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ABSTRACT: The development of water-soluble multicharged
macrocycles has opened promising pathways in biomedical
applications, enabling selective molecular recognition for ther-
apeutic and diagnostic uses. Yet, traditional polyanionic and
polycationic receptors often face performance limitations under
realistic operating conditions. A major drawback is the natural
tendency of these polycharged hosts to experience increasing
screening effects as concentration rises due to self-ion pairing
phenomena, which can reduce binding efficiency by several orders
of magnitude. These issues are further intensified when polyionic
receptors are used in high-salinity environments, typically used to
replicate physiological settings, where the abundance of ions
introduces additional screening effects that diminish the supra-
molecular affinity for a wide range of guests. This study presents a new approach that leverages zwitterionic synthetic receptors with
rationally engineered architectures to overcome these challenges. By incorporation of specific structural features, self-ion pairing is
eliminated, effectively making host concentration no longer a controlling factor in the thermodynamics of the complexation process.
Additionally, these dual-charged hosts achieve self-contained stabilization, naturally shielding recognition sites from external ion
interference under high-salinity conditions. Furthermore, the ability of these supramolecular hosts to encapsulate zwitterionic guests,
a challenging task due to the strong solvation of these molecules in aqueous solution, adds significant value to the functional
versatility of these macrocycles. Altogether, these findings represent a significant advancement in the design of stable and adaptable

receptor systems for complex environments.

B INTRODUCTION

Over the years, the design of macrocyclic supramolecular hosts
has attracted considerable interest because of their extensive
potential in numerous biomedical applications.'”* These
synthetic receptors find use in contexts including drug
delivery,s_8 bioimaging,g_11 bios.ensing,lz_14 theranostics,">™""
disease inhibition,'®'® antimicrobial treatments,*’> drug
sequestration,”*° cell biomimicry,”**’ or tissue engineer-
ing.zg’29 Given these diverse bioapplications, it is essential that
these artificial hosts are functional in aqueous environ-
ments.”””" This requirement becomes especially crucial for
aromatic receptors, such as those belonging to the large
cyclophane family.>> Unlike other well-known macrocycles,
such as cyclodextrins, which naturally possess water-soluble
functional groups, cyclophanes generally exhibit intrinsically
low water solubility. This hydrophobic nature restricts their
utility in biological systems, where water solubility is a key
prerequisite. Consequently, it is often necessary to make use of
functionalization strategies to enhance their water compati-
bility, enabling their practical application in realistic biological
contexts.™
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Within the cyclophane family, pillararenes stand out due to
their remarkable synthetic versatility, which allows for the
relatively straightforward incorporation of functional groups
that provide the desired water solubility.”* Several synthetic
approaches can be applied, including mono-,* di-,***” and
tetra-functionalization,>®>’ together with rim differentia-
tion,*”*" lateral functionalization,*** and phenylene ortho-
substitution.*”* Still, one of the most widely adopted methods
is the per-functionalization strategy, which typically involves
decorating both the upper and lower rims of the hydrophobic
cavity with multiple (identical) charged groups.”* This
approach is especially advantageous because the high
symmetry of the final products helps to avoid complex
mixtures and the associated separation challenges. Moreover,
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Scheme 1. (a) Flowchart Depicting the Key Structural Elements in the Design of Supramolecular Receptors with Efficiencies
that Remain Unaffected by Varying Host Concentrations or the Presence of High-Salinity Environments, and (b) Synthetic
Strategy for the Preparation of a Water-Soluble Pillararene Endowed with Zwitterionic Functionalities and Comparative with

Previous Work
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the proximity of these charged groups to the hydrophobic
cavity may create a synergistic effect, where hydrophobic
interactions within the cavity and electrostatic interactions at
the portals work together.*® This combination facilitates highly
efficient molecular recognition between pillararenes and guests
containing polar and nonpolar domains, thus creating a
versatile system for aqueous environments.

At this point, it is important to highlight that incorporating
multiple charged groups at the portals of these macrocycles
may come with several drawbacks that can compromise their
complexation ability and consequently hinder the binding
process with potential guests. One significant issue is the
introduction of counterions, which inevitably accompanies the
incorporation of water-solubilizing ionic moieties. This can
lead to notable screening effects, as even at low host
concentrations, substantial self-ion pairing can occur.*” This
interaction creates a highly complex scenario in which
polycharged receptors can simultaneously adopt different
electrostatic configurations, resulting in varying supramolecular
affinities for a given guest molecule. Specifically, although
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highly charged configurations are predominant at low macro-
cycle concentrations, less charged versions dominate at higher
concentrations. These distinct degrees of neutralization of the
receptor’s portal charges profoundly impact binding affinity,
especially when electrostatic forces play a key role in the host—
guest interaction. In this regard, it is important to note that
although this effect is often overlooked in water due to its high
dielectric constant, reductions in complexation affinities by up
to 6 orders of magnitude have been reported for anionic guests
and deca-trimethylammonium pillar[5]arene bromide salts.*’
Notably, this effect has also been observed in scenarios
involving cationic guests in the presence of sulfonatocalix[4]-
arenes featuring counterions of different nature, where
increases in host concentration lead to a one-order-of-
magnitude decrease in supramolecular affinity.***’ Another
major concern is that synthetic receptors designed for
biomedical applications are typically studied in buffered
solutions or in the presence of added salts to simulate the
physiological pH and ionic strength. Similarly, these protocols
often undermine the binding process, as the large excess of
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Figure 1. Set of '"H NMR spectra in D,0 at 25.0 °C of: (a) p-toluenesulfonate ([TS™] = 2.0 mM), (b) mixture of zwitterionic pillararene ([ZP5A]
= 2.0 mM) and p-toluenesulfonate ([TS™] = 2.0 mM), and (c) zwitterionic pillararene ([ZPSA] = 2.0 mM).

ions added to the solution can lead to significant screening
effects, ultimately resulting in a reduced efficiency of the
supramolecular binding events.”” This phenomenon has been
observed in sodium sulfonatecalixarenes, where the introduc-
tion of excess Na' jons results in a two-order-of-magnitude
decrease in the supramolecular binding constant.*”>" Ulti-
mately, the extent of this effect depends on the specific
interactions between the host and its counterions, the
competitive equilibria with the guest, and the overall
experimental conditions that influence these interactions.”
Therefore, each system should be analyzed individually to
accurately evaluate its thermodynamic properties.

In response to these challenges, there is a pressing need for
novel synthetic strategies to create artificial receptors that
retain their operational features, regardless of working
concentrations or their use in high-salinity environments and
biological fluids.*®> For this reason, we propose the rational
design of a multicharged macrocycle whose architecture is
resilient to the disruptive effects of self-ion-pairing or external
ion-pairing phenomena, ensuring that its binding capacity
remains consistent despite variations in host content or their
use under conditions that mimic physiological settings. To
achieve this, a pillar[S]arene receptor is constructed that
features no formal counterions, thereby avoiding self-ion
pairing phenomena. Additionally, it incorporates zwitterionic
functionalities designed to provide the cyclophane with self-
contained stabilization, avoiding the need for interaction with
competing ions. Ultimately, this design enables the system to
maintain robust supramolecular affinities. Successfully achiev-
ing this stability in challenging settings, such as biofluids,
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would address long-standing limitations in host—guest
chemistry under physiologically relevant conditions. This
advancement could have far-reaching implications, not only
enhancing the applicability of macrocyclic hosts in clinical and
therapeutic settings but also opening new avenues for their use
in other high-salinity environments, where molecular inter-
actions can be inhibited. These include industrial processes
such as wastewater treatment,” oil recovery,54 or electro-
chemical energy storage,55 as well as the fabrication of smart
organic materials.”®

B RESULTS AND DISCUSSION

The synthesis of the perfunctionalized zwitterionic pillar[S]-
arene (ZPSA) is accomplished following the strategy partially
outlined in Scheme 1 (see the Supporting Information for
further details). At this point, it is crucial to emphasize that
several key factors must be carefully considered in advance to
ensure a reliable performance of this receptor. One critical
detail is that the ionic groups responsible for the macrocycle’s
solubility must either carry permanent charges or possess
sufficiently extreme pK, values to remain ionized across the
different pH levels encountered in physiological conditions.””
In this case, the quaternary ammonium and sulfonate groups
fulfill these requirements. Another important feature is that the
supramolecular host must lack formal counterions to avoid
self-ion-pairing effects, which often compromise the binding
efficiency of multicharged systems in aqueous environments.
This can be achieved by incorporating the zwitterionic
functionalities through reactions in which the precursors are
neither jonic in nature nor possess groups that, upon
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Table 1. Supramolecular Affinity Constants Determined by ITC for the Complexation of p-Toluenesulfonate with the
Zwitterionic and Cationic Pillar[5]arene (Averaged), Evaluated Both in the Absence and Presence (10.0 mM) of Inorganic

Salts
Host:Guest Added Kbinding
Host Guest complex salts (M)
N (6.8+0.1)x10°
salts
Y_e
- Yo (7.8+0.3)x10°
’H" N aoom | T
NaBF4 \
(10.0 mM) (7.6+£0.2)x10
ZP5A TS~ ZP5A: TS
No added (1L820.2)<10°
salts
= | ¢ e
= NaBr (5.5£0.2x10*
Q Q (10.0 mM) 5£0.
NaBF4 \
(10.0 mM) (2.3£0.2)x10
CP5A TS~ CP5SA: TS

heterolytic bond cleavage, would yield charged leaving
groups.”® In this case, both the Eschweiler—Clarke methylation
of primary amines using an excess of formic acid and
formaldehyde and the subsequent ring-opening reaction of
1,3-propane sultone effectively meet these requirements. The
initial reductive amination prevents the formation of
quaternary ammonium salts, while the N-alkylation proceeds,
avoiding the formation of counterions during the process. A
further crucial aspect of the design is the nature of the linker
that connects the positive and negative charges within the
zwitterionic chains, functionalizing the portals of the macro-
cycle. The length of this spacer must provide enough structural
flexibility to enable the chain to loop back on itself or interact
with neighboring chains, thus promoting the formation of
intramolecular jon pairs. This partial neutralization of the
charges avoids the need for association with external ions that
would otherwise be responsible for stabilizing the structure,
particularly in high-salinity environments. Here, the length of
the zwitterionic chain suggests that such folding is indeed
feasible, allowing for a partial offset of the charges among the
multiple functional groups of the macrocycle. In line with this
requirement, it is also essential that the ionic groups within the
zwitterionic functionalities exhibit similar dimensions. Accord-
ing to the law of matching water affinities (LMWA), ions of
similar size exhibit comparable hydration energies, which favor
the formation of small—small or large—large ion pairs.”” In
contrast, ions of different sizes generally display weaker
electrostatic attractions. Given the similar ionic radii of the
functional groups incorporated into ZPSA (quaternary
ammonium and sulfonate ions), intramolecular electrostatic
interactions are expected to be favored.

After the zwitterionic pillar[S]arene was synthesized, a
preliminary assessment was performed to ensure that
incorporating charged functional groups into the aromatic
structure leads to no colloidal aggregation. To this end,
diffusion-order spectroscopy (DOSY) is used to evaluate any
potential self-assembly based on the analysis of the diffusion
coefficients of ZPSA (Figures $22—S524). As shown in Table
S1, this parameter remains fairly constant across the working
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concentration range, indicating the absence of aggregation
phenomena. Following this validation, it is essential to assess
the impact of incorporating zwitterionic functionalities on the
selectivity and operational capabilities of this supramolecular
receptor. In this regard, the dual nature of ZPSA, featuring
both nonpolar and polar-charged domains, suggests that this
macrocycle possesses a robust capacity to interact with a
diverse range of ionic organic molecules. To assess the
specificity of the host, a selection of organic guests with varying
charge distributions is employed, allowing for a comprehensive
exploration of how electrostatic and hydrophobic interactions
contribute to the binding affinity. In pursuit of this goal, NMR
spectroscopy is applied due to its great potential to provide
detailed information on molecular interactions, binding sites,
and conformational dynamics in host—guest systems.”

The first guest selected is p-toluenesulfonate (TS™). As
shown in Figure 1, when 1 equiv of ZPSA is added to a
solution of TS~, the methyl group signal of the guest is
significantly upfield-shifted (A5 = —1.77 ppm) due to the ring
current effect of the aromatic inner space. This indicates the
formation of a ZPSA:TS™ complex, in which the aromatic ring
of TS™ is deeply embedded within the z-electron-rich internal
cavity of the pillararene. This binding event likely arises from
n—n and CH—r interactions between the macrocycle and the
guest molecule. The upfield shift is less pronounced for the
protons located ortho to the sulfonate group of TS~ (AS =
—0.18 ppm), suggesting that they are not as deeply inserted in
the receptor’s cavity. Thus, it is reasonable to assume that the
—SO;™ group is positioned in close proximity to the quaternary
ammonium groups at the portals of the macrocycle, further
stabilizing the inclusion complex through attractive electro-
static interactions. It is important to note that the behavior of
the zwitterionic pillar[S]arene in the presence of organic
anions mirrors that previously reported for its cationic
counterpart, CPSA (Scheme 1).*” This similarity in behavior
is logically expected, as in the current configuration, the
positive charges in ZPSA are situated at the portals of the
aromatic cavity, analogous to their positioning in CPSA. This
specific orientation promotes synergies where electrostatic

https://doi.org/10.1021/acs.joc.5c00068
J. Org. Chem. 2025, 90, 6134—6145


https://pubs.acs.org/doi/suppl/10.1021/acs.joc.5c00068/suppl_file/jo5c00068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.5c00068/suppl_file/jo5c00068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.5c00068/suppl_file/jo5c00068_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.5c00068?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.5c00068?fig=tbl1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.5c00068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

interactions cooperate with hydrophobic effects to enable more
efficient molecular recognition.

In order to complement the results obtained via '"H NMR,
isothermal titration calorimetry (ITC) is also employed (see
the Supporting Information for further details). This technique
provides direct measurements of the heat changes during the
binding process, offering essential insights into the binding
mode, as well as key thermodynamic parameters such as
binding affinity, enthalpy, and entropy in a single experiment.61
These data allow for a deeper understanding of how the host
and guest interact within the inclusion complex and offer
valuable information regarding the stability of the host—guest
arrangement. In this case, the calorimetric titration of ZPSA
with TS™ fits accurately to a 1:1 “one set of binding sites”
model (Figure S25). This approach enables the determination
of the thermodynamic parameters governing the binding event,
revealing an affinity constant of Kzpsaqs™ = (6.8 + 0.1) X 10°
M. As initially suggested by the NMR results, this significant
value can be attributed to the strong complementarity between
the host and guest, primarily driven by various noncovalent
interplays, including electrostatic forces, 7—x stacking, and
CH-r interactions. Consequently, in light of the numerous
favorable interactions between ZPSA and TS, it is reasonable
to foresee that the complexation process is primarily enthalpy-
driven. This is evidenced by the dominant contribution of
enthalpy (AH = —15.8 + 0.1 kJmol ™) to the free energy of the
process, which outweighs the favorable entropic change (TAS
= +5.97 + 0.50 kJmol™"). In this case, the observed entropic
contribution is characteristic of the classical hydrophobic
effect, resulting from the release of water molecules into the
bulk solvent as hydrophobic surfaces come into contact,
reducing the water-solvated surface area.

Once the binding constant between ZPSA and TS~ is
determined, it becomes crucial to assess whether the presence
of excess salts negatively influences the macrocycle’s affinity for
the guest molecule. As previously noted, introducing ions into
the solution to mimic physiological conditions often adversely
impacts the formation of host—guest complexes, particularly
when electrostatic interactions are key. To explore this,
calorimetric titrations are performed by introducing a
substantial excess of NaBr (Figure S26) and NaBF, (Figure
S27). Table 1 illustrates that the affinity constants obtained
from these experiments remain fairly unchanged, confirming
that the complexation process is resilient to the high salinity of
the environment. The consistent binding observed in the
presence of salts can be rationalized by the formation of
intramolecular ion pairs within the zwitterionic receptor. The
considerable structural flexibility of the linker connecting the
positive and negative charges of the macrocycle facilitates both
intrachain and interchain interactions, resulting in effective
self-contained stabilization of the multicharged pillararene in
aqueous solution. This conformational flexibility facilitates
interactions between similarly sized quaternary ammonium and
sulfonate ions. In the presence of NaBr, and as predicted by
LMWA, these interplays are favored over those with the
smaller bromide ion. This dynamic prevents Br~ from
associating with the macrocycle’s portals, effectively mitigating
the screening effects that typically hinder the formation of
host—guest complexes, especially in situations where electro-
static interactions are critical. These internal interactions are
also predominant when an excess of BF,” is present. Initially, it
could be expected that the larger size of BF,” compared to that
of Br~ would strengthen its interaction with the positive
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charges of the macrocycle. However, the high local
concentration of sulfonate moieties, which are physically
bound around the receptor’s portals, appears to be sufficient
to counterbalance the influence of excess interfering anions.
These findings starkly contrast with those determined
calorimetrically for the analogous pillar[S]arene, which is
exclusively cationic in nature (Figures $28—S30). As shown in
Table 1, for the same concentration of host, the average aflinity
constant between CPSA and TS~ significantly diminishes in
the presence of excess Br~, decreasing by a factor of 3. This
reduction is even more pronounced in the presence of an
excess of BF,”, where the affinity constant is reduced by a
factor of 8. This pronounced screening effect observed with
BF,” is expected, as the LMWA indicates that this anion
exhibits a greater affinity for the quaternary ammonium groups
of CPSA compared to that of Br~. Based on the results
presented in Table 1, the advantages of employing zwitterionic
pillararenes for encapsulating organic anions become evident,
as the self-stabilization of the macrocyclic structure effectively
mitigates the common screening effects encountered in high-
salinity solutions. This ability to counteract such effects is
further confirmed through titration experiments conducted at
137 mM NaCl, where it is shown that the affinity constant of
ZPSA remains stable even at biologically relevant salinity levels
(Figure S31). It is also important to note that this consistency
in supramolecular affinity appears to come with certain trade-
offs. Although the binding constants remain stable and
relatively high in value, they are lower than those observed
for the exclusively cationic pillar[S]arene. This reduction can
be attributed to a degree of charge attenuation at the portals
due to the formation of intramolecular ion pairs. Additionally,
the spatial arrangement of the zwitterionic chains surrounding
the macrocycle’s portals may introduce some steric hindrance,
impeding the inclusion of organic anions compared to the
more exposed cavity of CPSA. In any case, the operational
stability of ZPSA, combined with the magnitude of the binding
constants, demonstrates that the inclusion complexes are still
strongly favored, positioning the incorporation of zwitterionic
moieties as a promising alternative to traditional strategies for
the per-functionalization of supramolecular macrocycles.

At this stage, to provide further evidence supporting the
previous observations, increasing concentrations of ZPSA are
introduced into a solution containing a fixed amount of NaBr.
The extent of ion pairing between ZPSA and Br™ is assessed by
measuring the concentration of the remaining free bromide
ions in the solution. This is accomplished using a bromide-
selective ion electrode, which enables accurate detection and
quantification of the unbound Br™.%” As illustrated in Figure 2,
the concentration of free Br~ remains unchanged, even when
the concentration of quaternary ammonium groups, potentially
capable of interacting with Br~, is over 30 times higher than
that of NaBr in the solution. The lack of ion-pairing between
the bromide anions and the positive charges of the macrocycle
strongly indicates that the zwitterionic host is indeed self-
stabilized through intramolecular electrostatic interactions.
This finding sharply contrasts with the behavior observed
with the purely cationic pillar[S]arene. Here, a substantial
portion of bromide ions, inevitably introduced as counterions
during the incorporation of the quaternary ammonium groups,
remains bound to the macrocycle. This association of Br~ with
the macrocycle partially neutralizes the positive charges at the
portals, ultimately diminishing the overall supramolecular
affinity of the macrocycle.”’
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After demonstrating the exceptional ability of the zwitter-
ionic pillar[S]arene to form complexes with organic anions,
even under high-salinity conditions, the next step is to assess
whether ZPSA can also encapsulate organic cations. To test
this, benzyltrimethylammonium (BTA') is chosen as a
potential guest, and its interaction with the macrocycle is
analyzed using "H NMR, similar to the previous experiments
with anions. As shown in Figure S32, no shifts are observed in
the signals of the cation, ruling out the formation of an
inclusion complex. This behavior can be attributed to the
host’s architecture, where the cationic groups at the portals are
located near the hydrophobic cavity. The inclusion of the
aromatic ring of BTA" would cause the trimethylammonium
functionality to come into close contact with the quaternary
ammonium groups at the portals, leading to unfavorable
electrostatic repulsion. These findings emphasize the impor-
tance of synergistic interactions between electrostatic forces
and m-effects in defining the macrocycle’s selectivity.

At this point, considering the results obtained with both
organic anions and cations, it becomes essential to examine
ZP5A’s ability to interact with zwitterionic guests. This could
provide deeper insights into the complementary interactions
between the dual-charged nature of both the host and guest
molecules. This analysis is particularly important because
zwitterionic species in aqueous environments typically exhibit a
low tendency to form inclusion complexes due to their high
hydration levels and stabilization. Therefore, designing supra-
molecular receptors with a strong affinity for zwitterionic
entities remains a key challenge and an area of significant
interest in molecular recognition.”” To evaluate the capacity of
ZPSA to accommodate zwitterions, three compounds are
selected: 3-(N,N-dimethyloctylammonium)propanesulfonate
(Z1), octyl-(2-(trimethylammonium)ethyl)phosphate (Z2),
and hexyl-(2-(butylammonium )ethyl)phosphate (Z3) (Figure
3). These species share common structural features. All three
possess long hydrocarbon chains, which should favor the
inclusion of these zwitterions in the hydrophobic cavity of
ZPSA. Additionally, they exhibit a similar distance between
their cationic and anionic charge centers, facilitating a more
effective comparison. One of the primary differences among
the guest molecules lies in the geometric arrangement of their
charges relative to their nonpolar domain. For Z1, the cationic
group is adjacent to the hydrocarbon chain, while the anionic
group is located at the terminal position. In contrast, for Z2
and Z3, the anionic group is positioned adjacent to the
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nonpolar region of the guest molecule, while the cationic group
is located farther from the hydrophobic domain, being at the
terminal end in Z2 and at an internal position along the chain
in Z3. In addition, a critical difference between Z2 and Z3 lies
in the ability of Z3 to establish hydrogen bonds through its
—NH,*— functionality. This unique feature allows for the
investigation of synergies arising from the simultaneous
formation of electrostatic interactions and hydrogen bonding
between the guest and the host, which may result in more
efficient molecular recognition.

As an initial step, and following the same approach applied
to the previous guests, the interplay between ZPSA and Z1 is
analyzed via 'H NMR spectroscopy. As shown in Figure 3a,b,
the most prominent chemical shift changes upon host—guest
interactions occur in the hydrocarbon chain of Z1 (H1-H7).
The upfield shift of these protons, consistent with aromatic
ring current effects, indicates the encapsulation of the guest’s
nonpolar domain within the hydrophobic cavity of the host.
Additionally, a notable broadening of these proton signals is
detected, which is expected given the dramatic impact of
supramolecular inclusion on the relaxation times of the guest’s
protons.64 Furthermore, the remaining Z1 signals remain
unaffected, suggesting that protons outside the hydrophobic
tail are located far from the binding site. A similar trend is
observed when analyzing the chemical shifts of Z2 and Z3 in
the presence of ZPSA. In this case, significant broadening of
the hydrophobic tail protons (H1—H7) is detected for Z2
upon binding (Figure 3c,d). This effect is even more
pronounced for Z3, where the signals corresponding to the
hydrocarbon chain protons (H1—HS) completely disappear
upon complex formation (Figure 3e(f). These findings
collectively confirm the close contact between ZPSA and the
evaluated organic zwitterions, underscoring the critical role of
the guests’ nonpolar domains as essential structural motifs for
the formation of stable host—guest complexes.

Once this qualitative information is obtained, it becomes
essential to quantify the stability of the formed complexes. To
achieve this, ITC experiments are performed. The calorimetric
titrations of ZPSA with the zwitterionic guests Z1 (Figure
$33), Z2 (Figure S34), and Z3 (Figure S35) all fit accurately
to a 1:1 “one set of binding sites” model, thereby providing the
thermodynamic parameters that govern the complexation
events (Table 2). Several conclusions can be drawn from
analyzing the binding constants obtained through ITC. First,
the magnitude of these parameters is noteworthy, consistently
exhibiting values on the order of 10 M™". This is particularly
significant considering the substantial desolvation penalty that
zwitterions incur, which must be compensated by the
noncovalent interactions established within the supramolecular
complex. Moreover, it is crucial to highlight the differences in
how strongly the various guests bind to the pillararene within
this range of affinities. Notably, the equilibrium constant for
the formation of the ZP5A:Z2 complex is nearly twice that of
ZP5A:Z1. Understanding this increase requires considering
the insertion mode of the zwitterions, as previously elucidated
by 'H NMR experiments. Both Z1 and Z2 enter the
hydrophobic cavity through their hydrocarbon chains.
However, only Z2 enables a supramolecular arrangement
where the guest’s charges complement those at the portals of
the macrocycle, enhancing the binding interaction. The
distinct enthalpic changes observed in these two processes
further support this interpretation. The inclusion of Z2 in
ZPS5A is highly exothermic, which can be attributed to the dual
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Figure 3. Set of '"H NMR spectra in D,0 at 25.0 °C of (a) 3-(N,N-dimethyloctylammonium) propanesulfonate ([Z1] = 7.0 mM), (b) mixture of

zwitterionic pillararene ([ZPSA]
(trimethylammonium)ethyl)phosphate ([Z2]

7.0 mM) and 3-(N,N-dimethyloctylammonium)propanesulfonate ([Z1]
4.0 mM), (d) mixture of zwitterionic pillararene ([ZPSA]
(trimethylammonium)ethyl)phosphate ([Z2] = 4.0 mM), (e) hexyl-(2-(butylammonium)ethyl)phosphate ([Z3]

7.0 mM), (c) octyl-(2-
4.0 mM) and octyl-(2-

4.0 mM), (f) mixture of

zwitterionic pillararene ([ZPSA] = 4.0 mM) and hexyl-(2-(butylammonium)ethyl)phosphate ([Z3] = 4.0 mM), and (g) zwitterionic pillararene

([ZP5A] = 2.0 mM).

ionic interactions between the charges of Z2 and the
pillararene portals, combined with CH— interactions between
the hydrophobic chain of the guest and the receptor’s cavity. In
contrast, the reduced enthalpic change observed for the
formation of the ZPSA:Z1 complex reflects a less favorable
charge arrangement, limiting attractive forces to mostly CH—x
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interactions. The entropic term of the binding free energy also
seems to corroborate the hypotheses proposed regarding the
binding modes. While the formation of ZPSA:Z1 is associated
with a favorable entropic change derived from the classical
hydrophobic effect, the formation of ZPSA:Z2 involves a
negative entropic variation. This unfavorable contribution can
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Table 2. Molecular Structures of the Zwitterionic Guests Used in This Study alongside a Tentative Schematic Representation
of Their Interactions with ZPSA as Inferred from the NMR Data, and Thermodynamic Parameters for The Complexation of
These Guests with ZP5SA and CPSA Determined by ITC Measurements

Host Zwitterionic | Host:Guest Kbinding AH TAS
Guest Complex M (kJmol™) (kJmol™)
o
a
S _8 e
oN ‘
§ - .’ (1.4£0.1)x10° | —4.60+0.33 +13.35+0.38
Z1 ZP5A:71
9 :
©
o _2 e
o
§ — (2.5+0.6)x10° | —31.38+0.71 | —11.99+0.92
ZP5A 72 ZP5A:72
%Hz o
-_ 3 M
Ogg = u (4.840.2)x10° | —1.10£0.03 | +19.91+0.10
73 ZP5A:73
& - -
o= B
R, = 3
: ogb u (1.2+0.1)x10° | —24.94+0.67 —7.26+0.69
CP5A 73 CP5A:7Z3

be attributed to the significant immobilization of Z2 within the
macrocyclic cavity, where it is strongly anchored through two
electrostatic points of interaction, effectively restricting the
guest’s degrees of freedom upon binding.

At this point, it is necessary to analyze in detail the binding
process for Z3, given the additional potential of this zwitterion
to establish hydrogen bonds, which may confer greater stability
to the resulting supramolecular complex. In this case, the
formation of the ZPSA:Z3 complex exhibits a binding constant
nearly double that of the ZPSA:Z2 complex. Since the anionic
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group is common to both Z2 and Z3, the more favorable
formation of the ZPSA:Z3 complex can only be attributed to
the stronger interaction between the protonated secondary
amine of Z3 and the sulfonate groups of ZPSA. In this regard,
this interaction involves both electrostatic forces and hydrogen
bonding (i.e, a salt bridge) compared to the purely ionic
interaction between the quaternary amine of Z2 and the
anionic groups of the pillararene. In this context, as shown in
Table 2, it is important to highlight that the greater number of
noncovalent interactions Z3 can establish (compared to Z2)
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does not lead to an increase in the enthalpic change. On the
contrary, the enthalpic variation is significantly reduced,
suggesting the occurrence of a prior endothermic process.
Given the high structural flexibility of Z3, it is plausible to
hypothesize the preexistence of a robust intramolecular
hydrogen bond in this guest. Thus, the formation of the
ZP5A:Z3 complex should be understood as a host-induced
reorganization of Z3, involving the breaking of the intra-
molecular H-bond in the guest (AH > 0) prior to the binding
event (AH < 0). Ultimately, this energy compensation would
render the binding process strongly reliant on the entropic
contribution, which, as shown in Table 2, is clearly favorable
for the formation of the supramolecular complex. In this
scenario, the high affinity of Z3 for ZPSA can be attributed to
the increase in degrees of freedom arising from the disruption
of hydrogen-bonding constraints upon binding. This effect may
offset the entropy loss that is typically associated with complex
formation, leading to a net entropic increase.

To further support the above assumption, the binding
process between CPSA and Z3 is analyzed calorimetrically
(Figure S36). As shown in Table 2, the absence of anionic
functional groups at the portals of this pillararene has a
noticeable effect on the binding event. This is because a single
type of electrostatic interaction can occur between the host
and the guest, thereby reducing the affinity of Z3 for CPSA
compared to that observed for ZPSA. In any case, it is
important to note that this comparison is made in the
millimolar concentration range, where the electrostatic charge
of CPSA is partially screened, leading to a lower supra-
molecular binding constant.”” Alternatively, if the comparison
between ZPSA and CPSA were conducted in the micromolar
concentration range, CPSA would likely exhibit a higher
binding constant relative to ZPSA, as the cationic pillararene
would retain a higher effective charge under these conditions.
This increased charge could ultimately compensate for the fact
that Z3 interacts with CPSA solely through electrostatic
interactions. From an enthalpic perspective, the complexation
with the cationic pillararene is highly exothermic. This finding
rules out the occurrence of energy compensation phenomena,
given that no intermolecular interaction exists to disrupt the
intramolecular hydrogen bond of Z3, which remains intact.
The preservation of H-bonding logically impacts the entropic
term of the free energy as the structural constraints of the guest
are maintained. Consequently, a negative entropy variation is
observed in this case, although it is somewhat less pronounced
than in the ZPSA:Z2 complex. This difference can be
attributed to the presence of only a single electrostatic
anchoring point in the CP5A:Z3 complex, thus resulting in a
lesser degree of immobilization of the guest.

Finally, to further validate the performance of the
zwitterionic pillar[S]arene under high-salinity conditions, a
calorimetric evaluation of ZPSA with Z3 is conducted in the
presence of an excess of an external salt (Figure $37). In this
case, NaBF, is used at a concentration 100 times greater than
that of the macrocycle. This substantial presence of BF,”,
combined with its ionic radius, which is comparable to that of
the cationic groups on the receptor’s portals, creates a scenario
designed to mimic conditions where these external anions
could easily induce screening effects, thereby diminishing the
binding affinity of ZPSA for Z3. However, the calorimetric
experiments yield a binding constant value of Kypg.73 = (2.4 +
0.1) X 10° M7, indicating that, despite a slight decrease, the
affinity of the macrocycle remains relatively stable and is not
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significantly affected by the high-salinity conditions employed
in this analysis. This result confirms the applicability of ZPSA
in encapsulating zwitterions in complex media, a task that is
often challenging due to the high stabilization of these species
in their free form in aqueous solution.

B CONCLUSIONS

This study reveals the considerable potential of zwitterionic
synthetic receptors with rationally engineered architectures for
achieving more efficient molecular recognition. A distinct
advantage of this approach is the absence of formal
counterions, which inherently prevents self-ion-pairing phe-
nomena and provides a competitive edge over receptors that
are exclusively polyanionic or polycationic. Such receptors are
often prone to screening effects, especially as the host
concentration increases, which can severely diminish binding
affinity. In the context of supramolecular chemistry, eliminat-
ing host concentration as a controlling factor in the binding
process is particularly valuable as analytical techniques used to
determine binding affinities vary in sensitivity and concen-
tration ranges, often resulting in discrepancies in calculated
binding constants. Another key benefit of this synthetic
strategy is the development of a zwitterionic system with
permanently maintained charges, irrespective of pH, where
charge centers exhibit strong mutual affinity. Facilitated by the
receptor’s structural flexibility, this attraction prevents external
ions from outcompeting for the recognition sites, thereby
supporting reliable performance even in high-salinity environ-
ments that simulate physiological conditions. In such settings,
intramolecular stabilization arising from within/between the
zwitterionic functionalities keeps the receptor’s supramolecular
binding fairly intact, making these systems especially promising
for applications in complex biological scenarios where stable
host—guest interactions are essential. Additionally, synergistic
interplay with zwitterionic guests brings further advantages to
this design, given the inherent challenges of complexing these
molecules due to their strong solvation in aqueous solution.
These developments hold significant potential, unlocking new
opportunities for the application of supramolecular hosts not
only in clinical and therapeutic contexts but also in salt-rich
environments, where molecular interactions are typically
limited.
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