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Abstract

Abstract

This thesis, entitled “Synthesis and Physical Evaluation o f Urea- and Thiourea- 

based Receptors and Sensors for Anions”, consists o f five chapters.

Chapter 1 briefly introduces the field o f molecular sensing, followed by a 

general description o f anion sensing, which includes the design principles o f anion 

receptors and sensors as well as the advantages o f their practical use. A review of 

various recent examples o f urea- and thiourea-based fluorescent and colorimetric anion 

sensors is also presented, which is then followed by a summary o f the anion sensing 

work carried out within the Gunnlaugsson research group. Finally, an outline o f the 

project objectives is described.

Chapter 2 discusses the synthesis of 6 w-phenyl urea and thiourea receptors, 

substituted at the 2- and 4-position of the aromatic rings by electron-donating {i.e. CH3 ) 

and electron-withdrawing (i.e. F, CF3 ) groups. These compounds were purified and 

fully characterised, and their binding abilities towards putative anions (such as acetate, 

dihydrogenphosphate, fluoride, chloride and bromide) were studied in DMSO-f/g using 

'H  NMR spectroscopy. The stability constants for the complex formation of these 

receptors with each anionic guest were calculated from the data collected. These values 

were then analysed in terms o f the electronic nature o f the substituent and its location on 

the phenyl ring, as well as the type o f binding site (either urea or thiourea) present. The 

analysis reinforced the characteristic anion-binding behaviour o f the urea and thiourea 

moieties. However, it also gave rise to some unexpected and sometimes counter

intuitive trends in the electronic influence towards the anion binding abilities.

In Chapter 3, the synthesis of polyaromatic thiourea-based fluorescent anion 

sensors is described and the physical evaluation o f their anion binding abilities in 

DMSO or DMSO-Jfi using various techniques (such as *H NMR, fluorescence and CD 

spectroscopies) is discussed. The two types of fluorophore incorporated into these 

sensors are anthracene and naphthalene. These sensors were titrated with the selected 

anions (as in Chapter 2). The data obtained fi'om the binding studies was analysed and 

stability constants were calculated in order to compare the anion binding abilities of 

such sensors.

Chapter 4 concentrates on the synthesis and anion binding studies of hydrazine- 

based naphthalimide colorimetric sensors, consisting o f either a urea or thiourea moiety. 

Binding experiments with anions (as in Chapter 2) were carried out in DMSO or



Abstract

DMS0-t/(5 on the urea-based compounds using 'H  NMR, UV-vis and fluorescence 

spectroscopies. In the case o f the thiourea derivative, binding studies were performed in 

a more competitive solvent {i.e. EtOH/HaO (50:50)). The chromogenic response of 

such sensors to the selected anions was significant and the thiourea-based sensor also 

showed selectivity in terms of visual discrimination towards acetate in the highly 

competitive solvent.

Finally, Chapter 5 outlines the experimental procedures used in Chapter 2 - 4 ,  

and presents the characterisation o f the compounds prepared.
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dd Double doublet

DMF Dimethylformamide

DMSO Dimethylsulfoxide

DMSO-</« Deuterated dimethylsulfoxide

E Energy (in J)

equiv. Equivalents

ES^ Electron spray (positive mode)

ESIPT Excited-state intramolecular proton transfer

ET Electronic energy transfer

EtOH Ethanol

F fluoro group

F" Fluoride ion

G Guest

h Planck’s constant (in J .s '')

H Host

H 2P 0 4 ~ Dihydrogenphosphate ion
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HOMO Highest occupied molecular orbital

HRMS High resolution mass spectrometry

ICT Internal charge transfer
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J  Coupling constant (in Hz)

"k Wavelength (in nm)

lit. Literature
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LUMO Lowest unoccupied molecular orbital

m Multiplet

MeCN Acetonitrile

MeOH Methanol

MLCT Metal-to-ligand charge transfer

m.p. Melting point (in °C)

MS Mass spectroscopy

Nap Naphthalene ring

Naph Naphthalimide ring

NMR Nuclear magnetic resonance

PET Photo-induced electron transfer

ppm Parts per million

q Quartet

RD Radiationless decay

RT Room temperature (in °C)

s Singlet

50 Ground state

51 Singlet excited state

SOMO Semi-occupied molecular orbital

t Triplet

Ti Triplet excited state

TBA Tetrabutylammonium

UV-vis Ultraviolet-visible

V Frequency (in Hz or s'')

v/v Volume per volume
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Chapter 1 -  Introduction

1.1 Sensing

The term “sensing” refers to the detection of a particular entity {e.g. matter, 

energy) by a specialised device (i.e. sensor). Sensors are used in everyday life, and 

have been applied to various areas such as medicine (e.g. blood content monitors, drugs) 

and industry (e.g. automobiles, electronics, waste management). Hence, the

development of sensors holds great importance, and many endeavours have been made 

to further research in this area.

1.2 Sensing in Supramolecular Chemistry

As a result o f the growing recognition of scientific fields such as 

nanotechnology, the idea of molecular detection by suitably engineered individual 

molecules has become of increasing importance over the last few decades.''^ Molecular 

recognition is a fundamental feature of various natural systems and plays a key role in 

biosynthesis and protein folding. Hence, research in the area of developing 

chemosensors to detect biological analytes is of current significance to the biochemical 

and pharmaceutical industries, especially in the synthesis and development of real-time 

sensitive analytical techniques.

In supramolecular chemistry, sensing is achieved by designing synthetic

molecular devices (i.e. sensors) having the ability to detect matter or energy that yields a 

measurable signal in response.^ There are three characteristic groups of analyte for 

which these sensors are designed to detect: cationic (e.g. metal ions such as Na"̂  and 

K'̂ ),'*""’ anionic (e.g. carboxylates, halide ions)^'^ and charge neutral (e.g. amino acids,
8 9saccharides) species. '

1.2.1 Chemosensors

Until a few decades ago, the classical term used for a sensor referred to a

macromolecular device (e.g. pH sensor). Supramolecular chemists are now eager to

develop such synthetic devices on a molecular scale. The various kinds of molecular 

devices are categorised according to two main factors:

1. Target of detection

2. Signal transduction mechanism



Chapter 1 -  Introduction

W e have briefly mentioned the different targets of detection. The latter factor 

therefore depends mainly on the method of detection (e.g. electrochemical techniques, 

luminescence techniques, etc.). Our project focuses mainly on developing sensors for 

anions that employ luminescence or colour as the signal reporter.

1.3 Methods of Detection

Sensors must be able to give a measurable signal in response to analyte 

recognition. The mechanism by which the interaction of a sensor with its analyte yields 

a measurable form of energy is known as signal transduction.’ The energy measured 

may reside in wavelength regimes characterised by various types of spectroscopy (e.g. 

fluorescence, UV, visible, 'H  nuclear magnetic resonance) or may yield electrochemical 

responses.^ Fluorescence is believed to be one of the optimal signal transduction 

mechanisms in potential sensing applications as it provides an enormously sensitive 

technique, mainly because the emission wavelength is always longer than that of the 

excitation wavelength and only low concentrations of analyte (10'^ M) are required for 

signalling purposes."^ '° Another popular mode of detecting a binding event is the so- 

called “naked-eye” effect, whereby visual discrimination via a colour change is 

achieved. This is advantageous in that such sensors can be used in “one-o ff’ testing 

without the need for expensive instrumentation.

1,3.1 ’H Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is one of the most widely used 

techniques in molecular recognition.”  Although it is not as sensitive as other 

spectroscopic methods such as luminescence techniques, it is still useful in indicating 

the presence of host-guest complexation and monitoring of the binding process. 'H  

NMR is very important when dealing with hydrogen-bonding receptors due to the fact 

that hydrogen atoms lie at the periphery of most compounds and are therefore the first 

nuclei to experience any ‘disturbance’ from an approaching guest. Hence, it provides 

extra information such as direct interactions o f receptors with guest molecules, which is 

not observed when using the other techniques as they only show the overall effect of the 

recognition event.

Both slow and fast exchange can occur in NMR spectroscopy. Protons of polar 

functionalities such as NH, OH and SH groups can exchange intermolecularly in 

solution. A slow exchange is such that the protons are exchanging with a rate that is

2
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slower than the coupling constant (7), resulting in chemical shifts which illustrate 

clearly the mutliplity of any direct coupling to the protons. When the rate of exchange 

is appreciably faster than J  {i.e. a fast exchange), then an average signal of the possible 

microenvironments (due to the coupling) is observed. Therefore, when considering a 

proton that forms a hydrogen bond with an anion guest, two signals would be present in 

the spectrum during a slow exchange -  one peak would indicate the host-guest complex 

and the other would indicate the free host. On a fast exchange, only one peak would be 

observed for the binding proton and this is due to an average of the chemical shifts of 

the free host and the complex. A binding event would be indicated by the shift (upfield 

or downfield) of this peak.

1.3.1.1 Calculation of Stability Constants from ’H NMR Titrations

Stability (or binding) constants for 1:1 host:guest (H;G) complex formation can 

be determined using a non-linear least-squares regression equation (Equation 1.1). This 

equation is used to estimate the value of 5hg (the chemical shift of the host-guest 

complex). Stability constants for other stoichiometries are difficult to obtain, as they 

require more complicated calculations.

S h g  —
[H]i(5„bs -  8h) -I-5h (Equation 1.1)

Shg -  chemical shift of the host-guest complex H G  (in ppm)

8h -  chemical shift of the free host H (in ppm)

8obs -  observed chemical shift of the host guest complex H G  at any stage (in 

ppm)

[H]i -  initial concentration of the host H  (in M)

[G]i -  initial concentration of the guest G (in M)

K  (or P) -  stability (or binding) constant (in M"')

12Computer programs such as WinEQNMR base their calculation of the stability 

constants for 1; 1 complexation process on the above equation. The derivation o f this

3
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equation from first principles can be obtained by considering the rate constant equation 

(Equation 1.2) of the following 1:1 host:guest complex formation equilibrium:

H + G HG

[HG]
K  -    (Equation 1.2)

[H][G]

The initial concentrations of the host, guest and complex are denoted by [H]„ 

[G], and [HG], respectively. Since there is no complex formed initially, [HG], is 

therefore equal to 0. By assigning [HG] at equilibrium as x,  it follows that the 

concentrations of the host and guest at equilibrium are ([H], -  jc) and ([G], -  x) 

respectively. Hence, the substitution of Equation 1.2 with the above notation of the 

relevant equilibrium concentrations gives the following equation (Equation 1.3), where 

K  is the stability constant for the host-guest association:

K  =   f _____  (Equation 1.3)

([H ],-x)([G ],-Jc)

Equation 1.3 can be expanded and reairanged via multiplication of the denominator and 

algebraic solution (using the equation used to solve quadratic equations) such that an 

equation to determine [HG] may be obtained (Equation 1.4):

.  = [HG] = ([H lr iG l,-H /> 0 -V i(lH |,.|G |,-l/> 0 --4 |H l,[G l,i ^

2

The actual [HG] at any stage is indicated by the observed chemical shift ( S o b s )  on the 'H  

NMR spectrum, which varies depending on the fraction of free host present and the 

fraction of host:guest complex formed.

Given that the chemical shifts of the concentration of the free host when no 

guest has been added, and that of the complex when all the host molecules are 

completely bound are denoted as 5 h  and 5 h g  respectively (and 5 o b s  depends on the 

amount of each of these two species present), an equation (Equation 1.5) can be written 

relating 8 o b s  to [H] and [HG]:

[H] „ [HG] ^
Oobs -    Oh + - ohg (Equation 1.5)

[H], [H],

4
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The concentration of free host [H] can be estimated as ([H], -  [HG]) and by 

substituting this expression into Equation 1.5, it can be expanded and rearranged to give 

the following equation (Equation 1.6):

5- [ H ] , ( 8 o b s  -  5 h )  5- f  1Shg = ________________  + Sh (Equation 1.6)

[HG]

Substituting Equation 1.4 into Equation 1.6 will therefore give the non-linear least- 

squares regression equation used to calculate the stability constant K  (Equation 1.1). 

5HG1S dependent on [HG], and since [HG] is dependent on K, Shgis then also dependent 

on this stability constant.

1.3.2 Fluorescence’^

When a beam of light passes through a compound, the molecules absorb energy 

at discrete wavelengths and produce electronically excited species that usually have a 

short-lived lifetime {i.e. the excited state). This excited species will return to its ground 

state via several possible mechanisms, releasing its energy either in the form of light or 

heat. These processes are shown in Figure I.l in terms of a Jablonski diagram 

demonstrating the many possible pathways taken by the excited species to return to its 

ground state.

The absorption of light by an atom or molecule is a process whereby an electron 

in the ground state (So) or highest occupied molecular orbital (HOMO), is promoted to 

the excited state or lowest unoccupied molecular orbital (LUMO), giving rise to the 

formation of two semi-occupied molecular orbitals (SOMO). Each electronic state 

consists of a set o f vibrational states, which are of discrete energies. In solution, the 

excited state typically relaxes to the Si level {i.e. the lowest vibrational state of the 

lowest electronic state, thus releasing vibrational energy into its surroundings via 

radiationless decay (RD)). When the excited electron returns to its ground state, the 

energy released may be in the form of heat {i.e. radiationless relaxation).

However, an alternative mechanism may come into play, where the energy is 

released via the emission o f light. This phenomenon is known as fluorescence, which is 

a form of luminescence {i.e. radiative decay). This occurs when the excited electron 

returns directly from the Si state to the So state, within a nanosecond (ns) time range. If 

intersystem crossing (ISC) occurs (i.e. the excited electron moves from the singlet 

excited state Si to the triplet excited state T |), the energy released by the electron from

5
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T] to the ground state is also in the form of light, but this process (called 

phosphorescence) is more long-lived compared to fluorescence.

RD
I  ISC

Figure 1.1 A Jablonski diagram illustrating the mechanisms that a molecule can employ to 
release the energy it absorbed. (ISC = intersystem crossing; RD = radiationless decay; hv = 
energy)

1.3.2.1 Photo-induced Electron Transfer (PET) in Fluorescent Sensors^

Luminescence is an extremely useful property that can be exploited in ion and 

molecular sensing. It is a sensitive and non-destructive technique, and luminophores 

incorporated in the sensors can be designed to emit at much longer wavelengths, which 

can assist in overcoming problems such as signal interference from autofluorescing 

biological samples. Luminescence can be stimulated by several different mechanisms, 

including metal-to-ligand charge transfer (MLCT), electronic energy transfer (ET) and 

photo-induced electron transfer (PET). The latter mechanism is of most relevance to 

this project, and hence, will be described in detail.

6
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analyte binding site

Receptor Spacer Fluorophore

Figure 1.2 Classical model of a fluorescent sensor as developed by de Silva."’

Figure 1.2 is the typical blueprint used when designing PET fluorescent sensors. 

It basically consists of a receptor (which binds to the analyte) connected to a 

fluorophore (which transmits energy in the form of light) via a spacer (which provides a 

suitable distance between the receptor and fluorophore to prevent any ground state 

orbital interactions). There are two types of fluorescent sensors: “switch-on’' and 

“sw itch-off’ sensors. The former is where the reporter initially does not fluoresce and 

upon complexation of the receptor with its target guest (which modulates its 

photophysical properties), the fluorescence is then “switched on” (as PET is prevented). 

A “sw itch-off’ sensor works in the opposite way, where the fluorescence is present 

initially and is then quenched upon guest complexation. The mechanisms governing 

these two types of sensors are clearly illustrated in the following diagram (Figure 1.3).

The amount of change in the fluorescence intensity of the sensor corresponds to 

the strength of binding interaction between the receptor and analyte. The sensor is said 

to be showing ideal PET behaviour, when changes are observed only in the fluorescence 

(due to the changes in the free energy of electron transfer between the excited state of 

the fluorophore and that of the receptor) while the absorption spectrum remains the 

same (since the spacer prevents any 7t-7T* or n-7T interactions between the two parts).

7
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(a)

T PET t
hv

acceptor
(fluorophore)

donor
(receptor)

acceptor donor
(fluorophore) (receptor)

(b)

r PET

I
acceptor

(fluorophore)
donor

(receptor)
acceptor

(fluorophore)
donor

(receptor)

Figure 1.3 Energy level diagram illustrating the mechanism of the two types of fluorescent 
sensor: (a) “switch-on” fluorescent sensor, (b) “switch-off’ fluorescent sensor (black energy 
level = LUMO; green energy level = HOMO; hv == energy released in the form of fluorescence)

1.3.3 Light Absorption*^

The process by which a molecule can be promoted from the ground electronic 

state to an electronically excited state via the absorption of a quantum of light is known 

as absorption. This absorption of radiation is only possible if the amount o f energy of 

that quantum of light is equivalent to the difference in energy between the ground state 

and the excited state. The energy difference corresponds to light in the visible (vis) and 

ultra-violet (UV) regions. Techniques using UV-vis spectroscopy are also frequently 

employed in binding experiments, especially in colorimetric chemosensors.

8
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1.3.3.1 Internal Charge Transfer (ICT) in Colorimetric Sensors^

A sensor that provides a chromogenic response {i.e. a colour change) upon the 

recognition of its target analyte is extremely useful for selective visual discrimination, 

despite its qualitative nature. Hence, there have been many colorimetric chemosensors 

developed to date .'’̂ '^ The design of a colorimetric sensor basically employs the same 

design principles as a fluorescent sensor. In fact, there are examples of fluorescent 

sensors giving chromogenic responses upon host:guest complexation.'^"^^ The colour 

change observed is generally ascribed to the internal charge transfer (ICT) between the 

guest-bound receptor and the chromophore.'^ This ICT process is achieved due to the 

presence o f partial electronic charges within the system, and this will be discussed 

further in Section 4.2.

Anion Receptor 

■Chromophore—

Figure 1.4 Operating principle of colorimetic anion sensors, where the colour change goes 
from grey (left) to yellow (right) upon anion binding.'^

The diagram (designed by Suksai and Tuntulani) shown in Figure 1.4 illustrates 

the functioning of a colorimetric anion sensor.'^ The chromophore of the sensor is 

represented by a light bulb, while the cup (connected to the light bulb by a spacer-like 

wire) acts like a receptor. When the anionic guest is captured by the receptor, the grey 

colour of the chromophore is changed to yellow, as a result of the perturbation of the 

electronic properties of the receptor.

All the above methods of detections provide much information with regards to 

the processes involved in anion sensing. The next several sections will look briefly at 

the history o f anion sensing, and discuss the factors which may affect the development 

of anion receptors and sensors.

9



Chapter 1 -  Introduction

1.4 Anion Sensing
2 IResearch into the development of synthetic anion-coordinating molecules is a 

relatively recent pursuit, compared to the intensive study of molecules developed for the 

detection of cations and charge neutral molecules.^ Interestingly, the phenomena of 

cation and anion complexation using synthetic molecules were discovered around the

same time.^ In April 1967, Pedersen submitted an article, presenting crown ethers
22capable of binding cations {e.g. 1), while in 1968, Park and Simmons reported the first 

bicyclic diammonium-derived synthetic organic ligands (2 - 5), capable of halide 

complexation. For a historical overview of anion receptor chemistry, there are a 

number of excellent books and reviews available for reference.

o
o

o
o

1

CH

©N— H H— N ©

2

Various factors influenced the huge interest in the development of molecules for 

anion sensing. Many anions are found to be of physiological importance and play a key

role in many biological processes, such as gene replication, energy transduction and
28transport in ion-channels. In industry, waste management and pollution are extremely 

important issues as they include anionic species that are environmentally and 

biologically hazardous. Fluoride is one of the most common anionic culprits affecting 

the environment. In many regions, it is added to drinking water as a preventative 

measure towards dental cavities. However, high concentrations of this anion can cause
29 31dental fluorosis, especially in children. ' The presence of fluoride is also found in 

industries utilising fluoride-rich resources and nerve gases used in military combat 

(which release highly toxic hydrogen fluoride gas). In biology, fluoride is an essential 

nutrient involved in certain enzymatic s y s t e m s . C h o r i d e  and iodide are also 

biologically important halides. The inability to produce chloride-containing channel 

proteins leads to a genetic disorder known as cystic fibrosis,"^^ while iodide is required 

for proper thyroid gland functions.^"* Other anions that are hazardous to the well being 

of the population as well as the environment are nitrates and phosphates, released from

10
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the use o f agricultural products and detergents. Nitrates can promote the growth of 

plant life in aquatic areas. This can be viewed as an advantage, but if left unchecked, 

may lead to an overgrowth in rivers and lakes, causing a phenomenon known as
35eutrophication {i.e. lack of oxygen available for animal life in these aquatic areas). 

Therefore, developing sensors for the purpose of detecting and monitoring the quantities 

of these potentially hazardous anionic species is of great importance.

1.4.1 Factors Affecting the Development o f Anion Sensors

The design of an anion sensor is not an easy or straightforward feat, since a 

number of inherent traits may hinder the development of anion sensor,^ such as:

• Anions have lower charge-to-radius ratio than the corresponding isoelectric 

cations.

• They may compete with the surrounding solvent molecules.

• They may be pH sensitive.

• They may form significant ion-pairs with their counter ions.

• They have a wide range of geometries.

1.4.1.1 Charge-to-Radius Ratio of Anions’

The charge-to-radius ratio of anions are lower than that of the equivalent cations, 

as a result o f their larger size. Table 1.1 illustrates how the anions are more diffuse in 

nature compared to the corresponding isoelectric cations by comparing their difference 

in radii. This in turn causes them to have less effective electrostatic binding 

interactions.

Table 1.1 Difference in the radii of typical isoelectric anions and cations (in octahedral 
environments).'^^________________________________________________________________

Group 1 
(cations)

o

radius r (A) Group 17 
(anions)

o

radius r (A) Ar(A)

Na^ 1.16 K 1.19 0.03

K" 1.52 cr 1.67 0.15

Rb̂ 1.66 Br~ 1.82 0.16

Cs^ 1.81 r 2.06 0.25

11
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1.4.1.2 Competition between Anions and Solvent Molecules’

The solvent used determines the nature and strength of the host:guest interaction, 

and hence, it depends on the type of receptor that is incorporated in the sensor. For 

example, if the receptor is positively charged, then it is possible to use protic solvents, 

such as water and methanol. The ionic interaction between the anion and the receptor 

would be sufficiently strong enough to reduce the potential competition from the solvent 

molecules, since electrostatic interactions are generally stronger than other recognition 

interactions. However, if the receptor is charge neutral and the interaction is of an ion- 

dipole nature, then aprotic solvents would be the more ideal media.

1.4.1.3 pH Sensitivity of Anions’

The sensitivity of anions towards pH limits the function of a particular anion 

receptor such that it must be able to work in the pH window of its target anion. This is 

especially challenging when designing positively-charged receptors since the pH at 

which they remain protonated (acidic pH) may also protonate the anion. Hence, this 

poses less of a problem for charge-neutral receptors as they are able to work in aprotic 

media.

1.4.1.4 SigniHcance of Ion-pairing’

The presence of ion-pairing between the anion and the counter ion also dictates 

the solvent in which anion binding experiments are performed. In polar solvents, the 

strength of ion-pairs is greatly reduced, which is advantageous for successful anion 

binding. Non-polar solvents, on the other hand, provide little solvation effects to the 

anion and hence, the ion-pairing interaction is much stronger. Therefore, the existence 

of ion-pairing make it more challenging to decide on the “right” receptor to use as well 

as the optimal conditions, especially since solvent effects are also an issue.

1.4.1.5 Geometries of Anions’

The geometry of the anion must also be taken into account when designing an 

anion sensor. These geometries provide a directional nature in the anion-receptor 

interaction.

12
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Figure 1.5 shows the various geometries that can be adopted by anions. With 

the exception o f the haHdes (which are spherical in shape, and hence provide no 

directional interaction), the directionality in the anion-receptor interaction observed in 

the rest of geometries offer a useful property that can be used to control the selectivity 

of the receptor. In addition, the incorporation of multiple receptors will enhance the 

selectivity of the anion-binding interaction, even in the case of the spherical halides. 

Preorganisation of these multiple receptors is also very important. One way to 

preorganise receptors for successful anion binding is by using scaffolds such as 

steroids,^^'^* calixpyrroles‘̂  ̂‘̂ ° and calixarenes.'^'

•
spherical linear trigonal planar

F , cr, Br‘ , r  0 H “, CN’ , N03“, CHjCO:”

4̂
tetrahedral octahedral

P04 “̂, so/" , HzPOr Fe(CN)6^“, Co(CN)6'^  ̂SiPĝ '

Figure 1.5 Examples of the various geometries that can be adopted by anions.

1.4.2 Types o f Anion Receptors

There are two main types of anion receptors; positively-charged anion receptors 

and charge-neutral anion receptors.^"^'^^ The focus of our project is on charge-neutral 

ureas and thioureas as receptors for anions, and therefore, we will only briefly mention 

the other types of receptors (and sensors).

13
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1.4.2.1 Positively-charged Anion Receptors

These positively-charged receptors can be either metal-coordinated receptors^^ '^ 

or metal-free receptors. The latter includes ammonium-based,'^^ guanidinium -based/^ 

amidinium-based,"^^ sapphyrins"^*'^° and pyridinium-based^'"^^ receptors.

1.4.2.2 Charge-neutral Anion Receptors

Ureas (and thioureas),^'^’̂  ̂ amides (and thioamides),^'*’̂  ̂ pyrroles,^* 

calix[4]pyrroles,^^'^^’̂*’ and boranes'^'^’’̂  ̂ are some examples of charge-neutral anion 

receptors. The anion receptors which are of interest to our project are ureas and 

thioureas, and as such, all examples of anion receptors and sensors mentioned 

henceforth will only be of these types.

1.5 Ureas and Thioureas

Ureas and thioureas, also known as carbamides and thiocarbamides respectively, 

are a class of chemical compounds sharing the same functional group RHN-CX-NHR 

(where X = O and S respectively) based on a carbonyl or thiocarbonyl group located 

between two organic amine residues (Figure 1.6).

Figure 1.6 M olecular structures of urea (left) and thiourea (right) moieties.

The main characteristic of these derivatives, which makes them rather 

multipurpose compounds, is the acidity of the NH protons. Ureas and thioureas have 

shown potential as prodrugs,^'^ anti-tumour binding agents,^  switches,^'*’ supramolecular 

polymers,^^ peptidomimetics,^’ membrane transporters,^^'^*^ organocatalysts,^''^^
78 86 87 93organogelators ' and last but not least, anion receptors. ' The following 

subsections will touch briefly on the development of ureas and thioureas as 

organocatalysts and organogelators, followed by a more detailed overview of urea- and 

thiourea-based anion receptors and sensors.

14
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1.5.1 Ureas and Thioureas as Anion Receptors

Ureas and thioureas are known to have an extremely good binding ability 

towards certain anions due to the acidic nature of their amino protons. The anions form 

hydrogen bonds with these protons and since the hydrogen bond has a directional 

character, it allows the urea and thiourea to be more selective in its binding. Generally, 

thiourea derivatives have generally stronger anion-binding ability than that of the 

corresponding ureas due to the higher acidity of the thiourea derivatives. Hence, the 

ability to accurately adjust the acidity of the urea or thiourea NH protons would be 

extremely useful, as it allows for higher specificity towards one particular anion over 

another. The following sections will summarise several examples of urea- and thiourea- 

based fluorescent and colorimetric anion sensors (as these are the two main types of 

signal reporting mechanisms used in our sensors) reported over the last decade and thus, 

explain our interest in employing such functionalities as receptors for anion sensing.

1.6 Fluorescent Anion Sensors

There has been a variety of metal-free fluorescent anion sensors developed to 

date, as fluorescence spectroscopy is one of the more sensitive methods of detection 

used in chemosensors. Several reviews have been published, bringing together the 

many aspects of these types of chemosensors.

Using the classical model of a fluorescent sensor as developed by de Silva 

illustrated previously in Figure 1.2 (i.e. fluorophore-spacer-receptor), there is a plethora 

of fluorophores that can be incorporated into an anion sensor for successful fluorescent 

sensing. These include many fused aromatic hydrocarbon rings such as naphthalene,^*' 

anthracene^”'*̂  '*̂'̂  and pyrene,^^ '®̂ ' ”̂  as well as heterocyclic aromatic rings such as 

f l uo re s ce i n , na ph t ha l i mi de ^^  '°* and coumarin.''*^'"'

1.6.1 Urea- and Thiourea-based Fluorescent Anion Sensors

In this section, a short review exemplifying some non-metallated charge-neutral 

urea- and thiourea-based fluorescent anion sensors will be given.

The naphthalene moiety is one of the commonly used fluorophores in anion 

sensing. In 1999, Wu and co-workers synthesised three anion-binding derivatives 14 - 

16, which contained three, two and one naphthyl urea moieties, respectively."^

15
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HN HN

16

Compounds 14 - 16 exhibit strong fluorescence emission in DMF, with quantum 

yields (CPf) of 0.215, 0.493 and 0.333 respectively. It should be noted that the quantum 

yield of 14 is much less than the other two compounds, even though it has the most 

number of naphthyl rings. This is attributed to the strong intramolecular 7t-7t* 

interaction between the fluorophores, resulting in an excimer emission, thus 

concomitantly reducing the monomer emission of 14. Also, the tertiary amine group is 

a strong electron donor which may quench the emission via photo-induced electron 

transfer (PET).

Upon the addition of H 2 P 0 4 ~ to a DMF solution of 14 (1 x 10'^ M), an 

enhancement in the fluorescent intensity was observed (<Z>f = 0.299). The same 

behaviour was seen for the binding of HSO4 " but to a much smaller extent (0 f  = 0.222), 

and there was no significant change in the presence of Br“ and I" (0 f  = 0.215 and 0.216 

respectively). In the case of 15 and 16, no significant change was observed for all the 

selected anions. The authors attributed the increase in fluorescence observed upon the 

binding of H2 PO 4” and HSO4 ” to the protonation of tertiary amine of 14 by the anions 

themselves, since H2 PO4 " and HS0 4 ~ show acidic properties. This resulted in the 

inhibition of the PET process, thus enhancing the fluorescence.

16
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Wu et al. later developed further fluorescent sensors containing the napthylurea 

moiety, one of which was a ^w-system (displaying PET) designed to bind bis- 

carboxylates, with a selectivity dependent on the chain length of these target anions.^^

Another example of a fluorescent sensor (17) able to recognise carboxylates was 

designed by Valiyaveetil and co-workers."'^ In this study, they also performed aromatic 

carboxylate binding studies with the sensor developed by Wu et al. 14.

O

NH

HN

O , NH

'Hr

17 n = 5

Both 14 and 17 showed significant fluorescence quenching in the presence of 

terephthalate and trimesylate in THF, but no changes were observed when titrated with 

small anions such as halides, acetate, nitrate and dihydrogenphosphate (which may be 

due to the large cavity and the rigidity of the receptor. Compound 17 bound to both 

aromatic carboxylates with a 1:1 hostiguest stoichiometry.

More recently, Costero and co-workers synthesised the naphthylthiourea-based

fluorescent sensor 18 for Z?«-carboxylate recognition. 114

EtOOC.

EtOOC

S

18
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Sensor 18 displayed a selectivity for maleate over fumarate in both DMSO and 

DM SO/H 2 O (9.5:0.5, v/v) media. However, the extent of the selectivity in the latter 

solvent media was considerably smaller than that in DMSO. Upon maleate recognition, 

an excim er emission band centred at ca. 500 nm was observed after one equivalent, 

while this new band was not seen in the presence of fumarate.

The final example in this section is that of the 2-phenyl benzoxazole-based urea 

derivative 19 synthesised by Peng and co-workers."^ This sensor undergoes excited- 

state intramolecular proton transfer (ESIPT) as seen in Figure 1.6, resulting in the 

observed fluorescence character. Compound 19 showed good anion-binding affinity for 

and AcO~ {pK^ in H 2 O = 3 and 4.7 respectively), the former due to the deprotonation 

and the latter through hydrogen-bonding interactions between the anion and the 

receptor. These changes were due to the ESIPT being inhibited as a result of strong 

anion coordination. Hence, H2 P 0 4 ~ was not basic enough to cause this inhibition 

process.

Figure 1.6 The changes in the fluorescence of 19 (1.0 x 10'  ̂M) observed for the recognition of 
AcO“ (left) and F~ (right). The fluorescence of 19 is due to the ESIPT upon excitation."^
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Figure 1.7 Changes in the absorption spectra for 19 (1.0 x 10 '̂  M) with the addition of TBA- 
fluoride: (a) from 0 to 0.002 M, (b) from 0.002 to 0.022 M."^

Figure 1.7 shows the tw o-step process for the recognition o f fluoride by 19, 

where Figure 1.7(a) shows the hydrogen-bonding interaction o f fluoride with the urea 

m oiety, producing m inim al disturbance to the dipole associated with the charge-transfer 

transition o f the sensor. Further additions o f fluoride then led to the changes observed in 

Figure 1.7(b), with the decrease o f the absorption bands at 336 nm and the grow th o f a 

new band at 385 nm. There was also an isosbestic point located at 322 nm. These 

observations were further supported by the analysis o f the 'H  N M R binding 

experim ents. The binding o f A cO ” only show ed the presence o f the 1:1 com plexation 

process due to the lack o f a new band, as in F^. The new absorption is the cause o f the 

yellow  colour o f the host solution with F^ (Figure 1.8).

*1
Figure 1.8 Colour and fluorescence changes of 19 in DMSO (2.0 x 10“* M) after addition of 
0.01 M solutions of anions. From left to right: 19, 19 -i- AcO", 19 + P ,  19 (emission), 19 + AcO" 
(emission), 19 + P  (emission). (Note: emission of last three solutions observed when irradiated 
at 365 nm using a UV lam p)"’̂
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This additional characteristic behaviour displayed by 19 in the presence of 

shows the sensor’s potential as a colorimetric sensor. Therefore, examples of such 

anion receptors will be presented in the following sections.

1.7 Colorimetric Anion Sensors

Visual discrimination is an attractive means of qualitative detection in anion 

sensors, and with the help of modem technology, it is also possible to quantitatively 

determine the extent of this detection. There are many examples of metal-free 

chromogenic anion-binding agents, and several publications regarding this type of 

sensor are available for reference.

Many of the heterocyclic aromatic rings used in fluorescent anion sensing {e.g. 

napthalimide, coumarin) have been used as chromophores in colorimetric 

s e n s o r s . O t h e r  chromophores used include nitro-substituted phenyl rings
119 1 ^ 0  121 122  123(especially p-nitrophenyl), ’ “ anthraquinone, naphthoquinone, oxazine and 

azophenol.'^^

1.7.1 Urea- and Thiourea-based Colorimetric Anion Sensors

This particular section will present several examples of colorimetric anion 

sensors which utilise ureas and thioureas as the anion-binding motifs. However, some 

of the chromogenic sensors developed do not only perform anion recognition via 

hydrogen-bonding interactions between the receptor site and the target anion, but also, 

through the deprotonation of the urea (or thiourea) NH protons by the anion itself. 

Therefore, the examples of hydrogen-bonding-induced colorimetric anion sensors will 

be discussed first, followed by those of deprotonation-induced sensors.

NOj

y— y  20 R = p-nitrophenyl

HN ^ “ CH3

HN
\

R

In 2001, Kato et al. prepared a thiourea-based chromoionophore 20 that was 

conjugated with two p-nitrophenyl u n i t s . C o m p a r a t i v e  studies performed between 

this compound and a previously prepared thiourea sensor (with only one p-nitrophenyl
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m oiety) 2 l" ^  show ed that both com plex stability and optical responses could be 

significantly im proved by having tw o electron-w ithdraw ing p-nitrophenyl units instead  

o f one. Com pound 20  was found to bind the anions exc lu sive ly  via  the formation o f  

hydrogen bonds in H2 0 /M eC N  (0 .1:9 .9 , v/v) w ith 1:1 host:guest stoichiom etry, and it 

produced a colour change from colourless to y e llo w  with a selectiv ity  o f  A cO “ > H 2PO 4" 

> Cr »  C104“.
In the sam e year, Lee and co-workers developed  colorim etric azophenolurea- 

based porphyrin anion sensors which show ed  selective colour changes for the 

com plexation  o f  P ,  H 2P0 4 ~ and A cO “ in that o r d e r . T h e  azophenol group adds 

another e ffec tiv e  hydrogen-bonding site for anions.
,Bu

HN

22 X = 0
23 X = S

HN

ONH

NH
Bu

M artinez-M aiiez et al. incorporated the anthraquinone chrom ophore into their 

urea- and thiourea-based anion sensors (22 and 2 3  respectively) to act as the signalling  

unit.'“' Upon addition o f  fluoride, both sensors experienced a colour change from  

orange to brown in D M SO , w hile only 23 changes colour in M eC N . Fluoride is known  

to be the m ost basic o f  the selected  anions (halides and oxoanions) and hence, has the 

strongest interaction, resulting in the significant colour change. There was no reported 

evidence o f  any deprotonation occurring upon fluoride recognition.

2 4  X = 0
25  X = SNH

O
Later, D as and co-w orkers also developed  colorim etric fluoride ion sensors, urea

24 and thiourea 25 using anthraquinone as the chrom ogenic signalling unit. 127
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However, in this case, the anthraquinone moiety was also acting as a kind of scaffold 

for preorganising the two urea (or thiourea) receptor arms. This preoganised structure 

as well as the multiple receptor sites may lead to an enhancement in the selectivity of 

the sensors towards the various halides. Conversely, neither sensor showed any affinity 

to chloride, bromide and iodide when titrated in DMSO/MeCN (1:9, v/v). Compound 

24 also did not show any colour change upon addition of fluoride, even after being left 

standing in solution for 24 hours. Interestingly, when the solution was heated at 60 °C, 

its yellow colour turned red immediately. As for 25, this colour change occurred at 

room temperature.

In order to understand this behaviour, ab initio quantum chemical calculations 

were performed, which provided a computational model of 24, showing intramolecular 

hydrogen bonding of both urea moieties, hence preventing the complexation of fluoride 

at room temp. Thiourea 25 on the other hand was shown to have much weaker 

intramolecular interactions, and therefore, allowing the thiourea moieties to align 

themself with more ease for fluoride complexation.

In 2003, a naphthalene derivative 26 synthesised by Cho et al., which contains 

urea groups at the 1- and 8-positions of naphthalene.*^^ Binding studies showed that this 

sensor was 40 times more selective towards than CP and unique absorption and 

fluorescence peaks were observed in the presence of P .  They later developed a further

five analogues of this naphthalene-based anion sensor (e.g. 27 and 28), of which four
128were reported to show interesting colour changes upon complexation with fluoride. 

Compound 27 showed visual selectivity for fluoride as the colour of DMSO solution 

went from pale yellow to red. No colour change was observed for any of the other 

selected anions (chloride, dihydrogenphosphate, benzoate and acetate). The same 

colour change was observed for the fluoride binding of 28, but also, in the presence of 

the other anions, the pale yellow colour deepened. The colour changes could be 

attributed to the charge-transfer interactions between the electron-rich donor units and 

the electron-deficient p-nitrophenyl and azophenyl moieties. Stable hydrogen-bonded 

complexes were formed upon anion binding, thus increasing the electron density within 

the system, which led to the enhancement of the charge-transfer interactions.
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NH HN

NH  HN

26 27

28

Wu er a l .  developed a charge-neutral phenanthroline-based Zj/.y-thiourea anion 

receptor 29, which bound to fluoride with a 1:2 host:guest stoichiometry, while it forms

a 1:1 complex with either AcO or H2 PO4  .129

o

H H,N^ ^N (\  NO2

29

Upon fluoride complexation, the colour change went from light yellow to blood 

red. The original yellow colour may be due to charge-transfer interactions between the 

electron-deficient p-nitrophenyl ring and the electron-rich thiourea donor units. When
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an anion was bound to  the receptor, the interactions were enhanced leading to the red 

shift into the v isible reg ion , giving the red colour o f the com plex solution. The o rder of 

selectivity  o f 29 w as such that »  A cO “, H 2P0 4 ~ »  Cl^, Br~, F . The sm aller size 

and h igher basicity  o f  the fluoride ion m ay explain the high binding affinity  o f 29 to this 

particular halide ion. 'H  N M R spectroscopy gave evidence that this receptor 

experienced in tram olecu lar interactions betw een the am ide NH and the phenanthroline 

N atom , which upon anion binding, were broken and interm oJecular hydrogen bonds 

form  betw een the anion and the NH protons.

Fabbrizzi and co-w orkers incorporated the urea and thiourea m oieties into the 

m ajority o f their anion sensors, m any of which show ed chrom ogenic anion-binding 

behaviour due to the deprotonation process. • • • • H ow ever, they have

developed a i>w-thiourea appended to a pyridine receptor (30), w hich illustrates “naked- 

eye” recognition o f  fluoride w ithout the presence o f a defined ch rom ophore .'‘̂°

HN

30

N
H

▲ F
A  MO'

V  H 2 P 0 4 '
«  cr 
O Br

30000 j -

20000

100X

Figure 1.9 (a) Titrations of solutions of 30 in MeCN with standard solutions of selected anions 
(A = molar absorbance at 412 nm). Therefore, the bis-thiourea sensor is selective for fluoride. 
No evidence of deprotonation; (b) Visual features of the interactions of anions with 30 in MeCN 
(a: 30 (1 X lO"* M); b: 30.F" (1 equiv.); c: 30.CP (lOequiv.); d: 30.Br“ (10 equiv.); e: 30.T (10 
equiv.); f: 30,AcO’ (10 equiv.); g: 30.H2P04~ (10 equiv.); h: 30.HS04^ (10 equiv.)).'^“

Spectroscopic titrations o f  10'^ M solutions o f 30 with TB A  salts o f  various 

anions were perform ed in M eCN . It was observed that 30 was selective for fluoride 

(log P for fluoride = 4.14 ± 0.02) over the other anions tested, as illustrated  in Figure
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1.9(a). The absorption spectra showed the absorption band a t 324  nm decreasing with 

the concomitant appearance of a new band at 412  nm. The presence of isosbestic points 

indicated that only two species (free host and 1:1 host:guest complex) were present at 

equilibrium. Upon fluoride binding, the colour of the MeCN solution of 30 went from 

colourless to yellow (Figure 1.9(b)), which was due to enhancement of n delocalisation 

and 71-71* transition was shifted from the UV to the visible (i. e. energy o f the transition 

is reduced). Interestingly, 'H  NMR titrations in CDCI3 showed that only the internal NH 

protons (NHint) were interacting with the fluoride ion, since the chemical shifts of the 

terminal NH protons (NHterm) only experienced a trivial perturbation in comparison to 

those o f the NHint protons. Optimisation calculations by a semiempirical method (A M I) 

supported this observation (Figure 1. 10). The anti-conformation  observed in this 

calculated structure was also seen in the solid state analysis of the receptor.

Figure 1.10 Optimised structure of the 30.P  adduct, as calculated by AMI, showing the 
interactions of the anion with the internal NH protons.

In 2005 , Tian and Liu synthesised the hydrazine-based naphthalimide thiourea

31 for anion-binding studies. 132

31

This colorimetric sensor 31 was similar to those developed by Gunnlaugsson 

and co-workers that same year,"^ in which an ethyl group is attached to the N atom 

within the naphthalimide ring instead o f a butyl chain. However, unlike observed in
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G unnlaugsson’s work, there was no report of a deprotonation process occurring in the 

presence of fluoride. The colour change attributed to fluoride complexation was said to 

be due to the enhancement of the ICT which was induced by the PET between the 

thiourea-bound fluoride and the NH proton at the 4-position of the ring (formation of 

the two new bands at 335 and 555 nm). The anion-binding studies done in both MeCN 

and DMSO, and in both solvent media, the colour changed from yellow to purple. This 

chromogenic response was almost reversible, as the addition of protic solvents such as 

methanol or water turned the colour back to yellow. The fluorescence emission of 31 

occured in the region between 450 and 650 nm in MeCN. Fluoride binding caused the 

emission to be reduced in intensity, as the binding process triggered the PET between 

the thiourea and fluorophore, thus affecting the physical properties of the ICT 

fluorophore due to its effect on the efficiency o f charge transfer.

The examples o f colorimetric anion sensors given thus far do not report any 

evidence of the deprotonation of the urea or thiourea NH protons, especially in the case 

of fluoride recognition. It only became apparent in the past few years that there may be 

another process other than host:guest complexation occurring in the presence o f such 

basic anions. The next few examples will be of urea- and thiourea-based anion 

receptors and sensors which show visual discrimination due to the deprotonation 

process.

In 2003, Gunnlaugsson and co-workers synthesised naphthalimide-based
1

colorimetric anion sensors 32 - 33, ' which later prompted Pfeffer et al. to synthesise

s
32 R = H
33 R = CF3

34
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Compounds 32 - 33 were shown to give substantial spectroscopic changes when 

bound to anions, including a “naked-eye” effect (i.e. the colour changed from 

yellow/green to red/purple) in the presence of high concentrations of fluoride. Since the 

amino proton at the 4-position is significantly basic, it would provide another point of 

interaction to a suitable anionic guest (e.g. H2P0 4 ~), and hence, it would enhance the 

complexation process. However, this compound is quite rigid due to the aromatic rings 

on either side of the thiourea receptor. Therefore, 32 was modified by replacing the 

phenyl methlylene spacer with an ethyl chain and placing a methylene group between 

the thiourea moiety and the aromatic ring at the very far end (i.e. compound 34).

'H NMR binding studies of 34 with a series of simple anions in DMSO were 

carried out. The binding of fluoride by 34 showed similar behaviour to that observed 

for 32 and 33 , including the formation of the triplet at ca. 16 ppm, accompanied by the 

same colour changes. The appearance of this new signal in the 'H NMR spectrum was 

attributed to the formation of a bifluoride ion (Hp2~) due to the deprotonation of one of 

the NH protons after the addition of ca. 2 equivalents of P .  Although no colour 

changes were observed upon the recognition of AcO~ and H2P0 4 ~, there was significant 

perturbation in the chemical shifts of the thiourea NH protons, indicating successful 

binding. However, the involvement of the naphthalimidic amino proton in the 

complexation process was only observed in the presence of H2P0 4 ~. For 32, the 

stability constant for AcO” complexation was significantly higher than that for H2PO4 , 

while the stability constants for the binding of these two anions by 34 were very similar 

to one another, further supporting the argument that the 4-amino naphthalimidic proton 

is cooperatively binding H2PO4”. The lack of significant spectroscopic changes may be 

due to the fact that the longer spacer in 34 as well as the lack of an aromatic ring 

reduces the PET quenching efficiency. Later, luminescent anion-binding studies were 

performed on these sensors as well as other analogues of 32 and 33,'°* and will be 

discussed later in Section 1.8 .

Pfeffer and co-workers have also synthesised [3]polynorbornane-based bis- 

thiourea derivatives as cleft-like receptors for anions.^' These receptors showed good 

affinity for dihydrogenphosphate and hydrogenpyrophosphate with hostrguest 

stoichiometries of 1:1 and 2;1 respectively. The derivative which contained p- 

nitrophenyl groups showed striking colour changes from light yellow to red upon 

fluoride binding, again due to the deprotonation of the NH protons of the thiourea 

motifs in the presence of ca. 2  equivalents of the anion.
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Coumarin-based thiourea receptors 35 and 36 were recently developed by Ghosh 

and Adhikari."'* These receptors showed potential as colorimetric and fluorescent 

sensors upon anion recognition.

Rv

35 R = N02
36 R = H

a b c

Figure 1.11 Colour changes observed: (a) receptor 35; (b) 35 in the presence of benzoate; (c) 
35 in presence of fluoride.

Binding abilities of 35 and 36 were investigated by observing their behaviour 

towards fluoride, bromide, iodide, hydrogen sulphate and benzoate using fluorescence, 

UV-vis (in MeCN with 0.08%DMSO) and 'H  NMR (in CDCI3 ) spectroscopies. 35 

showed significant changes in the absorption and fluorescence spectra upon fluoride 

complexation with a visual change in colour from almost colourless to yellow brown as 

well as a quenching in its fluorescence (Figure 1.11). With benzoate, the changes were 

not as clear, and the colour change went from almost colourless to a light green colour. 

Both anions were bound in a 1:1 fashion. No significant changes were observed in the 

absorption, fluorescence and visual colour of the receptor solution with the other anions.

Receptor 36 also showed similar behaviour in its fluorescence upon the addition 

of either fluoride or benzoate but the changes were not as significant. There was also no 

colour change observed upon anion recognition. The stability constants P calculated for 

the binding of benzoate by both receptors were larger (P3 5  = 2.02 x lO** M"' and p3« = 

1.04 X 10"* M ’) than those for the binding of fluoride (P3 5  = 5.78 x 10^ M ' and P3 6  = 

2.26 X 10"̂  M '). This was due to the strong hydrogen bonding interactions of the 

benzoate to the thiourea receptor rather than the deprotonation process observed for 

fluoride recognition.
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The non-covalent interactions in the complexation of benzoate increased the 

efficiency of the PET process due to the increase in the reduction potential of the 

thiourea moiety after anion recognition. As a result, the rate of electron transfer from 

the HOMO of the thiourea-anion complex to the excited state of the coumarin moiety 

was increased. Since the deprotonated species was more electron-rich compared to the 

hydrogen-bonded complex the PET process was activated more efficiently, thus 

showing a greater quenching.

Kim et al. synthesised &/5-(p-nitrophenyl)-based 37 and 38 as colorimetric 

sensors for biologically important anions such as acetate, fluoride, chloride and 

b r o m i d e . T h e s e  sensors are analogous to a urea compound previously studied by 

Gale and co-workers, which showed excellent selectivity for carboxylates in 

solution.

37 X = 0
38 X = S

Sensors 37 and 38 were selective for fluoride among the halides tested and this 

was evident in the 'H NMR titration experiments, where the NH signals disappeared in 

the presence of one equivalent amount of fluoride (due to broadening of the signals), 

whereas they were shifted a small amount downfield in the presence of chloride and 

bromide. They both showed a colour change in the presence of at room temperature. 

UV-vis spectroscopy showed that the thiourea experienced much more drastic changes 

in the absorption spectrum compared to its urea analogue upon fluoride binding, 

indicating that the NH protons of the thiourea are more acidic in nature than those of the 

urea sensor. When titrated with acetate, 38 again showed more significant changes 

compared to 37 in the absorption spectra, and this was also observed visually from the 

colour change experienced by the thiourea and the lack of that change in the solution of 

the urea analogue (Figure 1.12).

The colour change observed was a gradual change from almost colourless to an 

orange-red colour. Thus, in terms of visual discrimination, it can be stated that urea 37 

showed selectivity towards fluoride among the anions. This colour change was ascribed
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to the deprotonation of the NH protons adjacent to the p-nitrophenyl rings. This 

deprotonation was observed in both sensors in the presence of fluoride, but only the NH 

protons of 38 were acidic enough to be deprotonated by acetate. Further supporting data 

was provided by ab initio calculations of the binding modes of these sensors with the 

different anions.

I
■  f i s

1 omy F f  F AoMai» Aoetsi» Ac«tote O
{&*q) (2S «3} <iOSeq) (&«q) (2&6Q) (iOS«)} (200»q) (200eq)
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2omy F F F Ac««>l« Ac«tttfr Cl
(leq) ( im )  (6b«)} (i«Q) (&«)) (66«q) {200»q) (200^)
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Figure 1.12 Colour changes observed for: (a) 37, and (b) 38, in DMSO upon the addition of 
anions as their TBA salts at room temperature. All solutions of both sensors are 2.5 x lO'"’ M in 
concentration.'^’

Gale and co-workers had previously reported that the deprotonation of the urea 

and thiourea NH protons may occur in the presence of anions other than fluoride for a 

number of pyrrolylamidourea- and thiourea-based anion receptors they developed (39 - 

4g) 88,140 anion-binding experiments performed in DMSO, all but receptor 39

showed significant changes in the 'H NMR and absorption spectra upon recognition of 

the anions (fluoride, acetate, benzoate, dihydrogenphosphate).

R R R
y / \ y y /

^ N H

n / \ n
.N. / \ .N

\\ / /  O O \ \  / /  O

39 X = O, R = phenyl 43 X = O, R = phenyl
40 X = O, R = 4-nitrophenyl 44 X = O, R = 4-nitrophenyl
41 X = S, R = phenyl 45 X = O, R = 3,5-dinitrophenyl
42 X = S, R = 4-nitrophenyl

The presence of the 4-nitro substituent as in 40 resulted in the increase in acidity 

of the urea moiety (compared to that in 39) and hence, changes were observed in the 'H
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NMR spectrum upon anion complexation. In the absorption spectrum, there was an 

increase in the absorbance centred at 450 nm with the formation of two isosbestic points 

at ca. 280 and 340 nm (Figure 1.13(a)), due to the 1:1 host:guest complexation. A 

colour change from almost colourless to dark yellow was also observed (Figure 1.14). 

Similar binding studies were performed on the thiourea analogues 41 and 42 which 

showed significant changes in the absorption spectra with new bands forming at 330 

and 430 nm respectively (Figure 1.13(b)). However, the binding curves of these 

receptors were very steep which prevented the calculation of the stability constants. In 

42, there was a colour change from yellow to red (Figure 1.14).
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Figure 1.13 (a) UV-vis spectrophotometric titration of 40 with AcO" in DMSO at 25 °C. Inset: 
increase in absorbance at 390 nm v.v equivalents of AcO ; (b) UV-vis spectrophotometric 
titration of 42 with AcO' in DMSO at 25 °C. Inset: increase in absorbance at 450 nm 
equivalents of AcO" 88

Figure 1.14 DMSO solutions (2 x 10'  ̂M) of 40 (left set) and 42 (right set). From left to right 
in each group: solution of receptor, followed by solutions with receptor in the presence of 1 
equiv. of fluoride, acetate, benzoate and dihdyrogenphosphate.*^

Figure 1.15 shows part of the solid state structure of the deprotonated species of 

42. The 'H  NMR spectrum of the crystals formed was the same as the spectrum of the 

receptor titrated with the other anions after one equivalent was added, which suggests 

that the red colour was the result of the deprotonation of the NH proton and not a
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formation of a 1:1 complex. Other research groups have observed this deprotonation
87 1111process with fluoride, as previously discussed. ' ' However, it is usually due to the

addition of two equivalents of fluoride, thus forming a bifluoride ion (HF2~). Therefore, 

this is one of the few cases where one equivalent of fluoride deprotonates an NH proton 

of the thiourea motif.

Figure 1.15 Part of the hydrogen-bonded chain defined by the deprotonated amidothiourea (42 
- H^) in the solid state.**

Anion binding studies performed on the disubstituted receptors 43 - 45 all 

showed an enhancement in their binding affinities compared to their monosubstituted 

analogues, but they were not selective in their binding of the selected anions. Other 

urea- and thiourea-based anion receptors and sensors developed by Gale et al. include 

macrocyclic amidoureas'"^' and acridinone-based derivatives.''*^

N
H

46

Another interesting phenomenon regarding the deprotonation process was

reported by Fabbrizzi et al., which was observed in the Z?/5-naphthalimide-based urea 
118derivative 46. This sensor was found to undergo the deprotonation of at least one NH 

proton in the presence of the selected anions. Previously, in their nitrophenyl-based 

compounds, the urea receptor only undergoes deprotonation in the presence of
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f l u o r i d e . H o w e v e r ,  when replaced by the naphthalimide chromophore, the acidity of 

the NH protons increased, thus enhancing the tendency for deprotonation. Furthermore, 

fluoride now deprotonates both NH protons, as does hydroxide.

In DMSO, the 1:2 host:guest complex formed in the presence of fluoride gives a 

yellow colour, but after the deprotonation of one NH proton (upon the addition of a few 

equivalents of excess fluoride), the colour changed to red. Further deprotonation of the 

second NH proton (upon the addition of up to 10 equivalents) leads to a blue colour. 

Further studies were performed on 46 to observe its binding abilities towards sodium 

salts of certain bile acids (e.g. sodium cholate),''^ in which a yellow-to-red colour 

change occurred due to the deprotonation of one of the NH protons.

47

Fabbrizzi and co-workers also developed a family of analogues of the neutral 

(benzylideneamino)thiourea 47 (where R and R’ can be either H, F, NO2 , CF3 , OCH3 ) to
87act as anion receptors. However, their interaction with oxoanions in MeCN (studied 

via spectroscopic methods) showed their potential as chromogenic binding agents, due 

to the deprotonation of the thiourea NH protons. Interestingly, it was observed that the 

deprotonation tended to occur at the NH proton nearer to the R’ substituent, and the 

binding is scarely affected by the nature of the R substituent.

This review on the various urea- and thiourea-based fluorogenic and 

chromogenic anion receptors and sensors demonstrate the numerous possibilities for 

further research as well as in their practical applications. Thus, we will go on to present 

previous work carried out by the Gunnlaugsson research group on such anion receptors 

and sensors, followed by the objectives of this research project.

1.8 Urea- and Thiourea-based Fluorescent and Colorimetric Anion Sensors by 

Gunnlaugsson et al.

The development of charge-neutral anion receptors and sensors is one of the 

areas of interest within the Gunnlaugsson research g r o u p . T h e  others include the 

development of lanthanide-based luminescent sensors (for anion and cation sensing as 

well as RNA hydrolysis) and anti-cancer drug research.
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The anthracene moiety is one o f the two fluorophores utilised by Gunnlaugsson 

and co-workers, which was initially incorporated into their cation-binding 

m o l e c u l e s . I t  was following the success of this fluorophore in such chemosensors 

that it was then incorporated into anion sensors to act as the signal 

reporter.^^ '̂ '̂  '̂ '̂ ’''̂ ’̂''*̂  The other fluorophore, naphthalimide, was first used with the 

intention of fluorescent anion sensing, but it was also found to show potential for
117 133 135 136chromogenic anion recognition. ■ ■ - Gunnlaugsson et al. also incorporated the

naphthalimide moiety into their cation sensors''^^ and h y d r o g e l s . R e c e n t l y ,  the p- 

nitrophenyl moiety was used in the calix[4]arene-based colorimetric anion sensors 

developed by Gunnlaugsson and co-workers.

N
H

48 X = S; R = H
49 X = S; R = CFa
50 X = O; R = H
51 X = O; R = CF3

52 X = O; R = F

53 54

55

/ N  N 
, / H  H

56 X = S; R = H
57 X = S; R = CF3

58 X = O; R = CF3

Compounds 48 - 58 are the urea- and thiourea-based fluorescent PET anion 

sensors developed by Gunnlaugsson and co-workers to date, all o f which show 

fluorescent emission quenching upon anion recognition (i.e. “sw itch-off’ sensors). 

Sensors 56 - 58 contain two receptor sites, while the rest are all mono-systems. The bis- 

systems were designed such that they would bind anionic guests such as bis- 

carboxylates and pyrophosphate. They were found to bind pyrophosphate and malonate
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with 1:1 host:guest stoichiometries, while glutarate was bound in a -1:2 stoichiometry, 

except in the case of the urea-based bis-system  58. Compound 54 was incorporated 

with a chiral centre in order to enabled it to selectively bind to chiral guests such as N- 

protected amino acids. However, when titrated with tetrabutylammonium (TBA) salts 

of D- and L-alanine in DMSO, efficient selectivity was not successfully achieved, 

despite the significant quenching of the fluorescent emission of the sensor.

The most recent anion-binding study was performed on the urea-based mono

systems, 50 -  52 and 55.''*^ Again, these sensors showed enhanced quenching of 

fluorescence upon anion recognition. The binding of these compounds to fluoride 

resulted in the deprotonation of the urea NH protons after the initial hydrogen-binding 

interactions of the complex, forming the bifluoride ion (Hp2“), a phenomenon observed 

initially in the anion sensing work by both the Gunnlaugsson and Gale research groups.

R

In 2003, Gunnlaugsson et al. reported the potential of compounds 32 and 33 as
133potential fluorescent and colorimetric sensors. ‘ Both sensors showed significant PET 

quenching in their fluorescence spectra upon complexation with AcO , H2PO4” and F .̂ 

The emission was fully quenched in the case of fluoride complexation, with 

concomitant change in colour from yellow/green to red/purple (visible to the naked 

eye), which might be a result of the deprotonation of the amino proton at the 4-position 

of the naphthalimide ring.

The following compounds 59 -  62 were synthesised in order to further study the 

colorimetric changes (yellow/green to red/purple) observed in the previously studied 

naphthalimido-thiourea anion sensor upon complexation of f l u o r i d e . I t  was 

hypothesised that this colour change was due to the deprotonation of the acidic amino 

proton at the 4-position of the napthalimide ring.
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[fi: r r

59 n = 1,m = 3 61 62 R = NH2

60 n = m = 3

The absorption spectrum of 59 consisted of a strong absorption band at 446 nm 

and a second band at 287 nm (n-^;r* transition). The changes in the absorption 

spectrum of 59 in DMSO upon addition of TBA salts of AcO”, H2P0 4 ~, F^, CF and Br“ 

were investigated. Changes in the absorption bands were only observed in the presence 

of fluoride, where both bands were significantly reduced with concomitant formation of 

two new bands at ca. 535 and 341 nm and three isosbestic points at ca. 480, 380 and 

300 nm. Compounds 60 and 62 showed similar behaviour in their complexation of 

fluoride. When fluoride was added to 61, no changes were observed in the absorption 

spectrum. Since this compound lacks the acidic amino proton, the results indicate that 

the spectroscopic changes are due to the deprotonation of the amino proton, rather than 

hydrogen bonding.

'H NMR titrations were also performed on 59 with the same anions. Again, 

only fluoride caused significant spectral changes. The changes only reached saturation 

at 2 equivalents of fluoride and a new triplet peak was observed at ca. 16 ppm. It was 

proposed that HF2~ was being formed. Sensor 59 was also found to be able to fix 

atmospheric CO2 in the presence of fluoride. Crystals of the 1:1 adduct formed between 

59 and hydrogencarbonate (due to the fixation of CO2) were obtained (Figure 1.16), 

which were suitable for a single crystal X-ray diffraction experiment.

NU
04A ou

03A N2AOSA

Q2A

Figure 1.16 The structure of the 1:1 adduct formed between 59 and HCÔ  , showing the H- 
bonded pairs. TBA cations were omitted for clarity.
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Quinn et al. reported a process by which bifluoride and hydrogencarbonate was 

formed when melts o f partially hydrated tetraalkylammonium salts of fluoride absorb 

COa-'^' The presence of water was required as it caused the fluoride to be more basic 

through hydrogen bonding, enhancing its reaction with CO 2. This report supports the 

deprotonation hypothesis. However, since 59 was also able to fix CO2 in the presence 

TBA-hydroxide, there was a possibility that the CO2 fixation process may be due to the 

deprotonated amine, rather than the fluoride.

Hydrazine-based naphthalimide thiourea derivatives 63 and 64 were designed 

and synthesised for colorimetric anion sensing."^ Binding studies were performed in 

polar solvents such as DMSO and EtOH. In DMSO, both sensors showed colour 

changes in the presence of AcO“, H2P0 4 ~ and K , from bright yellow to purple. 

However, in the case of fluoride binding, an excess of the anion causes further colour 

changes and the formation of the bifluoride ion (due to deprotonation of the NH proton). 

The binding studies showed similar behaviour as in DMSO when performed in EtOH. 

They also showed very little affinity for Cl“ and Br“ in the solvent media used.

Gunnlaugsson and co-workers also developed the first example of an amidourea-

based 1,3-disubstituted calix[4]arene-based colorimetic anion sensor 65 (containing p-
120nitrophenyl groups adjacent to the urea moieties at the lower rim). The amidourea 

arm was previously utilised by Gale et al. in their pyrrole-based derivatives, as 

discussed in Section 1.7.** The calix[4]arene-based compound experienced a 

hypsochromic shift of the absorption band at 336 nm upon the recognition of AcO”, 

H2P0 4  ̂ and F^, but only the latter showed concomitant colour changes from pale yellow 

to purple. The sensing of hydrogenpyrophosphate initially also show the red shift of the 

band at 336 nm. However, at higher concentrations, the red-shift band (now at 377 nm) 

gave way to two new bands at 346 and 384 nm. Also, the shoulder previously observed 

at 500 nm became a full transition.
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NHHN

NHHN

O^NNO2

Recently, a urea-functionalised phenanthroline {phen) sensor 66 was 

synthesised, which gave rise to significant PET quenching of fluorescence in MeCN
— __ 1 5 9upon complexation with AcO , H2PO4 and P  with 1 : 1  host:guest stoichiometry. In 

the presence of Cl“, the fluorescence was instead enhanced with stoichiometries of 1 : 1  

and 1:2 being observed from the non-linear regression data analysis. It was proposed 

that fluorescence enhancement in C r  binding was due to the PET quenching effect from 

the trifluoro-p-tolyl group to the phen fluorophore being reduced, as a result of the 

bound spherical anion “blocking” the pathway of the electron transfer. Hence, 66 

showed potential as a selective fluorescent sensor for CP.

This section summarised some of the anion sensing work carried out in the 

Gunnlaugsson group thus far. The aims of this project will now be described in the 

following section.

1.9 Project Objectives

With the vast anthology of anion sensors in mind, we set out to develop more 

sensors incorporating the same basic ideas to hopefully lead to potential uses. Hence, 

this project concentrates mainly on developing the anion sensing work previously
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carried out by Gunnlaugsson and co-workers, as well as designing new urea- and 

thiourea-based anion sensors, to be used as not only fluorescent and colorimetric 

sensors, but also as potential chiral anion sensors.

In order to understand the binding of ureas and thioureas to anions, the anion 

binding abilities of 36 fe/s-phenyl urea and thiourea receptors towards a selection of 

anions (AcO~, H 2 P0 4 ~, F^, Cl”, Br”) will be studied in DMSO-J^ using 'H  NMR 

spectroscopy (as discussed later in Chapter 2). These i»/5 -phenyl urea and thiourea 

receptors will contain various substitutents (i.e. H, CH 3 , F, CF3 ) at the 2- and 4-position 

of the aromatic rings by electron-donating groups. The data collected from the 'H  NMR 

titrations will then be treated using a non-linear least-squares regression program 

(W inEQNM R'^) in order to calculate the stability constants (log (3) for the complex 

formation o f these receptors with each anionic guest. These log (3 values were then 

analysed in terms of the electronic nature of the substituent and its location on the 

phenyl ring, as well as the type of binding site (either urea or thiourea) present. 

Following on from this study, we would then proceed to further develop new urea- and 

thiourea-based compounds in order to achieve sensors ideal for use in pharmaceutical 

and industrial areas.

Chapter 3 discusses the synthesis of polyaromatic thiourea-based fluorescent 

anion sensors (some of which are ditopic in nature) for the physical evaluation of their 

anion binding abilities in DMSO or DMSO-t/g using various techniques (such as 'H 

NMR, fluorescence and circular dichroism (CD) spectroscopies). Two types of 

fluorophore utilised in these sensors are anthracene and naphthalene. These sensors will 

be titrated with the selected anions, but in the case of the ditopic anthracene-based 

sensors, i>/5 -carboxylates will also be used. The data obtained from the 'H  NMR and 

fluorescence binding studies will then analysed using SPECFIT/32™ to obtain log P 

values for the binding processes in order to compare the anion binding abilities of such 

sensors. Data collected from the CD titrations, however, will only be interpreted via 

graphical analysis.

Finally, in Chapter 4, the synthesis and anion binding studies of hydrazine-based 

naphthalimide colorimetric sensors (consisting of either a urea or thiourea moiety) will 

be discussed. Binding experiments with putative anions will be carried out in DMSO or 

DMSO-Ja out on the urea-based compounds using 'H  NMR, UV-vis and fluorescence 

spectroscopies, while in the case of the thiourea derivative, a more competitive solvent 

(i.e. Et0 H/H 2 0  (50:50)) will be used. The stability constants for the anion binding
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processes will calculated from  the data collected from  'H  N M R titrations using 

W inEQ N M R ,'^ while the data obtained from  the absorption and fluorescence titrations 

will be analysed using SPE C Frr/32™.

The project objectives are outlined below  in the flow chart illustrated in Figure

1.17.

/  >

Project Objectives

 0 ________________
study of anion binding abilities

Bis-pheny\ U rea- and T hiourea-based A nion Receptors 
(C hapter Tw o)

 n_ _ _ _ _ _ _ _ _ _ _ _ _ n__
incorporation of urea and thiourea moieties

Polyarom atic 
F luorescent A nion Sensors 

(C hapter Three)

H ydrazine-based N apthalim ide 
Colorim etric A nion Sensors 

(C hapter Four)

Figure 1.17 Flowchart outlining the project objectives.
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2.1 Introduction

Ureas and thioureas are among the commonly used charge-neutral receptors in 

the field of anion sensing.^^’̂ '̂̂ '*’̂ ’̂"^’'^^"'^  ̂ In particular, several anion binding studies 

performed on phenyl-based ureas and thioureas have been previously reported. 

Wilcox and co-workers reported a systemic study done on the substituent effects 

towards zwitterion recognition by various arylurea and thiourea derivatives consisting 

of at least one phenyl g r o u p . T h e i r  aim was to devise a method that could be used as 

a predictor based on the Hammett equation (Appendix 7.1.1 (a)) for the anion binding 

affinity of their receptors.

This was achieved by studying the electronic effects of electron-withdrawing 

and electron-donating groups (strategically substituted at either the para or meta 

positions of the phenyl rings) on the hydrogen bonding abilities of the anion binding 

moieties.

Several studies on ureas and thioureas have also been performed by Hamilton 

and collaborators, not only for purposes of anion r e c o g n i t i o n , b u t  also 

organogelation '

68 X = S

One report describes, through calorimetric studies, the thermodynamic effects of

various solvents on the Z^w-carboxylate complexation of ft/5-receptors such as 67 and
16268. The calorimetric analysis of the anion binding process of these receptors shows 

that it is exothermic in DMSO. However, upon addition of more polar solvents such as 

methanol and water, this binding becomes more endothermic. Therefore, binding of 

/?/5-carboxylate guests becomes weaker as the polarity and hydrogen bonding ability of 

the solvent increases. These studies have proved beneficial in the development of urea- 

and thiourea-based receptors for use in anion sensors, by furthering our understanding 

of the anion binding processes undergone by such receptors. Nevertheless, there still 

exist an opportunity to explore the nature of the anion recognition further, particularly 

from the point of investigating steric contributions from o- and ^-substituted bis-diry\
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derivatives as well as the effect of electron-donating and withdrawing groups have on 

the hydrogen bonding ability and structure of such receptors. The aim of this chapter is 

to attempt to explore both aspects.

2.2 Objectives

This project aims to study the mechanism of the binding process of i>/5'-phenyl 

ureas and thioureas with various simple anions (such as oxoanions and halides), and 

thus establish a better understanding o f the binding abilities of these charge-neutral bis- 

phenyl receptors as well as the host:guest stoichiometries of the anion recognition. Our 

study will look at the electronic and steric effects of three different substituents towards 

the anion binding affinities of these receptors.

With this in mind, 36 /7/5 -phenyl urea and thiourea derivatives were designed, 

whereby each derivative differs from the other by the substituents located at the ortho 

and para  positions of the phenyl rings. These substituents are either electron-donating 

{e.g. CH3) or electron-withdrawing {e.g. F or CF3) in nature.

We first synthesised, purified and fully characterised the above 36 compounds. 

This was then followed by binding studies of these receptors with various anions 

(acetate, dihydrogenphosphate, fluoride, choride and bromide) monitored by ’H NMR 

spectroscopic titrations in deuterated DMSO (DMSO-rfs)- The stability constants (log 

(3) were calculated from the 'H NMR titration data collected using the NMR data fitting
1 2

program, WinEQNMR. It was hoped that this exercise would result in the formulation 

of “rules” that could be applied with the aim of achieving both enhanced selectivity as 

well as sensitivity for the recognition of anions by such /7/5 -aryl ureas and thioureas. 

This may be achieved by analysing the log (3 values obtained such that trends may be 

postulated about the effect that the different substituents and their positions on the 

phenyl rings have towards the anion binding abilities of such receptors, and hence, 

potentially providing the ability of “fine-tuning” the binding site for optimal anion 

recognition.

2.3 Synthesis of Urea- and Thiourea-based Anion Receptors 69 -104

The synthesis of these receptors involves a nucleophilic addition between either 

an isocyanate or isothiocyanate and the corresponding aniline in anhydrous chloroform 

at room temperature under inert atmosphere (Scheme 2.1).
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NCX CHCL

RT
R,  R^ R,

Scheme 2.1 General scheme for the formation of urea (X = O) or thiourea (X = S).

The resulting ureas or thioureas were obtained as white, off-white or pale purple 

solids in a reasonably pure form either via precipitation or extraction with chloroform 

with reasonably good yields. It is noteworthy that the yields for the ureas (80 - 90%) 

were generally much higher than those for the thioureas (20 - 40%), as ureas tend to 

precipitate out of the reaction with more ease. The mechanism of this reaction is a 

nucleophilic attack o f the carbon atom on the carbonyl (or thiocarbonyl) group by the
163lone pair of the amino group. ' Table 2.1 indicates the different substituents on the 

phenyl groups of the 36 receptors synthesised, which are based on the above parent 

structure (Figure 2.1).

Figure 2.1 Parent structure of /7w-phenyl urea and thiourea anion receptors.

Table 2.1 g»-phenyl ureas and thioureas with varying substituents. (*unsuccessful syntheses)

Urea (X = O) Thiourea (X = S) Ri R2 R3 R4

69 70 H H H H

71 72 H H H CH3

73 74 H H H F

75 76 H H H CF3

77 78 H H F F

79 80 F H H F

81 82 F H H n X

83 84 F H H CF3

85 8 6 F H F F

87 8 8 CF3 H H

Xu

89 90 CF3 H H CF3

91 92 CF3 H F F
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93 94 F F H CH3

95 96 F F F F

97 98 CH3 H H CH3

99 100 H F F H

101 102 H CF3 CF3 H

* 103 H CH3 CH3 H

104 * CH3 CH3 CH3 CH3

2.3.1 Characterisation of 69 - 104

Several trends in the characterisation of the above ureas and thioureas were 

observed. For instance, in the 'H  NMR spectrum (400 MHz, DMS0-^/6), the chemical 

shifts of NH protons of the urea receptors were generally located between 8.0 - 9.0 ppm, 

whereas those o f the thioureas were located between 9.5 - 11.0 ppm due to the thiourea 

NH protons being more deshielded (as shown for the most simplest bis-dLry\ derivatives, 

69 and 70, in Figure 2.2). This characteristic NMR property is due to the differences in 

the predominance of the two possible resonance forms of such functional groups. 

Further explanation of this phenomenon may be found in Appendix 7.1.1 (b).

(a)

(b)

thiourea NH

urea NH

J V

N

S

__

Ar-H

i

U l ,

10.8 10.4 10.0 9.6 9.2 8.8 8.4
(ppm)

1.0 7.6 7.2 6.8 6.4

Figure 2.2 'H NMR (400 MHz, DMSO-dft) spectra of (a) bis-phenyl urea 69, and (b) bis- 
phenyl thiourea 70.
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The receptors containing fluorine atoms showed splitting of the chemical shifts 

observed in the '^C NMR spectra, as '^F has a spin of ¥ 2  and hence, the splitting pattern 

observed is similar to that in 'H  NMR spectroscopy (e.g. if a carbon atom is coupled to 

one fluorine, then a doublet is obtained). Figure 2.3 shows the ''^C NMR (100 MHz, 

DMSO-Jfi) spectrum of l ,3-Z>/5-(2 -trifluoromethylphenyl)urea 101, where the splitting 

due to the coupling effect of the fluorine atoms can be clearly observed. Due to the 

presence of three fluorine atoms in the trifluoromethyl substituent, the chemical shift of 

the quaternary carbon at 123.9 ppm is split into a quartet with a coupling constant Jc-f 

o f 271.1 Hz (denoted by O). Such large coupling constants are typically observed in 

short-range C-F coupling interactions.'^"*
CM T- ;  o q p o o C T 5 a > c o c o c o ( D t n c o o 5 c o o o
CO <6 o j c o r ^ c b i r i i f j t f S i n T r o J ' r - ^ T - ' o o o )in C O  C O C M C S J C M C \ J C M C M C \ J C V J C \ J C O C \ J C M C v J - * -

127128 126 125 124
(ppm)

123 122 120121

c=o

164 160 156 152 148 144 140 136 132 128 124 120 116
(ppm)

Figure 2.3 '^C NMR (100 MHz, DMSO-^/g) spectrum of urea 101.

Some of the carbons also experience long-range coupling from the fluorine 

atoms present in their vicinity, with a significant proportional decrease in the coupling 

constants with respect to distance. The quartet indicating the quaternary carbon that is 

immediately adjacent to the CF3 group has a Jq-f of 29.0 H (denoted by ® ), while the 

carbon of the aromatic CH group directly next to this carbon also experiences coupling 

from the fluorine atoms, but to a smaller extent with a 7c-f of 5.2 Hz (denoted by ®).
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Singlet peaks denoted by O, ©, © and © represent the rest of the aromatic CH and 

quartemary carbons, which does not experience any observable coupling with the CF3  

group.

Other characteristic physical properties such as the difference in their melting 

points were also apparent, where the melting points of the urea receptors were found to 

be between 230-270 °C, while those of the thioureas were between 120-200 °C.

2.3.2 Crystal S tructure Analysis of 70, 80, 81, 84 and 89

Upon recrystallisation from CHCI3 , a mixture of CHCl3 ;MeOH or a mixture of 

Hex:CHCl3 :MeOH solutions, several receptors were obtained as either needle-like or 

flat crystals. Receptors containing fluorophenyl groups were purple in colour while the 

rest formed either white or off-white crystals. The crystals obtained, which were 

deemed suitable for X-ray diffraction analysis, included those of ureas 81 and 89, and 

thioureas 70, 80 and 84. The crystal structures of these receptors are shown in Figure 

2.4. All hydrogen atoms (except for those of the methyl substituent, urea and thiourea) 

and solvent molecules have been omitted for clarity.

Figure 2.4 Crystal structures of 70, 80, 81, 84 and 89 (see Appendices 7.1.2 - 7.1.6 ).
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One interesting difference observed between the crystal structures of the ureas 

and those of the thioureas is that the phenyl groups on either side of the urea moieties 

are close to being orthogonal to each other, whereas those of the thiourea lie almost in 

the same plane. This may be the result in the difference in the electronic properties of 

the O and S atoms. Another possible reason for this phenomenon is the presence of the 

bulky methyl and trifluoromethyl substituents at the 4-position of the phenyl rings, as 

this orthogonal orientation is not observed in the crystal structure of 84, which has a 4- 

trifluoromethylphenyl group adjacent to the thiourea moiety. Despite the structural 

difference observed, the NH protons of all five receptors were in the syn conformation 

{i.e. NH protons are facing in the same direction). Hay and co-workers carried out 

electronic structural calculations on urea complexes of Cl“, NOj” (nitrate) and CIO4 '  

(perchlorate), which showed that the the s-cis form provides a more stable hydrogen 

bonding complex than the s-trans form.'^'^

Table 2.2 shows the values for the N-C-X bond angles and the distances in space 

between the NH protons of the receptors, obtained from the X-ray diffraction analysis. 

The N -C -X  bond angles of 70, 80 and 89 are (122.5 ± 0.1) °, (122.7 + 0.1) ° and (123.0 

± 0 .2 ) ° respectively, and they are identical on either side of the urea or thiourea moiety 

for each compound, since 70, 80 and 89 have symmetrical structures. The N 1-C8-01 

and N 2-C 8-01 bond angles of 81 are (122.9 ± 0.3) ° and (121.7 ± 0.3) ° respectively, 

whereas the N1-C7-S1 and N2-C7-S1 bond angles of 84 are (123.2 ± 0.5) ° and (123.4 

± 0.5) ° respectively. The N -C -O  and N -C -S bond angles of these crystal structures 

obtained indicated that the expected approximate trigonal planar geometries of these 

compounds at the carbon atom between the NH protons.

Table 2.2 N-C-X bond angles and distances in space between the acidic NH protons.

Compound Ri X R4 N-C-X bond angle (°)
Distance in space 
between the NH

0

protons (A)

70 H s H (122.5 + 0.1) 2.114

80 F s F (122.7 + 0.1) 2.131

81 F 0 CH3 (122.9 + 0.3), (121.7+0.3) 2.115

84 F s CF3 (123.2 + 0.5), (123.4 + 0.5) 2.074

89 CF3 0 CF3 (123.0 + 0.2) 2.116
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The spatial distances measured between the NH protons o f the urea and thiourea 

groups are approximately 2.115 A. However, this distance was found to be 2.131 A and 

2.074 A in 80 and 84 respectively. The increase in the spatial distance of 80 may be due 

to the presence of strongly electron-withdrawing fluorine substituents at the 4-position 

of the phenyl groups. This effect is, however, counteracted when at least one of the 

substituents is a bulky group, leading to a decrease in the NH- HN distance. The 

electronic structural calculations performed by Hay and co-workers on urea-anion 

complexes also provided further insight into the influence of geometrical factors 

(including NH - HN distance and linearity of NH -A  bond) towards the anion binding 

arrangement.'^^ In order to obtain optimal hydrogen bonding interactions between a 

urea or thiourea receptor and an anion, the NH -A bonds must be linear.'^^ Therefore, 

the structural calculations showed that the complexation of an anion by the receptor 

may cause distortions in the urea geometry, as this would optimise the linearity of the 

NH---A bonds. Hay and co-workers also calculated that the optimal O -O distance for
o

oxyanions in order to achieve linearity is 2.27 A for the syn form of the urea.

Table 2.3 Dihedral angles (in °) of the aromatic rings with respect to the urea or thiourea 
moiety.

Compound Ri X
Dihedral angle (°) of 

R4  phenyl ring containing
Ri

Dihedral angle (°) of 
phenyl ring containing 

R2

70 H s H 74.34 74.34

80 F s F 95.09 95.09

81 F 0 CH3 128.26 56.35

84 F s CF3 128.32 135.52

89 CF3 0 CF3 52.23 129.60

The dihedral angles obtained from the X-ray diffraction data are listed in Table 

2.3. These angles were obtained from the angular difference between the plane formed 

by the C atom of the urea or thiourea moiety (Cx), the N atom (N |) and the adjacent 

phenyl C atom (C |), and the plane formed by N], C | and the next adjacent aromatic C 

atom (C2), and will be denoted by CX-N 1- C 1- C 2 . The C 2 atom is chosen such that this 

aromatic carbon is facing out of the plane when the NH protons of the urea or thiourea 

moiety are directed downwards within the plane (Figure 2.4). The dihedral angle for
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optimal conjugation of the aromatic electron density with that of the adjacent N atom is 

90 Therefore, 80 should experience the most enhancement of the acidity of the NH 

protons of thiourea moiety as the CX-N 1-C 1-C 2  angle is calculated to be 95.09 The 

other solid state structures have dihedral angles which are significantly different from 

90 indicating the possibility of deconjugation of the electron density between the 

aromatic rings and the urea or thiourea moiety. This deconjugation, if also seen in 

solution, may have significant consequences towards the anion binding affinities of 

these receptors.

2.3.2.1 Crystal Structure Packing

The crystal structure packing of 70, 80 and 84 are shown in Figures 2.5, 2.6 and 

2.7, respectively. Due to the symmetrical structures of 70 and 80, the packing is 

relatively simple with the syn thiourea NH protons hydrogen bonding to the S atom of 

the neighbouring molecule to form chains.'^’ However, the crystal structure packing 

becomes more complex when asymmetry is introduced in the structure as well as the 

presence of bulky substituents on the aryl moieties, as seen in the packing of 84. The 

view along the c crystallographic axis of the packed structure of 84 (Figure 2.7(b)) 

shows the hydrogen-bonded tapes formed as a result of a bridging effect between the 

partially negative fluorine atoms on the aryl moieties and the neighbouring aromatic 

protons, as well as the hydrogen bonding interactions of the thiourea NH protons with 

the S atom of the neighbouring receptor. Gale et al. observed the formation of 

hydrogen-bonded tapes in their o/t/7 0 -phenylenediamine-based bis-nxta cleft systems

due to the bridging of such receptors by carboxylates such as terephthalate 168

Figure 2.5 View along the (a) c crystallographic axis, and (b) b crystallographic axis of the 
packed structure of thiourea 70.

49



Chapter 2 -  Bts-Phenyl Urea- and Thiourea-based Anion Receptors

Figure 2.6 View along the (a) c crystallographic axis, and (b) b crystallographic axis of the 
packed structure of thiourea 80.
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Figure 2.7 View along the (a) b crystallographic axis, and (b) c crystallographic axis of the 
packed structure of thiourea 84.

In the case o f ureas 81 and 89 (Figures 2.8 and 2.9 respectively), the 3- 

dim ensional netw orks are further com plicated by the orthogonal geom etry o f the phenyl 

groups with respect to each other. In both cases, zig-zag chains were form ed, as seen in 

Figures 2.8(b) and 2.9(b).

V J.,
‘i y ' X  CXX h '  \

' r i -  -•■‘‘‘V "y'.'N ,>̂ ;V \

r K - '  \

Figure 2.8 View along the (a) a crystallographic axis, and (b) c crystallographic axis of the 
packed structure of urea 81.
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Figure 2.9 View along the (a) c crystallographic axis, and (b) a crystallographic axis of the 
packed structure of urea 89.

In all the above crystal structures, the NH protons of the urea and thiourea 

moieties are in s-cis conformation. Hence, hydrogen bonds form between both the NH 

protons of one receptor with the O or S atom of its neighbour. ’-disubstituted ureas 

have the persistent nature of forming chains in this m a n n e r .H o w e v e r , their thiourea 

analogues are conformationally more flexible, existing as two possible rotamers {i.e. s- 

cis and s-trans). Hence, two types of hydrogen-bonding arrays {i.e. zig-zag chains and 

dimers) may be formed. Custelcean and co-workers recently demonstrated that the 

presence of bulky organic moieties at the thiourea N atoms can result in the exclusive 

formation of zig-zag chains over d im e rs .T h e re fo re , the orr/?o-substituted aryl groups 

in 70, 80 and 84 led to the s-cis conformation of the NH protons being favoured.

Even though these various structural differences are observed in the solid state, 

they may have possible effects on the anion binding affinities of the urea and thiourea 

active sites in solution.

2.4 'H NMR Titrations of 69 -104 with Anions

The binding affinities of the above receptors towards various simple anions were 

studied using 'H  NMR spectroscopy. All titrations were performed at 20 °C in 

deuterated dimethylsulphoxide (rfe-DMSO) for each compound using the following 

anionic guests: acetate (AcO”), dihydrogenphosphate (H2P0 4 ~), fluoride (F~), chloride 

(Cr) and bromide (Br“). Urea and thiourea receptors are best studied in DMSO, since 

the anion binding affinities of such receptors to anionic guests becomes weaker as the 

hydrogen bonding ability of the solvent in c re ase s .P re lim in a ry  titrations using either 

CDCI3 or DMSO-J^ also showed that the chemical shifts for the NH protons are more 

clearly visible in the latter solvent.
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The experiments were carried out by using a known amount of the host 

dissolved in 0.8 mL of solvent ([host] = 1.0 x 10'^ M). The anion guest solutions were 

prepared such that 5 |0,L of the solution would give 0.1 equivalents of anion ([anion] ~ 

1.5 X lO ' M). After each addition of the anion guest to the NMR tubes, the 'H NMR 

spectrum was recorded. The data obtained from these titrations was plotted as the 

cumulative changes in the chemical shifts against the equivalents of anion added and the 

resulting plots were analysed using WinEQNMR.’̂

2.4.1 Stack Plots and Binding Curves of NMR Titrations of 69 -104

The stack plot of the 'H NMR spectra of 70 upon addition of various equivalents 

of AcO’ is shown in Figure 2.10. It illustrates the typical changes in the chemical shifts 

of the thiourea (NH) and aromatic (Ar-H) protons during the course of the 'H NMR 

titration. As is clear from Figure 2.10, the chemical shifts for the NH protons tend to 

move gradually downfield on complexation. These changes were preferably monitored 

as they were significantly larger than those observed for the aromatic protons and hence, 

carry less error. However, these are often broad, which contributes to the high error in 

the determination of the stability constants. Nevertheless, as shown, the Ar-H protons 

were also perturbed upon anion recognition and the changes in these chemical shifts 

were also recorded. The binding constants log P calculated from these changes were 

identical within experimental errors to those determined from the NH protons, therefore 

these aromatic proton changes are useful when the chemical shifts of the NH protons 

become too broad to be located accurately. This method has also been employed by 

several research groups such as Pfeffer et al. and Gale et general, the

changes observed for H2P0 4  ̂ recognition were smaller than those observed for AcO , 

but the binding curves were, nevertheless, quite similar in appearance. Figures 2.11(a) 

and 2 .11(b) illustrate the directional binding modes of AcO” and H2P0 4 ~ respectively, 

for the simplest of the thiourea receptors, 70.
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Ar-H
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Figure 2.10 Stack plot of the 'H NMR (400 MHz) spectra of 70 (1.0 x 10'  ̂ M) titrated with 
AcO in DMSO-<ift.

0 7 ^ 0

HO. /O H  
P

(a) (b)

Figure 2.11 Directional hydrogen bonding compiexation of 70 with: (a) AcO , and (b) H 2 PO 4 ”.

The process for the compiexation of P  was more complex as there seemed to be 

more than one binding process occurring during the course o f the titration. In all the 

titrations of F", a characteristic triplet peak appeared at approximately 16 ppm generally 

after the addition of 2 equivalents of fluoride. This is seen in Figure 2.12, and is, as
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previously  established in C hapter 1, due to the deprotonation o f at least one o f  the NH 

protons by fluoride, resulting in the form ation o f a bifluoride ion pair, H F 2'  in solution.

Ar-H
N-H

0.0 eq. 1

0.5 eq.

,ij

1
1.0 eq. 1

I:r i.
2.2 eq.

i\
li

2.6 eq. ‘ i

3.0 eq. ]

5.0 eq. :
i J j

" V " " '  '  I  I  I  I  I  I  I  '  I  ■  '  I ■  I  '  '  " 1 ^  I I I  I  I  ■  I  -

16 14 12 10 8 6
6 (ppm)

Figure 2.12 Stack plot of the 'H NMR (400 MHz) spectra of 70 {ca. 1.0 x 10’̂  M) titrated with 

P  in DMSO-i^ft.

A nother interesting observation from  the titration o f  70 w ith F" is the significant 

perturbation o f the arom atic proton signal furthest dow nfield, after the addition o f 2 

equivalents o f fluoride. This is believed to be due to the delocalisation o f the excess 

electron density on the deprotonated nitrogen o f the th iourea m otif over its adjacent
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phenyl group as a result of resonance (Figure 2.13). Therefore, it seems that the 

resonance form denoted by (i) may be the predominant species after the deprotonation 

o f the NH proton. Fabrizzi and co-workers have also observed similar resonance 

behaviour in their thiourea-based sensor upon complexation with fluoride.

F

(i) (ii)

Figure 2.13 Proposed mechanism for the deprotonation of the thiourea proton in 70 by P .

This deprotonation has been observed in the 'H  NMR spectrum by other 

research g r o u p s , ^ b u t  Bowman-James and co-workers have 

successfully obtained a crystal structure of an encapsulated bifluoride within their 

macrocyclic amide-based anion receptor.'™ Further evidence may be obtained from the 

'H  NMR titration o f l,3 -^/‘S-(2,4-dimethylphenyl)urea 104 with F^ (Figure 2.14), since 

the chemical shifts of the NH peaks are still clearly visible throughout the experiment. 

Receptor 104 is a symmetrical i>w-phenyl urea derivative and therefore, there is initially 

only one broad singlet peak observed at 8.0 ppm in the 'H  NMR spectrum for the two 

NH protons of the urea. After the addition of approximately 2 equivalents o f fluoride, a 

new broad peak begins to appear adjacent and downfield to the original singlet, with the 

concomitant appearance of the triplet peak at approximately 16 ppm. The appearance of 

this new peak may indicate the presence of two possible complexed species, one being 

the original fluoride-bound urea receptor and the other being the complex of the 

deprotonated ligand, which gave rise to the formation of HF2~. Another possible reason 

is that one of the NH protons may be bound to a second F^, an occurrence that has been 

observed in anion complexes of urea- and thiourea-based sensors.'^' However, if this 

was the case, there should not be any appearance of the triplet peak further downfield.
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Figure 2.14 shows the stack plot o f the ' h  N M R spectra o f 104 on addition o f F  

illustrating the postulated deprotonation process.

N.

CH3
0.0 eq.

N-H

0.5 eq.
I I

1.0 eq.

H F, (a)

2.0 eq.

5.0 eq.

f  ^  I  ?

6 (ppm )

Figure 2.14 Stack plot of 'H NMR (400 MHz) spectra of 104 (ca. 1.0 x 10'  ̂M) titrated with F  
in DMSO-fifi: (a) initial appearance of new NH peak; (b) new peak clearly observable at the end 
of the titration. (Note: the triplet indicating HF2'  ion pair was not clearly visible due to the noisy 
baseline.)
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3.5

0.0 1.0 2.0 3.0 4.0 5.0

Anion equivalents

♦ acetate fluoride ^ dihydrogenphosphate •  chloride ♦ bromide

Figure 2.15 Changes in the chemical shifts (A6) of the urea protons in 97 {ca. 1.0 x 10 '  M) 
w ith anions in DMS0-<i6.

Figure 2.15 show s the anion binding curves o f urea 97 with various anionic 

guests as a function o f  guest equivalents added. These results dem onstrated that there 

was very little change observed in the chem ical shifts o f the urea NH protons when the 

receptor was titrated w ith C F  and Br”. As can be clearly seen from these changes, the 

sam e chem ical shifts o f the NH protons o f  97 are greatly perturbed by the addition o f 

A c 0 ‘ , H 2P 0 4 ~ and F^. A m ong these results, the binding o f A c O ' and F“ show 

significantly  larger changes com pared to that o f H 2P 0 4 ~. Sim ilar overall changes were 

also generally  seen in the binding studies o f m ost o f the fc/5-phenyl receptors.

These anion binding curves also provide som e inform ation on the host:guest 

(H :G) stoichiom etry o f the b inding process. The H:G stoichiom etries for A cO ” and 

H 2P 0 4 ^ com plexation were found to be 1:1, w hereas that for was 1:2. The next few 

sections will deal the analysis o f the anion binding processes o f the various /7/5 -phenyl 

urea and thiourea fam ilies (based on structural relations) designed, follow ed by a 

sum m ary o f  the conclusions derived from  these studies.

57



Chapter 2 -  Bis-Phenyl Urea- and Thiourea-based Anion Receptors

2.5 Stability Constants (log P) of 69 - 104 with Anions

As stated in the previous section, all the receptors showed significant changes in 

the 'H NMR chemical shifts upon anion recognition. These changes were used to 

assess the anion binding affinity of such receptors. Tables 2.4 and 2.5 list the log p 

values calculated for the 1:1 complexation of AcO'and H2P0 4 ~ with the Z?/5-phenyl 

ureas and Z?/5-phenyl thioureas respectively. These values were calculated from the 'H 

NMR titration data collected using the Fortran-based WinEQNMR program.'^ The 

errors in all values were within 15%, which is consistent with those observed in the 'H 

NMR anion binding experiments carried out by Gale and c o - w o r k e r s . I t  was not 

possible to calculate the stability constants from the data obtained for the 1:2 

complexation of P  with the receptors, since the binding process may be too 

complicated for WinEQNMR to process.

Table 2.4. Stability constants (log P) of the £>w-phenyl urea receptors titrated with the various 
anions (with errors within 15%).

Compound log P(AcO ) log P(H2P0 4 ")

69 3.06 3.02

71 3.49 2.83

73 3.14 3.23

75 4.07 3.16

77 3.06 2.59

79 3.70 3.62

81 3.72 2.64

83 3.95 3.69

85 3.01 2.45

87 3.34 3.64

89 3.81 3.85

91 3.17 3.20

93 2.61 2.40

95 2.30 1.94

97 3.34 2.86

99 2.17 1.54

101 1.79 1.49

104 1.90 1.99
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Table 2.5 Stability constants log P of the Z^w-phenyl thiourea receptors titrated with the various 
anions.

C om pound log P(AcO ) log P(H2P 0 4  )

70 3.11 2.71

72 3.63 2.94

74 3.63 2.77

76 2.59 2.54

78 3.26 2.64

80 3.68 2.56

82 3.58 2.76

84 3.45 3.53

86 3.00 2.63

88 2.75 2.62

90 3.10 2.24

92 3.50 2.17

94 3.11 2.37

96 2.38 1.94

98 2.92 2.82

100 2.83 2.14

102 3.77 2.37

103 2.72 2.44

The errors in the stability constants are further supported by the graphs plotting 

the changes in chemical shift against anion concentration, which are generated by 

WinEQNMR. Figures 2.16, 2.17 and 2.18 illustrate the reasonably good fit between the 

observed and calculated data for AcO binding of Z?/5-phenyl urea 69, AcO“ binding of 

?̂/5-phenyl thiourea 70 and H2PO4’ binding of i>/5-phenyl urea 69 respectively. To 

ensure the validity o f the log p values calculated, many of the titrations were repeated, 

especially those giving rise to stability constants which were significantly different from 

the others (see Appendix 7.1.7).
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13.0

1 . 0 3.00 . 0 2.0 4.0 5. 0

10**2[Conc*nc.cacion]/BOl da-3

Figure 2.16 WinEQNMR-generated plot of the observed and calculated changes in chemical 
shift against [AcO'] of Z7/.v-phenyl urea 69.

z
4

0 . 0 1.0 2 . 0 3.0 4.0 5.0

10**2 [Conc«nc.£*cion}/aol da-3

Figure 2.17 WinEQNMR-generated plot of the observed and calculated changes in chemical 
shift against [AcO“] of ft/5-phenyl thiourea 70.
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Figure 2.18 WinEQNMR-generated plot of the observed and calculated changes in chemical 
shift against [H2 PO4  ] of ^jw-phenyl urea 69.

2.5.1 General Observations from Stability Constants (log P)

From the log (3 values listed in Table 2.4, it can be observed that the urea-based 

receptors which bound most strongly to AcO^ were 75, 83 and 89 with log P values of 

4.07, 3.95 and 3.81 respectively, while the weakest ureas were 99, 101 and 104 with log 

p values of 2.17, 1.79 and 1.90 respectively. The same behaviour is seen the 

complexation of H2 PO4 ”, with the exception of 75. In this case, 75 did not give rise to 

the highest stability constant (log P = 3.16), when compared to the simplest urea 

receptor, 69 (log P = 3.02). It is important to note that the three strongest urea receptors 

all contain electron-withdrawing groups at the para  position of the phenyl rings, which 

leads to the conclusion that these substituents may enhance the anion binding ability of 

the urea motif. However, the weakest three receptors showed that the presence of 

substituents at the ortho position results in lowering the stability constants of the 

complexation process, possibly due to steric reasons.

Interestingly, in the case of the thiourea analogues (Table 2.5), the receptor 

which binds the strongest to AcO~ is an orr/zo-substituted thiourea compound, 102, 

which has a log p value of 3.77 (cf. 70 with log P = 3.11). Since the urea analogue 101
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does not show this unusual behaviour in the presence of AcO”, it is possible that it is the 

result of the difference in the properties of the O atom in ureas and the S atom in 

thioureas. Therefore, we will go on to further analyse the log P values calculated by 

looking for possible trends, which may assist in the understanding of the anion binding 

behaviour of these Z7/5-phenyl receptors.

2.5.2 Trends from Stability Constants (log |3)

Since there is a large number of log (3 values, we will attempt to analyse the 

trends in an structured manner. Therefore, this section will consists of the following 

categories:

• Symmetrical Zns-phenyl receptors

• fijs-phenyl receptors containing electron-withdrawing substituents (F and

CF3 )

• fiw-phenyl receptors containing electron-donating substituents (CH 3 )

• “Hybrid” bis-phenyl receptors

For each category, the anion abilities of the receptors will be assessed by relating 

the stability constants to the following criteria:

• the target anion guest

• the type of substituent on the phenyl rings (i.e. whether it is electron- 

donating or withdrawing)

• the position of such substituents on the phenyl rings (i.e. whether it is ortho 

or para)

•  the possible structural consequences such as deconjugation of the electron 

density between the phenyl rings and the urea or thiourea moiety

2.5.2.1 Symmetrical fiis-Phenyl Receptors

The stability constants o f the symmetrical /7/5-phenyl receptors tabulated in 

Tables 2.6 and 2.7 for AcO“ and H2P0 4 ~complexation respectively.
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Rj R2
Figure 2.19 Parent structure of symmetrical ftw-phenyl receptors.

Table 2.6 Stability constants log (3 of the complexation of symmetrical receptors with AcO .

Ri R 2

U rea T hiourea

C om pound log P(A cO ') Log P(AcO ) C om pound

H H 69 3.06 3.11 70

H F 79 3.70 3.68 80

H CF3 89 3.81 3.10 90

F F 95 2.30 2.38 96

H CH 3 97 3.34 2.92 98

F H 99 2.17 2.83 1 0 0

CF3 H 1 0 1 1.79 3.77 1 0 2

CH 3 H - - 2.72 103

XU

CH 3 104 1.90 - -

In the complexation of AcO”, the stability constant of the unsubstituted bis- 

phenyl thiourea 70 was, within experimental errors, similar to that of 69. However, 

with the presence of the different substituents, significant changes were observed in the 

log P values o f the binding processes.

When the phenyl rings are substituted by electron-withdrawing groups such as 

fluorine groups at the 4-position, there was an increase in the stability constants in both 

the urea and thiourea derivatives. This was due to the electron-withdrawing nature of 

the substituents, which through an inductive effect, rendered the urea and thiourea NH 

protons more acidic. Hence, 79 bound to AcO~ with log P = 3.70, whereas 80 gave a 

log P = 3.68. Although there was no significant difference in log P between the urea 

and thiourea derivative, the anion binding affinity of these receptors were much 

enhanced with respect to the simplest of the receptors, 69 and 70. However, when the 

ortho position of the phenyl rings were substituted with fluorine as in ureas 95 and 99, 

there was an appreciable decrease in log p. Receptor 95 and 99 bound AcO with log P 

= 2.30 and 2.17, respectively. The presence of the para  fluorine groups in 95 did not 

seem to significantly affect the observed decrease in log p. In the case of the thiourea
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analogues 96 and 100, there was again a decrease in log P for the binding of AcO“. 

However, the presence of the para fluorine group in 96 resulted in a much lower log (3 

{i.e. 2.38), compared to that for 100 (log (3 = 2.83). Nevertheless, the observed decrease 

in the stability constant in such receptors may be due to steric hindrance experienced by 

the urea and thiourea receptor sites by the fluorine substituents at the 2-position. This 

effect can be further supported by the log (3 value obtained for the AcO“ complexation 

of 2-substituted /7/5 -phenyl ureas, 101 (log P = 1.79) and 104 (log P = 1.90). Also, there 

is a partial negative charge in the fluorine substituents, which may lead to a repulsive 

effect towards anions approaching the binding site.

The electron-withdrawing nature of the trifluoromethyl substituent should also 

cause an increase in the binding affinity of the receptors. But this was only the case for 

the 4-substituted urea receptor 89 with a log P = 3.81, as no significant change was 

observed for thiourea 90 . When this substituent is at the 2-position, the receptor bound 

less strongly in the urea analogue 101 (log P = 1.79) and interestingly, the log P value 

increased in the case of the thiourea 102 (log p = 3.77). The fact that the bulky group is 

next to the receptor did not seem to have any major influence sterically, unlike that 

trend that was observed previously with the ortho fluorine substituents. As previously 

mentioned, ’-disubstituted thioureas are conformationally more flexible in solution, 

resulting in the presence of two rotamers (i.e. the thiourea NH protons are either syn or 

anti in conformation, and are also known as trans-trans or trans-cis rotamers, 

respectively).'^^ Therefore, there is a possibility of structural rotation within the ortho- 

substituted thiourea receptors to adopt the next available low-energy alternative, 

potentially providing a more accessible and complementary acidic binding site.

When methyl groups are substituted at the 4-position of the phenyl moieties of 

the urea receptor 97 , it seemed that the AcO~ binding affinity was enhanced. This 

behaviour was counter-intuitive, as it has been shown that the presence of electron- 

donating groups may result in reducing the acidity of the NH protons of the urea or 

thiourea moiety, thus decreasing the binding s t r e n g t h . I n  the case of the thiourea 

analogue 98 , the binding affinity was somewhat decreased (log P = 2.92), but not to a 

significant degree. The substitution of the 2-position of the phenyl rings led to a further 

decrease in the binding strength, as seen in 103. This is most likely the result of steric 

hindrance from the bulky methyl substituent, a hypothesis which is further supported by 

the significant decrease in the stability constant for the AcO"  ̂ binding by the bis-{2,4-
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dimethylphenyl) urea 104, especially since the electron-donating methyl groups in the 

4-substituted urea 97 appeared to enhance the binding ability of the receptor.

Table 2.7 Stability constants log |3 of the complexation of symmetrical receptors with H2PO4 .

R. R2
Urea Thiourea

Compound log P(H2P0 4  ) Log p(H2P0 4 l Compound

H H 69 3.02 2.71 70

H F 79 3.62 2.56 80

H CF3 89 3.85 2.24 90

F F 95 1.94 1.94 96

H CH3 97 2.86 2.82 98

F H 99 1.54 2.14 100

CF3 H 101 1.49 2.37 102

CH3 H - - 2.44 103

CH3 CH3 104 1.99 - -

The behaviour of the different symmetrical receptors towards H2P0 4~ was also 

assessed. From the stability constants listed in Table 2.7, it was observed that the 

thiourea receptors tended to bind to H2PO4” less strongly compared to their urea 

analogues, which contradicted the general behaviour reported where thioureas usually
89 1^7 154 16*̂  172 17”̂have larger stability constants with anions than their urea counterparts. ' ' ' ' ' '

This difference was clearly seen between the unsubstituted urea 69 and thiourea 70, 

where log (3 = 3.02 and 2.71 respectively. Another unusual trend is the fact that 

electron-withdrawing substituents located at the 4-position of the rings caused a 

decrease in the stability constants of the thiourea receptors upon H2? 0 4 “ recognition (as 

seen for 80 and 90), while electron-donating groups increased the binding affinities (as 

seen for 98). Again, the opposite was observed in the urea analogues. The only 

property that was similarly experienced by both ureas and thioureas is the steric effect 

of substituents located at the 2 -position of the phenyl rings, thus decreasing the stability 

constants of the complexation. However, this decrease was more significant for the 

urea receptors. As previously mentioned, the thiourea receptors may be able to change 

its conformation with more ease,'^^ thus reducing the extent of the effective steric 

hindrance posed by the ortho substituents of the rings.
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2.S.2.2 fiw-Phenyl Receptors containing Electron-withdrawing Substituents

Two types of electron-withdrawing substituents have been incorporated into the 

i»/5-phenyl receptors (i.e. F and CF3). We will first compare the fluoro-substituted 

receptors followed by the trifluoromethyl-substituted ones. Tables 2.8 and 2.9 list the 

stability constants of the various Z?«-phenyl derivatives containing fluorine substituents 

with AcO“ and H2PO4” respectively.

Figure 2.20 Parent structure of substituted Z?w-phenyl receptors.

Table 2.8 Stability constants log P of the complexation of fluoro-substituted Z^w-phenyi

Ri R2 R3 R4

Urea Thiourea

Compound logp  
(AcO )

logp
(A cO l Compound

H H H H 69 3.06 3.11 70

H H H F 73 3.14 3.63 74

F H H F 79 3.70 3.68 80

H H F F 77 3.06 3.26 78

F H F F 85 3.01 3.00 86

F F F F 95 2.30 2.38 96

H F F H 99 2.17 2.83 100

The presence of a fluorine group at the para position of one of the phenyl rings 

in 73 slightly increased the AcO~ binding affinity from 3.06 to 3.14, which was an 

expected result because of the electron-withdrawing nature of the fluorine group. The 

stability constant was further increased by the para subsititution of the second aromatic 

ring. When the ortho position of one ring was substituted, log p was decreased but this 

effect was more significant when both rings were substituted at this position. The 

thiourea analogues followed similar trends, except that in the case of 80, which bound 

AcO“ with log (3 = 3.68, which was similar to 74 (log (3 = 3.63). It seems that the 

additive effect of both rings substituted at the 4-position was not experienced by the 

thiourea moiety. Solid-state results of 80 from the X-ray crystallography discussed in 

Section 2.3.2 showed that the spatial distance between the protons of the thiourea
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binding site (NH- HN distance = 2.131 A) was larger than its unsubstituted analogue 70 

(NH --HN distance = 2.114 A ) .  If the same occurs in solution, then it may explain the 

behaviour of 80 since the complementarity of the site with A cO ' has somewhat 

changed.

Table 2.9 Stability constants log (3 of the complexation of fluoro-substituted ^/5-phenyI 
receptors with H2P0 4 ~.___________________________________________________________

Ri R2 R3 R4

Urea Thiourea

Compound Logp
(H2PO 4-)

logp
(H2PO 4-)

Compound

H H H H 69 3.02 2.71 70

H H H F 73 3.23 2.77 74

F H H F 79 3.62 2.56 80

H H F F 77 2.59 2.64 78

F H F F 85 2.45 2.63 86

F F F F 95 1.94 1.94 96

H F F H 99 1.54 2.14 100

In the recognition of H2PO4", the substitution of both phenyl rings by fluorine at 

the 2-position decreases the anion binding affinities of the ureas. This is much more 

pronounced than in the case of AcO', and may be due to the larger size of the 

tetrahedral H2P0 4 ~ anion. However, unlike in acetate binding, the thiourea analogues 

show a different behaviour to that of the ureas. The para substitution of both phenyl 

rings by fluorine as in 80 reduces the stability constant to log (5 = 2.56. This may 

explain why the substitution at the 2- and 4-positions of the phenyl rings by fluorine 

(96) resulted in a lower log (3 value than that when only the 2-positions are substituted 

(100). There may be an additive effect influencing the acidity of the NH groups in 96.

From the observations made thus far in this section, it is clear the best binders 

for AcO~ and H2P0 4  ̂ are the i>«-phenyl ureas and thioureas consisting of electron- 

withdrawing fluorine substituents at the para positions. In addition, the fluorine 

substitution of the para position in both phenyl rings within the receptors tended to 

result in the highest stability constants among the other fluorine-substituted receptors.
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Table 2.10 Stability constants log (3 of the complexation of trifluoromethyl-substituted bis- 
phenyl receptors with AcO .______________________________________________________

Ri R2 R3 R4

Urea Thiourea

Compound logp
(AcO")

logp
(AcO") Compound

H H H H 69 3.06 3.11 70

H H H CF3 75 4.07 2.59 76

CF3 H H CF3 89 3.81 3.10 90

H CF3 CF3 H 101 1.79 3.77 102

The trifluoromethyl substituent was expected to have a stronger electron- 

withdrawing influence due to the presence of multiple fluorine atoms. This was 

observed in the stability constants for the binding of AcO~ by the substituted urea 

derivatives listed in Tables 2.10. Hence, 75 bound AcO“ with log P = 4.07 whereas the 

4-fluoro-substituted 73 gave a log p of 3.23, which was a significant difference. 

However, the substitution of both rings at the para position by CF3 did not show the 

same additive effect on the stability constant. In fact, the stability constant of 89 (log (3 

= 3.81) was lower than the mono-substituted derivative 75. The crystal structure of 89 

(Figure 2.4) showed that the phenyl rings were almost orthogonal with respect to each 

other, which may result in the deconjugation of the urea moiety from the phenyl rings, 

and hence, lowering its binding affinity. Although this structural characteristic is of the 

solid state, it gives some insight as to the possible reasons for the unexpected decrease 

in the binding affinity. When the 2-position of both phenyl rings was substituted, the 

log P was reduced even further and was now almost half its original value. This 

decrease in stability constant may be the result of the steric hindrance of the bulky 

trifluoromethyl groups close to the urea moiety, and followed the same trend as 

observed previously.

The AcO“ binding behaviour of the thiourea analogues, on the other hand, was 

the opposite to that of the ureas. The CF3 substituent at the para position of one phenyl 

ring (as in 76) seemed to significantly reduce the binding affinity of the thiourea 

receptor (log P = 2.59), whereas the presence of the 4-substituent on both rings (as in 

90) appeared to counteract this effect, thus the log P = 3.10 was only slightly less than 

that of the unsubstituted analogue 70 (log P = 3.11). Interestingly, the bulky groups at 

the 2 -position on both rings in 1 0 2  did not have the same expected influence of reducing
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the binding affinity of the receptor. In fact, it gave a log (3 value of 3.77, which makes it 

the strongest AcO“ binder among the thiourea-based receptors.

Table 2.11 Stability constants log P of the complexation of trifluoromethyl-substituted fow- 
phenyl receptors with H2P0 4 ~._____________________________________________________

Ri R2 R3 R4
Urea Thiourea

Compound logp
(H2PO4-)

logp
(H2PO4-)

Compound

H H H H 69 3.02 2.71 70

H H H CF3 75 3.16 2.54 76

CF3 H H CF3 89 3.85 2.24 90

H CF3 CF3 H 101 1.49 2.37 102

Table 2.11 show the stability constants of these receptors upon the binding of 

H2 P0 4 ~. The ureas, once again, illustrated the expected behaviour of the presence of 

electron-withdrawing groups, where the stability constant was increased by the presence 

of at least one 4-substituted phenyl group. However, unlike previously observed for the 

acetate recognition, the receptor actually experienced an additive electron-withdrawing 

effect when both rings were substituted at the para position in 89. Also, this receptor 

bound the anion with log P = 3.85, which was only slightly higher than that of the 

fluoro-substituted analogue 79 (log (3 = 3.62). This does not provide enough evidence 

to support the hypothesis that the CF3 substituent has a stronger electron-withdrawing 

influence on the urea moiety than F. Again, the presence of the substituents at the 2- 

position of the phenyl rings caused the expected decrease in the binding affinity of the 

receptor.

The recognition of H2P0 4 ~ by the thiourea analogues showed a similar 

behaviour to that of AcO~, where the CF3 substituents at the para position of the rings 

caused a reduction in the binding affinities of the receptors. When the 2-substituted 

derivative 1 0 2  bound to H2P0 4 ~, the expected decrease in log P (due on steric 

hindrance) was observed, but not to a great extent. Even though the H2P0 4 ~ binding of 

102 is not enhanced like that seen for AcO binding, the small degree of this sterically 

influenced decrease in log P demonstrates that 1 0 2  may have undergone a 

conformational change in order to provide a better access for the H2 P0 4 ~ anion. 

However, due to the bulky nature of this tetrahedral anion, it may still be experiencing
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steric hindrance from the ortho substituents, resulting in small decrease instead of an 

enhancement in the stability constant.

Overall, it was observed that the best urea-based binder for AcO“ and H2P0 4 ~ in 

this receptor category were those containing at least one 2-substituted electron- 

withdrawing group (either F or CF3). In the case of the thiourea analogues, a similar 

trend was observed for the fluorine substituted receptors. However, for the CF3 

substituted thioureas, it appears that the best AcO" binder was 102 which possesses 

substituents at the 2-position of both its phenyl rings. As previously mentioned, this 

unusual behaviour may be attributed to the fact that thioureas tend to be 

conformationally more flexible than ureas, and hence, have the potential to undergo 

rotational structural changes in solution.'^’

2.5.23 Bis-Pheny\ Receptors containing Electron-donating Substituents

The methyl-substituted urea and thiourea receptors showed some interesting 

results in their binding of AcO^ and H2PO4”, as seen from their stability constants listed 

in Tables 2.12 and 2.13 respectively. The methyl groups are electron-donating in nature 

and it is believed that this would result in reducing the acidity of the NH protons of the 

urea and thiourea moieties.

Table 2.12 Stability constants log P of the complexation of methyl-substituted Wi'-phenyl 
receptors with AcO~.___________________________________________________________________

Ri R 2 R 3 R 4

Urea Thiourea

Compound logP
(AcO“)

logP
(AcO') Compound

H H H H 69 3.06 3.11 70

H H H CH3 71 3.49 3.63 72

CH3 H H CH3 97 3.34 2.92 98

H CH3 CH3 H - - 2.72 103

CH3 CH3

Xu

CH3 104 1.90 - -
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Table 2.13 Stability constants log (3 of the complexation of methyl-substituted ^w-phenyl 
receptors with H2P04~.______________________________________________________________

Ri R2 R3 R4

Urea Thiourea

Compound logp
(H2PO4)

logp
(H2PO4)

Compound

H H H H 69 3.02 2.71 70

H H H CH3 71 2.83 2.94 72

Xu

H H n X 97 2 . 8 6 2.82 98

H CH3 CH3 H - - 2.44 103

CH3 CH3 CH3

Xu

104 1.99 - -

However, the above log P values obtained from this study illustrate the 

opposite result. The para  methyl substitution of the phenyl rings in fact increases the 

stability constants of these receptors in almost all the cases, except for those of the urea 

derivatives binding to H2PO4 . In this case, the stability constants followed the 

expected trend of being lowered by the presence of electron-donating methyl groups. 

The presence of methyl groups at the 2 -position of the phenyl rings of these receptors 

led to a decrease in their stability constants. Again, this is expected as the methyl 

groups may be sterically hindering the binding of the anion to the urea or thiourea 

moiety.

2.S.2.4 “Hybrid” B/s-Phenyl Receptors

We will now consider Z^w-phenyl anion receptors containing both electron- 

withdrawing and electron-donating substituents {i.e. “hybrid” receptors).

Table 2.14 Stability constants log (3 of the complexation of Z?/5-phenyl receptors containing a 
trifluoromethyl or/and methyl substituents with AcO~.____________________________________

Ri R2 R3 R4

Urea Thiourea

Compound logp
(A cO l

iogP
(AcO) Compound

H H H H 69 3.06 3.11 70

H H H CF3 75 4.07 2.59 76

H H H CH3 71 3.49 3.63 72

CH3 H H CF3 87 3.34 2.75 88
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Table 2.15 Stability constants log (3 of the complexation of Z?/5-phenyl receptors containing 
trifluoromethyl or/and methyl substituents with H2P04~.____________________________________

Ri R2 R3 R4
Urea Thiourea

Compound logP
(H2PO 4-)

logp
(H2PO 4-)

Compound

H H H H 69 3.02 2.71 70

H H H CF3 75 3.16 2.54 76

H H H CH3 71 2.83 2.94 72

Xu

H H CF3 87 3.64 2.62 88

From Table 2.14, the presence of both CF3 and CH3 in both the urea and the 

thiourea derivatives seemed to result in a kind of additive effect. Here, 87 still bound to 

AcO” stronger than its unsubstituted analogue 69, but the stability constant was affected 

such that the CH3 substituent has a greater influence on the overall binding than CF3. 

The opposite is observed in the thiourea analogue 88, where CF3 > CH3 in influence. A 

similar trend was observed both urea and thiourea “hybrid” derivatives in the case of 

complexation with H2P0 4 “ (Table 2.15).

Table 2.16 Stability constants log (3 of the complexation of fcw-phenyl receptors containing 
fluorine or/and methyl substituents with AcO~.____________________________________________

Ri R2 R3 R4

Urea Thiourea

Compound logp
(A cO )

logp
(A cO l

Compound

H H H H 69 3.06 3.11 70

H H H F 73 3.14 3.63 74

H H H CH3 71 3.49 3.63 72

CH3 H H F 81 3.72 3.58 82

CH3 H F F 93 2.61 3.11 94

H H F F 77 3.06 3.26 78
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Table 2.17 Stability constants log (3 of the complexation of Z?/5 -phenyl receptors containing 
fluorine or/and methyl substituents with H2PO4 .________________________________________

R. R2 R3 R4

Urea Thiourea

Compound log (3 
(H2PO4-)

logp
(H2PO4 )

Compound

H H H H 69 3.02 2.71 70

H H H F 73 3.23 2.77 74

H H H CH3 71 2.83 2.94 72

CH3 H H F 81 2.64 2.76 82

CH3 H F F 93 2.40 2.37 94

H H F F 77 2.59 2.64 78

In the AcO~ complexation of F-CH 3 “hybrid” 6 /5 -phenyl urea receptors, the 

presence of both F and CH 3 resulted in an enhancement in the stability constant (Table 

2.16); this is most likely an additive effect. However, when the 2-position of one 

phenyl ring was also substituted by F as in 93, the stability constant was significantly 

lowered. This may be the result o f steric influences of the fluorine atom at the ortho 

position of the ring. As for the thiourea analogues, the combination of two types of 

substituents did not seem to cause an additive effect since 82 has a log (3 value very 

similar to those of the thioureas subsitituted by only one substituent type. However, the 

ortho substitution again influenced the binding affinity o f 94, possibly due to the steric 

influence of the 2-substituent. This was also observed in the recognition of H 2 P 0 4 ~ for 

both urea and thiourea analogues (Table 2.17).

Table 2.18 Stability constants log (3 of the complexation of ftw-phenyl receptors containing 
fluorine or/and trifluoromethyl substituents with AcO~.___________________________________

Ri R2 R3 R4

Urea Thiourea

Compound logp
(AcO)

logP
(A cO l Compound

H H H H 69 3.06 3.11 70

H H H F 73 3.14 3.63 74

H H H CF3 75 4.07 2.59 76

CF3 H H F 83 3.95 3.45 84

CF3 H F F 91 3.17 3.50 92

H H F F 77 3.06 3.26 78
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Table 2.19 Stability constants log (3 of the complexation of Ẑ w-phenyl receptors containing 
fluorine or/and trifluoromethyl substituents with H2PO4 .________________________________

Ri Ri R3 R4

Urea Thiourea

Compound logp
(H2PO4 )

logp
(H2PO4-)

Compound

H H H H 69 3.02 2.71 70

H H H F 73 3.23 2.77 74

H H H CF3 75 3.16 2.54 76

CF3 H H F 83 3.69 3.53 84

CF3 H F F 91 3.20 2.17 92

H H F F 77 2.59 2.64 78

Tables 2.18 and 2.19 list the stability constants of F-CF3  “hybrid” urea and 

thiourea receptors for the recognition of AcO” and H2 P0 4 ,̂ respectively. In the case of 

AcO~ binding, the log |3 value of 83 (3.95) appeared to be influenced mainly by the para 

CF3 substituent, whereas its thiourea analogue, 84, experienced the electron- 

withdrawing nature of the para F substituent. When the 2-position of the 4- 

fluorophenyl ring was substituted by a fluorine group, a decrease in the log (3 was 

observed for the recognition of AcO by 91. However, this was not the case for the 

thiourea analogue 92, whose log (3 remains almost unchanged. Again, this may be due 

to the flexibility of the thiourea m o i e t y , e n ab l i n g  the molecule to rotationally adjust 

its structure to provide a more accessible binding site despite the potential steric 

crowding.

When binding to H2 P0 4 ~, the presence of both F and CF3  resulted in an 

enhancement of log |3 in these urea and thiourea receptors, and this was significantly 

reduced by the steric influence of F group at the 2-position of the one phenyl ring.

2.6 Conclusions

This anion binding study was carried with the aim of establishing a better 

understanding of the binding abilities of charge-neutral /?/^-phenyl receptors by looking 

at the electronic and steric effects of three different substituents towards the anion 

binding affinities of these receptors.

We therefore designed and synthesised 36 i>«-phenyl receptors (18 ureas and 18 

thioureas) for the purpose of studying their binding abilities towards various simple
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anions. Their binding affinities of these receptors mainly follow the trend: AcO" == >

H2PO4” > C r  > Br", with a few exceptions. In general, the hostiguest stoichiometries of 

AcO” and H2P04~ complexation are 1:1, whereas that of P  is 1:2 . The binding of is 

believed to involve two processes {i.e. complexation and 

d e p r o t o n a t i o n ) . T h e  latter processs leads to the formation of a 

bifluoride ion (HF2") due to one of the NH protons of the urea or thiourea moiety being 

deprotonated. Figure 2.13 (in Section 2 .4 .1) illustrates the proposed mechanism for this 

deprotonation. One indicative observation for the deprotonation is the appearance of a 

triplet at ca. 16 ppm in the 'H NMR spectrum, which is attributed to the bifluoride ion. 

These urea- and thiourea-based receptors all have very little affinity towards the halides, 

c r  and Br“.

Thioureas are generally believed to bind stronger to anions then their urea
89 137 1 ^4 ] 6"̂  IV2 173analogues due to the S atom increasing the acidity of the NH protons. - ' ■ -

However, this is not the trend that is observed in our simple /7/5'-phenyl systems. In 

most cases, the stability constants of the thioureas were found to be almost equivalent or 

less than those of the ureas. The following lists the main observations made from the 

study:

o In the recognition of AcO^ by the /?/5-phenyl ureas, the three best receptors were 

75, 83 and 89, while the three weakest binders were 99, 101 and 104. The best 

thiourea-based receptor for AcO~ is 102, and the weakest is 96. The four 

receptors with strong binding affinities all contained at least one CF3 substituent, 

but interestingly, 102 is substituted at the 2-position of the phenyl rings, while 

the others are para substituted. Hence, when designing sensor based on these 

Z>/.s-phenyl receptors such that it would bind well to AcO”, it is best to choose a 

compound which contains either F or CF3 substituent at the 4-position on at least 

one of the phenyl rings, while in the case of thiourea, the best one to incorporate 

is that which has CF3 groups at the 2-position on both rings.

75 X = O; R, = R2 = R3 = H; R4 = CF3
83 X = 0 ;Ri = F;R 2  = R3  = H;R4 = CF3

84 X = S;Ri = F;R2  = R3  = H;R4 = CF3

89 X = O; Ri = R4  = CF3 : R2  = R3  = H
96 X = S; Ri = R2  = R3  = R4  = F
9 9  X = O; Ri = R4  = H; R2  = R3  = F
101 X = 0 ; R i = R4 = H;R2 = R3 = CF3
102  X = S; Ri = R4 = H; R2 = R3 = CF3
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o The strongest urea-based receptor for H2P04~ is 89 , and the weakest one is 101. 

The thiourea-based receptor which binds best to H2PO4' is 84 , while 96 has the 

weakest affinity to this anion. Again, like in the recognition of AcO”, the 

strongest binders contain a CF3 group, and the weakest ones were substituted at 

the 2-position of the phenyl rings, 

o Receptors substituted at the 2-position of their phenyl rings experience a 

decrease in their anion binding abilities, and this is most likely due to the steric 

hinderance of the substituents towards any approaching anion. One exception is 

102 (substituted by CF3 at the 2-position of both rings), which binds AcO“ with 

a log P value of 3 .77, making it the best receptor among the /j/i'-phenyl thiourea 

receptors for AcO” recognition, 

o The thiourea-based receptors tend to bind less strongly to H2PO4” than their urea 

analogues. This is counter-intuitive since the NH protons o f thioureas are 

generally believed to be more acidic than those of ureas, and thus, they should 

have stronger anion binding a f f i n i t i e s . A n o t h e r  anomalous 

behaviour observed in the recognition of H2PO4" by the thiourea receptors is that 

electron-withdrawing substituents seem to lower the binding affinities, whereas 

electron-donating ones causes an enhancement in these affinities. These atypical 

observations may be due to the fact that thioureas are conformationally more 

flexible than their urea analogues,'^’ and therefore, there is a possibility that any 

conformational changes within the thiourea receptors may affect their anion 

binding properties to a certain extent, 

o The electron-donating nature of the CH3 substituent does not have as strong an 

influence on the urea or thiourea m otif in comparison to the electron- 

withdrawing groups. Also, the electron-donating group tend to increase the 

stability constants of the anion recognition process, except in the case of the 

H2PO4" binding by the urea-based receptors, in which there is a reduction in the 

binding affinities. The crystal structure of the methyl-substituted d/5-phenyl 

urea 81 (Figure 2 .4 ) showed that the phenyl rings were almost orthogonal with 

respect to each other, which may cause the deconjugation of the urea moiety 

from the phenyl ring. Even though this structural characteristic is of the solid 

state, it gives some insight as to the possible causes for the unexpected increase 

in the binding affinity in the presence of an electron-donating group.
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o The CF3 substituent does not always have a stronger electronic influence 

compared to the F group, which may be due to the fact that the F group is 

directly attached to the aromatic rings, 

o There is generally an additive effect observed in the electronic influence of the 

substituents in the /?/5-phenyl receptors containing both electron-withdrawing 

and electron-donating groups.

Therefore, the analysis of the possible trends from the stability constants 

calculated from the 'H NMR titrations gave rise to several counter-intuitive behaviours 

in both urea/thiourea and electron-donating/electron-withdrawing principles. These 

observations made it quite challenging to form definite trends that would be useful in 

designing urea- and thiourea-based anion sensors. It is very possible that other factors, 

such as solvent and structural effects (even though attempts have been made to keep 

them constant), are also influencing the anion binding processes.

Finally, despite the difficulties faced in analysing the observations made from 

this study, we can safely conclude that the presence of a CF3 group on the aromatic 

rings (generally at the para position) greatly enhances the anion binding affinities of 

these &/5-phenyl receptors in DMSO, while substituents located at the ortho position 

tended to significantly lower the stability constants of the anion binding process. Figure 

2.21 illustrates a flowchart outline a simple strategy for choosing the most suitable 

receptor for a particular target anion. The most selective receptor for AcO^ over H2P04~ 

in this study was the thiourea receptor 102, which was substituted by CF3 groups at the 

2-position on both phenyl rings.
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Strategy for choosing best binder

Which target anion?V r
AcO‘ H 2 P 0 4 ”

 ■ ■ ■Which receptor?

I I i
urea thiourea urea thiourea

Which substituen t and at which position (pos.) on phenyl rings?

r  A f  N
CF3 (4 -pos.) C F3(2-pos.) C F 3 (4-pos.) C F3 (4-pos.)
on at least on both rings on both rings on at least
one nng one nng

V  J V . J ^  J V . J

Figure 2.21 Flowchart outlining a simple strategy to choose the best urea- or thiourea-based 
binder for a particular target anion.

2.7 Future Work

Since the anion binding studies of these /j/i-phenyi ureas and thioureas gave rise 

to several interesting results, it may be worthwhile to design more receptors 

incorporating other substituents, such as Et, OH, NO2, Cl, Br and I. Anion binding 

studies of the above suggested receptors may provide even more information regarding 

the counter-intuitive behaviour observed in some of the previously studied i'/i'-phenyl 

receptors, and thus, provide further support towards the conclusions made from our 

study.

Another structural modification which may be useful is the substitution of the 3- 

position of the aromatic rings. The stability constants obtained from the anion binding 

studies of these receptors would not only provide information towards the influence of 

substituents on the binding affinity, they would also be useful in a study based on the 

Hammett equation, which states that a property may be directionally proportional to the 

electronic nature of the substituent at either the meta or para  position o f the phenyl ring.

It is hoped that the log P values obtained from all these anion binding studies 

would provide a substantial library for future reference.
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3.1 Introduction

This chapter will deal with two kinds of anion sensors based on the use of 

molecular tweezers and chiral receptors. In both cases, it incorporates the principle of 

preorganisation to enhance the selectivity of receptor towards a particular guest.

Molecular tweezers utilising the urea and thiourea moieties as anion receptors 

have been designed based on a number of structural backbones such as 

[3]polynorbonanes,^' chenodeoxycholic acid'^"* '^  ̂ and 2,2’-biphenol.'^^ Kim and Kim 

synthesised the first example of an chenodeoxycholic acid-based molecular tweezer 

(105) containing urea moieties acting as the anion receptor.’ "̂* Binding studies with 

selected anions showed that this molecular tweezer binds strongest to H2P0 4 " with a 

host:guest stoichiometry of 1 :1 , indicating a cooperative binding.

OTBS

105
NH HN

NH HN HNNH
\

Another example of an anion-binding molecular tweezer used is one designed by 

Albrecht and c o - w o r k e r s . T h i s  molecule (106) is based on a 2,2’-biphenol backbone, 

using urea moieties as the receptors. This receptor binds selectively to NO3 , forming a 

1:1 host:guest complex via hydrogen bonding. This binding was achieved in an additive 

manner (i.e. the more hydrogen bond donors available, the higher the anion binding 

affinity).

Mu et al. designed and synthesised anion sensors which incorporates both 

principles discussed in this chapter (i.e. these sensors are chiral and behave as molecular 

t w e e z e r s ) . C o m p o u n d  107 is an example of this novel type of chiral molecular 

tweezer which shows significant binding towards halides, in particular, chloride ions.
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107 R = CHaPh

There have also been a number of reports in literature exemplifying anion 

sensing using chiral molecules.’®'’’’*’’’  ̂ Fabbrizzi et al. synthesised bis-{p. 

nitrophenyl)urea-based frans-l,2-cyclohexane R,R and S,S enantiomers {e.g. 108) which 

are capable of enantioselective recognition of the biologically relevant D-2,3- 

diphosphoglycerate anion in DMSO with a hostrguest stoichiometry o f 1:1.'^^

The next section will now consider the fluorophores which will be utilised in the 

fluorescent anion sensors discussed in this chapter.

3.2 Fluorescence o f A nthracenes and N aphthalenes

Most rigid aromatic hydrocarbons, such as benzene, naphthalene and anthracene, 

are in general measurably fluorescent (1 > O / > 0.01).'*® This fluorescence may be 

enhanced by molecular rigidity (due to structural and environmental constraints). In 

this chapter, the fluorophores incorporated into potential anion sensors are anthracenes 

and naphthalenes. Anthracene itself generally fluoresces with a quantum yield higher 

than that of naphthalene, although this property is dependent on the solvent they are 

measured in. This is due to the fact that the n-n So ^  Si transition in anthracene is 

“orbital symmetry allowed” (i.e. the molecule contains a long axis which is suitable for 

the electric vector to induce electron oscillation), while that in naphthalene is “ o rb ita  

symmetry forbidden” (i.e. the molecule is so symmetrical that the electric vector of the 

light cannot easily find an axis along which to oscillate an electron).'**^

The emission of the anthracene moiety is in the wavelength region between 400 

and 500 nm (absorption between 200 and 400 nm), and that for naphthalene, 300 and 

450 nm (absorption between 250 and 300 nm).'®° '*' The fine structure of the 

absorption and fluorescence spectra of such molecules is dependent on their solvent 

e n v iro n m e n t.S u b s titu e n ts  on these polyaromatic rings can also induce c h a n g e s '"  

their absorption and fluorescence, such as shifting to different wavelengths as well ^ 

changes in their fine structures (e.g. broadening).
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3.3 Objectives

As aforementioned, this chapter deals with tweezer-type and chiral fluorescent 

anion sensors which utilises two types of polyaromatic fluorophores; anthracene and 

naphthalene. Hence, there will be two main sections in this chapter; the first will be on 

^/5-anthracene systems and the second on ^/^-naphthalene systems.

The objective of the first part follows on from the photo-induced electron 

transfer (PET) anion sensing work carried out within the Gunnlaugsson research 

g r o u p . A l l  the PET anion sensors previously studied were mono

anthracene systems, which showed significant fluorescence quenching upon anion 

recognition. Therefore, it was hoped that the incorporation o f another anthracene 

moiety to form a bis-system  would enhance the anion binding properties. One possible 

means for this enhancement to occur may be through n-n interactions between the two 

anthracene moieties as the binding of a target anion may bring them closer together. 

Three Z?/5-anthracene systems 109 - 111 were designed and synthesised. Compound 109 

contains one thiourea receptor site, while the other two sensors 110 and 111 were bis- 

thiourea derivatives. The physical evaluation of the anion binding ability of these PET 

sensors was then carried out using techniques such as 'H  NMR and fluorescence 

spectroscopies.

N
H

109

NHNH

HNNH

110 111
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The second part of this chapter looks at the possibility of monitoring anion 

recognition via changes in the chiro-optical properties of the anion sensor. Hence, bis- 

napthalene derivatives 112 - 114 containing chiral centres were designed and 

synthesised. Anion binding of 112 - 114 were monitored using 'H NMR, fluorescence 

and circular dichroism (CD) spectroscopies.

114

3.4 fi/s-Anthracene-based Fluorescent Anion Sensors 109-111

In this section of Chapter 3, the synthesis of fluorescent thiourea-based anion 

sensors containing two anthracene moieties (109 -  111) and the physical evaluation of 

their anion binding abilities will be discussed.

3.4.1 Synthesis of Sensors 109 - 111

Compounds 109 - 111 used in the anion binding experiments (discussed later in 

this chapter) were designed by Dr Tierney within the Gunnlaugsson research group. 

The synthesis of all three compounds began with the readily available starting material 

9-anthraaldehyde 115, which was converted to 9-(isothiocyanatomethyl)anthracene 119 

in four steps following a previously published procedure (Scheme 3.1).'^"* This 

isothiocyanate derivative is the main component required for the synthesis of the 

designed Z>/5-anthracene systems 109 - 111.

The aldehyde 115 was first reduced to its alcohol 116 using NaBH4 . Chloro- 

substitution of 116 was achieved using 2,4,6-trichloro-[l,3,5]-triazine (cyanuric 

chloride) to give 117. This was then converted into the amine using hexamethylene 

tetraamine and isolated as the HCl salt 118. Finally, 119 was formed from the reaction
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of 9-(aminomethyl)anthracene hydrochloride 118 with thiophosgene in a biphasic 

mixture of saturated NaHCOs and THF. The crude product was isolated as an oil, 

which was purified using silica gel chromatography with ethyl acetate-hexane (9:1) as 

the eluent. The pure isothiocyanate 119 was obtained as an yellow solid with a yield of 

20%. However, the precursors of this compound were all obtained with reasonably high 

yields (5 7 -9 1 % ).
,0H

2,4,6-dichloro-[1,3,5]-triazineNaBH

MeOH 
RT 

18 h

DMF, DCM 
RT 

18 h

115 116
57%

117
83%

i) hexamethylenetetramine 
CHCI3 reflux 18 h

ii) HCI:Et0H:H20 (5:20:4) 
70 °C 18 h

NH^.HCI
thiophosgene

sat. NaHCOa, THF 
RT 

18 h

NCS

118
91%

119
20%

Scheme 3.1 Four-step conversion of 9-anthraaldehyde 115 into 9-(isothiocyanatomethyl) 
anthracene 119.

The anthracene-based fluorescent sensor 109 was formed from the reaction of 

118 and 119 in the presence of a catalytic amount of triethylamine in anhydrous DCM 

(Scheme 3.2). The reaction was left stirring at room temperature for 30 minutes after 

which a yellow precipitate had formed. The desired precipitate was isolated by 

filtration and was washed with DCM and diethyl ether to remove any impurities or 

starting material. The yield for the synthesis of 109 was 78%.

SON

118 119

DCM

RT 
30 min

'N  N
H H

Scheme 3.2 Synthesis of fluorescent sensor 109.

83



Chapter 3 -  Towards the Development of Polyaromatic Anion Sensors

Compounds 110 and 111 were obtained by the reaction of two equivalents of the 

isothiocyanate a ,a ’-diamino-p-xylene 120 and (lS,2S)-(+)-l,2-diaminocyclohexane 121 

respectively, using the same method as for the synthesis of 109 (Scheme 3.3). They 

were also obtained as yellow solids with yields of 78% and 43% for 110 and 111 

respectively.

N C S

119

120

Ĥ N / /A .N H ,

Et3N (cat,), DCM, RT, 3 0  min

EtjN (cat.

CHCU, RT, 3 0  min

110 78%

111 43%

Scheme 3.3 Synthesis of fluorescent sensors 110 and 111.

3.4,1.1 Characterisation of 109 - 111

The characterisation of 109 - 111 were achieved by 'H and '"̂ C NMR 

spectroscopy, infrared (IR) spectroscopy (IR) and elemental analysis (CHN).

Figure 3.1 shows the 'H NMR spectrum of 109 in DMSO-^/^. The characteristic 

anthracene aromatic shifts can be clearly observed, with a singlet at 8.52 ppm, doublets 

at 8.33 and 8.01 ppm, and a multiplet centred at 7.45 ppm. The signals for the NH 

protons of the thiourea moiety are masked under the anthracene multiplet, and their 

presence were verified using a D2O shake. Compound 109 is clearly symmetrical as 

only one set of each type of proton can be observed in the spectrum.

The 'H NMR spectra of the /jw-anthracene systems 110 and 111 also showed the 

characteristic signals for anthracene. Two of the NH protons of the thiourea moieties in 

110 are also masked under the anthracene multiplet at 7.50 ppm, as observed in 

compound 109. However, the other two NH protons are not hidden and are located at 

7.75 ppm. Only in compound 111 are all four NH protons unmasked by other peaks on 

the spectrum.
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h-tv.

iirrrr̂ ’
An-H + thiourea-NH

<7>
in
in

An-H

CM 0  00 in CO CMm in
h - h -

f

1

7.50

1

7.40
(ppm)

8.8 8.6 8.4 8.2 8.0 7.8 7,6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2
(ppm)

Figure 3.1 'H  NMR spectrum (400 M H z, DMSO-^/s) o f thiourea 109.

Figure 3.2 illustrates the 'H  NM R spectrum  o f com pound 111 in DMSO-iifi. The 

chem ical shifts for the thiourea NH protons in 111 are located 7.16 and 7.68 ppm. 

A nother characteristic set o f chem ical shifts observed in 111 are the C H 2 and chiral CH 

protons on the cyclohexane ring. Since cyclohexane is generally stable in the chair 

conform ation, five broad singlet peaks observed in the 'H  N M R spectrum  may be 

assigned to the protons o f this ring. The m ethylene protons are in sets o f  two protons 

located at 0.98, 1.14, 1.50 and 2.06 ppm , while the CH protons at the chiral centres o f 

the cyclohexane ring adjacent to the NH protons o f the thioureas are found further 

dow nfield at 4.01 ppm.

The m elting points o f thioureas 109, 110 and 111 were also obtained and found 

to be in the region between 240 and 260 °C.
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r ^ c D T t r ^ t n  0 0  r ^ i n ’«3-c D  co c d  o t j - o omcMCMoo ID  Tj- o o m -f-O)
coodcoodoo l6  cvj W - r ^ d

thiourea-NHAn-H

(D( O - t  
CMC\J 
CO 06

0 0
0306
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8.6 8,2 7 . 8
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F ig u r e  3.2 'H NMR spectrum (400 MHz, DMSO-i/^) of thiourea 1 1 1 .

3.4.2 Physical Evaluation of the Anion Recognition of 109 - 111

The ability o f 109 - 111 to recognise anions in DMSO were initially studied by 

'H  NMR spectroscopy, which is a useful technique to directly observe the effect of 

anion complexation on the NH protons o f such sensors. Photophysical studies (using 

mainly fluorescence spectroscopy) were also conducted.

3.4.2.1 ‘H NMR Titrations o f 109 - 111 with Anions

The 'H  NMR spectroscopic experiments were performed on host solutions of 

109 - 111 in DMSO-Jrt (0.5 x 10"  ̂M - 1.0 x 10'^ M) at 25 °C. On all occasions, it was 

possible to monitor the thiourea NH protons in these experiments as their chemical 

shifts did not broaden significantly and were clearly distinct. In general, the signals for 

these NH protons were shifted downfield upon anion recognition. This recognition 

event was clearly observed for all the three sensors upon addition of AcO“, H2P0 4  ̂ and 

P .  One exception was the lack of binding observed in the titration of 109 with H 2P O 4”,
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as none of the NH protons were significantly perturbed. This may be attributed to the 

bulky shape of H2P0 4 ~ compared to AcO‘ and P ,  and hence, it is difficult for this guest 

to approach the sterically hindered thiourea receptor site.

Figures 3.3 and 3.4 illustrate, by means of stackplots, the changes observed in 

the 'H NMR spectrum of 109 upon the addition of AcO' and P  respectively. When 

AcO“ or P  was added to 109, only the peaks indicating the NH protons were 

significantly perturbed. Although the chemical shifts of the anthracene moiety showed 

very little shift upon anion binding, the peaks broadened appreciably. In the case of P  

binding, there was also an appearance of a new triplet peak at ca. 16 ppm, which 

indicated the formation of HF2” upon the deprotonation of one of the thiourea NH 

protons. The appearance of this peak in presence of ca. two equivalents of fluoride has 

been reported in the l i t e r a t u r e . I n t e r e s t i n g l y ,  the appearance of the 

Hp2~ in this case occurred after the addition of ca. one equivalent of fluoride. Gale and 

co-workers have reported a similar case where the deprotonation also takes place upon 

the addition of only one guest equivalent, possibly due to the high acidity of the urea or 

thiourea NH protons.*^^ ''̂ ^

thiourea-NH

0.0 eq

1.1 eq

2.1 eq

8.6 8.4 8.2 8.0 7.8 7.6 7.4
5 (ppm)

Figure 3.3 Stack plot of 'H NMR spectra of 109 (1.0 x 10 “ M) upon addition of AcO' in 
DMSO-i/rt- (*the peak indicating thiourea NH protons are hidden underneath the anthracene 
multiplet in the free host of 109.)
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Figure 3.4 Stack plot of 'H NMR spectra of 109 (1.0 x lO " M) upon addition of F  in DMSO- 
dfy. (*the peak indicating thiourea NH protons are hidden underneath the anthracene multiplet in 
the free host of 109.)
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3.4.2.1.1 Analysis of the NMR Titration Data for 109 - 111

The results obtained from these titrations was plotted as the cumulative changes 

in chemical shift (A5) against the equivalents of anion added. Figures 3.5, 3.6 and 3.7 

show the plots of A5 against equivalents of various anions for thioureas 109, 110 and 

111, respectively. Compound 109 bound to K  the strongest, followed by AcO“. 

However, the binding curves did not fully achieve a plateau even after 5 equivalents of 

guest are added, indicating weak binding. There was very little binding observed for 

H2PO4" and Cr. The lack of binding to H2P0 4 ~ may be due to steric crowding o f the 

thiourea receptor site by the two bulky anthracene moieties as previously discussed.

2.5

2.0

1.5
▲

to  ^ A
<3 A

▲

A

A
A

A

1.0

0.5 A *

0.0 ■ •  ■ ■ *
0.0 1.0 2.0 3.0 4.0 5.0

Guest equivalents

♦  acetate ■ dihydrogenphosphate A fluoride •  chloride

Figure 3.5 Relative cumulative changes in the chemical shift of NH proton at 7.5 ppm for 
sensor 109 (1.0 x 10’̂  M) against equivalents of various anions in DMS0-c?6.

In the case of the Z?/5-anthracene systems 110 and 111, the magnitude of 

perturbation of the thiourea NH protons appeared to be similar for the AcO” and 

recognition. The apparent increase in the binding affinity of these compounds to AcO“ 

may be the due to these hosts being more flexible as a result of the methylene spacers 

appending the thiourea receptors to the structural backbones {i.e. phenyl and 

cyclohexane rings). Hence, more bulky anions such as AcO" and H2PO4'  may be able 

to approach the receptor sites with more ease. The lessening of the steric hindrance also 

led to more significant changes in the thiourea NH peaks upon H2PO4 complexation. 

However, there is still very little binding observed in the presence of chloride.
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2.5

2.0

▲
1.5 A

0.5

0.0
0.0 1.0 2.0 3.0 4.0 5.0
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♦  acetate ■ dihydrogenphosphate A fluoride •  chloride

Figure 3.6 Relative cumulative changes in the chemical shift of proton at 7.5 ppm for sensor
110 (1.0 X 1 O '  M) against equivalents of various anions in DMSO-iifi.
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Figure 3.7 Relative cumulative changes in the chemical shift of proton at 7.2 ppm for sensor
111 (0.5 X 10'  ̂M) against equivalents of various anions in DMSO-Je-

It is also notable that 111 seemed to bind P  more strongly than 110, since the 

NH peaks completely disappeared in 111 after the addition o f ca. two equivalents of the 

guest, which is a characteristic point for the deprotonation of the thiourea NH protons to 

occur.
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3.4.2.1.2 Stability Constants (log P) from ’H NMR Titration Data of 109 - 111

The stability constants (log (3) for the complexation of 109 - 111 with the 

selected anions (Table 3.1) were determined from the data collected using the Fortran- 

based WinEQNMR program.’  ̂ It was not possible to obtain log (3 values obtained for 

the complexation of the monotopic thiourea sensor 109 with the selected anions. This 

may be due to the weak binding of 109 to AcO“ and F^, while there was no significant 

binding to H2PO4” and CP.

Table 3.1 Binding constants (log P) of 109 - 111 upon complexation with putative anions in 
DMSO-i/ft. All values were obtained from W inEQNM R,and are within 15% error. “ the 
binding process is too complicated for analysis by WinEQNMR; *’ the binding is too weak for 
analysis by WinEQNMR.________________________________________________________

Sensor log P (AcO ) 10gP(H 2P04l log p e n

109 b b a, b

110 1.67 1.49 a

111 1.99 1.96 a

The presence of two thiourea moieties within these Z?/5 -anthracene molecules 

seemed to enhance the anion binding abilities. However, it is uncertain whether this is 

due to the multiple binding sites, or the possibility that the NH protons may be less 

sterically obstructed by the anthracene rings. From the stability constants obtained, it is 

observed that compound 111 bound the strongest to AcO~ with a log (3 value of 1.99, 

while compound 110 bound the anion with a log P value of 1.67. In the case of H2P0 4 ~ 

binding, compound 111 achieved a higher stability constant (log P = 1.96) than 

compound 110 (log P = 1.49). The log P values for the F  ̂complexation by 110 and 111 

could not be obtained, as this may involve more than one process and may not have 1 : 1  

host:guest (H:G) stoichiometries. The presence of the triplet peak at 16 ppm in the 'H 

NMR titration also indicated the possibility of a second process {i.e. the deprotonation 

of one of the NH protons of the thiourea).

From these 'H NMR binding studies, it was observed that all three bis- 

anthracene compounds generally bind anions in the following order: F“ > AcO” > 

H2PO4” > C r. However, the binding is still considerably weak in comparison to that of 

mono-anthracene thiourea sensors previously studied within the group.
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Compound 111 appears to bind anions the best of all three compounds, which may be 

the result of less steric hindrance present within this molecule.

Figures 3.8 (a) - (d) show the graphs generated by W inEQNM R illustrating the 

fit between the observed and calculated data for the binding of AcO“ and H 2PO4” by 110 

and 111. A good fit ensures that the log P value calculated by the program is 

reasonable, even though the value of the error may be quite big.

Figure 3.8 WinEQNMR-generated graphs of the fit between the observed (points) and 
calculated (line) data for the binding of: (a) AcO" with 110 (1.0 x 10 “ M); (b) H2PO4 with 110 
(1.0 X 10'  ̂ M); (c) AcO' with 111 (0.5 x 10“ M); (d) H2P0 4 ’ with 111 (0.5 x 10’̂  M), carried 
out in DMSO-Jft.

3.4.2.2 Fluorescence Titrations o f 109 - 111 with Anions

The photophysical properties of 109 - 111 were initially measured in DMSO at 

25 °C. The absorption spectra for these compounds exhibited the characteristic fine 

structure that is usually observed for anthracene, consisting of a central main band at 

370 nm, and two other bands at 352 and 391 nm. The extinction coefficients of 109, 

110 and 111 in DMSO were calculated from the absorbances obtained at 370 nm and
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were found to be 18131, 18773 and 18600 M 'cm  ' respectively. The fluorescence 

emission of all three compounds (excited at 370 nm) were also similar to each other, 

demonstrating the characteristic fine structure of anthacene. The band with maximum 

intensity occurred at 420 nm, followed by the bands at 398 and 444 nm and a shoulder 

located at 475 nm.

Anion binding studies monitoring fluorescence changes upon anion recognition 

were carried out on DMSO solution of 109 - 111 (6 x 10'^ M) at 25 °C. The absorption 

of the samples were monitored in parallel with these experiments. The host solution 

was excited at the wavelength at which the main absorption band occurs {i.e. 370 nm), 

and any changes to the fluorescence upon anion recognition were recorded. Upon anion 

complexation, the fluorescence of all the Z?w-anthracene systems were quenched, but 

only to a small extent. Figures 3.9 - 3.12 illustrate the changes in the fluorescence 

intensity of 109 in the presence of AcO“, H2 PO4 ”, F  and CP, respectively. As 

previously observed in the 'H  NMR binding studies, compound 109 bound weakly to 

AcO“ and and had little affinity for H2P0 4 ~ and Cl". This trend was reflected in the 

small quenching of the fluorescence spectra observed upon anion recognition. As for 

the absorption o f 109, there was little change in the absorbance upon the addition of 

anions except at shorter wavelengths (X < 355 nm), where there was an increase in the 

magnitude o f the absorbance (Figure 3.9 - inset). This increase was due to the 

hydrogen-bonding interactions of the thiourea moiety with the anion, and has been 

previously confirmed from the studies carried out by Gunnlaugsson et al. on the mono

anthracene thiourea s y s t e m s . T h e i r  findings also showed that there are no significant 

ground state interactions between the anthracene ring and the thiourea moiety, as any n- 

71 or n -7 t  interaction is prevented by the methylene spacer.

The changes observed (in the fluorescence and absorption) for the binding of the 

selected anions by 110 and 111 were similar to those observed for 109, where they 

bound best to AcO” and F~. The graphs illustrating the changes in the fluorescence 

intensity o f 110 and 111 in the presence of AcO“, H2P0 4 ~, F^ and Cl" may be viewed in 

Appendix 7.2.1.
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Figure 3.9 Changes in the fluorescence spectrum of 109 (6 x 10‘* M) in DMSO on addition of 
AcO^ (excited at 370 nm; 0 M ^  6 x lO ’’ M). Inset: Changes observed in the absorption 
spectrum of 109 in DMSO on addition of A c0“(0 M —> 6 x 10 '’ M).
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Figure 3.10 Changes in the fluorescence spectrum of 109 (6 x 10'  ̂ M) in DMSO on addition 
of H2PO4 (excited at 370 nm; 0 M —> 6 x 1 O’’ M).
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Figure 3.11 Changes in the fluorescence spectrum of 109 (6 x 10'* M) in DMSO on addition of 
P  (excited at 370 nm; 0 M ^  6 x 10'  ̂M).
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Figure 3.12 Changes in the fluorescence spectrum of 109 (6 x 10'  ̂M) in DMSO on addition 
of C r (excited at 370 nm; 0 M ^  6 x 1 O’’ M).

3.4.2.2.1 Analysis of the Fluorescence Titration Data for 109 - 111

The changes in the maximum emission band at 420 nm of these Z^w-anthracene 

fluorescent systems were plotted as a function of -log[anion] (Figures 3.13 - 3.15). It is 

clear from the graphs that the magnitude of the fluorescence quenching effect due to 

anion binding of 109 - 111 is relatively small, which reflects their low anion binding 

affinity observed in the previously discussed 'H NMR binding experiments.

435 485 535 585 635

Wavelength (nm)

95



Chapter 3 -  Towards the Development of Polyaromatic Anion Sensors

Figure 3.13 illustrates the relative changes observed at 420 nm in the 

fluorescence spectrum  o f 109 in the presence o f the selected anions in DM SO. 

C om pound 109 show ed the m ost changes in the binding o f P ,  follow ed by that o f A cO “. 

The presence o f H 2 P 0 4 ” and C l“ had very little effect on the fluorescence o f 109. As 

previously  m entioned, the lack o f binding in the case o f H 2 PO 4 '  m ay be the result o f the 

thiourea receptor site being sterically obstructed by the bulky anthracene rings.

1.20 

1.00

c

'Z 0-80 
>

Q£
0.60 

0.40
2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00

-log[anion]

♦  Acetate ■ Dihydrogenphosphate A Fluoride •  Chloride

Figure 3.13 Relative fluorescence intensity of sensor 109 at 420 nm against -iog[anion] in 
DMSO on addition of various anions (excited at 370 nm; 0 M —> 6 x 10'  ̂M).

The changes at 420 nm in the fluorescence spectra o f the £>/.v-anthracene ditopic 

sensors 110 and 111 upon anion recognition are illustrated in F igures 3.14 and 3.15, 

respectively. Again, the em ission quenching due to anion binding was not significant, 

and the m ost effect was observed for the com plexation o f P ,  follow ed by A cO “. The 

H 2 PO 4  m olecule also appeared to be bound by these Z?w-anthracene system s, in contrast 

to the m onotopic thiourea sensor 109. This may be attributed to the decrease in steric 

hindrance in both 110 and 111, as a result o f  w ider spatial distances betw een tohe tw o 

receptor arms as well as the increase in flexibity o f these system s.
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Figure 3.14 Relative fluorescence intensity of sensor 110 at 420 nm against -log[anion] in 
DMSO on addition of various anions (excited at 370 nm; 0 M —> 6 x 10’̂  M).
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Figure 3.15 Relative fluorescence intensity of sensor 111 at 420 nm against -log[anion] in 
DMSO on addition of various anions (excited at 370 nm; 0 M —> 6 x lO '^M).
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The previous graphs illustrate the weak response of these sensors towards the 

selected anions in DMSO (i.e. changes were observed only after [anion] = 6 x 10’ M). 

Even at very high concentrations, the binding curves did not reach a plateau, clearly 

illustrated by the example in Figure 3.16, showing the changes in the intensity of 110 

when [anion] 2 x lO ' M.
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Figure 3.16 Relative fluorescence intensity of sensor 110 at 420 nm against -log[anion] in 
DMSO on addition of various anions (excited at 370 nm; 0 M 2 x lO ' M).

3A.2.2.2 Stability Constants (log p) from Fluorescence Titration Data of 109 - 111

SPECFIT/32T^'^ was used in order to obtain the stability constants (log P) for the 

anion binding processes undergone by compounds 109 - 111. This program analyses 

data obtained from both fluorescence and absorption titrations using a non-linear least- 

squares regression method. However, in the case of these Z?i5-anthracene systems, the 

quenching of their fluorescence intensities in the presence of anion was too small for 

successful evaluation by SPECPrr/32TM. in fact, a large quantity of anion (> 1000 

equivalents) was required to induce a large change in the fluorescence spectra of these 

sensors.
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3.4.3 Conclusions

It can be concluded from the physical evaluation carried out on compounds 109 

-111 that such &/5-anthracene systems are not suitable for successful fluorescent anion 

sensing. This is most probably due to the amount of steric hindrance present around the 

thiourea receptors (due to the anthracene rings as well as the phenyl ring in 110 and 

cyclohexane ring in 111), preventing the anion to approach these binding sites with 

ease. All three sensors show the strongest binding to F ,  as this anion is small enough to 

reach the thiourea NH protons for binding.

In response to these findings, it was then decided to incorporate naphthalene 

rings as the fluorophores in the chiral sensors 112 - 114 in an attempt to reduce the 

steric hindrance presented by such bulky polyaromatic fluorophores.

3.5 Chiral Naphthalene-based Fluorescent Anion Sensors 112 -114

This section will discuss the synthesis of chiral W^-naphthalene-based thiourea 

derivatives (112 - 114) and the physical evaluation of their binding abilities towards 

putative anions employing techniques previously mentioned (such as 'H NMR, UV-vis 

and fluorescence spectroscopies) as well as an additional method which monitors 

changes in the chira-optical properties of these sensors (i.e. circular dichroism).

3.5.1 Synthesis of Sensors 112-114

The synthesis of 109 - 111 were carried out in two steps (Scheme 3.4). 

Commercially available chiral naphthalene-based amines, (/?)-(+)-l-(l-naphthyl) 

ethylamine 18 and (5)-(-)-l-(l-naphthyl)ethylamine 19, were first converted using 

thiophosgene to their corresponding isothiocyanate 20 and 21, respectively. It was 

found that these isocyanate precursors have very low boiling points, and therefore, they 

were isolated as reasonably pure gel-like solids (with yields of 41 % and 61 % for 20 and 

21 respectively) via natural evaporation of the reaction solutions. Sensors 112 and 114 

were then formed by reacting 18 with 20 and 21 respectively, whereas compound 113 

was synthesised using 19 and 21. The reaction was carried out under argon at room 

temperature for 18 hours in dry DCM. The desired products were obtained as off-white 

crystalline solids with reasonable yields (41 - 62%), which readily formed crystals in 

DMSO, which were suitable for single crystal X-ray diffraction studies.
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thiophosgene
NCS

122 (f?)-isomer
123 (S)-isomer

DCM 
reflux 
18 h

124 (R)-isomer 41%
125 (S)-isomer 61%

112 (f?,R)-isomer 51%
113 (S,S)-isomer 41%
114 (R,S)-isomer 62%

Scheme 3.4 Two-step synthesis of Z?/5-naphthalene-based sensors 112 -114.

3.5.1.1 Characterisation of 112 -114
1 1 3Compounds 112 - 114 were characterised by H and C NMR spectroscopy, 

infrared (IR) spectroscopy (IR), electrospray mass spectroscopy (ESMS) and elemental 

analysis (CHN). Figure 3.17 ahows the 'H NMR spectrum of 112 in DMSO-^/^. A 

characteristic pattern for the chemical shifts of the naphthalene protons can be observed 

in this spectrum {i.e. three doublets at 8.18, 7.96 and 7.85 ppm, and a multiplet centred 

at 7.54 ppm). The thiourea NH resonances were located at 7.76 ppm, and they were 

verified bya DaO shake. The proton at each chiral centre was located as a broad singlet 

at 6.21 ppm, while the protons of the methyl groups at the same chiral centres were a 

doublet at 1.53 ppm. Since compounds 112 and 113 are enantiomers, they gave 

identical 'H NMR spectra, as observed in Figure 3.18 (a) and (b). The spectrum for the 

meso compound 114 (Figure 3.18 (c)) showed slight differences from the other two 

spectra, especially for the thiourea singlet, where it was located at 7.69 ppm.
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Figure 3.17 'H NMR spectrum (400 MHz, DMSO-^/^) of thiourea 112.

(a) (/?,./?)-isomer 112

(b) (5,5')-isomer 113
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Figure 3.18 Comparison of the 'H NMR (400 MHz, DMSO-t/6)spectra of thioureas 112 - 114.
(* chemical shift of thiourea NH protons)
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3.5.1.2 Crystal Structure Analysis of 112 -114

Single off-white crystals of compounds 112 -  114 suitable for X-ray diffraction 

studies were successfully grown from DMSO solutions. Figures 3.19, 3.20 and 3.21 

show the crystal structures of 112, 113 and 114, respectively. All the hydrogen atoms 

(except the methyl, thiourea and chiral centre protons) and solvent molecules (DMSO) 

have been omitted for clarity.

N1 i C I  N1

Figure 3.19 Crystal structure of the (y?,/?)-enantiomer 112 (Appendix 7.2.2).

Figure 3.20 Crystal structure of the (5,5^-enantiomer 113 (Appendix 7.2.3).
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Figure 3.21 Crystal structure of the (R,S) meso compound 114 (Appendix 7.2.4).

The crystal structures for 112 and 113 are mirror images of each other, being 

enantiomers. Also, in all three compounds, the NH protons of the thiourea moiety are 

syn to each other, which makes the receptor suitable for directional hydrogen bonding 

with complementary anions such as AcO“. Figure 3.22 illustrates the hydrogen-bonding 

interaction between the thiourea NH protons of compound 112 with the O atom of the 

DMSO molecule.

(
/
I

i

Figure 3.22 Hydrogen-bonding interaction between NH protons of the thiourea moiety 
within 112 and the O atom of a DMSO molecule.
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3.5.1.2.1 Crystal Structure Packing

Figures 3.23, 3.24 and 3.25 illustrate the crystal structure packing of 114, 112 

and 113 respectively. Due to the symmetrical structure of 114, the packing is relatively 

simple following an ABAB sequence. In the case of the two enantiomers 112 and 113, 

the crystal structure packing appears more complex, which again are identical but 

opposite relative to each other. Some intermolecular n-n stacking interactions are also 

observed in these enantiomers between the naphthalene rings.

Figure 3.23 View along the c* crystallographic axis of structure of 114.

c  \ / 3  \

s.}~Lyŷ
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Figure 3.24 View along the c crystallographic axis of structure of 112.
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Figure 3.25 View along the c crystallographic axis of structure of 113.

3.5.2 Physical Evaluation of the Anion Recognition of 112 -114

The anion binding properties of sensors 112 - 114 in DMSO were first studied 

by 'H NMR spectroscopy, followed by photophysical measurements using fluorescence 

spectroscopy. Since the two enantiomers 112 and 113 are chiral, studies were also 

carried out using the circular dichroism spectroscopy to monitor any changes in the 

chiro-optical properties of these molecules upon anion recognition.

3.5.2.1 ’H NMR Titrations of 112 - 114 with Anions

'H NMR spectroscopic experiments were performed on DMSO-J^ host solutions 

of 112 - 114 (6 X 10‘‘̂ M) at 25 °C. Similar to those of the Z?/s-anthracene compounds, 

the chemical shifts of the thiourea NH protons of 112 - 114 did not broaden 

significantly upon anion recognition and hence, it was possible to monitor any changes 

to this peak upon anion recognition. The binding of anions to these compounds 

generally resulted in a downfield shift in the thiourea NH peaks. Figures 3.26 and 3.27 

are stackplots illustrating the changes observed in the 'H NMR spectrum of 112 upon 

the addition of A cO ' and P  respectively. In the presence of either AcO' or P ,  the 

peaks indicating the NH protons of 112 were appreciably shifted. There was also the 

formation of a new peak at ca. 16 ppm, which is at a similar resonance observed for the 

triplet indicating the formation of Hp2~ upon the deprotonation of an NH proton of the 

thiourea moiety. The appearance of this new resonance occured upon the addition of
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ca. one equivalent of fluoride, which again, is similar to the case reported by Gale and 

co-workers.
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Figure 3.26 Stack plot of 'H NMR spectra of 112 (6 x 10'’ M) upon addition of AcO“ in 
DMSO-Ja.
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Figure 3.27 Stack plot of 'H NMR spectra of 112 (6 x 10’̂  M) upon addition of P  in DMSO- 
df,. (*the peak indicating thiourea NH protons are hidden underneath the naphthalene chemical 
shifts.)
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3.5.2.1.1 Analysis of the 'H NMR Titration Data for 1 12 - 11 4

The data collected in these titrations was plotted as the cumulative changes in 

chemical shift (A5) against the equivalents of anion added. Figures 3.28, 3.29 and 3.30 

show the plots of A6 against equivalents of the selected anions for thioureas 112, 113 

and 114 respectively. From the appearance of the binding curves, it may be observed 

that in all the three ^^-naphthalene systems, the binding of AcO“ appeared much 

stronger than that of H 2P0 4 “, while the complexation of P  seemed to be stronger than 

that of AcO~ in the titration of compound 113. Again, the binding curves did not fully 

achieve a plateau even after the addition of 5 equivalents of guest are added. There was 

very little binding observed for Cl" and Br“, as the chemical shifts for the thiourea NH 

peaks were not perturbed.

3.0

2.5 ♦

0.0 t  ^
0.0 1.0 2.0 3.0 4.0 5.0

Guest equivalents

♦  acetate ■ dihydrogenphosphate ▲ fluoride

Figure 3.28 Relative cumulative changes in the chemical shift of NH proton at 7.7 ppm for 
sensor 112 (6 x lO '̂  M) against equivalents of anions in DMSO-J^-
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Figure 3.29 Relative cumulative changes in the chemical shift of NH proton at 7.7 ppm for 
sensor 113 (6 x 10'  ̂M) against equivalents of anions in DMSO-J^.
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Figure 3.30 Relative cumulative changes in the chemical shift of NH proton at 7.7 ppm for 
sensor 114 (6 x 1 0 M) against equivalents of anions in DMSO-Jfr
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3.5.2.1.2 Stability Constants (log P) from NMR Titration Data o f 112 -1 1 4

The stability constants (log (3) for the anion binding processes of 112 - 114 with 

the selected anions (Table 3.2) were calculated from the data collected using the 

Fortran-based W inEQNMR program.'^ It was not possible to obtain log |3 values 

obtained for the complexation of P  as there may be the possibility of more than one 

process occurring (such as binding and deprotonation).

Table 3.2 Binding constants (log P) of 112 -114 upon 1:1 complexation with putative anions in 
DMSO-^/,5. All values were obtained from WinEQNMR,'^ and are within 15% error. " the 
binding process is too complicated for analysis by WinEQNMR.__________________________

Sensor log P (AcO ) L 0gP (H 2P O 4l i o g p ( n

112 2.13 2.39 a

113 2.13 2.28 a

114 2.86 1.83 a

In the complexation of either AcO” or H2P0 4 ~, the two enantiomers 112 and 113 

gave similar log P values, where compound 112 bound to AcO“ and H2PO4” with log P 

of 2.13 and 2.39 respectively, while 113 bound to AcO“ and H2P0 4 ~ with log P of 2.13 

and 2.28, respectively. This is to be expected as they are mirror images of each other. 

The meso compound 114, on the other hand, showed distinctly different stability 

constants to the two enantiomers, where log p for AcO^ and H2PO4'  are found to be 2.86  

and 1.83 respectively. The similarities observed in the stability constants of the 

enantiomers and the differences for those of the meso compound illustrate the effect of 

structural differences on the anion binding ability of a particular receptor or sensor.

Interestingly, 114 bound to AcO~ more strongly than 112 and 113, while the 

opposite was observed in the binding of H2PO4”. In the case o f AcO“, the reason may 

be due to the fact that the naphthalene rings in 114 are in the same direction as seen in 

the solid-state structure in Figure 3.28. If this occurs in solution, then the AcO“ 

molecule may be able to approach the thiourea binding site with more ease, than in the 

case of 112 and 113. As for H2P0 4 ~ binding, a possible explanation for the enantiomers 

to bind to this anion better than the meso compound is that the transAike structure o f the 

enantiomers may provide a more complementary receptor towards this particular anion.
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The log P values fo r the F '  com plexation by all three com pounds could not be obtained, 

as the b inding  processes m ay be com plicated {i.e. not 1:1 host:guest com plexation).

Figures 3.31 (a) - (f) show the graphs generated by W inEQ N M R illustrating the 

fit betw een the observed and calculated data for the binding o f A cO ” and H 2P0 4 ~ by 112 

-1 1 4 . A good fit ensures that the log [3 value calculated by the program  is reasonable.

ni< uiiua 1:

Figure 3.31 WinEQNMR-generated graphs of the fit between the observed (points) and 
calculated (line) data for the binding of: (a) AcO^ with 112 (6 x 10'  ̂M); (b) H2P0 4  ̂with 112 (6 
X M); (c) AcO“ with 113 (6 x 10'  ̂M); (d) H2P0 4~ with 113 (6 x lO '̂  M); (e) AcO“ with 
114 (6 X 10'  ̂M); (f) H2P0 4  ̂with 114 (6 x 10'  ̂M), carried out in DMSO-J^.
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3.S.2.2 Fluorescence Titrations o f 112 -114  with Anions

The photophysical properties o f 112 - 114 were initially measured in DMSO at 

25 °C. The absorption spectra for these compounds exhibit the characterstic 

naphthalene fine structure, consisting of a central main band at 284 nm, with two 

shoulders at 274 and 296 nm and a much smaller shoulder at 314 nm. The extinction 

coefficients of 112, 113 and 114 at 284 nm in DMSO were found to be 15538, 14639 

and 19051 M 'cm"' respectively. The fluorescence emission of all three compounds 

(excited at 248 nm) are also similar to each other, demonstrating the characteristic fine 

structure o f naphthalene. The smooth band with maximum intensity occurs at 338 nm. 

However, the fluorescence of compound 114 also consists of shoulders ca. 425 and 510 

nm and a shoulder located at 475 nm. Figures 3.32 and 3.33 show the absorption and 

emission spectra respectively, for compounds 112 -114.

Binding studies with various anions using fluorescence spectroscopy were 

carried out on DMSO solution of 112 - 114 (1 x 10'^ M) at 25 °C. The absorption o: the 

samples were monitored in parallel with these experiments. The host solution was 

excited at the wavelength at which the main absorption band occurs {i.e. 284 nm), and 

any changes to the fluorescence following anion addition were recorded.
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 112 (R,R)-isomer --------- 113 (S,S)-isomer —  — 114 (R,S)-isomer

Figure 3.32 Absorption spectra of DMSO solutions of 112 -114 (1 x lO'"’ M).
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Figure 3.33 Fluorescence spectra of DMSO solutions of 112 - 114 (1 x 10'  ̂ M; excited at 284 
nm).

The fluorescence binding experim ents o f these sensors in D M SO  were 

perform ed num erous tim es with all the selected anions. How ever, it was not possible to 

achieve reproducible results. There is a possibility o f  k - k  stacking interactions between 

the naphthalene rings o f the sensors. Hence, attem pts were m ade using another solvent 

m edia, M eCN , which was less com petitive and offers no solubility issues.
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Figure 3.34 Changes in the fluorescence spectrum of 113 (1 x lO"'' M) in MeCN on addition of 
H2PO4'  (excited at 284 nm; 0 1000 eq.). Inset: Changes in the absorbance spectrum of 113 (1
X lO'"’ M) in MeCN upon the addition of H2P0 4 ~ ( 0  M —> 1 x lO 'M ).
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Figure 3.34 shows the changes in the fluorescence and absorption spectra of 113 

in MeCN upon the addition of H2P0 4 ”. The absorption band of the free host has a 

maximum absorbance at 284 nm. There are three shoulders present at 274, 294 and 314 

nm. Therefore, the sample was excited at the wavelength of maximum absorbance {i.e. 

284 nm), which gave an emission spectrum which has a maximum intensity centred at 

338 nm, with shoulders at 327 and 351 nm. Upon complexation with H2P0 4 ~, little 

change is observed in both the emission and absorption spectra. The only significant 

change was the appearance of a small band at longer wavelength {ca. 460 nm). This 

may be attributed to the formation of an excimer, which is often observed in 

naphthalene derivatives."^’"'*

As the changes were not very significant in the binding experiments using 

MeCN and there is the problem of reproducibility with those carried out in DMSO, we 

were unable to study in detail the binding properties of 112 - 114 using fluorescence and 

UV-vis spectroscopic techniques. Therefore, binding studies were then carried out 

using circular dichroism.

3.S.2.3 Circular Dichroism (CU) Titrations of 112 -114  with Anions

Circular dichroism (CD) is defined as the difference in absorbance (A) of 

incident left and right circularly polarised light (Equation 3.1).

CD = A|ef,-Arighi (Equation 3.1)

The basis behind CD spectroscopy is such that the interaction between a chiral 

molecule and left- and right-handed photons will result in a signal consisting of a fine
1 QT

Structure that is unique to that particular compound. This is due to the chiral 

compound absorbing certain quantities o f  each circularly polarised light.

Therefore, techniques using CD can provide information regarding molecular 

structure of chiral compounds as well as interactions between molecules (both chiral 

and achiral). For example, Suzuki et al. reported a rectangular-shaped achiral host 

which, upon complexation with chiral guests, assumes an induced chirality detectable
184by CD. Therefore, it is hoped that upon anion complexation, the CD signals of the 

chiral hosts 112 -1 1 4  may change significantly.

To obtain a CD spectrum of a particular compound, a solution of the compound 

should be prepared such that its absorbance would be between 0.5 and 1.0. Figure 3.35 

shows the CD signals of the Z?«5-naphthalene thiourea-based sensors 112 - 114 as the
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free hosts in DMSO (6.5 x 10'^ M). Since 112 and 113 are enantiomers of each other, 

their CD spectra were identical, in which the intensity of the CD signals for 112 (i.e. 

(/?,7?)-isomer) were found in the positive region and those for 113 (i.e. (5',5')-isomer) 

were in the negative region. The fine structure of the CD spectrum for 112 was such 

that there were two main peaks at 268.5 and 291.0 nm, with shoulder-like peaks at 

279.5 and 305.5 nm. In the case of the CD spectrum of 113, the two peaks were at 

269.0 and 290.0 nm, while the shoulders were at 281.0 and 305.0 nm. Compound 114 

did not show any CD signal since it is a meso compound.

8

4

0
2 , 270 290 310 330 350■2

-4

-6

-8

Wavelength (nm)

 112 113  114

Figure 3.35 CD spectra of DMSO solutions of enantiomers 112 and 113, and meso compound 
114.

Upon addition of anions to 112. the CD signals decreased in magnitude with 

increasing anion equivalence. Figure 3.36 show the changes in CD signals of 112 in 

DMSO with increasing amounts of AcO”. However, in CD studies, it is preferable to 

observe the changes in terms of the quantitative changes {i.e. the free host CD spectrum 

is subtracted from the spectrum at each guest equivalent). This is illustrated in Figure 

3.37, where the changes in CD for the AcO~ binding for 112 are now found in the 

negative region of the CD spectrum. Figures 3.38 and 3.39 show the changes in the CD 

signals and the quantitative changes for the binding of AcO“ by 113. Hence, the
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quantitative changes are now found in the positive region of the CD spectrum, which is 

the opposite to those for 112.

The presence of H2P0 4 “ and resulted in significant changes in the CD signals 

o f these sensors (see Appendix 7.2.5). However, it should be noted that at least 1000 

equivalents of the anion is required to reach a plateau. No significant CD changes were 

observed upon the addition of Cl“. As for the meso compound 114, the presence of 

anions did not induce chirality in this non-chiral molecule, as expected.
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Figure 3.36 CD spectra of 112 in DMSO in the presence of various equivalents of AcO .
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Figure 3.37 Quantitative changes observed in the CD spectrum of 112 in DMSO in the 
presence of AcO“.
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Figure 3.38 CD spectra of 113 in DMSO in the presence of various equivalents of AcO .
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Figure 3.39 Quantitative changes observed in the CD spectrum of 113 in DMSO in the 
presence of AcO .

3.5.2.3.1 Analysis of the CD Titration Data for 112 and 113

The quantitative changes in the CD signals at 267.5 nm for both 112 and 113 in 

DMSO were plotted against anion equivalents, and these plots are shown in Figures 

3.40 and 3.41 respectively. For both compounds, the anion binding abilities appeared to 

be strongest with AcO”, followed by F^ and H2P0 4 ~, while there is no significant 

binding with CP. Again, it must be emphasised that most of the binding curves required 

up to 1000 equivalents of anion to reach a plateau. Despite this, it is a useful technique 

to utilise in anion sensing where chirality is involved, and in this case, it was possible to
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get reproducible results, unlike the difficulties faced in the reproducing results obtained 

in the fluorescence experiments.
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Figure 3.50 Quantitative changes observed at 267.5 nm in the CD spectrum of 112 in DMSO 
with various anions.
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Figure 3.51 Quantitative changes observed at 267.5 nm in the CD spectrum of 113 in DMSO 
with various anions.
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3.5.3 Conclusions

From the 'H NMR binding studies, sensors 112 - 113 gave reasonably good 

stability constants, indicating the potential of such compounds as anion receptors. 

However, the fluorescence titrations carried out for these sensors face the problem of 

irreproducibility, unlike the binding studies using 'H NMR spectroscopy and even CD. 

Also, since the complexation only reaches a plateau at [anion] =; 6.5 x 10 “ M, it shows 

that these naphthalene-based compounds are not suitable for fluorescent or chiral anion 

sensing.

During the course of this study, Custelcean and co-workers carried out DFT

calculations on a number of Â ,Â ’-disubstituted thiourea derivatives (e.g. 126) to further
18^study their hydrogen-bonding properties. ' It was found that 126 is the most sterically 

crowded around the NH protons, thus becoming inaccessible for hydrogen bond 

formation due to steric congestion from the methyl and phenyl groups. Hence, it is 

feasible to deduct that the ability of hydrogen bond formation for the chiral bis- 

naphthalene compounds (as well as the />/5-anthracene-based systems) would be even 

lesser as the naphthalene (and anthracene) moieties are larger than phenyl rings.

126

3.6 Overall Conclusions

We were able to successfully synthesise thiourea-based £>w-anthracene (109 - 

111) and Zjw-naphthalene (112 - 114) systems. However, the physical evaluation of the 

anion recognition abilities of these fluorescent sensors (by 'H NMR, fluorescence and 

CD titrations) showed that they have weak binding towards the selected anions, as high 

anion concentrations were required to induce changes in the 'H NMR and photophysical 

spectra of these host molecules. As previously mentioned, one rationale for the 

observed weak binding affinities of such sensors towards anions can be explained from 

the DFT calculations carried out by Custelcean and co-workers on a number of N,N’- 

disubstituted thiourea derivatives, which illustrated the possibility that the region around
I Q C

the thiourea NH protons of 126 may be sterically crowded. Since sensors 112 - 114
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are analogous to 126, a sim ilar situation m ay be possible, and hence, their thiourea NH 

protons m ay be inaccessible for hydrogen bond form ation due to steric hindrance from  

the m ethyl and arom atic groups.

A lthough the ^/^-naphthalene thioureas 112 -1 1 4  show such weak anion binding 

affinities, the results obtained from  the CD  titrations illustrate the potential o f utilising 

this m ethod of detection in anion sensing. The effectiveness o f this m ethod was also 

dem onstrated by N akashim a and Yoshida, in which CD studies were carried out to

m onitor the conform ational change adopted by naphthalene-appended amino-P-
102cyclodextnns upon guest inclusion.

3.7 Future Work

It would be beneficial to carry out D FT studies on 109 - 114 in order to 

understand their weak binding affinities to the selected anions. In the case o f the 

irreproducibility o f the fluorescence experim ents o f 112 - 114, silylation o f the 

fluorescence cells m ay help to overcom e this problem , if n-n  stacking interactions 

between the naphthalene m oieties are indeed the cause for such irreproducible results.

Since the CD experim ents carried out showed the potential use o f this m ethod of 

detection, the design and synthesis o f chiral anion receptors and sensors (with 

potentially significant anion binding affinities) should be further pursued.
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4.1 Introduction

As discussed in Chapter 1, naphthalimide-based derivatives have been widely 

studied as potential anion sensors by several research groups, including Pfeffer et al..

Fabbrizzi et al., Gunnlaugsson et al. and Tian et al. 20 , 108 , 117 , 118 , 133 , 135,132 While such

compounds were initially used for fluorescent anion sensing, but in recent years, they 

have also shown great potential as colorimetric anion sensors, as outlined in Sections 

1.6 and 1.7, respectively.

One report that was only briefly mentioned in Chapter 1, was that of the 4-

am ino-],8-naphthalimide based derivatives 127 and 128 developed by Pfeffer and co-
108workers. These fluorescent anion sensors were designed based on a previous study 

that proposed the cooperative anion binding effect of the 4-amino proton of the more

flexible derivative 34 towards dihydrogenphosphate in DMSO (see Section 1.7). 136

I 127 R = H 1
128 R = F

Table 4.1 Percentage of fluorescence quenching for the binding of DMSO solutions of 34,127 
and 128 (~6 x 10'^ M) with the selected anions at 25 °C calculated using Microsoft Excel. (" No 
significant quenching but binding observed using 'H NMR spectroscopy;'’ Deprotonation.)

Sensor AcO‘ H2PO4

34

127

128

31 % 

5 9 %

6.5 % 

36%

Table 4.1 lists the percentage of fluorescence quenching for the binding of 34, 

127 and 128 with the various anionic guests. Sensors 127 and 128 showed significant 

fluorescence quenching in the presence of AcO” and H 2P0 4 ~, while there was no 

quenching in the fluorescence of 34. It was proposed that presence of the phenyl spacer 

in 127 and 128 is a requirement for efficient PET between the fluorophore and the
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receptor. The rigidity of these sensors in comparison to the more flexible derivative 34 

may also have an effect on the efficiency of the electron transfer.

As previously mentioned, fluorescent anion sensors may also demonstrate 

chromogenic behaviour. Compounds 32 and 33 are analogues of sensors such as 127 

and 128, in which receptor arm is situated at the para position of the phenyl spacer. 

These para-substituted sensors resulted in both fluorogenic and chromogenic behaviour 

upon anion recognition (see Section 1.7).

NH

NH

HN

32 R = H
33 R = CF3

There have been several other reports of fluorescent sensors demonstrating 

chromogenic behaviour."'^'"'^ '^* '*  ̂ Such sensors have the advantage of visual anion 

recognition as well as requiring low host concentrations (10'^ - 10'^ M). The following 

section will describe the project objectives towards developing novel naphthalimide- 

based colorimetric anion sensors.

4.2 Objectives

Gunnlaugsson and co-workers previously synthesised the hydrazine-based 

napthalimide thiourea derivatives 63 and 64, which showed chromogenic responses 

upon anion recognition."^ Therefore, we decided to synthesise the urea analogues for 

comparative studies of the anion-binding abilities. However, the first objective of this 

part of the project was to resynthesise the thiourea sensor 64 for further evaluation of its 

binding abilities with putative anions in highly competitive media such as EtOHiHiO 

(50:50) using UV-vis spectroscopy. Once this was established, the next objective was 

to synthesise the urea analogue (131) of this sensor as well as other urea derivatives 

(129 and 130). Again, the anion-binding abilities of these sensors were assessed using 

UV-vis spectroscopic binding experiments, as well as those utilising 'H NMR and 

fluorescence spectroscopies. The electronic effect of the different substituents (at the
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para  position of the phenyl ring) on the binding affinities of 129 - 131 was also 

evaluated.

63 X = S; R = CH3

64 X = S; R = CF3

129 X = 0; R = H
130 X = O; R = CH3

131 X = o; R = CF3

4.3 Fluorescence and Absorption of 4-Substituted 1,8-Naphthalimldes

The advantage of using the naphthalimide moiety as a fluorophore in anion 

sensing is the fact that it is able to emit in the green region of the electromagnetic 

spectrum with Xmax of greater than 520 nm, which reduces the possible disturbance from 

background emission and light scattering from many biologically active anions.

R
5- I  S-

HN

Figure 4.1 Excited state of the ICT structure of the 4-amino-1,8-naphthalimide moiety.

The presence o f an amino group at the 4-position of the naphthalimide ring 

results in the formation of a ‘‘push-pull” internal charge transfer (ICT) excited state 

system which is highly fluorescent in nature. The excitation of this fluorophore leads to 

the formation of a partial positive charge on the 4-amino group and partial negative 

charges on the imido functionalities, as demonstrated schematically in Figure 4.1. The 

ICT structure of the 4-amino-1,8-napthalimide system also leads to the absorption of 

light in the visible region (420 - 450 nm) due to this ‘‘push-pull" electronic character.

Another note-worthy aspect of the naphthalimides is that the quenching of the 

excited state of the naphthalimide core via electron transfer can only occur by the 

receptor (R) that is attached through the 4-amino moiety, as demonstrated by de Silva et
187 ] 88al. ' The excited state o f the 4-substituted naphthalimide fluorophore has

HN.
N N
H H
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considerable dipole character (Figure 4.1), which results in a strong photogenerated 

electric field. This field can either hinder or accelerate the electron transfer depending 

of its sign and magnitude. The electron transfer pathway via either the 4-amino moiety 

or the dimide moiety is thermodynamically feasible. However, due to the negative 

charge of the transiting electron, its transfer through the partially positively charged 4- 

amino group to the fiuorophore is more favoured than that through the repulsive electric 

field of the diimide moiety (containing an overall partially negative charge). Hence, 

sensors 63, 64 and 129 - 131 were designed such that the receptor arm was attached at 

the 4-amino position of the naphthalimide ring. The next section will discuss the 

synthesis of these sensors.

4.4 Synthesis of Hydrazine-based Naphthaiimide Sensors 64 ,129  - 131

Compounds 64, 129 - 131 were synthesised according to the methods previously

devised by Tocci (nee Hussey) within the Gunnlaugsson research group, 

synthesis of these sensors were carried out in three steps (Scheme 4.1).

117.189 The

'NH,

1,8-dioxane 
reflux 

7 h

'2

130 “C

H N ^
NH.

132 133
89%

134
95%

XCN- // w
MeCN 
reflux 
72 h

135 X = S; R = CFs
136 X = O; R = H
137 X = O; R = CH3

138 X = 0 ;R  = CF3

129 X = 0 ;R  = H 41%
130 X = o; R = CH3  52%
131 X = o; R = CFs 45%

Scheme 4,1 Synthesis of hydrazine-based naphthalimide thiourea 64 and ureas 129 -131.

HN
N
H

64 X = s; R
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4-Bromo-1,8-naphthalic anhydride 132 and ethylamine (70% solution in water) 

were reacted under reflux in 1,4-dioxane for 7 hours. Upon addition of H2 O to the 

reaction mixture, a precipitate formed, which was filtered, washed with H2 O and dried 

under vacuum to yield 6-bromo-2-ethyl-benzo[d/e]isoquinoline-l,3-dione 133 (89%). 

This bromo-substituted naphthalimide 133 was then reacted with hydrazine 

monohydrate, which formed a yellow precipitate when H2 O was added. The precipitate 

was collected and washed with H2 O, giving 134 in 95% yield. It should be noted that 

under these conditions, there was no evidence of the imide functionality being opened 

by reaction with the hydrazine monohydrate. Sensors 64, 129, 130 and 131 were 

formed by reacting 134 with 4-trifluoromethylphenyl isothiocyanate (135), phenyl 

isocyanate (136), p-tolyl isocyanate (137) and 4-trifluoromethylphenyl isocyanate (138), 

respectively. In each case, the reaction was carried out under reflux for 3 days in 

anhydrous MeCN. The precipitate formed was collected and purified via hot filtration 

using a solvent mixture of DCM:MeOH (1:4). In contrast to the synthesis of the 

thiourea derivative 64 (where the precipitate formed overnight), precipitation of the urea 

derivatives occurred after ca. 30 minutes. This may explain the higher yields (41 - 

52%) observed for the formation of the urea derivatives 129 - 131, in comparison to the 

12% yield of 64.

4.4.1 Characterisation of 64,129 - 131

Compounds 64, 129 - 131 were characterised by 'H and ' “̂C NMR spectroscopy, 

infrared spectroscopy, mass spectrometry and elemental analysis. In the 'H NMR 

spectrum (400 MHz, DMS0-J6), the NH protons of the thiourea moiety in 64 are 

located in the region between 10.3 and 10.4 ppm, whereas those of the urea sensors 129 

- 131 can be found in the region between 8.6 and 9.6 ppm. Figures 4.2 and 4.3 show the 

'H NMR spectra of 130 and 131 respectively. The fact that the thiourea NH protons are 

further downfield than those of the urea sensors is typically observed between ureas and 

thioureas.

When the 4-position of the phenyl ring (Ar) is unsubstituted, the urea NH 

protons result in chemical shifts of 9.60 and 9.03 ppm, observed in the 'H NMR 

spectrum of 129. The presence of the electron-donating methyl group in 130 causes 

these shifts to move upfield {i.e. 9.59 and 8.92 ppm), whereas the opposite is observed 

when the substituent is electron-withdrawing in nature, as in 131 {i.e. 9.64 and 9.45
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ppm). Again, this is consistent with theoretical principles relating to the effects of the 

electronic nature of the para  substituent on the phenyl ring.*^^

Naph-NH
Naph-H

I  Naph-H 1 Ar-H
CHNaph-H

8.7 8.5 7.6 7.4
(ppm)

7.2 7.0 4.0
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10.0 9.5 9.0 8.5 7.5 7.0 5.5 5.0 4.5 3.58.0 6.5 6.0 4.0

CH
Ar-CH

1.20
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Figure 4.2 'H NMR spectrum (400 MHz, DMSO-t/^) of urea 130.
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Figure 4.3 'H NMR spectrum (400 MHz, DMSO-^^6) of urea 131.
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The melting points (m.p.) of ureas 129 - 131 were found to be either 

approximately 250 °C (e.g. 129 and 131) or decomposed at 310 °C (i.e. 130), while 

thiourea 64 had a lower m.p. of 179 °C.

4.5 Physical Evaluation of the Anion Recognition of 64

As aforementioned, the thiourea 64 was resynthesised in order to further 

evaluate the interesting absorption results observed previously by Tocci (nee Hussey) 

regarding the binding abilities of such thiourea-based sensors in polar solvents. 

Binding studies had initially been carried out in DMSO, resulting in striking colour 

changes upon anion recognition. Moreover, this chromogenic response was not 

reversible when highly competitive solvents such as MeOH, EtOH and H2 O were added 

to the hostxomplex mixture. Due to the lack of this reversibility, it was proposed that 

the sensors would be able to bind anions in these more polar protic solvents, especially 

as the objective was to develop anion sensors capable of functioning in a biological 

setting (i.e. an aqueous medium). Therefore, anion binding experiments were 

performed on these thiourea-based sensors in EtOH, and significant colour changes 

were again observed in the presence of the selected anions. Due to the poor solubility 

of these sensors in H2 O, host solutions in EtOHiHiO (50:50) were instead prepared for 

anion binding experiments. This was achieved by first dissolving the sensors in EtOH, 

and these EtOH solutions were then used to prepare the Et0H:H20 (50:50) host 

solutions. The studies carried out in this solvent medium demonstrated a significant 

chromogenic behaviour, complimentary to that observed in DMSO and EtOH. Due 

these encouraging results, the urea analogues (129 - 131) were thus also synthesised for 

anion binding studies. However, it was essential to confirm the reproducibility of the 

results obtained for the anion binding abilities of the thiourea analogues (e.g. 64) in 

highly competitive media. Hence, the thiourea 64 was resynthesised for further binding 

studies in Et0H:H20 (50:50).

Before performing absorption titrations, the extinction coefficient of 64 was 

determined and found to be 14120 M 'cm ' (at 406 nm) in Et0H:H20 (50:50) . This 

value will assist in eliminating possible errors when preparing the host solutions since it 

relates the host concentration to the absorbance (i.e. Beer-Lambert Law). Interestingly, 

it was discovered that this law only applies to high concentrations of these thiourea 

sensors when in highly competitive media, since at low concentrations, there seemed to 

be new bands forming on either side of the original absorption band at 406 nm. In fact.
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it is possible that the interactions between the polar solvent molecules and receptor sites 

may be causing a “pseudo-binding” effect in the absence of any target anion. Hence, 

the host solutions were prepared such that the absorbance at 406 nm would be ca. 1.5 in 

magnitude. It should also be noted that such hydrazine-based naphthalimide anion 

sensors were found to possibly extract anions from soda-glass-based apparatus such as 

disposable sample tubes and Pasteur pipettes. This postulation was made due to the fact 

the free host solutions would immediately change colour once it was exposed to such 

apparatus. Therefore, only pyrex glassware was used when dealing with this type of 

compound.

4.5.1 Absorption Titrations of 64 with Anions

The UV-vis spectroscopic investigations performed on the anion binding 

abilities of 64 were carried out in Et0 H:H2 0  (50:50) at 25 °C. The free thiourea host 64 

(1 X lO'"* M) showed a broad absorption band centered at 406 nm, and a much smaller 

band at 540 nm. Upon titration with tetrabutylammonium (TBA) salts of AcO“ (Figure 

4.4), H2P0 4 ~ (Figure 4.5) and (Figure 4.6), the band at 406 nm decreased in intensity, 

while that at 540 nm increased. A new absorption band also appeared concomitantly at 

339 nm. In addition, two isosbestic points were clearly observed at 365 and 453 nm for 

AcO” and F^ complexation, while those for H2PO4 were situated at 359 and 458 nm. 

These changes in the absorprion spectra of these sensors corresponded to the yellow to 

deep purple color change observable to the naked eye. These colour changes will be 

discussed later in Section 4.7. In contrast to these results, no significant spectral 

changes were observed on addition of other halides {e.g. CFor Br“).

Interestingly, the magnitude of the two bands at 339 and 540 nm (once a plateau 

was reached) in the presence of AcO“ was similar to that of the original band centred at 

406 nm which had almost disappeared completely. However, in the case of H2P0 4 ~ and 

P  binding, the two bands only achieved approximately half the absorbance of the band 

at 406 nm. Also, it was not possible for the binding process of 64 with H2P0 4 ~ to reach 

completion {i.e. no further changes in the absorbance). This may be due to the weaker 

binding observed for the two anions compared to that for AcO . From these changes, it 

was already possible to differentiate between the binding abilities of 64 towards the 

selected anions, as the least number of anion equivalents was required for AcO“ binding 

while the most was needed for the binding of H2PO4”. To observe this difference more
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clearly, the changes in the relative absorbance o f 64 at 540 nm was plotted against - 

log[anion], which w ill be discussed in the following section.

Wavelength (nm)

Figure 4.4 Changes observed in the absorption spectrum of thiourea 64 (1 x lO"’ M ) upon 
addition of AcO in EtOHiH^O (50:50) at 25 °C (0 M  1 x 10 '  M).
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Figure 4.5 Changes observed in the absorption spectrum of thiourea 64 (1 x 10’"' M ) upon 
addition of H 2P0 4  ̂ in EtOHiHaO (50:50) at 25 °C (0 M  ^  > 3 x lO ' M).
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Figure 4.6 Changes observed in the absorption spectrum of thiourea 64 (1 x lO"* M) upon 
addition of F  in EtOHiHzO (50:50) at 25 °C (0 1 x 10'- M).

4,5.1.1 Analysis of the Absorption Titration Data for 64

By plotting the changes in the 540 nm band of 64 as a function of -log[anion] 

(Figure 4.7), sigmoidal curves were observed for all three anions.
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Figure 4.7 Relative absorbance of sensor 64 at 540 nm against -log[anion] in Et0 H/H2 0  
(50:50) on addition of either AcO~, H2P0 4 * or F .  (Inset: Absorbance of sensor 64a at 548 nm
against -log[anion] in Et0 H/H2 0  (50:50) on addition of either AcO , H2PO4 or P . " ’)
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The binding curve plotted for binding was steeper than that for the binding of 

AcO”. However, a plateau was reached at a similar -log[anion] in both cases. As for 

H2PO4" recognition, the binding curve still did not achieve a plateau even after the 

addition of over 3000 anion equivalents. From these graphs, it can be seen that 64 binds 

more strongly to AcO“, followed by P  and finally, H2P0 4 ~. These results are consistent 

with those obtained for the same compound (64a) synthesized previously by Tocci (nee 

Hussey)."^’’*'̂

4.5.1.2 Stability Constants (log P) from Absorption Titration Data of 64

Stability (or binding) constants (log P) of these anion binding processes were 

calculated using SPECFIT/32™ from the data collected (see Appendix 7.3.1). In 

Et0 H:H2 0  (50:50), the complexation of the selected anions by 64 were found to have a 

1:1 host:guest stoichiometry. To ensure that the log P value calculated by 

SPECFIT/32T^’̂  is reasonable, there must be a good fit between the observed and 

calculated data. Figure 4.8 shows the fit between the observed data and the 

SPECFIT/32™-calculated data at 406 nm for the binding of AcO“ by 64.
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Figure 4.8 SPECFIT/32T '̂^-generated graph showing the fit between the observed and 
calculated data at 406.0 nm for the binding of AcO" by 64.

Table 4.2 shows the log P values for the 1:1 binding processes of 64 and 64a 

with AcO“, H2 PO4 " and F .̂ Tocci (nee Hussey) calculated the binding constants for 64a
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by fitting the data to a non-linear least-squares regression equation using a Microsoft 

Excel program written by members of the Gunnlaugsson group. The two sets of log P 

values were comparably similar to each other. Sensor 64 was found to bind strongest to 

AcO~ with a log p of 3.17 (+ 0.04), while the binding constants for the complexation of 

P  and H2P04~ by 64 were 0.36 (± 0.06) and 2.04 (± 0.38) respectively.

Table 4.2 Binding constants (log P) for the binding of 64 and 64a" '̂'*’ with AcO , H2PO4 and 
P  calculated using SPECFIT/32'*’'̂  and Microsoft Excel respectively._____________________

Sensor log P (AcO ) IOgP(H2P04") log pen
64 3.17 + 0.04 0.36 + 0.06 2.04 + 0.38

64a 3.4 ±0.1 ~1 ± 0.2 2.2 ± 0.1

4.5.2 Conclusions

The anion binding ability of 64 towards the selected anions in EtOHiHiO 

(50:50) was found to be in the order of AcO“ > P  > H2? 04“ > Cl” > Br”. The 

absorption spectral changes in the binding of AcO' were more significant in comparison 

to those of H2? 04“ and P  binding. It was such that the new bands at 339 and 540 nm 

reached the same absorbance at the original band at 406 nm upon complex formation 

with AcO“, while they only achieved half the absorbance in the case of the latter two 

anions.

The stability constants (log P) calculated from the absorption titration data 

collected (within this study) using SPECFIT/32™ were consistent with those obtained 

previously using the Microsoft Excel program. As SPECFIT/32™ analyses the data 

over the whole wavelength range, it is able to provide a more accurate calculation for 

the log p values.

In conclusion, the results obtained from the above study provided further 

supporting evidence of the reproducibilty of the synthesis as well as the absorption 

binding experiments. Such hydrazine-based thiourea sensors are shown to be the first 

examples of colorimetric anion sensors that can be used in highly competitive media 

(Et0 H:H20  (50:50)) where the recognition event is mediated through bonding to a 

charge-neutral receptor."^ Therefore, these encouraging results prompted the study into 

the anion binding abilities of the urea analogues of such hydrazine-based napthalimide 

thiourea sensors.
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4.6 Physical Evaluation o f the Anion Recognition of 129 -131

For comparative purposes, anion binding experiments were also carried out on 

the hydrazine-based naphthalimide ureas 129 - 131. The binding processes of these 

compounds were first studied by 'H  NMR spectroscopy in DMSO-J^, followed by 

photophysical techniques such as UV-vis and fluorescence spectroscopies in DMSO. 

For the photophysical experiments, the extinction coefficients of 129, 130 and 131 were 

initially determined, and were found to be 14586, 14507 and 13748 M 'cm"' (at 420 nm 

in DMSO) respectively. Preliminary studies o f these urea sensors showed that they 

were only able to successfully bind anions in DMSO, unlike their thiourea analogues 

which bind anions in DMSO as well as highly competitive media such as EtOH and 

E t0H :H 20 (50:50)."’ This may possibly be due to the fact that ureas generally have 

weaker anion binding abilities than their thiourea a n a l o g u e s . H e n c e ,  it 

is likely that ureas would experience more competition for target anions with polar 

protic solvent molecules such as EtOH and H2O. As a result, all anion binding 

experiments of 129 - 131 were carried out only in DMSO (or DMSO-i/g).

4.6.1 ’H NMR Titrations of 129 -131 with Anions

'H  NMR spectroscopic experiments were performed on host solutions of 129 - 

131 in DMSO-^6 (1.0 X 10^ M) at 25 °C with AcO“, H2P0 4 ”, F ,  Cl“ and Br“. The 

naked eye effect observed was quite striking in these studies as the yellow-to-purple 

colour change began to occur immediately after the addition of 0.1 equivalent of anion 

(to be discussed later in Section 4.7). The naphthalimide protons of these sensors were 

primarily monitored as the chemical shifts of the NH protons of the urea moiety 

broadened significantly early on in the titration. Nevertheless, it was also possible to 

observe the changes in the chemical shift of the 4-amino-naphthamide proton in 129 and 

130, while that of sensor 131 became too broad to monitor upon anion complexation. 

This may be to due to the electron-withdrawing property of the 4-(trifluoromethyl)- 

phenyl substituent of 131 causing an increase in the acidity of this NH proton. Figures 

4.9 and 4.10 show the changes observed in the 'H  NMR spectrum of 131 upon the 

addition of AcO” and P ,  respectively.
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Figure 4.9 Stack plot of 'H NMR spectra of 131 (1 x 10'  ̂M) upon addition of AcO in DMSO- 
df, at 25 °C.

In the presence o f fluoride, the chem ical shifts o f the protons were even more 

perturbed, causing difficulty in m onitoring the overall changes. H ow ever, there was an 

appearance o f a triplet peak at around 16 ppm  upon the addition o f ca. 2 equivalents o f 

the anion, w hich increased in intensity with increasing am ount o f fluoride. This m ay be 

attributed to the form ation o f HF2~ upon the deprotonation o f an NH proton.

Sim ilar changes were seen for the other sensors in the presence o f A cO ” and F .  As 

regards to C P  and Br“, no significant changes were observed in the 'H  NM R spectrum  

o f all the three sensors in the presence o f these halides.
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Figure 4.10 Stack plot of 'H NMR spectra of 131 (1 x 10 '  M) upon addition of F  in DMSO-c?6 
at 25 °C. (Note: The chemical shifts were greatly perturbed, hence, the 'H NMR spectra had to 
be magnified significantly after the first addition of P .)

4,6.1.1 Analysis o f the NMR Titration Data for 129 -131

The data obtained from these titrations was plotted as the relative cumulative 

changes in chemical shift (A6) against the equivalents of anion added and the resulting 

plots were analysed using W inEQNM R.'^ It should be noted that since the changes 

were comparably small in magnitude, and hence carried larger errors. Figures 4.11, 

4.12 and 4.13 show the graphs of relative A5 against equivalents of putative anions for 

urea sensors 129, 130 and 131 respectively. For all the three sensors, the binding curves

135



Chapter 4 -  Hydrazine-based Naphthalimide Colorimetric Anion Sensors

obtained for their com plex form ation with A cO “ reached a plateau after ca. one anion 

equivalent, indicating a 1:1 host:guest stoichiom etry. On the other hand, the binding o f 

H 2PO 4” and by these sensors appeared to require tw o or even m ore equivalents o f the 

anions in order for the binding process to reach com pletion. There are m any reports o f 

a 1:2 host:guest stoichiom etry for binding.^' "* ''̂  ̂ ''''^''^^ How ever, there are to the 

best o f our know ledge no known cases o f two H2 PO4 " m olecules binding to such a 

sim ple m ono-urea (or thiourea) receptor. Therefore, it is m ore likely a case o f such 

sensors b inding m ore w eakly to H 2P 0 4 ~ than the other two anions, thus requiring a large 

num ber o f anion equivalents for the binding process to reach com pletion.

For 129 and 131, it was observed that both sensors bound strongly to AcO“ in 

com parison to the other anions. Also, in both cases, there seem ed to be no significant 

d ifference betw een the shape o f the binding curves for H 2PO 4” and F^. How ever, from  

the appearance o f the anion binding curves for 130, it seem ed that the presence o f the 

electron-donating m ethyl substituent in this sensor may have resulted in decreasing the 

A cO “ binding ability (i.e. the curve was not as steep as those for 129 and 131). H ence, 

there appeared to be no significant selective binding o f the anions by this sensor.
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Figure 4.11 Relative cumulative changes in the chemical shift of proton at 8.4 ppm for 129 
against anion equivalents in DMSO-i/^.

136



Chapter 4 -  Hydrazine-based Naphthalimide Colorimetric Anion Sensors

<

1.0

0.8

■ ■ ■ ■  V  A ♦

♦♦♦ V * *
•s 0.6 A ■ .
•2 ♦

■  A0.4 ♦  ^
♦

#  ■
0.2 ,  A

♦  X
t

0.0
0.0 1.0 2.0 3.0 4.0 5.0

Anion equivalents

♦  acetate - dihydrogenphosphate A fluoride

Figure 4.12 Relative cumulative changes in the chemical shift of proton at 8.4 ppm for sensor
130 against anion equivalents in DMSO-^/fi.
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Figure 4.13 Relative cumulative changes in the chemical shift of proton at 8.4 ppm for sensor
131 against anion equivalents in DMSO-^/fi.

Interestingly, when com paring relative A6 o f all three sensors against 

equivalents o f each anion (Figures 4.14 - 4.16), it is observed that there is little 

difference betw een their binding curves for an individual guest, especially in the case o f 

fluoride binding. N evertheless, despite these small changes, the binding curves shown
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in F ig u re  4 .1 4  suggest that 131 m ay b in d  m ore strong ly  to  A cO  than  the o th er tw o  

sensors, w h ile  in F ig u re  4 .15 , it appears that H 2P 0 4 ~ m ay b ind  best to  130.

0.0
0.0 1.0 2.0 3.0 4.0 5.0

Anion equivalents

♦  129 -  130 A 131

Figure 4.14 Relative cumulative changes in the chemical shift of proton at 8.4 ppm for 129 - 
131 against equivalents of AcO’ in DMSO-t/^.
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Figure 4.15 Relative cumulative changes in the chemical shift of proton at 8.4 ppm for 129 - 
131 against equivalents o f H2PO4" in DMSO-^^a.
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Figure 4.16 Relative cumulative changes in the chemical shift of proton at 8.4 ppm for 129 - 
131 against equivalents of P  in DMSO-J^.

In Figure 4.14, the binding curves for AcO” by the three sensors indicate that the 

host:guest stoichiometry was 1:1. In the case of H2PO4” binding, it is unclear in which 

hostiguest stoichiometry the complex has formed. The binding curves for the 

complexation of H :P0 4 ~ by 129 and 131 do not reach a plateau at the end of the 

titrations (i.e. when ca. 5 equivalents o f the anion has been added), and this may be 

attributed to their weaker binding abilities. In contrast, urea 130 appears to bind H2P0 4 ~ 

with a host:guest stoichiometry of 1:2 , as the binding curve plateaus at ca. 2  anion 

equivalents. Finally, it is evident that the binding curves for F^ complexation of 129 -

131 is not 1:1, since the the plateau is reached in the region of between 2 - 3  equivalents 

of the anionic guest. The next section will now examine the stability constants 

determined from these 'H  NMR titrations to provide a more quantitative evaluation of 

the anion binding abilities of these sensors.

4.6.1.2 Stability Constants (log P) from NMR Titration Data of 129 -131

The stability constants (log P) for the complex formation of 129 - 131 with 

putative anions (Table 4.3) were determined from the data collected using the Fortran- 

based WinEQNMR program.'^ Figures 4.17 shows the graph generated by 

W inEQNMR illustrating the fit between the observed and calculated data for the 

binding of AcO“ by 131. A good fit ensures that the log (3 value calculated by the 

program is reasonable, even though the value of the error may be quite big. The
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WinEQNMR-generated graphs of these sensors with AcO" and H2PO4” (except for the 

H2PO4" binding of 130 as well as the binding of all three sensors) showed reasonably 

good correlation between the observed and calculated data (see Appendix?.3.3).
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Figure 4.17 WinEQNMR-generated graph showing the fit between the observed (points) and 
calculated (line) data for the binding of AcO by 131 in DMSO-Je.

Table 4.3 Binding constants (log (3) of 129 - 131 upon complexation with putative anions in 
DMSO-Jfi. All values were obtained from WinEQNMR,'" and are within 15% error. (" The 
binding process is too complicated for analysis by WinEQNMR.)___________________________

Sensor Substituent (R) log P (AcO ) logp  (H 2PO 4-) i o g p ( n

129 H 3.58 2.21 a

130 CH3 2.85 a a

131 CF3 3.75 2 .3 3
a

The log P values obtained for the AcO“ complexation of 129, 130 and 131 were 

3.58, 2.85 and 3.75 respectively (with errors of less than 15%). With respect to the 

value calculated for 129, it is observed that in the presence of an electron-donating 

group (as in 130), the stability constant decreases and vice versa in the presence of an 

electron-withdrawing group (as in 131). This observation is consistent with the reported 

study regarding the effect of different substituents on the strength o f anion binding 

s i t e s , a s  well as the study discussed in Chapter 2. Again, in the binding of H2P0 4 ~, 

the electron-withdrawing group in 131 results in a higher log [3 value (i.e. 2.33) in 

comparison to that obtained for the unsubstituted sensor 129 (i.e. 2.21). Interestingly, it
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was not possible for the program to obtain log (3 values for the H2P04~ binding of 130. 

Similar analytical difficulties were experienced for binding. The reason behind this 

may either be due to a more complicated binding process {i.e. not 1:1 host:guest 

stoichiometry) or the occurrence of more than one process (e.g. binding, deprotonation).

4.6.1.3 Conclusions

The binding of AcO’ by 129 - 131 monitored using 'H  NMR spectroscopy 

showed a 1:1 host:guest stoichiometry, which is consistent with several reports in the 

literature,^^ "^"*'’’̂ ’̂''̂ '’ as well as the study discussed in Chapter 2 . However, in the case 

of H2P04~, it is unclear as to what processes may be occurring. Since there seems to be 

no deprotonation of the urea NH protons in the presence o f AcO“, the likelihood of 

H2P04~ causing the loss of an NH proton is small as it is not as basic an anion as A cO ' 

Therefore, there may be another process occurring, one that may involve the 4- 

amino proton. Pfeffer and co-workers reported the cooperative binding o f H2P04~ 

involving the naphthalimide 4 -amino proton with the thiourea NH p r o t o n s . H e n c e ,  

there is a possibility of the 4 -amino proton acting as another potential anion binding 

site, especially as it is part of a hydrazine moiety, thus increasing the acidity o f this NH 

proton. The binding of P  appears to require ca. 3 anion equivalents for the process to 

reach completion. Ureas (and thioureas) generally bind with a 1:2 host:guest 

stoichiometry,*^'"’ ’*’'̂  '̂ '* or even in a 1:1 f a s h i o n . T h e r e f o r e ,  it may be possible 

that the 4-amino proton is partaking in the binding of (especially since this spherical 

anion is small), resulting in a 1:3 host:guest stoichiometry. However, it is still not 

certain as to why the binding process of H2P04~ appeared complicated.

As regards to the effect of the electronic nature of the different para  substituents 

on the phenyl ring of 129 - 131, the stability constants (log (3) indicate that anion 

binding ability of such sensors is dependent on whether the substituent is electron- 

withdrawing or electron-donating. The electron-withdrawing CF3 group appeared to 

enhance the binding strength while the electron-donating CH3 substituent caused the 

opposite effect. The dependence on the electronic nature of these substituents were not 

observed in the thiourea analogues (63 and 64) studied previously by Tocci (nee 

Hussey). There have been several accounts in the literature, which demonstrate this 

dependence of the binding abilities of urea- and thiourea-based receptors and sensors on 

the electronic nature of such substituents.'”'  ̂ This observation is consistent with the 

results obtained from the study discussed in Chapter 2 .
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The next section will discuss the photophysical evaluation of 129 - 131 with 

putative anions in order to further evaluate their anion binding abilites.

4.6.2 Absorption Titrations of 129 -131 with Anions

Unlike their corresponding thiourea analogues (e.g. 64), the absorption spectra 

of urea sensors 129 -131 are not concentration dependent in DMSO at 25 °C. Since the 

NH protons of ureas are less acidic than those of their thiourea 

a n a l o g u e s , t h e  interactions between the polar protic solvent molecules 

(e.g. H2O) and the urea NH protons are not as significant. In the case of the thiourea- 

based sensors such as 64, the solvent seemed to interact strongly with the NH protons 

when the host concentrations are low, hence the appearance of the two new bands 

centred at 339 and 540 nm in the absorption spectrum even in the absence of anions. 

Due to the lack of concentration dependence in the absorbance of 129 - 131, the UV-vis 

spectroscopic investigations were carried out such that the initial optical density of these 

sensors at 420 nm is ca. 0.2.

Sensors 129 - 131 (1.5 x 10 '”’ M) all have similar absorption profiles which show 

a broad absorption band centered at 420 nm when they are present as the free host in 

DMSO. Upon titration with TBA salts of AcO^ (Figure 4.20), H2P0 4 “ (Figure 4.21) and 

F“ (Figure 4.22) by 131, the band at 420 nm decreased in intensity for all three anions. 

In the case of AcO“ and H2P0 4 ~ complexation, this band did not fully disappear, even at 

very high guest concentrations (1 x 10 “ M) whereas on addition of F^, no trace of this 

band was seen after the guest concentration is ca. 5 x lO'"* M. New absorption bands 

also began to appear at both 360 and 569 nm, while two isosbestic points were clearly 

observed at 385 and 470 nm. These changes were similar to those observed in the 

absorption titrations carried out on the thiourea analogues (63 and 64). When the 

binding process reached completion, the maximum absorbance of the new band at 360 

nm was ca. 90% of the initial absorbance of the 420 nm band for both AcO” and H2? 0 4 “ 

binding, while that for F^ binding was ca. 10%. Also, the fine structure of the 360 nm 

band changed in the presence of F^, revealing a small shoulder at ca. 340 nm at the end 

of the titration. This shoulder was not observed in the binding of AcO“ and H2PO4”.

In the case of the band at 569 nm, the maximum absorbance reached was ca. 

40% of the initial absorbance of the original 420 nm band in the binding of AcO~ and 

H 2?04by 131, while the binding of F̂  resulted in a maximum absorbance of ca. 70%. 

There was also the appearance of a shoulder at ca. 535 nm, which was not observed in
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the presence of AcO" and H2 PO4 ". The shoulders observed at ca. 340 and 535 nm may

be due to the presence of a new species formed as a result of the deprotonation of one of

the urea NH protons by (observed in the 'H NMR binding experiments).

Figure 4.20 Changes observed in the absorption spectrum of urea 131 (1.5 x lO '"’ M) upon 
addition of AcO  ̂in DMSO at 25 °C (0 M ^  3 x 10'̂  M).
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Figure 4.21 Changes observed in the absorption spectrum of urea 131 (1.5 x 10 ‘̂ M) upon 
addition of H2PO4 '  in DMSO at 25 °C (0 M ^  3 x 10'̂  M).
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Figure 4.22 Changes observed in the absorption spectrum of urea 131 (1.5 x lO"' M) upon 
addition of P  in DMSO at 25 °C (0 M ^  3 x 1 0 M).

The changes in the absorptiom spectra of these sensors corresponded to the 

yellow-to-purple color change (to be discussed later in Section 4.7). In the presence of 

C r  and Br”, no significant spectral changes were observed. These spectral changes 

recorded for the anion binding of 131 were similarly observed for sensors 129 and 130 

(see Appendix 7.3.2), with differences observed only in the amount of anionic guest 

required for the completion of the binding process.

4.6.2.1 Analysis of the Absorption Titration Data for 129 -131

By plotting the changes in the new 569 nm band of these colorimetric sensors as 

a function of -log[anion] (Figures 4.23 - 4.25), sigmoidal binding curves were observed, 

which changed over approximately two log units for both AcO“ and H2P0 4 ~. However, 

in the case of complexation, the curve changed over ca. one log unit. From these 

graphs, it can be seen that 129 - 131 bound to AcO~ more strongly than to H2P0 4 ~. On 

addition of AcO“ and F^ to all three sensors, the curve reached a plateau at a guest 

concentration o f ca. 3 x 10 "^M, whereas this occured at ca. 3 x 10 '̂  M for H2P0 4 ~. In 

the case of the thiourea analogues 63 and 64, the sigmoidal binding curves obtained 

showed no significant difference between the two compounds (i.e. the curves overlaid) 

for each anion.
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Figure 4,23 Relative absorbance o f sensor 129 at 569 nm against -log[anion] in DM SO 
on addition o f either A cO “, H 2 PO 4 ” or P .
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Figure 4.24 Relative absorbance of sensor 130 at 569 nm against -log[anion] in DMSO on 
addition of either AcO , H2 PO4 " or P .
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Figure 4.25 Relative absorbance of sensor 131 at 569 nm against -log[anion] in DMSO on 
addition of either AcO”, H2PO4'  or P .

For a more quantitative analysis of these results, SPECFIT/32™ was used to fit 

the data in order to calculate the stability constants (log (3) for the binding of these 

sensors to the selected anions. These values will be discussed in the following section.

4.6.2.2 Stability Constants (log P) from Absorption Titration Data of 129 -131

Stability constants (log P) for the anion binding processes of 129 - 131 were 

calculated from the absorption titration data collected using SPECFIT/32™ (see 

Appendix 7.3.3). Table 4.4 list the log P values for the anion binding processes of 129 

- 131 with AcO^, H2PO4’ and F^ in DMSO. The data collected was fitted to a number of 

different models with host:guest stoichiometries such as 1:1, 1:2 and 1:3. The analysis 

indicated that the complexation processes of AcO“ and H2P0 4 ~ by these urea sensors 

have a 1:1 host:guest stoichiometry. However, in the case of F^ binding, it was not 

possible for the program to calculate the log P values, giving log P values with 

significant errors and poor correlation between the observed and calculated data. It was 

also observed in the 'H  NMR binding experiments that the host:guest stoichiometry of 

the F~ binding of these sensors may be 1:3, but there may possibly be more than one 

process occurring (such as complexation and deprotonation), which may be causing 

problems in the SPECFIT/32^’̂  analysis of the data collected.
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Figure 4.26 SPECFIT/32™-generated graph showing the fit between the observed (D) and 
calculated data (F) at 420.3 nm for the binding of H2PO4 by 131.

To ensure the accuracy of the log P values calculated by SPECFIT/32™, the fit 

between observed and calculated data must also be taken into account. Figure 4.26 

shows an example of a SPECFIT/32™ -generated graph illustrating the fit between the 

observed and calculated data for the binding of H2P04~ by 131 in DMSO.

Table 4.4 Stability constants (log (3) of 129 - 131 upon complexation with putative anions in 
DMSO-Jfi. All values were obtained using SPECFIT/32i'^. (" the binding process is too 
complicated for analysis by SPECFIT/32™.)___________________________________________

Sensor Substituent (R) log P (AcO") 10gP(H 2P04') l o g P ( r )

129 H 4.19 + 0.03 2.86 ± 0.04 a

130

Xu

4.00 + 0.06 a a

131 CF3 4.26 ± 0.06 3.49 + 0.02 a

The stability contstants obtained from the absorption titrations of 129 - 131 

followed a similar trend to those obtained from the 'H  NMR studies. In the
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complexation o f AcO~, the electronic nature again seemed to dictate the strength of the 

binding affinity of the sensor. The unsubstituted sensor 129 bound to AcO“ with a log p 

value o f 4.19 (± 0.03). The electron-withdrawing nature of the CF 3 group in 131 led to 

the increase in the acidity of the urea NH protons, and hence the log P was also 

increased to 4.26 (± 0.06). On the other hand, the electron-donating methyl substituent 

resulted in the decrease in the binding affinity of 130, giving rise to a log P value of 4.00 

(+ 0.06).

When binding to H 2 P 0 4 ~, the anion binding affinity was again increased from 

2.86 (+ 0.04) (observed in 129) to 3.49 (+ 0.02) due to the presence of the CF 3 group in 

131. However, in the case of sensor 130, it was not possible to obtain the log P value 

for the recognition process of H2 P 0 4 “. It should be noted that in the 'H  NMR binding 

studies, it was also not possible to obtain a binding constant for the H2 P 0 4 ~ 

complexation o f 130, despite the graph illustrating that it was indeed binding the anion. 

The 'H  NMR binding curve also suggested that the host:guest stoichiometry may be 1:2. 

However, SPECFIT/32™  was also unable to determine a log P value for this 

stoichiometry using the absorption titration data of 130 with H2 P0 4 ~. Therefore, there 

may be some relation to these two anomalous results for the same sensor with the same 

anion. As was mentioned previously in Section 4.6 .1.3, the 4-amino proton may be in 

some way participating in the binding of H2 P 0 4 ~, leading to a more complicated binding 

process.

All the stability constants obtained using SPECFIT/32™  from the absorption 

titration data were higher than those determined by W inEQNMR from the 'H  NMR 

titration data (listed in Table 4.3). This difference may be attributed to a number of 

factors. UV-vis spectroscopic techniques are more sensitive than those of 'H  NMR 

spectroscopy. Also, the SPECFIT/32^'^ program scans the data across the whole 

wavelength region, while W inEQNM R is used to calculate log p values using data at an 

individual resonance. Another factor may be the fact that in 'H  NMR titrations, it is 

possible to directly observe the changes in the urea NH protons. On the other hand, the 

anion binding event at the urea receptor site is monitored indirectly via the 

photophysical changes of the naphthalimide core, resulting from the changes in the ICT 

system by the binding of the anion.
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4.6.2.3 Conclusions

The spectral changes in the absorption spectra of 129 - 131 in the presence of 

AcO~ and H2 PO4 " were similar, with the decrease of the original band at 420 nm and the 

appearance of two new bands at 360 and 569 nm. The band at 420 nm did not disappear 

completely upon binding of these anions. However, in the case of binding, this band 

was no longer visible at the end of the titration. Also, the bands at 360 and 569 nm both 

showed shoulders at ca. 340 and 535 nm respectively, which may be the result of the 

presence of a new species formed due to the deprotonation of one of the urea NH 

protons by P ,  indicated by the triplet at ca. 16 ppm in the 'H NMR spectra. Another 

observation to note was the magnitude of the new bands upon the completion of the 

binding process. In the presence of AcO' and H2 P0 4 ~, the absorbance of the band at 

360 nm were ca. 90% of the initial absorbance of the 420 nm band, while that at 569 nm 

were ca. 40%. On the other hand, the binding of P  resulted in the absorbance of both 

the 360 and 569 nm bands being ca. 70% of the initial absorbance at 420 nm. In the 

presence of AcO , H2 PO4 " and P ,  these sensors underwent colour changes from yellow 

to purple visible to the naked eye, and these observations will be further discussed in 

Section 4.7.

The SPECFIT/32T^^ analysis of the data collected from the absorption titrations 

of 129 - 131 with AcO” and H2 P0 4 ~ showed a 1:1 host:guest stoichiometry, which is 

consistent with several reports in the l i t e r a t u r e . I t  was not possible to 

deduce the host:guest stoichiometry for the binding of P ,  indicating a more complicated 

binding process with the possibility of the deprotonation of one of the urea NH protons 

as well as the participation of the 4-amino proton in the anion binding process. The 

deprotonation was observed in the 'H NMR binding experiments with the formation of 

the triplet at ca. 16 ppm.

The stability constants calculated from the SPECFIT/32™ analysis of the AcO~ 

titration data showed that the electronic nature of the different para substituents on the 

phenyl ring of 129 - 131 had an effect on the binding affinites of such sensors. 

Although the differences in the log P were not as significant as those observed in the 'H 

NMR binding experiments, it was still clear that the electron-withdrawing CF3  group 

seemed to increase the binding strength, while the electron-donating CH3 substituent 

caused a decrease. However, in the case of H 2 P0 4 ~ binding, this trend was only 

observed in the case of the electron-withdrawing substituent. The presence of the 

electron-donating group in 130 seemed to instead enhance the anion binding strength.
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This may be due to the presence o f the 4-amino proton, which may provide another 

binding site and thus, resulting in the possibility of a more complicated binding process.

The following section will describe the fluorescence binding experiments of 129 

- 131 with putative anions, which were carried out simultaneously with the absorption 

titrations.

4.6.3 Fluorescence Titrations of 129 -131 with Anions

In parallel with the absorption binding experiments, the changes in the 

fluorescence of the sensors in DMSO due to the anion binding were also monitored. 

The sample in the fluorescence cuvette was excited at the five different wavelengths of 

significance; the initial absorption band at 420 nm, the two new bands at 360 and 569 

nm, and the two isosbestic points at 385 and 470 nm.

Upon excitation at 420 nm in DMSO, the resulting fluorescence emission of the 

free host of these sensors was a smooth, broad band with a maximum intensity 

occurring at 520 nm. Figure 4.27 shows the quenching of the fluorescence of 129 in the 

presence of AcO ' when excited at 420 nm (i.e. a ""switch-off' effect). The fluorescence 

was also significantly quenched by AcO“ when the sample was excited at 360 nm 

(Figure 4.28), but to a much larger extent (i.e. the fluorescence was completely 

quenched). The incomplete quenching of the fluorescence when excited at 420 nm may 

be related to the fact that the absorption band at that wavelength had not disappeared 

fully at the end of the titration.
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Figure 4.27 Changes observed in the fluorescence of urea 129 (1.5 x lO'”’ M) upon addition of 
AcO' in DMSO at 25 °C (excited at 420 nm; 0 M ^  3 x lO ’ M).
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Figure 4.28 Changes observed in the fluorescence of urea 129 (1.5 x 10'  ̂ M) upon addition of 
AcO“ in DMSO at 25 °C (excited at 360 nm; 0 M —» 3 x 10 ‘̂ M).

The excitation o f 129 at the isosbestic points observed in the absorption 

titrations (i.e. 385 and 470 nm ) resulted in a fluorescence em ission with a m axim um  

intensity occurring at 510 and 543 nm respectively. The presence o f AcO“ caused 

m inor changes in these fluorescence spectra. Figure 4.29 shows the changes in the 

fluorescence em ission o f  129 due to A cO ‘ binding, when the sam ple was excited at 470 

nm. Sim ilar fluorescence changes observed in A cO ' binding by 129 w ere also seen for 

130 and 131 in the presence o f this anion, at all five excitation w avelengths. It is also 

noted that the part o f  the em ission bands (when excited at 470 nm ) occurred in the red 

region o f the electrom agnetic spectrum .
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Figure 4.29 Changes observed in the fluorescence of urea 129 ( 1.5 x 10'  ̂ M) upon addition of 
AcO' in DMSO at 25 °C (excited at the isosbestic point at 470 nm; 0 M ^  3 x 10'  ̂M).
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When excited at 569 nm {i.e. the second new absorption band), the result was a 

shoulder-like fluorescence emission band also located in the red region of the 

electromagnetic spectrum. This band increased in intensity upon the addition of AcO“ 

(Figure 4.30).
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Figure 4.30 Changes observed in the fluorescence of urea 129 ( 1.5 x 10"’ M) upon addition of 
AcO“ in DMSO at 25 °C (excited at 569 nm; 0 M 3 x iO '̂  M).

The spectral behaviour observed for both H2P0 4 ~ and P  binding by these urea 

sensors were very similar to each other. Initially, there was a slight quenching of the 

fluorescence emission (after excitation at 420 nm) by these anions, followed by a 

significant '"switch-on” effect (after ca. 50 equiv. of the anion) occurring with a red shift 

from a maximum intensity at 520 nm to one at 530 nm. Figures 4.31 and 4.32 show the 

described spectral changes for 129 upon the addition of H2P0 4 ~ and F^ respectively.
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Figure 4.31 Changes observed in the fluorescence of urea 129 (1.5 x 10'  ̂M) upon addition of
H2PO4 in DMSO at 25 °C (excited at 420 nm; 0 M 
change; purple arrow = second significant change).

3 X 10 ■ M; blue arrow = first significant
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Figure 4.32 Change Changes observed in the fluorescence of urea 129 (1.5 x 10'̂  M) upon 
addition of P  in DMSO at 25 °C (excited at 420 nm; 0 M 3 x 10'  ̂ M; blue arrow = first 
significant change; purple arrow = second significant change).

W hen the sample was excited at 360 nm, the effect o f the addition of either 

H 2 PO 4  or was such that there was an initial decrease in the fluorescence emission 

(with maximum intensity at 510 nm) to ca. 25%  of its original intensity. This was then 

followed by an increase in the same band with the appearance of two new bands with 

maxima occurring at 440 and 615 nm. This behaviour can be clearly seen in Figures 

4.33 and 4.34, which show the changes in the fluorescence (when excited at 360 nm) of 

129 in the presence of H 2 PO4  and respectively. Such fluorescence changes were 

also observed in the studies carried out on 130 and 131 with these two anions (see 

Appendix 7.3).
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Figure 4.33 Changes observed in the fluorescence of urea 129 (1.5 x lO '*’ M) upon addition of 
H2 P0 4 ~ in DMSO at 25 °C (excited at 360 nm; 0 M —> 3 x 10 ‘̂ M; blue arrow = first significant 
change; purple arrow = second significant change).
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Figure 4.34 Changes observed in the fluorescence of urea 129 (1.5 x lO '̂  M) upon addition of 
P  in DMSO at 25 °C (excited at 360 nm; 0 M ^  3 x lO "* M; blue arrow = first significant 
change; purple arrow = second significant change).

It is unclear as to the cause o f such interesting spectral changes observed for 129 

- 131 upon the addition of H2PO4” and F^. One rationale is that the proton of the 

hydrazine N that is attached directly to the 4-position of the naphthalimide ring may be 

involved in the binding of such anions. In the case of H2P0 4 ~, it may be due to this 

anion consisting of more than two possible hydrogen-bonding donors (c/. AcO has two 

sites which are almost directionally complementary to the urea moiety), whereas P  is a 

small spherical anion and hence, there is the possibility of more than one anion binding 

to the NH protons o f these urea sensors. The presence o f may also result in the 

deprotonation of one o f the urea NH protons, which could further complicate the 

binding process of such sensors with F^.

The next section will involve the plotting of these spectral changes as a function 

of -log[anion] at different wavelengths in order to further analyse the data and obtain a 

better representation of these changes.

4.6.3.1 Analysis of the Fluorescence Titration Data for 129 -131

In order to view the above results more clearly, the fluorescence changes at 

significant wavelengths (where maximum intensities occur in the binding experiments) 

were plotted as a function of -log[anion]. In the case of AcO" binding, sigmoidal 

binding curves were obtained for the changes observed for these sensors when excited 

at 420 nm (i.e. the initial absorption band). Figure 4.35 illustrates the change in the
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relative intensity of 129 at 520 nm upon the addition of AcO in DMSO, where the 

sigmoidal curve changed over ca. two log unit.
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Figure 4.35 Relative fluorescence intensity of sensor 129 at 520 nm against -log[anion] in 
DMSO on addition of AcO (excited at 420 nm).

Figures 4.36 and 4.37 show the plots of changes in the relative intensity of 129 

at 520 nm (when excited at 420 nm) in the presence of H2P0 4 ~ and respectively. As 

previously observed from the changes in the fluorescence emission (Figures 4.31 and 

4.32), the results from these plots illustrate clearly the similar behaviour demonstrated 

by the sensors due to the complexations of these two anions. One noticeable difference 

was that that the overall change occurred over ca. two log units for H2PO4” binding, 

whereas the presence of F^ caused an overall change across ca. one log unit. This trend 

was also previously observed in the absorption titrations. Also, the change involving 

the initial increase in the fluorescence, followed by a decrease was more pronounced in 

the binding of F^. The fluorescence is then enhanced again to a greater extent and this 

enhancement began at a lower anion concentration for F^ binding (i.e. ca. 2.5 x lO'"* M), 

while that for H2P0 4  ̂ binding occurred at an anion concentration of ca. 9 x 10 '’ M. 

This indicated the stronger binding affinities of such sensors towards o f F^. It is not 

possible as of yet to determine the mechanism of the “chemical event” causing these 

anomalous spectral changes.

1.00

0.80 

I 0.60
>

0.40

0.20

155



Chapter 4 -  Hydrazine-based Naphthalimide Colorimetric Anion Sensors

1.0

^ 0.8
ca>
c 0.6

at 0.2

♦
♦

♦ ♦ ♦

0.0
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

-log[anion]

Figure 4.36 Relative tluorescence intensity of sensor 129 at 520 nm against -log[anion] in 
DMSO on addition of H2P0 4  ̂(excited at 420 nm).
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Figure 4.37 Relative fluorescence intensity of sensor 129 at 520 nm against -log[anion] in 
DMSO on addition of F" (excited at 420 nm).

Excitation o f  the sam ple at 360  nm again resulted in sim ilar fluorescence  

changes observed for the recognition o f  H2P 0 4 ~ and P .  This can be seen in Figures 

4 .38  and 4 .39 , illustrating these changes in the fluorescence em ission  o f  sensor 129 with  

H2PO4” and respectively.
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Figure 4.38 Relative fluorescence intensity of sensor 129 at 440, 510 and 615 nm against 
log[anion] in DMSO on addition of H2PO4 (excited at 360 nm).
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Figure 4.39 Relative fluorescence intensity of sensor 129 at 440, 510 and 615 nm against - 
log[anion] in DMSO on addition of P  (excited at 360 nm).

Once more, the overall changes observed at 440, 510 and 615 nm occurred over 

ca. two log units in the case of of H2 PO4 ” binding, while these changes occurred across 

ca. one log unit in the presence of P .  The original fluorescence emission centred at 510 

nm was initially enhanced in both cases, followed by significant quenching and then a 

final smaller enhancement. The occurrence of this final increase was at anion 

concentrations similar to those at which the final fluorescence enhancement occurred
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upon the excitation at 420 nm. Also, the binding curves observed at 440 and 615 nm 

(upon excitation at 360 nm) were similar to those observed when the sample was 

excited at 420 nm, with more significant changes recorded for binding.

4.6.3.2 Stability Constants (log |3) from Fluorescence Titration Data of 129 -131

It was not possible to obtain reliable values for the stability constants from the 

SPECFIT/32™ analysis of the data collected fom these fluorescence studies. The log p 

values given by the program initially seemed accurate with small errors (< 1%). 

However, upon examination of the graphs generated by SPECFIT/32™ of the fitting 

between the observed and calculated data (see example in Appendix 7.3.4), it was found 

that there was poor correlation between the two set of data (i.e. the observed data did 

not fit well to the model selected by the program). One possible factor that may be 

contributing to the problems in obtaining accurate log P values is the occurrence of 

more than one process (e.g. complexation, deprotonation) during the experiment.

4.6.3.3 Conclusions

The fluorescence studies carried out on sensors 129 - 131 in the presence of 

AcO~ resulted in the quenching of the emission (when excited at 420 and 360 nm). The 

fluorescence was completely quenched when excited at 360 nm. However, an 

enhancement occurred in the shoulder-like fluorescence emission upon excitation at 569 

nm. In the case of H2P0 4 ~ and F^, the changes observed in the fluorescence were more 

complicated. When excited at 420 nm, there was initially a small enhancement in the 

fluorescence, followed by a slight quenching and finally, a significant increase in the 

fluorescence intensity. The final increase occurred with a shift towards longer 

wavelength. The excitation of such sensors at 360 nm resulted in the quenching of the 

fluorescence emission centred at 510 nm, which was then followed by an increase as 

well as the appearance of two new bands at 440 and 615 nm. These anomalous changes 

may be due to the presence of the 4-amino proton, which has the possibility of partaking 

in the binding of the bulky tetrahedral H2P0 4 “ and the small spherical F^. Also, in the 

case of F“, deprotonation of one of the urea NH protons may also be involved.

As a result of the complexity of the anion binding process of these sensors, it 

was not possible to obtain stability constants using SPECFIT/32t̂ .̂ However, from a 

qualitative aspect, it is possible to deduce that these sensors bound most strongly to
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AcO , followed by and then H2PO4 . No significant changes were observed in the 

presence of C P or Br~.

4.7 Observed Colorimetric Changes o f 64 ,129  -131  with Anions

Sensors 64, 129 - 131 showed striking colour changes observable by the naked 

eye upon complexation with various anions in DMSO. Figure 4.40 shows the 

chromogenic response o f DMSO solutions o f 131 (1 x 10'^ M) upon the addition of 

putative anions. In general, the colour change was from bright yellow to deep purple. 

However, in the case of F* complexation, this colour change was only observable at low 

guest concentrations. At high concentrations, the initial yellow colour changed to pale 

orange upon complexation. This may be ascribed to the deprotonation of the NH 

protons o f the urea/thiourea moiety of the sensor, resulting in the formation o f the 

bifluoride ion It was also noted that in the DMSO solution of 131

containing one equivalent of (Figure 4.40(d)) showed non-homogeneity of the colour 

of the solution {i.e. there were patches of dark blue colour present). One possible 

explanation for this observation is that the deprotonation process may already begun to 

occur even at this low concentration. No colour change was observed in the presence of 

either Cl” or Br“.

(a) (b) (c) (d) (e)

Figure 4.40 Chromogenic response of solutions of sensor 131 (1 x 10 '̂  M) observable by the 
naked eye upon complexation with various anionic guests: (a) free host 131; (b) 131 + 1 eq. 
AcO“; (c) 131 + 1 eq. H2P0 4 “; (d) 131 + 1 eq. P ;  (e) 131 + F“ (excess).
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(a) (b) (c) (d) (e) (f)

Figure 4.41 Chromogenic response of solutions of sensor 64 (I x 10'  ̂ M) observable by the
naked eye upon complexation with 10 equiv. of various anionic guests: (a) free host 64; (b) 64 + 
AcO“; (c) 64 + H2PO4';  (d) 64 + Br"; (e) 64 + Cl“; (f) 64 + F .

W hen carried out in m ore com petitive m edia such as EtOH and Et0 H :H 20  

(50:50), only the thiourea sensor 64 show ed colour changes upon anion com plexation. 

In EtOH , sim ilar colour changes were observed as those seen in DM SO. However, the 

chrom ogenic response in E t0 H :H 2 0  (50:50) becam e more selective in terms o f visual 

discrim ination, where only the addition o f acetate caused 64 to change from  its original 

yellow  colour to a deep purple (Figure 4.41).

in a 1 X 10'  ̂M Et0 H:H20  (50:50) solution of 64, and then leaving the paper to dry) observable 
by the naked eye upon the addition of various anionic guest solutions in Et0 H:H20 (50:50): (a) 
free host 64; (b) 6 4 + 1 0  equiv. AcO ; (c) 6 4 + 1 0  equiv. H2P04~; (d) 64 + 10 equiv. P ; (e) 64 + 
10 equiv. Cl"; (f) 64 + 10 equiv. Br“.

W hen loaded onto cellulose-based paper, a sim ilar chrom ogenic response was 

observed when 50:50 E t0 H :H 2 0  solutions o f the anions were added to the paper 

(Figure 4.42). This m akeshift test illustrates the potential o f sensor 64 to selectively 

detect AcO“ in m ore practical applications. A sim ilar exercise using D M SO  solutions

(a) (b) (c) (d) (e) (f)

Figure 4.42 Chromogenic response of sensor 64 (loaded onto cellulose-based paper via soaking
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did not show this selectivity as the addition of AcO”, H2 P0 4 ~ and P  all resulted in the 

paper assuming a purple colour. In the case of the urea sensors, no visible colour 

change was observed in the presence of the various anions. Hence, these striking results 

greatly encourage the further development of this type of colotimetric anion sensor for 

its possible use in H2 O, an ideal scenario pursued by many in this field.

4.8 Overall Conclusions

The binding studies carried out on 64, 129 - 131 with anions demonstated 

striking colour changes in the visible region (yellow to purple upon anion 

complexation), thus these sensors show great potential as colorimetric sensors. 

However, physical evaluation of the urea sensors 129 - 131 using 'H NMR, UV-vis and 

fluorescence spectroscopic experiments showed that these sensors can only successfully 

bind anions in DMSO, unlike their thiourea analogues (such as 64) which are able to 

bind anions in highly competitive media (i.e. EtOH and Et0H:H20 (50:50)). These 

studies carried out on 129 - 131 also showed that the electronic nature of the 4- 

substituent on the phenyl ring did not give rise to significant differences in the binding 

affinities of such sensors.

In the 'H NMR binding studies, the formation of bifluoride ion (HF2”) was again 

observed in the complexation of K  by 129 - 131. This was indicated by the appearance 

of a triplet peak at ca. 16 ppm after the addition of ca. 2 equivalents of P .  The anion is 

believed to be deprotonating one of the urea NH protons within the sensors. Several 

cases of this deprotonation have been reported in literature.

There were also difficulties in obtaining stability constants (log P) from the 

SPECFIT/32™ analysis of the spectral data collected from the fluorescence 

spectroscopic experiments. Graphical analysis of this data showed that there may be 

more than one possible process occurring in the presence of anions, especially in the 

case of H2 P0 4 ~ and P .  It has also been suggested that there may be the risk of 

deprotonation by all three anionic guests, a phenomenon observed in other urea and 

thiourea compounds.

In conclusion, the physical evaluation of these hydrazine-based sensors 64,129 - 

131 showed that the thiourea sensors (e.g. 64) bind more strongly to putative anions 

than their urea analogues (129 - 131). Such observation between the binding affinities 

of ureas and thioureas has been previously reported by several research 

groups.''^-'^-’'’--'’'- ''’''^

161



Chapter 4 -  Hydrazine-based Naphthalimide Colorimetric Anion Sensors

4.9 Future Work

Firstly, furtiier experiments should be carried out on these hydrazine-based ureas 

and thioureas to explore the possibility of deprotonation of the NH protons by anions 

other than P .

Due to the selectivity observed by the hydrazine-based thiourea sensors such as 

64 in highly competitive aqueous media {i.e. Et0H;H20 (50:50)), it is clear that further 

studies should be carried out on such compounds. One possible aspect of these sensors 

may be improved upon is their solubility in water. Currently, these studies were done 

by initially dissolving the compounds in ethanol, before adding water to make up the 

50:50 solutions. Therefore, it may be useful to attempt certain modifications to the 

molecular structures of these sensors in order to increase their solubility in water. 

Another approach would be to perhaps incorporate the sensors into polymers and films 

{e.g. hydrogels).

The selectivity of these sensors (when observed using photophysical techniques) 

towards anions in aqueous media should also be enhanced. Possible structural 

modifications to achieve this include employing other substituents at the para position 

of the phenyl ring, or exchanging the phenyl ring completely with another moiety 

(either alkyl or aromatic).

Finally, these sensors and future derivatives should be tested using other anionic 

guests, especially those of biological importance.
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5.1 General Experimental Details

Melting points were determined using an Electrothermal IA9000 digital melting 

point apparatus. Infrared spectra were recorded either on a Mattson Genesis II FTIR 

spectrometer or a Perkin Elmer spectrometer fitted with a universal ATR sampling 

accessory. When using the former, oils were analysed using NaCl plates and solid 

samples were dispersed in KBr and recorded as clear pressed discs. 'H  NMR spectra 

were recorded at 400.13 MHz using a Bruker Spectrospin DPX-400 instrument. 

Chemical shifts expressed in parts per million (ppm or 6) downfield from the standard, 

followed by the number of protons, splitting pattern, coupling constant (if applicable) 

and assignment of proton. The splitting pattern is denoted using the following 

abbreviations: s for a singlet, br s for a broad singlet, d for a doublet, dd for a double 

doublet, t for a triplet, app t for an apparent triplet, q for a quartet, app q for an 

apparent quartet and m for a multiplet. Aromatic protons are numbered according to 

Figure 5.1 for symmetrical bis-phenylureas and thioureas and Figure 5.2 for 

asymmetrical bis-phenylureas and thioureas. Figures 5.3, 5.4 and 5.5 show the 

numbering scheme for compounds based on naphthalimide, anthracene and naphthalene 

ring systems respectively. The proton is prefixed by “Ar”, “An”, “Cyclohex”, “Naph” 

or “Nap” to represent it as an aromatic, anthracene, cyclohexane, naphthamilide or 

naphthalene proton respectively, e.g. A r-H l. ’^C and '^F NMR spectra were recorded at 

100.61 MHz and 376.46 MHz respectively using a Bruker Spectrospin DPX-400 

instrument. Mass spectroscopy was carried out using spectroscopic grade solvents. 

Mass spectra were determined by detection using electrospray on a Micromass LCT 

spectrometer. A Shimadzu HPLC or W ater’s 9360 was used to pump solvent. The 

whole system was controlled by MassLynx 3.5 on a Compaq Deskpro workstation. 

Accurate masses were determined by a peak-matching method, using leucine 

Enkephalin (Tyr-Gly-Gly-Phe-Leu) as the standard reference. X-ray diffraction studies 

were carried out by Dr Sandrine Goetz, Dr Paul Jensen and Dr Thomas McCabe 

(School of Chemistry, Trinity College Dublin). Specific rotation of chiral compounds 

were determined using Autopol® IV Polarimeter. Elemental analysis was carried out in 

the Microanalytical Laboratory, Department of Chemistry, University College Dublin. 

Starting materials were obtained from Sigma-Aldrich and Fluka. All data was further 

handled either on a Sony Vaio VGN-FE41Z notebook computer (2.0 GHz, Centrino 

Duo, 2046 MB RAM) or Fujitsu Siemens desktop computer (1.8 GHz, Pentium IV, 256 

MB RAM) using Microsoft software and Isis Draw 2.5.
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x = o, s

Figure 5.1. Aromatic and amino protons of symmetric bis-phenylureas and thioureas.

H
N

H,

H3'

H 4 '

x = o, s

Figure 5.2. Aromatic and amino protons of asymmetric bis-phenylureas and thioureas.

Figure 5.3. Aromatic protons of naphthalimide-based ureas and thioureas

R H.

Figure 5.4. Aromatic protons of anthracene-based ureas and thioureas

H, H' 5 '4

Figure 5.5. Aromatic protons of naphthalene-based ureas and thioureas
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5.2 'H NMR Titrations

*H N M R titrations were carried out on a Bruker Spectrospin D PX -400
(R)instrum ent at room  tem perature (25 °C). D ata analysis was conducted using M icrosoft 

Excel 2003 and W inE Q N M R .'^

5.2.1 Preparation of Solutions for NMR Titrations

The salts used in the titrations were spectroscopic grade TB A  derivatives o f the 

various anions, purchased from  Aldrich. All were dried over P 2 O 5 at 40 °C under 

vacuum . Solutions were m ade up using spectroscopic grade solvents. The 

concentrations o f these solutions were prepared such that 5 |aL would give 0.1 m olar 

equivalents o f anions relative to the concentration o f the host solutions. Host solutions 

w ere approxim ately 2.5 g/L {i.e. 2 m g in 0.8 m L deuterated solvent) in concentration.

5.3 Absorption and Fluorescence Titrations

Absorption and fluorescence binding studies were carried out at 25 °C on a 

Varian Cary W inlJV  and Eclipse spectrom eters respectively. Data analysis was 

conducted using Microsoft® Excel 2003 and SPECFIT/32™ .

5.3.1 Preparation of Solutions for Absorption and Fluorescence Titrations

The salts used in the titrations were spectroscopic grade TBA  derivatives o f the 

various anions, purchased from  Aldrich. All were dried over P 2 O 5  at 40 °C under 

vacuum . Solutions with m olar concentrations o f 1 M, 10"' M, 10 “ M and 10'^ M were 

prepared using spectroscopic grade solvents. The host solution (1 x 10’̂  M) was placed 

in a 10 m L volum etric flask with a m agnetic stirrer prior to starting the titration.

5.4 CD Measurements

CD spectra were recorded at a concentration corresponding to an absorbance of 

1.0 in organic solutions (generally D M SO ) using a Jasco J-810-150S 

spectropolarim eter. The cell used in these m easurem ents has a path length o f 2 mm. 

All CD spectra are represented as m deg vs' X (nm). The baseline o f the solvent used was 

recorded and rem oved from  all spectra shown.
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5.5 General Procedures

Procedure 1: Synthesis of Bis-phenylureas and Thioureas

The amine (1.3 equiv.) was carefully added to a solution of isocyanate or 

isothiocyanate (1 equiv.) in dry spectroscopic grade CHCI3 (unless otherwise stated). 

The reaction mixture was left stirring under argon for 18 h at room temperature. The 

product was then worked up using either of the following two procedures:

(i) If the resulting urea or thiourea product precipitated out, it was collected and 

washed several times with cold spectroscopic grade CHCI3 (unless otherwise stated). 

The solid was dried under vacuum.

(ii) If the product remained in solution, the reaction mixture was washed with 

0.1 M HCl (1 X 20 mL) and water (2 x 20 mL). The organic layer was then dried over 

MgS0 4  and filtered. The filtrate was reduced to give the solid product (unless 

otherwise stated), which was then dried under vacuum.

Procedure 2: Synthesis of Hydrazine-based Ureas and Thioureas

The appropriate isocyanate (1.1 equiv.) was added to the amine and this reaction 

mixture was stirred with heating at reflux for 3 days in dry MeCN. A precipitate 

formed, which was collected and washed with MeCN. The solid was then dried, 

yielding a yellow solid. Purification of the crude product was carried out by hot 

filtration using a mixture of DCM:M eOH (1:4). (Note: Glassware used when working 

up this reaction must always be pyrex as the hydrazine-based product may react with 

lower grade glass.)

Procedure 3: Synthesis of Isocyanates and Isothiocyanates'^’

Triphosgene or thiophosgene (2 equiv.) was carefully added to a solution of the 

amine to form the corresponding isocyanate or isothiocyanate respectively. The 

reaction mixture was left stirring for 18 h under argon at room temperature. Any excess 

triphosgene or thiophosgene was quenched with water. The organic layer extracted was 

washed with brine (3 x 10 mL) and water (1 x 20 mL). The solution was then dried 

over M gS0 4 , filtered and reduced, yielding the desired product.

Procedure 4: Synthesis of Anthracene-based Ureas and Thioureas

These ureas and thioureas were synthesised using the appropriate amine with an 

equivalent of isocyanate and isothiocyanate respectively in the presence of a catalytic
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amount of triethylamine (if required) in dry DCM. The reaction was left stirring at 

room temperature for 30 min, after which a precipitate formed. The desired precipitate 

was isolated by filtration and was washed with DCM and diethyl ether to remove any 

impurities or starting material.

5.6 Chapter 2 Experimental Details

1,3-iB/s-phenylurea (69)

69 Was synthesised according to Procedure l( i)  using 

phenyl isocyanate (0.39 g, 3.30 mmol) and aniline (0.40 

g, 4.30 mmol) in spectroscopic grade CHCI3  (20 mL). A 

white precipitate was obtained. Recrystallisation of the 

solid from CHCl3 :CH 3 0 H (5:1) yielded fine white crystals (0.64 g, 91.5%). m.p. 241 - 

243 °C (lit.,’̂ - 242 °C); Calculated for C ,3 H ,2 N 2 0 : C, 73.57; H, 5.70; N, 13.20%; 

Found: C, 73.30; H, 5.72; N, 13.15%; 5h (400 MHz, (CD 3 )2 SO) 8 . 6 8  (2H, br s, NH), 

7.49 (4H, d, y = 8.2 Hz, Ar-H2, Ar-H 6 ), 7.29 (4H, t, 7 = 7.5 Hz, Ar-H3, Ar-H5), 6.98 

(2H, t, J = 7 . 5  Hz, Ar-H4); 5c (100 MHz, (CD 3 )2 SO) 152.6, 139.7, 128.8, 121.8, 118.2; 

MS (MeOH, ES^) m/z 213 (M + H )^ 235 (M + Na)^; IR (KBr) u^ax (cm '') 3305, 3133, 

2334, 1940, 1871, 1795, 1644, 1595, 1552, 1497, 1441, 1314, 1231, 1052, 894, 753, 

696, 508.

1,3-Bw-phenylthiourea (70)

70 Was synthesised according to Procedure l(ii)  using 

phenyl isothiocyanate (0.45 g, 3.30 mmol) and aniline 

(0.40 g, 4.30 mmol) in spectroscopic grade CHCI3  (20

mL). A cream-coloured solid was obtained.

Recrystallisation of the solid from CHCI3  yielded a pure sample as off-white crystals 

(0.68 g, 90.4%). m.p. 155 - 157 °C (lit.,’^̂  155 °C); HRMS (MeOH, ES'"); Calculated 

for C i3 H ,3 N 2 S: 229.0799 (M + H)^; Found: 229.0800; 8 h (400 MHz, (CD 3 )2 SO) 9.82 

(2H, br s, NH), 7.51 (4H, d, 7 = 8.0 Hz, Ar-H2, Ar-H 6 ), 7.35 (4H, m, Ar-H3, Ar-H5), 

7.14 (2H, m, Ar-H4); 5c (100 MHz, (CD 3 )2 SO) 179.6, 139.5, 128.5, 124.4, 123.7; MS

(MeOH, ES^) ;72/z 229 (M + H)^, 251 (M -f- Na)^; IR (KBr) u^ax (cm '') 3217, 3035, 2796,

1955, 1624, 1549, 1450, 1344, 1242, 1070, 1023, 933, 758, 697, 631, 485.
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l-Phenyl-3-^-tolyl)urea (71)

71 Was synthesised according to Procedure l(i)  

using p-tolyl isocyanate (0.44 g, 3.30 mmol) and 

aniline (0.40 g, 4.30 mmol) in spectroscopic grade 

CHCI3  (20 mL). A white precipitate was obtained. 

Recrystallisation of the solid from CHChrM eOH (30:1) yielded white hair-like crystals 

(0.65 g, 86.2%). m.p. 217 °C (lit.,'^^ 217 - 218 °C); Calculated for C ^H uN sO : C, 

74.31; H, 6.24; N, 12.38%; Found: C, 74.11; H, 6.31; N, 12.36%; 6 h (400 MHz, 

(CD 3 )2 SO) 8.11 (IH , s, NH ’), 8.85 (IH , s, NH), 7.45 (2H, d, 7 =  7.6 Hz, Ar-H2, Ar-H 6 ), 

7.34 (2H, d, 7 = 7.6 Hz, Ar-H2’, Ar-H 6 ’), V.27 (2H, t, 7 = 7.6 Hz, Ar-H3, Ar-H5), 7.08 

(2H, d, y = 8.2 Hz, A r-H3’, A r-H5’), 6.96 (IH , t, 7 = 7.0 Hz, Ar-H4), 2.24 (3H, s, Ar- 

CHO; 5c (100 MHz, (€ 0 3 )2 8 0 ) 152.6, 139.8, 137.1, 130.6, 129.2, 128.8, 121.7, 118.3,

118.1, 20.4; MS (MeOH, ES^) m/z 227 (M + H ) \  249 (M + Na)^, 475 (2M + Na)^; IR

(KBr) Umax (cm ) 3302, 2361, 1636, 1594, 1566, 1443, 1310, 1237, 789, 733, 634, 509.

l-Phenyl-3-(p-toIyl)thiourea (72)

72 Was synthesised according to Procedure 1(1) 

using p-tolyl isothiocyanate (0.49 g, 3.30 mmol) and 

aniline (0.40 g, 4.30 mmol) in spectroscopic grade
0 H 3

CHCI3  (20 mL). A cream-coloured precipitate was 

obtained. Recrystallisation of the solid from CHCI3  yielded a pure sample (0.19 g, 

24.2%). m.p. 145 - 147 °C (lit.,'^^ 147 - 149 °C); Calculated for C^HmNsS: C, 69.39; 

H, 5.82; N, 11.56%; Found: C, 69.25; H, 5.81; N, 11.53%; 5h (400 MHz, (CD 3 )2 SO) 

9.70 (2H, s, NH), 7.47 (2H, d, 7 = 8.0 Hz, Ar-H2, Ar-H 6 ), 7.32 (4H, m, Ar-H3, Ar-H5, 

Ar-H2’, Ar-H 6 ’), 7.13 (3H, m, Ar-H4, Ar-H3’, Ar-H5’), 2.28 (3H, s, Ar-CH 3 ); 5c (100 

MHz, (CD 3 )2 S 0 ) 179.6, 139.5, 136.8, 133.7, 128.9, 128.4, 124.4, 123.9, 123.7, 20.5; 

MS (MeOH, ES^) in/z 243 (M + H)^, 265 (M + Na)^; IR (KBr) (cm '') 3170, 2954, 

1592, 1554, 1486, 1446, 1312, 1246, 1180, 1139, 1073, 1028, 951, 863, 811, 752, 691, 

591,540, 503.
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1 -Phenyl-3-(4-fluorophenyl)urea (73)

73 Was synthesised according to Procedure 1(1) using 

4-fluorophenyl isocyanate (0.45 g, 3.30 mmol) and 

aniline (0.40 g, 4.30 mmol) in spectroscopic grade 

CHCI3 (20 mL). A white precipitate was obtained. 

Recrystallisation of the solid from Hex;CHCl3 ;MeOH (3:5:1) yielded white needle-like 

crystals (0.74 g, 97.4%). m.p. 238 - 240 °C (lit.,’^̂  240 °C); HRMS (MeOH, ES^): 

Calculated for C nH iiN jO F: 231.0934 (M + H)^; Found: 231.0925; 6 h (400 MHz, 

(CD 3 )2 S 0 ) 8.71 (IH , br s, N H ’), 8.67 (IH , br s, NH), 7.45 (4H, m, Ar-H2, Ar-H 6 , Ar- 

H 2’,Ar-H6’), 7.27 (2H, t, J  = 7.5 Hz, Ar-H3, Ar-H5), 7.12 (2H, app t, J  = 7.8 Hz, Ar- 

H 3’, Ar-H5’), 6.96 (IH , t, 7 =  6.2 Hz, Ar-H4); 6 c (100 MHz, (CD 3 )2 SO) 157.3 (d, 7c-f = 

236.7 Hz), 152.2, 139.7, 136.0, 128.8, 121.8, 119.9 (d, 7c-f = 7.7 Hz), 118.2, 115.3 (d, 

7c - f =  22.2 Hz); Sf (376 MHz, (€ 0 3 )2 8 0 ) -121.97 (Ar-F); MS (MeOH, ES^) t7i/z 231

(M + H ) \  461 (2M + H)^; IR (KBr) Up 

1212, 847, 737, 636.

(cm '') 3297, 2361, 1628, 1561, 1508, 1443,

l-Phenyl-3-(4-nuorophenyI)thiourea (74)

74 Was synthesised according to Procedure 1(1) using 

4-fluorophenyl isothiocyanate (0.57 g, 3.30 mmol) and 

aniline (0.40 g, 4.93 mmol) in spectroscopic grade 

CHCI3 (20 mL). A white precipitate was obtained. 

Recrystallisation of the solid from CHCI3 yielded a pure sample (0.58 g, 71.0%). m.p. 

174 - 176 °C (lit.,'^’ 168 °C); Calculated for C i3 H, iN 2 SF: C, 63.39; H, 4.50; N, 11.37%; 

Found; C, 63.28; H, 4.48; N, 11.35%; 5h (400 MHz, (€ 0 3 )2 8 0 ) 9.80 (IH,  s, NH), 9.75 

(IH,  s, N H ’), 7.46 (4H, m, Ar-H2, Ar-H 6 , Ar-H2’, Ar-H 6 ’), 7.34 (2H, t, J  = 7.9 Hz, Ar- 

H3, Ar-H5), 7.15 (3H, m, Ar-H4, Ar-H3’, Ar-H5’); Sc (100 MHz, (€ 0 3 )2 8 0 ) 179.6, 

159.2 (d, 7c - f =  246.3 Hz), 139.4, 135.7, 128.5, 126.2 (d, 7c - f  = 7.7 Hz), 124.5, 123.8, 

115.1 (d, 7c - f  = 22.2 Hz); 6 f (376 MHz, (C 0 a)2 8 0 ) -118.31 (Ar-F); MS (MeOH, ES^) 

nj/z 247 (M + H ) \  269 (M + Na)^; IR (KBr) Umax (cm’’) 3212, 3012, 2086, 1599, 1552, 

1505, 1338, 1295, 1228, 1090, 1015, 932, 850, 761, 702, 679, 602, 508, 476.
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1 -Phenyl-3-(4-trifluoromethylphenyl)urea (75)

75 Was synthesised according to Procedure 1(1) 

using 4-trifluoromethylphenyl isocyanate (0.62 g,

3.30 mmol) and aniline (0.40 g, 4.93 mmol) in 

spectroscopic grade CHCI3 (20 mL). A white 

precipitate was obtained. Recrystallisation of the solid from CHCI3  yielded a pure 

sample (0.86 g, 92.5%). m.p. 224 - 226 °C; Calculated for C 1 4 H 1 1N 2 OF 3 : C, 60.00; H, 

3.96; N, 10.00%; Found: C, 59.50; H, 3.93; N, 9.83%; 5h (400 MHz, (CD 3 )2 SO) 9.05 

(IH , br s, NH ’), 8.75 (IH,  br s, NH), 7.64 (4H, app q, 7 = 9.1 Hz, Ar-H2’, Ar-H 6 ’, Ar- 

H 3’, A r-H5’), 7.48 (IH,  d, 7 = 1 . 1  Hz, Ar-H 6 ), 7.46 (IH,  d, 7 = 1.1 Hz, Ar-H2), 7.30 

(2H, t, 7 = 8.1 Hz, Ar-H3, Ar-H5), 7.00 (IH,  t, 7 = 7.3 Hz, Ar-H4); Sc (100 MHz, 

(CD 3 )2 S 0 ) 152.3, 143.5, 139.3, 128.8, 126.0, 123.2, 122.2, 121.8 (q, 7c - f  = 31.9 Hz), 

118.4, 117.8; 5f (376 MHz, (€ 0 3 )2 8 0 ) -60.62 (Ar-CF3 ); MS (MeOH, ES^) m/z 281 (M 

+ H )^ 303 (M - I -  Na)^; IR (KBr) Umax (cm ’) 3306, 1644, 1598, 1499, 1447, 1408, 1329, 

1241, 1166, 1111, 1068, 1016, 847, 796, 743, 693, 661, 594, 507.

l-Phenyl-3-(4-trifluoromethylphenyl)thiourea (76)

76 W as synthesised according to Procedure 1(1) 

using 4-trifluoromethylphenyl isothiocyanate (0.67 g,

3.30 mmol) and aniline (0.40 g, 4.93 mmol) in 

spectroscopic grade CHCI3 (20 mL). A white 

precipitate was obtained. Recrystallisation of the solid from CHCI3 yielded a pure 

sample (0.72 g, 73.7%). m.p. 165 - 166 °C; Calculated for C 1 4 H 11N 2 SF3 : C, 56.75; H, 

3.74; N, 9.45%; Found: C, 56.65; H, 3.69; N, 9.44%; §h (400 MHz, (CD 3 )2 SO) 10.07 

(IH,  br s, NH ’), 10.02 (IH,  br s, NH), 7.76 (2H, d, 7 = 8.4 Hz, Ar-H3’, Ar-H5’), 7.68 

(2H, d, 7 = 8 . 8  Hz, A r-H2’, Ar-H 6 ’), 7.49 (2H, d, 7 = 7.7 Hz, Ar-H2, Ar-H 6 ), 7.36 (2H, 

t, 7 =  7.9 Hz, Ar-H3, Ar-H5), 7.16 (IH,  t, 7 = 7.5 Hz, Ar-H4); 5c (100 MHz, (€ 0 3 )2 8 0 ) 

179.6, 143.4, 143.1, 139.5, 139.1, 128.5, 125.5, 124.8, 123.8, 122.9; 5p (376 MHz, 

(CD 3 )2 8 0 ) -60.99 (A r-C B ); MS (MeOH, ES^) m/z 297 (M + H ) \  319 (M + Na)^; IR 

(KBr) Umax (cm '') 3219, 3016, 2904, 2342, 1933, 1618, 1593, 1550, 1454, 1415, 1333, 

1238, 1167, 1123, 1071, 1021,932, 851,775, 699, 648,590, 498.
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l-Phenyl-3-(2,4-difluorophenyl)urea (77)

F 77 Was synthesised according to Procedure l( i)  using

2,4-difluorophenyl isocyanate (0.51 g, 3.30 mmol) and

aniline (0.40 g, 4.93 mmol) in spectroscopic grade

CHCI3 (20 mL). A white precipitate was obtained. 

Recrystallisation of the solid from CHCI3 yielded a pure sample (0.66 g, 80.1%). m.p. 

217 - 218 °C (lit.,'^* 222 °C); Calculated for CbHioNsOFj: C, 62.90; H, 4.06; N, 

11.29%; Found: C, 62.60; H, 4.01; N, 11.10%; 5h (400 MHz, (CD 3 )2 SO) 8.98 (IH , br s, 

N H ’), 8.46 (IH , br s, NH), 8.09 (IH , m, Ar-H 6 ’), 7.45 (2H, d, J  = 7.7 Hz, Ar-H2, Ar- 

H6 ), 7.29 (3H, m, Ar-H3, Ar-H5, Ar-H5’), 7.02 (2H, m, Ar-H4, Ar-H3’); 5c (100 MHz, 

(CD 3 )2 S 0 ) 156.7 (dd, 7c-f = 239.6 Hz, 11.6 Hz), 152.3, 152.1 (dd, 7c-f = 242.9 Hz, 

12.1 Hz), 139.4, 128.9, 124.1 (d, Jq-f = 13.2 Hz), 121.9, 121.8 (d, 7c-f = H - 6  Hz), 

118.1, 111.0 (d, 7c-f = 24.2 Hz), 103.7 (t, 7c-f = 23.7 Hz); 5f (376 MHz, (€ 0 3 )2 8 0 ) 

-118.78 (Ar-F), -125.48 (Ar-F); MS (MeOH, ES^) ni/z 249 (M + H )^ 271 (M + Na)^; 

IR (KBr) Umax (cm ') 3287, 3082, 1643, 1597, 1567, 1501, 1446, 1430, 1295, 1254, 

1205, 1144, 1102, 1054, 965,852, 805,779, 740, 691 ,657 ,611 ,482 .

1 -Phenyl-3-(2,4-difluorophenyl)thiourea (78)

F 78 Was synthesised according to Procedure l(ii)

using 2,4-difluorophenyl isothiocyanate (0.57 g, 3.30

mmol) and aniline (0.40 g, 4.30 mmol) in 

spectroscopic grade CHCI3 (20 mL). A white solid 

was obtained. Recrystallisation of the solid from CHCI3 yielded a pure sample (0.86 g, 

98.9%). m.p. 128 - 129 °C; HRMS (MeOH, ES^): Calculated for CnHnNaSFs: 

265.0611 (M + H )^ Found: 265.0605; 5h (400 MHz, (€ 0 3 )2 8 0 ) 9.97 (IH , br s, N H ’), 

9.40 (IH , br s, NH), 7.54 (IH , m, Ar-H 6 ’), 7.48 (2H, d, 7 =  8.2 Hz, Ar-H2, Ar-H 6 ), 7.33 

(3H, m, Ar-H3, Ar-H5, Ar-H5’), 7.15 (IH , t, 7 =  7.2 Hz, Ar-H4), 7.08 (IH , m, Ar-H3’); 

5c (100 MHz, (C 0 3 ) ,8 0 ) 181.0, 160.1 (dd, 7c-f = 244.4 Hz, 11.6 Hz), 156.9 (dd, 7c - f  =  

247.7 Hz, 13.1 Hz), 140.0, 139.2, 130.3 (d, 7c-f = 7.7 Hz), 128.6, 124.8, 123.8, 111.0 

(d, Jc-F = 3.9 Hz), 104.3 (t, 7c - f  = 24.2 Hz); 5p (376 MHz, (€ 0 3 )2 8 0 ) -113.01 (Ar-F), 

-113.01 (Ar-F); M 8  (MeOH, E 8 ^) m/z 265 (M + H )^  IR (KBr) Un,ax (cm ’) 3300, 3201, 

2988, 1593, 1545, 1516, 1433, 1365, 1312, 1259, 1228, 1140, 1099, 970, 848, 742, 698, 

611,497, 460.
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1,3-^w-(4-fIuorophenyl)urea (79)

79 Was synthesised according to Procedure l(i) 

using 4-fluorophenyl isocyanate (0.38 g, 2.77 

mmol) and 4-fluoroaniline (0.40 g, 3.6 mmol) in

spectroscopic grade CHCI3 (20 mL). A pale purple

precipitate was obtained. Recrystallisation of the solid from CHClsrMeOH (8:1) 

yielded purple needle-like crystals (0.49 g, 70.9%). m.p. 265 - 267 °C (lit.,'^^ 241 °C); 

Calculated for C ,3 H,oN2 0 F2 : C, 62.90; H, 4.06; N, 11.29%; Found: C, 62.70; H, 4.16; 

N, 11.20%; 5h (400 MHz, (€ 0 3 )2 8 0 ) 8.72 (2H, s, NH), 7.46 (2H, d, 7 = 4.8 Hz, Ar-H2), 

7.45 (2H, d, y = 4.8 Hz, Ar-H6 ), 7.12 (4H, d, J  = 8.9 Hz, Ar-H3, Ar-H5); 5c (100 MHz, 

(CD3 )2 S0 ) 157.3 (d, 7c - f  = 236.7 Hz), 152.7, 136.0 120.0 (d, 7c - f  = 7.7 Hz), 115.2 (d,

7c - f  = 21.3 Hz); 5p (376 MHz, (€ 0 3 )2 8 0 ) -121.96 (Ar-F); M 8  (MeOH, E8 ^) ni/z 249

(M -t- H ) \  271 (M - I -  Na)^ IR (KBr) (cm ') 3293, 2361, 1885, 1631, 1570, 1511, 

1405, 1298, 1211, 1153,831,652, 565,517,466.

1,3- -(4-fluorophenyl)thiourea (80)

80 Was synthesised according to Procedure 1(1) 

using 4-fluorophenyl isothiocyanate (0.42 g, 2.77 

mmol) and 4-fluoroaniline (0.40 g, 3.60 mmol) in 

spectroscopic grade CHCI3 (10 mL). A purple 

crystalline precipitate was obtained. Recrystallisation of the solid from CHCl3 :MeOH 

(10:1) yielded purple flat crystals (0.42 g, 58.1%). m.p. 191 - 193 °C (lit.,“°° 186 - 187 

°C); HRMS (MeOH, E 8 ^): Calculated for C ,3 H nN 2 SF2 : 265.0611 (M + H)^; Found: 

265.0598; 6 h (400 MHz, (€ 0 3 )2 8 0 ) 9.77 (2H, br s, NH), 7.46 (2H, d, /  = 5.0 Hz, Ar- 

H2), 7.45 (2H, d, 7 = 5.0 Hz, Ar-H6 ), 7.17 (4H, app t, /  = 8 . 8  Hz, Ar-H3, Ar-H5); Sc 

(100 MHz, (€ 0 3 )2 8 0 ) 180.3, 158.0, 135.6, 126.3 (d, Jc-f = 8.7 Hz), 115.0 (d, 7c - f  =  

22.2 Hz); 5p (376 MHz, (€ 0 3 )2 8 0 ) -118.36 (Ar-F); M 8  (MeOH, E8 )̂ m/z 265 (M -l- 

H)^ IR (KBr) Umax (cm ') 3219, 3019, 1604, 1549, 1510, 1334, 1240, 1211, 1089, 845, 

720, 673, 570.
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l-(4-FluorophenyI)-3-(p-tolyl)urea (81)

81 Was synthesised according to Procedure 1(1) 

using /?-tolyl isocyanate (0.37 g, 2.77 mmol) and

4-fluoroaniline (0.40 g, 3.60 mmol) in 

spectroscopic grade CHCI3 (10 mL). A pale 

purple precipitate was obtained. Recrystallisation of the solid from CHClsiMeOH (1:4) 

yielded purple needle-like crystals (0.67 g, 98.7%). m.p. 257 - 259 °C; HRMS (MeOH, 

ES^): Calculated for ChHmNsOF: 245.1090 (M + H)^; Found: 245.1042; 6 h (400 MHz, 

(CD 3 )2 S 0 ) 8.71 (IH , br s, NH), 8.60 (IH , br s, N H ’), 7.46 (IH , d, 7 = 5.0 Hz, Ar-H2), 

7.45 (IH , d, y = 5.0 Hz, Ar-H 6 ), 7.34 (IH , s, A r-H2’), 7.32 (IH , s, Ar-H 6 ’), 7.11 (2H, d, 

J  = 8.5 Hz, Ar-H3, Ar-H5), 7.09 (2H, d, 7 = 8.5 Hz, Ar-H3’, A r-H5’), 2.24 (3H, s, Ar- 

CH 3 ); 5c (100 MHz, (CD 3 )2 S 0 ) 157.3 (d, 7c-f = 237.6 Hz), 152.7, 137.1, 136.1, 130.7, 

129.2, 119.9 (d, 7c-f = 6 . 8  Hz), 118.3, 115.2 (d, Jc-p = 22.2 Hz), 20.3; 5f (376 MHz, 

(CD 3 )2 S 0 ) -122.18 (Ar-F); MS (MeOH, ES^) m/z 245 (M 4- 269 (M -1- Na)^; IR

(KBr)Dniax (cm ') 3298, 1638, 1569, 1511, 1405, 1308, 1213, 1150, 821,643.

l-(4-Fluorophenyl)-3-(p-tolyl)thiourea (82)

82 Was synthesised according to Procedure l(i) 

using /7-tolyI isothiocyanate (0.41 g, 2.77 mmol) 

and 4-fluoroaniline (0.40 g, 3.60 mmol) in 

spectroscopic grade CHCI3 (10 mL). A small 

amount of purple crystals formed. The solvent was reduced to a third of its original 

volume and the mixture was left in the fridge for 18 h. More crystals formed which 

were collected (0.05 g, 7.0%) and dried without need for further purification, m.p. 167 - 

169 °C (lit.,-°‘ 179 °C); HRMS (MeOH, ES^): Calculated for CmHhN.SF: 261.0862 

(M + H )^  Found: 261.0858; 5h (400 MHz, (CD 3 )2 SO) 9.72 (IH , s, NH), 9.66 (IH , s, 

N H’), 7.31 (2H, d, 7 = 8.2 Hz, A r-H2’, Ar-H 6 ’), 7.15 (2H, d, 7 = 8.2 Hz, Ar-H3, Ar- 

H5), 7.16 (4H, m, Ar-H2, Ar-H 6 , A r-H3’, A r-H5’), 2.28 (3H, s, Ar-CH 3 ); 5c(100 MHz, 

(CD 3 )2 S 0 ) 181.1, 136.7, 133.8, 129.0, 126.2 (d, Jq-f = 8.7 Hz), 123.9, 123.0, 1 2 1 . 1 , 

115.0 (d, 7c-f = 22.2 Hz), 20.5; 5p (376 MHz, (CD 3 )2 SO) -118.61 (Ar-F); MS (MeOH, 

ES^) ni/z 261 (M + H)^, 262 (M + 2H)“^, 283 (M + Na)^, 521 (2M + H ) \  543 (2M + 

Na)^; IR (KBr) (cm ’) 3201, 3019, 2362, 1911, 1604, 1548, 1510, 1334, 1212, 

1090, 925, 833, 718, 676, 567, 506.
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l-(4-Fluorophenyl)-3-(4-trifluoromethylphenyl)urea (83)

83 Was synthesised according to Procedure l(i)  

using 4-trifluoromethylphenyl isocyanate (0.52 g, 

2.77 mmol) and 4-fluoroaniline (0.40 g, 3.60 

mmol) in spectroscopic grade CHCI3 (20 mL). A 

fine pale purple precipitate was obtained. Recrystallisation of the solid from 

Hex:CHCl3 :MeOH (3:5:1) yielded fine purple needle-like crystals (0.83 g, 99.5%). 

m.p. 215 - 216 °C (lit.,^ 218 - 220 °C); Calculated for C 1 4H 10N 2 OF4 : C, 56.38; H, 3.38; 

N, 9.39%; Found: C, 56.24; H, 3.39; N, 9.34%; 5h (400 MHz, (€ 0 3 )2 8 0 ) 9.11 (IH, s, 

N H ’), 8.85 (IH , s, NH), 7.65 (2H, d, 7 = 8 . 8  Hz, A r-H3’, A r-H 5’), 7.64 (2H, d, 7 = 8 . 8  

Hz, Ar-H2’, Ar-H 6 ’), 7.48 (2H, m, Ar-H2, Ar-H 6 ), 7.14 (2H, app t, 7  = 9.0 Hz, Ar-H3, 

Ar-H5); 5c (100 MHz, (CD 3 )2 SO) 157.5 (d, 7 c _ f  = 237.6 Hz), 152.4, 143.5, 135.6, 126.0 

(d, 7 c - f  = 3.9 Hz), 125.9, 121.9, 120.3 (d, 7 c _ f  = 7.7 Hz), 117.9, 115.3 (d, 7 c - f  = 21.2 

Hz); 5f (376 MHz, (CD 3 )2 SO) -60.54 (Ar-CFs), -121.49 (Ar-F); MS (MeOH, ES^) m/z

299 (M + H)^, 321 (M + Na)^; IR (KBr) u, 

1327, 1227, 1128, 1069, 836, 643.

(cm‘‘) 3301, 1638, 1566, 1512, 1406,

1 -(4-FluorophenyI)-3-(4-trifluoromethylphenyl)thiourea (84)

84 Was synthesised according to Procedure 1(1) 

using 4-trifluoromethylphenyl isothiocyanate 

(0.56 g, 2.77 mmol) and 4-fluoroaniline (0.40 g, 

3.60 mmol) in spectroscopic grade CHCI3 (10 

mL). A pale purple precipitate was obtained. Recrystallisation of the solid from CHCI3 

yielded purple needle-like crystals (0.17 g, 20.1%). m.p. 153 - 154 °C; Calculated for 

C 14H 10N 2SF4 : C, 53.50; H, 3.21; N, 8.91%; Found: C, 53.41; H, 3.19; N, 8.81%; HRMS 

(MeOH, ES^): Calculated for C i4 H ,,N 2 SF4 : 315.0579 (M + H)^; Found: 315.0592; 5h 

(400 MHz, (CD 3)2 S0 ) 10.06 (2H, br s, NH), 7.73 (2H, d, 7  = 8.5 Hz, A r-H2’, Ar-H 6 ’), 

7.69 (2H, d, 7  = 8.5 Hz, A r-H3’, A r-H5’), 7.48 (2H, dd, 7  = 5.0 Hz, Ar-H2, Ar-H 6 ), 

7.19 (2H, app t, 7  = 8 . 8  Hz, Ar-H3, Ar-H5); 5 c  (100 MHz, (€ 0 3 )2 8 0 ) 180.0, 162.2 (q, 

7 c - f  = 240.0 Hz), 159.3 (d, 7 c - f  = 240.5 Hz), 143.3, 135.4, 126.3 (d, 7 c - f  = 7.7 Hz), 

125.6 (d, 7 c - f  = 3.9 Hz), 124.0, 122.9, 115.2 (d, 7 c _ f  = 22.2 Hz); 5 f  (376 MHz, 

(CD 3 )2 8 0 ) -60.87 (Ar-CF3 ), -118.01 (Ar-F); MS (MeOH, ES^) m/z 315 (M -t- H)^; IR 

(KBr)Un,ax(cm ') 3193, 3025, 1547, 1509, 1324, 1234, 1164, 1131, 1066, 726.
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1 -(4-Fluorophenyl)-3-(2,4-difluorophenyl)urea (85)

F 85 Was synthesised according to Procedure l(i)

using 2,4-difluorophenyl isocyanate (0.43 g, 2.77

mmol) and 4-fluoroaniline (0.40 g, 3.60 mmol) in 

spectroscopic grade CHCI3  (10 mL). A pale purple 

precipitate was obtained. Recrystallisation of the solid from CHCl3 :MeOH (5:1) 

yielded very fine purple crystals (0.71 g, 96.2%). m.p. 253 - 254 °C; Calculated for 

CBH 9 N 2 OF 3 : C, 58.65; H, 3.41; N, 10.52%; Found: C, 58.45; H, 3.33; N, 10.40%; 5h 

(400 MHz, (CD 3 )2 S 0 ) 9.12 (IH , br s, N H ’), 8.56 (IH , br s, NH), 8.04 (IH , m, Ar-H 6 ’), 

7.46 (2H, m, Ar-H2, Ar-H 6 ), 7.31 (IH , m, A r-H5’), 7.13 (2H, app t, 7 =  8 . 8  Hz, Ar-H3, 

Ar-H5), 7.05 (IH , m, A r-H3’); 5c (100 MHz, (CD 3 )2 SO) 157.1 (d, J c - f  = 233.0 Hz), 

153.6 (d, 7c-f = 53.9 Hz), 152.4, 150.7 (d, 7c-f = 69.4 Hz), 135.7, 124.0 (d, 7c-f = 13.5 

Hz), 122.1 (d, 7c - f  = 6 . 8  H z ) ,  119.9 (d, 7c - f  = 7.7 Hz), 115.3 (d, 7c - f  = 22.2 Hz), 111.0 

(d, Jc-F = 25.1 Hz), 103.7 (t, Jq -f = 25.2 Hz); 5p (376 MHz, (CD 3 )2 SO) -118.62 (Ar-F), 

-121.68 (Ar-F), -125.24 (Ar-F); MS (MeOH, ES^) m/z 289 (M -1- Na)^; IR (KBr) Umax 

(cm ') 3294, 3083, 1641, 1573, 1511, 1433, 1410, 1301, 1225, 1144, 1104, 966.

l-(4-Fluorophenyl)-3-(2,4-difluorophenyl)thiourea (86)

F 86 Was synthesised according to Procedure l(i)

using 2,4-difluorophenyl isothiocyanate (0.47 g.

2.77 mmol) and 4-fluoroaniline (0.40 g, 3.60 mmol) 

in spectroscopic grade CHCI3  (20 mL). A purple 

precipitate was obtained. Recrystallisation of the solid from CHCI3  yielded a pure 

sample (0.04 g, 0.05%). m.p. 159 - 161 °C; HRMS (MeOH, ES^): Calculated for 

C ,3 H,oN 2 SF 3 : 283.0517 (M + H)^; Found: 283.0518; 5h (400 MHz, (CD 3 )2 SO) 9.91 

(IH , br s, N H ’), 9.42 (IH , br s, NH), 7.53 (IH , m, Ar-H 6 ’), 7.47 (2H, m, Ar-H2, Ar- 

H 6 ), 7.32 (IH , m, A r-H 5’), 7.19 (2H, m, Ar-H3, Ar-H5), 7.08 (IH , m, Ar-H3’); 5c (100 

MHz, (CD 3 )2 S 0 ) 181.3, 160.1 (d, 7c-f = 243.4 Hz), 159.3 (d, 7c-f = 239.6 Hz), 153.6 (d, 

7c - f  = 230.9 Hz), 135.6 (d, J c - f  = 17.4 Hz), 130.4 (d, 7c - f  = 9.7 Hz), 126.3 (d, 7c - f  = 

8.7 Hz), 123.7 (d, 7c - f =  H - 6  Hz), 115.2 (d, 7c - f  = 22.2 Hz), 111.1 (d, 7c - f  = 18.4 Hz), 

104.3 (t, Jc-F = 25.6 Hz); 6 p (376 MHz, (CD 3 )2 SO) -112.97 (Ar-F), -116.83 (Ar-F), 

-118.08 (Ar-F); MS (MeOH, ES^) m/z 283 (M -I- H)^; IR (KBr) u ^ax  (cm'*) 3213, 3107, 

3023, 1912, 1611, 1549, 1510, 1434, 1330, 1262, 1226, 1144, 1092, 970, 921 ,850 ,719 , 

673, 561, 505,441.
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l-(4-Trifluoromethylphenyl)-3-(p-tolyl)urea (87)

87 Was synthesised according to Procedure 

l(i)  using p-tolyl isocyanate (0.35 g, 2.63 

mmol) and 4-trifluoromethyl-aniline (0.55 g,

3.41 mmol) in spectroscopic grade CHCI3 (20 

mL). A white precipitate was obtained. Recrystallisation of the solid from 

CHClaiMeOH (10:1) yielded fine white needle-like crystals (0.70 g, 91.4%). m.p. 264 - 

265 °C (lit.,^ 268 - 269 °C); Calculated for CijHisNsOFa: C, 61.22; H, 4.45; N, 9.52%; 

Found: C, 61.05; H, 4.36; N, 9.45%; 6 h (400 MHz, (€ 0 3 )2 8 0 ) 9.06 (IH , br s, NH), 8.70 

(IH , br s, N H ’), 7.64 (2H, d, 7 = 8.9 Hz, Ar-H2, Ar-H 6 ), 7.63 (2H, d, 7 = 9.6 Hz, .Ar- 

H3, Ar-H5), 7.34 (2H, d, 7 = 8.2 Hz, Ar-H2’, Ar-H 6 ’), 7.11 (2H, d, 7 = 8.2 Hz, Ar-H3’, 

Ar-H5’), 2.25 (3H, s, Ar-CHj); 6 c (100 MHz, (€ 0 3 )2 8 0 ) 152.3, 143.6, 136.7, 131.1, 

129.2, 126.0 (d, 7c - f  = 2.9 Hz), 125.9, 121.5 (d, 7c - f  = 269.5 Hz), 118.5, 117.7, 20.3; 5f  

(376 MHz, (0 0 3 )2 8 0 ) -60.59 (Ar-CFs); MS (MeOH, ES^) m/z 295 (M -1- H )^ IR (KBr) 

Umax (cm ')  3322, 3035, 2922, 1910, 1642, 1561, 1409, 1321, 1243, 1161, 1121, 1067,

1015, 827, 643, 519.

l-(4-Trifluoromethylphenyl)-3-(p-tolyl)thiourea (88)

88 Was synthesised according to Procedure 

l(i)  using /7-tolyl isothiocyanate (0.39 g, 2.63 

mmol) and 4-trifluoromethyl-aniline (0.55 g,

3.41 mmol) in spectroscopic grade CHCI3 (20 

mL). A cream-coloured precipitate was obtained. Recrystallisation of the solid from 

CHCI3 yielded white needle-like crystals (0.09 g, 11.4%). m.p. 188 - 189 °C; HRMS 

(MeOH, ES^): Calculated for C ,5 Hi4 N2 8 F3 : 31 1.0830 (M -1- H)^; Found: 311.0841; 6 h 

(400 MHz, (0 0 3 )2 8 0 ) 10.02 (IH , br s, NH), 9.99 (IH , s, N H ’), 7.74 (2H, d, 7 = 8 . 8  Hz, 

Ar-H3, Ar-H5), 7.68 (4H, d, 7 = 8 . 8  Hz, Ar-H2, Ar-H 6 , Ar-H2’, Ar-H 6 ’), 7.33 (2H, d, 7 

= 8.2 Hz, A r-H3’, A r-H5’), 2.29 (3H, s, Ar-CHs); 5c (100 MHz, (0 0 3 )2 8 0 ) 179.6, 

143.5, 136.5, 134.1, 129.0, 125.8, 125.7 (q, 7c - f  = 259.3 Hz), 125.5 (d, 7c - f  = 3.9 Hz), 

123.9, 122.8, 20.5; 5f (376 MHz, (0 0 3 )2 8 0 ) -60.87 (Ar-CF,); M 8  (MeOH, E 8 ^) m/z 

311 (M -I- H)^; IR (KBr) w  (cm ') 3207, 3028, 2922, 2706, 2419, 2309, 2081, 1693, 

1590, 1551, 1503, 1415, 1327, 1242, 1164, 1123, 1068, 1021, 929, 813, 790, 719, 682, 

630, 497.
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1,3-fi/s-(4-trifluoromethylphenyI)urea (89)

89 W as synthesised according to Procedure 1(1) 

using 4-trifluoro-methylphenylisocyanate (0.49 

g, 2.63 mmol) and 4-trifluoromethylaniline

(0.55 g, 3.41 mmol) in spectroscopic grade

CHCI3 (20 mL). A white precipitate was obtained. Recrystallisation of the solid from 

CHChiM eOH (10:1) yielded white needle-like crystals (0.79 g, 87.2%). m.p. 238 - 240 

°C (lit.,^ 239 °C); HRMS (MeOH, ES^): Calculated for C 15H 11N 2 OF6 : 349.0776 (M + 

H )^  Found: 349.0777; 5h (400 MHz, (CD 3 )2 SO) 9.25 (2H, br s, NH), 7.67 (8 H, dd, J  =

8.9 Hz, 2.7 Hz, Ar-H2, Ar-H3, Ar-H5, Ar-H 6 ); 5c (100 MHz, (€ 0 3 )2 8 0 ) 152.1, 143.1,

126.0 (d, 7c - f  = 3.9 Hz), 124.5 (q, 7c - f  = 274.0 Hz), 122.2 (q, 7c - f  = 31.9 Hz), 118.1; 5f 

(376 MHz, (CD 3)2 S0 ) -60.82 (Ar-CF,); MS (MeOH, ES^) n^z 349 (M + H)^; IR (KBr) 

Umax (cm ') 3323, 3069, 2766, 1917, 1651, 1603, 1550, 1412, 1327, 1163, 1122, 1067, 

840, 7 5 1 ,652 ,595 ,507 .

l,3-fiis-(4-trifluorom ethylphenyl)thiourea (90)

90 Was synthesised according to Procedure 1(1) 

using 4-trifluoromethyl-phenyl isothiocyanate

(0.53 g, 2.63 mmol) and 4- 

trifluoromethylaniline (0.55 g, 3.41 mmol) in 

spectroscopic grade CHCI3 (20 mL). A cream-coloured precipitate was obtained. 

Recrystallisation of the solid from CHCI3 yielded a pure sample (0.15 g, 15.7%). m.p. 

163 - 164 °C; Calculated for CisHioNjSFg: C, 49.45; H, 2.77; N, 7.69%; Found: C, 

49.29; H, 2.82; N, 7.54%; 5h (400 MHz, (€ 0 3 )2 8 0 ) 10.37 (2H, br s, NH), 7.73 (8 H, dd, 

J  = 8 . 8  Hz, 8.9 Hz, Ar-H2, Ar-H3, Ar-H5, Ar-H 6 ); 5c (100 MHz, (€ 0 3 )2 8 0 ) 179.7, 

143.1, 125.7 (d, 7c - f  = 3.9 Hz), 124.6 (q, 7c - f  = 275.0 Hz), 124. 3 (q, 7c - f  = 31.6 Hz), 

123.1; 5f (376 MHz, (€ 0 3 )2 8 0 ) -58.79 (A r-C B ); M 8  (MeOH, E 8 ^) m /z 365 (M + H)^; 

IR (KBr) Uniax (cm ') 3195, 3031, 2784, 1913, 1600, 1536, 1411, 1321, 1238, 1174, 

1125, 1065, 1014, 839, 740, 700, 569.
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l-(4-Trifluoromethylphenyl)-3-(2,4-difluorophenyl)urea (91)

F  92 Was synthesised according to Procedure l(i)

using 2,4-difIuorophenyl isocyanate (0.41 g, 2.63

mmol) and 4-trifluoromethylaniline (0.55 g, 3.41 

mmol) in spectroscopic grade CHCI3 (20 mL). A 

white precipitate was obtained. Recrystallisation of the solid from CHClsiMeOH (10:1) 

yielded a pure sample (0.59 g, 71.1%). m.p. 197 - 199 °C; Calculated for C 1 4 H9 N 2 OF5 : 

C, 53.17; H, 2.87; N, 8 .8 6 %; Found: C, 53.13; H, 2.83; N, 8.79%; 6 h (400 MHz, 

(CD3 )2 S0 ) 9.44 (IH, br s, NH), 8.65 (IH, br s, NH’), 8.05 (IH, m, Ar-H3’), 7.65 (4H, 

br s, Ar-H2, Ar-H3, Ar-H5, Ar-H6 ), 7.34 (IH, m, Ar-H6 ’), 7.07 (IH, app t, J = 8 . 8  Hz, 

Ar-H5’); 5c (100 MHz, (CDa)2 SO) 159.2 (d, Jq-f = 251.3 Hz), 154.5 (d, 7 c - f  = 243.4 

Hz), 154.3, 130.7, 128.2 (d, 7c-f = 2.9 Hz), 128.0, 126.7 (q, Jq-f = 269.0 Hz), 125.9 (dd, 

7 c - f  = 11.1 Hz, 3.4 Hz), 124.4 (d, Jc-f = H - 6  Hz), 120.0, 113.2 (d, Jq-f = 22.2 Hz), 

103.9 (app t, yc-F = 23.7 Hz); 5f (376 MHz, (CD3 )2 SO) -58.59 (Ar-CFa), -116.03 (Ar-F), 

-122.88 (Ar-F); MS (MeOH, ES^) ni/z 317 (M + H)^ 339 (M + Na)^; IR (KBr) u^ax 

(cm'‘) 3304, 3082, 2773, 2585, 1649, 1565, 1503, 1432, 1411, 1326, 1256, 1186, 1125, 

1068,964, 851,826, 646, 506.

1 -(4-Trifluoromethylphenyl)-3-(2,4-difluorophenyl)thiourea (92)

F  92 Was synthesised according to Procedure l(i)

using 2,4-difluorophenyl isothiocyanate (0.45 g.

2.63 mmol) and 4-trifluoromethyl-aniline (0.55 g, 

3.41 mmol) in spectroscopic grade CHCI3 (20 

mL). A white precipitate was obtained. Recrystallisation of the solid from CHCI3 

yielded a pure sample (0.52 g, 59.2%). m.p. 140 - 142 °C; Calculated for C 1 4H9 N 2 SF5 : 

C, 50.60; H, 2.73; N, 8.43%; Found: C, 50.48; H, 2.70; N, 8.31%; 6 h (400 MHz, 

(CD3 )2 S0 ) 10.28 (IH, br s, NH), 9.67 (IH, br s, NH’), 7.76 (2H, d, 7 = 8.5 Hz, Ar-H3, 

Ar-H5), 7.71 (2H, d, 7 = 8.5 Hz, Ar-H2, Ar-H6 ), 7.53 (IH, m, Ar-H6 ’), 7.35 (IH , m, 

Ar-H5’), 7.11 (IH, m, Ar-H3’); 5c (100 MHz, (€ 0 3 )2 8 0 ) 181.1, 160.3 (dd, 7c-f = 243.9 

Hz, 11.1 Hz), 156.9 (dd, Jc-f = 247.3 Hz, 12.6 Hz), 143.1 (d, 7 c - f  = 8.7 Hz), 130.3 (d, 

Jc -F  = 9.7 Hz), 125.6 (d, J c - f  =  3.9 Hz), 124.3 (q, J q - f  = 31.9 Hz), 123.4 (dd, 7c - f  = 

12.5 Hz, 3.9 Hz), 123.0, 111.2 (d, J q - f  =  22.2 Hz), 104. 4 (app t, 7c - f  = 25.1 Hz); 5f 

(376 MHz, (CD3 )2 S0 ) -61.01 (Ar-CB), -112.64 (Ar-F), -116.57 (Ar-F); MS (MeOH, 

ES^) m/z 333 (M + H)^; IR (KBr) u^ax (cm'') 3214, 3001, 2740, 1915, 1617, 1547,
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1515, 1436, 1360, 1316, 1231, 1173, 1129, 1066, 1014, 971, 915, 857, 834, 758, 700, 

643, 618 ,588, 485,452, 403.

l-(2,4-Difluorophenyl)-3-(p-tolyl)urea (93)

F 93 Was synthesised according to Procedure l(i)

using /7-tolyl isocyanate (0.40 g, 2.98 mmol) and

2,4-difluoroaniline (0.50 g, 3.87 mmol) in 

spectroscopic grade CHCI3 (20 mL). A white 

precipitate was obtained. Recrystallisation of the solid from CHClsiMeOH (15:1) 

yielded a pure sample (0.77 g, 99.3%). m.p. 235 - 236 °C; Calculated for C 1 4 H 1 2N 2 OF2 : 

C, 64.12; H, 4.61; N, 10.68%; Found: C, 63.90; H, 4.48; N, 10.62%; 5h (400 MHz, 

(CD 3 )2 S 0 ) 8.92 (IH , br s, NH), 8.46 (IH , br s, NH’), 8.08 (IH,  q, 7 = 8 . 8  Hz, Ar-H3), 

7.32 (2H, d, i  = 7.5 Hz, A r-H2’, Ar-H 6 ’), 7.28 (IH,  d, 7 = 3.4 Hz, Ar-H 6 ), 7.10 (2H, d, 

J = 7.5 Hz, A r-H3’, A r-H5’), 7.04 (IH,  m, Ar-H5), 2.25 (3H, s, Ar-CHs); 5c (100 MHz, 

(CD 3 )2 S 0 ) 156.7 (d, 7c - f  = 260.2 Hz), 152.3, 152.0 (dd, 7c - f  = 243.4 Hz, 11.6 Hz), 

136.8, 130.9, 129.2, 124.2 (dd, 7c-f = 10.6 Hz, 3.9 Hz), 121.7 (dd, 7c-f = 9.2 Hz, 2.4 

Hz), 118.2, 111.0 (dd, Jc-F =21 . 3  Hz, 2.9 Hz), 103.7 (app t, 7c-f = 25.2 Hz), 20.3; 5p 

(376 MHz, (CD 3 )2 S 0 ) -118.97 (Ar-F), -125.61 (Ar-F); MS (MeOH, ES^) ni/z 263 

(M + H ) \  285 (M + Na)^; IR (KBr) (cm ’) 3297, 3079, 3032, 1892, 1640, 1559, 

1499, 1430, 1293, 1252, 1201, 1142, 1105,962, 849,816, 653,506, 455.

l-(2,4-Difluorophenyl)-3-(p-tolyl)thiourea (94)

F 94 Was synthesised according to Procedure l(ii)

using p-tolyl isothiocyanate (0.44 g, 2.98 mmol)

and 2,4-difluoroaniline (0.50 g, 3.87 mmol) in 

spectroscopic grade CHCI3  (20 mL). A brown oil 

was obtained. On addition of Hex, the desired product was obtained as a white 

precipitate. Recrystallisation of the solid from Hex:CHCl3 (1:1) yielded white hair-like 

crystals (0.28 g, 33.9%). m.p. 125 - 127 °C; Calculated for ChH isN jSFi: C, 60.42; H, 

4.35; N, 10.06%; Found: C, 60.13; H, 4.24; N, 9.95%; 6 h (400 MHz, (CD3 )2 SO) 9.87 

(IH,  br s, NH), 9.30 (IH,  br s, N H ’), 7.52 (IH,  d, 7 = 6.2 Hz, Ar-H 6 ), 7.48 (2H, d, 7 = 

7.5 Hz, A r-H2’, Ar-H 6 ’), 7.32 (3H, m, Ar-H5, A r-H3’, Ar-H5’), 7.07 (IH,  s, Ar-H3), 

2.28 (3H, s, Ar-CH 3 ); 6 c (100 MHz, (CD 3 )2 SO) 180.9, 160.0 (d, 7c _ f  = 243.4 Hz), 

139.7, 136.5, 134.1, 130.3 (d, 7c - f  = H - 6  Hz), 129.7 (dd, 7c - f  = 144.2 Hz, 11.3 Hz),
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129.0, 124.0, 111.0 (d, 7 c - f  = 21.3 Hz), 104.2 (app t, Jq-f = 25.2 Hz), 20.5; 6 f (376 

MHz, (CD3 )2 S0 ) -113.22 (Ar-F), -116.93 (Ar-F); MS (MeOH, ES^) nVz 279 (M + H ) \ 

301 (M + Na)^; IR (KBr) (cm ’) 3217, 3033, 2986, 1898, 1546, 1514, 1363, 1312, 

1213, 1140, 1097, 969, 852, 815, 614, 498.

1,3-5w-(2,4-difluorophenyl)urea (95)

F F 95 Was synthesised according to Procedure l(ii)

using 2,4-difluorophenyl isocyanate (0.46 g, 2.98

mmol) and 2,4-difluoroaniline (0.50 g, 3.87 mmol) 

in spectroscopic grade CHCI3  (20 mL). A white 

precipitate was obtained. Recrystallisation of the solid from CHCbiMeOH (7:1) 

yielded a pure sample (0.73 g, 91.3%). m.p. 262 - 264 °C; Calculated for C 1 3H8 N2 OF4 : 

C, 54.94; H, 2.84; N, 9.86%; Found: C, 54.74; H, 2.77; N, 9.70%; 5h (400 MHz, 

(CD3 )2 S0 ) 8.93 (2H, br s, NH), 8.12 (2H, dd, J  = 9.6 Hz, Ar-H3), 7.31 (2H, dd, J  = 8 . 8  

Hz, Ar-H6 ), 7.04 (2H, d, 7  = 9.6 Hz, Ar-H5); 5c (100 MHz, (CD3 )2 SO) 156.8 (dd, 7 c - f  = 

241.2 Hz, 11.6 Hz), 152.2, 152.0 (dd, 7c-f = 243.4 Hz, 12.6 Hz), 123.9 (dd, Jq-f = 10.6 

Hz, 3.9 Hz), 121.7 (d, 7 c - f  = 8.7 Hz), 111.1 (dd, 7 c - f  = 21.3 Hz, 2.9 Hz), 103. 8  (app t, 

7 c - f  = 23.7 Hz); 5f (376 MHz, (CD3 )2 SO) -118.58 (Ar-F), -125.43 (Ar-F); MS (MeOH, 

ES^) m/z 285 (M + H)^ 307 (M + Na)^ IR (KBr) u^ax (cm’’) 3287, 3083, 2782, 1876, 

1647, 1570, 1499, 1430, 1294, 1259, 1232, 1198, 1144, 1107, 965, 851, 816, 650, 554, 

450.

1,3-fiis-(2,4-difluorophenyl)thiourea (96)

F  F  96 Was synthesised according to Procedure l(ii)

using 2,4-difluorophenyl isothiocyanate (0.51 g, 

2.98 mmol) and 2,4-difluoroaniline (0.50 g, 3.87

mmol) in spectroscopic grade CHCI3 (20 mL). A 

cream-coloured solid was obtained. Recrystallisation of the solid from Hex:CHCl3 (1:1) 

yielded white hair-like crystals (0.37 g, 41.7%). m.p. 156 - 158 °C; Calculated for 

C 1 3H8 N2 SF4 : C, 52.00; H, 2.69; N, 9.33%; Found: C, 51.82; H, 2.56; N, 9.21%; 5h (400 

MHz, (CD3 )2 S0 ) 9.58 (2H, br s, NH), 7.55 (IH, d, J =  8.5 Hz, Ar-H6 ), 7.53 (IH, d, 7 =

8.5 Hz, Ar-H6 ), 7.33 (2H, m, Ar-H5), 7.09 (IH, d, 7 = 6.5 Hz, Ar-H3), 7.08 (IH, d, 7 =

6.5 Hz, Ar-H3); 5c (100 MHz, (CD3 )2 SO) 182.4, 160.3 (dd, 7 c - f  = 243.4 Hz, 11.6 Hz), 

156.9 (dd, 7 c - f  = 247.2 Hz, 13.6 Hz), 130.4 (d, 7 c - f  = 9.7 Hz), 123.5 (d, 7 c _ f  = H - 6
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Hz), 111.2 (dd, Jc-F = 22.2 Hz, 2.9 Hz), 104.4 (t, 7c-f = 25.4 Hz); 5f (376 MHz, 

(CD 3 )2 S0 ) -112.70 (Ar-F), -116.87 (Ar-F); MS (MeOH, ES^) m/z 301 ( M H ) ^  323 

(M + N a)^  IR (KBr) w  (cm ’) 3234, 3099, 3020, 2804, 1913, 1611, 1571, 1528, 1433, 

1333, 1272, 1143, 1092, 966, 912, 850, 821, 793, 723, 655, 608, 555, 534, 465, 438.

l,3-5is-(p-tolyl)urea (97)

97 Was synthesised according to Procedure 

l(i) using p-tolyl isocyanate (0.48 g, 3.59 

mmol) and /?-tolylaniline (0.50 g, 4.67 mmol) in 

spectroscopic grade CHCI3 (30 mL). A white 

precipitate was obtained. Recrystallisation of the solid from CHCl3 :MeOH (1:20) 

yielded white hair-like crystals (0.85 g, 98.8%). m.p. 271 - 273 °C (lit.,“°“ 271 °C); 

Calculated for C 1 5H 1 6N 2 O: C, 74.97; H, 6.71; N, 11.66%; Found: C, 74.88; H, 6 .6 6 ; N, 

11.69%; 5h (400 MHz, (CD 3 )2 SO) 8.52 (2H, br s, NH), 7.34 (4H, d, J  = 8.2 Hz, Ar-H2, 

Ar-H 6 ), 7.08 (4H, d, J  = 8.2 Hz, Ar-H3, Ar-H5). 2.24 (6 H, s, Ar-CH 3 ); 6 c (100 MHz, 

(CD 3 )2 S 0 ) 152.6, 137.3, 130.5, 129.2, 118.2, 20.3; MS (MeOH, ES^) 7?j/z 241 (M + H )^ 

263 (M + Na)^; IR (KBr) u^ax (cm’’) 3303, 3077, 2994, 2914, 2858, 2579, 1896, 1788, 

1640, 1566, 1515, 1404, 1308, 1238, 1108,815,780, 633,505.

l,3-5is-(p-tolyI)thiourea (98)

98 Was synthesised according to Procedure 

l(ii) using p-tolyl isothiocyanate (0.54 g, 3.59 

mmol) and /7-tolylaniline (0.50 g, 4.67 mmol) 

in spectroscopic grade CHCI3 (30 mL). A 

cream-coloured solid was obtained. Recrystallisation of the solid from CHCl3 :MeOH 

(10:1) yielded a pure sample (0.92 g, 99.5%). m.p. 179 - 181 °C (lit.,"°^ 180 - 181 °C); 

HRMS (MeOH, ES^): Calculated for C 1 5H 1 7N2 S: (M + H)^ nj/z = 257.1112; Found: 

257.0735; 5h (400 MHz, (CD 3 )2 SO) 9.65 (2H, br s, NH), 7.38 (4H, d, 7 = 8.0 Hz, Ar- 

H2, Ar-H 6 ), 7.15 (4H, d, 7 = 8.0 Hz, Ar-H3, Ar-H5), 2.30 (6 H, s, Ar-CHj); 5c (100 

MHz, (CD 3 )2 S0 ) 179.6, 136.9, 133.6, 128.9, 123.9, 20.6; MS (MeOH, ES^) >n/z 257 

(M + H )^ 279 (M + Na)^; IR (KBr) (cm '') 3147, 2935, 2620, 1901, 1642, 1588, 

1553, 1488, 1336, 1245, 1136, 810, 704, 530, 497.
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l,3-5is-(2-fluorophenyl)urea (99)

F F 99 Was synthesised according to Procedure 1(1) using 2-

fluorophenyl isocyanate (0.62 g, 4.50 mmol) and 2-

fluoroaniline (0.50 g, 4.50 mmol) in spectroscopic grade 

CHCI3 (20 mL). A white precipitate was isolated as the 

desired product (0.79 g, 70.1%). m.p. 231 - 232 °C (lit.,-°^ 240 - 242 °C); Calculated 

for C 1 3 H 1 0N2 OF2 : C, 62.90; H, 4.06; N, 11.29%; Found: C, 62.82; H, 4.02; N, 11.05%; 

5 h  (400 MHz, (CD3 )2 S0 ) 9.07 (2H, br s, NH), 8.21 (2H, t, 7  =  8.5 Hz, Ar-H5), 7.24 

(2H, dd, J  = 8.5 Hz, 8.0 Hz, Ar-H3), 7.15 (2H, t, 7 = 7.5 Hz, Ar-H4), 7.01 (2H, m, Ar- 

H 6 ); 5 c  (100 MHz, (€ 0 3 )2 8 0 ) 152.0, 151.9 (d, 7 c - f  =  240.5 Hz), 127.4 (d, 7 c - f  = 10.6 

Hz), 124.5 (d, 7 c - f  = 2.9 Hz), 122.5 (d, 7 c - f  = 6 . 8  Hz), 120.5, 115.0 (d, 7 c _ f  = 18.4 Hz); 

5f (376 MHz, (€ 0 3 )2 8 0 ) -130.29 (Ar-F); IR (KBr) (cm’’) 3287, 1646, 1615, 1602, 

1558, 1505, 1489, 1456, 1306, 1286, 1260, 1233, 1202, 1157, 1105, 1050, 1033, 946, 

909, 849, 793, 753, 660.

1,3-fiis-(2-fluorophenyl)thiourea (100)

F F 100 Was synthesised according to Procedure l(ii) using
H I

2-fluorophenyl isothiocyanate (1.38 g, 9.00 mmol) and 2- 

s fluoroaniline (1.01 g, 9.00 mmol) in dry CHCI3  (20 mL).

The reaction mixture was reduced and the residue Was 

collected and washed with CHCI3 , yielding the desired product as a white solid (1.43 g, 

60.1%). m.p. 143 - 145 °C; Calculated for C 1 3 H 10N 2 SF2 : C, 59.08; H, 3.81; N, 10.60%; 

Found: C, 58.89; H, 3.79; N, 10.54%; 5h (400 MHz, (0 0 3 )2 8 0 ) 9.71 (2H, br s, NH), 

7.67 (2H, t, 7  = 7.8 Hz, Ar-H5), 7.27 (4H, m, Ar-H3, Ar-H4), 7.20 (2H, m, Ar-H 6 ); 5c 

(100 MHz, (0 0 3 )2 8 0 ) 181.5, 156.3 (d, 7 c - f  = 244.4 Hz), 128.6, 127.5 (d, 7 c _ f  = 8.7 

Hz), 126.9 (d, 7 c - f  = 11.6 Hz), 124.2 (d, 7 c _ f  = 2.9 Hz), 115.8 (d, 7 c - f  = 19.3 Hz); 6 f 

(376 MHz, (0 0 3 )2 8 0 ) -122.53 (Ar-F); M 8  (MeOH, E 8 )̂ in/z 265 (M + H ) \  342 

(M+K)^; IR (KBr) (cm'*) 3352, 3141, 2961, 1588, 1536, 1505, 1488, 1454, 1346, 

1299, 1286, 1264, 1250, 1218, 1190, 1147, 1098, 1028, 943, 928, 870, 857, 819, 792, 

762, 748, 723, 692.
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IjS-J^/s-Cl-trifluoromethylphenyOurea (101)

101 Was synthesised according to Procedure l( i)  using 

2-trifluoromethylphenyhsocyanate (0.58 g, 3.10 mmol) 

and 2-trifluoromethylaniIine (0.50 g, 3.10 mmol) in 

spectroscopic grade CHCI3 (35 mL). A white precipitate

was isolated as the desired product (0.83 g, 76.9%). m.p. 231 - 232 °C; Calculated for 

C ,5 H,oN2 0 F6 : C, 51.74; H, 2.89; N, 8.04%; Found: C, 51.76; H, 2.90; N, 7.76%; HRMS 

(MeOH, ES^): Calculated for CisHioNjOFeNa: 371.0595 (M + Na)^; Found: 371.0584; 

5h (400 MHz, (CD 3 )2 S 0 ) 8.71 (2H, br s, NH), 7.85 (2H, d, 7 = 8.5 Hz, Ar-H3), 7.69 

(2H, d, y = 8.0 Hz, Ar-H 6 ), 7.64 (2H, app t, J  = 7.8 Hz, Ar-H4), 7.31 (2H, app i, J  = 7.5 

Hz, Ar-H5); 5c (100 MHz, (CD 3 )2 SO) 153.2, 136.1, 132.8, 127.0, 125.9 (q, Jq-v = 5.2 

Hz), 124.3, 123.9 (q, Jq-p = 271.1 Hz), 121.0 (q, J c - f  = 29.0 Hz); 5p (376 MHz, 

(CD 3 )2 S 0 ) -60.14 (Ar-CFs); IR (KBr) u^ax (cm"') 3297, 1644, 1614, 1593, 1554,

1496, 1457, 1319, 1282, 1240, 1172, 1113, 1059, 1038 ,9 5 4 ,9 1 1 ,7 6 7 ,7 5 1 ,7 4 4 ,7 1 4 .

l,3-5*s-(2-trifluorom ethylphenyl)thiourea (102)

102 Was synthesised according to Procedure l(ii) using 

2-trifluoromethylphenylisothiocyanate (0.11 g, 0.53 

mmol) and 2-trifluoromethylaniline (0.09 g, 0.53 mmol) 

in spectroscopic grade CHCI3 (30 mL). The reaction

mixture was reduced and the residue was collected and washed with CHCI3 , yielding the 

desired product as an off-white crystalline solid (0.09 g, 47.4%). m.p. 156 - 158 °C; 

Calculated for C i5 H,oN 2 SF6 : C, 49.45; H, 2.77; N, 7.69%; Found: C, 49.38; H, 2.75; N, 

7.47%; 5h (400 MHz, (CD 3 )2 SO) 9.60 (2H, br s, NH), 7.75 (2H, d, J  = 7.5 Hz, Ar-H3), 

7.70 (2H, app t, J  = 7.5 Hz, Ar-H4), 7.58 (2H, d, J  = 7.5 Hz, Ar-H 6 ), 7.49 (2H, app t, J  

= 7.5 Hz, Ar-H5); 5c (100 MHz, (CD 3 )2 SO) 183.3, 137.0, 132.6, 132.3, 127.6, 126.1, 

125.7 (q, 7 c - f  =  17.4 Hz), 123.5 (q, 7 c - f  =  271.4 Hz); 5 f  (376 MHz, (CD 3 )2 SO) -60.13 

(Ar-CF3 ); IR (KBr) w  (cm '') 3380, 3124, 2954, 1603, 1590, 1532, 1507, 1481, 1455, 

1359, 1315, 1276, 1257, 1226, 1205, 1160, 1169, 1135, 1107, 1057, 1037, 967, 930, 

876, 853, 796, 774, 766, 760, 722, 657.
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l,3-5«-(o-tolyl)th iourea (103)

103 Was synthesised according to Procedure l(ii) using 

2-tolyl isothiocyanate (1.39 g, 9.33 mmol) and o-toluidine 

(1.01 g, 9.33 mmol) in spectroscopic grade CHCI3  (20 

mL). The reaction mixture was reduced and the residue 

was collected and washed with CHCI3 , yielding the desired product as a white 

crystalline solid (1.28 g, 53.6%). m.p. 158 - 160 °C; Calculated for C 1 5H 1 6N 2 S: C, 

70.28; H, 6.29; N, 10.93%; Found: C, 69.98; H, 6.24; N, 10.83%; HRMS (MeOH, ES^): 

Calculated for CisHieNsSNa: 279.0932 (M + N a)^ Found: 279.0923; 5h (400 MHz, 

(CD 3 )2 S 0 ) 9.18 (2H, br s, NH), 7.26 (4H, m, Ar-H4, Ar-H 6 ), 7.18 (4H, m, Ar-H3, Ar- 

H5), 2.26 (6 H, s, Ar-CHa); 5c (100 MHz, (CD 3 )2 SO) 181.1, 137.8, 135.1, 130.3, 128.3, 

126.6, 126.2, 17.8; MS (MeOH, ES^) m/z 279 (M + Na)^; IR (KBr) D^ax (cm‘') 3337, 

3131, 2950, 2176, 1580, 1525, 1488, 1460, 1379, 1337, 1289, 1262, 1239, 1211, 1191, 

1154, 1111, 1040, 954, 921, 857, 782, 767, 756, 740, 719, 690.

l,3-fiis-(2,4-dim ethylphenyl)urea (104)

CH3  9 H3  104 Was synthesised according to Procedure

l(i) using 2,4-dimethylphenyl isocyanate (0.61 

g, 4.13 mmol) and 2,4-dimethylaniline (0.50 g, 

4.13 mmol) in spectroscopic grade CHCI3 (35 

mL). A white precipitate was isolated as the desired product (0.88 g, 79.3%). m.p. 278 

- 280 °C ; Calculated for CnHaoNjO: C, 76.09; H, 7.51; N, 10.44%; Found: C, 75.81; H, 

7.45; N, 10.35%; HRMS (MeOH, ES^): Calculated for CnHsoNiONa: 291.1473 

(M + Na)^; Found: 291.1462; 6 h (400 MHz, (CD 3 )2 SO) 8.08 (2H, br s, NH), 7.62 (2H, 

s, Ar-H 6 ), 6.99 (2H, s, Ar-H3), 6.93 (2H, s, Ar-H5), 2.22 (6 H, s, Ar-CHj); 5c (100 

MHz, (CD 3 )2 S0 ) 153.1, 134.9, 131.5, 130.7, 127.9, 126.5, 121.7, 20.3, 17.9; MS 

(MeOH, ES^) m/z 291 (M + Na)^; IR (KBr) D^ax (cm '') 3294, 1639, 1614, 1590, 1556, 

1503, 1450, 1410, 1298, 1269, 1218, 1157, 1123, 1052, 1035, 1014, 932, 879 ,818 ,726 , 

672.
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N
H

5.7 Chapter 3 Experimental Details 

l,3-5w-(anthracen-9-ylm ethyl)thiourea (109)

109 Was synthesised according to Procedure 

4, using 118 (0.12 g, 0.56 mmol) and 119 

(0.12 g, 0.51 mmol) in the presence of 

triethylamine (2 drops) in dry DCM (20 mL). 

The precipitate formed was isolated, yielding 

the desired product as a yellow solid (0.62 g, 

78.0%). m.p. 260 - 262 °C; Calculated for C3iH24N2S.H20: C, 78.45; H, 5.52; N, 

5.90%; Found: C, 78.40; H, 5.00; N, 5.82%; 5h (400 MHz, (CD 3 )2SO) 8.61 (2H, s, An- 

HIO). 8.43 (4H, d, i  = 8.5 Hz, A n-H i, An-H 8 ), 8.11 (4H, d, J  = 5.0 Hz, An-H4, An- 

H5), 7.60 (lOH, m, thiourea-NH, An-H2, An-H3, An-H 6 , An-H7), 5.68 (4H, d, 7 = 3.5 

Hz, CH 2 ); 8 c (100 MHz, (CD 3 )2 S0 ) 131.0, 129.9, 128.9, 127.6, 126.5, 125.3,124.3, 

40.0, 39.8; IR (KBr) u^ax (cm’') 3373, 3246, 3049, 2900, 1624, 1543, 1329, 1261, 1183, 

889, 729. ESMS was not possible due to fragmentation.

a ,a ’-fii5'-[(anthracen-9-ylmethylcarbamothioyl)amino]-p-xylene (110)

110 Was synthesised according to

Procedure 4, using 119 (0.52 g, 2.24 

mmol) and a ,a ’-diamino-;?-xylene 120 

(0.17 g, 1.23 mmol) in the presence of 

triethylamine (2 drops) in dry DCM (25 

mL). The precipitate formed was isolated 

and washed with CHCI3 , yielding the

desired product as a yellow solid (0.55 g, 78.0%). m.p. 239 - 240 °C; Calculated for 

C 4 0 H 3 4N4 S 2 .H2O: C, 73.59; H, 5.56; N, 8.58%; Found: C, 73.12; H, 5.23; N, 9.32%; 5h 

(400 MHz, (CD 3 )2 SO) 8.65 (2H, br s, An-HlO), 8.42 (4H, d, 7 = 9.0 Hz, A n-H i, An- 

H 8 ), 8.15 (4H, d, 7 = 8.5 Hz, An-H4, An-H5), 7.84 (2H, m, An-CH 2 NH), 7.62 (lOH, m,

Ar-CH 2NH, An-H2, An-H3, An-H 6 , An-H7), 7.21 (4H, m, Ar-H), 5.64 (4H, br s, An-

CH 2 ), 4.68 (4H, br s, Ar-CHs); 5c (100 MHz, (CD3 )2 SO) 137.8, 131.1, 130.0, 129.0, 

127.6, 127.2, 127.1, 126.5, 125.3, 124.4, 45.2, 40.8; IR (KBr) (cm '') 3367, 3283, 

3053, 2921, 1542, 1333, 1268, 889, 730; ESMS was not possible due to fragmentation.

S:

N H HN
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l-(Anthracen-9-yIinethyl)-3-(2-[(anthracen-9-yimethylcarbamothioyl)ainino]- 

cycIohexyl)thiourea (111)

111 Was synthesised according to Procedure 

4, using 119 (0.79 g, 3.41 mmol) and trans-\,2- 

diaminocyclohexane 121 (0 .2 1  g, 1 .8 8  mmol) 

in the presence of triethylamine ( 2  drops) in dry 

CHCI3 (10 mL). The precipitate formed was 

isolated and washed with CHCI3, yielding the 

desired product as a yellow solid (0.45 g, 

42.8%). m.p. 244 - 245 °C; Calculated for 

C 38H 36N 4S2.H2O: C, 72.35; H, 6.07; N, 8 .8 8 %; Found: C, 72.12; H, 5.99; N, 9.15%; 5h 

(400 MHz, (CD3)2S0 ) 8.57 (2H, br s, An-HlO). 8.25 (4H, d, J  = 8.0 Hz, A n-H i, An- 

H8 ), 8.06 (4H, d, y = 8.5 Hz, An-H4, An-H5), 7.68 (IH , br s, An-CH 2NH), 7.45 (8 H, m, 

An-H2, An-H3, An-H 6 , An-H7), 7.16 (2H, br s, Ar-CH2NH), 5.46 (4H, br s, An-CH,), 

4.01 (2H, br s, Cyclohex-H), 2.06 (2H, br s, Cyclohex-CHo). 1.50 (2H, br s, Cyclohex- 

CH 2), 1.14 (2H, br s, Cyclohex-CH2), 0.98 (2H, br s, Cyclohex-CHs); Sc (100 MHz, 

(CD3)2S0 ) 130.0, 129.0, 127.6, 126.5, 125.3, 124.4, 54.8, 32.9, 24.4, 23.9; IR (KBr) 

Umax (cm ') 3269, 3056, 2937, 2851, 2366, 1937, 1622, 1549, 1474, 1444, 1331, 1289, 

1272, 1158, 1074, 952, 889, 884, 728; ESMS was not possible due to fragmentation.

l,3-fiis-[(/?)-l-(naphthaIen-l-yl)ethyl]thiourea (112)

112 Was synthesised according to Procedure l(ii), 

using (/?)-(+)-l-(l-naphthyl)ethylam ine 122 (0.19 

mL, 1.19 mmol) and 124 (0.25 g, 1.19 mmol) in dry

DCM (50 mL). The desired product was obtained

as an off-white crystalline solid (0.23 g, 51.0%).

m.p. 84 - 8 6  °C; [a]o^^ = -89.7 (c 0.2, (CH3)2S0 ); Calculated for C25H24N 2S.O.5 H2O: C, 

76.30; H, 6.40; N, 7.12%; Found; C, 76.87; H, 6.24; N, 6.90%; HRMS (MeOH, ES^): 

Calculated for C25H25N2S: 385.1738 (M + H)^; Found: 385.1721; 5h (400 MHz, 

(CD3)2S0 ) 8.18 (2H, d, y = 8.0 Hz, N ap-H 8 ). 7.96 (2H, d, y = 8.0 Hz, Nap-H5), 7.85 

(2H, d, y = 5.5 Hz, Nap-H4), 7.79 (2H, br s, thiourea-NH), 7.54 (8 H, m, Nap-H2, Nap- 

H3, Nap-H 6 , Nap-H7), 6.22 (2H, br s, CH 3CH), 1.53 (6 H, d, y = 6.5 Hz, CH3); 5c (100

MHz, (CD3)2S0 ) 140.0, 133.4, 130.6, 128.7, 127.5, 126.3, 125.7, 125.5, 123.4, 122.5,

N

S

NH NH

NH HN
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48.8, 21.2; MS (MeOH, ES^) m /z 385 (M + H)^, 407 (M + Na)^; IR (KBr) u„,ax (cm ') 

3223, 2973, 1527, 1447, 1328, 1237, 1171, 1113, 1076, 1023, 861,799, 774, 727.

l,3-^ts-[(5)-l-(naphthalen-l-yl)ethyl]thiourea (113)

113 Was synthesised according to Procedure l(ii), 

using (5')-(-)-l-(l-naphthyl)ethylamine 123 (0.58 

mL, 3.56 mmol) and 125 (0.76 g, 3.56 mmol) in dry 

DCM (50 mL). The desired product was obtained 

as an off-white crystalline solid (0.56 g, 41.1%). m.p. 84 - 8 6  °C; [a]o^^ = +83.2 (c 0.2, 

(CH3 )2 S0 ); Calculated for C25H24N2S.‘/2H20: C, 76.30; H, 6.40; N, 7.12%; Found: C, 

76.79; H, 6.22; N, 6 .8 6 %; HRMS (MeOH, ES^): Calculated for C2 5 H2 5 N 2 S: 385.1738 

(M + H)^; Found: 385.1755; 6 h (400 MHz, (€ 0 3 )2 8 0 ) 8.14 (2H, d, 7 = 8.0 Hz, Nap- 

H8 ), 7.95 (2H, d, J  = 8.0 Hz, Nap-H5), 7.85 (2H, d, J  = 5.5 Hz, Nap-H4), 7.78 (2H, br s, 

thiourea-NH), 7.54 (8 H, m, Nap-H2, Nap-H3, Nap-H6 , Nap-H7), 6.21 (2H, br s, 

CH3 CH), 1.53 (6 H, d, y = 6.5 Hz, CH 3 ); 5c (100 MHz, (€ 0 3 )2 8 0 ) 180.9, 139.7, 133.4, 

130.6, 128.7, 127.5, 126.3, 125.7, 125.5, 123.4, 122.5, 48.8, 21.2; MS (MeOH, ES^) m/z 

385 (M + H)^ 407 (M + Na)^ IR (KBr) u„,ax (cm'') 3236, 3046, 2972, 1597, 1526, 

1447, 1330, 1236, 1171,1114, 1076, 1023, 861, 799, 774, 728.

l-[(/?)-l-(Naphthalen-l-yl)ethyl]-3-[(S)-l-(napthalen-l-yl)ethyl]thiourea (114)

114 Was synthesised according to Procedure l(ii), 

using (/?)-(+)-l-(l-naphthyl)ethylamine 122 (0.19 

mL, 1.19 mmol) and 125 (0.25 g, 1.19 mmol) in dry 

DCM (50 mL). The desired product was obtained 

as an off-white crystalline solid (0.28 g, 61.7%). 

m.p. 153 - 155 °C; Calculated for C2 5 H2 4 N2 S.1/ 2 H2 O: C, 76.30; H, 6.40; N, 7.12%; 

Found: C, 76.60; H, 6.21; N, 6.92%; HRMS (MeOH, ES^): Calculated for 

C2 5 H2 4 N2 S.Na: 407.1558 (M + Na)^; Found: 407.1559; 5h (400 MHz, (€ 0 3 )2 8 0 ) 8.14 

(2H, d , J =  8.0 Hz, Nap-H 8 ), 7.94 (2H, d, 7 = 9.0 Hz, Nap-H5), 7.85 (2H, d, 7 = 9.0 Hz, 

Nap-il4), 7.69 (2H, d, 7 = 7.5 Hz, thiourea-NH), 7.52 (8 H, m, Nap-H2, Nap-H3, Nap- 

H6 , Nap-H7), 6.18 (2H, t, 7 = 7.0 Hz, CH3 CH), 1.58 (6 H, d, 7 = 6.5 Hz, CH 3 ); 5c (100 

MHz, (€ 0 3 )2 8 0 ) 180.8, 139.3, 133.4, 130.8, 128.6, 127.7, 126.3, 125.7, 125.4, 123.6, 

122.5, 48.73, 20.6; MS (MeOH, ES^) m/z  407 (M + Na)^; IR (KBr) w  (cm ') 3194,

N

S
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3046, 2974, 1599, 1541, 1447, 1328, 1254, 1171, 1109, 1074, 1031, 1000, 864, 797, 

773, 725, 708.

9-(Hydroxymethyl)anthracene (116)

,OH Sodium borohydride (2.75 g, 72.73 mmol) was carefully added

to a solution of 9-anthraaldehyde 115 (10.00 g, 48.49 mmol) in 

dry MeOH (150 mL) at 0 °C. The reaction mixture was left 

stirring at room temperature for 18 h. MeOH (50 mL) was then 

added to the reaction mixture and left to stir for another 20 min. On addition of water 

(200 mL), a precipitate formed, which was isolated by filtration. The crude product was 

recrystallised from ethyl acetate, yielding 116 as yellow crystals (5.72 g, 56.6%). 5h 

(400 MHz, CDCI3) 8.49 (IH , s, An-HlO). 8.49 (2H, d, J =  9.0 Hz, A n-H i, An-H8), 8.07 

(2H, d, J  = 8.5 Hz, An-H4, An-H5), 7.61 (2H, m, An-H2, An-H7), 7.52 (2H, m, An-H3, 

An-H6), 5.69 (2H, s, CH 2 ), 1.81 (IH , br s, OH); 5c (100 MHz, (CD 3 )2 SO) 131.1, 130.5, 

129.8, 128.7, 128.0, 126.0, 124.7, 123.4, 57.0; IR (KBr) (cm ’) 3422, 3044, 2950, 

2910, 2162, 2026, 1943, 1811, 1766, 1721, 1688, 1622, 1524, 1505, 1476, 1445, 1436, 

1404, 1386, 1344, 1327, 1304, 1273, 1256, 1229, 1178, 1157, 1143, 1045, 992, 977, 

905, 882, 858, 841, 788, 761, 732, 698.

9-(Chloromethyl)anthracene (117)

XI 2,4,6-Trichloro-[l,3,5]-triazine (4.65 g, 25.21 mmol) was added

to DMF (15 mL), forming a cream-coloured solid adduct after 

stirring at room temperature for 10 min. 9-(Hydroxymethyl) 

anthracene 116 (5.00 g, 24.01 mmol) was dissolved in dry DCM 

(60 mL) and added to the adduct. The reaction mixture was left stirring at room 

temperature for 18 h. W ater was then added and the organic layer was washed with 1 M 

Na2 C0 3  solution (2 x 40 mL), 1 M HCl (2 x 40 mL), brine (2 x 30 mL) and water (30 

mL). This was then dried over Na2 S0 4  and the filtrate was reduced to yield 117 as a 

yellow solid (4.50 g, 82.6%). 6h (400 MHz, CDCI3) 8.52 (IH , s, A n-HlO). 8.36 (2H, d, 

J  = 9.0 Hz, A n-H i, An-H8), 8.07 (2H, d, 7 = 8.5 Hz, An-H4, An-H5), V.67 (2H, m, An- 

H2, An-H7), 7.55 (2H, m, An-H3, An-H6), 5.65 (2H, s, CH 2 ); 5c (100 MHz, (CD 3)2 SO) 

131.0, 129.5, 129.1, 129.0, 128.2, 127.0, 125.4, 123.9, 39.4; IR (KBr) (cm ') 3058, 

2414, 2161, 2028, 1940, 1918, 1841, 1811, 1794, 1768, 1724, 1707, 1683, 1623, 1563,
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1524, 1494, 1463, 1450, 1390, 1338, 1282, 1260, 1243, 1191, 1182, 1163, 1155, 1132, 

1107, 1049, 1023, 956, 975, 895, 883, 864, 839, 801, 788, 751, 728, 693, 674.

9-(Aminomethyl)anthracene (118)

9-(Chloromethyl)anthracene 117 (4.50 g, 19.85 mmol) was 

dissolved in dry CHCI3  (50 mL). This solution was added 

I dropwise to a solution of hexamethylene tetraamine (2.78 g,

19.85 mmol) in dry CHCI3  (200 mL). The reaction was 

refluxed for 18 h at 60 °C. A precipitate formed on cooling, which was isolated and 

washed with water ( 3 x 1 0  mL). The crude product was purified using HCliEtOHiHiO 

(5:20:4) by heating the solution for 18 h at 70 °C. On cooling for 3 h, a yellow 

precipitate is formed, which is isolated to yield 118 as its HCl salt (4.84 g, 91.0%). m.p. 

102 °C; 5h (400 MHz, (CD 3 )2 SO) 8.76 (IH , s, An-HlO). 8.63 (3H, br. s, NHb^), 8.46 

(4H, d , J  = 9.0 Hz, A n-H l, An-H 8 ), 8.19 (2H, d, 7 = 8.5 Hz, An-H4, An-H5), 7.71 (2H, 

m, An-H2, An-H7), 7.61 (2H, m, An-H3, An-H 6 ), 5.05 (2H, d, J  = 5.0 Hz, CH 2 ); 5c 

(100 MHz, (CD 3 )2 S 0 ) 130.88, 130.22, 129.13, 129.03, 126.94, 125.48, 125.21, 124.19, 

34.40; MS (MeOH, ES^) m/z 207 (M )^

9-(Isothiocyanatomethyl)anthracene (119)

,NCS 119 Was synthesised according to Procedure 3, using 118 (0.60 

g, 2.46 mmol) and thiophosgene (0.20 mL, 2.66 mmol) in a 

biphasic mixture of saturated NaHCOs and THF. The crude 

product was isolated as an oil and was purified by silica gel 

chromatography using ethyl acetate:Hex (9:1) as an eluent, yielding 119 as a yellow 

solid (0.12 g, 20.0%). §h (400 MHz, CDCI3) 8.55 (IH , s, An-HlO). 8.26 (2H, d, 7 = 8 . 8  

Hz, A n -m , An-H 8 ), 8.09 (2H, d, J  = 8 . 8  Hz, An-H4, An-H5), 7.65 (2H, m, An-H2, An- 

H l), 7.54 (2H, m, An-H3, An-H 6 ), 5.61 (2H, s, CH.); 5c (100 MHz, CDCI3) 132.2, 

130.9, 129.5, 128.9, 128.94, 126.8, 124.8, 124.1, 122.5, 40.9; ESMS was not possible 

due to fragmentation.
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(/?)-l-(l-Naphthyl)ethylisothiocyanate (124)

,NCS 124 Was synthesised according to Procedure 3, using (/?)-(+)-1-(1- 

naphthyl)ethylamine 122 (1.00 g, 5.84 mmol) and thiophosgene 

(0.67 mL, 8.76 mmol) in dry DCM (150 mL). Since the product 

has a low boiling point, the solvent of the filtrate obtained was 

allowed to evaporate naturally in the fumehood. The desired product was obtained as a 

brown gel-like solid (0.51 g, 40.7%). 5h (400 MHz, (CD3 )2 SO) 7.95 (2H, m, Nap-H5, 

Nap-H8), 7.87 (IH, d, J  = 8.0 Hz, Nap-H4). 7.67 (IH, d, 7 = 7.0 Hz, Nap-H2), 7.57 (2H, 

m, Nap-H3, Nap-H6, Nap-H7), 5.72 (IH, q, 7 = 6.7 Hz, C H 3C H ), 1.87 (3H, d, J= 7.0 

Hz, CH3); 6c (100 MHz, (CD3)2S0) 135.0, 133.4, 129.1, 128.8, 128.6, 126.4, 125.6, 

125.1, 122.6, 121.8,53.7, 23.6.

(5)-l-(l-Naphthyl)ethylisothiocyanate (125)

,NCS 125 Was synthesised according to Procedure 3, using (5)-(-)-l-(l- 

naphthyl)ethylamine 123 (1.00 g, 5.84 mmol) and thiophosgene 

I ^  (0.67 mL, 8.76 mmol) in dry DCM (150 mL). Since the product

has a low boiling point, the solvent of the filtrate obtained was 

allowed to evaporate naturally in the fume hood. The desired product was obtained as a 

brown gel-like solid (0.76 g, 60.8%). 5h (400 MHz, (CD3 )2 SO) 7.95 (2H, t, J  = 8.3 Hz, 

Nap-H5, Nap-H8), 7.87 (IH, d, / =  8.0 Hz, Nap-H4), 7.67 (IH, d, 7 = 7.0 Hz, Nap-H2), 

7.57 (2H, m, Nap-H3, Nap-H6, Nap-H7), 5.73 (IH, q, 7 = 6.7 Hz, C H 3C H ), 1.87 (3H, d, 

J  = 6.5 Hz, CH3); 5c (100 MHz, (CD3)2SO) 135.0, 133.4, 129.1, 128.8, 128.5, 126.3, 

125.5, 125.0, 122.6, 12L8, 53.6, 23.6.

5.8 Chapter 4 Experimental Details

2-Ethyl-6-[(4-trifluoromethylphenylthiocarbamoyl)hydrazino]-benzo[rfe]iso- 

quinoline-l,3-dione (64)

/  64 Was synthesised according to Procedure 2,

using 134 (0.50 g, 1.97 mmol) and 4- 

trifluoromethylphenyl isothiocyanate 135 (0.40 g, 

1.97 mmol) in dry MeCN (30 mL). The desired 

product was obtained as a brown solid (0.11 g, 

12.2%). m.p. 179 °C; 5h (400 MHz, (CD3 )2 SO)
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10.36 (IH , br s, thiourea-NH), 10.32 (IH , br s, thiourea-NH), 9.92 (IH , br s, Naph-NH), 

8.70 (IH , d, y = 7.5 Hz, Naph-H7), 8.52 (IH , d, 7 = 7.5 Hz, Naph-H5), 8.44 (IH , d, 7 = 

8.2 Hz, Naph-H2), 7.83 (IH , dd, J  = 8.9 Hz, 9.6 Hz, Naph-H 6 ), 7.71 (4H, m, Ar-H2, 

Ar-H3, Ar-H5, Ar-H 6 ), 6.99 (IH , d, 7 = 8.9 Hz, Naph-H3), 4.07 (2H, q, /  = 6 . 8  Hz, 

CH.), 1.20 (3H, t, 7 = 6 . 8  Hz, CH 3 ); 6 c (100 MHz, (CD 3 )2SO) 181.3, 162.8, 149.7, 

142.8, 133.6, 130.9, 129.3, 128.9, 126.3, 125.8, 125.6, 125.0, 121.9, 119.5, 111.8,

105.6, 34.5, 13.3; 5p (376 MHz, (CD3 )2 SO) -61.02 (Ar-CFa); MS (MeOH, ES^) in/z 459 

(M + H)^; IR (KBr) (cm’’) 3483, 3254, 2980, 1686, 1647, 1616, 1586, 1535, 1387, 

1325, 1245, 1165, 1116, 1066, 1017, 843,776, 756.

HN
N
H

2-Ethyl-6-[(phenylcarbamoyl)hydrazino]-benzo[</e]isoquinoline-l,3-dione (129)

/  129 Was synthesised according to Procedure 2, using

134 (0.21 g, 0.82 mmol) and phenyl isocyanate 136 

(0.11 g, 0.90 mmol) in dry MeCN (30 mL). The 

desired product was obtained as a dark yellow solid 

(0.12 g, 40.7%). m.p. 252 - 254 °C; Calculated for 

C2iH,8N403.(H20): C, 64.28; H, 5.14; N, 14.28%; 

Found: C, 64.01; H, 4.51; N, 14.48%; 5h (400 MHz, 

(CD3 )2 S0 ) 9.60 (IH , br s, urea-NH), 9.03 (IH, br s, urea-NH), 8.73 (IH,  d, 7 = 8 . 8  Hz, 

Naph-H7). 8.67 (IH,  br s, Naph-NH), 8.50 (IH,  d, 7 = 7.0 Hz, Naph-H5), 8.37 (IH,  d, 7 

= 7.9 Hz, Naph-H2), 7.78 (IH,  t, 7 =  7.9 Hz, Naph-H 6 ), 7.51 (2H, d, 7 =  7.9 Hz, Ar-H2, 

Ar-H 6 ), 7.26 (2H, t, 7 = 7.4 Hz, Ar-H3, Ar-H5). 7.05 (IH,  d, 7 = 8 . 8  Hz, Naph-H3), 

6.97 (IH,  t, 7 = 7.0 Hz, Ar-H4), 4.07 (2H, q, 7 = 6.7 Hz, CH 2 ), 1.20 (3H, t, 7 = 7.0 Hz, 

CH 3 ); 5c (100 MHz, (CD 3 )2 S 0 ) 163.4, 162.7, 155.8, 152.6, 151.3, 139.7, 139.6, 133.7,

130.7, 128.8, 128.6, 124.8, 122.1, 121.8, 119.0, 118.1, 110.7, 105.1, 34.4, 13.3; IR 

(KBr) Uniax (cm ’) 3285, 1641, 1545, 1498, 1444, 1388, 1369, 1349, 1239, 1141, 1066, 

914, 876, 839, 773, 742, 691; ESMS was not possible due to fragmentation.
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2-Ethyl-6-[(/?-tolylcarbainoyl)hydrazino]-benzo[rfe]isoquinoline-l,3-dione (130)

130 Was synthesised according to Procedure 2, 

using 134 (0.20, 0.78 mmol) and p-tolyl 

isocyanate 137 (0.11 g, 0.86 mmol) in dry MeCN 

(30 mL). The desired product was obtained as a 

dark yellow solid (0.16 g, 51.6%). m.p. 

decomposed at 310 °C; Calculated for 

C22H2oN403.‘/2H20: C, 66.49; H, 5.33; N,

14.10%; Found: C, 66.53; H, 5.00; N, 13.49%; 5h (400 MHz, (€ 0 3 )2 8 0 ) 9.59 (IH , br s, 

urea-NH), 8.92 (IH , br s, urea-NH), 8.73 (IH , d, 7 = 7.9 Hz, Naph-H7), 8.61 (IH , br s, 

Naph-NH), 8.50 (IH , d, 7 = 7.0 Hz, Naph-H5), 8.37 (IH , d, 7 = 7.9 Hz, Naph-H2), 7.78 

(IH , t , J =  7.9 Hz, Naph-H 6 ), 7.39 (2H, d, 7 = 8 . 8  Hz, Ar-H2, Ar-H 6 ). 7.05 (3H, m, Ar- 

H3, Ar-H5, Naph-H3), 4.07 (2H, q, 7 = 7.0 Hz, CH.), 2.23 (3H, s, Ar-CHs), 1.20 (3H, t, 

7 = 7.0 Hz, CH 3 ); 6 c (100 MHz, (CD 3 )2 SO) 163.5, 162.8, 151.4, 136.9, 133.8, 130.9,

130.8, 129.2, 129.0, 125.8, 124.8, 121.9, 119.1, 110.6, 105.1,34.4, 20.3, 13.3; IR (KBr) 

Umax (cm ‘) 3295, 1641, 1580, 1543, 1434, 1390, 1370, 1350, 1310, 1243, 1143, 1066, 

917, 877, 832, 774, 757; ESMS was not possible due to fragmentation.

2-EthyI-6-[(4-trifluoromethylphenylcarbamoyl)hydrazino]-benzo[rf^]iso-quinoline- 

1,3-dione (131)

131 Was synthesised according to Procedure 2, 

using 134 (0.20 g, 0.80 mmol) and 4- 

trifluoromethylphenyl isocyanate 138 (0.16 g, 

0.88 mmol) in dry M eCN (30 mL). The desired 

product was obtained as a dark yellow solid (0.15 

g, 44.9%). m.p. decomposed at 250 °C; 

Calculated for C 2 2 H 17N4 F3 O 3 .H 2 O: C, 57.39; H,

4.16; N, 12.17%; Found: C, 57.72; H, 3.79; N, 12.06%; 5h (400 MHz, (€ 0 3 )2 8 0 ) 9.64 

(IH , br s, urea-NH), 9.45 (IH , br s, urea-NH), 8.90 (IH , br s, Naph-NH), 8.73 (IH , d, 7 

= 7.9 Hz, Naph-H7), 8.51 (IH , d, 7 = 7.9 Hz, Naph-H5), 8.38 (IH , d, 7 = 8 . 8  Hz, Naph- 

H2), 7.78 (3H, m, Ar-H3, Ar-H5, Naph-H 6 ), 7.62 (2H, d, 7 = 8 . 8  Hz, Ar-H2, Ar-H 6 ), 

7.06 (IH , d, 7 = 7.0 Hz, Naph-H3), 4.07 (2H, q, 7 = 6.7 Hz, CH 2 ), 1.20 (3H, t, 7 = 7.0 

Hz, CH 3 ); 5c (100 MHz, (CD3 )2 8 0 ) 163.4, 162.7, 155.5, 151.1, 149.7, 143.4, 133.7,

130.8, 128.9, 125.8, 124.9, 123.2, 121.9, 120.7, 118.6, 113.0, 110.9, 105.1, 34.4, 13.3;

HN

X F ,

r

HN

,CH,
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6 f (376 MHz, (CD 3 )2 SO) -58.59 (Ar-CFs); IR (KBr) w  (cm ') 3317, 1641, 1548, 

1434, 1389, 1371, 1327, 1234, 1162, 1111, 1066, 1016, 916, 875, 841, 773, 756, 705; 

ESMS was not possible due to fragmentation.

6-Brom o-2-ethyl-benzo[Je]isoquinoline-l,3-dione (133)

4-Brom o-l,8-naphthalic anhydride 132 (2.00 g, 7.2 mmol) and 

ethylamine (70% solution in water) (0.69 mL, 8 . 6 6  mmol) were 

refluxed in 1,4-dioxane (100 mL) for 7 h. The solution was then 

poured into water. A precipitate is formed, which was collected by 

filtration, washed with water and dried to yield 133 as a cream- 

coloured solid (1.96 g, 89.1%). m.p. 160 - 162 °C (lit.,’*̂  163 °C); 

Calculated for C i4 H,oN0 2 Br: C, 55.29; H, 3.31; N, 4.61%; Found: C, 

55.22; H, 3.32; N, 4.73%; 6 h (400 MHz, CDCI3 ) 8.62 (IH , d, 7 = 7.5 Hz, Naph-H7), 

8.50 ( 1 H, d, J  = 8.5 Hz, Naph-H5), 8.38 (1H, d, J  = 8.0 Hz, Naph-H2), 8.00 (1H, d, 7 = 

8.0 Hz, Naph-H3), 7.82 (IH , dd, 7 = 7.8 Hz, 8.0 Hz, Naph-H 6 ), 4.24 (2H, q, J  = 7.0 Hz, 

CH 2 ), 1.34 (3H, t , J =  7.0 Hz, CH 3 ); 5c (100 MHz, CDCI3 ) 162.9, 162.8, 132.6, 131.4, 

130.6, 130.5, 130.1, 129.6, 128.5, 127.5, 122.7, 121.9, 35.2, 12.8.

2-Ethyl-6-hydrazino-benzo[rfe]isoquinoline-l,3-dione (134)

/  Hydrazine monohydrate (excess) was added to 133 (0.20 g, 0.66

mmol). The reaction mixture was heated neat at 130 °C and left 

stirring for 1 h. It was then poured into water, forming a precipitate, 

which was collected by filtration, washed with water and dried to 

yield 134 as a yellow solid (0.16 g, 95.3%). m.p. 255 - 257 °C; 

HRMS (MeOH, ES^): Calculated for C ,4 H ,4 N 3 0 2 : 256.1086 

(M + H)^; Found: 256.1077; 8 h (400 MHz, (CD 3 )2 SO) 9.13 (IH , br 

s, Naph-NH), 8.61 (IH , d, 7 = 8.5 Hz, Naph-H7), 8.41 (IH , d, 7 = 7.0 Hz, Naph-H5), 

8.28 (IH , d, 7 = 7.5 Hz, Naph-H2). 7.64 (IH , dd, 7 = 7.8 Hz, 8.0 Hz, Naph-H 6 ), 7.24 

(IH,  d, 7 = 8 . 6  Hz, Naph-H3), 4.69 (2H, d, 7 = 10.6 Hz, Naph-NH-NH 2 ), 4.05 (2H, q, 7

= 7.0 Hz, CH 2 ), 1.18 (3H, t, 7 = 7.0 Hz, CH 3 ); 5c (100 MHz, (CD 3 )2 SO) 163.6, 162.7,

153.2, 134.2, 130.5, 128.2, 127.3, 124.1, 121.7, 118.4, 107.4, 104.0, 34.2, 13.3; MS 

(MeOH, ES^) nj/z 256 (M - I - H)^; IR (KBr) Un,ax (cm’’) 3450, 3366, 3316, 1672, 1636, 

1614, 1578, 1540, 1439, 1389, 1366, 1346, 1310, 1251, 1114, 1069, 950, 772.
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Appendices

7.1 Appendices for Chapter 2

7.1.1 (a) The Hammett Equation’"̂

The Hammett equation is a linear free-energy relationship that describes the 

influence o f polar meta- and para-substituents on the side-chain reactions o f benzene 

derivatives. This equation takes the form;

logioAT=logioA:^’ + po (Equation 7.1)

K  is the equilibrium (or binding) constant for a side-chain reaction o f a meta- or para- 

substituted benzene derivative. The term denotes the statistical quantity 

approximating to K  for the “unsubstituted” or “parent” compound. The substituent 

constant, o, measures the polar effect (relative to hydrogen) o f the substituent (in a 

given position, meta or para) and is, in principle, independent o f the nature o f the 

reaction. A positive o indicates an electron-withdrawing substituent and a negative o 

indicates an electron-donating group. The reaction constant, p, depends on the nature o f 

the reaction (including conditions such as solvent and temperature) and measures the 

susceptibility o f the reaction to polar effects. The “polar effect” o f a substituent may 

modify electrostatics forces operating at a reaction centre, relative to a standard 

substituent, which is often, but not always, a hydrogen atom. Forces may be governed 

by charge separation due to differences in electronegativity o f atoms (resulting in 

dipoles), presence of unipoles and electron delocalisation.

The above equation may be rearranged to give Equation 7.2.

logio {K / A^) = po (Equation 7.2)

A plot o f logio {K / Â *) against o would then give a straight line with slope = p and y- 

intercept = 0. The best-fit line is obtained, preferably using the method o f least squares. 

The value is used to check the status of the correlation (if perfect fit, = 1).

A reaction that is facilitated by reducing the electron density at the reaction 

centre {i.e. negative charge centre) has a positive value o f p, and one facilitated by 

increasing the electron density at the reaction centre (i.e. positive charge centre) has a 

negative value o f p.
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Table 7.1 Hammett substituent constants (a) of some substituents.'

Group o (meta) o (para)

H 0 . 0 0 0 . 0 0

CHj -0.07 -0.17

C 2 H5 -0.07 -0.15

CF3 0.43 0.54

CN 0.56 0 . 6 6

F 0.34 0.06

Cl 0.37 0.23

Br 0.39 0.23

I 0.35 0.18

(b) Differences between the Chemical Shifts of the NH Protons of Ureas and 

Thioureas

Tiie chemical shifts o f the NH protons o f thioureas are generally further 

downfield compared to those o f ureas. Ureas and thioureas in solution tend to resonate 

between two possible forms as shown in Scheme 7.1. The NH proton adjacent to the 

positively charged N in the resonance form (ii) is more deshielded, and hence, its 

chemical shift is located further downfield, and vice versa for (i).

H H H
I  I  I

(ii)(i)

Scheme 7.1 Two possible resonance forms of ureas (X = O) and thioureas (X = S).

Since the C-S bond is weaker than the C-O  bond, thioureas therefore would be 

more predominant as the resonance form (ii), while ureas would preferably exist as (i). 

This may explain the differences between the chemical shifts o f the NH protons o f ureas 

and thioureas.
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7.1.2 Crystal Data and Strucure Refinement of 70

Identification code 70

Empirical formula C,3H,2N2S
Formula weight 228.31 g.m or'

Temperature 153(2)K

Wavelength 0.71073 A
Crystal system Orthorhombic

Space group Pnma

Unit cell dimensions 3 = 7.812(1) A
b = 25.473(4) A
c = 5.684(1) A
a = 90.00 °

p = 90.00 °

Y = 90.00 °

Volume 1131.1(3) A^
Z 4

Density (calculated) 1.341 Mg.m'^

Absorption coefficient 0.258 mm"'

Crystal size (mm^) 0.20

0.13

0.03

Theta range for data collection 1.60 to 25.02 °

Reflections collected 6026

Independent reflections 1026 [Rin, = 0.0430]

Completeness to theta = 25.02 ° 100.0%

Max. and min. transmission 1.000 and 0.745

Refinement method Full-matrix ieast-squares on F

Final R indices |l>2sigma(I)] R = 0.0451

wR = 0.0968

R indices (all data) R = 0.0563

wR = 0.0968

Absolute structure parameter -
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7.1.3 Crystal Data and Strucure Refinement of 80

80Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system  

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

Crystal size (mm^)

Theta range for data collection 

Reflections collected 

Independent reflections 

Completeness to theta = 29.96 ° 

Max. and min. transmission 

Reflnement method 

Final R indices |I>2sigma(I)]

R indices (all data)

Absolute structure parameter

C 1 3 H 1 0 F 2 N 2 S

264.29 g.mor' 

153(2)K  

0.71073 A

a = 8.3311(7) A 
b = 26.373(2) A 
c = 5.2932(4) A 
a  =  90.00 °

P = 90.00 °

Y = 90.00 ° 

1163.00(16) A  ̂

4

1.509 Mg.m'^ 

0.285 mm''

3.09 to 29.96 °

16690

1712 [Rint = 0.0375]

99.6%

Full-matrix least-squares on 

R = 0.0652 

wR = 0.1463 

R = 0.0705 

wR = 0.1490
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7.1.4 Crystal Data and Strucure Refinement of 81

Identification code 81

Empirical formula C , 4 H , 3 F N 2 0

Formula weight 244.26 g .m or'

Temperature 153(2) K

Wavelength 0.71073 A
Crystal system -

Space group -

Unit cell dimensions a = 9.992(2) A 
b = 4.5900(10) A 
c = 26.176(5) A 
a  = 90.00 ° 

p = 90.00 °

Y =  90.00 °

Volume 1200.5(4) Â
Z 4

Density (calculated) 1.351 Mg.m"^

Absorption coefficient 0.097 mm '

Crystal size (mm^)
_

Theta range for data collection 1.56 to 25.01 °

Reflections collected 6172

Independent reflections 1605 [Rint = 0.0375]

Completeness to theta = 25.01 ° 99.9%

Max. and min. transmission -

Refinement method Full-matrix least-squares on F '

Final R indices |I>2sigma(I)| R = 0.0406 

wR = 0.0821

R indices (all data) R = 0.0485 

wR = 0.0848

Absolute structure parameter 0.1(14)
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7.1.5 Crystal Data and Strucure Refinement of 84

Identification code 84

Empirical formula C mH ,oF4N2S

Formula weight 314.30 g.m or'

Temperature 153(2)K

Wavelength 0.71073 A
Crystal system -

Space group -

Unit cell dimensions a =  14.153(2) A 
b = 7.1390(10) A 
c = 27.093(4) A 
a  = 90.00 ° 

p = 90.00 °

Y = 90.00 °

Volume 2737.4(7) Â
Z 8

Density (calculated) 1.525 Mg.m'^

Absorption coefficient 0.276 mm''

Crystal size (mm^)
_

Theta range for data collection 1.50 to 25.01 °

Reflections collected 12987

Independent reflections 3855 [R,n, = 0.0811]

Completeness to theta = 25.01 ° 99.5%

Max. and min. transmission -

Refinement method Full-matrix least-squares on

Final R indices |I>2sigma(I)] R = 0.0738 

wR = 0.1598

R indices (all data) R = 0.0959 

wR = 0.1709

Absolute structure parameter 0.64(19)
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7.1.6 Crystal Data and Strucure Refinement of 89

Identification code 89

Empirical formula C,5H,oF6N20

Formula weight 348.37 g.mol''

Temperature 153(2)K

Wavelength 0.71073 A
Crystal system -

Space group -

Unit cell dimensions a = 29.166(3) A 
b = 4.6426(5) A 
0 = 9.9550(11) A 
a = 90.00 ° 

p = 96.203(2) ° 

y = 90.00 °

Volume 1340.1(3) Â
Z 4

Density (calculated) 1.459 Mg.m'^

Absorption coefficient 0.121 mm''

Crystal size (mm^) -

Theta range for data collection 2.81 to 25.00°

Reflections collected 3826

Independent reflections 1175 [Rint = 0.0227]

Completeness to theta = 25.00 ° 99.9%

Max. and min. transmission -

Refinement method Full-matrix least-squares on F̂

Final R indices |I>2sigma(I)| R = 0.0721 

wR = 0.2293

R indices (all data) R = 0.0822 

wR = 0.2370

Absolute structure parameter -
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7.1.7 Correlation between the B inding Curves o f R epeated 'H N M R  Titrations o f  
S/s-P henyi Ureas and Thioureas with Anions

f

f  
f  

m 
♦

0.0   --------------
0.0 1.0 2.0 3.0 4.0 5.0

guest equivalents

♦  titration 1 -  titration 2

Figure 7.1 Graph illustrating the correlation between data {i.e. changes in the chemical shifts of 
the thiourea NH proton at 9.71 ppm with respect to anion equivalents added) of two 'H NMR 
titrations (400 Mz, DMSO-t/^, 25 °C) of 72 upon the addition of AcO .

4.0

2.0 3.0 4.0 5.0

Anion equivalents

♦  titration 1 ■ titratbn 2

Figure 7.2 Graph illustrating the correlation between data (i.e. changes in the chemical shifts of 
the thiourea NH proton at 9.76 ppm with respect to anion equivalents added) of two 'H NMR 
titrations (400 Mz, DMSO-t/^, 25 °C) of 80 upon the addition of AcO .

3.0

I 2.0a.
♦
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t
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ft ♦  A

2.0 3.0 4.0 5.0

guest equivalents

♦  titration 1 W- titration 2 A titration 3

Figure 7.3 Graph illustrating the correlation between data {i.e. changes in the chemical shifts o f 
the urea NH proton at 8.67 ppm w ith respect to anion equivalents added) o f  three 'H NM R 
titrations (400 Mz, DMSO-t/s, 25 °C) o f  81 upon the addition o f AcO .

*  ft ♦  ft

1"

t"
%/

0
ft

0.0 1.0 2.0 3.0 4.0 5.0

guest equivalents

♦  titration I ■  titration 2 ▲ titration 3

Figure 7.4 Graph illustrating the correlation between data (i.e. changes in the chemical shifts o f 
the urea NH  proton at 8.88 ppm w ith respect to anion equivalents added) o f  three 'H  NM R 
titrations (400 Mz, DMSO-^/^, 25 °C) o f 83 upon the addition o f AcO .
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0.25

i I i i
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■f
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♦  titration 1 -  titration 2

Figure 7.5 Graph illustrating the correlation between data (i.e. changes in the chemical shifits of 
the aromatic proton at 7.65 ppm with respect to anion equivalents added) of two 'H NMR 
titrations (400 Mz, DMSO-t/a, 25 °C) of 83 upon the addition of H2PO4 .

4.0

3.0
»

I  2.0 %a »n

0.0  -----------

0.0 1.0 2.0 3.0 4.0 5.0

guest equivalents

♦  titration 1 ■ titration 2

Figure 7.6 Graph illustrating the correlation between data (i.e. changes in the chemical shifts of 
the urea NH proton at 9.26 ppm with respect to anion equivalents added) o f two 'H NMR 
titrations (400 Mz, DMSO-t/^, 25 °C) of 89 upon the addition of AcO^.
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3.0
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gu est equivalents

♦  titration 1 ^ titration 2

Figure 7.7 Graph illustrating the correlation between data (i.e. changes in the chemical shifts o f 
the urea NH proton at 9.26 ppm with respect to anion equivalents added) o f  two 'H NMR 
titrations (400 Mz, DMSO-J^, 25 °C) o f  89 upon the addition o f H2PO4 .

0.35
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Figure 7.8 Graph illustrating the correlation between data (i.e. changes in the chemical shifts o f 
the aromatic proton at 7.67 ppm with respect to anion equivalents added) o f  two 'H NMR 
titrations (400 Mz, DMSO-^/^, 25 °C) o f  102 upon the addition o f  AcO .
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7.2 A ppendices for Chapter 3

7.2.1 G raphs o f A nion-induced Changes in the Fluorescence Spectrum  o f  B is-  
A nthracene-based F luorescent Anion Sensors

500
0,10
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I  0,06
E 0,04 

0,02 
0,00

400

350
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Figure 7.9 C hanges in the fluorescence spectrum  o f  110 ( 6  x 10 *’ M) in D M SO  on addition  o f  
AcO^ (excited at 370 nm ; 0 M ^  6  x 10’̂  M). Inset: C hanges observed in the absorption 
spectrum  o f  110 in D M SO  on addition o f  A cO ' (0 M 6  x 10'^ M).
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Figure 7.10 Changes in the fluorescence spectrum  o f  110 ( 6  x 10"  ̂ M) in D M SO  on addition o f  
H 2 PO 4 " (excited at 370 nm ; 0 M  —► 6  x lO"’ M).
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Figure 7.11 Changes in the fluorescence spectrum o f 110 (6 x 
F" (excited at 370 nm; 0 M ^  6 x 10'^ M).
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Figure 7.12 Changes in the fluorescence spectrum o f 110 (6 x ] 
C r  (excited at 370 nm; 0 M ^  6 x 10'^ M).
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Figure 7.13 Changes in the fluorescence spectrum  o f  111 (6 x 10'^ M) in D M SO  on addition 
o f  A cO “ (excited at 370 nm; 0 M —> 6 x 10'^ M ). Inset: C hanges observed in the absorption 
spectrum  o f  111 in D M SO on addition  o f  A c0 ~ (0  M  —> 6 x 10'^ M).
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Figure 7.14 C hanges in the fluorescence spectrum  o f  111 (6 x 10'^ M ) in D M SO  on addition 
o f  H2P0 4 ~ (excited at 370 nm ; 0 M  ^  6 x 10'^ M).
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Figure 7.15 Changes in the fluorescence spectrum o f 111 (6 x 1 
F (excited at 370 nm; 0 M —+ 6 x 10'^ M).
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Figure 7.16 Changes in the fluorescence spectrum o f 111 (6 x ] 
C r  (excited at 370 nm; 0 M —» 6 x 10'^ M).
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7.2.2 Crystal Data and Strucure R efinem ent o f  112

Identification code 1 1 2

Em pirical form ula C25H24N 2S

Form ula w eight 384.57 g .m o r '

Tem perature 3 9 6 (2 )K

W avelength 0.71073 A
Crystal system -

Space group -

Unit cell dim ensions a =  17.080(2) A 
b = 8.1010(9) A 
c =  18.903(2) A 
a =  90.00 ° 

p =  109.013(2)° 

y = 90.00 °

Volum e 2472.8(5) Â
Z 4

Density (calculated) 1.103 Mg.m'^

Absorption coefficient 0.104 m m '’

Crystal size (mm^)
_

Theta range for data collection 1.14 to 2 4 .9 9 °

Reflections collected 9886

Independent reflections 4190 [Rin, = 0.0382]

C om pleteness to theta =  24.99 ° 100.0%

Max. and min. transm ission -

Refinem ent method Ful 1-matrix least-squares on

Final R indices |I>2sigm a(I)| R = 0.0482 

wR = 0.0989

R indices (all data) R = 0.0606 

wR = 0.1083

Absolute structure param eter 0.06(9)
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7.2.3 Crystal Data and Strucure Refinement of 113

Identification code 113

Empirical formula C25H24N 2S

Formula weight 384.57 g.mor'

Temperature 396(2)K

Wavelength 0.71073 A

Crystal system -

Space group -

Unit cell dimensions a = 17.0684(15) A 

b = 8.0774(7) A 

c =  18.8459(17) A 

a = 90.00 °

P =  109.117(2)° 

y = 90.00 °

Volume 2455.0(4) A^

Z 4

Density (calculated) 1.051 Mg.m'^

Absorption coefficient 0.144 mm''

Crystal size (mm^)
_

Theta range for data collection 1.14 to 24.99 °

Reflections collected 9728

Independent reflections 4269 [R,n, = 0.0281]

Completeness to theta = 24.99 ° 1 0 0 .0 %

Max. and min. transmission -

Refinement method Fuii-matrix least-squares on

Final R indices |I>2sigma(I)] R = 0.0398 

wR = 0.0934

R indices (all data) R = 0.0464 

wR = 0.1009

Absolute structure parameter 0.05(7)
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7.2.4 Crystal Data and Strucure Refinem ent o f  114

Identification code 114

Em pirical form ula C2 5 H2 4N 2 S

Form ula weight 384.57 g.m ol''

Tem perature 396(2) K

W avelength 0.71073 A
C rystal system -

Space group -

Unit cell dim ensions a = 22.844(3) A  
b =  10.8702(14) A 
c =  10.1034(13) A 
a =  90.00 °

(3 = 90.00 ° 

y = 90.00 °

Volum e 2508.8(6) A^
Z 4

Density (calculated) 1.086 Mg.m'^

Absorption coefficient 0.196 mm '

C rystal size (mm^) "

Theta range for data collection 2.07 to 28.20 °

Reflections collected 12393

Independent reflections 3155 [Rim = 0.0199]

C om pleteness to theta = 28.20 ° 99.9%

M ax. and min. transm ission -

R eflnem ent method Full-matrix least-squares on

Final R indices |I>2sigm a(I)] R =  0.0890 

wR = 0.2692

R indices (all data) R = 0.898 

wR = 0.2713

Absolute structure param eter 0.04(14)
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7.2.5 G raphs o f A nion-induced Changes in the CD  Spectrum  o f  Chiral B is-  
Naphthalene-based Anion Sensors
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Figure 7.17 Quantitative changes observed in the CD spectrum o f 112 in DMSO in the 
presence o f  H2PO4 .
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Figure 7.18 Quantitative changes observed in the CD spectrum o f 112 in DMSO in the 
presence o f  F .
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Figure 7.19 Q uantitative changes observed in the CD  spectrum  o f  112 in D M SO  in the 
presence o f  d “.
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Figure 7.20 Q uantitative changes observed in the CD  spectrum  o f  113 in D M SO  in the 
presence o f  H 2 PO 4 ".
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Figure 7.21 Quantitative changes observed in the CD spectrum o f 113 in DMSO in the 
presence o f F .
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Figure 7.22 Quantitative changes observed in the CD spectrum o f 113 in DMSO in the 
presence o f  CP.
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7.2.6 Possible Effects o f AcO on the CD o f the Solvent (DIMSO)
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Figure 7.23 CD spectra of blank DMSO in the presence of various equivalents o f AcO (0 M
^  8 X lO'" M).

7.2.7 Com parison between “O ne-baseline” and “ M ultipie-baseline” M ethods for 
the CD Titration o f 112 with AcO“
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Figure 7.24 Comparison of the quantitative changes observed at 276.5 nm in the CD spectrum 
of 112 in DMSO with AcO" between two experiments (i.e. one baseline -  an initial baseline for 
all the scans carried out; multiple baselines -  an initial baseline for each scan carried out).
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7.3 Appendices for Chapter 4

7.3.1 SPECFIT/32^'^-Generated Graphs and Speciation Plots for the Absorption 
Titrations of 64 with Anions
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Figure 7.25 (a) SPECFlT/32™ -generated graph showing the fit between the observed (D) and 
calculated (F) data at 406.0 nm for the binding o f  AcO" by 64; (b) Speciation plot showing the 
concentrations o f  the free host 64 (010) and the 1:1 complex (110) upon the addition o f  AcO .
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Figure 7.26 (a) SPECFlT/32™-generated graph showing the fit between the observed (D) and 
calculated (F) data at 406.7 nm for the binding of H2 PO4  by 64; (b) Speciation plot showing the 
concentrations o f the free host 64 (010) and the 1:1 complex (110) upon the addition of H2 PO4  .
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Figure 7.27 (a) SPECFIT/32^'^-generated graph showing the fit between the observed (D) and 
calculated (F) data at 406.7 nm for the binding of F̂  by 64; (b) Speciation plot showing the 
concentrations o f the free host 64 (010) and the 1:1 complex (110) upon the addition of P .
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7.3.2 Graphs of the Changes Observed in the Absorption Spectra of 129 and 130 
upon the addition of various anions
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Figure 7.28 Changes observed in the absorption spectrum o f  urea 129 (1.5 x 10'^ M) upon 
addition o f  A cO ' in DMSO at 25 °C (0 M —» 3 x 10"’ M).
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Figure 7.29 Changes observed in the absorption spectrum o f  urea 129 (1.5 x 10'^ M) upon 
addition o f  H2P0 4  ̂ in DMSO at 25 °C (0 M ^  3 x 10'^ M).
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Figure 7.30 Changes observed in the absorption spectrum o f  urea 129 (1.5 x 10'^ M) upon 
addition o f  F in DMSO at 2 5  °C  (0 M  3 x 10’̂  M ).

420 nm
360 nm

0.25

385 nm
0.20

569 nm0.15

470 nm
0.10

0.05

0.00
650300 350 400 450 500 550 600 700

W avelength (nm)

Figure 7.31 Changes observed in the absorption spectrum o f urea 130 (1.5 x 10'^ M) upon 
addition o f  AcO“ in DMSO at 25  °C  (0 M  —> 3 x 10"̂  M).
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Figure 7.32 Changes observed in the absorption spectrum o f urea 130 (1.5 x 10'  ̂ M ) upon 
addition o f  H2 PO4 in DMSO at 25 °C ( 0  M 3  x lO'^ M).
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Figure 7.33 Changes observed in the absorption spectrum o f urea 130 (1.5 X 10 ' M ) upon 
addition o f  F ' in DMSO at 25 °C ( 0  M  3  x 10'^ M).
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7.3.3 SPECFIT/32TW-Generated Graphs and Speciation Plots for the Absorption 
Titrations of 129 - 131 with Anions
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Figure 7.34 (a) SPECFIT/32'^^-generated graph showing the f it  between the observed (D) and 
calculated (F) data at 406.0 nm fo r the binding o f AcO" by 129; (b) Speciation plot showing the 
concentrations o f  the free host 129 (010) and the 1:1 complex (110) upon the addition o f  AcO” .
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Figure 7.35 (a) SPECFIT/SITi^-generated graph showing the fit between the observed (D) and 
calculated (F) data at 406.0 nm for the binding of H2 PO4  by 129; (b) Speciation plot showing 
the concentrations of the free host 129 (010) and the 1:1 complex (110) upon the addition of 
H2PO4 .
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Figure 7.36 (a) SPECFIT/32TM.generated graph showing the fit between the observed (D) and 
calculated (F) data at 406.0 nm for the binding of AcO by 130; (b) Speciation plot showing the 
concentrations of the free host 130 (010) and the 1:1 complex (110) upon the addition of AcO’.
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Figure 7.37 (a) SPECFlT/32T'^-generated graph showing the fit between the observed (D) and 
calculated (F) data at 406.0 nm for the binding o f AcO^ by 131; (b) Speciation plot showing the 
concentrations o f  the free host 131 (OlO)and the 1:1 com plex(llO ) upon the addition o f  AcO .
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Figure 7.38 (a) SPECFIT/32™ -generated graph showing the fit between the observed (D) and 
calculated (F) data at 406.0 nm for the binding o f H2P0 4  ̂ by 131; (b) Speciation plot showing 
the concentrations o f  the free host 131 (010) and the 1:1 complex (110) upon the addition of 
H2PO4 .
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7.3.3 SPECFIT/32^'^-Generated Graph for the F luorescence Titration o f  131 with  
A cO '
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Figure 7.39 (a) SPECFIT/32™-generated graph showing the fit between the observed (D) and 
calculated (F) data at 406.0 nm for the binding o f AcO” by 131.

237



Appendices

7.4 References for Appendices

1. Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165-195.

2. Shorter, J. Correlation Analysis in Organic Chemistiy: An Introduction to
Linear Free Energy’ Relationships', Oxford University Press: Oxford, 1973.

3. Isaacs, N. S. Physical Organic Chemistry, Longman Group Ltd.: New York,
1981.

238



Note

C olorim etric “N aked E ye” S en sin g  o f  
A nions in  A queous Solution

Thorfinnur Gunnlaugsson,* Paul E. Kruger,* 
Paul Jensen, Ju liann  Tierney,

Haslin Dato Paduka Ali, and Gillian M. Hussey

School o f  Chemistry, Center for Synthesis and Chemical 
Biology, Trin ity College Dublin, D ublin 2, Ireland

gunnlaut@ tcd.ie; paul.kruger@ tcd.ie 

Received September 29, 2005

SCHEME 1. S y n th e s is  o f S en so rs  1 a n d  2

S ^V<,
K

R'

The synthesis and UV—vis Eind NMR spectroscopic studies 
of thiourea-based colorimetric sensors for anions are pre
sented. These sensors can recognize anions through hydro
gen binding even in competitive pH-buffered aqueous solu
tions, giving rise to large color changes tha t are clearly 
visible to the naked eye.

L um inescent and colorimetric anion recognition and 
sensing is a rapidly developing field w ithin supramolecu- 
la r chemistry.* As inspiration , n a tu re  provides us w ith 
m any g reat exam ples of anion recognition motifs, p ri
marily based on hydrogen-bonding interactions a t charged 
or charge-neutral organic receptors.^ Employing these 
inherently  w eak in teractions as the foundation of recep
tor design to mimic these recognition events is notori
ously difficult as solvent molecules compete more effec
tively for both the  receptor (host) and anion (guest). 
However, we recently dem onstrated  the  first exam ples 
of anion sensing using charge-neutral th iourea hydrogen- 
bonding motifs in  fluorescent PET chemosensors.^ De-

(1) See special issue on anion recognition: (a) Coord. Chem. Rev. 
2003, 240, 1—226. Other reviews include: (b) Martmez-Manez, R.; 
Sancenon, F. J. Fluoresc. 20 0 5 ,15, 267. (c) Gale, P. A. Chem. Commun. 
2005, 3761. (d) Martinez-Maiiez, R.; Sancenon, F. Chem. Rev. 2003, 
103, 4419. (e) Suksai, C.; Tuntulani, T. Chem. Soc. Rev. 2003 ,32, 192. 
(f) Gale, P. A. Coord. Chem. Rev. 2001, 213, 79. (g) Gale, P. A. Coord. 
Chem. Rev. 2 0 0 0 ,199, 181. (h) Beer, P. D.; Gale, P. A. Angew. Chem., 
Int. Ed. 2001, 40, 486. (i) Fabbrizzi, L.; Licchelli, M.; Rabaioli, G.; 
Taglietti, A. F. Coord. Chem. Rev. 2000, 205, 85.

(2) Supramolecular Chemistry of Anions', Bianchi, E., Bowman- 
James, K., Graci'a-Espana, E., Eds.; Wiley-VCH: New York, 1997.

(3) (a) Gunnlaugsson, T.; Ali, H. D. P.; Glynn, M.; Kruger, P. E.; 
Hussey, G. M.; Pfeffer, F. M.; dos Santos, C. M. G.; Tierney, J. J. 
Fluoresc. 2005, 15, 287. (b) Pfeffer, F. M.; Buschgens, A. M.; Barnett, 
N. W.; Gunnlaugsson, T.; Kruger, P. E. Tetrahedron Lett. 2005, 46, 
6579. (c) Gunnlaugsson, T.; Davis, A. P.; O’Brien, J. E.; Glynn, M. Org. 
Biomol. Chem. 2005 ,3, 48. (d) Gunnlaugsson, T.; Davis, A. P.; Hussey, 
G. M.; Tierney, J.; Glynn, M. Org. Biomol. Chem. 2004, 2, 1856. (e) 
Gunnlaugsson, T.; Kruger, P. E.; Jensen, P.; Pfeffer, F. M.; Hussey, 
G. M. Tetrahedron Lett. 2003, 44, 8909. (f) Gunnlaugsson, T.; Davis, 
A. P.; O’Brien, J. E.; Glynn, M. Org. Lett. 2002, 4, 2449. (g) Gunnlaugs
son, T.; Davis, A. P.; Glynn, M. Chem. Commun. 2001, 2556.
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spite our success, anion sensing only ever occurred in 
noncompetitive organic solvents. This shortcom ing is also 
prevalent in m any examples throughout the  literature. 
C learly th ere  is a need to develop receptors capable of 
anion binding w ith in  competitive m edia to more ac
curately mimic those interactions found in natu re . In this 
note, we p resen t two naphthalim ide-based receptors, 1 
and 2 , which belong to a family of new charge-neutral 
colorimetric in ternal charge tran sfe r (ICT) chemosen- 
sors.® The recognition of the  biologically im portan t AcO“, 
H 2PO4 , and anions is achieved in aqueous solution 
via hydrogen bonding a t  charge-neutral sites. F u rth e r
more, the  anion binding is accompanied by a visually 
strik ing  color change, giving naked eye anion sensing.

Sensors 1 and 2 were m ade (Scheme 1) by first reacting 
A^-ethyl-4-bromo-l,8-naphthalimde (3)’ w ith  hydrazine 
m onohydrate to give 5 as a yellow solid in 93% yield. 
Reaction of 5 w ith e ither 4-(trifluorom ethyl)phenyl- (6 ) 
or 4-(methyl)phenyl- (7) isothiocyanates gave 1 and 2, 
respectively. Single crystals of 1 su itab le for an  X-ray 
diffraction study  were grown from EtOH. The s truc tu re  
of 1 revealed the  th iourea protons to be in  th e  an ti
conformation and th a t  adjacent molecules partic ipate  in 
num erous in term olecular interactions. The com bination

(4) (a) Davis, A. P.; Joos, J. B. Coord. Chem. Rev. 2003, 240, 143. 
(b) Schmidtchen, F. P.; Berger, M. Chem. Rev. 1997, 97, 1609.

(5) Recent excellent examples include: (a) Thiagarajan, V.; Rama- 
murthy. P.; Thirumalai, D.; Ramakrishnan, T. Org. Lett. 2005, 7, 657. 
(b) Esteban-Gomez, D.; Fabbrizzi, L.; Liechelli, M.; Esteban-Gomez, 
D. J. Org. Chem. 2005, 70, 5717. (c) Fabbrizzi, L.; Licchelli, M.; 
Monzani, E. Org. Biomol. Chem. 2005, 3, 1495. (d) Liu, B.; Tian, H. 
Chem. Lett. 2005, 34, 686. (e) Jose, D. A.; Kumar, D. K.; Ganguly, B.; 
Das, A. Org. Lett. 2004, 6, 3445. (f) Vazquez, M.; Fabbrizzi, L.; Taglietti, 
A.; Pedrido, R. M.; Gonzalez-Noya, A. M.; Bermejo, M. R. Angew. 
Chem., Int. Ed. 2004,4 3 ,1962. (g) Camiolo, S.; Gale, P. A.; Hursthouse, 
M. B.; Light, M. E. Org. Biomol. Chem. 2 0 0 3 ,1, 741. (h) Jimeenez, D.; 
Marti'nez-Manez, R.; Sancenon, F.; Soto, J. Tetrahedron Lett. 2002, 
43, 2823. (i) Miyaji, H.; Sessler, J. L. Angew. Chem., Int. Ed. 2001, 40, 
154. (j) Lee, D. H.; Lee, K. H.; Hong, J. I. Org. l^ tt. 2001, 3, 5. (k) 
Niikura, K.; Bisson, A. P.; Anslyn, E. V. J. Chem. Soc., Perkin Trans. 
2  1999, n i l .

(6) Examples of colorimetric sensors for cations include: (a) 
Gunnlaugsson, T.; Leonard, J. P.; Murray N. S. Org. Lett. 2004, 6,1557. 
(b) Gunnlaugsson, T.; Leonard, J. P. J. Chem. Soc., Perkin Trans. 2 
2002, 1980.

(7) Gunnlaugsson, T.; Kruger, P. E.; Lee, T. C.; Parkesh, R.; Pfeffer, 
F. M.; Hussey, G. M. Tetrahedron Lett. 2003, 44, 6575.
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FIGURE 1. Structure of 1 showing the anti conformation of 
the thiourea moiety (top) and the 3-D network it forms 
(bottom). H atoms and solvent molecules omitted for clarity.

of H-bonding, face-to-face jr—tt stacking, and short F --F  
contacts® give rise to an elaborate 3D network that is 
perforated with solvent-filled channels (Figures 1 and 
SI). Poorer quality crystals of 2  may also be isolated from 
EtOH.9

The spectroscopic investigation of 1  and 2  was first 
carried out in DMSO. Sensor 1 (1 x 10"'* M) showed a 
broad absorption band centered at 414 nm and a smaller 
shoulder at 560 nm.'° Upon addition of anions such as 
AcO , H 2 PO4 ' , and F“ (as their tetrabutylammonium  
salts), the band at 560 nm increased in intensity at the 
expense of the 414-nm transition. Furthermore, a new 
band at 350 nm and two clear isosbestic points were

(8) Halper, S. R.; Cohen, S. M. Angew. Chem., Int. Ed. 2004, 43, 
2385.

(9) The packing of 1 suggests that the CF3 groups self-aggregate 
and play a significant structure-directing role that allows the growth 
of good quality crystals (c f 2) and propagates the formation of channels 
via short F---F contacts.* These channels account for a staggering 36% 
of the crystal volume, a ttesting to the strength of these m ultiple 
interactions.

(10) The ratio between these two bands w as highly concentration- 
dependent, w hereas at low concentration the 560-nm band was 
substantially  more intense than at higher concentrations (see Sup
porting Information). Quartz cells and glassw are were used in all of 
these m easurem ents.

observed at 465 and 380 nm, respectively (Figure S2). 
The yellow to deep purple color change is clearly evident 
to the naked eye (Figure S3). We propose that these  
changes are consistent with the anions binding to the 
thiourea moiety through hydrogen bonding. For such 
recognition to occur, the thiourea protons need to be in 
syn  orientation. It is also possible that the proton of the 
4-amino moiety is aiding in the binding of the anion and 
that these combined binding modes give rise to enhanced 
ICT character with concomitant color changes. This 
hypothesis is further supported by the fact that the 
absorption spectrum of 4 has a -Imax at ca. 460 nm, which 
suggests that the lone pair of the 4-amino moiety of 1 is 
not fully engaged in the ICT prior to the binding.^^

By observing the changes in the 560-nm band of 1 as 
a function of increasing concentration of AcO' (as 
-log[AcO"]), a sigmoidal curve was observed that changed 
over two log units. This is characteristic of 1:1 binding 
and simple equilibrium (Figure S2b).®’̂  ̂Nonlinear least- 
squares regression analysis of these changes gave a 
binding constant log j i  = 4.95 (±0.1). When these 
measurements were repeated using 5, no such changes 
occurred (e.g. the thiourea functional group is essential 
to successful anion sensing and consequent color changes). 
Similarly, titration with F “ or H2 P 0 4  ̂ gave rise to 
comparable spectral changes with binding constants of 
4.4 (±0.1) (Figure 84) and 4.0 (±0.1), respectively. No 
significant changes were observed using other halides 
(e.g. C l' or Br ). However, it is worth noting that at 
higher F ' concentrations there were distinctive changes 
in the absorption spectra that we assign to the deproto
nation of the 4-aminonaphthalimide moiety and the 
formation of bifluoride (HF2  ) (Figure S3, see later 
d isc u ss io n ) .S im ila r  results were observed for 2, with  
a log/3 of 4.3 (±0.1) for F , demonstrating that the nature 
of the aromatic moiety of the receptor (CF3  versus CH3 ) 
does not greatly alter the binding affinity. This is possibly 
due to the “overriding effect” of the ICT nature of the 
naphthalimide unit over the phenyl.

The binding of anions was also clear from 'H NMR 
spectroscopy (DMSO-de) by monitoring the thiourea 
protons of 2 that initially appear at 10.04 and 10.06 ppm 
and the aromatic N -H  proton at 9.86 ppm (Figure S5). 
This revealed that the binding of anions resulted in slow 
exchange of the protons as titration with either F “ or 
AcO” showed the formation of two new thiourea proton 
resonances at 8.05 and 11.2 ppm (Figure 2). For AcO' 
the aromatic N -H  was also visible as a broad signal 
appearing at ca. 1 2  ppm, but after ca. 0.8 equiv of AcO'

(11) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, 
A. J. M.; McCoy, C. P.; Rademacher J. T.; Rice, T. E. Chem. Rev. 1997, 
97, 1515.

(12) This binding w as also visible in the fluorescence em ission  
spectra. When exciting at 404 nm, a broad em ission band centered at 
ca. 440 nm w as observed that reduced in intensity upon addition of 
anions w ith the formation of two bands at 510 and 635 nm, respec
tively. We do not believe that w e have a large contribution of 
aggregation in the sam ple as the NMR did not change upon dilutions. 
However, we cannot disregard the fact that urea and thiourea 
compounds are known to aggregate to a degree and hence that the 
anion addition might affect the nature of this aggregation if  present. 
Nevertheless, the fact that Cl and Br” did not give rise to any spectral 
changes strongly supports our explanation. Unfortunately, as 1 and 2 
are insoluble in neat H 2O it w as not possible to carry out an identical 
investigation in this solvent.

(13) Shenderovich, I. G.; Tolstoy, P. M.; Golubev, N. S.; Smirnov, S. 
N.; Denisov, G. S.; Limbach, H.-H. J. Am. Chem. Soc. 2 0 0 3 .125, 11710.
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F ig u r e  2. stack plot of 'H NMRs of 2  on addition of AcO" 
(DMSO-de, 400 MHz). Black symbols show position of reso
nance before addition of anion, and red symbols show position 
of resonance upon binding.

it had broadened and disappeared. Integration of these 
newly formed signals confirmed the 1 : 1  binding seen in 
the absorption spectra. For AcO" (Figures 2 and S6 ), no 
further changes occurred after the addition of 1  equiv. 
However, excess F~ (1 ^  5.2 equiv) caused further 
changes, with the appearance of a new signal at 16.1 ppm 
after ca. 3 equiv with significant changes in all the 
resonances supporting the formation of HF2 ” (Figures 3 
and S7).’’̂ ^

The most im portant result from our current study is 
that, upon addition of competitive hydrogen-bonding 
solvents such as ethanol or water, the color changes were 
not reversed.‘'■® We thus carried out identical titrations 
of 1 in EtOH, where 1 showed a strong absorption band 
at 404 nm and a smaller shoulder at 540 nm. The 
titration of this solution with AcO“ (Figure S8 ), F “, or 
H2P 0 4 ~ gave rise to distinctive color changes. For AcO', 
a new band at 340 nm and isosbestic points at 368 and 
454 nm were observed. For the changes in the 540 nm 
band, log P values of 4.47 (±0.1), 3.80 (±0.1), and 3.48 
(±0.1) were determined for these anions, respectively. No 
such changes were seen for 5 (which lacks the thiourea 
part) upon addition of AcO" under identical conditions. 
Similar compounds functionalized with alkyl changed at 
this amino moiety have also been prepared in our 
previous work,’ and these also showed no binding toward 
AcO“. This clearly demonstrates th a t 1 is capable of 
sensing anions in highly competitive media, where the 
recognition is through hydrogen bonding. Furthermore,
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FIGURE 3. Stack plot of'H NMRs of 2 with F~ (1—5.2 equiv, 
DMSO-de, 400 MHz), The dashed line tracks the formation of 
HF2-.

the addition of excess F" did not give rise to the changes 
in the absorption spectra as seen previously, suggesting 
tha t no deprotonation of the naphthalimide amine or the 
thiourea had occurred. Encouraged by these remarkable 
results, we undertook the same titrations in 1:1 EtOH/ 
H2O mixture. Under these conditions, two bands were 
seen in the absorption spectra a t 407 nm (major band) 
and 548 nm (minor band) for 1. Upon titration with AcO" 
(Figure 4; see also Figure S9), similar effects were 
observed as seen previously in DMSO and EtOH solu
tions. As before, the changes were clearly visible to the 
naked eye and occurred over two log units (Figure 4 
inset), giving log fi values of 3.4 (±0.1), 2.2 (±0.1), and 
~1 (±0.2) for AcO“, F", and H 2PO4", respectively. We also 
evaluated the response of 1 to a series of anions using 
their corresponding sodium salts. Of these, C1 0 4 ~, S0 4 ^“, 
and Br" were not detected, whereas NaF produced results 
identical to th a t seen for TBAF. With the aim of excluding 
the possibility of these changes being due to pH changes, 
we carried out the same experiments in 1 : 1  E t0 H/H2 0  

imidazole/HBr (10 mM) buffered solution a t pH 7.15 for 
1 and at pH 7.3 for 2.̂ '* Once more, similar color changes 
were observed as above (cf Figures SIO and S l l  for AcO" 
and H 2P 0 4 ~, respectively). It should also be noted th a t 
the pH of the solution did not change by more than  0.15 
units during these titrations, clearly excluding any pH
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FIGURE 4. Changes in the absorption spectra of 1 on addition 
of in 1:1 E t0 H/H 2 0  solution. Inset shows the changes at 
548 nm as a function of -loglanion]: ♦  =  AcO ', ■ =  F , and
A  =  H 2 P O 4 - .

effects. To the best of our knowledge, these are the first 
examples of colorimetric (and luminescence) anion sen
sors th a t can be used in highly competitive aqueous 
media where the recognition event is mediated through 
bonding to a charge-neutral receptor that causes con
comitant changes in the ICT character of the sensors.'® 

In summary, we have developed novel colorimetric 
anion sensors for use in aqueous solution where anion 
sensing occurs with concomitant yellow to purple color 
changes. We are currently investigating these unique 
features in greater detail.

Experim ental Section
6-Brom o-2-ethylbenzo[dc]isoquinoline-l,3-dione (3). 4-

Bromo-l,8 -naphthalic anhydride (2.00 g, 7.2 mmol) and ethyl- 
amine (70% soln in water) (0.69 mL, 8 . 6 6  mmol) were refluxed 
in 1,4-dioxane (100 mL) for 7 h. The solution was then poured 
into w ater to precipitate out a solid, which was collected by 
filtration, washed with water, and dried to jaeld 3 as a cream- 
colored solid (1.96 g, 89%). mp 160-162 °C (lit. mp 163 °C); Anal. 
Calcd for CuHioBrNOa: C 55.29, H 3.31, N 4.61. Found: C 55.22, 
H 3.32, N 4.73; (400 MHz, CDCI3 ): 1.34 (3H, t, J  =  7.0 Hz,
CH3 ), 4.24 (2H, q, J  =  7.0 Hz, CH2 ), 7.82 (IH, dd, J  = 7.8 and
8.0 Hz, A r-H ), 8.00 (IH, d, J  =  8.0 Hz, A r-H ), 8.38 (IH, d , J  =
8.0 Hz, A r-H ), 8.51 (IH , d, J  =  8.5 Hz, A r-H ), 8.62 (IH, d, J  = 
7.5 Hz, A r-H ); <!>c (400 MHz, CDCI3): 12.8, 35.2, 121.9, 122.7, 
127.5,128.5,129.6,130.1,130.5,130.6,131.4,132.6,162.8,162,9.

(14) Spectroscopic pH titrations of 1 and 2 showed that the color 
changes similar to those seen above only occurred in alkaline pH. See 
Figures S12 and SIS for 1 and 2, respectively. These changes were 
fully reversible. Also note that the changes occurring in Figure 3 all 
took place in a pH window well below that seen in Figures S12 and 
SIS.

(15) Anion sensing has been demonstrated at a 1,3-dichloroethane— 
water interface: Kato, R.; Cui, Y.-Y.; Nishizawa, S.; Yokobori, T.; 
Teramae, N. Tetrahedron Lett. 2004, 45, 4273 and references therein.

2-Ethyl-6-hydrazinobenzo[c{e]isoquinoline-l,3-dione (5).
Hydrazine monohydrate (excess) was added to 3 (0.20 g, 0.66 
mmol). This reaction mixture was heated a t 130 °C and left 
stirring for 1 h. The mixture was then poured into water to 
precipitate out a solid, which was collected by filtration, washed 
with water, and dried to yield 5 as a yellow solid (0.16 g, 93%). 
mp 255-257 °C; HRMS: Calcd for C14H 14N3O2 [M H] + 
256.1086, found 256.1077; dn (400 MHz, (€ 0 3 )2 8 0 ): 1.18 (3H, 
t , J =  7.0 Hz, CH3), 4.05 (2H, q, J  =  7.0 Hz, CH2 ), 4.69 (2H, d, 
J  = 10.6 Hz, NH 2), 7.24 (IH, d, J  =  8 . 6  Hz, A r-H ), 7.64 (IH, 
dd, J  = 7.8 and 8.0 Hz, A r-H ) 8.28 (IH, d, J  =  7.5 Hz, A r-H ), 
8.41 (IH, d, =/ =  7.0 Hz, A r-H ), 8.61 (IH, A ,J =  8.5 Hz, A r-H ), 
9.13 (IH, br, NH); dc (100 MHz, (CD3 )2SO): 13.3, 34.2, 104.0,
107.4, 118.4,121.7,124.1, 127.3,128.2,130.5,134.2, 153.2, 162.7, 
163.6; miz 256 (M H)+; JWx/cm-' 3450, 3366, 3316, 1672, 
1636,1614,1578, 1540, 1439,1389,1366, 1346,1310,1251,114, 
1069, 950, 772.

General Synthesis o f Thioureas. The relevant amine and 
isothiocyanate (1.1 equiv) were refluxed for 3 days in CH3CN. 
The solution was then washed with 0.5 M HCl and water. The 
organic layer was dried over MgS0 4 , filtered, and evaporated 
to dryness. Purification of the crude product was carried out by 
trituration with chloroform.

6-[l-Amino-3-(4-trifluoromethylphenyl)-thiourea]-2-eth- 
ylbenzo[de]isoquinoline-l,3-d ione (1). 1 was synthesized 
according to the above procedure, using 5 (0.20 g, 0.73 mmol) 
and 4-(trifluoromethyl)phenyl isothiocyanate (0.15 g, 0.73 mmol), 
yielding the desired product as a brown solid (0.05 g, 15%). 
mp 177-179 ““C; HRMS: Calcd for C22H 18N4 O2F 3S [M -h H] + 
459.1103, found 459.1083; 6 h (400 MHz, (€ 0 3 )2 8 0 ): 1.20 (3H, 
t, J  =  6 . 8  Hz, CH3), 4.07 (2H, q, J  =  6 . 8  Hz, CH2), 6.99 (IH, d, 
J  =  8.9 Hz, A r-H  naph), 7.67-7.74 (4H, C6 H4 ), 7.83 (IH, dd, 
J  = 8.9 and 9.6 Hz, A r-H  naph), 8.44 (IH, d, J  =  8.2 Hz, A r-  
H), 8.52 (IH, d, J  =  7.5 Hz, A r-H  naph), 8.70 (IH, d, J  =  7.5 
Hz, A r-H  naph), 9.92 (IH, s, NH), 10.32 (IH, s, NH), 10.36 (IH, 
s, NH); dc (100 MHz, (€ 0 3 )2 8 0 ): 13.3, 34.5, 105.6, 111.8, 119.5, 
121.9,125.0,125.6, 125.8, 126.3,128.9, 129.3, 130.9, 133.6,142.8, 
149.7, 162.8, 181.3; m/z 459 (M -I- H)+; f^ax/cm-' 3483, 3254, 
2980, 1686, 1647, 1616, 1586, 1535, 1387, 1325, 1245, 1165, 
1116, 1066, 1017, 843, 776, 756.

6-[l-Amino-3-(p-tolyl)-thiourea]-2-ethylbenzo[cfe]isoquin- 
oline-l,3-d ione (2). 2 was synthesized according to the above 
procedure using 5 (0.20 g, 0.73 mmol) andp-tolyl isothiocyanate 
97% (0.11 g, 0.73 mmol), yielding the desired product as a brown 
sohd (0.05 g, 17%). mp 180-182 °C; HRMS: Calcd for C2 2H21- 
N4O2 8  IM - I -  H]+ 405.1385, found 405.1383; d n  (400 MHz, (COa)2 - 
80): 1.19 (3H, t, J  =  6 . 8  Hz, CH2C //3), 2.26 (3H, s, C6H 4CH3 ), 
4.08 (2H, q, J  =  6 . 8  Hz, CH2 ), 6.98 (IH, d, J  =  8.2 Hz, A r-H  
naph), 7.11 and 7.28 (4H, d, J  =  7.5 Hz, C6H4 ), 7.78 (IH, dd, 
J  = 7.9 and 8.2 Hz, A r-H  naph), 8.43 (IH, d, J  =  8.2 Hz, A r-  
H), 8.50 (IH, A ,J  = 6 . 8  Hz, A r-H  naph), 8.70 (IH, d, J  =  7.5 
Hz, A r-H  naph), 9.87 (IH, s, NH), 10.04 (IH, s, NH), 10.06 (IH, 
s, NH); dc (100 MHz, (€ 0 3 )2 8 0 ): 13.3, 20.5, 34.4, 105.4, 111.4,
119.4, 121.8,124.8,126.0,128.4, 128.9, 129.5,130.9,133.7, 134.4,
136.5, 149.9, 162.8, 163.5, 181.3; mIz 405 (M H)+; D^ax/cm-i 
3461, 3240, 2976, 1689, 1645, 1617, 1585, 1530, 1349, 1245, 
1212, 1110, 1066, 1017, 915, 776, 756.
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This mini review highlights the synthesis and photophysical evaluation of anion sensors, for nonaque- 
ous solutions, that have been developed in our laboratories over the last few years. We have focused 
our research mainly on developing fluorescent photoinduced electron transfer (PET) sensors based 
on the fliiorophore-spacer-anion receptor principle using several anthracene (emitting in the blue) 
and 1,8-naphthalimide (emitting in the green) fiuorophores. with the aim of targeting biologically and 
industrially relevant anions such as acetates, phosphate and amino acids, as well as halides such as 
fluoride. The receptors and the fiuorophore are separated by a short methyl or ethyl spacer, where the 
charge neutral anion receptors are either aliphatic or aromatic urea (or thiourea) moieties. For these, 
the anion recognition is through hydrogen bonding, yielding anion:receptor complexes. Such bonding 
gives rise to enhanced reduction potential in the receptor moieties which causes enhancement in the 
rate of PET quenching of the fluorophore excited state from the anion ireceptor moiety. This design can 
be further elaborated on by incorporating either two fiuorophores, or urea/thiourea receptors into the 
sensor structures, using anthracene as a fluorophore. For the latter design, the sensors were designed 
to achieve sensing of bis-anions, such as di-carboxylates or pyrophosphate, where the anion bridged 
the anthracene moiety. In the case of the naphthalimide based mono-receptor based PET sensors, it 
was discovered that in DMSO the sensors were also susceptible to deprotonation by anions such as 
F“ at high concentrations. This led to substantial changes in the absorption spectra of these sensors, 
where the solution changed colour from yellow/green to deep blue, which was clearly visible to the 
naked eye. Hence, some of the examples presented can act as dual fluorescent-colorimetric sensors 
for anions. Further investigations into this phenomenon led to the development of simple colorimetric 
sensors for fluorides, which upon exposure to air, were shown to fix carbon dioxide as bicarbonate.

KEY W ORDS: Anions; .sensing; chemosensor.s; PET; fluorescence; acetate; phosphate; halides; fluoride.

INTRODUCTION

A nions are essential to life, as many biological pro
cesses depend on the presence or transport o f  anions, or 
use anions to carry out chem ical transformations [ 1 ]. A n
ions are also increasingly important for many industrial

' Depanm ent of Chemistry. Center for Synthesis and Chemical Biology, 
Trinity College Dublin, Dublin 2, Ireland.

'  School o f  Biological and Chemical Sciences, Deakin University.
Waum Ponds 3 2 17. Australia.

 ̂To whom correspondence should be addressed. E-mail: gunnlaut@ 
tcd.ie

processes as w ell as in agriculture, and consequently have 
becom e important pollutants [2]. It has thus becom e ev
ident that there is significant need for developing novel 
m olecules that can interact with anions, and report their 
presence, and ideally at the concentrations o f  anions in 
com plex m edia such as in blood or serum, ce lls , soil, 
freshwater, etc. D espite the enormous advances that have 
taken place in the field o f  chemistry, particularly due to 
the developm ent o f  supramolecular chemistry, the field 
o f anion recognition and anion lum inescence sensing has 
been relatively unexplored, and indeed it is only in the 
last a few  years that it has becom e a fast growing field
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of research [3,4]. The reason for this, without a doubt, 
is the complex nature of the anions (in comparison to 
many cations) that has to be accounted for when design
ing anion-selective and sensitive luminescent probes. By 
definition, except for the anions AIH4, B“ (C6H5)4B“ 
and c/050-Bi2H 2̂ ’ anions have lone pairs of electrons. 
This Lewis basicity is the second most important feature 
of anions to be exploited in the construction of molec
ular hosts and sensors. It may add directionality to the 
system and therefore render it sensitive to the spatial ar
rangement and orientation of binding groups. This is an 
indispensable screen to differentiate between anions of 
similar size, structure and charge, e.g. phosphate and sul
phate anions. The shape of the anion can thus be used 
advantageously in the design of a potent yet selective re
ceptor. This is not just because of the size of the anion, 
as anions exhibit a wide range of geometries, which chal
lenge the molecular designer to create a complementary 
binding site. For instance, the halides are spherical, their 
lone electron pairs do not introduce directionality to the 
system and are thus difficult to exploit in receptor design. 
However, the cavity size of a halide receptor may instead 
be manipulated, to introduce selectivity. The halides are 
all monatomic and the receptors discussed in this paper in
deed fulfil the criteria discussed above, where large spher
ical anions such as chloride and bromide are not recog
nised/sensed, while fluoride is. Competition between the 
anion and the competitive solvent for binding sites makes 
sensing of anions more difficult than for cations of sim
ilar size, as anions are usually highly solvated. A vig
orous analysis of solvent effects on the thermodynamics 
of the binding process for these systems was recently 
carried out, and it was determined that in less polar sol
vents than water, i.e. DMSO, complexation/recognition 
is enthalpically driven [5]. However, in methanol and 
methanol/water mixtures association becomes endother- 
mic with favourable entropy providing the driving force 
for association. Thus, it is not surprising that most an
ion sensors today have been designed to sense anions 
in less competitive environments such as in DMSO and 
CHCI3 [6].

Considerable effort has been recently directed to
ward the development of synthetic receptors that depend 
solely on hydrogen bond arrays [7]. The main virtue of 
incorporating H-bond donor groups into a receptor is to 
conserve electroneutrality. The range of hydrogen bond 
donor groups available (e.g. carbamates, ureas, thioureas) 
offers extreme versatility of construction. This versatility 
offers limitless options in receptor design, but the effec
tiveness largely depends on the extent of solvation. Anion 
recognition in biological systems is achieved via hydro
gen bonding by highly preorganised proteins containing

sterically well-defined complexation sites in the interior 
of the protein. The main challenge in the field of an
ion complexation has been the design of receptors with a 
high selectivity for biologically important anions for ex
ample; phosphates, (poly) carboxylates, and halides, espe
cially chloride [8]. While few molecular details are known 
about anion specific ion pumps, a passive antiport system 
HCO3/Cl“ important for respiration (CO2 disposal) was 
identified in erythrocytes. The relatively common heredi
tary disease, cystic fibrosis, is known to stem from a genet
ically caused mis-regulation of chloride channels. This ex
ample illustrates the medicinal incentives for developing 
a sensor selective for chloride. Moreover, the oxoanions 
(carboxylates, phosphates, and sulphates) are of particu
lar biological interest, while di- and tri-carboxylates are 
critical components of numerous metabolic processes in
cluding for instance, the citric acid and glyoxylate cycles 
[9]. They also play an important role in the generation of 
“high energy” phosphate bonds, as nucleotide polyphos
phates are the basic components in the bioenergetics of all 
living organisms. From this account it is obvious that the 
challenge of developing sensors for anions is not trivial. 
However, this was in fact the main reason of our inter
est in the field of anion recognition and we asked our
selves, “can we develop anion selective and sensitive sen
sors using structurally simple receptors?” and secondly, 
“can we incorporate such anion receptors into luminescent 
sensors?”

We had previously developed both luminescent sen
sors for anions where the recognition occurred at a lan
thanide metal ion centre [10], or by quinoxaline-based 
anion sensor [11]. Our choice was to further extend this 
field and develop fluorescent anion sensors, and the choice 
of method was PET [12], but PET anion sensing had not, 
prior to our work, been established using charge neutral 
anion receptors. However, examples of charged receptor 
moieties such as metal ions or protonated amines had been 
developed, for use in PET sensors [12,13].

This mini review discusses our attempts to develop 
such sensors in chronological order, beginning with the 
formation of simple PET sensors, based on the use of 
anthracene, followed by our attempts to develop PET sen
sors that absorb and emit in the visible region and finally 
the formation of colorimetric anion sensors where anion 
sensing is visible to the naked eye.

FLUORESCENT PET SENSORS 
BASED ON ANTHRACENE

Over the last few years, many excellent examples of 
anion sensing have been demonstrated. Some of this work
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has been reviewed in several articles that generally give 
good account of the advantages that have occurred within 
this field in a relatively short time [3,4]. However, when 
we set out to develop anion sensors, only a few exam
ples of such luminescent anion sensors had indeed been 
reported, and most of these were designed using charge 
receptors, or as in the work of Beer et a l, the recep
tors were charge neutral but were part of cationic metal 
complexes and as such often highly influenced by the 
presence of the metal ion, e.g. through inductive effects, 
etc. [14]. As stated above, we set out to use structurally 
simple receptors, our target being urea and thiourea, sim
ilar to those developed by Hamilton etal.[\5], Umezawa 
et al. [16] and Kelly et al. [17] who individually devel
oped several receptors for the detection of anions such 
as acetate, using NMR to observe the recognition pro
cess. The use of PET in chemical sensing was established 
by de Silva and Czamick less than 20 years ago [12]. 
These researchers showed that by incorporating amines 
into the anthracene structure via a methyl spacer, the flu
orescence of the fluorophore could be significantly en
hanced. or "switched on \ in the presence of a proton, 
without any significant changes in the wavelength of the 
emission, e.g. only the quantum yield and emission life
times were effected. This was simply due to the prevention 
of photoinduced electron quenching of the anthracene ex
cited state by the electron rich amine upon protonation 
of the same, but upon protonation, the oxidation poten
tial of the amine increased, making PET thermodynam
ically unfavourable. This was shown by simply employ
ing the Rehm-Weller equation for determining the free 
energy of electron transfer [18]. Furthermore, for such 
ideal PET behaviour, the absorption spectra of the flu
orophore should be independent of the recognition pro
cess, as the receptor was not an integrated part of the 
fluorophore.

In a similar manner, we foresaw that the reduction 
potential of the receptor would be modulated upon an
ion recognition, provided that the binding was strong. 
Our strategy shown schematically below was quite sim
ple. We designed two sets of fluorescent anion sensors, 
based on the fluorophore-spacer-anion receptor principle, 
where the receptor is now a hydrogen-bonding acceptor. 
This was achieved by simply using anthracene and incor
porating thiourea receptors at the 9th position on the an
thracene ring (3- 5) or at the 9th and 10th positions (9- 11), 
via methylene spacers [19,20]. The advantage of this de
sign became clear as by using 9-aminomethylanthracene 
1, or 9,10-diaminomethylanthracene 2 the amino moi
eties could be reacted with a wide range of commercially 
available isothiocyanates to form the respective thiourea 
receptor.

.NH

NH

S. NH3

NHj NH

41

r
NH

5
NH,

NH^

2

I, II or III
9 ,10  or 11 (see later)

Our first examples of this design were the three 
mono-thioureas 3- 5. By simply reacting 1, in dry CH2 CI2  

at room temperature, under inert atmosphere with an 
equimolar amount of 4-(trifluoromethyl)phenyl (i), phenyl 
(ii) and methyl isothiocyanate (iii) respectively, com
pounds 3-5 were formed as off-white solids that were 
purified by recrystallisation from CHCI3 . The three dif
ferent isothiocyanates were chosen with the aim of being 
able to modulate, or tune, the acidity of the thiourea recep
tor moiety, which would lead to different receptor-analyte 
complex stability and hence different binding constants. 
The synthesis of the starting material 1, was achieved by 
several different methods, including conventional Gabriel 
amine synthesis, reduction of 9-cyanoanthracene, by 
sodium borohydride, lithium aluminium hydride and dib- 
orane, or by the conversion of 9-bromomethylanthracene 
to 1, involving the use of hexamethylenetetramine. This 
latter method was superior to any of the former and pro
duced the desired amine in good yield (80-90%) as the 
hydrochloride salt. The three sensors all exhibit simple 
' H NMR spectra in various solvents and the thiourea pro
tons were easily identified due to their broad appearance
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Fig. 1. Changes in the absorption spectra of 3 upon addition of acetate in DMSO.

and their downfield positions. Consequently, this also al
lowed for the use of ' H NMR techniques to evaluate the 
stoichiometry of the binding interactions and for the deter
mination of the binding constants. This will be discussed 
later.

The ground and the excited state properties of the 
three sensors were evaluated in various solvents, includ
ing DMSO, CH2 CI2 and CH3 CN. The results from DMSO 
will be the focus of the discussion herein. The absorption 
spectra of all the sensors were similar to the reference 
compound 9-methylanthracene, with absorption bands at 
390, 370, 352 and 336 nm respectively for 3 (Fig. 1). 
When the 370 nm transition was excited, a typical an

thracene emission was observed with peaks at 443, 419 
and 397 nm, and a shoulder at 473 nm, and a quantum 
yield of 0.1. For 4  and 5, similar results were observed 
with quantum yields of 0.187 and 0.304, in comparison to 
9-methylanthracence, which was recorded to have quan
tum yields of 0.284. Upon titrating a solution of any of 
these sensors with anions such as Cl“ or Br~ no changes 
occurred in either the absorption or the fluorescence emis
sion spectra. However, using anions such as acetate, phos
phate or fluoride, the emission was dramatically affected, 
being ‘switched o ff  by up to 90%, upon anion addition, 
e.g. Fig. 2, for phosphate, with ~70% quenching. In ret
rospect the changes in the absorption spectra were only

500-
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“ * T ---------

480380 460 500400 420 440
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Fig. 2. Changes in the fluorescence emission of 3 upon addition of phosphate.
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minor, (Fig. 1.) This is in agreement with PET theory, 
as the only communication pathway between the two 
parts, the receptor and the fluorophore is through space 
and hence, the absorption spectra would generally not be 
expected to be significantly affected by the recognition 
at the receptor site. However, at lower wavelength there 
were some changes which were assigned to the structural 
changes occurring in the aromatic thiourea receptor itself 
upon anion recognition, which would be through hydro
gen bonding between the anion and the thiourea protons, 
yielding an electron rich anionireceptor complex. This 
interaction would significantly enhance the reduction po
tential of the receptor, which would enhance the rate of 
electron transfer from the receptor to the fluorophore and 
hence enhance the quenching of the excited state. Un
fortunately, we were unable to determine the oxidation- 
reduction potential of the receptors by cyclic voltammetry 
as they were irreversibly oxidised. However, the effect of 
this was indeed found as is shown above, where the emis
sion was reduced due to the enhanced PET rate. In a simi
lar manner compounds 4 and 5 showed that upon addition 
of the same anions the emission was quenched and the 
absorption spectra was not significantly affected, except 
at low wavelengths for 4, whereas for 5, no such changes 
were observed as the sensor lacks the aromatic receptor. 
We also evaluated the changes in the receptors themselves 
by synthesising the thiourea receptors in a single step. As 
expected, significant changes were observed in the absorp
tion spectra of these (as well as in the NMR) upon anion 
titration, confirming the changes seen above in the absorp
tion spectra where the major changes occurred at short 
wavelength.

By analysis of the changes in the fluorescence emis
sion, as a function of the anion concentration, we estab

lished two major principles; firstly, the fluorescence of 
the fluorophore can be modulated by the recognition of a 
charge neutral receptor of an anion, via hydrogen bond
ing, and secondly, even the use of simple mono-aromatic 
thiourea receptors can lead to selective anion recognition. 
The latter is evident from Fig. 3, where the changes in the 
recognition of bromide, chloride, acetate, phosphate and 
fluoride are shown as changes in the relative intensity vs. 
the ctoncentration of the anions (as -log[anion]).

It is also important to note in Fig. 3, that the changes 
occur over two logarithmic units, which is an indication 
of a 1:1 binding. From the above figure the selectivity and 
the sensitivity of the recognition is also evident, and the 
same trend was seen for all the sensors; the emission was 
most significantly modulated, ‘"switched o jf ' by fluoride, 
followed by acetate and finally phosphate, whereas the 
larger spherical anions did not give rise to such quench
ing. In a similar manner we have also recently made the 
urea analogues of the above complexes and observed that 
the changes in the ground and the excited state prop
erties of these were also alfected by the anion recogni
tion, demonstrating that the active PET mechanism is also 
operative in these systems.

H

6 7 8

With the aim of elaborating further on this simple 
design principle we have developed other structurally
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Fig. 4. Changes in the fluorescence of 8 in the presence of fluoride ions, where the emission is quenched upon 
anion recognition. Notice the absence of any long wavelength emission bands indicating the lack of excimer 
emission upon anion sensing.

similar sensors [20,21]. Compounds 6, 7 and 8 are ex
amples of our design, where for instance an asymmetric 
centre has been incorporated adjacent to the receptor moi
ety in 6 (both R and S were made) and two fluorophores 
have been attached to a single thiourea moiety in 7 and 
8. For the former, we aimed to achieve chiral discrimina
tion of anions such as A -̂acetal or A -̂Boc protected amino 
acids. However, we quickly demonstrated tRat a single 
stereogenic centre was not enough to achieve such enan
tiomeric discrimination. Attempts to incorporate a second 
stereogenic centre at the methylene spacer have, unfortu
nately, not been successful in our laboratory to date, but 
we are currently involved in such synthesis [20]. For 7, 
the addition of two anthracene moieties into the structure 
gave some interesting results, e.g. the selectivity of the 
recognition was greatly improved, with fluoride being de
tected strongest. At the same time, the two fluorophores 
were shown to give rise to significant steric strain, which 
resulted in the decrease in the sensitivity of the anion 
recognition. Compound 8 was designed to give strongest 
binding to phosphate, which is often difficult to achieve 
using a single urea/thiourea binding site. However, the re
sponse to phosphate was not as significant as for fluoride. 
Fig. 4, where it was almost 70% quenched in comparison 
to about 5% for acetate and 20% for phosphate. Most in
terestingly, both sensors gave rise to 1:1 binding between 
the sensor and the anion.

In related work we have used the same structural 
motifs and developed sensors such as 9,10  and 11, all of 
which have two binding sites [21,22]. For 9 and 10, the 
basic design principle employed above was used, e.g. the

-N H
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\ — /
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H N/
H
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anthracene fluorophore was separated from the receptor 
by a methyl spacer, but on these occasions, two recep
tors were incorporated into the design, and as before, the 
choice of aromatic thioureas gave rise to tuning of the 
anion sensitivity.

This extended design yielded an overall receptor- 
spacer-fluorophore-spacer-receptor motif, and allowed 
the sensing of bis-anions such as dicarboxylates and py
rophosphate in DMSO. For 9 and 10, the fluorescence 
was 'switched o ff upon recognition of both mono-dentate 
anions such as acetate and by dicarboxylates such as 
glutarate and malonate. The changes in the fluorescence 
of the former were shown to occur over 4 logarithmic 
units, indicating that the binding was in the form of 2:1
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Fig. 5. Changes in the 'H NMR of 10, upon addition of pyrophosphate in DMSO-de. Notice the 
broadening in the aromatic signals which was found to be absent in the titration of 10 with phosphate, 
which was determined to be in 2:1 ratio.

(anion:sensor), whereas for the bis-carboxylates the sens
ing was determined to be 1:1. These latter results would 
imply that the anion would have to bridge the anthracene 
unit. Similarly for 11, having a urea-binding motif, the 
emission was also quenched upon ion sensing, but at dif
ferent concentration ranges in comparison to 9. To eval
uate the possibility of the bis-anions bridging the fluo- 
rophore, we investigated the changes in the ground state 
of the interaction of pyrophosphate with 9. Whereas no 
isosbestic points were seen for 3, 4 and 5 above upon 
titration with mono-dentate anions, there were measur
able changes in the absorption spectra upon addition of 
pyrophosphate which suggested that the anion was in 
someway affecting the electronic structure of the fluo- 
rophore, e.g. by bridging it. However, in the absence of 
X-ray crystallographic results, this was not a significant 
enough change to determine the 2:1 binding accurately. 
We thus carried out a series of ’ H NMR titrations of both 
the mono- and the bis-receptor based sensors in DMSO- 
d(,. These investigations revealed that for 3, 4 and 5 the 
binding occurred in the stoichiometry of 1:1, where the 
changes in the thiourea protons were monitored upon ad
dition of anions such as acetate and phosphate (as their 
tetrabutylammonium salts). This was in good agreement 
with work carried out by Hamilton et al. and Kelly et 
al. on structurally related receptors, which also showed 
the binding to be 1:1 in their cases [15,17]. For 9 and 
10, however, similar titrations showed that the binding of 
acetate and phosphate (see Fig. 5, for 10), was indeed in 
2:1 binding, whereas using the bis-anion pyrophosphate, 
the titration showed 1:1 binding. Moreover, unlike that 
seen in the titration of 10 with acetate and phosphate, 
the fine structure of the resonance for 10 upon titration

with pyrophosphate was also significantly affected, being 
broadened after one equivalent. We assigned this to be due 
to substantial electronic effects inflicted by the phospho
rus moiety in the pyrophosphate, which would be central 
over the anthracene fluorophore. Hence, from the above 
results we are confident to say that the binding is 1:1 and 
for this to occur the anion has to bridge the fluorophore. 
Indeed the use of different bis-anions with different spac
ers, showed that the larger anions bound in 2:1 and the 
smaller ones such as malonate and glutarate in 1:1 ratio.

The above account has so far focused on the results 
from our work on anion sensing using anthracene as the 
fluorophore. Several other examples of similar designs 
have also emerged in the last a few years. For instant, 
Wu et al. developed a thiourea-based receptor 12, con
taining three naphthalene units [23]. The bis and mono 
equivalents of this sensor were also examined and the 
mechanism for the sensing of 12 was described as a PET 
sensor with the quaternary nitrogen acting as the donor, 
the receptor acting as a spacer and the fluorophore be
ing the naphthalene unit. However, 12 senses anions via 
a combination of PET and energy transfer. Binding of 
the anion to the NH directly attached to the naphthalene 
unit allows energy transfer to occur between the recep
tor and the fluorophore therefore affecting the emission 
properties of the compound. In addition the absorption 
spectra significantly changes upon addition of the anion 
to the system, again breaking one of the criteria specified 
in order to be classified as an ideal PET sensor. Teramae 
etal. recently synthesised a thiourea-based anion receptor 
linked to a pyrene moiety via a methylene spacer, 13 [24]. 
Binding studies of 13 with TBA acetate were conducted in 
CH3CN. ' H NMR could prove that binding was occurring



294 Gunnlaugsson, Paduka Ali, Glynn, Kruger, Hussey, Pfeffer, dos Santos, and Tierney

via the N -H  bonds however the signal was too broad to 
quantify the binding constant. A concurrent analysis of the 
fluorescent and UV/vis properties showed that upon addi
tion of various anions to the system the monomer emission 
reduced dramatically with little change in the absorption 
spectra being observed. This compound does not exhibit 
ideal PET behaviour since the monomer emission quench
ing was followed by the formation of an intramolecular 
exciplex emission. Recently, Yoon et al. synthesised a 
new anthracene derivative bearing two phenylurea groups 
at the 1,8 position of anthracene, 14 [25]. This sensor 
shows a selective fluorescence quenching effect with F~ 
via a PET mechanism.

3

1312

I I
H H

14

Having demonstrated PET anion sensing using 
charge neutral receptors, we decided to explore this 
method of sensing using other fluorophores, some of that 
work is described in the next section. The main rea
son for extending this line of research was to develop 
novel luminescent anion sensors that could be used to 
determine anion concentrations in aqueous solutions. Re
cently we have indeed managed to achieve such sensing 
in buffered water, however, that work will be^the focus 
of our future articles. What follows is the account of the 
work leading to such real anion sensors for competitive 
media.

PET ANION SENSING USING 
NAPHTHALIMIDE FLUOROPHORES

Over the last a few years we have developed various 
fluorescent PET sensors for cations using the 4-amino-1,8- 
napththalimide structure [26]. With the aim of extending 
the above PET anion sensing we developed several sen
sors based on the naphthalimide unit by simply incorpo
rating a thiourea or urea moiety into the structure via a 
spacer in a similar manner as discussed above [27]. Com
pounds 15-18 are examples of this design where different 
receptors or spacer lengths were used. The advantage of 
using the naphthalimide fluorophore is twofold; firstly, it 
has an internal charge transfer excited state (ICT) due to 
the electron donating amine and the electron withdrawing 
imide. This makes the fluorophore absorb in the visible

region and the colour of the above compounds is yellow or 
orange. Consequently they also emit in the visible spec
trum, having a strong emission band centred around 530- 
550 nm. Secondly, these compounds are usually found to 
be highly emissive, with quantum yields of ca. 80-90%.

15:n = 1, R = CF
16:n = 2, R = CF
17: n = 1, R = H

V
18: R = CFg

The synthesis of the above compounds was achieved 
in good yields from the 4-chloro or the 4-bromo-l,8- 
naphthalic anhydride by first condensation with either 
«-aminoethane or «-aminobutane, to yield the correspond
ing naphthalimides. This was then treated with either di
ethyl amine or 4-aminobenzylamine to yield the two free 
amines, which then were susceptible to reaction with vari
ous isothiocyanates. The synthesis of 15 is shown in Fig. 6.

The sensing of several anions was demonstrated in 
DMSO. For 15 and 17, which have di-aromatic thiourea 
receptors, the fluorescence emission was highly depen
dent on the anion, where it was almost fully quenched by 
fluoride. The changes for 15 are shown in Fig. 7. From 
this it can be seen that the emission occurs in the visible 
region, being centred at 525 nm, which was highly fluores
cent green to the naked eye. Titration with other spherical 
anions such as chloride or bromide did not lead to any 
quenching in the naphthalimide emission. However, both 
acetate and phosphate gave rise to significant changes 
as seen in the insert graph in Fig. 7. In the same way, 
the changes for 17 showed that the emission was highly 
sensitive to fluoride, phosphate and acetate, but as in pre
vious examples the sensitivity was somewhat shifted to 
higher concentrations due to the lack of the electron with
drawing CF3 group. For 16, an analogue of 15, except 
for the presence of the two methyl spacer, the emission 
was also reduced upon addition of these ions. However, 
the quenching efficiency was significantly reduced as the 
electron transfer quenching is dependent on the distance 
between the receptor and the fluorophore, where the rate
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Fig. 6. Synthesis of 15 from 4-bromo-l,8-naphthalic anhydride.

of electron transfer is a function of 1/;*̂ . Interestingly, for 
18, which is a mono-aromatic thiourea, the emission was 
only slightly quenched confirming that the efficiency of 
the PET quenching is also dependent on the structure of 
the receptor. Furthermore, and as expected, this quench
ing only occurred at relatively high concentrations. For all 
the naphthalimide sensors the absorption spectra were not 
significantly affected upon titration of any of the above 
anions, being only slightly red-shifted upon anion recog
nition. This is evident from Fig. 8, upon titration of 15 
with phosphate.

As in the case of the anthracene examples discussed 
above, the changes in the ’H NMR were also evaluated 
in DMSO-(i6. For the same concentration range (Fig. 7), 
the changes in the thiourea protons or the aromatic signals 
of the receptors can be used to evaluate binding strength 
and the stoichiometry of the recognition. On all occa
sions it was shown that the binding was 1:1 and that 
the thiourea protons were shifted by up to ~3 ppm. To 
establish an accurate endpoint we titrated the solutions 
beyond two equivalents of anions. For acetate and phos

phate, only saturation was observed in the NMR, e.g. the 
spectra were unchanged at higher equivalents. However, 
for fluoride it was noticed that at higher equivalents, the 
colour of the solution changed from slight yellow to deep 
blue. These changes were clearly visible to the naked eye. 
At the same time, the NMR also changed significantly and 
a new species was clearly observed in the NMR. Because 
of these changes, we reinvestigate the absorption spectra 
of these compounds at higher concentrations. Figure 9 
shows the changes observed in the absorption spectra of 
15, upon titration with fluoride in DMSO. From this titra
tion two significant results emerged. Firstly, the absorp
tion spectra did not change significantly in the concen
tration range where the fluorescence was quenched, e.g. 
the molecule showed ‘ideal’ PET behaviour. Secondly, 
the colour changes observed in the NMR was also clearly 
observed in the absorption spectra, where a new band 
was formed, centred at ca. 550 nm and a second band at 
338 nm, and with the presence of two isosbestic points at 
385 and 475 nm, respectively, upon exceeding two equiv
alents of fluoride, at the same time that the 440 nm band

1000-1
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Fig. 7. Changes in the fluorescence emission of 15 upon titration with fluoride in DMSO. Insert are the changes in 
the emission at 525 nm upon titration with fluoride (red), acetate (blue) and phosphate (brown), as a function of their 
concentrations (as the -log[anion]).
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Fig. 8. The changes in the absorption spectra of 15 upon titration with phosphate. These changes were too small
to allow for accurate binding constant determination.

was significantly reduced in intensity. In a similar way, 
16,17 and 18 all showed this behaviour at higher fluoride 
concentrations. We assigned these changes to the depro
tonation of the 4-amino moiety in the fluorophore and the 
enhancement in the ICT of the excited state, which shifts 
the absorption spectra to the red. In fact upon excitation of 
the 550 nm band, a weak emission was observed at long 
wavelength, centred at ca. 650 nm.

These compounds can thus be described as dual 
fluorescent-colorimetric anion sensors. With the aim of 
further investigating these effects; we designed several 
other naphthalimide ‘sensors’ where the thioui^a moi
ety was absent. Compounds 19 and 20 are examples of 
this design [28]. As expected only fluoride gave rise to 
any significant changes in the absorption spectrum of 19

upon addition of several anions. A full titration of 19 
with TBA-F led to a reduction in the intensity of the 
bands at 446 and 287 nm, while two new bands centred at 
535 and 341 nm respectively, were formed. At low con
centrations, three clear isosbestic points at 480, 380 and 
300 nm were visible. At higher concentrations, the bands 
broadened, as observed with sensors 15-18 on addition 
of F~. A simultaneous visible colour change from green 
to red/purple was observed as the absorption maximum 
was bathochromically shifted from 446 nm to 535 nm. 
These spectral changes are most likely due to deprotona
tion of the amino moiety by F“ , or strong hydrogen bond
ing that could eventually result in deprotonation. In both 
cases, deprotonation leads to the formation of a negatively 
charged naphthalimide, with concurrent enhancement of
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Fig. 9. The changes in the absorption spectra of 15, upon titration with fluoride. Only at high 
concentrations, where the fluorescence had stopped changing, did the absorption band centred at 
550 nm begin to appear.
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Fig. 10. ' H NMR stack plot of 19 after addition of various quantities of F (DMSO-Je, 400 MHz) showing formation of
downfield triplet.

the push-pull character of the ICT transition. When the 
same titrations were done using compound 20, which 
lacks the 4-amino moiety, no such colour changes were 
observed. This clearly indicated that these changes were 
due to deprotonation of the 4-amino moiety. As before we 
investigated these changes by ' H NMR for 19. These re
sults confirmed what was observed in the NMR titrations 
for 15-18. Furthermore, we had observed the formation of 
a new signal resonating at ca. 16 ppm, which we assigned 
to the formation of bifluoride (HFj ), as is evident from 
Fig. 10 after ca. one equivalent of fluoride. From these 
results it was thus clear that the colour change was due to 
the formation of the deprotonated form of the naphthal- 
imide moiety with concomitant enhancement in the ICT 
character of the fluorophore.

-NH

r 19 20

However, we also observed that if the DMSO solu
tion of this deprotonated form was left standing open to 
air, the colour was reversed (from blue to green-yellow) 
over some time. When samples of 15-18 were also dis
solved in DMSO, treated with excess fluoride and left 
standing exposed to air, the colour was also reversed. In
terestingly, the addition of fluoride did not reverse this 
colour change to red/purple. With the aim of investigating 
this phenomenon further, we attempted to grow crystals 
of the adduct formed upon addition of two equivalents 
of fluoride under anaerobic conditions. Nonetheless, even 
though red crystals were formed, these melted upon expo
sure to air. From this newly ‘coloured’ solution we were 
however able to grow crystals suitable for X-ray crystal
lography. The structure is shown in Fig. 11, and clearly 
shows that the resulting solution had produced crystals 
that had bicarbonate hydrogen bonded to the amino moi
eties of the sensor. We thus concluded that the uptake of 
carbon dioxide from air was being converted to bicarbon
ate in the presence of the bifluoride and the deprotonated 
sensor.

To evaluate this, we observed the changes in the ab
sorption spectra upon adding carbon dioxide to the ‘blue’ 
coloured solution of 19. This showed that the absorption 
spectra were reversed, giving rise to the colour previously 
assigned to the free form of 19. This supported thus our 
finding that the deprotonated form of 19 was able to fix
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Fig. 11. Crystal structure of the 1:1 adduct formed between 19 and HCO^ showing H-bonded pairs.

carbon dioxide as bicarbonate. We propose that this pro
cess involves the formation of carbamide that is broken 
down to give the resulting amine and bicarbonate in the 
presence of water. Furthermore, further additions of fluo
ride did not reverse this process. Importantly, the fixation 
of carbon dioxide is not possible in the absence of the 
deprotonation step. Hence, no changes are observed in 
the absorption spectra of 19 upon passing CO2 into the 
solution prior to the deprotonation step.

From the above we have demonstrated that PET an
ion sensing is highly feasible using charge neutral recep
tors. Additionally, we have demonstrated that for our par
ticular systems the 4-amino moiety can be deprotonated, 
which provides the platform for carbon dioxide fixation, 
which is common in many nonmetal-containing enzymes, 
as well as being of significant application.

CONCLUSIONS

This mini-review has focused on the work carried 
out in our laboratories in Dublin over the last a few years 
using charge neutral receptors for anion sensing. We have 
demonstrated that PET anion sensing is possible using 
charge neutral receptors, where the anion recognition and 
consequent sensing comes about via hydrogen bonding 
between the receptor and the anion. We have demonstrated 
that even by using simple urea or thiourea receptors both 
the sensitivity and the selectivity of the sensing process 
can be tuned. We have also demonstrated that by simply 
changing the fluorophore from anthracene to naphthalim- 
ide gave rise to new families of sensors where the detection 
of most anions gave rise to changes in the fluorescence. 
We also demonstrated that in the case of fluoride, both the 
fluorescence and the absorption spectra were modulated, 
albeit at different concentrations, yielding a combined

fluorescence-colorimetric sensor for such anions. For the 
latter, the colour could be reversed in the presence of car
bon dioxide giving rise to the formation of new adduct, 
where carbon dioxide was fixated as bicarbonate.

We are currently working on this kind of systems and 
we have recently shown that anion recognition in buffered 
pH 7.0 water solution is feasible through hydrogen bond
ing interactions. These results will be the subject of our 
future publications.
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