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ABSTRACT: A trigonal prismatic coordination cage endowed with a large cavity is
built by self-association of a bis(rhodium) complex and a planar triazatruxene-based
ligand. The remarkable versatility of this molecular building in promoting reversible
structural transformations is demonstrated through manipulating three orthogonal
external stimuli, i.e., cage concentration, guest identity, and pH. Four distinct stable
discrete structures can be formed on-demand: a monomeric cage, two distinct host−
guest complexes, and a mechanically interlocked cage dimer, and all these structures
are fully and readily interconvertible. The cage uniquely couples (i) selective double
guest encapsulation, (ii) stimulus-controlled reversible catenation, and (iii) pH-
triggered pairwise guest release-uptake. The resulting structures were comprehen-
sively characterized using 1D and 2D NMR spectroscopy, high-resolution mass
spectrometry, theoretical calculations, and, in most cases, single-crystal X-ray
diffraction.
KEYWORDS: self-assembly, coordination cages, stimuli-induced transformations, pH, triazatruxene

■ INTRODUCTION
Metal−organic cages constitute a class of discrete supra-
molecular architectures formed through coordination-driven
self-assembly of metal ions and organic ligands.1−7 These well-
defined three-dimensional structures feature cavities that can
potentially encapsulate guest molecules,2,6 with applications in
catalysis,8−12 molecular separation,13−16 drug delivery,5,17−19

and materials science20,21 to cite a few. Their structural
flexibility has motivated an intense interest in stimuli-
responsive architectures, for which an external input is able
to modify the host’s geometry, composition, or guest-binding
properties.22−28

In analogy to biological systems, where proteins and other
biomolecules adapt their structure and function in response to
multiple external signals, coordination cages can undergo
controlled transformations upon application of chemical or
physical stimuli. Changes in pH,29−31 redox state,32−35 guest
binding,36−40 light irradiation,41−45 solvent polarity, or
concentration46−49 have all been used to trigger reversible
modifications of cage geometry, composition, or guest-binding
behavior.

In most reported examples, however, such responsiveness is
limited to relatively simple binary transitions between two
discrete states. As a result, coordination cages capable of
accessing multiple distinct structures in a controlled and
reversible manner, while remaining addressable by orthogonal
stimuli, remain comparatively rare. Achieving this level of
complexity requires that several structurally and functionally

distinct states be selectively stabilized under different
conditions without compromising the integrity of the assembly
or leading to uncontrolled mixtures. Recent studies have
approached the case of multiple external inputs that are
combined to navigate between different cage architectures,
highlighting the potential of such systems to display pathway-
dependent behavior and emergent properties.50−64 Never-
theless, examples in which several transformations are
coherently integrated within a single coordination cage are
still limited.

Herein, we report a trigonal prismatic (Rh2)3L2 cage based
on a planar π-rich triazatruxene ligand L and bis(rhodium) Rh2
panels that addresses these challenges simultaneously. The
corresponding spacious cavity is able to bind two planar guests
or alternatively to generate a mechanically interlocked cage
dimer. Importantly, this system is designed to respond to three
orthogonal stimuli (i.e., cage concentration, guest formula, or
pH), affording a tetrahedral network of reversible structural
transformations (Figure 1). Depending on the input, three
discrete systems can be produced on-demand from the
monomeric cage (Rh2)3L2, i.e., two distinct host−guest
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complexes (2L⊂(Rh2)3L2 and 2G⊂(Rh2)3L2) or a triply
interlocked dimer ((Rh2)3L2)2. All four states are cleanly and
reversibly connected without cage decomposition. All these
interchangeable structures have been thoroughly characterized
using 1D and 2D NMR spectroscopy, mass spectrometry, and,
in most cases, X-ray diffraction analyses. In parallel to the
experimental characterization, complementary insights into the
structural preferences of the system were reached using
classical Molecular Dynamics (MD) simulations along with
enhanced sampling simulations to evaluate the relative stability
of representative stereoisomers, the guest dynamics, and the
effect of interlocking.65,66

■ RESULTS AND DISCUSSION
Ligand L, derived from the triazatruxene platform, was
synthesized and fully characterized as described in the
Supporting Information. It combines C3-symmetry with a
fully planar, electronically delocalized π-surface. In contrast to
truxene analogues,67−69 the sp2-hybridized nitrogen bridges
rigidify the core and increase its π-acidity, while preserving two
distinct faces, denoted as “C” and “A’’ (i.e., clockwise and
anticlockwise rotation, respectively), originating from the
orientation of the N−nBu substituents (Figure S1). Although
L is achiral, this facial differentiation enables stereochemical
discrimination within self-assembled architectures.

Single crystals of L were obtained by vapor diffusion of
methyl tert-butyl ether into a dichloromethane solution of the
ligand and analyzed by single-crystal X-ray diffraction (Figures
2a, S73, and S74). In the crystal, the ligand molecules are
arranged as interacting pairs with an interplanar distance of 3.7

Å. Two crystallographically independent pairs are present in
the asymmetric unit, corresponding to mixtures of CA and AC
pairs. Within each pair, the ligands adopt a slightly twisted
arrangement, characterized by a Bailar angle of 16°.17

Synthesis and Characterizations of Cage (Rh2)3L2

The self-assembly between ligand L and complex Rh2 was
achieved in nitromethane-d3 (C = 10−3 M) at 50 °C. High-
resolution ESI-FTICR mass spectrometry analyses (Figures 3a
and S18), as well as 1H Diffusion Ordered Spectroscopy
(DOSY) NMR analyses (Figures 4a and S15−S17) reveal the
formation of a single M6L2 species with a diffusion coefficient
of D = 2.3 × 10−10 m2·s−1. This corresponds to a
hydrodynamic radius of R = 16 Å, in accordance with the

Figure 1. Representation of ligand L, panel Rh2, and the four
interconvertible states arising from the self-assembled (Rh2)3L2 cage
through application of various stimuli. The ligand L is represented in
its anticlockwise face “A”-oriented toward the viewer, see Figure S1
for details.

Figure 2. X-ray crystal structures of (a) ligand L and (b) cage
(Rh2)3L2.

Figure 3. ESI-FTICR high-resolution mass spectrometry spectra
recorded in nitromethane for (a) (Rh2)3L2, (b) 2L⊂(Rh2)3L2, and
(c) 2G⊂(Rh2)3L2. For each spectrum, one experimental isotopic
pattern is compared with the simulated one.
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diameter D = 32 Å observed in the solid state.70 The 1H NMR
spectrum shows a well-defined set of resonances with a
doubling of the butyl-chain signals, particularly for the terminal
methyl group “4”. This reflects the coexistence of two
stereochemically distinct cage species arising from the relative
facial orientations of the two L ligands. Although four formal
combinations can be drawn (CC, AA, CA, and AC), symmetry
considerations reduce these to two NMR-distinguishable
species: an achiral CC/AA form and a chiral CA/AC pair
(Figure S1). The comparable intensities indicate a statistical
distribution, consistent with the large separation between the
two ligands, which minimizes intramolecular stereochemical
communication.

Single crystals suitable for X-ray diffraction were obtained by
vapor diffusion of methyl tert-butyl ether into a nitromethane
solution of cage (Rh2)3L2. The solid-state structure (Figures
2b, S75 and S76) confirms the formation of a trigonal
prismatic (Rh2)3L2 assembly, in which two nearly planar
triazatruxene ligands are connected by three Rh2 units. The
cage displays a large, unobstructed cavity with a ligand−ligand
separation of ca. 10 Å and only a modest geometric distortion.
Whereas in solution the full set of stereoisomers is present,
only the CA/AC arrangement is observed in the crystal (Figure
S76). This solid-state selection may therefore reflect packing or
solubility effects during crystallization rather than a strong
thermodynamic preference in solution. Computations none-
theless identify CA/AC as a low-energy arrangement (Table
S2). Overall, the structure reveals a rigid open cavity suitable
for binding planar guests or generating interlocked assemblies.

Binding Properties of Cage (Rh2)3L2. The binding
properties of (Rh2)3L2 were examined using two different
planar molecules: an electron-poor perylenediimide (PDI)
derivative G chosen for its electronic complementary with the
electron-rich walls of the cavity and compound L, used in the
construction of cage (Rh2)3L2, selected for its geometric
matching with the cavity components (Figures 4 and S19−
S30). In both cases, addition of the guest molecules in

nitromethane-d3 induced significant chemical shift variations in
the 1H NMR spectra (Figure 4b,c), indicative of strong π−π
interactions within the cavity. The exchange behavior differs
for the two guests: whereas the binding equilibrium is slow on
the 1H NMR time scale in the case of L, with distinct signals
for the free and bound cages, compound G leads to a fast
exchange, manifested by a gradual evolution of the cage
resonances. Adding more than two equiv of substrates L and G
had no further impact on the NMR signatures, suggesting that
two guest molecules occupy the cavity. Since both L and G are
only sparingly soluble in nitromethane, they remain as
suspensions once the cage is saturated, and their excess does
not give rise to any detectable signals. 1H DOSY NMR
spectroscopies were run in nitromethane-d3 at a concentration
of 10−3 M (Figure 4b,c). In both cases, a single diffusion
coefficient, similar to that of the empty cage (Figure 4a), was
observed for the host and guest, indicating the formation of the
host−guest complexes without significant structural expansion
of the host structure.

A 1:2 host−guest binding was established by ESI-FTICR
mass spectrometry analyses recorded in nitromethane (Figures
3b,c, S22 and S30), which reveals the exclusive presence of
signals arising from the 2L⊂(Rh2)3L2 and 2G⊂(Rh2)3L2
complexes. The preferential formation of the 1:2 complexes
arises from the size and geometry of the (Rh2)3L2 cage, whose
elongated π-rich cavity can accommodate two aromatic guests
simultaneously. In contrast, the inclusion of a single guest
would result in incomplete filling of the cavity and weaker
overall interactions. Accordingly, no evidence of 1:1 complexes
could be detected by either NMR or mass spectrometry.

Several experiments were carried out to explore the potential
for the simultaneous encapsulation of both L and G within the
cavity. A mixture of the cage with L (one equivalent) and G
(one equivalent) led exclusively to the separate formation of
2L⊂(Rh2)3L2 and 2G⊂(Rh2)3L2 as shown by 1H NMR
(Figure S32c) and ESI-FTICR mass spectrometry (Figure
S34). No signal attributable to a mixed complex involving
simultaneous L and G binding was detected, revealing a
pronounced preference for narcissistic encapsulation. The
exclusive formation of homoleptic host−guest complexes can
be rationalized by geometric factors. The trigonal prismatic
cavity of (Rh2)3L2 provides two symmetrical binding sites, and
the encapsulation of two identical guests leads to optimal
packing while maximizing the stabilizing host−guest inter-
actions. In contrast, a mixed complex containing two different
guests would result in less efficient packing within the confined
cavity and is therefore disfavored.

To assess the competitive binding of L and G, the cage
(Rh2)3L2 was next exposed to two equivalents of each guest in
nitromethane-d3 at C = 10−3 M. It is worth noting that under
the experimental conditions used, both guests L and G exhibit
limited solubility in the nitromethane-based solvent systems
and are, therefore, initially present as suspensions. The 1H
NMR analysis (Figure S32d) reveals the exclusive formation of
2L⊂(Rh2)3L2 while G remains suspended as a solid, which
indicates a stronger affinity of (Rh2)3L2 for L vs G. This
observation is also supported by the computational models
that show stronger binding of both guest molecules in
2L⊂(Rh2)3L2, compared to 2G⊂(Rh2)3L2 (Table S1).

X-ray diffraction of a single crystal of 2L⊂(Rh2)3L2 obtained
by vapor diffusion of iPr2O into a nitromethane solution
(Figures 5a, S77 and S78) shows that the two encapsulated
ligands are perfectly stacked between the triazatruxene panels,

Figure 4. 1H NMR spectra (nitromethane-d3, C = 10−3 M, 298 K) of
(a) (Rh2)3L2, (b) (Rh2)3L2 in the presence of 2 equiv of L, and (c)
(Rh2)3L2 in the presence of 2 equiv of G. Assignment of protons is
provided in Figures S19 and S27. Primed labels (′) correspond to
protons of the encapsulated guest, whereas unprimed labels
correspond to protons of the cage framework.
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generating a highly ordered four-layer π-stacking with uniform
interplanar distances (∼3.6 Å). Stabilizing N−π* contacts71

with average distances of 2.6 Å between the pyridyl units of the
guests and the cage’s phenazine-based walls further reinforce
the assembly. This arrangement is consistent with molecular
simulations, which identify the experimentally observed
CCAA/AACC configurations as the energetically preferred
host−guest states (Table S2). The elongated cavity of the cage
can accommodate two aromatic guests simultaneously. In the
solid-state structures, the two guests are positioned within the
cavity in close proximity, allowing favorable π−π interactions
in addition to host−guest interactions. Although guest binding
may occur stepwise, no intermediate 1:1 complex is clearly
observed in the NMR spectra, suggesting that the fully loaded
2:1 complex is the dominant species under the experimental
conditions.
Synthesis and Characterizations of Interlocked Cages
((Rh2)3L2)2)
While numerous strategies exist for constructing macrocycles
and coordination cages, the controlled assembly of mechan-
ically interlocked architectures remains a significant chal-
lenge.72−77 This arises from the progressive decrease in the
number of independent species during the reaction, which is
entropically unfavorable. Overcoming this limitation requires
additional driving forces, e.g., π−π interactions, electrostatic
attractions, hydrogen bonding, or solvophobic effects. These
factors can be modulated by fine-tuning several parameters
such as the solvent composition, concentration, or temper-
ature.72−77 With this in mind, we proceeded with the self-
assembly reaction between ligand L and Rh2 in a mixture of
nitromethane-d3 and acetonitrile-d3 across a range of
concentrations. Above C = 5 × 10−3 M (Figure S39), a new
species appears, reaching exclusive formation at C = 2 × 10−2

M (Figures 6 and S35−S37). The corresponding 1H NMR
spectrum is significantly more complex than that of (Rh2)3L2,
with several aromatic and aliphatic protons shifted upfield (up
to δ = −2 ppm for protons 4) (Figures 6c and S35). 1H DOSY
NMR reveals a single discrete species in solution with a unique
diffusion coefficient of D = 2.5 × 10−10 m2·s−1 (solvent
mixture: acetonitrile-d3 nitromethane-d3 1:1 v/v) correspond-
ing to a hydrodynamic radius of R = 20 Å, consistent with the
formation of interlocked ((Rh2)3L2)2 cages.78 High-resolution

ESI-FTICR MS supports its assignment as a mechanically
interlocked dimer (Figures 7a and S38).

The different shielding effects undergone by the butyl chains
in the interlocked dimer ((Rh2)3L2)2 and 2L⊂(Rh2)3L2 arise
from their distinct structural arrangements. Whereas the four
TAT units (L) are perfectly stacked in 2L⊂(Rh2)3L2, limiting
interactions between the peripheral butyl chains and the
aromatic surfaces of neighboring triazatruxene panels, inter-
locked dimer ((Rh2)3L2)2 features a relative 60° rotation of the
cages (vide infra). This spatial organization brings the butyl
chains close to both the Rh2 units and the π-surfaces, resulting
in pronounced upfield shifts below 0 ppm.

Finally, X-ray diffraction analysis from crystals obtained by
slow evaporation of ethyl acetate into a solution of the
interlocked cages in a 1:1 mixture of nitromethane/acetonitrile

Figure 5. (a) X-ray crystal structure of 2L⊂(Rh2)3L2 and (b) MM+

simulation of 2G⊂(Rh2)3L2.

Figure 6. 1H NMR spectra of a mixture of ligand L (2 equiv) and
complex Rh2 (3 equiv) (nitromethane-d3/acetonitrile-d3, 298 K) at
different concentrations: (a) C = 10−3 M (cage (Rh2)3L2), (b) 10−2

M (cage (Rh2)3L2 and interlocked cages ((Rh2)3L2)2), and (c) 2 ×
10−2 M (interlocked cages ((Rh2)3L2)2). Diagnostic signals for
(Rh2)3L2 and ((Rh2)3L2)2) in (b) are indicated above the spectra
using schematic representations of the corresponding species.
Assignment of protons is provided in Figure S35.

Figure 7. ESI-FTICR high-resolution mass spectrometry spectra
recorded in nitromethane for (Rh2)3L2 (one experimental isotopic
pattern is compared with the simulated one) and (b) X-ray crystal
structure of the interlocked cages ((Rh2)3L2)2).
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unambiguously confirms the interlocked nature of the
assembly. Several sets of crystals, obtained from independent
crystallization experiments, were analyzed. In all cases, among
the ten possible stereoisomeric combinations (Figure S2), only
the CAAC/ACCA pair is observed (Figures 7b, S79 and S80),
indicating a high degree of stereoselectivity. This organization
is likely preferred to favor π−π interactions between the
triazatruxene platforms. The relative orientation of the two
cages is offset by 60° (Figure S79), which minimizes the steric
repulsion between the rhodium side panels. Interlocking also
flattens the Rh−Rh axes and induces a slight distortion of the
triazatruxene units while maintaining well-defined π−π contact
regions (intercage spacing ≈3.7 Å). In the computational
model, we did not observe a significant energetic difference
between CCAA and CAAC interlocked arrangements. This
suggests that the formation of the dimer might occur through a
kinetically preferred pathway.

The formation of the interlocked dimer72 likely proceeds
through concentration-dependent intermolecular association of
two cage units, where the increased concentration enhances
the probability of cage−cage encounters required for the
threading process. The solid-state structure reveals multiple
noncovalent interactions between the ligand frameworks and
the Rh2 units, which likely contribute to the stabilization of the
interlocked architecture. The slow interconversion observed
between the monomeric cage and the interlocked dimer on the
NMR time scale suggests the presence of a significant kinetic
barrier associated with this threading process. In addition, the
solvent composition, in particular, the use of acetonitrile, is
expected to influence both the solvation of the cages and the
balance of intermolecular interactions, thereby modulating the
formation of the interlocked species.

In short, controlled access to either the monomeric cage
structure (Rh2)3L2, the corresponding host−guest complexes
2L⊂(Rh2)3L2 and 2G⊂(Rh2)3L2 as well as the dimeric
interlocked cages ((Rh2)3L2)2) has been demonstrated,
offering a unique opportunity to explore the adaptive and
reconfigurable nature of these systems through their supra-
molecular transformations in response to external stimuli. The
different assemblies can be readily distinguished by their
characteristic 1H NMR signatures. Guest encapsulation leads
to pronounced shifts of the cage aromatic protons and of the
guest resonances located inside the cavity, while the formation
of the mechanically interlocked dimer gives rise to strongly
shielded aliphatic signals.
Concentration-Induced Interconversion between the
Dimeric Interlocked Cages ((Rh2)3L2)2 and the Monomeric
Cage (Rh2)3L2

The interconversion between the interlocked dimer
((Rh2)3L2)2 and the monomeric cage (Rh2)3L2 constitutes a
representative example of the dynamic behavior displayed by
this system. As shown above (Figure 6), concentrating the
monomer solution in a nitromethane-d3/acetonitrile-d3
mixture (1/1 v/v) afforded the interlocked architecture.
Conversely, we observed that refluxing a diluted solution of
dimer ((Rh2)3L2)2 at C = 10−3 M results in its complete
dissociation into monomer (Rh2)3L2 (Figure S42). This
transformation is monitored by the appearance of a character-
istic 1H NMR resonance at δ = 8.37 ppm, assigned to the α-
protons of the pyridine motifs, and is further confirmed by
complementary 1H DOSY NMR analysis (Figure S43). This
confirms the reversible structural conversion occurring

between the monomeric and dimeric cages in solution,
through simple control over the concentration.
Guest-Induced Dissociation of the Dimeric Interlocked
Cages ((Rh2)3L2)2 into 2L⊂(Rh2)3L2

The dissociation of the interlocked dimer could also be
operated through a guest binding process. When two
equivalents of L were added per (Rh2)3L2 cage at C = 2 ×
10−2 M (nitromethane-d3�acetonitrile-d3 (1/1 v/v)), i.e.,
exactly the concentration at which the interlocked cage exists
as a unique species (Figure 6c), the system undergoes a clean
transformation. After 1.5 h at 50 °C, the resulting 1H NMR
spectrum appears identical to that observed for of
2L⊂(Rh2)3L2, with no detectable traces of ((Rh2)3L2)2,
indicating a complete dissociation of the interlocked structure
and the concomitant binding of two L molecules in the cavity
of (Rh2)3L2 (Figures S65−S67). This was confirmed by 1H
DOSY NMR showing the formation of a single species (D =
2.6 × 10−10 m2 s−1) and by ESI-FTICR with the exclusive
detection of multicharged ions corresponding to 2L⊂(Rh2)3L2
(Figure S68). In contrast, similar experiments carried out in
the presence of perylenediimide derivative G do not show any
change in the 1H NMR spectrum of ((Rh2)3L2)2. This
indicates that no dissociation of the interlocked cage occurs in
this case, consistent with the above finding that the (Rh2)3L2
cage exhibits a stronger affinity for L than for G.
Guest Release and Uptake

The controlled release and uptake79,80 processes of L and G
guests with (Rh2)3L2 were studied using various external
stimuli, namely, competitive binding, modulation of the
concentration, and pH changes.
Concentration-Dependent Release of G from 2G⊂(Rh2)3L2

Given that G cannot dissociate interlocked cages ((Rh2)3L2)2,
we examined the behavior of 2G⊂(Rh2)3L2 at various
concentrations. We hypothesized that increasing the concen-
tration of the host−guest complex solution should trigger G
ejection, thanks to a cage dimerization process. This was
followed by 1H NMR experiments at concentrations ranging
from 10−3 M to 2 × 10−2 M in a 1:1 mixture of nitromethane-
d3 and acetonitrile-d3 at 50 °C (Figures S54 and S55). At low
concentrations, the spectral profile remains characteristic of
2G⊂(Rh2)3L2, in accordance with a stable encapsulation.
However, at the highest concentration, the 1H NMR spectrum
is dominated by the characteristic signals of the interlocked
dimer ((Rh2)3L2)2, although a few additional minor signals are
also observed, which may reflect the presence of minor
aggregated species or intermediate assemblies. This establishes
that the concentration-driven cage dimerization directly
induces the release of G, providing a clear demonstration
that guest binding and interlocked assembly compete in a
predictable, stimulus-dependent manner. In contrast, increas-
ing the concentration of 2L⊂(Rh2)3L2 under identical
conditions does not lead to guest release or cage dimerization,
highlighting the object-specific nature of the concentration-
induced behavior observed for 2G⊂(Rh2)3L2.
pH-Mediated Release and Uptake of L from 2L⊂(Rh2)3L2

Among the stimuli enabling controlled guest releases and/or
uptakes, pH modulation represents a promising approach.
Nevertheless, the Brønsted basicity of pyridyl ligands can also
promote undesired side reactions or cage degradation upon
protonation.
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Given that the (Rh2)3L2 cage can selectively encapsulate two
L substrates containing noncoordinated pyridine units, we
investigated how protonation would affect the encapsulated
guests. We hypothesized that the selective protonation of the
noncoordinated pyridyl units of L substrates would result in
their ejection from the cationic cavity, driven both by the
increasing electrostatic repulsion and by disruption of the
stabilizing N−π interactions with the phenazine panels. We
conducted experiments in nitromethane-d3 at C = 10−3 M
using trifluoromethanesulfonic acid (HOTf) as a proton
source29 (Figure 8). The addition of six equiv of HOTf to a

solution of 2L⊂(Rh2)3L2 results in the appearance of new sets
of signals in the 1H NMR spectrum (Figure 8c) which are
assigned to (Rh2)3L2 (Figure 8e) and LH33+ species (Figures
8f and S13). Expulsion of the L substrates was further
confirmed by 1H DOSY NMR, which reveals two distinct
species with diffusion coefficients of D = 2.3 × 10−10 m2 s−1

and D = 3.4 × 10−10 m2 s−1, corresponding to (Rh2)3L2 and
LH3

3+, respectively, as well as by ESI-FTICR mass
spectrometry measurement which indicates the exclusive
presence of (Rh2)3L2 (Figures S45−S48).

Remarkably, the double guest release process proved to be
reversible, as the addition of K2CO3 to the solution restores the
2L⊂(Rh2)3L2 complex, as confirmed by 1H NMR (Figures 8d
and S49−S51) and ESI-FTICR mass spectrometry (Figure
S52).

pH-Mediated Guest Exchange in (Rh2)3L2

The pH modulation could also be used to control the
competitive guest exchange between L and G (Figure 9a). As

established above, the (Rh2)3L2 cage exhibits a stronger
binding affinity for compound L than G, indicating that L
could potentially displace G from the host cavity. Accordingly,
we added two equiv of compound L to a solution of
2G⊂(Rh2)3L2 in nitromethane-d3. This led to a complete
displacement of both G molecules and to the formation of
2L⊂(Rh2)3L2, an outcome confirmed by both 1H NMR
(Figures 9b,c, S57, and S58) and ESI-FTICR mass
spectrometry analyses (Figure S59).

Treatment of this mixture with HOTf selectively protonates
the pyridine units of the two encapsulated L guests, triggering
their expulsion from the cavity and enabling the subsequent re-
encapsulation of two G substrates, as confirmed by 1H NMR
(Figures 9d, S60, and S61) and ESI-FTICR mass spectrometry
(Figure S62). Interestingly, the addition of six equiv of
diisopropylethylamine (DIPEA) promoted the re-encapsula-
tion of L, as again confirmed by ESI-FTICR mass spectrometry
(Figure S63). These results demonstrate a fully reversible, pH-
controlled L/G guest exchange cycle, in which protonation and
deprotonation events selectively modulate cavity occupancy.

Figure 8. (a) Representation of the pH-mediated guest release/
uptake and 1H NMR spectra in nitromethane-d3 at C = 10−3 M (b) of
2L⊂(Rh2)3L2, (c) after addition of 6 equiv of HOTf (H+) to
2L⊂(Rh2)3L2, (d) after addition of 6 equiv of K2CO3 (B−) to (c), (e)
of cage (Rh2)3L2, and (f) after the addition of 3 equiv of HOTf to the
ligand L. Primed labels (′) correspond to protons of the encapsulated
guest, whereas unprimed labels correspond to protons of the cage
framework.

Figure 9. (a) Representation of the pH-mediated guest exchange and
1H NMR in nitromethane at C = 10−3 M (b) of cage 2G⊂(Rh2)3L2,
(c) after addition of two equiv of L to 2G⊂(Rh2)3L2, (d) after
addition of 6 equiv of HOTf to (c), (e) of cage 2G⊂(Rh2)3L2, and (f)
after addition of 3 equiv of HOTf to the ligand L. Diagnostic signals
for (Rh2)3L2 and ((Rh2)3L2)2) in (b) are indicated above the spectra
using schematic representations of the corresponding species. Primed
labels (′) correspond to protons of the encapsulated guest, whereas
unprimed labels correspond to protons of the cage framework.
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pH-Mediated Interconversion between ((Rh2)3L2)2 and
2L⊂(Rh2)3L2

Finally, the behavior of 2L⊂(Rh2)3L2 with pH was examined
at a higher concentration (2 × 10−2 M) in a 1:1 mixture of
nitromethane-d3 and acetonitrile-d3 (Figure 10a). At this

concentration, releasing the guest molecule L from
2L⊂(Rh2)3L2 is expected to promote the formation of the
interlocked species ((Rh2)3L2)2. This was achieved upon
addition of six equivalents of HOTf to a solution of
2L⊂(Rh2)3L2. Both 1H NMR spectroscopy (Figures 10d,
S69, and S70) and ESI-FTICR mass spectrometry (Figure
S71) confirm the exclusive formation of the interlocked
((Rh2)3L2)2 system, subsequently to the release of the two
encapsulated guests. It is worth noting that the guest release
proved to be reversible since addition of DIPEA restores
2L⊂(Rh2)3L2 as shown by mass spectrometry (Figure S72).
These observations reveal an unprecedented level of reversible
control over the cage dimerization process: the protonation
triggers a concerted release of the guest pair, which is replaced
by the formation of the interlocked dimer, whereas the
deprotonation restores the original host−guest complex. This
behavior highlights the ability of this system to translate a
simple acid−base stimulus into large-scale structural reorgan-
ization.

■ CONCLUSION
In this work, we have carefully designed the original polyhedral
cage (Rh2)3L2 and thoroughly investigated its unprecedented
multifaceted supramolecular behavior. The latter is manifested
by a versatile yet fully controlled access to four discrete,
structurally characterized states, i.e., a monomeric cage, two
distinct host−guest complexes, and a mechanically interlocked
cage dimer, each of them being formed cleanly and selectively.

This level of structural control enables a series of
interconnected supramolecular transformations that, taken
together, are unprecedented in the case of coordination

cages. The solution concentration dictates a fully reversible
cage monomer to interlocked cage dimer transition. Guest
substrates can dissociate or prevent cage dimer formation
depending on their respective affinity, establishing a direct
competition between guest encapsulation and establishing a
higher-order interlocked assembly. Protonation triggers a
concerted guest-pair release, a process that can be reversed
upon deprotonation; remarkably, this acid−base stimulus also
governs the pH-mediated conversion between a host−guest
complex and an interlocked cage dimer at a high concen-
tration. Finally, the system supports a fully reversible L/G
guest exchange cycle.

While catenated cages, pH-responsive hosts, and guest-
induced transformations have each been explored individually,
their integration into a single, modular, reversible, and
stimulus-responsive platform has not been demonstrated
previously. In this system, mechanical interlocking, competitive
guest binding, concentration-dependent structural reorganiza-
tion, and pH-responsive switching operate in a fully integrated
and reversible manner, allowing for programmed navigation
between multiple well-defined architectures. The structural
versatility of this multifaceted system, combined with the
simplicity of the input driving interconversion, opens new
avenues for the design of adaptive and multifunctional
supramolecular architectures.
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