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Abstract

Several examples of phosphine glycoconjugate ligands, whereby a carbohydrate is
covalently bonded to a phosphine moiety, have previously been reported but they have been
used exclusively for catalytic applications. In this thesis, the synthesis of phosphine
glycoconjugates has been investigated with a view to their use in medical imaging
applications. Incorporation of a carbohydrate was explored to target cancerous cells, which
exhibit increased glucose avidity compared with normal cells.

A variety of methods for the synthesis of monophosphine glycoconjugates with alkyl linkers
have been investigated: Lewis acid catalysed glycosylation chemistry, hydrophosphination
chemistry, lithium phosphide chemistry, quaternisation chemistry and amide coupling
chemistry. Generally, these methods were incompatible with the phosphine moiety.
However, we have demonstrated that amide coupling is a promising method by synthesising
phosphine glycoconjugate 2.21, where D-glucose is conjugated to a PPh, moiety via an alkyl
linker (Figure 1). The Re coordination chemistry of 2.20 (the peracetylated analogue of 2.21)
was investigated and this informed the subsequent **Tc radiolabelling study. High quality
results for the *™Tc radiolabelling of 2.21 was observed. However, poor serum stability of
the ®MTc complex of 2.21 precluded in vivo testing.

In 1999, Beller et al. reported a method to prepare ligands 3.1 and 3.7 (Figure 1), where D-
glucose and D-galactose, respectively, were conjugated to a PPh, moiety via an aryl linker,
and their use in biphasic catalysis was investigated. Using this method, a small library of
related monophosphine glycoconjugates was synthesised. The phosphine moiety (PR2 =
PPh;, P(o-tol),, P(p-tol)z, PCy2) and carbohydrate moiety (Glc, Gal, Lac) were varied and the
Re coordination chemistry of these ligands was investigated. All examples, except where
PR, = P(o-tol),, formed a Re(l) complex and consequently, the **™Tc radiolabelling of these
ligands was studied; these results reflect those of the Re(l) coordination study. Additionally,
Re(l) uptake studies (in HeLa, HDF and EA.hy926) were performed for several of the
complexes. Key findings include: (i) the introduction of a carbohydrate led to greater uptake
in cells, compared with incorporation of a non-glycoconjugate phosphine ligand and (ii) cell
lines could distinguish between Gal and Glc moieties.

The final Chapter presents the routes towards diphosphine glycoconjugate ligands that have
been explored. Attempts to synthesise a bidentate glycoconjugate containing N-
diphosphinomethyl groups (4.29, Figure 1) have been shown to be promising, but its purity
was insufficient to justify radiolabelling. A 1,1-diphosphine moiety was conjugated to D-
glucose via amide coupling to give ligand 4.36 (Figure 1) and consequently, the Re(V)
coordination studies were performed. However, ®™Tc radiolabelling of 4.36 was

unsuccessful.
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Figure I Structures of phosphine glycoconjugates referred to above.
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Chapter 1: Introduction

The focus of the project has been development of *™Tc complexes that contain phosphine
glycoconjugate ligands. The examples given in Chapters 2-4 are the first such %™Tc
complexes to be reported. A variety of concepts will therefore be introduced in this Chapter
to put this work into context. First, the general subject of nuclear medicine will be
introduced before a more detailed review of ®™Tc imaging agents, in particular Myoview
which is the only example of a P(ll1)-based radiopharmaceutical that is used clinically. The
biological relevance of carbohydrates is discussed as it is relevant to the central theme of
using carbohydrate-phosphine ligands to target cancerous cells. This is possible as cancerous
cells experience a switch in metabolic mechanism (the Warburg Effect, Section 1.3.2),
thereby increasing their D-glucose avidity compared with healthy cells. Finally, an overview
of glycoconjugate examples that have informed the design of carbohydrate-phosphine
ligands in this project is discussed.

1.1.  Nuclear Medicine: A Brief Background

The global nuclear medicine market is experiencing a compound annual growth rate
(CAGR) of almost 7.5% (forecasted for 2021-2026) as a consequence of its increasing
importance in modern medicine.! Nuclear medicine is concerned with the incorporation of
radioisotopes into small molecules, or bio-molecules, to achieve therapeutic or diagnostic
effects.? The therapeutic nature of radioisotopes that emit either non-penetrating alpha- (a)
or high-energy beta-particles (B7), can be exploited due to the cytotoxic behaviour of these
particles. Additionally, decaying radioisotopes that release penetrating gamma-rays (y-rays)
— which can be generated by nuclear decay or positron (f*) annihilation — can be used for
diagnostic purposes. * Incorporating the radioisotope into a small molecule (or biomolecule)
can affect the bio-distribution and clearance of the radiopharmaceutical from the body. It is
crucial that the radioisotope is strongly chelated to prevent unwanted accumulation of the

radionucleotide within biological tissue.*

de Hevesy is widely considered to be the progenitor of nuclear medicine, and was awarded
the 1943 Nobel Prize in Chemistry for his contributions to developing the concept of
radiotracers.® This award stems from research he performed at the Niels Bohr Institute in
1934, regarding the incorporation of phosphorus-32 (32P) in molecules, and the uptake of
this radioisotope within the skeletons of mice.® Hamilton and Soley further developed the
field of nuclear medicine in 1938, by reporting the uptake of iodine-131 (*3!1) in human
thyroid glands.” This is still relevant in medicine today, with the continued use of 31 for the

detection and treatment of thyroid cancer.
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According to a report by the World Health Organisation (WHO), cancer is now the second
leading cause of death globally and was responsible for approx. 9.0 million deaths in 2018.8
Early detection of the disease has been shown to significantly increase the chances of
survival for cancer patients, and therefore the development of radiopharmaceuticals to detect
tumours, or metastases, is more relevant than ever. Furthermore, the WHO have reported
that cardiovascular diseases, which can be diagnosed by radiopharmaceuticals such as
Myoview (see Section 1.2.3), now account for 17.9 million deaths annually worldwide,
making it the leading cause of death. These statistics by the WHO explain the large CAGR

attributed to the global nuclear medicine market.

1.2.  SPECT Imaging

Single photon emission computed tomography (SPECT) is a two-dimensional imaging
technique that is routinely used in hospitals to determine the localisation of a radioisotope
within a patient.® The patient is first injected with a y-emitting radiopharmaceutical that will
accumulate in the organ(s) or tissue of interest. The SPECT scanner is equipped with a y-
camera to detect the photons that are emitted by the radioisotope as it undergoes radioactive
decay. Each image that is collected provides two-dimensional information on the bio-
distribution of the radioisotope. As the SPECT camera rotates, multiple images are collected
before a tomographic algorithm is applied to combine the images to generate a three-
dimensional image showing the radioisotope distribution (Figure 1.1).° Elements including
indium-111 (*In), thallium-201 (***Th) and technetium-99m (**"Tc) are commonly detected

via SPECT imaging, and will be discussed in more detail in Section 1.2.1.1

© Normal cell

O cCancer cell
&% Radiopharmaceutical

—~ Gamma
7 Camera

Figure 1.1 Diagram illustrating the SPECT imaging process.
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Positron (B*) emission tomography (PET) imaging also determines the localisation of a
radiotracer by detection of y-rays. However, these y-rays are produced indirectly by a p*-
emitting radiotracer. B particles are annihilated by collision with electrons to generate two
y-rays that travel in opposite directions. PET imaging produces images of a higher-quality
than SPECT imaging, but SPECT is a more widespread technique in hospitals because y-
emitting radioisotopes generally have longer half-lives than B*-emitting isotopes, and
SPECT scans are less expensive to perform.!! This is because the cameras required for

SPECT imaging are significantly cheaper than those required for PET imaging.'2

1.2.1. Indium and thallium radiopharmaceuticals

N (ty, = 67.3 h) was the first clinically approved radionucleotide for y-imaging.® The
development of *!In chemistry coincided with a surge of interest in monoclonal antibodies
and !In imaging agents were primarily employed for their radio-labelling.®®* The In-
labelled Satumomab pendetide (OncoSint) was the first example of a radiolabelled antibody
that was FDA-approved. It was used to target TAG-72 - a glycoprotein found on the surface
of colorectal and ovarian cancer cells.** Although no longer commercially available,
OncoSint consisted of a monoclonal antibody (B72.3) that was conjugated to the pendetide
molecule in order to facilitate the radiolabelling of B72.3 (Figure 1.2).%° Because
monoclonal antibodies possess slow pharmacokinetics (i.e. slow clearance from the blood
and accumulation in tumours), the imaging had to be carried out over a period of 24-72 h;

the long half-life of !In therefore made it useful for such applications.®

Pendetide

Monoclonal Antibody OH Chelating moiety

Satumomab Pendetide (OncoSint)
Figure 1.2 Representations of the active species in OncoSint. The pendetide moiety drawn

in full, a cartoon 1gG molecule represents B27.3, and the region of pendetide that chelates to
Un is highlighted.
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21T (ty, = 73 hr), in the form of thallium(l) chloride, was the original imaging agent for
myocardial perfusion imaging. Uptake in the myocardium is proposed to be due to TI* acting
as a K" mimic, and being transported into the myocardium by potassium ATPase. Despite
201T| possessing a low y-yield (10%), it was widely used clinically until the development of
%mTc myocardial imaging agents.

Today, much of the chemistry performed by **In and 2*T1 has been replaced by *™Tc.?

1.2.2. Technetium-99m radiopharmaceuticals (First and Second Generation)

Technetium-99m (*™Tc¢) is a y-emitting, metastable radioisotope, which is used in >80% of
all nuclear imaging tests. Despite there being no stable isotopes of Tc, its chemistry is well-
developed because of its importance in diagnostic medicine. The widespread use of **™Tc in
hospitals is due to: (i) the extensive coordination chemistry of Tc in a range of oxidation
states (+7 to -1) which has allowed the development of targeted radiopharmaceuticals; (ii)
the convenient nuclear properties of ®MTc; (iii) the ready availability of ®*™Tc and its ease of

nuclear synthesis.6:’

Fission of 23U, results in the formation of radioactive **Mo (ti2 = 66.0 h), which decays to
®mTc (84%, tiz = 6.02 h) (Scheme 1.1). This metastable technetium nucleus relaxes
relatively slowly, by emission of a y-photon to its ground state (*°Tc, ti. = 2.12x10° y)
because this process is nuclear-spin-forbidden. The y-rays that are emitted by **"Tc are
relatively low in energy, measuring 141 keV. These photons therefore have enough energy
to be penetrating to tissue and organs without causing significant cell-damage.*® In addition,
®¥mT¢ imaging is technologically advantageous because commercially available y-cameras

detect rays with an energy of 100-200 keV.®

9Mo

By
t1/2 =66.0 h,
86%

99mTc
B, N
t1/2 =66.0 h,

v,
ty = 6.02 h,
14% 2

100%
99T¢ YRy

_

B~ stable
ty = 2.12x10%y,
100%

Scheme 1.1 Decay pathway for ®Mo via ®MTc.16
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Due to the development of the ®*Mo/*™T¢ generator in the late 1950’s, daily production of
%mTc in hospitals is now commonplace. ®™Tc is delivered in the form of its parent
radioisotope as molybdate ([**M004]%) on an alumina stationary phase. Potential problems
associated with the short half-life of “™Tc (t> = 6 h) are overcome as follows.'® [*Mo04]*
decays to pertechnetate ([TcO4]), and using a saline solution, [TcOa4]" can be selectively
eluted from the column due to the difference in overall charge of the two anionic species.
[TcO.] is added to lyophilised ‘kits’ for immediate use within the hospital. These kits
contain all the necessary reagents to form the %™Tc radiopharmaceutical except for the
radio-metal, including the ligand, buffer, and reducing agent necessary to reduce the
pertecnetate(V11). The kits generate ®™Tc radiopharmaceuticals in high yield, which can be
delivered to the patient within 30 minutes; this is important due to the relatively short half-

life of *™T¢.220

Although originally developed more than 50 years ago, many first-generation ®™Tc complex
are still used in the clinic. These include [®™TcO.], *"Tc-MDP, ®"Tc-DTPA and *MTc-
HIDA that are used for thyroid, bone, renal and liver scintigraphy, respectively. The
chemistry of these complexes (except [*™TcO.]") has been little studied and the structures of
the Tc complexes of the ligands shown in Figure 1.3 are yet to be fully characterised. The
uptake of the first-generation radiopharmaceuticals is likely based on their physical

properties such as size, charge, lipophilicity and metabolism.?

OH HOZC—\ S\ //\ /—CONHR O (0]
0¢P>4P//o N N N NTNTY
oA Do HO.C—/ kCO I_T_C%H OH OH

O O 2
MDP DTPA HIDA

Figure 1.3 Examples of ligands used in ‘first-generation” **™Tc imaging agents.

In contrast with the ‘first-generation’ ®*™Tc complexes, the structures of ‘second-generation’
complexes are well understood. Researchers in the 1980’s developed structure-activity
relationships for *™Tc complexes by designing specific cores that could be modified to
effect the bio-distribution and localisation of the radiopharmaceuticals within the body.?* A

number of these cores are still in use, and are discussed below.

Tc(l)-hexakis(isonitrile) and Tc(l)-tricarbonyl (1.2, Figure 1.4) are both examples of Tc(l)
cores. ®™Tc-sestamibi (1.1, Figure 1.4), where R = CH,C(Me)2(OMe), is an example of an
FDA-approved Tc complex based on a Tc(l)-hexakis(isonitrile) core. ®™Tc-sestamibi is used
for myocardial perfusion imaging and breast tumour imaging under the names of Cardiolite
and Miraluma, respectively.?® There are no examples of FDA-approved
radiopharmaceuticals containing the Tc(l) tricarbonyl core. However, since its development

by Alberto et al., it has been favoured for research due to its ease of synthesis, ease of ligand
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substitution in water, and its chemical stability.?>?® Consequently, the Tc(l)-tricarbonyl core

is the focus of research in Chapter 3.

The technetium-oxo core ([TcOJ**) is an example of a Tc(V) core. Using a
mercaptoacetyltriglycine chelator gave the ®™Tc complex MAG; (1.3, Figure 1.4). MAGs;
has undergone FDA-approval and is used to identify renal failure, congenital abnormalities
or urinary tract obstruction. This chelator is useful for conjugation of biomolecules, but syn
and anti isomers can be formed. This can be unfavourable if the isomers display different

bio-accumation.?*%

The Tc-HYNIC core (1.4 and 1.5, Figure 1.4) and Tc(V)-dioxo core (1.6, Figure 1.4) are
both examples of Tc(V) cores. Structure 1.4 or 1.5 (Figure 1.4) can be formed by the
HYNIC ligand, as it can occupy one or two coordination sites, respectively. Development of
1.4 and 1.5 has been important in the development of ®"Tc-radiolabelled bioconjugates and
will be referred to in Section 1.2.5. The Tc(V)-dioxo core (1.6) has become one of the most
frequently used ®™Tc cores in research, in part, due to its ease of handling and preparation.
1.6 used in the clinically approved imaging agent Myoview (Section 1.2.3), and will also be

discussed in Chapters 2 and 4.
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Figure 1.4 Examples of ®™Tc complexes and cores used in radiopharmaceuticals: Tc(l)-
hexakis(isonitrile) (1.1), Tc(l)-tricarbonyl (1.2), TcMAGs (1.3), Tc(V)-n1i-(HYNIC) (1.4),
Tc(V)-n2-(HYNIC) (1.5) and Tc(V)-dioxo (1.6).
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1.2.2.1. Myoview

Initially developed in 1993, Myoview remains an important ‘second-generation’ *™Tc agent,
which accumulates in myocardial cells.® This radiopharmaceutical consists of a Tc(V)-
dioxo core ([TcO]") that is ligated by two tetrofosmin ligands, making it the only FDA-
approved imaging agent that utilises a P(Ill) diphosphine ligand to control its
biodistribution.®® As shown in Scheme 1.2, the ligand is synthesised by an
azobisisobutyrontrile (AIBN) catalysed hydrophosphination reaction between 1,2-
bis(phosphino)ethane and four equivalents of ethyl vinyl ether Myoview (Scheme 1.2) is of
particular interest in this project, as its use of P(IIl) ligands has inspired us to develop new
phosphine ligands aimed at alternative imaging applications.

®
> OEt \_\/_\/_/ CP' ”C Py
HF P T’ PR S
tetrofosmin Myoview

Scheme 1.2 Synthesis of the ligand tetrofosmin, that is used in the imaging agent, Myoview.

The distribution of Myoview within the heart is proportional to the rate of blood-flow there,
and whilst it clears rapidly from the bloodstream and non-target tissue — a property attributed
to the ether groups — it is cleared slowly from the myocardial tissue.'® The rapid clearance
from the bloodstream/non-target tissue means that myocardial perfusing imaging (whereby
coronary heart disease can be detected) can be performed just 15 min after injection of

Myoview into the patient. 2”28

Myoview is delivered to patients in hospitals across the world using a pre-formulated “kit”,
which contains tetrofosmin, the diphos ligand; stannous chloride, to reduce the pertechnetate
to a Tc(V) species; sodium gluconate, to stabilise Tc(V) intermediates; sodium bicarbonate,
to act as a pH buffer; and disodium sulphosalicylate. Addition of [TcO4] to the kit gives the
desired radiopharmaceutical that can then be administered to the patient. The development

of such kits will be discussed further in Chapters 2 and 4.

1.2.3. 3" Generation Technetium-99m radiopharmaceuticals

The biodistribution of many *™Tc imaging agents are controlled by their physical properties
i.e. size, charge and lipophilicity. However, a shift in research perspective has led to the
development of ‘third-generation” ®™Tc radiopharmaceuticals in which incorporation of
biomolecules is used to direct the Tc to specific bio-receptors, with the aim of producing a
more targeted approach to treatment. Typically, these biomolecules are either peptides

capable of binding to a particular receptor, or antibodies, which can target specific
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antigens.?® When incorporating a radioisotope into a biomolecule, it is vital that any changes
to the structure, as a result of Tc binding, do not significantly affect the motif responsible for
biotargeting.

1.2.3.1. Peptide-based Technetium-99m Radiopharmaceuticals
Many %*MTc imaging agents that have peptides incorporated in their structure have been

developed.

The first peptide-based *™Tc radiopharmaceutical to be clinically approved, *M™Tc-P246
(AcuTect, Figure 1.5), was developed for the detection of deep vein thrombosis (DVT).?
AcuTect was generated by adding [*™TcOs] to a kit containing the peptide biapcitide
(P280), stannous chloride dihydrate, sodium glucoheptonate and a pH buffer. The peptide
P280 is an ether linked dimer of the peptide apcitide (P246). Crucially, P246 binds to the
glycoprotein Iib/Illa (GPIlIb/Illa) receptor that is expressed on the surface of activated
platelets which are integral to thrombosis formation.?® By binding selectively to GPIIb/Illa,
AcuTect enables the diagnosis of DVT. Although AcuTect is available for DVT diagnosis,
routine identification of this condition is now performed by either ultrasonography or a
blood test.

H2N/\/\/\‘/U\”/YO 0 0

s 0 /N
BSOS U BTN
O HN N N (@)
Y
S
kNH

AcuTect

Figure 1.5 Structure of AcuTect (**™Tc-P246).

Subsequently, the development of agents based on cores such as *™Tc(HYNIC) (Figure 1.4,
1.4-1.5) - where the carboxylic acid group is used for peptide conjugation - has since led to a
dramatic growth in the number of peptide-based **"Tc imaging agents.*® Although none
have yet achieved widespread clinical usage, this is expected to change with the
development of several prostate-specific membrane antigen (PSMA) targeted *™Tc imaging
agents. PSMA is located on the surface of prostate cancer cells, and therefore PSMA-

targeted compounds enable their imaging or treatment.
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[**™Tc(CO)3(MIP-1404)]* and [*™Tc(CO)s(MIP-1427)]* (Figure 1.6) both contain PSMA
targeting peptides (PSMAL), which are conjugated to a tridentate chelator that contains an
amine and two imidazole groups. These radiopharmaceuticals require two separate kits. The
first is to generate the [Tc(CO)s]* core and the second generates the MIP-species. Despite
this inconvenience, [*™Tc(CO)3(MIP-1404)]* has recently passed phase three clinical trials
and is a promising compound for measuring both the treatment response, and staging for
prostate cancer.*®® Staging is the process of establishing how large a tumour is and whether it

has spread to any other organs.®

MIP-1404 MIP-1427
Figure 1.6 Structure of MIP-1404 and MIP-1427 ligands.

The Tc(V) radiopharmaceutical [*™TcO(mass-PSMALt)] (commonly referred to as Tc-
PSMA-1&S, Figure 1.7) can be prepared from a single kit.*® The kit contains a
mercaptoacetyl-D-Ser-D-Ser-D-Ser sequence, which is conjugated to the PSMALt moiety, to
produce the ®™Tc radiolabelling of this pharmacophore. These three serine residues were
incorporated to improve the metabolic stability of the radiotracer.®? In the clinic, Tc-PSMA-
I&S is being used in the SPECT imaging of prostate cancer, and in radio-guided surgery. In
this case, it is administered to a patient 24 h before surgery to enable the detection of

metastases with a gamma-camera, and so increase the efficiency of their removal.*°3?
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j“” COH
S

HO,C” >N~ N “CO,H
H H
Tc-PSMA-I&S

Figure 1.7 Structure of imaging agent *"Tc-PSMA-1&S.

From these examples, it is clear that peptide-based **™Tc radiopharmaceuticals are giving
promising results by targeting peptide-specific receptors. In this project, we aim to use
carbohydrates as the targeting vector and generate ®™Tc agents that are selective towards
cancer cells. Consequently, carbohydrate metabolism is discussed below as this project looks

at their incorporation into phosphine ligands.

1.3.  Carbohydrate Metabolism

Carbohydrates are involved in many processes that are necessary for life to exist, including:
cell signalling, molecular recognition, foetus development and production of adenosine
triphosphate (ATP).3* ATP is considered to be the biomolecular unit of currency, and
provides the energy for most cellular functions and processes to happen within living
species.® Production of ATP occurs though glycolysis, the Krebs cycle and oxidative

phosphorylation, and is initiated by the consumption of b-glucose.?

1.3.1. Glucose Metabolism in Normal Cells

In normal cells, aerobic glycolysis is the initial process by which ATP can be produced. In
this process, a single molecule of D-glucose is broken down to produce two units of pyruvate
and two units of ATP (Figure 1.8(a)). The pyruvate is typically converted to Acetyl-CoA,
which is used in the Krebs cycle, where NADH is produced. NADH is required for the
process of oxidative phosphorylation, which involves both the Krebs cycle and electron
transport chain. Oxidative phosphorylation generates an additional 36 units of ATP,
therefore aerobic respiration in the mitochondrion results in an 18-fold increase in
ATP/energy production.?®*® Because oxidative phosphorylation is a significantly more
efficient method of producing ATP, normal cells exclusively use glycolysis under anaerobic

conditions, i.e. during heavy exercise. In this case, the pyruvate is converted into lactate and

10
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then hydrolysed to lactic acid, which accounts for the ‘muscle burn’ experienced after

intensive exercise. 3

1.3.2. Glucose Metabolism in Cancer Cells and The Warburg Effect

Often cancerous cells exhibit a dramatic decrease in the process of oxidative
phosphorylation, and consequently an increase in the glycolysis pathway, when their
metabolism is compared with normal cells. Hence, the glycolytic pathway is often favoured
in cancerous cells, even in the presence of oxygen (Figure 1.8(b)). This change in
mitochondrial metabolism is referred to as the Warburg Effect, after first being noted by
Otto Warburg almost 100 years ago, and is a hallmark of almost all cancerous cells.?53%35

Warburg Effect

a. . b.
Normal Cells 1 Cancer Cells

Glucose i Glucose

! -0, +0,

Lactate Acetyl-CoA

Total: 38 ATP @ Total: 2 ATP
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Figure 1.8 Diagram demonstrating the metabolism of D-Glucose in (a) normal and (b)

cancer cells, and the Warburg Effect.

The Warburg Effect has two main features: (i) ATP production is how considerably less
economical per molecule of glucose (2 versus 38 units of ATP), and (ii) the uptake of
glucose is accelerated considerably when compared with that in normal cells.® Because of
this second outcome, where the glucose metabolism via aerobic glycolysis is between 10-
100 times faster than oxidative phosphorylation, it is possible to exploit the Warburg Effect.
Glucose can be utilised as a targeting molecule for the diagnosis and treatment of cancer
cells because they have a much greater avidity for glucose; they must generate enough ATP

to enable rapid cell proliferation.3 Whilst the consequences of the Warburg Effect are well-

11
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understood, establishing why this occurs in cancerous cells, or whether it is essential for

their growth, remains unresolved.

A 2006 study on lactate dehydrogenase-A (LDH-A) expression by Leder et al. revealed that
the previous commonly held hypothesis, where the Warburg Effect was attributed to a
mitochondrial defect — which therefore blocked the oxidative phosphorylation pathway —
was unlikely.® Subsequently, in 2008, Cantley and co-workers showed that cancerous cells
exclusively express the M2 isoform of pyruvate kinase (PKM2). Pyruvate kinase regulates
the final step in the glycolysis process, with the M1 isoform (PKM1) of the enzyme being
found in normal cells.®” By disabling the PKM2 enzyme in a H1299 (lung cancer) cell line,
and expressing the PKM1 enzyme instead, they were able to reverse the Warburg Effect.
This was evidenced by a decrease in lactate production and an increase in oxygen
consumption. Additionally, Cantley et al. demonstrated that cancer cells that contain the
PKM1 enzyme exhibit a great decrease in both ATP production and the rate of cell
proliferation when compared to those containing the PKM2 enzyme.®” Consequently, it is
now understood that the PKM2 enzyme enables cancer cells to consume glucose at an
accelerated rate, and also dramatically increases the rate of the final step in glycolysis, which
is rate-limiting. Whilst these results have increased our understanding of how glucose uptake
is accelerated in cancer cells, due to the Warburg Effect, it still does not establish why this

phenomenon arises.

The Warburg Effect is often thought to exist due to its ability to promote anabolic
metabolism (the building of large complex molecules from smaller simple building blocks).
However, this process must be indirect because the lactate generated by aerobic glycolysis is
ejected from the cell. Therefore, it does not lead to carbon production for biosynthetic
pathways. As a result of this finding, a more recent theory suggests that the Warburg Effect
arises in cancerous cells because it enables these cells to maintain large pools of glycolytic
intermediates. These intermediates feed several non-mitochondrial pathways including the
pentose-phosphate pathway; this favours the generation of lipids and nucleic acids, which
are important for rapid cell growth and is particularly important in rapidly dividing
cancerous cells.3* This is an interesting idea but further work is required to fully establish the

origins of the Warburg Effect.

1.3.3. Glucose Transporters (GLUTS)

Glucose transporters (GLUTS) are transmembrane proteins that facilitate the efficient
transport of hydrophilic carbohydrates across lipophilic cell membranes. There are 14
isoforms of GLUTs (GLUT-1-14) known in humans, ranging in size from 45-60 kDa (492-

12
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524 amino acids) and these enable the transport of glucose and/or other sugars across the cell

membrane depending on the specific receptor.33383°

GLUT-1 is the most studied of these 14 receptors, and is found in almost all foetal tissues,
and in numerous adult tissues t0o.% Particularly high levels of GLUT-1 receptors are found
in erythrocyte cells, in barrier tissues (i.e. blood-brain barrier (BBB) and epithelial tissue),
and in a majority of cancerous cells.*® Because the quantity of any given GLUT receptor
within a cell membrane depends upon the energy/carbohydrate requirement of that cell, it is
therefore reasoned that over-expression of GLUT-1 receptors occurs in most cancerous cells,
as a consequence of their high glucose requirement (which arises from the Warburg
Effect).*

High substrate specificity is typically observed for each of the GLUTS, for example, the
GLUT-2 receptor exhibits a low affinity for D-glucose but a high affinity for D-
glucosamine.® Perhaps more subtly, the GLUT-1 receptor has been found to possess a high
affinity for D-glucose, but very poor affinity for its enantiomer, L-glucose.*! It is the GLUT-
1 receptor that we initially aimed to target in our research. Despite such strong substrate
specificity, conjugation of a specific carbohydrate (i.e D-glucose) can enable transport of a
non-natural species into a cell via the corresponding receptor (i.e GLUT-1). Examples of this

being used in research and medical science will be discussed in Section 1.4.

It is important to note, that whilst the GLUT-1 receptor is efficient at transporting D-glucose
across any cell membrane equipped with this receptor, it also has affinity for b-mannose, D-

galactose and D-glucosamine.+°

1.3.4. Hexokinase

The phosphorylation of glucose to glucose-6-phosphate is performed by the hexokinase
(HK) enzyme. This is the first step in the glycolytic pathway because once the carbohydrate
has been transported into the cell via a GLUT receptor, phosphorylation ensures that the
carbohydrate is trapped inside the cell. This is because glucose-6-phosphate is anionic at

physiological pH, which prevents its transport across the cell membrane.*?

In order to manage the enhanced glucose avidity and increased number of GLUT receptors
on the surface of cancerous cells, HK is often over expressed within these neoplastic cells.
There are four different isoforms of HK, each of which measure approximately 100 kDa and
consist of two domains with the enzymatic active site located in the cleft between the
domains (Figure 1.9).*44 Binding of both the substrate (i.e. D-glucose) and ATP in the cleft
causes the two domains to rotate, thereby narrowing the gap in the cleft and promoting the

transfer of a phosphate group from ATP to the substrate. The phosphorylated substrate (i.e.
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glucose-6-phosphate) and a molecule of ADP is then released. This is the first of ten steps in
the glycolysis process, which leads to the formation of pyruvate.*

Figure 1.9 Crystal Structure of HKI with the different domains highlighted in blue and
orange. Image source https://pfam.xfam.org/family/PF00349

Because HK is responsible for preventing the transport of carbohydrates back out of cells via
a GLUT receptor, it would be advantageous for any ligands designed as part of this project
to react with HK. This would prevent removal of the imaging agent from the target cells, and

instead lead to their accumulation inside of such cells.

1.4.  Glycoconjugates in medical imaging

Glycoconjugates are defined as compounds where a carbohydrate is covalently linked to
another molecule (such as a lipid, peptide, protein or other compound).”* There are
numerous examples of glycoconjugates reported in the literature and their applications are
wide ranging and include use in drug-delivery systems, vaccines and in biphasic or

asymmetric catalysis.

In this project, we have focused on the synthesis of phosphine glycoconjugates, whereby a
carbohydrate has been appended to a phosphine moiety. Phosphines ligands that are simply
based on the structure of carbohydrates (where a portion of the native carbohydrate motif
has been removed to enable phosphine incorporation, see Figure 1.10) will not be discussed,
as they are not suitable for biorecognition - particularly given that many examples also

contain protecting groups in their final structure.*64’.
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Figure 1.10 Examples of carbohydrate-based phosphine ligands, as opposed to P-
glycoconjugates.*

Here the focus will be restricted to D-glucose-based glycoconjugates (and complexes) that
have an application in medical imaging (Section 1.4.1-1.4.3), and phosphine

glycoconjugates (Section 1.4.4), as these are pertinent to this project.

1.4.1. Metal-Free D-Glucose-Based Glycoconjugates for Medical Imaging

As noted in Section 1.3.3, GLUTSs typically exhibit strong substrate specificity. However,
conjugation of the correct carbohydrate moiety (e.g. D-glucose) to a non-natural substrate
can facilitate its transport into the cell (e.g. via GLUT-1). This method has been employed in
literature to enable the imaging of cancer cells, often by designing fluorophore-based
glycoconjugates. For a comprehensive review of fluorescent glycoconjugates see the work
of Vidal et al.®® In this project, we aim to use radioactive **™Tc to image the cells rather than
a fluorophore, but the principles when designing a useful glycoconjugate remain the same.
Several key examples will be discussed as they have influenced the design of phosphine-

carbohydrate ligands in this project.

The first example is the earliest case of a fluorescent tagged bioprobe, which was reported
by Kutchai et al. in 1985. It consists of 7-nitrobenz-2-oxa-1,3-diazol (NBD) conjugated to D-
glucose at the C-6 position to form 6-NBDG (Figure 1.11).° The uptake of 6-NBDG was
studied in red blood cells and was seen to be inversely proportional to D-glucose
concentration. Additionally, the uptake of 6-NBDG was also reduced in the presence of
cytochalasin B (a mycotoxin), which is a high affinity GLUT-inhibitor. These two results
confirm that 6-NBDG is transported into cells via GLUT receptors. However, as the
carbohydrate was conjugated to the fluorophore at the C-6 position, the glycoconjugate was
not able to interact with HK. Moreover, the uptake of 6-NBDG was comparatively slow

when compared to other monosaccharide species.
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Figure 1.11 Structures of 6- and 2-NBDG, reported by Kutchai and Matsuoka et al.**°

Consequently, Matsuoka and co-workers synthesised 2-NBDG in 1996 (Figure 1.11).%° As
the conjugate was formed at the C-2 position of D-glucose, this glycoconjugate could
undergo phosphorylation by HK. Therefore, 2-NBDG can accumulate inside live cells and
so provide information about cellular metabolic activity. Because 2-NBDG remains
fluorescent once phosphorylated, but then degrades to non-fluorescent components during
glycolysis, 2-NBDG has been used to study the cellular glucose uptake rate and metabolism

in biological systems (i.e. demonstrating the Warburg Effect in cancer cells).>!

The next pertinent example is Pyro-2DG (Figure 1.12). This example, published by Zheng et
al. in 2003, demonstrates that considerably more bulky species, such as porphyrin, can be
transported via GLUTS.?

Pyro-2DG

Figure 1.12 Structure of the glycoconjugate Pyro-2DG.%

In Pyro-2DG, porphyrin is conjugated to D-glucosamine at the C-2 position, to give a
glycoconjugate that is capable of accumulating in cancerous cells. Pyro-2DG works as a
near-infrared (NIR) dye, so is used for imaging the cancer cells through the detection of this
compound’s fluorescence at 720 nm. Additionally, this glycoconjugate has the potential to
be used in photodynamic therapy (PDT); irradiation of cancerous cells after uptake of Pyro-

2DG has been found to result in damage to their mitochondria, leading to cell damage and
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ultimately cell death.5? Zheng et al. have proposed that the accumulation of Pyro-2DG in
cancerous cells occurs by GLUT transport, as uptake is inhibited by large quantities of D-
glucose. Confocal fluorescence microscopy show that there is no back-transfer of Pyro-2DG
once it has localised inside the cells, and hence it can be inferred that the compound must be
reacting with hexokinase (HK) once inside the cell.®? Notably, Pyro-2DG uses a 3-carbon
flexible linker to conjugate the porphyrin and carbohydrate because generally,
glycoconjugates with very short, and inflexible linkers are unable to transport bulky
fluorophores via GLUT receptors. Therefore, to prevent poor cellular uptake when using a
short linker comparatively low molecular weight fluorophores have been used, such as those

examples reported by Park et al.%

In 2018 Park et al. developed new NIR glycoconjugate tracers based on rhodamine (Figure
1.13).%® Rhodamine derivatives typically fluoresce at ~ 570 nm, outside of the NIR range,
but Park and co-workers hypothesised the emission wavelength would be shifted towards the
NIR region (>680 nm) if the oxygen atom in the fluorophore was replaced with a silicon
atom. Two glycoconjugates were designed: neutral Glc-SiR-CO;H and cationic Glc-SiR-Me
(Figure 1.13). Both exhibited near identical photophysical properties, but Glc-SiR-CO2H
displayed superior cell uptake.® This was attributed to it being a neutral species overall.
Park et al. studied the GLUT transport of Glc-SiR-CO;H by incubating the fluorophore (10
uM) with varying concentrations of L- and D-glucose (0-55 mM) in with HeLa cells for 1 h.
It was found that uptake of Glc-SiR-CO,H was independent of L-glucose concentration but
inhibited with increasing D-glucose concentration. This implies there is GLUT mediated
transport of the glycoconjugate; tests with additional cell lines suggest that it is both the
GLUT-1 and GLUT-4 receptors that promote the transport of this fluorophore. LC-MS
analysis of the lysates (after incubation of Glc-SiR-CO;H with HeLa cells) revealed that the
compound was phosphorylated (presumably by hexokinase).>® The NIR dye therefore has
the potential to be used for the imaging of cells, but in vivo studies are yet to be reported.
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Glc-SiR-CO,H Glc-SiR-Me

Figure 1.13 Structures of rhodamine-based glycoconjugates.*

Despite previous results that have suggested a longer linker between the carbohydrate and
conjugated molecule is required for receptor recognition, Li and co-workers have shown that
this is not always necessary. In 2020, Li et al. developed Glu-1-O-DCSN (Figure 1.14),
which incorporates a dicyanoisophorone-based dye.>* A D-glucose competition experiment
demonstrated that the uptake of Glu-1-O-DCSN was significantly inhibited by this
carbohydrate, suggesting GLUT-1 transport. Although L-glucose competition tests were not
performed, the uptake of Glu-1-O-DCSN was also studied in normal (NE1) and cancer
(HeLa and KYSE150) cell lines. Greater uptake was observed in the cancer cell lines, again
indicating GLUT-1 transport of the red-emitting dye (Aem = 654 nm). In vivo studies
demonstrated the gradual accumulation of Glu-1-O-DCSN in the tumours of tumour-bearing
mice (uptake peaks at 23 h), and in the liver, kidneys and brain of normal mice. > This
positive result provides further evidence of GLUT-1 transport, as GLUT-1 receptors are
found localised at the blood brain—barrier (BBB) and enable the uptake of D-glucose in the

brain.

Glu-1-O-DCSN

Figure 1.14 Structure of glycoconjugate Glu-1-O-DCSN.%
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1.4.2. Fluorodeoxyglucose (**FDG)

Kutchai, Matsuoka, Zheng, Park and Li et al. have all developed red- or NIR-emitting
glycoconjugates for the imaging of cancerous cells. These examples have shown that
conjugation at the C-1 and C-2 position is preferable (versus C-6), the species should be
neutral, and both long and short linkers can enable GLUT transport. However, developing
fluorophores with Aem capable of deep tissue penetration remains an issue. This can be

overcome by the incorporation of radioisotopes (i.e. 18F, *™Tc).

Fluorodeoxyglucose (FDG, Figure 1.15) remains the most routinely used compound for the
diagnosis of cancer, because it is one of the simplest bioconjugates; the hydroxy group at the
C2 of D-glucose is replaced by the PET radioisotope, fluorine-18 (*éF, ti» = 110 min). FDG
is transported via GLUT-1 receptors, where it is phosphorylated by HK to form FDG-6-
phosphate, thereby trapping the PET-imaging agent within the target tissue. FDG uptake is
maximised in cells with the greatest number of GLUT-1 receptors and HK activity — these

are predominantly cancer cells.®

OH
HO ©
HO 18|:
OH
FDG

Figure 1.15 Structure of ¥F-fluorodeoxyglucose (FDG).

Although FDG is extremely successful, there are a several drawbacks linked to this
radioisotope: (i) 8F has a very short half-life (ti2 = 110 min) which presents challenges for
the preparation of the imaging agents; (ii) ‘®F is prepared in a cyclotron so its production is
expensive and its use in hospitals can be geographically limited with respect the location of
the cyclotron.?® For these reasons, it has become attractive to research analogues that make
use of SPECT isotopes (e.g. *™Tc) instead.

1.4.3. Technetium 99m Glycoconjugates

So far, only one *™Tc glycoconjugate imaging agent has achieved FDA-approval. This
radiopharmaceutical is referred to as Lymphoseek and is used to identify the sentinel lymph
nodes in cancer patients. These are the lymph nodes to which cancer is most likely to spread
first. The structure of Lymphoseek is extremely complex and the glycoconjugate ligand
contains a dextran backbone made up of 60 glucose units. Four molecules of DTPA and 55
units of mannose are conjugated to the dextran backbone, with the DTPA molecules used for
chelation to ®™Tc(1V), whilst the mannose molecules bind to the protein on the surface of

endothelial cells found within the lymph node.
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In this project, only Tc(V) and Tc(l) cores have been considered due to the ease of synthesis
of Tc(V) complexes, and because of the stability associated with the Tc(l) core.
Consequently, whilst a comprehensive review into *"Tc glycoconjugates has been published
by Orvig et al., only examples relating to Tc(V) and Tc(l) species will be discussed below.%
None of these examples contain phosphine glycoconjugates, but they do demonstrate the
complexity involved when attempting to synthesise a ®™Tc glycoconjugate for applications

in medical imaging.

1.4.3.1. Technetium(V)-99m D-Glucose-based Glycoconjugates

Although technically not a glycoconjugate, the first Tc(\V) complex involving a carbohydrate
molecule was prepared from 5-thio-D-glucose (Figure 1.16) in 1999.5 As with many older
®mTc-labelled species, characterisation data were not reported. Unfortunately, the resultant
species did not behave like D-glucose, and no interaction with the GLUTs or HK were
detected. Because the **™Tc complexes are generally prepared in dilute aqueous conditions,
the weakly coordinating -OH groups of the carbohydrate are not particularly suitable for
direct coordination to the radiometal. Instead, conjugation of the carbohydrate to a binding

moiety with a higher affinity for ®™Tc is necessary.

OH OH
s 0
HO HO%SH
HO H
HO ° HO
OH

5-thio-D-glucose 1-thio-D-glucose, 1-TD

Figure 1.16 Structures of 5- and 1-thio-D-glucose.

This led to a more recent study involving the isomeric glycoconjugate, 1-thio-B-D-glucose
(1-TD, Figure 1.16). However, the HPLC traces recorded for the **™Tc(V) complex of 1-TD
were found to vary with ligand concentration and pH, suggesting that a number of species
were formed.%® When the ®™Tc species was synthesised at pH 7 (near physiological pH), it
exhibited poor stability and did not remain intact after 2 h. Additionally, attempts to form the
analogous Re(V)-1-TG complexes were unsuccessful and so further studies were not
performed. Characterisation of ®™Tc complexes are typically performed by preparing the
non-radioactive Re complex. This is because the handling of non-radioactive complexes is
simpler, and specialist facilities are necessary to work with radioisotopes.? Re is a suitable
model because it is the heavier congener of Tc, and therefore possess similar coordination
chemistry and reactivity. The similarities and differences between Re and Tc complexes will

be discussed in more detail in Chapter 2.
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In contrast to the examples above, the ®"Tc-ECDG glycoconjugate developed by Podoloff
et al. is more complete in its characterisation.”®* The glycoconjugate ligand,
ethylenedicysteindeoxyglucosamine (ECDG, Figure 1.17), was synthesised by amide
coupling between two D-glucosamine units and an ethylenedicystein (EC) moiety. The EC
backbone has an NS, binding sphere, which enabled efficient coordination of the ligand to
the radiometal. This meant the complex, *™Tc(V)-ECDG, was formed from [TcO4] in 94%
radiochemical yield.®® Podoloff et al. performed L- and D-glucose competition assays to
confirm transport of the complex via GLUT receptors. These results were supported by in
vivo studies, where the uptake of ®™Tc-ECDG was upregulated in the tumours of rats that
had been pre-treated with insulin versus those that were not.% Although not stated in the
paper, this would suggest transport of *"Tc-ECDG via GLUT-4 receptors, as they are
insulin dependent, whilst GLUT-1 receptors are insulin independent. Podoloff et al. repeated
the in vivo studies with ®™Tc-EC, and showed that without the carbohydrate, this species
does not accumulate in tumours, but instead in organs involved in excretion. Despite the
authors claims that ®™Tc-ECDG is phosphorylated by HK, the evidence for this is weak, and
the activity measured in the blood during in vivo testing is twice that found inside the
tumours.?>% This could suggest that HK-mediated phosphorylation does not occur, and
therefore the **Tc species can be transported out of the cells.

These complexes appear to exhibit reasonable levels of stability as no activity was detected
in the thyroid. This is significant because if a ®™Tc complex is unstable in vivo, it will be re-
oxidised to [TcO4]  which is known to accumulate in the thyroid. Currently, ®*™Tc-ECDG is
undergoing a 154-person Phase 3 clinical trial investigating its application in the diagnosis
of lung cancer. This study is due to be completed in March 2023.51 Further Tc(V)
complexes of tetradentate ligands have been reported by Liu et al., but these Tc(V)

glycoconjugates have often exhibited poor stability in vivo.®?

OH OH
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Figure 1.17 Structure of ECDG ligand.

In 2015, Porcal et al. reported the synthesis of the bis-Tc(V) complex ®"Tc-AADG, (Figure
1.18).5 ®mTc-AADG is structurally similar to ®*™Tc-ECDC (which was undergoing Phase 2

clinical trials at this time). However, *®"Tc-AADG has a bidentate chelator, whilst ®™Tc-
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ECDC used a tetradentate chelator.®* The AADG ligand was prepared by amide coupling of
D-glucosamine hydrochloride and ethyl-bromoacetate. Radiolabelling of AADG with
[TcO4] (in the presence of SnCl,) gave the ®"Tc-AADG complex in 98% radiochemical
yield. This complex also exhibited good stability (>80%) after 5 h, although whether this
was performed in vitro or in vivo remains unclear.% In vitro D-Glucose competition studies
showed no evidence for GLUT transport, and in vivo localisation studies did not demonstrate
a greater accumulation of ®™Tc-AADG in tissue that consumes larger quantities of D-
glucose (such as the brain, heart and muscle). Most disappointingly, whilst high uptake was
observed for ®"Tc-AADG in B16 murine melanoma cells, this result was the same for the
for the carbohydrate-free analogue, **™Tc-AA, indicating that the carbohydrate has no

influence on uptake in this system.
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Figure 1.18 Structure of imaging agent *"Tc-AADG.%

1.4.3.2. Technetium(1)-99m Tricarbonyl Glycoconjugates

As mentioned in section 1.2.2, Alberto and co-workers developed the technetium(l)
tricarbonyl core. This is often favoured for biological applications due its size, stability
towards oxidation and ability to coordinate a wide variety of chelating ligands.?® The
synthesis of [Tc(CO)s]* complexes will be further discussed in Chapter 3, where this core

has been employed.

One of the first examples of a ®™Tc(l) glycoconjugate was developed in the Orvig group.
The ligand used for this complex contained a 2-hydroxybenzyl moiety that was conjugated
at the C-2 position of D-glucosamine (Figure 1.19). Despite expectations that the ligand
would coordinate in bidentate fashion via the amine and phenolic-OH groups, 'H NMR
spectroscopy revealed a downfield shift (7.4 ppm) of the C-3 proton when recording the
NMR spectrum of the ‘cold’ (non-radioactive) Re complex. This suggested that the OH
group at the C-3 position was additionally involved in binding to the metal centre.
Therefore, the glycoconjugate ligand was likely coordinating to Tc in a tridentate fashion

(Figure 1.19). Orvig et al. hypothesised that because of this, the Re complex, and its **™Tc
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derivative, would not be recognised biologically and therefore no further work was carried

out on this system.®®

OH
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Figure 1.19 Structure of a glycoconjugate ligand and its Re(CO); complex, by Orvig et al.®

Consequently, the Orvig group designed a series of 3-hydroxy-pyridone glycoconjugates.®
Here, the distance and rigidity between the carbohydrate moiety and binding site was
increased to ensure that the carbohydrate could not participate in binding to the Re/Tc
centre, as seen in the previous example. A series of five ligands were designed and a variety
of linker lengths, conjugation methods, and conjugation positions (C-1, C-3 and C-6) were
investigated. These included examples containing an ether linkage at the C-1 position of D-
glucose (Figure 1.20(a)), an amide linkage at the C-2 position of D-glucosamine (Figure

1.20(b)) and an amide linkage at the C-6 position of D-glucose (Figure 1.20(c)).

(a) OH (b) OH (c)
ey A
Q A
JJ\/N ~ N =
HO
OMe

Figure 1.20 Examples of 3-hydroxy-pyridone glycoconjugate conjugated at the (a) C-1, (b)
C-2 and (c) C-6 positions.®

These ligands formed complexes with ‘cold” Re and radioactive '®®Re and ®™Tc sources.
The *™Tc complexes were found to exhibit excellent stability in solutions of cysteine and
histidine after 4 h, and although some degradation was noted after 24 h, this was not
considered a significant issue as this exceeded the half-life of ®°MTc.% Analysis of the ®*™Tc
complexes after 24 h was still possible as the samples had not exceeded HPLC detection
limits. However, the Tc(l) complexes did not undergo phosphorylation by HK and in the
concluding remarks of the paper, it was acknowledged that competitive uptake experiments
with D-glucose (and/or L-glucose) were not performed.®® As the GLUT recognition of these
compounds is unknown and the results of the HK assay were not promising, it is possible
that recognition of these molecules by GLUT receptors may be poor. Orvig and co-workers
noted that if receptor mediated transport was facilitated then these compounds could be

medically relevant and consequently, further studies including a D-glucose competition
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experiment would be performed in the future. To date, no follow up paper has been
published. It is therefore possible that the linker may be too bulky and/or rigid to allow the
complex to behave as a D-glucose analogue. A more flexible alkyl chain may have yielded

more promising results.

In 2007, Gottschaldt and Yano et al. synthesised a Tc(l) glycoconjugate in 95%
radiochemical yield. The bidentate glycoconjugate ligand consisted of a 2,2’-bipy moiety for
radiometal coordination. Two D-glucose molecules were incorporated into the bipy-chelator
via flexible thioether linkages and the ‘cold” Re complex was synthesised to enable full
characterisation of the ®™Tc(l) complex. The N,N-ligand was found to coordinate in a cis-
fashion, whilst a chloride ligand coordinated trans to the glycoconjugate ligand. The
chloride ligand is denoted by a ‘L’ in the Tc(I) complex, as at higher levels of dilution this
can exchange for an aqua ligand, Figure 1.21.%” Good stability was observed for the *™Tc(l)
complex after 4 h incubation in histadine, but after 24 h significant degradation was noted by
HPLC analysis. It was expected that the degraded product would be [*"Tc(His)(CO)s]",
where complete ligand exchange has taken place. However, when Gottschaldt et al.
synthesised and analysed this compound ([**Tc(His)(CO)s]*), they discovered that this was
not the case. They therefore hypothesised displacement of a ligand by histidine was only
occurring at the labile site on the Tc(l) core (L=H,0 or CI). This has been seen previously
for [Tc(CO)s]* species that contain pyridine or imidazole ligands.®” Accordingly, HK and

GLUT assays were not performed due to this lack of stability.
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Figure 1.21 Tricarbonyl complex (M = Re or ®™T¢) with a 2,2’-bipy-based glycoconjugate

ligand.®

The labile site (L), generated by coordination of a bidentate ligand to the [Tc(CO)s]* core,
can often cause issues in vivo. It has been postulated that a protein can bind to the metal
centre at this ‘vacant’ site. Over time, this often leads to complete displacement of the
bidentate ligand. Use of tridentate ligands should therefore overcome stability issues within
Tc(l) complexes - although examples of complexes of tridentates by the Orvig?, Schibli®

and Zubieta® groups still demonstrated poor stability in vivo. Despite these results, in 2014,
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Gottschaldt et al. demonstrated that it is possible to generate stable [Tc(CO)s] species using
bidentate ligands. A series of pyridyltriazole ligands were designed where copper(l)-
mediated ‘click chemistry’ was used to conjugate the following carbohydrates: D-glucose
(Figure 1.22), p-galactose, D-mannose, D-xylose or D-maltose.”® ®™Tc(l) radiolabelling of
the D-glucose glycoconjugate proceeded in high radiochemical yield and the product was
found to be was stable in histidine for 24 h, with no changes seen in the HPLC trace. This
contrasted with the cold Re analogue, that only demonstrated stability in histidine up to 4.5
h. Cell testing was performed with the Re(l) analogue, as it is not possible to test ®™Tc
complexes over such time frames (0-96 h). The Re(l) species was found to exhibit no
cytotoxicity towards HepG2 cells (liver cancer cells), which makes the Tc(l) complex a

potential candidate for testing in vivo.”

N
/ N
/

Figure 1.22 Glycoconjugate ligand synthesised by 'click-chemistry' (where bolded atoms

denote those that coordinate to **™TcCOs core).

1.4.4. Phosphine Glycoconjugates

Despite reports of a number of N-, S- and O-based glycoconjugates, there are very few
examples reported for P-based glycoconjugates. Prior to the results reported in this thesis
(Chapters 2-4), there have been no reports of *"Tc complexes featuring phosphine

glycoconjugates, to the best of our knowledge.

Phosphine glycoconjugates were first reported during the 1990’s, and they were aimed at
being used as water-soluble ligands for applications in biphasic catalysis. Biphasic catalysis,
where the catalyst is more soluble in the aqueous phase than the organic phase, is considered
advantageous as the separation and recovery of catalysts from organic products is often a
challenge.”*"? Catalyst separation is often costly, and is a particular problem during the
development of pharmaceuticals, where trace levels of transition metals (<100 ppm) in final

products remains an issue.”

The first route to a C1-linked phosphine glycoconjugate was published by Beller et al. in
1997 (Scheme 1.3) and used sodium hydroxide to promote the glycosylation of 4-
hydroxyphenyldiphenylphosphine and a halopyranose carbohydrate, under biphasic
conditions. D-glucosamine, D-galactose and D-glucose phosphine glycoconjugates were

prepared, but this method was low yielding (33-50%, dependent on the carbohydrate).
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However, more traditional methods of glycosylation (e.g. Lewis acid catalysed

glycosylation) gave even poorer yields (2-14%)."

R10Ac R1OH

2% i) CH,Cl,/NaOH (1M) o

R TBAHS 2

AcO * HOOPPhZ R

R3 ii) NaOMe (1 mol%) HO =3 © PPh,
X

(a) X=ClI,R'=H, R?=0Ac, R® = NHAc (a) R'=H, R2=0H, R®=NH,

(b) X =Br, R"=0Ac, R?=H, R® = OAc (b) R'=0H, R2=H, R®=OH

(¢) X=Br, R'=H, R?=0Ac, R®=0Ac (¢) R"=H,R2=R®=0OH

Scheme 1.3 1997 route by Beller et al. for the synthesis of phosphine glycoconjugates.”

In 1999 a second route to these molecules was disclosed by Beller et al.”> Here, Pd-cross
coupling was used to add HPPh; (or H.PPh) to 4-iodophenyl-pyranose derivatives (Scheme
1.4). This method gave improved yields to the same targets as above (85% versus 50% for
the galactose-containing glycoconjugate). The yield for the synthesis of the D-glucose-based

glycoconjugate via the 1999 method was not reported.”

R10Ac HPPh,, KOAc, CH;CN, R'OAc
RZ/M 180 °C, pressure tube Rzm
o— ) R o@Pth
Aco R® C\A .oi\o,Rﬁi> AcO R®
Pd .Pd
P, [ONGA®)

RR 5 mol%
(a) R'=H, R?=0Ac, R®=NHAc R = o-tolyl

(b) R'=0Ac, R2=H, R® = OAc
(¢) R'=H,R2=R%=0Ac

Scheme 1.4 General scheme of the alternative route to P-glycoconjugates, by Beller et al.”

Measuring the Nernst partition coefficient at various temperatures meant that Beller et al.
could demonstrate that catalysts with the glycoconjugate ligands were capable of
thermoreversible solvation. This means that at higher temperatures the hydrophilic catalyst
can expel its hydrate shell and become more lipophilic. Analogous Pd-catalysts with TPPTS
ligands do not do this. Therefore, the glycoconjugate-based catalysts were expected to
exhibit greater activity when tested in biphasic catalytic applications. In ‘two-phase’ Heck
and Suzuki cross coupling reactions, the Pd catalysts with phosphine glycoconjugates
ligands were found to give better yields and higher activities that those with TPPTS
ligands.”™ Both catalysts were tested under the same conditions, with the two-phase system
being a 2:1:3 mixture of ethanol, water and di-n-butyl ether. Additionally, Beller et al.

investigated the use of phosphine glycoconjugate ligands in the two-phase hydroformylation
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of 1-octene. This reaction was performed in a water/toluene mixture, but catalyst recovery
was not quantitative because of the catalyst’s property of partitioning between the two
phases at any given temperature. This reaction was of particular interest, as industrially 1-
butanal is prepared from the two-phase hydroformylation of propene, using a Rh-TPPTS
catalytic system (Ruhrchemie/Rhone-Poulenc process).”

Although the Beller group thoroughly researched the applications of phosphine
glycoconjugate ligands, they were not the first group to develop such molecules. Earlier, in
1992, Heesche-Wagner and Mitchell synthesised the first examples of phosphine
glycoconjugates, with conjugation at the C-1 (fructose and mannose), C-3 (glucose) and C-6
(galactose) positions. By adding an allyl group at the C-1, C-3 or C-6 positions, it was
shown that hydrophosphination could be used to introduce the phosphine moiety (Scheme
1.5). Unfortunately, removal of the acetonide protecting groups led to the cleavage the
propyl linker between the phosphine and carbohydrate, in all cases except the D-glucose
derivative (Scheme 1.5).™

5‘ -0 OH
om i) HPPhy, ABN HO 0
O o PhP _~_O

ii) Amberlite resin

Scheme 1.5 Synthesis and deprotection phosphine glycoconjugate ligand by Heesche-
Wagner et al.”*

More recently, Sinou et al. reported phosphine glycoconjugates 1.7 and 1.8 (Figure 1.23).
These ligands were prepared by amide coupling of a COOH-functionalised phosphine and D-
glucosamine.”™ Although 1.7 and 1.8 exhibited no catalytic activity when peracetylated, once
deprotected they became efficient ligands for ‘biphasic’ (3:2:2, Tol:EtOH:H>O) Suzuki
cross-coupling. A 1 mol% catalyst loading was required for the reaction to reach completion

in 2 h, but this could be reduced to 0.1 mol% if the reaction time was extended.”™

OH OH '

HN “OH
o)\©\ 0 o) O PCy,
PPh, PhoP O
1.7 1.8 1.9

Figure 1.23 Structures of C2-based phosphine glycoconjugates.”
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Subsequently, Sinou et al. also published the synthesis of compound 1.9 (Figure 1.23). This
ligand enabled the substrate scope of the biphasic Suzuki coupling reaction to be extended
from Ar-Br and Ar-I species, to Ar-Cl species too. However, Sinou et al. admitted that this
reaction was not truly biphasic (3:2:2, Tol:EtOH:H>0), and stated that further work must be
done to improve the ligands’ water solubility to perform the reaction in a two-solvent

biphasic system.’®

Additionally, Sinou and co-workers have compared their system involving ligand 1.9, with
that designed by Miyuara et al. (Figure 1.24), as both groups’ glycoconjugate ligands give
complexes with similar catalytic activity.”” Whilst Sinou and co-workers synthesised their
ligands by reacting a COOH-functionalised phosphine with a NH.-functionalised
carbohydrate, the Miyuara group have swapped this functionality.” Miyuara and co-workers
have used D-gluco-1,5-lactone as there carbohydrate moiety. This is hydrolysed in water to
the ring-opened form, D-gluconic acid, which can then undergo amide coupling with an
NH,-functionalised phosphine.”” Consequently, extending their system to di- or
oligosaccharides may be more difficult than simply selecting one of the many naturally
occurring amino-carbohydrates. Consequently, Sinou and co-workers believe their system
allows for easier screening of alternative carbohydrates, which is desirable for improving the
activity and recyclability of the catalyst.
(0] OH QH

OH
N)J\H\‘/\/
O H OH OH

PR, R = Cy or Bu

Figure 1.24 Structure of a D-gluco-1,5-lactone containing P glycoconjugate synthesised by

Miyuara et al.”’

In 2007, Sinou and co-workers researched the applications of phosphine glycoconjugates in
alternative Pd catalysed reactions. They discovered that the peracetylated derivative of 1.7
(Figure 1.23) could be used as an efficient ligand in catalytic asymmetric methylation. By
varying the group at the C-1 position of 1.7, it was established that high ee’s (85%) could
only be achieved with a B-OAc occupying the C1 position. All other groups that were tested
at this position (a-OAc, a/p-OMe, and o/p-OBn) gave significantly decreased ee values (0-
30%).”® Despite these interesting results, the Trost ligand remains a better ligand for
catalytic asymmetric methylation. Consequently, in 2011, a glycoconjugate based on Trosts’
privileged ligand was synthesised by Ruffo et al. (Figure 1.25), and will be discussed further
in Chapter 4.7
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N o
NH HN

PPh, Phy,P
Figure 1.25 Structure of a diphosphine glycoconjugate, by Ruffo et al.”

Lastly, there are a few examples of phosphine glycoconjugates whereby a p-cyclodextrin,
rather than a monosaccharide, has been used to introduce carbohydrate functionality to a
P(IN1)-species. These include examples by Waldvogel, and Rudolf et al., but these will not
be discussed here 808!

1.4.5. Positional isomers of Glycoconjugates

D-glucose is highly functionalised and can be conjugated at a variety of positions (C1-6), but
information is limited regarding the optimal position for modification. A 2016 study by
Lippard et al. tried to address this issue by synthesising all possible positional isomers (C-
la, -1B, -2, -3, -4 and -6) of a D-glucose-based Pt drug (Figure 1.26).%
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1a 1B 2
OH OH OH
% M °
HO
"o HO o~ Hﬂm
HO HO O ™oH
>Q 9
3 4 6

0 o) )

O ™oH

Figure 1.26 Series of positionally isomeric Pt-based glycoconjugate ligands, by Lippard et

al 41

The C2-posistional isomer was identified as most potent in terms of cytotoxicity towards
DUI145 (prostate) cancer cells (2 > 1o = 1B > 4 = 6 > 3), although the C1 isomers (0/B)
showed very similar activity. The C3 species was the least potent of the isomers. In terms of
cellular uptake, the C2-isomer again gave the best results. Uptake inhibition tests were
performed by treating the cells with a GLUT-1 inhibitor (Cytochalasin B). Here, the uptake
was most inhibited for the C2-isomer, followed by the Cl-isomers (2> la> 1 >3 =4 =6),
suggesting that the GLUT-1 receptor has the greatest affinity for the C2-isomer. Overall, the
C2 isomer performed the best, whilst the C1 isomers performed relatively well and the C3

isomer performed the worst.*!

In this project, modifications have focused on the C1 position, due to the enhanced reactivity
at this position of D-glucose when compared to the C2-6 positions. Despite the Cla-anomer
performing better than the C1p-anomer in the publication by Lippard et al., the
glycoconjugates formed in this project are the C1p-anomer. This is a consequence of using
acetyl protecting groups - which generally favour B-selectivity through an anchimeric effect
- when forming phosphine glycoconjugates. Removal of protecting groups in the presence of

a phosphine is non-trivial, and as the conditions for acetyl deprotection are compatible with
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the phosphine, this has been our preferred protecting group. It should be noted that the paper
by Lippard et al.** is a single result and consequently it may not be representative of all
glycoconjugate-containing metal complexes.

1.5. Radiotherapy

Although our primary objective is to use phosphine glycoconjugate ligands in imaging
applications - by radiolabelling with ®™Tc¢ — it is possible that these ligands could be used in
radiotherapy too.* Typically high energy p-emitting radioisotopes are used for therapeutic
purposes, as the ejected p--particles release energy when they collide with molecules in the

body. This causes DNA damage within cells, resulting in cell death.?

Rhenium has two B-emitting radioisotopes — rhenium-186 (*%Re) and rhenium-188 (‘¢®Re) —
and is the radiotherapeutic “matched pair” for diagnostic **"Tc as both metals are
isoelectronic and produce essentially isostructural complexes for a given ligand set. This has
led to the idea of developing ‘theragnostic’ agents; a single ligand with directed uptake
could be used for both diagnostic and therapeutic purposes by simply changing the choice of
radiometal 2 Despite this potential application, radiolabelling with rhenium-186 or -188 has
not been investigated in this project, because of the lack of its availability. Therefore, only

non-radioactive Re complexes will be detailed in this thesis.

1.6. Summary and Objectives

1.6.1. Summary of literature survey

Several projects within the Ma and Pringle group have previously investigated the
incorporation of peptides into ®*™Tc and %Cu imaging agents.?*84 However, this thesis will
focus on the incorporation of carbohydrates via a number of routes, to develop novel

phosphine glycoconjugates as ligands for **™Tc radio-imaging.

Whilst many examples of *™Tc-glycoconjugate complexes have been reported (Section
1.4.3), none of these use phosphine glycoconjugate ligands. Few examples of phosphine
glycoconjugates ligands are reported in the literature, and all examples have been designed
for biphasic catalysis rather than bioimaging applications. Consequently, several
fluorophore-based glycoconjugates have also been discussed in this Chapter (Section 1.4.1).
This is because the principles required when designing a glycoconjugate species that is
capable of imaging cells are valid regardless of whether it is a fluorophore or radioactive

moiety that is performing the imaging.

The ®™Tc glycoconjugate results were varied (Section 1.4.3). However, from the literature
survey above (primarily Section 1.4.1) we can make the following key generalisations about

glycoconjugate species:
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e Carbohydrate conjugation should be performed at the C-1 or C-2 position if we aim
to see an interaction with GLUT receptors and the enzyme HK. Evidence for this is
the synthesis of 2-NBDG*® versus 6-NBDG,* and the Pt(Il) study where all
positional isomers of a glycoconjugate ligand were synthesised (C-1a-, -1B, -2, -3, -
4 and -6, see Section 1.4.5).4

e Incorporation of bulky species does not necessary inhibit GLUT transport, as

demonstrated by the chemistry of Pyro-2DG.*2

e A species with no overall charge is likely to have better cellular uptake, as shown by
Park et al. preparing neutral Glc-SiR-CO,H and cationic Glc-SiR-Me.>

e The linker between the carbohydrate and imaging moiety can be longer and more
flexible (see example by Park et al.)>® or shorter and more rigid (see example by Li
et al.),> but this individually does not dictate whether the molecule will undergo
GLUT transport.

1.6.2. Objectives
The aims of the research described in this thesis were:

e To explore methods for the conjugation of phosphines and carbohydrate molecules,
in order to access phosphine glycoconjugate ligands that may be capable of

biorecognition.

e To investigate the rhenium coordination chemistry of all phosphine glycoconjugate

ligands prepared in this project as a model for *®*"T¢ radiolabelling.
e To investigate the ability of phosphine glycoconjugate ligands to undergo
radiolabelling with **™Tc, either using a kits-based approach based on that used for

Myoview for Tc(V) radiolabelling, or a tricarbonyl-kit for Tc(l) radiolabelling.

e To evaluate the toxicity and uptake of non-radioactive Re complexes of phosphine

glycoconjugates in various cell lines.

e To expand the current scope of P(l11)-based phosphine glycoconjugates from mono-

to diphosphine glycoconjugates.
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Chapter 2 Alkyl Linked Monophosphine Glycoconjugates

2.1.  Introduction

2.1.1. Carbohydrates: Key Terminology and Reactivity

This project concerns exclusively O-glycosides, i.e. glycosides linked via an oxygen atom.
Glycosidic links are formed by reaction of a glycosyl donor with a glycosyl acceptor. When
synthesising glycoconjugate species, the glycosyl donor is a carbohydrate, whilst the
glycosyl acceptor is a non-carbohydrate species (e.g. a phosphine).

The newly formed glycosidic linkage can be described as either an a- or B-linkage. This
descriptor (a/B) refers to the configurational relationship between the anomeric carbon (C-1)
and the anomeric reference atom (e.g. C-5 for hexapyranose molecules). An anti relationship
between these atoms gives an a-glycoside, whilst a syn relationship gives a B-glycoside
(Scheme 2.1).

@ 1 I
+ 0 ROH o)
) HO

o o Major
AcO _> )
Ao %O

product

a-glycoside

o}
®) m‘ Major product
.
e N o
BnO BnO
(@] .
B-glycoside
NOR Minor product
HO
Scheme 2.1 Formation of o and B glycosides, where ROH can denote a carbohydrate or non-

carbohydrate species. Protecting groups at the C-3 to C-6 positions have been omitted for

clarity.

When forming new glycosides and glycoconjugates, it is typically the C-2 centre that
imparts the greatest influence on the stereochemical outcome of the reaction. Participating
groups, such as O-acetyl and O-benzoyl groups, assist in the stereoselective formation of -
linked glycosides.! This is often referred to as anchimeric assistance, or neighbouring group
participation. It is widely accepted that participating groups aid the formation of a bicyclic
intermediate (1), which forms to stabilise the glycosyl oxocarbenium species (1) (Scheme
2.1(a)). This bicyclic intermediate forms on the bottom face of the carbohydrate, thereby
forcing the glycosyl donor to approach from the top face.? This results in selective formation
of the B-linked product.
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Non-participating groups, such as O-benzyl groups, often lead to the formation of the a-
linked species as this is thermodynamically favoured due to the anomeric effect (Scheme
2.1(b)). Non-participating groups do not lead to exclusive formation of the a-product, and
varying amounts of the B-product can also be formed.?

Protecting groups can influence the activity of the glycosyl donor. Electron-rich protecting
groups (e.g. O-benzyl groups) are referred to as ‘arming’ groups, whilst electron-
withdrawing groups (e.g O-acetyl groups) are described as ‘disarming’ groups.® ‘Disarming’
groups disfavour the formation of the carbocationic oxocarbenium species, and therefore

disfavour glycosylation reactions, compared with ‘arming’ groups.

These terms and concepts discussed above will be highlighted in several of the

glycoconjugation reactions discussed within this Chapter.

2.1.2. Binding to Tc(V)

Widespread clinical use of ®"Tc-labelled radiopharmaceuticals has been achieved, in part,
due to the ease of their preparation. This is a consequence of the development of kit-based
®mTc cores (Figure 2.1) during the 1980s, which has resulted in numerous clinically
approved ®MTc imaging agents.* The lyophilised kits contain all of the reagents required to
prepare the active compound (chelating ligand, reducing agent, buffer and weak chelator),
bar the radiometal itself.> This is added to the kit as a saline solution of pertechnetate
([**™TcO4]). After leaving this mixture to stand for a short period of time to allow for
complexation (15-30 min), the radiopharmaceutical can then be administered to a patient,
where SPECT imaging is used to detect its localisation. The development of Kits is therefore
a vital step towards the usage of any ®™Tc complex in the clinic, so has been explored for
several of the ligands developed within this project, and will be discussed in Section 2.6.5 of
this Chapter.

39



Chapter 2: Alkyl Linked Monophosphine Glycoconjugates

R
$
O+ _NH
N
1 ® 2® 3®
N 0 co © N o]
Lol L Lol L L.l _co L L Lol L
/Tc\ /Tc\ PSS el /Tc\
L~ L L L~ I ~co L L L L
L o] L
Tc(HYNIC) TcO,* Te(CO)s* Te-nitrodo?* Tco*

Figure 2.1 A variety of kit-based cores utilised in the synthesis of ®“™Tc
radiopharmaceuticals.

Although nitrogen- and phosphorus(V)-based *™Tc imaging agents have achieved
widespread clinical usage, only one phosphorus(lll)-based *™Tc species has this status.®®
Structurally, Myoview consists of a dioxo-Tc(V) core ([®™TcO,]*) and two tetrofosmin
ligands (Figure 2.2). The lipophilicity of these phosphine ligands, and the positive charge on
the complex facilitate its localisation within myocardial cells leading to its application in
myocardial perfusion imaging. More information regarding Myoview can be found in
Chapter 1 (Section 1.2.3).

®
P/, u
e Yy ~ D
H \—\
tetrofosmin Myoview

Figure 2.2 Structure of radiopharmaceutical Myoview and tetrofosmin ligand.

2.1.3. Glycoconjugation Methods

Instead of attempting to control biodistribution through changes to an imaging agent’s
charge, size or lipophilicity, a more predicatable and targeted approach is favoured. The aim
of this project was therefore to develop new phosphine ligands that incorporate
monosaccharides into the ligand structure, so that the bio-distribution would be based on the
location of carbohydrate receptors. Cancerous cells often (i) over-express glucose receptors,
and (ii) have an increased uptake of glucose — both results of the Warburg Effect - thereby

making them a valuable target.°

Inspired by the phosphine glycoconjugate ligands synthesised by Beller et al., initial work
focused on exploring their method, originally published in 1997 (Scheme 2.2).1* While it
was possible to reproduce the synthesis of this molecule, albeit after a longer reaction time
(40 hours), potential issues regarding the short and inflexible linker between the

carbohydrate and phosphine were identified.

40



Chapter 2: Alkyl Linked Monophosphine Glycoconjugates

OAc OH

1) CH,Cly/NaOH (1M) 1:1,
0} (0]

"% * o= )een T H%Mo@”’“z
c 5 2) MeOH, NaOMe (1 mol%), AT

Br

Scheme 2.2 Route to the synthesis of phosphine glycoconjugates, published by Beller et al.
in 1997.

The groups of Schibli and Orvig reported that the molecules in Figure 2.3(a) do not have the
necessary GLUT-1 transport to become useful compounds for cellular imaging. Orvig and
co-workers have hypothesised in both cases that the lack of GLUT-1 receptor recognition is
due to the proximity of the carbohydrate to the rest of the molecule.? These results led us to
focus on generating phosphine glycoconjugates with a longer linker between the

carbohydrate moiety and **™Tc-binding site.*2

More recently, research published by Li and co-workers (2020) has shown that in some
cases, a longer linker between the carbohydrate and conjugated molecule may not be
necessary for receptor recognition, as evidenced by the compound shown in Figure 2.3(b).
This molecule has exhibited successful transport via GLUT receptors (likely the GLUT-1
receptor), despite the relatively inflexible fluorophore being bound directly to the glucose
moiety.*® As results by Li et al. were published after the work in this Chapter was carried
out, this will not be reflected in this work, but will be taken into account in the subsequent
Chapters (3 and 4).

a. Schibli, 2005 Orvig, 2005 b. Li, 2019
OH OH OH
o) O
H ”O&M HO
Omw Ho oH %o
S~ HO HN
/=N
HOOC
HOOC HO

Et,N

Figure 2.3 Glycoconjugates reported by (a) the Schibli and Orvig group and (b) the Li
group.

2.2.  Ligand Synthesis

Herein, four unsuccessful routes to phosphine glycoconjugates will first be discussed.
Initially, Lewis acid catalysed glycosylation chemistry was investigated as a route to P(I11)-
containing glycoconjugates, before more traditional methods for the synthesis of P(llI)
molecules were explored: hydrophosphination chemistry, lithium phosphide chemistry and

quaternisation chemistry. A variety of problems were encountered with these methods, and
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this will be discussed in detail below (Section 2.2.1-2.2.4). Amide coupling chemistry was
the final route considered for the synthesis of a phosphine glycoconjugate (Section 2.2.5).
This led to the successful synthesis of a novel phosphine glycoconjugate, which was
radiolabelled with *™Tc to form the first ®™Tc-labelled phosphine glycoconjugate (to the
best of our knowledge).

2.2.1. Glycosylation Chemistry

2.2.1.1 Lewis-acidic Glycosylation Reactions with Unprotected Phosphines

To address the structural concerns (Section 2.1.3) that were noted at the outset of this
project, 2-(diphenylphosphino)ethan-1-ol was prepared, as reported by Sulzbach et al.
(Scheme 2.3)%,

PPhy —=-THF__ | ippp, HO Ho PPN
0°C-RT -20 °C - RT

Scheme 2.3 Synthesis of (diphenylphosphino)ethan-1-ol, as published by Sulzbach et al.**

Attempts to conjugate this primary alcohol with acetobromo-a-D-glucose (Scheme 2.4)
following the originally reported route by Beller et al. (Scheme 2.2) were unsuccessful. Only
phosphino-starting material was recovered after 24 h. It is therefore likely that the initial
productive step in this reaction is the deprotonation of the hydroxyl group. Whilst
deprotonation of a phenolic species with sodium hydroxide is possible, the pK, of a typical
alcohol (~15 versus ~10 for phenols) is such that it cannot be significantly deprotonated by a
1M solution of this base. This therefore inhibited the anticipated glycosylation reaction.™

OAc OH
° 1) CH,Clo/NaOH (1M) 1:1, o
AcO PPh TBAHS, 24 h HO
Aco + HO T X HO O\/\Pth
AcO ! 2) MeOH, NaOMe (1 mol%), OH
r 2.1

Scheme 2.4 Unsuccessful route to synthesise 2.1.

As Beller’s method proved unproductive for the coupling of alcohols (as opposed to
phenols) with carbohydrates, Lewis acid promoted glycosylation reactions were

investigated.

In literature reports, and in unpublished research carried out in the Galan group, BFs.OEt; is
routinely used for the coupling of alcohols with acetyl-protected carbohydrates.'®"18 It was
therefore hypothesised that the reaction of 2-(diphenylphosphino)ethan-1-ol at -40 °C with
peracetylated glucose in the presence of BFs:.OEt; would lead to the formation of 2.2

(Scheme 2.5(a)). Disappointingly, despite the successful analogous reaction between
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peracetylated glucose and 2-bromoethan-1-ol, no reaction was detected when 2-
(diphenylphosphino)ethan-1-ol was the acceptor; only starting materials were observed after

stirring for a period of 48 h.

BFs.OEt, was therefore replaced with a more reactive Lewis acid: freshly-distilled
trimethylsilyl trifluoromethanesulfonate (TMSOTT) (Scheme 2.5(b)). This however, resulted
in partial oxidation of 2-(diphenylphosphino)ethan-1-ol as shown by 3P NMR spectroscopy,

and 'H NMR and MS analysis confirmed that no coupling reaction took place.

OAc

(@) oAc
M 2eq. 5 eq. BF3.0Et, AcO 0 ¢}
AcO ~_-PPh; X Aco T
AcO OAc * HO CHxCl, o o
—~ 2.2
. . OAc
AcO ~~_-PPh; X Aco T
AcO OAc *+ HO CHyCl, o i
—~ 2.2

Scheme 2.5 Unproductive routes to 2.2 using Lewis acidic BF;.OEt, and TMSOTT.

As trichloroacetimidate groups are much more efficient glycosyl donors than acetyl groups,
this was next investigated. Incorporation of a trichloroacetimidate group will result in the
anomeric position being more greatly activated and should lead to enhanced reactivity. The
glycosyl trichloroacetimidate, 2.4, can be prepared from peracetylated glucose by several
routes, but there, just two were investigated: a literature one-pot method without isolation of
2.3 (31% yield)*°® and the equivalent two-step method, with isolation and purification of 2.3
(52% yield overall). The second of these routes was therefore favoured for the synthesis of

2.4 (Scheme 2.6).

OAc OAc OAc

0 0 10 eq. NC=CCl3 o
AcO 5eq. DMAPA  AcO AcO
CAcO OAc eq_» CACO M, CACO
AcO THF AcO "“OH CH,Cl, AcO
O\n/CCIs
2.3 .
2.4 NH
‘ 1) 5 eq. DMAPA, CH,Cl, T

2) 10 eq.NC=CCl; , 0.2 eq. DBU

Scheme 2.6 Synthesis of 2,3,4,6-Tetra-O-acetyl-a-D-glucopyranosyl trichloroacetimidate,
2.4.

Reacting 2-(diphenylphosphino)ethan-1-ol (&, -23.6 ppm) and 2.4 in the presence of
TMSOTTf (10 mol%) resulted in partial oxidation of 2-(diphenylphosphino)ethan-1-ol (6,
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27.7 ppm). No evidence of coupling products was identified, but a second species was seen
in the *P{*H} NMR spectrum at 74.0 ppm, (Figure 2.4). This suggests that a
chlorophosphine or aminophosphine species is being formed.?2! Repetition of this reaction
in the absence of the -carbohydrate resulted again in the oxidation of 2-
(diphenylphosphino)ethan-1-ol upon addition of TMSOTT. As this Lewis acid was therefore
found to be incompatible with the phosphine, borane protection of the P(lll) species was

investigated next.

OAc 2 eq. . o
o 10 mol% TMSOTf 5.0 o
AcO + HO/\/PPh2 X AcO Sho \/\PPhQ
AcO CH,Cl,
AcO 2.2
O _CCl,
2.4 NH
SM oxide
R2PCl or R2PNR’> SM

T T u T T T T T T T T T U u u T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 -40

Figure 2.4 31P{*H} NMR (121 MHz, CDCls) showing the product mixture formed by the
above reaction of 2-(diphenylphosphino)ethan-1-ol, 2.4 and TMSOTT (10 mol%).

2.2.1.1. Lewis-acid Promoted Glycosylations with Borane-protected Phosphines

Radical catalysed hydrophosphination by diphenylphosphine (HPPhy) of allyl alcohol, using
azobisisobutyronitrile (AIBN) as the radical initiator, was used to synthesise 3-
(diphenylphosphino)propan-1-ol, 2.5 (Scheme 2.7). Borane protection of 2.5 with BH3;.SMe;
was employed to give 2.6 in an attempt to prevent oxidation of the phosphine during
subsequent glycosylation reactions.
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BH

HPPh, BH3.SMe, 10

HO —= > HO PPh, ———=» HO PPh

SN ABN (10mote) TN T o g T
2.5 26

Scheme 2.7 Radical catalysed hydrophosphination and borane protection to give 2.6.

Borane protected 2.6 was reacted with the glucopyranosyl trichloroacetimidate (2.4) and
TMSOTTf (10 mol%). After 16 h, primarily glucose tetraacetate and unreacted 2.6 were
isolated following aqueous work-up under inert conditions. Evidence of the desired
glycoconjugate product, 2.7, could not be established by NMR spectrometry or HR-MS
(Scheme 2.8).

o) OAc
ACO BHy  TMSOTF (10 mol%) 0 BHs
AcO + HO _~_ PPh X A(A%O O._~_ PPh,
(0] CCl3 CH,Cl, OAc
24 I 2.6 2.7

Scheme 2.8 Unproductive route to 2.7 using Lewis acidic TMSOTT.

O-Acetyl groups are ‘disarming’ groups and therefore poorly activating of the
trichloroacetimidate leaving group. Carbohydrates 2.8 and 2.9 were therefore investigated as
they contain ‘arming’ groups, so are consequently better glycosyl donors (Figure 2.5). By
incorporating more electron-rich benzyl groups instead of acetyl groups, the reactivity of the
glycosyl trichloroacetimidate group is increased. This should enable greater reactivity at the
anomeric position and better stabilisation of intermediates in the reaction. The subsequent
reactions of carbohydrates 2.8 and 2.9 with phosphine 2.6 followed the same procedure and

reaction scale as before.

OBn OTIPS
0 (@]
BnO
B0 o
BnO AcO
O\H/CC|3 O\H/CClg
NH NH
2.8 2.9

Figure 2.5 Structure of carbohydrates 2.8 and 2.9.

Reacting 2.6 with 2.8 (Scheme 2.9) produced a mixture containing five different species, as
identified by thin-layer chromatography (TLC). Gradient column chromatography
(EtOAc:Hexane, 10:90 to 100:0) was employed to isolate each of these species, and 3P{*H}
NMR spectroscopy then used to determine which of these contained phosphorus. Only two

such species were identified; the first being unreacted 2.6 (5. 15.3 ppm), whilst the second
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was confirmed by 'H and "B NMR, and HR-MS, as the configurationally impure
glycosylation product, 2.10 (Scheme 2.9). Unfortunately, just 4.5 mg of 2.10 was isolated,
and as a result, subsequent deprotection of the benzyl groups, removal of the borane or
separation of the two anomers was not attempted. As a yield of just 6% was recorded for this
step, and several other side-products were also formed, this method was not considered as an

appropriate route to form target phosphine glycoconjugates for medical applications.

OBn OBn

o BHs  TMSOTf (10 mol%) o)
B0 + HO A~ PPh B0 BH,
" BnO CHCl, BnO ™ P
O\H/CCI3 2.6 ~ N 2
NH 2.10
2.8

Scheme 2.9 Carbohydrate 2.10 formed as a mixture of anomers.

Compound 2.10 was formed as a 1.8:1 o:3 mixture as neighbouring group participation was
not possible due to the benzyl ether at the C-2 atom. Reaction of 2.9 with 2.6 was therefore
investigated, as acetyl protection of the 2-hydroxyl group enables its anchimeric assistance
(Scheme 2.10).22 This should ensure that only a single anomer can be formed.
Disappointingly, no evidence of formation of the desired phosphine glycoconjugate was
observed. This has been attributed to less electron-rich groups occupying the C-2 and -6

positions of carbohydrate 2.9, when compared with the perbenzylated 2.8.

OTIPS oTIPS
- o BHs  TMSOTf (10 mol%) BnO o BHs
n + HO PPh, X (0] PPh
BnO P ~ N CH2C|2 BnO %) N 2
ochg 2.6
NH
2.9

Scheme 2.10 Unproductive route from reacting 2.9 with 2.6 in the presence of TMSOTT.

N.B. 2.9 was provided R. Williams (Galan Group), and therefore TIPS protection of the C-6

hydroxy group is an artefact of his research.

2.2.1.2. Metal-Catalysed Glycosylations

Many traditional promotors for glycosylation reactions (BFs.OEt,, TMSOTf, p-TsOH,
AgOTTf etc.) are organic Lewis acids that typically require stochiometric quantities and low
temperatures for the reaction to proceed.?*?* Therefore, in recent years, much effort has
focussed on the development of more efficient and milder glycosylation methodologies.?27
One such method has been the development of AuCls-promoted glycosylation using

glycosyl trichloroacetimidates and alcohol-based acceptors.?® These reactions typically occur

46



Chapter 2: Alkyl Linked Monophosphine Glycoconjugates

at room temperature and with <1 h reaction times, especially in the presence of

phenylacetylene (Scheme 2.11).

R= OAC, OBn R’OH
0 AuCl; (3 mol%) 0
(RO)4—H J— o, (RO) v
Ph——= (8 mol%) 4
CH,CI \/AKOR’
O\H/CCIS 2Ll
NH

Scheme 2.11 Gold(I11) trichrichloride promoted glycosylation reported by Vankar et al.?8

The AuCls-phenylacetylene promoted glycosylation reaction has been reported for
carbohydrates 2.4 (R=0Ac) and 2.8 (R=0Bn), but this method is non-stereoselective so an
o:p mixture is formed when using 2.8 as the donor.?® Therefore, this route was only
investigated for the coupling of 2.4 with phosphine 2.5 to give the corresponding
glycoconjugate product, 2.11 (Figure 2.6).

OAc
o 1.2 eq. AuCls (3 mol%) OAc
AQo Ph=(3mol%) Om
AcO O. _cCl + HO _~_PPhy X ?ACO O._~_-PPhy
3 CH,Cl, OAc
24 [ 25 2.11

)| lertremeusmasmspassrrvoe

T T T T T T T T T T T T T T T T T T T T T T T
90 85 80 75 F0 65 60 55 S0 45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -2

Figure 2.6 3'P{*H} NMR spectra (121 MHz, CDs;0D) showing a mixture of P(V) containing
species, including oxidised 2.5 and 2.11, as a consequence of the attempted reaction shown

above.

After 30 min, the starting materials were fully consumed as confirmed by TLC analysis, and
the reaction was quenched by addition of water. Two major singlets were observed in the
‘oxide region’ of the 3P{*H} NMR spectrum, at 37.7 and 36.7 ppm (Figure 2.6). HR-MS

confirmed the mixture of species were likely to be oxidised 2.11 (m/z calcd. Cy9Hz6011P
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(IM+0]") = 591.1995; obs. = 591.2008) and oxidised 2.5 (m/z calcd. C1sH180.P ([M+QO]*) =
261.1004; obs. = 261.1053). Gold(I11) compounds often have high oxidation potentials, and
are therefore rapidly reduced.?® This is likely to be at the expense of P(lI1) species in this
reaction, which can undergo oxidation to a P(V) species. Consequently, this reaction was
repeated with the borane protected phosphine, 2.6 (Scheme 2.12).

Reacting carbohydrate 2.4 with borane protected 2.6 under the same conditions as before,
was expected to give glycoconjugate 2.7 (Scheme 2.12) as the product. Disappointingly, in
this case only starting materials were recovered after 2 h, and hence the borane protecting
group appears to inhibit the expected reactivity. Consequently, subsequent work did not
employ classical glycosylation methods but instead focused on methods such a

hydrophosphination, which are more commonly utilised in the synthesis of novel phosphine

ligands.
OAc
o 1.2 eq. AUCl3 (3 mol%) OAc
A0 BHs Ph—=@mol%) o& BH,
AcO | HO._~_ PPh; X AcO O._~~_-PPh,
\n/ 3 26 CH20|2 OAc
2.4 NH : 2.7

Scheme 2.12 Attempted synthesis of 2.7.

2.2.2. Attempted Hydrophosphination Routes to Glycoconjugates

As traditional glycosylation methods were unsuccessful, hydrophosphination was
investigated as a means of coupling secondary phosphines and carbohydrates. The
development of hydrophosphination chemistry has been the focus of a number of projects
within the Pringle group,®®3! with a particular drive to understand the scope and mechanism
by which Michael-accepting alkenes can react with phenyl- and diphenylphosphine when

employing platinum(0) catalysis.

Hydrophosphination was also exploited by Heesche-Wagner and co-workers in the late
1990’s, to prepare C-3 coupled phosphine glycoconjugates for a variety of carbohydrates:
glucose (Scheme 2.13), fructose, mannose, and galactose.®? Heesche-Wager et al. found that
removal of the acetonide groups was problematic for all but the glucose-based
glycoconjugate, and hence a decision was made to focus on benzyl protecting groups which
appeared the most promising for the formation of phosphine glycoconjugates, based on our
findings in Section 2.2.1. Key differences between this work, and that performed by
Heesche-Wager et al. include the choice in protecting groups (benzyl versus acetonide) and

position of allyl conjugation (C-1 versus C-3).
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_\’/ OH
Amberlite 10
APPD2  phyp _resin__ppp Mo OH

Scheme 2.13 Synthesis of a phosphine glycoconjugate reported by Heesche-Wagner et al.*

Carbohydrate 2.13 was synthesised in good yield (83%), by modifying a procedure
previously reported in the literature. The method used BFs.OEt; to promote the glycosylation
of allyl alcohol with 2.12 (Scheme 2.14).

OBn 2 eq. HO/\/ OBn
BnomH 5 eq. BF5.OFt, Bnom
BnO BnO _—
OBn O\H/CC|3 CH,CI2 OBn g ~\F
212 NH 2.13

Scheme 2.14 Preparation of carbohydrate 2.13.

A condition screen is reported for the coupling of HPPh, and 2.13 and the results are

reported in Table 2.1, but no successful conditions were found.'’

Table 2.1 Reaction conditions tested for the attempted hydrophosphination reaction of
HPPh, and 2.13.

OBn HPPh, OBn
B”Om KOH or AIBN BnO 0]
— X
BnO Neat or solvated BnO
OBn O 50-85°C OBn o _~_PPh;
2.13
Entry Method Solvent Temp/ °C Time/hr

1 AIBN (10 mol%) None 70 18
2 AIBN (10 mol%) Toluene 70 48
3 AIBN (10 mol%) Hex:Tol (3:1) 70 18
4 AIBN (10 mol%) MeCN 70 18
5 KOH MeCN 50 24
6 KOH MeCN 85 96
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Radical catalysed reactions often proceed with fewer side products when no solvent was
added (as was the case when synthesising phosphine 2.5, Scheme 2.7, Section 2.2.1.2).
However, using no solvent was impracticable in this case as the quantity of HPPh, was
insufficient to dissolve solid 2.13, even when performed in a crystallisation tube.
Consequently, only starting material was observed after 18 h (Entry 1). This reaction was
repeated using both polar (acetonitrile) and non-polar (hexane, toluene) solvents (Entries 2-
4). Several species were seen in the P(V) regions by *P{1H} NMR spectroscopy in all
cases, but no significant signals were observed in the P(l11) region (-10- to -20 ppm), which
would be characteristic of the expected products. Base-catalysed hydrophosphination was
therefore tested at 50 °C, and at reflux (Entries 5 & 6), but neither of these conditions gave

rise to expected products (Figure 2.7).

(a) A ||\

(b) L L.Il. L I 1 Ll

(c)

(d) T | |‘I

(e) ) J|

(f) i il
ooyt A s P b o b b s Al ‘“WYV“M,WM\WWWW

100 90 an 70 (1] 50 40 30 20 0 0 -10 -20 -30 -40 -50 -60 =70 -80 =50 -10

Figure 2.7 3P{*H} NMR spectra (121 MHz, CDClIs) of the product mixtures from (a) Entry
1, (b) Entry 2, (c) Entry 3, (d) Entry 4, (e) Entry 5 and (f) Entry 6.

Subsequent research from Heesche-Wagner et al. and within the Pringle Group (R. Nuttall,
unpublished results) have revealed that there is a significant positional dependence regarding
the hydrophosphination of phosphines with alkene-containing carbohydrates.®>® In
particular, ~ Nuttall has shown that hydrophosphination of  diphenyl(2-
diphosphinoethyl)phosphine proceeds under radical (AIBN) catalysed conditions for a tetra-
benzyl-glucopyranoside with an allyl group at the C-6 position (Scheme 2.15). This is in
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contrast to the lack of radical catalysed activity observed for 2.13 and HPPh;,, where the allyl

group is incorporated at the C-1 position of a structurally-isomeric carbohydrate.

Radical catalysed hydrophosphination at C-6 posistion:

\/\ / \ /
0 H,P  PPh, PhoP P %
BnO Q — ABN___ BnO 0
BnO CH,Cl, BnO
BnO BnO OBn
2

OBn

Scheme 2.15 Hydrophosphination to give phosphine glycoconjugates (Nuttall, unpublished
results).

2.2.3. Attempted Phosphide Route to Glycoconjugates

Lithium phosphides are often reacted with haloalkyl or haloaryl species to prepare novel
tertiary phosphines. This method was therefore explored using the bromoalkyl derivate 2.14
which was prepared using a modified literature procedure (Scheme 2.16).>* Compound 2.14
was isolated in 91% vyield as a mixture of anomers with an o:p ratio of 1.2:1.1" Benzyl
protecting groups were employed due to their stability towards a wide range of conditions,
although a-lithiation of benzyl ethers can occur under certain conditions.® n-Butyllithium

was reacted with HPPh; to form lithium diphenylphosphide, and 2.14 was then added to the

phosphide.
OBn OBn
e} 2 eq. (0]
BnO a 5eq. BF;.OEt, BNO
BnO + HO\/\/ Br BnO
OBn 0. €0k CH,Cl OBn "o _~_Br
212 NH 2.14

Scheme 2.16 Synthesis of carbohydrate 2.14, in 91% yield with an a:f ratio of 1.2:1.

Using the conditions outlined in Figure 2.8, a singlet at -15.5 ppm was observed by in situ
$IP{'H} NMR spectroscopy. Several resonances, corresponding to P(V) species, were
observed between 36.4 and 23.1 ppm (Figure 2.8(a)). Analysis of the mixture by 'H NMR
spectroscopy and mass spectrometry were inconclusive. The *H NMR spectrum contained
signals that supported the formation of the expected product, but other overlapping
resonances in the alkyl region of this spectrum suggested that by-products have also formed.
Masses corresponding to oxidised 2.15 (m/z calcd. CagHs,NO7P ([M+0+H]*) = 783.9; obs. =
783.4) and tetraphenyldiphosphine (Ph.P-PPhy, m/z calcd. CasH21P> ([M+H]*) = 370.4; obs.
370.4) were detected by MS. These data were concerning given that the chemical shift for

Ph,P-PPh; measures -14.5 ppm (in CDCIs), and is a common by-product of phosphino-
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lithium exchange chemistry.® Attempts to purify this compound by crystallisation and

column chromatography proved unsuccessful.

Addition of [PtCl,(COD)] to the crude product produced the *P{*H} NMR spectrum in
Figure 2.8(b), containing a singlet at 68.5 ppm with %Pt satellites (Jp-rt = 4035 Hz). This
indicates that the desired compound 2.15 was formed during the lithium-exchange reaction.
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Figure 2.8 3'P{*H} NMR spectra (121 MHz, CDCls) of (a) the product mixture from
reaction LiPPh; and 2.15, which is shown schematically above the spectrum, and (b) after
addition of [PtCl(COD)]. Asterix (*) mark the 1*Pt-31P satellites.

In an attempt to form 2.15 with improved purity, a number of conditions were altered but to
no avail (see Table 2.2). Running the reaction are greater dilution (Entry 2 versus 1) and
changing the order of addition (Entry 3 versus 2) had no significant impact on the outcome
of the reaction. Additionally, altering the work-up conditions (Entry 3 versus entries 4 and 5)
led to further reduction in the purity of the final product and consequently, further work on

this system was not continued.
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Table 2.2 Reaction conditions tested for the attempted reaction of LiPPh, and 2.14.

OBn OBn

0 0
LiPPh, + B0 BnO
BnO OBn ____ » BnO OB

O_~_Br THF O_~_PPh,

2.14 2.15

Entry Eq.nBuLi [2.14] in THF /M Order of addition Work Up Method

1 11 0.050 2.14 to LiPPh, Aqgueous
2 11 0.025 2.14 to LiPPh, Aqgueous
3 11 0.025 LiPPh,to 2.14 Aqgueous
4 1.0 0.025 2.14 to LiPPh, Dissolved in CH,Cl>
and filtered
5 1.0 0.029 2.14 to LiPPh; Dissolved in Tol and
filtered

2.2.4. Attempted Quaternisation Route to Glycoconjugates

Quaternisation of phosphines can be used generate a phosphonium salt; if a secondary
phosphine is used for this reaction, subsequent deprotonation will give a tertiary phosphine
of the form of RoPR’. This method was therefore investigated as an alternative route to
access phosphine glycoconjugates. Phosphine quaternisation requires an electrophile with a
good leaving group, such as a halide. Phosphine nucleophilicity is greatest for
trialkylphosphines, and decreases with the number of aryl groups.®’ Initial studies therefore
focused on the quaternisation of dicyclohexylphosphine (HPCy.) with carbohydrate 2.16
(Scheme 2.17), which has a substituent with a potentially labile C-Br bond.

Carbohydrate 2.16 is structurally analogous to 2.15, and was prepared using the same
method. However, it utilises acetyl protecting groups so is formed solely as the B-anomer
(Scheme 2.17). Acetyl groups should pose no issue in terms of stability during this
procedure and notably, their removal is significantly more compatible with phosphines than

the removal of benzyl ethers.
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OAc OAc

AcO AcO
AcO 5 eq. BF;.OEt, AcO 0 Br
AcO DCM ACO TN
24 O._CCl, 216
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Scheme 2.17 Synthesis of carbohydrate 2.16 from the trichloroimidate 2.4.

Quaternisation of HPCy, with 2.16 was therefore attempted by heating them together at 50
°C in acetonitrile or in acetone, but no conversion to 2.17 was observed by *P{*H} NMR
spectroscopy after 7 days; the major species observed by NMR spectroscopy was the
dicyclohexylphosphine oxide (49.0 ppm) (Figure 2.9(a)).®® Repeating this reaction in
acetonitrile under reflux (90 °C, Figure 2.9(b)) afforded several products, including a major
species at 23.2 ppm after heating for just 72 h. The proton-coupled P NMR spectrum
exhibits a doublet with Jp.y = 421 Hz. This region is characteristic of a quaternised species,
and the observed P-H coupling suggests that the proton is bound directly to the phosphorus

atom, as would be expected in 2.17.

OAc OAc
o] HPCy. o) H
Aco% 2 A0 |
AcO 0] Br c o PC
¢ oA MeCN AcO Sxe O 62
“Br
2.16 217
H(O)PCy
(a) HPCy;
- ik A
2.17
H(O)PCy;

Figure 2.9 Figure showing the general conditions for the quaternisation reaction in MeCN
and the 3'P{*H} NMR spectra (121 MHz, CDCls) of this reaction at (a) 50 °C and (b) 90 °C.
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For 2.17 to be a suitable phosphine glycoconjugate for radiolabelling it must be capable of
loss of a proton and coordinating to rhenium. Rhenium coordination can be used as measure
of the ligand’s ability to be radiolabelled with ®™Tc and will be discussed in more detail in
Section 2.3.

In the literature, deprotonation of a dicyclohexylphosphonium salt was achieved by reaction
with potassium bis(trimethylsilyl)amide (KHMDS) (Scheme 2.18).%° These conditions were
applied to our system, but despite addition of KHMDS at both -78 °C and at room
temperature, deprotonation of 2.17 did not appear to occur. Increased HPCy, (-27.4 ppm)
and a number of other species, were formed instead (Figure 2.10(b)).1%?* Using a weaker
base (EtsN) also did not lead to the deprotonation of 2.17.

| AN | AN
A _H
N7 NN\ KHMDS N N/\§
H=PCY2 @ 2 =

iPr THF
S}
= o 0% s

Scheme 2.18 Literature deprotonation of phosphonium species to give a P(l11) ligand.
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OAc OAc
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2.17
H(O)PCy,
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H(O)PCy,
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Figure 2.10 Scheme showing the unsuccessful deprotonation of 2.17 and the 3:P{*H} NMR
spectra (121 MHz, CDCIs) of this reaction at (a) before and (b) after treatment with
KHMDS.

It was hypothesised that although HPPh; is a less nucleophilic phosphine, which may inhibit
guaternisation, the salt would be less acidic and so deprotonation should be facile.
Disappointingly, quaternisation of HPPh, with 2.16 did not transpire despite heating the

mixture under reflux for two weeks.

2.2.5. Amide Coupling as a Route to Glycoconjugates
2.2.5.1. Synthesis of ligand and precursors
An approach involving amide coupling chemistry, was investigated as a route to alkyl linked

monophosphine glycoconjugates. As discussed in Chapter 1, the bifunctional chelation
approach often utilises amide coupling chemistry to form a bioconjugate.’? Here, this
method inspired the synthesis of compound 2.21 (Figure 2.11). The monophosphine

glycoconjugate was synthesised in several steps; by synthesising an amino-functionalised
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carbohydrate and a carboxylic acid-containing phosphine before conjugating them via

formation of an amide bond.

Figure 2.11 Structure of phosphine glycoconjugate 2.21.

Carbohydrate 2.18 was designed to have a 3-carbon linker, with a terminal amine and was
synthesised in six steps from D-glucose, as shown in Scheme 2.19. Whilst the synthesis of
2.18 has been previously reported in the literature, full characterisation of this compound has

not been published, and this carbohydrate is typically used without purification.7404!

OH NaOAc OAc OAc
0 10 eq. Ac,0 o 1.5 eq. DMAPA o
"Plo oH e R0 ore T e A%g on
c c
HO AcO AcO
2.3
OAc OAc
2eq. HO” " pr
0.4 eq. DBU AcO 0 o
10 eq. CCI,CN Aco 5 eq. BF;.0Ft A o .
~ oom ACO DCM ACO T
2.4 OTC% 216
OAc NH OAc
C
DMF T R MeOH Ao O N2
2.18

Scheme 2.19 Synthesis of 2.18 in 6 steps from D-glucose.

A carboxylic acid functionalised phosphine, 2.19, was prepared using hydrophosphination
chemistry, previously developed in the group by Dr A. Chadwick, and base catalysed ester
hydrolysis previously reported by Myers et al. (Scheme 2.20).4243

[Pt(nbe)s] 0 o

i) NaOH, MeOH
'BuOH ) ’ ~A
+ =N s ——
PhoPH = ~CO,Me —>CHZCI2 pth/\)J\o ii) HCI, H,0 Ph,P OH
2.19

Scheme 2.20 Synthesis of carboxylic acid functionalised phosphine 2.19.4243

A variety of amide coupling conditions were initially tested (Table 2.3). Use of EDC-HCI as
the carbodiimide, and DMAP as the base, proved the most successful method. The
conjugated product, 2.20, was purified by column chromatography. To our surprise this

could be performed in air without oxidation.
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Table 2.3 Reaction conditions tested for the amide coupling of 2.18 and 2.19.

OAc OAc

A2 i TEa e

Q Base AcO H
AcO + )’K/\ _— C

AcO o NH, HO PPh AcO O~
ACO ~ N 2 2 CH2C|2

% NT(\/PPhQ

2.18 219 2.20 o
Entry Carbodiimide Base Analysis of Crude
1 EDC-HCI DMAP 63% pure by 31P
2 HATU DIPEA 42% pure by 31P
3 EDC-HCI HOBt 41% pure by 31P

Acetyl deprotection of 2.20 in MeOH gave compound 2.21, but deprotection was found to
be significantly slower (24 h) than typically reported for acetyl protected carbohydrates (30
min). Pleasingly, no hydrolysis of the amide bond was observed under the acetyl
deprotection conditions (Scheme 2.21). Production of 2.21 was confirmed by HR-MS (m/z
calcd. CzsH3:NO7PNa ([M+Na]*) = 500.1814; obs. = 500.1825) and **C NMR where the
amide carbonyl resonance was observed at 173.7 ppm. Despite an overall yield of just 1.5%
for the 10-step synthesis of 2.21, this ligand can be prepared on a 50 mg scale, which is
sufficient radiolabelling applications. For full characterisation of 2.20 and 2.21, see Chapter

¢ o 2.0 eq. EDC-HCI o
A W O A S
AcO O_~_NH, HO PPh, CH,Cl, c O ~N
i) NaOMe/MeOH o)
—— > HO H
ii) Amberlist Resin HO o _~_N

Scheme 2.21 Penultimate and final steps for the synthesis of monophosphine glycoconjugate

2.21 (of 10 steps overall from starting materials D-glucose & methyl acrylate).

2.3.  Rhenium Coordination Chemistry
Rhenium and technetium are considered to be a ‘matched pair’ in the radiopharmaceutical
sector.* This is due to Re and Tc being valence isoelectronic, and because complexes for a

given oxidation state are often isostructural. Advantageously, rhenium also possesses a non-
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radioactive isotope unlike its lighter congener technetium; so rhenium is often used as a

model for **"Tc radiolabelling.

Chemically, differences in the rate of substitution and redox chemistry exist between the two
elements, with Tc favouring lower oxidation states and faster ligand substitution, when
compared with Re.*> However, given the limited difference in physical characteristics
between Re and Tc compounds, biological systems often cannot distinguish between them.
This has enabled us to use rhenium as a model to understand the *™Tc coordination
chemistry of any phosphine glycoconjugates at the University of Bristol, prior to
radiolabelling these compounds at St Thomas’s Hospital in a radiochemistry laboratory. For
the purposes of this project, rhenium will only be considered a model for *™Tc
radiolabelling, and not used to develop !%Re radiolabelling; however, this would be of

interest in the future (Section 2.6).

Within this project, two alternative cores will be considered for radiolabelling purposes: (1)
a ®MTc(l) tricarbonyl core and (2) a **™Tc(V) dioxo core. The tricarbonyl core often exhibits
greater stability under biological conditions so will be the core of choice initially. In cases
where this proves not to be suitable, the dioxo core will also be investigated. Both of these
Tc cores have Re analogues.

To investigate whether 2.20 and 2.21 were promising ligands for radiolabelling, the Re
coordination chemistry of these molecules were probed.

2.3.1. Rhenium(l) Coordination Chemistry of 2.20

The coordination chemistry of peracetylated 2.20 was initially investigated due its ease of
handling and characterisation when compared with 2.21. 2 equivalents of 2.20 in CH.Cl;
were added to [Re(CO)s(H20):]Br in methanol. After 30 min, a new species was observed
by 3P{*H} NMR spectroscopy with a chemical shift of 7.1 ppm; a coordination shift of AS =
22 ppm compared with free ligand 2.20. This complex has been attributed to the expected
complex 2.22 (Figure 2.12). Over time, the intensity of this signal decreased and formation
of a second species with a chemical shift of -10.2 ppm was observed. This second signal in
the 3P{*H} NMR spectrum has since been identified as complex 2.23 (Figure 2.12) which is

formed by cleavage of the amide bond.
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Reaction Scheme for the reaction of 2.20" and Re(l) precursor:
OAc o

co Ph, C
2 A%OM/O N ppn, Re(COR(M0NBT | ReP: J CO HO)K/\P“'Z-R‘e"‘CO
c ~ 2 ——— ~Rey p= Ne~
AcO g MeOH ReP™ L 700 MO P, B °

r
o o

2.20 = PRy 2.22 2.23

Reaction Scheme for the reaction of 2.19 and Re(l) precursor:

(0]
[Re(CO)3(H,0)3Br] H O)K/\gﬁlz 0 o
2 HOWPPhZ — Ho PrrelS9
o e > Phy Br
(e]
2.19 2.23
Associated *'P{'"H} NMR spectra:
2.22
a-1h
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2.23
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Figure 2.12 This figure includes the reaction schemes for the reaction of ligand 2.20 with
the Re(l) precursor, and reaction of carboxylic acid phosphine 2.19 with Re(l) precursor.
Below these schemes are the associated *:P{*H} NMR spectra (121 MHz, CD3;OD) which
show the outcome of the reactions between ligand 2.20 and [Re(CO)3(H20)3]Br after (a) 1 h
and (b) 16 h, and (c) 2.19 and [Re(CO)3(H20)s]Br at 1 h.

'H NMR spectroscopy showed, amongst other changes, loss of the amide proton at 5.93 ppm
in complex 2.22, and formation of new signal at 1.63 ppm after 16 hours. This new signal
appears in the range associated with amine protons and suggests that the amide bond is
cleaved when 2.20 is bound to Re(l). Hydrolysis of the amide bond in 2.22 could be
promoted by aqua ligands either on the Re centre, or in solution. Both mechanisms have
been reported for Co-, Cu- and Ni-aqua complexes, although accounts of this occurring on

Re are so-far unreported.*® Based on the literature mechanisms for Co-, Cu- and Ni-aqua
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complexes, and the likelihood that an intramolecular pathway would be favoured the

following hypothetical mechanism for formation of 2.23 has been proposed in Figure 2.13.

B

o o
co o co . co Br co Br
RsPr.. 1 WCO 2 RsPr.. 1 wCO +H RePr.. | \CO +H* RsPr.. | wCO
e ~ ~ReS — RS —— €
RsP™ | 7CO PhoP™ | *CO PhP™ L 7CO Ph,P” 1"CO
Br 1 OH, Q Y 0
292 st OH NH,R o
HN(Co
A R
co
R g 1CO
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff HO. P~ "~ Co
O Ph, Br
OAc 0
AN
3% AcO o) N PPh
ACO ~N Y\/ 2

Figure 2.13 Hypothetical mechanism for the hydrolysis of 2.22 to 2.23. This process must
occur twice to hydrolyse both ligands when PR3 = 2.20. This proposed mechanism is based

on a similar cycle that occurs on a Co-di(aqua) complex.*

MS analysis of 2.22 was carried out by repeating the reaction, and isolating 2.22 as a solid
after 30 min; the [M+2H]* species was stored at -20 °C prior to identification (m/z calcd.
Ce7Hs2N2025P2ReBr ([M+2H]*) = 1643.3; obs. = 1643.3). Further NMR analysis to fully
characterise 2.22 was not possible as decomposition to 2.23 occurs in solution.

The amide hydrolysis was further evidenced, by reacting two equivalents of 3-
(diphenylphosphino)propanoic acid, 2.19, with [Re(CO)s(H.0)s]Br, to give 2.23 (Figure
2.12) evidenced by a singlet at -10.4 ppm in the 3P NMR spectrum. Crystals suitable for X-
ray diffraction were grown in MeOH by slow evaporation of the solvent (Figure 2.14).
When crystalline, the coordinated phosphine ligand is the methyl ester of 2.23 showing that

esterification had taken place in MeOH.

The crystal structure confirms that the two phosphorus ligands are coordinated in a cis
fashion, with a bond angle of 96.14(2)° for P1-Re-P2 in the solid state. The bromide counter
ion has displaced an aqua ligand at an axial site, resulting in the bromide ligand being cis to
the phosphine ligands and trans to one of the CO ligands. The angle, C34-Re-Br, measures
178.67(9)° so is close to a perfect 180° angle. The Re-C bond for the carbonyl that is trans
to the bromide (Re-C34, 1.913(4) A) is marginally shorter than the Re-C bonds of the CO
ligands cis to the bromide ligand (Re-C35, 1.954(3) and Re-C33, 1.940(2) A). This

difference is minor and can be simply be attributed to the trans influence.
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Figure 2.14 Crystal structure of 2.23: Re-Br 2.6399(5) A, Re-P1 2.4857(8) A, Re-P2
2.4955(6) A, Re-C35 1.954(3), Re-C34 1.913(4), Re-C33 1.940(2) A, P1-Re-P2 96.14(2)°,
C34-Re-Br 178.67(9)°.

2.3.2. Rhenium(V) Coordination Chemistry of 2.20 and 2.21

Coordination of 2.20 to a dioxo-Re(V) core ([ReO:]*) was investigated, using commercially
available [ReO:I(PPhs),] as an alternative to the previously studied Re(l) core ([Re(CO)s]).
This Re(V) core is used as a model for the dioxo-Tc(V) ([TcO2]*) core, which has shown to

be successful in a number of imaging agents, including Myoview.

[ReO2lI(PPhs).] and two equivalents of 2.20 were reacted to form complex 2.24 (Scheme
2.21). The *'P{*H} NMR spectrum shows a singlet a -0.3 ppm and a coordination shift of A5
14.6 ppm, with a second signal for the displaced PPhs found at -6.1 ppm. Repeated washing
of this complex with ice-cold ether removed the majority of the PPhs and pleasingly, 2.24
was found to be stable in H,O over a period of at least 3 days. As no cleavage of the amide
bond was observed once the ligand complexed to Re(V), the next was to investigate the

coordination of 2.21, the deprotected phosphine glycoconjugate ligand, with [ReO2l(PPhs)-].

o)

(@] 1
Aco/m H ReO,I(PPh RaPr.dl
2 "o o ph, _Lie02(PPhaa] R3P'r:|;|e !

~ N PPh;
AcO D MeOH/CHCl,

2.20 2.24

Scheme 2.21 Synthesis of the Re(V) complex 2.24.
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Attempts to form the Re(V) complex of 2.21 were carried out in a similar fashion; however,
the 3P NMR spectrum showed only two signals - PPh; and O=PPh; (TPPO) (Figure 2.15(b))
- both in situ and after isolation. No other signals were observed, and HR-MS was
inconclusive regarding the identity of any other species formed. To confirm that the oxide
was TPPO and not oxide of 2.21, TPPO (10 mg) was added to this sample. This resulted in
displacement of 2.21, as TPPO is capable of acting as a ligand for Re(V) centres.*” This was
observed by new signals appearing in the 3P{*H} NMR spectrum, which correspond to 2.21
(-15.3 ppm) and to its oxide (37.0 ppm) (Figure 2.15(c)). One explanation for this
observation is that the signal for complex 2.24 is broadened to the extent that is cannot be
observed by 3P{*H} NMR spectroscopy. Low temperature NMR spectroscopy could be
used to provided further insight on this. Additionally, whilst the route by which oxidation of
PPh; and 2.21 occurs is unknown, it is plausible that an oxygen atom could be abstracted

from the Re(V)-dioxo complex by the P(I1) ligands.*®

o)
2 HQMO\/\J PPh [Re(O)=APPRs)e] §3gtla::(a—|
2 3
HO 701/\/ MeOH 0
2.21
2.21
(a)
l
TPP
TPPO
(b)
TPPO

TPP

(©) 2.21

Figure 2.15 Scheme showing the attempted coordination reaction of 2.21 and Re(V)
precursor and the *P{*H} NMR spectra (162 MHz, CDsOD) showing (a) uncoordinated
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ligand 2.21 and (b) the mixture which forms from reaction of 2.21 and [Re(CO)3(H.O)s]Br
and (c) this mixture after addition of TPPO.

2.4. Radiolabelling & Stability Study

The results of the Re coordination chemistry influenced the choice in Tc core (Tc(l) versus
Tc(V)) when performing radiolabelling studies. Due to the poor stability observed for the
peracetylated glycoconjugate, 2.20, when coordinated to Re(l), radiolabelling with Tc(V)
only was investigated. It should be noted that the radiolabelling of 2.21 only was considered,
despite the peracetylated analogue, 2.20, producing a better result upon coordination with
the Re(V) core. This is because radiolabelling must be performed at least partially in water

([TcO4] is supplied in saline) and 2.21 showed significantly better solubility than 2.20.

Typically, the preparation of Tc(V) radiopharmaceuticals with dioxo-cores are often
favoured within hospitals as they are prepared in a single step; those with a Tc(l) tricarbonyl
core require a two-step preparation. Tc(V) radiopharmaceuticals are typically prepared from
a kit containing the ligand, a reducing agent (stannous chloride), a buffer (sodium hydrogen
carbonate) and weak chelator for stabilisation of intermediates (sodium tartrate). These Kits
are freeze-dried so they can be stored in hospitals for a period of months, before a clinician
adds the pertechnetate ([TcO.]") and administers the radiopharmaceutical to a patient. In this
project, the Tc(V) kits have been based on those used for Myoview, but the diphosphine
tetrofosmin has been replaced with monophosphine 2.21. (Table 2.4). All radiolabelling and
stability studies were performed in duplicate, or triplicate, with full details given in the
Chapter 6.

Table 2.4 Kit preparation for radiolabelling of monophosphine ligand 2.21, shown in

Scheme 2.22.
) ) SnCl,.2H,0 Sodium tartrate NaHCOs;
Kit Ligand (umol) )
(umol) dihydrate (umol) (umol)
1 1.05 0.52 0.52 0.42
2 1.05 0.26 0.52 0.42
3 1.05 0.26 0.26 0.42
4 2.10 1.04 1.04 0.8

It was anticipated that addition of [TcO4] to kits containing 2.21 would form a complex with
either two (2.25) or four (2.26) ligands bound to the Tc centre (Scheme 2.22).
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Scheme 2.22 Radiolabelling of monophosphine glycoconjugate 2.21, with both possible

products shown (2.25 and 2.26). ‘X’ is assumed to be a chloride or aqua ligand.

Kit 1 (Table 2.4) that contained 0.5 equivalents of both the reductant (SnCl,.2H.0) and
weak chelator (Nastatrate.2H,0), with respect to 2.21, was found to give the best results
after heating with [TcQO4] in saline for 30 min at 50 °C. The radio-HPLC chromatogram for
this kit shows a single major peak with a retention time of 11.5 min (Figure 2.16). This peak
shows a shoulder suggesting small quantities of another species may also be formed.
Although a small amount of [TcO4] is still observed (retention time 2 min by HPLC), this is
very minor when compared to the product peak showing that 2.21 can effectively be
radiolabelled using a Tc(V) kit.
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0.00 10.00 20.00 30.00 mins

Figure 2.16 HPLC chromatogram of the radiolabelling of Kit 1 with [*™TcO.]".

Very similar radio-HPLC traces were observed for Kits 2 and 3. However, decreasing the
amount of stannous chloride resulted in unligated [TcO4] (Kit 2), and decreasing the amount
of tartrate in the Kit resulted in an increase in the tailing of the major peak, which suggested

that more unwanted species were being formed (Kit 3).

This work was repeated with Kit 4 (twice the scale of Kit 1), but spiked with *Tc (ty, =
2x10% y) as well as *™Tc(ty. = 6 h), so MS analysis could be employed to determine the
identity of the Tc(V) complex. The MS data indicated formation of complex 2.25 (Scheme
2.22), with two ligands coordinated to the dioxo-Tc core rather than four (ESI+ calc. for
CagHe2N2016TcNa.2HCOOH ([M+2HCOOH+Na]* = 1200.01; obs. = 1200.26). The identity
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of the other two ligands (denoted ‘X’ in Scheme 2.22) on the centre were not elucidated by
ESI, although mass spectrometry suggests the coordination of formic acid in these sites. This
is likely to originate from the LC-MS mobile phase, which contained 0.1% formic acid. It is
therefore likely that these ligands were aqua or chloride ligands prior to analysis, due to the
media used during radiolabelling.

Unfortunately, 2.25 was found to exhibit very poor stability when incubated with mouse
serum at 37.5 °C. After just 1 h, a significant reduction in the peak corresponding to 2.25
(11.5 min) was noted, and a new peak with a retention time of approx. 5 min was observed
instead. After 2 h, the species at 11.5 min could no longer be seen (Figure 2.17) in the HPLC
trace. Based on the change in retention time, and the structure of 2.25, it is probable that a
protein in the mouse serum binds more favourably to the [TcO2] core than our ligand. This
effect has been previously reported in the literature.? As a consequence of this disappointing
result, toxicity testing and in vivo imaging studies were not performed. MS analysis
confirmed that the compound at 5 min does not correspond to the complex that would have
been formed from amide bond hydrolysis of 2.25. Further identification of this new species

has not been carried out.
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Figure 2.17 HPLC chromatogram from the stability study of 2.25 incubated in serum (37.5
°C, 2 hrs).

2.5. Conclusions

Several unproductive routes for the formation of phosphine glycoconjugates with an alkyl
linker have been described which illustrates some of the challenges that are faced in
conjugating phosphines with carbohydrates. The routes attempted include Lewis acid
catalysed glycosylation chemistry, hydrophosphination chemistry, lithium phosphide
chemistry and quaternisation chemistry. A variety of problems were encountered with these

methods, one of which is the incompatibility of the reagents with the P(l11) reactant.
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Additionally, we have reported the first example of a %™Tc-labelled phosphino-
glycoconjugate (to the best of our knowledge). A multi-atom alkyl linker was incorporated
due to results published by Orvig et al. and Schibli et al. (Section 2.1), which indicated that
poor cellular transport was observed for their ®"Tc-amino glycoconjugates. This was
attributed to too short a linker between the carbohydrate moiety and the rest of the molecule.
This amide containing phosphine glycoconjugate, 2.20, was prepared by amide coupling
(using EDC-HCI and DIPEA) of an aminopropanol conjugated glucopyranose, 2.18, and a
carboxylic acid-based phosphine 2.19. The synthesis of the novel peracetyled phosphine
glycoconjugate, 2.20, required 10 steps from D-glycose and allyl alcohol, with an overall
yield of 2.5%. The amide bond was stable to deprotection conditions, and no hydrolysis was

observed when forming 2.21.

The Re(l) and Re(V) coordination chemistry of the acetyl protected analogue (2.20) was
investigated to determine which ®™Tc cores would be suitable for radiolabelling. Results
showed that stability of the Re(l)-water complex was poor and hydrolysis of the amide bond
was observed. Pleasingly, good stability was observed for the Re(V) complex with 2.20 and
radiolabelling studies therefore focused on the Tc(V) analogue. The *™Tc(V) radiolabelling
of 2.21 was very promising, but the stability of the Tc(V) complex in mouse serum was
poor, hence this compound did not undergo further testing (i.e. cell toxicity testing or in-vivo
imaging studies). Despite this result, this complex could have applications in intracellular
protein labelling if stability is sufficient to be transported into cells.

2.6. Future Work

To address the lack of stability provided by 2.21 (Figure 2.17) for the *™Tc¢(V) complex in
mouse serum, subsequently work has focused on the synthesis of diphosphine analogues,
which are reported in Chapter 4. Additionally, the hydrophosphination and lithium

phosphide methods could be reinvestigated in the future.

Figure 2.17 Structure of phosphine glycoconjugate 2.21.

Research in the Pringle group (unpublished results by R.Nuttall, Scheme 2.13, Section
2.2.2), and by Heesche-Wagner, has shown that hydrophosphination occurs readily at the C-

3 and C-6 positions of O-glycoconjugates for glycosyl donors containing an allyl and
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acryloyl groups; this does not take place at the C-1 position when using an allyl group.
Pt(0)-catalysed hydrophosphination chemistry was not considered within this project as this
would require the alkene to be a Michael acceptor. Installation of an acryloyl group instead
of an allyl group at the C-1 could therefore be investigated in the future (Scheme 2.23). Pt(0)
catalysed hydrophosphination may not exhibit the same positional dependence as radical
(AIBN) and base (KOH) catalysed hydrophosphination.

OAc Pt(nbe)s OAc
A CH,CI 2
cO ACO \[A 2Cly AcO ACO \n/\/
(0] (e}

Scheme 2.23 Plausible route to a phosphine glycoconjugate using Pt(0)-catalysed
hydrophosphination chemistry.

Lithium-phosphide chemistry was evaluated, but unfortunately, the reaction between 2.14
(Figure 2.18) and HPPh, proceeded with less efficacy than expected, and a number of side
products were formed. Isolation of the desired product also proved to be a challenge, with
reactions appearing cleaner in-situ. Future work could therefore incorporate repeating this
work, with BHs-protected HPPh,. This could address the issues noted during synthesis and

work-up.

OBn

Bno/m
BnO
=08

n O Br

2.14

Figure 2.18 Structure of compound 2.14.
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Chapter 3 : Aryl Linked Monophosphine Glycoconjugates

3.1.  Introduction

Numerous examples of nitrogen-based glycoconjugates are known,* but few examples of
phosphine glycoconjugates have been reported,*® particularly those involving the C-1
functionalisation of glucose; an example of such a phosphine was originally published by
Beller et al. in 1997 (Figure 3.1).*

This ligand was applied in biphasic catalytic applications, but no research into the
pharmacological applications of this ligand has been reported. This publication therefore
partly inspired this project, with initial developments focussing on whether this ligand could
be utilised for radio-imaging. The rhenium coordination chemistry, ®™Tc radiolabelling and
kit preparation of this ligand is discussed in this Chapter, along with a variety of analogues

that we have synthesised.

These analogues were prepared by modifying the phosphine donor (where PR, = P(0-Tol)a,
P(p-Tol), or PCy,) or carbohydrate moiety of the ligand shown in Figure 3.1, and the
rhenium coordination chemistry and *™Tc radiolabelling of these analogues was
investigated. Additionally, cellular testing was performed for complexes involving some of
these phosphine carbohydrate ligands and this work will be discussed in Section 3.4.

o)

HO

Figure 3.1 Structure of a C-1 functionalised phosphine glycoconjugate synthesised by Beller
etal.*

Chapter 2 focused on the synthesis of phosphine glycoconjugates with an alkyl chain as the
linker between the carbohydrate and the phosphine moiety, whilst in this Chapter the focus
is on phosphine glycoconjugates with aryl linkers. This work was inspired by research
published in 2020 by Li and co-workers, where they showed that in some cases, a longer
linker between the carbohydrate and conjugated molecule may not be necessary for receptor
recognition, as evidenced by the glycoconjugate in Figure 3.2.7 This molecule exhibited
successful transport via GLUT receptors (likely the GLUT-1 receptor), despite the relatively
inflexible fluorophore being bound directly to the glucose moiety.” This result therefore led
us to investigate the molecule synthesised by Beller et al. (Figure 3.1) and go on to produce
a small library of analogues where either the phosphine or carbohydrate moiety was

modified.
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Figure 3.2 Structure of a C-1 functionalised glycoconjugate ligand designed by Li et al.’

3.1.1. Technetium(l) Core

As discussed in Chapter 1, many different technetium cores exist.2° The two cores of most
interest for this project are the Tc(l)-tricarbonyl and Tc(V)-dioxo cores’ (Figure 3.3).
Radiopharmaceuticals with different cores are prepared using different kits and methods, yet
all use pertechnetate ([TcO4]) as their precursor. Whilst the preparation of Tc(V)
radiopharmaceuticals with a dioxo-core is often favoured within hospitals as they are
synthesised via a single step, those with a tricarbonyl core often exhibit greater stability but

require a two-step preparation.*

[Tc(CO)3(H20)3]* was first made by Alberto in 1998, and the preparation of this species has
since been patented.'*? The [Tc(CO)s(H20)s]* species is synthesised by adding [TcO4] to
commercially available tricarbonyl kits from the Paul Scherrer Institute (Centre for
Radiopharmaceutical Sciences). The kit itself contains sodium tartrate (a stabilising ligand),
sodium tetraborate (a reductant), sodium carbonate (a base) and sodium boranocarbonate
(the carbon monoxide source).®* The sodium tetraborate reduces [TcO4]" from Tc(VII) to
Tc(l), whilst the sodium boranocarbonate undergoes hydrolysis and subsequent release of
CO to enable the formation of the [Tc(CO)s(H20)s]* complex.’* Once this species has been
prepared, the ligand (L) can then be added to give the desired [Tc(CO)s(L)s]* compound.
The radiolabelling of aryl-linked phosphine glycoconjugate ligands to generate novel
®mTc(1)-tricarbonyl complexes is the focus of this Chapter.

@
co |° 0
| _co Ll L
/Tc\ /Tc\
L~ | "CO LI L
L (0]
Tc(l)-tricarbonyl core Tc(V)-dioxo core

Figure 3.3 Tc(l)-tricarbonyl and Tc(V)-dioxo cores.
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3.2.  Ligand Synthesis

3.2.1. Investigation of two routes to a glucose-containing phosphine
glycoconjugate

As highlighted in Section 3.1, Beller and co-workers originally published the synthesis of a
glucose-containing phosphine glycoconjugate, 3.1, in 1997 (Scheme 3.1) then subsequently

improved the synthesis of this compound in 1999 (Scheme 3.2).4%°

The method reported in 1997 used basic glycosylation chemistry to conjugate (4-
hydroxyphenyl)diphenylphosphine to acetobromo-a-D-glucose; this route, although
successful, could only be reproduced with significantly longer reaction times (24 h versus 4
h) and was relatively low yielding (14% versus 33% in the literature).* 2,3,4,6-tetra-O-
acetyl-D-glucose, and partially deprotected analogues of this carbohydrate are believed to be
the major by-products of this reaction. Note that here, the deprotection step was performed
in situ. Additionally, Beller et al. used 5 eq. of the carbohydrate in this reaction which is
extremely inefficient. We have since found this can be reduced to 2.5 eq. without any
decrease in yield. As an excess of sugar must be used, this route requires column
chromatography to isolate pure material.

OAc OH

1) CH,Clo/NaOH (1M) 1:1,
0 (0]
A% "+ Ho e T H%&o@”hz
Y ACO 2) MeOH, NaOMe (1 mol%), HO
Br 34

Scheme 3.1 The 1997 method, published by Beller et al., for the synthesis of 3.1.

By contrast, the method reported in 1999, and shown in Scheme 3.2, uses Pd-catalysed
cross-coupling to introduce the phosphine moiety in the form of HPPh,.%°

Qhe o HPPh, OAc
A?L\chmo‘@' KA ACA%M/OOPPM
ACO CH4CN, 82°C ASO
3.2 1 mol% J\ RR 3.1

@\/\PdOAO‘_PdP\D 77% yield
P [ONAO)
RR T

R = o-tolyl i) NaOMe/MeOH,

ii) Amberlist Resin

OH
(0]
”ﬂmOOPth
HO
3.1

98% yield
Scheme 3.2 The 1999 method, published by Beller et al., for the synthesis of 3.1. For

phosphine glycoconjugate ligands, and their complexes, prime symbols will be used to
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denote those which are peracetylated (such as 3.1’) whilst the absence of a prime will refer

to the deprotected analogue (such as 3.1).

1-(4-iodophenoxy)-2,3,4,6-acetoxyglucopyranose (3.2) can be prepared in three sequential
steps: acetylation, anomeric bromination and then glycosylation with 4-iodophenol; the

overall yield from D-glucose was 27% (Scheme 3.3).
OAc

Qhe HBr (3 eq.)
r(3eq.
HO (0] NaOAc (0.5 eq.) o q ACO o)
HO AcO OAG - AcO
H Ac,0 (10 eq.) AcO Ac,0 (0.4 eq.) ACO

O ™oH ACO
CH,Cl, Br

2eq.
HO |

BTEAB (1.4 eq.)
1M NaOH, CHCl;

OAc

(0]
AcO
AcO
3.2

16% yield

Scheme 3.3 Three step route to known carbohydrate, (4-iodophenol)-2,3,4,6-
acetoxyglucopyranose, 3.2, from D-Glucose.

The Pd-catalysed cross-coupling method for synthesis of 3.1 (Scheme 3.2) is more efficient
as only 1 eq. of carbohydrate is required, and the reaction is significantly higher yielding
(74% based on carbohydrate 3.2). We have since modified the work-up conditions reported
by Beller et al. and found that an aqueous work-up in CH,CI, and short silica plug achieves
the same result as column chromatography. This ease in purification is particularly important
when making derivatives that are sensitive to oxygen. Additionally, removing the acetoxy
groups in a 1:1 mixture of ethyl acetate and methanol gives better product solubility and
results in none of the partially deprotected compound being isolated. This was a problem
when performing the deprotection in methanol only. Deprotection of the acetyl groups is

necessary for adequate radiolabelling as it is performed under aqueous conditions.

After investigating both routes published by Beller et al., it was decided that the Pd-
catalysed cross-coupling method should be favoured for the synthesis of all derivatives
where possible. This was due to the ease of purification, the greater atom efficiency of this
reaction, and higher overall yield. This is relevant given the commercial value of (4-
hydroxphenyl)diphenylphosphine (£331/g, versus £5.30/g for HPPh,).1
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3.2.2. Modification of the phosphine moiety

Derivatives of ligand 3.1 were prepared by varying the R groups of the PR3 moiety. This was
expected to affect the coordination chemistry, radiolabelling and biological features of the
molecule because varying the PR3 groups should alter the lipophilicity of the ligand. Such
effects have previously been investigated in unpublished work performed as part of a
collaboration between the Ma and Pringle group (Figure 3.4). In vivo testing revealed that
the ®*Cu complex was cleared via the kidneys of a mouse when R = Cy, and via the bladder

when R = Ph 1718

®
RGDfK
oRGDK. 1y Ry R,
P P_CO.H
O | 64Ccu |
/ . (0]
Rz R HN_
cRGDfK
R =Cy, Ph

Figure 3.4 Structure of 5Cu complex, which is cleared via the kidneys when R = Cy, and

via the bladder of a mouse when R = Ph, during in vivo testing.

3.2.2.1. P(o-Tol); analogue

To explore the effect of substituents on radiolabelling, the first analogue, 3.3' (where PR; =
P(o-Tol),), was prepared by reacting HP(o-Tol). with an equimolar quantity of carbohydrate
3.2 in the presence of a palladacycle catalyst (1 mol%) and KOAc (Scheme 3.4). Compound
3.3' was prepared by heating the reaction mixture to reflux overnight, although it was
subsequently shown that the reaction proceeds to completion within 5 h. This reaction is
slower than the analogous reaction with HPPh;, to form 3.1, which reaches completion in 3
h. Additionally, the yield for the synthesis of 3.3" is lower compared to that of 3.1’ (67% for
3.3 versus 77% for 3.1"), which could be attributed to the increase in steric bulk of the
secondary phosphine. For 3.1', 5 = -6.5 ppm, whereas for 3.3’ p = -21.9 ppm, and this high

field shift is characteristic of a tertiary RP(0-Tol), species.
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OAc

OAc
HP(o-tol),
Q KOAc Q
A0 OOI > A0 o{ >*P(0-t0|)2
ACO CH4CN, 82 °C C ACO
3.2 1 mol% J\ RR 3.3

P OAO‘PdPﬁ
P do?o‘ 67% yield

RR
R = o-tolyl

Scheme 3.4 Synthesis of ligand 3.3’, from carbohydrate 3.2 and HP(o-Tol)..

Compound 3.3" was then deprotected to give 3.3 (78% yield), which resulted in a chemical
shift difference of A5 = 1.0 ppm, with a new singlet at p = -22.9 ppm seen for 3.3 (Scheme
3.5). Glycan deprotection results in a marginally more shielded phosphorus environment.
For full characterisation of 3.3’ and 3.3, see Chapter 6.

OAc OH
0 i) NaOMe/MeOH /M
(o) P(o-tol HO g
ACOA— (01002 3 Amberfist Resin  HO ~ O‘@’P(O tol).
3.3 3.3
78% vyield

Scheme 3.5 Deprotection of ligand 3.3’, to give 3.3, where PRz = P(o-tolyl),.

The coordination chemistry of 3.3’ will be discussed in Section 3.3.1, but difficulties
encountered when attempting to form a Re complex led us to synthesise ligands 3.4'/3.4 (see

below).
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3.2.2.2. P(p-Tol), analogue
Compound 3.4" was prepared with HP(p-Tol). in good yield (73%) using the same method as

outlined above for 3.3'. As HP(p-Tol). is not commercially available, it was prepared by
LiAlH4 reduction of the chlorophosphine, CIP(p-Tol).. The reaction to synthesise 3.4" takes
place on a similar timescale (6 h) as the o-tolyl analogue, (Scheme 3.6). The 3P NMR shift
for 3.4" is -7.9 ppm, which is cf. for 3.1" (d» = -6.5 ppm).

OAc OAc

A S -
9] 0
AR oo Ay
o [ G 0 P(p-tol
ACOA—"" CH4CN, 82 °C ACOA—="S (p-tol),
1 mol% RR 3.4'
3.2 -
oi\opdpﬁ
Ploco
BR | 73% yield
R = o-tolyl

Scheme 3.6 Synthesis of ligand 3.4’, from carbohydrate 3.2 and HP(p-Tol)..

Compound 3.4" was deprotected to give 3.4 (& = -8.3 ppm, 84% yield, Scheme 3.7). For full

characterisation of 3.4’ and 3.4, see Chapter 6.

OAc OH
0 i) NaOMe/MeOH 0
M o) A3
o] P(p-tol), ——————— = HO )
AcO AcO (p-tol), ii) Amberlist Resin ~ HO Mo o P(p-tol),
3.4 24
84% yield

Scheme 3.7 Deprotection of ligand 3.4’, to give 3.4, where PRz = P(p-Tol)..
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3.2.2.3. PCy- analogue
To explore the effect of alkyl versus aromatic groups on the phosphine moiety, the synthesis

of 3.5'/3.5 was investigated. The synthesis of this ligand was significantly slower than for
the aromatic analogues, with the reaction to form 3.5’ taking 5 d to reach completion
(Scheme 3.8).

OAc OAc

HPCy2
0 KOAc 0
%@ "% o—_)—Por.

AcO CH3CN, 82 °C AcO

1 mol% rRR 3.5'
3.2 oi\o,P de :3
PPdO —o o
R\R T 55% yield
R = o-tolyl

Scheme 3.8 Synthesis of ligand 3.5’, from carbohydrate 3.2 and HPCy..

The reaction was carried out with an excess of phosphine (HPCy,) and monitored by H
NMR spectroscopy to determine complete consumption of 3.2. This was possible because
the phenylene linker has two characteristic doublets that each shift by 0.2 ppm in the 'H
NMR spectrum upon exchange of the -1 atom for a -PCy. moiety. The excess of HPCy- is
readily removed at the end of the reaction by partitioning the crude material between MeCN
and hexane and then extracting the unreacted HPCy- into the non-polar phase. A 55% yield
was achieved for synthesis of 3.5’, which has & = -2.2 ppm. Introduction of a PCy, moiety

has resulted in an increase in steric bulk compared with a PPh, moiety.

Despite the increased reaction time to form 3.5’, the deprotection reaction took place on the
same timescale (1 h) as with all other ligands in this series to give 3.5 (Scheme 3.9). A shift
difference Ad = 0.3 ppm was observed upon removal of the protecting groups, with a new
signal at 60 = 1.9 ppm seen for 3.5, which was prepared in 90% yield. For full
characterisation of 3.5’ and 3.5, see Chapter 6.

OAc oH
0 i) NaOMe/MeOH M
SA ava
0 PC ~ HO
Aeo AcO v2 i) Amberlist Resin ~ HO Mo OOPCyZ
3.5 25
90% yield

Scheme 3.9 Deprotection of ligand 3.5', to give 3.5, where PR, = PCy..
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3.2.3. Modification of the carbohydrate moiety

As discussed in the introduction, glycoside conjugates are commonly used to increase cancer
cell uptake via the Warburg Effect. To evaluate whether glucose is required in our system or
whether other sugars can be used — such as galactose, which bears an axial OH at C-4 as
opposed to an equatorial OH in glucose, or disaccharides such as lactose — we decided to
target ligands with varying carbohydrate moieties. Whilst this should not significantly affect
the coordination chemistry or radiolabelling of the molecule, it should influence the cellular
uptake. In the case of the disaccharide analogue, the water solubility of the ligand and
associated complex will be affected. To confirm whether we could modify the carbohydrate
to tune the cellular uptake, without affecting the radiochemistry, we prepared galactose and
lactose analogues of 3.1. Galan et al. have previously demonstrated that the type of glycan
on a given probe can affect cellular targeting.®

3.2.3.1. Galactose analogue
The galactose ligand, 3.7" and its deprotected analogue, 3.7 were — like 3.1" and 3.1 —

published by Beller et al. using both methods discussed in Section 3.2.1.

Compound 3.7' can be synthesised in good yield (69% vyield) by reacting HPPh, with
carbohydrate 3.6 in the presence of a palladacycle catalyst (Scheme 3.10). This reaction goes
to completion within several hours, although the final product is stable to overnight reflux
too. A lower vyield is observed for the synthesis of 3.7’ when compared with 3.1’ (69%
versus 77% vyield). The & for 3.7" is -6.3 ppm, which is similar to that of 3.1" (6p -6.5 ppm),
confirming the expectation that the remote carbohydrate has little influence on the

phosphorus centre.

AcOOAc HPPh, AcOOAC

mo ' KA M
AcO < > o] PPh
AcO CH4CN, 82 °C ACOA——" < > 2
1 mol% RR .

. OJ\\QP d@ 37
@Q doj\;o’ 69% yield

RR
R = o-tolyl

3.6

Scheme 3.10 Synthesis of ligand 3.7', from carbohydrate 3.6 and HPPh..

Deprotection of 3.7’, to give 3.7, occurs within just 30 min in a yield of 96%. The removal
of the acetyl groups results in a shift difference of A5 = 1.6 ppm (Scheme 3.11); this is the
largest shift difference noted in any of the carbohydrate phosphines upon deprotection.
Therefore, 3.7 can be prepared in two-steps with an overall yield of 66%, compared to the

50% yield reported by Beller et al.*®
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AcOOAC HOOH

(0] ; (o)
i) NaOMe/MeOH
ACO&/O‘@PPM ) HO&O‘@*PPM
AcO i) Amberlist Resin HO

3.7 3.7

96% yield

Scheme 3.11 Deprotection of ligand 3.7', to give 3.7, where the carbohydrate is Galactose.

3.2.3.2. Lactose analogue
Incorporation of a disaccharide (such as lactose) was expected to generate a significantly

more water-soluble ligand. Improving solubility is desirable, as evidenced by the fact that up
to 37% DMSO had to be added to milliQ water to fully solubilise some of the carbohydrate
phosphines during radiolabelling (Section 3.5.1), and EtOH had to be added to the Re(l)

samples during cell testing.

To prepare the lactosyl phosphine glycoconjugate, the iodophenol-conjugated carbohydrate,
3.9, first had to be prepared (Scheme 3.12). This was done in three steps from lactose with
an overall yield of 10%. The final step produced significantly more species compared with
the glucose (3.2, 16% vyield) and galactose (3.6, 8% yield) analogues, and these could not be
purified by recrystallisation. Despite this, 3.9 was isolated in a yield of 11% after

purification by column chromatography.

HOOH

OH
o AcOOAcC OAc
(0] NaOAc (0.5 eq.) o
HO fo = 0 Q
HO HO ™o Ac,0 (10 eq.) AcO o ACO
AcO ™pac
96% yield
HBr (3 eq.),
Ac,0 (0.4 eq.),
CH,CI
2 eq. 2vl2
AcOOAC OAc d
(@) (0]
A0 AcO © < > : BTEAB (1.4 eq.) &/0 0
AcO AcO AcO
1M NaOH, CHCl, AcO ~ ¢ ACO
3.9 3.8 Br
11% yield 98% yield

Scheme 3.12 Route to lactosyl precursor, 3.9, via acetobromo-a-D-lactose, 3.8.

It was expected that reaction of 3.9 and HPPh; in the presence of the palladacycle catalyst (1
mol%) would smoothly lead to the synthesis of 3.10" (Table 3.1). However, several
unwanted by-products were observed when synthesising 3.10'; the expected product only
accounted for 48% of the species according to 3P NMR spectroscopy. For other

carbohydrate phosphines reported above, this method leads to the formation of the desired
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product in yields of >90%, as measured by in-situ 3P{*H} NMR spectroscopy. The other
species formed during Entry 1 (Table 3.1 and Figure 3.5(a)) included Phz(O=)P-PPh; (13%),
H(O=)PPh; (25%), and the oxide of 3.10" (13%). Repetition of this reaction (Entry 2, Table
3.1 and Figure 3.5(b)) using solvent that was carefully deoxygenated resulted in only limited

improvement.

Doubling the catalyst and base loading (Entry 3, Table 3.1 and Figure 3.5(c)) to try and
ensure the phosphine reacted completely with 3.9, led to a more significant improvement. In
this case, 3.10" accounted for 72% of the species according to 3P NMR spectroscopy. The
oxides were removed by passing the crude mixture through a silica plug. However, *H NMR
and HR-MS analysis revealed that only 50% of the carbohydrate starting material (3.9) had
reacted and hence a 50:50 mixture of 3.9 and 3.10" was isolated. Column chromatography
under nitrogen was ineffective at separating these products due to their near-identical Ry
values. Furthermore, only 50% conversion of 3.9 was observed when doubling the
equivalents of HPPh; (Entry 4, Table 3.1 and Figure 3.5(d)). Instead, sequential addition of
HPPh, was investigated, with the first equivalent added at the start of the reaction, and the
second equivalent added after leaving the reaction overnight. Again only 50% conversion of
3.9 was observed by *H NMR (Entry 5, Table 3.1 and Figure 3.5(g)).

Table 3.1 Reaction conditions tested for the attempted synthesis of ligand 3.10", from
carbohydrate 3.9 and HPPh..

0 KQAc le}
AOA— o~ Ao A0 OOI CHACN, 82 °C ACO‘mAO/AOCMO@*Pth
3.9 1 mol% J\ RI;R ¢ ) AcO
sy PR
P
RR |
R = o-tolyl
Ent Catalyst Base HPPh; % of 3.10' by 3!P
ntry ) . )
Loading (Equivalents) (Equivalents) NMR
1 1 mol% 1.2 1 48%
2 1 mol% 1.2 1 49%
3 2 mol% 2.4 1 68%
4 2 mol% 24 2 35%
5 2 mol% 2.4 2 17%
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Whilst the Pd catalysed method proved a good route to 3.1’, 3.3" -3.5" and 3.7’, it did not
lead to the clean synthesis of 3.10". Instead, we reverted to the method published by Beller et

al. in 1997 to synthesise 3.10’.

3,10’
(a) I J l I
)
(c) L
‘ HPPh;
(d) (90 A AT
HPPh;
(e)
AR P o o mwwwwwmmwwwmmwm
I 26(] 150 100 —10(] ‘ —150 I —200 ‘

Figure 3.5 3'P{*H} NMR spectra (121 MHz, CDCls) of the product mixtures from (a) Entry
1, (b) Entry 2, (c) Entry 3, (d) Entry 4 and (e) Entry 5.

The biphasic route to 3.10" (Scheme 3.13) requires an excess of bromide 3.8 (3 eq.) and
hence column chromatography, under an inert atmosphere, was employed for purification of
the crude product. Pleasingly, the excess of carbohydrate (which is likely the hydrolysed
hemi-acetal of 3.8) and 3.10" were separated on the column enabling 3.10' to be isolated as a
single species, albeit in a low yield (9%). The &p of 3.10’ (6 = -6.3 ppm) again confirmed
that the carbohydrate has a minimal effect on the electronics at the P-centre (for 3.1’, 6p = -
6.5 ppm). Attempts to reduce the number of equivalents of 3.8 used in this reaction have
been  unsuccessful,  resulting in  incomplete  conversion of the  (4-

hydrophenyl)diphenylphosphine.
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3eq. HOOPPhZ
AcOOAc

OAc AcOQAc OAc
MO 0  CHyCly/NaOH (1M) 1:1, MOM
ACOA— Ac% TBAHS, 3h Ao AcOA OOPPhZ
Br
3.8 3.10'
9% vyield

Scheme  3.13  Synthesis of 3.10°, from carbohydrate 3.8 and (4-
hydroxphenyl)diphenylphosphine.

Deprotection of 3.10' to 3.10 gave a yield of 64% within 2 h in the presence of an NaOMe
catalyst. The removal of the acetyl groups from 3.10’ results in a shift difference of just 0.3
ppm (Scheme 3.14), as 3.10 has a &p of -6.6 ppm. It was expected that this shift difference
may be greater, due to the removal of almost twice an many acetoxy groups as the other

analogues. For full characterisation of 3.10’ and 3.10, see Chapter 6.

AcOOAc OAc HOOH OH
AcOMAO/MO opn i) NaOMe/MeOH HOMOMO oo
AcO ACOA="5 C Zii) Amberlist Resin Ho ~ HO S < > 2
3.10° 3.10
64% yield

Scheme 3.14 Deprotection of ligand 3.10’, to give 3.10.

3.3.  Coordination Chemistry

As discussed in Chapter 2, Re and Tc are one of the few diagnostic/therapeutic ‘matched
pairs’.?° This behaviour arises as a result of Re and Tc being valence isoelectronic and
isostructural for a given oxidation state. Therefore, ligands that coordinate to Re are
expected to give a structurally analogous complex with Tc, and so providing access to a

theragnostic system.

Additionally, Re possesses a non-radioactive isotope that can be used as a model for *™Tc
(ta2 = 6 h) radiolabelling. This has been particularly useful within this project, as ligand
synthesis was carried out at the University of Bristol, whilst all radiochemistry was
performed at St Thomas’s Hospital, where specialist facilities for the handling of radioactive

compounds are located.

Chemically, there are differences in the rate of substitution and redox chemistry for the two
elements; Tc favours lower oxidation states and exhibits faster ligand substitution.?
However, as the physical characteristics between Re and Tc compounds do not vary

significantly, biological systems cannot distinguish between them, thereby making ‘cold’ Re
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a good model for ®™Tc (and !¥Re) compounds. Consequently, ‘cold’ Re complexes were

synthesised at the University of Bristol to act as a model for any radiolabelling with ®™Tc.

3.3.1. Synthesis of the Re(l) precursor, [Re(CO)3(H20)3]Br

The coordination chemistry of the phosphine glycoconjugates described in Section 3.2 was
investigated with the Re(CO)s core using [Re(CO)s(H.0):]Br as the precursor; this was
prepared by heating [Re(CO)sBr] in deoxygenated H,O (Scheme 3.15) at reflux for 24 h to
ensure that the thermodynamic product, [Re(CO)s3(H20)3]Br, is exclusively formed.
Rhenium complexes containing fewer aqua ligands (< 3) may obtained if the reaction time is
shorter. The tricarbonyl core was selected as the Tc analogue ([Tc(CO)s]) is considered
particularly stable to oxidation in radio-imaging applications. A discussion of the
preparation of the [Tc(CO)s] core can be found in Section 3.5.

CcoO ® B@
H,0 H20/,,R|e‘\\CO '
Re(CO)5Br 100 OC Hzo( | \CO
OH,

Scheme 3.15 Synthesis of [Re(CO)3(H20)3]Br.

3.3.2. Coordination of 3.1'and 3.1

Addition of two equivalents of 3.1' to [Re(CO)3;(H.0)s]Br resulted in formation of the
neutral complex [Re(CO)3(3.1").Br] (3.11, Scheme 3.16) in 88% yield. The composition of
3.11’ has been confirmed by HR-MS (m/z [M+Na]* = 1589.2109, obs. = 1589.2076). The
$IP{'H} NMR spectrum shows a singlet at -1.9 ppm (despite the P atoms being
diastereotopic, see below), with a small coordination shift of AS = +4.6 ppm. Despite
recording the 3P{*H} NMR spectrum at high field (202 MHz), no AB splitting pattern was
observed for this complex, therefore the phosphorus atoms appear accidentally equivalent by
NMR spectroscopy. Addition of three equivalents of 3.1’ to [Re(CO)3(H.0)3]Br does not
lead to displacement of all three aqua ligands to form the +1 charged complex,
[Re(CO)s(3.1")s]Br.

MeOH/CH,Cl,

OAc
m [Re(CO)s(Ho0)lBF | RPr g 2CO
Al 3(H2V)3 3P
2 o O@PF’“2 - | RePETCO
AcO Br
3.1

3.11°
88% yield

Scheme 3.16 Synthesis of the Re(l) complex 3.11".

Deprotection of 3.11" using a NaOMe solution in methanol gave complex 3.11 (Figure 3.6)
in good yield (93%). This was confirmed by HR-MS (m/z calcd. for Cs1Hs0015P2.BrReNa
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(IM+Na]*) = 1253.1264; obs. = 1253.1240), *H NMR spectroscopy, and a coordination shift
in the 3P{*H} NMR spectrum measuring AS = +0.7 ppm (see Chapter 6 for full details). An
AB splitting pattern was observed at -1.1 ppm (Jer = 29.2 Hz) and -1.3 ppm (Jpr = 29.2 HZ)
in the 3'P{*H} NMR spectrum (spectrum was measured at 162 MHz, Figure 3.6). This is
observed because the two phosphorus atoms are diastereotopic (the complex has C;
symmetry), but this shift difference is very small and can only be discerned at high
fields.

CcO ; C
RSP/RI \CO |) NaOMe, MeOH R3P/ CcO PR, =H
RsP" 17CO i ; i ,Re, 3=HO PPh
3 Br ii) Amberlist Resin R3P CO HO 2
3.11° 3.11

93% yield

*

‘ \ x
M/gf/ WA
e e A A A~ A AN A N A A Ar NS S Y GOV PN N NP NIV

T T T T T T T T T T T T T T T T T T T T T
-02 -03 -04 -05 -06 -07 -08 -09 -10 -1.1 -12 -13 -14 -15 -16 -1.7 -18 -19 -20 -21 -2

Figure 3.6 Synthesis of the Re(l) complex 3.11, and 3'P{*H} NMR spectrum (CDsOD, 162
MHZz) between ca. 0 and -2 ppm, with an impurity at -1.3 ppm (*). See Chapter 6 for full

details.

The above route to 3.11 was developed because adding two eq. of the deprotected ligand,
3.1, to [Re(CO)3(H20)3]Br gave a different complex, 3.12, which gave an apparent singlet at
8 = +9.1 ppm in the 3P{*H} NMR spectrum. HR-MS analysis was unable to confirm the
identity of the ligand denoted ‘X’ in Scheme 3.17 (m/z calc. CsiHs0015P2Re [M-X]) =
1151.2182; obs. = 1151.2178). The difference in phosphorus chemical shift for 3.11 (-1.9
ppm, where X = Br) and 3.12 (9.1 ppm) can therefore be attributed to the different identity
of ligand “X’. For cell testing, it is important to know the coordination sphere, and hence the
Re(l) complexes were first formed with peracetylated ligands and then deprotected once
coordinated to Re(l), to access the Re(l) complexes with unprotected glycoconjugate

ligands.
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OH
CO
5 Ho/&/ [Re(CO)3(H20)3]Br R3P/ R'e\CO
HO O PPhg R3P' ! 'CO
HO MeOH/CH,Cl, X
3.1 3.12

Scheme 3.17 Synthesis of the Re(l) complex 3.12, where ‘X’ denotes an unidentified ligand.

3.3.3. Coordination of di-o-tolylphosphino-glucose conjugates 3.3" and 3.3

Ligand 3.3" was added to [Re(CO)s(H20)s]Br, but no reaction was observed after 18 h. This
difference in reactivity between 3.3" and 3.1’ is attributed to the greater steric bulk of P(o-
Tol), compared to PPh; inhibiting reaction with Re. Furthermore, heating the reaction
mixture to reflux in DCE for 16 h (Figure 3.7) led to the formation of many species
according to 3P{*H} NMR spectroscopy and although the expected complex was detected
by HR-MS, the signal was very weak. Based on structurally similar complexes, the peak at -
1.8 ppm in the ¥P{*H} NMR has tentatively been assigned to the expected product,
[Re(CO)3(3.3")2.Br]. However, this species accounts for only 4% of the mixture based on
integration of the 3P{*H} NMR signals (Figure 3.7). Broad signals at 8p = -21.7 ppm and Jp
= +36.7 ppm account for 80% of the mixture and suggests that a fluctional monophosphine
species (6p = +36.7 ppm) is being formed, where the free ligand (dp = -21.7 ppm) is
undergoing rapid ligand exchange. Low temperature 3P{*H} NMR spectroscopy should

provide further information about this system and this could be investigated in the future.

AcO 0 [Re(CO)3(HL0)3]Br co
e OOP(o-tol)z RsP/ e 1CO
AcO DCE, Reflux RsP I|3r CcoO

3.3

!

fl
"wmmwhwuW‘quwmwhwW’MwwwlwhmwmjvwmWMWW [T —

T T T T T T T T T T T T T
80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50

Figure 3.7 31P{*H} NMR spectrum (CDsOD, 121 MHz) produced by heating the above

reaction to reflux for 18 h.

To further investigate the coordination chemistry of 3.3', 1 eq. of the ligand was reacted with
[AuCI(SMe;)] (Scheme 3.18). A new singlet was seen in the 3'P{*H} NMR spectrum at 14.6
ppm, and the reaction reached completion in 30 min. The complex is assigned the structure
of 3.13’, on the basis of HR-MS (m/z calcd. for C3sHz;010PCIAuNa ([M+Na]*) = 891.1376;
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obs. = 891.1365), a large coordination shift of ASp = +37.4 ppm and *H NMR spectroscopy
(see Chapter 6 for the data); 3.13’ was isolated in 73% vyield.

OAc
o [Au(SMe,)Cl] —Ay—
A%\%MOOP(O-toI)Z (SMea®l_ o | ReP-Au-CI
AcO CH,Cl,
3.3 3.13
73% yield

Scheme 3.18 Reaction of 3.3’ with [Au(SMe>)Cl] to form complex 3.13".

When 2 eq. of 3.3' were added to cis-[PtCIl,(COD)] no reaction was observed (Scheme
3.19(a)). However, when this rection was repeated with trans-[PtCI,(NC'Bu).], complex
3.14" was isolated in 67% yield (Scheme 3.19(b)). Coordination of 3.3’ to give complex
3.14' resulted as indicated by a singlet in the 3P{*H} NMR spectrum at 15.0 ppm with
platinum satellites and a Jppt Value (2583 Hz), which is characteristic of a trans-PtP;
complex. The formation of the trans complex is consistent with the large steric bulk of
ligand 3.3.

i:: [PtClz(COD)] R3P/. o, Cl
AcO 3F 1 o
Acm P(O tOI)Z ’ Rspvptvol

CHZCIZ

[PtCIy(NC'Bu),) R3Pr. 5,1 Cl
ACA‘%M OP(M' | cimPleR,

CH,Cl,

3.14
67% yield

Scheme 3.19 Reaction of 3.3’ with (a) cis-[PtCl,(COD)] and (b) trans-[PtCl,(NC'Bu)-].

This preference for trans complex formation has previously been observed by Pringle and
Wingad with tris(o-tolyl)phosphine.?? Our attempts to form the cis-Pt complex (from
[PtCI(COD)] and tris(o-tolyl)phosphine) have been unsuccessful (Scheme 3.20). This result

confirms that the formation of cis-MP, complexes are inhibited by P(o-Tol), groups.

[PtCl,(COD)] RaP'. oy :Cl
2 P(o-tol), % Rep* 1G]
CH,Cl,

Scheme 3.20 Unsuccessful reaction of tris(o-tolyl)phosphine and [PtCl,(COD)].
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3.3.4. Coordination of di-p-tolylphosphino-glucose conjugates 3.4’ and 3.4

In contrast to the lack of reactivity observed between 3.3’ and [Re(CO)s(H20):]Br, the para-
isomer 3.4’ reacted with the Re(l) precursor within 2 h to give 3.15’ (Scheme 3.21) in 88%
yield. As the complex has C; symmetry, the phosphine atoms are inequivalent so an AB
splitting pattern should be observed by 3'P{*H} NMR spectroscopy, but even at high field
(202 MHZ2z) a singlet is observed for 3.15' (6 = -1.9 ppm). HR-MS confirmed the presence
of the Br ligand in the neutral complex, 3.15’ (m/z calcd. for C71H74023P.BrReNa ([M+Na]*)
= 1645.2735; obs. = 1645.2715).

coO

0 [Re(CO)3(H0)5Br | RyPs . .CO

2 A%%MOOP(p-tODz RsP™E"CO
AcO MeOH/CH,Cl, Br
3.4 3.15’

88% yield

Scheme 3.21 Synthesis of the Re(l) complex 3.15".

Deprotection of this species using NaOMe in MeOH gave complex 3.15 in an 83% vyield, as
confirmed by H NMR spectroscopy and HR-MS (m/z calcd. for CssHssO1sP2.BrReNa
([IM+Na]*) = 1309.1890; obs. = 1309.1879, see Chapter 6). Complex 3.15 showed an AB
splitting pattern at -3.0 ppm (Jee = 28.3 Hz) and -3.2 ppm (Jer = 28.3 Hz) in the 3P{*H}
NMR spectrum (recorded at 202 MHz, Figure 3.8).

OH
¢o i) NaOMe, MeOH co
ReP g .CO i) NaOMe, MeO RsP/ 3. .CO | pR.=HO 0
RPTICO | T ~t Resi -Re. 3 o) P(p-tol)
" Br ii) Amberlist Resin RsP Br CcO HO Mo 2

3.15° 3.15
83% yield

T T T T T T T T T T T T T T T T T T T T T
o -21 -22 -23 -24 -25 -26 -27 -28 -29 -30 -31 -32 -33 -34 -35 -36 -3.7 -38 -39 -40 -41

Figure 3.8 Synthesis of the Re(l) complex 3.15, and *'P{*H} NMR spectrum (CDs0D, 202
MHz) between ca. -2 and -4 ppm. See Chapter 6 for full details.

3.3.5. Coordination of dicyclohexylphosphino-glucose conjugates 3.5 and 3.5
Complex 3.16" was formed in 88% yield within 2 h, by reacting two equivalents of 3.5’ with
[Re(CO)3(H20)s]Br. The *P{*H} NMR spectrum showed a well resolved doublet at -2.7
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ppm, with a Jee coupling of 22.4 Hz, and a broad singlet at -5.3 ppm (Figure 3.9(a)). It is
likely that the broad signal is in fact an unresolved doublet. Additionally, the *H NMR
spectrum exhibited twice as many aromatic signals as expected (Figure 3.9(b)), in agreement
with the two P-ligands being inequivalent. The coordination of the bromide ligand is
supported by the HR-MS (m/z calcd. for Cs7Ho0O23P2BrReNa ([M+Na]*) = 1613.3956; obs.
= 1613.3987). Despite repeating this reaction under various conditions, the product 3.16'

was not obtained in pure form (see Figure 3.9(a)).

OAc
/m [Re(CO)3(H,0)3]1B R3P. (':OCO
e 3(M20)3[Dr 3P/ \
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Figure 3.9 (a) The 3P{*H} NMR spectrum (CDCls, 202 MHz) and (b) partial *H NMR
spectrum (CDCls, 400 MHz, 7.8-4.9 ppm) of the reaction shown schematically.

Upon deprotection of 3.16" with a NaOMe catalyst to form 3.16, a singlet was observed in
the 3'P{*H} NMR spectrum at 1.4 ppm (Figure 3.10). An AB splitting pattern should have
been observed by 'P{*H} NMR spectroscopy, but the two phosphorus atoms appear
equivalent even at high field (202 MHz). The expected complex, 3.16, was only formed with
ca. 55% purity by 3P{*H} NMR spectroscopy, and the HR-MS spectrum did not show
peaks associated with M*. Consequently, 3.16 has not undergone toxicity testing as it has not

been obtained in pure form.
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Figure 3.10 (a) The *P{*H} NMR spectrum (CDsOD, 162 MHz) and (b) partial *H NMR
spectrum (CD3;0D, 400 MHz, 7.8-4.6 ppm) of the reaction shown schematically.

3.3.6. Coordination of diphenylphosphine-galactose conjugate 3.7

It was discovered that complex 3.17 could be formed directly from the deprotected ligand
3.7 (Figure 3.11) in 90% vyield. This avoided the need to form a Re(l) complex with
peracetylated 3.7' and then deprotect the glycoconjugate ligand once coordinated to the
Re(l) centre. An AB splitting pattern at -1.2 ppm (Jep = 29.2 Hz) and -1.4 ppm (Jpp = 29.2
Hz, Figure 3.11) was observed by 3'P{*H} NMR spectroscopy. The identity of the species
was confirmed by HR-MS (Cs1HsoO15P2BrRe ([M+Na]+) = 1253.1249; obs. = 1253.1227)
and *H NMR spectroscopy (see Chapter 6 for details). This result was unexpected as 3.17 is

simply a stereoisomer of 3.11.
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Figure 3.11 Synthesis of the Re(l) complex 3.17, and *!P{*H} NMR spectrum (CDsOD,
162 MHz) between ca. 0 and -2 ppm. See Chapter 6 for full details.

3.3.7. Coordination of 3.10’

As discussed in Section 3.2.2.6, the synthesis of 3.10' proved extremely challenging and
3.10" was obtained in low yield (1% from D-lactose). Consequently, all purified material for
3.10" was deprotected to give 3.10 (<10 mg) for radiolabelling (see Section 3.6). Crude
material was therefore used to investigate whether complexation of 3.10’ to the Re(CO)3
core was possible. The complexation was expected to proceed in a similar fashion to that of
3.1’ as the binding moiety does not differ for these two glycoconjugate ligands. Although
crude 3.10' contained multiple carbohydrate species, it only contained one phosphorus
species (3.10") and consequently, the reaction could be easily monitored by 3P{*H} NMR

spectroscopy.

Addition of crude 3.10' to [Re(CO)s(H20)sBr] gave two new singlets in the 3'P{*H} NMR
spectrum at -0.8 ppm and +2.8 ppm. Based on similar chemical shifts being observed for
related complexes, the broad signal at -0.8 ppm has been assumed to be the desired complex
3.18’ (Scheme 3.22). However, this signal should have resolved with an AB splitting pattern
due to the C; symmetry within the complex. The formation of the expected species (3.18")
has been confirmed by HR-MS (CoiHgsOs9P2BrRe ([M+Na]+) = 2165.3799; obs. =
2165.3760). While this study confirms that the deprotected ligand, 3.10, is likely to undergo
radiolabelling with *™Tc, the quantities of 3.10" have precluded further studies involving

this ligand.
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AO o o} o opt [Re(CO)3(H,0)5]Br RaP/ g, :CO
2 Rs;PT 177CO
AcO ~ AcO ACO < > MeOH/CH,Cl, -
3.10° 3.18’

Scheme 3.22 Synthesis of the Re(l) complex 3.18'.

3.3.8. Additional Re(l) Complexes, 3.19-3.21

Although crystallisation of the glycoconjugate complexes (Section 3.3.1-3.3.6) was
unsuccessful, the expected geometry of these compounds has been established by growing
crystals of the model complex [Re(CO)s(PPhs).Br] (3.19) suitable for X-ray diffraction.
Complex 3.19 was prepared in modest yield (34%) by addition of PPhs (2 eg.) to the Re(l)
precursor (Scheme 3.23). The crystal structure confirms that two phosphorus ligands are

bound in a cis-fashion, whilst the bromide ligand is trans to one of the three carbonyl ligands

(

Figure 3.12). Although 3.19 is known, full characterisation has not previously been
reported (see Chapter 6 for full details).

co

[Re(CO)3(H,0),]Br RsP/ g, \CO

2 PPh; > | RyP" 1 "CO
MeOH/CH2C|2 Br

3.19
34% yield

Scheme 3.23 Synthesis of the Re(l) complex 3.19
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Figure 3.12 Crystal structure of 3.19: Re-Br 2.570(4) A, Re-P1 2.5323(8) A, Re-P2
2.5279(7) A, Re- C37 1.939(3), Re-C38 1.944(3), Re-C39A 1.945(9) A, P1-Re-P2
102.43(2)°, C39A-Re-Br 172.6(7)°.

Cellular uptake studies were carried out using several Re(l) complexes to determine whether
they could be transported into cells (Section 3.4). Synthesis of a Re(l) complex with a non-
glycoconjugate phosphine ligand was required to determine whether uptake was a
consequence of the carbohydrate moiety or simply the lipophilic nature of the phosphine
moiety. The simplest analogue to prepare was 3.19, but this proved to be insoluble in EtOH

or water, making it unsuitable for cellular studies.

Consequently, tris(4-hydroxyphenyl)phosphine - prepared by deprotection of the phenol
group of tris(4-methoxylphenyl)phosphine?* - was added to [Re(CO)s(H.0)s]Br. The
$1IP{'H} NMR spectrum revealed that two species were formed during this reaction. The
major species (90% by 3P{*H} NMR spectroscopy) was a broad singlet at 3.8 ppm, whilst
the minor species was a sharp singlet at -2.8 ppm (Figure 3.13). Previous complexation
reactions, where [Re(CO)3;(PRs),]Br species are formed, exhibit resonances between ca. 0
and -3 ppm. Therefore, it is hypothesised that the species forming at -2.8 ppm is the
expected complex 3.20, with a coordination shift of A = +7.2 ppm compared to the free
ligand (&p = -10.0 ppm). The identity of the broad singlet at 3.8 ppm remains unknown, but
is likely a second complex. As this mixture could not be separated by HPLC, this system

was not deemed appropriate for cellular uptake studies.
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Figure 3.13 3P{*H} NMR spectrum (CDsOD, 121 MHz) produced from the above reaction

involving tris(4-hydroxyphenyl)phosphine and [Re(CO)3(H.0)3]Br.

Subsequently, (4-hydroxyphenyl)diphenylphosphine was acetylated with Ac,O in pyridine
to give (4-acetoxyphenyl)diphenylphosphine in good yield (77% yield) without the need for
further purification (Scheme 3.24). Addition of two equivalents of the acetylated phosphine
ligand to [Re(CO)3(H20)3]Br in a mixture of CH,Cl, and MeOH, gave 3.21 in 89% vyield
(Scheme 3.24). A singlet was present in the 1P{*H} NMR spectrum of 3.21 at -0.4 ppm and
its identity was confirmed by HR-MS (m/z calcd. for CiH34O7P2ReBrK ([M+K]*) =
1029.0158; obs. = 1029.0132) and *H NMR spectroscopy (Chapter 6 for details). As 3.21
was soluble in EtOH, it was deemed a suitable candidate for cellular uptake studies.

PPh, ¢o
2 YT e o § [T ecotom | peec
|

HO o) MeOH/CH,Cl, % Br

Pyridine

3.21
77% vyield 89% yield

Scheme 3.24 Synthesis of (4-acetoxyphenyl)diphenylphosphine and its reaction with
[Re(CO)3(H20):]Br to form the Re(l) complex 3.21.

3.4.  Cellular Studies

As discussed previously, ‘cold’ Re can be used as a non-radioactive analogue of ®™Tc. This
enables us to predict the behaviour of the radiolabelled analogues.® To quantify the cellular
uptake of our compounds and determine whether the analogous *™Tc species will enter
cells, it was necessary to perform uptake studies using the equivalent Re(l) complexes.
These experimental results were analysed using ICP-MS (inductively coupled plasma mass
spectrometry), a technique that can quantify the amount of a particular metal (e.g. Re) in cell

extracts. Prior to performing uptake studies, it was necessary to determine whether the
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complexes of interest were toxic towards the preferred cell lines, as uptake studies can only

be performed on living cells.

All cellular studies discussed in this Section (toxicity testing and uptake studies) were
carried out by Dr Radhe Shyam (Galan Group, University of Bristol). ICP-MS analysis was
performed by researchers — Alexander Griffiths (KCL) and Maral Amrahli (KCL) - at the
London Metallomics Factility (LMF), which is managed by Dr Theodora Stewart, at King’s
College London. The results of the ICP-MS work will be discussed in Section 3.4.2.

3.4.1. Alamar Blue Cell Viability Study

3.4.1.1. Background

The cytotoxicity of several Re(l) complexes and their precursor, [Re(CO)3(H20)s]Br, were
tested on HelLa, HDF and EA.hy926 cell lines as model systems. These are cancerous,
healthy and hybrid cells lines which consist of epithelial, fibroblast and endothelial cells,
respectively. Complexes 3.11, 3.15 and 3.17 (Figure 3.14) were chosen as they were stable
to HPLC purification and could be isolated in >90% purity. The Re(l) complex 3.16,
containing the dicyclohexylphosphino-glucose conjugate, was not studied as it was not

obtained in sufficient purity.

Complex Ligand

CcoO
R3P/ R'e\CO

R3P” 1°"CO
% Br

OH
PR;= 3.17= HO Q
311 27 312 HRo 0@%2
HO

OH
PRy= 3.4= HO R
3.15 3= J4= NP, S OOP(p-tol)z
H

HOHO
o o
347 PRy = 3.7= HO&/OOPPM
HO

Figure 3.14 Structure of complexes 3.11, 3.15 and 3.17, which underwent toxicity testing on
HelLa, HDF and EA.hy926 cells.

The viability of the HeLa, HFD and EA.hy926 cells after exposure to the complexes was
assessed by Alamar Blue assay. This assay uses a dye (Alamar Blue) to quantify the
metabolic activity within the cells so that the number of viable (live) cells can be

determined. Alamar Blue is blue and non-fluorescent when oxidised, but pink and
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fluorescent when reduced.?® As the cells proliferate and grow, they reduce the Alamar Blue
reagent so the dye turns from blue to pink. The extent by which this colour change happens
is measured by UV absorbance or fluorescence and, by using calibration curve, the number
of viable cells can be calculated.?®

During our experiments, the viability of the cells was monitored after 2 h of exposure to the
Re(l) complex, its associated ligand, or its ligand oxide at three different concentrations (25,
50 and 100 pM) in 96-well plates. This was necessary to determine which concentration
would be optimal when performing the uptake studies since uptake studies can only be

performed on live cells.

All ligand oxides were prepared by addition of iodine and then water to the peracetylated
ligand before its subsequent deprotection (Scheme 3.25). For full details and characterisation
data (*H and *'P{*H} NMR, and HR-MS) see Chapter 6. The oxides were prepared because
the Re(l) complexes (>90% purity) contained small amounts of the ligand oxide; it was

important to ensure any toxicity that may be observed could be accounted for.

OAc OAc

R2 R?
Rs& 1 i) 12, CH2Cl, R3 o} Q 1
AcO O‘OPR 2 T AcO O‘QPR 2
AcO ii) H20 AcO
3.1'R'=Ph,R?=H, R®= OAc i) NaOMe/MeOH
3.4'R" = P(p-tol), R> = H, R® = OAc i) Amberlist Resin
3.77R"=Ph,R?2=0Ac,R®=H
OH
R2
Rs&& B
HO (0] PR",
HO

3.1°*R"'=Ph, R?=H, R® = OAc 45% yield
3.4°¢R'" = P(p-tol), R?> = H, R® = OAc 32% yield
3.79*R' = Ph, R? = OAc, R®=H 92% vyield

Scheme 3.25 Synthesis of phosphine oxide glycoconjugates 3.1%, 3.4 and 3.7°%.

3.4.1.2. Results — Overall Summary
The number of viable cells increased over 2 h for all three cell lines. This effect was greatest

in HDF (Figure 3.16, Section 3.4.1.4), then HeLa (Figure 3.15, Section 3.4.1.3), but minimal
in EA.hy926 (Figure 3.17, Section 3.4.1.5). The change in cell viability appears negligible
for cells that are treated with [Re(CO)3(H.0)]Br, and therefore increased metabolic activity
can be attributed to treatment with the ligands and their Re complexes synthesised in this

project.
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Because a large increase in metabolic activity was observed when testing complexes 3.11,
3.15 and 3.17 (and their ligands) on both HeLa and HDF cell lines, we reasoned that the
molecules are somewhat cytotoxic, therefore putting the cells under increased stress and
consequently, resulting in increased proliferation to ensure survival. This effect is referred to
as hormesis and occurs when low levels of toxins stimulate repair mechanisms, thereby
leading to increased viability.?"?® As the concentration is further increased, a decrease in
viability will eventually be overserved in line with higher levels of toxicity. In this study,
although signs of toxicity are observed (via the hormetic effect), no significant cell death
was detected and uptake studies could therefore be performed with these synthetic

complexes (see Section 3.4.2).
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3.4.1.3. Results - HeLa

Of the glycoconjugate samples tested on HelLa cells (Figure 3.15), the oxides were observed
to have least impact, whilst the viability increased dramatically for cells treated with the
ligands alone and, to a greater extent, the Re(l) complexes. The metabolic activity of the
cells that were exposed to 100 uM of the Re(l) complexes was significantly increased to
153% (para-tolyl substituted complex 3.17) and 164% (galactoside complex 3.15). No
statistically significant correlation between complex concentration (25, 50 and 100 pM) and
cell viability was observed when the HelLa cells were incubated with the glucoside
complexes, 3.11, 3.15 and 3.17. This result was unexpected as we had hoped to see a
correlation between the sample concentration and the stress experienced by the cells.
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Figure 3.15 Cell viability data in HeLa cells. The error bars represent the calculated
standard error of the mean (SEM) from three independent experiments, whilst the control
line (in black) is set to 100% because this shows the number of cells after 2 h when left

untreated.
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3.4.1.4. Results - HDF

Similar effects to those seen in HelLa cells (Section 3.4.1.3) were observed for healthy HDF
cells. Here, an increased viability was observed for the glycoconjugate ligands, oxides, and
complexes (Figure 3.16). For the Re(l) complexes, the viability at 100 UM measured 133%
(3.17), 180% (3.11) and 187% (3.15). Consequently, galactose-based 3.17 was found to
affect the cellular metabolic activity ratios to a lesser extent compared to the two glucose
containing complexes (3.11 and 3.15). When analysing the results of the assay with HelLa
cells, no difference was noted between galactose and glucose containing complexes. Due to
the standard errors between measurements, no overall trends could be discerned between
concentration and viability.

HDF

250
200
150
100

50

Control

. 100 uM 50uM 25 uM

Figure 3.16 Cell viability data in HDF cells. The error bars represent the calculated standard
error of the mean (SEM) from three independent experiments, whilst the control line (in
black) is set to 100% because this shows the number of cells after 2 h when left untreated.
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3.4.1.5. Results — EA.hy926
The Alamar Blue assay revealed that EA.hy926 - a hybrid cell line consisting of fused

human umbilical cells and A594 lung carcinoma cells - showed the least response when
these cells were incubated with our glycoconjugate-containing molecules (Figure 3.17).
Nonetheless, increased viability (rather than cell death) was still observed. However, this
was to a lesser extent than seen for the HeLa and HDF cells. The only sample which
exhibited a notable increase in viability at all concentrations was the one with complex 3.17
(133% at 25 uM to 136% at 100 uM).
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Figure 3.17 Cell viability data in EA.hy926 cells. The error bars represent the calculated
standard error of the mean (SEM) from three independent experiments, whilst the control
line (in black) is set to 100% because this shows the number of cells after 2 h when left
untreated.

3.4.2. Uptake Studies
3.4.2.1. Pilot Study - Background
A pilot uptake study was initially performed to (i) ensure the method of sample preparation

was compatible with ICP-MS analysis, and (ii) determine whether the Re content within the
cells could be quantified. This was crucial as the London Metallomics Facility (LMF) had
not previously analysed Re content. Based on the results in Section 3.4.1, the uptake study
was performed at 50 UM concentration. This was because no cell death was observed after 2
h at this concentration, and uptake studies are generally performed at maximal
concentrations. However, performing these studies at higher concentrations (100 pM) would
be challenging due to the quantity of material that would be required versus the limited scale

on which the complexes could be prepared.
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In the pilot study, the uptake of the Re precursor, [Re(CO)s(H-0)s]Br, and complex 3.11
were compared. The compounds were incubated with HeLa cells at 50 pM concentration for
2 h, before the cell lysis was performed using ultra-pure NaOH (99.99%) to ensure no Re
contamination occurred. The ICP-MS results enabled us to calculate two different values:
the accumulation ratio and the normalised Re uptake. The accumulation ratio reveals the
amount of Re that was internalised as a percentage of the total amount of Re exposed to the
cells, whilst the normalised uptake is expressed in terms of ‘pg of Re per pg protein’. The
quantity of protein in a sample is determined by performing a BCA assay. Quoting the
normalised uptake in terms of ‘pg Re/pg protein’ means that the results were normalised for
the number of cells within a sample. This is important because uptake increases with
increasing cell count. However, it should be noted that this metric is more useful for making
comparisons between different samples tested on a single cell line. This is because different
cell lines grow at different rates, and contain different amounts of protein per cell, than
others. Consequently, the accumulation ratio can be useful for making comparisons between

different cell lines (such as HeL a versus HDF), as this shows efficiency of uptake.

3.4.2.2. Pilot Study - Results

As discussed in Section 3.4.1.2 the uptake of 3.11 and [Re(CO)3(H20)s]Br was investigated
in Hela cells. Calculating the accumulation ratio as a percentage revealed that 19.6% of
3.11 was transported inside the HelLa cells after 2 h, compared with just 0.1% of
[Re(CO)3(H20)3]Br. Because the quantity of cells in two samples is in agreement (see Table
3.2), the same trend is observed for the normalised uptake: 0.0547 pg Re/ug protein for
complex 3.11, and 0.0005 pg Re/ug protein for [Re(CO)s(H20)sBr]. It is therefore possible
to confirm that complex 3.11 is transported inside the HeLa cells, and that ligand 3.1 has
made this process 196-fold more efficient, compared with the aqua-ligated
[Re(CO)s(H20)s]Br.

Table 3.2 Results of pilot Re uptake study in HeLa after 2 h incubation at 50 uM.

) . Normalised Re
Quantity of Quantity of

Cell  Accumulation ) ) uptake
Sample ) ) Re in cells protein
Line Ratio (%) (Mg Re/ug
(Hg/mL) (g/mL) :
protein)
Re(CO)3(H20)sBr HelLa 0.10+0.00%  0.034+0.005 75.34+0.74  0.0005 + 0.0000
3.11 HeLa 19.65+0.03% 4.301+0.634 78.61+2.88 0.0547 +0.0090

N.B. The experimental values for ‘quantity of Re in cells’ and ‘quantity of protein’ are quoted as means *

standard deviation for the experiment, which was performed in triplicate. The normalised uptake is calculated by

dividing the ‘quantity of Re in cells’ by the ‘quantity of protein’.
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3.4.2.3. Full Uptake Study
As the pilot study indicated that we could measure differences in uptake between Re(l)

samples, a larger study was designed to answer three specific questions about the uptake of
our complexes: (i) is the cellular uptake a consequence of the carbohydrate moiety or the
phosphine moiety; (ii) does the cellular uptake differ depend on the specific carbohydrate;

(iii) are we able to distinguish between healthy and cancerous cell lines?

To answer the first of these questions, the uptake of complex 3.21 (Figure 3.18) was
compared with that of complexes 3.11 and 3.17 (Figure 3.18). However, first the toxicity of

3.21 had to be assessed as uptake studies can only be performed on live cells.
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Figure 3.18 Structure of complexes tested in large scale Re uptake study.

Complex 3.21 was therefore incubated with HeLa, HDF and EA.hy926 cells at 25, 50 and
100 uM for 2 h. These results were performed in quintuplet, as opposed to triplicate, and the
mean values plotted in the graphs below (see Figure 3.19). Depending on the concentration,
a viability of ca. 101-110% was observed for HeLa (Figure 3.19(a)), a viability of ca. 92-
97% for HDF (Figure 3.19(b)) and viability of ca. 96-103% for EA.hy926 (Figure 3.19(c)).
Therefore, unlike the carbohydrate containing species, no significant increase in viability
was observed for any cell line. Crucially, as no significant cell death was observed, uptake

studies could be performed with complex 3.21.

The second question was addressed by comparing the uptake of complex 3.11 (containing D-

glucose) with complex 3.17 (the D-galactose analogue).
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Lastly, the uptake of complex 3.11 was compared across all three cell lines — HeLa, HDF
and EA.hy926 — in an attempt to answer our final question. If the uptake of 3.11 was greater
in HelLa cells compared with HDF or EA.hy926 cells, then this would suggest we can
differentiate between cell lines. As before, all results were recorded in triplicate and
calculations were performed to convert the results into pg Re/pg protein. The results of this
uptake study are shown in Table 3.3.
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)5 uM Control 25uM Control 25uM Control

Figure 3.19 Cell viability data for 3.21 in (a) HeLa, (b) HDF and (c) EA.hy926 cells. The error
bars represent the calculated standard error of the mean (SEM) from five different experiments,
whilst the control line (in black) is set to 100% (untreated cells).
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Table 3.3 Results of pilot Re uptake study in HeLa, HDF and EA.hy926 after 2 h incubation

at 50 uM.
Quantity Normalised
i . Quantity
] Accumulation  of Re in uptake
Sample Cell Line ) of protein
Ratio (%) cells (Mg Re/pg
(Hg/mL) ,
(ug/mL) protein)
1.836 = 72.37 +
3.11 HelLa 8.18 +£0.01% 0.0254 £ 0.0013
0.147 0.58
1.102 + 90.95 +
3.17 HelLa 8.85+0.01% 0.0121 £+ 0.0013
0.097 1.15
0.296 53.45 +
3.21 HelLa 3.25+0.00% 0.0055 + 0.0020
0.019 6.70
0.026 £ 67.59 +
Re(CO)3(H20)sBr HelLa 0.05 £ 0.00% 0.0004 + 0.0000
0.005 4.43
1.224 + 50.89 +
3.11 HDF 5.40 £ 0.00% 0.0241 £ 0.0025
0.087 3.749
0.682 + 56.76 =
3.17 HDF 5.78 £0.01% 0.0120 £ 0.0041
0.127 1.301
0.375 ¢ 51.20 +
3.21 HDF 4.47 £ 0.00% 0.0073 £ 0.0019
0.036 3.840
0.023 + 61.13 =
Re(CO)3(H.0)sBr HDF 0.05 £ 0.00% 0.0004 £ 0.0000
0.002 4.481
0.881 + 52.37 =
3.11 EA.hy926 3.86 + 0.00% 0.0168 £ 0.0010
0.087 3.53
0.451 + 49.72 +
3.17 EA.hy926 3.34 +0.00% 0.0091 £ 0.0006
0.030 1.38
0.139+ 46.15 +
3.21 EA.hy926 1.45+0.00% 0.0030 £ 0.0006
0.020 2.32
0.007 = 47.09 +
Re(CO)3(H20)sBr EA.hy926 0.01 +0.00% 0.001 _— 0.0001 £ 0.0000

N.B. The experimental values for ‘quantity of Re in cells’ and ‘quantity protein’ are quoted as means + standard

deviation for an experiment performed in triplicate. The normalised uptake is calculated by dividing the ‘quantity

of Re in cells’ by the ‘quantity protein’.
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As shown in Table 3.3, the uptake of glycoconjugate complexes 3.11 and 3.17 was
significantly higher than that of 3.21 in all three cell lines. The normalised uptake of 3.11
was ca. 5-fold that of 3.21 in both HeLa (0.0254 vs. 0.0055 pg Re/ug protein) and EA.hy926
(0.0168 vs. 0.0030 pg Re/ug protein), and ca. 3-fold that of 3.21 in HDF (0.0241 vs. 0.0073
Hg Re/ug protein). These results therefore confirm that the carbohydrate has a significant
effect on uptake, independent of the lipophilic PR3 moiety. However, as the uptake of 3.21 is
between 14-fold (in HelLa) and 30-fold (in EA.hy926) that of [Re(CO)s;(H.0);Br], the

phosphine does have some influence on uptake.

Furthermore, the choice in carbohydrate does affect cellular uptake; the quantity of the
glucose-containing complex, 3.11, is approximately twice that of the galactose-containing
complex, 3.17, for all three cell lines. Within HelLa cells, the normalised uptake of glucoside
3.11 is 0.0254 pg Re/ug protein, whilst the normalised uptake of galactoside 3.17 is 0.0121
Mg Re/ug protein. This suggests that the Warburg Effect, is likely being exploited, as we see
greater selectivity for the glucose containing complex than the galactose containing complex

in the cancerous cell line.

When comparing the uptake of 3.11 across each of the three cell lines, the analysis is more
complicated. We see essentially no difference in the normalised uptake when comparing
HeLa (0.0254 pg Re/ug protein) and HDF (0.0241 ug Re/ug protein), but these values differ
from that in EA.hy926 (0.0168 ug Re/ug protein). However, as discussed in Section 3.4.2.1,
comparing normalised uptake between cell is not as good a measure as comparing the
accumulation ratio for different cell lines and proliferation rates will be different. This is
because cell lines grow at different rates?®, so although all studies began with the same
number of cells, by the end of the 2 h experiment, the quantity of HelLa cells will exceed that
of HDF, as cancerous cells grow more rapidly than healthy cells. Additionally, different cell
types (i.e. epithelial cells in HelLa, fibroblast cells in HDF, endothelial in EA.hy926) will
contain different amounts of protein. Therefore, to compare general uptake between different
cell lines, it is more useful to look at accumulation ratios. When we compare the
accumulation ratios of 3.11 in HeLa, HDF and EA.hy926 we see values of 8.18% * 0.01%,
5.40% + 0.00%, and 3.86% + 0.00%. This therefore suggests that there are differential
uptake rates for the complex, and this effect might be used to differentiate between cells
lines in bioimaging applications. Additionally, it is important to note that HDF is not an

exact model of a healthy cell line as it has been immortalised.

As a result of the uptake study, it is possible to determine that incorporation of a
carbohydrate, such as glucose or galactose, has significantly improved the uptake of the

Re(l) complex. Furthermore, the changes we have made to the carbohydrate (incorporation
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of a phosphine ligand) have not prevented biorecognition as the cells appear to be able to
distinguish between the glucose and galactose moieties, as exhibited by the different uptake
of 3.11 versus 3.17 within each cell line. However, it is difficult to determine whether we
can target cancerous cells in the presence of healthy cells based on the uptake of 3.11 in
HelLa, HDF and EA.hy926. This should be further explored by performing in vivo tests with
the ®MTc analogue of 3.11 (3.22, see Section 3.5.1).

Lastly, in order to put our results into context we have reviewed the literature for similar
experiments. In 2014, ICP-MS was used to investigate uptake of a tricarbonyl-Re(l)
complex with a selenium-based ligand (Figure 3.20) in HeLa. However, as all results were
quoted in uM of Re per 1x10° cells, it is difficult to compare these literature uptake values
with the ones we have generated in this project. As the dried weight of a HeLa cell is ca.
400 picograms, it can be inferred that there are approximately 2500 HeLa cells in 1 pg
protein.® Therefore, the uptake of 3.11 in HelLa cells after 2 h is approximately 10 pg/1x10°
cells, or 0.05 uM/1x108. This value is significantly lower than that reported for the diseleno-
Re(l) complex (0.98 uM/1x10° cells), although the incubation time was significantly longer
for the diseleno-Re(l) complex (48 h).%
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Figure 3.20 Structure of diseleno-Re(l) complex tested in uptake studies.®

In a further attempt to put our results into context, we have compared the uptake of our Re(l)
complexes with FDA-approved Pt(Il) anticancer drugs. Direct comparison again has
difficulties because the Pt(ll) study investigated the uptake in of these drugs in MCF-7,
rather than HelLa, and involved a 24 h incubation of these complexes at 0.1 uM
concentration, instead of 2 h incubation at 50 uM concentration. However, when comparing
the accumulation ratio of 3.11 (8.18% or 0.082) with the Pt(Il) complexes, this most closely
resembles that of carboplatin, where the accumulation ration was ca. 50% greater (0.162 for
carboplatin).®* Whilst these results suggest that uptake of carboplatin is greater than 3.11,
this cannot be confirmed without testing both the Pt(ll) and Re(l) complex in parallel
experiments. Given the differences in experimental conditions and cell lines between the two

studies, only accumulation ratios were considered.
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3.5. Radiolabelling
As a result of the Re coordination studies performed in Section 3.3, radiolabelling of each of

the deprotected ligands (3.1, 3.3, 3.4, 3.5 and 3.7) was investigated with the Tc(CO); core.

Full experimental details of this work are reported in Chapter 6.

As discussed in Section 3.1.2, all radiolabelling with the Tc-tricarbonyl core involves a two-
step process, as opposed to radiolabelling with the Tc-dioxo core (Chapter 2 & 4), where a
single step is required. The tricarbonyl kit, [**™Tc(CO)s(H20)s]", is prepared from [TcOa]
according to a method outlined by P. Blower et al. that results in >90% yield by radio-
TLC.B Once the *™Tc-tricarbonyl complex is formed, this can be added to the dissolved
ligand. In this work, deprotected ligands were dissolved in a mixture of DMSO (HPLC
grade) and MilliQ H:O, to ensure a good level of solubility was achieved.

3.5.1. Radiolabelling Studies with 3.1

[®*"Tc(CO)3(H20)s]" was added to 3.1 in 10% DMSO:H,O. After 30 min at room
temperature the reaction mixture was directly injected into the HPLC. This is equipped with
a gamma detector to enable the recording of radio-HPLC traces. As shown in the radio-
chromatogram, many species were formed under these conditions (Figure 3.21). Note that
the peaks at approximately 2.5 min and 3 min are unreacted [TcO4] and [Tc(CO)s(H.0)s]*,

respectively.
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Figure 3.21 HPLC chromatogram for Tc(l) radiolabelling of 3.1 at room temperature, as

shown schematically.
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Modification of this method, by heating [Tc(CO)s(H20)3]* and ligand 3.1 (10%
DMSO:H-0) together at 50°C for 30 min, led to fewer species being formed as shown in the
corresponding radio-HPLC chromatogram (Figure 3.22). The major species has a retention
time of 13.9 min, when analysed using HPLC Method 1 (Chapter 6).

. co
HO = [Tc(CO)3(H20)s] RqP: 11, :CO
HO O PPh2 R3P'>|( vCO

OH DMSO:H,0 (10:90)
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0 5 10 15 20 25 30 35
Time (min)

Figure 3.22 HPLC chromatogram for Tc(l) radiolabelling of 3.1 at 50 °C shown

schematically.

Often Tc species are identified by co-elution of the non-radioactive analogous Re complex.
Unfortunately, the analogous ‘cold” Re complex (3.11) cannot be co-eluted as it is unstable
in MeCN because this solvent displaces the phosphine ligands on the Re centre. Curiously,
this effect was not observed for the **"Tc complex. To account for this, *™Tc (ti2 = 6h)
radiolabelling has since been repeated, but the tricarbonyl kit has been spiked with *Tc (ti2
= 2x10° years). This isotope of Tc, with a significantly longer half-life, has enabled the
isolation of the compound with a 13.9 min retention time by semi-preparatory HPLC.
MALDI HR-MS has established that this species is most likely complex 3.22 (m/z calcd. for
Cs1H50015P2CI**Tc [M-CO-CI]* = 1035.1733; obs. = 1035.1721), as the coordination of two

ligands to ®Tc can be observed.

The stability of complex 3.22 has been investigated in mouse serum at 37.5 °C, and after 2 h
no significant changes were observed in the radio-HPLC trace. Full details of this stability
study are given in Chapter 6. The outcome of this test is encouraging, given that this is a

monophosphine glycoconjugate ligand. Note that the radio-HPLC chromatogram in Figure
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3.23 is significantly noisier than Figure 3.22. This is due to loss in radioactivity over time
because of the half-life of *™Tc (t1.= 6 h).
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Figure 3.23 HPLC chromatogram from stability testing of complex 3.23 in mouse serum.

Chromatogram shows result after 1 h due to decrease in cps over time.

All further radiolabelling work was carried out by Dr Michelle Ma (King’s College London)
due to the COVID-19 pandemic. This was a consequence of UK Government mandated
travel restrictions within the UK (November 2020-March 2021), which was further
compounded by the fact that all radiolaboratory facilities at King’s College London are
located within St Thomas’s Hospital, London. The radiolabelling of 3.1 has been further
improved by Ma. Increasing the quantity of DMSO from 10% to 37% when dissolving
ligand 3.1 in MilliQ water (so DMSO accounts for 24% of the overall mixture once the
[Tc(CO)3(H20)3]* has been added), has resulted in smaller quantities of unwanted species
being formed. A shift in the retention time is observed, but this is a consequence of using a
more rapid gradient during HPLC analysis (Method 2, see Chapter 6). Here, the HPLC
method was modified so the concentration of solvent B increased from 5-95% over 20 mins
(Method 2) as opposed to over 25 mins (Method 1). Therefore, a retention time of 9.3 min
(Figure 3.24) is seen (instead of 13.9 min, Figure 3.22).
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Radioactivity (cps)
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Figure 3.24 HPLC chromatogram for Tc(l) radiolabelling of 3.1 at 50 °C.
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3.5.2. Radiolabelling of 3.3
Radiolabelling of 3.3, where R = o-tolyl, was performed by Ma using the same method as

before; [Tc(CO)3(H20)3] (50 pL, 5 MBq) was added to 3.3 (100 DMSO L in 270 pL H20)
and the resulting mixture heated at 50°C for 30 min. Comparing the radio-chromatogram at
the end of the experiment, with that of the starting material (JTc(CQO)s(H20)s]*), has revealed
that coordination did not occur and radiolabelling was unsuccessful (Figure 3.25). However,
this result matches that expected based on the coordination chemistry of 3.3 and

[Re(CO)3(H20)s]Br, and so, gives us confidence in our model system.

50 °C

OH
. co
HO (o] OOP( . |) [TC(CO)\:;/(HQO):;] R?’P/TIC \CO
O-10 L 4 v
HO o 2 DMsO:H, (37:63) | RP x €O
3.3
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Figure 3.25 HPLC chromatograms of [T¢c(CO)s(H20)] before (black trace) and after (red
trace) being added to 3.3 at 50 °C.
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3.5.3. Radiolabelling of 3.4

Using the same radiolabelling method, ligand 3.4, where R = p-tolyl, was added to
[*®™T¢(CO)s(H20)s]* and heated at 50 °C for 30 min to give the following radio-HPLC trace
(Figure 3.26). A single major species was observed with a retention time of 11.4 min, and
was assumed to be the expected complex, 3.23 ([Tc(CO)3(3.4):X]); ‘X’ is likely to be a
chloride ligand as the ®™Tc tricarbonyl species is formed in saline. The radiolabelling of 3.4
does produce a greater number of unwanted species, compared with 3.1, under the same
conditions. A difference in retention time of +2.1 min is seen for 3.23 compared to 3.22 (R-
PPh,), which demonstrates the increased lipophilicity of 3.23 due to the incorporation of p-
tolyl groups. As before, the analogous ‘cold’ Re complex, 3.17, could not be co-eluted with
the radiocomplex, as 3.17 is unstable in MeCN. Due to COVID-related constraints regarding
access to facilities for users at KCL, no stability testing or *Tc labelling have been

performed.
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Figure 3.26 HPLC chromatogram for Tc(l) radiolabelling of 3.4 shown schematically.
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3.5.4. Radiolabelling of 3.5

A number of species were formed when radiolabelling 3.5 with [T¢c(CO)3(H20)s]* at 50 °C
for 30 min. This was expected, based on the results of the Re coordination chemistry
(Section 3.3.4), where complexation was less specific for this ligand compared with aryl R
groups. The radio-chromatograph shows a major species at 13.3 min which is assumed to be
[Tc(CO)3(3.5)2X], where ‘X’ is likely to be a chloride ligand (Figure 3.27). The difference in
retention time for the 3.24 (PR, = PCy;) was +4.0 min compared with 3.22 (PR, = PPh,).
This result was expected, as Cy groups are significantly more lipophilic than Ph groups. As
before, no further work has been performed on this complex due to COVID-related

constraints regarding access to facilities for all users at KCL.
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Figure 3.27 HPLC chromatogram for Tc(l) radiolabelling of 3.5 at 50 °C.
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3.5.5. Radiolabelling of 3.7

Heating 3.7 (galactose-based glycoconjugate) with [Tc(CO)s(H20)s]* at 50 °C for 30 min
resulted in the radio-HPLC chromatogram shown in Figure 3.28. A single major species
with a retention time of 9.5 min can be seen in the trace which is assumed to be
[Tc(CO)3(3.7)2X] (3.25), where ‘X’ is likely a chloride ligand. Two other minor species can
be seen at 9.2 and 11.4 min. The radiolabelling of 3.7 and 3.1 is therefore extremely similar,
with almost identical retention times (9.5 min versus 9.3 min), and similar levels of product
specificity. Based on the similarity of the HPLC chromatograms for 3.22 (Figure 3.24) and
3.25 (Figure 3.28), it is clear the carbohydrate has minimal influence on the radiolabelling.
Again, no further work has been carried out on this system because of COVID-related

constraints regarding access to facilities for all users at KCL.
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Figure 3.28 HPLC chromatogram for Tc(l) radiolabelling of 3.7 at 50 °C shown

schematically.

It is clear from the radiolabelling studies that the Re(l) coordination chemistry of these
ligands has provided an accurate model for predicting whether coordination of a ligand to
the 9MTc(CO); core is possible. Furthermore, the specificity of the radiolabelling is affected
by the identity of the R groups on the phosphine moiety, but not by the carbohydrate. Given
these results, particularly for the radiolabelling of 3.1, subsequent work should be directed at
testing these ®™Tc complexes in vivo. For this work to be done for ligands 3.4, 3.5 and 3.7,

serum stability testing must first be carried out.
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3.6.  Conclusions and Future Work

Beller et al. have previously synthesised phosphine glycoconjugates 3.1 and 3.7 (Figure
3.29) for applications in biphasic catalysis. Our aim was to investigate the scope of these
types of molecules for radio-imaging applications. The phosphine donor has been modified
to give ligands where PR, = P(0-Tol), (3.3), P(p-Tol)2 (3.4) or PCy- (3.5). Furthermore, the
carbohydrate moiety was also be modified and, through an alternative procedure for its
synthesis, a lactose derivative (3.10) was prepared (see Section 3.2 and Figure 3.29).
Unfortunately, because the synthesis of 3.10' (the peracetylated analogue of 3.10) was not
achieved on a synthetically useful scale, the radiolabelling and cellular studies with 3.10
have not been investigated. Subsequent work should focus on improving the synthesis of this
ligand to enable further studies, particularly given that this ligand should exhibit greater

water solubility which is preferable when testing compounds in vitro or in vivo.

OH OH
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3.4 33
OH OH
O (0]
HQMOQW%% HﬂmOOPCyZ
HO HO
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HO . 2 HO %% ~ OOPPhZ
3.7 3.10

Figure 3.29 Structure of phosphine glycoconjugate ligands studied in this Chapter.

The Re(l) coordination chemistry has been explored for this series of ligands, and complexes
with the Re(CO); core have been readily synthesised for all the ligands apart from the
sterically congested ligand 3.3 (the peracetylated analogue of 3.3). In most cases, only a
singlet was observed when the rhenium complexes were analysed by 3P{*H} NMR
spectroscopy. However, for all complexes containing phosphine glycoconjugate ligands an
AB splitting pattern should be observed as the complexes exhibit C; symmetry, so the

phosphine atoms are inequivalent.

The *™Tc¢ radiolabelling of the glycoconjugate ligands has been investigated since the Re(l)
coordination studies were encouraging. Ligands 3.1 and 3.7 gave the most promising *™Tc

radiolabelling results, with high selectivity obtained. However, radiolabelling of 3.5 resulted
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in the formation of a number of side products and no radiolabelling of 3.3 (where PR, = P(o-
Tol),) was observed. The results obtained during the radiolabelling matched those seen in
the Re(l) coordination study, and therefore give confidence in the reliability of using Re(l)
as a model for ®*MTc behaviour. The serum stability of complex 3.22 (the ®™Tc¢(CO)s
complex with ligand 3.1) was investigated and 3.22 demonstrated good stability in mouse

serum after 2 h. This is important for any future in vivo studies that may be performed.

To determine the effect of the carbohydrate moieties on cellular uptake, Re(l) uptake studies
were performed in collaboration with the LMF. First, however, the toxicity of several
complexes (3.11, 3.15, 3.17, 3.21 and [Re(CO)3(H20)3]Br) was investigated as uptake
studies can only be performed on live cells. Although no significant cell death was noted
after a 2 h incubation of these complexes with EA.hy926, an increase in metabolic activity
was observed in both HeLa and HDF when the complex contained a carbohydrate (3.11,
3.15 and 3.17). As no significant cell death was observed when testing all five complexes,
uptake studies were performed. To date, the Re(l) uptake of 3.15 has not been studied but
this should be studied in the future.

Re(l) uptake studies have shown that: (i) incorporation of a carbohydrate, such as glucose
(3.11) or galactose (3.17), significantly improved the uptake of the Re(l) complex compared
to the carbohydrate-free analogue, 3.21; and (ii) chemical modifications to the carbohydrate,
by incorporating a phosphine moiety, has not prevented biorecognition as each cell line
displayed greater uptake for 3.11 versus 3.17. This therefore confirms that receptor
recognition is likely to be in effect. However, it has been difficult to determine whether we
can target cancerous cells in the presence of healthy cells in vivo based on just the uptake
data for 3.11 in HeLa, HDF and EA.hy926. This is because any differences in uptake
between cell lines appears to depend on the metric chosen (accumulation ratio or normalised
uptake). Because only a slight increase in uptake between target and non-target tissue is
necessary to enable medical imaging (such as is exhibited by Myoview), our preliminary
results are promising since small differences in accumulation ratio between different cell
lines may be vital (8.18% for HelLa, 5.40% for HDF and 3.86% for EA.hy926 for 3.11). To
definitively answer this question, in vivo testing of 3.22 (the *™Tc analogue of 3.11) is

necessary and will be carried out in the future.
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Chapter 4 : Towards Diphosphine Glycoconjugates

4.1. Introduction

The overall performance of a radiopharmaceutical is affected by several key components in
its structure, and these include: the radiometal, the chelator, the targeting moiety and the
linker (Figure 4.1). Each of these components affect the application, uptake, and stability of
the radiopharmaceutical.

Targeting moiety

Chelator
\ H
N
7 M
Radiometal ——

Linker

Figure 4.1 A general structure of a conjugated radiopharmaceutical.

The objective of this project is to develop imaging agents capable of detecting cancerous
cells where the selected radiometal and targeting vector are ®™Tc and a carbohydrate
molecule, respectively. Because of the efficacy of Myoview (Figure 4.2), all binding
moieties considered within this project have been phosphine-based, whilst the linker has
been varied significantly to enable conjugation of the carbohydrate to the phosphine based
binding moiety.*

EtO OEt ! ®
m — \ / \ / : CP/,,(I?“\PD
P P= P P 5 p=1C~p
EtO OEt !
tetrofosmin E Myoview

Figure 4.2 Structure of Myoview, and the diphosphine ligand that it utilises.

The ®™Tc-glycoconjugates discussed previously (Chapters 2 and 3) have focused on mono-
phosphine derivatives, and although the Tc-glycoconjugate containing ligand 3.1 (Chapter 3,
Section 3.5.1) displayed good serum stability, ligand 2.21 (Chapter 2, Section 2.4) did not
(Figure 4.3). Consequently, the aim of the work described in this Chapter was to improve on
this.
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2.21 3.1

Figure 4.3 Structure of ligands 2.21 (Chapter 2) and 3.1 (Chapter 3) that were radiolabelled

with ®™T¢ and underwent serum stability testing.

Whilst the choice of chelator is fairly simple for radio-metals that adopt just one oxidation
state in an aqueous solution (e.g. Ga®"), this choice becomes more complex for those which
can adopt many (e.g. *"Tc/*®Re).2® To generate an effective radiopharmaceutical the
complexation kinetics, thermodynamic stability, kinetic inertness, and in vivo stability of the

complex are vital. Each of these factors will be affected by the choice of chelator.

Fast complexation kinetics are important, especially for radio-metals with a short half-life,
and consequently complexation within 15 min is preferred in the clinic. Additionally,
complexation at lower temperatures (e.g. room temperature) is also beneficial, as many
radiopharmaceuticals use biological targets, such as antibodies or peptides that are denatured
at elevated temperatures.* In this respect, the choice of a carbohydrate as the targeting vector
is advantageous as radiolabelling can be performed at higher temperatures (e.g. 80 °C) due
to their thermal stability.>® The thermodynamic stability of the complex also crucial when
designing a radiopharmaceutical, and can be measured by the thermodynamic stability
constant, as expressed in Equation 2. Whilst high values (Keq > 1000) are favoured for
radiometal-complexes, this becomes less important at high dilution (i.e. in vivo). At this
point, the kinetic stability becomes increasingly important as dissociation of the ligand
becomes significantly more likely (and Kaissociation increases).* The kinetic stability dominated
the in vivo stability. This is a critical factor in radiopharmaceutical performance because it is
crucial that the ligand is not displaced from the radiometal by other molecules. If this occurs,

it will disrupt the biodistribution and therefore the application of the radiopharmaceutical.’

M™* +nl = ML™ Equation 1

Kuwr — MLT*]  Kcompisxation
ML me_,_][L]n

Equation 2
kdizsociation

The chelate effect states that the coordination affinity of a ligand will increase with
increasing denticity, compared with the monodentate counterpart.® This effect will have a
positive impact on each of the factors highlighted above (i.e. rate of complexation,

thermodynamics, kinetics and in vivo stability). Therefore, by synthesising bidentate
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phosphine glycoconjugates, the stability and rate of coordination with ®™Tc should increase,

compared to monodentate phosphine glycoconjugates.

®mTc (and %Re) complexes in the +1 and +5 oxidation state are favoured for radiochemical
applications, although these metals are capable of forming complexes with a wider range of
oxidation states (-1 to +7).° When M = Tc/Re(l), the complexes contain the fac-[M(CO)s]*
moiety (Figure 4.4) and tridentate and bidentate ligands are favoured for stable
radiopharmaceutical formation. Alternatively, [M=0]*, [M=N]?" and [MO,]* cores are the
most favoured moieties for M = Tc/Re(V) complexes (Figure 4.4).* This project has focused
on the [MO2]* core when forming Tc/Re(V) complexes, which generally favours tetradentate
and bidentate ligands.* The research described in this Chapter is focused on the synthesis of
bidentate phosphine conjugates.

2® 3®
co |® o) ® N o)
L, -CO L\'|V||/L N Lt
[
| >co IS L L
L o)
fac-[M(CO),]* [MO,J* [M=N]2* [M=07>*

Figure 4.4 Commonly used cores in radiochemistry, where M = Tc/Re.

As discussed in Chapter 1, there are very few reported examples of phosphine
glycoconjugate ligands, and even fewer that contain a bidentate phosphine. One such
example is elpanphos-a’; this was reported by Ruffo et al. and has been formed via amide
coupling (Figure 4.5).1° This is beneficial because amide coupling is a more amenable
method for the formation of a wide variety of structures compared with the sp?-sp? Pd cross-
coupling method used by Beller et al.}* Elpanphos-a’ is based on a ligand that was designed
by Trost for asymmetric allylation catalysis.!> However, the trans-cyclohexanediamine
moiety of the Trost ligand was replaced by a glucodiamine group. Elpanphos-a’ was tested
as a ligand for the Pd catalysed desymmetrisation of meso-cyclopent-2-ene-1,4-diol, where
an enantiomeric excess (ee) of 96%, and conversion of >99%, could be achieved after 5 min
reacting in THF. Additionally, this Pd catalyst exhibited excellent enantioselectivity (90-
94% ee) in ionic liquids, even after twice recycling the catalyst (79-77% ee).!° Despite its
reported ease of synthesis and desirable structural attributes, this particular glycoconjugate is
unlikely to exhibit efficient GLUT-1 recognition due to its di-substituted glucosamine
backbone (despite GLUT-1 possessing some affinity for D-glucosamine).’®* Nonetheless, it

remains an interesting glycoconjugate within the context of this project.
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HO

N O
NH HN

PPh, Ph,P
Figure 4.5 Structure of diphosphine glycoconjugate elpanphos-a', reported by Ruffo et al.*

4.2. Routes towards a 1,2-bis(diphenylphosphino)benzene-based
glycoconjugate

Following the successful synthesis of a small library of monophosphine glycoconjugate
ligands in Chapter 3, the next targets were bidentate phosphine glycoconjugates. The most
obvious modification to ligand 3.1 (Chapter 3, Section 3.1), was to introduce a second PPh,
moiety ortho with respect to the original PPh; group (Figure 4.6, 4.1). As the binding moiety
of 4.1 would mimic that of 1,2-bis(diphenylphosphino)benzene (dppbz), initial work was

centred on the unexplored Re(l) and Re(V) coordination chemistry of dppbz.

OH OH PPh, PPh,
o) o)
HQMOOPPM HﬂmOOPth GPPhZ
HO HO
3.1 4.1 dppbz

Figure 4.6 Structure of monophosphine glycoconjugate 3.1, its bidentate analogue 4.1 and

dppbz.

4.2.1. Coordination of dppbz to Re(l) and Re(V) cores

Complex 4.2 was formed overnight following addition of 1 eq. of dppbz to
[Re(CO)3(H20)s]Br. As 4.2 precipitated from the reaction mixture, the product was isolated
by filtration (Scheme 4.1). As expected, two water ligands were replaced by the phosphine
ligand, whilst the third aqua group was replaced by the bromide counter-ion. This gave a
neutral complex overall, as evidenced by a new a singlet at 30.4 ppm in the 3*P{*H} NMR
spectrum. The large coordination shift of A6 = 44.4 ppm, contrasts with the coordination
shifts for monophosphine ligands (A3 = 5.3 ppm for the analogous complex with 3.1). This
difference is associated with the ring effect that is characteristic of 5-membered chelates
such as those formed by dppbz. The identity of complex 4.2 has been confirmed by HR-MS
(m/z calcd. for CssH2403P2Re ([M-Br]*) = 717.0758; obs. = 717.0751), but unfortunately

crystals suitable for X-ray diffraction have not been obtained.
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PPh,

CO
[Re(CO)3(H20)s]Br <P,,, | .CO

Re
PPh; MeOH/CH,Cl, P” | Yco
Br

Scheme 4.1 Synthesis of the Re(l) complex 4.2.

Two equivalents of dppbz were found to react rapidly with [ReO2l(PPhs).] to give complex
4.3 (Scheme 4.2). Here, two dppbz ligands have coordinated to the Re(V)-dioxo core to give
a positively charged complex, where the counter-ion is assumed to be an iodide. This species
was precipitated from CH,Cl by addition of hexane to give 4.3, which has a *'P{*H} NMR
shift of 14.7 ppm and a coordination shift of AS = 28.7 ppm. The identity of 4.3 has also
been confirmed by HR-MS (CeHs02P:Re ([M]*) = 1111.2162; obs. = 1111.2150.). This
contrasts with monodentate ligand 3.1, that did not coordinate to the Re(V) core. This
difference in reactivity has been attributed to the chelate effect, whereby dppbz readily

displaces the PPh; ligands of the Re(V) precursor due to the chelate effect.

o ®
[Re(O)2(PPhs),l] <P/,, IIA\P) |©

Re
2 PPh, MeOH/CH,Cl, P” (I)I P

Scheme 4.2 Synthesis of the Re(l) complex 4.3.

As Re coordination proceeded rapidly with dppbz, the synthesis of the glycoconjugate ligand

4.1 was attempted.

4.2.2. Routes towards ‘dppbz’-based phosphine glycoconjugates
4.2.2.1. Modification of the phosphine moiety to prepare ‘dppbz’-based diphosphine
Our aim was to synthesise 4.1 (Scheme 4.3(b)) using a similar method to the one outlined in

Chapter 3 to give the lactosyl-based phosphine glycoconjugate 3.10 (Scheme 4.3(a)). When
synthesising 3.10, (4-hydroxyphenyl)diphenylphosphine was reacted with acetobromo-a-D-
lactose. Crucially this phosphine can be synthesised from 4-bromophenol (Scheme 4.4(a)).
To prepare 4.1 via a related route, acetobromo-a-D-glucose would be reacted with the novel
3,4-bis(diphenylphosphino)phenol  (4.4). Unfortunately, only 3,4-dichlorophenol is

commercially available, whilst the 3,4-dibromo- and 3,4-diiodophenol are not.
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AcOOAC OAc OH
% o 1) CH,Cl,/NaOH (1M) 1:1,  HO
0
AcO L ?72) MeOH, NaOMe (1 mol%) %o PPh,
3.10
(b)
QA P2 1) CH,Clp/NaOH (1M) 111, OH PPh,
rQ” o, HOOPPM TBAHS, 1h HOMO oo
c A0 2) MeOH, NaOMe (1 mol%) HO No 2
Br
4.4 4.1

Scheme 4.3 (a) Synthesis of 3.10, as reported in Chapter 3 and (b) a theoretical route for the
synthesis of 4.1. Both procedures are based on that by Beller et al. in 1997.14

Nonetheless, the synthesis of dppbz from 1,2-dichlorobenzene and NaPPh, has been
reported in the literature (albeit with a yield of 10%), and therefore, this method was

incorporated in Step Il of our attempted synthesis of 4.4 (Scheme 4.4(b))."®

(@

Br Br PPh; PPh,
TBDMSCI \ / i)nBulLi \/ TBAF
_— > Si. _ = Si. E——
HO 0 i o] HO

Et3N, CH20|2 II) ClPPh2

(b)

cl cl PPh, PPh,
/©: TEOMSC] s, /©: NaPPh2 \Si/ /C[ TBAR /©:
/ —_— .
HO > o PPh; HO PPh,

Cl EtgN, CHoCly XSIO Cl stepnt

4.45W! 4.4

Scheme 4.4 (a) A literature route to (4-hydroxyphenyl)diphenylphosphine.® (b) A
hypothetical route to 4.4 based on commercially available starting material, 3,4-

dichlorophenol.

Prior to attempting the synthesis of 4.4, initial work focused on reproducing the literature
synthesis of dppbz from NaPPh; and 1,2-dichlorobenzene (Scheme 4.5) as this is analogous
to our desired reaction between NaPPh; and tert-butyl(3,4-dichlorophenol)dimethyl silane
(Step 11, Scheme 4.4(b))."®
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O e O
Cl THF PPh,
Scheme 4.5 Synthesis of dppbz from 1,2-dichlorophenol, as originally reported by
Schmidbaur et al.®

Performing the reaction in THF gave rise to a number of signals in the 3P{*H} NMR
spectrum of the crude product including: PPhs (-6.0 ppm, 45% in situ yield), 1-chloro-2-
(diphenylphosphino)benzene (-11.5 ppm, 6.4% in situ yield), dppbz (-13.6 ppm, 4.5% in situ
yield) and an unidentified species at -16.1 ppm (28% in situ yield) (Figure 4.7). Based on
the chemical shift, it was postulated that this was either 4-diphenylphosphyl-butan-1-ol or
Ph,P-PPh,. Because no rapid oxidation occurred when the product was exposed to air it
seemed unlikely that this was Ph,P-PPh,. Therefore, the signal at -16.1 ppm was tentatively
assigned to 4-diphenylphosphyl-butan-1-ol, as it can readily be formed by a ring-opening
reaction between NaPPh, and the solvent, THF.Y

PPh, PPh, HO " PPh;

cl
PPh, PPh, or NaPPh;
Ph,P—PPh;

B T PP VI LS e e it P

T T T T T T T T T T T T T T T T T T T T T T T T
a -1 -2 3 4 5 4 -7 4 49 -0 -1 -2 -3 -14 -5 -6 -17 -1 -19 -AW -2 -2 -#¥ -M¥ -B -XB -T

Figure 4.7 In situ 3'P{*H} NMR spectrum showing the product mixture formed by reacting NaPPh;
and 1,2-dichlorobenzene in THF for 16 h.
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Repeating this reaction in 1,4-dioxane gave a similar product profile, although dppbz
accounted for 6% of the *'P{*H} in situ mixture (Figure 4.8). This result therefore suggests
that the species at -16.1 ppm, seen previously, may not be 4-diphenylphosphenyl-butan-1-ol,
and instead may be Ph,P-PPh,. This was supported by aqueous work-up of the reaction in
air, whereby oxidation of Ph,P-PPh, was observed. Silica-plug purification after an aqueous
work-up led to a final product mixture containing just PPhs, 1-chloro-2-
(diphenylphosphino)benzene and dppbz. No further purification steps were performed. We
hypothesise that during the reaction, a chlorine is abstracted from 1,2-dichlorobenzene,
thereby leading to the in situ formation of CIPPh, and 1-chlorobenzene. These intermediates
can then react with NaPPh; to form Ph,P-PPh, and PPhs, respectively. This appears to be a
major pathway during this reaction as these two species (Ph,P-PPh, and PPhs) account for
65-70% of the product mixture. Preventing these side-reactions from occurring would be

essential to improving this reaction.

PPh, Cl PPh,

@/PPhZ @/PPhZ Ph,P—PPh,

b AL \
e ety A b b sl s A M U ol e B L Ny g T T N L A e

T T T T T T T T T T T T T T T
5 4 3 2 i a4 414 -2 -3 4 5 46 -7 -8 49 -0 -11 -12 -13 -14 -15 -16 -17 -1 -19 -20 -21 -} -3 -24 -

Figure 4.8 In situ *'P{*H} NMR spectrum showing the product mixture formed by reacting NaPPh,

with 1,2-dichlorobenzene in dioxane for 16 h.
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Due to time constraints on this project, the above reaction was applied to 3,4-dichlorophenol
without any further optimisation, despite the issues described above when using 1,2-
dichlorobenzene. The phenolic group was first protected by silylation as shown in Step 1 of
Scheme 4.4(b). After work up, the silyl protected analogue was dried over P,Os because 4 A
molecular sieves proved insufficient. Reacting 4.4 with NaPPh; in dioxane led to the
formation of a complex mixture, as shown by 3P{*H} NMR spectroscopy (Figure 4.9).
Aqueous work-up and silica plug purification led to the removal of the PV by-products, and a
majority of the Ph,P-PPh, from the crude mixture. However, many species still remained
and we hypothesise that these include:  (3-hydroxphenyl)- and  (4-
hydroxyphenyl)diphenylphosphine (-6.1 and -7.2 ppm, 49% in-situ yield), 4-chloro-3- and
3-chloro-4-(diphenylphosphaneyl)phenol (-11.6 and -13.1 ppm or -13.1 and -14.4 ppm, 14-
24% in situ yield), 4.4 (-15.4 ppm, 3% in situ yield) and Ph,P-PPh; (-16.7 and ppm, 10%
yield). Despite this, HR-MS has confirmed the presence of 4.4 in this mixture, and future

work should investigate how to improve the synthesis of this molecule (Section 4.6).

ol
PPh; Cl PPh, PPh,
PPh; PPh, cl PPh,
& & Ph,P—PPh,
oTBDMS  OTBDMS OTBDMS OTBDMS OTBDMS
\ 4_4si|y|
. |
o " | | |
Ul e A e ol b i T ""I'-Il‘ll,'f'.*"‘?"l"‘.'ﬂ‘ 1 LA e Wty el FenltnteormtbemaTe | Sl deomipt i
g ‘Ii 3I .'I: 1 a0 - -:': -I3 —:1 -I5 -'IS -%-‘ -8 49 -10-11 -1I2 -IIJ -1I4 -1I5 -1:'5 -1IT-' -18 -19 -0 -1 -.":2 -IB -.':I4 -.':IS -.':I'f

Figure 4.9 In situ *'P{*H} NMR spectrum showing the product mixture formed by reacting
NaPPh, and 4.4 in dioxane for 16 h.
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4.2.2.2. Modification of the carbohydrate moiety to prepare a ‘dppbz’-based diphosphine
As pre-forming 4.4 proved unsuccessful, the palladium-catalysed route used to form 3.1 in
Chapter 3 was re-investigated. Monophosphine 3.1 was prepared by reacting HPPh, with
carbohydrate 3.2 (Figure 4.10(a)) in the presence of a palladacycle catalyst. Therefore, to
prepare 4.1 via this method, we first needed to prepare carbohydrate 4.5 (Figure 4.10(b)).

Whilst carbohydrate 3.2 was prepared from acetobromo-a-D-glucose and 4-iodophenol, 3,4-
diiodopheny! cannot be readily purchased or synthesised. As a result, 4.5 was deemed too
challenging a target. There was however precedent in the literature for the synthesis of 1,2-
diiodophenol (a structural isomer of 3,4-diiodophenol).’® It was hoped that reacting
acetobromo-a-D-glucose and 1,2-diiodophenol should give 4.6 (Figure 4.10(c)) and this
could subsequently be reacted with HPPh; in the presence of a palladacycle catalyst to give

4.7 (a structural isomer of the original target, 4.1, Scheme 4.6).

(a) (b) (c)
OAc OAc | OAc | |
o (0] o
AcO AcO AcO
%CMC)A@?I %CMOGI %CMOAG
AcO AcO AcO
3.2 4.5 4.6

Figure 4.10 Structurally relevant mono- and diiodo-based glycoconjugates.

OAc
N HPPh, OAc  PhR PPy
KOAc 0
Aa%&«a@ 0%@
AcO CHZCN, 82 °C

AcO

RR
Oi\o_ P 4.7
Pd

[ONAC)
T

1 mol%
©\/\Pd
R
RR
R = o-tolyl

Scheme 4.6 Theoretical route to 4.7 from 4.6 and HPPh..

4.6

1,2-diiodophenol is prepared as described in the literature in three steps: (i) protection of the
phenol group with a carbamate (ii) introduction of a second iodo-group and (iii) deprotection
of the carbamate group (Scheme 4.7).* However, due to chemical supply issues, this
literature procedure was modified and diisopropylcarbamoyl chloride was used instead of
diethylcarbamoyl chloride. This small modification was expected to have a negligible
impact on the outcome of the reaction. However, despite the first two steps proceeding in
good yield (67% yield over two steps), the final deprotection step did not work. When using
diethylcarbamoyl chloride we were able to access 1,2-diiodophenol (Scheme 4.7). The major
flaw with this reaction is the scale that 1,2-diiodophenol can be synthesised on; only 90 mg
of 1,2-diiodophenol could be isolated from 1 g of 3-iodophenol (10% vyield for the

deprotection step, and 4% vyield overall), and consequently this significantly affected the

129



Chapter 4: Towards Diphosphine Glycoconjugates

scale that subsequent reactions could be performed on. Nonetheless, routes to 4.6 were
investigated.

o
I OH i) NaH, THF I OYN\/ i) iPrNHy, nBuLi I@/OTN\/
C i) O \©/ o} i) 1o o
N NaOH,

K EtOH

Scheme 4.7 Three-step literature route to 1,2-diiodophenol, by Byers et al .28

Because carbohydrate 4.8 has been previously reported,* this procedure was investigated for
the synthesis of 4.6 (Scheme 4.8). Despite the similarity between 4.8 and the desired product
4.6, no evidence of conjugation between acetobromo-a-D-glucose and 1,2-diiodophenol was
observed when using the literature conditions. Instead, only 2,3,4,6-tetra-O-acetyl-p-D-

glucose and starting materials were obtained.

Literature route to 4.8:

|
OAc
o HO OAc |
Ay
C! AcO
AcO AcO o
TBAB, ~
4.8

0.1M NaOH/CHClj,
40 °C

Unproductive route to 4.6:

I [
OAc
o HO OAc I [
o R Ay
AcO A 0 o
AcO
4.6

Br TBAB,
0.1M NaOH/CHCl,
40°C

Scheme 4.8 Literature route to 4.8, and equivalent unproductive route to 4.6.

As trichloroacetimidate groups are more efficient glycosyl donors than bromides, this was
next investigated for the synthesis of 4.6 (Scheme 4.9). Trichloroacetimidate donors require
a Lewis acid for activation, and therefore TMSOTf (15 mol%) was added to the reaction
mixture. As the carbohydrate starting material has an acetyl-group at the C-2 position, only
the B-anomer was expected.? The crude reaction mixture contained several species and so a
multi-step purification process was employed. To our surprise, crystallisation of the crude
mixture from ice-cold EtOH gave us the a-anomer of 4.6, whilst column chromatography
gave us the expected product - the B-anomer of 4.6. Despite chromatographic purification,

the B-anomer required further recrystallisation from ice-cold EtOH.
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O._CCl; TMSOTf (15 mol%) "
\n/ Toluene, RT QAc
NH e}
AcO | I
AcO
AcO
o}
a-4.6

Scheme 4.9 Synthesis of a-4.6 and p-4.6.

We postulate that a mixture of anomers was formed by the following mechanism (Figure
4.11), whereby the reaction of 1,2-diiodophenol occurred on a similar timescale to that of the
triflate anion. This therefore led to inversion of the expected stereochemistry and enabled
formation of the anomeric mixture. Just 3.2 mg of a-4.6 and 2.5 mg of B-4.6 were obtained,
i.e. yields of 3% and 2%, respectively (see Chapter 6 for full characterisation). This result,
compounded with the poor yield for 1,2-diiodophenol (4%), has meant no further work has
been performed on this system. If the reaction to form 4.6 can be significantly improved, this

could be a viable route to synthesising 4.7 (Scheme 4.6, pg. 10).

\©/ OAc
A°°%

OAc OAc % AcO
AcO” ) . ACO Q) B- 4 6
Ac AcO
Ct o)
OTCCB /&

B =Y

Figure 4.11 Tentative mechanism for the formation of an anomeric mixture during the
reaction of 1,2-diiodophenol and imidate-based carbohydrate, despite acetyl protection at the

C-2 position.

4.3. Routes toward unsymmetrical diphosphine glycoconjugates

Because of the issues with the synthesis of a dppbz-based phosphine glycoconjugate
described above, subsequent steps looked to reduce the steric clash between the two
phosphine moieties. One method by which this could be done was by synthesising an
asymmetric 1,2-diphosphine glycoconjugate, as shown in Figure 4.12. Here, we investigated

routes towards targets where R = Cy or Ph.
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PR,

PR,

OH
R =Cyor Ph

Figure 4.12 Structure of an unsymmetrical diphosphine, where R = Cy or Ph.

4.3.1. Attempted synthesis of a dicyclohexyl(2-
dicyclohexylphosphaneyl)benzyl)phosphine-based glycoconjugate
Mecking et al. reported the synthesis of dicyclohexyl(2-

dicyclohexylphosphino)benzyl)phosphine (4.10) from 2-bromobenzyl bromide, as shown in
Scheme 4.10.%

Li®
Br Br )
i) HPCy,, MeCN nBulLi, pentane C)
_—
Br i) H,0, Et;N PCy, oh, RT ©/\ PCy,
PCy2
PCYZ
410

Scheme 4.10 Synthesis of 4.10, as reported by Mecking et al.

As we aim to introduce a carbohydrate moiety at a later stage of the synthesis, 2-bromo-5-
methoxylbenzyl bromide was deemed to be an appropriate starting material. The aim was to
use the same method reported by Mecking and co-workers to give the bidentate phosphine
4.12, before cleaving the methyl ether to generate the phenolic product 4.13. This should
then react with acetobromo-a-D-glucose to give our desired final product, 4.14 (Scheme
4.11).
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@
Br Br | L'@ PCy,
Br 1) HPCy,, acetone PCy, nBulLi, pentane pcy, HPCyz PCy,
ii) H,0, EtsN 2h, RT
_0 0 0O 0
411 412
lHBr
OAc OAc PCy,
o 0
ACO o PCy, 1M NaOH, CHiCl,  AcO + PCy,
AcO BTEAB or TBAHS AcO
pC AcO
4.13

Scheme 4.11 Theoretical route to unsymmetrical diphosphine glycoconjugate 4.14, from 2-
bromo-5-methoxybenzyl bromide.

Monophosphine 4.11 was synthesised by heating HPCy, and 2-bromo-5-methoxylbenzyl
bromide to reflux in acetone. After 18 h, no starting materials remained and only the
phosphonium bromide (8 21.5 ppm) was seen by *P{*H} NMR spectroscopy. Following
treatment of this species with Et;N, the phosphonium salt was converted to 4.11, which had
a 31P{*H} NMR shift of 3.6 ppm (Scheme 4.12).

Br Br
gr 1) HPCy,, acetone PCy,
ii) H,O, EtsN
_0 0
4.1

Scheme 4.12 Synthesis of 4.11 from 2-bromo-5-methoxylbenzyl bromide, via a
phosphonium bromide intermediate.

Lithiation of 4.11 with n-butyllithium, and treatment with CIPCy,, was expected to give
4.12.2 Performing this reaction under the same conditions reported by Mecking and co-
workers gave a mixture of species by 3P{*H} NMR spectroscopy (Scheme 4.13). New
signals in the 3P{*H} NMR spectrum at +7.0 ppm (doublet, Jpp = 8.9 Hz) and -18.1 ppm
(broad singlet) accounted to 50% of the mixture, and were assigned as a single species.
These chemical shifts are similar to those reported for 4.10 (8p +7.9 and -16.1 ppm) so
suggested formation of 4.12. Unfortunately, due to the methoxy group, recrystallisation of
4.12, using the conditions for purification of 4.10, was not possible. Repetition of this
reaction and subsequent silica plug purification gave 4.12 as 74% of the mixture by 3P{*H}
NMR spectroscopy. The 3P{*H} NMR spectrum contained two doublets at +6.6 (Jep = 8.9
Hz) and -18.5 ppm (Jer = 9.3 Hz) when recorded at 121 MHz rather than 162 MHz. The size

of the “J coupling suggests that through-space coupling does not occur; this is consistent
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with the molecule being arranged in solution as depicted in Scheme 4.13. The *H NMR
spectrum showed several other impurities, and HR-MS was used to confirm that 4.12 had
been formed (m/z calcd. for Cs2Hs3P.0 ([M+QO]*) = 515.3563; obs. = 515.3572.). Attempts to
improve the purity of 4.12 have been unsuccessful.

Br PCy,
PCy, ) nBuli, ELO PCy,
i) CIPCy»
0 0
4.1 412

Scheme 4.13 Synthesis of diphosphine 4.12 from monophosphine 4.11.

Consequently, cleavage of the methyl ester has been investigated as ester cleavage is critical
to application of 4.12 as a relevant starting material. Nj-saturated agqueous HBr was added to
4.12, and after heating the reaction mixture to 110 °C for 5 h, a new set of doublets at +53.2
(Jre = 8.0 Hz) and -17.5 ppm (Jer = 8.1 Hz) were seen in the 3P{*H} NMR spectrum
alongside several other signals in the P(V) region. These chemical shifts suggested that
oxidation of at least one of the PCy, groups had occurred to form 4.15. These ether cleavage
conditions have been successful for alternative targets?? (Scheme 4.14(a)), and hence routes
towards an alternative analogue, where R=Ph, were investigated. This is discussed in section
4.3.2.

(a) Previously performed methyl ether cleavage

P

HBr, 110 °C P
~
o HO
3
3
(b) Attempted methyl ether cleavage
PCy, . PCy,
PC PCy PCy
Y2 HBr 110 OC ©/\ > ©/\ )
/o R= Me or H !
4.12 4.13 5 4.15 E

Scheme 4.14 Methyl ether cleavage of a phosphine containing molecule with HBr to (a)

successfully form tris(4-hydroxylphenyl)phosphine or (b) unsuccessfully form 4.13.

N.B. 4.15 is one of the of the potential products formed during the reaction with 4.12.
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Although ether cleavage proved unsuccessful, the Pt coordination chemistry of 4.12 was
investigated. Complex 4.16 was formed by adding diphosphine 4.12 to [PtCl(COD)]
(Figure 4.13). The formation of 4.16 produced doublets at 23.2 ppm (Jer = 19.3 Hz) and 9.6
ppm (Jer = 19.2 Hz) in the 3P{*H} NMR spectrum. The observed doublets have %Pt
satellites that have J couplings of 3500 and 3512 Hz, respectively (Figure 4.13). The J
values of the 9Pt satellites are characteristic of a cis-PtP.Cl, complex. Formation of 4.16
has also been confirmed by HR-MS (m/z calcd. for Cs:Hs,P,OCIPt ([M-CI]*) = 744.2830;
obs. = 744.2830).

PCy2
PCy, [Pt(COD)Cl,] <P/,,Pt‘\\CI
CH,CI, P” Cl
/O
4.12 4.16
d
d

* * * *

Jl“ i B, i "”'\.Jh««-.Ju‘ul“t ‘ | A 'L.w,l.pl. Iul

T T T T T T T T T T T T T T T T T
36 34 32 30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 1}

Figure 4.13 3P{*H} NMR spectra (202 MHz, CDClIs) of the product mixture after addition
of [PtCl, (COD)]to 4.12 to give complex 4.16. Asterix (*) mark the 1%Pt-3!P satellites,
whilst the multiplicity of the signals is marked above those pertaining to the complex. The
different colours (red and green) have been used to identify which 3!P signal relates to which

set of %Pt satellites.
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4.3.2. Attempted synthesis of a dicyclohexyl(2-
dicyclohexylphosphaneyl)benzyl)phosphine-based glycoconjugate

As cleavage of the methyl ester was unsuccessful when the diphosphine contained PCy:
groups (4.12), subsequently, the synthesis of a PPh, derivative was next investigated.
Despite HPCy», 2-bromo-5-methoxybenzyl bromide and EtsN reacting to give 4.11, no
evidence of the expected product 4.17 - or the intermediate phosphonium bromide - was
observed when this method was investigated with HPPh, (Scheme 4.15).

Br

Br
Br i) HPPh,, acetone PPh,
ii) H,O, EtzN

O e
417

-

Scheme 4.15 Unproductive route to 4.17, using HPPh; and 2-bromo-5-methoxybenzyl

bromide.

The synthesis of compound 4.18 — which is structurally similar to 4.17 - has been previously
reported by James,?® who found 4.18 could not be synthesised via Grignard routes (Scheme
4.16(a)). James also investigated a di-lithiation method which similarly proved unsuccessful
for the formation of 4.18 (Scheme 4.16(b)), with large quantities of Ph,P-PPh, formed. To
successfully prepare 4.18, a two-step lithiation procedure must be employed (Scheme
4.16(c)). James remarks that one caveat with this method is that Step Il can, on occasion,
produce a large number of side-products, and furthermore Step Il appears to be highly
sensitive regarding the purity of the monophosphine species. Consequently, this two-step
lithiation method was investigated for the attempted synthesis of 4.17.
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(@)
Br MgBr PPhy

Mg (5 eq.), I CIPPh, (2 eq.)
4.18
) B ®L' ®|_ PPh
r I i
nBuLi (2 eq.) © © " | ciPPh,(2eq) 2
—
B —————%——— ©/ ©/\PPh2
4.18
© Step I Step Il
Br Br . . PPh2
LIPPh2 I) nBuLi
Br > PPh, ——— = PPh,
ii) CIPPh,
4.18

Scheme 4.16 A variety of routes to 4.18 as reported by S. James.? These include two
unsuccessful routes: (a) a di-Gringard and (b) a dilithiation method, and (c) a successful two-
step method to 4.18.

When Step | was tested with 2-bromo-5-methoxybenzyl bromide several species were
formed (Figure 4.14). These were identified by 3P{*H} NMR spectroscopy and included:
4.17 (35%), PhoP-PPh; (27%), 4.19 (11%) and several unidentified P(I11) species (27%). The
doublets at -8.6 ppm and -18.9 ppm (Je-r = 24 Hz) have been attributed to 4.19. This is due
to the similarity of these chemical shifts with those reported for 4.18 (-9.5 ppm and -17.2
ppm, Jer = 24 Hz). Unfortunately, isolation of the desired product was unsuccessful, and so
we attempted an alternative route from borane-protected lithium phosphide (BHs.LiPPhy).

137



Chapter 4: Towards Diphosphine Glycoconjugates
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Figure 4.14 31P{*H} NMR spectra (121 MHz, CDCly) of the product mixture formed from
the reaction shown above. Signals referring to 4.17, 4.19 and Ph,P-PPh; have been labelled,

whilst all other signals are assumed to correspond to unidentified P(I11) species.

BHs.LiPPh, was formed by addition BHs;.SMe; to HPPh,, and its subsequent treatment with
n-butyllithium?*. Addition of BHs.LiPPh, to 2-bromo-5-methoxybenzyl bromide gave a
mixture of 4.20 (90% by *'P{*H} NMR spectroscopy) and H(O=)PPh, (10%). This was
easily purified by column chromatography (1:9, EtOAc:Hex) to give 4.20 in 65% vyield
(Scheme 4.17). This species displayed a broad multiplet at 19.2 ppm its 3P{*H} NMR

spectrum.
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Br

Br
Br
BH3.SMe,  BHs gy BHy _© PPh,
HPPh, “SMe, HPPh, THE  LiPPh, THE BH3

_0O
4.20

Scheme 4.17 Synthesis of 4.20, a borane-protected monophosphine molecule.

Attempts to form diphosphine 4.21 by lithiation of 4.20 and subsequent addition of CIPPh;
were unsuccessful (Scheme 4.18). After 2 h, in situ 3*P{*H} NMR spectroscopy revealed
that the main species in the reaction mixture were CIPPh, (83.0 ppm, 30%) and 4.20 (19.2
ppm, 62%). As a result of this lack of reactivity, borane deprotection was investigated.

Br PPh,
i) nBulLi
PPhy ———>——> PPh;
BH; i) CIPPhy BH,
/O /o
4.20 4.21

Scheme 4.18 Attempted synthesis of 4.21 using nBuLi and CIPPh..

The borane group was removed from 4.20 by addition of excess Et,NH (Scheme 4.19, Step
1). Heating the reaction mixture to 50 °C for 16 h gave a mixture containing 4.17 and
Et,NH.BHs. The amine-borane was simply removed by heating the viscous oil product
mixture under vacuum at 80 °C for 1 h. This gave 4.17 in quantitative yield, with a chemical
shift of 6p -12.6 ppm.

Sequentially adding nBuLi and then CIPPh; to 4.17 gave a complex mixture by 3P{*H}
NMR spectroscopy (Scheme 4.19, Step II). As all signals in the 3P{*H} NMR spectrum

were singlets, there was no evidence of formation of 4.18.

Br Step I Br Step Il PPh,
i) nBulLi
IIDPhZ EtoNH (4 eq.) PPh, ¢ > PPh,
BH3 ii) CIPPh,
O 0 /O
4.20 417 4.18

Scheme 4.19 Successful borane deprotection of 4.20 to give 4.17, and the attempted
synthesis of 4.18.
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The work described in Sections 4.2 and 4.3 shows that we have experienced no success in
forming aryl diphos ligands suitable for conjugation by routes which require formation of
Ar-P bonds. As a result, we turned our attention to forming aliphatic diphos ligands that
would be amenable to bioconjugation (Sections 4.4 and 4.5 below).

44. Attempts to prepare a glycoconjugate of a derivative of
bis(diphenylphosphinomethyl)aniline

Given the difficulties associated with the synthesis of phenolic diphosphines with Ar-P
bonds (Sections 4.2 and 4.3), the synthesis of the 4-aminophenol ligand (4.23) was explored
(Figure 4.15). Compound 4.23 has been reported previously, and can be prepared by several

routes, two of which will briefly be discussed here.

/—PPh,
N

\—PPh,
4.23

HO

Figure 4.15 Structure of 4.23, previously reported in literature by de JesUs et al.?®

De Jesus et al. reported the synthesis of 4.23 from HPPh,, formaldehyde and 4-aminophenol
(Scheme 4.20(a)).> It could also be prepared by pre-forming the phosphonium salt
(bis(hydroxymethyl)diphenylphosphonium chloride, 4.22) and adding this to 4-aminophenol
in the presence of EtsN (Scheme 4.20(b)). As accurate stoichiometry during these reactions
is important to prevent formation of a complex mixture, the second route was favoured as
4.22 is a bench-stable solid. Therefore, it is easier to handle and measure out accurately
(compared with HPPh,) when performing reactions on a small scale (<100 mg). This is
particularly relevant when considering the small scale on which multi-step carbohydrates are
often prepared. Consequently, 4.23 was prepared in moderate yield (49%) using the route
shown in Scheme 4.20(b).
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(a) Route to 4.23 with HPPh,:

HPPh, o N/—Pth
HO—< >—NH2
(CH,0),, Toluene, 65 °C \—PPh,

4.23

(b) Route to 4.23 with a phosphonium salt, 4.22:
HO— /—OH
/P\®
P':t 22F’h /—PPhz
HO@NHz ' HO N
Et3N, MeOH \—pph2

4.23

Cl

Scheme 4.20 Two alternative routes to 4.23 that involve either (a) HPPh; (reported by de
Jesus et al.)?® or (b) bis(hydroxymethyl)diphenylphosphonium chloride (4.22).

Method (b) in Scheme 4.20 was used to prepare 4.23 in 49% yield. The aim was then to use
4.23 as the precursor to the phosphine glycoconjugate 4.24 (Figure 4.16). However, before
the bioconjugation, it was important to investigate the coordination chemistry of 4.23, to
establish that a glycoconjugate with this binding motif would be capable of forming
complexes suitable for radio-imaging.

OH
0 —PPh,
H%Mo@N
HO
4.24

\—PPh,

Figure 4.16 Structure of a bidentate N-phosphano glycoconjugate, 4.24.

4.4.1. Rhenium coordination chemistry of 4.23

The coordination chemistry of 4.23 was initially investigated with respect to the [Re(CO)s]*
core by adding 1 eq. of 4.23 to the Re(l) precursor [Re(CO)3(H20)3]Br (Scheme 4.21). Three
new phosphorus-containing species were formed during the reaction, according to *:P{*H}
NMR spectroscopy. The major species had a dp of -19.8 ppm and accounted for 84% of the
mixture. This species has tentatively been assigned as complex 4.25, based on the reported
chemical shift (8p -19.6 ppm) for a structurally similar complex, 4.26 (Figure 4.17).2® Two
unidentified minor species at dp +4.6 ppm and -15.2 ppm accounted for 9% and 7% of the
mixture, respectively. Evidence of both the expected complex (4.25) and the other
unidentified species could be observed in the *H NMR spectrum. However, HR-MS did not
confirm the identity of complex 4.25 and instead, only the molecular weight of the

protonated ligand was observed, with other ion fragments unable to be assigned.
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CcO
/—PPhy [Re(CO)3(H20)s]Br <P/,, | .CO

HO N Reg
4.23 4.25

Scheme 4.21 Reaction of 4.23 and Re(l) precursor, to give complex 4.25.

L oo PPh,
PPh
Re N__-FFN2
<P' | ~co P P=HO
Br
4.26

Figure 4.17 Structure of reported Re(l) complex 4.26 by Yan et al.?®

Addition of 2 eq. of diphos ligand 4.23 to the Re(V) precursor, [ReO2I(PPhs);], resulted in
formation of a new species (4.27) with a 6p of -34.0 ppm (Scheme 4.22). This shift is upfield
of the free ligand, which has a &p of -26.8 ppm. The identity of complex 4.27 has been
confirmed by HR-MS (m/z calcd. for CesHssOsN2PsRe ([M]Y) = 1229.2905; obs. =
1229.2930). As only a single species was formed when reacting 4.23 with [ReO:l(PPhs),],

all subsequent Re coordination studies therefore focused on the Re(V)-dioxo core.

®

/—PPh2  [ReO,(PPh),I] P ﬂ P ©
2 e02(PPhg); RIS |
2 HO N\_ CP'RIIe'P>
PPh, MeOH U
4.23 4.27

Scheme 4.22 Synthesis of Re(V) complex 4.27, from 4.23.

4.4.2. Towards glycoconjugates derived from a phenolic diphosphine
To prepare phosphine glycoconjugate 4.24, the synthesis of the carbohydrate precursor 4.28
was first attempted (Scheme 4.23).

2eq.

OH
) Q
o o “,—PPh,  Reterosynthesis o HO— ,—OH Cl
o 0 N\; _ Hao OONHZ + /P\®
HO -—PPh, HO Ph™Ph
4.24 4.28 4.22

Scheme 4.23 Structure of carbohydrate 4.28, which is necessary for the formation of 4.24, as

shown retrosynthetically.

The most obvious route to 4.28, would be to react 4-aminophenol with acetobromo-a-D-
glucose. However, this is precluded by the greater nucleophilicity of the aniline-NH, group,
compared with the phenolic-OH group. Consequently, 4.28 was instead prepared following

literature procedures from the Cyranski and Boratynski groups.?”?® First, 4-nitrophenol was
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reacted with acetobromo-a-D-glucose in the presence of Ag.COs as reported by Cyranski et
al.?” This was followed by removal of the acetyl protecting groups using NaOMe in MeOH,
and reduction of the -NO; group using Pd/C and NH4+.HCO;3 in MeOH, as reported by
Boratynski et al. (Scheme 4.24)%, Carbohydrate 4.28 was therefore synthesised in 37% yield
overall, in three steps from acetobromo-a-D-glucose, compared with a hypothetical overall
yield of 30%, based off the combined literature methods.?® Full characterisation was not
reported by Cyrafiski or Borantynski, but the data recorded for 4.28 (*H NMR, *C NMR and
HR-MS) was consistent with that reported by Y. Zhao et al.*

1.2 eq.

Ai\cr):m C Aco% O i) NaOMe, MeOH % C

Ag,CO3 i) Amberlist 120
Pd/C,
\ NH4.HCO3

MeCN
OH
[0}
HO
4.28

Scheme 4.24 Three step route to 4.28 from aceto-bromo-a-D-glucose, previously reported
by Cyranski et al. (Step 1) and Boratynski et al. (Steps 2 and 3)%.

In an attempt to synthesise 4.24, carbohydrate 4.28 was added to the phosphonium salt, 4.22,
which was dissolved in a mixture of EtsN, MeOH and H,O (Scheme 4.25). After heating this
mixture to 70 °C overnight, no starting material was present according to TLC, and a new
species was formed as confirmed by in situ 3P{*H} NMR spectroscopy (8p = -28.2 ppm).
The new product was isolated after aqueous work up. However, analysis by *H NMR
spectroscopy revealed an absence of signals relating to a carbohydrate molecule.
Additionally, HR-MS did not support the formation of 4.24. We suggest that the loss of the
carbohydrate moiety is due to the EtsN.HCI by-product being a weak acid and catalysing the
hydrolysis of the glycosidic bond between the D-glucose and 4-aminophenoxy group. Any
D-glucose formed by hydrolysis will be simply removed during the aqueous work-up, and
this would therefore account for the lack of carbohydrate signals in the *H NMR spectrum of
the product. Subsequent work has therefore turned to the conjugation of 4.23 and

acetobromo-a-D-glucose.
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4.22 o

|
OH IRVARY ¢ OH
o) Ph_Ph PPh
Hamo@w Hamo ‘O
HO EtsN, MeOH HO \ipph2
4.28 4.24

Scheme 4.25 Unsuccessful route to 4.24, from carbohydrate 4.28 and phosphonium salt
4.22.

As phenols can undergo direct conjugation with acetobromo-a-D-glucose, this method was
next explored for the formation of peracetylated 4.24, i.e. 4.29. This reaction was attempted

using three different conjugation conditions, as listed in Table 4.1.
Table 4.1 Reaction conditions tested for the formation of 4.29.

PPh
OAc /o 2

HO N OAc
AcO 0 \—PPh; 0 PPh
RoN~s 4.23 A7 OON/_ 2
¢ AcO
4.29

Br + Glycosylation Reagents \—PPh2

4.23  Carbohydrate ) 4.29 (in situ
Entry Reagents Temp/°C  Time/hr
(eq.) (eq.) “P{'H} NMR)
1 Ag.COs, DIEA 1.2 1.0 21 48 No
2 NaOH, TBAHS 1.0 5.0 21 24 Yes
3 NaOH, BTEAB 2.0 1.0 60 4 Yes

Exclusive formation of 4.29 did not occur using any of the above conditions. However,
Entry 3 appeared to be the most promising. Here, addition of 4.23 (2 eg.) to acetobromo-a-
D-glucose in the presence of NaOH and benzyltriethylammonium bromide (BTEAB) led to
4.29 accounting for 36% of the crude mixture, according to 3P{*H} NMR spectroscopy with
a chemical shift at -27.2 ppm. An unidentified species at -27.1 ppm (18%) and the excess of
4.23 at -26.8 ppm (45%) were also observed in the 3P{*H} NMR spectrum. Purification of
4.29 using column chromatography was attempted, but 4.29 was only isolated with a purity
of 66% according to 3P{*H} NMR spectroscopy (Figure 4.18). Additionally, *H NMR
spectroscopy has confirmed that the impurities are not carbohydrates. This therefore
suggests that the by-products, which account for 34% of the mixture by 3P{*H} NMR
spectroscopy, are not carbohydrate-based by-products, but instead are unidentified aromatic
tertiary phosphines. The formation of 4.29 was confirmed by HR-MS (m/z calcd. for
CasHas010NP, ([M+H]") = 836.2753; obs. = 836.2744), but subsequent attempts to improve

the efficacy of this reaction were unsuccessful.
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Figure 4.18 3'P{*H} (CDCls, 121 Hz) spectrum of 4.29 (66% purity) after column
chromatography.

Despite this, the coordination chemistry of 4.29 has been investigated by adding 2 eq. to
[ReO21(PPhs),]. The major product of this reaction was the expected complex 4.30, which is
evidenced by a singlet at -33.0 ppm in the 3!P{*H} NMR spectrum (Figure 4.19(b)), and by
HR-MS analysis (m/z calcd. for Co2HgeaO22N2PsRe ([M]*) = 1889.4806; obs. = 1889.4757).

However, not surprisingly in view of the low purity of 4.29, several other species were also
formed upon addition of the Re(V) precursor (Figure 4.19(b)). Future research should be
carried out to improve the synthesis of 4.29, and its deprotected analogue 4.24, as our
preliminary results indicate that the *™Tc analogue of 4.30 would be a promising target for
radiolabelling studies.
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Figure 4.19 3'P{*H} NMR spectra (121 MHz, CDCl;) of (a) the batch of ligand (4.29)
before complexation with [ReO:I(PPhs).] and (b) after complexation to give 4.30 (major

species).

4.5.  Towards glycoconjugates derived from an amide-linked diphosphine

As outlined in Chapter 2, amide coupling chemistry provided the most successful route to an
alkyl linked monophosphine glyconconjugate (2.21, Figure 4.20(a)). Whilst 2.21
radiolabelled efficiently when reacted with pertechnetate ([*™TcO4]) to give a single
species, the resulting complex, 2.25, did not exhibit good serum stability (Figure 4.20(b)).

Consequently, further work was not performed on this system.

O
o R.P,. 1w X
HO H 3
HMO R3P'Tuo? ~x

2.21 2.25

Figure 4.20 Structure of 2.21, and its **™Tc complex (2.25), as reported in Chapter 2.

This route to glycoconjugate formation has been redirected to the formation of a diphosphine
glycoconjugate; the chelate complexes should demonstrate greater serum stability when

coordinated to ®"Tc. To synthesise such a ligand the carbohydrate moiety remains
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unchanged, and so will be referred to as 2.18 (Figure 4.21). However, novel diphosphine
carboxylic acids are required for the coupling and these will be discussed below in Section
45.1.

OAc

ACO%
AcO O~ _NH,

AcO
2.18

Figure 4.21 Structure of carbohydrate 2.18, previously reported in Chapter 2.

45.1. Attempted synthesis of a diphosphine carboxylic acid (3-carbon
backbone)

Synthesis of a diphosphine carboxylic acid with a 3-carbon backbone (4.33) was initially
investigated (Scheme 4.26) for conjugation with carbohydrate 2.18. This should give access
to a Re(V) (or ®*™Tc(V)) complex with a 6-membered chelate, using a binding motif that
would be analogous to that of 1,3-bis(diphenylphosphine)propane (dppp). As the dppp-
coordinated Re(V)-dioxo complex has previously been reported (Figure 4.22), this gave us
confidence in our ligand design.®
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Figure 4.22 Re(V)-dioxo complex, with two dppp ligands, published by Castiniras et al..*

A plausible route to 4.33 starts from commercially available 3-bromo-2-
(bromomethyl)propionic acid. Step | involved the ester protection of the carboxylic acid,
which was carried out under acidic conditions with isopropanol. This reaction proceeded to
give the novel ester, isopropyl 3-bromo-2-(bromomethyl)propionate, in high yield (89%),

following a simple aqueous work up.

Step | Step Il
HPPh, (0.5 eq.)
o Br o B 2
>_<: T /PrOH, H,SO, >_<: ' nBuLi (x eq.) o>x_<:PPh2
HO Br 90°C iPro Br  78°CloRT, iPro PPh,
THF
4.32

xeq.=1.1-25eq.

O>_<:PPh2
HO PPh,
4.33

Scheme 4.26 Proposed route to 4.33, in three steps from 3-bromo-2-
(bromomethyl)propionic acid.

Step 11 (to give 4.32) involved addition of LiPPh, (nBuLi + HPPh,) to isopropyl 3-bromo-2-
(bromomethyl)propionate to install the two diphenylphosphine moieties. This reaction gave
a number of tertiary phosphine products, but no evidence of the desired product, 4.32, was
observed by 'H, *C or HR-MS. Despite varying the reaction conditions (the order of
addition, the rate of addition, the reactant concentrations), this result could not be improved
and instead, subsequent work focused on formation of an alternative diphosphine carboxylic

acid with a 1-carbon backbone, using chemistry originally developed in the Webster group.®?

4.5.2. Synthesis of a diphosphine carboxylic acid (1-carbon backbone)

The Webster Group has shown that a variety of 1,1-diphosphines, often containing an ester
‘R’ group, can be synthesised via hydrophosphination by HPPh, (or H,PPh) of the terminal
alkyne (Scheme 4.27).%2 Using hydrophosphination chemistry to install both ‘PPh,> groups
means there is a 1-carbon backbone, and so these molecules are derivatives of 1,1-

bis(diphenylphosphine)methane (dppm).
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HPPh, PhoR
KHMDS (10 mol%) 2
5 N 2
R MeCN Ph,P R

Scheme 4.27 General route to 1,1-diphosphines from HPPh,.*2

Although not investigated by Webster and co-workers, hydrolysis of the ester should give
the corresponding carboxylic acid. Base catalysed hydrolysis of the methyl ester did not
occur at ambient or elevated temperatures (Scheme 4.28(a)). However, hydrolysis of the
ethyl ester was found to proceed at room temperature, over a period of 5 d, to give the novel
phosphine carboxylic acid 4.34 with a *!P{*H} NMR shift of -7.4 ppm in an 87% yield for
this step (Scheme 4.28(b)). For full characterisation see Chapter 6. Next, the conjugation of
4.34 and carbohydrate 2.18 was investigated.

(a) PPh,0O

2 eq. -- .
N KHMDS 1 i) NaOH
PhoPH + X\ - - - ! .
2 COMe ™ \eCN PhyP 0 X H,0/CH,Cl,/MeOH PPha O
ii) HCI, H,0 PhyP OH
(b) 2 eq. PPhZO 4.34
o KHMDS .
PhPH + S\ Ph.P o~
COZEt MeCN 2

Scheme 4.28 Productive and unproductive routes to 4.34 from esterified 1,1-diphosphines.

4.5.3. Synthesis of bidentate phosphine glycoconjugates with a 1-carbon
backbone

Using the amide-coupling conditions optimised in Chapter 2, 4.34 was conjugated to the
amine-functionalised carbohydrate, 2.18, to give 4.35. This gave a singlet at 7.1 ppm in its
$IP{*H} NMR spectrum (Scheme 4.29). Several other products were formed during this
reaction, and purification by inert-atmosphere column chromatography was necessary to
purify 4.35 due to its air-sensitivity. A low yield (24%) was obtained for the amide coupling
step, but the material was pure and the deprotection of the acetyl groups was next
investigated. 4.35 has been fully characterised by 3P, 'H and *C NMR spectroscopy and
HR-MS (see Chapter 6 for details).

1.2 eq
OAc

OAc 2.0 eq. EDC-HCI
AcO _
AcOA— PPh,  DCM ACOA—— O\/\/NWPth
C

O PPh
218 4.34 4.35 2

Scheme 4.29 Synthesis of 2.20 and 4.35 via amide coupling chemistry.

The deprotection of 4.35 proceeded to give the novel glycoconjugate 4.36 in 54% yield, with
a 3'P{*H} NMR chemical shift of -6.4 ppm (Scheme 4.30). Pleasingly, no hydrolysis of the

amide bond was observed, and the identity of this species was confirmed by HR-MS (m/z
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calcd. CssH31NO7P2Na ([M+Na]*) = 684.2256; obs. = 684.2255). Production of significant
quantities of 4.36 has proved difficult, with an overall yield of 0.5% from 10 steps, and total
of just 7 mg isolated (versus 1.5% yield and 50 mg isolated for monophos analogue 2.21).

OAc on
ACOM/ H i) NaOMe/MeOH HOM H
Ac 0 N PPh, ———————— HO o} N PPh
AcO T \ﬂ/\r 2 ii) Amberlist Resin OH ~ TN W 2
O PPh, 436 O PPh
4.35 .

Scheme 4.30 Deprotection of ligand 4.35, to give 4.36.

The lowest yielding steps in the synthesis of 4.36 were (i) the reduction of the -N3 group (to
an -NH; group) in the synthesis of carbohydrate 2.18 and (ii) the amide coupling reaction
between 2.18 and 4.34 (Scheme 4.29). As a result, changes were made in both of these steps
in an attempt to improve the overall yield. By deprotecting the carbohydrate prior to
reduction of the -Ns group, the yield for this transformation was increased from 48% to 90%
to give carbohydrate 4.37 (Scheme 4.31); see Experimental Chapter for details. A possible
explanation for this significant yield increase is that an acetyl migration, likely from the C-2
position, to the -NH; group, is inhibiting formation of the desired carbohydrate when
reducing the -N3z group of the peracetylated carbohydrate.

OAc OH OH
—_—
c0 AcO O Ns ii) Amberlist Resin HO ~ 8 T eoH o 50 O _~_NH2

4.37

Scheme 4.31 Synthesis of carbohydrate 4.37.

The amide coupling reaction was therefore repeated with 4.34 and carbohydrate 4.37 (rather
that its peracetylated analogue, 2.18). The amide coupling reaction gave a mixture of two
products according to the 3P{*H} NMR spectrum of the product (Figure 4.23). Furthermore,
two anomeric proton signals at 4.16 ppm (4.36) and 4.33 ppm (4.38) are evident in the *H
NMR spectrum; the ratio of these anomeric protons is reflected in the 3P{*H} NMR
spectrum with singlets seen at -6.2 ppm (4.36, 33%) and -6.4 ppm (4.38, 67%) (Figure 4.23).
It should be noted that DMAP was not added during this reaction, as the presence of a base
promotes ester formation to give 4.38 instead of amide formation to give 4.36. Hence, this
route to 4.36 was discontinued and subsequent work on the Re(V) coordination chemistry

and radiolabelling of 4.36 proceeded with the ligand made via the original route, via 4.35.
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Figure 4.23 Reaction between 4.34 and 4.37. A mixture of products was formed, as shown

by the 3!P{*H} NMR (202 MHz, CD3;0D) spectrum where the broad signal corresponds to
4.38, and the sharper signal to 4.36.

4.5.4. Rhenium coordination chemistry of bidentate phosphine glycoconjugates
with a 1-carbon backbone

The synthesis of Re(l) complexes with ligands 4.35/4.36 was not investigated because of the
observed hydrolytic instability of the amide bond when reacting the monophosphine
analogue (2.20) with [Re(CO)3(H20)s]Br (Chapter 2, Section 2.3.1). Coordination studies
therefore focused on reacting the bidentate phosphine glycoconjugate with [ReO:l(PPhs),].
In the literature, the bis(dppm) Re(V)-dioxo complex has been reported by Midollini et al.,
which suggested that the dppm derivates 4.35/4.36 should be capable of coordinating to the
Re-dioxo (and *™Tc-dioxo) core (Figure 4.24).%
o ®
/ © /) A~
<P“F|{|e-“‘P> ! b b= PP PPh,
P (|)| P

dppm

Figure 4.24 Re(V)-dioxo complex, with two dppm ligands, published by Midollini et al..*

Addition of 2 eq. of 4.35 to the Re(V) precursor, [ReO21(PPhs),] led to multiple signals in
the 3'P NMR spectrum of the product (Figure 4.25). The minor resonances around -35.0
ppm, with an upfield coordination shift of A6 28.3 ppm and an AB splitting pattern, have
tentatively been assigned as the hoped-for bis(chelate) complex, 4.39. A mixture of

diastereoisomers of 4.39 would be anticipated due to the cis and trans relationship of the R
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groups on the backbone C atoms. The upfield phosphorus chemical shift is characteristic of
the formation of a four-membered chelate at a metal centre. However, the main product has
signals at 38.2 (d), -14.3 (m) and -34.8 (br s) ppm which have tentatively been assigned as
the environments labelled ‘A’, ‘B’ and ‘C’ in complex 4.40, where an O atom of a Re=0
group has inserted between the Re-P bond (Figure 4.25); there would be several

diastereoisomers of this compound too.

®
Ph, 0 Ph, | ©
P, Al 0P
S
OAc Ph, Ph,
2 ACOM H [Re(O)o(PPhs),l] 4.39
AcO 0_~_N PPh,
AcO YOY MeOH/CHCly +
O PPh,
Ph Ph;
4.35 cp2Q Bp R
RVW<P/“R|9 \rﬂ'
By | No-BPh:
4.40
TPPO
4.40 - A 4.39

4.40-B
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45 40 35 30 25 20 15 10 5 0 5 -10 -15 -20 -25 -30 -35 -40

Figure 4.25 The reaction scheme and the 3P{*H} NMR spectrum (202 MHz, “MeOD) of
the proposed species (4.39 and 4.40) formed by addition of 4.35 to [ReOzl(PPhs),].

N.B. Additional TPPO was added to confirm the identity of this species in the mixture.

The assignments of 4.40 are based on reports for the binding of dppm to [ReOCI;(PPhs);] -
an alternative Re(V) core. In 1993, Graziani and co-workers found that rather than forming
the expected [ReOCI(dppm).] structure, they isolated the [ReCls(dppm-P,P)(dppom-P)]
species (Figure 4.26). This structural rearrangement is likely favoured by the release of ring
strain in the 4-membered chelates. Graziani reported that refluxing this species in toluene,
gave rise to a mixture of two new products - [ReOCls;(dppm-P,P’)] and [ReCls(dppom-
P,0)], the second of which was characterised by X-ray diffraction (Figure 4.26).3*
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Figure 4.26 Complexes synthesised by Grazini et al. when investigating Re(V) coordination

of dppm, and the expected complex [ReOCIl(dppm)2].%*

As shown in Figure 4.24, Midollini et al. reported the first ReV(dppm). complex,
[ReO2(dppm)]I, in 2000.* However, Midollini and co-workers only achieved exclusive
formation of the expected bis(chelate) complex by using a high ligand to Re ratio (10:1,
ligand:rhenium). Due to the limited scale of synthesis for 4.35 (Section 4.5.2), this was not

attempted here.

Attempts to prepare a Re(V) complex of 4.36 (deprotected 4.35) from [ReO2l(PPhs),] were
inconclusive, with signals observed only for PPh; and TPPO by P NMR spectroscopy. This
is akin to the difficulties that arose when reacting 2.21 with [ReO:l(PPhs)] described in
Chapter 2 (Section 2.3.2).

45.5. ®"Tc Radiolabelling of a bidentate phosphine glycoconjugate with a 1-
carbon backbone

®mT¢ radiolabelling studies are typically performed in a mixture of saline and milliQ water,
although co-solvents such as EtOH or DMSO can be added to improve ligand solubility.
Consequently, these studies are preferentially performed on molecules with high water
solubility. As diphosphine glycoconjugate 4.35 is insoluble in water, whilst 4.36 exhibits
reasonable water solubility, all ®*"Tc radiolabelling was performed on ligand 4.36. Full

details of this work are given in Chapter 6.

Tc(V)-dioxo radiopharmaceuticals are typically prepared by adding [*™TcO4] to a
lyophilised kit that contains the ligand (in this case 4.36), a reducing agent (stannous
chloride), a buffer (sodium hydrogen carbonate) and a weak chelator for stabilisation of
intermediates (sodium tartrate). In this project, the Tc(V) kits have been based on those used
for Myoview, but the diphosphine ligand (tetrofosmin) has been replaced with a diphosphine

glycoconjugate ligand. The following kits were prepared with ligand 4.36 (Table 4.2):
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Table 4.2 Kit preparation for diphosphine ligand 4.36

) ) SnCl2.2H,0 Sodium tartrate NaHCOs3
Kit Ligand (umol) )
(umol) dihydrate (umol) (umol)
1 0.76 0.38 0.38 0.30
2 0.76 0.38 0.19 0.30
3 1.06 0.53 0 0

It was hoped only the bis(chelate)-Tc(V) complex would form when radiolabelling 4.36 with
[**™TcO4] because in the radiochemical synthesis a large excess of ligand with respect to Tc
is present. As stated above, Midollini et al. showed that the bis(chelate)-Re(V) complex was

exclusively formed when a large excess of dppm was added to [ReO,l(PPhs).] at 30 °C.*

The ®"Tc radiolabelling of 4.36 was first explored with Kit 1 (Table 4.2). This kit is
comprised of the same ratio of reagents as that which gave the best results when
radiolabelling 2.21 (Kit 2, Table 2.4 in Chapter 2). Heating Kit 1 with [TcO,] for 30 min at
30 °C gave a disappointing radio-HPLC trace; the chromatogram (Figure 4.27) shows an
intense peak at 2.5 min indicating unreacted [TcO4]", and weak, broad peaks with a retention
time of 10-13 min signalling formation of several unidentified species.
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200.0

0.0

0:00 10:00 ] ] 20:00 30:00
Time (min)

Figure 4.27 HPLC chromatogram for the radiolabelling of Kit 1 with [*™TcO4]".

If radiolabelling of 4.36 had proceeded efficiently, the HPLC chromatogram would have
shown a minor peak for free [TcO4],, and a shaper, more significant peak for the *"Tc
complex with 4.36. The absence of any sharp peaks in the chromatogram, when using Kit 1,
has led us to hypothesise that the sodium tartrate (added for intermediate stabilisation) is

competing with 4.36 for coordination to *°™TcV.
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Accordingly, radiolabelling with Kit 2 was investigated as this kit contained less of the
tartrate weak chelator. However, despite testing Kit 2 at both 30 and 60 °C, no notable

improvement was observed.

Subsequently, Kit 3 was prepared. This kit was simplified as much as possible; it contained
no sodium tartrate or sodium hydrogen carbonate. The stannous chloride was not removed
from the kit as it is necessary for the reduction of pertechnetate, [TcO4],, from oxidation
state +7 to +5. By removing any species that may interfere with the coordination of 4.36, it
was hoped radiolabelling may occur. Kit 3 was heated with [TcO,] for 30 min at 30 °C and
pertechnetate (at 2 min) and a single broad but more intense peak at 12 min were seen in the
radio-HPLC trace (Figure 4.28). Although this result is more promising than those seen for
Kits 1 & 2, LC-MS analysis did not detect any molecular weights that corresponded to
chemically sensible reaction products.
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Figure 4.28 HPLC chromatogram of radiolabelling of Kit 3 with [*™TcO4]" (30 min, 30 °C).

The radiolabelling of Kit 3 was repeated at 60°C for 30 mins and gave radio-HPLC trace
shown in Figure 4.29. Again, the well-defined peak with a retention time of approximately
2 mins corresponds to a large quantity of unreacted [TcO4]. A series of broad and
overlapping peaks of low intensity are present between 10-14 mins, but there is no evidence
of a single species being formed in good yield. Heating this kit for a longer period (60 min)
resulted in no improvement to the chromatogram. Consequently, despite testing a number of
kits and conditions, clean and efficient radiolabelling of 4.36 was not achieved. Poor
radiolabelling of 4.36 has precluded further testing of this compound, and these results
suggest that the 4-membered chelate may be too strained for efficient **™Tc radiolabelling.

Larger chelates should therefore be investigated in the future (Section 4.6).
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Figure 4.29 HPLC chromatogram of the radiolabelling of kit RD3.3 with [*™TcO,] (30
min, 60 °C).

4.6. Conclusions & Future Work

Several methods have been investigated for the synthesis of bidentate phosphine
glycoconjugates. Routes involving the synthesis of phenolic diphosphines from haloarenes
were found to be unproductive (Section 4.2 and 4.3). Consequently, the methods
investigated in Sections 4.4 and 4.5 avoided the direct synthesis of Ar-P bonds from Ar-X
species (where X=ClI, Br, I). Instead, diphosphines containing phenolic or carboxylic acid
functions were prepared and investigated for bioconjugation. The two novel bidentate

phosphine glycoconjugates, 4.29 and 4.36 have been obtained (Figure 4.30).

OAc OH
PPh
A%Ocmo N/_ i HﬂMo H PPh
AcO \—pph2 OH ~N W 2
4.29 436 O PPhy

Figure 4.30 Structure of bidentate phosphine glycoconjugates, 4.29 and 4.36.

Unfortunately, both 4.29 and 4.36 had features (see discussion below) that prevented their
successful incorporation into ®MTc¢ radio-complexes. However, synthesis of these ligands
has increased the number of examples of bidentate phosphine glycoconjugates as, to the best
of our knowledge, there has only been one previously reported example of a fully-

deprotected bidentate phosphine glycoconjugate (Figure 4.31).

156



Chapter 4: Towards Diphosphine Glycoconjugates

N O
NH HN

PPh, Ph,P

Figure 4.31 Bidentate phosphine glycoconjugate, reported by Ruffo et al.,® where the native
carbohydrate is intact and fully deprotected.

Compound 4.24 (deprotected 4.29) could not be formed when the diphenylphosphonium salt
(4.22) and carbohydrate 4.28 were reacted together using the conditions outlined in Scheme
4.25. However, 4.29 was prepared when 4.23 was reacted with acetobromo-a-D-glucose in
the presence of NaOH and BTEAB (Table 4.1). Unfortunately, 4.29 was not formed
exclusively, and we were unable to purify it sufficiently for it to be investigated for
radiolabelling with *™Tc. As 4.29 exhibits promise when reacting with a Re(V)-dioxo core,
to give 4.30, future work should focus on the improving the synthesis of 4.29/4.24.
Alternative routes for glycolysis, should therefore be investigated.

Compound 4.36 was formed using amide coupling chemistry, and column chromatography
gave this product, although in poor yield (0.5% vyield over 10 steps) as a single product.
However, reacting 4.35 (the peracetylated analogue of 4.36) with [ReO2l(PPhs)s] did not
give exclusive formation of the bis(chelate) complex, 4.39. Unexpectedly, a second
complex, 4.40, was also formed. Here, the Re(V) centre has been reduced to Re(l11), and the
bidentate P(I11)/P(l11)-diphosphine ligand is partially oxidised to give a bidentate P(111)/P(V)
species. Despite these disappointing results, the ®™Tc coordination chemistry of 4.36 was
investigated, but conditions for the successful radiolabelling of 4.36 with *™Tc¢(V) were not
identified. It is postulated that the ®**™Tc complex formed by 4.36 may be destabilised by the

4-membered ring strain.

Future research should look to combine the successful Re(V) coordination chemistry of
4.29, and more reproducible amide coupling chemistry of 4.36. Hence compound 4.41

(Scheme 4.32) combines both of these aspects, making it a promising target for the future.
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Scheme 4.32 Proposed route to target 4.41, which should overcome the associated issues
with 4.29 and 4.36.

Lastly, the synthesis of 4.4 (3,4-bis(diphenylphosphino)phenol), or its glycoconjugate
analogue 4.1, proved to be especially challenging. However, we now propose an alternative
route to 4.1 that uses commercially available 3,4-difluorophenol as the starting material
(Scheme 4.33(b)). Step 11 of this proposed method is based on a procedure for the synthesis
of dppbz from 1,2-difluorobenzene, which was published by Lipshutz et al. (Scheme
4.33(a)).®® The reported yield for this reaction was 75%, which is a considerable
improvement on that reported by Schmidbaur et al. when starting from 1,2-dichlorobenzene
(10% yield).t® This suggests that the reaction with difluroroarene is significantly cleaner, and

therefore should be investigated in the future.

(a) ) PPh,
i) K, THF, Reflux
Ph,PClI
i) @[F PPh,
F dppbz, 75% yield

Tol, Reflux
(b) E F KPPh PPh,
/@: TBDMSCI \/ /@: L \/ /@:
e —— ¢ i
HO F EtyN, CH,Cl, >‘/S"o F Stepll X 0 PPh,
4.4Sily|
lTBAF
OH PPh, OAc
0 i) CH,Cl,/NaOH, TBAHS o PPh,
"Ro © PPh2 = )NaOMe/MeOH A%o "
HO iiNaOMe/Me AcO] HO PPh,
Br
41 44

Scheme 4.33 (a) The synthesis of dppbz, published by Lipshutz et al., and (b) the proposed

route to 4.1 incorporating method (a) in Step II.
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Chapter 5 :Summary

5.1.  Overall summary and conclusions of Chapters 2-4

In this project, a variety of different routes towards phosphine glycoconjugates have been
explored. Whilst many of these routes proved challenging several new examples were
prepared, which primarily exploited palladium cross coupling or amide coupling
methodology. This work is of note as previously few examples of fully deprotected
phosphine glycoconjugates ligands have been reported in the literature.*

Chapter 2 focused on the preparation of monophosphine glycoconjugates that incorporated
an alkyl linker into their structure. This was based on previous reports by Schibli and Orvig
et al., whereby poor transport of ®™Tc amino glycoconjugate complexes into cells were
attributed to either too short or too inflexible a linker being incorporated into their
structures.* Traditional methods towards the synthesis of glycoconjugates (Lewis acid
mediated glycolysis chemistry) or tertiary phosphines (lithiation, hydrophosphination or
guaternisation chemistry) proved unsuccessful. This has been attributed to incompatibilities
between the starting materials and reagents necessary to promote these coupling reactions.
Therefore, amine coupling was probed and led to the synthesis of 2.21 (Figure 5.1). A kit
was prepared with 2.21 and successful radiolabelling was achieved with the Tc(V)-dioxo
core. Unfortunately, stability testing in mouse serum was poor. This has been attributed to
displacement of the phosphine ligand by cysteine on the Tc(V)-dioxo core. Whilst poor
stability has precluded further testing of the ®*™"Tc complex (2.25) this is, to the best of our
knowledge, the first example of a phosphine glycoconjugate that has been radiolabelled with

mTc, This is therefore an interesting example within the field of radiochemistry.

2.21

Figure 5.1 Monophosphine glycoconjugate 2.21, prepared via amide coupling chemistry.

Chapter 3 built on the examples of phosphine glycoconjugates published by Beller in 1997
and led to the generation of a small library of such ligands.! The rhenium coordination
chemistry of these ligands (Figure 5.2) was investigated before they were radiolabelled with
®mTc. The tricarbonyl core was used this time, and consequently a two-kit process was
necessary. Radiolabelling was successful for ligands 3.1, 3.4, 3.5 and 3.7, and the stability of
the **"Tc complex formed with ligand 3.1 (3.11) proved favourable. Further studies have

therefore looked at the cellular uptake of some of the Rhenium complexes, with ICP-MS
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revealing that these complexes could be transported into the cells. The uptake appears to be
dependant on the carbohydrate moiety, as opposed to the phosphine moiety, and the cells
can distinguish between the carbohydrate (Glucose versus Galactose). These results have
demonstrated that a shorter linker between the phosphine and carbohydrate moieties can be
suitable, and this does not preclude the uptake of these complexes, despite previous results
by Schibli and Orvig et al.* These results corroborate those seen by Li et al. and has led to a
consensus within the Pringle and Galan groups that incorporation of synthetically
challenging longer linkers may not be necessary.® This is therefore of importance for all

future studies.

OH OH
(0] (0]
HO HO
3.1 3.3
OH OH
(0] 0]
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HO HO
3.4 3.5

HOOH HOOH
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3.7 3.10

Figure 5.2 Structure of molecules synthesised in Chapter 3.

Chapter 4 investigated routes towards bidentate phosphine glycoconjugates. Several were
investigated, but routes involving the synthesis of phenolic diphosphines from haloarenes
were generally unproductive (Section 4.2-4.3). Instead, amide coupling proved to be more
reliable and led to the synthesis of 4.36 (Figure 5.3). Unfortunately, rhenium coordination
chemistry did not proceed as expected and suitable conditions for radiolabelling of 4.36 with
®mTc were not found. Whilst the radiochemical result was disappointing, the synthesis of
4.36 and 4.29 (see Chapter 4, Figure 5.3) has increased the number of reported examples of
bidentate phosphine glycoconjugates as, to the best of our knowledge, there has only been
one previously reported example of a fully-deprotected bidentate phosphine glycoconjugate
by Ruffo et al.?
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Figure 5.3 Structure of bidentate glycoconjugates synthesised in Chapter 4.

Chapter 4 has demonstrated that there is a significant increase in complexity when forming
bidentate analogues, which has primarily stemmed from the difficultly in preparing the
phosphine moiety. Additionally, it can be observed throughout the thesis that conjugation of
phenolic moieties is not particularly reliable. Amide coupling has proved to be a much more
reliable method and should be exploited more in when preparing future phosphine
glycoconjugate molecules.

Beyond synthesising a variety of interesting molecules, a number of other important
discoveries have been made from a productivity perspective. We have discovered useful
conditions for the HPLC purification of Re(l) complexes, for which there is little precedent
for in the literature. Additionally, this was the first time the London Metallomics Facility
have investigated the uptake of rhenium in cells. We now have a protocol in place, both for
performing these cellular uptake tests and for analysing the uptake in cells, which will be of
significant use for subsequent group members researching in this area, and for students at
KCL (where the LMF are based) who want to look at quantification of rhenium content in

cells.
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Chapter 6 : Experimental

6.1. General Considerations

6.1.1. Reagents and Experimental Conditions

All reactions were performed under a nitrogen atmosphere using standard Schlenk
techniques and oven dried glassware, unless otherwise stated. Oxygen and/or moisture
sensitive compounds were manipulated and stored in an MBraun glove box with an argon
atmosphere. CH2Cl,, MeCN, THF, Et,O and hexane were collected from the University of
Bristol Grubbs-type solvent system and stored over 4 A molecular sieves. MeOH and EtOH
were purchased as anhydrous solvents from Sigma Aldrich and stored over 3 A molecular
sieves. Non-deuterated solvents were deoxygenated by sparging with N for 30-60 min.
CDCl; and ®DMSO were dried over activated 4 A molecular sieves and deoxygenated by
three successive freeze-pump-thaw cycles, whilst CD;OD was dried over activated 3 A
molecular sieves and deoxygenated by sparging with N, for 30 min. Wet solvents were
provided by Fisher or Merck and used without further purification. HPLC grade MeCN,
MeOH, DMSO and H;0O were used for all HPLC analysis and preparation of such samples.
Technetium-99m was provided as pertechnetate ([TcO4]) in saline by the radio pharmacy
department Guy’s Hospital and normal mouse serum was purchased form Sigma Aldrich
(M5905-5ML) and stored at -20 °C. Tc tricarbonyl CRS kits were purchased from the Centre
for Radiopharmaceutical Science at the Paul Scherrer Institute and stored at 4 °C.

The following molecules were prepared as reported in the literature and the spectroscopic
data matches that previously reported: Glucose pentaacetate!, acetobromo-o-D-glucose?,
(diphenylphosphino)ethan-1-ol (2.3)?, 0-(2,3,4,6-tetra-O-acetyl-a-D-
glucopyranosyl)trichloroacetimidate (2.4), O-(2,3,4,6-tetra-O-benzyl-a,B-D-glucopyranosyl)
trichloroacetimidate 2.12%, (3-azido-propyl)-(tetra-O-acetyl-B-D-glucopyranoside)?, (3-
amino-propyl)-(tetra-O-acetyl-p-D-glucopyranoside) (2.18)%, [Re(CO)s3(H20)s]Br?,
acetobromo-o-D-galactose®, lactose-octaacetate®, acetobromo-o-D-lactose (3.8)°, 1-(4-
iodophenol)-tetra-acetyl-glucopyranose (3.2)’, 1-(4-iodophenol)-tetra-acetylgalactopyranose
(3.6)8, [Pd2(P(0-tol)s)2(OAC).]°, HP(p-Tol).!, 4-aminophenol-B-D-glucopyranoside (4.28),
1,2-diiodophenol*?, ethyl 3,3-bis(diphenylphosphaneyl)propanoate’® and 3-azidopropyl B-D-
glucopyranoside®*.

Other commercial reagents and chemicals were used without further purification unless

stated otherwise.
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6.1.2. Characterisation

'H, BC and 3P and NMR spectra were recorded on Bruker cryo500, Varian 500-MR, Jeol
ECZ 400, Jeol ECS 400, or Jeol ECS 300 spectrometers at room temperature, unless
otherwise stated. The spectra were processed using MestReNova software with chemical
shifts (3) reported in parts per million (ppm) and coupling constants (J) measured in Hertz
(Hz). Residual solvent peak signals were used for the calibration of *H and *C NMR spectra
(CDCl3 &1 7.26, 8¢ 77.2 ppm, CD30D &y 7.26, 8¢ 77.2 ppm, ¥DMSO &y 7.26, 8¢ 77.2 ppm).
$1p chemical shifts are reported with reference to an external standard (85% HzPO.). Infrared
data was collected using a Perkin-Elmer Spectrum One FTIR machine with a scanning range
of 4000-400 cm™. Mass spectrometry data (ESI+) obtained at the University of Bristol Mass
Spectrometry Service was recorded on a Bruker Daltonics micrOTOF Il instrument, whilst
mass spectra data recorded at King’s College London was collected by an Advion
Expression Compact Mass spectrometer equipped with an ESI probe. X-ray crystallographic
data was obtained using a Bruker Kappa Apex Il diffractometer, and all structures were
processed using Olex2 software (see Chapter 6, Section 6.1 for details).

The carbohydrate numbering system follows nomenclature for pyranoside species and is
shown below in Figure 6.1. This will be referred to for NMR assignments of pyranose-

containing species. Where a mixture of anomers occur, partial integrals will be given.

OH

6
HO™4 >—Q
HO 5 20H1

Figure 6.1 Numbering system for pyranose-type carbohydrates.

6.1.3. HPLC Methods

Purification of radioactive samples was performed as follows: Semi-preparative and
analytical HPLC purification were both performed on an Agilent 1200 series HPLC system.
The HPLC system, operated using Laura software, was equipped with a Rheodyne 200 pL
sample loop and Eclipse XBD-C18 column (4.6 x 150 mm, 5 um) to perform reverse-phase
HPLC with a flow rate of 1 mL min™. Mobile phase A was water with 0.1% TFA and
mobile phase B was acetonitrile with 0.1% TFA. For Method 1 (35 mins) UV detection was
set to 220 nm, and the concentration of B was increased from 5% to 100% over 25 min. The
concentration of B was maintained at 100% for 5 min, before the gradient decreased back to
5% of B over the last 5 min. For Method 2 (30 min) UV detection was set to 220 nm, and the

concentration of B was increased from 5% to 100% over 20 min. The concentration of B
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was maintained at 100% for 5 min, before the gradient decreased back to 5% of B over the

last 5 min.

Purification of non-radioactive rhenium samples were performed as follows: Preparative
HPLC purification was performed on a Grace Discovery Series Reveleris Prep system. The
HPLC system, operated using BUCHI software, was equipped with a 5 mL sample loop and
Phenomenex Luna 5 pm C18(2) AXIA packed column (250 x 21.2 mm, 100 A) to perform
reverse phase HPLC with a flow rate of 14 mL min™. Mobile phases A and B were water
and MeOH, respectively. For this method (Method 3, 55 mins) the instrument was set to
monitor the ELSD signal as well as performing 220, 265 and 254 nm UV detection. The
concentration of B was held at 5% for 5 mins, then increased from 5% to 95% over 30 mins.
Next, the concentration of B was maintained at 95% for 10 mins, before the gradient was
decreased to 5% of B over 5 mins, and 5% of B was maintained for a further 5 mins to re-
equilibrate the column prior to the next run. The fractions were combined and concentrated

as would be for flash column chromatography.

6.2.  Experimental Procedures and Characterisation Data - Chapter 2

6.2.1. Synthesis of 3-(diphenylphosphino)propan-1-ol, 2.5%

HO.__~_ PPh;

AIBN (23.0 mg, 10 mol%) and HPPh; (0.250 mL, 1.43 mmol) were stirred for 10 mins, then
allyl alcohol (0.100 mL, 1.43 mmol) was added and the resulting solution was heated to 70
°C for 48 h. AIll wvolatiles were removed in vacuo and the product, 3-
(diphenylphosphino)propan-1-ol (2.5), was isolated as a colourless oil without need for
further purification (290 mg, 1.19 mmol, 83% yield). 3P{*"H} NMR &r (121 MHz, CDCls)
(8, ppm): -15.6 (s). 'H NMR (300 MHz, CDCls) (8, ppm): 7.69-7.19 (m, 10H, ArH), 3.64
(m, 2H, CH,OH), 2.09-2.02 (m, 2H, PCH,), 1.08 (br s, 1H, OH), 1.68-1.58 (m, 2H,
PCH,CHy>). 3'P{*H} and *H NMR data match that previously reported in literature.®

6.2.2. Synthesis of 3-(boraneyldiphenylphosphino)propan-1-ol, 2.6

B
HO._~_ PPh;
3-(diphenylphosphino)propan-1-ol (290 mg, 1.19 mmol) in CH.CI, (5 mL) was cooled to 0
°C and BH3.SMe; (0.340 mL, 3.73 mmol) was added dropwise. The reaction was left to
warm-up to ambient temperature and after 48 h all volatiles were removed in vacuo. The
residue was partitioned between CHCl, (5 mL) and brine (10 mL), and the aqueous phase
was extracted into CH.Cl, (2 x 5 mL). The organic phases were combined, dried over
anhydrous MgSQs,, filtered and the solvent was removed in vacuo to give a clear oil as the
final product (180 mg, 0.700 mmol, 59% yield). *'P{*H} NMR &r (121 MHz, CDCls) (3,
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ppm): 16.4-14.9 (br m, Ph,P-BHs). “B{*H} NMR &8 (96 MHz, CDCls) (5, ppm) -41.8 (d,
Ygp = 57.9 Hz, PhoP-BH3). *H NMR &1 (300 MHz, CDCls) (8, ppm): 7.71-7.66 (m, 4H,
ArH), 7.53-7.42 (m, 6H, ArH), 3.70-3.63 (m, 2H, CH20H), 2.36-2.30 (m, 2H, PCH,CHb>),
1.80-1.73 (m, 2H, PCH,CH), 1.60-0.60 (m, 3H, BHs). 3P{'H}, 'B{*H} and 'H NMR data

matches that previously reported in literature.®

6.2.3. Synthesis of 3-(boraneyldiphenylphosphino)propan-1-ol  tethered
glycoconjugate, 2.10

OBn

Bno/&_\

BnO o BH,

O._~_PPh,

0-(2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl) trichloroacetimidate, 2.8, (68.0 mg, 0.100
mmol) was dried under vacuum for 30 min then dissolved in CH2Cl, (2 mL). To this, a
solution of 2.6 (24.0 mg, 0.080 mmol) in CH:Cl, (0.5 mL) was added and the resulting
mixture cooled to 0 °C. After stirring at 0 °C for 10 min, TMSOTf in CH.CI; (50 uL, 0.2 M,
0.010 mmol) was added to the reaction and the temperature maintained at 0 °C for 1 h. The
resulting mixture was left to warm to room temperature and after stirring for 40 h, the
reaction was quenched by addition of saturated NH4Cl (1 mL). The reaction was diluted with
EtOAc (5 mL) and the organics were washed with brine (2 x 5 mL), dried over MgSOs.,
filtered and all solvent removed in vacuo to give a residue (71.0 mg). This was purified by
column chromatography (EtOAc:Hex gradient from 10:90 to 100:0, Rf = 0.40) and 2.10
(4.50 mg, 5.76 pmol, 6% yield) was isolated as a 1.8:1 o:p mixture. 3*P{*H} NMR (121
MHz, CDCls) (3, ppm): 15.9 (br s, Ph,P-BH3). 'B{*H} NMR &8 (96 MHz, CDCls) (3, ppm)
-40.7 (d, Wgp = 57.2 Hz, PhoP-BH3). MS (ESI+): m/z calcd. for CagHssNBO6P ([M+NH,]")
=798.8; obs. = 798.6; m/z calcd. for C4Hs4BOsPNa ([M+Na]*) =803.7; obs. = 803.5.

6.2.4. Synthesis of 1-(3-bromopropoxy)-2,3,4,6-tetra-O-benzyl-D-
glucopyranose, 2.14
OBn
BnO 0
BnO
BnO
O~ Br

0-(2,3,4,6-tetra-O-benzyl-a,B-D-glucopyranosyl) trichloroacetimidate, 2.12, (1.14 g, 1.46
mmol) was dried under vacuum for 1.5 h then dissolved in anhydrous CH,Cl, (10 mL). To
this, 3-bromopropan-1-ol (0.265 mL, 2.92 mmol) was added and the reaction stirred at room
temperature for 1 h. BF3.OEt, (0.900 mL, 7.30 mmol) was added dropwise to the reaction at
-40 °C and the reaction was maintained at -40 °C for 2 h. The reaction was left to warm to

room temperature and stirred overnight before being quenched with saturated NaHCO3 (15

167



Chapter 6: Experimental

mL). The organics were extracted into CHCl, (3 x 20 mL), washed with brine (30 mL),
dried over MgSO, filtered and all volatiles removed in vacuo to give the crude product. The
product was recrystallised from a mixture of CH2Cl, and pentane at -20 °C to give 2.14 (880
mg, 1.33 mmol, 91% yield). *H NMR (500 MHz, CDCls) (3, ppm): 7.38-7.28 (m, 20H,
ArH), 5.02-4.88 (m, 8H, 4 x OCHPh), 4.80 (d, 0.55H, J = 2.3 Hz, H-1a), 4.43 (d, 0.45H, J
= 7.8 Hz, H-1B), 4.07 (app. dt, 0.45H, J = 10.0, 5.6 Hz, H-3p), 3.98 (d, 0.55H, J = 9.2 Hz, H-
3a), 3.87-3.45 (m, 9H, H-2, H-4, H-5, H-6a, H-6b, 2 x CH>), 2.35-1.99 (m, 2H, CH,). Partial
integrals are quoted for *H signals that correspond to the H-1a/p and H-30/B signals, with all
other signals overlapping significantly. HR-MS (ESI+): m/z calcd. for CsHaiBrOgNa
([IM+Na]*) =683.1984; obs = 683.1996. The characteristic bromide isotope pattern can be
observed in the HR-MS.

6.2.5. Synthesis of 3-bromopropyl 2,3,4,6-tetra-O-acetyl-g-D-glucopyranoside,
2.16%

OAc

N o
AcO o._A_Br

AcO S 5

0-(2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl)trichloroacetimidate, 2.4, (4.60 g, 9.34 mmol)
was dried under vacuum for 1 h then dissolved in anhydrous CH2Cl, (30 mL). To this, 3-
bromopropan-1-ol (1.70 mL, 18.80 mmol) was added and the reaction stirred at room
temperature for 1 h. BF3.0Et; (5.70 mL, 46.18 mmol) was added dropwise to the reaction at
-40 °C and the reaction was maintained at this temperature for 2 h. The reaction was left to
warm up to room temperature and was stirred overnight before being quenched with
saturated NaHCOs3 (40 mL). The organics were extracted into CH2Cl, (3 x 100 mL), washed
with brine (150 mL), dried over MgSQO., filtered and all volatiles removed in vacuo to give
the crude product (5.27 g). The crude product was purified by column chromatography
(EtOAc:Hex, 1:1, which gave 2.16 (2.81 g, 5.99 mmol, 64% yield). *H NMR (400 MHz,
CDCls) (8, ppm): 5.22 (app. t, 1H, J = 9.5 Hz, H-3), 5.08 (app. t, 1H, J = 9.7 Hz, H-4), 4.99
(dd, 1H, J = 9.6, 7.9 Hz, H-2), 4.51 (d, 1H, J = 7.9 Hz, H-1), 4.27 (dd, 1H, J = 12.3, 4.8 Hz,
H-6a), 4.14 (dd, 1H, J = 12.2, 2.4 Hz, H-6b), 3.99 (dt, J = 9.9, 5.1 Hz, 1H, H-5), 3.76-3.73
(m, 2H, H-7a & H-7b), 3.16 (br. d, 2H, H-9a & H-9b), 2.12 (s, 3H, OACc), 2.20-2.11 (m, 2H,
H-8a & H-8b), 2.11 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.01 (s, 3H, OAc). The 'H NMR data

matches that previously reported in the literature.*’
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6.2.6. Synthesis of 1-(3-aminopropoxy)-2,3,4,6-tetra-acetyl-glucopyranose, 2.18
OAc

AN
AcO O _~_NH,

AcO p 5

The following procedure was modified from literature.® To a solution of 3-azidopropyl-
2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside (1.10 g, 2.55 mmol) in MeOH (35 mL) was
added Pd catalyst (10% Pd-C, 110 mg). The reaction was stirred under a hydrogen
atmosphere (1 atm) for 4 h. The reaction mixture was filtered through a Celite bed, washed
with MeOH (15 mL) and the filtrate concentrated in vacuo. This residue was dissolved in
CH,CI; (20 mL), washed with brine (20 mL) and the organic layer then dried over anhydrous
MgSQ.. Filtration and solvent removal in vacuo gave 2.18 as a colourless residue (0.461 g,
1.13 mmol, 44% vyield). 'H NMR &+ (400 MHz, CDCls) (8, ppm): 5.22 (app. t, 1H, J = 9.7
Hz, H-3), 5.08 (app. t, 1H, J = 9.7 Hz, H-4), 4.96 (dd, 1H, J = 9.7, 8.0 Hz, H-2), 4.54 (d, 1H,
J = 8.0 Hz, H-1), 4.29-4.19 (m, 2H, H-6a & H-6b), 4.05-3.98 (m, 1H, H-5), 3.76-3.73 (m,
2H, H-7a & H-7b), 3.16 (br. d, 2H, H-9a & H-9b), 2.12 (s, 3H, OAc), 2.11 (s, 3H, OAc),
2.03 (s, 3H, OAC), 2.01 (s, 3H, OAc). HSQC analysis has shown that signals for H-8a and
H-8b are buried under OAc signals in the *H NMR spectrum.HR-MS (ESI+): m/z calcd. for
C17H27NO1o ([M+H]*) = 406.1708; obs. = 406.1710.

6.2.7. Synthesis of 3-(diphenylphosphine)propanoic acid, 2.19*°
o)

thP/\)J\OH

The following procedure was modified from literature methods.'®° HPPh, (0.280 mL, 1.61
mmol) was added to Pt(nbe)s (1.90 mg, 2.50 mol%) in DCM (8 mL), and the resulting
orange solution was stirred for 10 min. tBuOH (3.00 mL, 31.4 mmol) was added to the
orange reaction mixture, followed by slow dropwise addition of methyl acrylate (0.150 mL,
1.67 mmol). The reaction was stirred at room temperature for 6 h before this mixture was
filtered through a silica plug and all volatiles removed in vacuo. The yellow solid was re-
dissolved in de-oxygenated MeOH (3 mL) and 10 M NaOH (1.5 mL) was added. This
mixture was stirred for 2 h before 2M HCI was added to adjust the pH to ca. pH 2. The
product was extracted into CH.Cl, (3 x 10 mL) and isolated by removal of the solvent in
vacuo to give 2.19 as a white solid (0.310 g, 1.20 mmol, 75% yield). 3P{*H} NMR &r (121
MHz, CDCls) (8, ppm) -16.6 (s). 'H NMR &+ (300 MHz, CDCls) (8, ppm): 7.46-7.27 (m,
10H, ArH), 2.48-2.40 (m, 2H, CH,), 2.38-2.32 (m, 2H, CH>).>!P and *H NMR data matches

that previously reported in the literature.®
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6.2.8.  Synthesis of °“A°Glc-O-(CH2)sNHC(O)(CHz2)2PPh2, 2.20
OAc

A%%Mo 5N 10 ppp
~ N 2
AO YT Y Y

o)

DMAP (100 mg, 0.819 mmol) and EDC-HCI (140 mg, 0.730 mmol) were added to 3-
(diphenylphosphino)propanoic acid (90.0 mg, 0.348 mmol) in CH.Cl; (7 mL). This mixture
was stirred for 30 min at room temperature and 2.18 (141 mg, 0.348 mmol) in CH.Cl; (3
mL) was added. After stirring at room temperature for 16 h, the reaction was diluted with
CHCl, (15 mL) and washed with HCI (1 M, 15 mL), saturated NaHCOs (15 mL) and brine
(15 mL). The organics were dried over anhydrous MgSOs., filtered and the solvent removed
in vacuo to give the crude product as an oil. This was purified by flash chromatography
(EtOAC:Hex, 2:1, Rf = 0.16) and 2.20 (94.0 mg, 0.146 mmol, 42% yield) was isolated as a
colourless oil. 3:P{*H} NMR (121 MHz, CDCls) (8, ppm): -14.9 (s). *H NMR (400 MHz,
CDCls) (8, ppm): 7.46-7.41 (m, 4H, ArH), 7.35-7.31 (m, 6H, ArH), 5.89 (br t, 1H, *Jxy = 5.5
Hz, C(O)NH), 5.20 (app. t, 1H, J = 9.5 Hz, H-3), 5.06 (app. t, 1H, 3Jun = 9.7 Hz, H-4), 4.94
(dd, 1H, J = 9.7, 8.0 Hz, H-2), 4.46 (d, 1H, J = 8.0 Hz, H-1), 4.24-4.12 (m, 2H, H-6a & H-
6b), 3.89 (ddd, 1H, J = 9.6, 7.1, 4.7 Hz, H-7a), 3.65 (ddd, 1H, J = 10.0, 4.6, 2.4 Hz, H-5),
3.54 (ddd, 1H, J = 9.7, 6.7, 4.8 Hz, H-7b), 3.40-3.16 (m, 2H, H-9a & H-9b), 2.39-2.33 (m,
2H, H-11a & H-11b), 2.31-2.23 (m, 2H, H-10a & H-10b), 2.05 (s, 3H, OAc), 2.02 (s, 3H,
OAC), 2.01 (s, 6H, OAc), 1.81-1.66 (m, 2H, H-8a & H-8b). *C NMR &c (100 MHz, CDCls)
(8, ppm): 172.5 (br. s, 1C, C(O)NH), 172.4 (s, 1C, CH3COO), 172.3 (s, 1C, CH3COO),
169.6 (s, 1C, CH3COO), 169.5 (s, 1C, CH3COO0), 133.0 (d, 2C, 3Jpc = 5.3 Hz, ArC), 132.8
(d, 2C, 3Jpc = 5.2 Hz, ArC), 129.1 (s, 1C, ArC), 129.0 (s, 1C, ArC), 128.9 (s, 2C, ArC),
128.6 (s, 2C, ArC), 101.0 (s, 1C, C-1), 72.7 (s, 1C, C-3), 72.1 (s, 1C, C-2), 71.4 (s, 1C, C-4),
68.6 (s, 1C, C-7), 68.5 (s, 1C, C-5), 61.9 (s, 1C, C-6), 37.3 (s, 1C, C-9), 32.9 (d, 1C, Jpc =
18.5 Hz, C-11), 29.9 (s, 1C, C-8), 29.4 (d, 1C, 2Jpc = 11.6Hz, C-10), 20.93 (s, 1C,
CH3CO00), 20.86 (s, 1C, CH3COO), 20.79 (s, 1C, CH3;COO0), 20.77 (s, 1C, CH3COO). The
quaternary ArC atom could not be observed in the *C NMR spectrum. HR-MS (ESI+): m/z
calcd. for Cs3oHaiNO11P ([M+H]*) = 646.2412; obs. = 646.2404. IR: 2930 (br, N-H stretch),
1746 (s, R2.C(=0) stretch), 1659 (m, NHC(=0O) stretch).
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6.2.9. Synthesis of °HGlc-O-(CH2)sNHC(O)(CH-)2PPhz, 2.21

1M sodium methanolate (0.200 mL, 0.200 mmol) was added to 2.20 (87.0 mg, 0.135 mmol)
dissolved in EtOAc (5 mL) and MeOH (5 mL). After stirring at room temperature for 24 h,
Amberlyst 120 resin was added to reduce the pH to 7. The Amberlyst 120 resin was
prepared by washing with MeOH then drying the resin in air. The reaction was filtered and
concentrated in vacuo to give 2.21 as white solid (50 mg, 0.105 mmol, 78% yield). 3:P{*H}
NMR (121 MHz, D;0) (8, ppm): -14.8 (s). *H NMR (500 MHz, D,0) (8, ppm): 7.55-7.50
(m, 4H, ArH), 7.46-4.45 (m, 6H, ArH), 4.42 (d, 1H, J = 8.0 Hz, H-1), 3.99-3.86 (m, 2H, H-
6a & H-7a), 3.70-3.62 (m, 3H, H-6b & H-7b), 3.47 (app. t, 1H, J = 9.0 Hz, H-3), 3.44-3.40
(m, 1H, H-5), 3.36 (dd, 1H, J = 9.9, 8.9 Hz, H-4), 3.25 (dd, 1H, J = 9.4, 8.0 Hz, H-2), 3.20-
3.11 (m, 2H, H-9a & H-9b), 2.47-2.36 (m, 4H, H-10a, H-10b, H-11a & H-11b), 1.80-1.70
(m, 2H, H-8a & H-8b). Amide and alcohol protons cannot be observed in D-O, trace
impurities are observed. *C NMR (126 MHz, D,0) (8, ppm): 173.7 (d, 1C, 3Jpc = 8.7 Hz,
C(O)NH), 131.1 (d, 2C, 3Jrc = 5.9 Hz, 0-ArC), 131.0 (d, 2C, 3Jpc = 5.8 Hz, 0-ArC), 127.9 (s,
1C, p-ArC), 127.8 (s, 1C, p-ArC), 127.30 (d, 2C, 3Jec = 7.0 Hz, m-ArC), 127.29 (d, 2C, 3Jrc
= 7.1 Hz, m-ArC), 102.2 (1C, s, C-1), 75.9 (s, 1C, C-5), 75.7 (s, 1C, C-3), 73.1 (s, 1C, C-2),
69.7 (s, 1C, C-4), 67.8 (s, 1C, C-7), 60.7 (s, 1C, C-6), 36.3 (s, 1C, C-9), 32.1 (d, 1C, 1Jpc =
16.6 Hz, C-11), 28.3 (s, 1C, C-8), 22.4 (d, 1C, 2Jpc = 8.3 Hz, C-10). HR-MS (ESI+): m/z
calcd. for CyHzNO;PNa ([M+Na]*) = 500.1814; obs. = 500.1825. Impurity signals
observed at 3.63 and 1.63 ppm in the 'H NMR, correlate to signals at 59.1 ppm and 31.4
ppm in the C NMR. Additionally, the quaternary ArC signal cannot be observed in *C
NMR spectrum.

6.2.10. General Procedure for Re(l) Complexes with Phosphine Ligands

Phosphine ligand (2 eg.) in CHxCl; (0.5 mL) or MeOH (0.5 mL) was added to
[Re(CO)3(H20):]1Br (1 eq.) in MeOH (0.3 mL) at room temperature. Once the reaction
reached completion, as determined by 3P NMR spectroscopy, all volatiles were removed in

vacuo to isolate the [Re(CO)s(PR3).Br] complex.
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6.2.11. Synthesis of [Re(CO)3(2.20)2Br], 2.22

i /'/' ‘\"\ PRs = Aomo N PPh
R2P cO
3 |r cO %) ~ N j}/\/ 2

O
2.22 was synthesised according to the general procedure outlined in Section 5.2.10. Further
data could not be recorded due to the instability of this compound in solution (see Chapter 2,
Section 2.3.1, where it hydrolyses to give 2.23). 3'P{*H} NMR (121 MHz, CDCls) (3, ppm)
7.1 (s, 2P). MS (ESI+): m/z calcd. for CeHg:BrN2O2sP2Re ([M+2H]*) = 1643.3; obs. =
1643.3. The characteristic bromide isotope pattern can be observed in the MS.

6.2.12. Synthesis of [Re(CO)3(2.19)2Br], 2.23

co
RsP, | .CO _ HO PPh,
Re PR3 =
R3P' | VCO \([)]/\/
Br
2.23 was synthesised according to the general procedure outlined in Section 5.2.10. Crystals

of the methyl ester product suitable for X-ray diffraction we obtained upon leaving the
reaction to stand. *!P{*"H} NMR (121 MHz, CD;0OD) (3, ppm) -10.4 (s, 2P).

6.2.13. Synthesis of [ReO21(2.20)2], 2.24

(0]
R3P.,. |l
*Re—l  PR= Acomo § PPh
RsP” || AcO ~ N 2
3 o) A \H/\/

O

2.20 (21.0 mg, 32.50 pumol) in MeOH (0.5 mL) was added to [Re(O)2(PPhs).I] (14.0 mg,
16.10 umol) in CH2Cl; (0.3 mL) and the reaction was stirred at room temperature. Once the
reaction had reached completion, as determined by 3P NMR spectroscopy, all volatiles were
removed in vacuo to isolate the Re(V) complex, 2.24. Removal of PPh; (from the Re(V)
precursor) was performed by repeated washing of the solid with ice-cold Et,O (4 x 5 mL) to
give 2.24 (10.0 mg, 6.15 umol, 38% yield). Further purification by washing with portions of
hot hexane was attempted, however this proved unsuccessful. 3P{*H} NMR (121 MHz,
CDCls) (3, ppm) -0.3 (s, 2P). 'H NMR (400 MHz, CDCls) (5, ppm): 8.34 (br s, C(O)NH),
7.36-7.28 (m, 12H, ArH), 7.19-7.13 (m, 8H, ArH), 5.24 (app. t, 2H, J = 9 Hz, H-3), 5.05
(app. t, 2H, J = 10 Hz, H-2), 4.93 (app. t, 2H, J = 9 Hz, H-4), 4.63 (d, 2H, J = 8 Hz, H-1),
4.30-4.14 (m, 4H, H-6a & H-6b), 4.05-3.99 (m, 2H, H-7a), 3.83-3.74 (m, 4H, H-5 & H-7b),
3.68-3.59 (m, 4H, H-%9a & H-9b), 3.12-2.86 (m, 8H, H-10a, H-10b, H-11a & H-11b), 2.08 (s,
6H, OACc), 2.06 (s, 6H, OAC), 2.02 (s, 6H, OACc), 2.00 (br s, 4H, H-8a & H-8b) 1.98 (s, 6H,
OAc). MS (ESI+): m/z calcd. for CesHsoN2024P2Re ([M-1]%) = 1509.4; obs. = 1509.4; m/z
calcd. for CeaHsg2IN2025P2Re ([M+H20]) = 1654.3; obs. = 1654.3.
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6.2.14. Synthesis of ™ Tc¢(V) complexes with 2.21

Kits for radiolabelling 2.21 are listed in Chapter 2, Section 2.4, Table 2.4. Standard solutions
of the reagents that were added to the Kit (ligand, stannous chloride, sodium tartrate and
sodium hydrogen carbonate) were prepared in purified water or ethanol. The kits were
freeze-dried in Eppendorf tubes immediately after preparation then stored under a nitrogen

or argon atmosphere at -20 °C in a freezer.

Synthesis of the ®™Tc(V) complexes was performed by addition of the [®™TcO,] saline
solution (5-10 pL, 10-20 MBq) and saline (500 pL) to a thawed kit. The solubilised kit was
incubated at room temperature or 50 °C for 30 min. Aliquots of these samples were analysed
by analytical HPLC (Method 2, 100-150 pL).

6.2.15. Serum stability testing of ®*™Tc complexes

Mouse serum (850 pL) was added to a 150 uL aliquot of the Tc complex and this mixture
heated at 37.5 °C. After incubation for 1 and 2 h, a 150 pL aliquot was removed and shaken
vigorously with MeCN to precipitate the proteins in the serum. This mixture was centrifuged
(130,000 rpm, 2 mins) and the supernatant removed without disturbing the pellet. The
supernatant was centrifuged (130,000 rpm, 2 mins) for a second time and then placed in a
clean Eppendorf tube to remove any remaining traces of protein. The MeCN was evaporated
under a flow of N2, and the contents of the Eppendorf tube re-dissolved in saline (150 pL)
then analysed by analytical HPLC (Method 2, 150 uL).

6.3.  Experimental Procedures and Characterisation Data - Chapter 3

6.3.1. General Procedure for the Synthesis of 3.1', 3.3, 3.4", 3.5’ & 3.7’

This general procedure was adapted from a literature procedure.? Carbohydrate 3.2 or 3.6 (1
eq.), KOAc (1.2 eg.) and [Pd2(P(o-tol)3)2(OAC),] (1 mol%) were dissolved in MeCN (5 mL
per 0.2 mmol of carbohydrate). After 10 min, the secondary phosphine was added to this
mixture and heated to reflux for 16 hrs if HPPh; (1 eq.), HP(o-Tol)2 (1 eq.), HP(p-Tol). (1
eq.) or 5 d if HPCy: (2 eq.). Upon cooling, the mixture was concentrated in vacuo and the
residue dissolved in CH,Cl, and washed with deionised water (2 x 5mL) and brine (5 mL).
The organics were dried over anhydrous MgSQO., and filtration then evaporation under a
reduced pressure gave the crude product. Removal of excess of secondary phosphine was
performed by dissolving the crude product in MeCN and washing with hexane. Oxide
impurities were removed by silica plug purification (EtOAc:Hex 50:50), to give the desired

final product.
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6.3.2. Synthesis of °A°Glc-O-Ph-PPhy, 3.1’
OAc

o]
Aﬁmo@%

AcO
3.1" (122 mg, 0.278 mmol, 77% vyield) was prepared according to the general procedure

outlined in Section 5.3.1. 3'P{*H} NMR (162 MHz, CDCls) (5, ppm): -6.3 (s). 'H NMR
(400 MHz, CDCls) (8, ppm): 7.33-7.23 (m, 12H, Ar-H), 6.95 (dd, 2H, J = 8.8, 1.0 Hz, Ar-
H), 5.29-5.25 (m, 2H, H-3 & H-2), 5.17-5.13 (m, 1H, H-4), 5.09 (d, 1H, J = 8.0 Hz, H-1),
4.27 (dd, 1H, J = 12.3, 5.4 Hz, H-6a), 4.13 (dd, 12.3, 2.4 Hz, H-6b), 3.84 (ddd, 1H, J = 10.0,
5.4, 2.4 Hz, H-5), 2.04 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.02 (s, 6H, OAc). C NMR (121
MHz, CDCls) (8, ppm): 170.7, 170.4, 169.5, 169.4 (s, 4C, 4 x CH3COO), 157.5 (s, 1C, quart.
ArC), 135.6 (d, 4C, Jec = 20.9 Hz, ArC), 133.7 (d, 4C, Jpc = 19.5 Hz, ArC), 130.2-128.0 (m,
4C, ArC), 117.0 (d, 2C, Jpc = 7.6 Hz, ArC), 98.8 (s, 1C, C-1), 72.9 (s, 1C, C-2/3), 72.2 (s,
1C, C-2/3), 71.3 (s, 1C, C-5), 68.4 (s, 1C, C-4), 62.1 (s, 1C, C-6), 20.80, 20.77. 20.75, 20.72
(s, 4C, 4 x CH3COO).HR-MS (ESI+): m/z calcd. for CsHa3010PNa ([M+Na]*) = 631.1709;
obs. = 631.1723. Quaternary ArC atoms (that were directly bound to phosphorus) could not
be observed in the **C spectrum.

6.3.3. Synthesis of °A°Glc-O-Ph(o-Tol), 3.3’

OAc
A"Om
AcO 0] P
AcO
2

3.3’ (77.9 mg, 0.122 mmol, 67% yield) was prepared according to the general procedure
outlined in Section 5.3.1. 3P{*"H} NMR (162 MHz, CDCls) (8, ppm): -21.9 (s). 'H NMR
(400 MHz, CDCls) (8, ppm): 6.62-6.50 (m, 6H, ArH), 6.43 (app. t, 2H, J = 7.2 Hz, ArH),
6.31 (dd, 2H, J = 8.8, 1.0 Hz, ArH) 6.03 (dd, 2H, J = 7.6, 4.6 Hz, ArH), 4.67-4.60 (m, 2H,
H-3 & H-2), 4.53-4.44 (m, 2H, J = 8.0 Hz, H-4 & H-1), 3.64 (dd, 1H, J = 12.3, 5.4 Hz, H-
6a), 3.50 (dd, 12.3, 2.4 Hz, H-6b), 3.20 (ddd, 1H, J = 10.0, 5.4, 2.4 Hz, H-5), 1.71 (br s, 6H,
o-Tol), 1.40 (s, 3H, OAc), 1.39 (s, 3H, OAc), 1.380 (s, 3H, OAc), 1.375 (s, 3H, OAc). 13C
NMR (121 MHz, CDCls) (8, ppm): 170.9, 170.6, 169.8, 169.7 (s, 4C, 4 x CH3CQOO), 157.7
(s, 1C, quart. ArC), 142.6 (d, 2C, Jec = 22.6 Hz, quart. ArC), 136.4 (d, 2C, Jpc = 21.4 Hz,
ArC), 135.4-135.2 (m, 1C, quart. ArC), 133.6 (s, 2C, ArC), 130.5 (d, 2C, Jec = 5.0 Hz, ArC),
129.5 (d, 2C, Jrc = 10.1 Hz quart. ArC-CHjs), 128.7 (s, 2C, ArC), 117.4 (d, 2C, Jpc = 7.6 Hz,
ArC), 99.0 (s, 1C, C-1), 73.1 (s, 1C, C-2/3), 72.5 (s, 1C, C-2/3), 71.5 (s, 1C, C-5), 68.7 (s,
1C, C-4), 62.3 (s, 1C, C-6), 21.6 (s, 1C, 0-CHa), 21.5 (s, 1C, 0-CHa), 21.1, 21.1, 21.0, 21.0
(s, 4C, 4 x CHsCOO). HR-MS (Nanospray+): m/z calcd. for CzsH3sO10P ([M+H]Y) =
637.2203; obs. = 637.2184.
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6.3.4. Synthesis of 9A°Glc-O-Ph-P(p-Tol)z, 3.4’

OAc
A"OM
AcO (0] P
AcO
2

3.4" (125 mg, 0.196 mmol, 73% vyield) was prepared according to the general procedure
outlined in Section 5.3.1. 3'P{*H} NMR (162 MHz, CDCls) (5, ppm): -7.9 (s). 'H NMR
(400 MHz, CDCIs) (8, ppm): 7.23 (dd, 2H, J = 8.7, 7.0 Hz, ArH), 7.21-7.09 (m, 10H, ArH),
6.93 (dd, 2H, J = 8.7, 1.0 Hz, ArH), 5.33-5.21 (m, 2H, H-3 & H-2), 5.18-5.13 (m, 1H, H-4),
5.09 (m, 1H, H-1), 4.27 (dd, 1H, J = 12.3, 5.4 Hz, H-6a), 4.13 (dd, 12.3, 2.5 Hz, H-6b), 3.86
(ddd, 1H, J = 10.0, 5.3, 2.5 Hz, H-5), 2.33 (s, 6H, p-CHs), 2.03 (s, 3H, OAc), 2.03 (s, 3H,
OAC), 2.02 (s, 3H, OAC), 2.02 (s, 6H, OAc). 3C NMR (121 MHz, CDCls) (8, ppm): 170.7,
170.4, 169.5, 169.4 (s, 4C, 4 x CH3COO), 157.3 (s, 1C, quart. ArC), 138.7 (s, 2C, quart.
ArC-CHs), 135.3 (d, 2C, Jpc = 20.7 Hz, ArC), 133.7 (d, 4C, Jec = 19.7 Hz, ArC), 129.5 (d,
4C, Jpc = 7 Hz, ArC), 117.0 (d, 2C, Jec = 7.3 Hz, ArC), 98.8 (s, 1C, C-1), 72.9 (s, 1C, C-
2/3), 72.2 (s, 1C, C-5), 71.3 (s, 1C, C-2/3), 68.4 (s, 1C, C-4), 62.1 (s, 1C, C-6), 21.4 (s, 2C,
p-CHs) 20.79, 20.76, 20.74, 20.71 (s, 4C, 4 x CH3;COO). HR-MS (Nanospray+): m/z calcd.
for CasHss010P ([M+H]*) = 637.2203; obs. = 637.2219. Quaternary ArC atoms (that were
directly bound to phosphorus) could not be observed in the *C spectrum.

6.3.5. Synthesis of °A°Glc-O-Ph-PCyz2, 3.5’
OAc

ACA%MOOP%
AcO

3.6’ (122 mg, 0.196 mmol, 55% vyield) was prepared according to the general procedure
outlined in Section 5.3.1 3P{*H} NMR (162 MHz, CDCls) (5, ppm): -2.2 (s). 'H NMR (400
MHz, CDCls) (8, ppm): 7.39 (app. t, 2H, J = 7.3 Hz, ArH), 6.95 (d, 2H, J = 8.5 Hz, ArH),
5.33-5.24 (m, 2H, H-3 & H-2), 5.20-5.12 (m, 2H, H-4 & H-1), 4.30 (dd, 1H, J = 12.3, 5.4
Hz, H-6a), 4.18 (dd, 12.3, 2.5 Hz, H-6b), 3.88 (ddd, 1H, J = 10.0, 5.4, 2.5 Hz, H-5), 2.07 (s,
3H, OAc), 2.06 (s, 3H, OACc), 2.05 (s, 3H, OAc), 2.04 (s, 3H, OAc), 1.88-1.53 (m, 12H,
CHy) 1.35-1.04 (m, 12H, CH,). ¥C NMR (121 MHz, CDCls) (8, ppm): 170.4, 170.1, 169.2,
169.2 (s, 4C, 4 x CH3C0O0), 136.0 (d, 2C, Jpc = 19.9 Hz, ArC), 116.0 (d, 2C, Jrc = 10.0 Hz,
ArC), 98,5 (s, 1C, C-1), 72.6 (s, 1C, C-2/3), 71.9 (s, 1C, C-4), 71.0 (s, 1C, C-2/3), 68.2 (s,
1C, C-5),61.8 (s, 1C, C-5), 32.5 (d, 2C, Jpc = 10.0 Hz, P-Cy), 29.8 (d, C, Jpc = 21.0 Hz, Cy),
27.3-27.0 (m, 4C, Cy), 29.8 (d, 2C, Jec = 7.0 Hz, Cy), 26.2 (s, 4C, Cy), 20.5, 20.5, 20.4, 20.4
(s, 4C, 4 x CHsCOO). HR-MS (Nanospray+): m/z calcd. for CsHasO10P ([M+H]Y) =
621.2829; obs. = 621.2836.
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6.3.6. Synthesis of 9AGal-O-Ph-PPh, 3.7’
ACOOAC

0
AcO o@—Pth
AcO

3.7' (120 mg, 0.197 mmol, 69% vyield) was prepared according to the general procedure
outlined in Section 5.3.1 3P{*H} NMR (162 MHz, CDCls) (8, ppm): -6.4 (s). 'H NMR (400
MHz, CDCls) (8, ppm): 7.36-7.15 (m, 12H, Ar-H), 6.96 (dd, 2H, J = 8.8, 1.0 Hz, Ar-H),
5.50-5.43 (m, 2H, H-3 & H-2), 5.09 (dd, 1H, J = 10.5, 3.5 Hz, H-4) , 5.05 (d, 1H, J = 8.0 Hz,
H-1), 4.25-4.08 (m, 2H, H-6a & H-6b), 4.03 (ddd, 1H, J = 7.2, 6.2, 1.2 Hz, H-5), 2.16 (s,
3H, OAc), 2.04 (s, 3H, OACc), 2.00 (s, 3H, OACc), 2.00 (s, 3H, OAC).

6.3.7. Synthesis of ®°Lac-O-Ph-1, 3.9

AcOOAc OAc
MOM
AcO AcO

a-D-Lactosyl bromide heptaacetate (3.8) (2.50 g, 3.57 mmol), benzyltriethylammonium
bromide (0.82 g, 3.01 mmol), 4-iodophenol (1.56 g, 7.09 mmol) and 1.25 M NaOH (11.5
mL) were dissolved in CHsCl (20 mL). This reaction mixture was heated to 60 °C for 4 h
and upon cooling, diluted with deionised water (10 mL). The organics were separated,
washed with 1.25 M NaOH (2 x 10 mL), dried over anhydrous MgSOs, and filtered before
the volatiles removed in vacuo. The crude product was purified by column chromatography
(1:1 EtOACc:Hex, Rs= 0.24) to give 3.9 as a white powder (340 mg, 0.406 mmol, 11% vyield).
IH NMR (500 MHz, CDCls) (8, ppm): 7.57 (d, 2H, J = 8.7 Hz, Ar-H), 6.75 (d, 2H, J = 8.8
Hz, Ar-H), 5.35 (dd, 1H, J = 3.5, 1.2 Hz, Gal-H-4), 5.27 (t, 1H, J = 9.0 Hz, Glu-H-3), 5.15
(t, 1H, J = 9.2 Hz, Glu-H-2), 5.14-5.09 (m, 1H, Gal-H-2), 5.00 (d, 1H, J = 7.7 Hz, Glu-H-1),
4.96 (dd, 1H, J = 10.4, 3.4, Gal-H-3), 4.50 (d, 1H, J = 7.8 Hz, Gal-H-1), 4.48 (dd, 1H, J =
11.9, 2.2 Hz, Glu-H-6a), 4.18-4.04 (m, 3H, Glu-H-6b, Gal-H-6a & Gal-H-6b), 3.94-3.83 (m,
2H, Glu-H-5 & Glu-H-4), 3.76 (ddd, 1H, J = 9.9, 5.8, 2.2 Hz, Gal-H-5), 2.15 (s, 3H, OAc),
2.07 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.06 (s, 3H, OAc), 2.05 (s, 6H, 2 x OAc), 1.96 (s, 3H,
OAc). *C NMR (121 MHz, CDCls) (8, ppm): 170.3, 170.2, 170.1, 170.0, 169.7, 169.5,
169.1, 156.6 (s, 7C, 7 x CH3COO), 138.44 (s, 2C, ArC), 119.2 (s, 2C, ArC), 101.1 (s, 1C,
Gal-C-1), 98.6 (s, 1C, Glu-C-1), 86.1 (s, 1C, ArC-l), 76.1 (s, 1C, Glu-C-4/C-5), 72.9 (s, 1C,
Gal-C-5), 72.7 (s, 1C, Glu-C-3), 71.4 (s, 1C, Glu-C-2), 70.9 (s, 1C, Gal-C-3), 70.7 (s, 1C,
Glu-C-4/5), 69.1 (s, 1C, Gal-C-2), 66.6 (s, 1C, Gal-C-4), 61.9 (s, 1C, Glu-C-6b), 60.8 (s, 3C,
Gal-C-6a, Gal-C-6b& Glu-C-6), 20.76, 20.73, 20.64 20.62, 20.62, 20.60, 20.5 (s, 7C, 7 x
CHsCOO). HR-MS (ESI+): m/z calcd. for CsH3015lNa ([M+Na]*) = 861.1073; obs. =
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861.1037. The quaternary ArC atom directly bonded to iodine was not observed by **C
NMR spectroscopy.

6.3.8. Synthesis of ©A°Lac-O-Ph-PPhz, 3.10’

AcOOAc OAc
AcO

This procedure was modified from the literature.?! 1M NaOH solution (2.00 mL, 2.00 mmol)
was added to 4-hydroxydiphenylphosphine (50.0 mg, 0.18 mmol) and TBAHS (30.0 mg,
0.09 mmol) in CH.CI, (3.6 mL). After 15 min stirring at room temperature, a-D-lactosyl
bromide heptaacetate (3.8) (380 mg, 0.54 mmol) was added. The reaction was vigorously
stirred at room temperature for 16 h. The reaction was diluted with EtOAc (10 mL) and the
organics were separated, washed with 1.25 M NaOH (2 x 4 mL) and brine (4 mL), dried
(anhydrous MgSQs) and filtered before the volatiles removed in vacuo. The crude product
was purified by column chromatography (1:1 EtOAc:Hex, Rf = 0.28) to give the desired
final product (15 mg, 16.7 umol, 9% vyield). 3P NMR (162 MHz, CDCls) (3, ppm): -6.3
ppm. 'H NMR (400 MHz, CDCls) (8, ppm): 7.48-7.20 (m, 12H, Ar-H), 7.00-6.93 (m, 2H,
Ar-H), 5.38 (dd, 1H, J = 3.5, 1.2 Hz, Gal-H-4), 5.30 (t, 1H, J = 9.0 Hz, Glu-H-3), 5.24-5.12
(m, 2H, Glu-H-2 & Gal-H-2), 5.10 (d, 1H, J = 7.7 Hz, Glu-H-1), 4.99 (dd, 1H, J = 10.4, 3.4,
Gal-H-3), 4.52 (d, 1H, J = 7.9 Hz, Gal-H-1), 4.49 (dd, 1H, J = 11.9, 2.2 Hz, Glu-H-6a), 4.18-
4.09 (m, 3H, Glu-H-6b, Gal-H-6a & Gal-H-6b), 3.95-3.87 (m, 2H, Glu-H-5 & Glu-H-4),
3.79 (ddd, 1H, J = 9.9, 5.8, 2.2 Hz, Gal-H-5), 2.18 (s, 3H, OAc), 2.09 (s, 3H, OAc), 2.08 (s,
3H, OAc), 2.07 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.05 (s, 3H, OAc), 1.99 (s, 3H, OAc). B3C
NMR (121 MHz, CDCls) (8, ppm): 170.5, 170.4, 170.3, 170.2, 169.8, 169.7, 169.2 (s, 7C, 7
x CH3COO), 157.5 (s, 1C, quart. ArC), 137.5 (dd, 2C, Jec = 10.6, 7.3 Hz, quart. ArC), 135.6
(d, 2C, Jpc = 21.0 Hz, ArC), 133.6 (d, 4C, Jrc = 19.3 Hz, ArC), 131.3 (d, 1C, Jec = 10.0 Hz,
quart. ArC), 128.8 (s, 2C, ArC), 128.6 (d, 4C, Jec = 6.8 Hz, ArC), 117.0 (d, 2C, Jpc = 7.8
Hz, ArC), 101.3 (s, 1C, Gal-C-1), 98.4 (s, 1C, Glu-C-1), 76.4 (s, 1C, Glu-C-4/C-5), 72.9 (s,
1C, Gal-C-5), 71.6 (s, 1C, Glu-C-3), 71.1 (s, 1C, Glu-C-2), 70.9 (s, 1C, Gal-C-3), 69.2 (s,
1C, Glu-C-4/5), 66.3 (s, 1C, Gal-C-2), 65.0 (s, 1C, Gal-C-4), 62.2 (s, 1C, Glu-C-6b), 61.0 (s,
3C, Gal-C-6a, Gal-C-6b & Glu-C-6a), 20.9, 20.86, 20.80, 20.77, 20.77, 20.75, 20.6 (s, 7C, 7
X CH3COO). HR-MS (ESI+): m/z calcd. for CsHs9018P ([M+H]) = 897.2735; obs. =
897.2718.

6.3.9. General procedure for the synthesis of 3.1, 3.3, 3.4, 3.5, 3.7 and 3.10
1M sodium methanolate solution (0.66 eq) was added to the peracetylated glycoconjugate (1

eq.) in EtOAc:MeOH (1:1, 1 ml per 10 umol of carbohydrate). After stirring at room

temperature for 30-60 min, pre-prepared Amberlyst 120 resin was added to reduce the pH to
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7. The reaction was filtered and concentrated in vacuo to give the deprotected
glycoconjugate as the product. The Amberlyst 120 resin was prepared by washing with
MeOH, then filtering and drying the resin in air.

6.3.10. Synthesis of °"Glc-O-Ph-PPh2, 3.1

0o
HQMOQP%

HO
3.1 (17.7 mg, 40.2 pumol, 98% yield) was prepared according to the general procedure
outlined in Section 5.3.9. P{*H} NMR (162 MHz, CDsOD) (3, ppm): -6.6 (s). *H NMR
(400 MHz, CDs0D) (8, ppm): 7.36-7.24 (m, 12H, ArH), 7.12 (d, 2H, J = 8.9 Hz, ArH), 4.96
(d, 1H, J = 8.1 Hz, H-1), 3.90 (dd, 1H, J = 12.1, 2.1 Hz, H-6a), 3.70 (dd, 1H, J =12.1, 5.5
Hz, H-6b), 3.51-3.37 (m, 3H, H-2,-3,-4,-5).*C NMR (121 MHz, CD3;0D) (5, ppm): 158.6
(s, 1C, quart. ArC), 135.1 (d, 2C, Jec = 21.4 Hz, ArC), 133.2 (d, 4C, Jec = 19.3 Hz, ArC),
128.7-128.1 (m, 6C, ArC), 116.5 (d, 2C, Jpc = 7.8 Hz, ArC), 100.6 (s, 1C, C-1), 76.9 (s, 1C,
C-2/3), 76.6 (s, 1C, C-2/3), 73.6 (s, 1C, C-5), 70.0 (s, 1C, C-4), 61.1 (s, 1C, C-6). HR-MS
(ESI+): m/z calcd. for CasH2s06PNa ([M+Na]*) = 463.1286; obs. = 463.1272. Quaternary
ArC atoms (that were directly bound to phosphorus) could not be observed in the *C

spectrum.

6.3.11. Synthesis of °"Glc-O-Ph-P(o-Tol)2, 3.3

OH
HOM
HO 0 P
HO
2

3.3 (11.5 mg, 24.5 umol, 78% vyield) was prepared according to the general procedure
outlined in Section 5.3.9. 3!P{*H} NMR (162 MHz, CDs0OD) (5, ppm): -22.9 (s). *H NMR
(400 MHz, CD3;0D) (8, ppm): 7.26-6.98 (m, 10H, ArH), 6.65 (dd, 2H, J = 7.5, 4.6 Hz, ArH),
4.93 (dd, 1H, J = 5.4, 2.2 Hz, H-1), 3.86 (dd, 1H, J = 12.1, 2.2 Hz, H-6a), 3.66 (dd, 1H, J =
12.1, 5.4 Hz, H-6b), 3.49-3.32 (m, 4H, H-2,-3,-4,-5), 2.30 (s, 6H, 0-CHs). *C NMR (126
MHz, CDs0D) (8, ppm): 159.9 (s, 1C, quart. ArC), 143.1 (d, 2C, Jec = 24.9 Hz, quart. ArC),
136.9 (d, 2C, Jpc = 21.9 Hz, ArC), 136.7 (d, 2C, Jec = 10.9 Hz, quart. ArC), 133.4 (d, 2C,
Jec = 2.6 Hz, ArC), 131.0 (d, 2C, Jpc = 4.7 Hz, ArC), 129.6 (s, 2C, ArC), 128.9 (d, 1C, Jpc =
7.6 Hz, quart. ArC), 126.9 (s, 2C, ArC), 117.80 (d, 2C, Jec = 7.8 Hz, ArC), 101.7 (s, 1C, C-
1), 78.0 (s, 1C, C-2/3), 77.8 (s, 1C, C-2/3), 74.7 (s, 1C, C-5), 71.2 (s, 1C, C-4), 62.3 (s, 1C,
C-6), 22.8 (d, 2C, Jpc = 21.4 Hz, 2 x 0-CH3). HR-MS (Nanospray+): m/z calcd. for
Ca6H2006PNa ([M+Na]*) = 491.1599; obs. = 491.1587.
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6.3.12. Synthesis of °"Glc-O-Ph-P(p-Tol)2, 3.4

OH
A
HO 0 P
HO
2

3.4 (46.7 mg, 99.7 umol, 84% vyield) was prepared according to the general procedure
outlined in section 5.3.9. 3'P{*H} NMR (162 MHz, CD3;0OD) (5, ppm): -8.3 (s). 'H NMR
(400 MHz, CDs0D) (6, ppm): 7.23-7.06 (m, 12H, ArH), 4.93 (m, 1H, H-1), 3.89 (dd, 1H, J
=12.1, 2.1 Hz, H-6a), 3.69 (dd, 1H, J = 12.1, 5.4 Hz, H-6b), 3.50-3.36 (m, 4H, H-2,-3,-4,-5),
2.30 (s, 6H, 2 X p-CH3). 3C NMR (121 MHz, CD30D) (8, ppm): 139.9 (s, 2C, quart. ArC),
136.2 (d, 4C, Jpc = 21.0 Hz, ArC), 134.5 (d, 2C, Jpc = 20.0 Hz, ArC), 130.2 (d, 4C, Jpc = 7.0
Hz ArC), 116.5 (d, 2C, Jec = 7.7 Hz, ArC), 101.9 (s, 1C, C-1), 78.2 (s, 1C, C-2/3), 78.0 (s,
1C, C-2/3), 74.9 (s, 1C, C-5), 71.4 (s, 1C, C-4), 62.5 (s, 1C, C-6), 22.8 (s, 2C, p-CHs). HR-
MS (Nanospray+): m/z calcd. for CasH290sPNa ([M+Na]*) = 491.1599; obs. = 491.1592.
The quaternary ArC atoms bound directly to the phosphorus and oxygen atoms could not be
observed in the *C spectrum.

6.3.13. Synthesis of °"Glc-O-Ph-PCys, 3.5
OH

“0&
HO (0] PCy,

HO
3.5 (19.7 mg, 43.5 umol, 90% vyield) was prepared according to the general procedure

outlined in Section 5.3.9. ¥P{*H} NMR (162 MHz, CD3;0D) (3, ppm): 1.9 (s). 'H NMR
(400 MHz, CDs0OD) (8, ppm): 7.37 (d, 2H, J = 8.5, 6.7 Hz, ArH), 7.07 (d, 2H, J = 8.6 Hz,
ArH), 4.94-4.91 (m, 1H, H-1), 3.88 (dd, 1H, J = 12.0, 2.2 Hz, H-6a), 3.68 (dd, 1H, J = 12.1,
5.6 Hz, H-6b), 3.47-3.41 (m, 4H, H-2,-3,-4,-5), 1.95-1.50 (m, 11H, Cy), 1.41-0.87 (m, 11H,
Cy). HR-MS (Nanospray+): m/z calcd. for CiHzsOsP ([M+H]*) = 453.2404; obs. =
453.2406.

6.3.14. Synthesis of °"Gal-O-Ph-PPhy, 3.7
HOOH

0
HO O@—Pth
OH

3.7 (69.5 mg, 0.16 mmol, 96% yield) was prepared according to the general procedure
outlined in Section 5.3.9. 3P{"H} NMR (162 MHz, ®DMSO) (3, ppm): -7.9 (s). '"H NMR
(400 MHz, ®DMSO) (8, ppm): 7.39-7.38 (m, 6H, ArH), 7.19-7.13 (m, 6H, ArH), 7.02 (dd,
2H, J = 8.7, 0.8 Hz, ArH), 5.17 (d, 1H, J = 5.0 Hz, OH), 4.85 (d, 1H, J = 7.7 Hz, H-1), 4.62
(t, 1H, J = 5.0 Hz, OH), 4.50 (d, 1H, J = 4.5 Hz, OH), 3.70 (t, 1H, J = 3.6 Hz, H-5), 3.60-
3.39 (m, 5H, H-2, H-3, H-4, H-6a & H-6b), 3.17 (d, 1H, J = 4.9 Hz, OH). One OH group is
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not observed in the 1H NMR spectrum. **C NMR (100 MHz, DMSO) (3, ppm): 158.4 (s,
1C, quart. ArC), 137.3 (app. dd, 2C, Jpc = 11.3, 2.2 Hz, quart. ArC), 135.0 (d, 2C, Jec = 21.3
Hz, ArC), 133.0 (d, 4C, Jec = 19.1 Hz, ArC), 128.8 (s, 2C, ArC) 128.7 (d, 4C, Jpc = 21.3 Hz,
ArC), 128.2 (d, 1C, Jec = 6.6 Hz, quart. ArC), 116.6 (d, 2C, Jec = 9.1 Hz, ArC), 100.7 (s, C-
1), 75.6 (s, C-2), 73.3 (s, C-3), 70.2 (s, C-4), 68.2 (s, C-5), 60.4 (s, C-6). HR-MS (ESI+):
m/z calcd. for C24H2506PNa ([M+Na]*) = 463.1281; obs. = 463.1261. [a]*p = 155.0 (c 0.43,
MeOH).

6.3.15. Synthesis of ®HLac-O-Ph-PPh2, 3.10

HOOH OH
(0]
HO&HO/%MOOPPM
HO

3.10 (10.9 mg, 0.02 mmol, 64% yield) was prepared according to the general procedure
outlined in Section 5.3.9. 3'P{*H} NMR (162 MHz, CDs;0OD) (5, ppm): -6.6 (s). *H NMR
(500 MHz, CDs0OD) (8, ppm): 7.40-7.30 (m, 6H, ArH), 7.29-7.18 (m, 6H, ArH), 7.10 (d, 2H,
J=8.2 Hz, ArH), 5.00 (dd, 1H, J= 7.8, 1.7 Hz, Glu-H-1), 4.40 (dd, 1H, J = 7.7, 1.7 Hz, Gal-
H-1), 3.97-3.77 (m, 4 H), 3.77-3.48 (m, 8H). Only anomeric signals can be distinguished due
overlapping multiplicities for all other *H NMR shifts. *C NMR (126 MHz, CD3;0D) (3,
ppm): 158.4 (s, 1C, quart. ArC), 137.7 (dd, 2C, Jpc = 10.7, ArC), 135.1 (d, 2C, Jpc = 21.3
Hz, ArC), 133.1 (app. dd, 4C, Jec = 19.5, 1.1 Hz, ArC), 130.0-129.3 (m, 1C, quart. ArC),
128.3 (s, 2C, ArC), 128.2 (d, 4C, Jpc = 6.8 Hz, ArC), 117.5 (d, 2C, Jec = 7.9 Hz, ArC), 103.7
(s, 1C, Gal-C-1), 100.2 (s, 1C, Glu-C-1), 78.7 (s, 1C, CH), 75.7 (s, 1C, CH), 75.3 (s, 1C,
CH), 74.9 (s, 1C, CH),734 (s, 1C, CH), 73.1 (s, 1C, CH), 71.2 (s, 1C, CH), 68.9 (s, 1C,
CH), 61.2 (s, 3C, Glu/Gal-C-6a/b), 60.2 (s, 1C, Glu/Gal-C-6a/b). Only C1 and C6 atoms can
be defined in *C NMR. HR-MS (Nanospray+): m/z calcd. for CsHssO1:PNa ([M+Na]*) =
625.1815; obs. = 625.1807.

6.3.16. General Procedure for the Synthesis of 3.11’, 3.15’, 3.16' and 3.18’

Peracetylated phosphine glycoconjugate (2 eg.) in CH.Cl, (0.5 mL) was added to
[Re(CO)3(H20)3]Br in MeOH (0.3 mL) at room temperature. Once the reaction had reached
completion (typically 1-2 hr) as determined by 3P NMR spectroscopy, all volatiles were

removed in vacuo to isolate the Re(l) complex.
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6.3.17. Synthesis of [Re(CO)3(°A°Glc-Ph-O-PPh2)2Br], 3.11’

CcO OAc

RsP. | .CO

> "Re PRg = Acom

RsP” | YCO AcO O PPh,
Br AcO

3.11' (45.5 mg, 29.03 umol, 88% yield) was synthesised according to the general procedure
outlined in Section 5.3.16. 3!P{*H} NMR (202 MHz, CD;0D) (3, ppm): -1.9 (app. s, 2P).
HR-MS (Nanospray): m/z calcd. for CaH20sPNa ([M+Na]*) = 1589.2109; obs. =
1589.2076. The characteristic bromide isotope pattern can be observed in the HR-MS.

6.3.18. Synthesis of [Re(CO)3(°A°Glc-Ph-O-P(p-Tol)2)2Br], 3.15’

co OAc
R P/, | \\CO
o T ACAOM/O@*P
C
ReP™ | ~CO 5
2

3.15' (28 mg, 17.55 umol, 88% yield) was synthesised according to the general procedure
outlined in Section 5.3.16. 3P{*H} NMR (202 MHz, CD30D) (3, ppm): -1.9 (app. s, 2P).
HR-MS (Nanospray+): m/z calcd. for C71H74023P2BrReNa ([M+Na]*) = 1645.2735; obs. =
1645.2715. The characteristic bromide isotope pattern can be observed in the HR-MS.

6.3.19. Synthesis of [Re(CO)3(°A°Glc-Ph-O-PCy2).Br, 3.16'
co OAc

RsP,. | .CO

3 'Rlé PRs = Acom

RsP” | YCO AcO o) PCy,
Br

AcO

3.16" (28 mg, 17.6 umol, 88% yield) was synthesised according to the general procedure
outlined in Section 5.3.16. *'P{*H} NMR (162 MHz, CDsOD) (3, ppm): -2.7 (d, Jep = 24.2
Hz, s, PCy2), -5.3 (br s, PCy;). HR-MS (Nanospray+): m/z calcd. for Cs7HgoO23P.BrReNa
([IM+Na]*) = 1613.3956; obs. = 1613.3987. The characteristic bromide isotope pattern can
be observed in the HR-MS.

6.3.20. Synthesis of [Re(CO)3(°A°Lac-Ph-O-PPh; )2Br], 3.17’

co AcOOAC OAc
R P//, | \\CO
R3P'R|é‘co PRaT A OMO% O
c AcO O PPh
’ Br AcO AcO 2

3.17" was synthesised according to the general procedure outlined in Section 5.3.16,
however no yield is quoted as this compound is impure and was produced using crude ligand
material (Chapter 3, Section 3.3.6). *!P{*H} NMR (121 MHz, CDsOD) (8, ppm): -0.8 (br. s,
2P). HR-MS (Nanospray+): m/z calcd. Co1HgsO39P2BrRe ([M+Na]+) = 2165.3799; obs. =
2165.3760. The characteristic bromide isotope pattern can be observed in the HR-MS.
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6.3.21. General Procedure for the synthesis of 3.11, 3.15 and 3.16

1M sodium methanolate solution (1 eq.) was added to the peracetylated Re(l) complex (1
eq.) dissolved in MeOH:EtOAc (1:1, 2 mL per 20 mg of starting material). After stirring at
room temperature for 1 h, pre-prepared Amberlyst 120 resin was added to reduce the pH to
7. The reaction was filtered and concentrated in vacuo to isolate the deprotected Re(l)
complex. The Amberlyst 120 resin was prepared by washing with MeOH then filtering and

drying the resin in air.

6.3.22. Synthesis of [Re(CO)3(°"Glc-Ph-O-PPh2).Br], 3.11
OH

RsP. (|:O 010)
re o Ha&o{ )—PPh
8 Br HO 2

3.11 (14 mg, 11.4 umol, 93% yield) was synthesised according to the general procedure
outlined in Section 5.3.21. The product was further purified by reverse phase HPLC
(Method 3) to give 3.11 with 96% purity for toxicity testing. 3!P{*H} NMR (162 MHz,
CD3;0D) (8, ppm): -1.1 (d, Jep = 29.2 Hz), -1.3 (d, Jre = 29.2 Hz). 'H NMR (400 MHz,
CD30D) (3, ppm): 7.45-7.14 (m, 24H, ArH), 6.93-6.90 (d, 4H, ArH), 4.94-4.88 (m, 2H, H-
1), 3.90-3.81 (m, 2H, H-6a), 3.71-3.61 (m, 2H, H-6b), 3.45-3.33 (m, 8H, H-2,-3,-4,-5). HR-
MS (ESI+): m/z calcd. for CsiHs0015P2BrReNa ([M+Na]*) = 1253.1264; obs. = 1253.1240.

The characteristic bromide isotope pattern can be observed in the HR-MS.

6.3.23. Synthesis of [Re(CO)3(°HGlc-O-Ph-P(p-Tol)2)Br], 3.15

co OH
RsP. | .CO
N A
RsP” | YCO HO @) P
Br HO
2

3.15 (18 mg, 14.2 umol, 83% yield) was synthesised according to the general procedure
outlined in Section 5.3.21. The product was further purified by reverse phase HPLC
(Method 3) to give 3.15 with 94% purity for toxicity testing. 3P{*H} NMR (202 MHz,
CDs0D) (8, ppm): -3.0 (d, Jep = 28.3 Hz), -3.2 (d, Jer = 28.3 Hz). 'H NMR (500 MHz,
CD3s0D) (8, ppm): 7.07-7.00 (m, 20H, ArH), 6.94-6.90 (m, 4H, ArH), 4.93-4.89 (m, 2H, H-
1), 3.89 (dd, 2H, J = 11.9, 2.2 Hz, H-6a), 3.67 (dd, 2H, J = 12.1, 5.5 Hz, H-6b), 3.49-3.33
(m, 8H, H-2,-3,-4,-5), 2.33 (s, 12H, p-CHs3). HR-MS (Nanospray+): m/z calcd. for
CssHss015P2BrReNa ([M+Na]*) = 1309.1890; obs. = 1309.1879. The characteristic bromide

isotope pattern can be observed in the HR-MS.
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6.3.24. Synthesis of [Re(CO)3(°HGlc-Ph-O-PCy2)2Br], 3.16

co OH

RsP” E|3 r‘oo HO > o PCy,

3.16 (25.2 mg, 20.1 umol) was synthesised with ca. 55% purity according to the general
procedure outlined in Section 5.3.21. 3'P{*H} NMR (202 MHz, CD3;0D) (3, ppm): 1.4 (app.
s, 2P). *H NMR (500 MHz, CDs0D) (8, ppm): 7.36 (dd, 4H , J = 8.7, 6.7 Hz, ArH), 7.07 (d,
4H, J = 8.5 Hz, ArH), 4.94-4.92 (m, 2H, H-1), 3.88 (ddd, J = 12.1, 2.1 Hz, 2H, H-6a), 3.69
(dd, 2H, J = 12.1, 5.6 Hz, H-6b), 3.54 — 3.34 (m, 8H, H-2,-3,-4,-5), 1.91-1.51 (m, 22H, Cy),
1.38-1.01 (m, 22H, Cy). Additional unidentified impurities were also observed in the H
NMR spectrum.

6.3.25. Synthesis of [Re(CO)3(°HGal-Ph-O-PPh2)2Br], 3.17

co HOOH
RsP.,. | .CO

PR, = o)
R 1TNCO ’ &
. HO o PPh,
Br HO

3.7 (30.0 mg, 68.11 pumol) in MeOH (1 mL) was added to [Re(CO)3(H20)3]Br (15.0 mg,
37.11 pmol) in MeOH (0.5 mL) at room temperature. Once the reaction had reached
completion, as determined by 3P NMR spectroscopy, all volatiles were removed in vacuo to
isolate 3.17 (37.6 mg, 30.54 umol, 90% yield). The product was further purified by reverse
phase HPLC (Method 3) to give 3.17 with ca. 95% purity for toxicity testing. 3!P{*H} NMR
(162 MHz, CDs0D) (8, ppm): -1.2 (d, Jep = 29.2 Hz), -1.4 ppm (d, Jep = 29.2 Hz). *H NMR
(400 MHz, CDs0OD) (8, ppm): 7.50-7.19 (m, 24H, ArH), 6.98-6.90 (m, 4H, ArH), 4.87 (dd,
2H, J = 7.8, 1.4 Hz, H-1), 3.88 (app. d, 2H, J = 3.5 Hz, H-2/3), 3.82-3.65 (m, 8H, H-2/-3 and
H-4,-5,-6a), 3.58 (d, 2H, J = 9.7, 3.4 Hz Hz, H-6b). MS (ESI+): m/z calcd. for
Cs1Hs0BrO1sP2ReNa ([M+Na]*) = 1254.0; obs. = 1254.0. IR: 3360 (br s, O-H stretch), 2927
(w, ArC-H stretch), 2029 (s, CO stretch), 1954 (s, CO stretch), 1914 (s, CO stretch). The

characteristic bromide isotope pattern can be observed in the HR-MS.

6.3.26. Synthesis of [AuCI(°A°Glc-O-Ph-P(o-Tol)2)], 3.13’

OAc
O
AcO
2

3.3’ (16.0 mg, 25.1 umol) in CH.Cl, (0.5 mL) was added to [Au(SMe,)CI] (7.5 mg, 25.5
pmol) in CH,Cl, (0.5 mL). The reaction reached completion after 1.5 h and the solvent was
removed in vacuo to give a sticky residue, that when washed with hexane gave 3.13’ (15.9

mg, 18.3 umol, 73% vyield) as a free-flowing white powder. 3P{*H} NMR (121 MHz,
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CDsOD) (3, ppm): 14.6 (s). 'H NMR (300 MHz, CDs0OD) (8, ppm): 7.55-7.38 (m, 4H,
ArH), 7.32 (app. t, 2H, J = 6.4 Hz, ArH), 7.21-7.16 (m, 2H, ArH), 7.06 (dd, 2H, J =8.9, 1.8
Hz, 2H, ArH), 6.88-6.73 (m, 2H, ArH), 5.37-5.11 (m, 4H, H-1,-2,-3,-4), 4.30 (dd, 1H, J =
12.4, 5.3 Hz, H-6a), 4.14 (dd, 1H, J = 12.3, 2.4 Hz, H-6b), 3.89 (ddd, 1H, J = 9.8, 5.3, 2.4
Hz, H-5), 2.64 (s, 6H, p-CHs), 2.06 (s, 3H, OACc), 2.04 (s, 3H, OAc), 2.03 (s, 6H, 2 x OAc).
HR-MS (Nanospray+): m/z calcd. for CssHs;O10PCIAUNa ([M+Na]*) = 891.1376; obs. =
891.1365. The characteristic chloride isotope pattern can also be observed in the HR-MS.

6.3.27. Synthesis of trans-[PtCl2(°A°Glc-O-Ph-P(0-Tol)2)], 3.14
OAc

R3P/, \\Cl A O O
‘Pt - Ac
~S PR3= " AcO OOP
of PR3 SO
2

3.3’ (20.0 mg, 31.4 pmol) in CH2Cl, (1 mL) was added dropwise to [PtCl(NC'Bu),] (6.40
mg, 14.8 umol) in CH,Cl, (1 mL) and the resulting solution stirred for 3 h. All volatiles were
removed in vacuo and the complex was re-dissolved in CHCI; (0.5 mL) then precipitated in
air by addition of hexane (ca. 15 mL). This mixture was left to settle over several h and the
supernatant removed by pipette before any residual solvent removed in vacuo to give 3.14’
(11.2 mg, 10.1 umol, 67% yield). *P{*H} NMR (202 MHz, CDCls) (8, ppm): 15.0 (s, }Jppt =
2583 Hz, 2P).

6.3.28. Synthesis of [Re(CO)s3(PPhs)2Br], 3.19

PhaP, 1 2CO
5 .Re,
PhaP” 1-"CO

PPh; (50.0 mg, 0.191 mmol) in CH2Cl; (1 mL) was added to [Re(CO)3(H20)3]Br (36.7 mg,
90.8 umol) in MeOH (0.5 mL) and the product precipitated from solution after 40 min. The
solid was isolated by filtration (27.0 mg, 31.0 umol, 34% yield). Re-dissolving the product
in CH,CI (0.5 mL) and layering this with MeOH in a sealed NMR tube gave crystals of 3.19,
that were suitable for X-ray diffraction, after several days. *'P{*H} NMR (121 MHz, CDCl5)
(8, ppm) -0.3 (s, 2P). 'H NMR (400 MHz, CDCly) (3, ppm): 7.37-7.32 (m, 18H, ArH), 7.24-
7.19 (m, 12H, ArH). C NMR &c (100 MHz, CDCls) (8, ppm) 134.5 (t, 12C, Jec = 5.3 Hz,
m-ArC), 133.0 (t, 6C, Jec = 21.1 Hz, quart. i-ArC), 130.4 (s, 6C, p-ArC), 128.3 (t, 12C, Jec =
4.8 Hz, 0-ArC). HR-MS (ESI+): m/z calcd. for CsoH3003P2Re ([M-Br]") = 793.1200; obs. =
723.1201. IR: 3060 (w, ArC-H stretch), 2025 (s, CO stretch), 1946 (s, CO stretch), 1888 (s,
CO stretch).
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6.3.29. Synthesis of (4-acetoxyphenyl)diphenylphosphine

o PPh,
)koﬁi

(4-hydroxyphenyl)diphenylphosphine (250 mg, 0.898 mmol) was dissolved in pyridine (1
mL) and to this, acetic anhydride (0.11 mL, 1.17 mmol) was added at 0 °C. After stirring for
5 min at 0 °C, the reaction was left to warm to room temperature and stirred for 80 min. The
reaction was diluted by addition of EtOAc (10 mL) and washed with H,O (10 mL), HCI
(1M, 10 mL) and brine (10 mL), then the organics dried over anhydrous MgSQy, filtered and
all volatiles removed in vacuo to give (4-acetoxyphenyl)diphenylphosphine (0.220 g, 0.687
mmol, 76% yield) as a white solid. No further purification was required. 3!P{*H} NMR (162
MHz, CDCls) (8, ppm): -5.5 (s). *H NMR (400 MHz, CDCls) (3, ppm): 7.43-7.25 (m, 12H,
ArH), 7.06 (d, 2H, J = 8.1 Hz, ArH), 2.28 (s, 3H, OAc). *C NMR (121 MHz, CDCls) (5,
ppm): 169.3 (s, 1C, CH3COO0), 151.3 (s, 1C, quart. ArC), 137.1 (d, 1C, Jec = 10.6 Hz, quart.
ArC), 135.0 (d, 2C, Jec = 20.5 Hz, ArC), 134.7 (d, 2C, Jpc = 11.7 Hz, quart. ArC), 133.8 (d,
4C, Jpc = 19.6 Hz, ArC), 128.9 (s, 2C, ArC), 128.7 (d, 4C, Jpc = 7.1 Hz, ArC), 121.8 (d, 2C,
Jc = 7.4 Hz, ArC), 21.3 (s, 1C, CHs;COO). HR-MS (Nanospray+): m/z calcd. for
C20H1802PRe ([M+H]*) = 321.1044; obs. = 321.1050.

6.3.30. Synthesis of [Re(CO)s(CA°PhPPh2):Br], 3.21

R3P. (I:OCO o PP,
RzP:RIé:CO PReT )J\O/©/

Br
(4-acetoxyphenyl)diphenylphosphine (29.0 mg, 90.6 umol) in CH,Cl, (1 mL) was added to
[Re(CO)3(H20)s]Br (20.2 mg, 50.0 pmol) in MeOH (1 mL) and the reaction stirred at room
temperature for 3 h. All volatiles were removed in vacuo to isolate 3.21 (41.5 mg, 47.1
umol, 89% yield) with ca. 93% purity. No further purification was necessary. 3'P{*H} NMR
(121 MHz, CD;0D) (3, ppm) -0.4 (s, 2P). *H NMR (400 MHz, CDCls) (3, ppm): 7.36-7.20
(m, 24H, ArH), 6.99-6.93 (m, 4H, ArH), 2.28 (s, 6H, OAc). HR-MS (Nanospray+): m/z
calcd. for CusHzs0/P2ReK ([M+K]*) = 1029.0158; obs. = 1029.0132. The characteristic
bromide isotope pattern can be observed in the HR-MS.

6.3.31. General Procedure for the Synthesis of Deprotected Oxidised Phosphine
Glycoconjugates

This general procedure was modified from the literature.?? 1, (2 eqg.) in CH.Cl, (1 mL) was
added to the peracetylated phosphine glycoconjugate ligand (10 mg) in CH2Cl, (1 mL) and
this mixture then stirred at ambient temperature for 2 h. Deionised H.O (2 mL) was added
and the product extracted into CH.Cl, (5 mL), washed with saturated Na,S,0Oj3 solution (2

mL), and the organics dried over anhydrous MgSO.. The mixture was filtered and the
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solvent was removed in vacuo to give the oxidised peracetylated product. To this, 1M
sodium methanolate solution (20 pL, 20 umol) in MeOH:EtOAc (1:1, 2 mL) was added.
After stirring at ambient temperature for 1 h, Amberlyst 120 resin was added to reduce the
pH of the mixture to 7, and this was then filtered and concentrated in vacuo to give the
desired final product. The Amberlyst 120 resin was prepared by washing with MeOH, then

filtering and drying the resin in air.

6.3.32. Synthesis of °HGlc-O-Ph-P(O)Ph:
OH

R o (O)-F
HO ~ o@—Pth
3.1% (3.3 mg, 7.23 umol, 45% vyield) was prepared according to the general procedure
outlined in Section 5.3.31. *'P{*H} NMR (202 MHz, CD;0D) (3, ppm): 32.3 (s). *H NMR
(500 MHz, CD30D) (8, ppm): 7.71-7.56 (m, 12H, ArH), 7.27 (dd, 2H, J = 8.9, 2.2 Hz ArH),
5.07-5.03 (m, 1H, H-1), 3.90 (dd, 1H, J = 12.1, 2.2 Hz, H-6a), 3.70 (dd, 1H, J = 12.1, 5.7
Hz, H-6b), 3.55-3.46 (m, 3H, H-2,-3,-4), 3.44-3.39 (m, 1H, H-5). HR-MS (Nanospray+):
m/z calcd. for C24H250/PNa ([M+Na]*) = 479.1236; obs. = 479.1246.

6.3.33. Synthesis of °"Glc-O-Ph-P(p-Tol)2

OH
O
”O& :
HO o) P
HO
2

3.4%% (2.4 mg, 4.95 umol, 32% vyield) was prepared according to the general procedure
outlined in Section 5.3.31. *'P{*H} NMR (202 MHz, CDs0D) (3, ppm): 32.9 (s). *H NMR
(500 MHz, CD30OD) (3, ppm): 7.48-7.43 (m, 6H, ArH), 7.35-7.31 (m, 4H, ArH), 7.16-7.13
(m, 2H, ArH), 4.94 (br d, 1H, J = 7.5 Hz, H-1), 3.65 (dd, 1H, J = 11.9, 2.0 Hz, H-6a), 3.28-
3.21 (m, 3H, H-2/-3/-4 and H-5),1.62 (s, 6H, p-CHs). The *H NMR signals for H-6b and
either H-2, H-3 or H-4 is obscured by the CDsOD signal at 3.31 ppm. HR-MS
(Nanospray+): m/z calcd. for CzsH2007PNa ([M+Na]*) = 507.1549; obs. = 507.1564.

6.3.34. Synthesis of °"Gal-O-Ph-P(O)Ph:
HOOH

M i
HO OOPPhZ
HO
3.7% (6.9 mg, 15.1 umol, 92% vyield) was prepared according to the general procedure
outlined in Section 5.3.31. *'P{*H} NMR (161 MHz, CDs;0D) (8, ppm): 33.1 (s). *H NMR

(400 MHz, CDs0D) (3, ppm): 7.64-7.49 (m, 12H, ArH), 7.23 (dd, 2H, J = 8.9, 2.3 Hz, ArH),
4.96 (d, 1H, J = 7.7 Hz, H-1), 3.88 (dd, 1H, J = 3.3, 1.0 Hz, H-2/3), 3.84 — 3.64 (m, 4H, H-
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2/3,-4,-5,-6a), 3.57 (dd, 1H, J = 9.7, 3.4 Hz, H-6b). HR-MS (Nanospray+): m/z calcd. for
C24H2507PNa ([M+Na]*) = 479.1236; obs. = 479.1221.

6.3.35. Synthesis of [Tc(CO)s3(H20)s]*

[®*™TcO4] saline solution (200 pL, 200-250 MBq) and saline (800 pL) were added to a
commercially available CRS lIsolink® tricarbonyl kit, which are manufactured and supplied
by the Centre for Radiopharmaceutical Science, Paul Scherrer Institute, Villigen,
Switzerland. The resulting solution was heated at 100 °C for 30 min in a heating block
before being left to cool to room temperature. Once cooled, 1 M HCI was added to kit to
reduce the pH to 7.5-6.5. The formation of [Tc(CO)3(H20)s]* was confirmed by TLC (1%
HCI:MeOH) using glass backed silica plates, which were visualised using a CycloPlus
Phorphor Imager (Perkin Elmer).

6.3.36. Synthesis of ™ Tc¢(l) complexes

[Tc(CO)3(H20)3]* (50 pL, 5 MBq) was added to 3.1, 3.3-3.5 or 3.7 (0.5 mg) in a mixture of
DMSO (100 pL) and milliQ water (270 pL) then incubated at 50 °C for 30 min. Aliquots of
these samples were analysed by direct addition to an analytical HPLC (Method 1 or 2 for
radiolabelling of 3.1, and Method 2 for radiolabelling of 3.3-3.5 & 3.7).

6.4.  Experimental Procedures and Characterisation Data - Chapter 4
6.4.1. Synthesis of [Re(dppbz)(CO)zBr], 4.2

CO PPh,
P, | \CO N
<P'R|e‘co P P= PPh,
Br

To a stirred solution of [Re(CO)3(H20):Br] (18.0 mg, 44.5 pumol) in MeOH (0.5 mL), dppbz
(20.0 mg, 44.8 pmol) in CH2Cl, (1 mL) was added dropwise. The reaction was stirred at
ambient temperature for 16 h and the product precipitated from the solution overnight.
Filtration gave the product, [Re(dppbz)(CO)sBr] (4.2), as a white solid (32.4 mg, 40.2 umol,
91%). 3'P{"H} NMR (162 MHz, CDCls) (5, ppm): 30.4 (s, 2P). 'H NMR (400 MHz, CDCls)
(8, ppm): 7.84 (ddd, 4H, J = 11.0, 8.0, 1.7 Hz, ArH), 7.57 (m, 4H, ArH), 7.42 (m, 6H, ArH),
7.22 (m, 6H, ArH), 7.09 (m, 4H, ArH). (Nanospray+): m/z calcd. for CssH24O3P.Re ([M-
Br]*) = 717.0758; obs. = 717.0751.
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6.4.2. Synthesis of [Re(dppbz).0-]l, 4.3
® PPh,

0
P/,,II‘\\P> I~ &
<P'RI>Ie‘P P P= PPh,
0

To a stirred solution of [Re(O)2(PPhs)2I] (19.5 mg, 22.4 umol) in CH:Cl, (1 mL), dppbz
(20.0 mg, 44.8 pmol) in CH2CI, (1 mL) was added dropwise. The reaction was stirred at
ambient temperature for 16 h. The solvent was removed in vacuo, the product re-dissolved
in CH2Cl; (0.5 mL) and then precipitated by addition of hexane (5 mL). The solid was
washed with additional hexane (2 x 5 mL) and dried to give [Re(dppbz).0;]l (4.3) as the
final product (16.6 mg, 13.4 umol, 60% yield). *:P{*H} NMR (162 MHz, CDClIs) (5, ppm):
14.7 (s, 4P). 'H NMR (400 MHz, CDCls) (8, ppm): 7.60 (m, 8H, ArH), 7.38 (m, 8H, ArH),
7.12 (m, 16H, ArH), 6.95 (m, 16H, ArH). HR-MS (Nanospray+): m/z calcd. for
CeoHagO2P4Re ([M-1]*) = 1111.2162; obs. = 1111.2150.

6.4.3. Synthesis of tert-butyl(3,4-dichlorophenol)dimethyl silane
Cl
v I
o cl

EtsN (2.30 mL, 16.5 mmol) was added in portions (0.5 mL per min) to 3,4-dichlorophenol
(2.50 g, 15.3 mmol) in CH2Cl> (20 mL). To this mixture, TBDMSCI (2.87 g, 19.0 mmol)
was added in portions (0.5 g per min), and the reaction flask covered with foil to prevent
exposure to light whilst the mixture was stirred for 1.5 h. The reaction was washed with
deionised water (50 mL) and the organic solvent removed in vacuo. The residue was re-
dissolved in hexane (20 mL), washed with deionised water (2 x 50 mL), the organics dried
over anhydrous MgSO, and the reaction filtered before the solvent was removed in vacuo to
give tert-butyl(3,4-dichlorophenol)dimethyl silane as an oil (3.05 g, 11.0 mmol, 72% vyield).
The sample was placed inside a vial without a cap, and then stored in a Schlenk flask
containing P,Os for 96 h to achieve an anhydrous final product. *H NMR (400 MHz, CDCls)
(8, ppm): 7.27 (d, 1H, Jun = 8.7 Hz, ArH), 6.94 (d, 1H, Jun = 2.8 Hz, ArH), 6.68 (dd, 1H,
Jun = 8.7, 2.8 Hz, ArH), 0.97 (s, 9H, tBu), 0.20 (s, 6H, 2 x Me). ¥C NMR (100 MHz,
CDCls) (8, ppm): 155.0 (s, 1C, quart. ArC), 132.7 (s, 1C, quart. ArC), 130.7 (s, 1C, ArC),
124.8 (s, 1C, quart. ArC), 122.3 (s, 1C, ArC), 119.9 (s, 1C, ArC), 25.7 (s, 3C, tBu), 18.3 (s,
1C, quart. tBu), -4.4 (s, 2C, 2 x Me). HR-MS (El+): m/z calcd. for C1,H150SIiCl, ([M]¥) =
276.0497; obs. = 276.0498. The EI mass spectrum exhibited the expected dichloride isotope

pattern.
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6.4.4. Synthesis of 2,3-diiodophenyl glucose, a-4.6 and p-4.6
OAc

OAc | |
AcO l AcO
AcO AcO
a-4.6 © B-4.6

To a solution of 2,3-diiodophenol (60.0 mg, 0.173 mmol) and 2,3,4,6-tetra-O-acetoxy-a-D-
glucopyranolsyl trichloroacetimidate (85.0 mg, 0.173 mmol) in toluene (2.5 mL), freshly
distilled TMSOTT (5.00 pL, 27.7 umol) was added. The reaction mixture which was stirred
at room temperature for 4 h before dilution with EtOAc (5 mL). The reaction was quenched
with saturated sodium bicarbonate (10 mL) and the organics were extracted into EtOAc (2 X
10 mL). The combined organic layers were dried over anhydrous MgSOQs., filtered and all
volatiles removed in vacuo to isolate the crude product. The alpha anomer (a-4.6) was
crystalised from EtOH in the freezer (3.2 mg, 4.73 pumol, 3% vyield), whilst the beta anomer
(B-4.6) was isolated by column chromatography (EtOAc:Hex, 1:1) and subsequent
recrystallisation from EtOH in the freezer (2.5 mg, 3.7 umol, 2% yield). Data for a-4.6: 'H
NMR (500 MHz, CDCls) (8, ppm): 7.62 (dd, 1H, Jun = 5.8, 3.3 Hz, ArH), 6.94 (m, 2H,
ArH), 5.83 (dd, 1H, Jun = 9.7 Hz, H-3), 5.80 (d, 1H, Juw = 3.7z Hz, H-1), 5.18 (t, 1H, Jun =
9.7 Hz, H-4), 4.99 (dd, 1H, Jun = 10.2, 3.6 Hz, H-2), 4.25 (dd, 1H, Juw = 12.1, 4.2 Hz, H-
6a), 4.12-4.05 (m, 2H, H-5 & H-6b), 2.09 (s, 3H, OACc), 2.06 (s, 3H, OAc), 2.05 (s, 6H, 2 X
OAc). *C NMR (126 MHz, CDCls) (8, ppm): 170.6, 170.5, 170.1, 169.9 (s, 4C, 4 X
CHsCOO0), 156.3 (s, 1C, quart. ArC), 134.0 (s, 1C, ArC), 130.8 (s, 1C, ArC), 113.2 (s, 1C,
ArC), 110.0 (s, 1C, quart. ArC), 101.7 (s, 1C, quart. ArC), 95.6 (s, 1C, C-1), 70.6 (s, 1C, C-
2),70.2 (s, 1C, C-3), 68.9 (s, 1C, C-5), 68.2 (s, 1C, C-4), 61.6 (s, 1C, C-6), 21.0, 20.9, 20.82,
20.77 (s, 4C, 4 x CH3COO). HR-MS (ESI+): m/z calcd. for CyH22010Nal, ([M+Na]*) =
698.9200; obs. = 698.9216. Data for B-4.6: 'H NMR (500 MHz, CDCls) (3, ppm): 7.64 (dd,
1H, Jun = 7.8, 1.4 Hz, ArH), 7.05 (app. t, 1H, Jun = 8.0 Hz, ArH), 6.98 (dd, 1H, Jun = 8.2,
1.4 Hz, ArH), 5.40 (dd, 1H, Jun = 9.4, 7.8 Hz, H-2), 5.29 (t, 1H, Jun = 9.4 Hz, H-3), 5.19 (t,
1H, Jun = 9.6 Hz, H-4), 5.05 (d, 1H, Juw = 7.8, Hz, H-1), 4.28 (dd, 1H, Jun = 12.3, 5.3 Hz,
H-6a), 4.20 (dd, 1H, Jun = 12.3, 2.5 Hz, H-6b), 3.87 (m, 1H, H-5), 2.10 (s, 3H, OAc), 2.08
(s, 3H, OAC), 2.05 (s, 3H, OAc), 2.04 (s, 3H, OAc). *C NMR (126 MHz, CDCls) (8, ppm):
170.6, 170.4, 169.5, 169.3 (s, 4C, 4 x CHsCOO), 157.2 (s, 1C, quart. ArC), 134.4 (s, 1C,
ArC), 130.7 (s, 1C, ArC), 1145 (s, 1C, ArC), 110.1 (s, 1C, quart. ArC), 101.9 (s, 1C, quart.
ArC), 100.0 (s, 1C, C-1), 72.8 (s, 1C, C-3), 72.4 (s, 1C, C-5), 70.8 (s, 1C, C-2), 68.3 (s, 1C,
C-4), 62.0 (s, 1C, C-6), 21.3, 20.83, 20.78, 20.7 (s, 1C, CH3sCOO). HR-MS (ESI+): m/z
calcd. for CxH22010Nal; ([M+Na]*) = 698.9194; obs. = 698.9172.
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6.4.5. Synthesis of (2-bromo-5-methoxybenzyl)dicyclohexylphosphine, 4.11
Br PCy,

_0O

The following procedure was based on that reported by Clark et al.? HPCy, (0.36 mL, 1.78
mmol) was added to 2-bromo-5-methoxylbenzyl bromide (0.50 g, 1.79 mmol) in
deoxygenated acetone (2.40 mL) and the resulting solution was heated to reflux (65 °C) for
16 h. The mixture was then cooled to room temperature and concentrated in vacuo to give a
foam-like solid that was washed with ice-cold Et;O (10 mL). The solid was dried under
reduced pressure, re-dissolved in CH2Cl; (10 mL) and EtsN (2 mL) was then added. This
solution was stirred at room temperature for 2 h before removal of the volatiles in vacuo.
The crude residue was re-dissolved in toluene (5 mL) and the insoluble salts removed by
filter cannula. These insoluble salts were washed with a two portions of toluene (2 x 5 mL)
and all organics were then concentrated to give (2-bromo-5-
methoxybenzyl)dicyclohexylphosphine (4.11) as a pale yellow, partially crystalline solid
(0.420 g, 1.06 mmol, 59% yield) with ca. purity of 94%. 3!P{*H} NMR (162 MHz, CDCls)
(8, ppm): 3.85 (s). 'H NMR (400 MHz, CDCls) (3, ppm): 7.37 (d, 1H, J = 8.8 Hz, ArH),
6.95 (app. t, 1H, J = 3 Hz, ArH), 7.64 (dd, 1H, J = 8.8, 3 Hz, ArH), 3.76 (s, 3H, OCHs3), 2.91
(d, 2H, J = 2.5 Hz, CH2PCy»), 2.21-1.67 (m, 11H, Cy), 1.33-1.08 (m, 11H, Cy). *C NMR
(121 MHz, CDCls) (8, ppm): 158.8 (s, 1C, quart. ArC-OCHj), 141.04 (d, 1C, J = 8.8 Hz,
quart. ArC-CH,PCys»), 133.4 (s, 1C, ArC), 116.7 (d, 1C, J = 11.1 Hz, ArC), 115.5 (d,1C, J =
3.9 Hz, quart. ArC-Br), 113.5 (s, 1C, ArC), 55.5 (s, 1C, OCHjs), 33.7 (d, 2C, J = 15.1 Hz,
Cy), 29.83 (dd, 4C, J = 11.1, 5.4 Hz, Cy), 29.5 (d, 2C, J = 20.6 Hz, CH,PCy>), 27.5 (dd, 4C,
J=9.3, 3.0 Hz, Cy), 26.6 (s, 2C, Cy). HR-MS (ESI+): m/z calcd. for CoH3:BrPO ([M+H]*)
= 397.129041; obs. = 397.129042. The characteristic bromide isotope pattern can be
observed in the HR-MS.

6.4.6. Synthesis of (2-dicyclohexylphosphino-5-
methoxybenzyl)dicyclohexylphosphine, 4.12
CyZP PCy2

0

nBuLi (1.6 M in Hexanes, 0.2 mL, 0.32 mmol) was added dropwise over 10 min to (2-
bromo-5-methoxybenzyl)dicyclohexylphosphine (108 mg, 0.272 mmol) in THF (4 mL) at -

78 °C. The reaction was stirred at -78 °C for 15 min, then left to warm to room temperature
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over 15 min. CIPPh; (60 pL, 0.272 mmol) in THF (0.54 mL) was added to the lithiated
mixture at -78 °C and the resulting solution stirred for 15 min at this temperature. The
reaction was left to warm up to room temperature and stirred for 1 h. All volatiles were
removed in vacuo and the residue was re-dissolved in Et,O (10 mL), washed with water (10
mL), dried over anhydrous MgSOQsy, filtered and the solvent removed under reduced pressure.
The crude residue was passed through a silica plug (EtOAc:Hex, 50:50) to give 4.12 with ca.
66% purity by 3P{*H} NMR. 3P{*H} NMR (122 MHz, CDCls) (3, ppm): 6.6 (d,"Jrr = 8.9
Hz, ArCH2PCys>), -18.5 (d,*Jer = 9.3 Hz, ArPCy,). HR-MS (ESI+): m/z calcd. for Cs;HssP.0O
([IM+0]*) = 515.3563; obs. = 515.3572.

6.4.7. Synthesis of [Pt(4.12)2Cl], 4.16

PCy2

P, .Cl
( PES P/—\P = \OdPCy
P” Ycl 2

(2-dicyclohexylphophino-5-methoxybenzyl)dicyclohexylphosphine (27.0 mg, 52.4 umol, ca.
70% purity) in CH.Cl, (1 mL) was added dropwise to [PtCl,(COD)] (17.0 mg, 45.4 pmol) in
CH.CI; (2 mL) and stirred at room temperature for 1.5 h. All volatiles were removed in
vacuo and the residue was redissolved in CHCIl; (0.5 mL). In air, the product was
precipitated by addition of hexane (15 mL) and left to stand so that the supernatant could be
removed by pipette. Residual solvent was removed in vacuo and 4.16 was isolated as a white
solid (28.8 mg, 36.9 mmol, 81% yield). 3P{*H} NMR (122 MHz, CDCls) (5, ppm): 23.8
(d,"Jpp = 19.4 Hz, Jpp: = 3499 Hz, ArCH,PCy>), 10.2 (d,Jre = 19.2 Hz, Jpp: = 3519 Hz,
ArPCy;). HR-MS (Nanospray+): m/z calcd. for Cs,Hs,P2OCIPt ([M-CI]*) = 744.2830; obs. =
744.2830.

6.4.8. Synthesis of 4.20

BH;
Br PPh,

_0

BHs.SMe; (0.15 mL, 1.64 mmol) was added to HPPh; (0.28 mL, 1.61 mmol) in THF (3 mL)
at 0 °C, and the resulting mixture was stirred for 10 min then left to warm to room
temperature and stirred for a further 3 h. nBuLi (1.6 M in Hexanes, 1.1 mL, 1.76 mmol) was
added dropwise to BHs-protected phosphine at -78 °C and the resulting mixture was stirred
at this temperature for 15 min, then left to warm to room temperature and stirred for 20 min.
Next, the lithiated solution was added dropwise to (2-bromo-5-methoxybenzyl)bromide (442

mg, 1.58 mmol) in THF (10 mL) at -78 °C over a period of 20 min and this mixture was left
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to warm to room temperature and stirred for 1 h. All volatiles were removed in vacuo and
the residue was partitioned between CH,Cl, (10 mL) and H20O (10 mL), then extracted into
CH.CI; (2 x 20 mL). The organics were combined, dried over anhydrous MgSQg, filtered
and the solvent removed in vacuo. The crude product was purified by column
chromatography (EtOAc:Hex, 1:9, Rf = 0.17) which gave the desired final product, 4.20
(410 mg, 1.02 mmol, 65% vyield). 3P{*H} NMR (162 MHz, CDCls) (5, ppm): 19.8 (m).
LB{'H} NMR (128 MHz, CDCls) (8, ppm): -39.4 (d, WJgpr = 56 Hz). 'H NMR (400 MHz,
CDCls) (8, ppm): 7.65-7.60 (m, 4H, ArH), 7.52-7.37 (m, 6H, ArH), 7.26 (dd, 1H, J = 9.1,
2.6 Hz, ArH), 6.84-6.81 (m, 1H, ArH), 6.64-6.59 (m, 1H, ArH), 3.81 (dd, 2H, J = 11.9, 2.8
Hz, CH,), 3.65 (s, 3H, OCHs), 1.56-0.53 (m, 3H, BHs3). *C NMR (121 MHz, CDCls) (3,
ppm): 158.5 (d, 1C, Jpc = 2.6 Hz, ArC-OCHp3), 133.3 (d, 1C, Jrc = 9.1 Hz, ArC), 133.0 (d,
4C, Jpc = 9.1 Hz, ArC), 1315 (d, 2C, Jpc = 2.5 Hz, ArC), 128.8 (d, 4C, Jec = 9.9 Hz,
ArC),128.5 (s, 1C, quart. ArC), 128.0 (s, 1C, quart. ArC), 116.2 (d, 1C, Jpc = 9.3, 3.4 Hz,
ArC), 116.0 (d, 1C, Jec = 9.3, 3.4 Hz, ArC), 55.48 (s, 1C, OCHs), 33.69 (d, 1C, %Jpc = 31.9
Hz, CH.PPh,). Quaternary ArC atoms (that were directly bound to phosphorus) could not be
observed in the *C spectrum. HR-MS (ESI+): m/z calcd. for CxHzBrPO ([M+H]) =
397.129041; obs. = 397.129042. The ESI mass spectrum exhibits the expected bromide
isotope pattern.

6.4.9. Synthesis of 4.17
Br PPh,

_0O

Compound 4.20 (150 mg, 0.376 mmol) in EtcNH (0.5 mL, 4.84 mmol) was heated to 50 °C
for 20 h. All volatiles were removed in vacuo and the residue heated under vacuum at 80 °C
to ensure complete removal of Et,NH.BHs. This gave 4.17 as a colourless solid without any
further purification (141 mg, 0.366 mmol, 97% vyield). 3:P{*H} NMR (162 MHz, CDCls) (3,
ppm): -12.3 (s). *H NMR (400 MHz, CDCls) (3, ppm): 7.42-7.39 (m, 5H, ArH), 7.36-7.29
(m, 6H, ArH), 6.57 (ddd, 1H, J =8.8, 3.1, 1.5 Hz, ArH), 6.24 (dd, 1H, J = 3.1, 2.1 Hz, ArH),
3.51 (br s, 2H, CHy), 3.49 (s, 3H, OCHs). HR-MS (APCI+): m/z calcd. for CzH19BrPO;
(IM+O+H]*) = 401.0301; obs. = 401.0301 and CxH19BrPO ([M+H]*) = 385.0351; obs. =
385.0356. The APCI mass spectrum exhibits the expected bromide isotope pattern.
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6.4.10. Synthesis of bis(hydroxymethyl)diphenylphosphonium chloride, 4.22?°

® e
HO” P~ “OH
Ph,

The following procedure was modified from the literature.?* HCI (37% w/w, 0.5 mL) was
added to a stirred solution of formaldehyde solution (37% w/w, 1 mL) and HPPh, (0.903
mL, 5.20 mmol). The self-heating mixture was stirred for 0.33 h. Upon cooling, all volatiles
were removed in vacuo and the crude product was isolated as a white solid. Recrystallisation
of this solid from boiling MeOH (4 mL) gave bis(hydromethyl)diphenylphosphonium
chloride as a crystalline, white solid (1.15 g, 4.08 mmol, 78% yield). P NMR (162 MHz,
CDCls) (8, ppm): -17.0 (s). *H NMR (400 MHz, CDCls) (8, ppm): 7.97-7.91 (m, 4H, ArH),
7.89 (td, 2H, J = 7.5, 1.7 Hz, ArH), 7.75 (td, 4H, J = 7.7, 3.3 Hz, ArH), 5.16 (d, 4H, J = 1.6

Hz, 2 x CH,). Spectroscopic data matches that previously reported.?

6.4.11. Synthesis of 4-bis((diphenylphosphino)methyl)aminophenol, 4.23

9
8

7

EtsN (0.3 mL, 2.15 mmol) was added to solution of 4.22 (0.550 g, 1.95 mmol) in deionised
H20 (10 mL) and MeOH (5 mL). To this, 4-aminophenol (106 mg, 0.971 mmol) was added
and the resulting mixture heated 70 °C for 1.5 h. Upon cooling, the reaction mixture was
diluted by addition of CH,Cl, (50 mL) and deionised H,O (25 mL). The product was
extracted into CH,Cl, (2 x 25 mL) and the organic fractions combined, dried over anhydrous
MgSQ, and filtered before all volatiles were removed in vacuo to give the crude product as a
sticky, clear solid. Purification by column chromatography (50:50 EtOAc:Hex, Rf = 0.70)
gave 4.23 (240 mg, 0.475 mmol, 49% yield). 3'P NMR (162 MHz, CDClIs) (8, ppm): -26.7
(s, 2P). 'H NMR (400 MHz, CDCls) (8, ppm): 7.33-7.27 (m, 20H, PPh,), 6.75 (d, 2H, J =
8.9 Hz, ArH), 6.66 (d, 2H, J = 8.8 Hz, ArH), 3.99 (d, 4H, J = 4.0 Hz, 2 x CH,). 3C NMR
(121 MHz, CDCls) (8, ppm): 149.0 (s, 1C, C-1), 143.5 (s, 1C, C-4), 137.7 (d, 4C, J = 14.4
Hz, C-6), 133.3 (d, 8C, J = 19.3 Hz, C-7), 128.7 (s, 4C, C-9), 128.6-128.3 (m, 8C, C-8),
119.1 (s, 2C, C-2), 115.9 (s, 2C, C-3), 56.1 (s, 4C, C-5). HR-MS (ESI+): m/z calcd. for
Cs2H30NOP; ([M+H]+) = 506.1797; obs. = 506.1811.
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6.4.12. Synthesis of [Re(4.23)(CO)sBr], 4.25

co
<P,,, R| WCO /M o N/—Pth
e P P=
P” | ~Cco \—pPh
Br 2

To a stirred solution of [Re(CO)3(H20).Br] (16.0 mg, 39.5 umol) in MeOH (0.5 mL), 4.23
(20.0 mg, 39.5 pmol) in CH2CI, (1 mL) was added dropwise. The reaction was stirred at
ambient temperature for 16 h and the solvent removed in vacuo to give the expected final
product, 4.25 (32.4 mg, 37.9 umol, 96% yield), with ca. 84% purity by *P{*H} NMR
spectroscopy. *P{*H} NMR (162 MHz, CDCls) (3, ppm): -19.8 (s, 2P). 'H NMR (400
MHz, CDCls: CDsOD, 1:1) (8, ppm): 7.50-7.31 (m, 20H, ArH), 6.56 (d, 2H, J = 8.7 Hz,
ArH), 6.19 (d, 2H, J = 8.8 Hz, ArH), 3.36 (br s, 4H, 2 x CH>).

6.4.13. Synthesis of [Re(4.23)202]1, 4.27
®

CAD T o
P” || VP P pP=HO N\_

o) PPh,
To a stirred solution of [Re(O)2(PPhs).l] (16.4 mg, 18.9 umol) in CH2Cl; (1 mL), 4.23 (20.0
mg, 39.5 umol) in CH:Cl, (2 mL) was added dropwise. The reaction was stirred at ambient
temperature for 16 h. The solvent was removed in vacuo, the product re-dissolved in CH:Cl;
(0.25 mL) and MeOH (0.25 mL) then the product precipitated by addition of hexane (5 mL).
The solid was washed with additional hexane (5 mL) and dried to give 4.27 as the final
product (16.6 mg, 12.2umol, 62% yield). 3:P{*H} NMR (162 MHz, CDCls: CDs0D, 1:1) (3,
ppm): -34.1 (s, 4P). *H NMR (400 MHz, CDCls: CD30D, 1:1) (8, ppm): 7.44-7.26 (m, 14H,
ArH), 7.14 (app. t, 10H, J = 7.6 Hz, ArH), 6.53 (d, 2H, J = 8.8 Hz, ArH), 6.33 (d, 2H, J =
89 Hz, ArH), 428 (br s, 4H, 2 x CHy). HR-MS (Nanospray+): m/z calcd. for
CeaHss04N2PsRe ([M-1]%) = 1229.2905; obs. = 1229.2930.

6.4.14. Synthesis of 4.29
OAc

PPh

RN O
AcO
AcO \—pPPh,

Acetobromo-a-D-glucose (165 mg, 0.401 mmol), BTEAB (326 mg, 1.20 mmol) and 4.23
(304 mg, 0.602 mmol) were dissolved in a mixture of CH3CI (15 mL) and 1.25 M NaOH
(1.5 mL). The resulting biphasic mixture was stirred rapidly and heated to 60 °C for 4 h
before the reaction was cooled to room temperature and diluted with CHCIl3 (20 mL). The
organic layer was washed with deionised water (15 mL) and 1M NaOH (2 x 20 mL), then

dried over MgSO, filtered and all volatiles removed in vacuo to give the crude product. The
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crude product was purified by column chromatography (1:1 EtOAc:Hex, Rf = 0.44) to give
4.29 (34.0 mg, 0.0407 mmol, 10% yield) with ca. 63% purity, as measured by *P{*H} NMR
spectroscopy. *P{*H} NMR (162 MHz, CDCls) (3, ppm): -27.2 (s, 2P). 'H NMR (400
MHz, CDCls) (8, ppm): 7.36-7.23 (m, 20H, 4 x Ph), 6.84 (d, 2H, Jun = 9.2 Hz, ArH), 6.73
(d, 2H, Jun = 9.3 Hz, ArH), 5.28-5.22 (m, 2H, H-2 and H-3), 5.17 (t, 1H, Jun = 9.6 Hz, H-4),
4.94 (d, 1H, Jun = 7.5 Hz, H-1), 4.31 (dd, 1H, Jun = 12.2, 5.2 Hz, H-6a), 4.17 (dd, 1H, Jun =
12.2, 2.5 Hz, H-6b), 3.94 (d, 4H, Jun = 4.3 Hz, 2 x CH,PPhy), 3.79 (ddd, 1H, Jun = 9.6, 5.2,
2.3 Hz, H-5), 2.09 (s, 3H, OACc), 2.08 (s, 3H, OACc), 2.05 (s, 3H, OAc), 2.04 (s, 3H, OAC).
B3C NMR (126 MHz, CDCls) (8, ppm): 170.8, 170.4, 169.5, 169.4 (s, 4C, 4 x CH3COO),
149.7 (s, 1C, quart. ArC), 145.0 (s, 1C, quart. ArC), 137.5 (d, 4C, Jec = 14.4 Hz, quart. Ph),
133.3 (d, 8C, Jec = 19.7 Hz, Ph), 130.7-127.7 (m, 8C, Ph), 128.9 (s, 4C, Ph), 118.5 (s, 2C,
ArC), 116.7 (s, 2C, ArC), 100.5 (s, 1C, C-1), 73.0 (s, 1C, C-2/3), 72.0 (s, 1C, C-5), 71.4 (s,
1C, C-2/3), 68.5 (s, 1C, C-4), 62.1 (s, 1C, C-6), 55.4 (s, 4C, CH:PPhy), 20.9, 20.8, 20.72,
20.68 (s, 4C, 4 x CH3COO0). HR-MS (Nanospray+): m/z calcd. for CssHasO10NP2 ([M+H]")
= 836.2753; obs. = 836.2744.

6.4.15. Synthesis of [Re(4.29)202]l, 4.30

o ® OAc
P//,”\\P — PPh
("'rs | M 0 /—PPh;
Pt P pe AR 0 N
cO
o AcO PPh,

A solution of 4.29 (18.8 mg, 22.5 umol, ca. 63% pure) in MeOH (1 mL) and CH,Cl, (1 mL)
was added dropwise to [ReO2l(PPhs)2] (9.8 mg, 11.3 umol) in CH,Cl, (1 mL). The resulting
mixture was stirred at room temperature for 3 h and all volatiles were removed in vacuo. The
residue was redissolved in CHCI; (0.5 mL) and the product was precipitated by addition of
hexane (5 mL) and left to stand so that the supernatant could be removed by pipette. The
solid was washed with further portions of hexane (2 x 5 mL) and the solid dried in vacuo to
give 4.30 (13.3 mg) with ca. 40% purity by 3'P{*H} NMR; complexes 4.27, 4.31 and other
unidentifiable 3'P-containing species were present (Chapter 4, Section 4.4.2). Data for 4.30:
$1P{IH} NMR (162 MHz, CDCl3) (3, ppm): -33.0 (s, 4P). HR-MS (Nanospray+): m/z calcd.
for CoHesO2NPsRe ([M-1]*) = 1889.4806; obs. = 1889.4757. Data for 4.27: HR-MS
(Nanospray+): m/z calcd. for CesHssO4N2PsRe ([M-1]%) = 1229.2800; obs. = 1229.4720. Data
for 4.31: HR-MS (Nanospray+): m/z calcd. for C7sH76013N2P4Re ([M-I]") = 1559.5690; obs.
= 1559.5552.

6.4.16. Synthesis of isopropyl 3-bromo-2-(bromomethyl)propionate
O>_<:Br
>7O Br
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3-Bromo-2-(bromomethyl)propionic acid (200 mg, 0.813 mmol) was dissolved in isopropyl
alcohol (10 mL) before conc. H2SO. (0.220 mL) was added, and the resulting solution was
heated to reflux for 24 h. Upon cooling to room temperature, the reaction was concentrated
in vacuo and the residue re-dissolved in EtOAc (10 mL) before being neutralised with sat.
NaHCOs and further diluted in a mixture of CH,CI,:EtOAc (1:1, 30 mL). The organic phase
was separated and washed with brine (15 mL), dried over anhydrous MgSO., filtered and the
crude product was purified by column chromatography (EtOAc:Hex: 1:1: Rt = 0.50) to give
isopropyl 3-bromo-2-(bromomethyl)propionate (131 mg, 0.455 mmol, 56% yield) as a clear,
off-white oil. *H NMR (400 MHz, CDCls) (8, ppm): 5.09 (p, 1H, 3Jun = 6.3 Hz, iPr-CH),
3.76 (dd, 2H, 3Jun = 10.4, 5.1 Hz, CHBr), 3.70 (dd, 2H, *Jun = 10.4, 6.5 Hz, CH,Br), 3.12
(tt, 1H, 3Jun = 6.5, 5.0 Hz, CH(CH2Br),), 1.27 (s, 3H, CHa), 1.26 (s, 3H, CH3). ) *C NMR
(126 MHz, CDs0D) (3, ppm): 169.5 (s, 1C, C=0), 70.0 (s, 1C, CH(CHs),), 49.2 (s, 1C,
CH(CH:Br)y), 31.3 (s, 2C, 2 x CH2Br), 22.1 (s, 2C, 2 X CHs).

6.4.17. Synthesis of HO(O)CCH2CH(PPhy)2, 4.34
O PPh,

HO PPh,

NaOH (0.770 g, 19.3 mmol) and ethyl 3,3-bis(diphenylphosphaneyl)propanoate (0.600 g,
1.28 mmol) were dissolved in a mixture of MeOH (18 mL), CH.CIl,; (10 mL) and
deoxygenated H.O (3 mL). After 5 days stirring at room temperature, the reaction was
neutralised by addition of 2M HCI and extracted into CH2Cl, (3 x 15 mL) and EtOAc (2 x
10 mL). The combined organics were dried over anhydrous MgSOQ., filtered and all volatiles
removed in vacuo to give 4.34 as a white solid (0.490 g, 1.11 mmol, 87% vyield). *:P{*H}
NMR (121 MHz, CDs0OD) (8, ppm): -7.4 (s, 2P). *H NMR (500 MHz, CDs0OD) (8, ppm):
7.87-7.11 (m, 20H, ArH), 3.84 (t, 1H, 3Jun = 6.0 Hz, CH(PPh,),), 2.47 (td, 2H, J = 9.2, 6.0
Hz, CH,CH(PPh,),). 3C NMR (126 MHz, CD3;0D) (3, ppm): 175.4 (s, 1C, COOH), 134.5
(app. t, 4C, 3Jpc = 11.1 Hz, 0-ArC), 133.3 (t, 4C, 3Jpc = 10.4 Hz, 0-ArC), 131.1 (s, 2C, i-
ArC), 131.0 (s, 2C, i-ArC), 129.2 (s, 2C, p-ArC), 128.8 (s, 2C, p-ArC), 127.30 (m, 8C, m-
ArC), 32.1 (t, 1C, Xpc = 9.4 Hz, CH,CH), 27.7 (t, 1C, 2Jpc = 25.3 Hz, CH,CH). HR-MS
(ESI-): m/z calcd. for CyHz30.P ([M-H]) = 441.1173; obs. = 441.1179. Ethyl 3,3-
bis(diphenylphosphaneyl)propanoate was prepared as reported by Webster et al.*®
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6.4.18. Synthesis of °A°Glc-O-(CH2)sNHC(O)CH2CH(PPh2)2, 4.35

OAc
A%%Mo s N . pph
\/\/ 2
e i

O PPhy

DMAP (108 mg, 0.884 mmol) and EDC-HCI (153 mg, 0.798 mmol) were added to
carboxylic acid 4.34 (180 mg, 0.407 mmol) in CH.CI, (12 mL) and stirred for 30 min at
room temperature. Carbohydrate 2.18 (205 mg, 0.506 mmol) in CH.Cl, (3 mL) was added
and the resulting solution stirred at room temperature for 24 h. All volatiles were removed in
vacuo and the residue was re-dissolved in CH2Cl2 (20 mL). The organics were washed with
HCI (2 M, 10 mL), saturated NaHCO3 (20 mL) and brine (20 mL), then dried over
anhydrous MgSO. and product (150 mg, 0.181 mmol) was purified by flash chromatography
(EtOAc:Hex:EtsN, 2:1:0.01, Rf = 0.41) and 4.35 (40.0 mg, 0.0483 mmol, 24% yield) was
isolated as a colourless oil. N.B The yield is 24% as only 50% of the crude material
underwent purification. *P{*H} NMR (121 MHz, CDCls) (8, ppm): -7.1 (s, 2P). 'H NMR
(500 MHz, CDCls) (3, ppm): 7.60-7.56 (m, 4H, ArH), 7.50-7.45 (m, 4H, ArH), 7.29-7.22
(m, 12H, ArH), 5.18 (app. t, 1H, J = 9.5 Hz, H-3), 5.06 (app. t, 1H, J = 9.7 Hz, H-4), 4.91
(dd, 1H, J =9.7, 8.0 Hz, H-2), 4.87 (br. t, 1H, }nw = 7.5 Hz, C(O)NH), 4.38 (d, 1H, J = 8.0
Hz, H-1), 4.14-4.09 (m, 2H, H-6a and H-6b), 4.08-4.05 (m, 1H, H-11a), 3.69-3.62 (m, 2H,
H-7a & H-5), 3.36-3.31 (m, 2H, H-7b), 2.77 (m, 2H, H-9a & H-9b), 2.25 (td, 2H, J = 9.6,
5.7 Hz, H-10a & H-10b), 2.04 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.98 (s,
3H, OAc), 1.43 (it, 2H, J = 13.7, 7.4 Hz, H-8a & H-8b). 3C NMR (126 MHz, CDCls) (3,
ppm): 171.2 (t, 3Jec = 3.5 Hz 1C, C(O)NH), 170.7 (s, 1C, CHs;COO), 170.3 (s, 1C,
CHsCO00), 169.5 (s, 1C, CH3COO0), 169.4 (s, 1C, CH3;COO0), 136.5 (m, 2C, i-ArC), 136.3 (d,
2C, i-ArC), 134.8 (m, 4C, 0-ArC), 133.8 (m, 4C, 0-ArC), 128.8 (s, 2C, p-ArC), 128.7 (s, 2C,
p-ArC), 128.4 (m, 4C, m-ArC), 128.2 (m, 4C, m-ArC), 100.3 (s, 1C, C-1), 72.7 (s, 1C, C-3),
72.0 (s, 1C, C-5), 71.3 (s, 1C, C-2), 68.5 (s, 1C, C-4), 68.1 (s, 1C, C-7), 61.9 (s, 1C, C-6),
37.2 (s, 1C, C-9),36.3 (t, 1C, 2Jpc = 9.2 Hz, C-10), 28.9 (s, 1C, C-8), 28.9 (t, 1C, 1Jpc = 22.9
Hz, C-11), 20.9 (s, 1C, CH3;COO0), 20.77 (s, 1C, CH3COO), 20.75 (s, 1C, CH3COO), 20.72
(s, 1C, CH3COO). HR-MS (ESI+): m/z calcd. for CasHsoNO11P ([M+H]") = 830.2859; obs.
= 830.2871.
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6.4.19. Synthesis of °HGlc-O-(CH2)sNHC(O)CH2CH(PPh2)2, 4.36

OH
HQMO 5 H 04 PPh
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O PPh,
1M sodium methanolate (0.20 mL, 0.200 mmol) was added to 4.35 (7.00 mg, 8.44 pmol) in
methanol (2 mL). After stirring at room temperature for 18 h the reaction was diluted with
MeOH (4 mL). Amberlyst 120 resin was added to reduce the pH to 7 and the reaction was
filtered and concentrated in vacuo to give 4.36 as white foam (3.00 mg, 4.54 umol, 54%
yield). The Amberlyst 120 resin was prepared by washing with MeOH then drying the resin
in air. 3P{*H} NMR (121 MHz, MeOH) (3, ppm): -6.7 (s, 2P). HR-MS (ESI+): m/z calcd.
for CasH4:NO7P2Na ([M+Na]*) = 684.2256; obs. = 684.2255.

6.4.20. Synthesis of 3’-aminopropyl-p-D-glycopyranoside, 4.37

OH
”O&
HO O\/K/NH2
HO -

3-azidopropyl B-D-glucopyranoside (330 mg, 1.25 mmol) was dissolved in MeOH (10 mL)
and Pd/C (36.0 mg) was added to the solution under a flow of N.. The reaction was sparged
with 1 balloon of H, before a second balloon was added to the sealed system to maintain a
H. atmosphere throughout the reaction. After leaving the mixture to stir at room temperature
for 3 h, the mixture was filtered through MeOH-wet Celite and all volatiles were removed in
vacuo to give 4.37 (280 mg, 1.18 mmol, 94% yield). 'H NMR (400 MHz, CDsOD) (3, ppm):
4.27 (d, 1H, J = 7.8 Hz, H-1), 4.05-3.94 (m, 1H, H-7a), 3.88 (dd, 1H, J = 11.9, 1.6 Hz, H-
6a), 3.73-3.61 (m, 2H, H-7b and H-6b), 3.31-3.25 (m, 2H, H-3/-4 or -5), 3.17 (dd, 1H, J =
9.1, 7.8 Hz, H-2), 2.80 (td, 2H, J = 6.7, 2.0 Hz, H-9a and H-9b), 1.84-1.74 (m 2H, H-8a and
H-8b). The *H NMR signal for H-3/-4 or -5 is obscured by the CDsOD signal at 3.31
ppm.2C NMR (126 MHz, CDCls) (8, ppm): 104.5 (s, 1C, C-1), 78.1 (s, 1C), 77.8 (s, 1C)
75.1 (s, 1C), 71.7 (s, 1C), 68.8 (s, 1C), 62.8 (s, 1C), 39.7 (s, 1C, C-9), 33.2 (s, 1C, C-8).

6.4.21. Synthesis of ™ Tc(V) complexes with 4.36

Kits for radiolabelling 4.36 are listed in Chapter 4, Section 4.5.5, Table 4.2. Standard
solutions of the reagents added to the kit (ligand, stannous chloride, sodium tartrate and
sodium hydrogen carbonate) were prepared in purified water or ethanol. The kits were
freeze-dried in Eppendorf tubes immediately after preparation and stored under nitrogen or

argon gas at -20 °C in a freezer.
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Synthesis of the *™Tc(V) complexes was performed by addition of the [*™TcO.] saline
solution (5-10 pL, 10-20 MBq) and saline (500 pL) to a thawed kit. The solubilised kit was
incubated at room temperature or 50 °C for 30 min. Aliquots of these samples were analysed
by analytical HPLC (Method 2, 100-150 pL).
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7.1.  X-ray Crystallography

X-ray crystallographic data was recorded by Dr Hazel Sparkes and Dr Natalie Pridmore on a
Bruker Kappa Apex Il diffractometer at 100 K, using Mo-Ka radiation (A = 0.71073 A).
Intensities were integrated in SAINT? and absorption corrections, based on equivalent

reflections, were applied with SADABS?. Crystal structures were solved with ShelXT?, and

each structure was refined against F? using ShelXL* in Olex2°. The crystal structure and

refinement data for 2.23 and 3.19 are given in Table 7.1.

Table 7.1 Crystal data and structure refinement for complexes 2.23 and 3.19.

Identification code Complex 2.23 Complex 3.19
Empirical formula CssHz4BrO7P.Re C3z9H30BrOsP2Re
Formula weight 894.67 874.68
Temperature/K 100(2) 100(2)
Crystal system triclinic monoclinic
Space group P-1 P2i/c
alA 10.6414(5) 9.39030(10)
b/A 11.4634(6) 37.9563(5)
c/A 16.1289(8) 9.83770(10)
a/° 79.727(3) 90
/e 75.741(3) 108.2890(10)
v/° 63.261(2) 90
Volume/A3 1697.79(15) 3329.24(7)
VA 2 4
Pealcg/cm® 1.750 1.745
wmm'?! 4.897 4.984
F(000) 880.0 1712.0
Crystal size/mm? 0.358 x 0.21 x 0.119 0.352 x 0.318 x 0.224
Radiation MoKa (A =0.71073) MoKa (A =0.71073)
20 range for data collection/° 3.99 to 56.038 4.292 t0 55.918
Index ranges -11<£h<14,-15<k<15,- | -12<h<12,-49<k <50, -
21<1<21 11<I<12
Reflections collected 31701 30381
Independent reflections | o192 [Rint&gg-g%‘]wv Rsigma = | 7994 [Rint(;gég%?o’ Resigma =
Data/restraints/parameters 8192/0/417 7994/41/443
Goodness-of-fit on F2 1.024 1.055
Final R indexes [I>=20 (I)] | Ri1=0.0220, wR,=0.0484 | R:1=0.0266, wR, = 0.0484
Final R indexes [all data] R; = 0.0254, wR, = 0.0497 R1=0.0326, wR, = 0.0499
Largest diff. peak/hole / e A 1.01/-1.17 0.63/-0.85
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7.2.  Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

7.2.1. Sample Preparation for ICP-MS analysis

Aliquots of samples (0.3 mL) were digested in concentrated Optima Grade HNO3 (0.1 mL,
68% wi/w; Fisher Scientific trace metal grade acid) at 60 °C for ca. 12 h. After digestion,
samples were diluted with purified water (resistivity >18.2 MQ cm from a Milli-Q system by
Merck Millipore) to give a total sample volume of 3 mL. Calibration standards were
prepared volumetrically using a High Purity Standard (HPS) ICP-MS multi-element
standard solution (HPS multi-element standard solution D) that contained 10 mg/L of Re.
Calibration solutions (0.1 to 1000 pg/L) were doped with a Leehman Labs 100 ppm Tb
standard (Teledyne) so each solution had a standard concentration of Tb (50 pg Th/L).

7.2.2. ICP-MS Measurements

All ICP-MS measurements were performed at the London Metallomics Facility (LMF) at
King’s College London with a Perkin Elmer NexION 350D Inductively Coupled Plasma
Quadrupole Mass Spectrometer (ICP-QMS) that was operated in standard mode. The ICP-
QMS was equipped with a Cetac ASX-100 autosampler that was coupled to a SeaSpray
glass nebulizer and quart cyclonic spray chamber. Further details are given in Table 7.2 and
Table 7.3.

ICP-QMS results were verified though the repeated checking of blanks, calibrants and a
certified reference material (CRM); trace metal drinking water (CRM-TMDW-100) from
High Purity Standards. As it was not possible to obtain a CRM for Re, Mo was used as a
proxy to assess the system bias in ICP-QMS calibration, and Ga was used as an internal

standard for Mo measurements.

To account for instrument drift and matrix effects, all results were normalised relative to the
internal Tb standard. Intensities of samples and standards were blank corrected by
subtracting the average isotopic intensity (counts per second, cps) of repeat blank
measurements. Corrected isotopic intensity values were converted from counts per second
(cps) to concentration (ug/L) by interpolation of neighbouring calibrants. The quality of the

interpolation was assessed by measuring the linearity of the calibration curve.
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Table 7.2 Settings for ICP-QMS (PerkinElmer NexION 350D).

PerkinElmer NexION 350D ICP Mass Spectrometer Settings

Ar Gas flow (L min?) 1
Ar Auxiliary gas flow (L min™) 1.2
Ar Plasma flow (L min) 18
Cell A gas flow (NH3, mL m™) 0
Cell B gas flow (He, mL m?) 0
Nebulizer gas flow (L min) 0.95
Mode of operation Standard
RF power (W) 1600

Table 7.3 Parameters for ICP-MS Method

ICP-MS — Method parameters

Elements mass 1%Re

Dwell time (ms) 100
RPa 0

RPq 0.25

Calibration (ug/L) 1-1000

Replicates per sample 5

LOD (ug/L) 0.03

LOQ (ug/L) 0.1

Internal standard (ug/L) Th - 50 pg/L
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7.2.3. Pilot Study Results

The raw data provided by the LMF is shown in Table 7.4, whilst the samples codes are
identified in Table 7.5, as the codes used for analysis do not clearly reflect those used within
this thesis.

Table 7.4 Raw data from ICP-MS Pilot Study recorded on 4/5/21.

Run Sample Acq:r::wn Re (pg/L) 'ReRSD Mo (pg/L) %Mo RSD
1 pre-blank 15:50:45 0.0 5.0 -0.1 5.6
2 Blank 15:55:54 -0.1 7.0 -0.9 6.9
3 Standard 1 16:01:00 0.0 2.2 -0.1 3.8
4 Standard 2 16:06:03 0.1 0.5 0.1 1.8
5 Standard 3 16:11:07 1.0 0.5 1.0 1.0
6 Standard 4 16:16:12 10.0 0.3 10.0 0.4
7 Standard 5 16:21:17 50.0 0.3 50.0 0.4
8 Standard 6 16:26:23 100.0 0.6 100.0 0.6
9 Standard 7 16:31:30 500.0 0.4 500.0 0.4
10 Standard 8 16:36:37 986.7 0.8 997.7 0.8
11 pre-blank 16:41:45 0.0 34.8 0.7 13.7
12 Blank 16:46:53 0.0 38.2 3.4 10.7
13 CRM-TMDW-100 16:52:01 0.0 13.8 88.5 0.5
14 Standard 4 16:57:07 9.8 0.3 10.2 0.3
15 Blank 17.02:14 -0.1 14.4 13 9.0
16 R1 17:07:19 4776.6 14 0.8 5.3
17 R2 17:12:23 3440.4 11 0.6 3.2
18 R3 17:17:26 4795.1 0.9 0.5 2.4
19 P HC1 17:22:30 14.2 0.6 0.4 4.5
20 P HC2 17:27:34 13.9 0.3 0.3 3.1
21 P HC3 17:32:38 9.5 0.5 0.3 1.9
22 P1 17:37:43 48.4 0.5 0.3 3.6
23 P2 17:42:48 51.1 0.4 0.2 5.2
24 P3 17:47:53 40.3 0.5 0.2 3.3
25 R HC1 17:52:59 18.0 0.7 0.1 4.3
26 CRM-TMDW-100 17:58:05 0.0 3.1 87.0 0.5
27 Standard 4 18:03:11 9.7 0.4 9.8 0.7
28 Blank 18:08:18 0.3 8.4 0.4 9.4
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29 R HC2 18:13:25 18.9 0.6 0.2 3.3
30 R HC3 18:18:31 27.1 0.9 0.2 3.1
31 ER1 18:23:36 7374.0 0.4 0.9 4.0
32 ER2 18:28:39 7376.7 0.6 0.9 2.2
33 ER3 18:33:42 7206.9 0.6 0.9 3.3
34 EP1 18:38:46 11471.9 0.4 1.1 3.4
35 EP2 18:43:50 11419.3 0.4 1.0 4.1
36 EP3 18:48:54 11727.9 1.0 1.1 2.0
37 H1 18:53:58 2.6 14.1 -0.8 4.7
38 H2 18:59:03 0.9 4.9 -0.8 5.9
39 H3 19:04:08 0.5 0.7 0.3 4.4
40 Digestion blank 19:09:14 0.0 1.2 -0.1 4.1
41 CRM-TMDW-100 19:14:20 0.0 2.3 86.9 0.5
42 Standard 4 19:19:26 9.7 0.3 10.0 0.5
43 Blank 19:24:33 0.2 6.4 0.3 6.3

Standard solutions and blanks are labelled as such and CRM-TMDW-100 is a CRM. R1-3 = cell lysate of HelLa
cells exposed to 3.11, P1-3 = cell lysate of HeLa cells exposed to Re(CO)3(H20)3Br, ER1-3 = exposure solution
of 3.11, EP1= exposure solution of [Re(CO)s(H20)s]Br, R HC1-3 = handling control for 3.11, P HC1-3 =
handling control for Re(CO)3(H20)3Br, H1-3 = untreated HelLa cells. All information is tabulated in Table 7.5

Table 7.5 Table for Sample identification for all Pilot Study samples.

Run Sample Name Identity
1 pre-blank -
2 Blank -
3 Standard 1 Calibrant
4 Standard 2 Calibrant
5 Standard 3 Calibrant
6 Standard 4 Calibrant
7 Standard 5 Calibrant
8 Standard 6 Calibrant
9 Standard 7 Calibrant
10 Standard 8 Calibrant
11 pre-blank -
12 Blank -
13 CRM-TMDW-100 CRM
14 Standard 4 Calibrant
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

Blank
R1
R2
R3
P HC1
P HC2
P HC3
P1
P2
P3
R HC1
CRM-TMDW-100
Standard 4
Blank
R HC2
R HC3
ER1
ER2
ER3
EP1
EP2
EP3
H1
H2
H3
Digestion blank
CRM-TMDW-100
Standard 4
Blank

3.11 lysate
3.11 lysate
3.11 lysate
[Re(CO)3(H20)3Br] handling control
[Re(CO)3(H20):Br] handling control
[Re(CO)s(H20):Br] handling control
[Re(CO)3(H20)3Br] lysate
[Re(CO)3(H20)3Br] lysate
[Re(CO)3(H20)3Br] lysate
3.11 handling control
CRM
Calibrant
3.11 handling control
3.11 handling control
3.11 exposure solution
3.11 exposure solution
3.11 exposure solution
[Re(CO)3(H20):Br] exposure solution
[Re(CO)s3(H20)sBr] exposure solution
[Re(CO)3(H20)sBr] exposure solution
untreated Hela lysate
untreated HeLa lysate
untreated HeLa lysate
CRM
Calibrant
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7.2.4. Large Scale ICP-MS Study (Chapter 3, Section 3.4.2.3)
The raw data provided by the LMF for the larger scale ICP-MS uptake study (Chapter 3,

Section 3.4.2.3) is shown in Table 7.6, whilst the samples are identified in Table 7.7, as the

codes used for analysis do not clearly reflect those used within this thesis.

Table 7.6 Raw data from larger scale ICP-MS study recorded on 2/8/21 and 3/8/21.

Acquisition Re 1%Re Mo ®Mo
Run Sample )

time (ng/L) RSD (ng/L) RSD

1 pre-blank 18:18:24 -0.02 9.10 -0.03 4.60
2 Blank 18:23:08 -0.16 14.60 -0.27 12.70
3 Standard 1 18:27:49 0.00 2.70 -0.02 3.80
4 Standard 2 18:32:27 0.10 1.30 0.10 0.70
5 Standard 3 18:37:07 1.00 0.60 1.00 0.80
6 Standard 4 18:41:47 10.00 0.40 10.00 0.60
7 Standard 5 18:46:27 50.00 1.40 50.00 0.50
8 Standard 6 18:57:09 100.00 2.60 100.00 0.70
9 Standard 7 19:01:51 500.00 1.20 500.00 0.10
10 Standard 8 19:06:33 998.00 0.70 1013.97 0.50
11 pre-blank 19:11:16 0.02 31.00 0.51 14.40
12 Blank 19:15:59 -0.11 18.20 1.87 8.30
13 CRM-TMDW-500 19:20:43 -0.03 9.20 93.01 0.20
14 Standard 4 19:25:24 1.00 0.80 1.10 1.00
15 Blank 19:30:06 -0.15 10.70 0.65 1.70
16 1 Blank handling 19:34:47 -0.15 9.00 1.11 1.10
17 2 124 HCD 19:39:25 11.01 0.50 1.76 2.00
18 3 124HCD 19:44:04 9.75 0.50 1.04 2.80
19 4 124 HCD 19:48:43 10.00 0.60 0.62 5.50
20 5 PCHCD 19:53:22 12.58 0.70 1.42 1.90
21 6 PCHCD 19:58:02 11.29 0.80 1.36 3.00
22 7 PCHCD 20:02:42 11.39 0.80 1.81 2.10
23 8 17HCD 20:07:22 13.45 0.40 0.83 2.40
24 9 17HCD 20:12:02 12.27 0.20 0.61 1.80
25 10 17HCD 20:16:43 13.25 0.70 0.47 1.80
26 CRM-TMDW-500 20:21:25 -0.03 4.50 91.89 0.60
27 Standard 4 20:26:06 9.68 0.50 9.96 0.30
28 Blank 20:30:48 -0.15 9.70 0.24 3.60
29 11 193HCD 20:35:31 46.62 0.90 0.97 2.30
30 12 193 HCD 20:40:12 44.44 0.50 0.67 1.40
31 13 193 HCD 20:44:52 4241 0.50 0.67 3.50
32 14 124 HC M 20:49:30 14.55 0.70 0.76 0.80
33 15 124 HC M 20:54:09 11.50 0.80 0.50 3.10
34 16 124 HC M 20:58:48 14.57 0.60 0.51 2.40
35 17 PCHC M 21:03:27 18.61 0.40 0.53 1.90
36 18 PCHC M 21:08:06 17.14 0.40 0.37 3.20
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37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

19 PCHCM
20 17HC M
CRM-TMDW-500
Standard 4
Blank
21 17HCM
22 17THCM
23 193HC M
24 193 HCM
25 193HC M
26 124 H
27 124 H
28 124 H
29 PCH
30 PCH
CRM-TMDW-500
Standard 4
Blank
31 PCH
32 17H
33 17H
34 17H
35 193 H
36 193 H
37 193 H
38 UNH
39 UNH
40 UNH
CRM-TMDW-500
Standard 4
Blank
41 124 F
42 124 F
43 124 F
44 PCF
45 PCF
46 PCF
47 17F
48 17F
49 17F
50 193 F
CRM-TMDW-500
Standard 4
Blank
51 193 F
52 193 F

21:12:46
21:17:26
21:22:08
21:26:50
21:31:32
21:36:14
21:40:54
21:45:35
21:50:17
21:54:57
21:59:35
22:04:14
22:08:53
22:13:32
22:18:11
22:22:53
22:27:34
22:32:16
22:36:58
22:41:38
22:46:19
22:50:59
22:55:40
23:00:22
23:05:02
23:09:41
23:14:19
23:18:58
23:23:39
23:28:21
23:33:03
23:37:45
23:42:24
23:47:04
23:51:44
23:56:25
00:01:05
00:05:46
00:10:28
00:15:08
00:19:47
00:24:28
00:29:10
00:33:52
00:38:33
00:43:12

17.66
18.46
-0.03
9.69
-0.15
16.75
18.46
44.69
51,51
59.33
1653.83
1871.47
2012.18
42.69
38.25
0.05
9.54
0.15
31.79
1107.10
1238.14
1000.95
317.47
339.89
364.13
0.38
0.27
0.22
-0.01
9.57
-0.06
1200.14
1181.04
1332.37
37.27
42.38
41.85
872.05
569.13
657.90
465.61
0.05
9.47
0.17
436.22
378.96

0.50
0.20
5.30
0.20
12.00
0.40
0.80
0.60
0.80
0.60
0.40
0.40
0.50
0.20
0.60
6.40
0.50
6.10
0.70
0.50
0.70
0.50
0.80
0.80
0.10
5.20
2.00
1.00
4.40
0.40
4.70
0.50
0.40
0.90
0.70
0.30
0.50
0.00
0.10
0.30
0.40
6.70
0.40
3.40
0.30
0.70

2.07
0.29
92.04
9.93
0.21
0.47
0.41
0.72
0.50
0.40
0.27
0.90
0.22
0.26
0.34
91.61
9.96
0.21
1.80
0.45
0.59
0.26
0.89
0.48
0.97
0.33
0.37
0.35
91.40
10.02
0.20
2.37
0.42
0.74
0.44
0.68
1.79
0.89
0.52
0.25
0.52
91.95
9.97
0.21
1.86
0.63

1.40
3.30
0.40
0.70
9.80
2.30
3.90
1.80
2.10
3.10
2.60
4.20
3.50
2.60
3.30
0.40
0.50
5.20
2.40
2.20
1.20
2.10
2.30
1.20
1.10
2.40
2.30
3.70
0.40
0.50
5.00
1.90
1.30
1.10
3.10
2.80
0.50
1.70
2.20
4.30
2.70
0.30
0.20
8.50
0.90
0.60
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83 53_UNF 00:47:51 0.28 2.10 0.70 3.50
84 54_UNF 00:52:31 0.20 1.90 0.53 2.00
85 55_UNF 00:57:11 0.16 2.40 0.48 1.50
86 56_124 E 01:01:51 796.20 0.30 0.49 3.10
87 57_124E 01:06:31 1004.07 0.70 0.67 2.80
88 58_124 E 01:11:12 874.87 0.10 0.34 2.40
89 59_PCE 01:15:53 17.04 0.50 0.40 1.30
90 60_PCE 01:20:34 19.72 0.50 1.29 2.10
91 CRM-TMDW-500 01:25:16 0.03 3.10 91.97 0.80
92 Standard 4 01:29:58 9.48 0.60 9.99 0.80
93 Blank 01:34:40 0.13 1.60 0.21 11.10
94 61_PCE 01:39:21 18.38 0.30 1.10 0.60
95 62_17E 01:44:01 457.17 0.20 0.41 2.60
96 63_17E 01:48:40 430.09 0.30 1.04 2.20
97 64_17E 01:53:19 503.34 0.20 0.28 2.90
98 65_193 E 01:57:59 157.28 0.30 1.25 2.20
99 66_193 E 02:02:38 207.14 0.30 0.41 2.90
100 67_193 E 02:07:18 185.13 0.30 0.23 1.20
101 68_UN E 02:11:58 0.23 2.90 0.40 2.60
102 69_UNE 02:16:38 0.17 3.10 0.41 6.20
103 70_UNE 02:21:19 0.15 1.80 0.30 2.00
104 CRM-TMDW-500 02:26:01 -0.01 1.00 92.77 0.80
105 Standard 4 02:30:43 9.47 0.60 10.06 0.50
106 Blank 02:35:24 -0.08 1.80 0.21 10.30
107 71_P H pink 02:40:07 15743.02 0.40 1.48 1.90
108 72_P H pink 02:44:48 15536.65 0.30 1.49 3.40
109 73_P H pink 02:49:28 15724.20 0.30 3.40 1.50
110 74_17 H pink 02:54:08 4215.19 0.30 1.55 2.90
111 75_17 H pink 02:58:48 3960.50 0.30 1.58 1.60
112 76_17 H pink 03:03:28 4285.85 0.30 1.53 1.70
113 77_93 H pink 03:08:07 3039.32 0.40 1.39 2.30
114 78_93 H pink 03:12:47 3050.63 0.20 3.60 0.80
115 79_93 H pink 03:17:27 3028.63 0.60 1.78 2.40
116 80_124 H pink 03:22:07 7354.64 0.10 6.39 0.60
117 CRM-TMDW-500 03:26:49 0.25 17.20 91.90 0.40
118 Standard 4 03:31:30 9.55 0.80 10.02 1.00
119 Blank 03:36:12 0.28 4.00 0.22 8.80
120 81_124 H pink 03:40:54 7369.57 0.40 6.59 0.90
121 82_124 H pink 03:45:35 7718.25 0.40 6.24 0.60
122 83_P F pink 03:50:16 16609.42 0.30 3.09 1.90
123 84_P F pink 03:54:57 16759.78 0.40 151 2.90
124 85_P F pink 03:59:37 16576.81 0.20 1.48 2.30
125 86_17 F pink 04:04:17 4330.98 0.30 1.52 2.20
126 87_17 F pink 04:08:57 3773.39 0.10 1.46 2.50
127 88_17 F pink 04:13:37 3690.56 0.30 1.53 2.00
128 89 _93F pink 04:18:17 2816.55 0.20 2.56 1.00
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129 90_93 F pink 04:22:57 2805.07 0.30 5.95 1.40
130 CRM-TMDW-500 04:27:39 0.13 9.80 92.83 0.50
131 Standard 4 04:32:20 9.42 0.40 10.16 0.40
132 Blank 04:37:02 0.26 3.60 0.21 11.80
133 91 93 F pink 04:41:44 2773.74 0.40 1.39 2.50
134 92_124 F pink 04:46:24 7529.81 0.30 4.99 0.90
135 93 124 F pink 04:51:05 7483.40 0.30 5.27 0.60
136 94 124 F pink 04:55:45 7659.55 0.20 5.12 1.00
137 95 P E pink 05:00:26 16034.77 0.50 1.57 2.60
138 96_P E pink 05:05:07 15973.85 0.50 1.58 2.30
139 97_PE pink 05:09:48 15822.93 0.30 1.57 3.80
140 98_17 E pink 05:14:28 4990.07 0.60 1.51 2.60
141 99 17 E pink 05:19:09 4243.25 0.60 1.67 3.20
142 100_17 E pink 05:23:49 4253.96 0.40 1.71 3.20
143 101_93 E pink 05:28:29 3273.73 0.20 1.65 1.60
144 102_93 E pink 05:33:09 3224.65 0.20 3.65 0.80
145 103_93 E pink 05:37:50 3087.19 0.60 1.93 2.50
146 104_124 E pink 05:42:30 7887.05 0.40 7.93 0.60
147 105 124 E pink 05:47:10 7519.40 0.30 6.61 1.30
148  106_124 E pink 05:51:51 7457.08 0.30 6.91 0.50
149 CRM-TMDW-500 05:56:33 0.34 17.30 94.48 0.60
150 Standard 4 06:01:14 9.46 0.60 10.38 0.30
151 Blank 06:05:56 0.44 2.80 0.23 14.30

Table 7.7 Sample identification table for larger scale ICP-MS study.

Run Sample Identification
1 pre-blank -
2 Blank -
3 Standard 1 Calibrant
4 Standard 2 Calibrant
5 Standard 3 Calibrant
6 Standard 4 Calibrant
7 Standard 5 Calibrant
8 Standard 6 Calibrant
9 Standard 7 Calibrant
10 Standard 8 Calibrant
11 pre-blank -
12 Blank -
13 CRM-TMDW-500 CRM
14 Standard 4 Calibrant
15 Blank -
16 1_Blank handling -
17 2 124 HC D 3.11 DMEM handling control
18 3:124 HC D 3.11 DMEM handling control
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19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4
42
43
44
45
46
47
48

49
50

51
52
53
54
55
56
57
58
59
60
61
62
63
64

4 124 HCD
5 PCHC D
6_PC HC D
7 PCHC D
8 17HCD
9 17HC D
10_17HCD

CRM-TMDW-500

Standard 4
Blank
11 193 HCD
12 193 HCD
13 193 HCD
14 124 HC M
15 124 HC M
16 124 HC M
17 PCHCM
18 PCHC M
19 PCHCM
20 17HC M

CRM-TMDW-500

Standard 4
Blank
21 17HCM
22 17THCM
23 193HC M
24 193HCM
25 193HC M
26 124 H
27 124 H

28 124 H
29 PCH

30 PCH

CRM-TMDW-500

Standard 4
Blank
31 PCH
32 17H
33 17H
34 17H
35 193 H
36_193 H
37 193 H
38 UNH
39 UNH
40 UNH

3.11 DMEM handling control

[Re(CO)3(H20)sBr] DMEM handling control
[Re(CO)3(H20)s:Br] DMEM handling control

[Re(CO)3(H20)sBr] DMEM handling control
3.17 DMEM handling control

3.17 DMEM handling control
3.17 DMEM handling control

CRM
Calibrant

3.21 DMEM handling control
3.21 DMEM handling control

3.21 DMEM handling control
3.11 MEM handling control
3.11 MEM handling control
3.11 MEM handling control

[Re(CO)3(H20):Br] MEM handling control
[Re(CO)3(H20)3Br] MEM handling control

[Re(CO)3(H20):Br] MEM handling control
3.17 MEM handling control

CRM
Calibrant

3.17 MEM handling control
3.17 MEM handling control
3.21 MEM handling control
3.21 MEM handling control
3.21 MEM handling control
3.11 HelLa lysate
3.11 Hela lysate
3.11 HelLa lysate
[Re(CO)3(H20)3Br] HelLa lysate
[Re(CO)3(H20)sBr] HelLa lysate
CRM
Calibrant

[Re(CO)3(H20)sBr] Hela lysate
3.17 HelLa lysate

3.17 HelLa lysate
3.17 Hela lysate
3.21 Hel a lysate
3.21 Hel a lysate
3.21 Hel a lysate
Untreated HeL a lysate
Untreated HeL a lysate

Untreated HeL a lysate
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65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

CRM-TMDW-500
Standard 4
Blank
41 124 F
42 124 F
43 124 F
44 PCF
45 PCF
46 PCF
47 17F
48 17F
49 17F
50 193 F
CRM-TMDW-500
Standard 4
Blank
51 193 F
52 193 F
53 UNF
54 UNF
55 UNF
56 124 E
57 124 E
58 124 E
59 PCE
60 PCE
CRM-TMDW-500
Standard 4
Blank
61 PCE
62 17E
63 17E
64 17E
65 193 E
66 193 E
67 193 E
68 UNE
69 UNE
70 UNE
CRM-TMDW-500
Standard 4
Blank
71_P H pink
72_P H pink
73_P H pink
74 17 H pink

CRM
Calibrant

3.11 HDF lysate

3.11 HDF lysate

3.11 HDF lysate
[Re(CO)3(H20):Br] HDF lysate
[Re(CO)s3(H20)3Br] HDF lysate
[Re(CO)3(H20)sBr] HDF lysate

3.17 HDF lysate

3.17 HDF lysate

3.17 HDF lysate

3.21 HDF lysate

CRM
Calibrant

3.21 HDF lysate
3.21 HDF lysate
Untreated HDF lysate
Untreated HDF lysate
Untreated HDF lysate
3.11 EA.hy926 lysate
3.11 EA.hy926 lysate
3.11 EA.hy926 lysate
[Re(CO)3(H20)sBr] EA.hy926 lysate
[Re(CO)s3(H20):Br] EA.hy926 lysate
CRM
Calibrant

[Re(CO)3(H20)sBr] EA.hy926 lysate

3.17 EA.hy926 lysate

3.17 EA.hy926 lysate

3.17 EA.hy926 lysate

3.21 EA.hy926 lysate

3.21 EA.hy926 lysate

3.21 EA.hy926 lysate
Untreated EA.hy926 lysate
Untreated EA.hy926 lysate
Untreated EA.hy926 lysate

CRM
Calibrant

[Re(CO)3(H20)sBr] HelLa exposure solution
[Re(CO)3(H20)sBr] HelLa exposure solution
[Re(CO)3(H20)sBr] HelLa exposure solution

3.17 HelLa exposure solution
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111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

75 17 H pink
76_17 H pink
77 93 H pink
78_93 H pink
79 93 H pink
80_124 H pink
CRM-TMDW-500
Standard 4
Blank
81_124 H pink
82 124 H pink
83_P F pink
84 P F pink
85_P F pink
86_17 F pink
87_17 F pink
88 17 F pink
89 _93F pink
90 93 F pink
CRM-TMDW-500
Standard 4
Blank
91 93 F pink
92_124 F pink
93_124 F pink
94 124 F pink
95 PE pink
96_P E pink
97 _PE pink
98 17 E pink
99 17 E pink
100_ 17 E pink
101_93 E pink
102_93 E pink
103_93 E pink
104_124 E pink
105_124 E pink
106_124 E pink
CRM-TMDW-500
Standard 4
Blank

3.17 HelLa exposure solution
3.17 HelLa exposure solution
3.21 HelLa exposure solution
3.21 Hel a exposure solution
3.21 HelLa exposure solution
3.11 HelL a exposure solution
CRM
Calibrant
3.11 Hel a exposure solution
3.11 HeLa exposure solution

3.17 HDF exposure solution
3.17 HDF exposure solution
3.17 HDF exposure solution
3.21 HDF exposure solution
3.21 HDF exposure solution
CRM
Calibrant
3.21 HDF exposure solution

3.11 HDF exposure solution
3.11 HDF exposure solution

3.11 HDF exposure solution

CRM
Calibrant

[Re(CO)3(H.0)3Br] HDF exposure solution
[Re(CO)3(H20)sBr] HDF exposure solution
[Re(CO)3(H.0)3Br] HDF exposure solution

[Re(C0O)3(H20):Br] EA.hy926 exposure solution
[Re(CO)3(H20):Br] EA.hy926 exposure solution

[Re(C0O)3(H20):Br] EA.hy926 exposure solution
3.17 EA.hy926 exposure solution
3.17 EA.hy926 exposure solution
3.17 EA.hy926 exposure solution
3.21 EA.hy926 exposure solution
3.21 EA.hy926 exposure solution
3.21 EA.hy926 exposure solution
3.11 EA.hy926 exposure solution
3.11 EA.hy926 exposure solution
3.11 EA.hy926 exposure solution

Two handling blanks are reported (DMEM and MEM) as DMEM media was used for HeLa and EA.hy926 cells,
MEM media was used for HDF cells.
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7.2.5. Example Calculation

The following calculations demonstrate how value of Re (ug/L) was converted into Re (g)
in each sample. Example calculations are shown for 3.11 in HeLa, but all calculations to
give the results shown in Chapter 3, Section 3.4.2.3 were performed using the same method.
It should be noted that although ICP-MS only analysed 0.3 mL aliquots, the original sample

volumes were as follows: cell lysate (1 mL) and exposure solution (3 mL).

For each sample per cell line, there is an exposure solution, a lysate and a handing control,
and all work has been done in triplicate. The exposure solution is the original Re sample (3
mL) that was incubated with the cells, the lysate (1 mL) is the cellular sample itself, and the
handling control (in DMEM media for HeLa) accounts for any background contamination.
Handling controls are given in DMEM and MEM media, as DMEM media was used for
HelLa and EA.hy926 cells whilst MEM media was used for HDF cells.

Using the results for 3.11 in HeLa cells, shown in Table 7.8, averages can be calculated and

are shown in Table 7.9.

Table 7.8 ICP-MS data relating to the uptake of complex 3.11 in HeLa cells. Uptake studies

were performed in triplicate.

Sample Identity Re (ng/L)

2 124HCD 3.11 DMEM handling control 11.01

3 124HCD 3.11 DMEM handling control 9.75

4 124 HCD 3.11 DMEM handling control 10.00
26 124 H 3.11 Hela lysate 1653.83
27 124 H 3.11 Hela lysate 1871.47
28 124 H 3.11 Hela lysate 2012.18
80_124 H pink 3.11 HeLa exposure solution 7354.64
81 124 H pink 3.11 HeL.a exposure solution 7369.57
82_124 H pink 3.11 HeL a exposure solution 7718.25

Table 7.9 Average results from ICP-MS analysis for 3.11 uptake in HeLa.

Identity Average Re (ug/L)
Average 3.11 DMEM handling control 10.25
Average 3.11 Hela lysate 1845.82
Average 3.11 Hela exposure solution 7480.82

The averaged results in Table 7.9 were therefore used for calculating the quantity of Re (in
Hg) in the HeLa cells that were treated with 3.11. This value was calculated as shown in
Table 7.10.
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Table 7.10 Table of calculations performed in order to convert the quantity of Re in 3.11

treated HelLa cells, from a concentration (in pg/L) to a mass (in pg).

Calculation Formula Result  Units
Average 3.11 Hela lysate - 1845.82 po/L
Average 3.11 DMEM 10.95 IL
handling control i ' Mg
Corrected 3.11 Hela lysate Cugvy=lysate-handling control
in pg/L (aliquot) =1845.82-10.25 183557 gL
Corrected 3.11 HeLa lysate Caliquot=C(ug/iL) MWge = "
in mol/L (aliquot, 0.3 mL) (1835.5/186.207)*1x10° 9.86x10% | mol/L
MO'G-S of Re in Iysate n_aliquot:CaIi(ﬁuot*Valiquot 2.96x10° moles
(aliquot, 0.3 mL) =9.86x106*0.0003
Moles of Re in |ysate Noriginal= naliquot*(voriginall Valiquot) 9
(original sample, 1 mL) =2.96x10°*(1/0.3) 9.86x10 moles
Mass (g) of Re in lysate 9=Norigina™* MWge= %
(original sample, 1 mL) 9.86x10°%186.207 1.836x10 g
Mass of Re in lysate
(H9) y ) 1.836 g

(original sample, 1 mL)

The mass of Re the 3.11 treated HeLa lysate after 2 h was therefore 1.836 ug.

These same calculations were applied to the average 3.11 HelLa exposure solution to

determine the mass of Re from 3.11 that was incubated with the cells for 2 h. It is not

ecessary to consider a handling control here. The results of these calculations are shown in
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Table 7.11.
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Table 7.11 Table of calculations performed in order to convert the quantity of Re from 3.11

that was incubated with HeLa cells from a concentration in pg/L to a mass with units of pg.

Calculation Formula Result Units
Average 3.11 HeL a exposure
solution in pg/L (aliquot, 0.3 - 7480.82 pg/L
mL)
Average 3.11 HeL a exposure
. . . Caliquot:C(pg/L)/MWRe = N
lut I/L (aliquot 4.02x10° I/L
solution in mol/L (aliquot, (7480.82/186.207)*1x10° 02x10 mol/
0.3mL)
Moles of Re in exposure Naliquot=Caliquot™ Valiquot 3
solution (aliquot, 0.3 mL) =4,02x10°5%0.0003 1.21x10% | moles
Moles of Re in exposure
. - noriginaI: naliquot*(voriginall Valiquot) 7
solution (original sample, ~1.21x10°+(3/0.3) 1.21x10 moles
3mL)
Mass of Re in exposure
solutio(r? )(original sampFI)e G=Narigirar™ MWre= 2.25x10° g
’ 1.21x10°7*186.207
3mL)
Mass (ug) of Re in exposure
solution (original sample, - 22.457 Mg

3mL)

The mass of Re in the 3.11 exposure solution for HelLa cells was therefore 22.457 uag.

Consequently, the percentage of Re from complex 3.11 that was transported into HeLa cells

after a 2 h incubation was 8.18%.

These same calculations were performed for each of the other samples (3.17, 3.21 and
[Re(CO)3(H20):Br]) and the other cell lines (HDF and EA.hy926). When performing
calculations for samples in HDF cells, MEM handling controls were used (opposed to

DMEM handling controls) as HDF studies were performed in MEM media, whilst HeLa and

EA.hy926 studied were performed in DMEM media. All other transformations remained the

same.

See Chapter 3, Section 3.4.2.2 and 3.4.2.3 for the results of the pilot and larger scale study.
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