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Abstract

This thesis entitled “(Thio)Urea Derivatives — From Anion Sensing and Recognition
to Supramolecular Assemblies consists of seven chapters.

Chapter 1 provides an introduction to the field of anion sensing using various
organic scaffolds incorporating the thio(urea) moiety. The importance of anion sensing and
the challenges associated with the development of receptors for the recognition of anions
are detailed. An overview of the recent developments in the field is also given. The second
half of the introduction focuses on the development of interlocked assemblies with a
particular emphasis on rotaxanes. Finally, a summary of the work described in this thesis is
outlined.

Chapter 2 describes the synthesis and characterisation of three novel thiourea-based
anion receptors with an acetamide functionality for comparison with their urea
counterparts, previously investigated in our group. The three receptors differ only in the
position of the amide functionality relative to the hydrogen bonding urea moiety (being
para, meta, and ortho). Their anion binding ability‘is examined using UV-Vis absorption
and 'H NMR spectroscopy. This simple modification has a significant effect on the anion
recognition ability, the strength of the recognition process, and the stoichiometry for these
Sensors.

Chapter 3 outlines the ability of two thiourea functionalised Troger’s base
derivatives, previously synthesised in the group, in the recognition of various anions. The
binding affinities of these compounds are investigated by UV-Vis absorption and 'H NMR
titrations in DMSO-ds. The two receptors, appended with CF3 and NO, groups, bind
various anions via different binding modes with the CF; derivative not showing any
modulation of the UV-Vis absorption spectrum upon titration with H,PO; and SO4”". In
comparison, the NO, analogue displays large changes upon titration with these anions. A
combination of H-bonding interactions and deprotonation occurs.

Chapter 4 outlines the synthesis of a series of novel tripodal receptors, possessing
highly organised urea binding sites. Each receptor consists of three urea moieties,
connected to a central C3, symmetrical phenyl platform via amide linkage. The anion
binding capabilities of the receptors were evaluated by '"H NMR spectroscopy in DMSO-
ds. The binding interactions are all best fit to a 1:1 stoichiometry and, in some cases, mass
spectrometry confirmed the presence of a 1:1 host:guest complex between the receptors
and anions such as HPO, and AcO". The synthesis of a second generation of these
tripodal urea-based receptors containing a tertiary amide group is also described and the

anion binding abilities examined by 'H NMR spectroscopy and X-ray crystallography. The

\%



formation of a highly organised cavity is confirmed by X-ray crystallography whereby
anions such as SO4”~ are encapsulated between two host molecules.

In Chapter 5, a series of Ru(ll) complexes incorporating a urea binding site are
described. The synthesis of each derivative is discussed, in addition to their photophysical
properties. The spectroscopic effects of the Ru(Il) excited state upon anion binding is
detailed. It was found that the position of the urea moiety (para vs. meta) played a very
important role in the binding of anions such as F~ and SO,*".

Chapter 6 discusses the attempted synthesis of urea-based rotaxane, whereby an
anionic thread was designed to H-bond to a urea functionalised macrocycle. A small
library of molecules with terminal olefin groups were synthesised and characterised. Ring
closing metastasis (RCM) using Grubbs’ catalyst afforded the macrocyclic analogues and
the anion binding ability of both acyclic and cyclic derivatives evaluated by 'H NMR
spectroscopy. The synthesis of a thread containing a benzoate moiety, suitable for H-
bonding to the urea component was then undertaken and attempted formation of
interlocked molecules such as catenanes via anion templation and a rotaxane attempted.

Finally, Chapter 7 outlines the experimental parameters used, and presents the
synthesis and characterisation of the compounds discussed within this Thesis.
Subsequently, literature references are provided, followed by the Appendices, which

provides spectroscopic and titration data to support work described in the main text.
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Chapter 1: Introduction

1. Introduction

Anions play an important role in a range of chemical, biological and environmental
processes. Consequently the recognition of anions and the design and synthesis of different
receptors for the detection of various anions has attracted much interest in the field of
supramolecular chemistry."> Supramolecular chemistry refers to the area of chemistry that
focuses on the non-covalent bonding interactions of molecules, such as H-bonds, n-n-stacking
interactions, electrostatic and van der Waals forces, hydrophobic effects or even metal-ligand
bonds.>* Since its beginnings, over four decades ago, this field has evolved into an
exceptionally dynamic and interdisciplinary area and has fuelled major advances at the
frontiers of chemistry with areas such as the natural sciences, physics, materials science and
engineering. Applications include molecular recognition, development of receptors and
sensors, interlocked assemblies, i.e. rotaxanes and catenanes and their potential to act as
sophisticated nanoscale electronic and mechanical devices and materials.” This thesis will
focus on the development of thio(urea)-based anion sensors utilising H-bonding interactions
and the use of this interaction in the design and synthesis towards interlocked assemblies such
as rotaxanes and catenanes. A number of approaches have been employed to enhance both
anion binding ability and selectivity, mainly involving the use of various organic scaffolds and
functional groups. This chapter will look to introduce the various topics discussed in this
thesis, beginning with a brief discussion of sensing and the challenges of anion recognition.
This will be followed by a description of the different types of anion receptor, along with a

discussion of relevant examples from the literature.

1.1 Sensors

Sensors, in general, are devices that signal the presence of either matter or energy;
reversibly and in real time.® In supramolecular chemistry, a sensor is defined as a receptor that
interacts with an analyte producing a detectable change in a signal.” Receptors specifically
designed for sensing purposes are generally called chemosensors.® Chemosensors should have
non-invasive and non-destructive properties and offer a method of obtaining real-time, on-line

information.

1.1.1 Chemosensors

Generally, the principles behind chemical sensing have involved the design of small

simple molecules that specifically identify a single ion or a molecular species in a competitive

1



Chapter 1: Introduction

media in a reversible manner in a given concentration range (for continuous monitoring the
need for reversibility is a necessity, however in the case of once-off measurements, e.g.
analysis of blood, such reversibility is not essential).” Typically there are three main groups of

analyte for which these sensors are designed to detect:

e cationic (e.g. metal ions such as Na" and K*)
e anionic (e.g. halide ions, AcO")

e zwitterions, i.e. an overall net charge of zero (e.g. amino acids)

Information at the molecular level is then amplified to a macroscopic level and
consequently can open the door to the determination (qualitative or quantitative) of certain
guests, which naturally depends on the method of detection (e.g. electrochemical techniques,
luminescence techniques).8 Consequently chemosensors are usually categorised by their target
and their mechanism of signal transduction. The development of chemosensors is particularly
important for use in:

(i) industry (for monitoring chemical processes, pollution efc.)
(i) diagnostic and therapeutic medicine (critical care analysis, electrolyte analysis)
and biotechnology

(iii) environmental monitoring.'®

1.2 Anion Sensing

Anion coordination chemistry has attracted growing attention in supramolecular
chemistry due to the essential roles that anions play in biology, medicine, catalysis, and
environmental science. The topic has its roots in work carried out in the late 1960s, when Park
and Simmons reported the first bicyclic diammonium ion-derived synthetic organic ligands
capable of halide complexation.' Although the field made little progress over the next few
decades, in comparison to that of cation recognition, nowadays extensive research efforts are

dedicated to the design and development of simple and sensitive chemosensors for anions.'?

1.2.1 The Importance of Anion Sensing

Anions are ubiquitous throughout biological systems. They are carriers of genetic

information (DNA is a polyanion) and the majority of biological structures such as

neurotransmitters, enzymes substrates and co-factors and nucleic acids are anionic."
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Many other biological processes depend on the presence or transport of anions, e.g. blood
pressure regulation, metabolism maintenance and the acid base balance within the body are all
dependant on chloride."® Todine is necessary for the synthesis of thyroid hormones and thyroid
gland functions'®, while phosphate is involved in bone formation'’. Molecular recognition of
phosphate anions is crucial to a myriad of other biological processes involving gene
regulation, metabolism, antibiotic resistance, signal transduction, etc.'"® Pyrophosphate is a
biologically important target because it is the product of ATP hydrolysis under cellular
conditions, and the detection of pyrophosphate is being investigated as a real-time DNA
sequencing method." Fluoride has received a lot of attention because of its importance in
dental care and osteoporosis. Conversely an excess of fluoride can compromise the immune
system and it is also the product formed upon hydrolysis of the nerve agent sarin gas.” Sulfate
is involved in activation and detoxification of a variety of endogenous and exogenous
substances such as steroids, neurotransmitters, and bile acids, while sulfate conjugation is
essential for the biosynthesis of a large number of structural proteins.2 :

Anions are also increasingly important for many industrial processes, as well as in
agriculture. Thus, the detrimental affects of anions are also a matter of environmental concern.
The overuse of phosphate in agricultural fertilisers has led to the eutrophication of rivers and
waterways, while excess nitrates from fertilisers are also toxic to many aquatic species.”
Pertechnetate production during reprocessing of nuclear fuel and its subsequent discharge into
the seas and oceans is another example.”® Therefore, there is a critical need to develop anion
sensors for complex media such as in blood or serum, cells, soil, freshwater, efc. However, the
complex nature of anions (in comparison to many cations) must be accounted for when

designing anion-selective and sensitive luminescent or colorimetric probes.

1.2.2 Challenges in Anion Sensing

The design and synthesis of anion receptors is, on the whole quite challenging and a
number of factors are attributed to this. By definition all anions, except AlH4 ", B~ and closo-
B, 2H.22“, have lone pairs of electrons. They possess high Lewis basicity, an important feature
that may add directionality to the system and thus render it sensitive to the spatial arrangement
and orientation of binding groups. Anions are larger than isoelectronic cations and therefore
have a lower charge-to-radius ratio (Table 1.1), resulting in less effective electrostatic binding

compared to the smaller cation.”*
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Table 1.1: Difference in the radii of typical isoelectric anions and cations in octahedral
environments.

Cations r(A) Anions r(A) Ar(A)

Na' 1.16 F- 1.19 0.03
K’ 1.52 Ccr 1.67 0.15
Rb" 1.66 Br 1.82 0.16
Cs" 1.81 I 2.06 0.25

Anions also exhibit a wide range of geometries, illustrated in Figure 1.1. Consequently
superior designs are required to make receptors complementary to their anionic guest,
although this can also offer a useful property in controlling the selectivity of the receptor.
Furthermore anions may be pH sensitive (becoming protonated at low pH and so losing their
negative charge) so receptors must function within the pH window of their target anion.
Finally solvent effects are also a key feature in controlling anion binding strength and

selectivity.”

© <@

Spherical Linear Trigonal Planar
eg FL,CI B, T e.g. OH, CN" e.g. CO3%, NO;y", CH;CO,

Tetrahedral Octahedral Complex Shapes
e.g. PO, SO, H,PO, e.g. Fe(CN)*, Co(CN)g™>, SiF¢> e.g. DNA

Figure 1.1: The structural variety of anions.

A potential anion receptor must effectively compete with the solvent environment in
which the anion-recognition event occurs. In organic solvents, it is not so difficult to capture
and detect anions because the solvation energy is relatively small and electrostatic interactions
operate effectively. However, in aqueous solvents, which are relevant to biological

applications, it is very difficult to recognise anions because of the strong hydration.”® For
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example, aprotic solvents would be the media of choice for a charge neutral receptor with ion-
dipole interactions but if the receptor is positively charged then it is possible to use protic

solvents.

1.3 Methods of Observing Host-Anion Interactions

Once the chemosensor has recognised the target anion, the anion binding process can
then be studied using a range of techniques. These include various types of spectroscopy, i.e.
UV-Vis absorption spectroscopy, luminescence, 'H Nuclear Magnetic Resonance (NMR)
spectroscopy, electrochemical responses or optical sensing, i.e. colorimetric or “naked eye”
sensors. Each of these methods examines a separate part of the binding process and/or overall
equilibrium, whilst operating over different sensitivity ranges, for example 10° M for UV-Vis
or as low as 107> M for fluorescence spectroscopy and 10> M for NMR. Even though it is not
as sensitive as luminescence techniques, 'H NMR can still provide valuable information about
the changing environment of various acidic protons, thus offering information about the
interaction of receptor and guest. However, in terms of supramolecular devices, fluorescence
detection offers distinct advantages, i.e. high selectivity and sensitivity, in the design of
molecular sensors and has been exploited in numerous examples of chemical and analytical

applications.”’

1.4 Types of Anion Receptors

Two strategies of anion recognition have been mostly developed to date, one based on
cationic ligands such as polyammonium, guanidinium, quaternary ammonium and Lewis acids
as the anion binding site.”® More recently, metal-based receptors have been established as a
class of anion receptors that provide some important advantages over purely organic hosts by
combining the structural and functional properties of metal centres with the recognition
capabilities of organic ligands.?

A second type of receptor based on charge neutral ligands such as amides, ureas,
thioureas, calix[4]pyrroles and related ligands have also been the focus of many design
strategies.'> The latter have been shown to have high affinities and selectivities for anionic
guests.”” The classification of anion receptors on the basis of the nature of the interaction is

summarised in Figure 1.2.
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N-H Fragments from
Amides,Ureas,Pyrroles

ransition Metals
Lanthanides

Ammonium
Guanidinium
Pyridinium

Figure 1.2: Electrical state of anion receptors and the nature of the anion receptor
interaction.

1.4.1 Positively-charged Anion Receptors

Anion recognition has largely been achieved by using charged host molecules — the
earliest synthetic anion receptor systems were comprised of ammonium-based cryptand-like
receptors capable of encapsulating halide anions''. Other metal free receptors include
guanidinium-based3 ! ammonium-based’ 2 and pyridinium-based receptors33 ,  however
positively charged receptors can also be metal-coordinated receptors.*® If robust inert metal
centres are employed, the resulting complex can be investigated as an anion receptor without
the need to take into account any competition for metal coordination between the ligands and

the target anion.

1.4.2 Charge-Neutral Anion Receptors

Currently, the focus has been on the development of electro-neutral receptors that bind via
weaker H-bonding. Specifically, the receptor must act as an H-bond donor and the anion as an
H-bond acceptor. The first synthesised neutral anion receptor had a cage structure with the N—
H groups directed into the centre of the cavity, in which the small spherical fluoride anion
could be included.* Among neutral H-bond donor groups used to bind anions are amides,
pyrroles, indoles, ureas, thioureas and carbamides.*® The focus of this thesis, however, will
only be on (thio)urea based receptors with the following sections firstly giving an overview of

the (thio)urea functionality and thereafter detailing receptors of this type.
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1.4.3 Urea and Thiourea

In 1828, Friedrich Wohler synthesised urea, demolishing the generally accepted
“vitalistic” belief that only living organisms could produce organic substances.’’
Subsequently, urea and its derivatives have played important roles in science and life. Since

3% and Hamilton® that showed urea moieties can act as

the pioneering work of Wilcox
appropriate binding sites for anions, in particular oxoanions such as AcO’, a variety of
receptors containing a (thio)urea subunit have been developed and applied for anion
complexation and sensing over the past two decades. The main characteristic of these
derivatives, and a property that makes them quite multifunctional, is the acidity of their N-H
protons. The anions form H-bonds with these protons and since the H-bond is directional, it
allows the urea and thiourea to be more selective in its binding. Thiourea, however, is
generally a much stronger acid than urea (pKa = 21.1 and 26.9, respectively in DMSQO), thus it
is expected that thiourea containing receptors establish stronger H-bond interactions and form
more stable complexes with anions than their urea containing counterparts, although this has
not always been found to be the case.’ Urea and thioureas are known to form directed
hydrogen bonds with spherical ions (e.g. halide ions), tetrahedral-shaped phosphate, and form

particularly strong complexes with planar carboxylate anions.*

1.4.4 Design Principles of (Thio)Urea Anion Receptors

When building an artificial receptor, as with the design of any supramolecular host
system, consideration should be given to the specifics of the targeted anion. As such there
have been many structural modifications to (thio)urea-containing receptors that have been
attempted:

(i) to increase the acidity of the (thio)ureido N-H protons by introducing electron-
withdrawing substituent(s), e.g. -NO,, -CF3, via the mediation of a n-system such as a
phenyl ring

(i1) to include other interactions such as additional hydrogen bonding, through the
introduction of N-H, O-H, pyrrole or indole groups, and electrostatic interactions,
and/or

(iii) to form a preorganised binding cleft/cavity using a rigid (e.g. calixarene) or flexible
structural skeleton that leads to a binding environment with size/shape

complementary for a given anion.
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One of the most popular approaches in the design of receptor molecules involves
covalently introducing binding sites and signalling subunits to the chemosensors. The
photoinduced electron transfer (PET) system using the “fluorophore-spacer-receptor” format
(Figure 1.3), developed for cations by de Silva e al.,* is one of the most common methods in
the design of fluorescent sensors and switches. In general, a PET sensor comprises a receptor
responsible for guest binding and a fluorophore moiety, which is the site of both the excitation
and emission of light connected via a short spacer. Consequently, the sensitivity is directly
related to the strength of the emission signal produced after complexation of the guest
molecule by the receptor. The spacer should prevent n—x or m—=n ground state interactions
between the two components and so the only communication pathway should be in the form

of electron transfer, e.g. in the excited state. Such chemosensors should show ideal PET

behaviour upon ion recognition, ie. only the quantum yield, intensity (®f) and the
44,45

fluorescence lifetimes are affected upon ion recognition.

Anion

Figure 1.3: The fluorophore-spacer-receptor model of PET sensors based on the design of de
Silva et al, originally achieved with cations.”

1.4.5 Urea and Thiourea as Anion Receptors

The seminal papers by Wilcox and Hamilton and the synthetic accessibility of urea and
thioureas has allowed their inclusion in a wide variety of anion receptors of varying
sophistication, with much effort still devoted to the synthesis and study of these effective
anion receptors.*’

An initial example of a simple urea-based receptor and its interaction with various anions,
studied by Fabbrizzi and co-workers, is receptor 1.** In CH;CN solution, the addition of
oxoanions resulted in the formation of a new band at ca. 370 nm appearing in the UV-Vis
spectrum with a concomitant decrease of the band at 345 nm, resulting in a bright yellow
colour change of the solution. In the case of AcO", this well defined red-shift of the charge-

transfer band is ascribed to the fact that, on interaction with the acetate ion, electron density is
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transferred on the urea moiety, which makes the intensity of the dipole increase and shifts the
charge-transfer band to a longer wavelength. Monitoring these spectral changes allowed the
association constants to be determined quantitatively, whose stability decreases with the
decreasing basicity of the anion (AcO™ > BzO™ > H,PO4 > NO, > HSO4 > NO3"). On the
other hand, the F~ ion first establishes a hydrogen-bonding interaction with 1 to give the most
stable 1:1 complex, and then on addition of a second equivalent, induces urea deprotonation,
due to the formation of HF, . This was characterised by a new band at 475 nm in the UV-Vis
spectrum that was clearly present after the addition of 2 equivalents of F. The orange-red
deprotonated urea solution was also found to uptake carbon dioxide from air to give the
tetrabutylammonium (TBA) salt of the hydrogencarbonate H-bond complex, [BusN][1-HCOs]

whose crystal and molecular structures were determined.

[Bu,N][1-HCO,]

The same group have also reported the binding behaviour of (thio)urea receptors 2-4.***

Receptor 2, in which the nitrophenyl substituent of 1 has been replaced by a
nitrobenzofurazan subunit, interacts with various anions in CH;CN, according to two
consecutive steps: 1) formation of a hydrogen-bond complex [L-H-:*A]™ and 2) deprotonation
of L-H to give L™ and [HA,], as shown by spectrophotometric and 'H NMR titration
experiments. The second step arises with more basic anions, such as F~and H,PO, .

Receptors 3 and 4 contain a phthalimide substituent, a classical chromophore, appended at
one nitrogen atom of the (thio)urea subunit, in order to provide an optical signal for reporting
on the receptor—anion interaction. In line with the previous two receptors, 1 and 2, both
derivatives 3 and 4 formed H-bond complexes with various oxoanions. However, it was found
that the stability of the 1:1 H-bonding complex strictly relates to the acidity of the -NH

protons in the receptor and the basicity of the anions. Again, deprotonation of the
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(thio)ureido—NHs occurs in the presence of an excess amount of highly basic anions, typically
F~, which is characterised by the appearance of a new and substantially red-shifted absorption
band and a drastic solution colour change. It was also found that the more acidic thiourea

derivative 4 was much more readily deprotonated than the less acidic urea analogue 3.

N
OZN\O 2 NO, x J&O 3X=0
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\ N N™ N
A" NG H H
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Receptors 5 and 6, reported by Marinez-Méaiiez and co-workers in collaboration with
Rurack, also allow a comparison of the anion binding ability of urea and thiourea.” Both azo-
based receptors showed an intense yellow absorption band at around 400 nm attributed to a
charge-transfer process from the electron donor groups (i.e. (thio)urea moieties) to the
electron acceptor nitro group. With anions such as AcO, BzO™, H,PO4 and Cl the formation
of H-bonding complexes were clearly indicated by a bathochromic shift of ca. 40 nm
corresponding to a colour change from yellow to pale orange. The binding constants of § with
AcO, BzO", HPO,4 and CI™ decrease in the order of anion basicity and are lower than those
of 6, in accordance with the intrinsic acidity of the protons of the binding site and the basicity
of the anions. Deprotonation in the presence of F~ was visible through the appearance of an

absorption band at ca. 580 nm and the solution turning blue.

X
P O
H 'H ‘N~<i>~No2
5§X=0
6 X=S

The thiourea derivative, 6, was also determined to be a sensor of carbon dioxide. The blue
colour change of the solution, occurring upon deprotonation of the thiourea unit by F~, could
be maintained if the solution was kept under argon. However, if left open to the air the
mixture turned yellow due to dissolution of carbon dioxide in the solution. The authors
conclude, through 'H NMR studies that the thiourea moiety is hydrogen-bonding to HCO5",
formed through a reaction between traces of water and carbon dioxide in the presence of basic
fluoride.

10
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Gale and co-workers have developed a series of anion receptors based upon an ortho-
phenylenediamine core, 7-12.%"*2 Receptor 7 was found to show selectivity for carboxylates.
In the solid state, an X-ray crystal structure revealed that the receptor forms four hydrogen
bonds to a bound benzoate anion. By attaching electron-withdrawing groups to the central and
pendant aryl groups of the bis-urea skeleton the work was extended to increase the affinity for
anions in DMSO-ds/0.5% water solution. Receptor 8, bearing a dichloro-functionalised central
aryl group, displayed significantly enhanced anion affinities relative to compound 7, with the
largest relative change in association constant observed for H,PO4, which increased by a
factor of 6.4 compared to AcO™ which increased by a factor of 2.5. The anion stability
constant values obtained for compounds 9 and 10, where the electron withdrawing nitro group
was appended para- and ortho- to the pendant phenyl rings, however were only slightly
higher than those observed for compound 7 in the case of 9 and actually lower in the case of
10. The relative reduction in the affinities for the observed anions remained fairly constant,
indicating that the presence of the nitro groups was not altering the selectivity of the bis-urea
skeleton. Following 'H NMR investigations, the authors suggest that an increase in acidity on
the central ring in compound 8 leads to higher stability constants, possibly due to a higher

degree of preorganisation occurring in this system as compared to compounds 7 and 9.

NH HN

O Wy o

8X=0;R=CLR'=H
9 X=0;R=H;R'=p-NO,
10 X=0; R=H; R'=0-NO,
11 X=0;R=CL; R'=0-NO,
12 X=S;R=R'=H

In order to increase the observed association constants further, both the ortho-
positioned nitro group on the pendant aryl rings and the 4,5-dichloro functionalised central
ring were combined to afford compound 11. This led to an increase in stability constants,
especially with H,PO4. However in the case of AcO, the acidity of the urea protons was
increased to such a degree that the behaviour may be indicative of deprotonation as was
observed in the '"H NMR titration, a process that was accompanied by a colour change from

yellow to red. A bis-thiourea receptor, 12 was also investigated as to whether it would exhibit

11
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similar behaviour to that displayed by the bis-urea, 7. Unexpectedly, receptor 12 showed
lower binding constants with carboxylates, by almost one order of magnitude, than those seen
for receptor 7. The larger sulfur atom in 12 that distorts the shape of the binding site was

assumed to be responsible.

Lin and co-workers found the distance between two urea fragments significantly
impacted the anion binding abilities of a series of receptors.”® Studies using UV-Vis
absorption and 'H NMR spectroscopies found that 13 was an excellent sensor of F~ while 14
was sensitive to H,PO4 . Furthermore, the recognition process was also accompanied by
distinct colour changes, allowing the receptors to function as colorimetric sensors. Receptor
15, however, could not distinguish any of the anions investigated. The authors conclude the
steric configuration of 13 is suited to the small spherical halide while 14 geometrically
matches that of the tetrahedral H,PO4 . The longer chain of receptor 15 results in the two urea
fragments being too far away to have selectivity for the anions investigated. When two or
more urea moieties are attached to an organic scaffold, their relative positions are, to a large
extent, constrained in space. Steric recognition of a targeted anion will be achieved only when
the urea groups are constrained such that they have a strong interaction with the targeted anion

and weakened interactions with competing anions.™*

ity
: ):o 13n=0

NH HN 14n=2
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Gunnlaugsson and co-workers synthesised the pyridyl-based bis-amidothiourea
colorimetric anion sensor 16.°> This charge neutral receptor was shown to detect various
anions in both DMSO and 4:1 DMSO-H;O0 solutions where the anion recognition was visible
to the naked eye. Significantly, 16 was able to clearly distinguish between AMP over ADP or
ATP in water, with the solution going from colourless to yellow (even at low concentrations).
Using UV-Vis absorption and NMR spectroscopy, the nature of the anion receptor interaction
was determined and it was demonstrated that these colorimetric changes were due to the
formation of either H-bonding complexes or deprotonation between the anions and 16, or a
combination of both. Sensor 16 is the first example of such a charge neutral colorimetric anion

sensor that detects phosphate anions in (mixed) aqueous media.

12
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16

Tris-urea receptor, 17, has recently been reported by Wu and co-workers for the
complexation of tetrahedral oxoanions such as H,PO4 and SO‘;Z‘.56 Single crystals, obtained
from a DMSO/25% water solution of n-BusN-H,PO4 and 17, revealed deprotonation of the
anion when coordinated by two ligand molecules. The urea groups chelate the anion on the
edge of the tetrahedron and form twelve N—H--O hydrogen bonds. The 'H NMR studies in
DMSO-dg/25% water in the presence of PO43_ (as the Na® salt) and Et3N show the same 2:1
(host:guest) stoichiometry in solution. The addition of H3PO4 or HClIO4 results in proton
transfer to the coordinated anion and, subsequently, complex dissociation was observed.
Extended NMR studies show that this process was reversible upon addition of Et;N. The same
reversible binding of the deprotonated anion was observed for SO42", whilst HSO4 was not
coordinated. Stability constants of the formed complexes were determined using UV-Vis
titration experiments in DMSO/25% water. Fitting of the titration curve to a 2:1 (host:guest)
model results in log K;.; = 5.0 and log K3, = 12.0 for PO (as the Na salt). Job plot
experiments reveal a 1:1 binding mode of SO4~ (as the TBA salt) under comparable

experimental conditions with the binding constant in this case calculated to be log K, = 4.72.

(@)
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The high sensitivity of fluorescence detection has also resulted in (thio)urea groups

17 2

being incorporated into a variety of fluorescent sensors for anions. The 1,10-phenanthroline
(phen)-based urea ligand 18, reported by dos Santos ef al.”’, was synthesised and the effect
that anion coordination had on the photophysical properties of the phen moiety was
investigated. The absorption spectrum of 18 showed only minor changes upon anion
recognition, however, upon addition of AcO™, H,PO4 and F~ to a CH3CN solution of 18, the

fluorescence emission was considerably quenched (98%, 94% and 93% respectively).

13
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Interestingly, the addition of Cl™ resulted in a fluorescent enhancement for 18. Fitting these
fluorescence changes, using non-linear regression analysis, showed that these anions bind to
18 in 1:1 (host:guest) stoichiometry, with the exception of CI", which was shown to give rise
to 1:1 as well as 1:2 binding, as a result of coordination of the Cl™ to 2 equivalents of 18. This
was the first example of a simple charge neutral fluorescent sensor, which showed good

selectivity for CI".

The (thio)urea series of receptors 19-21 developed by Gunnlaugsson and co-workers
bearing a naphthalimide fluorophore represent good examples of PET fluorescent sensors.’®
Absorption and fluorescence titrations were carried out in DMSO with AcO™, H,PO4, F~, CI”
and Br . Only minor changes in the absorption spectra were observed upon titration with the
various anions, except in the case of F . In the case of receptor 19 and F~ significant changes
were observed in the UV-Vis spectrum, where the absorption was shifted to longer
wavelength with the formation of a clear isosbestic point at 452 nm and some changes also
observed at shorter wavelengths. These changes, however, do not support deprotonation of the
4-amino moiety, within this concentration range, as this would give rise to a shift of the ICT
band towards longer wavelengths. Nevertheless, this does not rule out the possibility that such
deprotonation occurs at the thiourea moiety itself. The fluorescence emission of 19 was
dramatically affected upon titration of F~ and the emission was almost fully quenched. Similar
results were obtained with receptor 20 while under the same conditions the fluorescence of
urea analogue 21 only experienced ca. 20% quenching. It was proposed that the F~ recognition
initially occurs by hydrogen bonding of the anion to the (thio)urea moiety of the receptor,
followed by deprotonation which makes the receptor highly electron rich and enhances the
PET quenching of the naphthalimide excited state.

Receptors 22 and 23, also developed by Gunnlaugsson and co-workers, differ from 19-
21 in the position at which the N-arylthiourea moiety is linked to the fluorophore.”® An
enhanced PET-type fluorescence quenching was also observed upon anion binding to its
thiourea moiety. Both H,PO4 and F~ also gave rise to quenching of fluorescence in 22 and 23,

where for 22 the emission was quenched by ca. 60% and 95% for HPO4s and F,

14
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respectively. These results demonstrate that the emission can be quenched from either ‘end’ of
the naphthalimide moiety; a phenomenon not normally seen for naphthalimide-based sensors

for cations.

~ H oK
O NP 19 X=S;R=H Worieh

OO 21 X=O0;R=CFi" o, M. .0 ’
NH L 22 R =NH,
K/NTN\Q 23 R= :N:

R

X R

Fabbrizzi and co-workers have also utilised the naphthalimide chromophore for the
chromogenic detection of anions.®® Attachment of two naphthalimide units via a urea linker
yielded chemosensor 24, which proved effective for the detection of carboxylic acids as
determined through colorimetric and fluorescent experiments. Anion-triggered deprotonation
was also observed. In DMSO anions such as AcO™ and H,PO4 were found to induce a single
deprotonation of the receptor, whilst more basic anions such as F~ and OH™ induced double
deprotonation. Owing to its charge transfer transition, naphthalimide is a yellow colour. The

deprotonated species were shown to be red (LH") and blue (L*) respectively.

24

A hybrid acridone-urea fluorescent sensing system, 25, was reported by Gale and co-
workers where dramatic quenching of the receptor emission was observed upon the addition
of H,PO4™ (as the TBA salt) in an CH;CN-DMSO solution (94:6).°' Addition of CI” led to a
much smaller decrease in emission intensity, while the addition of AcO™ and BzO™ produced a
slight increase in intensity. The emission enhancement observed with the latter anions was

attributed to deprotonation of the receptor. The binding of H,PO,~ was probed by '"H NMR
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spectroscopy in DMSO-ds/0.5% water. Interestingly, a combination of supramolecular

complexation, deprotonation, and receptor tautomerization was concluded from these studies.

25

Yoon, Kim, and co-workers studied the anion binding of phenylurea-anthracene
receptors 26-29.° These receptors were found to be highly selective for F~ and HP,07> over
H,PO4, CI', Br, I', HSO4 , and AcO™ in DMSO. The nitro derivative receptors 26 and 28 and
the interactions with TBA anion salts were followed using UV-Vis absorption spectroscopy,
whereas the binding behaviour of receptors 27 and 29 were followed through fluorescence
spectroscopy. Using the latter method, binding constants of 2.6 x 10° M and 6.0 x 10> M™!
were determined for the interaction of HP,0;> with receptors 27 and 29, respectively.
Interestingly, the 'H NMR spectroscopic studies of receptors 26 and 28 in DMSO-ds led to the
conclusion that, in addition to the urea units, the 9-H atom of anthracene played a role in

mediating the anion-binding process.

26 R=NO, 28 R=NO,
27 R=H 29 R=H

Fluorescent pyrene receptors have also been found to be effective for anion
recognition. Receptor 30, with the pyrene unit directly conjugated to the thiourea moiety
displayed a significant emission increase upon the addition of AcO™ and H,PO4 (as TBA
salts) in CH;CN.® A binding constant of 8.70 x 10> M was determined for the H,PO4

complex, but a strong preference for AcO™ was also reported. Receptor 31 was designed to
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include a spacer between the recognition and the reporter subunits.** This sensor displayed a
quenching of the pyrene monomer emission followed by intramolecular exciplex formation
between the thiourea and the pyrene in the presence of anions. The quenching was attributed
to the increased electron-donating ability of the thiourea when complexed to an anion. On the
basis of the magnitude of this effect, it was concluded that receptor 31 binds AcO™ more
effectively than either H,PO4 or CI". A binding constant of 5.2 x 10° M was reported for the
H,PO,4 complex in acetone. However, the use of different solvents in these studies prevents a

direct comparison between the receptors.
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In the case of several N-(thio)ureas appended to a rigid skeleton, the anion binding
sites can be preorganised to provide a favourable cavity for anions that are otherwise weakly
bound by the individual N-(thio)urea receptor, such as weakly basic halide anions CI” and Br~
and tetrahedral H,PO4 . Porphyrin“, cyclen66 and steroid®” backbones have all been
conjugated to (thio)urea moieties for improved anion binding. Among the various synthetic
hosts, trigonal receptors based on the prototype of tri(2-aminoethyl)amine (fren), 32, have

been of special interest for their preorganised C;-symmetry anion binding geometry.®®
NH,

HN NS,
32

A number of acyclic anion receptors of this type have been designed by attaching various
functional groups, and some have indeed shown very good binding ability. An early example
of this type of receptor are the tripodal hosts, 33 and 34 containing naphthylurea groups
developed by Wu and co-workers.*® The anion coordination and fluorescence properties of 33
and 34 were compared with the model compounds 35 and 36. A significant enhancement in
the fluorescence intensity was observed upon the addition of TBA anion salts in DMF, with
the derived association constant for H,PO4 determined to be 1.1 x 10* M. It was also found

that for HSO4 the binding was significantly weaker, and halide anions such as Br or I
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displayed no spectral changes. On the basis of control studies, the authors suggested that the
spectral response and the strong binding affinity resulted from protonation of the central
tertiary amine, an event that would lead to a reduction in the PET quenching and a strong

charge-charge association within the resultant complex (33-H,POy4 ).
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Custelcan er al.”” showed that tren-based receptors 37 and 38 could coordinatively

saturate SO4”~ binding the anions in a 2:1 (receptor:anion) stoichiometry via twelve hydrogen
bonds. In this work, silver sulfate was used as the source of the anion resulting in a 1-D
coordination polymer with compound 38. Later the same group crystallised receptor 39 with a
variety of MSO4 salts M = Zn, Cd, Co and Mg) from 1:1 H,O/MeOH solution.”!
Interestingly, this compound could be used to selectively crystallise SO,4* from highly
competitive mixtures of aqueous solutions.

Wu, Janiak Yang and co-workers also studied receptor 38 and reported that the
receptor assembles with metal sulfate salts MSO4 (M = Mn, Zn) to afford supramolecular
cages [SOscL;] that encapsulates the SO4* ion via multiple hydrogen bonds in a three-
dimensional structure held by second-sphere coordination.” Both 'H NMR spectroscopy and
negative-ion mode ESI-MS spectrometry revealed significantly strong SO4> binding in

solution.
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37 R=H; X=CH
38 R=CN; X=CH
39 R=H; X=N

Ghosh and co-workers synthesised the pentafluorophenyl-substituted receptor 40,
which was designed to achieve high anion binding affinities through the inclusion of electron-
withdrawing groups on the phenyl rings.” In fact, 40 was found to form a dimer complex with
H,PO4 where the dimer is encapsulated within the C;, symmetrical cavity of the receptor, as
determined by single crystal X-ray diffraction analysis. The [40-H,PO4]" dimer, shown below,
is held in place by a combination of seven hydrogen bonds and two additional intermolecular
anion-7 interactions. The solution state binding properties of 40 and other oxyanions such as
AcO™, NO; and perchlorate were investigated by 'H NMR titrations in DMSO-ds. It was
found that H,PO4 and AcO™ bind to 40 forming 1:1 complexes with log K = 5.52 and 4.45,

respectively.
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Tren-based tris-ureas containing electron-withdrawing groups have also been
investigated by Das and Ganguly.74 In this case receptor 41, containing nitrophenyl
chromophoric subunits, was shown to encapsulate a rugby ball-shaped SO42_-H20-SO42'
cluster in CH3CN-H,O mixture (95:5 v/v), with the X-ray crystal structure shown below. In
solution, UV-Vis titrations in CH3CN-H,O (95:5 v/v) showed that receptor 41 interacted
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strongly with tetrahedral H,PO4™ over other oxyanions (namely AcO™, NOs™ and perchlorate)
with log K, = 4.26 M being determined.
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[41-SO4*-H,0-SO4>41]

Steed and co-workers have done extensive work using tripodal receptor platforms.*?
One such example developed by this group is an enantiomerically pure tris-urea, 42, which in
addition to binding CI™ anions, is able to act as a low molecular weight gelator (LMWG).”
The self-association and anion interactions are in competition with the formation of the helical
gel fibres partially inhibited by addition of Cl™ anions (a process which triggers full
crystallisation of 42).

NH
(@) NH
(@] 0]
vy
42

A more rigid and preorganised scaffold used in the design of tripodal anion receptors
is the 1,3,5-substituted benzene subunit, the binding moieties of which in the 1,3,5-positions
are directed to one face of the ring. Continuing their work on tripodal receptors for anions,
Steed and co-workers reported a very elegant example of two tripodal tris-urea pyridinium-
containing receptors 43 and 44 with para-tolyl or octyl substituents, respectively.”® The
association behaviour with anionic guests was studied using several methods including solid-

state, '"H NMR spectroscopic titrations (in DMSO-ds) and computational studies. The studies
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reveal that the most stable conformation for the ClI' complex of 43 is an up, up, up
conformation with the anion encapsulated within the three arms of the receptor, whilst for 44,

the most stable conformation is a 2-up, 1-down arrangement with the anion bound by two urea

groups.

43 R = p-tolyl
Et Et 44 R = n-octyl

Anzenbacher and co-workers have synthesised a series of fluorophore tagged thiourea-
based anion receptors, 45-48 and studied for the sensing of phosphates in blood serum.”” All
of the receptors in this series formed 1:1 complexes with anions (as TBA salts) according to
'H NMR spectroscopic studies with 46-48 displaying an increase in the observed fluorescence
intensity upon anion binding. This emission increase was attributed to a reduction in the
conformational flexibility of the fluorophores as a result of interactions between the bound
anions and each arm with the guest. Affinities were similar for each anion (K =~ 10®° M in
DMSO), but a general trend of H,PO, > HP2073 ~> AcO >> CI” > Br was observed for each
receptor. The low relative selectivities, coupled with the differential binding behaviour
observed for each receptor, allowed this series of receptors to be exploited in a pattern-
recognition protocol. By immobilising the receptors in a polyurethane matrix and employing
principle component analysis (PCA), AMP, ATP, H,POy,, HP2073’, could be detected
independently of one another in blood serum. The solid-state structure of a 45-H,POj4

complex showed the unique binding of three H,PO4™ ions in a shallow cavity.
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Recently, four tripodal receptors, 49-52, with a mesitylene/triethylbenzene core
bearing (thio)urea moieties as binding sites and p-nitrobenzene as the signalling unit have
been reported.78 The receptors act as selective colorimetric, naked eye sensors for the
spherical F~ ion with a colour change from colourless to orange observed. The thiourea
derivatives, 49 and 50 form stable 1:1 H-bonded complexes with F~ and to some extent with
H,PO4, while the urea analogues S1 and 52 do not show any interaction at lower
concentrations of F but at higher concentrations undergo completely reversible

deprotonation, concomitant with a colorimetric change with the production of stable HF, .

ozu

wl g

02N
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Macrocyclic anion receptors with multidentate (thio)urea units provide another kind of
preorganisation of the anion binding sites into a cavity shape.'” There are two classes of
receptor in this category, namely (thio)ureas appended to macrocycles and macrocycles
composed of (thio)urea moieties. In the former group calix/n/arenes are the most employed

macrocycles since both the size and conformation can be varied.
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1.7 attached two amido-thiourea nitrobenzene moieties to the rim of a 1,3-

Quinlan ef a
disubstituted calix[4]arene scaffold, which afforded receptor 53. A model compound, 54,
consisting of only the amido-thiourea nitrobenzene unit was also synthesised for comparison
and the anion binding properties of both compounds were evaluated through absorption
spectroscopy. Whilst both sensors gave rise to red shifts in their absorption spectra in the
presence of anions such as AcO, the authors demonstrate that 53 can bind F~ in a 1:1
stoichiometry with concomitant colorimetric changes from yellow to purple, where the
binding occurs through hydrogen bonding initially and deprotonation at higher F~
concentrations. It was also shown that a strong 1:1 binding is observed for H,PO4 and
HP,0,>, where the latter binding occurs by bridging the anion across the lower-rim cavity of
the 1,3-functionalised calix[4]arene scaffold. The changes with HP,0;> were also

accompanied by a colour change visible to the naked eye. Overall the work demonstrates the

advantage of using the amido thiourea receptors as part of the calix[4]arene scaffold.
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The work was later extended to incorporate four amido-thiourea nitrophenyl moieties in the
calix[4]arene framework making receptor 55 symmetrical with a preorganised H-bonding
cavity.® Sensor 55 shows highly selective and efficient binding with HP,0;” and Br ina 1:1
stoichiometry. In the case of F and AcO", however, 2:1 complexes were formed and the
preorganisation effect also lead to efficient binding of CI". Sensor 55 was principally
developed as a colorimetric naked-eye sensor for anions. This was indeed found to be the case
for anions such as F~ and HP2073_ where the colour changed from colourless to red, while for
AcO~ the solution turned from colourless to light yellow, enabling the distinction of this
anion. These changes were assigned to the disturbance in the ICT nature of the anion receptor,

which gives rise to red shifts in the absorption spectra.
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The tris-thiourea macrocyclic receptors 56 and 57 were investigated by Lee and
Hong.81 Receptor 56 was reported to be selective for H,PO4 over AcO™ and CI™ (as the TBA
salts), determined from 'H NMR spectroscopic experiments carried out in DMSO-ds. In
contrast, receptor 57 was found to bind anions in order of basicity (i.e., AcO” > H,PO4 > CI").
In the case of receptor 57, binding constants were determined to be 2-fold higher for H,PO4~
and 15-fold higher for AcO™ then those reported with receptor 56. This increase in binding
affinity was attributed to increased preorganisation of the macrocyclic core in the case of the

ethyl substituents.

H H
NN
g o)\NH HN” S0
L)
56 R=H S8 R =
57 R=Et \©/
S9R= CH2CH2

The macrocyclic urea-based receptors, 58 and 59, were developed by Reinhoudt and
co-workers, and were studied in DMSO-d; by 'H NMR spectroscopy.®” Both receptors were
found to form 1:1 complexes with H,PO4 via H-bonding interactions. Receptor 59, with
higher structural flexibility, demonstrated enhanced selectivity for H,PO4 (binding constant
of 4.0 x 10> M) over CI” (100-fold) compared to that of 58 (5-fold). On the basis of NMR
experiments, the relatively low affinity for CI” displayed by these receptors was rationalised as
being due to the fact that only the outside urea moieties can participate in chloride binding,
whereas all four urea moieties can participate in H,PO4 binding. The analogous cleft-like bis-
urea receptors without the R bridge were also examined and showed differing binding
stoichiometries for H,PO4 and CI. It was therefore determined that the size of the
preorganised cavity in the macrocyclic derivatives 58 and 59 dictated the preference for the

bound anions.
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Herges, Konig, and co-workers later reported the anion binding properties of a
thiourea macrocycle containing ether linkages, 60.* '"H NMR studies carried out in DMSO-dj
led to the suggestion that this macrocycle bound a number of anions (added as the TBA salts)
with varying stoichiometries. Complexes of 1:1 (receptor:anion) stoichiometry were indicated
for NO3~, AcO™, CN", Br, I and HSOy4 ", whereas 2:3, 2:1 and 1:2 complexes were found for
SO42_, H,PO4 and CI, respectively. The authors reason that in the case of HSO4 it is most
likely that protonation of 60 by the acidic anion gives rise to a charged receptor, 60-H", while

CI” is too small to form 1:1 complexes.

Gale and co-workers reported macrocyclic receptor 61, which contains a 2,6-
dicarboxamidopyridine group and a N,N’-diphenylurea moiety linked by two phenylamides,
providing a convergent set of H-bond donors for anion complexation.* This compound
showed high selectivity for carboxylate anions over H,PO4 and CI, binding AcO”
approximately 100 times more strongly than H,PO4 both in DMSO-ds/0.5% water and in
DMSO-ds/5% water solution. The binding mode proposed was that one oxygen atom of the
carboxylate bound to the two ureido-NHs while the other oxygen atom bound to the 2,6-
dicarboxamidopyridine-NHs. However, the analogous receptor without the phenylenediamine
linker displayed a 1:2 host:guest binding stoichiometry with H,PO4 and a high binding
constant of 1.85 x 10° M? determined. Interestingly, crystals of 61 were grown by slow
evaporation of a solution of the receptor in DMSO in the presence of TBAF. Rather than a
fluoride complex, a mixed carbonate-fluoride complex was obtained with carbonate
(presumably arising from CO; fixation by the fluoride solution) bound within the macrocycle
and hydrated fluoride bound outside the macrocyclic cavity.

The isophthalamide containing receptor 62 was also investigated but was found to be
unstable in solution and underwent hydrolysis after 1 hour in DMSO-ds.** Additionally the
receptor did not display the high carboxylate selectivity as exhibited by receptor 61. In the

presence of AcO™ smaller shifts of the amide group 'H NMR resonances were observed than
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in 61, suggesting that the amides are not predisposed to form a convergent H-bonding array.
The authors attribute this instability to the macrocycle adopting a twisted conformation that is
prone to hydrolysis. Receptor 61 in contrast possesses a pyridine nitrogen atom that can
accept H-bonds from the adjacent amide groups forcing the macrocycle to adopt a more planar

conformation.
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Bohmer er al.®® have recently synthesised a class of macrocycles in which three urea
subunits are linked by xanthene and/or diphenyl ether spacers. It was anticipated that the
xanthene containing macrocycle 63 would be quite rigid, while macrocycle 64 should exhibit
a higher degree of flexibility. The binding tendencies of these tris-urea macrocycles towards
anions were investigated in CH3CN through spectrophotometric titrations. Interestingly, this
study revealed the existence of a significant counter-cation effect on the receptor—anion
equilibria. In particular, CI” was added both as a TBA salt and as [Na(2.2.2-crypt)]" salt. The
most relevant difference was observed for the formation of the 1:1 complex of 64 with CI”
when using the TBA salt, where log K = 6.0 £ 0.1, whereas, in the presence of the sodium

cryptate cation, log K= 5.1+ 0.2.
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63 64

The crystal structure of the [BusN][64-Cl] salt complex was also determined and is shown
below. It can be seen that Cl™ receives six H-bonds from the three urea subunits. Equilibrium
studies showed that the flexible macrocycle 64 forms a 1:1 complex with CI”, which is 25-fold
more stable than the rigid macrocycle 63 (log K = 6.0 = 0.1 and 4.6 + 0.2, respectively, as
TBA salts). This may reflect the ability of the flexible receptor 64 to place its N-H fragments

in the most favourable positions for establishing H-bonds with CI". Moreover, it was observed

K> = 5.5 £ 0.3), but not when L = 63. The different behaviour was ascribed to different
degrees of flexibility of the two receptors; in particular 64 can spatially rearrange its urea

subunits in order to interact with two C1’s.

[BusN|[64-Cl]

1.4.6 Metal-based Anion Receptors

Metal complexes play an important role in anion receptor chemistry.”’ The presence of

a metal ion can introduce a range of advantageous physicochemical properties to this class of
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receptor. The metal can contribute directly to anion binding — either by using its positive
charge to electrostatically attract the anion and/or by acting as a Lewis acidic binding site.
However, metal ions can also be successfully used either as structural elements for building
up receptors or for assisting anion binding, without exerting any direct interaction with the
anion. Figure 1.4 below broadly illustrates the categories that metal-containing anion
receptors can be classified according to, although there are examples of compounds that fall

into more than one category.®’

Structure Metal Mcm.l
i S and Anion
Organising Binding
Moki Site Templated
Self-Assembly

Figure 1.4: Classes of anion-binding metal complexes.

Metal ions, in the appropriate geometrical circumstances, can also improve the affinity
of (thio)urea-based receptors toward anions.*® By employing lanthanide metal coordination,
Gunnlaugsson and co-workers developed a Tb**/diaryl-urea complex, 65, that exhibited high
anion affinity.*’ It was found that 65 displayed high selectivity for H,PO; in CH3CN,
however absorption titrations indicated that the anion binding was more complicated than a
1:1 stoichiometry. The high anion affinity was attributed to the neighbouring lanthanide ion,
which acts as a strong Lewis acid to enhance the H-bonding tendency of the ureido -NH

protons.
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The simple monodentate ligand 66 is based on an isoquinoline ring system and by

1.%° were able to

coordinating four of these ligands to an inert Pt(II) centre, Loeb and Gale ef a
arrange four urea functionalities into a single binding site. Strong 1:1 interactions were
observed in solution for halides and symmetrical oxyanions, e.g. SO4>, which likely involved
surrounding the anion in a “cone” conformation. This was shown categorically by X-ray
crystallography for the SO4> ion, which demonstrated all eight N-H donors from the four urea
moieties were organised so that they are directed to the anion which is nestled into the binding

pocket.

[Pt(66)4-SO4]

Among metal-based luminescent systems ruthenium (Ru(ll)) complexes are well
known. No other metallic compounds, with the possible exception of ferrocene, show similar
stability and flexibility. In particular, Ru(II) polypyridyl complexes have been investigated in
perhaps greater detail than any other class of luminescent complexes.gl The following sections
will, therefore, focus on the chemical and luminescent properties these complexes have to

offer and their role in anion recognition and sensing.

1.4.7 Ru(II) Polypyridyl Complexes

Ru(Il) polypyridyl systems have been one of the most extensively investigated
complexes due to their chemical stability, redox properties, excited state reactivity, and
luminescent emission.””> The popularity of these compounds continues to be driven by the
wide range of applications that Ru(Il) polypyridyl systems find use in. They have long been
employed as both spectroscopic probes and photoreactive reagents for DNA,” while also been
used extensively in materials science, solar cells” and more recently in anion recognition.95
When Ru(Il) polypyridyl complexes are functionalised with H-bonding moieties (e.g. amides,
ureas), an increase in the emission of the MLCT band is generally observed in the presence of

anions. It has been proposed that the observed increase in emission is a consequence of the

29



Chapter 1: Introduction

bound anion serving to rigidify the receptor and thus inhibiting vibrational and rotational
modes of non-radiative decay.”® The binding affinities can be tuned quite dramatically through

an appropriate choice of the spacer/bridging moieties.

1.4.7.1 Luminescent Sensing of Anions by Ru(ll) Polypyridyl-based
Receptor Systems

The combination of a Ru(II) polypyridyl moiety and an appropriate ligand can provide
an ideal signalling subunit and binding site for anions. An early example of this type of
receptor, designed by Hamilton er al.””*®, is the robust Ru(Il) complex (as the PFs~ salt) 67,
which was shown to effectively bind carboxylate ions via H-bonding to the thiourea protons.
Thus, two sets of H-bonds donors on different ligands were organised into a single binding
site due to their coordination to a metal centre. It was also shown that the Fe(II) analogue of
this receptor was substitution labile as carboxylate anions easily displaced the ferpy ligands

reinforcing the need to use an inert metal ion.

Tris(2,2’-bipyridyl)ruthenium(II), Ru(Il)-(bpy)s, is highly emissive and, when one of
the bpy ligands is substituted by a chemical receptor, the fluorescence of the complex changes
in the presence of specific analytes. Beer and co-workers have reported extensive studies on
the anion binding properties of substituted Ru(Il)-(bpy); complexes through its incorporation
into acyclicgg, macrocyclicIOO and calix[4]arene structural frameworks.'”' Complexes 68-70,
where the bpy core is functionalised with amide groups provide two convergent anion binding
sites.”” The six amide moieties form two binding sites, as determined from the X-ray crystal
structure of receptor 68 and Cl. Association constants determined by UV-Vis absorption
titrations reveal that log K;.; = 7.47 and log K., = 12.9 for CI” binding by 68 in 9:1 CH,Cl,-
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MeOH. The binding constants were all found to decrease as the MeOH fraction increased;
however the selectivities were found to change. For example, in both 9:1 and 7:3 CH,Cl,-
MeOH, the selectivity of complex 68 was found to follow the sequence CI” > NO3; > AcO~
while receptor 70 was found to follow a different pattern when the CH,Cl,-MeOH ratio was

1:1, namely NO;™ > CI" > AcO'". This difference was rationalised in terms of solvation effects.

o

68 R = CH,CH,0Me
69 R = CH,CH,CH;
70 R= (CH2)| 1CH3

The response of receptors 71-74 were also investigated by the Beer group through the use of
'H NMR spectroscopic, electrochemical and optical techniques, i.e. UV-Vis absorption and
fluorescence spectroscopy, and all were found to demonstrate good selectivites for H,PO4,
displaying an association constant that was at least 10-fold higher than the corresponding
association constant for CI” in DMSO (e.g. the binding constants calculated for compound 73
were 4.8 x 10° M and 7.7 x 10> M for CI" and H,PO4 respectively).'” Interestingly,
receptor 73 showed a much higher binding response than receptor 74, illustrating the

importance of multiple amide H-bonding interactions.

(0]
71 R = CH,CH,0Me ™ o Q/ b
~
& N NN
:_< ?, | |
72 R 0\ = N\$<N = H
O—
Z "N N/'
C |
O
3%

13 R=

31



Chapter 1: Introduction

Receptors 68, 71 and the phen-based complex 75 were also investigated by Vos and co-
workers.'® A comparison of the emission behaviour of receptors 68, 71, and 75 in the
presence of H,PO4 (as the TBA salt) in CH;CN was studied. Emission intensity and lifetime
increases were observed for all three receptors up to the point where 2.5 equivalents of
H,PO4 had been added. When greater quantities of anion were added, receptor 68 displayed
an unexpected decrease in the emission intensity. Similar binding was, to a first
approximation, observed for both the bpy receptor 71 and the phen receptor 75. An extreme
sensitivity to water was also observed, whereby known amounts of water were added to the
anion solution before it was combined with the receptor and as a result the emission increase
was much reduced. The addition of water after interaction between receptor and anion
occurred was also examined and was much less effective with the water concentrations
needed to significantly reduce the emission response a thousand fold higher. This indicates
that the anions were mostly preferentially solvated by water and that as a result H-bond

formation was much less effective with the receptor after formation.

Das and co-workers have reported Ru(Il) polypyridyl complexes (as the CI™ salts)
bearing pendant phenol/catechol groups, 76 and 77, and a phen-based nitrophenyl urea
derivative 78 and investigated their anion binding abilities by absorption, emission and 'H
NMR studies.'**!% Complexes 76 and 77 were shown to act as colorimetric sensors for F~ in
CH;CN. Upon addition of 1 equivalent of F, a 1:1 complex forms with the anion bound to the
receptor via OH--F~ interactions. However, in the presence of excess F~, deprotonation was
observed with an associated colour change from yellow to dark red. In the case of the urea-
based complex 78, it was found to be a colorimetric sensor for F~, AcO™ and H,PO, . Again,
at low concentration of anions a 1:1 hydrogen-bonded adduct was observed in CH3CN,

however, at higher concentrations, classic Bronsted acid-base-type reactions prevailed.
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Sensing of these anions could also be achieved via fluorescence as addition of the anion

caused quenching of the emission of the complex.

T <l

76 R=0H;R'=H 78
77 R=OH;R'=0H

The tripodal tris(urea) ligand with bpy substituents, 79 and the corresponding Ru(II)
complex, 80, (as the PF4 salt) were both investigated for their anion binding abilities using 'H
NMR spectroscopy, fluorescence, and UV-Vis spectroscopy (for 79)."% Both compounds
displayed large downfield shifts of the urea NH groups upon addition of 1 equivalent of SO4>
or H,POy4, as observed by "H NMR studies in DMSO-d;, with binding constants determined
to be larger than 10* M™! for 79. Other anions (HSO,4, CI', Br, I, NO; ™ and CIOy4") resulted in
only slight or no changes. Upon excitation at 447 nm complex 80 displayed the characteristic
MLCT emission at 600 nm and upon addition of 1 equivalent of SO4%" or H,PO4~ a decrease
of the emission intensity with a slight red shift (ca. 5 nm) was observed, while the other
anions mentioned above induced slight or no significant changes of the emission intensity.
The authors postulate that a change of the rigidity of the receptor upon anion binding might
not be significant since each Ru(bpy);*>" moiety is modified by only one urea arm, and the
decrease of emission intensity could be tentatively explained by the binding interactions of the
anions, especially SO, or H,PO4 ™ ions, to the urea units affecting the excited states of bpy

ligands and disfavouring the MLCT process of the Ru(bpy)s>" complex.
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1

79 80

Gunnlaugsson and Elmes synthesised a novel naphthalimide-Ru(Il)-polypyridyl

complex, 81 which showed selective sensing of F~ via a change in luminescence resulting

from modulation of the MLCT emission at 450 nm.'”’

could be detected by the naked eye in the presence of TBAF in CH3CN. Initial H-bonding

A colour change from yellow to red

interactions of the anion with 81, using the amine residue as the H-bond donor, followed by
deprotonation results in the observed spectral changes. However, only minor changes were
observed in the absorption spectra in the presence of AcO, CI" and HSO4 . Fluorescence
studies (Aex = 435 nm) in CH3CN show a quenching of the emission at 615 nm upon the
addition of F~ (log K;.; = 4.20, log K2 = 3.7). Similar fluorescence quenching was also
observed with AcO™ (log K;.; = 4.25, log K, = 3.11), CI” (log K;.; = 2.90) and H,PO4 (log
K., = 4.52), where the addition of (TBA) HSO4 did not result in any significant spectral
changes. Competitive experiments show further quenching of the MLCT emission if F is
added to a solution of 81 in the presence of an excess of H,PO4 , whereas the other studied

anions do not result in any spectral changes.
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Another Ru(Il)-(bpy),-based anion receptor, reported by Ye and co-workers is the
biimidazole-like complex 82.'”® The photophysical, electrochemical and anion sensing
properties of 82 were compared with the two previously investigated systems, 83 and 84,/ %110
The high acidity of the N-H protons in these complexes make them likely to be deprotonated
in the presence of strongly basic anions such as F~ and AcO" while forming H-bonds with
weakly basic anions such as CI” Br, I, NO;~ and HSO4 . Complexes 83 and 84 displayed
distinct behaviours toward various anions and this was attributed to the different pK, values of
the complexes, i.e. the pK, of 83 is 7.2 and 84 is 5.7. Complex 83 was found to H-bond to CI",
Br, I, NO3; and HSO4", while AcO™ was also found to H-bond but then mono-proton transfer
occurs and a colour change from yellow to orange-brown. Complex 84 underwent a stepwise
deprotonation with AcO™: firstly the formation of the mono-deprotonated species at lower
concentrations of the anion and then the bi-deprotonated complex at higher concentrations. It
was found that the addition of 10 equivalents of F~ and AcO™ to a solution of 82 in CH;CN
induced a significant red shift of the MLCT band from 462 nm to 548 nm, while the other
anions listed above only induced minor changes in the absorption spectra. However, the
emission spectra of 82, 83 and 84 were completely quenched upon addition of 1 equivalent of
F~ and AcO". This was attributed to mono-deprotonation processes of the complexes.
Complex 82 also underwent a two-step colour change, from yellow to orange and then to
violet upon addition of F~ and AcO™. The authors conclude that the anion binding ability of
these complexes can be tuned by their pK, values. A moderate pK, value of 6.21 for 82 in
CH3CN-H,0 (2:3 v/v) media gives it stronger H-bonding affinity to the five anions, with 4 to
5 fold increase of the binding constants compared to complex 83 (pK, is 7.2). On the other
hand, the additional methyl groups at the 7 and 7’ positions of 82 may also play an important

role in the enhancement of binding strength.

7N 7\
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N
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Chapter 1: Introduction

The anion recognition and sensing field has grown over the past few decades to the
extent that the field is now an established and important area of supramolecular chemistry.
The progressive understanding of and subsequent ability to control the intermolecular forces
between host and guest, has enabled the design of superior supramolecular architectures
ranging from molecular cage-like assemblies and helicates to mechanically interlocked

111

supramolecules, such as rotaxanes, catenanes, and knots. Therefore, the main focus of the

next section will be on systems of the latter type, with a specific emphasis on rotaxanes.

1.5 Interlocked Assemblies

During the last two decades, the construction of interlocked molecules such as
rotaxanes and catenanes has received much attention owing to their unique structures and
properties.''? The threading of one component through another in a reversible manner leads to
a pseudorotaxane, and where this threading is irreversible (capped by suitable bulky end
groups) a rotaxane is formed. The permanent interlocking of two ring components produces a

catenane.''> The basic motifs of these assemblies are illustrated below in Figure 1.5.

(@) (b) (©

Figure 1.5: (a) [2]-pseudorotaxane, (b) [2]-rotaxane, and (c) [2]-catenane. The number in
square brackets corresponds to the number of interpenetrated components.

These systems present excellent opportunities for future innovation, owing to their
high degree of functionality and unique topological nature, opening up the possibility for the
development of novel molecular machines, switches and sensors.'"*

Rotaxane synthesis, from a supramolecular point of view, often involves non-covalent
interactions between a linear “axle” and a cyclic “wheel” followed by permanent interlocking
with suitable stopper units.'”® The first synthesis of a [2]-rotaxane was reported by Harrison
and Harrison in 1967 via a statistical approach - the chance formation of one macrocycle
being threaded through another.''® They called it a "hooplane". A cyclic ketone with a pendant

carboxylic acid function, coupled to a Merrifield resin (85) was continually treated on a
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column with decane-1,10-diol and triphenylmethyl chloride. Following cleavage of the rings

from the resin and purification, the [2]-rotaxane, 86, was obtained in 6% yield.

Merryfield Resin
i (0]
(0] Ph >(
O | HO-{CHy,-OH,Ph,CCl  ph OH
2. Wash Resin Ph 0
0 3. Repeat 70 times 2)28
4. Basic Cleavage from resin
O

0 /
F Ph >(O
Hj)os Ph Ph
85 86

Although the statistical approach was subsequently improved, it was not until the
1980’s and the introduction of Cu(I)-template strategies by Sauvage and colleagues that
marked the first practical synthetic routes to interlocked assemblies.''” This seminal approach
employs the tetrahedral coordination geometry of a Cu(l) ion to hold a pair of bidentate
ligands in a mutually orthogonal orientation forming a crossover point that directs subsequent
macrocyclisation or “stoppering” reactions toward threaded architectures. Other template

118

syntheses followed based on electrostatic interactions,''® metal-ligand coordination,'" H-

1

bonding'* and m-n interactions'?' etc., all leading to the wide variety of synthetic methods

available today.

The three most common strategies for rotaxane synthesis are “capping”, “clipping”,
and “slipping” (Scheme 1.1), although others do exist. Synthesis via the capping method relies
strongly upon a thermodynamically driven template effect; that is the thread is held within the
macrocycle by non-covalent interactions. This dynamic complex, or pseudorotaxane, is then
converted to the desired rotaxane by covalently attaching the ends of the threaded guest with
large groups preventing disassociation of the self assembly. The clipping method is similar to
the capping reaction, except the macrocycle component assembles around a preformed thread
molecule. The macrocycle then undergoes a ring closing reaction yielding the rotaxane. The
method of slipping is one that exploits the kinetic stability of the rotaxane. If the end groups of

the axle are of an appropriate size it will be able to reversibly thread through the macrocycle
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at higher temperatures. By cooling the dynamic complex it becomes kinetically trapped as a

rotaxane at the lower temperature.'>

Capping

0-9- ¢

Clipping:

|

Slipping:

Scheme 1.1: Common non-covalent bond directed strategies for rotaxane synthesis.

1.5.1 Anion-Templated Assembly of Interlocked Structures

Manipulating anions to direct supramolecular assembly of the nature discussed above
has seldom been reported in the literature and the area remains largely unexploited. Although
various serendipitous cases where anions have templated the formation of interpenetrated
compounds exist'>, rarely are strategically templated examples reported within the field of
catenane and rotaxane synthesis. One of the first examples of the deliberate use of anions for
templation purposes was reported by Sessler and co-workers in 1992."%* It was shown that the
Schiff base condensation reaction between 3.4-diethylpyrrole-2,5-dicarbaldehyde (87) and
4,5-diamino-1,2-dimethoxybenzene (88) afforded macrocycle 89 in quantitative yields when
nitric acid was used as the reaction catalyst, Scheme 1.2. In contrast, when HCI was used to
catalyse the reaction no macrocycle was formed, indicating that the nitrate anion played a

crucial templating role in the synthesis of 89.

Building on previous work, Bohmer and co-workers have also used inorganic anions
in the templated synthesis of cyclic hexaurea macrocycles such as 92 and 93, which contain
xanthene or diphenyl spacer groups.'®® In the absence of any anionic template, reaction of

diamine 90 with the diisocyanate 91 predominantly affords cyclic triurea 92. However, in the
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presence of Cl™ the larger [2 + 2] macrocycle 93 is the major product, Scheme 1.3. X-ray
crystallography and '"H NMR studies of 93 revealed that two CI™ ions are simultaneously

bound within the hexaurea macrocycle.

I\
I u \
I:[ 0) HNO3 MeO:@N N]::,:OMe
N HNO
) (i) NaHiNO, MeO N H N OMe
| N
87 88 "
89

Scheme 1.2: Sessler’s nitrate templated pyrrolic macrocycle 89.

92 93

Scheme 1.3: Bohmer and co-workers triurea (92) and hexaurea (93) macrocycles, the latter
templated by two CI anions.
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The first examples of interlocked species synthesised by anion-templated approaches
were the pseudorotaxanes and rotaxanes reported in the late 1990’s by Stoddart and co-
workers and Vogtle and co-workers, shown in Scheme 1.4. 2?7 Stoddart’s design of [5]- and
[6]-pseudorotaxane structures, incorporating polyether macrocycles and dibenzylammonium
threads, assembled around an octahedral hexafluorophosphate anion, compound 94. The latter
group utilised the strong interaction between a lactam macrocycle and phenoxide half-
stoppered thread to initially assemble a pseudorotaxane, 95, in organic solvents. Subsequent
reaction with a sterically bulky electrophile afforded the [2]-rotaxane, 96, in 57% yield;

however, no anion binding cavity was found to be present in the final rotaxane structure.

Scheme 1.4: Stoddart’s hexafluorophosphate templated [5]-Rotaxane, 94 and Vogtle's
phenoxide templated [2]-Rotaxane, 96. oy

In a related approach, Schalley and co-workers have also exploited a phenoxide thread
and an amide macrocycle to yield an anion templated [2]-rotaxane, 97 via the stoppering
method.'? The phenoxide anion template remains present in the final rotaxane structure and

no interlocked cavity exists for anion recognition purposes.
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97

Beer and co-workers have done extensive work using anion templation in the synthesis
of interlocked assemblies."*’ Indeed, a general method of using anions to template the
formation of a range of pseudorotaxanes, rotaxanes and catenanes have been described by
them. A very elegant example developed by this group is the use of anion templation in the
synthesis of a [2]-rotaxane such as 99 13! Using CI” to associate a pyridinium chloride thread,
stoppered with tetra-phenyl groups and a macrocycle containing an isophthalamide binding
cleft functionalised with two hydroquinone containing side chains 98, the [2]-rotaxane 99 was
obtained in 47% yield following a ring closing metastasis (RCM) reaction using Grubbs’
catalyst, shown in Scheme 1.5. No rotaxane formation was detected with analogous Br, I" or

PF¢ pyridinium salts, indicating the critical role of CI".

98 99

Scheme 1.5: CI” templated synthesis of a [2]-Rotaxane, 99 via clipping strategy. i

Later, the same group reported the first example of using anion templation to
synthesise catenanes where again Cl™ templates the initial formation of a [2]-pseudorotaxane
and subsequent clipping affords the catenane 100."*? The crystal structure is also shown below

and confirms the interlocked nature of the two macrocyclic rings and the location of the CI”
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anion within the amide cavity. Aromatic stacking and pyridinium-N"-CH;---polyether H-bonds

were also observed in the crystal structure of 100.
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More recently, the use of SO4> to template the synthesis of a pyridinium nicotinamide
[2]-catenane, 101 in excellent yields has been reported by Beer and co-workers, as shown
below.'*? In an analogous fashion to the CI™ templated double clipping strategy discussed
above, the SO,* ion was shown to template the orthogonal assembly of two mono-cationic
threads. Double RCM of the acyclic bis-vinyl pyridinium nicotinamide sulfate salt afforded
101 in 80% yield. Analogous RCM cyclisation reactions using Cl, Br™ or PF¢ salts of the
pyridinium nicotinamide thread failed to produce the desired catenane. As expected,
subsequent anion binding studies performed on the PF¢ salt of 101 revealed selectivity for the
templating SO42_ over CI', Br and AcO", which is contrary to the anion selectivity properties

of the acyclic thread, which has a binding preference for AcO™.

The examples highlighted in this section clearly demonstrate the real potential of
anions in templating the assembly of complex supramolecular architectures which by
appropriate future design may have practical sensing, switching and molecular machine

applications.
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1.6 Potential Applications

Even today the synthetic challenge of rotaxane formation remains a strong driving-
force for some research groups. In 2008, Sheng-Hsien Chiu and co-workers created the
smallest rotaxane reported to date, 102, made from just 76 atoms with a molecular mass of
510 g-mol'l.134 The axle is a dialkylammonium ion that threads through a crown ether ring.
After grinding the mixture with a tetrazine, the axle is then capped with pyridazine stoppers to

make the rotaxane in 81% yield.

However, the main source of interest for research on interlocked molecules is the
interesting properties and potential applications of the molecules themselves. Interlocked
molecules regularly display strikingly different properties to their non-interlocked analogues,
e.g. differences in spectroscopic responses, chemical reactivity or mechanical properties.
These differences are a direct result of the interlocked architecture, yet perhaps the most
exciting consequence of the mechanical bond, is the unique way in which different parts of the
molecule can move with respect to the rest of the system. Rotaxanes are appealing systems for
the construction of “molecular machines”, as these systems are termed, because two molecular
motions in particular can be exploited, namely translation, i.e. shuttling of the ring along the

thread, and rotation of the ring around the axle on which it is threaded.''*!%

A system that behaves as a chemically controllable molecular shuttle is [2]-rotaxane
103."*® The thread component contains a dialkylammonium centre and a 4-4’-bipyridinium
unit that can establish H-bonding and charge transfer interactions, respectively, with the
dibenzo-24-crown-8 (DB24C8) ring component, a crown ether with electron donor properties.
An anthracene moiety is used as a stopper due to its useful absorption; luminescence and
redox properties in monitoring the dynamics of the system.

Since the N'-H----O H-bonding interactions between the macrocycle and the
ammonium centre are much stronger than the charge transfer interactions of the ring with the

bipyridinium ring, the rotaxane exists as only one of the two possible translational isomers.
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Deprotonation of the ammonium centre, however, causes 100% displacement of the
macrocycle to the bipyridinium unit. Deprotonation of the ammonium centre with a base
weakens the H-bonding interactions and causes quantitative displacement of the DB24C8 ring
by Brownian motion to the bipyridinium unit, while reprotonation with an acid directs the ring
back to the ammonium centre. This switching process was investigated in solution by 'H

NMR spectroscopy, electrochemical and photophysical measurements.

O
l(«w

ko o)

103

The first pH-switchable shuttle to exploit anion H-bonding interactions was reported in
2004 by Leigh and co-workers."”’ The formation of the benzylic amide macrocycle is
templated by a succinamide station in the thread, shown in Scheme 1.6. However, the thread
also includes a cinnamate derivative. As the phenol is a poor H-bonding group, the
macrocycle resides on the succinamide station >95% of the time in the neutral form, 104.
Deprotonation in DMF-d; results in the macrocycle changing position to bind to the strongly
basic phenolate anion, 105. Reprotonation returns the system to its original state and the

macrocycle to its initial position, 104.

o,g :
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Scheme 1.6: pH-switched anion-induced shuttling in a H-bonded [2]-rotaxane in DMF-d; at
room temperature.

Chiu and co-workers have reported the synthesis of pseudorotaxane 106 and rotaxane
107, which are AcO -controlled molecular switches (Scheme 1.7 and Scheme 1.8).'*® The 'H

NMR spectrum of an equimolecular mixture of the macrocycle and the diphenyl urea in

44



Chapter 1. Introduction

CDCl; is different in respect to those of the single components suggesting the formation of the
pseudorotaxane 107. Upon addition of 2 equivalents of TBA AcO™ to an equimolecular
mixture of the macrocycle and the urea, resonances corresponding to the free macrocycle and
the urea-AcO™ complex appeared. The addition of 2 equivalents of sodium tetrakis[3,5-
bis(trifluoromethyl) phenyl]borate (NaBArF4) to a solution of the macrocycle, urea and the
TBA AcO™ resulted in a '"H NMR spectrum similar to that of the pseudorotaxane 106,

suggesting that the molecule is regenerated as a result of precipitation of NaAcO.

RS
o i
N -
NH HN i
+ AcO . ,%, ,a
N\IrN
R R
- (o) o) (o)
J (AN R = O(CgHya)

R =0(CgH,3)
106

Scheme 1.7: AcO -controllable threading and unthreading of pseudorotaxane 106.

In the case of rotaxane 107, '"H NMR demonstrated that in CDCl3-CD3CN (1:1 vv) the
macrocycle resided on the urea station. The addition of 5 equivalents of
tetramethylammonium (TMA) AcO™ to 107 induced significant changes in the spectrum
suggesting that the macrocycle had moved from the urea station toward the carbamate station
(Scheme 1.8). Subsequent addition of 5 equivalents of NaClOj4 to this solution resulted in a
spectrum similar to the one of the pure rotaxane, indicating the shift of the macrocycle back to

the urea station.
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Scheme 1.8: Anion-controllable switching of rotaxane 107.

1.7 Work Described Within This Thesis

The overall aim of this research project was the development of novel (thio)urea based
receptors for the recognition and sensing of anions. By incorporating the advantageous H-
bonding properties of the (thio)urea moiety into structurally simple sensors to more complex
supramolecular assemblies, it is possible to tailor the selectivity and sensitivity of the receptor
to various anions.

Chapter 2 details the synthesis, photophysical properties and anion binding abilities of
a new series of thiourea-based anion receptors and compares their anion binding ability with
their urea counterparts previously synthesised within our research group. The synthesis and
anion binding studies of these receptors were undertaken to gain a better understanding of the
strength and type of interaction occurring between thiourea and various anions and compare
this with our recent work in this area.

Chapter 3 discusses results from investigations into the anion binding ability of two
thiourea functionalised Troger’s base derivatives previously synthesised in the Gunnlaugsson
group.l39 It was anticipated that the unique structural features of these compounds, coupled
with two thiourea binding sites, would provide an ideal receptor structure for the recognition
of anions; and to the best of our knowledge has not been used for this purpose to date.

Chapter 4 continues in developing extended geometries for molecular recognition and
describes the synthesis of a series of novel tripodal receptors and their anion binding abilities,

investigated by '"H NMR spectroscopy. The receptors contain three urea binding sites and it
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was anticipated that the central platform of the receptors would enable cooperative binding of
anions by all three moieties. The work was extended with an additional three tripodal
receptors synthesised, differing to the original receptors in that they contained a tertiary amide
group, eliminating any cooperative binding interactions between the amide and urea
functionalities. These second generation receptors were also investigated by 'H NMR
spectroscopy and several structures elucidated by X-ray crystallography, including the
receptors bound to various anions.

In Chapter 5, a series of Ru(Il) polypyridyl complexes functionalised with a urea
binding site as novel fluorescent anion sensors are described. The synthesis of each complex
is discussed and crystals of three of the complexes were obtained that were suitable for X-ray
structural determinations. The spectroscopic effects of the Ru(II) ground and excited state as
well as NMR binding data is detailed.

Chapter 6 details the attempted development of superior supramolecular assemblies,
i.e. interlocked structures such as rotaxanes and catenanes. The design of these structures was
based upon the H-bonding interactions that urea and its derivatives can establish with anionic
species. This anion templation approach can hold two components together via H-bonding and
allows for the completion of the synthesis of the interlocked molecule, illustrated below in
Scheme 1.9. A small library of acyclic and cyclic urea based compounds were synthesised for
use as the macrocycle component in the construction of a rotaxane. The anion binding
properties of these compounds were also investigated by '"H NMR spectroscopy and a

comparison of acyclic and cyclic derivatives investigated.

) ——ege

Scheme 1.9: Schematic representation of the [2]-rotaxane target based on H-bonding
interactions between NH moieties and an anionic thread. The roles of the interlocked
components can also be reversed, i.e. a urea-based thread and an anionic macrocycle are
also possible.

Finally, in Chapter 7, general experimental procedures are provided and the synthesis

of each of the compounds discussed is given.
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Chapter 2: Diaryl Thiourea-Based Anion Receptors

2. Introduction

The recognition and sensing of anions in both organic and aqueous solutions has become
an active field of research within supramolecular chemistry.”'* Much effort has been devoted
to the detection of anions due to the important roles they play in physiology, industry and in
the environment.' Using luminescent and colorimetric methods, and in particular, charge
neutral receptors such as ureas and thioureas (as they are excellent H-bond donors) are of
particular interest.'*' The anions usually form strong directional H-bonding complexes with
the N-H protons, which are better H-bond donors than simple amides; allowing the urea and
thiourea moiety to be more selective in its binding.

The combination of either ureas or thioureas in conjunction with amides as H-bonding
receptors within the same structure has only recently been explored,'**'*® and it has been
shown that the combination of two H-bond donor groups has given rise to significant
enhancements in anion binding affinity. This has recently been explored by Jiang and co-
workers, who have demonstrated the use of additional functional groups to enhance the H-
bonding ability of anion receptors by developing N-(o-methoxybenzamido)-based thioureas,
where the anion binding at the urea moiety was greatly enhanced by the introduction of the
methoxy substituent.'**

Another example of such a combination of H-bond donors are the acetamide
functionalised diaryl urea-based receptors 108-110, previously synthesised within our research
group,'*> where for the first time, it was demonstrated that the recognition and sensing of
anions could occur through “positive allosteric effects” in addition to the synergetic action of

more than one H-bonding donor.

H H YO H H N H
Lo, "UrTg, orQ,

108 109 110

In the case of 108 and 109, the binding of the anions at the urea moiety was shown to
enhance or activate the recognition ability of the amide moiety (i.e. an allosteric effect),
illustrated in Figure 2.1. This enabled these receptors to bind anions in a 1:1 as well as a 1:2
binding stoichiometry, the latter occurring via the amide functional group. However, this

second anion binding interaction (i.e. at the amide site) only occurred after this primary
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recognition at the urea site took place. The third receptor, 110, with the amide functionality
ortho to the urea moiety, only gave rise to a 1:1 binding stoichiometry, where the amide
moiety cooperatively participated in the initial anion binding event at the urea site. The
receptors 108-110 were found to interact strongly with anions such as AcO™, H,PO,”, HP,0;,>

and F~ in CH3CN as determined by changes in their respective absorption spectra.

Primary Anion
Recognition Site...

....leads to positive \Ir
allosteric activation /U\
(m & p-amides) ”
E 108-110

Second Anion
Binding Site

3

Figure 2.1: Mode of anion binding of receptors 108-110. o

Generally, thioureas are considered to form more stable complexes with anions than
their urea counterparts due to their enhanced N-H acidity4° and, as the allosteric mode of
action had not, to the best of our knowledge, previously been explored using thiourea-based
anion receptors, the aim of the work presented in this Chapter was the syntheses and
photophysical analysis of three diaryl thiourea-based anion receptors for comparison with
their urea counterparts, 108-110. As already stated, thioureas are generally thought to bind
more strongly to anions than their urea analogues due to the sulfur atom increasing the acidity
of the N-H protons. The results of this work are detailed in the following sections and were

also published in Supramolecular Chemistry.'*®

@)
(@)
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111 112 113
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2.1 Synthesis of Receptors 111,112 and 113

The synthesis of receptors 111-113 was accomplished in three high yielding steps,
Scheme 2.1-Scheme 2.3. The first step was achieved by reacting the commercially available
nitroaniline derivatives 114-116 (the para, meta and ortho isomers, respectively) with neat
acetic anhydride, 117, overnight at room temperature. The resulting off-white coloured
precipitates were then collected by filtration and each batch washed twice with diethyl ether
and dried under high vacuum to give the desired acetamide functionalities 118-120 in 67%,
57% and 71% yields respectively.

Wi NO,
114 118
o 117 HN\fO
o 0
NO, /“\O)J\ NO,
N o 0
115 | (R J 19
Z > NH N
2 H
NO, NOz
NH, N
we (Y (Y'Y

Scheme 2.1: Synthesis of nitro acetamide precursors 118, 119 and 120.

This was followed by the reduction of the nitro group of 118-120 to the corresponding
amino derivatives, 121-123, respectively, by refluxing in EtOH overnight with hydrazine
monohydrate in the presence of 10% Pd/C catalyst. The reaction mixture was passed through
a pad of celite, while hot, and the solution reduced under pressure to give 121-123 in 73%,

80% and 84% yields respectively, as shown in Scheme 2.2.
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NH,
121
HNTO
N,H,*H,0
2M4°H2 NH,
Pd/C 10%
» o)
EtOH 122
N/U\
H
NH
N

Scheme 2.2: Synthesis of amino acetamide precursors 121, 122 and 123.

The anion receptors 111-113 were formed by reacting 121-123 in CHCIl; with

isothiocyanate, 124, at room temperature overnight under an atmosphere of argon, Scheme

2.3. The resulting precipitates were filtered and washed with cold CHCl; and collected to give

111-113 in 89%, 89% and 42% yield respectively, without the need of any further

purification.

NH,
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Scheme 2.3: Synthesis of receptors 111, 112 and 113.
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2.2 Characterisation of Receptors 111, 112 and 113.

The three receptors were fully characterised using 'H NMR, "*C and "’F NMR, mass
spectrometry and elemental analysis. The 'H NMR spectrum (400 MHz, DMSO-dj) of 111
showed the presence of a broad peak at 9.98 ppm corresponding to the two thiourea protons
and the amide proton, shown in Figure 2.2. The symmetrical nature of the receptor can be
seen in the aromatic region with four doublets present, each integrating to two protons. The
phenyl protons located next to the p-CF3 group are the most downfield aromatic protons at
7.76 ppm, while the protons adjacent to the acetamide resonated at 7.69 ppm. The protons
neighbouring the thiourea moiety appeared at 7.56 ppm for the p-CF; phenyl ring and at 7.36
ppm for the acetamide ring. The methyl peak was observed at 2.05 ppm. The 13C showed two
resonances at 179.5 ppm and 168.0 ppm corresponding to the two quaternary carbonyl groups.
The presence of the CF; group was determined by the occurrence of a signal at -60.84 ppm in
the "°F spectrum. ES-MS analysis showed the presence of a single peak at 352.0731
corresponding to the [M - H] species of 111.
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Figure 2.2: "H NMR (400 MHz, DMSO-dy) of receptor 111.
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In the case of receptor 112 the resonance for the thiourea protons appeared at 10.06
ppm and the amide proton as a separate resonance at 9.97 ppm in the 'H NMR spectrum (400

MHz, DMSO-ds), Figure 2.3. As the acetamide moiety is in the meta position, the aromatic
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region contains five sets of signals. Again, the most downfield signal corresponded to the
protons adjacent to the p-CF; group along with the proton situated between the acetamide and
thiourea functionalities (Ar-H;'). Other defining features were the triplet at 7.26 ppm assigned
to the Ar-Hs and the two doublets at 7.37 ppm and 7.21 ppm, each integrating for one proton
assigned to the Ar-Hy and Ar-Hs, respectively. The methyl peak was also observed at 2.04
ppm for 112. The presence of two signals occurring at 179.4 ppm and 168.3 ppm in the Be
NMR were indicative of the two quaternary carbonyl groups. The CF3; group was also present
in the "°F spectrum at -60.84 ppm. ES-MS analysis showed the presence of a single peak at
376.0731 corresponding to the [M + Na]" species of 112.
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Figure 2.3: '"H NMR (400 MHz, DMSO-dy) of receptor 112.
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The 'H NMR spectrum (400 MHz, DMSO-ds) of 113 displayed three separate
resonances at 10.42 ppm, 9.75 ppm and 9.20 ppm for the two thiourea and the amide protons
respectively, as determined by N-H COSY analysis. Two doublets integrating for two protons
each were assigned to the Ar-Hz and Ar-H, protons, while a multiplet at 7.21 ppm was found
to correspond to the Ar-Hyss protons, Figure 2.4. The methyl protons were observed at 2.08
ppm. The >C NMR showed the presence of two resonances at 180.1 ppm and 169.1 ppm
corresponding to the two quaternary carbonyl groups. The CF; group was present in the 3
spectrum at -60.86 ppm. ES-MS analysis showed the presence of a single peak at 376.0700
corresponding to the [M + Na]" species of 113.
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Figure 2.4: 'H NMR (400 MHz, DMSO-ds) of receptor 113.

It was found that all the receptors formed crystalline materials, however only in the case
of receptor 113 were crystals suitable for X-ray crystallographic analysis obtained. Colourless
crystals were formed from a mixture of CHCl; and MeOH at room temperature and the
resulting X-ray crystal structure was solved by Dr. Thomas McCabe, School of Chemistry

TCD. Details of the analysis will be discussed in the following section.

2.3 Crystal Structure Analysis of Receptor 113

The crystal structure of receptor 113 is shown in Figure 2.5 (a), with selected bond
lengths detailed in Table 2.1. It can be seen from Figure 2.5 (a) that the N-H protons of the
thiourea moiety are in the syn conformation making the receptor suitable for directional H-
bonding. It can also be seen from Figure 2.5 (b) that the two aryl groups are significantly

twisted out of the plane of the thiourea moiety.
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(a) (b)

Figure 2.5: (a) The X-ray crystal structure of receptor 113. (b) The side view, demonstrating
that the two aryl groups are significantly twisted out of the thiourea plane.

Table 2.1: Selected bond lengths for receptor 113.

Selected Bond Lengths (A)

C23 - N6 1.419 C19 - N4 1.425
N6 — C22 1.349 N4 - C20 1.340

1 C22-81 1.683 C20-02 1.240
C22 - N5 1.361 C20-C21 1.503
N5 -C31 1.424

In receptor 113 two types of H-bonding interaction were observed, as shown in Figure
2.6. The first interaction was an intermolecular interaction between N6--O2 with a distance of
1.965 A. The second intramolecular interaction exists between N5-+-02 with a distance of

2.766 A. These values are similar to those obtained for urea 110, i.e. 2.18 A and 2.94 A.

Figure 2.6: The H-bonding interactions in receptor 113.
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The packing diagram of 113, viewed down the crystallographic a-axis is shown in
Figure 2.7, illustrating an extensive intermolecular H-bonding network that exists between the
amide protons and one of the N-H protons of the thiourea moiety; while no n-n stacking was
observed for the aromatic moieties, most likely prevented by the CF3 groups. The overall

packing diagram was quite similar to that observed for the urea receptor 110.'5

Figure 2.7: Packing diagram of 113 viewed down the crystallographic a-axis.

2.4 Photophysical Evaluation of Receptors 111-113

The absorption spectra of sensors 111-113 are shown in Figure 2.8 when recorded at
room temperature in CH3CN. All three receptors showed similar characteristic absorption
bands centred at ca. 280 — 283 nm with g,g3 = 28220 M em’, g5 = 19220 M em™ and €50
= 19260 M ¢m™ for 111, 112 and 113 respectively, assigned to their n-m transitions. A
second band was observed at ca. 248 nm for 112 and as a shoulder at ca. 235 nm for 113.

Upon excitation at the Amax, the receptors only gave rise to weak fluorescence emission.
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Figure 2.8: The absorption spectra of receptors 111-113 (1 x 10° M) in CH;CN.

The anion binding ability of receptors 111-113, as well as the stoichiometries for the
resulting binding interactions were next investigated by carrying out titrations of a stock
solution of the receptor (1 x 10° M) with gradual additions of various anion solutions in
CH;CN at room temperature. Details of all solution preparations are described in Chapter 7.
The anions studied were dihydrogen phosphate (H,PO4), acetate (AcO"),
hydrogenpyrophosphate (HP,0,"), fluoride (F) and chloride (CI") as their TBA salts. All
measurements reported were fully reproducible and the results from these investigations will

be discussed in the following sections.

2.4.1 Anion Binding Ability of Receptor 111

The changes observed in the absorption spectrum of 111 upon titration with the
various anions showed a bathochromic shift of the band centred at 282 nm to ca. 300 nm. The
titration of 111 with AcO™ is shown in Figure 2.9 (a), and clearly shows that the absorption
spectrum is significantly affected upon interaction with the anion.

Figure 2.9 (a) shows the band centred at ca. 283 nm was shifted to ca. 294 nm with the
formation of an isosbestic point at ca. 282 nm. It can also be seen from Figure 2.9 (b) that the
number of equivalents of anion required to reach a plateau is ca. 2 equivalents, with only
minor changes occurring thereafter. These changes indicate that the interaction between

receptor 111 and AcO™ is H-bonding.
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Figure 2.9: (a) Changes observed in the absorption spectrum of receptor 111 (1.1 x 10° M)
upon titration with AcO™ (0 — 4.6 mM) in CH;CN. (b) The changes in the absorbance at 250
nm, 294 nm and 320 nm as a function of equivalents of AcO".

The same behaviour was observed for HP,O; and F, Figure 2.10 (a) and (b)
respectively, indicating the rapid formation of a very stable host-guest species in solution,
however it was found that the number of equivalents of anion required to reach a plateau was

also ca. 2 equivalents for HP,0;°~ whereas it was ca. 4 equivalents in the case of F~, Figure

2.11 (a) and (b), respectively.
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Figure 2.10: (a) Changes observed in the absorption spectrum of receptor 111 (1.05 x 1 0’
M) upon titration with HP>07" (0 — 5.1 mM) in CH3CN. (b) Changes observed in the
absorption spectrum of receptor 111 (1.05 x 107 M) upon titration with F~ (0 — 4.2 mM) in

CH;3CN.

58




(a)

0.40
0.38
0.36

0.34

Absorbance at 291 nm

T T

2 3
eq. HP:O.:"

Chapter 2: Diaryl Thiourea-Based Anion Receptors

0.42 -
0.40
"au .
LS N R L}
e 0.38 4 o
I~ .
2 0.36 4 .
= .
5
2ox{  u
- L ]
t
20324 =
<
S
0.30 -
1
0.28 T T T T 1
0 2 4 6 8 10
eq. F

Figure 2.11: (a) The changes in the absorbance of 111 (1.05 x 10° M) at 291 nm as a
function of equivalents of HP207". (b) The changes in the absorbance of 111 (1.04 x 10”° M)

at 292 nm as a function of equivalents of F".

In the case of H,PO4 the band centred at ca. 283 nm exhibited a slightly smaller red

shift to ca. 291 nm, Figure 2.12 (a), with a plateau being reached upon ca. 15 equivalents of

anion, Figure 2.12 (b). The spectral changes observed for CI~ were, however, less significant

during initial additions of anion (0 — 2 equivalents) and only matched the changes of anions

such as AcO™ and H,PO4 at much higher concentrations of the anion (Appendix, Figure

A2.2). This is an indication of a weaker binding interaction between the receptor and CI, in

comparison to the other anions studied.
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Figure 2.12: (a) Changes observed in the absorption spectrum of receptor 111 (1.1 % 1 0° M)
upon titration with HyPO; (0 — 5.2 mM) in CH3;CN. (b) The changes in the absorbance at
292 nm as a function of equivalents of H2POy . The inset shows the changes observed between

0 and 22 equivalents of H;POy .
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From the changes observed in the absorption spectra of 111 upon titration with the
different anions, binding constants (log K) for complex formation between the anions (G) and
111 (L) were determined by fitting the absorption data using the non-linear least squares
regression program SPECFIT". In each case, the data was successfully fitted with good
convergence factors and the obtained stoichiometries and corresponding log K values are
listed in Table 2.2. It was found that all of the anions were best fit to 1:1 and 2:1 (guest:host)
stoichiometries with receptor 111.

The changes observed for the titration of 111 with AcO™ at 294 nm and the
corresponding fit obtained from SPECFIT" are shown in Figure 2.13 (a). It can be seen that
the best fit was obtained by fitting the data to a 1:1 and 2:1 species (guest:host). The
speciation distribution diagram, shown in Figure 2.13 (b), is depicted from 0 — 55
equivalents and shows that the formation of the 1:1 species is very rapid while the 2:1
(guest:host) species becomes the most dominant in solution, occurring after ca. 4 equivalents
of anion. However 95% formation of the 2:1 species is not reached until ca. 20 equivalents.
The binding constant determined for the 1:1 species between receptor 111 and AcO™ was also

the highest of the anions investigated, by almost one order of magnitude (log K;.; = 6.3 £ 0.2).

Table 2.2: Binding constants and binding modes between anions and receptor 111.

Std.
Binding Mode log [ |
Receptor (L) Anion (G) Deviation

Gu:Lin Kuo:m
@)
65l B 6.3 0.2

AcO™
Gy:L 3:1 0.4
G:L 4.8 0.1
H n ¥ Gy:L 4.3 0.3
0] \n/ 2% ’ .
/”\N/©/ S O\CF G:L 53 0.2
H ’ HaPO4
Gy:L 4.7 0.5
% G:L 5.76 0.01
111 HP,0,
Gy:L 1.5 0.1
G:L 4.1 0.1
Ccr

Gy:L 33 0.3
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Figure 2.13: (a) Experimental bi::zding isotherm for the titration of 111 and AcO™ and the
corresponding fit from SPECFIT". The inset shows the fit between 0 and 16 equivalents of
AcO. (b) Speciation distribution diagram for the absorption titration of 111 (L) with AcO".

In comparison, the titration between receptor 111 and H,PO4 displayed a slightly
different binding profile but was also best fit to 1:1 and 2:1 (guest:host) stoichiometries. The
binding isotherm and the corresponding fit are shown in Figure 2.14 (a). Again from the
speciation distribution diagram, Figure 2.14 (b), it can be seen that the 1:1 species was formed
very rapidly but the 2:1 species became the most dominant after ca. 10 equivalents of HyPO4~
with over 80% formation at this point. Excellent fits were also obtained for the other anions

investigated (Appendix, Figure A2.3-A2.4).
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Figure 2.14: (a) Experimental binding isotherm for the titration of 111 and H,PO, and the
corresponding fit from SPECFIT". The inset shows the fit between (0 and 20 equivalents of
H>PO, . (b) Speciation distribution diagram for the absorption titration of 111 (L) with
H>PO; .
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It can be seen from Table 2.2 that CI” exhibited the weakest interaction with receptor
111, with a binding constant of log K;.; = 4.1 (= 0:1) and log K> = 3.3 (= 0.3) while the
binding constants determined for F~ were the second lowest, log K;.; = 4.8 (+ 0.1) and log K>
= 4.3 (£ 0.3). In comparison, AcO, HP,0,> and H,PO,4 had the strongest interactions,

indicating a preference of 111 for oxy-anions over spherical halides.

From these results, the first binding mode, i.e. the 1:1 species, can be ascribed to the
interaction between the anions and the thiourea moiety of 111 through H-bonding. Upon
further addition of anion, a second binding interaction was observed and this interaction was
attributed to the anion binding to the amide functionality para to the urea moiety.

In comparison to the corresponding urea receptor 108, it was found that the binding affinity of
111 with the various anions was generally stronger, which was the anticipated trend. For
example, AcO™ and H,PO,4 gave rise to binding constants of log K;.; = 6.3 £+ 0.2 and log K.
= 5.3 + 0.2 respectively for receptor 111, while the binding constants for the urea analogue
108 were determined to be log K;; = 5.29 + 0.03 and log K., = 4.93 + 0.05. The lower
affinity of the urea analogues, 108-110, towards the various anions is perhaps due to the
presence of the less electron withdrawing oxygen atom of the urea receptors, resulting in the
N-H protons being less efficient H-bond donors. It is also worth noting that the presence of
two guest:host complexes, namely the 1:1 and 2:1 species between 111 and CI” were found to
exist while the urea receptor 108 only formed the 1:1 complex. This is most likely due to the

enhanced acidity of the thiourea receptor in comparison to the urea analogue.

2.4.2 Anion Binding Ability of Receptor 112

Having established the anion binding ability of 111, the structural isomer 112 was next
investigated. Besides the characteristic absorption band Amax = 282 nm, receptor 112 also had
a band centred at ca. 252 nm. The largest spectral changes observed were those between 112
and HP,0;, illustrated in Figure 2.15 (a). It can be seen from Figure 2.15 (a) that the
absorption spectrum of 112 was red-shifted from ca. 282 nm to ca. 287 nm with the
concomitant loss of the band centred at ca. 252 nm at higher concentrations of the anion.
Interestingly the band at 282 nm becomes blue shifted at higher concentrations of anion.
Figure 2.15 (b) indicates a plateau was reached before the addition of 5 equivalents of the
anion. The same trend was also followed when plotting the changes in absorbance at different

wavelengths.
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Figure 2.15: (a) Changes in the absorption spectrum of receptor 112 (1.1 * 107 M) upon
titration with HP20;>~ (0 — 4.6 mM) in CH;CN. (b) The changes in the absorbance at 294 nm

as a function of equivalents of HP,0;".

In the case of H,PO, and AcO  similar behaviour was also observed, with a
bathochromic shift of the Ayax to longer wavelengths upon increasing anion concentration,
Figure 2.16 (a) and (b). However no blue shift occurred during later additions as had been
observed in the titration with HP,O;. No clear isosbestic points were observed in these
titrations, however, a ‘pseudo isosbestic point’ at ca. 240 nm was present in the titration with
AcO", which indicates the presence of at least two species in solution. A plot of the changes at
282 nm as a function of anion equivalents reveal a plateau was reached at 4 equivalents in the

case of H,PO4, but at 2 equivalents for AcO™ (Appendix, Figure A2.5).

(@) (b)
0.4 4 04
0.3 4 03
4 Q
g 2
_g 0.2 4 g 02
Z Z
2 2
0.1 4 0.1+
0.0 T T T T T T T Y 1 0.0 T v - Y T T 1
200 250 300 350 400 450 200 250 300 350 400 450
Wavelength (nm) Wavelength (nm)

Figure 2.16: (a) Changes observed in the absorption spectrum of receptor 112 (1.1 x 10° M)
upon titration with HPO; (0 — 4.6 mM) in CH3;CN. (b) Changes observed in the absorption
spectrum of receptor 112 (1.08 < 10" ’ M) upon titration with AcO™ (0 — 4.55 mM) in CH3CN.

63



Chapter 2: Diaryl Thiourea-Based Anion Receptors

The changes in the absorption spectrum upon titration with F~, shown in Figure 2.17
(a), show a slight red shift of the band centred at ca. 282 nm. However, it was much less
pronounced than that seen for HP2073' . Moreover, the loss of the band at ca. 252 nm occurs at
higher concentrations of F~, with the concomitant formation of a shoulder at ca. 330 nm. From

Figure 2.17 (b) it can be seen that a plateau is reached at ca. 5 equivalents of the anion.
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