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This review article focuses on the functionalization and dynamic functional switching of low-spin d°
cobalt(m) complexes derived from various oligo(saloph) structures, such as bis(saloph) macrocycles and
tris(saloph) cage complexes (Hpsaloph = N,N'-disalicylidene-o-phenylenediamine). The bis(saloph) dico-
balt(i) complexes with methylene- or phenylene-bridged ligands exhibit reversible redox-driven struc-
tural switching, in which the axial functional ligands dissociate and reassociate in response to the Co"'/
Co" interconversion. The ether-bridged macrocyclic bis(saloph) cobalt(i) complexes show excellent
cation binding affinity at the central Og binding site, which is significantly influenced by the nature of the
axial ligands at the cobalt centers. In particular, an anion-capped structure leads to the formation of a
unigue metastable host—guest complex, enabling stimuli-responsive behavior upon external triggering.
Post-metalation ligand exchange with anionic ligands and bridging diamine ligands provides a versatile
strategy for structural and functional tuning of these macrocyclic hosts. In some complexes, the ligand
exchange reactivity and the guest binding affinity enhance each other. A helical tris(saloph) cobalt (i) cryp-
tand exhibits dynamic P/M chirality interconversion via the axial ligand exchange involving achiral or chiral
amines, allowing precise control over the chirality inversion rates and enabling a unique transient chirality

Received 25th June 2025, inversion during racemization. Furthermore, closed-cage metallocryptands bearing bridging diamine
Accepted 21st August 2025

DOI: 10.1039/d5dt01501d

ligands effectively suppress the guest uptake/release kinetics. Thus, the introduction, removal, and
exchange of axial ligands (X) in the [Co(saloph)X,]*-type units have been successfully employed for the
rsc.li/dalton functionalization and dynamic switching of metallohosts and metallo-supramolecular structures.

1. Introduction bonds.™ Some of these compounds exhibit unique host-guest
binding affinities toward molecular and ionic guest species,’
The salen ligandi' and its phenylene analog, the saloph taking advantage of the rigid and shape-persistent nature of
ligand,}" are versatile tetradentate chelate ligands that provide the salen/saloph complex structures, which arises from their
a planar N,0, coordination environment (Fig. 1a). Some of the well-defined chelate coordination motifs.
resulting transition metal complexes have been used as cata-
lysts,? liquid crystals,® and sensors,* and are known to exhibit
unique magnetic® and optical properties,® as well as biological
activities.” In addition to simple monomeric structures, many
oligomeric compounds containing multiple salen units have
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tH,salen = N,N'-disalicylideneethylenediamine. ligand exchange in [Co(saloph)X,]* structures, allowing for tunable pro-
1 H,saloph = N,N'-disalicylidene-o-phenylenediamine. perties at the axial positions.
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Among the metals that can be incorporated into these oligo
(salen)/-(saloph) structures for metallohosts and metallosupra-
molecular systems, those with a d® electron configuration,
such as nickel(n)" and palladium(m),'® are particularly advan-
tageous. Their square-planar geometry aligns well with the
planar N,O, coordination environment provided by the salen/
saloph ligands. Metalation of these ligands yields rigid square
planar complexes through the simultaneous formation of four
coordination bonds, which facilitates the predictable and
selective formation of shape-persistent structures. In addition,
the resulting d® square-planar complexes are diamagnetic. The
use of diamagnetic metals is, in fact, essential for the investi-
gation of metal-containing supramolecular and host-guest
structures, as it allows for NMR measurements for structural
elucidation and detailed analysis of host-guest binding.

In contrast to the square-planar metal ions, pentacoordi-
nate metal centers situated in the salen/saloph coordination
pocket can accommodate an additional monodentate ligand.
For example, parent salen/saloph ligands are known to form
mononuclear pentacoordinate complexes formulated as [Zn
(salen)X]/[Zn(saloph)X] (X = H,O0, py, etc.)"” or dimeric com-
plexes [Zn,(salen),]/[Zn,(saloph),] in which one of the phenoxo
oxygen atoms occupies the apical position of the counterpart
Zn**.*® This fifth coordination has been utilized for the con-
struction, structural conversion, and functionalization of
various types of multi-metal self-assembled structures.'®!

Analogously, hexacoordinate complexes, [M(salen)X,]/[M
(saloph)X,], can be obtained by introducing two additional
monodentate ligands (X) to the metal centers in the salen/
saloph coordination site. In fact, the salen/saloph ligands can
accommodate various metal ions with an octahedral geometry,
which is the most common and ubiquitous coordination struc-
ture adopted by a wide range of transition metal ions. In most
cases, the N,O, donor set of the salen/saloph ligands occupies
four equatorial positions around the octahedral metal ion.
Accordingly, the two X ligands in the [M(salen)X,]/[M(saloph)
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X,] complexes occupy ¢rans positions to each other, located at
the axial positions relative to the MN,O, plane in the [M
(salen)]/[M(saloph)] structures (Fig. 1a).*

In particular, among various salen/saloph complexes con-
taining an octahedral metal ion, the cobalt(ur) complexes, [Co
(salen)X,]"/[Co(saloph)X,]",>*** offer significant advantages.
Owing to the large ligand field splitting originating from the
low-spin d° electron configuration, diamagnetic complexes are
usually obtained exclusively and predictably, which facilitates
investigation based on NMR spectroscopy. In addition, these
low-spin cobalt(u) complexes are generally inert and stable,
which allows various types of site-selective functionalizations at
the axial positions without loss of the central cobalt(ur) ion
from the salen/saloph structures. Ligand exchange occurs
slowly and only at the two axial X positions in the [Co(salen)
X,]"/[Co(saloph)X,]" structures, on a timescale of minutes to
hours, owing to their inert nature (Fig. 1b). This reactivity is
useful for the slow, time-dependent control of functions in the
multi-metal structures.>® Although kinetic inertness often
hampers the integration of dynamic functions into metal com-
plexes, [Co(salen)]/[Co(saloph)] structures offer a distinct advan-
tage: their axial positions remain sufficiently reactive while the
equatorial CoN,O, core maintains structural integrity. This
spatially controlled reactivity enables the rational design of
dynamic, switchable systems based on inert cobalt(u) centers.

Cobalt(u) complexes are particularly suited for functionally
relevant structural transformations via selective axial ligand
exchange, even though other transition metal complexes such as
Pd, Pt, and Fe also exhibit kinetic inertness. Furthermore, the
redox activity of cobalt(ur), especially the Co™/Co™ couple, offers
additional opportunities for external control and switching of
functions,?” which is less accessible in Pd, Pt, Zn, or Fe systems.
Indeed, a wide range of cobalt(u)-based redox-responsive func-
tional molecules and supramolecular architectures have been
developed, demonstrating the broad versatility and growing
importance of switchable metal-containing structures.?®

This review article focuses on the functionalization and
dynamic switching of the low-spin d® cobalt(m) complexes
derived from various kinds of oligo(saloph) structures, such as
bis(saloph) ligands (H,L', H,L?, H,L?, H,L*) and the tris
(saloph) cage (HeL’) (Fig. 2). In particular, introduction,
removal, and exchange of the axial ligands X in the [Co(salen)
X,]"/[Co(saloph)X,]" structures®® have been efficiently
employed for functionalization and the dynamic functional
switching of metallohosts and metallo-supramolecular struc-
tures incorporating cobalt(ir) centers.

2. Functions of bis(saloph) cobalt(in)
complexes based on axial

coordination

2.1. Methylene-bridged macrocyclic bis(saloph) dicobalt ()
complexes for redox-driven structural switching

A bis(saloph) macrocyclic ligand, H,L" (Fig. 2),>° in which two
H,saloph motifs are connected by two methylene linkers to

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Chemical structures of bis(saloph) compounds, HsLY, HsL2, HaL3,
H4L?%, and tris(saloph) cage Hel®.

form a macrocyclic framework, was synthesized. A series of
doubly bridged dicobalt(m) complexes, L'Co,(DAn),, was pre-
pared by reacting H,L' with cobalt(u) acetate in the presence
of various diamine ligands (DAn = DA1-DA6) under aerobic
conditions (Fig. 3a).>* These complexes were characterized by
spectroscopic methods and X-ray crystallography, revealing
dinuclear structures featuring two diamagnetic cobalt(u) ions
bridged by diamine ligands, such as alkanediamines DA1-DA4
with varying methylene chain lengths (Fig. 3a). The use of
oligo(ether) diamines, DA5 and DA6, introduced potential
cation binding sites into the dicobalt(im) macrocycle, analo-
gous to crown ethers.

While the cobalt(m) ions in the L'Co,(DAn), complex prefer
a hexacoordinate octahedral geometry (Fig. 3a), reduction to
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Fig. 3 Redox switching of dinuclear complexes L'Co,(DAn),. (a) The
oxidized state with octahedral cobalt(m) ions. (b) The reduced state with
tetracoordinate cobalt(i) ions.
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cobalt(u) leads to a less coordinated geometry (Fig. 3b). This
Co™/Co"™ redox transformation can be exploited to switch
between the bound and unbound states of the axial ligands at
the cobalt centers. Electrochemical measurements exhibited
redox waves with large peak separations, suggesting that the
redox processes are accompanied by significant changes in
coordination geometry.*® Specifically, the Co™ — Co"
reduction occurs in the hexacoordinate state with bridging
diamine ligands, whereas the Co™ — Co™ oxidation occurs in
a tetracoordinate state lacking the diamine ligands (Fig. 3b).
The reversible structural transformation between these two
states was further confirmed by electrolytic absorption spec-
troscopy as well as mass spectrometry.

Thus, the doubly bridged structure can be constructed and
destructed by association/dissociation of the axially coordinat-
ing diamine ligands DAn in response to redox changes. This
would significantly change the host-guest binding behavior in
the polyether-based cavities of L'Co,(DA5), and L'Co,(DA6),.
However, these dinuclear cobalt(u) complexes did not exhibit
any binding affinity for alkali metal ions such as Li*, Na', or
K".?° This may be attributed to the positive charge of the dica-
tionic L'Co, core, which experiences strong electrostatic
repulsion with cationic guests.

2.2. Phenylene-bridged bis(saloph) dicobalt(ur) complexes for
redox-driven structural switching

The acyclic bis(saloph) ligand, H,L* (Fig. 2), in which two
Hjsaloph units share a single phenylenediamine subunit, is
known to form a series of dinuclear complexes where the two
metal centers are electronically coupled.”®***' This H,L?
ligand was used to prepare the dinuclear cobalt(m) complex
L*Co,(B1),, which features four crown ether subunits at the
axial positions of the cobalt(m) centers (Fig. 4).>> The complex
was synthesized by the reaction of H,L> with cobalt(u) acetate
in the presence of 4-aminomethylbenzo-15-crown-5 (B1) under
aerobic conditions.

Since each face of the L?Co,(B1), complex functions as a
bis(15-crown-5) host capable of binding a cationic guest in a
sandwich fashion, the complex was expected to bind two K'
ions on both faces to form a 1:2 (host/guest) complex.
However, spectroscopic measurements revealed that this
L’Co,(B1), complex exhibits K" binding with 1:1 stoichio-
metry, as confirmed by Job plot analysis and mass spec-
trometry. This binding behavior can be rationalized by the
molecular deformation caused by the first guest binding in a
[(15-crown-5),K]" sandwich fashion, which may increase the
distance between the two crown ether moieties on the opposite
face, thereby suppressing the second K' binding. This
L’Co,(B1), complex also undergoes a reversible Co™/Co™ redox
interconversion, accompanied by the association/dissociation
of the axially coordinating crown ether subunits B1 (Fig. 4).>*

The Co™/Co™ redox interconversion of the same dinuclear
L*Co, motif was also exploited for the reversible association/
dissociation of dendrimer subunits G3. The dinuclear complex
L’Co,(G3),;, which contains four dendrimer subunits G3
(Fig. 5),>* was expected to undergo Co™/Co" redox switching

Dalton Trans.
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Fig. 4 Redox-driven structural conversion of crown-ether-functiona-
lized complex L?Co,(B1),. (a) Oxidized state and (b) reduced state. Only
the oxidized form L?Co,(B1), can bind a K* ion in a sandwich fashion,
enabling redox-switchable guest binding.
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Fig. 5 Chemical structure of the dendrimer-functionalized dinuclear
complex L2C0,(G3),.

R=tBu
L2Co,(G3),

accompanied by the reversible binding of the dendrimer sub-
units G3. However, under electrochemical conditions,
L’Co,(G3), did not exhibit efficient redox switching, likely due
to the steric bulkiness of the dendrimer subunits G3. Instead,
photo-driven redox reactions proved effective: upon photoirra-
diation (1 > 420 nm) in a degassed DMF solution containing
triethanolamine as a sacrificial electron donor, the complex
was reduced to a tetracoordinate dicobalt(i) species. This
reduced form can be re-oxidized by air exposure to regenerate
the initial hexacoordinate dicobalt(u1) complex. Thus, despite
the steric hindrance from the bulky dendrimer subunits,
reversible association/dissociation of the dendrimer subunits
in L>Co,(G3), was successfully achieved via photo-driven redox
switching.
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2.3. Ether-bridged bis(saloph) dicobalt(u) macrocycles for
controlled guest binding

An ether-bridged bis(saloph) macrocycle, H,L* (Fig. 2), which
is an oxygen analogue of the methylene-bridged bis(saloph)
macrocycle HyL', was synthesized.** Owing to the ether lin-
kages, the metalated form, L’M,, features an 18-crown-6-like
central binding cavity surrounded by six oxygen donor atoms,
which exhibit excellent binding affinity for cationic guest
species. For example, the nickel() metallohost L*Ni, (Fig. 6a)
strongly binds to Na* to form a 1:1 host-guest complex and
interacts with larger alkali metal ions (K', Rb", Cs") to afford
unique stacked structures.>**® This higher binding affinity
arises from the combination of negatively polarized phenoxo
oxygen atoms and the well pre-organized structure of the
metallohosts. This section focuses on the guest binding behav-
ior of the hexacoordinate cobalt(m) analogues L>Co,A,
(Fig. 6b), which have four primary amine ligands A at the axial
positions of the cobalt(in) centers.

Since the dinuclear cobalt(m) metallohosts 1°Co,A, are
dicationic, they were expected to show a poor cation binding
affinity due to electrostatic repulsion, especially in comparison
to the non-charged nickel() analogue L’Ni,. Contrary to expec-
tations, however, the cobalt(in) metallohost 1*Co,(MeNH,),,
bearing four methylamine ligands, showed excellent binding
affinity toward various cationic guests, such as a monovalent
cation, Na* (K, = 8.5 x 10° M), and even a multivalent cation,
La*" (K, = 2.4 x 10° M").*° In the crystal structure of the Na*
inclusion complex, 1>Co,(MeNH,),Na, the Na* ion is located
precisely at the center of the O¢ binding site (Fig. 7a). The tri-
flate counter anions not only directly coordinate to the Na* ion
but also form hydrogen bonds with the methylamine NH,
groups on both faces of the macrocycle, resulting in a unique
anion-capped structure (Fig. 7b).*° These noncovalent inter-
actions appear to contribute not only to the strong cation
binding, but also to blocking guest entry/exit, acting like a cap
or lid on a container.

In fact, the guest uptake/release rates of the metallohost
L>Co,(MeNH,), were found to be slow on the '"H NMR time
scale for cationic guests such as Na®, K', and Ca**. Notably,
the uptake of the La®" ion was particularly slow (ki, ~ 107> M ™"
s™Y), requiring nearly 100 h to reach completion. This remark-
ably slow uptake was attributed to the anion-capped structure,

xR 50 L

L3Ni, L3Co,A,

A= MeNH,
EtNH,
PhCH,NH,
PhC,H,NH,
PhC,HeNH,

Fig. 6 Chemical structures of (a) L3Ni, and (b) L3Co,Aa.
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Fig. 7 (a) X-ray crystal structure of L>Co,(MeNH,)sNa. The two TfO~
counter anions are also shown. (b) Schematic drawing of the anion-
capped structure of the host—guest complex, L*Co,(MeNH,)4Na. (c)
Plots of mole fractions of the La®>* complex versus time after the
addition of K* in CDzOD: (i) in the absence of AcO™; (i) in the presence
of AcO~; (iii) guest exchange was initiated when AcO™ was added as a
trigger after 120 h. (d) Conversion of the metastable state [K* complex +
unbound La*'] into the thermodynamically most stable state [La®*
complex + unbound K*] triggered by AcO™. Adapted in part with per-
mission from ref. 39.

as the uptake rate was found to depend significantly on the
nature of counter anions.

This anion-capped structure also contributed to the decel-
eration of guest exchange in the metallohost L>Co,(MeNH,),.
A compelling demonstration is the formation of a metastable
host-guest complex, that is, a kinetically trapped state in
which a weaker guest is preferentially bound within the host
cavity, leaving a stronger guest unbound. From a thermo-
dynamic viewpoint, the metallohost showed a lower affinity for
K" (K, = 1.1 x 10° M) than for La*" (K, = 2.4 x 10° M™1).
However, when K' and La*" were simultaneously added, K"
was selectively taken up for kinetic reasons. Guest exchange to
the thermodynamically favored La*" complex was not observed
even after 2 weeks (Fig. 7c(i)), indicating that the guest
exchange was almost completely kinetically suppressed.
Typically, guest binding in simple crown ethers is fast enough
that the thermodynamically most stable complex is always
selectively formed. In this context, the cobalt(m) metallohost
L3Co,(MeNH,), gives the first metastable host-guest complex
derived from a simple macrocyclic host (Fig. 7d).>**°

Such a metastable state retains the potential to transition to
the thermodynamically most stable structure at any time when
triggered. In the aforementioned case, the mixture of the K
complex with unbound La*" remained in a kinetically trapped
metastable state, where the conversion to the thermo-
dynamically most stable state was suppressed, but this conver-
sion was accelerated by the addition of acetate ion as a trigger
(Fig. 7c(ii), (iii) and d). This represents a new type of on-
demand, stimuli-responsive function that exploits the long-
lived yet transformable nature of a metastable host-guest
complex.

This journal is © The Royal Society of Chemistry 2025
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Thus, the guest uptake/release rates of the metallohost
L%Co,(MeNH,), were found to be significantly decelerated by
its anion-capped structure. These rates were also expected to
be influenced by the structure of the amine ligands A coordi-
nating to the cobalt(un) ions. In order to clarify this effect, a
series of dinuclear metallohosts L?Co,A,, each bearing four
primary monoamine ligands (A = EtNH,, PhCH,NH,,
PhC,H,NH,, PhC;HNH,) with or without a phenyl group
remote from the O binding cavity, were synthesized (Fig. 6b).
All these metallohosts exhibited a consistent selectivity trend
among alkali metal ions: Na* > K" > Rb* > Cs". This trend was
primarily attributed to differences of up to ~500 000-fold in
the release rate constants koy, following the order of Na* < K*
<Rb" < Cs".M

The structural variation in the amine ligands A also
affected the binding behavior in both thermodynamic and
kinetic aspects (Table 1). For example, the binding constants
of LCo,A, (A = EtNH,, PhCH,NH,, PhC,H,NH,, PhC;H¢NH,)
with Na" differed by up to 200-fold. The introduction of a
phenyl group generally weakened the binding, with the ben-
zylamine analogue, L3C02(PhCH2NH2)4, showing the lowest
affinity. A detailed analysis of the uptake/release rates, k;, and
kout, revealed that the phenyl-containing derivatives generally
exhibited a faster release rate k., and slower uptake rate k;y.
Since the Na'-bound species of these phenyl-containing com-
plexes, L*Co,(PhC,H,,NH,),Na (n = 1,2,3), have quite similar
structures to each other, in which the Na' guest is located at
the center of the Oy cavity, the differences in the binding con-
stants K, are mainly ascribed to variations in the uptake rates
kin. Crystallographic analysis of the guest-free metallohosts,
L3Co,(PhC,H,,NH,), (n = 1,2,3), revealed that some of the
phenyl and methylene C-H groups interact with the oxygen
atoms of the Og binding site via C-H---O interactions. This
suggests that guest binding requires additional energy to over-
come this extra stabilization (Fig. 8).*!

2.4. Ligand exchange of bis(saloph) cobalt(m) metallohosts
for control of the guest binding affinity

Since cobalt(m) is inert due to its low-spin d° electron configur-
ation, dissociation of the cobalt(um) ion from the tetradentate
saloph chelate ligand is essentially negligible. Nevertheless,
the Co-N bonds to the monoamine ligands A are relatively
dynamic, thus allowing the ligand exchange in a site-selective
fashion (Fig. 1b). This reactivity is advantageous for

Table 1 Binding constants and uptake/release rate constants for the
host—guest complexes of L*Co,A, with Na* 2

K, (M™) kin M7 kout (571
A = EtNH, 9.6 x 10° 1.1x10° 0.12
A = PhCH,NH, 4.9 x 10* 5.2 x 10* 1.05
A =PhC,H,NH, 3.8x10° 9.0 x 10* 0.23
A = PhC;H¢NH, 8.1 x 10° 1.0 x 10° 0.12

“In CD;0D. ” Determined by 'H NMR spectroscopy. Data taken from
ref. 41.
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L3Co,(PhC,H,,NH,),

L3Co,(PhC,H,,NH,),Na

Fig. 8 Guest binding equilibrium of L*Co,(PhC,H,,NH,), (n = 1,2,3).
The definitions of the uptake and release kinetic rate constants, k;, and
kout. for the host—guest binding equilibrium are shown. Extra stabiliz-
ation via C—H---O interactions by the phenyl capping can explain the
relatively weaker binding compared to L3Co,(EtNH),.

functionalization after the L3Co, dinuclear structures are con-
structed, i.e., the post-metalation modification enables altera-
tion or fine-tuning of molecular functions, such as the host-
guest binding affinity, as seen in the post-synthetic modifi-
cation of various molecular cages and MOFs.** Indeed, the
guest binding affinity of the dinuclear metallohosts L>Co,A4
was significantly influenced by the structure of the primary
amine ligands A introduced at the cobalt(u) centers, as
described in the previous section.

In this context, the synthesis of analogous 1°Co0,A; com-
plexes bearing different types of amine ligands, such as a sec-
ondary amine (pip = piperidine) and a tertiary amine (quin =
quinuclidine), was attempted using the same protocol as that
for L’Co,(MeNH,),.*> Whereas the piperidine-coordinating
complex, L>Co,(pip)s, was successfully obtained, the quinucli-
dine-coordinating complex, L>Co,(quin),, was not obtained.

Regarding the ligand exchange reactivity, the methylamine
ligands in L’Co,(MeNH,), were not readily exchanged with
other amines (pip, quin) (Fig. 9a). In contrast, the piperidine-
coordinating complex, L*Co,(pip)s, was efficiently converted
into the methylamine-coordinating complex, L3Co,(MeNH,),
(Fig. 9b), but not into the quinuclidine complex, L>*Co,(quin),
(Fig. 9¢). Thus, the affinity order of the amines for the cobalt
(m) centers in L>Co,A, followed the trend of primary amine >
secondary amine > tertiary amine, which can be attributed to
the steric bulk around the nitrogen donor atom. Among the
isolable L’Co,A; complexes, the piperidine-coordinating
complex, L’Co,(pip)s;, was found to be the best starting
complex for ligand exchange, as it exhibited the highest
reactivity.*?

It is noteworthy that the ligand exchange of L>Co,(pip),
with pyridine selectively afforded a di-exchanged product,
L3Co,(pip)a(py)s, instead of the tetra-exchanged species,
L3Co,(py)s (Fig. 9d). X-ray crystallography and "H NMR spec-
troscopy revealed the anti-diagonal stereoconfiguration of this
product, in which each cobalt center bears one pip and one py
ligand occupying opposite positions on the two faces, e.g., pip
above and py below on one cobalt center, and reverse on the
other. This stereoselectivity can be attributed to the doubly
curved structure of the L*Co, framework, in which the bulkier
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Fig. 9 Structural conversion of L*Co,(pip)s and related complexes via
ligand exchange. Path (h) represents the acceleration of ligand exchange
with AcO™ in the presence of Na*.

piperidine ligands preferentially occupy the two convex faces,
while the pyridine ligands reside on the narrower concave
faces. The same product, the anti-diagonal L>Co,(pip).(py)a,
was also selectively formed via the reverse ligand exchange
(py — pip) starting from L>Co,(py), (Fig. 9e).

A similar  anti-diagonal  di-exchanged  complex,
L3Co,(pip)(OAc),, was obtained by the reaction of L3Co,(pip)s
with acetate ion (Fig. 9f). This complex was obtained as pre-
cipitates directly from the reaction mixture in 82% isolated
yield.

These results demonstrate that a variety of post-metalation
modifications of L3Co,A, metallohosts can be achieved by
exploiting the reactivity of the axial ligands coordinating to the
cobalt(m) centers.””> Such modulations provide a means to
tune the binding affinity for cationic guests such as Na" within
the central Oy cavity.

The di-exchanged complex, L>Co,(pip),(OAc),, showed high
affinity for cationic guests, owing to charge compensation of
the dicationic L’Co, core by the newly introduced anionic
acetato ligands. Indeed, Na" ion was quantitatively taken up to
form the inclusion complex L>Co,(pip),(OAc),Na (Fig. 9g),
whose structure was unambiguously determined by X-ray
crystallography.

In contrast, when NaOTf was added to a CD;CN solution of
the starting piperidine-coordinating complex, L>Co,(pip)s, for-
mation of the Na' inclusion complex was not observed, indi-
cating its lower guest binding affinity. However, upon treat-
ment of this mixture with AcO™, ligand exchange rapidly pro-
ceeded, concomitant with Na' uptake, to afford
L>Co,(pip),(OAc),Na (Fig. 9h). These observations clearly
demonstrate that the guest binding affinity of the piperidine-
coordinating complex L*>Co,(pip), is enhanced by exchange of
the neutral piperidine ligands with anionic acetato ligands.*?
Moreover, the presence of Na' ion significantly enhanced the
ligand exchange reactivity of the L*Co,(pip), metallohost.
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Thus, the ligand exchange reactivity and the guest binding
affinity of L*Co,(pip), were mutually enhanced. This interplay
became even more evident in the guest binding of L’Co,(pip)s
accompanied by exchange with methoxo ligands under solvoly-
tic conditions.

The piperidine-coordinating complex L>Co,(pip), slowly
underwent solvolysis in CD;OD, affording a new species
rather than immediately forming a simple guest-bound
complex, L’Co,(pip)s;Na.** Spectroscopic and crystallo-
graphic investigations revealed that the resulting product
was an inclusion complex L*Co,(pip),(OMe),Na, in which
two piperidine ligands were replaced by methoxo ligands.
Detailed analysis of the reaction progress indicated that the
reaction first produced a mono-exchanged guest-bound
species, L>Co,(pip);(OMe)Na, which was then converted into
the di-exchanged species, L*Co,(pip),(OMe),Na. In the first
step, ligand exchange and Na' uptake appear to occur
concurrently.

More precisely, this process can be interpreted in terms of
two possible mechanisms. One is the reaction first mechanism
(Fig. 10A), in which exchange with the methoxo ligand occurs
prior to guest binding. In this mechanism, the coordination of
the anionic methoxo ligand cancels the positive charge of the
cobalt(m) center, thereby enhancing the binding affinity for
cationic guests in the central Og cavity. The other is the reco-
gnition first mechanism (Fig. 10B), in which guest binding
occurs before ligand exchange. In this mechanism, the pres-
ence of the guest in the central O cavity facilitates ligand
exchange reaction at the cobalt(u) centers.

These two mechanisms can be distinguished by analyzing
the ligand exchange kinetics at varying guest concentrations.*’
In practice, the ligand exchange rate of L*Co,(pip), increased
proportionally with the concentration of Na', supporting the
recognition first mechanism (Fig. 10B). In contrast, the ligand
exchange rates observed in the presence of 1 equiv. of K' or
Rb" were not significantly different from that without any
guest, supporting the reaction first mechanism (Fig. 10A).**

reaction

pi pi pip  OMel*
I MeOH I I first (A)
L)
T T ¥ T
pip  pip pip  pip
L*Co,(pip), L3Co,(pip);(OMe)

|

L2Co,(pip)sNa

L3Co,(pip)s(OMe)Na L3*Co,(pip),(OMe),Na

recognition
first (B)

Fig. 10 Guest uptake behavior of L®Co,(pip)s associated with the
ligand exchange reaction under solvolytic conditions. The recognition
first mechanism (B) is suggested when Na* is bound.
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Thus, the mechanism of guest binding can be switched simply
by changing the guest ions.

In enzymatic reactions, substrate binding is often
accompanied by structural changes in the host protein. The
well-known induced-fit mechanism describes a structural
change in a protein that occurs as a result of substrate
binding. More recently, an alternative mechanism known as
conformational selection has been proposed, in which the
conformational change precedes substrate binding.*® The
reaction first and recognition first mechanisms proposed in
this study correspond to the conformational selection and
induced-fit mechanisms, respectively, in enzymatic systems.
Notably, this study provides the first demonstration that
switching between these two mechanisms can be achieved
simply by selecting different guest ions.

2.5. Ligand exchange of bis(saloph) cobalt(u) metallohosts
with bridging diamines for guest recognition control

As described in the previous sections, L>Co,(pip); proved
useful as the starting compound for the post-metalation modi-
fication to introduce various types of monodentate ligands,
particularly primary amines. Its high reactivity toward primary
amines also enabled the incorporation of diamine molecules
bearing two terminal primary amino groups. Indeed, ligand
exchange of L’Co,(pip), with 1,6-hexanediamine (DA1)
afforded a doubly bridged metallohost, L3*Co,(DA1),, in 77%
yield (Fig. 11a). This product has two bridging DA1 ligands on
both faces of the macrocyclic plane.*”

The utility of the ligand exchange strategy for synthesizing
the doubly bridged complex L>Co,(DA1), was demonstrated by
a failed attempt to obtain it directly from its components,
H,L?, Co(OAc),, and DA1, under aerobic conditions (Fig. 11b).
This reaction instead yielded a singly bridged species, formu-
lated as 1.°Co,H(DA1),(OAc) (Fig. 11c). These results suggested
that the singly bridged species is thermodynamically more
favored in the presence of AcO™ than the doubly bridged
species. Indeed, the doubly bridged species 1°Co,(DA1), was

¥ 7
pip Ap-p HoLe Co(OAd),
L3Co,(pip)y = ‘Ceeecccscccsccscccsaes
DA1 =
HoN NH;| (a) (c) HNT SN ANH2
DA1 (b) )

L:Co,(DA1),

K, =360 M-

L3Co,H(DA1),(OAc)

K, =670 M-!

\ (d) Bu,NOAc

L:Co,(DA1),(OAc)

K, = 64000 M-

(e) Bu,NOAc /

Fig. 11 Formation of doubly and singly bridged metallohosts with the
1,6-hexanediamine ligand (DA1) based on the L*Co, macrocycle.
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gradually converted into the singly bridged species
L3Co,(DA1),(OAc) in the presence of AcO™, although this con-
version was slow and incomplete (28% conversion after 24 h)
(Fig. 11d).

Among the two types of bridged metallohosts, the doubly
bridged species, L*Co,(DA1),, showed a lower binding affinity
for Na* (K, = 360 M™"), which may be attributed to hindered
access of counter anions due to the bridging ligands DA1. The
Na® binding affinity of the singly bridged species, L°Co,H
(DA1),(OAc), was only slightly higher (K, = 670 M™"), which
can be rationalized by electrostatic repulsion from the proto-
nated amino group (NH;") at the terminus of the non-bridging
diamine ligand DA1. Indeed, once this complex was deproto-
nated with Bu,NOAc (Fig. 1le), the resulting species,
LCo,(DA1),(0OAc), showed a significantly higher binding
affinity for Na* (K, = 64 000 M~ "). Thus, the gate-opening from
the doubly bridged to the singly bridged structure significantly
enhanced guest binding affinity.*’

As described in the previous sections, the guest binding
affinity and ligand exchange reactivity enhanced each other in
the case of the piperidine-coordinating complex, L>Co,(pip)s.
A similar mutual enhancement was observed between the
gate-opening reactivity of the doubly bridged species,
L3Co,(DA1),, and the Na* binding in the cavity. While the con-
version of the doubly bridged species L’Co,(DA1), into the
singly bridged species L>Co,(DA1),(OAc) was slow (28% conver-
sion after 24 h; k = 3.7 x 107° s7') as mentioned above
(Fig. 11d), this reaction was significantly accelerated in the
presence of Na*, by approximately 75-fold (k = 2.8 x 107* s7%).
Thus, the Na' binding and the closed — open conversion of
the doubly bridged species L’Co,(DA1), proceeded in a
mutually promoted manner.*”

2.6. Shape-complementary introduction of bridging ligands
into bis(saloph) cobalt(u) macrocycles

A larger class of macrocyclic bis(saloph) ligands was also
employed in the synthesis of dinuclear structures, in which
the two bridging ligands connect the cobalt(m) ions.*® This
doubly bridged complex was synthesized by the reaction of
macrocycle H,L* (Fig. 2) with Co(OAc), followed by the reaction
with the bis-pyridine ligand BP1 (Fig. 12a). The resulting
complex, L**Co,(BP1), (Fig. 12b), was characterized by NMR
spectroscopy and mass spectrometry as well as X-ray crystallo-
graphy. Given its structural similarity to Pd,L, lantern-shaped
cage structures,” the doubly bridged dinuclear cobalt(m)
complex L**Co,(BP1), can be regarded as a trans-A,B,-type het-
eroleptic cage, because two types of arms alternately connect
the two cobalt(m) ions. Previously, special strategies such as
shape-complementary assembly were required for the syn-
thesis of such heteroleptic cages.*®

Whereas the L**Co,(BP1), complex has two identical brid-
ging BP1 ligands on both faces, two different bridging ligands
can also be selectively introduced into the L**Co, macrocycle
via the shape-complementary assembly approach.’® Indeed, a
heteroleptic doubly bridged complex, L**Co,(BP2)(BP3), was
successfully synthesized (Fig. 12c) using a similar protocol
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Fig. 12 Lantern-shaped cage structures based on the bis(saloph)
macrocycle H,L*. (a) Bis(pyridine) ligands used as bridging ligands. (b)
Symmetric doubly bridged complex L**Co,(BP1),. (c) Unsymmetrical
doubly bridged complexes L*Co,(BP2)(BP3), which can be regarded as a
lantern-shaped cage incorporating three or four different arms.

with a combination of the convergent-shaped BP2, which is
based on carbazole, and the divergent-shaped BP3, which is
based on fluorene (Fig. 12a)."® X-ray crystallography clearly
demonstrated the face-selective bridging of the two different
bis-pyridine ligands, each geometrically suited to the bent
L*Co, macrocyclic framework; the divergent-shaped BP3 binds
to the concave face, while the convergent-shaped BP2 occupies
the convex face. Notably, the corresponding reactions using
only BP2 or BP3 with the L**Co, macrocycle failed to yield the
doubly bridged structure. Detailed investigation revealed that
the selective formation of the mixed-ligand species, L**Co,(BP2)
(BP3), is ascribed to its thermodynamic stability.

Furthermore, the unsymmetrical macrocycle H,L*® was
employed in the synthesis of the mixed-ligand species
L**Co,(BP2)(BP3) (Fig. 12c). This complex has four different
arms between the two cobalt(m) ions, which can be regarded
as an M,ABCD-type lantern-shaped cage, a structure that was
previously considered difficult to synthesize.*®

3. Functioinalization of tris(saloph)
cobalt(in) cages by axial coordination

3.1. Dynamic chirality inversion of helical tris(saloph) cobalt
() cryptands by ligand exchange

A cryptand-like tris(saloph) cage ligand, HeL® (Fig. 2),>* fea-
tures a bicyclic structure in which the three arms are doubly
connected through two propeller-shaped triphenylbenzene
subunits. Each arm contains a tetradentate H,saloph chelate
coordination site, which can accommodate a transition metal
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ion. The triply metalated species, L°M;, is also expected to
show strong binding affinity toward cationic guest species, due
to the negatively polarized phenoxo groups in the [M(saloph)]
substructures, as observed in the macrocyclic bis(saloph) ana-
logues L*M,. Indeed, the trinuclear nickel(n) complex L>Nij,
(Fig. 13a) was found to exhibit unique binding behavior
toward alkali metal ions, silver ion, guanidinium ion, etc.>*">*

This cryptand ligand H¢L® can be converted into a trinuclear
cobalt(u) complex, L’CozAq. The six axial ligands A, coordinat-
ing to the three cobalt(m) ions in the saloph arms (Fig. 13b),
can be replaced or modified, enabling functionalization and
structural conversion of the cryptand framework. In fact, the tri-
nuclear complexes L’Co;A, (A = Me,NH, pip) were synthesized
by the reaction of H¢L> with cobalt() acetate in the presence of
appropriate amines A under aerobic conditions.>®

The three [Co(saloph)A,]" arms of the trinuclear complexes
L’CozA, form a triple helix that extends toward the two propel-
ler-shaped triphenylbenzene cores at the bridgeheads of the
cryptand. In fact, the triple helical structure of the corres-
ponding nickel(n) analogue, L°Ni;, was confirmed by X-ray
crystallography. This structure exhibits dynamic behavior,
enabling interconversion between the P and M forms.>*>* The
present cobalt(m) analogues L°CosA,, which contain achiral
amine ligands (A = Me,NH, pip), also adopt a similar helical
structure. The P and M forms constitute an enantiomeric pair,
yielding an equilibrated racemic mixture due to the dynamic
chirality interconversion. However, ligand exchange of the [Co
(saloph)A,]" (A = Me,NH, pip) arms with a chiral amine ligand
makes the P and M forms diastereomeric, thereby shifting the
P/M equilibrium accordingly (Fig. 14a).

Indeed, the addition of chiral amines, S-A1 or S-A2, to
L’CozAs (A = Me,NH, pip) resulted in ligand exchange with
these chiral amines, accompanied by a gradual P/M equilibrium
shift (Fig. 14a).>® The progress of ligand exchange at the cobalt
(m) centers was easily monitored by "H NMR spectroscopy as
well as mass spectrometry. For example, the dimethylamine-
coordinating complex L’Cos(Me,NH), was gradually converted
to L>Coj,(S-A2)s upon addition of 12 equiv. of the chiral amine S-
A2. This ligand exchange induced an equilibrium shift toward
the P form, as evidenced by the growth of the negative CD signal
at 550 nm (Fig. 15a(ii)). Time-course measurements indicated
that the ligand exchange was almost completed within 3 h.

One notable advantage of this system is that the rate of the
P/M equilibrium shift can be modulated by selecting different

L5Ni, L5Co;A,

Fig. 13 Chemical structures of the metallocryptands, (a) L*Niz and (b)
L>CosAs.
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Fig. 15 Time-dependent changes in CD intensity at 550 nm observed
during the ligand exchange of L°CozAs. (a) CD intensity of L>CosAg (A =
Me,NH, pip) plotted versus time after the addition of S-Al or S-A2 (12
equiv.). (b) CD intensity of L°Cos(Me,NH)g plotted versus time after
sequential addition of S-Al followed by a second chiral amine R-Al or
R-A2 (120 equiv.). Adapted with permission from ref. 55.

combinations of the initial achiral amine A and the added
chiral amine (Fig. 15a(i-iv)). For example, when the chiral
amine S-A1 was added instead of S-A2 to L’Coz(Me,NH)g, the
equilibrium shift proceeded more rapidly. In contrast, when
the piperidine-coordinating complex L’Cos(pip)s was used
instead of L°Co;(Me,NH) as the initial complex, the reaction
became significantly slower. As a result, among the four poss-
ible combinations, the rate of the P/M equilibrium shift
differed by up to 60-fold.>

The ligand exchange strategy was also effective in inducing
P/M chirality inversion when chiral amines with the opposite
stereoconfigurations were used as the initial and added chiral
sources (Fig. 14b). In fact, a P-major mixture was first prepared
by the addition of the chiral amine S-A1 to racemic
L°Cos(Me,NH)g, which was then inverted to an M-favored
mixture upon addition of a large excess of another chiral
amine, R-A1, possessing the opposite stereoconfiguration. This
P/M chirality inversion was monitored by time-dependent CD
spectroscopy (Fig. 15b); upon addition of the second amine,
the negative CD signal at 550 nm decreased and inverted
within 8 min, then became nearly constant after 1 h. When
another second chiral amine, R-A2, was used instead of R-A1l,
the P - M chirality inversion occurred 6 times more slowly.
Thus, the 1L°CozAs complex was shown to be a useful helical

Dalton Trans.


https://doi.org/10.1039/d5dt01501d

Published on 30 2025. Downloaded on 06/10/25 07:50:40.

Perspective
molecular platform®®”” capable of modulating the response
speeds of both the P/M equilibrium shifts and the chirality
inversion through the choice of initial and added amines.>®

The reverse ligand exchange, i.e., replacing a chiral ligand
with an achiral ligand, showed a unique time-dependent
change. When the achiral amine, piperidine, was added to
L’Coj3(S-A1)s, the six chiral amine ligands (S-A1) were gradually
replaced by piperidine, yielding L>Cos(pip)s, which no longer
contained any chiral sources in its molecular structure. This
process converted a diastereomeric pair of L’Co;(S-A1)s with a
biased P/M ratio (P/M = 88:12) into an enantiomeric pair,
which, in principle, could afford a racemic P/M mixture
(Fig. 14c), assuming rapid P/M interconversion. Thus, the CD
signal was expected to monotonically decrease and eventually
become silent along the progress of the ligand exchange.
However, the CD intensity exhibited an unusual irregular time-
dependent change beyond expectations.>®

As already stated, L°Co,(S-A1), exhibited a negative CD
signal at 550 nm due to its P-preference (Fig. 16a(i)), but the
addition of a large excess of piperidine as an achiral amine
(120 equiv.) caused an immediate decrease in the CD signal
followed by a reversal instead of a simple monotonic decay to
zero. The resulting positive signal reached its maximum inten-
sity after 2 h (Fig. 16a(ii)), and then gradually diminished,
eventually becoming CD-silent after 3 d (Fig. 16b(i, ii) and c).
This behavior indicated that the predominant chirality transi-
ently shifted from P to M before complete racemization
occurred (Fig. 17).°® Normally, when an optically active chiral
compound undergoes racemization, its optical purity monoto-
nically decreases to zero, and the chirality never inverts during
the racemization process. Such a sign inversion before reach-
ing equilibrium position is commonly observed in physical
phenomena, such as damped oscillations, but is quite rare in
the relaxation behavior of chemical reactions.

This unusual and irregular time-course change during
the racemization of L’Cos(S-A1)s was investigated in detail
by spectroscopic techniques, which clearly demonstrated
that the six-step ligand exchange with piperidine was com-
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Fig. 16 Time-dependent changes in the CD spectra of metallocryptand
L5Cos(S-Al)¢ after addition of piperidine (120 equiv.). (a) Full CD spectra
for 0-120 min and (b) after 120 min. (c) CD intensity at 550 nm plotted
versus time. Adapted with permission from ref. 58.
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Fig. 17 Overview of the transient P/M chirality inversion observed
during the racemization of L°Cosz(S-Al)s via ligand exchange with
piperidine.

pleted within 1 h to afford L°Co;(pip)s, ie., at an early stage
of the entire time-dependent process. The rate constants for
all the ligand exchange steps were determined, revealing
that the tetra-exchanged intermediate, L°Cos(S-A1),(pip)s,
which still retained two chiral S-A1 ligands, preferred the
reversed stereoconfiguration, namely the M helix (Fig. 17a).
It then lost all the chiral S-A1 ligands while maintaining this
M-biased configuration to afford L>Cos(pip)s (Fig. 17b),
which could undergo only slow racemization over 2-3 d
(Fig. 17c¢) due to the steric hindrance imposed by the six
bulky piperidine ligands.”®

Considering the above findings, opposite chiralities
emerged during the forward (achiral — chiral; Fig. 14a) and
reverse (chiral — achiral; Fig. 14c¢) ligand exchange reactions
between piperidine and the chiral amine S-A1. During the
ligand exchange of L’Co;(pip)s with S-A1, the P form was
always dominant (Fig. 14a), resulting in a monotonic
increase in the P/M ratio. In contrast, the M form transiently
became dominant during the ligand exchange of L>Cos(S-
A1)s with piperidine (Fig. 14c), leading to an unexpected
transient chirality inversion (Fig. 17). This behavior consti-
tutes a hysteretic cycle, because the M form appeared only in
the reverse reaction. Such an unusual time-dependent
change was discovered primarily because both the multi-
step ligand exchange at the cobalt(mi) centers and the P/M
chirality inversion of the L°Coz;As framework occurred on a
similar timescale of minutes to hours, readily observable on
a human time scale.

3.2. Tris(saloph) cobalt(m) closed cages for guest uptake/
release control

Closed-cage type host molecules were anticipated to be
formed when diamine ligands were introduced into the
cryptand cage L°Co; in a bridging fashion between neigh-
boring cobalt(ir) ions at the cage apertures, as demonstrated
in the macrocyclic dinuclear complex L>Co,(DA1),. The
resulting closed cage species, L’Cos(diamine); (Fig. 18),
could serve as a molecular container, because guest uptake/
release is completely blocked by the bridging diamine
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Fig. 18 Chemical
L>Cos(diamine)s.

structures of closed metallocryptands,

ligands, functioning much like a container with a cap or a
lid. This effective gating arises from the kinetic inertness of
the cobalt(ur) centers, whose slow Co-N bond cleavage/for-
mation even suppresses transient formation of open inter-
mediates that could allow guest entry/exit. In contrast, the
corresponding monoamine-coordinating analogue, L’CosAg
(Fig. 13b), would behave as an open container, which allows
rapid guest entry/exit. Thus, interconversion between the
open and closed forms functions analogously to opening
and closing a container 1id,*®"*® providing control over the
uptake and release of molecular and ionic guests.

The triply bridged closed metallohost, L’Cos(DA1);, was
synthesized by the reaction of the cryptand ligand HgL®> with
cobalt(n) acetate in the presence of diamine DA1 under aerobic
conditions.®" This complex was also accessible via ligand
exchange of the methylamine-coordinating open-cage
complex, L’Cos(MeNH,), with the diamine DA1. X-ray crystal-
lography clearly revealed the triply bridged structure of this
L°Co;(DA1);, in which three DA1 molecules connect neighbor-
ing cobalt(ur) ions to form a cyclic framework. These three
diamine molecules are well accommodated in the grooves of
the L°Co; triple helix, nearly completely sealing the apertures
(Fig. 19a). Nevertheless, sufficient space remains at the center
of the L’Co,(DA1); cryptand to accommodate a guest species.

As expected, the bridging ligands effectively blocked the
uptake of guest species such as alkali metal ions into the
cavity of L’Cos(DA1);, as evidenced by the "H NMR spectra
recorded immediately after guest addition. Notably, larger
alkali metal ions such as Cs" and Rb" were taken up only very
slowly, requiring approximately 5 d to reach equilibrium
(Fig. 19b). This indicates that the guest uptake was kinetically
suppressed, rather than thermodynamically unfavorable, and
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Fig. 19 (a) X-ray crystal structure of L>Cos(DA1)s. (b) Guest uptake kine-
tics of L°Cos(DA1)s in CDzOD. Adapted with permission from ref. 61.
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Fig. 21 Proposed mechanism for guest uptake by L°Cos(DA7); via
disulfide exchange accelerated by a thiolate ion.

that the closed cage L°Coz(DA1); retained its intrinsic affinity
for guest binding. Kinetic analysis revealed that guest uptake
into the closed cage L°Co;(DA1); proceeded at least 2000
times more slowly than into the corresponding open cage
L°Co,(MeNH,) (Fig. 20).°*

A related closed-cage metallocryptand, L>Cos(DA7)s,
bearing cystamine bridging ligands DA7, was also synthesized
(Fig. 18).> This DA7 ligand contains a disulfide bond, which
is known to behave dynamically in the presence of nucleo-
philes®® and to remain static in their absence. Indeed, the
presence of a thiolate anion was found to accelerate Cs"
uptake into L°Cos;(DA7); by a factor of 14, whereas in its
absence, the bridging DA7 ligands effectively blocked Cs*
uptake, as observed for the hexanediamine analogue,
L°Co;(DA1);.

The presence of the thiolate anion promoted the disulfide
exchange equilibrium, transiently generating an open-cage
intermediate that allows rapid guest entry/exit through the
apertures (Fig. 21). In this system, the apertures of the L°Co;
cage were initially sealed by the introduction of bridging
ligands through coordination bond formation, thereby sup-
pressing guest uptake/release. These apertures were then tran-
siently opened in the presence of a nucleophile via disulfide
exchange reactions.

4. Conclusions

Various types of cobalt(m) complexes bearing bis- and
tris(saloph) ligands have been synthesized and shown to

Dalton Trans.
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exhibit dynamic behaviors, despite the typically inert low-spin
d® electron configuration of cobalt(m) centers. This dynamic
character arises primarily from the selective exchangeability of
the two axial monodentate ligands in the [Co(saloph)X,]" units
with ligands such as primary amines, pyridine, and anionic
species. Such ligand exchange enables the functionalization
and dynamic switching of multi-metallic structures, including
reversible redox-driven dissociation/reassociation, modulation
of host-guest binding affinity and kinetics, chirality control
with time-dependent inversion, and gating of guest uptake
through cage closure.

In some systems, guest binding also influences ligand
exchange kinetics, expanding the functional scope of these
coordination platforms. Thus, the controlled introduction,
removal, and exchange of axial ligands has proven to be a
powerful strategy for creating functional and responsive metal-
lohosts and metallo-supramolecular systems.

At the same time, several challenges and limitations
remain to be addressed. For example, the long-term stability
of axial ligands under various conditions, the potential
fatigue of the systems under repeated switching cycles, and
limitations in guest selectivity are all important issues that
require further investigation. Understanding and overcoming
these challenges will be essential for translating these
dynamic systems into practical stimuli-responsive materials
and molecular devices.
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