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Abstract
The purpose of this thesis is the development of sustainable colorimetric sensors for
the detection of toxins in aqueous media. These sensors are based on azulene and
guaiazulene, two molecules with unique optical and chemical properties.
Due to natural and man-made processes, many drinking water reservoirs in
developing countries have been contaminated with toxins such as mercury, lead,
fluoride or arsenic. The areas affected can be very remote and difficult to access.
The affected population may not have the economic means to check the safety of
their water by conventional methods. There is subsequently a need for cheap and
easy-to-use sensors that are highly selective and sensitive. Colorimetry is the ideal
technique for this purpose as the chemosensors can be synthesised from cheap organic
molecules and the signal is easy-to-read and does not require further instrumentation
apart from the human eye.
A selective fluoride sensor was synthesised using boronic esters as sensing element. The sensor was able to work in real samples of water contaminated with
fluoride thanks to the addition of a surfactant.
A family of azulene- and guaiazulene-based mercury sensors using hydrocarbon
chains containing sulfur atoms as sensing element was developed. These molecules
showed excellent selectivity towards mercury (with copper as the only significant
interference) and gave a clear signal -a colour change from blue to orange- in mixtures
of organic solvents and water.
A mercury sensor was developed, based on the conversion of dithiane into aldehyde. The clear colour change, from blue to red, was observed only after the addition
of mercury or silver. This sensor worked in mixtures of organic solvents and water,
but also in 100 % aqueous media when accompanied by a surfactant.
Azulene derivatives containing DPA-Zn groups were synthesised as arsenate
sensors. They failed at detecting arsenate, however, an increase of fluorescence was
observed when they were in the presence of ADP. After this, they were developed
as selective fluorescent ADP sensors.
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Chapter 1
Introduction to azulene and
guaiazulene

1.1

Azulene

During the last 500 years, chemists noticed a blue colour in certain essential oils
after simple operations such as distillation, treatment with acids or oxidizing media,
steam distillation, and similar processes.1 The name “azulene” was given to this
substance by Septimus Piesse in 1863,2 in reference to its intense blue colour. It
derived from the word “azure” which means “deep blue colour”, this word itself
derives from “lazur”, a medieval Latin name for the blue-coloured Lapis lazuli stone.3
The molecular structure of azulene was determined in 1936 by Pfau and Plattner.4–6
For substituted azulene, in most literature and this work, the rings are numbered
starting on the five-membered ring and proceeding round the rings clockwise.

Figure 1.1: Azulene’s numeration in literature and in this work.

1.1.1

Guaiazulene

Pfau and Plattner did not only find azulene in extracts of essential oils but also
a number of other compounds that have an azulene motif as a structural core,
19

the most important of these being guaiazulene. This molecule can be found in
living organisms in larger quantities than azulene. Guaiazulene is produced on a
larger scale via extraction from these organisms, especially guaiac and chamomile
oil.7, 8 This makes guaizulene a cheapera and more sustainable alternative to azulene.
However, guaizulene has two main drawbacks concerning the azulene: Firstly, it is
sterically hindered (Figure 1.2, left) and many reactions that work with azulene
may have a lower yield or fail to work at all. Secondly, it is much more unstable,
forming radicals in solid state under sunlight or in the dark above 25 ◦ C.9 These
factors reduce the number of reactions that can be performed and the stability of
the products.

Figure 1.2: Left. Guaiazulene structure. Right. Lactarius indigo,10 a mushroom
whose colour is caused by a derivative of guaiazulene.11

1.2

Optical properties

Azulene is formed from two unsaturated rings (5 and 7 members) united by two
ring junction atoms. This structure is similar to naphthalene and other unsaturated
rings, however, naphthalene and similar molecules do not have any colour.
The key chemical difference between azulene and naphthalene is that the first
is a non-alternant hydrocarbon, whilst naphthalene is an alternant hydrocarbon.
For alternant hydrocarbons, Hückel molecular orbitals are placed in pairs arranged
symmetrically about the non-bonding energy level α and the absolute magnitudes of
the atomic orbital coefficients are identical, forming a mirror-related pair of orbitals
where the signs are the opposite of the other set. The electronic charge is distributed
uniformly over the atoms that are involved in the conjugated system of the alternant
hydrocarbon (Figure 1.3, left).
In contrast, nonalternant hydrocarbons show a very different behaviour. The
non-uniform charge distribution does not allow the molecular orbitals of these molecules
a

By 100 times when supplied by Sigma Aldrich.
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to have a mirror-related distribution. This creates an antisymmetric disposition of
the molecular orbital energies. The band gap between HOMO and LUMO differs
from that of a symmetrical molecule and is small enough to allow electronic transitions caused by low energy photons, like those with energies in the visible region
(Figure 1.3, right). Since the HOMO-LUMO gap for naphthalene and other alternant hydrocarbons is larger, these molecules only absorb high energy photons in the
UV region.12

Figure 1.3: Left. Molecular orbital energies of naphthalene (in unit: eV). Right.
Molecular orbital energies of azulene (in unit: eV).12

Azulene’s HOMO-LUMO band gap is not constant. This changes with the
different substituents of azulene, causing a change in the absorbance and the colour
of the azulene derivatives.
In 2002, Liu et al. studied the changes in absorbance of azulene derivatives
with different substituents in the positions 1 and 3.13 They observed that electrondonating substituents in these positions destabilised the HOMO orbital, while not
affecting the LUMO level. The opposite effect, the stabilisation of the HOMO orbital, was observed with electrowithdrawing groups. This meant that when the
HOMO-LUMO energy gap was smaller, the absorption wavelength was longer and a
redshift in the spectra was observed. It is important to note that these results cannot
be extrapolated to other substituents either electrodonating or electrowithdrawing.
It is not possible to predict the change in absorbance of an azulene derivative based
only on the capacity of the substituent group to donate or attract electronic density.
More factors are involved in this process besides the inductive effect, the most important being the conjugative effect. The conjugative effect may have the opposite
effect on the molecular orbital energies than the inductive, so the final result will be
the summation of all the effects involved.
21

Azulene was the first molecule discovered that breaks Kasha’s rule,14 which
states that luminescence with appreciable yield is only caused by the transition of
an electron from the lowest excited state of a given multiplicity to the ground state.15
The fluorescence in azulene is not caused by the transition of S 1 to S 0 as Kasha’s
rule predicts, but of S 2 to S 0 . This behaviour was explained by the low energy of
the second empty molecular orbital (LUMO +1), a consequence of the electronic
density asymmetry in the π system (Figure 1.4).

Figure 1.4: Diagram comparing the unique fluorescence observed for azulene with
that of naphthalene, upon excitation in the S absorption band. Zero-point vibrational levels for the three lowest singlet states are indicated by S (S 0 ), S’ (S 1 ) and
S” (S 2 ).14

1.3

Azulene chemistry

In the azulene molecule, there is a significant difference in electronic density between
the two rings. Since the five-member ring has a higher electron density (Figure 1.5),
the molecule has a significant dipole moment of 1.08 Debye.12
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Figure 1.5: Constant-height nc-AFM image of a single azulene molecule.16

Of all the possible resonance structures that azulene can generate, the 4 described in Figure 1.6 are the most important. The first two structures form a
byciclic aromatic structure, which has 10-π electrons, the aromatic character makes
these conformations very stable. The last two structures also owe their stability to
their aromaticity, but in this case they form two combined aromatic rings. These
structures can be seen as a cyclopentadienide ring and a tropylium ring, both individual rings having 6-π electrons. These two structures explain the intrinsic polarity
of azulene, as their contribution generates a clear gradient of electronic density, and
the nucleophilicity of the positions 1 and 3, as negative charges can be observed on
these positions. Many reactions have been reported in these positions: halogenation,17 borylation,18 formylation19 and alkylation20 are a few examples.

Figure 1.6: Top. Most important resonance structures of azulene. Bottom. Charge
distribution of azulene.

23

Though it might be expected that a wide range of azulene derivatives could
be made via cross-couplings using 1- or 1, 3- haloazulene as a starting material,
coupling reactions with azulene are not as straightforward as with other molecules.
The halogenation of azulene yields both products, the 1- and 1,3- haloazulene. The
separation and later use of these products is also hindered by the instability of these
compounds. To overcome this, Lewis and Cowper et al. synthesised and used azulene
sulfonium salts as reactants in cross-coupling Suzuki-Miyaura reactions where the
sulfonium group acts as pseudo-halide. These salts are easy to synthesise, stable
and are selectively introduced at the 1 position.21
The 7 membered ring is much harder to functionalise and the literature about
substituted azulenes in the 4, 5, 6, 7 and 8 positions less extensive. There are various
ways to access these products: Nucleophilic addition to the seven-member ring,
followed by oxidative rearomatisation22 using 1, 2, 3- blocked azulene derivatives,23
and via vicarious nucleophillic substitution.24, 25

1.4

Azulene synthesis and natural sources

Azulene can be found in the flowers of the Chamomile plant (Matricaria Chamomilla
L.), whose essential oil has been largely used for cosmetic purposes,26 and many
other living organisms.11, 27 However, the quantity that can be extracted from these
organisms is very small, and so must be artificially synthesised for large scale use.
One of the most popular methods to produce azulene was reported by Ziegler
and Hafner in 1955 and revised by Hafner in 1984.28 It is based on the annelation
of a seven-membered ring on a five-membered ring by ring-closure of vinylogous
aminopentafulvenes.
In 1977, two groups developed independently a one-step synthesis of azulene
using 6-N,N -Dimethyl-aminofulvene and thiophene 1,1-dioxides, these groups were
lead by D. Leaver29 and K. N. Houk.30
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Figure 1.7: Most important azulene synthetic routes.

Tetsuo Nozoe dedicated most of his research to understanding azulene chemistry
and its derivatives. He reported the synthesis of azulene through dehydrogenation of
hydroazulene31 and developed a one-step synthesis of azulene derivatives with high
yield using tropones and active methylene compounds.32–34
Rick L. Danheiser developed two novel synthesis of substituted azulenes. The
first one, published in 1989, was based on the addition of tropylium cations to
allenylsilanes.35 The second, in 2004, Danheiser and his group presented a ring
expansion-annulation strategy for the synthesis of these compounds. This was based
on the reaction of β’-bromo-α-diazo ketones with rhodium carboxylates.36

25

Figure 1.8: Most important substituted azulene synthetic routes.

1.5

Azulene-based sensors

Azulene has historically been used in cosmetics, due to its presence in some essential
oils like Chamomile Oil. These oils have been used as antiseptics since the Middle
Ages, but also as perfume, analgesic, sedative and anti-inflammatory solutions. They
contain secondary metabolites of plants, most of them aromatic molecules, which
play an important role in the protection of the plants from fungus and bacterial
infections. These compounds may also be involved in the attraction of insects to the
flowers for pollination.37 The pharmacological activity of guaiazulene has also been
studied in depth. This molecule has shown anti-inflammatory and anti-allergical
activity in rats.38, 39
Azulene derivatives have many potential applications currently under research,
26

such as an antidiabetic,40 anticancer,41 anti-arrhythmic,42 in the fabrication of solar
cells,43 and cross-coupling reagents.21 Furthermore, in 2016, antiretroviral (HIV-1)
activity was detected in some azulene derivatives.44
The unique optical properties of azulene have attracted many researchers to use
azulene as a chromophore or fluorophore for novel sensors.
Eichen et al.45 synthesised an azulene derivative that could be used as a fluoride sensor. They observed that 1, 3- di(2-pyrrolyl)azulene changed its fluorescence
emission in the presence of fluoride. This was due to a change in the conformation
caused by the non-covalent binding of the probe with the analyte (Figure 1.9). They
also reported a colour change in the solutions, however, did not explore the option of
using it as colorimetric sensor. Though Eichen successfully used azulene derivatives
to detect fluoride, this method only works in DMSO solutions, whilst a fluoride field
sensor should also work in water to avoid complex sample preparation.

Figure 1.9: Left. Eichen’s fluoride sensor. Right. Eichen’s fluoride sensor mechanism (the rectangle symbolises azulene).

In 2007, Wakabayashi et al. reported the development of an azulene based
mercury sensor (Figure 1.10).46 This had a similar structure to Eichen’s and gave a
colorimetric response in the presence of Hg (II), Cu (II), Pb (II) and Brønsted acids.
In addition to this lack of selectivity, the probe only worked in organic solvents.
Nevertheless, the probe opened a path to azulene-based sensors able to detect metal
cations. In 2008, Wakabayashi synthesised seven new sensors, of which one (Figure
1.11, A) showed excellent selectivity towards mercury cations in acetone, giving
a clear blue-to-red colour change.47 With the aim of improving previous sensors,
Wakabayashi synthesised azulenes with sulfur groups in the 2 position (Figure 1.11,
B). This approach did not give good results as this sensor lost selectivity, reacting
27

with Cr (III), Pb (II) and Hg (II).48 In 2013, Wakabayashi and co-workers reported
the synthesis of a selective silver sensor that worked in organic solvents (Figure 1.11,
C). The sensing element of this probe was an azathiacrown ether directly attached to
the 6 position of azulene.49 A silver probe developed by Birzan et al. presents a very
similar sensing element, but in this case, it is attached to azulene by the 1 position
(Figure 1.11, D).50 This group also synthesised an azulene derivative containing a
heterocycle (Figure 1.11, E) that showed optical activity when exposed to Ag (I)
and Hg (II) in DCM.51

Figure 1.10: Structure of Wakabayashi’s mercury sensor and colour change reported.46

Figure 1.11: Mercury sensors developed by Wakabayashi et al. and L. Birzan et al.

Eleonora-Mihaela Ungureanu has reported the development of a large number
of azulene based sensors able to detect certain ions by electrochemical methods.
She has published sensors for the detection of Ce (II),5 Mg (II),5 lanthanides,52
phosphate,53 fluoride53 and four different sensors for toxic metals that can be found
in water. These last sensors are very relevant to this project. The first probe
(Figure 1.12, A), published in 2013, consisted of a polymer formed of 4-(azulen1-yl)-2,6-di(thiophen-2-yl)pyridine monomers able of detecting Pb (II) and Cd (II)
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by voltammetry.54 The second probe, published in 2017, was based on poly[(2E )2-(Azulen-1- ylmethylidene)hydrazinecarbothioamide] (Figure 1.12, B), was able to
detect Cd (II), Pb (II), Cu (II) and Hg (II) ions at different electropolymerization
potentials in acetonitrile.55 The third probe (Figure 1.12, C) was reported in 2018.
This time, in addition to confirming the detection of Cd (II), Pb (II), and Hg (II)
ions, they also reported a clear colour change, from blue to orange, after the addition of mercury. The signal of this sensor, 2,2’-(ethane-1,2-diylbis((2-(azulen-2ylamino)-2-oxoethyl)azanediyl))diacetic acid, was also based on electropolymerization.56 Finally, she and her group developed a stochastic microsensor able to detect
Cu (II), Pb (II), Hg (II) and Cd (II) in waste water (Figure 1.12, D).57

Figure 1.12: Mercury sensors developed by Ungureanu et al.

During the last two decades, Janusz Jurczak has developed various sensors based
on azulene. The first two, in 2005, gave a colorimetric response in the presence of
phosphate (Figure 1.13, A) and chloride (Figure 1.13, B) TBA salts in DCM.58 In
2007, he and his co-workers studied the binding constant of various amide-based
azulene (Figure 1.13, C) and indole derivatives. They did not report any colorimetric or fluorescence activity, however, binding with phosphate could be observed
in NMR experiments.58 In 2016, they reported the synthesis of four azulene-based
macrocycles (Figure 1.13, D and F) and other derivatives (Figure 1.13, E and G)
that showed colorimetric activity when exposed to phosphate in DMSO.59 Later, in
2018, they studied in depth the binding activity of these sensors in solid state and
in solutions.59
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Figure 1.13: Mercury sensors developed by Jurczak et al.

In 2014, a guaiazulene-based sensor was patented by S. H. Kim and co-workers,
which gave a colorimetric response in the presence of acetate, cyanide, phosphate
and fluoride.60 This is the only example of a guaiazulene-based sensor found in the
literature.

Figure 1.14: Guaiazulene-based sensor developed by Kim et al.

It can be concluded that the main obstacles for the development of a sensor
based on azulene and able to detect metal cations in water are the interferences
of other metals, the effect of the pH and the low water solubility of many azulene
derivatives.
Azulene was chosen as the main chromophore and fluorophore for the sensors
developed in this project due to two main reasons: Firstly, azulene has an intrinsic
reactivity that can be exploited to attach a sensing element directly to the chromophore, furthermore, the Lewis group has several years of experience in azulene
chemistry. Secondly, the sensors based on azulene have the potential to be replicated
on guaiazulene, which would greatly reduce the production costs and environmental
impact of future sensors.
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Chapter 2
A colorimetric fluoride sensor
based on azulene–boronate esters

2.1
2.1.1

Introduction
Fluoride in water

In some countries, fluoride is deliberately added to drinking water as a preventive
measure against tooth decay.61 Despite this, an excess of this anion can cause several
health issues, the most common of which is dental fluorosis. A US study carried
out between 1999 and 2004 revealed that in this country, 6.8 % of the people aged
between 6-39 years had mild or moderate enamel fluorosis, 16 % very mild and 16.5
% questionable signs of the disease. Narrow white lines can be observed on the teeth
of those who suffer mild dental fluorosis, which does not pose any health risk, but can
be a cosmetic issue. In cases of severe dental fluorosis, which is much less common,
the signs are more visible, with the teeth taking a darker brown colouration and
potentially resulting in tooth loss.62
When the intake of fluoride is much higher, skeletal fluorosis may appear, especially in lower age groups. This form of fluorosis causes ligament and tendon
calcification, which increases the probability of bone fractures. The condition leads
to extreme bone deformity in children, with many left with permanent disability.63
The symptoms of dental fluorosis can be found in people that ingest water with
fluoride levels above 1.5 mg/L, whilst skeletal fluorosis can be observed when water
sources contain more than 6 mg/L of fluoride. WHO’s guideline value for fluoride
in drinking water is 1.5 mg/L.64
Fluoride contamination is caused by natural processes. Some rocks and soils
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are rich in fluoride mineral, from there, the salts of this halogen are dissolved in
the water that flows through those sediments. Therefore, regions with particularly
fluoride-rich sediment have more fluoride in their water, which must be removed to
prevent cases of fluorosis. As shown in figure 2.1, there are three main classes of
sediments that contain fluoride: Sediments of marine origin in mountainous areas
(Iraq, Iran, Syria, Turkey and part of the East Mediterranean region), volcanic rocks
(East African Rift system from the Jordan valley down through Sudan, Ethiopia,
Uganda, Kenya and the United Republic of Tanzania) and igneous- metamorphic
(India, Pakistan, West Africa, Thailand, China, Sri Lanka, and Southern Africa).63

Figure 2.1: Worldwide distribution of fluoride-rich districts.65

WHO recommends finding alternative sources of water in the case that high
levels of fluoride are detected, leaving fluoride removal as a last resort. Unfortunately, fluoride contamination especially affects rural communities that do not have
access to alternative sources of water.66
The most successful technique to remove fluoride from water on a small scale
is filtration though bone charcoal. This technique uses bones obtained from cows,
which are ground and calcined to form a powder (Figure 2.2, bottom right) that is
rich in calcium phosphate. This material holds a strong capacity to absorb fluoride
and can be used in simple filters that have demonstrated to be able of removing
fluoride (Figure 2.2, left). This technique has been implemented in many areas
affected by fluorosis because it is a cheap and sustainable solution, however, it is
not as effective as it could be expected.
Among the disadvantages of this technique we can find that, some communities
do not want to use materials that come from animals for religious reasons (especially
in India) and other communities cannot afford to replace the bone charcoal once
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the material is exhausted. Godfrey B. Mkongo, chief of The Ngurdoto Fluoride
Research Centre located in Arusha (Tanzania), explained that the production of
bone charcoal is more expensive than originally expected. Firstly, it is not easy
to find cow bones in East Africa because traditionally they are used in stews and
soups. Secondly, grinding and calcining the bones is a process that requires certain
materials (grinders and large ovens) and is very labour intensive, so cannot be carried
out in small villages and must be centralised. Then, it is necessary to transport the
material to the villages affected (in some cases very remote) via inadequate roads.
All these factors increase the price of the bone charcoal to levels unaffordable to the
people affected by fluoride contamination.
Another important factor is the lack of fluoride sensors that can be used by
the inhabitants of these villages. At present, it is impossible for the users of bone
char filters to know if the water that comes out of these filters has fluoride or
not. Furthermore, the bone-char can only absorb limited amount of fluoride before
saturation. Many villages do not replace the char because they do not know when
the filter has reached saturation. In this situation, people uses the filters but see
no improvement to the number of people affected by fluorosis, which reduces the
confidence in the filters and the government or charities that provided them.
In Tanzania, the government started a campaign to provide bone char filters
to the villages affected by fluorosis. They gave one filter and 1 kg of bone-char to
each village. However, due to the high price of the char and the inability to check
if the material is exhausted most of the villages do not buy more bone-char and the
fluorosis persists.
We can conclude that the development of sensors that are cheap and easy-to-use
is a priority in the fight against fluorosis.

33

Figure 2.2: Left. Fluoride-bone char filter, top bucket containing spring water that
flows into the bottom of the bone-char column (green bucket), the defluorinated
water reaches the top and is collected in the final bucket. Right. Governmentsponsored bone char.

2.1.2

Sensors for the determination of fluoride in water

The content of fluoride in water is usually determined using an ion electrode as
described in ISO 10359-1.67 This method requires the use of a selective fluoride
electrode and standard solutions to prepare a calibration curve. Other popular
methods are ion-chromatography (separation and determination by conductivity)
and the complexone method (where the sample is distilled, reacted with alizarin
blue-lanthanum and analysed by UV-Vis spectroscopy).63 All these methods are
very effective and are used in depuration facilities around the world to test the safety
of drinking water before being approved for public consumption. However, they
require conditions, reagents or instruments that can only be used in a laboratory.
The complexone method can be modified to be used in the field using a manifold
with rechargeable battery and a portable colorimeter.63 This adaptation is useful in
environmental research, however, the price and the training requirements are still
too high for its use by non-experts and local communities affected by fluorosis.
The development of a fluoride sensor which is cheap and easy-to-use has attracted the attention of many groups,68–70 but the high solvation of the fluoride
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anion in water, as a result of the very strong hydrogen bond acceptor ability of F− ,
has been one of the main challenges.71 Recently, Nonat et al. developed a colorimetric fluoride sensor based on Lanthanide complexes that worked in water. In this
system, fluoride reacts with monomers of the lanthanide complex to form dimers in
which it acts as a bridge.72

Figure 2.3: Ligand L and the synthetic pathway to the [LnL(H2 O)]+ monomer and
the fluoride-bridged [(LnL)2 F]+ dimer.

Boronic esters as fluoride sensors
Because of their intrinsic Lewis acidity, trivalent boron atoms react with small nucleophilic anions like fluoride to afford fluoroborate anions. This is an addition
reaction, which occurs via donation of an electron pair from the fluoride anion to
the empty pz -orbital of the boron center. In the case of boronic acids, this may
result in a substitution reaction, in which the − OH groups act as leaving groups as
shown in figure 2.4. This mechanism is favoured by lower a pH, which facilitates
the protonation of the alcohol group.73

Figure 2.4: Boronic acid reactivity towards fluoride

Boronic esters are also susceptible to B-O bond dissociation, with R-B(OAr)2
and R-B(OMe)2 being more labile than R-B-pin or other cyclic boronic esters with
saturated backbones. The substituents of the boron also have an impact on the
selectivity towards fluoride over other halides. Fluoride is the strongest nucleophile
of the series, and the most electronegative, so the reduction of the Lewis acidic
character of the boron atom will reduce the binding of the other halogenes anions
to a greater extent than that of fluoride.74
Examples of boron-based colorimetric75, 76 and electrochemical77, 78 sensors for
fluoride have been developed since 2001. They vary in degree of selectivity towards
35

fluoride, but none of them have been reported to work in water without the addition
of surfactants or organic solvents.
The use of an ICT mechanism was first attempted by Gabbai et al in 2009.79
This sensor, (2-(4-dimestylborylphenyl)- N -methyl-pyridinium triflate), formed an
ICT system when exposed to TBAF in DCM where fluoride is the donor and the
nitrogen atom of pyridine is the acceptor. In previous work, it was attempted to
synthesise a similar ICT system based on azulene but it failed due to the difficulty
of attaching boronic esters to functionalised azulenes.80

Figure 2.5: Top. Gabbai’s fluoride sensor. Bottom. Sensor proposed in previous
work.

In summary, boronate esters are excellent groups for the selective sensing of
fluoride. However, these do not solve the main problem in designing a fluoride
probe; the high solvation of the fluoride that reduces its coordination with the
sensing elements in water.
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2.2

Aims and Objectives

During the previous research,80 two fluoride sensors based on azulene were synthesised, the sensors showed great selectivity towards fluoride and good sensitivity. In
addition, the detection limit was below the maximum level of fluoride in water recommended by WHO. However, these sensors did not work in water or mixtures of
water and organic solvents, only showing a response in organic solvents. Also, the
synthesis of these molecules required the use of expensive catalysts and a glovebox,18
which greatly increased the price of the sensor and, therefore, reduced its chances
of being commercialised.

Figure 2.6: Top. Sensors synthesised during previous research: 2-pinacolborylazulene (3) and 1-pinacolboryl -azulene (2). Bottom. Selectivity test of azulenebased fluoride sensors in THF, Vials on the bottom correspond to 3 and those on
the top to 2.

The first objective of this section was to optimise the conditions of the sensing
system in order to make the probe able to detect fluoride anions in aqueous solutions.
To do this, common solutions found in the literature like the use of surfactants or
immobilisation in solid surfaces were attempted.
The second objective was to develop an alternative synthesis to reduce the cost
of the overall synthesis. The first approach was using Miyaura borylation. This
reaction requires the use of palladium, this catalyst is still an expensive material,
but is cheaper than iridium. It can be handed and stored outside the glovebox and
37

many industrial processes already employ it in the large-scale synthesis of chemicals.
This strategy could also be used for the synthesis of a guaiazulene-based fluoride
sensor.
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2.3
2.3.1

Results and discussion
Surfactant and tetracbutylamonium salts, a way to
avoid fluoride solvation

During previous research, the selectivity of 2 and 3 was tested using THF as a
solvent and TBAF as the source of fluoride. Despite achieving good results, these
conditions are not realistic for a fluoride sensor, since the solvent should be water
and the source of fluoride a substance of natural occurrence like NaF or KF. No
colour change in response to fluoride was observed for either sensor, neither in pure
water, nor in water/organic solvent mixtures such as THF/water and MeCN/water.
Also, no response was observed when the source of fluoride was changed to NaF,
even in pure THF.
It was concluded that the extensive solvation shell around fluoride can slow
down or even completely halt the reaction between fluoride and the sensor. Different strategies have been reported to address this issue, with mixtures of organic
solvents/water and surfactants being the most successful.81, 82 Of these techniques,
the incorporation of cetyltrimethylammonium bromide (CTAB) , has shown the best
results, although it can be deleterious for fluoride sensing in some contexts.83 The
rationale for using a cationic surfactant such as C16 TAB is twofold: the surfactant
has to solvate the sensor in the interior of the hydrophobic micelle, and the cationic
surfactant head group should facilitate the transfer of the fluoride anions to the sensor against the solvation effects. Such a concept has been precedented in reports on
the use of surfactant systems to enhance the nucleophilicity of fluoride for synthetic
chemistry.84
In initial micellar experiments, 1-pinacolboryl- azulene (2) and 2-pinacolborylazulene (3) were dissolved in water containing C16 TAB (1 % weight) and mixed with
solutions of either TBAF or NaF in water. Only 1-pinacolboryl- azulene (2) showed
an appreciable colour change. This response was observed upon introduction of fluoride, but only in the case of TBAF (i.e. the introduction of NaF did not induce
any appreciable colour change). This implies a role for the tetra-n-butylammonium
cation in analyte binding. In the next experiment, tetra-n- butylammonium hydrogensulfate (TBAS) was also added to the aqueous solutions of 1-pinacolborylazulene (2) and C16 TAB. The role of TBAS was to provide a discrete source of
tetra-n-butylammonium cations, paired with an inert spectator anion. When NaF
was used as a source of fluoride in the presence of TBAS, the colorimetric response
was observed.
The interaction of the sensor with the micelles was studied in detail by small39

angle X-Ray scattering. This experiment confirmed the adsorption of sensor molecules
to the micelles, which modifies the Rg of the aggregates, from 17.1 ± 1.2 Å to 24.6 ±
2.5 Å. It also suggested that the aggregates undergo a morphology transition when
the sensor is added to the micelles.a

Figure 2.7: (a) Small-angle X-Ray scattering data and best fits (black-dashed
lines) for C16 TAB/TBAS before (green) and after (red) the incorporation of the
1-boronpinacolate azulene sensor (b) Guinier plot of the data presented in (a).

The selectivity of the water/CTAB/TBAS/2 system was then evaluated with
a wider variety of anions which could be present in drinking water samples, to
determine the selectivity of the sensor. The colours observable to the naked-eye in
this system are different to those observed in THF, purple to blue instead of purple
to yellow. This may be due to solvatochromic effects common in azulene and azulene
derivatives solutions.85 Nevertheless, a colour change is still discernible with fluoride
and not with the other anions. The titration of 2 against NaF gave a linear response
and the limit of the detection calculated was 0.6 mg/L.
a

Small-angle X-Ray scattering and interpretation of data obtained from this experiment was
carried out by Adrián Sánchez-Fernández
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Figure 2.8: Top. Naked-eye selectivity experiments for 2 (500 µM) in the presence of
NaF (500 µM), NaCl (500 µM), NaBr (500 µM), NaI (500 µM), NaNO3 (500 µM),
Na2 HPO4 (500 µM), NaHCO3 (500 µM), and NaHSO4 (500 µM) were measured
after 30 min. The data were obtained in a solution of water containing TBAS (10
mM) and CTAB (0.1 % weight). Middle. These solutions were diluted 10 times
in water to obtain absorbance spectra in a UV-Vis Shimadzu spectrophotometer.
Bottom. Comparative of the absorbance at λmax = 550 nm.

Two possible mechanisms that explain this behaviour have been proposed. The
first one, based on the data obtained in the previous research suggests that one
molecule of fluoride attacks the boronic ester to form 2-F, as shown in figure 2.9,
mechanism A. A second mechanism, based on evidence gathered later in the project,
suggests that the colorimetric response is based on the protodeboronation of 2 facilitated by fluoride in acid media to form azulene (which would explain the final
blue colour), as shown in figure 2.9, mechanism B. In this alternative mechanism,
the hydrogensulfate anion would provide the necessary pH to favour the reaction of
protodeboronation. During the following sections, it was observed that 2 formed
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azulene in the presence of strong acids in a reaction that could take several days
at room temperature, the presence of fluoride could accelerate this reaction so it is
completed in a few minutes.

Figure 2.9: Mechanism suggested for the colorimetric signal observed for 2 in contact
with fluoride in water/CTAB/TBAS.

Due to the complexity of the sensing systems, which contains high concentrations of CTAB and TBAS, NMR experiments that would confirm one of the
mechanisms could not be obtained.
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2.3.2

Alternative synthesis: Miyaura borylation

Figure 2.10: Original synthesis of 1-pinacolboryl-azulene (2) and 2-pinacolborylazulene(3)

The sensors were initially synthesised following the procedure described by Murafuji
et al.18 (Figure 2.10). This reaction has two main issues. Firstly, due to the
importance of steric hindrance, the desired product 2 is produced in a lower quantity
than 3, which is the major product. Secondly, [Ir(cod)Cl]2 is a very expensive
reagent, which is also unstable in air.
An alternative synthesis was designed based on the Miyaura borylation reaction.
For this synthetic route, a 1- haloazulene would be required. 1-chloroazulene and 1bromo azulene can be synthesised using chloro- and bromo- succinimide, respectively.
But as Anderson et al. described in 1953, these compounds are very unstable and
the reaction has poor selectivity, large amounts of 1,3- substituted azulene are also
obtained.86
The instability of 1- haloazulenes has been a problem for the synthesis of azulene
derivatives for many years, as it hinders the use of cross-coupling reactions over this
molecule. In 2016, Cowper et al. synthesised a series of azulene sulfonium salts
and successfully performed cross-coupling reactions with them.21 These salts are
readily prepared via SE Ar reaction and are stable in air and light. In this system,
the sulfonium salt acts as a pseudohalide during the cross-coupling reaction.
The proposed synthetic route consisted of the synthesis of a 1-substituted sulfonium salt followed by a Miyaura borylation to produce 2 in a more selective and
less expensive way.
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Figure 2.11: Improved synthesis of 1-pinacolboryl-azulene (2).

The synthesis of 4 was performed following the procedure described by Cowper
et al., obtaining excellent yields. However, the Miyaura reaction required some
optimisation and the reaction was repeated using different phosphine ligands and
palladium sources.

Pd source

Ligand

2 (%) 1 (%) 5 (%) 6 (%)

Pd(OAc)2

TrixiePhos

18

6

1

13

Pd(OTf)2

TrixiePhos

14

0

2

20 (OTf)

Pd(OAc)2

XPhos

21

6

4

11

Pd(OAc)2

SPhos

16

0

2

1

Pd(OAc)2

JohnPhos

13

6

1

8

Pd(OAc)2

tBut-BrettPhos 0

22

4

1

Pd(OAc)2

PPh3

5

4

17

0

Table 2.1: Optimization of the borylation of 2.

The most successful borylation was performed using Pd(OAc)2 and XPhos under standard Miyaura conditions. The desired product was obtained in low yield
(2, 21 %), followed by azulene (1, 6 %), produced by the protodeborylation of 2;
5 (1 %) produced by the cross coupling between 2 and 4; and 6 as the product
of the nucleophilic attack of − OAc to the carbon adjacent to the sulfur atom of 4.
To avoid the formation of 6, a palladium source with a less nucleophilic ligand was
added, Pd(OTf)2 . However, this did not have positive results, as seen in table 2.1.
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Figure 2.12: Attempt to synthesise 9 via guaiazulene sulfonium salt.

With the aim of synthesising a fluoride sensor based on guaiazulene (7) acting as
a chromophore instead of azulene (a less expensive chromophore, see Chapter 1), the
same reaction was attempted using a guazulene sulfonium salt (8) as a pseudohalide.
Unfortunately, no product could be obtained. We believe that the azulene sulfonium
salt (8) or the product (9) are unstable under the borylation conditions.

2.3.3

Immobilising the sensor: Celite

The charity Nasio Trust and contacts in the private sector suggested that a successful
sensor should be commercialised in a solid state rather than in a solution, which
increases the stability and facilitates transport.
After initial attempts to immobilise 2 in cellulose (filter paper) failed, it was
attempted to adapt the sensor to its use as a powder that is added to a sample of
water. The addition of a measured amount of 2, surfactant and TBAS to a sample
of water was not practical due to the difficulty to spoon amounts of less than 1
milligram (less than 1 milligram of 2 is needed to test 3 millilitres of sample). To
overcome this problem, the necessary amount of 2, CTAB and celite were weighted
in a round bottom flask and dissolved in Et2 O. The solution was stirred and the
solvent removed by evaporation. A powder containing 5 % of 2 and 30 % of CTAB
in celite was obtained.
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Figure 2.13: The images show a flask containing the celite powder (left), a flask
containing TBAS (middle left), a flask containing DI water (middle right) and a
flask containing water contaminated by fluoride from the river that supplies the
village of Oldonyo-sambu (Tanzania). A) Before the addition of the powder and
TBAS, B) 30 seconds after the addition and C) 5 minutes after the addition.

This powder was easier to handle than pure 2. Once added to a sample of water,
2 and CTAB were dissolved and the celite precipitated. This material was tested
with water from the river that supplies the village of Oldonyo-sambu (Tanzania)
which contains 16 mg/L b of fluoride. It gave a clear colour change within 5 minutes.c

b

Tested using a Hanna Low Range Fluoride Colorimeter – Checker HC HI729
A video of the process can be found on https://youtu.be/BXgwCFX-8kk (Last access
03/09/2019)
c

46

2.4

Conclusions, future work and impact

The objective of adapting the azulene-boronate fluoride sensor to work in water
samples was achieved. It required the use of C16 TAB and TBAS to dissolve 2 in
water and reduce the solvation of fluoride. The signal obtained was worse than the
obtained in organic solvents due to the solvatochromic effects as in organic solvent
1-pinacolboryl azulene turned from pink to yellow whilst in aqueous media turned
from pink to blue.
Furthermore, it was possible to design a system that made it easy to perform
this test on real samples of water via adsorption on celite. The stability of this
system should be tested in the future, as the molecule 2 could be degraded after
prolonged exposure to high temperatures and humidity.
The yield of the synthesis of 2 was improved from 11 % to 21 %, substituting
the Iridium-based catalyst for the less expensive palladium acetate. However, the
addition of an extra step was required; the synthesis of an azulene sulfonium salt,
4.
It has been suggested that this molecule could be attached to hydrogels linking
its boronic ester to diols that are part of the gel structural chain. This could be a
very successful way of attaching the sensor to a solid surface, which could lead to
paper strip tests.
A proposal by the Lewis group to develop a guaizaulene-based fluoride sensor
has received funding. Researchers working on this project are aware of the challenges
that the synthesis of 9 presents and they are using a different approach. They
are taking advantage of the reactivity of the methyl group in the position 4 of
guaiazulene to attach a moiety containing a boronic ester. The changes caused by
the binding of fluoride to the boronic ester are transmitted to the chromophore via
π conjugation.

Figure 2.14: Alternative guaizaulene-based fluoride sensor.
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2.5
2.5.1

Experimental section
Synthesis

2-pinacolboryl-azulene (3) and 1-pinacolboryl-azulene (2).

In a glove box, 600 mg of azulene (4.7 mmol, 1 Eq.), 533 mg of bis(pinacolato)
diboron (B2 Pin2 ; 2.1 mmol, 0.45 Eq.), 32 mg of 2,2’- bipyridine (0.21 mmol, 0.05
Eq.), and 71 mg of chloro(1,5- cyclooctadiene) iridium (I) dimer (0.105 mmol, 0.025
Eq.) were weighted in a round bottom flask which was later sealed. Outside of
the glovebox, dry cyclohexane (15 mL) was added. The mixture was heated at
reflux for 14 h under nitrogen. The resulting solution was concentrated using a
rotavapor and was purified by chromatography (silica gel). Unreacted azulene was
extracted after elution with hexane/EtOAc, 8:1; 240 mg (1.9 mmol, 40 %). Elution
using hexane/EtOAc, 9:1 gave 133 mg of 1-pinacolboryl -azulene (0.5 mmol, 11 %,
Rf =0.6) as a purple solid and 682 mg of 2-pinacolboryl -azulene (2.6 mmol, 55 %,
Rf =0.9), a blue solid. This reaction was carried out according to the literature
procedure.18
Alternative synthesis:
100 mg of azulene sulfonium salt 4 were poured in a round bottom flask followed
by 0.1 Eq. of Pd source, 0.2 Eq. of Ligand, 120 mg (2 Eq.) of K3 PO4 and 101 mg
(1.5 Eq.) of B2 Pin2 . The flask was closed and filled with nitrogen and 5 mL of
dry DMF were introduced. The reaction mixture was heated to 65 ◦ C and allowed
to react for 1.5 hours. After, the reaction mixture was poured in 50 mL of water
and extracted with diethyl ether (3 x 30 mL), the organic phases were collected
and dried. The solvent was removed by evaporation and resulting oil purified by
silica column (9:1, Pet/Et2 O). Azulene eluted first (1, blue, , Rf =1.0), followed by
the cross coupling product (5, green, Rf =0.7), 1-pinacolboryl-azulene (2, purple,
Rf =0.62) and finally the ring opening product (6, blue, Rf =0.2).
3 - 1 H-NMR (500 MHz, Chloroform-d) δ 8.34 (dd, J = 9.9, 1.0 Hz, 2H), 7.76 (s, 2H),
7.57 (tt, J = 9.9, 1.1 Hz, 1H), 7.11 (t, J = 9.9 Hz, 2H), 1.40 (s, 12H). 13 C-NMR
(126 MHz, Chloroform-d) δ 140.60, 138.63, 138.06, 124.99, 122.62, 83.64, 24.84. One
carbon environment was not observed (C adjacent to B). Data in agreement with
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literature.18
2 - 1 H-NMR (500 MHz, Chloroform-d) δ 9.17 (d, J = 9.7 Hz, 1H), 8.41 (d, J =
10.2 Hz, 1H), 8.33 (d, J = 3.8 Hz, 1H), 7.66 (t, J = 10.2 Hz, 1H), 7.40 (d, J = 3.4
Hz, 1H), 7.37 (t, J = 9.1 Hz, 1H), 7.29 (td, J = 9.6, 0.6 Hz, 1H), 1.41 (s, 12H).
13
C-NMR (126 MHz, Chloroform-d) δ 147.08, 145.59, 144.63, 138.23, 137.36, 136.39,
125.11, 124.61, 122.69, 119.02, 82.89, 24.97. Data in agreement with literature.18
5 - 1 H-NMR (300 MHz, Chloroform-d) δ 8.30 (dd, J = 9.6, 2.9 Hz, 4H), 8.06 (d, J
= 3.8 Hz, 2H), 7.53 (d, J = 9.9 Hz, 2H), 7.48 (d, J = 3.7 Hz, 2H), 7.16 - 6.96 (m,
4H). Data in agreement with literature.87
6 - 1 H-NMR (300 MHz, Acetonitrile-d3 ) δ 8.58 (dd, J = 9.7, 0.6 Hz, 1H), 8.29 (d, J
= 9.5 Hz, 1H), 7.88 (dd, J = 4.0, 0.5 Hz, 1H), 7.64 (t, J = 9.9 Hz, 1H), 7.34 (d, J
= 4.0 Hz, 1H), 7.25 (t, J = 8.8 Hz, 1H), 7.19 (t, J = 8.8 Hz, 1H), 3.87 (t, J = 6.5
Hz, 2H), 2.76 (t, J = 7.2 Hz, 2H), 1.82 (s, 3H), 1.69 - 1.56 (m, 2H), 1.49 - 1.36 (m,
2H). 13 C NMR (126 MHz, Chloroform-d) δ 161.01, 141.76, 140.58, 138.32, 136.94,
135.55, 123.90, 123.49, 120.20, 119.05, 117.25, 63.49, 37.04, 27.38, 26.18.
(1-(azulen-1-yl)tetrahydro-1H-thiophen-1-ium hexafluorophosphate (4)

812 mg of azulene (6.4 mmol, 1 Eq.) were added into a 250 mL round bottom
flask, which was evacuated and filled with N2 . 50 mL of DCM were added, followed
by 3.2 mL of tetrahydrothiophene-1-oxide (34.9 mmol, 5.5 Eq.) and the solution was
stirred for 10 min. 1.32 mL of trifluoroacetic anhydride (9.5 mmol, 1.5 Eq.) were
dissolved in 20 mL of dry DCM and the solution was added dropwise to the reaction
mixture, which was stirred for 1.5 h at room temperature. The reaction mixture
was washed with water (3 x 150 mL). To the aqueous layer was added potassium
hexafluorophosphate (6.0 g, 37 mmol, 5.8 Eq.). The aqueous layer was washed
with DCM (3 x 100 mL). The organic layer was dried over MgSO4 , filtered and the
solvent removed under vacum. The crude product was purified by recrystallization in
DCM/petroleum ether to obtain 1.88 g of 4 (5.2 mmol, 81 %) as a purple crystalline
solid. 1 H-NMR (500 MHz, Acetonitrile-d3 δ 8.90 (d, J = 9.9 Hz, 1H), 8.78 (d, J =
9.6 Hz, 1H), 8.20 (dd, J = 4.5, 1.8 Hz, 1H), 8.15 (t, J = 9.9 Hz, 1H), 7.84 (t, J =
10.1 Hz, 1H), 7.79 (t, J = 9.8 Hz, 1H), 7.69 (d, J = 4.5 Hz, 1H), 3.97 (dt, J = 12.6,
6.2 Hz, 2H), 3.56 (dt, J = 13.4, 5.9 Hz, 2H), 2.74 - 2.60 (m, 2H), 2.47 - 2.34 (m,
2H). Data in agreement with literature.21
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1-(5-isopropyl -3,8-dimethylazulen-1-yl) tetrahydro
-1H-thiophen -1-ium hexafluorophosphate (8)

520 mg of guaiazulene (2.6 mmol, 1 Eq.) were added into a 250 mL round
bottom flask, which was evacuated and filled with N2 . 50 mL of DCM were added,
followed by 1.30 mL of tetrahydrothiophene-1-oxide (14.9 mmol, 5.5 Eq.) and the
solution was stirred for 10 min. 0.54 mL of trifluoroacetic anhydride (3.9 mmol, 1.5
Eq.) were dissolved in 20 mL of dry DCM and the solution was added dropwise
to the reaction mixture, which was stirred for 1.5 h at room temperature. The
reaction mixture was washed with water (3 x 150 mL). To the aqueous layer was
added potassium hexafluorophosphate (6.0 g, 37 mmol, 14.2 Eq.). The aqueous
layer was washed with DCM (3 x 100 mL). The organic layer was dried over MgSO4 ,
filtered and the solvent removed under vacum. The crude product was purified by
recrystallization in DCM/petroleum ether to obtain 685 mg of 8 (1.6 mmol, 61 %)
as a purple crystalline solid. 1 H-NMR (300 MHz, Acetonitrile-d3 ) δ 8.52 (d, J =
2.2 Hz, 1H), 7.93 – 7.84 (m, 2H), 7.58 (d, J = 10.9 Hz, 1H), 3.97 (dt, J = 12.4, 6.8
Hz, 2H), 3.50 (dt, J = 12.9, 6.9 Hz, 2H), 3.23 (m, 4H), 2.71 - 2.58 (m, 5H), 2.43
- 2.25 (m, 2H), 1.38 (d, J = 6.9 Hz, 6H). 13 C-NMR (136 MHz, Acetonitrile-d3 ) δ
147.98, 147.11, 141.88, 139.33, 138.70, 137.71, 135.63, 133.77, 129.35, 100.53, 54.26,
51.96, 37.78, 28.94, 28.59, 25.17, 23.64, 12.20. HRMS (ESI+) calcd for [C19 H25 S]+
285.1671; found 285.1699.

2.5.2

Celite powder

14.8 mg of 2, 200 mg of celite and 103 mg of CTAB were diluted in 10 mL of Et2 O
and stirred for 30 min, then the solvent was removed in a rotavap and dried under
vacumm for 1 hour. The resulting powder can be directly added to a sample of
water(followed by TBAS) to perform a test.
To obtain a complete colour change in a 3 mL sample of water that contain at
least 6 mg/L of fluoride (10−3 mmol of fluoride), it is necessary to add 5 mg of the
celite-based powder (0.25 mg of pure 2).
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2.5.3

Small-Angle X-Ray Scattering

Small-angle X-Ray scattering (SAXS) experiments were performed in a slit-collimated
Anton Paar SAXSess with a PANalytical PW3830 generator, with a Cu Kα source
(λ = 1.5406 Å) operated at 40 kV and 5o mA. Data were collected using an image
plate detector, read on a Perkins Elmer Cyclone Storage Phosphor System. Samples
were loaded in 1.5 mm borosilicate glass capillaries. Samples were placed in a temperature controlled sample holder at 30 ◦ C and exposed to the X-ray beam for 180
minutes. Data were subsequently reduced and background scattering subtracted
using Anton Paar SAXSQuant software. SAXS data were subsequently analysed
using SasView 4.1.40. A sample containing a mixture of C16 TAB and TBAS (92
mM/0.1 M respectively) and a sample containing the sensor, C16 TAB and TBAS
(5 mM/92 mM/0.1 mM respectively). The data were analysed using the Guinier
approximation in order to follow changes in size of the aggregates with the addition
of the sensor molecule. Further details regarding the aggregate morphology were
obtained through model-based fitting using a charged uniform ellipsoid model.d

d

This experiment was entirely performed by Adrian Sanchez-Fernandez

51

52

Chapter 3
Azulene- and Guaziazulene-based
mercury sensors

3.1
3.1.1

Introduction
Mercury in water

Mercury can be found in three forms: Metallic (elemental), organic or inorganic,
all of which are highly toxic to humans. In its metallic form, mercury is a shiny
liquid; it is insoluble in water, so is not a direct source of water contamination. The
most common forms of organic mercury are methyl-, dimethyl-, ethyl- and diethylmercury. These forms are extremely toxic, with a severely toxic dose of dimethyl
mercury requiring only 0.1 mL to be absorbed though the skin and cause a fatal
intoxication.88 The production and use of organic mercury has been drastically reduced due to its risk to the environment and human health, especially after the tragic
death of Karen Wetterhahn at Dartmouth College (US). This researcher suffered an
acute intoxication by dimethyl mercury after a single drop of this compound fell on
her glove. Despite following all the safety recommendations, she suffered a lethal
intoxication that shocked the academic community.89
Salts of mercury consist of the cation of this metal and an inorganic counter-ion
and are known as inorganic mercury. These are water-soluble compounds and are the
most common source of mercury contamination in water. Unlike organic mercury,
inorganic mercury is polar and cannot pass through gloves or skin. However, due to
its high solubility, poisoning occurs when these salts are dissolved in water or food
and ingested.
Mercury in all forms binds with sulfhydryl and selenohydryl groups of proteins
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and poisons cellular function. Consequently, mercury can potentially impair function
of any organ, or any subcellular structure. The organ affected by mercury poisoning
is the first one to enter into contact with it.90 Therefore, the ingestion of any form
of mercury in acute toxic doses will result in the same terminal signs and symptoms:
namely shock, cardiovascular collapse, acute renal failure and severe gastrointestinal
damage. Acute oral poisoning results primarily in haemorrhagic gastritis and colitis;
the ultimate damage is to the kidney.91
Brain dysfunction is less common in poisoning by inorganic mercury. This is
mainly caused by organic mercury or vapours of metallic mercury, both are apolar
and can pass though the Blood-Brain Barrier.90
Water can be contaminated by mercury from natural sources but in the majority
of reported cases, the source of mercury contamination was human activity.

Figure 3.1: Estimated annual mercury use in artisan and small-scale gold mining
(ASGM).92

Mercury was already used in the Roman Empire and ancient Egypt to purify
gold using the amalgam technique, a practice still in use today. It involves mixing
the gold ore with mercury, the gold forms an amalgam with the mercury and can
be separated from sand and other particles that are not soluble in mercury. After
this, the mercury is evaporated obtaining an ore of pure gold. This technique is no
longer used on an industrial scale at present due to environment laws, but is still
used in illegal mines.93 It is estimated that between 410 and 1400 tonnes of mercury
are emitted through this method each year. In almost all cases, this happens in
very impoverished communities where gold extraction may be the only economical
activity (Figure 3.1). It is estimated that between 10 and 19 million people in the
world participated in illegal gold mining.92
Another traditional use of this metal was in pharmacy and agriculture: as fungicides, antiseptics and preservatives. During the Industrial Revolution, mercury was
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used in the production of chlorine and caustic soda (as an electrolyte), in electrical
appliances and control instruments (switches, thermometers and barometers). Due
to modern environmental laws, the domestic and industrial use of mercury has been
dramatically reduced,94 so that currently, the main causes of mercury contamination are restricted to illegal mining, combustion of coal and industrial activity in
countries that lack these laws.

Figure 3.2: Top. Estimates of mercury consumption in the EU for 2007, 2015,
2021. Bottom. Global mercury emissions to air in 2010, by region, distinguishing
between small-scale gold mining and other sources.94

Most of the atmospheric Hg (0) passes to water through diffusion, where it is
oxidised to Hg(II) by different bioprocesses. It is also re-reduced to Hg (0) via UV
radiation or other bioprocesses. This is a complex cycle that depends on the amount
of light, microorganisms and mercury contamination; but in general, atmospheric
mercury accumulates in water in the form of Hg (II).95
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Climate change is having a great impact on the mercury cycle, with increased
precipitation rates and changes to ocean currents increasing the transport of mercury
to new areas. Furthermore, the melting of mountain glaciers and polar ice caps is
releasing high quantities of Hg (0) that have been out of the cycle for millennia.96, 97

3.1.2

Sensors for the determination of mercury in water

Inorganic mercury is usually determined by cold vapour atomic absorption spectrometry or atomic fluorescence spectrometry. These methods have detection limits
of 50 and 1 ng/L, respectively. The most accurate method and the one in general
use as reference is the neutron activation procedure.91 A standard procedure for
the determination of mercury in drinking water via AAS can be found in the ISO
2846:2012.98 These methods require a well equipped laboratory and trained personnel. The high level of sensitivity required in the analysis limits the development of
field tests. The WHO Guideline value for mercury in drinking water is 1 µg/L.64
There is a great demand for cheap and easy-to-use mercury tests in countries
where the water supply is not safe or a proportion of the population do not trust
the data offered by the government. Colorimetric kits for the detection of mercury
in drinking water are commercially available online, most aimed at US-based consumers. Unfortunately, the chemical mechanisms which these tests are based on
could not be found. These tests are not backed by any agency and the selectivity
towards mercury is very unclear.99
Many groups are working on the development of colorimetric and fluorescent
probes for the detection of mercury, many of which can be found in a review written
by Yoon et al.100
An example of successful fluorescent and colorimetric mercury sensors involving
a covalent mechanism were described by Juyoung Yoon et al. These were based
on two rhodamine hydrazone derivatives bearing a thiol (Figure 3.3, top) and a
carboxylic acid group (Figure 3.3, bottom). The addition of mercury causes an
increase in fluorescence and colour change triggered by the spirolactam ring-opening
process of the rhodamine moiety.101
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Figure 3.3: Mercury sensors developed by Juyoung Yoon et al.

A non-covalent fluorescent sensor containing a thioether-rich crown group as
a sensing element, developed by Chen et al. (Figure 3.4) in 2009, was able to
detect mercury, with a significant interference from silver. Ag+ ions induced a
fluorescent quenching effect because of the intramolecular d–π interaction between
the fluorophore and Ag+ . These “turn-on” and “turn-off” type signals can be applied
to distinguish mercury from silver.102

Figure 3.4: Mercury sensors developed by Chen et al.

The strong ability of mercury to interfere with biological systems can be used
in the development of biosensors. A good example is the probe synthesised by Xing
et al. The main element of the sensor is a single DNA strand template containing a
Hg2+ recognition sequence (composed of thymine rich functional areas separated by a
spacer of random bases). Addition of Hg2+ induces the complexation of the strand
with the metal. The strand then adopts a hairpin-like structure which initiates
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the replication of the template probe in the presence of polymerase and dNTPs.
The replication product, a long duplex DNA, is stained with SYBR Green I and
a fluorescent enhancement can be observed. Because of the amplification step and
T–T base pair in the template, this system can obtain a high sensitivity (40 pM),
enough for the analysis of mercury in water.103

Figure 3.5: Mechanism of the DNA-based mercury sensors developed by Xing et
al.103

Dithiane-based mercury sensors
The conversion of a dithiane group into an aldehyde mediated by Hg2+ is a process
known since the 1960s and extensively used in the Corey-Seebach Reaction (Seebach
Umpolung).104 This reaction offers a great opportunity for the development of
mercury sensors as the two groups are chemically very different and have the ability
to alter a chromophore or fluorophore present in the same molecule.
Several examples of this strategy can be found in the literature, of which, three
are more relevant to this project as the dithiane group is directly attached to the
fluorophore. Das et al. synthesised a mercury sensor that consisted of a dithiane
derivative of BODIPY in 2013 (Figure 3.6, left).105 Another sensor, developed by Hu
et al. in 2014 was based on a dithiane derivative of coumarin (Figure 3.6, middle).106
The probe synthesised by Chang et al. in 2016 was based on a derivative of 2-(2hydroxyphenyl)benzothiazole (Figure 3.6,right).107 All these sensors worked only in
organic solvents or mixture of organic solvents and water.
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Figure 3.6: From left to right, dithiane-based mercury sensors developed by Das
(left), Hu (middle) and Chang (right).

In 2019, Haitao Li et al. developed a mercury sensor that consisted of a dithiane
group attached to the dicyanomethylene-4H-pyran fluorophore. Unlike the previous
examples, this probe displayed a significant colour change when reacted with mercury, in addition to the fluorescent emission. This sensor works in 1:1 mixtures of
water and DMSO.108

Figure 3.7: Mercury sensor developed by Haitao Li et al. Top left. Structure. Top
right. Fluorescence selectivity test. Bottom. Colorimetry selectivity test.108
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3.2
3.2.1

Aims and objectives
Ring-opening based mercury sensors

During their work with azulene sulfonium salts, members of the Lewis group observed that a percentage of the cross coupling substrates always gave products of
type 6. This was identified as the result of the ring opening after the attack of a
nucleophilic anion (usually the counteranion of the palladium complex).

Figure 3.8: Cross coupling reaction using an azulene sulfonium salt as pseudohalide.

This byproduct presents a great opportunity to synthesise an azulene-based
mercury sensor, since it contains a group with strong affinity towards mercury (sulfur) directly attached to the chromophore. Similar sensing systems have been designed in the past, like the sensor developed by Chen et al. It was expected that
increasing the number of sulfur atoms in the ring would increase the selectivity and
the sensitivity. Following this hypothesis, the molecules 10, 11, 12, 13, 14 and 15
were designed as candidates for mercury sensors.

Figure 3.9: Mercury sensor candidates.
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3.2.2

Dithiane-based mercury sensors

In 1959, Treibs et al. synthesised azulene-1-carbaldehyde (16), a magenta azulene
derivative.109 It was proposed that this compound could be used as a starting
material in the synthesis of a dithiane-based mercury sensor (17). This sensor
candidate should have the original colour of azulene (blue) since the dithiane group
does not have a significant conjugative or inductive effect on the azulene moiety.
It was expected that after being exposed to mercury and water, 17 would form 16
causing an intense colour change in the solution, from blue to magenta.

Figure 3.10: Mercury sensor candidates. Top. Synthesis proposed. Bottom.
Mechanism.
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3.3

A family of colorimetric mercury sensors based
on 1-thioalkyl azulene and guaiazulene derivatives

3.3.1

Results and discussion

Synthesis
The synthesis of the molecules described in the figure 3.9 requires two steps: Firstly,
the synthesis of the sulfonium salt from azulene or guaiazulene. Secondly, the opening of the sulfur ring via nucleophilic addition.
10 and 12 can be synthesised from the previously known sulfonium salts 4
and 8, respectively, described in the previous chapter. The experimental procedure
to form sulfonium salts had to be modified for the synthesis of 18 and 19 as an
intermediate step to obtain 11 and 13 (Figure 3.11). A good approach was to oxidise
dithiane to obtain 1-oxo-1,4-dithiande and perform the same addition reaction using
this sulfoxide instead. Unfortunately, the oxidation methods would require the use
of potentially hazardous reagents like mCPBA and the yields would be very low, as
dithiane could be oxidised more than once. Due to this, a novel method to synthesise
azulene sulfonium salts was developed.
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Figure 3.11: Retrosynthesis of the target molecules 10, 11, 12 and 13.

A method to add dimethylsulfide (DMS) to nucleophilic compounds using triflic anhydride at -78 ◦ C described by Balenkova et al.110 was adapted for this
task. In this reaction, one of the sulfur atoms of 1,4-dithiane attacks one of the
sulphur atoms within the molecule of triflic anhydride. The resulting product is
1-((trifluoromethyl)sulfonyl)-1,4-dithian-1-ium (21), a very unstable and reactive
compound that rapidly reacts with the most nucleophilic position of azulene. The
reaction does not stop there and 21 can also react with the 3 position of 18 to form
bis(sulfonium) salts. This permitted the synthesis of more candidate sensors, but
also dramatically reduces the yield due to the premature formation of bis(sulfonium)
salt. The ratio of the products 20 : 18 could be increased by adding more equivalents of dithiane.
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Figure 3.12: Top. Example of the reaction to obtain 18 and 20, reactions for other
salts require minimal adaptations. Bottom. Mechanism proposed for the synthesis
of novel azulene salts 18 and 20.

Despite the reaction producing the desired salts, it required an intensive optimisation to obtain good yields. Salt 21 is very reactive and limits the reaction
conditions to very low temperatures and short reaction times. In addition, triflic
anhydride degrades both product and reactants.
The products 22 and 23 were synthesised to confirm that this reaction worked
with reactants other than dithiane, in this case 1,4-oxathiane. It was observed that
the yields are limited by the formation of bis(sulfonium) salts and an unidentified
byproduct. After comprehensive characterisation, the byproduct 24 was isolated
and identified as the product of the insertion of a trifluoromethylsulfinyl group at
the 3 position of 22. This product was found only in the reactions that used 14
equivalents of triflic anhydride (with the aim of synthesising the bis(sulfonium) salt).
This reaction competes with the addition of the second 1,4-oxathiane and greatly
reduces the yields for this synthesis. Compounds similar to 24 were already observed
by Nakagawa in 2014.111
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Figure 3.13: Mechanism proposed for the synthesis of 22 and 24.

The synthesis of 14 required the synthesis of a novel bis(sulfonium) salt, 25.
This was achieved by adapting the methodology described by Cowper,102 increasing
the equivalents of sulfoxide and the reaction times.112, 113 The main challenge was the
separation of the monosulfonium salt (4) and the bis(sulfonium) salt (25) after the
reaction. This was achieved by including a second purification step, recrystallisation
in methanol, to obtain the pure product.a For the synthesis of 15, the salt 20 was
required. This was obtained adapting the reaction for the obtention of 18 (Figure
3.12).
a

These experiments were performed by Freddie Martin.
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Figure 3.14: Retrosynthesis for 14 and 15.

The yields were much lower for the synthesis of 19 and 8. This may be due to
the instability of guaizaulene and the steric hindrance caused by the methyl group
in the position 4. Nevertheless, it was only required to reduce the reaction times to
obtain good yields.
To obtain the candidate sensors described in figure 3.9 from the sulfonium salts
that had been previously synthesised, a simple experimental procedure for addition
reactions was designed. The sulfonium salts were dissolved in DMF and an excess of
sodium thiophenolate was added to the mixture. After a few minutes the solutions
turned blue and the desired products could be extracted. Excellent yields were
obtained in the ring opening reactions of 4 and 18 to obtain 10 (80 %) and 11 (95
%), respectively. The ring opening reaction of guaizulene salts 19 and 8 to obtain 13
(94 %) and 12 (94 %), respectively, gave also excellent yields despite the instability
of these compounds.
This ring-opening reaction was studied in depth using different nucleophiles.b
One of the most interesting discoveries was that the reaction is very limited by the
basic character of the nucleophile. For example, EtO− did not act as a nucleophile
but as a base, obtaining the elimination product instead (26).
b

This work was made by Jesse Chen.
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Figure 3.15: Top. Ring-opening reaction. Bottom. Elimination caused by the
basic character of EtONa.

MeCN/Water system
The mercury sensor candidates 14 and 15 could not be tested due to their low
solubility. 10, 11, 12 and 13 were tested against various metal salts. The solutions
were made of water/MeCN in a 9:1 ratio.
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Figure 3.16: Naked-eye selectivity experiment. From top to bottom: 10, 11, 12 and
13 at a concentration of 500 µM were exposed to Hg(NO3 )2 (500 µM), LiCl (500
µM), NaCl (500 µM), KCl (500 µM), Mg(NO3 )2 (500 µM), CaCl2 (500 µM), FeSO4
(500 µM), Ni(acac)2 (500 µM), CuCl2 (500 µM), Zn(NO3 )2 (500 µM), AgNO3 (500
µM), Pb(OAc)2 (500 µM), Cd(OAc)2 (500 µM) and As(NO3 )3 (500 µM). The data
were obtained in a solution of 90 % H2 O : 10 % MeCN and the photos were taken
after 30 min.

The four sensors showed great selectivity and a change of colour visible to the
human eye under these conditions.
Unfortunately, these solutions were too turbid to obtain acceptable UV-Vis
spectra. To overcome this problem, different water:MeCN ratios were tested, with
1:9 being the most successful. Interestingly, 12 showed a completely different behaviour under these conditions. It lost selectivity as it reacted with copper in addition to mercury, but it showed a stronger colour change at lower concentration.
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Figure 3.17: Naked-eye selectivity experiment. 12 at a concentration of 50 µM
were exposed to Hg(NO3 )2 (50 µM), LiCl (50 µM), NaCl (50 µM), KCl (50 µM),
Mg(NO3 )2 (50 µM), CaCl2 (50 µM), FeSO4 (50 µM), Ni(acac)2 (50 µM), CuCl2 (50
µM), Zn(NO3 )2 (50 µM), AgNO3 (50 µM), Pb(OAc)2 (50 µM), Cd(OAc)2 (50 µM)
and As(NO3 )3 (50 µM). The data were obtained in a solution of 10 % H2 O : 90 %
MeCN and the photos were taken after 30 min.

Figure 3.18: UV-Vis selectivity experiment. 10 (top left), 11 (top right), 12 (bottom
left) and 13 (bottom right) at a concentration of 50 µM were exposed to Hg(NO3 )2
(50 µM), LiCl (50 µM), NaCl (50 µM), KCl (50 µM), Mg(NO3 )2 (50 µM), CaCl2
(50 µM), FeSO4 (50 µM), Ni(acac)2 (50 µM), CuCl2 (50 µM), Zn(NO3 )2 (50 µM),
AgNO3 (50 µM), Pb(OAc)2 (50 µM), Cd(OAc)2 (50 µM) and As(NO3 )3 (50 µM).
The data were obtained in a solution of 10 % H2 O : 90 % MeCN and measured after
30 min.
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Figure 3.19: Selectivity of 12 at 440 nm.

It was observed that under these conditions 10 and 11 lost selectivity, reacting
with mercury, iron and copper, whilst 12 with copper and mercury; and 13 only
with mercury. It was suspected that the colour change could not be caused by the
non-covalent binding of mercury to the sensors, but by the decomposition of the
sensor into other molecules. In this case, mercury could bind to the sulfur groups
of the sensor. This structure may be unstable and quickly decompose, via oxidative
mechanism into a number of molecules.
In this mechanism, the molecule of mercury could act as a catalyst and react
with more than one molecule of sensor or stoichiometrically. A simple kinetic test
was performed to confirm this hypothesis; 0.1 equivalents of mercury (II) nitrate
were dissolved in a solution of the sensor in MeCN and the reaction was monitored
by spectrophotometry.
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Figure 3.20: Kinetic experiments. 10 (top left), 11 (top right), 12 (bottom left),
and 13 (bottom right), at a concentration of 50 µM in the presence of 5 µM of
mercury (II) nitrate in acetonitrile. Data shown in minutes.

Figure 3.21: Absorbance vs time graph for 12 (left) at 440 nm, and 13 (right) at
435 nm, at a concentration of 50 µM in the presence of 5 µM of mercury (II) nitrate
in acetonitrile. Data shown in minutes.

The results showed no significant change in absorbance for 10 and 11 under these conditions, which suggested a stoichiometric mechanism. However, 13
showed the quick formation of an intermediate that decomposed after 20-30 minutes, consuming all the starting material in the process. Whilst, 12 showed the
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same behaviour but the intermediate was much more stable.
When the same experiment was performed in a solvent with a 9:1 ratio water/MeCN, the peak at 440 nm did not decrease and furthermore, stabilised after
10 minutes. It was concluded that in this solution, the complex 12-Hg was formed
but is more stable than in pure MeCN and did not decompose. This behaviour was
not observed in 13.

Figure 3.22: Stabilisation of the complex 12-Hg. Data shown in minutes.

The oxidative mechanism of 13 catalysed by Hg2+ was confirmed after exposing
1 equivalent of 13 to 0.1 equivalents of mercury (II) nitrate in different solvents.
One was MeCN degassed with N2 and another with regular MeCN. A colour change
was only observed under oxidative conditions (Figure 3.23).

Figure 3.23: 13 and 0.1 equivalents of mercury (II) nitrate in oxidative and nonoxidative conditions.

Titration of 10 and 11 showed an increase of absorbance with the addition of
mercury. However, the increase was not proportional and it was difficult to establish
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a saturation limit. The mechanism that causes this behaviour and, therefore, the
colour change is not yet understood. It is suspected that they decompose in the
presence of mercury and the intermediates cannot be observed.

Figure 3.24: Left. Titration spectra for 10 (50 µM) in the presence of Hg(NO3 )2
(0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 and 65 µM) after 30 min. Right.
Titration spectra for 11 (50 µM) in the presence of Hg(NO3 )2 (0, 5, 10, 15, 20, 25,
30, 35, 40, 45, 50, 55, 60, 100, 110, 120, 130 and 140 µM). The data were obtained
in a solution of 10 % H2 O : 90 % MeCN and measured after 30 min.

As 13 decomposed in the presence of mercury seemingly via a catalytic mechanism and the intermediate 13-Hg could not be stabilised, it was not possible to
perform a titration experiment with this sensor.
Titration of 12 gave a linear response with a strong correlation (R=0.997) to
the addition of mercury. Isosbestic points were identified, which confirms that there
are only two species in the solution. The increase of absorbance stopped after the
addition of 1 equivalent of mercury, which suggests that the binding is 1:1. Finally,
this combination of solvents showed an impressive colour change to the naked-eye.
A future colorimetric sensor based on this reaction could be used either with the
naked-eye or using a portable spectrophotometer.
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Figure 3.25: Left. Titration spectra for 12 (50 µM) in the presence of Hg(NO3 )2
(0, 10, 20, 30, 40, 50, 60 and 70 µM). The data were obtained in a solution of 10 %
H2 O : 90 % MeCN and measured after 30 min. Right. Dose-response curve.

Figure 3.26: Photography of 12 (50 µM) in the presence of Hg(NO3 )2 (0, 10, 20, 30,
40, 50, 60 and 70 µM) in a solution of 10 % H2 O : 90 % MeCN and the photography
was taken after 20 min.

Brij system
With the aim of reducing the environmental impact of the sensing system and making the sensor easier to use, an attempt was made to use pure water as a solvent
instead of mixtures with organic solvents. As the sensors were not soluble in water,
a green surfactant, Brij C10 (average MW: 683), was added.
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Figure 3.27: Naked-eye selectivity experiment. From top to bottom: 10, 11, 12 and
13 at a concentration of 500 µM were exposed to Hg(NO3 )2 (500 µM), LiCl (500
µM), NaCl (500 µM), KCl (500 µM), Mg(NO3 )2 (500 µM), CaCl2 (500 µM), FeSO4
(500 µM), Ni(acac)2 (500 µM), CuCl2 (500 µM), Zn(NO3 )2 (500 µM), AgNO3 (500
µM), Pb(OAc)2 (500 µM), Cd(OAc)2 (500 µM) and As(NO3 )3 (500 µM) The data
were obtained in a solution of water and Brij (0.1 % weight) and the photos were
taken after 30 min.

The results of the selectivity experiments showed similar results for 10 and 11.
The spectra obtained suggested that both sensors are decomposed in the same way
as they were in MeCN/Water systems. Compounds 12 and 13 showed no initial
colorimetric change against any metal. Nevertheless, it could be observed in the
UV region of the spectra that 13 responded strongly with iron and 12 responded
with mercury, iron and silver. The results were less satisfactory than those obtained
in the MeCN/water system as the colorimetric response of 10 and 11 was weaker,
12 and 13 did not have any colorimetric response and the spectra obtained were of
lower quality due to the turbidity of the samples.
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Figure 3.28: UV-Vis spectrophotometry selectivity experiment. 10 (top left), 11
(top right), 12 (bottom left) and 13 (bottom right) at a concentration of 50 µM
were exposed to Hg(NO3 )2 (50 µM), LiCl (50 µM), NaCl (50 µM), KCl (50 µM),
Mg(NO3 )2 (50 µM), CaCl2 (50 µM), FeSO4 (50 µM), Ni(acac)2 (50 µM), CuCl2 (50
µM), Zn(NO3 )2 (50 µM), AgNO3 (50 µM), Pb(OAc)2 (50 µM), Cd(OAc)2 (50 µM)
and As(NO3 )3 (50 µM). The data were obtained in a solution of water and Brij (0.01
% weight) after 30 min.

To test if under these conditions mercury was acting catalytically or stoichiometrically, 0.1 equivalents of mercury were added to solutions of 10 and 11 in water
and Brij (0.01 % weight). The results showed that the absorbance peaks were increased slowly with time, and it was concluded that mercury acted as a catalyst but
at a slow rate.
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Figure 3.29: Kinetic experiments. 10 (left) and 11 (right) at a concentration of 50
µm in the presence of 5 µM of Hg(NO3 )2 in water with Brij (0.01 % weight). Data
shown in minutes.

Titration experiments for 10 showed similar results to those observed in MeCN/water,
a lack of proportionality that could not be entirely explained. These experiments
were performed only over 10 as the previous results indicated that the behaviour of
these sensors was not positive.

Figure 3.30: UV-Vis spectrophotometry titration experiment of 10 (50 µM) in the
presence of Hg(NO3 )2 (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 and 65 µM) after
30 min. The data were obtained in a solution of water with Brij (0.01 % weight)
after 30 min.
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3.3.2

Conclusions, future work and impact

All the candidate mercury sensors initially designed were synthesised. To achieve
this, it was necessary to develop a new way of synthesising sulfonium salts. This
methodology could be used to synthesise azulene mono- and bis(sulfonium) salts
and guaiazulene sulfonium salts. In the future, this reaction should be tested with
other aromatic nucleophiles rather than azulene.
Four of the six candidate sensors showed a significant colour change in mixtures
of acetonitrile and water. Furthermore, two of them worked in water with a surfactant. Compound 12 produced better results, with a significant colour change and
a proportional response to mercury. 12 along with 13 are the less expensive and
most sustainable sensors for commercialisation, as they are based on guaiazulene.
In the future, 13 could also be used as a kinetic sensor, measuring the speed of
the decomposition that should be proportional to the concentration of mercury, in
opposition to net variation of absorbance, this would permit the detection of much
lower concentrations of mercury.
The use of Brij as a greener alternative did not show better than or equal
results to those when using mixtures of water/MeCN. However, 10 and 11 could
detect mercury selectively under these conditions. Surfactants can still be a viable
alternative and the sensors should be tested with a larger library of surfactants.
In the future, 12 should be tested in real samples of water contaminated by
mercury. As it is based on guaiazulene, it is possible that it decomposes more easily
than other mercury sensors. Therefore, its stability at different temperatures, air
and moisture should also be studied.
In 2005, Knorr et al. studied the ability of (4-(phenylthio)butyl)sulfanes to
form complexes with mercury.114 However, these structures have not been used
as a sensing element to detect mercury until this work. It is of great interest to
test these structures on different chromophores and fluorophores to further establish
their effectiveness as a selective sensing element.
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3.3.3

Experimental section

1-(6-Phenyl-1,6-dithiahexyl)azulene (10)c

100 mg of 4-PF6 (0.28 mmol, 1 Eq.) and 44 mg of sodium thiophenolate (0.33
mmol, 1.2 Eq.) were added to a 50 mL round bottom flask with a magnetic stirrer
bar. The flask was evacuated and filled with N2 gas. 5 mL of DMF were added to
the flask and the reaction mixture was stirred for 2 hours at room temperature. The
reaction mixture was diluted with diethyl ether (30 mL), and washed with water (2
x 30 mL) and brine (30 mL). The organic layer was dried over MgSO4 and filtered.
The filtrate was concentrated in vacuo. The product 10 was obtained as a dark-blue
oil (70 mg, 0.217 mmol, 80 %). No purification was necessary. 1 H-NMR (500 MHz,
Chloroform-d) δ 8.69 (dd, J = 9.8, 2.5 Hz, 1H), 8.30 (d, J = 9.5 Hz, 1H), 7.96 (d,
J = 3.9 Hz, 1H), 7.64 (t, J = 9.9 Hz, 1H), 7.39 (d, J = 3.9 Hz, 1H), 7.33 - 7.24 (m,
6H), 7.24 - 7.18 (m, 1H), 2.88 (td, J = 7.3, 1.5 Hz, 2H), 2.82 (td, J = 7.2, 1.8 Hz,
2H), 1.83 - 1.73 (m, 2H), 1.72 – 1.62 (m, 2H). 13 C-NMR (126 MHz, Chloroform-d) δ
141.75, 140.51, 138.29, 136.90, 136.62, 135.58, 129.11, 128.84, 125.82, 123.84, 123.46,
119.34, 117.27, 37.05, 33.26, 28.96, 28.07 (one aromatic carbon was not observed).
IR ν: 3017, 2958, 2243, 1582, 1453, 1431, 1417, 1382, 1272, 1255, 1158, 1141,
1093, 1057, 1026, 959, 951, 878, 757 cm−1 . HRMS (ESI+) calcd for [C20 H20 S2 +H]+
325.1085; found 325.1044.
1-(7-Phenyl-1,4,7-trithiaheptyl)azulene (11)

100 mg (0.28 mmol, 1 Eq.) of 18-PF6 and 40 mg (0.3 mmol, 1.1 Eq,) of
sodium thiophenolate were added to a 50 mL round bottomed flask. The flask was
evacuated and filled with N2 gas. 5 mL of DMF were added to the flask and the
reaction mixture was stirred for 2 hours at room temperature. The reaction mixture
was poured in 20 mL of Et2 O, and washed with water (3 x 30 mL) and brine (30
c

This molecule was synthesised and characterised by Freddie Martin.
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mL). The organic layer was dried over MgSO4 and filtered. Solvent was removed
by evaporation to obtain 85.3 mg (0.24 mmol, 95 %) of 11 as a blue solid. No
purification was necessary. 1 H-NMR (500 MHz, Chloroform-d) δ 8.71 (d, J = 9.7
Hz, 1H), 8.32 (d, J = 9.4 Hz, 1H), 7.95 (d, J = 4.0 Hz, 1H), 7.67 (t, J = 9.8 Hz,
1H), 7.38 (d, J = 3.9 Hz, 1H), 7.34 - 7.17 (m, 7H), 3.00 - 2.89 (m, 4H), 2.69 –
2.60 (m, 4H). 13 C-NMR (126 MHz, Chloroform-d) δ 142.05, 140.99, 138.46, 137.12,
135.65, 135.18, 129.86, 129.01, 126.48, 124.17, 123.81, 117.82, 117.39, 37.34, 33.93,
32.14, 31.37 (one aromatic carbon was not observed). IR ν: 3069, 3050, 3016, 3001,
2928, 2503, 2442, 2362, 2211, 2190, 2150, 2028, 2000, 1970, 1953, 1937, 1879, 1865,
1794, 1735, 1699, 1672, 1572, 1530, 1453, 1424, 1403, 1387, 1317, 1299, 1270, 1193,
1162, 1133, 1087, 1067, 1045, 1024, 975, 909, 867, 840, 825, 774, 728, 707, 687 cm−1 .
Melting point 55 ± 5 ◦ C. HRMS (ESI+) calcd for [C20 H20 S3 +Na]+ 379.0625; found
379.0609.
3,8-Dimethyl-5-isopropyl-1-(6-phenyl-1,6-dithiahexyl)azulene (12)

130 mg (0.33 mmol) of 8-PF6 and 87.6 mg (0.66 mmol, 2 Eq.) of sodium
thiophenolate were added to a 50 mL round bottomed flask. The flask was evacuated
and filled with N2 gas. 5 mL of DMF were added to the flask and the reaction mixture
was stirred for 2 hours at room temperature. The reaction mixture was poured in
20 mL of Et2 O, and washed with water (3 x 30 mL) and brine (30 mL). The organic
layer was dried over MgSO4 and filtered. Solvent was removed by evaporation to
obtain 125 mg (0.32 mmol, 97 %) of 12 as a blue oil. No purification was necessary.
1
H-NMR (500 MHz, Chloroform-d) δ 8.01 (d, J = 2.2 Hz, 1H), 7.56 (s, 1H), 7.28
- 7.25 (m, 5H), 7.16 (t, J = 7.2 Hz, 1H), 6.85 (d, J = 10.7 Hz, 1H), 3.20 (s, 3H),
3.00 (h, J = 6.8 Hz, 1H), 2.96 - 2.82 (m, 4H), 2.58 (s, 3H), 1.82 - 1.70 (m, 4H), 1.33
(d, J = 6.8 Hz, 6H). 13 C-NMR (126 MHz, Chloroform-d) δ 147.23, 141.18, 140.06,
138.61, 136.57, 135.50, 134.86, 133.64, 129.12, 128.81, 127.57, 125.80, 124.90, 116.85,
37.64, 37.48, 33.25, 28.32, 28.24, 27.04, 24.49, 12.86. IR ν: 3056, 3034, 2955, 2923,
2862, 1678, 1604, 1583, 1544, 1522, 1479, 1437, 1385, 1299, 1284, 1243, 1199, 1163,
1088, 1053, 1024, 1000, 922, 861, 813, 737, 690, 659 cm−1 . HRMS (ESI+) calcd for
[C25 H30 S2 +Na]+ 417.1681; found 417.1720.
3,8-Dimethyl-5-isopropyl-1-(7-phenyl-1,4,7-trithiaheptyl)azulene (13)
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100 mg (0.25 mmol) of 19 and 40 mg (0.3 mmol 1.2 Eq.) of sodium thiophenolate were added to a 50 mL round bottomed flask. The flask was evacuated and
filled with N2 gas. 5 mL of DMF were added to the flask and the reaction mixture
was stirred for 2 hours at room temperature. The reaction mixture was poured in
20 mL of Et2 O, and washed with water (3 x 30 mL) and brine (30 mL). The organic
layer was dried over MgSO4 and filtered. Solvent was removed by evaporation to
obtain 85.3 mg (0.24 mmol, 94 %) of 13 as a blue oil. No purification was necessary.
1
H-NMR (500 MHz, Chloroform-d) δ= 8.05 (d, J = 2.2 Hz, 1H), 7.58 (s, 1H), 7.50
(d, J = 7.4 Hz, 1H), 7.40 - 7.22 (m, 4H), 7.18 (t, J = 7.2 Hz, 1H), 6.91 (d, J =
10.8 Hz, 1H), 3.23 (s, 3H), 3.07 - 2.92 (m, 5H), 2.75 - 2.65 (m, 4H), 2.58 (s, 3H),
1.34 (d, J = 6.9 Hz, 6H). 13 C-NMR (126 MHz, Chloroform-d) δ= 147.21, 142.19,
140.66, 138.96, 135.62, 133.81, 129.84, 129.03, 128.12, 127.51, 127.13, 126.46, 125.08,
38.04, 37.67, 33.93, 31.53, 31.40, 27.14, 24.50, 12.85 (one aromatic carbon was not
observed). IR ν: 2960, 2922, 1578, 1479, 1426, 1389, 1366, 1281, 1193, 1135, 1110,
1087, 1068, 1025, 997, 975, 936, 893, 873, 831, 810, 735, 708, 688 cm−1 . HRMS
(ESI+) calcd for [C25 H30 S3 +Na]+ 449.1402; found 449.1629.
1,3-bis(6-phenyl-1,6-dithiahexyl)azulene (14)

d

100 mg of 25-(OTf )2 (0.28 mmol, 1 Eq.) and 89 mg of sodium thiophenolate
(0.67 mmol, 2.4 Eq.) were added to a 50 mL round bottom flask with a magnetic
stirrer bar. The flask was evacuated and filled N2 gas. 5 mL of DMF was added to
the flask and the reaction mixture was stirred for 2.5 hours at room temperature.
The reaction mixture was diluted with diethyl ether (30 mL), and washed with
water (2 x 30 mL) and 5 % LiCl solution (30 mL). The organic layer was dried
over MgSO4 and filtered. The filtrate was concentrated in vacuo. The product 14
d
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was obtained as a dark-blue oil (63 mg, 0.120 mmol, 71 %).. No purification was
necessary. 1 H-NMR (500 MHz, Chloroform-d) δ 8.61 (d, J = 9.2 Hz, 2H), 7.99 (s,
1H), 7.66 (t, J = 9.8 Hz, 1H), 7.37 – 7.22 (m, 10H), 7.16 (t, J = 7.2 Hz, 2H), 2.87
(t, J = 7.2 Hz, 4H), 2.82 (t, J = 7.1 Hz, 4H), 1.84 - 1.71 (m, 4H), 1.71 - 1.63 (m,
4H). 13 C-NMR (126 MHz, Chloroform-d) δ: 145.63, 141.88, 139.21, 136.55, 135.83,
129.12, 128.85, 125.84, 124.39, 118.97, 36.92, 33.25, 28.86, 28.02. IR ν: 3050, 2925,
2847, 1572. 1479. 1392, 1380, 1284, 1297, 1240, 1069, 1024, 942, 875, 735, 689 cm−1 .
HRMS (ESI+) calcd for [C30 H32 S4 +H]+ 521.1416; found 521.1385.
1,3-Bis(7-phenyl-1,4,7-trithiaheptyl)azulene (15)

85 mg (0.13 mmol, 1 Eq.) of 20-PF6 and 82 mg (0.29 mmol, 2.2 Eq.) of
sodium thiophenolate were added to a 50 mL round bottomed flask. The flask was
evacuated and filled with N2 gas. 5 mL of DMF were added to the flask and the
reaction mixture was stirred for 2 hours at room temperature. The reaction mixture
was poured in 20 mL of Et2 O, and washed with water (3 x 30 mL) and brine (30
mL). The organic layer was dried over MgSO4 and filtered. Solvent was removed by
evaporation to obtain 45 mg (0.08 mmol, 60 %) of 15 as a blue solid. No purification
was necessary. 1 H-NMR (500 MHz, Chloroform-d) δ 8.67 (d, J = 9.7 Hz, 2H), 8.01
(s, 1H), 7.72 (t, J = 9.8 Hz, 1H), 7.38 - 7.24 (m, 10H), 7.19 (t, J = 7.1 Hz, 2H),
2.98 (t, J = 8.0 Hz, 4H), 2.92 (t, J = 8.0 Hz, 4H), 2.67 (t, J = 8.2 Hz, 4H), 2.62
(t, J = 7.6 Hz, 4H). 13 C-NMR (126 MHz, Chloroform-d) δ 146.47, 142.52, 139.58,
136.16, 135.14, 129.88, 129.02, 126.51, 125.07, 117.70, 37.26, 33.98, 32.18, 31.44. IR
ν: 2923, 1578, 1479, 1426, 1389, 1366, 1301, 1281, 1193, 1136, 1112, 1087, 1068,
1025, 997, 943, 893, 873, 831, 810, 736, 688 cm−1 . Melting point 84 ± 3 ◦ C. HRMS
(ESI+) calcd for [C30 H32 S6 +H]+ 607.0720; found 607.0818.
Azulen-1-yl(3-thiapentan-1,5- diyl) sulfonium hexafluorophosphate (18PF6 )
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39 mg (0.32 mmol, 1 Eq.) of 1,4-dithiane and 50 mg (0.39 mmol, 1.25 Eq.)
of azulene were dissolved in 15 mL of dry DCM under a nitrogen atmosphere and
cooled down to -78 ◦ C in an acetone/dry ice bath. 0.055 mL (0.32 mmol, 1 Eq.)
of triflic anhydride were dissolved in 5 mL of dry DCM and added dropwise to the
solution. After 30 min of vigorous stirring the reaction mixture was poured in 100
mL of Et2 O and washed with water (3 x 100 mL), this aqueous phase was collected
and washed with Et2 O (3 x 20 mL). After this, 1.5 g (8 mmol, 35 Eq.) of KPF6 were
added to the aqueous phase, then filtered and an orange precipitate (20-(PF6 )2 )
was recovered. The filtrate was collected and the product extracted with EtOAc (2
x 50 mL), then the solvent removed by evaporation to obtain a red solid. This was
recrystallised with EtOAc/Et2 O to obtain 82 mg (0.21 mmol, 54 %) of 18-PF6 as
red crystals. 1 H-NMR (500 MHz, Acetonitrile-d3 ) δ 8.86 (d, J = 9.9 Hz, 1H), 8.83
(d, J = 9.7 Hz, 1H), 8.49 (d, J = 4.6 Hz, 1H), 8.19 (t, J = 9.9 Hz, 1H), 7.89 (t,
J = 9.9 Hz, 1H), 7.85 (t, J = 9.8 Hz, 1H), 7.75 (d, J = 4.6 Hz, 1H), 3.98 (td, J
= 12.5, 2.4 Hz, 2H), 3.89 (dt, J = 12.9, 2.3 Hz, 2H), 3.45 (td, J = 11.6, 1.9 Hz,
2H), 3.28 (dt, J = 16.1, 2.7 Hz, 2H). 13 C-NMR (126 MHz, Acetonitrile-d3 ) δ 144.41,
142.27, 142.05, 141.16, 136.14, 135.66, 129.60, 129.03, 120.95, 99.85, 44.66, 26.20.
IR ν: 1458, 1402, 1383, 1270, 1167, 1044, 909, 820, 772, 740, 711, 664 cm−1 . Melting
point= 215 ± 5 ◦ C (decomposes). HRMS (ESI+) calcd for [C14 H15 S2 ]+ 247.0610;
found 247.0600.
3,8-Dimethyl -5-isopropylazulen -1-yl(3-thiapentan -1,5-diyl)sulfonium hexafluorophosphate (19-PF6 )

222 mg (1.84 mmol, 3.7 Eq.) of 1,4-dithiane and 100 mg (0.5 mmol, 1 Eq.) of
guaiazulene were dissolved in 15 mL of dry DCM under a nitrogen atmosphere and
cooled down to -78 ◦ C in an acetone/dry ice bath. 0.17 mL (0.6 mmol, 1.2 Eq.)
of triflic anhydride were dissolved in 5 mL of dry DCM and added dropwise to the
solution. After 15 min of vigorous stirring the reaction mixture was poured in 100
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mL of Et2 O and washed with water (3 x 100 mL). This aqueous phase was collected
and washed with Et2 O (3 x 20 mL). After this, 1.5 g of KPF6 (8 mmol, 16 Eq.) were
added to the aqueous phase. The product was extracted with EtOAc (3 x 25 mL),
the solvent removed by evaporation and purified by recrystallisation EtOAc/Et2 O
to obtain 103 mg (0.22 mmol, 44 %) of 19-PF6 as a pink solid. 1 H-NMR (500 MHz,
Acetonitrile-d3 ) δ 8.58 (d, J = 2.2 Hz, 1H), 8.20 (s, 1H), 7.95 (dd, J = 10.8, 2.1 Hz,
1H), 7.66 (d, J = 10.8 Hz, 1H), 3.99 - 3.85 (m, 4H), 3.47 (t, J = 12.3 Hz, 2H), 3.30
(h, J = 7.0 Hz, 1H), 3.25 - 3.22 (m, 2H), 3.21 (s, 3H), 2.69 (s, 3H), 1.41 (d, J =
6.9 Hz, 6H). 13 C-NMR (126 MHz, Acetonitrile-d3 ) δ 148.65, 147.33, 142.12, 139.67,
138.96, 137.81, 135.61, 134.22, 129.10, 96.36, 46.69, 37.74, 28.20, 26.65, 23.53, 12.14.
IR ν: 3046, 2960, 2922, 1578, 1479, 1426, 1389, 1366,1328, 1301, 1281, 1241, 1193,
1136, 1111, 1087, 1068, 1025, 943, 893, 873, 810, 735, 708, 688 cm−1 . Melting point
138 ± 3 ◦ C (decomposes). HRMS (ESI+) calcd for [C19 H25 S2 ]+ 317.1392; found
317.1523.
Azulen -1,3-diyl bis((3-thiapentan -1,5-diyl) sulfonium)
hexafluorophosphate (20-(PF6 )2 )

1.83 g (15.3 mmol, 14 Eq.) of 1,4-dithiane and 140 mg (1.1 mmol, 1 Eq.) of
azulene were dissolved in 15 mL of dry DCM under a nitrogen atmosphere and cooled
down to -78 ◦ C in an acetone/dry ice bath. 0.41 ml (2.4 mmol, 2.2 Eq.) of triflic
anhydride were dissolved in 5 mL of dry DCM and added dropwise to the solution.
After 40 min of vigorous stirring the reaction mixture was poured in 100 mL of
Et2 O and washed with water (3 x 100 mL). This aqueous phase was collected and
washed with Et2 O (3 x 20 mL). After this, 2 g of KPF6 (10.84, 10 Eq.) were added
to the aqueous phase, then filtered to obtain an orange precipitate. The filtrate
was collected and the product extracted with EtOAc (2 x 50 mL), then the solvent
removed by evaporation to obtain a red solid (18-PF6 ). The orange precipitate was
recrystallised with EtOAc/Et2 O to obtain 373 mg (0.57 mmol, 52 %) of 20-(PF6 )2
as orange crystals. 1 H-NMR (500 MHz, Acetonitrile-d3 ) δ 9.14 (s, 1H), 9.12 (d, J
= 9.4 Hz, 1H), 8.58 (t, J = 9.9 Hz, 1H), 8.31 (t, J = 10.1 Hz, 2H), 4.11 - 3.95 (m,
8H), 3.51 (ddd, J = 15.9, 9.7, 4.1 Hz, 4H), 3.39 - 3.32 (m, 4H). 13 C-NMR (126 MHz,
Acetonitrile-d3 ) δ 146.35, 143.83, 139.76, 139.07, 133.77, 105.12, 44.72, 26.01. IR ν:
2952, 1770, 1702, 1583, 1450, 1409, 1383, 1300, 1246, 1162, 1133, 1111, 1060, 946,
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906, 879, 820, 755, 696, 663 cm−1 . Melting point= 190 ±3◦ C (decomposes). HRMS
(ESI+) calcd for [C18 H22 S4 ]2+ 183.0297; found 183.0288.
Azulen-1-yl (3-oxapentan-1,5-diyl) sulfonium trifluoromethylsulfonate
(22-OTf )

100 mg (0.8 mmol, 1 Eq.) of azulene were dissolved in 15 mL of dry DCM
under a nitrogen atmosphere and cooled down to -78 ◦ C in an acetone/dry ice bath.
0.41 mL (4.3 mmol, 5.5 Eq.) of 1,4-thioxane were added to the flask, 0.17 mL (1
mmol, 1.25 Eq.) of triflic anhydride were dissolved in 5 ml of dry DCM and added
dropwise to the solution. After 1 hour of vigorous stirring 2/3 of the solvent was
removed by evaporation. The product was precipitated after the addition of 20 mL
of Et2 O. This was filtered to obtain a red solid that was purified by recrystallisation
in EtOAc/Et2 O to obtain 215 mg (0.57 mmol, 73 %) of 22-OTf as a red solid.
1
H-NMR (500 MHz, Acetonitrile-d3 ) δ 8.91 (d, J = 9.9 Hz, 1H), 8.83 (d, J = 9.6
Hz, 1H), 8.50 (d, J = 4.5 Hz, 1H), 8.20 (t, J = 9.9 Hz, 1H), 7.90 (t, J = 9.9 Hz,
1H), 7.85 (t, J = 9.8 Hz, 1H), 7.75 (d, J = 4.6 Hz, 1H), 4.50 (dt, J = 14.0, 3.2
Hz, 2H), 4.08 (ddd, J = 13.6, 11.3, 1.5 Hz, 2H), 3.84 (ddd, J = 12.6, 11.1, 3.4 Hz,
2H), 3.64 (dd, J = 12.7, 2.5 Hz, 2H). 13 C-NMR (126 MHz, Acetonitrile-d3 ) δ 144.55,
142.49, 142.05, 141.16, 135.97, 135.72, 129.60, 129.11, 121.00, 99.66, 65.04, 42.07.
IR ν: 3082, 2995, 2962, 2907, 2870, 1586, 1539, 1460, 1425, 1405, 1382, 1316, 1255,
1223, 1199, 1161, 1142, 1106, 1055, 1026, 986, 939, 908, 870, 826, 803, 781, 749,
714, 682 cm−1 . Melting point= 260 ± 3 ◦ C (decomposes). HRMS (ESI+) calcd for
[C14 H15 S1 O1 ]+ 231.0838; found 231.0844.
Azulen-1,3- diylbis((3-oxapentan-1,5- diyl)sulfonium)
hexafluorophosphate (23-(PF6 )2 ) and 3-Trifluoromethylsulfinylazulen -1yl (3-oxapentan-1,5-diyl) sulfonium hexafluorophosphate (24-PF6 )
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110 mg (0.86 mmol, 1 Eq.) of azulene were dissolved in 15 mL of dry CH2 Cl2
under a nitrogen atmosphere and cooled to -78 ◦ C in an acetone/dry ice bath. 1.12
mL (12.1 mmol, 14 Eq.) of 1,4-thioxane were added to the flask, 0.32 mL (1.88 mmol,
2.2 Eq.) of triflic anhydride were dissolved in 5 mL of dry DCM and added dropwise
to the solution. After 1 hour of vigorous stirring the reaction mixture was poured
in 100 mL of Et2 O and washed with water (3 x 100 mL). This aqueous phase was
collected and washed with Et2 O (3 x 20 mL). After this, 2 g of KPF6 (10.84 mmol,
12.6 Eq.) were added to the aqueous phase, then filtered and an orange precipitate
was obtained. The filtrate was collected and the product extracted with EtOAc (2
x 50 mL), then the solvent removed by evaporation to obtain 212 mg of 24-PF6 ) as
an orange solid (0.34 mmol, 40 %). The orange precipitate was recrystallised with
EtOAc/Et2 O to obtain 142 mg (0.29 mmol, 34 %) of 23-(PF6 )2 as an orange solid.
23-(PF6 )2 - 1 H-NMR (500 MHz, Acetonitrile-d3 ) δ 9.16 (d, J = 9.4 Hz, 2H),
9.14 (s, 1H), 8.58 (t, J = 9.9 Hz, 1H), 8.30 (t, J = 9.9 Hz, 2H), 4.55 (dt, J =
13.7, 3.0 Hz, 4H), 4.13 (ddd, J = 14.1, 10.8, 1.7 Hz, 4H), 3.90 (ddd, J = 12.6, 10.8,
3.4 Hz, 4H), 3.79 (dt, J = 12.9, 1.4 Hz, 4H). 13 C-NMR (126 MHz, Acetonitrile-d3 )
δ 146.31, 144.09, 139.76, 138.71, 133.82, 104.95, 64.76, 41.82. IR ν: 3380, 3345,
2961, 2922,2849, 1578, 1551, 1492, 1443, 1430, 1391, 1379, 1311, 1298, 1270, 1248,
1227, 1170, 1107, 1080, 1048, 1019, 991, 966, 950,890, 864, 812, 745, 670, 652 cm−1 .
Melting point= 160 ± 3 ◦ C (decomposes). HRMS (ESI+) calcd for [C18 H22 S2 O2 ]2+
167.0525; found 167.0514.
24-PF6 - 1 H-NMR (500 MHz, Acetonitrile-d3 ) δ 9.28 (d, J = 9.9 Hz, 1H), 9.11
(dd, J = 9.9, 1.0 Hz, 1H), 9.05 (s, 1H), 8.50 (td, J = 10.0, 1.0 Hz, 1H), 8.22 (t, J =
10.0 Hz, 1H), 8.18 (t, J = 10.0 Hz, 1H), 4.51 (dd, J = 14.0, 3.3 Hz, 2H), 4.09 (ddt,
J = 14.0, 12.7, 1.4 Hz, 2H), 3.92 (td, J = 11.4 Hz, 6.5 Hz, 2H), 3.72 (t, J = 11.0 Hz,
2H). 13 C-NMR (126 MHz, Acetonitrile-d3 ) δ 145.43, 144.99, 142.47, 139.63, 138.98,
137.36, 133.37, 132.97, 125.43 (q, 1 J CF = 334 Hz), 103.32, 64.88, 41.81, 41.70. IR ν:
3345, 3083, 3065, 2963, 2923, 2846, 1578, 1551, 1492, 1457, 1429, 1391, 1379, 1312
1298, 1270, 1247, 1227, 1170, 1135, 1080, 1049, 1019, 991, 966, 950, 890, 864, 812,
670, 652 cm−1 . Melting point= 203 ± 3 ◦ C (decomposes). HRMS (ESI+) calcd for
[C15 H14 S2 O2 ]+ 347.0382; found 347.0500.
Azulen-1,3-diylbis((butan-1,4-diyl)sulfonium) trifluoromethylsulfonatee (25(OTf )2 ) e
e

This molecule was synthesised and characterised by Freddie Martin.
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128 mg of azulene (1.00 mmol, 1 Eq.) were added to a 100 mL round bottomed flask. The flask was sealed, evacuated and filled with N2 and 1.26 mL of
tetrahydrothiophene-1-oxide (14.06 mmol, 14 Eq.). 10 mL of DCM was added and
the reaction mixture stirred for 5 minutes. Trific anhydride (0.41 mL, 2.4 mmol, 2.4
Eq.) was diluted in 10 mL of DCM, this solution was added dropwise to the reaction
flask. The reaction was stirred at room temperature for 2 hours. The solvent was
removed in vacuo. The crude product was dissolved in the minimum amount of
DCM and precipitated after addition excess of diethyl ether. The precipitate was
then recrystallized in EtOH and the pure product 25 was collected by filtration as
orange crystals (542 mg, 0.9 mmol, 90 %). 1 H-NMR (300 MHz, Acetonitrile-d3 ) δ
9.14 (d, J = 9.3 Hz, 2H), 8.50 (t, J = 9.9 Hz, 1H), 8.36 (s, 1H), 8.20 (td, J = 9.8, 0.9
Hz, 2H), 4.03 (dt, J = 13.4, 6.9 Hz, 4H), 3.67 (dt, J = 12.7, 6.4 Hz, 4H), 2.76 - 2.65
(m, 4H), 2.49 - 2.35 (m, 4H). 13 C-NMR (126 MHz, Acetone-d6 ) δ: 145.35, 143.64,
139.45, 137.42, 132.70, 109.61, 50.45. IR ν = 3017, 2958, 1582 cm−1 . Melting point:
162 ± 2 ◦ C (decomposes). HRMS (ESI+) calcd for [C18 H22 S2 ]2+ 151.0576; found
151.0593.
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3.4

A colorimetric mercury sensor based on a dithiane to aldehyde reaction

3.4.1

Results and discussion

Synthesis
The mercury sensor candidate 17 was synthesised in two steps: Firstly, 16 was
synthesised from azulene following the procedure described by Treibs et al.109 Then,
the formation of the dithiane derivative (17) was achieved by optimizing common
methodologies to protect aldehydes using 1,3-ethanedithiol.
17 was obtained initially in low yields (15 %) after reacting 16 with 1,3ethanedithiol and using BF3 as a Lewis acid catalyst. With the aim of increasing the yield, pTSA was used as an alternative acid catalyst and SiO2 was added
to remove the water formed during the reaction. Unfortunately, these changes did
not significantly increase the yield of the reaction (22 %). After this, BF3 was used
again in combination with molecular sieves added to the reaction as a more effective
way of removing water. This increased the yield of the reaction to 65 %.

Figure 3.31: Synthesis of 17.

MeCN/Water system
This candidate was dissolved in a mixture of water/acetonitrile (8:2) and exposed
to mercury and other metals that could act as interference. It responded well to
mercury and silver, also producing a smaller signal in the presence of copper. Interestingly, the colour change was not the expected, blue (17) to red (16), but a faint
blue colour becoming more intense in the presence of mercury.

88

Figure 3.32: Naked-eye selectivity experiment. 17 at a concentration of 500 µM
exposed to Hg(NO3 )2 (500 µM), LiCl (500 µM), NaCl (500 µM), KCl (500 µM),
Mg(NO3 )2 (500 µM), CaCl2 (500 µM), FeSO4 (500 µM), Ni(acac)2 (500 µM), CuCl2
(500 µM), Zn(NO3 )2 (500 µM), AgNO3 (500 µM), Pb(OAc)2 (500 µM), Cd(OAc)2
(500 µM) and As(NO3 )3 (500 µM) The data were obtained in a solution of 80 %
H2 O : 20 % MeCN and the photos were taken after 30 min.

It was concluded that, under these conditions, 17 did not form 16 in contact
with mercury. It is suspected that mercury bound to 17 to form a complex (17-Hg)
whose colour was more intense due to an ICT mechanism. To favour the reaction
towards the formation of 16, different pH buffers and bases were added to the
system, with the addition of NaOH giving the best results.

Figure 3.33: Top. Naked-eye selectivity experiment. 17 at a concentration of
500 µM and NaOH (10 mM) exposed to Hg(NO3 )2 (500 µM), LiCl (500 µM),
NaCl (500 µM), KCl (500 µM), Mg(NO3 )2 (500 µM), CaCl2 (500 µM), FeSO4 (500
µM), Ni(acac)2 (500 µM), CuCl2 (500 µM), Zn(NO3 )2 (500 µM), AgNO3 (500 µM),
Pb(OAc)2 (500 µM), Cd(OAc)2 (500 µM) and As(NO3 )3 (500 µM) The data were
obtained in a solution of 80 % H2 O : 20 % MeCN and the photos were taken after
30 min. Bottom. Spectrophotometry data were obtained on the same solutions
diluted 10 times.

To confirm the formation of 16, UV-Vis and NMR experiments were performed.
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The signal of a solution of 17 after the addition of mercury and NaOH was compared
to a solution of 16 previously synthesised. These experiments gave evidence of the
formation of 16.

Figure 3.34: Left. UV-Vis spectra of 17 (180 µM); 17 (180 µM), Hg(NO3 )2 (180
µM) and NaOH (10 mM); and 16 (180 µM). Data taken after 30 min in a solution
of water 80 % and MeCN 20 %. Right. NMR spectra of 17 (1 mM), top; 16 (1
mM), middle; and 17 (1 mM), Hg(NO3 )2 (0.5 mM) and NaOH (10 mM), bottom.
Data taken after 30 min in a solution of deuterated water 80 % and deuterated
acetonitrile 20 %.
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Figure 3.35: Proposed mechanism for the formation of 16 after the addition of
mercury and NaOH to 17.

Titration experiments were performed to determine the stoichiometry of the reaction between the sensor and the analyte. These produced a proportional calibration curve (R=0.9963) that saturated after the addition of 1 equivalent of mercury
(II) nitrate and it was confirmed that the ratio of the reaction was 1:1. These results
are in agreement with the mechanism proposed in figure 3.35. As after reacting with
17, the atom of mercury is covalently bound to dithioethanol, this molecule cannot
react again.
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Figure 3.36: Top. Naked-eye titration experiment. 17 at a concentration of 500 µM
and NaOH (10 mM) exposed to 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550,
600, 650 and 700 µM of Hg(NO3 )2 . Photos were taken after 30 min in a solution of
MeCN 80 % and water 20 %.. Bottom left. Spectrophotometry data were obtained
on the same solutions. Bottom right. Dose-response curve was plotted using the
absorbance values at 375 nm.

Brij system
With the aim of reducing the environmental impact of the sensing system and make
the sensor easier to use, an attempt was made to use pure water as a solvent instead
of mixtures with organic solvents. As the sensors were not soluble in water, a green
surfactant, Brij C10 (average MW: 683) was added.
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Figure 3.37: Top. Naked-eye selectivity experiment. 17 at a concentration of
500 µM and NaOH (10 mM) exposed to Hg(NO3 )2 (500 µM), LiCl (500 µM),
NaCl (500 µM), KCl (500 µM), Mg(NO3 )2 (500 µM), CaCl2 (500 µM), FeSO4 (500
µM), Ni(acac)2 (500 µM), CuCl2 (500 µM), Zn(NO3 )2 (500 µM), AgNO3 (500 µM),
Pb(OAc)2 (500 µM), Cd(OAc)2 (500 µM) and As(NO3 )3 (500 µM) The data were
obtained in a solution of water and Brij (0.1 % weight) and the photos were taken
after 30 min. Bottom. Spectrophotometry data were obtained on the same solutions diluted 10 times. Bottom right. Comparative graph was plotted with the
absorbance values of 300 nm.

Under these conditions, a clear change of colour could be observed when 17
was exposed to mercury, iron and silver. These results are similar to those obtained
using MeCN/water as a solvent, but in this case, the solution containing silver turned
darker. Later experiments concluded that this was, partly, due to the oxidation of
Ag2+ to Ag2 O under these conditions.
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Figure 3.38: Left. UV-Vis titration experiment. 17 at a concentration of 500 µM
and NaOH (10 mM) exposed to 50, 100, 150, 200, 250, 300, 350, 400, 450, 500,
550 and 600 µM of Hg(NO3 )2 . Data taken after 30 min in a solution of water and
Brij (0.1 % weight). Right. Dose-response curve was plotted with the absorbance
values of 280 nm.

Titration experiments confirmed that the ratio of the reaction was still 1:1
under the new conditions. The surfactant did not significantly affect the quality
of the calibration curve (R=0.9812) that could be obtained with a low standard
deviation of the points.
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3.4.2

Conclusions, future work and impact

A colorimetric mercury sensor based on a dithiane group attached to azulene was
successfully synthesised. The synthesis only consisted of two steps, which did not
require expensive reagents or forcing conditions, and the final product was obtained
in good yields. The sensors showed interferences with iron and silver cations, however, the colour of the solutions of 17 in MeCN/water in the presence of iron (grey)
and silver (brown) was different to the mercury solutions (red). This sensor was also
able to detect mercury in solutions of 100 % water with the addition of a surfactant.
The interference of iron and silver in the surfactant system were partially caused
by the formation of oxides of these metals in basic aqueous media. In the future,
alternative basic media or methodologies of sample pretreatment should be studied
to reduce the interference of these cations.
Finally, with the aim of reducing the price of the starting material, 17 could be
synthesised using guaiazulene instead of azulene. This alternative should not affect
the colour change. However, the acidity of the protons on the methyl group in the
4 position may cause problems with the stability of the probe in basic media.

Figure 3.39: Proposed mercury sensor based on a dithiane group attached to guaiazulene.
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3.4.3

Experimental section

Azulene-1-carbaldehyde (16)

Vilsmeier reagent was prepared adding 0.85 mL (9 mmol, 2.3 Eq,) of phosphoryl
chloride to 10 mL (129 mmol, 33 Eq.) of dry DMF, which had been previously
cooled to 0 ◦ C under an N2 atmosphere. This solution was transferred to a flask
that contained 500 mg of azulene (3.9 mmol, 1 Eq.) dissolved in 15 mL of dry DMF
at 0 ◦ C (ice/water bath) under an N2 atmosphere. Immediately after this the flask
was taken out of the ice/water bath and left to react for 15 min. Then, the reaction
was quenched by pouring 15 mL of water/ice into the reaction mixture. The product
was extracted with Et2 O (3 x 50 mL) and the organic phase was washed with brine
(3 x 20 mL). The organic phase was dried using MgSO4 . This was filtered and the
solvent removed by evaporation to obtain 403 mg (2.6 mmol, 86 %) of 16 as a red
powder. No further purification was needed. 1 H-NMR (500 MHz, Chloroform-d) δ
10.38 (s, 1H), 9.61 (d, J = 9.7 Hz, 1H), 8.53 (d, J = 9.7 Hz, 1H), 8.29 (d, J =
4.1 Hz, 1H), 7.87 (t, J = 9.9 Hz, 1H), 7.65 (t, J = 9.8 Hz, 1H), 7.55 (t, J = 9.7
Hz, 1H), 7.36 (d, J = 4.1 Hz, 1H). 13 C-NMR (126 MHz, Chloroform-d) δ 186.62,
146.15, 142.03, 140.41, 139.77, 139.05, 137.62, 129.54, 128.26, 126.06, 119.07. HRMS
(ESI+) calcd for [C11 H8 O1 +H]+ 157.0648; found 157.0673. Data in agreement with
literature.109
2-(azulen-1-yl)-1,3-dithiolane, (17)

13 mg (0.083 mmol, 1 Eq.) of 16 were poured into a round bottom flask, this
was evacuated and filled with N2 , molecular sieves 5 Å and 10 mL of dry DCM.
Then 5 µL (0.04 mmol, 0.5 Eq.) of BF3·Et2 O were added to the solution followed
by 13 µL (0.166 mmol, 2 Eq.) of ethano-1,2-dithiol, and the mixture was stirred
for 3 hours. Then the reaction was quenched with saturated Na2 CO3 , and the
product was extracted with DCM (3 x 20 mL). The organic phase was dried using
MgSO4 . This was filtered and the solvent removed by evaporation to obtain a blue
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solid, which was later purified by chromatography (8:2, Pet:EtOAc) to obtain 13 mg
(0.054 mmol, 65 %, Rf =0.6) of 17 as a blue solid and 4 mg (0.022, 27 %, Rf =0.12)
of unreacted 16. 1 H-NMR (500 MHz, Chloroform-d) δ 8.48 (d, J = 9.8 Hz, 1H),
8.28 (d, J = 9.8 Hz, 1H), 8.19 (d, J = 4.0 Hz, 1H), 7.59 (t, J = 9.8 Hz, 1H), 7.34
(d, J = 3.9 Hz, 1H), 7.21 (t, J = 9.8 Hz, 1H), 7.16 (t, J = 9.7 Hz, 1H), 6.46 (s,
1H), 3.64 - 3.60 (m, 2H), 3.46 - 4.43 (m, 2H). 13 C-NMR (126 MHz, Chloroform-d) δ
142.07, 137.86, 137.17, 136.87, 135.46, 133.27, 126.32, 123.57, 122.70, 117.32, 49.64,
40.18. IR ν: 2923, 2903, 1574,1455, 1434, 1412, 1391, 1303, 1273, 1247, 1191, 966,
948, 789, 751, 728, 696, 675 cm−1 . Melting point 105 ± 3 ◦ C. HRMS (ESI+) calcd
for [C13 H12 S2 +H]+ 233.0453; found 233.0457.
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Chapter 4
Exploring DPA-azulene based
sensors

4.1
4.1.1

Introduction
Arsenate in water

Arsenic derivatives are water soluble substances that can be found in nature in three
oxidation states +5, +3 and -3. It can be introduced in drinking water through
artificial and natural processes. Poisoning by arsenic is largely caused by the intake
of contaminated water, however, arsenic can intoxicate humans though food and
smoking (some insecticides added to tobacco plants contain arsenic). Arsenic is used
for the industrial production of antifungal wood preservatives, some drugs and in
the glass industry. Negligent management of residues generated by these industries
leads to contamination of water and soil. The most common cause of contamination
by arsenic is due to the dissolution of the naturally occurring arsenic that can be
found in soil and rocks. The countries that are most affected by arsenic poisoning
are Argentina, Chile, India, China and, especially, Bangladesh, where half of the
population is at risk of drinking arsenic-contaminated water.115
Arsenic is extremely toxic to humans, no matter its oxidation state. However,
the lower oxidation states present lower LD50 than the higher, whilst the level of
methylation reduces the toxicity (Figure 4.1). Arsenate toxicity is caused partly due
to its similarity to the phosphate anion. Arsenate is able to replace this molecule
in many biochemical reactions, particularly when it reacts with glucose (via enzymatic reactions inside of the cell) to form glucose-6-arsenate. This molecule mimics glucose-6-phosphate and can inhibit enzymes that interact with it. Arsenate

99

can also replace phosphate in the sodium pump and the anion exchange transport
system of the red blood cells. Furthermore, arsenate can interfere with the formation and hydrolysis of ATP via the formation of adenosine-5’-diphosphate–arsenate
which reduces the concentration of ATP in the cells. All these processes are lethal
for living cells. The signs of chronic arsenicism have been extensively studied and
include dermal lesions (especially hyperpigmentation and hypopigmentation), peripheral neuropathy, skin cancer, bladder and lung cancers and peripheral vascular
disease.116

Figure 4.1: LD50 values for different forms of arsenic.116–121

Arsenates are usually present in natural waters at concentrations of less than
1–2 µg/L. The maximum guideline value established by WHO is 10 µg/L. High
quantities of arsenic can be removed via coagulation, conventional treatment of
drinking water. This method can reduce the concentration of arsenic to less than 10
µg/L. Unfortunately, the majority of cases of arsenic poisoning are located in areas
where drinking water is not treated. In those cases, the alternative practices are
substitution by, or dilution with, microbially safe low-arsenic sources. Small-scale
treatments such as coagulation, precipitation and adsorption techniques are also
available at a relatively low price.122
The presence of arsenic in water can be determined with a detection limit of 1
µg/L using AAS and ICP-MS, however, these techniques are expensive and rarely
available. The most common technique to detect arsenic in water is the silver diethyldithiocarbamate spectrophotometric method, described in the ISO 6595:1982.123
This method greatly reduced the cost and can be used for field tests. But this
method has a great disadvantage, the water sample must be treated with dangerous chemicals (sulfuric acid, sodium hydroxide, potassium permanganate, potassium
peroxodisulphate and hydroxylamine hydrochloride) to reduce all forms of arsenic
to arsine, the compound that reacts with silver diethyldithiocarbamate. The management of corrosive materials and the formation of the most toxic (and volatile)
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form of arsenic prevent this method from been used by non-experts.

4.1.2

ADP

Adenosine 5’-diphosphate (ADP) is a molecule that plays a very important role
in the metabolism of living cells. It has three major components: Ribose (which
acts as structural backbone), adenine (attached to the 1’ carbon of ribose) and two
phosphate groups (attached to the 5’ carbon).

Figure 4.2: Structural components of Adenosine 5’-diphosphate.

ADP plays an essential part in metabolic pathways like glucolysys, gluconeogenesis, the citric acid cycle and oxidative phosphorylation. In all these examples,
ADP plays two roles: Acceptor of phosphate to form ATP, storing chemical energy
for the cell; or as a product of the hydrolysis of ATP, in this case the chemical energy
(Equation 4.1) is used by the cell for metabolic processes.124

ADP + Pi → AT P + H2 O ∆G◦ = 30.5kJ/mol

(4.1)

As ADP is a non-toxic molecule that is not found in the environment outside of
living cells, the interest to develop probes for this molecule is lower than for others
that can be a potential risk to health or the environment. However, due to the
biological importance of ADP, there is a demand from the scientific and medical
communities for ATP, ADP and AMP assays. The most popular ADP assay is
based on the reaction of ATP with luciferase. In this process luciferin is oxidised
and produces AMP, PPi , CO2 and light. The intensity of the light emitted by
this reaction is directly proportional to the concentration of ATP.125 This method
requires the lysis of the cell membrane as a first step, followed by the measurement of
the ATP present in the cell (second step), the conversion of ADP to ATP (third step)
and the measurement of ADP, now in the form of ATP (final step). Kits containing
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all the reagents necessary to perform this test are commercially available. An assay
that reacts selectively with ADP is also commercially available; this assay is available
at higher prices but reduces the number of steps and reagents required.126
The development of new technologies in the area of microscopy, combined with
the rise of computational tools, have made it possible to obtain 3D images of cells and
tissues measuring the fluorescent emission of certain probes.127, 128 These techniques
require the use of a new generation of probes which are able to pass though the cell
membrane and bind selectively to the analyte.
An example of an ADP assay recently developed is the Gallium-based probe
described by Zhang et al.129 This sensor is an “on-off” probe, where a ligand emits
fluorescence when it binds to Ga (III). In this system, ADP and ATP act as a
quencher. As these nucleotides have a stronger binding constant with Ga (III) they
form complexes with Ga (III) and release the ligand, that loses fluorescence.
A very selective “on-off” ADP sensor was developed by Vial et al. in 2007.130
They designed and synthesised a “miniature esterase” that hydrolyses a derivative
of Cascade blue (not fluorescent) to form Cascade blue (fluorescent). They demonstrated that ADP, and no other polyphosphates or ATP, bound to the miniature
enzyme, inhibiting the synthesis of the fluorescent Cascade blue.

4.1.3

DPA- based sensors

In recent years a new family of ADP sensors has emerged, which contain the group
DPA-Zn as a sensing element. Zinc cation binds very effectively to diphosphate
groups including those belonging to ADP and the triphosphate group of ATP. This
binding causes an increase of the fluorescence intensity via different mechanisms.

Figure 4.3: Di-(2-picolyl) amine Zinc group.

The sensor developed by Spring, Yoon and co-workers in 2011 is a good example of probes containing DPA-Zn. It has two parts: A DPA-Zn group as a sensing
element, and pyrene as a fluorophore. When two units of this sensor bind to one
unit of ADP or ATP, the two pyrene groups are brought closer together, causing an
increase of fluorescence due to FRET (FRET will be studied in the next section).131
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Other ADP sensors that contain the DPA-Zn group are also based on FRET mechanisms. However, they use the adenine moiety, which contains an aromatic ring and a
dipolar moment from the ADP moiety, as donor. Very similar to Spring and Yoon’s
sensor is that developed by Xing in 2014.132 In this sensor design, the adenine group
is trapped by two pyrenes, forming a sandwich-like structure. Both probes show a
similar behaviour in their response towards ATP and ADP. In both cases the intensity of the fluorescent emission of ATP is half of the intensity observed under the
same concentration of ADP.
The sensor synthesised in 2015 by Feng et al.133 is based on two DPA-Zn structures attached to one unit of anthracene. When mixed with ADP or ATP this probe
also organises itself in a sandwich-like structure, but in this case, two units of adenine encapsulate the fluorophore. This behaviour was confirmed by computational
studies. In vitro studies with HeLa cells demonstrated that this compound could
pass through the cell membrane and be active in the cell environment. Interestingly,
this probe showed the same behaviour as the previous compounds, emitting half of
the intensity when exposed to ATP than when exposed to ADP.

Figure 4.4: Binding mechanism proposed by Feng et al.133

4.1.4

FRET Fluorescence

Förster Resonance Energy Transfer, describes a non radiative process in which a fluorophore or chromophore in an excited state transfers energy, via long-range dipoledipole interactions (nonradiatively), to an acceptor (fluorophore or chromophore).
This process causes an increase in the fluorescence intensity emitted. For this resonance to be effective, the donor and the acceptor should be at a distance of between
10 and 100 Å apart. Also the fluorescence emission spectrum of the donor and the
absorbance spectra of the acceptor should overlap adequately. The spatial organisation is also important. For the dipole-dipole vectorial interaction to occur, the
transition dipoles of the donor and the acceptor must be oriented in a favourable position in relation to each other. If not, one (or both) must have a degree of rotational
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freedom.
The transfer rate kT (see Equation 4.2) varies inversely with the 6th power of
the donor-acceptor separation (R). The distances is, therefore, a key parameter in
FRET fluorescence and is very relevant for most biomolecules or their constituent
domains. The transfer rate has three more variables: First, the overlap of spectres
of the donor emission and acceptor absorption (J in equation 4.3); Second, the
relative-orientation of the donor absorption in respect to the acceptor transitions
moments (κ2 in equation 4.3); and third, the refractive index (n−4 in equation 4.3).
Finally, τD represents the fluorescence lifetime of the donor.134, 135

kt = (

1 R0 6
)( )
τD R

Ro = co κ2 Jn−4 kf τo

(4.2)
(4.3)

The inclusion of donor lifetime (τo ) in the definition of Ro is arbitrary, and
justified only because most, but not all, estimations of the transfer rate (kt ) are
made by comparisons with the properties of the unperturbed donor.
The number of variables in FRET equations represents a problem for the practical application of FRET in biology. In most of the experiments the value of interest
is the distance between the donor and acceptor (R). However, τo is generally unknown and can vary continuously and arbitrarily through the sample. Another
challenging variable is the orientational factor (κ2 ) to which most of the times the
value of 2/3 is assigned (this is only valid if the donor and acceptor molecules are
oriented randomly and rotate rapidly). In addition, Ro can be affected by the stoichiometry donor-acceptor, this complicates even more the calculations if this factor
is not entirely known.
FRET is mainly used in biology assays. For example, it has been employed to
analyse the attachment and fusion of viruses and spermatozoa to cells,136 to study
the capsid of HIV137 and to study metabolic processes inside mitochondria.138
Despite FRET is most of the time used in biological studies of structure and
metabolism, it can be used for the fluorescent detection of molecules (especially in
biological environment). One example of this is the nitric oxide sensor developed by
Song et al.139 The sensor is based on a coumarin-rhodamine scaffold as FRET dyad,
in which coumarin acts as donor and rhodamine as acceptor. When the rhodamine
dye is in the ring-closed form, the spectras do not overlap and is not fluorescent.
After the addition of NO, the rhodamine dye changes to a ring-opened form, which
is able to form a donor-acceptor pair with coumarin which emits fluorescence at a
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different wavelength than the original coumarin. According to Song, NO induces
the ring opening of the rhodamine acceptor via cascade reactions of oxidation and
hydrolysis.

Figure 4.5: Song’s sensor. A) Variation of fluorescent emission after the addition of
NO. B) Living cells imaging and mechanism of action.140
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4.2

Aims and objectives

As discussed in the introduction, arsenate molecules are very similar to the phosphate anion. It was predicted that a phosphate or diphosphate sensing element could
be adapted to detect arsenate. Inspired by the family of pyrophosphate sensors that
use two DPA-Zn as a binding group141 and the sensors that have been described in
section 4.1.3, two molecules, 27 and 28, were proposed.

Figure 4.6: Molecules objectives.

Compound 28 presents a smaller binding site than the ADP and pyrophosphate
sensors reported in the literature, it could accommodate arsenate molecules instead
of pyrophosphate. Compound 27 was also synthesised to test this hypothesis. The
binding of 28-2M with arsenate should stop the rotation of the aromatic groups
adjacent to azulene. This would change the alignment of the π systems which
should result in a change of colour. It could also increase or reduce the quantum
yield of the intrinsic fluorescence of azulene causing a change in the fluorescent signal
together with the colorimetric change (Figure 4.6).
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Figure 4.7: Top. Pyrophosphate sensor designed by Hong et al.142 Bottom. Arsenate sensor proposed in this chapter. In both systems, the fluorescence is caused by
the restriction of the rotation of large groups in the molecule after the coordination
with the analyte, which allows the alignment of π-systems and the “turn on” of
fluorescence response.

Another possible mechanism is that the metal could form a complex with arsenate, liberating 28-2M. In this case, there would be two situations: no arsenate is
present and the colour of the solution is that of the complex 28-2M or, if arsenate
is present, the colour is given by 28 without coordination to the metals (Figure 4.7).

Figure 4.8: Colour change due to the decomplexation of the sensor caused by the
coordination of arsenate to its metal component.
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4.3
4.3.1

Results and discussion
Synthesis

4,4’-(azulene-1,3-diyl)bis(N,N -bis(2-picolyl)aniline) (27)

Figure 4.9: Synthetic routes proposed for the synthesis of 4,4’-(azulene-1,3diyl)bis(N,N -bis(2-picolyl)aniline) (27).

Two synthetic routes were proposed for the synthesis of 27. The key reaction of route
A was the direct arylation of azulene (Figure 4.8, top). This would take advantage
of the high electron density of carbons 1 and 3 of azulene to perform a direct cross
coupling, avoiding the synthesis of 1,3- dibromoazulene (31) and the borylation
of 29 for a subsequent traditional Suzuki cross-coupling. The direct arylation of
azulene had been successfully performed and studied in detail by Murai, Takai et
al.143
Route B was a more traditional approach, assuming that the direct arylation
did not work (Figure 4.8, bottom). In this case, the unstable 1,3- dibromoazulene
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(31) was synthesised and coupled with 30, which was the borylation product of 29.
ROUTE A
Various experimental procedures were found in the literature for the synthesis of 29.
First, DMF was used as a solvent, which according to the literature should give the
bisubstituted product at a 33 % yield.144 However, only the monosubtituted product
(32) was obtained under these conditions. When the solvent was changed to MeCN,
the desired product 29 was synthesised in low yields. In a procedure described by
Macias-Contreras et al. the bisubstituted product is obtained in low yields (25 %)
using NaOH as base and water as solvent,145 low yields (19 %) were obtained under
these conditions. tBuOK was used as a less nucleophilic base to reduce the attack of
−
OH to 2-(bromomethyl)pyridine and the formation of 2-(hydroxymethyl)pyridine,
which sightly increased the yield. Finally, 2-(bromomethyl)pyridine was substituted
by 2-(chloromethyl)pyridine in order to reduce the price of the reaction and the
formation of 2-(hydroxymethyl)pyridine.

Reagent

Solvent

Base

Temp.

Time

% 32 % 29

2-(bromomethyl)pyridine

DMF

K2 CO3

70 ◦ C

3h

33 %

0%

2-(bromomethyl)pyridine

MeCN

K2 HPO4

Reflux 24 h

30 %

22 %

2-(bromomethyl)pyridine

Water

NaOH

50 ◦ C

7 days

61 %

19 %

◦

2-(bromomethyl)pyridine

Water

tBuOK

50 C

3 days

54 %

25 %

2-(chloromethyl)pyridine

Water

NaOH

50 ◦ C

2 days

30 %

10 %

2-(chloromethyl)pyridine

Water

tBuOK

50 ◦ C

4 days

44 %

23 %

4 days

27 %

16 %

2-(chloromethyl)pyridine

Water

NaOH

◦

50 C

Table 4.1: Optimization of the synthesis of 4-iodo-N,N -bis(2-picolyl)aniline (29).

The direct cross coupling of 29 with azulene was attempted following the procedure described by Murai. Unfortunately, no product was obtained, possibly due
to 29 being too bulky for this reaction. The same reaction was attempted using
p-Iodo aniline instead of 29. This did not yield any cross-coupling product either.
Taking these results into account and since Murai did not describe any reaction using aniline derivatives as reagents on his work, it was concluded that direct arylation
of azulene was not effective when reagents contained amino groups.
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ROUTE B
After route A reached a dead end, the alternative route B was attempted. For this,
29 was borylated via Miyaura reaction146 to obtain 30. The procedure described
by Burdette et al.147 gave good yields and no further optimisation was required.

Figure 4.10: Synthesis of 30.

The synthesis of 1,3- dibromoazulene (31) was carried out following the procedure described by Anderson et al.86 The product was synthesised in excellent
yields. Due to the low stability of this compound, 1,3- dibromoazulene was used as
a reagent the same day it was synthesised.
The cross coupling reaction required for the synthesis of 27 was carried out
following common procedures for Suzuki couplings.148 The major challenge of this
synthesis was the formation of the byproduct 33. This compound was produced
by the residual oxygen in the reaction and eluted at the same retention factor in
the chromatography column as the desired product. It was possible to remove it
after adapting the experimental procedure, it was necessary to degass the solvent
by freeze-pump-thaw cycles before starting and to purify the product by recrystallisation in acetonitrile after the chromatographic column.

Figure 4.11: Synthesis of 27.
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3,3’-(azulene-1,3-diyl)bis(N,N -bis(2-picolyl)aniline) (28)
Candidate 28 was synthesised using the same procedures that had been optimised
for the synthesis of 27. Although the change of reagent did not significantly affect
the overall yield. The SN 2 reaction gave lower yields, but the yields of the Miyaura
borylation and the Suzuki cross-coupling improved.

Figure 4.12: Synthesis of 28.

The change of reagent had a positive effect on the yield of the Suzuki reaction.
When 35 is compared to 30, it can be seen that two main parameters change.
Firstly, the steric impediment is bigger, and secondly, the boronic ester has more
Lewis acid character, as seen in Figure 4.12. Comparing resonance structures of 35
and 30, it can be observed that the boronic ester of 35 has a stronger Lewis acid
character than 30. This has a positive impact in Suzuki reactions as it is easier to
activate the boronic ester for the base-mediated transmetalation step.
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Figure 4.13: Top. Resonance structures for 30. Bottom. Resonance structures for
35. In red, structures that greatly reduce the Lewis acid character of the boronic
ester. In purple, structures that reduce the Lewis acid character of the boronic ester.

4-(azulen-1-yl) -N, N -bis (2-picolyl)aniline (36) and 4-(5-isopropyl
-3,8-dimethylazulen-1-yl) -N, N - bis(2-picolyl)aniline (37)
To better understand the fluorescent activity of 27 and 28, the monosubstituted
azulene derivative (36) and monosubstituted guaiazulene derivative (37) were also
synthesised.

Figure 4.14: Synthesis of 36.

Compound 36 was obtained following the procedure to arylate azulene sulfonium salts described by Cowper et al. in 2016.21 Interestingly, this reaction gives
lower yields than 27.
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Figure 4.15: Synthesis of 37.

The same procedure was used for the synthesis of 37 and, as expected, low
yields were obtained. This was probably due to the combination of the greater steric
hindrance of guaiazulene and the low stability of the product. This compound was
especially unstable; it was observed that it decomposed in chromatography silica
columns and when dissolved in organic solvents at room temperature. This made it
impossible to obtain pure NMR spectra, however, the desired product, 37, can be
clearly observed in the mass spectra and in the NMR spectra obtained (Annex) but
always accompanied with some decomposition products.

4.3.2

Tests

4,4’-(Azulene-1,3-diyl)bis(N,N -bis(2-picolyl)aniline) (27)
To evaluate the binding activity of 27 with different metals, the molecule was dissolved in acetonitrile and various metallic salts dissolved in water were added (the
final solutions were 1:1 MeCN/Water, 27 did not dissolve well in mixtures with less
acetonitrile).
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Figure 4.16: Top. Selectivity visual test for 27 (500 µM) in the presence of LiCl
(1 mM), NaCl (1 mM), KCl (1 mM), CaCl2 (1 mM), Mg(NO3 )2 (1 mM), FeSO4
(1 mM), Co(NO3 )2 (1 mM), Ni(acac)2 (1 mM), Zn(NO3 )2 (1 mM), CuCl2 (1 mM),
AgNO3 (1 mM), SnCl2 (1 mM), Hg(NO3 )2 (1 mM), Pb(OAc)2 (1 mM), Cd(OAc)2
(1 mM) and As(NO3 )3 (1 mM). Spectra were measured after 30 min. The data were
obtained in HEPES buffer 50 % H2 O : 50 % MeCN, pH=7.3. Bottom. Absorbance
spectra of the same solutions diluted 10 times.

This experiment showed that 27 has a strong affinity towards many metals
presenting notable colour changes with copper and mercury. It also shows an increase
of absorbance in the UV region with mercury, tin and cadmium. The complex 272Cd presents a very intense peak at 270 nm, meaning this could lead to a potential
cadmium sensor. Further experiments were conducted exposing the complexes 272Zn, 27-2Cu and 27-2Ni to different anions that can be found in water including
arsenate and phosphates, pyrophosphate and adenosine 5’-diphosphate. These were
included in the tests despite not been present in water, this is due to the reactivity
of these molecules towards DPA-Zn, as it has been discussed in the introduction.
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Figure 4.17: Selectivity visual test for 27-2Cu (500 µM, top), 27-2Ni (500 µM,
centre) and 27-2Zn (500 µM, bottom) in the presence of NaF (1 mM), NaCl (1
mM), NaBr (1 mM), NaI (1 mM), NaNO3 (1 mM), Na2 HPO4 (1 mM), Na4 P2 O7
(1 mM), Na2 SO4 (1 mM), Na2 CO3 (1 mM), Na2 HAsO4 (1 mM) and Adenosine 5’diphosphate sodium salt (1 mM). Photos were measured after 30 min. The data
were obtained in HEPES buffer 50 % H2 O : 50 % MeCN, pH=7.3.
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Figure 4.18: Selectivity absorbance spectra for 27-2Cu (100 µM, top left), 27-2Ni
(100 µM, top right) and 27-2Zn (100 µM, bottom) in the presence of NaF (200
µM), NaCl (200 µM), NaBr (200 µM), NaI (200 µM), NaNO3 (200 µM), Na2 HPO4
(200 µM), Na4 P2 O7 (200 µM), Na2 SO4 (200 µM), Na2 CO3 (200 µM), Na2 HAsO4
(200 µM) and Adenosine 5’-diphosphate sodium salt (200 µM) were measured after
30 min. The data were obtained in HEPES buffer 50 % H2 O : 50 % MeCN, pH=7.3.

A HEPES buffer (pH 7.3) was used for these tests, according to the literature
the dianion form of arsenate should be the major component at this pH.149 A more
commonly used phosphate buffer could cause an interference with this type of sensor.
The selectivity tests for 27-2Cu showed a clear colour change in the presence
of pyrophosphate, however, this variation was not translated into sufficient change
in the absorbance spectrum to perform a titration, nor to develop 27-2Cu as a
pyrophosphate sensor in the future. Similarly, 27-2Zn showed a small colour change
when exposed to phosphate and arsenate, but the change in the absorbance spectrum
was too low to perform further tests.
As has been mentioned previously, azulene is an intrinsic fluorophore, so it was
suspected that despite not producing a major change in absorbance, the binding of
27-2M with an analyte could produce a major change in fluorescence. With this
aim, the fluorescence emission of these same solutions was measured.
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Figure 4.19: Selectivity emission spectrum for 27-2Zn (100 µM) in the presence of
NaF (1 mM), NaCl (1 mM), NaBr (1 mM), NaI (1 mM), NaNO3 (1 mM), Na2 HPO4
(1 mM), Na4 P2 O7 (1 mM), Na2 SO4 (1 mM), Na2 CO3 (1 mM), Na2 HAsO4 (1 mM)
and adenosine 5’-diphosphate sodium salt (1 mM) were measured after 30 min. The
data were obtained in HEPES buffer 50 % H2 O : 50 % MeCN, pH=7.3 at 25 ◦ C at
λM ax = 435 nm. Fluorescence intensities was measured with λexc = 380 (bandwith
20) nm on a BMG Labtech CLARIOstar plate reader.

Whilst 27-2Cu and 27-2Ni did not show any change in the fluorescence emission, 27-2Zn showed an interesting behaviour. An increase of the fluorescence
emission was observed when 27-2Zn was exposed to ADP and excited at 380 nm.
Further selectivity experiments exposing 27-2Zn to other adenosine compounds
proved that this sensor was selective towards ADP.

117

Figure 4.20: Selectivity emission spectra for 27-2Zn (100 µM) in the presence of
Na2 HPO4 (1 mM), Na4 P2 O7 (1 mM), adenosine 5’-monophosphate sodium salt (1
mM), adenosine 5’-diphosphate sodium salt (1 mM), adenosine 5’-triphosphate (1
mM) and adenosine (1 mM). Spectra were measured after 30 min. The data were
obtained in HEPES buffer 50 % H2 O : 50 % MeCN, pH=7.3 at 25 ◦ C at λM ax =
435 nm. Fluorescence intensities were measured with λexc = 380 (bandwith 20) nm
on a BMG Labtech CLARIOstar plate reader.

To study the mechanism that caused this fluorescence, a titration experiment
and a Job’s plot were performed. Both experiments showed that the binding ratio
of ADP and 27-2Zn is 2:1.
It was observed that 27-2Zn-2ADP precipitated 5 minutes after its formation
(Figure 4.21, right), This may explain the increase of error at higher concentrations
of ADP (Figure 4.21, left).
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Figure 4.21: Left. Dose-dependence curve for 27-2Zn (100 µM) in the presence of
ADP (0, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240, 260, 300, 400, 500, 1000
µM) after 30 min. Centre. Job’s Plot for 27-2Zn against ADP (200 µM at χADP
= 1). The data were obtained in HEPES buffer 50 % H2 O : 50 % MeCN, pH=7.3
at 25 ◦ C, at λM ax = 435 nm. Fluorescence intensities was measured with λexc =
380 (bandwith 20) nm, on a BMG Labtech CLARIOstar plate reader. Right. A)
27-2Zn (2 mM) in HEPES buffer 50 % H2 O : 50 % MeCN, pH=7.3 at 25 ◦ C. A)
27-2Zn (2 mM) in the presence of ADP (4 mM) in HEPES buffer 50 % H2 O : 50
% MeCN, pH=7.3 at 25 ◦ C.

A new binding mechanism that fitted to the experimental results was proposed.
Under this model, the diphosphate component of the ADP would bind with the zinc
atoms of the sensor whilst the adenine group would approach the azulene by dipoledipole forces. This would happen on the two faces of the azulene. Unlike the
mechanism described in figure 4.6, the fluorescence in this model would be caused
by a FRET mechanism, where azulene is the acceptor and two ADP molecules
are the donors. This behaviour has precedent in the literature with more common
fluorophores133 and it has been described in section 4.1.4. This would explain the
2:1 ratio previously observed, the lack of emission when exposed to pyrophosphate
(there is no π-stacking) and the lack of emission when other adenosine phosphates
are added (FRET is extremely sensitive to distance). To confirm this theory, 36-Zn
was designed and synthesised, and it was concluded that if the fluorescence was
caused by a bridge-mechanism (Figure 4.6), this molecule should not be fluorescent
in the presence of ADP.
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Figure 4.22: Mechanism proposed for the binding between 27-2Zn and two equivalents of ADP.

Despite the product shown in figure 4.22 can explain the stoichiometry observed
in the experiments, it does not explain the lesser solubility of 27-2Zn-2ADP compared to 27-2Zn. A second possible mechanism has been proposed to explain this
behaviour. In this case, the adenosine group belonging to a molecule of ADP does
not bind (by π-stacking) with the same azulene group to which the diphosphate
group has been linked but to a different one, as proposed in figure 4.23. Under this
proposed mechanism, 27-2Zn-2ADP would form polymers with low solubility that
would precipitate as seen in figure 4.21. Unfortunately, none of this two hypothesis
could be confirmed by NMR due to the mentioned low solubility of 27-2Zn-2ADP.
Therefore, the mechanism that causes fluorescence remains unclear.

Figure 4.23: Alternative mechanism proposed for the binding between 27-2Zn and
two equivalents of ADP resulting in a polymer.
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3,3’-(Azulene-1,3-diyl)bis(N,N-bis(2-picolyl)aniline) (28)
After the results obtained with 27-2Zn, it was expected that 28-2Zn would give
fluorescence emission when exposed to adenosine phosphates other than ADP, due to
the significant change in the distance between the zinc atoms and the azulene in this
structure. To evaluate the binding activity of 28 with different metals, the molecule
was dissolved in DMSO and various metallic salts, dissolved in water, were added
(the final solutions were 3:7 DMSO/Water, 28 did not dissolve well in acetonitrile).

Figure 4.24: Top. Selectivity visual test and absorbance spectra for 28 (500 µM) in
the presence of LiCl (1 mM), NaCl (1 mM), KCl (1 mM), CaCl2 (1 mM), Mg(NO3 )2
(1 mM), FeSO4 (1 mM), Co(NO3 )2 (1 mM), Ni(acac)2 (1 mM), Zn(NO3 )2 (1 mM),
CuCl2 (1 mM), AgNO3 (1 mM), SnCl2 (1 mM), Hg(NO3 )2 (1 mM), Pb(OAc)2
(1 mM), Cd(OAc)2 (1 mM) and As(NO3 )3 (1 mM). Photos were taken after 30
min. The data were obtained in HEPES buffer 70 % H2 O : 30 % DMSO, pH=7.3.
Bottom. Absorbance spectra of the same solutions diluted 10 times.

It was observed that 28 increased its solubility in the presence of some metals
and showed an intense colour change in the presence of copper and mercury. Selectivity studies with anions were performed on the complexes that showed better
solubility and non-toxicity: 28-2Ag, 28-2Cu, 28-2Ni and 28-2Zn. The following
solutions were prepared in a ratio 1:1 Buffer/DMSO.
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Figure 4.25: Selectivity visual test for 28-2Cu (500 µM, top), 28-2Ni (500 µM,
centre-top), 28-2Ag (500 µM, centre-bottom) and 28-2Zn (500 µM, bttom) in the
presence of NaF (1 mM), NaCl (1 mM), NaBr (1 mM), NaI (1 mM), NaNO3 (1 mM),
Na2 HPO4 (1 mM), Na4 P2 O7 (1 mM), Na2 SO4 (1 mM), Na2 CO3 (1 mM), Na2 HAsO4
(1 mM) and adenosine 5’-diphosphate sodium salt (1 mM). Photos were taken after
30 min. in HEPES buffer 50 % H2 O : 50 % DMSO, pH=7.3.
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Figure 4.26: Selectivity absorbance spectrum for 28-2Cu (100 µM, top left), 282Ni (100 µM, top right), 28-2Ag (100 µM, bottom left) and 28-2Zn (100 µM,
bottom right) in the presence of NaF (200 µM), NaCl (200 µM), NaBr (200 µM),
NaI (200 µM), NaNO3 (200 µM), Na2 HPO4 (200 µM), Na4 P2 O7 (200 µM), Na2 SO4
(200 µM), Na2 CO3 (200 µM), Na2 HAsO4 (200 µM) and Adenosine 5’-diphosphate
sodium salt (200 µM). Spectra were measured after 30 min. The data were obtained
in HEPES buffer 50 % H2 O : 50 % DMSO, pH=7.3.

28-2Zn showed a promising change of absorbance due to the precipitation of a
solid after the addition of ADP. As happened with 27, 28 did not show any change
of absorbance that justified exploring its properties as a visual sensor.

123

Figure 4.27: Selectivity emission spectra for 28-2Zn (100 µM) in the presence of
NaF (1 mM), NaCl (1 mM), NaBr (1 mM), NaI (1 mM), NaNO3 (1 mM), Na2 HPO4
(1 mM), Na4 P2 O7 (1 mM), Na2 SO4 (1 mM), Na2 CO3 (1 mM), Na2 HAsO4 (1 mM)
and Adenosine 5’-diphosphate sodium salt (1 mM). Spectra were measured after 30
min. The data were obtained in HEPES buffer 50 % H2 O : 50 % DMSO, pH=7.3 at
25 ◦ C at λM ax = 435 nm. Fluorescence intensities were measured with λexc = 380
(bandwith 20) nm on a BMG Labtech CLARIOstar plate reader.
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Figure 4.28: Selectivity emission spectra for 28-2Zn (100 µM) in the presence of
Na2 HPO4 (1 mM), Na4 P2 O7 (1 mM), adenosine 5’-monophosphate sodium salt (1
mM), adenosine 5’-diphosphate sodium salt (1 mM), adenosine 5’-triphosphate (1
mM) and adenosine (1 mM). Spectra were measured after 30 min. The data were
obtained in HEPES buffer 50 % H2 O : 50 % DMSO, pH=7.3 at 25 ◦ C at λM ax =
435 nm. Fluorescence intensities were measured with λexc = 380 (bandwith 20) nm,
on a BMG Labtech CLARIOstar plate reader.

28 showed a similar behaviour to that of 27 with only 28-2Zn giving a fluorescent response in the presence of ADP, but on this occasion it also gave a response
when it was exposed to ATP. It was observed that the fluorescence emission was significantly lower. The dose-response curve and the Job’s plot showed unequivocally
a 1:1 ratio for the binding of 28-2Zn with ADP.
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Figure 4.29: Left. Dose-dependence curve for 28-2Zn (100 /muM) in the presence
of ADP (0, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300, 400,
500, 1000 µM) after 30 min. Right. Job’s Plot for 28-2Zn against ADP (200 µM
at χADP = 1). The data were obtained in HEPES buffer 50 % H2 O : 50 % DMSO,
pH=7.3 at 25 ◦ C at λM ax = 435 nm. Fluorescence intensities were measured with
λexc = 380 (bandwith 20) nm on a BMG Labtech CLARIOstar plate reader.

A mechanism that could explain the cause of this behaviour is that the connectivity of 28-2Zn allows a more flexible Zn-azulene distance. The rotation of
the bonds that link the phenyl rings to azulene causes a change in the distance
between the zinc atom and azulene. This could allow it to accommodate adenosine
phosphates of different length (ATP and ADP); the rotation of this bond does not
affect the distance in the case of 27-2Zn. This also makes the π-stacking between
adenosine and azulene less effective, which is translated into a weaker emission and
a 1:1 binding ratio. This weak π-stacking could also explain the decrease of fluorescence emission after the addition of more than one equivalents of ADP, as the
π-stacking between the molecules of ADP themselves could become more significant
than that between azulene and ADP, reducing the number of ADP molecules bonded
to 28-2Zn.
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4-(Azulen-1-yl)-N,N -bis(2-picolyl)aniline (36)

Figure 4.30: Selectivity emission spectra for 36-2Zn (100 µM) in the presence of
Na2 HPO4 (1 mM), Na4 P2 O7 (1 mM), adenosine 5’-monophosphate sodium salt (1
mM), adenosine 5’-diphosphate sodium salt (1 mM), adenosine 5’-triphosphate (1
mM) and adenosine (1 mM). Spectra were measured after 30 min. The data were
obtained in HEPES buffer 50% H2 O : 50 % MeCN, pH=7.3 at 25 ◦ C at λM ax = 435
nm. Fluorescence intensities were measured with λexc = 380 (bandwith 20) nm on
a BMG Labtech CLARIOstar plate reader.

The fluorescence emission of 36-2Zn was studied under the same conditions as for
27-2Zn. A weak but significant increase in fluorescence emission was observed when
36-2Zn was in the presence of ADP. 36-2Zn did not show a significant change in
the fluorescence emission with other adenosine phosphates. Furthermore, the doseresponse experiment and the Job’s plot showed a 1:1 ratio. These results are coherent
with the FRET mechanism described in figure 4.21, whilst allowing us to discard
the mechanism initially proposed in figure 4.6.
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Figure 4.31: Left. Dose-dependence curve for 36-2Zn (100 µM) in the presence of
ADP (0, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300, 400,
500, 1000 µM) after 30 min. Right. Job’s Plot for 36-2Zn against ADP (200 µM
at χADP = 1). The data were obtained in HEPES buffer 50% H2 O : 50 % DMSO,
pH=7.3 at 25 ◦ C at λM ax = 435 nm. Fluorescence intensities were measured with
λexc = 380 (bandwith 20) nm on a BMG Labtech CLARIOstar plate reader.

4-(5-Isopropyl-3,8-dimethylazulen-1-yl)-N, N -bis(2-picolyl)aniline (37)
One objective of this project was to reduce the production costs of sensors by using
guaiazulene as an alternative chromophore. Guaiazulene is a fluorophore like azulene, however, its quantum yield is lower.150 In addition, the molecule is less stable33
and contains a greater steric hindrance. All this has reduced its use as a fluorophore.
37 was synthesised using the same synthetic route than that for 36 with the aim of
producing the first fluorescent probe that uses guaiazulene as a fluorophore.
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Figure 4.32: Selectivity emission spectrum for 37-2Zn (100 µM) in the presence of
Na2 HPO4 (1 mM), Na4 P2 O7 (1 mM), adenosine 5’-monophosphate sodium salt (1
mM), adenosine 5’-diphosphate sodium salt (1 mM), adenosine 5’-triphosphate (1
mM) and adenosine (1 mM). Spectra were measured after 30 min. The data were
obtained in HEPES buffer 50 % H2 O : 50 % DMSO, pH=7.3 at 25 ◦ C at λM ax =
435 nm. Fluorescence intensities were measured with λexc = 380 (bandwith 20) nm
on a BMG Labtech CLARIOstar plate reader.

A weak but significant increase of emission could be observed when 37-2Zn was
exposed to ADP. This fluorescent emission was selective towards ADP. A Job’s plot
could not be obtained due to the small difference in fluorescence emission between
37-2Zn and 37-2Zn-ADP. A dose-response curve could be obtained. However,
due to the low change of intensity emission, probably caused by the instability of
37-2Zn and the impurities observed in the characterisation, the dose-response curve
had poor quality. Nevertheless, this guaiazulene based ADP sensor has a very clear
qualitative response.
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Figure 4.33: Dose-dependence curve for 37-2Zn (100 µM) in the presence of ADP
(0, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 µM) after 30 min.The data were
obtained in HEPES buffer 50 % H2 O : 50 % MeCN, pH=7.3 at 25 ◦ C at λM ax =
435 nm. Fluorescence intensities were measured with λexc = 380 (bandwith 20) nm,
on a BMG Labtech CLARIOstar plate reader.
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4.4

Conclusions, future work and impact

The objective of this chapter was to develop a colorimetric sensor for the determination of arsenate in water. This objective was not achieved, although it led to the
development of a selective ADP sensor. The DPA-Zn group has a strong preference
towards diphosphate that is not shown with arsenate. Nevertheless, the absorbance
spectra of 27 exposed to different metals (Figure 4.15) showed a new and very intense peak at 250 nm when exposed to Cd2+ . This metal is a toxin that can be
found in water polluted by industrial activity. In the future, compound 27 could be
studied as a Cd2+ sensor .
The activity of 27 and 28 as ADP sensors was studied in depth. It was observed that 28 detected ADP and ATP, both molecules caused the same increase in
fluorescence. This activity is similar to the results obtained by Yoon, Xing and Feng
(see section 4.1.3). Surprisingly, 27 does not show this behaviour and its fluorescence intensity does not change significantly with the addition of ATP, but increases
with the addition of ADP. Similar FRET probes that show this selectivity towards
ADP could not be found in the literature. It was concluded that the absence of conformationally unrestrained mofits that could help the donor group in the ATP to
approach the acceptor group (the distance between the acceptor and donor is a key
parameter in FRET as discussed in section 4.1.4), is the key feature that increases
the selectivity towards ADP.
36 was synthesised to confirm that the increase in fluorescence intensity was
due to a FRET mechanism. It confirmed the mechanism but also provided evidence
that the absence of unrestrained rotation increase the selectivity, as this molecule
only showed a response with ADP.
37 was synthesised as an attempt to develop the first fluorescent probe based
on guaiazulene. The molecule was successfully synthesised and a small increase
of absorbance was observed when it was exposed to ADP. However, this molecule
slowly decomposes in solutions at room temperature which greatly hinders the study
of its properties and discarded it as a useful ADP probe.
Of the four molecules synthesised, 27 is the most promising. It is very selective
towards ADP, it is stable and gives a clear dose-response curve. As it has a very
similar structure and mechanism to the probe described by Feng, it is very possible
that it can pass though cell membranes and be active inside the cell. In vitro studies
should be performed in the future. Finally, computational studies should confirm
the mechanism and show the disposition of adenine and azulene.
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4.5

Experimental section

4-Iodo-N -2-picolyl aniline (32) 4-Iodo-N,N -bis(2-picolyl)aniline (29)

8 g of 2-chloromethylpyridine hydrochloride (48.8 mmol, 2.5 Eq.) and 4.24 g of 4Iodoaniline (19.4 mmol, 1 Eq.) were poured into a 250 mL round bottom flask containing 80 mL of water. 10.1 grams of tBuOK (89.2 mmol, 4.6 Eq.) were dissolved
in 80 mL of water. This solution was slowly added to the round bottom flask and
a colour change from brown to red was observed. The reaction was stirred at room
temperature for 4 days. After this, the product was extracted using DCM (3 x
50mL), the organic phase was dried with MgSO4 and filtered. Then, the solvent was
removed under vacuum and purified by silica column (DCM/Acetone 3:7 to 1:1).
2.64 g of 32 were obtained as a yellow solid (8.5 mmol, 44 %, Rf =0.66), and after
that, 1.77 g of 29 were obtained as an orange solid (4.4 mmol, 23 %, Rf =0.5).
32- 1 H-NMR (300 MHz, Chloroform-d) δ 8.51 (dt, J = 4.9, 1.3 Hz, 1H), 7.58 (td, J
= 7.7, 1.8 Hz, 1H), 7.34 (d, J = 8.8 Hz, 2H), 7.22 (d, J = 7.9 Hz, 1H), 7.16 - 7.08
(m, 1H), 6.38 (d, J = 8.8 Hz, 2H), 4.83 (s, 1H), 4.34 (d, J = 4.4 Hz, 2H).
29- 1 H-NMR (300 MHz, Chloroform-d) δ 8.51 (ddd, J = 4.9, 1.8, 0.9 Hz, 2H),
7.55 (td, J = 7.7, 1.8 Hz, 2H), 7.31 (d, J = 8.9 Hz, 2H), 7.18 – 7.07 (m, 4H), 6.40
(d, J = 8.9 Hz, 2H), 4.72 (s, 4H). Data in agreement with literature.145
N, N -bis(2-Picolyl) -4- (4,4,5,5-tetramethyl -1,3,2-dioxaborolan -2-yl)aniline
(30)

1.17 g of 29 (2.76 mmol, 1 Eq.), 31 mg of Pd(OAc)2 (0.14 mmol, 0.05 Eq.), 72.4 mg
of PPh3 (0.28 mmol. 0.1 Eq.), 745 mg of B2 Pin2 (3.31 mmol, 1.2 Eq.) and 815 mg
of KOAc (8.28 mmol, 3 Eq.) were added into a round bottom flask, which was then
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evacuated and filled with nitrogen. The flask was filled with 20 mL of dry DMSO
and the reaction was stirred at 80 ◦ C for 18 hours. After this, the reaction mixture
was poured into 250 mL of water and the product was extracted using DCM (3
x 750mL), the organic phase was washed with 50 mL of 5 % LiCl(aq) , dried over
MgSO4 and filtered. Then the solvent was removed under vacuum and purified by
silica column (DCM/MeOH 25:1). 821 mg of 30 (2.04 mmol, 74 %, Rf =0.72) were
obtained as a pale yellow solid. 1 H-NMR (300 MHz, Chloroform-d) δ 8.51 (ddd, J
= 4.8, 1.8, 0.9 Hz, 2H), 7.62 - 7.46 (m, 4H), 7.23 - 7.01 (m, 4H), 6.62 (d, J = 8.8
Hz, 2H), 4.78 (s, 4H), 1.21 (s, 12H). Data in agreement with literature.151
1,3- Dibromo azulene (31)

186 mg of azulene (1.45 mmol, 1 Eq.) were added into a 100 mL round bottom
flask, which was then evacuated and filled with nitrogen, then filled with 20 mL of
THF. 568 mg of NBS (3.19 mmol, 2.1 Eq.) were dissolved in 20 mL of THF and
added to the round bottom flask under absence of light at 0 ◦ C. The reaction was
stirred at room temperature for 3.5 hours. The product was extracted using DCM
(3 x 50mL) and washed with water saturated with Na2 CO3 (50 mL). The organic
phase was dried over MgSO4 , filtered and the solvent removed under vacuum. The
product was finally purified by silica plug with petroleum ether to obtain 374 mg
(1.31 mmol, 90 %, , Rf =0.7) of 31 as a green solid (blue if dissolved in DCM).
1
H-NMR (300 MHz, Chloroform-d) δ 8.24 (d, J = 9.4 Hz, 2H), 7.74 (s, 1H), 7.62
(t, J = 9.9 Hz, 1H), 7.22 (t, J = 9.9 Hz, 2H). Data in agreement with literature.45
4,4’-(Azulene-1,3-diyl)bis(N,N -bis(2-picolyl)aniline) (27)

81 mg of 1,3- dibromo azulene (31, 0.28 mmol, 1 Eq.), 454 mg of 30 (1.13 mmol,
4 Eq.), 10 mg of Pd(PPh3 )Cl2 (0.014, 0.05 Eq.) and 156 mg of K2 CO3 (1.13 mmol,
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4 Eq.) were added to a 50 mL round bottom flask, this was evacuated and filled
with nitrogen, then filled with 20 mL of a THF/water (4:1) mixture that had been
previously degassed by freeze-pump. The mixture was allowed to react for 18 hours
at 75 ◦ C. The product was extracted using DCM (3 x 50 mL), the organic phase
was dried over MgSO4 , then the solvent was removed over vacuum and purified by
silica column (DCM/MeOH 25:1), then recrystalised in hot acetonitrile. 121 mg
of 27 (0.17 mmol, 63 %, Rf =0.5) were obtained as a green solid (blue in DCM).
1
H-NMR (500 MHz, DMSO-d6) δ 8.56 (dd, J = 4.9, 1.7 Hz, 4H), 8.26 (d, J = 9.7
Hz, 2H), 7.89 (s, 1H), 7.74 (td, J = 7.7, 1.9 Hz, 4H), 7.47 (t, J = 9.8 Hz, 1H),
7.35 (d, J = 7.9 Hz, 4H), 7.32 (d, J = 8.4 Hz, 4H), 7.26 (dd, J = 7.5, 4.9 Hz,
4H), 6.96 (t, J = 9.8 Hz, 2H), 6.75 (d, J = 8.5 Hz, 4H), 4.88 (s, 8H). 13 C NMR
(126 MHz, acetone) δ 159.38, 149.51, 147.16, 138.71, 136.50, 136.13, 135.80, 135.65,
130.53, 130.20, 125.55, 122.24, 121.95, 121.04, 112.82, 57.41. IR ν: 3051, 3006,2926,
2858, 1737, 1610, 1589, 1567, 1531, 1500, 1470, 1433, 1380, 1346, 1296, 1271, 1231,
1199, 1178, 1119, 1093, 1044, 1011, 993, 967,947, 888, 862, 815, 753, 738, 722, 694,
670, 657 cm−1 . Melting point = 94 ± 4 ◦ C. HRMS (ESI+) calcd for [C46 H38 N6 +H]+
675.3231; found 675.3205. Calcd for [C46 H38 N6 +Na]+ 697.3050; found 697.3029.
3-Iodo-N,N -bis(2-picolyl)aniline (34)

9.25 g of 2-chloromethylpyridine hydrochloride (56.4 mmol, 2.5 Eq.) and 2.71 mL
of 3- Iodoaniline (22.6 mmol, 1 Eq.) were poured in a 250 mL round bottom flask
containing 80 mL of water. 4 grams of NaOH (101.5 mmol, 4.5 Eq.) were dissolved
in 80 mL of water, then this solution was slowly added to the round bottom flask
and a colour change from brown to red was observed. The reaction was stirred at
room temperature for 4 days. After this, the product was extracted using DCM (3
x 50 mL), the organic phase was dried with MgSO4 and filtered. Then the solvent
was removed over vacuum and purified by silica column (DCM/Acetone 3:7 to 1:1).
1.00 g of 34 were obtained as a an orange oil (2.5 mmol, 11 %, Rf =0.5). 1 H-NMR
(500 MHz, Chloroform-d) δ 8.59 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 7.63 (td, J = 7.7,
1.8 Hz, 2H), 7.22 (dt, J = 7.9, 1.0 Hz, 2H), 7.17 (ddd, J = 7.6, 4.8, 1.1 Hz, 2H), 7.07
(dd, J = 2.6, 1.5 Hz, 1H), 7.03 (d, J = 7.7 Hz, 1H), 6.84 (dd, J = 8.5, 7.7 Hz, 1H),
6.64 (ddd, J = 8.5, 2.6, 0.9 Hz, 1H), 4.77 (s, 4H). 13 C NMR (126 MHz, Chloroformd) δ 158.04, 149.81, 149.49, 136.85, 136.84, 130.62, 126.23, 122.18, 121.17, 120.72,
111.82, 95.56, 57.01.IR ν: 3918, 3877, 3850, 3813, 3798, 3781, 3732, 3676, 3659,
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3613, 3580, 3566, 3544, 3527, 3500, 3460, 3387, 3271, 3258, 3234, 3186, 3159, 3081,
3047, 2988, 2971, 2901, 2644, 2603, 2575, 2529, 2481, 2370, 2358, 2345, 2312, 2298,
2273, 2245, 2222, 2198, 2162, 2136, 2096, 2079.7, 2063, 2028, 2003, 1986, 1965,
1943, 1583, 1510, 1488, 1470, 1430, 1381, 1341, 1277, 1253, 1224, 1174, 1088, 1043,
978, 964, 941, 794, 751, 731, 682 cm−1 . HRMS (ESI+) calcd for [C18 H16 IN3 +H]+
402.0462; found 402.0474.
N, N -Bis(2-picolyl)-3- (4,4,5,5-tetramethyl
-1,3,2-dioxaborolan-2-yl) aniline (35)

1.00 g of 34 (2.5 mmol, 1 Eq.), 28 mg of Pd(OAc)2 (0.12 mmol, 0.05 Eq.), 65.3
mg of PPh3 (0.25 mmol, 0.1 Eq.), 762 mg of B2 Pin2 (3 mmol, 1.2 Eq.) and 733
mg of KOAc (7.47 mmol, 3 Eq.) were added to a round bottom flask. This was
evacuated and filled with nitrogen. The flask was filled with 20 mL of dry DMSO
and the reaction was stirred at 80 ◦ C for 18 hours. After this, the reaction mixture
was poured into 150 mL of water and the product was extracted using DCM (3
x 50 mL). The organic phase was washed with 50 mL of 5 % LiCl(aq) , dried over
MgSO4 and filtered. Then the solvent was removed under vacuum and purified by
silica column (DCM/MeOH 25:1). 768 mg of 35 (1,92 mmol, 77 %, Rf =0.65) were
obtained as an orange oil. 1 H-NMR (500 MHz, Chloroform-d) δ 8.57 (ddd, J = 4.9,
1.8, 0.9 Hz, 2H), 7.59 (td, J = 7.7, 1.8 Hz, 2H), 7.29 – 7.22 (m, 3H), 7.21 – 7.12
(m, 4H), 6.78 (dt, J = 7.3, 2.6 Hz, 1H), 4.82 (s, 4H), 1.28 (s, 12H). 13 C NMR (126
MHz, Chloroform-d) δ 159.01, 149.72, 147.85, 136.86, 128.87, 123.92, 122.07, 121.08,
118.51, 115.69, 83.73, 56.90, 24.93. One carbon environment was not observed (C
adjacent to B). IR ν: 3082, 3046, 2976, 2925, 2854, 2362, 2345, 1605, 1548, 1529,
1507, 1469, 1434, 1390, 1352, 1277, 1231, 1200, 1140, 1098, 1046, 1008, 991, 963,
942, 907, 887, 860, 810, 769, 750, 695, 670, 652 cm−1 . HRMS (ESI+) calcd for
[C24 H28 BN3 O2 +H]+ 402.2353; found 402.2351.
3,3’-(Azulene-1,3-diyl)bis(N,N -bis(2-picolyl)aniline) (28)
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138 mg of 1,3- dibromo azulene (0.47 mmol, 1 Eq.), 750 mg of 35 (1.87 mmol, 4 Eq.),
16 mg of Pd(PPh3 )Cl2 (0.02 mmol, 0.05 Eq.) and 259 mg of K2 CO3 (1.87 mmol, 4
Eq.) were added into a 50 mL round bottom flask. This was evacuated and filled
with nitrogen, then filled with 20 mL of a THF/water mixture (4:1) that had been
previously degassed by freeze-pump. The mixture was allowed to react for 18 hours
at 75 ◦ C. The product was extracted using DCM (3 x 50 mL), the organic phase was
dried over MgSO4 and filtered. Then the solvent was removed under vacuum and
purified by silica column (DCM/MeOH 25:1), then recrystalised in hot acetonitrile.
276 mg of 28 (0.41 mmol, 87 %, Rf =0.5) were obtained as a green solid (blue in
DCM). 1 H-NMR (500 MHz, Acetone-d6 ) δ 8.57 (s, 4H), 8.19 (d, J = 7.1 Hz, 2H),
7.88 (s, 1H), 7.76 (t, J = 7.6 Hz, 4H), 7.53 (t, J = 9.8 Hz, 1H), 7.44 (d, J = 7.9
Hz, 4H), 7.26 (d, J = 6.6 Hz, 4H), 7.23 (t, J = 7.9 Hz, 2H), 6.93 (d, J = 17.7 Hz,
4H), 6.88 (t, J = 7.1 Hz, 2H), 6.74 (d, J = 7.9 Hz, 2H), 4.96 (s, 8H). 13 C NMR (126
MHz, Acetone-d6 ) δ 159.00, 148.78, 147.67, 138.25, 137.74, 137.53, 136.40, 136.18,
135.28, 130.58, 129.18, 122.91, 122.31, 121.49, 118.68, 114.10, 110.88, 57.00. IR ν:
3048, 3005, 2958, 2925.5, 2872, 2160, 1979, 1728, 1589, 1569, 1491, 1470, 1433, 1383,
1342, 1274, 1249, 1226, 1194, 1176, 1146, 1091, 1047, 993, 968, 946, 856, 776, 753,
703, 654 cm−1 . Melting point = 90 ± 4 ◦ C. HRMS (ESI+) calcd for [C46 H38 N6 +H]+
675.3236; found 675.3377.
4-(Azulen-1-yl)-N,N -bis(2-picolyl)aniline (36)

279 mg of 4 (0.75 mmol, 1 Eq.), 450 mg of 30 (1.12 mmol, 1.5 Eq.), 8.4 mg of
Pd(OAc)2 (0.04 mmol, 0.05 Eq.), 36 mg of XPhos (0.08 mmol, 0.1 Eq.) and 318
mg of K3 PO4 (1.50 mmol, 2 Eq.) were added into a round bottom flask. This was
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evacuated and filled with nitrogen. The flask was filled with 20 mL of dry DMF
and the reaction was stirred at 80 ◦ C for 18 hours. After this, the reaction mixture
was poured into 150 mL of water and the product was extracted using DCM (3
x 50 mL), the organic phase was washed with 50 mL of 5 % LiCl(aq) , dried over
MgSO4 and filtered. Then the solvent was removed under vacuum and purified by
silica column (DCM/MeOH 25:1). 71 mg of 36 (0.18 mmol, 24 %, , Rf =0.4) were
obtained as a green oil (blue in DCM solution). 1 H-NMR (500 MHz, Chloroform-d)
δ 8.63 (d, J = 4.8 Hz, 2H), 8.49 (d, J = 9.8 Hz, 1H), 8.28 (d, J = 9.4 Hz, 1H), 7.94
(d, J = 2.5 Hz, 1H), 7.68 (t, J = 7.7 Hz, 2H), 7.52 (t, J = 9.9 Hz, 1H), 7.45 (d,
J = 7.0 Hz, 2H), 7.39 (d, J = 3.4 Hz, 1H), 7.37 (d, J = 7.9 Hz, 2H), 7.20 (t, J =
6.5 Hz, 2H), 7.08 (t, J = 9.2 Hz, 1H), 7.04 (t, J = 9.5 Hz, 1H), 6.86 (d, J = 7.1
Hz, 2H), 4.91 (s, 4H). 13 C NMR (126 MHz, Chloroform-d) δ 157.07, 147.95, 145.08,
139.62, 136.20, 135.11, 135.08, 134.94, 133.89, 132.97, 129.62, 128.74, 124.77, 120.77,
120.68, 120.28, 119.11, 115.47, 111.03, 55.62. IR ν: 3047, 3008, 2957, 2921, 2863,
1610, 1588, 1569, 1526, 1493, 1471, 1433, 1391, 1342, 1273, 1226, 1196, 1172, 1146,
1092, 1046, 993, 966, 944, 892, 867, 852, 818, 738, 701, 657 cm−1 . HRMS (ESI+)
calcd for [C28 H23 N3 +H]+ 402.1970; found 402.1972.
4-(5-Isopropyl -3,8-dimethylazulen-1-yl) -N, N -bis (2-picolyl)aniline(37)

338 mg of 8 (0.79 mmol, 1 Eq.), 473 mg of 30 (1.18 mmol, 1.5 Eq.), 9 mg of
Pd(OAc)2 (0.04 mmol, 0.05 Eq.), 38 mg of XPhos (0.08 mmol) and 333 mg of K3 PO4
(1.57 mmol, 2 Eq.) were added to a round bottom flask. This was evacuated and
filled with nitrogen. The flask was filled with 20 mL of dry DMF and the reaction
was stirred at 80 ◦ C for 18 hours. After this, the reaction mixture was poured
into 150 mL of water and the product was extracted using DCM (3 x 50 mL), the
organic phase was washed with 50 mL of water (LiCl 5 %), dried over MgSO4 and
filtered. Then the solvent was removed under vacuum and purified by silica column
(DCM/MeOH 25:1). 12 mg of 37 (0.03 mmol, 3 %, Rf =0.4) were obtained as a
green oil (blue in DCM solution). 1 H-NMR (500 MHz, Chloroform-d) δ 8.61 (d, J
= 5.0 Hz, 2H), 8.14 (s, 1H), 7.55 (t, J = 7.6 Hz, 2H), 7.51 (s, 1H), 7.35 (d, J =
7.8 Hz, 2H), 7.31 (d, J = 10.6 Hz, 1H), 7.21 – 7.13 (m, 4H), 6.83 (d, J = 10.7 Hz,
1H), 6.72 (d, J = 8.3 Hz, 2H), 4.87 (s, 4H), 3.04 (h, J = 6.9 Hz, 1H, 2.64 (s, 3H),
2.42 (s, 3H), 1.35 (d, J = 6.8 Hz, 6H). IR ν: 3375, 3342, 3290, 3051, 3008, 2956,
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2922, 2854, 1735, 1676, 1608, 1588, 1570, 1517, 1494, 1470, 1434, 1386, 1350, 1225,
1193, 1179, 1118, 1092, 1070, 1047, 1027, 993, 965, 945, 889, 860, 805, 749, 720, 694
cm−1 . HRMS (ESI+) calcd for [C33 H33 N3 +H]+ 472.253; found 472.2755.
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Chapter 5
A lead sensor using
6-aminoazulene as starting
material

5.1

Introduction

5.1.1

Lead in water

Since ancient times, lead has been exploited for its particular properties; softness,
ductility, high malleability and a low melting point, as well as occurring naturally
in abundance. The metal was widely used in the Roman Empire for the production
of armour, cosmetics and water pipes.152
Despite awareness of its toxicity for more than two millennia, lead has been
used as the primary material for the production of water pipes, due to its low price
and aforementioned material properties.153 Usually the inner surface of the pipes
is covered by another metal. If the pH of the water changes, this can corrode the
metal, causing the lead underneath to dissolve in the water. This process is the
main cause of contamination.
A massive lead contamination case in Flint, Michigan (US), is one of the most
renowned cases covered by the media. In April 2014, treated Lake Huron water from
the Detroit Water and Sewerage System was replaced by water from the nearby Flint
River. This more acidic water corroded the pipes (Figure 5.1), exposing the whole
population of Flint to high levels of lead. About a third of children had lead levels
in their blood above 40 ppb, compared with EPA’s action level of 15 ppb.154 Other
uses of lead and minor sources of contamination are leaded gasoline, leaded paints,
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coal combustion and lead batteries.

Figure 5.1: Corrosion on water pipes in Flint, Michigan, US.154

Signs of chronic lead toxicity appear in adults at blood lead levels of 50 µg/dL,
and include: irritability, headaches, tiredness, sleeplessness, joint pain and gastrointestinal pain. Signs of acute intoxication, when blood lead levels are above 100
µg/dL, include: irritability, poor attention span, dullness, restlessness, headaches,
muscle tremor, abdominal cramps, hallucinations, loss of memory and kidney damage (which can be fatal).155
Lead interferes with the activity of several enzymes involved in the biosynthesis of haem. This causes lead-induced anaemia and an acceleration of erythrocyte
destruction. D-aminolevulinate synthetase, one of the enzymes involved in the synthesis of haem, whose activity is indirectly induced by feedback inhibition, is greatly
affected by lead poisoning resulting in accumulation of D-aminolevulinate, a neurotoxin. This is one of the many disruptions caused by lead in the human body, which
especially affects to the neurological and renal systems. The central and peripheral
nervous systems are the principal targets for lead toxicity. Lead poisoning can be
diagnosed by its neurological and behavioural effects on adults.155

5.1.2

Sensors for the detection of lead in water

The methods most frequently used to determine the levels of lead in water are atomic
absorption spectroscopy156 and anodic stripping voltammetry.157 Detection limits
of less than 1 µg/L can be achieved by means of atomic absorption spectroscopy. As
mentioned before, the main cause of lead water contamination is leaching from pipes,
so samples must be taken from individual taps and not from the main distribution
line. This increases the number of samples and the cost of the analysis. As with
mercury, the sensitivity requirements limit the development of field lead sensors.
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The WHO Guideline value for lead in drinking water is 10 µg/L.64 Colorimetric lead
detection kits are commercially available online. Similar to the kits for mercury, the
sellers do not include information about the chemical mechanism or the selectivity
of the probes.158
Due to the high demand for lead sensors, many groups are working on developing fluorescent and colorimetric molecular sensors that could be less expensive than
AAS methods. Multiple examples of these sensors can be found in a review by Kim
et al.100 It can be seen that most of the sensors described use chains containing
nitrogen and oxygen atoms as the sensing element, using the lone pairs of these
atoms to bind non-covalently to the cation of lead.
A great example of this is the sensor developed by Chen and Huang in 2002.159
This probe was made by attaching a crown ether to ketoaminocoumarin. The binding of lead to the crown causes an increase of fluorescence emission due to an ICT
mechanism. This sensor showed an interference with copper and did not show activity in water or mixtures of organic solvents and water.

Figure 5.2: Lead sensor developed by Chen and Huang.

In 2006, Chang et al. tried to solve the problems of solubility and selectivity
that other probes had by developing a novel sensing element which contained two
carboxylic groups that increase the solubility in water of the probe. The probe
presented interferences with copper, but this novel sensor was able to detect lead in
aqueous solutions. They also were able to detect lead in living cells by fluorescence
imaging.160
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Figure 5.3: Top. Lead sensor developed by Chang. Bottom. Live-cell imaging of
intracellular Pb2+ . a) Without Pb2+ , b) Pb2+ present in the cells.160

In 2000, Liu and Lu reported a DNAzyme-based biosensor for the determination of lead in water that showed high sensitivity and selectivity at 4 ◦ C. In this
system, the substrate and the enzyme strand of the DNAzyme were labelled with a
fluorophore (TMR) and a quencher (Dabcy) respectively. In the presence of lead,
the substrate strand was cleaved by the enzyme strand, and the release of the cleaved
fragment resulted in an increase of fluorescence.161 They later improved this sensor
in 2003 by reducing the blank fluorescence and increasing the temperature range to
room temperature.162

Figure 5.4: Mecanism of the DNA-based lead sensor developed by Liu and Yi Lu.162
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5.2

Aims and Objectives

Many examples of lead fluorimetric and colorimetric sensors can be found in the
literature,100 but most of them only work in organic solvents or present many interferences. As previously mentioned above, Chang’s team designed a sensing element
that included two carboxilic acids, making this sensor more soluble and able to work
in aqueous media and in living cells.160 The objective of this chapter was to develop
a selective colorimetric lead sensor able to work in aqueous media by attaching this
sensing element to azulene.

Figure 5.5: Left. Fluorimetric lead sensor developed by Chang et al. Right.
Candidate to azulene-based colorimetric lead sensor, 38.

6- amino azulene (39) is a known compound24 that shows a reddish colour due
to the participation of the nitrogen lone pair of electrons in the azulene π-system.
During previous work, the derivative 1-(azulen-6-yl)pyrrolidine-2,5-dione (40) was
synthesised and characterised. It was observed that due to the electron withdrawing
character of the two ketones, the electron pair of the amine did not participate in
the azulene ring, making the molecule blue.80 We predicted that the complexation
of the sensor candidate with lead would have a similar effect due to the electron
withdrawing effect of a cation. This would cause a clear colour change when lead
was added (Figure 5.6).
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Figure 5.6: Top. Colour change observed during the synthesis of 1-(azulen-6yl)pyrrolidine-2,5-dione. Bottom. Mechanism proposed for an azulene-based colorimetric lead sensor.
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5.3

Results and discussion

5.3.1

Synthesis

Two synthetic routes were designed. Route A was based on the procedure described
by Chang and used 6-aminoazulene as a starting material. Route B also used 6aminoazulene as a starting material, but the amino substituents are added via amidation and subsequent reduction. This route was planned as an alternative in case
the amine was not nucleophilic enough to act as a nucleophile in the substitution
reactions that route A required.

Synthesis A

Figure 5.7: Retrosynthesis designed to obtain a candidate to lead sensor.

The first step of this route consisted of the synthesis of 6-amino azulene (39), which
was successfully synthesised following the procedure described by Makosza.24 After this, a hydroxyethyl group would be added via an SN 2 reaction, following the
procedure described by Chang.

Figure 5.8: Vicarious nucleophilic addition and attempt of SN 2 substitution.

The synthesis of 2-(azulen-6-ylamino)ethan-1-ol (42) was far more challenging
than expected. SN 2 reactions are favoured by high temperatures. However, 39
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decomposes in solution above 40 ◦ C, which limited the temperature that could be
used in this reaction. The first attempt was made using 2- iodoethanol at room
temperature and with no base. Under these conditions, no product was observed
after 2 days of reaction. A wide range of bases with low nucleophilic character
(tBuOK, CaCO3 , NEt3 and DBU) and solvents (THF, MeOH, DMF, H2 O and
DMSO) were used in the following experiments, but no product could be isolated.
Experiments with temperatures higher than 40 ◦ C resulted in a black char being
formed. Stronger bases could not be used due to the presence of 2-iodoethanol,
since this would have been deprotonated to form an epoxide via intramolecular SN 2
substitution.
The polarity of azulene was underestimated in the design of this synthetic route.
The electronic density in the 6 position of azulene is very low and withdraws the
electronic density from the amino group. This reduces its nucleophilic character
and, therefore, its reactivity in SN 2 reactions. This synthetic route was abandoned
and a new one designed.

Synthesis B

Figure 5.9: Second retrosynthesis designed to obtain a candidate to lead sensor.

In the new synthetic route, the second step was substituted by an amidation reaction.
The main disadvantage of this was the addition of an extra step, a reduction. However, this synthetic method has proven to be effective with unreactive amines.163
Instead of performing a classic acylation using bromoacetyl chloride, a more sustainable alternative was selected. The reagents used were 2- bromoacetic acid and
propylphosphonic anhydride (T3P). T3P has been found to be an excellent coupling
agent that avoids the use of acyl chloride groups (very toxic and unstable materials)
and facilitates the synthesis (the byproducts are soluble in water and can be easily
extracted).164
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Figure 5.10:
Synthesis of N -(azulen-6-yl)-2-bromoacetamide (45) using T3P and attempt to synthesise N -(azulen-6-yl)-2-bromo-N -(2-(2bromoethoxy)acetyl)acetamide (44).

Figure 5.11: Mechanism of the amide synthesis via T3P.

The primary amide (45) was synthesised in good yields using T3P. It was
observed that polar solvents, anhydrous conditions and a sterically hindered base
improved the yield of the reaction. Attempts to perform a second amidation to
obtain 44 were not successful, with the use of a stronger base or higher temperatures
both resulting in the decomposition of 45. It was decided that the amide (45) should
be reduced first in order to make the nitrogen atom more nucleophilic for a second
amidation.
The amide 45 was reduced to a secondary amine (46) by following a common
procedure for these reactions.165 Instead of proceeding with the second amidation,
it was decided to proceed with a second SN 2 reaction to form 47. This is because
it was anticipated that the leaving group bromide could cause problems. Such as
undesired SN 2 reactions during the second amidation.
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To do so, diethylene glycol was made to react with a strong base to deprotonate
the alcohol and form an alkoxy group that would react with 46 via SN 2 reaction, with
bromine as a leaving group. However, an unexpected intramolecular SN 2 reaction
took place and an aziridine (48) was synthesised instead.

Figure 5.12: Reduction of N -(azulen-6-yl)-2-bromoacetamide (45) and synthesis of
1-(azulen-6-yl)aziridine (48) via intramolecular SN 2 reaction.

Alternative routes
To establish whether the double amidation of 6-aminoazulene did not work because
the amide 45 was not nucleophillic enough or 2-bromo acetic acid was an inappropriate reagent, it was decided to repeat the reaction using a different substrate.
Picolinic acid was selected for this reaction because it could be useful for the synthesis of future sensors.

Figure 5.13: Synthesis of 49 using T3P and the accidental synthesis of 50.

Similar results were obtained with this reagent; the first amidation occurred in
moderate yields but not the second. Interestingly, a byproduct was isolated from
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this reaction. This could not been identified using standard characterisation (NMR
and mass spectra) so the structure had to be identified using X-Ray crystallography.
It was identified as the product of the addition of a molecule of DMSO (probably
present in 39) to the azulene’s 5 position mediated by T3P. This was not the expected product of this addition, due to the 1 position being more nucleophilic. The
mechanism in figure 5.14 speculates as to how this could have happened.

Figure 5.14: Mechanism proposed for the synthesis of 50.
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Figure 5.15: Crystal structure of 50. Ellipsoids are plotted at the 50 % probability
level. Hydrogen atoms are represented as spheres of arbitrary radius.

Finally, the direct synthesis of 2-(azulen-2-ylamino)ethan-1-ol (51) and 2-(azulen1-ylamino)ethan-1-ol (52) was attempted via Chan-Lam coupling166 using 2 and 3
as a starting material. Unfortunately, no product could be obtained after various
attempts.

Figure 5.16: Chan-Lam reaction attempts.

It was concluded that the formation of a tertiary amine from 6-aminoazulene
was extremely difficult and that the synthesis of the sensor candidate would not be
very cost-effective (if possible). At this point the synthesis was abandoned.
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5.4

Conclusions, future work and impact

The synthesis of an azulene-based lead sensor using 6-aminoazulene as a starting
material failed after the attempt of various synthetic routes. The main issue observed was the low nucleophilicity of this amino group. It was concluded that for
the synthesis of an azulene-based lead sensor, the amino group should be placed in
a position with more electronic density, like the 1 or 2 position. 1-aminoazulene and
2-aminoazulene have been reported in the literature but both are very unstable.167
In the future, the synthesis of 1- and/or 2-aminoazulene in good yields should be
investigated, followed by the rapid functionalisation of the amine to avoid degradation. 2-amino azulene can be achieved directly from 2-chlorotropone, whilst 2-amino
azulene can be accessed by removing the ester groups from diethyl 2-aminoazulene1,3-dicarboxylate.56

Figure 5.17: 1- and 2-aminoazulene based candidates to lead sensor.

In future syntheses, the second amidation should be performed before the functionalisation of the N -alkyl chain to avoid the formation of the aziridine 48. However, this synthesis introduces a new risk (due to which it was not originally used)
that the weak base would deprotonate the 2-bromo acetic acid and perform a SN 2
reaction on 46 instead of forming the amide. However, this approach would involve
a large number of steps, which would increase the production costs.
Despite the failure of the synthetic routes A and B, during the attempted
synthesis of the candidate lead sensor, four novel molecules were synthesised and
characterised. One of them is the first example of an aziridine on an azulene. A
green method (amidation mediated by T3P) to substitute the scarcely reactive 6aminoazulene was found and optimised.
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5.5

Experimental section

6- Amino azulene (39)

This was synthesised according to a literature procedure.24 1.00 g (7.8 mmol,
1 Eq.) of azulene and 1.97 g (23.4 mmol, 3 Eq.) of 4-amino-1,2,4-triazole were
dissolved in 25 mL of DMSO and transferred to a 100 mL round bottom flask. After this, a solution of 5.25 g (46.8 mmol, 6 Eq.) of t-ButOK in 10 mL of DMSO
was poured into the flask. The reaction mixture was allowed to stand for 6 hours
at room temperature. Then, the reaction mixture was poured in 100 mL of water
and extracted with DCM (3 x 50 mL). The organic phase was dried over MgSO4 ,
filtered and the solvent removed under vacuum. The product was purified by chromatography, using basic alumina, unreacted azulene was eluted with hexane and the
product with DCM. 716 mg (5 mmol, 65 %, Rf =0.6) of 39 were obtained as a red
solid. 1 H-NMR (500 MHz, Chloroform-d) δ 8.02 (d, J = 10.7 Hz, 2 H), 7.39 (t, J
= 3.7 Hz, 1 H), 7.14 (d, J = 3.7 Hz, 2 H), 6.41 (d, J = 10.7 Hz, 2 H), 4.55 (s, 2 H).
13
C-NMR (126 MHz, Chloroform-d) δ 156.33, 137.35, 133.79, 129.31, 118.70, 109.45.
IR ν: 3337, 3332, 3202, 1636, 1620, 1575, 1500, 1445, 1389, 1297, 1222, 1198, 1140,
1047, 1013, 971, 947 cm−1 . HRMS (ESI-) calcd for [C10 H9 N1 -H]− 142.0662; found
142.0676. Data in agreement with literature.24
N -(Azulen-6-yl)-2-bromoacetamide (45)

169 mg (1.2 mmol, 1 Eq.) of 39, 488 mg (3.5 mmol, 3 Eq.) of bromo-acetic
acid and molecular sieves (4 Å) were poured into a round bottom flask. This was
evacuated and filled with N2 and 25 mL of dry DMF. When all the solids were
dissolved, 2.25 mL of T3P (50 % in EtOAc, 3.5 mmol, 3 Eq.) and 0.94 mL (7.1
mmol, 6 Eq.) of collidine were added. The reaction mixture was allowed to stand
for 1 hour at room temperature, then it was poured into 100 mL of DI water and
extracted with EtOAc (3 x 50 mL). The organic phase was washed with water
saturated in NaCl and dried with MgSO4 . The organic phase was filtered, and the
filtrate was concentrated under reduced pressure and the resulting solid purified by
chromatography (60:40, Pet:EtOAc) to obtain 210.2 mg (0.8 mmol, 68 %, Rf =0.65)
of 45 as a blue solid. 1 H-NMR (500 MHz, Chloroform-d) δ 8.34 (s, 1H), 8.29 (d,
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J = 10.5 Hz, 2H), 7.82 (t, J = 3.7 Hz, 1H), 7.45 (d, J = 10.5 Hz, 2H), 7.39 (d, J
= 3.7 Hz, 2H), 4.09 (s, 2H). 13 C-NMR (126 MHz, Chloroform-d) δ 163.73, 144.27,
138.00, 135.97, 135.78, 119.44, 115.16, 29.78. IR ν: 3248, 1660, 1575, 1515, 1475,
1445, 1429, 1398, 1371, 1304, 1229, 1208, 1181, 1133, 1099, 1052, 968, 917, 886, 839,
796, 768, 750, 708, 671 cm−1 . Melting point 145 ± 4 ◦ C. HRMS (ESI-) calcd for
[C12 H10 N1 O1 Br1 -H]− 261.9873; found 261.9876.
N -(azulen-6-yl)picolinamide (49) and
N -(5-((methylthio)methyl)azulen-6-yl)picolinamide (50)

100 mg (0.7 mmol, 1 Eq.) of 39, 301 mg (2.5 mmol, 3.5 Eq.) of picolinic acid and
molecular sieves (4 Å) were poured into a round bottom flask. This was evacuated
and filled with N2 and 25 mL of dry DMF. When all the solids were dissolved, 2.25
mL of T3P (50 % in EtOAc, 3.54 mmol, 5 Eq.) and 0.49 mL (2.5 mmol) of triethyl
amine were added. The reaction mixture was allowed to stand for 1 hour at room
temperature, then it was poured into 100 mL of DI water and extracted with EtOAc
(3 x 50 mL). The organic phase was washed with water saturated in NaCl, dried
with MgSO4 . This was filtered and the solvent was removed by evaporation and
the resulting solid purified by chromatography (60:40, Pet:EtOAc) to obtain 95 mg
(0.38 mmol, 55 %, Rf =0.7) of (49) as a blue solid and 11 mg (0.035 mmol, 5 %,
Rf =0.05) of a purple solid (50).
49- 1 H-NMR (500 MHz, Chloroform-d) δ 10.45 (s, 1H), 8.65 (ddd, J = 4.8,
1.7, 1.0 Hz, 1H), 8.38 - 8.30 (m, 3H), 7.95 (td, J = 7.7, 1.7 Hz, 1H), 7.80 (d, J =
10.9 Hz, 2H), 7.77 (t, J = 3.7 Hz, 1H), 7.53 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H), 7.37
(d, J = 3.7 Hz, 2H). 13 C-NMR (126 MHz, Chloroform-d) δ 162.28, 149.48, 147.97,
145.81, 137.87, 137.64, 136.19, 134.95, 126.80, 122.63, 119.00, 114.82. ν: 3307, 3062,
3007, 2958, 2923, 2853, 1683, 1620, 1580, 1555, 1505, 1464, 1433, 1399, 1371, 1304,
1285, 1257, 1194, 1147, 1102, 1041, 995, 967, 900, 888, 855, 827, 775, 739, 711, 686.
HRMS (ESI+) calcd for [C16 H12 N2 O1 +H]+ 249.1022; found 249.1019.
50- 1 H-NMR (500 MHz, Chloroform-d) δ= 11.13 (s, 1H), 8.70 (ddd, J = 4.7,
1.7, 0.9 Hz, 1H), 8.36 - 8.34 (m, 1H), 8.32 (d, J = 10.7 Hz, 1H), 8.17 (d, J = 10.7
Hz, 1H), 7.95 (td, J = 7.7, 1.7 Hz, 1H), 7.83 (t, J = 3.7 Hz, 1H), 7.82 - 7.76 (m, 1H),
7.53 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H), 7.37 (d, J = 3.8 Hz, 1H), 7.35 (dd, J = 7.7, 3.5
Hz, 1H), 4.04 (s, 2H), 2.22 (s, 3H). HRMS (ESI+) calcd for [C16 H16 N2 O1 S1 +H]+
309.1056; found 309.1051.
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N -(2-bromoethyl)azulen-6-amine (46)

79 mg (0.3 mmol, 1 Eq.) of 45 were poured into a round bottom flask. This
was evacuated and filled with N2 and 20 mL of dry THF. 0.36 mL of borane in THF
(1 M, 0.36 mmol, 1.2 Eq.) were added dropwise. After 8 hours of reaction at room
temperature 10 mL of MeOH were added dropwise to the solution, followed by 20
mL of water. Then, the product was extracted with EtOAc (3 x 50 mL) and dried
with MgSO4 . This was filtered and the solvent was removed by evaporation and the
resulting solid purified by chromatography (70:30, Pet:EtOAc) to obtain 28 mg (0.1
mmol, 37 %, Rf =0.8) of 46 as an orange solid. 1 H-NMR (500 MHz, Chloroform-d)
δ 8.04 (d, J = 10.9 Hz, 2H), 7.38 (t, J = 3.7 Hz, 1H), 7.14 (d, J = 3.7 Hz, 2H),
6.34 (dt, J = 10.8, 1.2 Hz, 2H), 4.98 (s, 1H), 3.74 (t, J = 6.2 Hz, 2H), 3.62 (td,
J = 6.2, 0.6 Hz, 2H). 13 C-NMR (126 MHz, Chloroform-d) δ 155.42, 137.11, 133.46,
129.41, 119.44, 118.87, 107.78, 44.91, 30.60. IR ν: 3902, 3855, 3838, 3819, 3752,
3673, 3650, 3381, 3345, 3082, 3065, 2961, 2923, 2852, 1578, 1551, 1492, 1458, 1443,
1430, 1391, 1312, 1298, 1270, 1227, 1214, 1170, 1107, 1080, 1048, 1019, 966, 950,
908, 890, 864, 812, 745, 670, 652 cm−1 . Melting point 80 ± 5 ◦ C. HRMS (ESI+)
calcd for [C12 H12 N1 Br1 +H]+ 250.0226; found 250.0237.
1-(azulen-6-yl)aziridine (48)

25 mg (0.1 mmol, 1 Eq.) of 46 were poured into a round bottom flask. This
was evacuated and filled with N2 and 20 mL of t-BuOH, then heated to 40 ◦ C. 0.15
mL (3 mmol, 30 Eq.) of diethylene glycol were added to the solution (this is not
necessary for the synthesis of the 48) followed by 0.11 mL of a solution of t-BuONa
in t-BuOH (1 M , 0.11 mmol, 1.1 Eq.). After 30 min, 20 mL of water were poured
into the reaction mixture and the product was extracted with DCM (3 x 25 mL).
The organic phase was collected and dried with MgSO4 . This was filtered and the
solvent removed by evaporation to obtain 15 mg (0.088 mmol, 88 %) of 48 as a
purple solid. No further purification was needed. 1 H-NMR (500 MHz, Chloroformd) δ 8.17 (d, J = 10.8 Hz, 2H), 7.62 (t, J = 3.7 Hz, 1H), 7.26 (d, J = 3.9 Hz,
2H), 6.90 (d, J = 10.8 Hz, 2H), 2.35 (s, 4H). 13 C-NMR (126 MHz, Chloroform-d)
δ 163.64, 136.38, 136.05, 132.92, 118.68, 116.22, 31.22. Melting point 98 ± 5 ◦ C.
HRMS (ESI+) calcd for [C14 H11 N1 +H]+ 170.0964; found 170.0971.
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Annex
1-Pinacolboryl-azulene (2)

171

Hydrogen atoms are represented as spheres of arbitrary radius.

172

173

2-Pinacolboryl-azulene (3)

174

1-(Azulen-1-yl)tetrahydro-1H- thiophen-1-ium hexafluorophosphate (4PF6 )

175

1,1’-Biazulene (5)

176

4-(Azulen-1-yl)butyl acetate (6)

177

1-(5-Isopropyl-3,8-dimethylazulen-1-yl)tetrahydro-1H-thiophen-1-ium
hexafluorophosphate (8-PF6 )

178

179

Titration of 1-pinacolboryl-azulene (2) in surfactant

180

1-(6-Phenyl-1,6-dithiahexyl)azulene (10)

181

182

1-(7-Phenyl-1,4,7-trithiaheptyl)azulene (11)

183

Hydrogen atoms are represented as spheres of arbitrary radius.

184

185

186

187

(3,8-Dimethyl-5-isopropyl-1-(6-phenyl-1,6-dithiahexyl)azulene (12)

188

189

3,8-Dimethyl-5-isopropyl-1-(7-phenyl-1,4,7-trithiaheptyl)azulene (13)

190

191

1,3-Bis(1,3-bis(6-phenyl-1,6-dithiahexyl)azulene (14)

192

193

1,3-Bis(7-phenyl-1,4,7-trithiaheptyl)azulene (15)

194

195

Azulen-1-yl(3-thiapentan-1,5-diyl)sulfonium hexafluorophosphate (18–PF6 )

196

Hydrogen atoms are represented as spheres of arbitrary radius.

197

198

199

200

3,8-Dimethyl-5- isopropylazulen-1-yl (3-thiapentan-1,5-diyl) sulfonium hexafluorophosphate (19–PF6 )

201

Hydrogen atoms are represented as spheres of arbitrary radius.

202

203

204

205

Azulen -1,3-diylbis ((3-thiapentan -1,5-diyl)sulfonium) hexafluorophosphate (20-(PF6 ))2

This NMR spectra contains an impurity that has been identified as the reaction
byproduct 18-PF6 which is marked with black arrows.

206

207

4-(Azulen-1-yl)-1,4-oxathian-4-ium trifluoromethanesulfonate (22-OTf )

208

Hydrogen atoms are represented as spheres of arbitrary radius.

209

210

211

212

Azulen-1,3-diylbis ((3-oxapentan -1,5-diyl)sulfonium) hexafluorophosphate
(23-(PF6 )2 )

213

Hydrogen atoms are represented as spheres of arbitrary radius.

214

215

216

217

218

Azulen -1-yl(3-oxapentan -1,5- diyl)sulfonium
triuoromethylsulfonate (24-PF6 )

219

Hydrogen atoms are represented as spheres of arbitrary radius.
220

221

222

223

Azulen -1,3-diylbis((butan -1,4-diyl) sulfonium) trifluoromethylsulfonate
(25-(OTf )2 )

224

Hydrogen atoms are represented as spheres of arbitrary radius.

225

226

227

228

229

1-(1-Thiapent-4-enyl)azulene (26)

230

Azulene-1-carbaldehyde (16)

231

232

2-(Azulen-1-yl)-1,3-dithiolane (17)

233

Hydrogen atoms are represented as spheres of arbitrary radius.

234

235

236

4-Iodo-N -(2-picolyl)aniline (32)

237

4-Iodo-N,N -bis(2-picolyl)aniline (29)

238

N, N -Bis(2-Picolyl)- 4-(4,4,5,5-tetramethyl -1,3,2-dioxaborolan
-2-yl)aniline (30)

239

1,3- Dibromo azulene (31)

240

4,4’-(Azulene-1,3-diyl)bis(N,N -bis(2-picolyl)aniline) (27)

241

Hydrogen atoms are represented as spheres of arbitrary radius.

242

Hydrogen atoms are represented as spheres of arbitrary radius.

Hydrogen atoms are represented as spheres of arbitrary radius.

243

244

245

246

247

3-Iodo-N,N -bis(2-picolyl)aniline (34)

248

249

N, N -Bis(2-picolyl) -3-(4,4,5,5-tetramethyl -1,3,2-dioxaborolan -2-yl)aniline
(35)

250

251

3,3’-(Azulene-1,3-diyl)bis(N,N -bis(2-picolyl)aniline) (28)

252

Hydrogen atoms are represented as spheres of arbitrary radius.

253

Hydrogen atoms are represented as spheres of arbitrary radius.

Hydrogen atoms are represented as spheres of arbitrary radius.

254

255

256

257

258

4-(Azulen-1-yl)-N,N -bis(2-picolyl)aniline (36)

259

260

4-(5-Isopropyl-3,8-dimethylazulen-1-yl)-N,N-bis(2-picolyl)aniline (37)

261

Tests- 27

Tests- 28

262

Tests- 36

263

Tests- 37

264

6-Aminoazulene (39)

265

266

N -(Azulen-6-yl)-2-bromoacetamide (45)

267

268

N -(Azulen-6-yl)picolinamide (49)

269

270

N -(5-((Methylthio)methyl)azulen-6-yl)picolinamide (50)

271

Hydrogen atoms are represented as spheres of arbitrary radius.

272

273

274

N -(2-Bromoethyl)azulen-6-amine (46)

275

276

1-(Azulen-6yl)aziridine (48)

277

278

