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ABSTRACT: Nanosized cage-within-cage compounds represent a
synergistic molecular self-assembling form of three-dimensional
architecture that has received particular research focus. Building
multilayered ultralarge cages to simulate complicated virus capsids
is believed to be a tough synthetic challenge. Here, we synthesize
two large double-shell supramolecular cages by facile self-assembly
of presynthesized metal−organic hexatopic terpyridine ligands with
metal ions. Differing from the mixture of prisms formed from the
inner tritopic ligand, the redesigned metal−organic hexatopic
ligands bearing high geometric constraints that led to the exclusive
formation of discrete double-shell structures. These two unique
nested cages are composed of inner cubes (5.1 nm) and outer huge
truncated cubes (12.0 and 13.2 nm) with six large bowl-shape subcages distributed on six faces. The results with molecular weights
of 75 232 and 77 667 Da were among the largest synthetic cage-in-cage supramolecules reported to date. The composition, size and
shape were unambiguously characterized by a combination of 1H NMR, DOSY, ESI-MS, TWIM-MS, TEM, AFM, and SAXS. This
work provides an interesting model for functional recognition, delivery, and detection of various guest molecules in the field of
supramolecular materials.

■ INTRODUCTION

Artificial synthetic cages are inspiring species, which could
provide biomimetic microenvironments to study the weak
interactions within a cavity.1 Just like the ubiquitous, elegant,
and functional self-assemblies in living organisms, the resulting
cage complexes have precise spatial structures and, more
important, consequent powerful functionalities, such as guest
recognition,2 chemical separations,3 catalysis,4 and so on.5

Although the ultralarge three-dimensional molecular architec-
tures are prevalent in biological systems such as various
spherical virus capsids,6 it is full of challenges to artificially
obtain the nanoscale ones with accurate size and geometry
using the chemical synthetic method, especially for very large
self-assembled structures.7 In comparing with the single-shell
nanosized containers, the double-shell ones, such as cage-
within-cage structures, are attractive but rarer in nonbiological
chemistry.8

Coordination-driven supramolecular self-assembly is an
appropriate strategy to synthesize the desired supramolecules
due to its high directionality and moderate bonding strength.9

Indeed, multitudinous 3D polyhedral and cage-like architec-
tures have been expediently generated via coordination
reaction of the ligands and metal ions,10 represented by the
prominent work of Fujita,11 Stang,12 Nitschke,13 Raymond,14

Clever,15 and others.16 Among these excellent works, many
efforts have been dedicated to construct complex and giant 3D
supramolecular structures by means of precisely designing the

ligands and rationally controlling the self-assembly process.
The typical and perfect work was the giant polyhedral cage
[M48L96] obtained by subtle control over the bent angle and
geometry of bipyridine ligands from Fujita’s group.7b,17 In
addition, the multicomponent heteroleptical coordination-
driven self-assembly is an alternative strategy to construct the
desired intricate and huge 3D architectures.18 Another strategy
to construct well-defined megastructures is using the
hierarchical stepwise coordination reaction, which could
avoid the unwanted self-sorting or oligomers in a multiligands
system and to finally generate the predefined structures via
thermodynamically driven assembly.19

Even though these sophisticated and giant synthetic metallo-
supramolecular cages have been well-established, before
mimicking the functionality of biological systems, it remains
necessary to construct supramolecular architectures with
comparable size to biological molecules. For example, most
virus capsids vary in diameter from tens to hundreds of
nanometers and the smallest animal viruses are about 20 nm,
notably the artificially synthesized well-defined supramolecules
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larger than 10 nm in diameter are rare.7b,20 It is worth
mentioning that the synthesis of multilayered 3D structures is
of importance to further understanding of the interaction
behaviors and potential applications in the field of supra-
molecular materials. However, only a few examples about
complex-in-complex cages were reported so far. The first
artificial sphere-in-sphere architecture was obtained by Fujita
and co-workers by employing two tethered ligands.21 The
groups of Li and Mukherjee developed the square planar
coordination self-assembly through tetramonodentate ligands
with M2+ ions (M = Pd and Pt).22 Different types of double-
shell supramolecules and nanoclusters were also demonstrated
by Schmitt,23 Wang,24 Sun,25 and others very recently.26

Terpyridine-based supramolecular double-shell structures,
however, have not been reported to the best of our knowledge.
In this paper, two huge double-shell Russian-doll-like cubes

were rationally designed and synthesized by the self-assembly
of preorganized metal−organic multitopic terpyridine ligands
and metal ions. As shown in Figure 1, the nonplanar tritopic

ligand was assembled to form a mixture of octamer, decamer,
dodecamer, and other oligomers instead of single species. Most
interestingly, by introducing the affiliated outer layer through a
rigid ⟨Tpy-Ru2+-Tpy⟩ connection to increase coordination
numbers, the redesigned hexatopic units (L1 and L2) could be
accurately assembled to generate the discrete double-shell
architectures (L18Zn24 and L28Zn24) due to the high
geometric constraints. These two unique nested cages are
composed of inner cubes and outer huge truncated cubes.
Viewed from another perspective, six large bowl-shape
subcages were distributed on six faces, which may provide a
new type of functional supramolecular hosts for shape-, size-,
and charge-selective guests.27

■ RESULTS AND DISCUSSION
One Step, Self-Assembly of a Tripodal Organic

Ligand with Zn2+. Initially, the tripodal ligand 3 was
synthesized by Suzuki Coupling reaction of bromo-substituted
compound 1 and 4′-(4-boronatophenyl)[2,2′:6′,2″]terpyridine
with Pd catalyst (Scheme S1). As shown in Figure 2, the self-

assembly of ligand 3 with Zn2+ ions was performed by precisely
mixing two components with 2/3 ratio in CHCl3/CH3CN/
CH3OH. With the fact that ligand 3 possess the rigid ridge
1,1,1-triphenylethane core and the bent angle of tpy moieties is
ca. 109°, which is similar to the adjacent edge angle (108°) of
dodecahedron, we expected that the 3 could form the desired
single cage-like dodecahedrons. Unfortunately, both 1H NMR
and 2D Diffusion-ordered spectroscopy (DOSY) NMR spectra
indicate the forming of mixed assemblies. As shown in Figure
2, the 1H NMR spectrum of resultant products showed
characteristic signals shift of terpyridine ligands after complex-
ing, the expected upfield shift of the tpyH6,6’’ proton from 8.75
to 7.91 ppm was observed. Besides, there are several obvious
overlapped peaks corresponding to the same proton, for
example, two discernible singlets around 9.18 ppm contributed
to tpyH3′,5′ proton (see Figure S40). Furthermore, the DOSY
spectrum displayed three signal bands with log D (D is
diffusion coefficient) = −10.30, −10.39, and −10.46,
respectively (Figure 2B), demonstrating the formation of a
mixture in CD3CN/DMF-d7. Further, the components of the
resultant mixture were characterized by the electrospray
ionization mass spectrometry (ESI-MS), in which a series of
sequential charged peaks assigned to octamer, decamer,
dodecamer, and others were clearly observed (Figure 2C).

Synthesis of Metal−Organic Hexatopic Ligands and
Assembly of Russian-Doll-Like Cubes. Above results
indicate that the tripodal ligands have a flexible structure,
which could bend to form compact geometry. In order to
obtain more complicated discrete assemblies, the new metal−
organic ligands were synthesized by stepwise method using the

Figure 1. Cartoon representation of a mixture formed from tritopic
ligand and a giant double-decker Russian-doll-like cube from the
branched ligand with increasing coordination numbers.

Figure 2. (A) Schematic illustration of self-assembly of tripodal
organic ligand 3 into a mixture of octamer, decamer, and dodecamer;
(B) DOSY NMR spectra (500 MHz, 298 K) of the mixtures in
CD3CN/DMF-d7; (C) ESI-MS of multiple resultant products.
Multimer complexes are named Mn

x+, where n designates the number
of repeat ligands and x is the number of charges.
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irreversible ⟨Tpy-Ru2+-Tpy⟩ units as connections. As shown in
Scheme 1, bromo-substituted complex 13 was generated by
stepwise coordination reactions, in which tetrapodal terpyr-
idine compound 5 was first reacted with RuCl3 adducts 8 to
produce mononuclear complex 9 and then when complexed

with adducts 12 to afford the desired products. The final
multitopic terpyridine ligand L1 was obtained by a six
simultaneous Suzuki couplings of complex 13 with 4′-(4-
boronatophenyl)[2,2′:6′,2″]terpyridine catalyzed by [Pd-
(PPh3)4] and purification by column chromatography

Scheme 1. (A) Synthesis of Metallo-Organic Ligands L1 and L2 and (B) Energy-Minimized Structure of Russian-Doll-Like
Cube C2

aReagents and conditions: (i) N-ethyl morpholine, CH3OH:CHCl3 (1:1, v:v), reflux, 1 d; (ii) N-ethyl morpholine, CH3OH:CHCl3 (1:1, v:v),
reflux, 1 d; (iii) Pd(PPh3)4, K2CO3, CH3CN:CH3OH (5:1, v:v), reflux, 6 d.

Figure 3. 1H NMR spectra (500 MHz, CD3CN, 298 K) of (A) Metallo-organic ligand L2 and (B) Russian-doll-like cube C2; (C and D) DOSY
NMR spectra (500 MHz, 298 K) of C1 and C2 in CD3CN, which showed narrow single bonds, confirming that only one species exists in the
solution.
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(Al2O3) and subsequent recrystallization. With similar process,
the larger metal−organic ligand L2 was also successfully
synthesized. The structures of L1 and L2 were undoubtedly
characterized by NMR spectra and ESI-MS (the detailed
analyses are available in the Supporting Information). As
observed from Figure 3, the 1H NMR of L2 showed four
singlets around 9.13 ppm assigned to the tpyH3′,5′ protons for
⟨Tpy-Ru2+-Tpy⟩ moieties and two singlets at 8.88 and 8.85
ppm with 1:1 integrated ratio attributed to the tpyH3′,5′ of free
terpyridyl fragments, and all of signal assignments were
performed by 2D COSY and 2D-NOESY NMR spectra
(Figure S32). As well, the ESI-MS spectrum of complex L2
showed the clear and sequential peaks at 838.83(7+),
1025.28(6+), 1286.31(5+), and 1677.85(4+), supporting the
desired structure (Figure S38).
The self-assembly of Russian-Doll-Like Cubes C1 (or C2)

was performed by precisely mixing ligand L1 (or L2; 1 equiv)
and Zn(NO3)2·6H2O (3 equiv) in CH3CN at 85 °C for 24 h,
giving a translucent red solution. After cooling to room
temperature, excess lithium bis(trifluoromethylsulfonyl)imide
(LiNTf2) solution was added to generate a precipitate, which
was washed with plenty of H2O to give complexes C1 (or C2).
The 1H NMR spectrum of cubes C1 and C2 was showed in
Figures S49 and 3, respectively, in which a broad signal pattern
was observed due to the slow tumbling motion resulting from
the formation of giant complexes.28 However, both 1H NMR
results were similar to those for corresponding ligands L1 and
L2, indicating that the resultant products are highly sym-
metrical. Moreover, all protons signals could be completely
assigned via the 2D-COSY and NOESY NMR spectra (The
detailed analyses are available in the Supporting Information).
In comparison of metal−organic ligand L2, the obvious

resonance peak change for complex C2 was easily found,
including obvious downfield shifts from 8.9 to 9.1 ppm for the
signals of tpyH3′,5′ and tpyH3′,3″ of free terpyridine segments,
owing to the tangential electron-withdrawing effects upon
coordination and a dramatic upfield shift (δ = 0.9 ppm) for
tpyH6′,6″ protons due to the electron shielding effect (Figure
3B).29 Similar signals shift were also observed for complex C1
(Figure S49). Such characteristic change of the tpy moieties
demonstrates that the assembled complex was designedly
produced. Single and discrete self-assembled structures of C1
and C2 were further supported by diffusion-ordered NMR
spectroscopy (DOSY) spectrum (Figure 3C), in which all of
resonance signals for the complex were on a narrow band with
log D = −10.03 (C1) and −10.12 (C2), respectively,
supporting the respective formation of one discrete species
in CD3CN. In addition, the experimental hydrodynamic radius
(rH) of C1 and C2 which derived from the Stokes−Einstein
equation was ca. 6.2 and 7.4 nm, respectively.
The composition and structure of Russian-doll-like cubes C1

and C2 were fully characterized by ESI mass spectrum and
traveling-wave ion mobility-mass spectrometry (TWIM-MS).
As displayed in Figure 4A,C, a series of sequential peaks with
charge states varying from 24+ to 46+ for complex C1 and 31+

to 51+ for complex C2 were detected, respectively. These
continuous signals matched well with the simulated m/z from
t h e t h e o r e t i c a l m o l e c u l a r f o r m u l a o f
(Zn24Ru32C2680H1760N336O24)

112+·112(NTf2
−) with the molec-

ular weight 75232.41 Da for complex C1 and
(Zn24Ru32C2872H1888N336O24)

112+·112(NTf2
−) with the molec-

ular weight 77667.55 Da for complex C2, demonstrating the
formation of desired octameric Russian-doll-like supramolec-

ular cubes. Unfortunately, the experimental isotope pattern of
each charge state for both C1 and C2 were indistinct possibly
due to resolution limits by high molecular weight and/or the
large cavity encapsulating the solvent molecules. Alternatively,
the ESI-TWIM-MS experiments afforded additional structural
evidence, in which one dominant series of continuous charge
signal distributions ranging from 30+ to 39+ derived from
complex C1 and 31+ to 44+ for complex C2 with a narrow drift
time were discernible, and no signal peaks of other oligomer
were found, which indicated that the formation here was
discrete and rigid structures, as well no other isomers or
structural conformers exist (Figure 4B,D).

Size Characterization by Transmission Electron
Microscopy (TEM), Atomic Force Microscopy (AFM),
and Small-Angle X-ray Scattering (SAXS). Many attempts
to grow X-ray single crystals for Russian-doll-like cubes C1 and
C2 were unsuccessful to date probably because the huge
molecular frameworks and solvent molecules or counterions in
the cavity. To provide more structural evidence, the TEM and
AFM measurements were performed by drop-casting dilute
solutions of C1 and C2 in MeCN at a concentration of ∼10−6
M onto superthin carbon film-coated Cu grid or freshly cleaved
mica sheet. As depicted in Figure 5C,D, TEM images displayed

Figure 4. (A) ESI-MS and (B) 2D ESI TWIM-MS plot (m/z vs drift
time) of complex C1 and (C) ESI-MS and (D) 2D ESI TWIM-MS
plot (m/z vs drift time) of complex C2. The charge states of intact
assemblies are marked.
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mounts of uniform dots with an average diameter of 12.0 ± 0.1
nm for complex C1 and 13.2 ± 0.2 nm for complex C2, which
were consistent with the size simulated from molecular
modeling (see also Figure S56). As well, the AFM images
(Figures 5E,F, S57, and S58) showed a series of dots with
average height of 8.2 and 9.5 nm, which were in accordance
with the calculated height from model structure of 8.6 and 9.8
nm for C1 and C2, respectively. Furthermore, Dynamic light
scattering experiments (DLS) have been also employed to
measure the molecular sizes of the supramolecular complexes
(Figure S59), confirmed the size distribution correlates well
with the size of optimized molecular models (12.0 and 13.2
nm).
With the above structural composition and size information

in mind, small-angle X-ray scattering (SAXS) measurement
were further performed for C1 and C2, respectively, in
solutions to access more structural information and the SAXS
datum were summarized in Figure 5G. Theoretical SAXS plots
were afforded using the Crysol software on the basis of the
optimized structure models of C1 and C2, generated from the
Material Studio platform. The experimental SAXS curves fitted
quite well with the simulated data, especially the oscillation
features and local minimum, suggesting that the overall
morphology of the two samples in solutions are consistent

well with the theoretical models. In addition, the discrepancy
between the theoretical plots of a small cubic structures and
experimental scattering data of C1 and C2 excludes the
possibility of the formation of small nanocages (Figure S60).
The less-resolved peaks with low amplitude may be due to the
existence of large void areas in the framework structures, which
verifies the incompact structures of Russian-doll-like cubes C1
and C2.

■ CONCLUSIONS
In conclusion, we herein report a synthetic approach to
Russian-doll-like cubes whose molecular weight and size were
among the largest cage-within-cage supramolecules. The inner
cubic shell and the outer huge truncated cube were bridged
through eight ⟨Tpy-Ru2+-Tpy⟩ connectivities. This successful
result shows that mutil-topic ligands with high geometric
constraints are important for the generation of single species.
The cage-within-cage structures were confirmed by a series of
experiments including 1H NMR, DOSY, ESI-MS, TWIM-MS,
TEM, AFM, and SAXS, suggesting that the designed double-
shell cages have a molecular weight up to 77 667 Da and
possess a size up to 13.2 nm. This strategy used in this study
will pave a new avenue toward precisely constructing more
giant supramolecules. In addition, the large bowl-shape

Figure 5. (A and B) Representative energy-minimized structures from molecular modeling of C1 and C2; (C and D) TEM images of C1 and C2,
(E and F) AFM images of C1 and C2, and (G) SAXS profiles of the C1 and C2.
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subcages within the assemblies that may provide a new type of
functional supramolecular hosts for shape-, size-, and charge-
selective guests. Such exquisite and huge self-assembled
architectures will also arouse more interest and further research
on exactly where is the end for the size of well-defined artificial
synthetic assemblies.
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R.; Zieńtara, S.; Mertens, P. P. C.; Stuart, D. I. The atomic structure
of the bluetongue virus core. Nature 1998, 395 (6701), 470−478.
(7) (a) Pasquale, S.; Sattin, S.; Escudero-Adan, E. C.; Martinez-
Belmonte, M.; de Mendoza, J. Giant regular polyhedra from calixarene
carboxylates and uranyl. Nat. Commun. 2012, 3, 785. (b) Fujita, D.;
Ueda, Y.; Sato, S.; Mizuno, N.; Kumasaka, T.; Fujita, M. Self-assembly
of tetravalent Goldberg polyhedra from 144 small components.
Nature 2016, 540 (7634), 563−567.
(8) (a) Liu, Z.; Tian, C.; Yu, J.; Li, Y.; Jiang, W.; Mao, C. Self-
Assembly of Responsive Multilayered DNA Nanocages. J. Am. Chem.
Soc. 2015, 137 (5), 1730−1733. (b) Han, D.; Pal, S.; Nangreave, J.;
Deng, Z.; Liu, Y.; Yan, H. DNA Origami with Complex Curvatures in
Three-Dimensional Space. Science 2011, 332 (6027), 342.
(9) (a) Lehn, J.-M. From supramolecular chemistry towards
constitutional dynamic chemistry and adaptive chemistry. Chem.
Soc. Rev. 2007, 36 (2), 151−160. (b) Chen, L.; Chen, Q.; Wu, M.;
Jiang, F.; Hong, M. Controllable Coordination-Driven Self-Assembly:
From Discrete Metallocages to Infinite Cage-Based Frameworks. Acc.
Chem. Res. 2015, 48 (2), 201−210. (c) Cook, T. R.; Stang, P. J.
Recent Developments in the Preparation and Chemistry of Metalla-
cycles and Metallacages via Coordination. Chem. Rev. 2015, 115 (15),
7001−7045. (d) Goswami, A.; Saha, S.; Biswas, P. K.; Schmittel, M.
(Nano)mechanical Motion Triggered by Metal Coordination: from
Functional Devices to Networked Multicomponent Catalytic
Machinery. Chem. Rev. 2020, 120 (1), 125−199. (e) Ayme, J.-F.;
Beves, J. E.; Campbell, C. J.; Leigh, D. A. Template synthesis of
molecular knots. Chem. Soc. Rev. 2013, 42 (4), 1700−1712. (f) Gao,
W.-X.; Feng, H.-J.; Guo, B.-B.; Lu, Y.; Jin, G.-X. Coordination-
Directed Construction of Molecular Links. Chem. Rev. 2020, 120
(13), 6288−6325. (g) Forgan, R. S.; Sauvage, J.-P.; Stoddart, J. F.
Chemical Topology: Complex Molecular Knots, Links, and
Entanglements. Chem. Rev. 2011, 111 (9), 5434−5464. (h) Zhang,
Z.; Li, Y.; Song, B.; Zhang, Y.; Jiang, X.; Wang, M.; Tumbleson, R.;
Liu, C.; Wang, P.; Hao, X.-Q.; Rojas, T.; Ngo, A. T.; Sessler, J. L.;
Newkome, G. R.; Hla, S. W.; Li, X. Intra- and intermolecular self-
assembly of a 20-nm-wide supramolecular hexagonal grid. Nat. Chem.
2020, 12 (5), 468−474.
(10) (a) Chakraborty, S.; Newkome, G. R. Terpyridine-based
metallosupramolecular constructs: tailored monomers to precise 2D-
motifs and 3D-metallocages. Chem. Soc. Rev. 2018, 47 (11), 3991−
4016. (b) Pan, M.; Wu, K.; Zhang, J.-H.; Su, C.-Y. Chiral metal−
organic cages/containers (MOCs): From structural and stereo-
chemical design to applications. Coord. Chem. Rev. 2019, 378, 333−
349. (c) Pluth, M. D.; Bergman, R. G.; Raymond, K. N. Proton-
Mediated Chemistry and Catalysis in a Self-Assembled Supra-
molecular Host. Acc. Chem. Res. 2009, 42 (10), 1650−1659.
(d) Saha, R.; Devaraj, A.; Bhattacharyya, S.; Das, S.; Zangrando, E.;
Mukherjee, P. S. Unusual Behavior of Donor−Acceptor Stenhouse

Adducts in Confined Space of a Water-Soluble PdII8 Molecular Vessel.
J. Am. Chem. Soc. 2019, 141 (21), 8638−8645. (e) Wang, Z.; He, L.;
Liu, B.; Zhou, L.-P.; Cai, L.-X.; Hu, S.-J.; Li, X.-Z.; Li, Z.; Chen, T.; Li,
X.; Sun, Q.-F. Coordination-Assembled Water-Soluble Anionic
Lanthanide Organic Polyhedra for Luminescent Labeling and
Magnetic Resonance Imaging. J. Am. Chem. Soc. 2020, 142 (38),
16409−16419. (f) Li, Y.; An, Y.-Y.; Fan, J.-Z.; Liu, X.-X.; Li, X.; Hahn,
F. E.; Wang, Y.-Y.; Han, Y.-F. Strategy for the Construction of Diverse
Poly-NHC-Derived Assemblies and Their Photoinduced Trans-
formations. Angew. Chem., Int. Ed. 2020, 59 (25), 10073−10080.
(g) Li, G.; Zhou, Z.; Yuan, C.; Guo, Z.; Liu, Y.; Zhao, D.; Liu, K.;
Zhao, J.; Tan, H.; Yan, X. Trackable Supramolecular Fusion: Cage to
Cage Transformation of Tetraphenylethylene-Based Metalloassem-
blies. Angew. Chem., Int. Ed. 2020, 59 (25), 10013−10017. (h) Zhang,
X.; Dong, X.; Lu, W.; Luo, D.; Zhu, X.-W.; Li, X.; Zhou, X.-P.; Li, D.
Fine-Tuning Apertures of Metal−Organic Cages: Encapsulation of
Carbon Dioxide in Solution and Solid State. J. Am. Chem. Soc. 2019,
141 (29), 11621−11627. (i) Jing, X.; He, C.; Yang, Y.; Duan, C. A
Metal−Organic Tetrahedron as a Redox Vehicle to Encapsulate
Organic Dyes for Photocatalytic Proton Reduction. J. Am. Chem. Soc.
2015, 137 (11), 3967−3974. (j) Bloch, W. M.; Holstein, J. J.;
Dittrich, B.; Hiller, W.; Clever, G. H. Hierarchical Assembly of an
Interlocked M8L16 Container. Angew. Chem., Int. Ed. 2018, 57 (19),
5534−5538. (k) Zhang, L.; Lin, Y.-J.; Li, Z.-H.; Jin, G.-X. Rational
Design of Polynuclear Organometallic Assemblies from a Simple
Heteromultifunctional Ligand. J. Am. Chem. Soc. 2015, 137 (42),
13670−13678. (l) Zhu, F.-F.; Chen, L.-J.; Chen, S.; Wu, G.-Y.; Jiang,
W.-L.; Shen, J.-C.; Qin, Y.; Xu, L.; Yang, H.-B. Confinement Self-
Assembly of Metal-Organic Cages within Mesoporous Carbon for
One-Pot Sequential Reactions. Chem. 2020, 6 (9), 2395−2406.
(11) (a) Fujita, M. Metal-directed self-assembly of two- and three-
dimensional synthetic receptors. Chem. Soc. Rev. 1998, 27 (6), 417−
425. (b) Takezawa, H.; Shitozawa, K.; Fujita, M. Enhanced reactivity
of twisted amides inside a molecular cage. Nat. Chem. 2020, 12 (6),
574−578.
(12) (a) Chakrabarty, R.; Mukherjee, P. S.; Stang, P. J. Supra-
molecular coordination: self-assembly of finite two- and three-
dimensional ensembles. Chem. Rev. 2011, 111 (11), 6810−6918.
(b) Sun, Y.; Chen, C.; Liu, J.; Stang, P. J. Recent developments in the
construction and applications of platinum-based metallacycles and
metallacages via coordination. Chem. Soc. Rev. 2020, 49 (12), 3889−
3919. (c) Sepehrpour, H.; Fu, W.; Sun, Y.; Stang, P. J. Biomedically
Relevant Self-Assembled Metallacycles and Metallacages. J. Am. Chem.
Soc. 2019, 141 (36), 14005−14020.
(13) (a) Smulders, M. M. J.; Riddell, I. A.; Browne, C.; Nitschke, J.
R. Building on architectural principles for three-dimensional metal-
losupramolecular construction. Chem. Soc. Rev. 2013, 42 (4), 1728−
1754. (b) Ronson, T. K.; Wang, Y.; Baldridge, K.; Siegel, J. S.;
Nitschke, J. R. An S10-Symmetric 5-Fold Interlocked [2]Catenane. J.
Am. Chem. Soc. 2020, 142 (23), 10267−10272.
(14) (a) Brown, C. J.; Toste, F. D.; Bergman, R. G.; Raymond, K. N.
Supramolecular catalysis in metal-ligand cluster hosts. Chem. Rev.
2015, 115 (9), 3012−3035. (b) Pluth, M. D.; Bergman, R. G.;
Raymond, K. N. Acid Catalysis in Basic Solution: A Supramolecular
Host Promotes Orthoformate Hydrolysis. Science 2007, 316 (5821),
85−88.
(15) Han, M.; Engelhard, D. M.; Clever, G. H. Self-assembled
coordination cages based on banana-shaped ligands. Chem. Soc. Rev.
2014, 43 (6), 1848.
(16) (a) Wang, M.; Wang, C.; Hao, X.-Q.; Li, X.; Vaughn, T. J.;
Zhang, Y.-Y.; Yu, Y.; Li, Z.-Y.; Song, M.-P.; Yang, H.-B.; Li, X. From
Trigonal Bipyramidal to Platonic Solids: Self-Assembly and Self-
Sorting Study of Terpyridine-Based 3D Architectures. J. Am. Chem.
Soc. 2014, 136 (29), 10499−10507. (b) Rizzuto, F. J.; Nitschke, J. R.
Stereochemical plasticity modulates cooperative binding in a CoII12L6
cuboctahedron. Nat. Chem. 2017, 9 (9), 903−908. (c) Mahata, K.;
Frischmann, P. D.; Würthner, F. Giant Electroactive M4L6
Tetrahedral Host Self-Assembled with Fe(II) Vertices and Perylene
Bisimide Dye Edges. J. Am. Chem. Soc. 2013, 135 (41), 15656−15661.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c11703
J. Am. Chem. Soc. 2021, 143, 2537−2544

2543

https://dx.doi.org/10.1038/s41467-020-18487-5
https://dx.doi.org/10.1038/s41565-020-0652-2
https://dx.doi.org/10.1016/j.chempr.2019.10.010
https://dx.doi.org/10.1016/j.chempr.2019.10.010
https://dx.doi.org/10.1021/acs.chemrev.6b00439
https://dx.doi.org/10.1021/acs.chemrev.6b00439
https://dx.doi.org/10.1039/C4CS00222A
https://dx.doi.org/10.1039/C4CS00222A
https://dx.doi.org/10.1002/anie.200802441
https://dx.doi.org/10.1002/anie.200802441
https://dx.doi.org/10.1021/jacs.9b05872
https://dx.doi.org/10.1021/jacs.9b05872
https://dx.doi.org/10.1038/26694
https://dx.doi.org/10.1038/26694
https://dx.doi.org/10.1038/ncomms1793
https://dx.doi.org/10.1038/ncomms1793
https://dx.doi.org/10.1038/nature20771
https://dx.doi.org/10.1038/nature20771
https://dx.doi.org/10.1021/ja5101307
https://dx.doi.org/10.1021/ja5101307
https://dx.doi.org/10.1126/science.1202998
https://dx.doi.org/10.1126/science.1202998
https://dx.doi.org/10.1039/B616752G
https://dx.doi.org/10.1039/B616752G
https://dx.doi.org/10.1021/ar5003076
https://dx.doi.org/10.1021/ar5003076
https://dx.doi.org/10.1021/cr5005666
https://dx.doi.org/10.1021/cr5005666
https://dx.doi.org/10.1021/acs.chemrev.9b00159
https://dx.doi.org/10.1021/acs.chemrev.9b00159
https://dx.doi.org/10.1021/acs.chemrev.9b00159
https://dx.doi.org/10.1039/C2CS35229J
https://dx.doi.org/10.1039/C2CS35229J
https://dx.doi.org/10.1021/acs.chemrev.0c00321
https://dx.doi.org/10.1021/acs.chemrev.0c00321
https://dx.doi.org/10.1021/cr200034u
https://dx.doi.org/10.1021/cr200034u
https://dx.doi.org/10.1038/s41557-020-0454-z
https://dx.doi.org/10.1038/s41557-020-0454-z
https://dx.doi.org/10.1039/C8CS00030A
https://dx.doi.org/10.1039/C8CS00030A
https://dx.doi.org/10.1039/C8CS00030A
https://dx.doi.org/10.1016/j.ccr.2017.10.031
https://dx.doi.org/10.1016/j.ccr.2017.10.031
https://dx.doi.org/10.1016/j.ccr.2017.10.031
https://dx.doi.org/10.1021/ar900118t
https://dx.doi.org/10.1021/ar900118t
https://dx.doi.org/10.1021/ar900118t
https://dx.doi.org/10.1021/jacs.9b03924
https://dx.doi.org/10.1021/jacs.9b03924
https://dx.doi.org/10.1021/jacs.0c07514
https://dx.doi.org/10.1021/jacs.0c07514
https://dx.doi.org/10.1021/jacs.0c07514
https://dx.doi.org/10.1002/anie.201912322
https://dx.doi.org/10.1002/anie.201912322
https://dx.doi.org/10.1002/anie.201912322
https://dx.doi.org/10.1002/anie.202000078
https://dx.doi.org/10.1002/anie.202000078
https://dx.doi.org/10.1002/anie.202000078
https://dx.doi.org/10.1021/jacs.9b04520
https://dx.doi.org/10.1021/jacs.9b04520
https://dx.doi.org/10.1021/jacs.5b00832
https://dx.doi.org/10.1021/jacs.5b00832
https://dx.doi.org/10.1021/jacs.5b00832
https://dx.doi.org/10.1002/anie.201800490
https://dx.doi.org/10.1002/anie.201800490
https://dx.doi.org/10.1021/jacs.5b08826
https://dx.doi.org/10.1021/jacs.5b08826
https://dx.doi.org/10.1021/jacs.5b08826
https://dx.doi.org/10.1016/j.chempr.2020.06.038
https://dx.doi.org/10.1016/j.chempr.2020.06.038
https://dx.doi.org/10.1016/j.chempr.2020.06.038
https://dx.doi.org/10.1039/a827417z
https://dx.doi.org/10.1039/a827417z
https://dx.doi.org/10.1038/s41557-020-0455-y
https://dx.doi.org/10.1038/s41557-020-0455-y
https://dx.doi.org/10.1021/cr200077m
https://dx.doi.org/10.1021/cr200077m
https://dx.doi.org/10.1021/cr200077m
https://dx.doi.org/10.1039/D0CS00038H
https://dx.doi.org/10.1039/D0CS00038H
https://dx.doi.org/10.1039/D0CS00038H
https://dx.doi.org/10.1021/jacs.9b06222
https://dx.doi.org/10.1021/jacs.9b06222
https://dx.doi.org/10.1039/C2CS35254K
https://dx.doi.org/10.1039/C2CS35254K
https://dx.doi.org/10.1021/jacs.0c03349
https://dx.doi.org/10.1021/cr4001226
https://dx.doi.org/10.1126/science.1138748
https://dx.doi.org/10.1126/science.1138748
https://dx.doi.org/10.1039/C3CS60473J
https://dx.doi.org/10.1039/C3CS60473J
https://dx.doi.org/10.1021/ja505414x
https://dx.doi.org/10.1021/ja505414x
https://dx.doi.org/10.1021/ja505414x
https://dx.doi.org/10.1038/nchem.2758
https://dx.doi.org/10.1038/nchem.2758
https://dx.doi.org/10.1021/ja4083039
https://dx.doi.org/10.1021/ja4083039
https://dx.doi.org/10.1021/ja4083039
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c11703?ref=pdf


(d) Li, X.-Z.; Zhou, L.-P.; Yan, L.-L.; Yuan, D.-Q.; Lin, C.-S.; Sun, Q.-
F. Evolution of Luminescent Supramolecular Lanthanide M2nL3n

Complexes from Helicates and Tetrahedra to Cubes. J. Am. Chem.
Soc. 2017, 139 (24), 8237−8244. (e) Olenyuk, B.; Levin, M. D.;
Whiteford, J. A.; Shield, J. E.; Stang, P. J. Self-Assembly of Nanoscopic
Dodecahedra from 50 Predesigned Components. J. Am. Chem. Soc.
1999, 121 (44), 10434−10435. (f) Tan, C.; Jiao, J.; Li, Z.; Liu, Y.;
Han, X.; Cui, Y. Design and Assembly of a Chiral Metallosalen-Based
Octahedral Coordination Cage for Supramolecular Asymmetric
Catalysis. Angew. Chem., Int. Ed. 2018, 57 (8), 2085−2090.
(17) Fujita, D.; Ueda, Y.; Sato, S.; Yokoyama, H.; Mizuno, N.;
Kumasaka, T.; Fujita, M. Self-Assembly of M30L60 Icosidodecahedron.
Chem. 2016, 1 (1), 91−101.
(18) (a) He, L.; Wang, S.-C.; Lin, L.-T.; Cai, J.-Y.; Li, L.; Tu, T.-H.;
Chan, Y.-T. Multicomponent Metallo-Supramolecular Nanocapsules
Assembled from Calix[4]resorcinarene-Based Terpyridine Ligands. J.
Am. Chem. Soc. 2020, 142 (15), 7134−7144. (b) Ye, Y.; Cook, T. R.;
Wang, S.-P.; Wu, J.; Li, S.; Stang, P. J. Self-Assembly of Chiral
Metallacycles and Metallacages from a Directionally Adaptable
BINOL-Derived Donor. J. Am. Chem. Soc. 2015, 137 (37), 11896−
11899. (c) Schmittel, M.; Saha, M. L.; Fan, J. Scaffolding a Cage-Like
3D Framework by Coordination and Constitutional Dynamic
Chemistry. Org. Lett. 2011, 13 (15), 3916−3919. (d) Schmittel, M.;
He, B. Void and filled supramolecular nanoprismsnotable differ-
ences between seemingly identical construction principles. Chem.
Commun. 2008, 39, 4723−4725. (e) Liu, D.; Chen, M.; Li, K.; Li, Z.;
Huang, J.; Wang, J.; Jiang, Z.; Zhang, Z.; Xie, T.; Newkome, G. R.;
Wang, P. Giant Truncated Metallo-Tetrahedron with Unexpected
Supramolecular Aggregation Induced Emission Enhancement. J. Am.
Chem. Soc. 2020, 142 (17), 7987−7994. (f) Saha, S.; Holzapfel, B.;
Chen, Y.-T.; Terlinden, K.; Lill, P.; Gatsogiannis, C.; Rehage, H.;
Clever, G. H. Rational Design of an Amphiphilic Coordination Cage-
Based Emulsifier. J. Am. Chem. Soc. 2018, 140 (50), 17384−17388.
(19) (a) Metherell, A. J.; Ward, M. D. Imposing control on self-
assembly: rational design and synthesis of a mixed-metal, mixed-ligand
coordination cage containing four types of component. Chem. Sci.
2016, 7 (2), 910−915. (b) Newkome, G. R.; Wang, P.; Moorefield, C.
N.; Cho, T. J.; Mohapatra, P. P.; Li, S.; Hwang, S.-H.; Lukoyanova,
O.; Echegoyen, L.; Palagallo, J. A.; Iancu, V.; Hla, S.-W. Nano-
assembly of a Fractal Polymer: A Molecular ″Sierpinski Hexagonal
Gasket″. Science 2006, 312 (5781), 1782−1785. (c) Wu, K.; Li, K.;
Hou, Y.-J.; Pan, M.; Zhang, L.-Y.; Chen, L.; Su, C.-Y. Homochiral D4-
symmetric metal−organic cages from stereogenic Ru(II) metal-
loligands for effective enantioseparation of atropisomeric molecules.
Nat. Commun. 2016, 7 (1), 10487.
(20) (a) Wang, G.; Chen, M.; Wang, J.; Jiang, Z.; Liu, D.; Lou, D.;
Zhao, H.; Li, K.; Li, S.; Wu, T.; Jiang, Z.; Sun, X.; Wang, P.
Reinforced Topological Nano-assemblies: 2D Hexagon-Fused Wheel
to 3D Prismatic Metallo-lamellar Structure with Molecular Weight of
119K Daltons. J. Am. Chem. Soc. 2020, 142 (16), 7690−7698. (b) Lai,
Y. T.; Reading, E.; Hura, G. L.; Tsai, K. L.; Laganowsky, A.; Asturias,
F. J.; Tainer, J. A.; Robinson, C. V.; Yeates, T. O. Structure of a
designed protein cage that self-assembles into a highly porous cube.
Nat. Chem. 2014, 6 (12), 1065−1071.
(21) Sun, Q. F.; Murase, T.; Sato, S.; Fujita, M. A sphere-in-sphere
complex by orthogonal self-assembly. Angew. Chem., Int. Ed. 2011, 50
(44), 10318−10321.
(22) (a) Bhat, I. A.; Samanta, D.; Mukherjee, P. S. A Pd24 Pregnant
Molecular Nanoball: Self-Templated Stellation by Precise Mapping of
Coordination Sites. J. Am. Chem. Soc. 2015, 137 (29), 9497−9502.
(b) Sun, B.; Wang, M.; Lou, Z.; Huang, M.; Xu, C.; Li, X.; Chen, L. J.;
Yu, Y.; Davis, G. L.; Xu, B.; Yang, H. B.; Li, X. From ring-in-ring to
sphere-in-sphere: self-assembly of discrete 2D and 3D architectures
with increasing stability. J. Am. Chem. Soc. 2015, 137 (4), 1556−1564.
(c) Wang, H.; Zhou, L.-P.; Zheng, Y.; Wang, K.; Song, B.; Yan, X.;
Wojtas, L.; Wang, X.-Q.; Jiang, X.; Wang, M.; Sun, Q.-F.; Xu, B.;
Yang, H.-B.; Sue, A. C.-H.; Chan, Y.-T.; Sessler, J. L.; Jiao, Y.; Stang,
P. J.; Li, X. Double-layered supramolecular prisms self-assembled by

geometrically non-equivalent tetratopic subunits. Angew. Chem., Int.
Ed. 2020, DOI: 10.1002/anie.202010805.
(23) Byrne, K.; Zubair, M.; Zhu, N.; Zhou, X.-P.; Fox, D. S.; Zhang,
H.; Twamley, B.; Lennox, M. J.; Düren, T.; Schmitt, W. Ultra-large
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