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SUMMARY 

Inspired by natural systems, metal-organic cages with well-defined shapes 
and cavities can be tuned for different guest-binding functions. Here we 
report the construction of two types of cage framework: an M II

12L8 (M = ZnII, 
CoII) pseudo-cuboctahedral architecture 1, and a rarer MII

9L8 (M = ZnII, CoII) 
pseudo-Johnson-solid-type (J51) framework 2. Both structures form from the 
same boron-containing triamine subcomponent, and each one incorporates 
hexacoordinate metal vertices chelated by only two bidentate pyridyl(imine) 
arms. Such metal vertices provide the cages with the flexibility required to 
form lower symmetry architectures, and also facilitate reversible disassembly 
in response to fluoride. These cages were also shown to respond to other 
chemical stimuli enabling transformation between cage structures. Cage 1 
bound different guest molecules, including the anticancer drug paclitaxel, C-
methylcalix[4]resorcinarene, and tetraphenylborates. The release of 
paclitaxel by 1 was stimulated by fluoride or chloride, highlighting the 
potential for applications in natural product separation and drug delivery. 

Keywords: self-assembly, metal-organic cages, host-guest chemistry, structural 
transformations, fluoride response. 

INTRODUCTION 

Biomolecular capsules, such as viral capsids and ferritin protein cages, consist of identical 
subunits that tile the surface of a polyhedron.1–3 Inspired by these natural systems, a variety 
of artificial metal-organic cages with well-defined polyhedral shapes and cavities have been 
developed, including Platonic solids, Archimedean solids,4–13 and prisms.14,15 Such high-
symmetry metal-organic polyhedra may be constructed using relatively simple design 
strategies, as their building blocks occupy only one or two symmetry-equivalent 
environments. Self-assembled biological encapsulants exceed the complexity of synthetic 
examples, particularly in their ability to adopt lower-symmetry architectures.16 The Johnson 
solids,17,18 a series of 92 convex regular-faced non-uniform polyhedra, represent attractive 
synthetic hosts for binding low-symmetry guests. 
 
Metal-organic cages have demonstrated utility in fields that include capturing reactive 
species,19,20 chemical purifications,21-23 enantioselective sensing and separations,24,25 and 
catalysis.26,27 Cages have been demonstrated to respond to various stimuli, such as changes 
in pH,28,29 light,30-32 concentration,33 guest binding,34-36 subcomponent/ligand exchange,37-39 
redox reactions40,41 and post-assembly modifications,42–45 which can further tune their 
structures and properties for targeted applications. These stimuli can trigger breaking and 
reforming of the different bonds that hold the cages together, resulting in structural changes 



 
 
and potentially bringing about guest release and uptake. Thus, developing new types of 
stimuli can expand the range of cage applications. 
 
Here we report the preparation of MII

12L8 pseudo-cuboctahedral cage framework 1 (Figure 1), 
where each metal ion vertex is chelated by only two pyridyl(imine) units and two 
monodentate ancillary ligands. From the same set of subcomponents used to prepare 1, a 
suitably-sized anionic template46,47 instead produced pseudo-Johnson-type (J51) cage 2 with 
an MII

9L8 framework,48,49 which incorporates both bis-pyridyl(imine) and tris-pyridyl(imine) 
chelated metal vertices. Owing to unsaturated bis-pyridyl(imine) vertices, both 1 and 2 
disassembled reversibly upon fluoride addition, and were regenerated upon the addition of 
Ca2+. Cage 1 bound guest molecules that include paclitaxel, highlighting the potential of this 
fluoride-responsive system for natural product separation and drug delivery.  
 

RESULTS AND DISCUSSION 

Construction of pseudo-cuboctahedral cage 1 and pseudo-Johnson-type (J51) cage 2 

As shown in Figure 1, subcomponent A (8 equiv) reacted with subcomponent B (2-formyl-5-
methoxypyridine, 24 equiv) and zinc(II) trifluoromethanesulfonate or cobalt(II) perchlorate 
(12 equiv) in acetonitrile to produce either Zn-1 or Co-1 (Figures S1-S7 and S9). The MII

12L8 
compositions of these structures were confirmed by electrospray ionization mass 
spectrometry (ESI-MS) (Figure 1D and Figures S10 and S11). All of the 1H NMR signals assigned 
to Zn-1 exhibited the same diffusion-ordered spectroscopy (DOSY) diffusion coefficient, 
indicating a hydrodynamic diameter of 39.1 Å (Figures 1B and Figure S8). This diameter is 
consistent with the size of 1 observed in the solid-state structure of pseudo-cuboctahedral 
cage Zn-1, as determined by single-crystal X-ray diffraction (XRD) at Diamond Light Source,50 
shown in Figure 1C. 
 
The twelve ZnII centers of Zn-1 form a distorted cuboctahedral framework (Figure 1A), with 
tris-bidentate ligands panelling the eight triangular cuboctahedron faces, leaving the six 
square faces vacant. Steric hindrance between the pyridyl ring of one ligand and the methyl 
group of an adjacent ligand (Figures 1C and Figure S77) results in a configuration where half 
of the ligands adopt a clockwise orientation, with the other half anticlockwise, consistent with 
the observation of two sets of peaks in the 1H NMR spectrum (Figure 1B and C). The metal 
centers within 1 possess the same handedness, with non-crystallographic Td symmetry, which 
is lower in symmetry than the reported cuboctahedral cages with Oh symmetry,51 as 
confirmed by NMR spectroscopy (Figures S1-S7).  
 
The electron-withdrawing effects of the methoxy group meta to the pyridine nitrogen atom 
on each ligand of 1 are expected to weaken the ligand strength. This weakened ligand 
strength may contribute to only two pyridyl(imine) ligand arms chelating to each 6-coordinate 
metal-ion vertex, with the other two coordination sites being occupied acetonitrile molecules 
or counter anions, as observed in the crystal.52,53 The angle between the chelate planes of the 
two pyridyl(imine) ligands at each vertex is thus approximately 96°, giving rise to the pseudo-
cuboctahedral geometry of cage framework 1.  
 
As shown in Figure 2, subcomponent A (8 equiv) reacted with subcomponent B (24 equiv) and 
Zn(II) and Co(II) bis(trifluoromethanesulfonimide) (triflimide or Tf2N−, 9 equiv) in acetonitrile 
to produce MII

9L8 Zn-2 or Co-2. In contrast to the construction of cage 1, the main difference 
in this case was the use of Tf2N− counter anions rather than TfO− or ClO4

−. The geometries of 
these two cage assemblies were inferred based upon NMR spectroscopy and ESI-MS (Figures 
S12-S25). The 1H NMR spectra of Zn-2 and Co-2 were complex, indicating low symmetry 
(Figures S12 and S22). Twelve imine peaks were observed in the 1H-13C HSQC spectra of Zn-2 
(24 imine bonds in total), consistent with C2 symmetry. Similarly, twelve imine peaks were 
also observed in the paramagnetic 1H NMR spectra of Co-2.54 According to the NMR spectra 
and ESI-MS results, we hypothesize the structure shown in Figures 2B and S69 for Co-2. Six Δ-
tris-pyridyl(imine) metal vertices are separated by a C2 axis, which are connected by 2 Λ-bis-
pyridyl(imine) metal vertices and one Δ-bis-pyridyl(imine) metal vertex. All 1H NMR signals 
assigned to Zn-2 displayed the same DOSY diffusion coefficient, corresponding to a 
solvodynamic diameter of 38.1 Å (Figures 2C and S19), consistent with the GFN2-xTB structure 
shown in Figures 2B and S19. The 19F NMR spectra of Zn-2 and Co-2 exhibit signals assigned 



 
 
to both free and encapsulated Tf2N−, as shown in Figures S14 and S23. Zn-2 and Co-2 formed 
only in the presence of Tf2N−, indicating that Tf2N− may template the formation of the 
framework of 2.  
 
Many attempts at growing crystals of cage 2 suitable for X-ray diffraction were unsuccessful, 
hence we have employed calculations to identify the lowest-energy configuration of 
framework 2. Energy minimisations of the different possible configurations of the MII

9L8 
pseudo-Johnson-type (J51) coordination cage framework 2 were carried out at the GFN2-xTB 
level using the OPTIM interface55 to the xtb program. These results are shown in Figure 2B. 
Four pairs of enantiomers of Zn-2 were examined, as shown in Figures S78-S81. In comparing 
the minimised energies of these possible structures, one was found to be reasonable and 
lower in energy than the others by 11, 35 and 56 kJ mol-1, respectively, suggesting that Zn-2 
may adopt the structure shown in Figure 2C. In this cage structure, all boron centers adopt a 
planar sp2 configuration, and all the metal centers except for two have the same handedness, 
producing C2 symmetry. The farthest distance between two protons in the optimised 
structure is 39.1 Å, consistent with the DOSY hydrodynamic radius of 38.1 Å obtained for Zn-
2. 
 
Fluoride-induced reversible cage disassembly 
 
The fluoride-triggered disassembly of Zn-1 and Co-1 was investigated by 1H NMR (Figures S34 
and S39). After the addition of 24 equiv of tetrabutylammonium fluoride (TBAF) to Zn-1 and 
Co-1 in CD3CN, the yellow cage solution lightened in colour and developed a precipitate within 
two minutes. The 1H NMR signals became broad, and signals corresponding to free 5-
methoxypicolinaldehyde were observed for both Zn-1 and Co-1, suggesting cage disassembly. 
This fluoride-induced cage disassembly was not observed for cages with tris(bidentate)-
chelated vertices.43 No 19F NMR signals were observed between −160 and −170 ppm, 

consistent with the absence of B←F− adducts. Following the addition of a further 8 equiv of 
TBAF, for a total of 32 equiv, a broad 19F signal was observed at −168.7 ppm, indicating the 

formation of a B←F− adduct of the free ligands. We thus infer that F− first coordinates to the 
bis(bidentate)-chelated ZnII and CoII cage vertices to form poorly-soluble ZnF2 and CoF2, thus 
resulting in cage disassembly. 
 
The reversibility of the fluoride-responsive disassembly of cages was explored through the 
addition of Ca2+, which can trap fluoride by precipitation of highly insoluble CaF2. After heating 
for 5 min at 50 ˚C, the addition of excess Ca(OTf)2 thus resulted in the regeneration of the 
original cage Zn-1 or Co-1, as shown in Figures 3A and Figures S34 and S39. 
 
The addition of fluoride to 2 produced similar results as for 1, as shown in Figure 3B and 
Figures S36 and S40. Signals belonging to free 2-formyl-5-methoxypyridine were observed in 
the 1H NMR spectrum after the addition of only 6 equiv of TBAF, i.e. 2 equiv TBAF per bis-
pyridyl(imine) chelated vertex, confirming the disassembly of 2. The release of encapsulated 
Tf2N− from cage 2 was also confirmed by 19F NMR spectroscopy (Figures S38 and S41). No 19F 

signals were observed between −160 and −170 ppm, indicating that no B←F− adduct was 
present. Similarly to cage 1, the addition of Ca2+

 resulted in the reformation of cage 2 by 
precipitation of CaF2, resulting in the re-encapsulation of Tf2N−

 within reformed 2. 
 
Chloride-induced cage disassembly 
 
As reported in other contexts, the biologically relevant chloride anion (Cl−) could be used to 
induce cage disassembly56,57 and conformational changes.58-60 We investigated the chloride-
triggered disassembly of 1 and 2 by NMR (Figures S42-S47). As with fluoride addition, after 
the addition of tetrabutylammonium chloride (TBACl, 24 equiv) to Zn-1 in CD3CN, i.e. 2 equiv 
Cl− per bis-pyridyl(imine) chelated vertex, the solution lightened in yellow colour and 
developed a precipitate. The 1H NMR signals became broad, and signals corresponding to free 
2-formyl-5-methoxy-pyridine were observed, suggesting cage disassembly. After the addition 
of TBACl (48 equiv) to Co-1 in CD3CN, i.e. 4 equiv TBACl per bis-pyridyl(imine) chelated vertex, 
the solution colour changed from yellow to light blue and developed a precipitate, consistent 
with the formation of [CoCl4]2− and cage disassembly. 
 



 
 
The addition of chloride to 2 produced similar results as for 1. Signals belonging to free 2-
formyl-5-methoxypyridine were observed in the 1H NMR spectrum after the addition of only 
6 equiv of TBACl, i.e. 2 equiv TBACl per bis-pyridyl(imine) chelated vertex, confirming the 
disassembly of 2. The release of encapsulated Tf2N− from cage 2 was also confirmed by 
19F NMR spectroscopy (Figures S44 and S47). 
 
Anion and metal ion induced structural transformations between cages 
 
We hypothesised that 2 might transform into 1 following the addition of triflate or perchlorate 
and additional metal ions, through the displacement of Tf2N− from 2. The addition of 3 
equivalents of ZnII and 20 equivalents of TfO− thus effected the transformation of Zn-2 into 
Zn-1 (Figure 3C, Signal III). We infer that the Tf2N− templates within Zn-2 were removed by 
excess TfO− (Figure S32). Similarly, Co-2 transformed into Co-1 following the addition of 3 
equivalents of CoII and 20 equivalents of ClO4

− (Figure S33). 
 
Subcomponent exchange induced structural transformations 
 
Subcomponent exchange has been shown37 to effect transformations between cages. 
Compound 2-formyl-5-methoxypyridine was reported to form a Zn6L4 pseudo-octahedral cage 
Zn-3 with subcomponent A (Figures S26-S31),43 hence we investigated its effect on the cages 
considered in the present study with the addition of 2-formyl-1,10-phenanthroline (24 equiv) 
to Zn-1 in CD3CN (Signal IV in Figure 3C). After 24 h at 333 K, a set of peaks corresponding to 
pseudo-octahedral Zn-343 appeared (Figure S48). We infer that the formation of Zn-3 is 
enthalpically favored due to the stronger coordination of its tridentate ligand arms to ZnII in 
Zn-3 compared with the bidentate ligand arms in Zn-1. Co-1 likewise transformed into Co-3 
following 2-formyl-1,10-phenanthroline addition, as shown in Figure S51. 
 
Zn-2 similarly transformed into Zn-3 following the addition of 5-methoxypicolinaldehyde (24 
equiv) and ZnII (3 equiv) (Signal V in Figure 3C, Figure S49. The Tf2N– encapsulated in the cavity 
of Zn-2 was released during the transformation from Zn-2 to Zn-3, as evidenced by the 
disappearance of the 19F signal at -78.5 ppm (Figure S50). Co-2 likewise transformed into Co-
3 following a similar procedure as for Zn-2, (Figures S52 and S53). 
 
Guest binding and regulation of paclitaxel uptake and release 
 
Zn-1 and Co-1 both bound a variety of guests, including neutral C-methylcalix[4]resorcinarene 
(G1) and anionic B(C6H4F)4

– (G2), in fast exchange on the NMR time scale (Figures S54-S61, 
S70 and S71). ESI-MS data (Figures S62-S65) suggested multiple binding of these guests to Zn-
1 and Co-1, as has been observed for other large cages;61 their small NMR chemical shift 
displacements during binding (Figures S54 and S58) and uncertain binding stoichiometry 
precluded meaningful quantification of their binding constants. A possible binding mode 
where the guests protrude partially through the cage portals was suggested by MM3 
modelling using the Scigress software package,62 as depicted in Figure S76. 
 
Co-1 was observed to bind the anti-cancer drug paclitaxel (G3). Host-guest binding was 
confirmed through progressive shifts in 1H NMR peaks corresponding to both Co-1 and G3 
(Figures S58 and S61). A 1:1 binding mode between Co-1 and G3 was supported by the ESI-
MS spectrum (Figures S66 and S67). Isothermal Titration Calorimetry (ITC) was empolyed to 
measure the binding constant of G3 and Co-1, yielding a value of (4.6 ± 0.2) × 102 M-1 (Figure 
S68). The diffusion coefficient for G3 was found to be 1.02 × 10−5

 cm2 s−1, and the diffusion 
coefficient for the bound guest G3⊂Co-1 was 8.46 × 10−6

 cm2 s−1, consistent with fast-
exchange host-guest binding, as the value is smaller than that for free G3 (Figure S69). An 
internal cavity volume of 1794 Å3 for Co-1 was calculated using MoloVol (Figure S75),63 and is 
sufficient to accommodate the 768 Å3 volume of G3 with additional free volume that 
increases the binding entropy.64 A possible configuration of G3⊂Co-1 was visualised by MM3 
modelling using the Scigress software package,62 as depicted in Figure 4A. 
 
The reversible fluoride-triggered disassembly of cage 1 drove paclitaxel release and uptake 
within host Co-1. As shown in Figure 4B and Figures S72 and S73, upon the addition of fluoride 
(24 equiv) to G3⊂Co-1 in CD3CN, the colour of the solution changed from light to dark orange. 



 
 
Fluoride addition was observed to induce the release of G3, as confirmed by 1H NMR 
spectroscopy. Subsequent addition of Ca2+ (48 equiv) to fluoride-disassembed G3 stimulated 
the reformation of the host-guest complex G3⊂Co-1 (Figures S72 and S73). Cage 1 also 
disassembled when treated with chloride, leading to the release of paclitaxel within host Co-
1, was also investigated, as shown in Figure S74. The use of chloride, which is more bio-
compatible than fluoride, may have more relevance for drug delivery. These results highlight 
potential applications for these cages in natural product separations and drug delivery. 
 
CONCLUSIONS 
 
Pseudo-cuboctahedral 1 and pseudo-Johnson-type (J51) 2 form parts of a network of 
coordination cages that interconvert in response to chemical stimuli, including fluoride, 
weakly coordinating anions, and aldehyde subcomponents. These interconversions regulate 
the binding of guests, including paclitaxel, suggesting potential applications in natural product 
separation and drug delivery. The incorporation of bis-pyridyl(imine) chelated octahedral 
metal vertices into coordination cages, using principles developed in this work, may also pave 
the way to the design and construction of new lower-symmetry coordination cages. The 
reversible opening of these coordination cages in response to fluoride, in contrast to cages 
containing tris-pyridyl(imine) metal vertices, might be useful in the context of systems of 
cages that respond in complex ways to different signals. 
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Figure 1. Self-assembly of 1. 

(A) Self-assembly of Zn-1 and Co-1, showing the clockwise and anticlockwise orientations 
observed in the crystal of the outward-facing ligand methyl groups in both types of cage faces. 
(B) 1H NMR spectrum (400 MHz, CD3CN, 298 K) and DOSY spectrum of Zn-1.  

(C) Crystal structure of Zn-1 (acetonitrile and counterions coordinated to the metal vertices 
are shown as red sticks).  

(D) ESI-MS of Zn-1.  

 



 
 

 
Figure 2. Self-assembly and characterization of 2. 

(A) Subcomponent self-assembly of Zn-2 and Co-2. Zn-2 and Co-2 formed only in the presence 
of Tf2N−, indicating that Tf2N− may serve the role of a template during formation of the 
framework of 2. 

(B) GFN2-xTB -optimized51 structure of Zn-2, with putative monodentate ligands coordinated 
to metal vertices shown as red sticks.  

(C) 1H NMR, DOSY spectra of Zn-2, and chematic illustration of Zn-2 showing the C2 axis, with 
chemically distinct ligand arm environments colored differently. 



 
 

 
Figure 3. Structural transformations of cages. 

(A) Fluoride-induced reversible disassembly of M-1.  
(B) Fluoride-induced reversible disassembly of M-2.  
(C) Added anions, metal ions, and aldehyde subcomponents induce structural 
transformations between M-1, M-2, and M-3.43 The signals are I, ZnII(OTf)2 or CoII(ClO4)2 at 
65 °C for 12 h; II, Zn(NTf2)2 or Co(NTf2)2 at 65 °C for 12 h; III, ZnII and excess TfO–, or CoII and 
excess ClO4

− heating at 50 °C for 3 h; IV, 2-formyl-1,10-phenanthroline, heating at 65 °C for 12 
h; V, 2-formyl-1,10-phenanthroline and ZnII or CoII, heating at 65 °C for 12 h. 

 
Figure 4. Regulation of paclitaxel uptake and release 



 
 
(A) Modelled structure for host-guest complex G3⊂Co-1 based upon the crystal structure of 
Zn-1.  
(B) G3 was released from G3⊂Co-1 upon fluoride-stimulated cage opening and taken up again 
upon Ca2+-stimulated cage reformation. 
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