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A review of the emerging field of cyclotriveratrylene-
derived coordination cages is presented. Ligand-
functionalised cyclotriveratrylene (CTV) derivatives
self-assemble with a range of metal cations to afford
coordination cages, polymers and topologically non-
trivial constructs, such as [2]catenanes and a self-
entangled cube. Increased control over their self-
assembly allows for the controlled and predictable
formation of well-defined coordination cages for
application in host-guest and recognition chemistry,
with surfactant binding and single-crystal-to-single-
crystal (SCTSC) uptake of small-molecule guests being
observed.

1 Introduction
1.1 Coordination cages

The chemistry of coordination cages has attracted a large amount
of attention in recent years.! Formed from the self-assembly of
labile metal cations and suitably well-designed and pre-
functionalised organic ligands, they are three-dimensiond,
hollow architectures that often closely resemble Platonic or
Archimedean solids. In such systems, the predictability and
reversibility of the coordination bond has alowed for the
expedient assembly and isolation of materials that would be
otherwise difficult to obtain using classical synthetic procedures.
Coordination cages often possess a large and well-defined
internal cavity that is chemically distinct from the bulk solution
from which they are assembled. Thus, much of their chemistry
has been focussed towards the binding of guest molecules or ions
within these cavities and, more recently, towards their subseguent
application as nanoscale reaction vessds and in enzyme-like
catalysis.

The capacity to perform or facilitate a chemical process within
a shape-specific microenvironment requires a complementarity
between the individual molecular guest components and their
host, and is best realised by exacting high levels of control over
the self-assembly processes. Whilst the notion of directed
serendipity is a well-represented paradigm in supramolecular
chemistry—and one that has been used to generate a wide range
of aesthetic materials—to target a specific challenge one must be
able to predictably control the self-assembly of a dynamic system
with extremely high fidelity. Without control over the host there
can be no control over the guest, be it a bimolecular chemical
reaction, unstable reaction intermediate, or otherwise. This is a

well-understood concept that extends throughout biology and the

so physical sciences and inspires the research in which the coherent
amplification of inherent molecular propertiesis used to construct
functional materials from simple molecular precursors.

1.2 Cyclotriveratrylene
Cyclotriveratrylene (CTV, Figure 1) and its analogues represent

ssa class of relatively shape-persistent Cs-symmetric molecular
hosts derived from the tribenzo[a,d,g] cyclononatriene scaffol d.?

-

Figure 1 The molecular structures of a) cyclotriveratrylene (CTV) and b)
cyclotriguaiacylene (CTG). The bowl-to-bowl inversion of CTV is
60 indicated by the biased equilibrium between the crown and saddle
molecular conformations. The two enantiomers (M and P) of CTG are
shown and separated by a mirror plane (m).

By virtue of their pyramidal shape, they possess an electron-rich
and hydrophobic molecular cavity and exhibit interesting host-
65 guest properties. Thus, much of their chemistry is geared towards
molecular recognition. CTV forms crystaline clathrate
complexes with various small organic molecules, in which the
solvent guest may be contained in the molecular cavity of CTV or
the CTV molecules stack in a columnar manner and the guest is
70 contained in lattice positions.? CTV and its analogues have also
demonstrated an affinity for globular, electron-poor guests, such
as fullerenes  and carboranes® which form ‘ball-in-socket’
superstructures. A principal feature of CTV, and al molecular
hosts® is an intrinsic ability to form inclusion complexes
7 regardless of their assembly or speciation.® With these design
principles in mind, our research (and that of others) has been
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driven towards the controlled incorporation of molecular hosts
into metallo-supramolecular constructs, in which the intrinsic
hosting abilities should be transferred to the architectures
afforded and, more importantly, that these properties be amplified

s in such a way that they can be exploited for further application,
such asin catalysis and molecular separations. Whilst our work in
this area has focused on analogues of CTV, other researchers
have reported coordination cages derived from other types of
molecular host, particularly of the calixarene family.”

1 Whilst supramolecular architectures of CTV itself are known,®
the vast mgority of supramolecular constructs have been
prepared with ligand-functionalised analogues of daughter
compounds cyclotriguaiacylene (CTG), cyclotricatechylene
(CTC) or cyclotriphenolene (CTP), alongside tris-amino (aCTG),

15 tristhiol (tCTG) and alkylated derivatives.® Such compounds can
be further derivatised through upper rim functionalisation to yield
avariety of compounds, including ligands, Figure 2.1°

=
»~0 R x |
R Na
RO 0\ ,Nl/ |
NAT AT g S
0
0 (o]

CTG core (%)-1 (+)-4 (%)-5
TN NI/;‘.hll |N\
N N_= N = N\ N.,‘ P
Lz Lz I = I =
Z N
(0] S oo o0 O
(X7 o (29 oo (11 (14 R
(%)-8 (%)-10 (£)-15
,~0 R N N,
r 9 R oo SH®
Q) o b
HN HN
aCTG core (-2 (1)-3
\L N"\
|
\L 0 R N, Z
R 0 = 0\/\ I ~
B ) "=
0o°™0
pCTG core (#1307 o

CTP core
12 (%)-6

CTC core

Figure 2 The molecular structures of ligands 1-16 referred to in this
20 review article. Ligands are categorised according to the upper-rim
functionality of the tribenzo[a,d,g] cyclononatriene core.

An important feature of the tris-functionalised analogues is that
they are inherently chiral and therefore exist as enantiomers.™*
Whilst this becomes important upon their self-assembly, these

s axialy chiral compounds are generally isolated, purified and used
as a racemic mixture, owing to a propensity for stereochemical
inversion.  Although the pyramida form of the
tribenzo[a,d,g]cyclononatriene scaffold is relatively persistent, it
exists in solution as a biased equilibrium of two molecular

30 conformations that include the favoured Cs-symmetric crown and

the unstable saddle. The highly strained saddle conformation

represents a transition state between crown-to-crown inversion, in
which the three aromatic rings of the
tribenzo[a,d,g]cyclononatriene  scaffold are  orientated
orthogonally to one-another, Figure 1a?**? The rate for
stereochemical inversion varies with upper-rim substitution and
solvent effects, with the half-life estimated to be ca. one month

(at 20 °C) based on the racemisation of deuterated analogues.®®

Nevertheless, the large barrier for crown-to-crown inversion

a0 renders this process sufficiently slow at room temperature ** so
that such compounds can be resolved into the corresponding
enantiomers by intensive chromatographic techniques or through
decoration with additional stereogenic centres.®

3!

@

1.3 Cryptophanesand related organic cages

Whilst this review pertains to the construction of coordination
cages, the use of CTV-type scaffolds to construct purely organic
cages is a well developed field. Cryptophanes are covalently-
linked capsules that are afforded through a head-to-head
arrangement of two ‘CTV’ units.’® In such species, the inherent
so hosting ability of the tribenzo[a,d,g]cyclononatriene core is
amplified by proximity and orientation effects, where guests
often bind by an ‘induced fit' mechanism.r’ Generaly, each
‘CTV’ fragment of a given cryptophane is axialy chiral and can
therefore be incorporated as one of two enantiomers, which are
s5 given the descriptors M and P, as portrayed in Figure 3. Thus,
assuming their synthesis from a racemic mixture of starting
materials, the cryptophanes afforded possess two axia
stereocentres, which generates four possible sterecisomers (MM,
MP, PM and PP) that are comprised of two diastereoisomers, syn
e (MP and PM) and anti (MM and PP).

MNiENane

Syn - achiral, Cyy Anti - chiral, D5

Figure 3 Molecular cartoons depicting the possible stereochemical
configurations that result from the synthesis of traditional, organically-
linked cryptophanes. Enantiomers of the tribenzo[ a,d,g]cyclononatriene
65  corearegiven the descriptors M and P and colour-coded for clarity.
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The Cy,-symmetric syn diastereoisomer features the inclusion of
both ‘CTV’ enantiomers and is therefore achira as, irrespective
or their relative orientation, the MP and PM sterecisomers
display at least one plane of symmetry. However, the Ds-
70 symmetric anti stereoisomers MM and PP are each composed of
a single ‘CTV’ enantiomer and are therefore also enantiomers.
They may be described in terms of helical chirality, in which the
MM and PP enantiomers possess right- (4) and left-handed (A)
helicity, respectively. Of course, enantiopure cryptophanes of
s either 4 or A helica chirality can be prepared by use of
enantiopure  starting  materials. The  supramolecular
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stereochemistry of inherently chiral host molecules is a property
that must be carefully considered in their self-assembly.*®

The hosting ability of cryptophanes is proportiona to their
size, where the smallest bind gases, such as methane '° and xenon
(with biological application in hyperpolarized °Xe NMR),% and
the largest bind anions and small molecules, such as
chloroform.?! In addition to these traditional cryptophanes, other
covalently-linked constructs that include metallated analogues %
and asymmetric hemi-cryptophanes * have been prepared.
Likewise, larger species that include an octomeric nanocube have
been synthesised using dynamic covalent chemistry.®

It is also worth noting that the preparation of many covalently-
linked cages is challenging.?® Thus, our research focuses on the
preparation of structurally analogous assemblies that are instead
bridged by metallic linkers. The design principles remain the
same, in that the constructs gained feature similarly well-defined
and hydrophobic internal voids, although now comparatively
larger, which greatly increases the scope for potentia application.
An attractive feature of coordination cages over their organic
counterparts is that they are formed via metal-mediated self-
assembly, which tends to minimize the multistep syntheses that
are necessary to prepare similarly-sized organic cages and allows
for their formation with relative ease. Whilst true, this statement
neither accounts for serendipity, nor the fortuitous discoveries
that it often affords.?®

Ligand-functionalised  CTV-derivatives have  become
increasingly well-exemplified and, as well as the coordination
cages and topologicaly non-trivial constructs discussed in this
review, a range of coordination polymers have been reported.?
This Feature Article is not a comprehensive account of the
chemistry of CTV and its derivatives, and instead details the
successes in the rational design and preparation of coordination
cages that feature the inwardly orientated
tribenzo[a,d,g]cyclononatriene scaffold for application in host-
guest chemistry, in addition to a few interesting surprises that
have been encountered aong the way.

2 Discussion
21 CTV and CTC asligands

There are no examples of coordination cages that utilise CTV
itself as the ligand. The known coordination chemistry of CTV
involves binding of akali metals through the ortho-dimethoxy
groups on the upper rim® or through the formation of
organometallic n-type 2 complexes—neither of which is a well-
exemplified strategy for cage construction. The achira and per-
demethylated cyclotricatechylene (CTC) is more feasible as a
component for building coordination cages, noting there is arich
history in the use of catechol ligands for the assembly of
coordination cages,”® and early examples of metal complexes of
CTC were reported by Bohle and Stasko.®

Robson and coworkers have demonstrated that tetrahedral
[MeL4] architectures can be constructed from CTC. Deprotonated
CTC is a triscatecholate ligand that can chelate to three
transition metal centers, where the [Mg(CTC—6H),]*> anionic
assemblies afforded have the CTC ligand situated at the vertices
of the tetrahedra with the metal centers bridging them along each
tetrahedral edge. Thus far, two noteworthy examples have been
reported in cages of [Cug(CTC-6H),* and [(VO)s(CTC-
6H),]** stoichiometry, Figure 4.3 The copper(ll) and vanadyl
(V=0) tetrahedra were observed in the solid state to closely
associate with additional sodium and magnesium or calcium
cations, respectively, and were not reported in the solution state.
Similar [Mg(CTC—6H),]'>" (M = Co, Mn) tetrahedra are found

within complicated coordination polymers where the tetrahedral
cages are linked into 3D networks by additional anion bridging
es that occurs between the metal centres.

Figure4 The solid state structure of Robson’s [(VO)s(CTC—6H),]**
tetrameric assembly, depicting a) the tetrahedral cage framework, as
indicated by the orange lines that connect each deprotonated CTC ligand,
70 and b) the space filling model, highlighting theinternal void space. One
CTC ligand of the assembly is colour-coded for clarity.*

Coordination cages prepared from chiral tripodal ligand-
functionalised CTV's comprise the mgjority of known examples,
which range in stoichiometry from M,L, to M¢Lg and exhibit

7 many structural forms® Not all of these discrete constructs
feature internal void space however, and their self-assembly is
often difficult to predict and equally chalenging to engineer.
Thus, the following discussion represents a progression towards
the controlled preparation of stable and well-defined assemblies

g0 for application in host-guest chemistry, with particular emphasis
on MjL, metallo-cryptophanes, which are directly analogous to
organic cryptophanes.

2.2 MslL,and ML, assemblies

Whilst ML, metallo-cryptophanes represent the smallest possible

ss coordination cages that feature an accessible, internal void space,
smaller constructs of M,L, stoichiometry have been afforded.
Such species are not strictly coordination cages but have been
isolated in two notable forms, including an offset [Agy(1),]%
capsular assembly (where 1 = (%)-tris-(2-pyridylmethyloxy-N-

%0 oxide)cyclotriguaiacylene) in which reciprocal self-inclusion is
displayed, Figure 5. Each ligand of the flattened assembly
interacts with its partner through a ‘hand-shake’ embrace,
whereby the coordinating arm of one ligand is reciprocally held
in the cavity of the other through n-n and n-H interactions, and

o5 one ligand arm of each 1 ligand remains uncoordinated. Whilst
this renders the capsular assembly incapable of hosting
molecules, it highlights an important phenomenon that is often
observed with functionalized CTVs, which is their propensity to
recognize one another in the solid state.

0 5
Figure5 The skeletal structure of complex [Agx(1),]%", evidencing the
flattened ‘handshake’ motif. One of the two 1 ligandsis colour-coded and
all solvent molecules and anions are omitted for clarity.®

This journal is © The Royal Society of Chemistry [year]
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Whilst this is testament to their hosting ability, it demonstrates 0 using the positional isomer (2)-tris-(4-
just how easily their self-assembly can be perturbed and how pyridylmethylamino)cyclotriguaiacylene 3 under analogous self-
challenging their self-assembly can be to predict. Similar offset assembly conditions, in which an expanded [Aga(3),(MeCN),]*
M,L, assemblies of derivatised CTV's have been observed in both tetrahedral assembly was afforded, Figure 6b.3 Tetrahedral

s coordination ** and organometallic ** complexes, aongside coordination cages are well exemplified in the literature and their
purely covalent species.® s self-assembly,  physicochemical  properties and  hosting
The second noteworthy complex of ML, stoichiometry isthe  phenomena have been intensively studied.?®* Each pyramidal
dimeric [Agy(2),(MeCN),]** capsule (where 2 = (+)-tris-(3- ligand of [Ags(3)4(MeCN),]*" represents one of the tetrahedral

pyridylmethylamino)cyclotriguaiacylene), which is formed from vertices that coordinate the four trigona silver(l) centres at each
10 the self-assembly of ligand 2 and silver(l) hexafluorophosphate of the tetrahedrons faces. The tetrahedral cage plays host to

(PFg) in acetonitrile (MeCN) solvent, Figure 6a.%" 40 additional uncoordinated solvent molecules that interact with

each of the exposed ligand cores in a manner similar to that

described  for the smaller [Agy(2),]%* capsule. Each

[Ags(3)4(MeCN),]*" tetrahedral assembly is formed from asingle

ligand enantiomer, in spite of the racemic mixture used for self-

s assembly, and is therefore homochiral. However, the bulk
mixture is that of a racemate, with an equal proportion of
enantiopure cages composed of the M and P ligand enantiomers.
The cage was observed to exist both in solution and in the
crystaline solid state.

o Many tetrahedra coordination cages display a propensity to
bind anionic or cationic guests and the hosting ability of the
[Ags(3)4(MeCN),]*" tetrahedral assembly towards anions was
investigated, but inclusion complexes were not observed.
Carborane anions were included in the investigation; however,

ss only exo-association was identified and the molecular cavity
remained occupied with the acetonitrile guest.” Interestingly, if

the larger glutaronitrile is added to the reaction mixture as a

potential guest, the self-assembly product is a 2D coordination

polymer over the free cage, in which the glutaronitrile associates

e With the molecular cavity. As described above, self-assembly of

AgPFs and ligand 2 gives the pinched [Agy(2),(MeCN),]**

capsule, but use of AgSbFg and an acetonitrile/acetone solvent

mixture gives rise to a coordination polymer with no inclusion of
acetonitrile. Thus, capsule formation is only observed in these

[AgiL]™ systems in the presence of host-guest interactions to

acetonitrile.*

Other constructs of M,L, stoichiometry have also been
afforded in a [Ags(4)*" twisted tetrahedron “* and [Pda(5)4]%"
Solomons cube®® The [Ag(4),]*" cage (where 4 = (+)-tris-(2-
quinolylmethyloxy)cyclotriguaiacylene) forms only in the solid
state and takes the form of a tetrameric cuboid in which four 4
ligands coordinate to four independent silver(l) cations in a
tetrahedra array, Figure 7. In this example, the silver(l) centres
are linearly coordinated by the four ligands, which coordinate
through only two of their quinolyl donorsin atwisted manner and
lie dong each the face of the tetrahedron. The [Ags(4).*
assembly is achiral and exists as a dimer-of-dimers, in which

Figure 6 The solid state structures of &) the dimeric capsular assembly there are two M and two P ligand enantiomers present in the
[Ag2(2)2(MeCN),]?" and b) the [Aga(3)a(MeCN),4]* tetrahedral cage. Non- resultant cage.

15 covalently bound MeCN guests are coloured orange and displayed in
space-filling mode in each case for clarity. The tetrahedral framework of
[Ag4(3)4(MeCN).]* is denoted by the use of solid, yellow lines that
connect the base of each 3 ligand.*
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The [Agy(2),(MeCN),]*" capsule more closely resembles a
0 metalo-cryptophane  than the aforementioned flattened
[Agy(1);]?" assembly owing to the head-to-head arrangement of
ligands. The two silver(l) centres that bridge the complex are
tetrahedrally coordinated by both 2 and acetonitrile ligands, in
which the latter coordinate endo to the cage such that the terminal
2 methyl group of the coordinating acetonitrile molecule forms
host-guest interactions with the tribenzo[a,d,g]cyclononatriene
core of each ligand. Hence, solvent host-guest templation is an

80

Figure 7 The solid state structure of the tetrameric [Aga(4).]*" twisted
tetrahedron, depicting a) the tetrahedral arrangement of silver(l) cations

important factor in complex fo_rmatié)gn. o by use of solid, yellow lines and b) the resultant cubic structure, as
Solvent host-guest interactions *° were also identified when

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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viewed in space-filling mode. One 4 ligand in each view of the assembly
is coloured pink for clarity.*

Whilst complex [Aga(3)4(MeCN),]* is afforded through

acetonitrile solvent templation, complex [Aga(4),]*" assembles in
s 2,2,2-trifluoroethanol (TFE) solvent and shows no solvent guest

binding. Rather, its formation is facilitated by reciprocal self-

inclusion, in which the relatively large aromatic surface of each

quinolyl ligand arm plays guest to the molecular cavity of a

proximal ligand, giving the overall assembly a negligible internal
10 Void space.

Although not a classica coordination cage, the
[Pda(5)4(NO3)»(H,0),]®" Solomons cube (where 5 = (+)-tris-(3-
(3-pyridyl)benzoyl)cyclotriguaiacylene) is a unique and
interesting assembly.*® The complex was prepared from the self-

s assembly of ligand 5 and paladium(ll) nitrate (NOg) in
dimethylsulfoxide (DM SO) solution. Here, the interweaving and
twisting of ligands affords a self-entangled structure that contains
elements of a Solomon’s link, including two ring motifs that
feature dternating over and under crossing points within the

20 structure, Figure 8. The four palladium(ll) centres represent the
corners of a square that are connected by four ligands. Tracing
the connectivity between the molecular components highlights
four topologica  crossing points that render the
[Pd4(5)4(NO3)»(H,0),]®" tetramer topologically non-trivial.

25
Figure 8 Thetopologically complex [Pd4(5)4(NO3)2(H20)-]*" Solomons
cube, highlighting a) the molecular structure and four topological crossing
points within the assembly (shown as yellow lines bridging the

palladium(I1) nodes), and b) the two figure-of-eight motifs found within
30 the assembly, which are colour-coded and simplified for clarity.®

What is most interesting is its spontaneous formation by self-
assembly processes, unlike the template-directed procedures most
often employed to form topologically nontrivial assemblies.* The
Solomon’s cube represents the most complex architecture yet

35 identified with derivatised CTVs and packs in the solid state to
afford a hollow spheroid that closely resembles an Archimedean
truncated hexahedron. The complex was observed to exist both in
solution and the crystalline solid state. An interesting feature of
the [Pd,(5)4(NO3)»(H,0),]®* Solomons cube is its homochirality,

40 Where each interlocked component possesses the same absolute
stereochemistry.

Whilst architecturally aesthetic, the above examples further
illustrate the unpredictable nature of the self-assembly of ligand-
functionalised CTV's and highlight the necessity for increasingly

4 rigorous control over their self-assembly processes, if shape-
specific cages are to be obtained.

2.3 Metallo-cryptophanes:
behavior

expected and unexpected

In 2001 Shinkai, Yamaguchi and co-workers reported the first

so CTV-based coordination cage, comprising a head-to-head
arrangement of tris(4-pyridyl)CTG 6 ligands, linked through
metal coordination by three cis-protected palladium(ll) metal
centres® Use of a mixture of ligand enantiomers affords a
mixture of cage stereoisomers, namely both enantiomers of the

ss chiral anti-isomer as well as the meso syn-isomer, which are
observed to interconvert in solution. The anti-[Pds(6),]®" metallo-
cryptophanes can be selectively prepared by using the
enantiopure ligand, Figure 9.

s0 Figure9 Cartoon depictions of the two enantiomers of Shinkai’s anti-
[Pds(6),]®* metallo-cryptophane, as separated by a mirror plane (m).*

These cages feature a well-defined internal void space that is
distinct from the bulk solution from which they are formed, but
their hosting capabilities were not explored. These metallo-
s cryptophanes  first indicated the amenability of ligand-
functionalised CTVs for the preparation of coordination cages
that may exhibit inclusion phenomena as a result of the inwardly
orientated  tribenzo[a,d,g]cyclononatriene  ligand  scaffold.
Trigona bipyramidal coordination cages of MjL, stoichiometry
70 have been reported with other classes of tripodal ligand but are
not widespread.*®
Taking inspiration from Yamaguchi and Shinkai’s earlier
research,®® one could envisage two possible routes towards a
ML, metallo-cryptophane, in which ligand-functionalised CTV's
75 are decorated with either 4- or 3-pyridyl (or equivalent) donor
moieties to be linked by 90 and 180 ° metallic tectons,
respectively. We initialy investigated the aternative design to
that exemplified by Shinkai and Yamaguchi’s by pursuing the
cages prepared from the self-assembly of 3-pyridyl-decorated

This journal is © The Royal Society of Chemistry [year]
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CTVswith a180 ° linker.

It was predicted that ligand (2)-tris-(3-
pyridylmethyloxy)cyclotriguaiacylene 7 would afford a metallo-
cryptophane upon self-assembly with a suitably linear metal
centre. The self-assembly of ligand 7 and silver(l) perchlorate
(ClOy) in N,N'-dimethylformamide (DMF) solution does indeed
afford a metallo-cryptophane, athough not the one that was
anticipated. Rather, a topologicaly complex and triply-
interlocked  [2]catenane was  isolated, of [Agg(7)4°
stoichiometry, comprising two mechanically-interlocked, but
chemically independent, anti-[Ags(7),]>" metallo-cryptophanes,
Figure 10.

Figure 10 The solid state structure of the triply-interlocked [2] catenane
[Ags(7)4]%", in which only the (A,4)-[Ags(7)4]®" enantiomer is shown. The
mechanically interlocked components are shown as a) wire frames and b)
in space filling mode. In both illustrations the two chemically independent

metallo-cryptophanes are colour-coded for clarity.*

Each trigonal bipyramidal anti-[Ags(7),]** cage is composed of
two 7 ligands and is bridged, as expected, by approximately
linear silver(l) cations with the ligands in a head-to-head
orientation. The inclusion of a single ligand enantiomer affords
each chiral metallo-cryptophane, with the P ligand enantiomer
giving the left-handed helical (A)-[Ags(7);]*", and the M ligand
enantiomer giving the right-handed helical (4)-[Ags(7),]*".

The individual [Ags(7),]%* cryptophanes interlock in a chlral
manner to afford an equal mixture of (4,4)-[Ag(7)4%
(A,A4)-[Age(7)4]®" enantiomers. The (4,4)-[Ags(7).]® and (A,A)
[Ags(7)4]*" enantiomers differ only in their absolute
stereochemical configuration. These form in the absence of a
template, and there are no forma interactions between each
metallo-cryptophane of the [2]catenane. This is relatively
unusual, as template-directed procedures are often required to
reliably install a mechanical bond within such metalo-
supramolecular complexes.® Catenation in this instance is likely
entropically driven,”® where the interlocking of each (A)-
[Ags(7);]*" cage expels high energy solvent from within the
cavity, athough symmetry-driven self-recognition may also play
arole® It is remarkable that the resultant (A1,4)-[Age(7)4]®" and
(4,4)-[Age(7)4]®" [2] catenanes are homoachiral and that the overall
helica chirality and Ds-symmetry are conserved, especially given
their formation from a racemic mixture of ligands and in the
absence of a template. The selective formation of homochiral
complexes from a racemic mixture of molecular components is
particularly noteworthy.>* Alterations to the reaction conditions
did not change the self-assembly processes and spontaneous
catenation was always observed. Nevertheless, the serendipitous
formation of the [2]catenane suggests a complex threading and
interlocking mechanism that is still not very well understood.

Theinternal volume of the [2] catenanewas estimated from its
crystal structure and calculated to be 197 A3, Regardless, there

~
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are no solvent molecules located within the cavity and there are
limited windows to allow for guest exchange. Interpenetration of
the individual [Ags(7),]* metallo-cryptophanes significantly
reduces the internal space available to host molecules and, by
considering the packing requirements according to Rebek and co-
workers,> estimates an ideal guest size of 108 A3, which renders
the cage cavity too small for further host-guest application other
than for small gases.

To date, only one other example of catenation has been
identified with ligand-functionalized CTVs, which results from
the spontaneous interlocking of (z)-tris-(4-(4'-methyl-2,2’-
bipyridyl)-benzyloxy)cyclotriguaiacylene 8 and zinc(I1) nitrate in
DM SO solution. The resultant (+)-[Zng(8)4(NO3)¢]® [2]catenane
features a similar 3D appearance that is comprised of two
interlocking syn-[Zng(8),(NO3)s]*" metallo-cryptophanes, Figure
113 In this example each syn-[Zny(8),(NO3)3*" metallo-
cryptophane is inherently chiral in spite of the inclusion of both
ligand enantiomers owing to the left-handed helical chirality (A)
about the zinc(ll) coordination environment, which removes the
horizontal mirror plane expected of a syn-diastereoisomer.>* The
resultant [2] catenane therefore displays planar chirality, owing to
the inequivalence of the PMMP and MPPM stereoisomers that
are afforded through interlocking of the individua syn-
[Zng(8),(NO3)j]**  metallo-cryptophanes.  Unlike the anti-
[Ags(7)a]®"  [2lcatenane discussed  above, the  (#)-
[Zng(8)4(NO5)¢]®* [2]catenane features six instances of weak
hydrogen bonding between the mechanicaly-interlocked
components, which may imply that some degree of self-
templation facilitates its formation.® The first report of a cage
catenane species was from Fujita and co-workers,>® followed a
decade later by our report of (+)-[Zng(8)4(NO5)g]®* and its Co(ll)
analogue. Since then there have been a small flurry of reports of
coordination cage catenanes *” and their organic counterparts.®

Figure 11 Taken from the crystal structure of the triply-interlocked
[2]catenane (£)-[ Zng(8)4(NO3)¢]**, in which the two mechanically
interlocked metallo-cryptophanes are ) displayed in skeletal form with
the topological crossing points denoted by the green and orange wire
frames, and b) colour-coded and displayed in space filling mode.>*

The flexibility of ligand 7 was assumed to be a contributing
factor to the catenation described above. It was therefore
predicted that ligand (2)-tris-(3-
carboxypyridyl)cyclotriguaiacylene 9, which features the same 3-
pyridyl functionality but linked through a rigid ester linkage,
would afford the desired metallo-cryptophane, sans-catenation.
Irrespective of the conditions employed, al attempts to form the
metallo-cryptophane were unsuccessful, perhaps as a result of
poor ligand solubility. The self-assembly of the extended ligand
(%)-tris(4-(5-pyrimidyl)benzoyl)cyclotriguaiacylene 10 under the
same reaction conditions afforded crystals of the chiral anti-
[Ags(10),]*" metallo-cryptophane, in which two 10 ligands are
orientated in the desired head-to-head manner and bridged by
three linear silver(l) centres, Figure 12a.*’ Unfortunately, whilst
the anti-[Ags(10),]** cage possesses a large and accessible
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copper(l1) and cobalt(ll) acetate.>® Here, in situ deprotonation of
»s the tris-carboxylate ligand is afforded solvothermaly in the
presence of either DMF or DEF (N,N'-diethylformamide)
solvents. The constructs afforded are not strictly metallo-

internal void space, the weak Lewis basicity of the pyrimidine
donor prevents its solution-phase existence and renders it a
phenomenon of the solid state. Moreover, the resultant cage
windows are too large to afford a suitably distinct
s microenvironment, which  would likely impede guest cryptophanes, but do feature the required head-to-head
encapsulation. The evident inability of ligands 7-10 to self- arrangement of 12 ligands. Complex [Cus(12),(DEF),] is charge
assemble with a suitably linear metal centre to afford the 0 neutral and has a pinched appearance, owing to the bridging
corresponding single-cage Msl, metalo-cryptophane was metallic cluster, and therefore features no significant accessible
mirrored in the self-assembly of positional isomer (z)-tris-(4- void space. Likewise, complex [Co(us-12),(is-O)(DMF),] is
10 carboxypyridyl)cyclotriguaiacylene 11  with  cis-protected again pinched at the centre, yet may display potentially magnetic
palladium(l1) salts. Despite Yamaguchi’s literature precedent ° properties owing to the unusual Co, core®® The interesting
their self-assembly did not furnish the desired capsular assembly, 35 feature of these multinuclear complexes is the presence of labile
which again may be due to the relatively low solubility level of solvent ligands about the bridging metallic cores. For example,
the ligand. the DEF ligands in complex [Cus(12),(DEF),] are easly
displaced by ligand bis(4-pyridyl)ethylene (BPE) to afford a
dimer of ML, metalo-cryptophanes and furnish the named
2 ‘bow-ti€ motif, of [{Cus(12),(DMF)(H,0)}»(BPE)]
stoichiometry, Figure 12b. Carboxylate-functionalised CTVs are
not as well exemplified as their N-donor counterparts, yet have
shown the propensity for Cu(ll) in a tubular 1D coordination
polymer reported by Zheng and coworkers®™ and for
4 lanthanide(l11) coordination in the formation of a europium(ll)-
containing 2D network with a decorated Kagome Dua (kgd)
topology.®? Cao, Kuck and co-workers have recently reported a
[CdsL,] metallo-cryptophane where L is a Ca-Symmetric tris-
carboxylate decorated tribenzotriquinacene cavitand ligand,
so Figure 12c.%® The [Cd,sL,] metallo-cryptophane has a similar
pinched-in aspect to [Cus(12),(DEF),].

Whilst the complexes outlined above can be classed as
metallo-cryptophanes, only the prototype reported by Shinkai and
Y amaguchi represents a promising candidate for extensive host-

ss guest applications. The unpredictability of their self-assembly is
again evidenced in the serendipitous isolation of [2]catenane
species, and in the isolation of complexes that are only accessible
in the solid state, or those which do not possess meaningful voids
as aresult of bridging metal clusters. Nevertheless, their isolation

o affords valuable insight as to what may be necessary for their
predictable formation and isolation.

a)

2.4 The shape-shifting metallo-cryptophane

The unsuccessful self-assembly of ligand 11 with cis-protected

paladium(l1) salts identified that a fine balance of rigidity and
s Solubility were necessary to facilitate the formation of a MalL,

metallo-cryptophane. To address this, pCTG (a propylated

analogue of CTG) was used to prepare ligand ()-tris-(4-

carboxylpyridyl)-tris-(propoxy)cyclotricatechylene 13, which

afforded significantly improved ligand solubility in a wide range
70 of solvents.®*

Whilst methylated ligand 11 was not observed to form a
stable metallo-cryptophane with cis-protected palladium(l1) salts,
the reaction of its propylated congener 13 with [Pd(en)(NOs),]
(en = ethylenediamine), in DMSO solvent, afforded the desired
[Pds(en)(13),]®"  metallo-cryptophane.  Unfortunately, the
resultant complex was observed to be a metastable product of
self-assembly. It undergoes a significant structural  and
compositional reorganisation from the [Pds(en)s(13),]%* metallo-

!

a

15

Figure 12 The solid state structures of a) the chiral anti-[Ags(10),]*"

metallo-cryptophane,* b) the ‘ bow-tie’ metallo-cryptophane,
[{ Cus(12)2(DMF)(H,0)} »(BPE)],*® and c) tribenzotriquinacene triacid
based [Cdsl ;] metallo-cryptophane.®®

Metallo-cryptophane formation is not necessarily limited to
pyridyl donors, and a ‘bow-tie€’ analogue has been afforded
through the self-assembly of ligand tris-(3,5-bis-(methyl)benzoic
acid)cyclotricatechylene 12 and basic metal salts, including

s [Pds(en)s(tpb)] ™ cage,

cryptophane to a [Pdg(13)g]*?* octahedral coordination cage,
which is assumed to be the thermodynamic product.” It is worth
noting that intracage transformations such as these remain
relatively rare;®® however, a near identica transformation was
previously reported by Chand and co-workers. They reported that
ligand-exchange occurred for the trigonal  prismatic
where tpb = 1,3,5-tris(4-
pyridylmethyl)benzene, which transforms to the sphere-like

This journal is © The Royal Society of Chemistry [year]
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[Pds(tpb)g] 2" assembly.® The ethylenediamine auxiliary ligand
has been well exemplified as a cis-protecting ligand and used as a
design feature to control available ligation sites at the meta
centre in a wide range of metallo-supramolecular assemblies.®’
s Thus, its displacement in these examples implies that the driving
force for cage expansion exceeds the kinetic barrier for its
dissociation from the palladium(l1) centre.®®
Although this inter-cage transformation was unexpected, the
resultant [Pdg(13)g]*** assembly was easy to identify as we had
10 previously observed its methylated congener from the self-
assembly of ligand 11 and palladium(ll) salts in DM SO solution
as the [Pdg(11)g)?* ‘stella octangula cage, which will be
discussed in more detail in section 2.6.° In spite of their inherent
similarity, it remains unclear why ligand 13 would afford a
15 metastable [Pd;(en)s(13),]®* metallo-cryptophane en route to the
[Pds(13)g]** cage whereas ligand 11 would not.

25 Metallo-tecton-directed assembly of
cryptophanes

metallo-

The existence of the metastable [Pds(en)s(13),]®" metallo-
20 cryptophane highlighted that a stable M3, metallo-cryptophane
may be reiably assembled with ligands such as 13 if an
appropriate cis-protected palladium(ll) salt can be found. The
self-assembly of ligand 13 was investigated with a wide range of
cisprotected palladium(ll) salts, with both diphosphine (as
2 employed by Shinkai and Yamaguchi) and N-donor auxiliary
ligands proving incapable of facilitating the formation of the
metallo-cryptophane. To address this, a bissNHC-palladium(l1)
tecton (where NHC = N-heterocyclic carbene) decorated with
naphthylene moieties was utilised. Although metal complexes of
2 NHCs are more commonly associated with catalysis " than with
supramolecular self-assembly, they offer the necessary kinetic
stability required to prevent dissociation from the metal centre.
Moreover, such complexes promote trans-labilisation at the metal
centre which facilitates self-assembly and helps drive the
s equilibrium towards a thermodynamic minimum.”"  Some
examples metallo-supramolecular constructs are known.”

The self-assembly of ligand 13 and the metallo-tecton,
[Pd(Nap)(NCMe),]%* (where Nap is a 2-naphthylene derived bis-
N-heterocyclic carbene) in nitromethane solvent rapidly and

a0 quantitatively afforded the desired [Pdy(Nap)s(13),]®" metallo-
cryptophane,” which was observed as the only product of self-
assembly and did not undergo further equilibrium or structural
reorganisation.” Corroboration of the solution-phase and solid
state structures of the [Pds(Nap)s(13),]®" metallo-cryptophane
45 evidenced the formation of a single diastereoisomer (syn), which
featured the inclusion of both M and P ligand enantiomers,
Figure 13a. The controlled assembly and enhanced stability of
the syn-[Pds(Nap)s(13),]®" metallo-cryptophane was attributed to
the extensive aromatic interactions afforded between the cage and
naphthyl tecton, which were evidenced to lock the complex in
place, once formed. These interactions were shown to be highly
persistent, with the syn-[Pds(Nap)s(13),]®* metallo-cryptophane
remaining intact upon heating to 80 °C in nitromethane solution.
The syn-[Pds(Nap)s(13),]®" metallo-cryptophane features a
ss head-to-head arrangement of ligands, in which the inwardly
orientated tribenzo[a,d,g]cyclononatriene ligand scaffolds afford
the shape-persistent and hydrophobic internal cavity necessary
for subsequent host-guest studies, with inclusion phenomena
being exhibited in the crystalline solid state. The solid state
eo Structure of the syn-[Pds(Nap)3(13),] -6(BF,) metallo-cryptophane
indicated that individual cages interact through a network of C-
H---F hydrogen bonds between the syn-[Pdy(Nap)s(13),]°
assembly and BF, (tetrafluoroborate) anions. This acts to
propagate the [Pds(Nap)s(13),]®" metallo-cryptophanes in two
es dimensions, resulting in a network of cages in which the
molecular cavities represent periodic and well-defined voids
within the crystal lattice, athough there were no significant
channels between the cages. Isostructural crystalline metallo-
cryptophane complexes were also isolated from ligand 11, along
70 with other CTV-type ligands, which were equally robust towards
changes in temperature and pressure and could be evacuated by
heating under vacuum.

5

=}

Figure 13 Taken from the crystal structure of a) the parent syn-[ Pds(Nap)s(13).] -6(BF4) metallo-cryptophane, displayed in space-filling mode and with
75 each 13 ligand of the head-to-head assembly distinguishable by colour and the cis-protecting NHC auxiliary coloured green for clarity. Host-guest
inclusion complexes are displayed in b) syn-[ Pds(Nap)s(13).]-6(BF,4)-3(DCB) and c¢) syn-[Pds(Nap)s(11),] -6(BF4)-3(12), in which the metallo-cryptophanes
are shown in skeletal form and the DCB and iodine guests (some disordered positions excluded)are shown in space-filling mode and coloured pink and
purple, respectively.™

Single crystals of the syn-[Pds;(Nap)s(13),]-6(BF,) metallo-

g0 cryptophane were observed to be mechanically robust and stable
towards desolvation. Whilst classicaly non-porous, they were
observed to uptake small molecules in a single-crystal-to-single-
crystal (SCTSC) fashion. Submersion of the crystalline syn-
[Pd3(Nap)s(13),] -6(BF,) networked metallo-cryptophane in a
ss solution of 1,2-dichlorobenzene (DCB) saw the crystals darken in
colour as the guest was absorbed. Single crystal diffraction

analysis evidenced guest uptake, in which the DCB guests were
located exo to the metallo-cryptophane and bound in the smaller,
interstitial sites between cage windows, Figure 13b. It was
% believed that the crystal lattice permutes sufficiently to alow for
the diffusion of guest through the network, driven by van der
Waals cooperativity.5® The extent of DCB uptake was evidenced
by *H NMR spectroscopy, thermogravimetric analysis (TGA) and
energy-dispersive X-ray (EDX) analysis, where the complex
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stoichiometry was determined to be syn- in DM SO solution. Determination of the crystal structures of each
[Pd3(Nap)3(13),]-6(BF4)-3(DCB). s ‘stella octangula’ cage indicates that this further equilibration is
Submerging single crystals of the syn- due to chird self-sorting that occurs for the [Pdg(11)g]***

[Pd3(Nap);(11),]-6(BF,) metallo-cryptophane in an ethereal
solution of iodine resulted in rapid I, uptake. Conversely to the
syn-[Pds(Nap)s(13),] -6(BF,)-3(DCB) assembly, in which the
DCB guests were located outside of the cage cavity, single crystal
X-ray diffraction analysis showed the inclusion of iodine endo to
the cage, where it was non-covalently bound by the
tribenzo[a,d,g] cyclononatriene core of the metallo-cryptophane,
Figure 13c. Additiona iodine molecules were also observed in
the smdler, intergtitial sites between the cages at an overall
stoichiometry of syn-[Pds(Nap)s(11),]-6(BF4)-3(I5). The uptake
of iodine could aso be effected by subjecting the crystals to an
atmosphere of iodine vapours, where they rapidly turned from
pale yellow to dark red as the guest was taken up into the crystal
lattice. Independent of the route, the uptake of iodine by the syn-
[Pd3(Nap);(11),]-6(BF,) metalo-cryptophane was irreversible
and could not be reversed by solvent-exchange or leaching. This
indicates their potential application as sequestering agents for
radioactive iodine.™ The uptake of small moleculesinto a crystal
lattice in a SCTSC manner most commonly occurs with porous
materials such as metal-organic frameworks, but has been
reported for a small number of other systems that are classically
nonporous, including organic cage systems”  t-butyl-
calix[4]arene,”® and other metallacyclic species.”

26 ThePdgLg stella octangula family

The largest metallo-cages that utilise CTV-type ligands are the
[MeLg)*** stella octangula assemblies, which can be assembled
using CTV scaffold ligands that have atripodal arrangement of 4-
pyridyl donor groups. The first reported example was the
[Pds(11)g] *** “ stellaoctangula’, which was accessed from the self-
assembly of ligand 11 and Pd(NOs), in DM SO solution, and can
also be assembled using other Pd(11) salts. The [Pdg(11)g]*** cage
features an octahedral framework of palladium(ll) cations that are
each coordinated by eight face-capping 11 ligands, Figure 14a.
The resultant coordination cage possesses Oy, symmetry and spans
3 nm, in which the inwardly-orientated ligands afford a large,
hydrophobic void within the cage scaffold.

The ‘stella octangula® moniker is assigned as each face of the
octahedral framework is extended out to a single point through
ligand coordination, resulting in a spiked appearance that closely
resembles the first stellation of an octahedron. Although
coordination cages resembling Platonic and Archimedian solids
are an increasingly common product of self-assembly, their
stellated analogues remain comparatively rare”® A family of
[PdeLg] 2" stella octangula cages can be assembled with the 4-
pyridyl donor ligands 11, 13, 15 and 16. Likewise, the Pt(Il)
analogue can be accessed using the most soluble of these ligands,
the propylated ligand 13; however, unlike for the [PdgLg]™?"
species, the platinum(ll) congener [Pts(13)s]'?* does not form
quantitatively. MglLg coordination cages that utilise achiral
tripodal ligands, possessing the same Oy, symmetry but without
the stellation aspect to their structures, are also known.”

Whilst ligands 11 and 13 are sterically and interactionally
equivalent, the self-assembly of the [Pdg(11)g*** and
[Pds(13)g]*** “stella octangula’ cages is subtly different. ESI-MS
shows that the [Pdg(11)g]**" and [Pdg(13)g]'*" cages each
assemble rapidly and quantitatively in DM SO solution. However,
'H NMR studies reveal that the methylated [Pdg(11)g]**" cage
undergoes further equilibration with time, athough with no
changes to its stoichiometry or relative size. Interestingly, the
[Pds(13)g]*** assembly shows no further equilibration with time

assembly but not the [Pdg(13)g]*>* assembly, Figure 14. Each
[Pds(11)g]*** cage features only a single ligand enantiomer (M or
P) about the Pds framework, and their overall composition is a

70 racemic mixture of (+)-[PdgLg]?* and (—)-[PdsLg]™?" cages. In
comparison, the crystal structure of the [Pdg(13)g]*** cage shows
a disordered assembly comprising a mixture of M and P ligand
enantiomers. Thus, it was inferred that the initial [Pdg(11)g]*%*
and [Pdg(13)g]*** assemblies pertained to mixed enantiomer,

75 kinetic products and that the equilibrium process observed for the
methylated  [Pdg(11)g)***  assembly  represented  a
thermodynamically-driven ligand exchange towards
enantiopurity.® Interestingly, the propylated [Pdg(13)g]**" cage
displayed self-sorting phenomena in other solvents. Wheress its

g0 assembly in DM SO solution afforded only cages of mixed ligand
enantiomer, its assembly in acetonitrile and nitromethane solvents
facilitated ligand exchange towards enantiopure [Pdg(13)g]***
‘stellaoctangula cages.

8 Figure 14 The solid state structures of a) enantiopure [Pds(11)g] *** and b)
mixed enantiomer [Pds(13)g] ** * stella octangula’ cage assemblies, in

This journal is © The Royal Society of Chemistry [year]
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which the connectivity of the central octahedral Pd(I1) coreis depicted
using blue and green solid lines, respectively.®%

The methylated [Pdg(11)g]*** stella octangula cage was
observed to form host-guest complexes with a range of sodium

s akyl sulfates in DM SO solution, in which the amphiphilic nature
of the surfactant molecules facilitated their inclusion.®! Here,
electrostatic interactions between the sulfate head group and
cationic cage framework assisted in orientating the guests in such
a way that their alkyl chains were able to interact with the

10 hydrophobic interior, driven by the formation of akyl-akyl
interactions.® The increased solubility of the propylated
[Pdg(13)g] 2" assembly was found to facilitate the formation of
inclusion complexes with ortho-carborane guest in the gas
phase.®*

15 Intriguingly, the self-assembly of ligand (z)-tris-(4-
pyridylmethyloxy)cyclotriguaiacylene 14 and paladium(ll)
nitrate does not afford the [Pdg(14)¢] *%* stella octangula cage, and
instead forms an open [Pdy(14),]%" *super-bowl’ assembly that
can be approximated as half the parent cage, Figure 15.%

2 Whereas the [Pdg(11)g)*** ‘stella octanguld features eight
identical ligands that each coordinate to three different
palladium(l1) centres, the ligands in the [Pdy(14),]%" half-cage
display dissimilar coordination environments. The ligand at the
base of the assembly coordinates to three crystallographically

s distinct palladium(l1) centres, whilst the other three coordinate to
only two. This is likely as a result of increased conformational
freedom of ligand 14 over the ester-linked derivative 11 and
again supports the notion that ligand rigidity is a principal factor
in their predictable assembly. Whilst the resulting assembly may

30 be considered a ‘half-cage’, a pseudo ‘stella octangula’ cage is
afforded in the solid state through the hydrogen-bonded
dimerisation of two [Pd3(14),]®" assemblies.

preformed and equilibrated [Pdg(11)g]*** and [Pdg(13)g]**
assemblies were observed to be indefinitely stable to one another
in DM SO solution. In spite of the lability of the Pd-N bond these

45 remained truly homoleptic, with no evidence for ligand exchange

occurring over a monitoring period that extended for many
months. A statistical mixture of heteroleptic [Pdg(11)(13)s.n]***
cages can be formed from the self-assembly of a mixture of
ligands 11 and 13 with paladium(ll) salts in a 4:4:6 ratio.

s Similarly, once formed these heteroleptic cages did not undergo

any further ligand exchange upon prolonged standing.®*

The homoleptic cages could be perturbed, however, by
addition of excess ligand. Whilst the addition of propylated
ligand 13 to a preformed and equilibrated [Pds(11)g]*** cage had

ss N0 substantial  effect upon the speciation, the addition of

methylated ligand 11 to the [Pdg(13)g]'?" cage saw rapid and
quantitative ligand exchange in favour of the [Pdg(11)g]**
assembly, with propylated ligand 13 being displaced into
solution. These differences in cage stability allow us establish an

e assembly/disassembly cycle, in which high fidelity speciation

control can be effected, Figure 16. Treatment of the homoleptic
[Pds(11)g]®* and [Pdg(13)g)>* cage mixture with N,N'-
dimethylaminopyridine (DMAP) in DMSO solution effected the
rapid and quantitative degradation of the homoleptic cages to the

es mononuclear [Pd(DMAP)* complex and a mixture of

uncoordinated ligands, driven by the strong Lewis basicity of the
competing DMAP ligands.® Treatment of this mixture with p-
toluenesulfonic acid (TsOH) selectively protonated the DMAP
ligands and thus afforded a mixture of heteroleptic [Pdg(11),(13)s.

70 2" cages in solution. Following, the addition of ligands 11 and

13 facilitated ligand exchange about the Pdg cage framework to
reform the biased mixture of homoleptic [Pdg(11)g]*** and
[Pds(13)g]*2* cages, which further equilibrated over time to afford
the racemic mixture of enantiopure [Pdg(11)g]**" and mixed

75 enantiomer [Pdg(13)g]** cages.®

heteroleptic cages

ot ]
¥
‘;...-- X '___....I
) 4eq. 1
Pd
(I1) (or TsOH) v e A1
[Pdg(11).1(13)n]'2*

cage reformation

Figure 15 The skeletal structure of the [Pds(14),]%* half-cage, closely
35 resembling half of a‘stella octangula cage. The ligand at the base of the
tetrameric assembly is coloured green for clarity.®

2.7 Ligand exchange and ‘stella octangula’ cage dynamics

The ability of ligands 11 and 13 to afford structurally analogous
[Pds(11)g]*?* and [Pdg(13)g]*2* cages allowed for any ligand
a0 exchange phenomena ® between homoleptic and heteroleptic
‘stella octangula cage mixtures to be probed.®* Interestingly, the

N7 3 -OOESD?\'CN Ny S DU%N? ?‘fu
@\OD'?}Q,\@U' @;o 2 & Do..'
11 13

& ligand displacement/

cage degradation

selective cage
formation

N,
%ﬁ DMAP

[Pdg(11)g]'2*

[Pds

Pd(ll)

(13)g)12"

‘biased’ homoleptic cages

Figure 16 The complex assembly/disassembly cycle determined for the
chirality and speciation control experiments between all accessible ‘stella
octangula coordination cages.®
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The larger [Pdg(15)g] ™" and [Pdg(16)g]*** assemblies (where
15 and 16 = ()-tris-(4-(4-pyridyl)benzoyl)cyclotriguaiacylene
and ()-tris-(4-(4-pyridyl)benzoyl)-tris-
(propoxy)cyclotricatechylene,  respectively) show  distinct
behavior again. Whilst the heteroleptic [Pdg(15)(16)s.]*** cage
mixture was successfully prepared and shown to not further
equilibrate with time, a mixture of the homoleptic [Pdg(15)g]**
and [Pdg(16)g]** cages were observed to undergo limited ligand
exchange in DMSO solution over a period of months.®* In this
instance, the increased conformationa flexibility of the larger
cages result in considerable structural permutations at the metal
coordination geometry that are believed to promote and
accelerate ligand exchange.

3 Conclusions and outlook

As was first recognized by Shinkai, Yamaguchi and co-workers,
the CTV scaffold represents an attractive framework for the
rational design and self-assembly of coordination cages. The pre-
organised pyramida shape means that CTV ligands are
predisposed to form cages upon convergent assembly, and metal-
binding ligand moieties can be appended to the CTV scaffoldin a
relatively straightforward manner. Future challenges in this field
include establishing “at will” construction of target cages, most
particularly an understanding of the formation of unanticipated
topologically complicated assemblies, and use of solution phase
behaviour to fully develop the known cages as nano-scale vessels.

The self-assembly products afforded are in some cases
predictable, such as for the formation of Abraham and Robson’s
[MeL,] tetrahedral cages with deprotonated CTC and in the
family of [PdgLg]**" ‘stella octangula’ cages. This is certainly not
aways the case, however, but the serendipitous discoveries along
the way are intriguing in their own right, most particularly the
formation of the topologically complicated assemblies of the
[2]catenane metallo-cryptophanes and the “Solomon’s cube’, a
self-entangled cube of highly unusua topology. From their
isolation it is possible to identify factors that make predicting
their assembly challenging. Perhaps unsurprisingly, ligands of
increased rigidity behave more predictably than do ligands with a
higher degree of flexibility, and increased ligand solubility leads
to more predictable behavior. The host functionality of the
cavitand can aso be a factor, noting that the ‘hand-shake' self-
inclusion motif commonly observed in clathrate complexes of Cs-
symmetric CTV derivatives also occurs within [Aga(4).*
tetrahedra. The binding of a bulky guest in the molecular cavity
may direct the self-assembly processes towards the formation of a
coordination polymer rather than a cage. Curioudly, the simplest
coordination cage on paper—the M3L, metallo-cryptophane—has
proved to be one of the more chalenging to access with our
library of ligands, with unanticipated [2]catenane formation,
assemblies apparent in the solid state not forming in solution, and
MsL, to Mgl g ligand-exchange rearrangements all occurring. The
preparation of stable and well-defined single cage MsL, metallo-
cryptophanes was finaly achieved by use of an organometallic
cis-protecting ligand, and the crystalline materials thus accessed
exhibited the ability to uptake guestsin a single-crystal-to-single-
crystal manner.

The inherent chirality of tripodal CTV-type ligands means that
chiral assemblies can be accessed and a number of systems
exhibit chira self-sorting from an enantiomeric mixture of
ligands. The [PdsLg]**" stella octangula cages illustrate that cage
stability and solution phase behaviour is dependent on the exact
ligand and solvent used. This affords the ability to selectively
control the speciation and overal chirality of cage mixtures in
solution with high fidelity, which is an unusua property that may

have future application in the chiral discrimination of guest

es molecules. Likewise, the ability to cyclically assemble and
disassemble a coordination cage at will has potential application
in cargo delivery.
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