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| want to bring out the secrets of nature and apply them for the happiness of man. I

don't know of any better service to offer for the short time we are in the world.

--Thomas Edison



Abstract

The ability to monitor the presence of analytes is of great importance both in industrial
applications and physiological systems. Since the crucial recognition events of
chemistry, biology, and materials science occur in a much smaller world, it is very
difficult to gather this kind of information. Therefore much effort has been devoted to
the detection of chosen molecules selectively and signalling this presence. This thesis
highlighted the uniqueness and utility of both fluorescent sensor and electrochemical

sensor to investigate biologically important species.

The determination of copper(ll) ion is very crucial to both environment and human
health. To utilise the fluorescent sensors for recognition has plenty of advantages, such
as high sensitivity, “on-off” switch ability and submillisecond temporal resolution.
Naphthalimide based probes has always been the key point of the chemosensors due to
its excellent photophysical properties. Therefore, the aim of the project is to investigate
boronic acid receptor linked to the naphthalimide fluorophore for copper(Il) detection.
And the utility of boronic acid as binding site is one of the rare examples of fluorescent

chemosensors for Cu®* detection.

Neutral molecules such as glutathione (GSH) play a crucial role in maintaining
appropriate redox homeostasis in biological systems. We creatively use the
chromophore of dicyanomethylene-4H-pyran(DCM) for the design of probe, due to its
emission located at the red or near infra-red (NIR) region, which is particularly suitable
for application in biological samples. GSH, the most abundant cellular thiol, is of great
importance in cellular defence against toxins and free radicals. Therefore we developed
a colorimetric and NIR fluorescence turn-on thiol probe containing DCM as the

fluorophore and DNBS as the fluorescence quencher and recognition moiety.

The interaction of ferrocene-boronic acid with fructose is investigated in aqueous 0.1 M
phosphate buffer at pH 7, 8, and 9. Two voltammetric methods, (i) based on a dual-
plate generator-collector micro-trench electrode (steady state) and (ii) based on square-
wave voltammetry (transient), are applied and compared in terms of mechanistic
resolution. A combination of experimental data is employed to obtain new insights into

the binding rates and the cumulative binding constants for both the reduced ferrocene-



boronic acid (pH dependent and weakly binding) and for the oxidised ferrocene-

boronic acid (pH independent and strongly binding).

Finally, a redox-activated fluorescence switch based on a ferrocene - fluorophore -
boronic ester conjugate was investigated. The development of multifunctional systems
that can integrate individual basic logic gates into combinational circuits has drawn
much attention to smart materials. A novel electrochemically and fluorescence active
boronic ester sensor molecule has been developed containing ferrocence and
naphthalimide as the redox and fluorophore units. The solid state electrochemical
characterisation of the compound was investigated in aqueous media and it indicates a
direct interaction with fluoride anions. The fluorescence can also be modulated through
photoinduced electron transfer (PET) by a redox process. An OFF-ON fluorescence
response occurs when the ferrocene is oxidised by Fe*. While in the presence of F, the
fluorescence enhancement was offset. Therefore, the combinations of iron (Fe*" ) ions,
sodium L-ascorbate, and fluoride (F") ions can be used to produce a molecular system

displaying INHIBIT logic gate, due to indirect fluorescence quenching.
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CHAPTER ONE

Introduction



1 Introduction

1.1 Overview of Introduction

The interaction between a receptor site and a reporter site are always involved in sensor
constructs. It is interesting that recognition is not just defined as a binding event but
requires selectivity between the receptor and guest sites. And the electronic, geometric
and polar elements are very important in the selection process. Therefore, we need to
make intelligent structural design with appropriate functional group complementarities

to synthesise a potential receptor for a suitable guest
Fluorescent sensor

Chemosensors consist of receptors and fluorophores constructed by linkage or
integration, able to produce “grip-and-tell”” operations (Scheme 1). The binding of a
sensor to a guest will disturb the original relationship with respect to electron or charge
transfer between the reporter and receptor in the sensors’ excited or ground state, and
finally change emission wavelength or intensity.' Here, the general sensing

mechanisms involved in designing fluorescent sensors will be introduced.

Receptor Reporter
Site Site

N S
relay E
Ay

Scheme 1 The schematic depiction of chemosensor action.

Signal

Metal-coordination based fluorescent sensor

The transition or d-block metal ions such as manganese, iron, cobalt, nickel, copper,
and zinc have been shown to be important for biological systems. Coordination
chemistry plays an essential role in the design of fluorescent probes for these metal ions.
Metal coordination to organic dyes induces distinct optical responses which signal the

presence of metal species of interest. The principles governing metal ligand complex
2



stability and specificity depend on the properties of both the metal ion and the chelating
agent. Here, the fluorescent sensors based on different fluorphores for the detection of

copper(Il) ion will be illustrated.
Reaction based fluorescent sensor

While the traditional sensors were developed on the basis of supramolecular
interactions, which is often subject to limitations. Reaction based chemosensor system
have attracted considerable attentions due to the high selectivity and sensitivity towards
substrates. As a result, increasing attention within the fluorescent sensor community is
turning to the use of analyte-specific molecular indicators, where substrate-triggered
reactions are used to detect the presence of a given analyte. Glutathione is the most
common and important biothiols in biological system. Therefore, the reaction based

fluorescent sensor for the detection of biothiols will be presented.
Electrochemical sensor

Besides fluorescent sensor, electrochemical sensors also provide an attractive means to
analyse the content of biological samples due to the direct conversion of a biological
event to an electronic signal. The most common traditional techniques, such as cyclic
voltammetry, differential pulse voltammetry, square wave, impedance spectroscopy,
and dual-plate junction based methods are well explored in this field. Surface
modification, electrochemical transduction mechanisms, and the choice of the
recognition receptor molecules all influence the ultimate sensitivity of the sensor. Here,
the electrochemical sensing with boronic acid for saccharides recognition will be

introduced.
Molecular switches and logic gates

Molecular switches relate to molecules whose electronic and optical properties can
change reversibly in terms of various environmental incentives.> Among the various
switching materials, fluorescence is one of the most attractive owing to its high
sensitivity and the easy monitoring of the luminescence changes.® The photo induced
electron transfer (PET) mechanism is often used in fluorescence switches. In the off
state of the switch, fluorescence is quenched by PET either to or from the fluorophore.

Although fluorescent switches have been extensively explored, fluorescence switches

3



based on a redox reaction centre such as ferrocene (Fc) are rare and much less well
studied.> ® Here, the electrochemical-fluorescence sensors and molecular logic gate

systems will be introduced.



1.2 The Principles of Fluorescence

1.2.1 Fluorescence Spectroscopy

Fluorescence is the emission of light by a substance that has absorbed light or other
electromagnetic radiation which is a form of luminescence that can be split into two
categories: fluorescence and phosphorescence. The Jablonski diagram (Figure 1)

clearly explains the relationship between photoluminescence and molecular energy

states.’
-+
s ——
1
1
| Internal Conversion T2
. i
I
S B
1
Intersystem T,
Crossing
Hv, Phosphorescence
2 —1 + 1 |
1 —
S, 0

Figure 1 Example of a Jablonski diagram and illustration of the relative positions of absorption,
fluorescence and phosphorescence spectra.

After the absorption of a certain wavelength of light, the molecules will enter their
excited states such as S; and S,. The energy absorbed from light is strongly correlated
to the excitation of fluorophores from ground state to excited state, and also relates to
emission of light via a fluorescent or phosphorescent mechanism. This amount of

energy is measured in quantic terms as expressed by the equation:
E =hv =hc/A

This equation is known as Planck's Law, where E represents the energy, h is Planck's
constant, v and A are the frequency and wavelength of the incoming light and c is the

speed of light. Planck's Law states that the energy absorbed from photon is directly
5
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relative to the frequency and inversely proportional to the wavelength of incoming light,
which means that the incoming light with shorter wavelength carries a higher quantum

of energy.

After the excitation, the return to the vibrational state So is quick and produces the
radiative emission in the form of fluorescence. The decay of the excited electron from a
singlet excited state (S;) to the ground state (So) is a spin-allowed process as it has
opposite spin to the electron in the ground-state orbital. Thus the typical fluorescence
lifetime is about 10 ns.” But some undergo a nonradiative transition which arises
through several different mechanisms, which means that excited molecules can also
undergo a spin conversion to a triplet state Ty, in which the electron in the excited
orbital has the same spin orientation as the ground-state electron. The conversion from
S to Ty is called intersystem conversion. Thus this type of nonradiative transition can
give rise to phosphorescence. The decay from T to Sy is typically with a longer

lifetime as it is spin-prohibited. Some phosphorescence can take a few hours at 80 K.

There are several distinctive parameters of fluorescence, such as the Stokes shift,
lifetime, maximum emission wavelength and fluorescent intensity, etc. In most cases,
the emitted light has a longer wavelength, and therefore lower energy, than the
absorbed radiation due to internal conversion. The difference between locations of the
band maxima of the absorption and emission spectra of the same electronic transition is
called Stokes shift. And usually the emission spectrum is often the mirror image of
absorption since the electronic transitions are vertical, which means that the nucleus
does not move and the vibrational levels of the excited state is similar to the vibrational
levels of the ground state. The fluorescence lifetime indicates the average time the

molecule stays in its excited state before emitting a photon.

As for fluorescence, due to its high sensitivity and selectivity down to the single
molecule, it plays a crucial role in recognition events of chemistry, biology, and
materials science. There are three basic mechanisms used for sensing: internal charge
transfer (ICT), photoinduced electron transfer (PET) and fluorescence resonance energy
transfer (FRET).


http://en.wikipedia.org/wiki/Phosphorescence
http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Absorption_(optics)
http://en.wikipedia.org/wiki/Emission_(electromagnetic_radiation)
http://en.wikipedia.org/wiki/Electromagnetic_spectrum

1.2.2 Types of Sensing Mechanisms

The mechanisms commonly used for sensing design include internal charge transfer
(ICT)®, photoinduced electron transfer (PET)* * and fluorescence resonance energy
transfer (FRET).

1.2.2.1 Sensing Systems Based on Internal Charge Transfer (ICT)

A typical internal charge transfer (ICT) molecule contains an electron donating group
(D) and an electron accepter group (A) linked by a conjugated 7 system, namely D-n-A
system. Both in the ground state and excited state, the molecules are characterised by a
polarised structure. When the photon is excited, the intramolecular electron conjugated
system can be used as a charge transfer channel, to further increase the charge transfer

of electron donor to electron acceptor, which produces the ICT process.™ 2

The charge transfer of the D-n-A conjugated molecular structure is controlled by the
electrons’ gain and loss, so it is possible to recognise different species by changing the
ability of the electrons’ gain and loss in ICT systems (Figure 2). When the electron
donor is used as recognition group, because of the coordination effect of the receptor
and guest, the ability of donating electrons will be reduced, causing the systems’
ground state to rise, which creates a blue shift; Whereas when the electron acceptor is
used as recognition groups, the changes of the molecular energy level is opposite to the

former one, thus creating a red shift."®



.H AE, Blue shift

AE,
B B AE,< AE,
b
M_. AE,< AE,
d shif
s, H. Red shift
—_ AE,

Figure 2 ICT systems: an analyte interacts with (a) donor group and (b) acceptor group.*®

An example of ICT sensor for copper(ll) ion sensing was developed by the Qian
group.** They designed a ratiometric fluorescent sensor 1 based on naphthalimide
fluorophore. In aqueous ethanol solution, the addition of Cu®* induces an increasing
fluorescent emission centred at 475 nm at the cost of the fluorescent emission of 1
centred at 525 nm, which forms a 1:1 metal - ligand complex. The detention of Cu®* by
the receptor showed a 50 nm blue shift of fluorescence emission, which resulted from
the reduction of the electron-donating ability of the two amino groups conjugated to the

naphthalene ring. The system provided high selectivity for Cu®* over other metal ions.

NH HN

7\
—Z
7



1.2.2.2 Sensing Systems through Photoinduced Electron Transfer (PET)

A typical photoinduced electron transfer (PET) molecule usually contains an electron
donating group, an electron acceptor group and a linker. Fluorescent signalling via the
PET strategy is distinguished by its intrinsically supramolecular nature, since distinct
components perform each one (or more) of the necessary functions (Figure 3). A
fluorophore module is the site of both photonic transactions of excitation and emission.
A receptor module is responsible for guest complexation and decomplexation. A spacer
module holds the fluorophore and receptor close together, but it is separate from each
other. This also means that true molecular engineering applies, i.e., the optical guest-
binding and redox properties of the components allow the quantitative prediction of the
signalling parameters of the supramolecular system. Furthermore, PET signalling
systems have natural “all or none” switch ability: guest-induced “off-on” and “on-oft”
fluorescence are both designable. The mechanism of PET fluorescent sensors can also

be explained using frontier orbital theory.">™"”



LUMOo
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2]

\ Flu <

ON state Fluorophore Free Receptor LUMO «{— I
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Figure 3 Abridged general view of principle of PET fluorescent switches and frontier orbital energy
diagrams illustrating thermodynamics of PET."®

A PET sensor for detection of copper(ll) ion was reported by Duan’s group.” A
fluorescent turn-on probe 2 was prepared by incorporating coumarin fluorophores
within the benzil dihydrazone moiety (Figure 4). Because of the quenching behaviour
of paramagnetic copper(ll) ion it is still difficult to design PET sensors. However, in
aqueous acetonitrile solution, the presence of Cu?” did not induce an absorbance
spectral change; the conservation of the emission wavelength with significant
fluorescence enhancement suggested a PET mechanism. Given the excellent selectivity

and sensitivity of the probe, it has also been used to detect Cu”" in living cells.

10



Luminescence

OFF 2 ON

Figure 4 The chemical structure and proposed binding mode of 2 to Cu®", showing the possibility of
blocking the PET process upon metal binding.

1.2.2.3 Fluorescence Resonance Energy Transfer (FRET) System

Another important process that occurs in the excited state is resonance energy transfer
(RET). Whenever the emission spectrum of a fluorophore overlaps with the absorption
spectrum of another molecule, RET process occurs. Such overlap is illustrated in Figure
5. The acceptor does not need to be fluorescent. It is vital to understand that RET does
not involve emission of light by the donor. RET is not the result of emission from the
donor being absorbed by the acceptor. Such reabsorption processes are dependent on
the overall concentration of the acceptor and on non-molecular factors such as sample
size, and thus are of less interest. There is no intermediate photon in RET. The donor
and acceptor are coupled by a dipole-dipole interaction. For these reasons the term RET
is preferred over the term fluorescence resonance energy transfer (FRET), which is also

. 20,21
n common use. .

11



o Y,

N
Fluorescence  Absorption
of donor of acceptor
Overlap

Wavelength

Figure 5 Spectral overlap for fluorescence resonance energy transfer (FRET).

An example of a FRET sensor for Cu®" detection was designed by Hu’s group.”* They
employed a facile one-step Cu(I)-catalysed “click™ reaction to fabricate a novel FRET
ratiometric “off-on” fluorescent probe 3. The emission of the donor, a dansyl group,
overlaps well with the absorption of the acceptor, xanthene in the open-ring fluorophore
rhodamine, which shows high selectivity to Cu®". A 28-fold enhancement of the
emission ratio (Is¢s/Is40) was achieved on addition of Cu’" with an approximate linear
relationship between emission ratios and the concentrations of Cu" from 10 to 50 uM.

The system has also been used for the fluorescence imaging of intracellular Cu®*
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1.2.2.4 Alternative Sensing Mechanism

Except for above mentioned mechanisms, other emissive phenomenon are also utilised
in synthetic receptors, like metal-ligand charge transfer (MLCT), twisted
intramolecular charge transfer (TICT), aggregation-induced emission (AIE) and C=N
isomerisation, which could be ascribed to fluorescence changes via conformation

restriction.?® 24
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1.3 Developments in the Field of Chemosensors

for the Detection of Copper(ll) lons

1.3.1 Sensors for Copper(ll) lons

Sensors based on the ion-induced changes in fluorescence have been widely
investigated in the biological and environmental systems due to the simplicity and high
detection limit of fluorescence.”” A couple of other methods, such as high-performance
liquid chromatography (HPLC), mass spectrometry (MS), atomic absorption
spectroscopy, inductively coupled plasma atomic emission spectrometry,
electrochemical sensing, etc., have been used to analyse the targets concerned.*® *’
However, these methods have some limitations such as extensive and time-consuming
procedures that involve the use of sophisticated instrumentation. Fluorescent probes are
preferable approaches for the measurement of these analytes because fluorimetry is
rapidly performed and it is highly sensitive. Above all, it is suitable for high-throughput
screening applications, and can afford real information on the localisation and quantity

of the targets of interest.”® %

Various fluorophores with different photochemical
properties have been employed as signal reporters for chemosensors, some recent
examples are coumarin, pyrene, 1,8-naphthalimide, rhodamine, fluorescein, xanthenes,
squaraine, cyanine, boron dipyrromethene difluoride (BODIPY), nitrobenzofurazan,

1
etc.30’ 3

Coumarin is a popular fluorescent dye with widespread applications as a fluorescent
chemosensor due to its high molar absorption coefficients and high fluorescence
quantum yields. Wu and coworkers recently reported a copper(ll) sensor 4 (related to 2)
containing a coumarin group as the fluorophore and a phenol hydrazone moiety as a
selective and sensitive receptor for copper(ll).*> Among other metal ions, only on the
addition of Cu®" induced significant fluorescence quenching. The Job plot’s curve
demonstrated that the binding ratio of the 4-Cu*” complexes was 2: 1 and the
association constant (K,) for Cu®" binding with 4 was calculated to be 9.56 x 10° M,
Moreover, fluorescence confocal experiments indicated that 4 could be employed for

detecting Cu®" in living cells.
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Besides Coumarin, rhodamine is highly favourable for the design of fluorescent sensor
due to its large Stokes shift, and high photostability. Therefore, several examples of
rhodamine based sensors for the detection of copper(ll) ions have been developed. A
rhodamine-pyrene derivative S (related to 3) has been synthesised as a ratiometric and
off-on sensor for the detection of Cu*" by Yoon’s group (Figure 6).** When Cu®" was
added to the solution, a significant decrease in the fluorescence intensity at 424 nm and
a new fluorescence emission band centred at 575 nm was observed, which was
attributed to the Cu®"-induced ring-opening of the spirolactam moiety. Upon addition of

up to 7 equiv. Cu®", the solution changed colour from primrose yellow to pink.

Figure 6 Proposed binding modes.”

Kim et al., reported the design and synthesis of a new rhodamine-based derivative 6
(related to 5), bearing an N-butyl-1, 8-naphthalimide group (Figure 7).** This
compound displayed selective colorimetric and fluorescence “turn-on” changes at 550
nm via selective rhodamine ring-opening by Cu”". This compound forms a 2: 2
complex with Cu®". As expected, the naphthalimide moiety allowed for ratiometric

analysis.
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Figure 7 Proposed binding mechanisms of the compound 6.**

In addition to rhodamine, boron dipyrromethene difluoride (BODIPY) is also very
favourable for the design of fluorescent sensors because of its unique characteristics,
such as sharp and intense absorption and fluorescence peaks in the visible spectral
region and stability against light and chemicals. It is also modifiable to make the
absorption and emission bands shift to the red or near infra-red (NIR) range so that it is
suitable for applications in biological systems. Dehaen and coworkers firstly reported a
colorimetric and NIR fluorescent turn-on chemosensor 7 for Cu>" based on BODIPY.>
This probe displays a significantly sensitive and selective fluorescent enhancement on
the addition of Cu®" among various metal ions with an excitation at 620 nm in
acetonitrile. The 1: 1 stoichiometry for the 7-Cu”" complex was obtained by non-linear
fitting of the fluorometric titration data with K4 = 8.7 = 0.5 uM in acetonitrile, which

was confirmed by mass spectra as well.
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Juang et al have prepared a fluoro-chromogenic chemosensor 8 based on BODIPY-
functionalised gold nanoparticles.”® To take advantage of nanoparticles as solid
supports has resulted in the development of hybrid materials with improved
functionalities such as sensitivity and water solubility. In the presence of Cu®' in
aqueous solution (10% CH3;CN), 8 displayed a colour change along with a blue-shift of
the absorption band and quenching of the fluorescence at room temperature. According
to the fluorescence titration data, a detection limit of 1 uM was achieved, which is
much lower than the US EPA limit (~20 uM) in drinking water. Moreover, confocal
imaging experiments confirmed that 8 can be used to detect Cu®" in living cells (Figure

8).

Figure 8 Synthesis of BODIPY -functionalised gold nanoparticles 8.
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1.3.2 Naphthalimide Based Sensors in Copper(ll) Sensing

Among all the other fluorophores developed, 1,8-naphthalimide is highly favourable
because of its excellent photophysical properties, such as high extinction coefficients,
excellent quantum vyields, great photostability, and relatively long emission
wavelengths. Compared to rhodamine, BODIPY and cyanine based sensor, 1,8-
naphthalimide derivatives are also more stable and easy to synthesise. And they are
typical fluorophores with an ICT nature, which is a critical design feature as it leads to
sensitivity to changes in the microenvironment. In addition, they have relatively simple
structures for which facile and straightforward syntheses have been established. At the
same time, they can be modified with two or more separate side chains in sequence, e.g.

derivation sites for the 4,5- or 3,4-positions and the imide position.’

Recently, Yu and coworkers designed a fluorescent sensor 9 derived from
naphthalimide bearing a pyridine group for the detection of Cu®* (Figure 9).% The
probe exhibited high selectivity and sensitivity to Cu®" in aqueous ethanol media with a
detection limit of 0.03 uM. The result of Job’s plot experiment suggested a 1:1 complex

of 9 with Cu?*, which was also supported by mass spectral analysis.
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Figure 9 The mode of formation of 9-Cu?* complex.

Cui and co-workers also developed a fluorescence turn-on probe 10 for detecting Cu*
both in vitro and vivo.*® They employed the N-butylbenzene-1,2-diamine as a new
recognition moiety for copper(l1) ion. By coordinating with Cu®* 20-fold fluorescence
enhancement was achieved while no fluorescence change can be found on addition of
other metal ions. The results of HNMR titration, time-resolved fluorescence decay
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measurements, and computational optimisation confirmed that the binding ratio was 1:1.

Furthermore, the probe was used in confocal fluorescence imaging to detect Cu®* in

Iy

living cells.
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Wang et al., have reported a fluorescence turn-on chemosensor 11 based on
naphthalimide derivatives for detection of copper(ll) ion (Figure 10).*> The
fluorescence spectrum displays a 4.5-fold enhancement in the intensity of the signal at
519 nm on binding with Cu?*. The detection limit is calculated to be 0.15 M, which
indicated that the compound is quite sensitive to Cu?*. The binding mechanism could
be the copper(Il) ions’ restructure of C=N bond.
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Figure 10 Binding action of a turn-on chemosensor.*

Liu and co-workers reported a new ratiometric fluorescent sensor 12 for Cu**, which
has been developed by integrating a 1,8-naphthalimide fluorophore with 8-
aminoquinoline (Figure 11).** This compound not only exhibits a highly selective

ratiometric response to Cu®" in aqueous media, but has also been used for the practical
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ratiometric imaging of intracellular Cu** in human breast adenocarcinoma cells (MCF-

7 cells) using a confocal microscope.

N NN ]IcTatiometric " @ V2
uorescence - ’ _____
% sensing \s\
N HN N N
12 O Eo:

Figure 11 A ratiometric fluorescent sensor for Cu®*.*

Qian et al., have reported a fluorescent sensor 13 based on the peri-disubstituted
naphthalimide with side chains (Figure 12).** Diethanolamine is a weaker metal ion
ligand and a better water-soluble group than di(pyridin-2-ylmethyl)amine, which makes
it more advantageous of the two receptors. In addition, the on-off fluorescence response
in emission at 543 nm makes the compound serve as a naked eye, dual-channel

colorimetric and fluorescence probe for Cu®".

0 _N_0O @ \
(0] N O
+Cu?t, - H*

N
[ ~"0H N N
OH

NH
N ~ ) on
A
13

Figure 12 The proposed binding mode.*
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1.3.3 Boronic Acid Based Sensors for Metal Ion Sensing

Boronic acids are well known to have high affinities for substances that contain vicinal
diol groups® and, consequently, they have been used in fluorescent chemosensors for
carbohydrates.** Limited precedents exist for the use of boronic acid-linked fluorescent
sensors to detect metal ions directly. Therefore, it is very interesting to explore the use

of boronic acids as the binding site of metal ions.

The first example of a boronic acid-linked fluorescent and colorimetric chemosensor 14,
15 for copper(11) ions was prepared by Yoon,*® which involves the unique ring-opening
process of rhodamine and the fluorescein derivatives (Figure 13). In addition, the
practical use of the probe is demonstrated by its application to the detection of

copper(1l) ions in mammalian cells and vertebrate organisms.
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Figure 13 Binding modes of the two compounds.*
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In 2010, Yoon and co-workers reported another two rhodamine B (RB) derivatives 16,
17 bearing mono and bis-boronic acid groups as Hg®* selective fluorescent and
colorimetric sensors (Figure 14).*° These derivatives are the first examples of reversible
fluorescent chemosensors for Hg”* which utilised boronic acid groups as binding sites.
The two new RB-boronic acid derivatives displayed selective ‘Off-On’-type fluorescent
enhancements and distinct colour changes with Hg®*. The selective fluorescent
enhancement of two rhodamine derivatives was attributed to ring opening of the

spirolactam (nonfluorescent) to ring-opened amide (fluorescent).
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Figure 14 Structures of the two compounds.

Xu and coworkers developed a highly selective fluorescent receptor 18 for
hydroxylated organotins(HOTS) in aqueous solution (Figure 15).* The new receptor
nicely combines the binding character of an o-hydroxyl Schiff base for the transition
metal and boronic acid for the vicinal diol. And this is the first example of a fluorescent
receptor for hydroxylated metal species. They demonstrated that boronic acid acted as
an efficient receptor group for metal-centred diols. This may lead to important

applications of boronic acid in molecular recognition in further studies.
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Figure 15 Binding modes of the compound 18.
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1.4 Developments of Chemodosimeters for the

Detection of Biothiols

1.4.1 Reaction Based Sensors for Biothiols

Biological small molecules such as glutathione (GSH), cysteine (Cys), and homo-
cysteine (Hcy) play crucial roles in living organisms, which are also involved in a
number of biological processes. It has also been proposed that abnormal levels of
biothiols have been correlated with various diseases.*® ¥ GSH, the most abundant
cellular non-protein thiol,”® assists many cellular functions, such as intracellular signal
transduction, maintenance of intracellular redox activities, xenobiotic metabolism, and

.51
gene regulation.

Given that biothiols are very important in biological, clinical, and environmental
analysis, they have drawn great attention to design new analytical methodologies for
their detection. A number of sophisticated analytical techniques for the detection of
thiols have been reported, e.g., MS,*? HPLC,” capillary electrophoresis54 and
electrochemical detection.” However, these methods have some limitations, e.g., only
measuring total thiol content, high equipment costs, complex sample preparation, and
running times, which make them unpractical for some applications such as high-
throughput routine clinical or research purposes. Therefore, a cheap and simple method

for quantifying thiols is vital for real-time monitoring of biological samples.

Among the various methods optical probes for thiols have proven to be some of the
most efficient means and have therefore become a dynamic research area in recent
years. Particularly, great effort has been devoted to the development of fluorescent
sensors due to the low detection limits, ease of handling and monitoring intracellular
analytes. Most of the fluorescent sensors for thiols are reaction based sensor. The
discussion below covers a variety of sensing mechanisms such as Michael addition,
cyclisation with aldehydes, conjugate addition-cyclisation, cleavage of sulfonamide and
sulfonate esters, thiol-halogen nucleophilic substitution, disulfide exchange, native
chemical ligation (NCL), metal complex-displace coordination and nanomaterial-

related chemosensors.
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Related to Michael addition of thiols

It is well known that the derivatives of o, 3 -unsaturated carbonyl moieties undergo

favourable nucleophilic addition with sulthydryl groups. In 1970, Kanaoka and
coworkers designed a fluorescent chemodosimeters for detection of thiol that utilised
the addition of a thiol to a maleimide group, which is one of the most renowned

electrophiles.*

Kim and coworkers reported a selective fluorescence turn-on probe 19 for biothiols
(Cys, Hey, GSH) (Figure 16).” In the presence of biothiols, it exhibited a sensitive and

selective fluorescence enhancement through the Michael addition of a thiol group to the
o, B -unsaturated malonitrile unit, the reaction does not work with other natural amino

acids. In 0.1 M DMSO-HEPES buffer (pH 7.4, 1: 2, v/v), Cys induced a dramatic

increase in the fluorescence intensity (F/F, = 19) while Hcy and GSH turn on the

fluorescence intensity of 19 by 12- and 5.6-fold, respectively. Moreover, the probe was
employed for detecting cellular biothiols in HeLa cells by confocal imaging

experiments.

- m - m

19

Figure 16 Proposed reaction mechanism of 19 with thiols.

Jung et al. developed a chemodosimeter 20 which showed good selectivity for Cys over
other similar amino acids, Hey and GSH.”® On the addition of Cys a Michael-type
reaction occurred with fluorescence enhancement (Figure 17). Under physiological
conditions Cys could generate a stronger nucleophile and modify the host, in this case a
larger nucleophile experiences more steric hindrance in getting to the electrophilic
centre, which has been observed via the low reaction rate constant in the second-order
reaction and the highest interaction energy (calc.) with GSH. Furthermore, confocal
microscopic experiments were employed for fluorescence imaging of Cys in HepG2

cells.
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Red, Non-fluorescent Green, Strong fluorescent

Figure 17 Chemodosimetric reaction of 20 with Cys.

Related to cleavage of sulfonamide and sulfonate esters by thiols

Nucleophilic substitution reactions of sulfonate esters and amides of phenols or amines,

has been used for the fluorescent detection of thiols.

Thiol probe 21 was reported by Ji et al. and showed an off-on red-emitting
phosphorescence (Figure 18).” In acetonitrile aqueous solution, 21 showed no
fluorescence as the metal to ligand charge transfer (MLCT) was disrupted by electron
transfer from Ru(Il) to 2,4-dinitrobenzenesulfonyl group. In presence of thiols, the
electron sink was cleaved and the MLCT was re-established, which induced
phosphorescence at 598 nm with a 143 nm Stokes shift and a 1.1 ps luminescence

lifetime.
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Figure 18 Thiol sensing mechanism of 21.
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A new series of NIR fluorescent dyes was prepared by Yuan et al., which are superior
to traditional fluorescein dyes with both absorption and emission in the NIR region
(Figure 19).°° In the presence of Cys at pH 7.4 PBS buffer (30% CH;CN), probe 22
produced a 50-fold fluorescence enhancement with a new emission peak appearing at
716 nm. Additionally, quantum chemical calculations with the B3LYP exchange
function was employed to explain the structure-optical properties of these new NIR
dyes. Moreover, confocal imaging experiments were used to confirm that 22 was

suitable for NIR fluorescence imaging of thiols in both macrophage cells and in vivo.

Figure 19 Schematic illustration of the reaction of 22 with thiols.

Related to thiol-halogen nucleophilic substitution by thiols

Due to the similar structure and reactivity, there has been much difficulty to
discriminate GSH from Cys and Hcy with one fluorescent probe. Although a number of
excellent chemosensors for detection of thiols have been published, there still scope to
develop systems with improved selectivity. Herein, Niu and coworkers recently
reported a BODIPY-based ratiometric fluorescence sensor 23, which could effectively
recognise GSH from Cys and Hcy (Figure 20).°" The mechanism is that the chlorine of
23 could be rapidly displaced by the thiolate of biothiols through thiol-halogen
nucleophilic substitution. Except for GSH, only the amino groups of Cys/Hcy could
replace the thiolate to form an amino-substituted probe. In 20 mM HEPES buffer (pH
7.4, 5% CH3;CN), the fluorescence intensity of 23 was dramatically enhanced on the
addition of GSH, with a linear range of 0-60 uM. The detection limit was 8.6 x10™ M
(S/N = 3) with a coefficient of R = 0.993. Moreover, 23 was used for confocal
microscopic detection of GSH in HepG2 cells.
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Figure 20 Reaction mechanisms of 23 for thiols.
Related to disulfide exchange reaction by thiols

A galactose-appended naphthalimide based probe 24 was reported by Lee et al. for
detection of hepatic thiol both in vitro and in living cells and animals (Figure 21).% The
galactose subunit was used to target hepatocytes, while exposed to cellular thiols the
disulfide-link was cleaved to release the naphthalimide moiety with fluorescence
enhanced at 540 nm. As a control compound, 25 without galactose was used to

confirm the mechanism, no selectivity for any particular organ was observed.
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Figure 21 Structures of probes 24 and 25.



Zhu and coworkers designed a ratiometric fluorescent probe 26 containing a
naphthalimide moiety as the fluorophore and a disulfide group as the receptor (Figure
22).% In pH 7.4 PBS buffer (20 mM, 10% EtOH), in the presence of GSH, the
maximum absorption peak displayed an 85 nm red-shift with the colour of the solution
changed from colourless to fluorescent green. And the maximum emission peak
experienced a 48 nm red-shifted and the ratio of fluorescence intensities (Fs33/Fags)
changed from 0.5 to 5.7. Moreover, in terms of ratiometric sensing, probe 26 exhibited
high sensitivity towards GSH with the detection limit as low as 28 pM, and also probe
26 showed significant ratiometric fluorescence changes in confocal imaging of HelLa

cells.
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Figure 22 Disulfide bond cleavage mechanism in 26 towards thiols.

Related to cleavage of Se-N by thiols

Zhu and coworkers developed a fluorescent probe by cleavage of the Se-N bond in
presence of strong nucleophilic thiols (Figure 23).°* In a mixed solution of DMF-H,O
(8:2, v/v), the interaction of GSH with the pyridylvinylene derivative 27 produced a 19
nm red-shift in the absorption spectra and a fluorescence intensity enhancement at 440
nm. According to the titration data, probe 27 showed a linear relationship between
fluorescence and the concentration of GSH in the range of 2 - 12 uM with a detection

limit of 0.03 pM.
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Figure 23 Reactions of 27 with GSH.

Recently, two NIR fluorescent thiol probes 28 and 29 were adopted by Wang et al.
(Figure 24).% After incubation at 25 °C for 3 mins in PBS buffer (15 mM, pH 7.4),
probes 28 and 29 displayed almost no fluorescence upon excitation at 635 nm due to a
donor-excited photoinduced electron transfer (d-PET) process. In the presence of GSH,
there was a strong emission band at 750 nm with a significant fluorescence
enhancement. In addition, probes 28 and 29 showed a linear relationship between the
fluorescence intensity and the amount of Cys in the 0-5 pM range. Moreover, confocal
imaging experiments were carried out to confirm that the two probes could detect thiols

in living RAW 264.7 cells and fresh rat liver tissue.
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Figure 24 Reaction mechanisms of probe 28 and 29 with thiols.
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Related to the native chemical ligation (NCL) mechanism for aminothiols

In the area of biology and chemistry, the native chemical ligation (NCL) reaction has
been well developed to prepare proteins by total or semi-synthesis. Cascade reactions
between a peptide-a-thioester and an N-terminal cysteine peptide were included in NCL

of peptide segments.

A ratiometric FRET fluorescent probe for thiol detection was prepared by Long and co-
workers inspired by the chemoselective and biocompatible characters of the NCL
reaction (Figure 25).°° In pH 7.4 CH3CN-phosphate buffer (25 pM, 9:11, v/v), probe 30
alone exhibits remarkable emission of the rhodamine at 590 nm, but almost no
BODIPY emission at 510 nm owing to the overlap of the emission band of the
BODIPY with the absorption band of the rhodamine. However, in the presence of Cys,
the emission band of the BODIPY increased at 510 nm and the rhodamine emission
band at 590 nm gradually reduced due to the NCL reaction. The emission ratio (Isjo/Isgo)
indicates a 270-fold enhancement with a detection limit of 82 nM towards Cys.

Moreover, probe 30 has been proven to have the potential to detect Cys in HeLa cells.
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Figure 25 Structure of ratiometric fluorescent thiol probe 30 based on the NCL reaction.
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Metal complex related: displacement of coordination by thiols

It is well known that thiols have high affinity towards metal ions. Therefore, great
effort has been made to develop chemodosimeters for thiols using a nucleophilic

displacement approach.

Jung and coworkers designed an iminocoumarin-Cu®’ ensemble probe for thiol
detection (Figure 26).°” On the addition of thiol-containing amino acids probe 31
displays a red to green colour change and an enhancement in fluorescence at 514 nm in
10 mM PBS solution (pH 7.4, 1.0% DMSO). The detection limit for GSH was
determined to be 10® M in aqueous solution. Furthermore, the confocal imaging
experiments demonstrate that complex 31-Cu”" was a promising candidate for the

detection of thiols in HepG2 cells.
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Figure 26 Schematic illustration of the thiol detecting the chemodosietric mechanism of 31-Cu®" in
aqueous media.

Nano-material related

Recently, nanoparticles have drawn great attention in the field of analytical chemistry.
A novel unmodified carbon nanodot (C-Dot) fluorescence probe for Hg*" and biothiol
detection was prepared by Zhou et al. (Figure 27).°® The fluorescence of the C-Dots
was quenched by Hg”" owing to a charge transfer process. While in the presence of
thiols, the displacement of Hg”" from the surface of the C-Dots to form Hg*"-S bonds
displayed a significant fluorescence enhancement. A good linear curve between the

fluorescence intensity and the concentration of Cys in the range of 0.01-5 uM indicates
31



a good sensitivity of the probe towards thiols with the detection limit of 4.9 nM. Other
amino acids were employed to test the selectivity. The results indicate no fluorescence
increase for any other amino acid. Fetal bovine serum (FBS) was used for estimating
the applicability of the probe in biological samples. The method provided good
recoveries ranging from 96.1% to 104.9%, using Cys as the standard and showed great

potential for detecting thiols in practical sample analysis.
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Figure 27 Schematic illustration of the detection mechanism of Hg>" and biothiols using the carbon
nanodots.
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1.4.2 Dicyanomethylene-4H-pyran (DCM) Based Sensors

Due to their lower background fluorescence with less scattering and deep tissue
penetration and limited toxicity, long wavelength (far-red to NIR) analyte-responsive
fluorescent probes have drawn great interest in the sensing world. Therefore, much
effort has been made to develop novel NIR analyte-responsive fluorescent probes over
recent years. Dicyanomethylene-4H-pyran (DCM) chromophore is one of the
promising long wavelength dyes with typical donor-n-acceptor (D-n-A) type with a
broad absorption band resulting from an ultra-fast internal charge-transfer (ICT)
process. Thus, various DCM-type derivatives have emerged due to their excellent
optical-electronic properties and varied structural modification. Generally, DCM
chromophores have a typical D-n-A structure with a broad absorption band produced

69.70 resulting in

from an ultra-fast internal charge-transfer (ICT) process (Figure 28),
several advantages such as: (i) high sensitivity to electron disturbance; (ii) long
emission wavelength (red light); and (iii) high fluorescent yield. In 1989, Tang and co-
workers reported a DCM derivative as a highly fluorescent dopant in organic
electroluminescent diodes (OLEDs).”* Therefore, a number of DCM derivatives have
been developed due to their excellent optical-electronic properties and easy structural

modification.’?

1) Sensitivity to electron disturbance
2) Long emission wavelength (Red light)
3) High fluorescent yield

Acceptor-n-Donor

DCM

Figure 28 Schematic diagram of an ICT proess in a DCM chromophore.’

DCM fluorophore based fluorescent sensors have drawn much attention because of
their unique advantages such as long wavelength emission, high quantum yield, and
simple structural modification. A typical fluorescent chemosensor is usually composed

of two parts: a receptor and a fluorophore, which are linked with a spacer for converting
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the recognition event into the fluorescence signal. The ICT mechanism has been widely

employed for sensing and molecular switching using the DCM fluorophore.” ™

Recently, Zhu and coworkers reported a DCM based fluorescent sensor 32 (Figure 29),
showing fluorescence enhancement in the long red wavelength region with high
selectivity for the PPi anion.” It is well known that metal complexes can bind anions
more efficiently than water, therefore the method of using a metal ion complex as a
binding site for PPi has become more and more popular. Probe 32 showed good
selectivity to PPi over other phosphates, displaying high sensitivity towards PPi with an
association constant (K,) of 4.6 < 10°> M™. Mass spectral analysis was used to confirm
that DCCP-Cu® forms a 1: 1 complex with PPi.

PPi
- N
N —
_N
\ \
Ccu?*
0%
N/, O
p=0
‘0

Figure 29 Sensing mechanism of 32 with PPi.

Subsequently, another DCM based fluorescent probe 33 for PPi detection in 100%
aqueous solution was designed by Zhu and co-workers (Figure 30).”® An a-amino acid
was used as a good chelating ligand for Cu®" and incorporation of the lithium
iminodiacetate group induced a large improvement in water solubility. In the presence
of PPi, 33-Cu?* displayed a dramatically enhanced fluorescence emission at 675 nm,
thus making the wavelength fall in the desired NIR region, which is suitable for
bioimaging. Therefore, confocal microscopic experiments were carried out for PPi

detection in KB cells (human nasopharyngeal epidermal carcinoma cells).
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Figure 30 Chemical structures of 33.

Interesting functional materials based on polymeric sensors have been developed due to
easy preparation and modification. Therefore, Guo and co-workers prepared a
hydrophilic copolymer poly(HEMA-co-DCPDP) containing the DCM group as a
fluorescent film sensor for Cu®* and PPi detection (Figure 31).” The hydrophilic
copolymer poly(HEMA-co-DCPDP) was composed of two parts: poly(2-hydroxyethyl
methacrylate) (PHEMA) as a hydrophilic chain segment to improve the permeability of
ions into the polymer backbone, and the DCM fluorophore was attached onto the
polymer backbone as metal ion-sensing units. Thus, the copolymer experienced a
fluorescence ON-OFF-ON process in presence of Cu®* and PPi. Moreover, the co-
polymer showed high sensitivity towards PPi with an association constant (K,) of 3.1 x
10 ™M™,
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Figure 31 Schematic representation of Cu®* and PPi sensors based onthe fluorescence ‘‘ON-OFF”’ and
““OFF-ON”’ of poly(HEMA-co-DCPDP) and poly(HEMA-co-DCPDP)-Cu?*, respectively.
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In addition to PPi chemosensors, a DCM chromophore based NIR fluorescent
chemodosimeter 34 for fluoride detection was designed by Zhao et al. (Figure 32)."
This is the first NIR turn-on fluorescence sensor for F~ based on the ICT mechanism. In
the absence of F', chemodosimeter 34 exhibited one major absorption band centred at
447 nm. However, on addition of F’, the absorption at 454 nm decreased with a
concomitant new band at 645 nm appearing. The F" triggered specific Si-O cleavage of
34 to release DCPO induced dramatic colour changes and distinct NIR fluorescence
enhancement at 718 nm. Furthermore, NMR and mass spectroscopic analysis was used

to confirm the sensing mechanism.
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Figure 32 The F-triggered specific Si—O cleavage of 34 to release DCPO with a change in colour and
fluorescence.
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1.5 Electrochemical Sensing with Boronic Acid

for Saccharides

1.5.1 Introduction to Electrochemistry

Electrochemistry brings up a varied field that can generally be defined as the study of
the combination of electricity and chemical systems, which include the chemical
reactions that take place at the interface of an electrode and the electrolyte. These
reactions involve electron transfer between the electrodes and the electrolyte.
Essentially, the study of charge transfer that occurs between electrodes and redox
species both at an interface and the space in between is of the most interest. Generally,
charge transfer can occur in two directions. Take Mn** as an example, a redox species
can either gain an electron from the electrode to form the reduced species, or it can

donate an electron to the electrode surface to form the oxidised species.”
MN* g+ e- —>Mn*" ) Equation 1
MN** gy —> Mn** (aq) + e- Equation 2

With the employment of a potential to an electrochemical system, the interaction
between electrical energy and chemical change can be obtained. In addition, other
parameters could also control the rate of charge transfer including different types of
working electrode surface and the reactivity of the reactant. The redox processes are
exhibited as the observed current, otherwise known as a Faradaic current, the
magnitude of which is given by Equation 3 where i = current, n = the number of

electrons, A = electrode area, F = Faraday constant, and j = flux.”
i= NAFj Equation 3

An electrochemical cell is often used for setting up the work station with a number of
possible electrode setups, and the most common is a three-electrode arrangement using
a potentiostatic sweeping-voltage analysis technique. In this three-electrode
arrangement, the electrochemical cell contains a reference electrode, counter electrode,
and a working electrode (Figure 33a). A potentiostat is a hardware required to control

the three-electrode cell and run electroanalytical experiments.
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Most importantly, the reaction at the surface of working electrode and the interfacial
potential between this surface and the solution are carried on in electrochemical
experiments. A reference electrode, which has a constant and known potential, is used
to provide the correct changes in current to the working electrode (Figure 33b).
Therefore, the measured potential difference is derived from the difference between this
known reference value and the potential at the working electrode. Furthermore, a
counter electrode is added to the cell to make sure there is a closed circuit while the
reference electrode is present to provide a stable and fixed potential. As a result, the
potential difference at the electrode | electrolyte interface is allowed to be measured and
controlled by a potentiostat in this system.

b)

a) electrical connection

C
w r R —— glass tube

saturated KCl solution

#'f- - mercury

mercury chloride

porous plug

frit

Figure 33 a) A typical three-electrode cell set-up, and b) a schematic representation of a saturated
calomel electrode.®
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1.5.2 Electrochemical Analysis

Electrochemical techniques have attracted much attention for designing sensors due to
their high selectivity and sensitivity. The electrochemical sensor refers to the
measurement of a physical quantity of an analyte and converts it into an electrical
signal which can be read out by a potentiostat. So far, there has been much research
focused on electrochemical sensing such as measuring the amount of glucose in the
blood through its redox potential, gas detection (Figure 34), and proteins detection, etc.
Among those, anion transfer detection has drawn much attention owing to its occurring

quite often in nature and industry.

Figure 34 Carbon monoxide alarm with electrochemical sensor and 90 to 270 VV AC operating voltage.®*
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1.5.3 Recent Developments of Electrochemical Sensing with

Boronic Acid for Saccharides

The interaction of a boronic acid with a diol is covalent in nature and involves the rapid
and reversible formation of a cyclic boronate ester.?2®* Therefore, boronic acid
functionalised compounds and materials have been widely used as the recognition
matrix for chemo/biosensing of diol-containing biomolecules, such as saccharides,
dopamine and glycoproteins, etc.®® The Lewis acidic nature of boron has also led to

the development of anion receptors and sensors (Figure 35).%%
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Figure 35 Scheme of binding equilibria of phenylboronic acid to sugar and OH" ion.

Electrochemical sensors provide an attractive means to analyse biological samples due
to the direct conversion of a biological event to an electronic signal.*® They are
usually constructed by modifying the surface of metal and carbon electrodes with
materials such as polymers, self-assembled monolayers, and water-immiscible organic
oils, etc.®% The output signal of sensors is generated through the specific binding or
replacement or a catalytic reaction at the electrode surface. The properties of boronic
acids have led to them being exploited in sensing and separation systems for
saccharides (diols).'®> 1% Therefore, electrochemical sensing using boronic acids

potentially provides a method to monitor blood glucose level for treatment of diabetes.

Boronic acid functionality has been employed in electrochemical sensing systems
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predominantly based on direct effects of analyte binding on current and/or potential
responses in voltammetric experiments. Most widely studied are soluble
ferrocenylboronic acid redox probes which were first synthesised by Nesmayanov'®*
and have been shown to allow direct electrochemical diol and anion sensing in aqueous

media.

The potential use of ferrocenylboronic acid (FcBA) for the electrochemical
determination of a wider range of sugars was investigated by Lucina and Skl&dal.'®®
They detected the free and bound forms of FCBA in the boronate complex by using
voltammetric and amperometric measurements (Figure 36). In this way, the
complexation interaction was studied with saccharides as model diols giving distinct
voltammetric behaviour. In addition, in this study electrodes modified with sorbitol and
1,6-hexanediol were used to immobilise FCBA to the surface of the electrode through
boronate ester bonds. Thus, FcBA-modified electrodes could be useful as reagent-free

sensors for recognition of sugars and related compounds in replacement assays.
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Figure 36 Differential pulse voltammograms for 1 mM FcBA in the presence of polyols demonstrating
characteristic features for each saccharide.'®
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Compared to solution processes, surface immobilized processes are more convenient in
applications. They also offer more sensitivity and selectivity due to additional
interactions with the analyte at the electrode/solution interface. Strategies for the
preparation of boronic acid functionalised electrode surfaces can be divided into (i)
polymer-bound deposits (ii) covalently bound or grafted structures, (iii) self-assembled

films.

Modified electrodes are commonly developed based on the polymer components with
environmental stability, electrical (hopping) conductivity, and pH-dependent redox
behaviour. Senel and coworkers prepared a polymer based on aniline boronic acid,
which was formed by the electro-co-polymerization of aniline and aniline boronic acid
with application in the detection of glucose (Figure 37).}%® This poly-aniline-boronic
acid (PABA) monolayer provides a conducting polymer coated surface and was used in
the immobilization of FAD (flavine adenine dinucleotide binding directly to the
boronic acid) and reconstitution of apo-glucose oxidase (apo-GOXx) onto the resulting
FAD monolayer. After a series of optimisation experiments, pH 7.5 was selected as
buffer medium for the determination of glucose and 0.5 V was chosen as the applied
potential for amperometric detection of glucose concentration. Under optimum
conditions, glucose could be determined in a linear range from 1.0 to 17 mM with a
correlation coefficient of 0.9979 and a detection limit of 0.24 mM at 3 S/N.

Applicability to blood analysis was evaluated.

OH OH

/

HO—B8 HO—B

Electropolymerization / / \ H
NH, > N
W\ AN

Figure 37 Electro-polymerization of aniline boronic acid on the glassy carbon electrode.

Diazonium chemistry provides a versatile tool to produce stable organic layers
successfully on carbon electrodes, metals, and on semiconductors. In general, this
method uses a chemical generation of radicals, followed by formation of covalent
bonding between the radicals and the electrode surface. The process is easily and
rapidly carried out in one step. The covalent bond between the modifier and the

electrode surface is particularly attractive for construction of chemo-sensors or bio-
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sensors due to stability in different measurement conditions, e.g. at different pH values

and temperatures.

Teramae et al. investigated covalently grafted multilayers of phenylboronic acid (PBA)
on glassy carbon for the detection of glucose.'®’ 3-Aminophenylboronic acid (3-APBA)
was used to form the multilayers controlled by the concentration of precursor 3-APBA
and the number of potential cycles applied during the grafting procedure (Figure 38).
Cyclic voltammetry and electrochemical impedance spectroscopy were used to
characterise the grafting of the PBA group. The barrier properties of the grafted
electrodes were studied in the presence of Fe(CN)¢>™. The resultant PBA multilayer

was applied for glucose detection utilising Fe(CN)s®>™*

as a redox probe by impedance.
Non-Faradic impedance measurements for reagentless detection of glucose were
reported. A linear response to the glucose concentration was found, which reflects
formation of the glucose-PBA complex on the electrode surface.

HO,
B-OH

HO-B HO-B — !
(a) (b) OH ond Vs
— ——> HO-B . HO-B OH
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Figure 38 Schematic illustration of the electrode surface grafting by the electrochemical reduction of in
situ generated 3-APBA diazonium cation. (a) Five egiv. NaNO,, 1 M HCI, 4 °C; (b) Potential cycling
between +0.6 and -0.4 V vs. Ag/AgCl, 4 °C, formation of sub-monolayer to multilayer structures.

Over recent years, carbon nanotubes and graphene oxide have been the most common
carbon materials for electrode modification due to the high surface area accessible for
boronic acid functionalisation. Graphene oxide (GO) can provide a matrix for sensing.
Recenly, Boukherroub and Szunerits reported a novel interface strategy for sugar
sensing based on specific boronic acid-diol binding.'®® 4-Aminophenylboronic acid
(APBA) was stirred with a suspension of graphene oxide (GO) for 12 h at 100 °C to
form a reduced graphene oxide (rGO) with APBA incorporated into the rGO matrix
(Figure 39). In order to determinate sugars, differential pulse voltammetry (DPV) was
used on glassy carbon electrode modified with rGO/APBA. Importantly, this

investigation shows excellent sensitivity for saccharides with a wide linear range with
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detection limits of 100 nM for fructose, and around 800 nM for mannose and glucose.
The sensor proved to be useful for exploring the sugar content of more complex

matrixes such as apple juice thus resulting in an interesting alternative to other sensors.
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Figure 39 (A) Schematic illustration of the formation of rGO/APBA nanosheests; (B) mechanism by
which a-glucose can be linked to rGO/APBA nanocomposite interfaces and (C) detection principle
employed.

Given the affinity between gold and sulphur, gold electrodes cab be modified by self-
assembled sulphur containing molecules. Long and coworkers developed a bis-boronic
acid modified electrode for the sensitive and selective determination of glucose.’® The
compound was designed to contain a glucose selective chemosensor unit (bis-boronic
acid) and surface anchoring unit (sulphur) (Figure 40). Cyclic voltammetry and
electrochemical impedance spectroscopy were used for investigation of the sensor’s
response to glucose, fructose, galactose and mannose. The sensor surface shows high
sensitivity to glucose with a good linear response with impedance spectroscopy. The
stability constants obtained are: D-glucose (1.7 +0.3 x10° M™), D-galactose (9.1 +1.2
x10* M), D-fructose (4.6 £0.5 x10* M™) and D-mannose (1.2 0.1 x10°M™).
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Figure 40 (a) Representation of gold surface functionalisation by the receptor unit and (b) saccharide
binding.

The electrochemical sensors mentioned above have demonstrated that electrochemical
sensing with boronic acids is one of the most effective methods for biologically and
medically important species detection in addition to fluorescent sensing. Both methods

will be employed in this thesis to develop new types of sensor mechanisms.
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1.6 The Development of Molecular Switches and

Logic Gates

1.6.1 Molecular Switches

A molecular switch is a molecule that can be reversibly change between two or more
stable states.''® The molecules may change between the states in response to external
effects, such as changes in pH, light, heat, exposure to chemicals, an electrical current,
microenvironment, or magnetic field. In some circumstances, it is required a
combination of stimuli. pH indicators are the best examples for synthetic molecular
switches, which reversibly change colour in response to changing the pH of a medium.
So far, synthetic molecular switches have been of great interest in the field of
nanoelectronic devices. Besides, molecular switches are important to biological
researches due to their biological functions, such as allosteric regulation and vision.

Moreover, they are also one of the simplest examples of molecular machines.
Photochromic molecular switches

Photochromic compounds have been widely studied since they can switch between
electronic configurations when exited at a certain wavelength of light. UV-Vis
spectroscopy is employed to measure the absorption maximum for each state. There are
a diversity of photochromic compounds including azobenzenes, diarylethenes,
dithienylethenes, fulgides, stilbenes, spiropyrans and phenoxynaphthacene quinones,
which have been used to design photochromic molecular switches.

Zhu and co-workers have developed a novel photoswitching system based on
bis(dithiazole)ethene moiety (Figure 41).** The two states are both thermally stable
and quantitative photoswitching of the full cycle, which can be realised by light
illumination with excellent fatigue resistance and reversibility. Due to its admirable
properties such as quantitative photoswitching and fatigue resistance, it supports the
proof-of-concept for photo-optical modulation using 35c and 35¢ as bistable
complements. As a result, it can transmit information in the lasers to other passing light

waves and launch it into the optical fibre. Therefore a new method of modulating light
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with encoded information has been developed using the fundamental properties of

molecular photoswitches.

350 35¢

Figure 41 Reversible and quantitative UV and visible-light shuttle bis(dithiazole)ethene between its
bistable states 355 and 35¢.

Host-guest molecular switches

In host-guest chemistry the difference between two stable states in the affinity for

guests has been used to design host-guest molecular switch.

In 1980 Shinkai was the first to use the unit as a reporter in favour of
an azobenzene moiety and find an on-off signalling of the molecule (Figure 42).** In
this molecule, light induced a trans-cis isomerisation of the azo group causes a cavity
contration. In the trans form  the  crown binds  favourably
to ammonium, lithium and sodium ions, however, in the cis form
potassium and rubidium are more favourably bound. The reverse isomerisation takes
place in the dark. In order to mimic the biochemical action of monensin and

113, 114

nigericin, this devices was employed for the actual ion transport in a biphasic

system of ions triggered by light.
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Figure 42 Structure of compound 36.
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1.6.2 Electro-optical Switches

Molecular switches whose electronic and optical properties can change reversibly in
response to various chemicals and electrical input are called electro-optical switches.
Among the various switching materials, fluorescence and electrochemical components
have drawn much attention due to the high sensitivity and the easy observing of the

signals.®

Recently, fluorescent switches have been widely explored, however, fluorescent
switches allocating a redox reaction centre ferrocene (Fc) for multifunctional signals
still need further studies.> Therefore, it is interesting to modulate the changes in

emission of fluorophore by redox reaction of the Fc group (Scheme 2).
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Scheme 2 Illustration of a redox fluorescence switch based on an Fc-type electron donor.
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Veciana and coworkers have reported a reversible redox-fluorescence molecular switch
based on a 1,4-disubstituted azine with ferrocene and pyrene units (Figure 43).**® The
emission fluorescence intensity of 37 in solution can be reversibly modulated by the
redox of ferrocene. As an electron donor active unit, ferrocene was linked to the pyrene
acceptor unit which fluoresces efficiently. Spectroelectrochemical studies were carried

out to confirm that the fluorescence intensity was recovered after each step.

Figure 43 Structure of compound 37.

Yao et al. have developed a redox-fluorescence switch 38 based on a triad containing
ferrocene and perylene diimide moieties (Figure 44).'° In the presence of Fe*,
compound 38 displays a dramatic fluorescence enhancement due to the interruption of
PET process, which demonstrates that 38 can be used as a redox-fluorescence switch.
Therefore, in use of electrochemical oxidation and reduction method, the fluorescence
intensity of the solution can be reversibly modulated. And no fatigue was observed

even after several cycles of electrochemical redox.
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Figure 44 Structure of compound 38.
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Zhu and co-workers have also reported a new photochromic bisthienylethene system in
which the ferrocene unit is directly linked to a naphthalimide chromophore (Figure
45)."" The ferrocene component in the photochromic system plays an important role in
the optical adjustments, such as fluorescence changes through photoinduced electron
transfer (PET), a two-step oxidation process and a decrease in the photochromic
cyclisation quantum yield. Especially, the fluorescence can be modulated not only with
Fe(ClOy); as an oxidant and LAS as a reducing agent but also by electrochemical redox
process. Therefore, the system is suitable for potential applications in sensing and

signalling, as well as in data manipulation on a molecular level.
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Figure 45 Structural changes and fluorescence images of 39 before- and after electrochemical redox
processes.
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1.6.3 Logic Gates

The development of highly sensitive and selective chemosensors has become an active
area in supramolecular chemistry, especially in biology and the environment. The
remarkable progress in the development of molecular logic gates has brought chemists
closer to the realisation of molecular-scale calculators since the first report of molecular
AND logic gate based on chemosensors by A. P. de Silva et al.."*® Compared with the
modern semiconductor IT industry, molecular logic gates can be viewed as
computational devices that process physical or chemical “inputs” to generate “outputs”
based on a set of logical operators. The molecular logic systems can also make
themselves to convenient reconfiguring, especially for application in the life sciences.
The “bottom-up” method exhibits a distinct advantage over conventional
semiconductor counterparts. As a consequence, molecular logic function can be
designed in chemical and intracellular sensing, small object recognition and intelligent

diagnostics.
AND logic gate

A. P. de Silva and co-workers have designed a new compound with three receptors
(Figure 46)."™ In the new compound, there are three PET processes, which result in the
fluorescence of fluorophore anthracene being quenched. Only when the three ligands
Zn**, Na*, H" coordinate with compound 40 together, the intramolecular PET process
can be effectively inhibited, thus making the fluorescence increase. With three ligands
as three input AND logic gates, corresponding to the combination of logic output, the

output signal can be “1” in the truth table only when the three inputs are “1”".
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Figure 46 Diagram of compound 40 sensing for ions and AND logic gate.
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Akkaya and co-workers proposed a photodynamic therapy agent 41 that was an AND
logic gate (Figure 47). 41 would release singlet oxygen (output) at a much larger rate,
when two cancer related cellular parameters (inputs) are above a threshold value within
the same spatiotemporal coordinates.'® It is believed that Na"and H* concentrations
(pH) could be potential targets as cancer related cellular parameters. In tumour tissue,
the pH can be quite low while the intracellular sodium ion concentration is high.
Therefore, the molecular system is to search for higher concentration of both hydrogen
and sodium ions, and release the cytotoxic agent (singlet oxygen) only when both
concentrations are high, which also means that 41 can be employed in the fields of

treatment, logic calculation and molecular sensing.

Figure 47 Diagram of compound 41 sensing for ions and AND logic gate.
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INHIBIT GATE

An INHIBIT logic gate is based on two-input AND gates with one input carrying a
NOT gate. Through reasonable design of the molecular structure, the INHIBIT logic
gate can be prepared within a single molecule, compared with the traditional logic

circuit to avoid the logic gate circuit connection.

An example of a “lockable” logic gate and a double INHIBIT logic gate 42 was first
reported by Tian et al. based on a multiple-configurational rotaxane moiety (Figure
48).**' They employed both submolecular position control and chemical modification
to design a polymer film with INHIBIT logic gate function. In terms of different input
combinations of 380 nm, 313 nm, and protons, different configuration states and
fluorescence changes, a lockable INHIBIT logic gate as well as a complicated double
INHIBIT logic gate can be developed using this rotaxane. Above all, several different
supramolecular configurations can be represented by the output O and 1 states of the

current logic circuits.

(Zn=ns Zo=c)1*
PSS-ZZ

Figure 48 Double INHIBIT logic gate employing configuration and fluorescence changes.
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XOR gate

The XOR gate is a digital logic gate that carries out an exclusive or, which means that a
true output results if one, and only one, of the inputs to the gate is true. If both inputs
are false or both are true, a false output is produced. XOR represents the inequality
function, that is to say the output is true if the inputs are not alike otherwise the output

is false.

A. P. de Silva and co-workers designed a fluorescent sensor 43 containing two separate
receptors for Ca®* and H" within a push pull chromophore (Figure 49).*% If the output
IS viewed as transmittance, XOR logic is produced. When electron donor recognition is
combined with Ca?*, the electron donating ability of the nitrogen is reduced due to the
coordination effect, thus reducing the effect of the push-pull electronic interaction and
resulting in the blue shift of the absorption spectrum; When the receptor part of
quinoline was acidified, the molecular level of the system is changed resulting in red
shift of absorption spectrum. When two inputs Ca** and H* are added together, the ICT
process of push-pull electronic effects of 43 are balanced, and the absorption spectrum
returns to the initial state. The change of transmittance spectra at 390 nm corresponds

to the truth table of XOR gate logic operation.
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Figure 49 Diagram of compound 43 sensing for ions and absorption spectra.
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1.7 Summary of Chapter 1

Firstly, a brief introduction was given about different types of fluorescent sensors and
electrochemical sensors. Next, fluorescent techniques together with different types of

fluorescence sensing mechanisms were presented.

The Literature was reviewed for progress on copper(ll) ion detection using a variety of
different fluorophores. Besides, the boronic acid receptors for metal ion detection was
also introduced.'®® 2% %> The employment of different fluorophores for copper(ll) ion
was reviewed. Specifically, the recent achievements in copper(ll) ion sensing based on
naphthalimide fluorophore were discussed. As coordination based sensors, the
naphthalimide based probes can selectively bind with Cu?*, reducing the synthetic
effort and enhancing solubility. Factors which affect the binding constants and
selectivity were studied in terms of the development of modular sensors.

Furthermore, progress towards biothiol sensing was reviewed in terms of reaction based
probes. Intracellular thiols, as reduced species in cells, serve many cellular functions,
including the maintenance of intracellular redox activities, intracellular signal
transduction, and so on. Therefore, much attention has been devoted to the
development of fluorescent sensors for thiol detection. The sensing mechanisms which
cover a diversity of sensing syststems such as Michael addition, cyclisation with
aldehydes, conjugate addition-cyclisation, cleavage of sulfonamide and sulfonate esters,

and thiol-halogen nucleophilic substitution were discussed.

Moreover, the introduction to electrochemistry was introduced and also the
electrochemical sensors using boronic acid for saccharides detection were presented. In
particular, the recent progress of boronic acid-based electrochemical sensors both in

solution processes and surface processes was reviewed.

Finally, molecular switches and logic gates were presented. Molecular switches based
on photochromic switches, host-guest switches and electro-optical switches were
discussed and three fundamental logic gates: AND gate, INHIBIT gate and XOR gate

were illustrated.
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CHAPTER TWO

Results and Discussion

Published - Li, M., Ge, H., Arrowsmith, R. L., Mirabello, V., Botchway, S. W., Zhu,
W., Pascu, S. I. and James, T. D., Ditopic boronic acid and imine-based naphthalimide
fluorescence sensor for copper(ii). Chem. Comm. 2014, 50 (80), 11806-11809.
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2 Results and Discussion: New
Fluorescent Chemosensors Based on
Naphthalimide for the Detection of Copper(ll)

lons

2.1 Overview of Fluorescent Chemosensors
Based on Naphthalimide for the Detection of

Copper(ll) lons

2.1.1 Importance of Copper(ll) Ions

Recently, the importance of metal ions to the vital functions of living organisms, hence
their health and well-being, has become interestingly apparent. As an essential soft
transition metal ion, copper(ll) plays a crucial role in biological, environmental and
chemical systems. %% The copper(ll) ion is also used as a catalytic cofactor for a
variety of metalloenzymes, including superoxide dismutase, cytochrome ¢ oxidase and
tyrosinase. In addition, under excessive levels, copper(ll) exhibits toxicity that causes

neurodegenerative diseases'?®*%

(e.g., Alzheimer’s and Wilson’s diseases), probably
by its involvement in the production of reactive oxygen species. While copper(ll)
deficiency may also lead to hematological manifestations and a number of other
problems. In this regard, chemosensors for copper(ll) ions are extensively employed as
the signal output owing to their high sensitivity and the simplicity of the equipment
requirements.’***% |t is also important to note the medical emphasis in the need for
copper(1l) sensors, reaffirming fluorescence as a desirable signalling method to monitor

the movement and location of Cu®* in living cells.
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2.1.2 Receptors for Sensing Copper(11) lons

In chemistry, a coordination complex or metal complex consists of a central atom or
ion, which is usually metallic and is called the coordination centre, and a surrounding
array of bound molecules, that are in turn known as ligands or complexing agents.
There are many kinds of ligands. Generally, the Schiff base moiety has been used as
ligand for metal ions due to its high affinity and excellent selectivity in coordination
chemistry.**® The imine nitrogen in the Schiff base moiety acts as an electron-donating
substituent whose donor character strongly depends on cation coordination (Scheme 3).

While, boronic acids have been well studied as the receptors for saccharides and
fluoride. However, there are just a few examples where a boronic acid conjugated
fluorescent chemosensors for metal ions has been developed. Therefore, this is a

promising area to explore.

_OH

B\
RAN’R ©/ OH
Schiff base Boronic acid

Scheme 3 The structures of two receptors.
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2.2 Aim and Objective

The synthesis of naphthalimide chemosensors was performed and their potential as
selective sensors for various metal ions was investigated. The derivatives were also
examined for their interaction with monosaccharides, and potentially develop

multifunctional molecules.

The 1,8-naphthalimide moiety has been shown to be a good reporter for chemosensing
applications, however, only a few boron-modified naphthalimide compounds have been
reported for copper(ll) recognition. Confocal microscopic cellular imaging was used to
evaluate the probes developed for Cu®* detection, in collaboration with Dr. Sofia

Pascu’s group.
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2.3 A Boronic Acid-Naphthalimide Based
Fluorescent Sensor for the Recognition of

Copper(ll) lons

2.3.1 Synthesis of the Fluorescent Sensor and Reference

D
ee 3; ;;

1§

47 48 50

Compounds

Figure 50 The structures of target compound and its reference compounds.

Compound 47 is the target compound and compounds 48 and 50 are reference

compounds (Figure 50). Previous work!37 138

showed that a Schiff base is always used
as a typical receptor for copper(ll) ion and also the boronic acid can be used to
coordinate with metal ions. Therefore, we designed a compound to combine those
units, in order to improve the copper(ll) sensing selectivity and sensitivity. In the
meantime, we can’t ignore the performance of the boronic acid for the recognition of
saccharides. Therefore, we can use this compound to measure the binding ability with
saccharides. Since naphthalimide fluorophore has excellent spectroscopic
characteristics, we decided to use the same fluorophore together with the above

moieties to synthesise a multi-functional molecule. The reference compounds are used

to probe the function of the Schiff base and the boronic acid units.
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Synthesis of compound 47 and 48

47 and 48 was obtained by a three-step procedure (Scheme 4). Firstly, intermediate 45
was synthesised through imide formation. Under nitrogen atmosphere, anhydride
naphthalene 44 was dissolved in absolute ethanol. Then an excess of hydrazine hydrate
was added, after having refluxed for 4 h, the mixture was cooled and the precipitated

solids were filtered and recrystallised from ethanol to give a yellow solid.

46 was obtained by mixing 1.0 equiv. of 45 and 10.0 equiv. propylamine and refluxing
in 2-methoxyethanol under nitrogen. This reaction is a typical nucleophilic aromatic
substitution reaction. "H NMR spectrum showing the peaks at 0.9 - 1.1, 1.6 - 1.8, 3.2 -

3.5 ppm implied the completion of this reaction.

Besides the nucleophilic substitution of bromine and propylamine, the last reaction is
an example of hydrazone formation of an amine to a carbonyl group followed by
dehydration to the Schiff base. The Schiff base is an electrophile which easily reacts via
electrophilic addition with compounds containing an acidic proton. Therefore, we
protected the boronic acid prior to reaction with the aldehyde. '"H NMR analysis
indicates a sharp peak at 1.25 ppm and two peaks at 1.70 - 1.77 ppm, which is an
indication of successfully coupling the two molecules together. Compound 48 was

prepared using the same procedure.
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Synthesis of compound 50

A parallel protocol was used for the preparation of compound 50 (Scheme 5).
Compared with compound 47 and 48, the boronic acid was linked to naphthalimide
moiety directly without a Schiff base unit and acts as a reference compound.
Compound 49 was obtained by treating compound 44 with 3-aminoboronic acid. The
reactant mixture was stirred in ethanol under reflux overnight before concentrating
under vacuum. The resultant product was washed with hexane to give a yellow solid
with a yield of 90%. Compound 50 was obtained by the same procedure as compound
47. In order to get the pure compound, the residue was purified by column
chromatography to give a yellow solid with a yield of 92%. The '"H NMR spectrum
showing the peak at 1.0 - 2.0 ppm and 8.0 - 9.0 ppm implied the completion of this

reaction.
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Scheme 5 Preparation of Compound 50.
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2.3.2 Investigations of Copper(1l) lon Sensing

2.3.2.1 Measurements for Compound 47

Effects of water

In order to employ our sensor under physiological conditions the effect of water was
investigated. Due to the strong polarity of water, it is easy to exchange the energy
between the excited state of fluorescent dyes and the solvent, thus leading to
fluorescence quenching or decrease of the chemosensor. When choosing the test
system, it is important not only to achieve good solubility of the fluorescent sensor in
water, but also to ensure the fluorescent properties of the dyes. Figure 51 indicates that
only 10 percent of water affects the recognition of copper(ll). Therefore, we evaluate

the compound in absolute methanol.
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Figure 51 Emission spectra of Compound 47 (10 uM) with excitation wavelength at 450 nm in a mixture
of methanol-water (90: 10, v / v) upon titration of Cu®*.
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The selectivity of compound 47 to Cu®*

From Figure 52, only in presence of Cu’’, causes significant quenching of the
fluorescence. The other metal ions, such as Cd*", Hg*", Ag", Fe’", Fe*", Na" and Pb*"
show minimal effect on the fluorescence of the compound, while Zn*" shows some
interference. Therefore, compound 47 can be employed as a chemosensor for detecting

2+
Cu .

800
/47,Ag*, cd”.cr*,cu”
2+ 3+ + 2+ 2+ 2+
— 600 Fe” ,Fe” ,Na ,Ni"",Pb"",Zn
S
S
2 400+
n
c
g
c
200
0
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Figure 52 Fluorescent changes of compound 47 (10 uM) with various metal ions (100 M) in methanol
(lex =450 nm, Ao, = 525 nm).

Absorption and fluorescence titration of compound 47 with Cu’*

To obtain insight into compound 47, its absorption (Figure 53) and emission spectra
(Figure 54) upon titration with Cu*" were recorded. Compound 47 in methanol shows a
strong band in the UV-vis spectrum with a maximum absorbance at 450 nm. Upon
increasing the concentration of Cu*" (0 - 300 puM), an absorption enhancement could be
observed with a red-shift to 465 nm in the absorption maximum which indicates the
formation of an complex between 47 and Cu®’. The fluorescence at 525 nm is
simultaneously quenched, which was attributable to the coordination of the

- 2+ : : . 139, 140
paramagnetic Cu” centre as reported in previous studies. ™

Based upon these
results of the fluorescence titration experiments, the association constant of 47 for Cu®**

was determined to be 3.39 x 10° M (Figure 55). In agreement with the stoichiometry
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of the reaction the best fitting of the binding model displays a second binding constant
which was found to be 50 M. The discrepancy of the two values indicates the presence
of a secondary event in solution which is slower but necessary to complete the “turn-

off” process.

Absorbance

4CI)0 ' 5(I)0 6CI)0
Wavelength(nm)

Figure 53 Absorption spectra of 47 (10 uM) in methanol in the presence of different amounts of Cu®* (0
-30 equiv).
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Figure 54 Fluorescent titrations of compound 47 (10 M) with Cu®* in methanol (ex = 450 nm).
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Figure 55 Fluorescence quenching response of compound 47 to the increments of Cu?* equivalent in
solution. Association constants, K,* and K,?, were calculated by using MATLAB® m-files and fitted for
2:1 BNP: Cu* binding isotherm (Thodarson, P., Chem. Soc. Rev. 2011, 40, 1305-1323). Experimental
data points, (black markers) and fitting curve (red line) for such equilibrium are reported in figures here
together with standard error and covariance of fit.
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Stability of compound 47 in phosphate buffer solution (pH = 8.21, 51% methanol)

It is well known that boronic acid has high affinity to diols. Therefore, we want to
explore the potential recognition of our sensor with saccharides. Since saccharides are
in human body, the test system should be similar to the biological environment. In the
previous experiment of our lab, we use pH 8.21 phosphate buffer (containing 52.1 wt %
methanol) to do the saccharides’ titration. However, there is a Schiff base moiety in
compound 47, which might be very sensitive to water. Therefore, the fluorescent
stability test of 47 in pH = 8.21 phosphate buffer (containing 52.1 wt % methanol) was
measured. Figure 56 indicates that the fluorescence intensity doesn’t change after 1 h in

the buffer solution, which indicates that the compound is stable in the buffer solution.
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Figure 56 Emission spectra of compound 47 in buffer solution. The concentration of compound 47 was
10 uM (Ao = 450 nm, A, = 525).
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Selectivity of saccharides for compound 47 in buffer solution (pH=8.21, 51% methanol)

Since compound 47 is quite stable in pH 8.21 phosphate buffer (containing 52.1 wt %
methanol), thus, we used 47 to detect monosaccharides. However, the result shows that
the 47 shows no selectivity to the four monosaccharides and no decrease of the
fluorescence intensity, which suggests that the binding of the boronic acid and

saccharides induces no effect on the naphthalimide fluorophore (Figure 57).
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Figure 57 Emission spectra of compound 47 upon addition of 100 mM each relevant analyst with
excitation wavelength at 450 nm in buffer solution. The concentration of compound 47 was 10 uM.

Fluorescence titration of compound 47-Cu’" with fructose

While compound 47 did not show any fluorescent changes upon addition of saccharides,
the addition of fructose to a solution of 47-Cu?* coordination compound resulted in a
fluorescence enhancement. Considering the solubility of the saccharide in methanol, we
only tested fructose. Therefore, we added 2 equivalents of Cu®* to a solution of
compound and the fluorescence intensity decreased from 851 to 530. However, after
adding up to 200 mM fructose, the fluorescence recovered to 832. Figure 58 illustrates
that the fluorescence intensity increased after adding different amounts of fructose,

which indicates that the complex can be used to recognise fructose.
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Figure 58 Emission spectra of compound 47-Cu?* upon addition of different amount of fructose with
excitation wavelength at 450 nm in methanol. The concentration of compound 47 was 10 pM.

Logic gates

In terms of the results above, while 47 did not show any fluorescent changes upon
addition of fructose, the addition fructose to a solution of 47-Cu®* resulted in a
fluorescence enhancement. When 2 equivalents of Cu®* are added to a solution of 47
followed by fructose addition the system behaves like a fluorescence INHIBIT logic
gate (Figure 59), which means that fructose inhibits the fluorescence quenching and
Cu?* alone can quench the fluorescence.
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Figure 59 Outputs with Cu®* (50 pM) and D-fructose (200 mM) as inputs.
Two-photon emission spectra

In collaboration with Dr. Sofia Pascu’s group, the capacity of the boronic acid-linked
47 to detect copper(ll) ions was investigated in HeLa cells using confocal imaging and

fluorescence lifetime imaging (FLIM).

Fluorescence lifetime is often considered as a means of distinguishing between
different fluorophores, different energy states of the same fluorophore and
environmental effects such as quenching caused by binding of intracellular ions such as
CI" or Ca® or oxygen. FLIM was likewise used to monitor the stability and
demetallation of copper(l1) complexes in cells.**" %2 Therefore by utilising an approach
of fluorescence lifetime imaging the presence of Cu(ll) ions could be investigated by
mapping the submicron cellular localisation on ions. Furthermore, a recent study
showed that a variant of human apocarbonic anhydrase Il could monitor Cu(ll) ions in
cells via FLIM, whereby an increase in Cu(ll) ions produced a decline in the average
lifetime observed.** *** We have combined FLIM and Multiphoton excitation in this
study to offer reduced effect of the excitation light since the use of near infrared leads
to reduced cellular phototoxicity. Further advantages of two-photon excitation is that
imaging occurs only from the focal plane, and causes less damage to cells than single-

photon microscopy and decreases photo-bleaching, whilst improving imaging depth. **>

31
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Two photon excitation of the boronic acid-linked 47, its quenching by Cu** and
recovery upon addition of fructose was investigated in DMSO solution at 10 mM.
DMSO was used due to its low volatility in comparison to methanol and was also
employed for the stock solution in the cellular experiments (0.5% DMSO). When 47
was excited at 910 nm, an intense emission was observed, which was quenched after
addition of 5 equivalents of Cu®*. However, an additional 5 equivalents of fructose led
to an enhancement of the fluorescence (Figure 60). Moreover, the Time-Correlated
Single Photon Counting (TCSPC) was measured (Figure 61). For 47 the first lifetime
component (11) was 2.0 ns (25.0%), with a second component (t2) of 9.4 ns (75.0%)
and a mean lifetime (tm) of 7.6 ns. By adding 5 equiv. Cu?*, the lifetime of 47
decreased to 4.5 ns. Furthermore, upon addition of fructose, the lifetime component
decreased further to 4.1 ns.
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Figure 60 Emission spectra of 47 (10 mM), 47 plus 5 equiv. Cu®* and 47-Cu?* plus 5 equiv. fructose
with two-photon excitation at 910 nm.
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Figure 61 Nanosecond decay curves for 47, 47 plus 5 equiv. Cu**, 47-Cu?* plus 5 equiv. fructose.

Confocal image

The fluorescence imaging was recorded at the Research Complex at Harwell by Haobo
Ge, under the supervision of Dr Sofia Pascu and Dr Stan Botchway, and the results will

be discussed below.

Confocal microscopy shows that 47 enters cells and displays strong fluorescence in the
absence of external copper(ll) ions (Figure 62, a-c). Furthermore lifetime distribution
curve from the FLIM data of 47 showed a 11 of 1.5 ns 0.6 ns, when incubated in HeLa
cells, which was comparable to the 2.0 ns t; observed in solution confirming the
presence of the 47 ligand in cells and indicated that the lifetime was not significantly
different between DMSO solution and in cells (Figure 63).

Contrastingly, when 5 equivalents of copper(ll) ions (250 M) were added a very weak
fluorescence response was observed, indicating quenching (Figure 62, d-f). Moreover,
the fluorescence lifetime was observed to have a 11 of 4.4 ns 0.5 ns, which was
consistent with data observed in DMSO solution. Further work may shed light upon the
interaction of 47 and copper(ll) in cells and to fully understand its potential as a

copper(I1) sensor (Figure 63).
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Figure 62 Laser scanning confocal imaging of 47 in absence of Cu* (a-c), and 47 in presence of Cu"in
HelLa cells (d-f). (a) overlay image of (b) and (c), (d) overlay image of (e) and (f). (b, e) fluorescence
micrographs with excitation at 405 nm and the emission long path filtered at 515 nm, (c, f) differential
interference contrast micrograph.
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Figure 63 Two-photon lifetime imaging at 910 nm, 15 min incubation of 50 UM 47 in HelLa cells (0.5%
DMSO, 2.5 mW,) (a - ¢) and 50 M 47 + 250 pM Cu?*, 5.6 mW (d - f). Images show: (a) fluorescence
lifetime mapping for t; and (d) confocal overlay image of Figure 62 e and 62 f, (b and e) corresponding
fluorescence lifetime distribution curves, (c and f) sample point decay trace inside the cell.
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2.3.2.2 Selectivity of Control Compounds 48 and 50 and Proposed
Binding Mode

In order to probe the role played by the boronic acid group in copper(ll) ion binding
and fluorescence quenching, compound 48 was treated with Cu** in methanol. No
changes in the fluorescence properties of 48 were observed, suggesting the importance
of the boronic acid moiety in 48 for the binding of copper(ll) ions (Figure 64). As
another control, the simple boronic acid derivative 50 without the imine metal
recognition site was investigated with Cu®* under the same conditions. In this system
fluorescence quenching was not observed, which indicates that the imine group plays a
role in the coordination of Cu?* (Figure 65).1° This suggests that the boronic acid and
Schiff base work together to bind copper (I) ions in polar environments. A Job plot
indicates that the binding of 47 with Cu®* has 2: 1 stoichiometry (Figure 66). Further
analysis of mass spectra and single crystal data is needed for the proposed binding

mode.
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Figure 64 Emission spectra of control 48 upon addition 10 equiv. various metal ion with excitation
wavelength at 450 nm in methanol. The concentration of 48 was 10 uM.
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Figure 65 Emission spectra of control compound 50 upon addition 10 equiv. various metal ion with
excitation wavelength at 450 nm in methanol. The concentration of 50 was 10 pM.
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Figure 66 The Job’s plot of sensor 47 in methanol. The total concentration of sensor 47 and Cu®* is 20.0
uM.
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2.4 Summary of Chapter 2

A robust naphthalimide based fluorescence sensor bearing a monoboronic acid group
and its reference compounds were developed. The potential abilities of these
compounds for recognising metal ions were investigated. The sensor displays high
selectivity for copper(ll) ions in living cells, which is one of the few examples of
boronic acid based fluorescent chemosensors as a copper(ll) binding site. With this
research we demonstrated that boronic acids can be used to bind metal ions as well as
diols. The chelate, 47-Cu2+, displayed fluorescence enhancement with fructose, and the
system could be described as a fluorescence INHIBIT logic gate. We believe that these
results will be of particular interest for the further development of the next generation

of molecular ion sensory systems.
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CHAPTER THREE

Results and Discussion

Published - Li, M., Wu, X., Wang, Y., Li, Y., Zhu, W. and James, T. D., A near-
infrared colorimetric fluorescent chemodosimeter for the detection of glutathione in
living cells. Chem. Comm. 2014, 50 (14), 1751-1753.
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3 Results and Discussion: Fluorescent
Chemodosimeters Based on
Dicyanomethylene-4H-pyran Chromophore

for Glutathione Recognition

3.1 Background

3.1.1 The Importance of Biothiols

Biothiols such as glutathione (GSH), cysteine (Cys), and homocysteine (HCys) play a
crucial role in maintaining appropriate redox homeostasis in biological systems. " 48
GSH, the most abundant cellular thiol, is of great importance in cellular defence against
toxins and free radicals.**® Changes in the level of GSH concentration has been
correlated with various diseases, such as AIDS, leukocyte loss, liver damage, cancer
and neurodegenerative diseases.*®® Therefore, much effort has been devoted to the
development of efficient methods for the detection of GSH, which is of significant

interest in the fields of chemical, environmental and biological sciences.**" 1>
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3.1.2 Dicyanomethylene-4H-pyran (DCM) Chromophore

Compared to the nathalimide fluorophore, DCM chromophores have a typical donor-n-
acceptor (D-n-A) structure with a broad absorption band resulting from an ultra-fast
internal charge-transfer (ICT) process® (Scheme 6), which have several strengths such
as: (i) high sensitivity to electron disturbance; (ii) long emission wavelength; and (iii)
high fluorescence. In 1989, Tang and coworkers were the first to introduce a DCM
derivative as a highly fluorescent dopant in organic electroluminescent diodes
(OLEDs).” Up to now, a variety of DCM derivatives have drawn much attention due to

their excellent optical-electronic properties and different structural modification.

Acceptor-n-Donor

DCM

Scheme 6 Schematic diagram of an ICT process in a DCM chromophore.
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3.2 Aim and Objective

Previous studies have demonstrated that Dicyanomethylene-4H-pyran (DCM)
chromophore is a near-infrared fluorophore, which has many beneficial photophysical
properties. Though the dicyanomethylene-4H-pyran (DCM) chromophore has been
shown to be a good reporter for chemosensing applications, few DCM fluorophore
based sensors were reported for redox species. Within this project, two 2,4-
dinitrobenzenesulfonyl (DNBS)-containing and boronic acid-containing
dicyanomethylene-4H-pyran (DCM) probes were synthesised. Using the specific redox
reaction of GSH, in order to release the phenolate moiety of the DCM, which facilitates
charge transfer and results in fluorescence turn on and longer wavelength of spectral
changes. The application of the sensor for detection of glutathione can also be used in

cellular imaging experiments.
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3.3 Investigations on Thiols Sensing

3.3.1 Synthesis of Compound 53

Figure 67 Structure of target compound 53.

Compound 53 (Figure 67) was synthesised following literature procedure,*® the
synthetic route shown in Scheme 7. The intermediate 52 was synthesised by refluxing
2-(2-methyl-4H-chromen-4-ylidene)malononitrile 51 and 4-hydroxybenzaldehyde in
toluene overnight, which is a typical Knoevenagel-type condensation reaction. A Dean-
Stark head was used to remove the byproduct water, which could increase the reaction
yield. Acetic acid and piperidine were employed as the catalysts, which is an acid under
base catalysing. After completion of this reaction, the mixture was evaporated under
vacuum and the crude products were purified by chromatography with 40% yield. From
the "H NMR spectrum, the emergence of the peak at 10.16 ppm implied the completion
of this reaction. Next, the target compound 53 was synthesised through sulfate
formation. Intermediate 52 was dissolved in dry CH,Cl, and 0.5 ml pyridine was added.

The mixture was then cooled to 0°C and a solution of 2,4-dinitrobenzensulfonyl

chloride in dry CH,CI, was added dropwise. After being stirred at 0°Cfor 30 minutes,
the mixture continues to stir at room temperature for 3h. After the completion of the
reaction, the mixture was evporated under reduced pressure and the residue was
purified using column chromatography. The disappearance of the peak at 10.16 ppm
and the emergence of the peaks around 8.4 - 9.9 ppm in the *H NMR spectrum implied

the completion of this reaction.

Detail experimental reaction conditions and full characterisations of all these

compounds were listed in Chapter 7 of the thesis (Experimental).
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Scheme 7 Synthetic route of Compound 53.
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3.3.2 UV Absorption and Fluorescence Emission Measurements

Initially, UV-vis absorption of probe 53 was investigated. Probe 53 has an intense
absorption at 414 nm (Figure 68a) in DMSO/ PBS buffer solution (pH = 7.4, 50/ 50,
v/v) at 37 <C. With the addition of GSH, the colour of the solution turned from slight
yellow to pink, which was clearly recognisable by the naked eye. At the same time, a
concomitant increase of a new absorption band at 560 nm was observed with an
isosbestic point at 446 nm. As illustrated in Figure 68a, due to the specific O-S
cleavage, a distinct 146 nm red shift in absorbance was observed (Scheme 8). Since the
phenolate group is a much stronger electron donor than the sulfonate group, the ICT
efficiency should be significantly enhanced by the interaction of probe 53 with GSH
and thus shift the absorption to a longer wavelength.

Scheme 8 Synthesis of probe 53 and GSH-promoted release of 52" .

Subsequently, the fluorescence spectra of probe 53 in the absence and presence of GSH
was measured. The probe alone exhibits almost no emission when excited at 560 nm
and no distinct variations are observed over time, suggesting that probe 53 is stable and
has no tendency to convert into 52 under the measurement conditions. In the presence
of GSH, however fluorescence at 690 nm was dramatically enhanced (Figure 68b). The
departure of the electron-withdrawing DNBS moiety via a GSH-induced O-S bond
cleavage releases 52 , which possesses strong ICT and induces a turn-on NIR
fluorescence response with high off/on ratio. On the other hand, the large Stokes shift
of ~130 nm is important in decreasing the background fluorescence andenhancing the
signal fidelity. Moreover, the response rate of 53 to GSH was tested by time-course
fluorescence measurement. In the presence of GSH, the fluorescence intensity at 690
nm increases gradually and reaches a plateau after about 5 min (Figure 69), indicating

the end of the reaction. Furthermore, the fluorescence intensities at 690 nm follows a
84



linear relationship (R = 0.98) within the GSH concentrations from 1 to 10 iV, and the
detection limit was evaluated to be 1.8 <10 M, indicating that probe 53 is particularly
sensitive to the detection of GSH (Figure 70).
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Figure 68 a) Absorption spectra of probe 53 (1 x10° M) in the presence of different concentrations of
GSH (0, 0.1, 0.2, 0.3,0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 2.0, 5.0 equiv.) in a mixture of DMSO-water (50: 50,
v/v) with a PBS buffer solution (10 mM, pH = 7.4). Insets: colour changes of probe 53 upon additions of
GSH (5 equiv.). (b) Fluorescence spectra of probe 53 (1 X 10° M) in the presence of different
concentrations of GSH when excited at 560 nm.
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Figure 69 Kinetics of fluorescence enhancement profile of probe 53 (1 x 10° M) at 690 nm in the
presence of GSH (5 equiv) upon excitation at 560 nm. All fluorescence changes were measured at 37 <C
in PBS buffer (pH 7.4).
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Figure 70 Response of fluorescence signals to GSH concentrations, a linear regression curve was then
fitted to these fluorescent intensity data. The Standard Deviation was obtained by fluorescence responses
to be o = 0.5327, therefore, the detection limit was calculated by the formula (36/k) and gave a result as
1.8 x10° M.
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The results above were achieved at the excitation of 560 nm, which is the maximum
absorption wavelength. However, when probe 53 is excited at the isobestic point (446
nm, Figure 71) a fluorescence increase at 581 nm is observed and is ascribed to release
of the DNBS quenching group. Conversely, when probe 53 is excited at 560 nm the
large observed increase in fluorescence at 690 nm is due to the fluorescence of the 52

produced on cleavage of the DNBS from probe 53.
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Figure 71 Fluorescence spectra of probe 53 (1 %10 M) in the presence of different concentrations of
GSH when excited at 446 nm.
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3.3.3 Selectivity Screen

To evaluate the selectivity of the developed probe 53 for sulfydryl-containing species, a
series of amino acids were examined. Not surprisingly, except for GSH, probe 53
shows similar response to other sulfhydryl-containing compounds such as cysteine,
homocysteine, dithiothreitol, while no measurable fluorescence enhancement could be
triggered by the treatment of other amino acids (Figure 72). In fact, the plausible
disturbance of DTT, Cys and Hcy can be neglected due to their relatively low

concentrations in biological system.
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Figure 72 Fluorescence spectra of probe 53 in absence and presence of various amino acids and GSH,
DTT, Cys, HCys in a mixture of DMSO-water (50: 50, v/v) with a PBS buffer solution (10 mM, pH =
7.4) The amino acids are: arginine, threonine, serine, isoleucine, asparaginic acid, sarcosine, valine,
glutamine, tryptophan, glutamic acid, proline, leucine, histidine, glycine, phenylalanine, alanine,
asparagine, methionine.
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3.3.4 pH Dependency of Compound 52 and 53

The fluorescence of 52 may be sensitive to pH value because of the phenolic group;
therefore, the effect of pH on the photophysical properties of 52 was investigated
(Figure 73). And probe 53 was then investigated (Figure 75). As illustrated, we
believed that the probe is quite stable in aqueous media up to pH 8, whereas 52 displays
a corresponding fluorescence enhancement in the pH range of 5.7 - 8.0, which clearly
demonstrates that the fluorescence response of probe 53 in the physiological pH range
is due to the presence of thiols and verifies the generation of 52 after the treatment
with GSH. Therefore, we decided to employ the probe for fluorescent imaging of

cellular thiols. The pK, of 52 was calculated as 8.70 (Figure 74).
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Figure 73 (a) Absorption spectra of 52 in buffer solution as a function of pH. (b) Corresponding
emission spectra (Aex = 486 nm). The pH was adjusted by NaH,PO, and Na,HPO,.
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Figure 74 pH-dependent absorbance calculation at 557 nm of 52. The pKa of 52 was calulated using:
log[(A - Amin) / (Amax - A)] = log[Ka]+ nlog [H+], giving a pKa of 8.70 in terms of the intercept.
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Figure 75 (a) Absorption spectra of probe 53 in buffer solution as a function of pH. (b) Corresponding
emission spectra (Aex = 486 nm). The pH was adjusted by NaH,PO, and Na,HPO,.
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3.3.5 Sensing Mechanism

A number of sensing mechanisms have been employed for thiol detection, including
Michael addition,™ to —CHO attached fluorophores,*>> and deprotection of 2,4-
dinitrobenzenesulfonyl (DNBS), ** *® 7 etc. Among them, the DNBS group is
especially preferable as an efficient recognition unit for thiols due to its unique
sensitivity and high reactivity toward thiolate anions with OFF-ON signalling. To gain
insight into the sensing mechanism, mass spectral analysis was performed. The reaction
between probe 53 and GSH that occurred by the cleavage of O-S with the release of
52 was confirmed by the peak of 311.0828 in the mass spectrum (Figure 76). The
other peaks at 424.7963 and 500. 8092 could be impurities.
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5 o 789.0223
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Figure 76 Mass spectra of probe 53 and probe 53+ GSH systems.
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3.3.6 Cell Imaging Application

The ability of probe 53 to detect GSH in HelLa cells was examined with the use of a
confocal fluorescence microscope (Figure 77). HeLa cells were cultured in RPMI 1640
supplemented with 10% FCS and then incubated with 10% fetal bovine serum followed
by 20pM of probe 53 in PBS for 30 min. 2.5% DMSO was used in the cell culture
process. Bright-field measurements confirmed that the cells after treatment with probe
53 were viable throughout the imaging experiments, indicating the superior
biocompatibility of probe 53. After the co-culture with probe 53, the intracellular NIR
fluorescence could be detected. The overlay of fluorescence and bright-field images
indicates that the fluorescence localises mainly in the cytosol, indicative of the
subcellular distribution of GSH and excellent membrane permeability of probe 53. In
contrast, cells that are not treated with probe 53 display nearly no fluorescence,
verifying the fluorescence source of the 53-treated cells. Moreover, the images also
indicate that the probe has low toxicity since the cellular morphology is maintained.
With this bioimaging experiment we have demonstrated the potential of probe 53 for

the imaging of GSH in living cells.

Figure 77 Confocal fluorescence images in HelLa cells: Top, (A-C) cell incubated without probe 53.
Bottom,(D—F) cell incubated with probe 53 (20 M) for 0.5 h. Emission was collected at 660—740 nm
upon excitation at 488 nm. Bright field (A and D), fluorescence (B and E) and overlap field (C and F).
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3.4 Summary of Chapter 3

The photophysical properties of the DCM core and its applications in glutathione

recognition were presented.

In conclusion, we have designed and synthesised a NIR fluorescent chemodosimeter for
GSH based on the DCM framework, showing a subcellular distribution of GSH and
good cell membrane permeability. The fluorescence enhancement mechanism is based
on the cleavage of DNBS from the fluorophore by GSH, which switches the dark
excited state to an emissive excited state. Probe 53 displays a colour change from
yellow to pink upon addition of GSH, and thus can serve as a ‘‘naked-eye’’ probe for
GSH. Furthermore, we have also demonstrated that the probe can be used for the
fluorescent imaging of cellular thiols. Since our DCM based system is very easy to
prepare with long emission wavelength, high photo-stability, we believe that it will

become the probe of choice for biological applications.
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CHAPTER FOUR

Results and Discussion

Published - Li, M., Xu, S., Gross, A. J., Hammond, J. L., Estrela, P., Weber, J., Lacina,
K., James, T. D., Marken, F., ChemElectroChem, 2015, Ferrocene-Boronic Acid —
Fructose Binding Based on Dual-Plate Generator-Collector VVoltammetry and Square-

Wave Voltammetry. DOI: 10.1002/celc.201500016.
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4 Results and Discussion: Ferrocene-
Boronic Acid — Fructose Binding Based on
Dual-Plate Generator-Collector Voltammetry

and Square-Wave Voltammetry

4.1 Introduction to Ferrocene-Boronic Sensing

for Saccharides

Boronic acids have emerged as key components in analytical processes and devices,*®
for example for the detection and monitoring of glucose levels®® and for the separation
of glycated and glycosylated proteins,®” both of which are applications with
considerable potential for impact in medicinal technologies. Chemically, boronic acids
are attractive due to their capability to reversibly form bonds to diols,*® quinols,*®  a-
hydroxy-carboxylates,*® and a range of other hard nucleophiles, in particular fluoride®
and phosphate.’®* New types of boronic acids have been developed to report binding
events via fluorescence response’®” or via electrochemical response’®® for operation in
more opaque or non-transparent media. The ferrocene-boronic acid compound (Figure

78) may be regarded as the prototypical electrochemical “reporter” system,'%> 164 16°

Most electrochemically active boronic acid systems have a structurally defined “redox”
moiety and a separate “boronic receptor” moiety without strong interaction between the
two. As a result, the electrochemical signal is not strongly affected upon binding (only
the diffusion coefficient changes; no significant changes in midpoint potential are
observed). However, in ferrocene-boronic acid a stronger “coupling” occurs with the
Fe(l1/111) redox state directly affecting the binding kinetics and binding energies. The
classic “square scheme” mechanism in Figure 78 can be applied (although further
complexity due to intermediates and ternary complexes for example with phosphate

clearly exists).**®
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Figure 78 Schematic representation of the “square scheme” mechanism™ for binding of fructose to
ferrocene-boronic acid in two different redox states.
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4.2 Aim and Objective

The fact that the ferrocene-boronic redox signal can be employed directly to report on
fructose (or other saccharides) binding is of interest and the conditions required for two
distinct signals to be detected are important. Therefore, in this chapter the binding
process is investigated with two voltammetric methods: a “steady state” method (dual-

168,189 and a method that is “transient” in nature

plate generator-collector voltammetry)
(square wave voltammetry).'’® The abilities of these two experimental tools to

distinguish and quantify “bound” and “unbound” ferrocene-boronic acid are compared.

When detecting two distinct voltammetric signals associated with “unbound” and
“bound” configurations, it may be tempting to interpret these signals in terms of
equilibrium concentrations and binding constants (Krq, Kox). However, within the limit
of fast experimental tools, it is more likely that the rate of binding is responsible for the
splitting and magnitude of the voltammetric responses (Ksox, Kfreq). In order to dissect
and determine the true binding constants (as a function of pH), deeper analysis of data
is required. In the (simplified) scheme in Figure 78 there are 5 unknown parameters
(two midpoint potentials and four rate constants minus one thermodynamic relationship
linking these, vide infra) all of which are shown to be relevant. Data have been
analysed for pH 7, 8, and 9 to demonstrate distinct trends in the interaction of fructose

to ferrocene- and ferricenium-boronic acid.
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4.3 Investigations on Fructose Binding

4.3.1 Fabrication and Calibration of Pt-Pt Dual-Plate Electrodes

and the Diffusion Coefficient Determination

Platinum-platinum (Pt-Pt) dual-plate micro-trench electrodes were fabricated following
a previously reported protocol.”* Glass slides were plasma treated (Oxford Instruments
PlasmaPro 100) prior to deposition to improve adhesion. Using an electron beam
evaporator (Edwards FL-400) a 50 nm Ti adhesion layer followed immediately by 150
nm Pt (99.99% purity; Testbourne) were deposited at 10° torr through a custom
stainless steel shadow mask (Tecan). Film thicknesses were confirmed using a
mechanical contact profilometer (Dektak 6M). The glass slide was subsequently cut
into 8 mm x 25 mm Pt substrates using a diamond cutter (Buehler, Isomet 1000
precision saw) then cleaned by rinsing with demineralised water and heat-treatment at
450<C. The dual-plate electrode was prepared by spin-coating a single layer of SU-8-
2002 photoresist (MicroChem) onto two individual Pt substrates at 500 rpm for 15s
then 3000 rpm for 30s. Next, the two electrodes were pushed together, vis-avis, then
placed onto a hot plate at 90T for 2 minutes. The temperature was then ramped to
160<C and held for a further 5 minutes. After cooling to room temperature, the end of
the dual-plate electrode was sliced using the diamond cutter. The electrode was then
immersed in Piranha solution (1:5 v/v H,0,:H,SO,4; Warning: Piranha solution is
highly corrosive and appropriate precautions are needed) for 30 min to etch the
photoresist to give a micro-trench with dimensions of width = 2.5 mm and inter-
electrode gap, 6 = 5 um (Figure 79). After etching, the electrode was rinsed with
demineralised water then dried with a stream of nitrogen gas, and copper tape was

applied to give two electrode contacts.
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Figure 79 (A) Photograph of the Pt-Pt dual-plate micro-trench electrode. (B,C) Scanning electron
microscopy images of the 2.5 mm long and 5 um wide inter-electrode gap.

In order to estimate the depth of the Pt-Pt dual-plate electrode system, calibration

voltammetric responses were recorded using the Ru(NHz)*"2*

redox system (1 mM) in
aqueous 0.1 M KCI (Figure 80B). From the mass transport controlled limiting current
obtained, 0.7 pA, and assuming equal diffusion coefficients for Ru(NHs)s®* and
Ru(NH3)s®* (D = 0.9 <10 m?™),'" the approximate depth can be obtained as 16 um

(see equation 1).17®

lim X0

depth=—""—— =
nFDc x length

16,4m (1)

In this equation Iy, is the limiting current, ¢ is the inter-electrode gap, n is the number
of electrons transferred for each molecule diffusing to the electrode surface, F is the
Faraday constant, D is the diffusion coefficient, ¢ is the bulk concentration, and

length/depth refer to the micro-trench length and depth.
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Figure 80 (A) Schematic drawing of the Ru(ll/lll) redox couple in the Pt-Pt dual-plate generator-
collector experiment. (B) Cyclic voltammograms (scan rate 20 mVs™) for the reduction of 1 mM

Ru(NH3)s** in aqueous 0.1 M KCI (i) with only one electrode connected and (ii/iii) with both generator
and collector working electrodes connected (collector potential = -0.5 V vs. SCE).

Rotating disk voltammetry experiments were performed with an RDE710 rotating
electrode system (Gamry instruments) using a 4.57 mm diameter platinum disk at 22 +
2<C. Voltammograms were recorded in 1 mM ferrocene-boronic acid in 0.1 M
phosphate buffer pH 7 at a scan rate of 10 mV s™. The experimentally determined

diffusion coefficient D = 0.5 <10 cm? s™* based on the Levich plot below (Figure 81).
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Figure 81 Levich plot for 1 mM ferrocene-boronic acid in 0.1 M phosphate buffer pH 7 at 22 +2°C.
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4.3.2 Steady State Dual-Plate Generator-Collector Micro-Trench

Voltammetry

The oxidation of ferrocene-boronic acid in 0.1 M phosphate buffer pH 7 occurs with a
midpoint potential (Emig = Y2 Eox + %2 Ereq) 0F 0.14 V vs. SCE (Table 1) and is seen as an
oxidation at the generator electrode and a corresponding reduction at the collector
electrode (Figure 82A). Due to the collector potential being fixed at -0.3 V vs. SCE, the
collector current signal is better defined and employed here for further analysis. Upon
addition of fructose a new more negative voltammetric signal emerges at Emig = -0.04 V
vs. SCE and this can be attributed to a boronic acid - fructose complex (Emig2 <

176 this is consistent with the

Emig1)--"* 1> When formulating the equilibrium equations,
oxidised ferricenium-boronic acid forming a stronger complex (Kox > Kreq, S€€ €qUation

2).

K
RT |I’1(KOX j:_nF(Emid,Z _Emid,l) (2)

red

On the molecular scale this may be attributed to a more electro-positive boron, but also
changes in ion association energies (e.g. involving phosphate anion - ferricenium cation
interactions) could contribute to this effect. The mass transport controlled limiting
current in the absence of fructose is close to 0.5 A, which translates to an
approximate diffusion coefficient of 0.5 < 10”° m?s™ (equation 3).*”"*"® This value is
not unreasonable for the free ferrocene-boronic acid and it has been verified by
independent rotating disc voltammetry measurements (D = 0.5 < 10° m%™ in 0.1 M
phosphate buffer pH 7).

L X O

- =0.5x10°m?s™ ©)
nFc x depthx length

With increasing fructose levels the mass transport controlled limiting current decreases
naturally due to underlying changes in solution viscosity. The plot in Figure 82A shows
a gradual decrease in collector current followed by a stronger decline from [fructose] =
160 mM onwards. The more pronounced decline in mass transport limited current

coincides with the appearance of the signal at Eniq» and is therefore assigned to binding
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of boronic acid to fructose. Similar data sets are presented for pH 8 and pH 9 in Figure

82B and 82C, respectively.

In order to better describe the boronic acid to fructose binding process, “kinetic
domains” are introduced (Figure 82D). In domain I, both ferrocene-boronic acid and
ferricenium-boronic acid are “free” and the limiting current is relatively high. It is only
in domain Il that the ferricenium-boronic acid will bind to fructose and thereby lower
the rate of diffusion (the lower diffusion coefficient dominates the inter-electrode
transport).’” In domain 111, the fructose concentration is so high that both ferrocene-
and ferricenium-boronic acid bind (with little further change in the transport). The

transition point from domain I to Il (Figure 82) is consistent with the reaction layer,

which is approximately given by &, .., = ﬁ 1% being equal to the inter-
\ Kk, [ fructose

electrode gap of 5 um. Approximate rate constant data for ko can be obtained (Table 1)
and a clear trend of an increasing ksox With increasing pH is observed. At a molecular
level this can be interpreted for example in terms of a fast pre-equilibrium involving
hydroxide or HPO4Z.
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Figure 82 (A) Dual-plate generator-collector voltammograms (scan rate 20 mVs™, collector potential -
0.3 V vs. SCE) for the oxidation of 1 mM ferrocene-boronic acid in 0.1 M phosphate buffer pH 7 with a
fructose concentration of (i) 1, (ii) 3, (iii) 5, (iv) 10, (v) 20, (vi) 40, (vii) 80, (viii) 160, (ix) 300, (x) 500,
(xi) 600, (xii) 700, (xiii) 800, and (xiv) 1000 mM. Plot of the collector limiting current versus logarithm
of fructose concentration. (B) As above at pH 8. (C) As above at pH 9. (D) Schematic drawing of the
redox cycle kinetic domains with (1) no fructose bound, (I1) fructose binding to the ferricenium-boronic
acid, and (1) fructose binding to both ferrocene- and ferricenium-boronic acid.
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Enia,1 Emia2 ki ox Kox ktrea Keea

/Vvs.SCE | /Vvs.SCE |/M's! /M /M's! /M
pH 7 +0.14 -0.04 120 300 12 0.27
pH 8 +0.09 -0.04 240 400 24 2.5
pH 9 +0.04 -0.03 670 300 67 20

Table 1. Summary of voltammetric equilibrium potential and kinetic data for the binding of fructose to
ferrocene-boronic acid and ferricenium-boronic acid in 0.1 M phosphate buffer.

Due to dual-plate generator-collector voltammetry offering a very fast steady state
measurement tool, only Kinetic information is obtained and additional information from
a transient measurement method, for example from square wave voltammetry, is

needed for the evaluation of the associated binding constants.
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4.3.3 Transient Macro-Disc Square Wave Voltammetry

Square wave voltammetry is commonly employed as an analytical tool for binding and
analytical assays.'®! Here the oxidation of ferrocene-boronic acid is studied at a 2 mm
diameter platinum electrode immersed in 0.1 M phosphate buffer solution at pH 7, 8,
and 9. Figure 83A shows a typical data set whereby addition of fructose causes an
initial peak at 0.14 V vs. SCE to shift and then split to give a new peak at -0.04 V vs.
SCE. These two peaks are associated with Emig; and Emig2 for the oxidation of

ferrocene-boronic acid without and with fructose attached.
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Figure 83 (A) Square wave voltammograms (f = 8.3 Hz, from -0.3 to +0.5 V vs. SCE, potential step 5
mV, amplitude 10 mV, 2 mm diameter platinum disk) for the oxidation of 1 mM ferrocene-boronic acid
in 0.1 M phosphate buffer pH 7 with 0, 1, 3, 5, 10, 20, 40, 80, 160, 320, and 640 mM fructose. Also
shown are the DigiElch simulation and the plot of peak currents for experimental (symbols) and
simulation (line) data based on D = 0.5%10°° m?s™ for all species. (B) As above at pH 8 and with 0, 1, 3,
5, 10, 20, 40, 80, 160, 300, and 500 mM fructose. (C) as above at pH 9 and with 0, 1, 3, 5, 10, 20, 40, 80,
and 100 mM fructose. (D) Square wave voltammograms at pH 8 for 80 mM fructose as a function of
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Similar to the case of data from dual-plate generator-collector voltammetry, it is likely
that the rate constant ko is dominating in the shape of this voltammetric signal with

the frequency of f = 83 Hz being linked to a typical diffusion layer of
Ouinusion =D/ f =8um . Peak current data when plotted versus logarithm of fructose

concentration shows a “crossing point” at 370 mM (Figure 83A), which is not too
dissimilar to the transition point in the steady state voltammetric response (Figure 82A).
Therefore the values for ko evaluated above are employed as a starting point for the

analysis.

When digital simulation is employed, Emiq 1, Emig.2, and ks ox can be used here as known
input parameters. When first looking at the “crossing point” with 370 mM fructose, the
peak ratio is consistent with Ko, = 300 M™ (via rial and error simulation) and for then
the peak-to-peak separation to be correct, ksreq requires to be approximately 10-times
slower when compared to k¢ ox. This completes the set of 5 required parameters to solve
the square scheme in Figure 78, at least in first approximation. A full optimisation of
this solution with sensitivity analysis for each parameter with error evaluation would be
desirable but is currently not possible. A full set of simulated square wave voltammetric
curves for pH 7 is shown in Figure 83A. There are some remaining approximations in
the input parameters (the diffusion coefficients are fixed at D = 0.5 x10™° m?s™ for all
species and electron transfer is assumed reversible) and therefore the resulting
equilibrium and rate constants need to be considered estimates. However, the relatively
good agreement in shape of simulated signals with experimental data is re-assuring
(simulated peak currents at high fructose levels appear slightly higher due to the
missing effect of lower diffusion rates). A plot of the peak currents from simulation
data versus logarithm of fructose concentration (see Figure 83A plot lines) confirms the
agreement. Similarly data analysis was performed for pH 8 and pH 9 and parameters

are summarised in Table 1.

The effect of the square wave frequency on the voltammetric signal (for pH 8 with 80
mM fructose) is demonstrated in Figure 83D where only a slight increase in peak-to-
peak separation with frequency is observed, thus confirming the analysis method
chosen above. At higher frequency a broad background response also emerges possibly
associated with adsorbed species. The trend in binding constants with pH is shown in

Figure 83E. Perhaps surprisingly, the binding constant Ko for the ferricenium-boronic
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acid is not significantly affected by pH and only the weaker K.y for the ferrocene-
boronic acid strengthens with increasing pH. The observed trends could be linked to
the formation of ternary complexes involving hydroxide or phosphate. The proposed
mechanism could be that the ferricenium boronic acid has already bounded with
hydroxide before binding with fructose; therefore the Koy is pH independent. While
ferrocene boronic works in the opposite way it binds with fructose together with

hydroxide, which involves the hydroxide in the equilibrium. Thus, K4 is pH dependent.
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4.4 Summary of Chapter 4

Voltammetric data for the interaction of ferrocene-boronic acid with fructose (or other
saccharides) is time domain sensitive and here demonstrated for (i) a fast steady state
method based on dual-plate generator-collector voltammetry and (ii) a fast transient
method based on square wave voltammetry. Information from voltammetric peaks for
bound and unbound forms of the ferrocene-boronic acid are predominantly due to the
Kinetic parameter ks ox for the rate of binding to the oxidised ferricenium-boronic acid.
In order to extract additional information (in particular binding constants) numerical
simulation tools are required and data sets for a range of fructose concentrations need to
be compared. In future similar experiments could be performed with a wider range of

boronic acids to explore molecular structural effects.
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CHAPTER FIVE

Results and Discussion

Published - Li, M., Guo, Z., Zhu, W., James, T. D., Marken, F., A redox-activated
fluorescence switch based on a ferrocene-fluorophore-boronic ester conjugate” in Chem.

Comm. 2015, 51 (7), 1293-1296.
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5 Results and Discussion: A Redox-
Activated Fluorescence Switch Based on A
Ferrocene - Fluorophore - Boronic Ester

Conjugate

5.1 Background

5.1.1 Molecular Switches and Logic Gates

The development of chemical sensing processes, including electrochemical and
photochemical mechanisms, to integrate individual basic logic gates into combinational
circuits, continues to receive a great deal of attention.*> ¥22% |n recent years efforts
have been devoted to the exploitation of relatively simple logic operations, such as
AND, OR, INHIBIT for the design of smart materials.'*® %% Pparticularly, the
fluorescence signals in logic gates?®>'° have become a focus of considerable research
due to many advantages such as high sensitivity, low background, and wide dynamic
range. Although fluorescent switches have been extensively explored,* *?* fluorescence
switches based on the redox reaction centre ferrocene (Fc) are still rare and much less
well studied.> ® 117 211213 Therefore, it is very interesting to explore this multifunctional

area.
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5.1.2 The Properties and Application of Ferrocene and Its

Derivatives

As a new type of organic iron compound - ferrocene was reported by Pauson and Kealy
in 1951 in Nature.® After this, ferrocene compounds become popular molecules
because of their special chemical properties and the chemical structure. The discovery
of ferrocene and its many analogues has contributed a lot to the rapid growth of
organometallic chemistry, which has become one of the important subjects of modern

chemistry.

Ferrocene and its numerous derivatives have many significant applications such as
ligand scaffolds, pharmaceutical candidates, anti-knock formulations, precursors to

materials and redox standards.
Pharmaceutical application

In terms of anticancer activity an experimental drug has been prepared containing a
ferrocenyl version of tamoxifen.?”®> The mechanism is that the tamoxifen will bind to

the estrogen binding sites, resulting in cytotoxic effects.
Materials chemistry

Due to its being readily decomposed to iron nanoparticles, ferrocene has been
employed as a catalyst for the production of carbon nanotubes.”*® Through a Wittig
reaction the vinyl ferrocene (from ferrocene aldehyde), can be prepared. This vinyl

ferrocene can be transformed into a polymer which can be thought of as a ferrocenyl

version of polystyrene.
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5.2 Aim and Objective

The fluorescence signals in logic gates %% have become a focus of considerable
research due to many advantages such as high sensitivity, low background, and wide
dynamic range. Although fluorescence switches have been extensively explored,4’ 121
switches based on the redox reaction centre ferrocene (Fc) are still rare and much less
well studied.> **" 2! Herein, we present a multifunctional molecule 59, which behaves

as a combinational serial INHIBIT gate as well as an electrochemical probe molecule.

59 consists of ferrocence as an electroactive unit and naphthalimide unit as the
fluorophore, 59 becomes fluorescent when the ferrocene unit is oxidised for example
with Fe**. The response of the oxidised 59 to sodium L-ascorbate (LAS, a reducing
agent) can be utilised to directly control fluorescence. In contrast, the coordination of F’
to the boron atom of 59 only has an indirect effect on the intensity of the fluorescence
via coordination with Fe**’2*. Considering these three “inputs”, Fe**, LAS, and F, the

system can be considered to function as an INHIBIT logic gate.
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5.3 Investigations on Fluoride Sensing and Logic

Gates

5.3.1 Design and Synthesis of Compound 59

Among all the fluorophores developed, naphthalimide unit is highly favourable because
of its excellent photophysical properties, such as high extinction coefficient, excellent
quantum vyield, excellent photostability, and relatively long emission wavelengths. In
addition, naphthalimide has a relatively simple structure for which facile and straight

forward syntheses have been established.

Similarly, ferrocene (Fc) has various attractive features owing to its excellent reversible
redox characteristics. Therefore, combination of the naphthalimide and ferrocene
results in a system where fluorescence can be modulated by the ferrocene redox via
control of the photoinduced electron transfer (PET) process. The Fc/Fc* transformation,
which can be operated reversibly by using chemical- and/or electrochemical methods,
is a promising molecular building block for molecular devices with a significant change

in its photophysical properties.

Finally, a boronic receptor group was added as a selective conjugating (linkage) group
and/or fluoride receptor unit. Since the boronic acid group can be used to conjugate 59
to monomeric or polymeric carbohydrates.”s” For the purpose of developing a
carbohydrate delivery vector or material based system by polymer attachment. While
the Lewis acid - base interactions of a boron atom toward fluoride anion can be used for
the detection of F. Thus, 59 also contains a boronic acid unit, introduced via a
piperazine ring to explore both the conjugation and F~ sensing properties of the 59

system.
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Synthesis of Ferrocenylmethylamine 56

Ferrocenylmethylamine 56 was synthesised through a two-step procedure (Scheme 9).
The intermediate 55 was synthesised through the oxime formation. 54 and
hydroxylamine hydrochloride were dissolved in ethanol and NaOH was added. The
reaction mixture was heated at reflux under an N, atmosphere for 3 h. The mixture was
allowed to cool to room temperature and then concentrated under reduced pressure. The
residue was poured into water and extracted with CH,Cl, three times. The organic layer
was separated and combined and was evaporated under reduced pressure to give the
crude product as dark brown solid. The precipitate 55 could be used directly without

further purification.

Then, ferrocenylmethylamine was synthesised through a LiAlH4 reduction. To a stirred
solution of LiAlHy4 in anhydrous THF, a solution of 55 in anhydrous THF was added
dropwise. After being stirred at room temperature for 30 mins, the mixture was
refluxed for 6 h under an N, atmosphere. After cooling to RT, the reaction mixture was
poured into water and a grey precipitate formed. After filtration, the filtrate was
transferred to separatory funnel and extracted with ethyl acetate. The organic phase was
evaporated under reduced pressure to give a yellow liquid in 80% yield. From the 'H
NMR spectrum, the emergence of the peaks at 4.19 - 4.08 and 3.40 ppm implied the

completion of this reaction.

_N-OH
H” NH,
4::>\ H P%iOHHCI<::>/C LiAIH
Fe CHO T OHHG Fe — ?_/
<::> CH3OH C::: THF
NaOH 80% ::::
54 55 56

Scheme 9 Synthesis of 56.
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Synthesis of compound 59

59 was synthesised through a three-step procedure (Scheme 10). First, intermediate 57
was obtained by mixing 1.0 equiv. of 44 and 2.0 equiv. piperazine by refluxing in 2-
methoxyethanol under nitrogen. This reaction is a typical nucleophilic aromatic
substitution reaction. After the completion of the reaction, the mixture was allowed to
cool to room temperature and then concentrated under reduced pressure. The precipitate
57 could be used directly without further purification. The reason why not to use the
ferrocenylmethylamine to react with 44 first is that the ferrocene will affect the
nucleophilic aromatic substitution between the piperazine and the naphthalimide

derivative. Therefore, we choose to synthesise 57 first.

Next, ferrocenylmethylamine 56 was reacted with 57 through the imide formation,
which was mentioned earlier. 56 and 57 were added into ethanol. The mixture was
refluxed for 5 h under a nitrogen atmosphere. After completion of the reaction, the
solvent was removed under vacuum and the residue was purified using column
chromatography producing an orange solid in 16 % yield. From the '"H NMR spectrum,
the emergence of the peak at 2.9 - 3.2, 4.0 - 4.4 ppm implied the completion of this

reaction.

Finally, the target compound 59 was obtained by Sn2 reaction. Compounds containing
boronic acid groups are hard to purify, since the boronic acid moiety can interact with
the hydroxyl surface groups in silica chromatography. Therefore, in order to improve
yields, the boronic acid moiety needs to be protected first with pinacol or 2,2-dimethyl-
1,3-propanediol. 58 and 2-(2-(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane were dissolved in anhydrous acetonitrile. And K,CO; (62.2 mg, 0.45
mmol) was added and the mixture was refluxed overnight. After completion of the
reaction, most of the acetonitrile was evaporated and the residue was poured into water
to give the precipitate with 67% yield. From the 'H NMR spectrum, the emergence of
the peak at 1.3 - 1.4, 7.2 - 7.5 ppm implied the completion of this reaction.

117



H
N
L)~ 0
N HN N
H . N o
Ethanol O
Reflux (0]
57

44
NH,
N
Fe
-

/\ 0
"85
/ N
Ethanol Q Ne
O
58

Reflux
16%

0O
12O
S OHOR
& s
Acetonitrile @]
Reflux k
67% 59

Scheme 10 Synthesis of 59.
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5.3.2 Chemical Redox Process of 59

Initially, the chemical redox process and the photophysical properties of 59 were
investigated using fluorescence spectroscopic measurements. Given that ferrocene is an
active redox group, the function of Fe** as an oxidant was examined in THF solution.
As shown in Figure 84a, 59 exhibits almost no fluorescence when excited at 403 nm.
However, in the presence of Fe®*, the fluorescence at 512 nm was dramatically

3+ «

enhanced. The 1:1 mechanism of Fe” “switching on” the fluorescence is indicative of a
ferrocene-based redox process. The oxidation of the Fe?* to Fe** in ferrocene interrupts
the intramolecular photoinduced electron transfer (PET), which results in an enhanced

fluorescence.?®

(ie The fluorescence maximum peak at 512 nm does not change, which
is characteristic of a PET mechanism controlling the fluorescence intensity) After
addition of 1 equivalent of Fe**, the fluorescence of 59 doesn’t change any further,
indicating that the ferrocene Fe®* has been completely sto Fe**. Subsequently, the back-
reduction can be achieved by adding sodium L-ascorbate (LAS), which is a reducing
agent. Figure 84b shows that upon the addition of LAS from 0.5 to 2 equivalents to the

oxidised solution, the fluorescence gradually decreases.
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4004 10 uM Fe**+ 0 uM LAS
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Figure 84 Emission change of of 59 (10 uM) in THF upon excitation at 403 nm: (a) Fluorescence
enhancement upon titration of Fe** (Fe(ClO,);) (0 - 1.0 equiv.); (b) Fluorescence quench when further
chemically reduced by sodium L-ascorbate (LAS), in presence of 10 upM Fe** (Fe(CIO,)s).

However, by adding just LAS to a 59 solution produces no fluorescence changes
(Figure 85), clearly indicating that, Fe** and LAS can be used to control the OFF-ON-
OFF switching for the fluorescent 59 molecule.

—259
——59+ LAS

Intensity (a.u.)

450 500 550 600 650 700
Wavelength (nm)

Figure 85 Emission spectra of 59 (10 uM) in THF upon titration of L-Ascorbic acid Sodium salt (LAS)
by Aex = 403 nm (0, 10.0 equiv.).
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As mentioned earlier the boronic acid group was incorporated into 59 for potential
conjugation (to carbohydrate molecules or polymeric supports) and also for its fluoride
sensing properties. The boronic acid group has been extensively employed as a ligand
for fluoride (F") owing to its high affinity and excellent selectivity.** 59 should be a
candidate as a fluoride ion chemosensor in that 59 contains a boronic acid moiety.
However, perhaps surprisingly, the fluorescence was almost not changed by adding F°

(Figure 86). It is likely that the location of the boronic acid functionality is too far from
2+/3+

the fluorescent part of the molecule. However, due to an interaction with Fe
fluoride can be indirectly detected (Figure 87), which indicates that the presence of F’
has an effect on the chemical redox process. Upon initial addition of 10 uM F’, the
weak fluorescence of 59 doesn’t change. With subsequent addition of Fe**, the
fluorescence enhancement is delayed until close to 10 pM Fe®*. We then repeated the
measurements using 20 uM 59 with an initial addition of 20 uM F" in this case the
fluorescence enhancement is delayed until close to 20 pM Fe** (Figure 88, 89). We
ascribe the indirect effect of fluoride to formation of a tetrahedral boronate anion [-
(OH)2F] which forms an ion pair with the Fe**, which in turn reduces the availability

of the Fe** and prevents the oxidation of the ferrocene. (Scheme 11)

Intensity (a.u.)

450 500 550 600 650 700
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Figure 86 Emission spectra of 59 (10 uM) in THF upon titration of F by A =403 nm (0, 1, 3,5, 7,
8, 10.0 equiv.).
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Figure 87 Fluorescent spectra of 59 (THF, 10 uM, Aex = 403 nm) with 10 uM F~ upon the addition
of various Fe** (0, 2, 5, 10, 30, 50 uM) .
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Figure 88 Fluorescent spectra of 59 (THF, 20 uM, A¢ = 403 nm) in the presence of 20 uM F upon the
addition of various Fe** (0, 2, 5, 10, 20, 30, 50 pM).
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Figure 89 The values of I/ly at 512 nm of 10 uM and 20 pM 59 upon the addition of various Fe** (0, 2, 5,
10, 20, 30, 50 uM) with and without 10uM F~ and 20 uM F". Successive spectra were taken after 10 mins
intervals.
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Scheme 11 Proposed schematic mechanism on PET and fluoride binding process.
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In order to confirm the complexion of boron and fluoride, the same experiments were
carried on with compound 58. The results showed that there is no obvious difference
with and without F', which means that the fluorescence was not delayed. The results
also confirmed that the boron was linked with fluoride and the fluoride holds the Fe**
back from oxidising the ferrocene, which cause the fluorescence enhancement delay
(Figure 90-92).

600 - ——58
—— 58+ 10uM F-
500 - —2uM Fe*
—~ —— 5 uM Fe*
S 400- —— 10 uM Fe™'
W —— 30 uM Fe**
—_— 3+
2 300- 50 uM Fe
0
c
L 2004
=
100 -
0

500 550 600 650 700
Wavelength (nm)
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Figure 90 Fluorescent spectra of 58 (THF, 10 uM, A¢ = 403 nm) and 58 with 10 uM F upon the addition
of various Fe** (0,2, 5, 10, 30, 50 uM).
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Figure 91 Fluorescent spectra of 58 (THF, 10 uM, Ae = 403 nm) upon the addition of various Fe*" (0, 2,
5,10, 30, 50 uM).
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Figure 92 The values of I/1, at 491 nm upon the addition of various Fe** (0, 2, 5, 10, 30, 50 uM) with
and without 10 uM F.
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5.3.3 Combinational Logic Function

To take advantage of the OFF-ON fluorescence response of 59 driven by the redox
process and the capture of F', a combinational serial INHIBIT logic operation as well as
two INHIBIT logic gates were constructed with Fe®* as an input and either LAS or F as

another input (Figure 93).

LAS
Output
Fe3*
F_
Output
Fe3*

F.
LAS
Fes* _W

Figure 93 Schemes with logic symbols and the assignment of the chemicals to each of these inputs
corresponding to Figure 93a, b, ¢ in the text.

An INHIBIT logic gate is based on two-input AND gates with one input carrying a
NOT gate. The values of I/ Ip at 512 nm for 59 with different combinations of varying
equivalents of Fe** and LAS correspond to an INHIBIT logic gate. Four situations are
examined (Figure 94a), in which Fe** as input 1 is 10 uM (high, 1) or 0 uM (low, 0)
and LAS as input 2 is 20 uM (high,1) or 0 uM (low, 0). As shown in Figure 93a, the
value of I/lp at 512 nm (output) becomes high (I/lo = 58.6) only when 1 equivalent of
Fe** is added. In contrast, the values of I/l is at a low level (I/l, < 15) for any other
combination. Similarly, the different input combinations of adding Fe®** and F~ for 59
also behave like an INHIBIT logic gate, with the values of 1/ 15 (512 nm) as the output.
These INHIBIT gate observations are presented in a truth table (Figure 94b). In this
INHIBIT logic gate, Fe** as input 1 is 10 uM and the addition of F as input 2 is 10 uM.
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11,

Input

Figure 94 Two INHIBIT logic gates constructed with Fe** as an input and either LAS or F~ as another
input. The values of I/1, at 512 nm as the output of the INHIBIT gate from the different inputs: (a) Fe*
(10 uM) and LAS (20 uM); (b) Fe** (10 uM) and F~ (10 pM). (c) Combinational logic operation. The
values of /1y at 512 nm as the output of the combinational logic operation from the eight possible inputs.

Universally, combinational logic circuits play a key role in mimicking comprehensive
arithmetic operations at the nanoscale level.** A combinational NOR and AND logic
circuit can be constructed with three inputs: Fe**, LAS and F~ (Figure 94c). The NOR
logic operation is the integration of a NOT and OR logic gate, in which the output is
low when one or more of the inputs are high. The eight possible input combinations of
varying Fe**, LAS and F~ are shown in Figure 94c. Obviously, the values of /Iy at 512
nm are only high (I/l, = 58.6) when Fe** is added. The output signals for the other four
combinational input situations are low. The threshold for all of the logic operations

given above has been set at 15.
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5.3.4 Electrochemical Redox Investigation

Finally, the electrochemical characteristics of 59 (attached as microcrystals to a
graphite electrode) immersed in aqueous media were studied. The ferrocene unit in the
molecular structure produced well-defined chemically reversible oxidation - reduction
signals (Figure 95) with a close to linear dependence of the peak current with the scan
rate. This suggests an immobilised redox system with fast charge transport. This was
confirmed when doubling the amount of deposit caused an approximate doubling of the
current response. Given the size and complexity of the 59 molecule, anion penetration

into the solid in conjunction with oxidation appears likely.

When fluoride is added to the aqueous solution (0.1 M ClO,) an additional small signal
is observed at 0.5 V vs. SCE (see Figure 95c). This is due to fluoride directly
interacting with 59.
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Figure 95 a) Plot of current peaks versus scan rates (10, 20, 50, 80, 100 mV s) for 0.36 pg 59
immobilised at a graphite electrode surface and immersed in 0.1 M NaClOy; b) First three scans of cyclic
voltammograms (scan rate 50 mV s) for 0.36 pg 59 immobilised at graphite electrode and immersed in
0.1 M NaClOy; c) First three scans of cyclic voltammograms (scan rate 50 mV s™) for 0.36 pg 59
immobilised at graphite electrode and immersed in 0.1 M NaClO, with the addition of 0.1 M NaF.

Moreover, when the aqueous supporting electrolyte is systematically varied from CIO4
to NO3 to CI" and to F very similar voltammetric responses are observed (Figure 96).
Only the position of the midpoint potential (here Enig = 0.5 Epox + 0.5 Epeq) Shows the
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effect of the electrolyte anion during the redox insertion process. The expected
behaviour is the most positive shift in Enig for the most hydrophilic anion, here
fluoride.?® However, the fluoride response is shifted negative of the chloride response
presumably due to specific interaction with the boronic acid host crystal in the solid

state.
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Figure 96 a)-c)First three scans of cyclic voltammograms (scan rate 50 mV s) for 0.36 ug 59
immobilised at graphite electrode and immersed in 0.1 M NaNOs, NaCl, NaF solutons; d) Plot of formal
potentials of the first oxidation step for 59 in the presence of different electrolyte anions versus the
standard membrane potentials
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5.3.5 Conjugating the 59 with Polymeric Carbohydrates

We then explored the applicability of the boronic acid as a unit for conjugating 59 with
polymeric carbohydrates (ie the cellulose found in filter paper). Two small volumes of
59 in THF were dropped onto a piece of filter paper that was allowed to air dry. To one
of the spots a Fe**solution was added. The spot in contact with Fe** produced a green
fluorescence while the untreated spot remained non fluorescent. This experiment
clearly demonstrates that the boronic acid group can be used as a linkage group and for

the development of material based sensors (Figure 97).

Figure 97 The photos were taken under day light and UVg4s.2) Two drops of 10 pL 59 solution were
dropped on filter paper in the black circle; b) No fluorescence can be seen under UV in the white circles;
c) After dropping 10 uL Fe®* solution on the right spot, green fluorescence can be seen under UV in the
right circle.
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5.4 Summary of Chapter 5

A smart molecule, 59, derived from a naphthalimide chromophore, has been designed
for logic fluorescence and electrochemical studies based on the ferrocence redox
relationship for potential applications in ion sensing. Two INHIBIT logic gates
constructed with Fe** as an input and either LAS or F~ as another input. Similarly, the
combinational serial INHIBIT logic operation was also implemented using different
combinations of three inputs: Fe**, LAS and F. The logic gate operates in organic
solution but also via conjugation with cellulose as a material support (filter paper). The
proposed combinational logic circuits play a key role in mimicking comprehensive
arithmetic operations at the nanoscale level. Moreover, the application of 59 in
electrochemistry has improved the sensing ability. The multiple logic fluorescent
electrochemical system might contribute to the development of smarter fluorescent
materials, which could be used in the development of controlled drug-release systems,

and optical and rheological applications.
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6 Conclusion and Future Work

6.1 Conclusion

In terms of developing fluorescence and electrochemical sensor systems for
biologically import species recognition, there are four projects involved in this thesis.
Traditional fluorescent sensors are mainly developed on the protocol of the synthetic
molecule containing a reporter site and a receptor side, which can exhibit responses in
the presence of different analytes. While, electrochemical sensors are based on the
redox process on the working electrode, which can be observed by a potentiostat. The
dedicate design strategies play essential roles in attaining high selective and sensitive

probes.

The supramolecular concept of nanotechnology and bioscience has promoted the
formation of smart materials for high sensitive detection of biologically important
species. With the rapid development, some biological molecular recognition events
have already been realised both in vitro and in vivo. There are several sensing protocols,
such as coordination-based sensors, reaction-based probes and electrochemical sensors,

which are devoted to designing these sensors.

In the first chapter of this thesis, the mechanisms for fluorescence change and common
design strategies for chemosensors were illustrated along with a basic introduction to
electrochemistry. Firstly, details of molecular recognition in the area of coordination-
based sensors for the detection of copper(ll) ions were introduced. Secondly, a
summary of the recent developments in reaction-based probes for the detection of
biothiols was reported. And thirdly, a review about electrochemical sensors with
boronic acid for saccharides recgonition was presented. Finally, information about

molecular switches and molecular logic gates was presented.

In the second chapter, a naphthalimide based fluorescence sensor 47 containing a
monoboronic acid group and reference compounds 48, 50 were introduced. The ability
of 47 for recognising metal ions were first investigated. The sensor displays high
selectivity for copper(ll) ions, which is one of the few examples of boronic acid based

fluorescent chemosensors for copper(ll) sensing. Subsequently, the chelate, 47-Cu?*,
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displayed fluorescence enhancement with fructose, and the system was designed as a
fluorescence INHIBIT logic gate. Together with the fluorescent tests of 48, 50 for
copper(ll) ions and the Job’s plot results, we believe that the boronic acid and Schiff
base worked together and the binding mode of 47 to Cu®" is 2: 1 stoichiometry. Finally,

47 was demonstrated for detecting copper(ll) ions in HelLa cells.

In the third chapter, a NIR fluorescent chemodosimeter 53 for GSH based on the DCM
framework was introduced. Initially, UV spectrum was investigated. Probe 53 showed a
colour change from yellow to pink upon addition of GSH, which could work as a
‘‘naked-eye’’ probe for GSH. Furthermore, the fluorescence enhancement at 690 nm
demonstrated that the probe can be used for the detection of GSH. The fluorescence
enhancement mechanism is based on the cleavage of DNBS from the fluorophore by
GSH, which has been proved by the mass spectra. Finally, the confocal imaging
experiments for detection of cellular thiols clearly demonstrated that 53 could be the

good choice for biological applications.

In the fourth chapter, fructose binding with ferrocene-boronic acid was investigated
with the employment of a fast steady state method based on dual-plate generator-
collector voltammetry and a fast transient method based on square wave voltammetry.
The voltammetric data for the interaction of ferrocene-boronic acid with fructose is
time domain sensitive and the information from voltammetric peaks for bound and
unbound forms of the ferrocene-boronic acid are predominantly due to the kinetic

parameter kg ox for the rate of binding to the oxidised ferricenium-boronic acid.

In the fifth chapter, a naphthalamide based sensor 59 has been designed and synthesised
for logic fluorescence and electrochemical studies due to the ferrocence and Fe** redox
relationship for potential applications in ion sensing. Firstly, the redox process of 59
upon the addition of Fe** and LAS was examined. Secondly, the indirect sensing of 59
for F~ was carried out. The same experiments were also employed for 58 in order to
demonstrate the binding ability of boron to fluoride. According to the fluorescent tests
above, two INHIBIT logic gates constructed with Fe** as an input and either LAS or F’
as another input. Furthermore, the combinational serial INHIBIT logic operation was
also implemented using different combinations of three inputs: Fe**, LAS and F.

Moreover, the application of 59 in electrochemistry has improved the sensing ability,
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which shows better selectivity for F in aqueous media. Interestingly, 59 could
conjugate with cellulose in filter paper and display fluorescence off-on, which might

contribute to the development of smarter fluorescent materials.

The thesis is composed of four sub-projects, all of which focussed on the recognition of
biologically importance species with different detection technique. The metal ion
project was based on the coordination chemistry, an attempt to extend the application
field of fluorescent sensor. The DCM project focused on the impact of the reaction
between specific groups and biothiols. The electrochemcial project was aimed at
exploring new strategy for saccharides sensing. And the molecular switch and logic
gates project was focused on the multifunctional application and INHIBIT logic gate

development.
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6.2 Future Work

Although the research results presented in this thesis did answer some questions, some
other new questions have arisen from these results at the same time, which needs to be

addressed in future.

In the copper(Il) ion detection project, poor solubility is the big issue for extending the
applications. Therefore, further optimisation by preparing better water soluble
fluorophores is required before use in biological experiments becomes generally
applicable. The exact nature of the binding mode between receptor and metal ions

could be understood if crystals could be obtained

Though the reaction based DCM probe had proved its potential ability for biothiol
recognition, the ability of the system could be improved by better selectivity. Although
the reaction based sensor is quite specific for some kind of groups, but it is not able to
discriminate analytes containing the same functional group (SH). Therefore, more

specific sensors should be designed and synthesised.

For the electrochemical sensor, a more detailed analysis of the data should take into
account additional parameters for changes in diffusion coefficients with viscosity and
changes in the rate of electron transfer. It is interesting to note that these results suggest
“kinetic resolution” as an analytical approach where the boronic acid receptor is
employed to detect “fast binding” analytes at higher sensitivity compared to “slow
binding” analytes. A further conclusion emerging from this study is the possibility to
develop a “switchable” boronic acid,?* for example to be used in separation processes

at suitably adjusted pH.

Although the developments of multifunctional systems that can integrate individual
basic logic gates into combinational circuits are extremely interesting as smart
materials, the poor solubility of the molecule has limited its application in biological
systems. Therefore, further optimisations by preparing water soluble fluorophores are

required.
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CHAPTER SEVEN

Experimental



7 Experimental Section

7.1 General Procedures

Solvent and reagents.

All solvent and reagents used in this project were reagent-grade unless stated otherwise.
These were purchased from Fisher UK, and Sigma Aldrich Company Ltd, and were

used without further purification, unless stated otherwise.
Chromatography:

Thin layer chromatography was performed using commercially available Merck
aluminium backed plates coated with 0.2 mm layer of silica gel 60 with fluorescent
indicator UV 254. These plates were visualised using either ultraviolet light of 254 nm
or 365 nm wavelength, or staining the plate with visualising solution. Silica gel column

chromatography was carried out using Davisil LC 60A silica gel.
Nuclear magnetic resonance spectroscopy (NMR):

'"H NMR spectroscopy was carried out measured using a Bruker AVANCE 300
spectrometer in the Chemistry Department and spectra were recorded at 500, 400, 300
or 250 MHz respectively in deuterated DMSO, CDCIl; depending on the sample
solubility. Chemical shifts are expressed in parts per million (ppm) and reported
relative to the residual solvent peak or to tetramethylsilane (TMS) as an internal
standard. The multiplicity and general assignments of the spectroscopic data are
denoted as: singlet (s), doublet (d), triplet(t), quartet (q), quintet (quint), doublet of
doublet (dd),doublet of triplet (dt) triplet of triplet (tt), unresolved multiplet (m),
apparent (app), broad (br) and aryl (Ar).

Mass spectrometry (MS):

Electrospray mass spectra (positive ions ESI") were recorded using a Bruker micro

TOF spectrometer using reserpine as calibrant.
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UV-vis Measurement

Absorption measurements were recorded by employing Perkin-Elmer UV-vis
spectrometer Lambda20 with 10 mm path length and two sides’ polished cuvettes.
Blank solvent was exploited for baseline correction, which was carried out every time
before the experiments. This instrument was operated by UV Winlab software. All
solvent used in fluorescence measurements were HPLC grade and the water was

deionised.
Fluorescence spectroscopy measurements:

Fluorescence measurements were performed on a Perkin Elmer Luminescence
spectrophotometer LS 50B, utilising sterna silica (quartz) cuvettes with 10 mm path
length and four sides polished. Data was collected via the FIWinLab software package.
All solvent used in fluorescence measurements were HPLC grade and the water was

deionised.
Electrochemical voltammetry measurements:

Square wave voltammetric experiments were performed on a microAutolab III system
(Metrohm-Autolab, Netherlands) in staircase voltammetry mode. The step potential
was maintained at approximately 1 mV. The counter and reference electrode were
platinum gauze and saturated calomel (SCE, Radiometer), respectively. The working
electrode was a 2.0 mm diameter platinum disk electrode. Rotating disc voltammetry
was performed with a Gamry 710 system. Solutions were de-aerated with argon (BOC).

All experiments were conducted at a temperature of 22 +2 °C.

Dual-plate generator-collector electrochemical experiments were performed on a SP-
300 bipotentiostat (Biologic, France). A four-electrode cell was employed with a Pt
wire counted electrode, saturated calomel electrode (SCE, Radiometer), and the
working electrodes of the micro-trench electrode. A PWM32 spin coater was used to
spin photoresist. Platinum films on glass substrates were prepared by electron-beam

evaporation.
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pH measurement:

Hanna Instruments HI 9321 Microprocessor pH meter was employed for making
buffers and normally calibrated by Fisher Chemicals standard buffer solution (pH 4.0 -
phthalate, 7.0 - phosphate, and 10.0 - borate) before the experiment.

Melting point:

Melting points of compound were determined from Stuart Melting point SMP10. After
set a plateau temperature, the unit quickly heats up and remains at the selected plateau
temperature. Then the sample tubes were inserted and the instrument started heating
again, which remained at a fixed rate of 2 °C per minute. Carefully watch the sample
and note the temperature on the screen when the sample is seen to melt. After the

experiments, the SMP10 was shut down and cooled to the room temperature.
Solid state infrared (IR) spectroscopy

Perkin Elmer 1000 FT-IR Express spectrometer was employed for the IR
measurements. Samples were positioned directly onto the spectrometer diamond plat
and compressed. Then “start” was pressed, the spectrum was automatically displayed
and processed by the software. Characteristic absorption peaks are presented in

wavelength (cm™).
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7.2 Synthesis

2-amino-6-bromo-1H-benzo[de]isoquinoline-1,3(2H)-dione, 45

NHz
(0] N (0]
Br

4-bromonaphthalic anhydride (2.77 g, 10 mmol) was dissolved in absolute ethanol (30
mL). An excess of hydrazine hydrate (85% w/w, 1.18 g, 20 mL) was added, after
having refluxed for 4 h, the mixture was cooled and the precipitated solids were filtered
and recrystallised from ethanol to give yellow solid (2.75 g, 95% yield). mp 220-225 °C

(dec).

'H NMR (300 MHz, DMSO-ds ppm): 8y 8.59 - 8.53 (m, 2H), 8.34 (d, J = 7.9 Hz, 1H),
8.21 (d, J= 7.9 Hz, 1H), 7.99 (apt, J = 7.4 Hz, 1H), 5.78 (s, 2H). *C NMR (75 MHz,
DMSO-ds, ppm): 8¢ 160.3, 160.2, 133.1, 131.9, 131.7, 131.3, 129.6, 129.2, 127.3,

122.8, 122.0.
HRMS (ESI uTOF) m/z caled for C1H,N,0,Br [M + H] ¥ 290.9769, found 290.9742.

IR (cm’™) 1409, 1555, 1587, 1653, 1698, 3244, 3341
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2-amino-6-(propylamino)-1H-benzo|de]isoquinoline-1,3(2H)-dione, 46

NHz
0« _N_0O
HN

Compound 45 (1.16 g, 4 mmol) and 5 mL propylamine were added into 30 mL of 2-
methoxyl ethanol and refluxed for 3 h. After the mixture cooled to room temperature,
the mixture was poured into 100 mL water, the precipitated solids were filtered, was
washed with ethanol and hexane, dried under vacuum to give a yellow solid (0.99 g, 92%

yield). mp 215-218 °C (dec).

'H NMR (300 MHz, DMSO-ds ppm): oy 8.71 (dd, J; = 8.5 Hz, J, = 1.0 Hz, 1H), 8.59
(dd, J; =7.3 Hz, J,=1.0 Hz, 1H), 8.25 (d, /= 8.6 Hz, 1H), 7.84 (apt, J = 5.4 Hz, 1H),
7.69 - 7.64 (m, 1H), 6.76 (d, J = 8.7 Hz, 1H), 5.70 (s, 2H), 3.40 - 3.44 (m, 2H), 1.76 -
1.64 (m, 2H), 0.97 (t, J = 7.4Hz, 3H,). °C NMR (75 MHz, DMSO-ds, ppm): 8¢ 160.5,

160.4, 151.4, 134.7, 130.9, 128.9, 124.6, 121.7, 120.5, 107.1, 104.2, 44.9, 21.5, 11.9.
HRMS (ESI uTOF) m/z calcd for C;5sH;sN3;0, [M + H] " 270.1243, found 270.1241.

IR (cm™) 1398, 1567, 1611, 1673, 2878, 2961, 3222, 3317, 3379
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(E)-6-(propylamino)-2-((2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yDbenzylidene)amino)-1H-benzo|de]isoquinoline-1,3(2H)-dione, 47

O._N_DO
HN

Compound 46 (0.27 g, 1.0 mmol) was dissolved in absolute ethanol (20 mL). An excess
of 2-aldehyde boronic acid ester (0.50 g, 2.0 mmol) was added and the mixture was
refluxed for 3 h. After the mixture was cooled to room temperature, the precipitate
produced was filtered and washed with hexane (3x10 mL) to give a yellow solid

(434.60 mg, 90% yield). mp 190-191 °C (dec).

'H NMR (300 MHz, DMSO-ds, ppm): 6n 9.14 (s, 1H), 8.72 (d, J = 10.0 Hz, 1H), 8.47
(d, J= 8.7 Hz, 1H), 8.29 (d, J = 10.1 Hz, 1H), 8.22 (d, J = 8.5 Hz, 1H), 7.86-7.81 (m,
2H), 7.72-7.60 (m, 3H), 6.78 (d, J = 10.3 Hz, 1H), 3.61-3.50 (m, 2H), 1.78-1.69 (m,
2H), 1.25 (s, 12H), 0.99 (t, J = 8.6 Hz, 3H,). °C NMR (75 MHz, DMSO-ds, ppm): 8¢
170.8, 160.8, 160.3, 151.4, 137.7, 135.8, 135.1, 131.6, 131.5, 131.4, 129.2, 127.2,

124.6, 122.2, 120.5, 107.4, 104.4, 84.4, 44.9, 24.8, 21.5, 11.9.
HRMS (ESI uTOF) m/z calcd for CsH30N3;04B [M + H] ™ 484.2408, found 484.2406.

IR (cm™) 1343, 1416, 1478, 1550, 1572, 1645, 1681, 2979, 3358
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(E)-2-(benzylideneamino)-6-(propylamino)-1H-benzo[de]isoquinoline-1,3(2H)-
dione, 48

/
\
0« _N_0O

HN

1§

Compound 46 (0.06 g, 0.22 mmol) was dissolved in absolute ethanol (20 mL). An
excess of benzaldehyde (0.04 g, 0.33 mmol) was added and the mixture was refluxed
for 3 h. After the mixture was cooled to room temperature, the precipitate produced was
filtered and washed with hexane (3x10 mL) to give a yellow solid (71.20 mg, 91%
yield). mp 170-172 °C (dec).

'HNMR (300 MHz, DMSO-ds, ppm): 8 8.79 (d, J = 9.9 Hz, 1H), 8.71 (s, 1H), 8.49 (d,
J = 8.7 Hz, 1H), 8.31 (d, J = 10.2 Hz, 1H), 8.00-7.89 (m, 3H), 7.34 (apt, J = 9.3 Hz,
1H), 7.67-7.55 (m, 3H), 6.84 (d, J = 10.5 Hz, 1H), 3.40 (t, J = 8.1 Hz, 2H), 1.82-1.68
(m, 2H), 1.02 (t, J = 8.7 Hz, 3H,). *C NMR (75 MHz, DMSO-ds, ppm): 8¢ 171.5,
160.8, 160.3, 151.4, 135.1, 133.0, 132.8, 131.3, 129.4, 129.3, 129.0, 124.7, 122.4,
120.6, 107.6, 104.4, 45.0, 21.5, 11.9.

HRMS (ESI uTOF) caled m/z for C2,H1gN30, [M+H] * 358.1556, found 358.1564.

IR (cm’™) 1372, 1447, 1571, 1632, 1681, 2874, 2960, 3290, 3427
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(3-(6-bromo-1,3-dioxo-1H-benzo|de]isoquinolin-2(3H)-yl)phenyl)boronic acid, 49

4-bromonaphthalic anhydride (2.00 g, 7.2 mmol) was dissolved in absolute ethanol (20
mL). An excess of 3-Aminobenzeneboronic acid (1.30 g, 8.6 mmol) was added and the
mixture was refluxed for 2 h. After the mixture was cooled to room temperature, the
precipitate produced was filtered and washed with hexane (3x10 mL) to give a yellow

solid (2.57 g, 90% yield). mp 208-210 °C (dec).

'"H NMR (300 MHz, DMSO-ds, ppm): 8y 8.65-8.58 (m, 2H), 8.39-8.33 (m, 1H), 8.29-
8.24 (m, 1H), 8.20 (s, 1H), 8.08-8.00 (m, 1H), 7.90 (d, J = 8.6 Hz, 1H), 7.76 (d, J =
17.9 Hz, 1H), 7.55-7.43 (m, 1H). *C NMR (75 MHz, DMSO-ds, ppm): 8¢ 160.6, 160.5,
135.4, 133.9, 1335, 132.3, 132.0, 131.7, 130.6, 130.3, 129.5, 129.2, 123.6, 122.8,
120.2, 119.4.

HRMS (ESI uTOF) m/z caled for C;3H;1NO4BBr [M + H] 7396.0043, found 396.0054.

IR (cm™) 1366, 1440, 1568, 1587, 1653, 1701, 1781, 3345
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(3-(1,3-dioxo-6-(propylamino)-1H-benzo[de]isoquinolin-2(3H)-yl)phenyl)boronic
acid, 50

Compound 49 (0.80 g, 2 mmol) and 3 mL propylamine were added into 30 mL of 2-
methoxyl ethanol and refluxed for 3 h. After the mixture cooled to room temperature,
the solvent was removed under vacuum and the residue was purified using column
chromatography (silica gel, DCM-MeOH, 20:1, v/v) to give a yellow solid (0.69 g, 92%
yield). mp 221-223 °C (dec).

'H NMR (300 MHz, DMSO-ds, ppm): 8y 8.77-8.72 (m, 1H), 8.43-8.39 (m, 1H), 8.26-
8.22 (m, 1H), 8.13 (s, 1H), 7.82 (d, J=7.2 Hz, 1H), 7.72 - 7.62 (m, 1H), 7.62 - 7.43 (m,
1H), 7.33 - 7.2 2(m, 1H), 6.79 (dd, J; = 8.6 Hz, J, = 3.3 Hz, 1H), 6.69 - 6.65 (m, 1H),
3.40 - 3.35 (m, 2H), 1.78 - 1.66 (m, 2H), 0.98 (t, 3H, J = 7.3Hz). °C NMR (75 MHz,
DMSO-ds ppm): 8¢ 164.4, 163.6 158.1, 151.2, 137.8, 136.2, 131.1, 129.7, 128.3, 124.6,
122.6, 120.6, 120.1, 116.6, 115.2, 107.9, 104.2, 44.9,44.9, 21.5, 11.9.

HRMS (ESI uTOF) m/z calcd for C;HoN,O4B [M + H] " 375.1516, found 375.1543.

IR (cm™) 1355, 1427, 1488, 1542, 1573, 1633, 1680, 2874, 2963, 3369
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(E)-2-(2-(4-hydroxystyryl)-4H-chromen-4-ylidene)malononitrile, 52

NC_ N

OH

Compound 51 (0.21 mg, 1.00 mmol) and 4-hydroxybenzaldehyde (0.39 mg, 1.10 mmol)
dissolved in 30 mL toluene. And then add 1.21 mL piperidine and 0.5 mL acetic acid.
A Deam-Stark head was fitted and reaction mixture was heated under reflux for 8h.
After the completion of the reaction, the mixture was allowed to cool to room
temperature and then concentrated under reduced pressure. A red solid was obtained

(0.20 g, 40.0%). mp 245-251 °C (dec).

'H NMR(400MHz, DMSO-ds, ppm):dy 10.16 (s, 1H), 8.73 (dd, J, = 8.4 Hz, J, = 1.2
Hz,1H), 7.91 (m, 1H), 7.79 (d, J = 7.6 Hz,1H), 7.70 (d, J = 16.0 Hz,1H), 7.60(m,
3H),7.28 (d, J = 16.0 Hz,1H), 6.96 (s, 1H), 6.85 (d, J = 8.8 Hz, 2H). >*C NMR (100
MHz, DMSO-ds, ppm): 8¢ 165.3, 164.1, 158.1, 157.3, 144.5, 140.5, 135.6, 131.3, 129.8,
124.2,122.6,122.4, 121.3, 121.2, 121.1, 110.9, 64.3.

HRMS (ESI uTOF) caled m/z for C0H2N20, [M - H]" 311.0843, found 311.0821.

IR (cm™) 811, 840, 970, 1168, 1201, 1618, 1456, 1550, 2210, 3375
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(E)-4-(2-(4-(dicyanomethylene)-4H-chromen-2-yl)vinyl)phenyl2,4-

dinitrobenzenesulfonate, 53

To a stirred solution of 52 (0.10 g, 0.32 mmol) in dry CH,Cl, (15 mL) was added
pyridine 0.5 mL. The mixture was then cooled to 0°C and a solution of 2,4-
dinitrobenzensulfonyl chloride (0.26 g, 0.96 mmol) in dry CH,Cl, (5 mL) was added
dropwise. After being stirred at 0°Cfor 30 minutes, the mixture continues to stir at room
temperature for 3h. After the completion of the reaction, the mixture was concentrated
under reduced pressure. The residue was purified with column chromatography (silica

gel, DCM-MeOH, 20:1, v/v), and a red solid was obtained (0.05 g, 29.0%). mp 218 °C
(dec).

'H NMR(300MHz, CDCls, ppm):3y; 8.86 (dd, J; = 8.4 Hz, J, = 1.3 Hz, 1H), 8.63 (d, J
= 2.2 Hz,1H), 8.47 (dd, J; = 8.6 Hz, J, = 2.2 Hz, 1H), 8.20 (d, J = 8.6 Hz,1H), 7.70(m,
1H), 7.53 (m, 4H),7.41 (m, 1H), 7.25 (d, J = 8.8 Hz, 2H), 6.83 (s, 1H), 6.73 (d, J = 16.0
Hz, 1H). *C NMR(75 MHz, DMSO-ds, ppm): 8¢ 157.9, 153.9, 152.3, 151.9, 149.6,
148.5, 136.8, 135.9, 135.4, 133.9, 131.1, 130.4, 127.9, 126.6, 125.0, 123.1, 121.7,
121.5,119.4, 117.4, 117.3, 116.0, 107.7, 61.4.

HRMS (ESI uTOF) caled m/z for CogH1aN4OgS [M - H] 541.0454, found 541.0472.

IR (cm™) 712, 855, 978, 1140, 1346, 1457, 1497, 1536, 1553, 1603, 2210, 3032
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Ferrocenylmethylamine, 56

_N-OH

H” NH,
@—CHO CH3;0OH ©/C LiAIH
Fe " ~oa~ Fe — ?_/

: NH,OHHCI : THE
NaOH Q

Ferrocenecarboxaldehyde (2.0 g, 9.34 mmol) and hydroxylamine hydrochloride (1.3 g,
18.68 mmol) were dissolved in 40 mL ethanol and NaOH (2.5 g, 62.27 mmol) was
added. The reaction mixture was heated at reflux under an N, atmosphere for 3 h. The
mixture was allowed to cool to room temperature and then concentrated under reduced
pressure. The residue was poured into water (30 mL) and extracted with CH,Cl, (3 x
50 mL). The organic layer was separated and combined and was evaporated under
reduced pressure to give the crude product as dark brown solid 1.5g. The product was

used for the next step without further purification.

To a stirred solution of LiAlH4 (0.7 g, 18.4 mmol) in 10 ml anhydrous THF, a solution
of ferrocenecarbaldehyde oxime (0.4 g, 1.75 mmol) in anhydrous THF (10 mL) was
added dropwise. After being stirred at room temperature for 30 mins, the mixture was
refluxed for 6 h under an N, atmosphere. After cooling to room temperature, the
reaction mixture was poured into water (30 mL) and a grey precipitate formed. After
filtration, the filtrate was transferred to separatory funnel and extracted with ethyl
acetate (3 x 50 mL). The organic phase was evaporated under reduced pressure to give

a yellow liquid (0.30 g, 80%). mp 113-115 °C (dec)

'HNMR (300MHz, CDCls, ppm) 8y 4.19 (s, 2H), 4.16 (s, 5H), 4.08 (s, 2H), 3.40 (s,
2H). *C NMR (125 MHz, CDCls, ppm): 8¢ 68.3, 67.6, 67.1, 41.3.

IR (cm™) 999, 1103, 1304, 1470, 2200, 2622, 3080, 3431
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2-ferrocenylmethyl-6-(piperazin-1-yl)benzo|de]isochromene-1,3-dione, 58

S\ O
'j;N I\
O N:e
0

6-(Piperazin-1-yl)benzo[de]isochromene-1,3-dione  (0.37 g, 1.30 mmol) and
ferrocenylmethylamine (0.37 g, 1.72 mmol) were added into 30 mL ethanol. The
mixture was refluxed for 5 h under a nitrogen atmosphere. After completion of the
reaction, the solvent was removed in vacuo and the residue was purified with column
chromatography (silica gel, DCM-MeOH, 1:1, v/v), and an orange solid was obtained
(100 mg, 16%). mp 171-173 °C (dec).

'H NMR (300 MHz, DMSO-ds ppm): 84 'HNMR (300 MHz, DMSO-dg, ppm) 8y 8.45
(d, J = 9.0 Hz, 1H), 8.39 (d, J = 8.5 Hz, 2H), 7.76 (apt, J = 7.5 Hz, 1H), 7.27 (d, J = 8.2
Hz, 1H), 4.95 (s, 2H), 4.32 (t, J = 1.8 Hz, 2H), 4.20 (s, 5H), 4.05 (t, J = 1.8 Hz, 2H),
3.13(d, J = 2.8 Hz, 4H), 2.99 (d, J = 4.5 Hz, 4H).*C NMR (75 MHz, DMSO-dg, ppm):
8c 163.6, 163.0, 156.6, 132.8, 131.1, 129.4, 126.3, 125.6, 122.7, 115.4, 115.3, 83.8,
70.0, 68.8, 67.9, 54.1, 45.8.

HRMS (ESI WTOF) m/z caled for Cy7HosN3sO,Fe [M + Na]* 502.1194, found 502.1203.

IR (cm™) 971, 1020, 1107, 1380, 1454, 1586, 1642, 1690, 2824, 2953, 3384
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2-ferrocenylmethyl-6-(2-(bromomethy)phenyl-boronic ester-piperazin-1-

yDbenzo[de]isochromene-1,3-dione, 59

o i b@

58 (70mg, 0.15 mmol) and 2-(2-(bromomethyl)phenyl)-4,4,55- tetramethyl-1,3,2-
dioxaborolane ( 43.4 mg, 0.16 mmol) were dissolved in anhydrous acetonitrile. And
K,CO3 (62.2 mg, 0.45 mmol) was added and the mixture was refluxed overnight. After
completion of the reaction, most of the acetonitrile was evaporated and the residue was

poured into water to give the precipitate (70 mg, 67%). mp 135 °C (dec).

'H NMR (300 MHz, CDsCN. ppm): 8 8.45 (dd, J, = 7.3 Hz, J, = 1.1 Hz, 1H), 8.37
(apt, J = 8.2 Hz, 2H), 7.69 - 7.66 (m, 1H), 7.65 - 7.63(m, 1H), 7.38 (dd, J1 = 7.3 Hz, J
= 1.5 Hz, 1H), 7.33 - 7.25(m, 2H), 7.16 (d, J = 8.2 Hz, 1H), 5.00 (s, 2H), 4.38 (t, J =
1.8 Hz, 2H), 4.20 (s, 5H), 4.06 (t, J = 1.8 Hz, 2H), 3.77(s, 2H), 3.18 (s, 4H), 2.69 (t, J =
4.6 Hz, 4H), 1.36 (s, 12H). *C NMR (75 MHz, DMSO-ds, ppm): ¢ 163.6, 163.0,
156.0, 143.9, 135.0, 132.7, 131.1, 131.0, 130.3, 129.5, 129.4, 126.8, 126.4, 125.5,
122.8, 115.6, 115.3, 83.8, 83.4, 70.0, 69.0, 67.9, 61.6, 52.9, 52.7, 25.2.

HRMS (ESI WTOF) m/z caled for CgoHsN3O4BFe [M + Na]® 718.2515, found
718.2559.

IR (cm™) 1038, 1107, 1345, 1422, 1451, 1587, 1563, 1693, 2823, 2974
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7.3 Cancer Cell Culturing

The cells were prepared by Dr. Rory Arrowsmith and Haobo Ge from Dr Sofia Pascu’s
group. The HeLa cells were cultured at 37 °C in 5% CO; in Earle’s minimal essential
medium supplemented with 10% heat inactivated FCS (Foetal Calf Serum), 1% L-
glutamine and sodium bicarbonate, 0.5% penicillin/streptomycin. Medium needs to be
refreshed every 2 - 3 days. Supernatant containing dead cells and metabolite was
aspirated. The live adherent cells were then rinsed with 10 mL phosphate buffer saline
(PBS) twice to remove any remaining FCS, which inactivates trypsin. Cells were
resuspended by 10mL of PBS with 2.5 mL trypsin and incubate for 5 min at 37 °C.
After cells detached, SmL of serum medium was added to inactivate the trypsin and the
solution was centrifuged for 5 min (1000 rpm at room temperature) to precipitate
cultured cells. The supernatant was aspirated and 5 mL of medium was added. Cells

were counted using a haemocytometer and then used for confocal imaging.
7.4 Confocal Microscope Imaging

The confocal image was prepared by Dr. Rory Arrowsmith and Haobe Ge from Dr
Sofia Pascu’s group. For confocal fluorescence microscopy HeLa cells were plated in
35 mm uncoated 1.5 mm thick glass-bottomed dishes as 3 x 105 cells per dish and
incubated for at least 24 h. Cells were washed five times with 990ul Hank’s solution,
before adding SFM (990 pL). Subsequently, 1% compound in DMSO was added to
obtain a final volume of 1 mL at 50 um concentration. After 15 min incubation cells

were washed 3 times with Hank’s solution and incubated in SFM prior to imaging.
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9 Appendix

9.1 List of NMR Spectra

9.1.1 NMR for Naphthalimide Derivetives
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9.1.2 NMR for DCM Derivatives
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9.1.3 NMR for Ferrocene Derivatives
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