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The Covalent and Coordination Co-Driven Assembly of 
Supramolecular Octahedral Cages with Controllable Degree of 
Distortion
Shu-Jin Bao, Ze-Ming Xu, Yun Ju, Ying-Lin Song, Heng Wang, Zheng Niu,* Xiaopeng Li, Pierre 
Braunstein, and Jian-Ping Lang*

ABSTRACT: Discovering and constructing novel and fancy structures is the goal of many supramolecular chemists. In this work, 
we propose an assembly strategy based on the synergistic effect of coordination and covalent interactions to construct a set of 
octahedral supramolecular cages and adjust their degree of distortion. Our strategy innovatively utilizes the addition of sulfur atoms 
of a metal sulfide synthon, [Et4N][Tp*WS3] (A), to an alkynyl group of a pyridine-containing linker, resulting in a novel vertex 
with low symmetry, and of Cu(I) ions. By adjusting the length of the linker and the position of the reactive alkynyl group, the 
control of the deformation degree of the octahedral cages can be realized. These supramolecular cages exhibit enhanced third-order 
nonlinear optical (NLO) responses. The results offer a powerful strategy to construct novel distorted cage structures as well as 
control the degree of distortion of supramolecular geometries.

Supramolecular assembly provides a powerful route to 
construct diverse metal-containing entities with designed 
geometries and symmetries, owing to the highly directional 
and predictable nature of the metal-ligand coordination.1 
Supramolecular cages2 featuring predesigned polyhedron 
geometries, windows, and cavities have captured widespread 
attention in areas as diverse as chemical sensing,3 catalysis,4 
molecular encapsulation,5 and separations.6 Major 
developments have taken place in the assembly of 
supramolecular cages by coordination of Lewis-basic donor 
subunits to Lewis-acidic acceptor subunits.7 The usually high 
predictability of the inter-ligand angles around the metal 
center enables the design of supramolecular cages, although 
the limited number of possibilities hampers further structural 
diversity in their design.8 Combining the diversity of angles 
offered by coordination and covalent bonds9 appears a 
promising strategy for constructing unique supramolecular 
cage architectures.10 In recent years, covalent bonds have been 
used to build molecular cages, however, their vertices are still 
based on the single coordination or covalent interaction.11 
Employing both coordination and covalent interactions to 
construct supramolecular cages with novel vertices represents 
an exciting challenge.

To date, the kinds of vertices based on coordination 
interactions in supramolecular nanocage architectures are 
limited.12 The nature of the ligand field leads to a high 
symmetry around the metal center forming the vertices of the 
supramolecular cages, which makes increasing structural 
diversity and access to systematically distorted cage structures 
challenging.13 For example, most of the reported octahedral 
supramolecular cages are based on specific vertices, and their 
high local symmetry (C2v, C4v, and C3v) leads to highly 
symmetric octahedral supramolecular cages (Scheme 1).14 As 

illustrated in Scheme 1, a vertex that contains coordination and 
covalent interactions would possess a lower symmetry (Cs), 
thus providing an opportunity to construct the distorted 
octahedron-type cages. 
Scheme 1. Construction of the Existing Octahedron Cages 
and of Distorted Octahedron Cages by a New Strategy 
Reported Here

Based on above considerations, we present a strategy to 
construct distorted octahedron-type cages and achieve the 
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adjustment of their distorsion by employing synergistic effects 
between coordination and covalent interactions. The precursor 
[Et4N][Tp*WS3] (Tp* = hydridotris(3,5-dimethylpyrazol-1-
yl)borate) (A) (Figure 1a) was used as the cage vertex since 
the donor sulfur atoms can react with linear alkynyl linkers15 
to generate covalent attachment of a functional linker that is 
subsequently reacted with Cu(I) ions, leading to the 
emergence of variable angular orientations. This strategy 
provides the first family of octahedral cages where different 
degrees of distortion can be fine-tuned. This relies on 
adjusting the length of the alkyne ligand and the position of 
the alkynyl function. Furthermore, the assembly process from 
A to the supramolecular cage structures significantly enhances 
their third-order nonlinear optical (NLO) responses.

In the W(VI) synthon [Et4N][Tp*WS3] (A), which was 
synthesized according to the literature,16 the Tp* ligand 
occupies three coordination sites of the W(VI) ion (Figure 1a), 
and three sulfur atoms complete the octahedral coordination 
environment. Two sulfur atoms of Tp*WS3 can react with the 
triple bond of 1,2-bis(4-pyridyl)ethyne (L1) and form two S-C 
covalent bonds of the 1,2-enedithiolato intermediate (INT-1) 
(Figure 1b). The formation of INT-1 was confirmed by ESI-
TOF MS (Figure S1). This reaction lowers the local symmetry 
of A, thus leading to a vertex of Cs symmetry instead of the 
higher symmetry usually encountered (C2v, C4v, or C3v). The 
remaining terminal S and the two S (1,2-enedithiolato) atoms 
in INT-1 are available for reaction with Cu(I) ions, which can 
further bind to the pyridine donor of another INT-1 unit to 
generate the supramolecular cage. 

Figure 1. (a) The structure of A. (b) The proposed structure of 
intermediate INT-1. (c) The structure of cage 1. (d) The topology 
of cage 1. The cyan balls and orange balls respectively stand for 
the Tp*WS3 unit and reacted alkynyl ligand unit in Figure 1d. 
Color codes: The C atoms with an orange color represent the C 
atoms on the newly generated C=C bonds derived from the 
addition reaction between the S atoms and the alkynyl groups. W 
(cyan), Cu (azure), S (yellow), N (blue), C (silver), B (pink). The 
hydrogen atoms, guest solvent, and OTf anions were omitted for 
clarity.

Thus, the reaction of INT-1 with 2 equiv. [Cu(MeCN)4]OTf 
afforded a WS3Cu2 core-based cationic octahedral cage 
[Tp*WS3Cu2(L1a)]6(OTf)6 ([1](OTf)6) (Figure 1c) as a result of 
additional interactions between the Cu(I) centers and the 1,2-
enedithiolato S atoms (Scheme 2, Route 1). Since the product 
was obtained in only 20% yield, we examined an alternative 
strategy consisting in the one-pot reaction between A, 
[Cu(MeCN)4]OTf, and L1 (See section 2.4 in SI, Method 1). 
This self-assembly procedure led to [1](OTf)6 with improved 
yield of ca. 70%. Its ESI-TOF MS spectrum contains three 
signals at m/z = 1917.8164, 1401.1488, and 1091.1168 with 
the correct isotope distribution patterns for an assignment to 
[1](OTf)3]3+, [1](OTf)2]4+ and [1](OTf)]5+, respectively 
(Figures S2−S4). Furthermore, diffusion ordered spectroscopy 
(DOSY) revealed that both the aromatic signals and the 
aliphatic signals belong to a single species, with a diffusion 
coefficient of 4.0 ×10-10 m2 s-1, which confirms the high purity 
of the supramolecular cage 1 (Figure S15). 

The crystal structure of [1](OTf)6 was determined by single-
crystal X-ray diffraction (SCXRD) (Figure 1c and Figures 
S24−S27). It crystallizes in the trigonal space group R-3. The 
distorted trigonal planar geometry of each Cu(I) center in the 
Tp*WS3Cu2 units is completed by a pyridyl N atom and two 
μ3-S atoms. Interestingly, the Tp*WS3Cu2 units connect with 
each other through both coordination (Cu(I)···pyridine) and 
covalent interactions (S–C=C). If we assign the Tp*WS3 unit 
and the linker as the secondary building units (SBUs), cage 1 
would be simplified as an octahedral structure (Figure 1d), of 
lower symmetry compared with the reported octahedron cage 
structures. As detailed in Figure S43, the values of the angle 1 
in cage 1 are 59.51o and those of angles 1 and 1 are the 
same, 60.24o, resulting in nearly equilateral triangular faces 
(Figure S43 and Table S2). In view of the presence of covalent 
interactions between the linker and the Tp*WS3 units, the 
whole Tp*WS3Cu2(L1a) cluster can be considered as the vertex 
of cage 1 and it contains both the Lewis-basic donor and 
Lewis-acidic acceptor. To our knowledge, cage 1 is the first 
example of supramolecular octahedron based on the vertex 
with both covalent and coordination interactions.14

The reaction of A with 3 equiv. CuCl produces a highly 
stable heterometallic cluster [Et4N][Tp*WS3(CuCl)3] (B),17 
with an incomplete cubane-like core structure; each Cu(I) is in 
a trigonal-planar coordination environment defined by one 
terminal Cl and two µ3-S atoms (Figure S28). Its reaction with 
AgOTf and L1 afforded the same octahedral cage [1](OTf)6 
(Route 2 in Scheme 2 and section 2.4 in SI, Method 2). The 
alkyne group of L1 reacted with two S atoms of the 
Tp*WS3Cu3 unit to give an 1,2-enedithiolate moiety by in-situ 
formation of C-S bonds, and this triggered the elimination of 
one Cu(I) atom.
Scheme 2. Two Different Approaches Leading to the Self-
Assembly of Octahedral Cage 1 
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The unique approach described above allows us to 
investigate the influence of the pyridyl alkyne-containing 
spacer length on the structure of the resulting cage. With the 
longer alkyl ligands 1,4-bis(pyridine-4-ylethynyl)benzene (L2) 
and 4,4’-bis(pyridine-4-ylethynyl)-1,1’-biphenyl (L3) (Scheme 
3), the octahedral cage compounds [2](OTf)6 (Figure S32) and 
[3](OTf)6 (Figure S39) were successfully prepared, 
respectively (See sections 2.5 and 2.6 in SI). Since only one 
alkyne group of the ligand can undergo coupling with the 
sulfur atoms of the Tp*WS3 unit, an unsymmetrical situation 
arises for the spacer (Scheme 3). When the length of Part I 

(4.30 Å) is approximately equal to that of Part II (4.26 Å), as 
in ligand L1, a nearly regular octahedral supramolecular 
structure results whereas an octahedron with an increasing 
degree of distortion is generated when the value of Part II 

increases, which impacts the angles in the vertex (Figures S24, 
S29 and S36). Thus, the increased value of Part II (11.080 Å) 
in L2 leads to a significant decrease of  while  and  notably 
increase, with 2, 2 and 2 being 36.87o, 71.57o, and 71.57o, 
respectively. In cage 3, the length of Part II in L3 is increased 
to 15.34 Å, yielding an even more distorted octahedron, with 
angles 3, 3 and 3 of 30.13o, 74.93o, and 74.93o, respectively 

(Table S2). Consequently, by adjusting the length of one part 
of the ligand, it is possible to control the degree of distortion 
of the resulting supramolecular cages. 

Scheme 3. Rigid Linear Alkynyl-Containing Ligands Allowing 
a Control of the Distortion of the Octahedral Cages Generated 
(The Cyan Balls and Orange Balls Respectively Stand for the 
Tp*WS3 Units and Reacted Alkynyl Ligand Units.) 

Among the very important third-order nonlinear optical 
(NLO) materials, W-S-Cu compounds show unique NLO 
performance and this led us to investigate the NLO properties 
of A and cage compounds [1](OTf)6, [2](OTf)6 and [3](OTf)6. 
By using the Z-scan technique with 15 picosecond (ps) width 
laser pulse at 532 nm, A showed no detectable NLO response 
in MeCN (Figures S45 and S46). However, after self-assembly 
of A with Cu+ ions and the alkynyl ligands, these cage 
compounds exhibited significant NLO responses in MeCN 
with reversed saturable absorption (Figure 2a, Figures S53 and 
S55) and nonlinear refraction performance (Figure 2b, Figures 
S54 and S56) under the same experimental conditions. Clearly, 
activation/amplification of the NLO response results from the 
formation of the octahedral supramolecular cages.18 Similarly, 
the hyperpolarizability  19 increases on going from [1](OTf)6 
(4.73×10-29 esu) to [2](OTf)6 (6.39×10-29 esu) and [3](OTf)6 
(6.95×10-29 esu) (Table S3), most likely owing to the 
increasing π-conjugation in the ligands, as observed with 
organic molecules.20

(a) (b)

Figure 2. Third-order NLO responses for [1](OTf)6 in MeCN 
obtained for 15 ps, 532 nm laser pulses. (a) Normalized Z-scan 
data for [1](OTf)6 under open-aperture conditions, displaying a 
reversed saturable absorption. (b) Normalized Z-scan data for 
[1](OTf)6 under closed aperture conditions, displaying nonlinear 
refraction performance. Dots represent experimental data while 
the red solid lines stand for the numerical simulations. 

In conclusion, we reported a general strategy to control the 
degree of distortion of octahedron-type supramolecular cages 
by employing both coordination and covalent interactions. 
Through the simple addition reactions between the sulfur 
atoms and pyridine-substituted alkynyl ligands, followed by 
those of Cu(I) ions, three novel cationic cages with different 
degrees of distortion have been obtained and characterized by 
NMR spectroscopy, mass spectrometry, and single crystal X-
ray crystallography. We could demonstrate that the degree of 
distortion of these octahedral supramolecular cages can be 
adjusted simply by changing the length of the rigid alkynyl-
containing pyridine linkers. The cages reported in this work 
display obvious third-order NLO responses. The approach 
reported here could be extended to control the self-assembly 
process and the distortion of topologically fascinating 
structures.

ASSOCIATED CONTENT 
Supporting Information. 
The Supporting Information is available free of charge on the
ACS Publications website at http://pubs.acs.org.

Experimental procedures, spectroscopic data, and X-ray 
crystal lography (PDF) 
Crystallographic data of [1](OTf)6 (CIF)

Page 3 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Crystallographic data of [2](OTf)6 (CIF)
Crystallographic data of [3](OTf)6 (CIF)

AUTHOR INFORMATION

Corresponding Author
Jian-Ping Lang − College of Chemistry, Chemical Engineering 

and Materials Science, Soochow University, Suzhou 215123, 
Jiangsu, China; State Key Laboratory of Organometallic  
Chemistry, Shanghai Institute of Organic Chemistry, Chinese 
Academy of Sciences, Shanghai 200032, China.; orcid.org/ 
0000-0003-2942-7385; Email: jplang@suda.edu.cn

Zheng Niu − College of Chemistry, Chemical Engineering and 
Materials Science, Soochow University, Suzhou 215123, 
Jiangsu, China; orcid.org/0000-0003-2406-997X; E-Mail: 
zhengniu@suda.edu.cn 

Authors

Shu-Jin Bao – College of Chemistry, Chemical Engineering and 
Materials Science, Soochow University, Suzhou 215123,   
Jiangsu, China; State Key Laboratory of Organometallic  
Chemistry, Shanghai Institute of Organic Chemistry, Chinese 
Academy of Sciences, Shanghai 200032, China

Ze-Ming Xu – College of Chemistry, Chemical Engineering and 
Materials Science, Soochow University, Suzhou 215123,   
Jiangsu, China

Yun Ju – School of Physical Science and Technology, Soochow 
University, Suzhou 215006, Jiangsu, China

Ying-Lin Song – School of Physical Science and Technology, 
Soochow University, Suzhou 215006, Jiangsu, China

Heng Wang – Chemistry Department, University of South     
Florida, Tampa, FL, U.S.

Xiaopeng Li – Chemistry Department, University of South    
Florida, Tampa, FL, U.S.

Pierre Braunstein – Institut de Chimie (UMR 7177 CNRS),   
Université de Strasbourg, 67081 Strasbourg, France;

Complete contact information is available at:
http://pubs.acs.org

Notes
The authors declare no competing financial interests. 
Supplementary crystallographic data CCDC 2008001 ([1](OTf)6), 
2008003 ([2](OTf)6) and 2008013 ([3](OTf)6) can be obtained 
free of charge from the Cambridge Crystallographic Data Centre 
via www.ccdc.cam.ac.uk/conts/retrieving.html.

ACKNOWLEDGMENT 
The authors thank the financial supports from the National 
Natural Science Foundation of China (Grant Nos. 21531006 and 
21773163), and the State Key Laboratory of Organometallic 
Chemistry of Shanghai Institute of Organic Chemistry (Grant No. 
2018kf-05), Collaborative Innovation Center of Suzhou Nano 
Science and Technology, the Priority Academic Program 
Development of Jiangsu Higher Education Institutions, and the 
Project of Scientific and Technologic Infrastructure of Suzhou 
(Grant No. SZS201905). We are grateful to the editor and the 
reviewers for their useful comments and suggestions.

REFERENCES
(1) (a) Cook, T. R.; Stang, P. J. Recent Developments in the 

Preparation and Chemistry of Metallacycles and Metallacages via 
Coordination. Chem. Rev. 2015, 115, 7001−7045. (b) Yan, X.; Wang, 
M.; Cook, T. R.; Zhang, M.; Saha, M. L.; Zhou, Z.; Li, X.; Huang, F.; 
Stang, P. J. Light-Emitting Superstructures with Anion Effect: 
Coordination-Driven Self-Assembly of Pure Tetraphenylethylene 
Metallacycles and Metallacages. J. Am. Chem. Soc. 2016, 138, 
4580−4588. (c) Wang, H.; Liu, C. H.; Wang, K.; Wang, M.; Yu, H.; 
Kandapal, S.; Brzozowski, R.; Xu, B.; Wang, M.; Lu, S.; Hao, X. Q.; 
Eswara, P.; Nieh, M. P.; Cai, J.; Li, X. Assembling Pentatopic 
Terpyridine Ligands with Three Types of Coordination Moieties into 
a Giant Supramolecular Hexagonal Prism: Synthesis, Self-Assembly, 
Characterization, and Antimicrobial Study. J. Am. Chem. Soc. 2019, 
141, 16108−16116. (d) Dang, L. L.; Sun, Z. B.; Shan, W. L.; Lin, Y. 
J.; Li, Z. H.; Jin, G. X. Coordination-Driven Self-Assembly of a 
Molecular Figure-Eight Knot and Other Topologically Complex 
Architectures. Nat Commun. 2019, 10, 2057. (e) Yin, G. Q.; Wang, 
H.; Wang, X. Q.; Song, B.; Chen, L. J.; Wang, L.; Hao, X. Q.; Yang, 
H. B.; Li, X. Self-Assembly of Emissive Supramolecular Rosettes 
with Increasing Complexity Using Multitopic Terpyridine Ligands. 
Nat. Commun. 2018, 9, 567. (f) Zhang, Z.; Wang, H.; Wang, Xu.; Li, 
Y.; Song, B.; Bolarinwa, O.; Reese, R. A.; Zhang, T.; Wang, X. Q.; 
Cai, J.; Xu, B.; Wang, M.; Liu, C.; Yang, H. B.; Li, X. 
Supersnowflakes: Stepwise Self-Assembly and Dynamic Exchange of 
Rhombus Star-Shaped Supramolecules. J. Am. Chem. Soc. 2017, 139, 
8174−8185. (g) Kim, T.; Singh, N.; Oh, J.; Kim, E. H.; Jung, J.; Kim, 
H.; Chi, K. W. Selective Synthesis of Molecular Borromean Rings: 
Engineering of Supramolecular Topology via Coordination-Driven 
Self-Assembly. J. Am. Chem. Soc. 2016, 138, 8368−8371. (h) Cui, P. 
F.; Lin, Y. J.; Li, Z. H.; Jin, G. X. Dihydrogen Bond Interaction 
Induced Separation of Hexane Isomers by Self-Assembled Carborane 
Metallacycles. J. Am. Chem. Soc. 2020, 142, 8532−8538. (i) Gao, W. 
X.; Feng, H. J.; Lin, Y. J.; Jin, G. X. Covalent Post-assembly 
Modification Triggers Structural Transformations of Borromean 
Rings. J. Am. Chem. Soc. 2019, 141, 9160−9164. (j) Gao, W. X.; 
Feng, H. J.; Guo, B. B.; Lu, Y.; Jin, G. X. Coordination-Directed 
Construction of Molecular Links. Chem. Rev. 2020, 120, 6288−6325.

(2) (a) Suzuki, K.; Tominaga, M.; Kawano, M.; Fujita, M. Self-
Assembly of an M6L12 Coordination Cube. Chem. Commun. 2009, 13, 
1638−1640. (b) Sun, Q. F.; Iwasa, J.; Ogawa, D.; Ishido, Y.; Sato, S.; 
Ozeki, T.; Sei, Y.; Yamaguchi, K.; Fujita, M. Self-Assembled M24L48 
Polyhedra and Their Sharp Structural Switch upon Subtle Ligand 
Variation. Science 2010, 328, 1144−1147. (c) Frank, M.; Ahrens, J.; 
Bejenke, I.; Krick, M.; Schwarzer, D.; Clever, G. H. Light-Induced 
Charge Separation in Densely Packed Donor−Acceptor Coordination 
Cages. J. Am. Chem. Soc. 2016, 138, 8279−8287. (d) Clever, G. H.; 
Punt, P. Cation−Anion Arrangement Patterns in Self-Assembled 
Pd2L4 and Pd4L8 Coordination Cages. Acc. Chem. Res. 2017, 50, 
2233−2243. (e) Debata, N. B.; Tripathy, D.; Sahoo, H. S. 
Development of Coordination Driven Self-Assembled Discrete 
Spherical Ensembles. Coord. Chem. Rev. 2019, 387, 273−298. (f) 
Zhang, Y.; Gan, H.; Qin, C.; Wang, X.; Su, Z.; Zaworotko, M. J. Self-
Assembly of Goldberg Polyhedra from a Concave 
[WV5O11(RCO2)5(SO4)]3– Building Block with 5-Fold Symmetry. J. 
Am. Chem. Soc. 2018, 140, 50, 17365−17368. (g) Zhang, Y. Y.; Gao, 
W. X.; Lin, L.; Jin, G. X. Recent Advances in the Construction and 
Applications of Heterometallic Macrocycles and Cages. Coord. 
Chem. Rev. 2017, 344, 323−344. (h) Shi, Q.; Zhou, X.; Yuan, W.; Su, 
X.; Neniškis, A.; Wei, X.; Taujenis, L.; Snarskis, G.; Ward, J. S. 
Rissanen, K.; Mendoza, J. De.; Orentas, E. Selective Formation of S4

- 
and T-Symmetric Supramolecular Tetrahedral Cages and Helicates in 
Polar Media Assembled via Cooperative Action of Coordination and 
Hydrogen Bonds. J. Am. Chem. Soc. 2020, 142, 3658−3670.

(3) (a) Ono, K.; Klosterman, J. K.; Yoshizawa, M.; Sekiguchi, K.; 
Tahara, T.; Fujita, M. ON/OFF Red Emission from Azaporphine in a 
Coordination Cage in Water. J. Am. Chem. Soc. 2009, 131, 
12526−12527. (b) Yan, X.; Cook, T. R.; Wang, P.; Huang, F.; Stang, 

Page 4 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



P. J. Highly emissive platinum(II) metallacages. Nature Chem. 2015, 
7, 342–348. (c) Yan, X.; Wang, H.; Hauke, C. E.; Cook, T. R.; Wang, 
M.; Saha, M. L.; Zhou, Z.; Zhang, M.; Li, X.; Huang, F.; Stang, P. J. 
A Suite of Tetraphenylethylene-Based Discrete Organoplatinum(II) 
Metallacycles: Controllable Structure and Stoichiometry, 
Aggregation-Induced Emission, and Nitroaromatics Sensing. J. Am. 
Chem. Soc. 2015, 137, 15276−15286. (c) Frischmann, P. D.; Kunz, 
V.; Wurthner, F. Bright Fluorescence and Host–Guest Sensing with a 
Nanoscale M4L6 Tetrahedron Accessed by Self-Assembly of Zinc–
Imine Chelate Vertices and Perylene Bisimide Edges. Angew. Chem., 
Int. Ed. 2015, 54, 7285−7289. 

(4) (a) Yoshizawa, M.; Tamura, M.; Fujita, M. Diels-Alder in 
Aqueous Molecular Hosts: Unusual Regioselectivity and Efficient 
Catalysis. Science 2006, 312, 251−254. (b) Bierschenk, S. M.; 
Bergman, R. G.; Raymond, K. N.; Toste, F. D. A Nanovessel-
Catalyzed Three-Component Aza-Darzens Reaction. J. Am. Chem. 
Soc. 2020, 142, 733−737. (c) Tan, C. X.; Jiao, J.; Li, Z. J.; 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, 2085−2090. (d) Jing, X.; 
He, C.; Yang, Y.; Duan, C. Y. A Metal−Organic Tetrahedron as a 
Redox Vehicle to Encapsulate Organic Dyes for Photocatalytic Proton 
Reduction. J. Am. Chem. Soc. 2015, 137, 3967−3974. (e) Jing, X.; 
Yang, Y.; He, C.; Chang, Z.-D.; Reek, J. N. H.; Duan, C. Y. Control 
of Redox Events by Dye Encapsulation Applied to Light-Driven 
Splitting of Hydrogen Sulfide. Angew. Chem. Int. Ed. 2017, 56, 
11759−11763. (f) Cai, L. X.; Li, S. C.; Yan, D. N.; Zhou, L. P.; Guo, 
F.; Sun, Q. F. Water-Soluble Redox-Active Cage Hosting 
Polyoxometalates for Selective Desulfurization Catalysis. J. Am. 
Chem. Soc. 2018, 140, 4869−4876. (g) Jiao, J.; Tan, C.; Li, Z.; Liu, 
Y.; Han, X.; Cui, Y. Design and Assembly of Chiral Coordination 
Cages for Asymmetric Sequential Reactions. J. Am. Chem. Soc. 2018, 
140, 2251−2259. (h) Gao, W. X.; Zhang, H. N.; Jin, G. X. 
Supramolecular Catalysis Based on Discrete Heterometallic 
Coordination-Driven Metallacycles and Metallacages. Coord. Chem. 
Rev. 2019, 386, 69−84.

(5) (a) Bolliger, J. L.; Ronson, T. K. Ogawa, M.; Nitschke, J. R. 
Solvent Effects upon Guest Binding and Dynamics of a FeII

4L4 Cage. 
J. Am. Chem. Soc. 2014, 136, 14545−14553. (b) Mosquera, J.; 
Szyszko, B.; Ho, S. K.; Nitschke, J. R. Sequence-Selective 
Encapsulation and Protection of Long Peptides by a Self-Assembled 
FeII

8L6 Cubic Cage. Nat. Commun. 2017, 8, 14882. (c) Meng, W.; 
Breiner, B.; Rissanen, K.; Thoburn, J. D.; Clegg, J. K.; Nitschke, J. R. 
A Self-Assembled M8L6 Cubic Cage that Selectively Encapsulates 
Large Aromatic Guests. Angew. Chem., Int. Ed. 2011, 50, 3479−3483. 
(d) Lu, Z.; Ronson, T. K.; Nitschke, J. R. Reversible Reduction 
Drives Anion Ejection and C60 Binding within an FeII

4L6 Cage. Chem. 
Sci. 2020, 11, 1097−1101. (e) Shi, Y.; Cai, K.; Xiao, H.; Liu, Z.; 
Zhou, J.; Shen, D.; Qiu, Y.; Guo, Q.-H.; Stern, C.; Wasielewski, M. 
R.; Diederich, F.; Goddard, W. A.; Stoddart, J. F. Selective Extraction 
of C70 by a Tetragonal Prismatic Porphyrin Cage. J. Am. Chem. Soc. 
2018, 140, 13835−13842. (f) 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, 11621−11627. 

(6) (a) Zhang, D.; Ronson, T. K.; Lavendomme, R.; Nitschke, J. R. 
Selective Separation of Polyaromatic Hydrocarbons by Phase 
Transfer of Coordination Cages. J. Am. Chem. Soc. 2019, 141, 
18949−18953. (b) Brenner, W.; Ronson, T. K.; Nitschke, J. R. 
Separation and Selective Formation of Fullerene Adducts within an 
MII

8L6 Cage. J. Am. Chem. Soc. 2017, 139, 75−78. (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) 
Metalloligands for Effective Enantioseparation of Atropisomeric 
Molecules. Nat Commun. 2016, 7, 10487.

(7) (a) Carpenter, J. P.; McTernan, C. T.; Ronson, T. K.; Nitschke, 
J. R. Anion Pairs Template a Trigonal Prism with Disilver Vertices. J. 
Am. Chem. Soc. 2019, 141, 11409−11413. (b) Tranchemontagne, D. 

J.; Ni, Z.; O’Keeffe, M.; Yaghi, O. M. Reticular Chemistry of Metal–
Organic Polyhedra. Angew. Chem. Int. Ed. 2008, 47, 5136−5147. (c) 
Wise, M. D.; Holstein, J. J.; Pattison, P.; Besnard, C.; Solari, E.; 
Scopelliti, R.; Bricogne, G.; Severin, K. Large, Heterometallic 
Coordination Cages Based on Ditopic Metallo-Ligands with 3-Pyridyl 
Donor Groups. Chem. Sci. 2015, 6, 1004−1010. 

(8) (a) Sun, Y.; Chen, C. Y.; Stang, P. J. Soft Materials with 
Diverse Suprastructures via the Self-Assembly of Metal-Organic 
Complexes. Acc. Chem. Res. 2019, 52, 802−817. (b) Datta, S.; Saha, 
M. L.; Stang, P. J. Hierarchical Assemblies of Supramolecular 
Coordination Complexes. Acc. Chem. Res. 2018, 51, 2047−2063. 

(9) (a) Zhang, G.; Mastalerz, M. Organic Cage Compounds – from 
Shape-Persistency to Function. Chem. Soc. Rev., 2014, 43, 
1934−1947. (b) Ono, K.; Iwasawa, N. Dynamic Behavior of Covalent 
Organic Cages. Chem. Eur. J. 2018, 24, 17856−17868. (c) Jin, Y.; 
Yu, C.; Denmana, R. J.; Zhang, W. Recent Advances in Dynamic 
Covalent Chemistry. Chem. Soc. Rev. 2013, 42, 6634−6654.

(10) (a) Zhou, X.-P.; Wu, Y.; Li, D. Polyhedral Metal-Imidazolate 
Cages: Control of Self-Assembly and Cage to Cage Transformation. 
J. Am. Chem. Soc. 2013, 135, 16062−16065. (b) Zhang, D. W.; 
Ronson, T. K. Nitschke. J. R. Functional Capsules via Subcomponent 
Self-Assembly. Acc. Chem. Res. 2018, 51, 2423−2436. (c) Meng, W.; 
Clegg, J. K.; Thoburn, J. D. Nitschke, J. R. Controlling the 
Transmission of Stereochemical Information through Space in 
Terphenyl-Edged Fe4L6 Cages. J. Am. Chem. Soc. 2011, 133, 
13652−13660.

(11) (a) Lavendomme, R.; Ronson, T. K.; Nitschke, J. R. Metal and 
Organic Templates Together Control the Size of Covalent 
Macrocycles and Cages. J. Am. Chem. Soc. 2019, 141, 12147−12158. 
(b) Šolomek, T.; Powers-Riggs, N. E.; Wu, Y. L.; Young, R. M.; 
Krzyaniak, M. D.; Horwitz, N. E.; Wasielewski, M. R. Electron 
Hopping and Charge Separation within a Naphthalene-1,4:5,8-
bis(dicarboximide) Chiral Covalent Organic Cage. J. Am. Chem. Soc. 
2017, 139, 3348−3351. (c) Mastalerz M. Shape-Persistent Organic 
Cage Compounds by Dynamic Covalent Bond Formation. Angew. 
Chem. Int. Ed. 2010, 49, 5042−5053. (d) Beuerle, F.; Gole, B. 
Covalent Organic Frameworks and Cage Compounds: Design and 
Applications of Polymeric and Discrete Organic Scaffolds. Angew. 
Chem. Int. Ed. 2018, 57, 4850−4878. (e) Malik, A U.; Gan, F.; Shen, 
C.; Yu, N.; Wang, R.; Crassous, J.; Shu, M.; Qiu, H. Chiral Organic 
Cages with a Triple-Stranded Helical Structure Derived from 
Helicene. J. Am. Chem. Soc. 2018, 140, 2769−2772. (f) Wang, F.; 
Sikma, E.; Duan, Z.; Sarma, T.; Lei, C.; Zhang, Z.; Humphrey, S. M.; 
Sessler, J. L. Shape-Persistent Pyrrole-Based Covalent Organic 
Cages: Synthesis, Structure and Selective Gas Adsorption Properties. 
Chem. Commun. 2019, 55, 6185−6188. (g) Mastalerz, M. Porous 
Shape-Persistent Organic Cage Compounds of Different Size, 
Geometry, and Function. Acc. Chem. Res. 2018, 51, 2411−2422.

(12) (a) Chakrabarty, R.; Mukherjee, P. S.; Stang, P. J. 
Supramolecular Coordination: Self-Assembly of Finite Two- and 
Three-Dimensional Ensembles. Chem. Rev. 2011, 111, 6810−6918. 
(b) Stang, P. J.; Olenyuk, B. Self-Assembly, Symmetry, and 
Molecular Architecture: Coordination as the Motif in the Rational 
Design of Supramolecular Metallacyclic Polygons and Polyhedra. 
Acc. Chem. Res. 1997, 30, 502−518.

(13) (a) Olenyuk, B.; Whiteford, J. A.; Fechtenkötter, A.; Stang, P. 
J. Self-assembly of Nanoscale Cuboctahedra by Coordination 
Chemistry. Nature 1999, 398, 796−799. (b) Levin, M. D.; Stang, P. J. 
Insights into the Mechanism of Coordination-Directed Self-Assembly. 
J. Am. Chem. Soc. 2000, 122, 7428−7429. (c) Biros, S. M.; Yeh, R. 
M.; Raymond, K. N. Design and Formation of a Large Tetrahedral 
Cluster Using 1,1’-Binaphthyl Ligands. Angew. Chem. Int. Ed. 2008, 
47, 6062−6064. (d) Leininger, S.; Fan, J.; Schmitz, M.; Stang, P. J. 
Archimedean solids: Transition Metal Mediated Rational Self-
Assembly of Supramolecular-Truncated Tetrahedra. Proc. Natl. Acad. 
Sci. U.S.A. 2000, 97, 1380−1384. (e) Xie, T. Z.; Endres, K. J., Guo, 
Z.; Ludlow III, J. M.; Moorefield, C. N.; Saunders, M. J.; 
Wesdemiotis, C.; Newkome, G. R. Controlled Interconversion of 

Page 5 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Superposed-Bistriangle, Octahedron, and Cuboctahedron Cages 
Constructed Using a Single, Terpyridinyl-Based Polyligand and Zn2+. 
J. Am. Chem. Soc. 2016, 138, 12344−12347. (f) Preston, D.; Lewis, J. 
E. M.; Crowley, J. D. Multicavity [PdnL4]2n+ Cages with Controlled 
Segregated Binding of Different Guests. J. Am. Chem. Soc. 2017, 139, 
2379−2386.

(14) (a) Wise, M. D.; Holstein, J. J.; Pattison, P.; Besnard, C.; 
Solari, E.; Scopelliti, R.; Bricogne, G.; Severin, K. Large, 
HeteroMetallic Coordination Cages Based on Ditopic Metallo-
Ligands with 3-Pyridyl Donor Groups. Chem. Sci. 2015, 6, 
1004−1010. (b) Jansze, S. M.; Ortiz, D.; Tirani, F. F.; Scopelliti, R.; 
Menin, L.; Severin, K. Inflating Face-Capped Pd6L8 Coordination 
Cages. Chem. Commun. 2018, 54, 9529−9532. (c) Li, K.; Zhang, L. 
Y.; Yan, C. Wei, S. C.; Pan, M.; Zhang, L.; Su, C. Y. Stepwise 
Assembly of Pd6(RuL3)8 Nanoscale Rhombododecahedral 
Metal−Organic Cages via Metalloligand Strategy for Guest Trapping 
and Protection. J. Am. Chem. Soc. 2014, 136, 4456−4459. (d) Fujita, 
M.; Oguro, D.; Mlyazawa, M.; Oka, H.; Yamaguchi, Kentaro.; Ogura, 
K. Self-Assembly of Ten Molecules into Nanometer-Sized Organic 
Host Frameworks. Nature 1995, 378, 469−471. (e) Yoshizawa, M.; 
Tamura, M.; Fujita, M. Diels-Alder in Aqueous Molecular Hosts: 
Unusual Regioselectivity and Efficient Catalysis. Science 2006, 312, 
251−254. (f) Hiraoka, S.; Harano, K.; Shiro, M.; Ozawa, Y.; Yasuda, 
N.; Toriumi, K.; Shionoya, M. Isostructural Coordination Capsules 
for a Series of 10 Different d5−d10 Transition-Metal Ions. Angew. 
Chem. Int. Ed. 2006, 45, 6488−6491. (g) Xu, N.; Gan, H. M.; Qin, C.; 
Wang, X. L.; Su, Z. M. From Octahedral to Icosahedral Metal–
Organic Polyhedra Assembled from Two Types of Polyoxovanadate 
Clusters. Angew. Chem. Int. Ed. 2019, 58, 4649−4653. (h) Jansze, S. 
M. Cecot, G.; Wise, M. D.; Zhurov, K. O.; Ronson, T. K. Castilla, A. 
M. Finelli, A.; Pattison, P.; Solari, E.; Scopelliti, R.; Zelinskii, G. E.; 
Vologzhanina, A. V.; Voloshin, Y. Z.; Nitschke, J. R.; Severin, K. 
Ligand Aspect Ratio as a Decisive Factor for the Self-Assembly of 
Coordination Cages. J. Am. Chem. Soc. 2016, 138, 2046−2054.

(15) (a) Kawaguchi, H.; Tatsumi, K. Facile Route to the 
Trithiotungsten(VI) Complex (PPh4)[(C5Me5)W(S)3] via Carbon-
Sulfur Bond Cleavage of Ethanedithiolate and Its Reactions with 
Alkyl Halides and Alkynes. J. Am. Chem. Soc. 1995, 117, 
3885−3886. (b) Kawaguchi, H.; Yamada, K.; Lang, J. P.; Tatsumi, K. 
A New Entry into Molybdenum/Tungsten Sulfur Chemistry: 
Synthesis and Reactions of Mononuclear Sulfido Complexes of 
Pentamethylcyclopentadienyl-Molybdenum(VI) and -Tungsten(VI). J. 
Am. Chem. Soc. 1997, 119, 10346−10358.

(16) Seino, H.; Arai, Y.; Iwata, N.; Nagao, S.; Mizobe, Y.; Hidai, 
M. Preparation of Mononuclear Tungsten Tris(sulfido) and 
Molybdenum Sulfido−Tetrasulfido Complexes with 
Hydridotris(pyrazolyl)borate Coligand and Conversion of the Former 
into Sulfido-Bridged Bimetallic Complex Having Pt(µ-S)2WS Core. 
Inorg. Chem. 2001, 40, 1677−1682.

(17) Wang, J.; Sun, Z. R.; Deng, L.; Wei, Z. H.; Zhang, W. H.; 
Zhang, Y.; Lang, J. P. Reactions of a Tungsten Trisulfido Complex of 
Hydridotris(3,5-dimethylpyrazol-1-yl)borate (Tp*) [Et4N][Tp*WS3] 
with CuX (X = Cl, NCS, or CN):  Isolation, Structures, and Third-
Order NLO Properties. Inorg. Chem. 2007, 46, 11381−11389.

(18) Chen, X.; Li, H. X.; Zhang, Z. Y.; Zhao, W.; Lang, J. P.; 
Abrahams, B. F. Activation and Amplification of the Third-Order 
NLO and Luminescent Responses of a Precursor Cluster by a 
Supramolecular Approach. Chem. Commun. 2012, 48, 4480−4482.

(19) (a) Rojo, G.; Agulló-López, F.; Campo, J. A.; Heras, J. V.; 
Cano, M. Third-Order Nonlinear Optical Properties of Donor-
Acceptor Organometallic Compounds in Films and Solution. J. Phys. 
Chem. B 1999, 103, 11016−11020. (b) Mandal, B. K.; Bihari, B.; 
Sinha, A. K.; Kamath, M.; Chen, L. Third-Order Nonlinear Optical 
Response in a Multilayered Phthalocyanine Composite. Appl. Phys. 
Lett. 1995, 66, 932−934.

(20) (a) Zhan, X.; Zhang, J.; Tang, S.; Lin, Y.; Zhao, M.; Yang, J.; 
Zhang, H. L.; Peng, Q.; Yu, G.; Li, Z. Pyrene Fused Perylene 
Diimides: Synthesis, Characterization and Applications in Organic 

Field-Effect Transistors and Optical Limiting with High Performance. 
Chem. Commun. 2015, 51, 7156−7159. (b) Jia, Ji.; Wu, X.; Fang, Y.; 
Yang, J.; Guo, X.; Xu, Q.; Han, Y.; Song, Y. Ultrafast Broadband 
Optical Limiting in Simple Hydrazone Derivatives with π-Conjugated 
System: The Effect of Two-Photon Induced Singlet State Absorption. 
J. Phys. Chem. C. 2018, 122, 16234−16241.

Page 6 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 7 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


