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Highly Active Halogen Bonding and Chalcogen Bonding
Chloride Transporters with Non-Protonophoric Activity

Laura E. Bickerton*,” Andrew Docker", Alistair J. Sterling,”) Heike Kuhn,”
Fernanda Duarte,*® Paul D. Beer,*™ and Matthew J. Langton*"

Abstract: Synthetic anion transporters show much promise as
potential anti-cancer agents and therapeutics for diseases
associated with mis-regulation of protein anion channels. In
such applications high activity and anion selectivity are crucial
to overcome competing proton or hydroxide transport which
dissipates cellular pH gradients. Here, highly active bidentate
halogen bonding and chalcogen bonding anion carriers
based on electron deficient iodo- and telluromethyl—triazole
derivatives are reported. Anion transport experiments in lipid
bilayer vesicles reveal record nanomolar chloride transport

~

activity for the bidentate halogen bonding anion carrier, and
remarkably high chloride over proton/hydroxide selectivity
for the chalcogen bonding anionophore. Computational
studies provide further insight into the role of sigma-hole
mediated anion recognition and desolvation at the mem-
brane interface. Comparison with hydrogen bonding ana-
logues demonstrates the importance of employing sigma-
hole donor motifs in synthetic anionophores for achieving
both high transport activity and selectivity.

/

Introduction

Nature is capable of exquisitely selective and highly efficient
transmembrane ion transport using membrane-spanning pro-
tein ion channels and pumps. Synthetic anion carriers have
recently gained significant interest as tools for biomedical
research and as therapeutics for channelopathies associated
with anion-channel dysfunction, such as cystic fibrosis and Best
disease.™® These synthetic anionophores invariably employ
acidic hydrogen bond donors to mediate anion recognition and
transport. However, in recent years, non-covalent sigma-hole
interactions, including halogen bonding (XB) and chalcogen
bonding (ChB), have emerged as versatile intermolecular
interactions for a variety of applications in supramolecular
chemistry.®'¥ In the area of transmembrane anion transport,
halogen bonding,™'® and more recently chalcogen® and
pnictogen®"? bonding transporters represent effective alter-
natives to hydrogen bonding systems.
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Whilst enormous progress has been made in the develop-
ment of synthetic anion carriers, achieving both high selectivity
and activity is challenging. High selectivity for chloride over
proton/hydroxide (CI->H"/OH") is particularly desirable be-
cause transmembrane pH gradients are essential for cellular
function.”” Unintended dissipation of pH gradients by aniono-
phores, such as those developed as therapies for
channelopathies,” may lead to toxicity. Indeed, many aniono-
phores, such as those based on the naturally occurring H*/CI~
symporter prodigiosin,”**”! are known to neutralise acidic
organelles and uncouple ATPase proton pumps, and are there-
fore studied as potential anti-cancer therapeutics.?*>% Beyond
applications in medicine, non-protonophoric chloride trans-
porters may also find utility as an anion equivalent to the
potassium transporter valinomycin, which does not mediate H™*
/OH™ transport and finds numerous applications in physiolog-
ical research.”"” Recently, Gale, Davis and co-workers high-
lighted that a key challenge to overcome in order to develop a
highly selective CI->H"/OH" transporter, is that employing
acidic hydrogen bond donors — which are necessary to afford
strong anion binding and high transport activity - will
significantly  suppress or completely nullify chloride
selectivity.®? Common hydrogen bonding anionophores based
on simple thiourea and squaramide derivatives exhibit little to
no CI->H*/OH™ selectivity. Increasing the degree of anion
encapsulation has been shown to improve the selectivity,*?
such as within macrocyclic cholaphane derivatives,® but at
some expense to synthetic accessibility.

Herein we report electron deficient bidentate iodo- and
telluromethyl-triazole derivatives that employ halogen bonding
and chalcogen bonding intermolecular interactions to mediate
highly effective transmembrane anion transport (Figure 1).The
bidentate XB anionophore 1:XB exhibits record nanomolar
activity, 3 orders of magnitude more active than the most active
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Figure 1. (A) Bidentate halogen, chalcogen and hydrogen bonding chloride
transporters, 1-XB, 1-ChB, and 1-HB, and monodentate transporters 2-HB,
2-XB, 2-ChB. (B) Halogen, chalogen and hydrogen bonding triazole donors.
(C) Control hydrogen and halogen bonding transporters.

XB transporters reported to date.'”® Importantly, remarkable
ClI">H*/OH"™ selectivity is achieved by employing chalcogen
bonding interactions in 1-ChB, whilst maintaining excellent
anion transport activity. Comparison with the proto-triazole
hydrogen bonding analogues, and representative polar NH
donor anionophores, highlights the superior capabilities of
halogen bonding and chalcogen bonding anionophores for
developing highly selective and active anion transporters.

Results and Discussion
Design and synthesis of XB, ChB and HB anionophores

Recently, we reported that simple acyclic, monodentate iodo-
triazole derivatives are potent anion transporters, outperform-
ing the archetypal XB donors iodoperfluorobenzene 4 and
iodoperfluorohexane 5.® Analysis of the anion transport data
and computational studies revealed that multiple triazole XB
donors were required per anion to effectively mediate trans-
membrane anion transport. To improve anion transport activity,
we therefore sought to incorporate two halogen bond or
chalcogen bond donors to afford bidentate anion carrier
scaffolds.

Building on our previous work exploiting 3,5-bis-iodo- and
3,5-bis-telluromethyl-triazole motifs for anion recognition,**>¥
including in aqueous solution,***” we incorporated this
bidentate sigma-hole donor structural framework into a neutral,
lipophilic carrier design, to generate halogen-, chalcogen- and
hydrogen-bonding anionophores, 1:XB, 1-ChB and 1-HB,
respectively (Figure TA). Analogous monodentate triazoles
2-XB, 2-ChB and 2-HB were also prepared for means of
comparison. The anion carriers were designed such that log P~
5 in each case, which is within the optimum lipophilicity range

Chem. Eur. J. 2021, 27,11738-11745 www.chemeurj.org

for transport efficiency.*" Furthermore, in contrast to previous
studies,”” the structural similarity of 1-XB, 1-ChB and 1-HB
facilitates a more direct comparison between HB, XB and ChB
intermolecular interactions for anion transport applications.

The target XB, ChB and HB transporters were prepared via a
copper-catalyzed azide—alkyne cycloaddition (CuAAC) reaction
between the appropriately functionalised alkyne precursors and
azido-pentafluorobenzene. The prerequisite iodo- and
telluromethyl-functionalised alkyne precursors were prepared
from 1-decyne and 1,3-diethynylnitrobenzene according to
Scheme 1A. Treatment of 1-decyne with KOH in methanol and
subsequent reaction with elemental iodine afforded iodoalkyne
6 quantitatively. Reaction of 1,3-diethynylnitrobenzene with N-
iodomorpholine hydroiodide in the presence of catalytic copper
() iodide in anhydrous THF solution afforded the target bis-
iodoalkyne 9 in 83% vyield (Scheme 1B). Reaction of 1-decyne
and 1,3-diethynylnitrobenzene with freshly ground AgNO; in
methanol in the presence of NH,0OH,, gave the required silver
acetylide intermediates (7 and 10) which were subsequently
reacted with a freshly generated solution of methyl tellurium
bromide to afford 8 and 11 in 58% and 92 % vyield respectively.
The alkyne precursors were subjected to CuUAAC reactions with
azido-pentafluorobenzene in the presence of catalytic [Cu-
(MeCN),JPFs and Cu(l) stabilising ligand tris(benzyltriazolyl)
amine (TBTA), affording the bidentate and monodentate
anionophores in yields ranging from 46-87 % (Scheme 1C, see
the Supporting Information for further synthetic details and
characterisation data).

Solid-state structure determination

Insight into the potency of the sigma-hole donors was provided
by solid-state characterisation of 1-XB and 1-ChB.Crystals of
1:XB and 1:ChB grown by slow evaporation of chloroform
solutions were suitable for X-ray structural analysis. The
structures show the sigma-hole donors participating in inter-
molecular N--I XB or N--Te ChB interactions (Figure 2, and
summarised in Table S2). Of particular note is the significant

A)

Figure 2. X-ray crystallographic structures of (A) 1-XB, (B) 1-ChB. XB and
ChB interactions shown as dashed lines. Grey = carbon, blue = nitrogen,
white =hydrogen, red = oxygen, green =fluorine, purple =iodine, orange =-
tellurium. Solvent molecules omitted for clarity.
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Scheme 1. Synthesis of mono- and bi-dentate halogen, chalcogen and hydrogen bonding anionophores. Preparation of monodentate (A) and bidentate (B)
alkyne precursors. (C) Preparation of triazole anionophores via CuUAAC click reactions

84% and 83 % contraction in the van der Waals radii for 11--N1
and Tel--N3, respectively, indicative of intermolecular XB and
ChB sigma hole interactions in the solid state.

Anion recognition properties
'H NMR chloride binding titration experiments with the

bidentate and monodentate carriers were conducted in
acetone-d; with tetrabutylammonium chloride. The data was

fitted to a 1:1 binding isotherm (see the Supporting Informa-
tion) and the stoichiometric 1:1 association constants deter-
mined using the Bindfit*>*! program (Table 1, entry 1). The data
revealed an overall chloride affinity trend of XB>ChB>HB for
the bidentate and monodentate receptors. Indeed, the binding
of chloride by XB receptor 1-XB was too strong to be
determined in acetone-dg (K, > 10° M), requiring the addition
of 2.5% D,0 in order to quantify binding and revealing a forty-
fold enhancement over 1-ChB (Table 1, line 2). For each carrier,
cooperative bidentate chloride binding between both triazole

Table 1. Chloride binding, transport, and selectivity data.

Transporter
entry 1-HB 1-XB 1-ChB 2-HB 2-XB 2.ChB 30
1 K, acetone (M) 1012 >10° 18543 18 440 66 -0
2 K,“ acetone +2.5% D,0 (M) my 6073 156 i _u il il
3 clogP® 4.7 5.2 49 5.1 5.4 5.1 o
4 ECs (UM)© 0.04840.003 0.003+0.001 0.03240.003 2.7+0.1 0.9+0.01 1.240.09 -0
5 ECs, (Mol %) 0.15 0.01 0.1 8.6 2.9 3.8 —u
6 n 1.940.2 0.740.1 1.140.1 34406 39408 28405 -
7 EC5o"™PC (uM)® 0.28-+0.02 0.048+£0.01 0.840.2 o 54403 6.540.1 0.0164+0.002
8 nNMPG ldel 17402 1.0£0.1 0.540.1 . 24403 2340.1 1.240.2
9 EC5omicidin (M)t 0.178 +0.004 0.009 +0.002 0.012+0.002 o 26+0.1 41405 0.016+0.003
10 pGramicidin [d) 24+0.1 12403 1.0+0.1 -0 29402 17403 1.6+0.6
1 Selectivity (S)© 1.6+0.01 53411 67420 o 2.140.1 1.6+0.2 1.04+0.02

[a] 1:1 association constant for chloride binding in acetone-d, or acetone-ds +2.5% D,0. Chloride added as the TBA salt. Errors less than <7 % [b] Calculated
logP. [c] Effective concentration to reach 50 % of maximal activity in the HPTS assay, reported as both an absolute concentration and mol % relative to lipid.
LUVs of POPC (mean diameter 200 nm, lipid concentration 31 uM) loaded with 1 mM HPTS, NaCl (100 mM) and buffered at pH 7.0 with 10 mM HEPES. 5 mM
NaOH added to generate the transmembrane pH gradient. Errors at the 95% confidence limit. [d] Hill coefficient. [e] As with [c], except that lipid
concentration =100 uM, NMDG—CI (100 mM) used in place of NaCl, and 5 mM NMDG solution added to generate pH gradient. [f] In the presence of 0.1 mol%
gramicidin D. [g] Defined as EC5,"°%/EC,,5*™<“", An S value of > 1 indicates transport of Cl™ is faster than H*/OH™ transport. [h] Anion induced chemical shift
perturbations too small to determine association constant. [i] Compound previously reported, data from assay reproduces literature values.®” [jl Not
determined.
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donor atoms significantly enhanced the binding affinity relative
to the monodentate analogues.

Calculation of the electrostatic potential (ESP) surface for
1-XB reveals one iodine-centred sigma-hole per atom (V=
62 kcalmol~', Figure 3A)."2*¥ Similarly, the ESP of 1-ChB reveals
the two tellurium-centred sigma-holes per Te atom, with the
sigma-hole opposite to the triazole C—Te bond being largest in
size and magnitude (58.0 vs. 34.5 kcalmol™'). Computational
studies were also used to probe the structures of the 1:1
anionophore—chloride complexes in chloroform implicit solvent
as a membrane-mimetic environment (Figure 3B). These re-
vealed bidentate coordination of the chloride anion by 1-XB
and 1:-ChB in a 1:1 stoichiometric complex, in agreement with
results from anion binding titration experiments. Calculated
binding enthalpies suggest a stronger C—I---Cl™ interaction than
C-Te---ClI” (AAH,;,q=—1.0 kcalmol™', Table S4), in agreement
with the trend from the NMR titrations and calculated ESP
values. Compared with the calculated structures of 1-XB and
1-ChB, the Cl™-complexed structures have slightly increased
C—I/C—Te bond lengths (by 0.02 and 0.03 A, respectively).

Transmembrane anion transport activity

The anion transport capabilities of anionophores 1 and 2 were
determined using 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline large unilamellar vesicles (POPC LUVs), loaded with 8-
hydroxypyrene-1,3,6-trisulfonate (HPTS) and buffered to pH 7.0
in NaCl aqueous solution. A pH gradient was applied across the
membrane by addition of sodium hydroxide, followed by
addition of the carrier as a DMSO solution (<0.5%vV/v). The
ability of the anionophore to dissipate the pH gradient by
transmembrane OH™/CI~ exchange was determined by record-
ing the change in the HPTS emission, I,y (Aey =510 nm), with
time following excitation at A,,=405/465 nm. At the end of

A C ) ESP / keal moi—;s c ’
= 345 A F 4 -~
@ RJ& '
62.1 5&0 57.9
18 1-ChB

1eXB+-Cl-
AHbing = —15.1 keal mol-t

1+ChB--Cl-
AHoina = —14.1 kcal mol-!

Figure 3. (A) Calculated electrostatic potentials (ESPs, kcalmol™') on the van
der Waal’s surface of 1-XB and 1-ChB, with maximum values for sigma-holes
marked with crosses. (B) Calculated structures of the chloride complexes of
1-XB and 1:ChB, showing key distances (A) and angles (°).
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each experiment, excess detergent was added to lyse the
vesicles for calibration.

This assay was used to determine the concentration
dependence of the activity of each anion carrier (Table 1,
entry 4 and 5, with the corresponding calculated logP values™”
in entry 3). Transport data for 1-ChB is shown in Figures 4A and
B (see the Supporting Information for data for all other
compounds). The activity of all three bidentate carriers 1 was
high (nM activity, ECs,< 0.05 mol% with respect to lipid) and
followed the chloride binding affinity trend of 1-XB>1-ChB >
1-HB (Figure 4C) The activity of XB donor 1:-XB was remarkably
high (3 nM; 0.01 mol%), and to the best of our knowledge, is
the most active XB anionophore reported to date. The activity
exceeds that of the archetypal XB donor iodoperfluorobenzene
4 (Figure 1C) by five orders of magnitude (ECs,=260 uMm),™
and exceeds iodoperfluorohexane 5 (EC;,=3 uM)"™ as well as
our previously reported iodotriazole XB anionophores"® by a
factor of 10° under identical assay conditions.

The activity of chalcogen bonding anion carrier 1-ChB was
also excellent (ECs,=32nM), favourably comparing to the
previously reported bis(pentafluorophenyl)tellurium aniono-
phore (ECs,=200 nM).”" The monodentate control compounds
2 were less active, consistent with reduced chloride binding
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0.6
>

/ rel
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Figure 4. Anion transport in the HPTS assay. Data for 1-ChB is shown in (A)
and (B). (A) Change in ratiometric emission (A, =510 nm; A.,; =405 nm,

hexo =460 nm) upon addition of 1-ChB in DMSO (10~*-10* uM) to POPC
vesicles containing T mM HPTS, 100 mM internal and external NaCl, buffered
with 10 mM HEPES at pH 7.0. A pH gradient is generated by addition of a
NaOH base pulse (0.5 M). Addition of 1-ChB in DMSO initiates the experi-
ment, and vesicle lysis by Triton X-100 calibrates the assay. (B) Dependence
of fractional activities (y, the relative intensity at t=288 s just prior to lysis)
on concentration of 1-ChB (black squares), and fit to the Hill equation (black
line). (C) Summary of transport activity data (reported as 1/ECs,). Values for
control XB anionophores 4 and 5 taken from ref. [15].
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affinity, but maintained the transport activity trend of XB>
ChB > HB.

Hill coefficients n>1 reveals endergonic self-assembly (un-
stable supramolecules active in the transport process) and
provides information on the stoichiometry; n=1 or n<1 reveals
exergonic self-assembly (stable supramolecules).® Hill analysis
of the dose response curves for the monodentate anionophores
2 reveals n~3 (Table 1, entry 6), implying that such trimers
represent a minority population in the membrane, with the
majority coexisting as inactive monomers. Hill coefficients of ~1
suggest active monomeric complexes for bidentate 1-XB and
1-ChB, in agreement with results from titrations and calcula-
tion, and validating our approach of incorporating multiple XB/
ChB donors within a single anionophore to maximise transport
efficiency. Hydrogen bonding anionophore 1-HB, with n~2,
suggests dimeric transport species at work.

The transport activities of all anionophores were independ-
ent of iso-osmolar replacement of the external Na™ cation with
Li*, K" or Rb* (see the Supporting Information), indicative of
selective anion transport (OH /A~ antiport or H*/A~ symport,
Figure 5A.i). Replacement of the zwitterionic POPC lipids in the
HPTS assay with anionic egg yolk phosphatidylglycerol (EYPG)
lipids led to a significant decrease in observed activity,
consistent with the requirement for formation of an anionic
complex in the rate limiting transport process (Figure S45).
Negligible transport upon replacement of chloride with the
hydrophilic gluconate anion provided further evidence into the

A (i) HPTS/NMDG assay (i) NMDG assay + gramicidin
AT c = Transporter
IOV I FFOOIPREFOPOI OISR DD I FIII I = Gramicidin
internal Channel
Cl H*CI H* Cl
70
14B W |C 67
]
A 65 -
0.8 » 60 4
>
-
© 55
. 2
- 0.6 o
I 50
° Z
0.4 4 5104
A 1 5.3
0.2 + gramicidin *7]
Cabgaitg 11.6 2 1.6 4
——- gramicidin "
T T T T T T T 0=
1E-4 0.001 001 01 1 10 100 1-HB 1-XB 2-XB 1-ChB 2:ChB 3

[1.ChB]/ uM Carrier

Figure 5. (A) LUV-based transport assays. (i) Transport mechanisms occurring
in the HPTS and NMDG assays in the absence of gramicidin: CI”/OH™~
exchange (antiport), or H*/Cl~ co-transport (symport). The antiport mecha-
nism dominates the transport in 1:XB, 1-ChB and 1-HB due to a lack of
basic atoms for protonation. (ii) Coupled electrogenic carrier-mediated
chloride transport and electrogenic channel-mediated proton transport
mechanism occurring in the NMDG assay in the presence of gramicidin. (B)
Dependence of fractional activities (y, the relative intensity at t=288 s just
prior to lysis) on concentration of 1-ChB in the presence () and absence
(A) of gramicidin, and fit to the Hill equation (red and blue solid lines,
respectively). (C) Summary of CI~ >OH™ transport selectivity data, where
S— ECSONMDG/ECSOGmmiddm_
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anion transport mechanism, by demonstrating that neither
OH~/gluconate antiport or H*/gluconate symport mechanisms
are active, and that the anion-independent H*/Na® cation
antiport process is negligible (Figure S46). Given the low
basicity of the triazole anionophores (pK,,~0-1)"" H*/Cl-
symport is improbable and the transport is likely dominated by
a CI7/OH™ antiport mechanism, in agreement with observations
from previous studies on XB-mediated anion transport.'>'”!
Inactivity in the carboxyfluorescein (CF) dye leakage assay ruled
out non-specific leakage and membrane damage by the anion
carriers (Figure S47). Suppression of carrier activity in gel phase
dipalmitoylphosphatidylcholine (DPPC) LUVs at 25 °C with trans-
porters 1 and 2, and restoration of activity in the fluid lipid
phase at 45°C, provided evidence for a mobile carrier
mechanism, ruling out formation of a membrane-spanning
channel structure whose activity would be independent of the
lipid phase (Figure S48).

Chloride over hydroxide transport selectivity

To investigate CI~>OH™ selectivity of the anionophores, we
adapted the pH-gradient dissipation assay by replacing NaCl
with N-methyl-p-glucamine chloride (NMDG—CI) in the internal
and external buffer, and the sodium hydroxide base pulse with
NMDG (5 mM). This “NMDG assay” has been recently reported
by Gale, Davis and co-workers,*>*® and is used here to facilitate
direct comparison with their extensive analysis of CI” >H"/OH"~
selectivity of a range of anionophores.®? The assay employs the
proton channel gramicidin D to investigate the relative rates of
Cl~ and H*/OH™ transport by facilitating fast electrogenic H*
transport, and therefore an overall coupled H*/CI~ symport
process (Figure 5A.ii). In the case where H*/OH™ transport is
rate limiting, addition of gramicidin leads to acceleration of the
pH gradient dissipation; where CI™ is rate limiting, the rate of
pH gradient dissipation is unaffected by gramicidin. The ratio of
ECs, values in the absence and presence of gramicidin provides
a measure of the CI">H*/OH™ selectivity, S, (where S=
ECs"™PS/EC,, ™M) ynder the assay conditions. For triazole
derivatives 1 and 2, given the probable CI7/OH™ antiport
mechanism (as opposed to H*/ClI~ symport), the assay will
report on ClI” >OH" selectivity.

Representative dose-response curves for 1-ChB are shown
in Figure 5B, and selectivity data for the bidentate aniono-
phores are shown in Table 1, entry 11, and Figure 5C. In each
case, the transport activity is enhanced upon addition of
0.1 mol% gramicidin, revealing selective CI~ transport. Excellent
ClI”>OH" selectivity was determined for XB-donor 1-XB (S=
5.3) in comparison to the analogous hydrogen bonding 1-HB
which exhibited little selectivity (S=1.6). Incorporation of
chalcogen bonding telluromethyl groups in 1:ChB led to
exceptional selectivity (S=67), despite the simple, planar
bidentate structure of the anionophore. For comparison, hydro-
gen bonding thiourea 3 (Figure 1C) is not chloride selective (S=
1), and to date only a handful of compounds have been
reported with $>10, and in one case up to 100, which are
based around complex hydrogen bonding tripodal or preorgan-
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ised macrocyclic cholaphane scaffolds.®? In HB anionophores
enhancing anion transport by increasing receptor acidity (such
as by adding electron withdrawing groups) is severely detri-
mental to the selectivity. Importantly, however, high activity
and ClI”>OH" selectivity is achieved in XB and ChB aniono-
phores 1-XB and 1-ChB, despite the significant electron
withdrawing nature of the substituents.

Computational studies

To further explore the role of sigma-hole mediated anion
recognition within the transmembrane anion transport process,
we developed a computational model that accounts for both
anion binding affinity to the XB and ChB anionophores, and
chloride and hydroxide anion dehydration at the aqueous-
membrane interface (Figure 6A). This model assumes that the
hydrophobic transporter is confined within the membrane
bilayer, and binds the anion at the water/membrane interface.
This binding event incurs an anion dehydration penalty, where
the equilibrium position depends on the balance of anion
dehydration with the strength of binding to the transporter. To
describe this process, we computed the dehydration free
energies (AGyep,q) for CI” and OH™ transfer from implicit water
to chloroform (as a membrane-mimetic environment), and the

A Aqueous model (implicit H20) Membrane model (implicit CHCl3)
Aqueous anion, g e o !
@ ftransporter in ° W
membrane . ° °

) AGdIEhyd @
° ° AGpind
o o ©
1
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: »
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ligand at interface

B Calculated dehydration and XB/ChB binding free energies for Cl-and OH-
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Figure 6. (A) Schematic representation of the computational model for anion
binding at a membrane/water interface (B) Calculated dehydration and
binding free energies (298 K) for 1-XB and 1-ChB with CI~ and OH".
Computational protocols to calculate AGgepyq and AGy,g are described in the
Supporting Information.
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respective binding free energies (AGy.y) Oof these anions to
1-XB and 1-ChB in implicit chloroform (Figure 6B).*” The sum
of these terms describes the anion transport process: AGg, =
AGgenyq + AGyng. Dehydration is strongly disfavoured for OH™
(AGgehya=31.8 kcalmol™), a value which may also be under-
estimated by up to 10 kcalmol™ due to the use of an implicit
solvent model (see the Supporting Information for further
details).>”

In comparison, AGgep,q is only 11.3 kcalmol™" for CI". The
trends are reversed for the binding free energies in chloroform
(AGy;,g), Where binding of OH™ to 1-XB is preferred over ClI~
(=15.0 vs. —9.1 kcalmol™, respectively). This prediction is
opposite to the CI~>OH™ transport selectivity observed exper-
imentally, likely due to a combination of stronger binding and
underestimation of short-range solvent-OH™ interactions with
implicit solvent models. However, when considering the anion
transport process in full, the stronger binding of OH™ to 1:XB/
1-ChB compared with CI~ is insufficient to overcome the
greater penalty of dehydration associated with this anion.

Due to the strongly disfavoured OH~ dehydration process,
we also considered the possibility that a water molecule could
accompany the OH™ anion into the membrane to stabilise the
naked anion. In this case we also found the same strong
preference for Cl~ transport over OH", and a slight increase in
anion selectivity for 1-ChB vs. 1:XB (see the Supporting
Information). From these computational models, it is clear that
the role of anion dehydration is vital to explain the observed
anion selectivity, where our model suggests a bias for ClI~ over
OH™ transport of ~15kcalmol™'. We also observed slightly
stronger anion binding with 1:-XB than 1:ChB, in qualitative
agreement with the experimental activity.

Overall, these results demonstrate the critical role of anion
dehydration in the transport process. Furthermore, XB and ChB
mediated anion binding interactions are known to be more
hydrophobic than acidic hydrogen bond donors, exhibiting a
significant covalent contribution to the bonding,***'**? and
anecdotally possess halide > oxoanion binding
selectivity.'>*"*3%9 We suggest that a combination of these
effects contribute to the observed CI”>OH" selectivity con-
comitant with high activity, whereby binding and transport of
the less hydrated and less basic chloride anion is favoured.

Conclusion

We report novel bidentate halogen bonding and chalcogen
bonding iodo- and telluromethyl-triazole derivatives that act as
highly active anionophores. Importantly, anion transport experi-
ments reveal both record nanomolar activity for the bidentate
halogen bonding carrier and outstanding ClI~>OH" transport
selectivity for the chalcogen bonding anionophore. The unique
nature of such sigma-hole interactions enables both high
activity and high selectivity to be achieved in a relatively simple
molecular design. This is in contrast to hydrogen bonding anion
carriers where more acidic hydrogen bond donors lead to
decreased selectivity despite enhancing activity. Using a
computational model that accounts for both
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anionophore—anion binding in a membrane-mimetic environ-
ment and anion solvation, we reveal the role of sigma-hole
mediated anion binding and dehydration in achieving efficient
and selective anion transport. These results demonstrate how
the judicious selection of sigma-hole non-covalent interactions
within abiotic anionophores is a powerful approach to
engineering selectivity and activity, and also highlight the
significant potential for exploiting halogen and chalcogen
bonding interactions in biological contexts. Future applications
in channelopathy therapeutics and tools for physiological
research where both high selectivity and activity is required
may be envisaged.

Experimental Section

Crystallographic data: Deposition numbers 2075766 (for 1-XB) and
2075767 (for 1-ChB) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.

Acknowledgements

L.E.B. thanks the Department of Chemistry, University of Oxford
for funding. A.D and H.K. thank the EPSRC for studentships
(Grant reference numbers EP/N509711/1 and EP/R513295/1).
A.J.S. thanks the EPSRC Centre for Doctoral Training in Synthesis
for Biology and Medicine for a studentship (EP/L015838/1),
generously supported by AstraZeneca, Diamond Light Source,
Defence Science and Technology Laboratory, Evotec, GlaxoS-
mithKline, Janssen, Novartis, Pfizer, Syngenta, Takeda, UCB and
Vertex. A.J.S. also thanks the Oxford-Radcliffe Scholarship for a
studentship. A.J.S. and F.D. thank the EPSRC Centre for Doctoral
Training for Theory and Modelling in Chemical Sciences (EP/
L015722/1) for providing access to the Dirac cluster at Oxford.
This work used the Cirrus UK National Tier-2 HPC Service at
EPCC (http://www.cirrus.ac.uk) funded by the University of
Edinburgh and EPSRC (EP/P020267/1). M.J.L. acknowledges the
Royal Society and the John Fell Oxford University Press Research
Fund for financial support. MJ.L. is a Royal Society University
Research Fellow. The authors thank Dr. Amber L. Thompson
and Dr. Kirsten E. Christensen for their helpful discussion and
advice with crystallographic data collection and refinement.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: anions - chalcogen bonding - halogen bonding -
ionophores - membranes

[11 A.P. Davis, D. N. Sheppard, B. D. Smith, Chem. Soc. Rev. 2007, 36, 348-
357.
[2] J.T. Davis, O. Okunola, R. Quesada, Chem. Soc. Rev. 2010, 39, 3843-3862.

Chem. Eur. J. 2021, 27,11738-11745 www.chemeurj.org

[3] A.Vargas Jentzsch, A. Hennig, J. Mareda, S. Matile, Acc. Chem. Res. 2013,
46, 2791-2800.

[4] X. Wu, E.N. W. Howe, P. A. Gale, Acc. Chem. Res. 2018, 51, 1870-1879.

[5] A.Fuertes, M. Juanes, J. R. Granja, J. Montenegro, Chem. Commun. 2017,
53,7861-7871.
6] X.Wu, A. M. Gilchrist, P. A. Gale, Chem 2020, 6, 1296-1309.
71 J.T. Davis, P. A. Gale, R. Quesada, Chem. Soc. Rev. 2020, 49, 6056-6086.
8] M. J. Langton, Nat. Chem. Rev. 2021, 5, 46-61.
9] G. Cavallo, P. Metrangolo, R. Milani, T. Pilati, A. Priimagi, G. Resnati, G.
Terraneo, Chem. Rev. 2016, 116, 2478-2601.
L. C. Gilday, S. W. Robinson, T. A. Barendt, M. J. Langton, B. R. Mullaney,
P. D. Beer, Chem. Rev. 2015, 115, 7118-7195.
[11] A. Bauz3, T.J. Mooibroek, A. Frontera, ChemPhysChem 2015, 16, 2496-
2517.

2] J.Y.C.Lim, P. D. Beer, Chem 2018, 4, 731-783.

3] K. T. Mahmudov, M. N. Kopylovich, M. F. C. G. da Silva, A. J. L. Pombeiro,
Dalton Trans. 2017, 46, 10121-10138.

[14] A. Vargas Jentzsch, D. Emery, J. Mareda, P. Metrangolo, G. Resnati, S.
Matile, Angew. Chem. Int. Ed. 2011, 50, 11675-11678; Angew. Chem.
2011, 723, 11879-11882.

[15] A.V. Jentzsch, D. Emery, J. Mareda, S.K. Nayak, P. Metrangolo, G.
Resnati, N. Sakai, S. Matile, Nat. Commun. 2012, 3, 905.

16] A. Vargas Jentzsch, S. Matile, J. Am. Chem. Soc. 2013, 135, 5302-5303.

17] C. Ren, X. Ding, A. Roy, J. Shen, S. Zhou, F. Chen, S.F.Y. Li, H. Ren, Y.
Yan Yang, H. Zeng, Chem. Sci. 2018, 9, 4044-4051.

[18] L.E. Bickerton, A.J. Sterling, P. D. Beer, F. Duarte, M. J. Langton, Chem.
Sci. 2020, 11, 4722-4729.

[19] A.V. Jentzsch, S. Matile, in Halogen Bonding in Solution, Wiley, 2021,
pp. 195-231.

[20] S. Benz, M. Macchione, Q. Verolet, J. Mareda, N. Sakai, S. Matile, J. Am.
Chem. Soc. 2016, 138, 9093-9096.

[21] L. M. Lee, M. Tsemperouli, A. |. Poblador-Bahamonde, S. Benz, N. Sakai,

K. Sugihara, S. Matile, J. Am. Chem. Soc. 2019, 141, 810-814.

G. Park, D. J. Brock, J.-P. Pellois, F. P. Gabbai, Chem 2019, 5, 2215-2227.

G. Park, F. P. Gabbai, Chem. Sci. 2020, 11, 10107-10112.

N. Demaurex, Physiology 2002, 17, 1-5.

H. Li, H. Valkenier, A. G. Thorne, C. M. Dias, J. A. Cooper, M. Kieffer, N.

Busschaert, P. A. Gale, D. N. Sheppard, A. P. Davis, Chem. Sci. 2019, 10,

9663-9672.

[26] S. Ohkuma, T. Sato, M. Okamoto, H. Matsuya, K. Arai, T. Kataoka, K.
Nagai, H. H. Wasserman, Biochem. J. 1998, 334, 731-741.

[27] B. Diaz de Grefiuy, P.|. Hernandez, M. Espona, D. Quifionero, M. E. Light,
T. Torroba, R. Pérez-Tomas, R. Quesada, Chem. Eur. J. 2011, 17, 14074~
14083.

[28] J.L. Sessler, L. R. Eller, W.-S. Cho, S. Nicolaou, A. Aguilar, J. T. Lee, V. M.
Lynch, D.J. Magda, Angew. Chem. Int. Ed. 2005, 44, 5989-5992; Angew.
Chem. 2005, 117, 6143-6146.

[29] N. Busschaert, S.-H. Park, K.-H. Baek, Y. P. Choi, J. Park, E. N. W. Howe,
J. R. Hiscock, L. E. Karagiannidis, I. Marques, V. Félix, W. Namkung, J. L.
Sessler, P. A. Gale, . Shin, Nat. Chem. 2017, 9, 667-675.

30] I. Alfonso, R. Quesada, Chem. Sci. 2013, 4, 3009-3019.

[31] B. C. Pressman, Annu. Rev. Biochem. 1976, 45, 501-530.

[32] X. Wu, L. W. Judd, E. N. W. Howe, A. M. Withecombe, V. Soto-Cerrato, H.
Li, N. Busschaert, H. Valkenier, R. Pérez-Tomas, D.N. Sheppard, Y.-B.
Jiang, A. P. Davis, P. A. Gale, Chem 2016, 1, 127-146.

[33] L. W. Judd, A. P. Davis, Chem. Commun. 2010, 46, 2227-2229.

[34] S.W. Robinson, C. L. Mustoe, N. G. White, A. Brown, A. L. Thompson, P.
Kennepohl, P. D. Beer, J. Am. Chem. Soc. 2015, 137, 499-507.

[35] J.Y.C. Lim, J.Y. Liew, P.D. Beer, Chem. Eur. J. 2018, 24, 14560-14566.

[36] T. Bunchuay, A. Docker, A.J. Martinez-Martinez, P.D. Beer, Angew.
Chem. Int. Ed. 2019, 58, 13823-13827; Angew. Chem. 2019, 131, 13961~
13965.

[37]1 A. Borissov, I. Marques, J.Y.C. Lim, V. Félix, M. D. Smith, P. D. Beer, J.
Am. Chem. Soc. 2019, 141, 4119-4129.

[38] T. Bunchuay, A. Docker, U. Eiamprasert, P. Surawatanawong, A. Brown,
P. D. Beer, Angew. Chem. Int. Ed. 2020, 59, 12007-12012; Angew. Chem.
2020, 732, 12105-12110.

[39] M.J. Langton, S. W. Robinson, I. Marques, V. Félix, P. D. Beer, Nat. Chem.
2014, 6, 1039-1043.

[40] M. J. Langton, I. Marques, S. W. Robinson, V. Félix, P. D. Beer, Chem. Eur.
J. 2016, 22, 185-192.

[41] V. Saggiomo, S. Otto, I. Marques, V. Félix, T. Torroba, R. Quesada, Chem.
Commun. 2012, 48, 5274-5276.

[42] “BindFit v0.5 | Supramolecular,” can be found under http://app.supra-
molecular.org/bindfit/.

[
[
[
[

[10

RN

11744  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202101681
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202101681
http://www.ccdc.cam.ac.uk/structures
http://www.cirrus.ac.uk
https://doi.org/10.1039/B512651G
https://doi.org/10.1039/B512651G
https://doi.org/10.1039/b926164h
https://doi.org/10.1021/ar400014r
https://doi.org/10.1021/ar400014r
https://doi.org/10.1021/acs.accounts.8b00264
https://doi.org/10.1039/C7CC02997G
https://doi.org/10.1039/C7CC02997G
https://doi.org/10.1016/j.chempr.2020.05.001
https://doi.org/10.1039/C9CS00662A
https://doi.org/10.1038/s41570-020-00233-6
https://doi.org/10.1021/acs.chemrev.5b00484
https://doi.org/10.1021/cr500674c
https://doi.org/10.1002/cphc.201500314
https://doi.org/10.1002/cphc.201500314
https://doi.org/10.1016/j.chempr.2018.02.022
https://doi.org/10.1039/C7DT01685A
https://doi.org/10.1002/anie.201104966
https://doi.org/10.1002/ange.201104966
https://doi.org/10.1002/ange.201104966
https://doi.org/10.1021/ja4013276
https://doi.org/10.1039/C8SC00602D
https://doi.org/10.1039/D0SC01467B
https://doi.org/10.1039/D0SC01467B
https://doi.org/10.1021/jacs.6b05779
https://doi.org/10.1021/jacs.6b05779
https://doi.org/10.1021/jacs.8b12554
https://doi.org/10.1016/j.chempr.2019.06.013
https://doi.org/10.1039/D0SC04417B
https://doi.org/10.1152/physiologyonline.2002.17.1.1
https://doi.org/10.1039/C9SC04242C
https://doi.org/10.1039/C9SC04242C
https://doi.org/10.1042/bj3340731
https://doi.org/10.1002/chem.201101547
https://doi.org/10.1002/chem.201101547
https://doi.org/10.1002/anie.200501740
https://doi.org/10.1002/ange.200501740
https://doi.org/10.1002/ange.200501740
https://doi.org/10.1038/nchem.2706
https://doi.org/10.1039/c3sc50882j
https://doi.org/10.1146/annurev.bi.45.070176.002441
https://doi.org/10.1016/j.chempr.2016.04.002
https://doi.org/10.1039/b927005a
https://doi.org/10.1021/ja511648d
https://doi.org/10.1002/chem.201803393
https://doi.org/10.1002/anie.201907625
https://doi.org/10.1002/anie.201907625
https://doi.org/10.1002/ange.201907625
https://doi.org/10.1002/ange.201907625
https://doi.org/10.1021/jacs.9b00148
https://doi.org/10.1021/jacs.9b00148
https://doi.org/10.1002/anie.202001125
https://doi.org/10.1002/ange.202001125
https://doi.org/10.1002/ange.202001125
https://doi.org/10.1038/nchem.2111
https://doi.org/10.1038/nchem.2111
https://doi.org/10.1002/chem.201504018
https://doi.org/10.1002/chem.201504018
https://doi.org/10.1039/c2cc31825c
https://doi.org/10.1039/c2cc31825c
http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/

Full Paper
Chemistry—A European Journal

doi.org/10.1002/chem.202101681

Chemistry
Europe

European Chemical
Societies Publishing

[43] P. Thordarson, Chem. Soc. Rev. 2011, 40, 1305-1323.

[44] P. Politzer, J.S. Murray, T. Clark, Phys. Chem. Chem. Phys. 2013, 15,
11178-11189.

cLogP values calculated using the VCClab software: I.V. Tetko, J.
Gasteiger, R. Todeschini, A. Mauri, D. Livingstone, P. Ertl, V. A. Palyulin,
E.V. Radchenko, N.S. Zefirov, A.S. Makarenko, V. Yu. Tanchuk, V.V.
Prokopenko, J. Comput.-Aided Mol. Des. 2005, 19, 453-463.

S. Bhosale, S. Matile, Chirality 2006, 18, 849-856.

J-L.M. Abboud, C. Foces-Foces, R. Notario, R.E. Trifonov, A.P.
Volovodenko, V. A. Ostrovskii, I. Alkorta, J. Elguero, J. Org. Chem. 2001,
2001, 3013-3024.

Y. Yang, X. Wu, N. Busschaert, H. Furuta, P. A. Gale, Chem. Commun.
2017, 53, 9230-9233.

[49] A.V. Marenich, C.J. Cramer, D. G. Truhlar, J. Phys. Chem. B 2009, 113,
6378-6396.

Y. Takano, K. N. Houk, J. Chem. Theory Comput. 2005, 1, 70-77.

C. C. Robertson, R. N. Perutz, L. Brammer, C. A. Hunter, Chem. Sci. 2014,
5,4179-4183.

[45

[46
[47

[48

[50
[51

[52] D.J. Pascoe, K.B. Ling, S.L. Cockroft, J. Am. Chem. Soc. 2017, 139,
15160-15167.

[53] G.E. Garrett, E.I. Carrera, D.S. Seferos, M. S. Taylor, Chem. Commun.
2016, 52, 9881-9884.

[54] D. Mungalpara, S. Stegmidiller, S. Kubik, Chem. Commun. 2017, 53, 5095-
5098.

[55] D.A. Kraut, M. J. Churchill, P. E. Dawson, D. Herschlag, ACS Chem. Biol.
2009, 4, 269-273.

[56] A. Docker, P.D. Beer, in Halogen Bonding in Solution (Ed. S. Huber),
Wiley-VCH, Weinheim, 2021, pp. 83-120.

o

Manuscript received: May 12, 2021
Accepted manuscript online: May 20, 2021
Version of record online: June 14, 2021

Chem. Eur. J. 2021, 27,11738-11745 www.chemeurj.org

11745 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1039/C0CS00062K
https://doi.org/10.1039/c3cp00054k
https://doi.org/10.1039/c3cp00054k
https://doi.org/10.1007/s10822-005-8694-y
https://doi.org/10.1002/chir.20326
https://doi.org/10.1039/C7CC04912A
https://doi.org/10.1039/C7CC04912A
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/ct049977a
https://doi.org/10.1039/C4SC01746C
https://doi.org/10.1039/C4SC01746C
https://doi.org/10.1021/jacs.7b08511
https://doi.org/10.1021/jacs.7b08511
https://doi.org/10.1039/C6CC04818H
https://doi.org/10.1039/C6CC04818H
https://doi.org/10.1039/C7CC02424J
https://doi.org/10.1039/C7CC02424J
https://doi.org/10.1021/cb900016q
https://doi.org/10.1021/cb900016q
https://doi.org/10.1021/cb900016q

