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Abstract: Tris(dioxime) iron(i) clathrochelate complexes functionalised with 3- and 4-pyridyl groups have been
employed as building blocks in the preparation of supramolecular structures by coordination-driven self-assembly.
These complexes possess a number of desirable characteristics, being straightforward to synthesise and offering
ample opportunity for steric and functional modification. Clathrochelate-based 4,4'-bipyridyl metalloligands
from 1.5 nm to 5.4 nm in length were prepared in up to two steps and their potential as building blocks for
supramolecular architectures demonstrated through the preparation of a discrete molecular square and a three
dimensional (3D) coordination polymer. Furthermore, the structure-directing capability of clathrochelate building
blocks was illustrated through the synthesis of octahedral cage compounds, which are capable of encapsulating
the large, hydrophobic BPh,~ anion in agueous solvent mixtures.
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Coordination-driven self-assembly has
emerged as an extremely powerful tool
in the preparation of discrete and poly-
meric supramolecular structures.[!l This
approach entails combining two types of
building block — an acceptor, which con-
tains one or more metals with at least one
vacant coordination site, and a donor,
which contains multiple Lewis basic func-
tional groups — via reversible coordinate
bonds. Ultimately, the dimensionality,
structure and function of self-assembled
architectures are determined by their com-
ponent building blocks and, consequently,
the design and preparation of new building
blocks is an important aspect of supramo-
lecular chemistry. The synthesis and struc-
tural elaboration of linear 4,4'-bipyridyl
ligands in particular have received much
attention, given their ubiquity in coordina-
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tion-driven self-assembly as linking struts
between two metal acceptor units.[!] The
closely structurally related 3,3'-bipyridyl
ligand has, in contrast, remained relative-
ly scarcely exploited as a supramolecular
building block, given its inherent structural
variability.[!-2]

Herein, we demonstrate that Fe(1r)
tris(dioxime) clathrochelate complexes!?!
capped with boronic acids are attractive
scaffolds for the preparation of both 3,3'-
and 4,4'-bipyridyl metalloligands. These
complexes, which have been known for
many years and extensively investigated, 4!
are comprised of an Fe(i) ion encapsu-
lated within a tris(dioxime) macrobicy-
clic ligand bearing a 2— charge, and are
electrostatically neutral and diamagnetic.
Tris(dioxime) Fe(1r) clathrochelates are
also sufficiently stable to be handled and
stored under ambient conditions and pu-
rified by chromatography on silica gel.
Furthermore, metalloligands based upon
clathrochelate complexes are rigid, linear
and offer two opportunities for structural
and functional modification — through the
oxime substituents and boronic acid cap-
ping group.

Tris(dioxime) clathrochelate complex-
es functionalised with 3- and 4-pyridyl
groups were prepared from FeCl, a
1,2-dioxime (2,3-butanedione dioxime (di-
methylglyoxime) or 1,2-cyclohexanedione
dioxime (nioxime)), and either pyridin-3-
yl or pyridin-4-yl boronic acid in good
yields (Scheme 1).51 These starting mate-
rials are all commercially available.

Having prepared these simple clath-
rochelate complexes, we began to ex-
plore the possibility of preparing longer
4,4'-bipyridyl metalloligands through
homologation of the Fe(1) tris(dioxime)
complex cores. Two strategies were devel-
oped in order to achieve this (Scheme 2),
both of which require the addition of a sec-
ond boronic acid to the reaction mixture.
Introduction of 1,4-benzenediboronic acid
or 4,4'-biphenyldiboronic acid led to the
formation of bis(clathrochelate) complexes
Sand6inaone-pothomologation approach.
The yields of these compounds are 31%
and 27% respectively, the major side prod-
uct in each case being 2. The second strat-
egy entailed the addition of either 4-iodo-
benzeneboronic acid or 4-alkynylben-
zeneboronic acid to the reaction mixture.
These starting materials, in combination
with di(n-octyl)glyoxime and FeCl,, led
to the formation of 7 and 8, in addition to
the symmetric clathrochelate complexes
functionalised with 4-pyridyl, 4-alkynyl or
4-iodo groups exclusively.

Alkynyl- and iodo-functionalised bo-
ronic acids were employed in the syn-
thesis of 7 and 8 since these functional
groups may be connected using a standard
Sonogashira cross coupling approach.[®!
This technique enabled the rod-shaped,
4-pyridyl-functionalised homologated
bis(clathrochelate) complexes 9-11 to be
prepared (Scheme 3). Metalloligand 9 was
prepared through the direct coupling of 7
and 8, metalloligand 10 by coupling two
molecules of 8 with 1,4-diiodobenzene
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Scheme 1. Synthesis of 3,3'- and 4,4'-bipyridyl clathrochelate based

metalloligands 1-4.

(B), and metalloligand 11 by coupling two
molecules of 8 with a symmetrical clathro-
chelate complex functionalised with 4-io-
do groups at each end (A).

The structures of 2 and 5 were unambig-
uously confirmed by single crystal X-ray
crystallography (Fig. 1) and their internal
NN distances revealed to be 1.5 nm and
2.7 nm respectively. Additionally, a molec-
ular modelling approach was developed to
predict the lengths of 6 and 9-11, which
combined molecular dynamics with the
single crystal structure data of 2 and 5. This
technique confirmed the NN distance in
11 to be 5.4 nm. The fact that a building
block of this length can be prepared from
simple starting materials in two steps il-
lustrates the benefits that clathrochelate
complexes offer in terms of both their size
and the extent to which they may be func-
tionally modified through the boronic acid
capping group. By means of comparison,
Stoddart, Yaghi and coworkers reported
the synthesis of an oligophenyl building
block with terminal hydroxycarboxylic
acid groups 5.0 nm in length, which was
prepared by an 11-step synthesis.["!

Scheme 2. Synthesis
of the clathrochelate
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complexes 5-8.

In order to demonstrate the potential
of 4,4'-bipyridyl clathrochelate metallo-
ligands as building blocks for coordina-
tion-driven self-assembly, we incorporat-
ed 2 into representative 2D and 3D supra-
molecular architectures. A 2D molecular
square (12) was synthesised by heatinga 1:1
mixture of 2 and fac-Re(CO),(CH,CN),Cl
in chloroform. This heterometallic as-
sembly was unambiguously characterized
by single crystal X-ray analysis (Fig. 2).
In addition to this discrete architecture,
we prepared a mixed-ligand 3D coor-
dination polymer. Heating a solution of
Zn(NO3)2-6H20, 4,4'-biphenyldicarboxyl-
ic acid (bpda) and 2 in a 1:1 mixture of

dimethylacetamide (DMA) and xylenes
in a sealed vial led to the formation of
[Zn (bpda),2(solv.) ] (13) as a red crystal-
line product. This material was also charac-
terised by single crystal X-ray diffraction,
revealing a twofold interpenetrated pillar
layer structure, in which the metalloligand
2 bridges Zn(bpda) layers. Despite the con-
siderable steric bulk of the clathrochelate
complex, 13 possesses a solvent accessi-
ble void volume of 49% as determined by
PLATON.[® The structure is also heavily
distorted from ideal geometry, alluding to
a potential structure-directing influence of
the clathrochelate complex itself.

Having established the credentials of
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Scheme 3. Synthesis
of 9-11bya
Sonogashira coupling
homologation ap-
proach. Adapted from
ref. [5a] with permis-
sion from the Royal
Society of Chemistry.

Pd L '>* architecture is completely selec-
tive and no secondary species or side prod-
ucts were observed to form.

The geometrically variable nature of
3,3'-bipyridyl ligands is illustrated in the
crystal structure of Pd 3 ,'** showninFig. 3.
Due to the inversion symmetry about the
centre point of the cage, there are six pairs
of identical clathrochelate metalloligands
comprising the structure. The angles be-
tween the planes of the pyridine rings with-
in these individual building blocks are 9.3°,
13.7°,20.6° 66.8° 89.2° and 90.0°, despite
the fact that the geometry of the octahe-
dral array formed by the Pd** ions is close
to regular. The six different conformations
observed in Pd 3, '** are adopted in order
to achieve the lowest energy conformation
within the crystal, yet solution-phase NMR
measurements show only one set of clath-
rochelate pyridine ring and oxime substitu-
ent protons, suggesting that conformation-
al change is fast on the NMR timescale.
Furthermore, in contrast to the assemblies
reported by Fujita, the Pd L ,'** structure
contains no trench-like PdLL Pd macrocy-
clic motifs, in which two 3,3'-bipyridyl
ligands bridge the same two Pd** ions. We
propose that this is due to the steric bulk of

4,4'-bipyridyl metalloligands based up-
on clathrochelate complexes as building
blocks in coordination-driven self-assem-
bly, we turned our attention to the analo-
gous 3,3'-bipyridyl complexes 3 and 4.
3,3'-Bipyridyl ligands comprised of two
3-pyridyl rings bridged by a linker group
possess variable coordination vectors and
are, consequently, inherently unpredicta-
ble building blocks.[5?! Rotation about the
pyridine-linker bond enables an infinite
number of conformations to be obtained
and, hence, these ligands typically lead
to the self-assembly of smaller, entropi-
cally favoured supramolecular structures
in the presence of a suitable metal ion,
rather than expanded architectures."!
However, we envisaged that the steric
bulk of the clathrochelate complex cores
of 3 and 4 would prevent the formation of
small assemblies and encourage the forma-
tion of expanded arrays instead. Inspired
by earlier results obtained by Fujita
and coworkers, in which Pd.L % dou-
ble-walled triangles and Pd,L.** tetrahedra
were formed by combining ‘traditional’
ligands 1,4-di(pyridin-3-yl)benzene or
4,4'-di(pyridin-3-yl)-1,1'-biphenyl with a
naked Pd** ion,[® we added a Pd** salt to a
solution of either 3 or 4 in acetonitrile and
observed the formation of a single, highly 2
symmetric species by NMR spectroscopy

1.5

nm

in both cases. Subsequent MS and crystal-
lographic analysis revealed the formation
of Pd,L ,"** (where L = 3 or 4) octahedral
cage assemblies. The self-assembly of the

Fig. 1. Molecular structures of clathrochelate-based bipyridyl ligands as determined by X-ray
crystallography (2, 5) and molecular modeling (6 and 9-11). The n-octyl side chains of 9-11

are substituted by methyl groups. Colour coding: C: grey, B: green, Fe: orange, N: blue, O: red.
Adapted from ref. [5a] with permission from the Royal Society of Chemistry.
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12

13

Fig. 2. Molecular structure of 12 (left) and 13 (right) in the crystal. C: grey, B: green, Fe: orange, N:
blue, O: red, Re: magenta, Zn: cyan. Only one of the two interpenetrating networks of 13 is shown

and hydrogen atoms have been omitted for clarity.

Fig. 3. The X-ray crystal structure of (Pd.3,,)
(NO,),,- C: grey, B: green, Fe: orange, N: blue,
O: red, Pd: cyan. Hydrogen atoms and anions
omitted for clarity.

the clathrochelate complex preventing two
ligands from being in the close proximity
necessary to form a PdL Pd macrocycle.
The structure-directing steric properties of
clathrochelate-based metalloligands were
alluded to in the structure of the coordi-
nation polymer 13 but, in the case of the
assembly of Pd L ,'** octahedral cages, the
sheer size of the clathrochelate complex is
better described as structure-determining,
as it enables an entirely new structure to
be formed. Despite the fact that Fujita’s
work entailed the application of building
blocks with the same geometry as 3 and 4,
the outcome of the self-assembly process
was completely different, because of the
vast differences in steric bulk.

The Pd 3 ,"** cage possesses a large
internal cavity and, consequently, experi-
ments were undertaken to investigate the
guest encapsulation properties of this as-
sembly. Given the overall 12+ charge of
the complex, along with the CH, groups
lining the interior of the structure, it was

expected that hydrophobic anions would
be good candidates for guest uptake. The
BF,” anion was observed to bind by "“F
NMR, and the rate of exchange between
bound and unbound BF,~ was found to be
fast on the NMR timescale at room tem-
perature in the case of Pd631212+, but slow
in the case of Pd 4 ,'*, presumably since
the larger cyclohexyl groups of 4 block,
to some extent, the facial apertures of the
cage. The difference in activation free en-
ergy of the BF,” anion exchange process
between cages Pd 3 "> and Pd 4, ,'** was
calculated to be approximately 16 kJmol-'.
This result illustrates a relationship be-
tween the size of the oxime substituents
of the clathrochelate complex and the
functional characteristics of the cage. The
much larger BPh,”~ anion was also found
to associate with Pd 3, ,"** and the binding
constant calculated to be K = 2.4(x0.3)
x 10* M in CD,CN by 'H NMR exper-
iments. The rate of BPh,~ binding is slow
on the NMR timescale at room tempera-
ture. In the more polar solvent mixture of
2:1 CD3CN:DZO, the association constant
is greater than 10° M~', whilst in the sig-
nificantly less polar solvent mixture of 1:1
CDCI,:CD,CN, the association constant is
too small to calculate reliably. The strong
influence that solvent polarity has over the
binding of BPh,” by Pd 3 ,"** suggests that
solvation (hydrophobic) effects play a sig-
nificant role in the free energy of associa-
tion. Encapsulation of BPh,”was unambig-
uously confirmed by single crystal X-ray
crystallography, and Fig. 4 shows part of
the structure of the mixed salt [BPh,@
Pd63]2][BF4]m[BPh4]n, where m + n = 11,
clearly depicting the position of a single
BPh,” anion within the cavity of Pd 3 ,'**

In conclusion, we have prepared Fe(1r)
tris(dioxime) clathrochelate complex-
es functionalised with 3- and 4-pyridyl
groups, and subsequently demonstrated
their applications as metalloligands in the

coordination-driven self-assembly of su-
pramolecular structures. Building blocks
up to 5.4 nm in length bearing 4-pyridyl
capping groups have been synthesised
from simple starting materials in one or
two steps, and incorporated into a repre-
sentative 2D molecular square and 3D
coordination polymer. Furthermore, oc-
tahedral cage complexes with an unprec-
edented structure were prepared from
clathrochelate complexes capped with
3-pyridyl groups in combination with Pd*
ions. In this case, not only was the clath-
rochelate complex itself shown to deter-
mine the outcome of the self-assembly
process and enable a new structure to be
formed, but the substituents of the oxime
ligands were found to strongly influence
the rate at which a cage was able to bind

Fig. 4. Part of the X-ray crystal structure of
[BPh,@Pd3,.][BF,] [BPh,] , highlighting the
encapsulated BF,~ (yellow-green) and BPh,~
(magenta) anions. External anions, hydrogen
atoms and solvent molecules are omitted

for clarity. Reproduced from ref. [5b], Royal
Society of Chemistry.

and release an anionic guest. The results
presented herein demonstrate that clathro-
chelate-based 3,3'- and 4,4'-bipyridyl met-
alloligands are highly promising building
blocks for the preparation of functional su-
pramolecular architectures. Work is ongo-
ing in our laboratory to continue to explore
and exploit the novel self-assembly behav-
iour of these complexes, whilst preparing
clathrochelates bearing other functional
groups appropriate for self-assembly ap-
plications.[10]
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