University of Bath

UNIVERSITY OF

BATH

PHD

Investigations into the Radiochemistry of Gallium- and Fluorine-Containing
Compounds for Molecular Imaging Applications

Sarpaki, Sophia

Award date:
2019

Awarding institution:
University of Bath
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 16. May. 2022


https://researchportal.bath.ac.uk/en/studentthesis/investigations-into-the-radiochemistry-of-gallium-and-fluorinecontaining-compounds-for-molecular-imaging-applications(71ff8357-eda2-4e70-860c-46944b737d8b).html

Investigations into the Radiochemistry of Gallium- and
Fluorine-Containing Compounds for Molecular
Imaging Applications

Sophia Sarpaki

A thesis submitted for the degree of Doctor of Philosophy

University of Bath

Department of Chemistry

March 2018

COPYRIGHT
Attention is drawn to the fact that copyright of this thesis rests with the author. A copy of this
thesis has been supplied on condition that anyone who consults it is understood to recognise that
its copyright rests with the author and that they must not copy it or use material from it except
as permitted by law or with the consent of the author.

This thesis may not be consulted, photocopied or lent to other libraries without the permission
of the author for three years from the date of acceptance of the thesis.

Signed on behalf of the Faculty of Science



“S am among those who think that science has qreat
beauly. @ ocientiot in hio faboratory io not only a
technician: he is abo a ohifd placed before natucal
phenomena which impreas him Gke o fainy tafe. We shou2
nol aflos il to be beliosed thal ol scientific progress can be
wdiced fo mechaniams, machings, gearings, cien though
such machinery has ito own beanty.”

Marie Curie (1867-1934)



Contents

ACKNOWIEAGEMENTS ...t re e ae e ns Vil
ADSTFACT ... bbb IX
List of publications and conference proceedings resulting from this PhD.............. XI
LiSt OF abDDreviations...........cciiiiii X1l
NUmMbering of COMPOUNGS.........ooiiiiiiieie e XVI
1. Introduction to medical imaging and oNCOIOQY ........cccccvevueiiieiiereiie e 1
1.1. General considerations of molecular imaging ..o 1
1.1.1. Emission tomograpny (ET) ..ot 2
1.1.2. Design and synthesis Of radiotraCers..........cccooeierineninieieiee e 5
1.1.3. Radiolabelling with gallium-68 ............cccoeiiiiiii 7
1.1.4. Radiolabelling with flUOrNE-18.........c.cceiiiiiiiiiiieee 9
1.1.5. FlUOIreSCENCE MICIOSCOPY ....veuveeitertirieaiiesieressesteseestesbesbe s eseesre s sne st b s eneas 9
1.2. Considerations in cancer diagnosis with medicinal Imaging..........c.cc.ccocevvnvnnnnnne 11
1.3, HyPOXi@ 8GN0 CANCET ..ottt 13
1.3.1. Anintroduction t0 NYPOXIA ........coeriiiiieieieiesie e 13
1.3.2. How hypoxia is related t0 CANCEr ..........covvereriiniiisiieeee e 15
1.3.3. Hypoxia-inducible factors (HIF)........ccccoooiiiiiniiiee e 17
1.3.4. CarboniC anNYArase. .......cccooiieiiiiiiiieieee e 19
1.4. Thiosemicarbazonato complexes as molecular probes and imaging agen............... 22
1.5. Glycosyl coumarins as targeting molecules............cccovveieiiieii i 26
I IO I O 11 1 - T ] SO 26
1.5.2. GlycOSYl COUMANINS .....ccviiiiiieiiieiie ettt 27
1.6. Introduction to nanomedicine and radiolabelling approaches ...........c.ccocevvvvevveenen. 28

1.6.1. Graphene Oxides as platforms for biosensing and imaging applications....31

1.7. AIMS OF thIS TNESIS ... e 33
1.8. References t0 Chapter L........cooiiiii ittt 34
Chapter 2: New thiosemicarbazonato complexes rely on mono(substituted) ligands:
design, synthesis and characterisation...............cccocvviiii e 53
2.1 OVEIVIBW ...ttt sttt b ettt e b e s e s bt e bt e st e e be et e eneesneenbeenee e 53
2.2. Synthesis of thiosemicarbazonate mono(substituted) complexes ..........cccccevverinnne. 54

2.2.1. Synthesis of mono(substituted) Hgands ............cccceveviiiiie i 54




2.2.2. Metal coordinated COMPIEXES .......cevvveieiieiieie e 63

2.3. Radiolabelling of mono(substituted) Hgands............ccceeveieviere e 66
2.3.1. Coordination of mono(substituted) ligands with [®8Ga]Ga(lll)..................... 66
2.3.2. Coupling reaction of the free NH2-TSCA mono(substituted) ligands with
[BRIFBA ..ot 71

2.4. In vitro evaluation of mono(substituted) precursors and metal complexes.............. 73
2.1 IMITT @SSAYS .vveeiuvreeairieaitteaittesbteessbeeessbeeessbeeessbeeesnbe e e snbe e e snb e e s nnbeeensbeeensneesnes 73
2.4.2. Fluorescence microscopy iNVEStIgations..........cccveveereiieeieeseeiieseesie e 75
2.4.3. Cell uptake of the radiolabelled compound .............cccooveviieiiciiicie e, 77

2.5. CoNCIUSION 10 CAPLET 2 ... 78

2.6. References t0 Chapler 2..... ..o 79

Chapter 3: Asymmetric bis(thiosemicarbazonato) metal complexes .............c......... 81

3L OVEIVIBW ..ottt e st e e st et e e e s e s ae e teeneenbeenbeeneesneenteanee e 81

3.2. Synthesis of novel metal complexes of asymmetric thiosemicarbazonate ligands ..82
3.2.1. ZN(I1) COMPIEXES ...ttt 82
3.2.2. GA(HT) COMPIEXES ... 87

3.3. Radiolabelling of asymmetric bis(thiosemicarbazonates) with different

FAAIONUCHIAES. ... e e 90
3.3.1. Coordination of asymmetric bis(thiosemicarbazonates) with gallium-68.....90
3.3.2. Functionalisation of asymmetric thiosemicarbazonate metal complexes with
TAAI0ACTIVE PIECUISOIS ...ttt sttt ettt bttt ettt sb et b 96

3.4. Functionalisation of asymmetric bis(thiosemicarbazonates) with a glycosyl coumarin

0 LoT AV LA Y= SR 99
3.4.1. Synthesis of a glycosyl coumarin derivative ..........ccccccoceveveveeienieeneeie e 99
3.4.2. Coupling of glycosyl coumarin with the asymmetric thiosemicarbazonate
MELAI COMPIEXES. ... e 106

3.5. Evaluation of asymmetric complexes in VItrO ........cocooeieiiniiiiieene e 110
3.5.1. Investigation by crystal VIolet @SSaYS.........cccovirirereriiniiiiee e 110
3.5.2. Fluorescence microscopy of compound denoted PhGaTSCA (10a) in cancer
(01 | SUSS 112
3.5.3. Multiphoton fluorescence lifetime evaluation of compound denoted
PhGaTSCA (10a) iN PC-3 CEIIS ..ot s 114

3.6. ConCluSION t0 ChAPLEr 3 .. ... 116

3.7. References t0 Chapler 3... ... 117

Chapter 4: Use of graphene oxide as nanocarrier to chosen molecules ................. 119




.1 OVEIVIEW oottt e ettt e e et et e ettt e e e e e e e e e et e e e e e e e eae s 119

4.2.1. Synthesis of novel graphene oxide NanOCOMPOSILES........ccvevvevverieiiveieenns 121
4.2.2. Evaluation of the possible use of GO nanocomposites as carriers for glycosyl
(o0 10T 0 U T N () USSR 121
4.3. Radiolabelling of GO Nan0COMPOSITES. ......ccverviiieieeiesie e 131
4.3.1. Radiolabelling of GO nanocomposites with gallium-68 .................c.cccoeu.. 131
4.3.2. Radiolabelling of GO nanocomposites With 3Zr(IV).........cccccevevevrvevnnne. 134
4.4. Kinetic stability evaluation of GO nanocomposites in aqueous environment ....... 135
4.4.1. Kinetic stability tests of the non-radiolabelled GO nanocomposites........... 135
4.4.2. Kinetic stability optimisation of the radiolabelled GO nanocomposites .....137
4.4.3. Cell viability assays of non-radiolabelled GO nanocomposites .................. 139
4.4.4. Cell Uptake assays of [(8Ga]-27 .......ccccceveeerereieeeeseseee e, 140
4.5. ConCluSIONS t0 ChapLer 4........cooiiieieiec s 141
4.6. References t0 ChapLer 4.........coi i 141
Chapter 5: Summary and OULIOOK ...........ccooviiiiiiiien s 144
5.1. References t0 Chapter 5. 148
Chapter 6: EXperimental SECTION...........cooiiiiiiieiiiese s 149
6.1. Instrumentation and General INfOrmation .............ccccooevienieie i 149
B.1. 1. CREMISIIY ...ttt bbb 149
6.1.2. Radiochemistry Methods. ........cccooiiiiiiiiiice 151
6.1.3. IN VItro eXPEriMENTS........ciieiiiece ettt 153
6.2. Experimental Details for Chapter TWO.........ccccciiiiiiieiieceee e 157
6.2.1. Synthesis thiosemicarbazonate molecules; from starting materials to Zn
(010] 0010 Lo USSP 157
6.2.2. Radiolabelling of mono(substituted) ligands............cccccoeveiieieiieieeiece, 170
6.2.3. In vitro experiments to mono(monosubstituted) TSCA ligands.................. 171
6.3. Experimental Details for Chapter Three.........cccovvviiiiiii i 173
6.3.1. Synthesis of asymmetric thiosemicarbazone metal complexes.................... 173
6.3.2. Radiolabelling of asymmetric complexes with different radionuclides ...... 179
6.3.3. Functionalisation of asymmetric bis(thiosemicarbazonates) with a glycosyl
COUMAITN AEIIVALIVE ...ttt 181
6.3.4. Evaluation of asymmetric complexes in VItro .........ccccoeevveeniiiiieevie e, 184
6.4. Experimental Details for Chapter FOUT ...........ccoiiiiiiiiii i 185

6.4.1. Functionalisation of graphene oxide NaNOCOMPOSItES .........cccvvvrvveiieeiveennn. 185




6.4.2. Fluorescence titration eXPeriments .........cccoeevereeresieeseerieseeseesee e see e 186

6.4.3. Radiolabelling of GO Nan0COMPOSILES ........ccvevveeieiieie e 187
6.4.4. Kinetic stability evaluation of GO nanoCOMPpPOSItES ........c.ccovevveriereerieennnn 188
6.4.5. In Vitro evaluation of GO NaNOCOMPOSILES ........cccveveerieeieieereie e 189

6.5. References to Chapter B...........oviiinii i e 190




Acknowledgements

The writing of the acknowledgements section is a hard task for me since | believe that
we often forget that there are more people behind the ones mentioned that contributed the
most to our PhD experience. There is also a plethora of people that made us who we are,
and that moulded our personalities in order to be in this position. Despite not having listed
everyone, firstly | would like to acknowledge every single person that came through my
life and in his/her way influenced my personality. | shall not forget all my teachers,
professors and role models through the past years, because without their important role it
is highly probable that 1 would not have been the scientist | am today. My passion for
chemistry might not have been as strong without them, because they made me understand
how great this science is. In addition, I wouldn’t have been the strong, motivated and
hard-working person I am today if I hadn’t been influenced by them. So, THANK YOU

all for being there and contributing in your way to be able to finish this thesis.

Moreover, | would like to acknowledge Prof. Sofia I. Pascu both for giving me the
opportunity to work on such an exciting research project and for her guidance during
these years, as well as ERC for grading this work through the O2Sense grand awarded to
my supervisor. In addition, I would also like to thank University of Bath and Imperial
College London for hosting my research and | would like to acknowledge my second
supervisor Dr. lan Eggleston who was always willing to help and find some time for me.
His support has been decisive on finalizing this thesis. Further, Prof. Eric Aboagye and
Prof. Jon Dilworth that with their guidance, help and knowledge helped me to get through
different problems during my research. |1 would also like to express my gratitude to Dr.
Laurence Carroll. Not only his guidance, patience and the help he provided through most
of my radiolabelling experiments were very important for my thesis, but also he was there
to listen to me, care for me and cheer me up at some darker moments of my PhD life.
Additionally, I would like to thank Chris Barnes for his company and guidance during the
fluorine-18 experiments, Jerry (Ruisni) Fu not only for his help during the cell uptake
experiments but also for his flexibility to change his schedule to my convenience, as well
as Frazer T. who first introduced me to Gallium-68 experiments. Furthermore, | am also
grateful to Dr. David Gonzalez Calatayud for his support in an out of the lab despite
having left Prof. Pascu’s group two years ago. He has always been a helping hand when

needed. Our discussions about metal complexes as well as his help in solving numerous

Vil



of the crystal structures enclosed to this report have been very important through the
beginning of my PhD. | shouldn’t forget Dr. Vincenzo Mirabello and Dr. Fernando
Cortezon for their help during this thesis, for our NMR and fluorescence discussions
which were very enlightening in order to successfully troubleshoot synthetic problems
and titration procedures accordingly. I am also thankful to Dr. Haobo Ge for all the effort
he put into assisting me with my in vitro experiments and Dr. Gabriele Kociok-Kéhn for
her crystallographic analysis as well as the Swansea mass spec centre for all the mass
spectrometry results.

Additionally, I would like to thank the rest of the Prof. Pascu’s group (Marina,
Giuseppe, Federico and Sam) for all the nice moments we had together at uni and outside
uni, my flatmates (Angelliki and Nota) because we’ve gone through some tuff situations
together and all my friends from Bath (particularly to Rosa and Simone) and from Greece
(Artemis, Aris, Dimitris, Dionysia, Eirini, Nikos, Iris etc) being my support system during
these years. Most importantly to my friends Christina who have helped me a lot while |
was writing my thesis, Georgia who has done a lot more than helping me or supporting
me and she is always there no matter what and Christos who came in my life to make it a
lit bit more difficult but also more joyful. To my colleagues from my new job that have
been patient with me writing and working in parallel, but also for being very encouraging
(specially to Afrodith, staying late at night at Demokritos and accompany me while | was
writing). Some very special thanks are dedicated to my family in London (Maria,
Mpampis and Eleni) for their encouragement and their hospitality every time | have been
in London for experiments. | really believe that this thesis would not have been the same
without their support. I would really like to express my gratitude for knowing that I have
so far away from home a family that | can count on. Finally, my warmest thanks go to my
parents. If it wasn’t for my inspiring father, | do not think that | would be triggered by
science and medicinal studies and if it wasn’t for my mother, I really do not consider that
| would have been that persistent and indomitable. Thus, | would like to thank both of

them alongside my sister for their unconditional love and support.

VI



Abstract

Hypoxia is the condition characterised by lack of oxygen supplied to the body or a
region of the body. It has been strongly related to cancer since the 1950’s and it is still
considered responsible for the malignant progression of tumours, therapy resistance and
weak prognosis. Thus, tumour hypoxia has been widely investigated in the last decades
as a potential target in oncology. However, despite years of research and a variety of
information collected, yet there are still many unanswered questions on hypoxia
mechanisms that haven’t yet been addressed. The inhibition of hypoxia-inducible factor
(HIF) has attracted the interest in drug developments. However, in recent years, inhibition
of carbonic anhydrase IX (CAIX), which is also related to HIF, has attracted the attention

of many research groups working on hypoxia worldwide.

It was hypothesised that targeting HIF and CAIX together by a small molecule
attached to an imaging agent for positron emission tomography (PET) or single photon
emission tomography (SPECT) would allow one to detect and inhibit hypoxia. The new
family of compounds discussed through this thesis aimed to shed further light on these
aspects, by inclusion of an unsymmetrical thiosemicarbazonate complex, a glycosyl
coumarin unit and a fluorine-18 unit in the tracer design. Bis(thiosemicarbazonate) metal
complexes have been extensively used as PET and SPECT imaging agents and they have
also shown some in vivo hypoxia uptake while glycosyl coumarin has shown good CAIX
inhibition. Several new compounds have been synthesised and fully characterised through
different techniques such as 1D and 2D NMR and mass spectrometry. Labelling with
gallium-68 has been also performed in order to evaluate the potential application of such
complexes as PET imaging agents additionally to optical imaging agents. Significant
progress has been made in the direction of the synthesis of these compounds, and further

cellular uptake and behaviour.

Specifically, Chapter 1 includes a literature review, where medical imaging is
introduced along with some basic background on cancer and hypoxia. Examples are cited
on how thiosemicarbazonato complexes have been related and used through the years as
antitumour and potential imaging agents. In addition, the potential of glucosyl coumarin
as hypoxia target molecule are quoted. The review concludes with the upcoming field of
nanomedicine and the possibility of graphene oxides as nanocarriers of targeting

molecules or imaging tracers.




In Chapters 2,3 and 4 are discussed the results obtained through the thesis. Chapter 2
describes and analyses the synthesis of three new mono(substituted) precursors and of a
number of new non-radioactive and radioactive metal complexes that are relied on two
identical mono(substituted) ligands. Moreover, Chapter 3 describes the synthesis and
characterisation of asymmetric acenaphthenoquinone bis(thiosemicarbazonate) metal
complexes originated by the mono(substituted) ligands described in Chapter 2. The
radiolabelling of these complexes with gallium-68 and fluorine-18 is also presented. In
both chapters, it is examined the investigations of the behaviour of those compounds in
the cellular environment through in vitro fluorescence imaging, cell viability and
radioactive uptake assays. Moreover, in Chapter 3 the attempted attachment of a
CAlX-selective inhibitor to these metal complexes is outlined. Specifically, the
characterisation and functionalisation of a glucosyl coumarin derivative is described. On
the other side, Chapter 4 communicates the potentials of graphene oxides as nanocarriers
of thiosemicarbazonate complexes and/or glucosyl coumarin. The non-covalent
radiolabelling of the new nanohybrids with gallium-68 is presented in this chapter for the
first time along with the cellular investigation of their toxicity and uptaking features.

An overview of this work and the conclusions drawn are discussed in Chapter 5.
Certain possible future exploitations related to the results discussed are suggested in this
chapter to fully optimise the potentials of those complexes in a hypoxic environment.

Lastly, Chapter 6 contains the experimental procedures and protocols that were
developed through this thesis. Additional supporting crystallographic data, figures and

tables are presented in the supplementary information.
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Chapter 1 | Introduction to medical imaging and oncology

Introduction to medical imaging and oncology

1.1. General considerations of molecular imaging

Medical imaging is a promising approach applied extensively for a wide range of
diagnostical purposes particularly due to its non-invasive character, as through different
techniques can accomplish distant visualisation of the interior of a body.* The chronicle of
medical imaging starts at the late 1890°s with the discovery of the X-Ray by Wilhelm Conrad
Roentgen.? The development of this technology has flourished until the First World War
when radiography was employed not only for imaging skeleton trauma but also for the
visualisation of diseases such as tuberculosis or other lung lesions. By the 1950’s, nuclear
medicine was introduced to the field of medical imaging. This, alongside the introduction of
computing technologies by the 1970’s and the development of other imaging modalities not
only revolutionised the field but also created an explosive growth of diagnostic imaging
techniques that nowadays can detect a variety of pathogenic diseases.l ® Since 2008, more
than 5 billion medical imaging studies have been conducted for the early diagnosis of

neurological, cardiovascular diseases and tumours allowing for more efficient treatments.*”

A plethora of anatomical imaging techniques has facilitated the detection of intra-tumour
heterogeneity or the tumour staging whilst providing quantitative information. Optical
imaging, emission tomography (PET and SPECT), magnetic resonance, CT and ultrasound
are the most robust imaging techniques. The advantages and drawbacks of each are listed in

Figure 1.5
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Figure 1: Advantages and drawbacks of different molecular imaging techniques. "°

1.1.1. Emission tomography (ET)

One of the most frequently applied medical imaging techniques is emission tomography
(ET). ET utilises radioactive elements (radiotracers) to permit the visualisation of the body’s
physiology and can depict the spatial distribution of different biological processes, such as
glucose metabolism thus facilitating the detection of relevant diseases (tumours, etc.). & 7+ 10

11 The cornerstones of ET are:

1. Tracer principle, based on the principle that both radioactive and non-radioactive

elements can mutually participate in biological processes, therefore the radioisotope can
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be used to indicate the biodistribution of the non-radioactive analogues (George de
Hevesy, Nobel Prize 1943).1? In addition, radioactive species are used in the minimum
possible amount in order to improve the accuracy and sensitivity of the analysis but
without perturbing the biological system in question. 3

2. Tomography, which relies on the principle that y-ray energy is emitted by radionuclides,
facilitating the visualisation as an image which can be acquired as a cross-sectional slice
of the body.*°

SPECT and PET are both emitting tomography imaging techniques. However, they can
be easily distinguished due to the type of the radioisotope employed each time. As indicated
by their names, PET’s labelling isotope is a positron emitter, whereas SPECT uses a single

photon emitter.!!

SPECT detector PET detector

Figure 2: Typical configuration of a SPECT (left) and a PET (right) scanner.

Single-photon emission computed tomography (SPECT)

SPECT study is initiated by the injection of the radiotracer and its locomotion in the
surrounding medium. This radiotracer decays during the process and one or more y-ray
segments are released in a different direction. The scanning procedure in SPECT’s case is
based on the detection and the recording of one resulting y-ray segment. In order to point out
the origin of the signal, the detector moves cyclically to acquire projection image data from

different views around the patient (Figure 2). 1% 1%1° There are a variety of different metals

3
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that are used as SPECT radionuclides such as Gallium-67 and Indium-111. However,
approximately around 80% of nuclear medicine procedures in clinical practice involve

Technetium-99m scans.'”- 2022

Positron emission tomography (PET)

An injection of the radiotracer marks the initiation of a PET study. A positron is ejected
from the positron-emitting isotope’s nucleus and the imaging procedure follows. The
positron is transmitted to an average distance (depending on its energy) before it annihilates
with an electron from the surrounding medium, resulting in the release of two antiparallel
511-keV photons (decay event) (Figure 3).47 18 19.23.24 The patient is surrounded by a
stationary ring y-ray detector. An instantaneous detection of two y-ray photons is interpreted
as a consequence of the same decay event. Therefore, the detection of the spot where the
decay event occurred can be determined by tracing their line segment (Figure 2).46 10. 18,19,
2124 There are different PET radionuclides available for use, the most commonly used is

fluorine-18 (ti2= 109.77 min, Emax= 634 keV) due to its relatively short half-life and cost.®
21-25

Photon y ray
511eV

Photonvray\,//' =
511eV

Positron

6‘2/(:&\\ a\ emitting isotope

Stable
nuclide

Figure 3: Schematic illustration of PET imaging principle operation?®.
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1.1.2. Design and synthesis of radiotracers

The artificial nature of the emitting isotopes implies the production of radionuclides
before their use. There are three different principles for the production of radioisotopes.?
The first one involves the separation of the by-product after fission. In the second, high power
electric and magnetic fields are employed to accelerate charged particles to high energies,
which then bombard stable atoms and targets to give rise to radioactive isotopes.® 23 2
Finally, the third involves the production of the radioisotope from neutron irradiation in a
reactor (cyclotron).® 23 26 There is a variety of different radioisotopes, non-metallic
(carbon-11, fluorine-18) and metallic (gallium-68, copper-64 and zirconium-89), which can
be integrated in diverse compounds of biological interest to produce radiotracers suited for
each study’s subject (type of biological target, affinity and specificity of the radiotracer’s
target, capacity of the compound to be synthesised, pharmacokinetics and metabolism of the
radiotracer and physical-chemical properties).® 22 Some of the most widely used PET tracers
in clinical applications are [‘®F]-Fluorodeoxyglucose ([*®F]FDG), elucidating a patient’s
glucose metabolism and the copper(ll) diacetyl bis(N(4)-methylthiosemicarbazonato)
(Cu-ATSM) tracer that has been applied for the detection of pancreatic tumours and hypoxia.
523,25 More recently, [3Ga]Ga-PSMA (prostate specific membrane antigen) has gained
importance as a prostate cancer imaging tool (Figure 4). 2731

OH H

o] NN
HO }LSS—’<

"®r "OH
—NH HN—
['®FIFDG
[B*Cu]Cu-ATSM
0
HO 0
O‘\ /II ;@\/\H/NH
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ﬁl\’\,,:\:N o]
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0~ “OH
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HN
HO OO
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Figure 4: Radiotracers of PET imaging (emitting isotopes represented in blue colour).

[%8Ga]Ga-PSMA
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Table 1: Common radionuclides used for PET and SPECT.10.15.27.32,33

) Maximum Half-life Method of Type of
Nuclide Decay mode ) ) ]
energy (MeV) tue production radionuclide
e 99.8% B* 0.96 20.38 min Cyclotron PET
BN 99.8% B* 1.19 9.96 min Cyclotron PET
) 99.9% B* 1.72 122 sec Cyclotron PET
B 96.9% B* 0.64 109.77 min Cyclotron PET
SCu 17.5% B* 0.65 12.7h Cyclotron PET
Ga EC,y 0.19 78.3h Cyclotron SPECT
%Ga 87.7% B* 1.90 67.8 min 58Ge/%Ga generator PET
8zr 22.7% pB* 0.91 78.41h Cyclotron PET
OMo/®MTc
9mTe EC,y 0.14 6h SPECT
generator
e [ ECy 0.28 67.32 h Cyclotron SPECT
124 11.7% B* 1.54 100.2 h Cyclotron PET

The use of radioactive elements results in higher safety requirements compared to other
imaging modalities, and the use of emitting species is minimized. Therefore, a significant
trait of each radiotracer is the specific activity or molar activity. The first one referred to the
measured activity per total amount in gram of compound whilst the latter in mole of
compound. Low specific or molar activity results in low signal-to-noise ratio and therefore
saturation of the target by non-radioactive products.> ® 26 Another major impact on
exploitation ET radioisotopes is the amount of time required for the activity of the nuclide to
be reduced by half (half-life; t12). For example, most of the non-metallic isotopes such as
oxygen-15 (ti2= 122 sec), carbon-11 (t12= 20.4 min) and nitrogen-13 (t12= 9.96 min) have
significantly shorter half-lives than the inorganic ones (copper-64 (ti2= 12.7 h), zirconium-
89 (tio= 6.02 h) and gallium-68 (ti2= 67.8 min)). Table 1 presents some of the most

commonly used radionuclides in both PET and SPECT imaging and their main
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characteristics (half-life, maximum energy, production). Finally, a highly important
characteristic is the purity of the radioisotope, as often the radionuclide is being produced
along with an unwanted isotope which will be delivered through the patient’s body without
providing useful information. For that reason, the half-life of the contaminant isotope, if any,

is crucial.?®

1.1.3. Radiolabelling with gallium-68

Gallium-68 has been applied in clinical medicine since the 1960°s.3* It has a half-life of
67.8 minutes and one of its major advantages is that it can be prepared using a %8Ge/®®Ga
generator.®® Generally, gallium is a non-physiological metal of group 13 of the Periodic
Table and is frequently represented by a +111 oxidation state as the Ga(lll) cation. Due to its
high charge density and small ionic radius (0.62 A), it can be considered as a hard or
intermediate Lewis acid. Subsequently, Ga(lll) cation is usually chelated through strong,
highly ionic bonds with nonpolarizable hard Lewis bases (eg. nitrogen, oxygen) or with
softer donor atoms such as phenolate and thiol groups. The Ga(lll) cation can form four-,
five- and six-coordinated complexes but is usually chelated up to its maximum coordination

number in a distorted octahedral geometry.36 3

Due to the tendency of the unsaturated complexes towards metal hydrolysis or ligand
exchange, the full engagement of the coordinate positions of Ga(lll) complexes is favoured.
Consequently, polydentate ligands with hard donor groups are more preferred for gallium
labelled biomolecules. Two main ligand categories can be employed for [®Ga]Ga*®
coordination; linear chain and macrocyclic ligands, the most prominent ligands of which are
shown in Figure 5. Nevertheless, it is important to note that four- and five-coordinate

gallium complexes have also displayed an adequate stability in vivo.®5-38

Gallium-68 has shown promising results for the radiolabelling of peptides and antibodies
of relevance towards targeted imaging. The chelation systems used for gallium-68
coordination in water are the same as indium-111, so it could also potentially replace this
SPECT radiotracer.? 3 3 40 There are several bifunctional chelators that have been

developed for %8Ga complexation but the most widely used is tetraxetan (1,4,7,10-
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tetraazacyclododecane-1,4,7,10-tetraacetic acid, DOTA) with the analogues of [®Ga]Ga-

DOTA-TOC, [*®Ga]Ga-DOTA-TATE and [*Ga]Ga-DOTA-NOC to be already available in
%8Ga-based clinical trials (Figure 6).3> 4142
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Figure 5: Schematic representations of the ligands DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid), NOTA (1,4,7-triazacyclononane- 1,4,7-triacetic acid), DTPA
(diethylenetriaminepentaacetic acid), TAME Hex (tris(aminomethyl) (ethane-N,N,N’,N’,N" N"'-

hexaacetic acid), and deferoxamine.
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TATE and [®Ga]Ga-DOTA-NOC.#
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1.1.4. Radiolabelling with fluorine-18

As mentioned above fluorine-18 is the most popular amongst all available PET
radionuclides. The combination of its relatively small half-life of 109.77 minutes (long
enough to allow scans up to 12 hours), with its clean decay profile (97% positron emission)
and its low positron energy resulting in better spatial resolution for imaging physical
characteristics, make fluorine-18 the predominant radioisotope in PET.**** Fluorine-18 can
be produced through different nuclear reactions but most commonly it is produced through
a cyclotron via proton irradiation of 80.%°-° The main synthetic strategies for fluorine-18
labelling may be divided into two main distinct methods. The first one involves a late-stage
radio-fluorination. Where fluorine-18 is introduced in the last step of PET tracer synthesis
by direct labelling of the precursor with [*®F] fluoride. The second one includes a modular
build-up approach. During this method, the fast and efficient introduction of fluorine-18 into
the building block by radiolabelling with [*®F] fluoride occurs prior to the arrival of one or
more additional reaction steps to arrive at the actual PET tracer.**
[*8F]-Fluorodeoxyglucose ([*®F]FDG) constitutes as the most common PET tracer in clinical
practice (Figure 4) and allows the profiling of the glucose metabolic activity both in tumours

and neurodegenerative diseases.>*>*

1.1.5. Fluorescence microscopy

Optical imaging has enabled the expansion of knowledge regarding cellular biology at a
molecular level either in vitro or, more recently, in vivo. This allowed the real-time tracking
of cellular movement, growth or functions. The optical imaging is based on the emission of
photons from the excitation of a molecule (fluorophore) that has absorbed photons. This is a
consequence of a three-stage procedure, in which the fluorophore undergoes: excitation,

internal conversion, and emission processes.

Confocal fluorescence microscopy techniques

Confocal fluorescence microscopy is an optical imaging technique that uses the
excitation point of fluorescent molecules to image specific biological systems. It was first
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conceived in the mid-1950’s by Minsky in an effort to image neural networks for his
studies.®® This achievement was followed by the production of microscopes for imaging
unstained brain®® and nerve cells.®® %" By the end of the 1980’s, the confocal microscopy
technology had already started growing and spreading. In the late 1990’s, the incorporation
of advances in optics consolidated the current design and improved the speed and the quality
of the images acquired, leading to a fundamental extension in a number of applications of its

technology.>® %°

The main principle of confocal fluorescence microscopy is still based on Minsky’s
pattern, however instead of using a zirconium arc lamp as a light source, a variety of lasers
are used because of their high intensity and the range of wavelengths that could possibly be
employed. Initially, the laser emits at a given wavelength which activates the target’s
fluorescence. Then, both laser-emitted and fluorescent light passes through mirrors,
redirecting them to face a pinhole which will only allow the fluorescent light to pass from
the focused plane (thus excluding the laser-emitted one). Finally, the fluorescent light is
measured by a detector to be analysed by an associated computer (Figure 7). This technique

yields in an improved image with less haze of the laser-emitted light.>% °

Two-photon fluorescence microscopy techniques

Since the 1990’s, two-photon absorption has been employed for the development of
fluorescence imaging allowing for the selection of individual cells for imaging. Recent
advances have resulted in the design of two-photon fluorescence lifetime imaging
microscopy (FLIM), which has been used for better understanding of cellular processes.
More specifically, FLIM can measure the duration of the excited state (decay time) of a
fluorophore within the living cell.®* Different fluorophores will not have the same lifetime,
but also the same fluorophore might have different lifetimes depending on the
microenvironment. In addition, the decay time does not depend on the concentration or the
photobleaching of the probe which makes it advantageous compared to other techniques such
as confocal or epifluorescence.’* This sensitivity of the fluorescence lifetime to the
environment surrounding the probe has found different applications, such as the

measurement of the pH®% or the concentration®-%® and the monitoring of the presence of

10
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cations (e.g. Ca?*, Mg?*, K*) or oxygen.®%3 Lastly, when combined with other techniques, it

can even provide evidence for the interaction of the fluorophore with proteins.®

The main principle of a two-photon excitation fluorescence microscopy involves the
excitation of a fluorophore from its ground state by two combined low energy photons which
arrived almost simultaneously to the molecule. The one-photon excites the fluorophore to
an intermediate state limited by an objective, whilst the second photon further excites the
fluorophore to the excited state (Figure 7).55-%” The main advantage of this technique is that
the laser light does not produce any excitation along its path through the specimen and the
excitation takes place only in the focal spot of the microscope resulting in generating all of

the photons in-focus.®" 68

Wide field fluorescence microscopy Confocal fluorescence microscopy Two-Photon fluorescence microscopy
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Figure 7: Schematic illustration of different techniques of fluorescence microscopy.®

1.2. Considerations in cancer diagnosis with medicinal imaging

Cancer (med: malignand neoplasm) is the second leading cause of deaths worldwide
accounting for 8.8 million deaths in 2015 (13% of total deaths). 6 " Despite the fact that the
word cancer was first reported by Hippocrates (460-370 BC), a Greek physician, who used
the term ‘karkinos’ to describe both non-nuclear forming and unclear forming tumours, some
of the earliest evidence of cancer is dated centuries earlier in Egypt. Since Hippocrates, a

plethora of theories were developed regarding the causes of cancer but it was not until the

11
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middle of the 20" Century that the current theories became shaped. Cancer is a heterogeneous
disease involving the accumulation of multiple mutations in a multi-step process. Tumours
are not just a group of cells that are unregulated and are growing uncontrollably, but a
complex tissue with different cell types all of which function together. To date, researchers
have distinguished at least 200 different cancer types that can affect humans with lung cancer
being the most predominant (1.69 million deaths in 2015). Liver, colorectal, stomach and

breast cancer follow in prevalence.?* 73

Through the last decades, the research community has shown a particular interest in the
chemical and the biological aspects of cancer metabolism, focusing on its onset and
prevention. As a result, highly distinctive functional capabilities were suggested as hallmarks
of cancer.”™ 737> Those hallmarks are the result of the numerous different cancer cell types
(Figure 8). More specifically: "+ 747
a. Sustaining proliferative signalling: where the abnormal function of growth signalling

results in the false activation of the proliferative signals.

b. Evading growth suppressors: where cell proliferation is not an entirely cell-autonomous
process resulting in the moderated growth of normal cells.

c. Resisting cell death: when instinct mechanisms induce programmed cell death by altering
normal autophagy, apoptosis and necrosis.

d. Enabling replicative immortality: cancer cells overcome the replicative ability by
overexpressing telomerase.

e. Induction of angiogenesis: caused by the ability of cancer cells to develop new blood
vessels.

f. Enabling replicative immortality: concerns the triggering of invasiveness either in the
surrounding tissue or vessels and the formation and growth of metastatic foci.

g. Deregulating cellular energetics and metabolism: unlike normal cells, cancer cells favour
glycolysis and the increased application of this process results in the activation of
oncogenes.

h. Avoiding immune destruction: cancer cells have also the ability to evade the control
mechanisms of the immune system which would eliminate the proliferating pre-malignant

cells.

12
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Figure 8: The eight commonly accepted hallmarks of cancer.” ™

1.3. Hypoxia and Cancer

1.3.1. An introduction to hypoxia

Adequate oxygen supply constitutes the key element of the normal life cycle of aerobic
organisms. In case of absence of oxygen, an active defence mechanism is adopted to address
any potentially damaging situation. An imbalance between oxygen supply and oxygen
consumption can cause a variety of conditions, such as pulmonary diseases, cardiovascular
diseases and cancer. The condition that is characterised by low oxygen supply in blood is
called hypoxemia whilst a reduction in oxygen supplies is termed hypoxia [Anc Greek
vd/hypo (=under, sub-) + oxygen [Anc Greek o&0¢/oxys(=sharp)]. This two terms should
be distinguished even though most of the time hypoxemia frequently induces hypoxia in
humans. From the other side, the condition where the oxygen supply is normal (complete
absence of hypoxia) is named normoxia [Latin normal + oxygen [Anc Greek

o&ug/oxys(=sharp)]. In tissue, lack of oxygen can occur due to numerous reasons, but the

13
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terms of hypoxia and hypoxemia shouldn’t be confused. Extreme conditions, such as high
altitude or diving, can cause generalised hypoxia in healthy humans, but the oxygen levels
usually normalise after a period of time, without permanent damage to healthy tissues.
Hypoxia can result in a failure of tissue oxygenation at any stage of its delivery to the cells.
This often lead to a decrease in the partial pressure of oxygen, failure of the lungs to diffuse
oxygen, insufficient levels of available haemoglobin and alterations of blood circulation to
the tissue or of breathing rhythm. There are five different types of hypoxia:

1. Affinity hypoxia, resulting from impairment of oxygen release in tissues by
haemoglobin, producing a left-shifted oxyhaemoglobin dissociation curve;

2. Anemic hypoxia, is caused when there is a reduction of the oxygen-carrying capacity of
the blood. This can be the result of a decrease in the total haemoglobin or a factor
alteration in the haemoglobin itself;

3. Circulatory hypoxia or histotoxic hypoxia. In this case even though the affinity of the
haemoglobin is not disturbed, not the carrying capacity of blood oxygen, the tissues do
not receive sufficient oxygen e.g. in cyanide poisoning);

4. Hypoxemic hypoxia (or hypoxic hypoxia), which is due to insufficient levels/quantity of
oxygen reaching the blood, as in lung diseases or decreased barometric pressures at high
altitudes.

5. Stagnant hypoxia, a condition resulting in failure in the circulatory system which leads
to insufficient transport of oxygen to tissues. This is usually caused due to inadequate
blood flow due to tissue blocking from a variety of reason such as heart failure.

Concomitantly, physiological compensation of hypoxia is divided into acute and chronic
hypoxia. In the first case, a sudden or rapid depletion of available oxygen takes place
at the tissue level; whereas the latter is attributed to a usually slow, unregulated reduction of
oxygen delivery in tissue which gradually results in heart disorders, lung diseases such as

chronic obstructive pulmonary disease, or chronic blood loss.t* 7

14
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1.3.2. How hypoxia is related to cancer

In the 1950s, Gray et al. identified for the first time the presence of low oxygen tensions
in human tumours’” and their possible influence on radiation results.”” ”® Consequently, the
cancer research community focused their research towards studying hypoxic cells and their
sensitivity. This was achieved by using either hyperbaric oxygen chambers’ (before the
early 1970s) or small molecules which could mimic the effect of oxygen® 8! (after the1980s).
By the 1990s, the heterogeneity of oxygen supplies in human tumours had been identified.®?
8 Nowadays, the importance of tumour hypoxia has been confirmed by a plethora of studies
which further underlined its detrimental role in tumour progression and therapy resistance.
Therefore, the pathology of hypoxic conditions is an open research field in the literature and
there are a wide range of studies that attempt to identify and comprehend hypoxia and finally

lead to the development of next generation therapeutics.

Hypoxia in a tissue is characterised by the lack of oxygen supply. In tumours, the oxygen
supplied to neoplastic cells is often less than the oxygen they consume, resulting in tissue
areas with reduced oxygen level. Hypoxia in cancer can be caused by:

= Limitations in perfusion of oxygen delivery due to structural and functional abnormalities
of tumour microvessels (acute hypoxia)
= Limitation in the diffusion of oxygen delivery generated by the increased distance
between the cell and the blood vessel (chronic hypoxia) or,
= Reduction of the oxygen capacity in the blood caused by therapy-induced and/or tumour-
associated anaemia (anemic hypoxia).84-8®
The prolonged exposure to hypoxic conditions often results in diversification of cell cycle
distribution. On the contrary, the reduction of protein synthesis that occurs in hypoxic cells
results in restrained proliferation and cell death. As a result, tumour cells often establish
mechanisms to evade this hostile environment and generate tumour progression (Figure 9).
It is very important to highlight that hypoxia is not selective against inducing apoptosis of

neoplastic cells or normal cells 888
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Figure 9: Schematic diagram explaining some of the features of hypoxia to tumour metastasis (top)
and to therapy resistance (bottom). CA: carbonic anhydrate; LOX: lysyl oxidase; CXCS4:
chemokine receptor type 4; ROS: reactive oxygen species; MMP: matrix metalloproteinase; ECM:
extracellular matrix; VEGF: vascular endothelial growth factor.3%%
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Additionally, hypoxia conditions intercept cancer therapy through various mechanisms,
such as:
(i) potential p53 mediated senseless cell selection®’: 88
(if) progression of chronic hypoxia which results in an inadequate exposure to
chemotherapy and radiation therapy®!
(iii) via the upregulation of drug-resistant genes and “encoding genes” (such as
p-glycoprotein and ADAM metallopeptidase domain 17).92%°
The alterations in gene expression with subsequent changes in the proteome and/or the
genome®” and cell selection®” 8 %597 are some of the underlying mechanism by which
hypoxia prevent tumour malignancy. Considering tumour hypoxia’s role in determining
progression to malignancy, linked with its relationship to resistance development to cancer
therapies, it has been noted as a valuable indicator in tumour prognosis. As a result, a variety
of detection techniques have been advanced to distinguish hypoxia in tumours. Detection of
low oxygen areas,®1%2 targeting of endogenous markers such as hypoxia-inducible factor 1
(HIF-1) and carbonic anhydrase IX (CAIX) ,19%1% yse of exogenous hypoxia markers, such
as 2-nitroimidazoles,'®” and imaging of hypoxia environment through non-invasive

techniques such as PET/SPECT imaging and MRI%-11! are among them.

1.3.3. Hypoxia-inducible factors (HIF)

Hypoxia-inducible factors (HIFs) are a family of transcription factors that are particularly
sensitive to oxygen adequacy as they are capable of activating the expression of complex
gene models which can adapt the low oxygen conditions. All the 3 different members of the
HIF family (HIF-1, HIF-2 and HIF-3, Figure 10) are composed of two subunits (o and f).
The alpha () subunit which contains an oxygen-dependent degradation domain (ODD) and
results from the uniqueness of each gene. On the other hand, the beta () subunit is a
hydrocarbon nuclear translocator domain (ARNT) which is expressed ubiquitously.'? 13
Thus, the a-subunit leads the regulation of the hypoxia-inducible behaviour. HIFs are
considered as crucial mediators of the cellular adaption to hypoxia since they have been
detected in a variety of both hypoxic or hypoxemia pathogenic conditions such as pulmonary

diseases, cardiovascular diseases and cancer.19% 114-118
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Figure 10: Hypoxia-inducible factor in 1-alpha (1a) in assembly. This protein is highlighted and
viewed from (a) front (b) side (c) top. (PDB 4ZPR).1%°

Tumour hypoxia is mainly related to HIF-1a and HIF-2a factors that are the most studied
genes as opposed to HIF-30, a negative regulator of hypoxia-inducible gene expression.!2
Alterations in gene regulations have been suggested with regards to HIF-1o and HIF-2q, ,
although they activate the gene transcription triggered by hypoxia in a similar fashion. In
prolonged hypoxic conditions the HIF-2a is the one which is mainly active, whereas in acute
hypoxic conditions the HIF-1a is activated (Figure 11).113 120

Under normoxia, HIF-a usually remains unnoticeable, but in hypoxic conditions, prolyl
and asparaginyl hydroxylation reactions are catalysed by Fe(ll) and 2-oxoglutarate
dependent dioxygenases superfamily.t?l 122 These reactions regulate both transcriptional
activity and protein abundance of cancer cells'?3. However, since 1993, it has been shown
that iron chelators induce HIF-1a.1?* Later evidence have demonstrated that a plethora of
metal ions (Cu(ll), Co(ll), Ni(Il),Zn(11)) may be able to mimic iron’s ability to stabilise HIF-
10.1%5-128 Sybsequently, development of appropriate metal chelators could potentially allow

the reduction of HIF’s expression.
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Figure 11: Mechanism of targeted genes activation by HIF. (a) HIF-a pathway in normoxia: in the
presence of oxygen, propyl hydroxylases (PHD) hydroxylates HIF-a at the conserved proline-
residues, leading to binding of the gene by the VVon Hippel Lindau (VHL) tumour suppressor
protein and consequent ubiquitylation of HIF-o followed by its degradation in the proteasome. (b)
HIF-a pathway in hypoxia: the lack of oxygen prevents HIF-a hydroxylation by PHD giving rise to
the stabilization of HIF-a. which allows its escape from the VHL and further drift to the nucleus
where it dimerizes with the HIF-$ to form an active transcription complex. The HIF complex then
induces the transcription of genes containing a hypoxia-responsive element (HRE) which then leads

to activation of HIF target gene.'* 1%

1.3.4. Carbonic anhydrase

Carbonic anhydrase was isolated from haemoglobin in 1933 and fully characterised
biologically to show that is a Zn(ll)-centered metalloenzyme.**® Prior to 1944, the
importance of this enzyme in plants was well established, as it seemed to be present in most
key cellular processes, resulting in the purification of five different types of carbonic
anhydrases (CA).13% 132 Their greater role in pathological processes in prokaryotic species
was only highlighted towards the middle 1990°s.133-136 Soon after confirming the existence

of CA in mammals, the study of the catalytic mechanism begun.t37: 138
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To date, it has been fully established that CAs are zinc metalloenzymes that catalyse the

reversible hydration reaction of cell-generated CO>
(CO,+ H,0 2 HCO; + HT),

an essential and ubiquitous reaction in nature, as various, both cellular and physiological
processes depend on it 130 133, 134,136,139 A mentioned above, CA is present in all plants,
prokaryotic and eukaryotic species. Each of them is related to a different family of CA
enzymes, arising from diverse pathways and classified as a-CA, B-CA and y-CA
respectively. 130 133, 134,136,139 After years of kinetic studies, it has been specified that all three
species share the same mechanism of action, which consists of two steps: initially a
nucleophilic attack of a hydroxide ion on the zinc-bounded CO, followed by the ionisation

of the zinc-bounded water molecule and a proton removal from its active site, 13" 140

Through the years, 16 different a-CA isoenzymes have been described and characterised
in mammals. The catalytic activity, the cellular localisation (cytosolic, membrane-bound or
mitochondrial) and the distribution within the tissues are not the same for all of them, 141149
Because of their specific character, the CA isoenzymes participate in different biological
processes leading to different applications in clinical research.**% Only two of them are
associated with hypoxia via the HIF1la and HIF2a pathways, the CAIX and the CAXII.
Notably, CAIX is the only one expressed mainly in tumour tissues but not in the majority of

the corresponding normal tissues.>"161

Carbonic anhydrase I1X

Membrane antigen (MN) protein, as CAIX was originally named, was first detected in
the human cervix carcinoma epithelioid cell line (HeLa) in 1993%? and was further
characterised as a plasma membrane antigen regulated by cell density and correlated with an
oncogenesis phenotype.t%® Furthermore, it has been revealed that the human genome contains
only a single copy of MN, coding for a 466 amino acid transcript crossing the plasma
membrane. This protein contains four distinct regions: a large extracellular part with an N-
terminal domain proteoglycan-related (PG); a central carbonic anhydrase domain (CA); a
hydrophobic signal peptide with a hydrophobic transmembrane section (TM); and a C-

terminal region with a short intracellular tail (IC) (Figure 12).129 164
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The active site of the CAIX enzyme is enclosed in the CA region which is found on the
exterior side of the plasma membrane facing the extracellular environment. This implies that
the reversible hydration reaction is carried out extracellularly but through a specific
cooperation of the CAIX with bicarbonate transporters, acquiring the ability to control the
pH both intracellularly and extracellularly. %567 This ability links CAIX with numerous
functional aspects of tumour growth under hypoxic conditions and with drug resistance.*6”-

189 Thus, CAIX is considered as a viable prognostic hypoxia marker in cancer research.

PG

Figure 12: Schematic representation of the CAIX protein composition (IC: C-terminal region,

CA: central carbonic anhydrase domain, PG: N-terminal domain).

CAIX as a therapeutic target

There are two main approaches to target CAIX for hypoxia prognosis and tumour therapy.
The first involves the use of monoclonal antibodies (immunotherapy) and the second, the
inhibition of CAIX by small molecules, blocking its activity and catalytic role. The first
strategy represents an extensively studied therapeutic intervention and encouraging
outcomes resulting from ongoing third phase clinical trials have been published.*”
Meanwhile, the second way refers to an expanding class which can be exploited not only for
tumour prognosis but also for the production of molecularly targeted antineoplastic drugs.®
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171 sulfatase steroids'’?)

Both sulphonamides and sulphur-related compound (sultiame
have already illustrated an efficient inhibition against CAIX in vitro already, as well as an
anti-metastatic activity in animal models in vivo. 1% 173 174 In addition, fluorescent
sulphonamide compounds have yielded promising results in the selective inhibition of CAIX,
enabling hypoxia imaging to be conducted.’®> 1 176 Fyrthermore, some coumarin
derivatives have demonstrated a significant inhibition of CAIX and CAXII isoenzymes upon
their incorporation with hydroxyl-, chloro-, chloromethyl- thioxy- or sugar moieties.!’’-18!
Lastly, an interesting inhibitor was recently developed by Dubois and his group:'®? a
nitroimidazole-based sulphonamide molecule acting through reduction of tumour growth

and increasing tumour sensitivity to irradiation.

1.4. Thiosemicarbazonato complexes as molecular probes and imaging

agents

The broad pharmacological utilities of the thiosemicarbazone (TSC) scaffold has been
well established by medicinal chemists. Through the years, thiosemicarbazones have been
proposed as antibacterial'® 18 antifugal'®> 1% and antiviral®” 8 probes. The first clinically
approved drug of this family, which is actually still in use for the treatment of multidrug-
resistant tuberculosis is commercially called thioacetazone, (Figure 13).18° Also, a plethora
of other drugs have been developed and clinically tested against various infections

(smallpox) or malaria.®® 1%

Even though the motif of the thiosemicarbazone family as potential derivatisation agents
for ketones and aldehydes has been known since the 1900’s, their antineoplastic activity was
not recognised until the mid-1950’s when E.Skipper and his group observed the antileukemic
activity of different compounds from this family.’°>1% Later on, the ability of
thiosemicarbazone compounds to inhibit ribonucleotide reductase, a mammalian enzyme
involved in the DNA synthesis, was highlighted!°¢-18 alongside with their ability to chelate
a variety of metal ions (Cu(ll), Fe(ll/111), Zn(ll), Ga(lll)) through different coordination
modes.® A great interest has developed from different research groups in the last decades

in thiosemicarbazone derivatives due to their ability to form reactive oxygen species (ROS)
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194,200-203 3nd to block hypoxia by the stabilization of HIF-1a.12>28 Even though through the
years it was suggested that their plasma half-life is very short for drug delivery and resistance
to these drugs is often developed, they still are the focus of interest and currently two new a-
N-heterocyclic thiosemicarbazones (COTI-2 and DpC, Figure 13) are under clinical

evaluation, 204206
S
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Figure 13: Schematic illustration of different TSC compounds which have been used in clinical

trials or have been proposed as important anti-tumour agents!8%-192. 204, 207-211

The synthesis of bis(thiosemicarbazone) ligands was first reported in 190222 and
although a variety of different procedures have been proposed since then,?*-?1> the majority
of the reported ligands derive from 1,2-diketones.!t: 21® Specifically, a 1,2-diketone is
functionalised with a thiosemicarbazide (Scheme 1). This results in the formation of an
iminic bond when both components are heated in a slightly acidic alcoholic solution.? 18

The syntheses are usually successful resulting in good yields although slight modifications
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on the scaffold could lead to significant changes in molecules’ activity and often lead to
cyclisation products or dimers.?'6-2'° The synthesis of symmetrical variants has been cited
more often, but also the synthesis of unsymmetrical derivatives has been reported, although

it is considered to be a more challenging procedure.!!
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Scheme 1: Different synthetic routes to aliphatic bis(thiosemicarbazones)

The coordination of thiosemicarbazone compounds was first reported in the 1930’s by
Jensen et al 2*% who suggested that a five-member ring may be formed via the sulphur and
the azomethine nitrogen, yet a tetrahedral coordination was established later by Baehr et
al.?*® Thiosemicarbazones are multifunctional ligands and they can coordinate to metal ions
by a bidentate binding; mono(thiosemicarbazones), by tridentate binding;
mono(thiosemicarbazones) if there is a donor atom at the substituent involved in the metal
coordination, or by a tetradentate binding; bis(thiosemicarbazones). In general, thione and
thiol form of TSCs are in a tautomeric equilibrium in solution, so their complexation with
the metal can be either via a neutral nitrogen/sulphur (N, S) or anionic (N,S’) donor set when
the thiol proton is lost.!* 22° The stability of the complexes can be increased in the presence
of an additional coordinating component resulting in a (N, N, S) donor set.** 2% A wide
variety of metals have been reported that thiosemicarbazones can chelate, including

transition metals, main group metals or semi-metals. 184 199. 207,216,221 £y rthermore, unlike the
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simple metals, radioactive metallic isotopes may be used allowing the use of PET and SPECT

imaging for tumour detection.
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Scheme 2: Tautomeric equilibrium of thiosemicarbazone compounds in solution phase.?
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Scheme 3: Common mono and bis(thiosemicarbazone) ligands coordination arrangements to
metals.22 M = Ga(lll), Cu(ll), In(111)

The use of bis(thiosemicarbazonato) metal complexes in imaging has been limited to
PET radionuclides. Unquestionably, one of the most well-known and most studied molecules
of the subfamily of bis(thiosemicarbazonato) metal complexes is Cu-ATSM (Figure 4). Its
efficacy as an imaging probe to delineate hypoxia in tumours and cardiac ischemiall: 222-224
are established alongside its potential for Alzheimer’s treatment.??>?2” Cu-ATSM has been
exploited as a radiotracer by use of copper-64, although other radioisotopes of Cu have been
used likewise.?16 228-232 The exact mechanicm of action in hypoxia of the Cu-ATSM’s is not
yet fully understood, and it was suggested by Hueting et al that copper metabolism could be
essential for the selectivity of Cu-ATSM complexes.?® In addition, Cu-ATSM’s potential in
dual labelling with other radionuclides has been explored aiming to reveal the in vivo

biological effects of these compounds.?3* 2%

Lack of a fluorescent moiety at the thiosemicarbazone substituents of aliphatic

bis(thiosemicarbazonato) metal complexes render their use in optical imaging techniques
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challenging. In 2005 Dilworth and his group introduced a new Zinc(ll) diacetyl-bis(4-
methylthiosemicarbazonato) (Zn-ATSM) derivative with modified side chains showing
fluorescence emission in cells. Uptake studies performed in several cell lines by fluorescence
microscopy suggested a strong cell-line dependence.?®® Since then, the addition of a
fluorophore to the ATSM precursor has been explored by various groups in an attempt to
study the in vitro properties of the complexes in different cell lines. 23”23 Use of aromatic
and fluorescent groups in the bis(thiosemicarbazone) scaffold would increase the fluorescent
character of the molecule, allowing visualisation through the incorporation of a luminescent
sensor. Many examples have been found in literature since the very early discovery of the
potential of thiosemicarbazones in pharmaceutical research. The first Zn(ll) and Cu(ll)
complexes, based on acenaphthenequinone bis(thiosemicarbazone) ligands, were reported
by Pascu et al. 2007.2*° Therefore, acenaphthenequinone bis(thiosemicarbazonato) metal
complexes have been intensively studied under different optical techniques!! and it was
suggested that Zn(ll) enables the transmetalation reaction in order for TSC compounds to

chelate different metals of relevance to SPECT and PET.?4

Moreover, Ga(ll1)-TSC complexes have been investigated as both anti-neoplastic drugs
and imaging agents ([®Ga]Ga(l11))?!® 242-24 through the years and recently Pascu and co-
workers reported the in vitro hypoxia selectivity of [®Ga]Ga(lll) bis(thiosemicarbazonato)
complexes. In vivo tests by microPET in nude (athymic) mice was also reported in this study
suggesting that [%8Ga]Ga(lll) bis(thiosemicarbazonato) complexes can be excreted within 1

hour post-administration in vivo.24

1.5.  Glycosyl coumarins as targeting molecules

1.5.1. Coumarins

Coumarins were used extensively in pharmaceutical research soon after their initial
synthesis in 1868 by W.H. Perkin.?*” However, it was not until 2009 when A. Maresca et
al.!8 pointed out for the first time their relation with hypoxia. In this publication, the authors
reported X-ray crystallography along with mass spectrometry data and introduced coumarins

as carbonic anhydrase suicide inhibitors suggesting a possible mechanism of action. Claudio
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T. Supuran and his research group have carried out extensive research in the field of the
inhibition of CA IX as a target for the design of anti-tumour agents.?*® Since 2009, they have
reported the synthesis of coumarin-derivative compounds besides their X-ray
crystallography data, and characterisation of coumarin binding sides in CA Il inhibition.18:
249 In addition, in 2010, they reported the potential of a group of coumarin-derivative
compounds as CA inhibitors, revealing their greater efficiency against CA 1X and CA XllI in
comparison with their efficacy against CA I and CA I1. Accordingly, they suggested that the
potential of those compounds to act as designed isoform-enzyme selective inhibitors.28 In
2011 Dubois and colleagues published the results of in vivo experiments of coumarin
compounds along with other promising inhibitors such as acetazolamide, confirming the

Supuran group’s suggestion.?>°

To date, a variety of laboratories have studied the labelling of coumarin compounds with
different PET radioisotopes and in 2012 Wang and colleagues®* reported the synthesis and
the results of a fluoro-coumarin compound (3-(4-(dimethylamino)phenyl)-7-(3-

fluoropropoxy)-2H-chromen-2-one, Figure 14) as a promising PET imaging probe.

Figure 14: Schematic illustration of 3-(4-(dimethylamino)phenyl)-7-(3-fluoropropoxy)-2H-
chromen-2-one.

1.5.2. Glycosyl coumarins

In early 2011, Y.Lou and colleagues reported for the first time hypoxia uptake results of
two glycosyl coumarin (GC-204 and GC-205, Figure 15) indicating their potential as small
molecule inhibitors against CA 1X.1%° No further information was published regarding these
compounds but in late 2011, Touisni and colleagues confirmed the efficiency of substituted
coumarins incorporating glycosyl moieties against both CA IX and CA X11.2°2 They state the
significant inhibition of tumour growth by GC-204 in mice compared to vehicle controls

which have arisen from flow experiments in 4T1 murine mammary adenocarcinoma cancer
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cells. Later Lock and colleagues®®®

reported that treatment of mice with GC-205 led to a
reduction of cancer stem cell (CSC) population. In addition, numerous scientific
publications, review papers and books have been published referring to this work without

any further investigation on this kind of compounds.?3 %4

Regardless of their clear effect on CA inhibition, there has been no reported attempt to
label glycosyl coumarins with either PET or SPECT radioisotopes towards a combination of
imaging with chemotherapy or radiation, to target hypoxic cells that typically demonstrate

resistance to those therapies.?? 253
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Figure 15: Schematic illustration of the two most promising compounds as small molecule
inhibitors against CAIX.?®

1.6. Introduction to nanomedicine and radiolabelling approaches

In 1959, the Nobel Laureate physicist, Richard Feynman first envisioned
nanotechnology?®® and just decades later this was defined as the science which involves the
technological engineering and applications of materials and assemblies in the nano-scale.?’
More specifically, synthetic nanomaterials have at least one dimension in the range of 1 to
100 nm, %" 8 which is typically the size of biologically relevant molecules, and their shape
differs according to their applications. Today, nanotechnology advances rapidly due to the
unique physiochemical properties of nanostructures (increased surface and quantum effects)
which could find applications in different scientific areas.?®® 2° An interest in the
applications of nanotechnology in medicine has gradually grown in the last decades, resulting
in the interdisciplinary field of nanomedicine. Furthermore, cancer research has adapted

nanotechnology approaches and potential applications of nanomaterials aiming towards
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cancer treatment and diagnosis®® resulting in a variety of different drugs that are currently
in clinical trials or even approved by the FDA 261 262

fluorescence

Figure 16: A schematic illustrated overview of the different applications of nanoparticles in
theragnostics.

In clinical oncology, nanoparticles (NPs) are drug loaded and their overall size should
not exceed the 100 nm limit, in order to be effective in vivo.?52 They enable improved
solubility, excess in drug loading and the possibility of imaging modalities?%2-2%5, Due to their
small size, they can deliver drugs in areas that are difficult to access, by crossing
physiological barriers and by appropriate modification nanoparticles can mediate controlled
drug release?® 263266 Since NPs localise in tumours, they evoke in cancer cells a cytotoxic
response applying one or all three of the following modalities simultaneously:
= Drug release,
= Hyperthermia or thermal ablation, or

= Reactive oxygen species (ROS)-mediated Killing.
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Due to their high surface area to volume ratio and their boundless possibilities for
chemical modification, nanoparticles could also have great potential as imaging agents.?®":
268 A variety of different NPs have been developed as potential MRI agents (Fe.O3-NPs, Gd-
NPs),2° as well as with enhanced CT or X-Ray image contrast (Au-NPs, TiO,-NPs).
Additionally, a plethora of nanoparticles has been radiolabelled with either PET or SPECT
radioisotopes?’® 2", The radiolabelling of the nanoparticles has been developed through three
main different approaches. The first one involves the surface modification of the particles
using either radioisotope-based prosthetic groups®’2 or radiometal ion chelation®® 274, The
second one is based on a modification to the particle coating.?”® In more detail, the
nanoparticle coating is functionalised and the radioactive compound is attached to it via
covalent binding. Lastly, modern approaches have been developed in order to limit the
alteration of nanoparticle structure which often affect their pharmacokinetic properties and
cytotoxicity. These could be achieved either by non-covalent binding of the radionuclide or
the radiolabelled compound to the nanoparticle’s surface, by addition of aliquots of
radioactivity during particle construction, by the cavity encapsulation of the radioactivity, or

reactor-based activation.2’6-278

Moreover, nanoparticles have been considered as key elements towards hybrid imaging.
As mentioned earlier their large surface can be functionalised through various techniques
and their versatile scaffolds render them potent multimodal agents through which to attempt
to balance the benefits and drawbacks of the various imaging techniques. Magnetic
resonance imaging, nuclear and optical imaging are the three imaging techniques which have
been combined the most towards that purpose.?’® Through the years, research on magnetic
nanoparticles and potential radiolabelling techniques has been well-developed offering many
alternatives.?’® 280282 |n in vitro biological studies a combination of magnetic nanoparticles
with fluorophore moieties is often used, but their in vivo use has remained limited.?”®
28 Additionally, merging nuclear imaging techniques with optical imaging approaches has
been demonstrated already in small molecules for many years and it is now developing in
nanoparticle research as well. This type of hybrid imaging is aimed primarily towards image-
guided surgery. Undoubtedly the combination of all three techniques could overcome

imaging limitations, but the chemistry behind nanoparticles with such scaffolds is very
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challenging. Nevertheless, a number of research groups are involved in this research with the

synthesis of tripodal ligands for medical imaging.27®- 279 284

1.6.1. Graphene Oxides as platforms for biosensing and imaging applications

Graphene was first isolated in the early 21% century by Novoselov and Geim earning
them the Nobel Prize in Physics.?® This new material consists of carbons bound in a
honeycomb lattice constructing a 2D planar surface enriched in sp? layer orbitals. Since 2010,
two graphene derivatives have been reported and studied, graphene oxide (GO) and reduced
graphene oxide (rGO). Graphene oxide’s surface contains uncharged epoxides (O) allowing
the binding with chemotherapeutic drugs through hydrogen bonding or other interactions,
and hydroxyl (OH) groups on the peripheral surface which increase the hydrophilicity of the
molecule (Figure 17).28628 This is the most favourable one for applications such as drug

delivery and bio-sensing.

Graphite
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exfoliation

Reduced graphene oxide Graphene oxide

Figure 17: Schematic representation of the necessary procedures to obtain graphene and reduced
graphene oxide.?®
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Graphene has presented potent opportunities for the development of a broad range of
biomedical applications. Due to graphene’s tuneable surface, its lower toxicity and to its
superior biocompatibility in comparison with other nanoparticles, its use has been intensively
explored as a nanocarrier for drug/gene delivery?®2* or as biosensors?®+2%® and
theranostics.?%>3%! Recent developments have shown that a variety of anticancer molecules
(doxorubicin, camptothecin, nucleic acids etc) can be loaded onto the GO’s surface.3%2-304 At
the same time, GO’s potential to reduce reactive oxygen species in target cancer cells has
been proposed in the literature.3® Nevertheless, their toxicity may be affected by many
parameters such as the number of layers, the size, the surface, the time of exposure or the
cell type.?®4 2% 36 The main challenge of GOs nanocomposites, similarly to most
nanoparticles is the selective drug delivery, but tumour-targeted GO drug carriers have been
reported. This has been achieved by further functionalisation of the GO surface with folic
acid, PEG, Herceptin or different antibodies that target a specific cancer type.2%3 307. 308
Furthermore, GO nanocomposites were tested as potential nanoplatforms for a variety of
imaging techniques, such as MRI,2%+3% fluorescence markers allowing intracellular imaging
studies?®® 309312 or PET techniques.? 313314 ast but not least, the combination of different

imaging modalities on the same nanocomposite has also been explored.?% 2% 315, 316
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1.7. Aims of this thesis

The overall objective of this project was the synthesis of aromatic thiosemicarbazonato
complexes coordinated to the radioisotope [%®Ga]Ga(lll) in order to be able to provide
multimodal imaging modalities. The functionalisation of these Ga(lll) complexes with
specific targeting moieties can potentially lead to the development of promising imaging

probes of interest in tumour hypoxia and prostate cancer imaging
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Figure 18: Schematic illustration of the design of unsymmetric aromatic BTSCs class. This class
will be used as imaging probes synthetic scaffold towards the detection of hypoxic tumour cells via

PET imaging.

Specific objectives are:

= The inclusion of an asymmetric acenaphthenoquinone thiosemicarbazonato (TSCA)
complex as the core. As it has been previously commented, thiosemicarbasones (TSC)
are flexible as ligands and at the same time their structure has important optical and
biological properties. Thus, these properties of TSCA complexes will permit the use of
both PET/SPECT imaging for in vivo experiments and confocal fluorescence microscopy
for in vitro experiments.

= The possibility of including a fluorine-18 moiety to allow the use of PET imaging which
will result in obtaining experiments with better image resolution.

= Synthesis and functionalisation of a glucosyl coumarin (GC) moiety, to be used as the
target molecule, inhibiting CAIX and CAXI. GC also has high fluorescence intensity and
it will probably enhance the fluorescence of our final molecule which is crucial for
confocal fluorescence microscopy.

= Use of radiolabelled graphene oxide (GO) as a nanocarrier of metal unsymmetric

bis(thiosemicarbazonato) complexes and GC for imaging of hypoxia.
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Chapter 2: New thiosemicarbazonato complexes rely on
mono(substituted) ligands: design, synthesis and

characterisation

2.1. Overview

In the late 1950’s, E. Skipper and co-workers observed an antileukemic activity in a
family of compounds known as thiosemicarbazones (TSC). Their studies introduced for
the first time these compounds, along with their derivatives, as potential antitumoral
therapeutics.' Since then, they have been studied and developed by a number of research
groups, with a special interest in their ability to chelate a variety of transition metals (such
as Cu(Il), Fe(II/IIT), Zn(II), Ga(IIl)), where these materials have the potential of being
exploited as antineoplastic drugs.”* In the last decades, these chelators have been related
not only with the formation of reactive oxygen species (ROS)*®, but also with the
blockage of hypoxia through the stabilization of HIF-10.”!2 In this context, two different
aspects concerning the chemistry and the biological properties of TSC
acenaphthenequinone mono(substituted) ligands have been explored by the Pascu and
Dilworth groups over the last 10 years. Studies have been also carried out for developing
novel metal complexes with applications as diagnostic multimodal imaging agents of

cancerous diseases.

While a variety of thiosemicarbazone substituents (alkyl, allyl, aryl) and metallic
species (Cu(Il), Zn(IT), Ni(IT), Ga(IIl)) have been explored for acenaphthenequinone-
based compounds, their chemistry has been limited to the bis(substituted) derivatives and
mainly to the symmetric ones. So, the aim of the work presented in this chapter was to
develop a library of mono(substituted) ligands that could be later used in the chelation of
asymmetric bis(thiosemicarbazonato) complexes. In addition, a synthetic strategy for the
corresponding non-radiolabelled or radiolabelled metal coordinated derivatives was also

developed and the complexes were evaluated for their in vitro properties.
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2.2. Synthesis of thiosemicarbazonate mono(substituted) complexes

2.2.1. Synthesis of mono(substituted) ligands

The synthesis towards a variety of thiosemicarbazone mono(substituted) substituents
has been extensively studied by the Pascu group. In this sense, a recent synthetic
breakthrough was based on a microwave (LW) assisted reaction between a commercially
available thiosemicarbazide compound and an acenaphthenequinone moiety under

slightly acidic conditions (Scheme 4).'% 14

(J o3 roro L
conc. HCI R: Ph (a)
7t R‘uJLHNHZ — 7 Allyl (b)

. o H N\
MW 90 °C,15 min d N—N;_ Et (c)
(3) NH
S R
(5)

Scheme 4: Synthesis of mono(substituted) ligands with commercially available

thiosemicarbazides.

In our case, the synthesis of non-commercial thiosemicarbazides was introduced. The
aim was to synthesise a mono(substituted) ligand able to react under the conditions
required for a “click” reaction. In order to obtain novel thiosemicarbazides, diethyl
amines were converted into their corresponding methyl dithiocarbamates and

subsequently transformed into thiosemicarbazides by hydrazinolysis (Scheme 5).

1. Et3N, CS,
2. CHsl

H B HoNNH, H
N Hoar NN L
N~ S R N" N
R Q”AH EtOH, 78°C "H H

R A5 NHz
H n

EtOH, 25°C

Scheme 5: Synthetic route for the synthesis of new thiosemicarbazides.

The synthesis of thiosemicarbazides with a pendant propargyl group was challenging
since the triple bond tended to react with the sulphur group forming a cyclised by-product
(Scheme 6) which was isolated during the attempted optimisation. Suitable crystals for
single crystal X-ray were obtained from DMSO solution for the cyclic by-product and

the molecular structure is presented below (Figure 15).

54



Chapter 2| New thiosemicarbazonato metal complexes rely on mono(substituted) ligands

H i heat HN
(2d) (4)

Scheme 6: Cyclisation reaction of methyl (2-(prop-2-yn-1-ylamino)ethyl)carbamodithioate (2)

to 5-methylene-2-(11-sulfanyl)thiazolidine (4).

Figure 18: Molecular structures of 5-methylene-2-(11-sulfanyl)thiazolidine (4). Thermal
ellipsoids at 50% probability.

The structure revealed that a 5-exo-dig ring closure reaction had occurred. This type
of reaction is favourable according to Baldwin’s rules. More specifically, the cyclisation
reaction between the propargyl group and the sulphur leads to the formation of a new
bond (C1-S1) and a five-membered ring with an exocyclic C=C double bond. (Figure 18)
A summary of bond lengths is presented in Table 2.

Table 2: Bond lengths for the 5-methylene-2-(11-sulfanyl)thiazolidine (4).

Bond Bond Length (A) Bond Bond Length (A)
S(2)-C(1) 1.6686(16) C(2)-C(3) 1.511(2)
S(1)-C(1) 1.7499(16) C(2)-H(2Aa) 0.9900
S(1)-C(3) 1.7735(16) C(2)-H(2b) 0.9900
N(@1)-C(1) 1.3252(19) C(3)-C(4) 1.315(2)
N(1)-C(2) 1.452(2) C(4)-H(4a) 0.9500
N(1)-H(1) 0.84(2) C(4)-H(4b) 0.9500
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To avoid the ring closure reaction, we attempted to couple the mono(substituted)
ligand with 4-ethynylbenzaldehyde. However, the imine bond which is required for
subsequent steps was unstable. The reduction of the imine bond was challenging because
the structure of the mono(substituted) precursor contains other imine, hydrazine and
thiocarbonyl bonds that might also be affected during the reaction (Scheme 8,
compound 5). To overcome all these difficulties, the use of different benzylamines was
introduced for the synthesis of compounds such as thiosemicarbazides (Scheme 7). The
phenyl ring could eliminate the side reaction of the triple bond with the sulphur group. In
addition, the shorter acrylic chain as well as the absence of an amino group would prevent
any internal cyclisation. Our attempts led us to a successful synthetic methodology for a
new hydrazide series which were fully characterised by NMR spectroscopy and mass
spectrometry. Some of them were additionally characterised by X-ray crystallography
when suitable crystals were obtained. In Figures 19 and 20, the crystal structures of the

formed products are presented as obtained on both steps of the synthesis (2e and 3e).

1. EtsN, CS, 90 min
2. CHl, 105 min S Nl 2 i
Mo M NH,
NH, N~ S N™ N
EtOH, 25 °C H 78 °C, 105 min H H
R R R
(1) (2) (3)
R: —F(e) or—= (] yield: 67 % (e), 73 % (f) yield: 71 % (e), 80 % (f)

Scheme 7: Synthesis of new thiosemicarbazides containing a phenyl ring (blue) in their

structure to avoid undesirable production of by-products.

In particular, suitable crystals for single crystal X-ray were obtained from the mother
liquor for both compounds, 2e and 3e. Both compounds were crystallised in the triclinic
system (Tables S3 and S5, Appendix) (all three axes and all three angles are unequal to
each other). The crystal unit cell is formed by 2 molecules for compound 2e and 4
molecules for compound 3e (Figures 19 and 20). A summary regarding the lengths for
both methyl thiocarbamate (2e) and thiosemicarbazide (3e) derivatives is presented in

Tables 3 and 4 respectively.
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Figure 19: Molecular structure of methyl (4-fluorobenzyl)carbamodithioate (2e). Thermal
ellipsoids at 50% probability.

Table 3: Selected bond lengths for the methyl (4-fluorobenzyl)carbamodithioate (2e).

Bond Bond Length (A) Bond Bond Length (A)
S(1)-C(2) 1.763(2) C(4)-C(9) 1.386(3)
S(1)-C(1) 1.793(2) C4)-C(5) 1.388(3)
S(2)-C(2) 1.673(2) C(5)-C(6) 1.386(3)
N(1)-C(2) 1.328(3) C(6)-C(7) 1.368(3)
N(1)-C(3) 1.462(3) C(7)-F 1.358(2)
C(3)-C(4) 1.509(3) C(7)-C(8) 1.371(4)
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Figure 20: Molecular structures of N-(4-fluorobenzyl)hydrazinecarbothioamide (3e). Thermal

ellipsoids at 50% probability.

Table 4: Selected bond lengths for the N-(4-fluorobenzyl)hydrazinecarbothioamide (3e).

Bond Bond Length (A) Bond Bond Length (A)
C(1)-N@3) 1.319(9) C4)-C(5) 1.396(12)
C(1)-N(2) 1.354(8) C(5)-C(6) 1.367(13)
C(1)-S(1) 1.697(7) C(6)-F(1) 1.354(9)
C(2)-N(3) 1.471(8) C(6)-C(7) 1.393(13)
C(3)-C(8) 1.371(11) C(7)-C(8) 1.393(12)
C(3)-C(4) 1.388(10)
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In the next step the synthesis of the mono(substituted) ligands was achieved, as
described previously. In an acidic environment, under microwave irradiation, a coupling
reaction between the new thiosemicarbazides (3e, 3f) and acenaphthenequinone took
place at 90 °C for 20 minutes (Scheme 8). The crude product was then washed by vacuum
filtration yielding a yellowish compound in both cases. To increase the purity of the
product the EtOH/HCI solution was replaced by acidic acid. Both thiosemicarbazide
derivatives (3e and 3f) appeared to be more soluble in acidic acid as opposed to acidified
ethanol. The crystal structures of the two new mono(substituted) ligands (Se, 5f) are

shown in the following figures (Figures 21 and 22).

HCOOH '
' + /@/\NJ\N,NHz , 8
H H W:-90°C, 20min O  N-NH
O @) R H ! : %NH
(3) (6) s R

R F (e o = ( yield: 88 % (e), 86 % ()

Scheme 8: Preparation of mono(substituted) ligands with the new synthesised

thiosemicarbazides.

The structure revealed that a condensation reaction between the carbonyl group and
the amine occurred forming an imine bond (C12-N1) (Figure 21 and 22). Suitable
crystals for single crystal X-ray were obtained from DMSO solution for both compounds,
Se and Sf. Both compounds crystallise in the sphenoidal orthorhombic system (Tables S7
and S9, Appendix) (all three axes are unequal in length, all are perpendicular to each
other) and the crystal cell unit is formed by 4 molecules (Figures 21 and 22). A summary

of their bond lengths is presented in Tables 5 and 6.
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Figure 21: Molecular structure of 4-F-benzyl-3-thiosemicarbazone acenaphthenequinone (5e).

Thermal ellipsoids at 50% probability.

Table 5: Selected bond lengths for the 4-F-benzyl-3-thiosemicarbazone acenaphthenequinone

(Se).

Bond Bond Length (A) Bond Bond Length (A)
C(1)-0 1.215(3) C(10)-C(12) 1.466(3)
C(1)-C(2) 1.496(3) C(12)-N(1) 1.294(3)
C(1)-C(12) 1.517(3) C(13)-N(3) 1.333(3)
C(2)-C(3) 1.372(4) C(13)-N(2) 1.378(3)
C(2)-C(11) 1.405(4) C(13)-S 1.671(3)
C(3)-C(4) 1.420(4) C(14)-N(3) 1.459(3)
C4)-C(5) 1.364(4) C(14)-C(15) 1.514(3)
C(5)-C(6) 1.424(4) C(15)-C(16) 1.385(4)
C(6)-C(1) 1.402(3) C(15)-C(20) 1.392(4)
C(6)-C(7) 1.412(4) C(17)-C(18) 1.366(5)
C(7)-C(8) 1.378(4) C(18)-F 1.369(3)
C(8)-C(9) 1.426(4) C(18)-C(19) 1.374(5)
C(9)-C(10) 1.369(4) C(19)-C(20) 1.389(4)
C(10)-C(11) 1.408(3) N(1)-N(2) 1.352(3)
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Figure 22: Molecular structure of 4-ethynylbenzyl-3-thiosemicarbazone
acenaphthenequinone (5f). Thermal ellipsoids at 50% probability.

Table 6: Selected bond lengths for the 4-ethynylbenzyl-3-thiosemicarbazone

acenaphthenequinone (5f).

Bond Bond Length A Bond Bond Length A

S-C(13) 1.673(5) C(6)-C(7) 1.411(6)
N(1)-C(12) 1.297(6) C(7)-C(8) 1.370(7)
N()-N(Q) 1.339(5) C(@8)-C©9) 1.412(7)
N(2)-C(13) 1.365(6) C(9)-C(10) 1.370(6)
N@3)-C(13) 1.335(6) C(10)-C(11) 1.406(7)
N@3)-C(14) 1.465(6) C(10)-C(12) 1.464(6)
0-C(1) 1.217(6) C(14)-C5) 1.513(6)
C(1)-C(2) 1.483(7) C15)-C(1e6) 1.372(6)
C(1)-C(12) 1.514(6) C15)-C(20) 1.388(7)
C2)-C@3) 1.370(7) C1e6)-C(17) 1.392(7)
C(2)-C(11) 1.408(6) C17)-C(18) 1.392(7)
C3)-C4) 1.409(7) C(18)-C(19) 1.396(7)
C4)-C(5) 1.366(7) C(18)-C(21) 1.441(7)
C(5)-C(6) 1.407(7) C19)-C(20) 1.384(7)
C(6)-C(11) 1.402(6) C(21)-C(22) 1.179(7)

61



Chapter 2| New thiosemicarbazonato metal complexes rely on mono(substituted) ligands

(a) FbnzMeCDT 2e (DMSO-ds)
o RS-CH,
5 3 1
D{\N/g\s/
H
F7°5°8
3 [DMsO
HS, HY'
Fbnz-CH,- -J
5 5"
i NHR
e
2.5 ppm
j\
T I —
7.3 7.2 ppm e ppm
RCH,~NH-
CSR l
A 5 -
I T T T T T T T T T T
12 11 10 9 8 7 6 5 4 3 ppm
L UL )\ J
3 ) 2 E
3 el el i -
R ~ (b) FbnzTSC 3e (DMSO-ds)
s RNH,
4 2
5 3 N)1]\N’NH2 Fbnz-CH,- DMSO
H H S NHR
F76 4 H° H
5
H4, HY
— ppm
- . .70
7.4 7.2 ppm H,0
R-CH, -
NHCSNAc
RNHNH,
L 1 L Jg,._
I T T T T T T T T T T
12 11 5 4 3 ppm
J J
38
olenl
76 DMSO
)
9
1 12)
/11
HN-N
17 1815HN 1
Fis 14 S
17" 16
Fbnz-CH,-
NHR
T T T T T T
RCH,—-NH- 8.2 8.0 7.8

. . . ppm
CSNAc
R-NH- }L
NR’
g M I~
r

T T T T T T T T T T

12 11 10 9 8 7 6 5 4 3 ppm
J 1 3L I IPLL LU )
E CINEECEEE 2
- =) o el S| el il i

Figure 23: Comparative 'H NMR spectrum (500 MHz, DMSO) of all the steps for the synthesis
of mono(substituted) substituent Se (FonzTSCA).
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"H NMR spectroscopy was applied in a step by step monitoring of the formation of
the mono(substituted) (Se) ligand (Figure 23). The proton resonance at 10.40 ppm
(Figure 23 a) corresponds to the secondary amine (RCH>-NH-CSR) of compound 2e
After the formation of the thiosemicarbazide derivative (3e), this resonance is shifted
down-field around 2.05 ppm (Figure 23 b). In the next step of the synthetic strategy,
after the coupling reaction with the acenaphthenequinone unit (5e) occurred, the proton
resonance is shielded up-field by 1.61 ppm (Figure 23 c¢). Notably, there are
characteristic resonances which are formed and disappeared during the synthesis. More
specifically, the resonance at 2.5 ppm (Figure 23 a) corresponding to the protons of the
methyl group from the methyl dithiocarbamate compound (2e) only exists in the top
spectrum, while the resonance at 4.5 ppm is related to the primary amine (RNVH>) and it
can be observed only in the spectrum of thiosemicarbazide derivative (3e, Figure 23 b).
Finally, in the spectrum that depicts the mono(substituted) precursor Se, the aromatic
resonances of the acenaphthenequinone moiety (-CH-) are introduced in the region
between 7 ppm and 8.5 ppm. All these results are in agreement with the proposed

structures.

2.2.2. Metal coordinated complexes

The coordination of the mono(substituted) thiosemicarbazone ligands with different
metals in methanolic environment under microwave radiation was investigated here. The
reactions of the ligands to Zn(II) and Ga(Ill) were studied in order to form ML,-type
complexes. Each of the ligands acted as a tridentate O/N/S donor and the synthesised
compounds present a distorted octahedral geometry. The coordination mode with Zn(II)
and Cu(Il) is known only for a couple of aliphatic thiosemicarbazone backbones.
However, the species with aromatic ligand backbones have not been studied extensively.
Different Zn(II) coordinated thiosemicarbazone species, which result from commercially
available thiosemicarbazides were first reported by Rodriguez-Argiielles et al..'®> Herein
is introduced for the first time the novel synthesis of thiosemicarbazide compounds which
were derived from mono(substituted) ligands. Finally, they were coordinated with Zn(II)

as metal centre and employing as the heating source microwave-assisted radiation.

The coordination of the mono(substituted) ligands with either Ga(III) or Zn(Il) was

attempted. The Zn(II) coordination was carried out successfully in an alcoholic
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environment under both conditional heating or microwave-assisted radiation with an
excess of zinc acetate (Scheme 9). The crude products were purified via filtration and
washed further with methanol, forming different variations of orange solids depending
on the initial mono(substituted) ligand used.

The Ga(Ill) coordinated complex was not obtained regardless of the different
conditions applied or when transmetallation from Zn(II) to Ga(Ill) was attempted. Even
though under specific conditions gallium species were present at mass spectra, the results
weren’t conclusive since the theoretical and experimental isotopic pattern were not in

agreement.

OO R: Ph (a)
' Zn(OAc), (1 eq.) N/ o Allyl (b)

S« H
EtOH NN 'r{/SYN‘R Et (c)
N;_NH A:78°C, 24 h or s/ \ B N—)F (e
g’ R B:pW90 °C, 60 min o N
- o=
(5) OO ®)

Scheme 9: Synthesis of the mono(substituted) complexes produced from amines.

\
O N-

=

Furthermore, the comparative NMR spectroscopy, which follows, depicts the
formation of the Zn(I)-coordinated mono(substituted) complex from the
mono(substituted) ligand, (5e) (Figure 24 from a to the b). In the following NMR, the
disappearance of the resonance at 12.62 ppm (Figure 24 a) provides strong evidence of
a secondary amine (R-NH-NR”). This resonance corresponds to the amino function of
the thiosemicarbazide group found in the mono(substituted) ligand 5e (FbnzTSCA).
When the mono(substituted) ligands are coordinated with the metal centre of Zn(II) (6e)
the nitrogen loses its hydrogen so this resonance no longer appears. Additionally, it is
shown that the secondary amine resonance related to the fluorobenzylamine (RCH>-NH-
CSNA) is duplicated in the Figure 24 b spectrum (6e) due to the presence of two
mono(substituted) ligands (9.00-10.00 ppm). Similar effects can be observed also in the
area between 7.00 and 8.60 ppm (Figure 24), where the resonances from aromatic
hydrogens (H-Ar) are depicted, as well as at 4.89 ppm where the (Fbnz-CH>-NHR) unit

appears. These results strongly suggest the coordination of two mono(substituted) ligands
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in the coordination sphere of Zn(Il) which was also confirmed by mass spectrometry

(Figure 25).
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Figure 24: Comparative 'H NMR spectrum (500 MHz, DMSO) of the monosubstituted ligand
(FbnzTSCA-5e) (a) and its Zn derivative (Zn(FbnzZTSCA), -6e) (b).
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Figure 25: ESI mass spectrometry result for the Zinc(Il) [mono (F-benzyl thiosemicarbazonate-
acenaphthenequinone], (6e).
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2.3. Radiolabelling of mono(substituted) ligands.

2.3.1. Coordination of mono(substituted) ligands with [**Ga]Ga(Ill).

The radiolabelling of the mono(substituted) thiosemicarbazone acenaphthenequinone
molecules with gallium-68 has not been reported to date. Some examples of
mono(substituted) thiosemicarbazone compounds coordinated with copper-64 were
investigated by Dilworth’s group, but only for aliphatic thiosemicarbazones and not
analogues from the aromatic backbone family.'® !” In this work it is reported the
coordination of the mono(substituted) precursors with gallium(III) for the first time. Even
though this reaction was not achieved in a thermodynamic controlled environment
(reactions with gallium), it was successful under the kinetic controlled environment that
can be found in radiochemical reactions, with gallium-68. The radiolabelling is based on
a coordination reaction between two mono(substituted) ligands and [*®*Ga]Ga(IIl)
(Scheme 10), where the ligands probably behave in a similar way than the previously

mentioned Zn(II) complexes.

R: Ph, Et, Ally
O 63Ga[GaCls] ‘ Nl =

\ N . S0aN ™
O N-NH W:95°C,30min | R ST U@aT8 o978 R _©_—
T TN )N NN =

g R S. NN Q. NN H

‘ . X: CIor OH"
L&

Scheme 10: Reaction regarding the coordination of the mono(substituted) ligands with

gallium-68 in aqueous media.

Establishing a protocol in the field of radiolabelling regarding this family of
molecules was challenging. Key points of the reaction seem to be the elution of the
[*8Ga]GaCl; (aq), the drying procedure of [*®Ga]Ga(1II), the pH of the reaction and the
ratio between the precursor (mono(substituted) ligand) and the [*®*Ga]GaCl;. Three
different eluents were used to optimise the reaction. Acetone/ 0.02M HCI (98%),
THF/ 0.02M HCI (98%) was suggested from previous similar experiments'* and celite/
0.02M HCI1 (98%) was used in order to ameliorate the pH adjustment of the reaction. For

the experiments carried out with the first two eluents, [**Ga]GaCl; (aq) was first dried
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under a stream of nitrogen at 110 °C for 15 minutes. Despite [**Ga]GaCl; (aq) being
carefully dried in both cases, the eluent of THF/ 0.02M HCI (98%) appeared to result in
a much higher radiochemical incorporation (ROI) rather than the acetone elution. For the
experiments carried out with celite/ 0.02M HCI (98%) both reactions in dry [*3Ga]GaCl

or in solution were attempted, however none of them were successful.

Table 7: Summary of the experiments carried out on the Sb mono(substituted) ligand
(EtTSCA) for optimisation of the radiolabelling reaction of the ligand with [**Ga]GaCl; through
different conditions. (Note: When a range of pH values are stated this indicates that more than

one experiment was carried out at this pH range). All experiments were repeated more than two

times.
Solvent Concertation of Buffer Final T (°C) Time R.O.L
5b (mM) NaOAC pH (pW) (min)

EtOH 0.42 pH 4.5 4.5 95 °C 30-60 -

EtOH 0.42 pH 5.0 5.2-6.4 95°C 30-60 -
EtOH 0.34 No buffer use 4.5-6.5 95 °C 30-60 -
MeOH 0.34 pH 4.5 4.8 95 °C 30-60 -
MeOH 0.34 pH 5.0 4.8-6.4 95 °C 30-60 -
MeOH 0.34 No buffer use 5.8 95 °C 30-60 v
MeOH 0.34 No buffer use ~2 95 °C 30-60 -
MeOH 0.34 No buffer use 3.8-6.4 95°C 30 55-65 %

The use of a buffer was also investigated, but it did not improve the radiochemical
incorporation (ROI) of the reaction. Table 7 shows all the different conditions applied to
optimise the reaction using elution of [**Ga]GaCls with THF/ 0.02M HCI (98%) solution.
Most of the conditions were used with each of the different eluants. The reaction was
optimised using the 5b (EtTSCA) mono(substituted) ligand (2 mg/mL in DMSO) and

then attempted with the remaining mono(substituted) ligands.

In more detail, the radiolabelling of the mono(substituted) thiosemicarbazone
acenaphthoquinone complexes was achieved as follows. The [**Ga]GaCl; (aq) was eluted
through the generator and trapped in a CXS4 cartridge. It was then washed with 20 mL
of H>O before being eluted with a THF/ 0.02M HCI (98%) solution. Additional washing
of the cartridge with water was found to be crucial in order to keep the ROI high. The

eluted [*®Ga]GaCl; (aq) was subsequently dried for 10-15 minutes under a nitrogen
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stream at 95 °C. Pure methanol was then used to resuspend [**Ga]GaCl; and the
mono(substituted) ligand was added (2 mg/mL in DMSO). This was heated under
microwave-assisted (uWW) radiation at 95 °C for 30 minutes and injected into a

radio-HPLC.

The ROI that is proposed through the radio-HPLC for each monosubstituted ligand
is presented in the following table (Table 8). The greatest radiochemical incorporations
were achieved with ligand Se (FbnzTSCA). Despite the various different conditions
applied, some of which include adjusting the pH of the reaction or changing the ratio
between the mono(substituted) ligand and the [**Ga]GaCls, it was not possible to achieve

as high a ROI for ligands 5a-d and 5f as it was for Se.

Table 8: Optimum percentage values of the radiochemical incorporation for all the
mono(substituted) ligands with gallium-68 applying microwave radiation for 30 minutes at

95 °C. All the reactions were repeated a minimum of two times.

Precursors (mono(substituted) Radiochemical incorporation (ROI)
ligands)
PhTSCA (5a) 70 %
AllyITSCA (5b) 67 %
EtTSCA (5¢) 75 %
FbnzTSCA (5e) 98 %
PropbnzTSCA (5f) 55 %

The reaction was also successfully carried out with conventional heating by allowing
for a longer reaction time. The HPLC in both cases indicated that the conversion of the
mono(substituted) ligand to the respective gallium-68 complex had occurred. However
presence of [**Ga]GaCls signal was also found indicating that radiolabelling did not
proceed to completion (Figure 26). As shown in the following figure (Figure 26), the
reaction in which microwave radiation (red trace) was used had the greatest ROI as

opposed to the reaction which underwent conditional heating (grey trace).

In addition the reaction was successfully carried out also with gallium-68 extracted
by a cyclotron via the ®Zn(p,n)®®Ga reaction in aqueous solution. The eluted

[*Ga]GaCls (aq) was then trapped in a CXS4 cartridge and the procedure followed was
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as stated earlier resulted in a radiolabelled complex with similar ROI as the one stated

above.
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Figure 26: HPLC and radio-HPLC traces for radiolabelling of mono(substituted) ligand
(Se, black) with aqueous [**Ga]GaCls; through either microwave-assisted (uW) radiation or
conditional heating. [*Ga]-7e was formed (red and grey respectively) in both cases, but the

radiochemical purity was higher (98 % over 55 %) at the microwave assisted reaction.

Moreover, it was noticed that the ROI was influenced by the ratio between
mono(substituted) ligand and [**Ga]GaCl;, We were also interested in scaling up the

reaction regarding the radioactivity used to proceed further to in vitro experiments.
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However, treatment of the same amounts of mono(substituted) ligand with higher activity
resulted in low or zero ROI. Thus, it was concluded that the most promising ratio between
the mono(substituted) ligand used, the solvent and the [**Ga]GaCl; was 75 uL of

compound/ 1 mL of solvent for 37 MBq of activity.
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Figure 27: HPLC and radio-HPLC traces for radiolabelling of Fbnz-TSCA mono(substituted)
ligand (5e, black) with [**Ga]GaCls. [**Ga]-7e was formed (grey) and was the purified
(dark red).
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A purification procedure was developed to extract only the radiolabelled compound
Through the use of a tC18 cartridge. The cartridge was first activated with EtOH and then
washed with H>O before trapping the desired compound. It was further washed with H»O,
to elute all the unchelated [**Ga]Ga(IlI) traces before it was eluted with a small amount
of EtOH. The above figure (Figure 27) shows the radio-HPLC (red and grey) and HPLC
traces (blue) for the radiolabelling of mono(substituted) ligand (5e) with [**Ga]GaCls; and

its purification.

2.3.2. Coupling reaction of the free NH>-TSCA mono(substituted) ligands with
[18F]FBA.

Further to the radiolabelling of the monosubstituted ligands with [**Ga]Ga(III), the
possible radiolabelling of the mono(substituted) ligands with 'F was investigated.
Preliminary experiments were carried out for the radiolabelling of the free-amine TSCA
mono(substituted) ligand (5h) with ['®F]fluorobenzaldehyde (['*F]JFBA). This labelling
method is based on a carbonyl addition reaction between an aldehyde and a primary
amine which results in the formation of an imine and the loss of the carbonyl oxygen.
The same coupling reaction was also successfully carried out with non-radioactive

fluorobenzaldehyde (FBA) (Scheme 11).

Non-Radioactive reaction Radioactive reaction

A B:

OO F-benzaldehyde OO ['®FIFBA OO
' MeOH DMF '
O N s 0 O N s 0 N s

\ 78°C, 6h \ o
HN—/< ) HN—< 120 °C, 25 min HN—{

HN HN
_\—N HN_\_NH2 _\—N\

(8) LQ_F (5h) (["*F1-8) C -

Scheme 11: Coupling reaction between the NH>TSCA (5h) mono(substituted) ligand and either

non-radioactive fluorobenzaldehyde (A) or radioactive [*F]fluorobenzaldehyde (B).

Synthesis of ['*F]fluorobenzaldehyde was conducted, under the supervision of Chris
Barnes at Imperial College London using the FASTlab™ via an automated procedure. In

the first step, the ['®F]fluoride was dried and then was trapped on a Sep-Pak
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QMA-carbonate Light Cartridge before being eluted into the reactor using an eluent
consisting of Kryptofix K222 and KHCOs3 in acetonitrile: water (4:1). The content of the
reactor was evaporated at 120 °C under vacuum and a low flow of nitrogen. The ‘dried’
fluoride was then dissolved with anhydrous acetonitrile and transferred to a vial. The
fluorination step was then performed manually. Part of the dried fluoride was added by
syringe to a v-bottom vial containing the precursor. The vial was then heated at 90 °C for
15 minutes resulting in consistently >98% radiochemical purity according to radio-

HPLC, and then used for further labelling reactions.
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Figure 28: Radio-HPLC traces for radiolabelling of NH,TSCA mono(substituted) ligand (5h)
with ["*F]FBA. ["*F]-8 was formed (red).

Additionally, in order to find the most efficient conditions for labelling the precursor
Sh (NH2TSCA), a variety of experiments were conducted evaluating the temperature and
the solvents used. The first experiment was carried out using MeOH at 90 °C, but the
ROI was very low (3%). Then the temperature was increased at 120 °C and a small
augmentation in the ROI followed. Thus, it was decided that a different solvent should
be used, suitable for high temperature conditions, regardless the duration of the reaction.

Therefore, DMF was employed as a solvent and the reaction was allowed to proceed at
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120 °C for 25 minutes, resulting in a ROI of 30 % as shown in the trace below

(Figure 28).

2.4. In vitro evaluation of mono(substituted) precursors and metal

complexes

2.4.1. MTT assays

Prior to the application of the asymmetric complexes in biological experiments,
preliminary cytotoxicity studies were considered to be necessary in order to determine
the working concentration suitable for avoiding concomitant cell damage. A variety of
techniques are used for the measurement of cell metabolic activity. The use of tetrazolium
salts and more specifically the use of 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-
tetrazolium bromide (MTT) has become a gold standard for the assessment of alterations
in cell viability.'®2° The exact mechanism for the action of MTT is not well understood,
but the accepted mechanism suggests that the reduction of MTT dye is caused by
nicotinamide species (i.e. NAD(P)H). These species can be found in the cytoplasm and
mitochondria of the cells giving rise to the formation of formazan derivatives
(Scheme 12). Consequently, a colorimetric method was applied which allows the viable
cells to convert MTT to formazan species, forming a characteristic purple colour and a
maximal absorbance at 570 nm. On the contrary, upon cell death the forementioned
reduction can not proceed. This colour differentiation between viable and dead cells is
used as a marker in these assays. More specifically, the concentration can be calculated
from the absorbance and the number of viable cells in the presence of the compound of
interest. It is important prior to absorbance measurement to solubilise the coloured

formazan species which are not soluble in cellular media.

SJY
\2\8 . =N
= NADH NAD N—NH
_ N N/N /
O
N /,N
N
Tetrazolium Formazan

Scheme 12: Formation of the dye detected in MTT assays by biological reduction.
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In this work, MTT assays were performed in a range of different concentrations in
order to calculate the ICso values for all the mono(substituted) ligands. The viability
assays were carried out in both PC-3 and EMT-6 cell lines under normoxic and
chemically induced hypoxic conditions (CoCL'6H20). Cells were placed in 96-well
plates and incubated with the selected compounds in serum medium (1% DMSO) and at
8 different concentrations for 48 hours at 37 °C. In the following steps, cells were washed
with PBS 1-3 times to remove compounds and then the MTT dye was added and
incubated for 2 h. MTT reagents were removed and the insoluble formazan species that
resulted from this procedure were then solubilised in DMSO prior to cell measurement

with a plate reader. The detailed conditions can be found in Chapter 7.

a. PC-3 cell line
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b. EMT-6 cell line
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Figure 29: Estimation of ICso values from MTT assays with PC-3 (a) and EMT-6 (b) cell lines
under both normoxic (ai, by) and hypoxic (a2, b2) conditions for a variety of mono(substituted)
ligands (5a-c, 5e and 5f). Error bar stands for standard error (+SE), calculated from six repeated

measurements.
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The ICso values of the mono(substituted) ligands are shown in Figure 29. In the
literature an ICso value is referred to as the concentration of the compound tested where
its response is reduced by 50%.?" It can be noted that some of the mono(substituted)
ligands present high cytotoxicity in the PC-3 cell line in normoxic conditions at 48 h. The
only ligand that does not present a remarkable cytotoxicity for any of the conditions
measured was 5e (FbnzTSCA). Nevertheless, the response seems to be cell-dependant
since there is a small variation in the cytotoxicity effects depending on the cell line used.
The mono(substituted) ligand Se (FbnzTSCA) shows a considerable reduce of the
cytotoxicity when it is incubated in EMT-6 hypoxia chemically induced cells compared

to the rest of the conditions tested.

2.4.2. Fluorescence microscopy investigations

PC-3 (prostate carcinoma) cells were cultured using standard protocols, analogous
with earlier investigations of the group? on fluorescent thiosemicarbazones. The viability
of the cells was monitored by optical imaging prior and during the imaging studies. All
the mono(substituted) ligands were imaged in normoxic conditions, cultured as described
in the experimental section. The in vitro imaging was performed using epi-fluorescence
and confocal fluorescence microscopy aiming to investigate the fluorescence distribution
of the compounds in cells. In epifluorescence microscopy a mercury lamp was used as
the light source whilst in confocal one photon excitation at 488 nm, was used, with the

emission long pass filtered at 515 nm.

For the imaging studies, cells were incubated with 100 uM of compound in a
DMSO:RPMI 0.5:99.5 cell medium solvent mix for 15 minutes at 37 °C. Whereby the
final DMSO concentration on the imaging plate was lower than 1%. Then, the cells were
carefully washed initially with pre-warmed PBS (37 °C) and then with FCS-free medium.
The later was used to remove any remained non-internalised fluorescent dispersion before
the fluorescence imaging takes place. All the imaging studies were carried out in the
absence of serum. Absence of serum is required to avoid potential background
fluorescence and to ensure the suitability of the compound. The necessity to use
concentrations as high as 50 pM in these studies was a result of the rather weak
fluorescence emissions (by comparison with organic, commercial dyes such as BODIPY,

FITC).?-%*
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Control experiments prior to incubation of cells with the compounds of interest were
obtained by epi- and confocal fluorescence imaging (see Appendix for further details) to
ensure that the cell morphology remained unaltered prior to the imaging experiments. No
significant changes in cell morphology were observed by optical microscopy after
15 minutes incubation with respect to the control. The following figures (Figure 30)
depict representative epi-fluorescence and confocal fluorescence microscopy images in
PC-3 cell for the 5g (free NH,TSCA) mono(substituted) ligand which was the only
mono(substituted) ligand that showed an intense fluorescence enhancement. It is evident,
from the intense colour in the centre of the cells that Sh (free NH,TSCA) was most

probably taken up into the cell nucleus.

1. Epi - Fluorescence Imaging

2. Confocal Fluorescence Imaging

(8)

Figure 30: PC-3 cells incubated at 37 °C for 15 minutes with NH,-free-TSCA (5h) (100 uM, in
5: 95 DMSO: serum-free medium). 1. a) overlay of the green-red channels and DIC image
b) DIC image ¢) green: A = 465-495 nm; Aem = 515-555 nm. d) red: Aex = 530-560 nm;

Aem = 590-650 nm. 2. e) overlay of the green-red channels and DIC image f) DIC image g)
green: Aex = 405 nm; Aem = 500-550 nm . h) red: Aex = 405 nm; Aen = 570-750 nm.

(scale bar 50 um).
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2.4.3. Cell uptake of the radiolabelled compound

The uptake of the [**Ga]Ga(I1I)-coordinated mono(substituted) acenaphthenequinone
thiosemicarbazonato complexes has been studied to observe the complexes inside human
cancer cells using radiolabelling techniques. Intra-cellular tracking of the gallium (III)
complexes by y-ray counting is expected to provide information about their behaviour
inside cells. Moreover, valuable information regarding their subsequent intracellular fate
and processing could be obtained and potentially provide insights into the retention
mechanism. Due to its greatest radiochemical purity immediately after the reaction, the
compound tested was the [**Ga]-7e ([**Ga]Ga(FbnzTSCA),) complex. Different cell-lines
were tested for both hypoxic and normoxic conditions in an attempt to measure the
selectivity of gallium (IIT) complex under hypoxic conditions. The compound was further
tested under different time frames ranging from 1 to 2 hours. A general protocol was
developed for each condition. In the case of hypoxia, a protocol was developed using
CoCl; to form an induced hypoxia environment (chemically induced hypoxia). In each
case, a set of six-well plates were measured twice for each data point to estimate a level

of response in preclinically quantitative measurements.

70

60

50 3 : -

- —

40

30

20 -

10

04

% ID/mg protein

N H N H N H N H
EMT-6 30° PC-3 30’ EMT-6 60° PC-3 60'

Figure 31: Estimation of [®*Ga]-7e ([**Ga]Ga(FbnzTSCA),) uptake in normoxic and hypoxic
(18 h treatment with CoCl,) in PC-3 and EMT®6 cells under serum-free conditions for 30 min
and 60 min. n=1 technical repeats for each group. Difference in
[®Ga]-7e ([*®*Ga]Ga(FbnzTSCA),) uptake at the two different cell lines were significant. Error

bar stands for standard error (£SE), calculated from six repeated measurements.
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As shown in the chart above (Figure 31) notable differences in cellular uptake and
localisation can be seen between cell lines. However, a noticeable selectivity was not
achieved under hypoxia. PC-3 (human prostatic small cell neuroendocrine
carcinoma) cell line has not been reported to have a highly oxidative phenotype.?
Therefore, treatment with the compound might trigger a metabolic transition phase
(30 min) followed by an adjustment state (60 min). On the other hand, the EMT6 (mouse
breast mammary adenocarcinoma) cell line has been shown to have an increased
sensitivity upon exposure to hypoxic conditions,*® which can be reflected in the reduced

cellular uptake of this compound.

2.5. Conclusion to Chapter 2

New thiosemicarbazone mono(substituted) ligands were successfully synthesised and
characterised by ESI-MS, NMR and single X-ray diffraction. All of the new
mono(substituted) ligands (5e and 5f) along with a variety of already published
compounds (5a, Sb and 5c¢), have been coordinated with zinc and have been radiolabelled
for the first time with gallium-68. The radiochemical protocol has been further tested
with gallium-68 extracted by both a generator and a cyclotron and both of them produce
the same result. They have been extensively tested in vitro with a variety of different
techniques. Cytotoxicity assays have confirmed that some of the mono(substituted)
ligands are more toxic for PC-3 and EMT-6 cell lines than others. More specifically, the
new synthesised mono(substituted) ligands (Se and 5f) appear to be less toxic rendering
them as potential imaging agents. Their fluorescence properties were analysed showing
enhanced biodistribution in normoxic cells. Furthermore, the cell uptake experiments
performed on the radiolabelled molecules have revealed a variable localisation and
aggressiveness, under various incubation periods within cell lines with different genetic
background. However, their selectivity towards a hypoxic environment is not fully
confirmed. Therefore, further optimisation of the cell uptake assay is needed regarding
the incubation times, as well as the strategies exploited for inducing hypoxia. Use of a
hypoxia chamber could be suggested as a potential environment to decipher how the
redox chemistry might affect the cellular uptake. Lastly, conducting similar experiments
including a wider panel of cancer cell lines is suggested. A diverse degree of sensitivity

to hypoxia and metabolic response such as of the small lung cancer cell line H69 or the
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breast cancer cell line MCF-7, has shown a higher sensitivity to drugs under hypoxia®’

and could provide more information regarding the compounds’ utility in cells.
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Chapter 3: Asymmetric bis(thiosemicarbazonato) metal

complexes

3.1. Overview

Several different bis(thiosemicarbazones), based on acenaphthenequinone ligands, as
well as their metal complexes with diverse metal centres (Zn(l1), Ni(ll), Cu(ll), Ga(lll))
have been explored through the years.!'2 However, the relevant chemistry has been limited
to symmetric bis(substituted) derivatives, and the introduction of different amino
functional groups has been little explored with no reports in the literature to date.

The discovery of hypoxia selectivity in Ga(lll) acenaphthenequinone
bis(thiosemicarbazonato) complexes under certain in vitro conditions, fuelled ongoing
research for these derivatives.® The compounds of this family synthesised herein provide
a readily available hypoxia-focused imaging probe, which can be easily functionalised.
This can be achieved due to the asymmetric backbone of these complexes. Direct
substitution reactions (SN) or “click” chemistry with specific targeting moieties could be
applied on the -terminal groups of different arms and potentially lead to the development
of promising imaging probes relevant to tumour hypoxia targeting approaches, applicable

particularly in early detection and therapy of prostate cancer through molecular imaging.

R: Allyl, Et, Ph, N’ ‘N
::: F >L 7 /
C _ R-NH _H<N—H{ R': ]

Figure 32: Proposed structure for a novel metal asymmetric bis(thiosemicarbazonato) complex

with orthogonal functional groups.

Obtaining this asymmetry on the acenaphthenequinone derivatives is challenging, as
the incorporation of different functional groups in a controlled way is hampered due to the
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rigidity and planarity of this system. This prevents the free rotation around the C(O)-C(O)
bond in the diketone precursor, a phenomenon absent in the aliphatic thiosemicarbazonato
compounds, which are derived from 2,3-butanedione, glyoxal or pyruvaldehyde as starting

materials.

The aim of the work presented in this chapter is to use the synthesised monosubstituted
ligands described in Chapter 2, to develop metal asymmetric acenaphthenequinone
bis(thiosemicarbazonates) able to be radiolabelled with gallium-68, whilst retaining their
functional groups available to react with different targeting groups. In this work, a glycosyl
coumarin (GC) unit has been developed and functionalised to allow coupling with
asymmetric thiosemicarbazonato metal complexes. Furthermore, the potential
radiolabelling of the asymmetric metal complexes using small molecules such as

[*8F]4-fluorobenzaldehyde, is also investigated and discussed in this chapter.

3.2. Synthesis of novel metal complexes of asymmetric

thiosemicarbazonate ligands

3.2.1. Zn(Il) complexes

The synthesis of metal asymmetric thiosemicarbazonato acenaphthenequinone
complexes has been previously attempted. However, there were scalability and purity
limitations to their practical applications.! The synthesis of some asymmetric
acenaphthenequinone thiosemicarbazonato complexes, containing a free NHz group, has
been described by applying an one-pot template process which involves refluxing a
mono(substituted) ligand with thiocarbohydrazide and zinc acetate leads to the formation

of the desired complex.*®

9 s o
!\
H2N‘NXN.NH2

N_ N,
d N-NH H H N‘;Zr‘] {
- SS
S R Zn(OAc),

| R: Me, Et, Allyl, Ph |

Scheme 13: Proposed reaction for the synthesis of zinc(ll) coordinated asymmetric
acenaphthenequinone thiosemicarbazonato complexes.
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As there are different terminal groups in the mono-substituted ligands, one of the main
challenges faced using the established procedure was that not all the different
mono(substituted) ligands coordinate to Zn(l1). This resulted in many cases in intractable
mixtures of products, which were challenging to purify. For example, it is hypothesised
that the electron density is reduced by delocalisation of electrons to the phenyl group at the
mono(substituted) ligand 5a (PhTSCA), resulting in a slower coordination opposed to the
other monosubstituted ligands. Another limiting factor for obtaining the final product is
that these reactions involve a long process since the reactions take 28-30 hours. Therefore,
further optimisation was required in order to establish a microwave-assisted (uW)
procedure, which would be less time-consuming and would lead to better coordination
complexes due to dielectric heating treatment (Scheme 13). In addition, the strong binding
with Zn was proven to be quite essential for the later transmetallation reaction with both
aqueous non-radioactive gallium(Ill) (Section 3.2.2.) and radioactive gallium(lIl)
(Section 3.3).

A: Acetic acid OO R: Ph(a)
O s "180°C, 28 h ' Allyl (b)
' + yn. U NH, T Zn(OAc), —— A Et(c)
\ 2 ‘N N’ 2 N_ N,
O N-NH H H MeOH/HCI N\%Z,R‘ {,N N—C)F @
: SS

B:
NH MW: 140 °C
IR (2 amin  NH O HNNH: ()=

Scheme 14: Reactions relating to the synthesis of the asymmetric metal complexes; A: involves

conventional heating whilst B: involves microwave assisted reaction.

In this respect, the proposed procedure for the synthesis of asymmetric
acenaphthenequinone thiosemicarbazonato complexes of zinc(l1) (Scheme 14 A) involved
the initial reaction of the mono(substituted) ligand with an excess of zinc acetate (3 eq) in
acetic acid. Then, an excess of thiocarbohydrazide (3 eq.) was added, and upon temperature
increase to 120 °C, the obtained mixture was stirred under reflux for 28-30 h. When this
procedure was carried out with the allyl derivative (5b) it was successful, which was
confirmed by mass spectrometry analysis (Figure 33). However, when the same reaction
was applied to the phenyl derivative (5a), limited incorporation of zinc was confirmed by
mass spectrometry, indicating that this procedure is not suitable for this derivative

(Figure 34). Therefore, a higher excess of zinc acetate was introduced (from 3 to 5 eq.),
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resulting in a strongly orange-coloured compound with significant zinc incorporation
(Figure 33).
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Figure 33: MALDI mass spectrometry result for the Zinc(Il) 3-allyl-3-thiosemicarbazone-
thiocarbohydrazide acenaphthenequinone (9b). The full spectrum can be found in the Appendix.
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Figure 34: MALDI mass spectrometry result for the Zinc(ll) 4-phenyl-3-thiosemicarbazone-

thiocarbohydrazide acenaphthenequinone (9a).

In order to decrease the time of the reaction, microwave radiation was introduced as
the energy source. The microwave-assisted reaction proved to be quite challenging, as a
variety of different conditions (Table S16, Appendix) led to an impure final product. After
optimising the working conditions, the reaction was successfully performed (Scheme 14
B) with most of the compounds being obtained pure and in high yields (Table 9). Among
the relevant points for successful optimisation are: avoid temperatures higher than 140 °C,
mix the mono(substituted) ligand with the zinc acetate prior to the addition of the
thiocarbohydrazide in the reaction (as for conventional heating), and lastly, replacement of

acetic acid by slightly acidic methanol (0.01% v/v HCI in methanol).

Table 9: Highest yields obtained for all the asymmetric zinc complexes.

Zn(11) Asymmetric Complex

Yield

Abbreviation (N°)
PhZnTSCA (9a) 99 %
AllylZnTSCA (9b) 92 %
EtZnTSCA (9c) 96 %
FbnzZnTSCA (%) 97 %
PropbnzZnTSCA (9f) 73 %
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More specifically, the reactions for the synthesis of metal asymmetric
thiosemicarbazonates were carried out as follows: a microwave vial was filled with
Zn(OAc)2, in methanol, and heated (conventional heating) to 60 °C. Then, the
monosubstituted ligand was added and the temperature was increased to 120 °C. When the
reaction reached 120 °C, the thiocarbohydrazide was added along with a drop of HCI
(37%). Following, the reaction was allowed to react at 140 °C (under microwave radiation)
for 112 minutes. The crude product was then filtered and washed with cold methanol and

diethyl ether in order to remove any remnants of the starting materials.

The *H NMR spectroscopy reflects the formation of the Zn complex (9a) from the
mono(substituted ligand), 5a (PhTSCA (Figure 35). The resonance at 11.01 ppm
(Figure 35 b), corresponding to the secondary amine near the aromatic moiety (R-NH-Ph)
is shifted down-field after complex formation, while the ones at C3 and C9 at
approximately 8.41 ppm and 8.15 ppm respectively are shifted up-field. It is noteworthy,
in the spectrum of the complex (Figure 35 a) that the resonance of a primary amine group
(R-NHy) is observed at 6.78 ppm. These results suggest that the asymmetric complex was

formed.
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Figure 35: Comparative *H NMR spectra (500MHz, DMSO-ds) of the mono (substituted) ligand
5a (denoted PhTSCA) and the asymmetric complex 9a (denoted PhZnTSCA).

FTIR spectra (Figure 36) show the absence of the stretching vibration band
corresponding to the carbonyl group (C=0) of the acenaphthenequinone for compound 9a,
and changes in the bands between 3300-3500 cm™, corresponding to the N-H stretching
vibrations for the two compounds (5a and 9a). In particular, for compound 9a the

absorption bands at 3300-3500 cm™ are broader compared to the one for compound 5a,
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which indicates the presence of a primary amino (NHz) group. Lastly, a shift is observed
in the CH; stretching, which usually appears around 2700-3000 cm™. These results are in
agreement with the formation of the asymmetric complex 9a (PhZnTSCA).

NH/NH,C=H,, c=0
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Figure 36: Comparative FTIR spectra for the mono (substituted) 3-phenyl-thiosemicarbazone
acenaphthenequinone (5e, black line) and the Zn(I1) 4-phenyl-3-thiosemicarbazone-

thiocarbohydrazide acenaphthenequinone (9a, violet line).

3.2.2. Ga(lll) complexes

The corresponding Ga(lll) complexes were obtained by transmetallation reaction of
the corresponding Zn(Il) complexes using GaCls and heating in methanol (Scheme 15).
The synthesis of these non-radioactive Ga(lll) complexes was dictated by their use as
reference compounds for the radiolabelled molecules. The different derivatives demanded
variable reaction times in order to obtain the completion of the transmetallation process.
In the table below (Table 10), the yield of each transmetallation and the required time for
each reaction is reported.
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Table 10: Highest yields obtained, and the time required for complete reaction for all the

asymmetric gallium(l11) complexes.

Ga(ll1) Asymmetric Complex

o Reaction length Yield
Abbreviation (N°)
PhGaTSCA (10a) 6h 74 %
AllylGaTSCA (10b) 16 44 %
EtGaTSCA (10c) 18 48 %
FbnzGaTSCA (10e) 14 62 %

Each of the reactions were carried out as described: excess gallium chloride was
dissolved in methanol and then the corresponding zinc complex was added. Then, the
mixture was allowed to react under reflux for 6-18 h depending on the zinc derivative. A
colour change could be noticed to the formed gallium complexes and they were then
precipitated with either diethyl ether or dichloromethane. They were further washed with
diethyl ether and dried under reduced pressure. The optimisation of the reaction under
microwave radiation was also attempted. However, despite variations applied in the

temperature or the length of the reaction, a mixture of products always resulted which were

difficult to purify.
OO OO R: Ph (a)
o, GaCly Al ()
!/ \
N_Nzn_N‘N dry MeOH N,NGaN‘N
Rt S Shenn, 788120 o SIS G vl
) e N AR I T)—=
(9) (10)

X: CI', OH or CH3CO0O"

Scheme 15: Transmetallation reaction for the synthesis of non-radiolabelled asymmetric

thiosemicarbazonato complexes of Ga(lll).

The comparative UV-Vis spectra (Figure 37) illustrates the formation of both the Zn
complex from the mono (substituted ligand) and the Ga(lll) complex from the
transmetallation reaction. As shown in the spectra (Figure 37), the UV-Vis maximum
absorption corresponds to the mono-substituted ligand, whilst the Ga complex UV-Vis
absorption is significantly lower. A change can be also seen in the fluorescence spectra
(Figure 38), where the emission peak is affected by the different forms of the molecule.
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Here in contrast, the fluorescence of the Ga(lll) complex is much higher than that of the

other two compounds (Figure 38).
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Figure 37: UV-Vis spectra for the mono (substituted) ligand 5a (PhTSCA,0.002 mM, black), the
asymmetric complex 9a (PhZnTSCA,0.002 mM, purple) and the asymmetric complex 10a
(PhGaTSCA, 0.002 mM, blue).
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Figure 38: Fluorescence spectra of the mono (substituted) ligand 5a (PhTSCA,0.002 mM,
black), the asymmetric complex 9a (PhZnTSCA,0.002 mM, purple) and the asymmetric
complex 10a (PhGaTSCA,0.002 mM, blue).

Unfortunately, suitable crystals for X-ray crystallography were not obtained. As a result,
the structure of the complexes regarding the anionic species can only be originated from

the rest of the obtained data and from what is published in literature. According to the
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literature, the gallium(lll) complexes featured a symmetrical acenaphthenoquinone
bis(thiosemicarbazonate) present a square pyramidal configuration, where the metal ion is
bend out of the plane tetradentate ligand and is coordinated and a CI occupies the apex
position.! Less often the position of the CI- is occupied by a another anionic species
originated by the solvent. It suggested according to the IR spectroscopy (Appendix) that
the counter ion of this complexes is not a OH" since the stretching that corresponds to an
OH group and appears usually at about 3500 cm™ is missing.

3.3. Radiolabelling of asymmetric bis(thiosemicarbazonates) with

different radionuclides
3.3.1. Coordination of asymmetric bis(thiosemicarbazonates) with gallium-68

Although the radiolabelling of asymmetric allyl bis(thiosemicarbazone)
acenaphthenequinone with gallium-68 has been explored previously by Pascu’s group,
herewith, we focus on the radiolabelling of the Zn(Il) asymmetric acenaphthenequinone
thiosemicarbazonato complexes for the first time. The radiolabelling is based on a
transmetallation reaction between and [%®Ga]Ga(lll) as with the non-radioactive Ga(lll)
(Scheme 16). The established protocol for metal bis(thiosemicarbazone)
acenaphthenequinone complexes was attempted for the asymmetric complexes without
any success. Despite the anticipated absence of any alterations in the symmetry of the
complexes during the radiolabelling procedure, similarly to the non-radioactive
transmetallation reaction, the successful radiolabelling procedure eventually was different
from the one for the symmetric allyl bis(thiosemicarbazone) acenaphthenequinone

molecule reported earlier.®

OO R: Ph (a)
[8GalGaCls (aq) OO Allyl (b)
< Y EtOH, DMSO < 7 Et(c)

NN CH3COOH NN L< >—F (e)

N zn N Necs N
\ N ] \ P J—
Ry 8 ST\ NH2  q00°C 45min R, -S| S\ NH )=
H H NoOoX
H H o )
(9) (11) X: CI', OH or CH;COO

Scheme 16: Transmetallation reaction for the synthesis of radiolabelled asymmetric

bis(thiosemicarbazonato) complexes with gallium-68.
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In this sense, the key points for the reaction seem to be: the drying procedure of
[®8Ga]Ga(lll), maintaining the pH of the reaction between 4.5 and 6.5, the ratio between
the precursor (zinc complex) and the [®3Ga]GaCls, as well as the strong binding of zinc(lI)
in the complexes. The presence of the latter is essential. Carrying out the reaction on
complexes with limited Zn content, as suggested by mass spectrometry, resulted in failure.
Lastly, a critical point for the success of the reaction could be considered the germanium-68
breakthrough from the generator. During the elution of gallium-68 from a
%8Ga/%®Ge generator, the parent radioisotope is usually trapped in the generator’s column
resulting in a pure gallium-68 solution. But through time, the sorbent materials of the
generator’s column cannot absorb the mother liquid as well so the germanium-68 contamination
is gradually increases.® ” This contamination of the eluted gallium-68 solution is interfering
considerably in the transmetallation reaction. Table 11 reports some of the different
conditions attempted in order to optimise the reaction. As listed in the table, different
solvents were used, but the radiolabelling only proceeded in EtOH. Additionally, the use
of 0.5 M NaOAc buffer (pH 4.5-5.5) seems to improve the radiochemical incorporation.
However, the amount of buffer used needed to be kept as low as possible since the
thiosemicarbazone acenaphthenequinone complexes were found to be kinetically unstable
in the presence of different buffers.®> Moreover, changes in temperature or time did not
seem to cause any difference in the labelling of the compounds.

In more detail, the radiolabelling of the Zn (1) acenaphthenequinone asymmetric
thiosemicarbazonato complexes was achieved as follows. The [®®Ga]GaCls was eluted
through the generator in a 98% THF/HCI (0.02 M) solution. This was subsequently dried
for 10-15 minutes under a nitrogen stream at 95 °C. Next, medical grade ethanol was used
to resuspend [Ga]Ga(lll) and a small amount of NaOAc buffer (pH=4.9) was used to
stabilise the pH of the solution at 4.5. Then the corresponding Zn complex was added
(2 mg/ mL in DMSO). The reaction solution was mixed for a few minutes by vortexing,
then heated at 95 °C for 30 minutes and injected into a radio-HPLC.

The HPLC monitoring of this reaction indicated that the conversion of the zinc complex
to the respective gallium-68 complex occurred, although the presence of the peak
corresponding to the remaining [*®Ga]GaCls indicated that radiolabelling had not gone to
completion (Figure 39). The radiochemical incorporation indicated by the radio-HPLC is
intermediate. However, the amount of the radioactivity injected into the HPLC was not in
line with the result of the HPLC trace. TLCs were therefore carried out in order to evaluate

the reaction and the radiochemical yield after half-life correction was calculated to be 75 %
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(due to limitation of laboratory equipment, a y ray counter was used and the table of these

results can be found in the Appendix)

It is hypothesised that a possible interaction of the compound with the HPLC column
might have resulted in distorted results. Use of different available columns was attempted
along with the use of different solvent systems without a noticeable difference. The
compound was further purified via solid phase extraction through C18 cartridges, resulting

in a much-improved radio-HPLC trace.
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Figure 39: HPLC and radio-HPLC traces for the transmetallation of asymmetric complex 9a
(PhZnTSCA, black) with ®8Ga[GaCls]. [®®Ga]-11a was formed (grey) and was then purified

(dark red).
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Table 11: Summary of the different conditions attempted under conventional heating for optimisation of the transmetallation reaction of the asymmetric

thiosemicarbazonato complexes of Zn(l1) with %Ga[GaCls] (compound 9a was used during the optimisation process). The pH of the reactions was

maintained between 4 and 6. All the attempted conditions were carried out at least two times.

Solvent | Concentration of the | Concentration Solvent / Buffer T (°C) Time R.O.l.
complex (mM) Radioactivity NaOAC (pH): heating | (min)
Solvent
EtOH 2 mg/mL in DMSO 4.2 1ml/44.4 MBq No buffer use 95°C +420 0
EtOH 2 mg/mL in DMSO 35 1 ml /37 MBq No buffer use 95 °C 45 Sfma" ROL no significant
difference between the two
MeOH 2 mg/mL in DMSO 4.2 1ml/37 MBq No buffer use 95°C 30 0
MeOH 2 mg/mL in DMSO 2.1 1 ml/37 MBq No buffer use 95°C 45 0
EtOH 2 mg/mL in DMF 4.2 1 ml/37 MBq No buffer use 95°C 30 0
EtOH 2 mg/mL in DMF 2.1 1 ml/37 MBq No buffer use 95°C 30 0
MeOH 2 mg/mL in DMF 4.2 1ml/18.5 MBq No buffer use 95°C fs?o 0
NaCI/HCI | 2 mg/mL in DMSO 1.7 1 ml/37 MBq 1:1 (pH: 3.9) 95 °C 40 0
NaCIl/HCI 2 mg/mL in DMSO 1.4 1ml/37 MBq 1:1.2 (pH: 3.9) 95 °C 40 0

94




Chapter 3 | Asymmetric bis(thiosemicarbazonato) metal complexes

EtOH 2 mg/mL in DMSO 2.8 1ml/37 MBq No buffer use 95°C 30 very small trace

EtOH 2 mg/mL in DMSO 2.8 1 ml /37 MBq No buffer use 110 °C 30 0

EtOH 2 mg/mL in DMSO 2.1 1ml/37 MBq No buffer use 95 °C 730 small ROI, no significant
+30 change between the two

EtOH 2 mg/mL in DMSO 2.1 1ml/37 MBq No buffer use 110°C 30 0

EtOH 2 mg/mL in DMSO 5.2 1ml/37 MBq No buffer use 95°C 30 0

EtOH 2 mg/mL in DMSO 5.2 1ml/37 MBq No buffer use 110°C 30 0

EtOH 2 mg/mL in DMSO 5.2 1 ml /37 MBq 1:3 (pH: 4.56) 95 °C 30 25 %

EtOH 2 mg/mL in DMSO 4.2 1 ml/37 MBq 1:10 (pH: 4.56) 95 °C 30 46 %

EtOH 2 mg/mL in DMSO 4.2 1ml/29.6 MBq | 1:10 (pH: 4.56) 95 °C 30 18 %

EtOH 2 mg/mL in DMSO 4.2 1 ml/37 MBq 1:10 (pH: 3.9) 95°C 30 29 %

EtOH 2 mg/mL in DMSO 4.2 1ml/29.6 MBq 1:17.5 (pH: 4.56) 95 °C 30 35 %
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Table 12: Summary of the different conditions attempted under microwave radiation (uW) con for optimisation of the transmetallation reaction of the

asymmetric thiosemicarbazonato complexes of Zn(11) with #Ga[GaCls] (compound 9a was used during the optimisation process). The pH of the

reactions was maintained between 4 and 6. All the attempted conditions were carried out at least two times.

Solvent | Concentration of the | Concentration Solvent / Buffer T (°C) Time R.O.l.
complex (mM) radioactivity NaOAC (pH): pWwW (min)
Solvent
) No buffer use small ROI, no significant
EtOH 2 mg/mL in DMSO 35 1ml/37.0 MBq 95°Ch 45 )
difference between the two
) No buffer use 110°CuWw | 25
MeOH 2 mg/mL in DMF 4.2 1ml/18.5 MBq 0
130°CuW | +20
DMF 2 mg/mL in DMF 4.2 1ml/22.2 MBq No buffer use 110 °C pW 45 0
EtOH 2 mg/mL in DMSO 5.2 1ml/37.0 MBq 1:3 (pH: 4.56) 95°Ch 30 25 %
EtOH 2 mg/mL in DMSO 4.2 1ml/37.0 MBq 1:10 (pH: 4.56) 95°Ch 30 23%
EtOH 2 mg/mL in DMSO 4.2 1ml/29.6 MBq 1:10 (pH: 4.56) 95°C h 30 11 %
EtOH 2 mg/mL in DMSO 4.2 1ml/37.0 MBq 1:10 (pH: 3.9) 95°C h 30 Very small trace
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3.3.2. Functionalisation of asymmetric thiosemicarbazonate metal complexes
with radioactive precursors

Numerous radiolabelled small molecules could have been used to be coupled with the
asymmetric metal complexes.® In this case, the coupling reaction of complex 9a
(PhZnTSCA) with [‘®F]4-fluorobenzaldehyde ([*®F]JFBA) was carried out. This reaction
was based on a carbonyl addition reaction between an aldehyde and a primary amine

which results in the formation of an imine and the loss of the carbonyl oxygen.

The radiolabelling of asymmetric ATSM molecules with [*®F]FBA has previously
been reported by Carroll at al.® but herein we explored for the first time the analogous

radiolabelling of asymmetric thiosemicarbazone acenaphthenequinone metal complexes.

N/ \N N/ \N
N; ‘/ZrJ/ \/N . DMF or DMSO N/ \Zn/ \N
Ss LS 5
HN HN—NH, . 120 °C, 20 min HN HN-N
O F O A
(9a)
(12) '8

Scheme 17: Radiolabelling of complex 9a (PhZnTSCA) with [**F]FBA.

The preparation of [*®F]FBA precursor was performed, with assistance from Mr.
Chris Barnes at Imperial College, London. In the first step, the [*®F]fluoride was dried by
means of an automated process on the GE FASTIab synthesiser. The [*®F]fluoride was
trapped on a Sep-Pak QMA-carbonate Light Cartridge before being eluted into the reactor
using an eluent consisting of acetonitrile, water, Kryptofix K222 and KHCOs. The
contents of the reactor were evaporated at 120 °C under vacuum and a low flow of
nitrogen. The ‘dried’ fluoride was then dissolved in anhydrous acetonitrile before being
transferred to a vial. The fluorination step was then performed manually. The ‘dried’
[*®F]fluoride was mixed with the precursor and the vial was then heated at 90 °C for

15 minutes (Scheme 18) resulting in consistently >98% radiochemical incorporation.
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The resulting [*3F]FBA was analysed by HPLC (rt. 10 min) to check radiochemical purity

before being used in low volume portions for further labelling reactions as described.

| F30803

18F
K2 2.2.
90 °C 15 min
N\
O

Scheme 18: Synthesis of 4-[*®F]fluorobenzaldehyde from dried [*®F]fluoride.

Additionally, in order to find the best possible conditions for labelling of the precursor
(9a), a variety of experiments were conducted evaluating the temperature, the reaction
time and the solvents used. Due to the instability of the thiosemicarbazonate complexes
at high temperature, the first experiment was carried out using MeCN at 90 °C, but the
reaction did not proceed. Thiosemicarbazonato complexes are very insoluble compounds
in most organic solvents, except DMSO and DMF, and that was considered as a possible
reason for the previous reaction failure. About 4.5 mg of the compound was then diluted
in 500 uL of DSMO and mixed with 50 pL of [*F]FBA solution. The mixture was left
to react at 90 °C for 20 minutes resulting in a low ROI. Thus, another 20 minutes were
allowed for the reaction without a significant change in the ROI as a result. The
temperature was then increased to 120 °C and the reaction was left for 25 more minutes
which resulted in a doubling of the ROI (10 %). This increase indicated the necessity of
high temperature for this reaction, however, these conditions were already at the limit of

the stability of the thiosemicarbazonato complexes.

98



Chapter 3 | Asymmetric bis(thiosemicarbazonato) metal complexes

. .
N’N\Zn’N\N
i ) -
d HN)—S SF{H’N\ 4
1 =F
-\/\‘h-_ﬂ‘_—d—h
[ - .
Q
S - | ]
0w 4 -
2 1 _R |
v ] é ]
' J
2
® 18F T
E - -
=
= | 18F
-
| N N s
. Le sk — Ph-Zn-TSAc (9a)
] HN N — ["*FIFBA
- @ — [*F]Ph-Fbnz-
1 18F —mme > ZnTSCAc (12)
'l‘-_ ' L] l L] l L] l L]
00:00 04:00 08:00 12:00 16:00 20:00
Time (s)

Figure 40: UV-Vis and radio-HPLC traces for radiolabelling of denoted PhZnTSCA (9a)
(black) complex with ®F[FBA] (green). Complex [*®F]-12 (denoted [*®F]-Ph-Fbnz-ZnTSCA)

was formed (red).

A variety of further experiments were carried out regarding the ratio between the
metal complex and the [*®F]JFBA solution as well as different solvents . The experimental
challenges were the highest possible ROl in the minimum possible reaction time, without
exceeding a temperature of 120 °C. At last, the highest ROl was achieved as follows:
8.2 mg of PhZnTSCA complex (9a) was diluted in 0.2 mL of DMSO and mixed with
60 uL of [*8F]FBA (11.84 MBq). The temperature was then raised to 120 °C and the
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mixture allowed to react for 20 minutes, resulting in a ROl of 94 % (Figure 40). This
excellent ROl was considered sufficient to proceed with this compound for further

biological experiments.

3.4. Functionalisation of asymmetric bis(thiosemicarbazonates) with a

glycosyl coumarin derivative.

3.4.1. Synthesis of a glycosyl coumarin derivative

Supuran and colleagues®® suggested that a selected deprotection of a-D-mannose
pentaacetate with morpholine!! leads to a tetraacetyl-D-mannopyranose (13). Treatment
of the latter compound with trichloroacetonitrile affords the corresponding tetra-O-
acetyl-D-mannopyranose trichloroacetamidate (14) (Scheme 19). Then, coupling of the
obtained intermediate (14) with 4-methylumbelliferone gives a methylumbelliferyl-
tetraacetyl-D-mannopyranose (15) and finally, hydrolysis of the acetyl groups results in

the desired compound, methylumbelliferyl-D-mannopyranose (GC, 16) (Scheme 19).

H
N
[ j Cl,CCN
OQAc
o 0 e, DBU e,
AcO o) dry DCM AcO o) dry DCM AcO ]
AcO —— AcO - = AcO
OAc R, 24h OH  0°C, 90 min 0._CCls
N, atm (13) N, atm (14) NH
y: 85 %
+
oH OAc
OH
HO 0
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NaOMe AcO O BF3;0Me;
dry MeOH A0 dryDCM  HO 0.0
0__0 o 0__0 P
m R.T., 30 min \Q%j R.T, 18 h
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(16) (15)

y: 85 % y: 40 %

Scheme 19: Synthetic procedure for glycosyl coumarin GC-204 (16).%°

The hydroxyl functionalities of carbohydrates can be protected with variety of groups
with the acetyl group being one of the most commonly used. Considering the easy

cleavage of acetyl groups by various common solvents, such as methanol and/or H20,
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the protection reactions must often be carried out carefully under both anhydrous
conditions and low temperature. Moreover, the hemiacetal nature of the anomeric alcohol
group of the sugar makes its selective deprotection easier if the glucoside is
acetyl-protected rather than when it is protected with other known protecting groups.
Following the procedure of Supuran et al., a-D-mannose pentaacetate was treated with
morpholine in dry dichloromethane at room temperature overnight. This effected the
deprotection of the anomeric group affording the corresponding tetraacetyl-D-
mannopyranose (13) with a high yield of 85 %. Then, conversion of the alcohol to the
trichloracetimidate was carried out in dry dichloromethane at 0 °C for 90 minutes. This
reaction was carried out with a catalytic amount of DBU, an amidine base which is
commonly used as a catalyst for numerous base-mediated organic transformations
(Scheme 19).

The intermediate (14) was subsequently coupled with 4-methylumbulliferone in dry
dichloromethane at room temperature for 16 hours in the presence of a small amount of
boron trifluoride dimethyl etherate, which was used to initiate the oxygen’s activation as
a Lewis acid. This coupling produce methylumbelliferyl-tetraacetyl-D-mannopyranose
(AcGC, 15) in high purity after crystallisation (Figure 41) with a moderate yield (40 %).
Finally, the hydrolysis of methylumbelliferyl-tetraacetyl-D-mannopyranose (AcGC, 15)
was carried out, to deprotect the sugar moiety, using methanol and sodium methoxide at
room temperature for 30 minutes. The target compound (16) was afforded with an overall
yield of 30 %.

Suitable crystals for single crystal X-ray were obtained from the mother liquor for
both compounds, 15 and 16, confirming that the desired products had been obtained. The
X-ray structures are shown in Figures 41 and 42. The compound methylumbelliferyl-
tetraacetyl-D-mannopyranose (AcGC, 15) crystallises in the orthorhombic system
(Tables and crystallography data are included in Appendix) (all three axes are unequal in
length; all are perpendicular to each other) where a crystal with P2:12:2 space group
resulted due to a network of hydrogen bonds that provides intermolecular bonding
(Figure 41).
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(b)

Figure 41: (a) Molecular structure of 4-methylumbelliferyl-7-yl-2,3,4,6-tetra-O-acetyl- o-D-
mannopyranose (15). Only one of the molecules of the asymmetric unit is shown for clarity. (b)

3D X-ray packing showing the unit cell. Thermal ellipsoids at 50% probability.

On the other hand, 4-methylumbelliferyl-7-yl-a-D-mannopyranose (GC, 16)
crystallises in the triclinic system (Tables and crystallography data are included in
Appendix) where a crystal with P1 space group was determined. The crystal cell unit is
composed of 2 molecules (z=2, Figure 42). In both crystal structures, the asymmetric
unit is formed by two unsymmetrically equivalent molecules linked together through n-n
interactions (~3.8 A) between the coumarin groups and the pyranose ring retains the

“chair” configuration.

102



Chapter 3 | Asymmetric bis(thiosemicarbazonato) metal complexes

(b)

Figure 42: (a) Molecular structure of 4-methylumbelliferyl-7-yl-a-D-mannopyranose (GC, 16).
Only one of the molecules of the asymmetric unit is shown for clarity. (b) 3D X-ray packing

showing the unit cell. Thermal ellipsoids at 50% probability.
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Figure 43: Comparative *H NMR (500MHz, CDCls) spectra of the obtained product from 2
different steps (step 1; a, step 3; b) of the synthesis of 4-methylumbelliferyl-7-yl-2,3,4,6-tetra-
O-acetyl-a-D-mannopyranose (15). The highlighted in purple area where the acetyl groups are

observed and in green the area where the coumarin unit characteristic resonances can be found.

A comparison between the *H-NMR spectra of the corresponding obtained products
for two of the steps in the formation of compound 15 (AcGC) (from the bottom to the
top) is presented in Figure 43. The resonances at 1.80-2.10 ppm (Figure 43 a) which
corresponds to the acetyl groups of the glycosyl moiety are shifted up-field (Figure 43 b)
due to the coupling with the coumarin moiety. In more detail, the resonance at 2.05 ppm
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of the acetyl group at C2 is shifted up-field about 6= 0.15 ppm after the coupling reaction.
In addition, the resonances between 6.90 and 7.60 ppm which can be identified in the
bottom spectrum (Figure 43 b) were observed after the coupling of the tetracetyl glycosyl
derivative (14) with the 4-methylumbelliferone and corresponds to its aromatic
hydrogens. Lastly, as with the aromatic resonances, the resonance at 2.44 ppm
corresponding to the methyl group of position 16 is only observed after the coupling of

the coumarin moiety (Figure 43 b).
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Figure 44:H-'H NOESY NMR spectrum, NOE resonances of 4- Methylumbelliferyl-7-yl-
2,3,4,6-Tetra-O-acetyl- a -D-mannopyranose (15) proves that coupling between

4- methylumbelliferylone with tetracetyl- a -D-mannopyranose (14) occurred.
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To ensure that the coupling reaction had been achieved a NOESY NMR experiment
was carried out. By NOESY NMR, the NOE cross resonances between the protons in the
anomeric position and the ones in the ortho position of the coumarin should be visible if
the coupling was successful (Figure 44). Indeed, NOE cross resonances between H*- H8
(at 5=5.59 ppm and 7.15 ppm) and H!- H® resonances were found (at 5=5.59 ppm and

7.03 ppm) confirming the coupling between the two compounds.

Moreover, the success of the deprotection at the final step of the synthesis (denoted
GC,16) was confirmed by both IR and NMR spectroscopy. In the following figure (the
absence of all resonances between 1.80 and 2.45 ppm (Figure 45, purple area) suggests
the absence of acetyl groups and as a consequence the deprotection of the
methylumbelliferyl-tetraacetyl-D-mannopyranose (denoted AcGC, 15) to form the
glycosyl coumarin compound (16).

4-methylumbelliferyl-7-yl-a-D -mannopyranose

o GC 16 (DMSO-ds)

4 6 OH? H!
Hdo 5 ~0
H%0 1

T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppny
\ 'R # Jl Ij J I L L — N

(o ‘m '—r| ﬂ "
Q‘ ™~ q
~i [ g

Figure 45: 'H NMR (500MHz, DMSO-ds) spectra of 4-methylumbelliferyl-7-yl-o-D-

mannopyranose (GC, 16). The area where the acetyl groups are usually observed is highlighted
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in purple and the area where the coumarin characteristic peaks can be found is shown in green.

Additionally, IR spectroscopy in the solid state was carried out to establish whether
the deprotection had occurred. The absorption band at 1600-1700 cm™* which corresponds
to the stretching vibration of the C=0 group decreases corresponding to the loss of acetyl

groups to reveal the hydroxyl functions. The appearance of a new broad band around
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3120-4000 cm™* due to the O-H stretching vibration provides further evidence for the

successful deprotection of the glycosyl moiety (Figure 46).
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Figure 46: Comparative IR spectra for the tetracetyl-glycosyl coumarin (denoted AcGC, 15)
(bottom) and glycosyl coumarin (denoted GC, 16) (top).

3.4.2. Coupling of glycosyl coumarin with the asymmetric thiosemicarbazonate
metal complexes.

Having achieved the synthesis of GC, the following step was the coupling with
complex 9a (PhZnTSCA) to form an aminoglycosidic bond. It is known that the
formation of this linkage can be achieved under mildly acidic conditions through the
reaction of carbonyl group of the anomeric C-atom (position 1) of the sugar in the
open-chain form with an amino group (Maillard reaction)?. A straightforward coupling
was attempted (Scheme 20), dissolving both molecules in slightly acidic methanol and
carrying out the reaction under reflux overnight (18-20 h), the reaction was monitored by
HPLC. These conditions were established taking into account a variety of other coupling
experiments that were previously carried out for complex 9a (PhZnTSCA)¢and the fact
that acenaphthenequinone thiosemicarbazonato complexes were found to be unstable at

high temperature in previous studies.™

107


file:///C:/Users/ssarp/OneDrive/Έγγραφα/O2sense-S.S/Thesis/Final/Sophia%20S%20-%20PhD%20Thesis-without%20ch4/Sophia%20S%20-%20PhD%20Thesis/Chapter%204-SS%2003.07.2018.docx%23_ENREF_6

Chapter 3 | Asymmetric bis(thiosemicarbazonato) metal complexes

OO o OO
OH
N\ '?-1% 2 A
. N_ N.
N'Nzn’N N . o 0_0  MeOH N zn N
s s conc.HCI \ ‘S_ILN,H
HN N-NH Z 68°C,20h  HN NN o
HO
HO
(92) (1) (17)

Scheme 20: Coupling reaction of the denoted PhZnTSCA (9a) precursor complex with the GC

(16).

NMR spectroscopy results indicate the presence of the starting materials however

mass spectrometry data (Figure 47) are consistent with the formation of the asymmetrical

complex 17 (Ph-GC-ZnTSCA). Further increase of temperature was not recommended

and a metal-catalysed coupling reaction is not a desirable option due to the possible Zn

transmetallation, so further optimisation of the coupling above was not carried out.
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Figure 47: Atmospheric-pressure chemical ionization (APCI) analysis mass spectrometry

result for the complex 17 (denoted Ph-GC-ZnTSCA) (Full spectrum can be found in appendix).
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As an alternative strategy, the selective activation of the primary carbohydrate alcohol
group (position 6 in the sugar moiety) was explored, through its conversion to an
aldehyde. Thus, the selective oxidation of the 6-OH group of 16 (GC) was attempted as
reported by Angelin and colleagues.** According to these authors, a selective oxidation
of the primary carbohydrate hydroxyl group to an aldehyde is possible by a TEMPO
(2,2,6,6-Tetramethylpiperidine 1-oxyl) catalysed reaction using TCC
(3,4,4 trichlorocarbanilide) as a secondary oxidant and NaHCO3s as a base, at low
temperature under anhydrous conditions. Unfortunately, in this case, the reaction did not
progress (Scheme 21). Optimisation of the reaction conditions was attempted, such as
slight increase of temperature (15 °C), addition of higher equivalents of both TEMPO
and TCC, as well as prolonging the reaction time; however, the reaction did not appear
to take place according to HPLC monitoring. The lack of success of this reaction can
possibly be explained due to steric hindrance caused by the aromatic ring of the coumarin.

Another route targeting the selective functionalization therefore needed to be explored.

OH %
o TEMPO OH
HO o) TCC HO 9
HO
HO NaHCO;

5 o. 0 :, o) 0.__0
=
(16) qj DMF (18) \Q%j
0°C, 7h

Scheme 21: Oxidation reaction of the carbohydrate hydroxyl group of denoted GC (16) to
afford the corresponding dialdo-GC (18).

Similarly, other reactions and synthetic pathways were tried in an attempt to
selectively activate the primary carbohydrate hydroxyl group, but disappointingly most
of them were unsuccessful. Finally, the activation was carried out following the Appel
reaction where an alcohol is converted to the corresponding alkyl halide via activation by
triphenylphosphine and the Sn2 displacement of a halide ion from a tetrahalomethane.

Even though this reaction usually takes place under mild condition and affords a high
yield, in this case, the reaction was carried out overnight, monitored by HPLC, and the
yield of the halogenated product was low (7.1%). More specifically the reaction was
carried out as follows (Scheme 22). Compound 16 (GC) was dissolved in dry pyridine
and triphenylphosphine was added at 0 °C. The mixture was allowed to react for half an
hour then tetrabromoethane was added slowly. Then, the resultant mixture was heated to
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reflux and reacted for 16 hours. Mass spectrometry results confirmed the formation of
the corresponding halogenated glycosyl coumarin (denoted BrGC, 19) as the theoretical
isotopic pattern and the observed one were found to be a good match for this compound
(Figure 48).
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Scheme 22: Conversion of the primary carbohydrate hydroxyl group of GC (16) to an alkyl

bromide (18).
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Figure 48: Nano-electrospray ionisation (nano-ESI) mass spectrometry result for BrGC (19).

This bromination step was crucial since bromide constitutes a good leaving group and
can be subsequently displaced under relatively mild conditions. Consequently, further
functionalisation of the group attached to the carbohydrate group of the sugar would now
be possible. The conversion to an azido group is considered a good option to follow

aiming to apply “click” chemistry in the resulting compound.

110



Chapter 3 | Asymmetric bis(thiosemicarbazonato) metal complexes

3.5. Evaluation of asymmetric complexes in vitro

3.5.1. Investigation by crystal violet assays

Preliminary cytotoxicity studies prior to the application of the asymmetric complexes
in biological experiments have been considered to be essential for the determination of
the optimal working concentration in order to avoid cellular damage. The crystal violet
assay is a simple method facilitating the detection of cellular adhesion and integrity. The
aim is to target proteins and DNA, but upon induction of cell death, cell detachment
results in a different pattern of the stained cellular population which allows for later

quantification.®

In this work, all the monosubstituted ligands were tested in crystal violet assays in a
range of different concentrations in order to calculate the ICsq values. The viability assays
were carried out in PC-3 and EMT-6 cell lines under normoxic and chemically induced
hypoxic conditions (CoCly). Incubation was performed in 96-well plates with the selected
compounds in serum medium (1% DMSO), at different concentrations, for 48 h at 37 °C.
Then serum media was removed, and cells were washed with PBS three times. Fixing of
cells with a methanol/water solution (1:1) and a methanol (100%) solution was followed.
Afterwards, 0.5 % crystal violet solution was added and incubated for 20 min at room
temperature. Crystal violet was then removed, plate was rinsed an indirect flow of tap
water. Then the plate was inverted and leave to dry on the bench at room temperature.
Moreover, methanol was added to the plates and incubated for a further 20 min at room
temperature prior to absorbance measurement through a plate reader. The detailed

conditions are listed in Chapter 7.

In the following chart (Figure 49) the results of the aforementioned experiments are
presented. As the chart shows, both complexes present a noticeable toxicity at 48 h,
especially in normoxic conditions. For the Ga(lll) complex (PhGaTSCA, 10a) toxicity
was much higher than for the corresponding Zn(l1l) complex (PhZnTSCA, 9a) in both
cell lines. Thus, cell viability, time-dependence experiments were carried out to examine

the toxicity of both complexes as a function of time (Figure 50).
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Figure 49: Estimate of ICso values from crystal violet assays with PC3 (blue) and EMT6
(purple) cell lines under both normoxic (dark) and chemically induced hypoxic (light)
conditions after 48 h incubation of compounds 9a (denoted PhZnTSCA) and 10a (denoted
PhGaTSCA) complexes. Error bar stands for standard error (xSE), calculated from six repeated

measurements.
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Figure 50: Estimation of ICsy values from crystal violet assays for PC3 (a) and EMT6 (b) cell
lines under both normoxic (1) and chemically induced hypoxic (2) conditions after 24 h (light
grey), 48 h (blue,purple) and 72 h (dark grey) of 9a (denoted PhZnTSCA) and 10a (denoted
PhGaTSCA) complexes incubation. Error bar stands for standard error (+SE), calculated from

Six repeated measurements.

112



Chapter 3 | Asymmetric bis(thiosemicarbazonato) metal complexes

In fact, the compounds were tested at 24 h, 48 h and 72 h, being in agreement with
the previously mentioned results (Figures 49 and 50 conditions stated with identical
colours). Moreover, these results imply that the complex 9a (PhZnTSCA) was not
detrimental for the cells at the 24 h time point, regardless of the cell line. The ICsp values
for the subsequent points increase gradually. On the other hand, the complex 10a
(PhGaTSCA) is much more toxic to the cells after the first 24 h of incubation. Notably,
the compounds seem to be more toxic against normoxic cells rather than chemically
induced hypoxic cells. This might be associated with the experimental conditions used
to induce hypoxia in the cell culture, since CoClz induced hypoxia assays could mimic
the hypoxic environment, but perhaps introduce limitations regarding the redox
chemistry behind it. In order to decipher the effect of the compound on hypoxic cells,

further experiments under a hypoxia chamber environment are required.

3.5.2. Fluorescence microscopy of compound denoted PhGaTSCA (10a) in cancer
cells

Fluorescence microscopy was carried out to determine the uptake of the compounds
by PC-3 cells. For these assays, cells were cultured using standard protocols, analogous
with earlier investigations on fluorescent thiosemicarbazonates. Cell viability
assessments were tested prior to fluorescence experiments and over the course of the
experiments cell morphology was observed by optical imaging. The uptake of the
complexes 9a (PhZnTSCA) and 10a (PhGaTSCA) was imaged in the PC-3 (prostate
carcinoma) cell line under both normoxic and hypoxic conditions (cultured as described
in the Experimental section, Chapter 7) by confocal fluorescence microscopy using one
photon excitation at 488 nm and emission in all the different colour channels; blue:
Aem = 417-477 nm; ¢) green: Aem = 515-555 nm. ¢) red: Aem 570-750.

The imaging studies were performed as previously described in Chapter 2. Control
experiments were obtained by fluorescence imaging, prior to incubation of cells with the
compounds of interest, to assess the original cellular morphology before any treatment.
No significant changes in cellular shape were observed by optical microscopy after 15
minutes incubation with respect to the control. The previous figures depict representative
confocal fluorescence microscopy images in PC-3 cells for the complex 10a
(PhGaTSCA) which showed an intense fluorescence enhancement and some hypoxia

selectivity (Figure 51).
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(A) Normoxia

(c)) (d)
50 pm

(c,) (dy)
50 pm

(B) Acute Hypoxia (chemically induced by CoCl:)

(C) Chronic Hypoxia (hypoxia incubator chamber)

A by (c5) (ds) NG Y
ﬁ, 50 um 50 um 50 um

Figure 51: Confocal cellular imaging of PC-3 cells grown under different conditions were
incubated at 37 °C for 15 minutes with 10a (100 uM, in 5: 95 DMSO : serum-free medium).
Laser was excited at 405 nm. a) overlay of the green-red channels and DIC image b) blue:
dem = 417-477 nm; ¢) green: em = 515-555 nm. ¢) red: Aem 570-750 nm; d) DIC image; 1,3,5:
control. 2,4,6: compound (scale bar 50um). (A larger image of these cells and can be found in
the Appendix)

Tt}
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Cells were acquired after a 15 minutes incubation and their profiles are presented
above. The observation of fluorescence in these images suggests that under normoxic
conditions, a substantial amount of these complexes remain intact intracellularly. Despite
that, frames under hypoxic conditions (cells treated with CoCl. or cultured inside a
hypoxia chamber) depict a widespread distribution of the gallium complex within the cell
cytoplasm (Figure 51). It must be noted that the compound was not evident in any image
in the blue and green channels under reduced hypoxic conditions, whilst it was detected
in all the different colour channels in hypoxic environment caused by the hypoxic
chamber (Figure 51 B,C). One of the reasons that this might happening is due to the
redox chemistry taking place under these hypoxic conditions having some differences

from that caused by chemically induced hypoxia.

The intracellular distribution of the compound is substantial in the hypoxic
environment induced in the chamber and it seems that the compound does not precipitate
at all (Figure 51 C). This observation was made for the reduced hypoxic environment
(Figure 51 B) and was even more evident for the normoxic environment (Figure 51 A).
It should be noted here that the images acquired for the cells cultured in the hypoxic
chamber have been collected from a different fluorescence microscopy device than the

rest of the samples, which results in higher resolution images (Figure 51; as.es and as-€s).

3.5.3. Multiphoton fluorescence lifetime evaluation of compound denoted
PhGaTSCA (10a) in PC-3 cells

Two-photon excitation experiments were performed at the Rutherford Appleton
Laboratory following the methodology described in Pascu et al. 2011'® with the
assistance of Prof. S Botchway and his group.

In order to be able to quantify the compound’s fluorescence, the background
autofluorescence of cells had to be assessed beforehand. The background fluorescence
can be attributable to biological fluorophores; at 910 nm (two photon excitation) this
includes flavin adenine dinucleotide (FAD) and lipoamide dehydrogenase (LipDH),’
which also absorb at 810 nm. Biological molecules such as reduced nicotinamide adenine
dinucleotide (NADH) and nicotinamide adenine dinucleotide phosphate (NADPH)
absorb 810 nm light, but not 910 nm, therefore contributing to the difference in

autofluorescence intensity observed at the respective wavelengths.!’
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The fluorescence lifetime of the compound was obtained from both Time-Correlated
Single Photon Counting (TCSPC) and the fluorescence life-time imaging microscopy
(FLIM) distribution curve in solution and PC3 cancer cells respectively. When compound
10a (PhGaTSCA) was tested by TCSPC, two fluorescence lifetime components
(Figure 52 a) could be determined in DMSO at 10 mM, with the t1 accounting for at
least 93%. The minor component (t2) of the fluorescence lifetime of the ligand precursors
in DMSO at 10 mM was found to be 861.5 ps. These numbers, however, are to be taken
with caution as the errors are much larger than for 11 due to the weakness of this second

component (< 5%) (see table in Figure 52 a).

4 6 8 10
Lifetime (ns)
X ulps)  ai(%)  wlps) 2 (%) tw(ps)
PhGaTSCA (10a) 1.58 210 93 861.5 7 255.2

(b)

025 050 075 100 125

Lifetime (ns)
¥ ules) ai(%)  vwlps) a(%)  tw(ps)
PhGaTSCA (10a) 1.05 402 100 2239.7 0 402.0

Figure 52: FLIM map in PC-3 cell line in normoxic conditions with lifetime distribution and

2P fluorescence spectra for 10a (PhGaTSCA) complex in DMSO (100 uM).

Moreover, compound 10a (PhGaTSCA) was tested by FLIM. The conditions used
were 100 uM 10a (1% DMSO), with an incubation time of 20 minutes. The FLIM data
were measured in the range 0.52+0.24 ns, which represents the life-time distribution of

the compound in vitro. As it is shown in the table of Figure 52 b, for example when a
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random chosen spot is measured, a two-life time component with an average life-time

(tm) of 0.4 ns is calculated.

The major components could be related with the compound being inside the cell,
whilst the minor components could be correlated with different aspects, possibly a
different orientation of the molecule. Interestingly, although consistency of data was
observed in cells, the respective short component is slightly shorter (ca. 0.2 ns) than the
overall fluorescence life time in cells, suggesting that the complexity of the cellular

environment does have impact on the lifetime.

3.6. Conclusion to Chapter 3

Metal asymmetric thiosemicarbazonato complexes were successfully synthesised and
characterised by ESI-MS and NMR spectroscopy. They were also radiolabelled for the
first time through a transmetallation reaction with gallium-68 and tested in vitro for
cytotoxicity, optical imaging (confocal and two-photon FLIM) and cellular uptake
assays. Their fluorescence properties were analysed, denoting a weak distribution in
normoxic cells, but enhanced distribution in both acute hypoxic environment (chemically
induced by CoCly) and chronic hypoxic environments (cells grown in hypoxia chamber)
Furthermore, the fluorescence lifetime components of these compounds determined both
in solution and in cells have distinct characteristic data that proved different from cellular
autofluorescence. This sufficient discrimination between the fluorescent lifetime
components in the cytoplasm suggests the uptake of the compound by the cells. The cell
viability assays for these complexes suggest a decreased number of viable cells at
48 hours post-incubation, therefore time-dependent experiments were conducted,
confirming that the zinc(ll) derivatives present low toxicity at 24 h under all the different
conditions attempted. However, the gallium(l11) derivative is more toxic than the zinc(I1)
derivatives, especially in normoxic cells. Having obtained and analysed these results, it
is clear that further toxicity assays are required using a hypoxia chamber, to decipher how
the redox chemistry might affect the viability of the cells. Lastly, since the radiolabelling
protocol is now established, the next step is to study the stability of the compounds under

different biological environments, and also to carry out cell uptake experiments.
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More over the functionalisation of asymmetric thiosemicarbazonato metal complexes
with a couple of small molecules was attempted herein for the first time. The success of
these attempts was rather variable - this is most likely due to the aromatic backbone of
the metal complexes which makes the hydrazino moiety of these molecules less active
than the one in traditional ATSM complexes. Nevertheless, here it is presented for the
first time the radiolabelling of an asymmetric thiosemicarbazonato complex with a
prosthetic group ([*8F]4-fluorobenzaldehyde) in a new and promising radiochemical
incorporation protocol. Further optimisation of the purification would lead to a high
purity radiolabelled compound which could potentially be tested not only in vitro for cell
uptake but also in vivo on mouse or rat models. Finally, the coupling of a
hypoxia-targeting small molecule with an asymmetric metal complex was achieved and
significant steps were made for the optimisation of this coupling by selective
modification of the primary carbohydrate hydroxyl group of the glucosyl moiety of
compound 16 (GC). Even though the functionalisation of the primary carbohydrate
hydroxyl group is often reported, these strategies are usually applied to monosaccharides
with the anomeric hydroxyl group protected as a methyl ether rather than in the presence
of an aromatic aglycone moieties, such as a coumarin. But the selective bromination that
was now carried out will possibly allow further activation of this specific group through

different routes.
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Chapter 4: Use of graphene oxide as nanocarrier to chosen
molecules

4.1. Overview

Nanotechnology has advanced over the past 20 years as a research field because of
the unique physicochemical properties of nanostructures, which allows interesting
technical applications in different scientific areas. The interest for nanotechnology in
nanomedicine, also called the application of nanotechnology in healthcare and medicine
is called, has grown rapidly in the last decade because of the higher specificity of a
nano-dimensional drug, compared to a molecular drug, against a precise disease target.
Graphene presents relevant opportunities for the development of a broad range of
biomedical applications.! Due to graphene oxide’s lower toxicity and to its superior
biocompatibility in comparison with other nanoparticles (e.q. metallic NPs), its use has
started to be explored as nanocarrier for drug/ gene delivery?® or as probe for molecular
imaging (Figure 53).>°

NH
NH,

Figure 53: Possible imaging and sensing modalities including the use of GO nanosheets as
supports.
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Recently, graphene and its derivatives were tested as potential nanoplatforms for a
variety of imaging techniques, such as magnetic resonance imaging (MRI),” 1012
fluorescence” 3% or positron emission tomography (PET) imaging and photoacoustic
imaging.” 1618 Furthermore, the combination of different imaging techniques on the same
nanocomposite has been tested.” 1* 20 Several research studies have showed that graphene
oxide (GO) nanocomposites can be conjugated with polyethylene glycol (PEG) or small
chelating molecules (e.g. 1,4,7-triazacyclononane-1,4,7-tris acetic acid; NOTA) and, in
turn, radiolabelled with various radioisotopes (e.g. iodine-131, gallium-68, copper-64),
through chelator radiolabelling.” It was not only until recently that Cai’s research group
suggested that the chelator- free labelling of GO nanocomposites with copper-64 is also

possible, allowing the synthesis of radio-nanocomposites with high kinetic stability.?

The large surface area of graphene with its sp? hybridisation, allows the
functionalisation of the sp? honeycomb sheet via either n-n- interactions and/or van der
Waals forces. In this study, graphene oxide nanocomposites were employed as
nanocarriers for chelator-free [®3Ga]Ga(lll)-radiolabelling towards PET imaging and

simultaneously as potential carriers of the new unsymmetric thiosemicarbazone

complexes and/or glycosyl coumarin compound developed in this work.
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Figure 54: Schematic illustration of a possible complexation of the desired GO nanocarrier.
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4.2. Synthesis and functionalisation of graphene oxide nanocomposites.

4.2.1. Synthesis of novel graphene oxide nanocomposites

The GO nanocomposites that were used at this study, have been synthesised together
with Danielle Divall and Simone Giuseppe Giuffrida, at the University of Bath. They
have been synthesised following a modification of Hummer’s method, a process widely
used to produce graphene oxide from graphene flakes.” The synthesised nanocomposites
have been fully characterised by both Raman spectroscopy and transmission electron

microscopy (TEM).??

4.2.2. Evaluation of the possible use of GO nanocomposites as carriers for

glycosyl coumarin (16).

The extensive domains of sp?-bonded carbon atoms of GO nanocomposites offer the
opportunity to functionalise the sp? sheets via n-m interactions. It was hypothesised that
glycosyl coumarin (GC, 16) may also be non-covalently attached to the graphene sheets
by using the  conjugation within its structure, given its flat and aromatic structure. This
could occur by alignment of the aromatic components of the coumarin unit in a parallel
conformation along the planar graphitic surface. To achieve this, a suspension of
GO nanocomposites diluted in DMSO was mixed for a five minutes with a GC (16)

solution in DMSO to afford the desired nanocomposite (20, Scheme 23).

Scheme 23: Schematic representation of nanocomposite 20 (GC@GO) showing that
compound 16 denoted GC (denoted GC) is non-covalently attached to the GO nanosheet.

The chemical composition of GC (16) consists exclusively of C, O, and N atoms, so
the use of analytical techniques such as TEM and EDX, which are commonly applied for
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the analysis of GO nanocomposites (which also incorporate C/O), is not suitable to detect
this species. Therefore, spectroscopic investigation in solution was applied to
demonstrate if there was a possible binding between GO and GC (16). In this sense,
continuous variation method, as Job’s method is also known, is one of the most popular
methods to determine the stoichiometry of a binding event using common spectroscopic

methods.

Usually, the method involves the preparation of equimolar “host” and “guest”
solutions which are mixed at a variable volume ratio. The sum of the molar concentration
of these solutions remains constant whilst the relative proportions of host and guest
solutions alter resulting in a series of samples with different molar fraction.?> 2 The
concentration of the resulting complex is plotted against the molar fraction, resulting in
a maximum value which could be considered as the preferable host-guest complex’s
stoichiometry.?® Job’s method was initially applied to organometallic chemistry but it has
proved to be a very useful tool for more complicated complexation where the
concentration of the bound ligand is not determined.”

The field of GO species has long been investigated in different aspects, but their
structural and molecular analysis are aspects that still need to be understood.” The
molecular weight of GO is unknown, so determination of binding stoichiometry is not
possible to state in a precise way, but Job’s method can be used in a similar manner as a
tool to evidence the differentiation in the emission intensity due to the possible quenching

of the fluorescence emission upon titration experiments.

It is known that GO and related species can be directly coated on sugars through their
hydroxyl groups via hydrogen bonds?. To explore whether there is a n-m interaction
between GC (16) and GO’s surface the initial titration experiment was carried out using
AcGC (15) where the hydroxyl groups are protected, in addition to GC (16). This control
experiment was chosen to determine the fluorescence emission that corresponds to
coumarin unit using different fluorescence excitations. In this context, it is important to
take on consideration that previous studies have suggested that the presence of hydroxyl
groups in a coumarin moiety could be a deciding factor of its fluorescence efficiency and
total absorption.?’ For instance, the fluorescence emission of coumarin can be detected at
376 nm when excited at 310 nm, however when a hydroxyl group is present, the

fluorescence emission is observed at 460 nm instead. These explains the diversity within
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fluorescence maxima of glycosyl coumarin which is observed in the following titration

experiments.

Fluorescent titration of a GO dispersion with acetyl glycosyl coumarin (15)
solution

In a typical titration experiment, aliquots of a specific amount of guest solution was
added gradually to a host solution keeping the overall concentration constant and the
fluorescence emission was measured on a photo counting steady state using a
fluorescence spectrophotometer. More specifically, a solution of compound 15 (AcGC)
(1 mM) and a stock dispersion of GO nanocomposite (1 mg/mL) were prepared in
DMSO. Then the solution of compound 15 (AcGC) was excited at 310 nm and the
emission spectrum was measured in a 330-600 nm range. The dispersion of
GO nanocomposite (1 mg/mL) (guest) was added gradually (50 ulL) into 1.2 mL of
compound 15 (AcGC) solution (host) and the total concentration of {GO + [15]} for each
fluorescence measurement was kept constant (Figure 55) to examine whether GO was
able to quench the fluorescence of compound 15 (AcGC). The resulting saturated
suspensions were well-mixed before and after addition of an aliquot of guest and excess

GO was allowed to settle before each measurement for up to 5 minutes.

As shown in Figure 55, the fluorescence intensity that corresponds to
compound 15 (AcGC) is reduced upon addition of GO suspension. This reduction could
be a result of the static and dynamic quenching due to the complex aggregation of the

two molecules resulting in strong n-n interactions®® (Scheme 24).

Scheme 24: Schematic representation of nanocomposite 21 (15@GO) showing that
compound 15 (denoted AcGC) is non-covalently attached to the GO nanosheet.
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Figure 55: Fluorescence emission quenching in a solution of compound 15 (AcGC) (0.3 mM)
during titration of graphene oxide (GO) nanocomposite (mg/mL) in DMSO. The inset shows
the normalised fluorescence emission intensity of the two highest peaks at the relevant GO

concentration.

A model of a variety of arrangements likely to happen within two different species
has been reported by Jabbari-Farouji and colleagues®®. These authors have described
spontaneous self-assembled systems whereby two species could “recognise” each other
and bind in disputed phase. Figure 55 (inset graph) suggests that the complexation of the
two molecules is more complicated than the idealised molecule presented in Scheme 27.
These complicated aggregation events might occur in a concerted way and result in the
partial increase of the intensity to the peak corresponding to denoted AcGC and in a
decrease of absorption of the formed complex (blue and black lines from Figure 55). It
is likely that other GO nanocomposites will stack on the top or on the bottom of the
already formed complex resulting in a sandwich-like complex, with either GO or
AcGC (15) being in the middle or a complex of AcGC (15) and GO with dimer-like
species. In the following figure (Figure 56) some of the possible species that could be

formed are represented due to non-covalent binding between, GO and AcGC (15).
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Figure 56: Schematic illustration of the different species that could result from the
complexation of GO with compound 15 (AcGC). In this figure, the simplest version of these
species is illustrated, thus n=1 or 2.

Estimation of the binding stoichiometry between GC (16) and coronene

In the present work, since the binding stoichiometry could not be determined for
GO nanocomposites, to examine the possible binding a theoretical model was used.
Coronene was chosen for this purpose (C2sHiz2, Scheme 25). Coronene is a planar
molecule consisting of seven fused benzene rings, being a member of the polycyclic
aromatic hydrocarbon (PAH) family. In the solid state, it is a yellow crystallised material
and it is mainly soluble in benzene or toluene, and sparingly in other organic solvents.> 4
This system, has long been used by different research groups as theoretical model to study
either graphene’s oxidative process or aromatic interactions with graphene.t 3% 3! The
structure and the molecular weight of coronene are known allowing kinetic and
thermodynamic studies of the supramolecular association between graphene nanosheets
and chromophores to be carried out. A better understanding of the strength of such
interactions in solution has been sought by employing this is as a model titration

investigation.
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Complex 22

Acceptor Donor
GC ( 1 6) Coronene

HO.
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Scheme 25: Schematic representation of the formation of compound 16 (GC) — coronene planar
system complex (22).

More specifically a fluorescence titration of coronene was carried out on an equimolar
mixture of compound 16 (GC) to estimate the possible binding process between them.
The solution of compound 16 (0.125 mM) was excited at 310 nm and the emission
spectrum was measured from 330 nm to 600 nm. Gradual addition of the guest solution
(0.125 mM of coronene) to the host solution (GC,16) then followed, as described in the
experimental section, till the ratio of GO to compound 16 (GC) was slightly more than
1:1. The resulting saturated suspension was well-mixed before and after addition of each

guest aliquot (Figure 57).

As the graph of Figure 57 suggests, the intrinsic fluorescence of compound 16 (GC)
is quenched upon addition of coronene suspension and a shift in emission maxima is
noticed which is later quenched as the titration progresses. The reduction of 16
fluorescence indicates the possible complexation of the two molecules and the quenching
of the new fluorescence band suggests that the coronene molecule is likely to be bound
with the initially formed complex resulting in a sandwich-like complex, with either
coronene or 16 (GC) being in the middle or a complex with dimer-like species
(complex 22). As it was suggested by Farouji and colleagues,?® it is then very difficult to
predict all these possible arrangements, for purposes of simplicity the discussion is
limited to the association constant for the 1:1 complexes. However, we attempted to

model the titration data according to 2:1 system also.
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Figure 57: Fluorescence emission quenching in a solution of compound 16 (GC) (0.125 mM)
during titration with coronene (0.125 mM) in DMSO.
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Figure 58: Experimental data (markers) and fitting curve (line) of a 2:1 isotherm binding model
at the relative 16: coronene ratio.

Table 12: Table presenting the binding constant K,*! (M), the standard error of estimated data
(SE) and the covariance of fit (Covy) calculated according to MATLAB m-files.*

KaZ: 1 S Ey COVf

GC (16) 1.18594*1012 M1 0.051025667 0.028747143
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The decrease of fluorescence absorption of compound 16 (GC) was monitored and a
new emission maxima resulted upon the progressive increase of coronene’s
concentration. The data were collected, analysed by MATLAB m-files*? and fitted for
1:1, 1:2, 2:1 Cy4H12:GC binding isotherms. This software resulted in Ka (eg.1) and
statistical parameters such as standard error of estimated data (SEy) and covariance of
fitting (Covf).

_ [HG]

Ka [H][G]

(ea. 1)

Binding constants and statistical parameters for compound 16 (GC) are reported in
Table 12. Here, binding constants are described as Km:n where m and n are integers.
A complex where m or n is greater than 1 describes a system where either the host or
guest possesses more than one binding site. Despite repeated attempts to adjust modelling
parameters, to 1:1 and 1:2 Cy4H12: 16 simulations gave physically non-sensible results
suggesting that these models are not favoured systems for the C2sH12: GC complexes,
and 2:1 is more likely to be happening. The 2:1 Cx4H12: 16 isotherm fitting reveals much
lower values of Ka;#*for GC in comparison to Kaz**! (Ka,*! = 1.18594*10% M) These
values suggest that during the second binding event more complicated species are
assembled (see Figure 58, the values between 0.4 and 0.8). All the different equilibriums
that may be formed due to such interactions are very difficult to predict.®

Use Graphene Oxide Nanocomposites as carriers for glycosyl coumarin (16) and 9a
(PhZnTSCA).

Based on the previous results and the fact that the asymmetric metal complexes can
be attached to the GO nanocomposites, we examined the possibility of the non-covalent
binding of 16 (GC) and 9a (PhZnTSCA) on the graphitic surface. This was tested in a
similar manner as the conjugation of 15 (AcGC) on the GO nanocomposites. More
specifically 9a@GO complex (23) (donor) was incorporated and effectively bound with
the solubilised 16 (GC) molecules (acceptor) (Scheme 26).

In more detail, a solution of 16 (GC) (1 mM in DMSO) was excited at 310 nm and
the emission spectrum was measured from 330 nm to 800 nm. Then a suspension of

nanocomposite 24 (1 mg/mL in DMSO) was added gradually into the 16 (GC) solution
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(host) and fluorescence spectra were measured (Figure 59) to examine whether complex

23 was able to quench the fluorescence of compound 16 (GC).

Acceptor Donor
GC (16) Complex 23 Complex 24
HN—NiLs, /’:\5\/‘“1 T@
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Scheme 26: Schematic representation of the formation of complex 24; where the
compound 16 (GC) and the 9a (PhZnTSCA) asymmetric complex are non-covalently attached

to the planar graphitic surface of the nanocomposite.
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Figure 59: Fluorescence emission quenching in a solution of GC (16) (0.3 mM) during titration
of PhZnTSCAc@GO (23) nanocomposite (mg/mL) in DMSO. The inset shows the normalised

fluorescence emission intensity of the two highest peaks at the relevant concentration of 23.
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As it is proposed from Figure 59, the emission intensity that corresponds to
compound 16 (GC) (blue line) is reduced upon addition of the complex 23 (9a@GO)
suspension and a new fluorescence maximum is observed. The maximum fluorescence
intensity of this emission band (dark grey line) does not emit at the same wavelength as
the complex 23 (9a@GO) which could suggest the complexation of the two molecules is
forming different species (Scheme 26). It is important to note that as the titration
proceeds, this new emission band is quenched, suggesting a rearrangement of the formed
complex (29). The inset graph of Figure 59 depicts the normalised intensity of both
emission bands at the relevant complex 23 (9a@GO) concentration and implies a relation
between the increasing fluorescence intensity of the one emission band and the

decreasing fluorescence intensity of the other.

Additionally, Figure 60 confirms this hypothesis. The graph presents the normalised
ratio between the initial fluorescence absorption of each peak to the partial intensity of it
at the relevant complex 23 (9a@GO) concentration and it clearly shows that the second
emission band only increases its fluorescence intensity after the quenching of the first
one. These results suggest that the formed hybrid has a more complex supramolecular
structure than the one suggested in Scheme 26. Figure 61 shows some of the proposed
possible arrangements of possible species formed due to the non-covalent binding
between complex 23 (9a@GO) and compound 16 (GC).

1.2
1.0 4 + * -
g 0.8 - -
2 b 4
g 0.6 .
™
5 i
Z 0.4 \ = .
i *
B 4 & 1stpeak
0.2 - * . & * ® 2dpeak |
J ® ”’ T -
0.0 - M e ¢ ¢ ¢ & & o & &
T T T T T T T T T \

T T T
2 4 6 8 10 12
Concentration of 28 (mg/ mL)

Figure 60: Normalised ratio of the initial emission intensity to the partial intensity for the two

fluorescence maxima at the relevant complex 23 (9a@GO) concentration.

130



Chapter 4 | Use of graphene oxide as nanocarriers to chosen molecules

Figure 61: Schematic illustration of the different species of complex 24 (16+9a@GO). In this

figure the simplest version of those species is illustrated, thus n=1 or 2.

4.3. Radiolabelling of GO nanocomposites.

4.3.1. Radiolabelling of GO nanocomposites with gallium-68.

The non-covalent labelling of a number of GO nanocomposites with [®Ga]GaCls was
attempted herein. More specifically, it was hypothesised that the chelator-free labelling
of GO nanocomposites with gallium-68 could be possible due to transition
metal-n electron interactions based on the electron transfer between Ga(lll) cations and
7 electron density on the surface of GO. Theoretically, [3Ga]Ga®*" (3d'°) has three free
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p-orbitals in its outermost sub-shell which could be used with the = electron density of
the GO nanostructures to form a stable electron configuration. The [*Ga]-labelling was
successfully carried out by simple mixing of a GO nanocomposite suspension
(2 mg/ DMSO mL) with dry [®®Ga]GaCls in a 4:1 methanol: sodium acetate buffer
solution (pH = 4.5) for 30 minutes at 95 °C. The origin of the [*®Ga]GaCls (aq) did
implied to play a crucial role as the labelling was succesful with both gallium-68
extracted by a cyclotron via the ®8Zn(p,n)®Ga reaction in aqueous solution and eluted
through a [%3Ge]/[*®Ga] generator.
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Figure 62: Schematic illustration of the suggested species of [®®Ga]-25 complexation
([®®Ga]Ga @GO), where the gallium-68 binds non-covalently to the GO nanostructure.

The radiolabelling of GO nanocomposites was also achieved with the GO complexes
23 and 24. The radiochemical yield of crude [*8Ga]Ga@GO nanocomposites varied
between the different nanocomposites used from 98 + 4.6 % to 99.7 £ 0.74 %, providing
all of them as a single radioactive species, based on the amount of activity detected by
paper chromatography (Whatman 3MM) as reported in Figure 65. All the suggested

species are presented in Figures 62-64.

132



Chapter 4 | Use of graphene oxide as nanocarriers to chosen molecules
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Figure 63: Schematic illustration of the suggested species of [#Ga]-26 complexation
([°8Ga]Ga+9a@GO), where the gallium-68 binds non- covalently to the complex 23.
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Figure 64: Schematic illustration of the suggested species of [®Ga]-27 complexation
([°8Ga]Ga+16+9a@GO), where the gallium-68 binds non- covalently to the complex 24.
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Figure 65: Radio TLC of (a) [®®Ga]GaCls, (b) crude [®Ga]-25, (c) crude [®Ga]-26 and
d) crude [®®Ga]-27 developed on Whatman 3MM with 0.35M ethylenediaminetetraacetic acid
(EDTA) as the mobile phase. The radio-TLC are shown zero to minimal amount of free
[8Ga]GaCls.

4.3.2. Radiolabelling of GO nanocomposites with 8Zr(1V).

Further, 8Zr-labelling was attempted as a control experiment aiming to validate the
hypothesis of specific radiolabelling due to p-electron interactions. [3Zr]Zr** (4p®) does
not have p-electrons in the outermost atomic orbital and subsequently could not interact
with the & electron density on the surface of GO. As it was expected, the reaction did not

proceed regardless of the time or the pH conditions employed in the reactions.

More specifically the experiment was carried out under different pH (3.5, 5.5, 7.0 and
8.5) in an attempt to optimise the radiolabelling protocol and the incorporation of the
radioisotope to the GO nanocomposites. This was examined by radio-TLC after 1 h, 2 h
and 16 h. The temperature was kept at 23 °C during the reaction time. All the results
showed zero to a minimum labelling (2-3%). Further experiments were carried out to
investigate a potential radiolabelling of zirconium-89 in the presence of a chelator which
could possibly be used as a m donor (Scheme 27). A commercially available

desferrioxamine (DFQO) chelator was used in order to chelate zirconium-89
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(Figures S50). The radiolabelled compound was then reacted with the GO
nanocomposites overnight at 60 °C. A 70% incorporation was suggested after purifying
the radiolabelled nanocomposites. This labelling could be caused either by non-covalent
binding between GO nanocomposites and DFO or from the coupling of the amide group

of the DFO with the oxide groups of the GO nanocomposite (Scheme 27).
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Scheme 27: Schematic representation of the [39Zr]ZrDFO and non-covalent attachment to the

planar graphitic surface of the nanocomposite.

4.4. Kinetic stability evaluation of GO nanocomposites in aqueous

environment

4.4.1. Kinetic stability tests of the non-radiolabelled GO nanocomposites

The Kinetic stability of the nanocomposites was estimated under various incubation
conditions. Ga(lll) was attached non-covalently to GO nanocomposite and complex 23
resulting in non-radioactive complexes 25 and 26. Those complexes were incubated
under various conditions to optimise the stability of the complexes in media likely to be
encountered in a cell biology experiment. In more details, this investigation employed
UV-visible absorption using a 2 mg/mL concentration of the assay agent (complex 25
or 26) in DMSO.
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Figure 66: Uv-Vis spectroscopy probing the potential in vitro stability of the Ga@GO (25) and
Gat+PhZnTSCA@GO (Ga+9a@GO; 26) nanocomposites at two time points
post-preparation (p.p.) under various incubation conditions (citric acid, EDTA, PBS and DFO).

136



Chapter 4 | Use of graphene oxide as nanocarriers to chosen molecules

Solutions of 1:1 DMSO[assay agent]: H.O were formed, and assays were carried out
by incubating the samples at 37 °C using citric acid, PBS, EDTA and DFO. Both
complexes were found to be sufficiently stable in the timescale of an imaging experiment
with respect to decomposition in a mixture of DMSO and several aqueous buffers which
are of relevance to standard cellular imaging assays (Figure 66). Whilst there were no
changes observed in the UV/Vis spectra after 30 minutes of incubation, some slight
changes were observed for the gallium complex Ga(lll) over an incubation of 24 h
(Figure 66).

4.4.2. Kinetic stability optimisation of the radiolabelled GO nanocomposites

The stability of the radiolabelled compounds used for PET and SPECT imaging is
considered a parameter of high importance. Detachment of the radioisotope from the
molecule of interest will lead to false positive or false negative results. Consequently, the
stability of the radiolabelled complexes ([*8Ga]-25, [(8Ga]-26 and [%®Ga]-27) was
investigated. Due to the short half-life (ti2) of [8Ga]Ga(lll) (68 minutes), the Kinetic
stability of the radiolabelled compounds was tested after incubation in a number of agents
at 37 °C at 60 and 120 minutes.

The stability profile of the radiolabelled complex was high (>98 %) during incubation
in biological media (e.g. PBS, mouse plasma) at a volume ratio of 1:1 of the radiolabelled
GO nanocomposites remaining intact up to 2 h post-preparation. On the other hand, the
stability in EDTA was not as good as in biological media (>65 %) which might be caused
by the strong ability of EDTA to bind gallium (111).3* 3% Figures 67-69 show a bar graph
representation of the stability optimisation results for [%Ga]-25 ([**Ga]Ga@GO)
nanocomposites. All the analysis can be found in the tables presented in the Appendix.
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Figure 67: Graph presenting the results acquired from the kinetic stability tests of the [#¥Ga]-25
([%8Ga]Ga@GO) nanocomposites up to two hours post preparation (p.p.) under various
incubation conditions (citric acid, EDTA, PBS, fresh mouse plasma).

The Kkinetic stability results of the radiolabeled GO nanocomposites denote very good
performance under biological media challenges, rendering the radiolabelled complexes

appropriate candidates for later in vitro or in vivo studies.
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Figure 68: Graph presenting the results acquired from the kinetic stability tests of the [®®Ga]-26
([*®Ga]Ga+9a@GO) nanocomposites at two time points post preparation (p.p.) under various
incubation conditions (citric acid, EDTA, PBS, fresh mouse plasma).
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Figure 69: Graph presenting the results acquired from the kinetic stability tests of the [#¥Ga]-27
([*®Ga]Ga+9a+16@GO) nanocomposites at two time points post preparation (p.p.) under
various incubation conditions (EDTA, PBS, fresh mouse plasma).

4.4.3. Cell viability assays of non-radiolabelled GO nanocomposites

Preliminary cytotoxicity studies prior to the application of the GO nanocomposites in
biological experiments was considered to be necessary. The purpose of our compounds
is to be used as imaging agents. Typically, the preparation of a radioactive material, the
precursor is used in large molar excess over the radioisotope and then the sample is used
without further purification of the precursor. Which means that it is necessary to
determine the maximum possible concentration of the precursor which is safe to be used
without causing any damage to cells.*® Similarly to previous chapters, herein the crystal
violet assay was used as a simple method to assess the activity of a variety functionalised
GO nanocomposites in cancer cells under both normoxic and chemically induced hypoxic

conditions.

More specifically, crystal violet assays were performed in a range of concentrations
to calculate the ICso values of 4 different types of GO nanocomposites (GO and
complexes 20, 23, 24 and 27). The viability assays were carried out in the PC-3 cell line
under normoxic and chemically induced hypoxic conditions (CoClz) as previously

described. The detailed conditions can be found in Chapter 7.

Most cells survived from the highest concentration to the lowest concentration over
the experimental period (from the dose-response curve), so all those compounds show

low to minimum toxicity (dose response curves presented in Appendix).
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4.4.4. Cell Uptake assays of [®Ga]-27.

The uptake of the [#8Ga]-27 nanocomposite (Figure 75) was exploited to observe the
complexes inside human cancer cells using radiolabelling techniques. Intra-cellular
tracking of the gallium-68 complexes by y-ray counting is expected to provide
information about the analogous gallium (111) complexes, and their intracellular fate and
processing, and potentially provide insights into the retention mechanism. After the
reaction (Chapter 5.3.1), the [®®Ga]-27 nanocomposite was washed with methanol and
water by centrifugation and tested in PC3 cells under both normoxic and hypoxic (reduce
hypoxia) conditions. Similar general protocols to the one used with the [3Ga]-7e complex
([®3Ga]Ga(FbnzTSCAC),) (Chapter 2) was developed. As previously, CoCl, was used to

chemically induced hypoxic environment.
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Figure 70: Preliminary in vitro cell uptake results of [#Ga]-27 ([®*Ga]Ga+16+9a@GO) under
normoxic and chemically induced hypoxic conditions (CoCl.) at a 30 min incubation time
point. The data were expressed as % injected dose (ID)/mg of protein present in each well with

p values <0.05 considered statistically significant (n = 6).

The complex [#8Ga]-27 was incubated in PC3 cell line at 37 °C for 30 minutes, and
then the complex was washed off prior to radioactivity measurement through a gamma
ray counter At the same time control experiments were also performed using [¢3Ga]GaCls
(as extracted from the generator) to eliminate any possible measurements associated with
ligand-free aqueous ®8Gallium(l1) active species. Protein quantification assays (BCA)

were then carried out on the cells to calculate the actual percentage of the radioactive
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nanocomposites taken up by the cells. The detailed experimental conditions can be found
in Chapter 7.

There was no significant difference in gallium-68 retention under hypoxia compared
to normoxia, with a difference of only 7% for this period of time (Figure 70). Further
experiments need to be carried out for longer time points as well as in different cell lines
to have a clearer view of the uptake of the compound from cancerous cells.

4.5. Conclusions to Chapter 4

For the first time, GO nanocomposites were successfully radiolabelled with [®®Ga]GaCls
through a non-covalent binding and no use of any chelator. The non-covalent binding of
the small molecules such as either the Zn complexes or GC points to potential medical
applications of the radiolabelled GO molecules. Crystal violet assays were carried out on
the non-radiolabelled complexes indicating high cell viability, rendering them
appropriate candidates as imaging agents. Moreover, the stability of both radiolabelled
and non-radiolabelled nanocomposites was also tested in vitro with different solutions
indicating an adequate stability towards EDTA and citric acid, whereas they proved to be
very stable in relevant biological media. Further, the cell uptake of [%8Ga]-27 was
examined, suggesting very high uptake in PC3 cells but without any specificity under

normoxic or hypoxic conditions.
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Chapter 5: Summary and Outlook

New thiosemicarbazone monosubstituted ligands were successfully synthesised and
characterised extensively by NMR, IR, UV-Vis spectroscopy, mass spectrometry and, when
suitable crystals were obtained, by single crystal X-ray crystallography. Coordination with
zinc(I1) has been achieved for both monosubstituted precursors, as well as for asymmetric
thiosemicarbazone ligands. These asymmetric complexes served their purpose as metallated
precursors, in order to be transmetallated and obtain their designed gallium(l1) derivatives.
The selectivity of these complexes under hypoxic conditions! was evaluated. In addition, the
conjugation of the asymmetric thiosemicarbazonato metal complexes has been performed

with several small molecules or peptides.

The hydrazine moiety of the new complexes is characterised by a relative loss of
reactivity compared to the traditional ATSM complexes, probably due to its aromatic
backbone.? This loss of reactivity was reflected in the reactions of this moiety with potential
targeting molecules. Nevertheless, significant progress has been made towards the coupling
of a hypoxia-targeting small molecule with novel asymmetric metal complexes. More
specifically, the selective conversion of the primary carbohydrate hydroxyl group of the
glucosyl moiety of GC (16) was performed through Appel’s reaction, rendering the
carbohydrate moiety more accessible for further modification. Although the
functionalisation of the primary carbohydrate hydroxyl group is often reported, these
strategies are usually applied to sugars with the anomeric hydroxyl group protected as a
methoxy either rather than in the presence of an aromatic aglycone moieties, such as a
coumarin. In addition, coupling of a peptide format, bombesin (7-13) to the asymmetric
complex has been attempted via hydrazine conjugation. However, optimisation of the
reaction conditions is required in order to achieve the coupling, for instance a microwave
radiated reaction might give better results. The potential benefits of bombesin and related
peptides in targeting prostate cancer cells have been studied extensively, underlining the

importance to establish a protocol in terms of a successful coupling.
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Lastly, GO nanocomposites were introduced as carriers of the selected molecules. These
were added to the GOs through non-covalent binding, most likely due to n-n interactions.
These nanocomposites were attached either to Zn(1l) complexes or GC giving rise to the
formation of new synthetic precursors. These hybrid materials have great potential to

contribute to the application of radiolabelled GO systems as theranostic agents.

Radiolabelling with gallium-68 and fluorine-18 was conducted for the first time with
both mono(substituted) thiosemicarbazone ligands and asymmetric
bis(thiosemicarbanozonato) complexes. All the mono(substituted) TSCs were successfully
radiolabelled with a good radiochemical incorporation. More particularly FonzTSCA (5e)
presented an outstanding labelling and an adequate stability over time, showing that the
radiolabelled complex has potential for further in vitro and in vivo examination. The
transmetallation of the asymmetric PhZnTSCA (9a) complex with [#Ga]Ga(lll) was also
tested. The application of the initial protocol, that was based on previous reports for the
[®8Ga]Ga(lll) labelling of symmetric bis(thiosemicarbazonato) complexes! was not
successful. As a result, the design of a new protocol was required. Indeed, a new strategy for
the radiolabelling of asymmetric bis(thiosemicarbazonato) metal complexes was applied,
which led to the efficient synthesis of these compounds. Stability tests of the compounds
under different biological environments needs to be performed before proceeding to in vitro
assays and further optimisation is suggested, in order to increase the radiochemical
incorporation and to optimise the purification conditions of the labelled complex.
Furthermore, the orthogonal *F labelling of the mono(substituted) ligands and the
asymmetric bis(thiosemicarbazonato) metal complex via their hydrasine moieties was
achieved with the prosthetic group [**F]JFBA. The radiochemical incorporation of
PhZnTSCA (9a) was very promising (~97%) and in order to finally obtain a radiolabelled
substance in the highest possible purity, further optimisation of the purification step is now
recommended before it will be applied to in vitro cell up-take experiments or in vivo imaging
to mouse or rat models. Besides the radiolabelling of the small molecules, labelling of
GO nanocomposites with [#3Ga]GaCls was successfully achieved with a chelator-free
labelling method through non-covalent binding. The radiochemical incorporation that was
observed through radio-TLC was excellent (<100 %) and the kinetic stability of both

radiolabelled and non-radiolabelled nanocomposites was tested in vitro with different assays.
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The new nano-materials present an adequate stability in EDTA and citric acid, whereas they
show to be very stable in biological media rendering them as appropriate candidates for
further biological assays. It is important to note that the validity of the radiolabelling protocol
for the majority of the radiolabelled complexes was confirmed to be successful when
[*8Ga]GaCls (aq) was eluted either from a cyclotron through the ®8Zn(p,n)*®Ga reaction or

from a %8Ga/%®Ge generator where the contamination of germanium-68 is limited.

Many of the synthesised compounds have been extensively tested in vitro with a variety
of different techniques. Cytotoxicity assays were performed under normoxic and induced
hypoxic conditions (CoCly) at 48 hours post incubation using PC-3 and EMT-6 cells. When
these assays were performed for the mono(substituted) TSCA a range of cell viabilities was
observed. Among them, the FbnzTSCA (5e) ligand presented the lowest toxicity and was
found to be a promising imaging agent. Moreover, the cell viability assays employing the
asymmetric metal complexes present a notable variation on the results of the zinc(ll) and
gallium(Il) derivatives (9a and 10a respectively). At 48 hours post incubation,
zinc(I1) derivatives showed an increased number of viable cells at this time point in contrast
with the gallium(l11) derivatives, which appeared to be much more toxic. Time-dependent
experiments were conducted, aiming to establish the potential value of these compounds as
imaging agents. As expected, these experiments confirmed the low toxicity of
zinc(I1) derivatives at 24 h, under various conditions, but gallium(l11) derivatives showed an
increased toxicity, especially in normoxic cells. Moreover, the cytotoxicity of loaded and
non-loaded GO nanocomposites was tested via crystal violet assays, which indicated high
cell viability, thus supporting our aim to use them for imaging applications. Although the
protocol followed for the cytotoxicity assays was previously established by Dr.Haobo Ge
based on several classes of anticancer reagents and compounds with similar structures to
those studied in this thesis, such compounds were not re-examined here.®> Further
cytotoxicity assays including these molecules previously used to validate the assays would
therefore be critical to provide a direct comparison between the cytotoxicities of all the

compounds.

The fluorescence optical imaging properties were analysed for several different new

mono(substituted) ligands and bis(thiosemicarbazonato) metal complexes. The
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mono(substituted) ligands revealed an enhanced biodistribution in normoxic cells. On the
other hand, the fluorescence properties of Ga(lll) bis(thiosemicarbazonato) complexes
showed a weak distribution in normoxic cells and enhanced distribution in an hypoxic
environment. The hypoxia experiments in this case were conducted upon induction of either
acute hypoxia (chemically induced hypoxia with CoCl) or chronic hypoxia (cells cultured
in a hypoxia chamber). Furthermore, study of the fluorescence lifetime components of the
PhGaTSCA (10a) complex were determined both in solution and PC3 cells. Auto-
fluorescence experiments were conducted confirming the decomposition of the complex in
the cells by deconvoluting, due to the sufficient discrimination between the results of the two

life time fluorescence components, the various fluorescence lifetime components.

Finally, uptake studies were performed on radiolabelled molecules with the highest
radiochemical incorporation (ROI) and purity. The cell uptake experiments conducted on the
[%8Ga]-7e ([®®Ga]Ga(FbnzTSCA),), demonstrated a variable localisation and toxicity of the
compound that depends on the genetic background of the different cell lines and the
incubation time periods applied. Nevertheless, no hypoxia selectivity was confirmed. Similar
results were suggested by cell uptake experiments for [(8Ga]-27 nanocomposite. Although
high uptake in the PC3 cell line was suggested from the results, no specificity within
normoxic or hypoxic conditions was noticed. Since the protocol for the labelling of the
asymmetric bis(thiosemicarbazonate) complexes with gallium-68 is now established, in vitro
uptake experiments under radiochemistry techniques should be performed, as this compound

is holds great promise due to its distinct hypoxia selectivity.

Given the biological results obtained up to now, the scaffold of the compounds seems to
require further optimisation in order to increase their hypoxia selectivity. Currently, the
anionic species of the non-radiolabelled complexes is considered to be CI* based on
previously obtained crystal structures,* however detection of gallium speciation in cells
could help in the understanding of the mechanism of action of the complexes in biological
systems.> ® This characterisation could be carried out through inductively coupled plasma
mass spectrometry (ICP-MS), a mass spectrometry technique which is able to detect metals
and non-metals at very low concentrations.> Moreover, optimisation of the in vitro studies

is required with respect to the incubation times, alongside the strategies exploited in order to
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induce hypoxia. The protocol used for inducing hypoxia has been applied previously,® but in the
current work no independent quantification of the amount of hypoxia was carried out. Moreover
deciphering the response of the compounds in redox chemistry conditions and its influence
on cell uptake would be a topic to be further studied. Use of a hypoxia chamber for in vitro
assays could be a promising choice for future detailed experiments, even though the study of
cell uptake in vitro with radiochemistry techniques is challenging under these circumstances.
Lastly, similar experiments including a wider panel of cancer cell lines that are known to
display diverse degrees of sensitivity to hypoxia and metabolic response thereafter could be
executed. There are multiple cell lines reported to have increased sensitivity to drugs under
hypoxia’ compared to anoxia or normoxia; such as the small lung cancer cell line, H69 or
the breast cancer cell line, MCF-7. The use of a wider spectrum of cell lines with similar
genetic backgrounds might facilitate a more thorough understanding of the utilisation of

these compounds in cells.
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Chapter 6: Experimental Section

6.1. Instrumentation and General Information

6.1.1. Chemistry

All reactions involving air- or moisture-sensitive reagents or intermediates were carried
out under nitrogen atmosphere and anhydrous conditions, unless otherwise stated, using
standard Schlenk techniques. All reagents and solvents were obtained from Aldrich
Chemical Co. (Gillingham, UK), Fluoro Chem (Hadfield, UK) and Fisher (Acros; Geel
Belgium) and used without further purification, unless otherwise stated. Solvents with high
purity or HPLC grade were obtained from Aldrich Chemical Co. (Gillingham, UK) and/or
VWR (Radnor, PA, USA). Milli-Q water was obtained from a Millipore Milli-Q
purification system and anhydrous solvents from a PS-400-7 Innovative technologies SPS

system.

Microwave reaction were conducted in a Biotage (Uppsala, Sweden) Initiator 2.5 reactor
(0-450 depending on T) in stirred capped vials. The reaction mixtures were pre-stirred for
30 s and heated to the desired temperature by applying maximum power of 400W that was

reduced and kept constant once the final temperature was reached.

Thin layer chromatography (TLC) was carried out on Merck silica gel 60 F254
analytical plates (Matrix silica gel with aluminium support and fluorescent indicator
254 nm, 0.2 mm thickness) and visualized by ultraviolet (UV) fluorescence (A= 254,
366 nm) both: by charring with 10% KMnOs in 1 M H2SO4 or by charring with 5% Na>SO4

in EtOH. The elution conditions for TLC were varied and are quoted for each compound.

NMR spectrometry was performed using 300 MHz, 500 MHz Bruker (Banner Lane,
UK) Advance NMR spectrometer and/or a 500 MHz Agilent automated system. Bruker
and Agilent 500 Spectra were acquired at 500 MHz for 'H NMR, at 125 MHz for 13C NMR
and at 470 MHz for ®F NMR. 'H and *C chemical shifts are referenced to
tetramethylsilane (TMS), as internal reference whilst 1°F to TFA. All spectra were acquired
at 298 K, unless otherwise stated. All spectra are referenced to residual solvent and

coupling constants (J) are reported in Hertz (Hz) with a possible discrepancy > 0.2 Hz.
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Chemical shifts o are reported in ppm. Chemical shifts of solvent residues were identified
as follows: CDCls-ds: *H, § = 7.26, *C, 5 = 77.0; DMSO-ds: *H, & = 2.50; °C, § = 39.5;
D,0: H, & = 4.79). Peak multiplicities are referred as follows: s, singlet; d, doublet;
t, triplet; g, quartett; m, multiplet; appd, apparent doublet, appt, apparent triplet,
appq, apparent quartet, br, broad.

Accurate Mass Spectrometry was carried out at the EPSRC National Mass Spectrometry
Centre of Swansea University, UK, using different techniques, such as MALDI, ESI and
El

Analytical phase/reverse-phase was performed either on a Dionex Ultimate 3000 series
HPLC system (Sunnyvale, California.) or on an Agilent 1100 series HPLC system (Agilent
Technologies, Stockport, UK). The Dionex system was equipped with a UV-Vis diode
array detector (measuring at eight wavelengths from 200-800 nm), using a Phenomenex
Gemini (Macclesfield, UK) water C18 column (250 mm x 4.6 mm, 110 A) at a flow rate
of 0.8 mL/min. The gradient elution was 0.1% trifluoroacetic acid (TFA) in milli-Q water
as solvent A and 0.1% TFA in MeCN as solvent B. A reverse gradient was applied starting
with A at 95%, going to 5% of A at 7.5 minutes, then an isocratic step until 15 minutes and
a gradient until 95% A, then keep for 18 minutes (Method A). In addition, for the synthesis
of Bombesin, a Phenomenex Gemini (Macclesfield, UK) water C18 column (150 mm
x 4.6 mm, 110 A) at a flow rate of 1 mL/min. The gradient elution was 0.1% trifluoroacetic
acid (TFA) in milli-Q water as solvent A and 0.1% TFA in MeCN as solvent B. A reverse
gradient was applied starting with A at 95%, going to 5% of A at 10 minutes, then an
isocratic step until 15 minutes and a gradient until 95% A, then keep for 18 minutes
(Method B). The Agilent 1100 series HPLC system (Agilent Technologies, Stockport, UK)
is equipped with a UV detector (254 nm) and a Lab-Logic Flow-count radio-detector, using
a Phenomenex Gemini (Macclesfield, UK) water C18 column (250 mm x 4.6 mm, 110 A)
and a Laura 3 software (LabLogic, Sheffield, UK) at a flow rate of ImL/min. The gradient
elution was 0.1% TFA in milli-Q water as solvent A and 0.1% TFA in MeCN as solvent
B. A reverse gradient was applied starting with A at 95% for 2 minutes, going up to 5% A
at 12 minutes, then an isocratic step until 14 minutes and gradient until 95% A at
16 minutes, then hold to 25 minutes (Method C).

IR Spectroscopy was carried out on a Perkin Elmer (Waltham, Massachusetts) Frontier
FTIR machine in ATR mode.
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X-ray crystallography data were acquired by Gabriele Kociok-Kohn, at the University
of Bath. Intensity data were collected at 150(2) K on an Agilent (Santa Clara, California,
U.S.) SuperNova Dual Diffractometer Cu at zero, E0osS2, using monochromated Cu-Ka.
radiation A = 1.547184 A. All the structures were solved with SHELXT and refined by a
full-matrix least-squares procedure based on F? (ShelxI-2014/7).t All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were placed onto calculated position and
refined using a riding model except for the OH hydrogen atoms which have been located

in the difference Fourier map and were refined with bond lengths restraints.

UV-Vis spectroscopy was performed in 1 cm quartz cuvettes on a Perkin Elmer
(Waltham, Massachusetts) Lambda 35 UV-Vis spectrometer controlled by UV-Winlab

software.

Fluorescence spectroscopy was performed in 1 cm quartz cuvettes on a Perkin Elmer
(Waltham, Massachusetts) LS55 luminescence spectrometer controlled by FL-Winlab

4.0 software.

6.1.2. Radiochemistry methods

Radio-HPLC was performed either on an Agilent 1100 series HPLC system (Agilent
Technologies, Stockport, UK) equipped with a y-RAM Model 3 gamma-detector (IN/US
Systems Inc, Florida, USA) and a Laura 3 software (LabLogic, Sheffield, UK). The
gradient elution was 0.1% TFA in milli-Q water as solvent A and 0.1% TFA in MeCN as
solvent B. A reverse gradient was applied starting with A at 95% for 2 minutes, going up
to 5% A at 12 minutes, isocratic level until 14 minutes and gradient until 95% A at
16 minutes, then hold to 25 minutes (Method C). Or on an Agilent 1100 series HPLC
system (Agilent Technologies, Stockport, UK) equipped with a y-RAM Model 3 gamma-
detector (IN/US Systems Inc, Florida, USA) and a Laura 3 software (LabLogic, Sheffield,
UK). The gradient elution was 0.1% TFA in milli-Q water as solvent A and 0.1% TFA in
MeCN as solvent B. A reverse gradient was applied starting with A at 95% for 2 minutes,
going up to 5% A at 12 minutes, isocratic level until 14 minutes and gradient until 95% A
at 16 minuets, then hold to 25 minutes (Method D).

Radio-TLC was performed on a LabLogic PET/SPECT radio-TLC Scanner system
(LabLogic, Sheffield, UK) and a Laura software (LabLogic, Sheffield, UK). The
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radio-TLC was developed on Whatman 3MM with 0.35 M ethylenediaminetetraacetic acid
(EDTA) as the mobile phase.

The positron emitting radiotracer gallium-68 was extracted either from a SnO-based
column matrix 8Ge/%®Ga generator (Department of Surgery and Cancer of Imperial College
in London) using a 0.6 M HCI solution or produced through a cyclotron (PETIC, Cardiff,
UK) using a 0.1 M HCI solution. The eluted ®3Ga(l11) was purified as follows; the activity
was trapped in a SCX cartridge, which was already activated with 1 mL of HCI
solution 0.1M and washed with 10 mL of water. Then the ®3GaCls; was eluted from
the cartridge with 0.8 mL of a THF/HCI (0.02 M) solution (98%) or acetone/HCI
(0.02 M) solution (98%) and was further dried under nitrogen atmosphere.

The positron emitting radiotracer zirconium-89 was produced through a cyclotron
(PETIC, Cardiff, UK) through the methods of Dabkowski et al.? and purified via the
methods of Walther and collaborators.® A remote handling rig from an Eckert & Ziegler
was developed with 6 valve dispensing cassette and syringes allowing the decrease of
radiation exposure to all steps of the yttrium-89 target dissolution and zirconium-89
purification. In addition, this also allowed to decrease considerably the elution times by the
application of compressed air pressure to the zirconium-89 separation column without
reducing separation efficiencies. The zirconium-89 was extracted in 3 x 1 mL fractions of
1 M oxalic acid, with the middle fraction to contain routinely 1 GBq of purified
[®°Zr]1Zr(1V) in 76% yield.

The positron emitting radiotracer [*®F]fluoride was produced through a cyclotron
(Imanova, London, UK). Synthesis of [*8F]fluorobenzaldehyde was performed, by Chris
Barnes at Imperial College London, on the FASTIlab™ via an automated procedure. The
[*8F]fluoride was first dried and then was trapped on a Sep-Pak QMA-carbonate Light
Cartridge. Then it was eluted into the reactor using an eluent consisting of Kryptofix K222
and KHCO:s in acetonitrile: water (4:1). The content of the reactor was evaporated at 120 °C
under vacuum and a low flow of nitrogen. The “dried” fluoride was then dissolved with
600ul of anhydrous acetonitrile before being transferred to a Wheaton vial. The
fluorination step was then performed manually. 400 pL of the “dried” fluoride was added
by syringe to a v-bottom vial containing 3 mg of the precursor. The vial was then heated at
90 °C for 15 minutes resulting in consistently >98% radiochemical purity according to

radio-HPLC, and it was then used to further labelling reactions.
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Microwave reactions were conducted in a Biotage (Uppsala, Sweden) Initiator
2.5 reactor (0-450 depending on T) in stirred capped vials. The reaction mixtures were pre-
stirred for 30 s and heated to the desired temperature by applying maximum power of

400 W that was reduced and kept constant once the target temperature was reached.

All the radiolabelling experiments stated in this thesis were repeated minimum twice.

6.1.3. In vitro experiments

Cell Culturing and Cell Preparation

Cells were cultured by Dr. Haobo Ge (University of Bath), at 37 °C in a humidified
atmosphere in air and harvested once >70% confluence had been reached. Both PC3
(prostate cancer cells) and EMT6 (breast cancer cells) were cultured in RPMI (Roswell
Park Memorial Institute) in 1640 serum medium. The media contained 10% foetal calf
serum (FCS), 0.5% penicillin/streptomycin (10,000 IU mL-1/10,000 mg mL-1) and 1%

200 mM L-Glutamine. All steps were performed in the absence of phenol red.

Supernatant containing dead cell matter and excess protein was aspirated. The live
adherent cells were then washed with 10 mL of phosphate buffer saline (PBS) solution
twice to remove any remaining media containing FCS. Cells were incubated in 3 mL of
trypsin solution (0.25% trypsin) for 5 to 7 minutes at 37 °C. After trypsinisation, 6 mL of
medium containing 10% serum was added to inactivate the trypsin and the solution was
centrifuged for 5 minutes (1000 rpm, 25 °C) to precipitate cells. The supernatant liquid was
aspirated and 5 mL of serum medium (10% FCS) was added to the cell matter left behind.

Cells were counted using a haemocytometer and then seeded as appropriate.

Acute Hypoxia Cell Culturing Protocol (chemically induced by CoClz2)

A stock solution of CoCl> was prepared prior to each assay. 4.76 mg of COCI,-6H20
(237.9 g/mol) was dissolved in 1 mL of Milli-Q water to make a 20 mM CoCl., stock

solution.

Cytotoxicity assays: Cells were prepared in a similar manner as previously described. After
cell sub-culturing, cells were divided in aliquots (7000 cells per well), seeded in a 96-well

plate and cultured at 37 °C for 24 hours in a conventional incubator (37 °C; 5% CO) prior
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to the addition of COCI; stock solution (1uL). The cells were incubated for further 24 hours.
Then the compounds were loaded, and the cells were continuously cultured at 37 °C for a

time period relative to each experiment (24, 48 or 72 hours).

Fluorescence assays: Cells were prepared in a similar manner as previously described.
After cell sub-culturing, cells were divided in aliquots (0.15-10° cells per glass bottom
dish), seeded on a glass bottom seed and cultured at 37 °C for 48 hours in a conventional
incubator (37 °C; 5% CO3) prior to the addition of COCI; stock solution (10 uL/dish). The
cells were incubated for further 24 hours and then cells were treated as described in the

fluorescence assay protocol.

Chronic Hypoxia Cell Culturing (Hypoxia Chamber)

Cells were prepared in a similar manner as previously described. After cell sub-culturing,
cells were divided in aliquots (0.15-10° cells per dish), seeded on a glass bottom seed and
moved to a Baker Ruskinn (Maine. USA) UM-025 SCI-tive Dual Asymmetric hypoxia
chamber (1% Oz, 5% CO2, 70% humidity and 37 °C) where incubated for 24 hours. Then
cells were treated as described in the fluorescence assay protocol and images were captured

inside hypoxia chamber with a mounted fluorescence microscopy.

Cell viability assays

Cell viability assays (MTT, crystal violet) were performed culturing cells in 96-well plates
(ca. 5-10* cells/mL). The protocols for these assays were previously established by Dr
Haobe Ge for several classes of anticancer reagents and compounds with similar structures
to those studied in this thesis.* For the compounds with a known molecular weight, the
concentration used ranged between 250 uM (1% DMSO, 99% RPMI-1640 (10% FCS, or
15 % FCS as per cell line) and 1 nM as they were shown in Tables 13. The concentrations
used for GO nanocomposites (the molecular weight is not known) were 10 ug/mL to
0.5ng/mL as they were shown in Tables 14. Data were calculated from at least six
consistent results per experiment and in some cases, when state, the experiments were
repeated at least twice. The 1Cso values calculated from a fitting plot obtained using Origin
9.0 program. The standard error reported corresponds to the error of the mean. Cell viability
studies were carried out by Dr Haobo Ge following previously validated protocols.>
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Table 13: Concentrations of different samples in the cytotoxicity/cell viability assays.

otrl Ctrl Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
(DMSO) (nM) (nM) (nM) (nM) (nM)

250 1 250 1 250 1 250 1 250 1
250 1 250 1 250 1 250 1 250 1
100 | 0.5 | 100 0.5 100 05 |100| 05 | 100 | 0.5
100 | 0.5 | 100 0.5 100 05 |100| 05 | 100 | 0.5
50 | 0.01 | 50 0.01 50 | 001 | 50 | 0.01 | 50 | 0.01
50 | 0.01 | 50 0.01 50 | 001 | 50 | 0.01 | 50 | 0.01
10 | 0.001 | 10 | 0001 | 10 | 0.001 | 10 | 0.001 | 10 | 0.001
10 | 0.001 | 10 | 0001 | 10 | 0.001 | 10 | 0.001 | 10 | 0.001

Table 14: Concentrations of different samples in the cytotoxicity/cell viability assays for GO

nanocomposites.

Cirl Ctrl Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
(DMSO) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL)
1 0.01 1 0.01 1 0.01 1 0.01 1 0.01
1 0.01 1 0.01 1 0.01 1 0.01 1 0.01
0.5 | 0.005 | 0.5 | 0.005 | 0.5 | 5x10% | 0.5 | 0.005 | 0.5 | 0.005
05 | 0.005 | 0.5 | 0.005 | 0.5 | 5x10% | 0.5 | 0.005 | 0.5 | 0.005
0.1 0.001 | 0.1 | 0001 | 0.1 | 0001 | 0.1 | 0.001 | O.1 | 0.002
0.1 0.001 | 0.1 | 00012 | 0.1 | 0001 | 0.1 | 0.001 | 0.1 | 0.001
0.05 | 0.0005 | 0.05 | 0.0005 | 0.05 | 0.0005 | 0.05 | 0.0005 | 0.05 | 0.0005
0.05 | 0.0005 | 0.05 | 0.0005 | 0.05 | 0.0005 | 0.05 | 0.0005 | 0.05 | 0.0005
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Fluorescence experiments

All the in vitro fluorescence were conducted under the supervision of Dr. Haobo Ge,
Dr. Vincenzo Mirabello and/or Dr. Fernando Cortezon Tamarit, at University of Bath

Epi-fluorescence microscopy images were acquired in a Nikon (Surrey, UK) Eclipse Ti
instrument equipped with a mercury lamp (Nikon HG-100W, Tokyo, Japan) as the
excitation source, and a high-definition cooled colour digital camera (DXM 1200C, with
12.6-mega output pixels). Fluorescence images were captured at four different channels,
including, DAPI (blue) channel: Aex = 340-380 nm, Aem = 435-485 nm. GFP-L (green)
channel: Xex = 460-500 nm, Xem =510 nm long pass. CY5 HYQ (red) channel: Aex = 590-650
nm, Aem = 663-738 nm. The images obtained were processed using the Nikon NIS

elements-AR Analysis 4.30.02 software.

Confocal microscopy images were acquired in a Nikon (Surrey, UK) Eclipse Ti instrument
equipped with 405 nm / 488 nm / 561 nm excitation lasers. The images obtained were
processed using the Nikon NIS elements-AR Analysis 4.30.02 software. In addition, some
further confocal microscopy images were acquired in a Zeiss (Oberkochen, Germany) LSM
880 instrument equipped with 405 nm / 488 nm / 594 nm excitation lasers. The images
obtained were processed using the ZEN software platform. In all cases wells were fixed
with 4% paraformaldehyde pH=7. The working distance of a 60x objective lens is 0.17 mm
(40x = 0.2 mm); therefore, cells were seeded onto single well plates where the coverslip

was the bottom of the well.

Fluorescence lifetimes and FLIM measurements were conducted at the Rutherford
Appleton Laboratory (Central Lasers Facility, Research Complex at Harwell) with the
assistance of Lifetime calculations were processed using SPCImage software.

Cell uptake assays

The intracellular radioactivity at the uptake assays of the mono(substituted) coordinated
complexes was counted in a LKB Wallac 1282 Compugamma Laboratory gamma counter
(PerkinElmer, USA) whilst for GO nanocomposites was calculated at a Wizard? 2480
1-Detector gamma counter (PerkinElmer, USA). On BCA assays the cells were counted at

a Sunrise absorbance reader (Tecan Trading AG, Switzerland). All the obtained results
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were analysed through the scientific 2D graphing and statistics software GraphPad Prism
(GraphPad Software, California).

6.2. Experimental Details for Chapter Two

6.2.1. Synthesis thiosemicarbazonate molecules; from starting materials to Zn

complexes

Synthesis of starting materials
Methyl-N-(2-tert-butoxycarbonylaminoethyl)dithiocarbamate (1d)

Boc/H\/\NJ\S/
H

To a solution of N-Boc-ethylenediamine (1.72 mL, 11mmol) and triethylamine (1.65 mL,
12 mmol) in EtOH (20 mL), carbon disulphide (0.72 mL, 12 mmol) was added dropwise
under stirring. The formed slurry was allowed to react for 1.5 h at 25 °C. Then iodomethane
(0.8508 g, 6.0 mmol) was added into the mixture and stirred for 1.45 h. Afterwards, the
excess of solvent was removed under vacuum. The resulting residue was re-suspended in
EtOAc and washed with 1M HCI (50 mL), saturated NaHCO3 solution (50 mL) and
distilled H20 (50 mL). The organic phase was then dried over MgSO4 and the excess of
solvent was removed under reduced pressure to afford 1.6312 g of methyl-N-(2-tert-
butoxycarbonylaminoethyl) dithiocarbamate (1d) as a yellowish solid (61%).
'H NMR (300 MHz, CDCI3-dg) dn: 8.41 (brs, 1H, NH-CS), 5.01 (brs, 1H, NH-Boc),
3.79 (appqg, 2H, CH2>-NHCS), 3.42 (appg, 2H, CH>-NHBoc), 2.59 (s, 3H, S-CHy),
1.44 (s, 9H, O(CHa)3) ppm.
Mass Spectrometry: (ASAP) for CgHisN20.S,, calcd for ([M]") 250.0804 found
250.0801; ([M+H]") 251.0882 found 251.0879.

Methyl (4-fluorobenzyl)carbamodithioate (1e)
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Carbon disulphide (3.2 mL, 52.56 mmol) was added dropwise to a solution of
fluorobenzylamine (5 mL, 43.75 mmol) and triethylamine (7.4 mL, 52.56 mmol) in EtOH
(60 mL) under stirring. The obtained slurry was allowed to react for 1.5 h at 25 °C, then
iodomethane (3.3 mL, 52.56 mmol) was added into the mixture and stirred for 1.45 h.
Afterwards, the excess of solvent was removed under vacuum. The resulting residue was
re-suspended in EtAc and washed with 1M HCI (100 mL), saturated NaHCO3 solution (200
mL) and distilled H2O (300 mL). The organic phase was then dried over MgSO4 and the
excess of solvent was removed under reduced pressure to afford 6.2706 g of methyl-N-(2-
tert-butoxycarbonylaminoethyl) dithiocarbamate (1e) as a yellowish solid (67%).

'H NMR (500 MHz, DMSO-ds, 298 K) dn: 10.40 (s, R-NHCSR’) 7.31 (m, 2H, H®> HY),
7.15 (appt, 2H, 3J= 8.9 Hz, HS H%), 4.79 (d, 2H, 3J= 3.3 Hz, H%), 4.53 (bs, 1H,
R-NH2-CSR”), 2.51 (s, 3H, RS-CHy)

BC NMR (75 MHz, d®-DMSO) éc : 17.8 (RS-CHs), 49.1(R-CH2-bnz), 115.3 (C3),
115.5 (d, Jc-F= 20.6 Hz, C® C¢"), 130.6 (d, Jc.F= 8.1 Hz, C° C*), 134.1 (d, Jc.Fr= 2.9 Hz,
CF), 160.1, 163.3 (C%), 198.3 (CS) ppm

19F NMR (470 MHz, DMSO-ds) dc: -118.05.

Mass Spectrometry: ASAP for CgHioFNS;, calcd for ([M+H]") 216.0311 found
216.0312;

X-Ray Structure (Appendix)

Methyl (4-ethynylbenzyl)carbamodithioate (1f)

S
5
43H)21\s/1
8 5
= %

To a solution of ethynyl phenyl methenamine (0.6000 g, 4.56 mmol) and triethylamine
(0.76 mL, 5.46 mmol) in EtOH (10 mL) carbon disulphide (0.33 mL, 5.46 mmol) was
added dropwise under stirring. The obtained slurry was allowed to react for 1.5 h at 25 °C.
Then iodomethane (0.34 mL, 5.46 mmol) was added into the mixture and stirred for 1.45 h.
Afterwards, the excess of solvent was removed under vacuum. The resulting residue was
re-suspended in EtAc and washed with 1M HCI (50 mL), saturated NaHCO3 solution
(50 mL) and distilled H20O (100 mL). The organic phase was then dried over MgSO4 and
the excess of solvent was removed under reduced pressure to afford 0.7404 g of methyl

(4-ethynyl benzyl)carbamodithioate (1f) as a yellowish solid (73%).
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IH NMR (300 MHz, DMSO-ds) dn: 10.42 (s, 1H, R-NH2-CSR’) 7.43 (d, 2H, 3J= 8.2 Hz,
H5H*), 7.26 (d, 2H, 3= 8.4 Hz, H® HY"), 4.84 (d, 2H, 3J= 4.8 Hz, H3), 4.16 (s, 1H, RCCH),
2.53 (s, 3H, S-CH) ppm.

13C NMR (125 MHz, DMSO-ds) dc : 198.3 (CS), 137.8 (C%), 133.2 (Cb C*), 127.6
(C°CY%), 121.1 (C?), 85.4 (R-CCHa), 80.2 (RC-CHg), 52.0 (R-CH-bnz), 18.1 (RS-CHs)

ppm
Mass Spectrometry: ASAP for C11H11NSy, calcd for ([M+H]*) 222.0406 found 222.040.

N-(4-fluorobenzyl)hydrazinecarbothioamide (2e):

To a solution of methyl (4-fluorobenzyl)carbamodithioate (1e) (6.2700 g, 29.12 mmol) in
EtOH (60 mL), hydrazine monohydrate (1.8 mL, 36.45 mmol) was added dropwise, under
stirring. The obtained slurry was allowed to react for 5 h under reflux (78 °C). Then, the
excess of solvent was removed under reduced pressure and the resulting residue was
re-suspended in chloroform. It was further purified by recrystallisation from MeOH to
afford 4.12 g of 4-N-(2-tert- N-(4-fluorobenzyl)hydrazinecarbothioamide (vd) as white
crystals (71%).

IH NMR (300 MHz, DMSO-d®) dn: 8.76 (s, 1H, RNH-NH,), 8.35 (brs, 1H, RNH-CSR”),
7.35 (m, 2H, H* H¥), 7.11 (m, 2H, H® HY), 4.67 (d, 2H, 3J= 6.1 Hz, H?), 4.49 (appq, 2H,
RNH-NH>);

13C NMR (75 MHz, DMSO-ds) dc: 45.68 (C?), 115.09 (d, Jc.r= 20.6 Hz, C° C*), 129.72
(d, Je-F= 7.8 Hz, C* C*), 136.49 (d, Jc-r= 2.9 Hz, CF), 163.05 (C?), 181.77 (CS) ppm.
PBENMR (470 MHz, DMSO-ds) dc: -113.85

Mass Spectrometry: ASAP for CgHioFNsS, calcd for ([M+H]") 200.0652 found
200.0650.

X-Ray Structure (Appendix)
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N-(4-ethynyl benzyl)hydrazinecarbothioamide (2f):

Hydrazine monohydrate (0.21 mL, 4.16 mmol) was added dropwise to a solution of methyl
(4-ethynyl benzyl)carbamodithioate (1f) (0.7400 g, 3.32 mmol) in EtOH (20 mL) under
stirring. The obtained slurry was allowed to react for 5 h under reflux (78 °C). Then, the
excess of solvent was removed under reduced pressure and the resulting residue was re-
suspended in chloroform. It was further purified using a silica plug, washing with CHCls
(50 mL) and MeOH (100 mL) and the methanolic fraction was concentrated under vacuum.
The compound was crashed out in MeOH to afford 0.5452 g of N-(4-ethynyl
benzyl)hydrazinecarbothioamide (2f) as an off-white solid (80%).

'H NMR (300 MHz, MeOH-dg) dn :8.81 (s, 1H, RNH-NH_), 8.41 (brs, 1H, RNH-CSR"),
7.42 (appd, 2H, %)= 8.1 Hz H* H¥), 7.30 (appd, 2H, 3J= 8.1 Hz, H® HY), 4.72 (d, 2H,
3J=6.0 Hz, H?), 4.53 (bs, 2H, RNH-NH,), 4.14 (s, 3H, S-CH) ppm.

13C NMR (75 MHz, MeOH-dg) dc: 181.9 (CS), 141.6 (C®), 127.9(C® C*), 126.2 (C* C*),
120.2, (C®), 83.9 (R-CCH3), 80.9 (RC-CH3), 46.2 (R-CH2-bnz) ppm

Mass Spectrometry: ASAP for C1oH11N3S, calcd for ([M+H]*) 206.0752 found 206.0749.

4-N-(2-tert-butoxycarbonylaminoethyl)-3-dithiocarbamate (29g):

S
N AN
- \/\” H/ 2

Boc

Hydrazine monohydrate (0.39 mL, 8.09 mmol) was added dropwise to a solution of methyl-
N-(2-tert-butoxycarbonylaminoethyl) dithiocarbamate (1d) (1.6206 g, 6.47 mmol) in EtOH
(15 mL) under stirring. The obtained slurry was allowed to react for 2.5 h under reflux
(78 °C). Then, the excess of solvent was removed under reduced pressure and the resulting
residue was re-suspended in chloroform. It was further purified using a silica plug, washing
with CHCI3 (50 mL) and MeOH (100 mL) and the methanolic fraction was concentrated
under vacuum. Further purification was needed and a flash column chromatography was
carried out using CHCIl3/MeOH solution (1% to 10%) to afford 1.0312 g of 4-N-(2-tert-

butoxycarbonylaminoethyl)-3-dithiocarbamate (26) as an off-white solid (68%).
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1H NMR (500 MHz, DMSO-ds) J+ :8.68 (brs, 1H, R-NH-NH>), 7.94 (brs, 1H, R-NH-Boc),
4.99 (brs, 1H, R-NH-CSNHNH,), 4.44 (s, 2H, R-NH2), 3.49 (appqg, 2H, 3] =6.0 Hz,
R-CH2-NHBoc), 3.38 (appg, 2H, 3 =5.9 Hz, R-CH,-NHCSNHNH,), 1.38 (s, 9H,
ROC-(CHz3)3);

13C NMR (125 MHz, DMSO-ds) dc: 197.9 (RNH-CS-NHNH,), 156.1 (RNH-CO-
OC(CHs)s), 78.2 (RNHCO-OC(CHs)s), 46.4 (R-CH2-NHCSNHNH;), 38.5 (R-CH.-
NHBoc), 28.6 (ROC-(CHz3)3) ppm.

Mass Spectrometry: ASAP for CsHisN4O2S, calcd for ([M+H]*) 235.1221
found 235.1223.

Synthesis of mono(substituted) ligands

Mono (substituted) 4-phenyl-3-thiosemicarbazone acenaphthenequinone (5a):

JFIN-N O
HN™(
15—-14 s

A microwave tube was filled with acenaphthenoquinone (0.2500 g, 1.37 mmol), 4-
phenylthiosemicarbazid (0.2210 g, 1.37 mmol), 10 mL of EtOH and 2 drops of
concentrated HCI. The mixture was reacted at 90 °C in the microwave for 10 minutes,
under stirring. The resulting mixture was then allowed to cool, filtrated and washed with
Et,O. The precipitate was collected to afford the desired compound (5a) as an orange solid
(58%). No further purification was necessary.

IH NMR (500 MHz, DMSO-ds) 1: 12.85 (s, 1H, N-NH); 11.01 (s, 1H, NH-Ph); 8.42 (d,
1H,3J=8.3 Hz, H9); 8.16 (m, 3H, H’, H®, H?); 7.89 (m, 2H, H8 H*), 7.65 (appd, 2H,3J=7.7
Hz, HS HI5), 7.47 (appt, 2H, )= 7.6 Hz, H® H!%"), 7.31 (t, 1H, 3J= 7.6 Hz, H'") ppm.
13C NMR (125 MHz, DMSO-ds) dc: 188.6 (C=0); 176.6 (NHR-CS-NHPh); 139.4 (C=N-
R); 138.5 (C'*); 137.7 (C*?); 132.8 (C®); 130.4 (C?); 129.9 (CB); 129.8 (C*?); 128.9 (C*;
128.6 (C8); 128.4 (C*); 127.2 (C®); 126.2 (C'); 125.7 (C%); 122.5 (C7); 118.8 (C®) ppm.
Mass Spectrometry: ASAP for Ci9H13N3OS, calcd for ([M-H]") 330.0696 found
330.0699.
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IR (solid): v (cm™) 3296, 3265, 3058, 1684, 1595, 1540, 1472, 1046, 1023 cm™
HPLC (Method C): Rf= 11.41 min

X-ray diffraction were obtained in DMSO after 2 days at room temperature.

Mono (substituted) 3-allyl-4-thiosemicarbazone acenaphthenequinone (5b):

14 S

/15

16
A microwave tube was filled with acenaphthenoquinone (0.5000 g, 2.74 mmol), 4-
phenylthiosemicarbazid (0.3595 g, 2.74 mmol), 15 mL of EtOH and 0.1mL of concentrated
HCI. The mixture was reacted at 90 °C in the microwave for 10 min. The slurry was then
allowed to cool, filtrated and washed with Et;O. The precipitate was collected to afford the
desired compound (5b) as an orange solid (58%). No further purification was necessary.
'H NMR (300 MHz, DMSO-dg) dn: 12.63 (s, 1H, N-NH); 9.59 (t, 1H, 3J=5.7 Hz, NH-
Allyl); 8.36 (d, 1H, %J= 8.0 Hz, H9); 8.11 (overlapping d, 1H, 3J= 14.7 Hz, H");
8.08 (overlapping d, 1H, 3J=13.4 Hz, H5); 7.99 (d, 1H, 3J= 7.0 Hz, H3); 7.84 (m, 2H, H*,
H?®), 5.96 (m, 1H, R-CH-CH,), 5.22 (overlapping d, 1H, 3J= 23.5 Hz, RCH-CH,?); 5.16
(overlapping d, 1H, 3J= 16.7 Hz, RCH-CH2"); 4.30 (t, 1H, 3J= 4.9 Hz, NHCH,-CH-CH>)
ppm

13C NMR (125 MHz, DMSO-dg) dc: 188.5 (C=0); 177.5 (NHR-CS-NHAIlyl); 139.15
(C1); 137.3 (C?); 134.0 (R-CH-CHy); 132.8 (C°); 130.5 (C®); 130.1 (C?); 129.9 (C=N-R);
128.9 (C*#); 128.6 (C?); 127.1 (C7); 122.5 (C®); 118.4 (C®); 116.3 (RCH-CHy); 46.5 (NH-
CH2-R) ppm.

Mass Spectrometry: ASAP for CisH13N3OS, calcd for ([M-H]") 294.0691 found
294.0696.

IR (solid): v (cm™) 3296, 3265, 2951, 1685, 1597, 1533, 1477, 1051, 1027 cm

HPLC (Method C): Rf= 10.82 min

X-ray diffraction were obtained in DMSO after 2 days at room temperature.
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Mono (substituted) 3-ethyl-4-thiosemicarbazone acenaphthenequinone (5c):

15—14 S
A microwave tube was filled with acenaphthenoquinone (0.5000 g, 2.74 mmol), 4-
ethylthiosemicarbazide (0.3259 g, 2.74 mmol), 15 mL of EtOH and 0.1mL of concentrated
HCI. The mixture was reacted at 90 °C in the microwave for 10 min. The slurry was then
allowed to cool, filtrated and washed with Et2O. The precipitate was collected to afford the
desired compound (7¢) as an orange solid (84%). No further purification was necessary.
TH NMR (300 MHz, DMSO-ds) 81: 12.59 (s, 1H, N-NH); 9.44 (t, 1H, °J= 5.44 Hz, NH-
Et); 8.36 (d, 1H, *J= 8.27 Hz, H’); 8.12 (overlapping d, 1H, /= 13.7 Hz, H°), 8.08
(overlapping d, 1H, 3J=12.1 Hz, H"); 7.99 (d, 1H, >J=7.0 Hz, H°); 7.84 (m, 2H, H% H*);
3.66 (q, 2H, NH-CH>-CH3); 1.20 (t, H, *J= 6.9 Hz, R-CH3).
13C NMR (75 MHz, DMSO-dg) dc: 188.9 (C=0); 177.2 (NHR-CS-NHE); 139.4 (C=N-
R); 137.53 (C'?); (C?); 133.1 (C?%); 130.9 (C®); 130.5 (C?); 130.3 (C¥); 129.3 (C*; 129.0
(C®); 127.41 (C7); 122.84 (C5); 118.63 (C8); 14.4 (RCH2-CHs); ppm.
Mass Spectrometry: ASAP for CisHi13N3OS, caled for ([M+H]") 284.0858 found
284.0855.
IR (solid): v (cm™) 3298, 3278, 2976, 1682, 1605, 1533, 1471, 1056, 1027 cm™
HPLC (Method C): Rf= 10.71 min

X-ray diffraction were obtained in DMSO after 2 days at room temperature.

Mono (substituted) 4-F-benzyl-3-thiosemicarbazone acenaphthenequinone (5e):

A microwave tube was filled with acenaphthenoquinone (0.5000 g, 2.74 mmol), 4-F-
benzylamine thiosemicarbazide (0.5450 g, 2.74 mmol), 15 mL of acetic acid. The mixture

was reacted at 90 °C in the microwave for 20 min. The slurry was then allowed to cool,
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filtrated and washed with Et;O. The precipitate was collected to afford 0.9564 g of the
desired compound as a yellow solid (88%). No further purification was necessary.

'"H NMR (500 MHz, DMSO-d¢) 6 : 12.62 (s, 1H, N-NH); 9.96 (t, 1H, >*J= 6.10 Hz, NH-
bnzF); 8.37 (d, 1H, 3J= 8.2 Hz, H®); 8.12 (overlapping d, 1H, °J= 12.4 Hz, H°); 8.08
(overlapping d, 1H, 3J=11.0 Hz H"); 7.99 (d, 1H, °J= 6.9 Hz, H?); 7.84 (m, 2H, H* H®),
7.45 (appt, 2H, >J= 6.6 Hz, H'S H?"); 7.18 (appt, 2H, *J= 8.8 Hz, H'” H"?); 4.89 (appd, 2H,
3J=5.8 Hz, H™),

13C NMR (125 MHz, DMSO-ds) d: 189.0 (C=0); 178.4 (NHR-CS-NHR) 161.8 (d, Jc.c=
242.5 Hz, C™®); 139,7 (C'); 138.0 (C'?); 134.9 (C%); 133.1 (C%); 130.8 (C?);129.9 (d, Jc.c=
8.4 Hz C'%); 129.7 (d, Je.c= 8.4 Hz C?%); 129.3 (C%); 129.1 (C®); 127.6 (C%); 122.9 (C7);
128.9 (C1%); 118.9 (C?); 115.3 ((d, Je-c=21.4 Hz C77 C??); 47.1 (C™*) ppm.

BFENMR (470 MHz, AMXO) 6F : -115.74

Mass Spectrometry: ASAP for CyHi14sFN30S, caled for ([M+H]") 364.0920 found
364.0915.

IR (solid): v (cm™) 3321, 3269, 1691, 1604, 1525, 1453, 1082, 1025, 853, 772 cm’!
HPLC (Method C): Rf=11.33 min

X-ray diffraction were obtained in DMSO after 2 days at room temperature.

Mono (substituted) 4-ethynylbenzyl-3-thiosemicarbazone acenaphthenequinone (5f):

17 16 JINN O
HNT
__ 18 15 S
2=
= 14
19—20

A microwave tube was filled with acenaphthenoquinone (0.2500 g, 1.37 mmol), 4-ethynyl-
benzylamine thiosemicarbazide (0.2802 g, 1.37 mmol), 10 mL of acetic acid. The mixture
was reacted at 90 °C in the microwave for 20 min. The slurry was then allowed to cool,
filtrated and washed with Et:O. The precipitate was collected to afford 0.9468 g of the
desired compound as a yellow solid (86%). No further purification was necessary.

TH NMR (300 MHz, DMSO-d®) ¢ : 12.69 (s, 1H, N-NH); 9.97 (t, 1H, 3J= 5.8 Hz,
NH-bnzprop); 8.35 (d, 1H, 3J= 8.1 Hz, H?); 8.12 (overlapping d, 1H, 3J= 12.9 Hz, H°);
8.08 (overlapping d, 1H, *J= 11.3 Hz H’); 7.97 (d, 1H, *J= 6.9 Hz, H®); 7.84 (m, 2H,
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H* H%); 7.43 (dd, 4H,°J= 7.7, 16.1 Hz, H!S H H" H?); 491 (t, 2H, °J= 5.6 Hz, H'*);
4.16 (s, 1H, RCH) ppm.

13C NMR (125 MHz, DMSO-d®) ¢§: 188.9 (C=0); 178.4 (NHR-CS-NHR); 152.4 (C);
139.6 (C'?); 138.0 (C'%); 133.1 (C°C7); 132.1 (C® C?%); 130.8 (CP); 130.4 (C%); 130.2
(C®); 129.2 (C%; 128.9 (C?); 127.9 (CY7C™); 127.5 (C?); 122.9 (C9); 120.7 (C*8); 83.8
(C?); 81.1 (C??); 47.7 (C**) ppm.

Mass Spectrometry: ASAP for CzHisNsOS, caled for ([M+H]") 507.1497 found
507.1483.

IR (solid): v (cm™), 3259, 3236, 2950, 1684, 1527, 1452, 1082, 1026 cm™

HPLC (Method C): R¢= 11.37 min

X-ray diffraction were obtained in DMSO after 2 days at room temperature.

Mono (substituted) 4-Boc-diethylamine-3-thiosemicarbazone acenaphthenequinone
(59):

HN—§13
14 S

BocHN
A microwave tube was filled with acenaphthenoquinone (0.5000 g, 2.74 mmol), 4-Boc-
diethylamine thiosemicarbazide (0.640 g, 2.74 mmol), 15 mL of acetic acid. The mixture
was reacted at 90 °C in the microwave for 20 min. The slurry was then allowed to cool,
filtered and washed with Et;O. The precipitate was collected to afford 0.9564 g of the
desired compound as a yellow solid (88%). No further purification was necessary.
'H NMR (300 MHz, DMSO-ds) 6 : 12.62 (s, 1H, N-NH); 9.45 (t, 1H, %)= 5.3 Hz, NH-
Boc); 8.38 (d, 1H, 3J= 8.2 Hz, HY; 8.13 (overlapping d, 3J= 16.3 Hz 1H, HY);
8.11 (overlapping d, 1H, 3J= 14.1 Hz H8); 8.01 (d, 1H, 3J= 7.1 Hz, H®); 7.86 (overlapping
t, 2H, H* H8), 7.11 (t, 1H, %)= 5.5 Hz, NH-CS), 3.66 (q , 2H, %)= 6.2 Hz, CH2-NHBoc );
3.66 (g, 2H, 3J= 5.8 Hz, CH2-CS); 1.39 (s, 8H, O(CHz3)3) ppm.
13C NMR (125 MHz, DMSO-dg) 6: 188.6 (C=0); 177.6 (NHR-CS-NHR); 156.2 ((CH3)O-
C=0); 139.2 (R-CH2-NHBoc); 137.3 (C*?); 132.9 (C?); 130.5 (C?); 130.1 (C19); 130.0 (C°®);
128.88 (CB); 128.7 (C%); 127.2 (C?®); 122.6 (C’); 118.7 (Cd); 78.1 (C?); 78.0 (R-CH:-
NHCSR); 28.2 (O(CHs)s3) ppm.
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Mass Spectrometry: ASAP for CaoH22N40sS, calcd for ([M+H]") 399.1485 found
399.1483.

IR (solid): v (cm™) 3383, 3326, 2946, 1669, 1509, 1482, 1246, 1067, 1026 cm*

HPLC (Method C): Rf= 11.80 min

X-ray diffraction were obtained in DMSO after 2 days at room temperature.

Synthesis of zinc(ll) complexes

Zn(11) [mono (phenyl thiosemicarbazonate) acenaphthenequinone]z (6a):

10 2
11/1
S -0
< S_HN
16 13 14 /"\ /Zh/ m’
N™13S7/ N\ .N
17 H o N

&S

Mono (substituted) 3-phenyl-4-thiosemicarbazone acenaphthenequinone (5a) (0.5000 g,

16’

2.74 mmol) and anhydrous zinc acetate (0.5450 g, 2.74 mmol) were suspended in 5 mL of
EtOH. The mixture was reacted at 90 °C under microwave irradiation for 60 min. The slurry
was then filtrated and washed with Et,O. The precipitate was collected to afford 0.9564 g
of the desired compound as a yellow solid (88%). No further purification was necessary.
IH NMR (500 MHz, DMSO-d®) d : 10.9 (s, 2H, NH-Ph); 8.37 (appd, 2H, 3J= 8.1 Hz, H®);
8.19 (appd, 4H, 3J= 8.2 Hz, H°> H7); 8.19 (appd, 2H, 3J= 8.1 Hz, H3); 7.83 (appd, 4H, 3J=
8.1 Hz, H8 H*), 7.78 (overlapping d, 2H, 3J= 7.0 Hz, H5 H*), 7.47 (t, 2H, %J= 6.6 Hz,
H6 H6%) 7.31 (appt, 1H, 3J= 6.0 Hz, H'") ppm.

13C NMR (125 MHz, DMSO-d®) éc: 189.9 (C=0); 177.1 (NHR-CS-NHPh); 139.9 (C=N-
R); 138.2 (C1?); 137.4 (C?); 133.6 (C°); 130.9 (C'*); 130.4 (C?); 130.4 (C°®); 129.4 (C?);
129.1 (C%); 128.9 (C*); 127.7 (C?); 126.6 (C'); 126.2 (C*); 123.0 (C7); 119.3 (CD).

Mass Spectrometry: ASAP for Ci9H13N3OS, calcd for ([M-H]") 330.0696 found
330.0699.

IR (solid): v (cm™®) 3294, 1684, 1593, 1540, 1376, 1042, 1025 cm™*

HPLC (Method C): R¢= 11.55, 12.13 min
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Zn(I11) [mono (allyl thiosemicarbazonate) acenaphthenequinone]z (6b):

Mono (substituted) 3-allyl-4-thiosemicarbazone acenaphthenequinone (5b) (0.1000 g, 0.34
mmol) and anhydrous zinc acetate (0.1242 g, 0.68 mmol) were suspended in 10 mL of
EtOH. The mixture was reacted at 90 °C under microwave irradiation for 60 min. The slurry
was then filtrated and washed with Et,O. The precipitate was collected to afford 0.1160 g
of the desired compound as an orange solid (53%). No further purification was necessary.
IH NMR (500 MHz, DMSO-ds) dn: 9.51 (t, 2H, 3J= 5.4 Hz, NH-Et); 8.56 (d, 2H, 3J=
6.8 Hz, H3); 8.47 (d, 3J= 6.8 Hz, 2H, H%: 8.34 (m, 4H, H7 H5), 7.83 (m, 4H, H*, H8),
6.0 (m, 4H, NH-CH,-CHCHy>), 5.17 (overlapping dd, 4H, 3J= 17.2, 17.5 Hz, RCH-CH,);
4.28 (appt, 2H, 3J= 5.6 Hz, NHCH2-CH-CH,) ppm.

13C NMR (125 MHz, DMSO-dg) éc: 188.6 (C=0); 177.6 (NHR-CS-NHAlIlyl); 139.2 (C*?);
137.6 (C?); 134.6 (R-CH-CHy>); 133.2 (C"); 130.46 (C); 130.06 (C=N-R); 129.9 (C®);
128.6 (C11); 127.9 (C%); 127.2 (C?®); 124.3 (CP); 124.1 (C®); 123.8 (C?); 116.7 (RCH-CHy>);
46.1 (NH-CH2-R) ppm.

Mass Spectrometry: ASAP for Cs»H24Ns02S2Zn, calcd for ([M+H]*) 653.0772 found
653.0764.

IR (solid): v (cm™) 3295, 3055, 1685, 1594, 1536, 1048, 1023 cm™*

HPLC (Method C): Rf= 13.11 min
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Zn(I1) [mono (ethyl thiosemicarbazonate) acenaphthenequinone]z (6c¢):

Mono (substituted) 3-ethyl-4-thiosemicarbazone acenaphthenequinone (5c¢) (0.1844 g,
0.65 mmol) and anhydrous zinc acetate (0.1195 g, 0.65 mmol) were suspended in 10 mL
of EtOH. The mixture was reacted at 90 °C under microwave irradiation for 60 min. The
slurry was then filtrated and washed with Et,O. The precipitate was collected to afford
0.1508 g of the desired compound as an orange solid (37%). No further purification was
necessary.

IH NMR (500 MHz, DMSO-ds) on: 9.52 (appg, 2H, 3J= 6.5, 8.5 Hz, NH-Allyl);
8.47 (overlapping d, 2H, 3J= 7.1 Hz, H°); 8.32 (overlapping d, 2H, 3J= 8.4 Hz, HY),
8.08 (overlapping d, 1H, 3J= 8.4 Hz, H"), 7.84 (m, 4H, H*, H?), 3.76 (appt, 4H, 2H, 3J=
8.4 Hz, NH-CH2-CHs), 1.35 (t, 6H, 3J= 7.1 Hz, RCH,-CHy)

13C NMR (125 MHz, DMSO-d®) Jc: 188.91 (C=0); 177.21 (NHR-CS-NHEY);
139.44 (C'?); 137.53 (C?); 133.2 (C7); 130.8 (C19); 130.5 (C=N-R); 130.3 (C5); 129.3 (C1%);
127.9 (C?); 124.2 (C°); 123.4 (C*, C?); 39.1 (R-CH2-CHg); 14.9 (RCH2-CHz) ppm.

Mass Spectrometry: ASAP for C3oH24Ns02S2Zn, calcd for ([M+H]*) 629.0772 found
629.0765.

IR (solid): v (cm™) 3281, 2918, 1683, 1574, 1442,1394 1078, 1022 cm™

HPLC (Method C): Rf= 13.01, 13.55 min
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Zn(I1) [mono (F-benzyl thiosemicarbazonate) acenaphthenequinone]: (6e):

Mono (substituted) 4-F-benzyl-3-thiosemicarbazone acenaphthenequinone (5e) (0.2000 g,
0.55 mmol) and anhydrous zinc acetate (0.2020 g, 1.10 mmol) were suspended in 5 mL of
EtOH. The mixture was reacted at 90 °C under microwave irradiation for 60 min. The slurry
was then filtrated and washed with Et,O. The precipitate was collected to afford 0.9564 g
of the desired compound as an orange solid (88%). No further purification was necessary.
IH NMR (500 MHz, DMSO-d®) 6 : 8.96 (appd, 2H, 3J= 5.4 Hz, NH-bnzF); 8.56 (appt, 2H,
3J= 7.5 Hz, H°):; 8.34 (appt, 2H, 3J= 7.9 Hz, H3); 8.12 (appt, 4H, 3J= 7.3 Hz, H5 H); 7.89
(appt, 4H, 3J= 6.6 Hz, H* H8); 7.77 (m, 8H, H® H7 H1® H2): 4.89 (t, 4H, %)= 5.46 Hz,
H) ppm.

13C NMR (125 MHz, DMSO) ¢: 189.9 (C=0); 178.2 (NHR-CS-NHR) 163.3 (C'®);
160.1 (CY); 139.6 (C?); 134.9 (C®); 133.1 (C®); 130.8 (C?); 130.3 (d, Jc-c= 8.4 Hz C9);
129.8 (d, Jc-c= 8.4 Hz C?0); 129.7 (C*); 129.2 (C?®); 127.6 (C®); 122.9 (C7); 128.9 (C19);
118.9 (C°); 115.3 (C*" C®¥); 47.5 (C**) ppm.

BENMR (470 MHz, DMSO-ds) J¢ : -116.44 ppm.

Mass Spectrometry: ASAP for C4oH26F2Ns02S2Zn, calcd for ([M+H]*) 789.0896 found
789.0912 .

IR (solid): v (cm™) 3243, 2936, 1538, 1449, 1392, 1081, 1022, 773 cm*

HPLC (Method C): Rf= 11.43, 14.47 min
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6.2.2. Radiolabelling of mono(substituted) ligands

Coordination of monosubstituted ligands with [®Ga]Ga(lll).

A SnO2-based column matrix %8Ge/®®Ga generator was used to elute 10 mL of 0.6 M HCI,
ca. 178 MBq of gallium-68, which was trapped on a Strata x-c 33 um Polymeric Strong
Cation Cartridge from Phenomenex and eluted with 700 uL of 0.02M HCI (98% THEF).
This was subsequently dried for 7-10 min under a nitrogen stream at 95 °C. Next 30 pL of
the monosubstituted compound in dry DMSO (2mg/mL) was added along with 0.6 mL of
injectable MeOH. This was heated under microwave radiation at 95 °C for 30 min. Analysis
by reverse-phase HPLC (Method C) gave two different retention times for each compound
which in comparison with the HPLC trace of the precursors suggest that this could be
isomers of the compound. Remains of [®Ga]GaCls were indicate that radiolabelling of the
mono(substituted) ligands had not gone to completion.
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X: CI, OH”

Scheme 28: Schematic illustration of the proposed structures of the radiolabelled
mono(substituted) ligands with [%8Ga]Ga(llI).
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Table 15: Percentage of the optimal radiochemical incorporation for all the mono(substituted)

ligands with [%8Ga]Ga(lll) applying microwave radiation.

MONOSUBSTITUTED

LIGAND PROPOSED RETENTION
STRUCTURE NO TIME
ABBREVIATION

PHTSCA 5a 13421641  70%
ALLYLTSCA 5b 12371517 67%
ETTSCA 5¢ 12131505  75%
FBNZTSCA Se 13251524  98%
PROPBNZTSCA 5f 13411536  55%

Coupling of the NH,.free TSCA monosubstituted ligands with [*®F]FBA.

In a sealed reaction vial, NH»-free TSCA (5h) (1.20 mg, 0.0042 mmols) was diluted in
0.5 mL of DMF and mixed with 25 uL of the SPE purified solution of compound [®F]-FBA
in MeCN (5.44 MBq). The slurry was heated to 120 °C for 25 min. Analysis by
reverse-phase HPLC (Method D) gave a retention time of 7.08 min which in comparison
with the reference HPLC trace suggested to confirm the synthesis of [*2F]-8. The extent of

conversion to the product was measured as 30 %.

6.2.3. In vitro experiments to mono(monosubstituted) TSCA ligands

MTT assays

Cells (5-7x10° cells per well) were seeded on a sterile 96-well plate and incubated for 48
h to adhere. All the monosubstituted ligands were subsequently loaded at different
concentration (as mentioned earlier, section 7.1.3) into wells and cultured for another 48 h.
Subsequently, cells were washed three times with PBS and 3-(4, 5-dimethylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide (MTT) was added (0.5 mg/ mL, 90% serum-free medium
(SFM)) + 10% PBS followed by a two-hour incubation. After aspiration, 100 uL. of DMSO

was added and the 96-well plates were read by an ELISA plate reader, Molecular Devices
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Versa Max (BN02877). The absorption wavelength was at 570 nm and 630 nm wavelength
was used as a reference. For establishing the correct protocols, a library of known

compounds with similar solubility and which also carries the N/S motifs were analysed.

Fluorescence microscopy

PC3 cells were cultured in normoxia environment as previously described (p.160). Cells
were then seeded in a single well plate at least 48 h prior to the microscopy experiment
(10,000 cell per well plate) where they washed twice with PBS and incubated at 37 °C.
Control fluorescence images were recorded before the addition of compound. For both
confocal and epi-fluorescence microscopy, NH2-free TSCA mono(substituted) ligand in a
DMSO: RPMI 0.5:99.5 solution mixture (100 uM), was loaded into the wells and cells
were allowed to incubate for 15 min, at 37 °C. They were then carefully washed with
Phosphate Buffered Saline (PBS) pre-warmed to 37 °C and then it was replaced by
FCS-free medium to remove the non-internalised fluorescent dispersion prior to

fluorescence imaging.

Cell uptake of the radiolabelled compound

PC3 and EMT6 cells (3-10° cells) were seeded in 6-well plates and incubated in normoxia
and hypoxia environments as described before (p.160). After treatments, plates were
aspirated and washed twice with warm PBS buffer. Each well plate was then loaded with
1000 pL of [*8Ga]Ga(FbnzTSCA). ([3Ga]-7e) in DMSO:PBS solution mixture (0.5:95.5)
(3 MBg/ mL) and incubated for 1 h. Posterior incubation, the reaction was stopped by
washing wells with ice-cold PBS buffer twice, followed by addition of 1 mL of ice-cold,
0.1 % Triton X-100 and 0.1 M NaOH Lysates. A homogenous mixture was obtained by
blending the components with up/down pipetting. 800 uL of each dissolved cell was then
transferred and capped into counting tubes for gamma counting. The stock
[8Ga]Ga(FonzTSCA). ([®3Ga]-7e) solution was aliquoted in 3 of 10uL dose and placed to
the counting tubes as standards. The intracellular radioactivity was immediately counted
using an LKB Wallac 1282 Compugamma Laboratory gamma counter (PerkinElmer,
USA). Lastly, protein concentration determination by BCA was carried out. This
normalisation of decay-corrected radioactivity counts per minute (CPM) to protein
concentration, was required in order to give a measure of radiotracer uptake as % ID/mg

of protein= CPM in 1 mL/ (standard in mL - protein concentration in mg) - 100 %.
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6.3. Experimental Details for Chapter Three
6.3.1. Synthesis of asymmetric thiosemicarbazone metal complexes

Synthesis of Zn(l1) coordinated complexes

Zinc(l11) 4-phenyl-3-thiosemicarbazone-thiocarbohydrazide acenaphthenoquinone
(9a):

7.5 In a uW vial 3 mL of EtOH were added and heated to 60 °C. At
4
8 OO 5 that moment zinc acetate (0.3521 g, 1.92 mmol) was added along
9
10 2 with 4-phenyl-3-thiosemicarbazone acenophthenoquinone (5a)

1\
(0.2120 g, 0.64 mmol), then the reaction was heated further to

N/ Zn/ \N
H1N3)\—S S—'{L“,NHZ 120 °C and thiocarbohydrazide (0.3395 g, 3.20 mmol) was added
H

151@5' together with 2 mL of EtOH and several drops of conc. HCI. The

16' : . -

16 reaction mixture was heated under uW radiation at 150 °C for
17

106 min, then it was filtered hot, re-suspended in Et.O (100 mL),
stirred for another 15 min and filtered under vacuum. The resulting precipitate was further
washed with EtO (200 mL) and Zinc (Il) 4-phenyl-3-thiosemicarbazone-
thiocarbohydrazide acenaphthenoquinone (10a) was isolated as an orange solid (91 %).
IH NMR (500 MHz, DMSO-dg) 6w : 10.15 (s, 1H, NH-Ph); 8.71 (appd, 1H, 3J=5.8 Hz,
H%): 8.40 (appd, 1H, 3J=6.5 Hz, H3); 7.99 (dd, 2H, 3J=3.4, 4.6 Hz, H5 H);
7.72 (overlapping t, 1H 3J=7.9 Hz, HB8); 7.67 (overlapping d, 1H 3J=7.5 Hz, H¥ H%);
7.52 (t, 1H, 3J=7.7 Hz, H%); 7.48 (t, 2H, 3J=8.1 Hz, H® H!¢’), 7.18 (appt, 2H, 3J=7.4 Hz,
H"); 6.75 (s, 2H, NHz).
13C NMR (125 MHz, DMSO-ds) dc: 176.4 (RN=CS-NHPh); 147.4 (RN=CS-NHNH,);
140.7 (C*); 140.5 (CY); 135.4 (C?); 132.9 (C'*); 130.6 (CP); 129.9 (C19); 129.0 (C);
128.9 C?); 128.5 (C*); 128.3 (C%); 128.0(C?); 127.8 (C’); 126.6 (C°); 124.5 (C'');
123.7 (C*%); 120.9 (C3);

Mass Spectrometry: MALDI-MS for C20H1sN7S2Zn, calcd for ([M]*) 481 found 481.
IR (solid): v 3296, 2966, 1682, 1593, 1376, 1278, 1135 cm™*
HPLC (Method C): Rf= 13.44 min
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Zinc(I1) 3-allyl-3-thiosemicarbazone-thiocarbohydrazide acenaphthenoquinone
(9b):

In a pW vial 3 mL of EtOH were added and heated to 60 °C. At that

7 5

? Z moment zinc acetate (0.3106 g, 1.69 mmol) was added along with 3-
’ 1211 2 allyl-3-thiosemicarbazone acenophthenoquinone (5b) (0.1000 g, 0.35
N zd N mmol) Then the reaction was heated further to 120 °C and
Hﬁ B \SJUNKNHz thiocarbohydrazide (0.1091 g, 1.06 mmols) was added together with
14\\\\15 " 2 mL of EtOH and a couple of drops of HCI. The reaction mixture

16 was heated under uW radiation at 150 °C for 106 min. Then it was

filtrated hot, re-suspended in Et2O (100 mL), stirred for another 15 min and filtrated under
vacuum. Resulting precipitate was further washed with Et,O (200 mL) and Zinc (1) 3-
allyl-3-thiosemicarbazone-thiocarbohydrazide acenaphthenoquinone (10b) was isolated as
an orange colour solid (92 %).

'H NMR (500 MHz, DMSO-ds) 5: 10.03(bs, 1H, NH-Allyl); 8.59 (bs, 1H, H?); 8.38 (bs,
1H, H?®); 7.94 (overlapping, 2H, H®% H7 ), 7.67 (overlapping, 2H, H*H?®); 6.65 (bs,
2H,NH,); 6.05 (m, 1H, NHCH,-CHCH,); 5.29 (d, 1H, 3J= 16.8 Hz, NHCH2CH=CH,);
5.16 (d, 1H, 3J=10.0 Hz, NHCH2-CH=CH,); ppm.

13C NMR (125 MHz, DMSO-ds) dc: 177.9 (RN=CS-NHPh); 175.4 (RN=CS-NHNH,);
150.1 (C'?Y); 146.5 (C'); 135.3 (C'?); 130.2 (CP); 129.9 (C™¥); 128.7 (C?); 127.4 (C%);
128.7 (C4C8; 1278 (C5C7); 1264 (C%®; 1161  (NHCH:-CH=CHy);
116.0 (NHCH2CH=CHz>); 45.7 (NHCH2-CHCH)

Mass Spectrometry: MALDI-MS for C17H15N7S2Zn, caled for ([M]") 445 found 445 and
for ((M+H]") 446 found 446.

IR (solid): v 3296, 3055, 1596, 1383, 1277, 1138 cm™

HPLC (Method C): Rf= 11.35 min
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Zinc(I1) 3-ethyl-3-thiosemicarbazone-thiocarbohydrazide acenaphthenoquinone
(9c):

765 In a uW vial 3 mL of EtOH were added and heated to 60 °C.

8 4
OO At that moment zinc acetate (0.3241 ¢, 1.77 mmol) was

9 3
110112 added along  with  4-ethyl-3-thiosemicarbazone

7\ .
N,st ,N\N acenopthenoquinone (5¢) (0.1000 g, 0.35 mmol) Then the
n
14 Rla)Ls’ “s-16 NH reaction was heated further to 120 °C and
N—NF2

1 H H thiosemicarbohydrazide (0.1125 g, 1.06 mmols) was added

together with 2 mL of EtOH and a couple of drops of HCI. The reaction mixture was heated
under uW radiation at 150 °C for 106 min. Then it was filtrated hot, re-suspended in Et,O
(100 mL), stirred for another 15 min and filtrated under vacuum. The resulting deposit was
further washed with EtO (200 mL) and Zinc (Il) 3-allyl-3-thiosemicarbazone-
thiocarbohydrazide acenaphthenoquinone (10c) was isolated as an orange colour solid
(86 %).

'H NMR (500 MHz, DMSO-ds) &: 8.98 (bs, 1H, NH-Ethyl); 8.22 (bs, 1H, NH-NH>);
8.62 (overlapping, 2H, H3 H%); 7.96 (overlapping, 2H, H°, H'), 7.68 (overlapping, 2H, H*,
H8); 6.58 (bs, 2H, NH2); 3.58 (bs, 2H, R-CH»-CHs); 1.56 (appt, 3H, %)= 7.1 Hz,
RCH2-CHzs) ppm.

13C NMR (125 MHz, DMSO-ds) dc: 176.7 (RN=CS-NHbnzF); 176.4 (RN=CS-NHNH>);
146.5 (C1); 138.1 (CY): 135.5 (C1?); 135.3 (CP): 131.3 (C19); 130.0 (C?); 128.7 (C?)
128.2 (C*); 127.6 (C5C7); 126.1 (C°); 24.1 (C4) 14.3 (CS) ppm,

Mass Spectrometry: MALDI-MS for C16H15N7S2Zn, calcd for ([M]*) 433 found 433.

IR (solid): v (cm™) 3277, 2939, 1687, 1577, 1395, 1245, 1169 cm™

HPLC (Method C): Rf= 11.23 min
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Zinc(l1) 4-fluorobenzyl-3-thiosemicarbazone-thiocarbohydrazide

acenaphthenoquinone (9e):

Ina uW vial 3 mL of EtOH were added and heated to 60

7
8 4 °C. At that moment zinc acetate (0.2527 g, 1.38 mmol)
9 10 -~ was added along  with  4-fluorobenzyl-3-

1:]/ \:l thiosemicarbazone acenopthenoquinone (5e) (0.1000 g,

7z

718 14 13'3\_sz”\8/;'\<19 w“ 0.28 mmol) Then the reaction was heated further to 120

F(a®1/5\ﬁ N % °Cand thiosemicarbohydrazide (0.0881 g, 0.83 mmols)
17 1¢ was added together with 2 mL of EtOH and couple of

drops of HCI. The reaction mixture was heated under uW radiation at 150 °C for 106 min.

Then was filtrated hot, re-suspended in Et,O (100 mL), stirred for another 15 min and

filtrated under vacuum. Resulting deposit was further washed with Et,O (200 mL) and Zinc

(1) 4-phenyl-3-thiosemicarbazone-thiocarbohydrazide acenaphthenoquinone (10e) was

isolated as an orange colour solid (97 %).

IH NMR (500MHz, DMSO-ds) o1 : 8.57 (bs, 1H, NH-bnzF); 8.33 (s, 1H, H°): 8.39 (s,

1H, H®); 7.91 (overlapping, 2H, H®° H'), 7.63 (overlapping, 1H, H3); 7.56 (overlapping,

2H, H8, H*4); 7.44 (appt, 2H, 3J= 6.2 Hz, H® HI%"): 7.16 (appt, 2H, 3J= 8.0 Hz, HY H!7);

6.42 (bs, 2H, NH2); 4.72 (bs, 2H, H#) ppm.

13C NMR (125MHz, DMSO-ds) dc: 177.8 (RN=CS-NHbnzF); 176.6 (RN=CS-NHNH,);

162.7 (C1); 160.6 (C1); 146.98 (C™); 136.2 (C'?); 135.3 (C6); 130.0 (C'9); 129.9 (C?);

129.2 (C16); 128.5 (C?); 128.3 (C8, C*); 127.8 (C"); 126.7 (C®); 126.3 (C%); 115.4 (d, Jc-c=

21.5 Hz C'7); 45.8 (C4) ppm,

FENMR (470 MHz, DMSO-ds) JF : -115.22

Mass Spectrometry: MALDI-MS for C21H16FN7S2Zn, calcd for ([M]*) 513 found 513.

IR (solid): v 3275, 3131, 2919, 1541, 1394, 1243, 1174, 772 cm!

HPLC (Method C): Rf= 12.34 min
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Synthesis of Ga (I11) complexes

Gallium (111) 4-phenyl-3-thiosemicarbazone-thiocarbohydrazide

acenaphthenoquinone (10a):

Zinc(ll)  4-phenyl-3-thiosemicarbazone-  thiocarbohydrazide

84 acenaphthenoquinone (9a) (0.1000 g, 0.21 mmol) was added to a
9102 ’ solution of gallium(ll) chloride (0.3644 g, 2.07 mmol) in dry
1,1/ ),1,\ MeOH (60 mL) and the reaction mixture heated to 68 °C for 6 h.
135\/_S€3|a\3_ﬂl118 N The majority of the solvent was removed under vacuum and Et,0
"ﬂ 1);. Hz ? was added dropwise to the residue until a precipitate is formed.
15@16' The precipitate was then filtered off and the filtrate was
16 17

concentrated under vacuum. The product was isolated as a red
solid (74%).

IH NMR (500 MHz, DMSO-ds) dn : 10.38 (d, 1H,3J = 7.03 Hz, NHNH?); 8.66 (d, 1H,
NHCH>):; 8.62 (d, 1H, 3J = 7.1 Hz, H®); 8.15 (d, 1H, 3J = 8.3 Hz, H3); 7.99 (d, 3J = 8.2 Hz,
1H, H®); 7.86 (d, 1H, 3J = 6.9 Hz, H7); 7.82 (t, 1H, 3J = 7.8 Hz, H%); 7.76 (t, 3J = 7.6 Hz,
1H, H8); 7.59 (s, 2H, NH,); 5.96 (m, 1H, H™); 5.33 (d, 1H, 3Jrans = 17.3 Hz, H); 5.19 (d,
1H, 3Jcis= 10.4 Hz, H16); 4.22 (s, 2H, H*) ppm.

Mass Spectrometry: TOF-MS for C2sH17NsS2Ga, calcd for ([M+HOOCH3]") 547.0290
found 547.0295.

HPLC (method C) Rf= 14.33

Gallium(111) 3-allyl-3-thiosemicarbazone-thiocarbohydrazide acenaphthenoquinone
(10b):

7.5 Zinc(ll) 4-phenyl -3- thiosemicarbazone- thiocarbohydrazide
84 acenaphthenoquinone (9b) (0.100 g, 0.23 mmol) was added to a
91(1)112 ’ solution of gallium(Il) chloride (0.3941 g, 2.24 mmol) in dry

WANPLN MeOH (30 mL) and the reaction mixture heated to 68 °C for 6 h.
H1,\?)‘—s')|( \S—LQIZI’NHZ The majority of the solvent was removed under vacuum and Et,O
14\\\15 H added dropwise to the residue until a precipitate appeared. The

\16 precipitate was then filtered off and the filtrate was concentrated

under vacuum. The product was obtained as a red solid (94%)
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IH NMR (500 MHz, DMSO-ds) dni : 10.23 (s, 1H, NHNH,); 8.75 (s, 1H, NHCH>); 8.62
(d, 1H, 3 = 7.1 Hz, H%); 8.15 (d, 1H, %) = 8.3 Hz, H%); 7.99 (d, ®J = 8.2 Hz, 1H, H°); 7.86
(d, 1H, 3 = 6.9 Hz, H7); 7.82 (t, 1H, ) = 7.8 Hz, H*); 7.76 (t, ®J = 7.6 Hz, 1H, H?); 7.59
(s, 2H, NH2); 5.96 (m, 1H, H*%); 5.33 (d, 1H, 3Jrans = 17.3 Hz, H*); 5.19 (d, 1H, Jcis= 10.4
Hz, H16); 4.22 (s, 2H, H4).

Mass spectrum: nanoESI-MS calc. for Ci7HisGaNsNaS: [M]+: 450.0086 found:
450.0074.

IR (solid): v (cm-1) 3202, 2997, 1607, 1508, 1412, 1140, 1107.

HPLC (Method C): Rt (min) 15.23.

Gallium(111) 3-ethyl-3-thiosemicarbazone-thiocarbohydrazide acenaphthenequinone
(10c):

;5 Zinc(1l) 3-ethyl-3-thiosemicarbazone-thiocarbohydrazide

BN N acenaphthenequinone (9¢) (0.075 g, 0.17 mmol) was added to

91(1)112 ’ a solution of gallium(111) chloride (0.3036 g, 1.73 mmol) in dry

N/N\Ga,N\N MeOH (30 mL) and the reaction mixture heated to 68 °C for

15/111’\?)\—8;( 'S '1'§/NH2 6 h. The majority of the solvent was removed under vacuum
H

and Et,O added dropwise to the residue until a precipitate
appeared. The precipitate was filtered off and the filtrate was concentrated under vacuum.
The product was obtained as a red solid (95%).

IH NMR (500 MHz, DMSO-ds) &: 9.50 (s, 1H, NH-Ethyl); 8.94 (s, 1H, NH-NH,); 8.71
(appd, 1H, 3J=7.9 Hz, H®); 8.62 (appd, 1H, 3J= 7.1 Hz, H?3); 8.24 (m, 2H, H5, H"), 7.92 (m
2H, H4, H); 7.85 (m, 2H, NH_); 3.64 (t, 1H, 3J= 5.6 Hz, H'4); 1.28 (m, 3H, H®) ppm.
Mass Spectrometry: MALDI-MS for C16H15N7GaS,, calcd for ((M+HOOCHz3]") 495.01
found 495.05

HPLC (Method C): Rf= 15.14 min
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Gallium(111) 4-fluorobenzyl-3-thiosemicarbazone-thiocarbohydrazide

acenaphthenequinone (10e):

7 65 Zinc(1l) 4-fluorobenzyl-3-thiosemicarbazone-
4

:3 thiocarbohydrazide acenaphthenequinone (9e) (0.1000 g,
12112 0.19 mmol) was added to a solution of gallium(lll)
N/N~Ga/N\N chloride (0.3419 g, 1.94 mmol) in dry MeOH (50 mL) and

17 16 1413)\—8/ \S—U\19 H . . o .-
(@1/5\” X H/N 2 the reaction mixture heated to 68 °C for 6 h. The majority
Fie 17' 16° of the solvent was removed under vacuum and Et,O added

dropwise to the residue until a precipitate appeared. The precipitate was filtered off and the
filtrate was concentrated under vacuum. The product was obtained as a red solid (58 %).

IH NMR (500MHz, DMSO-ds) d : 9.93 (bs, 1H, NH-bnzF); 9.39 (s, 1H, R-NH-NH>);
8.53 (d, 1H, 3J= 7.6 Hz, H®); 8.44 (s, 1H, 3J= 6.4 Hz, H?); 8.22 (overlapping, 2H, H3, H),
7.82 (overlapping, 2H, H&, H%); 7.48 (m, 2H, H*¢ HI¢"); 7.20 (m, 2H, H" H7"); 4.86 (appt,
2H,3J= 28.97 Hz, H).

PENMR (470 MHz, DMSO-ds) 6F : -115.53

HPLC (Method C): Rf=12.19, 16.04 min

6.3.2. Radiolabelling of asymmetric complexes with different radionuclides

Synthesis of [8Ga] Gallium(I11) R-3-thiosemicarbazone-thiocarbohydrazide
acenaphthenequinone (11):

A SnO,-based column matrix ®3Ge/*®Ga generator was used to elute 10 mL of 0.6 M HCI,
ca. 148 MBq of gallium-68, which was trapped on a strata x-c 33 um Polymeric Strong
Cation Cartridge from Phenomenex and eluted with 700 puL of 0.02 M HCI (98% THF).
This was subsequently dried for 7-10 min under a nitrogen stream at 95 °C. Next, 25 uL of
the Zinc complex in dry DMSO (2 mg/mL) was added along with 0.4 mL of injectable
MeOH and 0.1 mL of buffer. This mixture was heated at 95 °C for 45 min. Analysis by
reverse-phase HPLC (Method C) gave a retention time of 12:10 min which by comparison
with the reference HPLC trace seemed to confirm the synthesis of [#8Ga]-11, however with
remaining [®®Ga]GaCls indicating that radiolabelling had not gone to completion. The

conversion to the product was measured as 30 %.
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“ R: Ph (11a)
R Allyl (11 b)
SN Et (11 c)
S
H,oN-NH HN-R —< >—F (11e)
X
(11) X1 OH", I or CHyCOO|

Scheme 29: Schematic illustration of the proposed structures of the radiolabelled
mono(substituted) ligands with gallium-68.

Table 16: Table summarising the results of the radiolabelling of all the asymmetric
bis(thiosemicarbazonato) complexes with gallium-68.

ASSYMETRIC COMPLEXES PROPOSED RETENTION .
()
ABBREVIATION STRUCTURE NO TIME
PHZNTSCA 11a 17.15 46
FBNZZNTSCA 1le 17.02 12

Synthesis of [®F] (4-phenyl-3-thiosemicarbazonato)-3-(4-N-amino-(4-fluorobenzilidene)- 3-
thiosemicarbazonato) Zinc(l1) complex (24)

OO In a sealed reaction vial, PhZnTSCA complex (10a) (8.2 mg,
' 0.017 mmols) was diluted in 0.2 mL of DMSO and mixed with 60

"\ uL of the SPE purified solution of compound [*®F]-FBA in MeCN
r}(_sznisl " (11.84 MBq). The mixture was heated to 120 °C for 20 min.
AN AR Analysis by reverse-phase HPLC (Method D) gave a retention time
of 13:57 and 14:49 min which by comparison with the precursor

1o HPLC trace suggested the successful synthesis of [*8F]-24. The

conversion to the product was measured as 94 %.
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6.3.3. Functionalisation of asymmetric bis(thiosemicarbazonates) with a

glycosyl coumarin derivative

Synthesis of glycosyl coumarin derivative

The synthesis was carried out using an adapted method from that was previously described

by Supuran et al. ’.

Synthesis of 2,3,4,6-Tetra-O-acetyl-D-mannopyranose (13):

.6 OACOAC a-D-mannose pentaacetate (d) (3.0001 g, 7.69 mmol) was dissolved
A0 o -9 in dry DCM (30 mL). Morpholine (2.68 mL, 30.75 mmol) was then
3 2

1OH added and the reaction mixture was allowed under N at room
temperature, overnight. The slurry was first washed with HCI solution (1 N) (2-30 mL),
then with distilled water (3-30 mL) and finally dried over magnesium sulphate. The excess
solvent was removed under reduced pressure to afford 2,3,4,6-Tetra-O-acetyl-D-
mannopyranose (13) as a light-yellow oil at room temperature, which was used without
any further purification. (2.1602 g, 71 %).

'H NMR (500MHz, CDCl3-ds) dw: 5.26 (dd, 1H, 3J =10.1, 3.3 Hz, H%); 5.15 (t, 1H, 3] =
9.9 Hz, H%; 5.10 (d, 1H, % =3.5 Hz, H?); 5.08 (s, 1H, H?); 4.12 (appdd, 1H, H8);
4.09 (appd, 1H, H%): 3.97 (appd, 1H, H%); 2.04 (s, 3H, CHsAc); 1.98 (d, 3H, J*=3.3 Hz,
CH3Ac); 1.94 (s, 3H, CH3sAc); 1.88 (d, 3H, 3J =5.0Hz, CH3Ac) ppm

13C NMR (125 MHz, CDCls-ds) dc: 170.9 (C=0); 170.3 (C=0); 170.1 (C=0);
169.9 (C=0); 91.9 (C-OH); 70.2 (C?); 68.9 (C%); 68.0 (C®); 66.1 (C*; 62.5 (CP);
20.7 (CH3OO0R) ppm.

Mass Spectrometry: ESI-MS calcd for C14H20010, ([M+Na]*) calcd for 371.10 found
371.1039

Synthesis of 2,3,4,6-Tetra-O-acetyl-D-mannopyranose trichloroacetamidate (14):

AcO 2,3,4,6-Tetra-O-acetyl-D-mannopyranose (2.1502 g, 6.17 mmol)

A/égoi%‘\ﬁf and trichloroacetonitrile (2.19 mL, 6.17 mmol) were dissolved in
O~~CCl dry DCM (30 mL) and the reaction mixture was allowed under N,

NH at 0 °C for 1 h. then a catalytic amount of DBU (0.19 mL,

1.23 mmols) was added and slurry was stirred for further 30 min under N> at 0 °C. The

excess solvent was removed under reduced pressure to afford a crude compound of 2,3,4,6-
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Tetra-O-acetyl-D-mannopyranose trichloroacetamidate (14) as a yellow oil at room

temperature, which was used without any further purification.

Synthesis of 4- Methylumbelliferyl-7-yl-2,3,4,6-Tetra-O-acetyl- a -D-mannopyranose
(15):

The crude 2,3,4,6-Tetra-O-acetyl-D-mannopyranose-

OAc
oo\ 248 trichloro-acetamidate) (14) was dissolved in dry DCM (40
AcO
T mL). 4-Methylumbelliferylone (15) (2.2805 g, 6.17 mmols)

07.2.9 0100

ng“ was added to the mixture along with boron trifluoride
hRY 131612 metharate (0.11 mL, 1.21 mmol) and the reaction mixture

was allowed under N2 at 23 °C over nigh. The slurry was

first diluted with 10 mL of DCM, then washed with HCI solution (1N) (2-20 mL) and
distilled water (3-:20 mL) and dried over magnesium sulphate. The excess solvent was
removed under reduced pressure. The crude product was then purified by crystallisation
with MeOH to afford 4- Methylumbelliferyl-7-yl-2,3,4,6-Tetra-O-acetyl- o -D-
mannopyranose (15) as a white solid (2.4712 g, 40 %).
IH NMR (500MHz, CDCls-dg) dn: 7.53 (d, 1H, 3J =9.0 Hz, H); 7.12 (d, 1H, 3J =2.4 Hz,
H$); 7.03 (dd, 1H, 3 =8.8, 2.7 Hz, H'%); 6.20 (d, 1H, 3J =1.2 Hz, HY); 5.58 (d, 1H, 3] =1.8
Hz, HY); 5.55 (dd, 1H, 3J = 10.04, 3.5 Hz, H3); 5.47 (appq, 3] =1.8, 3.5Hz, 1H, H?); 5.37 (t,
1H, 33 =10.1 Hz, H%); 4.29 (dd, 1H, 3J =12.4, 5.7 Hz, H®); 4.05 (m, 2H, H5, H7); 2.41 (d,
3H, 3 =1.1 Hz, CH3Ac); 2.21 (s, 3H, CHsAc); 2.05 (d, 9H, 3J =4.8 Hz, CH3AC);
13C NMR (125 MHz, CDCls-dg) dc: 170.5 (C=0); 170.0 (C=0); 169.9 (C=0);
169.6 (C=0); 160.8 (C’); 158.2 (C9); 154.9 (C?); 152.1 (C'?); 125.8 (C'%); 115.5 (C3);
113.4 (C%); 113.3 (C11); 104.4 (C); 95.9 (CY); 69.6 (C?); 69.1 (C?); 68.7 (C5); 65.8 (C*;
62.0 (C%); 20.9 (CH3OOR); 20.7 (CH3OOR); 20.6 (CH3OOR); 20.6 (CHsOOR);
18.7 (CH3OO0R).

Mass Spectrometry: ESI-MS for C24H26012, calcd for ((M+Na]*) 529.13 found 529.14.
X-ray diffraction were obtained in MeOH after 16 h at room temperature.
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4-methylumbelliferyl-7-yl-a-D-mannopyranose (16):

OH 4- Methylumbelliferyl-7-yl-2,3,4,6-Tetra-O-acetyl- o -D-
4 6 _oH .
HO 5 -0 mannopyranose (15) (0.3202 g, 0.64 mmol) was added in a
HO 1
3 2 solution of sodium methoxide (0.0611 g, 0.96 mmol) in dry

072320120
1m1 MeOH (7 mL). The reaction mixture was stirred under N at
13712
14

1% room temperature for 30 min. The crude product was purified
by crystallisation with MeOH. The solid was removed by filtration and the excess solvent
of filtrate was removed by reduced pressure to afford the desired compound (16) as an off-
white oil (0.2015 g, 93%).

'H NMR (300MHz, D20) dw : 6.85 (d, 1H, 3J = 8.2 Hz, H4); 6.36 (d, 1H, 3J = 2.3 Hz, H?);
6.28 (dd, 1H, 3J = 8.2, 2.3 Hz, H%9); 5.88 (s, 1H); 5.54 (s, 1H, H); 4.14 (d, 1H, 3J =1.52
Hz, HY); 4.03 (dd, 3] =3.4, 8.8 Hz, 1H, H?); 3.79 (m, 4H, H* H° H5 H).

1BC NMR (125MHz, D20) éc: 177.5 (C7); 165.0 (C); 156.6 (C°); 147.3 (C*?); 129.8 (C1%);
128.2 (C*3); 124.1 (C11); 108.1 (C8); 103.1 (C); 98.7 (CY); 73.7 (CP); 70.8 (C?); 70.7 (C3);
67.1 (C%); 61.1 (C5); 24.3 (C*5) ppm.

Mass Spectrometry: ES™ C16H1g0g, calcd for ([M+H]") 339.1074 found 339.1079.

X-ray diffraction were obtained in MeOH after 16 h at room temperature.

7-(((2R,3S,4S,5S,6S)-6-(bromomethyl)-3,4,5-trihydroxytetrahydro-2H-pyran-2-
yl)oxy)-4-methyl-2H-chromen-2-one (19):

Br To a stirred solution of 4-methylumbelliferyl-7-yl-a-D-
6
HO . 50140 manopyranose (13) (0.2000 g, 0.59 mmol) in anhydrous
HO
3 2 Y pyridine (4 mL) at 0 °C were added triphenylphosphine

07.2.9.010.0
W1 (0.3101 g, 1.18 mmol) and carbon tetrabromide (0.2941 g,
1 14 1312 8.87 mmol). The resulting mixture was protected from
16 moisture and stirred at 0 °C for 10 min. It was then allowed
to warm to 65 °C and was stirred for an additional 4 h. MeOH (10 mL) was added to
decompose any excess reagent. The solvent was removed by reduced pressure and was
further purified by a silica filtration with DCM followed by DCM/MeOH 20:1 and MeOH.
1H NMR (300 MHz, CD3sOD) d : 8.84 (d, 1H, 3 = 5.8 Hz, H'%); 7.88 (t, 1H, 3] = 7.1 Hz,
H15): 7.80 (m, 1H, H8); 6.26 (d, 1H, 3J = 1.0 Hz, H1Y); 5.55 (d, 1H, 3] =4.6 Hz, H); 5.38 (d,
1H, 3J = 4.6 Hz, OH?); 5.18 (d, 1H, 3] = 5.8 Hz, OH%); 4.89 (m, 1H, OH?3); 4.68 (m, 1H,
H3); 4.42 (s, 1H, OH?); 3.86 (t, 1H, 3J = 4.5 Hz, H?) 3.15 (d, 2H, %) =5.1Hz, H®); 3.69 (m,

4H, H*, H°), 2.38 (s, 3H, H9),
183



Chapter 6 | Experimental Section

13C NMR (125 MHz, CD30D) éc: 160.25 (C9); 157.69 (C’); 154.18 (C°); 153.51 (C*?);
145.65 (C4); 128.06 (C13); 127.68 (C15); 126.64 (C8); 112.34 (C11); 98.08 (C1); 72.88 (C5):
70.70 (C3); 68.87 (C*); 68.05 (C?2); 48.96 (C?); 18.59 (C16) ppm.

Mass Spectrometry: ESI-MS C16H17BrO- calcd for ([M-H]") 399.0085 found 399.0087

6.3.4. Evaluation of asymmetric complexes in vitro

Crystal Violet assays

PC3 and EMT6 cells (5-7-10° cells per well) were seeded in a 96-well plate and incubated
for 48 h to adhere. They were loaded with different concentrations of the metal complex
(see Table 7-1) and left to incubate for another 24, 48 or 72 h, depending the experiment.
Subsequently, cells were washed with PBS and fixed by MeOH. Crystal violet staining
solution (100 pL of 0.5%) was added to each well and incubated for 20 min at room
temperature. Then, plates were washed four times in an indirect stream of tap water and
the plate allowed to air-dry at room temperature. Subsequently, each well was loaded with
MeOH, and incubated for 20 min at room temperature on a bench rocker with a frequency
of 20 oscillations per minute. The optical density was measured at 570 nm (OD570) for
each well plate with a plate reader (BN02877 ELISA plate reader, Molecular Devices Versa
Max).

Confocal fluorescence microscopy

PC3 cells were cultured as previously (p.160-161) described in normoxia, acute hypoxia
(reduced by CoCl2) and chronic hypoxia environments. Cells from all the three different
environments were seeded in different wells at least 48 h prior to the microscopy
experiment cells (10,000 cell per dish), washed twice with PBS and refill with SFM
incubated at 37 °C. Control fluorescence images were obtained before the addition of
compound. Subsequently, PhGaTSCA complex (10a) in DMSO: RPMI 0.5:99.5 solution
mixture (100 uM), was loaded to each well and the cells allowed to incubate for 15 min, at
37 °C. They were then carefully washed with Phosphate Buffered Saline (PBS)
pre-warmed to 37 °C, which was replaced by FCS-free medium to remove the

non-internalised fluorescent dispersion prior to fluorescence imaging. In the case of chronic

184



Chapter 6 | Experimental Section

hypoxia experiments, the fluorescence microscopy was carried out under normoxia due to

limitations of the current equipment.

Multiphoton fluorescence lifetime evaluation

Cell uptake studies were performed using, PC-3 cells. PC3 cells were seeded on glass petri
dishes and incubate for 24 h at 37 °C. Control FLIM were recorded before the addition of
compound. Plates were then mounted on the microscope stage and kept at 37 °C. Cells
were then loaded with PhZnTSCA (9a) complex in DMSO: RPMI 0.5:99.5 solution
mixture (10 uM) and incubated for 15 min prior to confocal imaging, FLIM was carried
out immediately after the confocal imaging with the same area as the confocal imaging.
The fluorescence decay curve is well fitted to a multiexponential function as:

10 =) aexp()

i

6.4. Experimental Details for Chapter Four

6.4.1. Functionalisation of graphene oxide nanocomposites.

Synthesis of Ga coordinated graphene oxide nanocomposites (Ga@GO, 30).

In a typical coordination experiment of Ga(lll) with GO nanocomposites, 20 mg of GaCls
diluted in 1 mL of EtOH and 20 mg of GO nanocomposites diluted in 1 mL of DMSO. A
1:1 reaction mixture was then formed and diluted down further with 2 mL of EtOH and 1
mL of NaHCOs buffer in order to adjust the pH to 5.5. The mixture was allowed to react at
100 °C for 2.5 h, when it was allowed to cool down, centrifuged, washed with EtOH and

H>0 and allowed to freeze dry overnight.

Synthesis of Ga coordinated graphene oxide nanocomposites enriched with Zn(Il)
thiosemicarbazide complexes (Ga+PhZnTSCA@GO, 31)

The Ga(lll) coordination of the PhZnTSCA@GO was performed in a similar way, only
this time a 1:1 solution mixture of PhZnTSCA (20 mg/ DMSO mL) with GO
(20 mg/ DMSO mL) was used before being mixed with GaCls.
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SEM indicated some level of aggregation of the GaClz and GaCls-PhZnTSCA on the GO
flakes. EDX mapping showed a high affinity of binding of the Ga on the GO flakes,
however; the low-intensity signal of Zn and S does not allow a conclusion to be made as

to whether the Ga has been adsorbed alone or as the transmetallated complex.

6.4.2. Fluorescence titration experiments.

Fluorescent titration of a GO dispersion with a Acetyl Glycosyl Coumarin solution

A 1 mM solution of AcGC (15) was prepared. To this solution was added a saturating
quantity of GO (1 mg/mL). The resulting saturated suspensions were then sonicated until
the mixtures became homogeneous. The excess of coronene was allowed to settle. The
resulting suspension supernatant was titrated against another 1 mM solution of AcGC (15)
in DMSO. Excitation wavelength was set at 310 nm for all experiments. An emission range
330-600 nm was scanned at 500 nm cm for all experiments. Titrations were conducted in
a 1.2 mL cuvette. Suspension containing AcGC (15) at 1 mM concentration in DMSO was
added to the cuvette and the emission spectrum scanned. Subsequent scans were conducted
with 50 puL aliquots removed from cuvette and replaced with 50 uL aliquots of 1 mM
AcGC (15) suspension saturated with GO in order to maintain constant AcCG (15)
concentration throughout the experiments. The resulting saturated suspension was well
mixed before and after the addition of the saturated suspension of GC and GO. GO excess

allowed to settle before each measurement for 5 min.

Determination of likely binding stoichiometry between glycosyl coumarin and coronene

To a0.125 mM solution of GC (16) coronene was added until the maximum concentration
was reached in which the suspension was stable (0.125 mM). The resulting concentrated
suspensions were then sonicated until the mixtures became homogeneous. The excess of
coronene was allowed to settle. The resulting suspension supernatant was titrated against
another 0.125 mM solution of GC (16) in DMSO. Excitation wavelength was set at 310 nm
for all experiments. An emission range of 330-600 nm was scanned at 100 nm min‘* for all
experiments. Titrations were conducted in a 1.4 mL cuvette. A suspension containing
GC (16) at 0.125 mM concentration in DMSO was added to the cuvette and the emission
spectrum scanned. Subsequent scans were conducted with 5 pL to 100 uL aliquots removed
from the cuvette and replaced with according corresponding aliquot of 0.125 mM GC (16)

suspension saturated with coronene in order to maintain constant CG (16) concentration
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throughout the experiments. The resulting saturated suspension was well mixed before and

after the addition of the saturated suspension of GC and coronene.

Use of Graphene Oxide Nanocomposites as carriers to Glycosyl Coumarin and asymmetric
Zn thiosemicarbazone acenaphthenequinone complexes.

A 1 mM solution of GC (16) was prepared. To this solution was added a saturating quantity
of complex 23 (9a@GO) (1mg/mL). The resulting saturated suspensions were then
sonicated until the mixtures became homogeneous. The excess coronene was allowed to
settle. The resulting suspension supernatant was titrated against another 1 mM solution of
GC (16) in DMSO. Excitation wavelength was set at 310 nm for all experiments. An
emission range of 330-800 nm was scanned at 500 nm min™* for all experiments. Titrations
were conducted in a 1.2 mL cuvette. A suspension containing GC (16) at 1 mM
concentration in DMSO was added to the cuvette and the emission spectrum was scanned.
Subsequent scans were conducted with 20 uL to 200 uL aliquots removed from cuvette and
replaced with a corresponding aliquot of 1 mM GC (16) suspension saturated with
complex 23 in order to maintain constant CG (16) concentration throughout the
experiments. The resulting saturated suspension was well mixed before and after the
addition of the saturated suspension of GC and complex 23. GO excess allowed to settle

for 2-3 min before each measurement.

6.4.3. Radiolabelling of GO nanocomposites.

Radiolabelling of GO nanocomposites with [®Ga]Ga(lll).

A SnO;-based column matrix ®3Ge/®®Ga generator was used to elute 10 mL of 0.6 M HCI,
ca. 4 mCi of ®Ga, which was trapped on a strata x-c 33 pp Polymeric Strong Cation
Catridge from Phenomenex and eluted with 700 uL of 0.02 M HCI (98% THF). This was
subsequently dried for 7-10 min under a nitrogen stream at 95 °C.

Radiolabelling of graphene oxide nanocomposites with [$8Ga]Ga(lll) ([®Ga]Ga@GO,
[8Ga]-25).

In a typical non-covalent radiolabeling experiment 400 pl [®3Ga]Ga(lll) of a 150 MBq
(in 800 pl) stock solution were added to a Wheaton vial before drying. 0.40 uL of GO

nanocomposites solution (2 mg/ DMSO mL) was then added to the same vial along with
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0.4 mL of ethanol and 0.1 mL of buffer solution (pH 4.5) in order to adjust the pH
approximately to 5.5. The mixture was allowed to react at 95 °C for 45 min and it was
then allowed to cool down. Radio thin layer chromatography (radio-TLC) was used

directly after the reaction to measure the radiochemical incorporation.

Radiolabelling of zinc(ll)  4-phenyl-3-thiosemicarbazone-thiocarbohydrazide
acenaphthenequinone at graphene oxide with [®Ga]Ga(lll) ([®®Ga]Ga*® +
PhZnTSCA@GO, [%8Ga]-26).

The [*®Ga]Ga(lIl) labelling of the PhZnTSCA@GO was performed in a similar way, only
this time a 1:1 solution mixture of PhZnTSCA (9a) (2 mg/ DMSO mL) was used with GO
(2 mg/ DMSO mL) before mixing with [#8Ga]GaCls.

Radiolabelling of zinc(ll)  4-phenyl-3-thiosemicarbazone-thiocarbohydrazide
acenaphthenequinone and glycosyl coumarin at graphene oxide with [8Ga]Ga(lll)
([8Ga]Ga*? +GC + PhZnTSCA@GO, [%8Ga]-27).

The [®8Ga]Ga(lIl) labelling of the PhZnTSCA@GO was performed in a similar way, only
this time a 1:1 solution mixture of GlyC (16) (2 mg/ DMSO mL) PhZnTSCA (9a) @ GO
(2 mg/ DMSO mL) was used before mixing with [#®Ga]GaCls.

6.4.4. Kinetic stability evaluation of GO nanocomposites

Kinetic stability evaluation of the non-radiolabelled GO nanocomposites

This investigation utilised UV-visible absorption using a 2 mg/mL concentration of the
assay agent in DMSO. Solutions of 1:1 DMSOJassay agent]:H.O were prepared.
UV-Visible spectras were acquired at 15 min and 24 h. The assays were carried out by
incubating the samples at 37 °C using citric acid, PBS, EDTA and DFO and this enabled
complex stability to be evaluated in media likely to be encountered in a cell biology
experiment. Whilst there were no changes observed in the UV/Vis spectra after 30 min of
incubation, some slight changes were observed for the gallium complex Ga(lll) over an
incubation of 24 h (Figure 66).
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Kinetic stability evaluation of the radiolabelled GO nanocomposites

For this investigation the labelled ®Ga-GO, PhZnTSCA@®%Ga-GO were incubated in
EDTA, citric acid, PBS and mouse plasma at 37 °C for 1 h or 2 h. The mixtures were
filtered through 300 kDa MWCO filter in a centrifuge at 13.000 r/min. The radioactivity
that remained on the filter was measured after discarding the filtrate from the wastes. In the
tables (Appendix) below the results are presented for these experiments and in the
following graph (Appendix fig.12) the radiotrace from the radio-HPLC is presented for the

wastes using EDTA solution for stability testing.

6.4.5. In Vitro evaluation of GO nanocomposites

Crystal Violet assays of the non-radiolabelled GO nanocomposites

PC3 and EMTG6 cells (5-7x10° cells per well) were seeded in a 96-well plate and incubated
for 48 h to adhere. Then the wells were loaded with different concentrations of the metal
complex (see Table 7-1) and left to incubate for another 24, 48 or 72 h, depending upon
the experiment. Subsequently, cells were washed with PBS and fixed by MeOH. Crystal
violet staining solution (100 pL of 0.5%) was added to each well and incubated for 20 min
at room temperature. The plates were then washed four times in an indirect stream of tap
water and the plate allowed to air-dry at room temperature. Subsequently, each well was
loaded with MeOH and incubated for 20 min at room temperature on a bench rocker with
a frequency of 20 oscillations per minute. The optical density was measured at 570 nm
(OD570) for each well plate with a plate reader (BN02877 ELISA plate reader, Molecular
Devices Versa Max).

Cell Uptake assays of the radiolabelled GO nanocomposites [**Ga]-27

PC3 cells (3 x 103 cells) were seeded in 6-well plates and incubated in normoxia and
hypoxia environments as described earlier. After treatments, plates were aspirated and
washed twice with warm PBS buffer. Each well plate was then loaded with 1000 pL of
[8Ga]-27 in DMSO: PBS solution mixture (0.5:95.5) (3 MBg/ mL) and incubated for 1 h.
After incubation, the reaction was stopped by washing wells with ice-cold PBS buffer
twice, followed by addition of 1 mL of ice-cold, 0.1 % Triton X-100 and 0.1 M NaOH
Lysates. A homogenous mixture was acquired by blending the components with up/down
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pipetting. 800 pL of each dissolved cell was then transferred and capped into counting
tubes for gamma counting. The stock [¢3Ga]-27 solution was aliquoted in 10uL doses, three
times and placed to the counting tubes as standards. The intracellular radioactivity was
immediately counted using an LKB Wallac 1282 Compu gamma Laboratory gamma
counter (PerkinElmer, USA). Lastly, protein concentration determination by BCA was
carried out. This normalisation of decay-corrected radioactivity counts per minute (CPM)
to protein concentration, was required in order to give a measure of radiotracer uptake as
% ID/mg of protein= CPM in 1 mL/ (standard in mL X protein concentration in mg)
X 100%.
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APPENDIX 1: X-RAY Crystallographic Data

Figure S1: Chrystal structure 5-methylene-2-(11-sulfanyl)thiazolidine (4). Thermal ellipsoids at
50% probability.

Table S1: Crystal data and structure refinement for 5-methylene-2-(11-sulfanyl)thiazolidine (4).

IDENTIFICATION CODE E16SIP12

EMPIRICAL FORMULA C4H5N S2

FORMULA WEIGHT 131.21

TEMPERATURE 150.0(4) K

WAVELENGTH 0.71073 A

CRYSTAL SYSTEM Monoclinic

SPACE GROUP P21/n

UNIT CELL DIMENSIONS a=6.1770(3) A o= 90°.
b = 6.0691(3) A p=91.868(4)°.
¢ =15.2900(8) A v =90°.

VOLUME 572.90(5) A3

z 4

DENSITY (CALCULATED) 1.521 Mg/m3

ABSORPTION COEFFICIENT 0.791 mm-1

F(000) 272

CRYSTAL SIZE 0.400 x 0.350 x 0.180 mm3

THETA RANGE FOR DATA COLLECTION | 3.519 to 30.065°.

INDEX RANGES

-8<=h<=8, -8<=k<=8, -21<=1<=20



REFLECTIONS COLLECTED
INDEPENDENT REFLECTIONS
COMPLETENESS TO THETA = 25.242°
ABSORPTION CORRECTION

MAX. AND MIN. TRANSMISSION
REFINEMENT METHOD

DATA / RESTRAINTS / PARAMETERS
GOODNESS-OF-FIT ON F2

FINAL R INDICES [I>2SIGMA(I)]

R INDICES (ALL DATA)
EXTINCTION COEFFICIENT
LARGEST DIFF. PEAK AND HOLE

APPENDIX

4880

1525 [R(int) = 0.0302]

99.9 %

Semi-empirical from equivalents
1.00000 and 0.96866
Full-matrix least-squares on F2
1525/0/68

1.059

R1=0.0307, wR2 = 0.0692
R1=0.0381, wR2 = 0.0726
n/a

0.317 and -0.245 e.A-3

Table S2: Bond lengths [A] and angles [°] for 5-methylene-2-(I1-sulfanyl)thiazolidine (4).

S(2)-C(1) 1.6686(16)
S(1)-C(1) 1.7499(16)
S(1)-C(3) 1.7735(16)
N(1)-C(1) 1.3252(19)
N(1)-C(2) 1.452(2)
N(1)-H(L) 0.84(2)
C(2)-C(3) 1.511(2)
C(2)-H(2A) 0.9900
C(2)-H(2B) 0.9900
C(3)-C(4) 1.315(2)
C(4)-H(4A) 0.9500
C(4)-H(4B) 0.9500
C(1)-S(1)-C(3) 93.11(7)
C(1)-N(1)-C(2) 118.94(14)
C(1)-N(1)-H(1) 119.7(13)

C(2)-N(1)-H(1) 121.3(13)
N(1)-C(1)-S(2) 127.39(13)
N(1)-C(1)-S(1) 110.95(12)
S(2)-C(1)-S(1) 121.65(9)
N(1)-C(2)-C(3) 106.98(12)
N(1)-C(2)-H(2A) 110.3
C(3)-C(2)-H(2A) 110.3
N(1)-C(2)-H(2B) 110.3
C(3)-C(2)-H(2B) 110.3
H(2A)-C(2)-H(2B) 108.6
C(4)-C(3)-C(2) 126.33(14)
C(4)-C(3)-S(1) 124.53(13)
C(2)-C(3)-S(1) 109.14(11)
C(3)-C(4)-H(4A0rB) 120.0
H(4A)-C(4)-H(4B) 120.0
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Figure S2: Molecular structure of methyl (4-fluorobenzyl)carbamodithioate Fbnz-MeCDT (2e).
Thermal ellipsoids at 50% probability.

Table S3: Crystal data and structure refinement for Fbnz-MeCDT (2e).

IDENTIFICATION CODE E16SIP13
EMPIRICAL FORMULA C9HI0F N S2
FORMULA WEIGHT 215.30
TEMPERATURE 150.0(4) K
WAVELENGTH 0.71073 A
CRYSTAL SYSTEM Triclinic
SPACE GROUP P-1

UNIT CELL DIMENSIONS

VOLUME

z

DENSITY (CALCULATED)
ABSORPTION COEFFICIENT

F(000)

CRYSTAL SIZE

THETA RANGE FOR DATA COLLECTION
INDEX RANGES

REFLECTIONS COLLECTED
INDEPENDENT REFLECTIONS
COMPLETENESS TO THETA = 25.242°
ABSORPTION CORRECTION

MAX. AND MIN. TRANSMISSION
REFINEMENT METHOD

a=5.8689(5) A

b = 8.0985(7) A

¢ =11.1040(9) A
494.65(8) A3

2

1.446 Mg/m3

0.503 mm-1

224

0.400 x 0.350 x 0.100 mm3
3.490 to 30.136°.
-7<=h<=7, -10<=k<=10, -15<=I<=15
4239

2496 [R(int) = 0.0247]

99.8 %

a= 70.418(8)°.
B= 84.161(7)°.
v = 87.618(7)°.

Semi-empirical from equivalents
1.00000 and 0.96032

Full-matrix least-squares on F2
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DATA/RESTRAINTS / PARAMETERS 2496/01/123
GOODNESS-OF-FIT ON F2 1.065

FINAL R INDICES [I>2SIGMA(I)] R1=0.0475, wR2 = 0.0883
R INDICES (ALL DATA) R1 =0.0608, wR2 = 0.0936
EXTINCTION COEFFICIENT n/a

LARGEST DIFF. PEAK AND HOLE 0.423 and -0.294 . A-3

Table S4: Bond lengths [A] and angles [°] for Fonz-MeCDT (2e).

S(1)-C(2) 1.7632)  C(8)-C(9) 1.383(3)  C(4)-C(3)-H(3B) 109.3
S(1)-C(1) 1.793(2)  C(8)-H(8) 0.9500 H(3A)-C(3)-H(3B) 108.0
S(2)-C(2) 1673(2)  C(9)-H(9) 0.9500 C(9)-C(4)-C(5) 118.90(19)
N(1)-C(2) 1.3283)  C(2)-S(1)-C(1) 103.09(10)  C(9)-C(4)-C(3) 120.3(2)
N(1)-C(3) 1.462(3)  C(2)-N(1)-C(3) 126.18(18)  C(5)-C(4)-C(3) 120.77(19)
N(L)-H(1) 085(2)  C(2)-N(1)-H(1) 114.6(15)  C(6)-C(5)-C(4) 120.9(2)
C(1)-H(1A) | 0.9800 C(3)-N(1)-H(1) 118.8(15)  C(6)-C(5)-H(5) 119.6
C(1)-H(1B) | 0.9800 S(1)-C(1)-H(1A) 109.5 C(4)-C(5)-H(5) 119.6
C(1)-H(1C) | 0.9800 S(1)-C(1)-H(1B) 109.5 C(7)-C(6)-C(5) 118.3(2)
C(3)-C(4) 1509(3)  H(1A)-C(1)-H(1B) 109.5 C(7)-C(6)-H(6) 120.9
C(3)-H(3A) | 0.9900 S(1)-C(1)-H(1C) 109.5 C(5)-C(6)-H(6) 120.9
C(3)-H(3B) | 0.9900 H(LA)-C(1)-H(1C) 109.5 F-C(7)-C(6) 118.3(2)
C(4)-C(9) 1.386(3)  H(1B)-C(1)-H(1C) 109.5 F-C(7)-C(8) 119.0(2)
C(4)-C(5) 1.388(3)  N(1)-C(2)-S(2) 122.46(16)  C(6)-C(7)-C(8) 122.7(2)
C(5)-C(6) 1.386(3)  N(1)-C(2)-S(1) 114.28(16)  C(7)-C(8)-C(9) 118.3(2)
C(5)-H(5) 0.9500 S(2)-C(2)-S(1) 123.26(12)  C(9)-C(8)-H(8) 120.8
C(6)-C(7) 1.368(3)  N(1)-C(3)-C(4) 111.58(17)  C(8)-C(9)-C(4) 120.9(2)
C(6)-H(6) 0.9500 N(1)-C(3)-H(3A) 109.3 C(8)-C(9)-H(9) 119.6
C(7)-F 1.358(2)  C(4)-C(3)-H(3A) 109.3 C(4)-C(9)-H(9) 119.6
C(7)-C(8) 1.371(4)  N(1)-C(3)-H(3B) 109.3
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Figure S3: Molecular structures of N-(4-fluorobenzyl)hydrazinecarbothioamide Fbnz-TSC (3e).
Thermal ellipsoids at 50% probability.

Table S5: Crystal data and structure refinement for Fbnz-TSC (3e).

IDENTIFICATION CODE S16SIP5
EMPIRICAL FORMULA C8HIFN3S
FORMULA WEIGHT 198.24
TEMPERATURE 150(2) K
WAVELENGTH 1.54184 A
CRYSTAL SYSTEM Triclinic
SPACE GROUP P1

UNIT CELL DIMENSIONS

VOLUME

Z

DENSITY (CALCULATED)
ABSORPTION COEFFICIENT

a=7.0643(3) A

b =7.0809(3) A
c=18.6832(12) A
928.67(8) A3

4

1.418 Mg/m3
2.891 mm1

a= 94.160(4)°.
B= 94.390(4)°.
v =91.891(3)°.

Vi



F(000)

CRYSTAL SIZE

THETA RANGE FOR DATA COLLECTION
INDEX RANGES

REFLECTIONS COLLECTED
INDEPENDENT REFLECTIONS
COMPLETENESS TO THETA = 67.684°
REFINEMENT METHOD

DATA / RESTRAINTS / PARAMETERS
GOODNESS-OF-FIT ON F2

FINAL R INDICES [I1>2SIGMA(I)]

R INDICES (ALL DATA)

ABSOLUTE STRUCTURE PARAMETER
EXTINCTION COEFFICIENT
LARGEST DIFF. PEAK AND HOLE

APPENDIX

412

0.600 x 0.400 x 0.050 mm3
4,761 to 73.415°.

-8<=h<=5, -6<=k<=8, -23<=1<=22
6570

4097 [R(int) = 0.0398]

99.8 %

Full-matrix least-squares on F2
4097 /13 /517

1.095

R1=0.0662, wR2 = 0.1677
R1=0.0681, wR2 = 0.1698
0.05(3)

n/a

0.938 and -0.457 e.A-3

Table S6: Bond lengths [A] and angles [°] for Fbnz-TSC (3e).

C(1)-N@3) | 1.319(9) N(8)-H(8) | 0.88(2) C(24)-C(23)-H(23) | 120.3
C(1)-N(2) | 1.354(8) N(9)-H(9) | 0.87(2) C(22)-C(23)-H(23) | 120.3
C(1)-S(1) | 1.697(7) N(10)-N(11) | 1.410(8) C(23)-C(24)-C(19) | 121.2(9)
C(2)-N(3) | 1.471(8) N(10)-H(10) | 0.87(2) C(23)-C(24)-H(24) | 119.4
C(2)-C(3) | 1.513(11) N(11)-H(11) | 0.96(9) C(19)-C(24)-H(24) | 119.4
C(2)-H(2A) | 0.9900 N(12)-H(12) | 0.90(8) N(12)-C(25)-N(11) | 115.2(6)
C(2)-H(2B) | 0.9900 N(3)-C(1)-N(2) | 115.8(6) N(12)-C(25)-S(4) | 125.2(5)
C(3)-C(8) | 1.371(11) N(3)-C(1)-S(1) | 124.7(5) N(11)-C(25)-S(4) | 119.6(5)
C(3)-C(4) | 1.388(10) N(2)-C(1)-S(1) | 119.5(5) N(12)-C(26)-C(27) | 110.8(6)
C(4)-C(5) | 1.396(12) N(3)-C(2)-C(3) | 112.3(6) N(12)-C(26)-H(26A) | 109.5
C(4)-H(4A) | 0.9500 N(3)-C(2)-H(2A) | 109.2 C(27)-C(26)-H(26A) | 109.5
C(5)-C(6) | 1.367(13) C(3)-C(2)-H(2A) | 109.2 N(12)-C(26)-H(26B) | 109.5
C(5)-H(5A) | 0.9500 N(3)-C(2)-H(2B) | 109.2 C(27)-C(26)-H(26B) | 109.5
C(6)-F(1) | 1.354(9) C(3)-C(2)-H(2B) | 109.2 H(26A)-C(26)-H(26B) | 108.1
C(6)-C(7) | 1.393(13) H(2A)-C(2)-H(2B) | 107.9 C(28)-C(27)-C(32) | 118.3(8)
C(7)-C(8) | 1.393(12) C(8)-C(3)-C(4) | 119.6(8) C(28)-C(27)-C(26) | 120.2(7)
C(7)-H(7A) | 0.9500 C(8)-C(3)-C(2) | 120.4(7) C(32)-C(27)-C(26) | 121.5(7)
C(8)-H(8A) | 0.9500 C(4)-C(3)-C(2) | 120.0(7) C(27)-C(28)-C(29) | 120.6(8)
C(9)-N(6) | 1.335(10) C(3)-C(4)-C(5) | 119.9(8) C(27)-C(28)-H(28) | 119.7
C(9)-N(5) | 1.338(9) C(3)-C(4)-H(4A) | 120.1 C(29)-C(28)-H(28) | 119.7
C(9)-S(2) | 1.701(7) C(5)-C(4)-H(4A) | 120.1 C(30)-C(29)-C(28) | 119.6(9)

VilI



C(10)-N(6)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(11)-C(16)
C(11)-C(12)
C(12)-C(13)
C(12)-H(12A)
C(13)-C(14)
C(13)-H(13)
C(14)-F(2)
C(14)-C(15)
C(15)-C(16)
C(15)-H(15)
C(16)-H(16)
C(17)-N(9)
C(17)-N(8)
C(17)-S(3)
C(18)-N(9)
C(18)-C(19)
C(18)-H(18A)
C(18)-H(18B)
C(19)-C(24)
C(19)-C(20)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(21)-H(21)
C(22)-F(3)
C(22)-C(23)
C(23)-C(24)
C(23)-H(23)
C(24)-H(24)
C(25)-N(12)
C(25)-N(11)
C(25)-S(4)
C(26)-N(12)
C(26)-C(27)
C(26)-H(26A)
C(26)-H(26B)

1.464(9)
1.503(11)
0.9900
0.9900
1.377(11)
1.389(11)
1.400(12)
0.9500
1.372(12)
0.9500
1.355(9)
1.376(13)
1.366(12)
0.9500
0.9500
1.329(10)
1.351(8)
1.706(7)
1.453(9)
1.503(11)
0.9900
0.9900
1.389(11)
1.397(11)
1.396(12)
0.9500
1.352(14)
0.9500
1.348(10)
1.377(15)
1.373(14)
0.9500
0.9500
1.317(10)
1.345(8)
1.697(6)
1.479(9)
1.523(11)
0.9900
0.9900

C(6)-C(5)-C(4)
C(6)-C(5)-H(5A)
C(4)-C(5)-H(5A)

F(1)-C(6)-C(5)

F(1)-C(6)-C(7)

C(5)-C(6)-C(7)

C(6)-C(7)-C(8)
C(6)-C(7)-H(7A)
C(8)-C(7)-H(7A)

C(3)-C(8)-C(7)
C(3)-C(8)-H(8A)
C(7)-C(8)-H(8A)

N(6)-C(9)-N(5)

N(6)-C(9)-S(2)

N(5)-C(9)-S(2)
N(6)-C(10)-C(11)

N(6)-C(10)-H(10A)
C(11)-C(10)-H(10A)
N(6)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(16)-C(11)-C(12)
C(16)-C(11)-C(10)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12A)
C(13)-C(12)-H(12A)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
F(2)-C(14)-C(13)
F(2)-C(14)-C(15)
C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(11)
C(15)-C(16)-H(16)
C(11)-C(16)-H(16)
N(9)-C(17)-N(8)

118.7(8)
120.7
120.7
120.2(9)
116.5(8)
123.3(8)
116.2(7)
121.9
121.9
122.4(8)
118.8
118.8
115.9(6)
125.6(5)
118.6(5)
112.0(6)
109.2
109.2
109.2
109.2
107.9
117.8(7)
122.3(7)
119.9(7)
120.8(7)
119.6
119.6
118.0(7)
121.0
121.0
118.0(8)
119.3(8)
122.7(8)
117.4(8)
121.3
121.3
123.2(8)
118.4
118.4
117.3(6)
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C(30)-C(29)-H(29)
C(28)-C(29)-H(29)
C(29)-C(30)-F(4)
C(29)-C(30)-C(31)
F(4)-C(30)-C(31)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31)
C(30)-C(31)-H(31)
C(31)-C(32)-C(27)
C(31)-C(32)-H(32)
C(27)-C(32)-H(32)
N(2)-N(1)-H(1)
C(1)-N(2)-N(1)
C(1)-N(2)-H(2)
N(L)-N(2)-H(2)
C(1)-N(3)-C(2)
C(1)-N(3)-H@)
C(2)-N(3)-H({3)
N(5)-N(4)-H(4)
C(9)-N(5)-N(4)
C(9)-N(5)-H(®)
N(4)-N(5)-H(5)
C(9)-N(6)-C(10)
C(9)-N(6)-H(6)
C(10)-N(6)-H(6)
N(8)-N(7)-H(7)
C(17)-N(8)-N(7)
C(17)-N(8)-H(8)
F(4)-C(30)-C(31)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31)
C(30)-C(31)-H(31)
C(31)-C(32)-C(27)
C(31)-C(32)-H(32)
C(27)-C(32)-H(32)
N(2)-N(1)-H(1)
C(1)-N(2)-N(1)
C(1)-N(3)-C(2)
C(1)-N(3)-H(@3)
C(2)-N(3)-H({3)

120.2
120.2
120.0(10)
121.9(9)
118.1(9)
117.7(8)
121.2
121.2
121.8(9)
119.1
119.1
102(5)
119.8(6)
111(4)
127(4)
127.3(6)
117(5)
116(5)
113(5)
119.8(6)
125(5)
111(5)
125.0(7)
117(6)
118(6)
113(6)
117.6(6)
104(10)
118.1(9)
117.7(8)
121.2
121.2
121.8(9)
119.1
119.1
102(5)
119.8(6)
127.3(6)
117(5)
116(5)

VI
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C(27)-C(28) | 1.377(11) N(9)-C(17)-S(3) | 124.4(5) N(5)-N(4)-H(4) | 113(5)
C(27)-C(32) | 1.382(11) N(8)-C(17)-S(3) | 118.3(5) C(9)-N(5)-N(4) | 119.8(6)
C(28)-C(29) | 1.388(12) N(9)-C(18)-C(19) | 111.5(6) C(9)-N(5)-H(5) | 125(5)
C(28)-H(28) | 0.9500 N(9)-C(18)-H(18A) | 109.3 N(4)-N(5)-H() | 111(5)
C(29)-C(30) | 1.346(14) C(19)-C(18)-H(18A) | 109.3 C(9)-N(6)-C(10) | 125.0(7)
C(29)-H(29) | 0.9500 N(9)-C(18)-H(18B) | 109.3 C(9)-N(6)-H(6) | 117(6)
C(30)-F(4) | 1.348(11) C(19)-C(18)-H(18B) | 109.3 C(10)-N(6)-H(6) | 118(6)
C(30)-C(31) | 1.384(15)  H(18A)-C(18)-H(18B) | 108.0 N(8)-N(7)-H(7) | 113(6)
C(31)-C(32) | 1.380(13) C(24)-C(19)-C(20) | 117.9(7) C(17)-N(8)-N(7) | 117.6(6)
C(31)-H(31) | 0.9500 C(24)-C(19)-C(18) | 121.3(8) C(17)-N(8)-H(8) | 104(10)
C(32)-H(32) | 0.9500 C(20)-C(19)-C(18) | 120.9(7) N(7)-N(8)-H(8) | 131(10)
N(1)-N(2) | 1.407(8) C(21)-C(20)-C(19) | 120.7(7) C(17)-N(9)-C(18) | 127.3(6)
N(1)-H(1) | 0.86(2) C(21)-C(20)-H(20) | 119.6 C(17)-N(9)-H(9) | 109(6)
N(2)-H(2) | 0.87(2) C(19)-C(20)-H(20) | 119.6 C(18)-N(9)-H(9) | 123(6)
N(3)-H(3) | 0.87(2) C(22)-C(21)-C(20) | 119.2(8) N(11)-N(10)-H(10) | 101(5)
N(4)-N(5) | 1.421(8) C(22)-C(21)-H(21) | 120.4 C(25)-N(11)-N(10) | 120.6(6)
N(4)-H(4) | 0.86(2) C(20)-C(21)-H(21) | 120.4 C(25)-N(11)-H(11) | 113(5)
N(5)-H(5) | 0.89(2) F(3)-C(22)-C(21) | 118.9(10) N(10)-N(11)-H(11) | 121(5)
N(6)-H(6) | 0.87(2) F(3)-C(22)-C(23) | 119.5(9) C(25)-N(12)-C(26) | 125.7(6)
N(7)-N(8) | 1.416(8) C(21)-C(22)-C(23) | 121.6(8) C(25)-N(12)-H(12) | 106(5)
N(7)-H(7) | 0.87(2) C(24)-C(23)-C(22) | 119.4(9) C(26)-N(12)-H(12) | 128(5)

Symmetry transformations used to generate equivalent atoms

Figure S4: Molecular structures 4-F-benzyl-3-thiosemicarbazone acenaphthenequinone Fbnz-
TSCACc (5e). Thermal ellipsoids at 50% probability.
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Table S7: Crystal data and structure refinement for Fbnz-TSCAc (5e).

IDENTIFICATION CODE S16SIP7

EMPIRICAL FORMULA C20HI4FN30OS

FORMULA WEIGHT 363.40

TEMPERATURE 150.00(10) K

WAVELENGTH 1.54184 A

CRYSTAL SYSTEM Orthorhombic

SPACE GROUP P21212

UNIT CELL DIMENSIONS a=5.11830(10) A a= 90°.
b =12.2027(2) A B=90°.
Cc = 26.4044(3) A y=90°.

VOLUME 1649.14(5) A3

VA 4

DENSITY (CALCULATED) 1.464 Mg/m3

ABSORPTION COEFFICIENT 1.964 mm1

F(000) 752

CRYSTAL SIZE 0.450 x 0.060 x 0.030 mm3

THETA RANGE FOR DATA COLLECTION | 3.348 to 73.029°.

INDEX RANGES -6<=h<=4, -15<=k<=14, -32<=1<=30

REFLECTIONS COLLECTED 19380

INDEPENDENT REFLECTIONS 3297 [R(int) = 0.0543]

COMPLETENESS TO THETA = 67.684° 100.0 %

ABSORPTION CORRECTION
MAX. AND MIN. TRANSMISSION
REFINEMENT METHOD

DATA / RESTRAINTS / PARAMETERS
GOODNESS-OF-FIT ON F2

FINAL R INDICES [I>2SIGMA(I)]

R INDICES (ALL DATA)

ABSOLUTE STRUCTURE PARAMETER
EXTINCTION COEFFICIENT
LARGEST DIFF. PEAK AND HOLE

Semi-empirical from equivalents
1.00000 and 0.42048
Full-matrix least-squares on F2
3297/01/243

1.041

R1=0.0337, wR2 = 0.0867
R1=0.0350, wR2 = 0.0879
0.008(11)

n/a

0.272 and -0.186 e. A3
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Table S8: Bond lengths [A] and angles [°] for Fbnz-TSCAc (5e).

C(1)-0
C(1)-C(2)
C(1)-C(12)
C(2)-C(3)
C(2)-C(11)
C(3)-C(4)
C(3)-HE)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(11)
C(6)-C(7)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-C(12)
C(12)-N(1)
C(13)-N(3)
C(13)-N(2)
C(13)-S
C(14)-N(3)
C(14)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)
C(15)-C(20)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-F

1.215(3)
1.496(3)
1.517(3)
1.372(4)
1.405(4)
1.420(4)
0.9500

1.364(4)
0.9500

1.424(4)
0.9500

1.402(3)
1.412(4)
1.378(4)
0.9500

1.426(4)
0.9500

1.369(4)
0.9500

1.408(3)
1.466(3)
1.294(3)
1.333(3)
1.378(3)
1.671(3)
1.459(3)
1.514(3)
0.9900

0.9900

1.385(4)
1.392(4)
1.393(4)
0.9500

1.366(5)
0.9500

1.369(3)

C(5)-C(6)
C(5)-H(5)
C(6)-C(11)
C(6)-C(7)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-C(12)
C(12)-N(1)
C(13)-N(@3)
C(13)-N(2)
C(13)-S
C(14)-N(@3)
C(14)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)
C(15)-C(20)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-F
C(18)-C(19)
C(19)-C(20)
C(19)-H(19)
C(20)-H(20)
N(1)-N(2)
N(2)-H(2A)
N(3)-H(3A)
0-C(1)-C(2)
0-C(1)-C(12)

1.424(4)
0.9500
1.402(3)
1.412(4)
1.378(4)
0.9500
1.426(4)
0.9500
1.369(4)
0.9500
1.408(3)
1.466(3)
1.294(3)
1.333(3)
1.378(3)
1.671(3)
1.459(3)
1.514(3)
0.9900
0.9900
1.385(4)
1.392(4)
1.393(4)
0.9500
1.366(5)
0.9500
1.369(3)
1.374(5)
1.389(4)
0.9500
0.9500
1.352(3)
0.86(4)
0.88(4)
129.0(2)
125.9(2)

C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-C(12)
C(11)-C(10)-C(12)
C(6)-C(11)-C(2)
C(6)-C(11)-C(10)
C(2)-C(11)-C(10)
N(1)-C(12)-C(10)
N(1)-C(12)-C(1)
C(10)-C(12)-C(1)
N(3)-C(13)-N(2)
N(3)-C(13)-S
N(2)-C(13)-S
N(3)-C(14)-C(15)
N(3)-C(14)-H(14A)
C(15)-C(14)-H(14A)
N(3)-C(14)-H(14B)
C(15)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(16)-C(15)-C(20)
C(16)-C(15)-C(14)
C(20)-C(15)-C(14)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)

120.2(2)
119.9
119.9
122.5(3)
118.7
118.7
117.8(2)
121.1
121.1
119.7(2)
133.9(2)
106.3(2)
122.9(2)
123.2(2)
113.9(2)
123.9(2)
128.3(2)
107.8(2)
115.0(2)
126.04(19)
119.0(2)
113.5(2)
108.9
108.9
108.9
108.9
107.7
119.3(2)
120.0(2)
120.7(2)
120.5(3)
119.8
119.8
118.4(3)
120.8
120.8
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C(18)-C(19)
C(19)-C(20)
C(19)-H(19)
C(20)-H(20)
N(1)-N(2)
N(2)-H(2A)
N(3)-H(3A)
C(1)-0
C(1)-C(2)
C(1)-C(12)
C(2)-C(3)
C(2)-C(11)
C(3)-C(4)
C(3)-H(@)
C(4)-C(5)
C(4)-H(4)

1.374(5)
1.389(4)
0.9500
0.9500
1.352(3)
0.86(4)
0.88(4)
1.215(3)
1.496(3)
1.517(3)
1.372(4)
1.405(4)
1.420(4)
0.9500
1.364(4)
0.9500

C(2)-C(1)-C(12)
C(3)-C(2)-C(11)
C(3)-C(2)-C(1)
C(11)-C(2)-C(1)
C(2)-C(3)-C(4)
C(2)-C(3)-HB)
C(4)-C(3)-H@3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(11)-C(6)-C(7)
C(11)-C(6)-C(5)
C(7)-C(6)-C(5)

105.1(2)
120.0(2)
133.2(2)
106.8(2)
117.8(3)
121.1
121.1
122.5(3)
118.8
118.8
120.7(3)
119.7
119.7
116.6(2)
116.1(2)
127.3(2)

Symmetry transformations used to generate equivalent atoms:

APPENDIX

C(17)-C(18)-F
C(17)-C(18)-C(19)
F-C(18)-C(19)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19)
C(20)-C(19)-H(19)
C(19)-C(20)-C(15)
C(19)-C(20)-H(20)
C(15)-C(20)-H(20)
C(12)-N(1)-N(2)
N(1)-N(2)-C(13)
N(1)-N(2)-H(2A)
C(13)-N(2)-H(2A)
C(13)-N(3)-C(14)
C(13)-N(3)-H(3A)
C(14)-N(3)-H(3A)

118.6(3)
123.0(3)
118.3(3)
118.0(3)
121.0
121.0
120.7(3)
119.6
119.6
117.8(2)
119.4(2)
123(2)
118(2)
123.6(2)
122(2)
114(2)

Figure S5: Molecular structures 4-ethynylbenzyl-3-thiosemicarbazone acenaphthenequinone
propbnz-TSCAc (5f). Thermal ellipsoids at 50% probability.
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Table S9: Crystal data and structure refinement for propbnz-TSCAc (5f).

IDENTIFICATION CODE S17SIP2

EMPIRICAL FORMULA C22H15N30S

FORMULA WEIGHT 369.43

TEMPERATURE 150.00(10) K

WAVELENGTH 1.54184 A

CRYSTAL SYSTEM Orthorhombic

SPACE GROUP P212121

UNIT CELL DIMENSIONS a=5.3336(3) A a=90°.
b =12.1295(5) A B=90°.
¢ =27.1119(16) A ¥ =90°.

VOLUME 1753.97(16) A3

z 4

DENSITY (CALCULATED) 1.399 Mg/m3

ABSORPTION COEFFICIENT 1.774 mm1

F(000) 768

CRYSTAL SIZE 0.050 x 0.050 x 0.020 mm3

THETA RANGE FOR DATA COLLECTION | 3.260 to 73.334°.

INDEX RANGES -6<=h<=6, -12<=k<=14, -33<=|<=31

REFLECTIONS COLLECTED 10236

INDEPENDENT REFLECTIONS 3461 [R(int) = 0.0590]

COMPLETENESS TO THETA = 67.684° 100.0 %

ABSORPTION CORRECTION

MAX. AND MIN. TRANSMISSION
REFINEMENT METHOD

DATA / RESTRAINTS / PARAMETERS
GOODNESS-OF-FIT ON F2

FINAL R INDICES [I>2SIGMA(1)]

R INDICES (ALL DATA)

ABSOLUTE STRUCTURE PARAMETER
EXTINCTION COEFFICIENT
LARGEST DIFF. PEAK AND HOLE

Semi-empirical from equivalents
1.00000 and 0.72088
Full-matrix least-squares on F2
3461/0/252

1.070

R1 =0.0536, wR2 = 0.1228

R1 =0.0685, wR2 = 0.1311
0.01(3)

n/a

0.258 and -0.168 e.A3

Table S10: Bond lengths [A] and angles [°] for propbnz-TSCAc (5f).

‘ 1.673(5)

S-C(13) C(18)-C(21)
N(1)-C(12) \ 1.297(6)  C(19)-C(20)
N(1)-N(2) ‘ 1.339(5)  C(19)-H(19)

1.441(7)  C(8)-C(9)-H(9) 121.0
1.384(7)  C(9)-C(10)-C(11) 119.2(5)
0.9500 C(9)-C(10)-C(12) 134.5(5)




N(2)-C(13)
N(2)-H(2A)
N(3)-C(13)
N(3)-C(14)
N(3)-H(3A)
0-C(1)
C(1)-C(2)
C(1)-C(12)
C(2)-C(3)
C(2)-C(11)
C(3)-C(4)
C(3)-H@3)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(11)
C(6)-C(7)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-C(12)
C(14)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)
C(15)-C(20)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)

1.365(6)
0.87(6)
1.335(6)
1.465(6)
0.87(6)
1.217(6)
1.483(7)
1.514(6)
1.370(7)
1.408(6)
1.409(7)
0.9500
1.366(7)
0.9500
1.407(7)
0.9500
1.402(6)
1.411(6)
1.370(7)
0.9500
1.412(7)
0.9500
1.370(6)
0.9500
1.406(7)
1.464(6)
1.513(6)
0.9900
0.9900
1.372(6)
1.388(7)
1.392(7)
0.9500
1.392(7)
0.9500
1.396(7)

C(20)-H(20)
C(21)-C(22)
C(22)-H(22)
C(12)-N(1)-N(2)
N(1)-N(2)-C(13)
N(1)-N(2)-H(2A)
C(13)-N(2)-H(2A)
C(13)-N(3)-C(14)
C(13)-N(3)-H(3A)
C(14)-N(3)-H(3A)
0-C(1)-C(2)
0-C(1)-C(12)
C(2)-C(1)-C(12)
C(3)-C(2)-C(11)
C(3)-C(2)-C(1)
C(11)-C(2)-C(1)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(11)-C(6)-C(5)
C(11)-C(6)-C(7)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)

0.9500
1.179(7)
0.9500
118.1(4)
119.6(4)
122(4)
118(4)
124.4(4)
116(4)
119(4)
129.5(5)
124.8(5)
105.7(4)
119.6(5)
133.8(4)
106.6(4)
118.4(4)
120.8
120.8
122.0(5)
119.0
119.0
121.1(5)
119.4
119.4
116.3(4)
116.0(4)
127.7(5)
120.3(5)
119.8
119.8
122.9(5)
1185
1185
118.0(5)
121.0
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C(11)-C(10)-C(12)
C(6)-C(11)-C(10)
C(6)-C(11)-C(2)
C(10)-C(11)-C(2)
N(1)-C(12)-C(10)
N(1)-C(12)-C(1)
C(10)-C(12)-C(1)
N(3)-C(13)-N(2)
N(3)-C(13)-S
N(2)-C(13)-S
N(3)-C(14)-C(15)
N(3)-C(14)-H(14A)
C(15)-C(14)-H(14A)
N(3)-C(14)-H(14B)
C(15)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(16)-C(15)-C(20)
C(16)-C(15)-C(14)
C(20)-C(15)-C(14)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)
C(17)-C(18)-C(19)
C(17)-C(18)-C(21)
C(19)-C(18)-C(21)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(15)
C(19)-C(20)-H(20)
C(15)-C(20)-H(20)
C(22)-C(21)-C(18)
C(21)-C(22)-H(22)

106.3(4)
123.6(4)
122.6(5)
113.8(4)
123.7(4)
128.7(4)
107.6(4)
115.2(4)
125.3(4)
119.5(4)
112.3(4)
109.1
109.1
109.1
109.1
107.9
120.0(5)
119.7(4)
120.2(4)
120.7(5)
119.7
119.7
119.6(5)
120.2
120.2
119.4(5)
120.7(5)
119.9(5)
120.2(5)
119.9
119.9
120.0(5)
120.0
120.0
178.5(6)
180.0
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Figure S6: Chrystal structure of AcGC (15).

Table S11: Crystal data and structure refinement for AcGC (15).

IDENTIFICATION CODE S15SIP4
EMPIRICAL FORMULA C24 H26 O12
FORMULA WEIGHT 506.45
TEMPERATURE 150(2) K
WAVELENGTH 1.54184 A
CRYSTAL SYSTEM Orthorhombic
SPACE GROUP P212121

UNIT CELL DIMENSIONS

a=8.45570(10) A
b =13.6108(2) A
c = 42.3604(6) A

a=90°.

B= 90°.

v =90°.
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VOLUME

z

DENSITY (CALCULATED)
ABSORPTION COEFFICIENT

F(000)

CRYSTAL SIZE

THETA RANGE FOR DATA COLLECTION
INDEX RANGES

REFLECTIONS COLLECTED
INDEPENDENT REFLECTIONS
COMPLETENESS TO THETA = 67.684°
ABSORPTION CORRECTION

MAX. AND MIN. TRANSMISSION
REFINEMENT METHOD

DATA / RESTRAINTS / PARAMETERS
GOODNESS-OF-FIT ON F2

FINAL R INDICES [I1>2SIGMA(1)]

R INDICES (ALL DATA)

ABSOLUTE STRUCTURE PARAMETER
EXTINCTION COEFFICIENT
LARGEST DIFF. PEAK AND HOLE

APPENDIX

4875.21(11) A3

8

1.380 Mg/m3

0.955 mm-!

2128

0.320 x 0.150 x 0.100 mm3
4.512 to 71.987°.

-6<=h<=10, -16<=k<=16, -45<=1<=52
42452

9541 [R(int) = 0.0602]

99.9 %

Semi-empirical from equivalents
1.00000 and 0.78152
Full-matrix least-squares on F2
9541/0/660

1.026

R1 =0.0439, wR2 = 0.1129
R1=0.0473, wR2 = 0.1163
0.09(7)

n/a

0.665 and -0.282 e. A3

Table S12: Bond lengths [A] and angles [°] for AcGC (15).

C(1)-0(10) | 1.396(3) C(44)-H(44B) | 0.9800 C(29)-C(26)-C(25) | 111.4(2)
C(1)-0(1) | 1.431(4) C(44)-H(44C) | 0.9800 O(14)-C(26)-H(26) | 110.1
C(1)-C(2) | 1.529(4) C(45)-C(46) | 1.445(5) C(29)-C(26)-H(26) | 110.1
C(1)-H(1) | 1.0000 C(45)-H(45) | 0.9500 C(25)-C(26)-H(26) | 110.1
C(2)-0(2) | 1.437(3) C(46)-0(24) | 1.211(5) O(15)-C(27)-0(14) | 123.6(3)
C(2)-C(5) | 1.523(4) C(46)-0(23) | 1.375(4) O(15)-C(27)-C(28) | 125.6(3)
C(2)-H(2) | 1.0000 C(47)-0(23) | 1.370(4) 0(14)-C(27)-C(28) | 110.8(3)
C(3)-0(3) | 1.199(5) C(47)-C(48) | 1.387(4) C(27)-C(28)-H(28A) | 109.5
C(3)-0(2) | 1.351(4) C(48)-H(48) | 0.9500 C(27)-C(28)-H(28B) | 109.5
C(3)-C(4) | 1.485(5) C(4)-H(4A) | 0.9800 H(28A)-C(28)-H(28B) | 109.5
C(5)-0(4) | 1.430(3) C(4)-H(4B) | 0.9800 C(27)-C(28)-H(28C) | 109.5
C(5)-C(8) | 1.517(4) C(4)-H(4C) | 0.9800 H(28A)-C(28)-H(28C) | 109.5
C(5)-H(5) | 1.0000 0(10)-C(1)-0(1) | 112.3(2) H(28B)-C(28)-H(28C) | 109.5
C(6)-0(5) | 1.195(4) 0(10)-C(1)-C(2) | 111.7(2) 0(16)-C(29)-C(32) | 107.6(2)
C(6)-O(4) | 1.348(4) O(1)-C(1)-C(2) | 105.0(2) 0(16)-C(29)-C(26) | 110.1(2)




C(6)-C(7)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)

C(8)-O(6)

C(8)-C(11)

C(8)-H(8)

C(9)-0(7)

C(9)-0(6)

C(9)-C(10)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)

C(11)-0(10)
C(11)-C(12)
C(11)-H(11)

C(12)-0(8)
C(12)-H(12A)
C(12)-H(12B)

C(13)-0(9)

C(13)-0(8)

C(13)-C(14)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-0(1)
C(15)-C(24)
C(15)-C(16)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(23)
C(18)-C(19)
C(19)-C(21)
C(19)-C(20)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-C(22)

1.492(4)
0.9800
0.9800
0.9800
1.436(3)
1.520(4)
1.0000
1.191(5)
1.367(4)
1.491(5)
0.9800
0.9800
0.9800
1.433(3)
1.509(4)
1.0000
1.439(4)
0.9900
0.9900
1.199(5)
1.343(4)
1.490(5)
0.9800
0.9800
0.9800
1.374(4)
1.387(4)
1.397(4)
1.377(5)
0.9500
1.409(4)
0.9500
1.399(4)
1.443(4)
1.343(5)
1.502(5)
0.9800
0.9800
0.9800
1.449(5)

O(10)-C(1)-H(1)
O(1)-C(1)-H(2)
C(2)-C(1)-H(1)
0(2)-C(2)-C(5)
0(2)-C(2)-C(1)
C(5)-C(2)-C(2)
0(2)-C(2)-H(2)
C(5)-C(2)-H(2)
C(1)-C(2)-H(2)
0(3)-C(3)-0(2)
0(3)-C(3)-C(4)
0(2)-C(3)-C(4)
O(4)-C(5)-C(8)
O(4)-C(5)-C(2)
C(8)-C(5)-C(2)
O(4)-C(5)-H(5)
C(8)-C(5)-H(5)
C(2)-C(5)-H(5)
O(5)-C(6)-0(4)
O(5)-C(6)-C(7)
O(4)-C(6)-C(7)

C(6)-C(7)-H(7A)

C(6)-C(7)-H(7B)

H(7A)-C(7)-H(7B)
C(6)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
0(6)-C(8)-C(5)
0(6)-C(8)-C(11)

C(5)-C(8)-C(11)
0(6)-C(8)-H(8)
C(5)-C(8)-H(8)

C(11)-C(8)-H(8)
0(7)-C(9)-0(6)

0(7)-C(9)-C(10)

0(6)-C(9)-C(10)
C(9)-C(10)-H(10A)
C(9)-C(10)-H(10B)

H(10A)-C(10)-H(10B)
H(10B)-C(10)-H(10C)

109.3
109.3
109.3
107.5(2)
106.2(2)
111.3(2)
1106
1106
1106
123.8(3)
126.0(3)
110.2(3)
107.2(2)
110.1(2)
111.2(2)
109.4
109.4
109.4
123.1(3)
126.5(3)
110.3(3)
109.5
109.5
109.5
109.5
109.5
109.5
108.7(2)
107.4(2)
108.7(2)
110.7
110.7
110.7
123.8(3)
126.5(3)
109.7(3)
109.5
109.5
109.5
109.5
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C(32)-C(29)-C(26)
0(16)-C(29)-H(29)
C(32)-C(29)-H(29)
C(26)-C(29)-H(29)
0(17)-C(30)-O(16)
0(17)-C(30)-C(31)
0(16)-C(30)-C(31)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)

H(31A)-C(31)-H(31B)

C(30)-C(31)-H(31C)

H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)

0(18)-C(32)-C(29)
0(18)-C(32)-C(35)
C(29)-C(32)-C(35)
0(18)-C(32)-H(32)
C(29)-C(32)-H(32)
C(35)-C(32)-H(32)
0(19)-C(33)-0(18)
0(19)-C(33)-C(34)
0(18)-C(33)-C(34)
C(33)-C(34)-H(34A)
C(33)-C(34)-H(34B)

H(34A)-C(34)-H(34B)
H(34B)-C(34)-H(34C)

0(22)-C(35)-C(36)
0(22)-C(35)-C(32)
C(36)-C(35)-C(32)
0(22)-C(35)-H(35)
C(36)-C(35)-H(35)
C(32)-C(35)-H(35)
0(20)-C(36)-C(35)
0(20)-C(36)-H(36A)
C(35)-C(36)-H(36A)
0(20)-C(36)-H(36B)
C(35)-C(36)-H(36B)

H(36A)-C(36)-H(36B)

0(21)-C(37)-0(20)
0(21)-C(37)-C(38)

112.0(2)
109.0
109.0
109.0
123.6(3)
126.4(3)
110.1(3)
109.5
109.5
109.5
109.5
109.5
109.5
108.7(2)
106.6(2)
108.2(2)
111.1
111.1
111.1
124.5(3)
126.4(3)
109.2(3)
109.5
109.5
109.5
109.5
107.2(2)
109.3(2)
115.0(2)
108.4
108.4
108.4
108.9(2)
109.9
109.9
109.9
109.9
108.3
122.5(3)
125.1(3)
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C(21)-H(21)
C(22)-0(12)
C(22)-0(11)
C(23)-0(11)
C(23)-C(24)
C(24)-H(24)
C(25)-0(22)
C(25)-0(13)
C(25)-C(26)
C(25)-H(25)
C(26)-O(14)
C(26)-C(29)
C(26)-H(26)
C(27)-O(15)
C(27)-0(14)
C(27)-C(28)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)
C(29)-O(16)
C(29)-C(32)
C(29)-H(29)
C(30)-0(17)
C(30)-O(16)
C(30)-C(31)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-0(18)

C(32)-C(35)
C(32)-H(32)

C(33)-0(18)
C(33)-C(34)
C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(35)-0(22)
C(35)-C(36)
C(35)-H(35)
C(36)-0(20)

0.9500
1.211(4)
1.378(4)
1.369(4)
1.388(4)
0.9500
1.403(3)
1.424(3)
1.521(4)
1.0000
1.441(3)
1.521(4)
1.0000
1.194(4)
1.357(3)
1.490(4)
0.9800
0.9800
0.9800
1.435(3)
1.513(3)
1.0000
1.204(4)
1.345(3)
1.500(4)
0.9800
0.9800
0.9800
1.432(3)

1.524(4)
1.0000

1.358(4)
1.499(4)
0.9800
0.9800
0.9800
1.429(3)
1.508(4)
1.0000
1.443(4)

0(10)-C(11)-C(12)
C(12)-C(11)-H(11)
C(8)-C(11)-H(11)
0(8)-C(12)-C(11)
0(8)-C(12)-H(12A)
C(11)-C(12)-H(12A)
0(8)-C(12)-H(12B)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
0(9)-C(13)-0(8)
0(9)-C(13)-C(14)
0(8)-C(13)-C(14)
C(13)-C(14)-H(14A)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(13)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
O(1)-C(15)-C(24)
O(1)-C(15)-C(16)
C(24)-C(15)-C(16)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(23)-C(18)-C(17)
C(23)-C(18)-C(19)
C(17)-C(18)-C(19)
C(21)-C(19)-C(18)
C(21)-C(19)-C(20)
C(18)-C(19)-C(20)
C(19)-C(20)-H(20A)
C(19)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(19)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(19)-C(21)-C(22)

107.1(2)
108.6
108.6
108.0(2)
110.1
110.1
110.1
110.1
108.4
123.0(3)
125.1(3)
111.9(3)
109.5
109.5
109.5
109.5
109.5
109.5
123.5(3)
115.4(3)
121.0(3)
119.6(3)
120.2
120.2
121.3(3)
119.3
119.3
116.9(3)
118.1(3)
125.1(3)

118.8(3)

121.0(3)
120.2(3)
109.5
109.5
109.5
109.5
109.5
109.5
123.2(3)
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0(20)-C(37)-C(38)
C(37)-C(38)-H(38A)
C(37)-C(38)-H(38B)

H(38A)-C(38)-H(38B)

C(37)-C(38)-H(38C)

H(38A)-C(38)-H(38C)
H(38B)-C(38)-H(38C)

0(13)-C(39)-C(48)
0(13)-C(39)-C(40)
C(48)-C(39)-C(40)
C(41)-C(40)-C(39)
C(41)-C(40)-H(40)
C(39)-C(40)-H(40)
C(40)-C(41)-C(42)
C(40)-C(41)-H(41)
C(42)-C(41)-H(41)
C(47)-C(42)-C(41)
C(47)-C(42)-C(43)
C(41)-C(42)-C(43)
C(45)-C(43)-C(42)
C(45)-C(43)-C(44)
C(42)-C(43)-C(44)
C(43)-C(44)-H(44A)
C(43)-C(44)-H(44B)

H(44A)-C(44)-H(44B)

C(43)-C(44)-H(44C)

H(44A)-C(44)-H(44C)
H(44B)-C(44)-H(44C)

C(43)-C(45)-C(46)
C(43)-C(45)-H(45)
C(46)-C(45)-H(45)
0(24)-C(46)-0(23)
0(24)-C(46)-C(45)
0(23)-C(46)-C(45)
0(23)-C(47)-C(42)
0(23)-C(47)-C(48)
C(42)-C(47)-C(48)
C(39)-C(48)-C(47)
C(39)-C(48)-H(48)
C(47)-C(48)-H(48)

112.4(3)
109.5
109.5
109.5
109.5
109.5
109.5
122.7(3)
116.3(3)
121.0(3)
119.5(3)
120.2
120.2
121.0(3)
1195
119.5
117.3(3)
118.3(3)
124.4(3)
118.4(3)
121.5(3)
120.2(3)
109.5
109.5
109.5
109.5
109.5
109.5
123.2(3)
118.4

118.4

116.7(3)
126.8(3)
116.5(3)
121.8(3)
115.1(3)
123.1(3)
118.0(3)
121.0

121.0
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C(36)-H(36A)
C(36)-H(36B)
C(37)-0(21)
C(37)-0(20)
C(37)-C(38)
C(38)-H(38A)
C(38)-H(38B)
C(38)-H(38C)
C(39)-0(13)
C(39)-C(48)
C(39)-C(40)
C(40)-C(41)
C(40)-H(40)
C(41)-C(42)
C(41)-H(41)
C(42)-C(47)
C(42)-C(43)
C(43)-C(45)
C(43)-C(44)
C(44)-H(44A)

0.9900
0.9900
1.208(5)
1.346(3)
1.493(5)
0.9800

0.9800

0.9800
1.374(3)
1.383(4)
1.395(4)
1.380(4)
0.9500

1.408(4)
0.9500

1.384(4)
1.447(4)

1.343(5)

1.497(5)
0.9800

C(19)-C(21)-H(21)
C(22)-C(21)-H(21)
0(12)-C(22)-0(11)
0(12)-C(22)-C(21)
0(11)-C(22)-C(21)

0(11)-C(23)-C(24)
0(11)-C(23)-C(18)

C(19)-C(21)-C(22)
C(24)-C(23)-C(18)
C(15)-C(24)-C(23)
C(15)-C(24)-H(24)
C(23)-C(24)-H(24)
0(22)-C(25)-0(13)
0(22)-C(25)-C(26)
0(13)-C(25)-C(26)
0(22)-C(25)-H(25)

O(13)-C(25)-H(25)
C(26)-C(25)-H(25)

O(14)-C(26)-C(29)
0(14)-C(26)-C(25)

118.4
118.4
117.2(3)
126.4(3)
116.4(3)

115.2(3)
121.7(3

123.2(3)
123.0(3)
117.9(3)
121.0
121.0
112.4(2)
112.0(2)
104.8(2)
109.2

109.2
109.2

109.0(2)
106.2(2)
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C(15)-0(1)-C(1)
C(3)-0(2)-C(2)
C(6)-O(4)-C(5)

C(3)-C(4)-H(4A)

C(3)-C(4)-H(4B)

H(4A)-C(4)-H(4B)
C(3)-C(4)-H(4C)
H(4A)-C(4)-H(4C)
H(4B)-C(4)-H(4C)
C(9)-0(6)-C(8)
C(13)-0(8)-C(12)
C(1)-0(10)-C(11)
C(23)-0(11)-C(22)
C(39)-0(13)-C(25)
C(27)-0(14)-C(26)
C(30)-0(16)-C(29)
C(33)-0(18)-C(32)
C(37)-0(20)-C(36)
C(25)-0(22)-C(35)
C(47)-0(23)-C(46)

117.3(2)
116.0(2)
118.7(2)
109.5
109.5
109.5

109.5

109.5
109.5

118.2(2)
114.4(2)
114.7(2)
121.8(3)
117.0(2)
116.4(2)
116.8(2)
118.0(2)

113.1(2)

114.4(2)
121.7(3)

Symmetry transformations used to generate equivalent atoms

Figure S7: Crystal Structure of GC (16).
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Table S13: Crystal data and structure refinement for GC (16).

IDENTIFICATION CODE S17SIP7
EMPIRICAL FORMULA C16 H18 O8
FORMULA WEIGHT 338.30
TEMPERATURE 150.01(10) K
WAVELENGTH 1.54184 A
CRYSTAL SYSTEM Triclinic
SPACE GROUP P1

UNIT CELL DIMENSIONS

VOLUME

z

DENSITY (CALCULATED)
ABSORPTION COEFFICIENT

F(000)

CRYSTAL SIZE

THETA RANGE FOR DATA COLLECTION
INDEX RANGES

REFLECTIONS COLLECTED
INDEPENDENT REFLECTIONS
COMPLETENESS TO THETA = 67.684°
ABSORPTION CORRECTION

MAX. AND MIN. TRANSMISSION
REFINEMENT METHOD

DATA / RESTRAINTS / PARAMETERS
GOODNESS-OF-FIT ON F2

FINAL R INDICES [I>2SIGMA(1)]

R INDICES (ALL DATA)

ABSOLUTE STRUCTURE PARAMETER
EXTINCTION COEFFICIENT
LARGEST DIFF. PEAK AND HOLE

a=7.9134(3) A
b=7.9212(4) A

¢ =12.5663(6) A
732.32(6) A3

2

1.534 Mg/m?3

1.060 mm-t

356

0.150 x 0.090 x 0.020 mm3
3.782 to 73.044°.
-9<=h<=8, -9<=k<=9, -15<=I<=13
4688

3355 [R(int) = 0.0226]

99.8 %

o= 105.567(4)°.
B=104.160(4)°.
y=91.397(3)°.

Semi-empirical from equivalents
1.00000 and 0.82567
Full-matrix least-squares on F2
3355/3/ 467

1.034

R1=0.0296, wR2 = 0.0769
R1=0.0307, wR2 = 0.0781
-0.03(12)

n/a

0.220 and -0.193 e.A-3

XX



Table S14: Bond lengths [A] for GC (16).

APPENDIX

0(1)-C(1) 1.213(4) C(8)-C(9) 1.390(3) O(16)-H(16A) 0.84(4)
0(2)-C(1) 1.376(3) C(9)-C(10) 1.383(3) C(17)-C(18) 1.447(3)
0(2)-C(10) 1.378(3) C(9)-H(9) 0.9500 C(18)-C(19) 1.342(3)
0O(3)-C(8) 1.368(3) C(11)-C(16) 1.525(3) C(18)-H(18) 0.9500
0O(3)-C(11) 1.433(3) C(11)-H(11) 1.0000 C(19)-C(21) 1.447(3)
0O(4)-C(11) 1.398(3) C(12)-C(13) 1.512(3) C(19)-C(20) 1.499(3)
0O(4)-C(12) 1.444(3) C(12)-C(14) 1.532(3) C(20)-H(20A) 0.9800
0(5)-C(13) 1.433(3) C(12)-H(12) 1.0000 C(20)-H(20B) 0.9800
O(5)-H(5A) 0.93(4) C(13)-H(13A) 0.9900 C(20)-H(20C) 0.9800
0O(6)-C(14) 1.421(3) C(13)-H(13B) 0.9900 C(21)-C(26) 1.393(3)
O(6)-H(6A) 0.80(4) C(14)-C(15) 1.521(3) C(21)-C(22) 1.404(3)
O(7)-C(15) 1.429(3) C(14)-H(14) 1.0000 C(22)-C(23) 1.373(3)
O(7)-H(7A) 0.87(5) C(15)-C(16) 1.518(3) C(22)-H(22) 0.9500
O(8)-C(16) 1.428(3) C(15)-H(15) 1.0000 C(23)-C(24) 1.396(3)
0O(8)-H(8A) 0.74(4) C(16)-H(16) 1.0000 C(23)-H(23) 0.9500
C(1)-C(2) 1.448(4) 0(9)-C(17) 1.223(3) C(24)-C(25) 1.387(3)
C(2)-C(3) 1.347(4) 0(10)-C(17) 1.364(3) C(25)-C(26) 1.390(3)
C(2)-H(2) 0.9500 O(10)-C(26) 1.379(3) C(25)-H(25) 0.9500
C(3)-C(5) 1.447(3) 0O(11)-C(24) 1.374(3) C(27)-C(32) 1.531(3)
C(3)-C(4) 1.506(4) O(11)-C(27) 1.423(3) C(27)-H(27) 1.0000
C(4)-H(4A) 0.9800 0(12)-C(27) 1.401(3) C(28)-C(29) 1.523(3)
C(4)-H(4B) 0.9800 0(12)-C(28) 1.441(3) C(28)-C(30) 1.531(3)
C(4)-H(4C) 0.9800 0(13)-C(29) 1.428(3) C(28)-H(28) 1.0000
C(5)-C(10) 1.394(3) 0(13)-H(13) 0.90(5) C(29)-H(29A) 0.9900
C(5)-C(6) 1.405(4) 0O(14)-C(30) 1.426(3) C(29)-H(29B) 0.9900
C(6)-C(7) 1.378(3) O(14)-H(14A) 0.80(4) C(30)-C(31) 1.522(3)
C(6)-H(6) 0.9500 0(15)-C(31) 1.419(3) C(30)-H(30) 1.0000
C(7)-C(8) 1.403(3) O(15)-H(15A) 0.88(5) C(31)-C(32) 1.532(3)
C(7)-H(7) 0.9500 0(16)-C(32) 1.414(3) C(31)-H(31) 1.0000
Table S15: Bond angles [°] for GC (16)
C(1)-0(2)-C(10) | 121.2(2) C(30)-O(14)-H(14A) | 107(3)
C(8)-O(3)-C(11) | 118.79(18) C(31)-O(15)-H(15A) | 115(3)
C(11)-O(4)-C(12) | 114.12(16) C(32)-O(16)-H(16A) | 108(2)
C(13)-0O(5)-H(5A) | 111(2) 0(9)-C(17)-0(10) | 116.6(2)
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C(14)-0(6)-H(6A)
C(15)-0(7)-H(7A)
C(16)-O(8)-H(8A)
O(1)-C(1)-0(2)
0(1)-C(1)-C(2)
0(2)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(5)
C(2)-C(3)-C(4)
C(5)-C(3)-C(4)
C(3)-C(4)-H(4A)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(3)-C(4)-H(4C)
H(4A)-C(4)-H(4C)
H(4B)-C(4)-H(4C)
C(10)-C(5)-C(6)
C(10)-C(5)-C(3)
C(6)-C(5)-C(3)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)

C(5)-C(6)-H(6)
C(6)-C(7)-C(8)

C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
O(3)-C(8)-C(9)
O(3)-C(8)-C(7)
C(9)-C(8)-C(7)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H()
0(2)-C(10)-C(9)
0(2)-C(10)-C(5)
C(9)-C(10)-C(5)
0O(4)-C(11)-0(3)
O(4)-C(11)-C(16)
0O(3)-C(11)-C(16)
O(4)-C(11)-H(11)

108(2)
108(3)
110(3)
116.1(2)
126.7(3)
117.2(2)
122.8(2)
118.6
118.6
118.6(2)
122.4(2)
119.0(3)
109.5
109.5
109.5
109.5
109.5
109.5
117.1(2)
118.4(2)
124.5(2)
121.3(2)
119.3

119.3
119.4(2)

120.3
1203
124.2(2)
114.9(2)
121.0(2)
117.8(2)
121.1
121.1
115.0(2)
121.7(2)
123.3(2)
112.52(18)
112.85(18)
104.25(17)
109.0

0(9)-C(17)-C(18)
0(10)-C(17)-C(18)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
C(18)-C(19)-C(21)
C(18)-C(19)-C(20)
C(21)-C(19)-C(20)
C(19)-C(20)-H(20A)
C(19)-C(20)-H(20B)

H(20A)-C(20)-H(20B)

C(19)-C(20)-H(20C)

H(20A)-C(20)-H(20C)

C(26)-C(21)-C(22)
C(26)-C(21)-C(19)
C(22)-C(21)-C(19)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)
C(24)-C(23)-H(23)
C(26)-C(21)-C(22)
O(11)-C(24)-C(25)
0(11)-C(24)-C(23)
C(25)-C(24)-C(23)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25)
C(26)-C(25)-H(25)
0(10)-C(26)-C(25)
0(10)-C(26)-C(21)
C(25)-C(26)-C(21)
0(12)-C(27)-0(11)
0(12)-C(27)-C(32)
0(11)-C(27)-C(32)
0(12)-C(27)-H(27)
0(11)-C(27)-H(27)
C(32)-C(27)-H(27)
0(12)-C(28)-C(29)
0(12)-C(28)-C(30)
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125.7(2)
117.8(2)
122.0(2)
119.0
119.0
119.4(2)
121.9(2)
118.8(2)
109.5
109.5
109.5
109.5
109.5
117.4(2)
118.0(2)
124.6(2)
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APPENDIX 2: Spectroscopic analysis for selected compounds
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Figure S8: *H NMR spectrum (500 MHz, DMSO-ds) presented the monosubstituted ligand

PhTSCA (5a).
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Figure S9: *H COSY NMR spectrum (500 MHz, DMSO-dg) presented the monosubstituted
ligand PhTSCA (5a).
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Figure S10: *3C NMR spectrum (500 MHz, DMSO-dg) presented the monosubstituted ligand
PhTSCA (5a).
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Figure S11: *H-3C HSQC NMR spectrum (500 MHz, DMSO-dg) presented the monosubstituted
ligand PhTSCA (5a).
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Figure S12: *H NMR spectrum (500 MHz, DMSO-ds) presented the Zn(I1) coordinated
monosubstituted ligand Zn(PhTSCA): (6a).
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Figure S13: *H COSY NMR spectrum (500 MHz, DMSO-ds) presented the Zn(ll) coordinated

monosubstituted ligand Zn(PhTSCA); (6a).
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Figure S14: *H NMR spectrum (500 MHz, DMSO-ds) of presented the asymmetric

PhZnTSCA complex (9a).
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Figure S15: *H COSY NMR spectrum (500 MHz, DMSO-ds) presented the asymmetric

PhZnTSCA complex (9a).
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Figure S16: *3C NMR spectrum (500 MHz, DMSO-dg) presented the asymmetric
PhZnTSCA complex (9a).
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Figure S18: *H NMR spectrum (300 MHz, DMSO-ds) of presented the asymmetric
PhGaTSCA complex (10a).
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Figure S19: *H COSY NMR spectrum (300 MHz, DMSO-dg) presented the asymmetric
PhGaTSCA complex (10a).
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Figure S20: *H NMR spectra (500 MHz, CDCls-ds) presenting the 2,3,4,6-Tetra-O-acetyl-D-

mannopyranose (13).
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Figure S21: *H COSY NMR spectra (500 MHz, CDCls-dg) presenting the 2,3,4,6-Tetra-O-acetyl-
D-mannopyranose (13).
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Figure S22: *3C NMR spectra (500 MHz, CDCls-dg) presenting the 2,3,4,6-Tetra-O-acetyl-D-

mannopyranose (13).
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Figure S24: *H NMR spectra (500 MHz, CDCls-ds) presenting the 4- Methylumbelliferyl-7-yl-

2,3,4,6-Tetra-O-acetyl- a -D-mannopyranose (AcGC, 15).
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Figure S25: *H COSY NMR spectra (500 MHz, CDCls-ds) presenting the 4- Methylumbelliferyl-

7-yl-2,3,4,6-Tetra-O-acetyl- a -D-mannopyranose (AcGC, 15).
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Figure S26: **C NMR spectra (500 MHz, CDCls-dg) presenting the 4- Methylumbelliferyl-7-yl-
2,3,4,6-Tetra-O-acetyl- a -D-mannopyranose (AcGC, 15).
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Figure S27: *H-3C HSQC NMR spectra (500 MHz, CDCls-ds) presenting the 4-
Methylumbelliferyl-7-yl-2,3,4,6-Tetra-O-acetyl- o -D-mannopyranose (AcGC, 15).
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Figure S28: *H NMR spectra (500 MHz, MeOD-ds) presenting the 4- Methylumbelliferyl-7-yl -
a -D-mannopyranose (GC, 16).
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Figure S29: *H COSY NMR spectra (500 MHz, MeOD-dg) presenting the 4- Methylumbelliferyl-
7-yl - a -D-mannopyranose (GC, 16).
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Figure S30: 3C NMR spectra (500 MHz, MeOD-ds) presenting the 4- Methylumbelliferyl-7-yl -
a -D-mannopyranose (GC, 16).
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Figure S31: H-C HSQC NMR spectra (500 MHz, MeOD-ds) presenting the 4-
Methylumbelliferyl-7-yl - a -D-mannopyranose (GC, 16).
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Figure S32: ESI-MS analysis mass spectrometry results for methyl (4-
fluorobenzyl)carbamodithioate (FbnzMeCDT, 2e).
I200.0650 -
100§ . I_m' YT
95% | . %0 Observed Data I
90 : |25 S
853 | I 3 JC N, |
E | 3= N° N
805 | D24 H H |
E 3 w0 F
AE | %2 |
705 | o 200878 202.0608 .
SS% | : I 10 200.0662 . |
g SOE —.. —.. | zu Thisoretical Isotops Modsk M + His |
£ o || i
= &
2 503 I D w I
£ 453 | | ©
& 3 L2 |
i'-ufJ 4OE I 2“ 201.0886 ’
353 | I ! _— ‘ : 2020610 203,065 |
E . ' T 201 e ks
303 ' I I miz |
257 | . " Mass Theoretical Delta RDB Composition
E I I Mass [ppm]
20 | ! . 200.0650 200.0652 1.1 4.5 o, H, MNF S, [
15? . 22%0471 ___________________________
104 | 399.1233 421.1051
53 ' | 351.0018
o4 . . Ill. e " Iy i er
TreeTTT LA ALY LARAI LA KRR R M T LA RARM LAAA LAAAY LALAI RAMY LALL) REAMS R RN LA LA DAL R LEAL aAh) T
150 200 250 300 350 400 450 500
miz

Figure S33: ESI-MS analysis mass spectrometry results for N-(4-
fluorobenzyl)hydrazinecarbothioamide (Fbnz-TSC, 3e).
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Figure S34: ESI-MS analysis mass spectrometry results for 4-F-benzyl-3-thiosemicarbazone
acenaphthenequinone (FbnzTSCA, 5e)
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Figure S35: ESI-MS analysis mass spectrometry results for 4-phenyl-3-thiosemicarbazone
acenaphthenequinone (PhTSCA, 5a).
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Figure S36: ESI-MS analysis mass spectrometry result for the Zinc(Il) [mono (F-benzyl
thiosemicarbazonate- acenaphthenequinone] (6¢). (Full spectrum of figure 25 — Chapter 2).
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Figure S37: MALDI analysis mass spectrometry result for the Zinc(I1) 4-phenyl-3-
thiosemicarbazone-thiocarbohydrazide acenaphthenequinone (9a). (Full spectrum of
figure 34 -Chapter 3).
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Figure S38: MALDI analysis mass spectrometry result for the Zinc(l1) 3-allyl-3-
thiosemicarbazone-thiocarbohydrazide acenaphthenequinone (9b). (Full spectrum of

figure 33 - Chapter 3).
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Figure S39: TOF-MS analysis mass spectrometry result for the Ga(lll) 4-phenyl-3-
thiosemicarbazone-thiocarbohydrazide acenaphthenequinone (10a).
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Figure S41: Atmospheric-pressure chemical ionization (APCI) analysis mass spectrometry result
for the complex 17 (Ph-GC-ZnTSCA). (Full spectrum of figure 47 — Chapter 3).
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Figure S42: nano-ESI analysis mass spectrometry result for BrGC (19). (Full spectrum of

figure 48 — Chapter 3).
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IR Spectroscopy
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Figure S43: Comparative FTIR spectra for the Zn(ll) 4-phenyl-3-thiosemicarbazone-
thiocarbohydrazide acenaphthenequinone (9a, violet) and the Ga(lll) 4-phenyl-3-

thiosemicarbazone-thiocarbohydrazide acenaphthenequinone (10a, blue).
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APPENDIX 3: Radiochemical experiments

APPENDIX

Table S16: Summary of the different conditions at the experiments attempted for optimisation of the transmetallation reaction of the asymmetric thiosemicarbazonato

complexes of Zn(11) with ¥Ga[GaCls]. The pH of the reactions was always between 4 and 6.

Solvent Solvent in which Complex: Solvent / Activity Buffer T (°C) Time R.O.l.
complex was diluted Solvent (min)
NaOAC (pH):
Solvent
40
EtOH 2 mg/mL in DMSO 1:10 1ml/1.2mCi - 95°Ch X
+20
EtOH 2 mg/mL in DMSO 1:12 1 ml/37 MBq - 95°Ch 45 3.5%
EtOH 2 mg/mL in DMSO 1:12 1ml/37 MBq 95 °C W 45 3.2%
MeOH 2 mg/mL in DMSO 1:10 1 ml/37 MBq - 95°Ch 30 X
MeOH 2 mg/mL in DMSO 1:20 1ml/37 MBq - 95°Ch 45 X
EtOH 2 mg/mL in DMF 1:10 1ml/37 MBq - 95°Ch 30 X
EtOH 2 mg/mL in DMF 1:20 1 ml/37 MBq - 95°Ch 30 X
MeOH 2 mg/mL in DMF 1:10 1 ml/0.5mCi - 95°Ch 30 X
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MeOH

DMF

NaCI/HCI

NaCI/HCI

EtOH

EtOH

EtOH

EtOH

EtOH

EtOH

EtOH

EtOH

EtOH

EtOH

EtOH

2 mg/mL in DMF

2 mg/mL in DMF
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO
2 mg/mL in DMSO

2 mg/mL in DMSO

1:10

1:10

1:25

1:30

1:15

1:15

1:20

1:20

1:20

1:8

1:8

1:8

1:8

1:10

1:10

1ml/17.5 MBq

1 ml/22.2 MBq
1ml/37 MBq
1 ml /37 MBq
1 ml /37 MBq
1ml/37 MBq
1 ml/37 MBq
1 ml/37 MBq
1ml/37 MBq
1 ml/37 MBq
1ml/37 MBq
1ml/37 MBq
1 ml/37 MBq
1ml/37 MBqg

1ml/37 MBq

1:1 (pH: 3.9)

1:1.2 (pH: 3.9)

1:3 (pH: 4.56)
1:3 (pH: 4.56)
1:10 (pH: 4.56)

1:10 (pH: 4.56)

110 °C pW
130 °C pW
110 °C pW
95 °C h
95°Ch
95°Ch
110 °Ch
95°Ch
95°Ch
110°Ch
95°Ch
110 °Ch
95 °C h
95 °C uW
95 °C h

95 °C pW

+30

25

+20

45

40

40

30

30

30

60

30

30

30

30

30

30

30

2.5%

2.8%

25 %

25%

46 %

23 %
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EtOH 2 mg/mL in DMSO 1:10 1ml/29.6 MBq | 1:10 (pH:4.56) | 95°C h 30 18 %
EtOH 2 mg/mL in DMSO 1:10 1ml/29.6 MBq 1:10 (pH: 4.56) 95 °C uW 30 11%
EtOH 2 mg/mL in DMSO 1:10 1 ml/37 MBq 1:10 (pH: 3.9) 95°C h 30 29 %
EtOH 2 mg/mL in DMSO 1:10 1ml /37 MBq 1:10 (pH: 3.9) | 95°CuwW | 30 Very low ROI
EtOH 2 mg/mL in DMSO 1:10 1ml/29.6 MBq 1:17.5 (pH: 4.56) 95°C h 30 35 %
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Radio Thin Layer Chromatography:
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BP 1 61.1 612 0.511
Free metal 64.5 1299 1.030 19325.0 36.12 36.00
2 Peaks 53507.0 100.00 99.68

Total Area: 53681.0 Counis

Average Background: 34.0 Counts

Figure S44: Radio TLC of crude [%Ga]-7e ([®®Ga]Ga(FbnzTSCA),), developed on Whatman 3
MM with 0.35 M ethylenediaminetetraacetic acid (EDTA) as the mobile phase. The radio-TLC
shows 36 % of free [#Ga]GaCls. This TLC was ontained after a conventional heating reaction.
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BP 1 128.4 1287 1.183
2 Peaks 2592.0 100.00
Total Area: 2624 0 Counts

Average Background:
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Figure S45: Radio TLC of crude [®®Ga]-25, developed on Whatman 3 MM with 0.35 M
ethylenediaminetetraacetic acid (EDTA) as the mobile phase. The radio-TLC shows minimum
amount of free [®Ga]GaCls (Figure 65b — Chapter 4).
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Total Area: 33209.0 Counts
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Figure S46: Radio TLC of crude [®#®Ga]-26, developed on Whatman 3 MM with 0.35M
ethylenediaminetetraacetic acid (EDTA) as the mobile phase. The radio-TLC shows minimum
amount of free [®®Ga]GaCls (Figure 65¢ — Chapter 4).
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Figure S47: Radio TLC of crude [®Ga]-27, developed on Whatman 3MM with 0.35M
ethylenediaminetetraacetic acid (EDTA) as the mobile phase. The radio-TLC was shown no
amount of free [*8Ga]GaCls (Figure 65d — Chapter 4).
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Figure S48: Radio TLC of the slurry obtained from the reaction between GO and [%°Zr]Zr**,
developed on Whatman 3 MM with 0.35 M ethylenediaminetetraacetic acid (EDTA) as the
mobile phase. The radio-TLC was shown almost only free [%Zr]Zr*.
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Figure S49: Radio TLC of the slurry obtained from the reaction between nanocomposite 23
(PhZnTSC@GO) and [¥Zr]Zr**, developed on Whatman 3 MM with 0.35 M
ethylenediaminetetraacetic acid (EDTA) as the mobile phase. The radio-TLC shows almost only
free [39zr]zr.
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Figure S50: Radio TLC [¥Zr]ZrDFO, developed on Whatman 3 MM with 0.35 M
ethylenediaminetetraacetic acid (EDTA) as the mobile phase. The radio-TLC shows 49 % of free
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Kinetic stability assays of radiolabelled GO nanocomposites:

Table S17: Results acquired from the kinetic stability tests of the [*®Ga]-25) nanocomposites up
to two hours post preparation (p.p.) under various incubation conditions (EDTA, PBS, fresh
mouse plasma).

Time [(8Ga]-25 in PBS [®®Ga]-25 in EDTA [®8Ga]-25 in mouse plasma

1 2 MO STDEV 1 2 MO | STDEV | 1 2 MO | STDEV

1h | 99.0| 974 | 982 1.1314 73.9 | 695 | 71.7 | 3.1113 | 98.9 | 98.9 | 98.9 | 0.0000

2h [99.9 | 97.7 | 98.8 1.5556 742 | 67.4 | 70.8 | 4.8083 | 99.9 | 99.9 | 99.9 | 0.0000

Table S18: Results acquired from the kinetic stability tests of the [*8Ga]-26 nanocomposites up to
two hours post preparation (p.p.) under various incubation conditions (EDTA, PBS, fresh mouse
plasma).

Time [8Ga]-26 in PBS [*®Ga]-26 in EDTA [®®Ga]-26 in mouse plasma

1 2 MO STDEV 1 2 MO | STDEV 1 2 MO | STDEV

1h | 999|942 97.05 4.0305 75 | 723 | 73.65 | 1.9091 | 99.9 | 99.9 | 99.9 | 0.0000

2h [99.9 | 948 | 97.35 3.6062 | 57.1 | 64.3 | 60.7 | 5.0911 | 99.9 | 99.9 | 99.9 | 0.0000

Table S19: Results acquired from the kinetic stability tests of the [*8Ga]-27 nanocomposites up to
two hours post preparation (p.p.) under various incubation conditions (EDTA, PBS, fresh mouse
plasma).

Time [®Ga]-27 in PBS [8Ga]-27 in EDTA [8Ga]-27 in mouse plasma

1 2 MO STDEV 1 2 MO | STDEV 1 2 MO | STDEV

1h 999|999 | 999 0.0000 85 | 84.3 | 84.65 | 0.49497 | 99.9 | 99.9 | 99.9 | 0.0000

2h 99.9 | 99.9 | 99.9 0.0000 75 | 74.1 | 7455 | 0.6364 | 99.9 | 99.9 | 99.9 A 0.0000
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APPENDIX 4: In vitro evaluation

Cell viability assays:

PC3 Normoxia MTT assays
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Without removing the abnormality spots, the
dose response curve can not be well fitted.
Hence a cell viability bar chart is plotted
instead, where >100 nontoxic, 75~99 very
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Figure S51: Cell viability bar chart calculated for a variety of mono(substituted) precursors in
PC3cells, incubated for 48 hours to normoxic cells.
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PC3 Hypoxia MTT assays
120 - .
100 -
Fan) 80 -
E 80 4 i [] i L E
o 8
] © 60
'S 804 E
i i
9 404 Il
® ®
E 201 E 20
o o
= z
0 T T T T T T 1 0 T T T T T T 1
9 8 7 ¥ 5 4 -3 9 8 7 6 5 4 -3
Log,, Concentration Log,, Concentration
AllyITSCA (5b)
PhTSCA (5a)
120 -
100 - —_
= E'.\i 100 4 { . E
=
~ 2 L | }
Z8 = 80
= 2
2 8 i
2 % > 60
3 3
© 40 @ 0
(1]
Ex 5
o 4
04— ; ‘ ‘ ‘ . ‘ 9 i 7 % 5 4 3
9 8 7 4 5 4 -3 )
Log,, Concentration Log,, Concentration
ETSCA (5¢) FbuzTSCA (5€)
100+
=
280
3 t
£ 50
>
8
247
®
£ 20
.
o
=z
0 T T T T T |
-9 8 7 6 5 4 -3

Logm-Concéntration

PropbnzTSCA (51)

Figure S52: Dose response curves and calculated EC50 of a variety of mono(substituted)
precursors in PC3 cells, incubated for 48 hours to induced (by CoCl,) hypoxic cells.
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Figure S53: Dose response curves and calculated EC50 of a variety of mono(substituted)
precursors in EMTG6 cells, incubated for 48 hours to induced (by CoCl,) normoxic cells.
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Figure S54: Dose response curves and calculated EC50 of a variety of mono(substituted)

precursors in EMT6 cells, incu

bated for 48 hours to induced (by CoCl,) hypoxic cells.
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PhZnTSCA (10a) PhGaTSCA (11a)
PC3 Normoxia CV assays—24 h
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Figure S55: Dose response curves and calculated EC50 of asymmetric 9a and 10a complexes in
PC3 and EMT6 cells, incubated for 24 hours in both normoxic and induced (by CoCl,) hypoxic
cells.
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PhZnTSCA (10a) PhGaTSCA (11a)
PC3 Normoxia CV assays —48 h
120 120 -
2400/ % Z100. L g
3 P, 3,1 !
S 804 L] : S 80
2 60 2 60
o =]
& 401 > 40+
g 20 g 20 '
s s
Z 0 Z o0 .

6 5 4 3

-3 9 -8 -7
Log,, Conecentration

8 7. 6 5
Log,, Concentration

PC3 Hypoxia CV assays—48 h

120~
-2
< 5100+ }
2100 7§ ' = % L
= r = F [] .
2 g R = 80 L.__
g £
% 60 : 60+
< ©
k! o
i 40 1
8% 2
- 0
E 204 = 204
5 £
[=]
4 0 T T T T T T 1 s 0
z T T T T T T 1
9 8 7 6 S5 4 3 9 8 7 6 5 4 3
Log,, Concentration Log,, Concentration
EMT6 Normoxia CV assays —48 h
120
1007 &
Zz i Z100] 3
S 80 | oy S —
8 'S 80+ []
> =
= 601 [
= E
g 204 . g 204
2 —
0 T T T T T T 1 0 T T T T T T 1
9 -8 -7 -6 -5 -4 -3 9 - -7 -6 -5 -3
Logm Concentration Log,, Concentration
EMT6 Hypoxia CV assays —48 h
=100 ' =1004 } L
2 > *3
= 804 g 80 }
il i 3
£ I 1 ©
2 604 I . =1 > 604
8 3
g 40 fhut 40
R @
© 20 = |
g E 20
1
o 5
= 0 T T T T T T 1 =z 0 r r : : r : .
9 8 -7 -6 S5 4 3 9 8 7 6 5 3
Log,, Concentration Log,, Concentration

Figure S56: Dose response curves and calculated EC50 of asymmetric 9a and 10a complexes in
PC3 and EMT®6 cells, incubated for 48 hours in both normoxic and induced (by CoCly) hypoxic
cells.
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PhZnTSCA (10a) PhGaTSCA (11a)
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Figure S57: Dose response curves and calculated EC50 of asymmetric 9a and 10a complexes in
PC3 and EMT6 cells, incubated for 72 hours in both normoxic and induced (by CoCl,) hypoxic
cells.
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Figure S58: Dose response curves and calculated EC50 of different GO nanocomposites in PC3
cells, incubated for 48 hours in both normoxic and induced (by CoCly) hypoxic cells.
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In vitro fluorescence imaging

Epifluorescence

Figure S59: PC-3 cells grown under different conditions were incubated at 37 °C for 15 minutes with 5h monosubstituted precursor (100 uM, in 5: 95 DMSO : serum-
free medium). a) overlay of the green-red channels and DIC image, b) DIC image, ¢) green: dex = 465-495 nm; Aem = 515-555 nm, d) red: Aex = 530-560 nm; Aem = 590-
650 nm. 1: control. 2: compound (scale bar 50um). (Figure 30.1 - Chapter 2).
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Confocal fluorescence

Figure S60: PC-3 cells grown under different conditions were incubated at 37 °C for 15 minutes with 5h monosubstituted precursor (100 uM, in 5: 95 DMSO : serum-
free medium). e) overlay of the green-red channels and DIC image, f) DIC image, g) green: Aex = 500-550 nm; Aem = 515-555 nm, h) red: Aex 570-750 nm; 1: control. 2:
compound (scale bar 50um). (Figure 30.2 - Chapter 2).
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Normoxia

Figure S61: PC-3 cells grown under different conditions were incubated at 37 °C for 15 minutes with 10a complex (100 uM, in 5: 95 DMSO : serum-free medium). a)
overlay of the green-red channels and DIC image, b) blue: Aex = 417-477 nm, c) green: Aex = 500-550 nm, c) red: Aex 570-750 nm, d) DIC image 1: control. 2: compound
(scale bar 50 um). (Figure 51 - Chapter 3).
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Acute Hypoxia (induced by CoCl,)

Figure S62: PC-3 cells grown under different conditions were incubated at 37 °C for 15 minutes with 10a complex (100 uM, in 5: 95 DMSO : serum-free medium). a)
overlay of the green-red channels and DIC image, b) blue: Aex = 417-477 nm, ¢) green: dex = 500-550 nm, ¢) red: Aex 570-750 nm, d) DIC image. 3: control. 4:
compound (scale bar 50 um). (Figure 51 - Chapter 3).
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Chronic Hypoxia (Hypoxia Incubator Chamber)

Figure S63: PC-3 cells grown under different conditions were incubated at 37 °C for 15 minutes with 10a complex (100 uM, in 5: 95 DMSO : serum-free medium). a)
overlay of the green-red channels and DIC image, b) blue: Aex = 417-477 nm, c) green: Aex = 500-550 nm, c) red: Aex 570-750 nm, d) DIC image 5: control. 6: compound
(scale bar 50um). (Figure 51 - Chapter 3).
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APPENDIX 5: Attempt of functionalisation of asymmetric
bis(thiosemicarbazonato) metal complexes with a fragment of bombesin

5.1 Synthesis of a bombesin peptide fragment.

Bombesin is a peptide which has shown potential pharmacologic effects since it was
first discovered! and it was soon found that it was related with gastrin release? and cancer
biology.> * Bombesin consists of 14 amino acids of which only 7 of them are proposed as
essential for its targeting role.> ® Thus, typical targeting peptide sequences are the [6-14]
or the [7-13] fragments, and they have been widely used for cancer imaging and targeted
therapy.>1%1n this work, the [7-13] fragment was chosen to be prepared (Figure S64) due
to its simpler synthesis and its application in several studies which suggest that the

gastrin-related properties of the original peptide can be preserved.? 1% 12

\7N S\
pGlu Glin Arg Leu Gly Asn Gin Trp Ala Val Gly His Leu Met
1 2 3 4 5 6 7 8 9 10 1 12 13 14

Figure S64: Schematic illustration of bombesin (14 amino acids). The [7-13] fragment which
was synthesised in this work is highlighted.

Solid-phase peptide synthesis (SPPS) was used herein to prepare the desired
fragment. SPPS is currently the main tool for peptide synthesis and is characterised by the
step-wise construction of a polypeptide through sequential coupling reactions between
N® and side-chain protected amino acids, in a C—N direction, attached to a solid resin
support.t31>1n a typical SPPS procedure (Figure $65), the C-terminal amino acid is initially
attached to a solid support then the N*-protecting group is removed selectively without
removing the protecting groups of the side chain.’3>*> Another coupling reaction is then
initiated and this procedure is repeated until the completion of the desired sequence.

Finally, the solid support is removed along with the side-chain protecting groups.
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Figure S65: SPPS principle; AA: amino acid.*®

In recent years, reactions of SPPS have been increasingly carried out either with
microwave irradiation, or under conventional heating. This can significantly decrease the
reaction time required for both couplings and deprotections, as well as increasing the
efficiency of coupling reactions in cases where room temperature reactions are not
effective, which would otherwise lead to low purity products, or even failure sequences.**
16, 17

Bombesin (7-13) was prepared by automated SPPS using conventional heating
(Scheme 22). Rink amide resin was used as solid support and couplings were carried out
with benzo-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) to activate
the carboxyl function of the amino acid derivatives, with N,N-diisopropylethylamine as
base. The first amino acid was coupled manually to the Rink amide resin at room
temperature, then the resin was transferred to the synthesiser and subsequent coupling steps
were carried out with heating. The coupling reactions were carried out at 60 °C for 35
minutes. Removal of the fluorenylmethyloxycarbonyl (Fmoc) protecting groups was

carried out with 25% piperidine in DMF at room temperature.
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Fmoc—NH‘
1. Piperidine/DMF (1:5)
Resin i) 25 °C 2 min (x4)
Deprotection ii) 25 °C 15 min
2. 3.
Coupling Deprotection
H.N—@ Fmoc-LeuNH—@ ~ —————  H,N-LeuNH—@

Fmoc-Leu-OH (4eq) Piperidine/DMF (1:5)
PyBOP (4eq) 25°C 15 min
HOBt (4eq) 4
DIPEA (7eq) Sequence

DMF, 25 °C 45 min expansion

HoN-GIn-Trp-Ala-Gly-His-Leu-NH ‘

TFA/phenol/H,O/TIPS
(88:5:5:2)
25 °C 150 min

5.
Cleavage

H,N-Leu-His-Gly-Ala-Trp-GIn-NH,
(28)

Scheme S1: Synthetic pathway for the production of bombesin (fragment [7-13]).

The full synthetic methodology can be divided into 5 steps, depicted in Scheme S1.:

First, the resin was swollen in “solvent” and then its deprotection followed upon
addition of a piperidine/DMF (1:5 v/v) solution for two minutes at room
temperature. Then, the resin was washed with DMF and the procedure was
repeated four times (2 minutes of reaction) before it was left to react for a further
15 minutes (Scheme S1, step 1).

After deprotection, the resin was washed thoroughly with CHCl; and the
deprotection was confirmed by a Kaiser test. The Kaiser test is a quantitative test
which is based on the fact that when primary amines react with ninhydrin, a deep
blue colour results.® The coupling of the first amino acid (Scheme S1, step 2) was
then carried out.

A mixture of the amino acid and the coupling reagents (PyBOP and HOBt) in DMF
and DIPEA in a 1:1:1 stoichiometry, were shaken for two minutes before being
added to the resin and reacted for a further 45 minutes. The deprotection of the
resin-bound amino acid then followed (Scheme S1, step 3) as previously and a
Kaiser test was repeated to ensure the success of the deprotection.

The amino acid sequence was consequently elongated (Scheme S1, step 4) using

an automated SPPS, where the rest of the amino acids where added to the
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sequence in a similar manner.

= The final step of this synthetic process was the cleavage of the peptide from the
resin (Scheme S1, step 5). A cocktail was prepared for this purpose, with
trifluoroacetic acid, phenol, water and triisopropylsilane (88:5:5:2) and reacted

with the peptide for 2.5 hours at room temperature.

1,800
1 — Bombesin 28 [7-13]
1,600

] fragment
1,400

= 1,200
~— 1,000

800

Intensity (A

600
400

2001

o

T T T T T T T — T '
00 20 40 60 80 100 120 140 160 180
Time (min)

Figure S66: HPLC trace of bombesin fragment [7-13] (28) using the UV-Vis detection at 280

nm.

The peptide was then isolated as a white solid by precipitation in cold ether and
following centrifugation. The purity of the synthesised peptide was determined to be
about 98 % by HPLC (Figure S66), so no further purification was needed. The mass
spectrometry results agreed with the formation of the above-mentioned peptide since

the observed isotopic pattern matched with the theoretical one (Figure S67).
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Figure S67: ESI-TOF mass spectrometry results for the bombesin fragment [7-13] (28).

5.2. Coupling of bombesin with asymmetric thiosemicarbazonate metal complexes.

In order for the bombesin fragment to be coupled with the hydrazine moiety of the
asymmetric metal complexes, a modification of its amino-terminus was necessary to
introduce a carbonyl function.!® Thus, pyruvic acid was coupled at the N-terminus of the
bombesin analogue before its later reaction with complex 9a (PhZnTSCA) (Scheme S2).
More specifically, pyruvic acid was added in a DMF solution of the coupling agents of 1-
ethyl-3- 3-dimethyl aminopropyl carbodiimide hydrochloride (EDC) and HOBt on ice and
left to react for 45 minutes. The peptide was then added and the pH of the mixture was
adjusted to 8 and reacted for two more hours. Mass spectrometry results confirmed the

synthesis of the derivatised bombesin 29 (Figure S68).
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Scheme S2: Functionalisation of bombesin fragment (28) with pyruvic acid and attempted
coupling of the corresponding molecule (29) with PhZnTSCA (9a) complex.

Following this, the derivatised bombesin analogue was reacted with complex 9a
(PhZnTSCA) (solubilised in DMSQ), in slightly acidic methanol (drops of conc. HCI),
resulting in an instant colour change from dark orange to yellow. The mixture was then left
to react at 30 °C for 16 hours and the solution became pale red (Scheme S2). Next, it was
freeze-dried and re-suspended in methanol and washed with diethyl ether under vacuum
filtration. Although the HPLC trace suggested the formation of a new product, along with
unchanged starting material, mass spectrometry results did not confirm the successful
coupling of the two compounds (Appendix) which suggested that further optimisation of

the reaction is needed.
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Figure S68: ESI-TOF mass spectrometry results for the functionalised bombesin (29).
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