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Introduction

The construction of complex molecular machines, switches
and functional devices requires a high level of control in sub-
component self-assembly."> Nature uses exquisitely selective
methods to construct complex biomolecular machines, often
exploiting multiple small interactions to direct the outcome.’
A popular method of mimicking complex biomacromolecular
constructs exploits multicomponent metal-ligand-based
assembly.””® There are many different types of molecular poly-
gons and cage polyhedra that can now be accessed via this
strategy, and a wide variety of functions are possible, from bio-
mimicking catalysis,”® to molecular recognition,'®'" struc-
tural switching'>™* and drug delivery."> One of the major
remaining challenges is to selectively control the incorporation
of multiple different ligand types into a single cage complex,
which requires selective self-sorting between the ligands. This is
simple if the coordinating groups on the ligands are different
(similar to the possibilities in heterocomplex formation via
H-bonding mediated assembly, either in Nature'® or with syn-
thetic equivalents'’), but far more complex if the coordinating
groups are identical. Despite this challenge, there has recently
been some highly imaginative work in the area of selective self-
sorting in multicomponent cage assembly.'®

When attempting to combine two (or more) different ligand
types into a self-assembled cage, the possible self-sorting behav-
iour can be divided into two specific subsets: narcissistic self-
sorting, and social (or integrative'®) self-sorting, as shown in
Fig. 1. Narcissistic self-sorting consists of the homo-selective
assembly of the individual components, forming multiple homo-
complexes in the reaction mixture. Social self-sorting is less
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highly similar metal-coordinating groups. Effects such as varying ligand length, coordination angle and
backbone flexibility, as well as the introduction of secondary weak forces such as hydrogen bonds can be
exploited to favor either narcissistic or social self-sorting. We highlight these creative solutions, and
emphasize the challenges that remain in the development of functional self-assembled heterocomplexes.

P c—

e

N

Y

Social Self-Sorting

Narcissistic Self-Sorting

Fig. 1 Different types of self-sorting behaviour possible when combin-
ing two similar ligands into a metal-ligand cage assembly.

common, and requires the incorporation of multiple different
ligands into the final assembly. A further subset of these sorting
types is enantioselective self-sorting, which we will not discuss
here. The reader is directed to a comprehensive recent review on
that topic.”® Here we will describe recent efforts to control the
sorting of highly similar ligands into discrete self-assembled
cage complexes, and identify the challenges that yet remain.
There are a variety of methods that can be used to control
self-sorting behaviour: varying the ligand size or angle, chan-
ging the denticity or nature of the coordinating motif, introdu-
cing secondary interactions into the ligand backbone, or
relying on templating effects with bound guests. Obviously,
the greater the differences between the individual ligands, the
more effective the self-sorting becomes. These differences can
be additive: selecting between different ligands that form
assemblies of different stoichiometries (e.g. M,Ls vs. MyLg,
etc.) is common, as the entropic differences between cages of
different stoichiometry are often large. Similarly, using ligands
with different coordinating groups allows their selective
assembly, if designed properly, but this adds an extra layer of
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synthetic complexity to the process. As with all supramolecular
assemblies, inspiration can be found in Nature: multiple sec-
ondary weak forces, each of which is small by itself, but collec-
tively add up, can be exploited to allow selective sorting
between ligands of similar shape, size and coordinating motif.

Discussion
Narcissistic self-sorting

The first examples of self-sorting exploited identical metal
coordinating groups in ligands of different lengths. This
sorting is applicable to assemblies utilizing either bidentate or
monodentate M-L contacts. By varying the length of the spacer
between different bis-catechol-based ligands, narcissistic self-
sorting could be achieved in the formation of M,L; helicates
with Ga®" ions.*® More recently, bis-phenanthroline ligands
with variably sized allenoacetylene spacers showed length-based
narcissistic self-sorting, as well as impressive homochiral
selectivity.>> This concept can also be applied to selective
sorting between ligands of different length via Pt-phosphine-
based assembly.>* Varying the lengths of rigid linear acetylenyl-
Pt ligands along with the phosphine end “clips” also allows nar-
cissistic self-sorting. The subtle differences in length precludes
the accommodation of different ligands within the assembly,
and based on the angle of the clip, the assembly can form
either triangular or square polygons. Most recently, the concept
has been extended to organometallic self-assembled systems.
Tripodal N-heterocyclic carbene (NHC) ligands containing
various spacers between the NHC and the central tripodal core
are capable of length-selective narcissistic self-sorting when
complexed with Ag" or Au" ions, forming molecular M;L; cylin-
ders of varying sizes with high selectivity.**
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Narcissistic discrimination can also be achieved by varying
the coordination angle as well as modifying the length of the
ligand. Changing the coordination angle increases the overall
differences between the ligands significantly. When the ligand
angle changes (from linear to v-shaped, for example), the
length almost always changes as well, and often confers a
different stoichiometry on the assembly as a whole (e.g. M,L;
vs. MyLe). The large changes in overall energetics between
assemblies of two different stoichiometries unsurprisingly
leads to selective self-sorting between the components.”®
However, it is also possible to confer selective sorting between
ligands of varying coordination angle that form cages of iden-
tical stoichiometry.>® Fig. 2a shows an example using Ln-
mediated assembly with bis-salicylhydrazone ligands. Linear
ligand 3 is easily differentiated from bent ligands 1 and 2
upon treatment with Ln®" ions, as the overall stoichiometries
of assembly are different. However, ligands 2 and 3 also show
complete narcissistic self-sorting, even though the differences
between the ligands are considerably smaller. Highly effective
narcissistic sorting has also been shown between bipodal and
tripodal Ln coordinating ligands (as well as impressive
enantioselectivity in assembly of the homochiral com-
ponents).”” Despite the presence of identical coordinating
groups, selective discrimination between ligands was possible,
allowing controlled formation of either Eu,L, or Eu,Le cages.

The greatest challenge is to confer self-sorting between
ligands that are extremely similar in size, angle and the nature
of the metal coordinating group, varying in only internal sub-
stitution. In certain cases, extremely small differences can be
distinguished in the assembly processes. Fig. 2b shows how
small those differences need to be: ligands 2, 4 and 5 display
identical lengths, rigidities, coordination angles and donor
ability, and form helicate complexes of identical stoichiometry.
Despite this, complete narcissistic self-sorting is observed
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Fig. 2 Narcissistic self-sorting driven by: (a) varying ligand angles, (b)
varying internal steric bulk;?® (c) hybridization and ligand deformation
upon multicomponent assembly.?®

when the ligands are combined with a variety of different Ln**
ions. Discrimination between ligands varying only by the pres-
ence of a C=O0 group vs. a CH, group on the interior is possible.
The reason for this impressive discrimination highlights the
limitations of this system, however: the Ln,L; helicates have
essentially no cavity, and the internal groups directly interact
with each other. While the selectivity is impressive, its applica-
bility to larger complexes with guest-binding cavities is unclear.
Fortunately, the concept of structural control via introdu-
cing small variables to ligand backbones is applicable to
other, more varied systems with larger cavity sizes. Fig. 2c
shows how the introduction of hydrogen bonding groups and
changes in backbone hybridization can control the assembly
process.”® The diaminodibenzosuberyl scaffolds 6-8 are forced
to bend somewhat upon multicomponent self-assembly with
2-formylpyridine (PyCHO) and Fe®* salts. The variable defor-
mation energies between the ligands, which vary minimally in
structure, control the favourability of the process. The amount
of ligand distortion required to form a meso-helicate assembly
is inversely related to the order of stability of the homo-
complexes. Not only do ligands 6-8 display high fidelity narcis-
sistic self-sorting, but stepwise homoleptic cage formation can
be observed from a complex mixture of 33 components in the
same pot through the sequential addition of metal and
PyCHO. In addition, the presence of hydrogen bonding groups

This journal is © The Royal Society of Chemistry 2017

View Article Online

Frontier

on the interior can control the stereoselectivity of the
process,*® and large aromatic ligand surfaces can direct assem-
bly via n-stacking effects.>°

Social self-sorting

Narcissistic self-sorting is less studied than social (or integra-
tive) self-sorting, probably due to the fact that social selectivity
is simply more useful when constructing functional assem-
blies. Incorporating multiple different ligands (and their con-
comitant functions) into an assembly provides a method for
introducing unique functions to the system. As such, there have
been many attempts to confer this type of sorting in the for-
mation of catenanes, knots and molecular machines, and the
reader is directed to some recent reviews on the topic.'®?'3?
The overarching strategy used in many of these systems is to
vary the coordinating group in each ligand. This is obviously
the most effective way of ensuring the presence of multiple
different functions in the assembly, but introduces synthetic
complexity to the systems. An alternate strategy is to employ
dynamic combinatorial libraries, where varying degrees of
energetic biases and social sorting can be found and exploited
to create functional assemblies.***® Our focus here is strongly
selective sorting between ligands with highly similar coordinat-
ing groups, however, and that area of research is far less develo-
ped. The reader is directed to an excellent recent review that
covers many of these possibilities."®

The challenge in selective social self-sorting is that ligand
matching cannot be exploited: self-complementary ligands by
definition favour narcissistic sorting. One creative solution to
the problem is to apply post-assembly ligand displacement
(Fig. 3a).%” This solution is simple and elegant, in that the use
of coordinating groups that vary only slightly in electron donat-
ing ability can lead to the predictable formation of heterocom-
plexes in a reliable manner. This concept does require cage
complexes with low barriers to ligand displacement, such as
Pd-pyridyl M,L, cages. If electron rich amine-decorated ligand
12 is added to the preformed [Pd,11,]*" complex, the cis-het-
eroleptic cage [Pd,11,12,]*" can be formed selectively. The
presence of the hydrogen-bonding amine groups close to the
coordinating site prevents further displacement of undeco-
rated ligands to form the homocomplex. Density functional
theory calculations suggested the cis product was the most
stable product, and that the heteroleptic cages are kinetically
metastable intermediates rather than the thermodynamic
product. Three other heteroleptic cages with different exo and
endo functionalities were readily assembled, which indicates
that this displacement method could be applied to synthesize
a range of other heteroleptic complexes. These M,L, paddle-
wheel complexes are sensitive to internal substitution, and a
certain degree of social self-sorting is possible by packing the
interior of the cage with a suitable sized group.*® Ligand 10 is
functionalized with a medium-sized trifluoroacetamido group
on the interior, and is incapable of self-assembly with Pd"
ions due to steric repulsion. However, if combined with the
unfunctionalized equivalent 9, the [Pd;9510]*" complex forms
selectively, albeit in the presence of the more favourable
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Fig. 3 Social self-sorting driven by: (a) internal®® or external substi-
tution and postsynthetic ligand displacement;®” (b) complementary
angle®>4° and (c) ligand bridging length ratios.** Reproduced from ref.
37, copyright 2016 American Chemical Society and from ref. 41, copy-
right 2014 Wiley-VCH Verlag GmbH & Co.

[Pd,9,]"" complex. This effect is size-dependent: small internal
NH, groups conferred no sorting, and larger benzamido
groups prevented any assembly at all.

The most effective method to reliably create socially self-
sorting systems exploits small changes in the coordinating
angle of the ligands. By varying the size and shape of the
internal ligand cores, as well as the coordination angle of pyri-
dine-based ligands, heteroleptic complexes can be favoured
upon assembly with Pd*" salts.*® The key to this control lies in
choosing ligands that form strained homocomplexes. Acridone
based ligand 13 has a bite angle of 120° and forms a
[Pd,13,]"" bent helical structure while 14 (60° angle) forms a
[Pd4145]*" cube, but both of these complexes are of limited
stability. As such, when a mixture of these two ligands was
combined with Pd*" salts, their complementary shapes lead to
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the formation of a [Pd,13,14,]*" complex possessing a signifi-
cantly lower energy barrier to formation than the individual
homocomplexes. In a second study, a third ligand (15) with an
intermediate bite angle of 75° was employed as a “missing link”.
Two additional heterocomplexes could be accessed and the rela-
tive favourability of the complexes was studied.*® In each of these
cases, the stereochemistry of the heteroleptic assemblies was
also controlled, with only the cis isomers being observed.
Designing socially self-sorted cages in this manner requires
careful planning so that the strained homocomplexes form, yet
are less stable than the more favoured heterocomplexes.

Careful ligand design can be used to create very large
heterocomplexes.” A  unique cantellated tetrahedron
[Pd1,16,,17,,*" (Fig. 3c) was synthesized via the incorpor-
ation of two different ligands that display identical coordi-
nation angles. In this case, it was discovered that as the ratio
of the bridging lengths of the two ligands increased, the
sorting behaviour of the self-assembly critically switches from
a dynamic library to the well-defined cantellated tetrahedron.
However, when two ligands with a smaller bridging length
ratio were mixed, statistical incorporation into a narcissistic
self-sorted system occurs.*” It was concluded that bridging
length ratio values in the range of 1-1.6 will lead to the for-
mation of a statistical dynamic library of complexes. However,
when the bridging length ratio is increased to >2.0, a critical
switch in behaviour is observed and the system forms a
defined social self-sorted heterocomplex. These cases illustrate
that there is a “goldilocks zone” of ligand coordination types
that can be exploited for the design of functional
heterocomplexes.

Conclusion and outlook

The synthesis of self-assembled cage complexes is now a
mature field, but there are still many challenges in their appli-
cation as functional devices and biomimetic catalysts.
Controlled self-sorting between ligands with similar (or identi-
cal) coordinating groups is challenging, yet highly desirable,
as it simplifies ligands synthesis and allows modular strategies
to be used to incorporate functionality to the complexes.
While coordinative strategies such as varying the ligand angle,
length or steric bulk of the ligand are most common, sorting
can also be driven by other small and often overlooked factors
such as secondary self-complementary weak forces, and
control of ligand distortion upon metal complexation. These
strategies have mainly been successful in favouring narcissistic
self-sorting, while social self-sorting can be achieved by meti-
culous design of ligands with just the right lengths and angles
for controlled heterocomplex assembly.

These advances are an important step towards making self-
assembled cages capable of effective biomimetic catalysis: by
incorporating both acidic and basic groups on the interior of a
cage capable of guest recognition, species that mimic pepti-
dase activity are in reach. This requires more robust assem-
blies, and the extension of this sorting technology to metal-
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ligand cages that exploit bidentate coordinating groups. This
is still a challenge, as control of ligand coordination angle is
more difficult than with monodentate pyridyl coordinators,
and the slower ligand exchange rate limits the possibilities for
postsynthetic ligand exchange. Still, the controlled self-sorting
shown recently opens up a variety of possibilities in the cre-
ation of functional machines and switches from self-
assembled cage complexes.
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