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Coordination Cages

Polyoxometalate-Directed Assembly of Robust Coordination Cages:
Overcoming Kinetic Inertness and Conformational Mismatch

Cui-Lian Liu,* Xu Jia, Rens Ham, Chongting Ren, Luc Van Meervelt, Joost N. H. Reek,*
and Tatjana N. Parac-Vogt*

4 )

Abstract: The selective construction of kinetically robust coordination cages by self-assembly remains a significant
challenge in supramolecular chemistry. Herein, we report an efficient polyoxometalate (POM)-directed self-assembly
strategy enabling the selective assembly of robust PtsL, cages under thermodynamic or kinetic control, which is inaccessible
via untemplated methods. For a planar ligand (L1) with a dihedral angle (6 = 0°), the POM template promotes the
formation of a thermodynamically favored Pts(L1), analog. Remarkably, for a twisted and flexible ligand (L2) with a
nonideal dihedral angle (6 ~ 36°), which typically favors the thermodynamically preferred M;,Lg cages, the POM template
induces the formation of the kinetically trapped M¢L, cages even when using inert Pt(IT) precursors. In the absence of
POMs, such structures cannot form due to conformational mismatch and the kinetic inertness of metal-ligand coordination.
The resulting Pt(IT)-based cages are highly stable and remain intact as discrete, template-free hosts after POM removal,
capable of encapsulating diverse guests in both acidic and basic aqueous media. This work highlights the unique templating
role of POMs in accessing both thermodynamic and kinetic architectures, offering new opportunities for designing robust
cages for drug delivery, sensing, and catalysis under harsh conditions. )

Introduction

The self-assembly of discrete structures using well-defined
components via non-covalent interactions has become a
powerful strategy for constructing complex and functional
supramolecular systems.['*] Among the various forces that
drive these assemblies, the application of dynamic metal-
ligand coordination bonds under thermodynamic control has
proven highly effective for building well-defined supramolec-
ular architectures.[*! For instance, coordination-driven self-
assembly enables the bottom-up formation of coordination
cages with precisely organized internal cavities, offering sig-
nificant opportunities for a range of cavity-based applications,
including sensing, catalysis, and gas separation.['>]

Over the past decades, the development of coordination-
driven self-assembly has provided a rich library of coordina-
tion cages that can serve as host molecules to accommodate
guests within their confined spaces.?>??l The assembly pro-
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cess relies on the reversibility of metal-ligand coordination
to allow error correction, while the coordination geometry
and the conformational rigidity of ligands typically determine
the final structure that forms.?*?*] The use of kinetically
labile coordination bonds is key to the formation of the
thermodynamically most favorable structure, however, this is
at the expense of the final stability of the cages. Therefore,
the self-assembly of structurally robust and highly defined
architecture remains a considerable challenge, particularly
when combining kinetically inert metal centers with confor-
mationally flexible ligands. The slow ligand exchange kinetics
of inert metal centers often hinder error correction during the
self-assembly process, preventing the system from reaching
thermodynamic equilibrium. Meanwhile, the conformational
flexibility of ligands expands the number of accessible coor-
dination modes and conformers, often resulting in structural
heterogeneity or undesired assemblies.[>>?°] These factors
compromise the fidelity of the assembly process, rendering
the predictable and reproducible formation of discrete, well-
defined architectures challenging. For example, Pd(II) as a
kinetically labile metal center has been extensively used
to construct a wide variety of coordination architectures
due to its predictable coordination behavior and suitable
ligand exchange kinetics.[??8] Numerous well-defined Pd(II)-
based cages, including M,L, lanterns, M¢L;, octahedra,
and M;L,, nanospheres, etc, have been reported, typically
formed under thermodynamic control with high yields, and
structural precision.

In contrast, the assembly of analogous Pt(II)-based cages
remains more challenging, primarily due to the kinetic inert-
ness of Pt(II) centers, which hampers the error-correction
processes essential for efficient self-assembly.[?>31 Similar

© 2025 Wiley-VCH GmbH
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kinetic limitations are observed in the self-assembly of
coordination cages based on other inert metal centers, such as
Ru(II), Ir(III), and Rh(II1).*'-3*] These metal ions typically
form highly stable complexes with slow ligand exchange rates,
making them less responsive to thermodynamic corrections,
leading to the formation of kinetically trapped species
even when the reaction is carried out at high tempera-
tures.

Structurally robust coordination cages are desired for
practical applications, including catalysis, molecular recogni-
tion, and drug delivery within biological environments.’>~7]
For example, many studies have shown that Pd(II)-
based assemblies readily disassemble under acidic or basic
conditions, severely limiting their applicability in such
environments.**%3! In addition, while conformationally flex-
ible ligands pose challenges to structural precision, they
also offer unique opportunities for constructing adaptive
and stimuli-responsive architectures.?>#+-4] Therefore, devel-
oping reliable strategies for the synthesis of robust coor-
dination assemblies using both conformationally rigid and
flexible multidentate ligands is crucial for advancing coor-
dination cages toward applications under real-world, harsh
conditions.

Several strategies have been developed for the self-
assembly of robust coordination assemblies. One common
approach involves using elevated temperatures or pro-
longed reaction times to promote ligand exchange and
facilitate cage formation.[*’*1 Another effective strategy
is the use of labile ancillary ligands or stimuli, such as
light, acid, base, chlorides, or weakly coordinating anions
(e.g., CI7, NO;3;7) to accelerate the substitution kinetics
of precursors.***l Additionally, the preorganization of
ligands with high conformational rigidity and shape com-
plementarity has been shown to enhance the likelihood of
successful cage formation.[**] Moreover, templating effects
have been widely employed as guiding elements in the
synthesis of robust assemblies, facilitating the formation
of otherwise inaccessible geometries, and often improving
yields.[>>>7] These templating effects are further categorized
as either thermodynamic or kinetic, typically occurring in
reversible, and irreversible assembly processes, respectively.
Compared to conventional approaches, template-directed
assembly offers a higher level of structural precision and
efficiency, often enabling the selective formation of a single
desired architecture under milder conditions. This strategy
is particularly advantageous for constructing complex or
strained geometries that are otherwise challenging to access
through purely kinetic or thermodynamic control. However,
template effects also present certain limitations. The availabil-
ity of suitable templates can significantly restrict the scope
of accessible structures and in many cases, removing the
template from the final assembly remains challenging, poten-
tially compromising structural integrity or limiting practical
applications.

Polyoxometalates (POMs) are anionic metal-oxo clusters
formed by group V and VI metals (typically Mo, W, and/or
V) in their highest oxidation state and these have been
demonstrated to function as suitable guests for encapsu-
lation within cationic coordination assemblies.’**’! In our
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recent work, we developed a cavity-directed strategy to in
situ construct otherwise labile POMSs within confined and
robust coordination cages, thereby significantly enhancing
the stability and catalytic performance of the POM in pure
water.[°!] Inspired by these findings, we turned our attention
to the potential of POMs as templates for the self-assembly
of robust coordination cages, as POMs may offer several key
advantages. Their diverse and tunable structures, governed
by factors such as stoichiometry, pH, and solvent enable
access to a broad range of geometries.[%] Many POMs are
also hydrolytically labile, allowing for their removal under
mild conditions without compromising the integrity of the
host framework.[®] Beyond structural guidance, POMs can
introduce functional properties, such as redox activity or
catalytic capability, into the resulting assemblies, provided
that the template is not removed after the cage formation. By
systematically varying the metal center, ligand geometry, and
presence of POMs we set out to elucidate the general prin-
ciples governing the POM-directed self-assembly of robust
coordination cages and their associated host-guest behaviors.
Herein, we report the highly efficient POM-directed self-
assembly of kinetically robust coordination cages from inert
metal centers and ligands with varying rigidity and dihedral
angles (Scheme 1). Remarkably, the POM templates were
found to direct the formation of desired M¢L, cages under
either kinetic or thermodynamic control. They can be selec-
tively and efficiently removed via hydrolysis, and the resulting
template-free Pt(II)-based cages exhibit high structural stabil-
ity, capable of encapsulating multiple small guest molecules or
a single macromolecule under extreme acidic or basic aqueous
conditions.

Results and Discussion

To gain insight into the influence of POMs on coordination-
driven self-assembly, we employed a discrete Mj;,L,,-type
cage system (e.g., MiL,, MgLy, MglLs, MpLg, etc) as a
versatile model. We focused on the selective formation
of ML, cages. This specific architecture offers a bal-
ance of structural definition, intermediate size, and suit-
ability for detailed characterization, making it an ideal
representative system for studying how POMs affect the
self-assembly of robust coordination cages. Specifically, M
represents either tetramethyl ethylenediamine(TMEDA )-
protected Pt(II), which forms kinetically inert complexes, or
TMEDA -protected Pd(IT), which is more labile and supports
dynamic assembly processes. To investigate structural selec-
tivity and reactivity under varying conditions, two ligands
with slightly different geometries were employed: a planar
ligand 2.4,6-tris(4-pyridyl)-1,3,5-triazine (L1) featuring an
ideal dihedral angle (6 = 0°) that favors the formation
of MgL, cages, and a twisted and more flexible ligand
1,3,5-tri(pyridin-4-yl)benzene (L2) possessing a non-ideal
dihedral angle (6 ~ 36°) for MgL, cages, which introduces
greater conformational variability. As a model POM, the
Lindqvist-type [WsO19]*~ anion was chosen to explore its
role in directing self-assembly and mediating host-guest
interactions.[']

© 2025 Wiley-VCH GmbH
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Scheme 1. Schematic representation of the highly selective POM-directed assembly of robust PtgL4 coordination cages. Promotion of the
thermodynamic product of a planar ligand L1 (9 = 0°) and kinetic capture of discrete cages of twisted ligand L2 (6 ~ 36°). Without the POM
template, ligands with increased dihedral angles (9 > 0) or kinetically inert Pt(ll) centres often result in a complex mixture of undefined species,

highlighting the critical templating role of the POM.

Templated Formation of the Thermodynamic PtsL, Cage

We first investigated the effect of POMs on the self-assembly
behavior of the planar ligand (L1), which has a dihedral
angle of # = 0°, in combination with both labile Pd(II) and
inert Pt(II) centers to modulate the reversibility during self-
assembly. The high rigidity and ideal geometry of L1 make
it particularly well-suited for the formation of the desired
ML, cage. As expected, the self-assembly of ligand L1
with labile Pd(IT) in a 6:4 ratio in D,O at 80 °C for 2 h
resulted in a well-defined 'H NMR spectrum in line with the
formation of a single structure at thermodynamic equilibrium
(Figure 1a). The system rapidly yielded a discrete Pdg(L1)4
cage, as evidenced by sharp and well-resolved signals in the
'"H NMR spectrum, consistent with previous reports.’%7!] In
contrast, the self-assembly of L1 with kinetically inert Pt(II)
in a 6:4 ratio in D,O failed to yield a well-defined assembly,
even under the elevated temperatures (up to 100 °C) and
prolonged reaction times (up to 5 days) (Figure 1b). The 'H
NMR spectrum exhibited broad and complex signals. At the
same time, diffusion-ordered 'H NMR (DOSY) and high-
resolution mass spectrometry (HR-MS) analyses revealed
a mixture of Pts(L1), along with other ill-defined Pt(II)
complexes. These results underscore the challenges associated
with the slow ligand exchange kinetics of inert Pt(IT), which
prevents convergence toward a discrete assembly.
Remarkably, upon introduction of the Lindqvist
[W6O19]>~ POM into the Pt(II) system, the self-assembly
proceeded cleanly, producing sharp 'H NMR resonances
within 8 h at 95 °C, indicative of the formation of a symmetric
architecture (Figure 1c). The pyridine protons of the ligand
L1 exhibited upfield shifts between 9.18 and 8.78 compared
to the empty Pde¢(L1l)s; and Pts(L1),;, showing host-guest
interactions between the Lindqvist POM and the newly
formed complex. DOSY NMR confirmed that these shifted
signals correspond to a species with the same diffusion
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Figure 1. "H NMR spectra (600 MHz, 298 K, D,0) of the assemblies
obtained by self-assembly of the planar ligand (L1, 6 = 0°) with: a) the
labile cis-protected Pd(ll) ion, b) the inert cis-protected Pt(ll) ion, and c)
the inert cis-protected Pt(l1) ion in the presence of a Lindqist [WgO19]?~
POM.

coefficient (1.62 x 107! m?/s) as that observed for the
Pds(L1)4 cage. The complex was subsequently converted to
its PFs~ salt and HR-MS analysis confirmed the molecular
composition as WsO9@Pts(L1)4(PFs)19, supporting the
formation of a discrete MgL, architecture (Figure 2a). The
experiment with ligand L1, in which the Lindqvist [WO19]*~
was added to preformed mixtures shown in Figure 1b was
still able to direct the formation of discrete WsO19@Pts(L1),
assemblies (Figure S8). However, a longer reaction time
was required, likely because dissociation of the mixtures
is challenging. These results highlight the pivotal role of

© 2025 Wiley-VCH GmbH
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Figure 2. HR-MS spectrum of the POM@MgL4 cage: a)
[WeO19 @ Pts (L1)4]'°F b) [WeO19@Pds (L2)4]"°F, ¢)
[WeO19 @Pts (L2)4]'°F, and template-free PtgLy cages: d) [Pts (L1)4]'2",
and e) [Pts (L2)4]'*" as their PFg ™ salts.

the POM in enabling thermodynamically controlled cage
formation using relatively kinetically inert Pt(IT) systems.

Templated Formation of Kinetic Trapped MsL, Cages

Inspired by the successful synthesis of a robust cage using the
planar ligand L1 (6 = 0°), we further explored the versatility
of our strategy by employing ligands that are conformation-
ally flexible and geometrically challenging. Specifically, we
turned our attention to ligand L2, which adopts a twisted
geometry with a dihedral angle of 6 ~ 36°. Due to its
increased conformational flexibility and deviation from the
ideal dihedral angle required for ML, cage formation, L2
has been previously reported to preferentially form MyL¢ and
M, Lg architectures as kinetic and thermodynamic products,
respectively.l’?l Accordingly, compared to L1, the formation
of Mg¢L, cages from L2 is expected to be considerably more
challenging due to its intrinsic conformational flexibility and
geometric mismatch.

Angew. Chem. Int. Ed. 2025, 64, 202518649 (4 of 10)
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Figure 3. "TH NMR spectra (600 MHz, 298 K, DMSO) of a) the
twisted/flexible ligand (L2, 0 ~ 36°) and the assemblies obtained by
self-assembly of ligand (L2) with: b) the kinetically labile cis-protected
Pd(ll) ion, c) the kinetically labile cis-protected Pd(ll) ion in the presence
of a Lindqvist [WO19]2~ POM, d) the kinetically inert cis-protected Pt(ll)
ion, and e) the kinetically inert cis-protected Pt(I1) ion in the presence of
a Lindqvist [WgO9)?~ POM.

The self-assembly of ligand L2 with labile Pd(II) in a 6:4
ratio in DMSO at 80 °C resulted in a mixture of structures,
as evidenced by multiple broad and overlapping signals
observed in the 'H NMR spectrum (Figure 3a, b). Compared
to the free ligand L2, the assemblies exhibited downfield
shifts in the 'H NMR signals, indicative of L2 coordination
to the Pd(II) center. Upon prolonged reaction, DOSY and
HR-MS analyses confirmed the formation of a Pdi,(L2)s
cage as the major species, consistent with previously reported
thermodynamically favored products formed upon using L2
(Figures S11, S12).I? In contrast to the experiment observed
for L1, the Pd¢(L2), open octahedron was not observed,
which is attributed to the geometric distortion of the M;L;
subcomponent induced by the increased ligand dihedral angle
of L2 (6 > 0°). This distortion disrupts the spatial arrangement
of the free pyridyl donors required for effective closure into
the MgL4 architecture.

Performing similar experiments in the presence of the
Lindqvist [WsO19]*~ POM as template dramatically changed
the self-assembly pathway, yielding the Pd¢(L2), cage exclu-
sively. This transformation was confirmed by sharp and
well-resolved 'H NMR resonances (Figure 3c). Compared to
the M;Lg assemblies formed in the absence of the POM,
the MgL, cage exhibited significant upfield shifts in the
pyridyl proton signals and more simplified splitting patterns,
reflecting higher molecular symmetry and reduced confor-
mational flexibility associated with the smaller geometry.
Moreover, DOSY confirmed that the new set of signals
originated from a single species with a hydrodynamic radius
() of 142 A, as determined by the Stokes-Einstein equation,

© 2025 Wiley-VCH GmbH
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A

Figure 4. a) van der Waals volume of the [WsO19]> POM was calculated
with MoloVol software.[’# Cavity volumes of cages were derived from b)
DFT-optimized Pdg (L2)4, c) DFT-optimized Pdg(L2)¢, and d) crystal
structures of Pdy, (L2)g using the CageCavityCalc (C3) software.l’%]

which matches the expected size for an MgL, architecture.
HR-MS analyses further supported this assignment. After
conversion to its PF¢~ salt, HR-MS revealed a composition of
W4019@Pds(L2)4(PFs),¢ with isotopic patterns in agreement
with the calculated distributions (Figure 2b). Notably, no mass
signals corresponding to larger Mj;Lg or MyL¢ species were
detected, highlighting the efficiency of the Lindqvist POM
template in directing the formation of the Pd¢(L2), cage.
Similar results were observed when the Lindgvist [WO9]*~
was added to the preformed mixtures (Figure S13).

Previous experiments with ligand L2, together with DFT
calculated energy of the Pd;(L2), subunit in Pd;;(L2)s,
Pdo(L2)s, and Pde(L2), indicated that larger assemblies
are thermodynamically favored.’”] This is consistent with
our experimental observations in the absence of a POM
template. To understand the origin of the selective formation
of the less stable Pdg(L2), cage in the presence of POM,
we investigated the geometric compatibility between the
[W6O19]?>~ anion and the cage cavities (Figure 4). Molecular
volume calculations reveal that the octahedral [WsOy]*~
anion occupies approximately 342 A3 with an approximate
diameter of 8.5 A. This volume closely matches the 610 A’
cavity of Pd¢(L2),, corresponding to a host-guest occupancy
of 56.1%, which falls within the optimal range defined by
Rebek’s 55% rule for size complementarity.”*] In contrast,
the larger cavities of Pdg(L2), and Pdj,(L2)s (1570 A3
and 1334 A3, respectively) result in much lower occupancy
values between 21.8% and 25.6%, respectively. These results
indicate that the [WsOy9]>~ POM provides an optimal size
match for the MgL, cage cavity and functions as an active
template, directing ligand assembly into the correct geometry.
By combining geometric preorganization with strong host-
guest, electrostatic and coordinative interactions, it stabilizes
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an otherwise thermodynamically disfavored structure, making
the ML, cage the dominant product.

We further challenged our strategy by targeting the
selective formation of the MgL,4 architecture using the more
kinetically inert Pt(IT) system, where limited reversibility
impedes error correction. Given the slow ligand exchange
kinetics of Pt(IT) and the mismatched geometry of L2, the self-
assembly of Pts(L2), is expected to be much more difficult
than Pde(L2),. As expected, the self-assembly of ligand L2
with inert Pt(Il) in a 6: 4 ratio in DMSO under various
thermal conditions (up to 120 °C, 5 days) resulted in complex
mixtures, as evidenced by poorly resolved 'H NMR signals
and undefined species in HR-MS, consistent with inefficient
or incomplete self-assembly (Figure 3d). Interestingly, in the
presence of the [WO9]*~ POM as template, the Pt(I1)/L2
system underwent clean and efficient self-assembly, yield-
ing the Pts(L2), cage (Figure 3e). The resulting complex
displayed sharp and well-resolved 'H NMR signals, with
chemical shifts and splitting patterns comparable to those
observed for the Pd(IT) analog. DOSY confirmed the forma-
tion of a discrete species with a hydrodynamic radius () of
13.7 A as determined by the Stokes-Einstein equation, which
is similar in size to the Pds(L2), cage. HR-MS revealed the
expected composition of WO,9@Pts(L2)4(PF¢)19 with iso-
topic distributions matching the calculated values (Figure 2c).
The W0,9@Pts(L2), assembly was also obtained by adding
the Lindqvist [WsOyo]>~ into the preformed mixtures
(Figure S17). These results demonstrate the successful for-
mation of the MgL, cage through kinetically inert self-
assembly.

Single crystals suitable for X-ray diffraction were obtained
by slow vapor diffusion of dichloromethane into an ace-
tonitrile solution of WO19@Pts(L2), The crystal structure
unambiguously confirmed the formation of a discrete Pts(L2),
cage, with a Lindqvist [WsO19]>~ POM centrally encapsulated
within an MgL, framework (Figure 5a). The assembly adopts
an open octahedral geometry in which six cis-protected Pt(1I)
centers occupy the vertices, each coordinated by two pyridyl
donors from separate L2 ligands. The four L2 ligands span
the edges of the cage, with their central benzene rings
defining the faces of the distorted octahedron. Despite the
intrinsic dihedral angle (6 ~ 36°) of the free L2 ligand,
self-assembly enabled the formation of a high-symmetry
Pts(L2), architecture through conformational adaptation.
Within the assembled structure, the pyridyl arms of each
L2 adopt three distinct yet substantially reduced dihedral
angles (0) up to 4.8(8)°, 6.1(4)°, and 22.5(4)° underscoring
the geometric constraint imposed by the POM template
on the ligand conformation. This conformational distortion
effectively alleviates structural strain, enabling the precise
spatial arrangement required for successful closure of the
M;L, cage around the central [WsOy9]*~ template. The POM
is centrally encapsulated and stabilized through electrostatic
and shape-complementary host-guest interactions within the
cationic framework. The crystallographic evidence provides
unambiguous structural validation for the POM-directed
self-assembly of robust coordination cages, overcoming the
inherent challenges posed by conformationally mismatched
ligands and kinetically inert metal centers. It highlights the

© 2025 Wiley-VCH GmbH

85U8017 SUOWILLIOD 8A 118D 3|l dde 8Ly Aq peuseob e Seppie YO ‘8sn JO s3I 10} AIqi8UlUO AB]IM UO (SUORIPUOD-pUB-SWB 0" A3 | 1M Ae.q 1 |Bul [UO//:SdnL) SUORIPUOD PUe Swiia | 3u} 89S *[920z/70/62] Uo Ariqiaulluo A8|IM “eayiol|qigsielsRAIuN BAN Ad 6798TSZ0Z @1Ue/Z00T 0T/I0p/Wo0 A8 | im Arelqjeuljuo//Sdiy Wwolj papeo|umod ‘S ‘SZ0Z ‘€LLETZST



Figure 5. X-ray crystal structure of a) WgO19 @ Ptg (L2)4, b) Ptg(L1)4, and
c) Ptg(L2)4. The POM encapsulated within the cavity is shown in
polyhedral representation. Counterions and solvent molecules have
been omitted for clarity.

kinetic templating effects of POMs, which enable precise
control over cage topology and symmetry, revealing their
large potential to address current challenges in the synthesis
of otherwise inaccessible, stable supramolecular architectures.

Template Removal and Host-Guest Encapsulation

In conventional template-directed self-assembly, the removal
of the templating species after cage formation remains a chal-
lenge. This difficulty primarily arises because many templates
bind tightly within the host cavity or become structurally
integral to the resulting architecture, such that their extraction
often risks compromising the integrity of the cage. Numerous
literature reports have highlighted the irreversible nature
of such assemblies or the need for multi-step procedures
to displace the template, thereby limiting their practical
applicability as empty hosts.”*®! In contrast, the use of
POMs as templates in robust coordination cages offers a
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Figure 6. "H NMR spectra (600 MHz, 298 K, D,0) of a) the titration of
base (KOD) into solutions of the WgO19 @ Ptg (L2)4s complexes, leading
to removal of the POM template and formation of the template-free

Ptg (L2)4 cage, and host-guest encapsulation of b) four equivalents of
benzyl alcohol (G1), and c) one equivalent of sodium tetraphenylborate
(G2) within the Ptg(L2)4 cage.

distinct advantage: since many POMs can be selectively and
efficiently removed by hydrolysis at different pH levels.[®]
The Lindqvist [MsO9]>~ (M=Mo and W) POMs are
classic examples known for their hydrolytic lability in pure
aqueous media, particularly under alkaline conditions, where
they readily decompose into their precursor species, such
as WO,*>~.[#] Following the self-assembly, we hypothesized
that POM removal would remain feasible under alkaline
conditions because of the structural robustness of the PtsL,4
cages. To test this, we titrated an alkaline aqueous KOD
solution into WsO,9@Pt;L, complexes derived from both
ligands L1 and L2 (Figures 6a and S15). The [W¢O9]*~
POM could be efficiently and selectively hydrolyzed under
alkaline conditions without compromising the integrity of
the cage framework. For example, increasing amounts of
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KOD (ranging from 0 to 12 equivalents) were added to an
NMR tube consisting of WsO9@Pts(L2), (1.0 equivalent)
and the reaction was monitored via '"H NMR spectroscopy.
The results indicated that the hydrolysis of encapsulated
[W6O19]>~ POM proceeded rapidly and was completed upon
the addition of 10 equivalents of KOD and the formation
of template-free Pts(L2), cage was confirmed by 'HNMR,
DOSY, and HR-MS. Notably, the template-free Pt(L2)4 cage
displayed sharp and well-resolved 'H NMR resonances with
a diffusion coefficient consistent (D = 1.70 x 107!° m?s7!)
with that of a discrete ML, species. After conversion to its
PF¢~ salt, HR-MS revealed a composition of Pts(L2)4(PFs )1,
(Figure 2e). A similar procedure was successfully applied
to the WO19@Pts(L1), complex, yielding the corresponding
template-free Ptg(L1), cage (Figures 2d and S18). These
results indicate that the Pt(II)-based MgL4 cages remain
stable in solution after removal of the POM template.
This structural integrity is attributed to the robust Pt-N
coordination bonds and the preorganized ligand geometry
established during POM-directed self-assembly.

Importantly, high-quality single crystals suitable for X-ray
diffraction were successfully obtained by slow vapor diffusion
of dichloromethane into an acetonitrile solution of Pts(L1),.
A similar protocol using diethyl ether diffusion into a solution
of Pt(L2), also yielded suitable crystals. X-ray diffraction
analysis unambiguously confirmed that both template-free
Pts(L1), and Pts(L2), retain the anticipated octahedral MgL,
geometry, featuring four bridging ligands coordinating six cis-
protected Pt(II) centers (Figures 5b and c). Although the
overall structure is similar, differences in ligand structure give
rise to subtle yet important differences between the two coor-
dination cages. Ligand L1 exhibits a planar conformation with
a dihedral angle (9) close to 0°, which facilitates linear and
symmetric coordination, yielding a more regular octahedral
cage geometry. In the Pt¢(L1), cage, the distances between
diagonal Pt(II) centers (d = 18.5(2) A) are nearly identical
and both the overall geometry and internal cavity volume (608
A%) closely resemble those of previously reported ML cages
based on ligand L1. In contrast, L2 features a twisted and
more flexible backbone with a dihedral angle of ~36°, which
leads to small distortions in both coordination geometry
and overall cage curvature. In the Pts(L2), cage, the ligand
adopts three distinct dihedral angles (6 ~ 4.1(8)°, 25.2(5)°,
and 26.5(8)°), reflecting a conformational adjustment that is
significantly reduced compared to the free ligand (6 ~ 36°),
yet increased relative to the more compressed conformation
in the WsO19@Pts(L2), complex (0 = 4.8(8)°, 6.1(4)°, and
22.5(4)°). There are two different distances (d = 17.5(4) and
19.3(8) A) between diagonal Pt(Il) centers, highlighting a
deviation from ideal octahedral symmetry. Cavity volume
(563 A%) estimations based on crystallographic data reveal
that the Pts(L2), cage adopts a slightly compressed geometry,
directly resulting from the twisted conformation of the
L2 ligands. The differences in ligands also impart distinct
physicochemical properties to the resulting cage cavities.
The cavity of Pts(L1),, bearing a triazine core, is more
polar and electron-deficient, while the cavity of Ptg(L2), is
relatively hydrophobic and electronically neutral as judged by
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aromaticity distribution and hydrophobicity mapping (Figures
$19,S20).

With the empty cages in hand, the impact of the geo-
metric and physicochemical differences between Pts(L1), and
Pts(L2), on properties such as guest encapsulation and stabi-
lization can be explored. We first investigated the hydrolysis
behavior of [W6019]27 POM in the W6019@Pt6(L1)4(NO3)10
and Ws0;9@Pts(L2)4(NOs3);o complexes under neutral aque-
ous conditions. The slower hydrolysis rate at neutral pH
provided a suitable time window for assessing potential dif-
ferences in structural properties and guest retention between
the two cages. The assembled between W¢O,9@Pts(L1)4 and
Ws019@Pts(L2), complexes were directly dissolved in D,O
and monitored by 'H NMR spectroscopy (Figures $21,522).
Hydrolysis of the encapsulated [MsO19]*~ in W019@Pts(L1)4
began after 3 days, whereas W¢O19@Pt4(L2)4 remained stable
with no significant hydrolysis observed even after 14 days. This
pronounced difference in hydrolytic stability is attributed to
the more hydrophobic, neutral, and slightly compressed cavity
of Pts(L2)4, which better protects the POM and enhances its
stability.

We next explored the host-guest encapsulation behavior
using benzyl alcohol (G1) and sodium tetraphenylborate (G2)
as model guest molecules. While the host-guest chemistry of
L1 (6 = 0°)-based ML, analogs has been well studied, 753581
we are particularly interested in exploring the host-guest
behavior of the new Pts(L2), cage featuring the twisted ligand
(6 > 0°). Demonstrating the binding of both small and large
guests provides insight into the potential of these robust cages
for aqueous host-guest applications. Titration of G1 into a
D,O solution of the Ptg(L2); cage revealed clear spectral
changes in the 'H NMR spectra and a 4:1 guest-to-cage
binding ratio (Figure 6b and S23). The inner aryl protons
of L2 shifted (8.3 to 8.5 ppm), indicating perturbation of
the cage environment consistent with guest encapsulation.
Simultaneously, the proton signals of G1 shifted upfield,
indicating shielding effects resulting from the close spatial
proximity to the cage. DOSY revealed two different diffusion
coefficients for the cage and its guests, indicating dynamic
exchange behavior on the NMR timescale (Figure S24). Upon
mixing G2 with Pts(L2), cage, a new set of 'H NMR signals
appeared, featuring upfield shifts of the aromatic protons of
G2, and downfield shifts of the cage ligands, indicative of
formation of a host-guest complex (Figure 6¢ and S26). Signal
integration revealed a 1:1 binding stoichiometry consistent
with the encapsulation of a single large guest (Figure S27).
DOSY experiments confirmed the formation of a host-
guest complex by showing identical diffusion coefficients
(D = 1.62 x 107! m?%/s) for both the host and guest (Figure
S28). After conversion to its PFs~ salt, HR-MS revealed a
composition of G2@Pd4(L2),(PFs); (Figure S29). The cavity
(563 A%) is volumetrically suitable for binding guests as large
as G2 (335 A%) and its conformational flexibility is sufficient
to allow diffusion through the cage apertures (Figure S30).[%]
Notably, the persistent stability of encapsulated G2 under
both acidic and basic conditions underscores the protective
capacity of the kinetically robust cage cavity and its ability to
modulate the properties of the guest (Figure S31).
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Conclusion

In summary, we have demonstrated a versatile POM-directed
strategy for the self-assembly of kinetically robust MgL,
coordination cages from inert metal centers and ligands with
varying dihedral angles. The POM templates effectively direct
the formation of desired cage architectures through ther-
modynamic or kinetic control, enabling access to otherwise
inaccessible or unstable species. For the planar ligand L1,
POM promoted the thermodynamically favored formation
of the Pts(L1)4 cage exclusively. In contrast, for the twisted
ligand L2, which typically favors the thermodynamically
preferred Mj;Lg cages, POM templated assembly resulted
in the formation of kinetically trapped MgL, cages for
both the labile Pd(II) and inert Pt(II) metal centers. The
resulting Pts(L1)s; and Pts(L2), cages exhibit remarkable
kinetic stability and can be converted into template-free cages
via an alkaline treatment that hydrolyses the encapsulated
POM. These empty cages retain their structural integrity
and demonstrate host-guest encapsulation in both acidic
and basic aqueous media. Although this study employed
only a single Lindqvist-type POM, the vast structural diver-
sity and tunability of the POM family suggest that this
strategy has significant potential as a general principle for
directing the self-assembly of robust coordination cages
with host-guest functionality and applications under harsh
conditions.
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