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Errata
p- 10, bot. 1 line: should read 'The time required for the release of all the lead....".
p. 20, line 5 from bottom: omit the word "all'.

p. 21, top line: 'had’ should be 'has’. Line 20: 'VO' should be Vo2,

r- 23, line 6: the definition should read '....containing oxygen and possibly also one or more
aitrogen and/or sulfur atoms'.

0. 24, line 8: 'has' should be 'have'.
0. 27, line 10: omit the word 'ions'.

p- 31, line 3: 'As ligands 1 and 3-6 all contain the two...." should read 'As ligands 1, 3 and 4
contain two....".

p- 33, sub-heading: should read '....1(35),5(10), 6,8....".

p- 34, sub-heading: should read '....octa-deca-2,11....".

p-80, Equation 3.37: 'SbCl3' should be 'SbCls' (twice).
p. 83, line 11: stability order should read '....[Pb1]2+ > [Pb2]2*".

p. 85, line 15: stability order should read ' [Cd2]%F = [Cd1)2+.

p.- 107, line 9: omit the word 'the’. Line 20: should read '....are directed out of the macrocyclic
ring cavity'.

1

p.116, line 8: should read '....silver(I)-oxygen and -sulfur....".
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Abstract

The monitoring of lead(II) ion concentrations in the environment and in biological media is a
research area of great topical interest. This thesis describes a comprehensive study of a
select but informative set of crown ether ligands that may potentially be used in the

development of a fluorescent lead(IT)-specific probe.

The synthesis of a series of macrocyclic ligands that contain various combinations of
oxygen, nitrogen and sulfur donor atoms is described. The dibenzo-dipyridyl-22-crown-6
derivative 1, the bis(4-methylbenzo)tetrathia-18-crown-6 derivative 2, and the dibenzo-
diaza-18-crown-6 derivative 3 were synthesised by a convergent synthetic strategy that
culminated in the 1:1 condensation reaction between the appropriate components of the target
macrocycle under low to moderate dilution conditions. The molecular structure of 1 was
confirmed by X-ray crystallography. Phenylhydroxyethyl pendant arms were incorporated
into the parent diaza-18-crown-6 derivatives 3 and S to afford the N,N’-substituted

derivatives of dibenzo-diaza-18-crown-6 4 and diaza-18-crown-6 6, respectively.

The stabilities and selectivities of the macrocyclic ligands 1, 2, 5 and 6 toward lead(1I),
zinc(II) and cadmium(II) ions were determined by potentiometry in N,N’-
dimethylformamide (DMF) solution using a silver(I)-ion selective electrode. The presence of
pendant phenylhydroxyethyl arms in 6 substantially enhances complexation of large cations
such as lead(II) and cadmium(TI). This is confirmed by the observation that ligand 6 forms a
stable complex with lead(II) and cadmium(I) ions, with a log Kg > 7.52 for both
complexes, but exhibits no affinity toward zinc(II) ions. Ligand 5 complexes lead(Il) (log
K, = 6.71 £ 0.12) more strongly than cadmium(II) and zinc(II) ions (log Ks = 5.92 £ 0.02
and log Ks = 4.30 £ 0.07, respectively). Ligands 1 and 2 complex lead(II) less strongly
than 5 (log Ks([Pb1]2+) = 2.62 = 0.01; log K ([Pb2]2+) = 2.38 £ 0.21), and cadmium(II)
(log K([Cd2]2+) < 2) and zinc(Il) (log Ks([Zn2]2+) < 2) are weakly complexed by 2.
These low stabilities are most likely due to the large macrocyclic cavity of ligand 1, although

the poor stability and selectivity of ligand 2, with four sulfur donor atoms, toward the softer



vii

acid metal ions are attributable to a free ligand conformation which is unsuitable for
complexation. All four ligands form stable complexes with silver(I) ions (log Ks([Agl]t) =
5.50 + 0.04; log Ks([Ag2]%) = 6.49 + 0.02; log Ks([Ag5]%) = 9.42 £ 0.13; log Ks([Ag6]*)
= 7.52 + 0.01), consistent with the more covalent nature of the metal-ligand interactions

anticipated for the soft acid silver(I).

Electrospray ionisation mass spectrometry (ESI-MS) was used to probe the coordination
properties of ligands 1 - 6 with silver(I), lead(Il), zinc(II) and cadmium(II) ions. As noted
in the solution studies, strong complexation between each of the ligands and silver(I) ions
also occurs in the gas phase. Ligand 6 forms a very stable lead(Il) complex in the gas
phase, as does ligand 2. Ligands 5 and 6 both form stable complexes with cadmium(II)
ions in the gas phase. Ligand 5 is more selective toward silver(I) ions than cadmium(II)
ions in both the solution and gas phase. Ligand 6 is highly selective toward cadmium(II)
ions over silver(I) and lead(Il) ions in the gas phase. ESI-MS studies clearly demonstrate
the destabilizing effects of the rigid aromatic moieties of ligands 3 and 4 which lower their
affinities toward lead(Il), zinc(II) and cadmium(Il) ions. Complementary ab initio
calculations were carried out to predict gas phase structures for the free ligands and selected
complexes.

In conclusion, ligand 6 is the most promising candidate for use as a prototype in the
development of a fluorescent lead(Il)-ion specific probe. The high affinity of this ligand for
lead(Il) and cadmium(II) ions was observed in DMF solution although, under gas phase
conditions, ligand 6 was found to be more selective for cadmium(Il). Furthermore, there
was sufficient discrimination observed by ligand 6 toward softer acid metal ions when

compared to biologically more prevalent ions such as the borderline hard acid zinc(IL).
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1 Introduction

This chapter presents an overview describing the rationale behind the development of a
lead(I)-specific fluorophore. It includes a historical overview of the uses of lead and its
compounds; the discovery of their toxic effects, and a discussion of the biochemical and
cellular aspects of lead(I) toxicity; methods for treatment of lead(Il) poisoning, in
particular the use of metal chelation therapy; and details on the currently used methods for
the measurement of lead(II) concentrations in biological and environmental systems.
Recent literature describing the use of fluorescent probes for the detection of various metal
ions in aqueous media is also presented. An emphasis is placed on these studies describing
the use of fluorescent intracellular ion indicators that target transition metal and heavy

metal ions, in particular lead(II) ions.

An introduction into macrocyclic chemistry, with particular emphasis on macrocyclic
crown ether compounds, is also presented. The use of macrocyclic crown ether ligands as
jon-selective chemosensors is discussed, and the viability of these systems as a basis for

the rational design of a lead(IT)-specific probe is introduced.
1.1 Historical overview

Lead has been an important metal in human societies over many thousands of years.1 It is
the most abundant of the heavy metals in the Earth's crust (14 ppm), occurring chiefly as
the sulfide ore, galena (PbS). The ease of extraction of the metal from its ores, good
malleability, ductility, corrosion resistance and poor conductivity account for the use of
lead as a versatile construction material throughout history.l’2 Ancient Phoenician,
Egyptian, Greek, Indian and Chinese civilizations are known to have smelted and used
lead for cooking vessels, roofs, water ducts, utensils, ornaments and weights. Throughout
the Roman Empire, lead pipes were used extensively for the transport of water.! Lead
compounds such as coloured lead oxides were used as pigments in glazes and cosmetics by

a number of ancient civilizations.2



The symptoms associated with lead poisoning parallel its use throughout human history.
The earliest description of lead poisoning was reported in 300 BC by the physician
Hippocrates, who reported a case of colic in a metal worker, thought to have been working
on the extraction of lead from its ore.> Even though Hippocrates' initial description of lead
poisoning was considered far from conclusive, in the first century AD the philosopher and
physician Dioscorides accurately described lead colic and discussed the paralysis that
developed after swallowing solid lead or inhaling lead fumes.* Other early records and
descriptions of lead poisoning were thought to be related to the contamination of
beverages. Throughout the Middle Ages, lead acetate ("sugar of lead") was used as a
sweetening agent in wine and for promoting acid fermentation in wine production. Such
uses led to numerous cases of lead poisoning,?”4 particularly throughout France where this
sweetening method was customary.4 Further outbreaks of lead poisoning from
contaminated water supplies in Europe, rum in the Caribbean, and cider in South-western
England were all reported in the eighteenth century as the use of lead piping and lead sheet
became more widespread.3 However, it was the advent of the Industrial Revolution that
caused a major proliferation in the use of lead and its compounds.3 Mass industrialisation
and the introduction and development of the motor vehicle led to a dramatic increase in
lead consumption owing to its use in lead-acid storage batteries (Pb metal and PbO2), and

as an "anti-knock" agent in leaded petrol (Pb tetraalkyls).2
1.2 Chemical and physical properties of lead

Lead is classed as a heavy metal, belonging to the Group 14 elements of the Periodic
Table. Lead is an electropositive element, and it shows true cationic character in the +2
oxidation state. Conversely, lead exhibits a strong tendency for covalent bonding in the +4
oxidation state.s’6 In its interactions with Lewis bases, lead(Il) is classified as an
intermediate Lewis acid that lies between typical hard and soft acids, such as sodium(I)
and mercury(I) respectively.7'9 A hard acid is characterised by a high positive charge
density and a low polarizability and electronegativity. All of these features favour the

formation of ionic bonds by hard acids. The opposite is true for soft acids, which exhibit



high polarizability, high electronegativity, lower positive charge density and thus, exhibit a
strong tendency for the formation of covalent bonds.” 10 With the exception of the
insolubility of lead salts, such as the halides, hydroxides, sulfates and phosphates in
aqueous media, lead tends to possess a chemistry similar to the divalent alkaline earth

group metals, rather than share the properties of elements in its own group.5 6

1.3 Toxicity of lead and its compounds

As human exposure to compounds of lead is of great concern, the biogeochemical cycling

of lead and routes for human exposure have been widely studied.>311-13

The organometallic tetraalkyl lead compounds, such as the tetramethyl (PbMe4) and the
tetracthyl (PbEty) species, are lipid soluble and are easily absorbed by the respiratory and
gastrointestinal tracts, and the skin. Tetraethyl lead was the first alkyl lead compound
introduced into petrol in 1923.2 Its introduction was fundamental in the efficient
development of the high-compression internal combustion engine.11 By the 1960s, further
development of alkyl lead compounds had resulted in the introduction and use of
tetramethy] and mixed tetramethyl-ethyl lead compounds as anti-knock additives. About
70-75% of the lead in petrol is discharged into the atmosphere in exhaust gases,m’15 and
these gasoline additives constitute the majority of organolead compounds found in the

environment.

Inorganic sources of lead compounds include paints and primers, eye cosmetics, medicinal
preparations and hair-darkening products-16 Major industrial sources of inorganic lead
include smelters, storage batteries, cable sheathing and lead alloys.lz’17 The prime
medium for lead mobilisation is air. The metal tends to form fine particulates, especially
when heated by industrial high-temperature sources, and it may travel long distances
before deposition.l’4’14 Lead particles that accumulate on soil surfaces eventually become
mixed into the surface soil layer and may be taken up directly by grazing animals.* Thus,
lead uptake by humans may occur either by the direct absorption of lead compounds or

lead contaminated sources via the gastrointestinal tract or, alternatively, by the absorption



of airborne particles by the lungs and skin. 2’17 The direct absorption of lead compounds or
lead-contaminated sources is of particular concern when considering children suffering
from the disorder pica, the compulsive consumption of non-food items, may be exposed
directly to lead contaminated sources, such as paint chips, dust and dirt particles, in their
daily life. Fortunately, since most inorganic lead compounds are insoluble in vivo, only
small amounts are able to be absorbed directly through the gastrointestinal tract. Once
absorbed, however, accumulation of lead deposits occurs in the liver, kidneys, and bones
owing to the slow excretion of the ingested lead from the body.17 The absorption of
airborne particles of inorganic lead sources by the lungs and skin is a much greater threat
to adults and children. Particularly, the inhalation of lead carbonate and lead sulfate dusts
causes rapid accumulation in the lungs, which is followed by gradual dispersion of the

metal to the blood and bones.17

Once lead enters the blood, approximately 97% is taken up by erythrocytes.3’17 Although
firmly bound to the erythrocytes with a half life of two to three weeks, the equilibrium is
reversible and a redistribution of lead to other soft tissues throughout the body, namely the
liver and kidneys, takes place.3’17 Lead may also be carried to the brain, spleen and
heart.!” Ultimately some of the soft tissue lead is excreted in the urine or bile, however
approximately 90% of the absorbed lead accumulates in calcified tissues, bones and
teeth.1216  Tead resembles calcium in its deposition in and remobilization from the
skeletal structures of the body.6 Generally, accumulation in the calcified tissues 1is

progressive and life-long whereas soft tissue lead binding is reversible and short-lived.>
1.4 The biochemical and cellular aspects of lead toxicity

Lead has no known function as an essential trace element in any organism.2 The
biochemical basis for the multiple toxic effects of the metal is its ability to form strong
bonds with a number of donor sites present within proteins. Such ligands include the
sulfhydryl groups in a number of proteins and enzymes (typically cysteine residues),
imidazole groups in histidine residues, carboxyl groups in glutamic and aspartic acid

~ residues and the phosphate groups of nucleic acids. 21318 As a result of such binding, lead



interferes with the normal synthesis and function of proteins and enzymes in cells.1>18 In

general, this interference may be attributed to significant structural changes induced by the
lead within the protein or enzyme, or by binding of the lead to the active sites of certain
enzymes, thus disrupting the formation of normal enzyme-substrate complexes. Lead also
exhibits a strong affinity for mitochondria. The majority of binding sites are in the protein
portion of the mitochondrial membrane, causing a number of disturbances and
interferences to normal mitochondrial metabolism.>!3 Lead also has the potential to enter
the matrix of the mitochondria and bind the reactive groups of certain amino acid

residues.?

1.5 The health effects of lead poisoning

The health effects associated with exposure to lead can range from mild, reversible effects
to that of permanent damage, chronic disease, and in extreme situations, even death.19 The
various biochemical and physiological changes observed in individuals exposed to

excessive levels of lead have been widely reported in the literature.>3-13:18-22

1.5.1 Haematological effects

Lead poisoning in humans is accompanied by marked abnormalities in porphyrin
metabolism.!® This leads to the haematological effects caused by excessive exposure to
the metal. Lead is well known to interfere with the synthesis of haem by the inhibition of
several mitochondrial enzymes in the haem pathway, particularly porphobilinogen
synthetase and haem synthetase.5’13’19 Exposure to lead reduces haem production and
causes accumulation and excessive excretion of several porphyrin intermediates
throughout the pathway.lg’19 Lead also affects the synthetic pathway of the globin protein
through its antagonism of iron.18-20 Interference and inhibition of the body's ability to
synthesise haemoglobin leads to a decreased production of red blood cells. This disorder

is shown clinically as anaemia.



1.5.2 Neurological effects

The toxicity of lead to the peripheral and central nervous systems has been recognised for
nearly 200 years_.:Z However, it is recognised that neurological involvement of lead occurs
only after extreme and prolonged exposure to excessive levels of the metal.>>?3 The
peripheral nervous system tends to be principally involved in adults, with early reports
showing that optical atrophy (degradation of optical nerves), tremors and wrist drop were
all common neurological symptoms that were diagnosed in adult industrial workers who
were exposed to excessive lead levels.?3 However, young children tend to be more
susceptible than adults to the neuropathic effects of lead.?3 Tt is well established that even
low-level exposure to lead levels affects growth and development at the foetal, infant or
young child stage. It has been shown that exposure to lead(Il) affects the stature, growth
rate, and intellectual development in children, and the birthweight, gestational age, and
congenital abnormalities in the foetus.>* The intellectual underdevelopment observed in
children between the ages of 1 - 4 years is of particular interest, with many studies strongly
supporting the hypothesis that lead, even at very low doses, causes significant lowering of
IQ levels and thus impairs a child's intellectual performance.23'27 The physiological
damage associated with this lower level of eprsure appear to be irreversible.?* An eleven
year follow up study of children with 'minor’ neurobehavioural dysfunctions, due to low
level exposure in their early childhood, has been published.28 The authors reported that
such children demonstrated a higher risk of reading disabilities, absenteeism, poor eye-
hand coordination and other deficits contributing to school failure and drop-out later in
life.24?® The overall pattern of these studies suggest that any threshold for the effects of
lead on the foetus or young child is so low to be inconse:quential,24’27 and all children with
elevated levels of lead in the blood, even relatively 'mild’ increases, should be treated for

lead poisoning.
1.6 Metal chelation therapy

During the early 1950s, Hardy ez al.?® investigated the use of citrates and citric acid as

potential lead(I) sequestering agents. Initial results showed an increase in both urine and



faecal excretion of lead. However, this method of lead sequestering was found to be
inefficient because large, intolerable doses of citrates and citric acid were required for a

worthwhile treatment.29

In 1954, the powerful chelating agent calcium
ethylenediaminetetraacetic acid (CapEDTA) was introduced. This compound was found to
be of immediate therapeutic benefit by dramatically increasing lead excretion, returning
porphyrin and haemoglobin levels to normal in a matter of days, and by relieving the
clinical signs and symptoms of lead toxicity.4 Other agents with metal binding properties
have also been investigated and used in the treatment of lead poisoning.:""“’17 These
include: N-(2-hydroxyethyl) ethylenediaminetriacetic acid (HEDTA); a combination of
EDTA and the thiol-containing ligand 2,3-dimercapto-1-propanol (BAL, British Anti-
Lewisite); sodium 2,3-dimercapto-1-propanesulfonate (DMPS); (d)-penicillamine; N-(2-
mercapto-propionyl)glycine; and 2,3-dimercaptoglycine. The chemical structures of these

agents are shown in Figure 1.1.

HOC— /"\__—COH HO,C—~_ N/—\ _—CH,0H
HO,C— N—CO,H HO,C— ~—CO0,H
EDTA HEDTA
SH SH SH
HS\)\/OH HS\)\/SO3H 7K/COZH
BAL DMPS NH,

(d)-penicillamine

SH SH H
|
HS CO,H N CO,H
2,3-dimercaptoglycine N-(2-mercaptopropionyl)glycine

Figure 1.1 Common chelating agents used for the treatment of lead(II) poisoning.



The dose and type of chelating agent used in the treatment of lead poisoning are highly
dependent on the severity of the exposure.A"17 Although blood lead(IT) levels are rapidly
reduced by chelating drugs, some rebound may occur after the initial course. This is due to
an internal redistribution of lead(II) from sites which are inaccessible to the chelating
agent.4 More severe and adverse properties of these chelating agents, however, are their
nonspecificity and relative toxicity. These agents are selective for lead(Il) ions, but they
also exhibit a high selectivity for other essential trace-elements (e.g. copper(Il), zinc(Il),
and iron(Il)) found in the body. The chelating agents also exhibit a selectivity for
calcium(II) ions, interfering and disturbing their balance throughout the body. Trace-metal
supplements complement the use of these chelating agents in the treatment of lead
poisoning.”’29 An additional adverse effect of these chelating agents is renal damage.“’5
In an attempt to overcome these adverse side-effects, recent work by Raymond ez al.'7 has
led to the development of thiohydroxamic acid ligands as powerful, selective chelating
agents for lead(Il). Preliminary studies showed that the stability of the lead(II)-
thiohydroxamato complex was higher than the stability of the lead(Il)-EDTA complex, and
also quite different to the stability with the 'harder’ metal ions, which comprise many of the
trace elements.!”3° Although research into the development of powerful and selective
chelating agents of lead(II) ions still continues, a non-toxic, highly stable and specific

lead(IT) chelating agent has yet to be developed.30
1.7 Current methods of measuring lead(IT) concentrations

The toxic effects of lead(II) depend on its location within the body.25 Lead has a half-life
of approximately thirty days in the blood. The brain retains lead(Il) for a much longer
period than blood, a fact that may explain the particular susceptibility of the central
nervous system to the metal. Lead(Il) stored in the skeletal system of adults has a half-life
of more than ten years. The half-life is less in children due to the intense remodelling of
the skeleton in the growing body.25 Since lead(Il) is stored to differing extents in various
tissues, the measurement of lead(IT) levels must be interpreted in relation to the retention

time of the lead(II) in a particular tissue. 2’



1.7.1 Sampling procedures

For the assessment of lead(Il) levels in the body, the most widely used method is the
measurement of lead(Il) in whole blood.2316:2526 Other sites of assessment include urine
analysis, teeth samples and hair samples. Such assessments are not as favourable,
however, due to the intrusive, difficult and multiple sample collection techniques required
for the urine and teeth samples. Further, teeth samples are a better measure of long-term

lead(IT) retention in the body, rather than the short-term.25

The technique of measuring lead(IT) concentrations in whole blood samples is problematic.
A standardised procedure must be used for the collection, storage, transport and analysis of
blood to avoid contamination and other errors. Venous blood samples are more difficult to
obtain, but are preferred in place of capillary samples, as they are generally less susceptible
to contamination.2427 For trace analysis of lead(I), the main problem is to avoid
contamination by lead(Il) present in the everyday environment. Particular storage methods
must be employed between the time of sampling and the time of detection of lead(II) in the
sample to avoid any possibility of external contamination.”>>! The preparation of the
sample for analysis is also of prime importance. The blood sample must be completely
digested for the determination of the total lead(I) content, generally by wet ashing
techniques at low temperatures.31’32 The homogeneous sample is then analysed for
lead(II), usually by means of atomic absorption spectrophotometry (AAS) or anodic
stripping voltammetry (ASV). These methods are the two most common techniques used
for the detection of nanogram amounts of lead(II) ions in biological sarnples,2’3’23’25 but
the technique of isotopic dilution mass spectrometry (IDMS) is the definitive method for
lead(IT) analysis in whole blood.2>?* This method offers analyses to be carried out at the
highest levels of accuracy and precision. However, IDMS is a time consuming and
expensive technique that requires high levels of operator expertise.”’24 This method is
rarely used for routine testing and primarily serves as a confirming or validating method

for samples analysed by other means.



10

1.7.2 Atomic Absorption Spectroscopy (AAS)

Two different versions of AAS are employed. In the original form, a volume of the sample
solution is injected into a flame causing atomisation of the lead present in the matrix. The
sample's lead-atom population then absorbs light radiation, at one of lead's characteristic
wavelengths, either from a lead-specific hollow cathode lamp or an electrodeless discharge
lamp. This absorption is then registered by a photocell. This method allows lead(II) to be
measured in biological systems as a concentration of the total element, derived from a
calibration curve.?> However, aspirating the lead(Il) analyte solution directly into the
flame is generally unsatisfactory for trace analysis of lead(I) because of larger sample

sizes that are required and lower sensitivity.23

Over the last 10-15 years, a flameless-atomic absorption method has become the most
popular analytical variant of AAS.232% Much lower detection limits can be obtained by
this procedure,23'25 and the sensitivity is one thousand times that of the conventional
aspiration flame analysis.23 Generally, this method utilizes an electrothermally heated
graphite tube or platform, into which a volume of the sample matrix is placed and heated
to predetermined temperatures (suitable for drying, ashing and atomisation of the sample)
by passing an electric current through the graphite.25 This flameless method is a very
reliable form of AAS analysis, with the added advantage of speed and adaptability to
automated operation, and it is the method most likely to be employed for the determination

of lead(II) levels in biological samples.24

1.7.3 Anodic Stripping Voltammetry (ASV)

The electrochemical technique of AVS for the analysis of trace elements has been available
for two decades.?> AVS is based on a two step principle for lead analysis. First, the
lead(Il) ions liberated from the sample matrix are deposited by a two electron reduction
onto a negatively charged cathode, as a function of time and negative voltage. Second, the
current is reversed at the characteristic electrochemical potential, and the deposited lead is

re-oxidised and released from the cathode.! The time required for the release all the lead
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into solution is proportional to the amount of lead(II) ions originally present in the
solution.?> As with other electrochemical techniques, the ASV process collects all the
metal of interest at the deposition step. Thus, ASV is a measure of the total quantity of
lead(II) in the sample, offering high operational sensitivity.24 An obvious requirement for
this technique is adequate liberation of the lead(II) ions into a chemical matrix that permits
deposition and stripping without interference.?> Early methods involved chemical
degradation of the organic matrices in whole blood. 23253336 However, even though this
approach ensures mineralization, it is a time consuming process and the risk of
contamination 1s high.31 Alternatively, decomplexation using an ion-exchange reagent
containing a mixture of competitive ions, including chromium and mercury, has been

found to liberate lead(II) ions from binding sites by competitive binding.25 37

In general, the advantages of both the flame and flameless AAS techniques, and the AVS
technique for measuring lead(Il) levels in biological samples include: straightforward
methods requiring modest analyst expertise; commercially available, relatively
inexpensive equipment; and the collection of satisfactory results offering sufficient

accuracy and prccision.23

1.7.4 Analytical validity

The variability in the analysis of lead levels by AAS or ASV techniques originate from
differing methods of sample collection, and storage and preparation procedures,
particularly with respect to controlling external contamination.?> The analyses are usually
performed in duplicate or triplicate, and the resulting signal is compared to a signal elicited
by a known reference standard. The quality of the calibration standard is then of upmost
importance, and must be of the highest accuracy and precision. Numerous studies have
shown inconsistencies and large variations in both accuracy and precision, when
comparing inter- and even intra-laboratory analysis of the same blood sarnple.23’25 The
tediousness and labour intensive procedures required to measure samples of such low
concentrations causes discrepancies and inconsistencies even when analyses are handled

by the most experienced analyst. Also, these procedures are not considered the most
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viable nor efficient when dealing with large sample sizes. A more reliable, efficient and
inexpensive universal screening method for the determination of lead(Il) ions of biological
samples is desired. This may offer a faster, more readily accessible alternative for the
monitoring of lead(I) concentrations in the blood. This is of particular importance in the

determination of lead(II) poisoning in remote, high risk populations.
1.8 A potential new method for lead(II) detection

The research work presented in this thesis describes the proposed development of a
lead(I)-specific probe which offers an efficient, accessible method for the determination
of lead(Il) ion concentrations in biological media. By implementation of a particular class
of organic substrates, namely crown ether compounds, it is envisaged that an appropriate
system that selectively and specifically targets lead(Il) ions in biological media may be
developed. We endeavour to study systems that will be elaborated in such a way that upon
the selective binding of the ligand to lead(Il) ions, a sufficient optical response is
promoted, which allows for the direct detection of lead(Il) levels in biological and
environmental systems. Since the detection of the fluorescence signal of a ligand, or
probe, is often the most sensitive technique for measuring ion concentrations in a number
of biological systems,38 it is envisaged that the incorporation of fluorescent groups into the
appropriate lead(Il) specific ligands will offer a new and rapid route of monitoring lead(II)

levels in biological and environmental systems.
1.9 Fluorescent probes

The availability of sensitive and selective fluorescent indicators or probes for living and
fixed cells has opened new horizons in cell biochemistry.3'8 In combination with an
appropriate fluorescent probe, use of the modern epifluorescence microscope3 8 or the
video intensification rnicroscope?’8 has allowed fluorescent-labelled molecules or specific
metal-ion concentrations in living systems to be visualised, measured and recorded in real-
time.3® The resultant fluorescence signal permits sharper analysis of cytological detail

than previously observed with stained specimens in ordinary light, enabling cell
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organisation and function to be analysed with unprecedented precision and clarity.38 With
the addition of the confocal ultraviolet laser fluorescence microscope, which has an almost
planar field of focus, thus allowing fluorescence of a single cell in one particular plane to
be observed at a given time, the precise optical sectioning and analysis of living and fixed

cells are possible.38
1.9.1 Fluorescent intracellular ion indicators

During the past decade, the development of fluorescent indicators or probes that selectively
respond to biologically important jons has received a great upsurge of interest.>® These
probes incorporate photoresponsive molecular or supramolecular systems that possess a
binding site, a fluorophore, and a mechanism for communication between the two,
enabling real-time in situ monitoring of the flux of specific ions in individual living cells.
The most widely used and successful fluorescent probes have been employed for the
measurement of hydrogen ions (pH) and intracellular calcium ions (Section 1.9).38'43
Fluorescent probes for the detection of other biologically important ions including the
alkali (sodium, potassium) and alkaline-earth (magnesium) metal cations, have featured
predominately in the literature. >8:4143:44,45 However, only a few examples of fluorescent
probes that target transition metal and heavy metal ions have been reported to date 39:4446-
33 This may not be altogether unexpected, as these ions (excluding copper, iron and zinc)
are not biologically prevalent species and thus, methods for the analysis of these species
was not of great concern historically. However, as the role of these metal ions in biology

and in the environment become more apparent, the design of photoresponsive probes that

target such ions is an area of great topical interest.
1.9.2 Properties of fluorescent intracellular ion indicators

In developing new metal-specific photoresponsive probes, the molecular system under

investigation must possess certain characteristics:

(i) It is essential that the molecular system displays a preferential selectivity toward the

desired metal ion of interest, especially over biologically prevalent cations. The specificity



14

ensures that the recorded optical signal is directly attributed to the binding of the metal ion.
Competing equilibria that affect the signal must be considered in the design of the probe
and, where such effects cannot be eliminated, their interference to binding must be

considered and, if possible, minimised.

(ii) The molecular probe must be designed to function within the typical biological cell
environment. It must possess the potential to cross the outer membrane of a cell, enter and
remain within the cell for a sufficient period so as to allow complexation to occur. It must
be soluble within the aqueous media of the cell and function at physiological pH (7.4) and

under conditions of constant ionic strength (0.1 M).

(i) An optimal molecular probe must exhibit a significant, measurable change in its
optical fluorescence upon ion binding. This change in indicator fluorescence, from the
free to the complexed state, can be measured by a shift in the excitation wavelength and
the corresponding shift in the fluorescence emission wavelengths, or as an increase (or
decrease) in the quantum yield or extinction co-efficients of the indicator.3® Additionally,
it is preferable if the molecular probe is weakly or non-fluorescent in its free, unbound

form, to ensure that no interference results from any free probe.
1.10 Fluorescent probes for the detection of intracellular calcium(II) ions

To date, the most successful fluorescent probes that have been developed are those which
monitor free intracellular calcium(II) concentrations.38’39 A large number of calcium(1I)
probes are known and, in general, all are fluorescent derivatives containing the octadentate
ligand BAPTA (1,2-bis(2-aminophenoxy-ethane)-N,N,N',N "_tetraacetic acid) (Figure 1.2),
itself an aromatic analogue of the calcium-selective chelating ligand EGTA

(ethyleneglycol-bis(B-aminoethylether)-N,N,N.N "-tetraacetic acid). o

N(CH,COO), N(CH,COO),

0. O

Figure 1.2 The structure of BAPTA.
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The first fluorescent method for the measurement of calcium(Il) levels in mammalian cells
was reported by Tsien.4243:54-56 The method involved monitoring the fluorescence of the
indicator known as Quin2 (Figure 1.3). Even though Quin2 offered valuable insights into
the role of calcium(Il) as an intracellular messenger, it has always had a number of severe
limitations.*? Over the next five years, by extension and development of his initial work,
Tsien et al. 384142 introduced the calcium(II) selective indicators, Indo-1 and Fura-2
(Figure 1.3). On exposure to ultraviolet light, these compounds were found to exhibit
enhanced fluorescence, in the presence of calcium(Il), as compared to the Quin2
prototype.‘”’42 Further extensions of this work led to the development of Fluo-3 (Figure
1.3), a fluorescent calcium(II) indicator that is excited by visible light. Fluo-3 eliminated
the problems associated with laser excitation in the UV region such as the potential to
injure the cell, autofluorescence of the cell, and the release of bound calcium(Il) at UV
wavelengths.38’41 The calcium(II) complex of Fluo-3 is 40-fold more fluorescent than the
free dye, a fluorescence enhancement that is the greatest reported for any fluorescent

1

calcium(II) indicator to date.*! Even though Fluo-3 forms stable complexes with

manganese(II) and zinc(II), the fluorescence of these complexes is much lower than that of

the calcium(II) complex.41
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Figure 1.3 The structures of commonly used fluorophoric probes for the determination of

intracellular calcium(Il) ions.
1.11 Fluorescent indicators for transition metal and heavy metal ions

The use of fluorescent sensor molecules that target submicromolar concentrations of
transition or heavy metal cations in biological or environmental samples has been an
emerging research area over the past decade. The most studied metals include
zinc(ID), 40-44:50,51,53 ¢ oomer(qTy/(1), 40:48:5052,57,58 jronarmy/(in),>* 4 gallinm(IIT), %40
nickel(ID), %030 mercury(IT),40:44:32 lead(ID) 20445157 cadmium(11), 4043337 and

silver(I). 444647



17

A number of problems are generally associated with the use of fluorescent probes for the
detection of transition metal ions. These include: competitive binding of more abundant
biological cations, including calcium(Il) and magnesium(Il); most transition metals absorb
UV-visible light but. very few re-emit the energy in the form of UV or visible emissions,
owing to strong coupling of their electronic excited states with those of other molecules
(e.g. water) via the ligand field effect resulting in an efficient de-excitation mechanism;>’
reduced functionality for these systems in aqueous media owing to weaker metal-ion
complexation, and generally smaller or insignificant changes in fluorescence as compared

to non-aqueous solutions.®?

1.12 Zinc(II) fluorophoric probes

Zinc(Il) features significantly in many processes associated with cell activation and
growth.61'66 Work by our research group has involved the design and development ofa
highly fluorescent sensor molecule that is used to measure zinc(II) flux within living
cells.”> The fluorescent probe, ethyl(2-methyl-8-p-toluenesulfonamido)-6-quinolyloxy
acetate, also referred to as Zinquin E, allows simultaneous in vivo detection of zinc(II) ions
in a range of intracellular sites.>? Upon loading, Zinquin E readily traverses the cell
membrane and is hydrolysed, by cellular esterases, to the charged carboxylate form, 2-
methyl-8-(toluene-p-sulfonamido)-6-quinolyloxyacetic acid, Zinquin A (Scheme 1.1). The
anionic nature of Zinquin A prevents leakage of the fluorophore back across the cell
membrane. Zinquin A is now able to chelate the readily exchangeable, free zinc(II) ions

within the cell and, upon fluorometric excitation, gives an intensely fluorescent signal.

The interactions of Zinquin A with cobalt(Il), nickel(1I), copper(Il), magnesium(Il),
calcium(Il) and cadmium(Il) ions have also been investigated.53 The fluorophore was
found to coordinate to all these metal ions, excluding calcium(Il) and magnesium(II), but
no increase in fluorescence was observed for the complexes of copper(1D), nickel(II) and
cobalt(Il). The cadmium(II) complex showed an increase in fluorescence over the free
ligand, but the intensity of the fluorescence signal was lower than that observed for the

zinc(1I) species.5 2
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Scheme 1.1 Diagrammatical representation of free Zinquin E and Zinquin A forms, and

Zn2+ - Zinquin A complexed species formed within cells.

Furthermore, the cadmium(ll) levels in the body are not significant enough to interfere
with the monitoring of the more prevalent zinc(II) ions. Thus, Zinquin A exhibits the
appropriate selectivity and fluorophoric characteristics that make it a successful fluorescent

probe of zinc(Il) ions in biological samples.
1.13 Lead(II) fluorophoric probes

Following on from the research into the development of a fluorophoric probe that

successfully targets intracellular zinc(II) ions, our research group has had a keen interest in
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developing fluorophoric probes that can target other biologically- or environmentally-
relevant metal cations. In particular, it is envisaged that a quantitative, accurate method for
determining lead(II) levels in biological and environmental samples may potentially be

achieved by the rational design of a lead(II) specific fluorophoric probe.

Very few fluorophoric probes that can selectively target lead(Il) ions are known. The
commercially available probe known as Phen Green (Figure 1.4) is a phenanthroline-based
indicator, sensitive enough to measure large fluorescence (quenching) changes produced
by submicromolar ion concentrations of lead(Il) ions in aqueous samples.40 The
disadvantage of Phen Green is that it is a general purpose heavy metal sensor, capable of
detecting a broad range of metal ions. Furthermore, Phen Green is unsatisfactory for
measuring lead(I) levels in biological samples.40 Phen Green diacetate (Figure 1.4) may
be useful for loading into cells, however its response to intracellular metal ions has not yet

been reporte:d.40

K* 0

Phen Green Phen Green Diacetate

Figure 1.4 The structures of Phen Green and Phen Green Diacetate.

Czamnik?* has discussed the use of an anthracene thiohydroxamate derivative as a
chelation-enhanced fluorescence (CHEF) chemosensor for the determination of lead(II)
ions in aqueous media (Equation 1.1). Thiohydroxamic acids exhibit a well-known affinity

for lead(II).17’44 Even though the thiohydroxamate group itself is found to be strongly
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fluorescence quenching, via photoinduced electron-transfer from the nitrogen to the
. 44,50,60,67 : e -

anthracene ring system, Czarnik envisioned that upon coordination to the less

strongly quenching lead(Il) ions, a net CHEF would be achieved. Total complexation of

lead(I) was found to induce a 13-fold enhancement of fluorescence for the complexed

state, as compared to the free ligand (Equation 1.1). Even though there is a measurable

increase in fluorescence, the overall fluorescence of this molecular system is too weak for

it to be considered as a viable fluorophore for monitoring lead(II) levels in aqueous

media.**
Pb2+
OH ] e o
I : 1
Pb2+
[ — S

(J ‘ 200
Low fluorescence High fluorescence

Equation 1.1 Equilibrium reaction between an anthracene thiohydroxamate system and
lead(1l) ions.

1.14 Macrocyclic crown ether chemosensors

1.14.1 Introduction

Over the last 50 years, a large number of synthetic macrocyclic compounds, capable of
binding cations, anions and neutral molecules have appeared in the literature. It is well
established that the interest in these synthetic systems stems from the fact that many
important biological processes involving coordination of one specific metal ion all contain
some variant of a macrocyclic ligand.68’69 The importance of such complexes is readily
exemplified by the transportation of dioxygen in mammalian and other respiratory systems
by the iron(Il)-containing haem proteins; the chlorin complex of magnesium(II) in

chlorophylls and its importance in photosynthesis; and the complexation of cobalt(Il) by a
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corrin ring in Vitamin B12.69'71 Furthermore, it had been demonstrated that various
naturally-occurring macrocyclic antibiotics (e.g. valinomycin and nonactin) selectively
complex alkali metal cations, such as sodium(I) and potassium(I), and exhibit an ability to
transport these ions across cell membranes. It is the biological relevance of all of these
processes that provides the motivation for studies into the chemistry of not only these
naturally occurring systems, but also synthetic macrocyclic ligand systems in general.
Indeed, early research in this field was aimed at the possibility of using synthetic

macrocycles as simple models for studies of these complex biological processes.69’71

A major aspect of macrocyclic chemistry includes the many studies of crown ether
compounds and their derivatives, such as the cryptands (cage-type bicyclic crown
compounds), of which the more complex include the spherands and the carcerands, and the
lariat ethers (substituted crown ethers).ﬂ'73 These macrocycles typically contain central
hydrophilic cavities encircled by various donor atoms, and exterior flexible frameworks
exhibiting hydrophobic behaviour. Thus, recognition by these organic substances (hosts)
for metal cations, anions or neutral molecules (guests), is at present a topic of fundamental

importance in both supramolecular chemistry and biochemistry.

Pederson's seminal publication appeared in 1967 and it reported the synthesis and
complexation properties of a large number of unique, novel macrocyclic polyethers.74
Whilst studying the effects of bi- and multi-dentate phenolic ligands on the catalytic
properties of the vanadyl (VO) group, Pederson attempted the synthesis of the bis[2-(o-
hydroxyphenoxy)ethyl] ether by reacting bis(2-chloroethyl)ether with 2-(o-
hydroxyphenoxy)tetrahydropyran under basic conditions in n-butanol (Equation 1.2).
Even though Pederson obtained the desired quinquedentate ligand bis[2-(o
-hydroxyphenoxy)ethyl]ether, a small amount of white, fibrous crystals was also isolated.
This by-product was found to be 2,3,1 1,12-dibenzo-1,4,7,10,13,16-hexaoxa-cyclooctadeca-
2,11-diene, now more commonly known as dibenzo-18-crown-6, and its formation was

attributed to the presence of approximately 10% unreacted catechol in the reaction mixture

(Equation 1.2). Investigating the solubility properties of this polyether, Pederson rapidly
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discovered its potential for producing stable polyether-metal complexes with many salts of
the alkali and alkaline earth metals.”®”> This particular class of compounds became
known as "crown" ethers, due to the appearance of their molecular models and their ability
to "crown" or "uncrown" cations, without chemical damage to the ligand.71 The trivial
nomenclature of crown polyethers includes the number and type of substituent groups on
the ring; the total number of atoms in the polyether ring; the class of compound; and the
number of oxygen atoms in the polyether ring (e.g. compound 2,3,1 1,12-dibenzo-
1,4,7,10,13,16-hexaoxa-cyclooctadeca-2,11-diene is trivially named dibenzo-18-crown-6
as dibenzo (number and type of substituents on ring) -18- (total number of atoms in ring)

crown (class) -6 (number of oxygen atoms in ring) ).

OTHP OH
Cl’ (6] ¢t @: i @:
OH OH

~10%

n-BuOH
NaOH

) )

oL O CEOK/JD

OH HO

Equation 1.2 Formation of bis[2-(o-hydroxyphenoxy)ethyl ether (left) and the crown
ether dibenzo-18-crown-6 (right).

Pederson's paper marked the beginning of a new and major development in the study of the
metal-ion chemistry of macrocyclic ligands, and it led to a proliferation of research into the

synthesis of new crowns and crown-like compounds. Common lines of enquiry for these
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systems included the synthesis of new and unique crown ethers in order to understand and
appreciate the limits of possible ring sizes and heteroatom content, and investigations into
the types of species that could be bound or complexed by these novel macrocycles.69’71
The development of a wide variety of mixed donor macrocycles, incorporating nitrogen
(polyaza crown compounds) and sulfur (polysulfide crown compounds) donor atoms in the
rings, in addition to the ether oxygen atoms, rapidly surfaced in the literature.’® As the
field of macrocyclic chemistry has now grown so broad, the only true definition of a crown
ether that remains accurate is that the molecules are cyclic systems that contain one or
more macrocyclic rings, generally with nine or more ring atoms, containing oxygen,

nitrogen or sulfur as donor atoms.’ 72

The number of crown ether compounds that has been reported in the literature to date is
enormous, and discussions into the synthesis and complexation chemistry of all the
possible structural variants is far beyond the scope of this thesis. However, comprehensive
reviews that summarise the synthesis of novel crown ether compounds and their
derivatives, and their binding affinities (kinetic and thermodynamic) with cations, anions
and neutral guest molecules have figured prominently throughout the literature.” 3> These
works offer a concise and quantitative base for understanding the effects of macrocycle and
guest interactions for a large number of structures, based on the kinetic and thermodynamic
properties of the resulting complexes. These surveys can assist one in the rational design
of new macrocycles, and reasonable predictions can be made regarding their effectiveness

in forming host-guest complexes with desired thermodynamic stabilities. 380

1.14.2 Ion-specific macrocyclic ether chemosensors

The application of supramolecular receptors to fluorescence sensing was first described by
Sousa in 1977.87 When naphthalene is functionalised with a crown ether moiety, the
association of alkali earth metals is signalled by changes in the naphthalene fluorescence.
Subsequent reports by Bouas-Laurent and Lehn, 3889 Wolfbeis,”? de Silva,’! Street,”? and
Czarnik?*31-93 all built on this original premise, in which binding of metals to crowns and

azacrowns has been coupled to the emission changes of covalently-attached fluorophores.
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1.14.3 Lead(II)-specific macrocyclic ether chemosensors

It is well established in the literature that structurally mixed-donor crown ether compounds
form stable complexes with the transition metal and heavy metal cations, while their
, - : 74,83,84,86 14 ic b
complexes with the alkali metals are thermodynamically less stable. It is this
property that makes crown ether compounds, containing a mixture of oxygen, nitrogen or

sulfur donor atoms, promising candidates in the development of lead(Il) ion-selective

probes.

Only a few examples exist in the literature that describe the study of lead(II)-specific
macrocyclic chemosensors in aqueous solution. Czarnik ez al.**31 has taken the general
cyclic polyaza-cryptand (Figure 1.5), with selectivity for lead(Il) reported by Hancock et
al.®* and synthesised the conjugated anthrylhemicryptand derivative (Figure 1.5). Upon
complexation of the derivative with lead(Il), a weak net quenching of fluorescence was
observed, a result that is most likely attributed to the heavy atom effect.!0 Furthermore,
the anthryl derivative was found to be ineffective at binding lead(Il) at the micromolar
chemosensor concentrations employed owing to its low binding affinity in aqueous

solution.

o™ o™
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Figure 1.5 Polyaza-cryptand (left) and its anthrylhemicryptand derivative (right).

Bartsch and Porter et al.#® introduced the diprotonic chromophoric and fluorophoric crown
polyethers presented in Figure 1.6, as potential reagents for the selective extraction and
determination of heavy metal ions, including lead(II), mercury(II), cadmium(II), copper(Il)
and barium(II). Both ligands were found to have an unprecedented selectivity for

mercury(II) and, to a lesser extent, a selectivity for lead(II) over the other divalent cations
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studied. However, upon complexation of the fluorophoric ligand with lead(II) or

mercury(Il) ions, a quenching rather than an enhancement of fluorescence was observed,

attributed to the heavy atom effect.'®

CHj
O;N 7
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Fig. 1.6 Chromophoric (left) and fluorophoric (right) crown polyether derivatives.

o

1.14.4 Design strategies

Many factors affect the formation and thermodynamic stabilities of ion-macrocycle
complexes, and all need to be addressed properly in the design of potential ligands for
specific metal ion recognition. Such factors include: (i) the type(s) of donor atoms and
binding sites in the ring, (ii) the number of binding sites in the ring, (iii) the relative sizes
of the ion and the macrocyclic cavity, (iv) the physical placement of the binding sites, (V)
the steric hindrance within the ring, (vi) the solvent and extent of solvation of the ion and
the binding sites, and (vii) the electrical charge of the ion.”78¢ Even though one can make
adequate generalisations based on these factors alone, it is still a difficult task to predict
whether specific ion recognition will be obtained by a particular ligand or series of ligands

of interest.



26

In the first stages in the rational design of ligands for specific metal ion recognition, a
macrocyclic ligand that may exhibit a favoured coordination toward one metal ion of
interest is prepared. The choice of the initial ring system is usually intuitive, or it may be
based on analogy with the known complexation characteristics of structurally-related
ligands.86 Upon synthesis of the desired ligand system, its coordination chemistry is then
examined. This may include; (i) the determination of thermodynamic stability constants
for the desired complexes, generally by means of potentiometric or calorimetric methods;
(i) kinetic studies of complex formation and/or dissociation; (iii) X-ray structural analysis
where possible; (iv) spectroscopic solution studies and, finally, (v) molecular modelling
studies using gas-phase ab initio or molecular mechanics calculations.3486:9 Using these
results, the system under investigation can be assessed for any relevant metal-ion
discrimination. Once the factors influencing this discrimination are established, the
original ring system may be structurally modified in an attempt to enhance any observed

discrimination toward the particular metal ion.86

1.15 Fluorescent probes for other metal ions

Our interest in the study of the coordination properties of macrocyclic ligands toward
lead(II) has been clearly described in this chapter, however, their affinity towards zinc(II)
and cadmium(Il) ions is also considered relevant to this investigation. Zinc(Il) is a
biologically prevalent cation that tends to show considerable affinity for mixed-donor,
macrocyclic ligand families.848>%° The binding affinities of macrocyclic ligands for
zinc(I1) ions must be investigated in order to quantify the stabilities of the ligands toward
zinc(I) ions and thus, establish the likelihood for zinc(II) interference when the ligands are
used as probes for lead(I)) ions in biological media. Investigations into the affinity of the
macrocyclic ligands toward cadmium(II) ions is also of interest to this study. Even though
the effects of cadmium(Il) pollution on human and environmental sources are not
considered to be as widespread as lead(II) contamination, the acknowledged increase in the
levels of the heavy metal, particularly in natural aquatic environments, has led to much

concern over its adverse effects on biological systems.‘s’ls’zo’96 Only a few cadmium(II)
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probes exist in the current literature and, therefore, investigations into the development of a

cadmium(IT)-specific fluorescent probe would also be of considerable benefit.
1.16 Work described in this thesis

The established strategies that are summarized above will be followed in this work for the
investigation of crown ether compounds as potential lead(II)-specific fluorophores. A
series of macrocyclic ligands were chosen for this study, and details of their syntheses are
presented in Chapter 2. A rationale for the choice of the ligands investigated in this study
is also presented. This thesis is mainly concerned with the synthesis of the series of
ligands and the assessment of their selectivity and stability towards a series of metal ions
including lead(IT), zinc(IT) and cadmium(If) ions. The interaction of these ligands with the
relevant metal ions is discussed in Chapter 3, and the various factors that were found to
influence any observed discrimination are also reported. This preliminary work would
form the basis of an elaborate sequence in the development of a lead(II)-specific probe. It
is envisaged that those macrocyclic ether ligands which exhibit the most promising
coordination behaviour, either because they form the most stable complexes with lead(II)
or they show the greatest selectivity toward lead(Il) ions over the other metal ions, would
be structurally modified in an attempt to incorporate the desired properties of a

fluorophoric probe.
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2 Design and Syntheses of Trial Ligands
2.1 Target Molecules

This investigation commenced by selecting the series of crown ether compounds shown in
Figure 2.1. It was envisaged that ligands 1 - 6 would offer a select but informative group
of crown ether ligands which would provide a means of determining the type of ligand that
would have the greatest potential to be developed into a lead(I)-specific probe. Ligands 1
- 6 contain a combination of oxygen, nitrogen and sulfur donor atoms. It is well
established in the literature that macrocyclic polyether ligands (i.e. those containing only
oxygen donor atoms) show a high selectivity towards the alkali and alkali-earth metal
ions. 0974757997 However, it is also acknowledged that replacement of the oxygen atoms
with nitrogen or sulfur atoms in these systems leads to a significant increase in the
selectivity of the resultant ligands toward transition and heavy metal ions.®%% Since this
investigation is primarily concerned with the development of ligand systems that show
particular stability toward lead(II) and cadmium(II), with sufficient discrimination for the
heavy metals over the biologically prevalent zinc(Il) ions, it seemed logical that our
investigation should commence with a series of macrocyclic ligands containing mixed

donor-atom systems.

When developing a macrocyclic ligand system that is specifically designed to target a
particular metal ion or metal ion series, the classification of the metal ions (acids) and the
donor atoms (bases) as hard, soft or intermediate is a useful starting point in donor atom
selection.”” 10 The Hard and Soft-Acid and Base (HSAB) classification of both the donor
atoms and metal ions relevant to this investigation indicates that the hardness of the Lewis
bases (donor atoms) decreases as one moves from oxygen to nitrogen to sulfur. The
hardness of the Lewis acids (metal ions) decreases as one moves from the borderline hard
zinc(II) to lead(Il) to cadmium(II).7'10 Even though the HSAB classification will provide a
preliminary guide for donor atom selection in the ligand series, more detailed

considerations of the various parameters influencing the complexation properties of the
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ligands need to be addressed. In most cases, such considerations can only be established

experimentally.
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The selectivity of macrocyclic ligands that contain nitrogen, or a combination of nitrogen
and oxygen donor atoms, toward transition and heavy metal ions is well described in the
literature.6?%:%% Each of the ligands 1, 3 and 5 contain four oxygen and two nitrogen
donor atoms in the macrocyclic ring system. Ligands 4 and 6 possess an identical crown
ether structure with four oxygen and two nitrogen donor atoms, in addition to the two
additional neutral oxygen donor atoms that are present within the pendant arms of
compounds. Ligands 4 and 6 are of particular interest to this study with respect to their
potential selectivity toward lead(II) ions. It is well established in the recent literature that
as the number of neutral oxygen atoms in the ligand system increases, regardless of
whether or not the oxygen donor atoms are part of the ring system, the greater the
selectivity of the ligand toward large metal ions 2+98:100,101 14 w5 envisaged, therefore,
that major increases in selectivity towards lead(II) ions would be observed as one moves
from compound 3 to 4 and from compound 5 to 6. Ligands 3 and 5 were specifically
chosen as preliminary target molecules since they possess the potential for further
structural modification, namely by the addition of pendant groups on either or both of the
nitrogen atoms in the molecule. These modifications would enable the selectivity of the

ligands to be tailored specifically toward a particular metal ion of interest.

Ligand 2 is of particular interest to this study. Even though lead(Il) is considered to be
intermediate in hardness between hard and soft acids, its high binding affinity towards
ligands that contain soft sulfur atoms is reported in the literature.”’30 Thus, it was
expected that ligand 2, with the presence of the four soft sulfur donor atoms, would exhibit

a useful selectivity for the large lead(Il) and cadmium(II) ions.

Even though ligand 1 is structurally related to ligands 3 - 6, with respect to the number and
type of donor atoms present in the crown ether ring, a few significant differences are
obvious. The nitrogen atom is sp2-hybridized in ligand 1 and sp3-hybridized in the
remaining compounds 3 - 6. Such a difference may be important when one compares both
the binding affinities and the fluorescence characteristics of the ligands. Provided that the

available pyridyl nitrogen donor atoms of ligand 1 can coordinate to the metal ion, it was
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postulated that a greater change in the UV-visible absorbance spectrum, and possibly the
fluorescence, would result for those complexes of ligand 1 owing to the direct effect of
coordination on the chromophoric (pyridyl) moiety of the system. As ligands 1and 3 - 6
all contain the two aromatic substituents, it was assumed that any chromophoric changes
that are induced by binding of the metal ion to the oxygen atoms would be comparable for

all such ligands.

Another requirement of the ligands chosen for this study includes the incorporation of, or
the potential for the incorporation of, chromophoric groups into the molecule, generally in
the form of aromatic rings. It is established in the literature that the presence of electron-
withdrawing aromatic groups in many types of crown ether ligands reduces the Lewis
basicity of the nearby donor atoms,® and causes an overall increase in the steric strain and
rigidity of the cyclic systems.gg’loo’102 Moreover, this effect improves ligand
preorganisation towards particular ions and thus markedly enhances its metal ion
selectivity as the rigidity inhibits the cyclic ligand from undergoing the considerable
structural changes that are required to accommodate differently-sized ions.83:86:100 Tpe
incorporation of aromatic groups into the ligand system is also considered important with
respect to the chromophoric properties that they impose. It is feasible that ligands 1 - 4 and
6 may contain sufficient chromophoric properties to promote significant changes in the
absorbance maxima upon complexation. Furthermore, the use of simpler chromophoric
moieties will provide valuable information on general methods of incorporation of

aromatic systems into crown ether ligands; an important consideration, particularly in later

syntheses, when the incorporation of more highly conjugated derivatives is required.
2.2 Crown ether ligand syntheses
2.2.1 Introduction

The preparative methodology for some of the crown ether ligands presented in Figure 2.1
is discussed in the literature.’®103-196 However, it is widely acknowledged that these

apparently conventional syntheses are far from straightforward.71’106’107
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Generally, the preparative procedures for the synthesis of crown ethers can be subdivided
into two major categories; (i) direct macrocycle syntheses and (ii) metal-ion template
syntheses.69’71 The first group of reactions involves a convergent synthetic strategy that
culminates in the 1:1 condensation reaction between the appropriate components, under
low to moderate dilution conditions, to afford the target macrocycle. This direct method
may also be performed under high-dilution conditions to enhance the formation of the
desired intramolecular condensation product and reduce the potential for oligomerization
or polymerization. Alternatively, low- to moderate-dilution conditions may be employed
where certain mechanisms, such as metal-ion template formation or the presence of bulky
leaving groups, may operate in assisting the cyclization step of the particular ligand
system.69 Both methods have been found to afford high yields of the desired cyclized
products. However, yields have been found to be reliant on the particular system studied
and the specific conditions employed in the procedure. The majority of the crown ether
ligands prepared in this study were synthesised by direct methods under moderate dilution

conditions.

The second group of reactions involves metal-ion template syntheses. The high affinities
of crown ethers for certain metal ions allows one to exploit what is termed the “template
effect”, which involves metal ion organisation of the transition state that ultimately leads to
the formation of the desired mac:rocycle.lo6 Pederson’s initial isolation of dibenzo-18-
crown-6 (Equation 1.2) was accomplished in concentrated solution, and it is now generally
accepted that the presence of the sodium(I) ion (introduced into the solution in the form of
sodium hydroxide) contributed to the formation of the crown polyether.ﬂ’74 Many
procedures that utilise the template effect for the synthesis of macrocyclic crown
compounds have been described in the literature,69’108'“0 but it is also generally
acknowledged that the process has not been investigated systematically in all cases.®®’! In
some instances, it was found that even where no templating cation was present, the same

high yields of the desired macrocycles were obtained.”! Thus, the definitive rules

concerning this important principle and the general understanding of such effects have yet
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to be formulated precise:ly,69’71 and invocation of the template effect is to be made with

some discretion.71

2.2.2 Synthesis of 3,12,20,29-Tetraoxa-35,36-diazapentacyclo-[29.3.1.1.14’180.5:10-
0.22,27]-hexatriaconta-1(35),6,8,14,16,18(36),22(2 7),23,25,31,33-dodecaene, 1.

The synthesis of ligand 1 was achieved using the reaction shown in Equation Dol 109

l = CH,Br
HOH,C N "CH,OH CH,Br
7

8
2 NaH
DME
=
o
N
(6] (0]
0 0
N
|
X
1
Equation 2.1

The precursor pyridine derivative 7 was prepared by the sodium borohydride reduction of
dimethyl 2,6-pyridinedicarboxylate in dry methanol, using a standard literature method

(Equation 2.2).111 The product was obtained as white prisms in good yield.

IS =
l 4 NaBH, |
=~ s P
MeO,C N “COMe MeOH HOH,C N "CH,0H
7

Equation 2.2
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Compound 8 was synthesised by the bromination of o-xylene using N-bromosuccinimide
(NBS), with a catalytic amount of benzoyl peroxide to initiate the reaction (Equation 2.3).
The dibromide 8 was obtained as fine white needles in good yield. The mass spectrum of 8
displayed a molecular ion peak at m/z 264 and a base peak at m/z 185, corresponding to M-

Br fragmentation.

@:CH3 NBS/CCly QCHZBT
CH; Benzoyl peroxide CH,Br

8

Y

Equation 2.3

The coupling of compounds 7 and 8 in the presence of sodium hydride in dry
dimethoxyethane (Equation 2.1) afforded a crude reaction mixture. Purification by flash
chromatography using a gradient solvent system, from a 1:1 ethyl acetate/hexane mixture
to a 3:1 ethyl acetate/hexane mixture, afforded a crude fraction which was recrystallised
from ethanol to afford the desired product 1 as white needles, in an average yield of 35-

40%. The molecular structure of 1 was confirmed by X-ray crystallography (Appendix A).

2.2.3 Synthesis of 2,3,11,12-Bis(4'-methylbenzo)-1,4,10,1 3-tetrathia-7,16-dioxacyclo-

octa-2,11-diene, 2.

The synthesis of compound 2 was first attempted by using a similar method to that outlined
by Pederson’® in 1971, involving the one-pot coupling reaction between toluene-3,4-
dithiol and bis(2-chloroethyl) ether in dry DMF, in the presence of sodium hydride
(Scheme 2.1). The reaction involves the initial generation of the mono-anionic species of
toluene-3,4-dithiol, followed by the dropwise addition of one-half equivalent of the bis(2-
chloroethyl) ether to afford the intermediate species 9. This intermediate was not isolated,
but it was further reacted with two equivalents of hydride and another one equivalent of

bis(2-chloroethyl) ether to afford the cyclized product 2.
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Initial attempts at this procedure afforded a highly viscous, pink paste, which on t.l.c.
analysis (dichloromethane) showed the presence of at least four products. The purification
method outlined by Pederson’? involved the extraction of the paste with n-heptane,
followed by acetone, and combination and concentration of these organic fractions to
afford the desired cyclized product 2 as white, shiny crystals. However, our attempts at
purification of the crude product by this method were to no avail. On each occasion an
oily paste was obtained, and the same mixture of compounds was observed when analysed

by t.l.c.

Regardless of the low final yields of product reported by Pederson (ca. 6%),76

numerous
attempts at purifying the crude, pink paste by flash chromatography using both silica and
neutral alumina were undertaken, all of which proved to be unsuccessful. T.l.c analysis
showed significant smearing of the crude mixture on the t.l.c. plate, even when a number of
solvent systems were utilised. 1H n.m.r. analysis of the crude paste showed evidence for
the formation of the desired product 2, with the characteristic signals for the methylene

groups adjacent to the sulfur and oxygen atoms appearing at 52.97-3.1and §3.59 - 3.91,

respectively. However, the amount of desired product in the mixture was very low.
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As purification of this crude mixture proved to be very difficult and the amount of the
desired product expected from this reaction sequence was at best questionable, it was
considered that this method was not viable in the efficient synthesis and isolation of the
ligand 2, particularly when the high cost of the toluene-3,4-dithiol precursor was

considered.

An improved method for the synthesis of 2 is shown in Scheme 2.2. 2-(2'-chloroethyloxy)
ethanol was converted to its tetrahydropyranyl ether under standard conditions, using 3,4-
dihydro-2H-pyran in the presence of acid.!'? The crude residue was purified by Kugelrohr

distillation to yield compound 10 as a colourless oil in good yield.

The coupling of toluene-3,4-dithiol and two equivalents of 10 was performed in dry n-
butanol, in the presence of sodium hydride. The first step involved the in situ reaction of
sodium hydride with n-butanol to form the butoxide anion, which in turn reacted with
toluene-3,4-dithiol to generate the disulfide-anion species. The electrophile 10 was then
added slowly to the solution containing the anionic species and heated to 100°C for 24
hours. T.l.c. analysis (10% ethyl acetate / hexane) of the reaction mixture showed two
products, which were assumed to be the mono- and di-alkylated products of the toluene-
3,4-dithiol starting material. The reaction mixture was heated for a further 24 hours in an
attempt to drive the reaction further to completion. After this extended period of heating,
t.l.c. analysis did not show any change in the product ratio. The crude reaction mixture
containing 11 was directly treated with HCl(gq) in order cleave the tetrahydropyranyl
protecting groups. Purification by flash chromatography using a 10% acetone /
dichloromethane solution, followed by gradual increases in solvent polarity, afforded the

desired product 12 as a pale yellow oil in very good yield.
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Compound 12 showed 1H n.m.r. resonances at 5 2.97 - 3.08 and & 3.44 - 3.66 for the
methylene protons adjacent to the sulfur and oxygen atoms, respectively. The mass
spectrum of 12 showed a molecular ion at 332, and peaks at m/z 271 and m/z 243
corresponding to M-C2Hs0, and M-C4HgO2 fragmentations, respectively. Infra-red

analysis of 12 showed the characteristic O-H stretch at 3416 cml.

The crude mixture contained approximately 20% of the mono-tetrahydropyranyl ether of
12. This material was obtained as a pale yellow oil and it was characterised by IH n.m.r.
spectroscopy. The 1H n.m.r signals of the mono-cleaved product appear in almost
identical positions to those of 12, with the exception of a multiplet at $3.76 - 3.81 which is
assigned to the methylene protons adjacent to the tetrapyranyl group. In addition, the
signals of the characteristic 2-CH proton of tetrahydropyranyl moiety were observed at )

4.6.

The next step in the reaction sequence (Scheme 2.2) involved the conversion of the diol 12
to either the ditosylate 13 or the dichloride 14. The tosylation of 12 was achieved under
standard conditions,! !> using p-toluenesulfonyl chloride in pyridine. Purification of the
crude reaction mixture by flash chromatography (30% ethyl acetate / hexane) afforded the
desired product 13 as a pale yellow oil in 75% yield. The characteristic tosyl AB quartet
was observed at & 7.80 and & 7.30 in the H n.m.r spectrum of 13. Mass spectral analysis
confirmed the structure of 13 with a molecular ion peak at m/z 640 and a peak at m/z 469,
corresponding to a M-C7H7SO3 fragmentation. In addition to 13, a small amount (< 10%)
of the mono-tosylated species was also obtained from the reaction mixture and its structure

was indicated by 1H n.m.r. analysis.

It is interesting to note that in the event of the tosylation reaction warming above 0°C, an
elimination reaction of 13 led to the facile formation of the alkene species 15. This product
was isolated exclusively from a reaction mixture that was allowed to stir for 12 hours at
room temperature. The structure was confirmed by 1H n.m.r. analysis with the

characteristic alkene signals observed at 8 5.09 - 5.29 and 6 5.78 - 5.86.114 The isolation of
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the by-product 15 was not unexpected in the tosylation reaction as Amabilino ef al. 108
acknowledged the importance in maintaining lower temperatures during the tosylation of

related diol systems.

N
L
L A=
15

Compound 14 was prepared by the treatment of 12 with neat thionyl chloride. The crude
product was purified by flash chromatography to afford compound 14 as an dark-orange
oil, whose structure was confirmed by 'H n.m.r. spectroscopy, mass Spectroscopy and
infra-red analysis. As expected, the 'H n.m.r. spectrum of 14 did not greatly differ from
the spectrum obtained for the starting diol 12, except for the absence of the broad OH
signal. The mass spectrum of 14 showed a molecular ion peak at m/z 369 and
fragmentations at m/z 333.5 and m/z 298, which correspond to the M-Cl and M-2Cl,
respectively. The infra-red analysis of 14 showed the characteristic C-Cl stretch at 746

cm-L,

Even though compound 14 was successfully isolated, the total yield of reaction after
chromatography was 25%. It was thought that the mediocre yield was due to the tendency
of 14 to bind irreversibly to the acidic silica column, most probably because of
displacement of the chloro groups of 14 by the nucleophilic oxygen sites present in the
silica. During chromatography the entire length of the silica column became visibly coated
with the orange oily residue which was unable to be removed, even with solvents of high

polarity.

The cyclization step of the reaction sequence was achieved by a nucleophilic substitution
reaction between the anionic derivative of toluene-3,4-dithiol and either ditosylate 13 or

dichloride 14. Upon purification of the crude reaction products, compound 2 was isolated
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in an average yield of 34% as fine, white needles, with melting point 140-144°C,
literature’® 147°C. Microanalytical data confirmed the formula of 2, and the mass
spectrum showed a molecular ion signal at m/z 452. In addition, the ultraviolet spectrum
of 2 recorded in methanol showed an absorbance maximum at 256 nm, in exact agreement
with the literature value.76 It is clear that, when compared to Pederson’s original
method,76 the step-wise synthesis described above greatly improves the yield of the

desired tetrasulfide ligand 2.

2.2.4 Synthesis of 7,1 6-Diaza-1,4,10,13-tetraoxa-2,3,1 1,12-dibenzocyclo-octadeca-z,1 1-

diene, 3.

Investigations into the synthesis of compound 3 began by using the procedure first
described by Hogberg and Cram in 1975.104 The first step of the procedure is outlined in
Equation 2.4, and it involves the one-pot cyclization reaction between the tosyl-protected
diethanolamine derivative 16 and pyrocatechol. The tosylation of diethanolamine was
readily achieved under standard conditions to afford 16 in good yield. The subsequent
reaction of 16 with pyrocatechol under basic conditions in DMF afforded a fine, white
powder, which was found by t.l.c. analysis to contain a mixture of the required cyclized
species 17 and the mono-cyclized species 18. Mass spectral analysis showed two strong
(M+H)* signals at m/z 667 and m/z 334, corresponding to compounds 17 and 18,
respectively. The 1H n.m.r data showed characteristic signals at §3.16 and & 4.15 for the
methylene protons adjacent to the nitrogen and oxygen atoms, respectively. As expected,

both compounds 17 and 18 gave identical 'H n.m.r spectra.

Attempts at separating the mixture of products containing 17 and 18 by flash
chromatography, using a variety of solvent systems, proved to be unsuccessful.
Purification by fractional crystallisation was also unsuccessful, and attempts at the
isolation of either 17 or 18 by the selective complexation with sodium(I) jons in an ethanol

solution was also found to be an unsuitable method for purification.
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Equation 2.4

In addition to the difficulties encountered in the separation of the product mixtures
containing 17 and 18, another point of concern regarding this method was whether
compound 17 could be obtained from the reaction mixture in a significant yield. Mass
spectral evidence suggested that the mono-cyclized ligand 18 was present in greater
amounts than that of the desired product 17; a result which is in accordance with that
reported by Hogberg and Cram'%% who quoted a 40% isolated yield for 18, but only a 10%
yield for 17. Unfortunately, the purification methods employed by Hogberg and Cram!%
were not reported. Despite the questionable yield of the desired product 17 in the mixture,

it was decided that a detosylation reaction would be attempted on the crude mixture

containing both 17 and 18.

The removal of the tosyl groups from 17 and 18 would afford a mixture of amino
compounds 3 and 19 respectively, as shown by Equation 2.5. It was envisaged that this
mixture of ligands may have been more readily separable than their precursors, possibly by

jon-exchange methods utilising the protonated species.

The robustness of these types of crown ether systems toward detosylation reactions is well
known,*!15 and it is generally attributed to the steric bulk of the macrocyclic ring,
particularly the presence of the aromatic moieties, that prevent the efficient removal of the

tosyl-protecting groups.
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Attempts at hydrolysing the sulfonamide groups by using either a solution of glacial acetic

1104 116

acid / hydrobromic acid / SM pheno or a concentrated sulfuric acid solution” "~ were
unsuccessful. Despite extending the reaction time and increasing the reaction temperature,
the detosylation reaction was never observed under these conditions, and compounds 17
and 18 were recovered intact from the reaction mixtures. Attempts at the reductive
cleavage of the sulfonamide groups using the sodium / naphthalene method! 1”118 ip

dimethoxyethane were also unsuccessful.

As numerous methods for the cleavage of these types of sulfonamide groups were found to
be unsuccessful, and an efficient method for the isolation of the desired cyclized species, as
either the ditosylate 17 or the diamine 3, was yet to be established, it was concluded that
this pathway was not a viable route for the synthesis of compound 3. Furthermore, as
mentioned previously, it was anticipated that even if the detosylation reaction was
successful and the subsequent isolation of compound 3 was achieved, the overall yield of 3
was anticipated to be very low. An alternative route for the synthesis of compound 3 was

required.

A step-wise approach to the synthesis of the desired dibenzo-diaza-18-crown-6 derivative 3
was e:mployed.103 It was postulated that the two halves of the macrocycle, namely the
ditosylate species 20 and the carbamate species 21 presented in Equation 2.6, could be

constructed separately and then combined in the final cyclization step to afford the ligand
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22 containing the two benzylcarbamate groups. Since methods for the removal of
benzylcarbamate moieties involve facile reactions that are well described in the
literature, 103113 it was envisaged that the cyclized product 22 would be an appropriate
precursor for the formation of 3, and that this step-wise reaction sequence would offer a
more viable and efficient synthesis of the desired compound. Furthermore, the step-wise
pathway presented in Equation 2.6 would eliminate the possibility of the formation of the

mono-cyclized material 19 and perhaps lead to a better overall yield of 3.

i "OTs o/__\ NH-CO,CH,Ph

0
(X - X
()\_/OTS MNH-COQCHZPh

20 21

2NaH
DMSO

CO,CH,Ph
N
S &
L,
Lon
CO,CH,Ph

22
Equation 2.6

The three-step synthesis of 20 began with the generation of the diester derivative 23 by the
reaction between pyrocatechol and ethylbromoacetate under basic conditions in dry

acetone (Equation 2.7).

et 0~ > CO0,CH,CH;
@i 2 Br-CH,CO,CH,CH; E:[
OH K,COs/ acetone e) COQ,CH,CH3

o

23
Equation 2.7
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The crude residue was obtained as an orange oil which, when purified by Kugelrohr
distillation, afforded 23 as a colourless, viscous oil in good yield. The structure of 23 was
confirmed by 'H n.m.r spectroscopy, with the characteristic ethyl ester signals observed at
$ 1.29 and & 4.26. In addition, the mass spectrum gave a molecular ion peak at m/z 282
and a fragmentation peak at m/z 135, corresponding to M-CgH1004. The infra-red

spectrum of 23 showed a strong carbony! absorbance at 1756 cm-L.

The next step in the synthesis involved the reduction of the diester 23 to the diol species

24, under standard conditions employing lithium aluminium hydride in dry diethyl ether

(Equation 2.8).
VAR
07 > CO,CH,CH; o OH
@: LiAlH, @:
ether :
O.__-CO,CH;CH; dry 0 OH
23 24

Equation 2.8

Removal of the inorganic salts from the reaction product by vacuum filtration, and
evaporation of the resulting filtrate gave 24 as a crude solid, which upon crystallization
from hexane afforded the desired compound as white needles in good yield. The formation
of the diol was confirmed by the disappearance of the ester signals in the !H n.m.r
spectrum, and the appearance of a broad signal centred at & 3.55 corresponding to the
hydroxyl protons. This assignment was confirmed by a deuterium oxide exchange
reaction. A broad infra-red band located at 3504 cm-! was assigned as the hydroxyl
stretch. The mass spectrum of 24 showed a molecular ion signal at m/z 198. Despite the
inconsistency found between the experimental melting point of the diol 24 (79 - 80°C),
with that reported in the literature (93 - 94°C),103 the analytical data described above were

all consistent with the structure of 24.

The procedure described by Landini ef al. 119 Gffers an alternative method for the synthesis

of 24. Rather than preparing compound 24 by the two-step sequence via the diester 23, it
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can be obtained directly by the reaction of pyrocatechol and 2-chloroethanol in dry ethanol

(Equation 2.9).

0]

OH / \ OH
OH dry EtOH O\—_/OH

24

A\

Equation 2.9

Crystallization of the crude product from benzene / petroleum ether afforded the diol 24 as
white crystals in 50% yield. The !H n.m.r, mass spectral and infra-red data were in
accordance with those quoted above. The melting point of 24 was found to be 78 - 80°C,

which corresponded exactly with that reported by Landini ez al.l??

The final step in the sequence requires the conversion of the diol 24 to the ditosyl-
protected species 20. The tosylation reaction was achieved under standard conditions
using p-toluenesulfonyl chloride, either in the presence of dry pyridine acting as both
solvent and base, or in the presence of triethylamine in dry dichloromethane (Equation

2.10).

AN /7 N\
0 OH p-toluene 0O OTs
(j sulfonyl chloride Q
o\__/OH base O\_/OTS

24 20

Equation 2.10

Both methods afforded, after crystallisation from ethyl acetate / hexane, the desired
product 20 as fine, white needles in average yields of 75%. The structure of 20 was
supported by 'H n.m.r analysis which confirmed the disappearance of the broad hydroxyl

signal, and the appearance of the characteristic AB quartet at & 7.83 and & 7.36

corresponding to the tosyl aromatic protons. In addition, the mass spectrum of 20 showed
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a (M+H)* signal at m/z 507 and a fragmentation signal at m/z 197, corresponding to the

loss of both tosyl groups (M-C14H14S204).

Numerous routes for the synthesis of the carbamate 21 were investigated. One potential
synthetic pathway is outlined in Scheme 2.3, and it involves the conversion of the
ditosylated species 20 to the diazide species 25. It was anticipated that reduction of the
diazide to the corresponding diamine 26, followed by dialkylation of 26 with benzyl

chloroformate, would afford the desired carbamate species 21.

o i DMSO - .
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N A A
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diethyl ether

NH,

A

Y
o NHCO,CHPh 2 CICO,CH,Ph @O
z :O\_JNHcochgPh toluene / H0 “hre

21 26

Scheme 2.3

Using standard conditions of sodium azide in dry dimethyl sulfoxide, compound 20 was
rapidly converted to the diazide 25 in almost quantitative yield. Compound 25 was
obtained as white crystals, and its structure is consistent with infra-red data which showed
the characteristic N3 stretch at 2108 cm-1. The mass spectrum of 25 showed a molecular

ion peak at m/z 248 and a fragmentation peak at m/z 136, corresponding to M-CH4N.

The reduction of 25 to 26 using lithium aluminium hydride proved to be quite difficult.

The reaction was attempted a number of times with different batches of the reducing agent,
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however, the reaction could not be reproduced as efficiently as stated in the literature. 12

Hodgkinson et al.120 reported an isolated yield of 64% for 26, however, this yield was
never realised in our hands, and an average yield of only 30% was obtained for this
product. 'H n.m.r spectroscopy provided evidence of broad N-H signals, consistent with
the structure of 26. However, as the overall yield of reaction could not be optimised it was

thought that this method was not the most viable route for the synthesis of 26.

An alternative method was attempted for the conversion of the diazide 25 to the
corresponding diamine 26. The method involved the use of sodium borohydride as the
reducing agent, rather than lithium aluminium hydride, under phase-transfer conditions
utilising a heterogeneous solvent mixture of toluene and water.2! Initial attempts at the
conversion under mild conditions involved stirring the reaction mixture at room
temperature for 12 hours. However, t.1.c. analysis showed that no diamine product 26 had
formed. Much more vigorous reaction conditions, which involved heating the reaction
mixture to 100°C for 24 hours, were then applied. 'H n.m.r analysis of the crude reaction
mixture showed that only approximately one-third of the diazide had been reduced to the
desired product 26. Increasing the reaction time to 36 hours did not affect the product ratio

of 26 : 25 obtained by this method.

As it was clear that the direct conversion of the diazide 25 to the diamine 26 was not facile,
an alternative, independent method for the synthesis of 26 was investigated. The diester 23
was converted to the diamide derivative 27 as shown in Equation 2.11. The procedure
involved the dropwise addition of 23 into a vigorously stirred solution of aqueous
ammonia, which caused an instant precipitation of diamide 27 to occur. The structure of
27 was confirmed by its infra-red spectrum, which showed the two characteristic N-H
stretches of the amide at 3384 and 3188 cm-l, in addition to the strong C=0 stretch at 1656
cm-l. The 'H n.m.r spectrum of 27 displayed singlet resonances at d 4.49 and & 6.96,
attributed to the methylene and aromatic protons, respectively. More importantly, its 'H
n.m.r spectrum showed the dis;'ippearance of the ethyl ester signals found in the spectrum

of 23. The mass spectrum of 27 produced a significant (M+H)* signal at m/z 223.
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0] CO,CH,CH 0] C—NH
DU OO
OvCOgCHgCH;; O~ ﬁ— NH;
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23 27

Equation 2.11

Even though the procedure for the conversion of the diester 23 to the diamide 27 was
successful (Equation 2.11), a more direct synthesis of 27 was attempted. It was envisaged
that the diamide 27 could be synthesised by the one-step reaction of pyrocatechol with two
equivalents of the iodomethylformamide, in the presence of potassium carbonate (Equation
2.12). Upon extraction of the crude reaction mixture with dichloromethane, a significant

amount of the pyrocatechol precursor was re-isolated.

OH 0o~ ~c—NH
2 1-CH,CONH, 2
K»CO3 / DMF
OH O. _C—NH,

27

Equation 2.12

As the formation of 27 by this one-step method proved to be unsuccessful under various
reaction conditions, no further reactions were attempted and the reaction outlined by

Equation 2.11 was used exclusively for the synthesis of the diamide 27.

The next step involved the conversion of the diamide 27 to the diamine 26 (Equation 2.13).
This was achieved using diborane as the reducing agent, generated in sifu by the reaction
between sodium borohydride and boron trifluoride-etherate in dry dimethoxyethane. This
method afforded 26 as a colourless oil in average yields of 80%, which was used without
further purification. !H n.m.r analysis confirmed the structure of 26 by the presence of the
characteristic methylene proton signals at & 3.10 and & 4.05, corresponding to the protons

adjacent to the nitrogen and oxygen atoms, respectively. Additionally, infra-red analysis
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of the product showed the appearance of the strong absorbance signal at 3334 cml,
indicative of an alkyl amine (N-H) stretch.1 14 The mass spectrum produced a (M+H)*

signal at m/z 197 and a fragmentation peak at m/z 153, corresponding to a M-CoHgN

fragmentation.
i
PO
o) C—NH, 6] NH,
DME
o C—NH NH
N 2 O\—/ 2
0O
27 26

Equation 2.13

The final step in the preparation of one of the precursors required for the formation the
desired cyclized crown ether ligand 3 involved the synthesis of the carbamate derivative 21
from the diamine compound 26 (Equation 2.14). This route involves a straightforward
reaction between 26 and two mole equivalents of benzyl chloroformate under basic
conditions. After purification of the crude product by recrystallization, the carbamate 21
was obtained in good yield as fine, white needles with melting point 102 - 104°C
(literaturelo3 103 - 104°C). The H n.m.r spectrum of 21 showed the appropriate signals as
reported for compound 26, in addition to the sharp singlets at § 5.09 corresponding to the
methylene protons adjacent to the phenyl rings, and at § 7.32 corresponding to the ten
aromatic protons of the benzyl-carbamate substituents. The infra-red spectrum of 21
further confirmed its structure, with the characteristic pair of bands at 3436 and 3344 cml,
indicative of amide N-H stretches.! 1 Additionally, a strong C=0O stretch was observed at

1726 cm-L.

The ethoxycarbonyl derivative 28 was also synthesised according to a similar method to
that used for 21, except that two mole equivalents of ethyl chloroformate was used in place
of benzyl chloroformate (Equation 2.14). After purification by flash chromatography and

recrystallization, compound 28 was obtained as white crystals in 75% yield. The IH n.m.r.
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spectrum supported the structure of 28, with the appearance of the characteristic signals at

8 1.25 and 6 4.16 corresponding to the ester hydrogen atoms.

/N %

: o) NH, 2 CLCOLCH,R : 0) NH-CO,CH,R

O\—_/Nl-lg OL/NH-C02CH2R

26 21 R=Ph
28 R=CHj

Y

Equation 2.14

The key step of the reaction sequence (Equation 2.6) involved the reaction between the
anionic species of 21, formed by the reaction of 21 with the in situ-generated butoxide-
anion, and the ditosylate species 20. The desired cyclized product 22 was obtained as
white needles in an average yield of 52%, with melting point 221-224°C (literature!%* 221-
224°C). The structure of 22 was confirmed by its 'H n.m.r and 13C n.m.r spectra, both of
which agreed with those reported by Hodgkinson ef al. 103 15 addition, the mass spectrum
of 22 produced a (M+H)* signal at m/z 627, and fragmentations signals at m/z 583 and m/z

492, which correspond to M-CO3 and M-CgH703, respectively.

The final step in the reaction sequence to afford the desired derivative 3 involved the
removal of the two benzylcarbamate groups from compound 22 (Equation 2. 15). This was
readily achieved by heating 22 with a 50% hydrogen bromide / glacial acetic acid solution
for a few minutes at 100°C. The desired diamine 3 was obtained as a pale yellow solid in
excellent yield. The structure of 3 was confirmed by 1H n.m.r. analysis with a broad
singlet observed at d 2.55, indicative of the amine protons,113 and by the sharp triplets
located at & 3.16 and & 4.15, corresponding to the methylene protons adjacent to the
nitrogen and oxygen atoms, respectively. Furthermore, the mass spectrum of 3 showed a

strong (M+H)* signal at m/z 359.
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?OzCHzPh H

8] 0 50% acetic acid 0 o)
L 0 —E 0
t/ N\j K/ N\j

1
CO,CH,Ph H

22 3
Equation 2.15

2.2.5 Synthesis of 2-[19-(2-hydroxy-2-phenylethyl)-7, 8, 9, 10, 18, 19, 20, 21-octahydro-
6H, 17H-dibenzo[b, k][1,4,10,13,7,16]tetraoxadiazacyclooctadecin-8-ylJ-1-phenyl-1-

ethanol, 4.

The synthesis of ligand 4 was achieved according to Equation 2.16. The dibenzo-diaza-18-
crown-6 derivative 3 was treated with an excess of (R)-styrene oxide in dry

dimethylformamide, and the mixture was heated to 80°C for ten days.

Ph

f.* o

2
L 0 —S— \)J@
I\<Ph

OH

C

{Z—o o—»

W
&

Equation 2.16

Throughout the duration of the reaction, t.l.c. analysis of the crude reaction mixture
showed the disappearance of the crown ether starting material at Ry = 0.34, and the
appearance of a two new chromophoric products, one at Rf = 0.23 and the other at Rf =
0.09. The product with the higher Ry value appeared within the first few days of the

reaction and it was assumed to be the mono-alkylated species. As the reaction progressed,
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this product disappeared, and a new product with a lower Rt value appeared. This product
was thought to be the desired dialkylated product 4, and it was formed exclusively after the
reaction mixture was heated for ten days. Such an extended regction period is most likely
required due to the steric bulk and inflexibility of the crown ether ligand. A similar type of
dialkylation reaction involving compound 3 has been reported in the literature, with

lengthy periods required for the reaction to reach completion.49

The excess (R)-styrene oxide was removed under reduced pressure to afford an orange oil,
but attempts at purifying the crude product by Kugelrohr distillation were unsuccessful.
Even under extreme temperatures and low pressures, €.g. 180°C at 0.02 mmHg, the desired
product could not be isolated. However, compound 29 was isolated by the distillation
procedure. This compound 1s formed by the hydrolysis of the precursor (R)-styrene oxide

and its structure was confirmed by !H n.m.r spectroscopy.

Ph

g

HO OH

29

Purification of the crude material by flash chromatography gave the desired product 4 as a
pale yellow oil. Crystallization from DMEF / water afforded compound 4 as a pale yellow
solid. The structure of ligand 4 was confirmed by 'H n.m.r and 13C n.m.r spectroscopy
and mass spectrometry. Its 1H n.m.r spectrum shows the characteristic proton signals at 8
3.32 and & 4.15, corresponding to the methylene groups adjacent to the nitrogen and
oxXygen atoms, respectively. These signals mirror those observed for the related protons of
the parent crown ether ligand 3. Additionally, the signals observed for the protons present
in the pendant arm include a multiplet at S 4.65 - 4.67 representing the single proton on the
chiral carbon, and a multiplet at 3 4.65 - 4.67 representing the diastereotopic protons of the
methylene group. ESI-MS analysis of 4 afforded a strong (M+Na)* base peak at m/z 621,

and a strong (M+H)* signal at m/z 599, with a relative intensity of 56%.
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2.2.6 Synthesis of 2-[16-(2-hydroxy-2-phenylethyl)-1,4,1 0,13-tetraoxa-7,16-diazacyclo-
octadecanyl]-1-phenyl-1-ethanol, 6.

The synthesis of ligand 6 involved treating the commercially available 1,10-diaza-18-
crown-6 derivative 5 with two equivalents of (R)-styrene oxide in dry DMF (Equation
2.17), in a related procedure to that described for the synthesis of ligand 4. A reaction time
of 14 hours was required for the synthesis of ligand 6, which is in stark contrast to that
required for the preparation of 4 (10 days). It is clear, therefore, that the inflexible nature
and steric bulk associated with the parent crown ether 3, as imposed by the aromatic
moieties, greatly affects the rate of the dialkylation reaction when compared to the simpler

crown ether 5.

Ph

H I\lli\%OH

0 o 2 ﬁ\)p )
[o oj DMF : g [ j

2
U
*‘ .

5 6
Equation 2.17

The excess (R)-styrene oxide was removed under reduced pressure to give the crude
residue as a dark, orange oil. The crude material was purified using ion-exchange
chromatography and afforded the desired product 6 as a colourless oil, in average yields of
60 - 70%. The structure of 6 was consistent with its 'H n.m.r spectrum. The characteristic
methylene signals observed at & 2.58 - 2.75 and § 3.57 - 3.76 correspond to the protons
located adjacent to the nitrogen and oxygen atoms, respectively, as observed for the parent
crown ligand 5. Additionally, the multiplet observed at 8 4.67 - 4.73 is consistent with the
proton present on the chiral carbon in the pendant arm, and the diastereotopic methylene

protons of the pendant arm are located as a multiplet at & 2.91 - 3.07. The electrospray
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ionisation mass spectrum of compound 6 produced a strong (M+Na)* base peak observed

at m/z 525.5, and a (M+H)* peak at m/z 503, with a relative intensity of 8%.
2.3 Conclusions

In conclusion, our target ligands (1 - 4 and 6) were prepared in moderate to good overall

yields using the methods detailed in this chapter. Ligand 5 was obtained commercially.

Ligand 1 was synthesised by a modification of the convergent method outlined by
Newkome et al.19% Reaction of 2,6-(dihydroxymethyl)pyridine and c,0-dibromo-o-
xylene afforded 1 in an overall yield of 35-40%. The molecular structure of 1 was

confirmed by X-ray crystallography (Appendix A).

A new method was used for the synthesis of ligand 2. It involved a 1:1 condensation
reaction between the electrophilic ditosyl derivative 13 or the dichloro derivative 14 with
3,4-dimercaptotoluene, which incorporated the required fragments of the target molecule 2.
Ligand 2 was obtained in an overall yield of 20%, a marked improvement over that

obtained by the method described by Pederson.

The synthesis of the desired dibenzo-diaza-18-crown-6 derivative 3 was attempted by
following the procedure outlined by Hodgkinson er al. 1 Significant modifications to the
original synthetic pathway were required, particularly when difficulties 'were encountered
in reproducing several key steps of the scheme. As found in the synthesis of ligands 1 and
2, the convergent method offered a viable route to the synthesis of 3 by the construction of
the two fragments of the molecule, namely the ditosylate derivative 20 and the carbamate
derivative 21, prior to their condensation in the final cyclization step to afford the desired

ligand.

Compound 4 was synthesised by the reaction of 3 with excess (R)-styrene oxide. A
reaction time of ten days was required for the exclusive formation of 4. The lengthy period

was most likely attributed to the steric bulk of the crown ether system, owing to the
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inflexible nature of the compound as a result of the aromatic rings. After lengthy

purification, compound 4 was isolated albeit in a low yield.

Compound 6 was synthesised in a similar manner to ligand 4 by the reaction of 5 with two
equivalents of (R)-styrene oxide. A reaction time of 14 hours was required for the
formation of 6, in stark contrast to the lengthy time required for the formation of the
analogous ligand 4. This result clearly demonstrates the considerable steric influence of
the aromatic rings on the rate of reaction. Purification of 6 using ion-exchange

chromatography afforded the desired product in an overall yield of 65%.

Once the syntheses of the target macrocyclic ligands had been achieved, their
thermodynamic binding affinities toward lead(I), zinc(II), cadmium(IT) and silver(I) ions

were investigated. These results are presented in detail in Chapter 3.
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3 Equilibrium studies of crown ether complexes
3.1 Introduction

Understanding the interactions of macrocylic polyethers and their derivatives, such as
polyamines and polythioethers, with metal cations requires an understanding of the various
parameters that govern the complexation reactions.33 Detailed compilations of data exist
that include both the thermodynamic and kinetic aspects of many metal ion-macrocycle
interactions.”83-8%  General parameters that affect the formation and thermodynamic
stability of the complexes include the structure and size of the macrocyclic system, the
number, type and arrangement of their donor atoms, the nature of the metal ions, and the

nature of the solvent.77

The use of stability (or equilibrium) constants for metal complex formation involving
macrocyclic ligands has long been employed as a quantitative measure of the affinity of a
ligand for a metal ion in solution.!?? When a ligand coordinates to a metal ion, an
equilibrium is established between the solvated metal ion (M), the ligand (L), and the
resulting complex [ML]n+. This equilibrium is represented by Equation 3.1,

K

S

M™ + L =< ~  [ML]™ 3.1

where the concentration stability constant, K, is defined by Equation 3.2.

_ IIMLI™]

.= 32
[M™][L]

3.2 Pioneering methods for the determination of stability constants

Some of the earliest measurements of stability constants for crown ether metal complexes
were reported by Izatt et ql.80:123,124 p;q early work discussed the use of a calorimetric
technique to study the interaction of several mono- and di-valent alkali and alkaline-earth
metal ions, including potassium(l), silver(I), ammonium(I), magnesium(II) and barium(Il),
with the dicyclohexyl-18-crown-6 ligand 30 in aqueous solution. A relative stability

sequence for the complexes formed with this ligand was established.®°
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One of the first implementations of spectroscopic methods for the determination of
stability constants of crown ethers was reported by Wong et al. 1?3 By using n.m.r. and
UV-visible spectroscopy, the complexation of the cyclic dimethyldibenzo-18-crown-6
polyether 31 with fluorenyl alkali metal salts was investigated in ethereal and pyridine
solvent systems. The selectivity exhibited by this crown ether toward alkali metal ions
was found to be highly dependent on the nature of the solvent.!2> These spectroscopic
methods were developed by extension of Pederson’s /120 initial findings that reported the
change in the absorbance spectra for the dibenzo-18-crown-6 polyether (Section 1.14)

upon addition of sodium(I) ions to a methanol solution. 1%*

£

CHj %
\C[ | cn,
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Frensdorff®’ was the first to perform a comprehensive study of the stability constants of
1:1 complexes of 22 different macrocyclic polyether compounds, containing between 12-
and 60-membered ring systems with a varying number of donor atom substituents, and a
series of univalent cations by the implementation of potentiometric titration methods using
cation-selective electrodes. The stability constant determinations were conducted in both
methanol and aqueous solvent systems. These results were the first to offer significant
evidence for the importance of solvation effects on the stability of macrocyclic crown ether
complexes. A large increase, of almost three to four orders of magnitude, was observed
for the respective complexes in methanol as compared to aqueous systems.97
Additionally, evidence emerged for the reduced affinity towards alkali metal ions as ring

system oxygen atoms were substituted by nitrogen or sulfur atoms.”>"’
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The development of efficient and reliable methods for the quantitative determination of
stability constants for metal complexes has led to a great deal of interest in the binding
affinities of many synthetic macrocyclic ligands systems with cations, anions and neutral
molecules.'?? A variety of methods are now available for the determination of stability
constants in both aqueous and non-aqueous solvent systems. These include

127-130 128,131-136

calorimetry, potentiometry (ion-selective electrodes), nuclear magnetic

resonance (n.m.r.) sp<>,ctroscopy,l37'140 and ultraviolet spectroscopy.l‘“'143 Other
techniques include, conductance,lzg’l‘m'146 pH-metric titrations (pH electrodes),l‘”'152
electrochemistry,153’154 and fast atom bombardment (FAB) and electrospray ionisation
(ESI) mass spectrometry.155 -159 The most viable method of choice usually depends on the
nature of the ligand systems being studied, particularly with respect to the solubilities of
these systems in appropriate solvent systems, and the availability of the equipment

required for the a.nalysis.122

3.3 The potentiometric titration technique

The most useful method for determining stability constants for the metal ion-macrocycle
complexes relevant to this study was that of potentiometry utilizing a silver wire as a

silver-ion selective electrode in non-aqueous media.

The thermodynamic stability constants (K,) for the formation of a 1:1 metal ion-
macrocycle complex is defined by Equation 3.3,

fMLn+ [MLn+]
Kth = n+ n+
fL L] fy M7

3.3

where ., i+ and fp."+ are the activity coefficients of the free ligand, the free metal ion,
and the complex, respectively. When the ionic strength of the solution is maintained at a
constant level throughout the titration, the activity co-efficients of the species are also held
constant. Thus, provided the potentiometric titrations are carried out under conditions
where the ionic strength of the supporting electrolyte is much greater than that of the

species studied, changes in concentration of the titrated species parallel those of their
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activities. This allows the stability constants to be quoted as those of concentration (Kj)

alone (Equation 3.4).

fLfv"_ [ML™)
e IM™][L]

K, = Ky 34

fave
The technique of potentiometric titration using a silver-ion selective electrode involves a
two-step process. The first step requires the determination of the stability constants
(Ks(AgHh)) of the silver(I)-ligand complexes. The determination of (Ks(Ag™)) involves the
direct potentiometric titration of a solution containing a known concentration of silver(T)
ions with a ligand (L) solution, of known volume and concentration, in an appropriate
solvent. The e.m.f. change (in mV) of the silver(I) ions is monitored throughout the
titration by a silver-ion selective electrode. This allows the concentration of the free,
solvated silver(I) ions at each point of the titration to be determined. The stability
constants of the silver(I)-ligand complexes can then be calculated. This relationship is

shown by Equations 3.5 and 3.6.

K (Ag+) .
Agt + L =< — [AgL] 35
[[AgL]’]
K Agh = ——g+— 3.6
[AgT][L]

In calculating the stability constants of the silver(I)-complexes by this method, the
electrode’s response to the metal ion (Ag*) concentration must also be investigated. This
response is determined by an electrode calibration, which involves titrating a known
volume of background electrolyte solution (0.050 M NEt4Cl0O4) with a solution of known
concentration of silver(I) ions, usually in the form of silver nitrate, in an appropriate
solvent. The electrode response to the metal ion concentration is measured, and is found to

be pseudo-Nernstian (Equation 3.7).

E =Ep+ c In[Mt] 8w

The constants Eg and the slope c, required in the determination of the stability constants

(Ks) can be determined simply from the plot of the potential E against the logarithm of the
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free solvated metal ion concentration, [Agt+]. In this study the values of Egand ¢ were
found to lie within the range of 100 - 300 and 19 - 28 (where the e.m.f. is measured in
mV), respectively; values that are consistent with those quoted in the literature.'*® The
results obtained from a calibration of the silver(I) ion selective electrode using a N,N’-
dimethylformamide (DMF) solution of silver(I) ions are tabulated in Table 3.1 and plotted

as shown in Figure 3.1 (Section 3.3.3).

An indirect, competitive titration method was employed in the determination of the
stability constants (KgM™)) of the metal complexes, where the metal ion is lead(II), zinc(1I)
or cadmium(II) ions. The direct method of analysis could not be applied in these cases as
there were no ion selective electrodes available for these particular metal ions. The
indirect method involves measuring the stability constant of the silver(I)-complex
(K(Ag")) in the presence of a competing metal ion by titrating a solution of silver(I) ions
with a solution containing the metal complex of known concentration. The change in
e.m.f. observed (in mV) is attributed to the change in free silver(I) ion concentration in
solution, as monitored by the silver(I) ion selective electrode. This equilibrium is shown

in Equation 3.8,

[ML]™ + Ag* = S~ [AgL]* + M™ 3.8

where the equilibrium constant (Ke) for the competitive reaction is defined by Equation

3.9.

__[AeLIIM™]
©  TIIMLI™][Ag"]

3.9

As the initial concentrations of metal complex, silver(I) and metal ions are known, and the
equilibrium concentration of silver(I) is determined from the electrode potential of the
silver()-ion electrode, the equilibrium concentrations of the species required to calculate
Ke can also be determined. In these competitive titrations, the total metal ion

concentrations of both silver(I) and metal ions were always greater than the total ligand
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concentration, so that the concentration of the free ligand at equilibrium can be assumed to.

be negligible.

Finally, since the stability constant of the silver(I) complex, Ks(Ag®), is determined by a
direct potentiometric titration, and the stability constant of the silver(I)-complex, Ke, in the
presence of a competing metal ion of interest, is determined by a competitive titration, the
stability constant of the particular metal complex, KgM"t), where Mn+ is either lead(Il),

zinc(II) or cadmium(II), is conveniently calculated using Equation 3.10.

KM™) = Kog —_ _UMUT] 3.10
: K, [M™][L]

The stability constants of the lead(II), zinc(II) and cadmium(II) complexes in this study
were determined by this method, which is viable provided that the silver(I)-complex is
more stable than that of the other competing metal ion. If the reverse is true, the change in
the concentration of the free, solvated silver(I) ions will be negligible, and immeasurable
small changes to the electrode potential will be observed throughout the titration, thus
rendering this method inapplicable for use in competitive equilibrium studies. It has been
reported that for an accurate determination of the stability constant using competitive
potentiometric titrations, the stability constants of the silver(I) and metal ion complexes

must differ by a factor of at least 10 or more. 160

The following sections describe in detail how stability constants for the formation of 1:1

metal complexes are extracted from the experimental potentiometric titration data. By the

implementation of the FORTRAN-77 program called STAB,!6! the K values are derived
according to the linear solution method, as described by Rossotti and Rossotti.!62
Examples of the potentiometric titration data that were obtained in our hands, for both

direct and competitive titrations, are also included to further illustrate the method.
3.3.1 Direct titrations

Looking first at the direct potentiometric titration methods, the equilibrium constant Kg

determined at each point i of the titration is given by,
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(20
S ML) 3.11
Rearrangement of Equation 3.11 gives,
K (i) [LG)] = M 3.12
IM*(D)]
or equivalently,
KG) LG = L_“ﬂ 3.13
oli)
L M) : :
where 0.(j) =———— 1i.e. the proportion of total uncomplexed metal ion.
IM*()];

To determine the stability constants for complexes by a direct potentiometric titration
method, the concentrations of all of the remaining parameters represented in Equation 3.12
must be calculated. These various concentrations, at each point i of the titration, are

usually obtained from either known or measurable quantities.

By using the electrode calibration parameters, Ep and ¢, and by rearrangement of Equation
3.7, the potential E(7) is related to the free metal ion concentration [M+(i)] by Equation
3.14.
. E()-E
[M+(Z)] = exp L_L 3.14
c

The concentrations [[ML]*(i)] and [L(i)] are calculated from the mass balance Equations
3.15 and 3.16, respectively.

IM*(@)), = M*@)] + [IMLI*()] 3.15

[L()] = [LG)] + [MLTO] 3.16

[M+()]t and [L(i)]t represent the total silver(I) ion and ligand concentrations, respectively,
and these values are calculated according to Equations 3.17 and 3.18, respectively.
Equations 3.17 and 3.18 are used to determine the values corresponding to [M*(i)]; and
[L()];, respectively, from the known initial concentration of the ligand [L]in and the metal

ion [M*]ij.
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20 X [M*];
M*()], = ————— 3.17
20+ Vtilre

V... X [L]:
[L(i)]t _ titre ]m 3.18
20+ Vtitre

B161

By implementation of the STA program, the values for the required parameters

described above can be calculated quite simply, and this in turn allows the values of [L(i)]

and _ll_ﬂ in Equation 3.13 to be calculated. By plotting the values of [L(i)] versus
o)
ﬂ , a straight line is obtained that passes through the origin with a slope Ks. All
o)

of the K values determined from the direct titrations performed in this study were

analysed by this method.
3.3.2 Competitive titrations

When analysing competitive potentiometric titration data the following equations must be

considered. By rearrangement of Equation 3.9, the following relationship holds where,

[[AgLT* ()] [M™ ()]
[Ag*()]

= K, [[ML]" (1] 3.19

1-o(i)

—— [M™()] = K, [[MLI"' ()] 3.20
o(i)

or similarly,

+ .
where o(i) = M , i.e. the mole fraction of the free solvated Ag* ions.
‘ [Ag" (@),

Thus, to determine the stability constant (K.) value for metal complexes of interest, the
various concentrations of the parameters present in Equation 3.19 must be calculated.
Once these concentrations have been deduced, the K, value for complex can be obtained
by plotting —I-—a(i)— [M*+(i)] versus [[ML]"*(i)], which gives a straight line with slope

o(i)

Ke.
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Values for [Ag*(i)] are readily calculated from the measured e.m.f. values, as determined
by an electrode calibration, using Equation 3.7. The concentrations of the remaining
species in Equation 3.20 are calculated by using mass balance equations, which for

competitive potentiometric titrations are as follows,

[Ag* )] = [AgT @]+ [AgL™()] 3.21
IM™(@)], = IM™(@] + [ML]"(i)] 3.22
[LG)) = L] + [AgLT @1 + [ML]™()] 3.23

where [Agt()], [MP*(i)]; and [L(i)]; are the known total concentrations of silver(I), metal
ion and ligand, respectively. However, since the total concentration of the both metal ions
(Ag* and the Mn*) is always greater than the total ligand concentration, ([M™+]; > (L1o,
then the free ligand concentration [L] is negligible. Thus, Equation 3.23 can be simplified

as follows,

[L()], = [[AgLI* ()] + [IML]™* ()] 3.24

Values for [Agt()]);, IMP*(i)]; and [L(2)]; are determined according to the Equations 3.25,
3.26 and 3.27, respectively. Vijyre (mL) represents the volume of complex solution added,
at each point i of the titration, to the 20 mL solution of silver(I). [Ag*lin, [M™*]in and [Llin

are the known initial concentrations of silver(I), metal ion and ligand, respectively.

20 X [Ag'];
(Ag' (D) = —— 325
20+ Vtitre
Vo X [M™],
[Mn+(i>]t = titre [ ]m 3.26
20+ Vtitre
Viirea X [L];
[L(l)][ — titre [ ]m 3.27

20 + Vtitre

As in the case of direct potentiometric titrations, the STAB program was implemented to
1-oui)

o)

calculate the values of [M*(i)] and [MLP*(i)] using the equations discussed,
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and subsequent plotting of ﬂﬂ— [MD+()] versus [ML(5)] yields a straight line with
(i)

slope Ke. In both the direct and competitive titration methods, the stability constants, K

and K, are determined by a linear regression of the slope.

Once K. and K(Ag") are determined, the stability constant for the competing metal ion,

K ™) can be determined simply by rewriting Equation 3.10 to give,

log KM™) = log K((Ag") - log K, 3.28

3.3.3 Determination of stability constants by curve fitting

The method of curve fitting that is applied to confirm all values of stability constants, K
for direct titrations or K, for competitive titrations, relies upon the method described by
Rossotti and Rossotti.!? The FORTRAN-77 program VISP!®! calculates the theoretical
titration curve which is a function of known concentrations, the calibrated electrode
response and the stability constants, K or Ke. The derivation of this calculated curve is

described below.

For direct potentiometric titrations, substitution of the mass balance Equations 3.15 and

3.16 into Equation 3.17 gives the following relationship,

X - M) - M'] 329

(L@, - M @] + IM'@OD x [M(@)]

If [M+())i = Mg, [L(D)]; = Lt and [M+(i)] = M, then Equation 3.29 can be simplified to give,

M, -M

K =
L -M+MxM =

Rearrangement of Equation 3.30 gives the following quadratic equation,
KM? + (KLy - KM+ )M -M; = 0 331

Solving this quadratic equation for M gives Equation 3.32,

b+ \ B -4
M = = 3.32
2a
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where a = K, b = (KiL; - KM + 1) and ¢ = -M;.

For competitive potentiometric titrations, substitution of the mass balance Equations 3.21,

3.22 and 3.23 in Equation 3.9 gives Equation 3.33,

e ([Ag* ()], - [AgT@D x IM™@)], - [LO), + [AgTO); - [AgT()] .
[Ag*(@)] X (L) - [AgT()] + [Ag*()] '

If A¢ = [AgT (D], M¢ = IMP(D)];, Ly = [L(i)]; and A = [Ag*(i)], then Equation 3.33 can be

re-written as,
(A- Ay XM, - L+ A - A)

K. = 3.34
AX L - A+ A

Since the concentration of the silver(I) ions at each point of the titration, [Ag*(?)], is the
experimentally determined variable, this value (A) can be determined by rearrangement of
Equation 3.34 to give,

A2(Ke - 1) + A(KeLi-KeAr + 2A1- L+ Mp) + ALt - M - A9 =0 3.35

Equation 3.35 can now be solved to give,

b+ \ b - dac

A = 3.36
2a

where a = Ke-1, b = KLt - KeA¢ + 2A(-Li+M;and c= AL - M- Ap).

In both the direct and competitive titrations, the conditions b2 -4ac >0and 0 <M < M; or
0 < A < A must be satisfied. For both titration methods, the former is always satisfied
under experimental conditions. The latter is usually satisfied by taking only the positive

root of Equations 3.32 and 3.36, for direct and competitive titrations, respectively.

In summary, the VISP program generates a calculated titration curve (e.m.f. versus mL) by
determining the free silver(I) ion concentration at each point of the titration, [Ag* ()],
whether it be for a direct (Equation 3.32) or a competitive (Equation 3.36) titration, and
allows an initial estimate of K or K to be determined. By substitution of this
concentration into Equation 3.7, a theoretical e.m.f. curve of the titration is obtained. By

the systematic variation (by less than + 1%) of these concentrations, in addition to the K
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or K. values obtained, the best possible fit between the experimental and calculated e.m.f.

data is obtained.

A calibration of the silver(I) ion selective electrode using a DMF solution of silver(I) ions
is presented as an example. The electrode potential versus the logarithm of the free
solvated silver(I) concentrations obtained at each point of the titration appears in Table 3.1
and the plot of this data is presented in Figure 3.1. Examples of a direct and competitive
titration are presented. The experimental and calculated data (as determined by the VISP
program) for the direct stability constant determination of [Ag6]* in DMF are presented in
Table 3.2. The fit of the experimental e.m.f. values to the curve calculated by the VISP
program for this system is shown in Figure 3.2. The straight line plot calculated by the
STAB program is illustrated in Figure 3.3. The experimental and calculated data (as
determined by the VISP program) for the competitive stability constant determination of
[Pb2]2+ in DMF are presented in Table 3.4. The fit of the experimental e.m.f. values to the
curve calculated by the VISP program for this system is shown in Figure 3.4. The straight

line plot calculated by the STAB program is illustrated in Figure 3.5.
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Table 3.1 Experimental data and logarithm of the free solvated silver(I) concentrations
(In[Ag*]) calculated for calibration of the silver(I) ion selective electrode using a DMF
solution of silver(I) ions at 298.2 K and I = 0.050 M NEt4ClOg4.

titre (mL) e.m.f. (mV) In[Ag*] titre (mL) e.m.f. (mV) In[Ag*]
0.22 -96.50 -9.81 2.12 -42.20 -7.63
0.33 -85.00 -9.42 2.22 -41.00 -7.59
0.42 -79.60 -9.17 2.32 -40.00 -7.55
0.52 -77.80 -9.05 242 -39.50 -1.51
0.62 -72.10 -8.79 259 -38.40 -7.48
0.72 -68.00 -8.65 2.62 -37.50 -7.44
0.82 -64.50 -8.52 2.72 -36.60 -7.41
0.92 -61.30 -8.41 2.82 -36.00 -7.38
1.02 -59.10 -8.31 2.92 -35.10 -7.35
1.12 -56.60 -8.23 3.02 -34.40 -7.32
1.22 -54.50 -8.14 3.12 -33.50 -7.29
1.32 -52.70 -8.07 322 -33.00 -7.26
143 -51.30 -8.00 3.32 -32.30 -7.24
1.52 -49.70 -7.94 342 -31.70 -7.21
1.62 -48.40 -7.88 3.52 -31.10 -7.19
1.72 -47.00 -7.82 3.62 -30.60 -7.16
1.82 -45.60 -1.77 3.72 -30.10 -7.14
1.92 -44.50 -1.72 3.82 -29.30 -7.12
2.02 -43.40 -7.68 3.92 -28.80 -7.10
2.12 -42.20 -7.63 4.02 -28.40 -7.08
2.22 -41.00 -1.59 4.12 -27.80 -7.06
2.32 -40.00 -7.55 422 -27.20 -7.04
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-20
E=-146.94 + 24.774 In[Ag™]

In[Ag']

Figure 3.1 Calibration of the silver(I) ion selective electrode with a DMF solution of
silver(I) nitrate at 298.2 K and I = 0.050 M NEt4ClO4. A 20 mL solution of 5.000 x 10-2
M NEt4ClOy (electrolyte) was titrated with a solution of 5.000 X 1 0-3 M AgNO3. The
parameters Ep and c are equal to the y-intercept and the slope of the line, respectively (see
Equation 3.7).
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Table 3.2 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Ag6]*t in DMF at 298.2 K and
I =0.050 M NEt4ClO4.

titre expt. em.f. | calc. em.f. titre expt. em.f. | calc.e.m.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.00 -65.00 -61.17 2.11 -150.00 -146.08
1.04 -65.80 -62.12 2.14 -168.30 -164.91
1.08 -65.80 -63.10 2.17 -185.20 -185.73
1.12 -66.40 -64.12 2.18 -196.70 -191.34
1.18 -66.80 -65.72 221 -205.30 -204.13
1.23 -67.40 -67.13 2.24 -213.60 -213.00
1.27 -68.50 -68.32 2.27 -219.00 -219.69
1.31 -69.80 -69.55 2.30 -222.00 -225.01
1.35 -71.10 -70.84 2.32 -227.00 -228.04
1.39 -71.60 -72.20 2.36 -232.20 -233.21
143 -72.50 -73.63 2.40 -237.20 -237.51
1.49 -73.70 -75.92 2.44 -240.50 -241.19
1.53 -75.90 -71.57 2.48 -243.60 -244 41
1.57 -77.00 -79.32 2.52 -246.60 -247.27
1.59 -79.10 -80.24 2.56 -248.50 -249.84
1.63 -80.60 -82.18 2.60 -251.80 -252.17
1.67 -82.30 -84.27 2.66 -254.60 -255.32
1.71 -85.40 -86.55 2.73 -258.20 -258.55
1.75 -88.50 -89.03 2.78 -260.20 -260.64
1.79 -90.90 -91.77 2.84 -263.00 -262.93
1.83 -94.50 -94.84 2.90 -265.40 -265.03
1.87 -99.50 -98.30 2.96 -267.50 -266.98
1.91 -103.00 -102.30 3.04 -270.00 -269.36
1.96 -110.10 -108.33 3.12 -272.30 -271.53
1.99 -116.10 -116.17 3.20 -274.80 -273.54
2.01 -119.90 -130.25 3.28 -276.50 -275.39
2.07 -133.70 -137.15 3.37 -278.50 -277.33
2.09 -141.00 -146.08 3.44 -280.40 -278.74
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-150+

e.m.f. (mV)

=250

-300

1 15 2 25 3 3.5
volume of ligand 6 (mL)

Figure 3.2 Plot of experimental (X) and calculated (solid curve ) e.m.f. versus titre for the
direct titration of 6 with silver(I) in DMF solution at 298.2 K and I = 0.050 M NEt4ClO4.

The log Ky = 7.52 +£0.01.

(1-0) / o x 10°

0.00e+0 1.00e-4 2.00e-4 3.00e-4
conc. of 6 (M)

Figure 3.3 Plot of -/ o versus [6] for the titration of 6 with silver(I) in DMF solution
at 298.2 K and I = 0.050 M (NEt4ClO4).
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Table 3.4 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Pb2]?* in DMF solution at
298.2 K and I = 0.050 M NEt4ClOg4.

titre expt. em.f. | calc.e.m.f. titre expt. em.f. | calc.e.m.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.08 -83.70 -81.76 2.05 -180.50 -184.13
1.11 -83.90 -82.73 2.09 -198.20 -198.95
1.14 -84.50 -83.74 2.13 -209.80 -210.38
1.18 -85.30 -85.13 2.16 -217.30 -217.05
1.22 -86.20 -86.58 221 -225.90 -225.72
1.26 -87.80 -88.10 2.25 -231.20 -231.15
1.30 -89.10 -89.70 2.29 -236.30 -235.67
1.34 -91.70 -91.39 2.33 -240.50 -239.52
1.38 -93.20 -93.17 2.36 -244.60 -242.07
1.43 -95.60 -95.54 2.40 -247.40 -245.11
1.46 -97.00 -97.06 245 -250.80 -248.43
1.50 -99.50 -99.20 248 -252.30 -250.22
1.53 -101.30 -100.91 2.51 -253.60 -251.88
1.56 -104.90 -102.72 2.55 -255.30 -253.92
1.60 -107.10 -105.31 2.60 -257.20 -256.24
1.64 -109.90 -108.14 2.65 -257.60 -258.33
1.68 -110.30 -111.24 2.69 -258.80 -259.87
1.72 -115.40 -114.69 2.72 -259.50 -260.95
1.76 -118.80 -118.58 275 -260.70 -261.98
1.81 -123.70 -124.23 2.80 -262.50 -263.59
1.83 -127.70 -126.81 2.84 -263.30 -264.79
1.88 -135.40 -134.35 2.88 -264.30 -265.92
1.91 -141.30 -139.88 292 -266.00 -266.99
1.95 -149.60 -148.97 2.96 -267.70 -268.01
2.01 -167.40 -168.07
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Figure 3.4 Plot of experimental (X) and calculated (solid curve) e.m.f. versus titre for the
titration of [Pb2]2+ with silver(I) in DMF solution at 298.2 K and I = 0.050 M NEt4ClO4.
The log Ky = 2.38 £0.21.

(1-0) / o x [Pb?*]

0.00e+0 1.00e-4 2.00e-4
conc. of [Ph2]%* (M)

Figure 3.5 Plot of 1-a / o x [Pb2*] versus [Pb2]?* for the titration of [Pb2]2* with
silver(I) in DMF solution at 298.2 K and I = 0.050 M NEt4ClO4.
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3.4 Results and Discussion

In this work, the stability constants (Kg) for [ML]2+, where MP+ is silver(I), lead(ll),
zinc(II) and cadmium(II) ions and L is 1, 2, 5 and 6, were determined by potentiometric
methods using a silver(I)-ion selective electrode. The results obtained are summarized in
Table 3.6. N,N’-dimethylformamide (DMF) was used as a solvent medium in our studies,
as it allowed for a sufficient dissolution of the macrocyclic ligands at the concentrations
required for the potentiometric analyses. The use of tetracthylammonium perchlorate
(0.05 M) as a supporting electrolyte allowed the solutions under investigation to remain at
a constant ionic strength throughout the length of the titration. As discussed in Section
3.3, this allows one to assess the stability constants of the metal-ligand systems in terms of
concentration (Ks) alone, and no consideration of activity coefficients is required. A

selectivity series for each ligand toward a particular metal ion could then be established.

The stability constants for the formation of the [ML]™* complexes where Mr+ is lead(Il),
zinc(II), cadmium(II) and silver(I) ions, and L is 3 and 4 were not investigated by
potentiometric methods. As described in Chapter 2, the syntheses of ligands 3 and 4 were
quite extensive and laborious. Furthermore, ligands 3 and 4 exhibited a very low affinity
toward lead(I), zinc(II) and cadmium(II) ions in the gas phase (Chapter 4). As a result,

complexes of ligand 3 and 4 were not studied further by potentiometric analysis.

A plot of log K versus the macrocyclic ligand is presented in Figure 3.7. A selectivity
series could not be determined for the interaction of these ligands with zinc(II) ions as only
one ligand (namely, ligand 5) appeared to form a stable zinc(II)-complex under our

experimental conditions.
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Table 3.6 Apparent stability constants (log K) for the complexation of ligands 1, 2, 5 and
6 with silver(l), lead(Il), zinc(II) and cadmium(Il) ions in DMF solution at 298.2 K and I =

0.050 M NEt4ClO4.

Ligand 1 Ligand 2 Ligand 5 Ligand 6
Silver(I) 5.50+0.04 6.49 £ 0.02 9.42+0.13 7.52£0.01
Lead(Il) 2.62+0.01 2.38+0.21 6.71£0.12 >7.52
Zinc(IT) <2 <2 4.30 +0.07 <2
Cadmium(II) <2 <2 5.92+0.02 >7.52
A
10 |~
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8 [~
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. —c Ip
6 — "‘__—‘— "",'V
log K, o R
4 I~ ,"' 'll'
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1 2 5
macrocycle

Figure 3.7
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3.4.1 Complexation of ligands 1, 2, 5 and 6 with silver(I) ions.

The stability constants for the complexes of ligands 1,2, 5, and 6 with silver(I) ions were
determined by direct potentiometric titrations. The highest stability constant was obtained
for the [AgS5]* complex, with a value of 9.42 £ 0.02 (Table 3.6). This experimental value
was found to be in close agreement with that quoted in the literature,163’164 for the
formation of the [Ag5]* complex under identical conditions. In contrast to the hard base
oxygen donor atoms in crown polyethers, the presence of the softer base nitrogen donor
atoms in ligand 5 tends to favour covalent bonding with the soft acid silver(I) ions.
Indeed, crown polyamine derivatives, such as ligand 5, show a marked selectivity toward
transition and heavy metal ions, and a lower selectivity toward the alkali and alkaline earth

metal ions.69’97

The formation of the [Ag6]* complex was found to occur with a log Ks = 7.52£0.01. The
[Ag6]*+ complex was formed in DMF solution with a log K value which is two orders of
magnitude lower than that of the [AgS]* complex (Table 3.6). As both ligands 5and 6
contain the same number and type of donor atoms (two nitrogen and four oxygen) and the
same eighteen-membered macrocyclic ring cavity, the decrease in log K as one moves
from the [Ag5]* complex to the [Ag6]* complex must be attributed to the presence of the
phenyl-hydroxyethyl pendant arms. The pendant arms of 6 do not facilitate the
coordination of silver(l) ions, either because of the increase in steric hindrance introduced
into the diaza-18-crown-6 moiety by the large pendant groups, or by the subsequent
conformational distortion of the diaza-18-crown-6 macrocycle upon addition of the
pendant groups.160 This distortion may cause ligand 6 to move away from the
conformation adopted by the unsubstituted diaza-18-crown-6 ligand 5; an effect that may
lead to a substantial decrease in the stability of the resulting silver(I) complex.

165 it is feasible

Furthermore, since silver(I) tends to favour a linear coordination geometry,
that the presence of the pendant arms causes sufficient distortion of the macrocycle to
disrupt this mode of coordination. The lariat crown ethers 32 and 33, with hydroxy- or

methoxy-ethyl group functionality incorporated into the parent crown ether 5, respectively,
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have also been investigated for their binding affinities toward silver(I) ions in DMF
solution. Similar decreases in stability were observed as one moves from the [Ag5]*

complex to the more highly substituted [Ag32]* and [Ag33]* cornplexes.mo’166
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32 33
The tetrasulfide crown ether derivative 2 afforded a log Ks = 6.49 + 0.02 for the
corresponding silver(I) complex, [Ag2]* (Table 3.6). Itis well established that polysulfide
macrocyclic ligands, where one or more oxygen donor atoms are replaced by sulfur atoms,
show an increase in selectivity toward silver(T) ions.’6-81:97 This effect is most likely
attributed to the soft base nature of the sulfur atoms, which favour the binding of soft acid

silver(I) ions.

Of the four ligands studied in this series, the dipyridyl ligand 1 showed the lowest stability
with silver(I) ions. The log K value for the [Agl]* complex was found to be 5.50 = 0.04,
considerably lower than the log K values of [Ag5]*, [Ag6]t and [Ag2]*. Ligand 1
contains the same number and type of donor atoms as ligand 5 and 6 but, in addition, it
also contains four extra methylene groups in its ring structure. Our results clearly
demonstrate that as the cavity size of the macrocycle increases, from the diaza-18-crown-6
ring systems of ligands 5 and 6 to the 22-crown-6 ring system of ligand 1, a lower affinity
of the ligand toward silver(I) ions is observed. It is envisaged that macrocycle 1 would
have to undergo quite significant conformational changes to accommodate the silver(I) ion
within its cavity. The cavity radius of ligand 1 was estimated to be > 1.7 A, as determined
by the radius of the sphere which was able to be inserted into the intramolecular cavity of
the space filling Corey-Pauling-Kolton (CPK) molecular models, without distortion of the

ligand.ﬂ'83 The cavity radii of ligands 5 and 6 were estimated to be ~1.3 A by the same
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method.”183 These results imply that the silver(I) ion, with an ionic radius of 1.15 A,167 is

much better suited for accommodation by the smaller 18-crown-6 ring structures of ligands

5and6.

One might envisage that the stability of ligand 1 toward silver(I) ions may be affected by
the nature of nitrogen donor atoms, i.e. sp2-hybridized pyridyl moieties, as opposed to the
sp3-hybridized amine groups of ligands 5 and 6. However, many examples exist in the
literature that demonstrate the high affinities of pyridino-aza-l8-crown-6 derivatives
toward silver(I) jons.168 These studies demonstrate that the nature of nitrogen donors
present in the ligand do not govern the overall stability of the silver(I) complex. It appears

that the cavity size of the ligand is the most critical factor in complex stability.

In summary, the selectivity series of ligands 1,2, 5, and 6 toward silver(I) ions follows the
order [Ag5]t > [Ag6]t > [Ag2]t > [Agl])*. The overall high stability observed by all
four ligands with silver(I) ions is generally attributed to the appreciable covalent bonding
that exists between the donor atoms (namely, nitrogen and sulfur) and the silver(I)
ions.8997 Those ligands containing the four oxygen and two nitrogen donor atoms tend to
show a greater selectivity toward silver(l) ions. The greater steric bulk of ligand 6, when
compared to 5, causes a significant decrease in the stability of the corresponding silver(I)-
complex. Ligand 1 possesses the same number and type of donor atoms as ligands 5 and
6, but it is clear that its larger cavity size greatly lowers the stability of the corresponding
[Agl]* complex. Ligand 2, with its four soft sulfur atoms, shows a greater affinity toward
the silver(l) ions than ligand 1, but a significantly lower affinity when compared to ligands

5 and 6.
3.4.2 Complexation of ligands 1,2, 5 and 6 with lead(II) ions

The stability constants of the lead(II) complexes formed with ligands 1,2, 5 and 6 with

lead(IT) ions (Table 3.6) decrease in the sequence [Pb6]" > [PbS]+ >> [Pbl]* ~ [Pb2]*.

Despite the high stability of 6 toward lead(Il) ions, the log K value for the [Pb6]2+

complex could not be determined. The technique of competitive potentiometric titrations
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requires that the ligand possesses a greater stability toward the free metal ion (in this case,
silver(I)) than any of the metal ions under investigation. This ensures that as the solution
of the metal complex is added to the solution of free silver(I) ions, competition between
the two metal ions for the ligand results in the significant displacement of the metal ions
by the silver(I) ions. The change in the concentration of the free silver(I) ions is monitored
by the silver(I) ion selective electrode. Thus, the greater the competition between the two
metal ions for the ligand, the more significant the change in free silver(I) ion
concentrations and the greater the change in electrode potential observed throughout the
titration. This allows for an accurate determination of the log K value for the competitive
titration. If the ligand is more stable with the metal ion, rather than the silver(I) ions, then
the addition of the metal complex to the solution of free silver(I) ions causes negligible
changes to the overall concentration of free silver(I) ions and, therefore, immeasurable
changes in electrode potential are observed, at each point of the titration. This effect was
observed in the case of 6 with lead(IT) ions. A starting electrode potential of -61.2 mV was
recorded, with systematic decreases in e.m.f. upon addition of the [Pb6]2+ complex at each
point of the titration, resulting in a final electrode potential of -73.7 mV. Since very little
change in the concentration of the free silver(I) ions was observed, ligand 6 clearly showed
little affinity toward silver(I) ions in the presence of lead(Il) ions. This implies that the
[Pb6]2+ complex must be more stable than the competing [Ag6]* complex. The log Ks
value for the [Pb6]2*+ complex cannot be determined by implementation of a competitive
potentiometric titration method using a silver(I) selective electrode. What can be deduced,
however, is that the [Pb6]2+ complex exists with a log K value > 7.52 £0.01, i.e. greater
than the log K value obtained for the [Ag6]* complex under identical experimental

conditions.

Lariat crown ether systems that are structurally related to 6 are known to display a high
affinity toward lead(II) ions in aqueous media.34166:169 For example, ligand 32 was
found to form a very stable complex with lead(II) ions (log Ks = 9.20).166 The isomeric
derivatives 33 and 34 were also found to coordinate lead(II) ions in aqueous media with a

log Ks = 8.18166 and log K = 8.57,169 respectively. Inspection of these results clearly
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shows that as the steric bulk of the lariat ether increases (by the incorporation of methyl
substituents onto the pendant donor arms) an overall decrease in the stability of the
resulting complex occurs in aqueous media. The complexation properties of these ligands

with lead(II) ions in DMF solution have not been investigated to date.
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The stability of the [Pb5]2* complex can be quantified by using a competitive
potentiometric method in DMF solution. To date, little is known of the stability of ligand
5 with lead(I) ions, particularly under the conditions relevant to this study. [Pb5]%+
complexation has been reported in aqueous and methanol solvent systems with log K
values of 6.90 and 9.48, re:spe:ctively.170’171 The large difference in these stabilities is
attributed to the different solvation effects of the two media, and are readily explained by
considering the Gutmann donor number (DN) for each of the solvents. The DN is a widely
used parameter that expresses the donor strength of a solvent. It is generally defined as the
magnitude of the negative enthalpy of complex formation (AH) between a donor solvent
and the acceptor antimony(V) chloride (SbCls) in the inert medium 1,2-dichloromethane

(Equation gy W2

1
Solvent + SbCls CICH,CHCL _  Solventsbel, 3.37

The Dy value of a solvent reflects its ability to act as a Lewis base in the presence of metal
jons. Generally, the higher the Dy value of the solvent used for a potentiometric titration,
the more strongly the solvent competes with the ligand of interest for coordination to the

metal ion.!7>173 In the case of water and methanol, two DN values are reported, namely
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18 and 33 for water, and 19 and 23.5 for methanol. 174173 The first value in each case is
that obtained with dilute solutions of the protic solvent with 1,2-dichloromethane solution,
and the second value is that obtained when neat protic solvent is used. The second of the
Dy values has proved to be a more accurate measure of the donor ability of the respective
solvents as it takes into consideration the intermolecular hydrogen-bonded structure of the
protic solvents; this bonding is disrupted in the first case where the protic solvent is diluted
in 1,2-dichlorornethane.176'178 Thus, if one considers the Dy values of water versus
methanol, the much larger Dy for water implies that it solvates the lead(II) ions much
more efficiently than the methanol and, therefore, it is harder for other ligands to displace
the water molecules from the outer sphere of the lead(Il) ions. This effect will in turn
result in an overall lower stability for the [Pb5]2* complex in aqueous media, when

compared to the methanol solution.

The formation of the [Pb6]2+ complex occurred with a greater stability than that of the
[Pb5]2+ complex (Table 3.6). This result was not unexpected. As previously mentioned,
the incorporation of pendant arms, containing one or more neutral oxygen donor atoms,
into crown ether ligands causes a marked increase in the selectivity of the lariat ethers
toward larger metal ions, particularly lead(Il) ions.89:94,98,100,10L179 pe origin of this
selectivity may be that as one moves from the parent to the substituted ligand, the number
of coordination sites that are available in the ligand increases from six to eight. Thus, the
lariat ether ligand 6 allows for strong complexation with large metal ions that can achieve
a coordination number of eight.loo Furthermore, gas-phase studies have shown that the
basicities of amines increase in the series, NH3 < RNHp < RoNH < R3N where R is an
alkyl group.98’180'182 Thus, it is envisaged that the slightly more basic nature of the
tertiary nitrogen atom of ligand 6, as compared to the secondary nitrogen atom of ligand §,

would in part lead to an increase in the binding affinity of ligand 6 toward lead(II) ions.

The steric effects imposed on 6 by the presence of the phenyl-hydroxyethyl pendant arms
must also be examined when considering the overall coordination properties of the ligand.

It is feasible that the presence of the bulky pendant arms in 6 would sterically hinder the
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coordination of the lead(Il) ions. This effect should in turn lower the stability of the
corresponding lead(II) complex. However, since this did not prove to be the case and,
indeed, a large increase in the stability was observed as one moves from [Pb5]2* to
[Pb6]2+, it is clear that the steric effects are greatly outweighed by the favourable
electronic properties of 6. It can be concluded from this example that complex stability
can be thought of as a delicate balance between both steric and electronic effects, each of
which must be considered when a complex is modified by the addition of organic

structural elements.98

The stability of the [Pb2]?* complex in DMEF solution is low (log Ks = 2.38). This was
unexpected particularly since macrocyclic ligands containing soft base sulfur atoms have
been shown to exhibit a marked selectivity toward borderline hard acid lead(II)
ions.3%17:30 A described previously, the hard-soft acid-base (HSAB) character of both
the donor atoms and the metal ion of interest is by no means the only parameter that
governs metal-ligand reactions.’’! Solution studies have clearly demonstrated that as the
number of large sulfur donor atoms increases in unsubstituted polysulfide macrocycles, the
resulting ligand becomes substantially less flexible which, in turn, reduces the possible
number of conformations the ligand can possess for metal ion incorporation.81
Furthermore, X-ray diffraction studies of a number of these polyether ligands have shown
that the sulfur atoms of the macrocyclic ring system are directed out of the ring
cavity.183’184 To our knowledge, related studies on the complexation behaviour of
dibenzo-polysulfide macrocycles have not been reported previously, and so a direct
comparison cannot be made with our work. It can be envisaged, however, that the
presence of the four sulfur atoms and the two aryl groups of ligand 2 would certainly
diminish its overall flexibility, and thus lead to the formation of metal complexes with low
stability. Attempts at isolating suitable crystals of [Pb2]2+ for X-ray crystallographic
studies proved unsuccessful, however, ab initio calculations of [Pb2]2+ were carried out to

determine its gas phase structure (Chapter 4).
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A low stability was also observed for the [Pb1]2+ complex. Even though 1 contains the
same number and type of donor atoms as ligands 5 and 6, namely two nitrogen and four
oXygen atoms, its complexes do not exhibit the same stability with lead(II) ions (Table
3.6). The large cavity radius of the macrocycle 1 (> 1.7 A)7 is not suited for the
complexation of lead(II) ions under the conditions employed in our study. It is envisaged
that unfavourable conformational changes must occur for 1 to accommodate the lead(Il)
ions, with an ionic radius of 1.19 A, within its macrocyclic ring cavity. To our knowledge,
examples of the affinity of similarly sized macrocyclic crown ether systems of this type

with lead(I) ions are unknown in the literature.

In conclusion, the stability constants obtained for the lead(II) complexes of ligands 1,2, 5
and 6 decrease in the order: [Pb6]2+ > [Pb5]2+ >> [Pb2]2+ > [Pb1]}2+. The stability of
the [Pb6]2+ complex could not be quantified by using the competitive potentiometric
method as it possessed a higher stability than the corresponding [Ag6]* complex. A low
stability is demonstrated as one moves from the [Pb6]2* to the [Pb5]12+ complex. In this
case, the absence of the pendant donor arms decreases the affinity of the parent ligand 5

for lead(Il) ions. Ligands 1 and 2 were found to exhibit low affinity for lead(Il) ions.
3.4.3 Complexation of ligands 1, 2, 5 and 6 with zinc(IL) ions

The results of the stability studies of ligands 1, 2, 5 and 6 with zinc(Il) are summarized in
Table 3.6. Of all four ligands investigated in this work, a stability constant could only be
determined for the [Zn5]2+ complex. Ligands 1, 2, and 6 did not appear to form stable

complexes with zinc(II) ions under our conditions.

In DMF solution, a log Ks = 4.30 £ 0.07 was determined for the complex, [Zn5]2t (Table
3.6). It has been demonstrated that the formation of this zinc(IT) complex in methanol and
in aqueous media occurs with a log K = 4.84 and alog Ks=3.1, respectively.84 Thus, the
stability of the [ZnS5]?>* complex increases as one moves from water to DMF to methanol

solvent systems; a sequence which is in accordance with that expected from the solvent DN
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values where, in general, macrocyclic complex stabilities increase with a decrease in
D N-172’173

A low stability was observed for the [Zn2]2+ complex in DMF solution using competitive
potentiometric methods. This result was expected. If one considers the HSAB characters
of the donor atoms and metal ions involved, it is envisaged that ligand 2, with its four soft
base sulfur donor atoms, would not be particularly stable toward the borderline acid
zinc(I) ions. The solvation of the zinc(Il) ions must also be considered as a contributing
factor that affects the stability of the [Zn2]2+ complex. DMF is considered to be a strong
oxygen donor solvent (DN = 26.6), and one would expect the small, borderline acid
zinc(II) ions to be strongly solvated. Extensive solvation would lead to a lowering of the
stability of the [Zn2]2*+ complex, in spite of the favourable entropic drive associated with

the “macrocyclic effect”.’ 1183

All attempts at determining the stabilities of the [Zn1]?* and [Zn6]2+ complexes by means
of competitive potentiometric titration methods proved unsuccessful. Under the conditions
of our study, no complex formation was observed between these ligands and zinc(II) ions.
It can be assumed that if there exists no interaction between a ligand and a competing
metal ion then the titration simply becomes a measure of the interaction between the ligand
and the silver(I) ions. Indeed, when one compares the experimental data obtained for the
competitive titration of ligand 1 (or 6) with zinc(I) ions and the experimental data
obtained for the direct titration of 1 (or 6) with silver(I) ions, respectively, the competitive
and direct titration data for the ligand are completely superimposable. This result clearly
demonstrates that there is no interaction between either ligand 1 or 6 with zinc(Il) ions and,
indeed, the ligands are interacting exclusively with the silver(I) ions that are present in

solution, as measured by the silver(I) ion selective electrode.

If one considers that ligand 1, with a large cavity size of > 1.7 A, is severely mis-matched
for 1:1 encapsulation of a small zinc(Il) ion (r=20.74 A), then complexation with a
significant K value is unlikely. The complexation properties of 1 with zinc(IL) ions were

also investigated using UV-visible spectroscopy (Section 3.5.2) and electrospray ionisation



85

mass spectrometry (Section 4.2.1). In both cases, no evidence was obtained for the

formation of the [Zn1}2* complex.

Ligand 6 was not expected to form a stable complex with zinc(II) ions. Similar lariat ether
systems, containing neutral oxygen donor atoms, have been found to be poorly selective
for smaller metal ions such as zinc(II), and an increase in stability is observed with larger

metal ions such as lead(I) and cadmium(I).6%-248,100,101

In conclusion, a stability constant could only be determined for ligand 5 with zinc(II) ions
in DMF solution using competitive potentiometric titration methods. The formation of the
zinc(I) complex of ligand 2 was observed under our conditions, however, its stability was
too low to be accurately quantified. No 1:1 complex formation was observed for ligands 1

and 6 with zinc(II) ions using potentiometric methods.
3.4.4 Complexation of ligands 1, 2, 5 and 6 with cadmium(II) ions

The stabilities of the complexes formed between ligands 1, 2, § and 6 with cadmium(II)
jons are summarized in Table 3.6. The overall selectivity series for the ligands toward

cadmium(II) ions follows the order: [Cd6]2+ > [Cd5}2+ >> [Cd2]?+ > [Cd1]2+.

Even though the stability of [Cd6]2* is high, it could not be quantified using a silver(I)-ion
competitive potentiometric titration method. Throughout the titration, the systematic
addition of a solution of [Cd6]2+ to the silver(l) solution caused very little change (<15
mV) in the overall electrode potential of the system. Such a small change in electrode
potential is observed when the addition of the competitive complex, in this case [Cd6]2+,
causes negligible changes to the concentration of the free, solvated silver(I) ions, as
monitored by the silver(I) ion electrode. This result is consistent with the poor competition
that occurs between the silver(I) and cadmium(II) ions for ligand 6 and, therefore, it must
have a greater affinity for cadmium(Il) over silver(I). This phenomena, which is also
observed for the determination of the stability constant of the [Pb6]2+ complex, renders our
competitive potentiometric method inapplicable in determining the log K value of

[Cd6]2+. It is accepted, however, that the formation of the [Cd6]2* complex occurred with
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a log K > 7.52, i.e. the log K value obtained for the [Ag6]* complex under identical

conditions.

The binding affinities of related lariat crown ether systems 32, 33 and 34 toward
cadmium(II) ions have been studied by means of pH-potentiometric titration methods in
aqueous media.34163:169 The gtability constants for the [Cd32]2* and [Cd3412+ complexes
were determined to be log K = 7.1 and log K = 7.64, respectively. The slight increase in
stability as one moves from the [Cd32]%* to the [Cd34]%* complex is somewhat surprising
when one considers that the lariat ether 34 is more sterically limited in its binding,
attributed to presence of the methyl moieties on the chiral carbon atom of the pendant
donor arm, than the unsubstituted ether 32. However, one must also consider that the
formation of the [Cd34]2+ complex is enhanced by contributing electronic effects,
imparted by the extra methyl group of the hydroxyethyl pendant arms in the lariat ether
system, which appear to outweigh the steric effects and thus favour the formation of the
resulting complex. Ligand 33 was also investigated for its affinity toward cadmium(II)
ions in aqueous media.!% A sharp decrease in the stability constant by a factor of three
orders of magnitude was observed as one moves from the [Cd32]2* to the [Cd33]2+
complex. This result clearly demonstrates that replacement of the simpler hydroxyethyl
pendant arms of 32 with more substituted methoxyethyl groups causes a destabilizing

effect on the coordination behaviour of the lariat ether 33 toward cadmium(II) ions.

The stability of the [Cd5]2+ complex was calculated to be log Ks = 5.92 +0.02 (Table 3.6).
No precedents exist in the literature that describe the affinity of ligand S toward
cadmium(II) ions under similar conditions to those employed in this study. However, the
formation of the [Cd5]2* complex is reported to occur in aqueous solution with a log Ks=
5.25, as observed using competitive pH-potentiometric titrations.8* Therefore, an
examination of the stability constants for [Cd5]2* complexation in water and DMEF solvent
systems reveals that the stability of the complex increases in the order DMF > water. This
sequence is in accordance with that expected from the solvent DN values, where in general

complex stabilities increase with a decrease in DN.172’173
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An increase in stability is observed as one moves from the [Cd5]%+ complex to the [Cd6)2+
complex. As mentioned previously, the presence of the neutral oxygen donor atoms, in the
form of phenyl-hydroxyethyl pendant arms, increases the affinity of 6 toward larger metal
ijons. A cadmium(II) ion, with an ionic radius of 0.95 A, is sufficiently large enough to
benefit from the two extra oxygen donors which supplement coordination by the
macrocyclic ring donor atoms. Similar stabilizing factors may also apply to the formation
of the [Cd6]2*+ complex, as discussed for the [Pb6]2+ species in Section 3.4.2. Basically,
the presence of the donor pendant arms of 6 causes an increase in the favourable electronic
properties of the ligand, as compared to the unsubstituted parent crown ether 5, and a
subsequent increase in the binding affinity of 6 toward cadmium(I) ions is observed. By
comparing the stability constants of the [Cd5]?* and [Cd6]2+ complexes, the greater steric
restraints expected of the lariat ether 6 do not significantly affect its coordination to
cadmium(ID). It is clear that in this system the stabilizing electronic factors associated with

the pendant arms in ligand 6 outweigh any steric effects.

Under our conditions, ligand 2 was found to form weak complexes with cadmium(II), and
a log Ks < 2 obtained for this system. One can invoke similar explanations to those

described for the formation of the [Pb2]2+ complex in Section 34.2.

No 1:1 complexation was observed between ligand 1 and cadmium(II) ions in DMF
solution. Examination of the experimental data obtained for the competitive titration of 1
with cadmium(II) ions were found to correspond exactly with those obtained for the direct
titration of 1 with silver(I) ions. The macrocyclic cavity radius of ligand 1 is estimated to
be > 1.7 A,71’83 and the ionic radius of cadmium(II), with a coordination number of six, is
calculated to be 0.95 A.7L83 1t is feasible that the significant mismatch between the size of
the macrocyclic cavity of 1 and the ionic radius of the cadmium(II) ions is one of the major
contributing factors that inhibits the formation of a stable [Cd2]2+ complex. This proposal
is further supported if one examines the relative stabilities obtained for other complexes of
ligand 1, including those with silver(I), lead(II) and zinc(II) (Table 3.6). Under our

conditions, the only stability constants that could be determined experimentally were those
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for the [Agl]?* and [Pb1]2+ complexes. If one considers that silver(I), lead(II) and zinc(II)
ions have ionic radii equal to 1.15 A, 1.19 A and 0.75 A, respectively,71’83 it is clear that
the larger silver(I) and lead(Il) ions tend to be better matched for inclusion within the

macrocyclic cavity of ligand 1.

3.5 UV-visible spectroscopy

The use of UV-visible spectroscopy as an alternative method for the determination of
stability constants has been reported.74’141'143 The basis of this technique involves
measuring the change, either hypsochromic or bathochromic, in the absorbance maxima
as one moves from the free ligand to the complex. One major advantage of this method

over potentiometric methods is its increased sensitivity.

The first factor that must be established when pursuing Ks determinations using UV-
visible spectroscopy is whether a significant shift in the absorbance maxima is
observed as one moves from the free ligand to the complex. Using the experimental
conditions discussed in Section 6.2.5, the UV-visible spectra of the solution of the free
ligand 1, and the solutions of 1 with excess lead(II), zinc(II), cadmium(II) and silver(I)
jons, were recorded. The UV-visible spectra that were recorded are presented in
Figures 3.5a-d. The UV-visible spectra obtained for the solution of the free ligand 2,
and the solutions of 2 with excess lead(Il), zinc(II), cadmium(Il) and silver(I) ions, are
presented in Figures 3.6a-d. Itis clear from the spectra that very little, if any, change in
absorbance maxima occurred for any of the metal complexes formed from ligands 1 or
2. The most significant change in absorbance maxima, in a bathochromic direction,
was observed for the [Agl]* and [Ag2]* complexes, as shown in Figures 3.5d and 3.6d,
respectively. Regardless, in all cases studied, the minimal change in absorbance
maxima for both ligands 1 and 2 (free and complexed) was not considered sufficient
enough to allow stability constants 1o be determined with any great accuracy by this

spectroscopic method.
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3.6 Conclusions

By implementation of potentiometry, the coordination properties of ligands 1, 2,5 and
6 with lead(Il), zinc(II), cadmium(II) and silver(I) ions were investigated in DMF

solution.

The results from our study show that the most stable lead(II) complex was formed with
ligand 6. Of the four ligands studied in this work, 6 appears to be the most likely
prototype for the development of a lead(II)-ion specific probe. Additionally, since 6
does not form a stable complex with zinc(II) ions, a sufficient level of discrimination
between zinc(II) and lead(II) ions exists. This discrimination is of relevance in the
development of a target molecule that functions as a lead(II)-specific probe, particularly
since zinc(II) ions are biologically prevalent cations that would possibly interfere with
the monitoring of lead(II) levels in biological media. Ligand 6 was also found to form
a stable complex with cadmium(II) ions in DMF solution. Unfortunately, since the K
values for the complexation of 6 with cadmium(II) and lead(II) ions could not be
differentiated using this potentiometric method, it remains unclear which of the two
complexes is formed with a higher stability in DMF solution. In order to address this
issue, the work described in Chapter 4 utilizes electrospray ionisation mass
spectrometry (ESI-MS) for the determination of the relative stabilities of the complexes

in the gas phase.

Ligand 5 was found to complex lead(Il), zinc(II), cadmium(II) and silver(I) ions with
moderate to high stabilities and thus, it exhibits little selectivity between these metal
ions. The stability observed for [AgS]* was three orders of magnitude greater than that
of the corresponding lead(II) complex. Ligand 5 also forms a stable complex with
cadmium(II) and zinc(Il) ions, but the resulting cadmium(II) and zinc(IT) complexes

were found to have a lower stability than that of the corresponding lead(II) complex.

For ligands 1 and 2, low stability constants were determined for complexes with

lead(Il) ions. In both cases, sufficient discrimination was shown for lead(Il) ions over
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zinc(II) ions. However, it is acknowledged that since the lead(II) complexes of ligands
1 and 2 were formed with a very low stability, neither ligand is considered to be viable
for development into a lead(I)-specific probe. The fact that ligand 2 proved to be a
poor ligand for lead(Il) in DMF solution, despite the incorporation of four soft base
sulfur donor atoms, was somewhat surprising. This low stability of the [Pb2]2+
complex in solution is attributed to the free ligand conformation which appears
unsuitable for coordinating lead(I) ions. The gas phase conformations of the free
ligand and its corresponding lead(II) complex are presented in Chapter 4. Ligand 2 was
found to interact very weakly with cadmium(II) ions in DMF solution. Ligand 1 did
not complex cadmium(II) ions under our conditions, a phenomenon confirmed by
comparison of the experimental results obtained for the competitive titration, in the
presence of cadmium(II) ions, with those obtained for a direct titration of ligand 1 with

silver(I) ions.
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The following chapter details the use of electrospray ionisation mass spectrometry (ESI-

MS) and ab initio calculations for investigating the complexation of ligands 1 - 6 with a

series of metal ions in the gas phase. The results obtained from the ESI-MS studies should

enable a thorough investigation of the coordination properties of ligands 1, 2, 5 and 6 to be

established in both the solution and gas phase. It will be of interest to note whether any

correlation in coordination behaviour is observed as one moves from the solution to the gas

phase. ESI-MS methods will also offer valuable information into the coordination

properties of ligands 3 and 4 with the series of relevant metal ions. Ab initio calculations

will afford the optimized conformational geometries of the free ligands and the

corresponding metal complexes.
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4 Gas phase studies

Mass spectrometry and molecular modelling calculations are useful methods for probing
metal-ligand interactions in the gas phase. Thi_s chapter is primarily concerned with the use
of electrospray ionisation mass spectrometry (ESI-MS) for investigating the coordination
properties of the macrocyclic ligands 1 - 6 with silver(I), lead(II), zinc(IT) and cadmium(II)
ions. The fundamental principles underlying the ESI-MS process are reviewed,

particularly with reference to crown ether complexation reactions.

Complementary ab initio calculations utilising the Gaussian 94 suite of programs were
performed on those species that were observed by ESI-MS methods. Ab initio calculations
can afford the optimised conformational geometries of free ligands and the corresponding
metal complexes. A brief overview of the underlying principles behind Gaussian 94
calculations is presented, and the limitations associated with these methods are also

discussed.

4.1 Mass spectrometric methods for the assessment of metal

complexation by crown ether ligands

Mass spectrometry has been shown to be a useful analytical tool in the assessment of
metal-ligand interactions. 186 Mass spectrometric methods are considered to be particularly
important when studying macrocyclic crown ethers and their derivatives, particularly since
they allow the coordination properties of the ligands to be assessed in the absence of bulk
solvent.!8® Tt is well established that a governing factor in the experimental assessment of
metal ion complexation strengths and selectivities is the dependence of the complexation
reaction on the solvent system in which the reaction is being studied.09-71,77.83,186
Generally, the more polar the solvent used throughout the solution study, the greater the

degree of solvation associated with the metal ion under investigation and subsequently, the

interaction between the ligand and metal ion is diminished. Rl
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Two prominent methods that exist for the analysis of metal-ligand interactions in the gas
phase include fast atom bombardment mass spectrometry (FAB-MS) and ESI-MS. Both
these methods have been found to be particularly serviceable analytical tools for the
evaluation of the interactions between macrocyclic crown ether ligands, and their

derivatives, with metal ions. 155-157,186-191

The FAB-MS method is amenable to the study of molecular complexation as it involves
the desorption of the substance(s) under study by low level energy transfer from the
accelerated atoms that bombard the sample probe.187 This energy transfer causes minimal
fragmentation of the complexes under investigation. FAB ion sources operate with the
substance under investigation being dispersed in a glycerol or m-nitrobenzy!l alcohol
matrix. Provided that adequate calibration is performed,189 the mass spectral peak heights
for the desorbed ionic species are proportional to the concentrations of these species in
solution. Thus, comparisons of the relative intensities observed for each species will
enable complex formation and stability to be assessed in the gas phase, at least on a semi-
quantitative level. These results can be taken one step further and the gas phase stability
constants (log Ks) for complex formation can be determined. Johnstone et?
1. 155:156,188,189 gicncq in detail the use of FAB-MS for the determination of stability
constants of the simple 18-crown-6 polyether ligand with sodium(I) and potassium() ions,
by monitoring the change in concentration of the complex as the concentration of the metal
ion present is systematically increased. These results clearly demonstrate that stability
constants can be measured using FAB-MS. It was also suggested by the authors that, in
this study, the results obtained were a good reflection of solution behaviour.13>18° The
importance of this pioneering method for the assessment of metal complexation is clear
from a perusal of recent reports by Wang et al.,'87 Deaden et al.,}%? Brodbelt et

al.,lgo’l%’194 and Bowers et al.195

The use of ESI-MS for studies of the interactions of macrocyclic ligands with metal ions is
a technique that has only been investigated recently. Electrospray ionisation is considered

to be a “softer” method for desorption than FAB, and it allows macrocyclic complexes to
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be analysed with an even greater sensitivity than that of the FAB-MS method.!3” The
formation of a metal complex under ESI-MS conditions is indicated by a positive ion
signal observed at the relevant mass/charge (m/z) ratio. Measurements of the relative
intensities of the positive ion signals observed by ESI-MS allows for the affinity of the

ligand(s) toward the metal ion(s) to be assessed in the gas phase.

The use of ESI-MS for probing the interactions of various macrocyclic ligands with alkali,
alkali earth, transition and heavy metal ions have featured predominantly in the recent
literature, 137:186:187.191 \ethods for the determination of gas phase stability constants for
metal complexes are also discussed. In many cases, the stability constants obtained by
means of gas phase investigations were found to be in good agreement with those obtained
well-established solution methods.137:186:187 Initially, many practitioners were wary of
adapting the ESI-MS method to complexation studies because of the concern that the gas
phase does not adequately reflect solution phe:norr1¢na.187’196’197 However, such
correlations have been investigated in many cases where gas phase studies are conducted,

0

and even though at times new trends have become apparent,19 a sufficient number of

examples show that gas phase results closely parallel those obtained from solution

studies. 157,186,187

The similarities that are found between the solution and gas phase data are generally
attributed to the underlying methods of ESI-MS analysis. Even though ESI-MS 1is
considered to be a technique for the determination of the complexation behaviour between
macrocyclic ligand(s) and the metal ion(s) in the gas phase, the interaction between the two
species occurs initially in the solution phase. A typical ESI-MS experiment involves the
preparation of an analytical solution, containing both the host (macrocycle) and guest
(metal ion) species, in an appropriate solvent system. This solution is equilibrated, and it is
then introduced into the ESI mass spectrometer. The complexes are carefully transferred
from the condensed phase into the gas phase as isolated entities. A more detailed

explanation of the principles and practices of ESI-MS follows.
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4.2 The electrospray ionisation mass spectrometry technique

The electrospray ionisation (ESI) technique involves the direct transfer of analyte species,
which are ionized in the condensed phase, into the gas phase as isolated entities.!”®  The
electrospray technique is regarded as a much ‘softer’ method for desorption, as it allows
the pre-existing ions to be gently transferred into the gas phase, thus resulting in minimal
fragmentation.191 When compared to conventional ionization mass spectrometry methods,
such as electron ionization mass spectrometry (EI-MS), more severe ionization conditions

are required for the conversion of neutral molecules into ions.

The mechanisms that govern the ‘softer’ ionization technique of ESI-MS can be divided
into three stages: droplet formation, droplet shrinkage and gaseous ion formation.!?%1%° A
solution of the analyte is delivered to the tip of the electrospray capillary, where it
experiences an electric field associated with the maintenance of the tip at high potential198
(Figure 4.1). Assuming that positively-charged ions are to be analysed by ESI-MS, a high

positive potential is applied, and the positive ions that are present in solution are found to

accumulate at the surface of the electrospray capillary.
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Figure 4.1 The essential features of an electrospray interface. 198

The positive potential and pressure gradients force the solution of ions to be drawn out of

the capillary in a downfield direction (Figure 4.1) to afford a “Taylor cone’ (Figure 4.2).
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At a sufficiently high potential, the cone itself is drawn out to a filament which generates
the mist of positively-charged droplets. This is known as the “budding process”, and it
will only occur when the surface tension of the droplets is exceeded by the applied
electrostatic force. The diameter of the droplets formed by this process is influenced by a
number of parameters, including the extent of the applied positive potential, the flow rate
at which the solution is administered, and the properties of the solvent system used. This

concludes the first stage for droplet formation.
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Figure 4.2 Droplet production in the electrospray interface. g

Once the droplets are released from the “Taylor cone’, they traverse a pressure gradient
toward the analyser of the mass spectrometer, and evaporation of the solvent occurs. A
reduction in the diameter of the droplets then ensues (Figure 4.2). Further shrinkage in the
size of the droplets results from what is known as a ‘Coulomb explosion’. A ‘Coulomb
explosion’ causes the fission, or subdivision, of the droplets because of the increased
charge density which is now present in the individual droplets as a result of the solvent

evaporation. The ‘Coulomb explosion’ process will only occur when the magnitude of the
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charge is sufficient to overcome the surface tension holding the droplet together. The point
at which this occurs is known as the ‘Rayleigh limit’. Thus, continuous depletion in the
droplet size by evaporation and fission is thought to result ultimately in the formation of
individual droplets that contain a single ion only. The final stage in this sequence involves
the conversion of these solvated single ions into their related desolvated gaseous ion
species. This process involves complete evaporation of the remaining solvent, a process
thought to be aided by the activating collisions occurring between the char\ged ions at the
electrospray interface.!?® Alternative mechanisms describing this ion evaporation process
have featured prominently throughout the literature, and such mechanisms still remain a
topic of wide interest.178-202 Finally, the gaseous ions can enter the analyser of the mass

spectrometer.
4.2.1 Results and Discussion

The positive ion ESI-MS method used for the determination of the binding affinities of the
macrocyclic ligands 1 - 6 with silver(I), lead(II), zinc(1I) and cadmium(II) ions follows the
general procedure outlined by Young and co-workers.!>7 Preliminary studies were
commenced by recording an ESI spectrum for each ligand (1 - 6) in the presence of excess
metal ion in methanol solution. In all cases, the metal ion of interest was maintained at
much higher concentrations than the ligand concentration to ensure that complete
complexation had occurred. Analysis of the sample solutions by ESI-MS allowed the
nature of the cationic complexes formed in solution, and the relative intensities of these
species, to be assessed. Once each ligand had been assessed for its selectivity toward
individual metal ions, each of the ligands which had exhibited a strong affinity toward
more than one metal ion was assessed by competitive ESI-MS experiments. In these
experiments, a sample solution containing one ligand and two metal ions, in an appropriate
solvent system, were assessed by ESI-MS. Comparisons of the relative intensities of each
complex signal that was observed in the ESI mass spectrum enabled a relative stability
series for the ligand toward two metal ions to be established. A more detailed explanation

of the experimental conditions employed in this study is presented in Section 6.2.3.
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In total, twenty-four sample solutions were investigated in this study. Very few solutions
were found to produce strong cationic signals that represented a 1:1 metal-ligand complex
under the conditions employed. All macrocyclic ligands (1 - 6) formed stable complexes
with silver(l) ions under the conditions of the ESI-MS experiment. These results are
tabulated in Table 4.1. Selected examples of the ESI spectra that were obtained are
presented in Figures 4.3 and 4.4 which correspond to the [Ag2]* and [Ag6]* complexes,
respectively. The isotopic distribution patterns produced in each case are consistent with
the presence of the naturally occurring isotopes of the silver(I) ion, ie. 107Ag and 109Ag.
The strong positive ion signals observed for each silver(I)-ligand complex demonstrate
that, under the conditions employed for ESI-MS, ligands 1 - 6 show a high affinity for

silver(I) ions.

Table 4.1 The positive m/z signals observed for [ML]n* complex formation between
ligands L (1 - 6) and a series of metal ions M.

Ligand silver(I) lead(IT) zinc(Il) cadmium(II)
1 m/z 589 - - F
2 m/z 559 m/z 330 - -
3 m/z 465 - = -
4 m/z 705 - . .
5 m/z 370 - - m/z 187
6 m/z 609 m/z 355 - m/z 3734

a The molecular ion peak observed at m/z 373 corresponds to the solvated cadmium(11)-
complex [Cd6]2+.4MeOH.
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Figure 4.3 ESI-MS of the [Ag2]* complex in methanol solution.
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Figure 4.4 ESI-MS of the [Ag6]* complex in methanol solution.

Stable lead(I)-complexes were only observed for ligands 2 and 6 in the gas phase. The
gas phase stability of the [Pb2]2+ and [Pb6)2* species was demonstrated by the appearance
of strong positive ion signals at m/z 330 and 355, respectively. These results are
summarized in Table 4.1. It is clear when assessing these results that both ligands 2 and 6

show a significant affinity toward lead(II) ions under gas phase conditions.

Competitive ESI experiments were conducted on solutions that contained either ligand 2 or
6 with excess lead(II) and silver(I) ions. By a direct comparison of the relative intensity of
the molecular ion peak for each complex, it is clear that the formation of [Ag2]* complex

is favoured over the [Pb2]2*+ complex by a factor of approximately 3:1. This result
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demonstrates that, under the conditions of this ESI study, ligand 2 has a significantly
higher selectivity for silver(I) over lead(Il) ions. In contrast, ligand 6 has a higher
selectivity toward lead(II) ions under the same experimental conditions. Indeed, the
intensity of the molecular ion peak for [Pb6]2+ was approximately 20 times greater than
that of the [Ag6]* peak. This result clearly demonstrates the highly selective nature of
ligand 6 toward lead(Il) ion over silver(I) ions. In each competitive experiment, there was

no evidence for the formation of a mixed lead(II)-silver(I) species with either ligand 2 or 6.

Stable complexes of ligands 5 and 6 with cadmium(II) ions were observed by ESI-MS.
The ESI-MS spectrum confirmed the formation of the [Cd5]?* complex by the appearance
of a strong molecular ion cluster centred at m/z 187. The molecular ion cluster centred at
m/z 307 was expected for the [Cd6]2+ complex. Instead, a strong molecular ion cluster
centred at m/z 373 was observed in the ESI-MS spectrum, consistent with the formation of

the [Cd6]2+-4MeOH complex.

Competitive ESI-MS experiments were performed on solutions containing either ligand 5
or 6 with an excess of cadmium(Il) and silver(I) ions. Under the conditions of our ESI-MS
study, the formation of the [AgS]t complex was favoured over that of the [CdS]**
complex. This result confirms that ligand 5 is more selective toward silver(I) ions over
cadmium(I) ions in the gas phase. Alternatively, the ESI-MS spectrum recorded for
ligand 6 showed the exclusive formation of a cadmium(II)-complex, with no evidence for
the formation of any silver(I) species. As described above, the expected molecular ion
cluster for the [Cd6]2+ complex (centred at m/z 307) was not observed, but a strong
molecular ion cluster centred at m/z 373 exhibits the characteristic isotopic distribution
pattern that is indicative of cadmium.203 This signal was attributed to the [Cd6]?+4MeOH

species.

In chapter 3, solution studies were unable to confirm whether ligand 6 formed a more
stable complex with lead(II) or cadmium(lI) ions in DMF solution. The competitive ESI-
MS spectrum (Figure 4.5) showed the presence of a strong cluster of signals centred at m/z

373, assigned to the [Cd6]2+-4MeOH complex on the basis of characteristic isotopic
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distribution pattern that is indicative of cadmium. A minor signal was also observed m/z
356, indicative of the [Cd6]2*-3MeOH complex. The ESI-MS experiment did not provide
any evidence of a [Pb6]2+. This competitive experiment clearly demonstrates that under
the gas phase conditions employed for this study, ligand 6 is highly selective for

cadmium(II) ions over lead(Il) ions.
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Figure 4.5 ESI-MS of the [Cd6]?*+4MeOH and [Cd6]2+3MeOH complexes at m/z 373

and 356, respectively, in methanol solution.

None of the remaining sample solutions that were analysed by ESI-MS exhibited positive
ion signals that were representative of a 1:1 metal-ligand complex, i.e. those solutions
containing ligands 1, 3, 4 and 5 with lead(Il) ions; ligands 1 - 6 with zinc(II) ions; and
ligands 1 - 4 with cadmium(1I) ions. Itis possible that, under the conditions implemented
in our study, the metal complexes may have formed in the gas phase but they were too
unstable to be detected by ESI-MS methods. This phenomenon has been described
previously by other workers who have probed the interactions of macrocyclic ligands with

metal ions by means of mass spectrometric methods. 188204

The ESI-MS experiments suggest that ligands 3 and 4 have a low affinity for lead(II) and
cadmium(I) in the gas phase. In contrast, ligands S and 6 formed stable complexes of
cadmium(I) and, for the latter, lead(II). These results demonstrate that the steric effects
and rigidity imposed by the aromatic groups within the ring systems of ligands 3 and 4

clearly diminish their complexation behaviour.98,100,102  Furthermore, the reduced Lewis
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basicity of the ring oxygen atoms, as a result of the adjacent aromatic groups, would
contribute to the low stability of the complexes.69 These factors appear to outweigh any

stabilizing complexation effects of the pendant donor arms of ligand 4 (¢f. ligand 6).

In some cases, the expected metal complex was not detected and alternative complexation

behaviour was observed. These results are summarized as follows.

In the ESI-MS spectrum of a solution of ligand § with lead(II) ions, a strong signal at m/z
285 was observed and is representative of the [Na5]* complex. The precise origin of the
sodium(l) ions is not clear. Since the ligand concentrations employed for ESI-MS analyses
are very low (< 10-6 M), the presence of sodium(I) as a laboratory contaminant may

explain the formation of the [Na5]+ complex in solution.

Solutions of ligands 1 and 6 with zinc(Il) ions gave rise to strong signals in the ESI-MS
spectrum, at m/z 483 and m/z 503, corresponding to the protonated species [H1]* and
[H6]*, respectively. Furthermore, the ESI-MS spectrum of ligand 6 with zinc(Il) ions
showed a strong signal at m/z 525, corresponding to the [Na6]* complex. When ligands 1
and 3 were assessed for their binding affinity toward cadmium(II) ions, strong signals were
observed at m/z 483 and m/z 359, corresponding to the protonated species [H1]* and [H3]*,

respectively.
4.3 Gas phase versus solution phase studies

Some trends are evident if one compares the results of the ESI-MS analysis to those
obtained for the related interactions in the solution phase (Chapter 3). All ligands that
were studied in Chapter 3, i.e. 1,2, 5 and 6, formed relatively stable complexes with
silver(I) ions in DMF solution (Table 3.5). Under ESI-MS conditions, ligands 1 - 6 were
all found to interact strongly with silver(I) ions, a result which is consistent with the

appearance of strong signals that are assigned to the silver(I) complexes (Table 4.1).

Stability constants were determined for the interaction of ligands 1, 2, 5 and 6 with lead(II)

in DMF solution (Table 3.5). ESI-MS studies of these interactions confirmed the
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formation of the [Pb2]2+ and [Pb6]2+ complexes in the gas phase. A competitive ESI-MS
experiment clearly showed that the signal representing the [Pb6]2+ complex occurred with
a higher relative intensity than that of the [Pb2]2+ complex. Thus, ESI-MS showed that
ligand 6 has a higher stability with lead(II) than ligand 2; a result that is in agreement with
that observed in the solution studies. The inability to detect the [Pb5]2+ complex by ESI-
MS was rather surprising when one considers the high stability observed for this complex

in solution phase.

Solution studies demonstrated that ligands 5 and 6 produced relatively stable complexes
with cadmium(II) ions (Table 3.5). These results were further confirmed by the
appearance of the ESI-MS signals corresponding to the [Cd5]2+ and [Cd6]2+4MeOH
complexes (Table 4.1). Competitive ESI-MS experiments demonstrated that the [AgS]+
complex was formed with a higher stability than the [Cd5]2* complex, a phenomenon that
was also observed in DMF solution (Chapter 3). The formation of the [Cd6]2+4MeOH
complex is clearly favoured over that of the [Ag6]*+ species. Even though solution studies
were primarily concerned with the stability of the [Cd6]2* complex in DMF solution, the
strong selectivity exhibited by ligand 6 toward cadmium(II) ions in the presence of silver(I)

ions is clearly demonstrated in both the solution and gas phase.

ESI-MS proved to be a viable method for addressing a particular discrepancy that was
encountered in our solution studies. Even though solution studies showed that ligand 6
formed highly stable complexes with lead(Il) and cadmium(II) ions, its selectivity toward
these metal ions could not be determined (Chapter 3). A competitive ESI-MS experiment
demonstrated that ligand 6 was highly selective toward cadmium(II) ions over lead(II) ions
in the gas phase, as confirmed by the formation of the [Cd6]2+4MeOH complex. Indeed,
no evidence for a lead(I) complex of ligand 6 was observed in this ESI-MS competitive

experiment.

Solution studies confirmed the very low stabilities of the [Pb1]2+, [Zn2]2+ and [Cd2]%*
complexes (Table 3.5). As expected, none of these complexes were observed under ESI-

MS conditions. However, detection of the [Pb2]2+ complex by ESI-MS methods was
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rather surprising as it possesses a low stability (log K = 2.38 £ 0.21) in DMF solution. It
is clear that the [Pb2]2+ species must be sufficiently stable in the gas phase for it to be
detected by the mass analyser. Indeed, the absence of solvent would probably enhance the

metal-ligand interaction in this complex to some degree.
4.4 Ab initio calculations

Electronic structure theory is a broad area within computational chemistry that is devoted
to the structure of molecules and their reactivity.205 Electronic structure methods use the
theory of quantum mechanics as the basis for computations. Quantum mechanics states
that the energy and other related properties of an atom or molecule may be obtained by

solving the differential equation formulated by Schrédinger in the 1920,
HY =EY¥

where H is termed the Hamiltonian operator, E is the energy of the system, and ¥ is a

wavefunction of the positions and momenta of all the particles.

The Schrddinger equation can be solved exactly for the hydrogen atom. Exact solutions to
the Schrodinger equation for many-electron atoms and molecules (i.e. anything but the
most trivial one-electron molecular system) are not possible. By implementation of a
number of simplifying mathematical assumptions and procedures, however, electronic
structure methods are able to offer an approximate solution of the Schrddinger equation for

a large range of atoms and molecules.

Ab initio methods are a major class of electronic structure methods that use no empirical
parameters in their computations other than physical constants, e.g. the speed of light,
Planck’s constant, and the masses and charges of electrons and nuclei.?0° Using these
parameters, and a series of mathematical approximations, ab initio methods compute
approximate solutions to the Schridinger equation for a particular atom or molecule. In
our study, the Gaussian 94206 guite of programs approximates the atomic and molecular

orbitals by implementation of the well-established Hartree-Fock method 205-207:208
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Gaussian 94 is particularly useful for predicting the equilibrium structures of metal
complexes such as those investigated in this work by the use of geometry optimization
algorithms utilizing the LANL2DZ basis set. A basis set is the mathematical description of
the molecular orbitals within a system, which combines to approximate the total electronic
wavefunction used to perform the theoretical calculation.?% Larger basis sets are better
suited to approximate exact molecular orbitals as they impose fewer restrictions on the
locations of the electron; an important consideration since the essence of the quantum
mechanical picture of the atom is that electrons have a finite probability of existing in a
certain region of space at any one time. A larger basis set is also desired for more accurate
approximations of the atomic and molecular orbitals of larger atoms (i.e. post-Third Row

atoms) and molecules, respectively.

The large LANL2DZ basis set implemented in our study requires considerably more
computational resources than some of the simpler basis sets that are normally available to
the computational chemist. Moreover, it offers the potential for more accurate estimations
of the molecular orbitals of those molecules containing heavy atoms that are of relevance
to our study. The LANL2DZ basis set includes effective core potential (ECP)
approximations for the inner core electrons of large atoms. An ECP approximation is a
means of treating valence electrons in a different manner to those lying closer to the
nucleus of the atom. This is particularly important when one considers the relativistic

effects associated with the core electrons.zo5

It is accepted that limitations do exist when applying computational methods for molecular
modelling, particularly when applying high level ab initio theory. Ab initio methods have
not always been particularly successful in representing equilibrium geometries of a number
of molecules that incorporate transition and post-transition metals. 2% It has been shown
that some discrepancies can appear due to limitations in either the Hartree-Fock
209

approximation model or in the basis set used for calculations involving large metal ions.

Since this work is concerned with the gas phase interactions of macrocyclic ligands with
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large metal ions, such as lead(IT) and cadmium(II), limitations that exist in ab initio models

with metal ions of high atomic number must be taken into consideration.
4.4.1 Results and Discussion

Complementary ab initio calculations were performed on the free ligands and the
corresponding metal complexes that were observed by ESI-MS. The optimized structures
of the free ligands 1 - 6 are shown in Figures 4.6 - 4.11, respectively. The optimized
conformations of the free ligands confirm the flexible nature of these types of macrocyclic

ligand systems.

In the gas phase, ligand 1 is shown to possess a boat-type conformation with the both the
aromatic rings folded back toward each other (Figure 4.6). The nitrogen donor atoms point
directly into the macrocyclic cavity, and are thus poised for an interaction with a metal ion.
The oxygen donor atoms appear to be directed out of the ring cavity. The molecular
structure of 1 (Appendix A), as determined by X-ray diffraction methods, clearly shows
that the ligand possesses a chair-like conformation in the solid state. The two pyridyl rings
occupy the same plane with a centre of inversion about a C axis. Since there are no close
intermolecular interactions observed in the solid state structure of 1, the conformational
differences between the gas phase and solid state geometries of the ligand may be

attributed to crystal packing effects in the latter.

The optimized structure of ligand 2 (Figure 4.7) clearly shows that the four sulfur donor

atoms are directed out of ‘macrocyclic ring cavity. This conformation is reminiscent of
h

related macrocyclic ligands which contain two-to-four sulfur atoms that are also directed

out of the macrocyclic ring cavity.183*184

The dibenzo-diaza-18-crown-6 ligand 3 occupies a typical conformation exhibited by
many of the simpler macrocyclic crown ethers (Figure 4.8). The nitrogen and oxygen
donor atoms appear to occupy the same plane. Even though the oxygen atoms are
positioned for coordination to the metal ion, the lone pairs of the nitrogen donor atoms are

directed out of the macrocyclic cavity.
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A comparison of the optimized structure of ligand 4 (Figure 4.9) to that obtained for ligand
3 (Figure 4.4) clearly shows the effect of the large pendant donor arms on the macrocyclic
ring system. The pendant arms cause the two aromatic moieties of the ring structure to be

folded back toward each other, resulting in a boat-like conformation for the ligand.

Ligand 5 is the least hindered of the macrocyclic ligands studied in this work. The
optimized structure of 5 shows that the six donor atoms are not present in the same plane
(Figure 4.10). The lone pair of electrons of each nitrogen atom is directed out of the
macrocyclic cavity and thus, is considered to be inappropriately positioned for

coordination to a metal ion.

The optimized structure of ligand 6 is presented in Figure 4.11. The steric strain and
rigidity imparted onto the diaza-18-crown-6 ring system by the presence of the large
pendant donor arms are clearly observed. The oxygen and nitrogen donor atoms of the
ring no longer appear in the same plane, as observed for the parent crown ether. However,
the side view of the molecule shows that the molecule distorts until the two aromatic rings
become co-planar. The hydroxyl groups of the pendant arms lie directly above the ring
structure, with one of the groups suitably positioned for subsequent ‘capping’ of the metal

ion.



109

Figure 4.6 Optimized gas phase geometry of ligand 1 as it appears in plan view (top) and

in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen).
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Figure 4.7 Optimized gas phase geomeiry of ligand 2 as it appears in plan view (top) and

in side view (bottom). (Yellow = sulfur; red = oxygen; orange = carbon; white

hydrogen).
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Figure 4.8 Optimized gas phase geometry of ligand 3 as it appears in plan view (top) and

in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen).
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Figure 4.9 Optimized gas phase geometry of ligand 4 as it appears in plan view (top) and

in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen).



113

Figure 4.10 Optimized gas phase geometry of ligand 5 as it appears in plan view (top)

and in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen).
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Figure 4.11 Optimized gas phase geometry of ligand 6 as it appears in plan view (top)

and in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen).
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The optimized structures of the corresponding silver(I) complexes of ligands 1-6 are shown
in Figures 4.12 - 4.17, respectively. It is apparent from these studies that, when compared
to reported crystallographic data, ab initio calculations tend to elongate bond lengths
between the metal ion and the ligand donor atoms. This may be due to a combination of
effects including the limitations associated with the LANL2DZ basis set and the various
approximations that are implemented in ab initio methods.29%2% Other differences when
one compares gas and solid phase metal-ligand interactions, e.g. crystal packing effects in

the latter, should also be considered.

The calculated gas phase structure of [Agl]* is presented in Figure 4.12. Our results
demonstrate that, in the gas phase, the silver(I) ion is surrounded by two mutually trans
pyridyl nitrogen and ether oxygen atoms; the two remaining oxygen atoms are clearly
directed out of the ring system and are too far removed for any interaction with the silver(I)
ion. The average metal-ligand bond distances in the gas phase (d(Ag-O) = 2.56 A; d(Ag-
N) =2.52 A) are greater than the sum of the covalent radii of the atoms,zlo’211 but the
orientation of the donor atoms (two nitrogen and two oxygen) suggests that some weak
interaction exists with the metal ion. The change in ligand conformation as one moves
from the free ligand (Figure 4.6) to the silver(I) complex (Figure 4.12) shows that the boat
conformation of the free ligand is significantly disrupted in the complex. The aryl rings

remain almost parallel to each other regardless of the interaction with the metal ion.

The optimized structure of the [Ag2]* complex appears in Figure 4.13. Despite the soft
base nature of the sulfur atoms, little covalent interaction was observed between these
donor atoms and the soft acid silver(I) ion. If one considers the average bond Iengths
observed between the silver(I) ion and the sulfur atoms (d(Ag-S) = 3.41 A), and compares
these distances to those calculated by using the sum of the covalent radii for each atom
(d(Ag-S) =2.54 A),210’211 it is clear that the donor atoms are too far away from the metal
ion for any significant interaction to be observed. Indeed, if one compares the optimized
geometry of the [Ag2]* complex (Figure 4.13) to that of the free ligand (Figure 4.7), it is

clear that very few conformational changes occur on metal binding, particularly with
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respect to the orientation of the sulfur donor atoms, even in the presence of the silver(I)
ion. The two oxygen donor atoms surround the silver(I) ion in a trans arrangement and
appear to be favourably situated for interaction. The average bond lengths for the silver(l)-
oxygen interactions in the gas phase (d(Ag-O) = 2.70 A) were found to be greater than
those determined by calculating the sum of the covalent radii of the atoms (d(Ag-0)=2.20
A).210’211 It is postulated, therefore, that the ether oxygen atoms of ligand 2, like other
crown ethers, are weakly interacting with the silver(I) ion in a pseudo-linear arrangement.
The average bond lengths for the silver(I)-oxygen and -nitrogen interactions in the gas
phase were found to be longer than those determined crystallographically, namely (d(Ag-
0) = 2.58 A) and (d(Ag-S) = 2.54 A);212213 4 difference in part attributed to crystal

packing effects in the solid state.

Ab initio calculations were performed on the [Ag3]* complex to afford its optimized
structure presented in Figure 4.14. The silve_r(I) ion appears to rest in the centre of the
macrocyclic cavity, resulting in significant distortion to the boat conformation of the free
ligand 3 (Figure 4.8). The silver(I)-ligand interactions appear to be weak due to the large
differences observed in the average silver(I)-oxygen and -nitrogen bond lengths (namely,
d(Ag-O) = 2.59 A; d(Ag-N) = 2.58 A) when compared to the those calculated using the
sum of the covalent radii of the individual atoms (d(Ag-O) = 2.20 A; d(Ag-N) = 2.24
A).ZIO’ZU In this case, the silver(I)-oxygen bond lengths calculated in the gas phase (2.59

A) appear to be in close agreement with those determined from crystallographic data (2.58
A).212,213

The optimized structure of the [Agd4]*t complex, as determined by ab initio methods,
appears in Figure 4.15. The interactions observed between the silver(I) ion and the oxygen
donor atoms (i.e. all four of the ether oxygen.atoms and one of the oxygen atoms present
on the pendant arm) appear to be primarily electrostatic in nature. Even though the
average bond length for the silver(I)-oxygen interaction (d(Ag-0) =2.55 A) was found to
be close to that determined crystallographically for a silver(I)-crown ether interaction

(d(Ag-0) = 2.58 A), 212213 it was still found to be significantly longer than the sum of the
g g y
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covalent radii of the two atoms (d(Ag-O) = 2.20 A)_210,211 This result confirms that five
of the six available oxygen atoms of ligand 4 are weakly coordinated to the silver(I) ion.
Similarly, the distance between the silver(I) atom and the closest nitrogen atom was found
to be equal to 2.68 A and, at best, a weak electrostatic interaction between these atoms may
be occurring. The remaining nitrogen atom and pendant arm oxygen atom are clearly too
far removed for any significant interaction to occur with the silver(I) ion. The
incorporation of the silver(I) ion into the macrocyclic cavity readily distorts the crown

ether system away from the boat conformation exhibited by the free ligand (Figure 4.9).

The optimized structure of the silver(I) complex of the diaza-18-crown-6 ligand § is
presented in Figure 4.16. The nitrogen donor atoms of the complex remain in similar
positions to those observed for the free ligand 5 (Figure 4.10). It is apparent that the
nitrogen atoms, with the lone pair of electrons directed out of the macrocyclic cavity, are
not positioned appropriately for interaction with the silver(I) ion. Three of the oxygen and
one of the nitrogen atoms do appear to be oriented appropriately for an electrostatic

interaction with the metal ion.

The optimized structure of the [Ag6]+ complex is presented in Figure 4.17. The
incorporation of the silver(I) ion into the macrocyclic cavity appears to cause very little
change in the overall conformation of the ligand structure, when compared to that
calculated for the free ligand (Figure 4.11). The six ring donor atoms are oriented
appropriately for an interaction with the metal ion. In particular, a large change in the
orientation of one of the pendant donor arms as one moves from the free ligand to the
complex allows for an interaction of one of the nitrogen atoms with the metal ion (d(Ag-N)
=2.52 A). Neither of the pendant arm oxygen atoms appear to interact with the silver(I)

ion in the gas phase.
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Figure 4.12 Optimized gas phase geometry of [Agl]* as it appears in plan view (top) and
in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen. Silver(I) ion appears as a large orange sphere).
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Figure 4.13 Optimized gas phase geomeiry of [Ag2]* as it appears in plan view (top) and

in side view (bottom). (Yellow = sulfur; red = oxygen; orange = carbon; white

hydrogen. Silver(I) ion appears as a large orange sphere).
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Figure 4.14 Optimized gas phase geometry of [Ag3 J* as it appears in plan view (top) and
in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen. Silver(I) ion appears as a large orange sphere).
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Figure 4.15 Optimized gas phase geometry of [Agd]* as it appears in plan view (top) and
in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen. Silver(l) ion appears as a large orange sphere).
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Figure 4.16 Optimized gas phase geometry of [Ag5]* as it appears in plan view (top) and
in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen. Silver(I) ion appears as a large orange sphere).
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Figure 4.17 Optimized gas phase geometry of [Ag6]* as it appears in plan view (top) and
in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen. Silver(l) ion appears as a large orange sphere).
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The optimized structures of the complexes [Pb2]2+ and [Pb6]2+ are presented in Figures

4.18 and 4.19, respectively.

In the [Pb2]2+ complex, little interaction occurs between the lead(Il) ion and the sulfur
donor atoms of the ring system as the average bond distances for the lead(Il)-sulfur
interactions were found to be extremely long (d(Pb-S) = 3.10 A). Since this distance is
much greater than the calculated sum of the covalent radii of the two atoms (d(Pb-S) =
2.17 A),zlo’m it appears that very little interactions exist between metal and the sulfur
atoms in the gas phase. Similarly, the average bond lengths for the lead(II)-oxygen
interactions (d(Pb-O) = 2.58 A) are longer than those expected (d(Pb-O) = 2.17 A),210’211
suggesting that the interaction between the lead(Il) ion and the oxygen atoms are primarily
electrostatic. The interaction of the macrocyclic ligand 2 with lead(IT) causes significant
distortion to the crown ether ring system, when compared to the free ligand (Figure 4.7),

with the sulfur atoms directed out of the macrocyclic ring cavity.

The encapsulation of the lead(II) ion by ligand 6 results in a marked distortion of the crown
ether ring system (Figure 4.19). Three of the oxygen and one of the nitrogen donor atoms
in the ring structure are arranged around the lead(Il) ion in a pseudo-tetrahedral geometry.
The two remaining ring donor atoms (one oxygen and one nitrogen) are too far away from
the metal for any significant covalent bonding interaction (d(Pb-O) = 4.33 A; d(Pb-N) =
2.64 A). The optimized structure of [Pb6]2* (Figure 4.19) shows that the two neutral
oxygen donor atoms, present on the pendant donor arms of 6, are not suitably oriented for
coordination to the metal centre. However, it is likely that in solution the pendant arms
play an important role in the complexation reaction, as demonstrated by the significant
increase in complex stability as one moves from ligand 5 to 6 (Section 3.4.2). There
appears to be no evidence for the presence of a stereochemically-active lone pair on the

lead(I]) ion, although this result would need to be confirmed by X-ray crystallography.99
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Figure 4.18 Optimized gas phase geometry of [Pb2]2+ as it appears in plan view (top)
and in side view (bottom). (Yellow = sulfur; red = oxygen, orange = carbon; white =

hydrogen. Lead(1l) ion appears as a large orange sphere).
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Figure 4.19 Optimized gas phase geometry of [Pb6]2* as it appears in plan view (top)
and in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen. Lead(Il) ion appears as a large orange sphere).
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The optimized gas phase structures of complexes [Cd5]2+ and [Cd6]2+ are presented in
Figures 4.20 and 4.21, respectively. In both complexes, the oxygen and nitrogen ring
atoms appear to be oriented appropriately for interaction with the cadmium(Il) ion. The
cadmium(II)-oxygen and -nitrogen bond lengths (([Cd5]12t d(Ca-0) = 2.37 A; d(Cd-N) =
2.41 A), ([Cd6]2+ d(Cd-0) = 2.22 A; d(Cd-N) = 2.31 A)) were found to be longer than
those calculated by the sum of the covalent radii of the atoms (d(Cd-O) = 2.16 A; d(Cd-N)
=2.20 A),ZIO’ZH confirming the electrostatic nature of these interactions in the gas phase.
The two additional oxygen atoms that are present in the pendant arms of ligand 6 do not
interact with cadmium(II) ion. Indeed, as the ring system closes in around the metal ion,
the oxygen donor arms of the pendant arms appear to be pushed further out of the centre of
the macrocycle. This distortion is clearly observed by comparing the optimized structure
of the free ligand (Figure 4.11) with that of the corresponding cadmium(II) complex
(Figure 4.21). However, as found for the complex [Pb6]2+, the increase in stability that is
observed as one moves from the [Cd5]2+* to the [Cd6]2* species clearly demonstrates the
importance of these pendant donor arms for complexation in the solution phase (Section

3.4.4).
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Figure 4.20 Optimized gas phase geometry of [Cd5]?t as it appears in plan view (top)
and in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen. Cadmium (II) ion appears as a large orange sphere).
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Figure 4.21 Optimized gas phase geometry of [Cd6]?* as it appears in plan view (top)
and in side view (bottom). (Blue = nitrogen; red = oxygen; orange = carbon; white =

hydrogen. Cadmium (II) ion appears as a large red sphere).
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4.5 Conclusions

In this gas phase study, ESI-MS was used to probe the interactions of ligands 1 - 6 toward
silver(I), lead(Il), zinc(II) and cadmium(II) ions. The method has been shown to be a
sensitive technique that allows the reaction between the macrocyclic ligands and metal ions
to be monitored in the absence of bulk solvent. Analysis of the results from our solution
phase investigations (Chapter 3) and our ESI-MS studies shows that the greater the
stability of the metal complex in solution, the more likely the complex can be detected
under ESI-MS conditions. In our hands, complexes that were formed with a low stability
(i.e. log Ks < 2) in solution were not observed using ESI-MS methods. Indeed, the
majority of the complexes observed using ESI-MS were all found to form relatively stable
complexes in DMF solution. One exception is the [Pb5]%* complex. This complex was
formed in DMF solution with a relatively high stability, however, there appeared to be no
evidence for its existence under ESI-MS conditions. The formation of the [Pb2]2*
complex occurs with a low stability in solution, however, this complex is observed by ESI-
MS. This result may be attributed to the enhanced stability of the species in the gas phase

where solvation effects play no role.

Complementary ab initio calculations afforded the optimized gas phase structures of the
free ligands 1 - 6 and the corresponding metal complexes that were detected by ESI-MS
experiments. Many of the optimized structures of the metal complexes possessed longer
metal-ligand bond distances than those expected for a significant covalent interaction. This
result may imply that the metal-ligand interactions that were observed are primarily
electrostatic in nature, with very little covalent character. It is accepted that the limitations
associated with ab initio calculations of large molecules incorporating heavy metals,
particularly with reference to the approximations and the basis sets that were used, would
significantly contribute to the longer than expected bond distances. Despite these
shortcomings, ab initio methods were found to be particularly useful for investigating the
changes in gas phase conformational geometry as one moves from the free ligand to the

corresponding complex.
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5 Summary and Conclusions

This thesis describes a comprehensive investigation of a select group of macrocyclic crown
ether ligands that may potentially be used in the development of a lead(II)-ion specific
probe for the detection and quantification of lead(Il) concentrations in environmental and

biological media.

The series of ligands chosen for this study contained a combination of oxygen, nitrogen
and sulfur donor atoms. The dibenzo-dipyridyl-22-crown-6 derivative 1, the bis(4-
methylbenzo)tetrathia-18-crown-6 derivative 2, and the dibenzo-diaza-18-crown-6
derivative 3 were prepared by a convergent synthetic strategy that culminated in the 1:1
condensation reaction between the appropriate components of the target macrocycle under
low to moderate dilution conditions. The synthesis of ligand 1 was based on established
literature methods, and its molecular structure was confirmed by X-ray crystallography.
Attempts at the synthesis of macrocycles 2 and 3 by one-pot cyclization methods were
found to be very low yielding. However, by implementation of multistep synthetic
strategies, the yields of ligands 2 and 3 were improved. For example, ligand 2 has been
synthesised previously by other workers in a 6% yield but, in our hands, a new reaction

sequence afforded the target ligand in an overall yield of 20%.

The N,N’-phenylhydroxyethyl derivatives of dibenzo-diaza-18-crown-6 4 and diaza-18-
crown-6 6 are new crown ether ligands which were obtained by a ring-opening reaction of
(R)-styrene oxide with the parent crown ethers 3 and the commercially available diaza-18-
crown-6 5, respectively. Interestingly, a lengthy reaction period of at least 10 days was
required for the formation of ligand 4, in stark contrast to the reaction time of 14 hours that
was required for the formation of 6. This phenomenon is most likely attributed to the
steric bulk and inflexible nature of the parent crown ether 3, as imposed by the aromatic

moieties.

The solution and gas phase stabilities and selectivities of the series of crown ethers toward

lead(II), zinc(II), and cadmium(II) and silver(I) ions were investigated by means of non-
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aqueous potentiometry using an silver(I)-ion selective electrode, electrospray ionisation
mass spectrometry and ab initio methods. Ligands 1 and 2 weakly complexed lead(ID),
cadmium(Il) and zinc(II) ions in DMF solution, however ligand 2 formed a stable complex
with lead(Il) in the gas phase. Ligands 3 and 4 formed poorly stable complexes with
lead(IT), zinc(II) and cadmium(Il) ions in the gas phase, and they were not studied further.
Ligand 5 complexed lead(II) more strongly than cadmium(II) and zinc(II) ions in DMF
solution, with only the cadmium(II) complex observed in the gas phase. The presence of
N,N’-phenylhydroxyethyl pendant arms in ligand 6 substantially enhanced complexation of
the heavy metal cations, with little affinity shown toward zinc(II) ions in both the solution
and gas phase. The high affinity of ligands 1 - 6 toward silver(I) ions was observed in the
gas phase. Ligands 1, 2, 5 and 6 were also found to form stable complexes with silver(I)

ions in DMF solution.

The low stabilities of the complexes formed between ligand 1 and lead(II), zinc(II) and
cadmium(I]) ions are largely attributed to its considerable cavity size. Ligand 1 appears to
be mismatched for metal ion encapsulation when one considers the sizes of even the larger

metal ions studied in this work.

Ligand 2 formed complexes of low stability with lead(Il), cadmium(II) and zinc(II) ions.
The stabilities of the [Cd2]2+ and [Pb2]2+ complexes in DMF solution were somewhat
unexpected, especially when one considers the soft base nature of the ligand sulfur atoms
and the soft and borderline acid nature of the cadmium(II) and lead(II) ions, respectively.
The orientation of the sulfur atoms which are directed out of the macrocyclic ring system,
as demonstrated by ab initio calculations on the free ligand and the corresponding lead(II)

complex, may in part contribute to the poor complex stability.

The gas phase complexation properties of the dibenzo-diaza-18-crown-6 ligand 3 were
examined by means of ESI-MS. No evidence was obtained for the formation of lead(II),
zinc(Il) and cadmium(Il) complexes, but the [Ag3]* species was detected in the gas phase.
The incorporation of pendant arms, containing neutral oxygen donor atoms, into the crown

ether 3 was expected to enhance the selectivity and stability of the resulting lariat ether 4
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toward larger metal ions, such as lead(II) and cadmium(Il). However, ESI-MS
experiments confirmed that, under gas phase conditions, ligand 4 showed little affinity for
these metal ions. This result was in contrast to that observed for the related [Pb6]2* and
[Cd6]2*+ complexes. The steric effects associated with the aromatic rings, coupled with the
considerable rigidity of the crown ether ring system of ligand 4, would most likely

diminish its interaction toward the metal ions studied in this work.

Ligand 5 was found to exhibit a particularly high stability toward silver(I) ions in both the
solution and gas phase. A sharp decrease in stability was observed as one moves from the
silver(I) complex of ligand 5 to the corresponding complex of ligand 6. This result
demonstrated that the pendant donor arms of 6 do not facilitate the complexation of the

silver(I) ion, as supported by ab initio calculations.

Ligand 5 formed a stable complex with lead(II) ions in DMF solution, and sufficient
discrimination was shown toward the larger metal ion over zinc(II) and cadmium(II). ESI-
MS studies did not provide any evidence for the formation of the lead(II) or zinc(II)

complex with this ligand, but the [Cd5]2+ species was observed in the gas phase.

The incorporation of pendant arms containing neutral oxygen donor atoms in the parent
crown ether 5 was found to enhance significantly the stability of the lariat ether 6 toward
the heavy metal ions lead(II) and cadmium(II). Ligand 6 was found to complex lead(II)
and cadmium(II) ions with a higher stability than silver(I) ions in the solution phase, and
thus an accurate determination of the stability constants for the [Pb61%+ and [Cd6]%+
complexes was not possible by potentiometry using a silver(I)-ion selective electrode.
However, competitive ESI-MS studies showed that ligand 6 exhibited a high selectivity

toward cadmium(II) over lead(Il) ions in the gas phase.

The work described in this thesis demonstrates that the potential development of ligand 6
into a heavy metal probe is feasible. This notion is supported by the clear discrimination

of the ligand toward lead(IT) and cadmium(II) over the biologically prevalent zinc(II) ions.
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Further elaboration of ligand 6 is required in order to fully investigate its potential use as a
fluorescent lead(Il) specific probe. It is envisaged that the replacement of the phenyl rings
in 6 with more highly conjugated groups, such as naphthalene or anthracene, will
significantly enhance the optical properties of the ligand. This study has shown that the
incorporation of simple aromatic groups within the crown ring structure is not facile, and
quite extensive synthetic procedures need to be employed (e.g. the methods used for the
preparation of ligands 3 and 4). However, the relative ease of incorporating a
chromophoric (or fluorophoric) moiety into the pendant arms of a simple, unsubstituted
crown ether (such as ligand 5) by means of an epoxide ring-opening reaction demonstrates
the advantages of this method. Further elaboration of the target macrocycle with
appropriate hydrophilic moieties will also be required in order to enhance the aqueous
solubility of the ligand system, particularly since ligand 6 was found to be sparingly

soluble in water.
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6 Experimental

6.1 Synthetic Methods

6.1.1 General

Melting points (uncorrected) were recorded on a Kofler hot-stage apparatus equipped with
a Reichert microscope. Microanalyses were performed by the Department of Chemistry,

The University of Otago, Dunedin, New Zealand.

UV-visible spectra were recorded on a UV/VIS CARY 2200 spectrophotometer. Infrared
spectra were recorded on a Hitachi 270-30 infrared spectrometer, as nujol mulls, liquid

films or solutions as stated.

Electron impact mass spectra (EI-MS) and fast atom bombardment mass spectra (FAB-
MS) were recorded on a Vacuum Generators ZAB 2HF mass spectrometer operating at 70
eV. Electrospray ionisation mass spectra (ESI-MS) were recorded using a Finnigan MAT
ion trap LC-Q mass spectrometer, fitted with an electrospray ionisation source. Only the
major fragmentations are given with their relative abundances shown in parentheses. High
resolution mass spectrometry (HR-MS) was performed by the Department of Chemistry,

The University of Tasmania, Hobart, Tasmania.

High field !H n.m.r. and 13C n.m.r. spectra were recorded using either a 200 MHz or 300
MHz Gemini Varian spectrometer, as stated. All n.m.r. spectra were recorded as solutions
of CDCl3, unless otherwise stated, with tetramethylsilane (TMS) as an internal standard.
All chemical shifts are quoted as & in parts per million, and coupling constants J are given
in Hertz. All multiplicities are abbreviated: s, singlet; d, doublet; t, triplet; q, quartet; m,

multiplet; br, broad.

Analytical thin layer chromatography (t.l.c.) was carried out using Merck Kieselgel

60F254 on aluminium backed plates, and the t.l.c. chromatograms were visualised using

UV light (254 nm). Flash chromatography214 was performed using Amicon Matrix silica,
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with a pore diameter of 60A unless otherwise stated. Ion exchange chromatography was

performed using Dowex AG S0W-X2 acidic cation-exchange resin.

All organic solvents and reagents were purified and dried using standard laboratory
procedures.215 Diethyl ether was distilled from sodium/benzophenone ketyl prior to use.
Acetone, methanol and ethanol were distilled from anhydrous CaSOg4. Dichloromethane
was distilled from P»Os. Light petroleum refers to the fraction with a boiling range 66° -
69°C. DMF was distilled from anhydrous MgSOj4. n-Butanol was dried with anhydrous
MgSOQy, and distilled from sodium. Dimethyl sulfoxide and dimethoxyethane were
distilled under reduced pressure from CaHp. Pyridine was dried with sodium, followed by
fractional distillation. All organic extracts are dried over anhydrous MgSO4 or NapS0Oy4, as

stated.

6.1.2 Syntheses

3,12,20,29-tetraoxa-35,36-diazapentacyclo[29.3.1.1 14,1805-100, 22,27 |-hexatriaconta-

1(35),5(10),6,8,14,16,18(36),22(27),23,25,31,33-dodecaene,105 1
2,6-(Dihydroxymethyl)pyridine, 7

Sodium borohydride (14.6 g, 384 mmol) was slowly added to a stirred solution of dimethyl
2,6-pyridinedicarboxylate (15 g, 77 mmol) in dry methanol (100 mL), and the resulting
mixture refluxed for 14 h under an atmosphere of nitrogen. Upon cooling, the solvent was
removed under reduced pressure and the crude material was dissolved in 10% sodium
hydroxide solution (40 mL). The aqueous layer was extracted twice with tetrahydrofuran
(2 x 60 mL) and the organic layers collected, dried (MgSO4) and concentrated. The
resulting solid was recrystallized from absolute ethanol to give 7 as white prisms (5.40 g,
50%), m.p. 114 - 116°C (lit.'!! 113°C). IR Vmax (nujol) 3364 (O-H), 2924, 2852, 1600
(C=N), 1464, 1378, 1348, 1082, 1022 em-l. 1H n.m.r. (200 MHz) & 2.85, br, 2H, 2 x OH;
474, s, 4H, 2 x CHp; 7.27,d,J 7.7 Hz, 2 ArH; 771, ¢, J 7.7 Hz, ArH. MS m/z 139 (M*",
50%), 138 (M-H, 100), 122 (M-OH, 70).
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o, o-Dibromo-o-xylene, 8

o-Xylene (10 g, 94 mmol) in dry carbon tetrachloride (20 mL) was added dropwise to a
stirred solution of N-bromosuccinimide (34 g, 188 mmol) in dry carbon tetrachloride (80
mL). Benzoyl peroxide (0.31 g, 1.28 mmol) was added as a catalyst, and the solution was
refluxed for 2 h under a nitrogen atmosphere. The resulting solution was filtered, and the
solvent evaporated in vacuo to afford a pale yellow solid. The crude material was
recrystallized from hexane to give 8 as fine white needles (14 g, 57%), m.p. 88 - 90°C
(1it.216 98 - 99°C). 'H n.m.r. (200 MHz) § 4.67, s, 4H, 2 x CHy; 7.34, m, 4 ArH. MS m/z
264 M+, 40%), 185 (M-Br, 100).

3.12,20,29-tetraoxa-35,36-diazapentacyclo[29.3.1.1.14.180.5.100.22.27 |-hexatriaconta-

1(35),5(10),6,8,14,16,18 (36),22 (27),23,25,31,33-dodecaene, 1

2,6-(Dihydroxymethyl)pyridine 7 (5 g, 36 mmol) was added to a suspension of sodium
hydride (1.90 g, 79 mmol) in dry dimethoxyethane (75 mL). A solution of oo’ -dibromo-o
xylene 8 (9.5 g, 36 mmol) in dry dimethoxyethane (55 mL) was added dropwise to the
suspension, and the solution was stirred at room temperature for 1 h and then refluxed for
24 h. The reaction mixture was cooled, poured onto ice (200 mL) and extracted with
chloroform (2 x 50 mL), giving upon concentration a white solid. Purification of the crude
material by column chromatography (60% ethyl acetate/hexane) and recrystallization from
absolute ethanol gave 1 as white crystals (6.07 g, 35%), m.p. 140 - 142°C (1it.'% 142 -
143°C). 1H n.m.r. (200 MHz) 8 4.55, s, 8H, 4 x OCHy; 4.61, s, 8H, 4 x OCHy; 7.25-7.62,
m, 14H, CH. 13C n.m.r. (200 MHz) & 70.30, 73.40, 120.37, 128.16, 129.29, 136.9, 157.90,
168.51. FAB-MS m/z 483 (M+H)*, 100%), 307 (87), 289 (55).
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2,3,11,12-Bis(4’-Methylbenzo)-1,4,10,13-tetrathia-7,16-dioxacycloocta-deca-2,11-diene,
2

2-(2’-Chloroethoxy)ethyl-2’’'-Tetrahydropyranyl ether, 10

2-(2’-Chloroethoxy)ethanol (6.2 mL, 58.7 mmol) was cooled to 0°C under an atmosphere
of nitrogen. Neat dihydropyran (8.04 mL, 88 mmol) was slowly added to the solution,
followed by one drop of concentrated HCI. The solution was allowed to warm to room
temperature and stirred for 1 h. The solution was neutralised with triethylamine (~1 mL)
and the resulting viscous oil was dissolved in dichloromethane (25 mL), and washed with
water (2 x 20 mL) to remove the triethylamine hydrochloride salt by-product. The organic
layers were combined, dried (MgSO4), and evaporated, and the crude oil was purified by
Kugelrohr distillation to afford the tetrahydropyranyl ether 10 as a colourless oil (8.36 g,
69%), b.p. 55°C /0.02 mm Hg (lit.!!* b.p. 87 - 88°C /0.5 mm Hg). !'H n.m.r. (200 MHz) &
1.53 - 1.81, m, 6H, 3 x CHo(THP); 3.48 - 3.93, m, 5 x CHp; 4.65,t, H, CH. FAB-MS m/z
209 (M+H)*, 33%), 85 (M-C4HgO,Cl, 100).

2-{2-[(2-{[2-(2-hydroxyethoxy)ethyl Jsulfanyl}-4-methylphenyl)-sulfanyl]-ethoxy}-1-
ethanol, 12

To a solution of 3,4-dimercaptotoluene (3.3 mL, 22 mmol) in dry n-butanol (10 mL), was
added solid sodium hydride (2.0 g, 49 mmol) and the solution was stirred for 20 min under
a nitrogen atmosphere. 2-(2’-chloroethoxy)ethyl-2’’-tetrahydropyranyl ether 10 (10.3 g,
49 mmol) in dry n-butanol (15 mL) was added dropwise over 1 h, and the solution was
refluxed for 20 h. The reaction mixture was quenched with water (25 mL), and solvent
was evaporated under reduced pressure. The remaining oily material was dissolved in
dichloromethane (35 mL), washed with water (2 x 20 mL), and the organic layers were
collected, dried (MgSO4) and concentrated to afford the O-tetrahydropyranyl derivative as

a pale yellow oil. The crude product was used without further purification.
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The crude mixture (8.5 g, 17 mmol) was dissolved in n-butanol (10 mL). 1M HCI (60 mL,
68 mmol) was added, and the solution was stirred at room temperature. After 14 h, t.l.c.
analysis (20% acetone / dichloromethane) showed that the reaction had not reached
completion and thus, a further 2 equivalents of 1M HCl (29 mL, 34 mmol) was added, and
the solution was heated at 80°C for a further 14 h. The reaction mixture was neutralised
using 10% NaHCO3 solution (25 mL), and the product was extracted with
dichloromethane (3 x 25 mL). The organic fractions were combined, washed with water
(30 mL), dried (MgSO4) and evaporated in vacuo. After column chromatography of the
residue (20% acetone / dichloromethane), the desired diol 12 was obtained as a pale,
yellow oil (5.30 g, 73%). HR-MS Calcd for C15H248204: m/z 332.11497. Found: m/z
332.11354. IR vy (neat) 3416 (O-H), 2924, 2860, 1640, 1586, 1460, 1384, 1356, 1292
(C-0), 1118, 1072, 868 cm-l. H n.m.r (300 MHz) §2.33, s, 3H, CH3; 2.73, br, 2H, 2 x
OH; 3.07 - 3.18, m 4H, 2 x CH,S; 3.54 - 3.75, m, 12H, 6 x CH20; 6.96 - 7.29, m, 3 ArH.
13C n.m.r. (300 MHz) § 21.08, CH3; 33.22,33.83,2 x CHpS; 61.77, 61.78, 2 x CH20H;
69.38, 69.43, 2 x OCH,CH,0H; 72.15,72.21, 2 x SCH2CH20; 127.56, 129.89, 131.08, 3
x CH; 132.62, 137.38, 137.75, 3 x C. MS m/z 332 (M**, 40%), 271 (M-C2Hs502, 56), 243
(M-C4H¢O3, 68), 167 (100), 154 (M-CgH 1804, 73).

2-{2-[(5-methyl-2-{[2-(2-{[(4-methylphenyl)sulfonyl Joxy]-ethoxy )-ethyl]-sulfanyl}-

phenyl)sulfanyl]ethoxy}ethyl-4-methyl-1-benzenesulfonate, 13

Under a nitrogen atmosphere, the diol 12 (1.0 g, 5.1 mmol) was dissolved in dry pyridine
(10 mL) and cooled to -20°C. A solution of p-toluenesulfonyl chloride (4.83 g, 25 mmol)
in dry pyridine (10 mL) was added dropwise to the cooled solution over 10 min, and the
reaction mixture was maintained between -20°C and -10°C for 3 h. Upon completion, the
mixture was warmed to room temperature, and the solvent was removed under reduced
pressure. The remaining solid was taken up into dichloromethane (25 mL), washed with
water (2 x 20 mL), and the organic fraction was collected, dried (MgSQ4) and concentrated
to give a pale yellow oil. Purification by flash chromatography (30% ethyl acetate /

hexane) afforded the desired product 13 as a viscous, colourless oil (2.45 g, 75%). Anal.
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Calcd for CopoHag0sS4: C, 54.35; H, 5.66%. Found: C, 54.51; H, 5.79%. 1H n.m.r (300
MHz) §2.32, s, 3H, CHz; 2.44,s, 6H,2 x CH3; 2.94 - 3.06, m, 4H, 2 x CH;S; 3.53 - 3.68,
m, 8H, 4 x CH,0; 4.12 - 4.18, m, 4H, 2 x CH2OTs; 6.98 - 7.25, m, 3 ArH; 7.32, AA'BB',
J 8Hz, 2 x CH; 7.79, AA'BB', J 8Hz, 2 x CH. 13C n.m.r. (200 MHz) 620.88, CHz3; 21.45,
2 x SO,CgH5CH3; 32.33,32.92, 2 x SCHy; 68,14, 68.19, 69.07, 69.51, 69.61, 6 x CH20;
127.32, 127.75, 129.40, 129.70, 130.71, 5 x CH; 132.10, 132.78, 137.16, 137.32, 144.72, 5
x C. MS m/z 640 (M*, 6%), 469 (M-C7H7S03, 32), 199 (96), 91 (100).

1,2-di{[2-(2-chloroethoxy)ethyl]-sulfanyl}-4-methylbenzene, 1 4

The neat diol 12 (1.37 g, 4.1 mmol) was stirred under a nitrogen atmosphere and cooled to
0°C. Thionyl chloride (10 mL, 137 mmol) was added dropwise'over 15 min, and the
solution was warmed to room temperature and stirred for 14 h, followed by gentle heating
at 80°C for 3 h. The excess thionyl chloride was removed under reduced pressure and the
resulting brown oil was taken up in dichloromethane (40 mL), washed with 20% K>CO3
solution (20 mL), and water (20 mL). The organic layer was dried (MgS0Oy4) and
concentrated in vacuo to afford a brown oily residue. Flash chromatography (1% acetone,
dichloromethane) afforded the desired dichloride 14 as an orange oil, (0.37 g, 25%). HR-
MS: Caled for C;5H22S20,Cly: m/z 368.04720. Found: m/z 368.04548. IR vpax (neat)
2920, 2856, 1586, 1462, 1362, 1298, 1260, 1200, 1114, 1038, 964, 746 (C-Cl), 666 (C-S)
cm-!. 'H n.m.r. (300 MHz) § 2.32, s, 3H, CHs; 3.05-3.15, m, 4H, 2 x SCH; 3.58 - 3.75,
m, 12H, 4 x OCH,, 2xCH,Cl; 6.95 - 7.28, m, 3 ArH. 13C n.m.r. (200 MHz)  21.19, CHz;
32.76, 33.38, 2 x CH,S; 42.82, 42.85, 2 x CH,Cl; 69.89, 69.97, 2 x SCH,CH,0; 71.12,
71.21, 2 x OCH,CH,Cl; 127.62, 129.88, 131.17, 3 x CH; 132.54, 137.49, 137.75,3x C.
MS m/z 369 (M+*, 36%), 333.5 (M-Cl, 10), 298 (M-2Cl, 48), 186.7 (100).
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2,3,11,12-Bis (4’-Methylbenzo)-1,4,10,13-tetrathia-7,1 6-dioxacyclo-octa-deca-2,11-

diene, 2
Method 1

Solid sodium hydride (0.14 g, 3.4 mmol) was added to a solution of 3,4-dimercaptotoluene
(0.23 mL, 1.6 mmol) in dry n-butanol (5 mL), and the solution was stirred at room
temperature for 20 min under an atmosphere of nitrogen. The ditosylate 13 (1.0 g, 1.56
mmol) was dissolved in a 1:1 mixture of dry n-butanol and dry DMF (20 mL), and it was
added to the solution over a 30 min period. The resulting mixture was heated to reflux for
24 h. The solvents were removed under reduced pressure, and the solid residue was
dissolved in dichloromethane (25 mL) and washed with water (2 x 20 mL). The organic
layer was dried (MgSO4), and evaporated in vacuo to afford a pale yellow solid. The
crude material was purified by flash chromatography (2% ethyl acetate / dichloromethane)
and recrystallized (1:1 ethyl acetate / hexane) to afford the title compound 2 as fine, white
needles (0.26 g, 36%), m.p. 140 - 144°C (lit.76147°C). Anal. Calcd for CopH2802S4: C,
58.37; H, 6.23%. Found: C, 58.21; H, 5.85%. UV Amax (MeOH) 256 nm (1it.”® 256 nm)
IH n.m.r. (200 MHz) § 2.29, s, 6H, 2 x CH3; 3.00 - 3.12, m, 8H, 4 x CH;S; 3.59 - 3.73,
m, 8H, 4 x CH,0; 6.91 - 7.26, m, 6ArH. 13C n.m.r. (200 MHz) 6 21.12, CH3; 33.40,
33.43, 33.91, 33.99, 4 x CH2S; 69.35, 69.42, 69.52, 69.59, 4 x CH0; 127.64, 130.52,
131.82, 3 x CH; 133.03, 137.44, 138.32, 3 x CH. MS m/z 452 (M**, 12%), 279 (21), 154
(100).

Method 2

3,4-Dimercaptotoluene (0.09 mL, 0.6 mmol) was dissolved in dry n-butanol (5 mL) under
a nitrogen atmosphere. Solid sodium hydroxide (0.05 g, 1.3 mmol) was added to the
solution, and it was warmed to 50°C for 60 min. The dichloride 14 (0.22 g, 0.6 mmol) was
dissolved in dry n-butanol (10 mL), and added dropwise to the pale yellow solution over a
15 min period. The solution was then heated to reflux for 24 h. The n-butanol was

removed under reduced pressure, and the remaining orange solid was dissolved in
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dichloromethane (15 mL), washed with 10% NaOH solution (10 mL) and water (2 x 20
mL). The organic fraction was dried (MgSOy), and concentrated in vacuo. Purification of
the crude product by flash chromatography (30% ethyl acetate / hexane) and crystallization
from 1:1 ethyl acetate / hexane afforded 2 as a white, crystalline solid (0.09 g, 33%), m.p.
141 - 144°C (lit.”® m.p. 147°C). The spectroscopic data of the compound were identical to

those quoted above (Method 1).

Attempted Synthesis of 7,16-Diaza-1,4,1 0,13-tetraoxa-2,3,11,12-dibenzo-cyclo-octadeca-
2,11-diene, 3

N-bis(2-4'-methylphenylsulfonyloxy)ethyl-4 "-methylphenylsulfonamide, 16

Diethanolamine (1.4 g, 13 mmol) was added dropwise to a stirred solution of p-
toluenesulfonyl chloride (10 g, 52 mmol) in dry pyridine (30 mL) over a 30 min period.
The solution was stirred for a further 3.5 h at room temperature. Water (70 mL) was then
added, and the solution was stirred for a further 1.5 h at room temperature. The pale
yellow precipitate was collected by vacuum filtration, washed with water (2 x 10 mL) and
air-dried. Recrystallization of the crude product from methanol afforded the sulfonamide
16 as fine, white prisms (5.8 g, 78%), m.p. 98 - 100°C (it.*° m.p. 96 - 98°C). 'H n.m.r.
(200 MHz) § 2.43, s, 3H, CH3; 2.46, s, 6H, 2 x CH3; 3.37,t,J 5.9 Hz, 4H, 2 x NCHy;
4.11,t,J 5.9 Hz, 4H, 2 x OCHy; 7.26 - 7.78, m, 12 ArH. FAB-MS m/z 568 (M+H)*,
19%), 396 (M-C7H7S03, 100), 155 (67).

8, 19-di[(4-methylphenyl)sulfonyl]-7,8,9,10,18,19,20,21 -octahydro-6H,17H-
dibenzo[b,k][1,4,10,13,7,16Jtetraoxadiazacyclo-octadecine, 1 7

Under a nitrogen atmosphere, solid potassium carbonate (3.7 g, 27 mmol) was added to a
solution of pyrocatechol (1.0 g, 9 mmol) in dry DMF (25 mL). The sulfonamide 16 (5.15
g, 9 mmol), dissolved in dry DMF (40 mL), was added dropwise to the pyrocatechol

solution over 20 min. The resulting mixture was refluxed at 80°C for 24 h and, upon
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cooling, was added to ice-cold water (200 mL), and extracted with diethyl ether (3 x 20
mL). The organic layers were combined, dried (MgSO4), and evaporated in vacuo to
afford a white solid. T.lc. analysis of the white solid (5% methanol / dichloromethane)
showed that the crude residue contained an inseparable mixture of compounds 17 and 18,
m.p. 163 - 166°C (lit.'%* m.p. 17 215-216°C; 18 174 - 175°C). FAB-MS m/z 667 (17
(M+H)*, 18%), 334 ( 18 (M+H)*, 50%), 138 (55), 92(100).

7,16-Diaza-1,4,10,13-tetraoxa-2,3,11,12-dibenzo-cyclo-octadeca-2,11-diene, 3
Diethyl(o-phenylenedioxy)diacetate, 23

Solid potassium carbonate (75 g, 550 mmol) and ethyl bromoacetate (52.4 g, 310 mmol)
were added to a solution of pyrocatechol (15 g, 140 mmol) in dry acetone (300 mL) and
the mixture was refluxed for 48 h. The excess salts were removed by vacuum filtration and
washed with acetone (2 x 20 mL). The acetone washes were combined with the filtrate and
concentrated under vacuo to give an dark orange oil. The oil was taken up into diethyl
ether (50 mL) and washed with 5% NaOH solution (2 x 20 mL), followed by water (2 x 20
mL). The organic layer was collected, dried (MgSO4) and concentrated in vacuo to give a
pale yellow oil. The crude extract was purified by Kugelrohr distillation to afford the
product 23 as a colourless, viscous oil (21.7 g, 56%), b.p. 128°C / 0.08 mm. IR vmax
(nujol) 3524, 2932, 1756 (C=0), 1594, 1504, 1458, 1380, 1192, 1134, 1028, 834 cml, 1H
n.m.r. (300 MHz) & 1.29, t, J 10.5 Hz, 6H, 2 x CH,CH3; 4.26, q,J 10.5 Hz, 4H, 2 x
CH,CHs; 4.72,s,4H, 2 x CHy; 6.93, m, 4 ArH. 13C (300 MHz) $ 13.56, CHz; 60.68,
OCHpy; 66.18, OCH,CH3; 115.21, 122.15, 2 x CH; 147.77, C; 168.72, CO. MS m/z 232
(M**, 68%), 209 (M-C3H503, 10), 135 (M-CgH1004, 25), 108 (48), 58 (100).
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1,2-Bis-(2-hydroxyethoxy)benzene, 24

Method 1

Diethyl(o-phenylenedioxy)diacetate 23 (1.5 g, 5.3 mmol) was added dropwise to a stirred
suspension of lithium aluminium hydride (0.8 g, 21 mmol) in dry diethyl ether (25 mL)
and the mixture was stirred at room temperature for 16 h. The excess hydride was
carefully quenched with water, and the excess salts were removed by vacuum filtration.
The residues were washed with ethyl acetate (3 x 30 mL) and these washings, combined
with the filtrate, were dried (MgSO4) and evaporated under reduced pressure. The residue
was crystallized from hexane to afford the desired compound 24 as white crystals (0.82 g,
78%), m.p. 79 - 80°C (1.2 m.p. 93 - 94°C). IR Vmay (nujol) 3504 (O-H), 2924, 2852,
1508, 1460, 1378, 1258 (C-0), 1220, 1080 cml. 1H n.m.r (200 MHz) 0 3.48 - 3.62, br,
2H, 2 x OH; 3.93 - 4.16, m, 8H, 2 x OCH2CH,0OH; 7.00, s, 4 ArH. MS m/z 198 (M,
25%), 154 (M-C,H40, 10), 109 (M-C4HgO2, 100).

Method 2

Pyrocatechol (10 g, 90 mmol) and sodium hydroxide (8.7 g, 218 mmol) were stirred at
room temperature in dry ethanol (50 mL) under a nitrogen atmosphere. A solution of 2-
chloroethanol (14.5 mL, 218 mmol) in dry ethanol (50 mL) was then added dropwise over
a 15 min period, and the resulting solution was refluxed for 24 h. The solvent was
removed in vacuo, and the resulting dark orange oil was dissolved in chloroform (200 mL),
and washed with 10% NaOH solution (3 x 100 mL), and water (2 x 100 mL). The organic
layers were collected, dried (MgSQy4), and evaporated in vacuo. Crystallization of the
crude product from benzene / petroleum ether afforded 24 as fine, white needles (9.0 g,
50%), m.p. 78 - 80°C (lit.llgm.p. 78 - 80°C). The spectroscopic data obtained for the

compound were identical to those quoted above.
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1.2-Bis-(2-p-tolyl-sulfonylethoxy)benzene, 20

Method 1

Under a nitrogen atmosphere, 1,2-bis-(2-hydroxyethoxy)benzene 24 (4 g, 20 mmol) was
dissolved in a solution of dry pyridine (30 mL) and cooled to 0°C. p-Toluenesulfonyl
chloride (19.2 g, 100 mmol) in dry pyridine (50 mL) was then added dropwise to the
solution over 0.5 h. The solution was allowed to warm to room temperature and it was
stirred for a further 16 h. The reaction mixture was quenched with 10% HCl(aq) and
extracted with ethyl acetate (2 x 30 mL). The organic layers were collected, washed with
water (20 mL), dried (MgSQ4) and concentrated. The crude product was crystallized from
ethyl acetate/hexane to afford 20 as white needles (5.7 g, 55%), m.p. 97 - 98°C (lit.120 m.p.
95.5 - 97°C). !H n.m.r. (200 MHz) § 2.45, s, 6H, 2 x CHs; 4.18 - 433, m, 8H, 2 x
CH,OTs; 6.79 - 6.94, m, 4 ArH; 7.36, AABB',J 8 Hz, 2 x CH; 7.83, AABB', J8 Hz, 2 x
CH. FAB-MS m/z 507 (M+H)*, 8%), 197 (M-C14H14S204, 15), 154 (82), 93 (100).

Method 2

1,2-bis-(2-hydroxyethoxy)benzene 24 (7.0 g, 35 mmol) was suspended in dry
dichloromethane (80 mL) under a nitrogen atmosphere, and the solution cooled to 0°C.
Triethylamine (7.9 g, 77.7 mmol) was slowly added to the solution, and the temperature
was maintained between 0 - 5°C. p-Toluenesulfonyl chloride (14.83 g, 77.7 mmol) in dry
dichloromethane (110 mL) was then added dropwise over 30 min. The solution was then
warmed to room temperature and stirred overnight. The precipitated triethylamine
hydrochloride was removed by vacuum filtration, and the filtrate was evaporated in vacuo
until a white solid appeared. Diethyl ether (200 mL) was then added to the remaining
solution, and complete precipitation of the desired product occurred. The fine, white
precipitate was collected by vacuum filtration, dissolved in dichloromethane (50 mL), and
the organic layers washed with water (2 x 20 mL), dried (MgSO4) and concentrated to

afford the crude solid. Crystallisation from ethanol gave the desired product 20 as white
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needles (15.5 g, 87%), m.p. 94.5 - 95.5°C (1it.'?Y m.p. 95.5 - 97°C). The spectroscopic data

obtained for the compound were identical to those quoted above.

Catechol-bis-(2-azidoethylether), 25

1,2-bis-(2-p -tolylsulfonylethoxy)benzene 20 (0.2 g, 0.4 mmol) was stirred with sodium
azide (0.1 g, 1.6 mmol) in dry dimethyl sulfoxide (10 mL) for 24 h. The reaction mixture
was poured into water (20 mL), and the product extracted into diethyl ether (2 x 20 mL).
The organic layers were collected, dried (MgSO4), evaporated in vacuo, and the residue
was crystallized from ethanol to afford the product 25 as white crystals (0.092 g, 93%),
m.p. 61 - 63°C (1i.103 m.p. 86-88°C). IR vmax (nujol) 2924, 2852, 2108 (N3), 2068, 1506,
1456, 1380, 1290 (C-0), 1260 cm-!. 'H n.m.r (200 MHz) & 3.53,t, J 5.2 Hz, 4H, 2 x
CH)N3; 4.1,t,J 5.2 Hz, 4H, 2 x OCHp; 6.86, s, 4 ArH. 13C n.m.r. (300 MHz) § 50.23,
CH)N3; 68.13, CH20; 114.56, 122.08, 2 x CH; 148.55, C. MS m/z 248 (M*", 30%), 136
(M-C,H4Ng, 55), 69 (100).

2-[2-(2-amino-2-oxoethoxy)phenoxyJacetamide, 27

Diethyl (o-phenylenedioxy)diacetate 23 (8.3 g, 29 mmol) was added dropwise to a rapidly
stirred solution of concentrated aqueous ammonia (400 mL). Precipitation of the diamide
product began immediately, and the solution was stirred for 14 h at room temperature. The
resulting diamide was collected by vacuum filtration and washed thoroughly with water (2
x 20 mL). Recrystallization from methanol afforded the desired compound 27 as a white
powder (2.64 g, 41%), m.p. 205 - 208°C (1it.217 m.p. 206 - 208°C). IR Vmax (nujol) 3384
(N-H), 3188 (N-H), 2920, 2848, 1656 (C=0), 1504, 1462, 1380, 1314, 1292, 1264, 1190,
1124, 708 em-!. 'H n.m.r (200 MHz, dg-DMSO) & 4.49, s, 4H, 2 x CHp; 6.96, s, 4H, 4
ArH: 7.43, 4H, 2 x NH,. 13C n.m.r. (200 MHz) § 67.07, CH; 113.43, CH; 120.89, CH;
140.02, C; 169.12, CO. FAB-MS m/z 225 (M+H)*, 12%), 154 (100), 136 (80), 77 (M-
C4HgN,Oy4, 36).
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Catechol bis-(2-aminoethyl)ether, 26

Under a nitrogen atmosphere, the diamide 27 (1 g, 4.46 mmol) was added to a stirred
suspension of sodium borohydride (1.0 g, 27 mmol) in dry dimethoxyethane (30 mL).
Boron trifluoride etherate (1.3 g, 9.0 mmol) was added dropwise to the solution over 1 h,
and the resulting mixture was refluxed for 14 h. Once the reaction mixture had cooled to
room temperature, 6 M HCI (10 mL) was added and the dimethoxyethane was removed in
vacuo. Sodium hydroxide pellets were then added to the aqueous phase until the pH of the
solution reached ca. 10. The aqueous layer was extracted with chloroform (2 x 30 mL),
and the organic layers were dried (Na2S0Oy), and concentrated to afford the diamine 26 as a
colourless oil (0.69 g, 80%), which was used without further purification. IR vpax (neat)
3384 (N-H), 2928, 1592, 1504, 1456, 1254 (C-0), 1218, 1122, 1018, 744 cml. THn.m.r.
(200 MHz) & 1.76, br, 4H, 2 x NHp; 3.10,t, J 5.14 Hz, 4H, 2 x CH2N; 4.05,t,J5.12 Hz,
4H, 2 x OCHy; 6.95, s, 4 ArH. 13C n.m.r. (200 MHz) § 41.77, CH2NH2; 71.91, CH20;
114.88, CH; 121.76, CH; 149.22, C. FAB-MS m/z 197 (M+H)*, 64%), 153 (M-C2HgN,
20), 135 (30), 44 (100).

Catechol bis-(N-ethoxycarbonyl-2-aminoethyl ether), 28

Catechol bis-(2-aminoethyl)ether 26 (1.0 g, 5.1 mmol) was stirred in diethyl ether (10 mL)
and water (10 mL) at 0°C under an atmosphere of nitrogen. Ethyl chloroformate (13 g, 12
mmol) in diethyl ether (5 mL) and sodium hydroxide (0.5 g, 12 mmol) in water (5 mL)
were added, and the solution was allowed to warm to room temperature and stirred for 14
h. The organic layer was removed, and the aqueous layer was washed with diethyl ether (2
x 20 mL). The ether layers were combined, dried (MgSO4) and evaporated to afford the
crude product which, after column chromatography (2% methanol / dichloromethane) and
crystallization from chloroform / hexane, afforded the product 28 as white crystals (1.3 g,
75%), m.p. 59 - 60°C 1it.193 60 - 61°C). H n.m.r. (200 MHz) & 1.25,t,J 7.2 Hz, 6H, 2 x
CH,CH3; 3.56,q,J 5.1 Hz,4H, 2 x CHN; 4.1,t, J 5.1Hz, 4H, 2 x OCHy; 4.16,q,J7.2
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Hz, 4H, 2 x OCH,CH3; 5.58, br, 2H, 2 x NH; 6.95, s, 4 ArH. FAB-MS m/z 341
(M+H)*, 10%), 116 (M-C11H14NOg4, 100), 88 (55), 44 (48).

Catechol bis-(N-benzyloxycarbonyl-2-aminoethyl ether), 21

A solution of catechol bis-(2-aminoethyl ether) 26 (1.0 g, 5.1 mmol) in toluene (10 mL)
and water (10 mL) was cooled to 0°C. Benzyl chloroformate in 50% toluene (3.7mL, 13
mmol) and toluene (5 mL) were added dropwise to the cooled solution, followed by the
addition of sodium hydroxide (0.86 g, 21 mmol) in water (10 mL). The solution was
allowed to warm to room temperature and stirred for 24 h. Removal of the toluene under
reduced pressure afforded a white suspension which was extracted with dichloromethane
(3 x 30 mL). The organic extracts were combined, washed with 10% NaOH solution (2 x
20 mL) and water (30 mL), dried (MgSO4) and evaporated in vacuo. The crude material
was crystallized from 1:1 ethyl acetate / hexane to afford the benzyl carbamate 21 as a
white crystalline solid (2.1 g, 89%) m.p. 102-104°C (lit.!%% 103-104°C). IR Viax (nujol)
3344 (N-H), 2920, 2848, 1726 (C=0), 1686, 1592, 1546, 1428, 1378, 1294 (C-0), 1218,
1120, 1030, 948, 740 cm-!. H n.m.r. (200 MHz) 8 3.55, g, J 5 Hz, 4H, 2xCH,N; 4.07, t,
J 5 Hz, 4H, 2 x OCHy; 5.09, s, 4H, 2 x CHyPh; 5.56, br, 2 x NH; 6.93, s, 4H, 4 ArH;
732, s, 10H, 10 ArH. 13C n.m.r. (200 MHz) § 40.58; 66.64; 68.85; 115.49; 122.28;
128.06; 128.45; 136.49; 148.82; 156.53. FAB-MS m/z 465 (M+H)*, 5%), 185 (44), 93
(100).

N,N’-Bis-benzyloxycarbonyl-7,16-diaza-1,4,10,13-tetraoxa-2,3,11,1 2-dibenzo-octadeca-
2,11-diene, 22

Catechol bis-(N-benzyloxycarbonyl-2-aminoethyl ether) 21 (0.5 g, 1.1 mmol) in dry
dimethyl sulfoxide (10 mL) was added dropwise to a suspension of sodium hydride (0.13
g, 5.4 mmol) in dry dimethy! sulfoxide (10 mL), and the solution was stirred at room
temperature for 3 h. 1,2-Bis-(2-p-tolylsulfonylethoxy)benzene 20 (0.55 g, 1.1 mmol) in

dimethyl sulfoxide (5 mL) was then added drdpwise to the solution over a 0.5 h period, and
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the mixture was stirred for a further 72 h at room temperature. The resulting solution was
acidified to pH 1 using 10% HCl(aq) and extracted with chloroform (2 x 50 mL). The
organic layers were washed with 10% K»CO3 solution (2 x 20 mL) and water (30 mL),
dried (MgS0O4) and concentrated to afford the crude product as a white solid.
Crystallization from chloroform / ether afforded the product 22 as white needles (0.36 g,
52%), m.p. 221 - 224°C (1it.103 m.p. 221 - 224°C). IR Vpax (nujol) 2924, 2852, 1686
(C=0), 1592, 1506, 1456, 1366, 1256 (C-0O), 1156, 1086, 994 cm-l. 1H n.m.r. (200 MHz)
§3.90 - 4.21, m, 16H, 4 x NCH2CH,0; 5.15, s, 4H, 2 x CH2Ph; 6.82, s, 8H, ArH; 7.35, s,
10H, ArH. 13C n.m.r (300 MHz) § 29.69; 47.89; 112.46; 121.12; 128.12; 128.57; 136.50;
148.46; 156.26. FAB-MS m/z 627 (M+H)*, 30%), 583 (M-CO», 44), 492 (M-CgH702,
30), 446 (37), 154 (100).

7.16-Diaza-1,4,10,13-tetraoxa-2,3,11,12-dibenzocyclo-octa-deca-2,11-diene, 3

A solution of the carbamate derivative 22 (304 mg, 0.485 mmol) in acetic acid (2 mL) was
heated with 50% hydrogen bromide in glacial acetic acid (4 mL) over a steam bath for 10
min. The mixture was diluted with water (20 mL) and extracted with chloroform (2 x 15
mL). The remaining aqueous layer was neutralised using 10% NaOH solution and
extracted with chloroform (2 x 20 mL). The organic layers were collected, dried MgSOay)
and evaporated in vacuo to afford the diamine 3 as a pale yellow oil (151 mg, 87%), which
was used without further purification. IR Vpax (neat) 3326 (N-H), 2925, 2854, 2670, 2362,
2127, 2049, 1714, 1625, 1502, 1462, 1376, 1263 (C-0), 1124, 1043, 894, 744 cml. 1H
n.m.r. (300 MHz) § 2.55, br, 2H, 2 x NH; 3.16, t, J 5Hz, 8H, 4 x CHoNH; 4.15,t, J SHz,
8H, 4 x CH,0; 6.87, s, 8 ArH. 13C (300 MHz) § 22.03; 47.84; 67.58; 122.18; 148.57.

FAB-MS m/z 359 (M+H)*, 62%), 154 (69), 136 (M-C12H18N202, 84), 55 (100).
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2-[19-(2-hydroxy-2-phenylethyl)-7, 8, 9, 10, 18, 19, 20, 21-octahydro-6H, 1 7H-dibenzo[b,
k][1,4,10,13,7,16]tetraoxadiazacyclooctadecin-8-yl]-1-phenyl-1-ethanol, 4

The dibenzo-diaza-18-crown-6 derivative 3 (210 mg, 0.59 mmol) was dissolved in dry
DMF (5 mL) under a nitrogen atmosphere. (R)-Styrene oxide (700 mg, 5.9 mmol) was
added dropwise over 15 min and the solution was heated to 100°C for 10 days. Removal
of the solvent and excess (R)-styrene oxide under reduced pressure gave the desired
product as a crude orange oil. Purification of the oil by flash chromatography (30%
dichloromethane / 45% ethyl acetate / 20% ethanol / 5% NH3(4g)), followed by trituration
using a 1:10 DMF / water mixture afforded the desired product 4 as a pale orange powder,
(55 mg, 16%). HR-MS Calcd for C3gH4oN2O¢: m/z 599.30426. Found: m/z 599.31026.
IR Vmax (nujol) 3356 (O-H), 2923, 2854, 1710, 1592, 1457, 1376, 1253 (C-O), 1222, 1045,
1027, 744, 698 cm-!. 1H n.m.r. (300 MHz) § 2.59 - 2.63, m, 2H, NCHHCHRy; 2.92 -
2.96, m, 2H, NCHHCHRy; 3.30 - 3.35, m, 8H, 4 x NCHp; 4.13 - 4.16, m, 8H, 4 x OCHp;
4.65 - 4.67, m, 2H, CHoCHR>; 6.93, s, 8H, ArH; 7.26, s, 10H, ArH. 13C n.m.r. (300
MHz) & 54.20; 62.94; 67.08; 70.11; 113.04; 121.18; 125.92; 127.53; 128.37; 131.18;
148.61. ESI-MS m/z 621 (M+Na)*, 100%), 599 (M+H)*, 56%).

2-[16-(2-hydroxy-2-phenylethyl)-1,4,10,13-tetraoxa-7,1 6-diazacyclo-octadecanyl]-1-

phenyl-1-ethanol, 6

(R)-styrene oxide (0.23 mL, 1.98 mmol) was added dropwise to a stirred solution of 1,10-
diaza-18-crown-6 5 (0.40 g, 0.76 mmol) in dry DMF (10 mL) and the solution was heated
to 100°C for 24 h, under a nitrogen atmosphere. Removal of solvent and excess (R)-
styrene oxide under reduced pressure afforded the crude product as an orange oil.
Purification of the oil using ion exchange chromatography (50% ethyl acetate / 40%
dichloromethane / 9% methanol / 1% NH3(4q)) afforded the desired compound 6 as a pale
yellow oil, (0.25 g, 66%). HR-MS Calcd for C28H42N206: m/z 503.30426. Found: m/z
503.31315. IR vpay (neat) 3355 (O-H), 1708, 1461, 1376, 1259 (C-0), 1027, 744, 588 cm
1, 1H n.m.r. (200 MHz) & 2.58-2.75, m, 8H, 4 x OCH,CH7N; 2.91-3.07, m, 4H, 2 x
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NCH,CH(OH)Ph; 3.57-3.76, m, 16H, 8 x OCHp; 4.67-4.73, m, 1H,CH(OH)Ph; 7.23-7.40,
m, 10H, 10 ArH. 13C n.m.r. (200 MHz) 8 55.18; 64.42; 69.69; 70.51; 70.63; 125.96,

127.26, 128.21, 142.54. ESI-MS m/z 525 (M+Na)*, 100%), 503 (M+H)*, 8%).
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6.2 Physical methods
6.2.1 Non-aqueous titrations

N,N’-dimethylformamide (DMF) was dried from MgSOj4, and purified by distillation from
MgSOy4 and anhydrous CuSO4. CuSO4 was added to remove any dimethylamine impurity
from the solvent. The DMF was stored under dry nitrogen. Silver(I) nitrate (AgNO3) was
commercially available and it was used without purification. It was dried under vacuum
for 48 hours over P,Oj5 prior to use. The metal salts, lead perchlorate (Pb(ClO4)2), zinc
nitrate (Zn(NO3)2), and cadmium perchlorate (Cd(ClO4)2) were commercially available

and used without purification. All salts were dried over P2Os5 for 24 hours.

Tetraethylammonium perchlorate (NEt4ClO4) was prepared by the addition of perchloric
acid (HC1O4) to tetraethylammonium bromide (NEt4Br). The resulting white precipitate
was recrystallized from water until it was free from bromide and acid, and it was then dried

under vacuum over P20s.

All solutions were made up in dry DMF containing 0.050 M NEt4Cl104 supporting
electrolyte under a stream of dry nitrogen. Titrations were carried out under dry nitrogen
in a thermostatted (298.2 + 0.01) reference vessel connected to a thermostatted titration
vessel by a salt-bridge. The salt bridge was filled with a solution of dry DMF containing
0.050 M NEt4ClO4 supporting electrolyte. A stream of nitrogen gas was bubbled through
the titration solution to remove any carbon dioxide from the system and prevent the ingress
of atmospheric gases and moisture. The solutions were magnetically stirred for the
duration of the titration. An Orion Research 720 digital analyser was used to measure the
electrode potential during the titration. The reference electrode, which was used to monitor
the change in concentration of free silver(I) ions throughout the course of the titration,
consisted of a silver wire electrode. The reference solution was a 20 mL aliquot of 5x 103
M AgNO3 (in the reference vessel). All stability constants relevant to this study were

determined by following these methods.
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Stability constants for [AgL]* complexes, where L = 1, 2, § and 6, were determined by
direct potentiometric titrations. All titrations were performed in duplicate. For each
titration, 20 mL of 5 x 10-4 M AgNOQj3 solution (in the titration vessel) was titrated with 5
mL of 5 x 10-3 M L solution (in the burette). The results afforded the log K values for the
[Agl]*t, [Ag2]t, [AgS]T and [Ag6]* complexes, respectively. Stability constants for
[ML]** complexes, where L = 1, 2, 5 and 6 and M+ = lead(I), zinc(Il) and cadmium(II),
were determined by competitive potentiometric titrations. For each competitive titration,
20 mL of 5 x 10-5 M AgNO3 solution (in the titration vessel) was titrated with 5 mL of a
solution of 5 x 10-3 M L and 2.5 x 10-2 M metal perchlorate (in the burette). The results
afforded the log K values for the competitive titrations which allowed one to determine
the log K values of the [M1]n+, [M2]7+, [M5]2+ and [M6]™* complexes, where Mn+ =
lead(II), zinc(II) and cadmium(II).

The electrode response to the silver(I) ion concentration was determined by the titration of
20 mL of a 0.050 M NEtClOy4 solution (in the titration vessel) with 5 mL of 5 x 103 M
AgNO3 solution (in the burette), and measuring the corresponding change in potential.
The electrode response to silver(I) ion concentration is pseudo-Nernstian and is given by
Equation 3.7 (Chapter 3). The constants Eg and ¢, required in the determination of the
stability constants (Ks), can be determined simply from the plot of the potential E against
the logarithm of the free solvated metal ion concentration, In[M+]. The values of Egand ¢
were found to lie within the range of 100 - 300 and 19 to 28 (where e.m.f is in mV),

respectively; values that are consistent with those quoted in the literature. 149

6.2.2 Standardisation of metal ion solutions

Prior to standardisation, the hygroscopic salts lead(II) perchlorate, zinc(Il) nitrate,
cadmium(II) perchlorate and silver(I) nitrate were dried for 48 hours under vacuum over
P,0s. Deionised water was purified by means of a MilliQ Reagent system, boiled to expel
dissolved gases, and protected from carbon dioxide by storage in a closed vessel under a
drying tube of soda lime. Aqueous solutions of each metal salt were prepared to a final

concentration of 0.1 M.
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A Dowex AG 50W-X2 ion exchange column was washed twice with hydrochloric acid
(0.1 M) to ensure complete protonation of the column, and rinsed thoroughly with Milli Q
water. The column was then loaded with an aqueous solution of the metal salt (1.0 mL),
and eluted with purified MilliQ water until an increase in the pH of the eluant occurred
(from pH 1 to 6). Bromothymol blue (2 drops) was then added to the eluant, and the
solution was titrated against sodium hydroxide (0.1 M) in order to determine the total
number of moles of hydrochloric acid eluted from the column. This in turn allowed the
number of moles of the metal ion to be determined accurately, since one mole of the
metal(I) salt displaces one equivalent of protons from the column. Alternatively, one mole
of metal(II) salt displaces two equivalents of protons from the column. Standardizations of

each metal ion were conducted in triplicate.

The concentration of sodium hydroxide used in the above-mentioned titrations was
determined accurately by standardisation against potassium hydrogen phthalate (10 mL, 5
x 10-2 M) using a Metrohm E665 Dosimat autoburette, an Orion SA720 potentiometer and
an Orion 8172 Sure Flow Ross pH electrode. Titrations were controlled and the data

collected by means of the computer program AUTOTIT7.
6.2.3 Electrospray ionisation mass spectrometry

The ESI-MS sample solutions were prepared by using HPLC grade methanol. Preliminary
work involved the measurement of ESI-MS of the [ML]n* species prepared by addition of
each of the macrocyclic ligands (1 - 6) to the metal ion of interest (i.e. lead(Il), zinc(II),
cadmium(Il) and silver(I)). The lead(Il) and cadmium(II) salts were in the form of their
perchlorates, and the zinc(Il) and silver(I) in the form of their nitrates. Each solution
contained the ligand and the metal ion at a final concentration of 106 M and 104 M,
respectively. The competitive ESI-MS experiments utilised solutions that were prepared
in a similar manner to those described above, but each ligand solution contained two

metals at a final concentration of 104 M.
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A Finnigan MAT ion trap LC-Q (Finnigan, San Jose, CA, USA) octapole mass
spectrometer fitted with an electrospray ionisation (ESI) source was used. Nitrogen was
used as the nebulizing gas. The electrospray needle was maintained at 4.25 kV. The
capillary temperature was maintained at 200°C. The tube lens offset was set at 30 V and
the capillary voltage was maintained at 35 V. The sample solutions were introduced into
the ESI source by infusion at flow rates of 12-18 uL per minute, with a syringe, in positive
ion mode. Ions were detected by scanning the first quadrupole over the range m/z 200 ~

800. At least 50 scans were averaged to obtain the representative spectra.
6.2.4 Ab initio calculations

The structure geometries of the macrocyclic crown ether complexes studied in this work
were calculated using ab initio methods by means of GAUSSIAN 94 software?00
implemented on a Silicon Graphics Indigo? xZ workstation linked to a Silicon Graphics
PowerChallenge supercomputer. The LANL2DZ basis set was used for all calculations.
This basis éet employs D95 methods (double-zeta splitting for hydrogenic and non-
hydrogenic atoms) for elements up to the 3rd period, and Effective Core Potentials (ECPs)

for elements past the 2nd period. Visualisation of molecules was accomplished by means

of MOLDEN software (V3.0).
6.2.5 UV-visible spectroscopy

UV-visible spectra of the ligands (dibenzo-dipyridyl-22-crown-6 (1) and bis(4-
methylbenzo)-tetrathia-18-crown-6 (2)) and their metal complexes (lead(Il), zinc(II),
cadmium(II) and silver(I)) were recorded using a Varian CARY 2000 spectrophotometer.
The absorption spectra of the free ligands were recorded using sample solutions of either
ligand 1 or 2 at concentrations of 10-4 M, in the presence of 0.05 M NEtClO4 as supporting
electrolyte, in methanol or DMF solution, respectively. The absorption spectra of the
metal complexes were recorded using solutions of 1 or 2 that were prepared in a similar

manner as above, but each solution contained the metal salt at 5 x 10-3 M concentration.
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The lead(Il) and cadmium(II) salts were in the form of their perchlorates and the silver(l)

and zinc(II) were in the form of their nitrates.

All sample solutions were thermostatted to 298.2 £ 0.1 K by circulation of water through
the cell compartment of the spectrometer using a Julabo P water pump. The absorption
spectra of the solutions of ligands 1 and 2 were recorded over the wavelength range of 240
- 360 nm and 270 - 360 nm, respectively, sampling every 2 nm/sec. The bandwidth of the
spectrometer was set to 1.0 nm and its slit height was set to 12 mm. The UV-visible
spectra were measured and recorded by means of a IBM compatible personal computer.
Baseline measurements were run for all spectra. The data were collated, and the plots of
the absorption spectra were obtained by means of the computer programs Microsoft Excel

5.0 and MATLAB.
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Appendix A X-ray crystallographic data

Figure Al Molecular structure of 3,12,20,29-Tetraoxa-35,36-diazapentacyclo-
[29.3.].1.14:180.5’10-0.22,27]-hexatriaconta-l(35),6,8,14,]6,]8(36),22(27),23,25,3],33-

dodecaene, 1.
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Figure A2 Molecular structure of 1 (side view).
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atom  atom distance ADC(*) atom atom distance ADC(*)
o(1) C(6) 1.428(5) 1 C4) C(5)  1.392(5) 1
oy C) 1.446(5) 1 C(5) C(6) 1.494(6) 1
0(2) C(14) 1.416(5) 1 C(7) C@8) 1.504(6) 1
0O(2) C(15) 1.423(5) I C@®) CO) 1.379(6) 1
N(1) (1) 1.346(5) 1 C@®) C(13) 1.410(6) 1
N1 CO) 1.342(5) 1 CO  C(0) 1.392(6) 1
C1l) C@2) 1.408(6) 1 C(10) C(11) 1.367(6) |
C(1) C(15) 1.485(6) 45503 C(11) C(12) 1.403(6) 1
C2) C@3) 1.380(6) 1 C(12) C(13) 1.408(6) 1

C3 C@“ 1.378(6) 1 C(13) C(14) 1.500(6) 1



atom

C(6)

C(14)

C(D

N(1)

N(1)

C2)

C(1)

C(2)

C@3)

N(1)

N(1)

C4)

O(1)

atom

O(1)

0(2)

N(1)

C1)

C(1)

C(1)

C(2)

C(3)

C4)

C(S)

C(5)

C(5)

C(6)

atom

C()

C(15)

C(5)

C(2)

C(15)

C(15)

C3)

C4)

C(5)

C4

C(6)

C(6)

C(5)

angle

112.1(3)

112.3(3)

118.9(4)

121.5(4)

117.2(4)

121.3(4)

119.1(4)

119.1(4)

119.3(4)

122.2(4)

115.9(4)

121.7(4)

109.0(4)

atom

o(1)

C()

C(7)

C©)

C@®)

C©)

C(10)

C(11)

C(®)

C(8)

C(12)

0(2)

0(2)

atom

C()

C(8)

C(8)

C(®)

C(9)

C(10)

C(11)

C(12)

C(13)

C(13)

C(13)

C(14)

C(15)

atom

C@®)

C(9)

C(13)

C(13)

C(10)

C(11)

C(12)

C(13)

C(12)

C(14)

C(14)

Cc(13)

C(1)

angle

110.0(4)

119.7(4)

120.4(4)

119.9(4)

120.9(4)

120.2(4)

120.3(4)

119.9(4)

118.8(4)

121.2(4)

120.2(4)

110.3(4)

108.2(4)

160



Torsion or Conformation Angles

(1)

o)

o(1)

O(1)

o(1)

0(2)

0(2)

0(2)

02)

N(1)

N(1)

C(1)

C(1)

C(1)

C(1)

C(2)

C(2)

(2)

C(6)

C(6)

C(7)

C(7)

C(14)

C(14)

C(15)

C(15)

C(1)

C(5)

N(1)

N(1)

C(2)

C(15)

C()

C@3)

C(3) C®)

3)

C(5)

C(5)

C(8)

C@®)

C(13)

C(13)

C(1)

C(1)

C(2)

C4)

C(5)

C(5)

C@3)

02)

N(1)

C4)

C(1)

4) angle

N(I)  54.3(5)

C4) -129.9(4)

CO 121.8(4)

C(13) -59.9(5)

C(8) -175.9(4)

C(12) 3.8(6)

N(1) -129.2(4)

C(2) 48.9(6)

C@3) -0.5(7)
C@3) -0.3(7)
C@é4) - 0.3()

C6) 176.2(4)

C@4) 0.6(7)

C(14) -163.0(3)

C(5) 0.1(7)

C(5) -0.2(7)

C(15) 177.5(4)

(1)

C@3)

C(3)

C(5)

C(6)

C(n

C(7)

C(7)

C(8)

C(8)

)]

C©)

C(9)

@ 3

C4) CO6)

N(1) C(1)

c@©) o)

o) C)

c@®) C©M)

C® C(13)

C@®) C(13)

Cc® C10)

Cc(13) C(12)

C@8) C(13)

Cc@8) C13)

C(10) C(11)

C(10) C9) C(8)

C(10) C(11) C(12)

C(11) C(12)

C(13) C(14) O(2)

C(13)

“)

C(6)

C(15)

C()

C(8)

C(10)

C(12)

C(14)

C(11)

C1n

C(12)

C(14)

C(12)

C(13)

C(13)

C(14)

C(15)

angle

-175.9(5)

-178.0(4)

-170.4(3)

150.7(3)

178.3(4)

-178.5(4)

1.2(4)

0.6(7)

0.0(6)

-0.2(6)

179.5(4)

-0.8(7)

-0.1(7)

0.5(7)

-179.7(4)

179.9(4)

161



162

Appendix B Potentiometric titration data

Table B.1 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Agl]* in DMF solution at

298.2 K and I = 0.050 M NEt4ClOg4.

titre expt. em.f. | calc.e.m.f. titre expt. em.f. | calc. em.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.02 -69.60 -70.86 1.98 -104.10 -105.34
1.07 -70.50 -71.90 2.02 -106.40 -107.74
1.10 -71.30 -72.54 2.06 -108.60 -110.17
1.14 -72.30 -73.43 2.10 -111.10 -112.59
1.18 -73.30 -74.35 2.14 -113.60 -114.98
1.22 -74.30 -75.31 2.18 -116.00 -117.31
1.26 -75.30 -76.30 222 -118.20 -119.55
1.30 -76.50 -717.35 2.27 -120.70 -122.22
1.34 -77.70 -78.41 2.30 -122.80 -123.74
1.38 -78.90 -79.54 2.34 -125.00 -125.68
1.42 -80.20 -80.72 2.38 -127.10 -127.51
1.46 -81.40 -81.95 242 -129.20 -129.24
1.50 -82.70 -83.24 2.46 -130.90 -130.88
1.54 -84.20 -84.60 2.50 -132.80 -132.42
1.58 -84.80 -86.03 2.54 -133.70 -133.89
1.62 -86.50 -87.54 2.58 -135.50 -135.27
1.66 -88.20 -89.13 2.62 -137.20 -136.58
1.70 -90.00 -90.81 2.68 -138.90 -138.43
1.74 -91.80 -92.59 2.74 -141.80 -140.15
1.78 -93.60 -94.47 2.80 -143.10 -141.75
1.82 -95.60 -96.45 2.86 -145.70 -143.26
1.86 -97.50 -98.53 2.92 -146.80 -144.66
1.90 -99.70 -100.72 2.98 -149.00 -145.99
1.94 -101.90 -102.99
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Table B.2 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Pbl ]2+ in DMF solution at
298.2 K and I = 0.050 M NEt4ClOg4.

titre expt. em.f. | calc. e.m.f. titre expt. em.f. | calc.e.m.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.50 -100.80 -102.10 2.20 -140.20 -140.45
1.54 -102.70 -103.61 2.24 -142.00 -142.60
1.56 -102.90 -104.39 2.28 -143.60 -144.61
1.60 -105.20 -106.03 232 -145.50 -146.49
1.64 -107.20 -107.75 2.36 -147.30 -148.24
1.68 -109.20 -109.58 2.40 -149.10 -149.87
1.74 -113.50 -112.53 2.44 -150.70 -151.39
1.78 -115.60 -114.64 248 -152.00 -152.81
1.83 -117.90 -117.15 2.52 -153.20 -154.14
1.86 -120.40 -119.20 2.56 -154.30 -155.38
1.88 -121.00 -12041 2.60 -155.50 -156.56
1.90 -123.70 -121.65 2.64 -156.30 -157.64
1.94 -128.40 -124.18 2.68 -158.50 -158.67
1.96 -127.60 -125.47 2.72 -159.60 -159.64
1.98 -129.40 -126.77 2.76 -160.50 -160.57
2.01 -131.40 -128.73 2.80 -161.30 -161.44
2.05 -133.50 -131.33 2.84 -163.80 -162.25
2.08 -133.60 -133.26 2.88 -164.40 -163.04
2.12 -135.90 -135.76 292 -165.20 -163.78
2.16 -138.10 -138.17 2.98 -165.80 -164.84
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Table B.3 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Ag2]™ in DMF solution at
298.2 K and I = 0.050 M NEt4ClO4.

titre expt. em.f. | calc.e.m.f. titre expt. em.f. | calc. e.m.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.52 -103.56 -105.20 2.52 -251.30 -250.26
1.56 -106.94 -107.64 2.56 -255.66 -252.17
1.60 -108.80 -110.27 2.60 -257.28 -253.97
1.64 -110.93 -113.12 2.64 -258.69 -255.67
1.68 -114.01 -116.24 2.68 -259.84 -257.28
1.72 -116.93 -119.67 2.72 -261.46 -258.81
1.76 -120.18 -123.49 2.76 -263.34 -260.26
1.80 -122.31 -127.79 2.80 -263.77 -261.65
1.84 -126.52 -132.70 2.84 -263.81 -262.98
1.88 -132.10 -138.39 2.88 -265.31 -264.25
1.92 -139.74 -145.13 292 -266.08 -265.46
1.96 -149.02 -153.24 2.96 -267.13 -266.64
2.00 -161.43 -163.10 3.00 -268.61 -267.76
2.04 -177.45 -174.76 3.04 -269.25 -268.85
2.08 -192.43 -187.27 3.08 -270.25 -269.90
2.12 -204.23 -198.93 3.12 -270.88 -270.91
2.16 -212.60 -208.80 3.16 -271.99 -271.89
2.20 -219.65 -216.90 3.20 -272.94 -272.84
2.24 -225.39 -223.61 3.24 -273.66 -273.76
2.28 -230.09 -229.27 3.28 -274.68 -274.66
2.32 -234.08 -234.14 3.32 -275.63 -275.52
2.36 -235.62 -238.40 3.36 -275.55 -276.37
240 -239.40 -242.17 3.40 -276.38 -2717.19
244 -242.61 -245.55 3.44 -277.16 -277.98
2.48 -244.74 -248.62 3.48 -277.94 -278.76
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Table B.4 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Zn2 ]2+ in DMF solution at
298.2 K and I = 0.050 M NEt4ClO4.

titre expt. em.f. | calc.e.m.f. titre expt. em.f. | calc. em.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.12 -73.80 ~74.25 2.16 -208.50 21137 |
1.16 -75.00 -75.99 2.20 -214.10 -216.19
1.20 -76.10 -78.00 2.24 -219.00 -220.07
1.24 -77.40 -78.56 2.28 -223.40 -223.31
1.28 -79.00 -80.12 2.33 -227.40 -226.70
1.32 -80.30 -80.43 2.36 -230.70 -228.48
1.36 -81.90 -82.24 2.40 -233.80 -230.60
1.44 -85.20 -86.40 2.44 -236.30 -232.50
1.48 -87.40 -88.90 2.48 -238.80 -234.21
1.52 -89.30 -91.31 2.52 -241.00 -239.98
1.56 -91.50 -93.26 2.56 -243.10 -244.80
1.60 -94.20 -95.37 2.62 -245.00 -245.92
1.64 -97.10 -97.71 2.68 -248.30 -249.13
1.68 -100.20 -100.30 2.74 -250.20 -250.53
1.72 -103.70 -103.22 2.81 -253.10 -252.10
1.76 -107.50 -106.56 2.86 -254.60 -253.90
1.80 -111.80 -110.47 2.92 -256.10 -255.12
1.85 -117.90 -116.51 2.98 -258.70 -257.38
1.88 -124.60 -121.08 3.04 -259.70 -258.13
1.92 -131.70 -128.98 3.12 -262.00 -263.10
1.96 -144.20 -140.68 3.20 -264.20 -264.89
2.00 -159.70 -159.91 3.28 -266.00 -266.91
2.04 -177.50 -182.18 3.36 -268.00 -268.16
2.08 -190.90 -196.23 3.44 -269.60 -269.96
2.12 -201.10 -205.09 3.52 -271.20 -270.84
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Table B.5 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Cd2]?* in DMF solution at
298.2 K and I = 0.050 M NEt4ClO4.

titre expt. em.f. | calc.em.f. titre expt. em.f. | calc.em.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.26 -73.50 -73.69 2.22 -170.00 -185.92
1.30 -74.80 -74.90 2.26 -186.30 -202.04
1.34 -76.20 -76.36 2.30 -199.10 -211.42
1.38 -77.30 -77.89 2.36 -209.30 -220.48
1.42 -78.80 -78.53 2.40 -217.40 -224.83
1.46 -80.20 -80.50 244 -223.80 -228.38
1.50 -81.80 -81.05 2.48 -228.80 -231.37
1.54 -83.40 -82.39 2.52 -232.20 -233.94
1.58 -85.10 -83.80 2.58 -237.20 -237.22
1.62 -86.90 -85.30 2.62 -241.10 -239.11
1.66 -88.90 -86.91 2.66 -243.90 -241.82
1.70 -90.80 -88.64 2.70 -246.40 -244.37
1.74 -93.30 -90.52 2.75 -248.80 -247.12
1.78 -96.00 -92.56 2.78 -250.80 -248.09
1.82 -98.60 -94.81 2.84 -252.50 -250.87
1.84 -98.70 -96.03 2.90 -256.30 -253.47
1.88 -101.70 -98.67 2.96 -257.80 -254.92
1.92 -105.00 -101.67 3.02 -260.40 -256.98
1.96 -108.50 -105.13 3.08 -261.80 -258.25
1.98 -112.70 -107.09 3.14 -263.00 -261.05
2.02 -117.90 -111.60 3.22 -266.00 -263.69
2.06 -124.10 -117.26 3.30 -266.90 -264.27
2.10 -132.50 -124.85 3.38 -268.80 -267.12
2.14 -142.20 -136.26 3.46 -270.50 -268.94
2.19 -155.90 -164.74 3.54 -272.40 -271.32
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Table B.6 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Ag5]* in DMF solution at
298.2 K and I = 0.050 M NEt4ClO4.

titre expt. em.f. | calc.e.m.f. titre expt. em.f. | calc. e.m.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.50 -88.80 -87.42 2.20 -329.10 -346.26
1.54 -89.20 -89.22 2.22 -340.50 -353.88
1.58 -90.20 -91.14 2.24 -352.90 -359.83
1.62 -91.40 -93.20 2.26 -359.90 -364.70
1.66 -92.00 -95.43 2.28 -366.30 -368.82
1.70 -95.70 -97.84 2.30 -370.40 -372.40
1.74 -97.00 -100.47 2.32 -374.80 -375.56
1.76 -98.40 -101.89 2.34 -377.30 -378.39
1.80 -100.60 -104.96 2.36 -381.20 -380.95
1.86 -104.50 -110.31 2.40 -381.30 -385.45
1.90 -109.40 -114.56 2.44 -390.90 -389.30
1.94 -116.10 -119.57 2.48 -394.70 -392.67
1.98 -121.60 -125.70 2.52 -398.30 -395.67
2.02 -128.40 -133.62 2.58 -403.00 -399.62
2.06 -153.60 -144.79 2.64 -406.40 -403.07
2.08 -164.50 -152.75 2.70 -409.80 -406.13
2.10 -186.80 -164.04 2.76 -413.20 -408.88
2.12 -225.50 -183.64 2.84 -416.40 -412.15
2.14 -265.50 -259.78 292 -418.70 -415.08
2.16 -289.80 -317.88 3.00 -422.30 -417.71
2.18 -316.30 -335.62
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Table B.7 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Pb5]?* in DMF solution at
298.2 K and I = 0.050 M NEt4ClO4.

titre expt. em.f. | calc.e.m.f. titre expt. em.f. | calc.e.m.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.02 -73.80 -75.07 1.78 -108.70 -107.44
1.06 -74.90 -76.17 1.82 -110.80 -109.86
1.10 -76.30 -77.32 1.86 -113.60 -112.28
1.14 -77.40 -78.52 1.91 -116.20 -114.95
1.18 -79.20 -79.71 1.94 -118.20 -116.97
1.22 -79.40 -81.08 1.98 -119.60 -119.21
1.27 -82.10 -82.62 2.02 -121.50 -121.34
1.30 -83.20 -83.87 2.06 -123.40 -123.37
1.34 -85.30 -85.37 2.10 -125.80 -125.28
1.38 -86.80 -86.95 2.14 -127.10 -127.08
1.42 -88.10 -88.60 2.18 -128.80 -128.78
1.46 -90.20 -90.34 222 -130.10 -130.36
1.50 -92.50 -92.17 2.26 -131.30 -131.85
1.54 -94.20 -94.09 2.30 -132.80 -133.25
1.58 -96.40 -96.10 2.34 -133.10 -134.56
1.62 -99.10 -98.21 2.38 -134.80 -135.80
1.66 -100.60 -100.41 242 -135.40 -136.96
1.70 -103.40 -102.70 248 -137.30 -138.58
1.74 -105.90 -105.05
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Table B.8 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Zn5 ]2+ in DMF solution at
298.2 K and I = 0.050 M NEt4ClOq4.

titre expt. em.f. | calc. em.f. titre expt. em.f. | calc.e.m.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.52 -78.40 -78.00 2.54 -132.00 -138.56
1.56 -79.60 -79.02 2.56 -134.80 -143.03
1.60 -80.50 -80.06 2.58 -139.60 -148.32
1.64 -81.80 -81.15 2.60 -145.40 -154.74
1.69 -83.00 -82.43 2.62 -160.20 -162.80
1.72 -84.10 -83.45 2.64 -172.80 -173.22
1.76 -85.20 -84.68 2.67 -189.90 -189.94
1.80 -86.30 -85.95 2.70 -206.10 -212.60
1.84 -87.70 -87.28 2.72 -214.00 -221.93
1.88 -89.20 -88.68 2.74 -223.80 -229.16
1.93 -90.70 -90.52 2.78 -230.90 -239.76
1.96 -92.10 -91.69 2.82 -237.10 -247.35
2.00 -93.50 -93.32 2.86 -242.50 -253.21
2.04 -95.20 -95.04 2.90 -249.60 -257.96
2.08 -96.90 -96.88 293 -257.50 -261.00
2.12 -98.70 -98.85 2.96 -262.70 -263.70
2.16 -100.70 -100.95 3.00 -267.50 -266.88
2.20 -103.10 -103.23 3.04 -271.50 -269.67
2.24 -104.80 -105.71 3.08 -274.40 -272.16
2.28 -107.10 -108.42 3.12 -277.50 -274.41
2.33 -109.90 -111.82 3.18 -281.50 -277.39
2.36 -112.90 -114.78 3.25 -286.10 -280.42
2.40 -115.90 -118.59 3.32 -289.40 -283.07
2.44 -118.80 -123.01 3.40 -293.40 -285.73
249 -123.10 -128.98 3.48 -296.60 -288.08
2.52 -128.30 -134.69
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Table B.9 Experimental and calculated e.m.f. titration data (as determined by the VISP
program) for the determination of the stability constant of [Cd5 ]2+ in DMF solution at
298.2 K and I = 0.050 M NEt4ClO4.

titre expt. em.f. | calc.e.m.f. titre expt. em.f. | calc. em.f.
(mL) (mV) (mV) (mL) (mV) (mV)
1.00 -66.40 -69.95 1.92 -129.00 -129.63
1.08 -67.70 -72.07 1.94 -133.20 -132.55
1.12 -69.10 -73.21 1.96 -135.00 -135.35
1.16 -70.90 -74.40 1.98 -138.30 -138.00
1.20 -71.90 -75.65 2.02 -142.30 -142.80
1.24 -72.70 -76.97 2.04 -144.70 -144.96
1.28 -74.70 -78.37 2.08 -145.80 -148.81
1.32 -78.00 -79.85 2.12 -149.30 -152.14
1.36 -79.80 -81.43 2.14 -152.50 -153.64
1.40 -81.70 -83.12 2.18 -155.80 -156.36
1.44 -83.60 -84.93 222 -158.30 -158.75
1.48 -86.90 -86.89 2.26 -160.30 -160.89
1.52 -88.20 -89.02 2.30 -162.20 -162.81
1.56 -90.90 -91.35 2.34 -164.00 -164.54
1.60 -93.80 -93.92 2.38 -165.70 -166.13
1.65 -97.90 -97.16 242 -167.50 -167.57
1.68 -101.30 -99.98 2.46 -168.80 -168.91
1.72 -104.80 -103.61 2.52 -170.70 -170.73
1.76 -109.10 -107.75 2.58 -172.40 -172.36
1.78 -110.80 -110.04 2.64 -174.30 -173.84
1.81 -115.90 -113.11 2.70 -175.60 -175.19
1.84 -118.70 -117.82 2.76 -177.50 -176.42
1.86 -122.70 -120.69 2.82 -178.50 -177.56
1.88 -124.20 -123.65 2.88 -180.20 -178.61
1.90 -126.70 -126.65 2.94 -181.60 -179.90
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Table B.10 Experimental e.m.f. titration data obtained for the determination of the

stability constant of [Pb6]2* in DMF solution at 298.2 K and I = 0.050 M NE14ClO4.

titre expt. e.m.f. titre expt. e.m.f.
(mL) (mV) (mV) (mL)
0.00 -61.20 1.66 -68.40
0.10 -60.30 1.70 -68.70
0.20 -60.50 1.74 -68.80
0.30 -61.30 1.78 -69.00
0.40 -62.10 1.82 -69.10
0.50 -62.80 1.86 -69.30
0.60 -63.10 1.90 -69.40
0.70 -63.70 1.98 -69.70
0.80 -64.50 2.06 -70.00
0.91 -64.80 2.14 -70.10
0.94 -64.90 222 -70.30
0.98 -65.60 2.30 -70.80
1.02 -65.70 2.38 -71.00
1.06 -65.80 2.46 -71.10
1.10 -65.90 2.54 -71.30
1.14 -66.10 2.62 -71.50
1.18 -66.20 2.70 -71.80
1.22 -66.50 2.78 -71.90
1.26 -66.60 2.86 -72.10
1.28 -66.90 2.94 -72.30
1.32 -67.00 3.02 -72.50
1.36 -67.20 3.10 -72.50
1.42 -67.70 3.18 -72.70
1.46 -67.80 3.26 -73.00
1.50 -67.70 3.36 -73.00
1.54 -67.90 3.46 -73.20
1.58 -68.10 3.56 -73.50
1.62 -68.20 3.70 -73.70
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Table B.11 Experimental e.m.f. titration data obtained for the determination of the

stability constant of [Cd6 ]2+ in DMF solution at 298.2 K and I = 0.050 M NEt4ClO4.

titre expt. e.m.f. titre expt. e.m.f.
(mL) (mV) (mV) (mV)
0.00 -63.50 2.15 -69.10
0.14 -62.60 2.20 -69.20
0.24 -63.00 2.26 -69.50
0.34 -63.80 2.32 -69.70
0.44 -64.50 2.38 -69.70
0.54 -65.20 2.44 -69.90
0.64 -65.60 2.50 -70.00
0.74 -65.80 2.56 -70.20
0.84 -66.00 2.62 -70.30
0.88 -66.20 2.69 -70.80
0.92 -66.30 2.74 -71.00
0.96 -66.30 2.80 -71.20
1.02 -66.50 2.86 -71.30
1.06 -66.50 2.92 -71.40
1.10 -66.60 2.98 -72.80
1.14 -66.70 3.04 -73.00
1.18 -66.70 3.10 -73.10
1.24 -66.80 3.16 -73.20
1.30 -67.10 3.23 -73.50
1.36 -67.20 3.28 -73.70
1.42 -67.20 3.34 -74.00
1.49 -67.20 3.40 -74.20
1.54 -67.20 3.46 -74.10
1.60 -67.50 3.54 -74.50
1.66 -67.70 3.62 -75.00
1.72 -68.00 3.70 -75.40
1.78 -68.20 3.78 -75.60
1.84 -68.40 3.86 -76.00
1.90 -68.60 3.94 -76.20
1.96 -68.50 4.04 -76.40
2.02 -68.70 4.14 -76.80
2.08 -68.90
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