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Abstract: The C3-symmetric chiral propylated host-type ligands ()-tris(isonicotinoyl)-tris(propyl)-
cyclotricatechylene L1 and ()-tris(4-pyridyl-4-benzoxy)-tris(propyl)- cyclotricatechylene L2 self-assemble
with PdII into [Pd6L8]

12+ metallo-cages that resemble a stella octangula. The self-assembly of the [Pd6(L1)8]
12+

cage is solvent-dependent; broad NMR resonances and a disordered crystal structure indicate no chiral self-
sorting of the ligand enantiomers in DMSO solution, but sharp NMR resonances occur in MeCN or MeNO2.
The [Pd6(L1)8]

12+ cage is observed to be less stable in the presence of additional ligand than its counterpart
where L = ()-tris(isonicotinoyl)cyclotriguaiacylene L1a. The stoichiometry of reactant mixtures and and
chemical triggers can be used to control formation of mixtures of homoleptic or heteroleptic [Pd6L8]

12+ metallo-
cages where L = L1 and L1a.

Keywords: self-assembly • self-sorting • coordination cage • ligand exchange • supramolecular chemistry

Introduction

The self-assembly of metallo-supramolecular assemblies from multifunctional ligands and transition metal cations is well
established and has yielded a variety of cage-like species.[1] These may have hollow interiors where additional guest
molecules or ions may be bound, and their ability to act as host assemblies means that a number of metallo-cage systems are
being developed as nano-scale hosts and reaction vessels, with applications including the trapping of reactive species,[2]

enabling unusual reactivities and catalysis [3] and templating nanoparticle formation.[4] Metallo-cages, also known as
coordination cages, are examples of host assemblies where the individual molecular or ionic components do not necessarily
have host-function themselves, which is a distinction from molecular hosts, which are individual molecules capable of
binding guests. A theme of our research is the self-assembly of metallo-cages that utilise ligand-functionalised molecular
hosts, in particular those based on cyclotriveratrylene (CTV). Other types of molecular hosts have also been employed to this
effect, most particularly from the calixarene family.[5]

Cyclotriveratrylene is a relatively rigid and pyramidal-shaped host with an open upper rim.[6] Both CTV and its chiral
analogue cyclotriguaiacylene (CTG) can be converted into extended-armed host molecules through upper rim
functionalisation. Metallo-supramolecular assemblies of ligand functionalised CTV-analogues include single-cage and
double-cage catenating [M3L2] capsule-like metallo-cryptophanes,[7] [M4L4] and [M6L4] tetrahedra,

[8] [M6L8] stella octangula
assemblies,[9] and a self-entangled [M4L4] cube.

[10] The largest metallo-cages involving CTV-type ligands are the [Pd6L8]
12+

stella octangula assemblies that occur with ligands that have 4-pyridyl groups appended, such as L1a, L1b and L2a (Scheme
1).[9] The crystal structure of the previously reported [Pd6(L1a)8]

12+ stella octangula [9b] has six PdII cations arranged in an
octahedron with the eight L1a ligands taking up the octahedron’s faces giving a 3 nm sized cage assembly, Scheme 1. The
pyramidal aspect of the ligands gives the cage a spiked appearance, Scheme 1, similar to a stella octangula, which is the first
stellation of an octahedron. Although crystals of [Pd6(L1a)8].12NO3 are racemic, each stella octangula cage is homochiral,
being composed of only one of the two L1a enantiomers.[9b] An analogous, octomeric CTV-based cube, assembled through
labile covalent bonds, has been reported by Warmuth.[11]

The previously reported [Pd6L8]
12+ stella octangula cages are only soluble in dimethylsulfoxide (DMSO), which limits

their potential as nano-scale hosts. In a bid to improve the solubility of these cages, we targeted the propylated ligands,
tris(isonicotinoyl)-tris(propyl)- cyclotricatechylene L1 , and tris(4-pyridyl-4-benzoxy)-tris(propyl)- cyclotricatechylene L2,
shown in Scheme 1. The vast majority of known CTV analogues with mixed upper rim substituents feature either a methoxy
or hydroxyl group as one of the substituents,[6] examples of other combinations of mixed upper rim groups are much
rarer.[12,13]
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Scheme 1. Previously reported and target (L1, L2) pyramidal tripodal ligands with 4-pyridyl donor groups and the crystal
structure of [Pd6(L1a)8]

12+ from ref [9b].

Results and Discussion

Propylated-cyclotriguaiacylene 2 (p-CTG) was prepared from propylated-cyclotriveratrylene 1 (p-CTV) [14] which was
demethylated using lithium diphenylphosphide generated in situ by lithiation of diphenylphosphine with n-butyl lithium,
Scheme 2.[13] Lithium diphenylphosphide selectively demethylates aryl methyl ethers over other alkyls, and Collet had
previously used the same approach for hetero-functionalisation of the CTV framework.[13] The 1H NMR spectrum of p-CTG
displayed the characteristic diastereotopic resonances of the endo- and exo-protons of the tribenzo[a,d,g]cyclononatriene
core at 3.31 and 4.56 ppm ([D6]DMSO), respectively. p-CTG was highly soluble in common organic solvents and was
observed to act as a gelator for the solvents dichloromethane, chloroform, nitromethane, acetonitrile and tetrahydrofuran.
Gelator behaviour of CTV analogues and derivatives has been previously observed.[15] p-CTG was converted to L1 and L2

using adapted versions of previously reported syntheses,[9a,16] with each ligand being obtained as a racemic mixture in high
yields according to Scheme 2.

The crystal structure of L1 was determined from its clathrate complex L1·0.5(MeNO2)·1.5(H2O). The asymmetric unit
features one molecule of L1, a MeNO2 disordered across an inversion centre, and three poorly resolved regions of solvent,
modelled as partial water molecules. L1 deviates from strict molecular C3-symmetry and all ester groups are oriented with
the carbonyl groups away from the cavity of the cyclononatriene core, Figure 1. The closest aromatic separation between the
ligands is 4.4 Å which is too long to suggest any ʌ-ʌ interactions. There are, however, ʌ-H intermolecular interactions 
between the terminal methyl and pyridyl groups of nearby ligands, with C-H···Pyridine separations of 3.06 Å. The overall
crystal lattice has a bilayer like arrangement of sheets of L1 ligands separated by solvent (see supplementary Figure S4).

Self-assembly of [M6L8]
12+ stella octangula cages

Self-assembly of the propylated stella octangula, [Pd6(L1)8]
12+, was achieved through combination of eight equivalents

of racemic ligand L1 with six equivalents of PdX2 (where X = NO3
-, BF4

- or CF3CO2
-) in a variety of different solvents,

namely DMSO, DMF, MeCN, MeNO2 and, surprisingly, a 9:1 mixture of water:MeCN (the last observed only by mass
spectrometry). Electrospray mass spectrometry (ESI-MS) studies of solution mixtures of [Pd(MeCN)4(BF4)2] and L1 shows
rapid formation of the stella octangula cage, Figure 2, with mass peaks of (m/z) 1949.6343, 1542.0858, 1270.3947 and
1076.7391 being attributed to {[Pd6(L1)8]·8BF4}

4+, {[Pd6(L1)8]·7BF4}
5+, {[Pd6(L1)8]·6BF4}

6+ and {[Pd6(L1)8]·5BF4}
7+
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respectively. Cage-DMSO adducts were also observed, for instance in the 4+ charge state, mass peaks of 1948.9994,
1968.5019 and 1988.5064 were attributed to {[Pd6(L1)8]·8BF4}

4+, {(DMSO)[Pd6(L1)8]·8BF4}
4+ and

{(DMSO)2[Pd6(L1)8]·8BF4}
4+, respectively. Similar mass spectra were seen in all solvents utilised and were independent

of the counter anion used and the spectra did not substantially change when monitored over a period of weeks (see Figures
S8, S11).

Scheme 2. Synthesis of the propylated CTG ligands L1 and L2.

Figure 1. From the crystal structure of complex L1·0.5(MeNO2)·1.5(H2O).
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Figure 2. ESI-MS from mixture of L1 and [Pd(MeCN)4(BF4)2], showing various {[Pd6(L1)8]·m(BF4)}12-m+ ions, asterisk indicate cage
DMSO adducts.

2-D diffusion-ordered spectroscopic experiments (DOSY) in DMSO indicated a single large species in solution with a
diffusion coefficient of 0.439  10-10 m2s-1 (Figure S11). Based on the diffusion coefficient of free ligand, 1.293  10-10 m2s-
1, a Dcomplex:Dligand ratio of 0.33:1 was established which, via the Stokes-Einstein relationship, was estimated to give a
hydrodynamic radius (r) of 23.4 Å. This is larger than the hydrodynamic radius of 19.4 Å that was measured for
[Pd6(L1a)8]

12+,[9b] consistent with the longer and more conformationally flexible propyl chains.
The 1D 1H NMR spectra of the [Pd6(L1)8]

12+ cage indicated that aspects of the solution-phase self-assembly are solvent-
dependent. All 1H NMR spectra show strong coordination-induced downfield shifting of the pyridyl ortho and meta protons,
and upfield shifts of propyl group protons. Those obtained in [D6]DMSO, or [D7]DMF, display broad peaks that do not
sharpen over several weeks of monitoring (Figures 3a and S9). Heating the [D6]DMSO solution to 60 ˚C for 18 hours before 
monitoring does not lead to any changes in the spectrum. Heating the PdII precursor in [D6]DMSO for 1 hour prior to cooling
to room temperature then addition of the ligand also results in no variation. The spectrum obtained in [D3]MeCN, however,
initially shows broad resonances but this resolves to a sharper spectrum over a period of three days (Figures 3b and S12).
The spectra do not sharpen up entirely and the DOSY NMR in [D3]MeCN indicates the presence of a second species in
solution of very similar size (Figure S13). A sharp 1H NMR spectrum is immediately obtained in [D3]MeNO2, however the
cage formation was not quantitative as there is also free ligand in solution (Figure S14). For all solvents, ESI-MS studies are
dominated by the [Pd6(L1)8]

12+ species and do not vary when monitored over days or weeks.

(a) (b)

Figure 3. 1H NMR spectra of ligand L1 (bottom trace) and the corresponding stella octangula complex [Pd6(L1)8]·12BF4 monitored over a
week of standing the solution (a) [D6]DMSO solution; (b) [D3]MeCN (time increases on vertical scale).
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We propose that the broadened spectra are indicative of a mixture of [Pd6(L1)8]
12+ cages which are not chirally resolved,

while sharpened spectra indicate chiral self-sorting. Hence, [Pd6(L1)8]
12+ self-sorts rapidly in MeNO2, more slowly and

incompletely in MeCN, but not over a timescale of many weeks in DMSO or DMF. In the original [Pd6(L1a)8]
12+ stella

octangula,[9] sharp 1H NMR spectra are obtained in [D6]DMSO and the crystal structure of the nitrate salt showed chiral self-
sorting as each [Pd6(L1a)8]

12+ cage was crystallographic ordered and contained only one ligand enantiomer, Scheme 1.[9b]

Single crystals of the BF4
- salt of [Pd6(L1)8]

12+ were obtained from DMSO solution, and X-ray diffraction data were
collected using synchrotron radiation. The structures of [Pd6(L1a)8]

12+ and [Pd6(L1)8]
12+ are not isomorphic however both

crystallise with tetragonal unit cells.[17] The structure of [Pd6(L1)8]·12(BF4) gives PdII positions in a near octahedral
arrangement with Pd···Pd separations 16.3 Å, comparable with the symmetry and Pd···Pd separation (16.6 Å) observed for
[Pd6(L1a)8]

12+. The bridging L1 ligand, however, is completely disordered within the structure. The disorder has been
modelled such that each full ligand position is a superposition of both ligand enantiomers, Figures 4 and S6. This is
consistent with [Pd6(L1)8]

12+ cages forming from a mixture of ligand enantiomers, with the apparent superposition an
average ligand position across all unit cells. The 1H NMR spectrum of isolated single crystals that were redissolved in
[D6]DMSO is identical to the original spectrum shown in Figure 3a, supporting the notion that the broadened spectra reflect
a mixture of cage stereoisomers.

(a) (b)

Figure 4. From the crystal structure of [Pd6(L1)8]·12(BF4)·2(H2O). (a) Detail showing disordered ligand bridging between three PdII centres
with the superposition of both ligand enantiomers, one enantiomer is shown in ball-and-stick to highlight; (b) the disordered [Pd6(L1)8]12+

stella octangula cage.

Another interpretation is that broadened spectra are indicative of incomplete self-assembly to the symmetrical [Pd6(L1)8]
12+

cages, and that we are observing lower symmetry variants with the same stoichiometry. Yoneya and co-workers have
recently reported molecular dynamics simulations of the self-assembly of [Pd6L8] spherical cages where L is the achiral
tripodal ligand 1,3,5-tris(methyl-4-pyridyl)-benzene.[18] In that study, lower symmetry complexes were found leading up to
the formation of the symmetrical [Pd6L8]. Given the short lifetimes of these species, and the high symmetry, albeit
disordered, cage found in the crystal structure we find this to be a less plausible explanation for this system.

Homochiral self-sorting in metallo-supramolecular assemblies, where ligand enantiomers recognise one another from a
racemic mixture, has been previously reported both for stella octangula cages [9] and for other systems,[19] and includes
examples where sorting from a stereomeric mixture occurs over several days.[19c] However, systems where such self-sorting
is dependent on what solvent is used are a much rarer occurrence, and we are unaware of another example that parallels this
one. Solvent-effects have been reported for equilibria between diastereomers of the atrane structure of a hemicryptophane-
oxidovanadium complex,[20] and solvent may affect stereoselectivity in organic synthesis.[21]

A platinum(II) congener, [Pt6(L1)8]·12ClO4, is formed but not in quantitative yields. The 1H NMR spectrum in
[D6]DMSO was symmetrical and displayed the characteristic downfield shifts of the pyridyl resonances, similar to the
palladium (II) analogue described above; yet, due to the decreased lability of the metal centre, conversion to the cage was
measured to be only 75%, despite heating to 70 °C overnight, then standing for a week (see Figure S15). Mass peaks of (m/z)
1371.6856, 1665.9895 and 2107.4224 were observed and corresponded to {[Pt6(L1)8]·6ClO4}

6+
, {[Pt6(L1)8]·7ClO4}

5+ and
{[Pt6(L1)8]·8ClO4}

4+, respectively.
The reaction of eight equivalents of L2 with six equivalents of [Pd(MeCN)4](BF4)2 in DMSO likewise results in the rapid
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and quantitative formation of the Pd6L8 stella octangula (see Figures S16-S18). The 1D NMR spectrum of the cage in
[D6]DMSO is broad, with the pyridyl ortho-resonances shifted strongly downfield due to the pyridyl-palladium coordination,
again consistent with cage formation but not self-sorting. DOSY NMR showed the diffusion of one large species in solution
with a diffusion coefficient of 0.348 x 10-10 m2s-1, and ESI-MS gives mass peaks of (m/z) 910.0709, and 1020.8581
corresponding to {[Pd6(L2)8]·2BF4}

10+ and {[Pd6(L2)8]·3BF4}
9+, respectively.

Guest binding and chemical disassembly-reassembly

Preliminary host-guest binding studies of [Pd6(L1)8]
12+ monitored by ESI-MS indicates that guest o-carborane association

occurs in DMF solution. Each [Pd6(L1)8].n(BF4)
12-n charge state showed multiple guest adducts. For instance, two o-

carborane adducts were observed as part of the 5+ mass-charge envelope, with mass peaks of (m/z) 1541.8719, 1570.4850
and 1598.4942 corresponding to {[Pd6(L1)8]·7BF4}

5+, {(carborane)[Pd6(L1)8]·7BF4}
5+ and {(o-

carborane)2[Pd6(L1)8]·7BF4}
5+, respectively. Similar host-guest phenomena were displayed for the 8, 7 and 6+ charge

states. Crystal structures of solid state o-carborane and halogenated carborane anions host-guest complexes with CTVs have
been previously shown, and usually feature C-H··· hydrogen bonding from the acidic carborane C-H group.[22]

The [Pd6(L1)8]
12+ stella octangula cage can be chemically dis-assembled and re-assembled. According to NMR

observations (Figure S20), reaction of the preformed cage with 24 equivalents of 4,4’-dimethylaminopyridine (DMAP)
resulted in the quantitative disassembly of the cage and generated free L1, alongside [Pd(DMAP)4]·2BF4. This occurs as
DMAP is a stronger Lewis base than the pyridyl group due to the inductive effects of the amine group. The cage was
quantitatively reassembled by subsequent addition of 24 equivalents of para-toluenesulfonic acid (TsOH) to regenerate the
[Pd6(L1)8]·12BF4 assembly and H+-DMAP (Figure S20). This demonstrates scope for application in cargo delivery and the
selective sequestration or release of guests upon initiation by a localised trigger. The DMAP-TsOH chemical trigger has
been previously used with metallo-cages and in other supramolecular systems such as switchable molecular shuttles.[23]

Ligand exchange and speciation control

The availability of the sterically and interactionally similar ligand pairs, L1a/L1 and L2b/L2, all of which form a [Pd6L8]
12+

cage, allows us to study the formation of [Pd6L8]
12+ cages from a mixture of ligands, as well as any ligand exchange that

occurs between the cages.
Heteroleptic [Pd6(L1)8-n(L1a)n]

12+ and [Pd6(L2)8-n(L2a)n]
12+ cages can be formed. The combination of six equivalents of

[Pd(MeCN)4(BF4)2] with four equivalents of each of L1 and L1a was allowed to stand overnight. Electrospray mass
spectrometry indicated heteroleptic [Pd6(L1)8-x(L1a)x]·12BF4 cage formation, where each mass-charge envelope for a given
charge state was identified to be a near statistical mixture of ligand combinations. For example, the mass spectra for the 5+
mass-charge envelope displayed mass peaks of (m/z) 1424.7916, 1440.9024, 1457.9135, 1474.3383, 1491.3380 and
1510.6050, which corresponded to {[Pd6(L1)1(L1a)7]·7BF4}

5+, {[Pd6(L1)2(L1a)6]·7BF4}
5+, {[Pd6(L1)3(L1a)5]·7BF4}

5+,
{[Pd6(L1)4(L1a)4]·7BF4}

5+, {[Pd6(L1)5(L1a)3]·7BF4}
5+ and ([Pd6(L1)6(L1a)2]·7BF4}

5+, respectively. Once formed, there
was no evidence of subsequent ligand exchange over several weeks of monitoring, and the mass spectra procured were
consistent across DMSO, DMF and MeCN. The 1H NMR spectrum in [D6]DMSO was broad and was not observed to
sharpen. The formation of a mixture of heteroleptic cages was also observed from similar experiments with the L2a/L2
ligand pair, and the ESI-MS obtained is shown in Figure 5.

Figure 5. ESI-MS showing formation of heteroleptic [Pd6(L2)8-n(L2a)n] cages from a 4:4:6 mixture of L2:L2a:[Pd(MeCN)4(BF4)2].
Different charge states show different {[Pd6(L2)8-n(L2a)n]·m(BF4)}12-m+ series.
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A 1:1 mixture of pre-formed [Pd6(L1)8]·12(BF4) and [Pd6(L1a)8]·12(BF4) in [D6]DMSO was allowed to stand at room
temperature to determine whether ligand exchange would occur. ESI-MS and 1H NMR showed only a 1:1 mixture of
homoleptic cages. There was no evidence of the formation of any heteroleptic species. Neither heating to 50 °C overnight,
nor standing for six months produced any observable changes to the ESI-MS. A mixture of pre-formed [Pd6(L2)8]·12BF4 and
[Pd6(L2a)8]·12BF4 showed that, after overnight heating then standing for two months, limited ligand exchange does occur
with the exchange of up to three ligands, per cage, according to ESI-MS.

This is contrasting behaviour to that reported by Dalcanale and co-workers on similar types of cavitand-based metallocage
systems.[24] They mixed two distinct homoleptic Pt4L2 cages where the L ligands were pyridyl-derived calix[4]resorcinarene
cavitands with different lower rim groups, and observed formation of heteroleptic cages in solution on heating and standing.
Zheng and Stang have likewise shown that combinations of homoleptic Pt-based supramolecular polygons undergo dynamic
ligand exchange to form mixtures of heteroleptic polygons.[25] Conversely, Fujita and co-workers have remarked on the high
kinetic inertness displayed by much larger Pd12L24 metallo-cages,[26] and slow ligand exchange in metallo-cages has likewise
been reported by both Raymond [27] and Ward.[28] Ward has also investigated metal exchange in [M4L6]

4+ metallo-cages
where M = Co(II) or Cd(II). They observed that metal scrambling began soon after mixing, and a near binomial distribution
of [Co4-nCdnL2]

4+ species was achieved after 150 days.[29] Our results initially seemed more in keeping with those of Fujita,
and attributable to the larger size of our cage compared with Dalcanale’s, and the presence of more M-cavitand bonds (24 cf.

8). Additional experiments, however, revealed that the solution behaviour of the Pd6L8 cages is more complicated, and that
under some conditions, formation of the [Pd6(L1a)8]

12+ cage is more favourable than formation of the [Pd6(L1)8]
12+

counterpart.
The addition of eight equivalents of methylated ligand L1a to the preformed [Pd6(L1)8]

12+ assembly saw immediate
conversion to the methylated cage [Pd6(L1a)8]

12+. The resultant 1H NMR spectrum is an overlay of the spectra of L1 and
[Pd6(L1a)8]

12+, Figure S28. ESI-MS shows a clear bias towards L1a-containing cages with the observation of [Pd6(L1)8-
n(L1a)n]

12+ species where n = 4 to 8. Interestingly, ligand-cage adducts are also observed which may indicate that the ligand
exchange proceeds through an associative mechanism. The converse reaction, where pre-formed methylated [Pd6(L1a)8]

12+

is treated with propylated L1 in DMSO, also shows a bias towards the methylated [Pd6(L1a)8]
12+ cage by ESI-MS and no

ligand exchange was observable by NMR, Figure S29.
This difference in cage favourability in the presence of additional ligand according to ligand identity, along with DMAP-

induced chemical disassembly, allows us to control the predominant speciation in solution, summarised in Scheme 3. As
before, a mixture of heteroleptic [Pd6(L1)8-n(L1a)n]·12BF4 cages is generated from the combination of six equivalents of
[Pd(MeCN)4(BF4)2] with four equivalents of each of L1 and L1a, as there is insufficient L1a in solution to only form the
favoured [Pd6(L1a)8]

12+ cage. Addition of a further 4 equivalents of each of L1 and L1a to the same solution results in rapid,
more selective cage formation with the methylated [Pd6(L1a)8]

12+ and free propylated ligand L1 observed as the major
species in solution by NMR. The addition of a further six equivalents of [Pd(MeCN)4(BF4)2] returns the system to a cage
mixture, although one that is strongly biased towards the homoleptic over heteroleptic species according to NMR, Figure 6,
and ESI-MS, Scheme 3. Disassembly of the 1:1 mixture of homoleptic cages can be effected using DMAP. Subsequent
addition of TsOH reassembles the cages to once again form a mixture of heteroleptic cages, as the L1:L1a:PdII

stoichiometric ratio in the disassembled solution is now 4:4:6, Scheme 3. ESI-MS taken after this disassembly-reassembly
process also gives evidence of ligand-cage adduct formation, Figure S34.

Scheme 3. Ligand speciation control of [Pd6L8]
12+ stella octangula cages through (a) stoichiometry; (b) chemical disassembly

and reassembly.
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Figure 6. 1H NMR of process (a) shown in Scheme 3. Speciation is changed from a mixture of heteroleptic cages to predominance of
[Pd6(L1a)8]12+ on addition of additional equivalents of both ligands, then to a mixture of homoleptic cages on addition of more
[Pd(MeCN)4(BF4)2] (marked “Pd(II) added”). The top spectrum is a mixture of pre-formed homoleptic cages for comparison.

Conclusion

The propylated ligands L1 and L2 form [Pd6L8]
12+ stella octangula metallo-cage species, and the first PtII stella octangula

[Pt6(L1)8]
12+ was synthesised. As anticipated, the propyl [Pd6L8]

12+ cages have improved solubility over their previously
reported methyl counter-parts.[9] This is likely to be advantageous for host-guest studies and preliminary work showed that
[Pd6(L1)8]

12+ associates with the spherical guest o-carborane.
The crystal structure of [Pd6(L1)8]·12(BF4)·2H2O grown from DMSO solution was very disordered, with superposition

of both enantiomers of the L1 ligand, indicating no chiral self-sorting of the ligands. The broad 1H NMR spectra for
[Pd6(L1)12]

12+ in DMSO are also indicative of a mixture of cage isomers. This was not the case for [Pd6(L1)12]
12+ in MeCN

or MeNO2 where sharpened spectra indicate self-sorting.
Despite the lability of Pd-N bonds, homoleptic mixtures of pre-formed [Pd6L8]

12+ stella octangula cages show no, or only
very minor, ligand exchange in DMSO even after many months in solution. This is in keeping with studies on other large
cage systems, where ligand exchange was observed to be slow,[26-28] although it is unusual to observe no exchange at all, as
was the case for the [Pd6(L1)8]

12+ and [Pd6(L1a)8]
12+ mixture. The cages can be disrupted by addition of more ligand, and a

significant degree of ligand exchange was seen on addition of L1a to [Pd6(L1)8]
12+. However the degree of ligand exchange

was considerably smaller when L1 was added to [Pd6(L1a)8]
12+. This suggests that the [Pd6(L1a)8]

12+ cage is the favoured
product over [Pd6(L1)8]

12+ on addition of excess ligand. The observation of ligand-cage adducts during ligand exchange
experiments supports the notion that ligand exchange occurs through an associative mechanism. The favouring of
[Pd6(L1a)8]

12+ in the presence of additional ligand may therefore reflect that L1a has less sterically demanding methyl
groups on its upper rim compared with the more sterically demanding propyl groups of L1.

The formation of near binomial mixtures of heteroleptic cages from 4:4:6 L1:L1a:PdII mixtures (and from L2/L2a
counterpart) is as expected from the solution stoichiometry and indicates kinetic control. Addition of more ligand biases the
system to [Pd6(L1a)8]

12+ which is consistent with ligand exchange experiments described above. This leaves more L1 in
solution than L1a, which favours a homoleptic cage distribution on addition of more equivalents of PdII. This allows us to
exercise a degree of control over the predominant species in solution.

Experimental Section

Synthesis

()-2,7,12-Tripropoxy-3,8,13-trimethoxy-10,15-dihydro-5H-tribenzo[a,d,g]cyclononene 1, [14] lithium diphenylphosphide [13], 4-(4-pyridyl)benzoyl chloride
hydrochloride [9a] tris(isonicotinoyl)cyclotriguaiacylene 1a [16] and tris(4-pyridyl-4-benzoxy)cyclotriguaiacylene 2a [9b] were prepared according to literature
methods. Reagents were obtained from commercial sources and used as received.

()-2,7,12-Tripropoxy-3,8,13-trihydroxy-10,15-dihydro-5H-tribenzo[a,d,g]cyclononene 2. ()-2,7,12-Tripropoxy-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene 1 (2.01 g, 3.74 mmol) and anhydrous THF (10 mL) were added to a flame-dried Schlenk tube and stirred vigorously. Lithium
diphenylphosphide was added dropwise via cannulae transfer over two hours, during which time it decolourised. The reaction mixture was stirred overnight and
solidified. The resultant lithium phenoxide was hydrolysed with concentrated aq. HCl and volatiles removed in vacuo. Organics were extracted into
dichloromethane (6  100 mL) and then back-extracted with 6M aqueous sodium hydroxide (6  100 mL). The sodium hydroxide layer was washed with
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dichloromethane (4  100 mL) and acidified with 6M aqueous HCl to precipitate the desired product as an off-white solid. The solid was allowed to stand for an
hour before being filtered, washed with water (2  50 mL) and dried. Subsequent dissolution of the solid in chloroform, filtration through a silica pad and
evaporation of the solution afforded the title compound as a colourless glass. Yield 974 mg, 55 %; M.pt Decomposes > 270 C; HR MS (ES+): m/z 515.2410

{LNa}+; calculated for C30H36O6Na 515.2410; 1H NMR (300 MHz, CDCl3)  (ppm) = 8.52 (s, 3H, phenol), 6.82 (s, 3H, aryl-H), 6.80 (s, 3H, aryl-H), 4.55 (d,
3H, CTG exo-H, J = 13.4 Hz), 3.86 (t, 6H, propyl -H, J = 6.6 Hz), 3.31 (d, 3H, CTG endo-H, J = 13.4 Hz), 1.69 (q, 6H, propyl ȕ-H, J = 7.2 Hz), 0.96 (t, 9H,
propyl -H, J = 7.4 Hz); 13C{1H} NMR (75 MHz, CDCl3)  (ppm) = 145.2, 145.0, 132.6, 130.4, 116.7, 115.3, 70.2, 35.0, 22.1, 10.4; Analysis for 2·0.5(H2O)
(% calculated, found) C (71.83, 72.15), H (7.43, 7.35); Infrared analysis (FT-IR, cm-1) = 3550-3110 (broad), 2945, 2910, 1645, 1485, 1390.

()-2,7,12-tripropoxy-3,8,13-tris(4-pyridylcarboxy)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononene (tris(isonicotinoyl)-tris(propyl)-cyclotricatechylene)

L1 Anhydrous triethylamine (2.4 mL, 13.56 mmol) was added to a stirred solution of 2 (555 mg, 1.13 mmol) in anhydrous THF (150 mL), at -78 C, under an
argon atmosphere. After one hour, isonicotinoyl chloride hydrochloride (800 mg, 4.50 mmol) was added to the reaction mixture and stirred at -78 C for a
further two hours before being left at room temperature for 48 hours. A second portion of isonicotinoyl chloride hydrochloride (800 mg, 4.50 mmol) was added,
and left to stir for a further 48 hours, during which time the reaction mixture discoloured. The solvent was removed in vacuo and the resultant residue triturated
in ethanol to afford the target compound as a white solid, which was isolated by filtration and dried in vacuo. Yield 640 mg: 66 %; M.pt Decomposes > 270 C;
HR MS (ES+): m/z 808.3232 {MH}+; calculated for C48H46N3O9 808.3234;

1H NMR (500MHz, CDCl3)  (ppm) = 8.84 (d, 6H, Py-H2, J = 6.0 Hz), 7.97 (d, 6H,
Py-H3, J = 6.0 Hz), 7.16 (s, 3H, aryl-H), 6.94 (s, 3H, aryl-H), 4.82 (d, 3H, CTG exo-H, J = 13.6 Hz), 3.93 (t, 6H, propyl -H, J = 6.2 Hz), 3.67 (d, 3H, CTG

endo-H, J = 13.6 Hz), 1.66 (q, 6H, propyl ȕ-H, J = 7.4 Hz), 0.86 (t, 9H, propyl -H, J = 7.2 Hz); 13C{1H} NMR (75 MHz, CDCl3)  (ppm) = 162.6, 149.6,
148.2, 138.9, 137.9, 137.5, 131.9, 123.8, 123.6, 115.5, 69.8, 34.9, 21.7, 10.1; Analysis for L1·H2O (% calculated, found) C (69.80, 70.00), H (5.74, 5.55), N
(5.09, 4.80); Infrared analysis (FT-IR, cm-1) 3100, 2875, 1745 (strong), 1605, 1520.

()-2,7,12-tripropoxy-3,8,13-tris(4-pyridyl-4-phenylcarboxy)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononene (tris(4-pyridyl-4-benzoxy)-tris(propyl)-

cyclotricatechylene) L2 Anhydrous triethylamine (1.32 mL, 7.56 mmol) was added to a stirred solution of 2 (310 mg, 0.630 mmol) in anhydrous THF (50 mL),
at -78 C, under an argon atmosphere. After one hour, 4-(4-pyridyl)benzoyl chloride hydrochloride (960 mg, 3.78 mmol) was added to the reaction mixture and

stirred at -78 C for a further two hours before being left at room temperature for 48 hours. The solvent was removed in vacuo and the resultant residue triturated
in ethanol to afford the target compound as a white solid, which was isolated by filtration and dried in vacuo. Yield 609 mg: 93 %; M.pt Decomposes > 270 C;
HR MS (ES+): m/z 1058.3941 {LNa}+; calculated for C66H57N3O9Na 1058.3993; 1H NMR (300 MHz, d6-DMSO)  (ppm) = 8.70 (d, 6H, Py-H2, J = 6.2 Hz),
8.20 (d, 6H, Ph-H3, J = 8.5 Hz), 8.03 (d, 6H, Ph-H2, J = 8.5 Hz), 7.81 (d, 6H, Py-H3, J = 6.2 Hz), 7.53 (s, 3H, aryl-H), 7.34 (s, 3H, aryl-H), 4.87 (d, 3H, CTG
exo-H, J = 12.5 Hz), 3.94 (t, 6H, propyl -H, J = 6.2 Hz), 3.73 (d, 3H, CTG endo-H, J = 12.5 Hz), 1.53 (q, 6H, propyl ȕ-H, J = 6.6 Hz), 0.78 (t, 9H, propyl -H,
J = 7.4 Hz); 13C{1H} NMR (75 MHz, d6-DMSO  (ppm) = 184.2, 150.7, 148.6, 145.7, 142.2, 138.4, 136.6, 131.8, 130.3, 129.2, 127.2, 121.5, 69.7, 21.8, 9.9;
Analysis for L2·0.5(CHCl3) (% calculated, found) C (72.88, 73.15), H (5.29, 5.40), N (3.83, 3.80); Infrared analysis (FT-IR, cm-1) = 2960, 1734 (s), 1594, 1508,
1400, 1263 (s), 1181, 1093, 820, 762.

[Pd6(L1)8]·12(BF4)·n(MeCN) stella octangula Pd(MeCN)4(BF4)2 (5.0 mg, 0.0113 mmol) and L1 (12.10 mg, 0.0150 mmol) were dissolved in d3-MeCN (~ 2
mL) and stirred for one hour, resulting in a pale-yellow solution, whereby 1H NMR displayed quantitative cage formation. Diffusion of diethyl ether vapour into
the solution afforded small, yellow prisms that were isolated, washed with a portion of diethyl ether and dried in vacuo. Quantitative. HR MS (ES+): m/z
1076.7391 {[Pd6L8]·5BF4}

7+, 1270.3947 {[Pd6L8]·6BF4}
6+, 1542.0858{[Pd6L8]·7BF4}

5+ and 1949.6343 {[Pd6L8]·8BF4}
4+; calculated for 1076.5657, 1269.9968,

1542.5974 and 1949.9975 respectively; 1H NMR (300 MHz, d3-MeCN)  (ppm) = 9.31 (m, 1H, Py-H2, achiral cage), 9.16 (d, 5H, Py-H2, chiral cage), 8.13 (d,
6H, Py-H3), 7.27 (s, 3H, aryl-H), 7.10 (s, 3H aryl-H), 4.84 (d, 3H, CTG exo-H), 3.87 (m, 6H, propyl -H), 3.69 (d, 3H, CTG endo-H), 1.62 (m, 1H, propyl ȕ-H), 
1.40 (m, 5H, propyl ȕ-H), 0.85 (m, 2H, propyl -H), 0.60 (m, 7H, propyl -H). Satisfactory elemental analysis could not be obtained owing to high levels of
solvation. Example for [Pd6(L1)8]·12(BF4) (% calculated, found) C (56.64, 57.75), H (4.46, 5.35), N (4.13, 6.05). Infrared analysis (FT-IR, cm-1) 3494, 2968,
2901, 1751, 1619, 1508, 1270 (s).

[Pt6(L1)8]·12(ClO4) stella octangula Pt(ClO4)2 (3.66 mg, 0.00928 mmol) was added to a solution of L1 (10.12 mg, 0.0124 mmol) in d6-DMSO (1 mL) and
stirred at 70 ࡈC overnight. 1H NMR on the cooled solution displayed partial cage formation (~ 75 % based on relative integrals). HR MS (ES+): m/z 1371.6856
{[Pt6L8]·6ClO4}

6+, 1665.9895 {[Pt6L8]·7ClO4}
5+ and 2107.4224 {[Pt6L8]·8ClO4}

4+; calculated for 1371.1679, 1665.1912 and 2106.7254 respectively. 1H NMR
(300 MHz, d6-DMSO)  (ppm) 9.53-9.44 (bm, 3H, Py-H2), 9.16 (d, 3H, Py-H2), 8.88 (d, free L1), 8.33-8.25 (bm, 6H, Py-H3), 7.96 (d, free L1), 7.55 (s, 3H,
aryl-H), 7.32 (s, 3H, aryl-H), 4.89 (bd, 3H, CTG exo-H), 3.93 (bm, 6H, propyl -H), 3.70 (bd, 3H, CTG endo-H), 1.53 (q, free L1), 1.30 (bq, 6H, propyl ȕ-H), 
0.75 (t, free L1), 0.53 (m, 9H, propyl -H).

[Pd6(L2)8]·12(BF4) stella octangula Pd(MeCN)4(BF4)2 (3.2 mg, 0.00725 mmol) and L2 (10.00 mg, 0.00966 mmol) were dissolved in d6-DMSO (~ 2 mL) and
stirred for one hour, resulting in a pale-yellow solution, where both 1D and 2D 1H NMR displayed cage formation. Diffusion of acetone vapour into the solution
afforded a microcrystalline solid which was isolated, washed with a portion of acetone and dried in vacuo. HR MS (ES+): m/z 1020.9683 {[Pd6L8]·3BF4}

9+,
1159.3551 {[Pd6L8]·4BF4}

8+, 1337.3494 {[Pd6L8]·5BF4}
7+, 1574.9554 {[Pd6L8]·6BF4}

6+ and 1906.9543 {[Pd6L8]·7BF4}
5+; calculated for 1021.3029, 1159.8441,

1337.9659, 1575.4558 and 1907.9476, respectively; 1H NMR (300 MHz, d6-DMSO)  (ppm) = 9.34 (bm, 6H, Py-H2), 8.24-8.08 (bm, 18H, Py-H3, Ph-H2, Ph-
H3), 7.46 (s, 3H, aryl-H), 7.30 (s, 3H, aryl-H), 4.82 (bd, 3H, CTG exo-H), 3.84 (bm, 6H, propyl -H), 3.69 (bd, 3H, CTG endo-H), 1.38 (bq, 6H, propyl ȕ-H), 
0.61 (bt, 9H, propyl -H). Satisfactory elemental analysis could not be obtained due to high levels of solvation; Infrared analysis (FT-IR, cm-1) 3384 (broad),
1742 (weak), 1622 (weak), 1024 (weak).

X-Ray Crystallography Crystals were mounted on MiTeGen loops under oil and flash frozen under N2. Data were collected on a Bruker X8 diffractometer
with Mo-K radiation ( = 0.71073 Å) or on a Rigaku Saturn diffractometer with synchrotron radiation ( = 0.6889 Å) at station I19 of the Diamond Light
Source. Data were corrected for absorption using a multi-scan method, and structures were solved by direct methods and refined by full-matrix least squares on
F2 using the SHELX suite of programs,[30] interfaced through the program X-Seed.[31] Summaries of refinements are given below, full details are available in
supplementary material.

L1·0.5(MeNO2)·1.5(H2O) C48.5H50.5N3.5O11.5; Mr = 866.42, Triclinic, space group P-1, a = 13.506(2), b = 15.49593), c = 16.120(3) Å,  = 62.596(8),  =
65.374(8),  = 64.841(8)˚; V = 2606.2(8) Å3; Z = 2; max = 22.98˚; data/restraints/parameters: 6798/4/572; R1(obs. data) = 0.1777. CCDC-955885.

[Pd6(L1)8]·12(BF4)·6(H2O) C228H228B12F48N24O54Pd6: Mr = 6629.54, Tetragonal, space group I4/mmm, a = 30.688(5), c = 45.906(11) Å; V = 43234(15) Å3; Z =
2; max = 20.00˚; data/restraints/parameters: 6101/0/90; R1(obs. data) = 0.1577. Structure showed significant disorder and most aromatic rings were refined with
a rigid body constraint, propyl groups and anions were not located in the difference map (see SI). There were large solvent-accessible voids hence the data was
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treated with the SQUEEZE routine of PLATON.[32] CCDC-971406.
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