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Metal ion-modulated self-assembly of pseudo-suit[3]anes using 

crown ether-based terpyridine metalloprisms 

Yun-Chi Wang,‡ Yen-Peng Liang,‡ Jhen-Yu Cai, Yun-Jui He, Yin-Hsuan Lee, and Yi-Tsu Chan* 

Two hexanuclear metalloprisms possessing three diben-

zo[24]crown-8 units were generated in quantitative yields by 

complexation of the predesigned tetratopic 2,2':6',2"–terpyridine 

ligand (T) with Cd
II
 and Zn

II
 ions, respectively. The prismatic hosts 

were subsequently self-assembled with the trifunctional guest 

molecule (TriG) containing dibenzylammonium ions to afford the 

corresponding metallo-supramolecular pseudo-suit[3]anes. It was 

serendipitously found that the host-guest inclusion rates could be 

modulated by the subtle dynamic difference in metal-ligand 

frameworks, finally leading to the selective encapsulation event in 

the presence of both metallo-suits. 

Based on lessons from nature,
1
 scientists have endeavored to 

understand underlying principles of molecular assembly for 

construction of well-defined functional nanoobjects.
2
 One of 

the most attractive aspects is to investigate their dynamic 

features.
3
 To this end, a variety of synthetic strategies have 

been developed to prepare mechanically interlocked 

molecules.
4
 Among them, the internally stoppered suit[n]anes 

(n = 2 and 3) have been elegantly constructed by template-

directed synthesis relying on dynamic imine bonds and the 

binding of dialkylammonium ions with dipyrido[24]crown-8.
5
 

Nevertheless, expanding the scope of suitane-type motifs still 

remains a synthetic challenge. To explore facile construction 

approaches, other combinations of directional secondary 

interactions might be considered. 

Over the past two decades, metal coordination-driven self-

assembly has been widely utilized in preparation of designable 

supramolecular topologies.
6
 Besides, several examples have 

demonstrated that coordination bonds have high tolerance to 

other noncovalent interactions during self-assembly.
7
 For 

instance, a series of multivalent hosts has been prepared 

through the coordination of crown ether-functionalized 

terpyridine ligands with metal ions, and then used for the  

Scheme 1 Chemical structures of ligand T and trifunctional 

guest TriG, and self-assembly of a metallo-supramolecular 

pseudo-suit[3]ane. 

 

assembly of pseudo-rotaxanes.
7h

 Herein, we examine the 

orthogonality between metal-ligand coordination bonds and 

ion-dipole interactions in our predesigned building blocks. Two 

prismatic metallocages bearing crown ethers are readily 

constructed in quantitative yields, and further assembled into 

metallo-supramolecular pseudo-suit[3]anes with a 

trifunctional guest molecule. Through kinetic control, the 

dynamic discrepancy of the metal-ligand frameworks results in 

a selective host-guest inclusion process. 

Very recently, various metallo-supramolecular polyhedra 

self-assembled from multitopic terpyrdine ligands and Zn
II
 ions 

have been well-documented.
8
 Using a similar design principle, 

ligand T (Scheme 1) containing dibenzo[24]crown-8 (DB24C8) 

was synthesized in two steps (Scheme S1). Treatment of 

DB24C8 with NBS in THF yielded the tetrabrominated product, 

which was followed by the Suzuki-Miyaura coupling reaction 

with 4'-(4-boronophenyl)-tpy (where tpy = 2,2':6',2"–

terpyridine) to generate the tetratopic ligand in good yield 

(82%). To explore the self-assembly behavior of the crown 

ether-based tetrakis(terpyridine), T was treated with 2 

equivalents of Cd(NO3)2·4H2O in a mixed solvent of MeOH and 

CHCl3  (1:1,  v/v). After the mixture was st irred at 
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Fig. 1 
1
H NMR spectra of a) T, b) [Cd6T3], and c) [Zn6T3]. The 

signal of CHCl3 is denoted by an asterisk. 

 

25 °C for 30 min, excess NH4PF6 (20 equiv to NO3
−
) was added 

to precipitate the Cd
II
 complex with PF6

−
 as counterions in 

quantitative yield. The Zn
II
 complex was obtained in a similar 

manner after stirring at 70 °C for 3 days (see ESI). 

The 
1
H NMR spectra of Cd

II
 and Zn

II
 complexes exhibited 

one set of sharp and well-resolved peaks (Fig. 1b and 1c) for 

the tpy motifs, and the characteristic upfield shifts for the 

doublets assigned to 6,6"-tpy protons indicated the formation 

of octahedral complex <M
II
> (where < = tpy and M = Cd or Zn).

9
 

The proper assignments were further confirmed by 
1
H COSY 

NMR (Fig. S4 and S6). Notably, the 
1
H NMR peak splitting for 

the ethylene oxide units was clearly observed in either case. It 

can be rationalized that when a discrete polyhedron was 

formed by T, the conformational flexibility of the ethylene 

oxide units was restricted, and the locked conformation led to 

a split into two different proton resonances as compared to 

the uncoordinated ligand. The existence of a single self-

assembled species in CD3CN was evident from the DOSY 

spectra (Fig. S5 and S7). The assembled compositions of 

[Cd6T3] and [Zn6T3] were verified by the ESI-MS spectra (Fig. 2a 

and S9) that revealed a series of peaks attributed to the ions 

derived from the combination of 3 ligands, 6 metal ions (Cd
II
 or 

Zn
II
), and the corresponding number of PF6

−
 counterions. All 

the experimental isotope patterns were in good agreement 

with the theoretical ones (Fig. S8 and S10). Given the 

aforementioned results, we inferred that T was self-assembled 

into a triangular-prismatic [M6T3] architecture (Scheme 1) with 

D3h point-group symmetry. The C3 axis perpendicularly lies on 

the center of triangular faces formed by <M
II
> edges, which 

resulted in the same chemical environment for all the tpy 

moieties.  

Attempts to grow single crystals suitable for X-ray analysis 

by vapor diffusion were unsuccessful. Thus, electrospray 

ionization mass spectrometry (ESI-MS) coupled with traveling 

wave ion-mobility (TWIM) analysis
10

 was utilized to further 

investigate the formation of [M6T3] prisms. Both Cd
II
 and Zn

II
 

complexes gave the expected step patterns (Fig. 2b and S11),
11

 

suggesting all the signals purely resulted from the [M6T3] 

prisms in the absence of other isomers. The experimental  

Fig. 2 a) ESI-MS spectrum, b) ESI-TWIM-MS plot, and c) TEM 

micrographs and energy-minimized geometry of [Cd6T3]. 

 

collision cross-sections (CCSs) obtained from the 

corresponding charge states (Table S1) are consistent with the 

theoretical average CCSs, again supporting the presence of the 

proposed architectures. Furthermore, the individual cages of 

[Cd6T3] with an average diameter of 2.1±0.3 nm were 

visualized by TEM (Fig. 2c).  

Since the prismatic cages possess three DB24C8 moieties, 

it is expected that [Cd6T3] and [Zn6T3] may accommodate a 

three-armed guest molecule through hydrogen bonding, ion-

dipole, and π-π interactions
12

 to afford metallo-

supramolecular pseudo-suit[3]anes. The computational result 

(Fig. S23) showed that a C6 alkyl linker is suitable for three 

arms to fully thread into the crown ether rings of [Cd6T3]. 

Accordingly, the tris(dibenzylammonium)·3PF6 salt (TriG) with 

a 1,3,5-substituted benzene core was synthesized (Scheme S2). 

Firstly, three C6 linkers were attached to the central benzene 

ring via etherification of phloroglucinol with TBDMS-protected 

6-bromohexanol, and the key intermediate, a trisaldehyde, 

was prepared by the subsequent deprotection of silyl groups, 

tosylation, and substitution with 4-hydroxybenzaldehyde. 

Eventually, TriG was obtained by the imination of trisaldehyde 

with benzylamine, reduction with NaBH4, protonation, and 

counterion exchange. The structure of TriG was unequivocally 

established by the NMR (Fig. 3c and S20-21) and ESI-MS (Fig. 

S22) experiments.  
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Fig. 3 
1
H NMR spectra of a) [Cd6T3], b) [Cd6T3]⊃TriG, and c) 

TriG in CD3CN and d) ESI-MS spectrum of [Cd6T3]⊃TriG. 

 

The host-guest complexation was carried out by adding an 

equimolar amount of TriG into an CD3CN solution (0.8 mM) of 

[Cd6T3]. The time-dependent 
1
H NMR experiments (Fig. S24) 

indicated that the solution reached equilibrium after 2 days at 

25 °C. In comparison with uncomplexed [Cd6T3] and TriG, the 
1
H NMR spectrum (Fig. 3b) exhibited a series of signals 

assigned to the inclusion complex [Cd6T3]⊃TriG, and the host-

guest stoichiometry was determined to be 1:1 by 
1
H NMR peak 

integration and ESI-MS spectrometry (Fig. 3d and S28). The 
1
H 

NMR signals for the benzylic protons (H
6
 and H

7
) of TriG were 

shifted downfield (Fig. 3b), suggesting the formation of 

[+N−C−H···O] hydrogen bonds
12

 in the threaded complex 

composed of the DB24C8 and dibenzylammonium motifs. The 

distinct upfield shifts for H
b,c

 of [Cd6T3] and H
4,5

 of TriG can be 

rationalized by the occurrence of π-π stacking between the 

pincer-like DB24C8 unit and the benzene ring of TriG. The 

hexyl protons and the central aromatic H
1
 of TriG were 

shielded by the prismatic cage. In addition, the DOSY spectrum 

(Fig. S25) showed all the corresponding peaks of [Cd6T3]⊃TriG 

have the same diffusion coefficient that is smaller than that of 

free TriG. The above observations strongly supported that TriG 

located inside the cage, and the arms with dibenzylammonium 

ions threaded through the crown ethers inside out. These 

results were further confirmed by the through-space 

correlations between [Cd6T3] and TriG found in the ROESY 

NMR experiment (Fig. S27). The association constant (Ka) of 

[Cd6T3]⊃TriG, a slow-exchange system, was estimated by using 

a single-point method
13

 based on the 
1
H NMR peak integration 

of the complexed and uncomplexed species (Fig. S29), and was 

found to be 2.39±0.37 × 10
4
 M

-1
 in CD3CN at 25 °C, which is 

about 60 times higher than that for the 1:1 complex of DB24C8 

and dibenzylammonium·PF6.
12

 It is noteworthy that 

[Cd6T3]⊃TriG could be decomplexed by treatment with DBU to 

regenerate the parent metalloprism (Fig. S30).  

Fig. 4 Time-dependent 
1
H NMR spectra (from a to e: 0.3, 2.7, 

15.3, 22.0, and 40.8 h) of the inclusion process of TriG in the 

presence of an equimolar amount of [Zn6T3] (red) and [Cd6T3] 

(blue). The characteristic signals for [Cd6T3]⊃TriG are labeled 

in green. 

 

The complexation of TriG with [Zn6T3] was examined in the 

same manner. However, a much slower inclusion process was 

observed by 
1
H NMR (Fig. S31). The solution took 21 days to 

reach 32% conversion of [Zn6T3]⊃TriG in CD3CN at 25 °C, 

presumably due to relatively kinetically inert <Zn
II
> 

connectivity as compared to <Cd
II
>.

9,14
 The less reversibility 

was also reflected in the self-assembly of [Zn6T3], which 

required a longer time and a higher temperature to afford the 

well-defined structure. Hence, in order to drive the equilibrium 

toward the Zn
II
 pseudo-suit[3]ane side, an MeCN solution of 

[Zn6T3] and TriG in a 1:3 molar ratio was refluxed for 2 days, 

and then the excess TriG was removed by MeOH to give 

[Zn6T3]⊃TriG in 89% yield. The structure was unambiguously 

established by NMR and ESI-MS (Fig. S32-33).  

Building on the metal ion-dependent kinetic variation, the 

host-guest chemistry in the presence of two different metallo-

suits was investigated. The inclusion process was monitored by 
1
H NMR and ESI-MS (Fig. 4 and S35). Interestingly, it was found 

that TriG was mainly encapsulated within [Cd6T3] at 25 °C on 

the second day after addition of an equimolar mixture of Cd
II
 

and Zn
II
 prisms, again implying that the process of wearing a 

suit could be selectively controlled by dynamicity of 

metalloprisms. Moreover, the transmetalation between 

[Zn6T3] and [Cd6T3] or [Cd6T3]⊃TriG was markedly slowed 

down (Fig. S37b-c). In sharp contrast, in the absence of TriG, 

the metalloprisms were rapidly scrambled within 5 h (Fig. S34 

and S37a). To gain more insights into the assembly 

mechanism, the stability of [Cd6T3] and [Cd6T3]⊃TriG was 

evaluated by tandem mass spectrometry.
15

 The 8+ ions for 

each analyte were selected as precursors and subjected to 

collision-induced dissociation (CID) at varying ion trap voltages 

(Fig. S38). The result revealed that a higher voltage was 

needed to fully dissociate [Cd6T3]⊃TriG into fragments in 
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comparison to [Cd6T3], suggesting the pseudo-suit[3]ane was 

further stabilized by the encapsulated TriG so that the 

enhanced stability not only drove the reaction toward 

[Cd6T3]⊃TriG, but also decelerated transmetalation of the Cd
II
 

pseudo-suit[3]ane. 

In conclusion, two hexanuclear metalloprisms have been 

successfully prepared in quantitative yields by self-assembly of 

crown ether-based tetrakis(terpyridine)s with Cd
II
 and Zn

II
 ions, 

respectively. The prismatic hosts were able to accommodate 

the predesigned guest TriG to generate the pseudo-

suit[3]anes, and the host-guest inclusion process was 

significantly influenced by dynamic nature of metal-ligand 

coordinative interactions, which gave rise to selective 

formation of [Cd6T3]⊃TriG in the presence of both 

metalloprisms. This metal ion-modulated encapsulation event 

provides a new way of exploiting more sophisticated self-

assembly behavior via kinetic control in supramolecular 

chemistry. 

This research was supported by the Ministry of Science and 

Technology of Taiwan (MOST103-2113-M-002-003-MY2 and 

MOST105-2119-M-002-029). We gratefully thank Prof. Hao 
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