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Steric Control of Sorting Regimes in Self-Assembled Cages  
Samuel E. Walker,a Stephanie A. Boer,a,b Thomas Malcomson,c Martin J. Paterson,d Kellie L. Tuck a 
and David R. Turner *a 

Control of self-sorting regimes is achieved through adjustment of 
steric interactions in self-assembled coordination cages. The self-
assembly regime of dynamic mixtures of heteroleptic cages is 
followed by HPLC to show that statistical or biased distributions can 
be selectively obtained, including isolation of a single heteroleptic 
species.  

The self-assembly of complex molecules is essential to many 
biological processes, occurring by multiple species directed into 
multi-component structures by the cumulative contributions of 
weak, non-covalent interactions.1 A major challenge in the 
design of synthetic analogues, such as self-assembled 
coordination cages, is the inclusion of multiple ligands within 
one species giving a higher degree of complexity.2 
Metallosupramolecular cages offer a discrete nanocavity with 
applications in sensing, catalysis, separations, and 
biomedicine.3 Incorporation of different ligands into a single 
system can give rise to emergent properties, although 
integrating multiple functionalities with facile synthesis is 
challenging.4 
Homoleptic coordination cages are highly symmetrical species 
arising from the self-assembly of a small number of unique 
species. However, it is difficult to incorporate multiple similar 
ligands, with defined ratio, into a single cage. Reported 
heteroleptic cages utilize two or more types of ligands with 
either different coordination preferences, e.g. dipyridyl and 
dicarboxylate,5 or different geometries (with the ligands 
incapable of forming analogous homoleptic cages).4b, 6 A 
challenge remains to create well-ordered heteroleptic cages in 

which the ligands are not substantively different, whilst being 
able to subtly tailor the chemical properties of the ligands. This 
demands understanding of sorting regimes (narcissistic, social, 
and/or integrative self-sorting) and the factors behind these 
equilibria.7 Steric or geometric differences in ligands can bias 
cage distributions.3c, 6, 7c, 8 Guest inclusion has also been shown 
to drive a near statistical mixture of homo- and hetero-leptic 
cages towards the mixed-ligand species.9  
Herein we demonstrate that the steric bulk exerts control over 
the sorting of homo/heteroleptic cages in solution (Figure 1), 
following equilibria using HPLC analysis. Specific combinations 
of ligands are able to alter the distribution away from statistical 
mixtures, through biased sorting regimes, and ultimately isolate 
a single heteroleptic species. 

 
Scheme 1. Synthesis of homoleptic cages is achieved almost instantly in quantitative 
yield. Unless explicitly stated, ligands H2A, H2L and H2V are the (S) enantiomer. 

Pure homoleptic cages, with varying steric bulk, form by 
combining the diacid and Cu(OAc)2 (Scheme 1). We have 
previously reported homoleptic cages termed G4 and L4 that 
contain four glycine- or leucine-derived ligands, respectively,10 
and have now expanded this series to analogous cages derived 
from alanine (A4) and 2-aminoisobutyric acid (I4). From SCXRD, 
I4 adopts the expected mesocate form, whilst A4 is a helicate 
with a slightly longer helical pitch contrasted with L4 (9.1683(3) 
vs. 9.016(4) Å internal Cu···Cu distance) as steric difference 
affects the geometry of the cage, reflected in the CD spectra 
(ESI, S78).11 
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Figure 1. (Left) Variation of steric bulk from the amino acid sidechains controls the self-sorting regime of cages up to the ability to select a single heteroleptic species by self-assembly. 
The sizes of cages above are scaled to the relative concentrations of the species in solution. (Right) Structure, from single crystal diffraction data, of the heteroleptic G2I2 cage.

The homoleptic cages (G4, A4, L4, I4) should allow for 
substitution of ligands between cages. Studying equilibrium 
mixtures of cages relies on in situ methods such as NMR 
spectroscopy or mass spectrometry, both less viable for neutral, 
paramagnetic species.7a, 7b, 11 The solubility of neutral cages 
allows UV-HPLC analysis for quantification of the complex. 
Whilst this method has been demonstrated for dynamic 
covalent organic cages,12 this is the first time, to the best of our 
knowledge, that it has been applied to follow the equilibrium 
behavior of coordination cages. 
Ligands with a slight steric difference are incorporated with a 
statistical distribution. Chromatograms of a 1:1 (S)-H2A:(S)-H2L 
solution, with equimolar Cu(OAc)2, show five signals, confirmed 
to be A4, A3L1, A2L2, A1L3, and L4, with a binomial distribution 
consistent with no species bias (Fig. 2). Mass spectrometry 
shows various solvated forms of all five cages (ESI, S39-45). 
Speciation of each heteroleptic product was confirmed by 
pseudo-preparative HPLC with in situ decomplexation to give 
the A:L ratio of each complex (ESI, S65). Computational analysis 
of the relative formation energies of each cage from the 
component ligands and metal ions show a steady increase in 
thermodynamic stability with increasing L present (ESI, S81).13 
However, calculated energy differences between A4 and L4 
suggest that A4 should not be experimentally present, with 
distribution skewed in favor of L4. Thermodynamic stability is 
therefore not the sole controlling factor for these cages, and the 
driving force of ligand consumption means that A4 must exist if 
L4 is present. 
Reactions of A4 with four equivalents of H2L, and vice versa, 
show equilibration within 10 minutes with product distribution 
the same for the 1:1 reaction above (ESI, S58), similar to 
reported exchange reactions.14 Ligand exchange between cages 
occurs at a slower rate and can be followed over time. Reaction 
of equimolar amounts of A4 and L4 reaches equilibrium after ca. 
11 hours (Fig. 2). Rates of consumption of A4 and L4 differ (A4 
consumed faster) as do rates of formation of A3L1 and A1L3 (A3L1 
forming faster), despite both pairs reaching equal 

concentrations at equilibrium. The concentration of A3L1 
initially rises rapidly to a maximum greater than its equilibrium 
concentration before dropping to the same concentration as 
A1L3, which only reaches a maximum at the equilibrium point. 
The amino acid side-chain clearly plays a role in the kinetic 
stability of these cages with the larger sec-butyl side chains 
providing a more hydrophobic environment around the metals. 
The three heteroleptic coordination cages were isolated by 
pseudo-preparative HPLC and show exchange over time to form 
binomial distributions of the five cages (ESI, S66-69). Species 
with more L undergo redistribution more slowly. These are 
dynamic systems and a slight difference in ligand plays an 
essential role in the behavior of the complexes. 
Near narcissistic sorting is achieved using (S)-H2A and (R)-H2L 
with A4 and L4 formed as the major species (each 45%) and A3L1 
and A1L3 present in low concentration (5% each, Fig. 3). No 
signal for A2L2 was detected. Addition of (R)-H2L to a solution of 
(S)-A4 gives the same product distribution indicating there is a 
mechanism for complete ligand exchange despite them being of 
opposite chirality. The sorting is driven by a steric clash between 
the alkyl groups which cannot accommodate a ‘propeller’ motif 
at the paddlewheels. Some steric tolerance gives slight ligand 
mixing although the cage cannot distort enough to 
accommodate A2L2. Computational investigation of both the 
relative structural energies, and the geometries of each cage 
show that mixing ligands with opposing chirality has a 
destabilizing effect on the cages in line with the experimental 
observations (ESI, S81). We previously reported the (R)-L/(S)-L 
system which likely gives truer narcissistic sorting, with greater 
clash from larger side chains, although this cannot be confirmed 
in solution due to identical elution times and masses, analysis 
of the computationally derived structures presents some 
evidence for the presence of an increased steric clash in the 
non-narcissistically sorted structure. 
H2I, has bulk in both directions from the α-carbon and forms the 
expected mesocate, I4, in the solid state despite these groups 
although HPLC analysis of the reaction shows only ca. 34% 
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conversion (ESI, S61). The mesocate form allows for the 
sterically challenged environment around the paddlewheel 
motif, accommodating CH3···O interactions between adjacent 
ligands (c.f. αH···O interactions in A4 and L4). 

 
(Top) HPLC of 1:1 H2A:H2L with Cu(OAc)2 shows all five possible. (Bottom) 

Speciation graph showing the consumption of A4 and L4 over time as they undergo ligand 
exchange to form A3L1, A2L2 and A1L3.  

Combination of H2I and (L)-H2L with Cu(OAc)2 forms only I2L2, 
I1L3 and L4 with some H2I remaining in solution (Fig. 3). A bias 
towards I1L3 is presumably due to the side-chains of ligand I 
clashing with each other in I4, I3L1, and I2L2, evidenced by the 
lack of solution stability of I4. The speciation bias is controlled  
by the steric clash between substituents at the α-carbon 
positions, excluding two potential products. Computational 
analysis shows thermodynamic stability with increasing L in the 
cage, with greater bias than for the A:L system. 
A single, pure heteroleptic species, trans-G2I2, selectively forms 
from a mixture of H2G and H2I, due to the complementary 
nature of the bulky α-carbon of ligand I with the less bulky one 
of G (Fig. 4). The crystal structure shows that G2I2 takes the trans 
conformation which separates reduces the steric clash (Fig. 1). 
Presumably this conformation is in solution as the I:L system has 
no cages with I ligands in mutually cis positions. Self-selection 
of G2I2 from a mixture of five possible complexes (six with 
cis/trans isomers of G2I2) demonstrates the power of using 
steric bulk as a structural influence. Computationally, minimal 
thermodynamic difference is found between G4 and trans-G2I2, 
and only a small difference with cis-G2I2 and I4 is significantly 
disfavored (ESI, S81). 
Using a chiral analogue of ligand I, V derived from α-methyl 
valine, leads to a helicate, rather than a mesocate, with identical 
self-sorting. The V4 cage itself does not form quantitatively (c.f., 
I4), with the major MS signals being fragments and/or 
intermediates, including [Cu4V3(OAc)]+ (ESI, S17-24). CD 

spectroscopy is a powerful tool for investigating chiral cages in 
solutions,11 yet has no response to the “V4” solution (in contrast 
to A4 and L4, ESI S79). The CD spectra of G2V2 has a strong Cotton 
effect, indicating that the chiral ligand helical chirality upon the 
cage (Fig. 4).  
Integrative sorting from was confirmed to be a property of 
cages, rather than Cu2 paddlewheels, as analogous N-
substituted bromophthalimides exhibit statistical sorting, 
presumably as the ligands can adopt an alternating “up-down” 
conformation to negate steric effects (ESI, S70-73). 

 

 
HPLC of (S)-H2A and (R)-H2L with Cu(OAc)2 shows pseudo-narcissistic 

sorting, the homoleptic cages as the major species and two minor heteroleptic species. 
(Bottom) HPLC of 1:1 H2I and H2L with Cu(OAc)2 shows three cages and free H2I. 

Incorporation of both chiral and achiral ligands in G2V2 raises 
the prospect of exploiting the ‘sergeants and soldiers’ effect 
whereby the chirality of a single ligand transfers to the whole 
complex. The L:G system behaves under statistical social sorting 
with a speciation plot mostly as expected, although slightly 
skewed due to precipitation of G4 (ESI, S76). CD spectra with 
varying L:G ratio were contrasted to the linear response to 
dilution of the L4 (ESI, S74). The heteroleptic mixtures a 
negligible decrease in CD signal from L4 to a 5:3 L:G mixture, 
with G incorporated into helical complexes. At L:G ratios less 
than 5:3 a decline is observed, correlating with non-helical G4 
being present in non-negligible concentrations. A slight red shift 
in λmax, (250 to 252 nm) as the L:G ratio decreases suggests a 
subtle change in the cage structure. Using the ratio of species in 
solution (from HPLC), assuming all cages bar G4 are helical, a 
theoretical CD response is made in good agreement with 
experiment, indicating that only a single chiral ligand is required 
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for the formation of a helicate – the sergeants and soldiers 
effect.15 Changing L:G ratio influences the pitch of the helicates 
(by 0.1 Å from L4 to G4), shown through computational 
modelling, which is likely behind the very slight blue shift in CD 
(ESI, S80). 

 
Figure 4. (Top) HPLC of 1:1 H2G:H2V with Cu(OAc)2 shows only G2V2 (in-laid MS). (Bottom) 
CD spectra of G2V2 and a solution containing H2V and stoichiometric Cu(OAc)2, with G2V2 
showing helicate formation but no signal with only ligand V. 

We have shown that steric control can be used to influence the 
composition of heteroleptic coordination cages to the point of 
a single product from selective integrative self-sorting. The 
sorting behavior is complex, and not under purely 
thermodynamic control. HPLC confirms speciation of cage 
mixtures and follows ligand exchange over time. Chirality can be 
induced through a ‘sergeants and soldiers’ process. The pre-
determined formation of heteroleptic cages as a single isomer, 
and steric control of stability, paves the way for development of 
species with emergent properties derived from the ligand. 
DRT acknowledges the ARC (DP210100347). SEW, SAB thanks 
the Australian Government for RTP scholarships. Part of this 
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detector. MJP thanks EPSRC for funding through grants 
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