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The introduction of photoactive metal centres onto cyclodextrin receptors opens up new
possibilities for the design of sensors, wires and energy conversion systems. This tutorial review

focuses on strategies involving such metallocyclodextrins for the construction of supramolecular

arrays with light-activated functions. The assembly procedures for building such arrays are

presented, together with the features required for their functions both as sensors for ion or small
molecule detection and as wires for photoinduced long-range energy or electron transport.
Systems for metal ion sensing are described where the cyclodextrin plays a mediating role in
influencing the luminescence properties of an organic probe, responsive to metal binding. Small

molecule sensing by the cyclodextrin cavity is realised using luminescent lanthanide or transition
metal functionalised cyclodextrins. The light signal of the photoactive metal is switched on or off
upon binding an analyte in the cyclodextrin cavity. The metallocyclodextrin systems that function
as wires are distinguished by the controlled assembly of transition metal polypyridine and

metalloporphyrin units. These units have inherent photoactivity that defines the vectorial

direction of energy or electron transfer processes through the wire.

1. Introduction

The design of supramolecular systems, where the different
molecular components are held together via non-covalent
interactions, is progressing towards more sophisticated archi-
tectures where covalent bond synthesis cannot compete due to
the high molecular complexity involved.! The elegance of the
supramolecular approach is realised in photochemical systems
where selective tuning of the properties of the molecular
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components can encode advanced functions in miniature
devices.? Light activated supramolecular systems have received
much attention, in particular for the development of informa-
tion storage systems in the nanotechnology field.> In this
context, it is attractive to design photomolecular devices with
functions such as sensing, energy transport or storage, or
directional electron transfer that have potential for optical and
electronic applications in switches, molecular wires or energy
conversion systems. Molecular receptors are popular building
blocks for functional architectures. There are two principal
reasons for this. Firstly, the structural features that determine
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their molecular recognition properties for inclusion can be
modified for selective binding of differently sized molecules.
This is particularly desirable in the design of sensors and
switches. Secondly, the size and bulkiness of receptors may
vary; it can be envisaged that a receptor with length spanning
only around 15 A is already in the nanosize regime and it may
thus be used to give access to architectures of several
nanometres by assembly in just a couple of steps. This is
important for positioning components at nanoscale distances
in order to control long-range energy and electron transfer
processes.

Cyclodextrins are ideal molecular receptors for building
supramolecular functional systems. They are natural, water-
soluble cyclic oligosaccharides* with rigid, bucket shaped
hydrophobic cavities for inclusion of small molecules. They are
commercially available (obtained by the degradation of starch)
which makes them attractive “ready-made” molecular recep-
tors in contrast with others that require multi-step synthetic
procedures. As a consequence, their host properties have been
well studied® and they have stimulated a wealth of analytical
applications,® some of which have been commercialised. The
most common cyclodextrins consist of six, seven or eight o-1,4
linked glucose units, named o-, B-, y-cyclodextrin (CD)
respectively (Scheme 1). The glucose arrangement leads to a
bucket shaped molecule with the primary hydroxyl groups
arranged on the narrow side of the cup while the secondary
ones are hydrogen-bonded in the wider rim (Scheme 2). The
difference in hydroxyl group reactivity allows selective
functionalisation of the primary or secondary rims based on
carbohydrate methodology. A clear benefit to cyclodextrin
chemistry has been the advances in high-field NMR methods
in the last couple of decades that have made possible detailed
identification of the glucose substitution sites in cyclodextrin
derivatives.

The interaction of metal ions or complexes with cyclodex-
trins has been of extensive interest in order to bring diverse
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Scheme 1 Cyclodextrin buckets of different sizes, depicting the

approximate size of the inner and outer cavities.

properties to the “sugar’ receptor, from the design of catalysts
and enzyme mimics to sensors and molecular wires. This
review focuses on the designs and features of cyclodextrin-
based systems which exhibit a photoactive function induced or
introduced by the metal ion or unit; hence the definition of
metallocyclodextrins.

The employment of metallo-units in photochemical devices
is attractive due to the inherent redox and photochemical
properties of metal centres. The excited states of certain metal
ions or complexes are sufficiently long-lived in solution to
either release their energy as luminescence or to participate in
energy and electron transfer processes as a donor or acceptor
species. The most favourable energy or electron pathway will
be determined by the energy difference of the excited states or
the difference of redox potentials between the donor-acceptor
pair. In a supramolecular system a photoinduced energy (eqn.
1) or electron transfer process (eqn. 2) between donor—acceptor
is described as an intercomponent process’ to distinguish it
from intermolecular or intramolecular processes.
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From the different available molecular receptors, cyclodex-
trins are particularly attractive for construction of supramo-
lecular architectures with a photochemical function for several
reasons. Firstly, in respect to photochemical activity, cyclo-
dextrins are optically transparent with no light absorption in
the ultraviolet and visible part of the spectrum where most of
the aromatic and inorganic complexes absorb; consequently
there is no interference of the light signal. Secondly, the
cyclodextrin cavities fit common organic guest molecules with
relatively high binding constants since they are well defined
and relatively rigid. These properties are important both for
sensing of small molecules and for high-yield construction of
supramolecular arrays. Moreover, the size of the cavity varies
according to the number of glucose units (o, B, v) allowing a
selection factor in their recognition properties. Thirdly, CDs
are water soluble, non-toxic and “‘environmentally friendly”,
since they consist of sugars, and can be used in applications
from food industry to waste water treatment. The construction
of supramolecular assemblies in aqueous solution is a
challenge in order to address mechanisms of processes
encountered in natural systems. Fourthly, the assembly of
nanoscale functional objects is feasible using cyclodextrins
since the cyclodextrin receptor spans a couple of nanometres

Scheme 2 B-CD: chemical structure, side and top view. Hydrogen atoms are omitted for clarity.
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and has a nanosized cavity. Finally, cyclodextrins have
intrinsic chirality with potential preferential binding of
stereoisomers, an important advantage for delivery or detec-
tion of active target drugs or amino acids. Metallo-
cyclodextrins combine these attractive cyclodextrin features
with the electro- and photoactive properties of the metals in a
single molecule and this makes metallocyclodextrins unique
building blocks for the development of sophisticated supra-
molecular devices.

2. Cyclodextrins as supramolecular mediators for the
sensing of ions

Fluorescence-based methods are popular for analyte detection
due to their high sensitivity, facile sample handling and
recovery. Metal ion detection has been of wide interest in
industrial applications such as waste disposal and recovery as
well as for probing the roles of metal ions in natural systems.
In the approaches discussed below, cyclodextrins have been
employed as mediating units for structural organisation of
photoactive moieties, forming supramolecular systems invol-
ving metal ions either as analytes or as indirect indicators of a
sensing event.

The strategy involves modulation of the properties of an
organic fluorophore by its inclusion in the cyclodextrin cavity.
The fluorescence signal of an organic fluorophore is most
commonly increased by its inclusion in the cyclodextrin cavity
due to restriction of its rotational freedom, and hence
limitation of deactivation pathways, or due to the change in
the medium polarity between bulk water and a hydrophobic
cavity. This fluorescence change by insertion into the cavity
was used in the examples below as a sensing mechanism.
Another related sensing approach has involved the ability of
molecules with extended aromatic systems to form excimer
species (excited state complexes) in the hydrophobic environ-
ment of cyclodextrin cavities.

2.1. Sensing of transition metals

B-Cyclodextrins modified with dansyl fluorescent groups (I)
were used for detection of Cu(il) in solution.® The dansyl
group was linked to the primary side of B-cyclodextrin via an
ethylene diamine linker which allowed flexibility for the
dansyl group to be inserted in the cyclodextrin cavity. It was
shown by circular dichroism experiments that in aqueous
solutions the hydrophobic dansyl group was self-included in

+cu

the cyclodextrin cavity in an equatorial orientation (I). The
length of the linker proved to be important for the orientation
of the dansyl group in the cavity. Rigid linkers were shown to
favor an axial orientation. This self-inclusion was disturbed
upon addition of Cu(1r) which resulted in a drastic decrease of
the dansyl fluorescence signal. Copper(1l) coordinated to the
amine donor atoms and the deprotonated sulfonamide
forming a rigid linking moiety so that the dansyl group was
forced to either change orientation in the cavity (II) or to exit
the cavity (III) (Scheme 3). The process was monitored by
circular dichroism spectroscopy. The change in the dansyl
group environment affected the fluorescence signal which
provided a sensing mechanism for Cu(Il) detection. It is well
established that the fluorescence intensity of the dansyl is
decreased when the group is out of the cyclodextrin cavity or in
a conformation of increased rotational freedom. The fluores-
cence quenching effect was stronger in presence of I than for a
plain dansyl sulfonamide derivative without the cyclodextrin
receptor. Copper(1l) led to a more pronounced signal quench-
ing than other transition metals such as Ni(1I), Zn(11), Fe(r)
and Co(11), suggesting that I could be used for selective Cu(1r)
detection.

2.2. Amino acid sensing

The same copper dansyl-cyclodextrin system was also used in
a fluorescence back-titration for the sensing of amino acids.
Addition of copper-binding amino acids such as D-or
L-alanine, D-or L-tryptophan or D-or L-thyroxine to a solution
of copper dansyl-cyclodextrin II led to recovery of the dansyl
fluorescence signal. The system was further developed for
enantioselective sensing of amino acids by introduction of a
chiral linker between the cyclodextrin and the dansyl group
(IV).” The addition of amino acids to the Cu(ir) complex of IV
was monitored by fluorescence, electrospray mass spectro-
metry and circular dichroism. The increased fluorescence
signal displayed depended on the amino acid used and in
some cases on the absolute configuration. The best enantio-
meric recognition was displayed between the Cu(1l) complex of
the (S)-isomer of IV with D-proline. The mechanism of the
“switching on” of the chemosensor effect was attributed to a
competition between a binary complex formation between the
copper and the amino acid, and a ternary complex between the
amino acid, copper and dansyl-cyclodextrin. The binary
complex formation should lead to a fluorescent complex as
copper is removed from the dansyl-cyclodextrin complex and

or

Scheme 3 Sensing mechanism for Cu(ll) detection by change of environment around the dansyl group.
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the dansyl group is restored inside the cyclodextrin cavity
whereas the ternary complex formation should lead to a
weakly fluorescent complex.
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2.3. Alkali metal ion sensing

One approach for sensing an alkali metal ion involved a
cyclodextrin modified with an N-dansyl-L-lysine chain
attached to a monesin unit (V).'° Monesin was chosen as an
antibacterial compound with a binding cavity that fits Na*
selectively over other alkali metal ions. The cyclodextrin
derivative V was used for sensing steroids in the cyclodextrin
cavity by monitoring the dansyl group fluorescence. Addition
of a steroid was found to decrease the dansyl signal, which was
removed by its self-inclusion position inside the cavity by the
steroid binding event. Binding of Na® to V led to larger
fluorescence changes upon steroid binding. This behaviour was
more prominent for Na* than K*, Li* and Cs" in agreement
with the binding strengths of those cations to monesin. The
fluorescence sensing event was attributed to the formation of a
rigid, hydrophobic Na*—monesin cap on the cyclodextrin site
that increased the binding strength of the steroid guests.

Me_OH
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In another indirect approach the fluorescence of the pyrene
excimer was used as a probe for detection of alkali metal
ions.'" Pyrene molecules were functionalised with crown
ethers as binding sites for alkali metal ions. The size of the
crown ether was chosen so that an alkali metal ion such as K*
formed a sandwich complex between the two crown ether
units, bringing the pyrene moieties in close proximity in
aqueous solution (VI). In the presence of y-cyclodextrin the
pyrene dimers were included in the cyclodextrin cavity, and a
strong excimer signal was observed. The alkali ion selectivity
detection was regulated by the choice of the crown ether size.

2.4. Sensing of anionic guests

The fluorescence properties of the dansyl group upon inclusion
in the cyclodextrin cavity were employed together with the
affinity of Zn(i1)-cyclam for carboxylate anions.'? A peptide
was used as a scaffold to connect a dansyl group, a
B-cyclodextrin and a Zn-cyclam complex (Scheme 4). The
helical content of the functionalised peptide was studied by
circular dichroism spectroscopy. The positioning of the
components was selected such that the dansyl group is
included in the cyclodextrin cavity. Control experiments also
confirmed no involvement of Glu and Arg in coordination
with the zinc cyclam site. Upon addition of ursodeoxycholic
acid or l-adamantyl carboxylic acid, the dansyl signal was
quenched. This was attributed to the competitive binding in
the cyclodextrin cavity by the added carboxylate guest
(Scheme 4). Control experiments demonstrated the importance
of the Zn-cyclam unit to the sensitive detection of these
anionic guests.

3. Small molecule sensing by metallocyclodextrins

The most common strategy that involves cyclodextrin recep-
tors in photoactive sensing schemes for small molecules
involves the cavity as the recognition unit for detection of
small molecules, analytes, in solution. The cyclodextrin rim is
functionalised with a ligating site bearing a photoactive metal
centre that must be responsive to the presence of a guest in the
cavity. The sensing response is based on a turn-on or a turn-off’
signal of metal luminescence upon recognition of the analyte
by the cavity. The design of a luminescence responsive
supramolecular system based on cyclodextrin receptor involves
several selection parameters that need to be taken into
account: (a) the photophysical properties of the metal such
as long-lived luminescence lifetimes for electronic communica-
tion, (b) the photophysical mechanism for triggering the signal
on or off, (c) the distance of the photoactive metal from the
cavity and (d) the binding constant of the guest/analyte to be
detected in the cyclodextrin cavity. Lanthanide and ruthenium
photoactive centres have been attached to cyclodextrins for the
sensing of aromatic hydrocarbons, quinones and steroids.

3.1. Lanthanide-modified cyclodextrin sensors

Lanthanide ions such as Eu(ill) and Tb(il) are ideal
luminescent probes for participating in sensing schemes as
they have long lifetimes and visible emission, red and green
respectively. The detection of environmental toxins such as
aromatic hydrocarbons in water was tackled by bringing
together different recognition components in a supramolecular
system. Cyclodextrins were derivatised with a neutral crown

This journal is © The Royal Society of Chemistry 2005

Chem. Soc. Rev.,, 2005, 34, 120-132 | 123



~~ o-helix peptide

strong fluorescence signal

addition of carboxylate guest

o crrrennnn 0-helix peptide

weak fluorescence signal

Scheme 4 Sensing mechanism for anionic guests.

ether moiety'® (VII, VIII) or a tribasic aminocarboxylate
binding unit'* (IX) and these attached metal binding sites were
used to complex luminescent lanthanide(ill) ions such as
Eu(111) and Tb(111). The lanthanide binding units were attached
either in a mono- or a bi-capped fashion on the cyclodextrin
rim. The bi-capping of the lanthanide site (VIII, IX) to the
receptor was recognised to be a better arrangement rather than
a swing conformation (VII) since it would fix the lanthanide
sensor unit at a specific distance from the receptor site.
Distance is an important factor in energy transfer mechanism
and hence influences the sensor design. However, the
proximity of the charged lanthanide unit to the cyclodextrin
in VIII was shown to alter the receptor properties of the
cyclodextrin unit, limiting this complex to the detection of
polar guests. The design of the tribasic site for lanthanides in
IX gave a neutral complex unit and surmounted both of these
limitations.

The sensing mechanism was based on an absorption-energy
transfer-emission (AETE) process (detailed below) between the
aromatic guest and the appended lanthanide lumophore via
non-covalent bonds (Scheme 5). The lanthanide cyclodextrin
showed weak or no luminescence signal in aqueous solution
due to the lack of any sensitiser groups. Upon addition of an
aromatic hydrocarbon such as benzene, toluene or biphenylene
a strong, characteristic red or green (for Eu'™ and Tb™
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respectively) sharp lanthanide luminescence signal was
observed. This was attributed to inclusion of the hydrocarbon
in the cavity, which sensitised the lanthanide luminescence.
The sensitisation effect was optimised for the Tb(1I1) complex
of IX, which was used to detect ppm concentrations of
biphenylene in aqueous solutions with a signal “turning-on”
by a factor of 40. The sensitisation process involving excitation
of the light harvesting guest, energy transfer to the lanthanide
excited state and subsequent luminescence of the lanthanide
was described as an AETE process (Scheme 5). The mechan-
ism of the energy transfer was elucidated by time-resolved
luminescence spectroscopy and transient absorption techni-
ques.'> This approach to luminescence sensing is ideal for
applications, since it is based on a “switching-on” event of a
signal against a dark background.

A successful application of this supramolecular approach
was realised by fabrication of a microfluidic device based on
complex IX.'® Microfluidic devices provide a miniaturization
route for analytical and bioanalytical detection of fluid
samples on a chip. The secondary site of the cyclodextrin in
IX was derivatised with a vinyl acrylate moiety, which
provided a reactive site for polymerisation without disturbing
the structural arrangement of the cyclodextrin receptor and the
lanthanide sensor site. Thin films of the acryloyl polymers of
IX were immobilised by sol-gel techniques on quartz surfaces
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Scheme 5 (a) Sensing mechanism of aromatic light harvesting guests (LHG) by lanthanide derivatised cyclodextrins based on absorption-energy
transfer-emission processes within the supramolecular system. (b) A simplified energy diagram illustrating the AETE process.

patterned by photolithographic methods. Addition of a
biphenyl guest to the immobilised supramolecular receptor
showed enhancement of the luminescence signal, which
was dependent on the analyte concentration, as expected
for a direct detection response. The results demonstrated
that the supramolecular sensor preserved its solution
sensing luminescence properties for biphenyl in microfluidic
conditions.

Other lanthanide-modified cyclodextrins have also been
prepared. A macrocyclic unit based on 1,4,7,10-tetraazacyclo-
dodecane was used as the lanthanide binding site and was
attached to one or four methylated cyclodextrin receptors (X,
XI).!"” The sensitisation of the Tb(i) complex of X by
naphthoate guests and methyl-p-tert-butyl benzoate was
studied. The Eu(111) complex of the non-methylated cyclodex-
trin derivative of X was prepared for NMR studies of selective
binding between (R)- and (S)-enantiomers of histidinate
guests.'® A bis-cyclodextrin system linked by an EDTA bridge
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(XII) was reported to bind Eu(iil) and Tb(1ll) ions on the
EDTA bridge. The complexes acted as sensors for butyl-
benzoate guests.'” The lanthanide complexes of XII were
investigated for bifunctional recognition of bis-adamantyl
functionalised biphenyl derivatives. Recognition of both the
adamantyl ends of the biphenyl guest took place by both
the cyclodextrin cavities leading to emission enhancement of
the order of 300-fold.

Polypyridine derivatised cyclodextrins have also been
reported to coordinate to lanthanides leading to luminescent
lanthanide receptors. In one approach a hepta-bipyridine
substituted B-cyclodextrin (XIII) was shown to bind Eu(Ir)
and Tb (111) ions in the “barrel” at the primary side of the
cyclodextrin cavity formed by urea and bipyridyl hard and soft
binding sites.”®> We used a nine-coordinate Eu(1il) ion to
assemble three terpyridyl functionalised B-cyclodextrins (XIV)
around its coordination sphere leading to luminescent trimer
cyclodextrin receptors.?!
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3.2. Transition metal modified cyclodextrin sensors

Luminescent transition metal complexes are also appealing
components in the design of sensing systems due to their
photophysical and redox properties that enable them to take
part in photoinduced energy and electron transfer processes.
Rhenium(1) tricarbonyl**> and ruthenium(ir) photoactive cen-
tres>® were attached to cyclodextrins via 6-substituted bipyridyl
coordinating sites. Although no inclusion properties of the
cyclodextrins were investigated, it was reported that the Ru(1r)
complex showed lower quantum yield and lifetime values than
the parent units without cyclodextrins, which was attributed to
the steric influence of the 6-substituted bipyridyl on the
transition metal complex formation. Further development of a
bipyridine B-cyclodextrin substituted with a Re(1) tricarbonyl
photoactive unit showed quenching of the Re(1) centre upon
binding of an aromatic amine, attributed to electron transfer
from the amine to the Re(1) centre.>* We developed ruthenium
cyclodextrin systems based on terpyridyl functionalised
B-cyclodextrin (XV) for sensing quinone guests.”> In our
approach we used a methodology for permethylating all the
hydroxyl cyclodextrin functionalities apart from one which
was available for derivatisation with the metal ligating site.
The permethylated cyclodextrin derivatives were soluble in
organic solvents, readily allowing purification, whilst retaining
their aqueous solubility and removing the possibility of
hydroxyl interference with metal coordination. Upon excita-
tion of the ruthenium terpyridyl unit intramolecular electron
transfer took place from the ruthenium appended unit to the
quinone guest included in the cavity (Scheme 6). The system
was used for sensing quinone molecules by monitoring the
quenching of ruthenium luminescence upon addition of
different redox active quinones such as benzoquinone and
anthraquinone derivatives.”® The advantage of the ruthenium
terpyridine unit was that there was no contribution to the
quenching by bimolecular electron transfer. Quenching of
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ruthenium luminescence of up to 40% was observed for an
anthraquinone guest. The extent of quenching was shown to be
dependent not only of the accepting properties of the guest,
namely the redox potential, but also the amount of the bound
guest to the receptor and the guest’s proximity to the metal
centres. When benzoquinone was used as a guest, quenching of
Ru(11) luminescence of only around 25% was observed
(although it is a better electron acceptor than the anthraqui-
none derivative) due to its weak binding and consequent
distance from the metal centre. Stepwise addition of terpyr-
idine?® or bipyridine modified cyclodextrins®’ to ruthenium led
to complexes with two (XVI) or three (XVII) cyclodextrin
recognition sites. The quantum yield of the ruthenium core
unit was not affected by the presence of the cyclodextrin
cavities. These ruthenium complexes showed higher sensitivity
for detection of quinone guests at lower concentrations due to
the stronger binding of the multiple receptor sites. Ruthenium
and osmium podate cyclodextrins®’ with dual function
recognition sites for luminescent sensing were prepared based
on an hepta-pyridyl cyclodextrin system (XIII). The lumi-
nescence sensing of quinone binding to the cyclodextrin cavity
and phosphates binding to the urea sites was examined by the
quenching of the ruthenium luminescence. A cyclodextrin bi-
capped with a ruthenium bipyridine unit was also reported for
detection of benzoquinone guest.?® A rather low quenching of
Ru(11) luminescence of only 10% was observed, possibly due to
the weak binding of benzoquinone, due to the close proximity
of the charged metal unit to the cyclodextrin cavity.

A luminescent system with “switch-on” behavior for
detection of steroids was designed using a ruthenium tris-
bipyridine complex with six attached p-cyclodextrin cavities.?’
A 2,2'-bipyridine was functionalised at the 4- and 4'-positions
with two cyclodextrins (XVIII) attached by their secondary
site. Coordination of ruthenium led to a luminescent complex
with six cyclodextrin sites around the metal. The positions of
the bipyridine functionalisation and the spacer used to connect
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Scheme 6 Representation of the sensing scheme based on photoinduced electron transfer between Ru(ll) terpyridyl units and a quinone guest.
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the bipyridine to the cyclodextrin receptor were chosen to
avoid steric hindrance to the metal complex formation by the
bulky receptors around the bipyridine unit. Addition of
N,N’-dinonyl-4,4’-bipyridinium bromide led to luminescence
quenching of the ruthenium centre based on intramolecular
electron transfer from the bipyridinium electron donor to
Ru(11).*® Addition of ursodeoxycholic acid, lithocholic acid or
cholesterol restored the ruthenium luminescence signal. This
“switch-on” behaviour was based on competitive binding of
the steroid guest to the cyclodextrin cavity, replacing the
bipyridinium moiety and hence shutting off the intramolecular
electron transfer process, which quenches the ruthenium
luminescence.

(Xviil)

4. Metallocyclodextrins for the construction of
molecular wires

Nature provides many intelligent systems that are capable of
inducing directional motion of electrons and excitation energy
via non-covalent bonds leading to efficient charge separation.
It is challenging to design synthetic systems in which there is
similar control of energetic and structural directionality. Such

XVil

systems may introduce new applications in energy storage (via
efficient charge separation) or in new materials based on
molecular electronics. Metal-metal communication via photo-
induced energy or electron transfer has been studied exten-
sively for development of molecular wires.*! In these systems
the metal centres are linked via covalent bonds by rigid bridges
in a “rod-type” arrangement. Metallocyclodextrins represent a
versatile receptor system that can bring together donor and
acceptor units in one supramolecular structure via non-covalent
bonds (Scheme 7). This is achieved by functionalising the
cyclodextrin rim with one donor or acceptor unit and bringing
the other acceptor or donor into the cyclodextrin cavity as a
guest. In such a design the guest properties can be tuned by
simply swapping the guest, without the requirement to
completely reconstruct the macromolecular system. As
described above, ruthenium cyclodextrins were employed in
electron transfer schemes that showed communication from a
metal appended on the cyclodextrin rim to a guest inside the
cavity. These electron transfer examples from ruthenium
centres to quinones or viologens are important templates for
studying charge separation or wire function via non-covalent
bonds.

We established metal-metal communication through non-
covalent bonds between ruthenium centres appended to
cyclodextrins and osmium or iridium metalloguests. The

D = Donor
A = Acceptor

Scheme 7 Design of the assembly of metal units vie non-covalent
bonds by a cyclodextrin receptor.
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binding interaction of metal complexes as guests in
cyclodextrins has been studied by different spectroscopic
techniques.®” In our approach the metalloguests were designed
based on metal ligating sites with an appended hydrophobic
tail to recognise the cyclodextrin cavity.’® The assembly of a
ruthenium terpyridyl functionalised cyclodextrin and the
osmium metalloguest (IXX) was performed in water and
monitored by spectroscopic techniques. The Os(1lI) complex
was chosen as an ideal electron acceptor for the Ru(l1) centre.
The ruthenium luminescence lifetime showed a short compo-
nent of 100 ps, which was around 80% of the signal and a long
component of 1.9 ns corresponding to the ruthenium centre’s
lifetime without the guest. The short component was attributed
to quenching by photoinduced electron transfer from the
appended Ru(ll) to the Os(IIl) acceptor. The rate for this
intercomponent transfer in the supramolecular system was
estimated to be 9.5 x 10 s~ !, Independent binding studies of
the metalloguest with cyclodextrin indicated that at the
conditions of the experiment 80% of the cyclodextrin cups
were occupied by the metalloguest. A control experiment with
the photoactive metal units, Ru(il) and Os(IIl) in solution
without the cyclodextrin showed no short component in the
Ru(1n) lifetime, confirming the intramolecular process. A high
efficiency of this fast photoinduced process via non-covalent
bonds was postulated.

electron transfer

IXX

Vectorial control of energy transfer between the metallo-
guest and metal core centre was demonstrated when a
ruthenium tris-bipyridyl unit was used as the photoactive
core centre.** The donor-acceptor properties of the
ruthenium tris-bipyridyl core are more versatile than the bis-
terpyridyl system due to its longer luminescence lifetime. The
Ru(1r) core could act as an energy acceptor or donor

A (a)
energy transfer
5 RuCD —_— : ‘
% § 4 *Os-guest
hvs | f
1 hv, |
Y

RuCD - Os-guest

depending on the choice of the metal properties of the guest
(Scheme 8).

Light excitation of the assembly created by mixing an Os(1I)
guest and the Ru(1) cyclodextrin (XX) led to energy transfer
from the Ru(ll) inner core to the outer Os(iI) centre.’® A
signature of the energy transfer process was the observed rise
time of the Os(1I) luminescence which agreed with the short
component of the ruthenium luminescence. When an Ir(III)
metalloguest was used (XXI), the direction of energy transfer
was reversed. The ruthenium centre now acted as an acceptor
in this case where Ir(111) with a higher energy excited state was
introduced as a donor (Scheme 8). Energy transfer from the
Ir(111) to Ru(1r) was observed by monitoring the luminescence
lifetime of the Ir(111) complex.

A rather surprising result was obtained when the tail of
the metalloguest was changed from biphenyl to adamantyl;
the energy transfer slowed down. In the Ru-Os system
with biphenyl the rate was 8.3 x 10'° s™! while with
adamantyl it was 64 x 10% s~'. A similar effect was
observed for the Ru-Ir case. The adamantyl metalloguest
was expected to bring the metal centres closer in space than
the biphenyl one based on the inclusion properties and size
of the tail. Hence an argument based on the distance
between the two metal centres should have worked in favour
of the adamantyl guest. The effect thus showed the importance
of the conjugation of the tail in the communication
between the two metal centres via non-covalent interactions.
Although a dipole mechanism was expected, based on the
rather long distances between the donor and acceptor units
estimated around 16 A, the results suggested that an electron
exchange mechanism in the energy transfer rate was also
operational.

The involvement of manganese metal centres in the
catalysis of oxygen to water in green plant photosynthesis
led to an interest in attaching manganese centres to
cyclodextrins. It was shown that the secondary site of B-CD
provided an oxygen donor network for coordination of two
Mn(11) centres at the wider rim of the cyclodextrin cup.®* The
system was further developed to include a sensitiser for
photoinduced electron transfer.>> A ruthenium bis-bipyridyl
unit was attached to a phenanthroline derivatised cyclodextrin
(XXII) and a dinuclear Mn(1lI) unit was incorporated in
the secondary cyclodextrin site. The Ru(1I) excited state may
act as an electron acceptor in the presence of Mn(II).
Excitation at the Ru(ir) unit led to electron transfer from

(b)

*Ir-guest —Aﬁ\energy transfer

i  ———*RuCD
hV3 ; :

hV4 E
Y

Ir-guest - RuCD

Scheme 8 Simplified Jablonski energy diagrams to illustrate the energy transfer processes in the complexes RuCD-Os-guest (XX) and RuCD-Ir-

guest (XXI).
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Mn(111) to Ru*. The cyclodextrin acted as a bridge for the
donor—acceptor pair.
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Cyclodextrins derivatised with photoactive metallopor-
phyrin units have also attracted considerable interest. A

energy transfer

donor-sensitizer—acceptor triad attached to a protein matrix
was developed.®® A cyclodextrin derivatised with a Zn"
porphyrin unit was used for reconstitution of a myoglobin
leading to a cyclodextrin-appended Zn'" myoglobin, Zn-Mb—
CD (XXIID). A Ru" guest, Ru—VIO*", was designed with an
adamantyl unit attached to one bipyridine and a bis-viologen
cyclophane on the other bipyridine unit. The adamantyl unit
was chosen for inclusion in the cyclodextrin cavity so that the
ruthenium guest could bring together in space the viologen
unit and the Zn(11) site via non-covalent interactions. The bis-
viologen moiety was pre-assembled with the ethylene—oxo
macrocyle to form the Ru(il) cyclophane by n— m and
electrostatic interactions. The ruthenium-bipyridine core
acted as a sensitizer where the Zn' porphyrin was the
electron donor and the bis-viologen site the electron acceptor.
Excitation of the Ru(il) led to electron transfer from the
ruthenium to the viologen and subsequently electron transfer
from the Zn-myoglobin to the ruthenium centre (Scheme 9).
This led to a charge separated state Zn*-Ru>*~MV ", which
could be detected via transient absorption spectroscopy.
The lifetime of the charge separated state, Zn"-Mb-
CD-Ru**-VIO*" was reported to be 640 ns (a rate of 1.56 x
10° s~! for the charge recombination was estimated by
transient absorption spectroscopy). The system presented a
triad of donor-sensitizer—acceptor assembled via non-covalent
interactions.

Heteroporphyrins were assembled in a supramolecular
structure by attachment of one porphyrin unit to a cyclodex-
trin and inclusion of another one in the cyclodextrin cavity
(XXIV).*” The inclusion of the guest porphyrin took place
through the phenyl group in the meso position of the
porphyrin. A parent compound with one cyclodextrin attached
to the porphyrin was also prepared. Addition of the guest Zn'!
porphyrin to the host cyclodextrin modified porphyrin resulted
in a 3-fold fluorescence enhancement of the host porphyrin,
indicating energy transfer from the Zn' guest to the core
porphyrin. This enhancement was in agreement with quench-
ing of the Zn" porphyrin fluorescence. When the parent host
compound was used with the Zn" guest under the same
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Scheme 9  Schematic energy diagram that illustrates the photoinduced electron transfer process in Zn-Mb-CD-Ru**~VIO*" complex XXIII.

myoglobin

XX

experimental conditions the changes in fluorescence intensity
were less pronounced.

In another approach, the inclusion properties of a porphyrin
in cyclodextrin were adopted for the self-assembly of an
architecture with two different porphyrin units (Scheme 10).%
A Dbis-cyclodextrin system where the two cyclodextrins
were linked by together with a biphenyl unit served as a

M0y

(M90)14+“
1

(MeO)g

r,,,\,— — (

| \
|
[T

 (OMe)a

host compoud

wedge to bring together two different porphyrins (XXV). The
formation of the 2 : 2 host-guest system was monitored
by absorption spectroscopy and electrospray mass spectro-
metry. Fluorescence monitoring of the assembled
architecture showed evidence of energy transfer between two
different guest porphyrins (Scheme 10). The 2 : 2 formation of
the assembly with two different porphyrins is only one

guest

XXIV
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Scheme 10 Representation of one of the possible structures for the
2 : 2 formation of the wedge assembly that allows communication of
the two porphyrin guests.

possible arrangement of the statistical mixture. The estimated
distance between the two porphyrins in such an architecture
is 27 A.

5. Conclusions and outlook

In the examples presented, new sensing schemes and functions
were demonstrated using the assembly of intriguing cyclodex-
trin architectures and uniting metal properties and cyclodex-
trin recognition features. The design principles for systems
to act as sensors for metal ions or amino acids employed
the cyclodextrin cavity as a mediator for a fluorescence
response of an organic probe which interacts with the
analyte species in an indirect fashion. A rather more
articulate strategy for small molecule detection involved the
direct influence of the metal photophysics (by energy or
electron transfer) upon guest-analyte inclusion in the cyclo-
dextrin cavity. In this strategy the properties, and hence the
choice, of the photoactive metal were important for a
pronounced turn-on or turn-off response of the sensing system
and the building of a ligating site on the cyclodextrin for the
metal is required. The application of one of these compounds
in a device for analytical detection demonstrated the potential
of these systems for sensitive detection. The issues of cost
and selectivity, in particular for analytes of low-binding
constants, still need to be addressed. There is no doubt that
in the future technological development together with aca-
demic design will bring novel sophisticated sensor systems in
the scientific spotlight.

In the development of molecular wires a range of self-
assembly motifs was obtained involving metallocyclodextrin
systems. The assembled architectures were constructed in

aqueous solutions by supramolecular chemistry principles
and, together with a judicious selection of photoactive units,
led to vectorially-controlled photochemical functions of the
systems. These results established the function of such
assemblies as molecular wires and introduced a cyclodextrin-
based approach as a bottom-up approach for construction
of wires with metal centres. The aqueous assembly is a
clear advantage of cyclodextrins for applications in
materials and for easy handling. More fundamentally the
studies of photoinduced processes in non-covalent systems
in water may lead to a better understanding of the
efficiency of natural systems that achieve long-lived charge
separation. Ultimately, this may lead to more efficient
energy conversion using synthetic systems. Photoactive
nanodevices with control of directionality in energy and
electron motion will undoubtedly attract further interest
in the coming years. There is currently also much
attention on the attachment of cyclodextrins onto surfaces
such as gold and platinum; the properties of
metallocyclodextrins coupled with surface communication will
be an important asset for new device fabrication for wire
function.
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