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Integrative self-sorting of coordination cages
based on ‘naked’ metal ions

Witold M. Bloch @ and Guido H. Clever () *

Coordination-driven self-assembly of metal ions and organic ligands has been extensively utilised over
the past four decades to access a variety of nano-sized cage assemblies, with functions ranging from
sensing and catalysis to drug delivery. Many of the reported examples, however, are highly symmetric
architectures that contain one type of organic ligand carrying not more than a single functionality. This
contrasts significantly with the level of structural and functional complexity encountered in biological
macromolecular hosts, which are able to bind and chemically convert smaller molecules in their highly-
decorated internal cavities. To address this disparity, rational approaches that facilitate heteroleptic
assembly by regulating integrative self-sorting of metal ions and multiple ligand components have
emerged. Among these, routes to access coordination cages from ‘naked” metal cations that offer more
than two coordination sites are still in early development, as the complexity of the self-sorted products
in terms of composition and stereochemistry presents an entropic challenge. This feature article
highlights recent progress in controlling integrative self-sorting of multi-component cage systems with a
focus on structures composed of ‘naked” metal cations and two different ligands. Once heteroleptic
self-assembly strategies find a wider implementation in supramolecular design, the resultant interplay
between tailored combinations of precisely positioned substituents promises enhanced functionality in
nanoscale structures.

1. Introduction

In nature, the assembly of multi-component macromolecules
such as ribosomes, microtubules and virus capsids is achieved
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process in which combinations of multiple molecular entities are
arranged in a precise and controlled manner. Driven by comple-
mentary supramolecular effects such as n-stacking, hydrogen-
bonding, charge, dipole and dispersive interactions, as well as
steric repulsion, integrative self-sorting in nature continues to
inspire chemists that seek to achieve increased functionality in
artificial supramolecular systems.

Coordination-driven self-assembly has been one of the most
successful approaches to rationally design a large assortment of
discrete 2D and 3D nano-architectures with control over their
size and shape.'”® In particular, hollow 3D assemblies, also
known as coordination cages, have received significant interest
due to the diverse functions that arise from an internal cavity
accessible to guest inclusion.”*?

In recent years, the focus of the field of coordination cages
has been gradually shifting from structure toward function,
resulting in the emergence of coordination cages tailor-
designed for applications such as catalysis,"* " controlled drug
release,'®*® molecular separation,'®>* sensing®>">* and stabili-
zation of reactive intermediates.>>*® A common limitation of
these examples, however, is that they are often composed of
only one type of ligand - the key component from which the
assembly draws its overall function. In order to expand the
degree of functionality, current efforts in the field have returned
to progressing structural design, with a particular focus on under-
standing the phenomenon of integrative self-sorting®”>° and thus
developing approaches that facilitate the assembly of heteroleptic
cages composed of multiple different ligands.

To date, most of the efforts directed at accessing heteroleptic
supramolecular structures have focused on minimizing the
degree of self-sorting in the system by utilizing cis-protected
metal centres as building blocks (e.g. [M(en)]; M = Pd" or Pt",
ethylenediamine) that restrict the number of bound
bridging ligands (Fig. 1a).>*° In combination with this, the
utilization of different donor combinations contributed by bis-,
tris- or tetrakis-monodentate bridging ligands has been a
particularly effective approach in constructing multi-component
assemblies with accessible cavities. For example, Stang, Zheng
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Fig.1 Comparison of heteroleptic self-assemblies based on square-
planar metal cations. (a) Supramolecular rectangle [{M(en)},L*,LB,] formed
from cis-protected cations with two different ligands, (b) [MLALBLELP]
cage formed from 'naked’ cations and four different ligands.
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and others have constructed heteroleptic prisms through the
charge-separation approach between adjacent carboxylate/
pyridine donors.***! Similar multi-component architectures
based on organometallic half-sandwich units have been prepared
by Jin, Therrien and others.>*** Mukherjee has exploited combina-
tions of imidazole and pyridyl ligands to assemble several cage
architectures possessing versatile guest-binding properties.>*>°
Fujita,””*® Kobayashi and others®>*° have employed steric repul-
sion to access a variety of 2D and 3D heteroleptic structures based
on ‘side chain-directed’ control. Whilst using cis-protected metal
ions is an effective approach to access heteroleptic structures, the
number of different ligands that can coordinate to a square-planar
metal centre is limited to two.*" On the other hand, a greater
degree of complexity of cage structures is possible from unpro-
tected (‘naked’) metal ions such as Pd™ offering all of its four
coordination sites (Fig. 1b). While strategies for a rational synth-
esis of the schematically depicted tetra-functional [M,L*LPLCL"]
cage are still elusive, we review herein approaches to control
integrative self-sorting of such systems based on two different
ligands.

The construction of hollow heteroleptic cages based on
naked metal ions and more than one type of ligand is certainly
not a straightforward task; the tendency to form entropically
driven mixtures can often hinder this aim. It is worth noting
that because naked metal ions avail all of their coordination
sites for ligand binding, there is a stronger entropic contribu-
tion in self-sorting processes compared to analogues systems
composed of cis-protected metal ions.

Using the archetypal [M,L,] framework as an example, the
outcomes of self-sorting in a fully-dynamic two-ligand-system
can be grouped into three scenarios: (1) [Pd,L*,L?,_,] (n = 0-4)
statistical mixtures - often encountered in the absence of com-
plementary interactions between the two entities L* and L¥;
(2) [Pd,L*,] + [Pd,L,] narcissistic self-sorting - occurs when
there is a significant energetic penalty arising from the combi-
nation of ligands L* and L® (commonly due to a difference in
ligand size and/or shape); (3) integrative self-sorting to give a
single heteroleptic product, e.g. cis-[Pd,L*,L",] - often driven by
significant enthalpic factors that originate from the combination
of adjacent L* and L® components in the assembly (Fig. 2). Often,
this situation can be achieved through the utilization of secondary
interactions or through geometric principles. It is important to
note that the above-mentioned scenarios are not limited to
assembly reactions where metal precursors are combined with a
mix of ligand components. When kinetically allowed, mixtures
of pre-assembled homoleptic cages can often undergo ligand
shuffling (scenario 1 or 3; an example is discussed below) but
may as well remain stable in one another’s presence (scenario 2).

Herein we use the term ‘integrative self-sorting’ to describe
the process by which a non-statistical speciation of heteroleptic
cage compounds is achieved from a mixture of metal ions and
two different ligands or their respective homoleptic cages.
Whilst narcissistic self-sorting is not the focus of this review,
it is important to place its importance in the overall context
of self-sorting: narcissistically self-sorted systems allow for
the interplay of functions between well-defined, independent

Chem. Commun., 2017, 53, 8506-8516 | 8507
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Fig. 2 The three different self-sorting outcomes in coordination-driven
self-assembly; (a) a narcissistic self-sorted mixture; (b) integrative self-
sorting that gives rise to a single heteroleptic product of choice (here the
cis-[Pd,LA,LB,] species); (c) statistical mixture according to a Boltzmann
distribution.

molecular species present in a mixture, while integrative self-
sorting allows for the construction of cage assemblies of
increased complexity and function.

In this feature article, we focus on recent reports of integrative
self-sorting of hollow, homometallic coordination cages based on
‘naked’ metal cations, i.e. without cis-protecting ligands at the
metal centre. We note that examples of heterometallic cages as well
as multi-component assemblies from cis-protected metal ions have
been the subject of recent reviews.*>***>"** Additionally, self-sorting
phenomena have also been studied in the context of dynamic
covalent organic cages and examples include imine-based systems
by Mastalerz,*® boronic ester cages by Beuerle®® and Severin,*” as
well as amino acid-bridged cages by Wessjohann and Rivera.*®

The examples of self-sorting discussed herein will be divided
into two categories: (1) assembly-dependent integrative self-sorting;
(2) coordination-dependent integrative self sorting. In the former
route, the selective combination of different building blocks is
governed by the entire structure, for example by a complementary
shape of the components or by interactions between ligand back-
bones and guest templates. On the other hand, the latter route
relies upon structural features of the proximate heteroleptic coor-
dination environment (e.g. steric and/or electronic match of the
donor groups around the metal centre). The different approaches
(Fig. 3) and underlying principles which facilitate integrative self-
sorting will be discussed in order to obtain a general overview of
how to build-up structural complexity in coordination cages.

2. Assembly-dependent integrative
self-sorting

Integrative self-sorting is favoured when there is an associated
energetic benefit arising from the combination of two or more

8508 | Chem. Commun., 2017, 53, 8506-8516
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Fig. 3 Schematic comparison of selected strategies for achieving rationally
assembled heteroleptic structures: (a) specific stabilizing interactions
between two different ligands; (b) the same, but mediated by a templating
guest; (c) geometric design based on shape-complementarity between the
different ligands; (d) specific combination of donors around the metal
centres guiding the heteroleptic assembly. Approaches (a—c) depend on
the shape and functionality of the overall assembly, i.e. the ligand back-
bones. Strategy (d) is controlled by the immediate environment of the
coordinated metal centres. In (a) and (b) the cavity is usually sacrificed but
(c) and (d) allow for post-assembly guest uptake.

complementary ligand components in the cage structure. For
example, a heteroleptic structure can bring together intra-assembly
supramolecular interactions (e.g. hydrogen bond donor/acceptor
combinations) that would otherwise be absent in a narcissistic
mixture of complexes. If such an enthalpic benefit provides a
stabilizing effect that is more prominent than the entropic penalty
associated with the formation of a heteroleptic product, the
formation of statistical mixtures can be overcome. The following
paragraphs describe different variations of major enthalpic effects
with the help of selected examples from the recent literature.

2.1. Ligand interaction

Utilizing the approach of sub-component self-assembly,*®
Nitschke and co-workers investigated the role of n-stacking
interactions in the assembly and self-sorting of tetrahedral-
shaped cages composed of electron-rich/poor subunits and
divalent metal cations (Fe, Co" and zn").>° Whilst sub-
component assembly of NDI subunit S1 gave the expected
[M 16]*" tetrahedron, reacting bis(3-aminophenyl)pyrene sub-
unit $2 with either Fe", Co" or Zn" and formylpyridine yielded
a close-packed [M,24]*" pseudo-tetrahedron. X-ray analysis of
the latter cage revealed prominent n-stacking interactions
between neighbouring pyrene backbones, giving rise to an
essentially ‘close-packed’ structure. Furthermore, reacting S2
with formylpyridine and M"(NTf,), in a 1:2:1 ratio produced a
different, lower nuclearity homoleptic assembly, [M,2,(CH;CN),]*,
which was found to incorporate electron-deficient aromatic guests
in its electron-rich cavity. Prompted by this observation, self-sorting
experiments were carried out with electron-poor NDI sub-unit S1
and various electron-rich pyrene isomers. One particular combi-
nation led to a striking outcome; combining S1 and S2 ina 1:1
ratio with formylpyridine and M™(NTf,), led to a [M;1,2,]*" hetero-
leptic assembly (Fig. 4). X-ray analysis of this sample revealed an
unusual triple-decker pyrene-pyrene-NDI stack, contrasting
with the more commonly observed donor-acceptor alternating
stacks. Furthermore, the [M,1,24]*" structure could be accessed
through a cage-to-cage transformation of [M,1,]*" and [M,2]*"

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Electron-poor (S1) and electron-rich (S2) sub-components and
their respective homoleptic assemblies; (b) the heteroleptic [M41,2,41%%
product (M = Fe', Co'", zn").

or a ligand-induced transformation of [M,2,(CH;CN),]*" with
S1 in the presence of 2-formylpyridine.

In 2011, Hooley and co-workers examined the formation of
heteroleptic [Pd,L*,L%,]*" cages by introducing endohedral
steric bulk into bis-monodentate ligands with identical geo-
metries and donor types.’® By modification of the ligand back-
bone, ligands with different endohedral functionality were
prepared: R = NH, (4); R’ = CF; (5) or NHPh (6) (Fig. 5). The
least sterically demanding ligands (3 and 4) were observed
to smoothly form homoleptic [Pd,L,]*" assemblies with Pd™.
On the other hand, sterically bulkier ligands 5 and 6 formed
complex mixtures containing a number of different species.
Pd-mediated assembly of ligands 3 and 4 gave a mixture of
[Pd,3,44_,]"" (n = 0-4) complexes with a bias towards
[Pd,354,]"" as indicated by NMR and ESI-MS analysis. Further
studies revealed that combining 3 with the medium-sized

N\
0

R'=CF,5
R'=NHPh 6
b)
33 1x5 [Pd,3,5 ]*
Fig. 5 (a) Endohedrally functionalized ligands 3-6 bearing varying

degrees of steric bulk; (b) integrative self-sorting of ligands 3 and 5 to
give a 3: 1 mixture of [Pd»335,]** and [Pd»341*". The NHCOCF5 endohedral
substituent in the heteroleptic assembly is shown as a space-filling
representation.
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NHCOCF; ligand 5 in a 3:1 ratio gave a well resolved mixture
consisting of [Pd,3;5,]*" and [Pd,3,]*" in a ratio of 3 : 1 respectively.
This experiment demonstrated that indeed, control of heteroleptic
cage formation can be achieved by ‘filling’ the empty space of the
cavity with endohedral steric bulk.

For both of the systems discussed above, it is important
to note that whilst exploiting complementary interactions
between adjacent ligands is a successful approach for enabling
the assembly of heteroleptic architectures, the basis of the
structural control relies upon components interacting in close
proximity (or within a cavity). Consequently, the possibility for
an accessible cavity that would be able to bind further guest
molecules is eliminated in these systems.

2.2. Templating effects

When the formation of heteroleptic cage assemblies relies on
two ligands with similar dimensions and/or donor groups, the
fine energetic balance between the possible products can be
controlled by the incorporation of a guest template; often
resulting in selective stabilization of a particular structure.

An early example of this was reported in 1999 by Albrecht
and co-workers, who examined the self-sorting of different
alkyl-bridged catechol ligands in Ti"" helicates.>® In this study,
the internal cavity of the anionic helicates was lined with
multiple catechol oxygen atoms that could facilitate the binding
of hard metal cations (according to the HSAB principle). Inter-
estingly, the binding of different alkali cation guests inside the
cavity of the cage could regulate the outcome of self-sorting. For
example, addition of an Li" guest drove the system from a
narcissistic mixture to a mixture containing both homoleptic
and heteroleptic species. A similar effect has recently been
reported in a dynamic library of orthoester cryptands which
could rearrange to hetero- or homo-component host-guest
complexes in the presence of different templating alkali metal
ions.”

In 2015, the group of Yoshizawa examined the self-sorting of
anthracene-functionalized [Pd,L*,L",]*" cages using a fullerene
guest as template.’® In accordance with previous studies,” the
short and long bis-monodentate ligands (7 and 8) were both
observed to form Pd-mediated homoleptic coordination cages,
[Pd,7,]*" and [Pd,8,]"". A comparison of their X-ray structures
revealed that the cavity of the latter assembly is larger by 90 A®,
which was exploited for the binding C,, and functionalized Cg,
guests. In the absence of a guest template, a 1:1 mixture of the
two homoleptic cages was found to spontaneously rearrange
into a statistical mixture of cages: [Pd,7,8,_,]"" (n = 0-4).
However, addition of Cgo to this mixture resulted in guest
encapsulation and simultaneous re-organization to a single
[Ceo@Pd,7,8,]*" heteroleptic product (Fig. 6). This was con-
firmed by 2D NMR and ESI-MS which also revealed the absence
of other heteroleptic host-guest complexes, suggesting that
the Cq, template provides a large energetic contribution that
stabilizes this particular structure. Force-field calculations
revealed the cis-isomer to be the most energetically favoured
which was attributed to optimal host-guest interactions with
the Cgo guest.

Chem. Commun., 2017, 53, 8506-8516 | 8509
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Fig. 6 (a) Short (7) and long (8) anthracene-functionalized ligands;
(b) Cgo-templated integrative self-sorting of cages [Pd,7,0*" and
[Pd,84]*" to give the heteroleptic host—guest complex cis-[Cgo@Pd,7-8,1*".
Reproduced with permission from ref. 54.

Whilst these examples clearly demonstrate that templating
effects can steer self-sorting toward a heteroleptic product,
the overall approach - which relies upon an already occupied
cavity — may not facilitate the exchange of other guests without
perturbing the self-sorted assembly.

2.3. Shape-complementarity

Using geometric principles to design cage assemblies of desired
shapes and sizes is a well-established approach in metallo-
supramolecular chemistry.> This design strategy, which has
been also termed ‘edge-directed self-assembly’,*® often involves
utilizing the encoded geometric features of two-component
systems in a complementary manner. In most of the reported
examples that make use this approach, however, usually one of
the organic components is irreversibly attached to a metal
centre in the form of a tightly joined organometallic fragment,
resulting in a non-dynamic system with straight-forward design
criteria.”” A more complicated scenario arises in a heteroleptic
system formed from naked metal ions where the ligand com-
ponents are able to exchange dynamically. Therefore, whilst the
concepts of geometric design are indeed powerful, controlling
integrative self-sorting in fully-dynamic three-component systems
comprises a more complicated task due to the propensity of
ligand exchange in energetically similar structures.

In 2010, Li and Zhou reported a ligand-substitution strategy
that enables access to heteroleptic cages composed of angular
dicarboxylate ligands and Cuy paddle-wheel nodes (Fig. 7).>®
In this work, the authors prepared a number of different
homoleptic architectures which could be interconverted or
disassembled by the addition of a competing ligand. In two

8510 | Chem. Commun., 2017, 53, 8506-8516

View Article Online

Feature Article

K o O_ 'oo‘

0 o] o
o] o

9 10

{
<§11
-
\ /
/\/@ /,; Y )
S J Q*\ “1 [F L NN

Y N

N

[(Cu,),,9

12712

1112]

Fig. 7 (a) Bent dicarboxylate ligands 9-11 bearing angles of 120°, 60° and
120° respectively; (b) transformation of the homoleptic [(Cuy)12924] cage to
heteroleptic species [(Cu)e96104] (left) and [(Cu,)1291,1145] (right) by ligand
substitution.

particular examples, partial ligand substitution of a cubocta-
hedral homoleptic cage precursor was observed, which led to
novel heteroleptic architectures. Reacting [(Cu,)12924] with
ligand 10, which has a 60° bend angle, resulted in a structural
transformation to a lower nuclearity, mixed-ligand structure,
[(Cuy)69610¢]. The same reaction with ligand 11, which has a
120° bend angle, resulted in the selective substitution of 12 of
the available 24 vertices with preservation of the overall topology
to give [(Cu,);1,912114,]. Interestingly, this structure is composed
of two ligands of equal geometries but unequal lengths. X-ray
analysis revealed that the parent [(Cu,);9;3] triangular fragments
were conserved in each transformation, suggesting that the
[(Cu,);393] motif may be energetically favoured in the dynamic
self-assembly process. Whilst it is evident that geometric recogni-
tion between ligands of distinct angles and lengths plays a role in
this example, the assembly and characterization of these cages
appears to be dependent on crystallization methods. It is therefore
unknown whether solid-state packing effects contribute to the
stabilization of the heteroleptic structure.

Fujita and co-workers reported a related heteroleptic cubocta-
hedral system composed from Pd" cations and bis-monodentate
pyridyl ligands. Homoleptic Pd-mediated self-assembly of ligands
12 and 13, which bear similar bend angles (120°) but different
overall lengths, gave cuboctahedral [Pd,12,,]**" and [Pd;,13,,**,
respectively, in accordance with previously established geometric
criteria.”® Combining these ligands with Pd" in a 1:1:1 ratio,
however, led to clean integrative self-sorting to give a novel
[Pd;5121,13,,]**" heteroleptic architecture (Fig. 8).°° The mixed-
ligand structure was supported by ESI-MS, DOSY NMR as well as
X-ray crystallography, which revealed a C;, pseudocantellated

This journal is © The Royal Society of Chemistry 2017
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[Pd 12,13 ]

Fig. 8 (a) The short (12) and long (13) angular ligands (b) a heteroleptic
[Pd;2121,13:5]%*" cantellated tetrahedron.

tetrahedral topology. Further self-sorting studies demonstrated
that the ligand-length ratio (derived from the difference in
length between the two ligand components) is crucial in
achieving integrative self-sorting; when two ligands of similar
lengths were combined with Pd", a statistical mixture of
[Pd oL L5, _,**" (n = 0-24) species was obtained. It is worth
noting that this system represents a high degree of structural
control: random mapping of two ligands in a [Pd;,12,13,4_,]**"
structure can give rise to 7 x 10° possible combinations.

Clever and co-workers explored integrative self-sorting of
[Pd,L*,L%,]*" coordination cages utilising geometric design,
rather than ligand length, to steer the formation of the hetero-
leptic product.®® Therefore, combinations of banana-shaped
ligands 14-16 with different bend angles and donor sites were
systematically examined (Fig. 9). First, two obviously shape-
complementary ligands were studied: a 60° inward-bent acridone
ligand (14) and an 120° outward-bent phenanthrene ligand (16).
Preliminary DFT modelling of the possible [Pd,L*,L%,_,] (n = 0-4)
structures revealed that the cis-[Pd,14,16,] assembly is by far the
most energetically favoured due to a shape-complementary
arrangement of ligands with respect to the Pd" centres.

Studies examining the homoleptic structures revealed that a
helical [Pd,14,]*" cage is formed from 14 and Pd" cations in
which the isoquinoline ligands are forced to adopt a twisted
conformation. In contrast, the Pd-mediated self-assembly of 16
led to a [Pd,4164]*" Dy,-symmetric box structure (Fig. 10a). The
combination of 14 and 16 with Pd(u) in a 1:1:1 ratio led to the

Fig. 9 The angularly distinct bis-monodentate ligands (14—16) used to
assemble [Pd,L*,LB,]** heteroleptic cages (R = CgHyz).
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shape-complementary ligands 14 and 16. Combining the two ligands with
Pd" or mixing their homoleptic cages leads to clean integrative self-sorting
to give a cis-heteroleptic cage product; (b) *H NMR titrations of the
heteroleptic cage with ‘straight’ and ‘bent’-shaped di-sulfonate guests.
Reproduced with permission from ref. 61.

clean formation of a new species with a distinct NMR spectrum.
2D NMR as well as ESI-MS experiments supported a hetero-
leptic assembly obeying a formula of [Pd,14,16,]*". Furthermore,
'H-'H NOESY analysis revealed several evident inter-ligand
contacts consistent with the DFT-calculated structure of cis-
[Pd,14,16,]*". The heteroleptic cage could also be accessed via a
cage-to-cage transformation of [Pd,14,]*" and [Pd,164]*" which
confirmed that cis-[Pd,14,16,]*" is the thermodynamic minimum
of the system. Additionally, the authors successfully probed
the unusually-shaped cavity of the bent heteroleptic structure
through guest-binding experiments with isomeric naphthalene
di-sulfonates. NMR titrations revealed that the anisotropic
cage cavity exhibits stronger binding toward the guest isomer
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possessing a complementary ‘bent’ geometry (Fig. 10b). The
shape-dependent guest binding specificity was thus found to
be opposite to the one of a previously reported ‘straight’
[Pd,L,]*" cage which exhibited preference for binding the linear
di-sulfonate guest.®

Subsequently, Clever and co-workers undertook further
studies to examine the interplay of complementary ligand
geometries in [Pd,L*,L%,]"" cages. The Pd-mediated self-
sorting of carbazole ligand (15) was examined with the two
angular components (14 and 16) established in their first
system. Ligand 15 bears a 75° bend-angle (Fig. 9) and has been
previously studied in the context of mono- and double-cage
assembly.®* Evidence for a [Pd,15,16,]"" heteroleptic assembly
was obtained by 'H NMR and ESI-MS analysis of a 1:1:1
mixture of 15, 16 and Pd". A similar result was obtained from
heating a 2: 1 mixture of the homoleptic assemblies [Pd,154]*"
and [Pd4164]*" (Fig. 11). Single-crystal X-ray analysis confirmed
the heteroleptic [Pd,15,16,]*" cage structure in which each pair
of ligands simultaneously bridges two Pd™ centres in a cis-
conformation. The [Pd,15,16,]*" cage structure represents the
first heteroleptic cage exclusively formed from simple pyridine
donors, demonstrating that geometric factors are more domi-
nant in this system than specific donor combinations. On the
other hand, combining ligands 14 and 15 with Pd" ina 1:1:1
ratio (or mixing their corresponding homoleptic cages) led to a
topologically-novel heteroleptic structure. Analysis of the sam-
ple by ESI-MS revealed prominent peaks corresponding to a

cis-[Pd,15,16 ]*

14
15

cis-[Pd,14,16 ]*

15
16

A |Pd, 14,

trans-[Pd,(anti-14),15 ]*

Fig. 11 Cage-to-cage integrative transformations of [Pd;154]** to form
either cis or trans heteroleptic cages. Each heteroleptic cage can
be transformed to cis-[Pd,14,16,]*" by addition a competing ligand
(14 or 16).
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cage with the formula [Pd,14,15,]*", while NMR analysis revealed
a complicated spectrum with each ligand losing its inherent
two-fold symmetry. 'H-'H NOESY analysis revealed several
intra-ligand contacts which suggested that ligand 14 is in a locked
anti-conformation rather than the normally encountered syn-
conformation. Indeed, X-ray analysis revealed an unprecedented
structural motif for metallosupramolecular structures; a trans-
[Pd,(anti-14),15,]*" cage structure resembling a “doubly-bridged
figure-eight” topology.®* Furthermore, the authors were able to
show a degree of morphological control by transforming each
heteroleptic assembly to the cis-[Pd,14,16,]*" cage by the addition
of a competing ligand (Fig. 11). This heteroleptic-to-heteroleptic
process was driven by the ideal shape of ligands 14 and 16,
representing a high degree of structural control in the system.

2.4. Other effects

Nitschke and co-workers reported the synthesis and self-sorting
of two related tetrahedral cages, [Zns1¢]*" and [Zn,17¢]*", pre-
pared by sub-component self-assembly of Zn" and NDI (S1) or
porphyrin-derived (S17) subunits.®® A study of the host-guest
properties revealed that each cage can respond to a different
stimulus; the electron-poor NDI units of [Zn,14]** were found to
thread up to two electron-rich crown-ether macrocycles, while
[Zn,17¢]®" was found to accommodate a C,, guest in its cavity
(Fig. 12a and b). Importantly, the host-guest properties of each
cage were exclusive with respect to one another. This was
supported by multiple experiments, including ESI-MS for
[Zn,16+C,,]*" (C = catenated crown ether), which revealed direct
catenation for n = 1 and 2. Mixing the two cages in a 1:1 ratio
resulted in a near-to statistical mixture of seven constitutionally
distinct heteroleptic [Zn,1,17¢_,]°" cages. This mixture was
observed to reshuffle upon addition of either the crown-ether
or Cyo, favouring assemblies which can interact with the
respective guest stimulus. For example, addition of C;, to the

a) NHz b)

ONO

ONO

[Zn,1 CJ®*

4762

[C,,@Zn,17 ]

NH2
S1 S17

o
(Zn1,17, J*

L

Fig. 12 (a) Diamine sub-components S1 and S17, based on either a NDI or
porphyrin backbone; (b) the corresponding tetrahedral cages showing the
distinct host—guest chemistry of each cage; (c) a dynamic library which
rearranges according to the type of stimulus introduced.
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mixture of cages resulted in narcissistic self-sorting into
[Cr0@Zn416]*" and [Zn,176]*, while addition of the crown-ether
resulted in a defined self-sorted mixture of heteroleptic cages
containing one or two threaded crown-ethers (Fig. 12c). Here, the
driving force for the narcissistic and integrative self-sorting was
attributed to the enthalpic benefit associated with maximising the
possible host-guest interactions.

3. Coordination-dependent
integrative self-sorting

3.1. Steric constraints

The utilization of steric control around the metal centre has
been widely exploited in forming both 2D and 3D heteroleptic
structures.*®?”®® This concept is complementary to the afore-
mentioned approaches of topological constraints and maximum-
site occupancy, where simple enthalpic principles drive mixed-ligand
structures in spite of the entropic penalty.

Recently, Schmittel reported a multi-component cage struc-
ture using a combination of sub-component self-assembly and
what he coined to be the “HETPHEN” approach.®” Preliminary
experiments revealed that a discrete heteroleptic complex can
be formed from a mixture of pyridine-2-aldehyde, a di-mesityl
phenanthroline ligand and Cu' cations. Furthermore, it was shown
that subcomponent self-assembly is compatible with this hetero-
leptic motif. This observation formed a basis to access higher-order
aggregates based on a prismatic cage architecture. Combining the
tris-bidentate ligand 18 with subcomponents 19, $20 and Cu' gave
rise to a [Cue18,20;]°" prismatic cage, which is similar to that
observed in Lehn’s early work.®®® To push the boundaries of cage
design, the authors synthesized a tris-capping amino derivate S21,
which was utilised in the same reaction (with 18 and 19) to form a
doubly-partitioned cage structure [Cug18,21]°".”° Evidence for the
heteroleptic assembly was obtained through multiple 2D NMR and
ESI-MS experiments, all of which were consistent with the calcu-
lated structure (Fig. 13).

3.2. Hydrogen-bonding

Apart from implementing steric bulk around the metal centre,
secondary interactions can also steer heteroleptic cage formation.
One such example was reported by Crowley and co-workers,
who utilized ortho-amino-substituted pyridyl ligands to access
heteroleptic cis-[Pd,L*,L%,]* coordination cages through comple-
mentary hydrogen bonding (Fig. 14).”" In this study, the authors
observed different outcomes upon performing ligand substitution
reactions with either 3-amino (22) or 2-amino (24) substituted
ligands on an unfunctionalized [Pd,23,]'" cage precursor.
Addition of two equivalents of the meta-substituted ligand 22
to [Pd,23,]"" resulted in complete ligand displacement, owing
to the better donor capabilities of 22.”> In contrast, the same
reaction with ortho ligand 24 led to only partial displacement of
the original cage, giving rise to a new heteroleptic product
[Pd,23,24,]"". Interestingly, the heteroleptic product could not
be obtained from heating a 1:1 mixture of the homoleptic
cages ([Pd,234]*" and [Pd,24,4]*") or from a 1:1:1 mixture of 23,
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C10H21O

+ )=
[Cu,18,20,1° O

[Cu, 18,217

Fig. 13 Self-assembly of a [Cug18,203]°" prism (mediated by $20) and a
doubly-partitioned cage [Cugl8,21]°* mediated by S21.

24 and Pd", suggesting that a specific pre-organised conforma-
tion is necessary to access the heteroleptic cage assembly. The
[Pd,23,24,]*" structure was supported by ESI-MS and multiple
2D NMR experiments, including "H-'"H ROESY, which revealed
clear inter-ligand contacts between 23 and 24 in the hetero-
leptic structure. DFT calculations revealed that the cis-isomer is
energetically more favourable than the trans-species, in accor-
dance with the hypothesis that a cis-arrangement is stabilized
via H-bonding; an interaction which would be diminished in
the trans-conformer of the heteroleptic cage. Furthermore,
the calculations also suggested that the thermodynamically
favoured product is the homoleptic [Pd,24,]*" species rather
than the heteroleptic assembly. Indeed, competition experi-
ments revealed that gradually, the cis{Pd,23,24,]*" cage can
undergo further ligand displacement reactions, supporting that
it is a metastable kinetic product.

4. Complementary functions

The ultimate goal of realising heteroleptic supramolecular struc-
tures is the utilization of multiple complementary functionalities
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a) OH OH
| | | |

N? N? R7N? N R

22 R=H23,R=NH, 24

| '] ; j

b) i‘ Il j
+ J
[Pd,23 1% 2x22 [Pd,22 J* 2x23
Q)
[Pd,23 1% 2x24 [Pd 23,24 ]* 2x23
al
cis-[Pd 23,24 ]
Fig. 14 (a) Banana-shaped pyridyl ligands containing amino substituents

in meta- or ortho-positions; (b) ligand substitution reaction resulting in
complete ligand displacement; (c) partial ligand displacement to give a
heteroleptic cis-cage; (d) a DFT-model of cis-[Pd»23,24.]*". Reproduced
with permission from ref. 71.

in synergy. In the emerging field of multi-component self-
assembly, the examples reported so far illustrate some funda-
mental approaches that allow a degree of control over the
selective formation of heteroleptic coordination cages. Whilst
exploiting multi-functionalization in heteroleptic cages is yet to
be explored, the diverse principles described in this article
represent a foundation for extending studies in this direction.
For example, the modular combination of ligands with different
catalytic functionalities in endohedral positions may increase
the potency of new catalytic systems. Thus, robust strategies for
the rational construction of multi-functional host compounds,
and supramolecular systems in general, promise to lead to
sophisticated applications.

It is important to note, however, that a lack of precise control
over self-assembled structures does not generally preclude the
utilisation of heteroleptic cage mixtures as multi-functional
systems: although appearing less attractive to the supramolecular
chemist, statistical mixtures can facilitate the exploration of
complementary functionalities in phenomena inaccessible to
homoleptic structures. An example of this was reported by Clever
and co-workers who utilised the well-known phenothiazine/
anthraquinone electron-donor/acceptor functionality in the
assembly of an interpenetrated cage system (Fig. 15). This study

8514 | Chem. Commun., 2017, 53, 8506-8516

View Article Online

Feature Article

15} ;

—— [Pd,25 ]** oxidized
— [Pd,26,]** reduced

— [Pd,2526, 1 ]
(100 ps after
photoexcitation)

600 700

500
A/ nm

400

Fig. 15 (a) Electron-donor (25) and acceptor (26) ligands; (b) representa-
tion of the statistical composition of the mixed-ligand double-cages;
(c) time-resolved pump-probe UV-Vis spectrum of photo-excited
mixed-ligand cages compared to the spectra of the oxidized donor and
reduced acceptor cages, respectively.

follows their previous work which demonstrated that Pd-mediated
assembly of a mixture of two different bis-monodentate ligands of
similar length results in [Pd,L*,L%_,]*" (n = 0-8) mixtures with a
statistical distribution of species while preformed homoleptic
double cages do not exchange ligands in solution due to kinetic
hindrance.”” The realization that the interpenetrated [Pd,Lg]®
topology brings together the ligand backbones in close proximity
encouraged the authors to combine the electron-donor/acceptor
ligands (25 and 26) with Pd" to form a [Pd,25,26;_,]>" system. The
mixed-ligand cages were subsequently examined by time-resolved
pump-probe UV-Vis spectroscopy and their photo-physical behav-
iour was compared to a 1:1 mixture of the homoleptic donor- and
acceptor-cages. Interestingly, only the mixed-ligand cages showed
signs of an intra-assembly charge transfer, as indicated by tran-
sient spectroscopic signatures of the oxidized donor and the
reduced acceptor moieties (Fig. 15).”* While this system demon-
strates the potential of supramolecular assembly in the morpho-
logical control of photoactive hetero junctions, the current system
still suffers from a statistical composition of the donor- and
acceptor functionalities. As such, this dilemma serves as a strong
motivation to foster progress in strategies for rational assembly of
non-statistically assembled multi-functional systems.

5. Conclusions and outlook

The design and synthesis of coordination cages is a vibrant field in
which there has been much recent innovation. Whilst strategies

This journal is © The Royal Society of Chemistry 2017
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for gaining control over the size, shape and topology are well-
established,>®"" rational approaches to assemble heteroleptic
cage structures are still in early development. Herein, we have
highlighted recent progress in the design of heteroleptic cage
compounds from ‘naked’ metal centres - systems which are
fully-dynamic and thus require a deeper understanding of the
underlying self-assembly principles, compared with traditional
two-component homoleptic structures.

We expect further progress in this field to focus on exploiting
a variety of fine-tuneable influences such as metal-ligand bond
strengths, structural strain/flexibility, electronic effects and solvent
dependence. Kinetic and thermodynamic ¢rans effects commonly
observed in mononuclear coordination compounds with square-
planar geometry have not yet received a lot of attention in
supramolecular assembly, despite that they may be utilized to
control the formation of one particular heteroleptic configuration
over another (e.g. cis[Pd,L*,L",] vs. trans[Pd,L*,L?,]). There is still,
therefore, much scope in developing methods to control integra-
tive self-sorting of hollow cage assemblies.

As creating multi-functional host-structures is one of the
goals of this area, the approaches making use of geometric
factors and/or donor-site engineering — which have shown to
facilitate an accessible cavity — are the most promising. With
this in mind, the next step will be to implement functionalities
of a complementary nature into a single self-assembled structure.
Worthy to examine function pairs would include photo-excitable
donors/acceptors, catalytic centres/chiral groups or other control
elements such as frustrated Lewis acids/bases or specific binding
sites/reporting chromophores. We envision that a modular assembly
approach under full rational control of stoichiometry and stereo-
chemistry of all building blocks will lead to advanced host-
structures, capable of stimuli-responsive catalysis, directed
energy transfer, cooperative binding and more.
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