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Abstract: While supramolecular hosts capable of binding
and transporting anions and ion pairs are now widely
available, self-assembled architectures are still rare,
even though they offer an inherent mechanism for the
release of the guest ion(s). In this work, we report the
dynamic covalent self-assembly of tripodal, urea-based
anion cryptates that are held together by two orthoester
bridgeheads. These hosts exhibit affinity for anions such
as CI", Br™ or I" in the moderate range that is typically
advantageous for applications in membrane transport.
In unprecedented experiments, we were able to disso-
ciate the Cs-Cl ion pair by simultaneously assembling
suitably sized orthoester hosts around the Cs* and the
CI" ion.

J

Introduction

Half a century ago, pioneering reports by Park and Lehn!"
demonstrated that simple anions such as chloride could be
encapsulated within artificial receptors. Over the past two
decades, progress in synthesis® has been driven and
accompanied by a growing body of research on applications
of anion receptors,” most notably in sensing,* transport®
and for environmental®® as well as medicinal purposes.”
While a large number of conventionally synthesized
anion receptors have been reported to date, with some
macrobicyclic architectures featuring exceptionally high
binding affinities,” self-assembled, purely organic!® hosts for
anions are still scarce. To the best of our knowledge, self-
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assembled, purely organic hosts for ion pairs are elusive.
Examples for self-assembled, organic anion receptors in-
clude hydrogen-bonded cages (guest: PO,>~ or SO,*),!"
disulfide-based dimers of cyclic peptides (guest: SO,>")!!!
and architectures based on imines or acyl hydrazones.'” For
applications where effective anion transport benefits from
the stimuli-responsive dissociation of the guest,” it seems
likely that self-assembled hosts could play a decisive role,
because they offer an inherent release mechanism.

Given the fact that tripodal architectures are especially
widespread in anion receptor chemistry,"” we wondered
whether we could make use of the dynamic covalent
chemistry!™ of orthoesters,’ which we had previously
employed to self-assemble cryptates for simple cations
(Figure 1a).l" Such orthoester cryptands degrade in aqueous
solvent with tunable rate constants and therefore offer a
pH-driven release mechanism™! that could be of use in the
context of supramolecular medicinal chemistry."**! Herein,
we report the dynamic covalent self-assembly of such hosts
based on the chloride-templated reaction of simple orthoes-
ters with urea-based diols (Figure 1b, top). While their poor
solubility precluded membrane transport experiments with
this first generation of cryptands, we were able to use Cs-Cl
as a dual template and simultaneously self-assemble two
different orthoester hosts to encapsulate the Cs™ cation and
the CI™ anion (Figure 1b, bottom).

a) Previous Work — b) This Work

OMe Self-Assembly of Anion Cryptate
Moo oL

OMe

+

L
./4—0\.

L "OMe

14
\o—.)
O OH
PO
CsCI H*
M*: Li*, Na*, K", ' .
FalF s Dual Self-Assembly

Figure 1. a) Previous work based on metal-templated orthoester
cryptates. b) Chloride-templated self-assembly of orthoester cryptates
and one-pot co-assembly of anion and cation cryptates (R=CHj, H).
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Results and Discussion
Chloride-Templated Self-Assembly of Cryptates

When designing building blocks for self-assembled anion-
binding architectures, the choice of anion-binding motif is of
paramount importance. We chose (di)phenylurea, because
an abundance of non-macrocyclic, tripodal anion receptors
of this type are reported." We therefore synthesized
bishydroxyalkylphenyl urea compounds with varying alkyl
chain length (1-3) that should act as linkers between two
orthoester bridgeheads in the envisaged cryptates. For
orthoester-based self-assembly reactions, we chose an acid
catalyst whose conjugate base would bind to urea only
weakly, a mixed solvent system that represents a good
compromise between solubility and (non)interference with
hydrogen bonding and a chloride salt with a weakly binding
counterion. Addition of molecular sieves (5 A) helps keep-
ing the reaction medium anhydrous and shifts the equili-
brium to the product side by adsorption of methanol.l's*!"!8!

In a typical self-assembly experiment, we therefore
treated a solution of diol 1 with trimethyl orthoacetate, a
catalytic amount of acid 2,3,4,5,6-pentafluorothiophenol,
and a stoichiometric amount of the template tetraphenyl-
phosphonium chloride (Figure 2a). The reaction was moni-
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tored by '"H-NMR spectroscopy (Figure 2b), clearly indicat-
ing efficient orthoester exchange, because after only three
hours the signal belonging to the methoxy groups of the
orthoester had fully disappeared. Interestingly, the time
required for complete methoxy group (and MeOH) dis-
placement differed substantially between diols 1, 2 and 3
(3h, 18 h and 18 h, respectively), raising the question
whether this could be due to a difference in CI” binding
affinity.

After quenching the self-assembly reactions by adding
excess triethylamine, precipitation from diethyl ether fur-
nished the pure products [Cl Co-Me,-ur-C2]PPh, ", [Cl Co-
Me,-ur-C3|1PPh,”, [CI Co-Me,-ur-C4]PPh,” and [Cl Co-
H,-ur-C4]PPh," in isolated yields of 55%, 48%, 23% and
44%, respectively. The formation of the chloride-binding
cryptates was corroborated by 'H-NMR and “C-NMR
spectroscopy (Figure 2b and Figure S2), high-resolution
mass spectrometry (Figure 2¢) and attenuated total reflec-
tion-infrared spectroscopy (Figure 2d). The representative
'"H-NMR spectrum of [Cl"Co-Me,-ur-C2]PPh," is indicative
of a pure compound, but exhibits significant peak broad-
ening, which also has been found in a related thiourea
host.
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Figure 2. a) Chloride-templated synthesis of orthoester/urea cryptates. Reaction conditions: 30 pmol tetraphenylphosphonium chloride, 63 pmol
trimethyl orthoacetate or trimethyl orthoformate, 90 pmol diol 1, 2 or 3 and 15 pmol 2,3,4,5,6-pentafluorothiophenol in CDCl;/deuterated dimethyl
sulfoxide (DMSO-dg) mixture (5:1, 3.3 mL); MS: molecular sieves. Reaction time: 3 hours (n=1), 18 hours (n=2, 3). b) 'H-NMR stacked plot for
the synthesis and purification of 0-Me,-ur-C2. Spectra of starting materials and reaction control were recorded in CDCl; and spectra of cryptate and
cryptand were recorded in DMSO-d,. ¢) High-resolution electron spray mass spectrometry in negative mode of [CI”Co-Me,-ur-C2]PPh,*. Minor
peaks originate from solvents or hydrolysis products. Inset: experimental and calculated isotopic distribution of product peak. d) Attenuated total

reflection-infrared (ATR-IR) spectra of [CI"Co-Me,-ur-C2]JPPh,*
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(teal) and o-Me,-ur-C2 (purple).
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Molecular Dynamics: Structure and H-Bonding

To gain insights into the dynamic structure of cryptands and
cryptates, we carried out microsecond molecular-dynamics
(MD) simulations. These confirm a very high flexibility of
the cryptate systems that is significantly influenced by the
solvent composition. Simulations were carried out for
o0-Me,-ur-C2 in the presence and absence of Cl™ in pure
chloroform or DMSO as well as in a 5:1 solvent mixture. In
DMSO, the cryptand demonstrates high flexibility with the
possibility for DMSO molecules to enter the cryptand and
form hydrogen bonds with urea NH groups. In the apolar
solvent chloroform on the other hand, o-Me,-ur-C2 demon-
strates a slightly more compact structure, with hydrogen
bonds frequently formed between the urea functionalities
(Figure 3 and Figure S50).

In complex with Cl, the predominant structure is such
that all three urea entities bind to the encapsulated anion.
Still, the flexibility of the cryptate framework remains high,
as shown in Figure 3 (and Figure S51). Higher fluctuations
were observed in the phenyl containing linkers, while
orthoester bridgeheads and urea groups remained more
static. The phenyl linkers demonstrate varying interactions,
including frequent but transient n-stacking interactions
between linkers.

Importantly, an additional binding geometry can be
found in longer simulations when DMSO is present. Here
again, DMSO can enter the cavity, forming hydrogen bonds
to urea, leaving the chloride ion only two further urea units
to bind. This alternative binding mode, although less
frequent, also demonstrated a lifetime of up to 500 ns in
simulations in 5:1 (chloroform/DMSO) solvent (Fig-
ure S52c).

Thus, with DMSO present two different, slowly exchang-
ing binding modes can exist (see Figure 3) where the Cl™ ion
either binds all three or only two urea units. A similar
change in the complexation of CI~ by 0-Me,-ur-C2 has not
been observed in any of the performed simulations in
chloroform underlining this important solvent effect. The
combination of high conformational flexibility, with overall
atomic fluctuations up to remarkable six times higher
compared to the cation binding cryptate systems inves-
tigated before,?"! asymmetric Cl~ coordination, and compet-
itive DMSO inclusion could therefore explain the broadened
peaks in the '"H-NMR spectra as well as the moderate
experimental binding affinities (see below). The dynamic
binding mode may also be the reason why we were unable
to obtain single crystals for X-ray crystallography, despite
extensive efforts.

Host—Guest Titrations and MS/MS Studies of Heteroleptic
Cryptands

To achieve the removal of the chloride template, we treated
the solid cryptate [Cl”Co-Me,-ur-C2]PPh," with anhydrous
methanol, in the hope that this would lead to the selective
dissolution of the tetraphenylphosphonium chloride. After
stirring the suspension for one day, the empty cryptand was
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Figure 3. Dynamic structural analysis of 0-Me,-ur-C2 from MD simu-
lations. Flexibility of cages indicated by atomic root mean square
fluctuations (rmsf) of heavy atoms applied as color scale on centroid
structures. Color scale values presented in A. Representative conforma-
tions in DMSO (left) and chloroform (right) without (top) and with
(bottom) chloride ion binding demonstrate the possibility of DMSO
molecules binding inside the cage with and without presence of the
anion, whilst structures without chloride in chloroform demonstrate
frequent intramolecular hydrogen bonding between urea units.
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obtained as indicated by the missing PPh," signals in the 'H-
NMR spectrum (Figure 2b, bottom). As expected, the signal
of the proton belonging to the urea moiety shifted upfield
upon removal of the chloride ion, but not as much as in diol
1, which could be an additional indication for a (dynamic)
competition between chloride binding and intramolecular
hydrogen bonding. Evidence for hydrogen bonding was
obtained by ATR-IR measurements. When comparing the
spectra of the cryptate and cryptand, the expected shift of
the urea carbonyl band to lower wave number (from 1700 to
1660 cm ™) is observed (Figure 2d, exemplary for [CI"Co-
Me,-ur-C2]PPh,").

With the empty cryptands in hand, we were able to
determine the binding constants to different anions, namely
chloride, bromide, iodide and nitrate (with counterion
PPh,” or NMe,"). The use of fluoride was ruled out as
addition of fluoride would lead to deprotonation of the urea
moieties.”) We performed the titration of 0-Me,-ur-C2 with
chloride in the solvent mixture chloroform/DMSO (5:1) to
enable a direct comparison between association constants
and self-assembly reactions. We obtained an association
constant (K,) of 286+23 M™'. At the concentration used in
the self-assembly reactions (9 mM) this binding constant
implies that ca. 55% of the complex is formed (according to
Bindsim on supramolecular.org®!), which correlates with
the observed isolated yield of 55% for [Cl Co-Me,-ur-
C2]PPh,".

For solubility reasons, comparative titrations for all
cryptands and different anions were performed in pure
DMSO, even though this solvent is highly competitive due
to its high dielectric constant (e=47%"). This should be kept
in mind, when comparing the K, values reported here with
related work in the field (often carried out in less
competitive medium). When considering the binding con-
stants observed for the different halide ions for host 0-Me,-
ur-C2, a moderate selectivity for chloride can be inferred
(Table 1). The K, values determined for 0-Me,-ur-C2 and its
larger analogues 0-Me,-ur-C3 and 0-Me,-ur-C4 are decreas-
ing with ascending number of methylene groups, which
could reflect the best size fit for o0-Me,-ur-C2 and the
chloride ion and/or the entropic cost derived from extending
the aliphatic spacer towards the orthoester bridgehead.

To leverage the orthoester bridgehead for increasing the
binding strength, we self-assembled cryptand o-H,-ur-C4,
which is based on orthoformate (R=H) in which additional
hydrogen bonding could occur between the anion and an
inverted bridgehead.”'™! The fact that we observed a
moderately higher binding affinity for this host, yet no shift
of the orthoformate 'H-NMR signal during titration with
TPPCI, suggests that this small difference (factor 2) is due to
structural differences between orthoacetate and orthofor-
mate cages'™® rather than the in/in binding we had originally
hoped for. In any case, competition with intramolecular
hydrogen bonding®” (and the competitive solvent) prevents
even higher binding constants. In this context, it should be
kept in mind that moderate binding constants are often
sufficient or even beneficial for transmembrane anion
transport.?”%!
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Table 1: Binding affinities of orthoester cryptand o-Me,-ur-C2 to CI-,
Br~ I” and NO;™ salts and cryptands o-Me,-ur-C3, o0-Me,-ur-C4 and
0-H,-ur-C4 to CI™ salt (K, values in CDCl;/DMSO-dg (5:1) or DMSO-d,
containing up to 10% water at 298 K).

Host K, [M™"] for Guests
c| Br B |7l No}*[al
0-Me,-ur-C2 286+239  nd. n.d. n.d.
(in 5:1 CDCl,/DMSO-dy)
0-Me,-ur-C2 374949 1619 10+19 8.6+0.39
(in DMSO-d,)
0-Me,-ur-C3 27414 n.d. n.d. n.d.
(in DMSO-dq)
0-Me,-ur-C4 17414 n.d. n.d. n.d.
(in DMSO-d,)
o0-H,-ur-C4 32.04+0.49 nd. n.d. n.d.
(in DMSO-d,)
[a]Added as  tetraphenylphosphonium  salt.  [b] Added as

tetramethylammonium salt. [c] K, determined in triplicate; this error
corresponds to 95% confidence interval. [d] Error corresponds to
goodness of fit produced by Bindfit on supramolecular.org.?? n.d.=
not determined.

To identify the smallest possible size of cryptate for a
chloride ion, we synthesized a diol containing a C1 chain
(S9) in addition to diols 1, 2 and 3. Using our established
self-assembly conditions and C1 diol S9, we were unable to
observe the formation of the corresponding chloride
cryptate. Interestingly, when using a mixture of S9 and 1, the
formation of two cryptates with different sizes ([Cl-Co-Me,-
ur-(C1),C2]PPh,*, [Cl” Co-Me,-ur-C1(C2),]PPh,*) was ob-
served in high resolution ESI-MS measurements. We deduce
that the smallest possible cryptate capable of strongly
binding a chloride template incorporates two short C1 diols
and one longer C2 diol ([Cl Co-Me,-ur-(C1),C2]PPh,").
When we used a mixture of 1 and 2, all four possible
cryptates ([CI"Co-Me,-ur-C2]PPh,*, [Cl"Co-Me,-ur-
(C2),C3]PPh,", [Cl Co-Me,-ur-C2(C3),]JPPh,*, [Cl Co-
Me,-ur-C3]PPh,") could be detected (Table S4). Tandem
mass spectrometry (ESI-MS/MS)®)! allowed us to investigate
the stability of such heteroleptic cryptands and their chloride
complexes without having to isolate them from mixtures. In
the gas-phase, each precursor ion of the six cryptates was
therefore subjected to increasing collision energies which
first results in the release of the chloride ion (decrease of
cryptate, green curve in Figure 4) and increase of cryptand
(blue curve in Figure 4), followed by cryptand degradation
via bond breakage (red curve in Figure 4; first urea then
orthoester).

Dual Self-Assembly of Anion and Cation Cryptates

Having isolated and investigated these chloride-templated
cryptands, we wondered whether CsCl could be used as an
“ion pair template” in experiments aiming to self-assemble
hosts for the cation and anion simultaneously using the same
dynamic covalent exchange reaction. To this end, we treated
a chloroform/dimethyl sulfoxide (5:1) solution of diol 1 and

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. Ratio of cryptate, cryptand and products of degradation
depending of applied voltage obtained by electrospray-ionisation
collision-induced dissociation mass spectroscopy (ESI-CID-MS)
measurements. After isolation of the product peak, increasing the
voltage leads to release of the chloride ion (decrease of cryptate, green
curve), formation of cryptand (blue curve) and subsequently, cryptand
degradation (red curve). Ratio determined by relative intensities of
corresponding mass peaks. Collision energy is given as center-of-mass
frame (E.,n) in dependence on masses of collision gas (N,) and
precursor ion. The lines are shown to guide the eye.

triethylene glycol (TEG) with trimethyl orthoacetate, CsCl
and 2,3,4,5,6-pentafluorothiophenol as mild acid catalyst
(Figure 5a). After only 18 hours, 'H-NMR spectroscopy
revealed the complete consumption of orthoesters, along
with signals indicative of the expected orthoester cryptates.
Similar to the aforementioned procedure, the pure product
was obtained in good yield (59%) after quenching of the
exchange reaction with triethylamine, followed by precip-
itation with diethyl ether. As expected, the 'H-NMR
spectrum of this material resembles the sum of spectra for
the individual cryptates [Cl Co-Me,-ur-C2]PPh,* and
[Cs* Co-Me,-2.2.2]BArF- (Figure 5b). The same “additive
spectrum” is observed by ATR-IR (Figures S38 and S39).

To investigate the association of the hosts to the two
guest ions, additional amounts of CsCl were added and both
"H- and "*Cs-NMR spectra were recorded. The '"H-NMR
spectra show a pronounced shift of the signal corresponding
to the urea moiety, whereas the other signals are not
affected (Figure S40a). We explain this finding by DMSO
competing more effectively for Cs* than for Cl” binding,
which is in agreement with previous observations.* Never-
theless, a **Cs-NMRP! titration experiment clearly shows a
shift of the signal towards the reference (CsCl as external
standard in DMSO-d,), confirming that the Cs* ion is
bound, albeit weakly (Figure 5c). The identity of the sample
was further confirmed by high resolution ESI-MS measure-
ments. In the positive mode, only the positively charged part
of the ion pair receptor [Cs*Co-Me,-2.2.2] was detected,
while in the negative mode only [Cl”Co-Me,-ur-C2] was
observed. No larger complexes or mixed cryptates contain-
ing both kinds of diols were found (Figure 5d).

Next, we attempted to remove the CsCl from this
unusual dual-host ion pair receptor.”? Having failed with
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other methods (e.g. washing with MeOH or a solution of
NaOH in D,0), we found that repeated washing of the
precipitate with D,O decreased the amount of salt, such that
only traces of Cs™ were detectable by '*Cs-NMR (Fig-
ure S33). To gain further insights into the process of cryptate
formation, we decided to deliberately inhibit the template
effect of CsCl by using only dimethyl sulfoxide as a highly
competitive solvent (Figures S35 and S36). While 'H-NMR
spectroscopy indicated that orthoester exchange proceeded
successfully, no signals of the two expected cryptates could
be detected by ESI-MS. We deduce from this finding that
the Cs* and CI™ ions indeed act in concert to drive the self-
assembly reaction forward.

To gain deeper insights into the driving force behind the
formation of each cryptate, we performed the self-assembly
reaction with under-stoichiometric amounts of trimethyl
orthoacetate (2.1 equiv) such that diols TEG and 1 have to
compete for the orthoester. In this experiment, we still
observed the formation of both cryptates, but no longer in a
1:1 ratio. In the non-competitive experiment, cryptates
[CI"Co-Me,-ur-C2] and [Cs*Co-Me,-2.2.2] are formed in
ca. 1:1 ratio (as determined by quant. *C-NMR spectro-
scopy). However, when using only half of the orthoester, the
cryptates form in ca. 2:1 ratio, thus suggesting that the
formation of the chloride cryptate is somewhat preferred.
Additionally, we carried out the self-assemblies of each
cryptate separately using CsCl as the source for the Cs* or
Cl™ ion (previously these two ions had been complemented
with weakly coordinating counterions BArF~ and PPh,”,
respectively). Interestingly, compound [Cl Co-Me,-ur-
C2]Cs™ was obtained in 42% yield (Chapter 5.6 in the
Supporting Information) in this way, whereas only traces of
[Cs* Co-Me,-2.2.2]Cl™ could be detected in this attempt to
prepare this compound from CsCl (Chapter5.7 in the
Supporting Information). We conclude from these three
experiments that the formation of the chloride cryptate is
thermodynamically highly preferred in this solvent mixture
(CDCI/DMSO-d; 5:1) and provides most of the driving
force in mixed experiments. In contrast, the cesium cryptate
[Cs"Co-Me,-2.2.2] is only formed in the dual assembly
experiment as a consequence of the formation of
[Cl” Co-Me,-ur-C2], and the chloride cryptate can be seen as
a large, weakly coordinating anion that enhances the Cs*
template effect. While the supramolecular binding of anions
is generally seen as more difficult than the binding of
cations, our CsCl-driven dual host self-assembly clearly
represents a case where the opposite is true (at least in
CDCly/DMSO-d¢ 5:1).

Conclusion

We report the self-assembly of macrobicyclic hosts for
simple anions based on the urea binding motif and
orthoester bridgeheads. The cryptands and cryptates exhibit
complex intramolecular hydrogen bonding equilibria that
may be relevant in most multivalent anion receptors and
transporters possessing a certain degree of flexibility. Our
self-assembly approach allowed facile access to (mixtures of)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. a) Cesium chloride-templated co-assembly of two orthoester cryptates. Reaction conditions: 45 pmol cesium chloride, 189 pmol trimethyl
orthoacetate, 135 pmol triethylene glycol, 135 pmol diol 1 and 45 pmol 2,3,4,5,6-pentafluorothiophenol in CDCl;/DMSO-ds mixture (MS: molecular
sieves). Reaction time: 18 hours. b) Stacked plot of product after precipitation with diethyl ether (top), [CI"Co-Me,-ur-C2]PPh," (middle) and [Cs™
Co-Me,-2.2.2]BArF~ (bottom). c) "*Cs-NMR spectra of [CI”Co-Me,-ur-C2][Cs " Co-Me,-2.2.2] and addition of up to five equivalents CsCl. d) High-
resolution electron spray mass spectra. Top: positive mode. Main peaks belong to Cs™ ion and [Cs" Co-Me,-2.2.2]. Inset: top: experimental and
bottom: calculated isotopic pattern of [Cs " Co-Me,-2.2.2]. Bottom: negative mode. Main peak belongs to [Cl"Co-Me,-ur-C2]. Inset: top:
experimental and bottom: calculated isotopic pattern of [CI"Co-Me,-ur-C2].

heteroleptic host—guest complexes, which, thanks to tandem
mass spectrometry, could be studied in the gas-phase with-
out need of isolation in bulk. Having established both anion-
and cation-templated orthoester hosts, we attempted to
combine the two chemistries in one pot and were indeed
able to realize such a dual self-assembly with CsCl playing
the role of an “ion pair template”. Future work will focus on
more water-soluble building blocks for membrane transport
and release studies.
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