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Abstract

This thesis entitled “Cyclen Based Lanthanide Complexes for the Detection of lons and
Molecules and the Hydrolysis of Phosphodiesters™ is divided into five chapters. Chapter 1,
the introduction, is divided into two parts. The first half introduces the principles of
luminescent sensing before illustrating some examples of fluorescent sensors. Then the
advantages of lanthanide luminescent signalling systems are discussed followed by a
description of the mechanism by which lanthanide luminescence is produced. Finally, a
review of various lanthanide luminescent chemosensors is presented. The second half of
the introduction deals with the area of phosphodiester hydrolysis. It shall begin by looking
at natural ribonucleases capable of hydrolysing RNA, followed by a look at the mechanism
of hydrolysis. The use of metal ions to promote phosphodiester hydrolysis is then
discussed, followed by a discussion on the use of metal complexes. A review of the
acceleration of phosphodiester hydrolysis by binuclear metal complexes is then presented
with special attention paid to the rate acceleration provided by the cooperative action of
two metal ions. This shall be followed by a review of binuclear lanthanide complexes
capable of producing this cooperative action. Chapter 2 details the synthesis,
characterisation and photophysical studies of a lanthanide luminescent sensor, designed for
the detection of Cu(Il). The synthesis involves the incorporation of a 1,10-phenanthroline
unit into a tris-alkylated cyclen molecule, followed by complexation with a Eu(IIl) ion.
The resulting complex exhibits the characteristic Eu(I1I) emission bands after excitation of
the phenanthroline chromophore under physiological conditions. This complex signals the
presence of Cu(Il) under physiological conditions by means of a quenching of the Eu(III)
luminescence. The complex displays good selectivity over other physiologically prevalent
ions and operates over the desired concentration range. Chapter 3 describes the synthesis,
characterisation and photophysical studies of a range of lanthanide luminescent sensors,
designed for the detection of aromatic carboxylates. The chapter begins with the
development of co-ordinately unsaturated mononuclear Tb(III) and Eu(IIl) cyclen
complexes before moving on to an unsaturated binuclear Tb(III) cyclen complex.
Luminescent studies demonstrated the ability of the Tb(III) complexes to bind aromatic
carboxylates via the displacement of the metal bound water molecules, which occupy the
vacant coordination sites around the lanthanide ion. Furthermore, this binding event is
signalled by and increase in the previously “silent” Tb(IIl) emission. Chapter 4 is

concerned with the area of phosphodiester hydrolysis and details the synthesis,



characterisation and kinetic studies of a range of binuclear lanthanide complexes, designed
for the acceleration of phosphodiester hydrolyisis. The incorporation of various pendant
arms, as well as the effect of different spacer groups is investigated. A convenient method
for the production of a—chloroamides in water is also presented. The ability of the
binuclear lanthanide complexes to promote the hydrolysis of the HPNP phosphodiester, a
model RNAcompound, shall be discussed with particular attention upon rate enhancement
over corresponding mononuclear complexes. The trends that emerge from these studies
shall be discussed, before a detailed investigation of the Tb.117 complex, which was found
to be by far the most active binuclear complex, reducing the half-life of HPNP to 28
minutes from 240 days, a 12,333 fold rate increase. This is comparable to the largest rate
enhancements detailed within the literature. A discussion of the possible reaction
mechanism shall also be presented. Chapter 5 outlines the experimental procedures, and

presents the synthesis and characterisation of the compounds discussed within the thesis.
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Chapter 1 - Introduction

1.0 Prelude

The work within this thesis encompasses two different research areas; lanthanide
luminescent sensing and phosphodiester hydrolysis. Each of these areas shall be introduced
separately. As such, the first half of this introduction deals with luminescent sensing,
detailing the advantages offered by lanthanide luminescent sensors over fluorescent
devices, before examining how to go about provoking a lanthanide emission, followed by a
look at some examples of lanthanide luminescent pH, cation and anion sensors. This will
be followed by an introduction to the field of phosphodiester hydrolysis, focusing on the

attainment of rate enhancements due to the cooperative action of two or more metal ions.

1.1.0 Introduction to Sensors

A sensor is a substance that provides information about a specific target within a specific
matrix, for example, the concentration of a specific metal ion within blood or water, ete." Tt
must perform two functions; sensing/recognition and signalling. Recognition must be
selective, therefore, within its chosen environment, the sensor must selectively recognise
one target species out of all the possible species present. Recognition usually occurs
through reversible binding." Upon recognition the sensor must then be able to signal this
event. A signalling event is usually heralded, after binding has occurred, by a modification
of some property of the sensor such as a change in colour, a variation in the light emitting
properties or an alteration in some other electronic, magnetic or thermal property (Scheme
1.1). The work within this thesis shall be confined to luminescent sensing, i.e. where the

signal is observed as a variation in the light emitting properties of the sensor.

Receptor

Receptor Signal system

Signal system
M Connecto

Scheme 1.1. Representation of a luminescent sensor showing selective binding of a
substrate (recognition), followed by production of a light indication (signalling).
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1.1.1 Fluorescent Sensors

Some of the classic examples of luminescent sensors utilise a fluorescent signalling
moiety. The term fluorescence describes the emission of a photon of light from the first
excited singlet state (S;). When a molecule absorbs a photon of light an electron is excited
from the singlet ground state (So) to the first excited singlet state (S,). After relaxing to the
lowest vibrational level within this state, the electron may then return to the ground state
So, either by a non-radiative deactivation, or by emitting a photon of light with energy (hv)
equal to the energy gap between the two states. The fluorescent emission of a photon from
a S, state is an allowed process and is characterised by a very short lifetime, 10 seconds
(ns).” Alternatively, the electron can enter the triplet excited state (T,) by means of inter
system crossing (ISC). The emission of a photon accompanying the transition of an
electron to the ground state from the triplet state (T,— Sy), is known as phosphorescence.
However, this transition is spin forbidden and hence occurs over a longer timescale than
fluorescence. These processes can be illustrated in a Jablonski diagram, which is a
simplified depiction of the relative positions of the electronic energy levels of a molecule
(Figure 1.1). Vibrational levels in a given electronic state lie above each other, but their

relative horizontal locations bear no relation to the nuclear separation of the states.’

ISC

Energy
e,

fluorescence

r

g‘ phosphorescence

=
<‘

Figure 1.1. Jablonski diagram illustrating energy levels and states associated with
fluorescence and phosphorescence2

There are numerous examples of sensors that employ organic molecules as fluorescent

signalling moieties. One early such example developed by de Silva et al. are the “off-on”
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sensors for H', 1, Na', 2a and K, 2b.* In these systems the anthracene moiety functions
as the fluorophore, while the crown ether is the receptor, and they are attached by a
methylene spacer. In the absence of any cations the fluorophore shows very little
fluorescence as an electron transfer to the anthracene moiety, from nitrogen lone pair of the
receptor, prevents any radiative decay (Scheme 1.2). However, upon binding H' in the case
of 1, Na' in the case of 2a, or K" in the case of 2b, the receptor is unable to participate in
electron transfer due to the increased oxidation potential of the receptor’s HOMO. As a
result, the anthracene fluorophore can now fluoresce and shed its excited energy by

emitting a photon, returning to the ground state. This is illustrated in Scheme 1.3.

({/\ N(CH,CO,), N(CH,CO,)
N/\// [O ] O
OOO O K/OJ Z “NH
1 D) e

CO
LUMO LUMO‘
OMO {‘ HOMO

HOMO HOMO Free receptor
Free receptor

Fluorophore Fluorophore

2

Energy

Scheme 1.2. Free Receptor — an electron transfer (ET) from the receptor prevents the
fluororphore from losing its excited energy by radiative decay

LUMO LUMO
HOMO HOMO
HOMO ‘/H7M0
Fluorophore Fluorophore

Bound Bound
receptor

Energy

receptor

Scheme 1.3. Bound Receptor — the receptor is now lower in energy than the
fluorophore and hence cannot participate in an electron transfer. Consequently the
fluorescence is switched on as the fluorophore loses its energy by emitting a photon
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Another example of an early fluorescent sensor was developed by Tsien and co-workers
who synthesised the Ca®* sensor 3. In its metal free state the nitrogen lone pairs are again
involved in stabilizing the excited state of the chromophore giving rise to a long
wavelength emission. Upon binding of a Ca®" ion, however, the emission shifts to shorter

wavelengths as the nitrogen lone pairs are now involved in the binding.

The above molecules are all classed as cation sensors, their signalling systems are based on
fluorescent organic molecules and their receptors are selective for cations. Of equal
importance is the area of anion sensing, especially anions with biological relevance.
Gunnlaugsson er al.’ have recently developed a range of “on-off” sensors 4 - 6, which
showed ideal PET behaviour in DMSO. In the absence of any ions the fluorescence is
“switched on”. The fluorescent emission is then quenched by the presence of AcO’, H,PO4
, and F', selectively over CI" and Br. These sensors operate in a manner similar to that
described in Scheme 1.2, except that the unbound receptor is lower in energy and does not
participate in electron transfer, while the bound receptor is higher in energy and does
participate in electron transfer thereby quenching the anthracene fluorescence, i.e. the

sensor is “switched on” in its free state and quenched, or “switched off”, after binding the

0 4: R= —@—ca
LR

6: R= 0,

analyte.

One of the major drawbacks of fluorescent sensors comes into play when working in vivo
due to autofluorescence from biological systems. This is noise that is caused by short-lived
background fluorescent emissions from the tissue itself, which can mask or drown out the
fluorescent signal of the sensor.” The relatively new field of metal based luminescent
sensors overcomes this problem due to the long lived nature of the light emission. The
most common metal based luminescence systems utilise transition metals such as Ru(II)
and Os(I).> ° However, the focus of this thesis shall be upon lanthanide luminescent

systems, which are the subject of the following section.
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1.1.2 Photophysics of Lanthanide Luminescence

As mentioned above, the final signalling step performed by a luminescent sensor can be
problematic when dealing with biological samples, as any light signal must compete
against autofluorescence and light scattering, short lived background radiation with a ns
timescale, from the body tissue itself. Lanthanide luminescent sensors may be employed

here in order to circumvent these problems.

The fifteen elements from lanthanum to lutetium with access to their 4f shell are known as
the lanthanides.'® They are all hard, electropositive metals and the nature of their 4f shells
imparts some unique properties to the lanthanides. The electronic shielding of the f
electrons is quite weak and hence increasing atomic number or nuclear charge, causes a
decrease in the radii of the atoms as one proceeds from La to Lu, which is known as the
lanthanide contraction.'” The lanthanides are easily oxidised and favour the 3" oxidation
state with few exceptions.'' The f orbitals are buried within the atom and hence interact
with ligand orbitals only very weakly. As a result, f/~ f transitions, which occur in the
visible region of the spectrum, give rise to very narrow bands and the lifetimes of their

excited states are quite long lived (us-ms)."'

Systems which utilise emissive lanthanide conjugates as signalling moieties have some
significant advantages over analogous fluorescent systems allowing them to overcome the

autofluorescence and light scattering of body tissue.'

e Their long lived excited states (ms for Eu(Ill) and Tb(III)) allows the short-lived

background fluorescence to disperse before the lanthanide emission occurs (Figure

i 1

e The long wavelengths (500-750 nm for Eu(IIl)) at which lanthanides emit occur
beyond the absorbance of body tissue, this is important for signal quality.

e Their line-like emission bands (10 nm) also give a better signal to noise ratio

compared to fluorescent bands (several hundred nm).
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Figure 1.2. Lanthanide ions possess a long lived exited state which continues to emit
long after background fluorescence has dispersed.

The long-lived lanthanide excited state allows the short-lived background fluorescence to
disperse before the lanthanide emission is measured thus giving a much improved signal to
noise ratio. However, before a lanthanide emission can occur, the lanthanide ion must first
be elevated into this excited state. Direct excitation of a lanthanide ion is not easily
achieved, as it requires a Laporte forbidden f~f transition (low extinction coefficient € ~ 5-
10 M ecm™)."> ' 1% As a result lanthanides are usually photophysically “silent” and have
low molar absorbencies.'” However, this problem can be circumvented via indirect
excitation by connecting a sensitising chromophore or “antenna” to the lanthanide ion
(Figure 1.3).'"® Once excited, the antenna can then pass its excited energy onto the

lanthanide ion by an energy transfer process, resulting in a lanthanide emission (high

14,15

extinction coefficient € ~ 40K M~ cm™).

Energy
Transfer
\ Ln(lln)

hv

Figure 1.3. Indirect lanthanide excitation, involving, excitation of the antenna,
followed by energy transfer to the lanthanide ion resulting in a lanthanide emission.
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This indirect excitation of a lanthanide ion can be illustrated in a Jablonski diagram,
(Figure 1.4). The sensitising antenna, denoted Ar, absorbs a photon of energy hv, and is
excited to its singlet excited state, 'Ar. From here the energy can be passed into the
antennas triplet excited state, *Ar, via intersystem crossing (ISC). The lanthanide’s excited
state, *Ln, can now be populated from the antennas triplet state, by means of an
intramolecular energy transfer (ET), provided that this triplet state is higher in energy than
the lanthanide excited state.'” The excited energy now resides within the lanthanide ion,
and can be lost by emission of light, resulting in the characteristic lanthanide emission

spectra as each transition will correspond to an emission band.

Energy

hy'

TR,
4 TR
TF, &

gl R,
B

0

i i
J
Figure 1.4. Jablonski Diagram illustrating sensitisation of a lanthanide ion. Other
energy loss pathways have been omitted for clarity'®

Singlet and triplet excited states share a common geometry where their potential energy
curves intersect (Figure 1.5),” but intersystem crossing from a S; to T, state is a spin
forbidden process. Nonetheless, when a mechanism for unpairing electrons exists the
excited molecule may undergo intersystem crossing ISC to the triplet state. The presence
of a heavy atom such as a lanthanide ion in the molecule, gives rise to a significant amount
of spin-orbit coupling and it is this which provides a mechanism for intersystem crossing

from the S; to T, state.> '’
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Figure 1.5. Potential energy wells showing vibrational levels. Note the overlapping
common geometry of the T, and S; states. Intersystem crossing (ISC) from a singlet to
a triplet excited state S;— T, is made possible by spin-orbit coupling.’

The mechanism for energy transfer from the *Ar - "Ln state is somewhat debated. One
possible mechanism is the Férster energy transfer mechanism,”® which involves overlap of
energy levels. In the Forster mechanism energy transfer occurs through space and has ar
distance dependence, where r is the distance between the metal ion and the excited
chromophore. Consequently, the energy transfer process can be made more efficient by

minimising the distance between the lanthanide ion and the chromophore or “antenna”.

The alternative mechanism for the energy transfer is known as the Dexter mechanism and
involves an electron exchange between the excited chromophore and the metal ion in a
through bond interaction and should display a e " dependency.”"” ** Again the process can

be made more efficient by minimising the distance r.

Of course, the pathway shown in Figure 1.4 is not the only means by which the excited
energy can be lost. This pathway must compete with other mechanisms through which the
energy can be discarded (Scheme 1.4).? Energy can be lost from the singlet excited state
'Ar through radiative decay i.e. fluorescence, or non-radiative decay by collisions and
vibration interactions with the surrounding molecules. When a photon is emitted from the
triplet *Ar state, this is known as phosphorescence. Phosphorescence has a longer lifetime
than fluorescence owing to the fact that it is a spin forbidden process.” Triplet states may
also be quenched by interactions with molecular oxygen."> The lanthanide excited state "Ln
can also lose its energy through non-radiative decay by vibrational interactions with other

molecules, such as water.?
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Scheme 1.4. Competing paths for energy loss include radiative decay through
fluorescence hvy, and phosphorescence hvy,;, aswell as non-radiative quenching due
to vibration, K4[V’], and triplet quenching by O, Kq[OZ]M’ e

In order for the preferred pathway to operate i.e. population of the lanthanide excited state
followed by a lanthanide emission, the design must minimise energy loss to other
pathways. By maximising the efficiency of the intersystem crossing and energy transfer
processes, it is possible to minimise the amount of time that the excited energy spends in
the 'Ar and *Ar states and therefore minimise the loss to deactivation pathways from these
states. As stated before, ISC is made possible by spin-orbit coupling, which is increased by
the presence of a heavy atom, so the very presence of a lanthanide ion itself will elegantly

increase the efficiency of this process.”

Once in the lanthanides orbitals, the energy is somewhat isolated from its environment.''
Back energy transfer is possible but minimised by having the *Ar state sufficiently higher
above that of the *Ln state. Vibrational quenching by metal bound water molecules is now
the main competing deactivation pathway.” The use of a tightly binding chelating ligand
will reduce the number of metal bound water molecules, and thus minimise non-radiative

quenching by O-H oscillators."

So to summarise, in order to produce a lanthanide emission a conjugate must be designed
such that an antenna with a triplet energy above that of the lanthanide excited state, is in
close proximity to the lanthanide ion. Furthermore, the design requires the lanthanide ion
to be tightly bound by a ligand to minimise the number of metal bound water molecules
and maximise stability and solubility. The next section shall detail some examples where

sensors have utilised lanthanide luminescence as a signalling moiety.
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1.1.3 Lanthanide Luminescent Sensors

Numerous sensing systems have been designed that take advantage of luminescent
lanthanide ions as signalling moieties.'*'>** One such system that was reported by de Silva
et al. is the pentadentate terpyridyl ligand 7.>> When complexed to a lanthanide ion, this
conjugate is designed to function as a pH sensor with the amino groups acting as the proton
receptors, the pyridyl groups acting as the sensitising antenna and the lanthanide ion acting
as the signalling moiety. The sensor functions in water but was not stable and thus a 100
fold excess of lanthanide ion was used to ensure the desired complex was present. Upon
protonation of the amine receptors the lanthanide luminescence was observed to increase
with enhancements of up to 16 times the original intensity. This was attributed to the
suppression of electron transfer to the singlet excited state of the ligand due to the

protonation of the aminoalkyl group.

NRj NR,

Another more stable example was reported by Gunnlaugsson et al., who developed the
lanthanide conjugate 8, whose Eu(IIl) luminescence displayed a dependence upon pH,
under highly acidic conditions.”® In this case the N-(3-quinolyl)ethanamide functions as
both the antenna and the receptor, as the quinoline nitrogen behaves as a H' acceptor.
Under alkaline conditions (above pH 6), the Eu(IIl) luminescence of 8 was quenched,
while between pH 6 and 3.5, the complex was found to be only weakly luminescent with
the Eu(III) emission remaining almost constant over this pH range. However, between pH
3.5 and 1.5 and after excitation at 350 nm, the Eu(IIl) luminescence was “switched on”
with an enhancement factor of ca. 300. This was attributed to the protonation of the
quinoline moiety, which allowed the antenna to better transfer its excited energy to the

lanthanide ion.

10
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Woods and Sherry have also reported examples of lanthanide luminescent pH probes.”’
The aryl substituted tetraamide complexes 9-11, take advantage of the AJ2/AJ1 intensity
ratio. The Eu(Ill) Dy~ 'F, (AJ1) transition is known to be insensitive to ligand field
effects, while the *Do— 'F, (AJ2) transition is considered to be hypersensitive to the
coordination environment of the Eu(III) ion.”® After excitation (via the chromophore), the
Eu(IIT) complex 9, displays a Eu(IIl) emission, however, the AJ2/AJ1 intensity ratio of this
emission is dependant upon the pH of the solution, reaching a maximum between pH 6 and
8. This particular method of measurement may offer a unique advantage as the results are
independent of the Eu(IIl) complex concentration. The authors found it was possible to
alter the pH window of operation by varying the ligand, for instance 10 demonstrates
changes between pH 7 and 9. The authors attributed the changes in luminescence to the
deprotonation of the amide groups followed by increased electron transfer to the easily

oxidized Eu(III) ion."*
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Parker et al. described the charge neutral, Eu(Ill) complex of 12, which employs a
phenanthridine moiety as the sensitising antenna.”’ The complex was found to display
significant pH dependence. After excitation at 340 nm, a 500 fold luminescent
enhancement of the Eu(Ill) emission could be observed upon protonation of the
phenanthridine nitrogen (pK, = 4.45). Meanwhile, the N-methylated analogue Eu.13, was
found to have its luminescence “switched on”, independent of the pH. However, its
luminescence was effectively quenched by the addition of CI', Br or I'. Interestingly the
luminescence was unaffected by the presence of the anions of phosphate, citrate, lactate or
bicarbonate and as such may have applications as an intracellular CI" sensor. Further

examples of anion sensors shall be discussed in section 1.7.

13

As stated earlier, the Tb(III) *D, excited state is of higher energy than the Eu(IIl) *Dj, state
(20500 and 17200 cm™ respectively),”” and this higher energy state conveys some
interesting properties to the Tb(II) complexes of 12 and 13.%° The triplet state energies of
the phenanthridine antennae were estimated to be 22000 and 21300 cm™' respectively. As
the gap between the triplet states and the Dy excited state is less than 1500 cm™', thermal
back energy transfer from the lanthanide to the chromophore is possible and consequently,
the luminescence becomes dependant upon the presence of molecular oxygen, which can
effectively quench the chromophore triplet state.'’ The complex Th.13, exhibited a strong
luminescence in degassed solution, which was independent of the pH between 2 and 9.
However, the presence of dissolved oxygen in the solution efficiently quenched the

luminescence of Tb.13, which effectively acts as an oxygen sensor.”'

Gunnlaugsson et al. have also developed luminescent sensors that act like pH probes as
well as molecular logic gates.”> The Eu(Ill) complex Eu.14, is an example of a pH
chemosensor. When Eu.14 was excited at 330 nm under ambient conditions in aqueous

alkaline solution the Eu(IIl) emission was found to be “switched off”’. Nevertheless, the

12
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Eu(III) emission could be gradually enhanced by increasing the acidity of the solution with
luminescent enhancement factors of up to 250 fold. This increase in luminescence was
attributed to the protonation of the quinolyl nitrogen moiety, which greatly enhanced
sensitisation of the lanthanide ion, due to increased ease of populating the S; state of the
antenna. The Eu(IIl) emission was found to be “switched on” over the pH 6.5 — 4.5 region.
In contrast, the acidification of an aqueous solution of the Tb(III) complex Tb.14, gave rise
to much smaller luminescent enhancements of ca. 1.7. This was ascribed to a quenching of
the antenna’s triplet state by the presence of molecular oxygen. Consequently, when the
measurements were repeated in degassed acidic solution, the Tb(III) emission was
“switched on” with a 50 fold luminescent enhancement factor. As the Tb(III) emission is
governed by two molecular inputs, and is only “switched on” in the presence of H' and the
absence of O,, Th.14 can be described as a NAND or “inhibit” logic gate (a combination
of the NOT and AND logic functions).
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From these examples it can be seen that lanthanide luminescent sensors have great
potential as in vivo probes as they are non-invasive causing minimal disturbance to the
system under study, yet emit at long wavelengths offering better signal quality over
fluorescent probes. The next section shall detail the use of lanthanide luminescent probes

as cation sensors.

1.1.4 Lanthanide Luminescent Probes as Cation Sensors

Lanthanide luminescent probes have been shown to be effective tools for pH sensing

however, by altering their receptors, such probes can be utilised as cation sensors. One

13
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such system that utilises such probes for the sensing of Zn(II) cations was developed by
Gunnlaugsson et al. Their zinc sensor Eu.15 showed a 42% enhancement in luminescence
upon 1:1 binding of Zn(II), while Tb.16 showed a 60% increase in luminescence.>>** The
increasing luminescence upon the coordination of Zn(II), was attributed to the suppression
of photo-induced electron transfer from or to the intermediate singlet excited state, S;.*

Both sensors were selective for Zn(II) over Ca’" and Mg2+.
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Nagano and Kikuchi reported another such sensor, the Eu(Ill) complex of a combination of
diethylenetriaminepentaacetic acid (DTPA) and a quinoline containing TPEN ligand, 17.%
The quinoline antenna was chosen due to its longer absorption wavelength (>300 nm),
which offers advantages for in vivo work. Upon addition of Zn(II) to an aqueous solution
of Eu.17 (50 uM), at pH 7.4, a 8.5 fold increase in the luminescence was observed after
excitation at 320 nm. Further investigation revealed a 1:1 stoichiometry, with an apparent
dissociation constant K4 of 59 nM for Zn(II). The presence of Na*, K, Ca®" or Mg*" did
not give rise to any enhancement in the luminescence and furthermore, the luminescence of
the complex was found to be insensitive to pH between 3.6 and 8.8. Consequently, the
Eu(IIT) complex Eu.17, can be considered as a useful probe for the biological detection of
Zn(1D).
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Wong and co-workers described the Tb(III) complexes of 18 and 19.%” The luminescent
lifetime of Th.19 in H,O was found to increase by 65 % upon the addition of NaCl 0.13
mM, from 1.81 ms to 3.02 ms, this was accompanied by a decrease in the hydration state ¢
from one to zero. Further investigation showed that this effect was independent of the
choice of anion. The effect was ascribed to the interaction between the crown ether and the
Tb(III) centre resulting in the displacement of a metal bound water molecule. Interestingly,

the Tb(III) complex Th.18, did not respond to the presence of the alkali metal ions.

The authors also found that the luminescent intensities of both 18 and 19 increased
substantially upon the addition of p-chlorobenzoate 20, with luminescent enhancement
factors of 49 and 5 respectively, after excitation at 246 nm in H,O. Significantly, when the
Na" cation in 20 was replaced by a tetrabutylammonium cation the luminescent
enhancement decreased from 49 to 7. These studies suggested that the crown ether
effectively binds the Na cation which facilitates the close approach of the benzoate anion
to the Tb(IIl) complex, permitting it to act as a sensitising antenna, providing efficient
energy transfer to the Tb(III) metal centre. This ion pair sensor leads nicely to the next

section, which discusses the use of luminescent lanthanide probes as anion sensors.
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1.1.5 Lanthanide Luminescent Probes as Anion Sensors

The large positive charge of the lanthanide ions as well as the sensitivity of their emission
spectra to their coordination environment, make lanthanide ions ideal sensors for the
detection of anions. Charbonni¢re et al. developed lanthanide complexes of a bis-
bipyridine-phosphine-oxide ligand 21, as luminescent anion sensors.’® The bipyridine
(bipy) units were expected to coordinate to the lanthanide ion and function as sensitising

antennae, while the strong coordinating ability of the P=O bond*’ would increase the

15
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stability of the complex, despite the fact that it would remain coordinately unsaturated,
with two solvent molecules occupying the final coordination positions. It was found that in
aqueous solution neither Eu.21 nor Th.21 gave rise to any luminescence, indicating that
neither of the bipy units were coordinated to the lanthanide ions under these conditions. In
MeCN solution, after excitation of the bipy absorption bands (310 nm), the triflate salt
complexes were found to display the typical lanthanide luminescence bands. No change
was observed upon the addition of fluoride or acetate ions, however, upon addition of
tetrabutylammonium nitrate Eu.21 and Tb.21, respectively, underwent an 11 and 7 fold
increase in their luminescent intensities. The same trend was observed upon addition of
chloride anions with a 5 and 2.5 fold increase in luminescent intensities, respectively. The
reason for these dramatic changes in the luminescence spectra was ascribed to the
coordination environment of the lanthanide ions. In MeCN the triflate counter anions do
not bind directly to the lanthanide ion and hence two solvent molecules occupy the
remaining open coordination positions. However, the addition of nitrate anions leads to an
increased emission from the lanthanide ions as the nitrate ion displaces the metal bound
solvent molecules and binds directly to the metal ion, thereby shielding the lanthanide from
the solvent molecules and increasing the luminescence. The addition of a second
equivalent of the nitrate anion displaces one of the bipy units. This leads to a further
enhancement in the luminescence due to the resulting stronger electronic interaction
between the lanthanide ion and the second bipy unit. Addition of a third nitrate ion to the

metal ion decreases the luminescence as it displaces the final bipy unit and hence weakens

22:R= >~COzEt

the energy transfer mechanism.
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Other anion sensors have also been reported. Parker et al. developed a range of phosphate
anion sensors 22 — 24.* The acridone moiety of these complexes functions as the antenna,

absorbing energy and passing it to the Eu(IIl) ion. Selectivity towards phosphates can be
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tuned by varying the electrostatic gradient around the lanthanide ion,*' achieved in this
case by varying R. The binding of selected phosphates, as well as phosphorylated amino
acids such as Ser-OP and Tyr-OP, were investigated by observing the emission spectra of
the complexes 22 — 24 (0.1 mM) at 295 K, pH 7.4 (0.1 M MOPS) in the presence of a ten
fold excess of phosphate. Job plot analysis revealed the formation of 1:1 adducts, which
displayed subtlety different emission spectra, with Tyr-OP giving the lowest AJ2/AJ1
intensity ratio. As such phosphorylated tyrosine could be selectively detected by subtle

changes in the Eu(III) luminescence.

Tsukube and co-workers reported the Eu(IIl) complex of tris(2-pyridylmethyl)amine 25, as
a luminescent sensor for nitrate, NO; , while the corresponding Tb(III) complex displayed
Cl selectivity.*” The Eu(Ill) complexes of 25 and 26 display 1:1 stoichiometry and are
stable enough for use in solution. In this case, the pyridine units fulfil the role of the
sensitising antenna, absorbing at 260 nm before passing their energy to the lanthanide ion
and inducing a lanthanide emission. However, the complexes are coordinately unsaturated
and hence the metal bound solvent molecules effectively quench the luminescence.
Nevertheless, upon the addition of 3 equivalents of NO3 to Eu.25 in MeCN, or CI in the
case of Tb.25, the solvent molecules are displaced and the luminescence is increased by a
factor of 4.9 and 5.4 respectively. Conversely, the addition of ions such as I', Br, F,
ClO4, SCN and HSO; did not elicit a response. The achiral ligand 26 showed similar

anion selectivity in MeCN, however, it displayed a lower sensitivity than the chiral

analogue.
X B
N >
N
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25

Michels and Reinhoudt described the Eu(Ill) and Tb(IIT) complexes of the EDTA-based 3-
cyclodextrin dimer 27, which operate in H,O at pH 7.0 as luminescent sensors for aromatic

carboxylates.* As the ligand does not provide any sensitising antenna no luminescence

¥
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was observed. Nevertheless, upon the addition of 28, the luminescence intensities of Eu.27
and Tb.27 increased by a factor of 350 and 310, respectively, after excitation of the
aromatic chromophore at 250 nm. These large enhancements were ascribed to the
hydrophobic binding contribution of the 3-cyclodextrin units which can bind the aromatic
unit thereby positioning the Ln(IIl) coordinating carboxyl group correctly to function as a
sensitising antenna and allow efficient energy transfer to the lanthanide ion. The
stoichiometry was reported to be 1:2 with a stability constant of K = 5.0 x 10* M. As
expected, the addition of the benzyl alcohol 29, led to much smaller enhancements of ca. 2
fold. The authors explained this lower enhancement as owing to the lack of a carboxylate

functionality through which the chromophore can bind to the lanthanide ion.
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The interaction between Eu.27 and bisadamantyl biphenyl sensitisers 30 and 31, was also

(0]

studied. Once again, upon excitation of the sensitisers at 285 nm, large increases in the
Eu(III) luminescence was observed, ca. 300 and 360 fold for 30 and 31 respectively, in
D,0. A 1:1 binding stoichiometry was observed with stability constants K of 9.9 x 10° and
1.0 x 10" M for the Eu.27.30 and Eu.27.31 conjugates respectively. The very high
association constants suggest that both 3-cyclodextrin cavities of 27 are involved in the

binding of the bisadamantyl biphenyl sensitisers 30 and 31.

Georges and Arnaud reported a method of salicylic acid detection using a combination of

Tb(III) and ethylenediaminetetraacetic acid (EDTA).* The presence of the EDTA prevents
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the formation of insoluble terbium hydroxides and also acts to exclude water molecules
from the coordination sphere of the lanthanide ion, reducing quenching due to OH
oscillators. A 1 x 10* M solution of Tb.EDTA, could detect salicylic acid with a limit of
detection (LOD) of 5 x 10” M in water at pH 12, the high pH was required in order for the
ternary luminescent chelates between salicylic acid and Tb(III) to form. In this case the
analyte itself acts as the sensitising antenna, forming a ternary complex with Th.EDTA
and then passing its excited energy to the Tb(III) centre, provoking a lanthanide emission.
The sensitivity increased in the presence of cetyltrimethylammonium chloride (CTACI)
(LOD = 4 x 10"° M) and the authors attributed this to the cationic surfactant forming
micelles in solution. The use of organised materials such as micelles and cyclodextrins can
greatly increase the efficiency of the intramolecular energy transfer and hence the overall

. 4
luminescence.’

A similar method utilising ternary chelates of Tb(III) and trioctylphosphine oxide (TOPO)
was reported by Pérez-Bendito and co-workers as a luminescent sensor for the
determination of benzoic acid and saccharin in soft drinks.*> This group also reported a
kinetic method of determining salicylic acid and diflunisal (a salicylic acid derivative)
based on lanthanide luminescence.”® Coupled with the aid of a stopped-flow mixing
technique, it again involved the formation of ternary chelates of salicylate (or diflunisal)
and Tb.EDTA, this time in the presence of cetyltrimethylammonium bromide (CTAB),
which acts as the cationic surfactant. They were able to determine between the two
analytes due to the different rate of formation of the ion-association complex of CTAB and
the anionic ternary complex. They used a similar method for the detection of bromadiolone

(a coumarine derivative).*’

In 2000, Parker et al. reported the heptadentate complex 32.***° Lifetime studies revealed
that the Eu(Ill) and Tb(II) complexes Eu.32 and Th.32 each possessed two metal bound
water molecules. The authors reported that in aqueous solution these water molecules
could be displaced by anions such as phosphate lactate and carbonate, and that the
formation of these 1:1 ternary complexes was signalled by changes in the lifetime of the

Eu(III) and Tb(III) excited state.
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So far we have focused on the luminescence of the Eu(Ill) and Tb(III) complexes. They are
by far the most popular ions due to their easily accessible excited states, their long lived
excited nature and intense long wavelength emissions in the visible region of the
spectrum.”* Furthermore, these particular ions are not usually quenched by organic
sensitiser molecules.” However, other lanthanide ions of interest are the near infrared
emitting lanthanides of Yb(III) and Nd(III). Compared to Eu(IIl) and Tb(III), these ions
posses lower energy emission states and hence can utilise chromophores with longer
absorption wavelengths, offering improved detection limits for in vivo applications.”’ As
these ions emit at wavelengths greater than 800 nm, specialised instruments are required
for measuring them. The Faulkner group, and others, have detailed some elegant examples
of sensitisation of Yb(II[) and Nd(III) complexes by long wavelength absorbing

chromophores.”"” 233 However, as yet these systems have not been utilised as sensors.

1.1.6 Conclusion

It has been shown how a photonic, or light, response can be obtained from a lanthanide
luminescent system by way of a sensitising antenna, and how this signalling moiety can be
utilised for luminescent sensing, offering advantages over conventional fluorescent
systems. We are concerned with the development of new luminescent sensors that employ
lanthanide ion as signalling systems. The aim of this project is to construct a novel
lanthanide luminescent system for the detection of the biologically relevant Cu(II) cation.
The design, synthesis, photophysical properties and analysis of this system shall be the

subject of Chapter 2. We shall also utilise lanthanide luminescent systems as anion
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detectors, and Chapter 3 shall detail the development of sensors for aromatic caboxylates,

focusing on N, N-dimethyl benzoic acid, salicylic acid and terephthalic acid.

1.2.0 Phosphodiester Hydrolysis

In recent years, there has been a sustained effort to develop synthetic molecules that cleave
phosphodiester bonds efficiently.”* > *® Phosphodiester bonds perform an important task
in nature, linking together the genetic code of the nucleic acids, deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA). In essence, the phosphodiester linking the nucleic
acids together forms the backbone of both DNA and RNA. It was chosen by nature due to
its incredible stability,”’ in order to preserve the genetic information. The negative charge
on the phosphate drastically reduces the rate of hydrolysis and as a result, nucleic acids are
very inert to cleavage under physiological conditions. It has been estimat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>