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A metallosupramolecular [Pd,L,]**

cage can be cleanly converted
into a [Pd,L,Cl;] metallo-macrocycle upon addition of chloride
ions. The process is reversible, treatment of the [Pd,L,Cly] macro-
cycle with silver() ions regenerates the [Pd,L4]** cage. Additionally,
it is shown that guest molecules could be released on chloride

triggered cage dis-assembly and taken up anew on re-assembly.

The ready synthesis’ and molecular recognition properties
of metallosupramolecular assemblies have resulted in these
systems being examined for a variety of potential applications.”
The host-guest properties of these metallosupramolecular
assemblies have been exploited for a variety of proposes,
including molecular storage of reactive species,’ the binding
of environmental pollutants,” catalysis,” and the delivery of
biologically relevant molecules including drugs.® The ability of
metallosupramolecular assemblies to selectively bind guest
molecules within their internal cavities is clearly extremely
important for these applications. However, just as useful as
guest encapsulation, but harder to attain, is the ability to
controllably release the guest from the cavity when required.
There are two different approaches to induce guest release from
metallosupramolecular assemblies: (1) alteration of the guest
and its binding affinity for the host (Fig. 1a), or (2) modification
of the host and its binding affinity for the guest (Fig. 1b-d).
Examples of both approaches have been demonstrated previously.
A number of groups have shown that neutral guest molecules will
be expelled from cationic host cages upon introduction of positive
charge onto the guest, either by protonation or oxidation.**’
Others have shown that light switchable guest molecules can be
released from a cationic host cage upon UV irradiation.® In these
systems the properties of the guest are altered by some stimulus
while the host remains unchanged (Fig. 1a). An alternative
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Fig. 1 Generic cartoon representations of stimuli-responsive guest release
from metallosupramolecular assemblies; (a) stimuli induced alteration of the
guest, (b) stimuli induced alteration of the host binding affinity for the guest
with retention of the host's three-dimensional structure, (c) complete dis-
assembly of the host architecture (d) partial dis-assembly of the host
structure.

method is to modify the host and therefore its binding ability
while leaving the guest molecule unchanged (Fig. 1b-d). There
are number of ways in which this can be achieved. Yam and
co-workers® have shown that Pt-containing guest molecules can
be released from [Pt,L,]** metallo-rectangles by protonation of the
endotopic pyridine units that line walls of the cavity of the
assembly. Clever and co-workers have developed a [Pd,L,]*" cage
that binds a [B;,F1,]*~ anion. Irradiation of the host-guest adduct
with UV (365 nm) induces an isomerization of the cage’s ligands
and expels the guest from the host cavity.'® Transmetallation has
also been exploited to trigger guest release. Addition of Cu(i) ions
to a Cd(u) ML, assembly leads to the release of encapsulated
anionic croconate guest molecules."" In these examples the
metallosupramolecular assemblies’ overall three-dimensional
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connectivity is retained but the stimulus alters the host’s binding
ability and leads to release of the guest molecule (Fig. 1b).

Guest release can also be achieved by exploiting the dynamic
nature of the metal-ligand interaction to either completely
(Fig. 1c) or partially (Fig. 1d) dis-assemble the metallosupra-
molecular host. Nitschke and co-workers have developed a
family of tetrahedral [Fe,L¢]®" cages which can bind a variety
of neutral guest molecules. Treatment of these cages with
either acid or tris(2-ethylamino)amine leads to the complete
dis-assembly of the cages, releasing encapsulated cyclohexane'?
or SF¢* guest molecules. Others have developed systems that
operate in a similar fashion. Yoshizawa and co-workers synthesised
a [Ag,L,]*" metallo-macrocycle from an anthracene-containing
dipyridyl ligand and showed that it can strongly bind the
fullerene Cgo."* UV irradiation of the [Cgo = Ag,L,]*" host-guest
adduct causes the reduction of the Ag(i) ions to Ag(0) leading
to the disintegration of the metallo-macrocycle and release of
the encapsulated Cgo. Using the same anthracene-containing
dipyridyl ligand Yoshizawa and co-workers generated a [Hg,L,]**
cage system.' Like the Ag(1) metallo-macrocycle the [Hg,L,]*"
cage is capable of encapsulating Cg, or C, fullerenes. Addition
of two equivalents of Hg”>" causes the [Ceo=Hg,L4]*" cage to
rearrange to form two [Hg,L,]*" metallo-macrocyles and release
of the fullerene guest. Reformation of the [Hg,L,]*" cage and
re-binding of the fullerene was achieved through addition of
two equivalents of free ligand to the metallo-macrocycle full-
erene mixture.

As part of our interest in functional metallosupramolecular
assemblies'® we have developed a [Pd,L,]** cage system, utilising
‘banana-shaped’ 2,6-bis(pyridin-3-ylethynyl)pyridine ligands,
which can bind the anti-cancer drug cisplatin.'® We have shown
previously, that the cage can be completely dis-assembled using
an excess of 4-(N,N-dimethylamino)pyridine (DMAP) or chloride
(CI7) to release the cisplatin guest. We herein report the forma-
tion of a new, more soluble, [Pd,L,]*" cage using a diglyme
substituted tripyridyl ligand, L. This new system can be rever-
sibly toggled between the cage and its corresponding [Pd,L,Cl,]
metallo-macrocycle by the sequential addition of tetrabutyl-
ammonium chloride ([NBu,]Cl) and AgBF, as stimuli. Furthermore,
it is demonstrated that the cage can interact both endo- and
exo-hedrally with guest molecules which can be released from
the cage (Fig. 2a) upon treatment with chloride.

The ligand (L, Fig. 2b), substituted with diglyme chains on
the terminal pyridine rings for improved solubility, was synthe-
sised in good yield (71%) using standard procedures (ESIt)."”
Addition of [Pd(CH;CN),](BF,), (1 eq.) to an acetonitrile (CH;CN)
solution of L (2 eq.) gave the cage, [Pd,L,](BF,), (C) in good yield
(Fig. 2b and ESIt). The identities of the ligand and the cage were
confirmed by 'H, >C and DOSY NMR and IR spectroscopies and
high resolution electrospray mass spectrometry (HR-ESMS)
(Fig. 3 and ESIt). The "H NMR spectrum of C (Fig. 3b and ESIt)
showed a single set of peaks, with the proton resonances of the
terminal pyridine (H._.) shifted downfield relative to L (Fig. 3a
and b and ESIY), consistent with complexation of L to the
palladium(u) ions. Further solution phase evidence for the
formation of the desired discrete cage architecture was obtained
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Fig. 2 (a) A cartoon showing the chloride induced conversion of a [Pd,L4l(BF4)4
(C) into a metallo-macrocycle [Pd,L,Cly] (M) with release of both endo- and
exo-hedrally bound guest molecules; (b) the molecular structures of the
ligand (L), cage (C) and metallo-macrocycle (M). The scheme (b) shows the
formation of C from L and [Pd(CH3zCN)4I(BF4)4 and the reversible formation
of M using [NBu4ICl and AgBF, as stimuli. Colours: carbon, grey; chloride,
green; nitrogen, blue; oxygen, red; palladium, magenta. Hydrogen atoms,
counterions and solvent molecules were omitted for clarity.

from the "H DOSY NMR of L and C. Each of the proton signals
in the individual spectra show the same diffusion coefficients
(DL =4.59 x 107" m* s7", D¢ = 2.16 x 10" m* s~ "), indicating
that there is only one species present in each solution (ESIt). The
ratio of the diffusion coefficients of the ligand and palladium
complex in d,-dimethyformamide (DMF) was approximately 2: 1,
consistent with the formation of a larger molecular cage
species. Mass spectra (HR-ESMS) of the cage C in DMF-CH;CN
solution displayed a series of isotopically resolved peaks due to
[Pd,L,]“~™" (BF,), (where n = 1-3) ions along with peaks due to
fragmentation of the cage structure (ESIt). Additionally, the
molecular structures of the ligand (L) and the cage (C) were
determined unequivocally by X-ray diffraction (Fig. 2b and ESIf).
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Fig. 3 Stacked, partial *H NMR spectra (500 MHz, d7-DMF, 298 K) show-
ing (a) free ligand L, (b) cage C, (c) addition of [NBusICl (4 eq.) giving
macrocycle M and ligand L, (d) addition of AgBF4 (4 eq.) giving C, (e)
addition of [NBu,4l(OMs) (2 eq.), (f) addition of [NBu,4ICl (4 eq.) giving M and
L, and liberated MsO™ anions, (g) addition of AgBF4; (4 eq.) leading to
reformation of host—guest adduct [(DMF),(MsO™),=CI?*, (h) C, (i) addition
of cisplatin (excess), giving [(cisplatin), = C]** host—guest adduct, (j) addi-
tion of [NBuylCl (4 eq.) giving M, L, and liberated cisplatin molecules, and
(k) addition of AgBF4 (4 eq.) resulting in the reformation of the host—guest
adduct [(cisplatin), = C]**.

Addition of four equivalents of tetrabutylammonium chloride
to a d,-DMF solution (0.75 mM) of the cage C resulted in the
formation of new two species (Fig. 3c). The chemical shifts and
diffusion coefficient for one of the two species in solution were
identical to those of the ligand L, suggesting that chloride ions
were displacing some of the ligands L from the palladium(u)
cage complex forming a mixture of free L and a new neutral
metallo-macrocycle [Pd,L,Cl,] (M). The proton chemical shifts
and diffusion coefficient (Dy; = 3.10 x 10~'® m* s™') for the new
species were intermediate between those of C and L, consistent
with the formation of the neutral, chloride-containing complex M.
Vapour diffusion of diethyl ether into a DMF solution con-
taining a mixture of M and L provided X-ray quality crystals
of the new palladium complex unambiguously confirming
the formation of the neutral metallo-macrocycle architecture
(Fig. 2b and ESIt)."'®

Interestingly, efforts to prepare M independently by reacting
[Pd(CH3CN),Cl,] and L resulted in only insoluble polymeric
products indicating that the preorganisation provided by the
cage C was essential for the clean generation of the metallo-
macrocycle. Treatment of the d,-DMF solution (0.75 mM) of M
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and L with four equivalents of AgBF, abstracted the chloride
ions from M and led to the reformation of the [Pd,L,](BF,)s
cage (C). Thus we have generated a stimuli-responsive system
that can be toggled cleanly between two different metallo-
supramolecular architectures, a cage and a metallo-macrocycle,
by the addition or removal of chloride ions.

We have previously shown that related dipalladium cages
are able to bind both neutral cisplatin®®*® and anionic®®
mesylate (MsO™) guest molecules.” "H NMR spectra of mixtures
of the new diglyme substituted cage and these guest molecules
indicated that C retains the host-guest capability of the previously
reported palladium(u) cage systems and bind both cisplatin and
mesylate (Fig. 3).

Mixing cisplatin (excess) and [Pd,L,|(BF4), in d,-DMF
solution results in a downfield shift and broadening of the
proton resonance H. of the cage NMR (Fig. 3h and i, Ad =
0.05 ppm), indicative of cisplatin encapsulation as we have
observed previously.'*'® In d,-DMF the shift is smaller than
those observed in CD;CN solution'*'® indicating that the inter-
action is weaker. "H NMR titrations showed that the interaction
between C and cisplatin, in the highly competitive DMF solvent,
is extremely weak (K; =2+ 1M ', K, =5 4+ 2 M, ESI¥).

Similar NMR experiments confirmed the interaction of
mesylate anions with C. A "H NMR mole-ratio®* titration of C
with the mesylate guest indicated that two MsO™ guests bind to
the cage (ESIf). Addition of tetrabutylammonium mesylate
(2 eq.) to a d,-DMF solution of the cage C caused downfield
shifts of the proton resonances H. and H.. The shift of proton
H. (Ad = 0.45 ppm) was the largest (Fig. 3e), suggesting that the
MsO™ anions are binding on the exo-hedral face(s) of C. The
association constants (K; = 1000 =100 M ', K, =180 20 M 1),
for the interaction of the mesylate anions with C were deter-
mined using "H NMR titration (ESIT), the values are similar to
those observed in related host-guest systems.>' Slow vapour
diffusion of diethyl ether into a DMF solution containing C and
ten equivalents of tetrabutylammonium mesylate resulted in
X-ray quality crystals of the host-guest adduct. The molecular
structure (ESIt) confirmed that two mesylate anions bind on
the two exo-hedral faces of the dipalladium complex and two
DMF molecules fill the central cavity of the cage giving a
[(DMF),(MsO ™), =C]** host-guest adduct.

This interesting behaviour allows the possibility of C bind-
ing two cisplatin and two mesylate anions at the same time.
Pleasingly the "H NMR spectrum (ESIf) of a d,-DMF solution
containing cisplatin (excess), tetrabutylammonium mesylate
(2 eq.) and [Pd,L,]*" was consistent with C interacting all
four guest molecules simultaneously; two cisplatins bound in
the central cavity and two mesylate anions binding on the
exo-hedral faces of the cage.

Having confirmed the guest binding abilities of C we set out
to see if the chloride induced structural rearrangement to the
metallo-macrocycle M would lead to guest release. Addition of
tetrabutylammonium chloride (4 eq.) to d,-DMF solutions con-
taining one of the host-guest adducts (either [(cisplatin), = C]*",
[(DMF),(MsO ™), =CJ** or [(cisplatin),(MsO ™), =C]**) resulted in
essentially identical "H NMR spectra (Fig. 3f and j and ESIf).

This journal is © The Royal Society of Chemistry 2015
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The proton chemical shifts and diffusion coefficient of M and L
in these spectra were identical to those observed when C was
reacted with tetrabutylammonium chloride (Fig. 3c) indicating
that the metallo-macrocycle M and the ligands L do not interact
with either neutral cisplatin or anionic mesylate guests. Thus
chloride triggered formation of M is accompanied by guest
release (either two cisplatin, two mesylates or all four guests).>®
Presumably the mesylate anions do not interact with the metallo-
macrocycle M because this neutral complex lacks the strong cation—-
anion interactions that are present in the [(DMF),(MsO ),cC]**
host-guest adduct. The lack of interaction of cisplatin with M
can potentially be ascribed to the ¢rans orientation of the central
pyridyl hydrogen bond donors of the metallo-macrocycle. This
new orientation means that they are no longer able to interact
with both of cissammine ligands of cisplatin in a chelating
fashion. Addition of AgBF, (4 eq.) to these mixtures of M, L
and guest molecules resulted in the reformation of the cage C
and restored the host-guest interactions (Fig. 3g and k).

In conclusion we have developed a new diglyme substituted
[Pd,L4]*" cage which can be cleanly converted into [Pd,L,Cl,]
metallo-macrocycle upon the addition of four equivalents
of chloride. The initial [Pd,L,]*" cage can be quantitatively
reformed by treating the mixture of [Pd,L,Cl,] and 2L with
Ag(1) ions. The cage showed the capacity to bind two cisplatin
molecules within the internal cavity of the architecture and two
mesylate anions on the exterior face, or all four guests simulta-
neously. Additionally, it was demonstrated that the guest mole-
cules, bound either endo- (within the cage cavity) or exo-hedrally
on the exterior face of the Pd(u) cage, were released into solution
on chloride triggered cage dis-assembly and taken up anew on
re-assembly.

As Pd(n)-based systems®® are one of the most common
classes of metallosupramolecular architectures we are now
examining if this chloride triggered cage dis-assembly can be
applied to other larger Pd(u)-containing assemblies. The ability
to controllably release or recall guests from metallosupramole-
cular architectures has potential in wide-ranging applications
such as drug delivery, catalysis and environmental remediation.
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