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Abstract

Small molecuts containing fluorescent moietiesn be used as a means of singygell
structure and function, as a result of the high sensitivity of fluorescence microshapy.
technique allowsone to obtain specific information abouthe cell andhas recently
attractecconsiderablenterestoy many researcgroups. This work presénthree projects

in whichthe main aim was to developulti-modal imaging agent§hey will possesa
fluorescent gmup and also another moiety which provides predictabielogical
properties Our interest is centredn two types of fluorophorePolycycic Aromatic
Hydrocarbons (PAK) and4,4-difluoro-4-bora3a,4adiazas-indacengBODIPY).

The first project describes the synthesis of the phosphorus analogues of the bigtogical
active indazole corewhich remain rare in the literatur@he synthesis prested here
shows the versatility adur approacland allowdor substitutioron the phenyl ring of the
newly formed phosphindole cosemply by changing the nitrile useBosition 3 of the
phosphindolesvas also varied tbeardifferent aromatic groupsthe chosen aromatic
systemswere phenyl, naphthyl and anthracyihese were chosen in order to prepare a

fluorescent and biologicaHlgctive core.
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Synthesis of novel phosphindoles containing a PAH

In practice, lhe phosphindles showeadhear zeraguantum yields. Photoinducé&tiectron
Transfer and Dexter Energy Transfer seem to be the plausible responsible phenomena
behind this lack of fluorescenc&emperature was found to be a key variable in the
synthesis of phosphindolasice a temperature below 110 fiCthe last steped to the
formation of two chlorothiophosphonates One of these unexpected
chlorothiophosphonatesshowed strong activity againsBacillus subtilis and

Streptococcus pyogenes

The second project describes thnthesis ofthe pyrenebased ligandl09, which is
significantasit was based on an astablealkyl primary phosphine. Thissmarkable

stability is provided by the electronicopertieghatboth thepyrene and the butyl linker



confer onthe corresponding primary phosphine. Theentate ligand.09 was obtained
following a double hydrophosphination reaction of the primary phosphinel Gthaas
subgquently usedio create complexes with the transition metals from gréugsd 10
These émonstratedlemonstraté weak fluorescencdespite the presence of a metallic
core.The presence of the DNA intercalating pyrene unit angbtesence of the square
planar Pt centre in complé@d 6required an assessment of the cytotoxicity of the complex.
In assays]16was showrto exertsimilar cytotoxicity towards bone osteosarcoma (U20S)
and transformed mammary cancer (HMLER)I linesas the anticancer drug Cisplatin.
The advantage of compleiXL6is that it contains an intercalating function, a pasnt
cytotoxic platinum centre and moderate/mild loss of fluorescence for cell imaging by

optical microscopy.
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Ligand 109and its Pt(Il) complex 116

Thefinal projectdiscussedhn thisthesiss the synthesis of a phosphonisaitcontaining
BODIPY as fluorophorgboundto a macrocyclavhich is able taindergo compleation
reactionswith d-block metals This isanother example of a riexule capable of muki
modal functiorality, since phosphooim salts have been shown t@rget mitochondria.
Positivelycharged compoundeeely diffuseacross the negatively charged mitochondrial
membraneand the BODIPYnoiety allows or i magi ng of the comp
microscopyFinally, thetetraaminenmacrocycleof the molecule alloweligand154to be
reacted witH Cu(OAc)] which gavethe fluorescent Cu(ll) comple¥s5 This complex

is interesting because it proves thabrduination to Cu is possibleh& next step in this
research would be to prapgahe®Cu analogue, which would be a candidate for Positron
Emission Tomography (PET) imaging. In this manfi#@u-154would be a fluorescent

organellespecific PET imaging agent
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1 Introduction

1.1 Overview

The use of fluorescent molecules in biological applications is a useful tool in
contemporary research, and thewer increasinglue to their flexibility, sensitivity and
ability to provide dataFluorescence methods are predominantly valuable due to the
widespread use of confocal? two-photor? and epiflorescence light microscogy
Furthermorethe development of new functional fluorescent compounds#matonitor

intra- and extracellular events with high chemoselectisgts promising avenudhe use

of confocat and multiphoton microscopyprovidesoptical sectioningthe process by
which a suitable microscope can record clear imageslls in athick samplg. Thistype

of probe uses fluorescent compounds that improve image qualitythBsisdescribes

the results obtained during the development of three projects where the main objective
was topreparemulti-modalityorganophosphorus fluorescent probesufin the fields

of bioscience. During the development tbfs work, the synthesis afovel primary
phosphines was required in order ggnthesisesome of the essentialphosphorus

containing compounds.

1.2 Targets

Thisthesisexploresthree main topics:

1) 1,2-Azaphosphindoles containing aromatic moietiesand the biological
characterization of3, 76 and80:

This type of compound is interestiras N-heterocytes area common scaffold in
medicine while the analogou®-heterocyclefiave beemuch lesstudied The Higham
research group is interested in the use of primpaosphines as precursarganbeused
to preparerganodichlorophosphiné&PChk whichin turn can beised tqrepare th&r N
heterocycles found in azaphosphindolEsus, the primary phosphine rou#ers anew
avenuefor the preparation dfioactive molecules.

2) Synthesis of a fluoresat prenebased tridentate phosphineith DNA
intercalating properties

The Higham research group hraported a BODIPYbased tridentate phosphine that was
synthesised fronthe primary phosphin/8ODIPY-PH,. The tridentate BODIPY ligand
proved to bea potential Single-Photon Emission Computed Tomography(SPECT)
imaging agent In this section, afundamental question will be addressedis

13



pyrene(CH)sPH, air-stablé If so, thiswould be the first example of aalkyl primary
phosphine which is astabk, by virtue of remoté -conjugation. The synthesis of such a
primary phosphine wouldlso allowfor the synthesis of a tridentate derivative capable
of binding or intercalating with DNA. The pyrenebased ligand and its resulting
complexesthen hadtheir hological and photophysical propertiemssessed, with

promising results

3) 84Cu-BODIPY complexi synthesis of a mitochondria specific fluorescent PET
imaging agent

There have been previous reports of-flanrescent phosphonium salt chelator$*cfu
that are interestingp PET applicationdecause they are selective for mitochondrize
nature of the mitochondrial membrane means thaissesssan el ectr kg pot
it has beershownthat this potential is higher in cancer cells than ialthg cells. This
enhanced gradient icancer celloffers an opportunity to target tumouféCu is an
isotope used in radiotraciragents therefore, phosphoniuifCu compounds have been
developed as radiotracer tlwainselectively accumulate themitochondria of cancerous
cells In this section, the development oB®DIPY-phosphoniurf*Cu complex which
could take advantage of the selective absorption of a phosphoniusdescribedThis

complex will allowfor bothPETand fluorescent celinagingstudiesto be undertaken

The features thamake thesenoleculessignificantare discussed in the following sections.

1.3 Primary phosphines

Primary phosphines are the keystone of the development of the proposed compounds.

Primary phosphiné®* have two hydrogens bonded to a phosphorus that is connected to
an alkyl or aryl group. They are known for being unstable in air, as a number of examples
decompose into an often random mixture of oxides and acids, due to the high enthalpy of
formation of the P=0 bond (bond dissociation energy of 128 to 139 kcal/mol). Some of
these compounds can spontaneously ignite in the presence of air due to this high
reactivity, making their handling a complicated proced&r&Common protocols for the
synthesiof primary phosphines include the reduction of dichédkgl/arylphosphines
phosphonic acid, phosphonate or their derivatives. The usual reducing reagent used is
lithium aluminium hydrideRigure1.1).% 2’ The reduction of phosphonates often proceeds

in a quantitative fashion using an equivalent of chlorotrimethylsilane asezlaotant

14



O x LiAIH, H LiAIH, X
-F e R-R ~—— R-R
H X
X = OH; phosphonic acid Primary phosphine X = OR; phosphonite
X = OR’; phosphonate R = alkyl, aryl X = Cl, Br; phosphorus halide

Figure 1.1 Synthesis of primary phosphines starting from different phosphoruscontaining
compounds. The reducing agenis LiAIH 4 in this approach.

Despite their absensitivity, primary phosphinese flexible starting materials due to the
possibility of functionalising the two phospho+agdrogen bondsHowever, thdow air
stability of many such compounds has made them an wutdissed class of jand This

kind of useful functional group can be employed in many different reactions including
hydrophosphination addition® unsaturated hydrocarbon chains. They can also be
substituted with acid halides and undergo alkylation and amination. Theseeuliff
reactions opened the door to new compounds, which have been shown to have
applications in numerous fields, including medicinal chem/{str?, 2polymer sciencé’

carbohydrate modificatiot, macrocyclic researéhand catalysis®

Alkylation
Rl
RP_,
R 0
z A X
P-
R\ OH
RR R'X OH
z ~z Oxidation
Hydrophosphination [O]
RPH,»
HCHO,
R'NHR' X SL)
2
/\
R, N2 RO
Amination X Formylation
RP\’X

Halogenation

Figure 1.2 Functionalisation of primary phosphines showing a broad variety of reactions that
primary phosphines can undergo.

Due to their reactive nature towards oxygen ftbmatmosphere, it is important to take

into account the air stability of compounds containing this functional group.

15



1.3.1 Predicting the air-stability of primary phosphines

There are however a small number ofstabk primary phosphines which maggnthetic
preparations and purifications more timiogeent and simpler technically, especially
regarding a large scale synthesis. From thetaiole primary phosphines report&thre
1.3), there appears to be a ganof structural types, including supermesitylphosphijhe

10 triptycylphosphine2,** (R)-MOPH, 3,2* diprimary 4,14 thioethers® and the ferrocene
derivative6.12 The first two compounds,-2, are potectedfrom oxidation due to steric
encumbrance providday the bulky substituentslowever, the same argument cannot be

used to rationalise the atability of the remaining compounds§.

NP

PH2 PH, PH2 PH,
1 2 3 4 5 6

Figure 1.3 Air -stable primary phosphines3*

On the other handkigure 1.4 provides examples of primary phosphines that have proved
to be unstable to air oxation, which can lead them to spontaneously ignite if not handled

under an inert atmosphere.

H2P/_\PH2 @\PHZ 4/_§\|:>|-|2

PH, O
7 8 9 10

Figure 1.4 Air -sensitive primary phosphines’

To understand the astability of the primaryphosphines, where steric hindrance cannot

be the protecting factor, the electronic nature of the molecule must be taken into account.
The mechanism for the abxidation of phosphines has not yet bdelty elucidated.
However, it has been demonstrated tha generation of the corresponding radical cation

of a given phosphine by photoly&isr radiolysis® led to its oxidatiorvia the radical

pathway shown belowF{gurel.5), which was confirmed spectroscopically.

16



. 0=0 _RgP: )
R3P: — [R3P]"" — [R3P-O-O]"" — [R3P-O-O-PR;]" — 2 R4P=0

Figure 1.5 Postulated steps in the photolytic/radiolytic oxidation of phosphine¥’ 36

Our research group therefore modelled the neutral phosphine and its radical cation in a

series of Density Functional Theory (DFT) calculationsgishe B3LYP function with

a 6:31G* basis set, in an attempt to explain the observed stability/sensitivity of the

different phosphines to aerobic oxidation. It was possible to observe a trend involving the

highest occupied molecular orbital (HOMO), whicbrresponded to the experimental

findings.

/ N\
HP  PH, ©\PH2 @PHZ

7 8 9 10

PH,

Figure 1.6 HOMO distributions of air -stable primary phosphines (top) and airsensitive primary
phosphines (bottom), obtained from B3LYP/631G* DFT calculations3” Note that the phosphine
does not participate in the HOMO of the airstable compounds.
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Air-stable primary phosphines with extended conjugation have a HOMO with no
phosphorus character, efeas the primary phosphines shown to be sensitive to air
oxidation demonstrate phosphorus character in the HORIie 1.6).3” However, this
trenddoes nofpredict the stability of triphenylphosphine since its HOMO is located on
the phosphorus atom. Therefore, the location of the HOMO with respect to phogphorus
unlikely to be the causative factor of-gmability (unless the mechanism of oxidation of
primary and tertiary phosphorus due to different mechanisms)increasing " -
conjugation in the different compounds corresponded with increased stability towards
oxidation, also producing higher energy HOMO orbitals (as expected). This indicates that
a radical mechanism is likely to be involved. A radical cation generated from lower
energy orbital would be more reactive than one generated from a compound with high
conjugation. The radical cation Singly Occupied Molecular Orbital (SOMO) energies
were therefore also calculated for each primary phosphine. The SOMO energies of the
primary phosphines showed that those that are resistant towards air oxidation have a
SOMO energy above an ap psaepietedtinFiguter.7é’sThiso | d o
infers that a radical cation produced from a more stable HOMO is reactive emough t
combine with oxygen from the atmosphere and generate a peroxy radical, which
ultimately results in irreversibly oxidation to the phosphine oXidéis DFT model is a

useful predictive tool which allows for new primary phosphines that may -{s¢ahieto

be modelled before synthesising them in the laborakagyrel1.7 contains examples of

a wide variety of primary phosphines. The compounds above a SOMO enedfy &V,
represented by a red line in the figure below, arestainle whereas those beldhis
energy are unstable thepresence of air. Compountl&ind2 are stable due to the steric
hindrance provoked by the structures in which the phosphine function is placed. However,
compoung 4-6 do not contain bulky groups around their phosphorus atomsese th
cases, the astability is attributed to their elecn@ propertiessince the three of them

have SOMO values that are above the stability threshald@gV. Phosphines10do

not contain any bulky groups around their phosphine functional groups and their SOMO
energy § below the stability threshol@herefore, it is nosurprise that thegresensitive

to air-oxidation
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Figure 1.7 Plot of the radical cation SOMO energies for primary phosphine®-10.3"

A part of the research presented in thissisis based on an astable primary phosphine
that has as backbone pyretfewhich is separated from the phosphine by an alkyl chain.
One important feature of the phosphines stabilised electronicallyatstiiey either
contain heteroatoms, such asfsyl oxygen or nitrogen, or have a direct aryl bond to
phosphorus. This research groups pbeeviously synthesised stable fluorescent primary
phosphines based on the known fluorophhredifluoro-4-bora3a,4adiazas-indacene

13 (BODIPY). The high conjugation of thBODIPY 13 core was key to the stability of
the resulting phosphinelsta and 14b and this generated the first fluorescamtstable
primary phosphine®¥ The airstability of these compounds is provided by the
conjugation of the systemlevertheless, this conjugation also confers a useful property

which has been subsequently exploited in medical imaging.
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Figure 1.8 Fluorophores pyrenelland BODIPY 13; phosphinesl4aand 14bdeveloped usingl3 as
fluorophore and the theoretical air-stable phosphinel2 using pyrene as core.

Both corespyrenell andBODIPY 13, have a useful feature in common: fluorescence.
Fluorescence has a special place in the tifenses, as many natestructive techniques

take advantage of this phenomenon in order to track or analyse biological molecules. This
is possible because there are relatively few cellular components that are naturally
fluorescent, -akliedhcebhksesi Aimbai ble to flu
Al abell ingdo a cell or a protein with a f
wavelength, it is possible to follow it within the biological system. Fluorescent

compounds which are used in this wag known agluorescenprobes?®

One of themain objective of ourresearciwas to functionalise pyrene \wita phosphino
groupto answer two related questiorgies the conjugation prae the phosphine air
stability? Does the presence of the pyrene, a known DNA intercalator, allow for the

development of new medicinal agehts

1.4 Origins of luminescence
Pyrene isfluorescent which may be a feature we can exploit in medicinal imaging;

therefore, a brief introduction to it will be discussed next.

Luminescence is the emission of light from an electronically excited species and it can
occur in two different formgluorescence and phosphorescence. Which type of emission
is givenoff by any given molecule is determined by the nature of its excited state. These
processes are usually illustrated by the Jablonski diagraguaré 1.9). The Jablonski
diagram describes the excitation of an electron from the ground statt® (tBe first
excitation state ($ due to the absorption of lightk), followed by the emission of
energy in thedrm of fluorescence @) back to $(S1-So). Other processes can take place

such as the excitation from ® the second excited state)3-ollowing this, an internal
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conversion allows the molecule to relax to 8t each of these electronic levels the
fluorophores can exist in different vibrational energy levels (0, 1, 2, etc.). Electrons in the
S; state can also undergo intersystem crossing to the first triplet st&enission from
T1 is called phosphorescencesghand is usually found at longer welengths than
fluorescence. An interesting feature of emission is that its energy and its wavelength are
extremely relatedas Equationl shows.*° E is the energy of emissioh,ist he Pl anck
constantc is the speed of light arslis the wavelength of the emission.
o ®

Equationl
The conversion between; $0 Ti is irreversible, since iTto S is a spin forbidden
transition. Molecules containing hgastoms like bromine and iodine are more prone to
undergo $T: transitions. Heavy atoms facilitate intersystem crossing enhancing the
phosphorescence quantum yields of the molecules which contain them. A phosphorescent
material does not immediately-eenit the radiation it absorbs. The slower time scales of
phosphorescence emission are associated with forbidden energy state transitions in
guantum mechanics. As these transitions occur extremely slowly in certain materials,
absorbed radiation is emitted dbaver intensity for up to several hours after the original
excitation.This phenomenon occurs when an electron imi§rates to a separate excited

state known as the triplet excited state) @y intercrossing systeff.

The photophysical phenomenon of interest for the purposes of this project is fluorescence,

which is the aission of a photon from;Ss.

s, A
Internal
Conversion
Intersystem
s Al
Ty
Absorption Fluorescence
hva hve hve ¢ Phosphorescence
2
1
SO 0

Figure 1.9 Jablonski diagram; internal conversion depicted by thick arrows, excitation by solid
arrows, and radiative processes by wavy arrog
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The emission spectrum of a fluorescent molecule is usually found at higher wavelength
(lower energy) than the absorption spectrum due to internal conversions that take place
when the excitation leads to an energy level higher than the lowest vibr&ieiaf S.

The Stokes shift @ 3) is the energy gap between the maximum of the first absorption
band and the maximum of the fluorescence specttimh e quant wWrandy i el c
lifetime (0) of fluorescent compounds a
mol ecul e. Th erisvaankaswe ofitheeféciencyof a fluorescent molecule
comparing the total number of gions emitted to the total number of photons absorbed.
The nature of this c orvgluaofl. b temsdadnlinstransenta ma
a rWalue of 1 would mean that each absorbed photon was emitted back without the
occurrence of any side processsuch as heat emission, phosphorescence or increasing
the kinetic energy of the sample. Therefore, efficiency would be equal to 1 in a perfect
fluorescence systefd The fluorescence procedure can be dramatically diminished under
certain circumstances, a phenomenon called fluorescence quenching and there are several

reasons why it may occur, which are discussed in the nextrsectio

In biological systems, it is possible to find molecules and proteins that are naturally
fluorescent. This phenomenon is called autofluorescence or intrinsic fluorescence.
Nicotinamide adenine dinucleotide (NAM)tryptopharf'® chlorophylf* and certain
proteins are known for being fluorescént.

When developing fluorescence compounds with biological activity, it is important to keep
in mind the effects thadifferent substituents can exert on fluorescence, such as

fluorescence quenchinghich is discussed in the next section

1.4.1 Fluorescence quenching

Dioxygen has shown the capacity to provoke fluorescence quenching by colliding with
the fluorophoré this interaction reduces the emission of photons franTBis has been
corroborated by performing fluorescence and absorbance measurements on solutions
equilibrated with pressures of oxygen up to 100 ‘&tm.order to avoid this undesirable

effect, it is recommended to purge solvents with an inert gas prior to use.

Non-radiative processes can be augmented when increasing the temperature of the sample
to be measuret this effect is known as thermal agitatidihe formation of excimet$
48 (i.e. dimers in the excited state formed by the collision of an excited molecule and an

identical unexcited molecule) and exciplexes. (excited state comekes formed by
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collision of an excited molecule with an unlike unexcited molecule) can also lower
fluorescenca it is diffusion controlled and therefore more pronounced in more highly
concentrated solutions. This is especially common in concentratetbsslsince the

possibility of an excited molecule interacting with a molecule in its ground state is

statistically highef?®

o L, N
T~

Figure 1.10 Structures of the anthracene sandwich dimer, and its photodimer-8ubstituted
anthracenes form photodimers andsandwich dimers in th&rans conformation.*®

Intersystem crossing occurs between isoenergetic vibrational levels belonging to
electronic states of different multiplicitiesg.S;-Trn as shown irFigure1.9.This process

is spin forbidden but occurs due to spin orbit coupling (coupling between the orbital
magnetic moment and the spin magnetic moment). Heavy atomsplet wxygen
molecules promote intersystem crossing and therefore a decrease in fluorescence is often

observed? 41

Another mechanism by which fluorescence quenching can occur is known as
PhotoinducedElectron Transfer (PeT). This mechanism is caused by the presence of an
electron donor or electron acceptor in the vicinity offtherophore when the latter has

been excited toiSThis step is crucial since it allows for the formation of a deectron
complex (DA") that can return to its ground state by means of a process in which no
photons are emitted. Lastly, the added tetecin the acceptor can return to the electron
donor. The excited fluorophore can act either as the electron donor or the acceptor; this
depends on the oxidation and reduction potential of the ground and excited’states.
fluorescence of molecules can be modified by the transfer of electrons between nonplanar
parts of the molecul&. Naganoet al. used orbital energy levels calculatiomnd
experimental electrochemical data in order to explain quantum yields. They started their
investigations with fluoresceif >systems, and then expanded it in order to also explain
BODIPY systems$? The oxidation potentials of some substituents in relation to the

excitedstate of their BODIPY core can make them act as electron donors or acceptors
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producingPhotoinduced Electron Transfer (PeT). This process diminishes fluorescence
when the fluorescent group in its excistdte is reduced. In this case, the fluorescent
group is an acceptor of electrons, and can thus be called redBefiveraP e T ( ia o f
acceptor). On the other hand, if the fluorescent group donates electrons to the substituent

LUMO, an oxidative process takes place (oxidathe¥ ordPe T, Ado f or don

1) no electronic perturbation

R — | UMO
fluorescent E = fluorescence
+
4+ Homo
Bodipy Substituent
2) a-PeT (reductive PeT)
— | UMO
fluorescence
diminished a-Pel. “H-Howmo
+
Bodipy Substituent
3) d-PeT (oxidative PeT)
R
+ v d-PeT
- X —
€ fluorescence LUMO
diminished
4=Homo
Bodipy Substituent

Figure 1.11 Molecular orbital schematic for PhotoinducedElectron Transfer (PeT). BODIPY, a
known fluorophore, is used to exemplify the phenomenof?.

Fluorescence quenching phenomean becausedy the Dexter electron transfer process.
This is a fluorescence quenching mechanism provoked by an excited electron that is
transferred from a donor to an acceptoraiaonradiative patit® °*This type of effect
requires a wave function overlap between the donor and acceptor, which usually occurs
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at short distancen this process an electramS; is transferred fronthe donomoietyto

the acceptomoiety. In a Dexter electron transfer with an efficiency of 100%, there would
beno trace of emission fro the donor. Relative short separations between chromophores
have shown efficient energy trdasvia the Dexter mechanism when the chromophores
are orthogonally aligned to avoid an interaction between their electronic systems which

would lead them to act as one single fluoropReré.

Sy —y “ S

v Concerted v
Electron
hva —/ _Exchange
RN Ly
So 4 So
Donor Acceptor Donor Acceptor

Figure 1.12 Schematic for Dexter electron transfer process.

The groups that provide fluorescence in a molecule are known as fluorophores and have
different chemical structures. The next section provides a description of the fluorophores

used in thigesearch

1.5 Fluorophores
This section will provide an introductida the specific fluorophore compounds that were

used during the development of this project.

1.5.1 Polycyclic Aromatic Hydrocarbons (PAH)
Two of the three aforementioned research projects involved the synthesis of compounds
containing three important PAHs, nabalenel5, anthracen&6 and pyrend?.

PAHs are composed of multiple aromatic rings, which means that they have the following
characteristics: 1) a delocalized conjug:
single and double bonds); 2) a coplas@ucture, with all the contributing atoms in the

same plane; 3) the contributing atoarearranged in one or more rings; 4) a number of
del ocalized electrons that i s eeeemns, but
where n = 0, 1, 2, 3, dnso on, this is known as Hiickel's réfdnterestingly, this rule

loses its validity for PAH formed by more than 3 fused aromatic rings in a cyclic

arrangement. Examples of this behaviour are pyt&nsince it contains 16 conjugated
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electrons distributed in 8 different double bonds, andreemel9, with 24 conjugated
electrons in 12 double bonds. Although both PAHs are aromatic, they fail to fulfil the 4n

+ 2 rule?® their degree of aromaticity is given by independent rings within the PAH.
This kind of compoundcan be formed during human productive activitiea the
incomplete combustion of organic materials or other organic substances such as tobacco
and plant$° PAHs can be also found in fossil fuels such as oil and®¢d#leir presence

in the environment is significant since previous research has shown that they can be
related to the development of chemical carcinogenesis due to environmental

contaminant$?

@wuw
(J

Figure 1.13 Examples of PAHs:naphthalene 15, anthracenel6, pyrene 17, benzo)phenanthrene
18, coronenel9, benz@)anthracene20 and acenaphthene21.

1.5.1.1 PAHs and DNA

The different structures of PAHs influence thielogical effect that they can exert on
DNA. This structureeffect relationship can determine whether or not a PAH can be
carcinogeni®® % Interactions between PAHs and DNA can lead to different outcomes
since some carcinogenic PAHs are genotoxic and produce DNA lesions that induce
cancer; on the other hand, other types are not genotoxic but can affect cancer ptocesses.
64 The compounds that have been shown to positively start carcinogenic processes require
activation. This is caused by oations catalysed by the P450 enzymes (CYPs) that
ultimately produces vicinal dig#poxides. These compounds are electrophiles capable of
binding to DNA, while some of the diejpoxide sterecisomers of PAHs are found to be
ultimate carcinogen®. These carcinogens are usually PAHs that contain four or more

aromatic rings and a fAbay regionodo or a
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place. Mutagnic metabolites of PAHs include diol epoxides, quinones, and radical PAH

cations®®

Oxidised 18 Oxidised 20

Figure 1.14 Carcinogenic metabolites ofLl8 and 20.

The metabolites produced by CYP have the capacity to bind to DNA in certain sites,
creating bulky complexes known as DNA adducts. When the formed adducts are stable,
they might provoke DNAreplication errors that can transform genes allowing for the
production of cancécausing oncogené$ Another mechanism by which PAHs disrupt
normal cell development is the dysregulation of DNA gap junctions, intercellular
connections between different &It This affects intercellular communication with
enzymes in charge of activating transcription factors involved in cell proliferation,
producing an excessive replication of certain &lBenzo€)phenanthrend 8 is an
example of the mechanism by which PAHs intercalate with DNA forming DNA adducts.
Intercalation is the insertion of molecules between the planar bases of DNA. Intercalation
occurs when a motelle with the appropriate size and chemical featynats itself
between base pairs of DNA. These molecules are mostly polycyclic, aromatic, and planar.
Benzo(c)phenanthrerisis oxidized by the CYP enzymes creating a diol epoxide, which
undergoes a nudahilic attack by an exocyclic amino group of deoxyadenosine
generating an adduct where the PAH is attached to the major groove edge &f DNA.
Cosmanet al® identified that after the amino group of deoxyadenosine became
covalently attached toxidised form of18, the PAH intercalate® the helix without
disruptingother base pairs. This phenomena is called intercalation. They observed a
buckling ofthe intercalation cavity reflecting the selective overlap of the intercalated
PAH 18. They determined that ispite of the covalent bond formed, the major groove
edge of deoxyadenosine can still intercalate into the helix without further disruption of

themodified base pair.
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Intercalation of 18

Figure 1.15 Left: Intercalation of oxidised 18 toDNA. Right: Benzo€)phenanthrene18, its oxidised
metabolite, and the adduct derived from transopeningof this epoxide by the exocyclic 2amino
group of deoxyguanosine.

Naphthalendl5 has useful fluorescent features such as a very lowgseliching effect

in solutions’® These features have a niche in fluorescent microscopy and its
applications’* The dependence of the fluorescence intensity of naphthalene has been
studied, demonstrating that it initially decreases with increasing concentrationudipwe

above a certain concentration, the fluorescence, surprisingly, remains céh3taet.
photophysical features of napht ha3028e, s
and good photcand chemestability, make it a significardtandidate for the development

of different fluorescent probes. This PAH has therefore been used in probes to determine
the presence of toxic pollutarfsthe concentration of endogenous compounds of
physiological importancé&: ® protein taggin and to identify metallic ions in living

cells’?- 78
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Figure 1.16 Naphthalenebased probe for determining the presence of %, signalling compound
involved in different physiological processes in living cell$ 8 H.Sreduces the azide group and the
naphthalene recovers its fluorescence at 320 nm emitting a blue colofir.

Naphthalendased2?2 is a probe for developed by Mab al.”® 8°detecting the cellular
presence of SHe x hi bi ting a wide | inear response
high selectivity. Compound22 is not fluorescent due to the presence of an electron
withdrawing group (M), which disrupts the” -conjugation of naphthalena/hen the
naphthalen@azide22 as is placed in a solution containing 10 equivalents efiSiWater,

the naphthalene derivative turned inta23 increagng its fluorescenc&7-fold after 60

min.

In the same fashion as other PAldsthracene is frequently used as a fluorophore for
sensors for organic and inorganic analytes and as probes and markers in biological or
supramolecular systeffsdue to i ts qru=a®36)d® Inyadddiond ( G
anthracenecan insert itself between the planar base®NA (intercalation)®* which

forms the core base of anthracyclifte® and provides a posséfluorophore core for

DNA probes?’ The anthracene derivati?d was developed by Ostaszewskal %8 using

calf thymus DNA (ctDNA) to measure the affinity of this compound for the
macromolecule. Using UWis spectroscopy, they determined the affinity 24f for
intercalating with DNA and they establishedthat the complex24-ct-DNA is not

fluorescent.
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Figure 1.17 Anthracene derivative 24 developed by Ostaszewsldt al® 24 is an efficient DNA

Pyrenel7is a PAH that consists of four fused benzene rirggylting in a flat aromatic
system. This colourless solid is the smallest-fiesed PAH, which means that the rings

that form its structure are fused through more than one face.

Pyrenel7i s a

acid) is used as a noncovalent stabilising unit for singlfed carbon nanotubes,

PAH

@
H3N

MeO l l l OMe
MeO OMe
®

HsN
24

intercalator agent.

that is widely re®3s)fardfoe d
its capacity to take part in narovalent interactions. For example, poly(pyrenebutyric

preventing the formation of bundles and enabling dispersion solvent$® This

fluorophore possesses an outstandingly long fluorescence lifetime, and the vibrionic band
structure of its emission showgpmkendence on the polarity in which the solution takes

place®® These photophysical features have led to the development of fghased

oligonucleotides that have been studied in DNA and RNA hybridization a834ys.

While pyrene is now used extensively, cisrrentapplications seem to be limited. The
main limitation is a lack of reliable procedures for the synthesis of pyrenes with various
substitutionpatterns. Thus, while pyrene is easily appended to a system, the generation

of structures with pyrenyl cores is much less straightforward when polysubstituted

pyrenes are required.
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Figure 1.18 Pyrene is activated towards electrophilic aromatic substitutionat the 1, 3, 6 and 8
positions only. Some bulky electrophiles are foed by steric hindrance to react at the 2 and 7
positions®

1.5.1.2 Drugs based on PAHs

Drugs have been developed around these PAH charactefistpssomerase inhibitors

are compounds used in chemothefmince they inhibit enzymes that restore the
topological integrity of DNA. DNA replication and transcription processes can be stopped
due to tke presence of molecular torsion lesions. Furthermore, their presence gets
intensified ahead of a replication process. In order to repair these types of topological
problems caused by double helix spatial distribution, topoisomerases cut the phosphate
backlbne in DNA strands, which allows the structure to redistribute its spatial
arrangement by untangling or unwinding. At the end of this process, the DNA backbone
is resealed again. This process does not change the chemical structure or the connectivity
of DNA.%" Topoisomerase inhibitors block the activity of topoisomeradaghis group

it is possible to find different structures that are based on the PAHs having a flat moiety
made by fused rings. Their mechanism of action is thought to inhibit the step in which
the DNA strands are resealed again which leads to single and double stranded breaks
undermining the integrity of the genome. These lesions subsequently provoke apoptosi
or cell deatt?® Due to their mechanism of action, this type of compound has been shown

to exhibit antibacterial activit$?
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Figure 1.19 Dunorubicin 25% 8and Amsacrine 26 are different topoisomerase inhibitors
containing PAH moieties.

1.5.1.3 Phosphorus containing PAHs derivaitzes
As we havealreadyseen, PAHs offer a versatile tool for developing compounds with
useful properties. Their reactivity allethem to add phosphorus atotasheir structures

which adds extra features to the resulting molecules ap&sthown in this section.

An interesting type of phosphorgsntaining compound is the phosphonium cation.
These molecules have the general chemical formuig BiRy are common intermediate
products in the Wittig reactiof? In addition mitochondria is a gab target for
phosphonium ions with anticancer activity. The electron transport chain contained within
the impermeable inner mitochondrial membrane provides a negative membrane potential
(ca. 150 mV to 170 mV) in healthy cel®. In cancerous and ischaemic heart cells,
mitochondrial dysfunction can significantiijsrupt the membrane potenttéf,causing a

tenfold increase in accumulation of membrane potedéakendent compound®

The phosphonium sat7 is an innovative compound containing a naphthalene moiety,
which was synthesised by the reaction of -diffomomethylnapthalene with
triphenylphosphine. The phosphonium galtexhibits colour in the presence of fluoride
ions. Yeoet al attributed the high selectivity for fluoride to the acidity of the methylene
protons and the small size of fluoride idf$As discussed,rdhracene is a weknown
p-electron rich fluorophore whose photophysical propertiedraggientlyused in the
fluorescence sensors fieltf.Fascinating work carried out by Yamaguehal.compared

the fluorescence of phosphir&8a ( & = 0), phosphonium o280 ( & = 0.0077),
phosphonium oxid&8c ( &= <10°%) and fluorophosphing28d ( &= 0.28). Irierestingly,

the fluorophosphin@8d exerted the highest fluorescence, which was comparable with

the fluorescence of the parent anthradéneCompound 29 is a pyrene based
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phosphonium ion reported by Reslall% whose photophysical measurements proved
that the sample did not undergo dimers formation during excitation for measuring
fluorescence. This was attributed to ttearge of the phosphonium ion which should
increase the repulsion forces between each independent molecule in the solution. The
positively charged pyrene derivati28 has theadvantagef beingwater soluble, while
avoidingaffecing the pyrene fluorescer. The pyrene moiety gives it the capacity to
intercalate with DNA. The positive charge and the butyl groups, contribute to a weak
binding interaction in the external groove of the double helix. The importance of this
compound resides on its capabilitydiscriminate between a double helix and a strand

due to its incomplete intercalation originated by the butyl chidis.
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Figure 1.20 Different examples of PAHs containing a phosphorubased functional group. These
compounds exert interesting photophysical properties.

PAHSs are not the only fluorophores that have been used to take advantage of the high
absorption of phosphonium ions in the mitootria of abnormal cells. Our group has
reported the development of BODIPY based agents for mitochondrial imaging.
Compoundg80and31wereshown to be taken up in a mitochondrial membrane potential
dependent manner in both cancer and heart cells. The BO®Jclohexane30
derivativedemonstrated better absorption in mitochondria than its phenyl anal8gue

DFT calculations shoed that the positive charge 80 is mainly held ly the Ratom.

Since the absorption is regulated by a difference of poterthasnight be the factor that

differentiates the absorption of both compounds.
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30 31

Figure 1.21 The synthesis of the BODIPY analogues 30 and 31 has shown the importance of the
positive charge in relation to mitochondrial absorption.

Therefore, BODIPY is anothsignificantfluorophore when developing compounds with

biological activity.

The first project presented in thikesis will describe the synthesis of novel 1,2
azaphosphindolewhich are Pcontaining heterocycles thatdludethe coupling of either
naphthalene or anthracene moieties. The second project describes the synthesis of a
pyrenebased tridentate ligand that was used to obtain complexes with possible biological
applications. The final project presented here descrite®ltaining of a fluorescent
BODIPY-based ligand that was used to produce a fluorescent BGBRY complex
intended for use aa fluorescent imaging agent and a radiotratéis entireproject

involved fluorophoreswhich is the reasobehindthe shortoverview of this topic.

1.5.2 BODIPY

The compound 4:difluoro-4-bora3a,4adiazas-indacene (abbreviated k6 BODIPY),

is a versatile fluorophore. The characteristics that make this a useful fluorophore are:
strong UV absorption profile, sharp fluorescemeaission peak, high quantum vyields,
high thermal and photochemical stability, negligible triplet state formation and high
solubility in different solvent$?®119 Although BODIPY derivatives have been known
since 19681 BODIPY 13 has not been reported in the literatuféggre 1.22). This

might be due to synthetic difficulties since none of the pyrrole carbons on the core are
blocked towads an electrophilic attack. The synthesis of the symmetetanethyt
substituted BODIPY32 established a reference for other alkylated BODIPYs. It also
suggests that alkylating the carbon positions on the pyrrole moiety increases the stability

of thistype of compound!? The unsymmetrically substituted syste®@and34 suggests
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that here are mmimal differences in the photophysical behaviour of the different
BODIPY systems synthesised®
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Figure 1.22 Different BODIPY systems and the difference in stability provoked by their alkyl
substituents. BODIPY and its different positions'®®

There are different synthetic routes to produceDE®Y molecules. One of #se routes
involves a pyrrole condensation; an electrophilic carbonyl forms a bridge between the
two pyrrole units forming ©C bonds with this carbon atom in the newly fornmeeso
position fFigure 1.22). The newly formed dipyrromethargs is thentransformedto
dipyrromethene6 by the action of 2 8lichloro-5,6-dicyanel,4-benzoquinone (DDQ).

The boron atom ishencoupled to the molecule creating two Blbonds and a base is
used, usually a sterically impeded amine, in order to remove a fluorine atom from the

boron trifluoride moleculeRigure1.23).
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Figure 1.23 A synthetic approach for the production of BODIPY compoundst®®
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The positions adjacent to the nitrogen atom in the pyrrole moiety tendsigbbgtuted

to avoid the formation of any undesired side products as a result of the polymerisation of
the molecul®®. Typically, the @[i80 carbon is the
alkyl groups. These substitutions do not change the absorptioenassion profiles of

the mol ecul e. However, in order to maint
are substituted to prevent the free rotation of the substituent imeke which would
reduce the energy from the excited staéenon-radiativemolecular motion and decrease
the quantum yield. The BODIPY core can be modified by a variety of chemical alterations
allowing it to accept different groups in theesoUandb positions. This gives chemical
versatility to the core, producing several di@different applications, including sensors

of particular redox active molecul&$!'® pH probes!’ metatchelators*® and
biomolecule conjugating group¥’

1.5.2.1 Phosphorus containing BODIPY derivatives

The number of BODIPY compounds containing phosphorus sisbstituent is highly
limited to date'?®'2® In 2009, Inoueet al. reported the first phosphorgsntaining
BODIPY compound 38a). The importance of this compound is related to its oxidation
to the phosphine oxidg8b in the presence of lipid hydroperoxides, which have been

connected to arteriosclerosis, hyperlipidaemia, cancer, and &ging.

38a 38b

weak fluorescence strong fluorescence

Figure 1.24 Probe for lipid peroxides developed by Inoue. The oxidation of the phosphorus atom
shows a higher fluorescencé&?!
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Different chronic diseases and physiological processgsir{fflammation and hypoxia
reoxygenation) have proved to be governed by reactive oxygen species such as hydrogen
peroxide. However, the mechanism of action involved in this type of process has not been
fully elucidated yet?* Compound 39a, in Figure 1.25, produced andincreased
fluorescence as its phosphine oxide foB®b, whose existence is dependent on the
concentration of hydrogen peroxité. ReductivePeT isthoughtto arise from the
electron donating phosphine donor whose HOMO endeggl is high enough for
electron transfer to the excited BODIPY acceptdiSimilar mechanisms have been
proposed for compounda and40a.1?* 25As has been shown, fluorescent phosphine

can experience PeT, a phenomenon that can be removed upon oxidation of the lone pairs

of electrons to the phosphine oxide.

I?h
Ph—P=0
Ph (@] NH
Eh w°
P AN N \
HN ) Ph HN Ph % O
e N o
o I 0 —
N N
NO, NO, o
39a: O = 0.014 39b: ¢ = 0.44 40a: ¢r = 0.58 40b: ¢ = 0.82
(MeCN) (MeCN) (DMSO) (DMSO)

Figure 1.25 Fluorescent probes for monitoringhydrogen peroxide usingt?* 25

When the HOMO energy of the donor is high enoteghrovokeelectron tansfer to the
acceptor, quantum yields will be diminished. Therefore, compounds with high quantum
yields usually contain electron donors with low HOMO energy levels. Comptilisd

good example of this, since the values of HOMO energies for methyldiphesphine

and methyldiphenyl phosphine oxide HOMO w
respectively proving that the donor with the lowest HOMO (the phosphine oxide)
provides the highest fluorescenéé.

The BODIPY dyesmentionedabove, were initially developed in order replace
fluorescein and rhodamine compounds. The structure of the specific BODIPY can change
its emission wavelength, which is usually set in a range around 510 to 675 nm. Their
quantum yields are also an important feature since they are high and égpitdach the
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unit. They also possess an important insensitivity to solvent polarity and pH which make
them good candidates for biological probesherefore, the development of new
BODIPY-based compounds offers a niche for the development of compounds with novel

applications.

1.5.3 DNA probes

Fluorescence is used as a sumstructive way of tracking or analysingolagical
processes and molecules. It is possible to label proteins, nucleic acids, lipids or other
endogenous compounds with external fluorophores. Usually the molecules of interest in
the body are not fluorescent or their fluorescence is not adequatkefgrarticular
experiment required. DNA is a target for this kind of probe since unlabelled DNA has
shown very weak intrinsic emission. This emission is too weak and out of the UV spectra
for practical purposes. However, a wide variety of probes have dmatoped which

have affinity for DNA and, after binding to it, display enhanced emissfdié Ethidium
bromide4l is an intecalating agent, meaning that, since its geometry is flat, it can be
inserted between the planar bases of BNAs it has been explained in Sectiof.1.1

This characteristic turns ethidium bromidé into a reagent for an assay known as
AEt hidium bromide di splacement o, which te
DNA by measuring the concentration o$pliaced ethidium bromid&l from a DNA41
complex. This complex is placed in a solution with the competitor compound, whose
DNA affinity is to be testd1 spectrophotometry is used to determine the amout of

that was displaced by the tested compotifid.

Base pairs: Black lines
Intercalators: Orange rectanlges

& M
= ' '
MezN N NMez ' '
42

Ethidium bromide Acridine orange

Figure 1.26 Left: Different DNA probes and their excitation and emission wavelengths referred to
the DNA-dye complex®® Right: Intercalating of DNA and fluorescent probes (orange rectangles).

Acridine oranged2is a fluoresent dye that is highly nucleic aegglective. Due to this
characteristic, this compound is commonly used for cell cycle determirtdtidhis

compound permeates the cell and interacts with DNA by intercalation, and with RNA by
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electrostatic attraction's? Rescifina et all®® developed anisoxazolidinytpyrene
molecule with the expeation that the heteroatoms in the isoxazolidinyl moiety would
interact electrostatically with the base pairs of DNA. In ordexqaore the capacity of
this compound to bind to DNA, UV spectral analysis of a mixture of the isoxazotidinyl
pyrene43and ctDNA was performed. The red shift of 13 nm for DNAand the binding
constant for43 with ctDNA (6 x 1¢ M'!) were consistent with intercalation.
Additionally, preliminary docking studies of compourd® to the DNA fragment
d(CGCAATTGCG) indicated that it preferentially intercalates into the DNA Adenasine
Thymine (AT) region where resulting complex appears to be further stabilizédte by
formation ofa hydrogen bond between the hydroxyl group ofittxazolidinyl moiety
and an oxygen of the phosphate grétip.

Figure 1.27 Isoxazolidinyl-pyrene 43 developed by Rescifinat al33

As discussed aboyentercalation is an important mechanism for DNiding agents,

such as DNA probes. Intercalators bind bgeirting a planar aromatic chromophore
between adjacent DNA base pairs causing little perturbation of the DNA striictlings
mechanism is usually followed by PAHs Therefore, it would be possible to develop a
PAH as intercalator which atudes a second moiety that interacts with DNA in order to
increase its efficiency. An example of this hypothetical second migiptatinum. This

metal is the main core of many anticancer treatments currently in use. The main example
of this type of compunds is cisplatificis-[Pt(NHs)2Cl2] 0.3 Thereforejn thisthesis we
present the development of a pyagatatinum complex. Fluoresceobmpounds are not

the onlytool for studying living systemdRadiotracersan be also used fdris particular

purpose
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1.6 Radiotracers
A radioactivetracer is a chemicatompound in which one or more atoms have been
replaced by a radioisotope which can be monitored using different techniques such as

Photon Emission Tomography (PET) and (SiFgteton Emission Tomography).

1.6.1 Positron Emission Tomography (PET)

Radiotracers arenolecules in which one or more atoms are replaced by a radioactive
isotope giving an agent that can be tragiedbiological systems. In Positron Emission
Tomography (PET), certain isotopes with an excess of nuclear energy make senheun

The excessreergy can be released by the emission of a positively charged particle, called
a positron, which travels a short distance (known as the positron range) around the tissue
before it combines with an electron causing its anhildfibAfter this process, the mass

of both particles is converted into energy producing 511 ¢ed4s which are emitted
simultaneously and follow opposite trajectories at 180° to each other. ghage are
detected by detectors locatedie periphery of the location of the event, which collect
and record information about the positron annihilation. Collecting data from a large
number of annihilations provides information about the spatial distribution of
radioactivity as a function of tiethat can be reconstructed into an im&¢&he energy

of the positron is highly important, since the positron will travel further in the tissue and

the spatial resolution will be diminished if the amount ofrgnés too high.

Y

511 keV
Annihila

@ Positron

PET scan

Electron .
511 keV

Y

Figure 1.28 Representation of annihilation process used in PET.

Typically PET nuclides are incorporated into molecules with biological activity. Usually,
the isotopes used as PET imaging agents havdivedfcomparable to the haliime of

the imaging process. The main mode of decay used in this technique is positron emission.
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However, other decay modes can be accepted as long as their energies do not approach

511 keV.Tablel.1 shows the most commonly used nuclides.

Nuclide Half-live/min Mode of Decay Es (max) MeV
11c 20 b* (99%) 0.97
13N 10 b* (100%) 1.20
150 2 b* (100%) 1.74
18F 110 b* (97%), EC (3%) 0.64
64Cy 762 b'( 19 %) , E 40pen 0.66
%8Ga 68 b* (89%), EC (11%) 1.90
124 60,192 b* (25%), EC (75%) 2.14
%nTc 53 b* (72%), EC (28%) 2.47

EC: Electron Capture
Table 1.1 Radionuclides used for PET imaging3’

The development of a radiotracer requires the study of theathoactive ( or fic ol
molecular analogue and its interaction with the target that it was desigrtétSgnthetic

routes for the preparation of a small library of analogues are then designed which

i ncorporate the isotopic | abel -radicactve)l at e

compounds are initiglitested for affinity with the receptor.

A popular compound used in cancer PET imaging[[€Rfluoro-2-deoxyglucoset4.

This compound is transported into the cells by membrane glucose transporters, it then
undergoes phosphorylation which traps it irmsiay in the interior of the cell. This
confers selectivity to this compound towards the tissue that forms tumours, since many
of them have unregulated glucose transport and glycolysis. This selectivity 44riné¢aol

a popular option as a bionkar of maay human malignancies.
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Figure 1.29 Synthesis of the radiotracer 2[*®F]fluoro -2-deoxyglucoset4 used in PET imaging*3®

The synthetic cyclic monosaccharidd has some limitations as an imaging agent,
including high uptake in healthy tissuesck as the brain and bladder, which limits its
use for the identification of gliomas and prostate cancers. Additionally, inflammatory
conditions can provoke an increase in the uptakédptreating false positives. These
limitations have prompted tle®ntinuous development of specific biomarkers with higher

specificity1*°

1.6.2 Isotopes of copper®*Cu and %°Cu

The utility of PET has not been fully exploited due to the limited availabilitglefant
isotopes, which requerthe construction of nuclear reactors or particle accelerators. The
invention of different techniques for the development of a wider variety of radionuclides,
such as the small biomedical cyclotron, increased the demand of PET for research and

clinical puposes:*

The isotopes®F, 0, N, and!'C have been traditionally used for their ability to
integrate into small molecules. However, shorttia#s, and rapid clearance make them
more suited to studies that do not require extended periods of time, which makes it
difficult to explore biological phenomena that have a duration of hours or dayn tBe
development of compounds that have specific biological targets, it was clear that new
radionuclides needed to be produced with-hedfs that could be appropriate for the
challenges faced by biological investigation. There are a few transiti@isnaed post
transition metal elements whose radionuclides have been developed to fulfil these new
requirements of biological research. Copper, Gallium, Indium, Yttrium, and Zirconium

complexes have been used before for PET imagfibhis section will refer mainly to

42



Copper.Table 1.1 gives an example of some interesting radionuclides that have been
studied, as well as providing the long Kk of %%Cu in comparison with other

radionuclides of commercial importanté.

Copper nuclides are an important area of research due to the variety -b¥émléand
decay energies, which can be useful in diagnostic imaging and radiotherapeutic
applicationst** Specifically,®*Cu has a halfife of 762 minutes and &" emission of 18%,
(Emax=0.655 meV). The low" abundance is a deficiency that is compensated by its long
half-life, since this makes it easier to be transported, prepared and delivered for clinical
applicationst*? The isotope®*Cu is a plausible alternative t6F, maintaining a high
sensitivity and high spatial resolution of PET without maintaining experaivenuclide
production facilities. Sinc®Cu is a transition metal, it would be possible to attach it to a
myriad of ligand carriers that would not work witPF due to its chemistry?”Cu is
produced in generators. Its short Hdl (9.7 minutes), atlws the patient to receive
consecutive doses without resulting in a dangerous exposure to radiation and allows
radiotracers made with this radionuclide to obtain similar imaging results as other
radiotracers containing radionuclides produced with more restpe methods*® The
production of®?Cu requires the use of a zi6@/copper62 radionuclide generafdf

while the poduction of%Cu requires a cyclotrolf® This radionuclide exerts &+
emission of 98%, (Rx = 2.93 meV) which is lowerthan theb+ emission of%“Cu.
Kobayashiet al'4® compared the performance B€u and®*Cu radionuclides for PET.
They found thaf*Cu producedmages of higher quality and better definition when the
3D acquisition mode was used. The definition of the images produced®Gingwas

more accurate thafor those obtained using?Cu, because the latter has a higher

maximump+ emission energy. Thigsults in a longer positron range tif4@u 4’
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2 Novel 1,2azaphosphindoles

2.1 Introduction

2.1.1 1H-indazole

Indazole derivatives display a broad variety of bioactivityeSetype of compounds are
rare in naturé?® The plant Nigella sativa contains the alkaloids nigellicind5,

nigeglanine46, and nigellidine47, which are examples of indazoles produced inrnea

Figure 2.1 Nigella sativa(commonly known as blackcumin) flowers.

The synthesis of these indazoles has been accomplished by different methods and their

biological, chemical and physical properties/e been recently studi&ty.

OH

45

Figure 2.2 The indazole alkaloids nigellicine45, nigeglanine46, and nigellidine 47.

There has been recent intstrin the pharmacological properties of indazétSince the
electronic properties and geometry of small rooles play an important role in their
interaction with biological receptors, there have been studies on these aspects in a
collection of different chemical cores, including indazoles. These studies are aimed to
support the development of new drdgsThe use of indazole in medicinal chemistry led
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to the development of tumour inhibiting and redmtive antineoplastic ruthenium
comgexes®? There is a broad horirofor the use of derivatives of indazoles. The
iodobenzamide derivativé8 hasdemonstrate@ntifungal activity®® and compound9
has been sddmerkigierdcemosaganistéin attempt to treaype Il diabetes.
Indazole50has been studied due tofit®pertiesas a dopamine D2 receptor agonist:>*
The compound -nitroindazole51 is an indirect inhibitor of nitric oxide (NQ}¥ince it
selectively inhibits the enzyme that produces this compound in the.lbtaihese
features led to the research ehitoindazole51 as apossible protective agent against

nerve damage caused by excitotoxicity or neurodegenerative di¥ases.

H
48:R=
4 |
o}
R
_N ) HN N,N
N
H OH n® H
00" o
OH
51
50:R= /N
Cl
Cl

Figure 2.3 Different synthetic indazole analogues with interesting biological properties.

The biological properties of certatisubstituted indades have been already reported,
suggestingthat the biological propertieund in the indazole core camt only be
retainedout alsamodifiedaccording to the differesubstituentplaced on the core. There
are published examples of Ni C(3)-disubstituted indazoles showing pharmacological
properties. Granisetrds? is an clinically used antiemetior treatingnausea and emesis
provoked by chemotherapgind works bynhibiting the 5-HT3 receptort®’ By changng

the methyl group ta carboxylic acid on the amine compol&wvas obtainegwhich is

a gastrointestinal prokinetic and dopamine D2 receptor antagefi&nzydaminé4 is

an antiinflammatory agent used topicaf§? although, it alsoexhibits antifungal
properties The indazole derivativeé5 has shown to be an activator of the cardiovascular
and centrenervous system by interacting with specific receptors. Interestingly, it also
can inhibit endotheliacell functions that are activatéy angiogenic factors vitro and
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angiogenesis vivo.'%° The indazole core has also been reported as an interesting ligand.
Complexe$6-59 have been reported in a study showing their interconversion between

cis andtransisomersinducedby high temperature'$?

@ BU4N @ BU4N
_ -0 — nC)
7 H R | O i
N NN c” | “No | e
Me Bn L (¢]] _ L NO _
‘R = R = cis trans
gg: R = Me 54: R = O(CH3)3NMe; 56: M = Ru (cis)
: R=CH,COCOH A 57: M = Os (cis)
55: R =/O\/OH 58: M = Ru (trans)
(@) 59: M = Os (trans)

Figure 2.4 Examples of disubstituted indazoles that have shown biological activity.

Recently, indazoles have also shown to have antibiotic properties. 2hahg¢argeted
bacterial DNA gyrase B, which is present in bacterial DNA makingitantantibiotic
target®? The crystal structure of the enzyme showed a pocket where a pyrazole moiety
could interact electrostatically. Cell penetration was a probWnch wasresolved by
physiochemical property optimization of pyrazolopyrido®®, leading to the
development ofridazole6l. This displayeda considerable improvemeint activity

againstS. aureusandS. pneumonia#?

~ \—CO,H N ~ \—CO,H
> e
N\_N \S \_N

Change lipophilicity to N
improve cell penetration

Pr

61

Figure 2.5 Development of the DNA bacterial gyrase B inhibitor indazol&0 from the
pyrazolopyridone 61.

Due to the applicatiorthat have been found for indazole analogues, different synthetic

approaches for producing a broad variety of these compounds have been developed.

2.1.2 Synthetic routestowards indazoles
Indazoles can be prepared using diazo groups in phenyl whds,0-methyt groups are
required in order to close theewly formed 5Smembered ringThe simplicity of this

approach makes it versatile enough to produce different indazole analéytfés.
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Figure 2.6 General synthesis of indazoles.

Similar synthess include the diazotation afalkynylanilines such a82, producing the
indazole63. This is an advance in this field since the benzylic position can have
substituents that armot sensitive to basic condition® 1% The elucidation of the
mechanism involved in this reaction ledderivativessuch as fivanembered pyrazole

or sixmembered pyridazint! 168

A recent breakthrougimvolvedthe development of a procedure for the synthesisdef 2
indazoledy virtue of their increasing interestmmedicinal chemistry applicationsost
notably asanticancer ageat®® "9This procedurgknown as DavieBeirut synthesisis
characterised by the formation of BN-bond to form the heterocycle required for the
synthesis of B-indazoles and indazolon&s: 1"The group that originally develedthis
procedure made different analoguesth the intention of determiningheir activity
against cystic fibrosi§’3Figure2.7 illustratesthe DavisBeirut approach for synthesising
compounds3, andotherN-substituted indazoget’*

NO, KOH, EtOH/H,0 =N,
N—
NHiPr =~
63

62

Figure 2.7 Synthesis of an indazole using the DaviBeirut approach.

The similarity of phosphorus with nitrogen due to their positions in the periodic table had
led to the development of different compounds where the nitrogen atom has been
substituted with a phosphorus atom. Somihese findapplications in the optoeleotnic

field, such as phospholé®: 1’ However, some phosphorus analogues of important
nitrogerrcontaining natural products have atisplayed interesting biological properties
themselvesAn example of which can be found aamino acids, being theseethe
building blocks of life, they are a natural target for developing phospihases

analogues’’
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The field of phosphorubasedanalogues of indazoles requires a more resourceful
synthetic approach in comparison with its nitrogerunterpartsdue to thedifferent
reactivity of phosphorus. An organometallic approach has leegployedto overcome
this problem. J. P. Majoral and grdtfused the metallacyles obtained with zirconium in
order to synthesise azaphosphindoles. In their methodology, ridiey uponthe
thermolysis of diphenylzirconocene to generate a benzyne intermediate, which in the
presence of a wide variety of nitrildeymedthe required azazirconacyclopentanes. The
zirconocene complex formed was reacted with the nitilB&N).PCN and (CyN)2PCN,
forming azaphosphindole®4 in high yields (8@90%) Then they were reacted with
phenyldichlorophosghe and tert-butylchlorophospime, leading to elimination of
CpZrCl2 in order to produce novel g&aphosphindole85. Finally, elemental sulfur
wasaddedn order to produce the monosulfiéé.

A R,P—CN |
CpZZrth E— Cp22r© —_— N
-PhH -

PR,

Cp2
64
PR> PR,
R'PCl, | Ss |
o N - N
-szZrC|2 IP /P\/
R' R 'S
R= Ni—Pr2, NCy2 65 66
R' = Ph, t-Bu

Figure 2.8 Synthesis of Majoralet al.by 2H-1,2-Azaphosphindolest’®

2.2 Synthetic target

The synthesidevelopedy Majoral and his grod® allows theincorporatiorof different
aromatic rings inthe 3-positon of the phosphindole in order to incorporate functionality;

the only requirement is that tlgroup that will be added mube a nitrile in order to
perform the coupling to achieve the phosphindole ring. The chosen aromatic systems are
phenyl, naphthyl md anthracyl, since polyaromatic hydrocarbons are well known for
interacting with DNAS®

To our knowledge, there are no examples ofaz@phosphindoles with an electron
donating group in the phenyl ring; therefore, a methyl group will be added pathe

position. Sulfur and selenium will be added to oxidize the phosphorus atoakingit
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more stable towards oxidation and the electronic diffees between the two chalcogen
containing derivativewill be measured.
Ar = anthracenyl,

naphthyl, phenyl
Polycyclic Aromatic

Hydrocarbon
R =Me, H R Ar
Substitution in \©j
the aromatic ring P
2N
X R
R = 8o

Bulky alkyl
substituent

Figure 2.9 Proposedsubstitutions on1,2-azaphosphindolescore.

2.3 Synthesisof 1,2azaphosphindoles

2 eq. ArMgBr R'CN R R' R R’
THF Toluene 1) t-BuPCl,
CpoZrCly —(—— ———> CpyZrAr, ——— > | 21 S. or KSeON |
Ar = phenyl 80 °C 2N 2)SgorKSeCN p-N
p-tolyl R =H, Me Cp, Toluene 7 MBu
R' = anthracenyl, 110 °C
naphthyl, phenyl Z=S, Se

The synthesis of the ZXg&zaphosphindoles began with commercially available
zirconocene dichloride. The addition of 2 equivalents of a Grignard reagent to the
zirconocer dichloride solutioiormedthe desired disubstituted zirconocene complexes
67 and68. The resulting complexe&7 and68 were handled undeatinitrogento avoid
their interactiorof the Zrmetal centrevith oxygen or moisture from thedr. The excess
Grignard reagent was quenched usingdigkane since the normal hydrolysis using
waterwould leadto the formation of oxygebridged productst’® In order to remove the
salts formed by the reactiami dioxane with the Grignarceagent, THF was evaporated
and the resulting mixture wasdissolvedn toluene Jeadingto a pale yellow suspension
that was tkn filtered undedinitrogenusing a cannula. The solvent from the resulting
solution was evaporated and no further form of purification pesformed *H and*3C

NMR were obtained angere in agreementith structure$7 and68.
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1) ArMgBr
2) 1,4-Dioxane
THF
Cp,ZrCl > CpyZrAr
P2 2 67: Ar = phenyl P2 2
68: Ar = p-tolyl

Figure 2.10 Synthesis of zirconocene compound&/ and 68.

The zirconocenes obtained were heated to 80 °C in toluene in ordeduce a
thermolysisreaction,obtaining a reactive zirconocene benzgonenplex. Our study was
focused on the use of anthracene, naphthalene and benzeneinitntier tosuccessfully

form azazirconacyclopentenes. As it can be se@iie 2.11, this reaction4 different
products using exactly the same procedusees producedDiphenyl zirconocené7 was

used as starting material to produce the azaphosphind®&d and dip-tolyl
zirconocene68 was used to produce the azaphospbled2a/b. Each reaction was
allowed to stir at 80 C overnight producing a suspension which was filtered under
dinitrogen. The resulting mixtures were evaporated under dinitrogen and washed wit
pentane in order to remotraces ofinreactedromatic nitriles. The resulting compounds

contairedan imine, which was identified ByC and by infrared spectrosco@iable2.1).
R . R R’
T zmor,| B Ty
R' = anthracenyl, Zr-N

CpyZr(Ar)y —————»
2 2 toluene, 80 °C

67: Ar = phenyl naphtyl, Cp»
68: Ar = p-tolyl Benzyne phenyl
R=Me, H
! Ui adw IR
zr zZr Zr Me/H Zr
Cp2 Cp2 Cp2 Cp2
69 70 7 72alb

Figure 2.11 Synthesis ofAzaphosphindoles 6972. The resulting products contained different
substituents.

Electron donatingyroups, such as methyl groups, in benzyne mediated readieres
previously proven to be poor regioselective substitu¥fitsyhich explains why
compound72a/b shows two different peaks a2.31 and 2.27 pprim *H NMR. This is

intrinsic ofthe reaction mechanism, in which the benzyne adduct is trapped by the nitrile.
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Due to the electronic environment and the lack of steric hindrance, the nitrile can trap the

benzyne intermediate in two different spatial arrangemastshown irFigure2.12.181

R /—\ Ar R\C (
ZrCp ‘ - ‘N
\©>\ 2 lNl ‘/\ Zr

Cp2

Ar

69: R = H; Ar = anthracenyl
70: R = H; Ar = naphthyl
71: R = H; Ar = phenyl

72: R = Me; Ar = anthracenyl
Ar
/\ Ar I
/@:ZGCz |‘| — N

Cp2

Figure 2.12 Formation of complexes69-72. The different positions of the benzene intermediate is
not important when R = H.

Purifying the compound at this stage proved tarberacticaldue to the formation of
different products in the chromatography column inferring decomposition of the product.
However,it was possible to obtain a crystal @ suitable forX-ray crystallographic

analysis.

Figure 2.13 X-ray crystal structure view of 69 (50% probability ellipsoids with bromine, carbon,

chlorine, nitrogen and zirconium atoms labelled. Carbon atoms in grey). Hydrogen atoms have
been omitted for clarity. Selected bond distances [A] and angl¢y: Zr1iN1 2.2901(17), ZriC1
2.3788(18), Zri C22 2.524(2), Zr1 C23 2.521(2), Zr1C24 2.523(2), Zr1 C25 2.5280(19), ZriC26
2.503(2), Zr1i C27 2.536(2), Zr1C28 2.536(2), Zr1 C29 2.541(2), Zr1C30 2.4984(18), Zr1C31
2.5067(19), NLC7 1.291(2); N1Zr1iC1 68.36(6), N1Zrli C22 137.17(7), NlZr1i C23 110.218).

After reacting thamino zirconocycle withtert-butyldichlorophosphingit was possible

to obtain spectroscopic data of the constitutional isomers proposed.
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Treatment of compound$9-72a/b with tert-butyldichlorophosphine led to the
elimination ofzirconocene dichloridegproducing a fivemembered phosphole that was
immediately oxidized by reactionith a chalcogen. The resulting 1a2aphospmdoles
were all purified viacolumn chromatographylable2.1 contains the IR antfC NMR
spectroscopic datahowing that the imintunctionremainedntactafter displacement of

the zirconocene dichloridelhis table also contains the general structure of compounds
69-79, highlighted with different coloursto indicate the positions that allowfor

substitutions to occur

O R = Me, H O z =&%§ t_;;\/P\i
Ao e

Compound 3 C=N (cnr}) iU C=N (ppm)
HZr 69 1589 191.2

HZr 70 1593 188.9

HZroh 71 1593 186.2

MeZr 72alb 1578 179.1

HPS 73 1531 182.2 (d2Jcp= 8.3 Hz)
HPS 74 1593 181.1 (d2Jcp= 8.3 Hz)
HPS 1 75 1531 180.0 (d2Jcp= 7.2 Hz)
MePS 76a/b 1577 182.4 (d2Jcp= 7.7 Hz),

182.1 (d2Jcp = 8.5 Hz)

HPSe 77 1537 182.2 (dJcp= 11.2 Hz)
HPSe 78 1532 181.2 (d,2Jcp= 10.4 Hz)
HPSe 79 1531 179.1 (d2Jcp= 9.8 Hz)

Table 2.1 IR stretching frequencies and*C{*H} NMR, key data for the imine functional group. PS:
P=S, PSe: P=Se, Anth: Anthracenyl, Naph: Naphthyl, Ph: Phenyl
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During the experimental procedure, it was noted that tempernglwyeda key role in
attaining the closure of the five membered ring when the phosphorus atom displaces the
zirconocene. When this reaction is heated to M1,0the target is obtained; however, if
the reaction is heated to 80 °C, the isolated compmsteadcontains a PCl bond that

is attached to the phenyl ring by &Cbond with the carbon of the imine. This interesting
result shows that thehlorothiophosphonatesbtained are the kinetic products of this
reaction, which means that the activation energyiredto close the ring was not reached
and must be higher thahe energy barrier &0 °C.The ringclosed compoundare the
thermodynamic produst which means thatvhile they are morghermodynamically
stable,they require more energy to be attainederdastngly, Majoral reported reflux
temperaturesvere used onlyfor the benzyne production stefubstitutionof the
zirconocene group by the phosphine chloride and its further oxidation withr stdre
performedat room temperature (Secti@nl.?. The different compounds obtained with
this procedure are listad Figure2.14. The final compounds were purified by column

chromatography and traces of zirconocene dichloride were recovered.

Sulfides 73-76

Figure 2.14 Novel 1,2azaphosphindoles’3-79 and chlorothiophosphonates30 and 81
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The structure ohovel chlorothiophosphonate®0 and 81a/b wasdetermined byX-ray
crystallograpit analysisi this will be explained in further detail in Sectigrt.2 There
are examples of reportenystal structuresf compounds containingiNi Cl bonds!&?
183 however,fewer examples exist with the addition aflfur on the phosphorus atom.
Synthesis of chlorothiophosphonates has been already repaitedhe intention of

fevelopingchiral phosphorus compounds with insecticidal actitfty.

2.4 Structural and electronic propertiesof 1,2-azaphosphindoles

2.4.1 Phosphorusselenium couplingconstants in NMR

The magnitude ofJescis highly dependent upon the nature of the organic groups bound
to the phosphorus atom; electrawthdrawing groups cause théesecoupling constant

to increase wheas electrommlonating and bulky groups cause it to decrease. It is well
known that coupling constants between directly bonded atoms arise predominantly from
the Fermicontact interaction between nuclear moments and electron sgiorbitals!8®

and there have been a numbepostulationsn the literature that is a correlatiexists
between the magnitude tifesecoupling constants and the lengths of the bonds between
adjacent atom¥® Stericallydemanding substituents can indirectly influence the coupling
if the intervalence anglesf dhe phosphorus are widened; tbeharacter of the
phosphorus lone pair is thereforxluced resulting in increased Lewis basicif{f This
lowersthe *Jrsemagnitudealsa Identifying the isolated effect caused ‘daseby steric

and electronic effects has proven be a difficult endeavodf® Thus electronic
information about the compounds syntBesli in this work can be acquirbgdinspection

of the JJpsemagnitude.

LUMO

-2.2eV -2.2eV -2.2eV

£
‘o

-5.4eV -5.5eV -5.4eV
77 78 79

HOMO

Figure 2.15HOMO diagrams with accompanying energiesf 77-79 (in that order) calculated at the
B3LYP/6-31G* level of theory.
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Compounds77-79 were obtained by adding KSeCN to the corresponding phosphole
solution in toluene and heating it to 110 °C. THéis.were measured and contrasted

with the values of calculated HOMO energies (calculated at the B3LYRZ level of

theory) of their respective phosphole parents. The anthracenyl substituent decreases the
value oflJpse However, this might be related te &ize rather than its electronic features,
since anthracene is a polyaromatic hydrocarbon. In comparison, the anthracenyl group
seems to have a mor-@ectrerxdystemdvehidh gvesntjmorg at e
stability than the naphthyl or phenyl substittee There hae been previous attempts to

relate theoretical data with the behaviour of tertiary phosphines as ligands using DFT
generated dat&® %It has been found in atsef tertiary phosphinethat there is &inear
relationship between the activation energy and the energy of the tertiary pho8phines
HOMO . The DFT calculations iffigure2.15 show that the HOMO is mowispersed

in 77, which contains the anthracenyl group. For the naphthyl and phenyl derivatives, we
can determine that the HOMO contains a higher selenium charabiercalculated

energy for the HOMO energies shows that the comp@unsi the highest in energy and

gives the lowestJpse coupling constant experimentally. The difference in tbese
magnitudes o7 7-79 mustthereforebe related to the HOMO distribution

Magnitude 77 78 79
Lpse(Hz) 749.5 756.9 777.4
HOMO (eV) 154 15.5 154

Table 2.2 Values of'Jpse(Hz) and the HOMO energy calculated for theselenides77-79
Previous reports afelenides2a,b'® provide an example to contrabeseresults since

the phosphorus ato forms part of a fivemembered ring. The reportedpse for
phospholane82a,b is 693 Hz, which suggests thatthe compounds- ar e
donors in comparison with the phosphindal@sr9.

55



Ar %p

| Se F,e Se
N S ==
/P\\ C/ n
t-Bu Se
77: anthracenyl 82a:n=2
78: naphthyl 82b:n=3
79: phenyl

Figure 2.16 Phosphindole77-79 and phospholanes82a,b.

2.4.2 X-ray crystallographic analysis and molecular structures

Crystal structures were obtained for compourilg9; the measurement of their P=Z and
PN bonds show very little variatie. Compound’6a/b presents an interesting case,
since the P=S bond is shorter thav&75 and the PN bond is longerCompound¥ 3-

75 show very little variation in their P=S and ¥ bonds,with the formerone being the

longest of the two in all the compounds.

R/H Ar 73: R=H, Ar = anthracenyl, Z=S 77: R = H, Ar = anthracenyl, Z = Se
74: R = H, Ar = naphthyl, Z=S 78: R = H, Ar = naphthyl, Z = Se
_N 75: R=H, Ar=phenyl,Z=S 79: R =H, Ar = phenyl, Z = Se
H/R B /P\\ 76a/b: R = Me, Ar = anthracenyl, Z =S
-Bu Z
Compound P=z* (A) PiN (A)
73 1.9425(6) 1.7189(14)
74 1.9401(7) 1.714(1)
75 1.9417(5) 1.715(1)
76a/b 1.9354(7) 1.7259(13)
77 2.0910(5) 1.7193(16)
78 2.0910(5) 1.7142(16)
79 2.0974(10) 1.715(3)

Table 2.3 SelectedP=Z and Pi N bond lengths of compoundg3-79 (A).

The methyl group ii76a/b is exerting an effect that shortethe Pi N bondand elongates
the P=Sbond Aladzhevaet al1%? reported crystallographic data showing the elongation
of P=S bonds of Pd(ll) and Pt(Il) complexegh the sulfur directlycoordinatedo the
metallic core. However, this doe®t affect the PN bond. The electron withdrawing
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effectof the metakcentresdoes not resemble the effect provided by the methyl group in
76ab; therefore, the electron donating effect that the methyl group can provide does not
satisfactorilyexplain thiseffect. For compounds3-79, slow diffusion of diethyl ether

into a saturated toluene solution yielded crystals suitable foayXcrystallographic
analysis. Compound@6a/b is an interesting casgince the mechanism that produces it
allows a mixture of regioisomers. The formation of benzyne alfontsvo different sites

where the addition of-@nthracenecarbonitrile caccur
Q/\ )
|—>ZGC2 V7 Q

N

Rotate \_)

horizontally
180 °
S

v

Figure 2.17 Depiction of the formation of regioisomers72.

Regioselective reactions using benzyne derivatives have been reported using inductive or
steric effects in order toontrolthe selectivity:®3 However, the methyl group in this case

was used to prove that it is possible to have differeibstduents using the zirconocene
approach developed by Majorat all’® X-ray crystallographic analysis showed the
presence of two methyl groups in the phenyl ring of compdi@adb. The presence of

these two methyl groups was expected since fhtolyl zirconozene72a/b used to
produce76a/b does notpossess strong inductive effects, nor is it sterically demanding
enough to provide high regioselectivit¢roups providing this characterclude O-
protected groupg®® °*and fused heterocyclé®> 1° however, the development of

regioselective benzyne derivativesis ongoing process

The crystallographic analysis corroboratedNiMR datathatsuggests thahe compound
76 exists asa mixture of two regioisomersvith the methyl group (C22, C22A) in the

phosphindole ringccupying thepara or metapositions.
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The crystaktructure providethformation on the sulfles73-76, the selenideg7-79 and

the chloride80-81a/b. It was found that the length of the$e bond is larger than those

of their A S analogues. The P=S is shorter than the P=Se bond, which is a normal trend
when compared tother crystal structurei the literaturé®” % pP=Te is the longest

bond!*®which makes senstone considers thelectronegativity and dhi.

c22a C4A(\c6 .
c1

Qe
X

Figure 2.18 View of the molecular structures of regioisomers76a/b (50% probability ellipsoids with
notable carbon, chlorine, nitrogen, phosphorus and sulfur atoms labelled. Carbon atonere in
grey). Hydrogen atoms have been omitted for clarity. Disordered structure in the solid state with
major component A (C22 occupancy = 0.5452) and minor component B (C22A occupancy =
0.4548).

The bond lengths found agree with the data reported intdratilire regarding similar
systems where the phosphorus atom is in a five memipegdwith different
substituent$%%2°2 Table 2.4 shows the average P=Z bond lengths found for sulfi@es

76a/b and selenide37-79 and those of similar compounds reported in the Cambridge
Structural Database (CSD). The average P=Z bond lengi® ta/b is quite similar to

the average found in the CSD. Considering the standard deviation, the difference between
the two values mightéregarded as insignificant. On the other hand, the average P=Z
bond length for selenide&r’-79 differs considerably from the average values from the
CSD. This difference might be explained by pnesence of theitrogen atom, since there

are no reporteéxamples of phosphindole selenides containing a nitrogen atom in that
position. Therefore, the average was calculated usingriembered ring phosphindole
selenides containing a carbon atom instead of the nitrogen. The effect exerted by the
nitrogen seemso induce the shortening dhe P=Se bond when compared with the
average P=Se bond length obtained from the CSD.
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P=Zbond Experimental bond *Reported bond
| N length (Average) A length (Average) A

%P\(z

_ Z=S 1.940(7) {3-76) 1.948(5)
Searched structure in the
Cambridge Structure
Database Z=Se 2.0931(7) {7-79) 2.134(17)

* There are no reports of crystal structures in CSD of selenides containing a nitrogen in that position,

therefore the search wperformedwith a carbon atom

Table 2.4 Comparison of average values of P=Z bond leng#tfor compounds73-79 and the average
P=Z bond length found inthe CSD.

2.4.3 Chlorothiophosphonates 8681

The synthesis of sulfide&3-76a/b led to the serendipitous synthesis of phosphinothioic
chlorides80 and81a/b that were identified after purification. Phosphinothioic chloride
systems have been synthesised before because of their interesting synthetic pt&perties.
265 Compound83 was developed by Gholivanet al?°® as an acetylcholinesterase
inhibitor, predicting that the chlorine would act as a leaving group. This would result in
the phosphorylation of acetylcholinesterbessding toits irreversible inhibition.

O
S
N N
©/\t-Bu H
83
Figure 2.19 Acetylcholinesterase inhibitor developed by Gholivand®

31p{*H} NMR is a useful technique for identifying compounds and monitoring reactions
where phosphorus is involved. In this case tdchnique was usefuh the form of
providing information abouthanges in thstarting materigtBuPCb. The3P{*H} NMR
spectum obtained was originally compared to that obtained by Majetrall1’® Their
results showed that the phospdolesulfide66 (Figure2.8) produced a signal at 100 ppm.
Compounds80 and8la/b show singlets at 97.4 and 96.7 ppm; therefore, it was thought
that the desired phosphindoleésad been synthesised, while-crystallograpic data
unambiguously assignate structures of compoun8® and81a/b. *H NMR datawas
similar to their closed ring analogues; although, the integration sugglestpaesence of
one more hydrogen for both compounds.ax analysis helped to elucidatatlhis extra
hydrogen came from the loss of the phosphindolic system. As was mentioned in Section
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2.3, the temperature at which this reaction takes place sedpesti@ controlling factor

for obtaining the phosphindoler the phosphinothioic chlorideCompound81la/b
containghe same mixture of regioisomers where the methyl group in the phenyl ring can
be found inpara andmetapositions in the same way as the gstuedole76. Thisis not
surprising since the information available suggests that the regioisomers are formed
during the benzyntormation. Thereforereplacement of the zirconocene moiety by the

tert-butyl phosphindas no effect

Figure 2.20 View of the molecular structure of80 (50% probability ellipsoids with interesting
carbon, chlorine, nitrogen, phosphorus and sulfur atoms labelled. Carbon atoms in grey).
Hydrogen atoms have been omittedbr clarity.

Figure 2.21 View of the molecular structure of regioisomers31 (50% probability ellipsoids with
interesting carbon, chlorine, nitrogen, phosphorus and sulfur atoms labelled. Carbon atoms in
grey). Hydrogen atoms have been omitted for clarity. Disordered structure in the solid state with
maj or component A (C26 occupancy = 0.511(3)) an
0.489(3)).
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The crystallographic data for compour@and8la/b shows that carb@which serve
as a link between the phenyl ring and the anthracenyl groupretaisedits s
hybridization.Moreover, he iminealso retainedhe p bond between the nitrogen and the

carbon in the benzylic position.

It is interestingto highlight that in thgohosphinothioic chloride80 and81a/b, there are
two planes where the phenyl ring and the anthracenyl groups are locagésdpléines
have a perpendiculaelationshipto each other (101.66° (19) f80 and 99.2 (4) for
81a/b).

2.4.4 An investigation to the torsional angles between the phosphindole backbone

and the PAH ancillary group
Phosphindole§3-79 contain two adjacent aromatic groups linked by th&@37bond.
This bond is interesting as it represents the junction of the tvacej aromatic groups
and is affected by the PAH attached to the phosphindole moiety. The results collected in
Table 2.5 show that theC7i C8 bond length follows tl pattern:73>74>75. This trend
suggests that the phenyl ring is shortening the bonddtislear why this happens unless
the torsional angle formed by the two aromatic rings, the phosphindole and the PAH, is
taken into accounAs compound33-79 contain two aromatic rings attached by-aond,

a dihedral angle can be measured between the two planes formed in the solid state.

Q1Y)

Figure 2.22 An overlay diagram of 73 (red), 74 (grey) and 75 (green) shang the variation in the
conformation of the PAH substituent.

Figure2.22 illustrates the anglega andgb formed by the spatial arrangement of these
compounds when measured in their solid state. Faoff #tle derivativessynthesised 3-

79, qb is largerwhen the PAH is smallesuggesting relationship between the G378
bond length and the PAH attached te fhosphindee. This relationship is also present
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for the sulfides’3-75. A largervalueof gb implies a more parallel relationship between

the phosphindole and the corresponding PAH. Theretorle e | e-voajligatianf

between th two aromatic moietiewill increase.This conjugation could be used to
rationalisethe C7i C8 bond length pattern found for sulfidé3-75. This trend in th&€7i

C8 bond lengtls not followed by the selenid@3-79, suggesting that the selem atom

is exerting an effect on theconjugation or directly on th€7i C8 bondlength. On the

other hand, theselenides,77-79, follow the trendthat gb increases athe PAH gets

smaller.
Z
| 7
_—"P Z=S,Se
N b
o \\07 ‘ / ; ’j \ 0a 6b =— = Phosphindole ring
5 / | N === Aromatic ring
\\ cs t-Bu / 0b 0a
Y f i-Bu
SJJA

Figure 2.23 Spatial representation of the measured dihedral anglega and gb.

Entry C7ics (A) P=z* (A)

Experimental Calculated
(average)
qa(®)  gb (%) Qa(®) gb(°)

73 1.495(2) 1.9425(6) 77.9(2) 101.6(2) 825 975
74 1.488(2) 1.9401(7) 54.7(2) 126.5(2) 56.7  123.3
75 1.482(2) 1.9417(5) 42.9(2) 139.0(2) 352  144.8
76 1.4868(5) 1.9354(7) 74.4(2) 103.8(2) 67.9 1121
77 1.495(5) 2.0910(5) 76.8(2) 103.2(2) 67.2  112.8
78 1.487(4) 2.0910(55) 51.2(5) 128.8(6) 54.2 1256
79 1.488(7)  2.0974(10) 35.0(5) 145.0(7) 453  134.76

*Z =S for73-76and Z = Se foir7-79
Table 2.5 Crystallographic and DFT (B3YLP) calculated data of compound¥3-79.
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At first glance, it seems that thert-butyl group exerts a repulsiaffect onthe PAH due

to steric hindranceyielding a largegb thanqa as a resultHowever Figure2.22 shows

that thetert-butyl group is too far away from the PAH group. On the other hand, analysis
the crystal structuref sulfide 74 shows that most of the asymmetrical naphthsdup is

in the quadrant near the S atpsuggesting a regsion effect exerted by theert-butyl

group This may not be definite evidence because, as it has been mentioned before, the
tert-butyl and the naphthyl group, are too far away from each other in this molecule
(Figure2.24).

Naphthyl @
group

Naphthyl
group

Figure 2.24 View of the molecular structure of74 (50% probability ellipsoids with nitrogen,
phosphorus and sulfur atoms labelled. Carbon atoms in grey). Hydrogen atoms have been omitted
for clarity. The majority of the naphthyl group is located in the same quadrant as the S1 atom.

Comparing anglega and gb from sulfides73-75 to selenides7-79, it is possible to
appreciate that there are no changes in the tidrelargerthe PAH, thanore acutehe
gb. Therefore, the phenyl ring produced the biggest values for the gimglde size of
the S and Satoms do not provoke any changes in the trend of the two sets of compounds.
DFT calculations obtainedia the B3YLP functional (with the 631G* basisse) of the

spatial arrangement show the same pattern and similar values.

2.5 Photophysical data

2.5.1 UV-Vis absorption spectroscopy

After characterisinghenovel synthesisecompoundg3-79, their absorption spectra was
measured. The absorption profile of the noveldzaphosphindole&3-79was compared

to the absorption profile of the different PAHs contaiimethem.For ease of viewing

the different absorption spectra obtained will be placed next to their corresponding
molecules in the following section. Anthracene produces an absorptionuspedath

five sharp bands between 3800 nm that arattributedto pY p* transitions* Sulfides
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73, 76 and selenidg7 producefour visible bands that are slighthedshifed The three
novel compounds show a broad batdiround 300 nm with a medium intensity that
overlaps one of the bands visible in the anthracene absorptionuspe&trother visible
difference is the broad shoulder that is visétlaround 40450 nm Figure2.25).

1
208 Anthracene
g 73
£06 6
he] 77
(O]
0
g 0.4 7
5 73:R=H,Z=S
Z 0.2 76:R=Me,Z=S
77:R=H,Z=Se
0
250 350 | hmd50 550

Figure 2.25 Absorption spectrum of anthracene and anthracene derivative33, 76 and 77, recorded
in cyclohexane at room temperature at a 7.5 x G M concentration.

The absorption specim of naphthalene shows bands correspondimyte* transitions

of thep system in the aromatic molecule between-360 nm. The absorption spectra of
the sulfide74 and the selenidé8 show a broad barataround 256800 nm as in the case
of naphthalene; however, there is a second broad band in bothTdaisas.locatedat
around 306850 nm Figure2.26).

1
Naphthalene
2 0.8 74
2 78 Q
0]
£ 0.6
D O |
0 N
= 0.4 P
& By 2
(@]
> 74:7=5S
0.2 78:Z =Se
0
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| /nm

Figure 2.26 Absorption spectrumof naphthalene and naphthalene derivative4 and 78 recorded
in cyclohexane at room temperature at a 1.3 x 16 M concentration.
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It is important to note that the second band might correspond to the absorption produced
in the phosphindole corsince they contain heteroatoms and double bonds that can
undergon Yp* and pY p* transitions.Figure 2.27 shows a visible shouldet around
400450 nm which can be also explained by the presence of the new phosphindole core

and its electronic transitions.

1
‘? 0.8 Benzene
E, 75
= 0.6 79
©
3
= 04
g tBY Z
5 75:2=S
Z 0.2 79:Z=Se
0 L

220 270 320 370 420 470
I /nm

Figure 2.27 Absorption spectrumof benzene and benzene derivative® and 79 recorded in
cyclohexane at room temperature at a 2.8 x 18 M concentration.

The absorption spectrum of benzene shows well defined lzdm@adsund 22270 nm.
The novel compoundg5 and 79 produced broad bandd around 236820 nm which
suggestshe absorption produced by the phenyl ring contained in them atad@bonger
wavelaength. Aswith the other compounds, it is possible to observe a second baigl that
attributedto the novel phosphindole cor#&/hen comparing the different absorption
spectra for the compound8-79, it is clear that the bansle assuradis produced by the
phosphindole absorbs at the same wavelength, arourd@®b60m. Benzene is the PAH
with the least extended aromaticity; therefore, its HOM@MO gap is highemwhich

makes it to require momnergy to absorb a photon.

Molecule HOMO (eV) LUMO (eV) &k (eV)
Benzene 16.7 0.1 6.8
Naphthalene 15.8 11.0 4.8
Anthracene 15.2 11.6 3.6

Table 2.6 HOMO and LUMO energies of anthracene, naphthalene and benzene calculated at the
B3LYP/6-31G* level of theory.
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Anthracene is the PAH with the highest extended aromaticity which makes the opposite
effectoccur,allowing it to absorb photons with a less getic wavelength. There are no
differences in the phosphindole core of the different compounds which suggests that there
should not be any difference in its HOMQMO gap and absorption wavelengilable

2.6 shows the DFicalculated values for the HOMOUMO gaps of the PAHs.

2.5.2 Quantum yield

The measurement of the photophysical properties of the novel compounds showed that

their fluorescence quantum yields were quenched. The reference used in each case was
the fluorophore itself, so for compound3 76 and77 the reference used was anthracene

For 74 and 78 naphthalene was used, and benzene was us&® ford 79. In order to

prove that the quenching was not due to a solvent effect, photophysical measurements

wereperformedn solvents withvaryingpolarities.

Table2.7 demonstrates that the fluorescence of compoudBd®is virtually 0. It is also
possible to ascertain that the solvent effect does not improve the quantum yields, even
though the solvents adherehave a wide range of polarities. This must be related to the
fact that the fluorophore group of the molecules synthesised are not polar enough to
interact with the molecules of polar solvents. The solvent effect can have a dramatic

influenceon emssion spectra when the fluorophore is highly p#lare®

aFrin:

Compound Cy DCM MeOH MeCN
73 54 x 10° 0 41 x 10° 0

74 0 0 30 x 104 41 x 10°
75 26 x 10° 0 14 x 10° 2 x 10°
76 45 x 10° 0 13 x 10° 0

77 31x 104 96 x 10° 28 x 10* 17 x 10°
78 54 x 103 19 x 103 23 x 103 50 x 103
79 0 0 20 x 104 23 x 10°

Table 2.7 The quantum yield values of compounds 739 obtained in cyclohexane, dichloromethane,
methanol and acetonitrile solvents. Measurements were performed in dry degassed solvents at
room temperature.
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It has been reported that the interconversionah®raldehyde azing8 into its isomers
results in low quantum yielfFigure2.28).2%° The interconversion in thg3-79 systems

IS not possible due to the fact that the imine group forms part of -anfvebered ring.

This forms a highly restrained framework where exchangaib$tituents on the imine
double bond is highly unlikely without first breaking the five membered ring of the
phosphindole core. Therefore, although the electronic environment is more similar, this

explanation does not satisfy this particular system.

0 o,

H
" O C
H \ITI - . O \r}l - . \l}l
N H = O NoH & ‘ N O
Hv Hv
949® I H

88

Figure 2.28 9-Anthraldehyde azine88 and the isomerization thatleads to a decrease in
fluorescence

Compounds/3-79 contain an imine group and a chalcogenide atom. Both groups could
act as donors and produce Photoindugledtron Transfer (PeTa process that has been
detailed in Sectiod.4.1 It is proposed that the lack of fluorescence in compod&d®
might be due to this phenomena since the PAH moieties can act as acceptors and the lone
pair of electrons on the nitrogen atom can act as a donor. Skirkigi® have reported

that the fluorescentessors84 and 85 whose fluorescence is quenchedthg @ir of
electrons of its benzgminemoiety. Ghoshet al?!! synthesise®6 and 87, which are
anthracenykcontaining compounds thabontained a benzylaminghich dramatically
decreased their quantum yigld’he addition of an organic acid to a solution adsth
compounds increased thguantum yield. The structure ismilar to compound33and

77. However, the main difference is that,the case of3and77, the electron donor is

an imine, not an amings shown irFigure2.29.
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87 73 77

Figure 2.29 Compounds73 and 77 compared topreviously reported analogouscompounds that
experiencePeT.

The electronic environment of Shinkai and Ghimgmines and the novel compourvds
79reportedhereare quite different. Compound more similar3e79would better explain

the behaviour of their fluorescence.

In the literature therare manyexamples of molecules containing anthracene with a
benzylic aminé?21® or iming?!” 2*8quenching the fluorescence of the moleotiea

PeT effect. These typef molecules are commonly usad sensarthatincrease their
fluorescence when the nitrogen atom in the amine or imine group is no longer able to act
as a PeT donor. Therefore, this mechanism could be a candidate to explain the
fluorescenceguencling suffered by compounda&3-79.

The potonated form of the compounds should be free of e#dctsif they exist
Compound¥3-75 were therefore dissolved in methanol and citric acid was added to the
resulting solution. However, the solutions proved to befhmrescent under the UV

light. This might not necessarily mean that the PeT did not cause this fluorescence
guenching, since the citric acid might not have being strong enough to protonate the imine.
Therefore hydrochloric acid was added (The pkavaterof the different protons in ¢it

acid is 3.13, 4.76 and 6.39 whereas for hydrochloric acid the values.is3).
Unfortunately, the result regardirflglorescenceguenchingwas the same as with citric
acid.However, the colour of the solutiod&l changelt is noticeable that compound3

and74were more affected than compourfisl The lack of fluorescence in these solutions
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suggests that the lone pair of electrons in the phosphindole core is not producing a
guenching effect by PeT. However, the chanigeotour supports the idea that the imine

is involved in the absorption of these compounds providing 3p* transition.

Ar
|
_N

N\
tBu S

Xa: Ar = Anthracenyl
Xb: Ar = Naphthyl
Xc: Ar=Ph

Figure 2.30 Left: Compounds73, 75and 74 (in that order) in a solution with CDClas. Right:
Compounds73, 75and 74 in CDCls after the addition of 0.1 ml of 2 M solution of HCl in etheeal
HCI.

Imines can be hydrolysed in aicconditions?™® therefore, it was a concern that the
change of colour in the solution was due to a change in the molecular structure of

compounds3-75.

Ar Ar
m HCI @O
PS H,O _NH
tBY S 2 Pl
t-Bu

73: Ar = Anthracenyl
74: Ar = Naphthyl
75: Ar = Ph

Figure 2.31 Possible product from hydrolysis ofthe imine in compounds73-75.

However, his possibility seemanlikely due to the stability provided by the aromaticity

of the phosphindole core. NMR spectroscopy demonstrated that there was no formation
of a new prodat. The 3*P{*H} NMR showed that the compoundstainedthe same
chemical shift for thgghosphorus atom as befoaddition of the acid*C{*H} NMR
spectra of the compounds showed the same signal for the carbonyl of thavimche

was definitive proof thathe imine was unaffected éble2.8).
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Compound ua C=N (ppm) O P (ppm)

73 182.2 (d2Jcp= 8.4 Hz) 107.8
73+ HCI 181.5(d,%Jcp= 7.9 Hz) 106.7
74 181.1 (d2Jcp=8.3Hz)  106.3
74+ HCI 181.3 (d2Jcp=8.3Hz)  105.8
75 180.0 (d2Jcp=7.2Hz)  104.6
75+ HCI 181.2 (d2Jcp=4.2Hz)  101.8

Table 2.8 C=N signal in*3C{*H} NMR and P signal in®'P{*H} NMR. The chemical shifts were
constant for compounds73-75 before andafter the addition of ethereal HCI.

The presence of the imine is pron®y thelack of C=N shift; therefore, the results suggest

that the change of colour is a ie¢pendant bathochromic shift. This experiment proved
that the PeT mechanism seems a weak explanation for the fluorescence quenching of
compound¥3-79.

Another explanation for thituorescence quenching of compoufi@s79 can be given by

the Dexter electron transfer process. As was described in Sggatidrshort separations
between chrommhores and chromophores arranged orthogonally aligned to each other
favour this fluorescence quenching process. Xtray analysis of the crystal structures

of compound§3-79shows this kind of spatial disposition; however, the crystal structures
do not recessarily represent the behaviour of the molecule in solution. In this type of
molecules where two fluorophores are attached via covalent bonds, the donor is the
fluorophore that absorbs at the shorter wavelengtiereas the acceptor is the moiety

that dsorbs at higher wavelengtfigure2.32 depicts examples of compounds with these
features. Compour8Bis contains anthracene and a BODIPY analogue. In this compound
anthracene donates the energy received when exoitdgk tBODIFY moiety and this
releases the energy in the form of photons. This molecule has a large Stokes shift which
is necessary to avoiself-quenching® In compound90 Fluorescein is the donor and
Rhodamine 123 is the acceptor.
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Figure 2.32 Anthracene- BODIPY (89)°° and FluoresceinrRhodamine 123(90). The dye with the
shorfswavel ength works as the do rwovorksastde atccépor. dy e w

Taking inaccount the Dexter electron transfer effect, DFT calculations (calculated at the
B3LYP/6-31G* level of theory) were carried out in order to compare the HQMGIO

orbitals of the PAHs contained in compoun®s79 with the novel phosphindole cores
synthesied Figure2.33). The results showed that all the PAHs havéigher LUMO
energies than those in the novel phosphindole cores. Therefore, it is sensible to propose
that Dexter &ctron transfer is occurringh compounds73-79 since the distance
separating the two aromatic moieties is o€ ®ond.In addition, the LUMO energies
suggest that it is possible that after the electronic system of the lfe&Hmeexcited, the

energy is transferred to the LUMO of the corresponding phosphindole core. However,
this energy is not released as photons but in other forahscaysuch as vibration of the
moiety or heat. Therefore, the fluorescence quenching might occur due toritig@ant

lack of fluorescence in the phosphindole core despite the chalcogen atom contained in it
(O, S or Se)Figure2.33 shows the HOMO and LUMO surfaces calculatethg DFT at

the B3LYP/631G* level of thery. The phosphindole cores synthesisedhis work
contained S and Se; however, in order obtain a better explanation, the O analogue was

calculated as well.
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Figure 2.33HOMO and LUMO energies obtained using DFT calculations (calculated at the
B3LYP/6-31G* level of theory).

Figure 2.33 also shows the effect exerted on the HOMO by the chalcogenides on the
phosphindole core. Theize ofthese HOMO energiedecreases in the order GF
phosphindole < $hosphindole < Sphosphindole. The LUMO energies do not seem

be asaffected for the different chalcogenides as the HOMO energies. It is important to
highlight that the Gphosphindole core also has lower LUMO than any of the PAHs
(anthracene, naphthalene or benzene); therefore, it is highly probable that the oxide
version of the novel phosphindol&8-79 would be norfluorescent as well since the
Dexter electra transfer couldlso occuraccording to thdFT calculations oHOMO
energieqTable2.9). Figure2.34 depicts the electron exchange proposed for explaining
the fluorescence quenching of goounds73-79 based on the theory of Dexter electron

transferprocess
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Compound HOMO LUMO

o

N\
By O
O-phosphindole

H

N\
B S

S-phosphindole

R
tBu” “Se
Se-phosphindole

o

Anthracene

Naphthalene

O

Benzene

Table 2.9 HOMO and LUMO surfaces of the different aromatic moietiespresent incompounds73-
79 (calculated at the B3LYP/631G* level of theory).

S_L | S ——
: : 1 y

Concerted

Electron
hva Exchange
PR Emission

S L
So 4 So {
PAH Phosphindole PAH Phosphindole
Donor core Donor core
(anthracene, Acceptor (anthracene, Acceptor
naphthalene or  (O-phosphindole, naphthalene or  (O-phosphindole,
benzene) S-phosphindole or benzene) S-phosphindole or
Se-phosphindole)

Se-phosphindole)

Figure 2.34 Graphical interpretation of the fluorescence quenching provoked by the Dexter
electron transfer process

2.6 Biological activity of the novelsynthesisedohosphindazoles

As mentionedoreviouslyin Section2.1.1(Figure2.5), indazolecontainingcompounds

have shown biological activity. The antibiotic activity of the compoumgparedoy
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Zhang et all®? gave us impetus toneasure the biological activity of the novel
phosphindoles presented in this work. Therefore, it wasel@to measure the Minimum

Inhibitory Concentration (MIC) of these compounds.

2.6.1 Determination of Minimum Inhibitory Concentration (MIC)

In the next sectigndifferent procedures for defining the susceptibility of bacterial
pathogens to compound8, 76 and80are presented. Quantitativevitro determinations

are usually expressed as the MIC. This measures the lowest concentration of a compound
that inhibits the growth of the microbiological agent being te&fedhe MIC of
compounds73, 76 and 80 was determined by thagar diffusion tes{Kirbyi Bauer
antibiotic testing, which tests the antibiotic sensitivity of bacteria. It was performed by
impregnating paper wafers with solutions of different concéatrs of the compounds

of interest, dissolved in DMSO, to test the extent to which the bacteria were affected by
them. Impregnated wafers were placed on a blood agar plate onto which bacteria were
inoculated, and the plate was left to incubate at 35°Chayter The aim of this test is to
determine the compound concentration that inhibits microbial growth on the plate by
measuring the zone that is free of bacteria after incubatitns is called the zone of
inhibition.

The concentrations used were 0, 1,428, 16, 32, 64, 128 and 256 mg/L. The first
concentration is used as baseline, in order to assure that the effect seen is not due to the
solvent(in this case DMSO whiclwvas used to dissolve the compolnd compound

with ahigherMIC is not as potenagainst that particular microorganism compared to a

compound with dower MIC value.
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Group Bacteria 73 76 80

Acinetobacter baumannii >256 >256 >256
Burkholderia cepacia >256 >256 >256
; Enterobacter cloacae >256 >256 >256
g Escherichia coli >256  >256 >256
g Klebsiella pneumoniae >256 >256 >256
E‘;} Providencia rettgeri >256 >256 >256
% Pseudomonas aeruginosa >256 >256 >256
o Salmonella typhimurium >256 >256 >256
Serratia marcescens >256 >256 >256
Yersinia enterocolitica >256 >256 >256
Bacillus subtilis >256 >256 8
Enterococcus faecalis >256 >256 128
lg Enterococcus faecium >256  >256 >256
’-SE Listeria monocytogenes >256 >256 128
% Staphylococci epidermidis >256 >256 32
g Staphylococcus aureus >256 >256 16
G Staphylococcus aureus (MRSA) >256 >256 32
Streptococcus pyogenes >256 >256 4
o Candida albicans >256 >256 128
(2]
g Candida glabrata >256 >256 256

Table 2.10 Results of the Kirby Bauer test to determine MIC of bacteria to compound33, 76 and
80. Concentrations given in mg/L

Table 2.10 shows that compoundg3 and 76 did not inhibit the growth ofany

microorganismshowever, compoun8lO was effective in this regard. The best result for
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80was againsBacillus subtilisandSteptococcus pyogengse latter being a pathogenic

microorganisri? that has shown antibiotic resistance to tetracycline in thef3ast.

N

- -\

e #ffi*?i%?%e@
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ge T

Figure 2.35 Left: Bacillus subtibilis Right: Streptococcus pyogenes

Zhand® synthesised nearly 40 different compounds to obtain the promising bacterial
gyrase B inhibito®1. This compoundvas most effectivagainstStaphylococcus aureus
andStreptococcus pneumoniagth a MIC = 0.06g/ml (or 0.06mg/mL x 10 3) for both.
Compound80 showed activity again&taphylococcus aurewgth a MIC = 16 mg/mL.

it is visibly less potent thacompound®1. Their mechanism adction must be different
since compoun@®@0 does not contain a similar core to the indazol@linHowever, he
results obtained forcompounds73 and 76 do not necessarily mean that the novel
phosphindole core does not have biological activity against microorganisms. As the
research carried out by Zhadffgshowed, the absorption of the core inside the bacteria is
quite important; therefore, in order to assure that the phadplkirtore does not exert

any antibiotic activity, it would be necessary to create analogues with different lipophilic
values and compare their results. To our knowledge, there are no examples of reported
antibiotic activity of similar compounds to phosphamdothioic chlorideB0 containing

Pi N, P=S and PCl bonds as in theompound presented hefecould be argued that its
activity might comerfom the chloride atoms, since Sla good leaving group, as in the
case of different alkylating agents usedtemotherapy such as cyclophospharfiz&?®
However, current alkylating agents containiadCbond, not a PCl bond; therefore, a
direct comparison of the biological activity of phosphorawothioic chlorides reported to

80is notfeasibleat this point.
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Figure 2.36 Structure of bacterial gyrase B inhibitor 91 developed by Zhang compared with the

novel compounds7/3and 76. The core phosphindole core in phosphonamidothioic chlorid&0is

clearly lost; therefore its antibiotic activity might be related to its H Cl bond asin the case of the
anticanceragent cyclphosphamide92.

2.7 Summary

Seven ovel phosphindole33-79 were successfullysynthesised. They contain a novel

core that resembles the one found in the natural product indazole, with phosphorus in the
position of nitrogen in the natural product. The stgrtimaterial for this synthesis was
zirconocene dichloride, which is a metallocene that contains zirconium as the central
metal . Using Grignard reagents, it was p
a benzyne intermediate could be formed. Benzymes la biradical character,
demonstratinga highly reactive natur&* The benzyne formatigrfrom compound$7
and68, allowedthe addition of aromatic rings, anthracene, naphthalene and benzene, in
the 3-position of the ring that were later transformed into the azaphosphindole core.
Addition of the corresponding nitriles-ghthracenecarbonitrild-cyanonaphthalene or
benzonitile) led to the formation of thezairconocycle$9-72, which were then reacted

with tert-butyl dichlorophosphine to give the phosphinddld<9.

Phosphindol&6a/b exists as anixture of regioisomers that are formed due torthaire
of the benzyne addt, which is a highly reactive transition state. The couplinthef
benzyne adduct of the zirconacyd@8 with 9-anthracenecarbonitrile allows ftwo
different spatial rearrangemerttsbe adopte@Figure2.17), which explains the outcome

of two different regioisomers, whose NMR data protreat the formation occurred after
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the coupling of the @nthracenecarbonitrile. Finally, the substitution of zirconocene in
the five-membered ring using the sterically hindeted-butyl dichlorophosphine abe
electrophile and its further oxidation withe chalcogenids, sulfur andselenium, led to
the synthesis of compound3-79. Temperature was found to &&ey variable inhe last
step since a temperature bellow Wled to the formation o€hlorothiophosphonates
80and81a/b where thal-bond between the phosphoatem and the benzene ringver

formed.

Furthemore, spectroscopic analysis of compount®79 showed that their quantum
yields were virtually zero. Different hypotheses were tested in order to elucidate why the
guantum vyields of these molecules displayed such a dramatic drop. The distance between
the phosphindoleore and the corresponding PABICi C bond)in compounds/3-79
suggests that the possible mechanism is Dexter electron transfer. This mechanism usually
takes place in compounds containing two different dyes. One dye acts as the donor of an
electron and the other one as #oeeptor The LUMO energies calculated usimyg-T of

the PAHs and different phosphindole corég(re2.33) shows that the LUMO energies

of the PAHSs is higher than those of the phosdole cores. This suggests that the Dexter
electron trasfer is energetically possible, and that thasa could mean that compounds
73-79 absorb the energy from light the PAH moiety. The energyromotes an electron

in the PAH orbital from a pund sate to an excited state, anftetelectron is then
transferred to the excited state of the acceptor phosphindolenduch in turntransfers

an electron from its ground state to the ground state of the donor PAH. When the
transferred electron returns teetground state of the phosphindole, there is no emissio

due to loss of energy in tla¢her routes buty simpleemission (such as vibration or heat).

This would mean that the phosphindole moiety is intrinsicallyflumrescent.

The antibioic activity demonstratedby the indazole analogué® led us to test the
antibiotic activity of compoundsg3, 76 and80 using theKirbyT Bauer antibiotic test. The
results showed that the phosphinddl&sand 76 did notexhibit any antibiotic activity;
however, theoghosphonamidothioic chloridg showed actiity againstBacillus subitilis
and Streptococcus pyogengsomparison with the reported bacterial gyrase B inhibitor
91showed that both compounds have activity ag&tegpthylococcus aurebsit this does
not provide a useful comparison 80 since it is ot chemically related to the indazole

91, whereag3and76 are related by the phosphindole core.
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2.8 Experimental

2.8.1 General Procedure

All air- and/or wateisensitive reactions were performed undeiratrogenatmosphere
using standard Schlenk line techniqu&strahydrofuran and toluene were dried over
sodium/benzophenone and sodium respectively and distilled prior to use. Toluene and
petrol used for column chromatography were used as received frosupher All
starting materials were purchased from Aldrigbros Organics, Alfa Aesar or Strem and
used as receive@ompounds 7t wasprepared according to literature proceduFéash
chromatography was performed on silica gel from Fluorochem (silica géB4,060A).
Thin-layer chromatography was carried out on Fisher alumibased plates with silica

gel and fluorescent indicator (254 nm). Melting points were determined m gipss
capillary tubes on a Stuart SMP3 melting point appartys3C{*H} and3P{*H} NMR
spectra were recorded on a JEOL EI® (H 399.78 MHz) spectrometer at room
temperature (21°CYH and®3C shifts were relative to tetramethylsilad&® relative to

80% HPQs. Infrared spectra were recorded on a Varian 800RE$pectrometerUV-

Vis absorption and emission spectra were recorded on al800 Shimadzu
spectrophotometer and K000 Shimadzu spectrofluorometer respectivélyass
spectrometry was caed out by the EPSRC National Mass Spectrometry Service Centre,

Swansea.

2.8.2 Diphenyl zirconocene67

1) 2 eq. PhMgBr
" .Cl 2)14-Dioxane

g g ZrQ
% THF, 1t %\%
67

Zirconocene dichloride (1.00 g, 3.42 mmol) was dissolved in THF (10 mL); a solution of
phenyl magnesium bromide (2.3 ml, 6.84nol) was then added dropwise, giving a
transparent brown solution. The reaction was left for 20 minutes and then anhydrous
dioxane (1.75 mL, 20.52 mmol) was added dropwiBlee solution turned into a
suspension containing a white solid in a yellow solutAfter 15 hoursthe solvent was
evaporated and the solid was dissolved again using anhydrous toluene (25 mL). The
suspension was then filtered und&mitrogenthrough a fritted funnel, using a cannula.

The yellowobtainedsolution was then dried undexduced pressure to give a yellow solid
(1.02 g, 80%)MP: 150.0 °CIH NMR (400 MHz, CDC}) 117.31 (d3Jun= 7.5 Hz, 4H),

79



7.187.13 (M, 4H), 7.07 (BJun = 7.8 Hz, 2H), 6.22 (s, 10H) ppriC{*H} NMR (100
MHz,CDCk)Ui 182. 9, 135. 8 ppmlR (Beath’,=3062 @), 2214 (s}, 1 2 . 3
1446 (s), 1015 (s), 600 (s), 731 (s)'ém

2.8.3 3-Anthracen-9-yl-(phenyl-azazirconacyclopentene$9

= 7 CN
\Zr‘\\\ + >
%\% toluene, 80 °C
67

Diphenyl zirconocence (2.16 g, 5.73 mmol) wasalissd undedinitrogenin anhydrous
toluene (40 mL) The yellow solution then hadhe corresponding nitrile -9
cyanoanthracene (1.15 g, 5.73 mmol) adated. The resulting brown suspension was
heated to 80C and left to react overnight. After that peribe reaction was left to cool
down to room temperature. The suspension was finally filtered through a fritted funnel
using a cannula under dinitrogen, obtaining a brown solid (0.71 g, 28%6)147.5 °C.

1H NMR (400 MHz, CDC}$) 11 8.59 (s, 1H), 8.07 (dJun = 7.6 Hz, 2H), 7.68 (FJun =

7.6 Hz, 1H), 7.597.47 (m, 6H), 7.28 (FJun = 7.1 Hz, 1H), 6.80 (FJnr = 7.1 Hz, 1H),

6.76 (d3Jun= 7.4 Hz, 1H), 6.22 (s, 10H) ppAPC{*H} NMR (75 MHz,CDCk)tii 190 . 8,
144.4,141.0, 131.2, 131.1, 130.4, 130.3, 12829.0, 128.9, 128.6, 127.3, 125.8, 124.9,
124.8, 123.9, 111.0, 110gbm. IR (neat): = 3052 (w), 2214 (s), 1589 (w), 1446 (s),
1015 (s), 731 (s), 695 (s) &

2.8.4 3-Anthracen-9-yl-((1-tert-butyl) -1-sulfide-1H-1,2-azaphosphinale) 73
i) -BuPCl,
ii) Sg
O | Q toluene, 110 °C
N

Zr

69 73

The organophosphorus compoued-butyl dichlorophosphine (0.81 g, 5.13 mmol) was
added to a refluxing solution ofa@hthracerd-yl-(phenylazazirconacyclopentene§9)
(2.56 g, 5.13 mmol) in anhydrous toluene (50 mL) umii@trogen After 3 hours sulfur

(0.32 g, 10.56 mmol) was added to the black mixture which was stirred for another hour
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during this time, the reaction was monitored®# NMR. The mixture cooled t@om
temperature and the solvent evaporatéx resulting mixture was purified using column
chromatography (petrol/toluene 18 = 0.5). The product was a bright yellow solid (0.66

g, 33%). A sample suitable for-pay crystallographic analysis was ob&drfrom toluene.

MP: 91.8 °C.'"H NMR (300 MHz, CDC}) Ui 8.53 (s, 1H), 8.01 (d3Jun = 8.6 Hz, 1H),
7.987.90 (m, 3H), 7.5&.48 (m, 2H), 7.4%.35 (m, 3H), 7.3Z.24 (m, 2H), 6.85 (dJuH

= 7.8 Hz, 1H), 1.38 (dJ1p= 17.6 Hz, 9H) ppmt3C{’H} NMR (75 MHz, CDCk)ti 182 . 2
(d,2Jcp= 8.4 Hz) 155.0, 141.7 (dlcp= 26.5 Hz), 139.5, 138.9, 131.3, 130.9J¢k= 8.1

Hz), 129.7, 129.0128.3, 128.1, 127.9 (dcp = 6.3 Hz), 127.5, 126.7 (dgp= 20.1 Hz),
126.4, 125.5, 125.3 (dgp= 12.1 Hz), 124.8124.2 (dJcp= 15.9 Hz), 123.9, 119.0, 34.4
(d,YJcp=59.0 Hz), 23.ppm.3P{*H} NMR (121 MHz, CDC}) 11107.8 ppmIR (neat):

' =2972 (w), 2256 (w), 1980 (w), 1676 (s), 1531 (s), 1286 (s), 1131 (s), 889 (s), 734 (s),
685 (s) crhl. HRMS (ESI") exactmass calcd. for £H23N1P1S: [M+H]* requires m/z
400.1289, founan/z 400.1289 (0.1 ppm).

2.8.5 3-Naphthalen-1-yl-(phenyl-azazirconacyclopenteneyO

CN
+ I
toluene, 80 °C
Z

Cp,
70

s

Diphenyl zirconocence (1.93 g, 5.13 mmol) was dissolved utidgrogenin anhydrous
toluene (40 mL) resulting in a yellow transparent solutionlaoganonaphthalen@®.78

g, 5.13 mmol) was then added. The resulting brown suspension was heaté@ targD

left to react overnight. After that period the reaction was left to cool dowimom
temperature. The suspension was then filtered through a fritted funnel using a cannula
under dinitrogen, obtaining a brown solid (0.71 g, 259R)(neat):” = 3059 (w), 2959

(W), 1724 (m), 1593 (m), 1505 (s), 1275 (s), 1017 (s), 795 (S cm

2.8.6 3-Naphthalen-1-yl-((1-tert-butyl) -1-sulfide-1H-1,2-azaphosphindole)74

sz
70

i) t- BuPCI2

QQ o

toluene, 110 °C
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The organophosphorus compoued-butyl dichlorophosphine (0.81 g, 5.13 mmol) was
added to a refluxing solution ofr&aphtalenl-yl-(phenylazazirconacyiopentene) 70)

(2.31 g, 5.13 mmol) in anhydrous toluene (50 mL) umlii@trogen After 3 hours sulfur

(0.32 g, 10.56 mmol) was added to the black mixture which was stirred for another hour
during this period, the reaction was monitored®# NMR spectroscopy. The mixture
cooled to room temperature and the solvent evapordteel. resulting mixture was
purified using column chromatography (petrol/toluene B:E 0.4). The product was a

pale yellow solid (0.71 g, 40%). A sample suitable fera crystallographic analysis

was obtained from toluen®P: 101.3 °CH NMR (300 MHz, CDCY) G 7-7.75 @m,

4H), 7.57(d,3un = 7.1 Hz, 1H), 7.577.29 (m, 5H), 7.21 (&I = 7.5 Hz, 1H), 1.21 (d,
3Jup = 18.0 Hz, 9H) ppmBC{*H} NMR (75 MHz, CDCk) i 1 8 12JcAd= 709 #z),

141.8 (dJcp= 31.6 Hz), 140.4 (dlcp= 69.4 Hz), 133.8, 132.3, 132.1, 131.8J¢k= 8.5

Hz), 131.3, 130.9, 129.1 (dsr= 8.9 Hz), 128.7, 127.3, 127.2, 126.7, 126.6, 126.4, 125.3
(d, Jcp= 37.7 Hz), 35.5 (diJcp= 58.1 Hz), 24.6 ppntP{H} NMR (121 MHz, CDC})
U106.3 ppmIR (neat):’ = 2968 (s), 2928 (w), 2864 (s), 2399 (w), 2272 (w), 1538 (s),
1294 (s), 1254 (s), 1205 (s), 1130 (s), 936 (s), 829 (s), 804 (s), 766 (s), 743 (s), 709 (s),
688 (s) crhl. HRMS (ES*) exact mass calcd. forzE21N1P1S: [M+H]* requires m/z
350.1127, foundn/z 350.1130 (0.9 ppm).

2.8.7 3-Phenyk(phenyl-azazirconacyclopenteney1

CN
= )
/Zr © toluene, 80 °C I
%\% N
Zr

Cp,
67 71

Diphenyl zirconocence (1.93 g, 5.13 mmol) was dissolved ufidgrogenin anhydrous
toluene (40 mL) resulting in a yellow transparent solutieayanonaphthalen@®.53 ml,

5.13 mmol) was then added. The resulting brown suspension was heaté@ targDleft

to react overnight. After that period, the reaction was left tol clmwn to room
temperature. The suspension was then filtered through a fritted funnel using a cannula
under dinitrogen, obtaining a yellow solid (0.71 g, 25P)(neat).” = 3292 (w), 1593

(s), 1487 (m), 1280 (m), 1072 (s), 1019 (s), 804 (s), 75695)(H cm?
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2.8.8 3-Phenyk((1-tert-butyl) -1-sulfide-1H-1,2-azaphosphindole)75

i) t-BuPCl,
ii) Sg
| toluene, 110 °C |
.N _N
Zr

RS
Cp, tBu S

7 75

The organophosphorus compoued-butyl dichlorophosphine (0.81 g, 5.13 mmol) was
added to a refliing solution of 3phenyl(phenytazazirconacyclpentene){1) (2.06 g,

5.13 mmol) in anhydrous toluene (50 mL) undiitrogen After 3 hours sulfur (0.32 g,
10.56 mmol) was added to the black mixture which was stirred for another hour during
this time, the reaction was monitored BY? NMR. The mixtue cooled to room
temperature and the solvent was evaporafed. resulting mixture was purified using
column chromatography (petrol/ethyl acetate B ¥ 0.4). The product was a colourless
crystalline solid (0.68 g, 44%). A sample suitable feray crystallographic analysis was
obtained from tolueneMP: 95.0 °C.'H NMR (300 MHz, CDC}) &I  7-7.78 9m, 4H),
7.597.44 (m, 5H), 1.18 (¢Jup= 17.4 Hz, 9H) ppmi3C{*H} NMR (75 MHz, CDC}) U

180 (d,2Jcp= 7.2 Hz),141.5, 140.8, 140.5, 140.2, 134.6)#= 20.0 Hz), 131.9 (dlcp
=32.5Hz), 131.5 (dcp= 9.5 Hz), 129.4 (dJcp= 8.8 Hz), 128.9 (dJcp= 18.3 Hz), 126.3
(d,Jep=11.5 Hz), 35.5 (d'Jcp = 58.8 Hz), 24.5pm,3P{*H} NMR (121 MHz, CDC}$)
0104.6 ppmIR (neat):” = 2970 (s), 2955 (s), 2863 (s), 2650 (W), 2399 (w), 1972 (w),
1531 (s), 1489 (s), 1443 (s), 1360 (s), 1328 (s), 1296 (s), 1153 (s), 1132 (s), 957 (s), 806
(s), 792 (s), 717 (s), 686 EMHRMS (ESI') exact mass calcd. forn@1sN1P1S: [M+H] *
requires m/£350.1127, founan/z 350.1130 (0.9 ppm).

2.8.9 Bis(p-tolyl) zirconocene68
@ 1) 2 eq. p-TolMgBr é?
'\Zr\\\\CI 2) 1,4-Dioxane \ Q/

68

Zirconocene dichloride (1.50 g, 5.13 mmol) was dissolved in a Schlenk flask in THF (15
mL); a solution ofp-tolylmagnesium bromide (3.4 ml, 10.26 mmol) sMhen added
dropwise, resultingn a transparent yellow solution. The solution was left to react for 20
minutes and then anhydrodgoxane (2.6 mL, 30.79 mmol) was added dropwise; the

solution turned into a suspension containing a white solid in a yslwtion.After 15
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hours the solvent was evaporated and the resulting solid was dissolved again using
anhydrous toluene (40 mL). The resulting suspension was then filtereddimittegen
through a fritted funnel, using a cannula. The yellow solution thvea dried under
reduced pressure to give a yellow solid (1.87 g, 964%).150.0 °C!H NMR (400 MHz,

CDCly) 117.21 (d 3341 = 7.3 Hz, 4H), 6.98 (dJnn = 7.3 Hz, 4H), 6.20 (s, 10H), 2.29 (s,

6H) ppm13C{*H} NMR (75 MHz,CDCk)ii 179. 0, 135.9, 4. 8,
IR (neat):’ = 2963 (w), 1723 (w), 1599 (m), 1503 (s), 1278 (s), 1017 (m), 800 () cm

2.8.10 3-Anthracen-9-yl-(p-tolyl-azazirconacyclopenteney2a/b

@ Q/ CN
<o Co =

68

Bis(p-tolyl) zirconocene (1.B g, 4.63 mmol) was dissolved unddmitrogen in
anhydrous toluene (30 mL) resulting in a yellow transparent solutiopaBoanthracene

(0.94 g, 4.63 mmol) was then added. The resulting brown suspension was heat¥il to 80
and left to react overnight. &dr that time the reaction was left to cool down to room
temperature; afterwards, the suspension was filtered through a fritted funnel using a
cannula under dinitrogen, obtaining a brown solid. Pentane was #alties resulting

black solution, forming auspension which was filtered under dinitrogen. The solvent of
the final yellow solution was evagied under dinitrogen and tpeoduct was a yellow

solid (0.25 g, 10%)MP: 136.8 °C*H NMR (400 MHz, CDC$) i 8.57 (s, 1H), 8.49 (d,
3Jun= 6.7 Hz, 1H), 8.33 (FJun= 8.9 Hz, 1H), 8.02.94 (m, 6H), 7.61 (FJun= 8.1 Hz,

2H), 7.537.45 (m, 4H), 6.12 (s, 10H) ppm, 2.31 (s, 1.5H), 2.27 (s,1 56JH} NMR
(75MHz,CDCy)0 179.1, 136.0, 137.8, 134.06, 133
129.4,129.0,128.8,128.4,127.4 127.Q 126.4, 125.9125.7,125.5, 125.3, 112.1, 21.4
21.3ppm.IR (neat):” = 2956 (w), 2195 (s), 1578 (w), 1436 (s), 1056 (s), 711 (s), 702 (s)

cm .
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2.8.11 3-Anthracen-9-yl-((1-tert-butyl) -(4-methyl)-1-sulfide-1H-1,2-
azaphosphindole) 3-Anthracen-9-yl-((1-tert-butyl) -(5-methyl)-1-sulfide-1H-
1,2-azaphosphindole)76a/b

i) -BuPCl,

i) Sg
toluene, 110 °C

The organophosphorus compoued-butyl dichlorophosphine (0.68 g, 4.27 mmol) was
added to a refluxing solution of@thracer9-yl-(p-tolyl-azazirconacyclopentenej2)
(2.19 g, 4.27 mmol) in anhydrous toluene (50 mL) under dinitrof§ier. 3 hours sulfur
(0.27 g, 8.54 mmol) was added to the black mixture which was stirred for another hour
during this time, the reactiowas monitored by'P NMR. The mixture cooled to room
temperature and the solvent was evaporafld. resulting mixture was purified using
column chromatography (petrol/toluene 1= 0.4). The product was a bright yellow
solid (0.65 g, 36%). A samphaiitable for Xray crystallographic analysis was obtained
from tolueneMP: 106.0 °C*H NMR (300 MHz, CDCH i 8 . 4= q.3dHz, 1H),
8.07-7.89 (m, 3H), 7.75 (dJun = 7.3 Hz, 1H), 7.60 (dJun = 7.7 Hz, 1H), 7.477.28 (m,
5H), 7.10 (d3Jus = 7.5Hz, 1H), 2.41 (s, 1.5H), 2.13 (s, 1.5H), 1.43%0p= 3.0 Hz,
4.5H), 1.37 (d3J4p= 3.0 Hz, 4.5H) ppm3C{*H} NMR (75 MHz, CDCh) i 182 . 4
2Jcp= 7.7 Hz), 182.1 (RJcp= 8.5 Hz), 141.2, 140.9, 140.6, 140.5, 137.6, 136.9, 134.2,
133.1, 132.9 (djcp= 8.9 Hz), 131.6, 130.8, 130.0, 129.8%@he= 9.7 Hz), 129.4 (dJwr

= 3.8 Hz), 129.1128.9 (overlapped signals), 128.5, 127.5, 126.84¢5 7.4 Hz), 126.2
(d,Jwp=12.0 Hz), 18.3-125.1 (overlapped signaj)14.2, 35.4 (dJcp= 53.6 Hz) 24.8

21.5 (d,*Jnp= 28.2 Hz)ppm.3P{*H} NMR (121 MHz, CDC$) i107.2, 107.1 ppmR
(neat):’ =2967 (w), 2376 (w), 1577 (w) 1241 (s), 825 (S), 756 (S), 704 (S) &IRMS
(ESI") exact mass calcd. for26H2sN1P1S; [M+H] ™ requires m/z 414.1440, found/z
400.1439 (0.2 ppm).
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2.8.12 3-Anthracen-9-yl-((1-tert-butyl) -1-selenide1H-1,2-azaphosphindole)77

O i) t-BuPCl,
i) KSeCN
O | Q toluene, 110 °C
A\
Zr

P
Cp, t-Bu” \\Se

69 77

The organophosphorus compoued-butyl dichlorophosphine (0.81 g, 5.13 mmol) was
added to a refluxing solution ofahthracerd-yl-(phenylazazirconacyclopentenej9)

(2.56 g, 5.13 mmol) in anhydrous toluene (50 mL) urdiertrogen After 3 hours
potassium selenocyanate (1.48 g, 10.56 mmol) was added to the black mixture which was
stirred for another hour during this time, theaction was monitored b3*P NMR
spectroscopyThe mixture cooled to room temperature and the solvent was evaporated.
The resulting mixture was purified using column chromatography (petrol/tolueni& 1:1,

= 0.4). The product was a brown solid (0.48 g%24A sample suitable for -Xay
crystallographic analysis was obtained from toluene/péiiet. 110.6 °CH NMR (300

MHz, CDCk) Ui 8.57 (s.1H), 8.05 (d3Ju+ = 8.13 Hz, 1H), 8.0Z.89 (m, 3H), 7.6%7.52

(m, 2H), 7.467.38 (m, 3H), 7.35.27 (m, 2H), 6.90d, 3Jun = 8.3 Hz, 1H), 1.41 (FJup

=18.1 Hz, 9H) ppmt3C{*H} NMR (75 MHz, CDCh) i 1 8 2lep2 11(2cHz), 142.7,
142.4, 141.1, 132.2, 132.0 @p= 7.7 Hz),131.9, 131.7,130.8, 130.4, 129:329.1
(overlapped signals), 128.527.7,127.5,1272,126.7,126.5, 125.9, 125.@1,Jcp= 8.9

Hz), 124.9, 35.5 (dJcp = 47.4 Hz), 24.8 ppniP{*H} NMR (121 MHz, CDC#) ti103.0

(s with "’Se satellitestJsep= 749.5 Hz) ppmIR (neat): = 2970 (w), 2394 (w), 2242

(w), 1537 (s), 1359 (s), 1241 (s), 1131 (s), 914 (s), 889 (s), 727 (5)HRMS (ESI")

exact mass calcd. forg23N1P1Se [M+H] * requires m/z 448.0735, foundz 448.0727

(0.1 ppm).

2.8.13 3-Naphth-1-yl-((1-tert-butyl) -1-selenide1H-1,2-azaphosphindole)78

I
P
Zr

Cp2 t-Bu" Se

i) t-BuPCl,
Q ii) KSeCN

toluene, 110 °C

70 78
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The organophosphorus compoued-butyl dichlorophosphine (0.73 g, 4.56 mmol) was
added to a refluxing solution ofr&aphtalenl-yl-(phenytazazirconacyclopentenejQ)

(2.06 g, 4.56 mmol) in anhydrous toluene (50 mL) urdieitrogen After 3 hours
potassium selenocyanate (0.32 g, 10.56 mmol) was added to the black mixture which was
stirred for another hour during this time, the reaction was monitorééPbMMR. The
mixture cooled to room temperature and the solvent evaporgtedresulting mixture

was purified using column chromatography (petrol/toluene F:%, 0.6). The product

was a pale brown solid (0.76 g, 42%). A sample suitable fomyXcrystallographic
analysis was obtained from toluendP: 105.6 °CH NMR (300 MHz, CDC$)ii 7. 95
(d,3Jun = 8.5 Hz, 2H), 7.907.84(m, 2H), 7.64 (d3Jun= 7.3 Hz, 1H, 7.587.51 (m, 2H),
7.497.37 (m, 3H), 7.30 (FJun= 7.5 Hz, 1H, 1.27 (d3Jnp= 18.2 Hz, 9Hppm.13C{H}

NMR (75 MHz, CDCH) i 1 8 12)ce= 1Q.41Hz), 141.9, 141.5, 141.1, 133.8, 132.0
131.7 (overlapped signals), 131.2, 131.0, 129.3, 129.2, 1271&:(1101.3 Hz), 127.4,
126.8, 126.7, 125.5, 124.9, 35.6 {d5p= 48.9 Hz), 24.7 ppn?lP{*H} NMR (121 MHz,
CDCl) 11 101.2 (s with’’Se satellitestJsep= 756.9 Hz) ppmIR (neat):’ = 3665 (w),

2969 (w), 2901 (w), 2222 (w), 1953 (w), 1532 (s), 1295 (s), 1254 (s), 1130 (s), 1066 (s),
935 (s), 803 (s), 774 (s) ¢MHRMS (ESI") exact mass calcd. forE20N1PiSe [M+H]*
requiresm/z 392.0632, foundvz 392.0636 (0.9 ppm).

2.8.14 3-Phenyk((1-tert-butyl) -1-selenide1H-1,2-azaphosphindole)79
i) t-BuPCl,
i) KSeCN
O | toluene, 110 °C
N
Zr

Cp2

7 79

The organophosphorus compoued-butyl dichlorophosphine (0.81 g, 5.13 mmol) was
added ta refluxing solution of henyl(phenylazazirconacyclopentenejl) (2.06 g,

5.13 mmol) in anhydrous toluene (50 mL) undiitrogen After 3 hours sulfur (0.32 g,
10.56 mmol) was added to the black mixture which was stirred for another hour; during
this time, the reaction was monitored 3% NMR spectrecopy The mixture cooled to
room temperature and the solvent evaporakée. resulting mixture was purified using
column chromatography (petrol/ethyl acetate B: ¥, 0.5), and was obtained a cologde
crystalline solid (0.68 g, 44%). A sample suitable feray crystallographic analysis was
obtained from tolueneMP: 95.0 °C.*H NMR (300 MHz, CDC}) i  7-7.78 9m, 4H),
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7.597.44 (m, 5H), 1.18 (dJup= 17.4 Hz, 9H) ppmi3C{IH} NMR (75 MHz, CDC}) i

179.1 (d?Jcp= 8.4 Hz), 141.4, 140.8, 139.3, 139.0, 133.9¢g= 21.7 Hz), 130.8 (dicp

= 13.2 Hz), 130.5 (dlcp= 9.7 Hz), 128.5 (dJcp= 10.5 Hz), 127.9 (dlcp= 30.0 Hz),

125.5 (dJcp= 11.9 Hz), 34.6 (dJep= 50.5 Hz), 23.5pm.3P{tH} NMR (121 MHz,
CDCls) U 104.6 (s with’’Se satellitestJsep= 777.4 Hz) ppmIR (neat):” = 2970 (s),

2955 (s), 2863 (S), 2650 (W), 2399 (W), 1972 (W), 1531 (s), 1489 (s), 1443 (s), 1360 (s),
1328 (s), 1296 (s), 1153 (s), 1132 (s), 957 (s), 806 (s), 792 (s), 717 (s), 68HRMS

(ESI') exact mass calcd. for221N1P1S; [M+H] ™ requires m/z350.1127, foundnwz
350.1130 (0.9 ppm).

2.8.15 N-(Anthracen-9-yl(phenyl)methylene)P-(tert-butyl)phosphonamidothioic
chloride 80

O i) -BuPCl,
i) Sg
O | Q toluene, 80 °C
Zr

69 80

The organophosphorus compoued-butyl dichlorophosphine (0.81 g, 5.13 mmol) was
added to a soluin of 3anthracerd-yl-(phenytazazirconacyclopentenep9) (2.56 g,
5.13 mmol) heated at 8C in anhydrous toluene (50 mL) undénitrogen After 3 hours
sulfur (0.32 g, 10.56 mmol) was added to the black mixture which was stirred for another
hour; during this time, the reaction was monitored¥/NMR. The mixture cooled to
room temperature and the solvent was evapordteel.resulting mixture was puieid
using column chromatography (petrol/toluene Rl 0.6). The product was a bright
yellow solid (0.63 g, 29%). A sample suitable fora§ crystallographic analysis was
obtained from toluenelH NMR (300 MHz, CDCi) U 8.58 (s,1H), 8.0%8.02
(overlaging signals2H), 7.80 (d3Jun = 8.6 Hz, 1H), 7.74 (FJun = 8.4, 2H), 7.597.42
(m, 5H), 7.36 (m, 3H), 1.44 (8xp= 21.6 Hz, 9H) ppm3C{H} NMR (75 MHz, CDC})

U 18 12)ce= 8.2 iz) 138.9, 138.6, 133.7, 131.231.0,130.7, 130.1, 129.8, 129.0
128.9, 128.8128.7 (overlapping signals), 1281£27.6,127.0, 126.6, 126.4, 126.1, 125.5,
125.3, 43.3 (d\Jcp = 85.9 Hz), 24.9pm.3P{*H} NMR (121 MHz, CDC}) t197.4 ppm.
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2.8.16 N-(Anthracen-9-yl(p-tolyl)methylene)-P-(tert-butyl)phosphonamidothioic
chloride / N-(anthracen-9-yl(m-tolyl)methylene)-P-(tert-
butyl)phosphonamidothioic chloride81a/b

i) t-BuPCl,
ii) Sg

toluene, 110 °C

72 81a 81b

The tertiary phosphintert-butyl dichlorophosphine (0.68 g, 4.27 mmol) was added to a
solution of3-anthracefB-yl-(p-tolyl-azazirconacyclopentenej2) (2.19 g, 4.27 mmol)
heated at 80C in anhydrous toluene (50 mL) undéinitrogen After 3 hours sulfur
(0.27 g, 8.54 mmol) was added to the black mixture which was stirred for another hour,
during this time, the reaction was monitored 3% NMR. The mixture cooled to room
temperature and the solvent was evaporafed. resulting mixture was purified using
column chromatography (petrol/toluene 1R= 0.4), which gave a bright yellow solid
(0.65 g,36%). A sample suitable for-kKay crystallographic analysis was obtained from
toluene.!H NMR (300 MHz, CDC$) i 8-8.3 8n, 2H), 7.94.93 (m, 3H), 7.71 (d,
3Jun = 8.4 Hz, 1H), 7.64.60 (m, 1H), 7.54 (FJun = 8.4 Hz, 1H), 7.507.46 (m, 2H),
7.41-7.37 (m, 2H), 7.06 (FJun= 8.0 Hz, 1H), 2.28.20 (m, 3H), 1.35d,3Jup= 22.0 Hz,
9H).*C{*H} NMR (100 MHz,CDC}ui 178 . 3, 138.(37/,183,1132.3 BB1.8,
130.1, 129.7129.7 129.1, 128.6, 127.9, IZ, 127.6127.4,127.3,126.6,126.0,125.4,
125.3, 124.9, 42.1 (dJcp= 90.0 Hz), 23.7, 20.7, 20pbm.3P{H} NMR (121 MHz,
CDCl) 196.7 ppm.
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3 Synthesis of a pyrendbased tridentate phosphine and its

coordination chemistry in complexes of biologial interest

3.1 Primary phosphines on aromatic backbones

The synthesis oprimary phosphines is a task that requires an elevated technical effort
due to their high reactivity towards oxidation in the presence of atmospheric oxygen
(Sectionl.3). Our research group has developed differenstaible phosphines, which

hasallowed the further synthesis of ligands with interesting properties.

3 14b

Figure 3.1 Primary phosphines previously reported by this group.

The chiral primary phosphing® andthe fluorescent aistable phosphin&4b??® were
developed as required intermediates to develop different phosphine analogues. This type
of compound are underdeveloped despite their itapoe in catalytic and biomedical
applications. An example oféke applicationss the use oby the fluorescent phosphine

14b to develop imaging probes containing Re afi#iTc as radionuclide®? The
phosphines presented kigure 3.1 have something in common, both functional groups

are bonded directly to the aryl group. This is important because the effect provided by the
extended ° conj ugat stabiizesthd 1 PH> Qreup Wwacdsnairt i ¢ |
oxidation. Our group decided that it would be interesting to use this knowledge on a
different fluorescent ge. As it was mention in Sectich5.1.1 Polycyclic Aromatic
HydrocarbonsRAHSs) are not only fluorescent bate also capablef intercalating with

DNA giving them biological activity. Therefore, it was decided to use pyrene as the
aromatic backbone of a novel phosphimeorder to keep the intercalating activity of the
pyrene core, it wasecessaryo add an alkyl chain asspacer to avoid any interference

of the new moieties attached to the PAH.
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Figure 3.2 Possible primary phosphines containing pyrene as backbone.

Figure3.2 contains the structures of interést our research. Followingé¢ success with
BODIPYT PH,, we were interested in primary phosphimesitaining arR group with

ot her potenti al bi ol ogi cal (givesistabdity on\ttie al s
1 PHx group. Therefore, knowing that pyrene intercalates PNé& decidedo synthesise

a primary phosphine containing a pyrenyl group as backbbne parent compound
PyrPH 93i s of interest a s2 malecol¢, bug the cammgeiicial b o u !
availability of starting materials, favourgbe synthesisf the alkytchainPyrCH:PH, 94

and Pyr(CH)sPH; 95. Thisallowedus toi nvesti gate the ef-fect
stabilising group on the phosphine-sansitivity. For compound Pyr(CGHPH. 95 the
relatively large separation betwettre aryl and the phosphine gromayfacilitate DNA
intercalation.This feature might be important when incorporatingansition metal of

biomedical importance/significance.

3.2 Quantum chemical calculations

Initial calculations predict that the incorporation of the phosphino group onto a pyrene
backbone would | ead to a SOMOfastébeprimary 1 0 ¢
phosphine.

In order to establish the electronic nature98f 94 and 95 in comparison to other
phosphines, a series of DFT calculations using the B3LYP function wHB1&6 basis

set were employed (theoretical groups have used the same level of theory for modelling
phenylphosphir®® . This showed that phose®ttroones
structural motif possess a HOMO with no significant phosphorus character, they also
demonstrate stability to air oxidatidhlt was anticipated from initial quantum chemical
calculations that the incorporation of a phosphino functional group onto a pyrenyl
skeleton would produce astable primary phosphines. The molecular structur@5of

does not indicate a crowded environmienthe vicinity of the Patom since the pyrene

structure is flat and it is four carbon atoms away from the primary phosphine, thus ruling
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out steric hindrance as a contributor to anysgability and isolating electronics as the

key controlling factor.

e W W

LUMO =-1.8 eV HOMO =-5.5 eV SOMO = -9.9 eV
94

LUMO =-1.6 eV HOMO =-5.3 eV SOMO = -9.4 eV

LUMO =-1.5eV HOMO =-5.2 eV SOMO = -8.6 eV

Figure 3.3 Calculated molecular orbital surfaces from the LUMO, HOMO and SOMO of the
primary phosphines 93-95.

The HOMOs of the neutral molecules @3, 94 and 95 are shown irFigure 3.3. The
compound PyrPKH93 shows a weak phosphorus character in the HOMO and its SOMO
energy is too near to the proposed stability threshbleV. The methylene group used

as a linkein PyrMePH, 94 does not efficiently isolate phosphorus from the HOMO that

is on the pyrene system. On the other hand, the HOMO of Py{EH4 95 do not
incorporate the phosphorus atom and is predominately on the pyrene skeleton. It is
possible to infer from this result that long aliphatic chains attached to a PAH such as
pyrene could lead to more stable phosphinethdrthreecompounds93, 94 and 95, the
SOMO energy is above the stability threshold. Following the pattern discovered in
previous findings/ it is possible to predict that the phosphines Pyr88] PyrCHPH;

94 and Pyr(CH)sPH: 95 will be resistant to air oxidation. However, it wdube
interesting to compare their stabilities since the differences shown in their HOMO and
SOMO energies might also lead to stability differences.

In order to have a better understanding of the effect exerted by the alkyl chain, the SOMO
energies of a ses of pyrenylalkyl phosphines using the B3LYP function with-8 BG*
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basis set were obtained. The results show that long alkyl chains increase the SOMO

energy of the corresponding primary phosphkigyre3.4).
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Figure 3.4 Plot of the SOMO energy of the radical cations fothe pyrene derivatives 9397 and the
primary phosphines 3 and 14h The line indicatesama p par e nt
110 eV; phosphines above or on this line are found to be adtable.

fair stability?o

The calculated SOMO energies of the radical cations for RyEBHPyrCHPH, 94

Pyr(CH)sPH2 95a r e
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threshold. The HOMO of PyrPHO3 and PyrCHPH: 94 shows weak phosphorus
character. On the other hand, the HOMO of Pye)aPH, 95 has nophosphorus
character in it. Thae results could predict a comparatively lower stability towards ai
oxidation for PyrPH93 and PyrCHPH, 94 than for Pyr(CH)4+PH. 95 (Sectionl1.3.1). It

is also important to highlight that comparing the SOMO energy of the reported MOPH
3 and BODPH 14b shows that the novel Pyr(G}JdPH; 95 has a higher value, which

would imply a higher dgree of stability towards aorxidation.

3.3 Synthesis of airstable phosphines pyrendased93-95

After calculating the SOMO for different phosphines with a pyrene backbone, it was clear

that the three proposed phosphines would betable. The synthesis ®yrPH> 93

started with the commercially availableblomopyrene. This approadhvolves the

substitution obromine for a source of phosphorus to produce the corresponding primary

phosphine.
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Aryl radicals, which have a $jhybridization, have been gea¢ed from aryl bromide
precursors under standard thermal azobisisobutyronitrile (AIBB)@SNH conditions.

227 When trapped by trimethyl phosphite, these aryl radicals give dimethyl
arylphosphonates in good yieléfé. Therefore, we decided to reacblomopyrene with
trimethyl phosphite in the presence of -aa6bis(cyclohexanecarbonitrile) (ABCN) n
BusSnH in benzene at 80 °C. After leaving the reaction overnight (the original procedure
reported by Yun was 6 hodfd, the reaction was stopped apdrified using column
chromatography on silica gel. Unfortunately, the starting material was recovered proving
that there was no reaction. A second attempt was carriedtbuhe caalyst palladium(ll)
acetate with the ligand Hgis(diphenylphosphinobutane) (DPPB), these conditions have
been proveto produce aryl phosphonates from aryl bromi#&%he result was the same

afterpurificationusingcolumn chromatography, the starting material was recovered.
ABCN, BusSnH,
Benzene, P(OMe); o
Benzene, 80 °C “ 1!
',D\OMe
98

0
P\OEt
Pd(OAc),, DPPB, Okt

HPO(OEt),
DIPEA DMSO

Figure 3.5 Attempted synthesis of pyrene phosphin@3.

In order to compare the effect exerted by the alkyl chain, a novel primary phosphine was
synthesised with a methylene grouginking the phosphine to the pyrene moiety
Commercially availablel-(bromomethylene)pyren&as usedas the starting material

The first reaction was the synthesis of the phosphah@®eThe *H NMR spectrum
integrates to 9 protons in the aromatic region corresponding to the pyrene bat¢kbone.
addition, a multiplet signal with ehemical shiftbetweent 3.86-3.64 ppmindicatesthe
presence of the three methylene groups in this molecule. Finally, a atiflét42 ppm
proves that the molecule contains two methyl groups corresponding to the ethyl groups
on the phosphonat&he 3P NMR spectrum shows ansg | e t25.%appm wihich is
characteristic of phosphonates. The phosphob@@was finally reduced in order to

produce the primary phosphirgd. The *H NMR spectrum shows that the signals
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corresponding to the ethyl groups of phosphot@téhad disappead In addition, they
show a mud5d ppmthat beloags to the methylene group. It is also possible to
observea doublet of multiplets that integrates to 2 protons and resembles a doublet of
triplets with alJup value of 194.0 Hz. Tése signals must belong to the protons of the
phosphine group. THREC NMR spect r um s1B.0ppmihealkyregiom | e t
with a Jcp value of 12.3 Hz. The only alkyl carbon in phosphédeis the one in the
methylene carbon; therefore, itieasomableto assume that this signal belsrtg the
methylene carbon and its multiplicity is due to its position next to them.

TMSCI, LiAIH, O‘
THF, -78 °C ‘O PH,

100 94

P(OEt)3
145°C

Figure 3.6 Synthetic route followed to obtain the primary phosphined4, which contains a
methylene group as spacer.

Crystal structures appropriate fofry crystallography were obtained for compou&dls
and100 TheP1i C1 bond in PyrCkPhos100has a 1.7937(18) bond length, whereas
the PIC1 bond in PyrCEPH; 94 has a PIC1 1.847(3)A bond length. There are
examples of phosphonates in benzylic positions, for instance, ®tlald®® reported the
compound hexaethyl ((2,4,6trifluorobenzenel,3,8riyl)tris(methylene))tris
(phosphonatef101) whose PC bond lengths are 1.790 A, 1.793 A and 1.788 A. The
Cambridge Structural Databa@SD) does not contain any records of benzylic primary

phosphines to our knowledge.

F

OEt OEt
EtO-p p-OEt
1l 1l
o} o}

F oF
i_OEt
v
OEt

101

Figure 3.7 ((2,4,6trifluorobenzene-1,3,5triyl)tris(methylene))tris (phosphonate) (101)phosphonate
reported by Vilela et al??®
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Figure 3.8 X-ray crystal structure view of 100(50% probability ellipsoids with interesting
phosphorus, oxygen and carbon atoms labelled. Carbon atoms in grey). Hydrogen atoms have been
omitted for clarity. Selected bond distances [A] and angles [°]: PO1 1.4630(13), PilC1 1.7937(18),

P1i O3A 1.579(9) P1i O2B 1.563(11), O3AC20A 1.460(10), C20AC21A 1.471(7), O2BC18B
1.438(12), C18BC19B 1.500(13); OLP1i C1 117.47(8), OLP1i O2A 114.0(9), O1P1i O3A
114.3(11), O1P1i O2B 114.8(12), O3AP1i C1 102.8(5), O2BP1i C1 106.6(10), C20A0O3Ai P1
116.6(10), O3AC20AI C21A 106.7(6), C18BO2Bi P1 122.9(18), O2BC18Bi C19B 106.3(14).

H1lA

Figure 3.9 X-ray crystal structure view of 94 (50% probability ellipsoids with interesting
phosphorus, oxygen and carbon atoms labelled. Carbaatoms in grey). Hydrogen atoms have been
omitted for clarity. Selected bond distances [A] and angles [°]:AT1 1.847(3), C1C2 1.499(4); C2

C1i P1 109.66(19).

For compoun®5, thebutyl group between the pyrene function and the phosphine group
gave SOMOhi gher than 110 eV, whi c h, as pr e\
suggests a threshold for -@itability.

The starting material for the synthetic route was commercially availghbjeeshebutanal,
which undergoes a bromination reaction, resulting insgreghesis of bromidé02 An
Arbuzov reactiof®® with triethyl phosphite gave the ethyl phosphorf8 which was

reduced in order to obtain the final primary phosp®he

96



P(OEt)3
145 °C

Br

“ OH CBI"4, K2CO3, PPh3
99
o}
B TMSCI, LiAIH,
| “OEt THF, -78 °C
OEt ’

103

Figure 3.10 Synthesis of the primary phosphine$5.

Following brominationthe NMR spectra showed that the typical singlet around 2 ppm
foraprotoninatd posi ti on alcomokewasm tonger visible amd a further
analysis by**C{*H} NMR showed that there were no singlets around 60 ppm, the usual
chemical shift for a carbon bound to a terminal alcékolElectrospray mass
spectrometry confirmed the presence of bronii@2 showing an ion, [M+H] at m/z
337.0586.

The bromine atm in compoundL02is an excellent leaving groupndwas replaced by

a phosphonate group using triethyl phosphite as the nucleophil&O{Re} NMR data

of phosphonatd 03 showed a doublet at 25.7 ppm, for which the magnitudéveds
140.9 Hz. Previouseports in the literature show that this is indicative of carbon atoms in
an alpha position relative to the phosphorus &8mproving the formaon of a @ P bond.
Finally, **P{*H} NMR spectra and showed a singlet with a shift of 32.8 ppm, which is

also characteristic for phosphonates.

The reduction of phosphonat®3was carried out in the presence of lithium aluminium
hydride and chlorotrimethyilane, which yielded the primary phosphia®g The work

up of this reaction was performed in air and the compound proved to be air Steble
H NMR spectrum shows a doublet of doublets of doublets, in the range ¢f.23ppm,
with a'Jpn = 194.3 Hz. Tis suggests that there isJan type coupling, as thiSlpnvalue

is very similar to those obtained for the binaphthalene phosplftdena= 203.9 Hz and
pns= 203.9 Hz = 204.8 Haeported by our grouf? The additional splitting is given
by the magnetically inequivalent protons &d H s The similard values of primary
phosphing®5 (1JuxHa= 7.3 Hz andJn x 1 =&/.4 Hz) causes the doublets to be close enough
to overlap, resembling a tripleEifure3.11). The3P{*H} NMR shows a singlet with a
shift of 1 138.1 ppm proving & presence of a primary phosphine.
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Figure 3.11'H NMR spectrum of primary phosphine 95 showing the doublet of doublet of doublets
produced by Hx. The pascal triangle depicts how the similarity betweeflhxHa and thelJux Ha 6
mergesthe two peaks.

Samples o€ompound®5, 102and103suitable for Xray crystallographic analysis were
obtained from the slow evaporation of their dichloromethane solutions. The compounds
allow for thep- p stacking sandwichtype, interactions of pyrerfé* to be maintained

thanks to their flat structas and electronic interactianSompound<95, 102 and 103

seem to have a flat spatial disposition that could fapeprstacking However, their unit

cell packing reveals that they have a head tditaiangemendf which 95 has aherring

b o ntgpe orimtation. Compoundsl02 and 103 are coplanar in a staggered
configuration Figure3.12). The distances for the planes formed by the pyrene moieties
are 3.505(1 for 95, 3.497(1)A for 102and 3.605(1R for 103 The highest value for

103 makes sense since the phosphonate group is the bulkier than the phosphino and the

bromide creating greater repulsion between the two planes.
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Figure 3.12 Left-up: Pack diagram of 95.Left-down: Pack diagram of 102.Right: Pack diagram of
103.Colour legend: grey, carbon; purple, phosphorus; red, bromine.
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Many alkyl bromide crystal structurgg?3°show that the CBr bond length tends to have
a distance of 1.9 A, which correlates to the valuadoim the structure of bromidk02,
1.9545 A.This trendis also seen in other lorghain alkyl bromides. For instance, the
aliphatic @ Br bond length in the is indotE4is 1.949 &*° in the alcoholL05is 1.995
A?*Land the carboxylic acifl06is1.995 A%*? |t is also interesting to highlight thei C
bonda to the carbon bearing the halide atom, lseait is shorter than the rest of the
aliphatic @ C bonds in the butyl chaifrigure3.13). This must be induced by the bromine
atom since it attracts the electroendity from carbon adjacent to it; this creates polarity

in the @ C bond, which makes it shorter than the rest.

Figure 3.14 X-ray crystal structure view of 102 (50% probability ellipsoids with interesting
bromine and carbon atoms labelled. Carbon atoms in grey). Hydrogen atoms have been omitfed
clarity. Selected bond distances [A] and angles [°]: BilC20 1.9545(14), C19C20 1.5087(19), C18

C19 1.5271(18), C1iC18 1.5258(19); BriC20i C19 110.32(10), C20C19i C18 111.95(11), C19
C18/C17 110.48(11).

The analysis of the phosphondt@3 crystal stucture shows that thei® bond has a
1.7803 A bond length. This distance is typical for this type of pentavalent
organophosphorus compound where the phosphonatethe terminal positionof an

alkyl chain?*¥248 for example, Bichlmaier reported ethyl phosphoriig whose GP
bond length is 1.790 Z&°. The electronegativity of phosphorus, 2.2, and carbon, 2.5, is
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not notably different. This means that theGCbond adjacent to th@éi P bond does rio
change in length relative to tka# C bond lengthn other alkyl bromides such Bsomide

102 This is also seen in other alkyl phosphonates that do not contain other functional
groups on the aliphatic chaifr?*® For instance, the i® bond length in the ethyl
phosphonat&08is 1.795 A, whereas €T8 bond length is 1.525 A, €89 bond length

is 1.554 A and C8C12bond length is 1.5312&°

OH
(.F.), or2 COPh
) \OEt EtO //O cs NH
H EtO P~ PN
Et0" ©
107 108

Figure 3.15 Examples of phosphonates reported in the Cambridge Structural Database.

c22

ca23

c24

Figure 3.16 X-ray crystal structure view of 103(50% probability ellipsoids with interesting
phosphorus, oxygen and carbon atoms labelled. Carbon atoms in grey). Hydrogen atoms have been
omitted for clarity. Selected bond distances [A] and angles [°]: PO1 1.5843(12), PilO2

1.5758(13), P1L O3 1.4646(2), C20i P11.7803(15), O1C21 1.4487(19), ORPC23 1.4381(19), C17

C18 1.519(2), C1BC19 1.524(2), C19 C20 1.529(2), C21C22 1.496(2), C2BC24 1.496(2); O1

P1i C20 101.03(7), OrP1i O1 105.58(7), ORP1i C20 100.76(7), OBP1i O1 113.93(7), OBP1i O2

114.30(7), Gi P1i C20 119.28(7), C2101i P1 120.01(10), C2302i P1 124.62(11), CLZC18i C19
113.13(12), C1BC19i C20 110.27(12), CI8C20i P1 116.74(11), O0C21i C22 107.24(13), ORC23i

C24 107.87(14).

The crystal structure of primary phosphBteis a rare example of a crystal structure of a
primary phosphine containing an alkyl group bound to the phospliirtdy) functiori .

Very few examples of these exist as they are often oily compounds with a low molecular
weight!» 11 13, 14. 251, 259 'he Cj P bond length in compoun®5 is 1.850 A, this value is
similar to the few other reported crystal structdfes?® 4 25 252 For instance, in

compound (2-phosphanylethyl)ferrocené (Figure 1.3) the Ci P bond length is 1.884
A_253

100



H1C

Pl

Figure 3.17 X-ray crystal structure view of 95 (50% probability ellipsoids with interesting
phosphorus and carbon atoms labelled. Carbon atoms in grey). Hydrogen atoms have been omitted
for clarity. Selected bond distances [A] and angles [:20i P11.8500(17), C17C18 1.522(2), C18
C19 1.526(2), C18C20 1.523(2); C1vC18i C19 112.26(14), C20C19i C18 112.02(14), C1SC20i P1

117.65(12).

The X-ray structures shawmakeit possible to compare th@i P bond length of the
organophosphorus compour@ 95, 100and 103 showing that this bond is longer in
thephosphine 94 and95 than in the phosphonat@80and103 They also show thdior
the compoundsn which the linker is a methylene group, a dihedral anglereated

between the pyrene plane and @id° plane Figure3.18).

;@ﬁg‘

Figure 3.18 Spatial representation of the measured dihedral anglg formed in 94 and 100,

Compound Experimental Calculated Experimental Calculated
CiP(A)  CiP(A) q(°) q(°)
PyrCH2Phos100 1.7937(18)  1.832 92.7(2) 100.1
PyrCH2PH2 94 1.847(3) 1.901 87.7(3) 99.7
Pyr(CH2)sPhos103 1.7803(15)  1.818 1.4(2) 0.62
Pyr(CH2)4PH2 95 1.8500(17)  1.880 1.2(2) 0.0

Table 3.1 Crystallographic and B3YLP calculated data of compound®4, 95, 100 and 103.
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The DFT calculations obtained through B3YLP (with th&l6* basis) of th€Ci P bond
length and the dihedraingle show similar values. Tigference might béecause the
P-atom does not allow gaucheconfiguration for the methylene analogi#sand100
whereas the butyl analogues haveaah configuration.

3.3.1 NMR experiments to determinethe air stability of PyrCH 2PH2 94 and
Pyr(CH2)4PH2 95
The air stability of novel primary phosphines PyrBH, 94 and Pyr(CH)sPH: 95 was
examined by dissolving a sample (20 mg) of each phosphirtechioroform. The
resulting solution was placed into an NMR tube without a e&ppsing the solution to
atmospheric oxygen and was left in the dark for seven days. In order to allow integration
of the different phosphorus signals within the spectrumtReNMR spectrum was
obtained in proton coupled mode, less NOE effects andamitaxation time of three

seconds between pulses.

The oxidation of primary phosphines leads to different oxidised forms of phosphorus
whose chemical shifts are modewnfield than the phosphine parent. Therefore, it is
possible to obtain the remaining percentage of phosphine in the solution by removing the
integration value of the-Bxide formed signals around4®d ppm from the integration
value of the primary phosphine signal. Thenm@ary phosphine PyrCiPH, 94 was
comparatively less stable towards oxidation ashiswnin Figure3.19. On day seven,

there was 55.1% of the original sample of PysH 95. The results of the integration
show that, for compound Pyr(GHPH. 95, 98.2% of the original amount of phosphine

was still presenat the end of the seven days.
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Figure 3.193'P-'H NMR spectrum of PyrCH 2PH2 94 and Pyr(CH 2)sPH: 95 after seven days in a
solution in d-chloroform.

As was estimated, the butyl derivati98&is more resistant to oxidation than the methyl
analogué®4. Benzylic species are oftenstable so perhaps this explains why PysEH

94 is more unstable than its butyl analogue. This benzylic position in PAH has shown to
form highly stable radicals that are stabilised by low resonance stabilization energies as
described by McMilleret al?>* Figure3.20 shows the percentage of phosphigdsnd

95remaining in solution over the seven days the air oxidation stability test was conducted

Stability Test
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Figure 3.20 Graph showing thepercentage of phosphine®yrCH 2PH2 94 and Pyr(CH2)4PH2 95
remaining over seven days.
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This experiment proved that PyrgPH: 94 is less stable towards axidation than
Pyr(CH)4PH: 95 corroborating the calculations and the model presented in S&#on
These results indicated how stable these primary phosphines are. This opens a new
starting material for the development of compounds with biological activity, not only to
our group but alsdo other research groups interested in developing biological probes

with pyrene.

3.4 Synthesis ofthe pyrene-based ligand109

The novel phosphine95 contains two PH bonds which can undergo a
hydrophosphination for the development of a tridentate phosphineatilez?>°> Such
double addition will yield targetridentate phosphin09. This was to confirm that the
resistance to air oxidation does not interfere with the behaviour of the normally reactive
PiH bonds. A common reaction of a primary phosphine is the hydrophosphination
reaction across a C=C double dareating a tridentate ligand. This type of compound is
important incoordination chemistrand homogeneous catalySfsbecause they do not
readily dissociate from the metal centre due tortbleelating ability and hence confer
kinetic stability on the resulting transition metal complexes. Therefore, it was decided to
treat primary phosphir@swith two equivalents afiphenylvinylphosphine usi g [ Pt
nb)] as a catalyst, to generate thidentate ligand.09 with a 55% yield Figure3.21).

No starting material was recovered from this reaction which sugythedt45% of the
starting material was turned into different unwanted side products. The reaction required
a temperature of 110 °C amdhsleft overnight, in contrast with previous reports from
this group, for which the backbone of the phosphine was ti2iBOprimary phosphine

14b, in that case the requiregactiontime was five day$’

2 eq.7” “PPh,

[Pt(n?nb)s]
toluene, 110 °C

PH,

KPth

109

Figure 3.21 The hydrophosphination of primary phosphine 95 and 2 equivalents of vinyldiphenyl
phosphine.

If the reaction is carried out without any catalyst, after three days of heating unwanted
side products start to form but no presence of the tridepkatgphinecan bedetected
using3P{*H} NMR. This means that the double bond of the vinyldiphenyl phosphine
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cannot interact with the phosphorus atom under these conditions. Hydrophosphination of
primary phosphines can occur in the presence of a radical initiator, base or metal
catalys£>**'Thi s result correlates with Pringle
[ P t-r(b)] catalyst in hydrophosphination reacticf$ 2¢3Future work could investigate

new metal based catalysts to improve tag rof conversion whilst maintaining high

selectivity.

~=12.10
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Figure 3.22 The 3'P{*H} NMR spectrum of tridentate phosphine109in d-chloroform, showing a
characteristic doublet and triplet.

The3'P{*H} NMR spectrum ofL09exhibited a typical AXsystem, producing a doublet

at U0 112.1 ppm for the twoatedwpilwal eartt it g
for the central phosphin@hese signals ar@y a 2:1 ratio, with &Jep coupling constant

of 26.5 Hz(Figure3.22). In the aromatic region ohe'H NMR spectrumthe 9 protons

of the pyrene moiety plus 20 protons that belong to thedenylrings of the tidentate

ligand are visible The multiplicity of these protons is complex; therefore, their
identification was made mainly by comparison of their integrals. The results of the HRMS
analysis of tridentate ligartD9also corroborates thmolecular formulaof the structure
proposed for this compound. Ligarid9 was stored under atmospheric conditions

showing no further oxidation proving that it is more stable than its parent, primary

phosphineds.
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3.4.1 Group 10 coordination chemistry of tridentate phosphinel09

Cis-platin (cisPt(NH3)Cl») is known to have DNAnodifying properties with strong
anticancer potenc$?* This compound is widely used despite its side effects, such as
nephrotoxicity, ototoxicity and allergd?> The limitations of cigplatin opens the
possibility for the development of platinum complexes that overcome those limitations.
Palladium complexes have been also investigated in order to compare their biological
activity with that of their platinum analogs. This improves the understanding of the
mechanism of action of these complex®sThe success of cislatin, led researchers to
investigate and synthesise new métased drugs for experimental oncology. In recent
years new metatomplexes have been identified as a very promising claastibfimor
active compound®’- 268 Nickel has been tested in complexes with ligands that have
shown previous biogical activity in order to modulate their interaction with cancer

cells 269

The aforementioned background knowledge about the transition metals of group 10,
makes them important for research. Therefore, we decided to grake 10 metal
complexes our novel ligarttD9

3.4.1.1 Platinum

Platinum complexes have been widely used as versatile catalysts and anticancéf drugs
272|n 1965, it was discovered that elatysis of platinum electrodes generated a soluble
platinum complex which inhibited binary fission Escherichia colibacterig2’”® The
octahedral platinum(lV) complesis-[PtCla(NHz3)2], but not theransisomer, was found

to be effective at producing this effect in thecrobrganism. Further tests showed that
the square planar platinum(ll) compleis-[PtCl2(NHz)2] 110turned out to be even more
effective?’® This finding led to the observation thitOwas indeed highly effective at
reducingthe mass of sarcomas in rats, which allow for the development of one of the
most popular anticancer drugs used totfagZisplatin interferes with DNA replication
since, in cellular conditions, a chloride ligand is slowly displamgavater giving the a
complex cis-[PtCI(NHs3)2(H20)]*.2"* 27> The newly addedH.O ligand in cis-
[PtCI(NH3)2(H20)]" is itself easily displaced by tiéheterocyclic bases on DNA, which
forms a crosslinked adduct when anotNeneterocyclic base displaces the remaining
chloride ligand?’ 2"5This process interferes with cell division by mitosis, which finally

leads to apoptosis, in some tissues, by a cascade of cell sighZlling.
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Different platinum(ll) complexes have been tested, which stibat there is a strong
relationship between the structural differences and the anticancer activity that the
compounds caexert. This knowledge led to the synthesis of new interesting platinum(II)
complexes that are available on the market, or that are still undergoing trials, as alternative
anticancer drugs, such as carboplatitl, oxaliplatin 112, nedaplatin113 triplatin

tetranitratel 14, among others$’2"°

H
Pt = :E O. NHs
N /NH /N AN
CI/Pt\ 3 O 'NH, N o 5 \I\: /Pti
Cl NH3 o Ha O NHj
110 111 112 113
4+ ®
Cl NH H3N N N ‘
~_ 3 3 % O
LGPV AN G e,
HN™ N7 N SNH, HaNT UNHg [|NOg ~N.__NH;
Hy Hy 4 _Pt_
CI”" “NHj
114 115

Figure 3.23 Platinum based anticancer drugs, compound$10-113are currently in clinical use.
Research on compoung114and 115show promising biological properties.

Although platinum(ll) complexes are the basis of treatment for many camcia,
positive results have been achieved in clinical use. However, it is possible for patients to
develop resistance, reducing the efffefiche drug?®® This has been explained by different
mechanisms including changes in cellular uptake and efflux of the drug, increased
detoxification of the drug, inhibition of apoptosis and increased DNA réfalihe
resistance mechanism opens a niche for the development of new complexes aimed at
improving the efficacy of this kind of drug. Among the variety of platinum(ll) complexes
that have been investigated for antitumor activity, it was found thgeneral, neutral
complexes exhibit activity while charged species tend to be inactive and relatively
nontoxic?®? This is not always the case, however, since there are examples of positively
charged platinum(ll) complexes that exhibit unusual potesanticancer drugs. That is

the case of triplatin tetranitrald 4’° and phenanthriplatih15 (Figure3.23).283

The rovel tridentate ligand09, developed by this group, contains a pyrene moiety which
is an example dPAH. PAHSs are soluble in lipidgnd are capable, when metabolically
activated of interacting with cellular molecules, such as pratend nucleic acid3his

leads them to be considered as indigating carcinogen$*PAHSs can also act as DNA
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intercalators, as was stated in Sectidnl1.11 they are characterized liye insertion of
planar aromatic or heteroaromatic rings between DNA base ?faif® This kind of
interaction leads to the inhibition of topoisomerases | and II, which would eventually
inhibiting the activityof theDNA or RNA polymerases involved in the preses of DNA
replication?®” 288 Therefore, PAHs offea different approach to developing interesting

chemotherapeutic DNA intercalatds?89: 290

In an effort to make a platinum(ll) complex similar to the cisplatin analogues presented
above,109and [PtCh(d* %cod)] were reacted in dichloromethaneaim temperature.
After being washed with hexane to remove the remaining cyclooctadiene 1{FENI(CI]

(116) was produced as a white solid with an excellent yield of H&gu(e3.24).

S)

99 o (I o
PtCl,(n2:n?-cod @
B [PtClo(n"m ) T
DCM, rt |
PPh,

109 116

PPh,

Figure 3.24 Synthesis of the square planar platinum(ll) complex [PtCI(109)][CI] 116.

The3P{*H} NMR spectrum of complex [PtCI09][CI] 116di spl ayed si gnal
ppm for the central phosphorus atom and a
with 1Jppivalues of 2883 and 2538 Hz. These values are common for a phosphorus atom
trans to a chloride and a phosphorus atdmans to arother phosphorus atom

respectivelyf9+293

No phosphorughosphorus coupling was observed, but this is not unexpected for
complexes of this type. Mee&t al. worked on a series of platinupolyphosphine
complexes, which showed coupling constants of <0.8°#Ehe 3'P{*H} NMR signals

for the coordinated phosphineeasignificantly shifted downfield in comparison to the

free ligand, a phenomenon also found for related chelating ligand compi&ég he

magni tude of the change in chemical shif
the size and number ohelate rings containing the phosphorus atft’® For example,

the 3'P{*H} NMR spectrum of the reported compound [PtCl(tripfRig][SnPhaCl3]

showed a signal for the terminaldPt o ms at 0 3 9. 8 -aptporm aftorl té€
ppm, and théJep; values dund were 3015 and 2484 Hz respectivéiFor the central

phosphorus atomtheobsengpdi f r om unchel at €@7.7ppmgwhiochd t o
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is extremely large comparedtothe of t he ter mi nal phosphor
ppm. Thesubstantiad i f f er ence i n @u values for the
phosphorus is due to the central phosphorus being part of twonéugbered chelate

rings2%’

87.1
44,0

—99.0

—75.3
—54.4
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Figure 3.253P{H} NMR spectrum of [PtCI(109][Cl] 116 t he peak at U 87. 1 ppn
centr al phosphorus atom and the peak at U 44.0 p|

The satellites shouldering the main peaks if¥ag'H} NMR spectrum of [PtCI{09)][CI]
1160ccur due to the coupling P with the platinum nucleus. The isotdg#®t consists
of about 33.8% of the atomic content of platinum, with the rest of theapihatisotopes
being NMR inactive. This means that 66.2% of¥ienuclei in the sample do not couple
to any nuclei; whereas 33.8% do couplé%®t, creating the satellite signals which can

be seen around the main peak.

Crystals of [PtCI{09)][CI] 116suitable for Xray crystallographic analysis were obtained

from slow diffusion fiexane/dichloromethahelhe Pt P bond lengthsHigure3.26) are

in the expected rangerfplatinum complexes and compare well to [PtCl(tripRbg][Cl],

where the RtPrerminal bond lengths were 2.312(2), 2.315(2) A and thiePRéra bond

length was 2.207(2) A7 The Pt Peenraibond length is found to be shorter than thie Pt
Prerminal due to the double chelate effect and to the lawaersinfluence of the chlode
compared to the phosphorus atom. The complex has a distorted square planar geometry
at the platinum, which is shown by théR& Cl bond angles of 93.71(5)° (PRt CI1),
175.78(6)° (PRP1i Cl1) and 95.80(5)° (A3t Cl1) and the PPi P bond angles of
84.93(5)° (PLPfi P2), 169.46(5)° (APt P3) and 85.26(5) (4)° (PRt P3). However,
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[PtCI(109][CI] 116is less distorted relative to the ideal square planar geometry than
similar nickel and palladium complexé¥.

Figure 3.26 X-ray crystal structure view of [PtCI(109]CI 116 (50% probability ellipsoids with
interesting chloride, platinum, phosphorusand carbon atoms labelled. Carbon atoms in grey).
Hydrogen atoms have been omitted for clarity: PtiP1 2.3090(12), RtP2 2.312(2), RtP3
2.3057(11), PtCI1 2.3613(10), P1LC13 1.850(5), PPC35 1.820(5), PrC14 1811(5), P3C36
1.857(5); P1Pti P2 84.93(5), PlLPti P3 169.46(5), PPti P3 85.26(5), PILPti Cl1 93.71(5), PRPti
Cl1 175.78(6), PBPti CI1 95.80(5).

3.4.1.2 Palladium

Palladium phosphine complexes are well known to be a useful resource for catalytic
processes whichtilise alkenes as substrates. For example, PdjPPh7 has been used

for creating a CC bonds for synthesising caparratrien, a compound that shows
considerable growth inhibitioin CEM leukemia cell$®® These type of palladium
complexesare widely used for coupling reactions. That is the ¢as¢he complers
(1,1-bis(diphenylphosphin®rrocene) palladium(ll) dichlorid@183° and the buty
containing commx [1,4bis-(diphenylphosphindutane] palladium(ll) dichlorid1930?

Ph,
P

PPh; Ehz ™~

| ~ PdCl,
PhsP—Pd—PPh;  Fe /PdC|2 p/

|
PPh; S —PPh; o2
117 118 119

Figure 3.27 Examples of palladium phosphine complexes used the catalysisof coupling reactions.
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The similarity between the coordination chemistry of palladium(ll) and platinum(ll)
compounds hagncouragedstudies of Pd(ll) complexes as antitumor drugsing
promising results dut the lanthanide contractigf3% It is worth noting that several

Pd complexes have been reported to display favourable cytotoxicity at pH 6.8, a
predominant condition in tunuo cells (the pH of normal cells is 7.#}.Furthermore,
hydrolytic and DNAbinding studies on the Pd(Il) and Pt(ll) complexaghwanticancer
activities showed that the palladium complexes are kinetically labile, produce new
charged species to interact with DNA and bind at a faster rate than the platinum
complexes®However, Pt(Il) complexes are more stable than those of PsiitePd(Il)
compounds exchange ligands*100° times faster than analogous Pt(Il) compounds,
which meanghat Pd(ll) complexes do not reach the targeted ti€8u€5This might be
modified usingigands that provide mosgability to the complex.

One equivalent of the novel tripodal ligad®9 was reacted with the palladium(ll)
precursor [PdCk(PhCN)Y] in dichloromethane for2 hours®®’ which afforded the
palladium(ll) complex [PdCK09)]CI 120 (Figure3.28).

PPh,
PACI,(PhCN),

P —_—

DCM
PPh,

109 120

Figure 3.28 Synthesis of the palladium(ll) complex, [PdCI{09]CI 120.

As depicted irFigure3.28; the three phosphina ligand109coordinate to the palladium,
replacing the labile benzonitrile ligands and a chloride atom. Coordination of the
phosphine groups caused a downfield shift of tR¥{*H}NMR signals. The two
terminal phosphines in the free tridentate ligd0@produce ad ou bl et at 0O 1
and the phosphine in the central P s i t i «
coupling value for these signals is 26.5 Hz. On the other hantdP§iel}NMR spectrum

of complex [PACI{09]CI 120shows a triplet at 115.1 ppnmé a doublet at 47.9 ppm,

whose3Jpp coupling value is 6.3 Hz.
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Figure 3.293P{*H} NMR spectrum of the reaction of PACL(PhCN). and 109in dichloromethane.

Previous reports of phosphines wittpalladium(ll) centre indicate a difference in the
bond length in PPd bond®®31%the central tridentate phosphorus tends to faghorter

Pi Pd bondthan the ones locatezh the sides of the metallic centre. This trend is also
observed on the novel complex [PA@O]ClI 120. A sample suitable for Xay
crystallographic analysis was achieved from a saturated solutiBd@f(109]CI 120in
dichloromethane and hexan&he canplex shows a square planar palladium(ll)
coordination geometry with the following bond lengtRslli CI1 2.3593(7), PdIP1
2.3188(7), PdilP2 2.2175(7) and PdP3 2.3143(7)The angles of the palladium centre
are: P1PdT CI1 94.77(2), PBPdT Cl1 96.60(2), Ri PdL P1 84.06(2) and PPd1 P3
84.06(2). It is noticeable that the angles containing the CI1 atom are slightly wider than
the other two contained in the same plane. The chlorine atom is not significantly bigger
than the phosphorus atdth therebre, the mcreased angles are not due steric
interactiors. The phenyl groups in P1 and RRBda spatiabrrangementhat agproach the
vicinity of chlorine.Hence, theyare more likely tde the factor that increasthese angles
(Figure3.30).
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Figure 3.30 X-ray crystal structure view of [PdCI(109]CI 120(50% probability ellipsoids with
interesting carbon, chlorine,palladium and phosphorus atoms labelled. Carbon atoms in grey).
Hydrogen atoms have been omitted for clarity. Selected bond distances [A] and angles [°]: PE11
2.3593(7), PdLP1 2.3188(7), PdilP2 2.2175(7), PdilP3 2.3143(7); PLPd1i Cl1 94.77(2), PRPd1i
Cl1 175.80(3), PRPd1i P1 84.06(2), PBPd1i CI1 96.60(2), PBPd1i P1 167.74(2), P2Pd1i P3
84.06(2).

3.4.1.3 Nickel

Nickel complexes have mainly been studied for their application in catd§3i&The

most common example of the use of nickel in catalysis is the Raney nickel alloy, which
is used as a catalyst in organic chemistry for the hydrogenation double’bdPidszious
studies in prokaryotic and eukaryotic cells have shownnilc&el isrequirel to produce
certain vital enzymatic activities. For example, the enzyme urease, used for converting
urea in ammonia, requires the presence of nickebrdaer forthe cellto function
correctly®!® On the other hanchickel isknownto bea toxic metal when found in the
human body in high concentratioft§. *2°Various studies show that nickel complexes
have interesting biological properti&®8: 2 Ferrariet al. developed a nickel complex
using ap-fluorobenaldehyde thiosemicarbazone as a ligand, which produced a cell
inhibiting effect invery resistant human cell linesol¢ytotoxic effects were observed
during this procedur&? Notably, most biological studies on this element have been

performed in its compleed form using different thiocarbazones as ligadigi$2324
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To our knowledge, there are no examples of nickel(ll) phosphine complexes with a
fluorescent polyaromatic hydrocarbon moiety. Therefore, one equivaleb®ivas
reacted with the nickel(ll) precursor [NgQby)4] in dichloromethane fo2 hours, which
afforded the nickel(Il) complex [Ni&(py)(109] 121

PPh,
( [NiClx(py)4]

P -

DCM
PPh,

109 121

Figure 3.31 Synthesis of the nickel(ll) complex, [NiC}¥109)] 121

The3P{H} NMR spectrum of the comppmandashow
doubl et ppmwithlirp=54D.5 Hx Both signals are significantly shifted downfield

in comparison with the uncoordinated ligabdS whose doublet comes aii2.2 and

triplet at1 20.6ppm, proving that there was a change in the chemical environment of the
phosphorus atoms. In addition, the presence of no more than two signals indicates that

there was no formation of different structural isomers.

50.08
49.82

—11589

116,14
\115.62

T PP — -

120 110 100 90 80 70 60 50 40
fl (ppm)

Figure 3.323P{H} NMR spectrum of the reaction of [NiClx(py)4] and 109in dichloromethane to
give the proposed compled21

The Xray analysis confirmed that the tridentate ligand displaced three pyridine

molecules as expected. Hoveg, a fourth pyridine molecule wassoeliminated, which
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resulted in the coordination geometry around the nickel atom to be intermediate between
trigonal bipyramida{with Cl1and P2 atoms at the axial sitagd square pyramidétith

a ClI2 atom at thaxial sitg. The Ni1TCl 2 bond, 2. 7749
Ni TCl1 bond. A previous report aboud a si
bond, 2.669 A, indicates that this can be attributed to electronic effeé&Another
interesting feature of this analysis is that R2 and Ni P3 bonds are longer thaniNd(1)

due to the higher trans influence of the phospligands compared to chloride.

Figure 3.33 X-ray crystal structure view of [NiCl2(109)] 121 (50% probability ellipsoids with
interesting carbon, chlorine, phosphorus and nickel atoms labelled. Carbon atoms in grey).

Hydrogen atoms have been omitted for clarity. Selected bond distances [A]and anglesNM]i 17 CI 1
2.2510(7) Nil11Cl2 2.4749(7), Nil1l1P1 2.2176(8),

1.843(2), P2iC14 1.829(3), P2iC35 1.825(3), P3icC
92.51(2), P1iNiliCl2 97.70(2)11®20N(2YCIR21INOLREI
P27T Ni 1T P1 85.61(2), P2iNil1liP3 86.51(2), P37 Ni 1

The CSD contains three examples of pentacoordinated nickel (II) complexes containing
three phosphines and two chlorines as ligands, conpl®®124 (Figure 3.34).3%7 328
These complexes also displayed intermediate geometry between trigonal bipyramidal

with a Cl atom in the axial position and square pyramidal.
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Figure 3.34 Ni(ll) complexes containing phosphines as ligands, the three complexes display an
intermediate geometry between trigonal bipyramidaland square pyramidal

3.4.2 Group 9 coordination chemistry of tridentate phosphinel09

3.4.2.1 Rhodium

Fourcoordinate polydentate phosphine complexes of rhodium have been investigated for
use in catalysi€® and medicineThis is becausthe & electronic configuration mimics

that of the cytotoxic complex cisplatthTherefore we were interested in the coordination

chemistry of ligand.09with the group9 metal.

This reaction was tried using [Rh(nblF2 and [Rh(> %cod)]BF4 as the source of Rh
and reacting them, separately, with the tridentate lig@9dHowever, thé’P{*H} NMR
analysis of both samples showed a mixture of different prodpotéably due to the
formation of different isomers. Finally, [Riff ‘dcod)Clpwas used. The reaction of two
equivalents ofLl09 with one equivalent of [Rlf: #cod)Clk in dichloromethane at

ambient temperature produced the rhodium(l) species [RR(9))(125 as depicted

below.

PPh, PPh,
0.5 eq. [Rh(n%mn?-cod)Cl],
P P—Rh—CI

DCM, rt I
PPh, PPh,

109 125

Figure 3.35 Preparation of rhodium(l) complex [Rh(cod)](109 125

The3'P{*H} NMR spectrum of the RfTriphos complex [RhCI(PhP(CEH,PPR),)] in

CD2Cl> consists of a simple firgirder AMpX splitting pattern producing a doublet of
triplets for the central phosphorus atom and a doublet of doublets for the two magnetically
equivalent terminal P atoms of the PhP¢CH.PPh); ligand3*° This is the same pattern
displayed by the!P{*H} NMR spectrum of125 where the central phosphorus atom

shows a tripletand the two termingdhosphorus atoms display a doublet that resembles
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an AMxX system. Theé'P{*H} NMR spectrum of125 shows a doublet of triplets &t

93.4 ppm with &Jprn= 120.2 Hz, pruing the formation of aiFRh bond with the central

P atom, and &Jpp = 23.0 Hz. This value 0fJprn correlates to the one reported for the
central P atom in thgRhCI(PhP(CHCH:PPh),;)] complex,1Jern = 163 Hz.3% The
spectrum also shows a doubM&i=15HadDhisb | et
value praes the formation of ailRRh bond with the terminal P atoms of the ligand.
Unfortunately 1 was not possible t@btain crystalline material suitable for-rdy
crystallography in order to get more information about the structural arrangement of this

compound.
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Figure 3.36 The 3P{*H} NMR spectrum of [RhCI(109)] 125shawing a AM2X multiplicity pattern.

TheH NMR spectrum of [RhCI(09)] 125does not showhe peaks reported faf: g

cod protons in [Ri? %cod)ClIk,3*! which suggests that the final product does not
contain that moiety. This speatn was measured in a Bruker machined®loAscend

with a 700 MHz magnet in order to improve the definition of the sample since the
spectrometer JEOL ECS with a 400 MHz magnet provpeat definition.

The NMR analysis suggests that the structure of the resulting product is the one depicted
in Figure 3.35 for the complex [Rh(CIX09] 125 where the tridentate liganti09 is

tricoordinated to the Rh atom whicblbsa chlorine ligand.
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3.4.2.2 Iridium

Iridium organonetallic complexes have recently shown promising potential in medicinal
imaging with particular emphasis in fluorescence confocal microscopy using 2
phenylpyridine based ligand¥33** Complex126 was developed by Murphst al33? as

an agent which emission can be reversiblygieifted wherprotonated. Complek27has

been developed as a luminescent compoundsti@isinteresting cytotoxic properties
toward HelLa cell line$*® Research carried out by Meggetsal. afforded the iridium
complex128 which shows dual anticancer activity, () it contains a structural scaffold
for molecular recognition of protein kinases, which results in antiangiogenic properties,
and (Il) it shows visibldight induced anticancer activititfrough the initiation of cellular

apoptosis Figure3.37).3%

N, S
" [ Se=rCH,
= C /N
N™ X N 2 4
=

127 128

Figure 3.37 Iridium comp lexes126-128that have shown interesting biological propertie$3®

Following the interesting results with rhodium, and the aforementioned background
knowledge about the biological applications of iridium(l) complexes, we attempted the
preparation of a fluorescent iridium(l) complex, which may have therapauodicell
imaging applications parallel to the complexes introduced previokislyiak and ce
workers sowed that thecomplex [Ir(cod)(triphosPh)][CI] is formed from reacting
triphosPh and [Ir(cod)CHB. Therefore, wo equivalents ofi09 were therefore reacted
with a DCM solution of [Ir(cod)CH, which led to the formation of [IrC109] 129
(Figure3.38), whosestructure was corroborated througle molecular formula found by
HRMS.
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PPh, PPh;
[IrCI(cod)],
P P—Ir—Cl
DCM, rt
PPh, PPh;
109 129

Figure 3.38 Synthesis of the iridium(l) complex [IrCI(109)][CI] 129.

The3P{*H} NMR spectrum gave an AXspin system{i62.7(t), 27.5(d) ppm (1:2) with

a small®Jep coupling constant 010.6 Hz, these values match those of the iridium(l)
complex [Ir(cod)(triphoPh)][CI3*®well. Unlike the iridium(l}triphos complex reported,

the complex we obtained retained the chloride ligand at the expense of the cyclooctadiene
ligand. Unfortunately, it was not possible to obtain a crystal structure suitableréyr X
analysis. However, characterisation using HRMS allowed us to determine the mass of the
sample. The observed mass for this compound matches the mass of the theoretical isotope
pattern of proposed structut29. The massz value found in the sample was 943.2125
which is the same mass of the protonated form of conf@8xTheH NMR analysis of
complex129was too broad foaccuratenterpretdion.

As mentioned previously, iridium complexes have shown interesting feat.zesfacal
microscopy agent3.herefore, compleg229could be tested in this area.
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Figure 3.393P{H} NMR spectrum of [Ir(Cl)( 109)] 129in d-chloroform, showing the expected
doublet and triplet splitting.
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3.5Photophysical data

After the effective synthesis of the tridentate phosphbfand several transition metal
complexes, it was imperative to determine their photophysical properties in order to
understand how the different metals change the propertig® gfyrene moiety in the
different analogues. Our initial concern was whether the heavy metals or would quench
the fluorescence of the PAH fluorophore, a phenomenon which is well documented,
including in systems where pyrene is the fluoropR&fé?° The three phosphorus atoms

of the tridentate ligan#l09could provoke a similar effectable3.2 shows thebsorption
maxima 6sp9 and emission maximay) of the series of interest showing similar values

to the ones rewded for other propargyl pyrene derivati¥é&slt is possible to observe

t hat t he Ssiotheediferenthconipoundé dpknot experience a considerable
change. The most g« thenramdphotondacay/feom 8:fto Sgpim
addition, fluorophores can decdwydughvibrational levelsresultingin anadditional loss

of excitation energin the form ofheat?® Therefore, the lack of variation in the reported
3 values indicates that the different functional groups and metals do not increase

vibrational effects.

Compound ambs (NM) 2em (NM) Ucm YM)  ga(nm)
Pyr(CH2)aBr 102 342 376 49,000 34
P(O)(OE®)2 103 343 376 51,000 33
Pyr(CH2)sPH295 344 377 64,000 33
Pyr(CH2)aP3 109 344 377 30,000 33
[RhCI(109] 125 342 376 64,000 34
[NICI2(109] 121 342 376 10,000 34
[PACI(109]CI 120 342 376 10,000 34
[PtCI(109]Cl 116 344 377 43,000 33

Table 3.2 Photophysical data for the tridentate phosphinelQ9, its parent compounds and the
complexes formed with it. Measured in degassed tetrahydrofuran at room temperature; dyes were
excited at 0 nm.

Pyrene is a compound that, in solution, forms species known as extiraarsxcimer

is a shodived dimeric or heterodimeric molecule formed from tmolecules, at least
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one of which has electrons that can be promoted to the excited state. This is key, because
the formation of dimeric molecules takes place when the electrons are in the excited
state?’ This kind of phenomenon is quite common for pyrene, and results in fluorescence
quenchingofthesampiT her ef ore, using pyrenerofs a |
the synthesised compounds coulddi¢a inconsistent results, due to the fluorescence
guenching caused by excimer formation. There are studies in which the anthracene
derivative 9,1edi phenyl ant hracene was usotpyreres a
containing compound¥3 Therefore, it was decided to use both pyrene and anthracene as
fluorescence standards in order to compare the results. In order to avoid excimer
formation, it was decided that all the samples should be prepared with an absorption of
0.04 at 317 nm when ung) pyrene athefluorescence standard, since it is known that the
formation of pyrene excimers takes place in solutions with higher concentrations than

this8

Pyrene Anthracene

Figure340Compounds wused as fl uor esc eofthesynthesseddar ds t
compounds®?

The r e svaluesiane gresénted in thable3.3. They show that using pyrene as
the fluorescence stmavauesithad those abtaihet whin usimg h i
anthracene. The formation of pyrene excimers could exfia trend, since they produce

a selfquenching effect, reducing the emission of the sample. Since the values obtained
f or riwarehigber when using pyrene as the standard, we can infer that the formation
of excimers in the synthesised compound®ss Iprevalent than in pyrerihe results

show that the phosphona®{O)(OEt» 103h as t h e r ¢f iallgtieecsntpourids
synthesised in the series. When using THEhasolvent it is possible to find a general

t r end pordgardlebsethe fluorescestt a n d a r d PyR(©)¥QEL) 108> ri
Pyr(CH)4P3 109> rlPyr(CH)4Br 102> rPyr(CH)sPH 95> FINiCl2(109)] 121>
0fRNCI(109] 125> (PtCI(109]Cl 116> HIPdCI(109)]CI 120 On the other hand,

there is no obvious trend when using chloroform as a solvent since it shows an
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inconsistency for compoun@s/r(CH)4Br 102andPyr(CH)4P3 109. Another interesting

feature is the fact that teterahydrofuran
Compound a Fab a Fac 0 Fdb 0 gde
Pyr(CH2)4Br 102 0.39 0.23 0.65 0.45
P(O)(OEt)2 103 0.43 0.27 0.73 0.61
Pyr(CH2)sPH2 95 0.39 0.26 0.49 0.27
Pyr(CH2)4P3 109 0.42 0.21 0.72 0.49
[RhCI(109)] 125 0.11 0.06 0.19 0.11
[NiCl2(109)] 121 0.12 0.09 0.33 0.27
[PACI(109]CI 120  0.01 0.01 0.13 0.09
[PtCI(109)CI 116 0.02 0.02 0.17 0.12

aMeasured in degassed chloroform at room temperdtieasured with respect to pyrene; dyes were
excited at 317 nnf.Measured with respect to anthracene; dyes were excited at 35Maasured in
degassed tetrahydrofuran at room temperature.

Table 3.3 0 r values using different fluorescence standards (pyrene and anthracene) to investigate
the excimer formation effect of pyrene when using it as fluorescence standard.

Typically, the fluorophore has a larger dipole moment in the excited statihén in tle

ground staten). Following excitation the solvent dipoles reorient or relax araund
reducing the energy of the excited state. The effects of solvent polarity are shown in the
diagram belowLess polar solvestcontributeto the vibrational relaxatioto a lesser
extentin comparison with more polar solventhis causs the emission in less polar
solvent to be highef®

Tetrahydrofuran and chloroform have similar polarities, 4.0 andAekefore, the results
shown inTable 3.3 cannot bdully explained by this solventelaxation effectAnother
possible explanation would be the heavy atom effect. Since the magnitude of the nuclear
magnetic field is directly proportional to the nuclear charge and to the atomic number,
spinorbit coupling increases with a higher atomiusnber. This results in an increase in

the rate of radiationless transitions for molecules in the presence of atoms with high

atomic numbers.
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Figure 3.41 Jablonski diagram for fluorescence with solvent relaxation effects included.

When heavy atoms get in close contact to the fluorophore, the rate of intersystem crossing
increases by a spinrbit coupling®** Thus, the decrease of fluorescence$§ can be
explained by an increagethe populatiorof the competing triplet state {$n), which is

a radiationless transition of the fluorophételn addition, Kasha found that fluorescence
guenching of aromatic compounds in solution in the presence of alkyl halides was due to
an increase in spiarbit coupling resulting from collisional or external perturbation due

to interactions with molecules whose atoms have high atomic nuftb@tse nature of

the sol vent robdamedesinge chioioformmighe exeértthe sammenching
effect as that obser ved ribthe Sdlatiens preparddhne r e f
chloroform could be due to the presence of chlorine atoms, with an atomic number, of 17,
higher than any atom in tetrahydrofuran. A similar explanation caiséxtto rationalise

t h e in the transition metal complexes. Previous comparisons have been made of the
luminescent properties of firsbw transitionmetals in macrocycles, which showed that

the nature of the central metal ion influences the gratattabsorption spectra of the

macrocyclé excited singlet and triplet stat&d: 348

The heavy atom effect suggests that high atomimbers of metals in complexes would

r e d u c ervalues Therefaie, the atomic numbers of the metals used for synthesising
the complexes presented in this work (Ni = 28, Rh = 45, Pd = 46, Pt = 78) would suggest
t he f olet o@&iNiQIx(1D9] 21> HRhCI(109] 125> PdCI(109]CI 120

> fiPtCI(109]Cl 116 This trend is correct for Ni and Rh based metdtswvever,for

Pd and Pthe trend is reversedhe same trend @bservedegardless the solvent or the

fluorescent standard used for measgrint h e  ddof tiieesynthesised complexes.
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This experimentally found trend can be observed in the emission speEtgaiia3.42.
It is possible to observe theduction influorescence from the tridentate ligah@9 to
[NiCl2(109] 121 Then [RhCIL09] 125 and [PtCIL09]Cl 116 show quite similar
fluorescence intensitiealbeitthe fluorescence of the Rh compissslightly higher than
that of Pt complex. Finally, the fluorescence intensity of [PAQH]CI 120is the lowest

one of the whole set of complexes.

Another explanation for this lower fluorescence in the metal complexes in comparison
with the free ligand.09 might be the solubility. Téfree ligandL09is extremely soluble

in THF and chloroform. However, in order to solubilise the different complexes, it was
necessaryo us a sonicator bath to dissoltleem thoroughly. The sonication process
might have dispersed small particles thagmhhave reduced the fluorescence due a self
quenching effect?® This could explain the fact that the Pd complex had a lower

fluorescence than the Pt complex despite their atomic numbers.
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Figure 3.42 Emission spectra of the tridentate phosphind09and complexes [RhCIL09)] 125,
[NiCl2(109] 121,[PdCI(109][CI] 120and [PtCI(109][CIl] 116in tetrahydrofuran (excitation at 350
nm) at 25 °C.

T h e -" émission spectrum of monomer pyréfi@nd propargyl pyrene derivativés

show two weHldefined major bands between 370 a® 4m and two shoulders with

lower intensity between 410 nm and 450 nm. These bands and shoulders can be seen in
the emission spectra of the free ligak@ andits related metatomplexes. There is no

sign of hypsochromic or bathochromic shifts; which nsethat the bands awsible at

the same wavelengilas in the pyrene emission spectridfiThe monomed version of
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pyrene i n echdt 893 ant! Birks has sepoded that excimers of pyrene
usually show a signal around 500 Atfivhich is notvisiblein Figure3.42. This suggests

that there was no formation of excimers during the excitation of the complexes.

If these novel complexes are to be used as fluorescent proilsasmportant for them to
display fluorescence. These studies have shown that the complexes are fluorescent, so

next theirbiological properties can be tested.

3.6 Cell studies with[PtCI(109][CI] 116

This section was done in collaboration with the reseapadup of Dr Kogularamanan

(Rama) Suntharalingam at Kingds Coll ege |

Given the similarity in structure of [Pt@IQ9][CI] (116) and platinurracridine agent§?
358 capable of intercalating between DNA base pairs and forming monofunebdwal
adducts, the interaction of [PtCH9][CI] (116) with doublestranded DNA wa

investigated.
o Lo
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Figure 3.43 Examples of different platinum-acridine agents developed as anticancer agents.

In order to determine the DNA affinity constant of [P&DIQ][CI] (116, UV-Vis
spectroscopic studies were carried out with calf thymus DNBKA).3%° Upon addition

of aliquots of DNA (in the mM range) to an aqueous solution of [REZY{[CI] (116

(50 eM), significant spectr al changes (I
strong DNA interactionsHigure3.44).
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Figure 3.44 UV-Vis spectra of [PtCIQA09][CI] (116 (50&e M) wupon addiDNA.on of
The arrows show the hyperchromidty, indicator of strong DNA interactions.

From the change in absorption intensity, the concentrations of the bound and unbound
metal complex were calculated and extrapolated to determine the apparent binding
constant. The binding affinity of [PtQQ9][CI] (116) for ct-DNA was 6.1 x 16M™,

The planarity of the pyrene moiety suggests that the mode of interaction ought to be
intercalativel such interactions result in hypochromicity upon DNA binding. However,

in this case a large hyperchromic effecaswvobserved upon addition of DNA to
[PtCI(109][CI] (116). In contrast, comparison of the LWis spectrum of [PtCI{09)][CI]

(116( 50 e M) i n DMIEI @A 5[0P te M)-DN& (10 dyuivalénts)

in aqueous buffer, revealed a hypochromicafeeecompanied by a red shift, indicative

of intercalation Figure3.45).

3.0+
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—— ASC1in DMSO
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Figure 3.45UV-Vis spectra of [PtCIQ109][CI] (116§ or ASC1 (50 €M) in DMSC
[PICI(109][CI] (116§ or ASC1 ( 5DINA goveguivelents)hin agueous buffer (black).
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Collectively, the data implies that the complsalfaggregates in aqueous solutions,
yielding a lower absorbanad the complex in the absence of DNAthis explains the
hyperchromicity observed iRigure3.44. Upon DNA binding, the [PtC109][CI] (116
aggregates are thought disperse (increases absorption) before binding to DNA
intercalatively. To confirm intercalation, the ethidium bromide displacement’d%sag
performed. Upon addition of [PtAQ9][CI] (116) to a solution of eDNA and ethidium
bromide (1:20 ratio), then@ission associated to the ethidium bromiZNA complex
(originating from the intercalation of ethidium bromide between DNA base pairs)
decreasedHigure3.46), showingthat [PtCIL09][CI] (116) is able to displace ethidium
bromide from DNA.

500
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300

Intensity/ a.u.

200
100

0 T M T T M T . 1
550 600 650 700 750
Wavelength/ nm

Figure 346Emi ssi on spectra for et hi d-DNAML:20 atoyupode ( 20 ¢
addition of aliquots of ct DNA.

This result confirms tha{PtCI(109][CI] (116) is able to interact with DNA in an
intercalative manner (most likelyia the pyrene moiety). To assess the ability of
[PtCI(109][CI] (116 to form irreversible covalent interactions with DNAig the
platinumphasphine moiety), the dDNA precipitation assay was carried outDitIA
and [PtCIL09)][CI] (116 were incubated (5:1 ratio) at 8C in aqueous buffer and, at
certain timepoints, ctDNA was selectively precipitated. The amount of unbound

complex was detarined by measuring the UVis absorption of the supernatakidqure

3.47).
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Figure 3.47 Percentage unbound [PtCIL09][CI] (116 or ASC1 (25 e&M) at vario
exposure of dcDNA (250 e M) .

The absorption intensity of the supernatant decresgaohentiallywith time, suggestive
of covalent binding to DNA. Around half of the available [P10)][CI] (116) bound to
DNA within 90 min. Overall, the biophysical data suggests that [PEO[[CI] (116
binds to DNA in duaimode manner, intercalativelyié the pyrene moiety) and

covalently yia the platinuraphosphine unit).

Metal complexes that show high aftyi for DNA, often display promising
antiproliferative properties. Thus, the cytotoxicity of [PHXOI9][CI] (116) toward bone
osteosarcoma (U20S) and transformed mammary cancer (HMLER) cells was determined
using the colourimetric MTT assay. Cisplatin, anicllly administered platinum
containing anticancer drug, was used as a positive control. Thevéles (the
concentration required to reduce cell viability by 50%) were derived fromrdspense

curves Figure3.48 andFigure3.49) and are summarised Trable3.4.
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Figure 3.48 Average doseresponse curves for the treatment of bone osteosarcoma (U20S) cells
with [PtCI( 109][CI] (116) or ASC1 (n = 18 for each point).
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Figure 3.49 Average doseresponse curves for the treatment of transformed mammary cancer
(HMLER) cells with [PtCI(109)][CI] (116) or ASC1 (n = 18 for each point).

The novel platinum(ll) complef16, displayed micromolar potency tewds both cell

lines, to a similar or better degree than cisplatin. Given the promising antiproliferative

data, further in vitro studies are now planned to decipher the mechanism of action of

[PtCI(109][CI] (116). The intercalating abilityof the fluoresent pyrene functiorof

complex116, shouldcall into questiorits cell cytotoxic mechanism. Emechanisnior

[PtCI(109][CI] (116) could be different from the mechanism of cisplatin since the

popular anticancer drug cannot undergo DNA intercalation. Furthermoee,

modifications to the pyrene and/or platimyphosphine backbones, we hope to develop

more potent agents.

Compound U20S ICso[ & ] HMLER IC so[ € ]
116 29.97 + 3.09 1.62+0.18
Cisplatin 20.35+0.11 2.79+£0.18

Table 3.4 ICso values of thecomplex116and cisplatin against bone osteosarcoma (U20S) and
transformed mammary cancer (HMLER) cells.® Determined after 72 h incubation (mean of three
independent experiments + SD).
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3.7 Summary

By employing pyrene as a remote stability function, the novebkae primary
phosphine PyrCHPH; 94 and Pyr(CH)sPH: 95 was prepared. This astability is
consistent with that predicted theoretically by a Bd@sed model. According to the
calculations obtained, the addition of an alkyl linker group between the pyrene group and
the phosphine group would provide a SOMO gngr above 110 eV, whioc
threshold for aistable phosphines, in line with our previous reptr@nce attained, the
stability of the primary phosphise5 was compared to that of the primary pyrene
methylene phosphin@4. The stability othe phosphine containing a butyl group as the

alkyl linker, 95, was higher than its pyrene methylene anal®@gue/hen left in a solution

in chloroform under atmospheric conditions. The result showed that after 7 days in
solution, 1.8% of a sample of P@if»)sPH. 95 was oxidized, compared to 44.9% for
PyrCHPH, 93. DFT calculations based on the B3LYP function with-316&* basis set
showed that the SOMO value of the pyrene methylene phosphines 1 9cloder te V
the threshold val uSOMQValueicdldulated Yor pyrermutyln  t h €
phosphin@5( 1 8. 6 eV). As e xp La]araidal catom geriemated i n
from a more stable orbital will & more reactive than an analogue with a higher
HOMO/LUMO, andis thereforemore likely to oxidize. However, with a value i®.4

eV we wouldi according to the modéel expect airstability for 94 which is not observed

under the used conditionEhis requires further investigation. The air stability of primary
phosphinePyr(CH)4PH: 95 does not interfere with its reactivity; the tridentate ligand

109 was thus fruitfully synthesisedia a double hydrophosphination reaction of the
primary phosphia95withvi nyl di phenyl phosph%nbgasan t h
catalyst. This suggests that the novel primary phos@brean be used as the starting
material for a range of different compounds, adhé bonds are highly reactive and can

be eady functionalisec®* Subsequent complexation reactionsL6® with group 9 and

10 metals produced interesting complexes, whose photophysical properties were tested
proving that the fluorescence of fsomplexessn ot q u e n crhadues.ofthEh e G
complexes obtained were lower in comparison with the free lig@8dnostly likelydue

to the heavy atom effect. It is also possible to see that the atomic number did not determine
t h etread of the complexes since the Pd complex has @ lowthanthe Pt complex.

Ni and Rh complexes followed the expected trend. One of the complexes obtained from

thegroup 10 metals study has particularly interesting properties. Complex]@3PGI
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116is an interesting alternative to the wktiown cis[PtClo(NH3)2] 110, a compound
commonly used for treating various types of café&fhe DNA affinity of the novel
platinum(ll) complex116 has been tested due to its similarity to different platihum
acridine compounds, these agents have shown interesting biological deti¥AfyThe
UV-Vis spectrum of a solution of the novel platinum(ll) complé6with DNA showed

that the complex interacted with DNAhe reduction of thé*-" absorption bandsf its
spectrum provided the main proof of an interaction. Further tests in cells made it possible
to compare the potency of our complex against the de{tClo(NH3)2] 110 The novel
platinum(ll) complex proved potent against bone osteosarcoma (U20S) and transformed
mammary cancer (HMLER) cells to a similar or higher degree than cisplatin. Further
research on the mechanism of action of compdiir&bn these cancer cells maljjow

us to improve upon its biological activity.

3.8 Experimental

3.8.1 General Procedure

All air- and/or wateisensitive reactions were performed undeiratrogenatmosphere

using standard Schlenk line techniques. Tetrahydrofuran and toluene were dried over
sodum/benzophenone and sodium respectively, dichloromethane was dried over calcium
hydride; all solvents were distilled prior to use. All starting materials were purchased
from Aldrich, Acros Organics, Alfa Aesar or Strem and used as received. Compounds
PyrCHzPhos 1003 Pyr(CH)4Br 10232 and Pyr(CH)sPhos 103*%° were prepared
according to literature procedures. Flash chromatography was performed on silica gel
from Fluorochem (silica gel, 463u, 60A). Thinlayer chromatography was carriedto

on Fisher aluminiunbased plates with silica gel and fluorescent indicator (254 nm).
Melting points were determined in open glass capillary tubes on a Stuart SMP3 melting
point apparatustH, **C{*H} and *'P{*H} NMR spectra were recorded on a JEOL
Lambca 500 {H 500.16 MHz) or JEOL EG800 (¢H 399.78 MHz) spectrometer at room
temperature (21°C}H and®3C shifts were relative to tetramethylsilad&® relative to

80% HPQu. Infrared spectra were recorded on a Varian 800RF$pectrometerUV-

Vis absorption and emission spectra were recorded on al800 Shimadzu
spectrophotometer and K000 Shimadzu spectrofluorometer respectivélyass
spectrometry was carried out by the EPSRC National Mass Spectrometry Service Centre,

Swansea.
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3.8.2 Diethyl 1-pyrenylmethylene phosphonate00

P(OEt);
145 °C

1-(Bromomethyl)pyrene (0.33 g, 1.12 mmol) was placed in a Schlenk flask, then
dissolved in P(OE$)(3 mL) under dinitrogen. The mixture was heated to 145 °C and was
left to react for 1.5 hours. Ereaction was monitored by TLC and, once complete, the
reaction was left to cool room temperature and the solvent was then evaporated. The
resulting crude material was purified using column chromatography (ethyl
acetate/petroleum ether 1:1, Rf = 0.3). Phaduct was a light brown solid (0.25 g, 63%).

A sample suitable for Xay crystallographic analysis was obtained from chlorofddi:
76.1°CHNMR ( 300 MHz, CDE&Hhu3p.3Hiz, 18), 7192 (Flud= 2.3

Hz, 1H), 7.97 (d3Jun = 2.3 Hz, 1H) 7.957.90 (m, 2H), 7.877.77 (m, 4H), 3.88.64 (m,

6H), 1.00 (t,3Jun = 7.0 Hz, 6H) ppm3C{*H} NMR (75 MHz,CDC}) &4 131. 3,
130.5, 129.3 (dJcp= 6.5 Hz), 128.8 (dJcp= 6.5 Hz), 127.6, 127.4, 127.2, 126.0, 125.8,
125.7 (d,Jcp = 6.5 Hz), 125.2, 125.0, 124.8, 124.7, 123.8, 62.3%sh= 7.1 Hz), 31.5

(d, YJcp = 138.5 Hz), 16.4 (FJcp = 5.8 Hz) ppm3P{*H} NMR (121 MHz, CDC}) U
25.9 ppm.

3.8.3 1-Pyrenylmethylene phosphined4

TMSCI, LiAlH,4
THF, -78 °C

Chlorotrimethylsilane(0.23 g, 2.13 mmol) was placed in a flask and dissolved in
anhydrous THF (6 mL). The solution was cooled in a dry ice bath. A suspension of
LiAIH 4 (0.08 g, 2.13 mmol) in anhydrous THF (2 ml) was then added dropwise. The
solution was taken out of the dmgei bath. In another flask, diethypyrenylmethylene
phosphonatelQ0) (0.25 g, 0.71 mmol) was dissolved in anhydrous THF (5 mL), giving

a transparent solution. The phosphorE26 solution, in the second flask, was added
dropwise into the flask contairgrthe reducing solution, using a dry ice bath to reduce
the temperature to 178 AC. The reac3ion

hours and was quenched by adding water dropwise (1 mL). The mixture was then
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extracted with DCM (20 mL x 3). Pification using column chromatography on silica

gel (petrol,R = 0.8 yielded a whiteyellowish solid (0.11 g, 62%A sample suitable for
X-ray crystallographic analysis was obtained from the saturated solution of the compound
dissolved in dichloromethane cooled in an ice bstR: 95.6 °C.*H NMR (300 MHz,
CDCl) i 8.14 (d3Jun= 9.4 Hz, 1H), 8.10 (¢Jun = 2.7 Hz,1H), 8.08 (d3Jun = 2.7 Hz,

1H), 8.05 (d3JuH = 7.2 Hz, 1H), 8.02 (dJn+= 5.7 Hz, 1H), 7.9.88 (m3H), 7.79 (d,

3Jun = 8.3 Hz, 1H), 3.54 (m, 2H), 3.12 (2H) ppm,3C{*H} NMR (100 MHz, CDC4)

a 137. 1, 131. 5, 131. 0,6,12625912600, 125142%23, 185,1, 1 2 7 .
125.0, 124.8, 123,29.0(d, YJcp= 12.3 Hz)*'P{H} NMR (121 MHz, CDC$) i1 121.3

ppm.
3.8.4 1-(4-Bromobutyl)-pyrene 102

OH CBr4, K2CO3, PPh3
DCM, rt

1-(Butan4-ol)-pyrene(0.20 g, 0.73 mmol, 1 eq.) was dissolved in DCM (15 mL) forming

a yellow suspension which was placed in an ice bath; tetrabromomethane (0.32 g, 0.91
mmol, 1.25 eq.) and #C0z (0.15 g, 1.5 eq.) were then added to the solution forming a
white suspension. Pe(0.24 g, 0.91 mmol, 1.25 eq.) was dissolved in DCM (5 mL). The
resulting transparent solution was then added dropwise to the suspension containing the
mixture with t(butan4-ol)-pyrene while this was still in the ice bath. The mixture was
then left towarm to room temperature and reacted di&hours. After that period the
solvent was evaporated under reduced presdure. compound was purified using
column chromatography on silica gel (hexane/ethyl acetatdR8=10.5) resulting in a

pale yellow solid(0.18 g, 75%)A sample suitable for Xay crystallographic analysis

was obtained from dichloromethaméP : 77-80 °C.*H NMR (400 MHz, CDC}) 1i8.26

(d,3un = 9.0 Hz, 1H), 8.17 (FJun = 2.7 Hz, 1H), 8.15 (FJun = 2.7 Hz, 1H), 8.11 (d,
3J4n=9.0 Hz, 2H), 8.05.96 (m, 3H), 7.85 (FJnn= 7.9 Hz, 1H,), 3.46 (8Jun= 6.3 Hz,

2H), 3.37 (t3Jun = 7.1 Hz, 2H), 2.02 (miH) ppm.23C{*H} NMR (100 MHz, CDC}) u

136.1, 131.5, 131.0, 130.0, 128.7, 127.6, 127.5, 12288, 125.9, 125.2, 125.1, 125.0,
124.9, 124.8 123.3, 33.7, 32.8, 32.7, 3p&.IR (neat):” = 3044 (w), 2941 (w), 2868

(w), 1464 (s), 1193 (s), 838 (s), 709 (s), 652 (s)’cHRMS (ESI") exact mass calcd.

for CooH18Br1 [M+H] * requires m/z 337.0586, foumaz 337.0582 (1.2 ppm).
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3.8.5 Diethyl (4-(pyren-1-yl)butyl)phosphonate 103

P(OEt);3
145 °C

103

1-(4-Bromobutyl}pyrene102 (0.34 g, 1.01 mmol) was placed in a Schlenk flask, was
then dissolved in P(OEt4 mL) undedinitrogen The mixture was heated to 145 and

was left to react for 1.5 hours. The reaction was monitored by TLC and, once complete,
the reaction was left to cool to room temperature; the solvent was then evaporated. The
resulting crude material was fied using column chromatography (ethyl acet&es

0.4). The product was a pale yellow solid (0.25 g, 63%). A sample suitablerfoy X
crystallographic analysis was obtained from dichloromethlife.79-82 °C.1H NMR

(400 MHz, CDC}) 1i8.08 (d3Jun=9.0 Hz, 1H), 8.04 (FJun = 2.5 Hz, 1H), 8.02 (dJun
=2.5Hz, 1H), 7.96 (3Jun= 4.5 Hz, 1H), 7.94 (3= 5.6 Hz, 1H), 7.927.85 (m, 3H),

7.68 (d3Jun= 8.0 Hz, 1H), 4.08.97 (m, 4H), 3.19 (8Jun= 7.5 Hz, 2H), 1.88..66 (m,

6H), 1.25 (t3Jun = 6.5 Hz, 6H) ppm3C{*H} NMR (100 MHz,CDC§)i 136. 3, 13
131.0, 129.9, 128.6, 127.6, 127.3, 127.3, 126.7, 125.9, 125.2, 125.1, 125.0, 124.9, 124.8,
123.3, 61.5 (d?Jcp = 6.2 Hz), 33.2, 32.8 (dJcp = 16.3 Hz), 25.7 (d"Jcp = 140.9 Hz),

22.7 (d 2Jcp= 5.1 Hz), 16.6 (FJcp= 6.3 Hz)ppm.3P{*H} NMR (162 MHz, CDC}) i

32.8 ppm.IR (neat):” = 3045 (w), 2981 (w), 2883 (w), 2360 (w), 1602 (s), 1253 (s),
1229 (s), 1058 (s), 1018 (s), 955 (s), 842 (s), 708 (¥.¢4RMS (ESI') exact mass
calcd.for CoaH2803P1 [M+H] " requires m/z 395.1771, foumdz 395.1768 (1.5 ppm).

3.8.6 4-(Pyren-1-yl)butylphosphine 95

TMSCI, LiAlH,
THF, -78 °C

Chlorotrimethylsilane (0.17 g, 1.59 mmol) was placed in a Schlenk flask and dissolved
in anhydrous THF (6 mL). The Schlenk flask was cooled in a dry ice baff8teC. A
suspension of LiAlE(0.06 g, 1.59 mmol) in anhydrous THF (2 ml) was then added
dropwise. The solution was taken out of the dry ice bath and allowed to warm to room
temperature. In another flask, diethyt(@yren1-yl)butyl)phosphonatelQ3 (0.21 g,

0.53 mmol) was dissolved in anhydrous THF (5 mL), giving a transparent solution. The
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phoghonate103 solution, in the second flask, was added dropwise into the flask
containing the chlorotrimethylsilane solution using a dry ice bath to reduce the
temperature to 1778 AC. The r eac8hoasand hen
was queached by adding water dropwise (1 mL). The mixture was then extracted with
DCM (20 mL x 3). Purification using column chromatography on silica gel (ethyl
acetatgdetroleum ethed:7, Rr = 0.6 yielded a white solid (0.13 g, 70%A sample
suitable for Xray crystallographic analysis was obtained from dichloromethistie.

89.9 °C.!H NMR (400 MHz, CDC}) 1 8.26 (d2Jun = 9.3 Hz, 1H), 8.16 (FJun= 2.5

Hz, 1H), 8.14 (d3Jwn = 2.5 Hz, 1H), 8.11 (dJun = 1.8 Hz, 1H), 8.09 (dJun = 3.5 Hz,

1H), 8.047.96(m,3H), 7.85 (d3Jun= 8.0 Hz, 1H), 3.33 (dJun= 7.9 Hz, 2H), 2.69 (ddd,
3Jharx = 7.4 Hz3n a 6 Fx7.3 HzXJup= 194.3 Hz, 2H), 1.94..88 (m, 2H), 1.78..65 (m,

2H), 1.631.52 (m, 2H) ppm3C{'H} NMR (100 MHz, CDC}§) i 136. 8, 131. 5
129.9,128.7, 127.6, 127.3, 126.9, 126.7, 125.9, 125.2, 125.1, 125.0, 124.9, 124.8, 123.5,
33.3, 33.1, 33.8 (dlcp= 5.8 Hz), 13.8 (dJcp= 7.5 Hz) ppm3P{!H} NMR (162 MHz,

CDCl) ti1138.1 ppmlIR (neat):” = 3044 (w), 2923 (w), 2855 (w), 2298 (s), 840 (s),

710 (s) cm'. HRMS (ESI") exact mass calcd. for220P1 [M+H]* requires m/z
291.1297, founan/z 291.1298 (0.3 ppm).

3.8.7 4-(Pyren-1-yl)butyl -P-bis-(2-ethyldiphenylphosphino)phosphine109

fPth

P

kF>F>h2

2 Z >PPh,

[Pt(n-nb)s]
toluene, 110 °C

PH,

109

4-(Pyrenl-yl)butylphosphin®5(0.42 g, 1.45 mmol) was dissolved in anhydrous toluene
(20 mL). To this vinyldiphenyl?np&Ga7h,i ne
0.15 mmol) were added, in that order. The reaction was stirred at refR&tours under
dinitrogen On completion of the reaction, the volatiles were remavedcuoleaving a

brown solid. Purification was performed bycolumn chromatographyn silica gel
(hexane/dichloromethane 1®;= 0.6) to produce a white powder (0.56 g, 55%P:

94.9 °C.'H NMR (400 MHz, CDC$) 11 8.15 (d2Jun = 9.3 Hz, 1H), 8.09 (FJun= 7.6

Hz, 2H), 8.01 (d®Jun = 4.4 Hz, 1H), 7.99 (dJnn = 3.0 Hz, 1H), 7.94.88 (m, 3H), 7.74
(d,3Jun = 7.6 Hz, 1H), 7.327.19 (m20H), 3.21 (t3Jun = 7.5 Hz, 2H), 2.02..90 (mAH),
1.851.73 (m2H), 1.481.34 (m8H) ppm.13C{*H} NMR (100 MHz, CDC})tii 138 . 4 (
Jep= 3.0 Hz), 138.2 (dJcp= 3.0 Hz), 136.7, 132.9 (d¢p= 5.0 Hz), 132.6 (dJcp= 5.0
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Hz), 131.5, 130.9, 128.7128.6128.3 (overlapping signals), 127.6, 127.2, 126.6, 125.8,
125.1 125.0,(d,Jcp= 3.6 Hz),124.9,124.8 124.7, 123.4, 33.5 (dcp= 10.6 Hz), 33.3,
26.3, 26.1, 25.9 (dcp= 13.0 Hz), 22.8 (djcp= 134.0 Hz)ppm.3P{H} NMR (162

MHz, CDCk) tiT 12.2(d,3Jpp= 26.5 Hz),1 20.6 (t,3Jrp= 26.5 Hz)ppm.IR (neat):’ =

3044 (w), 2933 (w), 2360 (w), 1434 (s), 836 (s), 736 (s), 693 (5). ¢hRMS (ESI")

exact mass calcd. forsgH4eP1 [M+H] * requires m/z 715.2807, foumdz 715.2806 (1.5
ppm).

3.8.8 [PtCI(109][Cl] 116
4-(Pyrenl-yl)butyl-P-bis-(2-ethyldiphenylphosphino)phosphinel09 (0.13 g, 0.18
mmol) was dissolved in anhydrous dichloromethane (1.5 mL) and added to a stirred
solution of [PtC4(d% %cod)] (0.07 g, 0.18 mmol) in anhydrous dichloromethane (1.5
mL). The mixture was stirred at room temperature2fopurs and the solvent removed.
The solid was washed with hexane (3 x 5 mL) and dniedcuo(0.13 g, 72%)A sample
suitable forX-ray crystallographic analysis was obtained from hexane/dichloromethane.
'H NMR (400 MHz, CDCH) i 8 . 3@y = 2.3I1Hz, 1H), 8.07 (FIun = 2.3 Hz, 1H),
8.057.88 (m, 7H), 7.7%.63 (m, 4H), 7.6%7.51 (m, 4H), 7.45.18 (m,12H), 3.63.37

(m, 2H), 3.6 (t,3Jun = 7.3 Hz, 2H), 2.62.24 (m, 6H), 2.08..72 (M, 4H), 1.6A..47 (m,

2H) ppm.23C{*H} NMR (126 MHz, CDC}§) i 1 3 5. 4328,132.3,122.0, 1314,
130.9, 129.9, 129,829.4,129.3 129.2 128.5, 127.5, 127.2, 126.8, 125.9, 128219,

123.2 32.6, 32.5, 29.7, 27.0, 26.9, 25.9 pptP{*H} NMR (121 MHz,CDC}) 4 87 . 1
(YJppi= 2883.8 Hz, 1P), 44.GJpri= 2538.1 Hz, 2P) ppmR (neat): = 3049 (w), 2914

(w), 2360 (w), 1596 (m), 1433 (s), 1103 (m), 838 (m), 756 ($}.d4RMS (ESI*) calcd.

for CagHasCl1iPsPt [M] * requires m/z 939.2016, foumaz 939.2002 (0.1 ppm).

3.8.9 [PdCI(109)][CI] 120
4-(Pyrenl-yl)butyl-P-bis-(2-ethyldiphenylphosphino)phosphinel09) (0.05 g, 0.07
mmol) was dissolved in anhydrous dichloromethane (1.5 mL) and added toed stir
solution of [PACGI(PhCN}Y] (0.03 g, 0.07 mmol) in anhydrous dichloromethane (1.5 mL).
The mixture was stirred at room temperatureZdwurs and the solvent removed. The
solid was washed with hexane (3 x 5 mL) and diedacuo(0.04 g, 64%)A sampk
suitable for Xray crystallographic analysis was obtained from hexane/dichloromethane.
H NMR (400 MHz, CDC$) i 8 . Q)@= 8.4lHz, 1H), 8.07 (PJun = 3.4 Hz, 1H),

8.03 (d,2Jun= 9.5 Hz, 1H), 7.98 (FJun= 9.5 Hz, 1H), 7.95.89 (m, 5H),7.71-7.64 (m,

4H), 7.637.57 (m, 4H), 7.47.37 (m, 2H), 7.34.27 (m, 6H), 7.24.20 (m, 4H), 3.68
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3.46 (M, 2H), 3.07 (8Juu = 7.2 Hz, 2H), 2.68.54 (m, 2H), 2.5@.37 (m, 4H), 1.88

1.77 (m, 2H), 1.64.51 (m, 2H) 0.80.75 (m, 2H) ppm3C{*H} NMR (126 MHz,
CDCk) i 13 4. -331.8 (0@applhg signals), 131.1, 130.4, 129.9, 128.9, 128.4
128.3 (overlapping signals), 127.7, 127.5,127.2,127.0, 126.5, 126.2, 125.7, 124:9, 124.0
123.9 (overlapping signals), 122.2, 31.6, 30.9, 28.3, 25.2, 24.9, 2h.2'®'H} NMR

(121 MHz, CDC}) 115.1(t, 3Jpp= 6.3 Hz), 47.9 (FJpp= 6.3 Hz)ppm.IR (neat): =

2961 (W), 2917 (W), 2849 (m), 2363 (W), 1435 (W), 1260 (m), 1095 (s), 1016 (s), 795 (M),
689 (m) cml.

3.8.10[NiCl2(109] 121
4-(Pyrenl-yl)butyl-P-bis-(2-ethyldiphenylphosphino)phosphinel09) (0.05 g, 0.07
mmol) was dissolved in anhydrous dichloromethane (2 mL) and added to a stirred
solution of [NiCbk(py)s] (0.05 g, 0.07 mmol) in degassed ethanol (1 mL). The mixture
was stirrel at room temperature f& hours and the solvent removed. The solid was
washed with hexane (3 x 5 mL) and driedracuo(0.03 g, 51%)A sample suitable for
X-ray crystallographic analysis was obtained from dichlorometi&PgH} NMR (121

MHz, CDCE) 116.9(t,3Jpp= 42.5 Hz), 50.0 (dlpp= 42.5 Hz)ppm,IR (neat)! =2915

(w), 2358 (w), 2343 (w), 1436 (m), 1260 (m), 1096 (m), 1026 (m), 801 (m), 739 (s), 692

(s)cm' 1,

3.8.11 [RhCI(109] 125
4-(Pyrenl-yl)butyl-P-bis-(2-ethyldiphenylphosphino)phosphinel0@) (0.05 g, 0.@
mmol) was dissolved in anhydrous dichloromethane (2 mL) and added to a stirred
solution of [Rh¢: “dcod)CIE (0.02 g, 0.04 mmol) in anhydrous dichloromethane (2 mL).
The mixture was stirred at room temperatureZ¢rours and the solvent removed. The
solid was washed with hexane (3 x 5 mL) and diedacuo(0.03 g, 58%)'H NMR

(700 MHz, CDCH) i 8 . 2Jdn = 0.1l Hz, 1H), 8.18 (FJun = 8.0 Hz, 1H), 8.11 (d,
3Jn = 9.1 Hz, 1H), 8.07, (FJun = 7.5 Hz, 1H), 8.8-7.99 (m, 4H), 7.81 (P =7.5

Hz, 1H), 7.757.70 (m, 6H), 7.56.53 (m, 3H), 7.5%7.46 (m, 5H), 7.45.41 (m, 4H),
7.27 (d,3Jun = 8.0 Hz, 1H), 7.20 (FJun = 7.8 Hz, 1H), 3.31 (8Jun = 7.7 Hz, 2H), 2.51
2.40 (m, 4H), 1.98.87 (m, 6H), 1.841.74 (m, 2H), 1.681.62 (m, 2H) ppmX3C{*H}
NMR (176 MHz, CDC$) u 132.5, 132.2, 131.9, 131.4, 131.3, 131130.9130.8
(overlapping signals), 129.9, 1P9.128.9128.8 (overlapping signals}28.5, 128.3,
127.5,126.3125.3, 125.1124.9124.8 (overlapping signals), 33.0, 30.4, 28.9, 23.8, 23.0,
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21.5 ppm&P{*H} NMR (121 MHz, CDC}) 9314 (dt3Jrnp= 120.2 Hz3Jpp= 23.0 Hz),
55.9 (dd3Jpp= 124.5Hz3Jpp= 23.0 Hz)ppm.

3.8.12 [IrCI( 109)] 129

4-(Pyrenl-yl)butyl-P-bis-(2-ethyldiphenylphosipino)phosphine 109) (0.08 g, 0.18
mmol) was dissolved in anhydrous dichloromethane (3 mL) and added to a stirred
solution of [Ir@?: “dcod)CIE (0.04 g, 0.09 mmol) in anhydrous dichloromethane (3 mL).
The mixture was stirred at 4@ for 2 hours and the solvent removed. The solid was
washed with hexane (3 x 5 mL) and driadvacuo(0.06 g, 57%)3'P{*H} NMR (121

MHz, CDCkL) 6#.7(t, Jrp= 10.6 Hz), 27.5 (FJep= 10.6 Hz)ppm.IR (neat):’ = 3051

(w), 2911 (w), 2342 (w), 1557 (s), 1484), 1183 (m), 1070 (w), 845 (m), 752 (s), 694

(s) cmt. HRMS (ESFI) calcd. for GgHaeClilriPs [M]* requires m/z 943.2125, foumdz
943.2125(0.1 ppm).

3.8.13 Absorption and Emission Spectroscopy

Absorption spectra were recorded with a Shimadzu ModellB80spectrophotometer

while fluorescence studies were recorded with a Shimadz60RE fluorophotometer.
Solvents used for spectroscopic experiments were spectrophotometric grade. Absorption
and emission spectra were recorded in dry degassed tetrahydrofdrarlaroform
solutions at room temperature. Fluorescence quantum yields were measured with respect
to pyr=nk. .., 3B5emnam38b nm, U'lcal? Bydlohéxan@)c m M
and ant hr=act.nk&,(3I856 emmm,398 nm, U'lcm’ 9, 70
cyclohexane§? Dyes were excited at 317 nm, when compared with pyrene, and at 350

nm, when compared with anthracene; excitation and emission slits were both set to 5 nm.

3.8.14 Quantum Yield Method

The fluorescence quantum yield ) can be defined athe ratio of emitted photons
relative to the number of absorbed phot®nall quantum yields were measured in
solution at roomtemperature. In order to define the fluorescence quantum vyield
appropriate fluorescence standard reference compounds were selected, which absorb and
emit over ranges comparable to those of the studied samples. The excitation wavelength,
slit widths and theemission range were kept constant for both the reference and the
sample. Dilute soluticswere preparegossessg the same absorbance at the excitation
wavelength (A < 0.09 at the excitation wavelength, with an error lini@di05 between

the referene and sample). The following formulae were used to correct the relative

emission areas for minor differences in absorbance:
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| +1,=1,=1
area
QYREL_
la

A is the absorbancdy is the intensity of incident lighty is the intensity of the transmitted lighi,is the

intensity of absorbed light an@ Y, is the relative quantum yiefd.

Where necessary the quantum yields were corrected for the differences in the refractive

index of the solvent:
h

2
5 QY%

Y. =
QYa h?

The subscripts AandBenot e t wo dif f sthersfmadiveindekkvent s and d

The quantum vyield of the sample can now be determined using the following equation:

Sl — QYRSe!I YRef
QYRReIef

Superscript Sl and Ref denote sample and reference respettively.

QY

3.8.15 UV/Vis titration

The UV/Vis spectra were recorded on a Cary 100 spectrometer. To determine the binding
constants of the complexes withBNA, [PtCI(109][Cl]116( 50 e M) was t it
concentrated solutions of-BXINA (2.9 mM, nucleotide) in Tri¢d1Cl (50 mm, pH 7.4)

buffer. A quartz cuvette (1 cm path length) was used to carry out the measurements. The
bindi ng constants were obtained Dbyasgpvérsus ti ng
D by wusing the fobtoWi/imgy equat/i ohpU DX pl
concentration of DNA is expressed in terms of base pairs (determined by measuring the
absopti on at & = 260 nm and the appropriat
extincti on=Aseneif[fdomplexlll , Pl , i nsisvhi ch
the extinction coefficient of the DNA o u n d ¢ eisnthel egtirctiorctkfficient of

o

the free compllfex and U

3.8.16 Ethidium bromide displacement assay
To a solution of ecDNA (20 pM) in TrisHCI (50 mm, pH 7.4) buffer, ethidium bromide

(1 uM) was added and the resulting solution was incubated at room temperatlde for
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min. After this period, the emission spectrum was recorded between 530 and 750 nm with
an excitation wavelength of 520 nm. Aliquotsld6were added to the resultant solution
and the emission spectrum was recorded after 10 min incubation. This eatedpntil

the emission spectrum remained constant.

3.8.17 ct-DNA precipitation assay

The amount ofL16 covalently bound to eDNA was determined by modification of a
previously reported protocol. A solution of@NA (0.25 mM, nucleotide) was incubated

with 116at a base pair:metal complex ratio of 5:1 at 37 °C in-HG$ (50 mm, pH 7.4)
buffer. At certain time points, a 250 ¢
precipitated by adding 10 €L of KCI (5 WM
solution was ceanifuged to remove DNA, and the concentration of covalently unbound
116was determined by measuring the W6 absorption of the supernatant.

3.8.18 Cell lines and cell culture conditions

U20S bone osteosarcoma cell s wer eMediwmi nt ai
(DMEM-low glucose) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. HMLER transformed mammary cancer cells were maintained in
Mammary Epithelial Cell Growth Medium (MEGM) with supplements and growth
factors (BPE, hydrocortime, hEGF, insulin, and gentamicin/amphoterB)n All cells

were grown at 310 K in a humidified atmosphere containing 5% CO

3.8.19 Cytotoxicity MTT assay

The colorimetric MTT assay was used to determine the toxicity @&nd cisplatin. Cells

(3 x 103) wereseeded in each well of a-9¢ll plate. After incubating the cells overnight,
various concentrations of test compound {008 uM) were added and incubated for 72

h (total volume 200 pL)116 was prepared as 10 mM solutions in DMSO and diluted
using mediaThe final concentration of DMSO in each well was 0.5% and this amount
was present in the untreated control as well. Cisplatin was prepared as a 5 mM solution
in PBS and diluted further using media.
a 0.4 mg/mLsolution of MTT in DMEM or MEGM was added, and the plate was
incubated for an additional-2 h. The DMEM/MTT or MEGM/MTT mixture was
aspirated and 200 eL of DMSO was added
crystals. The absorbance of the solutieglls was read at 550 nm. Absorbance values

were normalized to DMS@ontaining control wells and plotted as concentration of test

compound versus % cell viability. IC50 values were interpolated from the resulting dose
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dependent curves. The reported IC50uga were averaged from three independent

experiments, each of which consisted of six replicates per concentration level.
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4 Synthesis of a fluorescent chelator ligandlerived from 8-
((4-dicyclohexylphosphino)pheny}4,4-diphenyl-1,3,5,7
tetramethyl-2,6-diethyl-4-bora-3a,4adiaza-s-indacene

This part of the thesis describes the development of a compound with the aim of creating
a novel probe specific for targetitige mitochondrion of cells. The chemical features of
this novel probe make it a fluorescent P&ifrier, turning the compound into a useful
agent forin vivo andin vitro imaging techniques. The introduction will include key

information about the biological importance to thesesyf&eompounds.

4.1 Mitochondria

Mitochondria generate most of the adsine triphosphate (ATP) supply in cells; this
compound is used as a source of chemical energy for the different processes required in
living systems®4 Energy production is not the only task that this organelle carries out, it

is also a keysine in cellular signalling and differentiation, as well as cell death and cell
growth3®° The procedures this organelle is involved with make it an important target for
drugs®®® Mitochondria can be found in all eukaryotic organisms and vary widely
depending on the living system, tissue and cell type. For example, red blood cells do not
contain any mitochondria, whereas liver cells contane of the highest densities of
mitochondria in the human bod$f The outer membrane of mitochondria has a high
density of a specific trammiembrane protein called porf. These proteins are mainly
shaped by b strands, arr ang e me-dimensionaf ami
rectangulamotif, linked together by peptide chains that are located in the cytosol. The
spati al di sposition of the protein makes
barrel®®® The nonpolar residues of the protein are fdldeitwards, allowing them to
interact with the lipids that are situated in the outer membrane. On the other hand, the
polar residues face inwards towards the centre of the barrel, producing a chemical
environment attractive to molecules of water that fam aqueous chann®f The
channel found in the porin is partially blocked by a loop, called an eyelet. This loop is
placed in the cavity formed by the barrel; its morphology can be variable, which controls
the affinity of thechannel for certain solutes according to their size. The surface of the
inner walls of the channel mainly contains charged amino acids, creating a transversal
electric field along the inner pore. However, the eyelet has an excess of negative charges
givenby the side chains of the amino acids that for#fit.
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Figure 4.1 Representation of mitochondria and its outer membrane containing the transport
protein porin.

It is thought that a combination of the features mentioned above pregidetivity
allowing certain compounds to diffuse through the chamkeimentioned above, a key
characteristic of mitochondria is the utilization of a proton electrochemical gradient
potential, or electrochemical proton motive force, to generate ATP. prbsedure
requires different specialized proteins, whose main function is to transport protons against
their concentration gradient across the inner mitochondrial mem®fariEhis

t ransmembr an g ispleredeimproceases invalying cancer caused directly
by mitochondrial dysfunction produced by DNA mutation or oxidativesst* As such,

probes that can give information on theestaf mitochondrial function are sought after.

4.1.1 Mitochondria as a drug target

Mitochondria ha been studied for many years principally becaustheir functional
importance. Janus green B37 (Figure 4.2) was the first dye to be used to stain
mitochondria in cells that are not ali¥&.This dye specifically stains mitochondga it

gets oxidised in the nemitochondrial parts of the cell. This reduction doesaffect the
compound absorbed in the mitochondria, which maintains the3étdihe nature of the
mitochondrial membrane mearisat it possesses miaihhasédbéeact r i
shown that this potential is higher in carcinoma cells than in healthy epithelial®ells.
33.3An exampl e of t hyidiéference between the colonncardinonea oy
cell line CX-1 and the control green monkey kidney epithelial cell lineXCWhis has

been reported at nearly 60 mV (163 £ 7 mV for cell @1 vs. 104 £ 9 mV for cell

line CV-1)1% Positively charged cations with lipophilic structures or delocalised

lipophilic cations (DLCs) can diffuse into the barriers of the plasma and mitochondrial
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membranesand accumulate in the organelle, due to the negative inner transmembrane
potentialsi this does not require the use of any transporter protein that needs energy to
function. They use proteins, such as porins, where diffusion is allowed for positively
chaged compounds$’>®"7 According to the Nernst equation, a difference of 60 mV
between the membrane potential of the carcinoma cell and the cquthalial cell; is
enough to obtain a Hold greater concentration in the carcinoma mitochondria in
comparison with the control cell. Therefore, the concentration of DLC found in carcinoma
mi tochondria 1 s dir e:dhe higher thisnagnitudet thedhighee t o
the concentration of DLC in the mitochondf?aMost DLCs tend to exert toxic activity

on mitochondria at high concentrations. The mechanisms used by this type of compound
to provoke toxic effects in the mitochondria are quite diverse. Rhodaminé3B2a

probe for membrane polarization in live cell assays within mitochondria and bd€teria,
and thiopyrylium AA1 139 an antitumor agerit? both inhibit the regular synthesis of
ATP, which leads to the depletion of an eryesgurce for the affected céf® 37" 3"°The
guaternary ammonium compound, dequalinium chlotidi@e a salt with mild antibiotic
activity,*® inhibits mitochondrial respiration by inhibiting NADHbiquinone, a vital
enzyme for respiration in the system that transpelgstrons in the mitochondria:
Rhodacyanine MKI077,141, is a compound that degrades mitochondrial membiianes

a nonspecific inhibition of the enzymes in charge of mitochondrial respiration is
producel as a result. Additionally, this cyanine exerts a slightly disruptive effect on the

mitochondrial DNA382
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Figure 4.2 Delocalised lipophilic cations (DLCs) that have shown to possess a high distribution in
the mitochondria.
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Despite the various mechanisms used by DLCs to exert cytotoxicity, they nonetheless
have something in common: they provoke a significant decrease in ATP production when
their accumulation in mitochondria is sufficiently high. A recent study compared the
effect of dequalinium chloridé40in control epithelial CV1 cells against its effect on
DU-145 prostate carcinoma ceff8.The data revealed that, af@hours of exposure to

5 nM of dequalinium chlorid&40, the number of viable D\145 prostate carcinoma cells

was reduced by 50% and the ATP content in the viable cells was reduced by 62%. In
addition, it was found that the longer the exposure, the higher the effect exerted by the
chosen DLC. Control epidtial CV-1 cells did not show any change on their viability or
ATP concentrations. This supports the idea that the diffusion of the DLCs is caused by
o yn, resulting in a selective cytotoxic effect and the inhibition of metabolic activity by

DLCs in carcinma?38!

The informationabove suggests that mitochondri® an excellent target for the

development of highly selective cytotoxic compounds or probes for diagnoses.

4.2 Phosphonium cationscapable of binding Qu(ll)

As introduced above, mitochondria can be used as a target for the development of
compounds with biological activity, because they undergo certain changes during
cancerous processes, such as the®&r4dnge
The increase in this potential in cancerous t&lI$™> 3’4creates a negative charge
increment in the mitochondria that selectively increases the diffusion of cations inside the
organelle in cancerous cellBhis feature has been exploited during the development of
radiotracers, and led to the study of radiolabelled quaternary ammonium, phosphonium
and arsonium cationsvhose phosphine charge will caueem to accumulate in the
mitochondria. The compound(®F-benzyl) triphenylphosphoniurh42 was developed

by taking advantage of the mitochondrial distribution of phosphonium cations. This
compound is a targeted PET radiotracer for determining myocardial perfusion and for
tumour imaging. However, it showed aglh uptake in the heart and liver, which
represents a considerable shortcoming for its potential use as a diagnostic agent of cancer

in chest and abdominal regiotf§328
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Figure 4.3 The cationic PET radiotracer 4(*®F-benzyl)triphenylphosphonium 142

Other triphenylphosphonium cations had proved to fulfil both the required biodistribution
profile for a selective radiotracer and their imaging properties in small aftfatsl
dogs?® 38Despite these findings, the radionuclides used to rdmibthe phosphonium
cations,*!C and*®F, limit their utility due to their short halives. The high cost of the
infrastructure required to produce these radionuclides is itself another notable
shortcoming. In addition, the chemistry®é€u and®*Cu allavs them to form complexes

with a broad variety of ligand carriers in the very last step of the synthesis. Therefore, the
dewelopment of new PET radiotracdyased on phosphonium cations with radionuclides
that fulfil time, cost and chemistry flexibility gglirements is important. The development

of more versatile radiolabelled phosphonium ions will provide new tools invasive

cancer diagnosis.

Important research in the field of PET radiotracers incorporating on phosphonium cations
was carried out by Fou et al3® This team used Cu(ll) as a source of ffi€u
radionuclide in order to radiolabel the final phosphonium cation. Yherdiguration of

Cu(ll) makes its complexes kinetically labile; they thus usedewdfft bifunctional
chelators to create complexes with high thermodynamic stability and kinetic inertness to
counter this property. This approach has been taken before to creaté’Stanidabelled
complexes®®3% Their findings showed that more than one positive charge in the
radiotracer can provoke a high absorption in hepatocytes which diminishes absorption in
any other part of the body. The general structure of their radiotracers contained the
chdating ligand attached to the phosphonium moiety via a linker group. In general, the
radiotracers made by this group were useful for imaging multidrug resistant (MDR)

negative tumours by PET, because the compounds had a high tumour selectivity.
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Figure 4.4 Depiction of the general concept of the development of the compounds developed by
Zhou 38

Figure4.4 includes a representation of the importance of the phosphonium cation in the
development of these radiotraceiis it renders the compounds specific for
mitochondria/cancer tissue. It also contaiosne examples of the phosphonium salt

macrocyclic ligands created by that group.

Comparisons between phosphonium and ammonium cations have been rEpbrtais
particular study the phosphonium cation was sacrificed i todmuple the bifunctional
chelator to an acridine moiety, a wkhown dye that interacts with DNA by
intercalationt? The phephonium catiod47was synthesised and its tumour intake was
better that one reported for the pharmaceutical agéHtTc-Sestamibi, used for
myocardial imaging studi€€® The biodistribution of phosphonium catid®7 was
compared to the acridinium cati@d8 The evaluation showed that acridinidd8made
tumours clearly visible in the athymic nude mice bearing U87MG human glioma
xenografts. It was possible to assure acridinilid8@ absorption by mitochondrion
U87MG glioma cells using fluorescent microscopic technijti@his makest possible

to visualise the compound of interest directly in the cell, whereas PET allows the
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radiotracer in tissue to be visualised. Additionally, it makes it possible to visualise the
6col dé compound without the need of a cy
fluorescence imaging techniques ensutiee appropriate biodistribution of a PET
imaging candidate. However, acridiniub48 showed a higher liver uptake than the
phosphonium catioh47. This feature makes acridiniubtd8a bad PET imaging agent in
comparison with phosphoniub47 despite the fact that phosphoniutd7 does not

contain tlke DNA-intercalating feature that the acridine moiety 148 has. An
intercalating agent with a high selectivity for mitochondria in cells affecyedabcer

could be a useful todbr the development of anticancer therapies.

N-6 Cllu N
K/ K/N\/\ ©
coP coy
147 148

Figure 4.5 Structures of complexesl47and 148 proposed by Zho'#** developed in order to compare
their properties as PET agents.

4.3 BODIPY -derived ligand target

The LJH research group has experience in the field of phosphines and phosphonium
saltsi?’ the findings reported by Zhéi *%were therefore of interedt® As explained
above, radiotracers based on phosphonium cations displayha Seiectivity for
mitochondria in cancer cells. In addition, these compounds seem to have different
selectivity according to their physicochemical features. The radiotracers reported
included either fluorescence or a phosphonium moiety but not both afimraimext step

was for our group to develop a molecule which could contain the useful fluorescent

moiety without sacrificing the highly selective phosphonium moi€iyure4.6).
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Figure 4.6 General depiction of the radiotracer proposed by the LIH group. This molecule contains
the radionuclide #4Cu and a fluorescent moiety to exploit both techniques, PET and fluorescence
imaging, using the same agent.

The synthesis of this proposed radiotracer will include a BODIPY core that will act as the
fluorescent moiety. The fluorescent moietyates the possibility of determining the
presence of the radiotracer even when the cold analogue is used in cells, using
fluorescence microscopy techniques. Developing a phosphonium salt based on a
BODIPY core is a synthetic challenge that can be overcosiaguprevious
methodologies developed by our group. A tertiary phosphine iméseposition of the
BODIPY core will be synthesised and a linker will be attached to it to form the required
phosphonium cation. The chosen linker is the commercially availabkdibpmop-

xylene. The addition of this phenyl ring to the radiotracer decreases its tuptake

more than an alkyl chaitdowever, there are radiotracer tests of phosphonium cations
bearing this linkef8® 390 394.3%¢sing this commercialtiker in the proposed radiotracer

155will allow us to contrast it with other cations reported in the literature.
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Figure 4.7 Synthesis of the proposed radiotracef 55 The coburs show the different functions that

each part of the molecule exerts.

The coupling of 1,4bis(bromomethyl)benzengith the tertiary phosphing51 produces
the phosphonium salt52 which will couple with the chelatagentl53in order to add
the chelating moiety that will interact with the metal of interest. Finally, [Cu(&)Aal)

be reacted with the chelating agéb#to generate the novel radiotrad&is.,
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4.4 Synthesisof BODIPY -Cu(ll) complex derived from a phosphonium

cation
The first reaction required to achieve the proposed novel radiott&6és the one pot
condensation of the aryl bromide BODIPY derivati49. Commercially available-3
ethyl2,4-dimethyt1H-pyrrole was dissolved with -Bromobenzaldehyde in
dichlorometlane in the presence of trifluoroacetic acid, yielding the brod@en a 55%
yield. Then an oxidation took place by the addition ob.BFhis procedure has been

previouslyreported bythe LIJH group®’

Br TFA, DDQ,

iProNEt, BF4.Et,0,

U ZT

DCM, rt
55%

Figure 4.8 Synthesis of bromidel49by pyrrole condensation.

Research on substitution of the fluorine atoms of the BODIPY core for alkyl and aryl
groups has been accomplished using organolithium and Grignard reagents producing
BODIPY dyes with alkyl and aryl groups on the boron af8#**subsequently allowing

more versatile chemistry to be carried out onrttesoposition of the BODIPY coré®

110 The difluorineBODIPY 149 was reacted with MeMgBr in order to produtte
dimethylated BODIPY150 Ci Boron bonds are less likely tandergo an attack by
nucleophiles or reducing agents, in comparison to bfiuammide bonds.

2 eq. MeMgBr
THF Ether

40%

150

Figure 4.9 Synthesis of the tertiary phosphinel 51.3%
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This step locks down the BODIPY core, allowing a bromitigum exchange reaction
to be performed in the next step with buthyl lithium, obtagra nucleophilic species that

attacks CIPCy displacing the chloride atom and yielding the tertiary phosgtbie

The reaction to obtain the tertiary phosphine was shown to have some technical
difficulties. Tertiary phosphines can be oxidised to thpFiosphine oxide form. The
oxidation seems to be facilitated when the phosphine is in sofitiSiThe first attempts

to synthesise this molecule led to the phosphine okife The reaction was carefully
monitored using th&'P{*H} NMR technique. It vas found that afte8 hours the desired
tertiary phosphine was formed and the formation of the oxide was minimal. It was
possible to separate the oxide using column chromatography‘P{hEe} NMR analysis

of other reported phosphine oxides had shealnes of around 50 ppm for this kind of
compound ((CH)sPO and (GHs)sPO)*° Therefore, at this point it was sensible to infer
that thecompound producing a singlet at 45.7 ppnriRr{*H} NMR belongs to an

phosphine oxide.

60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10
fl (ppm)

Figure 4.103'P{H} NMR of the desired tertiary phosphine 151(2.2 ppm) and the side product
phosphine oxidel56(45.7 ppm).
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Tertiary phosphind51 can act as a nucleophile due to its lone pair of electrons. This is
highly significant since it will be useful when adding a linker group to the phosphine
functional group, as has been shown by Zhou to synthesise the different ligands made by
his group?®®

Br

_— =

toluene, 110 °C

Figure 4.11 Synthesis of phosphoniumi52

The linker added was Hgis(bromomethyl)benzene. This molecule has 2 bromide atoms
which can act as leaving groups. However, the symmetry of the molecule makes both
bromide atoms equivalent. In order to avoid the addition of two tertiary phosphines to the
same linker molecule, it is important to control the number of equivalents of tertiary
phosphinel51 that will be reacted. This reaction has been extensively reported using
triphenylphosphin&? 4°*403 and is usually carried out in toluene sinsepiolarity is quite

low. The low polarity of this solvent forces the triphenyl phosphonium ion to precipitate
from the solution which avoids the reaction of 2 molecules of triphenylphosphine with 1
molecule of 1,4is(bromomethyl)benzene. The synthesiBODIPY phosphoniuni52

was performed in toluene following the procedure reported for its triphenylphosphine
analogue. However, no solid precipitated from the solution which might explain the low
yield obtained for compound52 (55%) in comparison with theeported triphenyl
phosphoniunl 57 (approximately 80%39).
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Figure 4.12 Novel BODIPY phosphonium152and the reported triphenyl phosphonium salt157.

Figure 4.12 shows the greater degree of Amwlar substituent in the novel BODIPY
phosphoniuml52 in comparison with triphenyl phosphoniub®7. This difference is

likely to explain their dferent solubility in toluene.

This reaction was monitored BYP{*H} NMR until completion. The main proof that the
compound proposed was obtained was provided by this NMR technique since there was
a shift in the signal of the reaction. THB{*H} NMR signal corresponding to the tertiary
phosphine is detected at 2.8 ppm; the presence of a new signal at 30.2 ppm indicated that
the starting material had been consumed. In addition, it suggests that the product obtained
is not the phosphine oxid&56, which wa a significant concern since the tertiary

phosphinel51had prove to be readily oxidised in solution.

The H NMR analysis ofl52 shows that there is a new set of two aryl doublets that
integrate for two protons each. In addition, the protons on the reathgroups of the
starting material 1:4is(bromomethyl)benzene are a good indicator for determining a
coupling of a nucleophile to this molecule. In the starting material, both methylene groups
are equivalent; therefore, thAel NMR spectroscopy of both tseof protons produce a
singlet with a chemical shift of 4.4 ppff The *H NMR spectrum of the BODIPY
phosphonium salt52suggests that the two sets of methylene protons are different in this

molecule.
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Figure 4.13'H NMR of BODIPY -phosphonium salt152 showing the twodifferent sets of aryl
doublets.

The two signals4.92 (d,2Juep = 8.1 Hz, 2H) ppm and 4.34 (s, 2H) ppm, differ not only in
chemical shift but also in multiplicity. This must be due to the effect exerted by
phosphorus. The signal at 4.92 ppm belongs to protons on a methylene group that are
coupling to thephosphorus atom and the singlet at 4.34 ppm belongs to the methylene
that bears the bromide atom. This correlates with the reported spectrum for
triphenylphosphonium57.4%° The presence of phosphoniuri2was also corroborated

by HRMS.

Tri-tert-butyl-1,4,7,10tetraazacyclododecatied, #triacetatel53was synthesised using
the procedure described by Zht®80Once prepared, the chelating ageB8was coupled
to theBODIPY phosphonium salt52 The free amine in53 act as a nucleophile and
attacks the benzylic carbon that bears the bromide atom that will act asng igaup,

producing thdBODIPY-substituted macrocycle ligarich4.
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Figure 4.14 Synthesis of BODIPY-substituted macrocyclic ligand154

This reaction could not be monitored usif®{'H} NMR spectroscopy, since the
coupling of the macrocyclic ligantb4 did not produce a major impact on the chemical
environment of the phosphorus atom. The phosphoditaproduces a signal at 30.2
ppm, wheeas the phosphonium ligah84produces a signal at 30.3 pjirthe compound

was thus initially identified primarily by ittH NMR spectrum. In the novel ligarib4,

the methylene group that bears the nitrogen atom underwent a change in its chemical
enviromment, since the bromide atom has been displaced and substituted for the
macrocycle ligand. Similar compounds report the signal of the expected singlet as part of
the multiplet produced by the ethyl protons that form the macrot§fclEhe same
displacemenbccurredwith the novel ligandl54. The protons on the methylene group
that couple to the phosphorus atom suffer no change in their chemical' bbifore,

they were noparticularly useful foidentifying the newly formed ligand54. Thetert-

butyl groups were importarfor identifying the coupling of macrocyclé53 and the
BODIPY-phosphonium salt52 Thetert-butyl groups attached to the nitrogatoms,

which are two bonds away from the nitrogen in the benzylic position, are equivalent. The
remainingtert-butyl group in the macrocycle is in a different environment. Therefore, the
H NMR spectrum of this molecule would be expected to present Rtsirig the alkyl

NMR region. The integration ratio of the singlets should be 2:1 due to the total amount
of proton atoms on these groups, 18:9. This was obtained fitHth®MIR spectrum of
compound154 confirming the formation of the expected compound. Téntbutyl

groups of the free macrocyclic ligai®3 arealsodifferent. However, they are similar
enough to form a multiplet that integrates 27 protons at 1.47 ppm as was reported by Cao

et al*% The formation of two identifiable singlets was led agtink that the coupling
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took place as expected. In addition, the formation of phosphonium ligahaas also

corroborated by HRMS.
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Figure 4.15'H NMR showing the types oftert-butyl groups in the macrocycle of the BODIPY
substituted ligand 154.

Once it was established that the ligdl had keen synthesised, it was decided that a
Cu-complex analogous tthosereported by Zhot$® should be prepared. Following the
procedure carried out by his group, the fluorescent lighhdl was reacted with
[Cu(OAc)]. Since®Cu and®Cu, the most abundant Cu isotopes, have large nuclear
quadrupole monrés, the reaction could not be monitored by NMR techniques. Therefore,
the proof that a product had been formed at this pointpragdedby the lack of'H

NMR signals of the starting material. This proved that the starting material was e@@hsum

but it provided no evidence regarditige nature of the complex formed.

_ O — -0
t-BuO,C Br t-BuO,C Br
tBuO,C—\ /7 \ ) t-BuO,C\ /7 \ )
N N N Nj
N Nj CUOA N
\__/ \—~CO,t-Bu | [Cu(OAc),] \__/ \—CO,t-Bu
MeOH, 65°C
154 156

Figure 4.16 Synthesis of Cu(ll) complex156. The ethyl acetate groups of [Cu(OAg] are displaced
by the nitrogen atoms of the BODIPY-substituted macrocyclic ligand154.
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The TLC showed different fractions that were sepanagedolumn chromatography. The
HRMS analysis of these fractions suggested complexes with different R groups to acetate
on the copper cere. Figure 4.17 shows the structures that correlate with the HRMS
findings of the fractions analysed. The M/Z value of the expected cortpbex 1248.77,

but HRMS showed at 664.8417, 639.8755 and 653.8908. In addition, the mass
fragmentation patterns observed corresponded to those produced by compounds
containing Cu isotope$3Cu with an abundance of 69.17% &Adu with an abundance

of 30.83%). Those values M/Zeampproximately half of the value expected for the
complex156. This result led us to assume that there was another positive charge on the
complexes, with the Cu the most plausible atom to have this charge. The structures that
fit best to the M/Z value arshown inFigure 4.17. The possible substituents on the
metallic core that we proposed are bromide (664.8417 M/Z), methoxy (639.8755 M/Z)
and acetate (653.8908 M/Z)hdu et al3®° identified their Cu complexes by comparing

their HPLC retention times against Gd and In complexes with their kgb#8146
(Figure4.4). They did not report any extra ligands attached to their metallic core besides
the main chelating agent. They proposed that the free carboxylate groups would stabilise
the Cu atom avoidindne positive charge we sawtime HRMS of our sampld his might

be due tothe fact that the BODIPY liganth4 has thetert-butyl groups Therefore, the

carboxylate groups are not available to interact in the same fashpoopased byhou.

The bromide aion in complex155must have been obtained from other molecules of the
ligand154, since this phosphonium cation has bromide as its counter ion. In catBdlex

a methoxide group occupies a position on the metallic core. This group likely originates
from the methanol used during the reaction as solvent. Since the starting material was
[Cu(OAc)], it is not surprising that in complebb8 an acetate group is found attached

to metallic core as was suggested by the HRMS data.
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155 R =Br
157 R = OMe
158 R = OAc

Figure 4.17 Probable structure, suggested by HRMS analysis, of complex#55, 156 and 158
obtained from reacting ligand 154 with [Cu(OAc) 2].

Different fractions were separated using column chromatography. Several attempts to
recrystallize the purified fractions were gt until success was achieved. This revealed
the structurd55where the geometry of the metallic centre is a distorted spyeamidal

molecular geometryHigure4.18).

Figure 4.18 X-ray crystal structure view of [CuBr(154)][Br]2 155(50% probability ellipsoids with
interesting copper, phosphorus, boron, nitrogen, oxygen and carbon atoms labelled. Carbon atoms
in grey). Hydrogen atoms have been omitted for clarity BriCul 2.4744(7), CulN3 2.073(3), Cul

N4 2.098(3), CulN5 2.085(3), @1i N6 2.085(3), P1C22 1.796(4), P1.C27 1.832(4), PLC39
1.800(4), P1C33A 1.856(7); N3Culi Brl 104.38(10), NBCuli N4 85.72(12), NBCuli N5
148.96(13), NBCuli N6 85.04(12), NACuli Brl 104.75(9), N5Culi Brl 106.65(8), N5 Culi N4
85.66(11), N6Culi N6 86.50(11) N6i Culi Brl 107.55(8), N6 Culi N4 147.66(12).
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The different groups that are suggested by the HRMS indicate that different products are
produced in this reaction. This would explain why the yield of comp&Exdoes not
seem to béigh (44%).

Springborget al.*%’ reported the complex59which is an example of a Cu(Il) complex

that is similar to the BODIPXCu(ll) complex155 This complex contains the same
macrocycle, a bromine atom and a perdardinated geometrgsour BODIPY-complex

155 The bromine atom is not ithe axial position in the complet59 (Brli Cull N2

153.3(3)). This is different in our complé&65 where the bromine atom is in the axial
position (N5 Culi Brl 106.65(8)). This difference might be due to the effeetted by

the ethyl group that connects the two nitrogen atoms in the cotfpeXhe Ca N bond

lengths are similar in both molecules, having a length of 2.09+0.03 A. The nitrogen atoms
that are attached to the ethyljcbhbQubi Nh\

1.985(6) | and CuliN3 1.995(9)).
B 1o
H. B—— | clo,

Figure 4.19 Cu(ll) complex 159reported by Springborg et al*®” The ethyl group connecting two
nitrogen atoms in this ligand creates some differences terms of some angles and bond lengths
found for the BODIPY -Cu(ll) complex 155

The phosphoniunCu(ll) complexes reported by Zht¥were not identified using Xay

crystal analysis. On the other hand, ti@BPY-Cu(ll) complex155was identified using

that technique, which allowed us to determine its molecular geometry. The complexes
reported by Zhot?* contain tert-butyl groups protecting the carboxylatenctions
therefore, the molecular geometry might be different. Rieteal*°® synthesised the
macrocyclieCu(ll) complex 160 whose ligand resembles the chelatingoiety of
BODIPY-Cu(ll) complex155with one principalifference: theert-butyl groups are not
present in the ligand used by Riesen. This allows them to interact with the metallic core
resulting inoctahedral molecular geometry around the central metalie. This suggests

that the distorted square pyramidal molecular geometry observed in the By
complex155is given by the lack of interactidretweerthe carboxylate groups with the

metallic core. Since these groups cannot stabilise the moetle, the chelating effect of
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the bromine, acetate and methoxide groups must be facilitated. Unprotecting the

carboxylate groups wouldossiblydecreas¢he formation of side products.

Figure 4.20 Macrocyclic-Cu(ll) complex 160synthesised by Riesest al*%®

Complexes of Co and Zn have also shown interesting biological prog€?tié¥
synthesising complexes with these metals and ligb#l has thus been attempted.
However, it has not been possible to properly identify or obtain a crystal-fay X

analysis of the obtained compounds at the time of writing.

4.5 Photophysical Data

Once the sythesis of complet55was accomplished, it was necessary to determine the
photophysical properties of this compound to verify whether it can be a candidate for
fluorescent cell imaging. It is interesting to investigate the photophysical properties of the
different functional groups added during the synthesis of the ligls#l The
phosphonium catiorl52 does not possess the lone pair of electrons that the tertiary
phosphinel 51 contains®®®
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152: a{Bf

t—BUOzC

Cy,P 154: )
X 54: t—BUOzc/E\Nf \N

.

N
% \__/ \—COyt-Bu

t—BUOzC
P 155: +BUO,C\ /" L\
N1/
[ Cu
O
% \_/ \—COyt-Bu
Compound abs (NM)? dem (NM)? U(cm' YM)2 o & (nm)?
152 519 545 24,000 26
154 518 544 50,000 26
155 518 545 40,000 27

aMeasured in dry degassed tetrahydrofuran at reonperature. Dyes were excited at 485 nm.

Table 4.1 Photophysical data for the Cu(ll) complex155and its precursors.

The chelating moiety also contains pairs of electrons on the nitrogen atoms that form the
main 12membered macrocycle. Lone pair of electrons from both nitrogen or phosphorus
atoms and heavy atoms, such as copper, have shown to have a quenching effect in
fluorophoregt?l: 124, 125, 33839, 411, 412photophysical data were collected for the Cu(ll)
complex 155 and its precursors in dry degassed tetrahydrofuran to minimise
photobleachingTable4.1).

The Sokes shifts in compound$2, 154and155do not display any significant change

in their valuesTh e g u a nt wnf cgmpeuhdd52 (194 and155were measured

in different solvents in order to imvest
The $-S; excitation of the fluorophore usually leads to an excited vibrational level of S
followed by a loss of some vibrational energy to the solvent. This excess of energy is
stabilized by the effect of polar solvent molecules, since typically|dbeophore has a

larger dipole moment in the excited sta®g) ¢han in the ground sta(&).*° Following

this excitation,ne can produce a reorientation or relaxation of polar solvent molecules

aroundit to lower the energy S This reduction of energy is seen in the emisgioits
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increasedvavelengthlonger wavelengths are less energetic since the energy of emission

is inversely proportional to the wavelengthEagiationl on page21 illustrates?®

Compound 0 rin DCM d rin MeOH 0 rin THF
152 0.20 0.15 0.29
154 0.26 0.24 0.34
155 0.03 0.07 0.08

0 were measured with respect to-4lifluoro-8-phenyt1,3,5, #tetramethyl2,6-diethyl4-bora-3a,4a
diazasi n d a c e=r0&6, i tetrahydrofuraf’. Dyes were excited at 480 nm.

Table 4.2 0 r of compounds152, 154 and 15%n solvents with different polarities.

The results show a constant trend where the ligéddéh a s t h e rvhluegdileavedt G
by the phosphonium catidb2and finally the Cu(ll) complext55 T hoéthedertiary
phosphinel51 has been reported by this group previod8ithe value is 0.44 using the

same fluorescent standard. That value was corroborated by the measurements obtained
during the development of this project. This remuihteresting since the opposite would

be expected considering that the lone pair of electrons in the tertiary phosphauaild
potentially interact with the fluorophore producing Photoinduced Electron Transfer that
could provoke fluorescence quenchir@alculated molecular orbital surfaces already
reported by this group show that the tertiary phosph&iehas no phosphorus character

in the HOMO, HOMOIT 1 or °*fTiMDFggeststhétthérdwiodd mo |
be little interaction between the lone pair of electrons on the phosphorus atom and the
fluorescent croof the. phosphaniun iosZrelative to thetertiary
phosphinel51 may be explained by its interaction with the solvent. Tetrahydrofuran
seems to be the s ogvaleeswerewdearded This Is enterbsiting h e s
since this solvent has an intermediate polarity value in between methanol and
dichloromethane. Evenaonr e i nt er est i ng Frivauestrdcaerded ia c t
dichloromethane were intermediate and those recorded in methanol were the lowest. This
could mean that the high polarity of methanol decreases emission for these compounds
because of solvemtr interactions. The values recorded in dichloromethane are lower
than those recorded in tetrahydrofuran, even though, the latter solvent has a higher
polarity. This might be due to dynamic fluorescence quenching given by the fluorophore
colliding with a habgen containing substance, such as dichloromethane. During the
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lifetime of the excited state, this collision provokes the return of the fluorophore to the

ground state without emission of a photéh.

7000
6000 152
5000 154

E 4000 —155

%? 3000
2000
1000

0
490 540 590 640

I /nm

Figure 4.21 Emission spectra of the phosphonium catiod52 ligand 154and the complex
[CuBr(154][Br]2 155 in tetrahydrofuran (excitation at 480 nm).

30

—155

490 540 590 640
I /nm

Figure 4.22 Emission spectra of the complex [CBr(154)Br] [Br]2 155in tetrahydrofuran (excitation
at 480 nm). The intensity of the emission afomplex 155is much lower than that one of compounds
152and 154

The addition of the chelaiyy moiety to the phosphonium catibb2decreases the polarity
of the product since the resulting ligabs4 contains thre¢ert-butyl groups. This might

reduce the interactions of the of ligand154with the solvent, which could increase the

164



emission. hi s can e x plrdigamd 154 in eomparisgnwélr its precursor,
phosphonium saft52 I't was not entirely unexgect ec
the Cu(ll) complexl55 The presence of the Cu atom may generate the heavy atom effect
mentoned in the Sectioh.4.], causing spiorbit coupling and giving rise to intersystem
crossing to a triplet state, which is usually spin forbidden. From the excited triplet state,
relaxation predominately happenssia nonradiative decay over radiative
phosphorescenéé® The BODIPY-Cu(ll) complex155h a s a glthanncenmpouids
152and154as can bseenn Figure4.21andFigure4.22. H o w e veealue provéss U

that it is fluoresent and it cantherefore, be a candidate for fluorescent microscopy.

4.6 Summary

Previous reports in the literature show that radiolabelled phosphonium cations can be
traced into cancerous tissue since the mitochondria of the cells that form this tissue have
a hi gh'® e 3hpositively charged cations can diffuse into living cells and
accumulate in the mitochondrd&>’" This characteristic makes the mitochondria a
natural target for drug candidate molecules. Radiolabelled phosphonium cations are
traceable in cancerous tissue using PET techniques if they contain a suitable ratffolabel.
383, 386Research on Cu(ll) coplexes based on phosphonium catiéhs®*showed that

this is an area to be exploited for the development of radiotracers. Ichépger, the
synthesis of a fluorescent Cu(ll) complex based on a BODIPY phosphonium cation linked
to a chelating moiety is reported allowiing vivo andin vitro imaging. The required
phosphonium cation was obtained by reactinghisdbromomethyl)benzene with the
tertiary phosphind51 The resulting phosphonium cati@s2 contains a bromide in a
benzylic position, which makes it a good leaving group, thereby facilitating the attack of
the free amine of the macrocyclic chelating agést The resulting ligand54was then
reacted with [Cu(OAe] producing different compless identified by HRMS. It was
possible to obtain crystals of the main product of this reaction, which were of a high
enough quality to be analysed byrXy crystallography, revealing the structure of the
complex obtained. The metallic core of this compdex pentecoordinated copper centre.
Thev@al ues of the novel c 0 mpobtertray phosptiine w t h
152%%is higher than thehosphonium catiof52, which could be related to the positive
charge on the phosphorus atom (polarity of the salt). Cu(ll) conii®&kas the lowest

Ur value, which is likely related to the heavy atom effect prompted by the Cu atom.
Nonetheless, the symsis of a fluorescent Cu(ll) complex containing a phosphonium
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cation was successfully achieved as suggdstéige emission spectrum of compleis,

shown inFigure4.22.

4.7 Experimental

4.7.1 General procedure

All air- and/or wateisensitive reactions were performed undeiratrogenatmosphere

using standard Schlenk line techniques. Tetrahydrofuran and toluene were dried over
sodium/benzophenone and sodium respectiveliatiomethane was dried over calcium
hydride; all solvents used for reactions were distilled prior to use. All starting materials
were purchased from Aldrich, Acros Organics, Alfa Aesar or Strem and used as received.
Compounds1492%7 1503°” and151°%” were prepared aocding to literature procedures.
Flash chromatography was performed on silica gel from Fluorochem (silica g83u40
60A). Thinlayer chromatography was carried out on Fisher alumitbhased plates with

silica gel and fluorescent indicator (254 nm). Mygjtpoints were determined in open
glass capillary tubes on a Stuart SMP3 melting point appaf&tu$>C{H}, 3P{H},

19F{*H} and *B{*H} NMR spectra were recorded on a JEOL Lambda $80600.16

MHz) or JEOL ECS400 {H 399.78 MHz) spectrometer at rodemperature (21°C¥H

and3C shifts were relative to tetramethylsilad#® relative to 80% kPQu, 1'B relative

to BR.ELO and*®F relative to CFGl Infrared spectra were recorded on a Varian 800
FT-IR spectrometerUV-Vis absorption and emissi@pectra were recorded on a UV
1800 Shimadzu spectrophotometer and -@RB0 Shimadzu spectrofluorometer
respectively. Mass spectrometry was carried out by the EPSRC National Mass

Spectrometry Service Centre, Swansea.

4.7.2 8-(4-Bromophenyl)-4,4-difluoro -1,3,5, #tetramethyl -2,6-diethyl-4-bora-

3a,4adiaza-s-indacenel49

Br DDQ
H DIPEA
N BF3-Et,0
N
0~ H

149

TFA (3 drops) was added dropwise to a solution-bf@mobenzaldehyde (15.0 g, 81.0
mmol) and 3ethyt2,4-dimethyt1H-pyrrole (21.9 mL, 162 mmol) in anhydrous
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dichloomethane (1500 mL). The reaction was stirred at room temperature under
dinitrogenin a darkened flask overnight. DDQ (20.2 g, 81.0 mmol) was added in a single
portion, and the reaction was stirred at room temperatur2 liours. AnhydrousN,N-
diisopropylehylamine (84.7 mL, 486 mmol) and BEtO (80.0 mL, 648 mmol) were
added, and the reaction was stirred at room temperature for 4 hours. The reaction mixture
was washed with water (3 x 100 mL) and brine (3 x 100 mL). The separated organic
fractions were ded over magnesium sulphate, filtered and the solvent remoweduo
yielding a darkviolet solid with a green tint. Purification was achieved using column
chromatography on silica gel (tolueiie= 0.5 and afforded a purple solid (20.5 g, 55%).
MP: 240i 244 °C."H NMR (400 MHz, CDC}) i 7.61 (d,3Jun = 8.2 Hz, 2H), 7.16 (d,
3Jun= 8.2 Hz, 2H), 2.51 (s, 6H), 2.29 @un = 7.8 Hz, 4H), 1.29 (s, 6H), 0.96 4 =

7.8 Hz, 6H) ppm*C{*H} NMR (100 MHz, CDC$) li154.7, 138.9, 138.4, 138.2, 135.4,
133.5, 132.3,130.1, 123.4, 17.0, 14.6, 12.6, 11.9 pim{tH} NMR (376 MHz, CDC})

UT 145.6 (g (equal intensity)Jrs = 31.8 Hz, 2F) ppmi!B{*H} NMR (128 MHz, CDC})

U710.2 (t,'Js = 31.8 Hz, 1B) ppmIR (neat)’ = 2971 (w), 2901 (w), 1532 (s), 1473
(m), 1405 (s), 1316 (w), 1259 (m), 1182 (s), 1065 (m), 973 (s), 754 (s), 623 () cm

4.7.3 8-(4-Bromophenyl)-4,4-dimethyl-1,3,5, #tetramethyl-2,6-diethyl-4-bora-

3a,4adiaza-s-indacenel50

2 eq. MeMgBr
THF

150

8-(4-Bromophenyh4,4-difluoro-1,3,5, #tetramethy2,6-diethyl4-bora3a,4adiazas-
indacene149 (2.50 g, 5.46 mmol) was dissolved in anhydrous tetrahydrofuran (100 mL).
Methylmagnesium bromide (3.8 mL, 11.50 mmol, 3.0M solution in dibutyl ether) was
adckd to this solution dropwise, which caused the solution to turn darker with an orange
tint; the solution was stirred at room temperature until complete consumption of the
starting material was observed by TLC. The reaction was quenched with water (20 mL)
and the solution was extracted with dichloromethane (2 x 100 mL); the combined organic

fractions were washed with water (40 mL) and brine (40 mL), and dried over magnesium
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sulphatePurificationwas performed bgolumn chromatography on silica gel (petrateu
ether/toluene 4:1R = 0.6) yielding an orange solid (1.00 g, 40%)P: 201-204 °C.*H

NMR (400 MHz, CDC$) (i 7.60 (d,2Jun= 8.2 Hz, 2H), 7.36 (FJun = 8.2 Hz, 2H), 2.19
(q,3JuH= 7.3 Hz, 4H), 1.74 (s, 6H), 1.32 (s, 6H), 0.88Jt = 7.3 Hz, 6H)0.22 (s,6H)
ppm.13C{*H} NMR (100 MHz, CDC#$) 1150.9, 138.8, 136.3, 133.6, 132.6, 132.0, 130.6,
128.8, 122.4, 17.4, 14.7, 14.3, 12.0, 1A ppm.*B{*HINMR (128 MHz, CDC}) U

11.2 ppmlIR (neat):” =2960 (w), 1548 (s), 1472 (m), 1385 (s), 1303 (w), 1169 (s), 1140
(m), 1111 (m), 968 (s), 772 (s) tn

4.7.4 8-((4-Dicyclohexylphosphino)phenyl}4,4-dimethyl-1,3,5,7tetramethyl-2,6-

diethyl-4-bora-3a,4adiaza-s-indacenel51

PCy2

/\ / \

150 151
8-(4-Bromophenyh4,4-dimethyt1,3,5, #tetramethyl2,6-diethyt4-bora3a,4adiazas-
indaceng150) (0.50 g, 1.11 mmol) was dissolved in anhydrous diethyl ether (40 mL) and
cool ed tneBuli (0.4 mA @.22 mmol, 2.5M in hexane) was added dropwise
over five minutes and the reaction was allowed to warm to room temperature over 45
mi nutes. The solution was cooled back to
1.22 mmol) was added dragse. The reaction was allowed to warm to room temperature
and was stirred overnight. The reaction mixture was washed with water and extracted
with diethyl ether (3 x 30 mL). The combined organic fractions were washed with brine
(30 mL) and dried over magsium sulphate. The solvent was remowedacuoyielding
a red/orange solid. The compound was purified using column chromatography on silica
gel (chloroform/hexane 1:4/: = 0.4) and produced an orange sqid35 g, 60%)IH
NMR (400 MHz, CDC}) 11 7.47 fn, 2H), 7.21 (d3Jun = 8.2 Hz, 2H), 2.37 (s, 6H), 2.23
(9,3Jun= 7.3 Hz, 4H), 1.941..56 (m, 12H)1.36-1.22(m, 3H), 1.19(s, 6H), 112-0.95(m,
10H), 0.90 (t3Jun = 7.3 Hz, 6H), 0.21 (s, 6H) pprFC{*H} NMR (100 MHz, CDC}$) U
150.6, 140.2, 137.9, 135(d,Jcp= 19.2 Hz), 134.7 (dlcp= 19.2 HZz), 133.8, 132.5, 129.1,
128.3 (dJcp= 7.7 Hz), 32.1 (dJcp= 12.5 Hz), 28.7 (dJcp= 6.7 Hz), 27.1 (dJcp= 6.7
Hz), 26.7, 17.6, 14.8, 14.4, 11.9, 10.5 (br) pptA{*H} NMR (162 MHz, CDC$) i 2.8
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ppm.B{*H} NMR (128 MHz, CDC$) t12.1 ppm.IR (neat):’ = 2927 (w), 2856 (w),
1551 (s), 1448 (m), 1321 (m), 1171 (s), 1145 (s), 946 (5). ¢eRMS (AP*) calcd for
Cs7HssB1N2P1 [M+H] " requires m/z 569.4198, foumnd'z 568.4202 (0.1 ppm).

4.7.5 9-(4-(Bromomethyl)benzyl)}-8-((4-dicyclohexyl)phenyl)}4,4-dimethyl-1,3,5,7
tetramethyl-2,6-diethyl-4-bora-3a,4adiaza-s-indacene phosphonium bromide
152

PCy2

Br

+ —_—

toluene, 110 °C

N. _N Br
B

/\
151

8-((4-Dicyclohexylphosphino)phenyy,4-dimethyl1,3,5, #tetramethyi2,6-diethyl4-
bora3a,4adiazas-indacene 151) (0.60 g, 1.31 mmol) was dissolved in anhydrous
toluene (30 mL) and added to a stirred solution oflsfbromomethyl)benzene (0.35 g,
1.31mmol) in anhydrous toluene (30 mL); the resulting red solution was heated to 110 °C
overnight. The reaction was monitored B{*H} NMR showing the presence of a
phosphonium ionThe reaction was allowed to cool to room temperaturelandolvent
was renovedin vacuo.The compound was purified using column chromatography on
silica gel (chloroform/methanol 9.5:0%,= 0.6) and produced a red sol@61 g, 55%).

IH NMR (400 MHz, CDCH) U 8. 07 ( m, 3u@+B)1,Hz, ZH),5.93 (fJdh =

8.1 Hz, 2H), 7.13 (FJun = 8.1 Hz, 2H), 4.92 (EJup = 8.1 Hz, 2H), 4.34 (s, 2H), 2.39
(s, 6H), 2.24 (0®Jun = 7.3 Hz, 4H), 2.07..91 (m, 5H), 1.8&.62 (m, 7H), 1.471..21 (m,
10H), 1.14 (s, 6H), 0.92 (#Jun = 7.3 Hz, 6H) 0.22 (s, 6Hppm.BC{*H} NMR (100
MHz, CDCk) i 151 . 6, 1 5ck= 84 Hz)]l 135 (8Jcr € 8.4 Hz), 137.3,
134.2 (d,Jcp = 8.7 Hz), 133.3, 133.1, 130180.8 (overlapping signals), 129.8, 129.4,
115.6,114.9, 32.7, 30.9, 30.5, 228.7 (overlapping signals), 25.5,.8, 14.5, 12.0, 10.0
(br) ppm. 3P{*H} NMR (162 MHz, CDC$) U 30.2 ppm.''B{*H} NMR (128 MHz,
CDCk) G11.9 ppm.IR (neat):’ = 2929 (m), 2856 (m), 2360 (w), 1549 (s), 1447 (m),
1319 (s), 1171 (s), 1027 (w), 947 (s), 796 (m), 745 (s), 671 (W) BIRMS (AP*) calcd.

for CasHe2B1BriNoP: [M+H] " requires m/z 751.3926, foumaz 751.3917 (0.1 ppm).
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4.7.6 9-(4-((4,7,10Tris(2-(tert-butoxy)-2-oxoethyl}1,4,7,10tetraazacyclododecan
1-yl)methyl)benzyl)-8-((4-dicyclohexyl)phenyl}4,4-dimethyl-1,3,5,7
tetramethyl-2,6-diethyl-4-bora-3a,4adiaza-s-indacene phosphonium bromide
154

t—BUOzc
+BUO,C N /)

[ N
) - o
NN tBu0,C

Br ( ~—H t—BuOZC/\N/ \N
CO,t-Bu j

153 .
N
NaxCO4 \__/ \—CO,t-Bu

acetonitrile, 80 °C

152
154

9-(4-(Bromomethyl)benzykB-((4-dicyclohexyl)phenyb4,4-dimethyt1,3,5,7
tetramethy2,6-diethyt4-bora3a,4adiazas-indacene phosphonium bromidel5@)
(0.10 g 0.12 mmol) tri-tert-butyl 1,4,7,16tetraazacyclododecatigs, -triacetate(153)
(0.06g, 0.12 mmol) and M@0z (0.04 g, 0.36 mmol)were dissolved in anhydrous
acetonitrile (6 mL) and the resulting red suspension was heated to 80 °C ovérnéght.
reaction was allowed to cool to room temperature tredsolvent was removéa vacuo.
The compound was purified using column chromatography on silica gel
(chloroform/methanol 9:1R = 0.3) and produced a red so(@09 g, 60%)!H NMR
(400 MHz, CDCH i 8. 14 ( m, 332 9.6 Hz,2H) 6727 (Pl = 7.1 Hz,
2H), 7.18 (d3n = 7.1 Hz, 2H), 4.75 (Jnp = 13.6 Hz, 2H), 3.33.21 (m, 2H), 3.01
2.95 (m, 2H), 2.88 (s, 2H), 2.84 (s, 2H), 2.39 (s, 6H), 2.24)@,= 7.5 Hz, 4H), 2.1-

2.01 (m, 5H), 1.98-1.88 (m,5H), 1.851.63 (m,10H), 1.6%:1.47 (m, 6H), 1.43 (s, 18H),
1.39 (s, 9H), 1.29.21 (m,4H), 1.16 (s, 6H), 1.09.98 (m,3H), 0.92 (t,3Jun = 7.5 Hz,
6H), 0.820.75 (m,5H), 0.21(s, 6H) ppmppm.*3C{'*H} NMR (100 MHz,CDC}§)ii 17 3. 7,
172.6, 151.6, 144.0, 137.2, 136.5, 134.3Xh = 8.5 Hz), 133.2, 132.8, 1311B0.9
(overlapping signals), 128.7 (@tp= 7.7 Hz), 128.4, 115.7, 114.9, 83.2, 82.7, 58.5, 56.8,
55.9, 50.649.6 (overlapping signals), 30.7, 30.2, 28.1, 28.0, 2&7Z,20.6, 19.517.6,
14.9, 14.5, 12.2, 11.5, 10.5 (gpm. 3P{*H} NMR (162 MHz, CDC%) U 30.3 ppm;
HB{*H} NMR (128 MHz, CDC}) i1 1.0 ppm.IR (neat):" = 2933 (m), 2860 (m), 2360
(m), 1723 (s), 1550 (m), 1163 (s), 801 (m), 751 (m), 610 (M}.ddRMS (AP") calcd.

for C71H112B1N6eOsP1 [M+H] " requires m/z 593.4237, foumdz 593.4231 (0.4 ppm).
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4.7.7 [CuBr(154][Br] » 155
B +BUO,C e B +BUO,C 1%,
tBuO,C—\ /7 \ tBuO,C—\ /" _\

Nj N_BrN

AN
%)
N N N @
\__/ \—CO,t-Bu | [Cu(OAc) \__/ \—CO,t-Bu
MeOH, 65°C

154 155

9-(4-((4,7,10Tris(2-(tert-butoxy)2-oxoethyl}1,4,7,10tetraazacyclododecdlz
yh)methyl)benzyl}8-((4-dicyclohexyl)phenybd,4-dimethyt1,3,5, #tetramethyi2,6-
diethyl4-bora3a,4adiazas-indacene phosphonium bromidksé) (0.12 g, 0.09 mmol)

was dissoled in anhydrous methanol (3 mL) and added to a stirred solution of Ci(OACc)
(0.02 g, 0.09 mmol) in anhydrous methanol (3 mL). The mixture was stirred@tfé6b

2 hours and the solvent was removed giving a dark red solid. Purification using column
chromaography on silica gel (chloroforméthanoB:1,R:= 0.3 yielded a red solid (0.06

g, 44%) A sample suitable for Xay crystallographic analysis was obtained from
chloroform.IR (neat):” = 2931 (m), 2867 (m), 1732 (s), 1558 (s), 1461 (s), 1369 (m),
1322 (m), 1173 (s), 1147 (s), 982 (s), 946 (M) tm
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5 Future Work

The present work shovisportant developments have been made:

1 In chapter 2,lte synthesis of the phosphindos79 proved that it is possible to
create analoguesith substituents ithe C3 position. It was not possible to create
a fluorescentlerivativeusing anthracene, naphthalene or benzene as substituents;
therefore, it would be interesting to use either a different fluorophore or to add a
linker in between the twayclic functinalities (the phosphindole and the
fluorophorg. This work also proved that it is possible to add substituents to the
phenyl ring of the phosphindole core. To avoid the mixture of regioiscimeirs
was encountered would beprudenttouse an areneliggh eny | t hat doe
rise to this problem. Clearly the mechanism of this readtias shown by the
tolyl derivativei is vulnerable to the generation of undesirable regioisamers

1 In chapter, he synthesis of pyrenefunctionalisedridentateligandfrom an air
stablealkyl primary phosphingvas described, which opens thg possibilityof
synthesisingprimary phosphinegeaturing different PAHs. The coordination
chemistry ofL09was studiedince thesquare pland?t(ll) complexl116presented
here hashown promising anticancer activiigainstoone osteosarcoma (U20S)
and transformed mammary cancer (HMLER) gelle next step would be to
compare it against similar compounds in orderxjaain its mechanism of action.
Currently, the palladium analog{PdCI(109][CI] 120is beingtested in the same
cells assays atl6 to determinei f the | atterbés mode o
dependant. Similarly, [(Triphos)PtClI] is also being investigated to establish what
role the pyrene plays in the cytotoxicity Tf6.

1 Chapter 4 shows thathe BODIPY-Cu(ll) phosphoniumcomplex 155 as
confirmed by X-ray crystallographywas achieved. Further work on this
compound wil focus on stablishing thab5is a useful probe for cell studies by
fluorescencemicroscopy . Studieswill take place to determine if55Ilocalises in
mitochondria.Finally, the free ligand.54 will be used to obtain the BODIPY
84Cu(ll) radiotracer tdacilitate imaging studies. Developments are also possible
with this novelmacrocyclic phosphonium ligaridit should also allow for the
synthesis of complexes containidifferent radioactive metals such®6&a!'lin,

82Rb, %Y and®zr. These metals have different radioactive devay profiles.
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In general, this worlhasled us tosynthesise and characterismlecules containing a
fluorescent moietynd a second function of biological interétte BODIPY derivatives

in particular appear to be judicious option for producing fluoregueites due to their
relativelyhigh quantum yieldAlthough the pyrene deriti@e were they can interact with

DNA. As such, two classes of fluorescent transition metal probes have been developed:
a BODIPY-Cu(ll) phosphonium complex for fluorescence and PET applications and a

pyrenederived Pt complex for DNA intercalation.
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Appendix
Crystallography
Crystal structure 069

Table 1Crystal data and structure refinement@0r

Empirical formula C31H24NZrBro.sClo.s
Formula weight 559.41
Temperature/K 150.15

Crystal system monoclinic

Space group P2l/c

alA 7.71380(10)

b/A 18.1990(3)

c/A 17.3229(3)

u/ A 90

b/ A 96.714(2)

o/ A 90

Volume/A3 2415.17(7)

Z 4

} caig/cn® 1.538

e/ mm 1.358

F(000) 1132.0

Crystal size/mrh 0.45 x 0.2 ¥0.15
Radiation MoKU (& = 0.7107
2U range f or 577t057.02
Index ranges -10 O K30 O kL70 &
Reflections collected 14345

Independent reflections 5158 [Rnt = 0.0226, Bigma= 0.0308]
Data/restraints/parameters 5158/0/314

Goodnes®f-fit on P 1.038

Final R i nde R:=0.0259, wR=0.0639

Final R indexes [all data] R:=0.0346, wR= 0.0653

Largest diff. peak/hole / e 30.43£0.54
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Crystal structure of3

Table2 Crystal data and structurefinement for73.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

al/A

b/A

c/A

u/ A

b/ A

o/ A
Volume/A3

Z

} calg/cm?

e/ mm

F(000)

Crystal size/mrh
Radiation

2U range
Index ranges

f

Reflections collected

Independenteflections

Goodnesf-fit on
Fi nal R i

n d e R1=0.0304, wR=0.0807

or

Final R indexes [all data]
Largest diff. peak/hole / 220.25L0.27

CasH2oNPS
399.46

150.0(2)
orthorhombic
Pbca
14.47762(13)
13.63301(11)
21.14832(15)

90

90

90

4174.12(6)

8

1.271

2.163

1680.0

0.23 x 0.15 x 0.09
CukKU (& =
8.362 t0 133.824

1.

5418

217 O K50 O 7% 50 OO

28327

3713 [Rnt = 0.0348, Rgma= 0.0190]
Data/restraints/parameters 3713/0/256

1.027

R1=0.0345, wR=0.0840
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Crystal structure of4

Table3 Crystal data and structure refinement7dr

Empirical formula C21H20NPS
Formula weight 349.41
Temperature/K 150.0(2)

Crystal system monoclinic
Space group P2J/c

alA 11.1317(2)

b/A 14.2985(2)

c/A 12.3847(2)

u/ A 90

b/ A 111.841(2)

o/ A 90

Volume/A3 1829.74(6)

Z 4

} cai@/cn® 1.268

e/ mm 2.388

F(000) 736.0

Crystal size/mrh 0.2x0.16 x0.1
Radiation CukKU (& = 1.5418
2U range f or 8558t0133.874
Index ranges -13 0121 70 O k140 O
Reflections collected 13100

Independent reflections 3248 [Rnt = 0.0383, Rigma= 0.0312]
Data/restraints/parameters 3248/0/220

Goodnes®f-fit on P 1.021

Final R i nde R1=0.0324, wR=0.0812

Final R ndexes [all data] R:=0.0412, wR=0.0873

Largest diff. peak/hole / e #0.29£0.22
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Crystal structure of5

Table4 Crystal data and structure refinement7ér

Empirical formula
Formula weight
Temperature/K
Crystalsystem
Space group

alA

b/A

c/A

us A

b/ A

o/ A
Volume/A

Z

} calg/cm?

e/ mm

F(000)

Crystal size/mrh
Radiation

2U range f
Index ranges
Reflections collected

Independent reflections

C17H1sNPS
299.35

150.0(2)
monoclinic

P2/c
11.02573(16)
20.3758(3)
7.04987(11)

90

99.1072(14)

90

1563.84(4)

4

1.271

2.702

632.0

0.36 x 0.18 x 0.11
Cu KU 1541843
8.122 to 134.06

13 O R40 O X8 @D

42773

2795 [Rnt = 0.0503, Rgma= 0.0157

Data/restraints/parameters 2795/0/184

Goodnesf-fit on

Final R i nde R:=0.0288, wR=0.0740

Final R indexes [all data] R:=0.0325, wR=0.0763

1.063

Largest diff. peak/hole / e #0.31£0.25
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Table5 Crystal data and structure refinement76r

Empirical formula Cs3Hz2NOPS
Formula weight 521.63
Temperature/K 150(2) K

Crystal system triclinic

Space group P1

alA 10.4544(5)

b/A 12.6185(7)

c/A 12.7281(7)

U/ A 67.862(5)

b/ A 69.229(3

o/ A 67.350(4)
Volume/A3 1391.56(13)

Z 2

} cai@/cn® 1.245

e/ mm 0.200

F(000) 552

Crystal size/mrh 0.423 0.40% 0.35
Radiation CukKU (& = 1.54
2U range for 3.1t028.4
Index ranges -13t0 12, k16 to 15, | 14 to 1¢
Reflectionscollected 11486

Independent reflections 5748 (Rt = 0.0149)
Data/restraints/parameters 5748 / 0 / 355
Goodnes®f-fit on P 1.065

Final R i nde R1=0.0409, wR2 =0.1090
Final R indexes [all data] R1 =0.0603, wR2 =0.1164
Largestdiff. peak/hole / e £0.30 and 0.50
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Table6 Crystal data and structure refinement7@r

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

al/A

b/A

c/A

u/ A

b/ A

o/ A
Volume/A3

Z

} calg/cm?

e/ mm

F(000)

Crystal size/mrh
Radiation

2U range
Index ranges

f

Reflections collected
Independent reflections
Data/restraints/parameters 3774/0/256

Goodnesf-fit on
Fi nal R i

n d e R:=0.0300, wR = 0.0809

or

Final R indexes [all data]
Largest diff. peak/hole / e #0.58+0.57

CaosH2oNPSe
446.36

150.0(2)
orthorhombic
Pbca
14.46942(11)
13.83807(10)
21.17154(15)

90

90

90

4239.15(5)

8

1.399

3.173

1824.0

0.24 x 0.17 x 0.06
CukKU (& =
8.352 t0133.772

1.

5418

217 O K20 O 72 50 OO

57128

3774 [Rnt = 0.0460, Rgma= 0.0160]

1.047

Ri1=0.0353, wR = 0.0850
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Table7 Crystal data and structure refinement78r

Empirical formula C21H20NPSe
Formula weight 396.31
Temperature/K 150.0(2)

Crystal system monoclinic
Space group P2J/c

alA 11.25631(18)
b/A 14.45813(18)
c/A 12.3901(2)

us/ A 90

b/ A 112.1141(19)

o/ A 90

Volume/A3 1868.10(5)

Z 4

} calcg/cn? 1.409

e/ mm 3.523

F(000) 808.0

Crystal size/mrh 0.24 x0.17 x 0.15
Radiation CukKU (& = 1.5418
2U range f or 8.48t0133.91
Index ranges -13 O k60 O 41 40 Q1
Reflections collected 13781

Independent reflections 3317 [Rnt = 0.0320, Rigma= 0.0233]
Data/restraints/parameters 3317/0/220

Goodnes®f-fit on P 1.033

Final R i nde R=0.0251, wR=0.0610

Final R indexes [all data] R:=0.0322, wR= 0.0656

Largest diff. peak/hole / e 20.29£0.26
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Table8 Crystal data and structure refinement70r

Empirical formula Ci7H1sNPSe

Formula weight 346.25

Temperature/K 150.0(2)

Crystal system monoclinic

Space group P2

alA 8.5322(3)

b/A 8.2843(3)

c/A 11.2269(4)

us/ A 90

b/ A 94.181(3)

o/ A 90

Volume/A3 791.44(5)

Z 2

} calg/cm? 1.453

e/ mm 2.463

F(000) 352.0

Crystal size/mrh 0.2079 x 0.1842 x 0.0913
Radiation MoKU (& = 0.7107
2U range f or 5.798to54.952

Index ranges -10 O Kk 00 O 1k 40 O1
Reflectionscollected 12450

Independent reflections 3427 [Rnt = 0.0470, Rigma= 0.0501]
Data/restraints/parameters 3427/1/184

Goodnes®f-fit on P 1.038

Final R i nde R:1=0.0326, wR=0.0553

Final R indexes [all data] R:=0.0418, wR=0.0582

Largest diff. peak/hole / e 20.52£0.29

Flack parameter -0.009(6)
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