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Abstract

Bis(hiosemicarbazone) ligand derivatives (Figure 1) and their metal complexes (Figure 2) have
long beenof interest as they have applications as anticonvulsants, sapiele dismutasdike

radical scavengerm i KS Ay @SadA 3l GA2y 2 PnostitimdgiSh YSND& RA

Q Q, Q Q,

" N_NHN_N PR N\, »
/‘< >/" \, /‘</ /\”/\\>’"\R4
Figure 1 Figure 2

Copper (Il) bis(thiosemicarbazone) derivatives have been used extensivelg im#ging of
oxygen deficient (Jpoxic) cells for the detection and imaging of cancerous tissues and heart
disease \ Positron Emission Tomography (PET). It is possible to fine tune the
bis(thiosemicarbazone) complexes redox potentials and lipophilicity by altering the substituents
on the Q and Q position and the R R, R and R locations respectively. To date ordymmetric
bis(thiosemicarbazone) ligands ¥R, R=R) have been evaluated for hypoxia imagifithis
thesis reports the synthesis dfssymmetridigands (R' w Rr' y in order to gain further control

of the properties of the complexes and therefore the locationsythéll migrate to.A range of
ligands haslso been synthesised for the monitoring of copper metabolism within the brain for
the investigationof f T KSAYSNDRa RAaSHasS FyR 20KSNJ ySdzNR |
has been achieved by controlling the condensation reactions between dicarbonyl compounds and
4-substituted-3-thiosemicarbazides. Synthesis via an alternative acetal protectingoddtas also

been investigated.

Thirty bis(thiosemicarbazone) ligands have been successfully synthesisedich thirteen are
symmetric and seventeetissymmetric From this library of ligandejghteencopper complexes
hawe been synthesised along witlvénty zinc complexesThe mc complexes have the potential
to act as convenient precursors for the rapid synthe$isadio-copper complexes via a

transmetalation method.

All ligands, complexes and intermediates have been fully characterised by a faeghriques
including IR spectroscopy, Raman spectroscopy, NMR spectroscopig $péctroscopy,
elemental analysis and ass spectroscopyA newcyclic byproductfrom the ligand synthesisas

also been isolated and fully characterised.
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1. Introduction

1.1. Nuclear medicine
Nuclear medicine can be defined as the medical use of radioactive agents to diagnose and treat

patients® The radioactive agent sometimes called a raméwer, a termed first coined by the

fatherof nuclearl8 RA OAy S DS2NBS RSsara8iéa&ive®Emeatywhichi€ S ™
either administeed in its elemental form oattached to a bieactive molecule. This biactive

molecule can be a protein, peptide a neurotransmittef which possesthe correct interactions

within the body in order to allow the radionuclide to be transported to the desired biological

target. Small radiolabelled coordination complexes may aésathised in nuclear medicine as

their use may overcome problems experienced with molecules with large molecular masses such
as antibodies which may lead to slow uptake in the targesé@ince at the target sitthe

products of the decaying radionuclide are either detected for diagnostic imaging or used to

irradiate the tissue for therapeutic applications.

1.1.1. Diagnosis
Ly GKS f1F3GS mpunQa | SNYIyy . fdzy3al NI FyR {2YlI

General hospital, first pioneered diagnostic nuclear medicine by using a solution of F&jium

which is the historic name f6“Bi, to study the velocity of blood. Blumgart is regarded as the

father of diagnostic nuclear medicide5 A 3y 2 a G A O y dzOf SledNathaStRA OA y S C
AYF3Sa (KS 02ReQa 0A20KSYAAUGNB Ay 2NRSNI G2 |
of a tissue or organ compared to other technigues commonly used in imagingdwas whose

main strengths are showing anatomy The area has progressed to such an extent that almost
every organ cabe imaged, as there are tracers available for nearly all tissuase(diver, kidney,

heart, lung, gastrmesophageal tract, etc.) and fluids (blood, cerebpinal liquid, urinary

excretion tract, etc. Diagnostic imaging makes by farthe majority of all nuclear medicine
procedures with 880% of the nuclear medicine procedures being for diagrfdsnerally, the
radionuclides used in diagnostic procedures are sheed gamma or positron emitters such as
technetium99m and flueine-18 which aids to limit adverse effects on the patients due to the
emitted radiation. Once the radiotracer has migrated to the target tistheeproducts of the
radioactive decay are detected by a suitable camera at many different angles arouraidbe t

site and the data from the detected events is used to build up an image.

An example of a diagnostic tracer {¥]Fluorodeoxyglucose, also known #5[FDG, which is a
'®F |abelled analogue gfucose (Fure 1.1.1.1). [°F] FDG is a substrafier the hexokinase
enzyme in glucose metabolism. Hexokinase phosphorylates FDG to form two moleeules (2
deoxyglucosé-phosphate and FD6-phosphate) which are unable to enter the glycolysis cycle

so are trapped within the cellThis enables'{F]JFDG to be used in the imaging of glucose
1



metabolism for the detection, staging and response monitoring of malignant and benign

tumours?®8°

Figure 1.1.1.1Structuresof D-Glucoseand [®F]Fluorodeoxyglucose based.h'!

OH OH
HO 0] HO 0
HO HO
18
OH OH F OH
D-Glucose ['*F]FDG

1.1.2. Therapy
Therapeutic nuclear medicine usually involves a single administration of a raditentnzt emits

SAGKSNI St SO0 Ngtay) ob gariialraysyi oyderdo indlce the cellular destruction

of any unwanted cells. The main objective of therapy is to remove the capacity of the cancer cells
to multiply. High energy radiation has thbility to remove the cancer cells ability to divide and
proliferate by causing damage to cells genetic material such as DNA (deoxyribonuclefcTas)
principle exploits the fact that rapidly diing cells argarticularly sensitive to radiation damage

The first use of nuclear medicine was for therapy in 1901 where Henri Aleandre Danlos and

Eugene Bloch treated a tuberculosis skin lesion by placing it in contaataditm™®

An example of a radionuclide used for therapeutic applicatiofi8laline which when

administered to a patient accumulates in the thyroid. This allows for the beta minus emitter to be
used in tlyroid cancer therapy or treatment of nemalignant thyroid disorderSlt is worth

noting that radiation cannot be used in the treatment of conditions where the cells need to be

stabilised or regenerated

1.1.3. Types of radioactive d ecay
A radionuclide is a radioactive element that gains stability by undergoing one or more modes of

radioactive decay, resulting in a loss of mass or childe reasons why an element may

undergo a decay process are summarised in Table 1.1.3.1.



Table 1.1.3.1Nucleartransmutations based oh

Decay Reason for Transformation n/p ratio

Mode instability of change

parent nuceus

Alpha Too large A A-4 4 226 222 4 Increase
P 9 S X—=>, Y+« wwRa—> . Rn+
decay
i - 14 14 -, =
Beta Neutron rich ;X_)Zﬁ Y +e 6C_) 7N +e +T Decrease
decay
Positron Neutron A A + 11 11 + Increase
. - X2, Y+e (Co>B+e +v
emission deficient
Electron Neutron A - A 111 - 111 Increase
capture deficient -
Isomeric Excess ener A A 99m 99 No
v SX*EU X +y nlc*—=Te+y
transition Change

| f LKl é6h 0 RSOl @&

Elements with a high atomic number or with an atomic mass >210 siiéfua&’Ra and*°Th

achieve stability by emitting alpha particles and occasionally gamma photons are emitted.as well
An alpha particle consists of two neutrons and two protons. The emission of this alpha particle
NEBadzZ Ga Ay | NBRdzOGA2Y Ay (GKS ydzOt ARSQa Fid2Y
achieve a more stable state. Alpha particles have kinetic energibe iange of 49 Me\~. For an

alpha emitting nucleus each decay will yield alpha particles with the same energy. Therefore alpha
particles can be termed monrenergetic particles. Alpha particles are about D @nes heavier

than electrons and can be stopped by organic tissue. When a collision occurs the alpha particle
ionises the tissue and indirectly cuts it or allows chemical transformation which in the case of
collisions with DNA or RNA can cause deatthéodell’ The extremely high level of damatjet

alpha emitters causeoupled withtheir short range which limits the zone of interaction with
neighbouring cells means alpha emitters have an ideal profile foinudestroying cancerous

cells’ Due to the large amount of damage alpha particles can inflict, alpha emitting
radiopharmaceuticals need to passs a very high level of affinity to the target site, in order to

avad undesirable damage to the rest of the body. The added downoffalpha emitters is once

they are absorbed or ingested it is impossible to detect the alpha radiation which means

accidental contamination is difficult to localise which would cause proslfor production,

3



transportation and implementation of alpha emitters for medical proceduréke use of alpha
emitters would not be first choice if another radionuclidetiiecays via a different rouis

avalable.

St Yhdgdsa 6

Beta minus decay is when a neutron (n) in a neutron rich nucleus is converted in to a proton (p),
an electron (8 and an antneutrino (/). The electron and the antieutrino are ejected from the
nucleus. In this decay route the ataermass of the nuclide stays constant but the atomic number
increase by one. The kinetic energies of the emitted electrons can vary greatly, the range of this
variation is a characteristic of the nuclié@here is not a role in nuclear medicine for the

weightless antneutrino, but electrons which have a continuous energy spectrum and a tendency
to be absorbed by matter, are greatly useful in therdpyhen the electon is absorbed by matter
Xrays are sometimes generated and the remainder of the energy is deposited as heat. This
process can cause free radicals which can lead to molecutaraagements. This high potential

for destruction coupled with their specifi@lf-life means that beta emitters can be used for

localised cell destructiah

t 23 A ('NBodly 6 |

Also known as beta plus decay, this type of radioactive decay is more commonly seen in elements
with lower atomic numbers. Positron decay is a mechanism which allows the neutron deficient
nucleus to gain increased stability by decregdime number of positive charges (protofits)
contains In positron decay a proton in the nucleus transforms into a neutron, positron and a
neutrino. The positron can be thought as an aiéctron. The positron and the neutrino are
ejected from the nuclesi resulting in @aughter nuclide which comprises @lower atomic mass
number but a constant mass number. Just as with the beta decay, there is variation in the
energies of the positron as their energy is dependent on how much energy is carried avisgy by t
neutrino.” Even though the neutrino is not of any use in nuclear medjtthe gamma ray
emissions which are the product of positron annihilation are of greabitamce for diagnostic
imaging techniques such as Positron Emission Tomography (PET). After travelling a few
millimetres the positron will undergo an inelastic collision with an electron which will result in
both the particles undergoing annihilatidot KS | yYAKAf I GA2y LINROS&a
to be converted in two 511 keV photdnshich are emitted at 180from each other* If two

O

detectors are placed on each side of the patientisatone in PET, after a few disintegrations it is

then possible to calculate the precise location of the source.



Gamma radiation

Gamma radiation is electromagnetic radiatioratlis emitted from a nucleus that is in an excited
state, which can be produced by the electron capture and isomeric transition mechanisms.
Gamma rays are ideal for diagnosis due to their very high penetrative dfiligy can pass

through large thicknesseaxf matter or far further in air. Gamma ragan howeverbe stopped or
strongly attenuated with dense materials such as lead or concrete. Gamma rays can be detected
by gamma cameras or used in Single Photois&on Computed Tomography (SPECT) for
diagnostic procedure¥ High energy gamma radiation has also the ability to damage the DNA of
cancerous cells which allows them to be routinely used in therapeutiécapipins for the

treatment of various cancerg

Electron capture

An alternative mechanism with which a neutron deficient nucleus can become more stable is a
process called electron capture. This is when an electiend]ly in the Khell) is captured by the
parent nucleus resulting in a proton being converted into a neutron and a neutrino. The daughter
nucleus produced has an atomic number which is one lower than the parent nucleus whilst the
mass number remains unahged. Electron capture can also produce characteristiy$*

and/or Auger electrons, due to the vacancy in thehell or gamma photons produced when a
daughter nucleus in an excited state falls back daevthe ground staté Auger electrons which

I NBE St SOiNRya 6KAOK KIFI @S 6SSy S2SOGSR FTNRY 2
Sy S NH & paiti&lds ut sShow therapeutic applications due te@ithability to cause destruction

to only a few layers of cells

Isomeric Transition (IT)

Isomeric transition occurs when a daughter nucleus has undergone one of the above decay routes
but still remainsinanextiSR aGF iS® ¢KAa f2y3a fABSR YSGl adl
the emission of gamma photons when the daughter nucleus drops to the ground state. As the
ground state nuclide and the metastable nuclide only differ in energy they can be desasibed

isomerg, hence the term isomeric transition.

1.2. Single Photon Emission Computed Tomography (SPECT)

Out of approximately 40 million radiopharmaceutical based clinical scans that are made annually
worldwide, 95% is comprised of SPECT stFise technique Single Photon Emission

Tomography (SPECT) is based on using-ragitides that undergo decay routes resulting in the
emission of gamma rays osr¥ys. Technetiur®9m (°"Tc), with its 140 keV gamma ray

emissions, is the most commonly used radionuclide in SPECT iMdging other radienuclides

are also used, as shown in table 1.2.1.



Table 1.2.1Cther commonly used radiouclides for SPECT Imaging, baselfon

Radionuclide Symbol  Halflife Emitted Photon Energies §¥/)

Thallium 201 2007 73 days F 1-80, 167
Technetium 99m  *™T¢ 6 hours 140
lodine 123 123 13 days 159
lodine 131 13y 8 days 364
Indium 111 i 2.8 days 172, 245
Gallium 67 *Ga 78 hours 93, 184, 300, 393

When a photon is emitted by the chosen radionuclide, it radiates fioenbiody in a random
direction. The photon is then detected by a gamma camera which is fitted with a lead collimator
with multiple parallel holes. The collimator only allows the photons that are emitted roughly
perpendicular to the face of the gamma carado interact with the sodium iodide (Nal) crystals
and hence be detectédi(Figure 1.2.2.). A projection view of the radiotracer in the body is built up
by the detection of the accumulated events hence, fiiecision of the projection increase with
longer acquisition times. In ordés produce a complete image, a series of projections at
successive angles need to be measured. This is achieved by the camera being mounted on a
gantry that can orbit the body. bt routine clinical SPECT systems are based orheadl

variable 180 degree or variable angle camerasiple-head variable angle camera# typical
angular increment is-8 degrees® resulting in a total of 60 projections for a 180 degree otbit

The total scan time of a full 360 degree is betweer205ninutes'™ Applying linear analysis to the

acquired data allows a thregimensional image of the target area to be obtairfed

|
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Figure 1.2.2Detection of a photon by a gamma camera in SPB&Ed on*. Four different emission

photon trajectories are depicted. Only one (indicated by the solid line) will be detected at this camera angle

because of the lead collimator.



SPECT is a less efficient method of acquiring data thanagietuch as Positron Emission
Tomography (PET) due to only the photons that are emitted in the plane of the collimator being
detected, this can be roughly 1 in 5,000, dependingherdesignof the collimator.? With PET, all
photon pairs emitted in the same plane as the detector ring will be detected. A second
disadvantage with SPECT is that each angle projection has to be measured individually while with
PET all angles are acquired simultaneatiowever for preclinical small animal studies SPECT

can achieve higher resolution than PER number of physical effects, such as collimator blur,
statistical noise, scatter andtanuation all have negative effects which ultimately limit the image

quality and accuracy of a SPECT infage

Collimator blur arises due to the collimator accepting photons with a range of incident angles
instead of only the photons that are travelling exactly perpendicular to the collimator face. This
causes a decrease in spatial resolution. Statistical noise arises due to the acquisition of only a
limited number of photons. Ifotons can be scattered hissues whilst travelling through the

body, this can result in either the photon being diverted from the plane of the detector and hence
not detected or the photon losintp muchenergy before reaching the gamma camera. If the
energy loss is large enough thengma camera will reject the event. Most photons with 140 keV

of energy would be scattered rather than be absorBédtenuation is when a photon that is
travelling on a path that would otherwidee detectedoecomes éher scattered or absorbed,
resulting in the photon not being detected. Attenuation results in loss of quantitative accuracy
and increased noise of the resulting imad@he imaging of moving organs, foraexple the

heart, can also add difficultly in terms of image acquisition and interpretaggen though there

are specific SPECT systems, such as the Cardius system (Digirad) which has been optimised for
cardiac inaging? SPECT myocardial perfusion imaging is well established asiavagive tool for

the diagnosis of ischaemic coronary diseds8PECT can be combinedhtite anatomic imaging
capabilities of Xay computed tomography (CT) to form SPECT/CT or computed tomography
coronary angiograpHywhich enables physicians to access improved diagnosis capabilities than if

SFECT was used alohé

1.3. Positron Emission Tomography (PE T)

The versatility of Positron Emission Tomography (PET) is the reason whyg&HBiggpopularity
in functional imaging This is supportedly the fact that between 2005 and 2011 in the UK the
number of static PET scanners increased from 14 fd BETrelies on the detection of the decay
products of, neutrordeficient, positron emitting nuclides. These nuclides can be incorporated
into a pharmaceutical that is designed in order to detect a specific metabolic pathway. After

emission, the particularly uteble positron, which lasts about 10seconds, interacts randoly
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with the surrounding tissue. This interaction causes a loss of energy until then energy of the
positron is sufficiently small, when it is able to annihilate upon collision with a freaiec™ "

4 18Thjs annihilation process produces two photons of 511 KeV which corresponds to the rest
mass of both the electron and positrdfiThe two photons are emitted at 180 degrees from each
other, however the angle cape slightly more or less than 180 degrees, typically0t25, if the
positronrelectron system is not a rest at the moment of annihilatfotf This process is illustrated
in figure 1.3.1. The detection of a high level of coincidental events can generate anafiihge
distribution of the detected annihilation photons, hee the position of the positroamissions
reflects the distribution of the labelled pharmaceutical. Typically, coincidental events are two
photons that are detected betweenB2 nanoseconds frorach other' The distance the

positron travels before annihilating is called the positron range and depends adnitiaéenergy

of the particle. Aow positron energy is desirable in order to limit thesfioon range and optimize

spatial resolutior®

Figure 1.3.1A diagram of the posibn emission and of the detectiaf both gamma photons generated by

the annihilation process, based an

Photony

Unstable Positron Electron
isotope O 2, /t
T

Typical to most PET scanners, the coincidental events are detected by humerous detector rings
arranged in a cylindrical detector in order to make maximum use of the radiation which is
emitted.** Not all emitted photons will be used in the formation of the resulting PET image. As the
photons are emitted in all directions from the patient they may not be travelling in the same
plane in order for them to be detected by the detector ringgenthough each photon is

contributing toa radiation does to the patientModern PET scanners have the ability to acquire
data in 2D or 3D modes’ in 2-D acquisitions only photon pairs detected by a single detering

is used in the image formation whilst in thedBmode photons pairs detected by any combination
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of detector rings are usef The PET image is constructed by subjecting the acquisition data to
algorithms, filter functions and statistical methadAs PET does not require the use of a

collimator, PET can achieve a significantly higher sensitivity than SPECT by approximately two to
three orders of magnitudé’ PET can also be used to quantify the absolute trace concentration in
a target tissue, but before this can be achieved, the acquired data has to be subjected to
corrections in order to take into account system giitysical effects. The effects that need to be
accounted for include, but are not limited to, detector efficiency variations, random coincidences,

photon attenuation and scattered radiatiofi

The PET systeaiso suffers from a number of limitations. One limitation is that individual crystals
that make up the detector may have differing light output and decay times. It is therefore
necessary for the each photomultiplier tube to be assessed and correctiongeapsated in

order to ensure uniform response from the detector. Photomultiplier gain adjustments are part of
the detector setup and calibration procedur®sA limitation on overall count performance is

WAdE LIAE S dzlJQd tdzf &S LIAES dzLld Aa ¢oKSYy (62 LIK2
events interact with the detectors crystals within a very short time frame. If this time frame is too
short then the two photons cannot be distinguished as two sefgaphotons, but only as one

high energy event. If the sum of the two photons energy is above the upper energy discrimination
level then the event shall be discarded. If this is the case then both of the photons involved shall
be lost. Pulse pile up can beduced by the use afcintillatorwith short decay times’ The main
limitation that is faced by PET is the insurmountable resolution limit, which is due to PET
detecting the products of annihilation, whidtcurs after the positron has travelled a few
millimetres from the site of the radiotracer. The mean distance the positron can travel before
annihilating can vary from a fraction of a millimetre t&#m, depending on the radionuclide

used? This means that there is an unavoidable limit to the ultimate image resolution attainable by
the PET techniquéDespite this resolution limit of a few millimetres, the resolut@fPET images

is still regarded as excellehf®PET is also used in animal model based research for a large
number of human diseases, this is known as san@ithal PET. Due to the reductionsize of the
subject that is being imaged, state of the art human PET systems, with spatial resolutiens of 4
6mm, are not adequate which means that there is a range of small animal PET scanner systems or

the market that have spatial resolutions rangimetween 1.22.7 mm?



Table 1.3.2Advantages and disadvantages of PET imaging baséd on

Advantages Disadvantages

Does not require lead collimator. Many radionuclides reqte to be produced
on site from a cyclotron.

Uses biologically interesting radionuclides, High cost of a cyclotron, imager and

such ag'c,®0,N. radiochemistry facility.

Can accurately measure the amount of

radiopharmaceutical present in a region of

the body.

Spatial resolution of about 5mm.

For moving objectsuch as the heaygating can be used in order to improve the image quality of
the objects. Gating works by synchronising the movement of the heart with a particular emission
frame whichcan be achieved exploiting the data from an electrocardiogram (E'CIajt like

SPECT, the PET system can also be coupled-vathtdmography to form PECT. PETT

enables the functional data of PET ahd anatomical data of CT to be combined together in to
one image”? Another advantage that PEJT has over PET alone is that the data acquired from
the CT scanner can be used in order to correct for photon atiton effects in PEY PET

scanners can also be combined with Magnetic Resonance Imaging (MRI) in the case of. PET/MRI
19 A particular benéf of this combined modality ithat the high spatial and temporal resolutiaf

MRI can compensate for tHewer spatial and temporal resolutioof PET Another significant
advantage of the PET/MRI systems is that they can be used to image the hathnzakser by
usingthe two complimentary techniques for validation or image one or two biological factors
independently or simultaneously. One application for this powerful technique is preclinical drug

development for cancers such as Glioma, estaggessiveform of brain tumour™®

1.4. Copper radioisotopes in nuclear medicine.

Copper has the versatility of a transition metal element but because its chemistry is dominated by
the +1 and +2 oxidation statesppper does not suffer the complexities that a large range of
oxidation states can introduce. Copper in its +1 oxidation state has a full third sH&llw®ith

results in diamagnetic complexes that tend to be either colourless or yéfiGw(l) forms

complexes without any crystéield stabilization energy and therefore the resulting Cu(l)

complexes typically lack sufficient kinetic stability for radiopharmaceutical applic&teren

though, there is a recent report of a stable copper (I) complex that can be used for
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radiopharmaceutical applicatiotrfs Copper (I1) on the other hand, has & &tectron

configuration and forms complexésat are paramagnetic. The unsaturateesell gives rise to
crystalfield stabilisation energy that dictates preferences to coordination numbers of four, five
and six. Four cordinate complexes typically exhibit squgsknar geometries whilst five eo
ordinate complexes tend to form squapyramidal or trigonabipyramidal geometries, six €0
ordinate complexes on the other hand exhibit octahedral configuratfdrié *°As copper in its 2+
oxidation state straddles the lingetween a hard and soft cation,ast ligands that effectively
chelate with C&' tend to contain uncharged nitrogen donors and anionic sulphur or oxygen
donors in order to neutralise the charge of thef* cation® Cu(ll) is less labile towards ligand
exchange because of crysfald stabilization energy which means that Cu(ll) is the best
candidate for the incorporation into radiopharmaceutic&l$n vivoCu* can undergo reduction in
hypoxic (oxgen deficient) tissues. Thisductionis not limited to free copper ions but also can
occur in a Cli complex leading to Cwvhichis usually not as stably bound by the sargahds as
CU*. This results in a release of the copper in to the hypoxic tissue. This means that aGifdble
complex should ideally be able to withstand reducing conditions so that his @leased from
the complex and accumulating in nearget cells”’ This lend<Cf‘complexes to the application of

radio-tracer for medical imaging.

Ld A& LRaaroftsS G2 20d0F Ay O2LILISNI idpnatingBiorico 2 E
ligands are required, for eraple deprotonated amide nitrogen ligané%?*The geometry of the
resulting 3d complexes tends be the square planar. Copper in the +3 state has not currently

been observed within biolog¥so just copper in the +2 (cupric) and +1 (cuprous) oxidation states

are applicable to biological systerfis®with the +2 state being the most relevafit

[ 2 LIISNI A& | GNF¥OS StSYSyilz 6AGK GKS I°AdNI IS
the adult recommended daily intake being lOmg/day®" Despite the small quantity within the
body copper is an essential bioetal involved in a number of critical cell functioié\s a product

2F O2LIISNNE& FFoAfAde G2 mesQebredibpperdsha cdratgffoil S St S
respiratory oxidation, neurotransmitter synthesis, pigment formation and iron metabdfisth®
5SaLIAGS O2LIISNNEf A TaAR NN YDSEIYyKAREKE KRBl OGAJS
cytotoxic effects. In order to prevent these effects cells have developed complex mechanisms in
order to chaperone copper around the body to where it is requife When copper

homeostasis is disrupted, the subsequent copper imbalance is a pathology that a range of
RA&ASIHaSa akKl NBxX &umhrodeyeaerative fiseasds® ¥’ cRnkei®ard a S
Menkes diseas& *Copper also has an involvement in celiac disedsieh is the autoimmune
disease linked tanintolerance to glutenthe protein fraction of cereal graind>*°2 At a2 y Q&

diseased due to a mutation on chromosome 13 which leads to a functional deficit in the copper
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transporter protein ATP7B, this results in an accumulation of copper in the liver, brain, kidneys
and eyes” The disease, wbh can be fatal, can be managed by the administration of
penicillamine, a coppechelating agent which controls copper levels by liberating isolated copper
and facilitating its excretiaf® Menkes disease srecesive neurodegenerative disorder linked to

a gene mutation on the X sex chromosome. This gene in question codes for a copper transport
protein, and when the mutation is present, an inability for copper to be incorporated in to several

enzymes arises whiclaases several biochemical pathways to malfunctiorf

In a nuclear medicine context copper is a highdysatile radienuclide due to thenumber of

different isotopes of copper that aravailable, as summarised in Table 1.4.1. These different
radic-isotopes of copper fortuitously have a range of different decay mechanisms which yield
different decay products which can be utilised for diagnostic and therapeutic applications

Copper isotopes could also be of interest in the new field of theranostics, where one agent can be
used for both diagnostic and therapeutic applications depending on which copper isotope is
incorporated in to if'*® ®Nuclear reactions can be written in a shorthand forfAathich is

®sy 6 Piuh Tihis format shows that t15%&n target atom had a proton (p) collide with it. The

result of this collision was the emission of an alpha particle to form an atdiCof The letters d

and n represent a deuterium atom and a neutron respectively.

Table 1.4.1Physicaproperties of copper radionuclides for imaging ahdrapy, based orf' 2> 24 443

Radionuclide Ty Decay E = Rp Source
(h) (%) (keV) (keV) (mm)
®Cu 0.33 i7(93) 511 873 4.4 cyclotron
EC(7) 1332
®iCu 34  17(62) 511 527 2.6 cyclotron
EC (38) 283
®Cu 0.16 i%(98) 511 1315 6.6 Generator/ cyclotron
EC (2)
®Cu 12.7 1*(18) 511 278 1.4 Reactor/cyclotron
EC (43) 1346
i (39) 190  0.95
Cu 0.09 i (100) 1109 5.6 Reactor/cyclotron
®'Cu 62 i 7(100) 93 121 0.61 Reactor/cyclotron

Er SySNHeé 2F UKS Yzalu I odzy RI jheiconddpynSitgdayi Ay 3 6' 0 NI
E.p = average energy of the most abundant Ao y* S G N §) vagiafion.o |

Rn, = Average range of nepenetrating radiation in tissue.
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Copper 60

The short lived°Cu, withahaf ATS 2F wn YAydziSaz A& || NFRAZ2Y
(93%) decay and electron capture (78u is not produced by a generator but via a small
cyclotron by eithePNi(p,n)*°Cu or a®*Ni(d,2n)*Cureaction on®Ni-enriched target$® Due to

its short half live it must be synthesised on site.

Copper 61

®1Cu decays via positron emission (62%) with a negamgy range of 0.240.527 MeV* as well

as by electron capture (38%JCu has a halffe of 3.4 hours and large activities can be produced
by using*Ni(p,n)®*Cu using highly enriched nickel target. The higttieities of®*Cu produced
come at a high cost due to the need for the expensive enriéi¥¢itargets. A significantly
cheaper approach is using a zinc target to utilise®ftey” 6 PTureactiorf* Due to itslonger
half-life, this radioisotope of copper is able to be produced off site and transported to the

required location instead dfaving to be produced on site.

Copper 62

% dz dzy R S (988 &eay and owing to its short hifié (9.8 minutesf’Cu can baised as a
PET tracer for short timescale studféghe halflife of “*Cu means that it is compatible with
relatively long image acquisitions times for good counting statistics as well as being short enough
in order to allow repeat scanning within an single imaging ses$i%gu can be obtained by
eluting it from a®Zn/’°Cu generator or by the more expensive method of usindiN&p,n)*’Cu
reaction in a small cyclotroff The®Cu generator contain$Zn that is produced by irradiating a
copper disc in a nuclear reactor in order to perform the nuclear reaéfon(p,2n¥zn using
protons with energies between 226 MeV. An aniomxcange resin is used to isolate tff@n
from the target coppef **When dissolved in an acidic solution ti&n can be loaded on to
second aniorexchange resin column and the daught&ucan be eluted from the column when
it is required. Due to the limitédns of the very short halife this radionuclide needs to be

produced within a very close proximity to where it is required for use.

Copper 64

The versatilé*Cu radionuclide undergoesrange of different decay routes which includes

St SOGNRBY OF LIWidzNB 6 n oS O3 el onmcdr:pr 19y ‘HiecamddBuep H §
Enax= 660 keV, Ferage= 288 keV§® (Figure 1.4.2.§Cu yieldpositrons with relatively low

energies that produce highuality PET imag&swith spatial resolution which is equivalent {tr

images® Positrons fronf*Cu have a mean pasin range of 0.7 mm and a max range of B\t
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whichis comparable to thenean andnaximum range of positrons frofiF at 0.6mmand 2.1

mm respectively*®

The electron capture decay route can yield Auger etextrwhich can be used for therapeutic
applications”® when the copper is deposited close to the nucleus of the?@&t 12.7 hour haif
life enables the use of more time cguming chelation methods which has allowed the
development of a range 8fCu containing radipharmaceutical$Cu is best incorporated into a
radio-pharmaceutical by the formation of a thermodynamically stable and kinetically inert
coordination comple¥' “®but also can be integrated in to larger bimlecular probes based on
antibodies*" *° **nanoparticles or peptide&” “*However **CuClonits own has shown potential

for being used as a prostate cancer trater

®Cu has a sufficient hdlife in order to allow for it to be synthesised off site and shipped to the
research institution or hospital without excessive deéa§’Cu can be produced by eithby the
®4Zn(n,p§*Cu nuclear reactidi >?or by using a cyclotron to exploit tié&i(p,nf*Cif* *3or the
®Ni(d, 2n§*Cu* nuclear readons. Thé*Ni(p,nf*Cu method in a biomedical cyclotron is by the
far the most common method used to obtdifCLf® and requires an expensive enrich&ii

target (99.6%, natural abundance of niclef.95%) whictis electroplated on to a gold disk

E::lcu
12.7 h

B~ (39.03%)

EC (0.471%)
190.2 keV

Excited[®*N]

Ed-zn
EC (42.63%)

Y 1675.1 keV

1346 keV

B* (17.86%)
280.2 keV

A 4
64N

Figure 1.4.2Thepathways for the decays 8fcu into®Ni and®'zn based oA **
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Copper 66

This sha lived radionuclide withahaf A FS 2F p dm YA Yy dzi SlécayR1®®@F) & & S
G2 LINPRdzOS | NX fparticla 2.6 Mey) whishInkk&Su/sGithidedr targeted

i K SNJ LI Pcfm) tumbursE °&Cu Gar be synthesised by using a reactor with an enriched

®*Cu target. Other systems involving nickel, copper and zinc as targetiatsigre under

investigation.

Copper 67

®Cu, with a halfife of 62 hours, has the longest hiife of al of the radionuclides of copper. The

NI RA 2y dzOf A RS dnumSHEEZS & dR&RIS @IAE 1T 2 dzNJ BAisEidn$ NB y
with energies ranging betwee805 and 57keV> "¢ K S 3 Sy S Narticlestngkes ¥CG a i
candidate for the use in therapeutic proceduf@particularly for tumours with a diameter of 1.6

- 2.8 mm®*®’Cu has also been used for radiomunotherapy using molecular antibodies and
antibody fragment$® Due to the varying decay routé%u yields gamma rays with three different
energies of 91, 93 and 185 k&\The poduction of these gamma rays allows the utilisation of
SPECT, which permits imaging of the radioisotope destination during theé¥ghycan be

produced using th&’Zn(n,pf’Cu reaction which involves the irradiation of zinc with neutrons or

by taking adantage of thé’b A 6 ® Cuhudlear reactioff the latter is a less practice methsd

1.5. Bis(thiosemicarbazone) | igands

A diverse range of tetradentate bis(thiosemicarbazone) ligeand their resulting complexes

KIS 0SSy &aeéyiKSA&NBobdver thé synih8sis 6f kS classiop ligaRds was first
reported in 1902°%ly GG KS wmdpcnQa (KS& $SNB RAAO2FSNBR
to them possessing antiimour properties® ®2%* More recently bis(thiosemicarbazone) ligands

that have been cerdinated with positroremitting isotopes, for exampl®Cu, have been the

focus of research for use as diagnostic imaging agéser 60 years later, there is still

considerable interest in the biological activity of both the free ligands and the related metal
complexegFigure 1.5.9.°° A summary of the history of the bik{osemicarbazone) ligands and

their copper complexes along with their medical applications have recently been published as part
of a book chaptef® Papers have alsobedddzo t A a KSR Ay (GKS SIFENXe& wnn.
bis(selenosemicarbazone) ligands, where both the sulphur atoms are substituted for selenium

atoms, for use in diagnostic imagifig®®
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Figure 1.5.1Thegeneral structures of a bis(thiosérarbazone)pro-ligand and the resulting complex based

57, 66, 69, 70
on .

N Da
>‘< >/”\ / / e \>’\

Bis(thiosemicarbazone) ligand Bis(thiosemicarbazone) complex

Bis(thiosemicarbazone) ligds should more accurately be referred to as-figands due to the
need to deprotonate the preligand in order to expose the true ligand for chelation with a metal.
The preligands exist as thionthiols tautomers which are able to bind to a metal iather in a

neutral or anionic forn{* this is illustrated in (Figure 1.5.2.).

Figure 1.5.2The thione, thiol and anion forms of a bis(thiosemicarbazpne)igand based of" "

N\ %_/

R3 Ry N—-N N —N Nt N y
\H_\< S \l 2 s —4 >_u;
\14 R/ —H \R‘ R \?n
Thione Form Thiol Form Anion Form
Synthesis

Bis(thiosemicarbazone) pil@ands can be described as symmetric when the sulestts on the
terminal nitrogen atomsre the same (NfR,= NRRy). The ligand is termed aéssymmetriovhen
the substituents on tk terminal nitrogen atomsre dissimilar (NfRr' b ;®;). Dissymmetric
ligands can be further described as simdjgsymmetricor doublydissymmetridn respect to
symmetry of the backbone substituents. When the substituents on the backbone are identical
(Q=Q) they can be classed as sindigsymmetricand if they are dissimilar (® y) the ligand is
said to be doublgissymmetric Singlydissymmetrigoro-ligands only have one constitutional
isomer irrespective of which carbonyl group each of the two digsif+substituted3-
thiosemicarbazides react with. Douldissymmetrigpro-ligands on the other hand, have two
constitutional isomers depending on whidksubstituted3-thiosemicarbazide reacts with which
carbonyl grouplllustrations ofsindy and doublydissymmetridigands can be found below (Figure
1.5.3)
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Figure 1.5.3An illustration of singly and doublifssymmetridigands.
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Synthesis of symmetric pitgands is relatively simple and is widely reporfed ®* 72’8 Even

though a range of reaction conditions and solvents have been reported, the general principle of
adding a chosen dietone to a warm solution (normally aqueous or ethanolic) containing at lea
two equivalents of a 4ubstitutedthiosemicabazide in the presence of an acid catalyst (Figure
1.5.4)) holds true. The product forms a precipitate that can be recovered via filtration and washed

with a suitable solvent such as ethanol, methanol, water or diethyl ether.

Figure 1.5.4 Thesynthesif a general symmetric bis(thiosemicarbazone)}pyand based ofl.

H H
N Q Q

H + H_,L H* catalyst H\ H /H
o] R, /g R1\ N—N N—N /R1
Y N‘< >7N + H,0
I / \
RS R,

The synthesis alissymmetridoisthiosemicarbazone) prigandshowever, is not as straight

forward assymmetric preligands. The desire to synthesidissymmetrigoro-ligands has been
growing as they give the ability to gain greater control on the functionality of thdigands and

the resulting metal complexes. This gives the capability of makingesadhthstments to the
pharmacokinetics of the complexes, which is highly advantageous when optimising any potential
radio-tracer for medical applications. M. Christlieb and J. R. Dilworth published a’paper
identifying potential methods of synthesisimlissymmetricbis(thiosemicarbazone) prigands by
retrosynthetic analysis. (Figure 1.5.8lustrates three potential disconnectiond. Christlieb and

J. R. Dilworth illustratthe reason for making bis(thioséoarbazone)prd A 3+ yRa o6& &Gl
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synthesis of bis(thiosemicarbazones) is challenging, but their importance in molecular imaging
Y1848 dzyRSNEGI yRAY 3 G KSANI OKSYA&aGNER SaaSydaatl
Figure 1.5.5Retrosyntheti analysis of routes tdissymmetridis(thiosemicarbazone)pdmgands based on

66
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The authors then reported their experience with each of the routés. Route A was desbed as

a potentially convenient route fadissymmetrigoro-ligand synthesis and a bis(thiosemicarbazone)
was successfully synthesised in a respectable yield. Reported limitations on route A includes that
the strategy is restricted to 1;8iketone-derived dihydrazones and the presence of the reactive
functional groups in the isothiocyanate synthesis limits the generality of the route. A considerable
problem the authors experienced was that products containing mixtures could not be separated.
Route C unfdunately is limited to the synthesis of symmetric compounds as the synthesis of
dissymmetriccompounds is complicated by the formation of statistical mixtures. A few different
methods have been reported for route B which involves the formation of a CeNolite is the
Yy2ad 02YY2y YR A& Ay (KS [dzZiK2NBEQ SELISNRSYyO
method reported for routeBis reacting isonitroacetone with a chosen thiosemicarbazide,

exploiting that the ketone group will react first in ordergive a monethiosemicarbazone
intermediate. The intermediate is then reacted with a dissimilar thiosemicarbazide in order to

yield the desiredlissymmetriqproduct. This method is illustrated in (Figure 1.5.6.).
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Figure 1.5.6Dissymmetribis(thiosenicarbazone)prdigand synthesis, using isonitrosoacetone as a starting

material, based of®.
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The authors successfully isolated the mah@msemicarbazone intermediate bulhén, upon
reacting the intermediate with a second thiosemicarbazigive a product that was a mixture of
symmetric anddissymmetridis(thiosemicarbazones). An article by Greeal.” reported

difficulty with repeatng the method illustrated in (Figure 1.5.6.).

An alternative reported approach for route B is using an acetal functionality to act as protecting
groups in order to ensure only one of the carbonyl groups aith the first thiosemicarbazide.
The hydrgysis of the acetal group would then reveal the carbonyl moiety ready to be reacted

with a second thiosemicarbazide. This approadhustrated in (Figure 1.5.7.).
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Figure 1.5.7Dissymmetribis(thiosemicarbazongjro-ligand synthesis using praténg groups, based ot
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This approach has successfully been used by L. J. Ackermidh ®and J. K. Lirat al.”” to

synthesisalissymmetridois(thiosemicarbazones). Both authors only reported the synthesis of
dissymmetridvis(thiosemicarbazones) ptigands that contain ¢= CHand Q = Hsubstituents.

J. K. Linet al.”” noted that their attempts to hydrolyse the acetal groups in a protic media also
resulted in the hydrolysis dhe imine, which lead to mixeblis(thiosemicarbazones) in the
resulting praluct. This problem however was resolved by using the baids acid, lithium
tetrafluoroborate (LiBJ, in the hydrolysis reaction that lead to a sindlssymmetric

I 80, 81

bis(thiosemicarbazongjroduct. L. J. Ackermaat a alsoreported thesuccessful use of LiBF

By far, the method that seems to be most widely adopted synthetic methodisslymmetriqoro-
ligands is using a-#etone as the starting preursor. In this method a coltormally around €C)
acidified aqueous or alcoholic solution of a chosen thiosemicarbazide is reacted with an excess of
a diketone. This reaction exploits that, under these conditions, the thiosemicarbazide only reacts
with one of the carbonyl groups dhe diketone before precipitating out of solution, thus forming

a monothiosemicarbazone intermediate. This intermediate is then reagtgd a dissimilar
thiosemicarbazide either in DMF at room temperature with an acetic acid cafadysefluxed in

ethanol® The diketone approach is summarised in (Figure 1.5.8.).
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Figure 1.5.8Dissymmetribis(thiosemicarbazongyro-ligand synthesis by exploiting the different

reactivties of carbonyl groups amdiketone precursor, based ot 0% 66.82.83
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This method has been used to makiesymmetridis(thiosemicarbazones) piigands with Q=

Q= Me>" % *¥53nd Q= Me, Q= H*®#¥D. Calatayuet al* attempted to synthesise ligands
with Q= @ = Ph and B hydrazinequinoline, RH, R=H, R=H. Despite being able to isolate the
intermediate product upon the addition of the second thiosemicarbazide, the reaction yielded a
mixed product that contained the desired compound, a symmetricligand (R= R=H, RB=R =
hydrazinequinoline) and a cyclicH4pyoduct. Cyclic bproducts have been observed by other
authors such as J. Hollaatlal®’
Me)withR=Me, R=Ph, BH, F | @ | AAYAf Ll N O2YLR2ZdRMeiRE | 2 f
R;= Me and R= R = Phwas also observed to form a cyclic product by M. Chrisélted >

during the synthesis of a ligand from Z8tanedione (= Q=

However M. Christliebet al > suggesthat the bis(thiosemicarbazone) piigand isable to
undergo cyclisation reactions as a decomposition product instead of being fornmadtie

intermediate. These cyciition reactions are explained fumér by J. Caset al®’

, who attribute

them to the presence of the two nucleophilic centresNfRI and &H) along with a polar double
bond within the two tautomeric structures of thiosemicarbazones. Mdmosemicarlazone
intermediates where = Q = Ph seem to be particularly keen to undergo cyclization reaction as
L. Alsoget al* and M. Blancet al® have encountered in their workdost of the
bis(thiosemicarbazone) p#igands are highly hydrophobic which results in a low water solubility.
There have been attempts to improtee low water solubility of these prtigands, for example

by introducing a carbohydrate moié¢fjor an aromatic sulfonafé functional group into the pro

ligandsCstructure.
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Recent publications are showing that interest is growing on attaching further larger functional
groups to the R dustituents of the thiosemicarbazide side arms in order to impart further
desirable properties upon the paigands and their resulting complexes. A hydrazonequinoline
limb was introduced to aro-ligand byD. Calatayud in order to improve the fluorescence
properties of the resulting cadmium and mercury complexes. J. Ho#feald* introduced a
styrene moiety in order to allow the simultaneous labelling of the bisémicarbazone) with

¥luorine and a biologically active molecule.

Attachment of these pendant functional grouisspossible by synthesising a dissymmetric
bis(thiosemicarbazone) that has one thiosemicarbazide arm which contains a primary amine such
ad UGKA2OI ND 2 K2 RNIAAEr 4-8-(@-DutoxycambOryldminoethyd3-
thiosemicarbazidé”® This primary amine can then be reacted with a carbonyl functionality on the
pendant group in a condensation reaction in order to produce a target functionalised

bis(thiosemicarbazone) p#igand. This is summarised in (Figirg.9.).

Figure 1.5.9An example of a reaction between a primary amine and a carbonyl grioapyrene

fluorophorein order to yieldbis(thiosemicarbazone) piigand with increased functionalitpasedon ® °% 84

H\N—N N—N/H H\N—H O -HZO H H 'O
\N‘< >—N/ ' ‘O - \N—N N—N/H N—
/ \, \N‘< /
g s

P.Waghorret al** added a fluorophore to bis(thiosemicarbazone) igands in order for the
resulting zinc, copper and nigkcomplexes to be of use in fluorescence microscopy. A similar

product was synthesised by S. lgtral 3

where the pendant functionality was the four fused
aromatic ring pyrene group (Figure 1.5,%0y the use inconfocal fluorescence microscopy. R.
Huetinget al®® used this synthesis method in order to attach a range of functional groups to the
bis(thiosemicarbazorneproligand, one of which was a derivative of the amitaombesin. A
bombesin functionalised bis(thiosemicarbazone) was also synthesised by B. PateasGriut,
instead of using a primary amine, the authors used a bis(thiosemicarbpttaieontained4,4-
dimethyl-3-thiosemicarbazide (;R Me, BR= Me). This dimethyl functional group was then

reacted with a chosen carboxylic acid which contained a primary amine that acted as a linker to

the bombesin molecule. A. Cowleyal *®

used a slightlgifferent approach by reacting the OH
group of a benzoic acid functionalised thiosemicarbazidattachthe peptide lysine. Therare

also reports of bis(thiosemicarbazones) with a primary amine functionality being used to
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synthesise bimetallic bis(thiosemicarbazone) compléx&¥(Figure 1.5.10. Recently J. Dilworth
et al** have also published sulphonamide conjugaté ATSM.

Figure 1.5.10A bimetallic bis(thiosemicarbazone) zinc compleasedon .

”—’>/_< \ \ /
H

The attachment of aadiolabelledpendantgroupwas very recently reported by Ruétinget al *®
The group attachedan % labelled functionality to produce a complex (Figure 1.5 thhi) can be
dual labelledor the monitoringof the fate of the ligand after the coppdras dissociated in

hypoxic conditions.

Z =T

H

\ N—N 7 N N—N N
/N </ Nl \>_N/ o
H / \ \H
Figure 1.5.11 Abis(thiosemicarbazone) complthat can belabelledwith *‘Cu either”3, basedon .

1.6. Complexes of bis(thiosemicarbazone) pro -ligands

Bis(thiosemicarbazone) pil@gands and their related compounds can be readily chelated to a
range of metals in order to form complexes. Literature over the recent years eport

78, 80, Sgplatinum,97

bis(thiosemicarbazone) complexes of coppef® 8 %%ing>" "® 83 % nickel,
palladium® *®cadmiuni® *®and mercunf® ®lIt is also possible to make complexes of ligands that
have structural similarities to bis(thiosemicarbae) proligand that chelate with galliuf

chromium®and zirconiun?* as well as palladiutff and mercury'®?

1.6.1. Copper bis(thiosemicarbazone ) complexes
Bis(thiosemicarbazone) piands in the presence of a copper salt such as copper acetaté”

8 (when heated) or copper obilide® (at room temperature), in a methanolic or ethanolic

solution, readily form the related copper complexes. This reaction is illustrated in (Figure 1.6.1.1.).
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(Figure 1.6.1.1.)Formation of abis(thiosemicarbaane) copper compledasedon 5785
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In this chelation reaction, the prliigand is double d@rotonated by losing the two hydrogens
highlighted inred (Figure 1.6.1.L The copper then forms two emrdinate bonds witheach of the
two thione sulphur atomand two dative bonds with the lone pairs from both the imine mifen
atoms The result is a neutral, lipophilic, square planar complex with th&raecopper ion being

in the 2+ oxidation staté® ® 8% ®Copper (II) complexes of this class tend to yield products that

are brown, reddih brown or red in appearancé " 8 891

Synthesis of radio ATSM can be achiede® G+ {1 Ay3 mn >[ 2F |y 1 ¢{a
sulfoxide (1 mghl) and adding it to hydrochloride buffered radioactive copper chloride. The
reaction takes 2 minutes. The radioactive £TISM can be eluted in ethanol using-48_SepgPak
cartridge. 80% offte ethanol volume is evaporated by blowing argon gas over the solution and
diluting the solution in salinprepares itfor injection. HPLC and radid_C analysis show high

radiochemical purity (>95%) aiachigh radieyield (>95%) in the final producf®

1.6.2. Applications of copper bis(thiosemicarbazone ) complexes
When bis(thiosemicarbazone) pligands are chelated with a positron emitting isotope of copper

(e.g.%Cu or®’Cu), the resulting complex can be usedia tracer for PET. Copper
bis(thiosemicarbazone) complexesvieabeen used in thenagingof hypoxic tissues, which is the
main focusof this project, but derivativesuch as Cu(lBT#™M (Figure 1.6.2.0.1have also been

used for imaging cerebr&land myocardial perfusion (blood flowf' 2 ***The perfusion data
obtained from Cu(PTSM can aldwe coupledwith the hypoxia information for Cu(ATSM

(Figure 1.6.2.1.2.) for evaluating lung tumatffsCu(IBKTS (Figure 1.6®1.) complexes have

also been shown to have aritimour properties When just thepro-ligandH,KTSvas

administered to rat®n a copper free diet thanti-tumour activity of KTS diminished, indicating
that the antitumour activity was probably attributed t€u(INKTS® The mode of action aEu(l)-
KTSs due to that itcan inhibit the incorporation of thymidine ito DNA anduridine into RNA, but

it is also suggested it can disrupt cellular respiration and ATP (adenosine triphosphate)
production® Superoxie (Q) is a reactive oxygen species and is a factor of many disease states.
Superoxide dismutase (SOD) is an endogenous enzyme that eliminates superoxide. Certain coppel
bis(thiosemicarbazone) complexes have shown to be SOD mimetics, withkXTEM) (jure

1.6.2.1.2.) displaying the highest activit€opper bis(thiosemicarbazone) complexes have also

24



been shown to process antimicrobial activity, which is suspected to be due to redox damage as a
result of the rdease of the reduced Cu(l) speci@ bacterial infections, copper
bis(thiosemicarbazone) complexes have been shown to inhibit bacterial respiration by inhibiting
NADH dehydrogenase and complex 1 in the mitochiahetectron transport chaif® In this

project the focus is in the hypoxia and copper metabolism imaging.

Figure 1.6.20.1. The structures of Cu(ll) PTSM and Cu(ll)kdsed orf © %
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1.6.2.1. Hypoxia imaging
Hypoxia is a term to describe when there is insufficient oxygen to meet the metabolic needs of a

tissue'® %Hypoxia is normally defined as the oxygen tension at which the metabolic demand in
stoma, endothelial cells and tumour cells exceeds the supplyypoxia can beauised when the
vascular supply is interrupted such as in a stroke or myocardial infraction or when a tumour

outgrows its vascular supply®

When a healthy tissue suddenly loses its oxygen supply to the point thi th insufficient

oxygen for oxidative phosphorylation, the cells die either by necrosipi@grammed cell death)

or apoptosis (cell initiated death). This occurs in conditions such as strokes, myocardial infraction
or when there is poor perfusion irtaritic joints.'® Tissues in tumours become hypoxic gradually,
however, instead of the cells dying they start to adapt to the lack of oxygen-bygupating the
production of more than 100 proteins that promotesin survival and increases the

aggressiveness of hypoxic ceffs™* **The most important regulatory factor of the hypoxia
signalling pathway activity in celisthe protein hypoxianducible transcription factor 1 (HE)
whichmediates adaptive responses to reduced oxygen availability. It has been suggested that HIF
1 could be used as a reliable intrinsic marker for tumour hypoxia and progndsiéThese

proteins cause the slowing of the rate of cellular growth by directing the mitochondria to undergo
glycolysis (the anaerobic conversion of glucose to adenosine triphosphate (ATP)) alnbidbdsis

and promote metastasis (cell spreadii@)Hypoxia also may down regulate the expression of

adhesion molecules which facilitates tumour cell detachments. Hypoxia in tumours was first
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described byR.Thamlinson and.. Gray, who observed that heterogeneous regions of hypoxic

cells formed just beyond the diffusion distance of oxygen from blood vesselsAp08 > Y 0
adjacent to the necrotic cot&>*°Nearly all solid tumours consist of either hypoxic (serve or
intermediate) or anoxic (no oxygen present) cells and the presence of hypoxia does not depend
on tumour size, stage, pathology or nodal stattfSlumour hypoxia occurs from three distinct
causes: 1) perfusion related(acute) inadequate blood flow; 2) diffusion related (chronic) hypoxia
caused by increased oxygeh & F dza A 2y RiAnand I>yYS ORFdeSp nli 2 G KS A Y
growth and vascular neogenesis (new growth of blood vessels); 3) anemic hypoxia which may be
caused by tumourelated cachexia (wasting away) or treatméfit ***# Tumour hypoxia is a

spatial and temporal heterogeneous phenomenon, resulting from the combined effect of many
factors such as tuour type, tumour volume, disease site (specific organ or tissue), regional

micro-vessel density, blood flow, oxygen diffusion and consumption rafes

The presence of hypoxia can lead to negative effects ongpanse of the tumour to treatment
by chemotherapy, surgery or radiotheraffy In 1955, Thmlinson and Gray suggested that
humanepithelial tumours may be hypoxic and therefore radisistant**® ***Commonly studied
cells lines were found to be roughlglikmaximally resistant to ionisg radiation when
moderately hypoxi¢? Resistance to chemotherapy is@nsequence of compromised drug
delivery activity in a hypoxic/acidic tumour. The acidity of the hypoxic cells comes from the
accumulation of lactic acid which is apoduct of anaerobic respiratiotf> Surgery rsistance
occurs because hypoxia promotes the mobility and invasion of the tumour cells meaning the

tumour is likely to have spread (metastadigthe time of treatment'*

Hypoxia induced

resistance to radiotherapwas first shown in 1909 by. Gchwarz when he demonstrated that the
a1AyQa NBaLRyaS (2 NIRAFGAZ2Y gl a YINJSRf& RS
which was caused by compressiGh *?°In radio therapy ionising radiation damages the DNA of

the tumours cells. The damage occurs in several ways, the most common is that the double strand
is broken by radical products that are in the vicinity of the DNA. The radical netasteeact

with oxygen in order to make the damage permanent. If there is insufficient oxygen to achieve
this, small thiols can repair radical daméage'** ' '*§t has been determined that the radiation

dose has to be 2:8 times higher in the absence of oxygen compared with the presence of oxygen
in order to achieve the same biological efféttit has been shown that modifying tumour

hypoxia by breathing hyperbaric oxygen or carbogen (95% oxygen and 5% carbon dioxide) can be
beneficial during treatment, however it was noted that benefits differ between and within

tumour sites'’ This has led to the suggestion that hypoxia imaging could potentially be used in
selecting which cancer patients would benefit from treatments that overcome, circumvent or take
advantage of the presence of hypoxia. Imaging could asasked to document whetherroot

and to what extente-oxygenation occurs in tumours during radiotherdfyThere is an idea that
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potentially could overcome the problems with hypoxia induced radg&gistance in afer to

improve the effectiveness of radio therapy. The idea of dose painting correlates the dose of radio
therapy that a particular region of the tumour receives against the level of the hypoxia that each
tumour region experiences i.e. increasing the dtsareas with increased hypoxia. This concept

is still in its infancy and success will depend on the solving of challenges such as accurate
conversion of hypoxia measeements o effective doses and accounting for the variations of PET
hypoxia tracers imccurately reporting hypoxic informatidR” 2*?° Dose painting could also

prevent some patients from receiving unnecessary treatments and toeisequential side

effects as well as supporting the use of hypoxia selective drugs likazaagpne or nimorazole

which arehypoxic radiesensitizes.*?

There is no specific value for oxyhaemoglobigHI) cortentration, haemoglobin saturation
percentage or tissue oxygen partial pressyp@,j that defines the transition from normoxia to
hypoxia.Arterial pO, istypically stated at 7%nm Hg while venous blood normally averages 40 mm
Hg'* The biological consequences of hypoxia depend on duration and the needs of the individual

109, 130
cell,

which means that physoxia (the normal oxygen level in a specific tissuejorgdes

widely between different organs. For example, physoxia in the brain p&s af 35 mmHg whilst
physoxia in the kidneys is around 72 mni#&ghe mediarpO, for lung tissues has been found to

be 43 mmHg howeverthe criticalpO,level where there is a negative impact upon the cellular
function of the tissue is proposed to range between 8 and 10kgnin most norsmallcell lung
cancers*°The gold standard of measurip@, is the direct measurement by using@, probe.

These polarographic/needle electrodes can provide direct measuremeptS,@it each location

point and when controlled by a computer driven stepper motor, can typically achieve one reading
every 10 secads. Adistinctdisadvantage of @0, probe is that it is an invasive technique and
therefore can only be used in readily accessible tumours such as head and neck, uterine, cervix,
prostate and breast tumours. The technigalsoonly providesone dimensioral information on
hypoxia compared to the 3 dimensional information obtained from.PE¥® 127 12831 13270

pO, values obtained by these probes are also restricted by sampling error as it is not possible to
extract measurements from the entire tumour in order to overcome the heterogeneous nature of

tumour hypoxia. Probes cannot differentiate beten necrotic (dead) and living anoxic tissue

regions within the tumour*?

It is also possible to quantify hypoxia by immunohistochemical staining with hypoxic markers such
as pimonidazole, which is an exogenoigsteductive nitroimidazole compountd” **3
Immunohistochemical staining is an invasive technique and repetitive measurements of changes
of hypoxic fractions after cancer treatment is metlistic in a clinical setting® Hypoxic fraction

is the fraction of the tumour that is hypoxi¢ [**F]FMISO (Figure 1.6.2.1).1s currently the most
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used hypoxia BT tracer in the clini¢” *?® **and generally considered to be the gold standard for
PET hypoxia imagif However, {°FJFAZ (Figure 1.6.2.1.)lis becoming a more popular PET
hypoxia tracer as it is more hydrophilic thafFjFMISO, which allows faster clearance and a
higher tumourto-background ratid'* ***Theideal PET hypoxia tracer should be able to target
just cellularpO, and not vasculaPO,, at clinically relevant oxygen concentrations only in viable
cells. The tracer should be lipophilic enough to have uniform and rapid cell entry, but hydrophilic
enoughfor rapid cell clearance from normoxic cells as well as yielding a high-tarpeckground
ratio independent of perfusion whilst being resistant to Haypoxia dependent metabolisii® 2-
nitroimidazole derivedracers have the similar initial trapping mechanism as GA{IBM (Figure
1.6.2.3.), in a normoxic cell the agent enters the cell and is reduced and thidieed in a
catalytic cycle. However in hypoxic cells the reduced nitroimidazole is fmtideed but instead

reacts with intracellular proteins rendering it permanently trappgéd

Figure1.6.2.1.1.Thestructure of °FJFMISO and®F]JFAZAbasedon % %3
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The radiecopperbis(thiosemicarbazone) complex CullJSM (Figure 1.6.2.1.2.) can be used as a

hypoxia imaging agent.

Figure1.6.2.12. The structure of copper (Il) ATSbased o " *2% 37
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28



CUIIXATSM has several advantages over other hypoxia PET tracers including a simpler method of
synthesis, faster clearancefn normoxic tissues, which allows for a reduced time between
injection and imaging, as well as simpler method for quantificatton is possible to select the

copper isotope which best suits the applicatiortémms of halflife and decay products®

As Cu(IBATSM is neutral and lipophilic it is highly membrane permeable and can freely diffuse in
and out of cells. When in the cell the CUAT)SM gets reduced liptracellular agents (such as
NADH and NADPH) to form CGTSM. In normoxic cells the Ct&I)SM is substantially stable

and capable of resisting Cu(l) dissociation and therefore can-bridesed to Cu(HATSM which

is free to diffuse back out of theell, however in hypoxic cell the Cuflf SM cannot be re

oxidised causing the negatively charged complex to be trapped within th® Ga|f°?: 130 13840
Related copper complexes that dissociate rapidly when reduced to Cu(l), suctP&3 M show
no selectivity fothypoxia but deposits coppertimcells and tissues in propawsh to their delivery,

making Cu(HPTM an effective blood flow tracet K.Priceet al.'**

expanded this theory by
adding that for the two complexes CHfYSM and Cu(iGTSMhe data strongly suggested that
two complexes may be taken into cells by bptssive andacilitated (protein carriemediated)
mechanisms. Also the authors observed that both the complexes rapidly effluxed from cells
through active mechanisms, even tingh it was noknownif it was the ionic copper or the intact

complexes that was being observed.

Cu(ll) and Cu(l) show different-oodination geometries and therefore different affinities for
different donor atoms. As Cu(l) is only weakly chelatedt8M it can become substituted by
macromolecular bidigands present inside the cell, causing the copper to be trapped within
hypoxic cell$*® However cellular metabolism can wash Cu(l) that has become dissociated fr
ATSM out of the cells, preventing copper retention (Figure 1.6.2.1.3.), despite the presence of

hypoxia'??
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Figurel.6.2.13. The suspected mechanism of hypoxia selectivity of copper bis(thiosemicarbazone)

compdexes based orf® 126,130, 142
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J. Dearling and A. Packard published a paper in 2010 with some thoughts on the mechanism of
cellular trapping of @(I1}:ATSM"™® The authors explain that there is a range of factors
contributing to the trapping of Cu(#ATSM in hypoxic cells. They then go on to state that the
complex is transiently trapped through redugtiof the Cu(ll) by cellular thiols to form [Cu(l)
ATSM] which decreases the complexes lipophilicity and increases its residence time within the
cell. This results in an increased likelihood that the reduced [Bui@M]complex will dissociate

or interact with the mitochondria causing the copper to become trapped within the cell. The
cellular trapping mechanism is described as biphasic, with the first phase being the
reduction/oxidation cycle involving cellular thiols and molecular oxygen and the setmsg

being the interactions with proteins within the mitochondria leading to more pamamt

retention of the tracerThis biphasic mechanism may explain some of the early data that showed
that 1-2 hours post injection CudATSM accumulation does not m&sent hypoxia within the
tumour but 1620 hours post injection the location of CHNJSM correlates well with alternative
methods of hypoxia detection e.d’fFJFMISO tracers and Eppendorf oxygen electrodes. The
authors suggest that this biphasic meaoisam may also be responsible for the differences seen in
tissue uptake and site of reduction for different cells lines because of the variation in their
metabolism. The investigators concluded that experimental data on the trapping mechanism is
still not @mplete and a number of questions about the trapping mechanism still remain
unanswered which need to be answered in order to fully understand and exploit this potentially
very useful tracerA very recent investigation by R. Hueffhand coworkers attempted to shed
light on the fate of the dissociated ligands. A complex was synthefiaétiad very similar

physicochemical characteristics to-&TSMwhich could be labelled wither BYCu or'?¥ (Figure
30



1.5.11.) The team showed unequivocal evidence tlawitrothe complexes undergo rapid
dissociation but unfortunately the complex was not retained effectively in the hypoxic areas of
the tumour. A study by F.Shaughnesatyal** investigated if changes in the antioxidant
glutathione, which is the most abundant intercellular thiol, whose redox status changes in cancer
cells and ischaemic myocardium, changed the hypoxia selectit{CofICHATSM. It was found

that modification of glutathione levels did not impact on the pharmacokinetics or hypoxia
selectivity off**Cu]CUATSM. A slightly earlier investigation by P. Beredil *** used UV/visible
spectroscopy to establish ilQI)}ATSM is stable in the presence of glutathione. The results
showed that the Cu(HATSM is stable in the presence of glutathione, indicating that glutathione is

not a strong enough reducing agent in order to reduce CATIBM.

The mechanism and sel@gty of copper bis(thiosemicarbazone) is a complex one, which is
believed to be dependent on many factors such as lipophilicity, planarity, molecular wekght, p
and redox potentiat®® As copper bis(thiosemicaalzone) complexes have very low water
solubility, the determination of reliablel values experimentally has not been possilife
Investigations in to the structure activity relationships of copper bis(thioselmézame) complex
was initially carried out by J.Dearlingal.”” **>and then later P. Blowest al*’, R. Maureet al*
and J. Hollandt al***used density functional theory (DFT) in order to further understand the
hypoxia selectivity of the copper fiiosemicarbazone) complexeBhe studies was undertake

in order to investigate if the lowering of the redox potential of a copper bis(thiosemicarbazone)
complex would result in the complex only being trapped in a more reducing environment than
normal, like hypoxic cells. The complexes that were tested alatigtheir name designations are

illustrated in (Figure 1.6.2.1.4.).

Figure 1.6.2.1.4Structures and name designations of bis(thiosemicarbazone) comptmeesi orf> " 14°
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The investigations showed that altering the substituents at the diimine backboren@Q
positions) primarily controlled the redox potential of the complex,the potential that the

copper (1) in the complex would be reduces$ulting in the release of copper (1) in to the hypoxic
cell. If an electron donating group is at one or both Q positions the complex will have an
intermediate or low reduction potential respectively. Howevéa substituent with poor electron
donating dility (i.e. hydrogenpwere at the Q positions then the reduction potential would be
high, this is illustrated in (Figure 1.6.2.1.5.). Alkyl substitutions on the terminal amino grqups (R

and R positions) do not significantly affect the redox potentialioe hypoxia selectivity

Figure1.6.2.15. Effect of backbone alkylation on QUl) redox potentialbasedon ®* "

No. of alkyl groups at Q,, Q,
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The lipophilicity othe copper can be controlled by adding more lipophilic/ less lipophilic
substituents on the terminal amino positions, @d R) which will influence where in the body
the complex will migrate to. Lipophiiig was shown not to correlatevith cellular uptaike either

under hypoxic or normoxic conditions or with hypoxia selectiVfity

It was shown that complexes with lower redox potentials are more hypoxic selective e.g. Cu
ATSM, while complexes with higher redmtgntials such as GGTS have little or no hypoxia
selectivity (Figure 1.6.2.6.).
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Figurel.6.2.1.6The relationship of the redox potential of the copper bis(thiosemicarbazone) and hypoxic

selectivity in cultured cellbasedon 6977
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Thereis a very strong grouping based on number of carbons on the back bone, the group far left
with the lowest redox potential and highest hypoxia selectivity all hadecdrbons on the

backbone sustituents (Me/Me, Me/Et and Et/Et). The middle group all have one carbon on the
backbone (Me/H) and the group to the far left, which has little or no hypoxia selectivity, only have
two hydrogens (H/H) on the backbone.

Through using DFT calculations itsfiaund that the most stable conjugate acid results from
protonation at the X position. Protonation at the Y and Z position leads to a decrease in the
conjugate acid stability by 58.0 and 73.3 kJ hmebpectively when compad to X (Figure
1.6.2.1.7(a))Figure 1.6.2.1.Mmage(b) shovsthe electrostatic potentials of Cu(I)GTS. The red
indicates regions of net negative charge. All the Cu(ll) complexes were found to be highly acidic

and consequently will only be protonated in strongly acidic condittéhs

Figure 1.6.21.7. (a) lllustration of the potential protonation sites for Cu(Il)GT$bj lllustration of

electrostatic potential of Cu(ll) GTBasedon.'*

(a)
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Cu(ll)GTSH* Cu(ll)GTS
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Thework byP. Bower et al®® suggestedx path forward by analysimgjssymmetridigands which
should give greater control on hypoxia selectivity. Quasnbinatorial synthesis was investigated

which resulted in a pragct containing a number of symmetric adissymmetrigro-ligands.

A study by R. Huetirgt al**" yielded evidence to question the common thoughts on the hypoxia
selectivity mechanism ¢f*Cu]CUATSM. Radicoppe retention in cancer cell® vivoandin

vitro after administrationof [**Cu]CUATSM and®*Cu]Cuacetate was measured. The results
showed that the distribution o¥*Cu from {*Cu]CUATSM andf*Cu]Cuacetate was very similar
which suggests that retgion of radiocopper could be effected by copper metabolism rather

than being solely a direct indicator of hypoxia.

Early work by Y. Fujibaya¥fiand coworkers compared®Cu]CuATSM witH''Clacetate, a

regional perfusion tracer, to visualise hypoxic rat heart tissue. It was discovered that in ischemic
regions (areas of reduced blood supply to tissues), where there was low uptfik€]atetate,

there was a high accumulation fCu]CHATSM comparedtnormal regions. Furthermore areas
of low blood flow, low uptake df'Clacetate, are surrounded by regions that have a high uptake
of [**Cu]CuUATSM indicated thahese hypoxic regions contaiiable myocardial tissue. J. Lewis
and coworkers undertoolstudies to further illustrate that the uptake ofCu]CUATSM

significantly increases in hypoxic tissge**°

The first report of CGHATSM being used in a human study was in 2000 Wie2e]CUATSM was

used in subjects who had lung cancer. Intense uptake was observed in all lung cancer patients
reaching a plateau within a few minutes after injection. However, the distributigff@t]Cu

ATSM was different from that of FDG or blood S The hypoxic selectivity of a large number

of Cu(Ihbis(thiosemicarbazone) complexes was correlated with their reduction potential, stability
of the Cu(l) species and the pKa values. The data gathered supgyairistercellular reduction of

Cu(ll) to a Cu(l) species can lead to two distinct patterns of behaviowhypmxia selective

complexes undergo rapid acid catalysed dissociation but for hypoxia selective complexes they are
resistant to dissociation aleing for backoxidation by molecular oxygen in normal tissi&s

1**°used a canine ischaemic myocardial model to show fH&BU]CUATSM has a half

Lewiset a
life of 7-8 minutes. The hypoxia selectivity of the copper bis(thiosemicarbazone) complexes arises
from a delicate balance between enzymediated oneelectron reduction and subsequent back
oxidation by dioxygen in normal tissue against protonation and ligand dissoci&t hypoxic
tissues'® The first clinical study undertaken compared the quality of images obtained when using
[*°Cu]CUATSM and®*Cu]CUHATSM for imaging a cohort of ten women with cervical carcinoma on
separae dayslmage quality was assessed qualitatively and the turtoumuscle activity ratio

was measured for each tracérhe study found thaa 925MBq dose df*Cu]CuATSMproduced

images with less noise and therefore a higher quality than the imagesebthya 740MBq dose
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of [*®Cu]CuATSM!3? 138 140. 159 he guthors selected the respective doses in order to achieve the
samenumber of decays irhie 30 to 60-min-postinjection scar>? Results from toxicology studies

in animals and patient onitoring indicated that the dsesused for both isotopes in the study

were safe to be clinically employ&dOne of the biggest drawbacks [6fCU[CUATSM is that it

has a perceived high IBdaround 1.51.6) and a high liver uptake. The most successful
modification in order to overcome the high lipophilicity was the introductiba glucose

molecule as a pendant arm to ATSM to yield a water soluble complex wit? aflog without
affecting its hypoxia selectivify’ *>* *Bio-distribution in peclinical mice models show that early
uptake occurs in the heart (8.75%) and brain (10.46%) which then diminished to 3.81% and 3.34%
respectively after 40 minutes post injection. A similar uptake pattern was observed in the kidneys
but with a far greateinitial uptake (23.45%). Liver uptake gradually increased from 7.75% (1
minute post injection) to 29.83% (40 minutes post injection). From this it was suspected that the
metabolism of ATSM occurs in the liver and the kidneys. In human studies activisgevam the

liver, kidneys and spleen, however very little trace was detected in the bladder and bowel despite
the proposed site of metabolism being the liver and kidneys. Human data showed that the
kidneys received a much lower dose, which was just abag&ground. It is recommended that

the liver should be the human dose limiting organ for dose calculatSrs®

In the application of GATSM acting as an imaging agent for myocardiedétibns, it has been
shown that CeATSM is not retained in necrotic tissue, thusAJIBM can be used to differentiate
between hypoxic, viable tissue and namctional, dead, myocardial tissi& [**Cu]CUATSM was
used by T.Bradshaet al**®along with two other tracers in order to measure and compare the
spatial distributions of three biological properties, glucose metabol[$fa]EDG) cellular
proliferation (**F]FLY and hypoxia {f{Cu]CUATSM), in canine tumours. It was concluded that
the relationship of glucose metabolism, proliferation and hypoxia was heterogeneous across the
two tumour types tested. The uptake PfCu]CuATSM is highest in anoxic cell butlsoa
significant in normoxic cells, but after this initial period the uptakf@u]CUATSM is dependent
on cell line and the oxygenation conditions which can lead retention to decrease in some
circumstances®’ Ywan and colleagues evaluatiCu]CHATSM as a hypoxia imaging agent and
concluded that G:ATSM may be a valid hypoxia imaging agent for some tumour types, but
cannot be extrapolated to all tumour types therefore it cannot be used as a universal hypoxia
marker which prevented widespread acceptance offJiBM as a hypoxia PET tratéCuATSM
has also been evaluated in patients with rectal and cervical carfdér Chacet al*>°
demonstrated the feasibility of using @a'SM PET coupled with CT images for the determining
hypoxia of a tumour. The information gathered can then be used for intensityulated

radiation therapy (IMRT) or degainting which would allow the escalation of radiation dose to

the tumour whilst maintaining low does to the surrounding normal tissue.
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K. Matsumotoet al**® showed that when directly compardtfCu]CuUATSM and**F]FMISO
under different levels of hypoxia only resulted in a positive correlation WiF{FMISO uptake
while P*Cu]CUATSM was found to not be able to detect the varying changes in hypoxia. So
despite some clinical uses f6fQu]CUATSM, rore studies are required in order to confirm that
[**Cu]CUATSM is truly a hypoxia specific tratBrA more recent investigation by S. Castral***
compared the hypoxiaelectivity of **Cu]CuATSM with three other hypoxia tracef$¥F]FMISO,
[*®!FIFAZA and'fF}-HX4). The highest tumour uptake was observed WIBUJCUATSM with little
renal clearance. However, the distribution[8{Cu]CUATSM did not correlate Wi the
immunohistochemistry hypoxia markers which cast further doubt on the hypoxia selectivity of
[**Cu]CUATSM. A selected review by M. Bourg&8iand ceworkers also comparef*Cu]Cu
ATSM and'®F]FMISO. fie conclusion of the authors was despité&Ju]Cu+ATSM having less
favourable dosimetry thaff®F][FMISG S Ol dza S 2 T (emnBsioh MoaPfCOR'CUICE R |
ATSM was found to be superior in terms of imaging performgh#&FMISO has a slow vivo

accumulation and a weak image contrast of the hypoxic area.

1**3showed that the use of anaesthetic and

An investigation carried out by V. Kerernsan a
carrier gas can influence the tumour uptake of hypoxia imaging agéf@sjJCuUATSM[*™T¢]

HL91 and*®F}FMISC?® Handley et al!** used the rat isolated heart modét **° the samemodel

that wasused by Y. Fujubaya$handco-workers to show that the retention df°Cul]CuUATSM

was inversely correlated with the accumulation of a myocardial blood flow tracer, in order to
screen structural variants ¢F*Cu]CuUATSM for the application of cardiac hypoxia. Handley made
the structural variants at the Q @, R and R positions (Figure 1.6.2.5.).0ut of the nine-£TSM
analogueg®Cu]CuATS and®’Cu]CuCTS (Figure 1.6.2.1.8.) demonstrated better cardiac hypoxia
selectivity and imaging characteristics than the current leadbkigtracers[**Cu]C4UATSM and
[*|*FFFMISO. ThHeimprovement in imaging performance is due to their reduced lipophilicity
which improves their rate of washout from normoxic tissues and increases hyper@rmoxic

tissue contrast. The redox potentia§the both copper complexes remained similar #Cu]Cu

ATSM.

Figure 1.6.2.1.8The structure of copper (Il) ATS and copper (Il)i&E8d or*> **
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36



M. Handley®” and coworkers have also used a novel, lonst, reusable incubation system in

order to quantify the accumulation ¢#*Cu]CUATSM in rat heart muscle cellader oxic (95 or

21% Q5% CQ) or hypoxic gas (95%/M% CQ). It was found that total cellular retention

increased during hypoxia, but this was not localised in any particular compartment of th&tcell.
the time of publication M. Hadley*® reported that CWATSM is the only copper
bis(thiosemicarbazone) complex that has been tested for cardiac imaging. Hendley then goes on
to state that development and screening of more members of the bis(thiosemicarbazone) family

is essential.

[**Cu]CUATSM has also been studied for targeted therapy by utilising the Auger electrons in
orderto deliveracytoto® R2&S G2 F G NBSG GAadadsSeo 1'a G4KS
>YO0 GKS NIYRA2G§2EAO ST 7T Shinpredinkd trid*’CHOHATSM was 2 (i K
shown to increase the survival timef 0% of hamsters bearing colon cancer tumours from 20

days to 135 days with no acute toxicity side efféct’ **[**Cu]CuUATSM waslemonstratedto

have a verytable spatial distribution during radiation therap$’ M. Cartef’* and coworkers

showed tha{**Cu]CUATSM and®*Cu]CuUGTSM can be used in therapeutic applications for

treating cancerous prostate cell lines. It was noted that increasing the-egthalar copper
concentration enhances the effectivity of boffCu]CUATSM and®*Cu]CuGTSM and that the
pro-ligands ATSM and GTSM were not toxic to cancerous prostége BePalanimuthid®also

reported that certain copper bis(thiosemicarbazone) complexes, particularly complexes with only
hydrogens as the backbone substituents, showed to havetamtour activity in mice modsl

The activity was similar to the anticamairug Adriamycin. The compound®de of action was to
inhibit DNA synthesis and to induce apoptosis. A very recent article by & .a¥iff nicely

summarises studies thdtave compared CGATSM uptake against invasive measurements of

tumour hypoxia as well as the results of clinical studies usirgT3M as a imaging agent for Ron
smalkcell lung canceOne such study concluded by stagithat[**Cu]CUATSMs useful for

predicting prognosis of patients witlhon-smaltcell lung cancet® A general overview of Gu

ATSM in the evaluation of hypoxia in clinical oncology is presentéd by

An interesing study by D. Williamson and-emrkers™* *“tested [**Cu]CUATSM and®*CulCu
ATSE (Figure 1.6.2.].4s imaging agents for brain hypoxia, however despite the ability of the
tracers to rapidly enter and efflux from the brain there was no significant accumulation of either

tracer in the hypoxic lesions.
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1.6.2.2. Imaging copper metabolism for the investigation of neurodegenerative
disorders
Imbalances in copper homeostasisidze identified in a range of inherited and acquired

LI G§K2ft 23201t O2yRAGAZ2Yy & &dzOK & 2 AfAQwQs% RA A&

of AD cases are sporadic and only%8 of cases are geneticallgtdrmined®! f T KSA YSND & |
is a fatal progressive neurodegenerative disease artkisrtost common form of dementia.

Dementiais defined as the loss of ordered neural function leading ultimately to synapticefailu

and neuronal death. The loss of neufiahction can manifest in loss of abilities like storing new
memory, impairment of judgement or reasoning abilities and language, to name but&*fefy

lf T KSAYSNRE RA&aSIaS Aa OKINXOGSNRASR o0& GKS
O2YLI2aSR 2F AyazfdzntsS | Yeéft-23aRindacidoSsdlies R'S% = 6K
1t is believed that reactive oxygen species from copper metabolism can promote cross linking
FyR F33aNB3II (A ptides®F FYet2AR 1 LIS

¢CKS FY@f2AR i LISLIWARS Aa 3ISYSNIGSR FTNRY (KS
the amyloid precursor proteiff | 2 § SGSNE §( KS LINBag&ydo Sot disisténttye f 2 A
correlate with cognitive impairment leading some to argue that the smaller soluble oligomeric
species are the toxic species that are responsible for neuronal d&«urrently AD is dgnosed

by tests that establish progressive impairment of memory and at least one other area of cognition
and definite diagnosis is only obtained by post mortem investigations of the presence of plaques
and neurofibrillary tangle§™® The highly insoluble neurofibrillary tangles contain hyper

phosphorylated formsf the normally soluble tau proteiff*

Both the peptides and proteins can isolate and reduce copper, and thatel copper

deposition has been observed in these plagtieslong with copper, metals such zinc and iron

have significantly elevated concentration in the brain of sufferers of AD and other
neurodegenerative diseaseavhen compared to brains of the same age without a

neurodegenerative conditiaf’L 'y FF OG F 33INB3IF GSR FYef2AR 1 LI
metal sinks due to their abnormally high content of Cu, Zn arft®Fe is thought that copper
OAYRAY3I A& Ay@2f OSR Ay GKS 3aNBILGAZY 2F (K
affinity copper chelators for therapeutic applications. Other potahpiharmacotherapeutic

targets for AD are nicely reported by Y.Biran andwsthors® Copper bis(thiosemicarbazone)
complexes, such as @il SM due to its ability to cross the blood brain barrier (BBBjeledse

copper in to cells, are of interest as potential diagnostic PET trdt@tsese complexes can be

dzZaSR G2 AYIF3IS OKIFy3aSa Ay O2LIISNI K2YS2ail aira
disease, other dementias, MerkeQ RA &SI &S Fy®R 2Afaz2yQa RA&SI &

38



Copper bis(thiosemicarbazone) complexes have been of interest on both the diagnostic and
therapeutic front for AD and other neurodegenerative diseases. In terms of therappnRelly,

K. Price and cworkers® **°tested a number of copper and zinc bis(thiosemicarbazone)

complexes derivatives in order to ascertain which complexes could transport the metal theross
blood brain barrier and release the metal in to the brain resulting in an increase of metal
bioavailability.This modulation of bioavailability then could lead to potential therapeutic effects

by the reductior2 ¥ aSONB ISR Yt 2AR | LI200fokd RSGehseinK S NIB
copper level§®and a 10 fold increase in zinc levels. The administration of the copper complexes
resulted inthe decreasef extracelld  NJ | Y@ f 2AR i LISLIWARSad® ¢KS |
that both copper and zinc bis(thiosemicarbazone) derivatives have potential as therapeutic agents
for AD. CeGTSM has shown to have potential use as a clinical treatment as it has the ability to
increase intracellular copper concentrations by several hundred fold which leads to signalling
pathways which inhibits the glycogen synthase kinase enzyme which regulates the accumulation
2F | Yét 2 A R™®¥dcraasdingdha intdr&Bular copper concentrations also allows Cu
GTSM to decrease the level of tau phosphorylatfon

CuGTSM is easier to reduce than-&USM because of the hydrogen stitwents on the imine

carbons, whilst still processing membrane permeability, it can be reduced in most cells thus
allowing transportation of Cu species to the brain. A significant uptake (4% afCuGTSM

was shown in transgenic mice compared%€Cu]CuATSM'® This approach does not directly
YSIFadaNB '5 LI dK2f23AS5a o!i LY 3dz2S&a 2N ySdzNRY
to offer complementary information to other diagnostic pratees'’® A slightly different

approach was to develop a copper bis(thiosemicarbazone) complék(Eigure 1.6.2.2.1.) which

Ad TFdzyOdAz2yltAaSR SAGK Iy 11 LXF3dS GFNBESGAY

Figure 1.6.2.2.1Thestructure of coppecomplex ClL!, based ort’® '

aacOpyce
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Cu'lL?

The copper complex was added to human AD brain tissue and examined by fluorescent

microscopy. Theresulis SNBE O2 YLI NBR (G2 AYYdzyS !'i &aAd+AYyAyYy

localisation'’® **This approach was further explored by J. Hicitesl*"®
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copper complexes with similar structures to"Cwf which two of them successfully bouna
FY&8t2AR 1 LX I ljdsSaod

Another functionalised copper bis(thiosemicarbazone) complex was also synthesised by J. Holland
and coworkers®*F 2 NJ 4 KS RA Ll 3y 2 & A Yha compled3ohtaineddpAfide amiA & S|
tropinone like groupsr & G KS&S 3INRdzZLJA ' NB LINBaSyid Ay Yzali
CUuATSM has also got potential therapeutic applicationhientteatment of Amyotrophic Lateral
Sclerosig®” CUATSM has also been used to assess oxidative stress in a variety of
neurodegenerativliR A & 2 NRSNE & dzOK |**30Oxidakivi dtresy i& the/irbalanteind S | &
redox couples such as NADPH/NARRusing a disparity between the productions of oxygen

reactive species and protecting antioxidant speci&s

1.6.3. Zinc bis(thiosemic arbazone) complexes
Generally zinc bis(thiosemicarbazone) complexes can be readily made by refluxing a chosen

bis(thiosemicarbazone) p#igand in ethanol or methanol whilst in the presence of Zinc (ll)
acetate as shown in (Figure 1.6.3.1.) The productbearecovered by filtration and washed with a
solvent such as diethyl ether or methanol. Although the resulting product is commonly a
yellow/orange colour, some red products have also been repottéd °* 8> *¥According to the
literature, this reflux method seems to be the most popular method however thezéwo

different methods that are worth mentioning. Firstlyofnellyet al.”®

reported an alternative

method where the preigand was dissolved in a small quantity of DMF along with zinc (I) acetate
and stirred at room temperature for 1 hour. The product precipitatedafigolution upon the
addition of water and was washed with ethanol and diethyl ether. Secondly, V. Betakit®
combined the construction of the ligand and the chelation of the zinc all in one reatti@was
done by reacted anono-thiosemicarbazone intermediate withdissimilar thiosemicarbazide and

zinc (Il) acetate at once.

Studies on ZATSM (@&Q= Me, R=R=Me, B=R=H) by Cowlegt al*** shows that zinc can for
a 5" coordination bond with an oxygen atom in a solvent molecule of DMSO. Thisrl is axial

and produces a complex that has a square pyramidal geometry.

Figure 1.6.31. Formation of a zinbis(thiosemicarbazone) complebased ori” %
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Zinc bis(thiosemicarbazone) complexes are of interest for a number of reasons, firstly they are
weakly fluorescent which allows their uptake and intriadar distribution within cells to be

tracked by fluorescence microscaffy®* 8 % 1819 econdly due to zinc bis(thiosemicarbazone)
complexes being diamagnetic they can be characterised by NMR something which is not possible
with the related paramagnetic copper complexé&inally the zinc complexesn be convenient
precursors in the production of the related raeiopper bis(thiosemicarbazone) complexes by
transmetalation. S. Kadwodkand coworkers have recently showed that a zinc

bis(thiosemicarbazone) amplex shows promise for acting as an oral antidiabetic agent.

1.6.3.1. Transmetalation
In 1992, K.Matsumotet al!*?and in 1993, H.Sat al!** published the first reporten the use of

the transmetalation approach M.Chrisliebet al® reported that when a chosen zinc
bis(thiosemicarbazone) complex is added to one equivalent of coppardtjueous methanol the
transmetalated copper bis(thiosemicarbazone) complex is rapidly formed. This principle lends
itself to be translated in to the rapid synthesis of copper bis(thiosemicarbazone) complexes by
using polymer bound zinc bis(thiosemicazbae) complexes as the precursor. The
transmetalation process relies on the fact that the zinc complexes are constrained in a pseudo
squareplanar conformation which allows the zinc to form an axial fifth coordination bond with
another donor atom, just lixin A Cowleyet al**® Instead of a solvent molecule of DMSO, a fifth
bond can be formed between the zinc atom and the nitrogen lone pair of a pyridine functionality
which is attached to a solid polystyrene polynsepport. Upon addition of a usolution the
copper undergoes transmetalation with the zinc in the complex in order to form a copper
bis(thiosemicarbazone). As the Jahaller distortion disfavours the coordination of the axial fifth
bond in the resultig copper complex, the coppg@yridine bond does not form leading to only the
transmetalated square planar copper bis(thiosemicarbazone) complex to be released from the

resin®®" ' This praess is illustrated in (Figure 1.6.3.1.1.).

Bettset al*®’

used a 4(dimethylamino)pyridine (DAMPjunctionalised polystyrene resin that

was crosdinked with 2% divinylbenzene. Loading of the chosen zinc lis@hiicarbazone) on to

the resin was achieved by stirring the resin in an acetone/methanol (10%) solution of zinc
complex at room temperature for 30 minutes. The resin was then recovered via filtration, washed

in order to remove any unhod zinc complex andried.
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Figure 1.6.31.1. Formation of a zinbis(thiosemicarbazone) complexasedon 17
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J. Hollanckt al®’ studied the kinéics of the copper transmetalation with a glucose functionalised
zinc bis(thiosemicarbazone) complex and found that the se@yddr reaction was very rapid

and upon efficient mixing can be completed witlisecond at room temperaturd study by A.
Aphaivonget al***involved testing a number of different polymers for application in-ziopper
transmetalation reactions. The authors concluded that of the polymers that they tested
pyridine functionalitywasfound to beoptimal and that further work to improve loading and
release of metal ligands from their polymeric supports is warran#dlightly older report of

solid phase synthesis has been found for the productio®5ffDG by using a solid bound FDG

substrate which is selectively cleaved upon reaction W] fluoride ions®

1.7. Thesis hypothesis, aims and objectives

Reports of the evaluation of copper bis(thiosemicarbazone) complexes for the diagnosis of
hypoxia via positron emission tomographgve been dominated by the symmetric complexes.
Even though the majority of reports are in respect teAUSM other symmetric complexes have
been investigatel /" 123 164 1%8These other symmetric complexes are structurally similar to Cu
ATSM except having different substituents at the @, R and R positions. Theseubstituents

are typically H, G H{CHCH and GHs (Figure 1.6.2.1.4.As mentioned earlier in this chapter the
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Q. and Q positions influence the reduction potential of the copper complexes which dictates in
which environments the copper complexes rele#isair radio copper ion. Independently the R

and R positions control the lipophilicity of the complexes which prescribes where in the body the
copper complexes will migrate to. The ideal copper complex will be lipophilic enough in order to
passively diffae through the cell membrane but hydrophilic enough to allow faster clearance
from nontarget cells resulting in a higher target to background ratio. By synthesising
dissymmetric copper bis(thiosemicarbazone) complexes with different substituents on the tw
terminal amines, the greater the range of complexes with slightly different lipophilicity values that
can be evaluated for hypoxia selectively. If a range of copper complexes can be screened the
more likely it is to find a complex which is superior te symmetric complexes, or at the very

least will suggest further complex designs for the next generation of bis(thiosemicarbazone)
copper complexes. Additionally, if a copper complex is synthesised that has the correct reduction
potential and is lipophiti enough to cross the blood brain barrier then that complex could be

utilised for the application of brain imaging for investigating neurodegenerative disorders.

With this in mind, the main focus of this thesis is investigating the synthesising of disyonm
copper complexes to fill this gap. From previous work by P.J.Bktveéf®and J. Dearlingt al.”

it is known that complexes with two alkyl groups on thea@d Q, positions have a lower

reduction potential and a higher hypoxia selectively. Therefore, it is desirable to synthesise
copper complexes with Me/Me and Me/Et on the backbone witlaiRd R substituents with

varying lipophilicity for the evaluation of pgxia imaging. A secondary aim is to synthesise copper
complexes with Me/H and H/H on the, @1d Q positions and more lipophilig, and R

substituents, as these are expected to have less negative reduction posamtiizh could allow

the complexes to deosit their radio copper ion in to the brain irrespective of hypoxia.

The initial aim of this project is to establish a suitable method for the synthesis of the
dissymmetric bis(thiosemicarbazone) ligands. There are a handful of methods reported in the
literature ®® Out of thesethe method of using acetal protecting groups and the method of
exploiting the reactivity of carbonyl groups are going to be investigated in order to determine
which method is most suitablfor this project. Throughout the synthesis of each class of
dissymmetric ligands the related symmetric complexes are also going to be synthesised to act as
both a comparison of pharmacokinetic properties, but also to establish knowledge about the
synthess and characterisation of that class of ligands which can be applied to the case of the
dissymmetric ligands. Once a ligand is reacted with radjgper to form a radio complex there is
very little time for lengthy purification procedures as the coppamptex is constantly decaying.
So in order to cut down the need fougfication procedures post radio labelling the target purity
T2NJ SFOK fA3IFLYR A& xppz @
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From the literature, the method that seems to be most used for synthesising copper
bis(thiosemicarbazone) complexes, in the milligram to gram scale, is refluxiocgdben
bis(thiosemicarbazone) ligand in a solvent such as etftamad methanal’ with a copper (ll) salt
such as copper acetate. Off course for these methods to waliggands must at least be
moderately soluble in methanol or ethanol. As the aim of this project is to synthesise ligands with
a range of lipophilicity values an objective is to devise a method that can be applied to the entire
ligand library which prodwes complexes with high purity and reasonable yield. Due to NMR
spectroscopy not being available for the analysis of the copper complexes, high purity will be
regarded as CHN analysis within 8/3 of the theoretical percentage. These objectives will also

be set for the synthesis of zinc (Il) bis(thiosemicarbazone) complexes. It is desirable to synthesise
zinc complexes from the library of ligands because, besides most of them being expected to be
novel, they can act as potential precursors for the rapiutisgsis of their related copper

complexes via the transmetalation reactioh™>’A further objective is to determine if the
transmetalation synthetic approach can be applied to the randayahds that are to be

synthesised in this project.

Due to restrictions in the facilities that are available, it will not be possible to routinely synthesise
radio copper complexes. The complexes will be synthesised using stable copper and zinc isotopes
for the purposes of synthesis optimisation and comprehensive characterisation of each complex.
Characterisation data shall be collected on all intermediates, ligands and complexes. There is not
currently a source of comprehensive unified characterisatiaa d@iar the bis(thiosemicarbazone)
ligands and their related complexeEhe techniques that shall be utilised shall be NMR
spectroscopy (except for paramagnetic copper complexes). Vibrational spectroscopy in the form
of infrared and Raman spectroscopy whien be used as a very quick verification of the identity

of a product, but also for establishing if zinc complexes have been successfully loaded upon
polymers for the transmetalation investigation. Mass spectrometry will give compelling evidence
that the desired copper or zinc complex have been successfully produceds lhambda max and
extinction coefficients shall also be collected. In order to establish the purity of the ligands and

the complexes produced, CHN analysis shall be employed.

Once fullycharacterised by the techniques listed above, the next objective is to collect logP and
reduction potentials for each of the copper complexgis work shall be carried out by
collaborating with theDivision of Imaging Sciences and Biomedical Enginesrifing's College
London The data will give an indication of the lipophilicity of the complexes and at what level of
hypoxia the copper (II) complexes will be reduced so that the radio copper ion can be deposited
within the hypoxic environment. The logRlwe for each copper complex will be determined by

synthesising the relate®fCu complex and partitioning it between water and octanol phases. The
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partition coefficient shall be established by using a gamma counter to count the proportion of the
complex ineach the water and octanol phase. It is expected thattedox potential shall be

obtained usingyclic voltammetry

From the logP data and reduction potential of each copper complex, a list of copper complexes

f41%8in order to establish

candidates can be complied for screeninghe isolated hearmode
the hypoxia selectivity of the candidate complexes. J. Deagtiag)’’ reports that CWATSMwith

a Cu(lI/l) reduction potential 60.59V and a logP of 1.48ad the greatest hypoxia selectively at

60 minutes post injection out of the range of symmetric copper complexes tested. The
experiment set up used a glassy carlebectrode, a Pt gauze auxiliary electrode and an Ag/AgCl
reference electrode. It is also suggested that for a copper bis(thiosemicarbazone) complex to be
hypoxia selective it has to have a reduction potential beldwsV. Copper complexes synthesised

in this project with a reduction potential of belowd.5V would be candidates for screening in the
isolated heart model. The priority complexes would be any which have a lower reduction

potential than CeATSM {0.59V). For the copper complexes that J. Deadtra).”” screened

which showed hypoxia selectivity, the Log P range of these complexes wea&63 he non

hypoxic selective complexes had a Log P of-0.88. With this in mind it is suggested that the
copper complexes that are synthesised in this project with a Log P in the range &f.6%&re of
interest for screening. The ones with Log P values at the top end of this range or higher than 2.69
should be regarded as priority complexes. An interestimgltevith PTSP was obtained; PTSP has
Me/H on the backbone and H/Ph substituentstbe terminal amine. Despite havirggrelatively

high reduction potential 0f0.3, PTSP showedsmall level ohypoxia selectivity. Synthesis of
dissymmetric complexes witkle/H on the backbone containing phenyl substituents on the

terminal amine will be worth evaluating for hypoxia selectivity.

Copper complexes which would be candidates for the application of brain imaging for the
investigation of neurodegenerative @iSNRSNE 62dzZ R 6S | ye 0O2YLX SES
at the higher end of the range for the all synthesised complexes and who possess reduction values
of above-0.5V. A potential way of screening these candidate complexes woufdupeorat

testing in order to determine, via PET, the proportion of the radio copper complex that is able to
migrate toand remain with in the brailJsing what has been discussed above the hypothesis,

aim and objectives for this thesis are set out as:

1.7.1. Hypothesis
The use of radio labelled dissymmetric copper bis(thiosemicarbazone) complexes offers the

opportunity to achieve superior imaging capabilitisgliagnostic imaging of hypoxia by positron

emission tomography, than currently used symmetric copper bis(thiicssmivazone) complexes.
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1.7.2. Aims
The aims derived from the hypothesis of this thesis are:

1. Synthesise a range of dissymmetric bis(thiosemicarbazone) ligands.

2. Create a library of symmetric bis(thiosemicarbazone) ligands relatéeetplanned
dissymmetic ligands.

3. Explore the coordination of copper (ll) ions with the library of bis(thiosemicarbazone)
ligands.

4. Collect characterisation data on all ligands, complexes and intermediates that were
created.

5. Evaluate the copper complexes pharmacokinetics in otadestablish candidates for

biological screening.

1.7.3. Objectives
From the aims the following objectives have been set out:

1. Compare the acetal protection method and the exploitation of carbonyl reactivity method
for synthesis of dissymmetric bisgiz2 8 SYA O Nb 1 2y S0 f A3l yRa 4.

2. Produce a library of symmetric ligands using previously reported methods.

3. Where possible, optimise the synthetic methods for both the synthesis of dissymmetric
and symmetric ligands.

4. Improve the synthsis of copper complexes so thats suitable for the entire library of
bis(thiosemicarbazone) ligands.

5. Synthesise a range of zinc (Il) bis(thiosemicarbazone) complexes for the evaluation of an
alternative copper complex synthetic approach via transméiata

6. Characterise all ligands, intermediates and complexes by NMR (except copper
complexes), IR and Raman spectroscopy. Obtain CHN analysis on all ligands and
complexes which are believed to be novel. Utilise mass spectrometry for the analysis of
novel znc and copper complexes.

7. Collaborate with theDivision of Imaging Sciences and Biomedical Engineering at King's
College London to obtain lipophilicity and redox potentials for the library of copper
complexes produced.

8. Based on lipophilicity and redoxidd &Sy R YAy3Qa [/ 2fftS3S Oyl
screening using the isolated heart moti&t®®

9. Based on lipophilicityandkRe2 E RF i+ &SyR YAy3aQa /2ftfS3S

in order to determine hypoxia selectivity.

brain up take and retention.
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2. Synthesis of symmetric and dissymmetric
bis(thiosemicarbazone ) ligands.

2.1. Introduction
This chapter repodthe synthesis and characterisation of a rangsyhmetric anddlissymmetric

bis(thiosemicarbazones). The primary consideration was to synthesise the ligands with a high level
of purity irrespective of yield in order for the ligands to be of use in a radarmaceutical

application. Te ligands are splin to fourbroad groups depending what substituents are present

at the Q and Q positions of the backbone precurs@0ligands have beesynthesised with 13

being symmetric and 17 beimtissymmetridigands. Out of the 1dissymmetridigands 2 are

singly dissymmetricand 15 are doublgissymmetric Alongside these a new cyclic by product was

observed and is reported in thihapter.

2.1.1. Abbreviations used to describe the bis(thiosemicarbazone) ligands
A new abbreviation system has been devisedrifer to clearly show the subtle variation

between the ligands.
The abbreviation contains three components in a specific order all with a hyphen between them:

1. An abbreviation to represent the backbone used to form the imine substitught&,).

2. Substitients on the terminabmineof the 4-substituted3-thiosemicarbazide that was
reacted with the carbonyl group on the methyl ketone.

3. Substituents on the terminamineof the 4substituted3-thiosemicarbazide that was

reacted with the remaining ketone/ althgde.
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The abbreviations used to represent the backbones are:

Abbreviation Chemical Name Chemical Structure
GLY Glyoxal H H
O/ \O
DMA 2,2-dimethoxyacetaldehyde H H
)
0 oO——
PADA Methylglyoxall,1-dimethyl H
acetal /
(@)
Or / \
pyruvic aldehyde dimethyl | © 0—
acetal
BDO 2,3-butanedione
O/ \O
DMB 3,3-dimethoxy2-butanone
>/ \
(0] O—
PDO 2,3-pentandone
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The abbreviationsisedto describe substituents on the terminal nitrogen of theudbstituted3-

thiosemicarbazide are:

Abbreviation Chemical Mme Chemical Structure
NH Thiosemicarbazide H\N/H
N
Y \H
N
H/ \H
M 4-methyl-3-
e methy ~ A
thiosemicarbazide |
\(N\H
N
/ \H
Me 4 A-dimethyl3-
(Me) y H\N M
thiosemicarbazide |
N
N T
N
N
Et 4-ethyl-3-thiosemicarbazide H H
N
N
Y \H
\/N\H
Ph 4-phenyl3-
pheny N~
thiosemicarbazide |
\(N\H
N
\H
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\ %<Nf A\ >{_f

\ JN_N — / —\ N—N N—N /
VAR %N f« %K
BDO-Me-Me PDO-Et-(Me)2

Figure 2.1.1.1Examples of the abbreviations used for the bis(thiosemicarbazone) ligands.

2.1.2 Abbreviations for the i ntermediates
In the case ofhe synthesis of thelissymmetridois(thiosemicarbazone) ligands an intermediate

mono-substituted thiosemicarbazone was prepared first. An abbreviation is constructed by using:

1. The abbreviation to represent the backbone used to form the imine substituents
2. Substituents on the terminal nitrogen of thestibstituted3-thiosemicarbazide that was
reacted with the carbonyl group on the methyl ketone.

3. ¢tKS aevyoz2f WrhQ Aa FddlFrOKSR (2 aKz2g (GKS L

H\ \ —\ H\N— N/ \O
\ N—N O X J
H/N‘< VAR

BDO-Me=0O PDO-Et=0

Figure 2.1.2.1Examples of the abbreviations used for the of menbstituted thiosemicarbazone

intermediates.
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2.2. Synthesis of dissymmetric _bis(thiosemicarbazone ) ligands b

the protecting approach.
The synthesis of sondissymmetridigandswith Me/H on the backbone waisitially attempted

by using the acetal protecting approaah described in the literatur® "°8* ***The approach first

attempted is summarised in thiggure2.20.1.

H / H\N/H H /
o + | DMF, 72 hrs, 60 °C H 0
/ N 3 A Molecular sieves \
o o— Y 4 Ry N—~N o—
N \N

R g, </ N\

H / H
98% acetonitrile / 2% H.0, 1hr, H
N/ " @eC. 2eqliE, \ >/ N\

R4 N—N O——
2) \N \N‘<
Rg/ R2/

H H H H
| SN b, 721rs, 60°C H H

\ + | 3 A Molecular sieves /

N

Ry N—N 0 ~. N—N N—N Rs

\ /

3) \N‘< Y >/—N\

N
&/ N

L

PADAMe-NH, CH H
PADANH,-Me H H CH H

Figure 2.2.0.1The reaction conditions first used in the acetal pobibn approach.

For the purposes of this section the resulting product, whepsalgstituted-3-thiosemicarbazide
is reacted with PADA shall be the given the abbreviation PRBRLOMe) in order to distinguish
between when the acetal protecting groupsgrresent and when they are absent (PABA=0).

This is illustrated below (Figure 2.1.0.2.).
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.y H
H \_éo/ De-protection step H >
N\ / ~ \ 7\

H N—N oO—— H N—N (@)
\N¥< \NJ\
/ N\ / N\
H H
PADA-N H2—(OMe)2 PADA-N HZ:O

Figure 2.1.0.2Exampleof the abbreviations used for the mosabstituted thiosemicarbazone

intermediateswith Me/H on the backbone

All protected intermediates derived from DMB shall also be giving abbreviatiorRMBMe),
but once the protected intermediate undergoes a-pi@tecting step the abbreviation shall revert

back to BDOR, =0, to keep in line with abbwations that are used throughout.

H o/ H >—<
H \N—N / o— De-protection step H \N—N / \O
\ / - \
N
/N / {
H
DMB-NH,-(OMe), BDO-NH,=0

Figure 2.1.0.3Exampleof the abbreviations used for the mosabstituted thiosemicarbazone

intermediateswith Me/Me on the backbone

2.2.1. Method of synthesis
Synthesis of PADMe-NH,:

PADAMe-(OMe):

4-methyl3-thiosemicarbazide (1.315 g, 0.013 mol) was dissolved in DML} @ollowed by the
addition ofmethylglyoxail,1-dimethylacetal (1.5nL, 0.012 mol, 1.5 g). The resulting solution was
left to stir (3 days). The volunué DMF was reduced under vacuum until a viscous solution was
formed. A small amount of diethyl ether was added to the solution and then cooled on ice
overnight. The precipitate was isolated, washed with diethyl ether (4%)land dried. A clear
crystallne solid (0.585 g) was recovered (24% vyield).

PADAMe=0:

PADAMe-(OMe) (0.146 g, 0.0007 mol) was dissolved in an acetonitrile solutiom{198%
acetonitrile, 2% deonised water). LiBK0.139 g, 0.0015 mol) was added and the resulting

solution wadeft to stir (60°C, 1 hour). To the solution a saturated solution of®@ (30mL) was
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added rapidly resulting in the formation of a bright yellow solution. The product was extracted
with diethyl ether (3 x 5@nL) and the organic solution was dried oveagnesium sulfate. The
magnesium sulfate was filtered off and the solvent was removed. A bsolith (0.084 g) was

recovered (75% yield).
PADAMe-NH;:

Freshly activated molecular sieves (3 A, 0.051 g) was added to DMTE, (@0°C), followed by

the addition of PADAVle=0 (0.083 g, 0.0005 mol) and thiosemicarbazide (0.049 g, 0.0005 mol).
The solution was left to stir (61, 6 hours) then allowed to continue stirring overnight (room
temperature). Removed the DMF under vacuum and the crude product wsisegavith ethyl
acetate (1 x 14nL, 1 x 7mL, 1 x 3.5mL) and a little acetone. The solid was then dried. A white
solid (0.042 g) was recovered (36 % yield).

Synthesis of PADANH,-Me

PADANH,-(OMe):

Freshly activated molecular sieves (3 A, 0.801 g)agdsd to DMF (1&L, 60°C), followed by

the addition of thiosemicarbazide (0.770 g, 0.0084 mol). This was followed by the addition of
methylglyoxail,1-dimethylacetal (ImL, 0.0083 mol, 1 g). The resulting solution was left to stir
(room temperature, 3 dgs). The molecular sieves were filtered off and the DMF was removed
under vacuum. The crude product was washed with a little diethyl ether and dxieoff white

solid (0.769 g) was recovered (48% yield).
PADANH,=O:

PADANH-(OMe), (0.754 g, 0.004 molyas dissolved in an acetonitrile solution (th, 98%
acetonitrile, 2% déonised water, 60C). LiBH0.720 g, 0.008 mol) was added and the resulting
solution was left to stir (66C, 1 hour)A saturated solution of N&LQ (30mL) was added rapidly
resuting in the formation of a brown/orange solution. The product was extracted with diethyl
ether (1 x 50nL, 2 x 25mL) and the organic solution was dried over magnesium sulfate. The
magnesium sulfate was filtered off and the solvent was removed. A bsaliah(0.137 g) was

recovered (24% yield).
PADANH-Me:

Freshly activated molecular sieves (3 A, 0.075 g) was added to DMTE, (@@°C), followed by
the addition of PADAIH=0 (0.131 g, 0.0009 mol) andnrkthyl3-thiosemicarbazide (0.101 g,
0.0010 ma). The heat was turned off and the solution was left to stir (3 days, cooling down to

room temperature). The molecular sieves were filtered off and the DMF was removed under
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vacuum. The crude product was washed with a little ethyl acetate and diethyl gthe25mL)

and dried. A sawdust coloured solid (0.130 g) was recovered (62% yield).

2.2.2. Characterisation data for ligands synthesised by the protection method
As this method of synthesis was superseded by a different method most the characterdaion

collectedwas just enough to ascertain the likely structure of the product.

PADAMe-(OMe):

'HNMRDMSGd: nnn al i 0Y +NH), 894 @M, JBNH D= 414 Hz)34.49 (s, 1

H, OCH), 3.25 (s, 6 H,-QHs), 2.93 (d, 3 H, HEH;, J= 4.4z), 1.78 (s, 3 H, NGE). °C {H} NMR
(DMSQds= mnn al 1 0CYS), 148.608Npkd@ 87 (BED), 55.16 (GH,), 31.39 (HN

H), 11.17 (N=@Hy). IR (neat) cmi'= 3279 (m), 3227 (w), 2936 (w), 1537 (m), 1504 (m), 1435

(m), 1410 (m), 1366 (m), 28 (M), 1271 (M), 1213 (M), 1192 (m), 1115 (m), 1072 (s), 1057 (s), 986
(s), 949 (s), 860 (m), 660 (m), 559 (s), 494 Raan (neat)laser = 784.15 noremi’= 1642 (s),

1539 (w), 1499 (w), 1450 (w), 1437 (w), 1324 (w), 1277 (w), 1224 (w), 1156 (Wjn)06a44

(w), 1022 (w), 985 (m), 963 (w), 860 (s), 799 (s), 660 (W), 632 (W), 582 (m), 573 (s), 495 (W), 435
(w), 354 (w), 308 (m), 272 (Welting point: >84-88°C.

PADAMe=0:

'HNMRDMSGdez nnn al 1T 0Y 4-NH), 3@ M, OHg T01 ¢m, 1 H;, &KH),

2.99 (d, 3 H, HiIH;, J= 4.8 Hz), 1.90 (s, 3 H, M&6). °C {H} NMR(DMSGdez mnn al 1 0Y
192.16 C=0), 179.46@=S), 145.93EN), 31.69 (HXH,), 9.68 (N=@H,). IR (ned): cm'= 3352

(w), 3173 (m), 2963 (W), 2843 (w), 1694 (m), 1593 (m), 1537 (m), 1504 (m), 1410 (m), 1369 (m),
1200 (s), 1146 (m), 1111 (m), 1047 (s), 1001 (s), 856 (m), 789 (m), 665 (S), 594 (s), 569 (S), 534 (s)
503 (m).

PADAMe-NH;:

'HNMR(DMSGdg,n nn al T 0Y 4+ T -NH,MOM3SE ts, 1dH13NH), 850 (g1 Hhi&NH,

J=4.4 Hz), 8.29 (s, 1 HNB), 7.88 (s, 1 H-8H), 7.62 (s, 1 H, N+{J, 2.95 (d, 3 H, HEH,, J= 4.4

Hz), 2.10 (s, 3 H, N<GEL). °C {H} NMR(DMSQds>  mMnn al 1 0CYS), 478.63FB)y ®T ¢ 6
147.54 C=N), 142.97G=N), 31.58 (HNH;), 11.52 (N=@H,). IR (neat) cm’'= 3414 (w), 3138 (w),

2984 (w), 1605 (w), 1533 (m), 1501 (m), 1464 (w), 1337 (w), 1267 (w), 1213 (m), 1069 (s), 924 (m),
833 (m), 799 (m), 658 (w), 623 (M), F69.
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PADANH,-(OMe):

'HNMR(DMSGdez nnan al 1 0Y +-NH), 828 (B H w,-S6)a772 (8, 1 HXH)b4.48
(s, 1 H, @H), 3.24 (s, 6 H,4QHs), 1.78 (s, 3 H, N=G4,)."*C {H} NMR(DMS®ds> mnn al l 0Y
179.90 C=S), 149.02=N), 106.78 (80), 55.16 (GH,), 11.21 (N=CHy).

PADANH,=O:

'HNMRIDMSGdsz nnn al i 0Y 4-NH), 93 (BM#H, QFHE E78 (s, 1IHZEHY
8.38 (s, 1 H,®H), 1.90 (s, 3 H, N=G%). ®C{H}NMR(d65 a { hX mnn al @Y + T
180.52 C=S), 146.30GN), 9.70 (N=CH).

PADANH,-Me:

'HNMR(DMSGdez nnn al 1 0Y 4-NH), M@34s thH, B, B.3a(quartEt b
overlapping a singlet, 1 Hz&INH, J= 4.4 Hz), 8.35 (singlet overlapping a quartet, INH)C7.60
(s, 1 H@\NH), 7.61 (s, 1 H, N#{J, 2.95 ( d, 3 H, HISH;, J=4.4 Hz), 2.04 (s, 3 H, N€&,). °C {H}
NMR(DMSGdsX mMnn al 1 0CYS), 178.24%6)hld8102G=N), 142.55@=N), 31.47 (HN
QH,), 11.62 (N=@CHs).

2.2.3. Monitoring the de -protection of PADA via spectral methods
Figure 2.2.3.1showsa *H spectum of PADAVIe-(OMe), shows the presence of the protecting

acetal groups, as seen by the singlet at 3.25 ppm with an integral of six protons corresponding to
the six hydrogen atoms on both the acetal groups. An indirect indicator of the presence of the

prod SOGAY3 3ANRdzLJA A& GKS aAay3atSad Fd nondp LILIY
product was PADMe=0 o PADAMe with a second 4ubstitued-3-thiosemicarbazide bound,

A = 4 oA X~

WoQ ¢g2df R 68 SELISOGSR (2 aKATH (2 NRIAKf& o

55



Figure 2.2.3.1A H spectrum of PADKe-(OMe}, with assigned peak®ADAMe-(OMe) was obtained by
the reacting methylglyoxal,1-dimethyl acetal with 4nethyl3-thiosemicabrazide.

D E
c | l
| \—é /
¢ B H\\ N// 0 O > F F 6 H
N (s)
Aol %\ |
HDO 3H
2] (s)
B
! 3H
1H (d)
C 1‘ . (s) DMSO-d,
1H
: ) | () _ a) J |
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Figure 2.2.2. is a**C spectrum of PADMe-(OMe)which further supports the presence of the

acetal protecting groups. The main peak of interest is the peak at 55.16 ppm which is due to the
OFNb2ya Ay LRAAGAZY WC CHispeptiund abbvie, Nihdéiprodustkvasli 6 I &
PADAMe=0 or PADMe with a second 4ubstitued-3-thiosemicarbazide attached environment

W9 Q g2dz R &K mori4214s8 ppad kedpkckivelyn don LILI

Figure 2.2.3.2A e spectrum of PARMe-(OMe), with assigned peaks
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IRspectroscopyFigure 2.2.3.)was used to furthecorroborate the presence of PABMe-

(OMe), but due to thelimitation of the technique the only thing that can be ascertained with any
level of confidence is that there is no strong absorption between 188D cn, which would be

the expected position o& peak due to the C=0 bond of the aldehyde group of PMB2O

(indicated by the red box). Unlikke NMR spectra above FTIR caneasily be used to confirm

the presence of PADMe-(OMe)nor the absence of a symmetric dissymmetriccomplete

ligand, butit can be used relatively easily to show the presence of the carbonyl group as a result

of a siccessful degorotection step.

Figure 2.2.3.3AFTIR spectrum of PADAe-(OMé) , Thered box highlights the absence of a C=0 bond

indicating that the two acedl functionalities are present.
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The'H spectrum of PADMe=0(figure 2.2.3.4) clearly shows the complete absence of the acetal
KERNRBIASY SYy@ANRYYSyYyl LINBGA2dzate asSSy i odup
situated at 4.49 ppnandhasnow shifted downfield to 9.32 ppm. All these changes in the spectra

are expected and are consistent for PARIA=O°.

57



Figure 2.2.3.4A H spectrum of PADKe=0,with assigned peak$ ADAMe=0 was obtained by usihiBEg

to cleave the acetal functionalities BADAMe-(OMe).
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The™C spectrum of PADMe=0 figure 2.2.35.)shows the peak locations related to PADI&=0.
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shifted downfield to 192.16 ppm indicating the presence of a C=0 group.
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Figure 2.2.3.5A™°C spectrum of PARMe=Q with assigned peak€arbon environment E illustrates that

the acetal protecting groups have been successfully removed.
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Finally theFTIR spectrum of PABMe=0 (Figure 2.2.3.6.) clearly shawe presance of a strong
absorption at $94 cmi’ (indicated by the red box), this further indicates the presence of the C=0

bond of the carbonyl group on the aldehyde.

Figure 2.2.3.6AFTIR speatim of PADAMe=0.Thered box highlights the presence of a C=0 bond

indicating that the two acetal functionalities have been successfully removed.

Proton NMRdata has been reported focompoundsPADAMe-(OMe), PADAVe=Q PADAMe-
NH,, PADANH,-(OMe), PADANH,=0, PADANH,-Me by J. Linet al,”® of which the data collected
show strong agreement to the figures publishé@the literature value for the melting point for
PADAMe-(OMe) is reported as 8B88°C° which is in accord witthe value 0f84-88°C observed
This corroboration by the literature increaseonfidencein that the moleculesre correcly
identified and that the synthesis afissymmetridis(thiosemicarbazone) ligandsthe

deprotection approach iachievable.

2.2.4. Attempts to synthesise dissymmetric ligands from DMB
Using the same protecting method that was used to synthatis®/mmetridigands from PADA,

attempts were undertaken to synthesiissymmetridigandsfrom DMB in order to obtain ligands

with two methyl groups on the backbone.
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Figure 2.2.4. 1lllustrates the planned synthetic route first attempted for the synthesis of

dissymmetridigands from DMB.

H H
1) O/ + Sy DMF, 72 hrs, 60 °C /
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Figure 2.24.1. Summary of the reaction conditions first used.

The first intermediate that was attempted was BIDIBL-(OMe). The reactiorconditions infigure
2.2.4.1 was used, but the product turned out not to be the one that was expected. The identity of
this unkrown product was not able to be solved. Subsequent reactions were run witlasim
reaction conditions afigure 2.2.4.1 but with different temperature and stir time parameters.
Throughout the method development process, heating abové®®as avoided andhere

possible, this exposure was limited to the shortest length of time. The reason for this atdkeh
literature®” ®° " #reported that dissymmetridis(thiosemicarbazone) ligands under certain
conditions whereprone to scrambling resulting & product that contained a mixture of the

target dissymmetridvis(thiosemicarbazone) and related syrimic bis(thiosemicarbazoneslhis

idea isillustrated infigure 2.2.4.2

\ LN N \ (H
A2 VA Serambing \ NN N/ NN ) ANV VA
N—N N—N - = y § \ N—N N—N /
\/N \} % “< / \i // \ /% % \ /N F/ \

Figure 2.2.4.2lllustration of the products of scrambling.

A range of temperature and stir profiles was used. Sooralitionsthat were triedwasstirring at
room temperature for 72 hots and stirring at 66C for 6 hours. All these attempts failed to yield
the desired product and only produced either unreacted reagents or a more complex mixture of
unreacted reagents with small proportions of what was thought to be BIB{-O and BDOIH,-

NH. One attempthat was partially successful yieldadgroduct that turned out to be a mixture
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of BDONH,=0 and BD@IH,-NH, with estimated proportions of 85% and 15% respectively. This
partially successful attempt was not run with any significant atterein conditions except a

slightly larger excess of DMB.

The crude BD®OIH,=0 was then reacted with-dhethyl3-thiosemicarbazide in a 1:1
stoichiometric ratio (see reactionBgure.2.2.4.1). The reaction duration was altered from 72
hours to 6 hours & PADAVIe-NH, was successfully synthesised when stirred at@@or only 6
hours followed by stirring overnight at room temperature. The resulting product contained
predominantly BDENH-Me with signs of BD®H=0 and BD@®IH-NH, impurities. The
proportions of the impurities were not able to be estimated due the BI¥p-NH, peaks lying
beneath the BDANH,-Me peaks. This is illustrated in thd NMR spectrurbelow (Figure
2.2.4.3.). Thélue boxes show the peaks that are due to the presence of-BBS0 andhe
purple boxes show the peaks that are due to the presence ofBBENH. The singlet at 2.12
ppm has a larger integral than is expected due to the two methyl groups on the backbone of the
BDONH,-NH, impurity, owing to each environment havingery similar chemical shifts.

Figure 2.2.4.3An assignedH NMR spectrum oBDONH,-Me synthesised by the acetal protecting
approach. Thepectrum suggests the presence of Bl¥)=0 (blue boxes) and BEN),-NH, (purple

boxes).
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In order to achieve a greatewupty of either BDENH,-(OMe), or BDONH,=O the reaction solvent
was changed to ethanol with the hope that one of the desired intermediates would precipitate

out of solution upon its formation resulting in a purer intermediate. Due to the low solubility of
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thiosemicarbazide in ethanol, thesubsttuted-thiosemiarbazide was changed temethyk

thiosemi@rbazide due to its higher solubility in etharibigure 2.2.4.4.).

/ \ / /
>—é Ethanol, 48 hrs, 60 °C H\ © and / or H\ > <
o \ N—N Oo— N—N (¢]
\‘»/ \N‘< \N
/ A\ /
H H

Figure 2.2.4.4Figure showmg the changes madethe reaction conditions.

Whentreating the reaction solution threproducts were recovered. Each time a precipitate was
observed it was filtered off and bottled, the reaction mixture was put back on the heat and
stirred. The first precipitate was formed the reaction mixture while it was at 6C, whichwas
identified asthe symmetric ligands BDMe-Me. After the filtrate was kept in the freezer for 36
hours the second precipitate formed which was unreactadethyl-3-thiosemicarbazide. The
solvent in he resulting filtrate was allved to evaporate to yield the thirdroduct,whichwas a
mixture of BD@Me-(OMe) and unreacted 4methyl-3-thiosemicarbazide. This thiggtoduct was
then washed with diethyl ether in an attempt to remove thengthyl-3-thiosemicarbazidebut
when the washed product was analysed again it was found that it was the ratio 6V&DO
(OMe) that had reduced.

With all the previousbservationdaken in to account the following reaction metho@Sgure
2.2.4.5)were devised for theysithesis of BD@e-(OMe) and BDEMe=0.

/ ~y / /
1) Ethanol, 36 hrs, 60°C
- O——
© \ 2) Extract with Diethyl
ether 4<

H o/ 98%acetonitrile/2% H,0, 1hr, H >_<
\ N/> < . 60°C, 2 eqv LiBF, \ \N_N/ \O
2) \ N4\<
/A /

Figure 2.2.4.5The reactions conditions used for the synthesis of-BBQOMe)} (1) and BD&Me=0 (2).

The 'H spectrum(Figure 2.2.4.69f the product from reaction hows tte peaks that would be
expected given the target molecules structure. From the spectrum it is possible to see that there

are a few impurity peaks. The product contains someeacted 4methyl-3-thiosemicabazide
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despite using a slight excess38-dimethoxy-2-butanone, these peaks afréghlighted with

purple boxes.
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Figure 2.2.4.6An assigne&H NMR spectrum dhe novel compoun®MBMe-(OMe). DMB-Me-(OMe)

was obtained by the reacting 3d8methoxy2-butanone with 4methyl3-thiosemicabrazideThe purpe

boxes suggest a small presence of unreactetethyt3-thiosemicarbazide.
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Figure 2.2.4.7An assignedH NMR spectrum &DOMe=Q BDGMe=0 was obtained by using LjB#-

cleave the acetal functionalities of DM\Be-(OMe).
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The'H spectrum of BD®e=0 (Figure 2.2.4.7 3hows that the target intermediate for reaction 2

was successfully synthesised with a good level of purity. The only significant impurity that is
present is BD@e-Me (highlighted by red boxe&) a quantity ofaround 1%this value was

estimated by using the NMR integrals. There is a trace of ethanol present which was carried over
from the reaction solvent. It is suspected thihe water peak comes from the slightly wet DMSO

d6 which was used as the NMR solvent. A slight trace of aeetan be seen which is carryover

from the cleaning of the NMR tubes.

The FTIR spectrum of BBM@=0(Figure 2.2.4.8.helps support that the product is in its de
protected form and not in its protected form as DMiBe-(OMe). The spectrum shows a strong

absorbance at 1670 chwhich corresponds to the C=0 bond of the ketone carbonyl group.

LA N R ||||i||||||||i|||
4000 500 3200 2800 2400 2000 1800 1600 1400 1200 1000 00 00

Figure 2.2.4.8AFTIR spectrum of BEN)e=Q synthesised by successfully deprotecigB-Me-
(OMe).The red box illustrates the presence of the deprotected carlamgtionality.

The synthesis was not taken any further due to an alternative method of synthesis was
discovered’. Thismethod managed to synthesise intermediates (e.g. BIE>O) without the

need of a protectingjroup by exploiting the reactivity differences of a selectelledone (e.g.
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2,3butandione). A dissiitar 4-sustituted-3-thiosemicabazide was then reacted to produce the
desireddissymmetridigand. Following this method it was possible to proddssynmetric

ligands with greater yields and purity whilst removing the requirement for-prdéection step

and in doing so reducing the overall synthesis time from start to finish. It was decided to abandon

using the protection method antb pursue this new rathod.

2.2.5. Synthetic methods
DMB-Me-(OMe),

4-methyl-3-thiosemicarbazide (0.890 g, 0.0085 mol) was dissolved in ethanoil(360°C ),
followed by the addition 08,3-dimethoxy2-butanone(1.25mL, 0.0093 mol, 1.23 g). The

resulting solution waseft to stir (60°C, 36 hours). The precipitate was filtered off and discarded.
The solvent was removed and the resulting solid was extracted with diethyl ether (hk 20x
25mL). The diethyl ether was removed and the remaining solid was dried. A 8diite(0.308 g)

was recovered (17% yield)

BDONH,=O

Freshly activated metular sieves (3 A, 0.808 g) weawdded to DMF (15, 60°C), followed by

the addition of thiosemicarbazide (0.773 g, 0.0085 mol 3y3tlimethoxy-2-butanone(1.5mL,
0.011 mol1.48 g). The resulting solution was left to stir {60 3 days). The molecular sieves plus
any solid byproducts were filtered off, the DMF under was removed under vacuum and the

sample was dried. A brown solid (0.342 g) was recovered (20% vyield).

BDOMe=0

DMBMe-(OMe), (2.357 g, 0.011 mol) werissolved in an acetonitrile solution (8@, 98%
acetonitrile / 2% ddonised water, 60C). LiBF1.969 g, 0.021 mol) was added and the resulting
solution was left to stir (66C, 1 hour)A saturated solution bN&CQ (40mL) was added rapidly
resulting in the formation of a bright yellow solution. The solution was left to stir (10 minutes).
The product was extracted with diethyl ether (4 xrB0 and the organic solution was dried over
magnesium sulfate (4 lge spatulas). The magnesium sulfate was filtered off and the solvent was
removed. The pale yellow solid was extracted with hot diethyl ether (1ml28 x 50mL). The
mixture was cooled in the freezer and the precipitate was removed by filtration. Titeveas left

to dry. A light yellowsolid (0.212 g) was recovered (11% yield).

BDONH,-Me

Freshly activated molecular sieves (3 A, 0.060 g) was added to DMTE,(@8°C), followed by
the addition of BDENH=0 (0.170 g, 0.0008 mol) andnkthyl-3-thiosemicarbazide (0.088 g,
0.0008 mol). The heat was turned off and the solution was leftitq&toling down to room

temperature, 6 hours). The molecular sieves were filtered off and the DMF was removed under
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vacuum. The crude product was washed withtieliacetone and dried. A browsolid (0.158 g)

was recovered (80% yield).

2.2.6. NMR spectral data
DMB-Me-(OMe),

HNMR(DMSGdez nnn al 1 0Y -NH), 8.qQidmpy H,d@:NH), 3W6 (5, B H, OH,),
2.96 (d, 3 H, HiIH,, J= 4.8 Hz), 1.86 (SH3N=@CH,), 1.37 (s, 3 H, G-CHy).

BDONH,=0

'HNMRDMSGdex nnn al 1 0Y 4-NH), 868 (6ol ¢, -8)ag07 (8, 1 HXNH)b2.35

(s, 3H, O=CHy), 1.91 (s, 3 H, N=G). **C {H} NMR(DMSQGds= mMnn al [ 0CYO)L ' mdy
180.30 C=S), 14610 C=N), 25.31 (O=CH,), 10.59 (N=CH).

BDGOMe=0
'HNMR(DMSGdez nnn al T 0Y 4-NH), 858 (g IvH, J68HE, 3.04 (dl H, HHSH;,
J= 4.8 Hz), 2.38 (s, 3 H, G3§), 1.92 (s, 3 H, N=CH).

BDGONH-Me

'HNMR(DMSGde= n nn  al0.2l (s, HAMNH), 10.16 (s, 1 H,-NH), 8.37 (singlet

overlapping a quartet, 1 HEH), 8.34 (quartet overlapping a singlet, 1 HCH, J= 4.4 Hz), 7.82
(s, 1 H@\H), 2.97 (d, 3 H, HH,, J= 4.4 Hz), 2.16 (s, 3 H, N&6), 2.12 (s, 3 H, N=G4,). °C
{fH}NMR(DMSGdsz mAan al | 0C¥S), 1718.97G86)hld&98C=N), 148.43C¢=N), 31.74
(HNGH,), 12.26 (N=@Hs), 12.07 (N=CH).

The above results are in accord to literature report8BiOMe=Q°" *°

which was synthesised by
an alternative synthetic route. Characterisation data for compoBId®NH=0, BD&e=0and
BDONH,-Me shows strong agreement to the same compounds Hratreported later in this
chapter which were synthesised by the synthetiate reported by J. Hollanet al>’ It is believed

that this is the first reports of the compouri?dMB-Me-(OMe).

2.2.7. Discussion
Using acetal groups for a protection based approach for the synthegissyinmetric

bis(thiosemicarbazones) iogsible table2.2.7.1.summarises the compounds synthesised during
in this sectionHowever, numerouproblems vere encounteredsuch aste clean eavage of the
acetal functionalitiesvith LiBEFwas often found to be laour intensive and temperamentalhe
presence of the acetal protectiqrevented the use of acidatalysts resulting in long reaction
times, often up to three daysf khe reaction conditions resulted in the successful cleavage of the
acetalgroupsthe resulting sample often containea mixture ofdissymmetri¢ symmetric and

intermediate productsThe multiple poor yielding stegsometimes as low as 11%eant that
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the resulting ligands where often recened inunworkably smalfuantities. Limits in the
equipmentthat wasavailablemaderunning the samples in DMF undesirabkthe removal of
DMPFcould only be achieved on a vacuum line for long periods, using tempesathoye60°C .
This raisedoncerns abouincrease the risk giotential scrambling athe ligands. Once the DMF
was fully removed a very crude, oftersludge like product was obtainedhe absence o

suitable purification method made the ligands unsuitable for the use in a medical context.

Based on these issues it was decided to bagkyafrom this approach and focus on the
development of the exploitation of the giarbonylmethod.”’ If the above issues could be
rectified in order to give a method that gives a pure compound with a higher yielgheeferably
in a reduced time span, the protection based method may be of greateiHgeever,it is
unlikely to outpeform the exploitation of the dcarbonyl method in terms of producing a clean

ligand in a relatively short time period without the reeéor labour intensive methods.

Table2.2.7.1. A siammary ofthe compounds synthesised during the investigation of the acetal protecting

approach

Ligand Novel Yield
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2.3. Ligands with Me/H backbones
Application

This class of ligands is of interest for the application of monitoring the copper trafficking within

the brain in order to studyeurodegenerative diseasesguasl f 1 K S disé&sdBsalescribed

in the introduction In order to achieve this, the ligand ondeelatedwith copper must be

lipophilic enough to cross theloodgbrain barrier(BBB. The complex must also have a redox

potential that allowshe coppe to be deposited in the brain, irrespective of hypoxic or normoxic
conditions. Once theradi® 2 LJILISNJ K & 6SSy RSLIaAdSR GKS 0O2L
via PET.

To keep the redox potential within an appropriate range, it is desirable to makelBgaith
hydrogen and a methyl group on the backbone. In order to achievégbphilicity required to
cross the blooébrain barrier, a range of ligands was made with varying combinations of 4
substituted 3-thiosemicarbazides that have relatively lipojph#ubstituents such as methyl, ethyl,

dimethyl and phenyl.

The mairaimwas to make a number of different ligands that fulfilled the above criteria for
screening in order to establish the optimal ligand configuration or to suggest further refinement

of the ligandsxsubstituents.

2.3.1. Symmetric | igands with Me/H backbones
Overview of reaction

The synthesis of this subgroup of ligands requires one equivalengtifylglyoxall,1-dimethyl
acetal (PADA) to be reacted with two equivakefih excessdf a chosemt-substituted 3-
thiosemicarbazidgunder acidic conditionsn water at 50°C to give the desired symmetric ligand

(Figure 2.3.1.1Jsing this methoddur ligands were synthesis€Bigure 2.3.1.2)
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Figure 2.3.1.1The general reaction fahe synthesis of symmt ligands with Me/H backbones.
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Figure 2.3.1.2Structureof the symmetric ligands with Me/H backbones that were synthesised.

2.3.2. Methods
PADAMe-Me

4-methyl3-thiosemicarbazide (1.100 g, 0.0105 mol) was dissolved-iordsed water (40nL, 50
°C) and HCI (32%, 2 drops) was addiéethylglyoxall,1-dimethylacetal (0.58nL, 0.0048 mol,
0.566 g) was added rapidly and left to stir (&) 5 minutes). The precipitate was removed by
filtration and washed with déonised water (50nL, room temperature and 5énL, 80°C). The
crude product was dissolved in DMSO i{ij. The solution was filtered, recrystallised with-de
ionised water (34nl). The precipitate was removed via filtration, washed with waterr{&pand

left to dry. A cream solid (0.8%8 was recovered (73% yield).
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PADA(Me),-(Me),

4,4-dimethyt3-thiosenicarbazide (0.321 g, 0.0027 mol) was dissolved iodised water (50mL,
50°C) and HCI (32%, 2 drops) was added. Metyytgh1,1-dimethylacetal (0.1%nL, 0.0012 mol,
0.15 g) was added rapidly and left to stir (&) 1 hour). The precipitate was reneahvby filtration
and washed with déonised water (50nL, room temperature and 5énL, 80°C). The crude
product was dissolved in DMSON(R). The solution was filtered, and the product was
recrystallised with déonised water (6nL). The precipitate was o@vered by filtration, washed

with water (50mL) and dried. A yellow solid (0.065 g) was recovered (20% yield).
PADAEtEt

4-ethyl-3-thiosemicarbazide (1.251 g, 0.0105 mol) was dissolved-iordeed water (50mL, 50
°C). The insoluble particulates wediltered and HCI was added (32%, 2 drop®thylglyoxail,1-
dimethylacetal (0.58nL, 0.0048 mol, 0.57 g) was added rapidly and left to sti’(G® minutes).
The precipitate was removed by filtration and washed witAalgsed water (50nL). The crude
product was dissolved in DMSO (88). The solution was filtered and the product was
recrystallised with déonised water (70nL). The precipitate was isolated via filtration, washed
with water (50mL) and dried. A yellowish white solid (0.870 g) was reoed (66% yield).

PADAPKPh

4-phenyt3-thiosemicarbazide (0.439 g, 0.00263 mol) was dissolved-iardged water/ethanol
solution (25mLwater, 13mLethanol, 50°C). The insoluble particulates were filtered and HCI
(32%, 2 drops) was addedethylglyoxal-1,1-dimethylacetal (0.1%nL, 0.0012 mol, 0.146 g) was
added rapidly and left to stir (5, 5 minutes). The precipitate was removed by filtration and
washed with deionised water (50nL, room temperature and 5@nL, 80°C). The crude product
was dissoled in DMSO (1B1L). The solution was filtered, the product was recrystallised with de
ionised water (30nL). Precipitate filtered and washed with water (6L) and dried. The sample
was further washed with ethanol (2 x 28), deionised water (50nL, 80°C) and dried. A

mustard coloured solid (0.244 g) was recovered (55% yield).

2.3.3. Characterisation data for symmetric | _igands with Me/H backbones
PADAMe-Me

HNMRDMSGdsz nnn al 1 0Y 4NH), M@3Ks, dH,BlH),B.40(m, 1 B, JGNH,

J=4.4 Hz), 8.38 (m, 1 HANH, J= 4.8 Hz), 7.62 (s, 1 H, N;Q.94 ( two over lapping doublets, 6

H, HNCH;, J= 4.4 Hz), 2.12 (s, 3 H, M&6). °C {H} NMR(DMSQds, 100a | T 0Y 4 &=SyTy ®T
178.22 C=S), 147.63@EN), 142.40@=N), 31.58 (HNIH;), 31.47 (HNOHs), 11.62 (N=@CH;). IR

(neat): cmi’= 3302 (w), 3142 (w), 1531 (s), 1489 (s), 1431 (m), 1408 (m), 1354 (w), 1213 (s), 1152
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(m), 1088 (s), 1024 (s), 914 (m), 8210),(548 (s), 517 (mRaman (neat)cri'= 2909 (w), 1785 (w),
1657 (w), 1577 (s), 1442 (w), 1364 (w), 1279 (w), 1226 (w), 1124 (w), 1017 (w), 879 (w), 775 (w),
560 (w), 405 (w), 115 (WMelting point: >214°C (decomposed).

PADA(Me), -(Me),

'HNMRDMSGde nnn al 1 0Y 4-NH), 959 @G AH, NHRZ78 (8, 11HINHD

3.23 (s, 6 H, NOHs),), 2.05 (s, 3 H, N=G). *C fH} NMR(DMSQds= mnn al T 0C¥S),+ I' ™
180.89 C=S), 150.11G=N), 144.54@=N), 42.80 (NCH),), 42.47 (NCHs),), 11.37 (N=@H). IR

(neat): cmi'= 3404 (w), 2922 (w), 1533 (s), 1490 (M), 1362 (m), 1328 (s), 1281 (m), 1229 (s), 1150
(s), 1113 (m), 1057 (m), 1022 (m), 905 (s), 785 (m), 54R@man (neat)cm’= 2917 (w), 1581

(s), 1436 (w), 1381 (w), 1281 (w), 1487, 1132 (w), 1027 (w), 864 (w), 718 (w), 546 (w), 438 (W),
394 (w), 171 (w), 107 (WMelting point: >106°C (decomposed).

PADAEtEt

'HNMRDMSGdez nnn al 1 0Y 4-NH), Ma4s pH,BlH),B.52(t, U H pCKH,
J=6.0 Hz), 8.41 (t, 1 HGNH, J= 6.0 Hz), 7.62 (s, 1 H, N5B.52 (m, 4 H{,GNH), 2.13 (s, 3 H,
N=GCH,), 1.07 (two overlapping triplets, 6 H;®CH;, J= 7.2 HzJ*C{*H} NMR(DMSQGd,, 100

al 1 0Y 1 [C=ShI77.18@&P), 147.660N), 142.41Q=N), 39.01 (MH,), 38.87 (NH,),

15.01 (HGQH), 14.87 (HG-QH;), 11.38 (N=@CHy). IR (neat) cmi'= 3289 (m), 3161 (w), 2967 (m),
1526 (s), 1476 (s), 1427 (s), 1315 (18RI (s), 1198 (s), 1096 (s), 1043 (s), 934 (s), 808 (s), 664
(m), 579 (s), 550 (dRaman (neat)cni'= 3375 (w), 2936 (W), 1578 (s), 1516 (w), 1436 (w), 1365
(m), 1284 (w), 1236 (w), 1202 (w), 1132 (w), 1020 (w), 874 (w), 757 (w), 541 (w), 49l{ing
point: >220°C (decomposed).

PADAPKhPhH

HNMRDMSGdsz nnn al i 0Y 4NH), A5y hH,-8IH),50.19 (s|1H, PhH),

10.01 (s, 1 H, PNH), 7.82 (s, 1 H, NH{J, 7.50 (m, 4 Hyl e aryl), 7.32 (m, 4 HHss aryl), 7.17

(m, 2 HHgaryl), 2.25 (s, 3 H, N=G4). ®C {H}NMR(DMSGdsz mnn al 1 0C¥S)A I MT T
176.76 C=S), 148.49=N), 143.48Q=N), 139.48yaryl), 139.45Cyaryl), 128.66 Gz saryl),

126.55 Gaaryl), 126.09Q, g aryl), 11.97 (N=CHs). IR (neat) cmi'= 3292 (w), 3136 (w), 2980 (w),

1595 (m), 1518s)), 1491 (s), 1445 (m), 1350 (m), 1256 (m), 1173 (s), 1070 (m), 1026 (m), 934 (m),
750 (m), 689 (s), 640 (m), 559 (Raman (neat)cri'= 3061 (w), 1579 (s), 1433 (w), 1370 (w),

1285 (w), 1254 (m), 1178 (w), 1122 (w), 1023 (w), 942 (w), 1864 (w), 78L4NW), 257 (W),

195 (w).Melting point: >177°C (decomposed).
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2.3.4. Spectral examples of a symmetric | igand with a Me/H backbone
Figures 2.3.4.4. Spectral examples of ligaftADAMe),-(Me),.
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Figure 2.3.4.1An assignedH NMR spectrum of PARRe),-(Me),. PADAMe),-(Me), was synthesised by

reacting methylglyoxal,1-dimethylacetal with two equivalents of 4dimethyl3-thiosemicarbazide.
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Figure 2.3.4.2An assignedsc NMR spectrum of PARMe),-(Me),.
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2.3.5. Discussion
All four ligands where synthesised successfully and in a high durgyoeliewed that the

synthesis oBymmetric ligands of ik class by using methylglyoxall-dimethyl acetal as a
precursorhas not been attempted previousbndas apre-cursorit ischeaper tharthe
methylglyoxalSigmaAldrictt®® 2%). It was also moreonvenient to handlenethylglyoxail,1-
dimethylfor reactions as it comes as a neat liquid whitgthylglyoxais only available as 40%

solution in HO.

The only noticeable impurity is the respective mesubstituted thiosemicarbazone which is
presentdespite the addition of a slight excess (typically 10%)}sflabtituted3-
thiosemicarbazide. By comparing the integrals of the respective lig&htBVIRspectrait is
estimated that the monesubstituted thiosemicarbazone is only present in the quantitiee$

than 1% with the exception of PABAe-Me where the impurity content raises to around 2%.

No sgnificant problems where encountered with the synthesis of these ligands, the only slight
issue was adapting the amount of water used to dissolve thsalgstituted-3-thiosemicarbazides
which became more challenging as the substitutes on the terminal nitrogen got more lipophilic.
With the 4phenyl-3-thiosemicarbazide it wasecessary t@add a quantity of ethanol the water in
order toachieve full dissolutio. It was important to maintain a reaction mixture that is free of
insoluble particulates so when the product precipitates out of solution the insoluble impurities
would not mix with the product. It is possible to run the reaction in alternate solvents, as
dimethylformamide in which the precursors dissolve easily. The setback with this method is that
the product does not precipitate out of the reaction mixture, requiring the solvent to be
evaporated off, leaving behind a crude product that containsixure of the desired product,

and undesired components such as intermediates and unreacted reagents. Later on in the project
it was discovered that 40 could be added to the DMF reaction mixturectsethe productto

crystallise out of solutioso thatit could be recovered by filtration.

LG A& y2id 1y2e6y AT t!51Qa |OSGFf 3INRdzLJA I+ NB
mixture initially to form the ketone/aldehyde precursor, methylglyoxal, followed by the addition

of the two 4substitued-3-thiosemicarbazides or if the PAB#ono-substituted3-

thiosemicarbazone is formed, followed by the hydrolysis of the acetal groups to a aldehyde which

is then able to react with the secondsibstituted3-thiosemicarbazide.

There hasbeeareportoft | 51 Q& | OS i lused a3 NBtekidg grobiBin thie3
synthesis oflissymmetridigands, but in protic meditne acetal groups where easily hydrolysed
resulting in a mixture of bis(thiosemicarbazones). Thigolaion, coupled with all the NMR

spectraof the successfully synthesised ligands shown no trace of the raobstituted 3-
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thiosemicarbazone of PADA where the protecting groups are intact may indicate that the
hydrolysisof P5! Qa | OSG Il f staINR dzLJa 2 OOdzNE FANJ

There are a large number of reports of symmetric ligands with Me/H on the bacKbBrfd ®° "
82,106,123, 145, 146, 164, 2§35 \vever the scope of these reports @med towardshiological sreering

for the use as imaging agents or other pharmaceutical applications. Due to this characterisation
data such as NMR, IR or Raman data have not been identified in these articles. Hoa&ver
obtained from ligands with different substituents on thmine backbone and/or terminal amine

that can be linked to the literature can be used to corroborate peak positions and assignments are
feasible. For ligands of this class, on comparison to data from related ligands, there is confidence

in the data obtainel and assignments of that data.

The table(Table2.3.5.1) below illustrates all four ligands, what the main impurity is and

estimate of the percentage.

Table2.3.5.1.Summary of purity for the symmetrigands with Me/H backbones.

Ligand Novel Yield Main impurity Estimated
impurity *
PADAMe-Me No™*> | 73% H 2%
63, 66, 69, H \—<
& \N N// \o
H H 77,80, 106, —
\ >/ \< / \NJ\
\ N—N N—N / 123, 145, / N
N— N 146, 164,
/7 N\ >/ \
H H
203, 204
PADA(Me)-(Me), No®*® | 22% h | Lessthan
H 77,145, 146 H\ H 1%
N—N o
>_< \
/ N

N

\ H\N _ \ N— N/H /
/N%\ ) \

PADAEtEt No®> % | 66% + | Lessthan
y 77, 145, 146, H\N_MO 1%
H H 164 \
—\ \N—N// \N—N/ /— H/ \
N A——N
/ < 72N
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H Less than
% § 1%

PADAPhPh No® " | 550
; 145, 146 Q \
O A O ~
/ \
H H

*Estimated bylH NMR spectra on an average of three integrals where possible. Typically the integrals were

taken from the peaks dueotthe N=Ei, N=CCH; and NNH environments.

2.3.6. Dissymmetric _ligands with Me/H backbones
Overview of reaction

The synthesis of thdissymmetridigands firstly requires the synthesis of a PAD@no-
substituted3-thiosemicarbazone intermediate. This inteediate is synthesised by reacting PADA
and a 4substituted3-thiosemicarbazone in the stoichiometric ratio of 1:1 under acidic
conditions. Once isolated the intermediate is then reacted with 1 equivalent of a dissimilar 4
substituted3-thiosemicarbazoneatalysed under slightly acidic conditions to produce the desired

dissymmetridigand(Figure 2.3.6.1.).

H H\N/H H
1) >—éo/ + | Conc. HCI H \—/
o o— N\H Ry \N—N// \\o

b \

" /N
H H\ /H H
M H + T 10% HCI " \_/ H
\ A \_ 7 N\ _/
Ry N—N o X7 N Ry N—N N—N Rs
2) \N N( \N—\< >/—N/
Rz/ R3/ \R4 R2/ \R4
CH H H H
CH H CH CH
CcH H CHCH
CH H GsHs
CHCH H H H
CHCH H CH
CHCH H CH CH
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CHCH
GHs
GHs
GHs
GHs

H GsHs

H H

H CH H
H CH CH
H CHCH H

Figure 2.3.6.1The general reation for the synthesis afissymmetridigands with Me/H backbones.

Figure 2.36.2-4. lllustrationof the dissymmetridigands with Me/H backbones thaave been

synthesised.

H\N—N/ \N—N/H
\, %
/ A\ \
PADA-Me-NH2
I\
\ J —_ N—N /—
VAR VRN
PADA-Me-Et

VAR >/* \,

PADA-Me-Ph

Figure 2.3.6.2Dissymmetridigands fom PADAVie=0.

H

H\ ) //\—/\\N /H

_\N‘<N
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H\N—N \N N/H
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\

_ H\N—N N—N/H
N‘< N/
/ 72N
PADA-Et-Me
>—< /H

N N——-N

\

PADA-Et-Ph

Figure 2.3.6.3Dissymmetridigands from PAD&t=0.
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QP Qm

/ \\ / \\
PADA-Ph-NH2 PADA-Ph-Me
Qo Qe
\_ /
/ \\ 7\ H/ >/* \,
PADA-Ph-(Me)2 PADA-Ph-Et

Figure 2.3.6.4Dissymmetridigands from PAD&Rh=0.

2.3.7. Synthesis of the PADA-mono -substituted -3-thi osemicarbazone

intermediates
In order to make the twelvdissymmetridigands, these three intermediates had to be

successfully synthesiseBigure 2.3.7.1.).

H \—/H H H \ /H
\_ N\ \, >/ N\ N 7N\

\/‘< - j« - /‘<

PADA-Me=0 PADA-Et=0 PADA-Ph=0

Figure 2.3.7.1Structures of the three PABAono-substtuted-3-thiosemicarbazone intermediates.

2.3.8. Methods
PADAMe=0

4-methyl3-thiosemicarbazide (2.500 g, @49 mol) was dissolved in denised water (100nL, 50
°C) and HCI (32%, 5 drops) was addiéethylglyoxall,1-dimethylacetal (8.7@nL, 0.072 mol8.49
g) was added rapidly and vigorously stirred {605 minutes). The precipitate was recovered via
filtration, washed with ddonised water (10 x 561L) and dried. A yellow solid (2.473 g) was
recovered (65% yield).

PADAEt=0

4-ethyl-3-thiosemicarbazle (2.288 g, 0.0192 mol) was dissolved iratésed water (200nL,
warm), the insoluble particulates was filtered off and then the solution was cooled to room
temperature. HCIl was added (32%, 8 drops) followed by the rapid additimetbfylglyoxall,1-
dimethylacetal (6.96nL, 0.058 mol, 6.79 g). The solution was vigorously stirred@5Q hour).

79



The precipitate was recovered via filtration, washed withialeised water (8 x 5énL) and dried.

A pale yellow solid (2.047 g) was recovered (62% yield).
PADAPHh=0

4-phenyt3-thiosemicarbazide (0.803 g, 0.0048 mol) was dissolved-inrdsed water/ethanol
solution (50mLwater, 25mLethanol, 50°C).The insolublearticulates werdiltered off and HCI
(32%, 3 drops) was addedethylglyoxall,1-dimethylacetal1.74mL, 0.0144 mol, 1.698 g) was
added rapidly and the solution was vigorously stirredG05 minutes). The precipitate was
recovered via filtration, washed with denised water (2 x 5L and dried. A yellow solid (0.821

g) was recovered (77% ydgl

2.3.9. Characterisation data for the PADA -mono -substituted -3-
thiosemicarbazone intermediates
PADAMe=0

'HNMRDMSGdez nnn al 1 0Y +-NH), %32 (M, QHF £98 ¢m, 1 H;, J&NH,

J=4.4 Hz), 2.98 (d, 3 H,48N;, J= 4.4 Hz), 1.90, B H, N=@H;). **C {H} NMR(DMSGds, 100

al T 0Y 1 [COy ye.45E8), 185.94CN), 31.67 (HNH;), 9.66 (N=@H,). IR (neat) cm

1= 3350 (m), 3171 (M), 2845 (w), 1692 (m), 1593 (m), 1537 (m), 1504 (s), 1410 (m), 1369 (m), 120C
(s), 1146 (m), 113 (m), 1047 (s), 1001 (s), 856 (s), 789 (M), 665 (s), 592 (s), 569 (s), Bahés).

(neat): cmi'= 3354 (w), 3179 (w), 2921 (w), 2848 (w), 1696 (m), 1577 (s), 1433 (w), 1278 (w), 1227
(w), 1192 (w), 1116 (w), 1045 (w), 856 (w), 783 (w), 567 (w), 3529&)Xw), 237 (wMelting

point: >156°C (decomposed).

PADAEt=0

HNMRDMSGdsz nnn al i 0Y 4NH), 934 BLH, 0801 (@ 1 H, 5N, J=

5.6 Hz), 3.56d(, 2 HH,GNH, J= 7.2, 5.6 Hz), 1.90 (s, 3 H,-8={; 1.03 (t, 6 H, }&-CH;, J=7.2

Hz).®C {H} NMR(DMSGd;z mnn  a |l 1 0CY¥O),1178.41=5)M 6§ C=K), 39.19 (N

H,), 14.54 (HG(Hy), 9.68 (N=@H;). IR (neat) cmi’= 3319 (w), 3142 (m), 2976 (w), 2835 (W),

1688 (s), 1587 (m), 1541 (s), 1489 (m), 1422 (m), 1368 (m), 1279 (m), 1188 (s), 1126 (s), 1086 (m)
1059 (m), 1007 (m), 939 (m), 849 (M)O (m), 660 (s), 538 (WRaman (neat)cri'= 3325 (w),

3146 (w), 2910 (w), 2835 (w), 1686 (m), 1586 (s), 1437 (w), 1367 (w), 1331 (w), 1272 (w), 1183
(w), 1145 (w), 1121 (w), 1060 (w), 1008 (w), 938 (w), 811 (w), 776 (w), 668 (W), 626 (W), 578 (W),
540(w), 374 (w)Melting point: >132134°C.

PADAPh=0

HMNMR@W65a{ h= nnann al 1 0Y-NH),M0.57ksdrHgPK), D25 (a1 H, O+Tb
7.53 (M, 2 HHp g aryl), 7.36 (M, 2 HHs 5 aryl), 7.20 (m, 1 Hg aryl), 1.97 (s, 3 H, N=GH). °C
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{*H}NMR(DMSGd;z M al 1 0CY¥0),1178.24G<p) 1H.530K), 139.48Cy)aryl),

139.11 Gyaryl), 128.33@s5)aryl), 126.40@aaryl), 126.24@, 6 aryl), 9.88 (N=CH,). IR (neat)

cm'= 3277 (w), 3150 (m), 2968 (w), 2851 (W97 (M), 1593 (M), 1520 (s), 1495 (s), 1447 (m),
1425 (m), 1366 (m), 1229 (m), 1167 (s), 1157 (s), 1119 (m), 1016 (m), 935 (m), 831 (m), 748 (m),
698 (s), 615 (s), 590 (Baman (neat)cmi'= 3283 (w), 3068 (w), 2918 (w), 2860 (w), 1695 (s),

1590 (s), 158 (M), 1448 (W), 1346 (w), 1292 (m), 1227 (m), 1146 (m), 1117 (m), 1030 (w), 1005
(s), 933 (w), 834 (w), 770 (w), 752 (m), 680 (w), 617 (m), 607 (m), 448 (w), 411 (w), 269 (W).
Melting point: >151°C (decomposed).

2.3.10. Spectral examples of a PADA-mono -substituted -3-thiosemicarbazone
intermediate
Figures 2.3.10-8. Spectral examples of the PABDAono-substituted3-thiosemicarbazone

intermediate PADAt=Q
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Figure 2.3.10.1An assignedH NMR spectrum of PAB&=Q synthesised by the exploitation of bany!
reactivity approach by reacting excess methylglydx&ldimethylacetal with one equivalent ofethyl-3-

thiosemicarbaziddhe purple boxes suggest a small impurity of REBEt.

The purple boxes indicagesmall presence of the related symmetris(thiosemicarbazone), in
this example it is PABBtEL. This is commonly seen in the other intermediate forming reactions

of this class.
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Figure 2.3.10.2An assigned®C NMR spectrum of PABA=O.
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Figure 2.3.10.3 AFTIR spectrum of PABA=0.
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Figure2.3.10.4.ARaman spectrum of PAEA=0.

2.3.11. Discussion
All three intermediates were successfully neadith a good level of purity. Obtaining the

intermediates of this class by this meth@egure 2.3.6.1i5 believed to be novel. The only

reports ofmethods found in the literature were either using methyl glyoxal as a prectimsior

PADA followed by hydrolysis of the protecting acetal groups in a separate reaction by using
LiBR.”*® For the same reasons for the symmetric ligands of this class, PADA was used because it
was readily available from investigating the synthesigisfymmetridigands via the protection

approach ad also that PADA is cheaper than methyl glyoxal.

Using the method illustrated ifFigure 2.3.6.11i} is theoreticallypossible that he formation of
the monosubstituted-3-thiosemicarbazone coulhke two isomeric forms depending on which
carbonyl groughe chosen 4substitued3-thiosemicarbazide reacts with. The diagram below

illustrates these forms (Figure 2.3.11)1

/H
—\N‘< — N—N%N/—
H/ \H

Isomer 1 Isomer 2

Figure 2.3.11.1Anlllustration of the isomeric forms of the mosabstituted3-thiosemicarbazone

intermediates.
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By consulting the respective NMR spectra of the successfully synthesised intermediates it is
possible to conclude that the intermediatese in the form of isomer 1. There are two peaks that
relate to the environments that allows this to baithed, the first is the singletfound between
9.32:9.45 ppm which relates to the O#€environments. The second is the singdbund

between 1.961.97 ppm which relates to the N=QH4; environments. If the intermediates were
present in the same arrangement as isomer 2 then we would observe two different sets of peaks,
the first owing to the N=& environmentwhich would be expected between 76184 gppm. The
second set of peaks due to tl@=GCOH; environmentwhich would be predicted between 2.28

2.38 ppm. All of the NMR specitantaina small presence of these peaks but it is thought that
these are due to the formation of the related symmetric ligars there are extra peaks that

relate justto the symmetric ligands extra environment&dure 2.3.10.]. If this was not the case
then a second peak would be present in the carbon spectra owing to the presence of a second
carbonyl group, which is abserEven though it must be highlighted that it is possible that isomer
2 is presentbut in very small proportions that are not detectable in the carbon spectra. If this
was the situation then it is still reasonable to claim that the vast majority of tregrimediate is

still present in the form of isomer 1.

The NMRspectraof the respective ligands suggdhkat the main impurity tends to be the
symmetric ligand of the respective mowsoibstituted3-thiosemicarbazone despite the addition of
excess PADAypically 3 equivalents). By comparing th& NMR integrals of the intermediate and
the symmetric byproduct it is estimated that the symmetric fproduct does not occur in the
three intermediate samples in quantities larger than 5%. In the case of thibesjia of PADA
Ph=0 there is sign of one or more impurities in low proportions which are abstm MMR
spectraof PADAVIe=0O and PADEt=0. No investigation was taken to identify these other
impurities these impuritiesmay be cyclisation products PAIPA=0 ofvhichsimilar structures

havebe observed in the literaturg™>® 87 88205

Attemptswere made to synthesisthe intermediate PADAIH=0 by using a similar method to
the other three but it was found that the formation of PAEMH,-NH, as a byproduct is a little
more favourable giving rise to an elevated level of contamination of the desirablenediate

by the PADANH-NH, product. Wren the reaction was ruat 50°C it was found that PADRH;-
NH became the majoproduct irca 90 %and the desired PADHNH2=0 intermediate only
present inabout 10 %despite the present of the large excedRADA. The same reaction was ru
at room temperature instead of 5@ and it was found that the resulting produwcintained only
about 13 %of the symmetric byproduct and the PADAIH,=0 intermediatebecamethe major
product at 87 %. One explanation foiighs that the evaluated temperature coupled with the

effects of the NHsubstituent increases the reactivity of the aldehyde group so that it has a
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similar reactivity to the methyl ketone making the formation of the PAD#®-NH, by product

more favourablghan the formation of the PADAH=0 intermediate. Thigrasnot seen with the

other 4-substituted 3-thiosemicarbazides so it is reasonatesuggest that this is due to a

property unique to thiosemicarbazide. &g brief was to make lipophilic ligandset decision was
made to not pursue the clean synthesis of the PADM=O intermediate as the NHubstituent is
likely to make the resulting ligand more hydrophilic instead of lipophilic. It was however, possible
to make isomers with Nfsubstituents fronthe intermediates already synthesised, without the
need for the PADAIH,=0 intermediateFor example, PABWe-NH, can be synthesised from the
intermediate PADAMe=0 which is the isomer of PADIL-Me. If it was found that the presence

of the NH substituent is favourablehen the clean synthesis of the PADNK,=0O intermediate

can be revisited.

It was decided not to attempt the synthesis of the intermediate PAIA), =O due to thehigh
cost of4,4-dimethyt3-thiosemicarbazide, coupled with the expecteavlyields which would give
un-workable quantities of intermediate. However, if ligands from the PARMA),=0 intermediate

was desirable then this synthesis can be pursued.

Despite two of out of the three intermediates being previously reported initeeatture’*®*

there

is scarce information in terms of characterisation data for the intermediates as the authors seem
to only report data for the final ligand/compleXhere is a report of NMRH +'°C) data for the
intermediate PADMe=Q"* The NMR data reported was all in accord with the data obtained
except for two proton peak assignments. The literature assignments for titerpenvironments

at 11.18 and 9.36 were-NH and O=E respectively. This thesis reports the proton environments
at 11.16 and 9.32 were OH@ndN-NH respectively. HMQC NMR spectrum shows a coupling
between the O=H proton at 9.32 ppm and G&H at 192.10ppm. Also the HMBC NMR spectrum
shows that the peak 9.32 has a coupling to the backbone environn@@t4 and GCH; but no
coupling between these carbon environments and the proton peak at 11.16. This supports the
assignments for the proton environments#t.18 and 9.36 being-NH and O=Ei respectively.
Despite no literature NMR data for the other two intermediates, their proton and carbon peak
positions show strong similarity for the positions reported for PAIDEXO, discounting any
expected shift in the @aks and extra peaks due to varying substituentshenterminal amine.
There arereports of NMR data for the intermediate BERD=0"%* *%and BDGEt=G" whichcan

be usedor a partial comparison to the intermediates PAPA=0O and PADEt=0 respectively.
Excluding the peaks attributing to the structural variations of the two intermediatesBD<D

and PADAh=0, the NMR datis in accord to the peak locations and assignments for the novel

PADAPh=0 intermediate. This is also the case for €D and PADEt=0.
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J. Hollancet al.®> has attempted to assign the carbon environmentstia NMR spectra of BDO
Ph=0 of which the meta and ortho assignments agree with the above assignments. However
there is a discrepancy between the assignments for the peaks at 139.48 and 126.40ppm. J.

Hollandet al®’

assigned the two peaks agayl and Garyl respectively while this thesis assigns
the peaks at 139.48 and 126.ppm as ¢aryl and Garylrespectively. The reason the latter
assignments are believed to be true is that HMQC NMR dataRiredylthiosericarbazide show

couplings to support these assignments.

It was not possible to find any reports of IR data for the intermediates of this class, this was even
the case for the well reported intermediates with Me/Me on the backbone where only NMR data
or massspectrometry data is reportedihe IR spectra of all three samples show peakisén t
regions expected fathe chaacteristic functional groups éble 2.3.11.2.)These assignments

were made based oreported IR data of bis(thiosemicarbazone) ligdfid8and IR spectroscopy

text books®®" 2%8
Intermediate N-H Cc=0 C=N C=S
PADAMe=0 3352 1697 1537 831
PADAEt=0 3319 1687 1541 848
PADAPh=0 3277 1692 1519 856

Table 2.3.11.2Tentative assignmertf IR peaks of key functional groups in PAlgho-substituted3-

thiosemicarbazone intermediates.

The tablebelow (Table2.3.11.3) illustratesall three intermediates, what the maimpurity is and

an estimate of percentage impurity.

Table2.3.11.3.Summary of purity for the PABAono-substituted3-thiosemicarbazone intermediates,

synthesised by the exploitation of carbonyl reactivity approach.

Intermediate Novel | Yield Main impurity Estimated
impurity *
PADAMe=0 No™ | 65% H 1%
" \ >/_\<N_N/”
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PADAEt=0 No®™® | 62% H 2%
) \ > <

. \ / —\ N—N N—N /_
\N—N// \\o /N N\
—\ H H

H/N%\

PADAPh=0 Yes | 77% : 5%
| Q- O
" . Ny
Q \_/ N\ = '
H/N‘<

*Estimated by'H NMR spectra on an average of three integrals where possible. Typically the integrals were

taken from the peaks due to the NHON=CGCH; and NNH environments.

2.3.12. Dissymmetric _ligands from PADA -Me=0
Methods

PADAMe-NH,

PADAMe=0 (0.510 g, 0.0032at) was dissolved in DMF if&) and filtered. Thiosemicarbazide
(0.292 g, 0.0032 mol) was dissolved in DML HCI (10%, 2 drops) was added and filtered.
The two solutions were combined and left to stir (room temperature, 5 hoursjobised water
(26 mL) was added, the precipitate was filtered off and washed withatesed water (50nL,

room temperature and 5L, 80°C). The crude product was dissolved in DMSOn{)Ghe
resulting solution was filtered and recrystallised withidaised water (20nL). The precipitate
was recovered via filtration, washed with-@tnised water (50nL, room temperature and 5L,

80°C) and dried. A white solid (0.456 g) was recovered (61% yield).

PADAMe-(Me),

PADAMe=0 (0.255 g, 0.0016 mol) was dissolved in DMFL) and filtered.4,4-dimethy}3-
thiosemicarbazide (0.191 g, 0.0016 mol) was dissolved in DRE) (3ICl (10%, 1 drop) was
added and filtered. The two solutions were combined and left to stir (room temperadure,
hourg). Deionised water (9nL) was addd, the precipitate was filtered off and washed with-de
ionised water (50nL, room temperature and 5L, 80°C). The crude product was dissolved in
DMSO (9nb), filtered and recrystallised with denised water (18nL). The precipitate was
recovered by filtation, washed with deonised water (50nL) and dried. A yellow solid (0.153

was recovered (38% yield).
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PADAMe-Et

PADAMe=0 (0.255 g, 0.0016 mol) was dissolved in DMiL{Jand filtered. 4ethyl-3-
thiosemicarbazide (0.191 g, 0.0016 mol) was diggsbin DMF (%nL), HCI (10%, 1 drop) was
added and filtered. The two solutions were combined and left to stir (room temperature, 5
hours). Deonised water (12nL) was added, the precipitate was filtered and washed with de
ionised water (50nL, room temperaure and 50mL, 80°C). The crude product was dissolved in
DMSO (6nL), filtered and recrystallised with denised water (12nL). The precipitate was
recovered by filtration, washed with denised water (50nL) and dried. A cream solid (0.191 g)

was recwered (46% yield).
PADAMe-Ph

PADAMe=0 (0.255 g, 0.0016 mol) was dissolved in DMRL2nd filtered. 4phenyt3-
thiosemicarbazide (0.268 g, 0.0016 mol) was dissolved in DMm[R.5ICI (10%, 1 drop) was
added and filtered. The two solutions were caimdd and left to stir (room temperature, 5
hours). Deonised water (9mL) was added, the precipitate was filtered and washed with de
ionised water (50nL, room temperature and 5L, 80°C). The crude product was dissolved in
DMSO (12nb), filtered and rerystallised with deonised water (24nL). The precipitate was
recovered by filtration, washed with ethanol (2 xi25, deionised water (50nL, 80°C) and
dried. An off white solid (0.313 g) was recovered (63% vyield).

Characterisation data fodissymmetic ligands from PADAMe=0

PADAMe-NH,

HNMRDMSGdsz nnn al i oY 4NH), W@5Ks tH,8IH),B.50(q, 1 H, &bH,

J= 4.8 Hz), 8.28 (s, 1 HNB), 7.87 (s, 1 H-8H), 7.61 (s, 1 H, N#{J, 2.94 (d, 3 H, HEH,, J= 4.8

Hz), 2.09 (s, 3 W=GCH). °C {H} NMR(DMSQds= mnn  al 1 0UCYS), 478598y ®Tc 6
147.54 C=N), 142.95@=N), 31.58 (HNH,), 11.52 (N=@H,). IR (neat) cm’= 3414 (w), 3148 (m),

1988 (w), 1607 (m), 1531 (s), 1497 (s), 1458 (m), 1364 (m), 1335 (m), 1269 (A(5)12155 (M),

1070 (s), 924 (m), 833 (s), 656 (M), 565Rajnan (neat)cnmi'= 2915 (w), 1672 (w), 1600 (m),

1585 (s), 1374 (w), 1336 (W), 1268 (w), 1223 (w), 1126 (w), 1013 (w), 878 (w), 792 (w), 481 (w),
307 (w), 219 (wklemental analysisFound:C 31.1; H, 5.1 N, 36.1 Calc. for g4:NsS: C 31.Q H,

5.1;N, 36.24 Melting point: >217°C (decomposed).

PADAMe-(Me),

HNMR(DMSGdez nnn al 1 0Y +-NH), Mmids thH,-BlH), B.45(q, 1 I, J&hIH,
J=4.4Hz),7.72 (s, 1 H, N;B.21 (s, 6 H, H{THy),), 2.95 (d, 3 H, HSH;, J= 4.4 Hz), 2.05 (s, 3
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H, N=@H,). °C {H} NMR(DMSQde=  mnn a |l T 0CYS), 178.82G=5)WMIdh56G=N),

143.95 C=N), 42.96 (NCH),), 31.56 (HNHy), 11.65 (N=@H,). IR (neat) cm*= 3306 (m), 3200

(m), 2999 (w), 1589 (W), 1526 (s), 1495 (s), 1406 (m), 1354 (m), 1273 (s), 1225 (s), 1142 (m), 1107
(s), 1045 (s), 966 (m), 935 (s), &#H, 812 (m), 658 (M), 623 (s), 584 (s), 56 R@Nan (neat)

cm’= 1589 (m), 1570 (s), 1417 (m), 1363 (m), 1295 (m), 1275 (m), 1225 (m), 1143 (m), 1064 (m),
1016 (m), 876 (m), 744 (m), 583 (w), 314 (w), 131HEemental analysistound:C 37.Q H, 62;

N, 32.2 Calc. for g&4he¢NsS: C 36.9 H, 6.2;N, 32.34 Melting point: >205°C (decomposed).

PADAMe-Et

'HNMR(DMSGdez nnn al 1 0Y +NH), M@3H4s ¥ H,8H),B.501q, 1 H, &hH,

J= 4.4 Hz), 8.42 (t, 1 HGNH, J= 6.0 Hz), 7.62, (5 H, N=8), 3.52 €ig, 2 H,H,GNH, J=7.2, 6.0

Hz),2.94 (d, 3 H,-8H,, J= 4.4 Hz), 2.13 (s, 3 H, M&6), 1.08 (t, 3 H, }&-CH,, J= 7.2 HZJ*C {H}
NMR(DMSGdsE mMnn  al 1 0CYS), 47A7.1768)y 1 7.64C=N), 142.44G=N), 38.86 (N

(H,), 31.8 (NCHs), 15.01 (HGHy), 11.68 (N=@Hs). IR (neat) cni'= 3374 (w), 3316 (w), 3165

(w), 2988 (W), 1537 (s), 1497 (s), 1435 (m), 1412 (m), 1327 (m), 1219 (s), 1159 (m), 1084 (s), 1042
(m), 935 (m), 814 (m), 664 (m), 619 (m), 546Raman (neat)cni'=2902 (w), 1580 (s), 1518 (W),

1364 (w), 1284 (w), 1220 (w), 1130 (w), 1016 (w), 879 (W), 773 (W), 572 (Wy¥BD7 (w), 236

(w), 180 (w)Elemental analysisiFound:C 37.Q H, 6.2%5; N, 32.2 Calc. for &4¢NsS: C 36.9 H,

6.2, N, 32.34 Melting point: >220°C (decomposed).

PADAMe-Ph

HNMRDMSGdsz nnan al il 0Y 4NH), M40%s & H,8H),D.97s, 1 I Pkbi),
8.55 (q, 1 H, GFNH, J=4.4 Hz), 7.73 (s, 1 H, ;@ .48 (d, 2 Hil, 6 aryl, J=8.0 Hz), 7.33 (dd, 2 H
Has) aryl,J=8.0 Hz), 7.17 (dd, 1 M, aryl, J=8.0 Hz2.96 (d, 3 H, NHs, J= 4.4 Hz), 2.18 (s, 3 H,
N=GCH). °C {H} NMR(DMSGd;= mMnn al 1 0CYS), 176.6868)y 107.500=N), 143.50
(G=N), 139.44@y)aryl), 128.63¢s5aryl), 126.53¢ 4 aryl), 126.06 G garyl), 31.61 (NH;), 11.71
(N=GCH,). IR (neat) cmi*= 3331 (w) cm, 3285 (w) cril, 3136 (w) cril, 2988 (w) cr, 1589 (w)
cm?, 1541 (s) cm, 1499 (s) cm, 1449 (m) cil, 1400 (m) cril, 1356 (m) cri, 1315 (m) cm,
1263 (m) crit, 1200 (s) cri, 1072 (s) cm, 934 (m) crit, 745 (m) cnt, 691 (m) crit, 665 (m) cri,
635 (m) crit, 569 (s) cil. Raman (neat)crmi'= 3044 (w) cm, 1585 (s) cim, 1513 (w) cnt, 1367
(w) crit, 1278 (w) crif, 1236 (w) crif, 1118 (w) crif, 1016 (w) cril, 934 (w) cnit, 873 (w) crit,
745 (w) crit, 638 (w) crif, 410 (w) crit, 290 (w) crit, 224 (w) crit. Elemental analysisfound:G,
46.7;H, 5.1, N, 27.2 Calc. for GHyigNeS: G, 46.7;H, 5.2 N, 27.5% Melting point: >205°C

(decomposed).
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2.3.13. Dissymmetri _c ligands from PADA -Et=0
Methods

PADAEtNH,

PADAEt=0 (0.554 g, 0.0032 mol) was dissolved in DMfLJ2nd filtered. Thiosemicarbazide
(0.292 g, 0.0032 mol) was dissolved in DMFA{L)) HCI (10%, 2 drops) was added and filtered.
The two solutions wereombined and left to stir (room temperaturg,hourg. Deionised water
(24mL) was added, the precipitate was filtered off and washed withahésed water (50nL,

room temperature and 5L, 80°C). The crude product was dissolved in DMSOnJ5filtered
and recrystallised with d@nised water (50nL). The precipitate was recovered by filtration,
washed with deionised water (50nL, room temperature and 5L, 80°C), and dried. Aoff
white solid (0.38&)) was recovered (49% vyield).

PADAEtMe

PADAR=0 (0.554 g, 0.0032 mol) was dissolved in DMRLj2and filtered. 4methy}-3-
thiosemicarbazide (0.337 g, 0.0032 mol) was dissolved in DRE) (61Cl (10%, 2 drops) was
added and filtered. The two solutions were combined and left to stir (room tempezabur

hours). Deionised water (50nL) was added, a gelatinous precipitate was recovered by filtration
and washed with déonised water (50nL, room temperature and 5énL, 80°C). The crude

product was left on the water pump until its volume decreased thissalved in DMSO (6L),
filtered and recrystallised with dimnised water (60nL). The waxy gelatinous precipitate was
recovered by filtration, washed with denised water (50nL, room temperature and 5énL, 80

°C), and dried. The product was further \wad with deionised water (50nL, room temperature
and 50mL, 80°C), and dried. A yellowish white solid (0.118 g) was recovered (14% yield).

PADAEt(Me),

PADAEt=0 (0.277 g, 0.0016 mol) was dissolved in DMF{(ll).and filtered. 4,4dimethy}3-
thiosemcarbazide (0.191 g, 0.0016 mol) was dissolved in DM)3HCI (10%, 1 drop) was
added and filtered. The two solutions were combined and left to stir (room temperature, 5
hours). Deonised water (24nL) was added, the precipitate was filtered and wagheéth de
ionised water (2 x 5L). The crude product was dissolved in DMS@Y, filtered and
recrystallised with deonised water (14nL). The precipitate was recovered by filtration, washed

with de-ionised water (50nL, 80°C) and dried. A yellow $01(0.117 g) was recovered (27% yield).
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Characterisation data fodissymmetricligands from PADAt=0

PADAEtNH,

'HNMR(DMSGdez nnn al 1 0Y 4+NH), M@6Hs pH,BH),B.53t, U HGNH, J=

6.0 Hz), 8.28 (s, 1 H:NEY), 7.88 (s, H, GNH), 7.62 (s, 1 H, N}, 3.52 (dg, 2 HLGNH, J=7.2,

6.0 Hz), 2.09 (s, 3 H, N€8;), 1.07 (t, 3 H, 4&CHs, J= 7.2 HZ}°C {H} NMR(DMSQds, 100

al T 0Y 1 [C=S)17Y.60GS), 147.62CN), 142.93C=N), 38.99 (MH,), 14.87 (HG-CHy),

11.53 (N=@Hy). IR (neat) cm’= 3292 (w), 3148 (m), 2982 (m), 1593 (m), 1530 (s), 1493 (s), 1456
(m), 1352 (m), 1310 (m), 1269 (m), 1202 (s), 1090 (s), 926 (m), 829 (s), 662 (M) F=84n).

(neat): crmi'= 2978 (w), 2908 (w), 1583 (s), 1425 (w), 1350 1@F0 (w), 1209 (w), 1128 (w), 1014
(w), 936 (w), 874 (w), 800 (w), 483 (w), 307 (w), 209Kk@mental analysisFound:C, 34.Q H,

5.8, N, 34.Q Calc. for @44NsS: C 34.1 H, 5.7. N, 34.04 Melting point: >207°C (decomposed).

PADAEtMe

HNMRDMSde= nnn al 1l 0Y 4-NH), M0044s, iH,8IH), B.53t, 1 HSGNH, J=
6.0 Hz), 8.39q, 1 H, HGNH, J= 4.4 Hz), 7.62 (s, 1 H, N5G.52 (dq, 2 H#,GNH, J=7.2, 6.0 Hz),
2.95 (d, 3 H, MHs, J= 4.4 Hz), 2.12 (s, 3 H, N&6), 1.07 (t 3 H, HGCH,, J= 7.2 HZJ°C {H}
NMR(DMSGdsE MAan al 1 0CYS), 477.69EB)y MHTOEN), 142.37¢=N), 39.00 (N
H,), 31.47 (NCHs), 14.87 (HGCHy), 11.62 (N=@Hs). IR (neat) cni'= 3366 (w), 3129 (w), 2982
(W), 1518 (s), 1491 (s), 1428)( 1364 (m), 1242 (m), 1204 (s), 1076 (s), 1040 (m), 914 (m), 812
(m), 631 (m), 600 (M), 540 (Raman (neat)cm’= 1581 (s), 1434 (w), 1362 (w), 1328 (w), 1275
(w), 1204 (w), 1125 (w), 1023 (w), 917 (w), 873 (w), 774 (w), 598 (w), 420 (w), 298 ((w).211
Elemental analysisFound:C 37.Q H, 6.3 N, 32.2 Calc. for §4¢NeS: C 36.9H, 6.2 N, 32.34
Melting point: >220°C (decomposed).

PADAEt(Me),

'HNMRDMSGdez nnn al 1 0Y +NH), M@6Hs ¥ H,-BlH), B.46(t, U HIGNH, J=

6.0 Hz), 7.75 (s, 1 H, N$C3.52 (dg, 2 H,GNH, J=7.2, 6.0 Hz), 3.21 ( s, 6 H(EH),), 2.05 (s,

3 H, N=@H,), 1.08 (t, 3 H, &0, J= 7.2 Hz}’C {H} NMRDMSDdsz mnn al T oY 1T
(C=S), 177.76CS), 147.57C=N), 144.09G=N), 42.90 (HNCH:),), 39.00 (NOH,), 14.87 (HGCHy),
11.67 (N=@H,). IR (neat) cmi’= 3341 (w), 3134 (m), 2988 (m), 1589 (w), 1526 (s), 1489 (s), 1410
(m), 1348 (m), 1269 (s), 120§,(1140 (m), 1049 (s), 920 (s), 868 (m), 806 (m), 783 (m), 660 (M),
625 (m), 581 (m) cih Raman (neat)cni’= 2936 (w), 1575 (s), 1361 (w), 1284 (w), 1274 (w), 1206
(W), 1143 (w), 1102 (w), 1016 (w), 964 (w), 934 (w), 870 (w), 742 (w), 626 (w), 3B&(mIntal
analysis:Found:C 39.4;H, 6.7, N, 30.6. Calc. ford8;sNsS: C 39.4;H, 6.6 N, 30.6% Melting

point: >180°C (decomposed).
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2.3.14. Dissymmetric _ligands from PADA -Ph=0
Methods

PADAPhNH,

PADAPh=0 (0.354 g, 0.0016 mol) was dissolved in MEnL) and filtered. Thiosemicarbazide
(0.146 g, 0.0016 mol) was dissolved in DMRIR HCI (10%, 1 drop) was added and filtered. The
two solutions were combined and left to stir (room temperature, 5 hours)iddesed water (15

mL) was added, the prégitate was filtered and washed with denised water (50nL, room
temperature and 50nL, 80°C). The crude product was dissolved in DMS@L}7filtered and
recrystallised with deonised water (14nl). The precipitate was recovered by filtration, washed
with de-ionised water (50nL, room temperature and 5L, 80°C), and dried. An off yellowish

white solid (0.273 g) was recovered (58% vyield).
PADAPhMe

PADAPh=0 (0.354 g, 0.0016 mol) was dissolved in DMF([9.&and filtered. 4methyl-3-
thiosemicarbaide (0.168 g, 0.0016 mol) was dissolved in DMRL{4HCI (10%, 1 drop) was
added and filtered. The two solutions were combined and left to stir (room temperature, 5
hours). Deonised water (13nL) was added, the precipitate was filtered and washed wlith
ionised water (50nL, room temperature and 5L, 80°C). The crude product was dissolved in
DMSO (16nb), filtered and recrystallised with denised water (20nL). The precipitate was
recovered by filtration, washed with denised water (50nL, roomtemperature and 50nL, 80

°C), and dried. An off cream solid (0.319 g) was recovered (65% yield).
PADAPKEt

PADAPh=0 (0.354 g, 0.0016 mol) was dissolved in DMF([D.and filtered. 4ethyl-3-
thiosemicarbazide (0.191 g, 0.0016 mol) was dissolved iR [@L), HCI (10%, 1 drop) was
added and filtered. The two solutions were combined and left to stir (room temperature, 5
hours). Deonised water (15nL) was added, the precipitate was filtered and washed with de
ionised water (50nL, room temperature and0 mL, 80°C). The crude product was dissolved in
DMSO (1), filtered and recrystallised with denised water (22nL). The precipitate was
recovered by filtration, washed with denised water (50nL, room temperature and 5L, 80

°C), and dried. Agflowish cream solid (0.30§) was recovered (60% yield).
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Characterisation data fodissymmetricligands from PADA2h=0

PADAPhNH,

'HNMRDMSGdez nnn al 1 0Y +NH), MMids, bH,8H),30.16 (s|1H, P&H),
8.32 (s, 1 H,48H), 792 (s, 1 H, ®H), 7.71 (s, 1 H, NHJ, 7.50 (d, 2 Hipe aryl, J=8.04z), 7.31
(dd, 2 HH3 ) aryl, J=8.0 Hz), 7.15 (dd, 1Hg, aryl, J=8.0 Hz 2.16 (s, 3 H, N=G4). °C {H}
NMR(DMSGdsZ M n  al 1 0CYS),A77.27%B)y 10&.54CGN), 142.93 C=N), 139.48(,,
aryl), 128.64 (g s)aryl), 126.09Qqaryl), 125.91(, garyl), 11.77 (N=CH;). IR (neat) cmi'= 3449
(w), 3296 (w), 3157 (m), 2974 (w), 1595 (m), 1516 (s), 1493 (s), 1447 (m), 1366 (m), 1335 (m),
1267 (m), 1250 (m),1779 (s), 1090 (s), 1069 (m), 1024 (m), 935 (m),(B8B4756 (m), 694 (s), 588
(s).Raman (neat)cni'= 3054 (w), 1580 (w), 1373 (w), 1277 (w), 1253 (w), 1172 (w), 1124 (w),
1017 (w), 937 (w), 870 (w), 781 (w), 758 (w), 6AB 423 (w), 259 (w), 206 (WElemental
analysis:Found:C 44.7 H, 4.8 N, 28.5 Calc. for GH4NsS: C 44.9;H, 4.8;N, 28.5%4 Melting
point: >215°C (decomposed).

PADAPhMe

'HNMRDMSGd:: nnn al 1 0Y 4NH), MMOHs, T H,8H),30.14 (s 1H, PiH),

8.43 (9,1 H, HGNH, J= 4.4 Hz), 7.71 (s, 1 H, N5@.50 (d, 2 Hyl¢ aryl, J=8.04z), 7.31 (dd, 2 H
Has) aryl, J=8.0 Hz), 7.15 (dd, 1Hg, aryl, J=8.0 Hz 2.96 (d, 3 H, {IH;, J= 4.4 Hz), 2.20 (s, 3 H,
N=GCHs). 1°C {H} NMR(DMSGdsz ™M n n =d T829C¥S), 177.233S), 148.63@N), 142.39
(G=N), 139.48@y)aryl), 128.64¢s5aryl), 126.06 G4 aryl), 125.89¢, g aryl), 31.49 (NH;), 11.87
(N=GCH,). IR (neat) cmi’= 3291 (w), 3157 (w), 2999 (W), 1595 (w), 1518 (s), 1495 (s)(d477

1447 (m), 1352 (m), 1250 (m), 1173 (s), 1090 (m), 1038 (m), 932 (n{mY,FA8 (m), 687 (M),

559 (s)Raman (neat)cm’= 1577 (s), 1514 (w), 1367 (w), 1286 (W), 1247 (w), 1174 (w), 1128 (w),
1020 (w), 934 (w), 874 (w), 773 (w), 609,(541 (w), 85 (w), 194 (w) Elemental analysis:

Found:C 46.6 H, 5.2;N, 27.6 Calc. for GH;eNeS: C 46.7 H, 5.2;N, 27.2%4 Melting point: >210

°C (decomposed).
PADAPKEt

'HNMR(DMSGdez nnn al 1 0Y +NH), MGHs, iH,-BlH),70.16 (s| 1FPhhbH),

8.47 (t, 1 H lGNH, J= 6.0 Hz), 7.71 (s, 1 H, N5Q.50 (d, 2 Hie aryl, J=8.0 Hz), 7.32 (dd, 2 H
Hgs aryl, J=8.0 Hz), 7.15 (dd, 1H, aryl, J=8.0 Hz 3.54 (dq, 2 H;L,GNH, J=7.2, 6.0 Hz), 2.21 (s,

3 H, N=@H), 1.09 (t , H, HGCOHs, J= 7.2 HZJ’C {H} NMR(DMSGdex mnn al 1T 0Y + T
(C=S), 148.63&N), 142.42@=N), 139.48Gy)aryl), 128.64Csaryl), 126.06 G4 aryl), 125.90
(Gagaryl), 38.90 (NCH), 15.00 (HG-CHs), 11.93 (N=CHs). IR (neat) cmi'= 3294 (w), 3132 (m),

2970 (w), 1591 (w), 1518 (4491 (s), 1447 (M), 1335 (m), 1277 (m), 1227 (s), 1182 (s), 1123 (m),
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1072 (m), 937 (m), 787 (m), 748), 696 (s), 635 (M), 577 (Raman (neat)cmi’= 2966 (w), 1582
(s), 1445 (w), 1372 (w), 1253 (w), 1177 (m), 1125 (w), 1019 (W), 924 (w), 865 ((v}), 7547 ),
419 (w), 293 (w), 206 (Welemental analysisFound:C, 48.3 H, 5.6;N, 26.0. Calc. forgH;gNsS:
C 48.4 H, 5.6;N, 26.0%Melting point: >207°C (decomposed).

2.3.15 Spectral examples of a dissymmetric ligand with a Me/H backbone
Figues 2.3.15.14. Sectral examples of thdissymmetridigand PADAe-Ph.
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Figure 2.3.15.1An aSS|gnedH NMR spectrum of PAEMe-Ph, successfully synthesised&gcting PADA
Me=0 wih 4-phenyt3-thiosemicarabzideThe spectrum suggests a small presesfé@ADAPhPh (purple

box) and PADMe-Me (Blue box This is commonly seendther dissymmetric ligand reactions of this class.
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Figure 2.3.15.2An assigned°’C NMR spectrum of PADAe-Ph.
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2.3.16. Discussion
Allten ligands were synthesised witlarying levels of purithy following a slightly altered version

of a previously reported metho® Most of the ligands arexpected to present in purity df an
excess of 90%xcept for the ligands synthesised from PAB#=O where the purity percentage

falls mostly to the high 80% mark. Despite almoshitital reaction conditions attempts to
synthesisdigands PADAPh(Me), and PADAtPh resulted in large impurity (126%) of the
symmetric ligand PADRRPh. One explanation fothis is could be thag-phenyl3-

thiosemicabazide has the ability to displace the thiosemicarbazone from the intermediate hence
LINR Y 2 (0 A Y3y olf KAS/ M CNB (1 KWas deéideditd nétipbirsudNthelspnifiesidof

the PADAPh(Me), and PADAEtPh ligands. The tableelow (Table2.3.16.1.)llustrates all twelve

dissymmetridigands, what the main impurity is and an estimate of perceniagaurity.

There is a little more published characterisation data fordilesymmetridigands of this class.

The proton and carbon NMé&ataof PADAVie-(Me), has been reported befor&° The data that

was collected inhis project closely agrees with the reported literature. This was also the case for
PADAEtMe which also matched the reported li@ure®! in terms of peak positions. One
discrepancy was the assignment of theage at 8.53 ppm and 8.39 ppm. The literature reported
the 8.53 ppm peak as a doublet and the 8.39 ppm position as a triplet and assigning them as the
NHCH and NHGHs environments respectively. In this project the 8.53 ppm peak resembled a
triplet and theone at 8.39 ppm as a quartet. Based on these splitting patterns the 8.53 peak was
assigned as the G Hs proton and the peak at 8.39 as théHSH environment. These

assignments are backed up in other ligands synthesised with methyl and/or ethyl groups on t
terminal amine. In the same artiélea melting point for PADEtMe was given as 22830°C

which is similar to the melting point of 220 observed however it was suspected that instead of
melting the ligand deomposed as the sample started to turn brown. Infrared data was reported
by L. Ackermaet al ¥ for ligands PADMe-Et and PAD&tMe. The recorded IR positions show
close agreement the C=S bond however there diasrepancies of a few tens of wavenumbers

for the G=N, RN-H and NN-H bonds.

Table2.3.16.1.Summary of purity for thdissymmetrid.igands with C¥H backbone, synthesised by the

exploitation of carbonyl reactivity approach.
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Ligand Novel | Yield Main impurity Estimated
impurity *
PADAMe-NH, No’® 61% H Less than 19
H H >\—<
H A \N—N/ \o
\ >/ \< / \
\ N——N N——N /H N
- /S
/N 7\
H H
PADAMe-(Me), No* | 38% h | Less than 19
H H
\ >/ \<
H\N—N/ \N—N/H \ " °
Y —{ /N
/ 7\
H
PADAMe-Et No™ | 46% v | Less than 19
' " \
\ >_\< / \ ) °
\N N N
/ \ / N\
PADAMe-Ph Yes | 63% \
H H\N N/ \ /H
’ H " N/ TN/
NN/ Q /N >/*”\H 3%
=
H/ \H
Q <y @
N 3%
PADAEtNH, Yes | 49% 3%

Y
H/N%\

—N/ H
!

97




PADAEtMe No™ | 14% : :H
81 H\N—N N—N/

H N /— | Not possible
H bi H/N%\ >/> \

_\N‘H%N_N N_N>/7N Y "’ to obtain an
/ \, integral due
to over
lapping
peaks.

PADAEt(Me), Yes | 27% N 7%

7N/ \N—N
\/—\< / Pa il
N—N N—N /
/ ‘<\ >/‘ \

PADAPhNH, Yes | 58% A
\<

H H H\N—N// N—N/H H
2 < \ /
Q H\N—N N—N/H H H/N_< %N\H 2%
/
VAR % \,
QP YUP|

PADAPhMe Yes | 65% H
>/ <

f \ N N \N N/H
: " N/
/
Qo) -

PADAPHQEt Yes 60% \ TH

7N/ \N—N
Q ; O —{
N_N ) ! 5%
>/’7 \,

/\\
Q H O] -

N

\
H

*Estimated by'H NMR spectra on an average of three integrals where possible. Typically the integrals were

taken from the peaks due to the NHON=CCH; and N-NH environments.
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2.4. Ligands with Me/Me backbones
Application

This class of ligands along with ligands with Me/Me backbones are of interest fionalgengof
hypoxia tissues which can be pathologies in a range of diseases including heart disease and
cancer'® ' iy order todo this, the complex must be able to migratette tissue and be
reducedin hypoxic conditiondut not in normoxic conditions. Ttreduction of the ligand will

allow the release and trapping of the copper radioisotope which can then be detecteivia P

It has been found that ligands made fromkditones with Me/Me or Me/Et on the backbone have
redox potential in the appropriate raye. The more lipophilic the substituents on thaeudstituted
3-thiosemicarbazide arm; the slower the clearance from normoxic cells and thus the longer it

takes to achieve a suitable hypoxic: normoxic ratio in order to give informative images.

The aimwasto synthesise a range of ligands with Me/Me or Me/Et on the backbone and with 4
sustituted-3-thiosemicarbazide arms with a restricted number of methyl/ethyl substituents in

order to control lipophilicity.

2.4.1. Symmetric | igands with Me/Me backbones
Overview of reaction

The synthesis of this subgroup of ligands requires one equivaléhBtiutanedione (BDO) to be
reacted with two equivalent of a chosdmsubstituted3-thiosemicarbazide under acidic
conditions in wateyat circa 60C to give the desied symmetric ligandFigure 2.4.1.}. A total of

four ligands where synthesised (Figure 2.4)1.2

v s < <
K y X N . ] - ”
x T

I A
H H

BDOEtEt CHCH H

Figure 2.4.1.1The generalegaction for the synthesis of symmetric ligands with Me/Me backbones.
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BDO-NH2-NH2 BDO-Me-Me

/N%\ % \ H/N¥\< % \,
BDO-(Me)2-(Me)2 BDO-Et-Et

Figure 2.4.1.2Structures of theymmetric ligands with Me/Me backbones that were synthesised.

2.4.2. Methods
BDONH,-NH,

Thiosemicarbazide (888 g, 0.004 mol) was dissolved inidaised water (10nL, 60°C). HCI
(32%, 1 drop) was added, followed by the rapid addition of@y&nedione (0.17nL, 0.002 mol,
0.17 g) and the solution was left to stir (BD, 1 hour). The precipitate was recovetsdfiltration
and washed with déonised water (50nL, room temperature and 5L, 80°C). The solid was
dried. An off white solid (0.448 g) was recovered (96% yield).

BDOMe-Me

4-methyl3-thiosemicarbazide (1.789 g, 0.017 mol) was dissolved in etha@atl, 72°C). HCI
(32%, 5 drops) was added followed by the rapid addition cbRtanedione (0.7nL, 0.0080 mol,
0.687 g). The solution was left to stir (@2 1 hour). Therecipitate wadiltered off and washed
with ethanol (3 x 30nL) and diethyl éher (3 x 30mL). The solid was dried. The crude product was
dissolved in DMSO (5BL), filtered and recrystallised with denised water (30nL). The
precipitated was recovered by filtratioavashedwith acetone (25mL), and dried. An off white

solid (1618 g) was recovered (78% vyield).

BDO(Me)g-(Me)Z

4,4-dimethyt3-thiosemicarbazide (0.262 g, 0.0022 mol) was dissolved-iordsed water (1L,
60°C). HCI (32%, 1 drop) was added followed by the rapid addition-bl2aBedione (0.09nL,
0.0010 mol0.088 g). The solution was left to stir (8D, 5 minutes). The precipitate was filtered
off and washed with déonised water (50nL, room temperature and 5L, 80°C). The solid was

dried. A yellow/orange solid (0.147 g) was recovered (51% yield).
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BDORE-Et

4-ethyl-3-thiosemicarbazide (0.316 g, 0.0027 mol) was dissolved-inrdsed water (13nL, 60

°C) and filtered off the insoluble particulates. HCI (32%, 1 drop) was added followed by the rapid
addition of 2,3butanedione (0.10nL, 0.0011 mol, 0.098)gThe solution was left to stir (6C, 1

hour). The precipitate was filtered off and washed withideised water (50nL, room

temperature and 50nL, 80°C). The solid was dried. An off white solid (0.189 g) was recovered
(60% yield).

2.4.3. Characteris ation data for symmetric | _igands with Me/Me backbones
BDGONH,-NH,

'HNMR(DMSGdez nnn al 1 0Y +NH), 8356 (BMH,-S)ag37 (8, H, GNH)b7.81

(s, 2H, GNH), 2.04 (s, 6 H, N=C4,). °*C {H} NMR(DMSGdsz mAan al | 0C¥S), #4884 mT P
(C=N), 12.12 (N=CH,). IR (neat) cri'= 3404 (s), 3246 (m), 3184 (s), 3146 (s), 1587 (s), 1489 (s),
1454 (s), 1369 (s), 1290 (s), 1248 (m), 1153 (m), 1082 (m), 1013 (s), 947 (m), 831 (s), 716 (M), 65C
(m), 598 (s)Raman (neat)cmi'= 2916 (w), 1608s), 1590 (m), 1377 (w), 1335 (m), 1126 (m),

1004(w), 856 (w), 758 (w), 467 (Wkl(orescenc@resent) Melting point: >215°C

(decomposed).
BDGOMe-Me

'HNMR(DMSGdez nnn al 1 0Y +-NH), 834 by 2nH, 68 )= 4.4 HzP. 2.97 (d, 6

H, HNCH;, J= 4.4 Hz), 2.16 (s, 6 H, M&6). °C {H} NMR(DMSGds~x mnn al 1 0C¥S),{ I ™
148.51 C=N), 31.74 (HNH;), 12.21 (N=@H;). IR (neat) cmi’= 3356 (m), 323 (m), 2936 (W),

1688 (w), 1612 (w), 1543 (s), 1485 (s), 1350 (m), 1215 (m), 1169 (m), 1128 (m), 1070 (m), 955 (m),
816 (s), 640 (M), 540 (Haman (neat)crmi’= 1605 (s), 1548 (w), 1383 (w), 1325 (w), 1239 (w),

1130 (w), 1003 (w), 846 (w), 736 (W), 588,458 (w), 398 (W), 320 (w), 271 (w), 209 (Melting

point: >219°C (decomposed).

BDO(Me)g '(Me)g

'HNMR(DMSGdez nnan al 1 0Y -NH), 3.88%s 12 HAkEH3),), 209 (s36 HDN=C

CHy). °C {H}NMR(DMSGds> M n  al T 0CY¥S), 190.29GN )y 4B .7 5(NCBL),), 11.60
(N=GCHy). IR (neat) cmi'= 3323 (w), 2926 (w), 1526 (s), 1452 (m), 1423 (m), (BHEL312 (S),

1200 (s), 1161 (s), 1125 (s), 1099 (s), 1055 (m), 893 (m), 773 (s), 633 (m), Balr(am) (neat)

cm’= 3327 (w), 2927 (w), 1578 (s), 1545 (w), 1378 (w), 1364 (w), 1295 (w), 1206 (w), 1133 (w),
1011 (w), 909 (w), 816 (w), 703 (w), 581,(BD4 (W), 424 (w), 117 (WYlelting point: >170°C

(decomposed).
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BDOEtEt

'HNMR(DMSGdez nnan al 1 0Y +NH), 830 (@ M, JNE, J= 6:0 Ht),33.5%(dg, 4
H,H,GNH, J=7.2, 6.0 Hz), 2.16 (s, 6 H,-4, 1.07 (t, 6 H, $&CH,, J= 7.2 Hz}’C {H} NMR

(DMSGdez M n al 1 0CYS),148.486N) 30.98/(MH), 14.91 (HCCH,), 12.22 (N=C

CHy). IR (neat) cmi'= 3347 (m), 3211 (w), 2967 (W), 2884 (w), 1686 (w), 1614 (w), 1522 (s), 1485
(s), 1385 (m), 1362 (m), 1308 (m), 1258 (m), 1213 (m), 1167 (m), 1130 (s), 1065 (m), 970 (m), 943
(m), 812 (m), 665 (M), 544 (Raman (eat): crmi'= 3214 (w), 2984 (w), 1606 (s), 1533 (w), 1395

(w), 1342 (w), 1256 (w), 1208 (w), 1127 (w), 1005 (w), 840 (w), 746 (w), 462 (w), 398 (w), 299 (w),
198 (w).Melting point: >223°C (decomposed).

2.4.4. Spectral examples of a symmetric | igand with a Me/Me backbone
Figures 2.4.4-4 Soectral examples of ligands BEM-Me,
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Figure 2.4.4.1An assignedH NMR spectrurof BDGMe-Me. BDOMe-Me was synthesised by reacting 2,3
butanedione with 4methyl3-thiosemicarbazideThe red boxes highlight a smalepence of BD®le=0.
The presence of the corresponding mebstituted3-thiosemicarbazone is very typical in the synthesis of

this class of ligand.
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Figure 2.4.4.2An assigned®C NMR spectrumf BDGMe-Me. The red boxes highlight a small presence of
BDO-Me=0.
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Figure 2.4.4.4A Raman spectrurof BDOMe-Me.

2.4.5. Discussion
The target ligands have been made with a respectable pigldllowing the well reported

methods in the literaturé *" > " *The synthesis of this class of ligand was the first to be
attempted as symmetric ligands with Me/Me on the backbare one of the most reported
bis(thiosemicarbazones) ligands in the literature. This gave a convenient starting point for the

synthesis oflissymmetridigands with a variety of backbone substituents.

The synthesis of this type of class of ligands setnbe particularly plagued with the presence of
the monosubstituted3-thiosemicarbazone as an impurity in far higher proportions that has been
observed with either the corresponding symmetric ligands with Me/H or Me/Et groups on the
backbone. This isapticularly observed in the synthesis of BBEEt where the impurity content
was a disappointing 33¢igure 2.4.5.1.pven when a 20% excess eéthyl-3-thiosemicarbazide
was used coupled with a reaction run time of one hour. It should be noted hleabMSO/EO
recrystallisation step was removed for this synthesis because toeystallised product produced
very small particulates which the majority of the sample was unable to be isolated through
filtration. The DMSO/}D recrystallisation step wadsa removed from the synthesis method for

BDONH-NH,, because BD®H-NH; has a very low solubility in DMSO
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Figure 2.4.5.1A ction of a'H NMR of BD@EtEt showinghe significantimpurity content of BD&t=0.

The addition of an excess ofsdibsituted-3-thiosemicarbazide seems to be of limited use when
attempting to reduce the monsubstituted3-thiosemicarbazone impurity. A reaction was run in
order to synthesize BDMe-Me in the presence of a 50% excess -ofidthyl-3-thiosemicarbazide
with a reaction time of five hours. The resulting product still had roughly a 14% impurity of BDO
Me=0. Various solvents have been used in washing steps ranging from water, ethanol, water and
hot water, nane of which resulting in the complete removal of the imgyriA DMSO/ED
recrystallisation step is thought to improve the puribut a toll is paid in regards to yield, the
magnitude of the toll is dependent on the ligg@dtructure. It has beeabservedthat ligands
containing 4,4dimethyl3-thiosemicarbazidseem to be partially prone to significant loss with

the DMSO/HO recrystallisation step. No meaningful relationship has been detected between
reactions conditions (excess of arm, run time, temperature) and impurity content of product. It
may be possible tase preparatory HPLC in order to further purify the ligabds due to

restraints on equipment this avenue was not explored.

Despite the numerous reports of the symmetric ligands of this class ilite¢h&ture (Table

2.45.2)) there seems to be only small amount of characterisation data for just the ligand instead
of the resulting copper complex. The Infied data reported for BD®OIH2NH,*®, BDGMe-Me™
8.1%5and BDAMe)-(Me),"® all agree with the data obtained from the synthesised ligands in this
project. Proton NMR data for BBX®@e-Me published by S. Kadowakial.”” shows very strong
agreement to NMR data reported above. Unfortunately, no characterisation data was identified

from the literature in regards to BDBEtELt.
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As the symmetric ligands have been reporieé number of publication (Table2.4.5.2) and as
the dissymmetridigands are the main focus respect of the proposed applicatitstreeningit

was decided to avoid spending long periods of time improving the yield and purity of the
synthesis and concentrate on the clean symiseof thedissymmetridigands. Also, it is expected
that if it is not possible to completely remove the mesabstituted3-thiosemicarbazone
impurities, the complex formation step should remove the impurity. This is expected because
when sample is mixedith the chosen copper salt then symmetegsymmetridigand will form

a complex with the copper and will precipitate out of solution, leaving theamplexed mone
substituted3-thiosemicarbazone impurity in solution. It is worth noting that there amgarts in
the literature®®® of some monesubstituted3-thiosemicarbazones forming complexes, which also
have some biological activitfhe table kelow (Table 2.4.5.2)lustrates all foutigands, what the

main inpurities are and an estimate of the percentage.

Ligand Novel Yield Main impurity Estimated

impurity *

BDONH-NH, No> 7" 63%

6%
123, 145, 146, . H\N_N>—<o

H H 164 \

\ N:/ \; . / —

H — — / H
\N‘< %N/
H/ \ \H

BDGOMe-Me No>°" 5% | 789 6%
70, 7578, 123, H >\—<
\ \N—N/ \O
H > < H 145, 146, 164,

\ \N_N/ \N_N/ / 172, 189, 203, H/ \
N N 204
/ \< >/ \
H H

BDG(Me),-(Me), No™® 2% | 51%

/N%\ ) \

9%
"\ >/\<
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H
164, 203
\_ 7

\, >/'_< / _\/«_

BDOEtEt No™ 76 67% 7%
> \<

*Estimated by'H NMR spectra on an average of three integrals where possible. Typically this was to include

the integrals from the peaks due to the N€H; and NNH environments.

Table2.4.5.2.Summary of purity for the symmetric Ligands with Me/Me backbones.

2.4.6. Dissymmetric _ligands with Me/Me backbones
Overview of reaction

The synthesis of thdissymmetridigands requires the synthesistbfee mono-substituted-3-
thiosemicarbazone intermediates. These intermediatessynthesised by reacting BDO and-a 4
substituted3-thiosemicarbazone in the stoichiometric ratio of 1:1 at reduced temperatures and
under acidic conditions. Once isolated the internsdiis then reacted with 1 equivalent of a
dissimilar 4substituted-3-thiosemicarbazone catalysed under slightly acidic conditions to peduc
the desireddissymmetridigand(Figure 2.4.6.3. The two ligandghat where synthesisedre

shown in the figurédelow (Figure 2.4.6.2.

H\N/H
1) 2 S + ’L Conc. HCI, 0-5 °C H\ 2 S
o) 0 Ny R N—N o)
—~
N
</

N
R1/ \R2

b T 5~ o

BDOMe-NH,

Figure 2.4.6.1The general reaction for the synthesigdafsymmetridigands with Me/Me backbones.
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Figure 2.4.6.2Structures of the twalissymmetridigands with Me/Me backbones that were synthesised.

2.4.7. Synthesis of the BDO-mono -substituted -3-thiosemicarbazone
intermediates
In order to make the twalissymmetridigands three intermediateswere synthesisedqFigure

2.4.7.1.).

H S H N
\_ 7\ \_ 7\ A\ N>/_\<O

H N—o -
\ \ N
/N \ /N N
' ' /
BDO-NH2=0 BDO-Me=0 BDO-(Me)>=0

Figure 2.4.7.1The structures of the three intermediates that where synthesised.
Methods
BDGOGNH,=0

Thiosemicarbazide (1.55 g, 0.017 mol) was dissolved-iordeed wate (100mL, warm). Solution
cooled (5°C) over ice, followed by the addition of HCI (32%, 20 dropshw®&z®hedione (5.9mL,
0.068 mol, 5.86 g) was added rapidly and vigorously stirré@,(30 minutes). The precipitate was
recovered via filtration, waskd with deionised water (6 x 5énL) and dried. An off white solid

(1.687 g) was recovered (62% yield).
BDOMe=0

4-methyl-3-thiosemicarbazide (0.89 g, 0.0085 mol) was dissolved-iomised water (100nL).

The slution wascooled (4°C) over ice, followa by the addition of HCI (32%, 2 drops).-2,3
butanedione (7.1%nL, 0.0815 mol, 7.01 g) was added rapidly and vigorously stirréd, (@ hour).

The precipitate was recovered via filtration, washed withialeised water (3 x 3thl), ethanol

(20mL, cold), dethyl ether (25mL, cold) and dried. The crude product was dissolved in ethanol
(50mL, warm) and left to recrystallise in a freezer. The crystalline solid was filtered off and left to

dry. A white crystalline solid (0.683 was recovered (60% yield).
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BDO-(Me),=O

4,4-dimethyt3-thiosemicarbazide (0.500 g, 0.0042 mol) was dissolved-inordsed water (60

mL). Solution cooled (AC) over ice, followed by the addition of HCI (32%, 2 drops). 2,3
butanedione (0.36nL, 0.041 mol, 0.35 g) was added rapidly argbrously stirred (8C, 1 hour).
The precipitate was recovered via filtration, washed withiaigised water (2 x 36hL).The crude
product was dissolved in ethanol (i, hot). The resulting solution was filtered and left to
recrystallise in a freezeThe crystalline solid was filtered off, washed with petroleum ether (bp
range: 40g 60°C, 2 x 10nL) and left to dry. A bright yellow crystalline solid (0.191 g) was
recovered (25% vyield).

2.4.8. Characterisation data for the BDO -mono -substituted -3-
thios emicarbazone intermediates
BDONH,=0

'HNMRDMSGd:x nnn al 1 0Y 4-NH), 867 (0l iH,-8H)ag05 (8, 1 HXNH)b2.33

(s, 3 H, O=CHs), 1.90 (s, 3 H, N=GH). **C {H} NMR(DMSOGds= mMnn al | 0CYO)L ' mdy
180.27 C=S), 146.39%=N),25.28 (O=@H;), 10.59 (N=CH,). IR (neat) cm’= 3443 (m), 3323

(m), 3165 (m), 1682 (s), 1587 (s), 1504 (s), 1452 (m), 1418 (m), 1364 (m), 1290 (m), 1107 (s), 1045
(m), 993 (M), 949 (m), 853 (s), 712 (M), 621 (s), 608 (s), 5BBUsAN (neat)cmi’= 3445 (w),

3323 (w), 3175 (w), 3000 (w), 2956 (w), 2905 (w), 1675 (s), 1605 (s), 1462 (w), 1426 (w), 1371 (W),
1307 (w), 1284 (w), 1107 (s), 1045 (w), 1008 (w), 946 (w), 846 (w), 741 (w), 608 (w), 464 (w), 315
(w), 143 (w)Melting point: >173°C (decomposex

BDGMe=0

'HNMR(DMSGdez nnn al 1 0Y +NH), 858 (g IvH, 68 )= 4 Hzp 3.04 (d, 3

H, HNOH;, J= 4.4 Hz), 2.38 (s, 3 H, @), 1.91 (s, 3 H, N=GH,). **C {H} NMR(DMSGds, 100

al T 0Y 1 [C=Oy dve.496=8), 146.49CN) 31.94 (HNOH), 25.31 (O=CH,), 10.57 (N=C

(H,). IR (neat) cm’= 3285 (m), 1670 (s), 1593 (w), 1537 (m), 1495 (s), 1427 (m), 1410 (s), 1360
(m), 1207 (s), 1152 (s), 1126 (s), 1105 (s), 1047 (s), 999 (M), 835 (M), 725 (W), 667 (m), 629 (M),
606 (s), 571s).Raman (neat)cmi’= 3289 (w), 2919 (w), 1671 (m), 1591 (s), 1409 (w), 1367 (W),
1304 (w), 1213 (w), 1128 (w), 1106 (w), 1000 (w), 947 (w), 836 (w), 725 (w), 609 (W), 578 (w), 318
(w). Melting point: >149°C (decomposed).

BDO(Me),=0

'HNMR(DMSGdg,n nn al T 0Y 1 ENHp3RY (5, 644 3EH:).M, 2.28Xs, DH, O=C
CHs), 1.91 (s, 3 H, N=G4). °C {H} NMR(DMSGds> mnn  a |l 1 0CY¥0),182.39@x8), Py m 6
147.05 C=N), 43.16 (NCH),), 24.83 (O=CH;), 10.07 (N=@H,). IR (neat) cmi'= 3362 (w), 2920
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(w), 1670 (s), 1578 (m), 1537 (m), 1429 (m), 1354 (s), 1290 (s), 1198 (s), 1150 (s), 1107 (s), 1063
(s), 1005 (m), 901 (m), 804 (s), 702 (m), 611 (m), 602 (M), SRAfsRn (neat)cri'= 3364 (w),

2923 (w), 1669 (s), 1580 (s), 1364 (m),2L8#), 1289 (w), 1194 (m), 1150 (w), 1009 (M), 946 (w),
903 (w), 805 (w), 701 (w), 633 (w), 603 (w), 525 (w), 457 (w), 370 (w), 2Meltng point:

>129C (decomposed).

2.4.9. Spectral examples of a BDO-mono -substituted -3-thiosemicarbazone
intermediate
Figures2.4.9.12-4. Sectral examples of thBDOmono-substituted3-thiosemicarbazone

intermediate BDENH,=Q

i: g C D
z \ Y D
AN / ~
- NN 3H
= H N—~N o] (S)
E' A< \N—/
VAR c
= A
; 3H
o
f- B
Cl l A HDO
: A N
. 3J1 H 1H 1H DMSO-d
£l (s) W
RICH ) : N
i 100 Y 20 70 50 50 40 30 20

X : parts per Million : Proton

Figure 2.4.9.1An assignedH NMR spectrum of BBKIH,=0.BDONH,=Owas synthesised by reacting 2,3
butanedione with thiosemicarbazide at@ The redboxes indicata very small presence of BEINBL-NH,.

This is consistent with the rest of the reactions synthesising BDO based intermediates.
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Figure 2.4.9.2An assigned*C NMR spectrum of BENIH,=O.
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Figure 2.4.9.3AFTIR spectrum of BEN(H,=O.
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Figure 2.4.9.4A Raman spectrum of BDRH=0.

2.4.10. Discussion
All three intermediates were successfully made in high pinjtysing methods as per the

published literature’ °® "No significant problems had to be overcome during the synthesis. As
observed in the PADAono-substituted 3-thiosemicarbazones synthestee main impurity tends
to be the respective symmetric ligand. The only thing to note iddheyield for the synthesis of
BDO(Me),=0. A depressed yield is consistently observed in reagitimolving 4,4dimethy}3-
thiosemicabazide. Fortunately in the case of the BDO backb@matonsequentialvhich order
the 4-substituted3-thiosemicarbaide arms are attached. This coupled with-dighethyl-3-
thiosemicabazide being relatively precious and low yielding, it is preferable to choose to
synthesise a higher yielding intermediate first then attach thedimdethyl-3-thiosemicarbaide
arm. Thereare numerous reports of proton and carbon NMR data in the literafuf&®* *bf
which the data obtained in this project close agreemeith. Unfortunately no infrared data was
reported in these articles. J. Hollaetlal®’ reported the melting point oBBDOMe=0as157-
159°C which is close to the melting point obtained of %@9At 148C signs bdecomposition

were observe, browning of the solid/liquid. e report does not state is if the sample melted
properly or showed signs of decomposition. As BDIB),=0 is believed to be novel no
characterisation is availablét wasalsonot possible tdocatedata for BDENH=0. However, the
data obtained from these intermediates is in accord with B®&-O when the structural

alterations are ignored.
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Table2.4.10.1. Reportthe intermediates that have been successfully made along with the main

impurity present and at what proportion this impurity is estimated at

Intermediate Novel | Yield Main impurity Estimated
impurity
*
BDONH=0 No'™ | 43% 1%

2 g " H H\N—N/ \N—N
H\ \N4<
H N—N 0 / \
)=

BDGOMe=0 No°" | 42% 1%

\ H\N_N>/_\<O /N >/7 \,
H/“*\<

BDO(Me),=0 Yes | 18%

/o
/
7\,

1%
\ >/ \<O \NJ\ —0 !

\ _/N—N
/N

*Estimated bylH NMR spectra on an average of three integrals where possible. Typically this was to include

the integrals from the peaks due to the N€H; and NNH environments.

Table2.4.10.1.Summary of purity for the PD@ono-substituted3-thiosemicarbazone intermediates,

synthesised by the exploitation of carbonyl reactivity approach.

2.4.11. Dissymmetric ligands from the BDO -mono -substituted -3-
thiose micarbazone intermediates
Methods

BDOMe-NH,

Thiosemicarbazide (0.158 g, 0.0017 mol) was dissolved in ethanol(FD°C) and added HCI
(10%, 1 drop). BD®le=0 (0.300 g, 0.0017 mol) added to the solution and left to stifC5&

hours).The precipitée was recovered by filtration, dissolved in DMS@({$ and recrystallised
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with de-ionised water (5nL). The precipitate was filtered off, washed with a little amount of

acetone and dried. A white solid (0.145 g) was recovered (35% vyield).

BDONH=0 (0.255 g, 0.0016 mol) was dissolved in DML &nd filtered. 4,4dimethy}3-
thiosemicarbazide (0.191 g, 0.0016 mol) dissolved in DMFB),3HCI (10%, 2 drops) was added
and filtered. The two solutions were combined and left to stir (rdemperature, 5 hours). De
ionised water (33nL) was added, the precipitate was recovered by filtration and washed with de
ionised water (50nL, room temperature and 5L, 80°C). The crude product was dissolved in
DMSO (3nb), filtered and recrystallisedith de-ionised water (6nL). The precipitate was filtered
off, washed with ddonised water (50nL, room temperature and 5énL, 80°C) and dried. A

yellow solid (0.170 g) was recovered (41% vyield).

2.4.12. Characterisation data for the dissymmetric ligan ds from the BDO-mono -
substituted -3-thiosemicarbazone intermediates
BDGMe-NH,

'H NMR(DMSGdg, 400a | T 0Y + T m ANB)VBPB7 (SikglEt overlappEd with a quartet, 1

H, CNH), 8.34 (quartet overlapped with a singlet, 1 HGINH, J= 4.4 Hz), 7.82 (s, 1 FN\iF), 2.97

(d, 3 H, HNH,, J= 4.4 Hz), 2.16 (s, 3 H, N&G), 2.12 (s, 3 H, N=C1,). °C {H} NMR(DMSQds,
MAan al 1l 0Y CB)17807TaESp d48.928N), 148.43@=N), 31.74 (HMH,), 12.26 (N=C
(Hy), 12.07 (N=@Hy). IR (neat) cni'= 3414 (m), 3352 (w), 3215 (m), 3150 (m), 1605 (m), 1553
(m), 1489 (s), 1362 (m), 1288 (m), 123}, (1169 (m), 1142 (m), 1080 (s), 953 (M), 854 (m), 826
(m), 716 (m), 644 (m), 565 (s), 544 RAman (neat)cmi’= 3212 (w), 2913 (w), 1604 (s), 1589 (m),
1461 (w), 1374 (m), 1329 (W), 1237 (w), 1123 (w), 1005 (W), 854 (W), 747 (W), 461 (w), 398 (W),
216 (w). Elemental analysisFound:C 34.2 H, 5.8 N, 34.Q Calc. for &4NsS: C 34.3 H, 5.7 N,
34.1% Melting point: >215°C (decomposed).

BDONH-(Me),

HNMRDMSGdsz nnn al 1 0Y 4NH), 948 (BMWH, NHRE&E38 (8, 11HIH)h7.83
(s, 1 H, @H), 3.22 (s, 6 H,£0H,),), 2.11 (s, 3 H, N=G4), 2.10 (s, 3 H, N=@). **C {H} NMR
(DMSQds=  mnn  al 1 0CYS), 179.356 8 ) 1B0u00G=N), 14896 (C=N), 42.80 (NCH:),),
11.96 (N=@H,), 11.70 (N=@Hy). IR (neat) cmi'= 3395 (w), 3221 (m), 3148 (m), 1591 (m), 1545
(m), 1460 (m), 1412 (m), 1396 (m), 1368 (m), 1261 (m), 1221 (m), 1134 (m), 1103 (m), 1055 (m),
968 (m), 847 (m), 708 (m), 606 (85 (s)Raman (neat)cmi'= 2913 (w), 1603 (m), 1586 (s),
1498 (w), 1463 (w), 1397 (w), 1371 (w), 1338 (m), 1263 (w), 1229 (w), 1128 (m), 1110 (w), 1006
(w), 850 (w), 736 (w), 612 (w), 461 (E)emental analysisFound:C 36.9;H, 6.2;N, 32.3 Calc.
for GHieNeS: C 36.9;H, 6.2;N, 32.24 Melting point: >192°C (decomposed).
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2.4.13. Spectral examples of a dissymmetric _ligand with a Me/Me backbone
Figures 2.4.13-4. Spectral examples of thdissymmetridigandBDONH,-(Me),.

7 c D
S B\ | J /E /o
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= Ny N/ > f
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/ G
| oo | oM :
© [l 0.
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7 DMSO-d
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.| 1H 1H 1H /\ 1H \

e low) e J |
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Figure 2.4.13.1An assiged'H NMR spectrum of BBIH,-(Me),.. This ligand wasuccessfully synthesised
by the exploitatiorof carbonyl reactivity approach by reacting BN&=0 with 4,4dimethy}3-
thiosemicarbazide. The purple and bhaxes indicat@ very small presence of BINBL=0 andBDONH,-
NH;respectively.
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Figure 2.4.13.2An assigned°’CNMR spectrum of BDRH,-(Me),.
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2.4.14. Discussion
Both thedissymmetridigands were made successfully and in high pimjtyollowing the method

reported by G. Bunciet al®* which was also the method usethen synthesisingissymmetric
ligands with H/Me on the backbon®nce the BD@onao-substituted-3-thiosemicarbazone
intermediate was isolated in a relatively higbrity, the attachment of a second dissimilar 4
substituted3-thiosemicarbazone was relatively straight forward. The attempt to synthesise BDO
(Me)-Me was an exception. Boihtermediates that could be used to make this ligand, BDO
(Me),=0 and BD®1e=0 vere obtained with a high level of purity. It is worth@enphasising that

as all ligands with BDO backbones, it does not matter which order the two dissimilar 4
substituted3-thiosemicarbazones are attached. It was found that the construeidgsymmetric
ligand from BD&Me),=O was not feasible. The two main reaswrere that 4,4dimethy}3-
thiosemicarbazide is significantly more expensive than any of the otrsrbétituted-3-
thiosemicarbazones and secondly that the reaction to create the-BIE)=0 intermediate had

a considerably low yield. Both attempts to synthesise §M6),-Me/ BDOMe-(Me), using either
BDO(Me),=0 and BD@e=0 respectively failed to produce the desiproduct. On closer
inspection of theH NMR spectra of both products all the expected pewdee present (plus

some impurity peaksput the integrals of the peaks did not add up to what was expected. After a
significant amount of time on this problera,suitable explanation for this observation still has not
been reached. This reaction requires further investigation, but due to the heavy cost of the
synthesis, the decision was made to concentrate on the synthesis®fmmetridigands with

different back bones.

Despite BD@e-NH; being cited in the literaturg®® ***it was not possible to find any
characterisation data for the ligand. It is believed that Bil¥p-(Me), has not been repded
before. However, the ligands BENDe-(Me), has been reported befofé 8 **®and despite the
ligand not being one of those that have been synthesised in this prafeeNMR characterisation
data can be used as a partial comparison. The NMR data report8dhowan acceptable level
of similarity to the NMR data for BDi@e-NH, and BDENH-(Me), whenthe structural variations

are discounted.

Table2.4.14.1. reportghe two dissymmetridigands that have been successfully made along with

the main impurity present and at what proportidhis impurity is estimated at.
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Ligand Novel | Yield Main impurity Estimated
impurity *

2%

BDOMe-NH, No™® | 35%

>_< o \ H\N_N>/_\<o
\_7 / H/”«

N N——-N H

\ J—
7~ =

BDONH-(Me), Yes | 41%

j , Less than
H H\N—N (@] 1%
H ) N—4 H \N4<

/ /N

H \N—N \N—N/ /

*Estimated by'H NMR spectra on an average of three intégrahere possible. Typically this was to include

the integrals taken from the peaks due to the N€&; and NNH environments.

Table2.4.14.1.Summary of purity for thdissymmetrid.igands with Me/Me backbonesynthesised by the

exploitation of carbonyl reactivity approach.

2.5. Ligands with Me/Et backbones
Application

This class of ligands along wiidfands with Me/Me backbones are of interest for timeagingof

hypoxic tissues which can be a common pathology in a range of diseases including heart disease
and cancer®** *%|n order to achieve this, the complex must be able to migrate to the tissue

and be reduced only in hypoxic conditions but not in normoxic conditions. The reduction of the
ligand will allow the release and trapping of the copper radioisotopenibich can then be

detected via PET.

It is expected that ligands made fromlditones with Me/Me or Me/Et on the backbone have
redox potential in the appropriate range. The more lipophilic the substituents on-the 4
substituted 3-thiosemicarbazide arm; thelower the clearance from normoxic and thus the longer

it takes to achieve a suitable hypoxic: normoxic ratio in order to give informative images.

The aim is to synthesise a range of ligands with Me/Me or Me/Et on the backbone and with 4

substituted-3-thiosemicarbazide arms with a limited number of methyl/ethyl substituents.
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2.5.1. Symmetric | igands with Me/Et backbones
Overview of reaction

The synthesis of this subgroup of ligands requires one equivaléh8pientanedione (PDO) to be
reacted wit two equivalents of a chosehsubstituted3-thiosemicarbazideunder acidic
conditions in water at 60C to give the desired symmetric ligardgure 2.5.1.3. Three

symmetric ligands have beeynthesisedFigure 2.5.1.3.

H\N/H
>_<7 + | Conc. HCI H\ >/_\<7/H
o o N\ R4 N—N N—N Ry
Y " \N‘< >—N/
R1/N\R2 R/ / \R

2

R R
PDONH,-NH, H
PDGMe-Me CH

PDQGEtEt CHCH H

Figure 2.5.1.1The general reaction for the synthesis of symmetric ligavidtsMe/Et backbones.

)= = )

PDO-NH2-NH:2 PDO-Me-Me

I I Ry

PDO-Et-Et

Figure 2.5.1.2Structures of theymmetrt ligands with Me/Ebackbones that were synthesised.

2.5.2.Methods
PDONH,-NH,

Thiosemicarbazide (0.775@0085 ma) was dissolved in dienised water (50nL, 60°C). HCI
(32%, 5 drops) was added, then -p@ntanedione (0.44nL, 0.0042 mol, 0.42 g) waslded

rapidly and left to stir (66C, 1 hour). The precipitate was filtered and washed with diethyl ether
(2 x 25mL). The crude product was dissolved in DMSOn{LY, filtered and recrystallised with de
ionised water (24nl). The precipitate was recoved by filtration, washed with a small quantity

of water and dried. A white solid (0.652 g) was recovered (63% yield).
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PDOMe-Me

4-methyl3-thiosemicarbazide (0.894 g, 0.0085 mol) was dissolved-iardged water (50mL, 60
°C). HCI (32%, 5 drops) waslad, then 2,3pentanedione (0.44nL, 0.0042 mol, 0.42 g) was

added rapidly and left to stir (61, 1 hour). The precipitate was filtered and washed with diethyl
ether (2 x 25mL). The crude product was dissolved in DMSOn{LE filtered and recrystallige

with de-ionised water (30nL). The precipitate was recovered by filtration, washed with a small
quantity of water, diethyl ether (2 x 28L) and dried. A white solid (0.474 g) was recovered (78%
yield).

PDOEtEt

4-ethyl-3-thiosemicarbazide (1.013 g,0085mol) was dissolved iethanol(50mL, 60°C). HCI
(32%, 5 drops) was added, then p@ntanedione (0.44nL, 0.0042 mol, 0.42 g) was added
rapidly and left to stir (66C, 1 hour). The precipitate was filtered and washed with diethyl ether
(2 x 25mL). The crude poduct was dissolved in DMSO (), filtered and recrystifised with de
ionised water (24nl). The precipitate was recovered by filtration, washed with a quantity of

water and dried. A creamy white solid (0.729 g) was recovereto(Bield).

2.5.3. Characterisation data for symmetric | _igands with Me/Et backbones
PDONH-NH,

'HNMRDMSGdez nnn al 1 0Y 4+-NH), MAS & H,BlH),B.38(s, 2 H-SH),

7.79 (s, 1 H,-GH), 7.79 (s, 1 H,-8H), 2.81 (q, 2H,CH,, J= 7.6 Hz), 2.10 (s, 3 H, M&6), 0.84

(t, 3H, @CH-CH;, J=7.2 HZJ’C {H} NMR(DMSQds~x mMn n  a | T04CYS), 419.36886)p d n
152.68 C=N), 147.81@=N), 17.46 (€H,), 12.23 (N=CH,), 11.56 (GCH-CH,). IR (neat) cri'=

3418 (w), 3202 (m), 3152 (m), 2986 (m), 1599 (s), 1493 (S), 1447 (s), 1366 (W), 1290 (M), 1244 (m)
1155 (m), 1086 (s), 1059 (m), 988 (824 (w), 841 (m), 793 (w), 642 (m), 590 RYman (neat)

cmi'= 2908 (w), 1604 (s), 1589 (s), 1473 (w), 1366 (W), 1345 (m), 1308 (w), 1246 (w), 1125 (s),
1054 (w), 989 (w), 923 (w), 865 (W), 744 (w), 467 e)ting point: >202°C (decomposed).

PDOMe-Me

'HNMRDMSGdsz nnn al (8 YH,MNNH), 0A8Ep1H, NNH), 8.31(quartet

overlapping a quartet, 1 Hz8NH, J= 4.8 Hz), 8.3Quartet overlapping a quartet, 1 HzGINH,

J= 4.4 Hz), 2.98n, 6 H, HNOH,), 2.87(q, 2H, @H,, J= 7.2 HzR.14(s, 3 H, N=CHj), 0.90 (t, 3 H,
GCH-CHs, J=7.2 HzJ’C {H} NMR(DMSGdex M n  a |l 1 0CYS), 492.36FNy M¥.58 0o
(C=N), 31.74 (HNH,), 31.70 (HNDH,), 17.25 (60H,), 12.29 (N=@H;,), 11.35 (€CH-GHy). IR

(neat): cmi’= 3308 (w), 2938 (W)L539 (s), 1477 (s), 1460 (s), 1433 (s), 1410 (m), 1354 (m), 1219
(s), 1169 (m), 1128 (s), 1086 (s), 1065 (s), 1042 (s), 991 (m), 826 (m), 781 (m), 660 (m), 608 (M),
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565 (s)Raman (neat)cmi’= 3379 (w), 2936 (w), 1598 (m), 1573 (s), 1390 (m), 1336286, (W),
1235 (w), 1160 (w), 1134 (w), 1026 (w), 992 (w), 734 (w), 673 (W), 577 (w), 453 (w), 324 (w).
Melting point: >217°C (decomposed).

PDOEtEt

'HNMRDMSGd: nnn al 1 0Y 4-NH), M0A3Ns &t H,8IH),B.35(t, 1 HZ }GKH,

J=6.0 Hz), 8.29 (t, 1 HGNH, J= 6.0 Hz), 3.55 (dq, 4 H,-BM, J=7.2, 6.0 Hz), 2.86 (q, 2H}6,

J=7.2 Hz), 2.15 (s, 3 H, N&),1.09 (two overlapping triplets, id, NCH-CH,, J=7.2), 0.86 (t, 3

H, GCH-CHs, J=7.2 HZJ’C {H} NMR(DMSGds> M n  a | 1 0C¥S), 492.28%N) Bl 6
(C=N), 39.10 (HNH,), 39.08 (HNH,), 17.41 (€0H,), 14.89 (NCH-CHs), 12.35 (N=CH;), 11.38
(GCH-Hy). IR (neat) cmi*= 345 (w), 3211 (w), 2967 (w), 2880 (W), 1522 (s), 1491 (s), 1437 (s),
1385 (m), 1306 (m), 1261 (m), 1209 (s), 1167 (m), 1136 (s), 1078 (m), 1061 (s), 959 (M), 924 (m),
818 (m), 783 (m), 658 (m), 530 (Haman (neat)cmi'= 2876 (w), 1600 (s), 1531 (w),0D4W),

1346 (w), 1247 (w), 1208 (w), 1128 (w), 1048 (w), 992 (w), 738 (W), 675 (W), 458 (W), 306 (w), 200
(w). Elemental analysisound:C 43.7;H, 7.3;N, 27.8. Calc. for:@¢+©:>NeS: C 43.6;H, 7.3;N,

27.7% Melting point: >215°C (decomposed).

2.5.4 Spectral examples of a symmedrLigand with a Me/Et backbone

Figures 2.5.4-4. Spectral examples of ligaftADANH-NH;,
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12.0 110 10.0 9.0 80 70 60 50 10 3.0 20 10 2 1o 2o
X : parts per Million : Proton
Figures 2.5.4.1An assignedH NMR spectrum of PEIIH-NH,. ThePDONH,-NH, ligand was produced by
reacting 2,3pentanedione witlthiosemicarbazideThe purple boxes indicate a small presence of-PDO

NH=0. This is typical throughout the synthesis of this class of ligands.

An interesting observation worth noting is that when the thiosemicarbazide is bound to the PDO

backbone the teminal NH groups are seen as a singlet and a doublet of equal integrals. This is
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not observed with the other badlones when the Njgroup is seen as two singlets with equal
integrals. As this phenomenon is owlgserved with the PDO backboités reasonale to predict

that the doublet is due to the NHjroup of thed-ethyl-3-thiosemicarbazide that has reacted with

the carbonyl group of the ethyl keton# is thought that theethyl groupinduces some level of
hindered rotationof the NH groupand in doingso allowsghe NMR spectrometer to resolve two
slightly different proton environments. No further investigation was undertaken, but a possible
investigation that could be undertaken is reacting 2 equivalents of thiosemicarbazide with 3,4
hexare-dione to se if the singlet is replaced by a second doulfBeime variable temperature

NMR studies could also be undertaken in order to establish if heating up the sample would result

in the doublet being observed as a singlet.
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Figure 2.5.4.2An assignedBC NMRspectrum of PD@QIH-NH..
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2.5.5. Discussion
All three ligands wersuccessfully synthesid inhigh purity. t is estimated that none of the three

ligandshave a purity, in respect to impurities related to the-ftisiosemicarbazones), of less than
95%.Symmetridigands of this class have been reported before therefore methods are well
described® " 't seems that alongside the normal expected intermediate a diffeigatneric
form of themono-substituted3-thiosemicarbazone intermediate is being formasla minor

product The general structures of the two exqted impurities areshown below (Figure 2.5.5)1

H H

\
1\N4< o N/
H/ \ Isomer A Isomer B // \H

Figure 2.5.5.1The two expected impurities in the synthesis of the symmetric ligands with Me/Et backbones.

It is hypothesized that the ethyl substituent on thekdtone reduces the reactivity difference
between the two ketones causing the formation of the new intermediate to become favourable.
Discussion of this new intermediate will be addressed in the intermediate section station

2.5.11.)

Despite symmetritigands with Me/Et on the backbone have been reported by numerous
articles® 7" 145146 10y hiological seening studies for the use of these ligands for hypoxia
imaging, therésno NMR or IR/Raman characterisation data reported alongside the biological
results. Structural based searching of databasash as SciFindatid not locate any
characterisation dta on these compounds. By comparing the data from this class of ligands with
data of ligands with different backbones/amine substituents it is believed that dedabben
assigned accurately. Tal##e5.5.2.below illustrates all three ligands, what the mampurities are

andan estimate of the percentage.
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Ligand Novel | Yield Main impurity Estimated

impurity*

PDONH,-NH, No™ | 63%
145, 146, \ >_\( 4%
] \_<7 ) " H\N N—nN )
NN/ /%\

T |

1%

PDGMe-Me No*™® | 78%
>_<7 145, 148, . ”\N_H 204
H 164 N
/ / %\

\
« = = ]
H/”%\ % \

Less than 19

PDOEtEt Yes | 18% >/_<7
\ 3%

| }_(/” 1%

*Estimated by'H NMR spectra on an average of three integrals where possible. Typically this was to include

the integrals from the peaks due to the NG5 and NNH environments.

Table2.5.5.2.Summary of purity for the symmetric Ligands with Me/Et backb@yghesised by the

exploitation of carbonyl reactivity approach.

2.5.6. Dissymmetric _ligands with Me/Et ba ckbones
Overview of reaction

The synthesis of thdissymmetridigands firstly requires the synthesisPDO basethono-
substituted 3-thiosemicarbazone intermediates. These intermediates are synthesised by reacting
PDO and a-4ubstituted-3-thiosemicarbazoe in the stoichiometric ratio of 1:1 at reduced

temperatures and under acidic conditions. Once isolated the intermedidken reacted with 1
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equivalent of a dissimilar-gubstituted-3-thiosemicarbazone catalysed under slightly acidic

conditions to prodice the desiredlissymmetridigand Figure 2.5.6L.).

D I e

+ |
N
o Y Ny R1\N N—N
N <
R1/ \Rz RZ/ \
H\N P

10% HCI

Do G e

R |l R ] R R
H H CH H

H H CH CH

H H CHCH H

CH H H H

CHCH H H H

Figure 2.5.6.1The generateaction for the synthesis dissymmetridigands with Me/Et backbones.

Figures2.5.6.23. Structures of thadissymmetridigands with Me/Et backbones thaave been

synthesised.

H\ _/N—N N—N / \ _/N—N \N—N/H /
VAR VAR / N\ />7 \
PDO-NH,-Me PADA-NH,-(Me),

PADA-NH,-Et

Figure 2.5.6.2Dissymmetri¢cigandsfrom PDGNH=0.
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. \N_N//L\\Nﬁ_f . H\N_N/>_\N(_N/H H
VAR >/_ < H/N*\< ) <

Figure 2.5.6.2Dissymmetridcigands from PD@e=0 and PD@&t=0.

2.5.7. Synthesis of the PDO-mono -substituted -3-thiosemicarbazone
intermediates
In order to make the fiveissymmetridigands, these tree intermediates had to be successfully

synthesised (Figure 2.5.7.1.).

H H

NV N
N/ a N

H\N‘<N_ \N‘< B N a )
H/ H/ H/ ‘<

PDO-NH2=0 PDO-Me=0 PDO-Et=0O
Figure 2.5.7.1Structures of the three PD@ono-substituted3-thiosemicarbazone intermediates that have

been synthesised by the exploitatiohcarbonyl reactivity approach.

2.5.8. Methods
PDONH,=0

Thiosemicarbazide (1.55 g, 0.017 mol) was dissolved-iardged water (200nL, warm). Solution
cooled (16C) over ice, followed by the addition of HCI (32%, 20 dropspehfnedione (7.12
mL, 0.068 mol, 6.81 g) was added rapidly and vigorously stirretC(110 minutes). The
precipitate was recovered via filtration, washed with-idaised water (2 x 5L) and dried. An

off white solid (1.9579g) was recovered (66% yield).
PDOMe=0

4-methyl3-thiosemicarbazide (1.788 g, 0.017 mol) was dissolved in a solutioriohded water
(200mL) and ethanol (8@nL). The solution was cooledl(°C) in a salt/ice bath (300g ice, 100g
table salt), followed by the addition of HCI (32%, 6 drops}p2r8anedone (3.56mL, 0.034 mol,
3.41 g) was added rapidly and vigorously stirred (cit62C, 5 minutes). The precipitate was
recovered via filtration, washed with denised water (4 x 5thl) and dried. An off white solid

(1.572g) was recovered (49% vyield).
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PDOEt=0

4-ethyl-3-thiosemicarbazide (1.013 g, 0.085 mol) dissolved in a solution-minilged water (100

mL) and ethanol (6@nL). The solution was cooledl@°C) in a salt/ice bath (300g ice, 100g table
salt), followed by the addition of HCI (32%, 3 djo@s3pentanedione (1.78nL, 0.017 mol, 1.70

g) was added rapidly and vigorously stirred (citc®C, 4 minutes). The precipitate was recovered
via filtration, washed with déonised water (3 x 5énL) and dried. An off white solid (0.862g) was
recovered(50% vyield).

2.5.9. Characterisation data for the PDO -mono -substituted -3-
thiosemicarbazone intermediates
PDGNH,=0

'HNMRDMSGd: nnn al i 0Y 4NH), 866 (¢, -S)agns (e, 1 HIH)R.90

(0, 2H, @H,, J= 7.2 Hz), 1.92 (s, 3 H, M&E), 0.90 (t, 3 H, TH-CHs, J=7.2 Hz}°C {H} NMR

(DMSGdez M n  al 1 0CYO),180.25@5)) 145.900=K), 29.64 (CH,), 10.88 (N=C

(H,), 8.68 (GCH-CHy). IR (neat) cmi'= 3412 (w), 3302 (m), 3177 (m), 2984 (w), 1688 (s), 1593 (s),
1491 (m), 1422 (m), 1362 (m), 1233 (s), 1090 (s), 1043 (s), 932 (m), 843 (m), 797 (m), 700 (m), 59C
(s), 552 (s)Raman (neat)cri’= 33@ (w), 3192 (w), 2986 (W), 2945 (w), 2919 (w), 2898 (w), 1683
(m), 1614 (s), 1464 (w), 1364 (w), 1258 (w), 1103 (m), 1091 (m), 1045 (m), 930 (w), 838 (w), 602
(w), 487 (w), 461 (w), 410 (w), 313 (Melting point: >165°C (decomposed).

PDGMe=0

'HNMR(DMSOdez nnn al T 0Y +-NH), 8556 @ plyH, JENH,X= 48 Hz)¥3.00 (d, 3

H, HNCH;, J= 4.8 Hz), 2.93 (q, 2H{8,, J= 7.2 Hz), 1.93 (s, 3 H, N&g), 0.93 (t, 3 H, CH-CH;,

J=7.2 H2)?C {H}NMR(DMSGdsz M al [ 0UCYO),1TH8 (C8)) p.60C=K), 31.91
(HN-CH), 29.59 (@H,), 10.84 (N=@H;), 8.62 (@CH-CHy). IR (neat) cmi'= 3379 (w), 3210 (w),

2982 (w), 1682 (s), 1541 (s), 1499 (s), 1429 (m), 1406 (m), 1375 (m), 1360 (m), 1207 (s), 1146 (s),
1107 (s), 1088 (s), 1055 (P34 (s), 932 (m), 835 (m), 797 (m), 652 (m), 55REhan (neat)

cm’= 3322 (w), 2940 (w), 1684 (m), 1677 (m), 1600 (s), 1367 (w), 1203 (m), 1143 (w), 1115 (w),
1090 (w), 1047 (m), 831 (m), 649 (w), 561 (w), 415 (w), 313ehing point: >136141°C.

PDQGEt=0

'HNMR(DMSGdez nnn al 1 0Y 4-NH), 60 @A M, 3@NE, D= 60 H),B.5(dqg, 2

H, HNCH,, J=7.6, 6.0 Hz), 2.93 (q, 2H}, J= 7.2 Hz), 1.93 (s, 3 H, M&6), 1.11 (t, 3 H, }CH-

CHs, J=7.6), 0.93 (t, 3 H;@H-CH,, J=7.H2)."°C {H} NMR(DMSGds> mMnn  al | 0C¥O),L I H
178.47 C=S), 145.65=N), 39.27 (HXH,), 29.59 (&H,), 14.66 (NCH-CH;), 10.86 (N=@CH;),

8.60 (GCH-CHy). IR (neat) cmi'= 3345 (w), 3188 (w), 2974 (w), 1686 (s), 1612 (w), 1537 (s), 1499
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(s),1427 (m), 1364 (m), 1190 (s), 1155 (m), 1117 (m), 1092 (m), 1038 (s), 949 (m), 824 (m), 800
(m), 600 (s), 563 (SRaman (neat)cnm’= 3346 (w), 2913 (w), 1683 (w), 1611 (w), 1448 (w), 1366
(w), 1265 (w), 1189 (w), 1153 (w), 1115 (w), 1039 (w), 819 (4)(v8p 560 (w), 304 (wMelting

point: >103104°C.

2.5.10. Spectral examples of a PDO-mono -substituted -3-thiosemicarbazone
intermediate
Figures 2.5.10-4. Sectral examples of the PABAono-substituted3-thiosemicarbazone

intermediate PD&eMe=Q
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Figure2.5.10.1An assignedH NMR spectrum dhe novel compound PBRe=0, which was successfully
synthesised by the exploitation of carbonyl reactivity approdbis involved reacting 2@ntanedione

with 4-methyl3-thiosemicarbazide atl0°C.

The purple boxlustrates the presence of a second isomeric form of the target intermediate. This
intermediate forms when the chosensubstituted-3-thiosemicarbazide reacts with the carbonyl

group of the ethyl ketone instead of the methyl ketone. Due to the similafityoth of these

isomeric forms most the relatelMR peaks either overlap or canrm fully resolved. ThiH
SYOANRYYSY(d W5Q Aa (KS v2ali STFSOGADS Sy OAND
isomeric forms of the PD@ono-substituted 3-thiosemicarbazone intermediate¥he pesence

of this second intermediate is common in the synthesis of the-Rid@o-substituted 3-
thiosemrarbazone intermediates. The blbex indicates a very small presence of the related

symmetric bis(thiosemicarbazonei,this example it is PD®le-Me.
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Figure 2.5.10.2A**C NMR spectrum of PENIe=0.
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Figure 2.5.10.4A Raman spectrum of PRI@e=0.

2.5.11. Discussion
All three intermediates was successfully synthesised withaeptable level of purityt is

believed that no one has reported intermediates of this class before. The method of synthesis was
adapted from procedures that have been reported for the synthesis of intermediates with Me/Me
on the backbong” °® "*The NMR data is very close in agreement to the NMR data reported by J.
Hollandet al >’ for the intermediates with Me/Me oithe backbone, when structural variations

have been discounted. The Infrared and Raman spectra of each of the intermediates of this class
also contain common peaks in the regidghat N-H, C=0, C=N and Qseks have been identified

for other intermediates (Table 2.3.11.2.)

Bvidenceof a second isomeric form of the intermediate was present in all NMR spdicisa
second intermediate arises when the amine of the chadend-substituted3-thiosemicarbazide
reacts with the ethyl carbonyl group of the Zy@ntandione instead of the methyl carborgroup.

It was initially expected that the amine would preferentially attack the ethyl ketone of 2,3
pentandione as the ethyl group would beore effectiveat stabilising the partial positive charge
on the carbonycarbon than the correspondingethyl carbonybroup. If this was the case then
the intermediate containing an unreacted methyl carbonyl group instead of an unreacted ethyl
groups would be observed. It is expected that steric effects may cause the fomudtihe

intermediate bound through the methyl ketone to be more favourable.

It was found that if the reaction mixture was cooled to bel¥ @typically10/-12°C) the

formation of the second isomeric intermediate was reduced. There seems to be aflimoitv
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much you can cool the solution as just aft#?°C the 4substituted3-thiosemicarbazide either
precipitates out of solution or the solution mixture freezes. In the case of thiosemicarbazide it was
noted that the solution cannot be cooled much bel@@C before the arm starts to precipitate

out of solution. The formation of this intermediate impurity will undoubtedly lead to the

formation of an isomeric mixture alissymmetridigands when a dissimilargubstituted3-
thiosemicarbazide is attachetf.tests show that there is a significant difference in the
pharmacokinetics or biedistribution between the two isomeric forms of tlikssymmetridigands

then it will be necessary to revise the method in order to further reduce or stop the formation of

the intermediate impurity.

It is clear that one of the two isomeric forms of the intermediate was formed in #isayntly
larger proportion tharthe other but in order to ascertain what the structure of the final ligand
was at the end of the synthesiswias important to identify Wich ligand intermediate was

formed as the major product. This is illustrated in the reacfigare below (Figure 2.5.11.).

H\N_N>/'_<7+ >/_\<t e >/_\<_N/ >/_<7 |
/“J\\ >/" \, \/J >/7\ /‘< \/

H Major product Minor product H Major product Minor product H

>—<7 /” + H\ >—<7Thiosemicarbaz:|de H\ >/—\<_ H\ >—<7

B) o N—N / \N N—mN o \NJN / \ N—

N
i Minor product / \
Major product \H H/ P H \ Major product \ / Minor product

A)

/
\_ /
4 \
Figure 2.5.11.1lllustrateswhat the major products willddepending on what the major isomer is.

Figure 2.5.11.2hows a HMBC NMR spectra of PRA€=0 which it was hopedvould help prove
which isomeric form of the intermediate was the major product. It is predicted that the
intermediate that is marked as thé | 2 2 NJ LINR RdzO{ A(FiguB5.10d4i% 2y W! Q

correct.

132



'_|
I
T
2
]
—
]
=
Ll
¢
=%
o

0 2.0 4.0 6.0 5.0 10.012.014.0 16.
P
-

abundance

R\

o
!

: &E.°
4
\D
=
wi
o
=
=

F

E -

& 0 ! . <=

b

O K

ta 1

k

120 1.0 100 9.0 8.0 7.0 6.0 20 4.0 3.0 0 .0 0 0 01 02 03 04 05 06 07 0F

X : parts per Million : Proton abundance

Figure 2.5.11.2AHMBC spectrum of PRX@e=Q HMBC was not able to help elucidate the identity of the

major isomer of PD™e=0.

Unfortunately the expected long range carbon/hydrogenlc@fuA y 3a 06 S (@S &\ G IKNR
Ol NBARY PR §NB v Phiése hBNSBtTd@iplitigdocations that would support that
reactionA (Figure 2.5.11.1iy correct aramarkedby the red boxes. If reaction(Bigure 2.5.11.1.)

was correct then it would bexpected that long range carbon/hydrogen couplings between

LINE (02 yo Wi KVQO IR0y d# R 0S 20a4SNIBSRX GKSaS | NB
¢tKSasS O02dzL)f Ay3a INB +ftaz2 oaSyldo hySQQSBRWEE |yl
directly bonded to a nitrogen atom that this is weakening the long range carbon/hydrogen
couplings to such an extent that they are no longer detectable. This theory is backed up by the
O2dzLX Ay3 YINJ SR 6AGK G(GKS o06fdzS 62E BKAYPR BDKAND
Yoo ¢KAa O2dAJd Ay3I Aa | f2G 6SF1SNI GKFyYy 230KSN.
YydzZYo SNJ 2F 62y R fSy3adKasz T2 N KEIWIR & ivee yO 20dzL.
significantly strongeeven though the couplingeingobserveal over one bond length (#&-C)

GKAOK KlFa GKS alyYS ydzyo SN 28 @Eafgirwad $0H dHea | a

only difference is the atoms which the bond is between.
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However, it is possible to indirectly support that tfeaction A(Figire 2.5.11.1.)s correct by
looking at the'H and”* CNMRpeaks and comparing the major NMR pesak the intermediate
sample against the expected peaks for each isomeric.foima table belowTable2.5.11.3)
illustrates this, the example intermediateed for comparison is PDMe=0. Both PDENH=0
and PDO=Et=0 both shomajor NMRpeaks in very similar positions to PIM2=0 showing that

all intermediatedollow reactionA (Figure 2.5.11.1).

Environment Observed peak Expected peak if Expected peak if
In reaction Ais correct | reactionB is correct
PDOMe=0
Major peaks
CH,-C=0 2.93 ppm £2.6-7 ppm Minor peak
H,-C=0 29.59ppm FHYyODT Minor peak
CH:-C=N 1.93 ppm F M gpdn Minor peak
CH:-C=N 10.85ppm F dp-®0dbppm Minor peak
Minor peaks
CH;-C=0 2.36 ppm Minor peak F H-®gpm
H,-C=0 25.59 ppm Minor peak 24.825.F ppm
CH,-C=N 2.54 ppm Minor peak 2.0-9 ppm
CH,-C=N 16.67 ppm Minor peak 17.05 ppm

Table2.5.11.3.Summarises the expected major NMR peaks that would be present degpemdivhich

intermediate is the major product.

Previous data in the literature relating to PDO based intermediates was not able to found, as it is
believed that no PD@ono-substituted3-thiosemicarbazone intermediate has been isolated to
date. This meanthat the only data available that can be used to help determine wisicineric
formis correct is data corresponding to B{@no-substituted-3-thiosemicarbazone

intermediates. By looking at the gB=0CH-C=N CH-C=0 andH-C=Nenvironments, the

position of the spectral peaks can be predicted, which can be used to propose the major
configuration of the PDO based intermediates. The observed peaks agree with the peaks expected
for reaction A(Figure 2.5.11.13nddisagrees with the peaks expected faoeadion B(Figure

2.5.11.1) Table2.5.11.3 support the theory that the substitute@-thiosemicarbazidéormsan

imine bond with the methyl carbon preferentipbver the ethylcarbon Howeverthis conclusion
must be treated with cautin as only NMRpectioscopyhas been usedJnfortunately all three

intermediate products formed powders which were not suitable for analysistay Miffraction.

134



If it is accepted that the conclusion is correct then this may advocate that the methyl ketone is

still slightly nore reactive than the ethyl ketone. This may be an important consideration in the

respect of the clean synthesis of Metissymmetridigands.

Table2.5.11.4 Reports the intermediates that have been successfully made along with the main

impurity preent and at what proportion this impurity is estimated at

Intermediate Novel | Yield Main impurity Estimated
impurity *
PDONH,=0 Yes | 66% 9%
H \N—N/ \\o >—N/
\N¥< 7\
/N
PDOMe=0 Yes | 49% 4%
\_ 7N\ N/
N ° 7\,
/ \<
PADAEt=0 Yes | 50% 10%
H
|~
N—N (6]
¢ 7N\
y H

*Estimated by'H NMR spectra on an average of three integrals where plesdigpically this was to include

the integrals from the peaks due to the N€H8; and NNH environments.

Table2.5.11.4.Summary of purity for the PD@ono-substituted3-thiosemicarbazone intermediates.

2.5.13. Dissymmetric ligands from PDO -NH,=0., PDGMe=0 and PDO-Et=0

2.5.14. Methods
PDONH,-Me

PDGNH,=0 (0.277 g, 0.0016 mol) was dissolved in DM#&L§34-methyl-3-thiosemicarbazide
(0.168 g, 0.0016 mol) was dissolved in DMmItand HCI (10%, 1 drop) was added. The two
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solutions were combined and lefb stir (room temperature, 5 hours). Bienised water (14nL)
was added, the precipitate was filtered and washed withaldsed water (50nL). The crude
product was dissolved in DMSOn@®) and recrystallised with dmnised water (16nL). The
precipitatewas filtered off, washed with d®nised water (50nL), ethanol (5 x 1@nL) and dried.
A yellow/white solid (0.275 g) was recovered (66% yield).

PDONH,-(Me),

PDOGNH,=0 (0.452 g, 0.0026 mol) was dissolved in DMfLjzand filtered 4,4-dimethy}3-
thiosemicarbazide (0.310 g, 0.0026 mol) was dissolved in DME)(HCI (10%, 2 drops) was
added and filtered. The two solutions were combined and left to stir (room temperature, 5
hours). Deionised water (3l was added and solution was put in the freeZd (ninutes). The
precipitate was filtered off and washed with lenised water (50nL, room temperature and 50
mL, 8C°C). The crude product was dissolved in DMSOn(B)5filtered and recrystallised with de
ionised water (60nL). The precipitate was recexed by filtration, washed with d®nised water

(2 x 50mL) and dried. A yellow solid (0.171 g) was recovered (24% vyield).
PDONH,-Et

PDOGNH,=0 (0.277 g, 0.0016 mol) was dissolved in DMFL{34-ethyl-3-thiosemicarbazide
(0.191 g, 0.0016 mol) was dissed in DMF (5nl) and added HCI (10%, 1 drop) was added. The
two solutions were combined and left to stir (room temperature, 5 hours)idbesed water (14
mL) was added, the precipitate was filtered off and washed withaésed water (50nL). The
crudeproduct was dissolved in DMSOni®), filtered and recrystallised with denised water (16
mL). The precipitate was recovered by filtration, washed withHatdsed water (50nL), ethanol (5

x 10mL) and dried. A yellowistvhite solid (0.168 g) was recaesl (38% yield).
PDOMe-NH,

PDOMe=0 (0.599 g, 0.0032 mol) was dissolved in DMRZnNd filtered. Thiosemicarbazide
(0.292 g, 0.0032 mol) was dissolved in DMFAL)) HCI (10%, 2 drops) was added and filtered.
The two solutions were combined and lé&dtstir (room temperature, 5 hours). Benised water
(24mL) was added, the precipitate was filtered off and washed withahésed water (50nL,

room temperature and 5L, 80°C). The crude product was dissolved in DMSOn@3 1filtered
and recrystalBed with deionised water (62nl). The precipitate was recovered by filtration,
washed with deionised water (50nL, room temperature and 5L, 80°C) and dried. An off
white solid (0.597) was recovered (72% yield).
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PDOEtNH,

PDQEt=0 (0.322 g, 0.061mol) dissolved in DMF (2131) and filtered. Thiosemicarbazide (0.146
g, 0.0016 mol) dissolved in DMF (f1B), added HCI (10%, 1 drop) and filtered. The two solutions
were combined and left to stir (room temperature, 5 hours)-iDeised water (16nL) was added,
filtered off precipitate and washed with denised water (50nL, room temperature and 5L,
70°C). The crude product was dissolved in DMSOn)4filtered and recrystallised with de

ionised water (28nLl). Filtered off precipitate, washed denised water (50nL) and dried. A

white solid (0.237 g) was recovered (54% vyield).

2.5.15. Characterisation data for _dissymmetric ligands from PDO -NH>=0. PDO
Me=0 and PDOEt=0
PDONH,-Me

'HNMRDMSGd:: nnn al il 0Y +NH), MAMS I H,-8H),B.40(s, 1 FE-8H),

8.32 (g, 1 H, ¥&NH, J= 4.8 HZ), 7.74 (s, 1 H\IG), 2.97 (d, 3 H, HiH,, J= 4.8 Hz), 2.80 (g, 2H, C

QH,, J= 7.6 Hz), 2.10 (s, 3 H, N&6), 0.84 (t, 3 H, TH-CHs, J=7.2 Hz}°C {H} NMR(DMSGd,

Man al 1l 0Y G783 G H52.2408N), 147.92@=N), 31.76 (HMH,), 17.38 (€

CHy), 12.38 (N=@H,), 11.45 (GCH-CH,). IR (neat) cmi*= 3424 (w), 3223 (w), 2982 (w), 1603 (m),
1551 (m), 1491 (s), 1437 (m), 1366 (w), 1290 (m), 1231 (m), 1144 (m), 1082 (s),, 1983 ((8),

926 (w), 841 (m), 775 (w), 563 (Raman (neat)cni'= 2935 (w), 1603 (s), 1457 (w), 1378 (w),

1336 (w), 1247 (w), 1145 (w), 1124 (w), 1048 (w), 992 (w), 925 (w), 741 (w), 484 (w), 456 (w), 327
(w), 226 (w)Elemental analysisFound:C 36.9;H, 6.2;N, 32.3. Calc. forg8;sNeS: C 36.8;H,

6.1;N, 32.2%Melting point: >198°C (decomposed).

PDONH,-(Me),

HNMRDMSGdez nnn al 1 0Y +NH), M53%s ¥ H,-8lH),B.3a(s, 1 HE-8H),

7.74 (s, 1 H,-BH), 3.22 (s, 6 H, N(Hy),), 2.77 (9, 2H, CH,, J= 7.6 Hz), 2.08 (s, 3 H, M),

0.88 (t, 3 H, ©H-CH;, J=7.6 HZ}’C {H} NMR(DMSGdsz MAan al | 0C¥S),4mM.32uy H do d
(C=S), 153.32¢=N), 147.88G=N), 42.95 (NCHy),), 17.04 (&H,), 12.01 (N=CH,), 10.92 (€CH-

(Hy). IR (neat) cm’= 3410 (w), 3229 (m), 3148 (w), 2974 (w), 2932 (w), 1593 (m), 1541 (m), 1483
(s), 1433 (s), 1260 (m), 1105 (s), 1076 (m), 1055 (s), 1020 (M), 989 (M), 926 (m), 843 (m), 511 (S).
Raman (neat)cm'= 2934 (w), 1600 (s), 1583 (s), 1495 (w)814%), 1396 (w), 1367 (w), 1345

(W), 1246 (w), 1126 (m), 1111 (w), 991 (w), 732 (w), 633 (W), 603 (W), 461 (w), 386 (W), 332 (w).
Elemental analysisFound:C 39.3 H, 6.2;N, 30.6. Calc. forg8,sNsS: C 39.4 H, 6.2;N, 30.6%

Melting point: >180°C (ecomposed).
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PDONH,-Et

'HNMRDMSGdez nnn al 1 0Y 4-NH), MANs thH, B, B.40(singl& b
overlapping a triplet, 1 H,-8H), 8.60 (triplet overlapping a singlet, 1 HGHNH, J= 6.0 Hz), 7.74

(s, 1 H, @\H), 3.54 (dq, 2 H, HBH,, J=72, 6.0 Hz), 2.80 (q, 2H@E}, J= 7.2 Hz), 2.14 (s, 3 H,
N=GCH,), 1.09 (t, 3 H, \CH-CHs, J=7.2), 0.84 (t, 3 H;@H-CH,, J=7.2 Hz}3C {H} NMR(DMSG

d= mMAan al | 0CYS),477.9066)h®2 1PEN), 147.86G=N), 39.35 (HMNH,), 17.04 (€
(H,), 14.89 (NCH-OH,), 12.39 (N=@CHs), 11.44 (€CH-CH). IR (neat) cmi'= 3428 (w), 3210 (w),
2982 (w), 1601 (m), 1537 (m), 1493 (s), 1435 (m), 1290 (m), 1213 (m), 1146 (m), 1080 (s), 1059
(m), 926 (w), 837 (m), 777 (w), 716 (w), 652 (w), 565 (m)(rBLRaman (neat)cmi’= 2934 (w),
1599 (s), 1589 (m), 1532 (W), 1457 (w), 1395 (w), 1368 (w), 1345 (w), 1247 (w), 1215 (w), 1120
(m), 1049 (w), 991 (w), 741 (w), 463 (w), 318 El@mental analysisFound:C 39.5H, 6.5 N,

30.55 Calc. for ¢hgNsS: C 39.4 H, 6.6 N, 30.6%Melting point: >218°C (decomposed).

PDOMe-NH,

'HNMRDMSGd:: nnn al i 0Y +NH), A21ds thH,-8H),B.39s, 1 FE-8H),

8.27 (q, 1 H, $&NH, J= 4.8 Hz), 7.80 (s, 1 H\Ig), 2.98 (d, 3 H, HiH;, J= 4.8 Hz 2.87 (q, 2H,C

CH,, J= 7.2 Hz), 2.10 (s, 3 H, N&#§), 0.85 (t, 3 H, TH-CH,, J=7.2 Hz}°C {H} NMR(DMSGds,

Mman al | 0Y CB) 1790808 d52.8%EN), 147.48C=N), 31.80 (HNH,), 17.36 (€

QH,), 12.21 (N=@H;), 11.53 (€CH-CHy). IR(neat). cmi'= 3408 (m), 3337 (w), 3229 (m), 3150 (m),
2978 (w), 2938 (W), 1603 (m), 1541 (m), 1491 (s), 1464 (s), 1439 (s), 1364 (M), 1227 (M), 1144 (m)
1082 (s), 1059 (s), 860 (m), 826 (m), 797 (M), 640 (m), 5G(EAN (neat)cm’= 2937 (w),

1604(s), 1591 (m), 1591 (w), 1380 (w), 1341 (w), 1232 (w), 1144 (w), 1123 (m), 1024 (w), 985 (w),
737 (w), 675 (w), 481 (w), 460 (Elemental analysisFound:C, 36.8 H, 6.2;N, 32.2 Calc. for

GHi6NeS: C 36.9 H, 6.2;N, 32.24 Melting point: >202°C (ecomposed).

PDOEtNH,

HNMRDMSGdez nnn al 1 0Y +NH), MASKs hH,-8H),B.38(s, 1 HE-8H),

8.28 (t, 1 H, k,GNH, J= 6.0 Hz), 7.80 (s, 1 F\Ig), 3.55 (dq, 2 H, HEH,, J=7.2, 6.0 Hz), 2.86 (q,

2H, GOH,, J= 7.2 Hz), 2.10 (s, 3MEGCH;), 1.09 (t, 3 H, dH-CHs, J=7.2), 0.86 (t, 3 H;CH-CH;,

J=7.2 H2)°C {H} NMR(DMSQds=  mn n  a |l 1 0CYS), L77.94FB)pl®n 77N, 147.47

(C=N), 39.07 (HNH,), 17.48 (AGCH,), 14.89 (NCH-CHy), 12.20 (N=@H,), 11.50 (€CH-CH). IR

(neat): cm'= 3410 (w), 3333 (w), 3219 (M), 3152 (M), 2978 (w), 1601 (m), 1531 (m), 1493 (s), 1466
(s), 1439 (s), 1385 (m), 1292 (m), 1250 (m), 1207 (s), 1167 (m), 1146 (m), 1080 (s), 1059 (s), 860
(m), 818 (m), 797 (m), 652 (m), 501 BAman (ney: cm'= 2953 (w), 1602 (s), 1589 (m), 1533

(w), 1456 (w), 1393 (w), 1373 (w), 1347 (w), 1248 (w), 1214 (w), 1146 (w), 1122 (w), 1027 (w), 990
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(w), 741 (w), 464 (w), 306 (Wglemental analysisFound:C 39.3 H, 6.5 N, 30.55 Calc. for

GH1eNeS: C 394; H, 6.6 N, 30.6%Melting point: >200°C (decomposed).

2.5.16. Spectral examples of a dissymmetric ligand with a Me/Et backbone

Figures 2.5.16 4. Sectral exanples of thedissymmetridigand PD@Vie-NH,.

) Ej E F
=3 C N /6
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= ; N /NS b
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=3 \\—< >—N/ > H ’/
A—sy! A\ 74 \, 3H
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u =9 1H li’; H 3H
(s) (d) (t)
AL . e . ‘ e
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Figure 2.5.16.1AnassignedH NMR spectrum oPDGMe-NH,, which was successfully shasised by
reacting PD&Me=0 with thiosemicarbazid&hered boxes show a smaliesence of the ligand PEXIH,-
Me, which is due to the-thethyt3-thiosemicarbazide reacting with the second isomeric form of-RREO

(Isomer B, Figure 2.5.5.1.).
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Figure 2.5.16.2An assigne&3C NMR spectrum of PENDe-NH,.
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Figure 2.5.16.3AFTIR spectrum of PENDe-NH..
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Figure 2.5.16.4A Raman spectrum of PRI@e-NH..

2.5.17. Discussion
All five ligands were made with an acceptaldvel of purityNo reports have been found of any

attempts to synthesisdissymmetridigands with Me/Et on the imine backbone so it is believed
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that all five ligands are novel. The same methak successfullysed for reacting the PDO
intermediate wih a dissimilad-substituted3-thiosemicarbazidas was used for thkgands with
Me/Me and Me/H on the backbon®ue to lack of published data on these ligands, the only
possible comparison that could be made is with other ligands made in this projs@nA®nts
made for NMR, IR and Raman for other ligands with different backbones/ amine substituents

seem to hold roughly true with this class of ligands as well.

As predicted the main impurity peaks suggdhe presence of the isomeric form of the tatg

ligand. Just by using NMiRectroscopyit is possible to confirrthe presence of these impurities
anddeterminetheir relative proportionsby using the N=CH; environment Other peaksn the
spectratend to partialy orfully overlap owing to very siitar chemical environmentdVhen

oveirlapping of peaks occurred it was not possible to determine reliable integrals. Some of the
isomeric forms of the ligands have already been synthesised as they are also target ligands, where
this is the case it is posde to directly compare the positions of their NMR peaks. This is

illustrated by the by théH NMR peaks of the N=@; environments of PDMe-NH, and PDO

NH-Me showing the presence of the second isomeric form of the target liggigdire 2.5.17.].

X— Y—
"\ M/" N >/_(/"

N—~mMN N—N H N—-N N—~N
\ NN NI
VAR 7N /N 7N
H H H H
E X—> 96%
- Y—,. 4% g
1\:5921 M s g on e
PDO-Me-NH, PDO-NH,-Me

FHgure 2.5.17.1. Left'H NMR peaks of the N=CH environment of PD®e-NH, showing a small presence
of PDONH,-Me. Right: 'H NMR peaks of the N=G3 environment of PD®IH,-Me showing the presence of
PDGMe-NH,.

There was also evidence of a small promortof unreacted intermediates which have been seen
throughout. To echo what wasaid earlier, aghese ligands are to baitially screened for their
appropriateness as hypoxia imaging ageatsmall presence of asomeric impurity should not

be detrimenal to the screening process.iifwvas found that each isomeric form had significantly
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different pharmaokinetics or biedistribution, it would then be necessary to revisit the method of

synthesis in order to synthesize ligands with greater purity.

Melting point data was collected on all the bis(thiosemicarbazone) ligands and their respective
intermediates. It was found that all that all the ligands and most of the intermediates showed
signs of decomposition before they melted. The exceptions to thigheamtermediates PDO

Me=0, PD&Et=0, DMAVie-(OMe) and PADAVIe-(OMe) which melted to form a transparent

liquid. When the ligands and intermediates decomposed they started to turn from a white/off
white or light yellow colour to a brown solid. The decomjtion temperature was taken at the

point when the sample first started to turn brown or discolour. For a couple of ligands, the sample
was continued to be heated past the temperature where signs of decomposition was shown, it
was witnessed that the solidould continue to turn browner and then will eventually melt and
form a brownish black liquid. The range of decomposition temperatures that was collected for alll
the intermediates and ligands was 1382°C and 18@5(Crespectively. Tabl@.5.17.2 reports

the fivedissymmetridigands that have been successfully made along with the main impurity

present and at what proportiothis impurity is estimated at.

Ligand Novel | Yield Main impurity Estimated

impurity *

PDONH,-Me Yes | 66%

.

Ve

\
I T

H \N—N/ \N—N/

\ /

) /N4\< %N\H ) Less than

N—AN o) 1%

‘Z
z

7%

z
/\I

PDONH-(Me), Yes | 24%

. "\ >—<>N/” .
. >_( . 7~ <
H \N—N/ \N—N/
\N¥< >/7N/
/N \ el

H/ Less than

1%

5-13%
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e

al

PDONH,-Et Yes 38%
NN/
— =0 = e%
H \N—N/ \N—N/
\ ‘< >; /
N N
/ 7\ , >_( Less than
H H \
H\ —N o 1%
/N
y
PDOMe-NH, Yes 72%
H H\N—N>_<N:/H / 3%
\
y >_<7 y H/N‘<\ >/* \,
N\ / /
N——N N——N H
\NJ >—N/ 2%
/7 N\ 7\
H H
wal
\N
H/
PDOEtNH, Yes 54%
A\ >_(/”
H H TR e (A - 0
Pal 4 R
_ N——-N N——N /H H H
N‘< >7N
/ \
H H
3%

*Estimated by'H NMR spectra on an average of the integral from the peaks due to th&ONs=C

environment. No other peaks yielded usable integrals.

Table2.5.17.2.Summary of purity for thdissymmetrid.igands with Me/Et backbones, syntisesl by the

exploitation of carbonyl reactivity approach.
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2.6. Formation of a PDO-NH,=0 cyclic by-product

The first reaction conditions used to attachmethyl3-thiosemicabazide to PDENH,=0 was to
dissolve the reagents in water and run the réantat 60°C with a dropf 10%HCI (Figure
2.60.1.). The'H NMR spectrurof the first attempt to synthesise PB@H,-Me (Figure 2.8.2.)

showed a relatively high presence of a previousheanountered byproduct.

H H
>_<7 \T/ 50ml H,0, 60°C, 1 drop \_/_
H + 10% HCI, 5Hrs H / H
N _—m
H \N—N o) A N H \N—N/ \\N—N/ + Unkown by-
\ \ / product
/ " / 7\
H <7 H H

Figure 2.6.0.1Areaction scheme showing the conditions used when the unknovandalct was first

observed.
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Figure 2.6.0.2A™H NMR spectrum of PDMIH,-Me attempt 1, showing the presence an unfamiliar by

20 10

product(red boxes)

It is possible to see th®DONH,-Me was successfully synthesised. Theleres highlight the
presenceof an unfamiliar byproduct in relatively high proportions. A similar reaction using PDO
Me=0 and thiosemicaeazide did not show signs of a newpduct. On consultation of the
literature, there were report®f bis(thiosemicarbazondigandsforming cyclic byproducts and

that someof these cyclic byproducts are produced frormono-substituted 3-thiosemicarbazone

intermediates®’>% 8" 88
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In an attempt to avoid the formation of this kroduct the reaction was ran without acid and at
room temperature. As the PDRH=0 intermediate does not fullyigsolve in water at room
temperature the reagents has to be dissolved in theimum volume of DMFThe resulting
product was a mixture of roughly 50% of the target molecule with the rest of the sample
comprising up of the unreacted intermediate anaingthyl-3-thiosemicabazide however, the

suspected cyclic bgroduct was absent. This is illustratedrigure 2.60.3.

H\ /H H H
H >_<7+ T room te;ggrgt’xlr'; 3days H >—<_ H \T/
H\ \N—N (o] \KN\H H\ \N—N/ \N—N/ -+ H\ >_<7+ S
/ H N—N o]
g AN H/N < /> N\H >NJ ST

Figure2.6.0.3.Reaction conditions that yielded no-psoduct.

As this new byproduct wasnot observel in the synthesisf the intermediate PDEH=0, which
involves the presence of much higher concentrations of HCI, a hypothesis was formed that the
acid was not responsible for the formation of this newgdrgduct. The previous reaction was
repeated withthe presence of HCI and was only stirred for 5 hours at room temperéftigere
2.6.0.4.) The resulting product contained roughly 92% of the target ligand and the impurities
where the common ones observed throughout the synthesis of this class of ligaadew by

product was completely absent from the resulting solid.

H H
S 7 mi DMF, room temperature,
"\ Va + | 1drop 10% HCI, 5 hours ~ H ba
N—N o ™~

N \
H X H H N—N N—N /
e S G G S

Figure2.6.0.4.Successful synthesis of thegilimmetric ligand PDENH,-CH without the presence of the

unknown byproduct.

In order characterise #hnew byproduct, and to discover if it is indeed cyclic, thegsgduct was

purposelysynthesised (Figure 2@®5.).

50 ml H20, 60 °C, 1 drop 10%
H HCI, 2 days )
\ Cyclic
H\ N—-~N 0 by-Product
/ \<
H

Figure2.6.0.5.Conditionausedto cleanly synthesisiae unknown byproduct

A yellow solid, vth a high purity was produced and the solid was subjected to a range of NMR

experiments in order to elucidatiae structure.
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2.6.1. Method
PDONH,=0 cyclic

PDGNH=0 (0.277 g, 0.0016 mol) was dissolved kiomésed water (50nL, 60°C) and any
insolubleparticulates was removed by filtration. HCI (10%, 1 drop) was then added and the
solution was left to stir (66C, 2 days). The precipitate was filtered off and washed with de
ionised water (100nL) and dried. A yellow solid (0.135 g) was recovered (@bhd).

2.6.2. Characterisation data and tentative assignments for PDO-NH»>=0 cyclic
'H NMR(DMSQGds, 400 MHz)} ' MM ®n MNHD 2038 (31 1 H,-NH),/4.77 (g, 1 H, C+CJ=

7.6 Hz), 1.86 (s, 3 H, N€8;), 1.62 (d, 3 H, C=GBH,, J=7.6 Hz}’C {H} NMR(DMSQds, 100

al 1 0Y 1 [C=Shi14dhTB&N), 187.27 (\=CH), 101.44 (CH), 18.52 (N=CH,), 11.22
(C=CHOH). IR (neat) cmi'= 3244 (m), 1713 (m), 3129 (m), 2945 (m), 1653 (m), 1607 (m), 1545 (s),
1470 (m), 1445 (m), 1423 (m), 1398 (m), 1354 (m), 1296 (m), 1219 (s), 1140 (m), 1094 (m), 1061
(s), 1034 (m), 735 (s), 671 (s), 617 (s), 54Réshan (nat): cmi'= 2910 (w), 1653 (m), 1605 (m),

1595 (w), 1536 (w), 1432 (w), 1370 (w), 1347 (w), 1298 (w), 1244 (w), 1212 (m), 1127 (w), 1059
(w), 932 (w), 673 (W), 623 (W), 544 (w), 502 (M), 416 (W), 364 (W), 196.3 (W), 109 (W).

(Fluorescence was presenBlenental analysisfFound:C, 46.3;H, 5.9;N, 26.95. Calc. for

GHoNsS;: C 46.4;H, 5.8;N, 27.2% Melting point: >196°C (decomposed).

2.6.3. Proposition of the cyclic by products structure
Using the above techniques the structure of the cycliptpduct Figure 2.6.3..) is proposed.

The cyclic byroduct shall be referred to from now on as PDI&; cyclic

Figure2.6.3.1.The proposed structure of PEN],; cyclic.

Thereforethe proposed reaction scheme (Figure.3.8.) is

50 ml H,0, 60 °C, 1 drop 10% 7
H
\ Y/ HCI, 2 days /
\ 4<

H\N N——N (6] N ' N——-H
H/ N\ H/ A\

Figure2.6.32. Thereaction scheme dPDONH, cyclic.
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2.6.4. Validation of the proposed structure of PDO-NH»>=0 cyclic
The proton NMRBpectrum Figure 2.6.41), below supports the proposed structure BOONH,

cyclicas all the integrals and splitting patterns one would expect corresponding to the proposed
structure are present. The key difference in this spectrum that is not seen in spectra of ligands or
intermediates with a Me/Et backbone is the quartgtvironmentY' | NJ SR W. ferai&t A O K
4.77 ppm. This peak suggetits presence of a double bond as the chemical shift is withé

range of a typical alkeneh& existence of a carbecarbon double bondvould only allow a single

K& RNR ISy Ql fi 2 @Knigrélof 1H agreesvith the suggesibn that the carbon double

bond is between carbopositionW/ Q |(FigRke 46600 ¢ KS R 2 dzo f(Ffyire Y NJ SF
2.6.41)) is consistent with the splitting pattern you would expect when a mesaypstituent is

coupled with a C=CH grougccording to the2In+1rule, where | is the spin quantum number and

n is the number of adjacent hydrogen atoms . This coupled with the absence of the quartet
centred at 2.90 ppm relating to theHzCH environmen, further supports a single hydrogen at
IKS Ww. Q t20F0A2y® ¢KS INeparsigodr@nt, vAich is nokralRg N2 3 Sy
expected between 8 and 9 ppm, coupled with the singld Mcation shifting from -® ppm to

10.2 ppm supports that one of therminal hydrogen atoms of the-8H, group of PDENH=0

has been removed. Thimcks-up that the nitrogen of the remaining-I8H group is likely to be

singly bound to another atom, most likely the carbon of the ketone carbonyl group.
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Figure 2.6.4.1An assignedH NMR spectrurof PDGNH,=O cyclic.

The first supportingspectof the carbon spectrum below (Figure 2.6.4.2thet the peak
normallylocated at 200 ppm has shifted down to 130 ppm, this indicates that the ketone carbonyl
group is no longermesent. As the C=N group is typically found at chemical shifts of around 145
LIS Al NBl&az2yltoft$S (2 &ada3sad GKHG OFNb2y W/
electron withdrawing e.g.-6 ® ¢t KS LINBASYyOS 2F (GKY CR2HdR SW56¢

fa2 o02dzyR (2 KIFI@S +y STFSOG 2F (KS LRaAirildArzy
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Figure 2.6.4.2An assigned”’CNMR of spectrum d?PDONH,=O cyclic.
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The above HMCQ NMRectrum (Figure 2.6.4.8makedt possible todetermine which of the
hydrogen environrants (labelled by théetters A-C) are directly bound to which carbon ldans
(labelled by the letters-¥). Firstly the spectra confirms that both the hydrogen Ibda2 y & W! Q
W/ Q I NBE 02dzyR I IND 20T NEB210S @00 $ fy R A obus NRIENI G 2
backbone of the molecule. A strong piece of evidence to the structure of this by product is that
the HMQCspectra K2 ga (G KI G0 GKS aAy3aft S LINE QibustratddlyQ A &
the red boxwhich supports the presence of a double carbon bond. Tteame coupling data

present that adocates a different structure.
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Figure 2.6.4.4. AHMBC NMR spectruof PDONH,=0 cyct, supporting the cyclic confirmation DG
NH=0 cyct.

This HMBC spectruffrigure 2.6.4.4 makes it possible tok atthe couplings between

hydrogen atoms (ladked by the letters ¥ and @rbons (labelled by thketters AF) which are

not directly attached to each other. By looking at the spectra, thebogs are consistent with

those which are expected for the proposed structure and there are no extra couplings which

suggest a different structure. The two most informative couplings are indicated by the red boxes.

CKSaS O2dzl) Ay3 &KEW ABK o diyKRS AK/E RNE 2 (R 2y

RSGSO0GLo0tS O02dzLX Ay3d gAGK OFNbB2ya W.Q FYyR Q90
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expectedd S 6 SSy KERNFBSYIWD2Y WCQ>X (KA& YIeé& 2dzai
being particularly weakwhich results in the interaction not being detected. The interaction must

be unique to the C(=$)(-H)-C environment as a coupling is observ&libg SSy OF Nb 2y W
K & R NR/aAd giticle’ by J. Adamest al > reportsthe same cyclic byproduct. here is very tile

information aboutthe synthesis othis compound but the proton NMRdatamatches

Propos&l mechanism for the formation of PD®H, cyclic

The following schem@~igure 2.6.4.5 sets out the suggested mechanism of the formation of the
PDONH, cyclic byproduct,which is formed when the amine nitrogen attacks the carbonyl
carbon. This is followkby a series of proton transfer steps in order to form the cychprogluct.

It is expected that the cyclic yroduct should be in some level of equilibrium with the other
mechanistic products, but as the NMR showssignificant extra peaks thendanbe assumed

that the equilibriumisin favour of the final cyclic by product.
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Figure 2.6.4.5The proposed mechanism for the formatiorP@IGNH,=O cyclic.

2.6.5. Summary
All the spectrastrondy supportthe proposedstructure of PDGNH, cyclic(Figure 2.6.5.). Thisis

validated byNMRdatathat has previously beereported.?®® There are no othefeasible

alternative structures that alscatisfy the experimental data.

/

N N—-H
~
VAR
Figure 2.6.5.1The proposed structure ®DONH, cyclic.

150



2.7. Ligands with H/H backbones
Application

It was hoped that the synthetic methods applied for the synthesdisdfymmetridigands

covered in the previous sectioesuld be easily transferred to the synthesigdefsymmetric

ligands with H/H on the backbone. This class of ligand may have the desired properties in be of
interest in the study of copper trafficking within the bragimilar to the hopes for the ligaisd

with Me/H on the backbone.

The literature has reported that the symmetric copper complex of\NEyMe is able ¢ cross the
blood brain barrier. fier being reduced by intracellular processes the cofpeomes available

i1.82

to the cell®. With this in mind it hoped that synthesising a rangalistymmetridigands with

H/H on the backbone for biological screening would identifyrtiast effective ligand to use for

the above application. Donnelét al.”

has previouslynvestigateda range okymmetric
bis(thiosemicarbazorjeeomplexesincluding the three ligands with H/H on the backbpimet for

a therapeutic application instead of investigationngurodegenerative diseasesjch as

1{ T KSAYSNRa RAa&aSHaSe 2A0K (GKSasS Gg2 LASOSa
the synthesis oflissymmetridigands with H/H on the backbone artisuccessfyimake a range

of ligands with relatively lipophilic substituents tre side arms so that the resulting complexes
can cross the blabbrain barrier and deposiadio-copper in the brain. The radicopper can then

be monitored via PET in order to investigate the migration of the coppegunodegenerative
disordersin order to elucidate the cellular mechanisms which could present a potential target for
therapy.The chemistry reported by B. Patersetnal.” gives rise to ainterest indissymmetric
ligands that cordiin a dimethyl gle arm, as theseould bepotentially useful for the synthesis of
dual labelled complexe§LY¥YMe-(Me),is a ligand that is of interest for this applica and

therefore GLYMe-(Me), isthe initial targetdissymmetridigand to synthesise.

2.7.1. Symmetric | igands with H/H backbones
Even though the main focus is the synthesidiesfymmetridigands, two symmetric ligands were

synthesised in order testablishthe precursostrhemistry and theiNMRspectroscopy and

vibrational spectra

Overview of re@tion

The synthesis of this subgroup of ligands requiggsoxal(GLY to becombinedwith a chosend-
substituted 3-thiosemicarbazide under acidic conditions in wateia water/ethanol solutiorat

circa 60C to give the desired symmetric ligafiigure 27.1.1). Two ligands ere synthesised

(Figure 2.7.1.2.
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Figure 2.7.1.1The general reaction for the synthesis of symmetric ligands with H/H backbones.

O QA D
—\ N——N N——N /— N——N N——N
H/”4\< % \ = % \,
GLY-Et-Et GLY-Ph-Ph

Figure 2.7.1.2Structures of theymmetric ligands with H/H backbones that were synthesised.

2.7.1. Methods
GLYEtEt

4-Ethyk3-thiosemicarbazidel(311 g, 0.01inol) wasdissolved in deonised water (75nL, 50 °C).
HCI (32%, @rops) was added, followed by the rapid additiongiyoxal(40 wt. % solution, 0.58
mL, 0.005 mo)l and the solution wakeft to stir (30 °C, 10 minutes The precipitate was recovered
by filtration and washed with denised water 4 x50 mL). The solid s dried A creamsolid

(1.2869) was recovered®9% yield).
GLYPhPh

4-phenyt3-thiosemicarbazide (1.840 g, 0.0fribl) was dissolved ian ethanolsolution (de-
ionised water 100nL, ethanol 52mL, 50°C). HCI (32%,dops) was added followed by thepia
addition ofglyoxal(40 wt. % solution, 0.581L, 0.005 mo). The solution was left to stir (50,10
minutes). The precipitate was filtered off and washed withidaised water 4 x50 mL). The solid

was dried Acreamy browrsolid (L.762g) was receered (9%%6 yield).
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2.7.2. Characterisation da ta for symmetric | igands with H/H backbones
GLYEtEt

'HNMR(DMSGdez nnn al T 0 YH, NNH), 850 (0T H, GN6,8=6.0/Hz), 7.68 (s, 2 H,
N=GH), 3.49 (dq, 4 H{,GNH, J=7.2, 6.0 Hz), 1.06 (t, 6 KBH,, J= 7.2 Hz }°C {H} NMR

(DMSQds=  mnn  al 1 {CYS), 140.608=Nc389RNTH,), 14.89 (HC-CHy). IR (neat) cmi

=3370 (m), 3130 (m), 2982 (m), 1570 (w), 1514 (s), 1470 (m), 1373 (w), 1323 (m), 1281 (m), 1207
(s), 1070 (s), 1040 (m), 961 (w), 908 (m), 806 (M), 692 (w), 642 (m), 623 (s), 538 (S), 426 (m).
Raman (neat)cmi'=23370 (w), 3128 (W)L589 (s), 1526 (m), 1413 (w), 1301 (w), 1166 (m), 1148

(w), 1119 (w), 1046 (w), 924 (w), 791 (w), 420 (w), 207 (w), 14M@iting point: >210°C

(decomposed).
GLYPhPh

'HNMR(DMSGdez nnn  a L1R($, ¥ H,ANH), MA7 (s, 2 H, PRH), 7.86 (s, 2 H, N=9),

7.51 (d 4 HHgg aryl), 7.32 (dd4 H,Hsg aryl), 7.16 (£2 H,Hy aryl).™*C {H} NMR(DMSGds, 100

al T 0Y 1 (C=Ski4t.2Z4@-N), 139.40Q, ary)), 128.61(Cs s aryl), 126.08 Gz aryl),

125.89G4 aryl).IR (neat) cmi'=3296 (m), 3154 (w), 2988 (w), 1595 (m), 1537 (s), 1504 (s), 1443
(m), 1383 (m), 1308 (w), 1252 (s), 1184 (s), 1082 (m), 1026 (m), 937 (m), 924 (m), 899 (w), 770
(m), 748 (s), 689 (H58 (M), 613 (M), 581 (s), 494 (s), 469 Rgman (neat)cmi’= 1588 (s), 1546

(w), 1512 (w), 1301 (w), 1212 (w), 1169 (s), 1121 (w), 1002 (w), 930 (w), 768 (w), 745 (w), 652 (W),
349 (w), 335 (w), 261 (w), 224 (w), 197 (Melting point: >250°C (decanposed).

2.7.3. Spectral examples of a symmetric | igand with an H/H backbone
Figures 2.7.3-4. Sectral examples of ligand GPYiPh

H | L M
=) D~ "‘E F G H v H v K v N
<] c / / ; /)= l
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B —7 \M—N \\N—\/
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2] B/F C/E N
K/0 N/L
o l l DMSO-d,
| | 4H |4H D/M \
216/) Afp HAL _ l\ “ |‘ “ il
l gl ‘\ Il 2
=1 |2H 2H 2H REL Wy
(s) (s) (s) Ly S —— J
B || 3 part ar MG lien  Broter : ) ) L -
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Figure 2.7.3.1An assignedH NMR spectrurof GLYPhPh.This ligand was synthesised by reacting glyoxal
with 4-phenyt3-thiosemicarbazide.
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Figure 2.7.3.4A Raman spectrurof GLYPhPh.

2.7.4. Discussion
The synthetic methoof both GLYEtEt and GL-Ph-Phwassimiar to the synthesis of previous

symmetric ligands that have been reported in this chapBath products were recovereglith

excellent yields and with no signs ofrsficant impurities intheir NMR spectrdTable2.7.4.1.).
The NMR data recorded for GP¥-Ph is in close agreement with the literat(tand the NMR
and IR data for GEEt-Etisalso a good fit to the literature valud¥ No further reports on any

characterigition data could be food for GLYEt+Et or GL¥h-Ph.

Table2.7.4.1.Asummary of purity for the symmetric ligands with H/H backbones.

Ligand Novel | Yield Main impurity Estimated
impurity*
GLYEtEt No™® | 99% HooooA 1%

H " 180, 210

NHN_N/H —
>/” \,

"

H\N—N o
H\ \N‘<
= /
/ \<

GLYPhPh No™® | 99% H H | Not possible
H H 180 Q H\N_N \, | to determine
Q- O Bl e
< |
N N overlapping
H/ \H
peaks

*Estimated by'H NMR spectra using the integrals of the N=@vironments.
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2.7.5. Attempts to synthesise dissymmetric ligands with H/H backbones

Two syntheti@approaches were attempted in the pursuit of the synthesidie§ymmetridigands
with H/H on the backbone. The first was using the exploitation of carbonyl reactivity which has
been successfully used to synthesise dimsymmetridigands in sections 2:2.5. The second

method used was using acetal protecting approach, a method which was explored in section 2.2.

2.7.6. Attempts by the exploitation of carbonyl reactivity differences
Overview of reaction

The first attemptaused the same principal a8l the previousmono-substituted-3-
thiosemicarbzonéntermediateswere synthesised hywhichinvolved reacting d-substituted3-
thiosemicarbazidevith one ofthe carbonyl groups of the backbone precurgglyoxal) The

second unreacte@® | ND 2 y & f 3 tyBhozld@duceNfligh o xhgt khe formation of the
symmetric bis(thiosemicarbazones) would not be favourable, thus resulting in the creation of a
pure monasubstituted-3-thiosemicarbzone. Once this mosoibstituted3-thiosemicarbzone
intermediate was iglated then it could be reacted with a dissimilasdbstituted3-
thiosemicarbzide to yield the desirelissymmetridigand Eigure 2.7.6.1.) This rationale was

|92

backed p by a paper written by P. Waghoetal.™ which claimed that the monmethy}3-
thiosemicarbazone ajlyoxalhad been achieved by using a method that was briefly reported,
which seems to be almost identical method which had been implemented in the formation of

previous intermediate monaubstituted-3-thiosemicarlazones reported in this chapter.

T Conc. HCI, 0-5°C H
) = N W

N > < | 10% HCl H < H
\ / (@] ' | R \N N/ \N N/

Figure 2.7.6.1The proposed method for the synthesislissymmetridigands with H/H backbones.
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Method of the first attempt to synthesise G¥Me=0:

4-methyl3-thiosemicarbazide (1.157 g, 0.0d1bl) was dissolved in denised water (100nL).
The solution was cooled (2°€) over ice, followed by the additi of HCI (32%, &ops).The
solution was cooled further (0.C) Glyoxal40 wt. % solution, 5.061L, 0.044mol) was added
rapidly and vigorously stirred (&, D minuteg. The precipitate was recovered via filtration,

washed with deionised water (4 xmL) and dried.A yellowsoid (0.485g) was recovexd.
Result:

Disappointingly, despite excess of backbahe,product recovered was by the vast majority the
symmetric ligand G:Me-Me with only a very small proportion being the desired intermediate
GLY¥Me=0. The estimated proportions of both these products wer®93% and 67%

respectively.
Alteration 1:

The above method was repeated but instead of cooling the reaction betweef.3 the

reaction would be cooled to below®Cusing a salt/ice bath because of this, the reaction solvent
had to be changed to an ethanol/water mixture in order to stop thectia mixture freezing.

The excess aflyoxalbackbone was increased and the overall reactions proportions were scaled
up but the volume of HCl was kept the same. The justification for this was hopefully to make the
formation of GLYe=0 more favourable #tm GL¥Ve-Me and even if this was not successful

there should be enough GiMe=0 in the resulting product in order to attemgh extraction

method.
Method of the firstalteration for the synthesis GY¥Me=0:

4-methyl3-thiosemicarbazide (2.314 g, 0.08®l) wasdissolved in water/ethanol solution (®
mLde-ionised water, 12fLethanol). The glution was cooled-(0°C) in a salt/ice bath (10§
table salt, 30@Q ice) followed by the additn of HCI (32%, &rops).The solution was cooled
further (-11.6°C) Glyoxal40 wt. % solution, 12.6&1L, 0.110 mojwas added apidly and

@A 32 NP dza £18.5°G B miNDEB. Rhe @rEcipitate was recovered via filtratiovashed
with de-ionised water (4 x®mL) and dried.A yellowsold (0.430g) was recovesd.

A second precipitate formed in the filtrate which was filte® washed with a little water and

dried. A yellowish/orange solid (0.461g) was recovered.

157



Result:

It wasinitially found that no precipitate had formed after 10 minutes so the reaction length was
extended bya further5 minutes. An estimate of the &t product purity by NMR integrals was-90
89% GL¥e-Me and 119% GL¥e=0. Analysis of the second precipitate gave a purity
estimatedof 81-84% GL¥1e-Me and 1619% GL¥/1e=0.

The expectatioafrom the alterations were supported by the results but disajopingly the
difference in GL-¥le=0 proportion was only small. The method was repeated with the reaction
solution being cooled down to low as possible using the salt/ice bath. The minimum temperature

achieved was aboufl7 °Cbut this did not improve thgroportion of GL¥e=0.
Extraction attempts:

Attempts to extract the GL:Me=0 from the samples was undertaken using hot water and then
hot diethyl ether. Water was chosen because it has observed that hot water could remove mono
substituted 3-thiosemicabzones when prifying bis(thiosemicarbazondigandsand indeed had

been usedor the purposewith in the synthetic rathods of bis(thiosemicarbazophkgands

reported earlier in this chapter. Diethyl ether was chosen because in the exploration of
synthessingdissymmetridigands with Me/Me and Me/H on the backbone by the protection
approach, diethyl ether had been used to extract the desired intermediate from a mixed product.
Unfortunately when extractions were attempted with either water or diethyl ettiery both

yielded a producthat on analysis via NMproducedmessy unsolvable NMR spectra

Based on the lack of success from the exploitation of the carbonyl groups method and without
any other feasible avenue to pursue with in this method, it wasd#gtio revisit the acetal

protection approach in order to see if this approach cduddsuccestil.

2.7.7. Attempts by the acetal protection method
Overview of plan

The plan devised was to take ZJEnethoxyacetaldehydéDMA)and react a 4ubstituted 3-
thiosemicarbzide to the only carbonyl group in order to produce a protentedo-substituted3-
thiosemicarbzone with H/H on the backbone. The next step would entail finding a method to
hydrolyse the acetal groups to an aldehyde functionality attdcha different 4substituted 3-

thiosemicarbzide to giva dissymmetridigand(Figure 2.7.7.1.).
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Figure 2.7.7.1The proposed schematic for the synthesidis§ymmetridigands with H/H backbones via the

acetal protecion method.

In order to achieve the protectethono-substituted3-thiosemicarbzone from reaction 1, it was
decided to use water as the reaction solvent with an acid catalysis but at reduced temperature
and 10 timesexcess of backbone in order to preventrfation of the symmetric

bis(thiosemicarbazide).
Method of the first attempt to synthesise DMAVie-(OMe):

4-methyl3-thiosemicarbazide (0.500 g, 0.004®1) was dssolved in deonised water (8 mL).
Solution cooled (7C) over ice, followed by the adidih of HCI (32%, 1 drpgrhe solution was
cooled further (4C) 2,2-dimethyoxyacetaldehydé0 wt. % solution, 8.0&1L, 0.053 molwas
addedt LA Rf & | YR @A 3 ZLNPRodah The precipitke MasBeRoveier viadfifiration
and dried.An offwhite soid (0.018g) was recovexd yield (7%).

Result:

Overall the reaction was a success, the NMR spectra identifiedidatMe-(OMe), was
successfully synthesiseden though the yield was very low. It is believed that BWE&\(OMe)

is a novel compouh ViaNMR it was estimated that there was a 1% impurity of-SBleYMe.

The reaction was scaled up by a factor of 10 in order to yield suitable quantities of intermediate in
order to work with. The excess of backbone was reduced in order to prevecesary
wastage.
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Method of the scaled up synthesis of DMie-(OMe):

4-methyl-3-thiosemicarbazide (5.000 g, 0.04F®l) was dssolved in deonised water (22 mL).
Solution cooled (7C) over ice, followed by the additi of HCI (32%, 7 dropg he solutionwas
cooled further (3C) 2,2-dimethyoxyacetaldehydé0 wt. % solution, 8.0&1L, 0.053 molwas
added t LA Rf @ | YR @A 3@ Maugzdtie precipitiwN& cvered Miafiltration
and driedin air. A yellowsold (3.610g) was recovexd (40% vyield).

Result:

The yield of the reaction increased to a more workable quantity. On analysis of tResibttra

the product containedMAMe-(OMe) and GL¥e-Me in the quantities 98% and 2%
respectively. These estimates were calculated from the integrals from the proton NMR spectra.
As there was a presence of GU¥-Me, this suggests that a little of bigr the backbone or the
protected intermediate can be hydrolysed to yield the undesired symmetric ligamsl should be
kept in mind as a change in reaction conditions could increase the hydrolysis of the acetal

protecting groups in the reaction mixturévgng an increased level of undesired impurity.

The scaled up method above wagsd again with all the reaction conditions being kept identical
besides the drying method, which involved using an oven 8% Theyellowproductchanged
to a brown/yelbw colour which suggests that the product is heat sensitiMee product produced
turned out to contain the expecteBMAMe-(OMe) and GL¥e-Me, but in the proportions of
11% and 89% respectivelyhis heat sensitivitpeeds to be taken into account wheinying the

sample and in the design of the gheotection method.

Characterisation dta for DMA-Me-(OMe),

'HNMRDMSGd: nnn al [ 0 YH NNH), 826 (@t H, ANHAIZ 4.8Hz), 7.23 (d, 1 H,
N=GH, J= 5.6 Hz), 4.67 (d, 1 HO®I, J= 5.6 Hz8.26 (S, 6 H, @Hs), 2.91 (d, 3 H, #H,, J= 4.8
Hz).®C {H} NMR(DMSGd;= mnn  al 1 (C¥S), 141.2%3N)y1a2158 (K5-0), 53.91 (©
CHs), 31.35 (NOH). IR (neat) cmi'=3256 (w), 3154 (w), 3003 (w), 2832 (w), 1553 (m), 1531 (m),
1443 (w), 1383w), 1337 (w), 1285 (m), 1254 (m), 1211 (w), 1188 (w), 1130 (m), 1063 (s), 1028
(m), 959 (s), 806 (w), 660 (m), 608 (M), 550 (w), 501Raman (neat)cni'= 1633 (w), 1591 (s),
1529 (w), 1179 (m), 1143 (w), 1121 (w), 966 (w), 795 (w), 608 (w), 285 faesce present.
Melting point: 106-107°C.

Spectral examplesf DMA-Me-(OMe),

Figures 2.7.7:B. Sectral examples dDMAMe-(OMe),.

160



abundance

0

20

7.0

6.0
L

50

4.0

30

D E F
o fH// 2
) /G F/G
B \ N// o/ oo ¥ /
N/ o | |6H 3H
N R @
&
I
C E
l, / DMSO-dg
A !
1H U1H 1H 1H
(s)
. s | | HM) q (‘.j) | _. (d) | gl ‘

X : parts per Million : Proton

Figure 2.7.7.2An assigned'H NMR spetrum of DMAMe-(OMe), This intermediate waproduced by

reacting 2,2dimethyoyacetaldehyde with 4nethyt3-thiosemicarbazideThe blue boxes suggest small

presencenf an impurity that is expected to be GMé-Me.

] C D E
P DMSO-dj
S ero |/
H 0
A B\ / /
— N N o—
N\
N
. /N
= H
D A
C | |
- B I}
1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900  $0.0 700  60.0 500 400 300 200

X : parts per Million : Carbonl 3

Figure 2.7.7.3An assigned®’C NMR spectrurof DMAMe-(OMe).
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2.7.8. Attempts by hydrolyse DMA-Me-(OMe), to GLY-Me=0 and attach a second

arm in one step

Taking what was learnt from hydrolysing the acetal group of PADA in the section gjamaisli

with Me/H on the backbone, it was decide to try combining thepdetection step and

attachment of the dissimilar-4ubstituted3-thiosemicarbzideéogether in one reaction.

162



Method for the attempt of the synthesis of G:-Me-(Me),:

4,4-dimethyl3-thiosemicarbazide (0.215 g, 0.004®l) was dssolved in deonised water (25

mb). HCI (32%, 5 dropwas added followed by DMKe-(OMe), (0.300g, 0.0016 malYhe

stirring solution was gradually heated to %D where the temperature was held with the mixture
continuously stirring (40C, 10 minutes)The precipitée was recovered via filtration, washed with

de-ionised water (50nL) anddriedin air. A pale yellowsoid (0.240g) was recovexd.

Result:

ANMRspectrumof the product showed that the product coriteed roughly 7% DMMe-(OMe),
51% of GL-¥le-(Me), and 44% of GL:Me-Me. As it would be hard to isolate the GMé-(Me),
from the mixture due to GL:Me-Me being present, it was decided to try and alter the reaction

conditions in order to encourage the pursynthesis of GEMe-(Me),.

Instead of using HCI to hydrolyse the acetal groups it was decided to try usipg/hifirwas
used in the synthesis afissymmetridigands with Me/H on the back bone by J. einal.”® and L.

Ackermarf® 8and co-workers.

Method for the attempt of the synthesis of Gl-Me-(Me), using LiBE
4,4-dimethyt3-thiosemicarbazide (0.215 g, 0.004®l) was dssolved in a aceonitrile solution
(98% acetonitrile : 2% water, &ft). DMAMe-(OMe) (0.300g, 0.0016 mol) wakissolved iran
acetonitrile solution (98% acetonitrile : 2% water, &0 60°C) and a small amount of insoluble
particulates were removed by filtration. The davgolutions where combined, followed by the
addition of LiBJf(0.337g, 0.0036 mol). The solution was left to stir{04 hours 50 minutes).
The precipitée was recovered via filtration, washed with-gmised water (50nL) anddriedin

air. A pale yellov solid (0.126g) was recoved.

Result:
ANMRspectrumof the product showed that the product contained almost 100% of-Kae¥e
with little sign of DMAMe-(OMe), or GLYMe-(Me),.

The next attempt was to use the method which had already used extensivattach a dissimilar
4-substituted-3-thiosemicarbzide to a monsubstituted-3-thiosemicarbzone for the synthesis of
all of the dissimilar ligands already reported in this chapter. It was hoped that the weaker acid
used in this method would hydrolyse tlaeetal groupsGLYMe-(Me), before catalysing the

attachment of the second arm.

Method for the attempt of the synthesis of G:Me-(Me), using 10% HCI:
DMA-Me-(OMe), (0.300g, 0.0016 mol) wasssolved in DMF (rhL) and filtered. 4,4dimethyl-3-
thiosemicabazide (0.215 g, 0.00180l) wasdissolved in DMF (L, room temperature), HCI
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(10%, 1 drop) was addexhdthen the solution was filtered. The solutions were combined and left
to stir (5 hours, room temperature). Benised water (6nl) was added but ogla tiny amount of
precipitate formed (0.002 g). The filtrate was allowed to evaporate to dryness in air. An off white
solid (0.282 g) was yielded.

Result:

When theprecipitatewas analysed by NMR spectroscalpg majority (77-78%)of the product
was & ¥Me-Me with only 2223% beindMAMe-(OMe). There was no significant signthé
desired ligand, GEMe-(Me),.The solid recovered from the filtrate gave very messy proton and
carbon spectra, but evidence of GUé-(Me),, GLYMe-Me and DMAMe-(OMe) coud be

distinguished witin the spectra.

Due to the resulting failure of the combinational approach of the reactions 2 aRi)3ré
2.7.7.1), it was decided to attempt only hydrolysis of the acetal groagsglereaction, then

attach the second arm ia separate reaction.

Attempts by hydrolyseDMA-Me-(OMe), to GL¥Me=0

The first method was derived from the synthesis of symmetric ligands with Me/H on the back

bone from PADA where a few drops of agigire used to hydrolyse the acetal groups.

Method for the attempt of hydrolyse DMAMe-(OMe), to GL¥Me=0using 32% HCI
DMA-Me-(OMe) (0.300g, 0.0016 mol) watissolved in water ( 5ML, 60°C) and filtered. HCI
(32%, 5 drops) was then added and then the solution was immediately cool€tCj0Bhe
precipitate that formed was recovered via filtration and left to dry in air. A brownish/yellow solid

(0.016 g) was recovered.

Result:

NMRspectraof the solid showed roughly 78% of the solid was-@eYMe with 17% being DMA
Me-(OMe) and 4% being the desiredjand GL¥e-(Me),. The next step was to try exchanging
the HCI for LiBF

Method for the attempt of hydrolyse DMAVle-(OMe), to GL¥Me=0Ousing LiBE

DMA-Me-(OMe) (0.300g, 0.0016 mol) wasssolved in an acetonitrile solution (98% acetonitrile :
2% water 100mL, 60°C) and filtered. LiBF0.300 g, 0.0032 mol) was added and then the
solution was immediately cooled in an ice bath (). When no precipitate was formed the
solution was cooled further13.8°C) with a salt ice bath (1@Dtable salt, 30@ ice). When still

no precipitate formed, the solution was allowed to dry in air overnight followed by the further

drying in an oven. A dark sludge like solid (0.330g) was recovered.
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Result:

NMR of the solid showed roughly 83% of the solid wasNk-¥le with 6% being DMMe-
(OMe), and 11% being GHMe=0. There was no noticeable sign of &Me¥(Me),. It seems that
the intermediate is undergoingxse sort of scrambling reactioeven in mild conditions. The
decision was taken to nelonger pursue the synthss ofdissymmetridigands with H/H on the

backbone.

2.7.9. Discussion
A couple of dferent approaches have beenié¢d in order to obtaira dissymmetridigand with

H/H on the backbone. The main problem encountered was the clean synthesidLcdmono-
substitutedthiosemicarbazonéntermediate which is an important preursor for the formation

of a puredissymmetridigand.

The first method that was explored, was the synthesis of the intermediateM&=0. This
approach was investigated first dueficst-hand success with making intermediates similar to this
with different substituents on the backbone and reports in the literafértaiming that GLY

Me=0 was successfully synthesised whilst using a vernasmmthod. It seems that the

unreacted aldehyde carbonyl group of the @U&=0 intermediate is too reactive and readily
reacts with unreacted side arm, forming the undesired symmetric liganeM&tMe. As this
occurs even in a huge excess of backboner@dsonable to suggest that the unreacted aldehyde
is significantly more reactive than either of the carbonyl groups ofjthexalbackbone. It was
hoped that upon the cooling of the reaction mixture, a method that was used in the clean
formation of otherintermediates with different backbone, the reactivity of the carbonyl group on
GLY¥Me=0 would be reduced enough so that the clean formation of/@&¥O would become
more favourable. This method was met with only slight success, it was found that cdaing t
mixture did yield a product that contained a slightly elevated proportion ofi@&¥O but the

rest of the product was GEMe-Me by a vast majority. As the limit was met of how far the
solution could be cooled by a salt/ice bath due to fears of thetr@aenixture freezing, it was
decided that further exploration of this method would unlikely enable the production ¢danc
GLY¥Me=0 product. Itvould be interesting to try the reaction in a solvent with a lower melting
point in a dry ice/acetone ice bateven though the suspicion would be that the @&1&=0

content of the resulting product would be higher but, @U¥-Me would still make up the

majority of the product. Disappointingly attempts to extract the @B1&=0 from the GLY
Me=0/GL¥Me-Me product wa not successful as it seems that even with the slight introduction

of heat causes a product that gives unreadable NMR spectra.

The second approach investigated was the use of acetal groups to act as protecting groups in

order to form a clean intermediatel'o date the only reports that have been identified that have
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used this approach was the in the paperstyimet al.”® and L. Ackermaret al®* #who used

this approach for the synthesis dissymmetridigands with Me/H on the backbone. However no
other evidence has been found to suggest that this method has been used in synthesis attempts
of dissymmetridigands with different substituents on éhbackbone. This coupled with personal
experience with apping this method to the synthesis of Me/Méissymmetridigands (see

section 2.2), did not give much hope for success at the onset. Surprisingly, the synthesis of the
acetal protected intermediatevas relatively straight forward, of whiddMA-Me-(OMe), was

cleanly synthesised. It is believed that this is the first reports of this intermediate. The main
problems arose during the attempts to gieotect and attach a second arrt.was found that it
washard to selectively dg@rotect the acetalprotected-intermediate without producing the
undesired symmetric ligand. This result occurred even when, Wi8-usedo give milder

hydrolysis conditions. The successful use of the Lewis acid, w#Feportal by bothJ. Limet
al.”?and L. Ackermaat al®*® Ay ( KS fThdiré&soning dehitkthis west the use of a
Lewis acid, instead of a isherBranged acid, may help avoid scrambling reactions.
Unfortunately the usef LiBR in the deprotection of the H/H intermediate did not help prevent
the formation of GL¥e-Me as the major product. The use of HCI and JMi#5 tried butin both
caseyield mixtures that contained the acetpftotected-intermediate, the symmetric ligand GLY
Me-Me and a small proportion of the desired-geotected intermediate. As the only source of

the methylsubstituted arm is in the intermediates DivMe-(OMe) and GLYe=0, in order for
GLY¥Me-Me to be formed there must be some hydrolytic cleavage ofithi@e carbonnitrogen
double bond (C=N) within thatermediate This allows the theory to be postulated, that the-de
protected intermediate is unstable and that itlikely that very shortly after the dprotection of

the acetal protected intermediate occurs, the hydrolysis of the C=N bond ensues, which gives rise

to free methyl substituted side arm, yielding the undesired symmetric ligand.

Due to these failed attentp and lack of any feasible avenues to explore it was decided that the
pursuit ofdissymmetridH/H ligands should be abandoned for the time being. As always, if results
from the biological screening identiflissymmetricddH/H ligands as being ligands ofrsfgant

interest, it may be necessary to-wsit the synthesis of this classdissymmetridigands. If it is

found obligatory to revisit this synthesis, the main area that need to be address is finding a way to
stabilise the deprotected intermediate o devising another synthesis approach by using an

alternate disconnection.
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2.8. Conclusion

In thischapter30 bis(thiosemicarbazone) ligands have been successfully synthesised of which 13
are believed to be novel. 13 of the ligands made are symmand 17dissymmetric Out of the
dissymmetridigands 2 are singl§issymmetricand 15 were doublgissymmetriclt is believed

that 5 of the intermediates used in the synthesis of thigsymmetridigands have not been

reported before. In the investigimn of protection synthetic approach, 2 new protected

intermediates are believed to be made.

Generally the synthesis of symmetric bis(thiosemicarbazone) ligands are reasonably straight
forward and ligands of high purity with good yields can be obtairigidsymmetric
bis(thiosemicarbazone) ligands can be synthesised by using different synthetic approaches, either
by exploitation of the carbonyl reactivity "or by using acetal protectio’*®! The method that

was found to be the most successful was the method that exploited the reactivity of two the
carbonyl groups. Despite the use of the exploitatdicarbonyl reactivity method being
prosperousthe synthesis of thelissymmetridigands with different imine backbones amal/4-
substitutedthiosemicarbazides still hold uniquely different synthetic challenges. These challenges
can involve the presenaaf isomeric impurities, formation of cyclic4pyoducts as well as

propensity for the thiosemicarbazide side arms to undergo scrambling. These challenges coupled
with inherent difficulties common to bis(thiosemicarbazone) ligands such as poor solubdlity in
range of common solvents still make synthesis ofdiagymmetridis(thiosemicarbazone)

ligands a major undertaking.
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3. Svynthesis of copper and zinc bis(thiosemicarbazone)
complexes.

3.1. Introduction
Once the bis(thiosemicarbazone) ligandsl teeen successfully synthesikstine next step was to

chelate coppeto the ligand in order to form a complex. slsown in @apter 1,there is a rich
source of methods describing how to make these complexes in the literfgureedical imaging,
the purposeof this chapte is not to investigatémproving the synthesis of complexes. The
primary focus of this chapter was synthesising new complexes from the ligands which are
believed to be novel, in a high purity,ander to report the characteretion data fo these
complexesAs a practical method for gathering characterisation ¢d#ta complexes will be made
with a stable metal and not a radisotope.Aninitial investigatiorin improving the radi complex

synthesis methods has albeen under taken anthis is reported irChapter 4 of this thesis.

Alongside the synthesis of copper bis(thiosemicarbazone) complexes it was decided to also
synthesise zinc bis(thiosemicarbaz@rmmplexes. The reason for this is that zinc complexes have
been of interest in amlternative method for synthesising copper bis(thiosemicarbazone)
complexes, wherghe zinc bis(thiosemicarbazone) complexessasthe precursos. This shall be
discussed in more detail thapter 4. Zinc bis(thiosemicarbazone) complexes have recewed f
less attention than copper bis(thiosemicarbazone) complexes so it is believed that the vast
majority of the zinc bis(thiosemicarbazone) complexes synsieesivill be novel and thus their

characterisation data has nget been reported.

3.2. Copper bis (thiosemicarbazone) complexes

3.2.1. Reaction overview
As the bis(thiosemicarbazonkgandbecomesde-protonated upon complexatiothe starting

bis(thiosemicarbazone) can be regarded as aligand. The dgrotonation uncovers the true
ligand which uporencountering a suitable metal, in this case a copper (Il) salt, can chelate with
the two sulphur atoms and the lone paifrom both the imine nitrogen atonts yield a square

planar, tetra dentate complexdgure 3.2.1.1)

Q Q, Q Q,
Copper (ll)
H H acetate
\ >/ \< / — >/ \<
R1\ N——N N——N /R3 R1\ N—N N——N /R3
~ )
Rz/ Re Rz/ — T~ R
Figure 3.2.1.1The general reaction for the synthesis of copper bis(thiosemicarbazide) complexes.

168



3.2.2. Synthesis of copper bis(thiosemicarbazone) complexes
Method selection:

Most of the literature that has been used in the shesis ofdissymnetric ligandsonly seemso
report methods for preparing very small quantities of radmmplexes in solution for biological
screening. As the intention was to collect campensive characterisation datamethod had to

be used that could give a workablmaunt of solid productSome methods have been published
that gave workable amounts of product, however most of these required refluxing in
methanoP’/ethanol®® or stirring in methanol at room temperatur® As this project produced a
varied range of compounds it was desirable to use a method that used DMF or DMSO as the
reaction solvent as these solvents where the only two solves¢slin this project that can
achieve full dissolution of all the ligands that have been synthesi3edhis enda method was
tried from a dissertatiorreport written byKatherine Martid** who was a third year 8 student
alongsidea further refined method. A method used Bamuel Stringétin another third year

BSc dissertation was also tested.
K. Martin®@ method:

BDGOMe-Me (0.312 g, 0.001ehol) wasadded to a NaOHodution (1M, 25mL, 50°C), the
minimum amount of DMF was added in order to achieve full dissoluGopper (I1) acetate
monohydrate (0.280 g, 0.00Mol) wasdissolved in déonised wate10mL). The solutions were
combined and left to stir over nightvhilst cooling down to room temperature). Tipeecipitate
was recovered via filtration, washed with methanol (3 725 andde-ionised water (1 x 2fnl) .

The solid was dried in aiA brownsolid 0.278g) was recovered (72 yield).
{ @ { { NEthod SN &

BDOMe-Me (0.312 g, 0.0016hol) wasadded to a NaOH solutigdM, 25mL). Copper (Il) acetate
monohydrate (0.280 g, 0.00Mol) wasdissolved in déonised water(15mL). The copper
solution was added to the suspension and left to stir over night. ol was recovered via
filtration, washed with ddonised water (2 x 5L) and ethanol (1 x 56L). The solid was dried

in air. A brownsolid 0.357g) was recovered (92 yield).
Refinedmethod:

BDOMe-Me (0.312 g, 0.001thol) wasdissolved in DMEL4 mL). Copper (1) acetate
monohydrate (0.280 g, 0.001¥ol) wasdissolved in deonised water(15mL). The two solutions
were combined and further DMF (28L) was added to achieve full dissolution. The solution was

left to stir over night. The precipitate waecovered via filtration, washed with denised water
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(2 x 50mL) and ethanol (1 x 5ML). The solid was dried in aiA brownsolid 0.101g) was
recovered (266 yield).

Discussion

All three methods gave a brown solid, unfortunately due to the pargme#ic properties of

copper the solid could not be analysed by NBffiectroscopyn order to give an indication of

purity. The S. Stringer method was discounted as being a suitable general method that could be

applied to the synthesis of the remaining c@pgomplexes because as the BDI@-Me did not

fully dissolve in the NaOH yielding a suspension. As there was a chance that all tieBDXO

ligand may of not dissolved whilst being stirred overnight and therefore the ligand may not had a

chance to reacwith the copper to form the desired complex, the product may not be as pure as it

could be. The CHN data reported was significantly lower than the theoretical percentag&94,
2.6%, 0.4% for the percentage of carbon, nitrogen and hydrogen respegtvalbh suggest that

the product was not cleanly synthesised. Thtfned method was also discarded because the

yield was significantly lower than the K. Martin method. The K. Martin method was selected to be

used as the general method for the remaininglod copper complexes because the starting
reaction mixture was a solution and not a suspension so that it can be assumed that if a
precipitate forms then it should be the desired copper complex whilst any unreacted ligand

should stayin solution. The amaut of DMFcan be changed in order to account for any

RATFSNBEyOSa Ay (GKS NBYlFIAYyAyYy3a fA3IlyRa&E a2f dzoAf

CHN analysis results agreed very closely with her theoretical percentages (witBiB%/ 0.3%,
0.1% br the percentage of carbon, nitrogen and hydrogen respectively), this gives some
I 3adz2NF yOS GKIFIGO Y® al NIAyQa YSIiK2R KlFa GKS

General methods:

Depending on the amount of the ligatigat wasavailable the general mbbds usedvas
General method A

The chosen bis(thiosemicarbazone) ligand ( X g, 0.8@0pbwasadded to a NaOH solutiqdM,
13 mL, 50°C), the minimum amount of DMF was added in order to achieve full dissolution.
Copper (Il) acetate monohydrate (0.1¢00.0007mol) wasdissolved in deonised water5 mL).
The solutions were combined and left to stir over night (whilst cooling down to room
temperature). Therecipitatewas recovered via filtration, washed with methanol (3 x1l) and

de-ionised water(1 x 10mL) .The product was dried in air
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General method B:

The chosen bis(thiosemicarbazone) ligand ( X g, 0.0@0¥wasadded to a NaOH solutiqdiM, 9

mL, 50°C), the minimum amount of DMF was added in order to achieve full dissol@apper

(I) acetate monohydrate (0.100 g, 0.000®I) wasdissolved in ddéonised water3.5mL). The

solutions were combined and left to stir over night (whilst cooling down to room temperature).

Theprecipitatewas recovered via filtration, washed with methanok(ZmL) andde-ionised

water (1 x /mL) .The product was dried in air

Themethod used for each complex is summarisethisie 3.2.2.1, along with the reaction yield

and appearance of the product.

Complex General | Yield | Appearance of| Believed to be Comments
method product novel
used
CuGLYEtEt A 74 % | Brown solid | No'® 4377180
CuGLYPhPh| A 69% | Brown solid | No’® 77180
CuPADAMe- A 65% | Brown solid | Ng* % 7" 1%
Me 123, 145, 146, 164
CuPADAMe- B 61% | Brown solid Yes
Ph
CuPADAEt A 10% | Black solid | N> /14> 14 Unsure if
Et desired complex
was obtained
CuPADAEt B 63% | Brown solid Yes DMSO/HO0
(Me), Recrystallisation
CuPADAPH B 69% | Brown solid Yes DMSO/HO0
NH, Recrystallisation
CuPADAPH B 61% | Brown solid Yes DMSO/HO0
Me Recrystallisation
CuBDONH,- A 46% | Brownsolid | No* /"1 1%
NH, 164
CuBDONH,- B 53% | Brown solid Yes
(Me),
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CuBDOMe- K. 72% | Brown solid | No*® 7771 DMSO/H0
Me Martin@ 123,141,145, 146, 164 Racrystélisation
method 172,177
CuBDGOMe- B 59% | Brown solid Yes
NH,
CuPDONH;- A 58% | Brown solid | No* ' 1104
NH,
CuPDONH,- B 15% | Brown solid Yes
Me
CuPDONH.- A 43% | Brown solid Yes DMSO/H0
(Me), Recrystallisation
CuPDONH,- A 43% | Brown solid Yes DMSO/H0
Et Recrystallisation
CuPDGMe- A 16% | Black solid | Ng® '/ 145164 Unsure if
Me desired complex
was obtained
CuPDGMe- A 54% | Brown solid Yes DMSO/H0
NH, Recrystallisation
CuPDOEt-Et A 49% | Brown solid Yes
CuPDOEt+ A 34% | Brown solid Yes DMSO/H0
NH, Recrystallisation

Tale 3.2.2.1.A table summarising which general method was used for the synthesis of each complex.

3.2.3. Characterisation data for copper bis(thiosemicarbazone) complexes

Copper bis(thiosemicarbazone) complexes with H/H on the backbone

CuGLYEtELt:

IR (nat): cni*=3325 (m), 2970 (w), 2926 (W), 2878 (w), 1516 (s), 1435 (s), 1416 (s), 1385 (m),

1371 (m), 1339 (s), 1290 (M), 1234 (s), 1200 (s), 119 (m), 1092 (m), 1055 (m), 1012 (m), 926 (),

860 (m), 824 (w), 760 (w), 685 (m), 602 (m), 509 (s), 455 (m{M)1Baman (neat)laser =

623.81 nm cmi'=1579 (w), 1537 (s), 1443 (s), 1342 (w), 1298 (w), 1221 (w), 1053 (w), 1018 (s),

684 (w), 605 (m), 499 (Wylelting point: >220°C (decomposedlJV-Vis absorptions:<p,/nm

65a{hv

(ESl)m/z (Calc.) 322.0096 (322.0096) {M %.H
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CuGLYPhPh:

IR (neat) cmi*=3416 (w), 3325 (w), 3051 (w), 1597 (w), 1541 (m), 1520 (m), 1493 (m), 1452 (m),
1420 (s), 1315 (m), 1244 (m), 1175 (463 (m), 899 (w), 870 (m), 826 (w), 745 (s), 687 (s), 610

(m), 583 (m), 542 (m), 501 (nRaman (neat)laser = 623.81 norcni'= 3055 (w), 3043 (w), 2973

(w), 2949 (w), 2896 (w), 2869 (w), 2850 (w), 2534 (w), 2454 (w), 2161 (w), 2134 (w), 2035 (w),
1953 (W, 1932 (W), 1594 (w), 1526 (s), 1447 (s), 1420 (s), 1310 (w), 1249 (w), 1174 (w), 1075 (W),
1007 (m), 921 (w), 897 (w), 819 (w), 630 (w), 606 (w), 506 (w), 387 (W), 2&BA\is

absorptions: <nak Y'Y 05 a { h 0°moltcm™ 18 90&),R06 (16 100508 (14 000) and 560

(sh).

Copper bis(thbsemicarbazone) complexes with Md on the backbone

CuPADAMe-Me

IR (neat) cm*=3325 (m), 3269 (M), 3256 (M), 1531 (s), 1449 (m), 1400 (m), 1381 (s), 1348 (m),
1238 (m), 1225 (m), 1179 (m), 1123 (m), 924 (m),(&F2808 (W), 773 (W), 664 (W), 592 (W), 474
(s), 433 (s), 428 (aman (neat)laser = 532.00 nocmi'=2979 (w), 2918 (w), 2703 (w), 2122

(W), 2057 (w), 1550 (w), 1512 (w), 1471 (s), 1370 (w), 1246 (w), 1178 (W), 996 (w), 924 (W), 776
(w), 662 (w), 52 (w).UV-Vis absorptions:<pak Y'Y 05 a { h 0®molvo 18 40&),RB&0

(sh), 488 (7 000) and 540 (sh).

CuPADAMe-Ph

IR (neat) cmi'=3294 (m), 1597 (w), 1547 (m), 1524 (s), 1497 (m), 1458 (s), 1435 (s), 1391 (s), 1368
(m), 1344 (m), 1317 (m), 1248), 1219 (s), 1194 (s), 1179 (s), 1134 (m), 1123 (m), 926 (m), 897
(w), 881 (w), 808 (w), 758 (s), 687 (s), 664 (m), 631 (M), 610 (M), 586 (M), 507 (M), 446 (m), 419
(m).Raman (neat)laser = 623.81 nocni*= 1595 (w), 1540 (s), 1519 (m), 1466 (s), 1425

1348 (w), 1311 (w), 1242 (w), 1218 (m), 1131 (w), 993 (w), 922 (w), 820 (w), 664 (w), 590 (m), 485
(w), 358 (w)Elemental analysisFound:C 38.9 H, 3.7 N, 22.6 Calc. folCuGC:Hi4NeS: G 39.Q H,

3.8 N, 22.P4 Melting point: >220°C (decomposa). UV-Vis absorptions:<,.,/nm (DMSO) 320

0 s KRN cm' 18 900), 378 (13 100), 496 (9 700) and 540 (dh¥s spectrometry (ESIn/z

(Calc.) 370.0092 (370.0096) {M %.H

CuPADAEt(Me),

IR (neat) cni*=3321 (m), 2965 (W), 2926 (w), 1514 (s), 1488 1462 (s), 1391 (m), 1366 (s),

1339 (s), 1310 (s), 1258 (m), 1234 (s), 1179 (s), 1138 (s), 1059 (m), 1013 (m), 916 (m), 862 (m), 82
(m), 800 (m), 658 (M), 594 (m), 525 (s), 474Rajnan (neat)laser = 632.81 norcri'= 1589 (w),

1538 (m), 1482 (s},460 (m), 1373 (w), 1312 (m), 1225 (m), 1008 (m), 931 (m), 661 (w), 632 (w),
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596 (m), 351 (wElemental analysisFound:C 32.3;H, 4.7;N, 25.2. Calc. for GHeNsS: C
32.2;H, 4.8;N, 25.0%UV-Vis absorptions:<,,k Y'Y 0 5 a { h 0°molcm™ 26 308),R360
(sh), 492 (9 500) and 540 (sMass spectrometry (ESIyn/z (Calc.) 336.0255 (336.0252) {M %.H

CuPADAPRNH,

IR (neat) cmi*=3289 (m), 3073 (m), 1632 (W), 1591 (m), 1541 (m), 1497 (s), 1408 (s(sL368

1319 (s), 1256 (m), 1244 (m), 1184 (s), 1150 (s), 928 (m), 891 (m), 864 (m), 847 (m), 820 (m), 750
(s), 735 (m), 685 (s), 640 (m), 617 (m), 600 (m), 584 (s), 505 (s), #Fadriah (neat)laser =

623.81 nm cmi'=1528 (s), 1470 (s), 1431 (m), 1384, 1237 (m), 1185 (w), 996 (w), 929 (W), 670

(w), 618 (w), 599 (w), 359 (w), 300)(Elemental analysisFound:C 37.2;H, 3.3;N, 23.4. Calc.

for CuCi1H1:NeS: G, 37.1;H, 3.4;N, 23.6%U\V-Vis absorptions:<,ok Y'Y 6 5a{ h0*molmn 6
Lem™ 21 000), 372 (13 300), 494 (9 600) and 540 {#@hss spectrometry (ESIn/z (Calc.)

355.9935 (355.9939) {M +H

CuPADAPRhMe

IR (neat) cmi'=3279 (w), 3213 (w), 2932 (w), 1597 (m), 1582 (w), 1545 (m), 1493388)(9),

1346 (s), 1321 (s), 1279 (s), 1244 (m), 1196 (s), 1148 (s), 1043 (m), 934 (m), 891 (w), 847 (m), 822
(m), 745 (s), 685 (s), 610 (m), 584 (m), 503 (s), 48R@man (neat)laser = 623.81 nocmi'=

1576 (m), 1507 (s), 1470 (s), 1429 (m), 13831851 (w), 1312 (w),1273 (m), 1243 (m), 1192 (w),

994 (w), 932 (m), 676 (w), 600 (m), 548,(479 (w), 368 (w), 130 (WBlemental analysisFound:

C 38.9;H, 3.7;N, 22.6. Calc. for QU,;H14NsS: C 39.0;H, 3.8;N, 22.7%UV-Vis absorptions:

<K Y'Y 65 a{ h 0°molhey’ 26 608), B30 (sh), 492 (10 100) and 540 (diakss

spectrometry (ESI)m/z (Calc.) 370.0092 (370.0096) {M %.H

Copper bis(thbsemicarbazone) complexes with Me/Men the backbone

CuBDONH,-NH,

IR (neat) cmi'=3402 (v), 3285 (m), 3144 (m), 1628 (m), 1593 (m), 1541 (w), 1479 (m), 1421 (s),
1360 (m), 1304 (m), 1217 (s), 1186 (m), 1138 (m), 1078 (m), 995 (m), 835 (m), 716 (m), 658 (M),
602 (m), 515 (m), 473 (s), 457 @xrman (neat)laser = 623.81 nocmi’=1533 (s), 470 (M),

1367 (w), 1290 (s), 1182 (m), 1003 (w), 829 (m), 705 (w), 606 (W), 394 (W), 34DAVis
absorptions: <peK Y'Y 05 a { h ¢ maitem'@3 400R $50 (sh), 476 (6 400) and 530 (sh).

CuBDONH,-(Me),

IR (neat) cmi'=3426 (w), 3289 (w), 3157 (w), 2918 (w), 1622 (m), 1589 (w), 1541 (m), 1499 (m),
1439 (m), 1387 (s), 1362 (s), 1296 (s), 1258 (s), 1214 79),(s), 1140 (m), 1115 (s), 1055 (s), 999
(m), 908 (s), 841 (s), 762 (m), 706 (m), 610 (m), 596 (m), 515 (M), A3a@niEn(neat), laser =
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532.00 nm cmi'= 2837 (w), 2807 (w), 2144 (w), 1901 (w), 1804 (w), 1598 (w), 1543 (m), 1497 (m),
1298 (s), 1263x), 1204 (w), 1003 (w), 921 (w), 846 (w), 602 E@mental analysis-ound:C

29.7H, 4.2 N, 25.9 Calc. foCuGHusNeS: C 29.85H, 4.4 N, 26.24 UV-Vis absorptions:

<K Y'Y 65 a{ h ¢maten'd?90R 850 (sh), 481 (6 700) and 540 (stass

spectrometry (ESIm/z (Calc.) 322.0097 (322.0096) {M %.H

CuBDGMe-Me

IR (neat) cri'=3327 (m), 3267 (w), 1530 (s), 1460 (m), 1385 (s), 1246 (m), 1223 (s), 3159 (M

1078 (m), 841 (m), 606 (m), 540 (m), 507 (s), 456 (s), 43FBfvAn (neat)laser = 632.81 nm
cm'=3331 (w), 1602 (w), 1552 (s), 1488 (s), 1388 (W), 1371 (w), 1325 (m), 1264 (m), 1242 (m),
1185 (w), 994 (w), 841 (m), 773 (w), 600 (M), 452 (w), 437362 (m), 325 (W), 292 (w), 184 (w).
Raman (neat)laser = 532.00 norcmi'=2158 (w), 2097 (w), 1930 (w), 1556 (s), 1492 (s), 1444 (w),
1372 (w), 1328 (m), 1266 (W), 1245 (m), 996 (w), 843 (w), 773 (W), 603 (m), 451 (w), 441 (w).
Melting point: >270°C(decomposed)U\V-Vis absorptions: <y Y'Y 6 5 a { h 0®*molhem 06 ¥ «
122 100), 350 (sh), 476 (7 200) and 530 (sh).

CuBDGMe-NH,

IR (neat) cni'=3458 (w), 3321 (m), 3287 (w), 3136 (W), 1626 (m), 1549 (m), 1504 (m), 1443 (s),
1396 (M), 1364 (M), 1344 (4287 (s), 1221 (s), 1188 (m), 1150 (m), 1099 (m), 1057 (m), 1038 (m),
984 (m), 841 (m), 756 (w), 733 (m), 700 (m), 629 (M), 610 (M), 563 (M), 527 (M), 509 (s), 419 (s).
Raman (neat)laser = 632.81 nocni'= 1542 (m), 1496 (s), 1379 (w), 1284 (s), 1(l@¢% 998 (w),

837 (w), 697 (W), 609 (w), 588 (W), 390 (W), 346 (W), 316 (W), 271 (W), 253 (W), 18Rk

point: >266°C (decomposed)\-Vis absorptions:<,ok Y'Y 6 5a{ h 0°’molhem®2d ¢ k RY
500), 350 (sh), 476 (6 900) and 520 (Mgss spectrometry (ESIn/z (Calc.) 307.9935 (307.9939)
{M+H}.

Copper bis(thbsemicarbazone) complexes with Me/lBh the backbone

CuPDONH,-NH,

IR (neat) cni'=3447 (W, 3377 (w), 3273 (w), 3102 (w), 1630 (m), 1618 (m), 1589 (m), 1533 (w),
1477 (m), 1423 (s), 1327 (m), 1294 (m), 1236 (w), 1211 (m), 1181 (m), 1138 (m), 1059 (w), 1022
(w), 943 (w), 841 (w), 789 (w), 716 (m), 594 (m), 527 (m), 486 (M), 4R&ifsan (nea), laser =
632.81 nm cni'=1588 (w), 1529 (s), 1467 (m), 1374 (w), 1325 (w), 1289 (m), 1237 (w), 1182 (w),
1079 (w), 1024 (w), 1000 (w), 946 (w), 841 (w), 788 (w), 705 (w), 600 (w), 393 (w), 338 (w), 260
(w), 174 (m)UV-Vis absorptions:<,,kK Y'Y 0 5 a { h 0*molvm™ 28 308),RB50 (sh), 480 (6
700) and 530 (sh).
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CuPDONH,-Me

IR (neat) cmi*=32292 (w), 3146 (w), 1626 (W), 1541 (m), 1518 (w), 1479 (m), 1445 (m), 1391 (m),
1335 (w), 1217 (m), 1190 (m), 1152 (m), 1107 (w), 1061 B&)(W), 779 (W), 727 (w), 592 (m).

Raman (neat)laser = 532.00 nocni'=2127 (w), 2075 (w), 1537 (m), 1515 (m), 1480 (w), 1335

(m), 1249 (m), 1025 (w), 794 (w), 604 (EBlemental analysisFound:C 29.7 H, 4.3 N, 26.Q Calc.

for CuGHwuNeS: G, 29.8; H, 4.4 N, 26.1%.UV-Vis absorptions:<;uK YY 6 5a{ hFma mH o6 ¥
tem™ 11 300), 350 (sh), 480 (4 100) and 530 (shass spectrometry (ESIn/z (Calc.) 322.0135
(322.0096) {M + Hi.

CuPDONH,-(Me),

IR (neat) cni'=3360 (w), 3285 (W), 3129 (w), 3129 (w), 2931 (w), 1632 (m), 1585 (W) (I3

1493 (m), 1456 (s), 1389 (s), 1321 (m), 1300 (s), 1258 (s), 1240 (s), 1213 (s), 1169 (s), 1115 (s),
1061 (m), 957 (m), 910 (m), 847 (w), 795 (m), 706 (M), 631 (M), 598 (M), 536 (s), 517 (S), 496 (S),
428 (s)Raman (neat)laser = 532.00 norcmi’= 1590 (w), 1536 (w), 1497 (w), 1320 (w), 1302 (w),
1247 (w), 633 (w), 598 (Wylelting point: >220°C (decomposedElemental analysistound:C,

32.4;H, 4.8;N, 24.9. Calc. for GHeNeS: C 32.2;H, 4.8;N, 25.0%UV-Vis absorptions:

<K Y'Y 65 a{ h 0’molvem™ 28 40®),B30 (sh), 484 (8 800) and 530 (sla)ss

spectrometry (ESIm/z (Calc.) 336.0247 (336.00252) {M %.H

CuPDONH,-Et

IR (neat) crmi'=3347 (w), 3157 (w), 2963 (W), 1628 (w), 1587 (w), 1537 (m), 1506 (m)(rh}76

1445 (m), 1416 (s), 1366 (m), 1335 (m), 1310 (m), 1221 (s), 1184 (m), 1142 (m), 1061 (m), 955 (w)
787 (m), 689 (m), 597 (m), 419 ®aman (neat)laser = 632.81 noemi'= 3329 (w), 1584 (w),

1533 (s), 1504 (m), 1479 (s), 1371 (m), 1352 (m), @BR01248 (m), 1230 (m), 1172 (m), 1030

(w), 999 (w), 957 (w), 787 (w), 602 (m), 338 (m), 317 (w), 261 (w), 221 (w), 1BTe(tig point:

>210°C (decomposedflemental analysisFound:C, 32.3;H, 4.8;N, 24.85. Calc. for

CuGHeNsS: G 32.2;H, 4.8 N, 25.0%UV-Vis absorptions:<mak YY 6 5a{ h 0°moimn 0¥ K
cm® 25 500), 350 (sh), 480 (8 200) and 530 (stass spectrometry (ESIn/z (Calc.) 336.0287
(336.0252) {M + H.

CuPDGMe-NH,

IR (neat) crmi'=3281 (w), 3119 (w), 1643 (W), 1622 (w), 1%#), 1504 (m), 1441 (s), 1350 (m),
1281 (m), 1240 (m), 1215 (s), 1186 (s), 1150 (m), 1101 (m), 1076 (m), 1028 (m), 943 (m), 800 (M),
719 (m), 638 (m), 615 (m) 471 ®pman (neat)laser = 632.81 nocri'= 1582 (w), 1532 (m),
1497 (s), 1433 (w), 1380 (w1321 (w), 1281 (m), 1238 (m), 1190 (w), 1031 (w), 987 (w), 943 (w),
848 (w), 801 (w), 702 (w), 610 (w), 395 (w), 351 (w), 320 (w), 13&lemental analysisFound:
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C 29.8 H, 4.5 N, 26.0 Calc. for CGigH1aNeS: C 29.85 H, 4.4 N, 26.26.UV-Vis dsorptions:
<K Y'Y 65 a{ h 0’molhvem’ 16 608),RY0 (sh), 478 (5 200) and 520 (stass
spectrometry (ESIm/z (Calc.) 322.0092 (322.0096) {M %.H

CuPDQOEtEt

IR (neat) cmi'=3323 (M), 2972 (w), 2928 (W), 2876 (w), 1543 (w), 1506 (m), (MB1L435 (s),

1381 (m), 1342 (m), 1265 (M), 1234 (m), 1211 (s), 1142 (m), 1096 (m), 1055 (m), 1034 (m), 959
(m), 843 (w), 802 (w), 596 (w), 550 (m), 515 (m), 471 (m), 41R@man (neat), laser 532.00

nm: cm’=2149 (w), 2091 (w), 1542 (s), 1484 ()62 (m), 1376 (w), 1333 (m), 1234 (m), 1034

(w), 1002 (w), 959 (w), 605 (vBlemental analysisFound:C 36.2 H, 5.4 N, 23.Q Calc. for

CuCiHhoNsS: G 36.3 H, 5.5 N, 23.2 UV-Vis absorptions:<pak YY 6 5a{ h0°momc 0¥
cm® 21 600), 360 (sh), 480 (7 200) and 530 (stass spectrometry (ESIn/z (Calc.) 364.0560
(364.0565) {M + .

CuPDGEtNH,

IR (neat) cmi'=3374 (w), 3339 (m), 3152 (w), 2972 (w), 1630 (m), 1593 (w), 1539 (w)(rh%08

1479 (m), 1437 (s), 1381 (m), 1329 (m), 1304 (m), 1261 (w), 1236 (m), 1211 (s), 1173 (m), 1142
(m), 1103 (m), 1032 (m), 951 (m), 841 (w), 820 (w), 802 (w), 731 (m), 600 (m), 540 (m), 505 (s),
484 (s), 415 (sRaman (neat)laser = 632.81 nocmi'= 1591 (w), 1533 (s), 1482 (m), 1460 (m),

1374 (w), 1355 (W), 1324 (m), 1299 (m), 1228 (m), 1171 (w), 1033 (m), 951 (W), 840 (w), 778 (W),
602 (w), 336 (w), 265 (w), 165 JrElemental analysisFound:C, 32.3;H, 4.8;N, 24.9. Calc. for
CuGH:eNeS: G 32.2 H, 4.8:N, 25.0%UV-Vis absorptions:<mek YY 6 5a{ h 0°molvn 0¥ K
cm™* 22 100), 350 (sh), 480 (7 100) and 530 (slass spectrometry (ESIn/z (Calc.) 336.0297
(336.0252) {M + Hi.

Unexpected results

CuPADAEtEt

IR (neat) cmi'=3271 (W), 2967v), 2872 (w), 1499 (m), 1422 (m), 1375 (m), 1337 (s), 1229 (s),
1157 (3, 1086 (s), 800 (m), 521 (Raman (neat)laser = 532.00 nocri'= 1483 (s), 1235 (m).
UV-Vis absorptions:<,,/nm (DMSO) 306, 450.

CuPDOMe-Me

IR (neat) cmi*=3321 (w), 3265 (W)1530 (m), 1479 (m), 1454 (m), 1402 (m), 1383 (m), 1217 (m),
1157 (), 655 (M), 577 (s), 484 (Raman (neat)laser = 632.81 noecmi*= 1543 (m), 1586 (m),
1477 (s), 1372 (w), 1344 (m), 1245 (s), 1025 (w), 988 (w), 954 (w), 842 (w), 808 (w), 762 (w), 593
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(m), 527 (w), 440 (w), 359 (w), 332 (W)\-Vis absorptions:<,,/nm (DMSQO) 312, 360 (sh), 480
and 530 (sh).

3.2.4. Spectral examples of copper bis(thiosemicarbazone) complexes
CuPADAMe-Ph

FHgure 3.24.1., figure 3.2.4.2. and figure 3.2.4.3. show an example of a FTIR spectrum, a Raman
spectrum and a mass spectrurfithe complex CePADAMe-Ph.
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CuPDOECtEt
Fgure 3.24.4, figure 3.2.4.5andfigure 3.2.4.6 how an example of a FTIR spectrunRaman

spectrumand a mass spectruwf the complex CIPDOEtELt.
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Figure 3.2.4.4A FTIR spectrum of DO-Et-Et. This complex was synthesideglreacting PO-EtEtwith
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Redudion potentials

Table 3.2.4.7. illustrates the Cu(ll/l) reduction potelstiaf selected copper complexes.

CuGLY¥YMe-Me* -0.24 -0.96
CuGLYEtEt -0.37 -1.06
CuPADAMe-(Me), -0.39 -1.01
CuPADAPHhPHh -0.29 -0.88
CuPADAEt+Me -0.37 -1.08
CuPADAMe-Ph -0.24 -0.93
CuPADAPhMe -0.33 -1.04
CuPADAEt-Ph -0.31 -1.06
CuBDOMe-Me -0.51 -1.12
CuBDOEtEt -0.37 -1.13
CuBDOMe-NH, -0.19 -1.12
CuBDOMe-O-PH -0.46 -1.24
CuBDOMe-(Me),* -0.41 -1.05
CuBDONH,-(Me), -0.50 -1.13
CuBDOMe-Et-(Me),* -0.49 -1.11
CuBDOMe-But-NH* -0.62 -1.30
CuBDONH,-NH, -0.37 -1.11
CuPDOMe-Me -0.60 -1.14
CuPDOEtEt -0.47 -1.13
CuPDONH,-Me -0.36 -1.13
CuPDO-EtNH, -0.51 -1.14
CuPDONH,-NH, -0.49 -1.16
CuPDONH,-Et -0.48 -1.11
CuPDOMe-NH, -0.42 -1.13
CuPDONH,-(Me), -0.44 -1.10
CuDTS -0.58 -1.12
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Table 3.2.47. Copper(ll/1) reduction potentials focopper bis(thiosemicaazone) complexes, obtad by

Julia Bagufia Torrdeom the Division of Imaging Sciences & Biomedical Engineering at King's College
London.The potentials werebtained usingyclic voltammetry using a glassy carbon electrode as the
working electrode, a silver wire electrode as thference one and a platinum wire electrode as the auxiliary
electrode The complexes marked with (*) where synthesised by JuHBTCuU@-Et, Q=Et, R=H, R=H,

R=H, RB=H.CuBDOMe-Et(Me),: @=Me, Q=Me, R=Me, R=H, R=H, R=GH,;-N(Me). CuBDOMe-But-

NH: Q=Me, Q=Me, R=Me, B=H, B=H, B= GHg-NH,. CuBDOMe-O-Ph Q;=Me, Q=Me, R=Me, R=H, the
R:&R, positions are taken up with a single phenyl ring directly bound to the terminal caClo@DOMe-O-

Phalso hasan oxygerinstead of a sulphur ata on the IR, side.

3.2.5. Discussion
Except for a few unexpected results, all the reactions produced a brown solid with relatively good

yields, normally between 460%. The method was relatively straight forward and conveniently
formed a brown precipitie that could be easily filtered off. Out of the twenty copper complexes
made nine were symmntgc and eleven werelissymmetric Qut of thesetwenty, twelve

complexesare believed to be novel. The symmetric ligands were firstly made in order to test if the

method of synthesis was suitable for all the rangeafiplexes with their solubilities

Unfortunately due to the paramagnetic properties of copper, the resulting copper complexes
yielded NMR spectra of very poor quality that contained very broad &akn which little useful
information could be extracted This meant that it was not possible to rely on NMR for confirming
if the complexes have been synthesisadelting point data was taken on only a selection of
complexes, the selected complexes wehosen in order to incorporate complexes with a diverse
range structural of substituents. It was found that it was very hard, due to the dark brown colour
of the samples, to identify the precise stage of decompwsitit was noticed upon heatirtpat

thS &l YL SQa 02t Beddehtinglz\chhiinuedl thé 0lid Salple vwould melt to form
a dark black liquid. As this transition was the easiest to observe this was the point which was
reported as the decomposition temperatl For the six samplesdhwereanalysed this
decomposition was observed between 2266°C. L. Ackermaet al®® have reported successfully
obtaining melting points of nickel and copper derivatives of the PADA backbgriel¢QQ=H)
however none these complex were synthesised during this project. The most similar copper

complexed..Ackerman obtained had melting points between 204¥C.

Obtaining infrared spectra of all the copper complexes was extremely straight forward when using
the Golden Gate Diamond ATR attachment. This meant that highly quality spectra could be taken
of all the complexes relatively quickly and easily. L.J. Ackeetralf?. and D. Weset al.”® both
published some infrared data on copper bis(thiosemicarbazones) . From these two articles the
only copper complex that was also made during this project waB@BMe-Me of which the IR

data was in close agreement. Peak assignments givéheiliterature® 8% 2°7- 2%yere used to look
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for similar peak locations in the previously unreported complexes. All complexes had pdaks in t
region of 345@250cm*, 15501420cm*, 846700cm™ and 500415 cmi' corresponding to R-

H, GN, GS and CiN bonds respectively. The Gubond appears around 3@15cm™ which is
outside the range recorded when collecting the infrared spectrdal® for CuGLYPhPh was

also located within the literaturé?which also agreed with the data obtained in this project.

Collecting suitable Raman spectra of the complexes was a little more challengingfdtnes

that the complexes are relatively sensitive to laser light often resulting in the burning of the
sample. This was observed when using thelasér (632.81 nm) with a filter thdlocked less

than 50% of the laser light or 10% of the light when usiiregblue laser (472.98 nm). Unlike with
the characterisation of theis(thiosemicarbazondjgands, with the related copper complexes it
seems that there is no one laser that can be used for all. Even with complexes with minor
structural differences it &s observed that some may fluoresce while the others would not
fluoresce when exposed to the same colour laser. It does not seem possible to predict the best
colour laser to use by just looking at the structure of the complex in order to give a respectable
spectrum, free of fluoresce. It was found that when analysing the copper comptarasd

(632.81 nm) laser was a good starting point and when the red laser did not give an acceptable
spectrum it was best to turn to the green (532.00 nm) laser. Thdtiegspectra obtained were

of mixed quality, some spectra had very strong, sharp peaks with a relatively flat base line while
other spectra contained very weak peaks, some of which were very broad and with an often

messy or rising baseline.

Due to the &rge number of copper complexes that were synthesised CHN analysis was only ran on
complexes that were believed to be novel. The first round of CHN analysis, disappointingly only
three out of the nine samples sent came back with acceptable percentageexfiected this

could be due to either impurities being brought out of solution upon precipitation or solvent
molecules/ acetate molecules being incorporated in to the complex, thus giving rise to the diverse
results.A study by M. Shelelt al***looked into relatively similar complexes where it was found

that the anion of the copper salt they used to make the copper complexes alsatmted to

the copper alongside the main complex. Particularly it was reportecdegate ion behaving in

this way by ceprdinating to copper that was already bound to adantate ligand and anono-

dentate water molecule.

Bvidence in the NMR spectra of the zimis(thiosemicarbazone) complexashich are reported
later in thisChapter, has alsshown a presence afhat is thought to beacetatemolecule acting
as a ligandit was not possible to utilise NMR in order to elucidate the cause oflittergence in
the CHN analysisgitherwasit possible to uséR and Ramato determinethe cause of the
discrepancy.
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The copper complexesese purified using a DMSOJ@ recrystallisation method. Other solvents
were tested (ethanol, methanol, dichloromethane, acetonitrile) but it was found that the copper
complexes were poorly soluble in the solvents and consequently full dissolution was not
achieved. The copper complexes were dissolved in the minimum volume of DMSO and double the
volume of water was pipetted down the side of the test tube in order to form a layer of water on
top of the DM®. The solution was then allowed to diffuse over the course of a week. The

product was then recovered by filtration and washed with water and diethyl ether. The solid
allowed to dry overnight in air. It was discovered that if the water was not allowedftesd with

the DMSO layer slowly over a couple of days then the resulting precipitate would be very fine and
thus very hard to recover via filtratiomheslow recrystallisation method used the purification

step was relatively inefficient, with yields tigally between 2eB0%. Despite théow yields the
purifications werehighly successful with six out of the eight recrystallised product giving

acceptable CHN results.

Mass spectra of atlissymmetriccopper complexes were obtained. All the copper comptexe

tested were detected as M+'ldnd the theoretical m/z values where in close agreement with the
experimental results. The theoretical m/z values where calculated by CheACEie isotope
patterns of the spectra dhinedall matctedthe predicted pattern produced by ChemCalc.

Figures 3.2.4.3and 3.2.4.6illustrate examples of the mass spectrum@iPADAMe-Ph and Cu
PDQEtEtrespectively. In the top right hand corner of both the spectra is the ChemCalc predicted
spectra.An additional peak was observadthe majority of the spectravhich was not present in

the predicted spectra, this extra peak has an m/z value of rougbBly8 lowerthan the main m/z

peak. This peak is expected to attribute to théibh without the additional proton.

UV-visible absorption spectraere obtained from DMSO solutions of each of the synthesised
copperbis(thiosemicarbazone&omplexes. It was decided to record the spectra from-888nm

in order to stay outside the absorption rangeDMSO. The UMs absorption spectra obtained
had strong similarity between them. Every spectrum showed two absorptions, the first maxim
wasbetween 498450nm with an extinction coefficient of around®,000dm® mol* cm?, a
shoulder around 53@m was always present. The second was between®0®Bnm with an
extinction coefficient of around 223,000dm® mol™ cm, a shoulder around 350m was always
present. With complexes containing a phenyl group the shoulder arounai®5@ould often
increasem absorbance so that it resembled an extra peak with an extinction coefficient ranging
from 13-15,000dm® mol* cm™.

There is a little UWisible data in the literaturé '3 whoseqmaands @+ £ dzSa | NB g A

|80

agreement. Astudy on nickebis(thiosemicarbazoneomplexes by Ackermaat al.”” suggests

that for all the d copperbis(thiosemicarbazonejomplexes analysed the absorptibetween
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498-450nm is due to a dl transitiorf’ and the absorption between 36818nmisdue tometal

to-ligand transfer’

Thereweretwo unexpected resuff these wereCuPDOMe-Me and CePDQEtEt. Despite the

same method being followed as the rest of the copper complexes, there is doubt that the
expected complexes had been obtained. Concerns where first experienced when the products
was obtained were both dark brownfdck in colour and that they were formed in unusually low
yields.Thisk LILISI N yOS g+ a | ftaz2 y20A0SR ¢KSy dzaAy3
In the case of GRADAEtEt the Infrared spectrum had very poorly defined peaks and the Raman
spectrumhas a very broad peak at 1489 ¢mvith no other distinguishable peaks against a rolling
base line. With G&#DOMe-Me the infrared spectrunalso had only a few peaks, with low

intensity when compared to the baseline. Surprisingly the Ramartrspedooksrelatively
sensiblewhen compared to the spectra of the other copper complexes. It is suspected that both
these samples decomposed somehow during the reaction yielding these black samples. If these
samples mostly contained degraded products which do hsb& much infrared radiation, this
would explain the poor infraredpectra A reason why CEDGMe-Me still gave a Raman

spectrum could be that if the laser was fortuitously focused on an area of sample were the some
of the nondegraded product was, du€t wl Yl yQ&a FoAfAGe G2 GF1S &L
the sample the rest of the degraded sample may not of had much imfluen the resulting

spectrum.

The reduction potentiatlatafor the copper bis(thiosemicarbazone) ligar{dable 3.2.4.7.)

indicates that out of all the complexes tested, the complexes with Me/Et on the backbone (except
CuPDONH-Et) all have Cu (ll/tgduction potentials lower than GBDOMe-Me (-1.12V,

referenced to ferrocene) CuUBDONHZ2(Me), also has a lower reduction patéal than CeBDO

Me-Me with-1.13V. CeBDOMe-O-Ph(Q,=Me, Q=Me, R=Me, R=H, the B&R, positions are

taken up with a single phenyl ring directly bound to the terminal car@rBDOMe-O-Ph also

has an oxygen instead of a sulphur atom on th&Rside)and CuBDOMe-But-NH, (Q;=Me,

Q=Me, R=Me, R=H, B=H, B= GHs-NH,) have a significantly lower reduction potential than-Cu
BDOMe-Me, with a reduction potential ofl.24V and1.30V, respectively. J. Dearling ef’al.

reports that CaBDOMe-Me (CuATSM) with a Cu(ll/l) reduction potential-0f59V (referenced

to Ag/AgCl) had the greatest hypoxia selectively at 60 minutes post injection out of the range of
symmetric copper complexes tested. The paper by Jilibgaet al!’ shows a strong relationship
between the reduction potential of a copper complex and its hypoxia selectivity. Different
electrodes and references where used in this project, making direct compasfdbe reduction
potentials impossible. However, it is possible to suggest that based on their reduction potentials

copper complexes with Me/Et on the backbone as welLaBDONH,-(Me),, CuBDOMe-O-Ph
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and CuBDOMe-But-NH, would be good candidates féurther screening in order to establish

their hypoxia selectivity. PADA related dissymmetric complexes containing Ph substituents on the
terminal amines may also be of interest for hypoxia selectivity testing because J. Déarling
reported that despite G&#ADAPh-Ph having a high reduction potential it still had a little hypoxia
selectivity. This may mean that even though PADA based copper complexes containing phenyl

substituents may have relatively high redactipotentials they still may be hypoxia selective.

In the same paper CGLYMe-Me (CUGTSM) is reported to be ndrypoxia selective. If this idea

is transferred to this data set, with GIMé-Me having a reduction potential 60.96V thenCu
PADAMe-Ph and CuPADAPKPh with reduction potentials 60.93 and-0.88 respectively, may

be good candidates for evaluating their accumulation and retention with in the brain. It is worth
noting that for all the complexes tested with Me/H on their backbone theylbar reduction
potentials than those with either Me/Me or Me/Et on their backbone. This suggests that even
though complexes with Me/H on their backbone may have a higher reduction potential than GLY
Me-Me, if their other pharmacokinetics are favourablach as lipophilicity, they may still be

candidates for evaluation as brain imaging agents.

Unfortunately at the time of writing LogP data was not available for the above complexes, so in
order for the suggested complexes to remaining strong candidatdsifibrer testing their logP

values will have to be favourable for their respective ude8earling reports a graph which can

be found in the introduction of this thesis (Figure 1.6.2.1.6.). From this gregsk seems to be a
slight trend. For complexes with the same backbone, the ones with more lipophilic substituents
on the terminal amines have slightly higher hypoxia selectivity. With this trend in mind it would be
sensible to suggest that, in regards tygplxia selectivity, PDO based copper complexes with more
lipophilic substituents such as dimethyl and ethyl may have higher hypoxia selectivity than PDO

complexes with NHand methyl on the terminal amines.
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3.3. Zinc bis(thiosemicarbazone) com plexes

3.3.1. Reaction overview
The complex formation process for zinc complexes is the same as for the copper complexes. The

pro-ligand is deprotonated to uncover the ligand which whereacted with a zinc (II) safgrmsa
complex bychelatingbetweenthe two sulphur atoms and the lone paifrom both the imine

nitrogen atomsn order to yield a squarplanar, tetraentate complexKigure 3.3.1.1).

Q Q, Q Q

9y > < 9y Zn (I
R \N—N/ \N—N/ R = R N——N / \ N—N R:
\, Va \ NN |
J/ 4\< 7\ J N~

Figure 3.3.1.1The general reaction for the synthesis of tirs{thiosemicarbazone) complexes.

3.3.2. Synthesis of zinc bis(thiosemicarbazone) complexes
Method selection:

A fewstudies have previously looked at synthesising zinc bis(thiosemicarbazone) complexes
which resulted in amallnumber of articles in thetkrature that could be used as a starting point

when devising methods for forming zinc bis(thiosemicarbazone) compilexefigram to gram

|.57 |.75

quantities Two aticles were identifiecby J. Hollancet al”" and S. Kadowakiet al.”” whichreport

a method that involves the chosdms(thiosemicarbazondigand being refluxed in methanealith

zinc acetateAn alternative studyy L. Ackermaet al®°

was found, the study itself doewmt

cover the synthesis of zinc bis(thiosemicarbazone) complexes but it does cover the synthesis of
the related copper and nickel complexds. Ackerman reports a similar reflux reaction but the
solvent of chice was ethanol. A number of articles report methods that are also comparable to
the ones used by Holland and LAckerman with the main difference being that the authors ran

the reaction under a Natmosphere’® 8 8

Asall the methods are very similar in that a chod®s(thiosemicarbazondigand is refluxed in
either ethanol or methanol in the presence of a zinc salt it was chosen that the methods by J.
Hollandand L. Ackerman would be tried out, alongsille tnethod used in the formation of the
copper compleas in order to see if it could be adapteBue to limitationdn the lab facilities

available it was decided not to pursue conducting the reactions uadératmosphere.
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Copper derivednethod:

BDGMe-Me (0.312 g, 0.01thol) wasadded to a NaOH solutigqdM, 25mL, 50°C),the minimum
amount of DMF was added in order to achieve full dissoluttarhydrous zinc (I) acetate (0.257

g, 0.014mol) wasdislved in deionised water{10 mL). The solutions were combined and left to

stir over night (whilst cooling down to room temperature). Water was added to try to form a
precipitate. The volume of the solvent was reduced via rotary evaporation by roughlyi 10 &

and returned to the fridge overnight. When no precipitate was formed the reaction solution was
allowed to evaporate in air over the weekend. The crystalline solid was recovered by filtration and
washed with methanol (3 x 20L) anda little diethyl ether. The solid was dried in aiA white

crystallinesolid 0.366g) was recovered.
[ & ' O1SNXEYyQa YSGK2R

BDOMe-Me (0.312 g, 0.001&hol) wasadded to ethano(30 mL), anhydrouszinc (I) acetate
(0.257 g, 0.001#ol) wasadded to the suspension. Thespension was then brought under
reflux (2 hours). Thprecipitatewas recovered via filtration, washed with ethanol (1 X730 and
diethyl ether (5 x 3@nL). The solid was dried in aiA yellowsolid 0.282g) was recovered (P38
yield).

Wao | 2 fndthodf R Q &

BDOMe-Me (0.312 g, 0.001&hol) wasadded to methano{30 mL). Anhydrous zinc (1) acetate
(0.257 g, 0.001#0l) wasadded to the suspension. The suspension was then brought under
reflux (4 hours). Thprecipitatewas recovered via filtration, wasHevith methanol (2 x 2énl)
anddiethyl ether (3 x 20nL). The solid was dried in aiA yellowsolid 0.199¢g) was recovered
(51% yield).

Discussion

The copper derived method was not successful because when a precipitate was finally produced,
the white crystalline solid did not give a NMR spectrum. It is thought that the solid produced is
likely to contain mostly sodium hydroxide. Both the L. Ackerman and J. Holland methods
produced the desired products in acceptable yields and NMR confirmed that ddegis where
present in high purity. The L. Ackerman product contained no sight of unreacted ligand but the J.
Holland product had a small presence of unreacted BI¥Me which was estimated to be less

than 1 %.
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As the L. Ackerman method produced a sligptirer product with a higher yield than the J.
Hollandmethod, it was decided that the L. Ackerman method was the method that would be used

in the synthesis of the remaining zinc complexes.

General methods:

Depending on the amount of the ligamkat wasavailable the general methods used wagher:
General method A

The chosen bis(thiosemicarbazone) ligand ( X g, 0.8@0bwasadded to ethano(15mL).
Anhydrous zinc (1) acetate (0.128 g, 0.066) wasadded to the suspension. The suspensio
was then broughto reflux (2 hours). Thprecipitatewas recovered via filtration, washed with

ethanol (1 x 15nL) anddiethyl ether (5 x 1¥nL). The solid was dried in air
General method B:

The chosen bis(thiosemicarbazone) ligand ( X g, 0.8@04wvasadded to ethano(10 mL).
Anhydrous zinc (Il) acetate (0.092 g, 0.06@8) wasadded to the suspension. The suspension
was then broughto reflux (2 hours). Thprecipitatewas recovered via filtration, washed with

ethanol (1 x 10nL) anddiethyl ether (5 x 10mL). The solid was dried in air
General method C:

The chosen bis(thiosemicarbazone) ligand ( X g, 0.8@0Bwasadded to ethano(7.5mL).
Anhydrous zinc (Il) acetate (0.073 g, 0.066) wasadded to the suspension. The suspension
was then broughtto reflux (2 hours). Thprecipitatewas recovered via filtration, washed with
ethanol (1 x 7.5nL) anddiethyl ether (5 x 7.5nL). The solid was dried in air

Themethod used for each copfex is summarised in table 3231, along with the reetion yield

and appearance of the product.

Complex General| Yield | Appearance | Believedto| Comments
method of product be novel
used

ZnGLYEtEt A 62% | Orange solid| No"® %

ZnGLYPhPh A 85% | Orange solid| No’ **
ZnPADAMe-Me A 48% | Yellow solid No™
ZnPADAMe-Ph B 21% | Orange solid Yes
ZnPADAEt(Me), A 42% | Orange solid Yes
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ZnPADAEtPh A 26% | Orange solid Yes
ZnPADAPKPHh B 49% | Orange solid Yes
ZnPADAPhNH, C 33% Yellowish Yes Expected
Orange solid acetate ligand
Yield (28%)
ZnPADAPhMe B 48% | Orange solid Yes
Zn-BDONH-NH, A 69% | Yellow solid | No**?*
ZnBDONH,-(Me), B 64% | Yellow solid Yes Expected
acetate ligand
Yield (54%)
ZnBDGOMe-Me L. 73% | Yellow solid | No™ "%
Ackerma
Yy Qa
method
ZnBDOMe-NH, B 55% | Yellow solid No*
ZnPDONH-NH; A 53% | Yellow solid Yes Expected
ethanol ligands
Yield @0%)
ZnPDONH,-Me B 51% | Yellow solid Yes
ZnPDONH-(Me), A 9% | Yelbw solid Yes
Zn-PDONH,-Et A 33% | Yellow solid Yes
ZnPDOMe-NH, A 34% | Yellow solid Yes
Zn-PDOEtEt A 38% | Yellow solid Yes
ZnPDOEtNH, A 33% | Yellow solid Yes A small
quantity of

acetate ligand

expected

Table 3.3.2.1summarisesvhich general mihod was used for the synthesis of each complex.
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3.2.3. Characterisation data for zinc bis(thiosemicarbazone) complexes
Zinchis(thiosemicarbazone) complexes with H/H on the backbone

ZnGLYEtEt

'HNMR(DMSGdez nnan  al T 01, @NHJ, 7.90¢ /1 id, GHy, 7.50 (s, 2 H, N=ig), 3.49

(m, 4 HHGNH), 1.01 (m, 6 H,,.B80H:). °C fH} NMR(DMSQds> mnn  al 1(6GY), 135183 MT T
(C=N),38.24 (NCH,), 37.36 (NCH,), 15.25 (HGCOHy), 14.89 (HG-QHy). IR (neat) cri'= 3296 (w),

3246 (w), 3036 (Jy 2980 (w), 2922 (w), 1541 (m), 1495 (m), 1468 (m), 1443 (m), 1420 (m), 1389
(m), 1375 (m), 1342 (m), 1244 (s), 1163 (s), 1080 (s), 1045 (s), 930 (m), 916 (m), 826 (m), 766 (m),
704 (m), 644 (m), 629 (m), 561 (m), 488 [RYmMan (neat)laser = 784.15 noem'=1573 (s),

1520 (w), 1502 (w), 1469 (w), 1452 (w), 1425 (w), 1393 (w), 1174 (s), 1167 (s), 929 (W), 919 (w),
719 (w), 464 (w), 413 (w), 332 (W), 291 (w), 274 (w), 2368W)/is absorptions:<m,/NMm

65a{ ho0o o’mygl"corsox@)and 440 (sh), 4583 700Q.

ZnGLYPhPh

'HNMRDMSGdez nnn al 1l 0Y +NH), 47,2 HaNaEg, 7.7 (d, £H 46 Kryl,

J=7.6 Hz), 7.21 (t, 4 Hgy aryl, J= 7.6 Hz), 6.92 (t, 2H, aryl, J= 7.6 H2))C {H} NMR(DMSQ

d= Mnn al | ¢C8), 141.09¢anyl)Ple8146(C=N), 128.93Cs s aryl), 122.70 G4 aryl),

121.24 Goe aryl). IR (neat) cmi*=3370 (w), 1595 (w), 1541 (m), 1495 (m), 1449 (m), 1400 (s),

1325 (s), 198 (m), 1252 (s), 1177 (m), 1088 (m), 1067 (m), 1028 (w), 918 (m), 893 (w), 868 (W),
841 (w), 808 (m), 746 (s), 685 (s), 611 (M), 586 (m), 557 (m), 501 (s), 4R8rta) (neat)laser

= 784.15 nmcm’= 1568 (m), 1541 (m), 1473 (m), 1461 (m), 1430 (8651w), 1319 (w), 1257

(w), 1175 (w), 1146 (s), 1121 (w), 997 (w), 921 (w), 837 (w), 691 (w), 523 (w), 412 (w), 359 (W),
268 (w).Melting point: >270°C (decomposedlJ\V-Vis absorptions:i<,k YY 05a{ ho0® ony
mol* cm® 13 400) and 472 (23 200).

Zinchis(thiosemicarbazone) complexes with Mid on the backbone

ZnPADAMe-Me

'HNMR(DMSGdez  n n i &.54(sp1H, N=#), 7.41 (s 1 H, HGNH), 7.22 (51 H, HGNH),

2.78 6 H, HNOHy), 2.06(s, 3 H, N=CH;,). °C {H} NMR(DMSGdsz M nn  29.70(BINCHy), T
16.32(N=GCH,). IR (neat) cri'=3374 (m), 3204 (w), 2924 (m), 1585 (w), 1514 (s), 1433 (m), 1402
(s), 1342 (s), 1271 (s), 1233 (s), 1184 (s), 1136 (M), 1115 (m), 1053 (s)), ¥ (M), 853 (M),

795 (m), 723 (m), 669 (s), 598 (M), 581 (M), 546 (m), 523 (s), 453 (s), 4Rartrah (neat)laser

= 784.15 nmcmi’=1608 (w), 1574 (w), 1526 (m), 1495 (s), 1486 (s), 1376 (w), 1271 (m), 1242 (m),
1199 (m), 986 (w), 921 (m), 86&), 722 (w), 662 (w), 601 (w), 580 (m), 867 (w), 452 (w), 431 (w),
380 (w), 339 (w), 275 (Welemental analysisFound:C 27.3 H, 3.85 N, 26.9 Calc. for
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ZnGHNS: G 27.15H, 3.9 N, 27.24 UV-Vis absorptions:<mok YY 06 5a{ ho*molhc 06
cm® 13 800) and 444 (13 000).

ZnPADAMe-Ph

'HNMR(DMSGdsx N nn &.48(sP1YH, PINF), 7.76(s, 1 H, N38),7.72 (m 2 HHzs

aryl),7.43 (s 1 H, CEINH), 7.43 (t 2 HH35 aryl, J=7.2Hz),6.89 ¢, 1 HHg aryl, J= 7.2z), 2.81

(s, 3 H, NOHy), 2.10(s, 3 H, N=CH,). °C {H} NMR(DMSGdsx M n n  441BACYN),141.35
(Guaryl), 128.8§Gss)aryl), 122.31Cyaryl), 120.88Cgaryl), 29.6qN-CHs), 16.26(N=CCH). IR
(neat): cni*=3451 (w), 3267 (w), 3130 (w), 3071 (w), 1597 (w), 1545 (m), 1493 (m), 1477 (m),
1450 (m), 1416 (s), 1398 (s), 1348 (M), 1319 (m), 1308 (M), 1263 (M), 1242 (m), 1221 (s), 1171 (s)
1130 (s), 1072 (m), 1030 (m), 997 (m), 959 (m), 922 (m), 895 (m), 885 (1t1)))8824 (M), 795

(m), 743 (s), 683 (s), 658 (M), 617 (s), 584 (s), 501 (s), 474 (M), 4R@rtma) (neat)laser =

632.81 nm cmi'=3273 (W)1619 (w), 1602 (W), 1549 (m), 1536 (s), 1477 (s), 1454 (m), 1516 (M),
1370 (w), 1347 (w), 1318 (w), 1310 (m), 1249, 1225 (m), 1187 (w), 1132 (m), 1034 (w), 996
(w), 923 (m), 831 (w), 656 (w), 618 (w), 591 (w), 583 (w), 472 (w), 457 (w), 3&Eefwental
analysis:Found:C 38.8;H, 3.9;N, 22.6. Calc. for Z6,,H;4/NsS: C 39.0;H, 3.8;N, 22.7%UV-Vis
absorptions: <nak Y'Y 0 5 a { h 0°molfcm™ 18 20®) Bnd 450 (15 80M)ass

spectrometry (ESI)m/z (Calc.) 371.0093 (371.0091) {M %.H

ZnPADAEt(Me),

'HNMR(DMSGde= n nn  &53(sp1H, N=Id), 7.28 (s 1 H HGNH,), 3.15( s, 6 H, HN

(QHy),), 2.05(s, 3 H, N=@Hs), 1.06(t , 3 H, HG-CH,, J= 7.2 HZ}*C {H} NMR(DMSGds, 100

al 1l 0Y 1 (CSF7BMCEN),37.46(N-CH,), 16.27(N=GCHs), 15.16(H,GCHy). IR (neat)
cm*=3304 (m), 2970 (w), 2928 (w), 2870 (w), 1514 (m), 1508 (m), 1437 (5)(D31339 (s),

1317 (s), 1263 (s), 1248 (s), 1217 (s), 1179 (s), 1128 (s), 1053 (m), 934 (m), 907 (s), 891 (s), 818
(m), 723 (m), 650 (M), 621 (M), 613 (M), 586 (M), 559 (M), 540 (M), 457 (M), Ker(ah

(neat), laser = 632.81 noremi’=3304 (w), 161 (w), 1541 (s), 1499 (s), 1482 (s), 1450 (s), 1404

(w), 1378 (w), 1369 (w), 1321 (s), 1249 (w), 1219 (s), 1182 (w), 1133 (w), 1122 (w), 1002 (m), 931
(s), 892 (w), 725 (w), 651 (w), 586 (m), 493 (w), 456 (w), 418 (w), 332 (w), 2EEMmantal
analysis:Found:C 32.1 H, 4.7, N, 25.Q Calc. for ZiGH;eNeS: C 32.Q H, 4.8 N, 24.%%4 UV-Vis
absorptions: <nak Y'Y 0 5 a { h 0°moltcm™ 16 0®) Bnd 454 (13 70M)ass

spectrometry (ESI)m/z (Calc.) 337.0272 (337.0248) {M %.H

ZnPADAEtPh

'HNMRDMSGdex nnn al l 0Y +NH), 47®@,d HANEE7.70 (M, ZH L6 Kryl),
7.47 (s, LHIENH), 7.19 (t, 2 HHg3 5 aryl, J=7.2 Hz), 6.88 (dd, 1H, aryl, J=7.2 Hz 3.43.3
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(under water peak, 2 dxpected H,GNH), 2.08 (s, Bl, N=GH,), 1.07 (t, 3 H, ¥&-CHs;, J= 7.6 H2z).
BC{H}NMR(DMSGdsz M al [ 0CB8), 141.88@N)pldlc3EC,)aryl), 128.84Cs5

aryl), 122.28Ggyaryl), 120.85Q,aryl), 37.45 (NIH,), 16.22 (N=CH,), 15.08 (HGCHy). IR

(neat): cm*=3418 (w), 3267 (m), 3071 (W), 1595 (m), 1541 (m), 1481 (s), 1450 (s), 1416 (s), 1312
(s), 1242 (s), 1223 (s), 1165 (s), 1134 (s), 928 (m), 901 (m), 800 (m), 748 (s), 689 (s), 642 (S), 615 (
588 (s), 478 (sRaman (nea}, laser = 632.81 nocmi'= 3278 (w), 1601 (w), 1537 (s), 1482 (s),

1461 (s), 1415 (s), 1338 (w), 1314 (m), 1246 (m), 1222 (m), 1180 (w), 1138 (w), 1002 (w), 930 (m),
821 (w), 659 (w), 613v), 589 (w), 478 (w), 413 (WBlemental analysisFound:C 40.4;H, 4.1;N,

21.7. Calc. foEnG3HieNeS: G 40.5;H, 4.2;N, 21.8%UV-Vis absorptions:<,,,/nm (DMSO) 334

05 KR cm® 12 600) and 456 (17 90MYlass spectrometry (ESIn/z (Calc.) 385.0249

(385.0248) {M + H.

ZnPADAPRPhH

'HNMR(DMSGd:Z n nn 8.64(spl¥H, RINH), 9.50(s, 1 H, PINH), 7.83(s, 1 H, N=),

7.78 (M, H,Hggaryl), 7.72 (m, H,Hgzgaryl), 7.22 (1 4 HHg s aryl, J= 7.642),6.91 (m 2 H,Hy,
aryl),2.22(s, 3 H, N=CH,). °C {H} NMR(DMSGde= mnn al T {OB), 178.92@3) c dc n
147.32(C=N), 143.53C=N), 141.18Cy)aryl), 141.04Cyaryl), 128.93Cssaryl), 128.90Gs;,

aryl), 122.69Cgqaryl),122.19(Ggaryl),121.21(Czs)aryl),120.61(G. g)aryl), 16.94(N=CGCH,). IR

(neat). cmi*=3422 (m), 3414 (m), 302), 1597 (m), 1547 (w), 1516 (m), 1491 (m), 1472 (m),

1452 (m), 1410 (s), 1352 (m), 1308 (m), 1252 (m), 1233 (m), 1184 (m), 1138 (s), 1074 (m), 1028
(m), 932 (m), 908 (m), 893 (m), 845 (m), 822 (m), 745 (s), 685 (s), 652 (M), 611 (m), 586 (m), 540
(m), 88 (s), 422 (mRaman (neat)laser = 632.81 noncni'=3416 (w), 3051 (w), 1622 (w), 1602

(W), 1545 (s), 1526 (s), 1466 (s), 1430 (w), 1406 (w), 1351 (w), 1313 (w), 1237 (s), 1180 (w), 1140
(w), 996 (w), 934 (m), 845 (w),662 (w), 613 (w), 595 (w), 47,6368)(w) Elemental analysis:

Found:C 46.9 H, 3.7 N, 19.3 Calc. for Z4€H;eNeS: G 47.2 H, 3.7 N, 19.84 UV-Vis

absorptions: <nak Y'Y 0 5 a { h 0°molfcm™ 18 ¥0®) Bnd 462 (21 400)ass

spectrometry (ESI)m/z (Calc.) 433.0241 (433.0247) {M %.H

ZnPADAPhNH,

'"HNMR(DMSGds>  n n i &.B4(spl¥H, RINF), 7.77 (m 2 HHge aryl), 7.54(s, 1 H, N=9),

7.36 (s2H, GNH), 7.19 (t 2 HHgp aryl, J=7.2 Hz), 6.86 {t HHg) aryl, J=7.Hz), 2.17(s, 3 H,
N=GCH,). ®°C {H} NMR(DMSGd;z mnn al 1 {(OB), 177.93™S), 14F 94C=N), 141.71
(C=N), 135.66Cyaryl), 128.8§Css)aryl), 121.84Cuaryl), 120.33Coearyl), 17.0AN=GHy). IR

(neat): cm'=3402 (w), 3316 (w), 1612 (m), 1537 (m), 1514 (m), 1495 (m), 1456 (m), 1408 (s),
1327 (m), 1314 (m), 1256 (w), 1233 (w), 1192 (w), 1150 (m), 1026 (w), 928 (w), 901 (w), 851 (w),
814 (w), 754m), 691 (m), 615 (m), 552 (m), 503 (M), 465 Raman (neat)laser = 632.81 nm
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cm’= 2918 (w), 1635 (w), 1600 (w), 1551 (s), 1516 (m), 1474 (m), 1376 (w), 1334 (w), 1312 (w),
1229 (m), 1193 (w), 1155 (w), 999 (w), 930 (w), 850 (w), 741 (W), 6BARVIW), 617 (W), 599

(w), 539 (w), 493 (w), 360 (w), 324 (w), 302 Melting point: >250°C (decomposedW\-Vis
absorptions: <nak Y'Y 0 5 a { h 0°moltey® 9&G0kaRd¥A52 (12 900).

ZnPADAPhMe

'"HNMR(DMSGd:2 nnn al (spl¥H, RINF), 7di D@ @ HHyearyl), 7.63 (s, H, HGNH
andN=@H), 7.20 (1 2 HHgas, aryl, J=7.2Hz),6.87 (t 1 HHg aryl, J=7.Hz), 2.78 (s3 H, NCHs),

2.18(s, 3 H, N=CH,). °C {H} NMR(DMSGds= M1 1 441.71§Gy,aryl),1128.9qCs s aryl),
121.89(Gaaryl), 120.34Cy garyl), 17.02(N=GCH,). IR (neat) cmi*=3316 (w), 3265 (W), 3210 (w),

3125 (w), 3051 (w), 3005 (w), 2916 (w), 1597 (m), 1543 (m), 1504 (s), 1493 (s), 1464 (s), 1429 (s),
1352 (s), 1319 (s), 1302 (s), 1240 (mpALE), 1182 (m), 1173 (m), 1148 (m), 1119 (m), 1076 (m),
1042 (m), 932 (m), 868 (m), 845 (m), 820 (m), 750 (s), 387 (m), 675 (m), 627 (m), 608 (M), 592 (m).
581 (m), 530 (m), 503 (m), 469 (M), 419 (RYman (neat)laser = 632.81 nocni'=3319 (w),

3034(w), 1616 (w), 1599 (w), 1540 (w), 1507 (s), 1462 (s), 1427 (w), 1382 (w), 1316 (m), 1298 (m),
1243 (s), 1184 (m), 994 (w), 933 (s),869 (W), 845 (W), 720 (w), 668 (W), 609 (W), 593 (m), 535 (W),
461 (w), 414 (w), 384 (w), 353 (w), 328 (w), 287 (w), 23%Hemental analysis-ound:C, 38.85;

H, 3.8;N, 22.6. Calc. for Z6,,H14NsS: C, 388; H, 3.8;N, 22.6%Melting point: >270°C
(decomposed)UV-Vis absorptions:<,»k Y'Y 6 5 a { h 0*mol'ocm® 18 ¥0&) Bnd 454 (18
800).Mass spectrometry (ESIyn/z (Calc.) 371.0093 (371.0091) {M %.H

Zincbis(thiosemicarbazone) complexes with Me/Me on the backbone

ZnBDONH-NH,

'H NMR(DMSGdez n nn &.831() 44, GNHJ, 2.13(s, 6 H, N=CH,). °C {H} NMR(DMSQ

d~ mMnn  478HK8I06), 144.75C=N), 14.4§N=GCH). IR (neat) cmi'=3395 (w), 3283 (W),

3138 (w), 1632 (m), 1603 (m), 1533 (w), 1472 (m), 1427 (m), 1356 (m), 1290 (m), 1211 (m), 1184
(m), 1144 (m)1070 (m), 1045 (m), 988 (m), 827 (m), 737 (w), 710 (m), 598 (m), 588 (m), 525 (M),
476 (m), 420 (sRaman (neat)laser = 632.81 noemi'=1611 (w), 1532 (s), 1476 (m), 1420 (w),
1287 (s), 1214 (w), 1188 (m), 1004 (w), 823 (w), 704 (w), 598 (w), 3RLAWw), (fluorescence
present).U\V-Vis absorptions:<;k Y'Y 6 5 a { h 0*molicy™ 16 308) Bnd 434 (9 500).

Mass spectrometry (ESlyn/z (Calc.) 294.9793 (294.9778) {M %.H

ZnBDONH,-(Me),

'HNMR(DMSGdsz n n i &.861() M, GNHJ,3.14 6, 6 H, NOHy),), 2.15(s, 3 H, N=CH),

2.12(s,3 H, N=@H;). °C {H} NMR(DMSGd,z mnn  al [ §OB), 178.12@3), 14525

(C=N), 144.7§C=N), 40.6239.36(under solvent peak\-(CH),), 11.96 (N=CH;), 11.70 (N=C
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CHb). IR (neat) cmi'=3422 (w), 3283 (w), 3159 (w), 2916 (w), 1622 (m), 16011541 (m), 1501

(m), 1433 (s), 1389 (s), 1375 (s), 1364 (), 1294 (s), 1261 (s), 1207 (m), 1165 (s), 1136 (m), 1107
(m), 1055 (m), 903 (s), 835 (s), 758 (m), 700 (m), 619 (m), 590 (m), 567 (w), 519 (M), 478 (m), 457
(m), 432 (s)Raman (nea), laser =632.81 nm cni'=2916 (w), 1609 (w), 1543 (m), 1508 (s),

1466(w), 1434 (w), 1375 (W), 1327 (W), 1293 (s), 1264 (W), 1205 (W), 1171 (w), 1141 (w), 1006 (W),
989 (w), 835 (w), 752 (w), 698 (w), 626 (w), 567 (w), 588 (w), 567 (w), 429 (w), 380 (w), 335 (W),
294 (w).Elemental analysisFound:C 29.6;H, 4.4;N, 25.8. Calc. for 46H,/NsS: C 29.7;H, 4.7,

N, 26.09Melting point: >250°C (decomposed)JV-Vis absorptions:<,ok YY ¢ 5a{ h0* omn
mol™* cm* 12 600) and 442 (12 900).

ZnBDOMe-Me

'H NMR(DMSOdez  n nn  &.15/(32¥, HGRH), 2.79 (m6 H, HNCH,), 2.16(s, 6 H, N=C
CHy). °C {H} NMR(DMSGQdeXz M a |l 1(GY), 145C=N)720. TbIN-CH;), 14.42(N=G

H,). IR (neat) ci'=3333(w), 2922 (w), 2882 (w), 1557 (w), 1522 (s), 14931452 (s), 1402 (m),
1379 (s), 1369 (s), 1219 (s), 1157 (s), 1119 (m), 1074 (m), 982 (m), 833 (s), 793 (W), 768 (m), 596
(m), 538 (M), 645 (s), 449 (s), 442 (s), 41 R@nan (neat)laser = 632.81 nocmi’=3333 (w),

1611 (w), 1547 (m), 1492 (s),68H4(w), 1368 (w), 1327 (m), 1251 (m), 1188 (w), 992 (w), 837 (W),
769 (w), 585 (w), 433 (w), 334 (w), 298 (Mielting point: >310°C (decomposedUV-Vis

absorptions: <nak Y'Y 60 5 a { h 0°molhcm™ 14 GO®) Bnd 432 (13 400).

ZnBDGMe-NH,

'H NMR(DMSGds, 400 MHz)! 17.16(1 H, HGNH), 6.86 (s, 2, GNH), 2.77 (m 3 H, HNOH,),

2.15(s, 3 H, N=CH,), 2.12 (s, 3 H, N=CHy). °C {H} NMR(DMSQds= M nn  4718HACS), + T
144.60(C=N), 29.7ZHN-CHy), 14.46(N=GCH,). IR (neat) cni'*=3464 (w), 3404 (w), 3352 (m),

3277 (w), 3134 (m), 1628 (m), 1607 (w), 1547 (m), 1516 (m), 1487 (m), 1431 (s), 1396 (s), 1375 (S)
1315 (m), 1300 (m), 1223 (s), 1184 (m), 1153 (®P4 (m), 1057 (m), 999 (m), 982 (m), 831 (s),

727 (s), 696 (m), 654 (m), 588 (M), 522 (m), 501 (M), 44R4s)an (neat)laser = 632.81 nontm

1=3351 (w), 2927 (W), 1614 (w), 1538 (s), 1483 (s), 1454 (w), 1425 (w), 1317 (m), 1302 (m), 1264
(w), 1236 ifn), 1192 (m), 999 (w), 831 (w), 785 (w), 718 (w), 653 (W), 593 (w), 450 (w), 394 (w), 325
(m), 290 (W)UV-Vis absorptions:<nak Y'Y 0 5 a { h 0®molhcei' 18 30&) Bnd 432 (12

800).

Zincbis(thiosemicarbazone) complexes with Me/Bn the backbone

ZnPDONH-NH,

'HNMR(DMSGdsz n n i &.860(d) 44, GNH), 2.63(q, 2H, @H,, J= 7.2 Hz), 2.14, 3 H,
N=GCHs), 0.99(t, 3 H, @CH-OH;, J=7.2 Hz}’C {H}NMR(DMSGd;z mnn al | ¢C8), 1 [ wm-
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178.50(GS), 149.17C=N),144.13(C=N), 20.83GCH,), 14.21(N=CCHy), 11.34(GCH-CHy). IR

(neat): cm*=3294 (w), 3165 (W), 2974 (w), 1630 (w), 1599 (m), 1537 (w), 1416 (s), 1323 (m), 1298
(m), 1242 (w), 1204 (m), 1175 (m), 1144 (m), 1043 (m), 943 (m), 874 (m), 837 (m), 789 (m), 706
(s), 588 (m), 53@m), 469 (m)Raman (nea}, laser = 632.81 noemi'= 1618 (W), 1537 (s), 1454

(w), 1325 (w), 1295 (m), 1243 (w), 1208 (w), 1183 (m), 1025 (w), 995 (w), 946 (w), 789 (w), 708
(w), 591 (w), 390 (w), 307 (w), 242 (w), 219 @emental analysistound:C 27.3; H, 4. N,

26.9 Calc. for Z1GH:NsS: C 27.15 H, 3.9 N, 27.24 UV-Vis absorptions:<,,/nm (DMSO) 312

0 5 KR cmt 12 000) and 438 (10 000).

ZnPDONH-Me

'H NMR(DMSGdez  n nn &.L8(sP1WH, @HJ, 6.87 (s, H, HGNH), 2.77 (m 3H, HNCHy),
2.64(q, 2H, @H,, J= 7.6 Hz), 2.18, 3 H, N=CH,), 1.00(t, 3 H, @CH-CH,, J=7.6 Hz}’C {H}
NMR(DMSGdez mAan  al 1 {OB), 148.048N)y 2@ AGHNCHs), 20.93(GCH,), 14.22
(N=GCHy), 10.83(GCH-Hy). IR (neat) cmi’=3445 (w), 3399 (w), 3275 (w), 3140 (w), 2972 (w),
2928 (w), 1624 (w), 1605 (w), 1541 (m), 1489 (m), 1425 (s), 1395 (s), 1333 (m), 1294 (m), 1231
(m), 1204 (m), 1180 (m), 1148 (m), 1098 (m), 1059 (m), 953 (M), 841 (m), 787 (m), 772 (m), 723
(m), 646 (m), 621nf), 596 (M), 532 (m), 501 (m), 459 (m), 415Kaman (neak, laser = 632.81

nm: cm'=3446 (w), 2972 (w), 2923 (w), 1611 (w), 1538 (m), 1492 (s), 1426 (w), 1397 (w), 1331
(w), 1298 (w), 1244 (w), 1233 (w), 1206 (w), 1184 (w), 1153 (w), 1083 (W), 9854vy), 840

(w), 783 (w), 594 (w), 429 (w), 396 (w), 328 (w), 244K@mental analysis-ound:C 29.8 H,

4.5, N, 25.9 Calc. for ZiGgH1sNeS: C 29.7 H, 4.4 N, 26.04 UV-Vis absorptions:<m,/Nm

65a{ ho0o o’molcihbiR $0Y) and 436 (1208). Mass spectrometry (ESIyn/z (Calc.)
323.0102 (323.0091) {M +H

ZnPDGONH,-(Me),

'HNMR(DMSGdez n nn &.871(3) M, GNHJ, 3.15(s, 6 H, NOHs),), 2.66(q, 2H, GCH,, J=

7.6 Hz), 2.14s, 3 H, N=CH), 1.02(t, 3 H, @CH-CH;, J=7.6 Hz}C {H} NMR(DMSGds, 100

al l0Y 1 (GSMT8BHES)149.70(C=N),144.23(C=N),20.96(GCH,), 14.20(N=GCH),
10.71(GCH-CHy). IR (neat) cmi*=3418 (w), 3285 (w), 3157 (w), 2922 (w), 1620 (w), 1597 (w),

1539 (m), 1495 (m), 1429 (m), 13&), 1327 (m), 1298 (m), 1265 (s), 1244 (m), 1207 (s), 1169 (m),
1142 (m), 1107 (m), 1053 (m), 949 (m), 905 (s), 839 (m), 785 (m), 745 (m), 700 (m), 669 (m), 617
(m), 588(m), 482 (s), 461 (s), 432 ®aman (nea), laser = 632.81 nocni'=3285 (W), 2919w),

1603 (w), 1539 (s), 1500 (s), 1457 (m), 1443 (m), 1385 (w), 1367 (w), 1330 (s), 1302 (s), 1266 (w),
1244 (m), 1207 (w), 1174 (w), 1081 (w), 1029 (w), 996 (w), 951 (w), 905 (w), 842 (w), 783 (w), 740
(w), 700 (w), 672 (w), 620 (w), 588 (m), 495 (\8)) &4w), 400 (w), 379 (w), 327 (w), 290 (w), 259
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(w). Elemental analysistound:C 32.1 H, 4.7 N, 24.75 Calc. for ZiGH;eNeS: C 32.0 H, 4.8 N,
24.9% UV-Vis absorptions:<nak Y'Y 0 5 a { h 0®molhcy® 18 20@) Bnd 446 (13 000).

ZnPDONH,-Et

'HNMR(DMSGde= n nn  &.231(8) M, HGRH, J= 6.0 HzB.84 (s, H, GNH), 3.31 (m 2 H,
HN-CH,), 2.64(q, 2H, @CH,, J= 7.6 Hz), 2.14, 3 H, N=CH;,), 1.06(t, 3 H, NCH-GH;, J=7.6), 1.00

(t, 3 H, @CH-CH;, J=7.6 HZJ’C {H} NMR(DMSGdg,mnn a |l T 0 Y(GS)M4443CyNRn n
37.56(HNCH,), 20.95(GTH,), 15.27(N-CH-CHs), 14.20(N=C(H), 11.01(GCH-CHs). IR (neat)
cm'=3422 (m), 3285 (w), 3161 (w), 2976 (w), 2932 (w), 2870 (w), 1603 (m), 1541 (m), 1466 (s),
1425 (s), 1383 (m)369 (M), 1350 (m), 1329 (m), 1296 (m), 1231 (m), 1204 (s), 1171 (m), 1144
(m), 1059 (m), 951 (m), 783 (m), 723 (m), 656 (w), 530 (w), 4Ra(san (neadk, laser = 784.15

nm: cmi'=1614 (m), 1539 (s), 1490 (s), 1468 (M), 1423 (m), 1368 (m), 1350 (m}n)32299

(m), 1243 (m), 1231 (m), 1206 (m), 1178 (m), 1030 (w), 990 (w), 953 (w), 782 (w), 719 (w), 655
(w), 594 (w), 585 (w), 409 (w), 391 (w), 344 (w), 290Ek@mental analysisFound:C, 32.2 H,

4.6; N, 24.8 Calc. for ZiGH;eNeS: C 32.Q H, 48; N, 24.%4 UV-Vis absorptions:<,/Nm

65a{ ho o’°molci¥ir $00) and 438 (12 10Mlass spectrometry (EShn/z (Calc.)
337.0276 (337.0248) {M +H

ZnPDOGMe-NH,

'HNMRDMSGd: nnn al [ 0¥, HGRH), 6.88scH, &&H), 2.78(m, 3 H, HNCH;),
2.63(q, 2H, @+, J= 7.6 Hz), 2.13, 3 H, N=CHs), 0.99(t, 3 H, @CH-CH,, J=7.6 HzJ’C {H}
NMR(DMSQds, 100a | 1 0 Y 1 (GS)MIMY740=N),29.73(HN-CHy), 20.83(GCH,), 14.18
(N=GCH,), 11.36(GCH-CH). IR (neat) cmi*= 3242 (m), 3103 (m), 2967 (w), 1643 (m), 1547 (m),
1508 (m), 1435 (s), 1366 (s), 1327 (s), 1283 (s), 1242 (m), 1204 (s), 1180 (s), 1148 (s), 1096 (m),
1074 (s), 1030 (s), 943 (s), 839 (m), 799 (m), 745 (M), 698 (M), 658 (s), 611 (S), 584 (S)p530 (S), 4
(s).Raman (nea), laser = 632.81 nocmi'= 3252 (w), 1607 (w), 1545 (w), 1508 (s), 1430 (w),

1379 (w), 1327 (w), 1288 (m), 1243 (m), 1206 (w), 1186 (w), 1031 (w), 984 (w), 943 (w), 843 (w),
799 (w), 701 (w), 591 (w), 525 (w), 386 (w), 320 (w), 22%einental analysis-ound:C 29.7

H, 4.3 N, 26.0 Calc. for Zi&H14NeS: C 29.7 H, 4.4 N, 26.04 Melting point: >245°C
(decomposed)UV-Vis absorptions:<nak Y'Y 6 5 a { h 0°moihvcm™ 18 80®) Bnd 436 (11
800).Mass spectrometry (ESly/z (Calc.) 323.0102 (323.0091) {M %.H

ZnPDOEtEt

'H NMR(DMSGdez  n nn  &.21(sp2M, HGRNH), 3.36-3.32(under water peak4 H
expected HNCH,), 2.64(q, 2H, @H,, J=7.2Hz), 216(s, 3 H, N=CH,),1.06(t, 6 H, NCH-CHs,
J=7.2), 1.01t, 3 H GCH-OH;, J=7.2 Hz}°C {H} NMR(DMSGdsz M A n  871.4BBINCH), T
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20.95(GQH,), 15.29(N-CH-CHs), 14.12(N=GCHs), 11.02(GCH-CHy). IR (neat) cmi’=3429 (w),
3296 (m), 2970 (w), 2932 (w), 2872 (W), 1539 (w), 1516 (m), 1429 (s), 1325 @jn)25223

(m), 1202 (s), 1140 (m), 1092 (m), 1020 (m), 951 (m), 833 (m), 802 (m), SRanan (neay,

laser = 632.81 nmcni*=3294 (w), 2928 (w), 2879 (w), 1611 (w), 1539 (s), 1487 (s), 1469 (m),
1435 (w), 1373 (w), 1354 (w), 1328 (m), 1229 (s), 12051166 (w), 1093 (w), 1027 (w), 996 (W),
958 (w), 807 (w), 774 (w), 591 (w), 479 (w), 410 (w), 323 (w), 29gIemental analysisFound:

C 36.1 H, 5.5 N, 23.1 Calc. for ZijtG;1HNsS: C 36.1 H, 5.5 N, 23.04 UV-Vis absorptions:

<K Y'Y 65 a{ h0’molvo™ 18 608) BRnd 440 (13 80Mlass spectrometry (ESIn/z
(Calc.) 365.0583 (365.0561) {M %.H

ZnPDOEtNH,

'HNMR(DMSGdez  n nn  &.14(s01 ¥, BGRH), 6.75 (s, M, GNH), 3.31 (m,2 H, HNCH,),
2.61(q, 2H, @H,, J= 7.2 HzR.15(s, 3 H, N=CH,), 1.05(t, 3 H, NCH-CH;, J=7.2,0.97(t, 3H, €
CH-OHs, J=7.2 HZ}°C {H} NMR(DMSGdsz M Ann  al | (OB),14970(®N)y3D.456IN

(H,), 20.83(GCHy), 15.13(N-CH-CH), 14.12(N=GQH,), 11.31(GCH-CH,). IR (neat) cri'=3424

(w), 3283 (w), 3163 (W), 2978 (w), 2870 (w), 1603 (m), 1543 (m), 1477 (m), 1466 (m), 1425 (s),
1371 (m), 1329 (m), 1298 (m), 1258 (m), 1233 (m), 1204 (s), 1171 (m), 1146 (m), 1022 (m), 945
(m), 839 (m), 802 (m), 775 (m), 725 (654 (m), 588 (m), 538 (M), 438 (s), 432Ksdman (neal,

laser = 784.15 nmcmi'=1614 (w), 1541 (s), 1492 (s), 1465 (w), 1423 (w), 1372 (w), 1355 (W),
1327 (w), 1303 (w), 1259 (w), 1234 (m), 1204 (m), 1156 (w), 1023 (w), 999 (W), 947 (w), 839 (w),
803 (w), 777 (w), 719 (w), 589 (w), 412 (w), 382 (w), 320 (w), 28 E{@mental analysisFound:

C 31.7;H, 4.7;N, 24.7. Calc. for 46,H,;eNsS: C, 32.0;H, 4.8;N, 24.9%UV-Vis absorptions:

<K Y'Y 65 a{ h0’molhvem™ 18 0®) Bnd 436 (12 80MWlass spectrometry (ESIn/z

(Calc.) 337.0245 (337.0248) {M %.H

3.3.4. Spectral examples of zinc bis(thiosemicarbazone) complexes
ZnPADAEt( Me)g

Figure 3.3.4.5. showsa 'H and**C NMR, FTIRamarand masspectrumof the complex Zn

PADAEt(Me),.
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Figure 3.3.4.1An assignegroton NMR spectrum of the complex-ZADAEt(Me),. The red boxes
illustrates the location of the INI-H protons would be if there was any PABAMe), ligand present.
Environment C is located underneath the water peak,ishigs been shown with other complexes where a

HMQC NMR spectrum has bemsyuired this has been covered in more detail the discussion section.
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Figure 3.3.4.2An assigneatarbon NMR spectrum of the complexZADAEt(Me),. It is believed that
envirorment H is not visible because the signal is particularly weak, instead of it being completely absent or
under the DMS@; solvent peak. It is unclear if the peaks at 180.44 ppm and 137.31 ppm are both or one of

environmats C/G and E/F respectively.
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Figure 3.3.4.3A FTIR spectrum of the complexRADAEt(Me),. This complex was synthesised by reacting
PADAEt(Me), with zinc (II) acetate in refluxing ethanol.
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Figure 3.3.4.4A Raman spectrum of the complexZADAEt(Me),.

200



Intens.
H
%)

[%]
1004 337.0272

7N

L

60-

339.0239

341.0224

40 ‘

204 | 3400245
3380283 | | |

| ‘ || || 3420228 343 0180
1

l f | ]
N I JA AN I

0 —
330 332 334 236 338 340 342 344 346 343 miz

Figure 3.3.4.5A mass spctrum of ZFPADAEt(Me),. The spectrum in the top right hand corner is the
predicted expected spectrum of the M *iéh of ZnPADAEtL(Me), generated by Chemcdit?

ZnPDONH,-Et

Figure 3.3.4.8.1. shows aH, **Cand HMQC NMR, FTIR, Raman and mass spectrum of the
complex ZFPDONH-Et.
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Figure 3.3.4.6An assignegroton NMR spectrum of the complex-ZDOGNH,-Et. The red boxes illustrates

the location of the NN-H protons would be if there was any PINBL-Etligand present. Environment F is
overlapped by the water peak, this is has been shown with the HMQC NMR spectrunmHaglong(3.4.3.

The purple box shows this presence of an extra peak, which is thought to be due to some acetate forming

part of the complexthis is discussed further in unexpected results.

201



40,0

<«

DMSO-d,

300
-n

E ||
AiG - | |

Ethanol \? Ethanol \l

200
1

100
—

¢]

[ thousandths)

1900 180.0 1700  160.0 150.0 140.0 1300 1200 1100 1000 900 800 700 600 500  40.0 300 200 100 0
X : parts per Million : Carbonl 3

Figure 3.3.4.7An assignedtarbon NMR spectrum of the complexZIDONH,-Et.
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Figure 3.3.4.8A HMQC NMR spectrum of the complexPDGNH,-Et. The red box highlights the coupling
between the carbon eimonment H to the hydrogen environment F which is very close to the position were a

water peak would beThis shows that the signal for proton will be found underneath the water peak.
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Figure 3.3.4.10A Ramanspectrum of the complex ZZDONH,-Et.
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Figure 3.3.5.1. A mass spectrum of ZZADONH,-Et The spectrum in the top right hand corner is the
predcted expected spectrum of the M +ibin ofZnPDGNH,-Etgenerated by ChemCHit?

3.3.5. Discussion
All the zinc bis(thiosemicarbazone) complex forming reactions produced yellow or orange solids

with yields that orthe whole were slightly poorer than the yields for the copper
bis(thiosemicarbazone) complexdsuit they were still acceptable h& majority of the complexes
yields wherein the range o880-70%. The entire range of yields experienced w88%. The main
factor that seems to dictate the yield is the lipophilicity of the resulting complex, which would
dictate how readily the complex will dissolve in boiling ethanol. There seems to be a rough
correlation between the complexes with lipophilic substituentsiom backbone or side arms and
lower reaction yields. If in future it became desirable to improve the reaction yields, it may be
possible to improve these yields by using an alternative reaction solvent that is slightly less
lipophilic, for example metharo This may increase the yield of the more lipophilic complexes but

may reduce the yields of the more hydrophilic complexes.

As zinc is diamagnetic, it was possible to use NMR in orgeratyse if the zinc complex haden
successfully synthesisetheZnBDOMe-Me NMR data obtainedloselymatchesto the data

reported byJ. Hollancet al™* Some problems were encountered during the analysis of the

resulting complexes. In the proton spectra it was observediiizdt of the peaks experienced a
chemical shift as well as some broadening of the peaks which in some cases caused the expected
splitting pattern to be obscured. It was found that the proton peak from thededlip from the

ethyl substituent on the siderm was often shifted to a lower chemical shift so that the peals
situated fully or partially underneath the proton peak of water as shown in figures 3.ar7d6

3.3.4.7. The example of a peak of &t¥t being obscured by the water peak was also regmbr

by P. Donnellgt al.®
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Figure 3.3.4.6An assignegroton NMR spectrum of the complex-EBGEtEt. The red box illustrates that

the protons environments C and G are expected to be located underneatlatirepgak at 3.33 ppm.
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Figure 3.3.4.7A HMQC NMR spectrum of the complexPDXOEtEt. The carbon peak found at 37.48 ppm
that relates to the carbon environments C and G have a couillingtrated by the red boxp the proton

peak at 3.32 ppm whicis normally were the water peak is found.

A similar problem wasometimes observed in the carbon spectra of the dimethyl side arm, where
the peak was shifted to a lower chemical shift so that it was located underneatbNt&0Gd,

solvent peak, an spda example of this would be ZBBDONH,-(Me),. It was also noticed that a

lot more sample had to be dissolved in order to obtain an acceptable spectrum than if a NMR

spectrum was ran of the corresponding ligands. This did not cause much problem in the prot
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