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Mapping the Assembly of Metal-organic Cages into Complex 

Coordination Networks 

 Ashok Yadav,[a] Arvind K. Gupta,[a] Alexander Steiner*,[c] and Ramamoorthy Boomishankar*,[a,b] 

Abstract: Structural transformations of supramolecular assemblies 

play an important role in the synthesis of complex metal-organic 

materials. Nonetheless, more than often little is known of the 

assembly pathways that lead to the final product. Herein, we 

describe the conversion of cubic metal-organic polyhedra to 

connected-cage networks of varying topologies. The neutral cubic 

cage assembly of formula {Pd3[PO(N
i
Pr)3]}8(PZDC)12 has been 

synthesized from {Pd3[(N
i
Pr)3PO](OAc)2(OH)}2·2(CH3)2SO and 2,5-

pyrazenedicarboxilic acid (PZDC-2H). This 42-component self-

assembly is the largest known among the neutral cages with Pd(II) 

ions. The cage contains twenty-four vacant carboxylate O-sites at 

the PZDC ligands that are available for further coordination. Post-

assembly reactions of the cubic cage with Fe(II) and Zn(II) ions 

produced cage-connected networks of dia and qtz topologies, 

respectively. During these reactions, the discrete cubic cage 

transforms into a network of tetrahedral cages that are bridged by 

the 3d metal-ions. The robustness of the [Pd3{[PO(N
i
Pr)3}]

3+
 

molecular building units made it possible to map the post-assembly 

reactions in detail, which revealed a variety of intermediate 1D and 

2D cage-networks. Such step-by-step mapping of the transformation 

of discrete cages to cage-connected frameworks is unprecedented 

in the chemistry of coordination driven assemblies. 

Introduction 

Structural rearrangements such as conversions, folding and 

association play an important role in biological reactions; well-

known examples are microbial fission and fusion processes as 

well as enzyme catalysis.[1-3] Over the years, supramolecular 

self-assemblies in the form of grippers, capsules, cavitands, 

cages and polymers have been used to mimic such 

rearrangement processes that can be triggered by various 

external stimuli.[4-9] Several of the supramolecular rearrangement 

reactions follow assembly-disassembly-reassembly pathways 

wherein the overall structure of the original construct is 

maintained.[10-12] Such processes can also play an integral part in 

the construction of molecular devices.[13-20]  

Metal-organic polyhedra (MOPs) or -cages (MOCs) built from 

the spontaneous assembly of smaller molecular constituents are 

an important class of compounds in supramolecular 

chemistry.[21-33] Multifunctional MOPs are highly desired for 

molecular recognition, biological activity, reactive species 

sequestration, catalysis and gas adsorption and separation.[34-43] 

Particularly interesting is the assembly of MOPs to generate 

hierarchical coordination networks. Utilizing metal-organic 

squares, cubes and octahedrons, cage-connected frameworks 

with varying dimensionalities and topologies have been 

obtained.[44-48] Similarly, cage-connected networks with 3D-

topologies have been realized by employing carboxylate ligands 

and certain molecular-building units such as paddle-wheel 

motifs.[49-53] 

The construction of MOPs and coordination networks usually 

involves many assembly and rearrangement steps. Normally, 

very little is known about the intermediates in these reactions. In 

some instances they could be studied by NMR, mass spectra 

and electron microscopy,[54-59] whereas obtaining X-ray 

structures of intermediates are often more challenging.[60,61] This 

can be attributed to the complex solution dynamics exhibited by 

the individual components of the MOPs as well as the unstable 

nature of the intermediates formed during such transformations.  

Here, we describe the conversions of a cubic metal organic cage 

[(Pd3X)8(PZDC)12] (X = [PO(NiPr)3]) into 3D-frameworks of 

tetrahedral cages [(Pd3X)4(PZDC)6] that are linked via 

coordination of M(II) ions (M = Fe, Zn) to the vacant carboxylate 

oxygen sites of the PZDC ligand. The [Pd3X]3+ units have been 

shown to be very robust and versatile building blocks.[62-63] We 

were able to isolate and characterize intermediates that occur 

along the pathway to the 3D frameworks. These consisted of 

discrete cages and one- as well as two-dimensional cage-

connected-frameworks. This enabled us to map the process of 

the conversion reactions and show that they proceed with 

sequential change of symmetries, which is a rare phenomenon 

in the chemistry of supramolecular cages.[64-67]. 

Results and Discussion 

Treatment of {Pd3X(OAc)2(OH)}2·2(CH3)2SO (1)[63], which 

contains tripodal [Pd3X]3+ units consisting of a triangular array of 

Pd(II) ions that is capped by the tripodal ligand [PO(NiPr)3]
3− (= 

X3−), with 2,5-pyrazenedicarboxilic acid (PZDC-2H) in a 1:3 ratio 

in MeOH/DMSO yielded a cubic cage assembly of composition 

[(Pd3X)8(PZDC)12], 2 (Scheme 1). The 31P NMR of 2 recorded in 

DMSO gave a single peak at δ = 73.7 ppm characteristic of the 

tris-imido phosphate ligand. The MALDI-TOF spectrum showed 

a broad signal that is centered at the predicted molecular mass 

for this cage (m/z = 6730.23) (Figures S1-S2, Supporting 

Information). 
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Scheme 1. Formation of the cubic assembly of 2 and the schematic 

representation of its post assembly reactions; the extra framework anions and 

solvate molecules have been omitted for clarity. Reaction conditions: (a) 

DMSO/MeOH at RT, (b) Fe(OTf)2/MeOH at 70 °C, (c) Zn(NO3)2/MeOH at 25 °c. 

(d) Fe(OTf)2/MeOH at 25 °c (e) slow evaporation of methanol (f) heating at 

70 °C. Immersion of the crystals of 2 in Fe(OTf)2/MeOH (g) dilution by MeOH  

(h) for one month, (i) after two months and (j) after six months. (k) Suspending 

the polycrystalline sample of 4 in MeOH for 2 days. 

The cubic assembly crystallizes in the form of the solvate 

2·6.5DMSO·22H2O. The cubic cage comprises eight [Pd3X]3+ 

units (Figure 1a). Every Pd(II) ion is coordinated in a square 

planar fashion by a bidentate site of X3- ligand and a bidentate 

N,O-site of bridging 2,5-pyrazenedicarboxylate anions (PZDC), 

while in return every PZDC ligand binds two Pd(II) ions in 

opposite N,O-sites (Figures 1b and 1c). The result is a cubic 

cage, in which the eight [Pd3X]3+ units occupy the vertices while 

the twelve PZDC ligands form its edges (Figure 1d and Figures 

S3-S5, Supporting Information). Altogether the cubic MOP 

assembly of 2 consists of 42 components. There are a few 

reports in literature that utilized PZDC ligands as linkers in 

coordination polymers.[68-70] However, the construction of 

MOFs/MOPs based on this ligand remained unexplored. 

The presence of 24 non-coordinated carboxylate-O-atoms in 2 

gave us the idea to populate those sites with metal ions. A 

summary of the post-assembly reactions showing the formation 

of the various networks and stable intermediates is shown in 

Scheme 1. Treatment of 2 with Fe(OTf)2 in methanol under 

reflux conditions and subsequent storage of the solution gave 

yellowish-green crystals of 3. Structural determination of 3 

revealed the formation of a 3D cage-connected network of 

formula [Fe4(Pd3X)8(PZDC)12(H2O)3](OTf)8·10DMSO·15H2O (Fig. 

2a). The network comprises tetrahedral [(Pd3X)4(PZDC)6] cages, 

in which every Pd3X unit coordinates three PZDC ligands and in 

return every PZDC ligand bridges between two Pd3X units, 

which corresponds to the primary coordination pattern that was 

observed in 2. These tetrahedral cages are fused via Fe(II) ions 

which occupy the tridentate coordination sites of three 

carboxylate-O-atoms located on each face of the tetrahedral 

cage (Figures 2c and 2d). As such, every [(Pd3X)4(PZDC)6] cage 

acts as a tetrahedral 4-connector resulting in a net with a 

diamond-type topology (dia net, Figures 2e and S6-S7, 

Supporting Information).[71-72] The rhombohedral cell (R3) 

contains two crystallographically unique cages and eight unique 

Fe(II) ions, two of which are octahedrally coordinated by two 

tridentate cage sites, while the remaining six ions display an 

unusual seven-coordinated environment consisting of two 

tridentate cage sites and one water ligand. 

The reaction of 2 with Zn(NO3)2·6H2O in methanol at room 

temperature yielded yellowish-orange crystals, which again 

consists of a 3D-network that feature tetrahedral 

[(Pd3X)4(PZDC)6] cages that are networked via Zn(II) ions 

(Figure 2b). The crystals of 4 (P3121) are of composition 

[Zn2(Pd3X)4(PZDC)6(H2O)4](NO3)4·16H2O. In contrast to the 

Fe(II) derivative 3, they exhibit a chiral network of quartz-type 

topology (qtz net, Figures 2f, and S8-S11, Supporting 

Information). It is noteworthy that the coordination sphere of Zn 

ions is even more expanded exhibiting an 8-coordinate square 

antiprismatic environment of four carboxylate-O-sites and two 

water molecules. 

 

Figure 1. Crystal structure of 2. (a-c) Schematic view of the [Pd3X]
3+

 PBU and 

its coordination with the PZDC anions leading to the formation of the 42-

component cubic cage (d). PON3 units shown as purple tetrahedra in b-d. 

In both 3 and 4, the basic structural motif is the heterobimetallic 

cubane of the type [M4(Pd3X)4(PZDC)6] in which the Pd3X-PBUs 

form primary tetrahedral nodes that are connected via Fe(II) and 

Zn(II) ions. However, the increased coordination spheres around 

these ions indicate a deviation of linearity of the cage-M-cage 

axes. The cage(centroid)-M-cage(centroid) angles are 180 for 

the 6-coordinate Fe(II) and 146 for the 7-coordinate Fe(II) ion in 

3, while it is 145 in 4. This angle seems to provide for a closer 

packing of cages; in addition to metal coordination, it also 

enables Van-der-Waals interactions between the cages. In 

return, the deviation from linearity between cages exposes the 

M(II) ions and thereby expanding the coordination sphere 

leading to hyper-coordination (Figures S12-S13, Supporting 

Information). 
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Figure 2. Crystal Structures of 3 (a) and 4 (b). (c) View of a single isostructural tetrahedral cage of 3 and 4. (d) Simplified 4-connected representation of the 

tetrahedral cage; (e) and (f) show the network structures of 3 (dia net) and 4 (qtz net), respectively. Green and cyan coloured spheres represent Fe (II) and Zn (II) 

atoms. 

To understand the formation of these cage-connected 3D-

assemblies, we repeated the reactions under milder conditions. 

The treatment of 2 with Fe(OTf)2 in MeOH at 25 °C resulted in a 

spontaneous colour change from orange to green. Dark green 

coloured crystals of 5 of composition 

[Fe7(Pd3X)12(PZDC)18(CH3OH)7(H2O)7](OTf)14·8H2O, were 

recovered from this solution (Figures S14-S18, Supporting 

Information). As for 3, this compound also consists of 

[(Pd3X)4(PZDC)6] cages. However, in contrast to 3, not all of the 

four tridentate carboxylate-O-sites are occupied by connecting 

Fe(II) ions. There are two crystallographically unique cages 

present in a 2:1 ratio; these are depicted orange and blue in 

Figure 3. All four tridentate sites of the 'blue' cage form bridges 

to neighbouring cages. These bridges consist of an arrangement 

where one tridentate site accommodates a metal ion, while the 

opposite site at the other cage forms hydrogen bonds to the 

methanol/water ligands coordinated to the metal ion that belongs 

to the first cage. Figure 3a shows this arrangement of metal-

coordination/hydrogen-bonding linkage. The 'orange' cage, 

meanwhile, forms three of these bridges while the fourth site is 

occupied by a terminal, non-bridging Fe(II) ion. Hence, the 'blue' 

cages act as tetrahedral 4-connectors, while the 'orange' cages 

are trigonal pyramidal 3-connectors. The resulting network is a 

puckered 2D-grid with pentagonal rings (Figure 3b). 

When the green crystals of 5 were dissolved and the solution 

was heated at 70 °C for 4 h, the green solution turns yellow and 

yellowish green crystals of 3 were again obtained after 3-4 days 

(Figure S19, Supporting Information). It is easy to imagine that 

elimination of the three methanol ligands from the metal-

coordination/hydrogen-bonding-bridge generates the more direct 

all metal-coordination mode between the two cages that is 

observed in 3 (and in 8, Figure 6). Hence, 5 can be regarded as 

a kind of intermediate along the pathway toward the coordination 

network of 3 (Figure 3c). 

Concentrating the green coloured solution of 5 by half of its 

original volume and leaving it standing gave blue crystals. The 

structural determination of these crystals revealed the formation 

of a compound of formula 

[Fe3(Pd3X)2(PZDC)6(H2O)6]·2CH3OH·2DMSO·22H2O (6) (Figure 

4 and S20-S24, Supporting Information). This structure consists 

of trigonal bipyramidal [Fe3(Pd3X)2(PZDC)6] cages where the Fe 

ions occupy the equatorial and the Pd3X units at the axial sites. 
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In contrast to the cubic and tetrahedral cages of 2 and 3, the 

PZDC ligands in 6 do not act as a bridge between two Pd3X 

components. Instead, it can be regarded as an assembly 

containing two separate [Pd3X(PZDC)3]
3− entities that are linked 

by Fe(II) ions (Figure 4). The coordination geometry around the 

Fe(II) ions can be described as distorted octahedral consisting of 

the O-sites of four PZDC ligands and two water molecules which 

are in mutual cis-position (Figure S25, Supporting Information). 

 

Figure 3. (a) Crystal structure of 5 highlighting the metal 

coordination/hydrogen bonding bridge (H-bonds drawn as dashed lines). (b) 

The puckered layered network in 5 (metal coordination/hydrogen bonding 

bridges are shown as cyan spheres). (c) Metal coordination/hydrogen bonding 

bridge can be regarded as precursor to direct metal coordination link 

(observed as in 3 and 8). 

The conversion of the tetrahedral (in 3) to the trigonal 

bipyramidal cage can also be observed in solution. Repeated 

concentration by solvent evaporation and subsequent 

replenishment with methanol leads to colour changes to and 

from green (5) to blue (6) (Figure 5a). Upon heating the green 

colored solution of 5, the tetrahedra condense to form the 3D-

assembly of 3. The 31P- and 1H-NMR spectra recorded on the 

reaction mixture of 2 and Fe(OTf)2 in CD3OD after 24 h gave the 

signals corresponding to both 5 and 6 (Figures 5b and S26-S27, 

Supporting Information). These observations were further 

supported by the 1H-2D-DOSY NMR spectrum of the reaction 

mixture which gave two diffusion coefficients (D) at 8.25×10–11 

and 8.31×10–10 m2s–1 indicating the presence of  5 and 6, 

respectively (Figures S28-S30, Supporting Information). The 

MALDI-TOF mass spectra of the reaction mixture recorded at 

different intervals show a progressive change of intensities for 

the peaks due to 5 and 6 (Figures 5c-f). The 31P-NMR of a 

sample of 3 to which methanol was added gave peaks due to 

both 5 and 6. These peaks suggest equilibria in solution 

between the heterometallic assemblies of 3, 5 and 6. There are 

some reports on structural inter-conversions of discrete cage-

assemblies in the recent literature.[73] 

In order to stop the process of conversion at an even earlier 

stage, we carefully covered the crystals of 2 with a solution of 

Fe(OTf)2 in methanol. After one month the crystals showed a 

visible change in colour from orange to dark yellow. Structural 

analysis showed the formation of a heterobimetallic cage 

assembly 7 of composition 

[Fe2(Pd3X)8(PZDC)12(H2O)8](OTf)8·8DMSO·59H2O, which 

features the same cubic cage structure [(Pd3X)8(PZDC)12] as 

observed in 2 (Figures 6a and S31, Supporting Information). In 

contrast to the tetrahedral cage [(Pd3X)4(PZDC)6] (as in 3 and 4), 

which offers four tridentate carboxylate-O-sites, the cubic cage 

[(Pd3X)8(PZDC)12] provides six tetradentate carboxylate-O-sites 

of square planar geometry. In 7 four of these sites are occupied 

by Fe(II) ions. Compared to the non-coordinated cage of 2, the 

cage in 7 shows a slight tetragonal distortion, when measured 

between the centroids of the four carboxylate-O-atoms of the 

tetradentate coordination site centers. The distance between 

opposite sites coordinated by Fe(II) ions is 14.8 Å, whereas it is 

15.3 Å between the two non-coordinated sites. 

 

Figure 4. Crystal Structure of 6. 

The colour of the crystals changed to light-yellow after two-

months. These consist of tetrahedral cages that are connected 

via Fe(II) ions into a helical chain (Figure 6b). The other two 

tridentate sites of the cages are partially occupied by Fe(II) ions 

exhibiting occupancy factors of roughly ½ and ¼, respectively, 

and do not form linkages to other cages. The overall 

composition of 8 is 

[Fe1.75(Pd3X)4(PZDC)6(H2O)3.5]·(OTf)3.5·24H2O. The bridging 

Fe(II) ions have distorted octahedral geometry (Figure 6b and 

S32, Supporting Information). The pitch of the helical chain 
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contains four cages; its length is 28.6 Å and its width 30.8 Å. 

Again, the cage(centroid)-Fe-cage(centroid) angles deviate from 

linearity; they measure 162 and 176, respectively. It is 

noteworthy that such helical chains can also be found as 

segments in the 3D-network of 3. Eventually, after six months of 

storage the diamondoid framework of 3 was formed again 

(Figure S33, Supporting Information). 

Similar attempts to trace potential intermediates in the Zn-

system remained futile. However, when a suspension of a 

polycrystalline sample of 4 in methanol was left for crystallization, 

it gave rise to [Zn3(Pd3X)4(PZDC)6(H2O)9](NO3)6·2DMSO·6H2O, 

9. It also contains tetrahedral cages and all four tridentate sites 

are accommodated by Zn(II) ions, albeit with somewhat reduced 

occupancies (Figure 6c). The cages are not part of coordination 

network and can be regarded as more or less a discrete 

assembly with a zeolitic D4R topology (Figure S34, Supporting 

Information).[74] 

 

Figure 5. (a) Solution color changes involved in the structural transformations. 

(b) 
31

P NMR spectra of the reaction mixture of 2 and Fe(OTf)2 showing the 

formation of 5 and 6 at various intervals. (c)-(f) MALDI-TOF mass spectra of 

the reaction mixture of 2 with Fe(OTf)2 taken at various intervals showing the 

gradual conversion of 5 to 6; (c) after one day, (d) after three days, (e) after six 

days and (f) after 8 days. Upon dilution in methanol 6 is converted back to 5 in 

1h by a structural rearrangement. 

However, as shown above, fine-tuning of the reaction conditions 

of the Fe(II)-system allowed us to trap the various stages of the 

conversions. Treating the system at elevated temperature in 

solution ultimately yields the 3D-network, whereas careful 

submersion of precursor crystals in the solvent enabled the 

isolation of intermediates. The presence of crystals thoughout 

this process may suggest direct single-crystal-to-single-crystal 

transformations. However, the accompanying changes to the 

crystal structures may be too substantial to maintain the integrity 

of the single crystal. More likely these conversions occur via 

mass-transport by slow diffusion.[75] 

The results suggest that the post-assembly conversion of the 

cubic cage (2) is first initiated by stepwise accommodation of 

Fe(II) ions into the tetradentate sites of the cubic cage (7) 

(Scheme 2). The next step involves re-arrangement from a cubic 

to a tetrahedral cage, which is most likely to be triggered by M(II) 

coordination. A comparison of the crystal structures of 2 and 7 

reveals that the coordination of the Fe(II) ions at the cube-faces 

leads to tetragonal distortions which may trigger the cleavage of 

the cubic assembly. Although the stoichiometry of tetrahedral 

and cubic cages are equivalent ([(Pd3X)4(PZDC)6] vs. 

[(Pd3X)8(PZDC)12]), which may suggest that simple fission of the 

cubic cages generates two tetrahedral cages, it remains 

impossible to formulate a definite mechanism for this re-

arrangement from our current data. 

 

Figure 6. (a) Crystal structure of 7. (b) Helical chain structure of 6. (c) 

Molecular structure of 9. 

Structural comparison between the two cages (cubic and 

tetrahedral) shows that the primary coordination of Pd3X and 

PZDC components is the same for both cages. However, the 

radius of the canopy that is formed by the arrangement of a 

Pd3X unit and its three surrounding PZDC ligands is smaller for 

the tetrahedral cage (5.5 Å) than for the cubic cage (6.5 Å), 

which indicates that this arrangement is flexible and therefore 

able to adapt to various cage geometries. This is also evident 

from the formation of the trigonal bipyramidal assembly of 6, 

which shows the competition of Pd(II) and Fe(II) ions for the 

coordination with the PZDC ligands. 
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Scheme 2. Summary of the step-wise post-assembly reactions involving 2 and Fe
2+

 ions; green arrows indicate conversions of fully dissolved samples wheras the 

blue arrows denote conversions that occur via slow diffusion between crystals. S1, H1 and the grey arrows are shown to illustrate the relationship between the 

isolated cage compounds. S1 represents the cleavage of cubic to tetrahedral cages. H1 emphasizes the shared heterometallic tetrahedral cage of 3, 5 and 8. 

The pathway of linking the cages can be envisaged via the 

metal-coordination/hydrogen bonding bridge as observed in 5. 

Simple elimination of the three metal-coordinated solvent 

molecules accomplishes the direct coordination mode, where 

both cages bind to the metal ion. Consequently, this will lead to 

coordination networks of increasing connectivity. The networks 

with the highest connectivity (3 and 4) seem to be the 

thermodynamically favoured products for both Fe(II) and Zn(II) 

bridged systems. The choice of metal ion seems to influence the 

topology of the resulting net. It appears that this is governed by 

a fine balance between maximising the cage interactions and 

the coordination requirements of the metal ion. Also, the 

conversion of the cubic cage to the tetrahedral frameworks 

involves a series of lower symmetric intermediates. It is 

interesting to note that parallels of these cage conversions that 

involve polyhedra of different symmetries to developmental 

biology, where symmetry breaking can be correlated to cellular 

differentiation in which genome speciation of Zygote leads to a 

system of complex tissues.[76-78] 

Conclusions 

In summary, we have utilized a neutral cubic cage with active 

coordinating groups for assembling cc-MOFs with dia and qtz 

topologies. The neutral cubic cage 2 was obtained in a 42-

component self-assembly reaction and is the largest for the 

neutral homoleptic cage assemblies known for Pd(II) ions. The 

post-assembly reaction of 2 with Fe(OTf)2 could be performed in 

a controlled fashion giving rise to a series of hierarchical 

heterobimetallic assemblies of discrete, 1D and 2D-architectures, 

which can be regarded as intermediate stages along the 

pathway to the final 3D-framework. The topology of the final 3D-

framework is governed by the choice of 3d metal-ion; Fe(II) 

generates a dia, Zn(II) a qtz net. Mapping the pathways of the 

conversion reactions revealed that these proceed with 

sequential change of cage-symmetries. It shows that the 

stepwise transformation of the discrete cubic cage to the 

networks of tetrahedral cages is triggered and controlled by the 

coordination of the 3d metal ions. Such sequential symmetry 

conversions are rare in metal-organic self-assemblies. They 

could pave the way for new design strategies towards complex 

coordination networks and framework structures. 
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