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Progress in metallo-supramolecular chemistry creates potential to synthesize functional nano systems and
intelligent materials of increasing complexity. In the past four decades, metal-mediated self-assembly has
produced a wide range of structural motifs such as helicates, grids, links, knots, spheres and cages, with
particularly the latter ones catching growing attention, owing to their nano-scale cavities. Assemblies
serving as hosts allow application as selective receptors, confined reaction environments and more.
Recently, the field has made big steps forward by implementing dedicated functionality, e.g. catalytic
centres or photoswitches to allow stimuli control. Besides incorporation in homoleptic systems,
composed of one type of ligand, desire arose to include more than one function within the same
assembly. Inspiration comes from natural enzymes that congregate, for example, a substrate recognition
site, an allosteric regulator element and a reaction centre. Combining several functionalities without

creating statistical mixtures, however, requires a toolbox of sophisticated assembly strategies. This review
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Accepted 26th April 2021 showcases the implementation of function into self-assembled cages and devises strategies to

selectively form heteroleptic structures. We discuss first examples resulting from a combination of both
principles, namely multicomponent multifunctional host—guest complexes, and their potential in
application in areas such as sensing, catalysis, and photo-redox systems.
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1. Introduction

The self-assembly of discrete nanoscale host architectures such
as rings, cages and spheres has evolved into a vibrant subfield of
supramolecular chemistry over the last decades."™ Routes to
assemble such compounds can be primarily subclassified into
hydrogen-bonded,>® dynamic-covalent’** and metal-mediated
approaches.”®® In the latter category, most systems are built
up from a combination of two major components: metal centres
acting as nodes, and organic ligands serving as bridges to join
the nodes into a regularly shaped, 3-dimensional object with an
accessible cavity. Metal nodes are mostly from the transition
elements, but systems based on main group metals have been
reported as well.* Organic bridges are multitopic ligands with
two or more donors of same or differing chemical structure and
a backbone that determines size and shape of the assembly and
can carry extra functional or solubilizing groups. While the
individual donor groups can be mono- or multidentate, ligands
are usually designed not to chelate the same metal so they serve
as bridges between different metal nodes (a recent notable
exception is a cavity formed by a pair of mechanically entangled
“figure-eight”-shaped Pd"-chelate complexes®).

In order to create discrete, monodisperse products, a defined
curvature is introduced within the structure of the organic
bridge, the geometry of the coordination sphere, or both.
Following fundamental mathematical principles, the formed
shape of the hollow object is in most cases highly symmetric
with all ligands adopting uniform positions around the central
void space.

While this leads to beautiful structures, e.g. ones resembling
the Platonic, Archimedean or similar solids,*** the ability to
only incorporate one type of organic ligand at a time puts a limit
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on equipping these cages with advanced functionality such as
selective recognition and chemical transformations inside the
cavity. In particular when comparing self-assembled cages to
their often-called natural paradigms - protein-based enzymes —
one realizes that their complexity differs vastly.**** Cavities
around the active sites of enzymes are of low symmetry, chiral,
and contain a mix of different chemical functionalities such as
recognition sites, catalytic groups and conformational switches.

Can this structural and functional complexity be mimicked
by artificial self-assembled structures? Differently functional-
ized ligands of otherwise same shape and dimensions can
certainly be mixed and subjected to metal-mediated (or
dynamic covalent) assembly. However, this usually leads to
complex product mixtures governed by a statistical distribution
of the components within the structures.***” In contrast, in this
review we focus on strategies for the rational introduction of
multiple building blocks into metal-mediated architectures.
Our discussion will be held on two different levels (Fig. 1): on
the one hand, we present a critical discussion on synthetic
approaches for the integrative, non-statistical formation of
a single desired assembly product from a variety of individual
components. We set focus on the assembly of heteroleptic
coordination cages, ie. structures containing two or more
unequal ligands. We distinguish between different synthetic
strategies (e.g. shape complementarity, coordination sphere
engineering, exploitation of secondary interactions...) and
illustrate these principles with examples from the recent liter-
ature. On the other hand, we examine the introduction of
functionality into supramolecular cages. Here, most reported
examples up to now still feature only one single functionality,
two functions but in statistical fashion, or one function based
on a ligand's chemistry and another resulting from the entire
assembly (e.g. guest uptake) or the metal node. So far, the non-
statistical combination of structural complexity in terms of
heteroleptic assembly with two or more distinguishable func-
tionalities, acting together to create an emergent property, has
rarely been reported.*® While we cover a few examples in this
review (and most reported are rather rings than cages), the
controlled implementation of multiple functionalities into self-
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Fig. 1 Increasing structural complexity and functionality of self-
assembled coordination cages (organic ligands in colour, metal nodes
as grey pills).
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assembled, 3-dimensional nano confinements is a research
field in its infancy, showing the potential to yield a new level of
supramolecular devices and materials in the future. Within this
review, we highlight developments in this direction with
a choice of examples from the literature, including some our
own laboratory's work. As we could not cover all so far reported
studies comprehensively, we apologize for what might not have
found entry into this selection and refer to further reviews in
this direction.”****

2. Increasing structural complexity

Coordination cages are constructed from single metal nodes or,
sometimes, small metal clusters that are bridged by multitopic
ligands. Numerous homoleptic coordination cages have been
reported in the literature and well-studied in terms of structure,
host-guest dynamics and reaction enhancement.**** Most
assembly strategies for such systems are based on nodes that
either consist of cis- or trans-protected transition metal cations
or “naked” metal ions whose coordination spheres are fully
occupied by the donors of the bridging ligands.*® The desire to
increase the complexity of such systems by combining two or
more different ligands (or metals) to give one individual
supramolecular object has motivated researchers to develop
sophisticated strategies for heteroleptic (or heterometallic)
assembly.*»*>>* While the synthesis of heteroleptic structures
based on the cis- or trans-protected metal nodes has already
advanced to high levels, with numerous examples from Stang,**
Fujita,** Mukherjee** and others, the exploration of heteroleptic
assembly based on unprotected metal cations such as Pd" has
only recently been successful.>**

Certainly, heteroleptic coordination cages can be easily ob-
tained by simply mixing different ligands with similar size and
shape. This, however, leads to statistical mixtures that may
serve certain applications quite well but usually lack unambig-
uous spectroscopic signatures. This complicates drawing clear
structure-function relationships. In order to achieve better
control over stoichiometry, stereochemistry and structure of
such assemblies, the development of methods for the non-
statistical formation of only one desired product from
a mixture of different individual building blocks is essential.

In the following discussion we focus on four different
approaches that have been used for the controlled assembly of
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Fig. 2 Schematic illustration of the four strategies for achieving het-
eroleptic cages in a non-statistical fashion: (a) coordination sphere
engineering (CSE), (b) shape complementary assembly (SCA), (c)
assembly from non-symmetric ligands and (d) backbone-centred
steric hindrance.
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non-statistical heteroleptic coordination cages: (a) coordination
sphere engineering (CSE), (b) shape complementary assembly
(SCA), (c) non-symmetric ligands and (d) backbone-centred
steric hindrance (Fig. 2). These strategies can also be
combined with each other. In addition to the combination of
two or more different ligands, structural complexity can also be
achieved when the same ligand is sitting in different positions
within a single supramolecular cage. We include a brief
discussion on such kind of structures at the beginning.

In order to favour integrative self-sorting, i.e. to avoid either
narcissistic orthogonality or forming statistical mixtures of all
possible constituents but sort the system towards one single
target-compound, energetic benefits arising from enthalpic and
entropic effects have to be considered.” In this sense, certain
structural features and supramolecular interactions can either
be used to destabilize the homoleptic species, or to specifically
stabilize the heteroleptic compound, thus leading to a clean and
predictable assembly outcome. The most important goal in this
respect is to overcome the entropic drive to produce random
ligand combinations which is often a major hurdle when
working with dynamically self-assembling species in thermo-
dynamic equilibrium.

2.1 Homoleptic systems with ligands adopting different
positions

A surprising degree of structural complexity can already be
achieved by using only one type of ligand and metal (homoleptic
species) when the same ligand occupies different positions in
the resulting metallo-supramolecular structure, or when inter-
locked structures are formed, resulting in desymmetrisation of
the ligand. Interlocking as key structural motif was described
for a variety of interpenetrated cages,”**” resulting in multi-
cavity assemblies with different nuclearities and topologies,
such as [Pd4Lg] double cages,”™” a [Pd¢Lg] peanut-shaped
system,*® a huge [PdgL,¢] catenane,® or a [Pd;,L¢] conjoined
twin-cage.®® Recently, we contributed a [Pd,L,] host with a new
mechanically-interlocked motif, consisting of a pair of doubly-
interlocked, figure-eight-shaped lemniscates.** Even higher
complexity was reported by Liitzen and co-workers, with
a rotaxane-like cage-in-ring structural motif, where a BODIPY-
based bis-pyridine ligand (1) self-assembles with Pd" cations
to form a compound of [Pdel;,] stoichiometry (Fig. 3a). The
structure was identified as entirely new motif that consists of
both a lantern-shaped [Pd,1,] cage and a [Pd,1;] ring species,
where the cage is embedded in the centre of the ring and
stabilized by means of -7 interactions.®* A further example of
homoleptic structures with the same ligand occupying different
positions is found among the possible topologies resulting from
the [Pd,Lg] stoichiometry. Besides 4-membered rings and
interpenetrated dimers,* one further conceivable structure is
a tetrahedron-like arrangement in which four edges consists of
one single ligand, while the remaining two edges are double
bridged by two ligands.®*** Again, Liitzen and co-workers were
the ones to report an example of such a tetrahedral [Pd,Ls]
compound, albeit a strongly distorted, that relies on an anion
templating effect. Four of its chemically identical ligands (2)
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Side view
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[Pd,(2)]

Fig. 3 (a) Ligand 1 self-assembles with Pd" cations to give a cage-in-
ring architecture, where 1 occupies two different positions; (b) dis-
torted tetrahedron obtained from a mixture of Pd" and 2, where the
ligand positions are not equivalent.

adopt a C-shaped conformation whereas the other four adopt
a twist-folded W-shaped arrangement (Fig. 3b).*

These examples demonstrate how relatively high structural
complexity can already be achieved by using only one type of
ligand. However, it is desirable to combine more than one type
of ligand in selective and predictable ways as this would allow to
construct multifunctional systems. In the following sections we
will focus on approaches to form such heteroleptic structures
using “naked” metal ions, meaning that all coordination sites
on the metal nodes are occupied by donor groups of the
bridging ligands.

2.2. Coordination sphere engineering

A first concept that has been used to prepare heteroleptic
metallo-supramolecular cages is the so-called coordination
sphere engineering (CSE) approach. This strategy relies on
a specific design of the donor sites surrounding the metal
centre. For instance, ligands with large substituents close to the
donor site increase steric hindrance around the metal centre,
thus influence its coordination behaviour and favour the het-
eroleptic combination with less bulky ligands. Alternatively,
functional groups that contribute to weak interactions (e.g.
hydrogen bonds) can be added, allowing to foster the formation
of heteroleptic over homoleptic species due to a specific
enthalpic gain that can only be realized by the combination of
different ligands around the metal nodes. These concepts have
been widely studied for cis-protected metal ions.**** More recent
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studies in the literature demonstrate how this approach can be
applied to systems based on “naked” metal ions that shall be
the focus of this review. In case of the popular square-planar
Pd" cations, a balanced choice of donor combinations can
lead - in the simplest dinuclear assemblies - to the formation of
heteroleptic cis- or trans-configured [MZLA2LBZ] cages, the
controlled assembly of [M,L;Solv,] bowl-shaped structures (Solv
= coordinating solvent) or even [M,L,Solv,] rings.

The latter two can act as platforms for the formation of even
more complex heteroleptic species (Fig. 4 and 27): While steric
congestion around the metal ion prevents further bulky ligands
from saturating the coordination sphere and the remaining
“free” positions are occupied by coordinating solvent mole-
cules, these may then be replaced by ligands presenting less
steric bulk and higher coordinative strength. The following
examples serve to illustrate these principles.

The coordination sphere engineering strategy has recently
been used by Clever and co-workers to assemble a heteroleptic
cis[Pd,L*,L5,] cage from bis-monodentate picolyl ligands.®
The authors reported four different ligand derivatives, were the
picoline donor groups are connected to either acridone (3, 4) or
phenothiazine (5, 6) backbones via their meta positions. Using
either 5- or 3-substituted picolines resulted in an “inside” or
“outside” orientation of the methyl groups with respect to the
enclosed cavity upon cage formation. Steric hindrance around
the coordination sites was found to disfavour the formation of
homoleptic [Pd,L,] cages (except for a special case where anion
templation triggers catenation to give a cage dimer, see below).

Fig. 4 Coordination sphere engineering approaches developed for
square-planar Pd" systems. (a) Pd" cations form with four pyridine-
based ligands, devoid of steric hindrance, standard homoleptic [Pd;L4]
cages; (b) the 1: 1 combination of picolyl ligands with substituents in
3- and 5-positions leads to heteroleptic [Pd,LA,LB,] cages; (c) quino-
line donors are characterized by steric repulsion between neigh-
bouring H atoms (red colour) and allow to form bowl-like [Pd,LzSolv,]
species (two isomeric forms shown); (d) naphthyridine donors increase
steric hindrance even further and lead to the formation of [Pd,L,Solv,4]
rings.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Banana-shaped ligands with outside- and inside-pointing
methyl groups; (b) DFT model of heteroleptic cage cis-[Pd»3,4.]; (c)
DFT model of bowl and ring obtained with ligand 3 and (d) bowl ob-
tained with ligand 4.

By combining Pd" ions with only a single acridone or pheno-
thiazine ligand bearing the outside-pointing methyl group (3,
5), a mixture of a [Pd,L,Solv,] ring and a [Pd,L;Solv,] bowl was
formed. Pd" coordination spheres were found to be saturated by
coordinating solvent molecules (Fig. 5c¢). When using the
ligands with inward-pointing methyl groups (4, 6), a [Pd,L;-
Solv,] bowl is formed exclusively, suggesting a less steric
hindrance than found among the outward-pointing picolyl
donors (Fig. 5d).

The selective assembly of homoleptic [Pd,L;Solv,] bowls has
been confirmed by means of 1D and 2D NMR spectroscopy,
including "H-"H NOESY experiments, which clearly indicate
cross peaks between ligands occupying different positions in
the bowl. In addition, DOSY-NMR, ESI-MS analysis as well as
DFT modelling further supported the assignment of these
structures. Comparison of Pd- - -Pd distances in the calculated
structures shows the effect of steric hindrance resulting in
contraction (methyl-in) or elongation (methyl-out) of the
respective species. The reaction of 3 with 4, bearing different
methyl positions but similar backbones, with Pd" cations in
al:1:1ratio, results in the formation of a new species that has
been identified as cis-[Pd,3,4,]. Alkyl chains of different lengths
were attached to the isomeric ligands to unambiguously iden-
tify the resulting heteroleptic compound by ESI-MS analysis.
Additionally, '"H-'"H NOESY cross peaks between the two
different ligands provide confirmation for the heteroleptic
structure. DFT calculations and the X-ray structure of a mono-
nuclear model compound allowed to determine the cis-isomer
of [Pd,3,4,] as more stable than the tentative ¢rans-isomer.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Finally, the authors investigated the coordination sphere engi-
neering approach by combining two different backbones. Self-
assembly of Pd" with a 1:1 combination of the methyl-out
acridone ligand and the methyl-in phenothiazine bridge resul-
ted in the clear formation of a [Pd,L*,L?,] heteroleptic cage.
Interestingly, when testing the inverted combination, NMR
analysis revealed multiple overlapping proton signals, partially
assigned to the acridone-based homoleptic bowl. Moreover,
single crystals have been obtained from this mixture, revealing
the surprising presence of an interpenetrated [Pd,55] homo-
leptic double-cage (not shown), consisting of eight methyl-out
phenothiazine-based ligands that show strong tilting and
significantly distorted Pd"-coordination spheres. The driving
force leading to this sterically overcrowded product is an anion
templating effect, as has been reported before.*

Instead of steric hindrance on the donor group, functionality
that enables secondary weak interactions can be introduced.
Crowley and co-workers reported a system where they take
advantage of hydrogen bonding to stabilize a cis-[Pd,L*,L",]
heteroleptic cage.®”*® In these studies, amine substituents were
installed on tris-pyridyl banana-shaped ligands, resulting in a 3-
amino (7), 2-amino (8) or an unfunctionalized ligand (9). After
formation of homoleptic cage [Pd,9,], functionalized ligands (7
or 8), both of which have stronger donor capacities than 9, were
added and ligand exchange results were monitored. By adding
meta-substituted ligand 7, bridges 9 of the homoleptic cage are

\ 4 W
Vi Vi
H \_/ H \_/
\ \
\_/ \_/
Hy
8 9

— 9 5 +
7
9
g} *
8
[Pd.8.9.] 9

27272

Fig. 6 (a) Banana-shaped ligands bearing amino substituents at the
pyridyl donor groups; (b) addition of ligand 7 to [Pd,9;,] leads to
complete displacement of 9; (c) formation of heteroleptic cage cis-
[Pd,»8,9,] can be achieved by partial ligand displacement under kinetic
control.
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completely displaced, transforming the system into homoleptic
cage [Pd,7,] (Fig. 6b). The same experiment, using 8 instead,
leads to a drastically different result. Here, the formation of
a [Pd,8,9,] heteroleptic cage was observed, accompanied by the
release of 2 equivalents of 9 (Fig. 6¢). A combination of NMR
analyses and DFT calculations suggested the formation of the
cis-isomer, stabilized by the presence of hydrogen bonding
between two neighbouring ligands 8. Such stabilizing hydrogen
bonds cannot form in the imaginable ¢rans-isomer. Interest-
ingly, this heteroleptic cage can be obtained only via the ligand
displaced pathway. Attempts to form cis-[Pd,8,9,] directly from
a combination of the building blocks resulted in a convoluted
mixture of products, including [Pd,8,9,], while no homoleptic
species were detected. Moreover, the authors reported that the
heteroleptic cage gradually undergoes further ligand displace-
ment until the formation of homoleptic [Pd,8,] is achieved.
These observations, together with DFT energy calculations,
point to the fact that the herein obtained heteroleptic
compound is a kinetic product.

Another approach of coordination sphere engineering,
aimed at increasing structural complexity, has been developed
by Clever and co-workers.*>”® In this strategy, steric hindrance is
introduced around the metal coordination environment by
using quinoline-based ligands instead of common pyridine
derivatives. The authors designed a series of banana-shaped
ligands bearing pyridines (10), two different quinoline
isomers (11, 12) or acridine (13) as donor groups (Fig. 7). The
latter three cases feature hydrogen substituents in the anne-
lated benzene rings that introduce steric pressure below/above

AL LD [ i

[C,,@Pd,11 MeCN,] [2C, @(Pd,11)),14]

Fig. 7 Formation of (a) cage [Pd,L4] when using pyridine donors; (b
and c) [Pd;LsSolv,] bowls when using quinoline donors and (d)
a [Pd,L,Solvy] ring using acridine donors. (e) Crystal structure of Cgo@
[Pd>11z] bowl and DFT model of heteroleptic, pill-shaped dimer,
binding two fullerenes Cg.
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the square-planar Pd" coordination environment (Fig. 7b-d).
Self-assembly of these ligands with Pd" results in the formation
of [Pd,L,] cages with pyridines, [Pd,L;Solv,] bowl-shaped
structures with quinolines and [Pd,L,Solv,] rings when using
acridines. All species were characterized by 1D and 2D NMR,
high resolution ESI-MS and single crystal X-ray diffraction
analysis. Furthermore, owing to the bent shape and m-surface of
the ligand, both the cage and the bowl species were shown to
bind Cep and Cy fullerenes in polar solvents. Interestingly,
pyridyl-based cage [Pd,104] can only bind Cg, selectively, while
the 6-quinolinyl-modified ligand 11 (with nitrogen donor on the
outer ring and steric congestion on the inner benzene), allows
to form a [Pd,11;So0lv,] bowl with increased cavity dimensions
as well as open geometry, able to encapsulate also the bigger
C;0. Owing to the bowl geometry, bound Cg, exposes about 25%
of its surface area to the solution environment. This allowed the
authors to perform a Diels-Alder reaction on the bound
fullerene, leading to the selective formation of only the mono-
adduct. Interestingly, attempts to crystallize the empty bowl
species resulted in single crystals of a [Pd,11,] cage, not
observed in solution, suggesting a fine energetic balance
between the two species.

When reacting a 3-quinolinyl modified ligand (12) with Pd"
cations at room temperature, the obtained compound is again
a [Pd,12;Solv,] bowl. However, compared with the analogous
bowl formed from 11, it is unstable at room temperature,
partially converting to a [Pd,12,] cage over two days. Again, cage
formation has been further confirmed by single crystal X-ray
diffraction analysis. A DFT comparison of the species' relative
stability in the cage/bowl equilibria for the quinoline-based
ligands 11 and 12 supports the experimental data, showing
that the bowl-shaped compound is favoured when the steric
pressure is in the inward-pointing benzene ring (as in 11), while
the cage compound is favoured when the steric pressure is
moved to the outer part of the ligand (as in 12). Surprisingly, the
cage formed using 12 is unable to bind any fullerene derivative,
probably due to its more twisted shape and hence smaller
cavity.”®

As shown before, introduction of steric pressure around the
metal ion can prevent saturation of the coordination sphere
with four nitrogen donor ligands. As remaining coordination
sites cannot be left unoccupied on Pd" cations, they are usually
filled by solvent molecules or small ligands such as halide
anions (F, Cl7, Br ) or others. Therefore, bowl and ring
assemblies can act as platform for the addition of a further
ligand leading to more complex heteroleptic species. Using the
[Pd,L;(CH;CN),] bowl-shaped assembly, Clever et al.® were able
to substitute the solvent molecules with di-carboxylate bridges.
Addition of two terephthalate anions 14 to the preformed bowl
species [Pd,11;] allowed to further increase the structural
complexity of the system and form a unique heteroleptic pill-
shaped assembly (Fig. 7e). This approach could further be
extended from the empty bowls to the host-guest systems, thus
affording a cavity harbouring two fullerenes (Cg 0r C;,) in close
vicinity.

Another example of combining different donors, namely
pyridines and carboxylates, to form heteroleptic architectures

© 2021 The Author(s). Published by the Royal Society of Chemistry
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has been explored by Stang and co-workers.** A series of 2D and
3D compounds was reported by assembling cis-protected Pd"
fragments with terephthalate bridges and pyridine-based
ligands. Balancing charges on the metal centres, deriving
from the neutral and anionic donor groups, drive the formation
of heteroleptic compounds by simply mixing these building
blocks in the correct stoichiometric ratio. Linear bis-pyridine
ligands lead to 2D metallocycles while tris- or tetra-pyridine
ligands lead to 3D trigonal and tetragonal prisms, respec-
tively. In summary, coordination sphere engineering (CSE) has
been established as a reliable tool to synthesize either hetero-
leptic coordination cages directly or unsaturated bowl and ring
species that serve as platforms toward the formation of higher
order heteroleptic structures (see also Fig. 27). To reach non-
statistical assembly, either homoleptic structures are dis-
favoured by repulsive steric or strain effects, or formation of
heteroleptic species is promoted by attractive secondary inter-
actions or charge balancing effects (and related trans-influ-
ences) in immediate vicinity of the coordinated metals. In the
following, we move focus from the coordination spheres to the
overall structure of the entire architectures, thus categorizing
the subsequent approaches as “assembly-based” ones.

2.3 Shape complementarity

Design and assembly of coordination-driven supramolecular
compounds is often realized using geometrical principles.>*”*
The combination of the high directionality of many transition
metal coordination bonds with controllable geometry of poly-
topic ligands allows to assemble a plethora of highly symmetric
compounds based on the so called “edge-directed self-
assembly” principle.”® These concepts have been used with
kinetically rather inert, non-dynamic systems to develop heter-
oleptic compounds. For example, the use of organometallic
fragments can be a valuable tool to synthesize supramolecular
compounds bearing multiple ligands and functions in a step-
wise manner. When using “naked” metal ions such as Pd" in
Werner-type complexes, building blocks are usually allowed to
exchange dynamically, resulting in a less controllable situation
when more than one type of ligand is present. The shape
complementarity approach (SCA) takes advantage of geometric
principles to selectively obtain one specific product by avoiding
the formation of statistical mixtures containing other ligand
combinations. Therefore, ligand angles are designed in order to
precisely fit each other between matching bridges (often pair-
wise), resulting in enthalpic destabilization of strained homo-
leptic species, as well as overall entropic gain if the heteroleptic
product has a lower nuclearity compared to one or more of the
homoleptic precursors.

This approached has been successfully used by Zhou and co-
workers in 2010 in a series of Cu"-based cages with ditopic
carboxylate ligands featuring different binding angles.” The
authors examined diverse ligands, binding pairs of Cu" ions in
“paddle-wheel mode” with local C, symmetry, to form several
homoleptic compounds. Among all reported architectures, one
homoleptic cage was found to transform into heteroleptic cages
by ligand substitution. In particular, Cu" ions self-assemble
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Fig. 8 Ligand substitution transforms homoleptic rhombic cubocta-
hedron [(Cuy)1»1554] into heteroleptic cages [(Cu,)el56166] and
[(Cu2)12154,174,] when using bent dicarboxylate ligands.

with 5 #-butyl-1,3-benzenedicarboxylate (15), possessing a 120°
binding angle, to form a [(Cu,);,15,4] homoleptic cage of
rhombic cuboctahedral geometry (Fig. 8). Reacting this cage
with a larger 3,3'-(ethyne-1,2-diyl)dibenzoate ligand 16, having
a 60° binding angle, resulted in the formation of
a [(Cu,)s156164] heteroleptic cage with lower nuclearity, sug-
gesting an entropic stabilization of the final product (Fig. 8).
Interestingly, when reacting the homoleptic architecture with
2,7-naphthalene dicarboxylate (17), having the same 120°
binding angle but longer length, another heteroleptic cage is
formed via ligand substitution. Different from the previous
case, the compound's nuclearity is preserved ([(Cu,)1,151,1715)),
suggesting enthalpic contributions to govern stabilization of
the product rather than entropic ones. Formation of all three
species has been confirmed primarily by single crystal X-ray
analysis, therefore the role of solid-state packing effects
cannot be ruled out to significantly contribute to stabilizing the
observed heteroleptic compounds.

A similar approach was developed by Fujita and co-workers
to synthesize a heteroleptic [Pd;,L*;,15;,] architecture by self-
assembly of Pd" cations with banana-shaped, pyridine-based
ligands.” The authors elucidated the geometric criteria to
form large, homoleptic [Pd,L,,] Archimedean assemblies,
leading to a [Pdi,L,s] cuboctahedron,” a [PdysLus]
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[Pd\2181z1912]

Fig. 9 Self-assembly of a heteroleptic cantellated tetrahedron by
combining two bis-pyridine ligands with Pd" ions.

rhombicuboctahedron,®® up to a [Pd3oLe] icosidodecahedron,”
by tuning the ligands' binding angles, lengths and flexibility. In
order to further develop this principle to achieve heteroleptic
assembly, two bis-pyridine ligands (18, 19) bearing the same
binding angle of 120°, but different length, were employed.
Combining each of these ligands alone with Pd" cations leads
to the formation of homoleptic [Pd;,L,4] spheres. Self-assembly
of both ligands with the metal centreina1 : 1 : 1 ratio, however,
resulted in clean integrative self-sorting to give a [Pd;,18;,19;,]
heteroleptic structure in the shape of a “cantellated tetrahe-
dron” (Fig. 9).

Formation of the compound was confirmed by a combina-
tion of NMR and ESI-MS analysis with single crystal X-ray
diffraction. The study has been further extended including
more ligands with different angles and lengths. The ligand-
length ratio plays a crucial role on driving the system towards
the integrative self-sorting of one defined compound or to
statistical mixtures of [Pd;,L*,L%,,_,] (n = 1-24) species, that
contain up to 7 x 10° possible ligand combinations (stoichi-
ometries and stereoisomers). A variation of this system, exhib-
iting particular beauty, was obtained when a short ligand was
covalently bridged by a ten-membered chain to the concave face
of its longer sibling. Here, narcissistic self-sorting of the ligand
sites was observed, forming a sphere-in-sphere complex as
confirmed by DOSY NMR analysis and a crystal structure.”
Interestingly, a comparison of the heteroleptic spheres reported
by Zhou and Fujita shows the presence of a triangular
substructure in which three metal ions are connected through
the short ligands. As these ring fragments are conserved both in
Zhou's carboxylate-Cu-system, and also present in Fujita's
pyridine-Pd-sphere, they seem to play an important role for the
overall stability of the heteroleptic architectures.

Severin and coworkers showed very recently that a topology
similar to the one obtained by Zhou from carboxylate ligands
and Cu" cations in [(Cu,)e15¢166] can also be realized using
a simple set of bis-pyridyl ligands 20 and 21 with Pd" cations
(Fig. 10 left).” Interestingly, the compound was selectively
formed from a mixture of six bis-pyridyl ligands with different
lengths and donor angles, thus highlighting its extraordinary
stability. Furthermore, the same topology could also be

7276 | Chem. Sci, 2021, 12, 7269-7293

View Article Online

Review

o-N. N-0
TN _oomnrén-osa—
20 QB\;:’é:_‘;/"Q 22
N

[Pd,22,23 ]

[Pd,20,21,]

Fig. 10 Two examples of barrel-shaped PdsLsL's assemblies from the
combination of bis-monodentate ligand pairs with different donor
bonding angles.

achieved with a set of much more elaborate ligands 22 and 23
based on the iron-clathrochelate chemistry (Fig. 10 right).

Clever and co-workers reported an alternative approach to
achieve integrative self-sorting of heteroleptic cages using
shape complementarity. Geometric design, with complemen-
tary binding angles, was used here to explore the formation of
rather small [Pd,L*,L?,] cages. The first study has been con-
ducted using three banana-shaped ligands: an inward-bent
acridone-based bridge having iso-quinoline donor groups (25),
an outward-bent phenanthrene-based ligand (24) as well as
carbazole-based ligand 26, both having pyridine donors, with
binding angles of 60°, 120° and 75° respectively.”®”® Each of the
three ligands mixed with Pd" cations individually forms
homoleptic species. From 25, a [Pd,25,] cage is formed in which
the iso-quinoline donors induce a heavy distortion, forcing the
assembly into a strongly twisted, presumingly high energy
conformation. The use of 24, due to its shorter length and larger
binding angle, leads to the formation of a tetranuclear [Pd,24,]
ring. Self-assembly of Pd" with the carbazole-based 26 result in
a lantern-shaped [Pd,26,] cage which was previously shown to
give an interpenetrated [Pd,264] double cage upon addition of
chloride anions as templates.*®

The first two ligands possess complementary binding angles
of 60° and 120°, respectively, which gave rise to the prediction of
a cis[Pd,L*,L%,] heteroleptic cage, as supported by DFT calcu-
lations. Indeed, the combination of these two ligands with a Pd"
source in a 1:1:1 stoichiometric ratio leads to the clean
formation of the desired cage cis-[Pd,24,25,], as confirmed by
NMR and ESI-MS analysis (Fig. 11a). Additionally, "H-'H
NOESY analysis clearly shows cross peaks consistent with the cis
stereochemistry. The authors further tested the shape comple-
mentarity of ligands 24 and 25, each, with carbazole-based
ligand 26. Combination of 24, 26 and Pd" in a 1:1:1 ratio

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Self-assembly of cis- and trans-heteroleptic cages using
shape complementanty, (b) single crystal X-ray structures of trans-
[Pd,(anti-25),26,] and cis-[Pd»24,26,].

also led to the clean formation of a cis-configured cage
[Pd,24,26,], even though in this case, the binding angles of 75°
and 60° are not really matching (Fig. 11a). Formation of the cis-
cage was again confirmed by NMR and ESI-MS analysis, as well
as via single crystal X-ray diffraction (Fig. 11b). Self-assembly of
carbazole-based ligand 26 with acridone-based ligand 25 also
leads to the exclusive formation of a [Pd,L*,L",] species, as
revealed by prominent peaks in the high-resolution ESI-MS
spectra. However, in this case, "H-NMR analysis resulted in
a very complicated spectrum, with ligand signals split due to
significant desymmetrization effects. The riddle could be solved
through single crystal X-ray analysis, revealing a new structural
motif for self-assembled coordination cages: a trans-[Pd,(anti-
25),26,], assembly in which both acridone ligands assume an
anti-conformation instead of the common syn-conformation
resulting in a “figure-eight’-shaped (Pd,25,)-substructure
flanked by two ligands 26. In other words, the system adopts
a self-penetrating, chiral topology in which both acridone
ligands pass through the middle of the assembly, thus sacri-
ficing the inner cavity (Fig. 11b). Interpretation of the NOESY
cross-peaks allowed to confirm this configuration also in solu-
tion. Interestingly, due to the dynamic behaviour of the Pd"-
pyridine/quinoline coordination bonds, all three heteroleptic
cages can be achieved also by mixing the corresponding
homoleptic assembly pairs in the correct stoichiometric ratio,
thus triggering a cage-to-cage transformation process. This
clearly indicates that for all three reported cases, the
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heteroleptic compound is the thermodynamic product. Expla-
nation for the species involving the acridone-based ligand is
certainly found in its highly distorted and strained homoleptic
assembly, giving rise to enthalpic drive to react with shape
complementary counter ligands to give the structurally relaxed
heteroleptic products. At the same time, when using the
phenanthrene-based ligand, the entropic contribution deriving
from the transformation of tetranuclear [Pd,Lg] rings into
a multitude of [Pd,L,] cages, is non-neglectable. Finally, the
authors could prove higher stability of and better structural
control over the cis-[Pd,24,25,] cage, with both ligands showing
perfectly complementary binding angles: addition of the
missing ligand to one of the other two cages was found to lead
to ligand exchange, replacing the carbazole component and
resulting in a heteroleptic-to-heteroleptic cage tr