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Abstract

Vitamin Be was discovered almost 90 years ago, and since then it has received a lot of interest
from the scientific community due to its role in human health and its impact on several
biochemical processes. One of the most interesting aspect of vitamin Be studied in the past
decade is its role in cancer. From the research on this subject so far, the following can be
suggested: early-stage cancer cells have a higher vitamin Be content than normal cells due to its
role in metabolic processes. As the cancer makes progress, there is a change in vitamin Be
activation and trapping in the cell, decreasing the amount of active vitamin Bs in the cell in order
to resist cell death. From these conclusions, we can see that vitamin Be could potentially be an
interesting radiotracer to use for diagnosis and staging of cancers. One of the most predominant
form of imaging which is done nowadays to detect and diagnose cancers is Positron Emission
Tomography (PET) imaging. Research on PET imaging is driven by the potential of new
radiotracers which can be added to the current arsenal of tools for the fight against cancer.
Therefore, this project focuses on the attempted synthesis of two potential radiotracers derived
from vitamin Be based on the insertion of fluorine-18. None of the two proposed radiotracers
were successfully synthesized but we successfully synthesized one cold standard and
difluorinated pyridoxine with cold conditions similar to radiochemistry. The main issues which
were faced were the degradation of the potential precursors when attempting fluorination, the
lack of reactivity of intermediates for the formation of precursors and an acetyl migration leading
to the wrong precursors. By using a milder fluorination strategy to avoid degradation (room
temperature, no free fluoride source: AgF: as fluorinating agent), the 6-Fluoropyridoxine cold
standard was synthesized. By changing the protection strategy (not using any acetyl groups),
acetyl migration was avoided which led to the synthesis of a difluorinated pyridoxine using mild
conditions (room temperature). The difluorination was also successful using harsher conditions
(heat). There is still a lot of work to do to synthesize a radiotracer derived from vitamin Be but

there are some signs that this may be possible with additional work.
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Chapter 1. Introduction
Part 1. Preface: History of vitamin discovery and comprehension

Vitamins are pillars of a large scale of biochemical and cellular processes which make them
some of the most important nutrients for human health. The importance of these nutrients is
being unveiled more and more with our understanding of their functions in the body, which
research have shown can span from simple metabolism to the relationship with complex diseases
such as cancer. The crucial role of vitamins has only been truly understood in the last decades
and the existence of vitamins has only been known since the 19" century. Researchers have
come a long way since then, discovering the 13 vitamins and, with the evolution of biochemistry
and cellular biology methods, understanding the roles of these compounds. Even nowadays, new

roles are being discovered along with new applications.
Part 1.1. Discovery of vitamins

It is surprising to believe that with so much focus on nutrition and its impact on society
nowadays, that only about 200 years ago it was believed that food contained fats, proteins
carbohydrates and ash (the term used for minerals) as the only form of nutrients.! It wasn’t until
the 20™ century that physicians and scientists understood that diets include many vital nutrients
and that a lack of some of these nutrients may lead to disease.'? The path towards our modern
understanding of the relationship between health and our diets began to truly take form in the late
1800s in a relentless effort to understand the cause as well as a possible cure for the disease
known as “beriberi”,2 which was later understood to be due to a deficiency in the vitamin known
today as thiamin or vitamin B1. Christiaan Eijkman (Nobel prize in Medicine, 1929),% a Dutch
physician from the University of Amsterdam, was sent to the Dutch East indies to study the
cause of beriberi amongst a commission sent by Dutch authorities during the end of the 19™"
century.?® Certain that the disease was due to a microorganism, Eijkman tried unsuccessfully to
transfer the disease from sick chickens to healthy ones at the laboratory for bacteriology and
pathology, to which he was named director of at the time.* Surprisingly, the disorder in the sick
chickens mysteriously cleared after a few weeks of experiment and Eijkman learned that the
chicken were now fed brown unpolished rice® instead of polished white rice.* Excited by this
unforeseen clue, Eijkman shared his observations with his colleague, who was the physician

inspector of the prisons of the colony, and this led to the observation that prisoners fed



unpolished brown rice had a lower tendency to develop beriberi than prisoners who were fed
white rice.* Eijkman later found that this “antiberiberi factor” could be extracted from rice hulls
and concluded that this was an antidote to the microbe causing the disease. Gerrit Grinjs,
Eijkman’s successor, tried to understand what the process of polishing had to do with the
curative effect2* and discovered that mung beans could also be used to treat beriberi.* Based on
these observations, Grinjs came to another conclusion and stated that there are substances that
cannot be absent in the diet. This was the first recognition of “accessory factors™ in the diet and
was followed by a world wide effort to understand the impact of nutrition on health. One of the
more famous examples were the experiments by Frederick Gowland Hopkins* with which he
concluded that there are various substances other than proteins, fats and carbohydrates in food
and that there is a connection between these substance and disease.* Hopkins made this
conclusion by extracting the factors necessary for growth in mice from milk and yeast. These
were found to be necessary for mice to survive if placed on a synthetic diet of protein, fats and
carbohydrates only.* Others followed in this field and tried to extract such “accessory factors”
such as Polish biochemist Casimir Funk, who experimented with the extraction of the
antiberiberi factor from rice husk. Funk observed that the conditions needed for the extraction of
this factor pointed towards a nitrogenous base as its nature. Thus, he decided to name these
substances “vital amines”, which turned into the term “vitamine” and was use to describe all
these “accessory factors” which could prevent disease if provided in the diet.%?* A lot of
research was done following these crucial observations and this led to the isolation of the
antiberiberi “vitamine” from rice and elucidation of the chemical formula in 1933, which is
C12H16N4OS-2(HCI).2 This was followed by the discovery of the chemical structure and the first
full synthesis of thiamin in 1936 by Robert R. Williams.?

Between Funk’s historical paper “the vitamine theory” in 1912 to the elucidation of the structure
and synthesis of thiamine in 1936,* multiple other “vitamines” were discovered in the meantime.
Only 3 years after the publication of Funk’s article, EImer McCollum demonstrated that two
factors different from the factors discovered by Hopkins were required for the growth of rats*®
and both could be extracted from eggs, although one was extractable with water and the other
was not.*> McCollum baptized these factor fat-soluble A and water-soluble B. After confirming
that the water-soluble B factor had similar effect than the antiberiberi vitamine, it became known

as vitamine B.* Because of this new knowledge, that the so-called “accessory factors” had the



same activity as vitamines, the definition of vitamines was changed to include compounds which
are not of nitrogenous in character which led to the modern term for the antiberiberi factor,
vitamin B.* Most of the vitamins were all discovered in the first three decades of the 1900s
including vitamin C, which was discovered in 1932, vitamin D in 1923 and the discovery of the
several different vitamin B in the 1920 and 1930s such as the first mention of vitamin Be in

1934, amongst others.*
Part 1.2. Modern definition of vitamin

Since the term vitamin was invented, the knowledge about the concept of a vitamin has evolved
and thus the definition of a vitamin as evolved with it. Based on Combs and McClung,! a vitamin
is an organic compound naturally present in food in minute amounts, which is distinct from fats,
carbohydrates as well as proteins and is essential for normal physiological functions. It can
prevent a specific deficiency syndrome linked to its absence and cannot be synthesized by the
host in sufficient amounts for its needs. It is important to note that based on this definition, some
compounds would be considered vitamins for some species and not for others, and that some
compounds are only vitamins under specific dietary and environmental conditions.! Nowadays
thirteen substances or groups of substances are recognized as vitamins: vitamin A, vitamin D,
vitamin E, vitamin K, vitamin C, Niacin, Folic acid, Biotin, Pantothenic acid, vitamin B1, B2, Bs
and vitamin B12.! Some of these vitamins are described with a familiar name which describes a
family of related compound having similar activities, which is the case for vitamin Bs. Pyridoxal,
pyridoxol and pyridoxamine are all considered to be vitamin Be. In this case, members of the

same vitamin family are called vitamers.!

Even though they are all considered vitamins, these substances are very different from each
other, varying not only in their function and chemical structure but also in their solubility.
Vitamin D, A, E and K are aromatic and/or aliphatic in character, making them fat soluble,
whereas vitamin C, biotin, folate, pantothenic acid, vitamin B1, B2, Be and vitamin B2 have
polar ionizable groups therefore favoring water.* These characteristics will determine their fate

in the body including absorption, tissue distribution and function.



Part 1.3. Modern comprehension of the functions of vitamins

As previously mentioned, the comprehension of the nature of vitamins has evolved since their
discovery. Consequently, the relationship between vitamins and health has grown hand in hand

with the increasing knowledge of the functions of vitamins.

The advances in our mechanistic knowledge of cellular and biochemical functions were crucial
to the study of the functions of the vitamins. Marks made use of concepts of microbiology and
biochemistry in a study on the depletion of Thiamin in human.® He demonstrated that after 5-10
days of a thiamin-free diet there was a decrease in the the saturation of erythrocyte transketolase
with its coenzyme thiamine pyrophosphate. It took 200 days of this diet to observe weight loss,
insomnia and other clinical signs attributed to thiamin deficiency.®’ With these results in hand,
Marks proposed the four progressive stages of vitamin deficiency: depletion of vitamin stores
followed by cellular metabolic changes, functional defects and finally morphological changes.®”’
This discovery couldn’t have happened if the concept of cofactors itself was not understood,
which was recognized in 1906 by Harden and Youndin.® In such a way, the identification of the
functions of vitamins was not always directly due to research on vitamins themselves but

emerged from our grasp of cellular biochemistry.

The functions that a vitamin can have which are known today can be generalized into the
following five categories: Coenzyme; Electron/Hydrogen donor or acceptor; Antioxidant;

Hormone; Effector of gene transcription.®

Part 1.4. Modern knowledge of the relationship between vitamins and health: link to

carcinogenesis

With the wide range of functions described above, it shouldn’t come as a surprise that there is a
strong relationship between diseases other than the ones due to hypovitaminosis (vitamin-
deficiency) and vitamin levels.’%*3 Ranging from their role in cardiovascular diseases to cancer
formation and progression,'®*2 the field of study on vitamins has truly shown more and more

importance in the past decades as we decipher more of the secrets behind these substances.

The role of vitamins in cancer was first studied in Vitamin A since vitamin A is essential for
differentiation of epithelial tissue and cancer involves abnormal differentiation.** Moreno and

colleagues showed that vitamin A deficiency enhanced the susceptibility to chemical



carcinogenesis in animal tumor models.™ It is believed that this effect is due to
immunosuppression, since animal studies have demonstrated that vitamin A increases immune
response.'* However, more research on the role of vitamin A and cancer led to conflicting
results. A meta-analysis in 2015 of 15 prospective studies showed that there is a positive
relationship between cancer risk and plasma vitamin A levels.'® Contrary to this observation, a
2009 meta-analysis of retrospective case-control studies found that there was an inverse
association with plasma level of vitamin A and cancer risk.1’ Therefore, there is not yet a clear
interpretation of the role of vitamin A in carcinogenesis but there are some clues that this vitamin
is involved in carcinogenesis in some way. Other diseases in which vitamin A is involved

include diabetes/obesity*®'® and myocardial infarction.?°

Due to the interesting results on the relationship between vitamin A and cancer, researchers

around the world have been studying the role of other vitamins in this complex disease.
Part 2. Establishment of Vitamin Bes as an important factor in carcinogenesis

Even though vitamins were discovered 200 years ago and a huge amount of research has been
done on the relationship between vitamins and diseases such as cancer, there is still some
uncertainty about the specific mechanism they play and how to use vitamins for prevention of
disease. Fortunately, a vitamin of particular interest for its role in cancer has emerged in the last
decades: vitamin Bs. Similarly to other vitamins studied in carcinogenesis, vitamin Bs was
studied in cancer due to its function as a co-enzyme for >150 important metabolic enzymes,?
which makes it interesting for cancer since metabolic changes are a familiar characteristic of
cancerous cells.?? From its discovery in 1934* to the recent theory about its role in
carcinogenesis, vitamin Be has come a long way and could prove to be a crucial tool for cancer

diagnosis.
Part 2.1. Discovery of vitamin Bs

The first vitamin to be discovered was thiamin or vitamin B1, which was proposed in 1906.* The
actual term vitamin B wasn’t used until 1916 when McCollum and colleagues demonstrated that
what they called water-soluble B factor (a factor extracted from egg yolks required for normal
growth in rats) had the same antipolyneuritis effect as the vitamin proposed in 1906, therefore

naming it vitamin B.*® Very soon, it became obvious that vitamin B could not be a single



vitamin due to the finding that yeast could not only prevent beriberi, but also pellagra.*?® Since
thiamin was discovered first, it was named vitamin B and the antipellagra vitamin was called
vitamin B.*?* Due to the different responses in various species to a preparation of vitamin B, it
was determined that vitamin B, was in fact a complex of several factors.* Kuhn and colleagues
elucidated the first factor in 1933, which was called riboflavin or vitamin B,2® A decade and a
half later, an animal model was established for pellagra by Goldberger in 1922,42 the
compounds that could cure the disease were isolated from liver extracts and separated from the
other B, complex.*?® These two factors, nicotinamide and nicotinic acid are now called niacin or
vitamin Bz * In the 1930s, researchers were interested in a skin condition seen in rat which was
different from the one that could be treated with vitamin B1 or vitamin B22* Reader and
colleagues observed that rats feed with a diet with added vitamin B1 and B> developed this skin
condition characterized by edema, redness and scaliness in extremities such as paws and
ears.?#2728 The newly discovered factor was named vitamin By by the research group since yeast
concentrate could prevent this skin condition and yeast was known to contain the B>
complex.?*27:28 After more analysis, the same research group dismissed the existence of vitamin
B4 due to new observations®*2° even if there was a new disease, rat acrodynia, which could not
be explain by lack of vitamin B1 and/or riboflavin and could be cured by yeast extracts.?* It was
Paul Gyérgy who first mentioned this as vitamin B activity in 1934*2* and 4 years later his
group isolated vitamin Bg in crystalline form at the same time as 4 other research groups.*30-33
This was followed by the elucidation of the structure which is 3-hydroxy-4,5-bis-
(hydroxymethyl)-2-methylpyridine along with its synthesis in 1939.3435 Gygrgy then proposed

the name pyridoxine®® for this compound which was accepted by the scientific community.
Part 2.2. Vitamin Bs: more than pyridoxine

Not long after the elucidation of the structure and full synthesis of pyridoxine, Esmond Snell
developed an important microbiological growth assay?*3” with which he observed that the
addition of amino acids increased the activity of pyridoxine in bacteria.?*383° It was discovered
that this increased activity was due to the aminated version of pyridoxine, which was named

pyridoxamine, and to the formyl derivative of pyridoxine, pyridoxal.*°
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Figure 1. Structures of pyridoxine, pyridoxal and pyridoxamine.

During the same time, Dexter Bellamy and Irwin Gunsalus at Cornell University tried to
understand the function of tyrosine decarboxylase,** which was discovered in Streptococcus
faecalis by Ernest Gale in 1940.%? They observed that there was no tyrosine decarboxylase
activity if the cell medium did not contain pyridoxine even though the cell had normal growth,
and that pyridoxine did not rescue the activity if it was left in a refrigerator or autoclaved with
cystine before its addition.**#4 After they learned the discovery of Esmond Snell* and that
pyridoxal was synthesized by Merk (synthesis by Folkers and colleagues, 1944)* they used
pyridoxal in their experiment and observed that pyridoxal restored the activity of the enzyme.*
They then succeeded in producing the apo-tyrosine decarboxylase (the enzyme without its
coenzyme, vitamin Be) by drying the cells over Drierite.*” They quickly realised that pyridoxal
did not activate the purified apo-decarboxylase without the presence of ATP,*” and with the help
of Wayne Umbreit discovered a method to synthetically phosphorylate pyridoxal and
demonstrated that this was able to reactivate the apo-decarboxylase.*®*® This was followed by
the observation that all other vitamers of vitamin Be could also be used to activate the apo-
decarboxylase if they were phosphorylated, therefore confirming the existence of pyridoxamine
phosphate and pyridoxine phosphate and their roles as co-enzymes.*® In the same year, they were
able to characterize pyridoxine phosphate (PLP)** and confirmed a few years later that the

phosphorylation site was at the 5° hydroxyl group position.>2*3

Figure 2. Structure of pyridoxal-5’-phosphate (PLP)



Part 2.3. Interconversion of the vitamers of vitamin Bs and human metabolism

Interestingly, vitamin Be does not only exist in the form of pyridoxine (PN), pyridoxamine (PM)
and pyridoxal (PL) as well as their phosphorylated forms (Pyridoxine-5’-phosphate, PNP;
pyridoxamine-5’-phosphate, PMP; pyridoxal-5’-phosphate, PLP),?! but each of the vitamers can

also be converted to each other with the help of enzymes.

First and foremost, the free base vitamers of vitamin Be (PN, PM and PL) can be phosphorylated
by pyridoxal kinase, which is an ATP-dependant enzyme found in mammals and some
bacteria.>* In mammals, which cannot synthesize vitamin Bs in vivo,* the three vitamers in the
free base form are available in the diet®® and are absorbed in the intestine (mostly in the jejunum)
by passive diffusion.>®>®” Somewnhat similarly, the phosphorylated versions of the vitamers are
also present in the diet>. They are transformed into the free base by non-specific intestinal
alkaline phosphatase®>>"8 which is followed by passive diffusion. There also exists a specific
phosphatase enzyme, pyridoxal phosphatase, which can hydrolyse the 5’-phosphorylated
vitamers back to their free base form®® and is expressed in all organs.®® Another important
enzyme in what is called the “vitamin Bg salvage pathway”®! is pyridoxamine-5’-phosphate
(PMP) oxidase which is responsible for the transformation of PMP and PNP into PLP as well as

pyridoxine to pyridoxal.®52
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Figure 3. Schematic representation of the interconversion of the vitamers of vitamin Bes in
humans. PDXP, pyridoxal phosphatase; PDXK, Pyridoxal kinase; PNPO, pyridoxamine
phosphate oxidase. Modified with permission from the Encyclopedia of food sciences and
nutrition.%



The vitamin Be salvage pathway is used to form the most bioactive form of vitamin Bs, which is
PLP.%* In fact, after being absorbed, the free forms of the vitamers are rapidly transported to the
liver® from the blood where they are bound to hemoglobin or aloumin®® and converted to PLP
by the aforementioned enzymes® (the conversion can be done in other tissues as well but occurs
mainly in the liver). The liver can release PLP into plasma with binding to aloumin®*®’ and PLP
can be transported to tissues which absorb the vitamin through dephosphorylation followed by
passive diffusion.®! Pyridoxal is then phosphorylated into its active form and trapped in the cell
due to its negative charge. PLP can then act as a coenzyme or get degraded.®® In humans, PLP is
catabolised to 4-pyridoxic acid by a FAD-dependent general aldehyde oxidase,>>®® and then
excreted in urine. The vitamers (mostly pyridoxamine and pyridoxal) can also be excreted

directly in urine®® but this is a minor excretion process.
Part 2.4. Coenzyme activity of vitamin Bs

Once PLP was available widely available for study, a lot of research was done on the role of this
new coenzyme in other enzymatic reactions other than decarboxylation. Gunsalus and
colleagues, which were the pioneers in PLP activity, demonstrated that it was a crucial coenzyme
for transamination reactions,’®’* which has been confirmed by many other groups.’>”® They also
discovered the pivotal role of the vitamin in the synthesis and degradation of tryptophan by
tryptophan synthetase and tryptophanase, respectively.’” In tryptophan synthetase, PLP works
as a coenzyme for the condensation of serine and indole which can be seen as a modification of
the group at the B-carbon of serine,’®”” demonstrating again its importance in amino-acid
chemistry (as previously described, PLP is the coenzyme for tyrosine decarboxylase). On the
other hand, tryptophanase needs the vitamin for the B-elimination of tryptophan to indole and
pyruvate.’® Another role in amino acid chemistry was found for PLP by Umbarger and Brown as
well as Phillips and Wood”*#° with the demonstration that threonine dehydratase uses the
vitamin as a coenzyme for the deamination of threonine. In addition, PLP was found to stimulate
racemization of amino acids in bacteria by playing a role in alanine racemase and glutamate

racemase.81-83

Apart from its role as a coenzyme in decarboxylation, transamination, a, 3-elimination reactions

and racemization of amino-acids, PLP is crucial for hemoglobin synthesis and function. In fact,



PLP serves as a coenzyme for the rate limiting step of hemoglobin synthesis, which is the
biosynthesis of 3-aminolevulinic acid by -aminolevulinic acid synthase®#® and enhances

oxygen binding when present in hemoglobin.®

Vitamin Be also plays in role in other important metabolic aspect which differs from amino acid
synthesis and catabolism. First of all, PLP is necessary for the activity of glycogen
phosphorylase, the enzyme responsible for the rate-limiting step of the degradation of glycogen
into glucose.®” Another role in metabolism for PLP is fatty acid synthesis. The synthesis of
highly unsaturated fatty acids (HUFAS) such as arachidonic acid and docosahexaenoic acid,
which are important for multiple functions in humans, requires 6-6-desaturase, which is a PLP-
dependant enzyme.888 Finally, PLP plays an important role for sphingolipid metabolism since
both serine palmitoyltransferase (SPT) and sphingosine-1-phosphate lyase (SPL) are dependant
of the vitamin for their functions which are the synthesis of 3-keto-dihydrosphingosine and the

degradation of sphingosine-1-phosphate, respectively.*

These are just a few examples of PLP-dependant enzyme. In fact, PLP is a necessary coenzyme
in >140 different enzymatic reactions which span into five of the six enzyme classes defined by
the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology
(https://www.gmul.ac.uk/sbcs/iubmb/enzyme/) and corresponds to about 4% of all the classified

enzymes in this database.?>%%% These 5 classes are: Oxidoreductase, transferase, hydrolase, lyase

and isomerase.?92
Part 2.5. Role of PLP in one-carbon metabolism

Some of the PLP-dependant enzymes that stand out and merits a lot of attention are the enzymes
involved in one-carbon metabolism. One-carbon metabolism is a two-phase pathway that
involves the exchange of one-carbon groups in homocysteine metabolism.%*** The first phase is
remethylation, and consists of the transformation of homocysteine into methionine which can
then form S-adenosylmethionine (SAM) by activation with ATP.%* SAM can then be used as a
methylation agent for a large amount of molecules such as proteins and DNA,% which produces
S-adenosylhomocysteine (SAH) as a side product (which is a precursor to homocysteine).*® The
second phase is trans-sulfuration where cystathionine 3-synthase, a PLP-dependant enzyme,
condenses serine with homocysteine to form cystathionine, which can be hydrolysed, in a PLP-

dependant fashion, by y-cystathionase to form cysteine.® It is important to note that N-5-
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methyltetrahydrofolate (5-MTHF) is needed for the remethylation since it is the source of the
methyl group.®® 5-MTHF is formed from tetrahydrofolate (THF) through the PLP-dependant
enzyme serine hydroxylmethyltransferase (SHMT)%

Folic acid
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! K Dihydrofolate Methionine —  SAM
Purine dTMP
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Remethylation
5,10-methylenetetrahydrofolate

5-MTHF Homocysteine<—— SAH
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Figure 4. Representation of one-carbon metabolism. A figure representing the role of vitamin
Bs (in red) as a coenzyme in some of the enzymes involved in one-carbon metabolism, which is
important for DNA methylation, antioxidation DNA synthesis and protection against
carcinogens.®% SHMT, serine hydroxylmethyltransferase; dTMP, deoxythymidylate
monophosphate; dUMP, deoxyuridylate monophosphate; 5-MTHF, N-5-methyltetrahydrofolate;
SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine. Modified with permission from
Larsson, Giovannucci and Wolk, 2005.%

It has been demonstrated that vitamin Be deficiency results in an impaired one-carbon
metabolism in animals.® Along with protection from carcinogens that can come with one
carbon metabolism,%%8%° DNA methylation and changes in oxidative stress are also related with
cancer progression.t®*1% This adds to the relationship between vitamin Bg and carcinogenesis on

top of the role of the vitamin in cellular metabolism.%* On top of these biochemical functions as

11



coenzyme that closely links PLP with cancer, it also has been shown that the molecule can have

effects in addition to its coenzyme role.
Part 2.6. Preclinical studies on vitamin Bs and cancer

There is strong evidence that vitamin Be plays a role in biochemical functions related to
carcinogenesis, such as cellular metabolism (notably one-carbon metabolism), antioxidation and
toxic carbonyl reduction. Therefore, it is not surprising that in the early 1950s researchers had
started to investigate the hypothesis that a change in vitamin Bs metabolism could influence
tumorigenesis and vice versa. In these pioneering preclinical studies, researchers demonstrated
the anti-tumor progression effect of low systemic vitamin Be levels in immunodeficient rats and
mice.%1% These observations have been strengthened by the studies conducted by Tryfiates and
his colleagues in the 1970s that demonstrated that high proliferating malignant cells require a
higher level of PLP due to their high metabolic demands.?-1° Although antagonist agents of
vitamin Bs for tumor suppression had failed,?1*114 Tryfiates still believed and demonstrated
that reducing vitamin Bs could be used as a cancer treatment.?*1%° Researchers continued their
efforts to study vitamin Be for cancer treatment and different type of evidence of the
antineoplastic effect of the vitamin has been published. In the early 80s, Disorbo and colleagues
showed that administration of vitamin Bg in vitro can Kill cancerous hepatoma rat cells*'® and
inhibit the growth of cancerous melanoma cell lines.**"1'8 This was followed by studies on in
vivo administration of vitamin Bs, through injection or dietary addition, in tumor-bearing mice.
These studies demonstrated that tumor progression was decreased in response to vitamin Be
treatment.1%-122 Although this seems to be in contradiction with the observations from
Tryfiates, 07110115 these observations are due to the role of vitamin B in immune response.?* It
has been demonstrated that low levels of vitamin Bg are related to low immune response!?3124
and that diets rich in vitamin Be result in a higher immune response in both mice and
humans.12>126 Since an aberrant immune system contributes to tumorigenesis,'?’ a highly
effective immune response due to high levels of vitamin Be leads to decreased tumor formation.
To add to these findings, it was demonstrated that in animal models of vitamin Be deficiency
there is a significant increase in tumor progression and or incidence with virus induced

tumors, 2124 which goes hand in hand with studies that showed an inverse correlation between
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levels of PLP and progression of virus induced tumors.?® Altogether, these findings have led

authors to believe that vitamin B is required for immune response.?

Furthermore, it has been demonstrated that Pyridoxine works in unison with cisplatin to kill
cancer cells in vitro and can also increase the sensitivity of cancer cells to different type of stress
induced apoptosis.'?® In the same study, low PDXK levels was correlated to a poor prognosis in

patients with non-small lung cancer.'?®
Part 2.7. Other roles of vitamin Bs linked with cancer

Vitamin Be does not only play a role as a coenzyme but can also have biological effects on its
own. Indeed, researchers have demonstrated that the vitamin can serve as a radical
quenchert®®3land as a scavenger of toxic carbonyl species.'31132 It is believed that the free OH
group on the 3-position of the pyridine ring is part of the reason for this activity.!3 That group
can react directly with oxygen radicals and as been shown to be a good antagonist of singlet
oxygen.*** Another chemical property of pyridoxine that indirectly affects redox processes is its
capacity to chelate metal ions, such as iron and copper.*** When these ions are free, they can lead
to cellular damage such as lipid peroxidation.®® Finally, one vitamer of vitamin Bs,
pyridoxamine, can play the role of carbonyl scavenger due to the amino group in the
compound.t3 The role of free radicals and toxic carbonyl species in cancer is well known and
described in many reviews.1°:13513¢ One study by Dainin and colleagues demonstrated that
hepatoma cells treated with pyridoxamine and H202 had improved survival rate as well as less
carbonylated and aggregated proteins than cells treated with H2O2 only, which shows the role

vitamin Be can play in cancer apart from its coenzyme activity.**’

Another important role of vitamin Bs is its capacity to work as a gene expression modulator. In
fact, it has been shown that high levels of PLP decrease the transcriptional response usually
activated by steroid hormones such as progesterone, estrogen and others.** It is known that these
steroid hormones lead to changes in gene expression involved in growth and differentiation,*3®
which make them directly involved in multiple types of hormone driven neoplasia.t*
Researchers have also shown that vitamin Bs can change the protein expression in colon, ' liver
and nerve cells.}*! The link between the vitamin’s ability to change gene expression and cancer
has been shown in colon cancer, where Toya and colleagues found that some genes associated

with cancer progression were modulated by vitamin Be 14°
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In summary, other than its use as a coenzyme, vitamin Bg can act as a radical quencher and gene
expression modulator. These types of biological effects are linked to cancer progression.
Therefore, vitamin Be doesn’t necessarily need to act as a coenzyme to have an impact on

carcinogenesis.
Part 2.8. Clinical Studies on vitamin Be and cancer

Due to the relationship between vitamin Be status and cancer cells demonstrated in preclinical
studies, the hypothesis was that vitamin Be systemic status in cancer patients should differ from
healthy patients. Indeed, as early as in the 1970s?! researcher studied the levels of PLP or urinary
4-pyridoxic acid in tumor bearing patients. Researcher have been able to demonstrate that there
is a vitamin Be deficiency in patients affected with cervical cancer,? breast cancer,'*®
leukemial** and in cancer patients with a controlled nutrition (parenteral administration of
vitamins, including Bes).*®> Baker and colleagues also demonstrated that vitamin levels are
associated with cancer progression.* In their study they demonstrated that vitamin Bs levels
were 1.8-3.5-fold higher in colon carcinoma collected from autopsy compared to adjacent
healthy tissue, but metastatic liver carcinoma from colon cancer had a 1.2-29 fold lower level of
vitamin Bs than normal healthy liver tissue.'*® This difference between early cancer cells and
late-stage cancer cells can potentially be explained by the necessity of advanced cancer cells to

avoid cell death (as discussed in figure 5).

Tryfiates and colleagues, which were among of the pioneers of preclinical research on vitamin
Bs and its relationship with cancer (see previous chapter), used their discovery of a new
metabolite of pyridoxine in tumor-bearing rats, adenosine-N6-diethylthioether N1-pyridoximine
5’ -phosphate,*” in clinical research. The result of the clinical trials was that adenosine-N6-
diethylthioether N1-pyridoximine 50 -phosphate is found in human tumors'*® and that the level is
four times higher in the circulation of cancer patients compared to healthy patients.}* In
addition, the same metabolite was also found to differ between patients who respond to therapy
compared to ones with progressive tumors by a 3-4 fold factor (higher in active tumors).**® This
is not the only study that demonstrate the difference in vitamin Bs metabolism in cancer patients
versus healthy patients as well as the difference in vitamin Bs metabolism based on cancer
progression. Like previously mentioned, Galluzi and colleagues showed that low PDXK levels

was correlated to a poor prognosis in patients with non-small lung cancer.'?® Additionally, Potera
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and colleagues found a significant difference in the levels of PLP in plasma between early cancer

patients and patients with wide-spread disease.'*?

Part 2.9. Modern hypothesis on the role of vitamin Bs in carcinogenesis

Some of the pre-clinical and clinical observations may seem contradictory, such as the need of
vitamin Be in cancer cells because of their increased metabolism but low systemic levels of
vitamin Be in cancer patients. However, Galluzi and colleagues have described a hypothesis that

could explain the different findings®! which is shown in the following figure.
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Figure 5. Relationship between vitamin Bs and cancer. At first, new neoplastic cells need
high PLP levels for their metabolic needs which in turn can cause a systemic decrease of vitamin
Bs levels. This can promote the progression of the tumor since vitamin Be is necessary for
immune response and is important in one-carbon metabolism which is a huge factor in genetic
stability. Finally, changes in vitamin Bs metabolism such as changes in the PDXP and PDXK
enzymes changes the ability of cancer cells to die under stress. Which means, more advanced
cancers may benefit from less bioactive vitamin Be (decreased PDXK) to avoid cell death
explaining the change in vitamin status from healthy, to neoplastic, to advanced cancerous cells.
Taken from Galluzi and al. with permission.?

Further studies need to be done to confirm this hypothesis which makes the research on vitamin

Bs and its relationship with cancer very interesting and promising.
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Part 2.10. Vitamin Bs for cancer treatment and prevention

It shouldn’t come as a surprise that with all these studies showing the role of vitamin Bg in
cancer, researchers have tried to use this as a cancer treatment or prevention. However, the
studies done so far didn’t have the expected results. One of the first example of such an attempt
was in 1977 where Pyridoxine administration was tested against bladder cancer patients'®! but
the authors did not find a difference between tumor recurrence in the placebo group and PN
group. In a recent meta-analysis of randomized controlled trials on vitamin Be supplementation
effect on cancer risk and death, the only effect of vitamin Bes supplementation was seen for skin
cancer (significant decrease risk with vitamin Bg supplementation).'>? Although some studies
have shown some role of vitamin Be for cancer risk reduction, inconsistent findings have led
some authors to the conclusion that these results are due to the interaction of vitamin Be and

other nutrients.?1153

Still, one cannot deny the relationship previously discussed between cancer and vitamin Bs
status. Perhaps vitamin Be cannot be used exogenously to treat or prevent cancer, but that doesn’t

necessarily mean that it cannot be used as a biomarker for cancer diagnosis.
Part 2.11. Vitamin Bs for cancer diagnosis

As of now, even if vitamin Bs has been studied thoroughly in cancer and has been tried for
cancer treatment and prevention, there has been no attempts to use vitamin Be as a cancer
diagnostic tool. Therefore, the current project aims to study vitamin Be as a new cancer
diagnostic and possibly staging tool due to the difference of vitamin Bs metabolism in new
cancer cells as well as advance cancer cells compared to each other and healthy cells. The
proposed method for this is to synthesize a radioactive analog of the vitamin in order to image it
using positron emission tomography (PET). The next chapter will describe this imaging

technique and the reasoning for the proposed radiotracers.
Part 3. Positron Emission Tomography (PET) imaging

Positron emission tomography, or PET for short, is a molecular imaging technique that is
frequently used to diagnose, monitor and stage disease.™* It is a powerful tool especially known
in its application in cancer and has now become a staple in clinical practices in cancer

management due to its reproducibility, sensitivity, lack of side effects and wide range of
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information given from a single scan from stage of disease to response to treatment.!>® PET
imaging has grown in importance over the last decades due to the large number of possibilities

for imaging that comes from new compounds as well as new biochemical pathways to study.
Part 3.1. PET imaging: how it works

PET is an imaging technique that is based on the detection of co-incident photons created from
an annihilation event between a positron and an electron.*® The first and most important aspect
of PET imaging is the source of these positrons. Positrons are the antiparticles of electrons and
can be understood as electrons with a net positive charge.>” Positrons are the result of beta (p+)
decay which takes place in certain unstable nuclei where the ratio of protons and neutrons is not
optimal,**® also called a radionuclide. In beta decay, a proton releases a positron and a neutrino
to become a neutron.*®® This positron is very unstable and if it comes into contact with an
electron, it creates an annihilation process in which two photons of the same energy (511 keV)
are ideally emitted at an angle of 180°.1%7 PET scanners detect these photons based on their
energy and have coincidence detectors to detect a pair of photons hitting opposite detectors at the
same time.'* Several other processes are needed to be done to exclude single photons from two
different annihilation events or to take into considerations photons that are deflected form their
original path as well as other problems encountered.*® One of the problems with PET imaging is
spatial resolution. Modern PET scanners can achieve 4-6 mm spatial resolution which is due to
multiple factors such as photon range (distance covered by positron between origin point and
annihilation point) amongst others.*® However, PET imaging is highly sensitive, non-invasive,
3-dimensional and does not cause any side effect'® and is therefore a very powerful imaging

tool.

PET imaging requires the introduction of a radioactive imaging agent into the imaging subject.
These agents can span from small chemical compounds, to large proteins'®® and are labeled with
radioactive nuclides such as *'C, '®F and others. The most used radionuclide in PET imaging is
18E19 mostly due to its use in 2-[*8F]fluoro-2-deoxy-d-glucose ([*®F]FDG) which is by far the
most used PET agent.’> However, 18F is also considered the radionuclide of choice since it has a
good half-life of 110 minutes, which is long enough for synthesis purposes but short enough to
decay out of the patients bodies in a respectable time,*>° the shortest photon range of all positron

emitters giving it the most spatial resolution in PET imaging®®® and a high positron decay ratio
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(97%) and low energy (0.635 MeV max).*® In addition, the C-F bond which is usually
implemented in radiolabeling is very strong and fluorine is a good bioisoteric replacement for

hydrogen since it has the same size and will unlikely change bioavailability of a known drug.®°
Part 3.2. Current cancer PET imaging agents and limitations

FDG was synthesized in the late 1970s but wasn’t applied for cancer detection until the
1990s.'%1The strength behind FDG PET is largely due to the metabolic trapping of the
radiotracer. FDG acts very similarly to glucose in that after injection, it is transported to tissue by
a glucose transporter.2>°%1 Once in the tissue, it gets phosphorylated by a hexokinase but in
contrast with glucose, the FDG-6-phosphate cannot be used in glycolysis since it doesn’t have a
2’-hydroxyl group>®!6! and hence is trapped in the cell. The amount of FDG trapped in the cell
is correlated to the blood-tissue transport and hexokinase activity, which represents the cellular
need for high glucose to power high metabolic rates.*>® Therefore, cancer can be differentiated
from healthy tissues due to their increased metabolism, which will result in higher FDG uptake
and higher radioactivity in these regions.'®? FDG PET is currently used for detection of recurrent
head, neck, colorectal cancer and lymphoma,*®2 for staging of breast cancer, advanced
melanoma, bladder cancer, NSCLC as well as staging and restaging of lymphoma.!%® However,
there are some limitations to the use of FDG. Firstly, FDG cannot differentiate between tissues
with high uptake due to cancers versus tissues with high uptake due to other factors such as
infection or inflammation.*? Secondly, not all neoplastic tissue have high metabolic rates and
therefore cannot be diagnosed by FDG.2%2 Finally, the state of the patient can affect FDG uptake
such as fasting and insulin administration before the PET scan.®*

Because of these pitfalls, several radiotracers for PET carcinogenesis imaging have been
developed over the past decades as alternatives or additional tools to FDG.1%2 Some examples of
the most successful imaging agents are 3'-deoxy-3'-[*8F]fluorothymidine (FLT),61:16° 18f.
Fluoroestradiol (FES),'% 'C-choline'®” and ‘®F-fluoroetanidazole (FETA)*” amongst others.
These radiotracers all have in common a target associated with cancer. *F-FLT is a radiotracer
analog of thymidine, which measures DNA replication.'1:1%° The positive aspects of FLT versus
FDG is that it is less affected by inflammation*®! and can be used to measure response to
cytostatic treatment of tumors, which are agents that stop growth but may not kill tumors.¢’

However, FLT uptake in tumor is low which means that the sensitivity of FLT is also low and
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there can be false positives due to sites of high proliferating cells such as active lymph nodes.*®’

18F-FES is an imaging agent used to target estrogen receptors which can be used for treatment
decisions and prognosis.®® Although FES is a very powerful tool since it is specific to the
estrogen receptor, it cannot be used for diagnosis of most carcinomas that may not express these
receptors.*%® 'C-choline is an agent that tracks lipid synthesis necessary for cell membranes,
which is a process that is overactivated in neoplastic cells.*®” This radiotracer is very powerful
for the imaging of prostate cancer, especially to differentiate between benign and malignant
tumors®®® and has the advantage compared FDG to have low activity in urine, which makes it
well-suited for imaging pelvic malignancies.'®"1%8 However, just like FDG, choline can have
high accumulation where there is inflammation.*%® These are just a few examples of the PET
agents made in the last decades that have been successful due to their ability to have additional
information or different information than a traditional FDG scan. Since cancer is the leading
cause of mortality worldwide and the cases of cancer incidence as well as cancer death are
expected to grow,*? it is important to add to the current toolbox of diagnosis, prognosis, staging

and treatment management tools in order to limit the number of cancer related death.
Part 3.3. Concepts for the development of new radiotracers

Although new radiotracers for use in PET imaging have been an important field of research
recently, the development of new radiotracers is not trivial. There are multiple barriers that need
to be overcome when developing a new radiotracer. One of the most important aspects of a
radiotracer is its physiochemical properties, which are its Absorption, Distribution, Metabolism
and Excretion (ADME)!"! because this will determine how it can reach its biological target in
vivo. When dealing with new compounds, researchers must be aware and sometimes must
measure these properties for the validation of their radiotracers. A great radiotracer in vitro can
be abandoned because of bad physiochemical properties. The compounds need to have a suitable
labelling site and this is usually done by substituting an element in the structure by its
radioisotope, but other techniques exist and have been successful, such as substituting a
hydrogen for 8F (successful for FDG) since these are conservative substitutions.’? Once a
suitable labelling site has been found, the synthesis of the “cold standard” or the non-radioactive
compound, as well as its characterization, is done first.}’* Once this is done, a precursor for

radiosynthesis is usually synthesized; a precursor permits the radiolabelling to be at the end of
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the synthesis, which can increase yield and decreases radioactivity exposure to chemists.!’* The
choice of precursor is usually made in combination with radiosynthesis method.'* Once the
radiotracer is synthesized and characterized, it needs to be tested for its sensitivity and specificity

as well as in vivo stability and biodistribution. 17172
Part 4. Vitamin Bs modification: synthesis of 6 and 2’ derivatives

As discussed previously, in order to transform vitamin Bg into a radiotracer, it must be modified
by replacing one of its hydrogens with fluorine-18. However, before trying to do any
radiochemistry (installing fluorine-18), the cold standard must be synthesized. The cold standard
is the cold equivalent (containing fluorine-19) of the radiotracer. As discussed in the next
section, the proposed radiotracers are [*®F]6-Fluoropyridoxine and [*®F]6-Fluoropyridoxine.
Therefore, the respective cold standards are 6-Fluoropyridoxine and 2’-Fluoropyridoxine. In
order to have a better idea on the synthesis methodology which will be used to synthesize these
cold standards, the scientific literature was reviewed for syntheses of 6 and 2’ pyridoxine
derivative, with emphasis on syntheses of 6-Fluoropyridoxine and 2’-Fluoropyridoxine. It was
found that 6-Fluoropyridoxine has been previously synthesized in 1973*2 and again in 1998.173
Both syntheses use the Balz-Schiemann reaction to transform 6-Aminopyridoxine into 6-
Fluoropyridoxine, the difference being that the 1998 article uses HF/pyridine instead of HBF4.
Fluorine isn’t the only halogen which was added to the 6-position. In fact, in the 1973 article
from Korytnyk and Srivastava the authors synthesized 6-Chloropyridoxine and 6-
Bromopyridoxine from 6-aminopyridoxine.!'® 6-iodopyridoxine has also been synthesized more
recently by Mason and coworkers in one step from pyridoxine hydrochloride.” Other research
articles have modified the 6 position of pyridoxine but also modified other positions (not a
selective modification) which is not useful in the proposed project. For 2’-Fluoropyridoxine, no
published synthesis was found. However, there are published methods to modify the 2° position
of pyridoxine. For example, Adamczyk and colleagues have synthesized a 2’-alcohol derivative
of pyridoxine.}”® The synthesis of this derivative was possible by protecting the three alcohol
groups of pyridoxine, followed by oxidation and then a Boekelheide reaction to give the alcohol.
There are no published synthesis of common radiochemistry precursors such as tosyl or triflate

precursors at the 6 and 2’ position.
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Part 5. Objectives and hypothesis

The relationship between vitamin Be status and carcinogenesis has been explored in depth as
well as up-to-date research on the use of vitamin Be for treatment and/or prevention of cancer.
Although the literature on vitamin Be for treatment and prevention of cancer is not consistent, the
fact is that the changes in vitamin Be status with neoplasia as well as different status based on
progression and prognosis of cancers is an important aspect of our understanding of this disease
and should be taken advantage of. Fortunately, there exists a powerful molecular imaging tool
that we can use to quantitively measure whole body distribution and metabolism of chemical
compounds, Positron Emission Tomography (PET). Therefore, the research project proposed
consists of the synthesis, characterization and evaluation of radiolabelled analogs of vitamin Be

for use in PET imaging as cancer diagnostic, staging and prognostic tools.
Part 5.1. Objectives
The following research project has two main objectives:

1) The first objective will be to synthesize the fluorine-18 radiotracer analogs of

pyridoxine as well as their respective cold standards shown in the figure below.

HO HO
HO HO
_ 18F _
N~ 18f N

radiotracer 1 radiotracer 2
[18F]6-Fluoropyridoxine [18F]2'-Fluoropyridoxine
['8F]6-FPN ['8F]2'-FPN
HO HO
HO HO
— F =
N F N
cold standard 1 cold standard 2
6-Fluoropyridoxine (6-FPN) 2'-Fluoropyridoxine (2'-FPN)

Figure 6. Chemical structures of the proposed radiotracers and their respective cold
standards.
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The first step in this will be the synthesis, purification and characterization (NMR, mass spec,
melting point etc.) of the cold standards. Once the pure characterized cold standards are in hand,
an HPLC method for both compounds will be established for further use in radiosynthesis
(verification of purity by co-injection).

The second step in this is radiosynthesis, purification and characterization (HPLC co-injection
with cold standard, specific activity).

i) The second objective will be to evaluate the serum stability (human and mice) of the
radiotracers. Any metabolites present in substantial amounts will be characterized
(NMR, LC-MS).

The first step of this objective would be to evaluate the radiotracer in vivo with healthy mice to
determine the biodistribution, areas of high background, clearance route and rate, and unwanted

activity such as bone uptake.

The second step will be to evaluate the radiotracers ability to distinguish tumor sites in mice

models of breast and lung cancer.

The last step will be to evaluate the radiotracers ability to distinguish between tumor stage and

aggressiveness in mice models of breast and lung cancer.
Part 5.2. Proposed methodology and hypothesis
The proposed methodology and expected results for the previously listed objectives are as follow

) The synthesis of the cold standard can be done following already published methods
or standard fluorination techniques (scheme 1). 6-Fluoropyridoxine (cold standard 2)
has already been synthesized by Korytnyk and Srivastava*'® from vitamin Bg and
other methods have been showed for fluorination of the 6-position of pyridoxine
compounds.1’® Suitable 6-halogen precursors for radiochemistry can be synthesized
following the same chemistry!3 or can be modified to a trimethylammonium
precursor using known chemistry (scheme 2).1’” 2’-Fluoropyridoxine has not been

reported in the literature but there is known chemistry to modify the 2’ position of

22



pyridoxine!’® in order to make a suitable precursor for cold and radiochemistry

(scheme 3, scheme 4).

Pd/C (10%)

Ho
EtOH, R.T., 48h

NH, N* CI

H
OH NaOH (pH 8), 0°C

R.T., 1h

Pyridoxine HCI

HO

NaNO, /\gj\/\ NaNO, o TN on
HCI, 0°C, 5 min HBF, (40%), -5°C to 10°C, 2h N

cold standard 1
6-FPN

Scheme 1. Proposed synthesis of cold standard 1, 6-Fluoropyridoxine (6-FPN). The
synthesis and characterization of compound 1 and 2 has been recorded by Culbertson and
colleagues.t’® The fluorination of compound 2 to 6-FPN has been previously published by
Korytnyk and Srivastava.l!3

HO
NaNO, HO | N OH Ac,0 AcO
HCI, -5°C to 10°C, 2h N e pyridine, R.T., 16h
3

I. Radiofluorination
Il. Deprotection

v

Ac

HO
I. Radiofluorination
NMe; 1M in THF THEA TMSOTf N Ao TN HO A0
R.T., 24h +/ DCM, R.T., 30m N !l. Deprotection | N "

N+
_on| Radiotracer 1
s 5 [18F]6-FPN

Scheme 2. Proposed synthesis of radiotracer 1, [*F]6-Fluoropyridoxine ([*8F]6-FPN).
Compound 2 synthesized as shown in scheme 1 can be chlorinated following a similar
methodology to fluorination.**®* Compound 4 can be obtained by simple acetic anhydride
protection. Compound 4 can be used directly as a precursor or can be modified using known
procedures to compound 61’7 which is another possible precursor for radiotracer 2. Multiple
radiofluorination methods could be explored starting with typical methods already successful for
the radiofluorination of the 6-position of pyridine rings from chloro or trimethylamine salt
precursors such as K,COa/Kryptofix 222 in DMSO* at high temperatures or TBAHCO3 in
MeCN/t-BuOH at moderate temperatures*®! amongst others. The radiofluorination would be
followed by deprotection, which usually consist of stirring with base (NaOH) or acid (HCI) at
high temperature for a short period of time.*82
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Scheme 3. Proposed synthesis of cold standard 2, 2’-Fluoropyridoxine (2’-FPN). Compound
9 can be synthesized following the described steps. Compound 10 could be fluorinated using
known chemistry such as DAST.'® Compound 11 can be fluorinated by standard fluorination
techniques such as KF/Kryptofix 2.2.2 and CsF.*®* Deprotection of the acetyl group can be done
using acid at high temperatures.*8?

AcO HO
AcO HO
X X
| OAC 1 Radiofluorination | OH
S e > ~
N 2. Deprotection N
18

OTs |, Fradiotracer 2

[18F]2-FPN

Scheme 4. Proposed synthesis for radiotracer 2 [*8F]2'-Fluoropyridoxine (['8F]2°-FPN).
Radiotracer 1 can be synthesized from precursor 11 (synthesis shown above in scheme 3).
Standard radiofluorination methods such as K*®F and Kryptofix at high temperatures can be used
and followed by acid at high temperature for the deprotection,182184
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Chapter 2. Experimental procedures
Part 1. General information

Materials: Trifluoromethanesulfonic acid, Trifluoromethanesulfonic anhydride and Sodium
Fluoride (1) were purchased from Alfa Aesar. PBSF, Tetrabutylammonium fluoride hydrate and
Trimethyl amine (2 M in THF) were purchased from Oakwood. 4-methoxybenzyl chloride (95%
with potassium carbonate added as stabiliser) was purchased from Matrix Scientific. TMAF was
purchased from Synquest. 2-adamantanone, 1,2-dichloroethane, malonic acid, sodium
cyanoborohydride, sodium triacetoxy borohydride and TBDMSCI were borrowed from other
labs. All other chemicals were obtained from Sigma Aldrich and Fisher scientific.

Instrumentation: Proton Nuclear Magnetic Resonance (*H NMR) spectra, Fluorine Nuclear
Magnetic resonance (*°F NMR) and Carbon Nuclear Magnetic resonance (**C NMR) were
recorded on a Bruker Advance 300 equipped with a cryoprobe (300, 282 and 75 MHz
respectively) or a Bruker Advance 600 equipped with a cryoprobe (600, 282 and 150 Mhz
respectively). Chemical shifts for protons are reported in parts per million and are referenced to
residual protium in the NMR solvent (CHClz = & 7.26 ppm, De-DMSO = 5 2.50 ppm, CD30D =
0 3.31 ppm). Chemical shifts for carbon are reported in parts per million downfield from and are
referenced to the carbon resonances of the solvent residual peak (CDCI3 = 77.16 ppm, De-
DMSO =6 39.52 ppm, CD30D = 6 49 ppm). Chemical shifts for fluorine are reported in parts
per million and are referenced to CFCls (6 0 ppm). NMR data are represented as follows:
chemical shift (6 ppm), multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, p = pentet,
hept = heptet, m = multiplet,). All NMR spectra were taken at 25 °C. High-resolution mass
spectra were obtained on the Kratos Concept Mass Spectrometer for electron impact (EI) mass
spectrometry or an Micromass Q-TOF | Mass Spectrometer for electrospray ionisation (ESI)
mass spectrometry. High-performance liquid chromatography (HPLC) was performed on a

Shimadzu LC-20 instrument with a binary pump and a diode array detector.
Part 2. Radiochemistry attempt on 6-Chloropyridoxine triacetate

HPLC analysis (appendix 1) - For the HPLC analysis a Luna Omega 5um polar C18 100A LC
column 150x4.6 mm was used. The oven temperature was set at 40 °C oven and the flow rate at

2 mL/min. A gradient elution starting at 100% water (solvent A) and 0% acetonitrile (solvent B)
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for the first 30 minutes was used, then increased to 50% of acetonitrile in 7 minutes followed by
5 minutes at 50% then dropped back down to 0% acetonitrile, at which it stayed for the

remaining 10 minutes.
BE-TEAF radiofluorination General procedure

Using 3-5 mg of precursor, we use standard KF methodology in order to make [*®F]TEAF.
Waters QMA light was preconditioned with 10 mL Ethanol, 10 mL 0.5 M NaHCOs3, 10 mL H20.
GE PETtrace cyclotron 0(p,n)*®F reaction was run with 2.5 mL of [**0O]H.0 in target irradiated
at 55 micro Amps for 2-5 minutes (82-394 mCi). After trapping on QMA fluoride was eluted
with a solution of 10 mg of NEtsHCO3z in 0.5 mL H2O. 1 mL MeCN was added and the solution
was heated at 100 °C for 5 minutes with vacuum. Then, it was heated another 5 minutes with
vacuum and argon flow. Then, the precursor dissolved in 0.5 mL DMF was added and the

reaction was stirred at 130 °C for 30 minutes.
BE-TEAF radiofluorination with HCI deprotection

The general procedure for *8F-TEAF radiofluorination was followed with 4.1 mg of precursor,
using 162 mCi of radioactivity. After the 30 minutes, a solution of 2 M HCI in H20 was added
and stirring at 110 °C for 20 minutes was followed. The solution was then transferred to the
product vial. The reactor was washed with 2 mL of water and this wash water was also

transferred to the product vial.
BE-TEAF radiofluorination without deprotection

The general procedure for 8F-TEAF radiofluorination was followed with 3.2 mg of precursor,
using 82 mCi of radioactivity. The reactor was washed with 2 mL of MeCN and this wash

MeCN was also transferred to the product vial.
Part 3. Fluorination attempts of compounds 11 and 21

Fluorination using TBAF(Pin)2 general procedure: Compound 11 (23.2 mg, 0.05 mmol, 1 equiv.)
was added to an oven dried microwave reaction vial equipped with a stir bar with TBAF(Pin)2
(55.1 mg, 0.1 mmol, 2 equiv.). The solids were degassed under nitrogen and then dissolved in
anhydrous MeCN (0.157 M, 0.32 mL). The solution was stirred under nitrogen at 80 or 50 °C for

16 hours. The mixture was transferred to a round bottom flask and the solvents were removed
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with rotary evaporation. The crude product (30% of the reaction mixture) was dissolved in
CDCl; and was analysed by HPLC and **F NMR (64 scans).

Fluorination using TBAF general procedure: Compound 11 (23.2 mg, 0.05 mmol, 1 equiv.) was
added to an oven dried microwave reaction vial equipped with a stir bar. The solid was degassed
under nitrogen and then TBAF 1 M solution in THF (3 equiv., 0.15 mmol, 0.15 mL) was added.
The solution was stirred at 50, 80 or 110 °C for 16 hours. The mixture (whole) was dissolved in

CDCl; and was analysed by HPLC and **F NMR (64 scans).

Fluorination using KF general procedure: Compound 11 (23.2 mg, 0.05 mmol, 1 equiv.) was
added to an oven dried microwave reaction vial equipped with a stir bar. KF (3 equiv., 0.15
mmol, 8.7 mg) and Kryptofix (3 equiv., 0.15 mmol, 56.5 mg) were added to the flask. The solids
were degassed under nitrogen and then dissolved in anhydrous DMSO (0.1 M, 0.5 ml). The
solution was stirred at 100 or 120 °C for 16 hours. The mixture (50% of the solution) was
dissolved in Ds-DMSO and analysed with HPLC and *°F NMR (64 scans).

Fluorination using CsF general procedure: Compound 21 was put in an oven dried microwave
reaction vial equipped with a stir bar along with CsF. The solids were degassed under nitrogen,
and dissolved with tBuOH (0.1 M). The reaction was stirred for 20 minutes under nitrogen at
high temperature (90, 120 or 150 °C). The mixture was transferred to a round bottom flask and
the solvent removed by rotary evaporation. The resulting black solid was analysed by *°F NMR
(64 scans) in CDCIs and HPLC.

Fluorination using KF general procedure: Compound 21 was put in an oven dried microwave
reaction vial equipped with a stir bar along with KF. The solids were degassed under nitrogen,
and dissolved with DMSO (0.1 M). The reaction was stirred for 60 minutes under nitrogen at
high temperature (80, 100 or 120 °C). The mixture (50% of the solution) was dissolved in De-
DMSO and analysed by *°F NMR (64 scans) and HPLC.

Part 4. Fluorination attempt of alcohol 25

Compound 25 (1 equiv.) was dissolved in anhydrous solvent (0.2 M). The solution was cooled
down in an ice bath. Triethyl amine (1.5 equiv.) was added along with either Tosyl Chloride (1.5
equiv.) or Tosyl Fluoride (1.5 equiv.) and an additive in some cases. The reaction mixture was

warmed to an established temperature. The reaction was stirred for several hours. HCI (1 M, 6
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mL) was added and the organic layer was extracted out. The aqueous layer was extracted with
DCM (6x8 mL). The combined organic layers were washed with 2x35 mL brine. The combined

organic layers were dried with Na2SOs, filtered, and evaporated to dryness.

Experiment with TsF at room temperature: The solvent used was DCM. DMAP (5 mol%) was

added as additive. The reaction was stirred at room temperature 16 hours.

Experiment with TsF at 70 °C: The solvent used was chloroform. No additives were added. The

reaction was stirred at reflux (70 °C) for 5 hours.

Experiment with TsF at 100 °C: The solvent used was DMF. No additives were added. The

reaction was stirred at 100 °C for 5 hours.

Experiment with TsCI at room temperature: The solvent used was DCM. TBAF (1.5 equiv.) was

added as the fluorination agent. The reaction was stirred at room temperature 16 hours.
Part 5. HPLC methods for analysis of reactions

HPLC general procedure: For the HPLC analysis a Luna Omega 5um polar C18 100A LC
column 250x4.6 mm was used. The oven temperature was set at 40 °C and the flow rate at 1
mL/min. HPLC grade water (containing 0.1% Trifluoroacetic acid) and HPLC grade acetonitrile
(containing 0.1% trifluoroacetic acid) were the solvents A and B, respectively.

Method 1 (polar short method): The starting concentration of solvent A and B were equal
(50/50). The concentration of solvent B was increased over 20 minutes to 100% (linearly) and
kept at 100% for 2 minutes afterwards dropping immediately back to 50% (total 22 minutes)

Method 2 (polar long method): Solvent B starting concentration was 30% and increased to 100%
over 30 minutes (linearly) and was kept at 100% for 5 minutes afterwards dropping immediately

back to 30%, staying at this concentration for 5 more minutes (total 40 minutes)

Method 3 (non-polar): Solvent B starting concentration was 1% and was increased to 100% over
25 minutes (linearly) and was kept at 100% for 5 minutes afterwards dropping immediately back

to 1% and staying at 1% for another 5 minutes (total 35 minutes)
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Part 6. Experimental procedure for synthesis (and optimization) of chemical compounds

Spiroadamantyl-1,3-dioxane-4,6-dione (SPIAd): Procedure based on a literature report.®
Malonic acid (360.5 mg, 2.4 mmol, 1 equiv.) and 2-adamantanone (250 mg, 2.4 mmol ,1 equiv.)
were dissolved in acetic anhydride (0.31 mL). Sulfuric acid (4.8 pL) was added and the mixture
was stirred at room temperature for 8 hours. The crude oil was dissolved in a minimum amount
of EtOAc, then cold hexanes was added. Crystals were filtered and the solid was dried under
vacuum. The yield of crystals was 60%. *H NMR (300 MHz, CDCls) § 1.75-1.82 (m, 6H); 1.92
(s, 2H); 2.12-2.20 (m, 6H); 3.61(s, 2H). 3C NMR (75 MHz, CDCl3) & 26.2, 33.6, 36.6, 36.8,
37.8,109.8, 163.2 MS (ESI) Mass calc for [C13H1504]: 235.0971, found: 235.23

Tetrabutylammonium fluoride bispinacol (TBAF(Pin)2) : Synthesis using the procedure describe
by the Gouverneur group.* 315.5 mg of tetrabutylammonium fluoride trihydrate (1 mmol, 1
equiv.) and 236.3 mg of pinacol (2 mmol, 2 equiv.) were added to an oven dried round bottom
flask equipped with a stir bar. The solids were degassed under nitrogen and were then dissolve in
anhydrous hexanes (30 mL). The solution was stirred under hard reflux (90 °C) for 2 hours. The
solution was cooled to room temperature and the solution was filtered. The solids were washed
with excess hexanes and dried under high pressure. The salt was a white solid and the yield
obtained was 65%. *H NMR (CDCls, 300 MHz) & 0.97 (t, 12H, J=7.4 Hz); 1.16 (s, 24H); 1.41
(sx, 8H, J= 7.3 Hz); 1.56-1.66 (m, 8H); 3.25-3.30 (m, 8H). 3C NMR (CDCls, 75 MHz) & 13.8,
19.8,24.1, 25.3,58.7, 74.7
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6-Phenylazopyridoxine hydrochloride, 1 — Synthesized using a similar procedure described by
Culbertson, Enright and Ingold.1® 2.118 g (10.3 mmol, 1 equiv.) of Pyridoxine hydrochloride
was dissolved in 50 mL deionized water in a 250 mL Erlenmeyer. The solution was adjusted to
pH 8 with 2.5 M NaOH, equipped with a stir bar, then placed in an ice bath. In a 25 mL round
bottom flask equipped with a stir bar, 1 equivalent of aniline (0.94 mL) was combined with 10
mL 6 M HCI and cooled down to 0 °C. In a separate 10 mL flask, NaNO2 was dissolved in 2 mL
deionized water and the solution was cooled down to 0 °C. The cooled down NaNO. was added
portion wise to the aniline solution at 0 °C to perform diazotization. The diazotized aniline
solution was then added portion wise to the pyridoxine solution at 0 °C while maintaining pH 8
by subsequent additions of 2.5 M NaOH. Once addition was finished, the solution was allowed
to warm up to room temperature and was stirred 2 hours, protected from light. Once the reaction
was done, the pH was adjusted to 3 with 6 M HCI and the solution was placed on ice to
crystallise. The reaction mixture was filtered and the precipitate was washed with ethanol. The
precipitate was then dried under vacuum to give pure compound 1 as a red solid in 69% vyield. *H
NMR (300 MHz, CD30D) 6 2.50 (s, 3H); 5.24 (s, 2H); 5.21 (s, 3H); 7.50-7.57 (m, 3H); 7.97-
7.98 (m, 2H) 3C NMR (75 MHz, D¢-DMSO) § 19.4, 54.7, 56.9, 122.6, 129.4, 131.1, 133.1,
133.8, 146.0, 150.9, 152.6, 152.9 MS (EI) Mass calc for [C14H15N303]*: 273.113, found:
273.1113

HO
HO | N OH

s
N~ NH,

6-Aminopyridoxine hydrochloride, 2- Synthesized using a similar procedure described by
Culbertson, Enright and Ingold.”® 1.161 g of 6-Phenylazopyridoxine hydrochloride (compound
1, 3.75 mmol, 1 equiv.) was dissolved in 90 mL 99% EtOH in a 200 mL round bottom flask
equipped with a stir bar. 150 mg of palladium on carbon (10 weight %) was added to the
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solution. The solution was put under vacuum for 20 minutes, then put under hydrogen using a
balloon. The solution was stirred under hydrogen in the dark for 20 hours. The solution was
filtered through celite and the celite bed was washed with warm ethanol/water 8:2 (several
washes, around 150 mL total). Collection of the product was followed by UV (blue
fluorescence). The solvent was removed by rotary evaporation to give a dark brown solid. The
crude solid was purified by silica column chromatography using 90/9/1 CH2Cl>:MeOH:NH;OH
(90 mL silica), the fractions containing product combined and the s olvent removed by rotary
evaporation to give the pure amine product as a yellow solid in 95% yield. *H NMR (300 MHz,
de-DMSO) & 2.18 (s, 3H); 4.39 (d, 2H, J=5.18 Hz); 4.60 (s, 2H); 4.81 (t, 1 H, J=5.36 Hz); 5.03
(s, 2H); 5.22 (bs, <1H); 7.96 (bs, <1H). *C NMR (75 MHz, de-DMS0) & 19.0, 55.7, 56.1, 115.9,
135.8, 141.2, 142.9, 151.6. MS (EI) Mass calc for [CsH12N203]": 184.0848, found: 184.08496

HO
HO | N OH

7

N Cl

6-Chloropyridoxine, 3 — 107.8 mg of compound 4 (0.327 mmol, 1 equiv.) was dissolved into 3
mL of 2 M HCI and stirred at reflux for 2 hours. The reaction was quenched with water and the
solvent was removed by rotary evaporation to give a yellow oil. The product was purified by
silica column using 9:1 dichloromethane/methanol. The fractions containing product were
combined and the solvent removed by rotary evaporation to give the pure compound as a white
solid in a 60% yield. *H NMR (600 MHz, de-DMSO) & 2.32 (s, 3H); 4.57 (s, 2H); 4.78 (s, 2H);
5.09 (s, 1H). *3C NMR (150 MHz, de-DMSO0) & 19.0, 56.7, 56.5, 130.6, 136.7, 139.4, 146.3,
149.6. HRMS (ESI) Mass calcd for [CsH1:NO3]": 204.0427, found: 204.0421

AcO
AcO
| N OAc
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6-Chloropyridoxine triacetate, 4 — 264.8 mg of compound 2 (1.2 mmol, 1 equiv.) was dissolved
in 12 M HCI (10 mL) and the solution was cooled to -10 °C. Sodium Nitrite (1.2 equiv., 1.44
mmol, 99.4 mg) was added slowly. The reaction was stirred at 4 °C for 2 hours. The solution was

neutralised to pH 7 using NaOH 10 M and freeze dried to give crude compound 3. The resulting
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solid was dissolved in 5 mL pyridine and 1.2 mL (12 mmol) of acetic anhydride was added. The
reaction was stirred 16 hours in the dark at room temperature. The solution was transferred to an
Erlenmeyer with 25 mL of ice. The mixture was warmed to room temperature and transferred to
a separatory funnel. The aqueous mixture was extracted with 6x10 mL EtOAc. The combined
organic fractions were washed with 3x20 mL brine. The combined organic layers were dried
with Na>SOs, filtered, and the solvent was removed by rotary evaporator. The crude product was
purified by silica column chromatography using 2:1 hexanes/EtOAc as the solvent (80 mL
silica). The fractions containing product combined and the solvent removed by rotary
evaporation to give the pure product as a white solid in 46% yield from 6-Aminopyridoxine. *H
NMR (300 MHz, CDClz) 6 2.02 (s, 3H); 2.08 (s, 3H); 2.38 (s, 3H); 2.39 (s, 3H); 5.17 (s, 2H);
5.26 (s, 2H) C NMR (75 MHz, CDCls) § 19.6, 20.6, 20.7, 20.8, 57.2, 60.5, 127.9, 139.6, 144.1,
149.0, 153.6, 168.5, 170.2, 170.6 MS (ESI-pos) calcd for [C14H16CINNaOs]*: 352.0564, found:
352.0575

AcO
AcO
| N OAc

7

N

Pyridoxine triacetate, 7 — Pyridoxine HCI (1.8 g, 8.75 mmol, 1 equiv.) was dissolved in 3 mL
pyridine in a round bottom flask equipped with a stir bar. Acetic anhydride (8.2 mL, 87 mmol,
10 equiv.) was added to the solution and the reaction was stirred overnight at room temperature
in the dark. The solution was transferred onto ice (100 mL, in a 250 mL beaker). After the ice
melted and the water reached room temperature, the aqueous mixture was extracted with 5x20
mL EtOAc. The combined organic phases were washed with 3x20 mL brine. The combined
organic phases were dried with NaxSOs, filtered, and evaporated to dryness. The crude product
was purified by silica column chromatography with 7/4 EtOAc:Hexanes (100 mL silica). The
fractions containing product were combined and the solvent was removed by rotary evaporation
to give the product as a white solid in 90% yield. *H NMR (300 MHz, CDCl3) § 2.03 (s, 3H);
2.08 (s, 3H); 2.38 (s, 3H); 2.42 (s, 3H); 5.14 (s, 2H); 5.26 (s, 2H); 8.44 (s, 1H). **C NMR (300
MHz, CDCl3) 6 19.6 (s), 20.6 (s), 20.6 (s), 20.9 (s), 56.9 (5), 61.2 (s), 129.5 (s), 135.7 (5). 144.7
(s), 147.8 (s), 153.1 (s), 168.6 (s), 170.3 (s), 170.4 (s). MS (ESI-pos) calcd for [C1aH17NNaOs]*:
318.0954, found: 318.0968.
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Pyridoxine triacetate N-oxide, 8 — Compound 7 (1 g, 3.39 mmol, 1 equiv.) was dissolved in 40
mL glacial acetic acid then 0.7 mL of 30% H20: (1.7 equiv.) was added. The solution was stirred
at 80 °C in the dark for 16 hours. The mixture was put under rotary evaporation until there was 5
mL left, 5 mL water was then added and the solvents were removed by rotary evaporation. The
pale oil was dissolved in 20 mL DCM and transferred to a separatory funnel. The organic layer
was washed with 3x10 mL water. The combined aqueous layers were washed with 6x10 mL
DCM. The combined organic layers were then dried with Na;SOa, filtered and evaporated to
dryness. The crude product was purified by silica column chromatography with 6/5
Acetone:Hexanes (200 mL silica). The fractions containing product were combined and the
solvent was removed by rotary evaporation to give the product as a white solid in a 68% yield.
!H NMR (400 MHz, CDCls) § 2.02 (s, 3H); 2.12 (s, 3H); 2.33 (s, 3H); 2.39 (s, 3H); 5.06 (s, 2H);
5.21 (s, 2H); 8.29 (s, 1H) 3C NMR (75 MHz, CDCls) § 11.9, 20.4, 20.5, 20.7, 56.2, 60.2, 125.1,
131.3,137.1, 144.4, 146.7, 167.9, 170.1, 170.2. MS (EI) calcd for [C14H17NO7]*: 311.1005,
found: 311.10306.

X OAc

OAc

2,4,5-tri(((acetyl)oxy)methyl)-pyridin-3-ol, 10 — Compound 8 (830.0 mg, 2.67 mmol, 1 equiv.)

was weighted and transferred to an oven dried round bottom flask equipped with a stir bar. The
solid was degassed and dissolved in anhydrous DCM (3 mL). The solution was cooled to 0 °C.

Trifluoroacetic anhydride (0.78 mL, 5.5 mmol, 2 equiv.) was added dropwise. The solution was
warmed to room temperature and stirred in the dark for 2 hours under nitrogen. The solvents

were removed by rotary evaporation, the pink oil was dissolved in 10 mL DCM and extracted
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with 4x10 mL saturated NaHCO3. The combined aqueous layers were extracted with 3x8 mL
DCM. The combined organic layers were dried with Na»SOg, filtered, and evaporated to dryness.
The crude product was purified by silica column chromatography with 6/4 EtOAc:Hexanes (100
mL silica). The fractions containing product were combined and the solvent was removed by
rotary evaporation to give the product as a brown solid in a 80% yield. *H NMR (300 MHz,
CDCl3) 8 2.09 (s, 3H); 2.10 (s, 3H); 2.16 (s, 3H); 5.21 (s, 2H); 5.26 (s, 2H); 5.28 (s, 2H); 8.25 (s,
1H), 8.66 (bs, 1H) 3C NMR (100 MHz, CDCls) § 20.9, 20.96, 20.97, 57.4, 61.3, 64.2, 130.4,
132.4,142.6, 144.3, 150.9, 170.6, 172.2, 173.3 MS (EI) calcd for [C14H17NO-]": 311.1005,
found: 311.10289

AcO
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3-(p-toluenesulfonyl)- 2,4,5-tri(((acetyl)oxy)methyl)-pyridine, 11 — Compound 10 (124.4 mg, 0.4
mmol, 1 equiv.) was dissolved in 2 mL anhydrous DCM and the solution was cooled to 0 °C.
Triethyl amine (0.08 mL, 0.6 mmol, 1.5 equiv.), TsCI (114.4 mg, 0.6 mmol, 1.5 equiv.) and
DMAP (3.67 mg, 0.003 mmol, 5 mol%) was added. The reaction mixture was warmed to room
temperature then stirred 16 hours in the dark under nitrogen. HCI (1 M, 5 mL) was added and the
organic layer was extracted out. The aqueous layer was extracted with DCM (3x8 mL). The
combined organic layers were washed with 2x10 mL brine. The combined organic layers were
dried with Na>SOyg, filtered, and evaporated to dryness. The crude product was purified by silica
column chromatography with 5/4 Hexanes:EtOAc (40 mL silica), the fractions containing
product were combined and the solvent was removed by rotary evaporation to give the product
as a white solid in a 85% yield. *H NMR (400 MHz, CDCls) § 2.03 (s, 3H); 2.09 (s, 3H); 2.11 (s,
3H); 2.50 (s, 3H); 5.13 (s, 2H); 5.18 (s, 2H); 5.23 (s, 2H); 7.42-7.44 (m, 2H); 7.87-7.90 (m, 2H);
8.60 (s, 1H) *C NMR (100 MHz, CDCls) § 20.6, 20.8, 21.9, 57.6, 61.1, 62.2, 128.5, 130.4,
131.9, 132.3, 138.4, 141.9, 146.8, 148.8, 151.0, 170.1, 170.4, 170.6 MS (ESI-Pos) calcd for
[C21H23NNaOoS]*: 488.0991, found: 488.1005
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6-Fluoropyridoxine triacetate, 12 - Pyridoxine triacetate (7, 0.25 mmol, 1 equiv., 73.8 mg) was
put into an oven dried round bottom flask equipped with a stir bar and degassed under N». The
solid was dissolved in HPLC grade acetonitrile (5 ml, 0.5 M) then AgF.was added in a single
portion. The solution was stirred overnight under nitrogen in the dark. The solution was filtered
through celite and the celite bed was washed with EtOAc. The liquid filtrate was transferred to a
separatory funnel and washed with 20 mL saturated NaHCOs. The aqueous layer was extracted
with 4x10 mL Et,O. The combined organic layer was dried with MgSQOys, filtered and evaporated
to dryness. The crude material was purified with silica column chromatography using 1/1
hexanes:EtOAc (20 mL silica). The fractions containing product were combined and the solvent
was removed by rotary evaporation to give the product as a white solid in 9% yield. *H NMR
(300 MHz, CDCl3) 6 2.02 (s, 3H); 2.06 (s, 3H); 2.34 (s, 3H); 2.37 (s, 3H); 5.16 (s, 2H); 5.26 (s,
2H) *C NMR (75 MHz, CDCls3) § 19.6, 20.6, 20.6, 20.9, 56.9, 61.2, 129.4, 135.6, 144.7, 147.9,
153.2, 168.6, 170.3, 170.4 1°F NMR (282 Hz, CDCls) § -73.12 (s). MS (ESI-Pos) calc for
[C14H16FNNaOs]*: 336.0859, found: 336.0861.

Optimisation - Pyridoxine triacetate (7, 0.25 mmol, 1 equiv., 73.8 mg) was put into an oven dried
round bottom flask equipped with a stir bar and degassed under N2. The solid was dissolved in
HPLC grade acetonitrile (2.5 mL-10 mL, 0.1 M-0.025 M) then AgF- (3-6 equiv.) was added in a
single portion unless otherwise noted. The solution was stirred overnight under nitrogen in the
dark unless otherwise noted. The solution was filtered through celite and the celite bed was
washed with EtOAc. The liquid filtrate was transferred to a separatory funnel and washed with
20 mL saturated NaHCOs. The aqueous layer was extracted with 4x10 mL Et,O. The combined
organic layer was dried with MgSOyg, filtered and evaporated to dryness. The crude material was
purified with silica column chromatography using 1/1 hexanes:EtOAc (20 mL silica). The
fractions containing product were combined and the solvent was removed by rotary evaporation

to give the product as a white solid.
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6-Fluoropyridoxine (6-FPN) - compound 12 (81.5 mg, 0.,26 mmol) was dissolved in 0.15 mL 2
M HCI and stirred at reflux for 2 hours. The solution was cooled to room temperature and 5 mL
of water was added. The solution was evaporated to dryness then purified by silica column
chromatography with 95:5 DCM:MeOH (20 mL silica). The fractions containing product were
combined and the solvent was removed by rotary evaporation to give the product as a clear oil in
54% yield. *H NMR (300 MHz, CD4OD) & 2.35 (s, 3H); 4.62 (s, 2H); 4.98 (s, 2H) *C NMR (75
MHz, CD4OD) 6 18.3 (s), 55.1 (s), 59.2 (d, J=3.4 Hz), 118.2 (d, J=30.2 Hz), 139.7 (d, J=3.3 Hz),
144.7 (d, J= 13.7 Hz), 150.0 (d, J= 4.0 Hz), 154.4 (d, J= 230.8 Hz) °F NMR (282 MHz, CD40OD)
8 -88.45 (s) MS (ESI-Pos) calcd for [CsH10FNNaO3]*: 210.0542, found: 210.0552

HO
HO N o

—

N I

6-lodopyridoxine, 13 — Synthesis following the procedure by Mason and coworkers.*’
Pyridoxine HCI (1.233 g, 6 mmol, 1 equiv.) was dissolve in a aqueous 10% solution of K>COs
(18 mL). lodine was added (1.523 g, 12 mmol, 2 equiv.). The solution was stirred in the dark for
3 hours. The reaction was quenched with a saturated solution of sodium thiosulfate followed by
12 M HCIl until pH 3 was reached. A precipitate was formed, which was filtered and dried under
vacuum to give the pure product as a yellow solid in a 53% yield. *H NMR (400 MHz, ds-
DMSO) & 2.30 (s, 3H); 4.55 (s, 2H); 4.78 (s, 2H); 5.08 (bs, 1H); 5.83 (bs, 1H); 9.51 (s, 1H) *C
NMR (100 MHz, CDCls) 6 18.9, 57.0, 63.9, 112.0, 134.9, 136.2, 148.2, 150.4 MS (EI) calcd for
[CeH10INO3]*: 294.9705, found: 294.96834.

AcO

AcO | N OAG

\
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6-lodopyridoxine triacetate, 14. Synthesis following the procedure by Mason and coworkers.*’*
6-lodopyridoxine, 13 (885 mg, 3 mmol, 1 equiv.) was dissolved in 4 mL pyridine and acetic
anhydride (9 mL, 90 mmol, 30 equiv.) was added at 0 °C. The reaction was stirred 16 hours in
the dark. 40 mL of toluene was added and the solvent was removed by rotary evaporation. The
azeotropic drying was repeated. The crude oil was purified by silica column chromatography
using 2:1 hexanes/EtOAc (100 mL silica). The fractions containing product were combined and
the solvent was removed by rotary evaporation to give the product as a white solid in a 79%
yield. *H NMR (400 MHz, CDCls) § 2.02 (s, 3H); 2.09 (s, 3H); 2.37 (s, 3H); 2.39 (s, 3H), 5.15
(s, 2H); 5.33 (s, 2H) 3C NMR (75 MHz, CDCls) § 19.6, 20.6, 20.7, 20.8, 57.3, 66.2, 76.7, 77.2,
77.6,121.5, 133.8, 137.7, 154.8, 168.4, 170.2, 170.5 MS (ESI-Pos) calc for [C14H16INNaOs]":
443.9920, found: 443.9910.

HO
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6-Tiflatepyridoxine, 15: Trifluoromethanesulfonic acid (0.11 mL, 1.2 mmol, 3 equiv.) was added
to DMSO (0.5 mL) in a round bottom flask equipped with a stir bar. The solution was cooled
down to 0 °C. 6-Aminopyridoxine (88.3 mg, 0.4 mmol, 1 equiv.) and NaNO; (69 mg, 1 mmol,
2.5 equiv.) were added subsequently while stirring the solution. The solution was stirred 10
minutes at 0 °C, then warmed up to room temperature and stirred 2 hours protected from light.
The reaction mixture was quenched with water (10 mL) then the aqueous mixture was extracted
with butanol (3x10 mL). The combined organic phases were dried with Na>SOa, filtered and
evaporated by rotary evaporation (azeotrope drying with toluene). The crude product was
purified by silica column chromatography with 95:5 DCM/MeOH. The fractions containing
product were combined and the solvent were removed by rotary evaporation to give the pure
product as a pale-yellow oil with a 37% yield. TH NMR (MeOD4, 400 MHz) & 2.38 (s, 3H); 4.64
(s, 2H); 4.997 (s, 2H). 1%F NMR (MeOD4, 282.6 MHz) § -79.94. 13C NMR (MeOD4, 150.9
MHz) 6 18.7, 56.1, 59.4, 120.1 (g, J= 320.1 Hz), 123.9, 138.1, 146.6, 147.1, 152.8. HRMS (ESI)
Mass calcd for [CoH12FsNNaO4S]*: 340.0079, found: 340.0107
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Triacetoxy-6-Triflatepyridoxine, 16: 6-Trilfylpyridoxine (50 mg, 0.19 mmol, 1 equiv.) was
dissolved in pyridine (1 mL) and add acetic anhydride (0.18 mL, 1.9 mmol, 10 equiv.). The
solution was stirred protected from light for 16 hours at room temperature. The solution is then
quenched with water (10 mL). This mixture is extracted with EtOAc (4x 10 mL). The combined
organic phases were then washed with brine (2x20 mL). The combined organic layers were dried
with Na>SOs, filtered and evaporated to dryness by rotary evaporation. The crude oil was
purified by silica column chromatography with 3:1 Hexanes/Acetone. The fractions containing
product were combined and the solvent removed by rotary evaporation to give the pure product
as a pale-yellow oil with a 74% yield. *H NMR (CDCls, 300 MHz) & 2.02 (s, 3H); 2.07 (s, 3H);
2.37 (s, 3H); 2.39 (s, 3H); 5.22 (s, 2H); 5.27 (s, 2H). °F NMR (CDCI3, 282.4 MHz) & -72.63.
13C NMR (CDCI3, 150 MHz) & 19.4, 20.6, 20.6, 20.7, 56.9, 57.3, 118.7 (q, J= 320.7 Hz), 120.9,
141.2,144.7,151.7, 152.8, 168.3, 170.2, 170.6 HRMS (ESI) Mass calcd for
[C15H18F3NNaOgS]*: 466.0396, found: 466.0405

6-Aminopyridoxine-o4-tert-butyldimethylsilyl ether, 17. Synthesis following the procedure by
Culbertson, Enright and Ingold.1”® 6-Aminopyridoxine (2, 172 mg, 0.78 mmol, 1 equiv.) and
imidazole (109 mg, 1.6 mmol, 2 equiv.) were added to a oven dried round bottom flask equipped
with a stir bar. The solids were degassed with N2 then dissolved in anhydrous DMF (2 mL). The
solution was cooled to 10 °C. TBDMSCI was added (120.6 mg, 0.78 mmol, 1 equiv.) and the
reaction was stirred at 10 °C for 4 hours in the dark. A small amount of water was added and the
reaction was stirred a few minutes before transferring to a separatory funnel with 25 mL brine.

The aqueous layer was extracted with 6x10 mL dichloromethane. The combined organic phases
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were washed with 2x60 mL brine. The combined organic phases were dried with Na>SOg,
filtered, and evaporated to dryness. The crude product was purified by silica column
chromatography with 95/5 DCM:MeOH (75 mL silica). The fractions containing product were
combined and the solvent was removed by rotary evaporation to give the product as a yellowish
solid in a 28% yield. *H NMR (400 MHz, de-DMSO0) & 0.05 (s, 6H); 0.85 (s, 9H); 2.20 (s, 3H),
4,43 (d, 2H, J = 5.3 Hz); 4.73 (s, 2H); 4.81 (t, 1H, J=5.3 Hz); 5.08 (s, 2H); 7.72 (s, 1H) *C NMR
(75 MHz, de-DMSO) § 18.0, 19.3, 25.8, 56.3, 56.4, 116.6, 135.5, 140.4, 143.1, 151.9 MS (EI)
calcd for [C14aH26N203Si]": 298.1713, found: 298.1692

6-Dimethylaminopyridoxine-o4-tert-butyldimethylsilyl ether, 18. Synthesis following the
procedure by Culbertson, Enright and Ingold.1”® Compound 17 (217.6 mg, 0.73 mmol, 1 equiv.)
was dissolved in 1,2-dichloroethane (4.3 mL) and 37% aqueous formaldehyde (5 eq, 218 uL)
was added followed by stirring at room temperature for 10 minutes. Sodium
triacetoxyborohydride was then added (2 eq, 209.4 mg) and the solution was stirred 2 hours at
room temperature in the dark. The solvent was removed by rotary evaporation. The crude oil was
redissolved in 4.3 mL MeOH and sodium cyanoborohydride was added (6 eq, 275.2 mg). The
resulting solution was stirred 24 hours at room temperature in the dark. The solvent was removed
by rotary evaporation. The crude oil was resuspended in water, the pH was then adjusted to 9
using a KoCOs aqueous solution. The aqueous mixture was extracted with EtOAc (5x10 mL).
The combined organic phases were dried with Na2SOg, filtered, and evaporated to dryness. The
crude product was purified by silica column chromatography with 95/5 DCM:MeOH (75 mL
silica). The fractions containing product were combined and the solvent was removed by rotary
evaporation to give the product as a yellowish solid in a 49% yield. *H NMR (400 MHz, de-
DMSO0) & 0.09 (s, 6H); 0.87 (s, 9H); 2.30 (s, 3H), 2.64 (s, 6H), 4,57 (s, 2H); 4.90 (s, 2H); 8.36 (s,
1H) 3C NMR (75 MHz, de-DMSO0) § 17.9, 19.5, 25.7, 43.7, 56.4, 57.8, 124.4, 135.6, 142.8,
145.4, 154.6 MS. MS (EIl) Mass calc for [C16H30N203Si]*: 326.2026, Mass found: 326.20378
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6-Dimethylaminopyridoxine, 19. Synthesis following the procedure by Culbertson, Enright and
Ingold.t”® Compound 18 (250 mg, 0.76 mmol, 1 equiv.) was put into a oven dried round bottom
flask equipped with a stir bar and dissolved in anhydrous THF (4.8 mL, 0.16 M). TBAF (1 M
solution in THF, 2.5 equiv., 1.9 mL) was added and the solution was stirred in the dark at room
temperature for 30 minutes. The solvent was removed by rotary evaporation to give a pale oil.
The oil was purified by silica column chromatography with 9/1 DCM:MeOH (150 mL silica).
The fractions containing product were combined and the solvent was removed by rotary
evaporation to give the product as a pale oil with 86% crude yield (taken immediately to next

steps without further purification or characterisation)

AcO

6-Dimethylaminepyridoxine triacetate, 20. Compound 19 (0.66 mmol, 139 mg, 1 equiv.) was
dissolved in 1 mL pyridine and acetic anhydride (7 mmol, 0.66 mL, 10 equiv.) was added then
the reaction was stirred in the dark at room temperature for 16 hours. The solvent was removed
by rotary evaporation. The product was purified by silica column chromatography with 4/1
Hexane:Acetone (15 mL silica). The fractions containing product were combined and the solvent
was removed by rotary evaporation to give the product as a pale oil in a 85% yield. *H NMR
(400 MHz, CDCls) 6 2.03 (s, 3H); 2.07 (s, 3H); 2.30 (s, 3H); 2.33 (s, 3H), 2.83 (s, 6H), 5.05 (s,
2H); 5.26 (s, 2H). *C NMR (CDCls, 75 MHz) § 19.6, 20.7, 20.8, 21.1, 43.3, 57.7, 60.6, 118.8,
138.6, 139.8, 150.2, 169.2, 170.5, 170.8 MS (ESI-Pos) Mass calc for [C16H23N206]": 339.1556,
found: 339.1566
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2,4,5-tri(((acetyl)oxy)methyl)-pyridin-3-yl trifluoromethanesulfonate, 21. Compound 10 (112
mg, 0.36 mmol, 1 equiv.) was added to an oven dried round bottom flask equipped with a stir
bar. The solid was degassed under nitrogen and dissolved in anhydrous DCM (0.1 M, 4 mL). The
solution was cooled down to -10 °C. Trifluoromethanesulfonic anhydride (0.076 mL, 0.45 mmol,
1.25 mmol) was added drop wise under nitrogen. The reaction mixture was warmed to room
temperature and stirred in the dark under nitrogen for 2 hours. The reaction was quenched with 5
mL water. The mixture was transferred to a separatory funnel. The water layer was separated and
extracted with DCM (3 x 8 mL). The combined organic layers were washed with 10% H>SO4in
water (2 x 15 mL) and water (2x15 mL). The combined organic phases were dried with Na>SOa,
filtered, and evaporated to dryness to give the product as a white solid in a 89% yield. *H NMR
(400 MHz, CDCl3) 6 2.09 (s, 3H); 2. 11 (s, 3H); 2.15 (s, 3H); 5.26 (s, 2H); 5.27 (s, 2H); 5.33 (s,
2H); 8.70 (s, 1H) *C NMR (150 MHz, CDCls) § 20.55, 20.73, 20.84, 57.07, 60.73, 62.23,
118.56 (g, J= 319.2 Hz), 133.07, 137.97, 141.59, 150.28, 150.31, 170.11, 170.38, 170.57 3C
NMR (CDClz, 150 MHz) & 20.5, 20.7, 20.8, 57.1, 60.7, 62.2, 118.6 (q, J= 320.5 Hz), 133.1,
138.0, 141.6, 150.3, 150.3, 170.1. 170.4, 170.6 *°F NMR (283 MHz, CDCl3) & -72.77 (5) MS
ESI-Pos) Mass calculated for [C15H16F3NNaOeS]*: 466.0396, found: 466.0391
Xo

0

N ToH
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N

(2,2,8-Trimethyl-4H-[1,3]dioxino[4,5-c]pyridin-5-yl)methanol , 22. Synthesis following
literature procedure.*®” Pyridoxine HCI (1.645 g, 8 mmol, 1 equiv.) was suspended in 27 mL of
acetone. 2,2-dimethoxypropane (7.9 mL, 64 mmol, 8 equiv.) followed by p-toluenesulfonic acid
monohydrate (6.9 g, 40 mmol, 5 equiv.). was added and the reaction mixture was stirred for 24
hours in the dark at room temperature. The mixture was quenched slowly with NaHCO3 then the
acetone was removed by rotary evaporation. The resulting agueous mixture was quenched again
(slowly) with NaHCOs. The aqueous mixture was extracted with DCM (5x25 mL). The
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combined organic layers were washed with water (2x50 mL) and brine (2x50 mL). The
combined organic phases were dried with NaSOa, filtered, and evaporated to dryness to give a
crude off-white solid. The product was purified by silica column chromatography with 1/1
Hexanes:Acetone (200 mL silica). The fractions containing product were combined and the
solvent was removed by rotary evaporation to give the product as a white solid in a 66% yield.
'H NMR (400 MHz, CDCI3) & 1.54 (s, 6H); 2.36 (s, 3H); 4.54 (s, 2H); 4.93 (s, 2H); 7.79 (s, 1H)
13C NMR (75 MHz, CDCl3) § 147.8 (s), 146.2 (s), 138.7 (s), 129.6 (s), 126.6 (s), 99.9 (s), 60.3
(s), 58.7 (s), 24.9(s), 18.4(s) MS (EI) calcd for [C11H1sNO3]*:209.1052, found: 209.10689

5-{[(4-Methoxybenzyl)oxy]methyl}-2,2,8-trimethyl-4H-[1,3]dioxino[4,5-c]pyridine, 23.
Synthesis following literature procedure.’”® Compound 22 (836.9 mg, 4 mmol, 1 equiv.) was
added to an oven dried round bottom flask equipped with a stir bar, degassed under nitrogen and
dissolved in 12 mL anhydrous DMF. In a sperate oven dried round bottom flask equipped with a
stir bar, NaH (60% dispersion in oil, 679.4 mg, 17 mmol, 4 equiv.) was added, degassed under
nitrogen and dissolved in 24 mL anhydrous DMF. The NaH mixture was heated to 70 °C and the
DMF solution of compound 22 was added drop wise. The reaction mixture was stirred at 70 °C
for 1 hour under nitrogen. The flask was removed from heat to cool down until 40 °C and then
was placed in an ice bath. Once the solution was cooled to 0 °C, p-methoxybenzyl chloride (0.65
ml, 4.8 mmol, 1.2 equiv.) was added drop wise. The reaction mixture was warmed to room
temperature and stirred 16 hours in the dark under nitrogen. The flask was put on ice and the
mixture was quenched slowly with water (50 mL total). The mixture was extracted with Ether
(5%25 mL). The combined organic phases were dried with MgSOs, filtered, and evaporated to
dryness to give a crude pale oil. The product was purified by silica column chromatography with
1/1 Hexanes:EtOAc (200 mL silica). The fractions containing product were combined and the
solvent was removed by rotary evaporation to give the product as a pale-yellow oil in a 63%
yield. "H NMR (400 MHz, CDCI3) & 1.55 (s, 6H); 2.42 (s, 3H); 3.812 (s, 3H); 4.40 (s, 2H); 4.43
(s, 2H); 4.86 (s, 2H); 6.88 (m, 2H); 7.33 (m, 2H); 7.95 (s, 1H) *C NMR (75 MHz, CDCls) &
158.5(s), 148.2(s), 146.2 (s), 139.8 (s), 129.7, 126.6 (s), 126.3 (s), 114.0 (s), 99.6 (s), 72.0 (8),
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67.2 (s), 58.8(s), 55.4 (s), 24.9(s), 18.6(s) MS (ESI-Pos) calcd for [C19H24NO4]*: 330.1705,
found: 330.1717

5-{[(4-Methoxybenzyl)oxy]methyl}-2,2,8-trimethyl-4H-[1,3]dioxino[4,5-c]pyridine-N-oxide,
24. Synthesis following literature procedure.*”® Compound 23 (1011 mg, 3.07 mmol, 1 equiv.)
was dissolved in 25 mL chloroform and m-CPBA (815 mg, 3.4 mmol, 1.1 equiv.) was added in
portions over a few minutes. The reaction was stirred at room temperature in the dark for 2
hours. The mixture was quenched with sodium thiosulfate pentahydrate (7 g, 30 mmol, 10 eq, in
20 mL water). The organic layer was separated and washed with NaHCO3(3x20 mL). The
combined aqueous layers were extracted with chloroform (8x15 mL). The combined organic
phases were dried with Na>SOg, filtered, and evaporated to dryness to give a crude pale oil. The
product was purified by silica column chromatography with 95:5 DCM:MeOH (250 mL silica).
The fractions containing product were combined and the solvent was removed by rotary
evaporation to give the product as a white solid in a quantitative yield. No characterisation done,

directly taken to next step.

OH

(5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-[1,3]dioxino[4,5-c]pyridin-8-
yl)methanol, 25. Synthesis following literature procedure.”> Compound 24 (848 mg, 2.46 mmol,
1 equiv.) was added to an oven dried round bottom flask equipped with a stir bar, degassed with
nitrogen and dissolved in anhydrous DCM (0.3 M, 8.2 mL). The solution was cooled to 0 °C and
0.5 equiv. (1.23 mmol, 0.17 mL) of trifluoroacetic anhydride was added drop wise. The solution
was stirred 5 minutes at 0 °C under nitrogen after which more trifluoroacetic anhydride (0.44

mL, 3.2 mmol, 1.3 equiv.) was added drop wise. The mixture was warmed to room temperature
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and stirred 16 hours under nitrogen in the dark. The reaction mixture was then placed into an ice
bath and quenched with MeOH. The solvent was evaporated under rotary evaporation. The pale
oil was redissolved in chloroform and washed with saturated aqueous NaHCO3 (4x20 mL). The
combined aqueous layers were extracted with chloroform (5x15 mL). The combined organic
phases were dried with Na2SOu, filtered, and evaporated to dryness to give a crude pale oil. The
product was purified by silica column chromatography with 7/1 DCM:Acetone (200 mL silica).
The fractions containing product were combined and the solvent was removed by rotary
evaporation to give the product as a off white solid in a 70% yield (from compound 23). *H
NMR (300 MHz, CDCI3) & 1.54 (s, 6H); 3.81 (s, 3H); 4.42 (s, 2H); 4.44 (s, 2H); 4.69 (s, 2H);
4.87 (s, 2H); 6.88 (m, 2H); 7.23 (m, 2H); 8.02 (s, 1H) *C NMR (75 MHz, CDCls3) § 159.6 (8),
147.7 (s), 144.9 (s), 138.9 (s), 129.7 (S), 129.5 (s), 128.0 (s), 126.9(S), 100.3 (s), 72.2 (S), 67.1
(s), 59.7 (s), 58.9(s), 55.4 (s), 24.8(s) MS (ESI-Pos) calcd for [C19H24NOs]": 346.1654, found:
346.1682

Cl

5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-[1,3]dioxino[4,5-c]pyridine-8-chloride,
26: Compound 25 (192 mg, 0.556 mmol, 1 equiv.) was dissolved in 2.8 mL anhydrous DCM and
the solution was cooled to 0 °C. Triethyl amine (0.12 mL, 0.84 mmol, 1.5 equiv.), TsCl (160.1
mg, 0.84 mmol, 1.5 equiv.) and DMAP (3.4 mg, 0.028 mmol, 5 mol%) were added. The reaction
mixture was warmed to room temperature then stirred 16 hours in the dark under nitrogen. HCI
(1 M, 6 mL) was added and the organic layer was extracted out. The aqueous layer was extracted
with DCM (6x8 mL). The combined organic layers were washed with 2x35 mL brine. The
combined organic layers were dried with Na2SO4, filtered, and evaporated to dryness. The crude
product was purified by silica column chromatography with 3/1 Hexanes: Acetone (25 mL silica),
the fractions containing product were combined and the solvent was removed by rotary
evaporation to give the product as a white solid in a 35% yield. *H NMR (300 MHz, CDCls) &
1.57 (s, 6H); 3.80 (s, 3H); 4.42 (s, 2H); 4.45 (s, 2H); 4.68 (s, 2H); 4.86 (s, 2H); 6.88 (m, 2H);
7.23 (m, 2H); 8.06 (s, 1H). 3C NMR (150 MHz, CDCls) & 24.8, 41.5, 55.4, 58.8, 66.9, 72.4,
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100.6, 114.1, 128.1, 129.4, 129.6, 129.7, 140.2, 145.0, 146.5, 159.6 MS (ESI-Pos) calcd for
[C10H23NO4CI]*: 364.13186, found: 364.1317

5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-[1,3]dioxino[4,5-c]pyridine-8-
carbaldehyde, 27. Synthesis following literature procedure.1”> Compound 25 (589.1 mg, 1.70
mmol, 1 equiv.) was dissolved in chloroform (0.06 M, 28 mL) and MnO: (85% activated, 2.27 g,
22.2 mmol, 13 equiv.) was added. The reaction mixture was stirred in the dark at room
temperature under nitrogen for 21 hours. The reaction mixture was filtered through celite, the
celite bed was washed with DCM and the resulting filtrate was concentrated under rotary
evaporation. The crude oil was purified by silica column chromatography with 14/1
DCM:Acetone (100 mL). The fractions containing product were combined and the solvent was
removed by rotary evaporation to give the product as a white solid in a 76% yield (kept in the
fridge). 'H NMR (400 MHz, CDCI3) & 1.62 (s, 6H); 3.82 (s, 3H); 4.47 (s, 2H); 4.49 (s, 2H); 4.91
(s, 2H); 6.89 (m, 2H); 7.25 (m, 2H); 8.27 (s, 1H), 10.32 (s, 1H) *C NMR (75 MHz, CDCls) §
189.3 (s), 159.7 (s), 151.2 (s), 141.4 (s), 139.7 (s), 133.8 (s), 129.8 (s), 129.4 (5), 129.2 (s), 114.2
(), 101.2 (s), 72.8 (s), 66.8 (S), 58.8 (s), 55.4 (s), 24.9 (s) MS (ESI-Pos) calcd for
[C19H21NNaOs]™: 366.1317, found: 366.1313

5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-[1,3]dioxino[4,5-c]pyridine-8,8-difluoride,
28. Compound 27 (0.092 mmol, 1 eq, 31.6 mg) was weighted into an oven dried microwave vial
equipped with a stir bar and transferred into a glovebox. TMAF (0.276 mmol, 3 eq, 25.7 mg) was
added and the solids were dissolved in anhydrous Ether (0.46 mL, 0.2 M). After 30 second
stirring, PBSF (0.33 mmol, 3.6 eq, 0.06 mL) was added. The reaction mixture was stirred in the

glovebox in the dark at room temperature for 24 hours. The mixture was dissolved in ether and
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filtered through a silica plug which was washed with 9:1 ether/acetone. The solvent was removed
by rotary evaporation and the product was purified by P-TLC using 96:4 DCM/Ethyl acetate as
the eluent. The silica containing the product was removed by scrapping and washed with ethyl
acetate. The solvent was removed by rotary evaporation to give a yellow oil in a 55/6% yield. *H
NMR (600 MHz, CDCI3) 6 1.57 (s, 6H); 3.82 (s, 3H); 4.45 (s, 2H); 4.47 (s, 2H); 4.89 (s, 2H);
6.84 (t, J='54 Hz); 6.9 (m, 2H), 7.25 (m, 2H); 8.15 (s, 1H). *C NMR (75 MHz, CDCls) § 159.7
(s), 147.1 (s), 140.4 (s), 140.4 (s), 131.6 (s), 129.8 (s), 129.3 (s), 128.8 (s), 114.1 (s), 111.0 (t, J=
239 Hz), 100.9 (s), 72.5 (s), 66.8 (s), 58.8 (S), 55.4 (8), 24.8 (s) F NMR (282 MHz) CDCl3) &
119.6 (d, J=54.2 Hz) MS (ESI-Pos) calcd for [C19H22F2NO4]": 366.1517, found: 366.1533

For optimisation: Compound 27 (0.092 mmol, 1 eq, 31.6 mg) was weighted into an oven dried
microwave vial equipped with a stir bar and transferred into a glovebox. TMAF was added and
the solids were dissolved into an anhydrous solvent. After 30 second of stirring, PBSF was
added. The reaction mixture was stirred in the glovebox in the dark at room temperature for 24
hours. The mixture was dissolved in ether (2 mL) and filtered through a silica plug which was
washed with 9:1 ether/acetone. The solvent was removed by rotary evaporation and the product
was purified by P-TLC using 96:4 DCM/Ethyl acetate as the eluent. The silica containing the
product was removed by scrapping and washed with ethyl acetate. The solvent was removed by

rotary evaporation.

For TMAF screening: Compound 27 (0.092 mmol, 1 eq, 31.6 mg) was weighted into an oven
dried microwave vial equipped with a stir bar and transferred into a glovebox. TMAF (0.5 equiv.
or 1 equiv.) was added and the solids were dissolved into an anhydrous ether (0.2 M, 0.46 mL).
After 30 second stirring, PBSF (0.33 mmol, 3.6 eqg, 0.06 mL) was added. The reaction mixture
was stirred in the glovebox in the dark at room temperature for 24 hours. The mixture was
dissolved in ether (2 mL) and filtered through a silica plug which was washed with 9:1
ether/acetone. The solvent was removed by rotary evaporation and the product was purified by
P-TLC using 96:4 DCM/Ethyl acetate as the eluent. The silica containing the product was
removed by scrapping and washed with ethyl acetate. The solvent was removed by rotary

evaporation.

For short reaction time screening: Compound 27 (0.092 mmol, 1 eq, 31.6 mg) was weighted into

an oven dried microwave vial equipped with a stir bar and transferred into a glovebox. TMAF
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(0.276 mmol, 3 eq, 25.7 mg) was added and the solids were dissolved into an anhydrous solvent.
After 30 second stirring, PBSF (0.33 mmol, 3.6 eq, 0.06 mL) was added. The microwave vial
was sealed and transferred out of the glove box. The reaction was stirred for one hour at either
room temperature or under heat. The mixture was dissolved in ether (2 mL) and filtered through
a silica plug which was washed with 9:1 ether/acetone. The solvent was removed by rotary
evaporation and the resulting oil was dissolved in CDCls with added 2-Fluorobenzoic acid and
analysed by F NMR.
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Chapter 3. Results and discussion
Part 1- Synthesis of cold standard 1: 6-Fluoropyridoxine (6-FPN)
1.1. Attempted synthesis using the Balz-Schiemann reaction

The first attempt at synthesizing 6-Fluoropyridoxine was done following the previously reported
scheme by Korytnyk and Srivastava®'® which consisted of hydrogenating 6-Phenylazopyridoxine
hydrochloride (compound 1) to 6-Aminopyridoxine (compound 2) and then fluorinating using

the Balz-Schiemann reaction® (scheme 5).

Pd/C (10%)

H, H,0
EtOH, R.T., 48h

HO
OH NaOH (pH 8), 0°C

R.T., 1h
NH, m* Cl
N Pyridoxine HCI
69% yield

HO HO

NaNOo,  HO | X 0oH NaNO, HO | X oH
HCI, 0°C, 5 min NG NH, HBF4 (40%), -5°C to 10°C, 2h NT O F
2 cold standard 1
95% yield 6-FPN

Scheme 5. Attempted synthesis of 6-FPN from 6-Aminopyridoxine following the procedure
by Korytnyk and Srivastava. Compound 2 (6-Aminopyridoxine hydrochloride) was
successfully synthesized in two steps from pyridoxine HCI with a 65% yield with a modified
literary procedure.!” Diazotization of aniline followed by coupling with pyridoxine HCI to form
compound 1 (6-Phenylazopyridoxine hydrochloride) was first perform with a 69% yield
followed by hydrogenation to form the amine with a 95% yield. The Balz-Schielmann
fluorination of amine 2 did not result in any formation of cold standard 2.

The first step of the synthesis consisted of hydrogenating 6-Phenylazopyridozine (synthesized
from pyridoxine HCI using the method described by Colbertson and colleagues,'”® scheme 5).
The resulting product from the reduction is 6-Aminopyridoxine (compound 2). This product was
formed in two steps from pyridoxine HCI in a 65% yield (scheme 5). The final step of the
synthesis reported by Korytnyk and Srivastava'®® consist of the fluorination of 6-
Aminopyridoxine via the Balz-Schiemann reaction.'® When this reaction was attempted, it did

not result in formation of 6-Fluoropyridoxine. In the procedure reported in the 1973 article, the
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authors used ether extraction to isolate their product from the aqueous solution of HBF4 (which
was treated with NaOH until pH 3-4).1'* However, 6-Fluoropyridoxine has 3 free OH groups
which might make it stay in the aqueous layer. Therefore, the experiment was repeated but
before doing any extraction a crude °F NMR was done in order to evaluate if the fluorination
was taking place. The °F NMR of the crude reaction show that the only fluorine present is the
BF4 fluorine (155 ppm; figure 7). We suggest that this reaction did not work because although
solutions of HBF does release HF in situ?® and the BF- ion can act as a source of F- in the
reaction,'8’ the BF4- anion can hydrolyze to hydroboric acid (HsBO,) after long storage time and
hydroboric acid can quickly react with 3 equivalents of HF to form HBFzOH207 which will be
inert in this reaction. Therefore, an old solution of HBF4 could be unreactive. Using a more
recent solution of HBF4 might have led to formation of product, however, we decided to pursue
another route due to potential problems with the purification of the compound (extraction only
possible with t-BuOH and most likely low yielding due to the high polarity of 6-

Fluoropyridoxine).
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Figure 7. 1%F NMR of Balz-Schielmann reaction with 6-Aminopyridoxine. 6-
Aminopyridoxine (110 mg, 0.5 mmol, 1 equiv.) was dissolved in 2.3 mL 48% HBF; in water,
cooled down to -5 °C and 1.2 equivalents (43 mg) of NaNO2 was added slowly. The solution was
stirred 2 hours at 4 °C. A drop of the solution was dissolved in deuterated methanol and analysed
by °F NMR.

1.2.Synthesis of cold standard using silver difluoride

After studying the literature for methods to fluorinate the 6 position of pyridine derivatives, the
C-H fluorination of pyridines using silver difluoride as described by Hartwig and coworkers’®
was found to be an appropriate solution to the problem at hand. This methodology developed by
Fier and Hartwig occurs at room temperature and has been successful for the fluorination of
multiple substituted pyridines. This fluorination can occur without modification of the 6 position
and therefore simplifies the synthetic scheme. This reaction is very susceptible to water and
labile hydrogens which means pyridoxine needs to be protected before proceeding. One
previously reported method to protect the 3 OH groups of pyridoxine is the acetylation of all of

the groups by reacting pyridoxine with acetic anhydride in the presence of a base.?’* Therefore,
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this method was very interesting since the cold standard 6-Fluoropyridoxine could be
synthesized in 3 steps: protection of pyridoxine with acetyl groups, fluorination, deprotection to
give the cold standard. To begin, triacetoxy pyridoxine (compound 7) was synthesized in 89%
yield from pyridoxine HCI (scheme 6). Then, the first attempt at the fluorination of pyridoxine
triacetate was done using the optimized conditions reported by Fier and Hartwig (Acetonitrile
0.05 M, 3 equivalents AgF, stir at room temperature)*”® and resulted in a 10% yield (scheme 6).
With the protected cold standard in hand (compound 12), the cold standard was easily accessible
by acid deprotection (scheme 6, 6-FPN).

HO AcO AcO
HO AcO AcO
/\EYOH Ac,0 N fj/\OAc AgF, e fYOAC
NES pyridine, R.T., 16h N MeCN, R.T., 16h NT O F
loocr

89% yield 10% yield
Pyridoxine HCI 7 12
AcO HO
AcO HCI HO
N ome —————> N oH
_ Reflux, 2h _
N F N F
12 54% yield
6-FPN

Scheme 6. Synthesis of cold standard (6-FPN) 1 using silver Il fluorination. Cold standard 1
was synthesized from pyridoxine HCI in 3 steps with a 4% total yield. Pyridoxine HCI was first
protected using a modified literature procedure® with a 89% yield, then was fluorinated using
direct C-H activation following the method described by the Hartwig group'’® with a 10% yield.
The cold standard was obtained from this compound by HCI deprotection with a 54% yield.

The fluorination yield much lower than the reported yields for the pyridines (ranging from 41 to
94%).178 Due to this result, the experiment was repeated with different conditions to look for
ways to increase the yield (table 1). All of the experiments tried resulted in a lower yield
(changing the concentration, changing the temperature, changing the amount of AgF»; table 1).
Therefore the conditions from the Hartwig paper'’® were the best one with a yield of 9%. In all
of the conditions, there was a large amount of the triacetoxy pyridoxine starting material left. We
suggest that the reactivity of the compound is low due to the acetyl group potentially
coordinating with the silver difluoride. The proposed mechanism by Hartwig and colleagues'’®

starts with the coordination of AgF to the pyridine ring. The acetyl groups, being close in

51



proximity could potentially coordinate with AgF.. There are no examples in the Hartwig paper
with carbonyl groups in close proximity to each other. In addition, the acetyl group add steric

hinderance to the compound which could also decrease the reactivity.

Table 1. Optimization of the fluorination of pyridoxine triacetate using silver difluoride.
The fluorination of pyridoxine triacetate using silver difluoride was tested using several
conditions. The conditions were based on the optimisation described by Hartwig and his
colleagues®’® in which the optimal condition were found to be 3 equivalents of silver difluoride
at room temperature in acetonitrile. All experiments were done in an oven dried round bottom
flask under nitrogen atmosphere using a nitrogen balloon. All experiments were protected from
light unless otherwise noted. In all experiments, pyridoxine triacetate was still present (followed
by TLC) after 16 hours of stirring.

YO

o)
AgF, (X eq.)
X o Yo >
| MeCN, T°C, 16h
N/

Experiment Concentration AgF2 Temperature Yield
(M) equivalents (°C)

1 0.025 3 Room temp. 5%
2 0.05 3 Room temp. 10%
3 0.083 3 Room temp. 6%
4 0.1 3 Room temp 4%
5 0.025 3 40 2%
6 0.05 3 40 2%
7 0.083 3 40 7%
8 0.1 3 40 4%
9 0.05 3 4 5%
102 0.05 3 Room Temp. 3%
11 0.05 4 Room Temp 6%
12P 0.05 6 Room Temp. 7%

a. The reaction was done with lights on
b. 3 equivalents were added, the reaction was stirred one hour, then 3 equivalents were added again

The cold standard can be successfully synthesized with the key step being the direct C-H
fluorination with AgF.. However, AgF: is produced by the reaction between AgCI or AgF and
fluorine gas at 200 °C for several hours.'*%!! Therefore, the only synthesis of ‘®F-labelled AgF2
described in the literature was done by heating a silver-plated target liner in the presence of F,
gas at 350 °C to create a AgF2 coated liner which was exposed to Neon gas and was then
irradiated with 14 MeV deuterons.!®? F, gas needs special handling due to its high corrosivity!%

and targetry using the 20Ne reaction is low yielding.!** This makes ‘®F-labelled AgF,
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inaccessible. Therefore, the procedure cannot be repeated in radiochemistry. Hence, the reaction

was tested with AgF under several conditions. These experiments are described in table 2.

Table 2. Attempted direct C-H fluorination of pyridoxine triacetate using AgF. The
fluorination of pyridoxine triacetate using silver fluoride was tested with and without the use of
an additive. The experiments were run using the optimised conditions found with silver
difluoride (table 1). All experiments were done in an oven dried round bottom flask under
nitrogen atmosphere using a nitrogen balloon. All experiments were protected from light. In all
experiments., there was no conversion of pyridoxine triacetate.

AcO AcO
AcO | XN OAc AgF (3 eq) N AcO | XN OAG
NG MeCN, R.T., 16h NT O E
Experiment  Additive Additive
equivalents
1 none N/A
2 DBU 2
3 TBAF (1M 2
in THF)

Without any success from silver fluoride, there was no possibilities that this chemistry could be
transferable to radiochemistry.

1.3. Synthesis of chlorine precursor, attempted radiofluorination

With the cold standard in hand, a route to the radiotracer was needed. Since direct
radiofluorination of chloropyridine derivatives has been reported,* the synthesis and attempted
fluorination of a protected 6-Chloropyridoxine was the first methodology that was tested. The
synthesis of 6-Chloropyridoxine was previously reported in the literature*® and since acetyl
protection is successful with pyridoxine it should also work with the chlorine derivative.
Therefore, the 6-Chloropyridoxine triacetate (compound 4) was synthesized in two steps from 6-

Aminopyridoxine (compound 2) as shown in scheme 7 and could be tested for radiofluorination.
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HO HO AcO

HO HO AcO

| N OH NaNO, A OH Ac,0 -] A OAC
_ o ° = ridine, R.T., 16h =
N NH, HCI, -5°C to 10°C, 2h N3 cl py N4 Cl
2 .
no isolation 46% yield

Scheme 7. Synthesis of 6-Chloropyridoxine triacetate. Compound 4 (6-Chloropyridoxine
triacetate) was synthesized in two steps from 6-Aminopyridoxine (compound 2). 6-
Aminopyridoxine was chlorinated by using diazotization and the reaction mixture was
neutralised, freeze dried then acetylated to give the wanted product.

With the chlorine precursor in hand, direct radiofluorination was attempted. The first attempts
were made using a standard SnAr procedure (*8F-TBAF nucleophilic substitution)®® along with
HCI deprotection (Table 3). Several conditions for radiofluorinations were tested on the 6-
Chloropyridoxine triacetate precursor (table 3, table 4). Before attempting any radiofluorinations,

the precursor, cold standard and deprotected precursor were analysed by HPLC (appendix 1).

Table 3. Radiofluorination attempts on 6-Chloropyridoxine triacetate. Standard KF
methodology was used in order to make [*®F]TEAF. The chlorine precursor was stirred 30
minutes at 130 °C in DMF. In one experiment, this step was followed by deprotection. In one
experiment, the reaction mixture was directly transfer into a vial. Experiments were monitored
by HPLC analysis.

AcO AcO HO
AcO | N N0Ac NEt,'8F fco X N0Ac 2M HCI HO | ~xr oH
~ o ; > =
N4 cl DMF, 130°C, 30 min N~ 18 110°C. 20 min N~ 18

Experiment Starting Deprotection Final activity Remaining Product
activity method (mCi) precursor formation
(mCi)

1 162 HCI? 61.4 No No

2 82 N/A 27.2 No No

a. 2 M HCI (H20) for 20 minutes 110 °C
Experiment 1: There was no trace of the precursor, product and only a little trace of
Chloropyridoxine (deprotected precursor) in the final mixture which indicates that in these
conditions the precursor is being broken down. A possible explanation is that once all the
precursor is deprotected to the Chloropyridoxine, this compound is susceptible to radical

scavenging which may lead to its degradation. As discussed in the introduction, pyridoxine is
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known as a radical scavenger®3®3! and it would not be surprising that this would also be the case

for Chloropyridoxine.

Experiment 2: The last attempt using [*®F]TEAF was done without deprotection in the module in
order to attempt manual deprotection with citric acid and or ethanol as radical scavengers (table
3, line 3). After stirring 30 minutes at 130 °C in DMF in the presence of [!8F] TEAF, the solution
was transferred to the product vial. The final activity was 27.2 mCi (initial: 82 mCi). When the
reaction mixture was analysed by HPLC, there was no gamma signal except for the free fluoride
one. In addition, there was no trace of the precursor and a little trace of the Chloropyridoxine
(5.6 minutes, figure 19 and 21). Due to these observations, no manual deprotections were
attempted because there was no sign of any fluorination on the pyridoxine. This indicates that the
precursor may be susceptible to deprotection and complete degradation just by stirring with
[*®F]TEAF in DMF at 130 °C for 30 minutes.

Experiment 1:

UV-Detector Ch.1

mVolts
mVolts

T T T T T T T T T
0.0 25 5.0 75 10.0 125 15.0 17.5 20.0 225 250
Minutes

UV Detector
Ch1-254nm Results

Retention Time Area Area Percent Height Height Percent
1.100 103407 29.327 12271 46.377
1.900 225302 63.897 9579 36.203
5.825 23894 6.776 4609 17.419
Totals
352603 100.000 26459 100.000

Figure 8. HPLC-UV analysis of the crude reaction mixture from the standard SnAr
radiochemistry with HCI deprotection of the 6-Fluoropyridoxine precursor.
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Gamma Results
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Arca Arca % Height Height %

1.333 7115117 100.00 256748 100.00
Totals

7115117 100.00 256748 100.00

Figure 9. Radio-HPLC analysis of the crude reaction mixture from the standard

SNAr radiochemistry with HCI deprotection of the 6-Fluoropyridoxine precursor.
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UV Detector
Ch1-254nm Results

Retention Time Area Area Percent Height Height Percent
1.092 54806 8.200 7195 16.987

1.950 219058 32.775 7971 18.820

4.625 183067 27.390 8896 21.003

5.375 17417 2.606 1809 4271

5.658 25601 3.830 4254 10.044

5.908 3456 0.517 515 1.216

6.158 5916 0.885 852 2.012

6.808 12405 1.856 1635 3.860

7.533 1227 0.184 176 0416

8.325 14673 2.195 1041 2.458

8.633 2647 0.396 285 0.673

10.433 22840 3417 726 1.714

10.750 11043 1.652 856 2.021

11.783 9037 1.352 844 1.993

12.383 41526 6.213 1890 4462

12.592 6020 0.901 1043 2.463

13.925 1387 0.208 225 0.531

14.158 4644 0.695 728 1.719

15.000 1446 0.216 234 0.552

15.142 2194 0.328 334 0.789

15.442 27958 4.183 846 1.997

Figure 10. HPL-UV analysis of the crude reaction mixture from the standard SnAr
radiochemistry with HCI deprotection of the 6-Fluoropyridoxine precursor with Co-

inject of cold standard (STD, shown by arrow).
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Retention Time Arca Area % Height Height %
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Figure 11. Radio-HPLC analysis of the crude reaction mixture from the standard
SNnAr radiochemistry with HCI deprotection of the 6-Fluoropyridoxine precursor

with Co-inject of cold standard.
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Experiment 2:
UV-Detector Ch.1

UV Detector Chi-254nm

50 - 50
g |
2 25 ' I L 25 2
AN
0 +—rf - f 1 0
00 25 50 15 100 125 150 175 200 225 250
Minutes
UV Detector
Ch1-254nm Results
Retention Time Arca Arca Percent Height Hetght Percent
1.033 289884 15.258 53875 28.970
1.750 458820 24.150 31934 17.172
5642 313945 16.524 43453 23.366
6.125 88843 4.676 5991 3.222
7.025 151556 7.9717 11176 6.010
8.300 126825 6.675 7475 4.020
11.358 274797 14.464 11364 6.111
12.000 195218 10.275 20699 11.130
Totals ‘ E i
1899888 | 100.000 185967 100.000

Figure 12. HPLC-UV analysis of the crude reaction mixture from the standard
SNAr radiochemistry without deprotection of the 6-Fluoropyridoxine precursor.
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Figure 13. Radio-HPLC analysis of the crude reaction mixture from the standard
SNAr radiochemistry without deprotection of the 6-Fluoropyridoxine precursor.

60

mVors



—— UV Detector Chi-254nm
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UV Detector
Chl-254nm Results
Retention Time Arca Arca Percent Height Height Percent
1.117 105985 2.137 14274 4.080
1.675 675899 13.626 41201 11.777
4.367 1289026 25.986 53115 15.182
5.750 762626 15374 118948 34.000
6.367 121942 2.458 3460 0.989
6.883 232063 4.678 20894 5972
7.508 348285 7.021 18088 5170
8.533 393461 7.932 20046 5.730
10.217 181092 3.651 5702 1.630
10.983 412095 8.308 40988 11.716
12.083 235112 4,740 6295 1.799
12.567 182360 3.676 6109 1.746
13.733 20448 0412 727 0.208
Totals l |
R 4960394 | 100.000 349847 | ~100.000

Figure 14. HPL-UV analysis of the crude reaction mixture from the standard SnAr

radiochemistry without deprotection of the 6-Fluoropyridoxine precursor with co-
injection of cold standard (STD, shown by arrow).
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Figure 15. Radio-HPLC analysis of the crude reaction mixture from the standard SnAr
radiochemistry without deprotection of the 6-Fluoropyridoxine precursor with co-injection
of cold standard.

Due to the lack of success of fluorinations, a stability test was performed with the precursor. 3.2
mg of precursor was heated at 130 °C in pure DMF for 30 minutes and in DMF with NEtsHCO:s.
There was no recovery of the precursor at 130 °C with tetraethylammonium bicarbonate and
some decomposition in pure DMF at high temperature. This shows that the precursor is in fact
not stable in DMF at high temperature with the presence of base. These observations fit with
previous studies on the stability of pyridoxine. For example, Yessaad and colleagues
demonstrated that 30% of vitamin Bs gets decomposed after stirring at 80 °C for one hour in an
aqueous solution of 0.1 M NaOH.*® Thus, we concluded that the precursor is not stable under

the conditions used and that standard SnAr should not be used for this compound.

Since none of the attempted experiments using [*®F] TEAF resulted in the formation of the
product or any radiofluorination of the pyridoxine, this methodology was dropped and, a
different methodology was approached. The new methodology consisted of using
tetraethylammonium bicarbonate with K'8F/K2.2.2 in DMF at high temperatures (table 4). This
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methodology was previously successful for the radiofluorination of chloroquinoline (unpublished
results from the Scott lab). In addition, the method was done at lower temperature (100 °C). In
order to test several conditions at the same time, the reactions were done in batch manually.
(table 4).

Table 4. Manual radiofluorinations attempts of 6-Chloropyridoxine triacetate. Waters
QMA light was preconditioned with 10 mL Ethanol, 10 mL 0.5 M NaHCOs3, 10 mL H20. GE
PETtrace cyclotron 0(p,n)!8F reaction was run with 2.5 mL of [*80]H0 in target irradiated at
55 micro Amps for 2 minutes. After trapping on QMA fluoride was eluted with a solution of
KOTf (10 mg) and K>CO3 (50 micrograms) in H2O (0.5 mL). Then acetonitrile (1 mL) was
added and the mixture was azeotropically dried at 100 °C under vacuum for 5 minutes and an
additional 5 minutes under vacuum and a stream of Argon. Resulting [*3F]KF was dissolved in
DMF (3 mL) and removed from the hot cell for use in batch reactions manually. 100 uL or about
1 mCi of the solution was added to each 500pL reaction (DMF only) containing the precursor
and tetraethylammonium bicarbonate.

Mass of precursor (mg)/umol  Mass TEAHCOs*/umol  Ratio Temperature (°C)
(precursor/TEAHCO3)
3.3/10 0.8/4.9 2 100
3.3/10 1.9/10 1 100
3.3/10 3.8/20 0.5 100
3.3/10 0.8/4.9 2 110
3.3/10 1.9/10 1 110
3.3./10 3.8/20 0.5 110
6.6/20 0.8/4.9 4 100
6.6/20 3.8/20 1 100
6.6/20 7.6/40 2 100
6.6/20 0.8/4.9 4 110
6.6/20 3.8/20 1 110
6.6/20 7.6/40 2 110

a. TEAHCO; = tetraethylammonium bicarbonate (NEts4HCO3)
None of these trials gave any of the 6-Fluoropyridoxine triacetate (radio-TLC analysis) and all
had remaining starting material left (TLC analysis). These results show that the precursor is
degraded easily in the presence of base at high temperatures (100 °C and above) and cannot be
fluorinated with [*®F]TEAF of K'*8F/Kryptofix under the conditions tested. Again, this might be
due to the instability of pyridoxine in presence of base at high temperature and its susceptibility
to ionizing radiation. In addition, the presence of the acetyl group may increase that instability
since there is the possibility of creating an acetyl anion or radical which can increase the rate of
degradation. Due to this lack of success for fluorination and high susceptibility of degradation of
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triacetoxy chloropyridoxine, this indicates that this precursor may not be a good precursor for the

formation of the radiotracer.
1.4. Synthesis of 6-lodopyrdoxine triacetate and attempted work

Following a similar idea, the next methodology for fluorination of the 6 position of pyridoxine
was based on the conversion of a 6-halide pyridoxine. In this methodology, instead of using
chlorine, the 6-lodopyridoxine was synthesized. Direct fluorination of 6-lodopyridines
derivatives has been reported®® as well as formation of spirocyclic hypervalent iodine(I11)
complexes from 6-lodopyridines derivatives which can also be used to incorporate the
fluorine.1®® Therefore, 6-lodopyridoxine triacetate was synthesized in two steps from pyridoxine

HCI as described by Mason and coworkers!’* (scheme 8) with a 42% total yield.

HO HO AcO
HO
HO | AN OH l2, K2CO3 ™ A OH Ac,0 AcO | N OAG
= H-O. R.T.. 3h — pyridine, 0°C-R.T., 16h _
N _Cl 2o N~ NN
: 53% yield 79% yield
13 14

Scheme 8. Synthesis of 6-lodopyridoxine triacetate from pyridoxine HCI. Pyridoxine HCI
was iodinated in basic conditions with a 53% yield and the resulting 6-lodopyridoxine was
acetylated on all oxygens with a 79% yield.

With this product in hand, two standard direct fluorinations methods were tested: TBAF at high
temperature and KF/Kryptofix at high temperature (table 5). In both experiments, the starting
material was completely gone after 25 minutes. There was no sign of the fluorine peak for
triacetoxy-6-Fluoropyridoxine (figure 16 and 17, -73.22 ppm: previously synthesized). This
shows this precursor is very sensitive to high heat in the presence of fluorine sources. This
instability in presence of fluorine maybe due to elimination of the acetyl groups by fluorine. This
could lead to acetyl ions which are capable of degrading a compound. It has been demonstrated
that NaF can lead to deacetylation of histones'®® and that fluorine can act as nucleophilic catalyst

for hydrolysis and acyl migration.?
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Table 5. Direct fluorination attempts on 6-lodopyridoxine triacetate

AcO AcO
AcO Fluorinating agent (2 eq) ACO
c | AN OAc Additive | s OAG
N/ | Heat, 25 minutes N/ F

Experiment Fluorinating Additive  Temperature Solvent Concentration Remaining

agent (°C) (M) SMP
1 TBAF? N/A 80 THF 0.5 No
2 KF Kryptofix 90 DMSO 05 No
(2 equiv.)

a. TBAF1MinTHF
b. SM: Starting material

&7
5
1
7
3
3

mmmmm

— —73.43

T— 7451

— -128.

70,90

I j I i I j I i I j I j I i I j I i I j j

0 -20 -40 -60 -80 100 -120 140 -160  -180 ppm
Figure 16. Crude °F NMR of the direct fluorination attempt on 6-lodopyridoxine
triacetate with TBAF.

65



| | | | | | | | | |
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm

Figure 17. Crude °F NMR of the direct fluorination attempt on 6-iodopyridoxine triacetate
with KF/Kryptofix.

Direct fluorination of the iodine did not work. Therefore, the conversion to the spirocyclic
hypervalent iodine (111) precursor was attempted. Spirocyclic iodonium ylides have been
synthesized from non-activated heteroarenes and have been used to incorporate ®F into these
compounds*®® Rotstein and coworkers demonstrated that Spiroadamantyl-1,3-dioxane-4,6-dione
is an effective auxiliary to generate iodonium ylides which can be fluorinated at high
temperatures in DMF.182 Interestingly, they were able to make the iodonium ylide of pyridine
and fluorinate it. Thus, the methodology used to synthesize the pyridine iodonium ylide was

tested on 6-lodopyridoxine triacetate (scheme 9).
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Scheme 9. Synthesis of spiroadamantyl-1,3-dioxane-4,6-dione (SPIAd) and attempted
synthesis of pyridoxine iodonium (I11) ylide. SPIAd was synthesized from 2-adamantanone
and malonic acid based on a previous literature procedure.'® 6-lodopyridoxine triacetate (0.25
mmol, 105.3 mg, 1 equiv.) was treated with trifluoroacetic acid (0.76 mL) and Oxone (0.4 mmol,
120 mg, 1.2 equiv.) in chloroform (0.25 mL) and the reaction stirred for 4 hours. The mixture
was dried with rotary evaporation. The crude oil was resuspended in ethanol (0.7 mL) and SPIAd
was added (1 eq, 0.25 mmol in 0.5 mL 10% Na>CO3) then stirred 5-10 hours until full
conversion. The mixture was diluted with H20 and extracted with chloroform. The organic layer
was washed with water (4x) and brine (1x). The organic layer was dried with MgSQsa, filtered
and evaporated to dryness.

Unfortunately, this methodology did not lead to the desired product. The methodology consists
of oxidizing the iodine using Oxone and adding the auxiliary to make the iodonium halide. An
important part of the methodology is the use of trifluoroacetic acid which provides an acidic
environment that is good for oxidation but also results in the protonation of the nitrogen in the
pyridine ring in order to prevent oxidation at that position. However, the use of such a strong
acid is probably the reason why the conditions failed since this sort of acidic conditions can lead
to deprotection of the acetyl groups. Once the acetyl groups are deprotected, the resulting
lodopyridoxine or oxidized derivative will favor the aqueous layer in the final extraction. This
can explain why this methodology did not work. One methodology that could make this work
would be modifying the protecting groups. As previously observed, the acetyl protected
pyridoxine is not only very susceptible to free fluoride decomposition but can also hinder the
synthesis of the spirocyclic hypervalent iodine precursor. Therefore, potential future work could
involve protecting the 6-lodopyridoxine with other groups. One potential protection strategy

would be benzyl groups (CH2-Cg¢Hs). This strategy could be interesting since there is already
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published methodology to synthesize the benzyl protected 6-lodopyridoxine™

and the benzyl
protecting group is much more robust than the acetyl group?®* and will not have any electronic

effect of the pyridine ring.
1.5. Attempted synthesis of the trimethyl ammonium precursor

The previous attempts at fluorination of the 6-Chloropyridoxine triacetate (compound 4) and 6-
lodopyridoxine triacetate (compound 14) showed that the acetylated derivatives of pyridoxine
are sensitive to fluorine sources at high temperatures and bases at high temperatures. There
seems to be some sort of mechanism by which base or fluorine can decompose these derivatives
very fast (less than 20 minutes) at high temperatures (80 °C and above). The AgF. method used
for the synthesis of the cold standard was low yielding but did result in fluorination and did not
result in complete degradation of starting material. Three things can explain these observations:
the experiment was done at room temperature, AgF- is not a source of free fluoride and is less
aggressive than other fluoride sources. Therefore, the methodology used for radiofluorination of
pyridoxine must follow one of these rules: done at low temperatures or done using less harsh

fluorine sources.

Interestingly, although most radiofluorination labelling is done in harsh conditions (80 °C and
above) there are some examples of radiofluorination done at low temperature (50 °C) and even at
room temperature.r’”2%2 |n the examples found in the literature, the authors used
trimethylammonium salts as precursors for radiofluorination.!’”2°2 In addition, in both of these
article, the authors show that this chemistry can be used on pyridine derivatives.}’”22 Therefore,
the use of a trimethylammonium salt precursor might be the answer for the fluorination of the 6
position of pyridoxine. Several methods exist in order to synthesize a trimethylammonium salt
on the 6 position of pyridine rings.}’"292203 A few of these methods consists of the nucleophilic
substitution of a leaving group by trimethyl amine.’"2% Interestingly, one of these methods
consist of doing the substitution of chlorine!’” and 6-Chloropyridoxine triacetate (compound 4) is

already in hand so the experimental conditions to substitute the chlorine to the
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trimethylammonium salt was attempted on this compound (scheme 10).

AcO AcO
AcO
AcO | X OAc NMes ¢ | X OAc
~ P
N/ cl THF, R.T., 24h N N*'\Cl'
4 6 |

Scheme 10. Attempted synthesis of the trimethyl ammonium precursor by SNAr reaction.
6-Chloropyridoxine triacetate (4) was dissolved in THF at room temperature. Trimethyl amine (2
M in THF) was added and the reaction was stirred 24 hours at room temperature. There was no
formation of product and no conversion of the starting material.

Unfortunately, the conditions did not lead to the desired product nor to any consumption of the
starting material. This may be explained by the fact that the acetyl groups block the 6 position for
nucleophilic attack because of steric hinderance. In addition, this reaction is uphill
thermodynamically due to the ionic and hindered nature of the product, which makes it a very
difficult reaction to achieve. Still, in order to make sure that direct substitution was not possible

with the acetyl group present, the activating group was changed.

One activating group that has been used for the synthesis of trimethyl ammonium pyridinium salt
is the trifluoromethanesulfonic acid group.?°>?% This is a very good electron withdrawing group
and a better leaving group than chlorine so it should theoretically react better than the chlorine.
Therefore, the next attempt at direct substitution with trimethyl amine would be done with
triacetoxy-6-Triflatepyridoxine. 6-Triflatepyridoxine (compound 15) was synthesized by a
modified Balz-Schiemann procedure adapted from Kassanova and colleagues®®* by reacting 6-
Aminopyridoxine with trifluoromethanesulfonic acid in the presence of sodium nitrite (scheme
11). The acetyl protection was done next to give the triacetoxy-6-triflatepyridoxine (compound

16) in two steps from 6-Aminopyridoxine (compound 2) in a 27% yield (figure 28).
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HO HO AcO
HO HO AcO

| N OH CF3SO3H, NaN02 | X OH ACzO - | X OAc
o - / . . /
N/ NH, DMSO, 5°C-R.T., 2h N OTf pyridine, R.T., 16h N OTf
2 15 16
37% 74%

Scheme 11. Synthesis of triacetoxy-6-trifllatepyridoxine. 6-Aminopyridoxine (2) was
modified to the pyridoxine triflate (15) by one-pot diazotization in the presence of triflic acid
with a 37% yield. The 6-Trifllate pyridoxine was protected by acetyl groups to the corresponding
triacetyl-6-triflatepyridoxine with a 74% vyield.

With the 6-Triflate compound in hand, the synthesis of the 6-Trimethylammonium precursor was
attempted with a direct SNAr approach as previously reported.?%? This approach consists of
stirring the 6-Triflate compound in the presence of NMes. Several conditions were attempted
without any success. The experiments attempted are summarized in table 6.

Table 6. Attempted synthesis of the trimethylammonium precursor by direct addition of
trimethyl amine to triacetoxy-6-triflatepyridoxine.

AcO AcO
AcO | N OAc NMe, ~ AcO OA(b
P THF, Temp., Time | _ o T
N~ ~OTf N~ ONY
| \

Temperature (°C) Time (h) Product formation SM?2 conversion
4 24 None None
R.T. 24 None None
60 4 None None

a. SMs=Starting Material

Several conditions ranging from 0 °C to 60 °C were tested but none of them led to the desired
product and none of them led to any consumption of the starting material (table 6, appendices 3-
5). These results show that acetylated pyridoxine is not suitable for direct substitution with
trimethylamine. As hypothesized before, this might be due to the steric effects of the acetyl

protecting groups. In order to test this hypothesis, the substitution of the leaving group for the
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trimethyl amine was attempted on the unprotected 6-Triflate pyridoxine (scheme 12) but without

any Success.

HO 1. NMeg AcO
THF, R.T., 24h
H g ’ AcO
0o | A OH | N OAc
— 2.ACZO — g
-OTf
’1“5 oTf Pyridine, R.T., 16h N ’T‘\ ©

Scheme 12. Attempted formation of the trimethylammonium salt from the triflate
precursor. After stirring compound 15 in presence of NMesz at room temperature in THF, the
mixture was washed with water and extracted with tBUuOH. The extract was evaporated to
dryness and subjected to acetyl protection. The crude mixture was analysed by HPLC.

The only difference between the unprotected and protected triflate precursor was that there was
some conversion of the starting material when using the unprotected triflate but the side products
were not identified (appendix 7). This demonstrates that the acetyl groups can hinder reactivity
but even without them, the formation of the trimethyl ammonium salt cannot be done by
substitution on this position of pyridoxine. This might be due in part by the uphill nature of the

reaction due to the product being ionic and the starting material being neutral.

A different approach to SnAr to synthesize aryltrimethylammonium salts is by methylation of the
corresponding dimethylamine.?®® This methodology has been used to synthesize 6—
trimethylammonium pyridine triflate by Reeves and colleagues®® and consists of the methylation
of the corresponding N,N-dimethylamine pyridine with Methy!l triflate at room temperature. This
could be a very interesting pathway since 6-Dimethylpyridoxine can be accessible from
pyridoxine HCI such as reported by Culbertson and colleagues.'”® Therefore, 6-Dimethylamine
pyridoxine was synthesized as described by Culbertson, Enright and Ingold*” and protected with

acetyl groups as shown in scheme 13.
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Imidazole 1. Formaldehyde, Na(OAc);BH HO
TBDMSCI OH 1,2-dichloroethane, R.T., 2h | X OH
DMF, 10°C, 4h 2. NaCNBHs NN

MeOH, R.T., 24h

18 |
28% yleld 49% yield
(0] AcO
TBAF
H
Pz ; pyridine, R.T., 16h
N N~ R.T., 30 min N N/ N~
18 | 19 | 20 |
86% crude yield 85% vyield

Scheme 13. Synthesis of 6-Dimethylaminopyridoxine triacetate from 6-Aminopyridoxine
(compound 2). 6-Aminopyridoxine was protected on the a*oxyen with TBDMSCI with a 28%
yield, then the following compound was dimethylated to make compound 18 with a 49% yield
which was transformed to 6-Dimethylpyridoxine with TBAF (86% crude yield, product not
purified). The following crude compound (19) was protected with acetic anhydride with an 85%
(from precursor 18).

6-Dimethylaminepyridoxine (compound 19) was synthesized according to the scheme from
Culbertson and colleagues!’® in a 12% yield from 6-Aminopyridoxine (compound 2) in 3 steps.
Next, 6-Dimethylaminepyridoxine was acetylated in an 85% yield (scheme 13). The resulting 6-
Dimethylaminopyridoxine triacetate (compound 20) was subjected to two methylation
procedures (table 7). One procedure was done at room temperature as described by Reeves and
colleagues?®® and the other was done at 50 °C. None of these methods resulted in methylation of
the dimethylamine.
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Table 7. Attempted methylation of the 6-Dimethylaminopyridoxine triacetate.

AcO AcO
AcO | N 0Ac MeOTf (xeq) AcO | N N0Ac
N/ '\ll/ solvent, temp.,24h N/ 'T‘( -OTf
Experiment MeOTf Solvent Concentration Temperature
equivalents (x) (M)
1 1.1 DCM 0.667 Room
temperature
2 5 Toluene 0.1 50

In contrast to the substitution attempts, there was some consumption of the starting material in

both procedures. The compounds made were not characterize but may be due to side reactions.

The lack of reactivity can probably be explained due to the steric hinderance of the acetyl
groups, or it can be due to the electron withdrawing effect of the acetyl groups which could be
lowering the nucleophilicity of the nitrogen and decreasing the chances of nucleophilic attack.
This demonstrates that the presence of acetyl groups may be an issue for the formation of the

trimethylammonium salt precursor. Again, in this case, changing the protection strategy could

lead to better reactivity. For example, using methoxymethyl ether instead of acetyl groups would

potentially lead to better reactivity since this group would not have any electron withdrawing
effect decreasing the nucleophilicity of the dimethylamine. However, the formation of the

product is still unfavored due to it being ionic which makes this reaction uphill. Therefore,

chances are that additional conditions would drive the formation of the product. For example, if a

soluble Ag* source was added to the reaction, the formation of product would lead to an

insoluble silver salt which would precipitate and drive the reaction forward.
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Part 2 — Synthesis of cold standard 2: 2’-Fluoropyridoxine (2’-FPN)

The first steps for the synthesis of 2°-Fluoropyridoxine is the formation of a suitable precursor.
For this purpose, the OTs leaving group is a prime example of a good precursor for
fluorination.'8218 The OTs leaving group can be easily accessible from an alcohol®® and the
formation of a 2’-Hydroxypyridoxine derivative has been previously reported in the literature.*’®
In this report, the modification of the 2’ carbon is done by a key reaction which is the
Boekelheide reaction? which consist of the rearrangement of the pyridine N-oxide to the
trifluoroacetylated methylpyridoxine. This compound can be readily hydrolysed to the
corresponding 2’-OH. The synthesis of the 2’-alcohol was attempted following a similar
methodology. The first step of the synthesis being the acetylation of the pyridoxine, followed by
oxidation and then the Boekelheide reaction to give the alcohol in 49% yield (scheme 14,
compound 10). This alcohol was thought to be the 2’-alcohol (compound 10, figure 18) but
turned out to be the 3-alcohol due to an acyl migration (compound 10, figure 18). However,
before making the tosyl and triflate precursor and attempting fluorination this was not known.
Therefore, an acetylated tosylpyridoxine (compound 11, initially thought to be 2’-O-
Tosylpyridoxine triacetate) was synthesized (scheme 14) and tested with various fluorination

methodology.
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HO AcO AcO
HO AcO
/\Eﬁ/\OH Ac,0 AcO | Xy N0oAc  M-CPBA /\Eﬁ/\om TFAA
N;CI pyridine, R.T., 16h NG CHCI3, R.T,, 72h NY DCM, 0°C, 1h
| - |
Y

H
Pyridoxine HCI

90% yield 68% yield
K\gj/\OAC NaHCO, NaOH, TsCl K\gj/\
—_—
THF, 0°C-R.T., 16h
OAc OAc
10
F 1 F 80% yield 85% yield

Scheme 14. Synthesis of 3-(p-toluenesulfonyl)-2,4,5-tri(((acetyl)oxy)methyl)-pyridine
(compound 11). Pyridoxine HCI was first protected using a similar procedure described by
Korytnyk and colleagues®* with an 89% yield. The triacetylated N-oxide was prepared from
compound 7 with hydrogen peroxide in acetic acid with a 67% yield. Compound 10 was
synthesized using a modified previously reported procedure!’® from compound 8 in 80% yield.
Finally, the alcohol was tosylated with an 85% yield to form compound 11.

Standard fluorination procedures were tested on the tosyl precursor (table 8) such as
KF/Kryptofix and TBAF.18 In addition, TBAF(pinacol), was also tested. This alcohol
coordinated TBAF was found to be very effective for the fluorination of primary tosylates?®’ and
is milder than the uncoordinated TBAF. To verify if any desired fluorination occurred, a crude

F NMR of the reaction mixture was analysed.
2.1.Fluorination of triacetate tosyl precursor (compound 11)

Standard fluorination procedure were tested on the tosyl precursor such as KF/Kryptofix and
TBAF.182 Also, an alcohol coordinated fluorine (TBAF(pinacol).) was also tested. In a recent
article by the Scott group, this mild fluorinating agent was found to be very effective for the
fluorination of primary tosylates.?’” The initial hypothesis was that these fluorinations were

tested on the 2’-OTs precursor as shown in scheme 15, but the precursor was actually the 3-tosyl.
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AcO AcO

AcO Fluori X
AN OAc uorine source (X eq) AcO
| _ Additive (X eq.) | N OAc
N Solvent, Temp., Time N/

Hyp
Scheme 15. Initial hypothesis for the fluorination of the tosyl precursor.

Originally, based on the chemical shift of -221 ppm found in the *°F NMR of 2-
(fluoromethyl)pyridine,2% the chemical shift of triacetoxy-2-fluoropyridoxine was expected
around 200 ppm. In addition, because it is a primary fluorine, it was expected to form a triplet
due to the interaction with the two hydrogens present on the 2’ carbon. In all of the experiments,
there was no sign of any peak in the 200 ppm region nor any sign of a triplet in the crude *°F
NMR (appendices 8-14).

After determining the real structure of the compound, the crude *°F NMR spectra from the
experiments which were run were analysed to look for the presence of the 3 position fluorine.
The fluorine signal of 3-Fluoropyridine has been demonstrated to be at -126.7 ppm in de-
DMSO?® and -125.7 ppm in CDCls (114.2 in the protonated N-H+ form)?1° so this was used as a
reference to analyse the spectra. There was no fluorine signal in that region in any of the

experiment other than the signal from TBAF.
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Table 8. Attempted fluorination of the tosyl precursor. The tosyl precursor previously
synthesized and thought to be the 2°-OTs precursor (scheme 15) was fluorinated using different
conditions. The formation of product was followed by °F NMR and HPLC-UV spectrum were
analyse to look for remaining starting material.

AcO AcO
TsO Fluorine source (X eq) F
| N TOAc Additive (X eq.) - | Ny TOAc
N/ Solvent, Temp., Time N/
OAc OAc
Fluorine Equivalents | Additive (x | Solvent | Temperature | Time | Product Remaining
source of fluorine equiv.) (°C) (h) formation® | SMP
(x)
TBAF 3 N/A THF 50 16 No No
(0.33 M)
80 16 No Yes
110 16 No Yes
TBAF(Pin), |2 N/A MeCN |80 16 No No
(0.157
M) 50 16 No No
KF 3 3 DMSO | 100 16 No No
(Kryptofix) | (0.1 M)
120 16 No No

a. Analysed by HPLC-UV and fluorine NMR
b. Analysed by HPLC-UV

In the experiments with KF, there was a peak at 145 ppm which is the peak for KF (appendices
13-14). In the experiments with TBAF and TBAF(Pinacol), there was also fluorine signals other
than TBAF (appendices 8-12). In all of these experiments, the TBAF fluorine signal was evident
at 128 ppm (TBAF fluorine signal in CDCI3 previously measured at 129.36 ppm?%). In both
experiments with TBAF(Pinacol)z and in the experiments with TBAF at 50 °C and 80 °C there is
a fluorine peak at 66 ppm (appendices 8-11). This is a very unusual chemical shift for fluorine;

hence this was a strange observation. One possible reason for the observation of that peak would
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be that there is formation of p-toluenesulfonyl fluoride. In fact, the fluorine peak for p-
toluenesulfonyl fluoride has a chemical shift of 66.2 ppm in chloroform?'? which is exactly the
chemical shift seen in these experiments. Since the precursor is a p-toluenesulfonyl ether this is
very likely since the fluoride could attack the sulfur and create p-toluenesulfonyl fluoride. The
lack of this peak in the experiment with TBAF at 110 °C (appendix 12) might be due to other
mechanism happening at that temperature instead of formation of tosyl fluoride. Another
interesting observation is the presence of multiple fluorine peaks at around 150 ppm in all the
experiments conducted with TBAF (appendices 10-12) but not with TBAF(Pinacol) (appendices
8-9). This might be due to the fact that TBAF is a harsher fluorine source than TBAF(Pinacol)..
It is unclear what these fluorine peaks represent. These results show that there is some reaction

of the starting material but none that leads to the desired product.

In order to verify if all the starting material is consumed through side reaction or decomposition,
an HPLC was conducted on the crude reaction to observe if there was remaining starting material
(appendices 22-28; HPLC of the starting material in appendix 21). In most of the experiments,
no starting material was left in the reactions. Surprisingly, in the experiments conducted with
TBAF at 80 °C and 110 °C there was still some starting material in the reaction mixture
(appendices 25-26) in contrast to the experiment conducted at 50 °C (appendix 24). These
contradicting results may be due to remaining starting material on the side walls of the reaction
vessels which did not dissolve in the solvent or react with the TBAF. This is probably the case
since in all of the experiments the final crude mixture resembles a black tar like substance which
may be due to the decomposition of the starting material (it is important to note that a lot of
black solid present in that tar like substance is not soluble in any common solvents such as
chloroform, methanol, acetone, ethyl acetate, hexanes or water). Therefore, the starting material

is completely consumed in all of the experiments conducted.
2.2. Synthesis of triflate precursor and attempted fluorination.

Due to the failure to fluorinate the tosyl precursor, a new precursor needed to be synthesized. A
very well known precursor for radiochemistry is the OTT precursor due to its use in the synthesis
of 1®F-FDG.2™ By following a very similar synthesis to the one for tosylpyridoxine (compound
11), triflatepyridoxine (compound 21) was synthesized from pyridine HCI in 4 steps with a 44%

yield with the crucial step being protection of the alcohol (compound 10) with
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trifluoromethanesulfonic anhydride (scheme 14, scheme 16).

AcO AcO

HO N oac __ Trifioanhydride T ~v"0Ac
— o
N DCM, -10°C-R.T,, 2h NT

OAc 10 OAc 21

89%

Scheme 16. Synthesis of 2,4,5-tri(((acetyl)oxy)methyl)-pyridin-3-yl
trifluoromethanesulfonate (compound 21).

Standard fluorination procedures were tested on the triflate precursor such as KF/Kryptofix and
CsF (table 9).182 However, the experiments with KF and CsF were conducted for 60 minutes and
20 minutes, respectively. This relatively short reaction time was due to the fact that the solutions
turned into a black tar rapidly in these reactions, indicating that the reactions are not proceeding
as desired. Similarly, to the experiments conducted with the tosyl precursor, the crude reaction
was analysed by fluorine NMR for the presence of product. Originally, the expected fluorine
signal was expected to be a triplet showing up around -200 ppm. This type of signal was not
observed in any of the reactions. As stated above (section 2.1), after determining the real
structure of the compound, the crude °F NMR spectra from the experiments which were run
were analysed to look for the presence of the 3 position fluorine (-126.7 ppm in ds-DMSO?* and
-125.7 ppm in CDCls, 114.2 in the protonated N-H+ form).?!® There was no fluorine signal in

that region in any of the experiment other than the signal from TBAF.
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Table 9. Fluorination attempts on 2,4,5-tri(((acetyl)oxy)methyl)-pyridin-3-yl
trifluoromethanesulfonate (compound 21). The triflate precursor previously synthesized and
thought to be the 2°-OTf precursor was fluorinated using different conditions. The formation of
product was followed by °F NMR and HPLC-UV spectrum were analyse to look for remaining
starting material.

AcO AcO
Tfo N o f\'éi?.I:CZ ?)?L:aﬁ veea) . F | X O 0Ac
NG Solvent, Temp., Time N"
OAc OAc
Fluorine | Experiment | Solvent | Additive Temperature | Time Remaining | Fluorination
source (°C) (min) SM? of the 2’
position®
CsF 1 ThuOH | N/A 90 20 No No
2 0.1 M) 120 20 No No
3 150 20 No No
KF 1 DMSO | Kryptofix | 80 60 No No
2 (0.1 M) 100 60 No No
3 120 60 No No

a. Analyse by HPLC-UV
b. Analysed by 1°F NMR

In the experiments with CsF, there was no fluorine signal at all in the NMR (appendices 15-17).
In the experiments with KF there was the presence of a fluorine signal at -77 to78 ppm
(appendices 18-20). This signal is very close to the fluorine signal of the starting material (-72.8
ppm) but based on the HPLC experiments there is no starting material left (appendices 34-36).
Therefore, this could the signal for some sort of triflate derivative (CF3SO2R) but unlike with the
tosyl precursor, there is no signal in the positive region which means that there is no formation of
CF3SO2F (the fluorine attached to the sulfur should have a chemical shift pf 37.7 ppm).2* It is
unclear what kind of triflate derivative is being formed. In the experiments with KF, there is also
the presence of a peak at -86 ppm (appendices 18-20), which seems to get larger as the
temperature of the experiment increases (largest peak in the experiment at 120 °C). It is unclear
from what sort of product this fluorine signal is derived. It could be some sort of SO,CF3

derivative or decomposition product for example.

80



In order to verify if all starting material is consumed through side reaction or decomposition, an
HPLC was conducted on all of the reaction to observe if there was remaining starting material. In
all of the experiments, there was no remaining starting material (appendices 31-36; HPLC UV of

the starting material in appendix 29 and appendix 30).

Due to these results, the stability of the starting material was tested. The triflate starting material
was stirred at 120 °C for 20 minutes in tBuOH and DMSO and there was no decomposition (the
solution stayed clear and the compound was still present as observed by TLC and HPLC:
appendix 37 and appendix 38). This shows that the precursor is stable at high temperatures in the
solvents used and therefore, it is the presence of the free fluoride source that leads to

decomposition.

Initially, after failing all the fluorination attempts, the literature was searched for alternatives and
a paper from 1976 from Underwood and colleagues was discovered.?!® In this publication, the
authors attempted to synthesize the same alcohol as the one presented here: triacetoxy 2°-
hydroxypyridoxine. However, in the article triacetoxy 2’-hydroxypyridoxine was not
successfully synthesized following the same synthesis steps due to an acyl migration which

results in the formation of the triacetoxy 3-hydroxypyridoxine instead (figure 18 below).

b ~r

© 0] )
P P
N N
O

j/

Desired product Actual product
10" 10

Figure 18. Acyl migration of triacetoxy-2’-hydroxypyridoxine. The acetyl group in red is
being transferred from the oxygen in blue (3-OH) to the oxygen in green (2°-OH).

In the article, the authors stirred their trifluoroacetic ester in methanol for 24 hours in order to
hydrolyse to the corresponding 2’-alcohol, providing the time necessary for the acyl migration to
occur. In contrast, the ester was hydrolysed by extraction (DCM/NaHCOs3) in our methodology

which makes it less likely that there was migration during purification. There should not be any
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trace of the alcohol before purification because the reaction is running in anhydrous conditions.
However, because this rearrangement would change the position that is being modified and the
pyridoxine moiety itself, some additional NMR experiments were conducted on the alcohol

compound to analyse if the alcohol synthesized was the 2’ or 3-OH.

The 2D NMR experiments (figure 21) show that all protons from the CH> present are coupling to
the carbonyls carbon from the acetyl groups (figure 19) and that all protons from the acetyl CH3
groups are coupling to the carbons from the CH: group (figure 20). This clearly shows that the
compound in hand is in fact the 3-OH compound such as reported by Underwood and

colleagues?®®.

Figure 19. Structure of the 3-OH (compound 10) compound highlighting the long-range
coupling between protons from the CH2 groups and carbons from the acetyl groups. The
protons in blue red and green are coupling with C2, C3 and C1, respectively.

T
)<I¢O
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HO A O)K
0.0
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H H

Figure 20. Structure of the 3-OH (compound 10) compound highlighting the long-range
coupling between protons from the acetyl groups and carbons from the CHz groups. The
carbon 1, 2 and 3 are coupling with the protons in green, blue and red, respectively.
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Figure 21. 'H-13C HMBC long-range coupling 2D NMR of compound 10. The top spectrum
represents the region in the *H NMR (x-axis) representing the CH2 of compound 10 (refer to
figure 19) and the region in the 3C NMR (y-axis) representing the carbonyls carbon (C=0, refer
to figure 19). As shown, the carbons are doing long-range coupling with the protons. The lower
spectrum represents the region in the *H NMR (x-axis) representing the CH3 groups of the acetyl
(refer to figure 20) and the region in the 13C NMR (y-axis) representing the carbons of the CH:
(refer to figure 20). As shown, the carbons are doing long-range coupling with the protons.
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The failure to fluorinate the 3 position of pyridoxine can be explained by the difficulty of doing a
SnAr compared to doing a Sn2. Since the substitution led to the aromaticity being broken, this
becomes a much harder reaction to do compared to the fluorination at the 2’ position. In addition,
the reaction intermediate for the substitution on the 3 position would be much more unstable
because, unlike the reaction intermediate for the Sn2 on the 2’ position, there is no stabilisation
of the partial negative charge by the nitrogen in the ring. Due to these differences, the
fluorination on the 3 position would most likely need slower and would need very harsh
conditions in order to drive the formation of product.

Part 3. Different protection strategy leading to interesting chemistry
3.1. Synthesis of a real 2’-alcohol and attempted fluorinations

The previously reported experiments made it clear that fluorination of pyridoxine is extremely
challenging. The only successful fluorination was done by direct C-H activation of pyridoxine
triacetate using AgF2 (part 1.2). It seems that with the presence of any kind of fluorinating agent
at high temperature the pyridoxine triacetate moiety is rapidly destroyed. In addition, the
synthesis of the 2’-alcohol with the acetyl protection strategy does not work due the possibility
of acetyl migration. Therefore, the synthesis plan must be modified in order to incorporate milder
fluorination methods and to incorporate different protecting groups which could sustain the

conditions previously tried and are suitable for the synthesis of the 2’ alcohol.

By looking at the previously synthesized fully protected pyridoxine derivatives present in the
literature, the synthesis of (5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-
[1,3]dioxino[4,5-c]pyridin-8-yl)methanol (compound 25) by Adamczyk and colleagues stands
out from the others.}™ This 2’-alcohol is exactly the compound needed to synthesized the tosyl
and triflate precursor and no acetyl groups are used in the approach. The synthesis was lightly
modified and the alcohol was synthesized in 4 steps from pyridoxine HCI in a 29% yield
(scheme 17).
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Scheme 17. Synthesis of (5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-
[1,3]dioxino[4,5-c]pyridin-8-yl)methanol (compound 25) from pyridoxine HCI. The alcohol
(compound 25) was synthesized in a total of 4 steps with a total 42% yield following a
previously recorded synthesis.}” Pyridoxine was first protected with an acetal to make
compound 22 which is subjected to NaH and p-methoxybenzyl chloride at high temperature to
get compound 23. The fully protected pyridoxine is then oxidized with m-CPBA to form the N-
oxide which is transformed into the alcohol using TFAA.

With the alcohol in hand, the synthesis of the triflate and tosyl precursors was attempted. Neither
the tosyl nor triflate precursor was synthesized using standard conditions (scheme 18).
Interestingly, the conditions used for the tosylation of the alcohol resulted in the formation of the

corresponding 2’-chlorine (compound 26) in a 35% yield (scheme 18).
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Scheme 18. Attempted synthesis of 2°-triflate (bottom) and 2°-tosyl (top) on the
acetonide/benzyl protected pyridoxine. A standard tosylation procedure was attempted on
alcohol 25 with no formation of the desired tosyl protected alcohol but formation of the 2°-
chlorine compound with a 35% yield (top). A standard procedure for addition of triflate was
attempted on compound 25 with no formation of the desired compound (bottom).

This type of reactivity is not new, where Ding and colleagues in 2011 demonstrated that
treatment of several benzyl alcohols and pyridine methanol derivatives with tosyl chlorides leads
to the formation of the corresponding chlorides.?'® Based on their proposed mechanism, there is
formation of the tosylate but the resulting HCI by-product coordinates with triethyl ammine to
make triethylammonium hydrochloride, and this nucleophilic chloride can displace the tosyl
group.?'® This reactivity was very interesting since based on the proposed mechanism, tosyl
fluoride could potentially be used to make the corresponding fluorine from the alcohol precursor.
Thus, the reaction conditions were tested with tosyl fluoride instead of tosyl chloride (table 10,
line 1). This did not yield in any formation of the desired fluorinated product nor in any
conversion of the starting material. The experiment was repeated in harsher conditions (in
chloroform at reflux and in DMF at 100 °C) with the same results (table 10, line 2 and line 3).
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Table 10. Direct fluorination attempts of (5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-
4H-[1,3]dioxino[4,5-c]pyridin-8-yl)methanol (compound 25) using tosyl fluoride.

Q(O Q(O
o) Tosyl fluoride (1.5 eq) o
N o Solvent, temp, time N o

OH | F |

Solvent Additive Temperature  Time Product SM

(°C) formation conversion?
DCM DMAP (5 mol%) Roomtemp. 16 N/A None
Chloroform None 70 5 N/A None
DMF None 100 5 N/A None

a. SM = starting material (compound 25)

Based on these experiments, it seems that tosyl fluoride is highly unreactive compared to tosyl
chloride. We suggest that this is due to fluorine being a worse leaving group than the chlorine
and since the first step of the reaction is displacement of the halogen, tosyl fluoride would be less
reactive because it is a poorer leaving group. In fact, it has been shown that in SO2F», the S-F
bond is 40 kcal/mol stronger than the S-CI bond in SO,Cl.?*" which could explain the much
higher stability towards electrophilic substitution. Therefore, an experiment using tosyl chloride
in the presence of TBAF as an external F- source was attempted (scheme 19). In this experiment,
there was a small conversion of the starting material (0.4% of the chlorine product synthesized)
but no formation of the fluorine product. In the **F NMR there was the characteristic peak for
tosyl fluoride at 66 ppm?'? (appendix 39) which indicates that the tosyl chloride was converted to
tosyl fluoride due to the TBAF. Since the TBAF was added in the same amount as the tosyl
chloride (1.5 equivalents), chances are that most of the tosyl chloride was converted into tosyl
fluoride. These experiments show that the interesting conversion of the 2’-alcohol to the
corresponding chloride using tosyl chloride cannot be used for the formation of the

corresponding fluoride using tosyl fluoride under standard conditions.
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Scheme 19. Reaction between alcohol compound 25 and tosyl chloride in the presence of
TBAF.

In addition of the strong S-F bond in tosyl fluoride, this SN2 reaction is disfavored because the
partial positive charge it forms during the transition stage would be destabilised by the presence
of the nitrogen in the ring. Also, SN2 reactions are favored in polar aprotic solvent and the

experiments above do not use the best solvents for SN2 such as DMSO or acetone.

Based on the proposed mechanism from Ding and colleagues,?! it is clear that the formation of
the chlorine product is pushed by the presence of the free chlorine which replaces the tosyl
group. Therefore, switching to another base such as NaOH that can trap the chlorine in the from
of NaCl could potentially lead to the formation of the tosyl compound. Therefore, doing a
tosylation with NaOH could potentially lead to the tosyl compound.

Part 3.2. Difluorination of the pyridoxine

The interesting formation of the 2’-chlorine product from the alcohol with the tosylation
procedure could not be used for fluorination using tosyl fluoride or by adding a fluorine source
(table 10). In addition, the 2’-tosyl or 2’-triflate precursors could not be formed with the new
protection strategy (scheme 18). Although the new protection strategy did not seem to have any
utility for the formation of the 2’-fluorine, the synthesized alcohol could be transformed into an
aldehyde using MnO; as previously reported by Adamczyk.*™ Interestingly, the Sanford group
from the University of Michigan recently reported the deoxyfluorination of heteroaldehydes at
room temperature®!8 in which pyridine derivatives with aldehyde groups on the 2’ carbon were
transformed to the corresponding 2’-difluorinated product (ex: 5-bromo-2-
pyridinecarboxaldehyde). This methodology was very interesting since not only was it perfect
for the new protection strategy (no presence of other aldehydes such as acetyl protecting groups)

but it is done at room temperature and would be less harsh on the material. 5-{[(4-

88



Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-[1,3]dioxino[4,5-c]pyridine-8-carbaldehyde (
aldehyde 27) was synthesized from alcohol compound 25 with a 72% yield using the previously

reported procedure!”™ (scheme 20).

- -
Peaa sUE=-— s S as o\
_ CHCl,, R.T., 21h _
N o~ 3 7ON o~
o 27

OH

72% yield

Scheme 20. Synthesis of 5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-
[1,3]dioxino[4,5-c]pyridine-8-carbaldehyde (27) from alcohol compound 25.

With this 2’ aldehyde precursor in hand, the optimised conditions for deoxyfluorination of
heteroaldehydes (THF, 0.3 M, 3 equivalents of TBAF, 1.2 equivalents of PBSF) as demonstrated
by Ferguson and colleagues was tested?® (table 11). This reaction led to a 9% yield of the
desired difluorinated product. This yield was much lower than the yields reported in the paper
(ranging from 27% to 90%), therefore the conditions were modified in order to increase the yield
(table 11).
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Table 11. Difluorination of 5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-
[1,3]dioxino[4,5-c]pyridine-8-carbaldehyde (27) using TMAF and PBSF. The difluorination
of the aldehyde precursor (compound 27) was done using the optimal conditions described by
Sanford and coworkers?!® and with alternate conditions to observe the effect on the yield.

-°
TMAF (3 eq)
O
| X o/\©\ PBSF (1.2 eq)
= -
N o~

THF (0.3 M), R.T., 24h

© 2 F 9"28yield
TMAF PBSF Solvent Concentration Temperature  Yield (%)
equivalents equivalents (M) (°C)
3 1.2 DMF 0.3 Room temp.  N/A
3 1.2 DCM 0.3 Roomtemp.  N/A
3 1.2 Ether 0.3 Room temp. 32
4.5 1.2 Ether 0.3 Roomtemp. 25
4.5 1.8 Ether 0.3 Room temp. 26
3 1.8 Ether 0.3 Room temp. 39
3 1.8 Ether 0.5 Room temp. 17
3 1.8 Ether 0.2 Room temp. 41
2 1.8 Ether 0.3 Room temp 28
3 3.6 Ether 0.3 Room temp. 46
3 3.6 Ether 0.2 Room temp. 56
3 6.0 Ether 0.2 Room temp. 48
3 3.6 1,4-dioxane 0.2 Room temp. 20
3 3.6 MTBE? 0.2 Room temp. 37

a. MTBE: methyl tert-butyl ether

The solvents tested were the best three solvents, excluding THF, tested by Ferguson and
colleagues?!8: Ether, DCM and DMF. Although DCM and DMF failed to produce any of the
product, using ether substantially increased the yield to 32%. The second screening was the
screening of TMAF and PBSF equivalents. From this screening, it was clear that 3 equivalents of
TMAF was the best ratio as increasing or decreasing that ratio led to lower yields. Secondly,
using a higher amount of PBSF (up to 3.6 equivalents) led to a higher yield as well, however

90



using more than 3.6 equivalents did not lead to better results. Finally, the concentration of ether
in the reaction was tested. From these experiments it was found that a slightly lower
concentration of ether (0.2 M) also led to a small increase in yield. Ether derivatives such as 1,4-
dioxane and methyl tert-butyl ether were tested with the best conditions but were not as
successful. The best yield obtained was 56% when the reaction was conducted in ether at 0.2 M

using 3 equivalents of TMAF and 3.6 equivalents of PBSF.

This result was very good and although this exact reaction has not been used for
radiofluorination, it has the potential for it. Indeed, 8F-TMAF has been previously reported in
the literature?!® and was made by using the standard 3O(p, n)*®F cyclotron produced aqueous
18F Although the transition to radiochemistry is theoretically possible, there are some
experiments which can give an idea of the feasibility of the transfer to radiochemistry. First, the
reaction should be tested on a time scale which is more appropriate for radiochemistry. Due to
the half-life of fluorine of 109 minutes,'>® reactions in fluorine radiochemistry should be kept to
a minimal amount of time. Second, the reaction should be tested with an excess of the precursor
versus the fluorine source, since the precursor is usually in large excess compared to the
radionuclide.??° Analysis of the crude mixture of these reactions is also very important to
understand if any side product (monofluorination) is forming and if the desired product can be

separated from the side product/starting material using HPLC in a reasonable time frame.

Therefore, we evaluated the difluorination reaction after 60 min (table 13) and we evaluated the
difluorination reaction without using excess precursor (table 13). Both experiments were done
separately to see how each effect the yield of the reaction. In addition, a test HPLC was
conducted with both product and starting material to analyse the differential elution time
between the two (appendix 43). The reaction mixture was analysed by HPLC in the TMAF
screening and halfway in the short reaction time screening (30 minutes) to look for potential side

products (appendix 40- appendix 42).
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Table 12. Screening of the TMAF amount effect on the difluorination reaction of 5-{[(4-
Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-[1,3]dioxino[4,5-c]pyridine-8-carbaldehyde
(27). The difluorination of compound 27 was done using either 0.5 or 1 equivalents of TMAF in
ether for 24 hours. The crude reaction mixture was analysed by HPLC.

~° -
TMAF (X eq) 5
(0] X 0 PBSF (3.6 eq.) - |
| P _ Ether (0.2 M), R.T., 24h F
N 0]

d 27 F 28
TMAF equivalents (X) Yield (%)
0.5 1
1 11

Table 13. Difluorination reaction of aldehyde 27 with TMAF and PBSF in 60 minutes. The
difluorination of 5-{[(4-Methoxybenzyl)oxy]methyl}-2,2-dimethyl-4H-[1,3]dioxino[4,5-
c]pyridine-8-carbaldehyde (27) was done using the optimized amount of TMAF (3 equiv.) and
PBSF (3.6 equiv.) previously established for this reaction (table 11) and the reaction was
analysed after 60 minutes. The reaction was done in ether at room temperature and in MTBE or
1,4-dioxane with heat. The yield was calculated by fluorine NMR using 2-Fluorobenzoic acid as

internal standard. The reaction mixture was also analysed by HPLC after 30 minutes of reaction
time.

TMAF (3 eq)

0 N o PBSF (3.6 eq.) N
N/ o~ Solvent (0.2 M), Temp. (°C), 1h

4 27
Solvent Temperature (°C) Yield (%)?
Ether Room temp. 0.2
MTBE 45 0.2
1,4-dioxane 45 29
1,4-dioxane 80 10

a. NMRyield

The first observation is that the product can easily separate from the starting material. In the

HPLC experiment, the product came out at 10.14 minutes and the starting material at 5.26
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minutes (appendix 43). The second observation is that there doesn’t seem to be any major side

product present in the reaction mixture in any of the experiments conducted.

The results from the TMAF screening demonstrate that using less TMAF leads to a drop in the
yield of the product as expected with a yield of only 1% at 0.5 equivalents of TMAF.

The results from the short reaction time experiments show that a bit of heat can push the reaction
to react faster. The yield of the product using the ether, the best solvent used so far, was only
0.2%. In addition, there was the presence of an unknown compound in the HPLC at 11.7 minutes
(appendix 42). Since that compound is decently separated from the product, it should not create
any problem and therefore it was not analysed. The reaction was tested at 45 °C in MTBE and
1,4-dioxane, as well as 80 °C in 1,4-dioxane (table 13). After one hour, the product was only
0.2% in the MTBE at 45 °C but was 29% in the 1,4-dioxane at 45 °C. At 80 °C, the product yield
was 10% which was not as good as the one at 45 °C. This could be due to decomposition of the
starting material or side reactions occurring at this higher temperature compared to 45 °C. This
result demonstrates that the reaction can be done in a short time frame (one hour) if heated a bit
in 1,4-dioxane. No experiments with heat were tested with ether due to its low boiling point (34
°C).22
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Chapter 4. Conclusion and future work
Part 1. Conclusion

Although there is an evident link between vitamin Bs and cancer there is no successful approach
to use Vitamin Bg in the fight against this terrible disease. Based on the higher concentration of
Vitamin Be, the alternate trapping mechanism of vitamin Be by phosphorylation found in cancer
cells, as well as a link between these factors and cancer progression, Vitamin Be looks like a
great candidate to be used as a nuclear medicine cancer diagnostic. One of the most used tools to
detect and stage cancer is PET. More and more research is focused on the synthesis of new PET
radiotracers in order to increase the diagnostic arsenal and be able to detect, stage and plan the
treatment all types of cancers. Therefore, the purpose of this thesis was to synthesize a
radiotracer base on Vitamin Be which could potentially be used in PET imaging. Two potential
radiotracers were identified as target compounds: 6-Fluoropyridoxine (6-FPN) and 2’-
Fluoropyridoxine (2’-FPN). 6-Fluoropyridoxine was synthesised from pyridoxine hydrochloride
in 3 steps and a total 4% yield with the key step being the direct C-H fluorination using silver
difluoride. Unfortunately, the methodology used to synthesize the cold standard was not
transferable to radiochemistry. Many attempts were made to fluorinate the 6 position of
pyridoxine using a methodology transferable to radiochemistry with no success. Even the
synthesis of possible precursors such as 6-Trimethylammonium pyridoxine did not succeed.
There was no successful synthesis of the second tracer, 2’-FPN. The synthesis of a triacetylated
2’-tosyl and triflate precursor was attempted but due to acyl migration, only 3-tosyl and 3-triflate
precursors were obtained. These compounds were subjected to several standard fluorination
conditions without any success and with degradation of the starting material in almost all
conditions. A different protection methodology resulted in the successful synthesis of a 2’-
alcohol pyridoxine derivative. However, this derivative could not be successfully transformed
into a good precursor (tosyl or triflate). Due to the failure to make any good precursor for the
formation of 2’-FPN, the alcohol was converted into an aldehyde which was successfully
difluorinated using TMAF and PBSF. Therefore, this methodology was optimised and tested for
its potential to be transferred to radiochemistry. The difluorination of the 2’-aldehyde derivative
of pyridoxine reached a yield of 56% and was successful using short reaction times and non

stochiometric amounts of fluorine source (although in much lower yield). This work
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demonstrated that this difluorination approach was successful for the cold difluorination of

pyridoxine and may still hold promise for use in radiochemistry.
Part 2. Future work

From the experiments attempted to synthesize 6-Fluoropyridoxine or potential precursor for the
fluorination of the 6 position of pyridoxine we have only attempted acetyl protection as the
protection strategy. We suggest that there are several problems with this protection strategy. First
of all, the acetyl groups are not very robust protection groups and might be partially responsible
for the decomposition of the acetyl protected 6-chloro precursor (compound 4). It is also
responsible for the failure to synthesize the spirocyclic hypervalent iodine precursor since the
conditions use to make this precursor are too harsh. Another problem with the acetyl group is its
electron withdrawing effect. This is especially unhelpful when attempting to make the 6-
Trimethyl ammonium precursor by methylation of the 6-Dimethylamine. Therefore, changing
the protection strategy would be the next step to take. For example, 6-lodopyridoxine could be
protected with benzyl group which are more robust and this compound could be subjected to the
conditions necessary to make the spirocyclic hypervalent iodine. Another example would be to
protect the dimethyl amine using methoxymethyl ether which would not have electron
withdrawing effects. In addition, perhaps changing the protection strategy will change the
stability of the compound in presence of free fluoride at high temperature, which will be very
helpful. In addition, for the synthesis of the trimethylammonium salt, the addition of an Ag*
source could drive the reaction forward since the formation of the product would lead to the

formation of an insoluble silver salt.

The different protection strategy for the modification of the 2’ position was very successful.
With this protection strategy, the 2’-alcohol (compound 25) was synthesized but we were unable
to transform it into a tosyl or triflate precursor. We suggest that the formation of the tosyl
precursor is possible. In the reaction attempted, the 2°-chlorine product was formed due to a
substitution from free chlorine on the in situ created tosyl compound (as discussed previously).
Therefore, using conditions which would block this reaction such as changing the base to NaOH
and quenching the free chlorine by formation of NaCl could potentially lead to isolation of the
tosyl precursor. This tosyl precursor could be used for fluorination of the 2’ position. With the

2’-alcohol, we were also able to create a precursor for difluorination. We succeeded in forming
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the 2’-aldehyde (compound 27) which was successfully difluorinated. We also determined that
the difluorination is potentially transferable to radiofluorination since the reaction could be done

in a short time frame and could be done without using excess fluorine.
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Appendices

Appendix 1. HPLC-UV traces of relevant compounds for radiofluorination of 6-
Chloropyridoxine triacetate.

UV-Detector Ch.1

6-chloro-3,a3,a>-Tri-O-acetylpyridoxol (precursor)

2004 -

AcO 200
AcO
§ 100 4 X OAc L 100 ﬁ
E | E
N e ]
0 h 0
0.0 2.5 570 775 IDI,O 12| 5 15I,0 1?:,5 2(_’: 0 22:,5 25.0
Minutes
UV Detector
Ch1-254nm Results
Retention Time Area Area Percent Height Height Percent
12.175 1447537 100.000 189724 100.000
Figure Al. HPLC analysis of 6-Chloropyridoxine triacetate.
UV-Detector Ch.1
6-fluoropyridoxine (cold standard)
40 HO - 40
HO
: N OH e
: o HCI 0 F
>
N F
04— qlL 0
00 25 5.0 75 100 125 15.0 175 200 25 250
Minutes
UV Detector
Ch1-254nm Results
Retention Time Area Area Percent Height Height Percent
4733 816999 98.743 41419 94.460
9.425 10403 1.257 2429 5.540
Totals
827402 100.000 43848 100.000

Figure A2. HPLC analysis of 6-Fluoropyridoxine.
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UV-Detector Ch.1

6-chloropyridoxine (side product)

1 HO

44 Product HO -4
§ ] : N Con| g
LIS HCl L. ¢

=
] N Cl
0 —w—~—f-——f 0
0.0 25 50 75 100 125 150 175 200 25 25.0
Minutes
UV Detector
Ch1-254nm Results
Retention Time Area Area Percent Height Height Percent
5.625 27034 25.567 4943 47.657
6.567 2326 2.200 421 4.059
11.858 38881 36.771 1375 13.257
12.042 8081 7.642 907 8.745
12.350 10933 10.340 870 8.388
12.600 3822 3.615 422 4.069
13.408 1943 1.838 420 4.049
13.642 2479 2.344 214 2.063
14.183 8698 8.226 577 5.563
14.417 1541 1.457 223 2.150
Totals

105738 100.000 10372 100.000

Figure A3. HPLC analysis of 6-Chloropyridoxine.
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Appendix 2. HPLC-UV trace of the triacetoxy-6-triflatepyridoxine (compound 16)

SHIMADZU

i LabSolutlons

<Sample Information>

Sample Name . epm-4-25

Sample ID - March 3

Data Filename - epm-4-25.lcd
Method Filename : Emile standard.lcm
Batch Filename

Analysis Report

Vial # t1-1 Sample Type : Unknown
Injection Volume @ 1000 uL )
Date Acquired 1 03/03/2021 1:10:31 PM Acquired by : ShimadzuHPLC
Date Processed :03/03/2021 1:45:34 PM Processed by : ShimadzuHPLC
<Chromatograms
mAU
] 3 PDA Multi 1 254nm,4nm
1000 -
. o
7507 Compound 16
500
] 2 983
250 %0 SRR
- @© \ I|I
] g Fr"-z 2B\ 5 3
d k=S LER 3 3
T T T T T | T T T T | T T T T | T T T T | T T T | T T T T | T T T T
0 10 15 20 25 30
min
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4632

10.024

16.071

20.811

21.926

PDA Multi 2 210nm,4nm)|

Compound 16
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PDA Chi 254nm

Peak#| Ret. Time Area Height Area% Height%s

1 4.086 202867 61039 1.153 3.261
2 4.356 1122944 209002 6.384 11.167
3 4.466 434965 93829 2.473 5.013
4 4.674 237718 24006 1.351 1.283
5 6.064 101858 1686 0.579 0.090
6 11.885 114720 15024 0.652 0.803
7 13.039 91868 4608 0.522 0.246
8 13.368 93846 6484 0.534 0.346
9 13.596 81555 7078 0.464 0.378
10 14.442 225774 13297 1.284 0.710
11 14.836 630418 38151 3.584 2.038
12 15.377 104254 11529 0.593 0.616
13 15.732 231340 12898 1.315 0.689
14 15.937 117898 13154 0.670 0.703
15 16.221 257992 21080 1.467 1.126
16 16.541 442329 44667 2.515 2.387
17 17.014 80227 7013 0.456 0.375
18 17.166 94989 8897 0.540 0.475
19 17.489 149853 15456 0.852 0.826
20 17.639 66312 9275 0.377 0.496
21 17.789 72365 7714 0.411 0.412
22 18.245 62514 4282 0.355 0.229
23 18.724 170208 25042 0.968 1.338
24 19.042 95523 6758 0.543 0.361
25 20.810 135670 23092 0.771 1.234
26 21.944| 11225025 1067092 63.817 57.015
27 22.793 162223 25491 0.922 1.362
28 23.554 238139 32229 1.354 1.722
29 25.027 128752 20855 0.732 1.114
30 25.200 65635 10552 0.373 0.564
31 25.334 75357 12538 0.428 0.670
32 32.121 69434 1894 0.395 0.101
33 33.697 204709 15878 1.164 0.848
Total 17589282 1871591 100.000 100.000
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PDA Ch2 210nm

Peak# Het. Time Area Height Area% Height

1 4.632 3911797 348258 4.471 8.027
2 6.071 8340751 135889 9.532 3.132
3 10.024 8872804 149362 10.141 3.443
4 11.777 3894509 202429 4.451 4.666
5 12.167 2817101 153272 3.220 3.533
6 12.811 2950505 152853 3.372 3.523
7 13.326 3121507 154027 3.567 3.550
8 13.600 2980714 161057 3.407 3.712
9 14.318 3951248 169260 4.516 3.902
10 14.838 4545315 178565 5.195 4.116
11 15.660 2572259 180429 2.940 4.159
12 15.936 2565218 182474 2.932 4.206
13 16.236 2665348 192947 3.046 4.448
14 16.541 7584682 369933 8.668 8.527
15 17.151 2463932 175031 2.816 4.035
16 17.490 2720436 191411 3.109 4412
17 18.724 2893187 233328 3.307 5.378
18 19.038 3964345 159475 4.531 3.676
19 20.811 3408235 275268 3.895 6.345
20 21.926| 11274641 573054 12.886 13.209
Total 87498533 4338321 100.000 100.000
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Appendix 3. HPLC-UV trace of the crude reaction mixture from the reaction between
compound 16 and trimethyl amine at 4 °C.

SHIMADZU

 LabSolutlons

Analysis Report

<Sample Information>

epm-4-29

: March 11

: epm-4-29-lowtemp1.lcd
: Emile standard.lcm

Sample Name
Sample ID

Data Filename
Method Filename

Batch Filename

Vial # 211 Sample Type - Unknown
Injection Volume : 1000 uL
Date Acquired 1 11/03/2021 9:07:22 AM Acquired by : ShimadzuHPLC
Date Processed :11/03/2021 9:42:25 AM Processed by : ShimadzuHPLC
<Chromatogram>
mAU
750+ =] PDA Multi 1 254nm,4nm)
~
] Compound 16
500

1
4.070

1.411
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mAU

250+

1.700

PDA Multi 2 210nm,4nm

Compound 16

PDA Ch2 210nm
Peak#| Ret. Time Area Height Area% Height%%

1 3.514 2532177 115860 3.473 3.166

2 4.686 3227105 371289 4.426 10.147

3 5.936 6260316 131943 8.585 3.606

4 9.462 7593548 143390 10.414 3.919

5 10.118 4859901 150626 6.665 4.117

6 10.836 2015846 150990 2.765 4127

7 11.833 3816122 157638 5.233 4.308

8 13.130 3182818 183040 4.365 5.002

9 13.324 2632390 182899 3.610 4.999

10 15.553 3586825 170638 4.919 4,663
11 16.085 7016179 246938 9.622 6.749
12 16.752 3104710 164405 4.258 4.493
13 17.606 2054923 155034 2.818 4.237
14 17.833 2708803 158569 3.715 4.334
15 18.357 2068052 156244 2.836 4.270
16 19.048 2354104 138694 3.228 3.790
17 19.708 3011450 143036 4.130 3.909
18 20.494 2127013 144865 2.917 3.959
19 21.700 6766026 524857 9.279 14.344
20 26.523 1999173 68058 2.742 1.860
Total 72917481 3659016 100.000 100.000

min
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PDA Ch1 254nm

Peak#| Ret. Time Area Height Area% Height%

1 1.411 51778 8745 0.556 0.673
2 4.070 B3B276 148106 6.856 11.401
3 4.363 609470 71286 6.546 5.488
4 4.522 737281 90845 7.919 6.993
5 6.192 81435 1484 0.875 0.114
5] 9.457 26263 2109 0.282 0.162
7 10.816 25220 3052 0.271 0.235
8 11.041 28064 1755 0.301 0.135
] 11.835 198447 19512 2.132 1.502
10 13127 60405 6587 0.649 0.507
11 13.363 92280 9455 0.991 0.728
12 13.582 61228 6680 0.658 0.514
13 13.731 60369 6080 0.648 0.468
14 13.984 45880 4439 0.493 0.342
15 14117 41099 4282 0.441 0.330
16 14.476 170036 8027 1.826 0.687
17 14.B26 61954 5648 0.665 0.435
18 15.000 32707 5623 0.351 0.433
19 15.077 48326 6062 0.519 0.467
20 15.248 61029 6119 0.656 0.471
21 15.567 138143 8102 1.484 0.624
22 15.912 63618 5783 0.683 0.445
23 16.085 206069 18585 2.213 1.431
24 16.396 35917 4336 0.386 0.334
25 16.743 100149 5321 1.076 0.410
26 17.086 B7243 5081 0.722 0.460
27 17.184 47605 5022 0.511 0.456
28 17.409 36817 3314 0.395 0.255
29 17.615 34660 3251 0.372 0.250
30 17.838 47391 3857 0.509 0.297
31 18.112 47826 4316 0.514 0.332
32 18.360 44694 5220 0.480 0.402
33 18.650 52073 3583 0.559 0.276
34 19.412 50693 6620 0.544 0.510
35 21.001 32912 5750 0.354 0.443
36 21.475 44861 7642 0.482 0.588
37 21.700 4668344 739233 50.143 56.908
38 22.119 29004 2933 0.312 0.226
39 22.533 BE714 10760 0.717 0.828
40 30.042 38231 5157 0.411 0.397
41 33.601 325570 26542 3.497 2.043
Total 9310080 1299007 100.000 100.000
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Appendix 4. HPL-UV trace of the crude reaction mixture from the reaction between

compound 16 and trimethyl amine at room temperature.

Analysis Report

SHIMADZU

 LabSolutlons

<Sample Information>

Sample Name

Sample ID

Data Filename
Method Filename
Batch Filename

:epm-4-29

- March 11

: epm-4-29-roomtemp1.led
: Emile standard.lcm

Vial # 21-1 Sample Type - Unknown
Injection Volume  : 1000 uL )
Date Acquired 1 11/03/2021 9:46:33 AM Acquired by : ShimadzuHPLC
Date Processed :11/03/2021 10:21:36 AM Processed by : ShimadzuHPLC
<Chromatograms
mAU
= PDA Multi 1 254nm,4nm
- M~
400 &
Compound 16
300
200
100 " S
. Beg o gu 2 g 2y £8
7 o 8o oo @ i ﬁ od @ o o
o] TS @ 6% 2 ) 8@ =00 ~% 9a
1 T | T T T T | T T T | T T | T T | T T T T I T
0 10 15 20 25 30
min
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mAU

500+

21.711

PDA Multi 2 210nm,4nm|

Compound 16

NI -+ Wﬂﬂ —
: | .W 1 -
] I‘\lﬂ_- —
0 S é S 1IO S 1|5 S 20 I 2|5 3IO )
min
PDA Ch1 254nm
Peak#| Ret. Time Area Height Area% Height%
1 4135 37513 17033 1.141 3.304
2 4376 45112 8168 1.373 1.585
3 4433 40172 9298 1.222 1.804
4 6.216 128485 1527 3.909 0.296
5 6.648 28150 782 0.856 0.152
6 8.763 33494 1289 1.019 0.250
7 9.372 16025 6409 0.488 1.243
8 10.352 14963 1268 0.455 0.246
9 21.710 2727328 454529 82.981 88.179
10 22.110 15412 1208 0.469 0.234
11 23.340 17675 2121 0.538 0.412
12 28.463 13904 610 0.423 0.118
13 29272 13769 397 0.419 0.077
14 32.152 28984 352 0.882 0.068
15 33.330 125689 10475 3.824 2.032
Total 3286675 515465 100.000 100.000
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PDA Ch2 210nm

Peak#| Ret. Time Area Height Area% Height%
1 5.874 9757199 168097 12.929 4413
2 6.106 2500866 168463 3.314 4.423
3 6.667 2804852 167059 3.717 4.386
4 8.781 9807428 190669 12.996 5.006
5 8.808 2799206 190547 3.709 5.002
6 9.350 7278783 251919 9.645 6.614
7 11.765 2405069 173337 3.187 4.551
8 12.328 2056168 171329 2.725 4.498
9 12.885 2634604 172909 3.491 4.539
10 13.488 2530765 170648 3.354 4.480
11 13.749 2608755 170132 3.457 4.466
12 14.455 2360894 171567 3.128 4.504
13 15.139 2410676 169045 3.194 4.438
14 15.472 2232385 166795 2.958 4.379
15 18.216 2412419 161706 3.197 4,245
16 19.469 3840155 166952 5.089 4.383
17 20.480 2336516 152541 3.096 4.005
18 20.719 2290378 137753 3.035 3.616
19 21.711 7731691 560030 10.245 14.702
20 22.104 2666855 127626 3.534 3.351
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Appendix 5. HPLC-UV trace of the crude reaction mixture from the reaction between
compound 16 and trimethyl amine at high temperature.

SHIMADZU

' LabSolutlons

<Sample Information>

Sample Name

Sample ID

Data Filename
Method Filename
Batch Filename

:epm-4-29
:March 16

: epm-4-29-hightemp1.lcd

: Emile standard.lcm

Analysis Report

Vial # 2141 Sample Type - Unknown
Injection Volume : 1000 uL )
Date Acquired 1 16/03/2021 2:56:49 PM Acquired by - ShimadzuHPLC
Date Processed :16/03/2021 3:31:51 PM Processed by : ShimadzuHPLC
<Chromatogram>
mAU
J I 254nm,4nm|
1 w
1000+ =
750~
] Compound 16
500
: OOy
250 BREIH
- e N AT & s @ n R =
1 28 \\|//2 5 s S| = 2 3
. U O\ e - = B LS L]
0 e Yo R W— A i -
T T | T T T T | T T | T T | T T T T T T
0 5 10 15 20 5
min

124



mAU

500+

250

250

i 12.961

1.676

20.461

PDA Multi 2 210nm,4nm

Compound 16

PDA Chi 254nm

min

Peak#| Ret. Time Area Height Area% Heights

1 3.948 106003 37855 0.903 3.032

2 4.261 135188 14356 1.152 1.150

3 6.592 401027 5063 3.417 0.406

4 6.792 60462 5072 0.515 0.406

5 7.080 71817 5012 0.612 0.401

6 7.432 70664 4939 0.602 0.396

7 7.568 73468 4870 0.626 0.390

8 7.968 58259 4571 0.496 0.366

9 8.545 266423 20138 2.270 1.613

10 15.830 88913 12502 0.758 1.001
11 18.120 63729 9508 0.543 0.762
12 20.460 116590 19296 0.993 1.546
13 21.677 9941125 1072914 84.699 85.947
14 23.357 113100 13990 0.964 1.121
15 24.878 70125 10447 0.597 0.837
16 33.110 100164 7817 0.853 0.626
Total 11737057 1248350 100.000 100.000

125



PDA Ch2 210nm

Peak#| Ret. Time Area Height Area% Height%

1 4.290 2494897 231281 2.599 5.195
2 6.070 15115604 201853 15.745 4.534
3 6.424 2409110 200871 2.509 4512
4 6.864 2483851 199367 2.587 4.479
5 8.534 11362108 316878 11.835 7.118
6 10.162 2339791 203949 2.437 4.581
7 12.961 4618093 203952 4.810 4582
8 15.830 4593630 195246 4.785 4.386
9 16.351 3258545 180512 3.394 4.055
10 16.750 3433963 183830 3.577 4.129
11 16.965 2567320 182592 2.674 4.102
12 17.495 4387654 175555 4.570 3.944
13 18.122 4354656 206137 4.536 4.631
14 18.471 3293206 172572 3.430 3.877
15 19.336 4426632 172008 4.611 3.864
16 20.461 4540257 286693 4.729 6.440
17 21.676| 13094730 651904 13.640 14.644
18 22.750 2339129 144766 2.437 3.252
19 23.402 2395916 147097 2.496 3.304
20 26.505 2491931 194582 2.596 4.371
Total 96001024 4451644 100.000 100.000
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Appendix 6. HPLC-UV trace of 6-Triflatepyridoxine (compound 15).

SHIMADZU

' LabSolutlons

<Sample Information>
Sample Name 1 epm-3-78

Sample ID :November 17

Data Filename :epm-3-78 HS.lcd
Method Filename : Emile standard.lcm
Batch Filename

Vial # 211

Injection Volume : 1000 uL

Date Acquired :19/11/2020 1:57:46 PM
Date Processed :19/11/2020 2:32:49 PM

Analysis Report

Sample Type - Unknown
Acquired by : ShimadzuHPLC
Processed by : ShimadzuHPLC

<Chromatogram>
mAU
A IS PDA Multi 1 254nm,4nm
- =z
i -
750+
] Compound 15
500
T 52
- D1—|
_ o o ® [T,
250 8 o | R 6 8
- o= oo VY
4 ﬁ‘lll 1_l <o tof w
- g & 8 mRE By 38 ¢
: L S £ g E e 8Ly g g 5 8
0 Wb . _ R | N— T O -
——— 7 T T [ T[T
0 5 10 15 20 25 30 35
min
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=
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=}
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m L
o -8
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(LT y]
| L
ee LI r
™ i
8266l | o
esos| | -
8808 |
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g0L's jE
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gsee VY _ 7|
= |
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MR NRAF AT
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PDA Chi1 254nm

Peak#| Ret. Time Area Height Area% Height%

1 3.750 588782 159261 6.640 11.475
2 4,116 944697 138382 10.654 9.971
3 5.047 103188 16242 1.164 1.170
4 5.143 77803 17392 0.877 1.253
5 8.090 54533 12548 0.615 0.904
6 11.168 36993 1811 0.417 0.131
7 13.131 88232 9536 0.995 0.687
8 13.719 42409 3002 0.478 0.216
9 13.919 76365 7479 0.861 0.539
10 16.537 33862 3514 0.382 0.253
11 17.210 78053 10351 0.880 0.746
12 17.427 5684967 868280 64.111 62.560
13 18.092 72624 12355 0.819 0.890
14 19.316 28682 3437 0.323 0.248
15 19.803 97506 12650 1.100 0.911
16 20.674 118378 19304 1.335 1.391
17 21.254 38107 5282 0.430 0.381
18 21.956 104849 14892 1.182 1.073
19 22.553 177579 30828 2.003 2.221
20 22.665 141091 22988 1.591 1.656
21 23.247 34075 2762 0.384 0.199
22 30.581 65029 2252 0.733 0.162
23 31.703 36881 1383 0.416 0.100
24 33.056 142765 11977 1.610 0.863
Total 8867448 1387907 100.000 100.000
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PDA Ch2 210nm

Peak# Ret. Time Area Height Area% Height%s

1 3.753 2022545 732932 3.816 15.094
2 4.108 6470836 567567 8.448 11.688
3 5.103 5139442 504892 6.710 10.398
4 8.088 2644619 96141 3.453 1.980
5 9.053 2667814 71500 3.483 1.472
6 9.928 2890131 68439 3.773 1.409
7 11.320 3032465 76615 3.959 1.578
8 13.149 4064995 90423 5.307 1.862
9 13.920 2881545 171350 3.762 3.529
10 15.045 2392165 98290 3.123 2.024
11 17.199 2201464 115804 2.874 2.385
12 17.416| 14484614 748242 18.911 15.409
13 18.544 2088382 124581 2.727 2.566
14 19.793 2744283 196623 3.583 4.049
15 20.675 3419162 204397 4.464 6.063
16 21.255 2013755 129871 2.629 2.675
17 21.953 4127668 231966 5.389 4.777
18 22.552 5141872 340451 6.713 7.011
19 23.248 2319648 106249 3.028 2.188
20 25.944 29047285 89456 3.848 1.842
Total 76594689 4855788 100.000 100.000
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Appendix 7. HPLC-UV of the crude reaction mixture from the reaction between compound
15 and trimethyl amine at room temperature after acetyl protection.

SHIMADZU

' LabSolutlons

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

:epm-4-40

cApril 13

- epm-4-40-crude.lcd
: Emile standard.lcm

Analysis Report

Vial # t1-1 Sample Type - Unknown
Injection Volume  : 1000 uL ) .
Date Acquired 1 19/04/2021 11:31:56 AM Acquired by : ShimadzuHPLC
Date Processed :19/04/2021 12:06:59 PM Processed by : ShimadzuHPLC
<Chromatograms
mAU
B @ PDA Multi 1 254nm,4nm|
500 2
] b
] ©
400, 5
@
] "g“ - Compound 16
300+ < o
] o @
4 ~ ™
] TE
200+ -~ o
] 98 |
] o3 | g
100 - 28 ofnd| e 3
e | E o & =< R | f Ea &l
. 1R o2 SF 37 e
04— . — _ et A e ——— —
I I T [ T I
0 5 10 15 20 25 30 _
min
mAU
] io PDA Multi 2 210nm,4nm
2000 q
1500
1000+ .
. g 25 g K
] Quw N 6~ « o
500 88 1] _ |' &
: o0 % #88 |sz
] 2 gl S Feflas |
o e
0 s T qo 15 20 " 25 " 30

min
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PDA Ch1 254nm

Peak#| Ret. Time Area Height Area% Height%

1 4.337 2015779 294723 14.967 19.466
2 4.721 264739 16196 1.966 1.070
3 9.882 909494 14778 6.753 0.976
4 10.341 232207 11389 1.724 0.752
5 12.759 257438 14084 1.911 0.930
6 13.062 441865 36809 3.281 2.431
7 14.146 202578 11987 1.504 0.792
8 14.640 648658 32567 4.816 2.151
9 15.390 356023 19581 2.643 1.293
10 15.821 251995 17177 1.871 1.135
11 16.227 338271 23446 2.512 1.549
12 16.470 217671 18982 1.616 1.254
13 17.079 505489 31367 3.753 2.072
14 17.399 244182 15669 1.813 1.035
15 17.821 296493 23082 2.201 1.525
16 18.063 2166716 344692 16.088 22.766
17 18.297 286039 22177 2.124 1.465
18 18.973 247965 14367 1.841 0.949
19 21.926 3334070 510218 24.755 33.699
20 22.747 250333 40748 1.859 2.691
Total 13468005 1514040 100.000 100.000
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PDA Ch2 210nm

Peak#| Ret. Time Area Height Areav Height%

1 4.355| 15382294 2276283 13.182 34.173
2 4.744 2963093 151055 2.539 2.268
3 5.416 3735011 140688 3.201 2.112
4 8.305 5186851 149205 4.445 2.240
5 9.839| 16399797 206699 14.054 3.103
6 9.935 9568632 207084 8.200 3.109
7 11.464 3444188 262431 2.951 3.940
8 12.039 4528652 171572 3.881 2.576
9 12.742 4467946 191941 3.829 2.882
10 13.069 5963646 247689 5.110 3.718
11 14.138 3021918 173476 2.590 2.604
12 14.551 6651893 231958 5.700 3.482
13 15.390 6170113 196779 5.287 2.954
14 16.230 4031072 224480 3.454 3.370
15 16.695 2879669 183821 2.468 - 2.760
16 17.076 4676490 207106 4.007 3.109
17 18.063 5744790 615702 4.923 9.243
18 18.426 2824679 167896 2.421 2.521
19 19.664 3010094 154221 2.579 2.315
20 21.927 6043958 500917 5.179 7.520
Total 116694786 6661003 100.000 100.000
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Appendix 8. Crude °F NMR of the fluorination attempt of compound 11 using TBAF(Pin):
at 80 °C.

66.30
-128.4¢6

50 0 -50 -100 -150 -200 -250 ppm
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Appendix 9. Crude *°*F NMR of the fluorination attempt of compound 11 using TBAF(Pin):
at 50 °C

66,31
-128.70

T T Tt
50 0 -50 -100 -150 -200 -250 ppm
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Appendix 10. Crude **F NMR of the fluorination attempt of compound 11 using TBAF at

50 °C

— 66.25
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Appendix 11. Crude **F NMR of the fluorination attempt of compound 11 using TBAF at
80 °C

66.25
-74.80

—— -128.52

P
X

T r-rrrrrrrr T
50 0 -50 -100 -150 -200 -250 ppm
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Appendix 12. Crude **F NMR of the fluorination attempt of compound 11 using TBAF at
110 °C

50

-50

-100

R L
-150 -200 -250 ppm
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Appendix 13. Crude **F NMR of the fluorination attempt of compound 11 using
KF/Kryptofix at 100 °C

-145.89

7T Tyt
50 0 -50 -100 -150 -200 -250 ppm
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Appendix 14. Crude **F NMR of the fluorination attempt of compound 11 using
KF/Kryptofix at 120 °C

-145.68

WWWW

7T 7T
50 0 -50 -100 -150 -200 -250 ppm
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Appendix 15. 1°F NMR of the crude reaction mixture from the fluorination attempt of
compound 21 with CsF at 150 °C.

50 0 -50 -100 -150 -200 ppm
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Appendix 16. 1°F NMR of the crude reaction mixture from the fluorination attempt of
compound 21 with CsF at 90 °C

50 0 -50 -100 -150 -200 ppm
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Appendix 17. 1°F NMR of the crude reaction mixture from the fluorination attempt of
compound 21 with CsF at 120 °C.

50 0 -50 -100 -150 -200 ppm
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Appendix 18. 1°F NMR of the crude reaction mixture from the fluorination attempt of
compound 21 with KF at 80 °C.

— -77.75

— -86.,00
-150.01
-150.3%6

~

50 0 -50 -100 -150 -200 -250 ppm
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Appendix 19. 1°F NMR of the crude reaction mixture from the fluorination attempt of
compound 21 with KF at 100 °C

50

0 -50 -100 -150 -200 -250 ppm
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Appendix 20. 1°F NMR of the crude reaction mixture from the fluorination attempt of

compound 21 with KF at 120 °C

— -77.75

— 86,00
-148
-149
-149
-150
-151
-151
-151
-151

50

-50

-100 -150 -200 -250 ppm
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Appendix 21. HPLC-UV trace of compound 11

==== Shimadzu LabSolutions Analysis Report

Sample Name

Sample ID

Data Filename
Method Filename
Batch Filename

Vial #

Injection Volume
Date Acquired
Date Processed

1 epm-3-13

: October 30

T epm-3-13-msi.lcd
: Emile standard.lcm

11

21000 uL

1 30/10/2020 3:11:55 PM
1 10/12/2020 3:43:54 PM

Sample Type

Acquired by
Processed by

- Unknown

: ShimadzuHPLC
: ShimadzuHPLC

<PDA Chromatogram:=

mAL

3.7

p—
6.080

16.051

20.088

| 22688

PDA Multi 1 254nm,4nm
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mAL

g Z PDA Multi 2 210nm,4nm|
_ rﬁ.
500-|
] G
250-]
j : |
& o \
] g 8 ¥ |
ol -—“*-"-"-l T WNW‘J
] ||/ _
T - - T | T
0 5 10 15 20 25 a0
min
Peak Table
PDA Chl 254nm
Peak# | Ret Time Area Height Area’
| 3721 191973 74523 1.518
2 6.080 201775 1902 1.596
3 16.051 154693 22140 1.224
4 20.088 11862658 1094752 D3.828
5 22.688 231936 35962 1.834
Total 12643034 1229279 100.000
PDA Ch2 210nm
Peak# | Ret Time Area Height Area®s
| 4,384 3480685 458295 65.943
2 5762 11173079 174722 22286
3 7.206 6144161 192493 12.255
4 14.129 3969290 178415 7917
5 16.054 5084434 212553 10.142
6 20.061 20282545 751962 40.457
Total 50134193 1968441 100.000
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Appendix 22. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 11 with TBAF(Pin)z at 50 °C.

==== Shimadzu LabSolutions Analysis Report ====

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename
Vial #

Injection Volume
Date Acquired
Date Processed

- epm-3-30-2_2
:August 18
-epm-3-30-2_2.lcd

- Emile standard.lcm

S1-1 Sample Type
- 5000 uL

- 19/08/2020 12:19:17 PM
- 19/08/2020 12:54:19 PM

Acquired by
Processed by

- Unknown

- ShimadzuHPLC
- ShimadzuHPLC

<PDA Chromatograms
mAU
] % g PDA Multi 1 254nm,4nm|
1 e &
507
o]
1 g
] o 8
807 & > &
- = -3
] © 3
n [T}
207 S |
] ) I
: |‘ ," | I|| |I
|I )
10—: ' | | || -
] | .\
o\l _;f—ii\\ y
1 II ."/_ .‘H\“'\x_l.ln_,__
] N\
1 T T .
0 5 10 35
min

No SM (20.08
min)
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mAU

E I/‘lg 53 ;@ PDA Multi 2 210nm,4nm)|
200 2 [ od S
E ¥ |II | §| | (=]
100 | 3\l g
I < s wF ) B s
g 8 ¥ |g ) ..
/A ] I My I (O “ 2q o 3
1T /] S22 & ¢
] .'“ ML & 8
-100H | 2 h
] | 3]
] |
200 |' |
] |.\ II|I w./\_,,_..#l
-300]
400 |,l i
0""5|""1|0""1'5""zlollllzlsllllslolllls_s
min
Peak Table
PDA Chl 254nm
Peak# Ret Time Area Height Areaf
| 4.202 508986 30511 20.289
2 10.516 R71538 8729 34.741
3 16.390 337653 54304 13.460
4 20.420 181323 21674 1.228
5 20,728 381162 57800 15.194
i) 21.903 227996 25962 9.088
Total 2508658 208980 100.000
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PDA Ch2 210nm

Peak# | ReL Time Area Height AreaT
1 3.104 14853640 314188 5.954
2 4.062 7704426 590337 3.088
3 5.904| 29587022 428235 11.859
4 B.584 6452216 423083 2586
5 9.104 18023386 467082 7.224
6 10,519 57027610 667193 22 858
7 11.094 13663231 480751 5477
8 2019 5776551 390087 2315
9 2.430 9370650 I&T150 3.756
10 2743 5427825 378424 2176
11 13.486 7014135 381353 2.811
12 14.107 6409501 IR3535 2.569
13 16.330 7339604 433443 2042
14 17.607 6629018 311214 2 657
15 18.219 5479345 307248 2196
16 19.154 16423155 2076097 6.583
17 20728 7976055 507759 3.197
18 21.904 5616961 272759 2.251
19 23.216 5475283 226281 2,195
20 25.062 13231485 169343 5.304
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Appendix 23. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 11 with TBAF(Pin)z at 80 °C.

SHIMADZU

Labsolutions  Analysis Report

<Sample Information>
Sample Name : epm-5-11
Sample ID July 07

Data Filename : epm-5-11.lcd
Method Filename :

: Emile standard.lem
Batch Filename
Vial # 2 1-1 Sample Type : Unknown
Injection Volume : 1000 uL
Date Acquired :06/07/2021 9:47:43 AM Acquired by : ShimadzuHPLC
Date Processed : 06/07/2021 10:22:46 AM Processed by : ShimadzuHPLC
<Chromatograms=
mAL
] |,r:§ PDA Multi 1 254nm,4nm|
] |\
400+ \ -
1 ', 3
] ' &
300- '||
] i
] |
200+ |
] \
: [Ts] IIII
1004 a | o
- oM II —
T s | &
N ,,
0+ k_,_,.fi-_k Y I -
G T T T T |5 T T T T 1|O T T T T 3|0 T T T I35
min

No SM (20.08
min)
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mAU

£ - K
<
= =
=
(=] -
&
b i
e | o
= [}
= [
=T =
= I -
o __ I
f
/ i
f 0
x o
- I
] L
/
2 oe i S i
w-|_ |m
%691 T I
ER9 e
P S he—— -
— | w0
ma.ﬁw. I
8920} i
|
000 _ I e B
8L . Lo
6o [T
g . L
Bmmtmﬂ )
o 62 'L
G506 =
089'6 i
_r. I Lw
—
T T T T T W T T T T 0
(=]

min
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<Peak Table>

PDA Ch1 254nm

Peak#| Ret. Time Area Height Area% Height%

1 3.735 186255 63846 0.717 B6.427

2 6.053 163006 2854 0.627 0.287

3 9.057| 23494161 459746 90.389 46.281

4 13.838 202800 11770 0.780 1.185

5 14.270 216121 15675 0.831 1.578

5] 14.446 120039 15739 0.462 1.584

7 14.626 272949 27714 1.050 2.790

8 15.508 163464 8674 0.629 0.873

9 16.256 372330 33380 1.432 3.360

10 16.942 144258 8329 0.555 0.838

11 20.414 287954 318622 1.108 32.075

12 33.186 368887 27029 1.419 2.721

Total 25992224 8993379 100.000 100.000

PDA Ch2 210nm

Peak#| Het. Time Area Height Area% Height%:

1 5.680 7891918 180875 6.571 2.652

2 7.239 6583806 205177 5482 3.008

3 7.996 5733066 194928 4774 2.858

4 9.059 5985289 697082 4.984 10.219

5 9.107 5323976 695065 4.433 10.190

5] 9,328 9197722 688288 7.658 10.091

7 9.569 6821746 680538 5.680 9.977

8 89718 8362717 674440 6.963 9.888

9 10.000 5081091 663639 4.231 9.729

10 10.268 | 23140242 654189 19.267 9.591

11 13.216 5147576 192922 4.286 2.828

12 15.514 6037677 189264 5.027 2775

13 16.263 8331029 275266 7.769 4.036

14 16.926 7229440 223078 6.019 3.270

15 20412 8233364 606350 6.855 8.889

Total 120100659 6821103 100.000 100.000
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Appendix 24. HPLC-UV trace of the crude reaction mixture of the fluorination of

compound 11 with TBAF at 50 °C.

SHIMADZL)

LabSolutlons

<Sample Information>

Sample Name - epm-4-7
Sample ID - January 27
Data Filename : epm-4-7 lcd

Method Filename : Emile standard.lcm

Batch Filename
11

Vial #
Injection Volume : 1000 uL
: 27/01/2021 2:08:23 PM

Date Acquired
Date Processed : 03/02/2021 1:03:32 PM

Analysis Report

Sample Type - Unknown
Acquired by : ShimadzuHPLC
Processed by : ShimadzuHPLC

<Chromatogram>
mAU
g % PDA Multi 1 254nm,4nm|
100 o
E .
75 ?}m
] 8 NE:
50 gf’ @ o | |§
. o 8 5 | =
] &l 6 3 8 | g
1 a e | = o | | a
25 N i = e @ i
] 3 m% IIII | - S I| %E gﬁ g || I||
' ls2 /) 2| 5275 | 8 U
] . 3‘ J RS L o
07— [ 5 o S L SR G L Y
T T T T | T T T T | T T T T | T | T T T T | T T T T
0 5 10 15 25 30 35
min

No SM (20.08
min)
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mAL

250+

-250+

'9.814

10.276

71
5
111
15,263
5.909
" 16.928
17.432
7 18073

T 20379

-

22.613

PDA Multi 2 210nm.4nm|

25704

B

20

25

<Peak Table>
PDA Ch1 254nm
Peak#| Het. Time Area Height Area% Height%

1 3.850 325768 106611 7.183 25.948

2 4.235 282284 22837 6.232 5.558

3 B.736 348785 2699 7.701 0.657

4 7.407 74643 8736 1.648 2126

5 9.228 1114103 37984 24.598 8.245

B 9.496 881288 53215 19.458 12.852

7 9.812 203724 15857 4.498 3.859

8 14.027 123871 8523 2.735 2.074

9 15.268 102645 11077 2.266 2.696

10 15.501 37774 4081 0.834 0.993

11 16.189 39083 5423 0.863 1.320

12 16.934 38772 4069 0.856 0.990

13 18.078 20032 10624 1.767 2.586

14 18.583 71981 3780 1.589 0.920

15 20.379 186429 32455 4116 7.899

16 20.975 35520 5493 0.784 1.337

17 22.207 44585 6617 0.984 1.610

18 22.348 54833 9117 1.211 2.219

19 22.614 270932 45346 5.982 11.037

20 33.234 212182 16313 4 685 3.970

Total 4529256 410857 100.000 100.000

30

35
min
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PDA Ch2 210nm

Peak#| Ret. Time Area Height Area% Height%

1 4.320 3308720 399917 2.262 6.459
2 5737 13437767 241365 9182 3.898
3 B.022 3615366 244094 2.470 3.943
4 6.477 2936031 245447 2.006 3.964
5 7.402 13830273 291736 9.450 4712
5] 9.201 29653409 590464 20.262 9.537
7 9.486 12566819 611800 8.587 §.882
8 9.814 10708290 474907 7.317 7.671
9 10.276 3410524 247181 2.330 3.992
10 11.971 2869464 230590 1.961 3.724
11 12.526 87098040 248880 5.851 4.020
12 13.111 3644673 224846 2.490 3.632
13 14.054 5083329 234579 3.473 3.789
14 14.193 3472653 222241 2.373 3.590
15 15.263 3634891 234779 2.484 3.792
16 15.909 3446651 212844 2.355 3.438
17 16.828 4936588 219825 3.373 3.551
18 17.432 3263316 202136 2.230 3.265
19 18.073 2855754 205484 1.951 3.319
20 20.379 4694523 318045 3.208 5137
21 22613 2944819 197119 2.012 3.184
22 25704 3325336 93044 2.272 1.503
Total 146349246 6191323 100.000 100.000
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Appendix 25. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 11 with TBAF at 80 °C.

Analysis Report

<Sample Information>

Sample Name :epm-4-8
Sample ID :January 27
Data Filename :epm-4-8.lcd

Method Filename

: Emile standard.lcm
Batch Filename :

Vial # 21-1 Sample Type - Unknown
Injection Volume : 1000 uL
Date Acquired 1 27/01/2021 3:25:57 PM Acquired by : ShimadzuHPLC
Date Processed :04/02/2021 10:58:10 AM Processed by : ShimadzuHPLC
<Chromatogram>
mAU
. ] PDA Multi 1 254nm,4nm
750+ S
4 o™
i 2
] -
500+ f‘
A |
| ||
250 | g8 23
| w2 o0 @
T | -7 3 &8
T 8 | b @ V| m ~
i o |1 z @b g s2l 1 & )
] & S\ &5\/8 %5 [[°2\ g E
0 I 4 B WA L DL ]
T T T [ T Tt T T [ T T T T [ T T T T T T T
0 5 10 15 30

SM (20.08
min)
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PDA Multi 2 210nm,4nm

2 3
- $ i :
] | =B o
T o) @ l 1|_ § fos) w0 §
250 36 % [ w% 3 o
_ 3 :I = ? | 'II "n,l_ rlr.:
] 7 | iéal | I| 5 I', II| g ||
b l' 'd‘.il II'I |\| rE ||III .E ||| |
O__ _/-‘ [ \“mﬂm_‘—*—-—h |
4 i - —
Lol I
250+ \ -
0 10 15 20 o5 30 _
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Area Height Area% Height% | Area/Height
1 3.866 225195 56190 1.365 3.617 4.008
2 4.256 116497 12747 0.706 0.821 9.139
3 8.206 90493 3089 0.548 0.199 29.299
4 9.673 9710758 491318 58.846 31.628 19.765
5 12.681 54416 8421 0.330 0.542 6.462
6 14.023 51377 7138 0.311 0.459 7.198
7 15.306 165414 22208 1.002 1.430 7.448
8 15.509 51777 4382 0.314 0.282 11.817
9 16.007 93695 9759 0.568 0.628 9.601
10 17.452 75210 5836 0.456 0.376 12.888
11 18.112 59039 5553 0.358 0.357 10.631
12 20.090 4758163 781238 28.834 50.291 6.091
13 20.384 453124 68912 2.746 4,436 6.575
14 21.139 58781 6299 0.356 0.406 9.332
15 22.364 121520 19373 0.736 1.247 6.273
16 22.634 137178 23261 0.831 1.497 5.897
17 23.129 59149 8939 0.358 0.575 6.617
18 33.087 220229 18763 1.335 1.208 11.738
Tota 16502015 1553425 100.000 100.000
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PDA %DZ 210nm
Peak#| Ret. Time

Area Height Area% Height% | Area/Height

1 5.774| 14687320 250248 9.540 3.969 58.691
2 6.208 3613829 250989 2.347 3.981 14.398
3 6.670 4174327 249493 2.711 3.957 16.731
4 7.639 3818464 250985 2.480 3.980 15.214
5 8.295| 10225807 266996 6.642 4.234 38.299
6 9.163 8691064 355016 5.645 5.630 24.481
7 9.680| 34595616 693957 22.470 11.006 49.853
8 10.699 7441719 259531 4.833 4.116 28.674
9 11.443 5902102 260372 3.833 4.129 22.668
10 11.658 4132013 257863 2.684 4.090 16.024
11 11.965 4120737 243186 2.676 3.857 16.945
12 12.680 4512964 296808 2.931 4.707 15.205
13 12.878 5283111 239695 3.431 3.801 22.041
14 14.021 5061086 247921 3.287 3.932 20.414
15 15.305 3886696 268024 2.524 4.251 14.501
16 15.478 3897517 222093 2.531 3.522 17.549
17 16.027 5118754 236363 3.325 3.749 21.656
18 17.546 9686182 365826 6.291 5.802 26.478
19| 20.094 8644525 662461 5.615 10.506 13.049
20 20.385 6469184 427634 4.202 6.782 15.128

Total 153963019 6305461 100.000 100.000
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Appendix 26. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 11 with TBAF at 110 °C.

SHIMADZL)

Labsolutions  Analysis Report

<Sample Information=

Sample Name . epm-4-8b

Sample ID - January 27

Data Filename epm-4-8b1.lcd
Method Filename : Emile standard.lcm
Batch Filename

Vial # 2 1-1 Sample Type - Unknown
Injection Volume : 1000 uL
Date Acquired . 27/01/2021 4:39:15 PM Acquired by : ShimadzuHPLC
Date Processed : 04/02/2021 11:01:04 AM Processed by : ShimadzuHPLC
<Chromatogram>
mAU
200+ % PDA Multi 1 254nm.4nm)|
150 | o
; | z
] zgeysed
] ST LN
. o e dd | I| .'I ."l |
. [ [ o
50 33% [ g 3 g
1 b .It II| 'I.l ‘ |I / ". | 3 o Rj %
) g\MI /) 8 e {
] * |'.f,-.l|,' [/ ag ! © H | P | S
[ nuL.L‘I'd’JII[lEIfETk_“‘U uFU“ I | B A R
G T T T T é T T T T 1 O T T T T 1|5 T T 2'5 T T T T 3'(} T T T T
min

SM (20.08
min)
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mAU

500+

260+

4.334

12124
T ——12.436

201086

PDA Multi 2 210nm,4nm)|

all 25 o
& = 2 2= & g
1 8 o 02 Sl R a 5 fons
| B e SAREE P g
ol “| T‘“'“ e |
_ m* —
|
1 _ N
250 - . .
0 é 1IO 1|5 2|D 2|5 SID .
min
<Peak Table=
PDA Ch1 254nm
Peak#| Het. Time Area Height Area% Height%: | Area/Height
1 3.740 158963 59741 2.068 10.955 2.661
2 4,324 197507 15365 2.569 2.817 12.854
3 5.820 314138 5851 4.086 1.073 53.6890
4 B.272 118642 6169 1.543 1.131 19.233
5 6.352 95836 6225 1.247 1.142 15.395
[§] 6.808 116537 6474 1.516 1.187 18.002
7 6.976 75088 6553 0.977 1.202 11.460
a8 7.240 70218 6657 0.913 1.221 10.548
9 7.448 20958 6781 1.053 1.243 11.939
10 7.736 99206 6949 1.291 1.274 14.276
11 2.008 125282 7126 1.630 1.307 17.580
i2 8.384 568297 10660 7.383 1.855 53.313
13 9.521 60578 4755 0.788 0.872 12.741
14 10.101 67817 41495 0.882 0.769 16.166
15 10.350 4246755 200900 55.243 36.839 21.139
16 14.088 245389 31793 3.182 5.830 7.719
17 15.458 67188 4847 0.874 0.889 13.862
18 20106 655724 114856 8.530 21.061 5.709
19 22.640 139760 23618 1.818 4.331 5.918
20 33.049 183507 15834 2.387 2.904 11.589
Total 7687411 545349 100.000 100.000
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PDA Ch2 210nm

Peak#| Ret. Time Area Height Area% Height% | Area/Height |
1 3.308 3321681 241447 2.621 4.093 13.757
2 4.334 4630192 557627 3.653 9.452 8.303
3 5.722| 15950731 258943 12.585 4.389 61.599
< 8.384| 13728627 292813 10.831 4.963 46.885
5 8.654| 4764658 279255 3.759 4734 17.062
6 8.944| 4248831 271493 3.352 4.602 15.650
7] 10.349| 29147407 680955 22.996 11.543 42.804 |
8| 11.306| 4020298 315186 3.172 5.343 12.755
9] 11.331 4137675 315987 3.264 5.356 13.094

10| 11.616] 3983602 253857 3.143 4.303 15.692
11 12.124| 3325571 251346 2.624 4.261 13.231]
12] 12.436| 3925019 243718 3.097 4.131 16.105
13| 13.019] 4629541 279691 3.653 4.741 16.552
14| 14.087| 3472043 275213 2.739 4.665 12.616
15 14.569 3263819 227652 2.575 3.859 14.337
16| 18.287| 4762441 211216 3.757 3.580 22.548
17 20.106 5587176 475246 4.408 8.056 11.756
18 20.402 3351075 215068 2.644 3.646 15.581

19| 23.983| 3078268 130858 2.429 2.218 23.524
20 24.503 3419417 121769 2.698 2.064 28.081

Tot 126748072 5899340 100.000 100.000
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Appendix 27. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 11 with KF/Kryptofix at 100 °C.

SHIMADZU

LabSolutlon

<Sample Information>
:epm-4-15

Sample Name

Sample ID

Data Filename

Method Filename

Batch Filename

: February 2
. epm-4-15.lcd
: Emile standard.lcm

- Analysis Report

Vial # 211 Sample Type : Unknown
Injection Volume : 1000 uL ) _
Date Acquired . 02/02/2021 2:55:06 PM Acquired by : ShimadzuHPLC
Date Processed :04/02/2021 11:23:44 AM Processed by : ShimadzuHPLC
<Chromatogram>
mAU
75 Y N PDA Multi 1 254nm,4nm
B (o] [=]
::‘wr' «
] &
i e
) o™
50+ f"“’
' E .
4 ) o
25- T 2 z !
4 il =" = < © i
(N . & -
7 l'\ P g § fL.-""F":I'I -
- AN S W
O—_ s o - —-._,'\_n\_ur\lk\'l_li-vw-—""“\.-m \A|I I‘ r'v"-'\"\.—-m l"'\o\ﬂ‘l "W.W‘M__
— — . I —
0 5 10 15 25 30 35
min

No SM (20.08
min)
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7.447

B.669

PDA Multi 2 210nm,4nm|
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<Peak Tables
PDA Chi 254nm

Peak# Ret. Time Area Height Area% Height% | Area/Height

1 3.617 184522 44363 4.883 11.174 4,159

2 3.719 328539 68173 8.695 17.170 4.819

3 3.958 212406 15644 5.621 3.940 13.578

4 4.142 66944 15283 1.772 3.849 4.380

5 4,274 222807 45071 5.897 11.352 4.943

+] 4,393 960976 66291 25.432 16.696 14.496

7 4.838 617214 21121 16.335 5.320 29.222

8 7.448 288540 8317 7.636 2.095 34.692

g 10.003 160479 13323 4.247 3.356 12.045

10 14.214 117091 15586 3.099 3.926 7.513

11 17.717 50319 2765 1.332 0.696 18.200

12 18.066 55454 7869 1.468 1.982 7.047

13 18.597 50099 4908 1.326 1.236 10.209

14 22.607 356281 59080 9.429 14.880 6.031

15 33.037 106865 9244 2.828 2.328 11.561

Tota 3778536 397037 100.000 100.000

PDA Ch2 210nm

Peak#| Ret. Time Area Height Area% Height% | Area/Height

1 3.623 7150561 715136 5.698 17.605 9.999

2 3.949 12224610 5994912 9.741 14.769 20.377

3 4,192 4178473 584483 3.329 14.389 7.149

4 4,369 14071227 565802 11.212 13.929 24.870

5 4.851 50677373 527710 40.380 12.991 96.033

B 7.447 | 20131759 411005 16.041 10.118 48.982

7 8.669 5554805 168594 4.426 4.150 32.948

8 9.678 4176323 155522 3.328 3.829 26.854

g 10.002 7337242 333888 5.846 8.220 21.975

Tota 125502373 4062052 100.000 100.000




Appendix 28. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 11 with KF/Kryptofix at 120 °C.

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename
Vial #

Injection Volume
Date Acquired
Date Processed

SHIMADZU

LabSolutlons

: epm-4-16.lcd
: Emile standard.lcm

- 02/02/2021 3:32:50 PM
- 04/02/2021 11:25:22 AM

Analysis Report

Sample Type

Acquired by
Processed by

: ShimadzuHPLC
: ShimadzuHPLC

<Chromatograms

mAU

4.229

2-20.224
22.364

o

W
20,974

PDA Multi 1 254nm,4nm

- 22.626

31.728
33.041

|

No SM (20.08
min)
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750 @ o PDA Multi 2 210nm,4nm
T
500—_ Hlﬁ.l §f-
1 \ ~ &
1 \ | g
] | 2 K
250+ - Y
I A .%l, = 32 |/88%8 g s
: : j“"'{’ 5 38 |/2g885 | g2
4 ¥ - — - | L Y f
i B S B J—
o+ _la__ S W W j- -
0 é S 1IO 1 20 2|5 I I 3|O |3_5
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Area Height Area% Height% | Area/Height
1 3.601 186017 46339 3.805 6.991 4.014
2 3.710 342134 63207 6.999 9.536 5.413
3 3.916 235425 16816 4,816 2.537 14.000
4 4.229 2851879 408076 58.339 61.568 6.989
5 4914 176168 6603 3.604 0.996 26.680
5] 7.285 111485 4585 2.281 0.692 24.316
7 9.649 38920 2151 0.796 0.325 18.093
8 9.972 193591 16029 3.960 2.418 12.078
9 13.689 33331 3449 0.682 0.520 9.665
10 14.643 50346 4743 1.030 0.716 10.615
11 17.685 44070 2569 0.902 0.388 17.156
12 18.070 51537 7541 1.054 1.138 6.834
13 20974 30469 4733 0.623 0.714 6.437
14 22.224 46599 7541 0.953 1.138 6.179
15 22.364 28792 5028 0.589 0.759 5727
16 22626 318036 52833 6.506 7.971 6.020
17 31.728 38172 1075 0.781 0.162 35.510
18 33.041 111482 9485 2.281 1.431 11.753
Tota 4888465 662803 100.000 100.000
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'EQA%DZ_ZMH
Peak# Ret. Time

Area Height Area% Height% | Area/Height |
1 3.387 1883851 75424 1.398 1.651 24.977
2 3.606| 8344495 735672 6.192 16.103 11.343
3 3.920| 11442769 604498 8.491 13.232 18.929
- 4219| 23188341 633939 17.207 13.876 36.578
5 4.908| 41959383 474406 31.136 10.384 88.446
6 7.290| 14530931 363209 10.783 7.950 40.007
7 8.749| 4725624 145664 3.507 3.188 32.442
8 9.682| 2755554 147032 2.045 3.218 18.741
9 9.973| 6688431 361283 4.963 7.908 18.513
10| 12.074| 2086920 75029 1.549 1.642 27.815
11 14.641 1727607 84272 1.282 1.845 20.500
12] 15.283 1515270 78507 1.124 1.718 19.301
13| 17.374 1568648 81696 1.164 1.788 19.201
14| 17.678 1265190 86777 0.939 1.899 14.580
15| 18.069 1679845 88654 1.247 1.941 18.948
16| 20.030 1318241 81154 0.978 1.776 16.244
17| 20.367 1782711 98165 1.323 2.149 18.160
18| 20.735 1265726 76791 0.939 1.681 16.483
19| 22627 2079748 142571 1.543 3.121 14.587
20| 23.238 1472953 69140 1.093 1.513 21.304
21| 24.308 1479075 64711 1.098 1.416 22.857
Total 134761313 4568591 100.000 100.000
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Appendix 29. HPLC-UV trace of compound 21 using a long method.

==== Shimadzu LabSolutions Analysis Report ====

Sample Name Tepm-3-14

Sample ID “July 22

Data Filename cepm-3-14.lcd
Method Filename : Emile standard.lcm
Batch Filename

Vial #

211

Injection Volume  : 1000 uL
Date Acquired 1 22/07/2020 11:26:04 AM
Date Processed  : 11/12/2020 10:01:37 AM

Sample Type - Unknown

Acquired by : ShimadzuHPLC
Processed by : ShimadzuHPLC

<PDA Chromatograms
mAU
i r~ PDA Multi 1 254nm,4nm|
1000+ a
750
500
250
- w
; g
| < @ A —
—
0 5 10 15 20 25 a0 35 40

min
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mAU

PDA Multi 2 210nm,4nm|

500+ -
250 ‘
i @ o - [Ts]
- 8 g 3 &
0 T R - — =
T / 3
4 | m
] h‘mf’
250 —
Y o
—_— 77— T T T T T T T T T
0 5 10 15 20 25 30 35 40
min
Peak Table
PDYA Chl 254nm
Peak# Ret. Time Amea Height Area
1 4.065 160342 13408 1.050
2 06035 155978 13586 1.022
3 18.337 14952887 1064696 97.928
Total 15269207 1091690 100,000
PDA Ch2 210nm
Peak# | Ret Time Amea Height Area®
1 52490 7357245 429160 24178
2 8.691 13063313 426067 13.315
3 13.447 8072360 375879 T.134
4 16.863 16342117 355846 14.620
3 18.340] 35106989 544993 31.027
6 .07 11004007 141182 0.725
Tootal 113148121 2673132 100,000
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361.59 4DSI.4?
1

640.6268.50
1 1

728.21762.76
1 1
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Appendix 30. HPLC-UV trace of compound 21 using a short method

SHIMADZU

: LabSolutlons

<Sample Information=>

Analysis Report

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

:epm-3-21-fast
:July 29

- epm-3-21-fasti.lcd
: Emile standard.lcm

Vial # 1141 Sample Type - Unknown
Injection Volume  : 1000 uL ) )
Date Acquired 1 29/07/2020 2:48:22 PM Acquired by : ShimadzuHPLC
Date Processed :29/07/2020 3:10:26 PM Processed by : ShimadzuHPLC
<Chromatograms>
mAU
1000 © PDA Multi 1 254nm,4nm
] <
750-
500-
: uw r=
250+ a8 ‘
1 < 0 ‘
~ | -
7 g E g | §§ |
0_' o< -:ll II Loppprs I| \ ]
T | L D .
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0 .
min
mAU
] N~ PDA Multi 2 210nm,4nm
1 |
500 H
1 23 ‘
il ~Q
] b
]
250 I ‘
) 3 | o ‘ |
-1 o™
: g | 588 ml| z B @ 3
o I 1AW W S = TS s
] | N —
] | -
-250- ' L LR
0.0 25 5.0 75 10.0 125 15.0 175 200

min
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<Peak Table>

PDA Ch1 254nm
Peak#| Ret. Time Area Height Area® Height%s
1 3.914 142520 16195 1.457 1.521
2 4.057 183944 13538 1.881 1.271
3 4.375 192949 21746 1.973 2.042
4 4.895 98117 5683 1.003 0.534
5 5.067 72547 5531 0.742 0.519
6 5.411 204769 20057 2.094 1.883
7 5.810 49069 3384 0.502 0.318
8 6.265 74979 6754 0.767 0.634
9 8.576 8760764 972080 89.582 91.278
Total 9779658 1064968 100.000 100.000
PDA Ch2 210nm
Peak#| Ret. Time Area Height Area® Height%s
1 2.608 3125252 148760 3.165 3.187
2 4.163 5619796 343413 5.691 7.357
3 4.375 6591823 453959 6.675 9.726
4 4.738 3622140 298135 3.668 6.387
5 4.884 3433649 300060 3.477 6.428
6 5.409 6041570 329502 6.118 7.059
7 5.793 5467344 288256 5.536 6.176
8 6.272 8143578 297371 8.247 6.371
9 7.348 6301743 267521 6.381 5.731
10 7.597 3173646 261660 3.214 5.606
11 8.577| 29581065 906387 29.955 19.419
12 9.811 5815431 230513 5.889 4.939
13 10.795 4030976 211854 4.082 4.539
14 11.869 3368536 197792 3.411 4.238
15 15.604 4435335 132462 4.491 2.838
Total 98751884 4667646 100.000 100.000
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Appendix 31. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 21 with CsF at 150 °C using the long method.

==== Shimadzu LabSolutions Analysis Report ====

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename

T epm-3-144A

SJuly 22

T epm-13-4-Alcd

: Emile standard.lcm

Vial # S 1-1 Sample Type : Unknown
Injection Volume : 1000 uL
Date Acquired : 22/07/2020 4:51:33 PM Acquired by : ShimadzuHPLC
Date Processed : 11/12/2020 11:32:18 AM Processed by : ShimadzuHPLC
<PDA Chromatogram>
mAU
@ PDA Multi 1 254pm.4nm
30+ N 2
: o
25
20 §
] -+
1 L)
157 £
10+
5 m
1 ql.°
9 jn}‘\ukr .
N e
0 5

No SM (18.3
min)
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mAL

PDA Multi 2 210nm,4nm
3
®
\

BLLYE

EEE YT F

LE5E ] ——

h =
£eg'91 _m

ogral £

02E5l 3

Gt

Em.:N

<

ma_mm

ES0'E ¢

1828

%

cak's

EBe'g ——

min
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PDA Chl 254nm

Peak Tahle

Peak# | Ret Time Amea Height Areat

1 3037 43653 209 44
2 VRV T8290 6074 4.389
3 3.EES5 Be068 16216 4873
4 4.025 233130 20047 13.068
5 4219 323778 33831 18,150
f 5.178 59200 2750 3319
7 14.701 217179 17562 12.174
8 19.634 32955 3048 1.847
9 35,357 30913 2082 1.733
10 33,752 38863 2513 2178
11 36,107 Q3878 &181 3373
12 Je. 417 24518 2553 1.374
13 36778 35043 76 3136
14 37.158 103822 6932 5.032
15 37.372 27663 3873 1.551
16 37.632 46603 4222 2612
17 38.037 127351 8075 7.138
18 38.160 41417 4719 2.322
19 35414 74036 3874 4.150
20 38704 £l 2359 2230
Tortal 1783938 154684 100,000
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PDA Ch2 210nm

Peak# | Ret Time Ama Height Arealt

1 2.983 12062606 202280 B.318

2 5.162| 28841681 386671 19,880
3 1.060 T278741 362967 5.019
4 1.670 4474576 ASEET0 3.086
5 7.907 TERETTO 373356 3.440
& B.281 4638881 358386 3.199
7 0.053 3400419 353337 T30
8 0935 6319035 347817 4,358
b 11.631 5467854 337473 ENN
10 14.646 6129935 351795 4217
11 14.540 1367187 323813 5.080
12 15.320 7363304 312059 5.078
13 16.120 4933835 303383 3402
14 16833 832062 208TES 4.022
13 18772 4732403 286448 3.264
16 19.127 4660086 279950 3214
17 19,557 3239143 274534 3.613
18 24.333 4368642 233966 3013
19 M4T18 4636723 232657 3211
20 M. 168 7343212 127658 5.064
Total 145009483 6202406 100,000
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Appendix 32. HPLC-UV trace of the crude reaction mixture of the fluorination of

compound 21 with CsF at 90 °C using the long method.

==== Shimadzu LabSolutions Analysis Report ====

Sample Name

Sample ID

Data Filename
Method Filename
Batch Filename

Vial #

Injection Volume
Date Acquired
Date Processed

. epm-3-15conc
SJuly 23

. epm-3-15conc.lcd

: Emile standard.lcm

-1

- 1000 uL

1 23/07/2020 3:45:11 PM
1 23/07/2020 4:25:13 PM

Sample Type

Acquired by

Processed by

: ShimadzuHPLC
: ShimadzuHPLC

<PDA Chromatogram>
mAU
i g « o PDA Multi 1 254nm,4nmj
75 3 =
' 5
i L
T o 8
@ Qo @«
] 3 8 58 5
| I@j'_ %
Ig = o
| ol
- cRgl =y =
3 SR 3
25+ S . Nireivy
Eg ‘ q |ﬁ| ||||'|| =\ lllr‘hw'\r’i
| | N
_ | |" S | [n m ”ﬂ‘ J ~ |/
| |'| Ifl |II it LJ!I| ]Lllblhul lﬂ l | \/
: i (kS L
00—~ - =
| T T T T I T T T T I T T T T | T T T T I T T T T | T T T T
0 5 10 25 40
min

No SM (18.3
min)
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mAL

500+ o % PDA Multi 2 210nm,4nm
1 I
: wy
400
300 |
200 ‘ 2
i o | w
| & |'H | r\l .
1004 Wi HI WL
] VoL i mww“\m_,
] \ , | '“\_]lt,l L‘u'l\’lll‘\r\l . w >
o f )
] U 3
-100
] lu| \\/
-200] P
] T T T I_I_I__I T | T T T I T T T T | T T T T I T T T T I T T T T | T T T T
0 5 10 15 20 25 30 35 40
min
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Peak Table

PDA Chl 254nm
Peak# | Ret Time Ama Height Areal
1 4.045 073480 4702 0.789
2 3.207 136300 63082 7.5091
3 6.429 465562 19430 4.672
4 1.006 3172635 12949 3184
5 1.650 B30537 T4657 8.623
i 9416 BTT335 67131 & 806
1 9.729 421929 39502 4734
g 12171 307448 17923 3088
9 13.493 1042673 T1629 10.463
10 14.250 274016 15573 2750
11 14.629 250014 17460 2.608
12 15.284 328967 23143 3,301
13 15.732 258787 19635 2.597
14 15.882 249411 17350 2.503
15 16.510 452865 18560 4.545
16 17.132 239905 10038 2.407
17 18.095 150327 36965 1.620
18 19.532 302304 13805 3.037
19 20.087 327194 14167 3.283
20 24435 308494 20601 3,096
Total 0065092 618301 100.000
PDA Ch2 210nm
Peak# | Ret Time Ama Height Areat
1 3208 20139575 660713 239090
2 6433 128510635 36383 15.308
3 1.011 13390458 317180 15,950
4 1.650 14912337 754204 17.763
3 16.309 11453458 364207 13.643
6 34830 11204608 144204 13,347
Total 23051510 2605981 100,000
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Appendix 33. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 21 with CsF at 120 °C using the long method.

==== Shimadzu LabSolutions Analysis Report ====

Sample Name cepm-3-16

Sample ID “July 22

Data Filename - epm-3-16.lcd
Method Filename : Emile standard.lcm
Batch Filename

Vial # 111 Sample Type : Unknown
Injection Volume  : 1000 uL
Date Acquired : 22/07/2020 3:41:23 PM Acquired by : ShimadzuHPLC
Date Processed  :11/12/2020 12:15:26 PM Processed by : ShimadzuHPLC
<PDA Chromatogram:>
mAU
75 = - PDA MUl 1 254nm 4nm
_ a 3
7 e
i
= &
o &
=~ 8
- @
o
1—‘:'. Q
2 T2 0
{ @ 85483
A
LL_,'
| ‘ | U llf ’L%A_MJ'“UﬁU“u__J\_.JLJWM
Lf‘H v \,J-“’grd“hjmw
— T 77T 7F——T 77—
0 5 10 15 20 25 30 35 40
min

No SM (18.3
min)
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PDA Multi 2 210nm,4nm|

L9E'S

L5252

i r

2098l

BITHE—
018'ez =

LOL'61

GLO°LL

LN

251 T3

FBL'SE

0r'a

min
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PDA Chi 254nm

Peak Table

Peak# Ret. Time Amea Height Area

1 230 1290900 83688 18.056
2 3.883 128275 &6l 1.794
3 4.202 624453 33667 8.735
4 4418 180618 14925 1526
5 4.685 154442 11005 2160
6 3.162 135550 11199 1.896
7 3.432 272399 11534 A.810
g 3.960 661332 43434 8.250
9 1.840 125611 3604 1.757
10 0.788 127314 3683 1.781
11 12.691 320038 43556 7.400
12 13.663 OF 1884 T0421 10734
13 17.016 3B1261 32644 3333
14 18.603 257272 2Tald 3,599
15 19.104 232265 17733 3.249
16 23465 216406 17861 3.027
17 23814 165528 149491 2315
18 24.527 135113 2193 1.890
19 25256 436724 40813 6.109
20 25.501 113003 11663 1.581
Total 7149417 311073 100,000
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PDA Ch2 21(0nm

Peak# | Ret Time Amea Height Areat

1 2406  1528R403 603135 8274

2 5.440 7475335 322488 4.6
3 5.961 171780491 635746 8.297
4 1.192 TRT3408 313605 4.261
3 0,803 14078237 313330 B.106
6 10.721 1352034 3T 4.087
T 11.33] 6718239 312497 3636
B 12.049 6436091 337310 3453
9 12.689 B550814 366971 4.628
10 13.667 19004560 620303 10.286
11 15.191 7447884 282432 4.03]
12 16.152 6014037 277715 3.255
13 17.019 952173 316072 5224
14 18.603 8342007 440601 4.515
15 19.101 698T189 333305 3782
16 3810 6440024 209951 3486
17 24518 BHGHLES 253355 N
18 25.257 B4ETI07 473423 4,503
19 26.057 7313559 238237 3058
20 29.662 6160536 197142 3,334
Total 184760156 7346099 100,000
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Appendix 34. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 21 with KF/Kryptofix at 80 °C using the short method.

==== Shimadzu LabSolutions Analysis Report ====

Sample Name
Sample ID
Data Filename

Method Filename
Batch Filename

Vial #

Injection Volume

Date Acquired

Date Processed

: epm-3-22

“July 30

T epm-3-22.Icd

. Emile standard.lcm

S 1-1

11000 uL

1 30/07/2020 4:03:38 PM
:11/12/2020 12:35:00 PM

Sample Type

Acquired by
Processed by

- Unknown

: ShimadzuHPLC
: ShimadzuHPLC

<PDA Chromatogram>
mAL

40 = PDA Multi 1 254nm,4nm
] ﬁ%m i
- =+ [+e] -
‘ 2
i I / | 2=

30 MR X5
- lINg33

| | w

| | ‘ | |l & | o3 o
] L \g| e N
kR \ o3 Wy —

20- | W B &S
| g
i | Ty 4'3“':"&%9 = |
i | |I - ||

10_ nIA\I|| i |'| 4 f "\-IA"J
i L, Pl i /'\.1' ot
E ‘{\" T
] N L

T T T T I T ;Iul_-;__l_-l_ T T T T I T T T T | T T T T I T T T T | T T T T | T T T T | T T T
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0 .
min

No SM (8.6
min)
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PDA Multi 2 210nm,4nm|

min
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PDA Chi 254nm

Peak Table

Pe ak# Ret. Time Amea Height Area

1 4.166 BO2173 30849 8,580
2 4433 518735 40109 5.548
3 4961 1033468 45782 11.054
4 31135 358954 45297 3.979
3 5.403 537830 41341 5.753
6 5.586 326198 InE6R 5.628
7 3.813 325086 31424 3477
8 6.117 66260 3962 6.913
9 6339 600411 25978 6.422
10 6.830 3TT413 22163 4.037
11 1.061 469029 21385 5.7
12 1.683 482037 19338 5.156
13 8277 2435350 18213 2.605
14 B.6235 250766 18534 2.682
15 B.850 376560 18041 4028
16 0.245 380397 17911 4.069
17 9,585 328531 14945 3514
18 10.112 241955 15916 2588
19 11.006 343933 11257 1679
20 12.212 305839 18188 irn
Total 0349126 339490 100, 000
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PDA Ch2 21(0nm

Peaks Ret. Time Amea Height Area

1 4.169 743819 467550 1.191
2 4.440 5081806 381268 4.013
3 4732 5096683 348605 4.928
4 3.003 11360193 308493 10,983
3 5.383 3045372 3xm7 3814
& 5.600 TO03806 325153 1641
7 6.116 5844452 300972 3631
) 6,338 6912367 267962 6.683
9 6,741 3598771 247158 3479
10 1.636 4876137 233400 4714
11 8.317 4220102 220263 4.080
12 8.620 3646018 224750 3526
13 0.251 4335075 209609 4.191
14 9.821 4154104 201089 4.045
15 10.083 3892564 193658 3763
16 10.497 3402927 1858535 3.290
17 11.018 4746211 180446 4 5809
18 11.530 2848723 165981 2754
19 12.207 6oe6493 178104 6,735
20 17.153 3130449 82471 027
Total 103431350 5263808 100000
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Appendix 35. HPLC-UV trace of the crude reaction mixture of the fluorination of

compound 21 with

==== Shimadzu LabSolutions Analysis Report

Sample Name
Sample ID
Data Filename

Method Filename :

Batch Filename
Vial #

Injection Volume
Date Acquired
Date Processed

T 1-1

- 1000 uL

1 30/07/2020 4:33:45 PM
1 11/12/2020 12:39:05 PM

KF/Kryptofix at 100 °C using the short method.

: Unknown

: ShimadzuHPLC
: ShimadzuHPLC

Sample Type

Acquired by
Processed by

<PDA Chromatogram>
mAU
] = PDA Multi 1 254nm,4nm
i 3
40+
7 @
1 88
1 =+ T
30+ |0
- =+ |
] 2
] i II + &
u | !
20, hh || g2 -
il | a8
1 (i | =
- 3 yes mS
o] | |If REEL: g I
4 | L| |§ L o™ n “.mﬂ"
L = Smr
U—- —— ™\ ."J
i |
| W
)
T T T T T T T T I T T T T | T T T T I T T T T T T T
0.0 25 5.0
min

No SM (20.08
min)
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mAL

PDA Multi 2 210nm,4nmi

EHS
SSr'Y

ESE'S) —

min
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PDA Chi 254nm

Peak Table

Pe ak# Ret. Time Amea Height Area

1 4.151 378214 26208 20,399
2 4451 526403 51360 18.572
3 4 B0R 172893 12935 6. 100
4 4.989 133326 13936 4.704
5 3.106 169723 14689 5.088
6 3414 215065 14950 7.587
7 5.684 60703 8263 2142
8 3798 Daa30 7575 3,400
9 6.074 36070 6633 2.010
10 6.239 144198 753 5.087
11 6.67 1 63230 3040 2301
12 6.922 630135 4603 2326
13 7.093 45276 4282 1.597
14 1.337 12676 3833 2.564
15 8.314 00711 34930 3.200
16 8.620 124923 TEO2 4.407
17 0.298 67386 4137 2384
18 12.264 (a7 3 3418 233
19 21.559 40474 3195 1.428
20 21.823 41468 2633 1463
Total 28344635 2111 100,000
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PDA Ch2 210nm

Peak# | Ret Time Ama Height Area%

1 2.608 4315485 166004 3201

2 4.159 5545415 360041 f. 684
3 4 455 6745013 330810 8.130
4 4,735 3319375 239668 4.001
5 3013 BSRITIO 460552 10.345
6 3407 5203651 240008 f. 3810
7 5797 3156345 210377 3.805
8 6.223 3203712 203958 3861
9 6.697 3356114 198639 4.045
10 7.433 3911003 185286 4714
11 1.663 31648095 184551 3.815
12 8.329 3034063 175684 36357
13 &.630 4091881 1859372 4,932
14 0.107 3540405 169366 4.278
15 9.317 I62ME5 170340 4.3a7
16 9.850 468873 165020 5.651
17 11.055 2ET1382 151401 3dal
18 12.256 4370030 145398 3.267
19 13.985 2033448 121768 3.536
20 15.353 3211500 113128 ER.TD
Total B206THT4 4300470 100, W00
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Appendix 36. HPLC-UV trace of the crude reaction mixture of the fluorination of
compound 21 with KF/Kryptofix at 120 °C using the short method.

SHMADEL

LabSolutlons

=Sample Infoermation=

cepm-3-24

s July 30
epm-3-24 cd

5 Emile standard.lcm

Sample Name
Sample ID

Drata Filaname
Method Filename
Batch Filename

Analysis Report

Vial # Vol : D1|)C ] Sample Type : Unknown
mjection Voluma 1 u
[Crate Acquirad D 3VOT2020 5:03:18 PM Acquired by : ShimadzuHPLC
Date Processad 117122020 12:48:11 PM Processed by : ShimadzuHPLC
<=Chromatogram:
maALl
E,_E PO K 1 254mm,4nm)
i --fS!l.ﬂ
3 a7 |
1 o . | II
b |
] |/
204 | ®
i || o oo
g
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min
maL
] PDA Musiti 2 21 0mm,4nm)
2001
1007 o8 g \
] =LA |
] “, e e L
D_-_
-10H 1k
200
| s T L T T T 7 T 7 T
0.0 25 5.0 125 15.0 17.5 200

No SM (20.08
min)

min
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<Peak Table>
PDA Ch1 254nm

Peak#| Ret. Time Area Height Area%

1 3.896 126700 17969 4.159
2 4.148 453075 27249 14.873
3 4.405 413198 38581 13.564
4 4.609 105832 14444 3.474
5 4.749 124593 15439 4.090
6 4.921 154068 18450 5.058
7 5.058 214243 20598 7.033
8 5.352 305987 18136 10.045
9 5.750 146870 9965 4.821
10 6.093 248205 16630 8.148
11 6.368 68600 6409 2.252
12 6.853 74615 4999 2.449
13 7.333 67795 3963 2.226
14 7.699 96040 3820 3.153
15 8.279 63069 4070 2.070
16 8.629 69777 4922 2.291
17 9.273 65399 3958 2.147
18 10.252 75824 3887 2.489
19 12.256 67760 6395 2.224
20 15.961 104628 5083 3.435
Total 3046278 244966 100.000
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PDA Ch2 210nm

Peak# Ret. Time Area Height Area%

1 2.647 2896468 169478 3.454
2 4.168 4875869 316864 5.814
3 4.407 5506529 442304 6.566
4 4.976 8162752 451123 9.733
5 5.345 5682263 253771 6.776
6 5.745 3422242 222102 4.081
7 6.092 6829904 244324 8.144
8 6.633 4163893 200082 4.965
9 7.327 4096077 189244 4.884
10 8.042 2767607 180355 3.300
11 8.267 3637788 179340 4.338
12 8.632 3174591 182583 3.785
13 9.087 2735753 172275 3.262
14 9.291 3396233 176923 4.050
15 9.808 5400960 167597 6.440
16 10.558 2870092 157137 3.422
17 11.050 4363365 154412 5.203
18 11.643 2858926 143930 3.409
19 12.255 4229176 150943 5.043
20 13.942 2792570 123829 3.330
Total 83863057 4278614 100.000
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Appendix 37. Compound 21 after 20 minutes in tBuOH at 120 degrees (top), Compound 21
standard (bottom)

==== Shimadzu LabSolutions Data Comparison ====

uv

1 Diatad
1250000+

1000000+
TH0000H
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Appendix 38. Compound 21 after 60 minutes in DMSO at 120 degrees (top), Compound 21
standard (bottom)

==== Shimadzu LabSolutions Data Comparison ====

uv

Catat
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Appendix 39. Fluorine NMR of experiment with TsCl and TBAF attempted fluorination of
alcohol 25.

-128.69

—66.18

|

T r-rrrrrrrr T
50 0 -50 -100 -150 -200 -250 ppm

200



Appendix 40. HPLC-UV trace of the crude reaction mixture for the difluorination of
aldehyde 27 with 1 equivalent of TMAF.

Analysis Report

<Sample Information>

Sample Name :epm-4-42

Sample ID - April 21

Data Filename - epm-4-42-shorti.lcd
Method Filename : Emile standard.lcm
Batch Filename :

Vial # 11 Sample Type - Unknown
Injection Volume : 1000 uL . .
Date Acquired . 21/04/2021 3:34:40 PM Acquired by : ShimadzuHPLC
Date Processed  : 21/04/2021 3:56:42 PM Processed by : ShimadzuHPLC
<Chromatograms>
mAL
] @ PDAMulti 1 254nm.4n
1000+ i
4 | a
1 |' ' Compound 27 (SM)
1 |
750+ | 8
1 ‘ I| =
. | ' Product (compound 28)
500+ | |
] I ‘
] | ‘
1 |
250 |I '| ‘ - 32 ©
] .
o AL UL U | W A | PNy
e P
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11
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PDA Multi 2 210nm,4nm

min
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Appendix 41. HPLC-UV trace of the crude reaction mixture for the difluorination of
aldehyde 27 with 0.5 equivalent of TMAF.

Analysis Report

<Sample Information>

Sample Name :epm-4-43
Sample ID - April 21
Data Filename . epm-4-43-short.lcd

Method Filename : Emile standard.lcm
Batch Filename :

Vial # 1-1 Sample Type - Unknown
Injection Volume 1000 uL
Date Acquired 1 21/04/2021 3:04:31 PM Acquired by : ShimadzuHPLC
Date Processed :21/04/2021 3:26:33 PM Processed by : ShimadzuHPLC
<Chromatograms
mAU
] 2 PDA Multi 1 254nm,4nm
] ™
8 | v
1000 | '

| Compound 27 (SM)
] |
750+

i |
: o |
2507 gel | NN B & <
] < & B & e® @ &
i o & \ | s il ™ ] w
; ol N - - :
7 T T T T | T T T T I T T T T | T T T T | T T T T | T T T T | T T T T | T T T T I T T T
0.0 2.5 5.0 . I . 15.0 17.5 20.0

Product (compound 28)

203



mAU

PDA Multi 2 210nm,4nm
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S

min
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Appendix 42. HPLC-UV trace of the crude reaction mixture for the difluorination of
aldehyde 27 after one hour at room temperature in ether.

Analysis Report

<Sample Information>

Sample Name . epm-4-44

Sample ID : April 20

Data Filename : epm-4-44-60min.lcd
Method Filename : Emile standard.lcm
Batch Filename

Vial # t1-1 Sample Type : Unknown
Injection Volume  : 1000 uL
Date Acquired : 20/04/2021 12:22:33 PM Acquired by : ShimadzuHPLGC
Date Processed :20/04/2021 12:44:36 PM Processed by : ShimadzuHPLC
<Chromatogram>
mAU
. o g =m PDA Multi 1 254nm.4nm
1000 ,-“‘E @a@ ﬁ§ '
1 I Aldehyde JBeEEs
. L 27 g8gs| |||
] | das |
?50__ [ - " | . | |
= | | ‘:_r tg | | || — =
] l s Bl 88
] . SO F UL ée
T " - -
5004 o f I ||§$| | eolle
- L N S8l 281 /8%
8 NI w—Tl [| &= | /38
. | lI - %||| |g§|" [ '—£||"1_“r-
] | ' = BN
2504 | | o | ail 1 %|$223 Gl oo
. 0 | pr YIS AE (| <1 | 8] 825 22 b5
i 5% I' - / Vol "'||I| l "'Eg T ~oo o o
' R b i ilaiy
o] N 111 IO =
T T T T T | T T T T | T T T T | T T T T | T T T T I T T T T I T T T T | T T T T | T T T
0.0 25 5.0 7.5 10.0 125 15.0 17.5 20.0

Product (compound 28)
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Appendix 43. HPLC-UV trace from mixture of pure aldehyde precursor 27 and
difluorinated product.

Analysis Report

<Sample Information>

Sample Name : epm-difluorination
Sample ID *April 13
Data Filename  :epm-difluor-testi.lcd
Method Filename : Mojmir method for nonpolar compounds.lcm
Batch Filename
Vial # 111 Sample Type : Unknown
Injection Volume 1000 uL ) _
Date Acquired :13/04/2021 12:12:34 PM Acquired by : ShimadzuHPLC
Date Processed :13/04/2021 12:34:37 PM Processed by : ShimadzuHPLC
<Chromatogram>
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Compound characterization (NMR)
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[a24

mn.v/

6Ly~
Aw.v\“
€8

80°S \

wuL—

CH,

HSC+ CH,

Hy,C— ‘SI* CH,

OH

A
Z

NH,

Ha

Compound 17

Water

=5ET
/80°C
74l
6T

f1 (ppm)

247



86°LT —
9T’6T —

ST —

69°8E
L6'8E
YT6E

75°6E
08°6E
80°0t
SE0F

0£°95 ~
6595~

LS79TT —

8v'SET —

0p'0pT —
ETEPT —

¥6'1ST —

CHy

CHy

H;C

HyC— Si— CHj

OH

NH,

Compound 17

T
100

T
110

T
120

T
130

T
140

T
150

f1 (ppm)

248



600 —

62T
6v°C /
0S'C W.

18T
59T \

- LMLJL

€€

LS'Y
mm.vw.

06y —

9€'8 —

Water

OH

CHy
CHy
Cl
H;C
Compound 18

JF

HyC— Si— CH,

H;C
H,C

=00°€
68'S

*00C
=9T'C

Fert

249

f1 (ppm)




S6°LT ~ —
bS6T |

bLST— =

99°€b —

8E95 ~ .
1845 p—

EPPCT — -

79'SET — —

9L TPT — —_
LE'SPT — -

LSPST — -

CH,
H;C
Compound 18

\
o

CH,
c
HyC— Si— CH,

H3
HO
HyC

T
120

T
140

T
160

T
180

f1 (ppm)

250



20z~
07—
62T~
e’

[4: R

v0'S —
9T’ —

9L —

Compound 20

M\Qm.w
=06'C
18'C
6C

=8'S

=0T
=00'C

f1 (ppm)

251



09°6T
69°0C /
6£°0C
80°TC \

bEEr —

LS —
0909 —

bL9IL

85LL

¥8'8TT —

95'8ET ~
8L'6ET

LT°0ST —

YT69T \

8v°0LT ~=
S8°0LT '

Hy
HiC
H

Compound 20

T
140

T
160

T
180

T
200

f1 (ppm)

252



60°C
[A%4 W
STC

LS V

LS
€€'S s

9L —

08—

Compound 21

silicon grease

Grease

J

LT
9°C
u/mw.N

T6°T
TC
u/nw.ﬁ

/60

f1 (ppm)

253



-72.77

Compound 21

T T T T
-20 -40 -60 -80 -100 -120 -140 -160
f1 (ppm)

254



PIT—

§§°0C
€L°0C W.

+8°0C

86T —

L0748 —
€£°09~_
€09 —

S6'9L

Silicon grease

l

Silicon
grease

LELL

8€'STT ~
05°£1T —
29°6TT —
[Zarind

Loeer "
L6LET ~
65 THT ~_

87°0ST
TE0ST v

:.onﬁ/

8€°0LT
LS°0LT N.

Compound 21

T
140

T
160

T
180

T
200

f1 (ppm)

255



ST —

9E€T —

S —

€6’y —

9L —

6LL—

acetone

OH

Compound 22

<]

=619

=o€

=0T
=€0'C

f1 (ppm)

256



9€'8T — -

68'vC —

0485 ~ —

62°09

89, L

9T'LL
8b'LL /

5666 —

ST'9ZT —
65°62T —

S9'8ET —

OH

TTIT ~
w8LYT —

X
=
Compound 22

T
140

T
160

T
180

T
200

f1 (ppm)

257



S§'T—

T —

18t —
or'b
A

98y —

(89
om.wV
€TL
WNNW
9L

S6°L—

A

H,C
Hy

Compound 23

=8'C

=96'C

6T
dmé
=96'T

0T
=61

f1 (ppm)

258



€9°8T —

68'vC —

0b'SS —
98'85 —

LT°L9 —

L6'TL
YL N
aTLL
8S°LL—

9866 —

€0PTT —

£6°92T ~
65921~
et~

¥8'6ET —

T —~
vT8PT —

€5°6ST —

CH,

Compound 23

T
140

T
160

T
180

T
200

f1 (ppm)

259



bS'T—

18—
Wy~
wv.v\

69—
8%~

L8°9
cm.wv
069
MNK“

9L

08—

Acetong

H,C

CH,

Compound 25

A

ESGTE

6T
m@mg
26T
Rge'

Feoz

0Te

f1 (ppm)

260



£8'vC —

'S —
1885 ~_
1265

2029 —
61°eL /

YL9L
9T'LL V

8S'LL—

TE00T —

80°vTT —
68°9CT
66°LCT /
95°6CT
wect W
€L°6CT
06'8ET —

06 vbT —
89°LbT —

09°65T —

H,C

CH,

Compound 25

T
140

T
160

T
180

T
200

f1 (ppm)

261



L8°T—

08'€ —
Ty~
Sy~
89y~
o8y~

889
689

€L
STL
STL
9L

908 —

S|

o

Cl

Compound 26

=S99

—oge
7T
%4

N

)3.

=97'C
=9T°C

00T

f1 (ppm)

262



6LvT —

LTy —
Tr'SS —
885 —

7699 —
LETUL

S6°9L
9T LL W
LELL

09°00T —

LOPTT —

90°8CT
vr'6CT /

L5°6TT W.
vL6TT

YT 0PT —
L6PHT~_
SS°OpT ~

09°6ST —

Hy

o e

Cl

Compound 26

T
140

T
160

T
180

T
200

f1 (ppm)

263



9T —

e —
Ly~
6v'y

6 —

689
269 V
YL
9L W

LTL

L8 —

°e0T —

CHy

Compound 27

A

\

B

ARQ.N
T1°¢
=0Tt

=0Tt
oy

f1 (ppm)

264



w6ve—

bp'SS —
€885 —

899 —
8LTL_
b9l
9T LL

85/

TTT10T —
LTPTIT —

9T6CT
Sy'62T 7
18'6CT W
08°E€ET

99'6ET ~
PP IPT

STIST —

9L°65T —

6£°68T —

CHy

Compound 27

T
140

T
160

T
180

T
200

f1 (ppm)

265



51—

e —

Sty
wi’
68y —

SL'9
v8'9
68'9
689
06'9
06'9
€69~

YL
9TL
9TL
9TL

sTg—

CH,

Compound 28

SL9—

¥8'9 —
689

68'9 V
06'9 W

06'9
£6'9 7

A

TTe

e
154
—or'c

gaal)
Jeso
uﬂz
z0
2z

—00'T

1 (ppm)

266



8ve—

Sb'SS —
5885 —

0899 —
€5°TL N
S6'9L
oL

267

LELL

06°00T —

0b'60T ~_
86'0TT ~
98°CIT —2
PTPIT 4

sg'zT
oEse
08'621 \
09°T€T

sEoT

v orT

LT —

0£'65T —

100
f1 (ppm)

120

140

CH,

160

Compound 28
180

200




-119.51
-119.70

(T
F = C\>
cry
F Compound 28
T T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160
1 (ppm)

268



