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ABSTRACT: This study presents a bioinspired ion host featuring
continuous binding sites arranged in a tunnel-like structure, closely
resembling the selectivity filter of natural ion channels. Our investigation
reveals that ions traverse these sites in a controlled, sequential manner
due to the structural constraints, effectively mimicking the ion
translocation process observed in natural channels. Unlike systems
with open binding sites, our model facilitates sequential ion recognition
state transitions, enabled by the deliberate design of the tunnel. Notably,
we observe dual ion release kinetics, highlighting the system’s capacity to
maintain ion balance in complex environments and adapt to changing
conditions. Additionally, we demonstrate selective binding of two
different ions�a challenging task for systems lacking structured tunnels.
KEYWORDS: confined space, ion transfer channel, spatial-temporal dimensions, controlled transport, dual ion release kinetics

■ INTRODUCTION
The controlled manipulation of substances within precise
spatial and temporal constraints is crucial for the fundamental
processes that sustain life. Biological ion channels are pivotal in
maintaining cellular equilibrium, transmitting neuronal signals,
and enabling muscle contractions, as they transport ions across
cell membranes with remarkable efficiency and specificity.1−3

These natural channels employ specialized selectivity filters to
allow for the precise movement of ions, which is generally
composed of protein sequences containing multiple continu-
ous ion binding sites.4−8 The unique ion translocation
mechanism has inspired the creation of synthetic analogs,
which has great implication in water purification and disease
treatment.9−15 To facilitate ion transport across lipid bilayers,
various noncovalent interactions, such as hydrogen bonding,
dipole interactions, and ion-π interactions have been
incorporated, where innovation designs include unimolecular
systems, self-assembled structures, and nanopore-based
channels.16−22 In addition to enhancing ion permeation rates
and selectivity, a significant focus of ion channel research is the
investigation of sequential ion movement across binding sites
within natural selective filters.23−26 The exact mechanism of
ion permeation, however, remains a subject of debate due to its
complexity.27 Research into ion translocation in artificial
systems provides valuable insights into ion dynamics, though
constructing such model systems poses distinct challenges.
Typically, ion binding in artificial systems with multiple
binding sites occurs randomly, even when these sites are
spatially connected.28−33 Alternatively, altering the ion’s
valence can facilitate its translocation between binding sites

with distinct recognition properties.34,35 In contrast, achieving
spatially dependent ion dislocation without altering their
valence is crucial for mimicking the elementary steps that occur
during the ion transfer in natural ion channels. To address
these issues, we propose a novel bioinspired receptor featuring
dual continuous ion coordination sites, with one situated in a
confined space. This design enables selective ion recognition
and facilitates ion dislocation from external to buried binding
sites (Figure 1), mimicking the sequential ion binding intrinsic
to natural ion channels, though without transporting ions
across a membrane. By enabling controlled ion dislocation
through selective interactions, this approach not only deepens
our understanding of ion dislocation mechanisms but also
opens the door to the development of smart supramolecular
systems. These systems are characterized by nonequilibrium
states and spatially controlled recognition processes. Inves-
tigations have demonstrated that this new ion receptor permits
ion dislocation within a confined environment, where the
transition between ion recognition states occurs sequentially
rather than randomly. Notable behaviors, such as the slow
release of ions and selective uptake of two distinct ions, were
demonstrated.
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■ RESULTS AND DISCUSSION
Our research began by exploring supramolecular systems
designed to accommodate multiple ions simultaneously, a
feature often seen in biomacromolecules and network
materials36−40 but less explored in artificial ion hosts. This
gap is especially notable in tubular systems that feature
interconnected binding pockets, which enable efficient ion
shuttling. A prominent example that meets these criteria is the
bis-crown-ether calix[4]arene.30,33 These molecules feature
two ion binding sites and allows for ion tunneling through the
channel formed by its calixarene backbone. However, the
coordination sites in these systems are exposed to the
surrounding solution, leading to a rapid and continuous
exchange between the bound ion and free ions in solution
(Figure 2a). Consequently, controlling the transition between
distinct ion recognition states (Figure 2a, labeled A through D)
becomes challenging. For example, the transition from state B
to state C can occur via intramolecular ion tunneling or
through intermolecular ion decomplexation and complexation,
using state A as an intermediary. Additionally, access to a two-
ion bound state can be achieved through multiple pathways: A-

B-D, A-C−D, or A-D. These various pathways add complexity
to the study of ion shuttling through the channel, diminishing
the system’s ability to mimic ion translation in biological
channels effectively. To mitigate intermolecular ion exchange,
our strategy involves encapsulating one crown ether moiety
within a confined space while leaving the other exposed to the
solution (Figure 2b). This design enables the exposed binding
site in E to readily capture ions from the solution.
Subsequently, the ion moves from the external crown ether
moiety to the internal one via the calixarene channel. Owing to
the confined binding pocket, this new ion receptor is
envisioned to allow for sequential (E-F-G-H) rather than
random interconversion between distinct ion recognition
states, as depicted in Figure 2b. This receptor design thereby
mimics the sequential interactions typical of the selectivity
filter domain of biological channels but does not perform ion
transport.
The target ion host was synthesized using a strategy similar

to the one employed for constructing calix[4]trap,41 a host
known for differentiating ions based on binding strength and
kinetic uptake rates. The synthetic pathway leverages the
unique attributes of calix[4]arene, which allows for structural
modifications at both the upper and lower rims, leading to
significant applications across various fields.42−46 Starting from
the previously described compound 3, we introduced a second
crown ether group by reacting with Ts(OCH2CH2)4OTs
under basic conditions in acetonitrile (Scheme 1).47 During
this reaction, the calix[4]arene structure flipped, likely due to
cation-π interactions between the bound K+ ions and the iodo-
substituted aryl sidewalls.48 Following this, Negishi coupling
was utilized to attach two aryl groups with terminal alkene
substituents. Ammonium ions served as template ions due to
its interactions with the aromatic sidewall, which promote the
conformation ideal for the ring-closing metathesis (RCM)
reaction (Scheme 1).49 1H NMR analysis of a mixture of 5 and

Figure 1. Design of ion host with a spatially confined ion recognition
tunnel.

Figure 2. Comparison between ion recognition behaviors of previous and our designed ion host. (a) Recognition behavior of ions host without
encapsulation of the chelating sites. (b) Recognition behavior of ions host with encapsulation of the chelating sites.
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NH4+ revealed a pronounced downfield shift in the proton
signals associated with the aromatic sidewall of 5, supporting
the occurrence of binding in solution. The X-ray single-crystal
structure revealed that two ammonium ions bind at distinct
sites: one exposed and the other buried (Scheme 1, 6). Finally,
removal of the ammonium ions using the organic superbase
DBU in refluxed toluene yielded the desired ion host. The X-
ray single-crystal structure of compound 7a confirmed its
configuration,50 featuring two contiguous ion-binding sites,
with the external crown ether moiety acting as an entry point
for ions into the binding tunnel (Scheme 1).
With the target ion host 7a in hand, we proceeded to

investigate its ion-binding properties. We added varying
amounts of K+ to a solution of 7a in a 4:1 mixture of
CD3CN and CDCl3 to ensure the dissolution of both ion-free
and ion-complexed forms of 7a (Figure 3a, 7a−7d). Due to the
strong binding affinity of 7a for K+ and its confined binding
cavity, the ion recognition process is slow on the NMR time
scale, allowing us to identify different ion recognition states
through 1H NMR analysis. The 1H NMR spectra revealed that,
with the addition of less than one equivalent of K+ to 7a, three
distinct species were present in the system: the uncomplexed
7a (red), K+ complexed at the external binding site (7b,
green), and K+ trapped in the buried binding site (7c, blue).
Notably, it takes time for K+ to enter the buried binding site,
enabling us to monitor the conversion between 7b and 7c
directly through 1H NMR (Figure 3c). Although the
concurrent conversion of 7a to 7b complicates the kinetic
analysis, we estimated the ion translocation rate (conversion of
7b to 7c) based on the ion release rate (1.36 × 10−5 s−1) and
the equilibrium constant (K = 1.83, Table S2), yielding a value
of 2.5 × 10−5 s−1. This suggests that the kinetics of ion uptake
and release are comparable, indicating a similar transition state
for both processes under these conditions. Since the ion must

dissociate from the external binding site before moving to the
buried site, the transition likely involves a high-energy barrier,
which accounts for the observed slow kinetics. Although the
kinetic complexity of the system hindered the direct measure-
ment of binding constants, 1H NMR data revealed that the
external binding site exhibits approximately 1.83 times stronger
binding affinity compared to the buried site (Figure 3a, 0.7
equiv of K+ added, and Table S2). Notably, the buried binding
site in 7a bears similarities to the previously reported
calix[4]trap,41 indicating comparable binding capacities.
Drawing on the literature values for calix[4]trap, we estimate
the binding constants for the external site (logK1) and the
buried site (logK2) to be approximately 8.8 and 8.6 at 25 °C,
respectively. When 1.5−2 equiv of K+ were added, species 7a
disappeared, while species 7d (marked in indigo), which binds
with two K+ ions, became more abundant. When more than 2
equiv of K+ were added, species 7d became the major
component. This titration experiment indicates the following:
1) each complexation state undergoes slow interconversion,
allowing clear characterization by 1H NMR; 2) 7a can complex
with K+ in a 1:1 or 1:2 ratio, with the complexation proceeding
sequentially. The first K+ ion has to enter the buried site
through the channel structure before the second K+ can
coordinate to the external binding site. These observations
indicate that there is a clear pathway for K+ recognition,
allowing the dislocation of K+ from the bulk solution to the
external binding site, and subsequently to the buried binding
site.
The system’s electronic properties changed significantly after

ion complexation, causing notable shifts in the chemical shifts
of the 1H signals in each complexation state. For example, in
the singlet 1H peaks labeled 1a, 1b, 1c, and 1d, K+
complexation exerts a deshielding effect, causing the 1H
NMR signals for 1a−1d to move progressively to a lower field.

Scheme 1. Synthetic Route for the Target Ion Host 7a
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The NMR signal shift observed during the conversion from 7a
to 7b is due to K+ binding with the external crown ether
moiety, which reduces the electron-donating ability of the
oxygen atom to the arene. In contrast, the distinct 1H NMR
shifts between 7a and 7c is largely attributed to the cation-π
interactions between the complexed K+ and the aromatic
sidewall. Notably, in 7c, the buried crown ether moiety is not
directly connected to the aromatic sidewall involved in the
cation-π interaction. Therefore, the pronounced downfield
shift observed in 7c cannot be attributed solely to ion-crown
ether binding. Additionally, density functional theory (DFT)
calculations of the electrostatic potential energy for 7a, 7b, 7c,
and 7d reveal that the energies around the flipped aromatic
ring are 57, 234, 278, and 468 kJ/mol, respectively (as shown
in Figure S33). The relatively small energy difference between
7b and 7c at this site aligns with the similar chemical shifts
observed for the proton labeled 1b and 1c in Figure 3a for
these two structures. As expected, the most downfield-shifted
1H NMR signal was observed in 7d, where both of the
aforementioned effects are present. Notably, we successfully
obtained the X-ray single crystal structures for 7a, 7b, and 7d
(Figure 3b),51 where cation-π interactions were observed in
7d. In the structure of 7d, the distance between the ion and the
flipped aromatic sidewall is approximately 3.3 Å, suggesting the

presence of a cation-π interaction.52 The growth of crystals for
7c was not successful, likely due to its inferior stability. We
next explored the recognition behavior of 7a toward other
cations. The results showed that 7a could complex with Li+,
Na+, K+, Rb+, Cs+, NH4+, and CH3NH3+ when an excess of
these ions was introduced to a solution of 7a in CD3CN/
CDCl3 (v:v 1:1). Among them, Na+, K+, Rb+, and NH4+ could
achieve dual complexation to form a 1:2 complex (for details,
see the NMR experiments in Figures S6 and S7 in the
Supporting Information). Due to the high hydration energy of
Li+, complete dehydration to access the buried binding site is
unfavorable, resulting in interactions only with the external
binding site. Similarly, large ions like CH3NH3+ cannot access
the buried binding site because their steric bulkiness prevents
them from passing through the channel (Figure S5 in the
Supporting Information). In contrast, Cs+, with its medium
size, can still pass through the channel and bind to the buried
site, although the process is quite slow. The X-ray single crystal
structures depicted in Figure S32 in the Supporting
Information indicate that the size of the bound ions has a
significant influence on the distance between the unflipped
aromatic rings around the naked crown-ether moiety.53 As the
radius of bound ions increases, the distance between these
unflipped aromatic rings is continuously increasing (Figure S32

Figure 3. (a) 1H NMR titrations of K+ into a solution of 7a. Titration was performed at 25 °C with an ion host concentration of 3 mM in
CD3CN:CDCl3 = 4:1. (b) X-ray single crystal structures of 7a, 7b, and 7d. (c) Changes in the relative concentrations of species 7b and 7c
following the addition of 0.33 equiv of K+ at 25 °C.
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in the Supporting Information). These observations collec-
tively suggest a size-dependent ion recognition selectivity.
Owing to its unique structure, the ion release behavior of

this system is interesting. Although this is the reverse process
of the previously discussed ion association, the kinetics may
differ significantly. In these experiments, we used crypt-
and[2.2.2] (K2.2.2) to trap the released K+, preventing any
rebound between 7a and K+. This approach allowed us to
visualize the kinetic process of K+ release. Using 1H NMR to
monitor the ion release, the experimental results showed that
once K2.2.2 was added, all 7d converted to 7c, indicating that
the K+ complexed with the external binding site undergoes
rapid chemical exchange with the free K+ in the bulk solution
(Figure 4). Over time, 7c was gradually converted to 7a,
eventually leading to the complete release of K+. Due to the
more rapid release of K+ at the external binding site compared
to the buried one, we did not observe the generation of 7b
during the ion release process (Figure 4). The K+ release from
the buried site was found to follow first-order kinetics, which is
not affected by the amount of K2.2.2 added (Table S7 in the
Supporting Information). Additionally, we used K2.2.2 to
measure the dissociation rates of Rb+ and NH4+ from the
buried binding site. The calculated dissociation rate constant
for Rb+ was 2.66 × 10−6 s−1, which was lower than that of K+.
The dissociation rate constant for NH4+ was 1.50 × 10−5 s−1,
situated between those of K+ and Rb+ (Figures S21 and S24 in
the Supporting Information). This result demonstrates a
correlation between the dissociation rate and the ion radius:
as the size of the ion increases, it becomes more difficult for the
ion to pass through the channel, thereby impeding the ion
release process. Collectively, the observations indicate that ion
release occurs successively, with the K+ bound to the external
binding site releasing more rapidly compared to that trapped
inside. This dual ion release behavior may have important
implications for ion regulation in complex systems. For

instance, when the concentration of K+ in the external
environment decreases, the externally coordinated K+ can be
readily released to rapidly compensate for the K+ shortage. If
the K+ shortage persists, the buried K+ undergoes slow release,
ensuring a prolonged K+ supply and increasing the system’s
ability to resist environmental stress.
To further demonstrate the unique property of 7a, which

possesses continuous binding sites, including one buried inside
the tunnel structure, we attempted to prepare an ion host
bound with two different ions selectively. We selected 15N-
labeled ammonium ions (15NH4+) as one of the ions for
investigation because its complexation with 7a can be clearly
analyzed and interpreted using NMR spectroscopy. The J
coupling between 1H and 15N allows for easy identification of
the 1H in 15NH4+ in both free and complex states.
Furthermore, unambiguous analysis can be performed using
1D 15N−1H Heteronuclear Single Quantum Coherence (1D
15N−1H HSQC) spectroscopy, where the simplified spectra
enable the identification of tiny variations in the ion
recognition process. Initially, we incorporated 0.5 equiv of
15NH4+ into the system. Utilizing 1D 15N−1H HSQC
spectroscopy, we confirmed that the hydrogen atoms of the
ammonium ions, whether coordinated at external binding site
or buried binding site, exhibit two similar chemical shifts in the
vicinity of 3.8 ppm (Figure S34 in the Supporting
Information). In the designed experiment, 2.0 equiv of
15NH4+ were mixed with 7a to obtain 7e containing two
bound 15NH4+ ions (Figure 5, 7e). Subsequently, 1.2 equiv of
K+ were added. Due to the higher affinity of K+ compared to
15NH4+ for the external binding site and the rapid ion exchange
kinetics, the externally bound 15NH4+ was selectively replaced
by K+, resulting in 7f with 15NH4+ and K+ bound to the buried
and external binding sites, respectively (Figure 5, 7f). This
process is supported by 1H NMR analysis. The characteristic
1H NMR signals for free 15NH4+ appear at δ 7.32 with J = 73.6

Figure 4. Kinetic study of K+ dissociation of 7d. The experiments were performed at 25 °C with an ion host concentration of 3 mM in
CD3CN:CDCl3 = 4:1.
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Hz, while the signals for the retained 15NH4+ appear at δ 3.86
with J = 73.6 Hz (Figure 5, 7f). Additionally, the 1H−1H
rotating-frame Overhauser effect spectroscopy (ROESY)
experiment further supports the localization of 15NH4+ in the
buried binding site (Figure S35, Supporting Information).
These observations confirm the formation of 7f, where
different ions are selectively positioned in the anticipated
binding sites. Notably, this recognition behavior contrasts
sharply with ion hosts that have only open binding sites, where
both 15NH4+ ions would be replaced immediately. We further
investigated the potential of constructing a reverse config-
uration, with 15NH4+ positioned at the external binding site
and K+ occupying the buried site. To achieve this, varying
amounts of 15NH4+ were introduced to an ion host preloaded
with two K+ ions. As the concentration of 15NH4+ increased, it
selectively bound to the external site, partially displacing K+,
while the buried K+ remained unaffected (Figures S36 and S37
in the Supporting Information). These findings highlight the
unique ion recognition capabilities of this system, which
incorporates continuous binding sites within a confined
environment.

■ CONCLUSIONS
In summary, we explored the distinctive ion recognition
capabilities of a bioinspired ion host featuring a continuous
array of binding sites, including one deeply embedded within a
tunnel-like structure. The process of ion uptake and release
occurs as ions translocation from one binding site to another in
a controlled and sequential manner. This movement is
governed by the spatial constraints and the tunnel structure,
effectively replicating the ion dislocation steps observed in the
selectivity filters of natural ion channels. Unlike systems with
solely open binding sites, this bioinspired model allows for a
sequential interconversion between different ion recognition
states, rather than a random exchange. Additionally, this

approach revealed novel properties such as dual ion release
kinetics, suggesting its potential effectiveness in regulating ion
balance in complex physiological conditions and responding
adaptively to environmental changes. We further delved into
the selective binding of two different ions, which poses a
challenge in systems with only open binding sites. We expect
that the construction of effective mimics of natural ion
channels would set the foundation for future innovations in
this field, paving the way for the development of materials
specifically engineered for tailored ion regulation.

■ METHODS

Procedure for the Synthesis of Calixarene Derivative 4
A solution of 11,23-diiodo-25,27-dihydroxycalix[4]arenecrown-5 (3)
(1.20 g, 1.43 mmol, 1.0 equiv) and K2CO3 (0.60 g, 15.80 mmol, 2.5
equiv) in acetonitrile (200 mL) was prepared. To this, tetraethylene
glycol ditosylate (0.72 g, 4.74 mmol, 1.0 equiv) was added, and the
mixture was refluxed at 125 °C for 5 h. Progress of the reaction was
monitored by UPLC and TLC. Upon completion, the acetonitrile was
evaporated, and the residue was dissolved in dichloromethane. The
resulting solution was passed through a short column of basic
alumina. The filtrate was collected, evaporated, and purified by silica
gel column chromatography using a petroleum ether/ethyl acetate
mixture as the eluent, affording product 4 as a white solid (0.72 g,
0.73 mmol, 51% yield).

Procedure for the Synthesis of Calixarene Derivative 5
1-Bromo-4-(pent-4-en-1-yloxy)benzene (0.60 g, 2.40 mmol, 1.0
equiv) was added to a 25 mL round-bottom flask, which was
degassed and purged with nitrogen three times. Anhydrous THF (2.0
mL) was added, and the reaction mixture was cooled to −78 °C using
a dry ice-acetone bath. A solution of n-BuLi in hexane (1.8 mL, 1.6 M,
2.88 mmol, 1.2 equiv) was then added dropwise, followed by a
solution of ZnCl2 in THF (3.6 mL, 1.0 M, 3.6 mmol, 1.5 equiv). The
reaction was stirred for 10 min at −78 °C. After removing the cooling
bath, calix[4]arene derivative 4 (581 mg, 0.59 mmol, 0.25 equiv) and
Pd(PPh3)4 (68 mg, 58.6 μmol, 10 mol % relative to compound 4)
were added to the reaction mixture. The reaction was stirred at room
temperature for 30 min. Once the reaction was complete, as
confirmed by UPLC and TLC, water was added to quench the
reaction. The mixture was diluted with ethyl acetate, and the organic
phase was washed with water and brine. The solvent was removed
under reduced pressure, and the crude product was purified by silica
gel column chromatography using a mixture of petroleum ether and
ethyl acetate as the eluent. This process yielded calixarene derivative 5
as a white solid (532 mg, 0.50 mmol, 85% yield).

Procedure for the Synthesis of Ion Host 7a
Calixarene derivative 5 (0.93 g, 0.88 mmol, 1.0 equiv) and
ammonium trifluoromethanesulfonate (0.44 g, 2.63 mmol, 3.0
equiv) were dissolved in 500 mL of acetone, and the solution was
purged with nitrogen for 10 min to remove any dissolved oxygen.
Grubbs second generation catalyst (75 mg, 87.8 μmol, 10 mol %) was
then added to the mixture. The reaction was heated to 40 °C under a
nitrogen atmosphere and stirred for 5 h. Upon completion of the
reaction, as confirmed by UPLC and TLC, ethyl vinyl ether (0.5 mL)
was added, and the reaction was allowed to proceed at room
temperature for an additional 30 min. The solvent was removed under
reduced pressure using rotary evaporation. The resulting crude
product was first purified via silica gel column chromatography using a
petroleum ether/ethyl acetate mixture as the eluent. Further
purification was carried out via reverse-phase column chromatography
(C18, 20−45 μm) with a methanol/water mixture as the eluent,
yielding compound 6 as a white solid (yield: 50%, 601 mg, 0.44
mmol). Compound 6 was then treated with 0.5 mL of DBU in
refluxing toluene for 30 min. Afterward, the solvent was removed via
rotary evaporation. The resulting material was washed with cold

Figure 5. Selective binding of two different ions using 7a in acetone-
d6:CDCl3 = 1:1.
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methanol (3x) to yield ion host 7a as a white solid (yield calculated
from compound 6: 95%, 431 mg, 0.42 mmol).
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