2-yl)propyl)isoindoline-1,3-dione (12)

X NH
O
7
N N
H
(0]

11 (2.2441 g, 11.04 mmol) was mixed with distilled pyrrole (10 mL, 144.1 mmol) at 0 °C under
an inert atmosphere. TFA (0.8 mL, 10.45 mmol) was added to the mixture dropwise and the
solution stirred for 18 h, allowing to warm up to RT. The solution was diluted with water (100
mL) and extracted with DCM (3 x 40 mL). The organic layer was dried over MgS0O4 and
concentrated under reduced pressure to give a dark oil. The crude product was purified via
flash chromatography, eluting with hexane/ethyl acetate (19:1). Fractions were combined
and concentrated under reduced pressure to give a yellow oil which solidified into a solid on
cooling. The solid was refluxed in n-hexane (200 mL), hot filtered, then washed with hot n-
hexane until the filtrate was colourless. The solid was dried to give the product as a pale-

yellow powder. Yield 1.3330 g (38 %).

1H NMR (300 MHz, DMSO-ds) &: 10.39 (s, 2H), 7.80 (s, 4H), 6.58 (d, J = 2.1 Hz, 2H), 5.89 — 5.82
(m, 2H), 5.80 — 5.76 (m, 2H), 4.07 (s, 2H), 1.57 (s, 3H): LR-MS (ESI+) [M+Na]*: 342.14 m/z.
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2-((5,10,10,15,15,20,20-Heptamethyl-5H,10H,15H,20H,22H,24H-porphyrin-5-
yl)methyl)isoindoline-1,3-dione (I3)

12 (1.1447 g, 3.58 mmol) was dissolved in dry DCM (55 mL) at 0 °C under an inert atmosphere.
Distilled pyrrole (1.3 mL, 18.74 mmol) and acetone (2.75 mL, 37.12 mmol) were added to the
solution. TFA (0.6 mL, 7.84 mmol) was added dropwise, and the solution stirred for 18 h,
allowing to warm up to RT. The solution was quenched with 1 M NaOH (50 mL) and the organic
layer washed with water (3 x 100 mL) and brine (50 mL). The organic layer was dried over
MgS0O4 and concentrated under reduced pressure to give a brown solid. The crude product
was purified via flash chromatography, eluting with hexane/ethyl acetate (9:1) to give the

final product as a pale-yellow powder. Yield 0.7745 g (38 %).

1H NMR (300 MHz, DMSO-ds) 8: 9.55 (s, 2H), 9.29 (s, 2H), 7.79 (s, 4H), 5.88 — 5.41 (m, 8H),
4.12 (s, 2H), 1.65 — 1.41 (m, 21H): LR-MS (ESI+) [M+Na]*: 596.27 m/z.

(5,10,10,15,15,20,20-Heptamethyl-5H,10H,15H,20H,22H,24H-porphyrin-5-yl)methanamine
(14)

NH,

I3 (0.1963 g, 0.342 mmol) was suspended in absolute ethanol (10 mL). Hydrazine
monohydrate (0.13 mL) was added dropwise to the mixture and refluxed for 24 h. The
solution was cooled then diluted with 2.5 M NaOH (100 mL) and extracted with DCM (3 x 50
mL). The combined organic layers were washed with water (2 x 100 mL) then dried over
MgS04 and concentrated to give the final product as a pale-yellow powder. Yield 0.1492 g
(98 %).
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14 NMR (300 MHz, DMSO-ds) &: 9.21 (s, 4H), 5.78 — 5.65 (m, 8H), 2.94 (s, 2H), 1.65 — 1.35 (m,
21H), 1.29 (s, 2H): LR-MS (ESI+) [M+H]*: 444.27 m/z.
3-(((5,10,10,15,15,20,20-Heptamethyl-5H,10H,15H,20H,22H,24H-porphyrin-5-
yl)methyl)amino)-4-(phenylamino)cyclobut-3-ene-1,2-dione (1)
(0]
)ug
N
O

14 (0.1486 g, 0.335 mmol) was suspended with ES1 (0.0769 g, 0.354 mmol) in methanol (25
mL). The mixture was refluxed for 12 h and cooled to RT. The mixture was filtered and dried
to give the product as fine white needles. Yield 0.1755 g (85 %). Melting point: 170.2 — 180.6 °C

(decomposed).

1H NMR (600 MHz, DMSO-ds) 6: 9.76 (s, 1H), 9.25 (d, J = 16.0 Hz, 4H), 7.46—7.38 (m, 3H), 7.35—
7.29 (m, 2H), 7.01 (tt, J = 7.4, 1.1 Hz, 1H), 5.85 (t, J = 3.0 Hz, 2H), 5.80 (t, / = 3.0 Hz, 2H), 5.65
(p,J=3.2 Hz, 4H), 4.14 (d, J = 6.4 Hz, 2H), 1.73-0.97 (m, 21H): 3C NMR (151 MHz, DMSO-ds)
6: 183.9, 180.5, 169.7, 163.4, 139.2, 139.0, 138.6, 138.5, 134.4, 129.4, 122.6, 118.1, 103.5,
102.6, 101.7, 101.6, 52.4, 40.1, 34.6, 34.3, 29.3, 28.8, 28.7, 28.3, 23.9: LR-MS (ESI-) [M-H]:
613.36 m/z: HR-MS (ESI+) calculated for [M-H]": 613.32965 m/z, found [M-H]: 613.32937

m/z.
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3-(((5,10,10,15,15,20,20-Heptamethyl-5H,10H,15H,20H,22H,24H-porphyrin-5-
yl)methyl)amino)-4-((4-nitrophenyl)amino)cyclobut-3-ene-1,2-dione (2)

o)

)og
N
H HN@NOZ

14 (0.1318 g, 0.297 mmol) was suspended with ES2 (0.0797 g, 0.304 mmol) in methanol (20
mL). The mixture was refluxed for 13 h then cooled to RT. The mixture was filtered and dried
to give the final product as an orange solid. Yield 0.1656 g (85 %). Melting point: 227.0 —
231.9°C (decomposed).

1H NMR (600 MHz, DMSO-ds) 8: 10.28 (s, 1H), 9.27 (d, J = 36.6 Hz, 4H), 8.21 (d, J = 9.2 Hz, 2H),
7.64 (s, 1H), 7.58 (d, J = 9.2 Hz, 2H), 5.83 (dt, J = 28.4, 3.0 Hz, 4H), 5.63 (p, J = 3.1 Hz, 4H), 4.14
(s,2H), 1.58-1.47 (m, 21H): 13C NMR (151 MHz, DMSO-ds) 6: 185.1, 180.3,170.7, 162.0, 145.3,
141.4, 139.3, 138.6, 138.5, 134.3, 125.7, 117.7, 103.5, 102.7, 101.6, 101.6, 52.6, 40.1, 40.1,
34.6, 34.3, 29.4, 28.8, 28.6, 28.1, 23.9: LR-MS (ESI-) [M-H]": 658.36 m/z: HR-MS (ESI-)
calculated for [M-H]: 658.31473 m/z, found [M-H]": 658.31459 m/z.
3-(((5,10,10,15,15,20,20-Heptamethyl-5H,10H,15H,20H,22H,24H-porphyrin-5-
yl)methyl)amino)-4-((4-(trifluoromethyl)phenyl)amino)cyclobut-3-ene-1,2-dione (3)
(@]
)ug
N
H HN@CF3

14 (0.1340 g, 0.302 mmol) was suspended with ES3 (0.0866 g, 0.304 mmol) in methanol (20
mL). The mixture was refluxed for 12 h then cooled to RT. The mixture was filtered and dried
to give the final product as a white solid. Yield 0.1565 g (76 %). Melting point: 179.0—229.0 °C

(decomposed)
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14 NMR (500 MHz, DMSO-ds) &: 10.03 (s, 1H), 9.25 (d, J = 22.1 Hz, 4H), 7.62 (dd, J = 51.7, 8.4
Hz, 4H), 7.53 (s, 1H), 5.82 (d, J = 23.6 Hz, 4H), 5.64 (s, 4H), 4.14 (d, J = 6.2 Hz, 2H), 1.56-1.46
(m, 21H): 13C NMR (126 MHz, DMSO-ds) &: 185.0, 180.9, 170.6, 163.2, 143.0, 139.7, 138.98,
138.96, 134.8, 127.1, 125.0, 122.8, 118.4, 103.9, 103.1, 102.1, 102.0, 53.0, 40.5, 40.4, 40.2,
40.0, 35.0, 34.7, 29.8, 29.2, 29.0, 28.6, 24.4: 15F NMR (471 MHz, DMSO-ds) 6: -60.14: LR-MS
(ESI-) [M-H]": 681.35 m/z: HR-MS (ESI-) calculated for [M-H]: 681.31703 m/z, found [M-H]":
681.31672 m/z.

3-((3,5-Bis(trifluoromethyl)phenyl)amino)-4-(((5,10,10,15,15,20,20-heptamethyl-
5H,10H,15H,20H,22H,24H-porphyrin-5-yl)methyl)amino)cyclobut-3-ene-1,2-dione (4)

14 (0.1331 g, 0.300 mmol) was suspended with ES4 (0.1066 g, 0.302 mmol) in methanol (20
mL). The mixture was refluxed for 12 h then cooled to RT. The mixture was filtered and dried
to give the final product as a white powder. Yield 0.1677 g (74 %). Melting point: 173.4 —
178.4 °C (decomposed)

1H NMR (500 MHz, DMSO-dg) &: 10.22 (d, J = 9.0 Hz, 1H), 9.25 (d, J = 19.5 Hz, 4H), 8.02 (s, 2H),
7.65 (s, 1H), 7.53 (s, 1H), 5.83 (dt, J = 26.4, 3.0 Hz, 4H), 5.63 (d, J = 2.5 Hz, 4H), 4.13 (d, /= 5.4
Hz, 2H), 1.56-1.45 (m, 21H): 13C NMR (126 MHz, DMSO-ds) 6: 184.5, 180.6,170.4, 162.3, 141.1,
139.3, 138.5,134.3, 131.4, 123.2,118.1, 114.7, 103.6, 102.7, 101.8, 101.6, 101.6, 52.6, 40.2,
40.1,39.9,39.8,34.6,34.3,29.3,28.7,28.6,28.2, 24.0: > F NMR (471 MHz, DMSO-ds) 6 -61.75:
LR-MS (ESI-) [M-H]": 749.33 m/z: HR-MS (ESI-) calculated for [M-H]": 749.30442 m/z, found
[M-H]": 749.30431 m/z.
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3-(((5,10,10,15,15,20,20-Heptamethyl-5H,10H,15H,20H,22H,24H-porphyrin-5-
yl)methyl)amino)-4-((4-methoxyphenyl)amino)cyclobut-3-ene-1,2-dione (5)

o)

X,

HN 0]

14 (0.1254 g, 0.283 mmol) was suspended with ES5 (0.0698 g, 0.282 mmol) in methanol (20
mL). The mixture was refluxed for 18 h then cooled to RT. The mixture was filtered and dried
to give the final product as a light grey powder. Yield 0.0715 g (39 %). Melting point: 271.8 —
298.5 °C (decomposed).

1H NMR (600 MHz, DMSO-d) &: 9.65 (s, 1H), 9.25 (d, J = 10.7 Hz, 4H), 7.31 (d, J = 8.8 Hz, 3H),
6.90 (d, J = 9.0 Hz, 2H), 5.82 (dt, J = 24.1, 3.0 Hz, 4H), 5.65 (t, J = 2.9 Hz, 4H), 4.13 (d, J = 6.4 Hz,
2H), 3.72 (s, 3H), 1.55-1.47 (m, 21H): 13C NMR (151 MHz, DMSO-dg) &: 183.8, 181.1, 169.7,
163.9, 155.7, 139.6, 138.98, 138.96, 134.9, 132.6, 120.1, 115.0, 103.9, 103.1, 102.1, 102.0,
55.7,52.7,40.5, 35.0, 34.8, 29.7, 29.2, 29.1, 28.7, 24.3: LR-MS (ESI-) [M-H]": 643.39 m/z: HR-
MS (ESI-) calculated for [M-H]": 643.34021 m/z, found [M-H]": 643.34098 m/z.

3-(((5,10,10,15,15,20,20-Heptamethyl-5H,10H,15H,20H,22H,24H-porphyrin-5-
yl)methyl)amino)-4-((perfluorophenyl)amino)cyclobut-3-ene-1,2-dione (6)

MO

E

N F
H

HN

F

14 (0.1257 g, 0.283 mmol) was suspended with ES6 (0.0873 g, 0.284 mmol) in methanol (20
mL). The mixture was refluxed for 18 h then cooled to RT. The solvent was removed under
reduced pressure and the crude product purified via flash chromatography, eluting with
hexane/ethyl acetate (6:4). The relevant fractions were combined, concentrated to give a
white powder, then washed with diethyl ether (30 mL) and dried to give the product as a
white powder. Yield 0.0663 g (33 %). Melting point: 259.5 — 275.5 °C (decomposed).
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14 NMR (500 MHz, acetone-ds) &: 8.71 (s, 1H), 8.14 (d, J = 21.8 Hz, 4H), 6.67 (s, 1H), 5.90 (t, J
=3.1Hz, 2H), 5.84 (t, J = 3.0 Hz, 2H), 5.77 (d, J = 2.7 Hz, 4H), 4.19 (d, J = 6.2 Hz, 2H), 1.58 (s,
3H), 1.52-1.49 (m, 18H): 3C NMR (126 MHz, acetone-ds) &: 186.2, 181.7, 169.9, 164.1,
142.4,139.5, 138.6, 138.2, 137.7, 133.8, 114.4, 104.0, 102.9, 102.5, 102.2, 52.2, 40.5, 35.0,
34.9,27.9,27.6,23.2: °F NMR (471 MHz, acetone-ds) 8: ~151.03 (d, J = 22.3 Hz), -161.66,
-165.16 (t, J = 21.8 Hz): LR-MS (ESI-) [M-H]": 703.34 m/z: HR-MS (ESI-) calculated for
[M-H]": 703.28254 m/z, found [M-H]": 703.28327 m/x.
3-(Butylamino)-4-(((5,10,10,15,15,20,20-heptamethyl-5H,10H,15H,20H,22H,24H-
porphyrin-5-yl)methyl)amino)cyclobut-3-ene-1,2-dione (7)

@)

=
_\_\

14 (0.1492 g, 0.336 mmol) was suspended with ES7 (0.0660 g, 0.335 mmol) in methanol (20
mL). The mixture was refluxed for 10 h and cooled to RT. The solvent was removed under
reduced pressure and the residue purified via flash chromatography, eluting with DCM/MeOH

(2.5%). The product was dried as a pale yellow powder. Yield 0.0834 g (42 %).

1H NMR (400 MHz, DMSO-ds) &: 9.22 (s, 4H), 7.45 (s, 2H), 7.01 (s, 2H), 5.82 — 5.75 (m, 4H),
5.69 — 5.61 (m, 4H), 4.05 (d, J = 6.2 Hz, 2H), 3.47 (d, J = 5.9 Hz, 2H), 1.55 — 1.39 (m, 21H), 1.35
—1.21 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H): LR-MS (ESI+) [M+Nal]*: 617.32 m/z.
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meso-octamethylcalix[4]pyrrole (8)

Distilled pyrrole (0.15 mL, 2.16 mmol) and acetone (0.17 mL, 2.30 mmol) were added to
DCM (10 mL) under an inert atmosphere. TFA (0.1332 g, 1.17 mmol) was added dropwise to
the solution and stirred at RT for 46 h. The reaction was diluted with DCM (100 mL) and
then washed with saturated NaHCOs3 (60 mL), followed by brine (60 mL). The organic layer
was dried over MgS04 before filtering and concentrating under reduced pressure to give a
brown solid. The crude product was purified via flash chromatography, eluting with

hexane/ethyl acetate (19:1) to give a white powder. Yield 0.1933 g (42 %).

1H NMR (300 MHz, DMSO-de) &: 9.25 (s, 4H), 5.68 (d, J = 2.4 Hz, 8H), 1.50 (s, 24H): LR-MS (ESI-)
[M-H]":427.34 m/z.
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Figure S1. 'H NMR (300 MHz, DMSO-d¢) spectrum of ES1.
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Figure S2. LR-MS (ESI+) of ES1.
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Figure S3. 'H NMR (300 MHz, DMSO-d¢) spectrum of ES2.
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Figure S9. 'H NMR (300 MHz, DMSO-d¢) spectrum of ES5.
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Figure S46. LR-MS (ESI+) of OMCP 8.

Experimental procedures

Binding studies
A 2.5 mM stock solution of the compound (‘host’) was prepared in DMSO-ds/0.5 % H,0, which

was used to prepare the salt solutions. Tetrabutylammonium chloride (TBACI) was purchased
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commercially from Sigma Aldrich and dried for a minimum of 48 h in a desiccator under high

vacuum before use.

A series of 0.15, 0.03, and 1 M stock solutions of TBAC| were made in the host solution. The
host solution (600 pL) was added into an NMR tube before adding aliquots of the TBACI
solution and collecting a spectrum for each titre. Titres were added from 0 — 100 equivalents

of chloride.

The peak shifts of the pyrrolic N-H, squaramide N-H, and methylene —CH, protons were
plotted against the chloride concentration and fit using BindFit v0.5 to both a 1:1 and 1:2

binding model.?

Preferred binding models were calculated by performing a covariance of fit on the output
data from Bindfit. The 1:2 binding model was determined as the preferred binding for all

compounds.?

Transport studies
Transport studies were performed using an Orion Chloride Selective electrode from

ThermoFisher Scientific, which was calibrated using five NaCl stock solutions ranging from 1

x10°Mto1x 1072 M.

General Vesicle Preparation
Vesicles were prepared according to the method outlined in ‘Supramolecular methods: the

chloride/nitrate transmembrane exchange assay’.3 POPC lipids from Corden Pharma were
dissolved in chloroform to make a 1 g in 35 mL solution. In a pre-weighed round bottom flask,
4 mL of the POPC solution was added and gently removed under reduced pressure, ensuring
a smooth lipid cake. The lipids were dried in a desiccator under vacuum overnight before
rehydration with 4 mL of internal solution. The lipid suspension was frozen in liquid nitrogen
and thawed in water, repeating nine times. The suspension of lipids was extruded by passing
through a 200 nm polycarbonate membrane 25 times. The external solution of the extruded
vesicles was exchanged with the final external solution to be used for transport studies, either
through dialysis or size-exclusion chromatography. The vesicles were then diluted to either a
known concentration or to a known volume and the correct volume to add for each

experiment was calculated.
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ISE CI"/NO3~ Exchange Assay
Vesicles were prepared with an internal solution of sodium chloride (487 mM) in a sodium

phosphate buffer (5 mM) at pH 7.20. An external solution of sodium nitrate (487 mM) was
made in the same phosphate salt buffer solution. Vesicles were dialysed in sodium nitrate

solution overnight, before diluting to 10 mL with fresh sodium nitrate external solution.

For each run, vesicles were diluted to a final concentration of 1 mM in 5 mL external solution.
The compound was added at t = 0 s and data was collected for 300 s. At t = 300 s, 50 pL of
Triton X-100 (10 % v/v in H,0) detergent was added to lyse the vesicles and release any
remaining internal chloride. At t = 420 s, data collection was stopped, and the final reading
taken as 100 % efflux. Reported concentrations and error for each complex were repeated in

duplicates.

Hill plot analysis was conducted on the results by plotting the percentage chloride efflux at t
= 270 s against the receptor concentration in mol %. The graphed data was fitted to the Hill

equation using OriginPro 8.6 (Equation S1).

n

X
= START + (END — START) ———
y ( ) X
Equation S1: The Hill equation.

Where y represents the chloride efflux, START is the efflux value at t =0's, END is the 100%
efflux value obtained from lysing the vesicles, x is the transporter concentration (in mol%,

with respect to lipid concentration), k is a derived parameter, and n is the Hill coefficient.

A derived equation (Equation S2) was used to calculate the ECsg.
50 1
)n

END — START — 50

Equation S2: Derived Hill function used to calculate ECso values when chloride efflux did not

ECSO=k*(

reach 100 % over the duration of the ISE assay.

Where k and n are the derived parameters from the original Hill equation, END is the
percentage chloride efflux at t =300 s, and START is the efflux at t =0 s.

Cationophore Coupled Transport

Vesicles were prepared with an internal solution of potassium chloride (300 mM) in a buffer

solution of potassium phosphate salts (5 mM), adjusted to pH 7.20. Two external solutions
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were made in the potassium phosphate buffer; potassium nitrate (333 mM) and potassium
gluconate (300 mM), both adjusted to pH 7.20. After extrusion, vesicles were filtered through
a column containing Sephadex G-25 Coarse, eluting with the potassium gluconate solution.
The vesicles were collected and diluted to 10 mM with the same potassium gluconate solution.
Cationophore-coupled transport for the complexes was tested at the calculated ECso

concentrations from the CI/NOs~ exchange assay.

For each experiment, 0.5 mL of vesicles were added to 4.5 mL of either potassium nitrate or
potassium gluconate external solution. 10 pL of a cationophore (valinomycin or monensin) in
DMSO was added to a final concentration of 0.1 mol % at t = -30 s. 100 pL of the compound
in DMSO was added at t = 0 s, before collecting data for 300 s. At t =300 s, 50 pL of Triton X-
100 (10 % v/v in H,0) detergent was added to lyse the vesicles and release any remaining
internal chloride. At t = 420 s, data collection was stopped, and the final reading taken as 100 %

efflux. Experiments were performed in duplicate.

HPTS Assay
An external solution of potassium chloride (100 mM) and HEPES (5 mM) was made, adjusted

to pH 7.00. Vesicles were prepared with an internal solution containing 1 mM HPTS dissolved
in the external solution.* After extrusion, vesicles were filtered through a column containing
Sephadex G-25 Coarse, eluting with the potassium chloride external solution. The vesicles
were collected and diluted to 10 mL with fresh external solution. For each experiment, HPTS
vesicles were diluted to 0.1 mM in a final volume of 2.5 mL external solution in a cuvette.

Experiments were performed in triplicates simultaneously.

Every addition of solution into the lipids were staggered by 10 s between each cuvette. At the
start of each run, a pH gradient was induced in each cuvette by adding 25 uL of 0.5 M sodium
hydroxide. After 30 s, the compound was added as a 5 uL DMSO solution before collecting
data for 200 s. At t =200 s, 25 pL Triton X-100 (10 % v/v in H,0) was added before stopping

at t = 240 s, with the final reading taken as 100 % proton efflux.

lonophore-coupled studies required the further addition of either valinomycin or carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) to a final concentration of 0.1 or 1 mol %

respectively. The cationophores were added prior to the base pulse and allowed to evenly
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distribute throughout the lipids first. For fatty acid-free conditions, 1 mol % bovine serum
albumin (BSA) was incorporated into the HPTS vesicles prior to dilution in cuvettes. Oleic acid
(OA) was added to a final concentration of either 2 mol % or 4 mol % to restore the fatty acid
flip-flop mechanism after sequestration by BSA. Transporters were added to the lipids at a

concentration corresponding to approximately 50 % efflux.

Proton efflux was studied by using an HPTS ratiometric fluorescent probe, detecting the
emission of HPTS at 510 nm. As HPTS is fluorescent in its acidic and basic form, a ratio (R) can
be interpreted by exciting the vesicles at 403 nm and 460 nm respectively. Fractional

fluorescence intensity (/r) can then be calculated using the following equation:
Ry — Ry

Ip = ——
" Ra—Rg
Equation S3: HPTS fractional fluorescence intensity (/f) based on fluorescence ratios at the

start (Ro), end (Rq4), and any chosen time point (R:).

Data analysis was conducted via Hill analysis on OriginPro 8.6, plotting /r against the receptor

concentration in mol %. A modified Hill equation was used for this analysis:

n

x
y=y0+(ymax_y0)*m

Equation S4: Modified Hill equation used to analyse the data from the HPTS assay.

Where ypqx is the maximum value of If, y, is the value at t = 200 s for a DMSO blank

experiment, k is the ECso concentration, and n is the Hill coefficient.

Anion Selectivity Assay
Vesicles were prepared with an internal solution of NaCl (300 mM) and HPTS (1 mM) in a

buffer solution of HEPES (10 mM), adjusted to pH 7.00. Five external solutions were made in
an isotonic buffer, containing NaCl, NaBr, NaNOs, Nal, or NaClO4. After extrusion, vesicles
were filtered through a Sephadex G-25 Coarse column, eluting with NaCl. Anion exchange was
induced by adding 5 pL of the transporter in DMSO to the solution. Anion exchange was
continued for as long as required for all anions to reach a plateau in activity. Note that Nal
contains iodine impurities which may act as transporter for I. Conversion of /r values were

done according to the published method.>
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Crystallography

Suitable crystals of compound 6 were grown from a DMSO solution of the compound. A
suitable crystal was selected and mounted on a Rigaku XtaLAB Synergy-DW Custom
diffractometer (FR-X rotating-anode source, Rigaku HyPix-6000HE detector), outputting
confocal mirror-monochromated Cu-Ka radiation (A = 1.54184 A). The crystal was kept at

100 K during collection.

Table S1. Crystal and data refinement parameters for the X-ray studies of compound 6.

Crystallographic details Compound 6

Empirical formula Ca6He1F5NO6S4
Formula weight 1017.24
Temperature/K 100(2)

Crystal system triclinic

Space group P-1

a/A 10.1261(2)

b/A 14.3953(4)

c/A 18.7947(4)

a/° 89.294(2)

pre 82.002(2)

v/° 69.514(2)
Volume/A3 2539.49(11)

Z 2

pcalcg/CITl’l3 1.330

w/mm'! 2.316

F(000) 1072.0

Crystal size/mm? 0.13 x 0.1 x0.04
Radiation CuKa (A =1.54184)
20 range for data collection/°4.752 to 145.074
Index ranges -12<h<12,-17<k<17,-23<1<20
Reflections collected 56016

Independent reflections 9794 [Rint = 0.0506, Rsigma = 0.0267]
Data/restraints/parameters ~ 9794/0/643

Goodness-of-fit on F? 0.965

Final R indexes [[>=26 (I)] Ri=0.0439, wR> =0.1221

Final R indexes [all data] R1=0.0510, wR, =0.1268

Largest diff. peak/hole / e A~ 1.44/-0.66
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Binding Data and Fittings
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Figure S47. Stack plot of *H NMR titration of 1 (2.5 mM) with TBACI in DMSO-ds/0.5 % H,0 at 298 K.
Concentrations are normalised against dilution factors. Available at

http://app.supramolecular.org/bindfit/view/bd286361-f7db-4725-a2f7-e28b537060cc
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Figure S48. Fitted binding isotherm of 1 with TBACI showing the change in chemical shift of the
squaramide N—-H, methylene —CH,, and calix[4]pyrrole N—H protons fitted to the 1:2 binding model

(left). Residual plot showing the random error obtained from the binding isotherm fitting (right).
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Figure S49. Stack plot of *H NMR titration of 2 (2.5 mM) with TBACI in DMSO-ds/0.5 % H,0 at 298 K.
Concentrations are normalised against dilution factors. Available at

http://app.supramolecular.org/bindfit/view/cf229bac-7a72-4258-b604-2025bffb5cfa
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Figure S50. Fitted binding isotherm of 2 with TBACI showing the change in chemical shift of the
squaramide N—-H, methylene —CH,, and calix[4]pyrrole N—H protons fitted to the 1:2 binding model

(left). Residual plot showing the random error obtained from the binding isotherm fitting (right).
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Figure S51. Stack plot of *H NMR titration of 3 (2.5 mM) with TBACI in DMSO-ds/0.5 % H,0 at 298 K.
Concentrations are normalised against dilution factors. Available at

http://app.supramolecular.org/bindfit/view/822dc79b-ad9e-47bb-9d9f-6a9cc739876d
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Figure S52. Fitted binding isotherm of 3 with TBACI showing the change in chemical shift of the
squaramide N—-H, methylene —CH,, and calix[4]pyrrole N—H protons fitted to the 1:2 binding model

(left). Residual plot showing the random error obtained from the binding isotherm fitting (right).
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Figure S53. Stack plot of *H NMR titration of 4 (2.5 mM) with TBACI in DMSO-ds/0.5 % H,0 at 298 K.

Concentrations are normalised against dilution factors. Available at

http://app.supramolecular.org/bindfit/view/291b8cbd-683f-42a4-9f72-e89d1c83880c
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Figure S54. Fitted binding isotherm of 4 with TBACI showing the change in chemical shift of the
squaramide N—-H, methylene —CH,, and calix[4]pyrrole N—H protons fitted to the 1:2 binding model

(left). Residual plot showing the random error obtained from the binding isotherm fitting (right).
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Figure S55. Stack plot of *H NMR titration of 5 (2.5 mM) with TBACI in DMSO-ds/0.5 % H,0 at 298 K.

Concentrations are normalised against dilution factors.
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Figure S56. Fitted binding isotherm of 5 with TBACI showing the change in chemical shift of the
squaramide N—-H, methylene —CH,, and calix[4]pyrrole N—H protons fitted to the 1:2 binding model

(left). Residual plot showing the random error obtained from the binding isotherm fitting (right).
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Figure S57. Stack plot of *H NMR titration of 6 (2.5 mM) with TBACI in DMSO-ds/0.5 % H,0 at 298 K.
Concentrations are normalised against dilution factors. Available at

http://app.supramolecular.org/bindfit/view/197b6f84-4662-43f9-98a8-3bbd64d36aa7
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Figure S58. Fitted binding isotherm of 6 with TBACI showing the change in chemical shift of the
squaramide N—-H, methylene —CH,, and calix[4]pyrrole N—H protons fitted to the 1:2 binding model

(left). Residual plot showing the random error obtained from the binding isotherm fitting (right).
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Figure S59. Stack plot of *H NMR titration of 7 (2.5 mM) with TBACI in DMSO-ds/0.5 % H,0 at 298 K.
Concentrations are normalised against dilution factors. Available at

http://app.supramolecular.org/bindfit/view/eff8d04e-dd7e-49c9-a420-8a7a25fbfbb7
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Figure S60. Fitted binding isotherm of 7 with TBACI showing the change in chemical shift of the
squaramide N—H, methylene —CH,, and calix[4]pyrrole N—H protons fitted to the 1:2 binding model

(left). Residual plot showing the random error obtained from the binding isotherm fitting (right).
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Figure S61. Stack plot of *H NMR titration of OMCP 8 (2.5 mM) with TBACI in DMSO-ds/0.5 % H,0 at
298 K. Concentrations are normalised against dilution factors. Available at

http://app.supramolecular.org/bindfit/view/c1le3453f-703a-4d8d-bd8e-23dab2810eed

20

g 15 034 o
a —o— NH
= 0.2
[
= 0.1
g 104 NH (experimental) —
= = NH (fitted 10 1:1) @ e — <
g 3 0.0+—ot— =S T T T T
] K o| & 20 40 60 80 100
= € 014
» 05 i
2
Z 02
£
5 .
o 03 Equiv. of TBACI

T T T T
0 20 40 60 80 100

Equiv. of TBACI

Figure S62. Fitted binding isotherm of OMCP 8 with TBACI showing the change in chemical shift of the
squaramide N—H, methylene —CH,, and calix[4]pyrrole N—H protons fitted to the 1:2 binding model

(left). Residual plot showing the random error obtained from the binding isotherm fitting (right).
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Covariance of Fit Calculations

Table S2: Binding constants (Ka) for compounds 1-8 with TBACIl in DMSO-ds/0.5% H,0 at 298

K, calculated using 1:1 and 1:2 binding models, and the covariance of fit (covsi:) for both

models. Errors are < 6 % for 1-8 and 23 % for 8.

Compound Binding Constants (M)

Compound 1:1 (Ku) COVii¢ 1:2 COVii¢ F coviic

1 186 510 x 102 []g; 952% 51310 99
2 127 4.47 x 10 ]1221; 1561‘2 7.85 x 10°* 57
3 140 4.77 x 102 ]]221; 15 215; 4.84 % 107 98
4 117 4.47 % 1072 ]]é‘;: ;‘79'17 5.80 x 1074 77
5 193 4.90 x 102 ]]é‘;: ;1936 7.85 % 1074 62
6 222 3.97 x 102 ]]é‘;: 652797 3.38 % 107 117
7 388 4.53 x 10 ]1;121; 35665; 3.74 x 107 121
8 740
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Transport data
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Figure S63. Chloride transport facilitated by 1 in the CI"/NOs~ exchange assay with a NaCl (left) and
CsCl (right) internal solution. Each data point is the average of three repeats with error bars showing

the standard deviation. DMSO was used as a control.
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Figure S64. Comparison of the CI™ transport by 1 (1 mol%) in the CI/NOs~ exchange assay with a NaCl
(black), KCI (red), and CsCl (blue) internal solution.
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Figure S65. Chloride transport facilitated by 2 in the CI7/NOs~ exchange assay with a NaCl (left) and
CsCl (right) internal solution. Each data point is the average of three repeats with error bars showing

the standard deviation. DMSO was used as a control.
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Figure S66. Comparison of the Cl™ transport by 2 (0.2 mol%) in the ClI7/NOs~ exchange assay with a NaCl
(black), KCI (red), and CsClI (blue) internal solution.
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Figure S67. Chloride transport facilitated by 3 in the CI"/NOs~ exchange assay with a NaCl (left) and

CsCl (right) internal solution. Each data point is the average of three repeats with error bars showing

the standard deviation. DMSO was used as a control.
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Figure S68. Comparison of the CI™ transport by 3 (1 mol%) in the CI/NOs~ exchange assay with a NaCl

(black), KCI (red), and CsCl (blue) internal solution.
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Figure S69. Chloride transport facilitated by 4 in the CI"/NOs~ exchange assay with a NaCl (left) and
CsCl (right) internal solution. Each data point is the average of three repeats with error bars showing

the standard deviation. DMSO was used as a control.
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Figure S70. Comparison of the CI™ transport by 4 (1 mol%) in the CI/NOs~ exchange assay with a NaCl

(black), KCI (red), and CsCl (blue) internal solution.
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Figure S71. Chloride transport facilitated by 5 in the CI"/NOs~ exchange assay with a NaCl (left) and
CsCl (right) internal solution. Each data point is the average of three repeats with error bars showing

the standard deviation. DMSO was used as a control.
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Figure S72. Comparison of the CI™ transport by 5 (1 mol%) in the CI/NOs~ exchange assay with a NaCl

(black), KCI (red), and CsCl (blue) internal solution.
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Figure S73. Chloride transport facilitated by 6 in the CI"/NOs~ exchange assay with a NaCl (left) and

CsCl (right) internal solution. Each data point is the average of three repeats with error bars showing

the standard deviation. DMSO was used as a control.
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Figure S74. Comparison of the CI™ transport by 6 (1 mol%) in the CI/NOs~ exchange assay with a NaCl

(black), KCI (red), and CsCl (blue) internal solution.
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Figure S75. Chloride transport facilitated by 7 in the CI7/NOs~ exchange assay with a NaCl (left) and
CsCl (right) internal solution. Each data point is the average of three repeats with error bars showing

the standard deviation. DMSO was used as a control.
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Figure S76. Comparison of the CI” transport by 7 (1 mol%) in the CI//NOs~ exchange assay with a NaCl
(black), KCI (red), and CsClI (blue) internal solution.
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Figure S77. Chloride transport facilitated by OMCP 8 in the CI7/NO;~ exchange assay with a NaCl (left)

and CsCl (right) internal solution. Each data point is the average of three repeats with error bars

showing the standard deviation. DMSO was used as a control.
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Figure S78. Comparison of the CI™ transport by OMCP 8 (1 mol%) in the CI/NOs~ exchange assay with

a NaCl (black), KCI (red), and CsCl (blue) internal solution.
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ISE Cationophore Coupled Transport
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Figure S79. Chloride efflux by 1 (1 mol%) in POPC vesicles loaded with KCI (300 mM) and suspended
in an isotonic external solution containing either KNO3 (300 mM) or KGlu (300 mM) in the presence of

valinomycin (0.1 mol%) and monensin (0.1 mol%). Each data point is the average of two repeats, with

error bars showing the standard deviation.
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Figure $80. Chloride efflux by 2 (0.2 mol%) in POPC vesicles loaded with KCI (300 mM) and suspended
in an isotonic external solution containing either KNO3 (300 mM) or KGlu (300 mM) in the presence of

valinomycin (0.1 mol%) and monensin (0.1 mol%). Each data point is the average of two repeats, with

error bars showing the standard deviation.
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Figure S81. Chloride efflux by 3 (1 mol%) in POPC vesicles loaded with KCI (300 mM) and suspended
in an isotonic external solution containing either KNO3 (300 mM) or KGlu (300 mM) in the presence of
valinomycin (0.1 mol%) and monensin (0.1 mol%). Each data point is the average of two repeats, with

error bars showing the standard deviation.
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Figure S82. Chloride efflux by 4 (1 mol%) in POPC vesicles loaded with KCI (300 mM) and suspended
in an isotonic external solution containing either KNO3 (300 mM) or KGlu (300 mM) in the presence of
valinomycin (0.1 mol%) and monensin (0.1 mol%). Each data point is the average of two repeats, with

error bars showing the standard deviation.
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Figure S83. Chloride efflux by 5 (1 mol%) in POPC vesicles loaded with KCI (300 mM) and suspended
in an isotonic external solution containing either KNO3 (300 mM) or KGlu (300 mM) in the presence of
valinomycin (0.1 mol%) and monensin (0.1 mol%). Each data point is the average of two repeats, with

error bars showing the standard deviation.
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Figure S84. Chloride efflux by 6 (1 mol%) in POPC vesicles loaded with KCI (300 mM) and suspended
in an isotonic external solution containing either KNO3 (300 mM) or KGlu (300 mM) in the presence of
valinomycin (0.1 mol%) and monensin (0.1 mol%). Each data point is the average of two repeats, with

error bars showing the standard deviation.
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Figure S85. Chloride efflux by 7 (1 mol%) in POPC vesicles loaded with KCI (300 mM) and suspended
in an isotonic external solution containing either KNO3 (300 mM) or KGlu (300 mM) in the presence of
valinomycin (0.1 mol%) and monensin (0.1 mol%). Each data point is the average of two repeats, with

error bars showing the standard deviation.
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Figure $S86. Chloride efflux by OMCP 8 (1 mol%) in POPC vesicles loaded with KCI (300 mM) and
suspended in an isotonic external solution containing either KNO3 (300 mM) or KGlu (300 mM) in the
presence of valinomycin (0.1 mol%) and monensin (0.1 mol%). Each data point is the average of two

repeats, with error bars showing the standard deviation.
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HPTS Assay
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Figure S87. Hill analysis of the H*/CI~ symport (or CI-/OH™ antiport) facilitated by 1 in the HPTS assay.

Each data point is the average of three repeats with error bars showing the standard deviation.
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Figure S88. Hill analysis of the H*/CI~ symport (or CI-/OH™ antiport) facilitated by 2 in the HPTS assay.

Each data point is the average of three repeats with error bars showing the standard deviation.
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Figure S89. Hill analysis of the H*/CIl”~ symport (or CI-/OH™ antiport) facilitated by 3 in the HPTS assay.

Each data point is the average of three repeats with error bars showing the standard deviation.
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Figure S90. Hill analysis of the H*/CI~ symport (or CI-/OH™ antiport) facilitated by 4 in the HPTS assay.

Each data point is the average of three repeats with error bars showing the standard deviation.
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Figure S91. Hill analysis of the H*/CI~ symport (or CI-/OH™ antiport) facilitated by 5 in the HPTS assay.

Each data point is the average of three repeats with error bars showing the standard deviation.
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Figure S92. H*/CI~ symport (or ClI"/OH™ antiport) facilitated by 6 in the HPTS assay. Each data point is
the average of three repeats with error bars showing the standard deviation. A Hill fit analysis could
not be accurately performed for 6 due to insufficient transport activity before the compound

precipitated.
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Figure S93. Hill analysis of the H*/CIl~ symport (or CI-/OH™ antiport) facilitated by 5 in the HPTS assay.

Each data point is the average of three repeats with error bars showing the standard deviation.

HPTS Mechanistic Studies
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Figure S94. Chloride efflux by 1 (1 mol%) in the HPTS assay in POPC vesicles (left) in the presence of
BSA, CCCP, and valinomycin. Chloride efflux of 1 (1 mol%) in low fatty acid content vesicles (right) in
the presence of OA and BSA. Each data point represents the average of 3 repeats, and error bars show

the standard deviation.
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Figure S95. Chloride efflux by 2 (0.05 mol%) in the HPTS assay in POPC vesicles (left) in the presence
of BSA, CCCP, and valinomycin. Chloride efflux of 2 (0.05 mol%) in low fatty acid content vesicles (right)
in the presence of OA and BSA. Each data point represents the average of 3 repeats, and error bars

show the standard deviation.
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Figure S96. Chloride efflux by 3 (0.1 mol%) in the HPTS assay in POPC vesicles (left) in the presence of
BSA, CCCP, and valinomycin. Chloride efflux of 3 (0.1 mol%) in low fatty acid content vesicles (right) in
the presence of OA and BSA. Each data point represents the average of 3 repeats, and error bars show

the standard deviation.

Page | 70





= 0.05mol% «  0.05 mol%
_ 1.0 - : g‘gg;mycm g ¥ . 104 , 0.05 mol%_BSA ! 1!
= . BSA % = + 0.05 mol%_BSA_OA_10 mol%
2 ,gl + DMsO_BsA s 2z .1 0.05 mol%_0A_2 mol% 1
g < DMSO_CCCP a + DMSO
o = DMSO_valinomycin o
£ i | =
- .
® 06- L H 8 06
ﬂc) (] ! 1 ; % . e
o ¥ Fez o i1
2 gg ¥ ¥ I 2 gt
5 0.4 : :i‘f:-_l 5 04 ;8
3 (] % T 4 2 35 P
= s i 1 = ’ ¥+ T
(T8 (] i ' G TN it e
E 2 x i { 1 © 3 = ' «* ’ s *t
B gy ik T 3 ST
© $ % g 008 BT Lo ik MBS @ spiet
LLO‘O".:"is‘:..:."".'." LL0-0_.:5‘._...'."..‘.‘.’
T T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s)

Figure S97. Chloride efflux by 4 (0.05 mol%) in the HPTS assay in POPC vesicles (left) in the presence
of BSA, CCCP, and valinomycin. Chloride efflux of 4 (0.05 mol%) in low fatty acid content vesicles (right)
in the presence of OA and BSA. Each data point represents the average of 3 repeats, and error bars

show the standard deviation.
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Figure S98. Chloride efflux by 5 (1 mol%) in the HPTS assay in POPC vesicles (left) in the presence of
BSA, CCCP, and valinomycin. Chloride efflux of 5 (1 mol%) in low fatty acid content vesicles (right) in
the presence of OA and BSA. Each data point represents the average of 3 repeats, and error bars show

the standard deviation.HPTS Anion Selectivity Assay
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Figure S99. Chloride efflux by 6 (1 mol%) in the HPTS assay in POPC vesicles (left) in the presence of
BSA, CCCP, and valinomycin. Chloride efflux of 6 (1 mol%) in low fatty acid content vesicles (right) in
the presence of OA and BSA. Each data point represents the average of 3 repeats, and error bars show

the standard deviation.
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Figure S100. Chloride efflux by 7 (1 mol%) in the HPTS assay in POPC vesicles (left) in the presence of
BSA, CCCP, and valinomycin. Chloride efflux of 7 (1 mol%) in low fatty acid content vesicles (right) in
the presence of OA and BSA. Each data point represents the average of 3 repeats, and error bars show

the standard deviation.
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Figure S101. The intravesicular pH over time in the HPTS anion selectivity assay in the presence of 1

(1 mol%). Vesicles containing NaCl (100 mM) were suspended in different external solutions (100 mM)

containing either CI-, Br', NOs~, I, or ClO4™. Error bars represent the standard deviation of three runs.
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Figure $S102. The intravesicular pH over time in the HPTS anion selectivity assay in the presence of 2

(0.05 mol%). Vesicles containing NaCl (100 mM) were suspended in different external solutions (100

mM) containing either CI7, Br™, NOs", I, or CIO4™. Error bars represent the standard deviation of three

runs.
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Figure $103. The intravesicular pH over time in the HPTS anion selectivity assay in the presence of 3
(0.1 mol%). Vesicles containing NaCl (100 mM) were suspended in different external solutions (100

mM) containing either CI-, Br~, NOs, I, or CIO4™. Error bars represent the standard deviation of three

runs.
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Figure S104. The intravesicular pH over time in the HPTS anion selectivity assay in the presence of 4
(0.05 mol%). Vesicles containing NaCl (100 mM) were suspended in different external solutions (100
mM) containing either CI-, Br~, NOs~, I, or ClO4". Error bars represent the standard deviation of three

runs.
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Figure S105. The intravesicular pH over time in the HPTS anion selectivity assay in the presence of 5
(1 mol%). Vesicles containing NaCl (100 mM) were suspended in different external solutions (100 mM)

containing either CI-, Br', NOs~, I, or ClO4™. Error bars represent the standard deviation of three runs.
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Figure S106. The intravesicular pH over time in the HPTS anion selectivity assay in the presence of 6
(1 mol%). Vesicles containing NaCl (100 mM) were suspended in different external solutions (100 mM)

containing either CI7, Br', NOs~, I, or ClO4™. Error bars represent the standard deviation of three runs.
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Figure S107. The intravesicular pH over time in the HPTS anion selectivity assay in the presence of 7

(1 mol%). Vesicles containing NaCl (100 mM) were suspended in different external solutions (100 mM)

containing either CI-, Br', NOs~, I, or ClO4™. Error bars represent the standard deviation of three runs.
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