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Abstract
The most successful metal currently utilized in anti-cancer therapeutics is platinum.
Despite its success though, cisplatin and other platinum derivatives have major
limitations including high rates of drug resistance, a variety of side effects and a
propensity to only work against cancers that have other, cheaper, treatments. For these
reasons a considerable interest has emerged in developing other metal based anticancer therapeutics. In this work calixarenes are utilized for their metal co-ordination
ability and low inherent toxicity to synthesise a number of metal complexes that are
then put forward for initial anti-cancer activity.
The first set of complexes are based on lanthanide ions (Eu, Gd, Tb) and psulfonatocalix[4]arene. Each complex consists of lanthanide ions bridging multiple
calixarene molecules forming coordination polymers. The biological studies reveal low
toxicity, suggesting that these complexes are suitable for optical imaging techniques
rather than therapeutic use.
The second set of complexes are based on simple endo rim functionalised
calix[4]arenes forming complexes with titanium. There are similar systems in the
literature however they have only been exploited for the catalytic potential in α-olefin
polymerisation or ring opening polymerisation of cyclic esters. Initial studies of a
calix[8]arene titanium complex is also presented. Biological studies reveal low toxicity
for human brain glioblastoma cells.
The final set are vanadium complexes of a range of linear phenolic ligands.
Vanadium is a metal that is currently enjoying a resurgence in research around anticancer therapeutics having initially been designated as inactive. Biological studies again
reveal low toxicity against human brain glioblastoma cells.
All compounds synthesised for this work have been fully characterised with a
number of crystal structures being presented.
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Chapter 1

Introduction

1

1.1 A brief introduction to phenol-formaldehyde chemistry
1.1.1 Early phenol-formaldehyde chemistry
The first reported foray into phenol-formaldehyde chemistry was described by Johann
Friedrich Adolph von Baeyer in 1872.1 Best known for his work on the synthesis of the
natural dye “indigo”, von Baeyer explored a wide field of organic chemistry including
reactions between phenols and aldehydes, culminating in the publishing of three papers
in Chemische Berichte. Two of these papers were short, communication style papers,
published whilst von Baeyer was working at the Technical Institute in Berlin, Germany.
The first reported a thickening of the reaction mixture when aldehydes and phenols
were in the presence of a strong acid, forming a “cement-like substance”.2 The second
provided specific examples of such reactions.3 The final paper was published after von
Baeyer moved to Strasbourg and was the first to report the use of formaldehyde as
opposed to the larger aldehydes used previously. Unfortunately at the time von Baeyer
was unable to purify the products satisfactorily and therefore he was unable to suggest
any potential structures for his substances.
In 1894 two German chemists, L. Lederer and O. Manasse, managed to isolate
pure crystalline ortho-hydroxymethylphenol and para-hydroxymethylphenol by reacting
formaldehyde and phenol in the presence of a base.4, 5 This reaction became known as
the “Lederer-Manasse Reaction” and it relies on careful control of the reaction
conditions. If the conditions were to become too harsh the same resinous material that
von Baeyer produced would be synthesised.
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1.1.2 The Bakelite saga
Many chemists tried to use these reactions to produce a material that had
desirable properties. It was not until 1902 that Belgian chemist Leo Hendrick Baekeland
began his research into these reactions which would eventually lead him to file over four
hundred patents covering all aspects pertaining to the synthesis of a material he dubbed
Bakelite.1 By carefully controlling the quantity of base used in his reactions, Baekeland
obtained a material that would become that worlds first synthetic plastic. This discovery
made Baekeland a very rich man and it was this potential wealth that would motivate a
surge in research, by scientists looking to earn their fortunes, into phenol-formaldehyde
chemistry.
The hydroxyl group of the phenol has a 2,4-directing effect and as such incoming
electrophiles will react at the 2 and 4 positions relative to the hydroxyl group. As such,
when formaldehyde reacts with phenol, the 2,4 directing effect causes crosslinking of
the phenol groups to occur. This can be demonstrated in a representative structure of
Bakelite. (Fig. 1.1).
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Fig. 1.1 – The chemical structure of Bakelite demonstrating the crosslinking capability of the phenol
molecule.

1.1.3 Cyclic products
Alois Zinke and co-worker Erich Ziegler circumvented this issue in 1942 by using parasubstituted phenols and reacting them with formaldehyde.6 By using para- substituted
phenols, the only reactive site the hydroxyl group can direct to is the ortho- site, which
lead exclusively to linear products. At around the same time Joseph Niederl and Heinz
Vogel had been working on reactions between resorcinol, a hydroxyphenol, and
aldehydes under acidic conditions.7 Niederl and Vogel had postulated that their products
were structurally cyclic and therefore it was a logical step for Zinke and Zeigler to apply
this theory to their own reactions. However, it was not until 1952 that the pair published
any experimental data that provided evidence for such structures.8
In the early 1950’s Australian-British chemist John W. Cornforth screened both
the linear oligomers and cyclic tetramers described by Zinke, amongst other compounds,
4

as potential agents that could inhibit the growth of Mycobacterium Tuberculosis.9 When
Cornforth attempted to follow Zinke’s reaction between p-tert-butylphenol and
formaldehyde, two products were isolated. The initial speculation was that the two
products were a mixture of the cyclic tetramer and the linear oligomer, however when
elemental analysis was carried out on both products they showed the same ratio of
methylene groups to phenol rings. Additionally neither of the compounds reacted with
p-nitrobenzenediazonium chloride, demonstrating that there were no reactive sites on
the aromatic rings present in each sample. All experimental data that was collected
indicated that both products were cyclic. The only difference between the two products
was in melting point which lead Cornforth to believe that the two products were actually
diastereoisomers. By studying molecular models of the cyclic tetramer Cornforth
speculated that the phenol groups were unable to rotate about the methylene bridges
and therefore it was likely that four conformers existed.
In 1972 Hermann Kämmerer published evidence that Zinke’s cyclic tetramer was
more flexible than Cornforth had originally thought.10 This evidence centred on proton
NMR spectroscopy. At 20°C the 1H NMR spectrum showed a pair of doublets caused by
inequivalent protons on the methylene bridges, however when the 1H NMR of the same
sample was run at 60°C there was only a singlet. This observation was initially thought to
be caused by the cyclic tetramer converting into one of its other conformations,
however after careful deliberation Kämmerer changed his explanation to what is the
currently accepted explanation of this observation: the “mirror image conformational
interconversion of the cyclic tetramer”.1
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1.1.4 What is in a name?
Also in 1972 Washington University started a new research program, headed by
David C. Gutsche, to look into the potential use of Zinke’s cyclic tetramer as an enzyme
mimic. Enzyme mimetics are usually small molecules that exhibit similar properties of
natural enzymes.11 One of the reasons Zinke’s cyclic tetramers were targeted is due to
the ease with which they are synthesised, unlike other possible molecules such as
cyclodextrins which, at the time, were only available through natural sources. Nowadays
such cyclodextrins can be synthesised from starch using readily available enzymes.
Another reason for Gutsche’s initial interest was the fact that the cavities formed by the
molecule (Fig. 1.2) are perfect as a receptor site, unlike crown ethers (another potential
set of molecules of interest) whose cavities are shaped more like discs than the required
basket shape. It was around this time that Gutsche, whilst looking for a name that would
roll off the tongue easily, came up with “calixarene” as a name for Zinke’s cyclic
tetramer. The name is derived from the Greek word κάλυξ (calyx), meaning cup-like, due
to the resemblance of calixarenes to ancient Greek wine cups (calyx kraters) and the
word arene, referring to the aromatic sub units used to form calixarenes. The term was
first seen in print in 1978.12
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Fig. 1.2 - The molecular structure of p-tert-butylcalix[4]arene (left) and an ancient Greek calyx crater
(right).

1.1.5 Water soluble calixarenes
One of the characteristics that caught Zinke’s attention with regards to p-tertbutylcalixarenes was their complete insolubility in water. Non-functionalised calixarenes
are also only sparingly soluble in organic solvents, which made them challenging to
purify. Fortunately by functionalising at the lower rim by forming ethers and esters
greatly improves the solubility in organic solvents. However if the calixarenes were to be
used for biological applications, they needed to become soluble in water.
In 1984 Rocco Ungaro et al. described a tetracarboxymethyl ether functionalised
p-tert-butylcalix[4]arene that had a hydrophobic cavity of defined size and shape (Fig.
1.3).13 The alkali and ammonium salts of this calixarene are soluble in water (ca. pH 7) at
concentrations in the range 5x10-4 – 5x10-3 M depending on the cation used.13
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Fig. 1.3 – Examples of water soluble calixarenes.13-15

Four years later Gutsche described the complexation and catalytic properties of a
series of water soluble calixarenes that possessed either carboxyl or amino groups at the
exo-rim of calix[4]arene (Fig. 1.3).14 These calixarenes were reported as having
solubilities of up to 10-3 M in dilute acid (tetraaminocalixarene) or aqueous base
(tetracarboxylcalixarene), greater than the 5x10-4 M reported by Ungaro for the
tetracarboxymethyl ether calix[4]arene.14
However all these values are low compared to the solubility of the calixarene
derivative reported by Seiji Shinkai et al. in 1987. By replacing the tBu groups present in
the parent calix[4]arene with sulfonic acid groups, the solubility rises to 0.1 M. 15
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1.1.6 Calixarene research to date
A simple SciFinder® search (term: “calixarene”, August 2016) returns over 10,000 results
covering the synthesis and applications of calixarenes and their derivatives. Their uses
include metal based catalysts, a number of different types of sensors, separation media
and biomimetic/pharmacological applications.

1.2 Applications of calixarenes
1.2.1 Metal-based catalysis
The ability of calixarenes to coordinate a multitude of metals has been well documented
since the first reports of metallocalixarenes in the mid-1980s and has seen an
acceleration in research output from the turn of the millennium.16 This increase in
research has led to many reports of metallocalixarenes being used in catalysis. The
flexibility, ability to coordinate multiple metals per ligand and presence of hydrophobic
cavities have proven to be extremely beneficial for metallocalixarenes in terms of
catalytic activity.16 This is reflected in the wide variety of reactions in which
metallocalixarenes have used as catalysts including, but not limited to: phase transfer
catalysis, hydroformylation, Suzuki coupling, and ring opening polymerisation.
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1.2.2 Separation Media
As a result of the binding properties exhibited by calixarenes, they have become
increasingly attractive towards use in analytical and separation science. It is therefore
unsurprising that the development of calixarene derivatives for use in chromatography
has escalated in the last 15-20 years. The use of calixarenes as stationary phases in gas
chromatography (GC) and liquid chromatography (LC) as well as in separation by
electrophoresis was first reviewed in 2001 by Milbrat et al.17 Further reviews published
in 2007 cover the use of calixarene based stationary phases in high performance liquid
chromatography (HPLC)18, 19 and more general analytical applications of calixarene
derivatives were reviewed in 2011.20

1.2.3 Sensors
1.2.3.1 Colourimetric sensors
A change in colour in response to a particular species can be considered one of the best
methods for detection of said species. Whilst other methods can give greater sensitivity
or better accuracy, a change in colour requires no special instrumentation to detect the
presence of an analyte.
The detection of cations was the first application of colourimetric calixarene
sensors. The fact that most cations are either spherical or have a preference for square
planar, tetrahedral or octahedral geometry allows for effective design of binding sites
for these cations. One of the first examples of a calixarene based cation sensor was
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described by McKervey et al.21 A calixarene with three ethyl ester groups and a
nitrophenylacetate group appended at the lower rim (Fig. 1.4) showed a colour change
from colourless to yellow in the presence of Li+ ions. There is also some interference
from Na+ ions although the response is not as marked as with Li+. The density of the
colour in this case is directly proportional to the concentration of cation present. 21

Fig. 1.4 - McKervey’s Li+ chromogenic sensor.21

A few years later Reinhoudt et al. synthesised a calixarene with a diaza-p-nitrophenyl
chromophore at the exo-rim (Fig. 1.5).22 This calixarene was shown to bind a wide range
of different cations with varying degrees of colourimetric response. Li+, Na+, Cs+, and Ag+
all showed no response whereas Ca2+, Sr2+, Ba2+, and Ga3+ caused small shifts (< 8 nm) of
the absorption maxima. Larger shifts of the absorption maxima were observed for Cu2+
(20 nm), Ce3+ (16 nm), Pb2+ (14 nm), and Cd2+ (12 nm).22 The authors theorised that the
recognition of cations, causing the bathochromic shifts, was due to side on cation11

chromophore interactions. This particular calixarene derivative is highly selective
towards Pb2+ ions, preferentially assuming a partial cone conformation as opposed to
the cone conformation adopted in the presence of Na+.

Fig. 1.5 - Reinhoudt’s chromogenic cation sensor.22

Kubo et al. have developed calixarenes with indoaniline chromophores at the exo-rim
(Fig. 1.6).23, 24 The calix[4]arene-based sensor gives a good response to Ca2+ ions with an
association constant of 7.6x106 dm3 mol-1.23 This association is accompanied by a huge
110 nm shift in the absorption maxima from 609 nm to 719 nm. Mg2+ and K+ were also
tested, however much weaker responses were recorded with smaller shifts of the
absorption maxima (28 nm).
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Fig. 1.6 - The structures of Kubo’s calixarene-based colourimetric sensors.23, 24

The calix[6]arene-based sensor was designed as a sensor for uranyl (UO22+) ions as
calix[6]arenes have the ability to form hexadentate pseudoplanar complexes with
UO22+.25-28 In the presence of UO22+ there is a bathochromic shift of 59 nm, with regard
to the absorption maxima, from 628 nm to 687 nm.24 The association constant is lower
than the previous example, however it remains good 8x104 dm3 mol-1.
Anion sensing is much more challenging than cation sensing as anions exhibit a
multitude of different sizes, polarizabilities, and geometries. However the rigid scaffold
provided by calixarenes allow moieties that bind anions to be positioned in specific 3D
orientations that would allow anions of a particular geometry to bind. Possibly the best
examples of this type of calixarene were synthesised by Gunnlaugson et al. who
attached amidourea functionalities at the endo-rim of a calix[4]arene (Fig. 1.7).29
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Fig. 1.7 - A calixarene derivative that responds to H3PO4- and F-.29

When exposed to H3PO4- or F- the solution changed from colourless to a very dark red
colour. Whilst the colour change is similar for both anions, the cause of the colour
change for each is different. For H3PO4- it is predicted that the anion will be bound into
the network of protons provided by the urea constituent, whereas the colour change in
the presence of F- will be due to deprotonation.
Initially detection of neutral molecules did not seem to be very useful, however a
few small neutral molecules have been targets for colourimetric detection. For example
Kubo et al. developed a calixarene that binds (R)-phenylglycinol and (R)-phenylalaninol,
which both induce a colour change from red to blue.30 However the (S) enantiomers do
not bind to the calixarene and therefore do not induce a colour change. Another
example involves the Li+ sensor mentioned earlier (Fig. 1.4). When the Li complex of this
calixarene is exposed to gaseous triethylamine (Et3N) the colour changes from yellow to
red.31 This is useful for food safety as Et3N is a decomposition product of a protein found
in fish, the sensor can therefore be used to evaluate freshness.
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1.2.3.2 Fluorescent sensors
The most sensitive method for analysing the complexation of calixarenes is fluorescence.
The majority of calixarene-based fluorescence detectors are designed to utilise
photoinduced electron transfer as the relaxation pathway. When ions are bound to the
calixarene the relaxation pathway is blocked and the fluorophore emits intensely.
One of the first examples of such a complex was reported by Pochini et al. in
1990.32 A calixarene derivative with four dimethylacetamide groups at the endo rim (Fig.
1.8) had previously been shown to be able to efficiently bind alkali cations such as
potassium.33 Alkali metal ions and lanthanide ions have similar binding properties, so
researchers prepared lanthanide complexes using the calixarene derivative shown in Fig.
1.8. The TbIII complex was found to be highly stable in aqueous solution retaining its
fluorescence, therefore making it a candidate for fluoroimmunoassays.32

Fig. 1.8 - An example of a calixarene fluorescence sensor for alkali metals.
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Fig. 1.9 - An example of a calixarene FRET sensor.

Fluorescent resonance energy transfer (FRET) is another effect that can be
observed upon the complexation of an analyte with a calixarene. When the calixarene
sensor has two fluorophores, complexation can lead to FRET, whereby one of the
fluorophores donates excited state energy to the other which fluoresces as the energy is
lost. Despite the ability to attach many different fluorophores at both the exo and endo
rims of calixarenes, there are surprisingly few examples of FRET based calixarene
fluorescence sensors.
One such example consists of a calix[4]arene scaffold with diaza-p-nitrophenol
groups at the exo rim and amide linked pyrenes at the endo rim (Fig. 1.9).34 When In3+
binds to this calixarene a large shift in λmax from 380 nm to 507 nm. It appears that the
free phenolic OH’s keep the pyrene pendants apart through intramolecular hydrogen
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bonding, however upon In3+ coordination the hydrogen bonding network is broken. This
is believed to be the cause of the fluorescence.
Another process that can be observed in fluorescence is photoinduced
charge transfer (PCT). This occurs when an analyte donates electrons to the fluorophore,
changing its properties. This is usually seen as a change in molar absorptivity and/or a
change in λmax.
The shifts observed are dependent on the analyte and the difference between
different analytes is usually fairly small. This means that calixarene sensors employing
PCT are not as useful as other sensors.

1.2.3.3 Electrochemical sensors
There are many examples of calixarenes being utilised in electrochemistry. Calixarenes
with oxygen rich substituents, such as esters or ketones, generally respond well to alkali
cations, whereas thiacalixarenes have been shown to respond effectively to a number of
cations including Ag+, Cu+, and other soft transition metals.
The first examples of electrochemical sensors based on calixarenes were
published by Beer et al.35, 36 They attached ferrocene and cobaltocene to the endo rim of
calix[4]arene (Fig. 1.10) and at the time they did not respond well to various ions.
However a decade later it was discovered that with different linking groups, ferrocenyl
calixarene compounds respond well to lanthanide ions.37
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Fig. 1.10 - The structures of metallocene calixarene compounds tested as electrochemical sensors by Beer
et al.

The vast majority of calixarenes used as electrochemical sensors are based on their
cation recognition ability, however there are examples of anion binding to calixarenes
giving rise to substantial electrochemical responses. For example a ruthenium calixarene
complex (Fig. 1.11) gives a 175 mV shift for the +2 to +1 reduction in the presence of
phosphate ions and a 15 mV shift for the same reduction in the presence of sulfate
ions.38 This was the first example of a receptor that has the ability to differentiate
between the two ions electrochemically.
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Fig. 1.11 - The first known example of an electrochemical sensor that can distinguish between phosphate
and sulfate anions.

1.2.3.4 Biomedical sensors
A driving motivation behind developing calixarene based sensors is to use them for the
detection of clinically relevant species. In order for this research to advance it is
important to discover how the sensors behave in a biological environment. In spite of a
large increase in awareness of calixarene biochemistry, there are no studies into
whether any of the sensors described in sections 1.2.3.1 - 1.2.3.3 will be able to work
efficiently in a biological setting.
Muellar set out to investigate what happens to calixarene sensors in a biological
environment by treating Chinese Hamster Ovary (CHO) cells with a calixarene that
possessed a nitrobenzofurazan fluorophore at the lower rim (Fig. 1.12).39
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Fig. 1.12 - Calixarene used to investigate what happens to the sensor in a biological setting.

Initial screening showed that there was no inherent toxicity possessed by the calixarene.
The next stage was to look at the cells using confocal microscopy. This revealed that the
calixarene had passed through the phospholipid bilayer that makes up the cell
membrane and was located in the cytoplasm of the cells. Most importantly it also
revealed that the fluorescence of the calixarene was observable whilst in a biological
environment, which implies that calixarene based sensors are fully functional in both the
laboratory and in a biological setting.39
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1.2.4 Medical applications of calixarenes
Ever since Gutsche began his work on calixarene chemistry, researchers have been
interested in finding biomedical applications for calixarenes. The reason behind this is
that unfunctionalised calixarene molecules already possess many properties that are
necessary for drug design purposes. These include low toxicity, variable conformations,
functionalisation possible at multiple locations, host-guest interactions, and the ability
to form stable complexes with larger molecules.
These properties have allowed calixarenes to be involved in many aspects of
medicine including antimicrobial, anti-tuberculosis, anti-thrombotic and anti-tumour
agents. Also calixarenes have been developed as MRI contrast agents as well as
radiotherapeutics and nano-baskets for drug delivery.

1.2.4.1 Toxicity of calixarenes
In a review in 1985, Gutsche briefly mentions that unfunctionalised calixarenes were
subjected to an Ames test.40 The results showed that there was no toxicity against a
range of salmonella typhimurium bacteria strains. However it is worth noting that this
result may just be due to the insoluble nature of unfunctionalised calixarenes. With this
in mind toxicity studies have been carried out on p-sulfonatocalix[4]arene, a water
soluble calixarene, which show that it is non-toxic and therefore biocompatible.41, 42
When some calixarene derivatives were screened as cell growth inhibitors of human
fibroblast cells, the results showed that derivatives of calix[4]arene and calix[8]arene
showed comparable toxicity to glucose.43 The sulfonated calixarenes proved to be more
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toxic, however all results indicate the toxicity of all compounds tested to be low enough
to make them viable for biomedical applications.43

1.2.4.2 Antimicrobial calixarenes
The intense pursuit of new and improved antimicrobial compounds has stemmed from a
rapid surge in hospital caught infections caused by antimicrobial resistant bacteria. In
the European Antimicrobial Resistance Surveillance Systems (EARSS) annual report for
2013, the percentage of bacteria resistant to current antimicrobials is generally
decreasing slowly. However for Klebsiella pneumoniae and Escherichia Coli, resistance to
antimicrobials is increasing. To further highlight this issue it was shown that 30-40% of
all Staphylococcus aureus cases presented to hospitals in the United Kingdom were in
fact the “super-bug” meticillin-resistant Staphylococcus aureus. The standard treatment
for a patient with MRSA is a course of vancomycin, however reports are now emerging
that a new strain of Staphylococcus aureus that is resistant to vancomycin is becoming
more prevalent.44 So research continues to find new and improved antimicrobial drugs.
Some of the first calixarene derivatives screened as antimicrobial agents were
synthesised by Casnati et al. in 1996.45 These derivatives, shown in Fig. 1.13, are bicyclic
peptide calixarenes and mimic the antimicrobial properties of vancomycin.
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Fig. 1.13 - The structures of the antimicrobial calixarene derivatives synthesised by Casnati et al.45

The antimicrobial screening showed that the calixarene derivatives were more effective
at killing Staphylococcus aureus bacteria than vancomycin. The mechanism that gives
these compounds their antimicrobial activity was unknown at the time of publishing,
however further research has shown that they bind to the cell wall at a specific peptide
and therefore inhibit growth.46 In turn this causes cell death, the desired outcome in the
case of bacterium cells.
A much larger study involving 57 calixarene derivatives was presented in 2002 by
Lamartine.47 Their antimicrobial activity was measured by growth and inhibition rate
comparisons when screened against Corynebacterium dematium. Seven of the
compounds tested exhibited suitable antimicrobial activity and were therefore
subjected to further testing against other bacterial species. Interestingly all the
derivatives that showed antimicrobial activity possessed a sulfonic acid group
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somewhere in their structure, implying the functional group may contribute to the
antimicrobial activity of the derivatives.47
When designing new potential antimicrobial agents, new mechanisms of action
are preferential to avoid cross-resistance with current treatments. With this in mind
Grare et al. synthesised a cationic p-guanidinoethylcalix[4]arene (Fig. 1.14). The thinking
was that the cationic calixarene would strongly interact with the negatively charged
bacterial cell wall.
The calixarene had previously been screened as an antimicrobial agent with
positive results by Mosmann in the 1980’s, however he had not screened the compound
against antimicrobial resistant bacteria.48 Therefore Grare screened the polycationic
calixarene compound against 5 antimicrobial resistance bacterial strains and compared
the results to hexamidine, a common antiseptic, and synthalin A, an old diabetes
medication and anti-trypanosomal drug.49 The results are summarised in Table 1.1.

Fig. 1.14 – The structure of p-guanidinocalix[4]arene as its trifluoroacetic acid salt.
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Synthalin A Hexamidine p-guanidinocalix[4]arene
Reference Strain

MTT

NR

MTT

NR

MTT

NR

E. coli ATCC 25922

5

2

4

0.3

131

98

S. aureus ATCC 25923

9

5

4

0.3

66

50

S. aureus ATCC 29213

≥37

≥18

15

1

66

50

E. Faecalis ATCC 29212

19

9

1

<0.1

16

12

P. aeruginosa ATCC 27853

1

0.6

2

0.1

16

12

Table 1.1 - A table showing the inhibiting effect of each compound.49 MTT = 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide, NR = Neutral Red, values given are standardised by dividing the
Inhibitory Concentration (50%) by the Minimum Inhibitory Concentration.

The results are presented as SI values calculated from the MIC and IC50 values
determined from each assay (SI = IC50/MIC). They show that pguanidinoethylcalix[4]arene is effective in inhibiting the growth of several strains of
bacteria and, more importantly, inhibiting antimicrobial resistant bacteria. This would
suggest that the mechanism of action is different to other antimicrobial agents, making
it a potentially interesting molecule to develop further.
Although the mechanism of action is different for this molecule, Grare states that
the mechanism remains unknown. However Powers speculates in a paper in 2003 that
the initial interaction is between the cationic peptide and the anionic lipopolysaccharide
found in the outer membrane of the bacterial cell wall.50 This destabilises the immediate
area on the cell wall allowing access to the interior of cell. Once inside the bacterium,
the polycationic calixarene can disrupt DNA/RNA processes causing inhibition of the
synthesis of important proteins in the cell, ultimately causing cell death.50
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1.2.4.3 Anti-tuberculosis calixarenes
According to the World Health Organisation’s (WHO) 20th global tuberculosis (TB) report
(2015), 1.5 million people were killed by TB in 2014.51 Nearly 13% of these (190,000)
were caused by multidrug-resistant TB (MDR-TB). Perhaps more concerning is that
approximately 50,000 patients diagnosed with MDR-TB also have extensively drugresistant TB (XDR-TB). This means that these patients do not respond to the two most
powerful anti-TB drugs as well as at least two other commonly used anti-TB drugs. The
End TB Strategy implemented in May 2014 sets out to “reduce the number of TB deaths
by 90% by 2030 and cut new cases by 80%”. The report stresses the importance of new
diagnostics, drugs and vaccines if targets set out in the End TB Strategy are to be
achieved.
One of the first tested calixarene as a pharmacological agent took place in 1951
when Cornforth et al. conducted tuberculostatic tests on a polyoxyethylene ether
derivative of p-tert-octylcalix[8]arene (Fig. 1.15). These tests showed that the calixarene
derivative showed a greater anti-tuberculosis activity than Streptomycin, the golden
standard for treatment of TB at the time.9
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Fig. 1.15 - Polyoxyethylene ether derivatives of p-tert-octylcalix[8]arene.

Continuing from this initial work, Hart et al. carried out investigations into how the
polyoxyethylene ether derivatives (Fig. 1.16) interact with infected cells and suggested
that the calixarene derivatives enter the cell by endocytosis and are absorbed into
lysosomes. By conducting in vitro studies the researchers believed that the molecules
combat TB by a host-mediated mechanism.52-54

Fig. 1.16 - The calixarene derivatives investigated by Hart et al.
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More recently Hailes et al. have been looking at a series of tert-butyl and tert-phenyl
calixarenes and anti-TB agents.55 The aim was to determine the effect of different
functional groups at the exo- and endo-rims on the anti-TB activity compared with
previous anti-TB calixarene compounds. Out of the 39 compounds synthesised it was
revealed that calixarenes containing cyanopropoxy moieties at the lower rim resulted in
extremely low anti-TB activity. However when acetate moieties were present at the
endo-rim, the anti-TB activity increased. Having made these observations research
continues into the mode of action of these new anti-TB calixarene compounds.55

1.2.4.4 Anti-thrombotic calixarenes
The water soluble sulfonated calixarenes have received much attention due to solubility.
Through considerable research it has been shown that this class of calixarene exhibits a
multitude of biological activities from enzyme inhibitors and ion channel blockers
through to anti-viral and anti-thrombotic activity.56 The anti-thrombotic activity is
believed to occur due to an inhibitory process. The calixarenes inhibit the release of an
enzyme, serine protease, therefore stopping the formation of thrombin (IIa). 56, 57
Thrombin (IIa) transforms fibrinogen to fibrin which causes blood clots to form,
therefore if it is not produced, no clots form.
Coleman et al. synthesised a series of sulfonated calixarene compounds and
tested them for anti-thrombotic activity. This was done by measuring the effect on
activated partial thromboplastic time and thrombin time against the biological activators
dermatan sulfate and heparin.58 It was shown that calixarene derivatives that included
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carboxylic acid functional groups at the endo-rim possessed higher anticoagulant activity
compared to non-functionalised sulfonatocalix[n]arene. Direct inhibition measurements
showed that the carboxylic acid derivative has similar activity to dermatan sulfate. 58
Another factor found to affect the anti-thrombotic activity is the size of the parent
calixarene. Of the samples screened, those based on calix[8]arene exhibited the greatest
anti-thrombotic activity. These were followed by calix[6]arene based compounds and
calix[4]arene compounds showing the lowest anti-thrombotic activity.58
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1.2.4.5 Anti-viral calixarenes
Another medical area in which calixarenes are currently of interest is as platforms for
new anti-viral agents. Motornaya et al. looked at calixarenes with aminoadamantane
moieties at the exo-rim taking a particular interest in the anti-herpetic activity of the
molecules.59 Aminoadamantanes have previously been shown to be efficient in both the
prevention and treatment of viral infections.60 Two compounds (Fig. 1.17) were
synthesised and screened against the herpes simplex virus (HSV-2) cell line to assess
their anti-viral activities.

Fig. 1.17 - The structures of the compounds screened as anti-herpetic agents by Motornaya et al.59

The results of this screening showed that the derivative with no modification at the
endo-rim possesses strong anti-viral activity. When present in concentrations of 5 – 10
μg mL-1 the compound reduced the infectious power of the HSV-2 virus by 1000-fold.
This is determined by assessing the compounds ability to inhibit virus replication.
Unfortunately the chemotherapeutic safety index, defined as the ratio of maximum
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tolerated concentration (MTC) to minimum inhibitory concentration (MIC), for this
compound is 12.5 which indicates that the compound is not safe enough for in vivo
screening.
For the second compound, where the endo-rim has been butylated, the
biological screening was less successful. There was very little inhibition of virus
replication, indicating either weak or negative anti-viral activity. This in turn indicates
that the phenyl hydroxyl groups have a role to play in the anti-viral activity of the
previous compound, however the exact role has yet to be determined.
Another research group interested in the use of calixarenes as anti-viral agents is
headed by Andrew Hamilton at Yale University. Their research concentrates on patients
that are infected by both human immunodeficiency virus (HIV) and hepatitis C virus
(HCV). There are over 10 million patients worldwide that have HIV and are co-infected
with HCV.61, 62 Highly active antiretroviral therapy (HAART) is the most common
treatment for HIV, however the drugs used in HAART increase the likelihood of liver
disease. Unfortunately for those patients co-infected with HCV, studies have shown that
there is a dramatic increase in liver toxicity when treated using HAART.63 At the time
there were no drugs available that could prevent this liver toxicity which prompted
Hamilton et al. to design a dual mode compound that would treat both HIV and HCV
simultaneously.
Vascular endothelial growth factor (VEGF) is secreted by infected T-cells, a type
of white blood cell whereas non-infected T-cells secrete platelet derived growth factor
(PDGF). Both growth factors are known to contribute to the development of Kaposi’s
sarcoma but they are also both currently under investigation for their effect in HIV
31

replication.64 Calixarene derivatives have been shown to disrupt the binding of both
VEGF and PDGF to their respective binding sites65-68 and it is for this reason that
Hamilton et al. selected calix[4]arene as a scaffold for their dual modal anti-viral agent.

Fig. 1.18 - Hamilton’s most promising dual mode anti-viral compound.69

The most promising compound synthesised by Hamilton et al. is shown in Fig. 1.18.69 It
showed encouraging anti-viral activity against three strains of HIV virus and shows low
toxicity with an EC50 value of 0.3 μM and an ID50 value of 90 μM as determined by MT-2
cellular assays. These results prompted further study of this compound against other
viruses. An EC50 value of 1.8 μM was obtained when the compound was screened
against HCV, however the compound appeared to have no effect on the replication of
the herpes simplex virus as well as hepatitis B.
Following these initial results, Hamilton et al. continued to synthesise a number
of derivatives based on the calixarene shown in Fig 1.18. This allowed investigators to
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compare the effect of different functional groups on the anti-viral activity of the
compounds. These comparisons showed the best results came from compounds with
both aromatic isophthalate spacers at the upper rim, for anti-HIV effects, and the
presence of diacid groups, for anti-HCV effects. Interestingly it also became apparent
that the conformation of the calixarene was important to its anti-viral activity. Only
when the calixarene was in the cone conformation would the compound exhibit antiviral activity.69

1.2.4.6 Anti-tumour calixarenes
The use of calixarenes as therapeutic agents against various cancers has been
considered for many years. The flexibility of calixarenes allows them to be exploited for
use as active agents and as drug delivery systems for other active agents. A lot of work
has been published utilising a number of different biological pathways but all harness
the structural diversity that the calixarene scaffold offers.
For example, Sakaguchi et al. synthesised a series of calix[6]arene derivatives
with imidazole or pyrazole functionalities at the exo-rim that possess anti-tumour
activity.70 These compounds were tested for their activity against a rare genetic disorder
called Li-Fraumeni Syndrome (LFS). This condition ominously increases the likelihood of
a patient developing a number of different cancers such as sarcomas, breast, and brain
tumours.71 Patients with LFS possess a mutated TP53 gene. The TP53 gene usually codes
the P53 protein, which is a protein that suppresses tumour growth by triggering
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apoptosis in cells with damaged DNA.72 Therefore patients with LFS have unstable P53
proteins which no longer prevent tumour growth.
Gordo et al. had previously reported on the stabilisation of P53 proteins using a
calixarene with guanidinium moieties at the exo rim.73 It was discovered that the
stabilisation occurs as a result of weak interactions with the hydrophobic pockets of the
calixarene and glutamic acid in the protein. Consequently Sakaguchi et al. designed
calixarene compounds with imidazole or pyrazole moieties at the exo rim (Fig. 1.19) that
could interact with glutamic acid in an attempt to promote stabilisation. 70

Fig. 1.19 - The structures of the P53 gene stabilisers synthesised by Sakaguchi et al. 70

The results showed that the imidazole derivative did not stabilise the P53 protein,
however the pyrazole derivative did. The pyrazole calixarene also stabilised the P53
protein under physiological conditions, something Gordo’s compound could not do. For
this reason it became a prime candidate for further development as a drug for the
treatment of LFS.
The synthetic amphipathic beta-sheet peptide, Anginex, has been shown to
behave as an inhibitor of angiogenesis.74 This means that it stops blood vessels from
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growing, inducing apoptosis in affected cells. Dings et al. designed calix[4]arene based
topomimtetics of this peptide in the hope of developing calixarene based anti-tumour
agents.75

Fig. 1.20 - The structures of three of the most effective Anginex topomimetics synthesised by Dings et al.75

The first two structures in Fig. 1.20 show the earliest structures put forward for potential
clinical use. PTX008 and PTX009 were selected for screening as they closely resemble the
amphipathic and cationic topology of Anginex. PTX008 has been shown to be a noncompetitive inhibitor of angiogenesis and is now in phase I human clinical trials.
The final structure in Fig. 1.20 is a later compound, designed due to the success
of the previous compounds, that was found to be particularly effective at inhibiting
proliferation of several drug resistant human cancer cell lines.75 At doses as low as 0.5
mg kg-1 PTX013 reduces tumour growth by up to 80% in mouse models. Comparing this
data to that of PTX008, it was shown that PTX013 is around 50 times more effective at
reducing tumour growth than its predecessor. Additionally initial pharmacodynamics
data indicates that PTX013 lasts longer in vivo, than PTX008 and also shows no
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unwanted toxicity. These factors add up to the conclusion that PTX013 has the potential
to be a very effective therapeutic agent against certain drug resistant cancers.
Geraci et al. synthesised a potential cancer vaccine consisting of a calixarene
scaffold conjugating four Tn antigen glycomeric units to an immunoadjuvant moiety,
tripalmitoyl-S-glycerylcysteinylserine (P3CS).76 The theory behind a cancer vaccine is that
the active agent boosts the patient’s own immune system in terms of strength and
specificity towards cancerous cells. The antigen units are linked to the exo-rim of a
calix[4]arene through glycine linkers (Fig. 1.21) and were chosen because they are often
overexpressed on the exterior of tumour cells. By constructing a scaffold with four
antigenic units, the immune response should become more efficient.77 The
immunoadjuvant P3CS section of the scaffold also improves the efficiency of the immune
system by stimulating it to respond quicker to the Tn antigens.
In vivo tests of the scaffold in mice was carried out by enzyme-linked
immunosorbent assay (ELISA) looking for anti-Tn immunoglobulin G antibodies. The
screening showed that there was an increase in immunostimulating activity, in
comparison to a monoantigen equivalent, confirming the increase in efficiency is caused
by multiple antigen moieties. Interestingly this is the first potential cancer vaccine that is
not based on a peptidic platform.
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Fig. 1.21 – The structure of Geraci et al. cancer vaccination candidate.78

Another overexpressed moiety found on the surface of cancerous cells is the large transmembrane glycoprotein MUC1.78 Geraci et al. set about developing a cancer vaccine
using this protein as a target. The extracellular portion of these proteins consists of
repeating units of 20 amino acids and a particular sequence (PDTRP) was identified as
the section that was recognised by the immune system. Therefore Geraci et al. attached
this sequence of amino acids to the exo-rims of calix[4,8]arenes (Fig. 1.22). Again a P3CS
immunoadjuvant moiety was linked at the endo-rim of the calixarenes to improve the
immune response.
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Fig. 1.22 - The cancer vaccine candidate developed by Geraci et al. based on the MUC1 protein.78

In vivo studies in mice show that both compounds stimulate anti-MUC1 immunoglobulin
G antibody production. Comparative studies using calixarene scaffolds without the
PDTRP amino acid chain did not have the same effect. These results demonstrate the
suitability of these types of scaffold for self-adjuvant vaccines in anti-cancer
immunotherapy.78
Sonnet et al. designed a series of calix[4]arenes that were designed to act as iron
chelators in vivo.79 These calixarenes were functionalised at the endo-rim with either
ester or acid moieties. An examples of this series is shown in Fig. 1.23.
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Fig. 1.23 - One of a series of ester modified calix[4]arenes designed as iron chelators.

Iron is an important metal in DNA synthesis. Ribonucleoside diphosphate reductase is an
enzyme containing a diferric iron centre that acts as a catalyst for the formation of
deoxyribonucleotides from ribonucleotides.80 These deoxyribonucleotides are then used
in the synthesis of new DNA. Cancerous tumours are sites of accelerated DNA synthesis
and are therefore more susceptible to chelation therapy reducing any toxic effect to
healthy cells.81 The chelation therapy causes iron depletion in cells thereby reducing cell
proliferation.
The compound shown in Fig. 1.23 was the most effective compound of the series
in terms of anti-proliferation. However it turns out that this is due to the cytotoxic effect
of the molecule rather than its iron chelation ability. The data collected showed weaker
cytotoxicity than predicted, however the authors remain positive that the calixarenebased compounds tested could lead to new scaffolds for biomedical applications.79
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Biomedical applications of calixarenes is not restricted to the organic molecule,
metal complexes of calixarenes have also been evaluated for biological activity.
For example radioactive 225Ac3+ is an alpha emitting radioisotope with a half-life
of ten days. This property makes it an ideal radioisotope for radiotherapy and so in 1999
Reinhoudt et al. published work exploring the use of calix[4]arene based chelators of
Ac3+ as potential radiotherapy agents.82

Fig. 1.24 – Examples of Ac3+ chelators based on calix[4]arene.

A series of bifunctional calix[4]arene molecules (Fig. 1.24) were synthesised, designed to
chelate Ac3+ ions as well as conjugating biomolecules. These were then tested for their
binding affinity and immune response. The results showed that all complexes stimulated
no immune response in animal models. This meant that there would probably be no
response if human antibodies were used, therefore these complexes were unsuitable for
further development. The authors postulate that this is because the ester and amide
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carbonyls do not bind the Ac3+ ion strongly enough, therefore leading to leaching of the
metal ion in physiological conditions.82
Morgenstern et al. conducted research into using 230U, an alpha emitter with a
half-life of 20.8 days, in parallel with a peptide or antibody to develop a targeted alpha
therapy (TAT) for the treatment of cancer.83 A targeted approach for alpha emitters is
highly sought after as the range of alpha radiation is very small (< 100 μm), yet the linear
energy transfer is large (around 100 Kev μm-1). It would mean that there would be fewer
side effects as the active agent would converge on cancerous cells, thereby minimising
the cytotoxic effect of the alpha emission on healthy cells.
The calixarenes of choice were the larger p-sulfonatocalix[6,8]arenes as they had
previously been shown to form highly stable complexes with uranium(IV) ions.25, 27 Upon
forming complexes of uranium(IV) with the sulfonatocalixarenes the authors decided to
investigate whether the complexes had sufficient stability in human blood serum at
various concentrations.
The results of these tests showed that although the coordination of the uranium
ion to the calixarenes was strong, under blood serum conditions the complexes were
unstable.83 This in turn made these complexes unsuitable for further development as
TAT agents.
Another metal that has been the subject of major research is rhenium. In its own
right both isotopes of rhenium (186Re and 188Re) are β- emitters and have good half-lives
(17 and 90 hours respectively) for radiotherapy, however that is not the only reason for
its increased interest. Due to lanthanide contraction the ionic radii of rhenium and
technetium are very similar (137.1 pm and 135.2 pm respectively) and therefore the two
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elements can form analogous complexes with the same structure apart from the
metal.84 This is useful as there are no stable isotopes of technetium therefore “cold”
rhenium complexes can be used to determine the chemical structure of “hot”
technetium complexes.
Reinhoudt et al. synthesised novel rhenium(V) complexes with N2O2 and N2S2
calixarenes, the structures of which are shown in Fig. 1.25.85

Fig. 1.25 - The structures of Reinhoudt’s N2O2 and N2S2 tetradentate calix[4]arene mixed-ligand rhenium
complexes.85

The rhenium ion in each complex binds at the N2O2 and N2S2 moieties in a tetradentate
fashion and the crystal structure reveals that the calixarene adopts the cone
conformation for both complexes. The right hand complex demonstrated remarkable
stability in phosphate buffered saline solution (37°C, 5 d), indicating that it would be a
suitable candidate for further development as a radiotherapeutic agent. Unfortunately
no evidence of this development has been published.
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Redshaw et al. exploited the strong chelation ability of calixarenes to synthesise
a series of rhenium calixarene complexes as precursors to novel imaging agents and
cancer therapeutics.86 A selection of these complexes can be seen in Fig. 1.26:

Fig. 1.26 - A selection of the rhenium calixarene complexes synthesised by Redshaw et al., M = Na/K, L =
MeCN.

Interestingly the bottom calixarene complex is the first reported example of a rheniumrhenium bond supported by calixarene ligands. Unfortunately due to the complexities in
synthesis as well as the air and moisture sensitive nature of the products they are
unsuitable for use in biomedical applications.
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Later Redshaw et al. reported structures of a number of vanadyl calixarene complexes
and screened these complexes against a range of different cell lines.87 The results show
varying degrees of toxicity in the different cell lines from completely non-toxic to IC50
values of 0.1 μM. This provides evidence of selective cell type toxicity which could be
further developed for anti-cancer therapies.
The complexes were also tested to see whether or not they could enter cells.
Cellular uptake of these complexes was shown to be a slow process, with no visible
uptake after 15 min. However after 3-4 h saturation was achieved. Fig. 1.27 shows one
of the vanadyl calixarene complexes described which exhibits a strong blue
fluorescence.

Fig. 1.27 - The structure of a vanadyl calixarene complex and an image of live cells illustrating its blue
fluorescence.
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1.2.4.7 Calixarenes as MRI contrast agents
One of the greatest breakthroughs in diagnostic medicine has been magnetic resonance
imaging (MRI). In 2003 the Nobel Prize in Medicine was awarded to Paul Lauterbur and
Peter Mansfield for their work in discovering and developing this revolution in medical
imaging.
MRI allows non-invasive, three-dimensional imaging of the human body. In order
to generate an image there must be either a difference in proton density between
different types of tissue or a difference in the T1 (longitudinal) and T2 (transversal)
relaxation times.88 In order to improve the images obtained, thereby getting a clearer
diagnosis, physicians can administer a contrast agent. The contrast agent shortens the
T1 relaxation time of water molecules in close proximity and has the effect of
brightening an area of the image in which the contrast agent has localised. Fig. 1.28
shows the effect of administering contrast agent prior to imaging.

Fig. 1.28 - The effect contrast agent have on images. The image on the left has no contrast agent whereas
the image on the right has contrast agent.89 A defect in the blood-brain barrier following a
stroke can clearly be seen in the image on the right but not in the image on the left.
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Gadolinium complexes have been the most prevalent contrast agents as the Gd(III) ion is
incredibly efficient at accelerating the relaxation time of protons in water. This is due to
the fact that Gd(III) is paramagnetic, having seven unpaired electrons. This allows
random variations in the electron spin-nuclear spin interactions, which in turn opens up
new pathways for both T1 and T2 relaxation.90 Unfortunately in its free ion state, Gd(III)
is exceptionally toxic in vivo. Therefore it is imperative that stable complexes that do not
allow the Gd(III) ion to leach are synthesised to eradicate any toxic effects. Two of the
most commonly used ligands are diethylenetriaminepentaacetic acid (DTPA) and
1,4,7,10-tetra(carboxymethyl)-1,4,7,10-tetraazacyclododecane (DOTA) (Fig. 1.29).

Fig. 1.29 - The structures of DOTA (left) and DTPA (right).

As MRI hardware advances, the magnetic field generated increases (>1.5T). This allows
higher relaxivities and therefore more contrast in the images produced, however the
contrast agents currently in clinical use will not perform as well in these higher field
strengths.91 This means that continual development of contrast agents that will work
optimally at higher magnetic field strengths is imperative.
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The first research into using calixarenes as chelators for Gd(III) ions for MRI was
published in 1997 by Roundhill et al.92 They used a tetra-carbamoyl calix[4]arene (Fig.
1.30) to bind the Gd(III) ion due to the presence of eight donor atoms at the endo-rim, as
well as the size of the cavity in the calixarene.

Fig. 1.30 - The structure of the calixarene ligand used by Roundhill et al. to form a Gd(III) complex for MRI.

A relaxivity value of 3.4 mM-1s-1 at 400 MHz in a mixture of water and DMSO was
observed, which Roundhill described as “quite reasonable”. Unfortunately the stability
of the compound was not good, with a stability constant of only 100 M-1, therefore
precluding its use in vivo as an MRI contrast agent. The authors were confident that with
modification of the ligand the stability issue could be overcome.92
Three years later a group led by Bryant synthesised a calixarene molecule that
includes extra N,N-dimethyl-2-aminoethyl groups attached to the carbamoyl groups of
Roundhill’s compound (Fig. 1.31).93 The stability constant of the Gd(III) complex formed
by this calixarene was determined by calorimetric titration to be 2x105 M-1, significantly
larger than Roundhill’s complex.
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Fig. 1.31 - The structure of Bryant’s octadentate ligand.

The most common protein found in human blood plasma is human serum albumin
(HSA). Bryant et al. discovered that their Gd(III) complex binds non-covalently to HSA
indicating that it would be an excellent candidate for in vivo applications, however the
stability is still problematic. Despite this fact the research can be seen as a step in the
right direction, not only due to the increase in stability, but also due to the fact that the
ligand and complex were both soluble in water. Roundhill’s complex was only soluble in
a 10% DMSO in water mixture which creates uncertainty in its validity for biomedical
applications.92 Bryant’s complex did not have this problem.93
Ungaro et al. continued with the idea of using calixarene ligands that bind to HSA
for MRI contrast agents.94 They synthesised a diacetamide tetraacid calixarene ligand
(Fig. 1.32) in the hope of improving on the previous examples stability issues.
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Fig. 1.32 - The structure of the calixarene ligand synthesised by Ungaro et al.

Relaxometric competition experiments reveal a stability constant for the Gd(III) complex
of 1013 M-1, which is much higher than both previous examples and a value that puts it
into contention for in vivo studies. Relaxivity studies were also carried out and showed a
relaxivity value of 9.6 mM-1 s-1 at 20 MHz and 25°C, a value that was shown to be
constant in the pH range 4 – 9. This value is also approximately twice that of the
clinically used MRI contrast agents Dotarem and Magnevist. The authors theorise that
this is due to the larger number of water molecules coordinating to the metal centre
(Dotarem/Magnevist q = 1, Ungaro’s complex q = 3).
Upon binding to HSA the relaxivity value increases to up to 60 mM-1 s-1 with a
strong binding constant of 2.4x104 M-1. This is most likely due to combination of
hydrophobic interactions between the calixarene and the aspartic acid/glutamic acid
groups present in the HSA protein. This evidence presents a strong case for the further
development of Gd(III) calixarene complexes as MRI contrast agents.
More recent work into utilising calixarenes as MRI contrast agents has been
conducted by Schühle et al. One of the factors that affects the observed T1 relaxation
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time is the concentration of gadolinium present and it is this factor that Schühle set out
to exploit in order to synthesise a more effective contrast agent. The theory was that
increasing the number of Gd(III) ion centres in the complex, the higher the concentration
of gadolinium at the site of interest.95
Schühle achieved this by synthesising a calix[4]arene scaffolds with DOTA
macrocycles bound at the exo-rim (Fig. 1.33 and Fig. 1.34).91 The ligands allow up to four
Gd(III) ions to coordinate, one to each of the DOTA chelators. The complexes are very
rigid and actually forms micelles in water at reasonably low concentrations.

Fig. 1.33 - The structure of Schühle’s first tetra-Gd-DOTA complex.

The complex shown in Fig. 1.33 exhibited a relaxivity value of 18.3 mM-1 s-1 at 20 MHz
and 37°C. This value remains the same after binding to HSA and the binding constant
was worked out to be 1.2x103 M-1. Schühle et al. determined that the relaxivity-limiting
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factor for this complex was the exchange rate between water bound to the Gd(III) ion
and free water.

Fig. 1.34 - The structure of Schühle’s second tetra-Gd-DOTA complex.

Another of Schühle’s multi-macrocyclic complexes is shown in Fig. 1.34, containing four
pyridine-N-oxide groups as part of the linking chain between the calixarene and
tetraazamacrocycles.96 Using the same techniques as the previous complex, the
relaxivity was determined to be 31.2 mM-1s-1 in micellar form (CMC = 35 μM with a
radius of 8.2 nm) at 20 MHz and 25°C. When bound to HSA the relaxivity increases to
40.8 mM-1s-1 at 2 MHz and 37°C which has been credited to either an increase in rigidity
of the structure or an increase in rotational correlation time due to aggregation of the
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complex. Both explanations would allow faster exchange of bound and unbound water
allowing the higher relaxivity values that were observed.
This research carried out by Schühle et al. shows the massive potential
calixarenes hold as potential MRI contrast agents. It is one of the most promising areas
of research into the use of calixarenes in biomedical imaging and with continued
intensive research will hopefully yield abundant positive results.

1.2.4.8 Nano-baskets for drug delivery
A major issue for many potential new drugs is getting the amphiphilicity correct so that
the drug is active in vivo. Many potential drugs have been found to be incredibly potent
in vitro, however in vivo studies showed that the same drugs were unable to cross
biological membranes to get to appropriate receptors within living cells, thus rendering
the drug useless. For this reason drug delivery has become an important area of all new
drug development processes. The fact that calixarenes can be functionalised and possess
a cavity makes them targets for development as drug delivery vessels.97 It was Sumio
Iijima that first suggested utilising calixarenes as a potential drug delivery method in a
letter published in Nature.98 Since then much research has been conducted around the
theme of calixarenes as drug delivery vessels.
Yang and Villiers investigated the use of calixarenes in the delivery of
Furosemide, a drug used in the treatment of congestive heart failure and oedema. 99 The
solubility of the drug increased in the presence of p-sulfonic acid calix[4]arene so there
must have been an interaction between the calixarene and Furosemide. The
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concentration of the calixarene used was lower than the CMC, therefore the interaction
could not be micellar aggregation of the calixarene molecules around the Furosemide.
Since the early 1990’s it has been proven time and time again that p-sulfonic acid
calix[4]arene can form complexes with smaller organic molecules through hydrogen
bonding, dipole-dipole interactions, and π-π interactions.100-102 It is most likely that
Furosemide formed a non-covalent inclusion complex with p-sulfonic acid calix[4]arene.
This was one of the first proven host-guest complexes formed between a calixarene and
a biologically active agent.
Carbamazepine is an anti-convulsion drug often used as a mood stabiliser. It is
used in the treatment of several diseases such as epilepsy, bipolar disorders, and
trigeminal neuralgia.103 On its own Carbamazepine is highly insoluble in water (0.2 mg
mL-1) which makes it unsuitable for use in vivo. However Panchel et al. have published
work describing the increase in solubility of Carbamazepine when it forms an inclusion
complex with p-sulfonic acid calix[4,6]arenes.104
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Fig. 1.35 - The inclusion complexes formed between Carbamazepine and p-sulfonic acid calix[4]arene
(left)/p-sulfonic acid calix[6]arene (right).104

Fig. 1.35 shows a representation of the inclusion complexes formed. In the case of psulfonic acid calix[4]arene the inclusion complex is formed by one Carbamazepine
molecule and two calixarene molecules, whereas the p-sulfonic acid calix[6]arene
inclusion complex is formed by one Carbamazepine molecule and one calixarene
molecule. This is explained by the larger cavity possessed by the calix[6]arene. The
inclusion complex based on the calix[6]arene also exhibits a slightly higher solubility
compared to the calix[4]arene complex.104
Another drug that suffers from poor solubility is Topotecan, an anti-cancer agent
used against ovarian, advanced cervical and small-cell lung cancers. Clinically it is usually
administered as Topotecan-hydrochloride, a prodrug that in converted in vivo to
Topotecan. Wang et al. investigated the effect of p-sulfonic acid calix[4]arene on the
solubility of Topotecan in 2011.105 Studies revealed that the quinolone ring and
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dimethylaminomethyl group of Topotecan form non-covalent host-guest interactions
which leads to a large (approximately five-fold) increase in solubility of the anti-cancer
agent. The authors used a combination of standard 1H-NMR spectroscopy and 2D
Rotating-frame Overhauser Spectroscopy (2D ROESY) to help determine the binding
mode of the calixarene and Topotecan. A possible binding mode between the two
molecules is shown in Fig. 1.36.

Fig. 1.36 - A possible binding mode between p-sulfonic acid calix[4]arene and Topotecan. 105
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1.3 Metals in the fight against cancer
1.3.1 The definition of cancer
The Oxford English Dictionary Online defines cancer as follows: a “malignant neoplastic
disease, in which there is an uncontrolled proliferation of cells, typically with invasion
and destruction of adjacent normal tissue.” The source of the word is credited to the
“father of modern medicine”, Greek physician Hippocrates, who used the words
carcinos and carcinoma to describe tumours.106 In ancient Greek both words refer to a
crab and they were most likely used to describe the disease due to the spread of the
disease forming a shape that resembled a crab.
Two and a half thousand years later cancer is the second leading cause of death
in the entire planet behind heart disease.106 It is understandable then that the treatment
of this group of diseases has advanced greatly in the last 60 years. Patients now have a
wide range of treatment options available to them including surgery, chemotherapy,
hormonal therapy, radiotherapy, adjuvant therapy, and immunotherapy. Most of these
treatments work by killing or removing cancer cells, however they also killed normal
cells albeit at a slower rate. The late 1990’s saw the development of targeted cancer
treatments that either stop specific processes in cancer cells from working, such as cell
division (growth signal inhibition) and blood vessel formation (angioinhibition), or the
induction of apoptosis (programmed cell death) in cancer cells.106
Current research aims to build on these advances in anti-cancer therapies. As
researchers discover more regarding the molecular biology of cancer, therapies will
continue to advance. One particular research area that has been gaining momentum is
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the use of metals against cancer. Many metals have exhibited anti-cancer activities
including platinum, titanium, vanadium, iron, gallium, and a number of the lanthanide
series.

1.3.2 Platinum

Fig. 1.37 - The structures of the four clinically used platinum complexes.

Of the current clinically available treatments for cancer, four contain a platinum
atom; cisplatin, carboplatin, oxaplatin, and nedaplatin (Fig. 1.37). All four treatments act
against cancerous cells in the same way. The platinum atom get hydrolysed in the blood
stream to give a diaqua-platinum complex, which reacts with amine groups present in
guanine and adenine. This results in platinum atoms crosslinking DNA strands within the
same double helix (Fig. 1.38).
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Fig. 1.38 - An illustration demonstrating the different types of crosslinking that can be formed between
DNA and cisplatin.107

The presence of the platinum in the DNA strand inhibits the cell from dividing by mitosis,
due to the altered 3-dimensional structure of the DNA, meaning the tumour will stop
growing.108 In healthy cells there are DNA repair enzymes that will simply mend the
damaged DNA. However in cancerous cells, the damaged DNA is not recognised and so
the cell experiences apoptosis and the tumour contracts.
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1.3.2.1 Cisplatin
The most well-known of the platinum based anti-cancer agents is cisdiamminedichloroplatinum(II), more commonly recognised as cisplatin. First synthesised
by Italian chemist Michele Peyrone in 1844 and called Peyrone’s chloride, it is one of the
few anti-cancer drugs used clinically that was first synthesised over 120 years before its
cytotoxicity was discovered.109 Barnett Rosenberg showed that cisplatin inhibited the
division of E. coli cells in 1965, 121 years after it was discovered.110 The first clinical use
of cisplatin was in April 1971 when it was administered to a cancer patient. 111 Early
human trials were marred by nausea, vomiting, and renal failure caused by
nephrotoxicity.111 The nephrotoxicity almost lead to cisplatin being rejected during the
clinical trial stage of development.112 Fortunately investigators were able to avoid this
problem by hyperhydrating patients forcing diuresis to continually flush the toxic
material from the kidneys.113 Despite other, newer, anti-cancer agents on the market, to
this day cisplatin is still the go to drug for treatment of head and neck cancer as well as
bladder and upper gastrointestinal cancers.
1.3.2.2 Carboplatin
Following the success of cisplatin, researchers put a lot of effort into synthesising
derivatives in the hope of improving upon the effectiveness of cisplatin. Carboplatin was
selected from a large number of platinum derivatives for clinical development for a
number of reasons. The main reason is that it has a lower non-haematological toxicity
compared to cisplatin whilst retaining its anti-tumour activity.112 Also the cyclobutane
ring (Fig. 4) presents a more stable ligand than the chloride groups it replaces in
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cisplatin. It was hoped that the reduction in reactivity would lead to a reduction in the
nephrotoxicity of the molecule.111
Clinical trials first began in 1980 and as predicted, the organ toxicity was less
than that of cisplatin.114 Evidence of anti-tumour activity was also collected during this
trial with ovarian cancer showing a particular weakness to carboplatin.111 This first trial
branched out into a large number of trials to find out the optimal regime for
administration of the drug.115 Single doses spaced weeks apart remains the standard
administration method due to its practicality and the fact that no other regime has any
particular advantage over this.111
Carboplatin has replaced cisplatin as the drug of choice in many cases for several
reasons. Firstly the similar anti-tumour activity and lower organ toxicity are obvious
positives. The method of administration of carboplatin is more practical as the process is
shorter. Finally despite the fact that cisplatin is cheaper to produce, a full course of
cisplatin treatment is actually more expensive than carboplatin. It is worth noting that
both cisplatin and carboplatin also sensitize tumour cells to radiotherapy in a number of
cancers.
1.3.2.3 Oxaliplatin
Oxaliplatin was synthesised in Japan and developed in France by Roger Bellon
Laboratories, Debuipharm Laboratories and Sanofi-Synthelabo Laboratories. The drug
itself, a diaminocyclohexane platinum complex (Fig. 1.37), was chosen to be developed
due to its higher anti-tumour activity and lower organ toxicity than cisplatin. However
the main reason it was chosen was the fact that there was no evidence of cross60

resistance with cisplatin.116 Oxaliplatin showed anti-tumour activity against a wide range
of experimental tumours, including some that were resistant to the effects of cisplatin
and carboplatin.117-121 The potency of the diaminocylcohexane derivative is greater than
cisplatin in vitro as fewer DNA adducts are required to reach comparable cytotoxicity.122
The impressive safety profile meant that several trials were carried out in combination
with other anti-tumour agents including cisplatin and carboplatin.122
Clinically, oxaliplatin has shown positive results in a number of cancers including
ovarian, breast, non-Hodgkins lymphoma, and glioblastoma. The best results have been
obtained in treatment of colorectal cancers, especially when used with leucovorin and
fluorouracil, where 45% of patients saw a halt in disease progression and a further 27%
saw a decrease in tumour size.123, 124
1.3.2.4 Nedaplatin
Nedaplatin (Fig. 1.37) has been developed in Japan due to its apparent superior antitumour activity compared to cisplatin in rodent models.111 This particular platinum
derivative has shown activity against head and neck cancers, testicular, ovarian, cervical,
and lung cancers.125, 126 Unlike cisplatin, nedaplatin rarely binds to proteins resulting in a
larger percentage of free platinum with anti-tumour activity, with almost 80% of
platinum detected in its free form.126 Unfortunately nedaplatin is cross-resistant with
cisplatin and therefore any tumour that is resistant to cisplatin will also be resistant to
nedaplatin.
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1.3.3 Titanium
Following the success of platinum based anti-cancer agents researchers began research
into other transition metal based therapeutics. The main reason for pursuit of other
metal complexes was the toxic effects exhibited by all platinum therapies. Unfortunately
because of the success of cisplatin interest in non-platinum based therapies was slow to
get started, with the majority of research being carried out by individuals in academia.
The turning point for non-platinum anti-cancer complex research came with the
discovery of a titanocene based complex was shown to exhibit anti-cancer activity in
1979.127

1.3.3.1 Bis(β-diketonato)titanium complexes
The first non-platinum complex to be put forward for clinical trials was cis[(CH3CH2O)2(1-phenylbutane-1,3-diketonate)2Ti(IV)] (Fig. 1.39), which was screened
against a wide range of tumour cells.128 In vitro testing showed that complexes of this
type only showed slight anti-tumour activity in the leukaemia cell lines P388 and L1210,
however in colon tumours the activity was greater than that of 5-fluorouracil.128 The
clinical trials showed that patients were able to cope with doses of up to 230 mg m -3 on
a fortnightly regime, with higher doses causing cardiac arrhythmia, liver toxicity, kidney
toxicity and a reversible ageusia.129, 130
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Fig. 1.39 - The structure of cis-[(CH3CH2O)2(1-phenylbutane-1,3-diketonate)2Ti(IV)].

This complex is not particularly soluble in water and once it is solubilised it is not very
stable. To avoid these issues, the compound was formulated in a mixture of solvent and
water that protects the titanium species from hydrolysis.129, 131 The exact nature of these
formulations are not known and the mechanism of action has not been investigated.

1.3.3.2 Titanocene complexes
The first titanium complex that was shown to have anti-cancer activity in vitro was
titanocene dichloride (Fig. 1.40) in 1979.127 These tests show a strong inhibition of cell
growth in a wide range of cancer cell lines including cisplatin and doxorubicin resistant
ovarian carcinoma cells.132-138

Fig. 1.40 - The structure of titanocene dichloride (left) and an ionic titanocene (right).
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Several other titanocene derivatives have also been tested for their anti-tumour activity.
They all possess ionic ligands with the general formulas [Cp2TiXL]+Y- or [Cp2TiL2]2+[Y-]2
where L is a neutral ligand and X is a charged ligand. These ionic titanocene complexes
have greater solubility in water than titanocene dichloride and one particular derivative
with an ionic acetonitrile ligand (Fig. 1.40) has similar anti-tumour activity against Lewis
lung carcinoma and colon adenocarcinoma. In fact this derivative actually performs
better against gastrointestinal, breast, head, and neck carcinomas than the titanocene
dichloride.133

1.3.3.3 Salen titanium complexes

Fig. 1.41 - A series of Salen type titanium(IV) complexes synthesised by Glasner et al.139

A series of titanium(IV) complexes based on Salen type ligands was tested for their antitumour activity by Glasner et al.139 The study showed that all complexes exhibited antitumour activity and that those complexes with a C1-symmetrical titanium(IV) centre
outperformed cisplatin by 30 times. The greater efficiency of the C1-symmetrical
complexes (Fig. 1.41, L1,2 and L1,3) over the C2-symmetrical complexes (Fig. 1.41, L1,1, L2,2,
and L3,3) can be credited to several factors. These include the symmetry of the titanium
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centre, as this is important in targeting interactions in vitro. Other factors include
solubility, delivery efficiency, and cell penetration. Further study of this type of complex
is required in order to maximise the effect on cancerous cells.

1.3.4 Vanadium
Initially vanadium was written off as an inactive metal ion against cancer.140 However
work by English et al. and Thompson et al. showed that vanadium inhibited the terminal
differentiation of murine erythroleukaemia. This kick started research into the use of
vanadium in medical therapeutics. Many applications have been found for vanadium
complexes. These include insulin mimics, reductions of both hypertension and
hyperlipidaemia, as well as anti-cancer therapeutics.141, 142
One of the first reported cases of the use of vanadium as a potential anti-cancer
therapy came when Thompson et al. published work that showed vanadyl(IV) sulfate
prevented cancer to forming in rodent models.143 Given as part of a diet that was not
considered toxic for the study animals, the results were later confirmed by Bishayee et
al.144 They established that the probable cause of the anti-cancer activity was an
increase in antioxidants caused by the additional vanadium present.
Despite the fact that vanadium based compounds seem ideal for use in cancer
treatment, due to their low toxicity, no compounds have actually made it to clinical
trials. However initial in vivo studies have been carried out on several compounds. Tests
showed that when rat breast cancer models were exposed to vanadium the tumours
that grew were not as big as expected and were fewer in number.145 Additional studies
65

revealed the strong dose dependence on the cell cycle arrest that causes cell death in
cancerous cells.146

1.3.5 Iron
Iron is involved many biological processes including respiration, energy metabolism and
DNA synthesis. Since cancer is caused by out-of-control DNA synthesis, it makes sense
that restricting the amount of iron in the body could help control the spread of cancer.
To this end there is evidence that shows iron deprivation is a potentially excellent
therapeutic pathway to treat cancers. For example restriction in dietary iron has been
shown to decrease tumour growth in rats.147
One of the best treatments for iron overload disorders, such as
haemochromatosis or iron deficiency anaemia, is Desferrioxamine (DFO). This drug has
been the subject of clinical trials that have shown a positive impact on tumour growth in
patients with neuroblastoma or leukaemia.81, 148 Importantly there is little to no effect
on healthy cells, with tests showing bone marrow cells being up to ten times less
sensitive to DFO than cancerous cells.149
O-Trensox is a tripodal iron chelator based on 8-hydroxyquinoline which reduces
DNA synthesis with a much greater efficacy than DFO and like DFO it also induces
apoptosis.150 Unfortunately to completely inhibit the growth of cancerous cells
reasonably high concentrations of O-Trensox is required, therefore further research is
required in order to determine whether or not O-Trensox is a viable anti-tumour
agent.151
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1.3.6 Gallium
The first reported account of the anti-cancer properties of gallium was published in 1971
by Hart et al.152, 153 A number of simple gallium salts were tested for their anti-cancer
properties and it was discovered that the anion made no difference in anti-cancer
activity. Since then much research has been carried out into the way gallium combats
cancerous cells.
For example research by Hedley et al. indicates that gallium stops DNA from
replicating in cancerous cells.154 Their experiments showed that the gallium nitrate used
was targeting ribonucleoside diphosphate reductase (see section 1.2.4.6) therefore
stopping ribonucleotides from being catalysed to deoxyribonucleotides.
Also it has been reported by Chitamber et al. that gallium binds to transferrin, a
protein found in blood plasma that controls the concentration of free iron in biological
fluids.155 This gallium-transferrin complex goes on to interfere with ribonucleoside
diphosphate reductase and hence stop cell replication. It has been noted that malignant
cells have an increased number of transferrin receptors on their surface compared to
healthy cells so an increased number of gallium molecules are able to enter the
cancerous cells. Once the transferrin has transported the gallium into the cells, it is
taken up by ferritin in the same way that iron would be.156, 157 This explains how the
gallium gets into cells.
More complex gallium compounds have also been tested for their antiproliferative activities. One such compound is gallium-pyridoxal isocotinoyl hydrazone,
as reported by Knorr et al.158 Although unknown, the mechanism of action is different to
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that of the previously described gallium compounds. This was determined by addition of
free iron to the biological system, which in previous examples reduces the toxicity of the
gallium. The effect of additional iron has little effect on the toxicity of gallium-pyridoxal
isocotinoyl hydrazone.
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Chapter 2

Synthesis, Structure and Cytotoxicity
Studies of Lanthanide
Calix[4]arenesulfonate Complexes
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2.1 Aims
This chapter details the synthesis, crystal structures and cytotoxicity data of a series of
lanthanide complexes based on p-sulfonatocalix[4]arene.159 The first step was the
synthesis of p-sulfonatocalix[4]arene and 1,4,7,10-tetraazacyclododecane-1,4,7triacetate (DO3A), see section 2.3, followed by reactions with lanthanide salts, see
section 2.4, to form coordination complexes. These complexes were then fully
characterised, see section 2.5, and then cytotoxicity was determined by MTS cell
proliferation assay, see section 2.6.

Fig. 2.1 - The chemical structures of the two ligands used in this work.
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2.2 Lanthanide Luminescence
Trivalent lanthanide (LnIII) ions are a non-invasive way of investigating biological systems
as optically emissive probes.160 The electronic configuration of LnIII ions produce a large
number of well-defined electronic levels. The definition of these levels is due to the
shielding effect of the fully filled 5s25p6 subshells present in all LnIII ions. In turn, this
means that Laporte forbidden 4f→4f give rise to sharp, characteristic peaks (Fig. 2.2) in
luminescence spectroscopy in the visible and near-infrared regions.161

Fig. 2.2 - Characteristic luminescence spectra of certain LnIII species.

By studying this luminescence it is possible to deduce numerous structural, analytical
and quantitative kinetic parameters. Three of these parameters are of particular
importance for biological applications.160
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The first is a structural parameter, where the hydration number of the lanthanide
ion is determined. Using any of a number of proposed equations it is possible to work
out how many water molecules are interacting with the inner coordination sphere of the
lanthanide ion.161
Resonant energy transfer is the second effect utilised in biomedical applications.
When an excited luminophore is in close proximity of a non-excited chromophore, the
luminophore can donate energy to the chromophore. The emission intensity of the
luminophore will decrease and the luminescence of the chromophore will become
“switched on”. Förster resonance energy transfer (FRET) analysis can be used to detect
protein interactions in living cells.162
The last effect used for biomedical applications is known as Stem-Volmer
(collisional) quenching. When a quenching molecule collides with a luminescent probe,
the excitation energy of the probe is dissipated. It is therefore possible to work out the
average distance molecules travel during the lifetime of the excited state of the Ln III
ion.160
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2.3 Pro-ligand synthesis
2.3.1 p-Tert-butylcalix[4]arene

Scheme 2.1 - Synthesis of p-tert-butylcalix[4]arene.

Whilst p-tert-butylcalix[4]arene is commercially available from a number of vendors, it is
far cheaper to synthesise in the laboratory. There are two different standard methods
for synthesising p-tert-butylcalix[4]arene, an acid or base catalysed ‘one-pot’ synthesis
or a convergent step-by-step synthesis.1, 163 Of these methods the base catalysed ‘onepot’ method is the simplest and hence the method of choice.
A typical procedure is as follows: 4-tert-butylphenol, formaldehyde and NaOH
are stirred and heated to 120°C under a slow stream of inert gas to remove water from
the reaction vessel. Diphenyl ether is added and the temperature is increased to 260°C
for 4 hours. After cooling EtOAc is added to precipitate a crude product. Three
purification steps involving trituration, washing, and recrystallisation eventually yields a
white crystalline solid. The glistening crystals are a 1:1 complex of p-tertbutylcalix[4]arene with toluene. Although the presence of this toluene should not affect
any further reactions, the crystals are subjected to high vacuum at 110°C for 24 hours
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before use in order to remove said toluene. Confirmation of the removal of the toluene
is obtained by NMR spectroscopy. A detailed synthetic account can be found in section
5.5.1.

2.3.2 p-Sulfonatocalix[4]arene

Scheme 2.2 - The synthetic routes to p-sodium-sufonatocalix[4]arene (top) and p-sulfonic acid
calix[4]arene (bottom).

Traditionally p-sufonatocalix[4]arene is easily synthesised in a two-step process whereby
p-tert-butylcalix[4]arene is ‘de-t-butylated’ and the resulting calix[4]arene is sulfonated
with concentrated sulfuric acid (Scheme 2.2).15 However this method, set out by Shinkai
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et al.,15 has the disadvantage that the sulfonated calixarenes obtained are actually
sodium phenolate salts of p-sufonatocalixarene. This occurs at the neutralisation step
where sodium carbonate is used to neutralise the acidic reaction mixture.
In order to synthesise p-sulfonatocalix[4]arene as the sulfonic acid rather than
the sodium salt it is necessary to heat p-tert-butylcalix[4]arene in concentrated sulfuric
acid until no precipitate is observed when an aliquot of the reaction mixture is added to
water. When cooled a crude thick brown sludge forms which requires filtration. This step
takes several hours due to the thickness of the crude product and the viscosity of the
remaining sulfuric acid. After washing with ice cold EtOH, the product is taken up in
MeOH and precipitated by the addition of EtOAc. This method can be thought of as an
‘ipso’-sulfonation as the removal of the tBu groups and addition of the sulfonic acid
groups occurs in the same step. The product obtained is of high purity as characterised
by NMR spectroscopy and MS giving yields of up to 80% in approximately 4 hour
reaction times. This reaction has been scaled up to form over 18 g of material from one
reaction. A detailed synthetic account can be found in section 5.5.2.
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2.3.3 DO3A

Scheme 2.3 - Synthesis of DO3A.

DO3A is another macrocycle often used in biological applications due to its efficiency as
a chelator for di- and tri- valent cations. This efficiency arises from the acetate arms (Fig.
2.1) which present binding donor groups.
DO3A is easily synthesised in a two-step process (Scheme 2.3). The first step is a
selective triple alkylation of 1,4,7,10-tetraazacyclododecane (cyclen) with tBu-ester
protected carboxylic acids. This is followed by deprotection of the carboxylic acids to
give acetate groups.
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Synthesis of the 4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-4,7,10-triazaazoniacyclododecan-1-ium intermediate follows a standard literature procedure.164 tertButyl bromoacetate (3.3 eq.) in DMA is added to cyclen (1 eq.) and sodium acetate (3.3
eq.) in DMA at -20°C. The reaction mixture is stirred for 24 hours at room temperature
before potassium bicarbonate is added to precipitate the product.
Following purification, the tBu groups are removed following a similar procedure
utilised by Sammes et al.165 whereby the intermediate is taken up in CH2Cl2 and an equal
volume of TFA is added dropwise. The solution is stirred overnight and then the volatile
compounds are removed in vacuo. The remaining residue is then precipitated from a
minimal quantity of EtOH using EtOEt to give a white solid which was dried on the
Schlenk line prior to use. The product is of high quality as determined by MS and NMR
spectroscopy in yields of up to 85%. Detailed synthetic accounts are provided in section
5.5.3 and 5.5.4.
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2.4 Complex synthesis
Synthesis of all these complexes follow the same basic method. The lanthanide salt and
the ligand/s are dissolved in water and heated. The solution is then left open to the
atmosphere in order to encourage crystallisation by evaporation. The lanthanide salts
used were the acetates of europium, gadolinium, or terbium.
For compounds (2.5), (2.8), and (2.9), p-sulfonatocalix[4]arene and Ln acetate
were used in a 1:2.2 molar ratio. For compounds (2.7), (2.10), and (2.11) a similar molar
ratio is used as well as an additional molar equivalent of DO3A. Compounds (2.12),
(2.13), and (2.14) are similar to (2.7), (2.10), and (2.11) however the quantity of Ln salt is
increased by 100% in an attempt to obtain crystal structures showing Ln coordination to
the DO3A. Finally compound (2.6) involves reaction p-sulfonatocalix[4]arene with a 1
molar equivalent of DO3A with a coordinated gadolinium ion, Gd-DO3A. Table 2.1 shows
the molar equivalents used to synthesise each complex. Details of the synthesis of these
complexes can be found in sections 5.6.1.1 – 5.6.1.10.
Complex

Ln Salt (eq.)

SC4A (eq.)

DO3A (eq.)

(2.5)
(2.6)
(2.7)
(2.8)
(2.9)
(2.10)
(2.11)
(2.12)
(2.13)
(2.14)

2.2 (Tb)
1 (Gd as Gd-DO3A)
1 (Eu)
2.2 (Gd)
2.2 (Eu)
1 (Tb)
1 (Gd)
2 (Eu)
2 (Gd)
2 (Tb)

1
1
1
1
1
1
1
1
1
1

0
0
1
0
0
1
1
1
1
1

Table 2.1 - A summary of the molar equivalents of each component used to synthesise each complex.
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2.5 Characterisation
2.5.1 General remarks
All complexes synthesised show lanthanide ions binding at the sulfonate groups of the
SC4As and in most cases bridge two SC4As to form coordination polymers. However
analysis by mass spectrometry suggests that these chains of lanthanide bridges SC4As
readily break apart in aqueous solution as much lower than expected molecular ion
peaks are observed.
Infrared spectroscopy also provides evidence of coordination of the lanthanide
ion to the sulfonate groups at the exo rim of SC4As. By comparing the spectra of the
complexes with that of SC4A a reduction in intensity of the SO3H (~1035 cm-1) band is
revealed.

2.5.2 Luminescence studies
As previously mentioned (section 2.2) lanthanide complexes can be extensively used in
biomedical imaging. With this in mind compounds (2.5), (2.7), (2.9), (2.10), 2.12), and
2.14) were analysed in order to confirm whether they would be suitable for use in
optical imaging techniques. Compounds (2.6), (2.8), (2.11), and (2.13) all contain Gd(III)
ions which are more suited magnetic imaging techniques and therefore luminescent
studies were not carried out on these compounds. The excitation wavelengths for each
compound was determined to be in the range λex = 320-324 nm corresponding to the
SC4A. The emission spectra for compounds (2.5), (2.10), and (2.14) all show a mixed
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spectrum with a characteristic Tb(III) emission pattern overlapping natural emission
from the SC4A, a known phenomenon previously seen, for example, by Stasiuk et al.
with dual-modal based probes.166 Fig. 2.3 shows the emission spectrum for (2.14) and an
emission spectrum of SC4A overlapping a typical Tb(III) emission spectrum.

Fig. 2.3 - Emission spectrum of (2.14) with no time delay applied (left) and overlaid emission spectra of
SC4A vs (2.14) with time delay (right).

Interestingly, for (2.7), (2.9), and (2.12) there is no characteristic Eu(III) emission
observed, suggesting that the triplet state of the SC4A is too high in energy to efficiently
excite the 5D0 of Eu(III).
By adding a short delay (0.05 ms) between excitation and data collection, the
fluorescence of the ligand is removed, due to the fact that the fluorescent lifetime of the
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ligand is far shorter (µs) than that of the Tb(III) (ms). The delay reveals the characteristic
Tb(III) peaks in the spectra without any interference from the ligand natural emission.
By measuring the luminescence decay of (2.5), (2.10), and (2.14) in water and
comparing with the respective luminescence decay in deuterium oxide, it is possible to
determine the number of water molecules in the inner coordination sphere of the Tb
atoms (qTb). Fig. 2.4 shows both decay curves for all Tb complexes:

Fig. 2.4 - The luminescence decay curves for the Tb complexes.
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The number of water molecules in the inner coordination sphere of the Tb atom can be
calculated using the following equation:167
𝑞Tb = 5[(𝑘H2 O − 𝑘D2 O ) − 0.06]
where 𝑘H2 O and 𝑘D2 O are determined from the decay curves. In the case of (2.14) 𝑘H2 O
= 3.744 and 𝑘D2 O = 2.058 and therefore qTb is calculated as 8(.132). The value calculated
is an average for the entire sample and suggests monodentate coordination of each Tb
atom to each calixarene molecule. This analysis was also completed for (2.5) and (2.10),
giving qTb as 5.(15) and 9(.146) respectively.
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2.5.3 Crystal structure determinations
2.5.3.1 SC4A

Fig. 2.5 - The asymmetric unit of SC4A in which a single orientation of the disordered CH2Cl2 is shown
(water molecules have been omitted for clarity).

After slow evaporation of water from a concentrated aqueous solution of SC4A, several
pale brown crystals were extracted from a powdery product. Examination under a
microscope revealed that the crystals were actually aggregates of smaller crystals and
the best of these crystals were chosen for data collection. The crystal examined showed
weak scattering and a long exposure time was necessary (12 min per 1° ω-rotation
frame). Also the crystal exhibited twinning which was treated using Rotax.168 It was
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suspected that a small portion of the data collected was partially overlapped and was
therefore omitted from the final refinement calculations.
The structure (Fig. 2.5) consists of the sulfonated calixarene, water, and CH2Cl2.
The calixarenes are assembled into dimers (Fig. 2.6) by hydrogen bonding to water. The
water is located exclusively outside these dimers and crystallographically-disordered
CH2Cl2 is located within the cavity formed by two calixarenes. Supplementary C-H···π
interactions are present between the calixarenes.

Fig. 2.6 - The centrosymmetric dimer formed by two calixarenes encapsulating CH2Cl2. The right hand
calixarene is generated by the symmetry operator i = 1 – x, 1 – y, 1 – z. Hydrogen atoms and
water molecules have been omitted for clarity.
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This structure is similar to one published by Atwood et al. in 1988.169 Atwood’s structure
shows pairs of SC4As forming dimers in a similar fashion to the structure obtained
experimentally. However Atwood’s structure shows a methyl sulfate anion residing in
the cavity of each SC4A whereas the data collected reveals a CH2Cl2 molecule residing in
each SC4A cavity. Fig. 2.7 shows a representation of each structure.

Fig. 2.7 - A comparison of the experimental structure of SC4A (left) and Atwood’s previously reported
structure (right).
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2.5.3.2

[(SC4A)(Tb(H2O)6)(SC4A)((Tb(H2O)6)2)(SC4A)]n
[(SC4A)(Tb(H2O)6)(SC4A)((Tb(H2O)6)2)(SC4A)]2

(2.5)

Fig. 2.8 - The asymmetric unit of (2.5) showing a portion of the infinite chain (Tb1 > Tb3) and a Z-shaped
cluster (Tb4 > Tb8).

A colourless crystal was extracted for data collection and was found to be a nonmerohedral twin. The data were integrated using two twin components and the
refinement used all the recorded data within the SHELX HKLF5 formalisation. A
substantial improvement in the quality of fit was seen when the second component was
included in the refinement (refined twin fraction 0.16).
The asymmetric unit consists of six symmetry-unique calixarenes bridged by
eight independent Tb ions (Fig. 2.8). There are two structural motifs present in the
asymmetric unit. One motif is an infinite chain of calixarenes, one calixarene wide,
running along b. Pairs of calixarenes are linked by two Tb ions and these double units are
linked by a single Tb ion (Tb1 > Tb3, Fig. 2.8) to form the infinite chain. Each Tb ion is
coordinated by two sulfonate groups and six water molecules. The second structural
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motif comprises of Z-shaped clusters formed by four calixarenes and five Tb ions. Two Tb
ions bridge pairs of calixarenes and these dimers are linked by a single Tb ion (Tb4 > Tb8,
Fig. 2.8). The coordination about each Tb ion is completed by water such that each Tb
ion is surrounds by two independent sulfonate groups and six water molecules.
The Z-shaped clusters fill the space between the infinite chains. There is also
further water not bound to Tb ions that resides between the calixarene molecules.
Hydrogen bonding between water, sulfonate, and the phenol groups helps to tie in the
arrangement. There is also evidence of C-H···π interactions between the calixarene
molecules. The infinite chain is illustrated in Fig. 2.9:

Fig. 2.9 - A portion of the infinite chain within (2.5) that extends along the b-axis. Symmetry equivalent
atoms are generated by the symmetry operator i = x, 1 + y, z. Hydrogen atoms and water
molecules have been omitted for clarity.

Both structural motifs are based on Tb ions bridging SC4A molecules in a way previously
seen by Raston et al. (Fig. 2.10).170 Complex (2.5) and Raston’s structure both show SC4A
molecules bridged by Ln ions where the coordination is completed by water. Both
structures also show large quantities of unbound water molecules in their respective
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asymmetric units. A graphical representation of the extended structure of both
complexes is shown in Fig. 2.10.

Fig. 2.10 - Comparison of complex (2.5) (top) and Raston’s complex (bottom) that shows similar
coordination about the LnIII ion.
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2.5.3.3

[(Gd(H2O)7(SC4A)(Na(H2O))2(SC4A)(Gd(H2O)7)] (2.6)

Fig. 2.11 - The asymmetric unit of (2.6). Unbound water has been omitted for clarity.

The structure crystallises in the centrosymmetric space group P-1 with one calixarene
molecule, one Gd ion, one Na ion, and eleven bound water molecules with further
unbound water molecules in the asymmetric unit (Fig. 2.11). The Gd ion coordinates to a
single sulfonate with the coordination completed by seven water molecules giving a
square anti-prismatic geometry for the Gd ion. The water molecules coordinating to the
Gd ion are very well determined and the hydrogen atoms have been located. Pairs of
calixarenes are bridged by Na cations. Each Na in bound by four water molecules and
exhibits a slightly distorted octahedral geometry. The bound sulfonate groups adopt a
cis configuration at the Na ion. The water molecules bound to the Na ion are less well
determined compared to those bound to the Gd ion and there is some evidence of
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disorder. The bridging Na ions produce centrosymmetric dimers of calixarenes (Fig.
2.12). These dimers are packed in a primitive sheet arranged in the yx plane. There are
multiple hydrogen bonds between adjacent dimers, two bound water molecules form
hydrogen bonds to a sulfonate group in the next dimer. The hydrogen bonding is
confined to these layers.

Fig. 2.12 - The centrosymmetric dimer of (2.6) formed by two calixarenes bridged by Na ions. Symmetry
equivalent atoms are generated by the symmetry operator i = 1 – x, 2 – y, - z.

The two dimensional layers are stacked along a with π-π interactions. Specifically, the
ring C15 > C20 forms π-π interactions with its symmetry equivalent (generated by i = -x,
2 – y, 1 – z). The distance between these means planes is 3.644(3) Å. Secondly, the ring
C22 > C27 forms π-π interactions with its symmetry equivalent (generated by i = -x, 2 – y,
-z). The distance between these means planes is 3.808(10) Å.
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The additional unbound water present is located within the cavities formed by
pairs of calixarenes and there are no water molecules exterior to these cavities. They
form hydrogen bonds to the sulfonate and phenol groups of the calixarene.
Atwood et al. have published a similar structure (Fig. 2.13) to complex (2.6) in
2001.171 The hetero-bimetallic cage described by Atwood consists of two SC4A
molecules bridged by two Na ions to form a dimer with each SC4A molecule also
coordinating to one Y ion. Complex (2.6) is very similar in that the same Na bridged
dimer is present however each SC4A is also coordinating to a Gd ion, rather than a Y ion.
The coordination about each metallic centre, in both structures, is completed by water.
Fig. 2.13 shows a graphical representation of both comparable structures.

Fig. 2.13 - Comparison of complex (2.6) (left) and Atwood’s complex (right).
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2.5.3.4

[(SC4A)2(DO3A)2Eu(H2O)6Na(H2O)3.17H2O] (2.7)

Fig. 2.14 - A portion of the asymmetric unit of (2.7) showing a DO3A molecule within a calixarene bowl,
but not actually binding to a Eu ion.

The crystal examined exhibited a very large unit cell, was weakly scattering, displayed
atomic disorder and was twinned. A crystallographic model in which all the intricate
details are resolved was impossible to obtain, however it is possible to extract
chemically useful information from the refinements. The asymmetric unit has the
approximate composition (SC4A)2(DO3A)2Eu(H2O)6Na(H2O)3·17H2O. The Eu ions are
bound by pairs of sulfonates from adjacent calixarenes to form dimers and the
coordination about the Eu ion is completed by water. The DO3A ligands are included in
the structure however they do not bind to the Eu ions. This is disappointing as
coordination of the Eu ion in the DO3A cavity would increase stability for in vivo studies.
One of the DO3A ligands resides within the cavity of one of the calixarenes (Fig. 2.14).
Two of the carboxylate arms of the DO3A molecule bind the Na ion and the coordination
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is completed by water. In a similar fashion to the previous structures, a large number of
water molecules are present, exclusively outside the calixarene cavity and these form an
extensive hydrogen-bonding network. This portion of the structure is not dissimilar to a
structure reported by Raston et al. in 2006, where a diprotonated diaza-12-crown-4
molecules resides in the cavity of an SC4A molecule.172 Fig. 2.15 shows a graphical
representation of both comparable structures.
Unit cell information: space group I2/a, unit cell parameters a = 24.4740(8) Å, b =
43.432(2) Å, c = 22.5110(7) Å, β = 90.171(3)°, V = 23928.3(15) Å3.

Fig. 2.15 - Comparison of complex (2.7) (left) and Raston’s complex (right).

2.5.3.5

[Gd13(SC4A)7(H2O)44] (2.8)

Complex (2.8) displays an extremely large asymmetric unit with the approximate
composition Gd13(SC4A)7(H2O)44 and a centrosymmetric triclinic unit cell. Within the unit
cell there are thirteen independent Gd ions. The incredibly large unit cell and presence
of numerous unbound water molecules makes refinement of this structure very
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challenging. Extraction of chemical information from this data set is possible, although
refinements are poor. The structure contains the expected calixarenes and the sulfonate
groups coordinate to the Gd ions. The mode of bridging is similar to that of the previous
structures and the Gd ions link the calixarenes together to form dimers and trimers
rather than polymers. The coordination about the Gd ions is completed by water
molecules. An illustration of a portion of the structure is shown in Fig 2.16.

Fig. 2.16 - A portion of the asymmetric unit of (2.8) demonstrating the presence of sulfonated calixarenes
that are bound to Gd ions.
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2.5.3.6 Crystal data summary
Compound
Formula
Formula weight
Crystal system
Space group
Unit cell dimensions
a (Å)
b (Å)
c (Å)
α (Å)
β (Å)
γ (Å)
V (Å3)
Z
Temperature (K)
Wavelength (Å)
Calculated density
(Mg m-3)
Absorption
coefficient (mm-1)
Transmission factors
(min/max)
Crystal size (mm3)
θ (max) (°)
Reflections
measured
Unique reflections
Rint
Reflections with F2 >
2σ(F2)
Number of
parameters
R1 [F2 > 2σ(F2)]
wR2 (all data)
GOOF, S
Largest difference
peak and hole (e Å-3)

(2.2)
C29H32Cl2O23S4
947.68
Triclinic
P-1

(2.5)
C168H96O195S24Tb8
7275.24
Triclinic
P-1

(2.6)
C56H68Gd2Na2O67S8
2430.06
Triclinic
P-1

11.9482(10)
12.3059(8)
15.2457(12)
68.694(5)
77.073(6)
89.160(6)
2030.0(3)
2
150(2)
0.71073

16.504(4)
23.227(3)
38.406(7)
73.798(12)
80.363(16)
85.658(15)
13932(.5)
2
150(2)
0.71073

12.2240(3)
13.6903(3)
14.0756(9)
90.710(6)
105.688(7)
90.843(6)
2267.23(18)
1
100(2)
0.71073

1.550

1.724

1.780

0.452

2.301

1.762

0.925 and 0.982

0.483 and 0.768

0.722 and 1.000

0.240 x 0.060 x
0.055
25.433

0.330 x 0.310 x
0.100
25.316

0.120 x 0.060 x
0.020
27.483

11167

156086

30671

11167
0.068

156086
0.0571

10385
0.0294

5027

69332

10004

568

3557

645

0.0676
0.1760
0.828

0.0838
0.2453
0.823

0.0443
0.1110
1.120

1.248 and -1.217

8.675 and -3.446

3.662 and -1.191

Table 2.2 – Crystal structure data for compound (2.2) and complexes (2.5) and (2.6).
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2.6 Cytotoxicity studies
If these complexes are to be used as optical imaging agents in vivo, it is imperative that
an indication of toxicity is obtained. The potential use of SC4As for biomedical
applications has meant that they have attracted much attention in terms of their
toxicity. For example Paclet et al. studied the activation of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase in polymorphonuclear neutrophils (PMNs).42
PMNs are phagocytic cells that are involved in the early response to pathogens in
the human body. NADPH oxidase present in the PMNs generate superoxide anions when
stimulated, which helps in the phagocytosis of the pathogen. By measuring the
superoxide production of the cells, by chemiluminescence, it is possible to determine
the degree of activation of NADPH oxidase. Therefore activation of the NADPH oxidase
in neutrophils is an excellent tool for assessing the degree of stimulation of cells by an
external agent. As part of their investigations, SC4A was evaluated in terms of both cell
viability and NADPH oxidase activation. SC4A, as well as SC6A and SC8A all showed no
decrease in cell viability as well as not inducing NADPH oxidase activation, strongly
suggesting that these particular sulfonated calixarenes are not cytotoxic.
To ensure that the inclusion of lanthanide ions with SC4A does not have a toxicity
level that would negatively impact further in vitro cellular studies, cell viability assays
were performed. Complexes (2.5) – (2.14) were tested for their anti-proliferation activity
against Human Caucasian Oesophageal carcinoma (OE33) cells. The cells were incubated
for 70 h before determining their mitochondrial based reduction of a tetrazolium dye
(MTS) to a formazan product which absorbs at 490 nm. This experiment was carried out
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over a number of concentrations in the range 9x10-7 – 2x10-3 M to determine the
amount of compound require to reduce cell growth by 50% (cytotoxic concentration,
CC50). All complexes are relatively non-toxic with CC50 values in the range 30 – 170 μM.
The results were verified by running internal triplicates of the data (i.e. recording the
reading three times). These data are encouraging towards future biomedical
applications. The dose response curves for treatment of OE33 cells with complexes (2.5)
– (2.14) are shown in Fig. 2.17 – Fig. 2.19:

Fig. 2.17 - Dose response curves for Tb complexes.
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Fig. 2.18 - Dose response curves for Gd complexes.

Fig. 2.19 - Dose response curves for Eu complexes.
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2.7 Conclusions
This chapter describes the synthesis, structure and cytotoxicity studies of a series of Ln
complexes based on SC4A. Initially the ligands, namely SC4A and DO3A, were
synthesised in high yield and purity. This was followed by complexation of the ligands
using Ln(III) salts (Eu(III), Gd(III), and Tb(III) acetate). The complexes were then
characterised including luminescence studies and single crystal X-ray crystallography.
Luminescence studies reveal that the SC4A triplet state is too high in energy to
efficiently excite the Eu based complexes, however it does have the ability to excite Tb
based complexes.
X-ray data reveals the structures of a number of the complexes. Refinements of
three of the five data sets elucidate well defined structures. Unfortunately the other two
data sets are of poor quality, however chemically useful information can be extracted
from them. All structures obtained have comparable structures in literature, however
the literature structures have been studied from a crystal engineering point of view with
little or no biological studies being presented.
Biological screening was carried out in the form of cell viability assays on all
complexes. These reveal low CC50 values for all complexes tested, which suggests that
with further development complexes of this type may be useful for biomedical
applications.
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Chapter 3

Titanium
Calixarene Complexes
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3.1 Aims
This chapter details the synthesis, crystal structures and initial cytotoxicity data of a
series of titanium complexes based on lower-rim functionalised p-tertbutylcalix[4]arene. Preliminary studies of a p-tert-butylcalix[8]arene system are also
reported. Pro-ligand synthesis was the first step in this research (see section 3.3),
followed by complexation reactions with titanium precursors (see section 3.4). These
complexes were then fully characterised, see section 3.5, and then cytotoxicity was
determined by MTS cell proliferation assay, see section 3.6.

Fig. 3.1 – Representations of three of the complexes synthesised.
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3.2 Previous titanium calixarene complexes
There are a number of titanium based calixarene complexes in the current literature that
can be broadly split into three groups: mononuclear complexes, multinuclear complexes
and ‘Koiland’ complexes.

3.2.1 Mononuclear titanium calixarene complexes

Fig. 3.2 - The chemical structures of two of the mononuclear titanium calixarene complexes synthesised by
Boonamour et al.

As the name suggests mononuclear titanium calixarene complexes are complexes where
a single titanium ion coordinates to a calixarene ligand. Bonnamour et al. reported a
number of this type of complex in 2010 (Fig. 3.2).173
A number of different 1,3-disubsitituted calix[4]arenes were reacted with a
titanium(IV) chloride tetrahydrofuran adduct to give a complex of the type shown on the
left of Fig. 3.2. These complexes consisted of the titanium ion coordinating to the two
free phenolic oxygens and two substituted phenolic oxygens. There is large steric strain
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present due to the small distance between the titanium ion and the calixarene. This
means that when this complex is refluxed over a 2 day period the complex undergoes
sigma-bond metathesis between one of the Ti-Cl bonds and one of the O-R bonds
(Where R is the substituted group at the endo rim). This results in a more electronically
stable complex with only one substituent on the endo rim and one chloride coordinated
to the titanium ion as seen on the right of Fig. 3.2. Interestingly this also has the effect of
locking the conformation of the calixarene into a cone, which is not the most favoured
conformation for a mono-substituted calix[4]arene (partial cone).
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3.2.2 Multinuclear titanium calixarene complexes

Fig. 3.3 - A representation of the symmetric titanium(IV) calix[6]arene complex reported by Atwood et al.

The larger calix[n]arenes (n ≥ 6) have larger numbers of coordination sites for metals
and so it is unsurprising that they have the ability to bind more than one metal ion.
Atwood et al. demonstrated this phenomenon by reacting hexamethoxycalix[6]arene
with four equivalents of titanium(IV) chloride.174 The reaction proceeds by O-Me
cleavage and the resulting complex (Fig. 3.3) shows two titanium ions bound to the endo
rim of the calixarene. Interestingly each titanium ion is connected to another
independent titanium ion by an oxygen bridge. These independent titanium ions are
unusual as they adopt a tetrahedral geometry rather than the usual octahedral
geometry assumed by titanium atoms. This means that there are two titanium ions that
are unsaturated in terms of coordination, which is probably the reason the complex is
particularly air sensitive.
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3.2.3 ‘Koiland’ titanium calixarene complexes

Fig. 3.4 - A simple representation of a Koiland structure showing two divergent cavities connected through
a linker.

Koilands (from the Greek koilos = hollow) are rigid molecules that consist of two or more
connected divergent cavities (Fig. 3.4). In terms of titanium calixarene based Koilands,
the calixarenes form the cavities and the linkage is formed by titanium ions bridging the
calixarenes. There are several examples of titanium calixarene Koilands in the literature.
For example Power et al. reacted tetrakis (dimethylamido)titanium with p-tertbutylcalix[4]arene to give a dimeric titanium calixarene complex (Fig. 3.5, left).175 The
complex consists of two calix[4]arene ligands and two titanium metal centres, with the
reaction proceeding by the deprotonation of the calixarene and subsequent elimination
of dimethylamine from the titanium precursor. Also Ungaro et al. reacted titanium
tetrachloride with p-tert-butylcalix[6]arene to form a Koiland type complex (Fig. 3.5,
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right).176 This complex consists of two calix[6]arene ligands binding four distorted
trigonal pyramidal titanium ions in an elliptical cone conformation.

Fig. 3.5 - The structures of the Koiland titanium calixarene complexes synthesised by Ungaro et al. (left)
and Power et al. (right).
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3.3 Pro-ligand synthesis
3.3.1 5,11,17,23-tetra-tert-butyl-25,27-bis(pentoxy)-26,28dihydroxycalix[4]arene (3.1)

Scheme 3.1 – Reaction scheme to form pro-ligand (3.1) from p-tert-butylcalix[4]arene.

1,3-Dialkylation of the endo rim of calix[4]arenes is relatively easy with reasonable yields
achievable. A typical procedure is as follows: An alkyl halide, in this case 1-iodopentane,
(2 equivalents) is added to the parent calixarene (1 equivalent) and potassium carbonate
(1.1 equivalents) in anhydrous acetonitrile. The reaction mixture is then stirred at reflux
under an inert atmosphere for 48 h. The progress of the reaction is observed by periodic
TLC of the reaction mixture. At regular intervals an aliquot of the reaction mixture is
removed from the reaction vessel. Any volatiles are removed in vacuo and the sample is
taken up in CH2Cl2 and then acidified with 10% hydrochloric acid solution. Eventually TLC
of the CH2Cl2 layer against a sample of the parent calixarene (4:1 hexane/ethyl acetate)
reveals the complete disappearance of the parent calixarene from the reaction mixture.
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Once the reaction is complete, the volatiles are removed in vacuo and the residue is
dissolved in CH2Cl2 and 10% hydrochloric acid solution. The CH2Cl2 layer is then
separated and washed thoroughly with water. After drying over sodium sulfate the
CH2Cl2 layer is concentrated to a near saturated solution, upon which methanol is
added. The rest of the CH2Cl2 is allowed to evaporate leaving a crop of white crystals in
methanol. The product is collected and dried by drawing air over the sample. Yields of
up to 70% are easily achievable and the purity of the sample has been determined as
high by the mass spectrum, elemental analysis and NMR spectroscopy. The reaction has
been scaled up to give over 20 g of pure product. A detailed synthetic account can be
found in section 5.5.5.
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3.3.2 5,11,17,23-tetra-tert-butyl-25,27-bis(propoxy)-26,28dihydroxycalix[4]arene (3.2)

Scheme 3.2 – Synthetic route to pro-ligand (3.2) from p-tert-butylcalix[4]arene.

Synthesis of this pro-ligand follows essentially the same procedure as used to synthesise
(3.1), with the exception that 1-iodopropane is used in place of 1-iodopentane and a
larger excess of potassium carbonate is used. Again, yields of up to 70% are easily
achievable and high purity is simple to attain. Up to 7 g of product has been obtained
from a single reaction. A detailed synthetic account can be found in section 5.5.6.
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3.3.3 5,11,17,23-tetra-tert-butyl-25,26,27-tris(methoxy)-28hydroxycalix[4]arene (3.3)

Scheme 3.3 – Formation of pro-ligand (3.3) from p-tert-butylcalix[4]arene.

In order to achieve tri-O-substitution at the endo rim a different method must be
utilised.177 The procedure followed comes from the literature and involves adding the
alkyl halide (iodomethane in this case) dropwise to a stirred suspension of the parent
calixarene and a large excess of barium hydroxide octahydrate in dimethylformamide.
After 4 h at room temperature the suspension is extracted with CH2Cl2 and washed with
water. The organic phase is dried over sodium sulfate and then concentrated in vacuo to
give a white residue. Final purification is performed by means of recrystallisation from a
mixture of methanol/CH2Cl2 (10:3) to give a white needles. Elemental analysis and NMR
spectroscopy reveals the presence of methanol in the sample therefore the product is
dried under high vacuum to remove the solvent. The subsequent NMR spectrum reveals
the disappearance of the methanol peaks (δH = 3.49 and 1.09 ppm). The mass spectrum,
NMR spectrum and elemental analysis indicate the product is of high purity and the
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reaction has been scaled up to give 10 g of product from a single reaction. Overall yields
of up to 78% can be achieved which is 8% higher than previously reported.177 A detailed
synthetic account can be found in section 5.5.7.

3.3.4 5,11,17,23-tetra-tert-butyl-25,26,27-tris(propoxy)-28hydroxycalix[4]arene (3.4)

Scheme 3.4 – Reaction scheme showing the formation of pro-ligand (3.4) from p-tert-butyl-calix[4]arene.

In a similar reaction to that of compound (3.3), compound (3.4) can be synthesised.
Overall yields are lower than achieved for the previous di-O-substitution pro-ligands
described ((3.1) and (3.2)) and the previous tri-O-substitution (3.3), however 52% is still
reasonable, with the synthesis being scaled up to give up to 10 g of product from one
reaction. High purity was determined from the NMR spectrum, mass spectrum, and
elemental analysis. A detailed synthetic account can be found in section 5.5.8.
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3.3.5 5,11,17,23-Tetra-tert-butyl-25,27-bis(cyanopropyloxy)-26,28dihydroxycalix[4]arene (3.5)

Scheme 3.5 – The reaction scheme for the formation of pro-ligand (3.5) from p-tert-butylcalix[4]arene.

Synthesis of this pro-ligand follows a literature procedure.178 A mixture of p-tertbutylcalix[4]arene and potassium carbonate are refluxed in anhydrous acetone. After 1
h, 4-bromobutyronitrile is added and the reaction mixture is refluxed for a further 16 h.
The mixture is allowed to cool to room temperature upon which it is filtered through a
plug of Celite®. Two aliquots of CH2Cl2 are passed through the Celite® plug in order to
ensure maximum product has been obtained. The combined organic filtrate was washed
with a concentrated sodium chloride solution and dried over sodium sulfate. The
acetone is removed in vacuo to give a white residue which is recrystallised from ethanol
to give a white crystalline solid. A detailed synthetic account can be found in section
5.5.9.

112

3.3.6 5,11,17,23-Tetra-tert-butyl-25,27-bis(carbamoyloxymethoxy)-26,28dihydroxycalix[4]arene (3.6)

Scheme 3.6 - Synthetic route to pro-ligand (3.2) from p-tert-butylcalix[4]arene.

The usual method for endo rim modification of calixarenes with an unsubstituted
acetamide would require firstly a reaction between the calixarene and an NH2 protected
reagent, followed by deprotection of the NH2 group. However a search of the literature
provided a direct method for the synthesis of (3.6).179 This method requires mild
conditions to avoid side reactions of the acetamide occurring and involves stirring p-tertbutylcalix[4]arene in the presence of large excesses of potassium bromide (4 x excess),
potassium carbonate (8 x excess), and 2-chloroacetamide (6 x excess). After five days of
stirring at room temperature, the temperature is increased to 75°C for a further day.
The resulting mixture is then acidified with a weak sulfuric acid solution and a crude
product precipitates from the solution. Purification of this product involves thorough
washing with water and recrystallisation from hot ethanol. Elemental analysis and the
1H-NMR

spectrum reveals the presence of ethanol solvate in the sample, therefore the
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product is dried under high vacuum on a Schlenk line to remove the ethanol. A repeat of
the 1H-NMR spectrum reveals the disappearance of the ethanol peaks (δH = 1.10 and
3.51 ppm). Yields of up to 75% have been achieved with up to 9 g of material from one
reaction. The percentage yield is slightly under the reported value (78%) although this is
most likely due to the additional drying stage performed. A detailed synthetic account
can be found in section 5.5.10.

3.3.7 5,11,17,23,29,35,41,47-tetra-tert-butyl-49,50,51,52,53,54,55,56octahydroxycalix[8]arene (3.7)

Scheme 3.7 – The reaction scheme for the formation of p-tert-butylcalix[8]arene.
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Synthesis of this calix[8]arene follows a standard procedure in which the conditions are
milder than when synthesising the related calix[4]arene.180 Typically 4-tert-butylphenol,
paraformaldehyde, and sodium hydroxide solution are refluxed under a nitrogen
atmosphere in xylene for 4 h. Upon cooling a precipitate forms which is washed
sequentially with toluene, diethyl ether, acetone, and finally water. The clumpy solid is
then broken up into smaller pieces and then dried in vacuo for 24 h. The calix[8]arene is
then recrystallised from warm CHCl3 to give a white microcrystalline solid. The product
obtained is of high purity as characterised by NMR spectroscopy, elemental analysis and
the mass spectrum. Usually yields of around 65% are expected however a number of
factors can easily affect this value. The reaction has been carried out on scales that
produce up to 35 g of pure compound from a single reaction. Details of the synthesis can
be found in section 5.5.11.
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3.3.8 5,11,17,23,29,35,41,47-tetra-tert-butyl-49,51,53,55tetrakis(propoxy)-50,52,54,56-tetrahydroxycalix[8]arene (3.8)

Scheme 3.8 – Synthetic route to pro-ligand (3.8) from p-tert-butylcalix[8]arene.

Synthesis of this pro-ligand follows a modified literature procedure reported by Neri et
al.181 The starting calix[8]arene (3.7) is reacted with 1-iodopropane (8 eq.) in the
presence of potassium carbonate (16 eq.) by means of reflux for 72 h. The reaction
workup involves extracting the product into CH2Cl2 and washing with 1.0 M HCl, in order
to remove any excess potassium carbonate. After drying over sodium sulfate, the
organic phase is concentrated and a large excess of methanol is added. This causes a
cream powder to precipitate from the concentrated solution. The precipitate is collected
and purified by column chromatography (CH2Cl2/hexane, 3:2 v/v) to give a white
powder. The overall yield is low at 36% however this can be explained by the sheer
number of alternative products possible from this reaction (including stereoisomers).
The product is of high purity as determined by TLC, the mass spectrum and the NMR
spectrum. The 1,3,5,7-substitution pattern can be confirmed by the NMR spectrum as
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this particular pattern is the only one that leads to the presence of two equal tBu proton
singlets and a single signal from the methylene bridges. All other isomers would lead to
different methylene bridge signals with different intensities. The reaction has been
carried out on scales that give up to 1 g of pure product. A detailed synthetic account
can be found in section 5.5.12.
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3.4 Complex synthesis
3.4.1 [TiCl2][5,11,17,23-tetra-tert-butyl-25,27-bis(pentoxy)-26,28dioxocalix[4]arene] (3.9)

Scheme 3.9 – Synthesis of complex (3.9) from pro-ligand (3.1).

Synthesis of complex (3.9) was carried out under inert conditions on a Schlenk line. The
pro-ligand (3.1) was suspended in anhydrous toluene and then a quantitative amount of
1.0 M titanium(IV) chloride in toluene solution is added. The resulting mixture is heated
to reflux for 6 h. The toluene is then removed in vacuo and the residue is extracted with
warm anhydrous acetonitrile. The solution is filtered under nitrogen whilst warm and
then allowed to cool. Standing at ambient temperature for several days allows dark red
crystals to grow that are suitable for single crystal XRD (see section 3.5.2.2). A detailed
synthetic account can be found in section 5.6.2.1.

118

3.4.2 [Ti][μ-OH][μ-Cl][5,11,17,23-tetra-tert-butyl-25-pentoxy-26,27,28trioxocalix[4]arene (3.10)

Scheme 3.10 – Hydrolysis of complex (3.9) to (3.10).

Initial controlled hydrolysis studies of complex (3.9) were attempted by the following
procedure: A sample of the complex is dissolved in anhydrous d6-benzene and then
removed from an inert atmosphere. A single drop of deionised water is then added to
the sample and the resulting solution is mixed by inversion. The solution is then left to
stand for one hour and then 1H-NMR is utilised to characterise structural changes within
the complex. To study the effect of increasing extent of hydrolysis in the complex, a
similar sample of (3.9) in d6-benzene was exposed to 3 drops of deionised water and left
to stand for three hours before 1H-NMR spectra are collected. Ultimately these
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controlled hydrolysis studies proved to be inconclusive (see section 3.5.3) and therefore
another method to determine the oxidative/hydrolysis product from complex (3.9).
A sample of complex (3.9) is extracted from the glove box and is exposed to
atmospheric conditions for a period of 6 h. Following complete evacuation of the
reaction vessel by high vacuum, the solid is taken up in warm anhydrous acetonitrile,
filtered under nitrogen, and left to stand at ambient temperature. Over the course of
several days small orange prisms form which are suitable for single crystal x-ray
diffraction (see section 3.5.2.3). A detailed synthetic account can be found in section
5.6.2.2.
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3.4.3 [TiCl2][5,11,17,23-tetra-tert-butyl-25,27-bis(propoxy)-26,28dioxocalix[4]arene] (3.11)

Scheme 3.11 – The synthetic route from pro-ligand (3.2) to complex (3.10).

Synthesis of complex (3.11) was carried out under inert conditions on a Schlenk line. The
pro-ligand (3.2) was suspended in anhydrous toluene and a quantitative amount of 1.0
M titanium tetrachloride in toluene solution is added. The resulting deep red solution is
then stirred at reflux for 12 h under inert conditions (N2). The volatiles are then removed
in vacuo to give a red residue, which is washed three times with anhydrous hexane. The
remaining red solid is dried in vacuo to give a dark red powder. A search of the
Cambridge Structural Database (CSD) reveals that this procedure is very similar to one
presented by Bonnamour et al. in 2010.173 The mass spectrum and elemental analysis
provide strong evidence that the complex synthesised is the same complex already
reported, therefore no further structural analysis was carried out. A detailed synthetic
account can be found in section 5.6.2.3.

121

3.4.4 Attempted synthesis of [Ti(OPr)2][5,11,17,23-tetra-tert-butyl-25,27bis(propoxy)-26,28-dioxocalix[4]arene]

Scheme 3.12 – The theorised scheme for the unsuccessful reaction between pro-ligand (3.2) and
titanium(IV) isopropoxide.

Following the success of the synthesis of complex (3.10) attempts were made to
synthesise similar complexes using different titanium(IV) precursors. The procedure is
exactly the same, but in this case titanium(IV) propoxide is used in place of titanium(IV)
chloride. Crystals suitable for XRD were obtained from a saturated diethyl ether
solution, however the refinements showed that the structure only contained pro-ligand
(3.2). It is theorised that the extra bulkiness of the ligands on the titanium(IV) precursor
do not allow the titanium ion to get into close enough proximity to the endo rim of the
calixarene in order to coordinate. The structure of the pro-ligand is already known,
however the data collected reveals a new solvate, therefore full refinements were
performed (see section 3.5.2.1).182
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3.4.5 Other mononuclear titanium complexes (3.12) – (3.15)

Scheme 3.13 – The reaction schemes for the remaining mononuclear titanium complexes synthesised.

123

Complexes (3.12) – (3.15) all follow the same procedure set out for complex (3.11) in
that the pro-ligand and titanium(IV) chloride are refluxed in anhydrous toluene for
several hours to give the complex. The workup and purification is also the same and the
yield for each reaction varies from 25-49%. Unfortunately no crystals suitable for XRD
were obtained from a variety of different solvents, however mass spectra and IR spectra
were obtained for each complex. A detailed synthetic account can be found in section5.6.2.4-7.
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3.4.6 [Ti(NCMe)Cl]2[Ti]2[μ-O]2[μ-OSi(CH3)2OSi(CH3)2O]
[5,11,17,23,29,35,41,47-tetra-tert-butyl-49,50,51,52,53,54,55,56octaoxocalix[8]arene] (3.16)

Scheme 3.14 – A reaction scheme showing the formation of complex (3.16) from pro-ligand (3.8).

Synthesis of complex (3.16) was carried out under inert conditions on a Schlenk line. The
pro-ligand (3.8) was suspended in anhydrous toluene and 2 equivalents of 1.0 M
titanium(IV) chloride in toluene solution is added. The resulting deep red solution is then
stirred at reflux overnight under inert conditions (N2). The volatiles are then removed in
vacuo to give a red residue, which is extracted into warm anhydrous acetonitrile. The
solution is filtered under N2 whilst still warm and then allowed to cool. After 7 days
stood at ambient temperature a crop of red needles had formed, which were of a quality
suitable for XRD (see section 3.5.2.4). A detailed synthetic account can be found in
section 5.6.2.8.

125

3.5 Characterisation
3.5.1 General remarks
Complexes (3.9) – (3.15) all show one calix[4]arene derivative with one titanium centre,
whereas complex (3.16) shows a calix[8]arene with four titanium centres. This is due to
the larger size of the ligand allowing more than one titanium centre to coordinate at its
endo rim. Mass spectrometry confirms the molecular masses of each complex and
shows that the complexes are stable in anhydrous organic solution.
Infrared spectroscopy provides further evidence of titanium coordination. The TiO vibration modes are usually seen as peaks around 800-600 cm-1. This is towards to
lower end of the fingerprint region, however by comparing the spectra to that of the
pro-ligands used to synthesise each complex it is possible to determine which peaks are
due to Ti-O coordination.
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3.5.2 Crystal structure determinations
3.5.2.1 5,11,17,23-tetra-tert-butyl-25,27-bis(propoxy)-26,28dihydroxycalix[4]arene·2MeCN (3.2)

Fig. 3.6 – A representation of the X-ray structure of pro-ligand (3.2) showing a single calixarene and an
acetonitrile solvate molecule residing in the calixarenes cavity.

A crystal from an attempted synthesis of [Ti(OPr)2][5,11,17,23-tetra-tert-butyl-25,27bis(propoxy)-26,28-dioxocalix[4]arene] (see section 3.4.4) was selected for data
collection. The refinements reveal the failure of the reaction however the structure
obtained reveals a previously unreported solvate with this calixarene compound (Fig.
3.6). The asymmetric unit comprises of two half-molecules with one complete
acetonitrile, one acetonitrile on a mirror plane (disordered), and one acetonitrile on a
two-fold axis (Fig. 3.7).
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One of the calixarene molecules lies on a mirror plane and the two intramolecular Hbonds are disordered, whereas the other calixarene molecule lies on a two-fold rotation
axis and the two H-bonds are ordered.

Fig. 3.7 – The asymmetric unit of pro-ligand (3.2).
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3.5.2.2 [TiCl2][5,11,17,23-tetra-tert-butyl-25,27-bis(pentoxy)-26,28dioxocalix[4]arene]·2MeCN (3.9)

Fig. 3.8 - The asymmetric unit of (3.9) showing a single titanium centre coordinated to all four oxygens of a
1,3-disubstituted calix[4]arene.

A deep red plate was selected from a concentrated MeCN solution for data collection.
The crystal was immediately coated in a thin layer of perfluoropolyether to avoid
oxidation/hydrolysis of the product. The refinements reveal an asymmetric unit
consisting of one calixarene with two pentoxy chains at the endo rim and a titanium
atom coordinating to all four oxygen atoms present in the calixarene. The coordination
about the titanium is completed by two chlorine atoms and the asymmetric unit is
completed by two further MeCN solvate molecules. One MeCN is located within the
cavity of the calixarene and the other is located exterior to the cavity.
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The titanium centre adopts a distorted octahedral geometry with the four
calixarene oxygen atoms and two chlorides. The calixarene itself adopts the cone
conformation. The Ti-O phenolate bonds are of typical length [1.797(5) Å] and are
shorter than the Ti-O ether bonds [2.102(5) and 2.337(3) Å]. These are similar to other
related complexes [TiCl2L(OR)2] (R = Me, Et, nPr, iBu), where their Ti-O bond lengths are
1.77(6) – 1.81(0) Å (Ti-O phenolate) and 2.09(7) – 2.16(7) Å (Ti-O ether).183-187
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3.5.2.3 [Ti][μ-OH][μ-Cl][5,11,17,23-tetra-tert-butyl-25-pentoxy-26,27,28trioxocalix[4]arene]·7.5MeCN (3.10)

Fig. 3.9 - The asymmetric unit of complex (3.10). The MeCN solvate molecules have been omitted for
clarity.

A selection of crystals were sent to the National Crystallography Service at the University
of Southampton for data collection. Unfortunately the completeness of the data is poor,
however it is still possible to elucidate a structure (Fig. 3.9). The asymmetric unit
consists of two monopentoxy-calix[4]arene molecules, each coordinating one titanium
ion through the three free phenolic oxygens. The titanium ions are bridged by an oxygen
atom and a chlorine atom. The pentoxy chains reside in trans positions above and below
the Ti2(μ-OH)μ-Cl core. Seven and a half acetonitrile solvate molecules complete the
asymmetric unit to give a final formula of
[Ti2(monopentoxycalix[4]arene)2(OH)Cl]·7.5(MeCN). Each calixarene has a single
acetonitrile molecule residing in its cavity. Another acetonitrile solvate can be found H131

bonded to the OH bridging group between the titanium ions. Three further acetonitrile
molecules were modelled as point atoms and the remaining 1.5 acetonitrile molecules
were modelled as diffuse electron density by Platon Squeeze.188, 189
There is disorder in three of the tBu groups of the calixarenes with all of the
methyl groups split over two sets positions. At C(18) the major occupancy = 67.8%, at
C(51) the major occupancy = 58.5%, and at C(84) the major occupancy = 63.3%. The
acetonitrile molecule involving N(5) is split over two sets of positions where the major
occupancy = 75.2%. The acetonitrile involving N(6) has N(6) in common and the other
atoms being split over two sets of positions with a major occupancy = 69.3%.
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3.5.2.4 [Ti(NCMe)Cl]2[Ti]2[μ-O]2[μ-OSi(CH3)2OSi(CH3)2O][5,11,17,23,29,35,41,47-tetratert-butyl-49,50,51,52,53,54,55,56-octaoxocalix[8]arene] (3.16)

Fig. 3.10 – The structure of the disiloxane bridged version of complex (3.16).

The structure crystallises in the C2/c space group with a single calix[8]arene ligand
binding four titanium centres (Fig. 3.10) forming a three step Ti-O ladder central moiety
(Fig. 3.11). There are a large number of Ti-O ladder complexes of varying step length in
the literature. Table 3.1 summarises a number of references that present this type of
complex. There is also a 1,1,3,3-tetramethyldisiloxane-1,3-diol unit acting as a bridging
ligand between two of the titanium centres. Two chlorides and two bound MeCN solvate
molecules complete the structure with 10 unbound MeCNs also present. Unfortunately
this structure presents two issues. Firstly, where did the siloxane bridging ligand come
from and secondly the molecular formula obtained from the diffraction data shows
partial occupancy.
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W. Clegg et al., J. Chem. Soc., Dalton Trans., 1998, 3037
J. L. Woolfrey et al., Inorg. Chem., 1998, 37, 1417
N. Munirathinam et al., Organometallics, 2004, 23, 4462
J. T. Mague et al., Chem. Lett., 2004, 33, 308
R. Frölich et al., Eur. J. Inorg. Chem., 2004, 2683
L. Xu et al., Inorg. Chim. Acta, 2006, 359, 4159
S. Wongnawa et al., Dalton Trans., 2008, 631
S. K. McIntyre et al., Inorg. Chem., 2008, 47, 10708
Ti6O6 ladder (5 step)
F. S. Rosenberg et al., J. Am. Chem. Soc., 1991, 113, 8190
T. P. Fehlner et al., Organometallics, 1997, 16, 5289
B. G. Potter et al., J. Am. Chem. Soc., 1999, 121, 12104
M. Henry et al., J. Am. Chem. Soc., 2001, 123, 11632
Table 3.1 – A table presenting references of a selection of Ti-O ladder based complexes.
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Fig. 3.11 – The structure of the Ti4O4 ladder present in the cavity of the calix[8]arene.

The most likely explanation for the siloxane problem is that it is a contaminant
from the vacuum grease used to completely seal the schlenk tube from the air. This
phenomenon is known and several papers in the literature document this particular
siloxane bridging transition metal ions, these are presented in Table 3.2.
In turn this also explains the partial occupancy shown in the molecular formula
from the diffraction data. Considering that the siloxane is a contaminant it is reasonable
to suggest that not all molecules in the sample has the siloxane bridge. Therefore if the
crystal examined is the product of co-crystallisation of the structure shown in Fig. 3.10
and the complex as a tetrachloride, this would explain the partial occupancy observed.
The different species are probably associated with differing amounts of unbound MeCN
molecules, which explains the large number of disordered MeCN molecules also present
in the structure.
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The molecules pack in columns with unbound MeCN of crystallisation filling the
spaces between them (Fig. 3.12). There are no unusual intermolecular interactions
present.

Fig. 3.12 – The packing exhibited by complex (3.16).

Disiloxane bridged transition metal complex references
N. Hovnanian et al., Z. Krystallogr., 1994, 209, 282
K. C. Molloy et al., J. Chem. Soc., Dalton Trans., 1997, 3509
K. Dehnicke et al., Z. Naturforsch B: Chem. Sci., 2000, 55, 448
A. K. de K. Lewis et al., Angew. Chem., Int. Ed., 2004, 43, 5824
K. H. Pannell et al., Inorg. Chem., 2006, 45, 2203
M. Westerhausen et al., J. Organomet. Chem., 2010, 695, 280
H. Lang et al., J. Coord. Chem., 2013, 66, 329
J. M. Goicoechea et al., Dalton Trans., 2014, 4335
Table 3.2 - A table presenting references for disiloxane bridged transition metal complexes.
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3.5.2.5 Crystal data summary
Compound
Formula

Formula weight
Crystal system
Space group
Unit cell dimensions
a (Å)
b (Å)
c (Å)
α (Å)
β (Å)
γ (Å)
V (Å3)
Z
Temperature (K)
Wavelength (Å)
Calculated density
(Mg m-3)
Absorption
coefficient (mm-1)
Transmission factors
(min/max)
Crystal size (mm3)
θ (max) (°)
Reflections
measured
Unique reflections
Rint
Reflections with F2 >
2σ(F2)
Number of
parameters
R1 [F2 > 2σ(F2)]
wR2 (all data)
GOOF, S
Largest difference
peak and hole (e Å-3)

(3.2)

(3.9)

(3.10)

C108H148N4O8

C54H74Cl2O4Ti
·2MeCN

C113H149.5Cl
N7.5O9Ti2

1630.30
Orthorhombic
Ama2

988.0
Monoclinic
A2

1888.15
Monoclinic
P21/n

(3.16)
C94.21H116.65Cl3.11N2
O11.66Si1.11Ti4
·10MeCN
2207.12
Monoclinic
C2/c

37.975(3)
22.4684(18)
12.2436(10)
90
90
90
10446.6(15)
4
150(2)
0.71073

17.2312(16)
12.1620(8)
27.103(2)
90
101.229(9)
90
5571.2(8)
4
140(1)
0.71073

26.816(2)
13.2305(9)
32.648(3)
90
104.480(3)
90
11215.2(15)
4
120(2)
0.71073

31.7283(3)
14.26944(14)
28.7967(3)
90
111.2143(12)
90
12154.1(2)
4
100(1)
0.71073

1.037

1.178

1.118

1.206

0.064

0.295

0.222

0.390

0.925 and
0.991
1.23 x 0.49
x 0.15
26.1

0.615 and
1.324
0.31 x 0.21
x 0.09
22.5

0.940 and
0.993
0.28 x 0.09
x 0.03
22.5

0.863 and
1.000
0.35 x 0.12
x 0.03
27.6

52936

30661

35674

97071

13130
0.037

7245
0.144

12070
0.083

13918
0.026

11095

3472

7470

13136

626

313

1277

804

0.0478
0.1328
1.019
0.527 and
-0.258

0.071
0.1760
0.836
0.360 and
-0.320

0.1208
0.2583
1.020
0.454 and
-0.384

0.061
0.1620
1.18
1.030 and
-0.790

Table 3.3 – Crystal structure data for compound (3.2) complexes (3.9), (3.10), and (3.16).
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3.5.3 Controlled hydrolysis of complex (3.9)

Fig. 3.13 - Stacked 1H-NMR spectra showing the gradual hydrolysis of (3.9). Blue = (3.9), green = (3.9) + 1
drop water after 1 h, red = (3.9) + 3 drops of water after 3 h.

The 1H-NMR of the samples exposed to water (green and red spectra in Fig. 3.10) show
evidence of chemical exchange, where a nucleus exchanges between two or more
environments in which the NMR parameters differ. In this case the exchange occurs
between the protons of the water molecules added to the sample and the proton
environments of (3.9), in particular the methylene bridges and alkyl chains present in
the calixarene ligand.
For the sample of (3.9) that was exposed to one drop of water for 1 h, the
chemical exchange is occurring at a reasonably slow rate that allows two resonances for
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a single proton population. This means that the exchange rate is slower than the
timescale of the NMR experiment. The effect is most pronounced at the methylene
protons with four doublets present rather than the normal two (green spectrum Fig.
3.10).
For the sample of (3.9) that was exposed to three drops of water for 3 h, the
chemical exchange is occurring at a faster rate, although it would have to be
characterised as intermediate, rather than fast. This is when the exchange happens at
approximately the same timescale as the NMR experiment which leads to broadening of
peaks, which is evident in the 1H-NMR spectrum (red Fig. 3.10).
Hydrolysis/oxidation of (3.9) by means of leaving a solid sample of the complex
exposed to the atmosphere reveals, by XRD analysis (see section 3.5.2.3), that when
oxidised, one of the alkyl chains is cleaved from the ligand. This means that the progress
of the hydrolysis of (3.9) could be monitored by 1H-NMR as the integration values of the
alkyl proton peaks would half upon complete hydrolysis. Unfortunately the chemical
exchange process that occurs means that monitoring the progress of hydrolysis in the
manner described is impossible.
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3.6 Cytotoxicity studies
The complexes presented have been designed as titanium based therapeutic agents against
cancer. Therefore an indication of each complexes toxicity must be obtained in order to
determine whether it is worth developing these complexes further for use in cancer
therapeutics.
In a similar method as described in section 2.6, complexes (3.9) – (3.16) were
evaluated for their toxicity by means of cell viability assays. The complexes were not
completely soluble in water therefore it was necessary to add 10% DMSO to the PBS
solution in order to dissolve each complex. Once dissolved the complexes were tested for
their anti-proliferation activity against homo-sapiens brain glioblastoma (U-87) cells. In a
standard procedure the cells were incubated for 72 h in the presence of the complexes
before measuring their mitochondrial based reduction of a tetrazolium dye (MTS) to its
formazan product. Each assay was completed over a range of concentrations (9 x 10-7 – 2 x
10-3 M) in order to determine the CC50 for each complex. The complexes tested all show
relatively low toxicity with CC50 values in the range 73 – 186 μM. As these studies are only an
initial screening, the data was verified by running internal triplicates of all data points. The
dose response curves for the treatment of U-87 cells with complexes (3.9) – (3.16) are
shown in Fig. 3.14 – Fig. 3.17.
Previously (section 2.6) low toxicity was a good thing, however because these
complexes are being tested for therapeutic potential the low toxicity exhibited by each
complex excludes them as therapeutic agents against cancer. There are many potential
reasons this is the case, for example the complexes low solubility in water or lack of cell
penetration.
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Fig. 3.14 – Dose response curves for complex (3.9) and its hydrolysis product, complex (3.10).
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Fig. 3.15 – Dose response curves for complexes (3.11) – (3.13).
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Fig. 3.16 – Dose response curves for complexes (3.14) and (3.15).
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Fig. 3.17 - Dose response curve for complex (3.16).
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When compared to other titanium based anti-cancer agents it is clear that there are
more effective compounds in the literature. The gold standard of metal based anticancer agents, cisplatin, gives IC50 values between 10 - 20 μM depending on which cell
line the assay is run. The Bis(β-diketonato)titanium complex ((bzac)2Ti(OiPr)2), previously
discussed in section 1.3.3.1, shows an IC50 value between 11 - 12 μM and a series of TiSALEN complexes (Fig. 3.18) gives IC50 values from 1 - 10 μM. Table 3.4 summarises the
CC50 values of the complexes synthesised and the IC50 values of a number of other Ti
based anti-cancer agents.
The compounds synthesised in this study show CC50 values in the range 73 – 186
μM therefore their anti-cancer efficacy is much lower than these previous complexes
and therefore further development as anti-cancer agents is unlikely to yield potential
new therapeutics. However there is much work detailing the use of this type of Ticalixarene complex as catalysts for α-olefin polymerisation or ring opening
polymerisation of cyclic esters. This means that there may yet be potential for these
complexes outside of biomedical applications.
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Fig. 3.18 – The structures of a number of Ti-SALEN complexes that exhibit toxicity 10 – 20 fold greater than
that of cisplatin.

Complex
(3.9)

CC50 (μM)
111.3 (U-87)

Known Compound
Cisplatin

(3.10)

155.8 (U-87)

Cp2TiCl2

(3.11)

73.9

(U-87)

(bzac)2Ti(OiPr)2

(3.12)

80.1

(U-87)

Lig1Ti(OArMe2)2

(3.13)

178.3 (U-87)

Lig2Ti(OArMe2)2

(3.14)

116.8 (U-87)

Lig3Ti(OArMe2)2

(3.15)
(3.16)

177.8 (U-87)
185.5 (U-87)

IC50 (μM)190
20
(HT-29)
13 (OVCAR-1)
520
(HT-29)
550 (OVCAR-1)
11.6
(HT-29)
11.5 (OVCAR-1)
10
(HT-29)
9
(OVCAR-1)
3.5
(HT-29)
3.3 (OVCAR-1)
1.2
(HT-29)
1.0 (OVCAR-1)

Table 3.4 – CC50 (μM) values of the Ti complexes synthesised and IC50 (μM) values of a number of known Ti
complexes.
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3.7 Conclusions
This chapter details the synthesis, characterisation and cytotoxicity studies of a series of
titanium complexes based on lower-rim substituted p-tert-butylcalix[4]arenes. Synthesis
of the pro-ligands was completed to a high degree of purity with good yields.
Complexation of these pro-ligands with titanium precursors gave titanium-calixarene
complexes. These complexes were then fully characterised.
X-ray data reveals mostly mononuclear titanium calix[4]arene complexes,
however a single tetranuclear titanium calix[8]arene structure has also been presented.
The main application of previous titanium complexes of this type has been in the area of
polymer catalysis, with little to no work on the biological effects being presented.
Biological screening was carried out by cell viability assay on all complexes
synthesised. These reveal that the complexes synthesised are relatively non-toxic to
homo-sapiens brain glioblastoma cells with CC50 values in the range 73 – 179 μM.
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Chapter 4

Vanadyl Complexes
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4.1 Aims
This chapter details the synthesis, crystal structures and initial cytotoxicity studies of
some vanadyl complexes based on linear phenolic pro-ligands. Once again, pro-ligand
synthesis is the first stage in this research (section 4.3), followed by complexation
reactions with vanadyl precursors (section 4.4). These complexes were then fully
characterised, see section 4.5, and then cytotoxicity was determined by MTS cell
proliferation assay, see section 4.6.

Fig. 4.1 - The pro-ligands used to form the vanadyl complexes studied in this research.
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4.2 How vanadium fights cancer
Vanadium complexes have been shown to collectively possess all four essential effects
on cancerous cells required for an ideal anti-cancer agent, either collectively or in
combination with other anti-cancer agents. These effects are: antiproliferation (drop in
cellular growth rate), apoptosis (cell death), reduction in metastatic potential of
cancerous cells, and reduction/elimination of cellular resistance.
As an example, a series of peroxovanadium complexes have shown reduction in
cellular growth rate in neuroblastoma NB41 and glioma C6 cell lines.191 On the other
hand other peroxovanadates that form in C3H10T1 fibroblasts in situ have been shown
to actually cause proliferation of cancerous cells.192 Any antiproliferative effects caused
by these vanadium complexes is caused by cell cycle arrest, where the cell cycle is
interrupted at a specific point and cell division ceases. Tests have shown that vanadium
complexes block the G2 – M transition of the cell cycle, so mitosis never occurs.191
Cell death can occur in a variety of ways, although necrosis and apoptosis are the
most common. Necrosis is usually attributed to cytotoxic effects that cause swelling and
eventual rupture of cells. Apoptosis, also known as programmed cell death, occurs
naturally in the human body and is a highly regulated and controlled process.
Vanadium complexes have been shown to induce protein tyrosine
phosphorylation in a number key proteins that are linked to the production of highly
reactive oxygen species that causes damage to DNA.129, 193-196 This causes an increase in
the production in reactive oxygen species that eventually leads to cell necrosis.

150

Vanadium has also been shown to inhibit phosphotyrosine phosphatases (PTPs),197, 198
which regulate signal transduction pathways causing apoptosis.199, 200
There is evidence to suggest that vanadium complexes could also affect the
metastatic potential of cancerous cells. Metastasis is when cancerous cells spread from
one part of the body to another. Many processes can reduce metastatic potential, for
example a vanadate complex has been shown to inhibit cell-substrate adhesion in Lewis
lung sarcoma cells.201 This leads to a suppression of the metastatic potential of this
highly-metastatic type of cancer.
There are a few examples of organisms that have grown resistant to the effects
of vanadium by altering the way in which they control protein tyrosine
phosphorylation.202 However in combination with other anti-cancer agent, vanadium has
been shown to reverse drug resistance in a number of cancers. For example sodium
orthovanadate has been shown to re-sensitise CEM/VLB 100 cells to vinblastine.203 Also
when vanadium in bound by a chelating agent it actually reverses the resistance of
human ovarian cancer cells to cisplatin, allowing the ‘gold-standard’ anti-cancer
treatment to destroy the cancerous cells.204
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4.3 Pro-ligand synthesis
4.3.1 2,6-Bis(hydroxymethyl)-4-methylphenol (4.1)

Scheme 4.1 - Synthetic route from 4-methylphenol to compound (4.1).

Synthesis of this pro-ligand is reasonably straightforward and follows a procedure
modified from R. Mukherjee et al.205 4-Methylphenol is dissolved in aqueous NaOH
solution with the aid of gentle heating. Once the starting material has dissolved the
solution is left to cool and then formaldehyde is added. The resulting solution is then left
to stir for six days at room temperature. HCl is carefully added to quench the reaction
and the product precipitates out as a yellow solid. On occasion a small quantity of
orange oil also forms upon the addition of HCl. The mass spectrum of the oil reveals
higher than expected molecular ion peaks, it is therefore expected that the oil is a
mixture of polyphenolic side products. The oil is easily removed by pipette. The product
can be initially dried by vacuum filtration, however to completely remove water it was
found that it was necessary to subject the product to a vacuum in a desiccator in the
presence of phosphorus pentoxide. Yields of up to 90% are easily achievable and the
reaction has been scaled up to give 40 g of pure product. The product is of high purity as
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determined by NMR spectroscopy, mass spectrum, and elemental analysis. A detailed
synthetic account can be found in section 5.5.13.

4.3.2 6,6’-Methylenebis(4-(tert-butyl)-2-(hydroxymethyl)phenol) (4.2)

Scheme 4.2 - Synthetic route from 4-tert-butylphenol to compound (4.2).

Synthesis of (4.2) follows a literature procedure published by B. Dhawan and C. D.
Gutsche in the earlier 1980’s.206 It involves heating a mixture of p-tert-butylphenol, 37%
formaldehyde, and sodium hydroxide at 50°C for 7 days under an inert atmosphere.
When cooled the crude product is an orange resinous material which is separated from
the rest of the reaction mixture and dissolved in acetone. The orange solution is then
left in a sealed flask for two days at 3°C in the presence of aqueous acetic acid. After two
days the resinous material has been replaced by an orange oil, which is extracted into
diethyl ether, dried thoroughly over sodium sulfate and concentrated in vacuo to give a
red oil. Addition of petroleum ether and benzene caused a white solid to precipitate,
which is collected and recrystallised from chloroform/petroleum ether to give a white
crystalline solid. Yields of up to 35%, slightly higher than the literature value of 29%,
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were obtained and the reaction has been scaled up to give approximately 40 g of
product from a single reaction. The product is of high purity as determined by NMR
spectroscopy, mass spectrum, and elemental analysis. A detailed synthetic account can
be found in section 5.5.14.

4.3.3 2-(2-Hydroxyphenyl)-benzo-4H-[1,3]-oxazin-4-one (4.3)

Scheme 4.3 - Synthetic route combining salicylic acid and salicylamide to give compound (4.3).

In order to synthesise compounds (4.4) and (4.5) this precursor must first be acquired.
The oxazinone is scarcely available commercially however, it is readily obtained by
condensing salicyloyl chloride and salicylamide at reflux. Two different procedures were
trialled whilst attempting to synthesise this precursor.
The first involves reacting salicylic acid with thionyl chloride in xylene at low
temperature to give the salicyloyl chloride, followed by the addition of a solution
salicylamide. After 2 h at 120°C the temperature is reduced and the excess xylene is
removed by vacuum distillation. MeOH is added once the temperature falls below 70°C
and the reaction mixture is allowed to cool to room temperature, upon which the crude
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product is removed by filtration. Recrystallisation of the crude product from 2methoxyethanol gives pale green needles. After drying in vacuo the elemental analysis
indicates good purity and NMR spectroscopy gives a clean spectrum. The overall yield
for this reaction is only approximately 30% therefore another procedure was sought out.
The second procedure differs in that the salicylic acid and salicylamide are
introduced right at the start of the reaction. A small quantity of a nucleophile, in this
case pyridine, is also added to aid formation of the salicyloyl chloride by mopping up the
proton released by the carboxylic acid in the reaction. Once the two starting reagents
and the nucleophile are in solution thionyl chloride is added dropwise over the course of
several hours. During this time large quantities of pungent SO2 and corrosive HCl are
produced so it is imperative that this reaction takes place in a fume cupboard. 1 h after
the complete addition of thionyl chloride excess volatiles are removed by vacuum
distillation and the remaining residue is taken up in ethanol. Acetic acid is also added to
neutralise the solution. The crude product precipitates out of the solution upon cooling
and is recrystallised from 2-methoxyethanol to give yellow needles. The elemental
analysis of the product from this procedure indicates a slightly higher purity than from
the previous procedure and more importantly, the yield has jumped from 30% in the
previous procedure to 85% in this procedure. NMR spectroscopy and the mass spectrum
confirm the product is correct. The reaction has been done on a scale that gives up to 30
g of precursor at a time. It has been previously noted that over time the oxazinone will
decompose to give bis(salicyl)-imide if exposed to moisture, therefore the oxazinone is
stored in a desiccator to minimise the chances of this happening.207 Detailed synthetic
accounts can be found in sections 5.5.15-16.
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4.3.4 4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic acid (4.4)

Scheme 4.4 - Synthesis of (4.4) from compound (4.3) and 4-hydrazino-benzoic acid.

Synthesis of 4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic acid follows a
literature procedure.207 4-Hydrazino-benzoic acid (1.1 eq.) and triethylamine (1.1 eq.)
are dissolved in hot ethanol. Once completely dissolved, the previously prepared 2-(2hydroxyphenyl)-benzo-4H-[1,3]-oxazin-4-one (1 eq.) is added to the reaction mixture
and the resulting mixture is refluxed for 2 h. After cooling to room temperature a small
quantity of water is added until some perturbation endures with swirling. The reaction
mixture is then concentration to approximately half its volume and hydrochloric acid is
added. The product precipitates from the solution as a cream powder which is collected
and dried in vacuo over phosphorus pentoxide for 24 h prior to use. The overall yield for
this reaction is 65% which is lower than the literature value (80%). The cause of this is
most likely inadequate storage of the 2-(2-hydroxyphenyl)-benzo-4H-[1,3]-oxazin-4-one
which tends to decompose if exposed to moisture (see section 4.3.3). Despite the lower
than expected yield the analysis (elemental analysis, NMR spectroscopy, and mass
spectrometry) of the pro-ligand shows high purity. It has been reported previously that if
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the pro-ligand is left exposed to atmospheric conditions a monohydrate forms, therefore
the product is stored in a desiccator.207 A detailed synthetic account can be found in
section 5.3.17.

4.3.5 4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzosulfonic acid
(4.5)

Scheme 4.5 - Synthesis of (4.5) from compound (4.3) and 4-hydrazino-benzosulfonic acid.

In a similar reaction to the previous pro-ligand (section 4.3.4), synthesis of 4-[3,5-bis(2hydroxyphenyl)-1,2,4-triazol-1-yl]benzosulfonic acid follows a literature procedure.207 4Hydrazino-benzosulfonic acid (1.1 eq.) and triethylamine (1.1 eq.) are dissolved in hot
ethanol, followed by the addition of 2-(2-hydroxyphenyl)-benzo-4H-[1,3]-oxazin-4-one (1
eq.). The resulting mixture is refluxed for a much longer period than the previous
reaction, in this case 20 h rather than 2 h. After cooling hydrochloric acid is added to the
reaction mixture. The solution is evaporated under reduced pressure until a precipitate
starts to form, whereupon more hydrochloric acid is added to fully precipitate the
product. The crude product is washed with a small quantity of ice cold water before
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being dried in vacuo over phosphorus pentoxide for 24 h. Like (4.4) the overall yield is
down (67%) on the literature value (85%) but the analysis, again shows a product that is
of high purity. Also similarly (4.5) forms a monohydrate when left exposed to air, so the
pro-ligand is stored in a desiccator. A detailed synthetic account can be found in section
5.3.18.
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4.4 Complex synthesis
4.4.1 [2,6-bis(hydroxymethyl)-4-methylphenol]2[V2O2] (4.6)

Scheme 4.6 - Synthesis of (4.6) from compound (4.1) and VO(acac)2.

The synthesis of (4.6) is a relatively simple affair with the complete procedure, not
including time for crystallisation, taking less than 3 h. Vanadyl acetylacetonate and 2,6bis(hydroxymethyl)-4-methylphenol in an equal molar ratio are introduced in CH2Cl2.
The mixture is refluxed for 2 h and then concentrated to approximately 50% of its
original volume. The dark blue solution is left in a loosely stoppered flask to allow slow
evaporation of the CH2Cl2. After 24 h red crystals have formed which are collected and
washed thoroughly with n-hexane. A further crop of red crystals can be obtained by
further evaporation of the CH2Cl2. The combined red crystalline material is then dried
over phosphorus pentoxide in vacuo for 24 h to give a final overall yield of 65%.
Elemental analysis and the mass spectrum show high purity and the reaction has been
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carried out on a scale such that up to 1 g of product is obtained from a single reaction.
Over long periods of time (6 – 8 weeks) the red product decomposes to a mud brown
colour, so subsequent batches of this complex are kept in a glovebox until they are
required for further experimentation. A detailed synthetic account can be found in
section 5.6.3.1.
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4.4.2 [6,6’-methylenebis(4-(tert-butyl)-2-(hydroxymethyl)phenol)]2
[V4O4(EtO)2(acac)2] (4.7)

Scheme 4.7 - Synthesis of (4.7) from compound (4.2) and VO(acac)2.

Synthesis of (4.7) was carried out under inert conditions on a Schlenk line. The bisphenol
pro-ligand (4.2) and an excess (2.5x) of vanadyl acetylacetonate are refluxed in
anhydrous toluene over a period of 48 h. The toluene is then removed in vacuo leaving a
dark green residue which is extracted into warm anhydrous ethanol. After removal of
any undissolved material the solution is allowed to cool and left to stand at ambient
temperature whereupon tiny dark green crystals grew over the course of several weeks.
The maximum yield gained from this reaction has been 24%, although method
development could further increase this. Elemental analysis confirms the presence of
coordinated acetylacetonate and ethanol in the structure. This complex is stored in a
glovebox until it is required for further experimentation/analysis. A detailed synthetic
account can be found in section 5.6.3.2.
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4.4.3 [4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic acid]2[V2O2]
(4.8)

Scheme 4.8 - Synthetic route to (4.8) from compound (4.4) and VOCl3.

Synthesis of (4.8) was carried out under inert conditions on a Schlenk line. The triazol
pro-ligand, (4.4), was suspended in anhydrous CH3CN in a Schlenk tube. A slight excess
(1.2 equivalents) of vanadium(V) oxychoride is added and the resulting mixture is
refluxed overnight. The CH3CN is then removed in vacuo to give a dark blue/black solid,
which is then taken up in anhydrous THF. Undissolved material is removed by filtration
and the dark blue solution is concentration to approximately 10 mL. This solution is left
to stand for 48 h at -20°C during which dark blue crystals formed. Multiple batches of
crystals can be harvested from the mother liquor to give up to a 65% yield. The reaction
has been done on scales that give up to 1 g of blue crystals in total. Mass spectrometry
and elemental analysis confirm the purity of the product. A detailed synthetic account
can be found in section 5.6.3.3.
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4.4.4 [4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzosulfonic
acid]2[V2O2] (4.9)

Scheme 4.9 - Synthetic route to (4.9) from compound (4.5) and VOCl3.

In a similar procedure as set out in section 4.4.3 complex (4.9) was carried out under
inert conditions on a Schlenk line. The triazol pro-ligand, (4.5), was suspended in
anhydrous CH3CN in a schlenk tube. A slight excess (1.2 equivalents) of vanadium(V)
oxychoride is added and the resulting mixture is refluxed overnight. The CH3CN is then
removed in vacuo to give a dark blue/black solid, which is then taken up in anhydrous
THF. Undissolved material is removed by filtration and the dark blue solution is
concentration to approximately 10 mL. This solution is left to stand for 48 h at -20°C
during which a dark precipitate forms. Multiple attempts to grow crystals suitable for
single-crystal XRD were carried out but to no avail. However the mass spectrum and
elemental analysis result indicate a similar structure should be present. The reaction was
done on a scale that allows up to 1 g of dark blue/black powder to be obtained. A
detailed synthetic account can be found in section 5.6.3.4.
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4.5 Characterisation
4.5.1 General remarks
Given that, in the majority of cases, all oxidation states of vanadium other than V5+ are
paramagnetic it is expected that these complexes will also be paramagnetic. To test this
theory 1H-NMR experiments were carried out on each complex. The spectra showed
broad, massively shifted peaks characteristic of the presence of a paramagnetic atom.
Therefore complexes (4.7) – (4.9) were submitted for EPR studies (see section 4.5.3).
(4.6) is a known complex and the EPR spectrum has already been reported, therefore
(4.6) was omitted from EPR studies.
There are some examples of vanadyl complexes exhibiting fluorescent
behaviour87, 208 which could be used to follow the progress of the complexes through
biological structures. With this in mind, complexes (4.6) – (4.9) were tested for
fluorescence. Initially this was carried out by simply exposing the complexes to UV
radiation from a laboratory UV lamp (λ = 254 nm) and looking for a colour change. No
colour changes were observed so the investigation progressed to using a fluorimeter. A
range of excitation wavelengths were used and the spectra collected revealed only a
single peak that can be explained by second order diffraction of the excitation radiation
(Fig. 4.2). This reveals that none of the complexes tested are fluorescent.
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Fig. 4.2 - The emission spectra (λex = 289 nm) of complexes (4.6) – (4.9) showing only second order
diffraction peaks.
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4.5.2 Crystal structure determinations
4.5.2.1 [2,6-bis(hydroxymethyl)-4-methylphenol]2[V2O2] (4.6)

Fig. 4.3 - The centrosymmetric unit of complex (4.6). Select average bond lengths: C-O (alkoxide)
1.419 Å, C-O (phenoxide) 1.385 Å, V-O (alkoxide) 1.786 Å, V-O (phenoxide) 2.017 Å.

A dark red crystal was extracted from the dark blue solution for data collection. Initial
scans give the following unit cell parameters: a = 11.447 Å, b = 5.136 Å, c = 15.956 Å, α =
γ = 90°, β = 108.778°, V = 938.082 Å3. A check of the Cambridge structural database
(CSD) reveals a structure with very similar unit cell parameters and upon further
investigation of this structure it has been concluded that they are the same complex.
Therefore due as this complex is already known full data collection was not completed.
The asymmetric unit consists of one pro-ligand binding one vanadyl group
through two of the alcohol groups. These form centrosymmetric dimers where two fivecoordinate vanadium atoms bridge two fully deprotonated pro-ligands. Fig 4.3 and Fig.
4.4 shows the centrosymmetric dimer formed. Details of the crystal structure can be
found in section 4.5.2.4.
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Fig. 4.4 - Complex (4.6) from the side on (left) and from the top down (right).

Similar binding of vanadyl groups was seen by Mikuriya et al. in 2015.209 Using the same
pro-ligand but with vanadyl sulfate and varying quantities of triethylamine, two different
structures were obtained. These are shown alongside (4.6) in Fig. 4.5.

Fig. 4.5 - A comparison of (4.6) against two of Mikuriya’s complexes showing the similar binding present in
each complex.
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4.5.2.2 [6,6’-methylenebis(4-(tert-butyl)-2-(hydroxymethyl)phenol)]2
[V4O4(EtO)2(acac)2] (4.7)

Fig. 4.6 - The centrosymmetric dimer formed by (4.7) showing the two different coordination
environments of vanadium. The carbon atoms of ethanol and acetylacetonate molecules present
in the structure have been omitted for clarity.

The tiny crystals examined were only weakly scattering, therefore a complete
crystallographic model with all the intricate details resolved is impossible to obtain.
However it is possible to determine a general structure and extract chemically useful
information from the refinements. The structure consists of two pro-ligands bridged by
four vanadium atoms forming a centrosymmetric dimer (Fig. 4.6 and Fig. 4.7). The inner
two vanadium atoms are five coordinate and the outer two vanadium atoms are seven
coordinate, indicating a mixed oxidation state complex (seven coordinate is usually
indicative of oxovanadium(V) whereas five coordinate is oxovanadium (IV)). Details of
the crystal structure can be found in section 4.5.2.4.
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Fig. 4.7 - Complex (4.7) from the side on (left) and from the top down (right).
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4.5.2.3 [4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic acid]2[V2O2] (4.8)

Fig. 4.8 - The asymmetric unit of (4.8).

The structure crystallises in the centrosymmetric space group Pc with two independent
triazol ligands, each coordinating a single vanadium ion, in the asymmetric unit (Fig. 4.8
and Fig. 4.9). Each vanadium ion coordinates to one nitrogen in the triazol ring and two
oxygens from phenol units in the ligand. The coordination is completed by a methanol
and an oxygen that forms part of the vanadyl. Both vanadium ions exhibits a distorted
square-based pyramidal geometry. Three additional methanol units and a single
triethylamine unit completes the structure. Details of the crystal structure can be found
in section 4.5.2.4.
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Fig. 4.9 - The view of complex (4.8) normal to (010).
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4.5.2.4 Crystal data summary
Compound
(4.6)
Formula
C18H18O8V2
Formula weight
464.20
Crystal system
Monoclinic
Space group
P21/c
Unit cell
dimensions
a (Å)
11.4466(19)
b (Å)
5.1362(9)
c (Å)
15.956(3)
α (Å)
90.00
β (Å)
108.778(2)
γ (Å)
90.00
3
V (Å )
888.2(3)
Z
2
Temperature (K)
293(2)
Wavelength (Å)
0.71073
Calculated
1.736
density (Mg m-3)
Absorption
coefficient (mm1.099
1)
θ (max) (°)
52
Reflections
6496
measured
Unique
1749
reflections
Rint
0.0433
Number of
128
parameters
R1 [F2 > 2σ(F2)]
0.0386
wR2 (all data)
0.1056
GOOF, S
1.089
Largest
difference peak 0.276 and -0.442
and hole (e Å-3)

(4.7)
C48H0O12V
819.42
Monoclinic
P21/m

(4.8)
C55H57N7O15V2
1157.95
Monoclinic
Pc

12.280(2)
34.344(6)
18.192(3)
90.00
91.276(15)
90.00
7671.(2)
8
293(2)
0.71073

9.4363(7)
10.8679(8)
26.8741(19)
90.00
97.559(3)
90.00
2732.1(3)
2
100(2)
0.71073

1.419

1.408

0.328

0.417

21

27.515

9996

28561

7092

10578

0.2498

0.0678

500

714

0.1151
0.3376
0.718

0.1113
0.2911
1.081

0.475 and -0.324

1.345 and -1.415

Table 4.1 – Crystal structure data for complexes (4.6), (4.7), and (4.8).
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4.5.3 EPR studies
4.5.3.1 [6,6’-methylenebis(4-(tert-butyl)-2-(hydroxymethyl)phenol)]2
[V4O4(EtO)2(acac)2] (4.7)
In powder form (4.7) exhibits a broad EPR spectrum (Fig. 4.10), showing only partial
resolution of 51V hyperfine interaction. There is evidence of some weak features at the
edges of the spectrum (around 2300 and 4500 G) which is possibly due to exchange
effects, however the resolution is not good enough to explore this further.

Fig. 4.10 - X-band EPR spectrum of (4.7) as a powder at room temperature (frequency = 9.474 GHz).
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As a fluid solution, an 8-line hyperfine pattern is observed (Fig. 4.11) with Aiso = 295 MHz
and giso = 1.973. This is a standard spectrum for a vanadyl monomer suggesting that
either any exchange interactions are very weak or in solution the complex breaks apart.

Fig. 4.11 - X-band EPR spectrum of (4.7) in CH2Cl2 at room temperature (frequency = 9.461 GHz).

When the solution is frozen an unpleasant spectrum (Fig. 4.12, top) is collected, which
appears to be a mixture of two different species. One of the species gives sharp signals
whilst the other gives much broader signals, however both give the characteristic
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spectrum of a vanadyl monomer. The most likely cause of the broader signals is poor
glassing of the solvent upon freezing. Fortunately it is possible to remove the broad
signals by taking the derivative of the spectrum, thereby generating the 2 nd derivative of
the absorption spectrum (Fig. 4.12, middle). Simulation of the sharp signals gives the
following parameters:
gz = 1.945, gx,y = 1.980
Az = 517, Ax,y = 190 MHz

Fig. 4.12 - X-band EPR spectrum of (4.7) in CH2Cl2 at 130 K (frequency = 9.469 GHz). Top = experimental 1st
derivative spectrum; middle = experimental 2nd derivative spectrum; bottom = simulation of 2nd
derivative spectrum.
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In order to compare the structures of the solid and solution phases the second
derivatives of the frozen solution and powder spectra can be overlaid (Fig. 4.8). The
major features of both spectra line up well, which is consistent with similar structures in
both phases, in terms of the part of the molecule giving rise to the EPR spectra.
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4.5.3.2 [4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic acid]2[V2O2] (4.8)

Fig. 4.13 - The experimental X-band EPR spectra of (4.8) as a frozen solution (top, frequency = 9.4608 GHz)
and a room temperature powder (bottom, frequency = 9.4776 GHz).

There is no significant difference in the powder spectra at room temperature and 150 K.
Comparing the powder spectrum with that of the frozen solution (Fig. 4.13) reveals that
the spectra are very similar, only differing in linewidths where the powder has broader
peaks due to intermolecular effects. Therefore it is evident that there is no great
difference in structure between the two phases. The spectra have been simulated with
axial g-values and 51V hyperfine coupling constants and are axially symmetric within the
resolution of the X-band, giving the following parameters:
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gz = 1.952, gx,y = 1.983
Az = 490, Ax,y = 165 MHz
These parameters are typical of VO2+ vanadyl complexes where the z orientation
corresponds to the V=O axis. The spectra show hyperfine coupling to only one 51V
nucleus, therefore there is no evidence of coupling between the two vanadium(IV) ions
in the structure. The low-field region of the spectrum was closely studied for evidence of
“half-field” transitions, due to exchange effects, however nothing was observed. This
lack of evidence of coupling between the vanadium(IV) ions suggests that the exchange
interactions must be very weak.
Oddly at room temperature the solution sample gives a fairly weak, but well
resolved, 15-line hyperfine splitting pattern (Fig. 4.14). The hyperfine splitting are
approximately half the value expected for a VO2+ monomer, which is what is expected
from coupling to two equivalent I =7/2 nuclei (2nI + 1) as a result of exchange between
the two vanadium ions. This confirms the dimeric structure in solution, however it is odd
that this is not observed in the frozen solution or solid-state spectra. One possible
explanation is that the exchange coupling is dependant of the temperature.
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Fig. 4.14 - X-band EPR spectrum of (4.8) in CH2Cl2 at room temperature (frequency = 9.453 GHz).
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4.5.3.3 [4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzosulfonic acid]2[V2O2] (4.9)
In powder form (4.9) gives a spectrum (Fig. 4.15) typical of a simple vanadyl monomer
so again the exchange interactions must be very weak. When the sample is cooled to
130 K the spectrum remains unchanged. The frozen solution spectrum is also identical to
the powder spectra, indicating that there is no significant change in structure between
the two phases to the point that even the linewidths are similar.

Fig. 4.15 - Experimental powder X-band EPR spectrum of (4.9) at room temperature (frequency = 9.468
GHz).
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As with the previous samples, the spectra have been simulated with axial g-values and
51V

hyperfine coupling constants giving the following parameters:
gz = 1.950, gx,y = 1.982
Az = 495, Ax,y = 172 MHz

These are very similar to the parameters from (4.8). The hyperfine coupling constants
for (4.8) and (4.9) are significantly smaller than that of (4.7). Also the g-values are larger
for (4.8) and (4.9) compared to that of (4.7). This is almost certainly down to the
differences between the VO5 vs. VO4N coordination spheres.
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4.6 Cytotoxicity studies
In order to determine whether these complexes are going to be suitable for further
development as cancer therapeutics, their toxicity must be evaluated. Previous work
detailing the use of vanadium in anti-cancer therapies has already been discussed in
section 1.3.4.
In order to evaluate the toxicity of complexes (4.6) – (4.9), cell viability assays
were performed. These complexes were tested for their anti-proliferation activity
against human brain glioblastoma (U-87) cells. The cells were incubated for 72 h before
measuring their mitochondrial based reduction of a tetrazolium dye (MTS) to its
formazan product, which absorbs at 490 nm. The experiments were carried out over a
range of concentrations (9 x 10-7 – 2 x 10-3 M) in order to determine the CC50, the
quantity of the complex required to reduce cell growth by 50%, of each complex. All
complexes exhibit relatively low toxicity with CC50 values in the range 56 – 126 μM. As
these studies are only an initial screening, the data was verified by running internal
triplicates of all data points. The dose response curves for treatment of U-87 cells with
complexes (4.6) – (4.9) are shown in Fig. 4.16 and Fig. 4.17.
This unfortunately means that these complexes are not suitable as a therapeutic
agent against brain glioblastoma, however these data are encouraging in that they
indicate that the complexes would be safe to administer in vivo. This may potentially be
in the form of a therapeutic agent for a different kind of cancer or even for a completely
different disease.
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Fig. 4.16 – The dose response curves for complexes (4.6) and (4.7).
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Fig. 4.17 - The dose response curves for complexes (4.8) and (4.9).
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When compared to the simpler vanadyl complexes vanadyl sulfate and (bis(Lmalato)oxovanadium(IV) [VO(mal)2], it is clear that complexes (4.6) – (4.8) are not as
effective at killing off cancerous cells. The IC50 values for VOSO4 are 5.1 μM and 13.4 μM
against L 929 and NIH 3T3 cells lines respectively. VO(mal)2 show similar results with IC50
values of 4.2 μM and 12.9 μM against L 929 and NIH 3T3 cells lines.
The complexes synthesised give CC50 values that range from 56.7 μM [(4.7)] to
126.0 μM [(4.8)]. These are at best 4 fold less effective than VOSO4 and at worst are 30
fold less effective than VO(mal)2. This being said, vanadium has found itself in use
against other diseases such as diabetes and hypertension so these complexes should not
be ruled out of biomedical applications on these results alone. Table 4.2 summarises the
CC50 values of the complexes synthesised and the IC50 values of VOSO4 and VO(mal)2.

Complex
(4.6)
(4.7)
(4.8)
(4.9)

CC50 (μM)
93.5 (U-87)
56.7 (U-87)
126.0 (U-87)
62.2 (U-87)

Known compound
VOSO4
VO(mal)2

IC50 (μM)210
5.1
(L 929)
13.4 (NIH 3T3)
4.2
(L 929)
12.9 (NIH 3T3)

Table 4.2 – CC50 (μM) values of the VO complexes synthesised compared to the IC50 (μM) values of VOSO4
and VO(mal)2.
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4.7 Conclusions
This chapter details the synthesis, structure and cytotoxicity studies of a series of
vanadyl complexes based on linear phenolic pro-ligands. Synthesis of the pro-ligands
was carried out successfully at a high level of purity. This was followed by complexation
of the pro-ligands using vanadyl precursors (vanadyl chloride and vanadyl
acetylacetonate). The complexes were then fully characterised including X-ray
crystallography and EPR studies.
The X-ray data reveals the structures of a number of complexes. Complex (4.6)
turned out to be a previously known compound and (4.8) returned an excellent data set
that allowed a full crystallographic model to be calculated. The tiny green crystals of
(4.7) afforded a poor quality data set, however chemically useful information was
extracted from the data set. Unfortunately no crystals suitable for single-crystal XRD
were obtained for (4.9).
The EPR studies were successfully carried out and reveals details of the vanadium
environment in each of the complexes studied.
Biological screening was completed in the form of cell viability assays on all
complexes. These reveal CC50 values in the range 56 – 126 μM which indicates low
toxicity. Whilst disappointing these values are only true against human brain
glioblastoma cells, other types of cancer cell may respond differently. Also it means that
these complexes may be utilised as therapeutics to counter other diseases which are
known to respond to other vanadium complexes such as diabetes or hypertension.
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Chapter 5

Experimental
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5.1 General notes
Chemicals were purchased from Sigma-Aldrich, Fisher Scientific, Fluorochem, TCI,
CheMatech and Strem. Chemicals were used as received with the exception of solvents
where anhydrous solvent is specified in the reaction. Solvents were dried over activated
4Å molecular sieves or by distillation following standard drying procedures.211 Elemental
analysis was carried out by Mrs Carol Kennedy at the University of Hull. MS analysis was
carried out by either Dr Kevin Welham at the University of Hull or by staff at the National
Mass Spectrometry Service Centre at Swansea University.

5.2 X-ray crystallography
Single crystal X-ray diffraction data were collected in a series of ω scans using a STOE
IPSD2 image plate diffractometer utilising monochromated molybdenum radiation (λ =
0.71073 Å). Standard procedures were employed for the integration and processing of
the data using X-RED.212 Samples were coated in a thin film of perfluoropolyether oil and
mounted at the tip of a glass fibre located on a goniometer. Data were collected from
crystals held at 150K in an Oxford Instruments nitrogen gas cryostream.
Crystal structures were solved using routine automatic direct methods
implemented within SHELXS-97.213 Completion of structures was achieved by performing
least squares refinement against all unique F2 values using SHELX-97.213
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Other data sets were collected by the EPSRC National Crystallography Service214
using a Rigaku diffractometer with a molybdenum rotating anode and Rigaku
Saturn724+ detector.

5.3 Cell viability assays
MTS assay is based upon the conversion of tetrazolium salt to into formazan in viable
cells via mitochondrial dehydrogenase enzyme activity. The amount of formazan is
directly proportional to the number of viable cells in the culture media. OE33 (homo
sapiens oesophageal carcinoma) or U-87 (homo sapiens brain glioblastoma) cells were
seeded in 96 flat bottomed microtiter tissue culture plates with 1000 cells/well in 200 μL
media (RPMI + 1% glutamine + 10% FCS). The plates were incubated overnight in a 5%
CO2 incubator at 37°C to allow cells to adhere. The next day the media was removed
from the wells and 100 μL compound in media was added. Tested compounds were
used in a range of concentrations from 0.91 μM to 2 mM. The plates were then returned
to a 5% CO2 incubator for 72 h after which MTS reagent (Promega, UK) 20 μL was added
to each well and returned to the incubator at 37°C for a further 3 h. Absorbance
readings were taken at 490 nm using a Synergy HT microplate reader (Biotek, USA).
Experiments were carried out in triplicate and subtracted from media only absorbance.
CC50 values were obtained using GraphPad Prism 5 (GraphPad, USA) software.
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5.4 Instrumentation
5.4.1 NMR spectroscopy
1H

NMR and 13C NMR were carried out on either a Jeol JNM ECP400 spectrometer or a

Jeol JNM-LA400 spectrometer at 400 MHz for 1H and 100 MHz for 13C. The reference was
either TMS δH = 0 ppm or residual protic solvent (CDCl3 δH = 7.26 ppm, D2O δH = 4.79
ppm, DMSO δH = 2.50 ppm). Chemical shifts (δ) are given in ppm and coupling constants
(J) are given in hertz (Hz). Peak splitting patterns are denoted by the following notations:
broad (br), singlet (s), doublet (d), triplet (t), quartet (q), quintet (quin), sextet (sex), and
multiplet (m). Deuterated solvents were purchased from Cambridge Isotopes Ltd. or
Fluorochem.

5.4.2 MS
Mass spectra were acquired on either a Bruker HCT Ultra with ETD ion trap LCMSMS, a
Bruker Autoflex Speed MALDI TOF/TOF MSMS, or were sent to the EPSRC UK National
Mass Spectrometry Facility at Swansea University.

5.4.3 Elemental analysis
Elemental analysis was carried out using a CHNS analyser EA1108 (Carlo Erba).
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5.4.4 IR spectroscopy
IR spectra were recorded on a Nicolet iS5 FT-IR spectrometer equipped with either a
Pike Technologies MIRacle™ Single Reflection ATR sampling accessory or a Nicolet iD1
Transmission accessory. Organic ligands were analysed by ATR and metal complexes
were analysed by nujol mull. The nujol mulls were prepared in a glove box by grinding
the sample in a natural agate mortar and adding a drop of sodium dried mineral oil to it.
The suspension was then sandwiched between two highly polished KBr plates and then
removed from the glove box for analysis.

5.4.5 Fluorescence spectroscopy
Fluorescence spectroscopy was performed on a Perkin Elmer LS 55 Fluorescence
spectrometer.
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5.5 Pro-ligand synthesis
5.5.1 Synthesis of 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene
(2.1)

5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene was synthesised
according to a literature procedure with a maximum yield of 27.91 g (51.7%) from a
single reaction.215 δH (400 MHz; CDCl3) 10.34 (4 H, s, ArOH), 7.05 (8 H, s, ArH), 4.26 (4 H,
d, J 12, ArCH2Ar), 3.49 (4 H, d, J 12, ArCH2Ar), 1.21 (36 H, s, C(CH3)3). ESI-MS: m/z 648.47
[M]+. Found: C, 81.56; H, 8.48. C44H56O4 requires: C, 81.44; H, 8.70%.
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5.5.2 Synthesis of 5,11,17,23-sulfonato-25,26,27,28-tetrahydroxycalix[4]arene (2.2)

5,11,17,23-sulfonato-25,26,27,28-tetrahydroxycalix[4]arene was synthesised according
to a patented method with a maximum yield of 79.6%.216 δH (400 MHz; D2O) 7.40 (8 H, s,
ArH), 3.84 (8 H, s, ArCH2Ar). ESI-MS: m/z 743.93 [M]+. Found: C, 43.26; H, 3.77; S, 16.29.
C28H24O16S4.2(H2O) requires: C, 43.07; H, 3.61; S, 16.43%.
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5.5.3 1,4,7-Tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane
hydrobromide (2.3)

1,4,7-Tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane hydrobromide
was synthesised according to a literature procedure with a maximum yield of 12.26 g
(70.9%) from a single reaction.164 δH (400 MHz; CDCl3) 10.04 (1 H, broad s), 3.37 (4 H, s),
3.28 (2 H, s), 3.10 (4 H, m), 2.92 (8 H, m), 2.88 (4 H, m), 1.46 (18 H, s), 1.45 (9 H, s).
Found: C, 52.48; H, 8.49; N, 9.53. C25H51O6N4Br requires: C, 52.43; H, 8.63; N, 9.41%.
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5.5.4 1,4,7,10-tetraazacyclododecane-1,4,7-trisacetic acid (2.4)

1,4,7-Tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane hydrobromide
(2.00 g, 3.36 mmol) was dissolved in dichloromethane (10 mL). Trifluoroacetic acid (10
mL, 131 mmol) was added dropwise and the solution was allowed to stir at room
temperature for 24 hours. The volatiles were removed in vacuo. The residue was
dissolved in ethanol and the product was precipitated with diethyl ether to yield a white
solid (0.39 g, 33.5%). ESI-MS: m/z 346.22 [M+H]+. Found: C, 48.47; H, 7.62; N, 16.05.
C14H26O6N4 requires: C, 48.55; H, 7.57; N, 16.18%.

195

5.5.5 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-bis(pentoxy)-26,28dihydroxycalix[4]arene (3.1)

This synthesis is modified from a previously reported procedure.217 5,11,17,23-tetra-tertbutyl-25,26,27,28-tetrahydroxycalix[4]arene (4.96 g, 7.6 mmol) and potassium
carbonate (1.16 g, 8.4 mmol) were stirred in anhydrous acetonitrile under a slow stream
of nitrogen for 10 min. 1-Iodopentane (2 mL, 15.3 mmol) was added and the mixture
was stirred at reflux under a nitrogen atmosphere for 48 h. The solution was left to cool
after which the volatiles were removed in vacuo. The residue was dissolved in
dichloromethane (100 mL) and washed with 10% hydrochloric acid (100 mL) and water
(3 x 100 mL). The organic layer is separated and then dried over sodium sulfate before
being filtered and concentrated in vacuo to ca. 15 mL. Methanol (40 mL) was added and
the remaining dichloromethane was allowed to evaporate leaving a white solid in
methanol. The product was collected and dried to give a white crystalline solid (4.19 g,
69.4%).
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δH (400 MHz; CDCl3) 7.82 (2 H, s, OH); 7.03 (4 H, s, ArH); 6.84 (4 H, s, ArH); 4.30 (4 H, d, J
= 9, ArCHHAr); 3.96 (4 H, t, J = 6, OCH2CH2); 3.30 (4 H, d, J = 9, ArCHHAr); 2.02 (4 H, quin,
J = 8, CH2CH2CH2); 1.65 (4 H, quin, J = 8, CH2CH2CH2); 1.47 (4 H, quin, J = 8, CH2CH2CH2);
1.27 (18 H, s, C(CH3)3); 1.00(18 H, s, C(CH3)3); 0.98 (4 H, t, J = 8, CH2CH2). MALDI-MS: m/z
828.533 [M+K]+, 812.506 [M+Na]+. Found: C, 81.99; H, 9.85. C54H76O4 requires: C, 82.18;
H, 9.71%.
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5.5.6 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-bis(propoxy)-26,28dihydroxycalix[4]arene (3.2)

This synthesis is modified from a previously reported procedure.217 5,11,17,23-tetra-tertbutyl-25,26,27,28-tetrahydroxycalix[4]arene (10.00 g, 13.5 mmol) and potassium
carbonate (7.46 g, 54.0 mmol) were stirred in anhydrous acetonitrile (100 mL) under a
nitrogen atmosphere for 10 min. 1-Iodopropane (2.63 mL, 27.0 mmol) was added
dropwise and the mixture was stirred at reflux for 48 h. The volatiles were removed in
vacuo and the residue was taken up in dichloromethane (100 mL). The solution was
washed with 10% hydrochloric acid (3 x 100 mL). The organic phase was separated, dried
over magnesium sulfate, filtered and then concentrated in vacuo. The cream solid was
dissolved in a minimal volume of dichloromethane and an equal volume of methanol
was added carefully to form a layer on top of the dichloromethane. The reaction vessel
was sealed and left overnight to allow the solvents to diffuse. A crop of colourless
crystals (5.23 g) was collected by filtration. A further batch of white powder was
collected by adding an excess of methanol to the filtrate and stirring for 5 min (1.56 g).
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Total yield = 6.79 g, 68.6%. δH (400 MHz; CDCl3) 7.99 (2 H, s, ArOH), 7.04 (4 H, s, ArH),
6.89 (4 H, s, ArH), 4.31 (4 H, d, J = 12, ArCHHAr), 3.96 (4 H, t, J = 6, OCH2CH2CH3), 3.32 (4
H, d, J = 12, ArCHHAr), 2.04 (4 H, sex, J = 8, OCH2CH2CH3), 1.27 (6 H, t, J = 8,
OCH2CH2CH3), 1.27 (18 H, s, C(CH3)3), 1.04 (18 H, s, C(CH3)3). MALDI-MS: m/z 772.471
[M+K]+, 756.477 [M+Na]+. Found: C, 81.78; H, 9.53. C50H68O4 requires: C, 81.92; H, 9.35%.
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5.5.7 Synthesis of 5,11,17,23-tetra-tert-butyl-25,26,27-tris(methoxy)-28hydroxycalix[4]arene (3.3)

This synthesis is a modification on a known procedure.177 A suspension of 5,11,17,23tetra-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene (1.30 g, 2.0 mmol) and barium
hydroxide octahydrate (2.21 g, 7.0 mmol) in N,N-dimethylformamide (35 mL) was stirred
at room temperature under a nitrogen atmosphere. Iodomethane (3.7 mL, 60 mmol)
was then added dropwise and the reaction mixture was stirred for a further 4 hours. The
resulting suspension was then extracted with CHCl3 (100 mL) and the organic layer was
washed with water (3 x 100 mL). The organic layer was then dried over sodium sulfate
and concentrated in vacuo to give a crude white solid. Recrystallisation from a minimal
quantity of MeOH/CHCl3 (10:3) yields a white crystalline solid (1.07 g, 77%). δH (400
MHz; CDCl3) 7.21 (6 H, s, ArH), 6.95 (2 H, s, ArH), 4.15 (4 H, d, J = 12, ArCHHAr), 3.56 (6 H,
s, OCH3), 3.38 (3 H, s, OCH3), 3.13 (4 H, d, J = 12, ArCHHAr), 1.38 (9 H, s, C(CH3)3), 1.14 (27
H, s, C(CH3)3). δC (100.53 MHz; CDCl3) 155.30, 144.72, 134.97, 132.85, 127.11, 125.26,
60.29, 37.73, 39.95, 31.53. MALDI-MS: m/z 730.425 [M+K]+ 714.397 [M+Na]+ Found: C,
79.78; H, 9.13. C47H62O4·CH3OH requires: C, 79.74; H, 9.20%.
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5.5.8 Synthesis of 5,11,17,23-tetra-tert-butyl-25,26,27-tris(propoxy)-28hydroxycalix[4]arene (3.4)

This synthesis follows a known procedure.177 A suspension of 5,11,17,23-tetra-tert-butyl25,26,27,28-tetrahydroxycalix[4]arene (3.90 g, 6.0 mmol) and barium hydroxide
octahydrate (6.63 g, 21.0 mmol) in N,N-dimethylformamide (100 mL) was stirred at
room temperature under a nitrogen atmosphere. 1-Bromopropane (16.4 mL, 180 mmol)
was then added dropwise and the reaction mixture was stirred for a further 4 hours. The
resulting suspension was then extracted with CH2Cl2 (300 mL) and the organic layer was
washed with water (2 x 200 mL). The organic layer was then dried over sodium sulfate
and concentrated in vacuo to give a crude white solid. Recrystallisation from
MeOH/CH2Cl2 (10:3) yields a white crystalline solid (2.41 g, 52%).
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δH (400 MHz; CDCl3) 7.13 (4 H, s, ArH), 7.05 (4 H, s, ArH), 4.36 (2 H, d, J = 12, ArCHHAr),
4.33 (2 H, d, J = 12, ArCHHAr), 3.75 (6 H, t, J = 8, OCH2CH3), 3.23 (2 H, d, J = 12, ArCHHAr),
3.16 (2 H, d, J = 12, ArCHHAr), 2.38-2.28 (4 H, m, pentyl chain), 2.07-1.81 (10 H, m, pentyl
chain), 0.82 (36 H, s, C(CH3)3). δC (100.53 MHz; CDCl3) 151.79, 145.08, 136.11, 132.32,
131.94, 129.60, 125.67, 77.91, 33.73, 31.85, 31.14, 23.49, 10.88. MALDI-MS: m/z
799.086 [M+Na]+ Found: C, 81.97; H, 9.79. C53H74O4 requires: C, 82.12; H, 9.62%.
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5.5.9 Synthesis of 5,11,17,23-Tetra-tert-butyl-25,27-bis(cyanopropyloxy)-26,28dihydroxycalix[4]arene (3.5)

This preparation follows a previously reported procedure.178 To a suspension of
5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene (5.2 g, 8.0 mmol) in
anhydrous acetone (80 mL) was added potassium carbonate (6.4 g, 48.0 mmol). The
mixture was stirred at reflux for 1 hour. 4-bromobutyronitrile (6.4 mL, 64.0 mmol) was
added and the reflux was continued for 16 hours. The reaction was cooled and filtered
through Celite®. The Celite® was washed with dichloromethane (3 x 25 mL) and these
washings were added to the filtrate. The filtrate was washed with brine, dried over
sodium sulphate and concentrated in vacuo. The product was crystallised from ethanol
to give a white crystalline solid (4.37 g, 70%). δH (400 MHz, CDCl3) 7.43 (s, 2 H, OH), 7.05
(s, 4 H, ArH), 6.86 (s, 4 H, ArH), 4.16 (d, 4 H, J = 12 Hz, ArCHHAr), 4.09 (t, 4 H, J = 8 Hz,
OCH2CH2), 3.37 (d, 4 H, J = 12 Hz, ArCHHAr), 3.05 (t, 4 H, J = 8 Hz, CH2CH2CN), 2.33 (quin,
4 H, J = 6 Hz, CH2CH2CH2), 1.27 (s, 18 H, C(CH3)3), 0.99 (s, 18 H, C(CH3)3). MALDI-MS: m/z
805.49 [M+Na]+ Found: C, 79.99; H, 8.42; N, 3.70. C52H66N2O4 requires: C, 79.76; H, 8.50;
N, 3.58%.
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5.5.10 Synthesis of 5,11,17,23-Tetra-tert-butyl-25,27-bis(carbamoyloxymethoxy)26,28-dihydroxycalix[4]arene (3.6)

This preparation is modified from a previously reported procedure.179 A suspension of
5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene (10.00 g, 15.4 mmol),
potassium bromide (7.34 g, 61.6 mmol), potassium carbonate (17.04 g, 123.3 mmol),
and 2-chloroacetamide (8.65 g, 92.5 mmol) in anhydrous dimethyl sulfoxide (200 mL)
was stirred for 5 days under an inert atmosphere (N2) at ambient temperature. The
stirring was continued and the heat was then increased to 75°C for one day. Upon
cooling the reaction mixture was introduced to an aqueous 3% sulfuric acid solution
(100 mL). A precipitated formed which was collected and washed thoroughly with water
(3 x 100 mL) to give a white powder. The powder was recrystallised from hot ethanol to
give a white microcrystalline solid (8.80 g, 74.8%). δH (400 MHz, CDCl3) 7.72 (2 H, s, OH),
7.08 (4 H, s, ArH), 6.97 (4 H, s, ArH), 6.49 (4 H, br s, NH2), 4.77 (4 H, s, OCH2CO), 4.20 (4
H, d, J = 12, ArCHHAr), 3.51 (4 H, d, J = 12, ArCHHAr), 1.28 (18 H, s, C(CH3)3), 1.07 (18 H, s,
C(CH3)3). MALDI-MS: m/z 785.45 [M+Na]+. C, 72.99; H, 8.63; N, 3.30.
C48H62N2O6·2(CH3CH2OH) requires: C, 73.03; H, 8.72; N, 3.28%.
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5.5.11 Synthesis of 5,11,17,23,29,35,41,47-octa-tert-butyl-49,50,51,52,53,54,55,56octahydroxycalix[8]arene (3.7)

5,11,17,23,29,35,41,47-octa-tert-butyl-49,50,51,52,53,54,55,56octahydroxycalix[8]arene was synthesised according to a literature procedure with a
maximum yield of 34.6 g (64.6%). δH (400 MHz, CDCl3) 9.63 (8 H, s, OH), 7.18 (16 H, s,
ArH), 4.32 (8 H, d, J = 12, ArCHHAr), 3.45 (8 H, d, J = 12, ArCHHAr), 1.19 (81 H, s, C(CH3)3).
MALDI-MS: m/z 1335.82 [M+K]+. Found: C, 81.32; H, 8.79. C88H112O8 requires: C, 81.44;
H, 8.70%.

205

5.5.12 Synthesis of 5,11,17,23,29,35,41,47-tetra-tert-butyl-49,51,53,55tetrakis(propoxy)-50,52,54,56-tetrahydroxycalix[8]arene (3.8)

5,11,17,23,29,35,41,47-octa-tert-butyl-49,50,51,52,53,54,55,56octahydroxycalix[8]arene (2.50 g, 1.9 mmol) was dissolved in a mixture of THF and DMF
(10:1 v/v) by refluxing for 30 min. Potassium carbonate (4.26 g, 30.8 mmol) was added
and the mixture was refluxed for a further 30 min under an inert atmosphere (N 2). A
solution of 1-iodopropane (1.50 mL, 15.4 mmol) in anhydrous THF (8.50 mL) was added
dropwise to the reaction mixture and the resulting mixture was heated at reflux for a
further 3 days. After cooling, the reaction mixture was concentrated in vacuo the
residue was taken up in CH2Cl2 (50 mL). 1 M HCl (50 mL) was added and the mixture was
stirred for 1 h. The organic phase was separated, dried over sodium sulfate, and
concentrated to approximately 10 mL. MeOH (90 mL) was added and a cream
precipitate formed. The crude product was purified by column chromatography
(CH2Cl2/hexane, 3:2) to give a white powder (1.00 g, 36%).
206

δH (400 MHz, CDCl3) 8.42 (4 H, s, OH), 6.98 (16 H, s, ArH), 4.03 (16 H, s, ArCH2Ar), 3.87 (8
H, t, J = 8, OCH2CH2CH3), 2.12 (8 H, m, OCH2CH2CH3), 1.62 (8 H, m, OCH2CH2CH3) 1.19 (36
H, s, C(CH3)3), 1.08 (36 H, s, C(CH3)3). MALDI-MS: m/z 1466.00 [M+K]+. Found: C, 81.76;
H, 8.56. C100H136O8 requires: C, 81.92; H, 8.73%.
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5.5.13 Synthesis of 2,6-bis(hydroxymethyl)-4-methylphenol (4.1)

The synthesis of 2,6-bis(hydroxylmethyl)-4-methylphenol follows a modified literature
procedure.205 4-Methylphenol (15.00 g, 0.14 mol) was dissolved in aqueous 5% sodium
hydroxide (120 mL) with gentle heating. Upon cooling to room temperature,
formaldehyde (37%, 23 mL) was added and the reaction mixture was stirred at room
temperature for 6 days. Concentrated hydrochloric acid was added (12 mL) and an
orange oil separated. The oil was removed and the aqueous layer was left to crystallise
overnight. The product was collected by filtration and recrystallized from boiling water
to give a pale yellow crystalline solid (7.14 g, 30.3%). δH (400 MHz; D6-DMSO) 8.30 (1 H,
br s, ArOH), 6.94 (2 H, s, ArH), 5.19 (2 H, CH2OH), 4.51 (4 H, s, CH2), 2.20 (3 H, s, CH3). δC
(100.53 MHz; D6-DMSO) 149.96, 128.53, 127.72, 126.88, 59.87, 21.01. ESI-MS: m/z
168.04 [M]+. Found: C, 64.05; H, 6.98. C9H12O3 requires: C, 64.27; H, 7.19%.
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5.5.14 Synthesis of 6,6’-methylenebis(4-(tert-butyl)-2-(hydroxymethyl)phenol) (4.2)

Synthesis of 6,6’-methylenebis(4-(tert-butyl)-2-(hydroxymethyl)phenol) follows a
literature procedure.206 4-(tert-butyl)phenol (90 g, 0.6 mol), 37% formaldehyde solution
(120 mL), and 10% aqueous sodium hydroxide solution (280 mL, 0.7 mol) were stirred at
50°C under an inert atmosphere (N2) for 7 days. Upon cooling a resinous orange material
separates which was collected and dissolved in acetone (120 mL). The solution was then
acidified by the addition of 50% aqueous acetic acid (400 mL) and then stored at 3°C for
48 h. An orange oil was obtained which was extracted into diethyl ether (200 mL) and
washed with water (2 x 200 mL). The organic phase was then dried over sodium sulfate
and concentrated in vacuo to give a red oil. This oil was dissolved in benzene (70 mL)
and petroleum ether (boiling point = 40-60°C) was added until turbidity persisted upon
agitation. The white solid that gradually separated was collected and recrystallised from
chloroform/petroleum ether to give a white crystalline solid (39.1 g, 35%). δH (400 MHz;
CDCl3) 7.28 (2 H, d, J = 8 Hz, ArH); 6.97 (2 H, d, J = 8 Hz, ArH); 4.73 (4 H, s, CH2OH); 3.90
(2 H, s, ArCH2Ar); 1.30 (18 H, s, C(CH3)). ESI-MS: m/z 372.13 [M]+. Found: C, 74.32; H,
8.81. C23H32O4 requires: C, 74.16; H, 8.66%.
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5.5.15 Synthesis of 2-(2-hydroxyphenyl)-benzo-4H-[1,3]-oxazin-4-one (4.3)
method 1

The following procedure is taken from the literature.218 To a stirred solution of salicylic
acid (10.0 g, 72 mmol) in xylene (15 mL) at 10–15°C was added thionyl chloride (8.7 g,
5.3 mL, 73 mmol). The resulting mixture was stirred at 10–15°C for 30 min. The reaction
mixture was heated to 35-40°C for 1 h and then cooled to 25–30°C. A solution of
salicylamide (10.0 g, 72 mmol) in xylene (20 mL) was added and the temperature was
gradually increased to 120°C. After 2 h at 120°C, the excess xylene was removed by
distillation and the remaining reaction mixture cooled to 70–80°C. Methanol (20 mL)
was added and the resulting solution was stirred for 1 h. The reaction mixture was
gradually cooled to 25–30°C and the resulting solid was collected by filtration. The crude
product was washed with methanol and dried in vacuo at 55-60°C to give a pale green
powder, which was recrystallized from 2-methoxyethanol (5.03 g, 29.2%). δH (400 MHz;
D6-DMSO) 8.19 (1 H, d, J = 8), 8.06 (1 H, d, J = 8), 7.94 (1 H, t, J = 7), 7.78 (1 H, d, J = 8),
7.62 (2 H, m), 7.08 (2 H, t, J = 8). Found: C, 70.00; H, 3.58; N, 5.63. C14H9NO3 requires: C,
70.29; H, 3.79; N, 5.86%.
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5.5.16 Synthesis of 2-(2-hydroxyphenyl)-benzo-4H-[1,3]-oxazin-4-one (4.3)
method 2 (preferred)

The following procedure is taken from the literature.207 Salicylic acid (24.9 g, 0.15 mol),
salicylamide (20.6 g, 0.15 mol) and pyridine (1.5 mL) were refluxed in xylene (30 mL).
Thionyl chloride (24.7 mL, 0.33 mol) was added dropwise with vigorous stirring over a
period of 4 h. Upon completion of the addition the reaction mixture is stirred for a
further 30 min. The xylene was removed under reduced pressure and the remaining
residue was suspended in ethanol (60 mL) and acetic acid (1.5 mL). The mixture was
heated gently and then left to cool to 20°C. The precipitate formed was collected by
filtration and recrystallised from 2-methoxyethanol to give a yellow crystalline product
(30.34 g, 84.5%). δH (400 MHz; D6-DMSO) 8.20 (1 H, d, J = 8); 8.06 (1 H, d, J = 8); 7.97 (1
H, t, J = 7); 7.77 (1 H, d, J = 8); 7.62 (2 H, m); 7.10 (2 H, t, J = 8). Found: C, 70.24; H, 3.68;
N, 5.72. C14H9NO3 requires: C, 70.29; H, 3.79; N, 5.86%.
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5.5.17 Synthesis of 4-[3,5-bis(2-hydrophenyl)-1,2,4-triazol-1-yl]benzoic acid (4.4)

The following procedure is taken from the literature.207 4-hydrazino-benzoic acid (3.50 g,
23 mmol) and triethylamine (2.32 g, 3.2 mL, 23 mmol) were dissolved in ethanol (160 mL)
at reflux. To the clear solution was added 2-(2-hydroxyphenyl)-4H-[1,3]-benzoxazin-4-one
(5.00 g, 20.9 mmol) and the mixture was refluxed for a further 2 hours. The solution was
then allowed to cool to room temperature and water was added until some perturbation
was observed. The mixture was concentrated to a volume of 50% under reduced pressure
and 6 M hydrochloric acid (80 mL) was added. The resulting cream solid was collected by
filtration and dried for 24 hours in vacuo to give a cream powder (5.07 g, 65.0%). δH (400
MHz; D6-DMSO) 11.36 (1 H, br s, OH); 10.31 (1 H, br s, OH); 10.07 (1 H, br s, OH); 8.05 (1
H, d, J = 8); 7.99 (2 H, d, J = 4); 7.85 (2 H, d, J = 8); 7.56 (1 H, d, J = 8); 7.38 (2 H, m); 7.00 (3
H, m); 6.87 (1 H, d, J = 8). δC (100.53 MHz; D6-DMSO) 166.98, 160.38, 156.90, 155.80,
152.60, 141.73, 133.13, 131.62, 131.23, 130.87, 127.38, 123.92, 120.27, 119.56, 117.64,
116.73, 114.20, 113.67. MALDI-MS m/z 373.63 [M]+. Found: C, 67.84; H, 3.92; N, 11.17.
C21H15N3O4 requires: C, 67.56; H, 4.05; N, 11.25%.
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5.5.18 Synthesis of 4-[3,5-bis(2-hydrophenyl)-1,2,4-triazol-1-yl]benzosulfonic acid (4.5)

The following procedure is taken from the literature.207 4-hydrazino-benzosulfonic acid
(2.4 g, 12.75 mmol) was suspended in ethanol (300 mL). The solid was dissolved by the
addition of triethylamine (1.29 g, 12.75 mmol). The solution was refluxed and 2-(2hydroxyphenyl)-4H-[1,3]-benzoxazin-4-one (3.00 g, 12.5 mmol) was added. Heating was
continued for an additional 20 hours. The clear solution was then allowed to cool to
room temperature. 6M hydrochloric acid (60 mL) was added and the resulting acidic
solution was evaporated under reduced pressure until a white solid started to
precipitate. A further portion of 6 M hydrochloric acid (60 mL) was added. The solid was
separated by filtration, washed with a small portion of cold water and dried in vacuo
over phosphorus pentoxide for 24 hours to give an off white powder (3.50 g, 67.6%). δH
(400 MHz; D6-DMSO) 8.04 (1 H, d, J = 8); 7.64 (2 H, d, J = 12); 7.52 (1 H, d, J = 8); 7.39 (2
H, d, J = 8); 7.35 (2 H, m); 7.00 (2 H, m); 6.86 (1 H, d, J = 8). δC (100.53 MHz; D6-DMSO)
158.3, 156.1, 155.5, 150.9, 147.5, 138.5, 133.0, 131.5, 131.1, 127.8, 126.5, 123.2, 120.0,
119.5, 116.9, 116.2, 113.7, 113.5. MALDI-MS m/z 409.78 [M+]. Found: C, 58.80; H, 3.46;
N, 10.40; S, 7.54. C20H15N3O5S requires: C, 58.67; H, 3.69; N, 10.26; S, 7.83%.
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5.6 Complex synthesis
5.6.1 Lanthanide complexes

5.6.1.1

Synthesis of [(SC4A)(Tb)(SC4A)(Tb2)(SC4A)]n[
(SC4A)(Tb)(SC4A)(Tb2)(SC4A)]2
(2.5)

p-Sulfonatocalix[4]arene (0.5 g, 0.67 mmol) was dissolved in water (10 mL). To this
solution was added terbium acetate (0.5 g, 1.49 mmol) in water (15 mL). The resulting
solution was heated at 95°C for 2 h and then left to stir at room temperature overnight.
The solution was concentrated in vacuo to give a buff powder (78 mg, 10.7%). Found: C,
30.08; H: 3.47; S: 11.98. Calcd. for C196H218Tb8O144·40(H2O): C, 30.31; H, 3.87; S, 11.56%.
νmax/cm-1 3222 (w, br) H2O, 1152 (s) SO3-, 1121 (s), 1038 (s) SO3H. ESI-MS m/z 1035.3399
(SC4A-Tb(OH)8-SC4A-Tb(OH)8). 1H NMR (400 MHz, D2O) δ = 5.60 (br s, 8 H, Ar-H), 2.86 (br
s, 8 H, Ar-CH2-Ar).
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5.6.1.2

Synthesis of [(Gd(H2O)7)(SC4A)(Na(H2O))2(SC4A)(Gd(H2O)7)] (2.6)

Gd-DO3A (0.20 g, 0.4 mmol) was dissolved in water (5 mL). To this solution was added psulfonatocalix[4]arene (0.30 g, 0.4 mmol). The resulting mixture was heated to 95°C for
4 h. After cooling, the solution was neutralised with aqueous 5% sodium hydroxide
solution following which a precipitate forms, which was removed by filtration. The
solution was concentrated in vacuo to give an off-white powder (44 mg, 10.7%). Found:
C, 31.31; H, 3.54; S, 11.28. Calcd. for 3[C56H72Gd2NaO46S8][C14H22GdN4O16]·16(H2O): C,
31.36; H, 3.30; S, 11.04%. νmax/cm-1 3225 (w, br) H2O, 1150 (s) SO3-, 1122 (s), 1041 (s)
SO3H. m/z 457.4448 (SC4A-Gd(OH)).

5.6.1.3

Synthesis of [(SC4A)2(DO3A)2Eu(H2O)6Na(H2O)3·17(H2O)] (2.7)

DO3A (0.23 g, 0.67 mmol) was dissolved in water (10 mL) with stirring at 70°C. To this
solution was added p—sulfonatocalix[4]arene (0.5 g, 0.67 mmol) followed by europium
acetate (0.22 g, 0.67 mmol). The solution was then stirred at 90°C for 4 h. After cooling,
the solution was neutralised with aqueous 5% sodium hydroxide solution and solid byproducts were removed by filtration. The solution was concentrated in vacuo to give a
cream powder (71 mg, 8.1%). Found: C, 35.02; H, 4.81; N, 3.92; S, 8.78. Calcd. for
C42H47EuNaO22S4·10(H2O): C, 34.95; H, 4.68; N, 3.88; S, 8.89%. νmax/cm-1 3215 (w, br)
H2O, 1151 (s) SO3-, 1122 (s), 1041 (s) SO3H. ESI-MS m/z 619.0297 (SC4A-Eu-DO3A). 1H
NMR (400 MHz, D2O) δ = 7.46 (s, 8 H, Ar-H), 3.91 (s, 8 H, Ar-CH2-Ar), 3.73, 2.94 (t, 8 H,
N-CH2-CH2-N), 2.38 (s, 6 H, N- CH2-COOH), 2.28 (m, 2 H, N-CH2-CH2-N), 2.04 (m, 2 H, NCH2-CH2-N), 1.90 (m, 2 H, N-CH2-CH2-N), 1.59 (m, 2 H, N-CH2-CH2-N).
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5.6.1.4

Synthesis of [Gd13(SC4A)7(H2O)44] (2.8)

p-Sulfonatocalix[4]arene (1.0 g, 1.34 mmol) was dissolved in water (20 mL). To this
solution was added gadolinium acetate (1.0 g, 2.99 mmol). The resulting solution was
heated at 95°C for 4 h. After 30 min a precipitate had formed, which was removed upon
completion of the heating period. The filtrate was concentrated in vacuo to give a cream
powder (100 mg, 7.7%). Found: C, 29.55; H. 3.55; S, 11.98. Calcd. for
C224H194Gd4O132S33·48(H2O): C, 29.49; H, 3.20; S, 11.60%. ESI-MS m/z 1035.3399 (SC4A(Gd(OH)8)2-SC4A). νmax/cm-1 3265 (w, br) H2O, 1151 (s) SO3-, 1119 (s), 1035 (s) SO3H.

5.6.1.5

Synthesis of [(Eu(H2O)9)(SC4A)(Eu(H2O)8)(SC4A)(Eu(H2O)9)] (2.9)

p-Sulfonatocalix[4]arene (0.5 g, 0.67 mmol) was dissolved in water (10 mL). To this
solution was added europium acetate (0.5 g, 1.52 mmol) in water (15 mL). The resulting
solution was heated at 95°C for 2 h and then left to stir at room temperature overnight.
The solution was concentrated in vacuo to give a cream powder (107 mg, 19.8%). 1H
NMR (400 MHz, D2O) δ 7.52 (s, 8 H, Ar-H), 3.78 (s, 8 H, Ar-CH2-Ar). ESI-MS m/z 1035.3403
(SC4A-Eu(OH)3(H2O)5). Found: C, 28.29; H, 3.97; S, 10.59. Calcd. for
C57H97O57S8Eu3·50(H2O): C, 28.45; H, 4.06; S, 10.66%, νmax/cm-1 3248 (w, br) H2O, 1155 (s)
SO3-, 1119 (s), 1040 (s) SO3H.
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5.6.1.6

Synthesis of
[(Tb(H2O)9)(SC4A)(Tb(H2O)8)(SC4A)(Tb(H2O)9)(DO3A)·22(H2O)] (2.10)

DO3A (0.23 g, 0.67 mmol) was dissolved in water (10 mL) with stirring at 70°C. To this
solution was added p—sulfonatocalix[4]arene (0.5 g, 0.67 mmol) followed by terbium
acetate (0.23 g, 0.67 mmol). The solution was then stirred at 90°C for 4 h. Upon cooling a
precipitate formed, which was removed by filtration. The filtrate was concentrated in
vacuo to give a cream powder (110 mg, 17.7%). Found: C, 30.15; H, 4.40; N, 1.95; S, 9.37.
ESI-MS m/z 414.3518 (Tb(OH)6-SC4A-Tb(OH)5). Calcd. for C70H122N4O64S8Tb3·22(H2O): C,
30.28; H, 4.43; N, 2.02; S, 9.24%, νmax/cm-1 3211 (w, br) H2O, 1151 (s) SO3-, 1116 (s), 1038
(s) SO3H.

5.6.1.7

Synthesis of [(Gd(H2O)9)(SC4A)(Gd(H2O)8)(SC4A)(Gd(H2O)9)(DO3A)·19
(H2O)] (2.11)

DO3A (0.23 g, 0.67 mmol) was dissolved in water (10 mL) with stirring at 70°C. To this
solution was added p—sulfonatocalix[4]arene (0.5 g, 0.67 mmol) followed by gadolinium
acetate (0.23 g, 0.67 mmol). The solution was then stirred at 90°C for 4 h. Upon cooling a
precipitate formed, which was removed by filtration. The filtrate was concentrated in
vacuo to give a cream powder (43 mg, 6.9%). ESI-MS m/z 1035.3402 (SC4A-Gd(OH)8).
Found: C, 30.19; H, 4.52; N, 2.06; S, 9.40. Calcd. for C70H122N4O64S8Gd3·19(H2O): C, 30.33;
H, 4.44; N, 2.02; S, 9.25%, νmax/cm-1 3217 (w, br) H2O, 1148 (s) SO3-, 1116 (s), 1037 (s)
SO3H.
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5.6.1.8

Synthesis of [(SC4A)(Eu(H2O)8)(SC4A)(Eu2(H2O)16)(SC4A)·35(H2O)]n (2.12)

DO3A (0.23 g, 0.67 mmol) was dissolved in water (10 mL) with stirring at 70°C. To this
solution was added p—sulfonatocalix[4]arene (0.5 g, 0.67 mmol) followed by europium
acetate (0.44 g, 1.34 mmol). The solution was then stirred at 90°C for 4 h. Upon cooling a
precipitate formed, which was removed by filtration. The filtrate was concentrated in
vacuo to give a cream powder (182 mg, 26.1%). 1H NMR (400 MHz, D2O) δ 7.39 (s, 8 H,
Ar-H), 3.97 (s, 8 H, Ar-CH2-Ar). ESI-MS m/z 1035.3408 (SC4A-Eu(OH)3(H2O)5). Found: C,
32.25; H, 3.74; S, 12.20. Calcd. for C84H114O72S12Eu3·35(H2O): C, 32.37; H, 3.69; S, 12.35%,
νmax/cm-1 3232 (w, br) H2O, 1150 (s) SO3-, 1117 (s), 1038 (s) SO3H.

5.6.1.9

Synthesis of [(SC4A)(Gd(H2O)8)(SC4A)(Gd2(H2O)16)(SC4A)·44(H2O)]n
(2.13)

DO3A (0.23 g, 0.67 mmol) was dissolved in water (10 mL) with stirring at 70°C. To this
solution was added p—sulfonatocalix[4]arene (0.5 g, 0.67 mmol) followed by gadolinium
acetate (0.46 g, 1.34 mmol). The solution was then stirred at 90°C for 4 h. Upon cooling a
precipitate formed, which was removed by filtration. The filtrate was concentrated in
vacuo to give a cream powder (274 mg, 39.2%). ESI-MS m/z 1035.3416 (SC4A-Gd(OH)8).
Found: C, 30.01; H, 5.23; S, 10.03. Calcd. for C84H114O72S12Gd3·44(H2O): C, 25.94; H, 5.13;
S, 9.89% νmax/cm-1 3201 (w, br) H2O, 1149 (s) SO3-, 1116 (s), 1037 (s) SO3H.
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5.6.1.10

Synthesis of [(SC4A)(Tb(H2O)8)(SC4A)(Tb2(H2O)16)(SC4A)·31(H2O)]n
(2.14)

DO3A (0.23 g, 0.67 mmol) was dissolved in water (10 mL) with stirring at 70°C. To this
solution was added p—sulfonatocalix[4]arene (0.5 g, 0.67 mmol) followed by terbium
acetate (0.44 g, 1.34 mmol). The solution was then stirred at 90°C for 4 h. Upon cooling a
precipitate formed, which was removed by filtration. The filtrate was concentrated in
vacuo to give a cream powder (95 mg, 13.6%). ESI-MS m/z 1035.3404 (SC4A-Tb(H2O)8SC4A-Tb(H2O)9). Found: C, 31.99; H, 3.54; S, 12.31. Calcd. for C84H114O72S12Tb3·31(H2O):
C, 32.16; H, 3.66; S, 12.26% νmax/cm-1 3201 (w, br) H2O, 1149 (s) SO3-, 1117 (s), 1038 (s)
SO3H.
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5.6.2 Titanium complexes
5.6.2.1

Synthesis of [TiCl2][5,11,17,23-tetra-tert-butyl-25,27-bis(pentoxy)-26,28dioxocalix[4]arene] (3.9)

To a solution of 5,11,17,23-tetra-tert-butyl-25,27-bis(pentoxy)-26,28dihydroxycalix[4]arene (2.5 g, 3.2 mmol) in warm anhydrous toluene (50 mL) was added
titanium(IV) chloride (1.0 M in toluene, 3.2 mL, 3.2 mmol). The resulting deep red
solution was stirred at reflux for 6 h under a nitrogen atmosphere. The volatiles were
then removed in vacuo and the residue was extracted into warm anhydrous acetonitrile
(20 mL). The resulting solution was filtered under nitrogen whilst still warm and allowed
to cool to room temperature. The solution was left to stand at ambient temperature and
over the course of six to seven days dark red crystals were deposited. The remaining
solution was decanted and further crops of crystals were obtained from this solution to
give a total yield of 1.22 g (42.5%).
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δH (400 MHz; CDCl3) 7.19 (4 H, s, ArH), 6.89 (4 H, s, ArH), 5.05 (4 H, t, J = 8, OCH2CH2),
4.89 (4 H, d, J = 12, ArCHHAr), 3.25 (4 H, d, J = 12, ArCHHAr), 2.03 (4 H, m, OCH2CH2CH2),
1.42 (18 H, s, (C(CH3)3)), 1.03 (8 H, m, CH2CH2CH2CH3), 0.70 (18 H, s, (C(CH3)3)), 0.69 (6 H,
t, J = 8, CH2CH3). MALDI-MS m/z 780.38 [M+H]+. Found: C, 70.58; H, 8.40; N, 2.71. Calcd.
for C54H74Cl2O4Ti·2(CH3CN): C, 70.51; H, 8.16; N, 2.84%. νmax/cm-1 2954 (w), 2923 (s),
2854 (m), 2360 (w), 1459 (s), 1377 (s), 1302 (w), 1260 (s), 1200 (w), 1090 (s), 1019 (s),
871 (w), 798 (s), 721 (m), 668 (w), 618 (w), 571 (m), 525 (m), 497 (m), 453 (m), 424 (s).
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5.6.2.2 Synthesis of [Ti][μ-OH][μ-Cl][5,11,17,23-tetra-tert-butyl-25-pentoxy-26,27,28trioxocalix[4]arene (3.10)

A sample of [TiCl2][5,11,17,23-tetra-tert-butyl-25,27-bis(pentoxy)-26,28dioxocalix[4]arene] (0.50 g, 0.6 mmol) was exposed to atmospheric conditions for 6 h.
The resulting solid was then extracted into warm anhydrous acetonitrile (10 mL) and
filtered under a nitrogen atmosphere. The solution was left to stand at ambient
temperature. Over the course of three to four days small orange/red prisms were
deposited (0.18 g, 41.3%). MALDI-MS m/z 1579.89 [M+H]+. Found: C, 74.02; H, 8.01; N,
1.34. Calcd. for C98H127ClO9Ti2·1.5(CH3CN): C, 73.89; H, 8.07; N, 1.28%. νmax/cm-1 2954
(w), 2924 (s), 2854 (m), 2726 (w), 1459 (s), 1377 (s), 1304 (w), 1261 (m), 1209 (w), 1154
(w), 1093 (m), 1019 (m), 968 (w), 936 (w), 918 (w), 889 (w), 873 (w), 796 (m), 721 (m),
555 (w).
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5.6.2.3 Synthesis of [TiCl2][5,11,17,23-tetra-tert-butyl-25,27-bis(propoxy)-26,28dioxocalix[4]arene] (3.11)

To a solution of 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene (1.00
g, 1.4 mmol) in warm anhydrous toluene (25 mL) was added titanium(IV) chloride (1.0 M
in toluene, 1.4 mL, 1.4 mmol). The resulting deep red solution was stirred at reflux for 12
h. The volatiles were then removed in vacuo to give a red residue. The residue was
washed with anhydrous hexane (3 x 10 mL) using cannula techniques. The remaining red
solid was dried in vacuo at 50°C for 4 h to give a dark red powder (0.75 g, 65.0%). δH
(400 MHz; CDCl3) 7.19 (4 H, s, ArH), 6.88 (4 H, s, ArH), 4.96 (4 H, t, J = 8, OCH2CH2), 4.84
(4 H, d, J = 12, ArCHHAr), 3.21 (4 H, d, J = 12, ArCHHAr), 1.98 (4 H, m, OCH2CH2CH3), 1.42
(18 H, s, (C(CH3)3)), 0.70 (18 H, s, (C(CH3)3)), 0.33 (6 H, t, J = 8, CH2CH3). Found: C, 70.84;
H, 7.92. C50H66Cl2O4Ti requires: C, 70.67; H, 7.83%. MALDI-MS m/z 848.53 [M+]. νmax/cm-1
2956 (w), 2922 (s), 2852 (m), 1465 (s), 1380 (s), 1299 (w), 1259 (s), 1206 (w), 1090 (s),
1016 (s), 797 (s), 721 (w), 666 (w), 616 (w), 575 (m), 524 (m), 499 (m), 449 (m), 429 (s).
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5.6.2.4 Synthesis of [TiCl2][5,11,17,23-tetra-tert-butyl-25,26,27-tris(methoxy)-28oxocalix[4]arene] (3.12)

To a solution of 5,11,17,23-tetra-tert-butyl-25,26,27-tris(propoxy)-28hydroxycalix[4]arene (1.00 g, 1.5 mmol) in warm anhydrous toluene (25 mL) was added
titanium(IV) chloride (1.0 M in toluene, 1.5 mL, 1.5 mmol). The resulting deep red
solution was stirred at reflux for 12 h. The volatiles were then removed in vacuo to give
a red residue. The residue was washed with anhydrous hexane (3 x 10 mL) using cannula
techniques. The remaining red solid was dried in vacuo at 50°C for 4 h to give a red
powder (0.69 g, 59%). δH (400 MHz; CDCl3) 7.16 (6 H, s, ArH), 6.99 (2 H, s, ArH), 4.51 (4 H,
d, J = 12, ArCHHAr), 4.37 (6 H, s, OCH3), 3.47 (4 H, d, J = 12, ArCHHAr), 3.43 (3 H, s,
OCH3), 1.42 (9 H, s, C(CH3)3), 1.01 (27 H, s, C(CH3)3). MALDI-MS m/z 772.45 [M+H]+.
Found: C, 70.75; H, 7.54. C47H61Cl2O4Ti·0.5(C7H8) requires: C, 70.96; H, 7.66%. νmax/cm-1
2948 (s), 2859 (m), 1478 (s), 1374 (s), 1302 (m), 1255 (s), 1198 (w), 1092 (s), 1016 (s),
835 (w), 795 (s), 726 (m), 697 (w), 663 (w), 577 (m), 542 (m), 529 (w), 499 (m), 453 (w),
424 (s).
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5.6.2.5 Synthesis of [TiCl2][5,11,17,23-tetra-tert-butyl-25,26,27-tris(propoxy)-28oxocalix[4]arene] (3.13)

To a solution of 5,11,17,23-tetra-tert-butyl-25,26,27-tris(propoxy)-28hydroxycalix[4]arene (1.00 g, 1.3 mmol) in warm anhydrous toluene (25 mL) was added
titanium(IV) chloride (1.0 M in toluene, 1.3 mL, 1.3 mmol). The resulting deep red
solution was stirred at reflux for 12 h. The volatiles were then removed in vacuo to give
a red residue. The residue was washed with anhydrous hexane (3 x 10 mL) using cannula
techniques. The remaining red solid was dried in vacuo at 50°C for 4 h to give a red
powder (0.56 g, 52%). δH (400 MHz; CDCl3) 7.20 (4 H, s, ArH), 6.92 (4 H, s, ArH), 4.49 (4 H,
d, J = 12, ArCHHAr), 4.21 (6 H, t, J = 8, OCH2CH3), 3.37 (4 H, d, J = 12, ArCHHAr), 2.64-2.49
(4 H, m, pentyl chain), 2.17-1.75 (10 H, m, pentyl chain), 1.14 (36 H, s, C(CH3)3). MALDIMS m/z 856.52 [M+H]+. Found: C, 71.02; H, 8.39. C53H73Cl2O4Ti·(C7H8) requires: C, 71.29;
H, 8.24%. νmax/cm-1 2967 (m), 2948 (s), 2898 (w), 1478 (s), 1422 (w), 1369 (s), 1344 (w),
1297 (m), 1262 (s), 1201 (w), 1090 (s), 1010 (s), 842 (w), 800 (s), 719 (w), 695 (w), 572
(m), 552 (m), 531 (w), 525 (w), 502 (m), 444 (w), 409 (s).
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5.6.2.6 Synthesis of [TiCl2][5,11,17,23-tetra-tert-butyl-25,27-bis(cyanopropyloxy)26,28-dioxocalix[4]arene] (3.14)

To a solution of 5,11,17,23-Tetra-tert-butyl-25,27-bis(cyanopropyloxy)-26,28dihydroxycalix[4]arene (1.00 g, 1.3 mmol) in warm anhydrous toluene (25 mL) was
added titanium(IV) chloride (1.0 M in toluene, 1.3 mL, 1.3 mmol). The resulting deep red
solution was stirred at reflux for 12 h. The volatiles were then removed in vacuo to give
a red residue. The residue was washed with anhydrous hexane (3 x 10 mL) using cannula
techniques. The remaining red solid was dried in vacuo at 50°C for 4 h to give a red
powder (0.63 g, 55%). δH (400 MHz, CDCl3) 7.09 (s, 4 H, ArH), 6.79 (s, 4 H, ArH), 4.61 (t, 4
H, J = 8 Hz, OCH2CH2), 4.43 (d, 4 H, J = 12 Hz, ArCHHAr), 3.42 (d, 4 H, J = 12 Hz, ArCHHAr),
2.99 (t, 4 H, J = 8 Hz, CH2CH2CN), 2.19 (quin, 4 H, J = 6 Hz, CH2CH2CH2), 1.72 (s, 18 H,
C(CH3)3), 1.05 (s, 18 H, C(CH3)3). MALDI-MS m/z 863.43 [M+H]+. Found: C, 69.70; H, 7.33;
N, 2.92. C52H64Cl2N2O4Ti requires: C, 69.41; H, 7.17; N, 3.11%. νmax/cm-1 3166 (w), 2957
(w), 2923 (s), 2852 (m), 2726 (w), 2760 (w), 2341 (w), 1463 (s), 1377 (s), 1304 (w), 1260
(s), 1207 (w), 1152 (w), 1090 (s), 1018 (s), 975 (w), 934 (w), 918 (w), 887 (w), 871 (m),
798 (s), 723 (s), 572 (w), 465 (w), 433 (w).
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5.6.2.7 Synthesis of [TiCl2][5,11,17,23-Tetra-tert-butyl-25,27bis(carbamoyloxymethoxy)-26,28-dioxocalix[4]arene] (3.15)

To a solution of 5,11,17,23-Tetra-tert-butyl-25,27-bis(carbamoyloxymethoxy)-26,28dihydroxycalix[4]arene (1.00 g, 1.3 mmol) in warm anhydrous toluene (25 mL) was
added titanium(IV) chloride (1.0 M in toluene, 1.3 mL, 1.3 mmol). The resulting deep red
solution was stirred at reflux for 12 h. The volatiles were then removed in vacuo to give
a red residue. The residue was washed with anhydrous hexane (3 x 10 mL) using cannula
techniques. The remaining red solid was dried in vacuo at 50°C for 4 h to give a red
powder (0.80 g, 69%). δH (400 MHz, CDCl3) 7.16 (4 H, s, ArH), 6.89 (4 H, s, ArH), 6.11 (4 H,
br s, NH2), 4.65 (4 H, s, OCH2CO), 4.56 (4 H, d, J = 12, ArCHHAr), 3.42 (4 H, d, J = 12,
ArCHHAr), 1.49 (18 H, s, C(CH3)3), 0.97 (18 H, s, C(CH3)3). MALDI-MS m/z 843.32 [M+H]+.
Found: C, 65.56; H, 6.64; N, 2.99. C48H60Cl2N2O6Ti·(C7H8) requires: C, 65.53; H, 6.87; N,
3.18%. νmax/cm-1 2923 (s), 2898 (m), 2765 (m), 1752 (s), 1735 (s), 1572 (m), 1365 (m),
1330 (w), 1260 (s), 1152 (w), 1089 (s), 1022 (s), 954 (w), 907 (w), 887 (w), 840 (m), 797
(s), 730 (s), 560 (w), 408 (w).
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5.6.2.8 Synthesis of [Ti(NCMe)Cl]2[Ti]2[μ-O]2[μ-OSi(CH3)2OSi(CH3)2O]
[5,11,17,23,29,35,41,47-tetra-tert-butyl-49,50,51,52,53,54,55,56octaoxocalix[8]arene] (3.16)

To a suspension of 5,11,17,23,29,35,41,47-tetra-tert-butyl-49,51,53,55tetrakis(propoxy)-50,52,54,56-tetrahydroxycalix[8]arene (2.00 g, 1.4 mmol) in anhydrous
toluene (25 mL) was added titanium(IV) chloride (1.0 M in toluene, 3.00 mL, 3.0 mmol).
The resulting deep red mixture was refluxed for 16 h under an inert atmosphere. The
volatiles were then removed in vacuo and the resulting residue was extracted into warm
anhydrous acetonitrile (20 mL). The solution was filtered whilst warm under inert
conditions and the filtrate was allowed to cool. The filtrate was left to stand for 7 days at
ambient temperature during which red needles form (0.96 g, 69.9%). δH (400 MHz;
CDCl3) 7.26 (2 H, d, J = 4, ArH), 7.23 (2 H, d, J = 4, ArH), 7.21 (2 H, d, J = 4, ArH), 7.16 (4 H,
m, ArH), 6.82 (4 H, m, ArH), 4.96 (2 H, m, OCH2O), 4.66 (6 H, m, OCH2O), 3.57 (2 H, m,
OCH2O), 3.33 (6 H, m, OCH2O), 1.34 (18 H, s, C(CH3)), 1.19 (18 H, s, C(CH3)). MALDI-MS
m/z 1794.45 [M]+. Found: C, 61.02; H, 6.67; N, 1.49. C96H122Cl2N2O13Si2Ti4 requires: C,
62.99; H, 6.72; N, 1.53%. νmax/cm-1 2962 (m), 2905 (w), 1599 (w), 1452 (w), 1412 (w),
1361 (w), 1258 (s), 1191 (w), 1077 (m), 1011 (s), 863 (m), 789 (s), 696 (m), 660 (m).
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5.6.3 Vanadyl complexes
5.6.3.1

Synthesis of [2,6-bis(hydroxymethyl)-4-methylphenol]2[V2O2] (4.6)

To a stirred solution of vanadyl acetylacetonate (0.27 g, 1.00 mmol) in CH2Cl2 (20 mL)
was added a solution of 2,6-bis(hydroxymethyl)-4-methylphenol (0.17 g, 1.00 mmol) in
CH2Cl2 (15 mL). The resulting solution was heated to reflux for 2 h and left to cool to
room temperature. The reaction mixture was filtered and the filtrate was concentrated
in vacuo to approximately half the initial volume. The stoppered solution was left
overnight in the presence of air. The crystalline solid was collected by filtration and
washed with cold acetonitrile (3 x 15 mL) before being dried in vacuo to give a dark red
crystalline solid (78 mg, 16.8%)
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Found: C, 46.62; H, 4.05. C18H18O8V2 requires: C, 46.57; H, 3.91%. MALDI-MS m/z 463.85
[M+]. νmax/cm-1 3364 (w, br), 2903 (w, br), 2865 (w, br), 1625 (s), 1558 (s), 1457 (m), 1421
(w), 1375 (w), 1360 (w), 1314 (w), 1287 (m), 1261 (w), 1241 (w), 1223 (m), 1198 (w),
1174 (w), 1150 (m), 1047 (w), 1028 (w), 1015 (w), 996 (w), 977 (w), 950 (m), 912 (w), 897
(w), 860 (m), 806 (s), 752 (w), 724 (w), 713 (m), 675 (s), 641 (w), 624 (m), 608 (s).
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5.6.3.2

Synthesis of [6,6’-methylenebis(4-(tert-butyl)-2(hydroxymethyl)phenol)]2 [V4O4(EtO)2(acac)2] (4.7)

To a stirred solution of vanadyl acetylacetonate (1.78 g, 6.7 mmol) in anhydrous toluene
(50 mL) was added 6,6’-methylenebis(4-(tert-butyl)-2-(hydroxymethyl)phenol) (1.00 g,
2.7 mmol) in anhydrous toluene (10 mL). The resulting solution was refluxed for 48 h in
an inert atmosphere (N2). The volatiles were removed in vacuo and the dark green
residue was extracted with warm anhydrous ethanol (20 mL). The resulting solution was
filtered whilst warm, allowed to cool, and left to stand at ambient temperature. Over a
period of several weeks, tiny green crystals formed (0.84 g, 24%). Found: C, 55.93; H,
6.05. C60H80O18V4 requires: C, 55.73; H, 6.24%. MALDI-MS m/z 1292.12 [M+]. νmax/cm-1
2962 (m), 1648 (w), 1588 (w), 1553 (w), 1519 (s), 1458 (w), 1416 (m), 1371 (s), 1356 (s),
1286 (m), 1259 (s), 1188 (w), 1088 (m), 1015 (s), 993 (s), 936 (m), 863 (m), 796 (s), 788
(s), 684 (s), 658 (m).
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5.6.3.3

Synthesis of [4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic
acid]2[V2O2] (4.8)

To a stirred suspension of 4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic acid
(0.50 g, 1.3 mmol) in anhydrous acetonitrile (10 mL) was added vanadium(V) oxychloride
(0.15 mL, 1.6 mmol). The resulting solution was refluxed overnight under a nitrogen
atmosphere. The volatiles were removed in vacuo and the remaining residue was
extracted into anhydrous tetrahydrofuran (20 mL). This solution was filtered under an
inert atmosphere and concentrated to ca. half its original volume. This solution was left
to stand at -20°C for 48 h upon which dark blue crystals formed (0.37 g, 65%). Found: C,
57.32; H, 3.04; N, 9.59. C42H26N6O10V2 requires: C, 57.55; H, 2.99; N, 9.59%. MALDI-MS
m/z 875.99 [M+]. νmax/cm-1 2979 (w, br), 2605 (w, br), 2496 (w, br),1769 (w), 1705 (m),
1600 (s), 1568 (m), 1527 (w), 1514 (w), 1476 (w), 1460 (s), 1397 (m), 1364 (w), 1308 (m),
1265 (w), 1251 (w), 1150 (m), 1097 (w), 1088 (w), 1034 (s), 1015 (w), 981 (m), 959 (s),
856 (s), 839 (w), 799 (m), 779 (w), 757 (s), 719 (m), 702 (m), 645 (w), 627 (w), 613 (w).
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5.6.3.4

Synthesis of 4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzosulfonic
acid]2[V2O2] (4.9)

To a stirred suspension of 4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzosulfonic
acid (0.50 g, 1.2 mmol) in anhydrous acetonitrile (10 mL) was added vanadium(V)
oxychloride (0.14 mL, 1.4 mmol). The resulting solution was refluxed overnight under a
nitrogen atmosphere. The volatiles were removed in vacuo and the remaining residue
was extracted into anhydrous tetrahydrofuran (20 mL). This solution was filtered under
an inert atmosphere and concentrated to ca. half its original volume. This solution was
left to stand at -20°C for 48 h upon which dark blue precipitate forms (0.32 g, 56%).
Found: C, 52.00; H, 3.05; N, 8.46. C40H26N6O12S2V2·1(C4H8O) requires: C, 51.77; H, 3.36; N,
8.23%. MALDI-MS m/z 948.03 [M+]. νmax/cm-1 3410 (w, br), 1599 (s), 1567 (m), 1526 (w),
1513 (w), 1497 (w), 1478 (m), 1459 (s), 1450 (w), 1399 (m), 1357 (m), 1322 (w), 1302
(m), 1264 (w), 1251 (w), 1174 (s), 1123 (s), 1101 (m), 1066 (w), 1032 (s), 1012 (s), 991
(w), 982 (m), 962 (s), 863 (s), 842 (m), 764 (w), 750 (s), 731 (w), 717 (w), 705 (m), 698
(w), 651 (m), 633 (s), 619 (m).
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