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ABSTRACT: Self-assembled hosts, inspired by biological receptors and catalysts, show 
potential for sustainable synthesis, energy conversion and medicine. Implementing multiple 
functionalities in the form of distinguishable building blocks, however, is difficult without 
risking narcissistic self-sorting or statistical mess. Here, we report a systematic series of 
integratively self-assembled heteroleptic cages in which two square-planar PdII cations are 
bridged by four different bis-pyridyl ligands A, B, C and D via synergistic effects to exclusively 
form a single isomer — the lantern-shaped cage [Pd2ABCD]. This self-sorting goal — forming 
just one out of 55 possible structures — is reached under full thermodynamic control and can 
be realized progressively (by combining progenitors such as [Pd2A2C2] with [Pd2B2D2]), 
directly from ligands and PdII cations, or by mixing all four corresponding homoleptic cages. 
The rational design of complex multicomponent assemblies that enables the incorporation of 
chemical moieties in a modular approach will advance their potential applications in functional 
nanosystems. 

Biological systems have evolved precisely shaped nano-confinements of low symmetry for 

the selective recognition of C1-symmetric substrates and their catalytic conversion1. Enzymes 

utilize folded peptide chains as scaffolds to position and structurally support active elements 

such as binding sites and catalytic centers around defined cavities2. Inspired by this, synthetic 

chemists have developed supramolecular systems that resemble their biological paradigms, 

including purely organic3 and metal-mediated assemblies4–6, to achieve molecular recognition 

and separation7, reactive species stabilization6,8, and confined catalysis9. In case of 

metallosupramolecular assemblies, further applicability can be achieved by using ligands 

equipped with dedicated functional units such as chiral groups10, luminophores11, redox 

centers12,13 or photoswitches14,15. Nevertheless, a majority of reported examples consist of only 

one type of organic ligand per assembly, hence they are homoleptic, often have rather isotropic 

cavities, and high symmetries derived from Platonic or Archimedean solids16,17. This may limit 

their application potential in advanced settings that require synergistic interplay of different 
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ligand constituents, e.g. between recognition sites, catalytic moieties and chiral modulators. 

Multifunctional assemblies with contribution from two different components are still in their 

infancy, e.g. systems featuring intraassembly chirality transfer18, charge-transfer19, and 

cooperative catalysis20–22. In only few of the most complicated self-assembled systems reported 

to date, more than two differentiable functionalities, situated on separate components, are 

involved20,23,24. 

Inspired by seminal investigations of Lehn25, Sauvage26, Fujita27, Stang28 and others29, 

recent developments in the area of metallosupramolecular assembly have enabled the rational 

and clean combination of multiple building blocks in a non-statistical fashion. Integrative self-

sorting strategies have overcome entropic control and prevent the formation of statistical 

mixtures30,31. These include shape-complementary assembly (SCA)32–36, charge-separation20,28, 

templating effects27,37, coordination sphere engineering (CSE)38,39, the use of non-symmetric 

ligands40,41, backbone steric hindrance42, and multidentate donor environments43. 

Within the popular class of PdII-mediated structures, the lowest nuclearity, hence most 

simple, assembly with an accessible cavity is a lantern-shaped [Pd2L4] cage in which two 

square-planar cations are connected by four banana-shaped bis-monodentate pyridyl ligands. 

While most of the numerous reported examples are composed of a single type of ligand per 

assembly, recent studies by Crowley39, Hooley44, Zhang45 and us33 have shown that a proper 

choice of ligands allows to rationally combine two or – and this only via kinetic control45 – 

even three, different ligands without creating statistical mixtures. Both from an entropic as well 

as chemical design point of view, the difficulty to achieve integrative self-sorting under 

thermodynamic control steeply increases when all four ligands that ought to be combined are 

different. 

 

Results and discussion 

In theory, without rational control, a supramolecular system consisting of four 

distinguishable bis-monodentate ligands A, B, C, and D, equally and independently able to 

coordinate to two square-planar PdII nodes, will lead to the formation of 55 different species 

(Supplementary Scheme 1), ranging from the simplest lantern-shaped homoleptic cages, e.g. 

[Pd2A4]4+, to multicomponent cages, e.g. [Pd2ABCD]4+, with the highest complexity.  

Here we report the systematic construction of a family of non-statistically assembled 

heteroleptic cages in which two square-planar PdII cations are bridged by up to four chemically 

different ligands (Fig. 1). Ligand shape-complementarity, together with stabilizing C-H⋯π 
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interactions and strain effects allow to reach this extreme level of integrative self-sorting. The 

increase in complexity can be realized either progressively, by successive cage-to-cage 

transformations from homo- via two- and three-component heteroleptic cages, or directly by 

mixing either all ligands with PdII or all four homoleptic cages. In the following, we compare 

these routes with the help of a comprehensive set of NMR and mass spectrometry results as 

well as nine single crystal X-ray structures of heteroleptic cages. 

Heteroleptic cages with two different ligands  

Recently, we reported that combining shape-complementary bis-monodentate ligands B0 

and C with square-planar PdII cations in acetonitrile yields heteroleptic cage [Pd2B02C2]4+ 

through the SCA approach as single thermodynamic product46. Here, by replacing ligand C 

with its fluorenone-based analogue D, cage [Pd2B02D2]4+ was obtained exclusively as proven 

by 2D NMR and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS; 

Supplementary Figs. 92-98). Similarly, by replacing ligand B0 with B, heteroleptic cages 

[Pd2B2C2]4+ and [Pd2B2D2]4+ were obtained selectively (Supplementary Figs. 31-44). To 

achieve the introduction of three or four different ligands, further shape-complementary ligand 

pairs needed to be explored. We previously reported that curved ligand A forms cage [Pd2A4]4+, 

suitable for fullerene encapsulation38. Here we show that A is also able to cleanly form 

heteroleptic cages [Pd2A2C2]4+ and [Pd2A2D2]4+ together with ligands C and D, respectively. 

NMR, ESI-MS and single crystal X-ray experiments of trans-[Pd2A2B2]4+ (Fig. 2a) clearly 

demonstrated the suitability of these ligand combinations for clean heteroleptic cage formation, 

both in solution and the solid state (Supplementary Figs. 52-63). 

 

Heteroleptic cages with three different ligands 

Next, we aimed at further increasing the system’s structural complexity by introducing a 

third differentiable ligand. Therefore, we carefully inspected ligands C and D – both 

complements of ligands A or B – and realized that although they share a similar backbone and 

the same pyridyl donors, their electronic properties are distinguishable. Ligand C comprises a 

central dimethyl group, a potential C-H⋯π donor, while ligand D, presenting an unobstructed 

π-surface, could act as a complementary acceptor. We thus suspected that the assembly of 

ligands A, C, and D with PdII leads to a preferential interaction between neighboring ligands 

C and D through integrative self-sorting42, energetically surpassing the interaction between 

pairs of C or D in the competing assemblies [Pd2A2C2]4+ or [Pd2A2D2]4+. Indeed, the assembly 

of ligands A, C, and D with PdII in a 2:1:1:2 ratio in CD3CN at 80 °C resulted in a well-resolved 
1H NMR spectrum (Fig. 3). 1H DOSY confirmed the formation of a single species, with a 
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diffusion coefficient of 6.32 × 10–10 m2 s–1, corresponding to a hydrodynamic radius of 1.0 nm 

(Supplementary Fig. 69), consistent with the size of a heteroleptic cage [Pd2A2CD]4+. The 

structure of cage [Pd2A2CD]4+ was confirmed by X-ray diffraction analysis (Fig. 2b). 

Noteworthy, both ligands A were found to be direct neighbors, unlike the trans-arrangement 

seen in cage [Pd2A2B2]4+ (compare Figs. 2a and b). As shown earlier, also ligand B can be a 

shape-complementary partner to both ligands C and D. Indeed, integrative self-sorting also 

proceeded when combining ligands B, C, D with PdII, yielding cage [Pd2B2CD]4+ with a similar 

NMR pattern and characteristic HR-ESI-MS spectrum (Supplementary Figs. 45-51). 

Next, we kept shorter ligands C and D as identical pairs and mixed these with A and B aimed 

at the formation of cages [Pd2ABC2]4+ and [Pd2ABD2]4+, respectively. Pleasingly, the mixture 

of ligands A, B, C and PdII in stoichiometric ratio yielded a well-resolved NMR spectrum. 

Again, HR-ESI-MS confirmed clean formation of a cage with formula [2PdII+A+B+2C]4+ 

(Supplementary Figs. 71-77). Now, the two ligands C have different chemical environments 

and the correlation between their protons H7 and H7' rules out the formation of a trans-

configured cage (Supplementary Fig. 75). Likewise, the formation of cage [Pd2ABD2]4+ was 

achieved by replacing ligand C with D under otherwise same conditions (Supplementary Figs. 

78-84). 

Heteroleptic cages with four different ligands  

Eventually, we tackled the most challenging self-assembly, involving the simultaneous 

incorporation of four chemically different ligands. Remarkably, the combination of ligands A, 

B, C, and D with PdII in a 1:1:1:1:2 ratio in CD3CN at 80 °C resulted in a complex, yet well-

resolved, NMR spectrum showing four sets of signals originating from ligands A, B, C, and D 

with 1:1:1:1 integration ratio (Fig. 3a). 1H DOSY confirmed that all peaks belong to the same 

diffusion coefficient of 6.38 × 10–10 m2 s–1 (Supplementary Fig. 90). The exclusive formation 

of a heteroleptic cage with sum formula [2PdII+A+B+C+D]4+ was verified by HR-ESI-MS (Fig. 

2c, Supplementary Fig. 91).  

By arranging four different ligands circularly around two metal nodes, three configurational 

isomers with Cs-symmetry are possible (Fig. 4b). While mass spectrometry reveals the 

stoichiometry, it cannot answer which isomer is formed. From the results discussed earlier, we 

concluded that longer ligands A and B should be positioned in a cis-relationship. The same is 

true for shorter ligands C and D to allow for attractive interligand contacts and maximize the 

shape-complementary fit. Thus, a tentative [Pd2ADBC]4+ isomer, carrying A and B in a trans-

relationship, could be ruled out, leaving only two possible isomers, i.e. [Pd2ABCD]4+ and 

[Pd2ABDC]4+. NOESY correlations between protons H7 of ligands A and B and protons H7 
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of ligands C and D also support either of the latter two isomers (Fig. 3b), however, no 

correlations could be found between protons H7 of ligands A and C or D to distinguish these 

two isomers. Single crystals were obtained by vapor diffusion of benzene to the cage solution 

in CD3CN. Structural analysis confirmed the formation of the [Pd2ABCD]4+ isomer (Fig. 1).  

Next, we investigated the rationale leading to this remarkable selectivity. The dihedral angle 

between the Pd(Py)4 planes in the structure was measured to be 21°, indicating that shape-

complementarity plays an important role (Fig. 4b). Although the selective formation of both 

cages [Pd2ABC2]4+ and [Pd2ABD2]4+ was found to be possible from the respective three-ligand 

mixtures, the clean assembly of cage [Pd2ABCD]4+ from all four ligands indicates a significant 

interligand contact between ligands C and D. The structure reveals that both of the geminal 

methyl groups on ligand C point to the π-surface of ligand D, forming C-H⋯π interactions with 

average distances of 2.9–3.1 Å, which is even closer than found in the X-ray structure of 

[Pd2A2CD]4+ in which only one methyl group interacts with the neighboring ligand (compare 

Figs. 1 and 2b). 

To probe the importance of the dimethyl C-H⋯π donor motif of C, we performed a series 

of control experiments by keeping ligands A, B and D the same but modifying the central part 

of ligand C (Fig. 4a). First, ligand D1, featuring an NH moiety, was combined with ligands A, 

B, D, resulting in a convoluted NMR spectrum containing more than four species 

(Supplementary Figs. 126-127). Then, similar ligand D2 with a N-CH3 group was employed, 

offering only one methyl group to form C-H⋯π interactions. This again resulted in a 

complicated NMR spectrum, indicating a lack of self-sorting, although the MS spectrum 

showed cage [Pd2ABD2D]4+ as the major species (Supplementary Figs. 128-129). We managed 

to selectively crystallize cage [Pd2ABD2D]4+ from this mixture (Supplementary Fig. 299). 

Although its structure clearly showed a C-H⋯π interaction from the methyl group of D2 to the 

π-surface of D, we suppose that its strength is not sufficient to promote selective sorting in 

solution. The methyl group in D2 sits in plane with the ligand backbone, while the two methyl 

groups of C protrude sideways from an sp3-carbon (Supplementary Figs. 125). To rule out an 

orientation effect on the strength of the C-H⋯π interaction, we designed ligand D3 by replacing 

one of the two CH3 groups with a hydrogen substituent. Again, self-assembly yielded a 

complicated NMR spectrum (Supplementary Figs. 130-131), confirming that both methyl 

groups are crucial for proper self-sorting.  

Next, we asked whether similar selective interactions also existed between ligands A and B. 

However, ribbon-shaped ligand A is actually closer to ligand D than to B in the X-ray structure 
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(Fig. 4 left). From a structural point of view, we can only speculate that exactly one count of 

ligand A, possessing a backbone with a spring-like flexibility (Pd-Pd distances in cages 

containing A vary between 13.66 and 15.94 Å), adjusts to the required length in combination 

with ligands B, C and D, while a pair of A leads to a too flexible and a pair of B to a too rigid 

assembly. Indeed, both experimentally obtained values from the reaction of [Pd2A2CD]4+ plus 

[Pd2B2CD]4+ to give 2x cage [Pd2ABCD]4+ (ΔH = – 19.5 kJ mol–1, ΔG = – 11.7 kJ mol–1, see 

Fig. 5b and van’t Hoff analysis in Supplementary Information) as well as the DFT-calculated 

energy change (ωB97X-D/DEF2-SVP, ΔE = – 10.1 kJ mol–1) point to a significant enthalpic 

driving force for combining ligands A and B within the same assembly. 

To investigate the generality of forming heteroleptic cages with four different components 

we then screened further ligand variations. First, the replacement of ligand B with B0, 

containing an N-hexyl carbazole backbone, also resulted in the exclusive formation of a similar 

cage [Pd2AB0CD]4+ (Supplementary Figs. 118-124). X-ray structure analysis revealed that the 

position of ligands A, C, and D in [Pd2AB0CD]4+ almost perfectly overlap with those in 

[Pd2ABCD]4+ (Fig. 4b, Supplementary Figs. 298). Given that the dimethyl group on ligand C 

is indispensable to supporting strong enough C-H⋯π interactions, we then investigated if 

changing the π-surface of ligand D will also have an effect. We found that all ligands D1, D2, 

or D3 assemble with A, B and C to give clean NMR spectra (Supplementary Figs. 168, 210 and 

231). HR-ESI-MS confirmed the formation of corresponding heteroleptic cages with four 

different ligands. Trapped ion mobility spectrometry (ESI-TIMS-TOF) revealed only one 

narrow peak for each [Pd2ABCDn]4+ cage, supporting the formation of a single isomer 

(Supplementary Fig. 289). NOESY correlations indicate the formation of the [Pd2ABCDn]4+ 

isomer (n = 1–3) in all cases (Supplementary Figs. 171, 214 and 234). A crystal structure was 

obtained for cage [Pd2ABCD2]4+ and it almost perfectly superimposes with that of cage 

[Pd2ABCD]4+ (Supplementary Fig. 298). These results suggest that a wide choice of ligands 

Dn with π-surface and suitable length is sufficient to achieve self-sorting.  

Next, we tested the combination of naphthalene diimide (NDI) ligand D4 with A, B, and C 

and again obtained a well-resolved NMR spectrum, very similar to that of [Pd2ABCD]4+. HR-

ESI-MS confirmed the formula [2PdII+A+B+C+D4]4+ (Supplementary Figs. 250-256). We 

initially expected this species to be the [Pd2ABCD4]4+ isomer, however, NOESY indicated a 

different internal arrangement speaking for a [Pd2ABD4C]4+ ligand order by showing 

correlations between protons H7 of ligand A and C, and protons H7 of ligand B and D4 

(Supplementary Fig. 254). The exclusive formation of a single species was supported by a 1H 

DOSY experiment (Supplementary Fig. 255). Unambiguous proof for the altered ligand order 
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in cage [Pd2ABD4C]4+ came from X-ray structure analysis (Fig. 4b right). Surprisingly, in 

contrast to the [Pd2ABCD]4+ structure where the geminal methyl groups of C point to the π-

surface of ligand D, in [Pd2ABD4C]4+, the NDI backbone of ligand D rotates in a way that 

instead of providing its π-surface, two C-H substituents now point to the π-surface of ligand C 

(C-H⋯π distances 2.82–3.02 Å). The same was observed in the X-ray structure of three-

component cage [Pd2B2D4C]4+ (Fig. 2c).  

Concerning the observed ligand order we computed the energies of all three possible 

isomers for both cages via DFT-based geometry optimizations. Indeed, the experimentally 

found isomers are also the energetically most favorable ones (Fig. 5a). A reason for the flipped 

ligand order in [Pd2ABCD]4+ and [Pd2ABD4C]4+ can be deduced from comparing the electron 

rich/poor character of the directly interacting ligands via their electrostatic surface potential 

(ESP) maps (Supplementary Fig. 288). While in the former case ligand C prefers to make CH3-

π interactions with the π-plane of ligand D, in [Pd2ABD4C]4+ the methyl groups of C refrain to 

point to the positively polarized NDI-π surface of D4. Instead, the NDI CH substituents now 

point towards the π-surface of C. This structural flip seems to affect the shape-complementarity 

with the oppositely arranged ligands, leading to the observed change in ligand order. Finally, 

we studied the stability difference between both four-component cages by adding ligand D to 

cage [Pd2ABD4C]4+ which resulted in quantitative transformation into cage [Pd2ABCD]4+ 

(Supplementary Fig. 270). The preferable incorporation of ligand D over D4 was further 

supported by calculating the ligand exchange via DFT (Fig. 5a). 

  

Evolution of multicomponent heteroleptic cages 

The exclusive formation of heteroleptic cages upon mixing of up to four different ligands in 

solution indicates that all are formed as thermodynamically most stable products. To test 

whether they can be obtained progressively from their homoleptic or two-component 

heteroleptic precursors in stepwise cage-to-cage transformations (Fig. 1b), we employed NMR-

based mixing experiments, van’t Hoff dissection of thermodynamic parameters and DFT 

computations (Fig. 5b). 

Mixing and heating pairs of homoleptic cage solutions ([Pd2L4] for A and B38,47, mixtures 

of [Pd3L6] rings and [Pd4L8] tetrahedra for C and D42,46; 1:1 stoichiometry with respect to ligand 

count) led to the clean transformation into two-component cages [Pd2A2C2]4+, [Pd2A2D2]4+, 

[Pd2B2C2]4+, and [Pd2B2D2]4+ (going from level I to II in Fig. 1b and Supplementary Fig. 257). 

Further, mixing pairs of these two-component cages allowed to obtain three-component cages 

[Pd2A2CD]4+, [Pd2ABC2]4+, [Pd2ABD2]4+ and [Pd2B2CD]4+ (level II to III in Fig. 1b and 
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Supplementary Figs. 272-279). Finally, cage [Pd2ABCD]4+ could be obtained by either 

combining two-component cages [Pd2A2C2]4+ with [Pd2B2D2]4+ or [Pd2A2D2]4+ with 

[Pd2B2C2]4+ (level II to IV in Fig. 1b and Supplementary Figs. 284-287) or three-component 

cages [Pd2A2CD]4+ with [Pd2B2CD]4+ or [Pd2ABC2]4+ with [Pd2ABD2]4+ (level III to IV in Fig. 

1b and Supplementary Figs. 280-283). Besides these stepwise procedures, it is also possible to 

form cage [Pd2ABCD]4+ directly by mixing all four homoleptic assemblies (level I to IV; route 

v in Fig. 1b and Supplementary Fig. 268). 

For two routes, both starting from level II, we determined the Gibbs free energy changes for 

all cage-to-cage transformations by NMR-based equilibrium constant calculation (Fig. 5b) and 

further dissected the thermodynamic parameters by van’t Hoff analyses, confirming that each 

step (from level II to III to IV) is energetically downhill. Notably, almost identical summed-up 

DG353K values (–54.8 kJ/mol and –52.1 kJ/mol) were calculated for both routes towards cage 

[Pd2ABCD]4+ (Supplementary Fig. 286, Supplementary Table 2). In addition, kinetic data was 

obtained for a selection of cage-to-cage transformations by time-dependent NMR 

measurements, revealing that conversions from level II to III are faster when ligand A is 

contained instead of B (e.g [Pd2A2C2]4+ + [Pd2A2D2]4+ → 2 [Pd2A2CD]4+: t½ = 17.9 min vs. 

[Pd2B2C2]4+ + [Pd2B2D2]4+ → 2 [Pd2B2CD]4+: t½ = 41.5 min), which may again be explained 

by the higher structural flexibility of ligand A, facilitating ligand exchange from/to the square-

planar PdII centers in the constrained 3D assembly. To rule out electronic influences, we 

compared structurally similar ligands B (electron-poor) and B0 (electron-rich) and found 

virtually the same conversion kinetics, further supporting our assumption (Supplementary Figs. 

258-267, Supplementary Table 1). 

 

Conclusion 

A carefully chosen set of four different bis-monodentate ligands (A, B, C and D), all carrying 

the same kind of pyridyl donor groups, assembles with PdII cations to a single nanoscopic cage 

[Pd2ABCD]4+ in a non-statistical fashion. Key for achieving this high degree of integrative 

self-sorting is the combination of ligand shape complementarity, balance of strain and 

interligand C-H⋯π interactions. The modular replacement of ligands, even allowing to control 

their order around the metals, paves the way for further derivatization to embed functionality. 

As the assembly proceeds under full thermodynamic control, formed products are robust and 

produced in a reproducible manner, following several alternative routes. The rational self-

assembly strategy allows to maximize the degree of ligand differentiation within the PdII-cage 
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family with the lowest nuclearity, selectively yielding one out of 55 possible products. As a 

general concept, this enables the development of multifunctional assemblies in which the 

interplay of different components leads to emerging properties, attractive for applications in 

selective recognition, cooperative catalysis and materials science. 
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Fig. 1 | Self-assembly of heteroleptic multicomponent cage [Pd2ABCD]4+ from four chemically 

different ligands. a, cage formation from ligands A, B, C, D and PdII (X-ray structure of [Pd2ABCD]4+ 

depicted as side and top view). b, Evolution of complexity from homoleptic assemblies to the most 

complex heteroleptic assembly [Pd2ABCD]4+ via different pathways. 
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Fig. 2 | X-ray crystal structures of multicomponent heteroleptic cages with two or three different 

ligands. Side and top views of a, trans-[Pd2A2B2]4+; b, [Pd2A2CD]4+ and c, [Pd2B2D4C]4+ (counter 

anions, solvents and hydrogens omitted for clarity, further details see Supplementary Information). In 

b, the dihedral angle between the two [Pd(Py)4] planes in the structure is 33.9°, indicating the presence 

of pronounced shape-complementarity, with A being the longer ligand opposite two shorter ligands C 

and D33. 
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Fig. 3 | Characterization of heteroleptic multicomponent cage [Pd2ABCD]4+. a, From top to bottom, 
1H NMR spectra (700 MHz, 298 K, CD3CN) of A, B, C, D, [Pd2ABCD]4+. b, Partial 1H–1H NOESY 

spectrum of [Pd2ABCD]4+, revealing correlations between protons H7 of two ligand pairs. c, HR-ESI-

MS of [Pd2ABCD]4+ (isotopic pattern shown as inset). 
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Fig. 4 | Possible cage isomers and comparison of crystal structures of [Pd2ABCD] and [Pd2ABD4C]. 

a, Used ligands. b, Left: side and top X-ray views of cage [Pd2ABCD]4+ (dihedral angle Ðα between 

[Pd(Py)4] planes indicates the presence of pronounced shape-complementarity; distances of C-H⋯π 

interactions between C and D are given). All ligand combinations with D, and D1–D3 led to the general 

ABCD pattern. Middle: All three configurational isomers with Cs-symmetry obtained by arranging four 

different ligands circularly around two metal nodes are shown. Right: side and top X-ray views of 

[Pd2ABD4C] showing a swapped ligand arrangement and inversion of C-H⋯π interactions (C-H⋯π 

distance between ligands D4 and C given). 

 

 
Fig. 5 | Thermodynamic analysis of cage isomers, competition experiments and sequential 

formation of [Pd2ABCD]. a, Relative DFT-calculated energies and geometry-optimized structures of 

the three possible isomers formed from A, B, C plus D or D4. Competition experiments showing 

preferential formation of [Pd2ABCD]4+ over [Pd2ABD4C]4+ and calculated energetic difference. b, 

Formation of [Pd2ABCD]4+ via two different routes and measured free energy changes for each step.  
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Methods 

Exemplary synthetic protocols, analytical data listings and interpretation: 

 

Self-assembly of two-component cage [Pd2B2C2](BF4)4.  

To a solution of C (120 μL, 3 mM, 0.36 μmol) and a suspension of B (120 μL, 3 mM, 0.36 

μmol) in CD3CN were added a stock solution of [Pd(CH3CN)4](BF4)2 (24 μL, 15 mM/CD3CN, 

0.36 μmol) and 186 μL CD3CN. The mixture was heated in an NMR tube at 80 °C for 8 h to 

give a 0.4 mM cage solution.  
1H NMR (500 MHz, 298 K, CD3CN) δ 9.55 (d, J = 2.0 Hz, 4H), 9.43 (d, J = 1.8 Hz, 4H), 9.12 

(dd, J = 5.9, 1.4 Hz, 4H), 9.02 (d, J = 5.8 Hz, 4H), 8.25 – 8.21 (m, 4H), 8.18 (dt, J = 8.1, 1.6 

Hz, 4H), 7.95 (d, J = 7.7 Hz, 4H), 7.77 (s, 4H), 7.72 – 7.64 (m, 16H), 7.57 (d, J = 1.7 Hz, 4H), 

7.49 (dd, J = 7.8, 1.7 Hz, 4H), 1.63 (s, 6H), 1.29 (s, 6H).  
13C NMR (176 MHz, 298 K, CD3CN) δ 192.17, 156.86, 153.88, 151.25, 150.58, 150.16, 

144.76, 144.73, 143.14, 140.66, 139.71, 136.11, 135.99, 135.52, 128.95, 128.87, 128.44, 

128.31, 125.24, 124.25, 123.74, 122.93, 122.70, 95.43, 87.58, 48.26, 29.84, 25.86.  

HR-ESI-MS [BF4+Pd2B2C2]3+: m/z measured: 587.1211, calculated: 587.1200. 

 

Self-assembly of three-component cage [Pd2A2CD](BF4)4.  

To a solution of A (120 μL, 3 mM, 0.36 μmol), C (60 μL, 3 mM, 0.18 μmol) and a suspension 

of D (60 μL, 3 mM, 0.18 μmol) in CD3CN were added a stock solution of [Pd(CH3CN)4](BF4)2 

(24 μL, 15 mM/CD3CN, 0.36 μmol) and 186 μL CD3CN. The mixture was heated at 80 °C for 

8 h to give a 0.4 mM cage solution.  
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1H NMR (700 MHz, 298 K, CD3CN) δ 9.73 (d, J = 2.1 Hz, 2H), 9.36 (d, J = 2.2 Hz, 2H), 9.24 

(d, J = 2.0 Hz, 2H), 9.03 (dd, J = 6.1, 1.3 Hz, 2H), 9.00 (dd, J = 6.0, 1.2 Hz, 2H), 8.98 (d, J = 

2.2 Hz, 2H), 8.87 (dd, J = 6.0, 1.2 Hz, 2H), 8.78 (dd, J = 5.9, 1.3 Hz, 2H), 8.36 (ddd, J = 7.9, 

2.0, 1.3 Hz, 2H), 8.35 – 8.33 (m, 2H), 8.23 (ddd, J = 8.2, 2.2, 1.2 Hz, 2H), 8.15 – 8.12 (m, 2H), 

8.05 – 8.01 (m, 4H), 7.93 (dd, J = 7.6, 0.6 Hz, 2H), 7.83 – 7.78 (m, 8H), 7.74 (s, 2H), 7.72 (s, 

2H), 7.71 – 7.68 (m, 2H), 7.61 – 7.60 (m, 2H), 7.59 – 7.56 (m, 2H), 7.51 (dd, J = 7.7, 1.8 Hz, 

2H), 6.99 (d, J = 1.8 Hz, 2H), 2.28 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 1.93 (s, 3H), 1.76 – 1.72 

(m, 8H), 0.91 (s, 3H), 0.44 (s, 3H).  
13C NMR (176 MHz, 298 K, CD3CN) δ 192.83, 172.98, 167.61, 167.12, 166.90, 166.79, 

166.74, 166.61, 155.76, 154.75, 154.58, 154.52, 154.37, 154.27, 154.19, 151.36, 150.62, 

150.45, 150.34, 150.22, 150.05, 149.91, 149.32, 145.82, 142.33, 140.09, 139.88, 139.79, 

139.45, 139.17, 138.60, 138.41, 136.97, 136.79, 135.57, 132.05, 131.68, 130.64, 130.45, 

128.73, 128.50, 128.25, 127.88, 124.68, 123.33, 123.10, 122.13, 117.56, 117.52, 46.64, 45.59, 

45.35, 45.14, 44.98, 35.00, 34.83, 34.76, 34.69, 34.48, 30.36, 30.30, 30.07, 29.99, 29.77. 

2D NMR spectra were employed to assign all signals unambiguously and the correlation 

between proton H7 on ligand C (blue) and H7 on ligand D (yellow) allowed us to confirm the 

formation of a cis-configured [Pd2A2CD]4+ cage (Supplementary Figs. 67-68). In the cage, both 

ligands A adjacent to C and D are not equivalent anymore, resulting in two sets of NMR signals. 

HR-ESI-MS provided convincing evidence for the expected stoichiometry by showing a series 

of peaks assigned to [2PdII+2A+C+D+nBF4](4–n)+ (n = 0–2; Supplementary Fig. 70).  

 

Self-assembly of tetra-component cage [Pd2ABCD](BF4)4.  

To a solution of A (60 μL, 3 mM, 0.18 μmol), C (60 μL, 3 mM, 0.18 μmol) and a suspension 

of B (60 μL, 3 mM, 0.18 μmol), D (60 μL, 3 mM, 0.18 μmol) were added a stock solution of 

[Pd(CH3CN)4](BF4)2 (24 μL, 15 mM/CD3CN, 0.36 μmol) and 186 μL CD3CN. The mixture 

was heated in an NMR tube at 80 °C for 8 h to give a 0.4 mM cage solution.  
1H NMR (700 MHz, 298 K, CD3CN) δ 9.89 (d, J = 2.1 Hz, 2H), 9.38 (t, J = 2.7 Hz, 4H), 9.25 

(d, J = 1.9 Hz, 2H), 9.16 (d, J = 5.9 Hz, 2H), 9.02 (d, J = 5.8 Hz, 2H), 8.97 (d, J = 5.8 Hz, 2H), 

8.71 (d, J = 6.0 Hz, 2H), 8.53 (d, J = 1.8 Hz, 2H), 8.40 (d, J = 7.8 Hz, 2H), 8.17 – 8.10 (m, 4H), 

8.00 (d, J = 7.5 Hz, 2H), 7.90 – 7.86 (m, 4H), 7.85 (d, J = 7.7 Hz, 2H), 7.79 (s, 2H), 7.75 – 

7.69 (m, 6H), 7.65 – 7.61 (m, 4H), 7.61 – 7.59 (m, 2H), 7.48 (s, 2H), 7.46 (dd, J = 7.6, 1.8 Hz, 

2H), 7.09 (d, J = 1.8 Hz, 2H), 2.12 (s, 3H), 1.97 (s, 3H), 1.81 (s, 4H), 1.32 (s, 3H), 0.55 (s, 3H). 

13C NMR (151 MHz, 298 K, CD3CN) δ 194.28, 192.81, 173.03, 167.76, 167.65, 167.11, 

166.94, 154.71, 154.63, 153.97, 151.26, 151.15, 150.50, 150.43, 150.32, 149.86, 149.83, 
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145.99, 144.74, 142.35, 142.03, 140.18, 139.66, 139.08, 138.48, 138.42, 137.29, 136.69, 

136.23, 135.69, 135.46, 131.86, 130.66, 130.58, 128.69, 128.49, 128.38, 128.34, 127.92, 

125.13, 124.89, 124.07, 123.64, 123.44, 123.05, 122.69, 117.56, 95.28, 87.38, 46.85, 45.04, 

32.64, 30.37, 27.10, 23.39, 18.75, 14.39.  

HR-ESI-MS [BF4+Pd2ABCD]3+: m/z measured: 630.4541, calculated: 630.4539. 

Single crystal X-ray analysis shows that the cage crystallizes in the P1# space group, with the 

asymmetric unit containing one cage molecule. The Pd⋯Pd distance in the structure is 13.67 

Å, comparable to that found in the [Pd2A2CD]4+ structure (14.33 Å). 
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