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Abstract

In recent years, the advances in cancer therapy and diagnostics have led researchers to explore
the role tumour microenvironment plays in the development of various cancers. This has led to
the discovery of fibroblast activation protein alpha (FAP), a membrane-bound glycoprotein, as
a novel target for cancer therapy and diagnostics. It is reported that a higher expression of FAP
in the tumour microenvironment correlates with poor prognosis for some cancer patients. FAP
is also found to be upregulated in various cancers but is only present in minimal amounts in
normal adult tissue. This allows for selective targeting with a new class of small molecule

compounds, commonly called FAPIs.

FAPIs can in many cases be utilized for radioisotopic labelling and thus for diagnostic use
through positron emission tomography (PET). Fluorine-18 is a radioisotope with many
desirable attributes and is relatively unexplored with regards to FAPIs. Several radiotracers
with other radioisotopes have been synthesized for such use, but it remains to get the first one
approved by the authorities and available for regular use in clinics. However, there has been
extensive research to study the structure-activity relationship and increase the imaging
properties of radiolabelled FAPIs, and this has led to the discovery of promising compounds

with nanomolar potency and high selectivity.

In this thesis, a novel precursor 1 was synthesized based on the existing knowledge of FAPIs
and labelled with fluorine-18. Despite this, further studies must still be conducted to elucidate
the pharmacological effects of this compound. There is also a need to synthesize analogues of

the novel precursor and study the properties of these.

Vi
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1 Introduction

1.1 Cancer and Fibroblast Activation Protein

1.1.1 Cancer

In broad terms, cancer can be defined as a group of diseases characterized by unregulated cell
growth. One must distinguish between benign and malignant tumours, primarily because the
latter is able to invade surrounding tissue, and travel with the blood or lymph system to other
organs and thus metastasize. This feature is not observed in benign tumours, which are localized
and not metastatic [1]. However, benign tumours can indeed become malignant, and therefore
cancerous through tumour progression [2,3]. There is a broad consensus that cancer is a genetic
disease, with alterations in oncogenes, tumour-suppressor genes and stability genes being
responsible for carcinogenesis [4].

In their highly influential review article published in 2000, the cancer biologists Hanahan and
Weinberg listed six hallmarks of cancer they believed were fundamental in the characterization
of cancer and tumour progression. These six hallmarks included evasion of apoptosis, self-
sufficiency in growth signals, insensitivity to anti-growth signals, tissue invasion and
metastasis, limitless replicative potential, and sustained angiogenesis [5]. In a 2011 update, the
list was extended to include four additional hallmarks: reprogramming of energy metabolism,
genome instability and mutation, evading immune destruction, and tumour-promoting

inflammation [6].

Cancer is one of the most important health problems in the world today. In 2020 alone, over 19
million new cases of various cancers were documented, and nearly 10 million deaths in the
world were attributed to cancer in the same year (Fig. 1) [7]. In Norway, there were 34979 new
cancer cases in 2019 [8]. As of 2021, the overall cancer incidence and cancer-associated deaths
are increasing [9]. These numbers only highlight the ever-increasing demand for high-quality
treatment and the early diagnosis of cancers.



Number of new cases in 2020, both sexes, all ages Number of deaths in 2020, both sexes, all ages

Breast
2261419 (11.7%)

Lung
1796 144 (18%)

Lung Other cancers

2206 771 (11.4%) 3557 464 (35.7%)
Other cancers
8275743 (42.9%) Colorectum

1931590 (10%) 935173 (9.4%)

Prostate Prostate Liver

1414 259 (7.3%) 375304 (3.8%) ) 830 180 (8.3%)
Oesophagus Stomach Pancreas Stomach
604 100 (3.1%) 1089 103 (5.6%) 466 003 (4.7%) 768 793 (7.7%)

Cervix uteri Liver Oesophagus Breast
604 127 (3.1%) 905 677 (4.7%) 544 076 (5.5%) 684 996 (6.9%)

Colorectum

Total: 19 292 789 cases Total: 9 958 133 deaths

Figure 1. An overview of deaths and new cancer cases in 2020. The illustration also differentiates between
the various types of cancers. The image is from the International Agency for Research on Cancer [7].

1.1.2 A shift towards personalized therapy

The diseases commonly referred to as cancer have captivated humans since ancient times. Ever
since the first instances of cancerous growths in humans were discovered in approximately
3500-year-old Egyptian and Peruvian mummies, cancer has been an ever-present part of both
human life and modern medicine [10]. The Hippocratic corpus from the Classical period of
ancient Greece dealt with pathogenesis and treatment of various cancers. Some examples
include the use of an intravaginal clyster containing the inner part of a cucumber mixed with
honeycomb in water to prevent cancer, or simple advice to drink the juice of a squirting

cucumber to combat cancer after a digestive disorder [11].

The knowledge of cancer management increased with time, and Goodman et al. eventually
became among the first to demonstrate the efficacy of an anticancer therapy in humans during
a study published in 1946. In this study, 67 patients were treated with the first chemotherapeutic
agents, more precisely halogenated alkyl amine chlorides derived from mustard gas for
Hodgkin disease, lymphosarcoma (previously used to describe a malignant tumour of lymphatic
tissue), leukaemia and other related diseases [10,12]. The exact reason why some patients
responded positively to the treatment was not known at the time, but it was later revealed that
these compounds, today known as alkylating agents, formed covalent bonds with DNA that
resulted in apoptosis of cancer cells. This led to a paradigm shift in cancer treatment, because
the increased understanding coupled with the development of alkylating agents in the following

decades built on the initial discoveries made by Goodman and his peers [13]. However, one of



the main drawbacks of these agents was that they also targeted healthy cells in addition to the
cancer cells. This led to adverse events and fueled the interest of those who wanted new drugs
that could target cancer cells with more selectivity. This led to the development of new drugs
such as Tamofixen during the late 1970s, a selective estrogen receptor modulator (SERM) that
blocked estrogen action necessary for hormone-dependent cancers, by binding to the estrogen

receptor [14].

Further scientific advances and the Human Genome Project accelerated the shift towards
tailored, personalized therapy. It was discovered that several mutations were associated with
the different types of cancer, and varied a great deal between the individual patients [14]. This
new understanding meant that researchers had to change their approach once again, the
historical one-size-fits-all treatments could no longer be the norm. As a result, cancer therapy
today, evolves very much around a selection of very specific molecules that play a key role in

carcinogenesis.

1.1.3 The tumour microenvironment

The ever-growing understanding of cancers has led researchers to shift their attention towards
malignant cells and the stroma. The stroma consists of non-malignant cells such as vascular
cells, inflammatory cells, and fibroblasts, and makes up most of the tumour microenvironment
(TME). Although is it well established that the tumour microenvironment is critical for tumour
survival and factors such as growth signals and nutritional support, it has only recently been a
growing acceptance among researchers that the tumour and its microenvironment collaborate
to form an intricate network critical for the progression into aggressive cancers [15,16]. It is
reported that the stroma can make up more than 90 % of the total tumour mass in some cancers,

including breast cancer, pancreatic cancer, and colorectal cancer [17].

As previously mentioned, the stroma and the components associated with it are critical for the
overall tumour survival, but also other related processes, ranging from proliferation and
angiogenesis, to migration and invasion. The tumour microenvironment is subjected to
structural changes, but may also recruit stromal cells such as fibroblasts, produce a modified
extracellular matrix (ECM), or even induce secretion of various growth factors. Adjacent

growth factors and cytokines play a big role in mediating the abovementioned processes, which



in turn leads to poor prognosis for patients with some cancers. These growth factors are secreted
by cancer cells and activated fibroblasts but can also be derived from the extracellular matrix
(ECM) through protease activity [16].

Cancer-associated fibroblasts (CAFs), also known as myofibroblasts, are complex cells of
heterogenous origin, that are present in the stroma and viewed as a subpopulation of fibroblasts
[18,19]. They do not appear in normal healthy tissue but are present in big numbers during
natural wound repair, in tumours and in diseases involving remodeling of the extracellular
matrix, e.g., lung fibrosis, chronic inflammation and myocardial infarction [20]. When these
stromal cells are activated, they stimulate angiogenesis, induce the epithelial-mesenchymal
transition (EMT) and modify the extracellular matrix, which all in turn promote tumor growth
and metastasis [21]. Another key feature of cancer-associated fibroblasts is its expression of

fibroblast activation protein o, more commonly known as FAP [16].

1.1.4 Fibroblast activation protein alpha

Fibroblast activation protein o is a proline-selective, type || membrane-bound glycoprotein with
both dipeptidyl peptidase and endopeptidase activity, that belongs to the dipeptidyl peptidase
(DPP) family. For this enzymatic activity to be possible, a catalytic triad and homodimerization
of the enzyme is required [15]. To date, known natural substrates of FAP include as-antitrypsin,
type | collagen and various neuropeptides [22]. FAP consists of 760 amino acids in total, with
734 amino acids in the extracellular domain, 20 amino acids in the transmembrane domain and

6 amino acids in the cytoplasmic tail [23].

FAP is expressed mainly by cancer-associated fibroblasts and pericytes [24]. Just like cancer-
associated fibroblasts, FAP also plays an important role in the biology of cancers. FAP
promotes ECM-remodeling through serine protease activity on type | collagen, and tumor
growth through promoting angiogenesis [24,25]. More specifically, the observed density of
microvessels was found to correlate with the amount of FAP present in human breast carcinoma
cells [26]. Neuropeptide Y (NPY), which serves as a natural substrate for FAP, is also cleaved
into a substance that has proangiogenic characteristics through its endopeptidase activity [27].
Consequently, all the above-mentioned factors help drive metastasis. Another key similarity

with CAFs is its limited presence in healthy adult tissue, and upregulation in various conditions



and diseases, including rheumatoid arthritis, wound healing, fibrosis, and cancers. For example,
FAP is upregulated in most carcinomas, which are cancers originating from epithelial cells.
FAP is also present in tumour cells from lung cancer, breast cancer and pancreatic cancer, where
it plays an important part during tumour development and progression [23, 28]. The negative
attributes of FAP in some cancers were also discussed by Liu et al. in their 2014 meta-analysis,

which concluded that an overexpression of FAP resulted in poor overall survival [29].

It must however be noted that the role of FAP as a tumour promoter has been disputed. Although
there is much evidence that FAP is involved in processes such as cancer cell proliferation,
migration, invasion, and degradation of the ECM, it has also been reported that FAP has a role
in inhibition of carcinogenesis [15,30]. Another study even revealed that FAP expression in the
stroma could be associated with longer overall survival in patients with breast cancer [31].
Despite these findings, there is still substantial evidence that FAP has a vital role in various

cancers, and this makes it a promising and selective target for cancer therapy.

1.1.5 FAP targeting

As of February 2021, only one FAP-inhibitor has been tested in clinical trials (Fig.2). This
agent, Val-boroPro (Talabostat), was administered to a group of patients with metastatic
colorectal cancer, and although it demonstrated minimal clinical activity, it managed to inhibit
approximately 20 % of the enzymatic activity of FAP in vivo. It was also well-tolerated in
patients [32]. This boronic-acid based inhibitor developed by Point Therapeutics represents

only one of many small molecules developed to inhibit the peptidase activity of FAP.
o HO\B/OH
MN A
NH,
Figure 2. The molecular structure of Val-boroPro (Talabostat)

Another approach to target FAP is through the recent development of some monoclonal
antibodies (mAbs), however this has yielded mixed results, and further studies are required to
assess the role of these drugs [24]. One example here is the FAP-targeting monoclonal antibody
sibrotuzumab, which was labelled with iodine-131 and administered to patients with FAP-

positive cancers. The phase | study demonstrated a selective tumour uptake but did not address



the efficacy of the drug [33]. In a later trial, Hofheinz et al. were not able to detect any partial
or complete tumour response [34]. A third approach is prodrug-based, and exploits the
peptidase activity of FAP, by coupling a cytotoxic agent with a peptide containing a domain
readily cleaved by FAP. When the prodrug interacts with the glycoprotein, it is cleaved, and
the potent toxin can exert its activity on both surrounding cells and the FAP-expressing cell
after crossing the cell membrane [15]. Immune-based therapies are also on the rise, but these

are beyond the scope of this thesis.

One defining limitation with regards to the monoclonal antibodies, including *!I-labelled
sibrotuzumab, was their relatively slow clearance [20]. This limitation made it difficult to use
these compounds for imaging, because the background signals made it challenging to both
interpret and relate these signals to specific lesions or even tumours. The development of small,
radiolabelled molecules helped pave the way for quinoline-based FAP-inhibitors (FAPIs) for
use as theranostics — meaning for both diagnostic and therapeutic use. Coupling these molecules
with chelators resulted in selective uptake and accumulation, and therefore also high-contrast

images that could be used to produce excellent PET images for diagnostic use [15].

1.1.6 Structure-activity relationship of FAPIs

There is a serious need for compounds that can have a selective uptake in the tumour and
exercise a satisfactory tracer retention at the site of action. This requires a fine-tuning of the
molecular structures of the various FAPIs and is undoubtedly key to unlock the potential of
these compounds for tumour diagnostics. The importance of tweaking the molecular structure
was confirmed by Lindner et al., who demonstrated that replacing hydrogen atoms in the
cyanopyrrolidine moiety with fluorine atoms resulted in an increased tumour uptake which was
100 % higher for FAP1-04 compared with FAPI-02 (Fig. 3) after 24 hours [35]. This underlines
the sensitivity of these molecules for structural changes. The new compound showed promising
results in two patients. They also emphasized that future drug discovery must focus on the
synthesis of compounds that will incorporate radioisotopes other than %Ga and °°Y for
radiolabelling [35].
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N FAPI-02
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~TN ECso 6.5 1M

Figure 3. The molecular structures of FAPI-02 and FAPI-04

ATOD.

One distinct challenge when it comes to the development of FAPIs is the enzyme prolyl
oligopeptidase (PREP). There is an overlap between FAP and PREP, which includes the
characteristic endopeptidase activity that FAP possesses. This certainly makes the development
of FAP-selective inhibitors more problematic, since both are known to be overexpressed by

cells present in the tumour microenvironment of many cancers [36].

The development of UAMC110 (Fig. 4) by Decker et al. proved to be a major breakthrough,
and it was argued that this could pave the way for other selective FAPIs for tumour imaging.
This was followed by the development of several FAP-selective compounds by Haberkorn et
al. in 2018, with all compounds building on the initial discoveries made by Decker and
colleagues [37].

0o CN
H
@) N
\)J\N
X
F
_ F
N
UAMC110

Figure 4. The molecular structure of UAMC110

Several studies have been conducted to assess the structure-activity relationship (SAR) of FAP
inhibitors. Taking into consideration the recent advancements with regards to different FAPIs,
it has been proposed that selected chemical structures play an especially important part in the

biological activity of these compounds.

Jansen et al. studied how different chemical modifications on the 2-cyanopyrrolidine moiety
and the aromatic quinoline ring system affected FAP potency. For the latter, substituents

generally lowered the FAP potency, most likely due to steric hinderance and/or unfavorable



distribution of electron density. Substituents in the 5-position of the quinoline ring also resulted
in lowered FAP potency. This phenomenon was observed when varying the position of the sp?-
hybridized nitrogen atom in the quinoline ring as well. At last, it was concluded that the
molecule N-(4-quinolinoyl)-glycyl-(2-cyanopyrrolidine) was the most promising with regards
to the development of selective FAPIs (Fig. 5). It was characterized by FAP affinity in the
nanomolar-region, and favorable FAP/PREP selectivity [38].
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N-(4-quinolinoyl)-glycyl-(2-cyanopyrrolidine)

Figure 5. The molecular structure of N-(4-quinolinoyl)-glycyl-(2-cyanopyrrolidine)

In an article published by the same research group the following year, further investigations
were made into the structure-activity relationship for this class of compounds. They studied the
heterocyclic ring system, but also the glycine and cyanopyrrolidine moieties. The carbonitrile
warhead-function was of particular interest, and it was explored how different electrophilic
warhead types (e.g., chloromethyl ketone, boronic acid) affected the inhibitory potency. The
following key findings were made by the group after developing 60 new inhibitors [36]:

¢ Replacing the glycine residue resulted in a significant reduction of FAP affinity. This
was also observed when glycine was replaced by chemically similar amino acids, such
as 1-amino-1-carboxycyclopropane and 2-aminopropanoic acid.

e Altering the amide bond adjacent to the quinoline ring resulted in a near complete loss
of FAP potency. It is believed that this part of the molecule exhibits an interaction with
FAP that is not present in PREP, because the same effect was not seen on PREP potency.

e Changing from a monofluorinated to a difluorinated pyrrolidine ring greatly increased
the FAP potency. Both S and L-enantiomers of the monofluorinated product were

studied but were not as ideal as the difluorinated molecule.



With regards to the carbonitrile warhead, neither a boronic acid-based warhead or
chloromethyl ketone showed combination of both satisfactory potency and FAP/PREP
selectivity. The latter did not bind irreversibly to the target enzyme either.

Replacing the quinoline ring with other azaheterocycles was deemed unsuccessful. Even
the use of pyridine, which partly resembles the quinoline ring, resulted in a 6-fold
reduction of ligand efficacy. The introduction of more than one nitrogen atom to the
ring system did not have a positive effect either.

Generally, the introduction of substituents affected the activity negatively. However,
after coming to terms with the fact that the quinoline structure was optimal, numerous
attempts were made to have substituents in the 5- and 7-position. This resulted in a
handful compounds with preferred nanomolar FAP potency and FAP/PREP selectivity
profiles. The activity was very sensitive to the type of substituent, as it was observed
that bulky substituents did not result in optimal FAP potency. It was even revealed that
5-methoxy, considered to be a small substituent, resulted in a potency that was reduced
by more than 1000 times. This only underlined the importance of how the quinoline ring

interacts with the active center of the FAP enzyme.

The article concluded that the most promising molecule was compound 61 (Fig 6). In vitro
pharmacokinetics and toxicity studies showed that it was not subject to fast oxidative
metabolization, and that no signs of cytotoxicity were observed. Peroral and intravenous
treatment of rats with the methoxy-quinoline did not result in any deaths. Oral administration
resulted in a FAP-inhibition of at least 85 %, and the half-life was more than 6 hours [36].
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Compound 61

Figure 6. The molecular structure of compound 61

Compound 61 had favorable attributes compared with other FAP selective inhibitors, even
when considering the extensive work with SAR studies carried out across many publications.
Therefore, it was determined that this was the ideal molecule to use as a starting point for the

development of a FAPI for radiolabelling with fluorine-18.



1.2 Positron emission tomography

1.2.1 An introduction to PET

Nuclear imaging can in simple terms be divided into two modalities, positron emission
tomography and single photon emission computed tomography (SPECT). PET is a noninvasive
imaging technique based on the use of positron-emitting radiopharmaceuticals, while SPECT
Is based on the direct detection of single gamma-rays emitted by radiopharmaceuticals [39].
Radiopharmaceuticals can be defined as chemical entities consisting of two parts — a defined
molecular structure and a radioactive nuclide, with both often being connected by a linker. The
molecular structure is typically responsible for the pharmacodynamics and pharmacokinetics
of the radiopharmaceutical, and the radioactive nuclide plays the part with regards to the

signaling and subsequent imaging of a tumour or tissue of interest [40].

The isotopes fluorine-18, gallium-68, carbon-11, oxygen-15, and nitrogen-13 are among the
most widely used isotopes for PET (Table 1), whereas common isotopes for SPECT include
technetium-99™, indium-111, iodine-123 and gallium-67 [41]. The radiopharmaceuticals are
usually injected in tracer amounts, meaning that they do not disrupt any physiological processes
in vivo due to the low doses administered [42].

Table 1. The most used PET-isotopes and their respective half-lives [41]

Radionuclides  !'C BN 150 18 4Cu  %Ga 82Rp 897y
20.39 9.97 2.04 109.77 13 67.63 1.27 78.41

minutes minutes minutes minutes hours minutes minutes hours

As previously mentioned, PET is based on the use of positron-emitting radiotracers. The
radionuclide emits positrons that collide with electrons in vivo after injection. This single
collision triggers something called an annihilation event, in which energy is released in the form
of two high-energy photons (511 keV) moving in the opposite direction of each other. The
annihilation photon pair can be detected by a PET scanner, which in turn can produce high-
quality images for use in eg. tumour diagnostics. Tomographic images are obtained by
collecting the abovementioned data from various angles surrounding the patient. A gamma
camera can also be used for this purpose but does not have the same sensitivity as a PET scanner
[39,40].
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A combination of PET and computerized tomography (CT), often abbreviated as PET/CT, is a
preferred dual-modality scanner used for tumour diagnostics. PET compliments the ability of
CT to give an overview of the anatomical structures being studied. For this to be possible, it is
a prerequisite that the target molecule is overexpressed in the tumour compared with the
surrounding and/or remaining tissue. Other requirements include at least some degree of
selectivity, which is essential to achieve a low background signal, leading to high-contrast
imaging. A high degree of selectivity is also important because this can facilitate the use of
lower doses, which in turn can reduce adverse events because of radiation exposure to sensitive

tissue and organs [22].

PET can be used to study many processes in humans, including metabolism, blood flow,
transport of molecules, receptor density studies both inside and outside the CNS and more.
Until recently, it has been used extensively to study the heart and brain, but oncology has been
the driving force that has expanded PET and its routine clinical use [43]. This newfound success
is mainly due to the discovery of [®F]fluorodeoxyglucose, abbreviated [*®F]JFDG, which has
been the single most groundbreaking and flexible PET radiopharmaceutical to be developed

[44]. It will be discussed more in detail later in this thesis.

1.2.2 General characteristics of PET tracers

There are many things to consider when developing a novel PET tracer. Sharma and Aboagye
list and discuss some of these factors in their 2011 article Development of radiotracers for
oncology — the interface with pharmacology published in the British Journal of Pharmacology
(BJP). Firstly, there must be a high affinity for the target molecule, preferably in the
subnanomolar or nanomolar region to the target of interest. This requirement is fulfilled for the
latest FAP inhibitors that have been developed and screened. An ideal PET tracer should also
result in limited radiation exposure, be selective, have either high clearance or low degree of
plasma-protein binding, low toxicity, demonstrate in vivo stability, and not be readily
metabolized. Obviously, the molecule in question must also be suitable for radiolabelling. For
the further development of a radioligand into a ready-to-use radiopharmaceutical product, some
requirements with regards to radiosynthesis must also be fulfilled. These requirements include

sufficient yields and high radiochemical purity (usually > 95 %) among other things [42].
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1.2.3 Fluorine-18

Fluorine-18 is one of the most used radioisotopes in positron emission tomography. The first
of the many merits of this isotope is the fitting half-life of 109.8 minutes, which makes it
relatively practical to both produce and send from the site of production to a hospital [44,45].
It is also relatively easy to produce in larger quantities in medical cyclotrons and its chemistry
is well-established through synthetic methods (either nucleophilic or electrophilic strategy),
combined with low positron emission energy and high positron abundance [44,46]. Fluorine-
18 was also shown to perform better than gallium-68, another popular PET radioisotope,
because of its shorter positron range, half-life, and positron yield, with the two latter being
higher than that for gallium-68 [47].

Most radioisotopes are produced in cyclotrons or other particle accelerators. When it comes to
the vast majority of PET radioisotopes, including fluorine-18, their production is performed in
a cyclotron, with the *30(p,n)*®F reaction being the dominating production method of fluorine-
18. The exact way this happens for fluorine-18 is by initial loading of the target with 8O-
enriched water. The cyclotron then accelerates several high-energy, positive hydrogen ions (H*)
with the help of an electromagnetic field in a spiral before they bombard the target and produce
the desired radionuclide — in this case fluorine-18. Initially, negative hydrogen ions are
produced by an ion source, but later stripped of two electrons in the cyclotron to produce (H").
The target, containing the irradiated water, is then transported through a tube-system to a hot-
cell in the laboratory where the radiolabelling can happen [48]. It must be noted that fluorine-
18 can be produced by other means than those described above, as Jacobson et al. describe in
their article [49].

HO HO
TANSCT vy
OHyy  MOT IR by
Glucose ['®FIFDG

Figure 7. The molecular structures of glucose and [*®F]FDG, which is a glucose analogue.

Fluorodeoxyglucose, a glucose analogue radiolabelled with fluorine-18 (Fig. 7), remains by far
one of the most utilized radiotracers in history [40]. It is used in a wide array of different
disease states, including oncology, cardiology, neurology, infectious and inflammatory diseases

[50-53]. Although it is very effective in the detection of malignant tumours where glucose
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metabolism is upregulated, it has expected limitations due to its unspecific nature. FDG has for
example been seen in non-cancerous tissue, in connection with infections and inflammations
[40]. Even though FDG is considered the gold standard in the world of nuclear imaging of
tumours, it still has its limitations, and this motivates researchers to develop new radiotracers

that can offer even more value for clinicians and their patients.
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1.3 Synthetic methods

1.3.1 HBTU/HATU coupling

HBTU and HATU are reagents classified as guanidinium salts and are among the most popular
agents used in peptide coupling chemistry. HBTU was originally described in 1978 and was
followed by the discovery of HATU in 1993 [54]. HBTU and HATU are characterized by their
enhanced reactivity and ability to cause only low levels of racemization, thus making them
excellent coupling agents for peptide synthesis [55,56]. They have also been hailed for their
excellent reactivity with regards to avoiding side-reactions [56,57]. Under normal
circumstances, HATU and HBTU mediate the conversion of a carboxylic acid to an active ester,
that contains a HOAt or HOBL leaving group, depending on the type of reagent used. After this,
a nucleophilic amine can react with the activate ester upon addition, and the resulting product
will therefore be an amide [58]. It is important to note that both HATU and HBTU must not be
used in excess, as this can hinder chain elongation. The general mechanism for a HATU

coupling is shown below (Fig. 8).
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Figure 8. The general reaction mechanism for a HATU-mediated coupling when forming an amide. This

mechanism applies for HBTU as well, but with small modifications [58].
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2  AIm

2.1 Background

Fibroblast activation protein is shown to be upregulated in many common cancers, and this
upregulation is not observed in normal adult tissue. Although some researchers question the
role of FAP in specific cancers, there is still little to no doubt that high expression of FAP
correlates with many of the processes vital for carcinogenesis. There are also new publications
that hint at the use of FAPIs for other indications [59]. The observations described previously
in this thesis combined with the potential for selective therapy and diagnosis have paved the

way for the development of several FAP inhibitors.

Although some of these novel compounds have shown promising results in vitro and in vivo,
there is still a lot of work remaining before a FAP inhibitor can be available for use in clinics.
Researchers have carried out studies to explore the structure-activity relationship (SAR) for this
class of compounds, and these recent advancements have served as a foundation for the latest
developments in FAPI research. The new compounds are generally more potent and selective
than before, and this has undoubtedly generated new interest within the pharmaceutical
industry. Recently, the Swiss pharmaceutical company Novartis acquired the exclusive rights

to develop and commercialize several FAPIs for cancer therapy [60].

The potential use of FAPIs for diagnostic applications has been the main motivation for this
thesis. It can be argued that a pharmacophore is already determined, and that further research
must focus on minor modifications of the chemical structure to optimize pharmacokinetics, as
well as the use of other radioisotopes than the ones already studied. We had a particular focus
on the radionuclide fluorine-18, which has several promising attributes and is relatively

unexplored when it comes to radiolabelled FAPIs for diagnostic use with PET.
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2.1.1 Overall aim of the thesis

The overall aim of this thesis was to synthesize a FAPI precursor and relevant analogues that

could be radiolabeled with fluorine-18 for cancer diagnostics through PET.

2.1.2

16

Sub-aims of the thesis

Develop a relevant precursor which is FAP-selective, based on the SAR studies that
have been conducted through the recent years

Explore the possibility to improve the synthesis towards a suitable precursor
Synthesize a non-radioactive (“cold”) reference standard of the precursor
Radiolabel the novel precursor with fluorine-18 and explore ways to improve this
process



3 Results and discussion

3.1 An overview of the synthetic pathway

After extensive research, a precursor (1) for radiolabelling with fluorine-18 was synthesized
(Fig. 9). The development of the precursor was based on available patent literature and
published articles, but also trial and error with guidance from the supervisors named in this

thesis.
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Figure 9. The precursor (1) to the left, and 6-methoxyquinoline-4-carboxylic acid (2) to the right

Four approaches were considered for the synthesis of the precursor (1). Three out of the four
methods included initial O-demethylation of the commercially available 6-methyoxyquinoline-
4-carboxylic acid (2), based partly on the procedure specified in patent literature by Haberkorn
et al [61]. The product 6-hydroxyquinoline-4-carboxylic acid (3) would then be going through

one of the three procedures stated under:

1. Esterification of the carboxylic acid on (3), followed by alkylation of the phenol group
with a Boc-protected propyl chain (12). The product of this reaction (5) would then
undergo ester hydrolysis, followed by an amidation reaction with an amine building
block (13) to produce compound (7). After deprotection of (7) to yield compound (8), a
coupling reaction with Boc-L-cysteic acid (17) can be carried out. After yet another
deprotection reaction, the final product would then be the desired precursor (1).

2. Amidation reaction between compound (2) and an amine building block (13), followed
by alkylation with a Boc-protected propyl chain (12) on the phenol group of compound
(10). The product (7) would then be deprotected, before a coupling reaction with Boc-
L-cysteic acid (17) is done. After yet another deprotection, the desired precursor (1) is

produced.

17



3. Initial dialkylation of compound (3) with a Boc-protected propyl chain (12), followed
by ester hydrolysis of (11). The free carboxylic acid would then be able to partake in an
amidation reaction with the amine building block (13). After this, the propyl chain can
be deprotected and a new coupling with Boc-L-cysteic acid (17) can take place. After

the last coupling reaction, deprotection would afford the precursor (1).

The fourth method involved a direct coupling of 6-methoxyquinoline-4-carboxylic acid (2) with
the amine building block (13), before demethylation of the methyl ether on compound (9) could
occur. This would be followed by alkylation on the hydroxy group, and a deprotection reaction
to afford compound (8). Thereafter, coupling with Boc-L-cysteic acid (17) takes place before
yet another deprotection affords the precursor (1), identical to the previous reaction schemes.

A systematic overview of the four strategies is displayed below (Scheme 1).
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Scheme 1. A systematic overview of the four reaction pathways that were evaluated. The coupling reaction

with Boc-L-cysteic acid and the following deprotection reaction is not included in the reaction scheme.
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All four approaches were considered, but the third reaction pathway proved to be the least
troublesome and was therefore preferred throughout this thesis. As stated, 6-
methyoxyquinoline-4-carboxylic acid (2) was commercially available and only required a
demethylation with hydrogen bromide at 130°C before further use (Scheme 2).

Os~_OH Os_OH
—0 X HBr (aq) HO N
H
N/ 130°C, 4h =
N
2 3

Scheme 2. Synthesis of compound (3)

Once demethylated, it was attempted to purify compound (3). Several different methods were
evaluated, ranging from the use of a Sep-Pak cartridge to washing in a separatory funnel, or
even purification on prep-HPLC. All methods were problematic because compound (3) had
non-favourable solubility properties — it did not have any extra affinity towards either an organic
or agueous phase. This rendered purification with Sep-Pak or in a separatory funnel useless. In
the end, prep-HPLC proved to be the most efficient way to purify compound (3). Nevertheless,
the next reaction (Scheme 3) to yield the desired dialkylated product (11) was also deemed

successful without any prior work-up, and purification of (3) was therefore disregarded in the

end.
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Scheme 3. Synthesis of compound (11)

Compound (11) was obtained after reacting (3) with 3-((tert-butoxycarbonyl)amino)propyl
methanesulfonate (12) in dimethylformamide (DMF) with caesium carbonate at 60°C. The
reactant (12) used in this alkylation reaction was the product of a reaction between
methanesulfonyl chloride (MsCI) and tert-butyl N-(3-hydroxypropyl) carbamate, dissolved in

dry dichloromethane and triethylamine under argon atmosphere at 0°C [62]. Alkylation was
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also attempted with 3-(bromopropyl)phtalimide and tert-butyl (3-bromopropyl)carbamate (Fig.
10), but these were harder to synthesize and were not considered to be as promising as

compound (12) after having studied a handful number of reactions.
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tert-butyl (3-bromopropyl)carbamate  3-(bromopropyl)phtalimide 3-((tert-butoxycarbonyl)amino)propyl

methanesulfonate
Figure 10. Three reactants that were studied in the alkylation reactions

Since a dialkylated product (11) was obtained, the ester was hydrolysed under basic conditions
by the addition of sodium hydroxide (NaOH) and methanol (MeOH) (Scheme 4). This would
afford compound (6), suitable for a direct coupling reaction with the amine building block (13).
Prior to this, hydrolysis was attempted with 6.0 M NaOH in H.O and MeCN multiple times,
but without any success. The main theory was that the molecule broke down, possibly due to
nucleophilic attack from MeCN under strong basic conditions.

Oy O._~_NHBoc Ox-CH
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Scheme 4. Synthesis of compound (6)

The amine building block (13) that was to react with compound (6), had to be synthesized in 3
steps (Scheme 5) from the commercially available (S)-4,4-difluoropyrrolidine-2-carboxamide
(14). These reactions had already been described by Jansen et al., but were further simplified
in this thesis [36]. The first reaction consisted of a HATU-mediated coupling of compound (14)
with  2-(tert-butoxycarbonylamino) acetic acid, better known as Boc-Gly-OH, in
dichloromethane (DCM) with Hiinig’s base (DIPEA). This yielded a Boc-protected product
(15), which underwent dehydration from a primary amide to a nitrile (16) in the next step. This
dehydration reaction required the Boc-protected reactant to be dissolved in dry tetrahydrofuran
20



(THF) at -15 °C, before the addition of pyridine and trifluoroacetic anhydride (TFAA). To
synthesize the final amine, (S)-4,4-difluoro-1-glycylpyrrolidine-2-carbonitrile (13), only a
deprotection of the Boc-group remained. This was done by dissolving the product from the last
reaction in dry acetonitrile (MeCN) at 0°C, adding p-Toluenesulfonic acid (PTSA) and then

allowing it to react in room temperature.
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Scheme 5. Procedure for the synthesis of the amine building block (13)

The coupling reaction between compound (13) and the free carboxylic acid of compound (6)
was done based on the general amidation protocol, provided by Lindner et al. in the supporting
information of their 2018 research article from the Journal of Nuclear medicine [35]. In this
instance, the coupling reaction was mediated by HATU with DIPEA in DMF (Scheme 6). For
this step, several problems arose due to the sensitivity of the reactants involved, and no desired
product was initially obtained. The conditions for this reaction were therefore evaluated in a
successful test reaction involving compound (2) and 4-methylbenzylamine. The amine building
block (13) was also tested in a successful test reaction with p-methoxybenzoic acid. This proved
that the conditions, at least in theory, should be acceptable. Subsequently, both compounds (6)
and (13) were purified on prep-HPLC, and this proved to be key in order to facilitate this
reaction and obtain the desired compound (7).
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Scheme 6. Procedure for the synthesis of compound (7)

Previously, it was also attempted to couple the amine building block (13) with the quinoline (2)

prior to demethylation (Scheme 1). This proved to be successful and was followed by the
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demethylation of compound (9) under mild conditions with BBrs. Subsequent attempts at

alkylation with 3-(bromopropyl)phtalimide did not yield the desired compound.

NHB
HoN o 0 G
N~ \G% /QL >L )L OH HATU DIPEA, DMF N\/\/O /\/>L
RT, overnlght HO ‘ N 7

17
Scheme 7. Procedure for the synthesis of compound (18)

The amidation reaction to produce compound (7) was followed by a general Boc-deprotection
in an acidic solution consisting of trifluoroacetic acid (TFA) and triisopropylsilane (TIPS) in
water. The deprotected product (8) was then coupled with Boc-L-cysteic acid (17) ina HATU-
mediated reaction to afford compound (18) (Scheme 7). Compound (17) was synthesized by
reacting L-cysteic acid monohydrate with di-tert-butyl dicarbonate in anhydrous DMF with

triethylamine, as reported by Bing et al. [63].

Boc-L-cysteic acid (17) was used as an important building block for the synthesis of the
precursor molecule (1). The main contribution of compound (17) is the role it serves as a
pharmacokinetic modifier, allowing for improved blood clearance and simultaneously reducing
both hepatobiliary excretion and high protein binding. The latter two are often a result of high
lipophilicity, which leads to poor tumour-to-background ratios that can affect imaging quality
negatively. Compound (17) counters this by adjusting the cLogP value, which is often used as
a measure of lipophilicity. Compound (8), without the cysteic acid moiety, has a cLogP value
of 1.45, whereas the precursor molecule (1) is remarkably more hydrophilic with a cLogP value
of -3.45. This is in many ways explained by the fact that cysteic acid is permanently charged at
physiological pH (pH 7.4). The use of cysteic acid for this very purpose is well documented
[64].

Compound (18) was then deprotected by following the same general procedure as already
mentioned above. This resulted in the desired precursor (1), which was also reacted with 6-
fluoropyridine-3-carboxylic acid in a HATU-mediated reaction with DIPEA in DMF, to afford

the fluorinated reference standard (19) (Scheme 8).
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Scheme 8. Procedure for the synthesis of reference standard (19)

The FAPI-precursor (1) was radiolabeled in an amidation reaction with 6-[*F]fluoronicotinic
acid 2,3,5,6-tetrafluorophenyl ester ([*®F]F-Py-TFP), which acts as an active ester partly due to
the electronegative attributes of the fluorine substituents in the tetrafluorophenyl moiety. The
latter reactant was initially produced in a one-step radiosynthesis reaction, in which a trialkyl
pyridin-2-ammonium nicotinic acid precursor underwent nucleophilic aromatic substitution
(NAS), with the quaternary ammonium as a good leaving group (LG). The quaternary
ammonium is a good LG in this instance because of the electron deficient nature of the positive
nitrogen atom, as well as the ester group which draws electron density away from the already
electron deficient pyridine ring. This synthesis followed the general reaction protocol initially
reported by Olberg and Svadberg, but with the Chromabond PS-HCO3 column heated to 65°C,
and the product being rinsed on a Waters tC18 Sep-Pak column to get rid of excess precursor
before addition to a solution with the FAPI-precursor [65]. Different conditions were tested in
order to produce the desired radiolabelled FAPI-molecule (22), and these are described more in
detail in chapter 3.6 Radiosynthesis. A general overview of the process to obtain the desired

radiolabelled compound (22) is presented below (Scheme 9).
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Scheme 9. A general overview of the radiolabelling process to produce compound (22)
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3.2 Synthesis of the amine building block

3.2.1 Synthesis and characterization of tert-butyl (S)-(2-(2-carbamoyl-4,4-
difluoropyrroloidin-1-yl)-2-oxoethyl)carbamate (15)
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Figure 11. The molecular structure of compound (15)

The preparation of compound (13) was in part based on a reaction protocol reported by Jansen
et al, but a few modifications were made to the original reaction scheme [36]. The first of the
three steps to synthesize the desired amine building block (13), was carried out by obtaining
the commercially available (S)-4,4-difluoropyrrolidine-2-carboxamide (14). Then, both Boc-
Gly-OH and HATU were dissolved in DCM, before DIPEA was added. Both reactants formed
an active ester intermediate after stirring for about 15 minutes, as illustrated in chapter 1.3.1.
After this, a solution of compound (14) was prepared by dissolving the compound in DCM with
DIPEA, which was then added dropwise to the reaction mixture and allowed to react for 4 hours
in room temperature (RT). This is shown in Scheme 5. The addition of the nucleophilic amine
allowed for the desired amide bond to be formed. After the reaction, the mixture was cooled,
filtrated, recrystallized, and dried to give (15) as an off-white powder with a yield of 46.2 %.

Compound (15) was analysed with *H NMR spectroscopy and electrospray ionisation mass
spectrometry (ESI-MS). The NMR spectrum (Figure A-3) correlates quite well with the peaks
reported by Jansen, et al [36]. As one would expect, there is a characteristic, intense peak
upfield at 1.38 ppm, which integrates for the protons (9H) from the Boc-group that was
introduced in the reaction leading to compound (15). There are some impurities present, but the
other signals also match up well with the literature data. The main peak in the MS spectrum has
an m/z value of 330.123, which corresponds with the molecular mass of the sodium adduct
(330.1241) of compound (15).
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3.2.2 Synthesis and characterization of tert-butyl (S)-(2-(2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamate (16)

N
Y

7/

O N
>‘\o)l\” /j)( N®<FF

Figure 12. The molecular structure of compound (16)

The second step towards the desired amine (13) was a reaction that sought to convert the
primary amide of compound (15) into a nitrile group through a dehydration reaction. This was
once again based on the reaction reported by Jansen et al [36]. A cooling bath was prepared,
before the (15) from the previous reaction was dissolved in dry tetrahydrofuran (THF) at -15°C
under argon atmosphere. This was followed by the consequent addition of 2.99 equivalents of
pyridine, and then the dropwise addition of 2.19 equivalents of trifluoroacetic anhydride
(TFAA). The cooling bath was removed, and the solution was stirred for 1.75 hours. After
evaporating the solvents on a rotary evaporator, the mixture was dissolved in ethyl acetate
(EtOAc) and washed with 1.0M HCI, NaHCO3 and brine. This was followed by drying over
magnesium sulfate (MgSOa), filtration and evaporation of the solvents.

The use of TFAA and pyridine for dehydration reactions is indeed associated with many
benefits. First, it is possible to use TFAA with milder conditions. and one can also avoid the
formation of unwanted by-products. This eventually leads to better yields, at least in theory.
The use of pyridine has dual benefits as well, not only by catalysing the reaction, but also

through neutralization of the TFA formed during the course of the reaction [66].

Compound (16) was also analysed by *H NMR spectroscopy and electrospray ionisation mass
spectrometry (ESI-MS). The *H NMR spectrum was almost identical to the reported shifts and
peaks by Jansen, et al [36]. The MS spectrum (Fig. B-3) presented a main peak with the m/z
value 312.113, which also translates well to the calculated sodium adduct (312.1135) of
compound (16).
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3.2.3 Synthesis and characterization of (S)-4,4-difluoro-1-glycylpyrrolidine-2-
carbonitrile (13)

Figure 13. The molecular structure of compound (13)

The last step to obtain the desired amine building block (13) was a deprotection reaction to
remove the Boc-protecting group. Compound (16) from the last reaction was dissolved in
MeCN at 0°C, before 1.49 equivalents of p-Toluenesulfonic acid monohydrate was added. The
reaction mixture was slowly warmed to room temperature and allowed to stir for 20 hours. After
evaporation of the solvent, the product was washed with ethyl acetate (EtOAc) and diethyl ether
to yield a yellow oil. Compound (13) was later purified on prep-HPLC.

The molecular structure of the amine building block (13) was confirmed by *H NMR and ESI-
MS analysis. In the *H NMR spectrum (Fig. A-5), most peaks appeared a bit more downstream
compared to the peaks reported by Jansen, et al. [36]. However, they integrated for the same
number of protons, and the recorded MS spectrum (Fig. A-5) displayed peaks with the m/z
values of 190.079 and m/z 212.061. Both peaks correlate with the hydrogen adduct (190.0792)
and sodium adduct (212.1555) of compound (13).
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3.3 Synthesis of selected reactants

3.3.1 Synthesis and characterization of 3-((tert-butoxycarbonyl)amino)propyl
methanesulfonate (12)

0 O J<
N7
H

Figure 14. The molecular structure of compound (12)

The propyl chain (12) that would be used for alkylation was synthesized by following the
reaction scheme provided in patent literature [62]. The compound was made by dissolving tert-
butyl N-(3-hydroxypropyl) carbamate in dry DCM under argon atmosphere at 0°C, followed
by the addition of EtsN (triethylamine) and MsCI. By converting the alcohol to a sulfonate
through the action of MsCl, an excellent leaving group is prepared for further synthesis. After
the complete addition of both, the reaction mixture was warmed to room temperature and stirred
for two hours. The complete reaction was monitored and therefore confirmed with LC-MS.
After this, the crude mixture was diluted with DCM and washed with water and brine, dried
over MgSQOg and filtrated, before the solvents were evaporated.

'H NMR analysis, as well as ESI-MS, was performed on the product (12). The *H NMR
spectrum (Fig. A-6) correlated well with the reported values by Gawandi and Fitzpatrick [67].
The main peak in the MS spectrum had the m/z value of 276.088, which corresponds to the
sodium adduct (276.0881) of compound (12).

3.3.2 Synthesis and characterization of Boc-L-cysteic acid (17)

o O%_/OH
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Figure 15. The molecular structure of compound (17)

Compound (17) was prepared by dissolving L-cysteic acid monohydrate in anhydrous DMF
and adding triethylamine under argon atmosphere, followed by the dropwise addition of di-ter-
butyl-dicarbonate dissolved in anhydrous DMF. This is in accordance with the reaction scheme
reported by Bing et al [63]. The reaction mixture was stirred for 46 hours before the solvent

was evaporated on the rotary evaporator to afford a light-yellow oil. Afterwards the residue was
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dissolved in DCM, and a high volume of diethyl ether was added while stirring forcefully. A
white precipitate was formed, and the remaining solvents were discarded. The residue was

washed with diethyl ether before it was dried under vacuum overnight.

'H NMR analysis confirmed the presence of a Boc-group in the molecule. Monitoring the
reaction with LC-MS on negative ion mode had also confirmed a base peak that corresponded
with the exact mass of the deprotonated molecule (268.056) minus one hydrogen atom.

3.4 Synthesis of the precursor

3.4.1 Synthesis and characterization of 6-hydroxyquinoline-4-carboxylic acid (3)

Os_OH
HO N

—

N

Figure 16. The molecular structure of compound (3)

The procedure for this reaction was based on patent literature [61]. The demethylated product
(3) was synthesized by the addition of hydrogen bromide 48 % to 6-methyoxyquinoline-4-
carboxylic acid (2). This reaction mixture was then refluxed for 4 hours at 130°C, before the
solvent was evaporated on a rotary evaporator. After this, the remaining product was dried
overnight under vacuum. As previously explained, this compound (3) was synthesized
numerous times, allowing it to react both overnight and for 4 hours under the same conditions.
The main problem of this procedure was related to the solubility attributes of compound (3).
This made it harder to purify the compound and thus get rid of both organic and inorganic

impurities that had the opportunity to impact the following reactions.

The molecular structure was confirmed with *H NMR and ESI-MS. Looking at the NMR
spectrum of compound (2) in Figure A-1, one can clearly see a peak integrating for the protons
(3H) in the methyl group at 3.90 ppm. In Figure A-2, this peak is not present, meaning that the
successful demethylation has occurred. This leaves 6 hydrogen atoms in the rest of the
molecule, but only 5 hydrogen atoms are observed from the remaining signals due to the proton

from the carboxylic acid not being visible. This was also the case for the starting material (2).
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As mentioned, the MS spectrum was also recorded and showed a base peak for the m/z value
of 212.032, which corresponds well with the sodium adduct (212.0323) of compound (3)

3.4.2 Synthesis and characterization of 3-((tert-butoxycarbonyl)amino)propyl 6-(3-
((tert-butoxycarbonyl)amino)propoxy)quinoline-4-carboxylate (11)

H
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Figure 17. The molecular structure of compound (11)

Once demethylated, the product (3) from the previous reaction was dialkylated. This was done
by dissolving the demethylated quinoline (3) in DMF, before adding cesium carbonate to
deprotonate both the phenol and carboxylic acid. The mixture was then allowed to stir for 15
minutes, before the dropwise addition of compound (12) dissolved in DMF. The reaction
mixture was then left to reflux at 60°C overnight. The following day, the reaction mixture was

allowed to reach room temperature, before DMF was evaporated on the rotary evaporator.

Recording of the ESI-MS spectrum revealed that the base peak had an m/z value of 526.252,
which corresponds well with the calculated value for the sodium adduct (526.2529) of
compound (11).

3.4.3 Synthesis and characterization of 6-(3-((tert-butoxycarbonyl)amino)propoxy)
quinoline-4-carboxylic acid (6)
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Figure 18. The molecular structure of compound (6)

Compound (11) was dissolved in methanol, before 1.0 M NaOH was added to facilitate the
basic hydrolysis of the ester group. The reaction was monitored by LC-MS until all reactants
were completely consumed, which took 24 hours. The crude mixture was then diluted with
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water and neutralised with HCI before evaporation. The following day, compound (6) was

purified on prep-HPLC. Evaporation of the solvent resulted in a snow-white powder.

The molecular structure of (6) was confirmed by LC-MS and *H NMR. The singlet at 1.36 ppm
represents the protons found in the Boc group. The three peaks between 1.92-4.11 ppm
integrates for a total of 6 protons, and these are most likely the ones expected from the propyl
chain. Out of these, the peak at 1.92 is shielded the most and occurs upstream, because of its
longer distance to the electronegative oxygen and nitrogen atoms. The coupling constants also
confirm that these carbon atoms are connected. The triplet at 6.94 ppm most likely represents
the proton connected with the amine. The 5 aromatic protons are found between 7.48-8.85 ppm,
and the proton from carboxylic acid was not detected.

The recorded MS spectrum showed a base peak for the m/z value of 347.10, which corresponds
with the calculated proton adduct (347,1607) of compound (6). The sodium adduct was also
observed in the MS spectrum at m/z 369.12, and this also matches relatively well with the
calculated value (369.1426).

3.4.4 Synthesis and characterization of tert-butyl (S)-(3-((4-((2-(2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)carbamate (7)
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Figure 19. The molecular structure of compound (7)

The purified, monoalkylated quinoline (6) was then coupled with the amine building block (13)
through a HATU-mediated reaction that lasted for 24 hours. The reaction was carried out by
dissolving the monoalkylated quinoline (6) and HATU in DMF with DIPEA. This reaction
mixture was stirred for 15 minutes, before the dropwise addition of the amine (13) dissolved in
DMF. After the 24 hours that the reaction took, the solvents were evaporated, before compound

(7) was purified on prep-HPLC.
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The structure was confirmed once again with NMR and LC-MS. As one would expect,
compound (7) takes longer to eluate compared with (6), mainly due to the loss of the free
carboxylic acid which has hydrophilic properties. The base peaks observed in the recorded MS
spectrum were also m/z 518.15 and m/z 540.23, which corresponds well with the calculated
values for the hydrogen adduct (518.2215) and sodium adduct (540.2034) of (7).

Based on the molecular structure of (7), one would expect the signals in the *H NMR spectrum
to integrate for a total of 29 protons, but in this case the total number is 28. A direct comparison
between the *H NMR spectrums of (6) and (7) is not easy to carry out due to the different
solvents used, but nonetheless it is obvious that the Boc-protecting group is still present. Based
on the shifts and number of protons integrated for, it is also reasonable to assume that protons
connected to the sp®-hybridized carbons are present. Downfield, one would expect seven signals
for the protons associated with the quinoline and the nitrogen atoms, respectively. However,

one of the nitrogen-associated hydrogens atoms are not visible in the *H NMR spectrum.

3.4.5 Synthesis and characterization of (S)-6-(3-aminopropoxy)-N-(2-(2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)quinoline-4-carboxamide (8)

HoN A~ O N

Figure 20. The molecular structure of compound (8)

The Boc-group that remained after the initial alkylation was then removed in a general Boc-
deprotection reaction, with a solution consisting of trifluoroacetic acid (TFA) and
triisopropylsilane (TIPS) in water. The reaction took approximately 30 minutes, and the desired
product was confirmed on LC-MS. Evaporation and drying overnight yielded compound (8) as

a brown, viscous solution.
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The reaction was monitored with LC-MS. The limited retention proved that the product (8) was
in fact more polar than compound (7), and the base peak of m/z 418.35 correlated relatively

well with the calculated value for the hydrogen adduct (418.1690) of compound (8).

3.4.6 Synthesis and characterization of (R)-2-((tert-butoxycarbonyl)amino)-3-((3-((4-
((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-
yl)oxy)propyl)amino)-3-oxopropane-1-sulfonic acid (18)
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Figure 21. The molecular structure of compound (18)

Compound (8) would then react with the Boc-protected cysteic acid in a HATU-mediated
reaction overnight. This happened by dissolving the cysteic acid and HATU in DMF with
DIPEA. This reaction mixture was stirred for 15 minutes, before the dropwise addition of the
amine dissolved in DMF. After the 24 hours that the reaction took, the solvents were

evaporated, and the structure was confirmed once again with NMR and LC-MS.

The NMR data are not easy to interpret due to the size of the molecule and simultaneous
presence of organic impurities. This is reflected in the *H and *3C spectrums. However, the
mass was confirmed by LC-MS, which showed the Boc protected molecule at m/z 669.14 and
the deprotected variant at m/z 569.29. The first value corresponds with the calculated value for
the proton adduct (669.2154) of compound (18).
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3.4.7 Synthesis and characterization of (R)-2-amino-3-((3-((4-((2-((S)-2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-3-
oxopropane-1-sulfonic acid (1)
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Figure 22. The molecular structure of compound (1)

The next reaction sought to remove the Boc-protecting group that remained after the reaction
with Boc-L-cysteic acid (17). This was done by following a general Boc-deprotection reaction,
in which the compound (18) was dissolved in a solution consisting of trifluoroacetic acid (TFA)
and triisopropylsilane (TIPS) in water. The reaction took approximately 30 minutes, and the
desired precursor compound (1) was confirmed with HRMS. The measured m/z value was
591.1444, and this was with regards to the molecular formula C23H26F2NeéNaO-S, which is the
sodium adduct of compound (1). After the reaction, the precursor molecule (1) was purified on
prep-HPLC.

3.5 Synthesis of the “cold” reference standard

3.5.1 Synthesis and characterization of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-
fluoronicotinamido)-3-oxopropane-1-sulfonic acid (19)
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Figure 23. The molecular structure of compound (19)

The non-radioactive, “cold” reference standard was synthesized by dissolving 6-

fluoropyrridine-3-carboxylic acid and HATU in DMF with DIPEA. The mixture was stirred for
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15 minutes, before the dropwise addition of precursor in DMF to the reaction mixture. As not
all the reactants were consumed, the reaction was stirred overnight. The following day, more
of 6-fluoropyrridine-3-carboxylic acid and HATU in DMF with DIPEA was added. After 45
minutes, most of the precursor was consumed and the reference standard was synthesized. After
rotary evaporation, prep-HPLC was performed, which yielded compound (19) (Fig. 23) as a
light yellow/slightly green solid.

Based on the number of protons in the aromatic ring systems (8H) and hydrogen atoms
connected to nitrogen (3H), one would expect a total of 11 signals in the aromatic region when
studying the *H NMR spectrum for compound (19). This is confirmed in Figure A-13 and
confirms the presence of the fluoronicotinamido moiety. It is difficult to assign the remaining
signals upfield due to the large size of the molecule and the presence of organic impurities.
However, the HRMS spectrum shows the measured m/z value 736.1385, which corresponds

well with the calculated value of a double sodium-adduct minus a hydrogen atom (736.1387).

3.6 Radiosynthesis

3.6.1 Synthesis of 6-[*®F]fluoronicotinic acid 2,3,5,6-tetrafluorophenyl ester ([*8F]F-Py-
TFP) (21)

Figure 24. The molecular structure of compound (21)

Fluorine-18 in water was fixated on an anion exchange column (Chromabond PS-HCO3) before
the column was washed with anhydrous MeCN and dried for one minute under vacuum. The
trialkyl pyridin-2-ammonium nicotinic acid precursor (12 mg) was then dissolved in MeCN/t-
BuOH (0,5 mL) and pushed through the same anion exchange column, to produce ([*F]F-Py-
TFP). The solution was diluted with water and passed through a C18 cartridge which was
washed with water. The desired product ([*F]F-Py-TFP) (Fig. 24) was then eluted with MeCN.
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3.6.2 Synthesis of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-(*F)nicotinamido)-3-
oxopropane-1-sulfonic acid (22)
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Figure 25. The molecular structure of compound (22)

Approximately 1 mg of the FAPI precursor was added to several vials, and dissolved in various
solvents using a variety of bases before the addition of ([18F]F-Py-TFP), to produce the desired
radiolabelled compound (22) (Fig. 25).

The first attempt to produce (22) included dissolving compound (1) in two vials containing 0.5
mL THF and 2-butanone, respectively. It was discovered that this was challenging due to
solubility issues of the precursor compound (1). The addition of 1 uL DIPEA to THF, and the
subsequent analysis with radio-HPLC led to the belief that ([‘*®F]F-Py-TFP) was being
hydrolyzed before the amidation reaction between compounds (21) and (1) could take place.
Because of this, it was decided to remove any excess water by drying the solvents over MgSOa4
prior to use. Another problem was that a substantial amount of ([*®F]F-Py-TFP) was not getting
consumed in the reaction. After the extra addition of 2 uL DIPEA and heating with a blow-
dryer for a while, this problem was limited, as shown in Figure E-12. Unfortunately, minimal
amounts of the desired compound (22) were observed even though most of the starting material

was consumed in the end.

Because the results from the previous experiment were worse than expected, it was decided to
use another combination of solvent and bases. The precursor compound was dissolved in
absolute ethanol, before the addition of triethylamine and hydrogen carbonate. The reaction
mixture was heated after the addition of ([*®F]F-Py-TFP). The radiochromatogram (Fig. E-7)
revealed that some product was obtained and that most reactants had been consumed, but

hydrolysis was still significant.
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Since the use of 2-butanone as a solvent for the precursor molecule was deemed non-favorable,
a combination consisting of DMSQO, 2-butanone, DIPEA with heating was tested instead. The
radiochromatogram from Figure E-5 shows that this combination proved to be better in terms

of producing the desired compound (22), but the yield was still considered to be low.

As observed on all radiochromatograms, the desired product was not produced in satisfying
amounts under the various conditions. Generelly, the reaction resulted in three different main
products. The largest signal and impurity typically appear between 2 and 3 minutes, and this is
the hydrolyzed 8F-Py-TFP being converted to the free acid, before amidation with the precursor
could occur. It cannot be ruled out that the FAPI molecule may possess some degree of esterase
activity, and that it is responsible for cleavage of the ester linkage, as experience have shown
that amide formation with *8F-Py-TFP is in general quite robust. The second main signal came
right before the 4-minute mark, and this is the desired fluorine-18 labelled product (22). The
third signal, occurring after approximately 7 minutes, is the unconsumed labelling reactant (21).
The hydrophobic nature of compound (21) is also a natural explanation for the longer retention

time.

A few other conditions were tested as well, including but not limited to DMSO and DIPEA, as
well as different phosphate buffer systems. The reaction was attempted at pH 7.75 in both room
temperature and with heating, and at pH 8.60. Two recurring problems with the buffer solutions
was that the labelling reactant (21) was not getting consumed, and the presence of other
unknown impurities. Despite this, the yield was still considered to be a lot higher than some of
the other reactions. Another solution containing ethanol absolute, lutidine and DIPEA was also
tested, but this resulted mainly in the hydrolyzed product. The conditions described are summed
up below (Table 2).

Table 2. Selected conditions that were tested to produce compound (22)

Solvent Base Time (min) Results
Temperature (°C)
THF DIPEA Unspecified time Not satisfactory
Heated with blow-dryer
Ethanol absolute Triethylamine Unspecified time Not satisfactory
Hydrogen carbonate =~ Heated with blow-dryer

2-butanone and DMSO DIPEA Unspecified time Improved results
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DMSO

Phosphate buffer (pH 7.75)

Phosphate buffer (pH 7.75)

Phosphate buffer (pH 8.60)

Ethanol absolute

DIPEA

N/A

N/A

N/A

DIPEA
2,6-lutidine

Heated with blow-dryer
Unspecified time
Heated with blow-dryer
Unspecified time
Room temperature
Unspecified time
Heated with blow-dryer
Unspecified time
Heated with blow-dryer
Unspecified time

Room temperature

Not satisfactory

Not satisfactory

Improved results

Not satisfactory

Not satisfactory
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4 Conclusion and further studies

The initial focus of this thesis was to synthesize a FAPI precursor and relevant analogues that
could be radiolabelled with fluorine-18 for cancer diagnostics with PET. After many attempts,
a suitable FAPI precursor was developed, and radiolabelling with fluorine-18 also proved to be
possible.

Several synthetic strategies were evaluated, with varying results. The main issue for this class
of compounds was the attributes related to solubility, which often led to difficulties when
isolating and purifying the various compounds. This resulted in many non-selective reactions
where the desired product was either produced in small amounts or not even observed at all,
exemplified by the amidation reaction involving the amine building block and quinoline.

Radiolabelling with fluorine-18 was also proved to be possible but did only produce small
amounts of the desired product, most likely due to hydrolysis of the ester group before
amidation was possible. It was proposed that the FAPI molecule might have esterase activity,
something that may explain the observed phenomenon. This warrants further investigation,
especially to study if varying the substituents or the length of the linker moiety affects the
radiolabelling with fluorine-18.

Due to time constraints, pharmacological testing of the novel FAP precursor was not possible.
In the future, it could be interesting to see if there is any real-world promise with this specific
precursor. Pharmacological testing should be considered, and several new analogues may also

be synthesized for this very purpose.
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5 Experimental procedures

5.1 Methods for organic chemistry

The reactions were carried out as described in the experimental section. Most reactions were

monitored with liquid chromatography-mass spectrometry (LC-MS), using Thermo Finnigan
Surveyor LCQ DECA XP Plus with a Phenomenex Kinetex C18 column (2.6 um, 50 x 2.1 mm)
with UV detection. The mobile phase consisted of 0.1 % trifluoroacetic acid (TFA) in water,

and acetonitrile. Some reactions were also monitored using thin layer chromatography, with

plates based on silica gel coated with the fluorescent indicator F254.

A few compounds were also purified by HPLC, using a Walters Delta Prep 4000 with a

Phenomenex Luna C18 column (5 pum, 250 x 21.20 mm) and UV detection on dual-wavelength

mode (214, 254 nm). The mobile phase varied depending on the molecular properties of the

relevant compound. The different conditions used with regards to the mobile phase are listed

under (Table 3):

Table 3. The different mobile phases used for the purification of certain compounds

Compound Gradient/isocratic

(S)-4,4-difluoro-1- Gradient
glycylpyrrolidine-2-
carbonitrile (13)
6-(3-((tert-butoxycarbonyl) Gradient
amino)propoxy)quinoline-4-
carboxylic acid (6)
tert-butyl (S)-(3-((4-((2-(2- Gradient
cyano-4,4-difluoropyrrolidin
-1-yl)-2-oxoethyl)carbamoyl)
quinolin-6-yl)oxy)propyl)
carbamate (7)
(R)-2-amino-3-((3-((4-((2- Gradient
((S)-2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-

Mobile phase
A:0,1% TFA in H20
B: MeCN (2-40 %)

A: 0,1 % TFA in H,0
B: MeCN (10-80 %)

A: 0,1 % TFA in H,0
B: MeCN (10-80 %)

A: 0,1 % TFA in H,0
B: MeCN (5-60 %)

Time

60 minutes

60 minutes

60 minutes

60 minutes
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oxoethyl)carbamoyl)quinolin-
6-yl)oxy)propyl)amino)-3-
oxopropane-1-sulfonic acid

(1)
(R)-3-((3-((4-((2-((S)-2- Gradient A:0,1% TFA in H.0 60 minutes
cyano-4,4-difluoropyrrolidin- B: MeCN (5-60 %)

1-yl)-2-oxoethyl)carbamoyl)
quinolin-6-yl)oxy)propyl)
amino)-2-(6-fluoronicotin
amido)-3-oxopropane-1-
sulfonic acid (19)

Analysis of the radiolabelled compounds was done using the Agilent 1200 series HPLC system.
This was used together with an ACE C18 chromatography column (3 pum, 50 x 4.6 mm) and
Raytest Gabi radioactivity detector.

NMR spectroscopy with Bruker AVIII HD 400 400 MHz was used regularly to study the
molecular structures of the synthesized compounds. In some cases, the compounds were also

delivered to the MS laboratory at the University of Oslo for high-resolution mass spectrometry
(HRMS).
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5.1.1 Procedure for the synthesis of tert-butyl (S)-(2-(2-carbamoyl-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamate (15)

0
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2-(tert-butoxycarbonylamino)acetic acid (2.252 g, 12.85 mmol) was dissolved in DCM (12.0
mL) in a round-bottom flask, before DIPEA (2.245 mL) was added. After 15 minutes, a solution
containing compound (14) in DCM (16.0 mL) and DIPEA (3.74 mL) was added dropwise to
the round-bottom flask. The reaction mixture was stirred for 4 hours, before it was cooled,
filtrated, recrystallized, and dried over MgSQOs to provide compound (15) as an off-white
powder (1.544 g, 46.2 % yield). 'H NMR (400 MHz, DMSO) § 7.70 — 7.10 (m, 3H), 6.87 (dt,
J =10.7, 5.8 Hz, 1H), 4.45 (dd, J = 9.7, 4.2 Hz, 1H), 4.06 (p, J = 14.3, 13.5 Hz, 1H), 3.98 -
3.86 (m, 1H), 3.80 (ddd, J = 16.9, 6.0, 3.0 Hz, 1H), 3.74 — 3.64 (m, 1H), 2.94 — 2.63 (m, 1H),
2.35(qd, J =14.6, 4.3 Hz, 1H), 1.38 (d, J = 2.3 Hz, 9H). MS (ESI) m/z 330.123 [M+Na]"

5.1.2 Procedure for the synthesis of tert-butyl (S)-(2-2-cyano-4,4-difluoropyrrolidin-1-
yl)-2-oxoethyl)carbamate (16)
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Compound (15) was dissolved in dry THF (55 mL) at -15 °C under argon atmosphere. Pyridine
(1.25 mL, 15.52 mmol) and TFAA (1.6 mL, 11.51 mmol) was added dropwise to the solution.
The reaction mixture was slowly warmed to room temperature and stirred for 105 minutes,
before the solvent was evaporated. The contents were then dissolved in EtOAc (30 mL) and
transferred to a separatory funnel, where it was washed with HCI (10 mL, 1.0 M), saturated
NaHCOz3 (3 x 10 mL) and brine (3 x mL), before being dried over MgSO4 and filtrated. The
solvent was evaporated to yield compound (16) as an off-white oil (1.670 g, 114.9 %). 'H NMR
(400 MHz, CDCls3) 6 5.34 (s, 1H), 4.97 (t, J = 6.6 Hz, 1H), 4.04 — 3.76 (m, 4H), 2.75 (ddd, J =
14.8, 9.0, 6.1 Hz, 2H), 1.50 (d, J = 38.3 Hz, 9H). MS (ESI) m/z 312.113 [M+Na]*
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5.1.3 Procedure for the synthesis of (S)-4,4-difluoro-1-glycylpyrrolidine-2-carbonitrile
(13)

p-Toluenesulfonic acid monohydrate (1.636 g, 8.60 mmol) was added to a solution of
compound (16) (1.661 g, 5.742 mmol) in dry MeCN (20 mL) at 0°C. The reaction mixture was
allowed to reach room temperature, before it was stirred for 20 hours. The solvent was then
evaporated, and the residue was washed with EtOAc and diethyl ether. Evaporation of the
solvents and purification on prep-HPLC resulted in compound (13) as a yellow oil (0.673 g,
62.0 %). 'H NMR (400 MHz, D,0) § 7.72 — 7.68 (m, 2H), 7.40 — 7.36 (m, 2H), 5.19 - 5.15 (m,
1H), 4.18 — 3.96 (m, 4H), 3.03 — 2.89 (m, 2H), 2.40 (s, 3H). MS (ESI) m/z 190.0792 [M+H]*

5.1.4 Procedure for the synthesis of 3-((tert-butoxycarbonyl)amino)propyl
methanesulfonate (12)

0 o) )<
7
d’s \O/\/\NJ\O

H

tert-butyl N-(3-hydroxypropyl)carbamate (1.984 g, 11.32 mmol) was dissolved in dry DCM
(10 mL) at 0 °C under argon atmosphere, before triethylamine (3.2 mL, 22.96 mmol) and MsClI
(1.35 mL, 17.44 mmol) were added. The reaction mixture was stirred for 2 hours after reaching
room temperature. The crude mixture was diluted with DCM (15 mL) and washed with H.O (3
x 10 mL) and brine (3 x 10 mL) in a separatory funnel. The solution was dried over MgSO4 and
filtrated before the solvents were evaporated to afford compound (12) as an orange solid (3.069
g, 107.0 %). 'H NMR (400 MHz, CDCls) § 4.29 (t, J = 6.0 Hz, 2H), 3.24 (d, J = 6.8 Hz, 2H),
3.02 (s, 3H), 1.93 (p, J = 6.2 Hz, 2H), 1.43 (s, 9H). MS (ESI) m/z 276.088 [M+Na]*
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5.1.5 Procedure for the synthesis of Boc-L-cysteic acid (17)

o O%/OH

LA
07 Ny

H

L-cysteic acid monohydrate (2.014 g, 10.76 mmol) was added to a round-bottom flask and
dissolved in anhydrous DMF (35 mL) and triethylamine (3 mL, 21.53 mmol) under argon
atmosphere. Di-tert-butyl dicarbonate (2.823 g, 12.93 mmol) was measured in a pear-shaped
flask and dissolved in anhydrous DMF (17.5 mL). The solution containing di-tert-butyl
dicarbonate was added dropwise to the round-bottom flask, and the reaction mixture was stirred
for 46 hours before the solvent was evaporated. The residue was dissolved in DCM (10 mL)
before diethyl ether (60 mL) was added under vigorous stirring. The organic solvents were
discarded, leaving a white precipitation in the flask. The residue was washed with diethyl ether
(10 mL) again before being discarded. Drying overnight resulted in compound (17) as solid,
white crystals (4.114 g, 142.1 %). *H NMR (400 MHz, D,0) & 4.52 (dd, J = 7.8, 4.3 Hz, 1H),
1.44 (s, 9H).

5.1.6 Procedure for the synthesis of 6-hydroxyquinoline-4-carboxylic acid (3)

Os_OH
HO N

=

N

Compound (2) (0.987 g, 4.86 mmol) was measured in a round-bottom flask, before the addition
of hydrogen bromide (20 mL, 48 %). The reaction mixture was refluxed for 4 hours at 130°C
before it was allowed to reach room temperature. The solvent was evaporated and dried
overnight to obtain compound (3) as a green powder (1.421 g, 154.56 %). *H NMR (400 MHz,
DMSO) 5 9.06 (d, J = 5.2 Hz, 1H), 8.21 — 8.12 (m, 2H), 8.09 (d, J = 2.6 Hz, 1H), 7.64 (dd, J =
9.2, 2.5 Hz, 1H). MS (ESI) m/z 212.032 [M+Na]*
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5.1.7 Procedure for the synthesis of 3-((tert-butoxycarbonyl)amino)propyl 6-(3-((tert-
butoxycarbonyl)amino)propoxy)quinoline-4-carboxylate (11)

H
(@) O N.
y ~TN Boc
Boc— N~ ~_0 =
|
N

Cesium carbonate (4.760 g, 14.61 mmol) was added to a round-bottom flask containing
compound (3) (1.421 g, 7.51 mmol) from the previous reaction. DMF (5 mL) was added, and
the reaction mixture was stirred in room temperature for 15 minutes. A solution of compound
(12) (2.260 g, 8.92 mmol) in DMF (5 mL) was then added dropwise to the round-bottom flask.
The reaction mixture was refluxed at 60 °C overnight. After reaching room temperature, the
solvent was evaporated. MS (ESI) m/z 526.252 [M+Na]*

5.1.8 Procedure for the synthesis of 6-(3-((tert-butoxycarbonyl)amino)propoxy)
quinoline-4-carboxylic acid (6)

@) OH
H
BOC/N\/\/O =
|
N

Compound (11) was diluted in methanol (20 mL), and NaOH (25 mL, 1.0 M) was added. The
reaction mixture was stirred overnight and later neutralized with HCI (12.5 mL, 2.0 M). The
mixture was then filtrated before the solvents were evaporated. Purification on prep-HPLC
resulted in compound (6) as a snow-white powder (0.275 g, 10.57 %). *H NMR (400 MHz,
DMSO) 6 8.85 (d, J = 4.4 Hz, 1H), 8.15 (d, J = 2.8 Hz, 1H), 8.02 (d, J = 9.2 Hz, 1H), 7.92 (d,
J=4.4Hz,1H),7.48 (dd, J=9.2, 2.8 Hz, 1H), 6.94 (t, J = 5.6 Hz, 1H), 4.11 (t, J = 6.2 Hz, 2H),
3.13 (g, J = 6.5 Hz, 2H), 1.92 (p, J = 6.5 Hz, 2H), 1.36 (s, 9H). MS (ESI) m/z 347.10 [M+H]"
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5.1.9 Procedure for the synthesis of tert-butyl (S)-(3-((4-((2-(2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)carbamate (7)

0
ey
o) NH/3<F
N N
Boc” O N
b
N

HATU (0.286 g, 0.752 mmol) and compound (6) (0.275 g, 0.794 mmol) were measured in a
round-bottom flask before the addition of DMF (7 mL) and DIPEA (0.390 mL, 2.239 mmol).
The mixture was allowed to stir for 15 minutes before the dropwise addition of compound (13)
(0.567 g, 2.997 mmol) dissolved in DMF (3 mL) to the round-bottom flask. The reaction
mixture was stirred overnight before the solvents were evaporated. Purification on prep-HPLC
resulted in compound (7) as a white solid (0,154 g, 37.48 %). 'H NMR (400 MHz, CDCls) §
8.75 —-8.53 (m, 2H), 7.92 (d, J = 9.4 Hz, 1H), 7.79 — 7.59 (m, 2H), 7.35 (dd, J = 9.5, 2.6 Hz,
1H), 5.07 (dd, J =8.7, 4.5 Hz, 1H), 4.39 — 3.91 (m, 6H), 3.33 (t, J = 6.8 Hz, 2H), 2.82 (dtd, J =
18.2, 8.8, 8.1, 4.2 Hz, 2H), 2.03 (p, J = 6.6 Hz, 2H), 1.41 (s, 9H). °F NMR (376 MHz, CDCls)
5 -75.48. MS (ESI) m/z 518.15 [M+H]"

5.1.10 Procedure for the synthesis of (S)-6-(3-aminopropoxy)-N-(2-(2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)quinoline-4-carboxamide (8)

HoN A~ O N

A solution containing TFA (9.5 mL), H.O (0.25 mL) and TIPS (0.25 mL) was prepared. The
solution (5 mL) was added to compound (7) and stirred for 30 minutes. The solvent was
evaporated, and the remaining contents dried overnight under vacuum. This resulted in
compound (8) as a brown, viscous solution. MS (ESI) m/z 418.1690 [M+H]*
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5.1.11 Procedure for the synthesis of (R)-2-((tert-butoxycarbonyl)amino)-3-((3-((4-((2-
((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-
yl)oxy)propyl)amino)-3-oxopropane-1-sulfonic acid (18)

\\ OH

e C%

HATU (0.081 g, 0.213 mmol) and compound (17) (0.126 g, 0.468 mmol) were weighed in a
round-bottom flask and dissolved in DMF (7 mL) before DIPEA (0.110 mL, 0.631 mmol) was
added. The solution was stirred for 15 minutes and followed by the dropwise addition of
compound (8) (0.0871 g, 0.208 mmol) dissolved in DMF (3 mL) to the round-bottom flask. The
reaction mixture was stirred overnight, before the solvents were evaporated to afford compound
(18). 'H NMR (400 MHz, D20) & 9.03 (d, J = 5.5 Hz, 1H), 8.24 — 8.19 (m, 1H), 8.11 (d, J =
5.6 Hz, 1H), 7.85 (d, J = 8.8 Hz, 3H), 5.20 (dd, J = 8.7, 4.2 Hz, 1H), 4.52 — 4.09 (m, 11H), 3.61
(dt, J = 13.6, 6.7 Hz, 2H), 3.47 — 3.18 (m, 5H), 3.11 — 2.88 (m, 3H), 2.73 (t, J = 0.9 Hz, 2H),
2.23 —2.07 (m, 3H), 1.83 (s, 3H), 1.49 — 1.12 (m, 1H). $3C NMR (101 MHz, D-0) & 168.88,
167.70, 167.34, 163.06, 162.70, 159.93, 149.91, 148.07, 141.08, 134.42, 128.91, 127.63,
125.31, 124.97, 122.49, 119.99, 117.76, 117.47, 114.86, 104.41, 66.56, 65.06, 52.02, 51.70,
51.38, 50.34, 50.01, 44.78, 42.21, 38.01, 36.62, 36.55, 36.37, 36.12, 34.48, 28.34, 27.52. MS
(ESI) m/z 669.14 [M+H]*

5.1.12 Procedure for the synthesis (R)-2-amino-3-((3-((4-((2-((S)-2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-3-
oxopropane-1-sulfonic acid (1)

\\ _OH

i @?5

A solution containing TFA (9.5 mL), H20 (0.25 mL) and TIPS (0.25 mL) was prepared. The
solution (5 mL) was added to compound (18) and stirred for 30 minutes. The solvents were then
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evaporated, and the remaining contents were purified on prep-HPLC to afford compound (1) as
a yellow solid (0.067 g, 56.65 %). HRMS m/z 591.1444 [M+Na]* (calculated for
Ca3H26F2NsNaO7S: 591.1444).

5.1.13 Procedure for the synthesis (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-
1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-fluoronicotinamido)-
3-oxopropane-1-sulfonic acid (19)

(@]

F
) A
_OH

5 O NH F

O \ //

o) N
I H
(0] —
F 7 N

HATU (0.013 g, 0.0341 mmol) and 6-fluoropyrridine-3-carboxylic acid (0.006 g, 0.0425 mmol)
were measured in a round-bottom flask and dissolved in DMF (1.0 mL). DIPEA (0.0185 mL,
0.106 mmol) was added, and the mixture was stirred for 15 minutes before the dropwise
addition of compound (1) (0.019 g, 0.0334 mmol) dissolved in DMF (2.0 mL). The reaction
mixture was stirred overnight. The solvent was evaporated, and the residue dried under vacuum
for 30 minutes. Purification on prep-HPLC resulted in compound (19) as a light yellow and
green solid (0.017 g, 73.59 %). 'H NMR (400 MHz, DMSO) & 9.25 (g, J = 7.5, 6.0 Hz, 1H),
9.04 (d, J=4.9 Hz, 1H), 8.86 (d, J =5.9 Hz, 1H), 8.65 (d, J = 2.4 Hz, 1H), 8.32 (td, J = 8.2, 2.5
Hz, 1H), 8.15 — 7.97 (m, 3H), 7.82 (d, J = 4.9 Hz, 1H), 7.68 (dd, J = 9.3, 2.7 Hz, 1H), 7.30 (dd,
J=8.6,2.6 Hz, 1H), 5.21 (dd, J = 9.4, 2.6 Hz, 1H), 4.50 (q, J = 6.3 Hz, 2H), 4.43 — 4.06 (m,
15H), 3.29 (dqg, J = 12.6, 6.5 Hz, 2H), 2.98 — 2.76 (m, 4H), 1.96 (p, J = 6.4 Hz, 2H). *F NMR
(376 MHz, DMSO) 6 -65.53 (dd, J = 7.8, 2.6 Hz), -75.09. HRMS m/z 736.1385 [M-H+2Na]*
(calculated for C2gH27F3N7Na20sS: 736.1384)
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5.2 Methods for radiochemistry

5.2.1 Procedure for the radiosynthesis of 6-[*F]fluoronicotinic acid 2,3,5,6-
tetrafluorophenyl ester ([*®F]F-Py-TFP) (21)

Target water labelled with fluorine-18 was diluted with H,O (2 mL) and fixated on a
Chromabond PS-HCOs anion exchange column. The column was washed with anhydrous
MeCN (2 mL) and dried for one minute under vacuum. The quaternary ammonium precursor
(N,N,N-trimethyl-5-((2,3,5,6-tetrafluorophenoxy)carbonyl)pyridin-2-aminiumtrifluoro

methanesulfonate (0.012 g, 0.0364 mmol) was dissolved in MeCN/t-BuOH (0.5 mL) and
pushed through the same column in order to produce compound (21). The solution was diluted
in H20 (5 mL) and pushed onto a C18 cartridge that was preconditioned. The column containing
compound (21) was washed with H>O (5 mL) and thereafter eluted with MeCN (2 mL, 65 %).

5.2.2 Procedure for the radiosynthesis of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-
(*8F)nicotinamido)-3-oxopropane-1-sulfonic acid (22)

F
N
Oy _OH Hk
S; Os__NH
(@] \ //
N o} N
NTX ~ N A
I H
(@) —
187 NF N

In a vial, the FAPI precursor (1) (0.001 g, 0.00176 mmol) was dissolved in DMSO (0.05 mL),
before the addition of 2-butanon (0.3 mL) and DIPEA (0.003 mL, 0.0172 mmol). After this, a
stock solution containing (21) (0.02 mL) was added. The reaction mixture was heated, resulting

in compound (22).
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7 Appendix

A: NMR

Figure A-1: Compound (2)
Figure A-2: Compound (3)
Figure A-3: Compound (15)
Figure A-4: Compound (16)
Figure A-5: Compound (13)
Figure A-6: Compound (12)
Figure A-7: Compound (17)
Figure A-8: Compound (6)
Figure A-9: Compound (7)
Figure A-10: Compound (7)
Figure A-11: Compound (18)
Figure A-12: Compound (18)
Figure A-13: Compound (19)
Figure A-14: Compound (19)

D: Prep-HPLC

Figure D-1: Compound (13)
Figure D-2: Compound (6)
Figure D-3: Compound (7)
Figure D-4: Compound (1)

Figure D-5: Compound (19)

B: MS

Figure B-1: Compound (3)
Figure B-2: Compound (15)
Figure B-3: Compound (16)
Figure B-4: Compound (13)
Figure B-5: Compound (12)
Figure B-6: Compound (11)
Figure B-7: Compound (6)
Figure B-8: Compound (7)
Figure B-9: Compound (8)
Figure B-10: Compound (18)

C: HRMS
Figure C-1: Compound (1)
Figure C-2: Compound (19)

E: HPLC/Radio-HPLC

Figure E-1: Compound (1)

Figure E-2: Compound (19)

Figure E-3: Compound (21)

Figure E-4: Compound (19) and (22)

Figure E-5 — E-12: Compound (22)
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Appendix A: NMR

Figure A-1. 'H NMR spectrum of 6-methyoxyquinoline-4-carboxylic acid (2).
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Appendix A: NMR
Figure A-2. 'H NMR spectrum of 6-hydroxyquinoline-4-carboxylic acid (3)
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Appendix A: NMR

Figure A-3. 'H NMR spectrum of tert-butyl (S)-(2-(2-carbamoyl-4,4-difluoropyrrolidin-1-

yl)-2-oxoethyl)carbamate (15)
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Appendix A: NMR

Figure A-4. 'H NMR spectrum of tert-butyl (S)-(2-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamate (16)
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NMR

Appendix A

Figure A-5. 'H NMR spectrum of (S)-4,4-difluoro-1-glycylpyrrolidine-2-carbonitrile (13)
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Appendix A: NMR

Figure A-6. *H NMR spectrum of 3-((tert-butoxycarbonyl)amino)propyl methanesulfonate
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Appendix A: NMR

Figure A-7. 'H NMR spectrum of Boc-L-cysteic acid (17)
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Appendix A: NMR

Figure A-8. *H NMR spectrum of 6-(3-((tert-butoxycarbonyl)amino)propoxy) quinoline-4-
carboxylic acid (6)
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Appendix A: NMR
Figure A-9. *H NMR spectrum of tert-butyl (S)-(3-((4-((2-(2-cyano-4,4-difluoropyrrolidin-
1-yI)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)carbamate (7)
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Appendix A: NMR

Figure A-10. *F NMR spectrum of tert-butyl (S)-(3-((4-((2-(2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)carbamate (7)
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Appendix A: NMR

Figure A-11. *H NMR spectrum of (R)-2-((tert-butoxycarbonyl)amino)-3-((3-((4-((2-
((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-

yl)oxy)propyl)amino)-3-oxopropane-1-sulfonic acid (18)
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Appendix A: NMR

Figure A-12. 3C NMR spectrum of (R)-2-((tert-butoxycarbonyl)amino)-3-((3-((4-((2-

((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-
yl)oxy)propyl)amino)-3-oxopropane-1-sulfonic acid (18)
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Appendix A: NMR

Figure A-13. 'H NMR spectrum of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-
fluoronicotinamido)-3-oxopropane-1-sulfonic acid (19)
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Appendix A: NMR

Figure A-14. F NMR spectrum of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-
fluoronicotinamido)-3-oxopropane-1-sulfonic acid (19)
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Appendix B: MS

Figure B-1. MS of 6-hydroxyquinoline-4-carboxylic acid (3)
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Appendix B: MS

Figure B-2. MS of tert-butyl (S)-(2-(2-carbamoyl-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamate (15)
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Appendix B: MS

Figure B-3. MS of tert-butyl (S)-(2-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamate (16)
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Appendix B: MS
Figure B-4. MS of (S)-4,4-difluoro-1-glycylpyrrolidine-2-carbonitrile (13)
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Appendix B: MS

Figure B-5. MS of 3-((tert-butoxycarbonyl)amino)propyl methanesulfonate (12)
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Appendix B: MS

Figure B-6. MS of 3-((tert-butoxycarbonyl)amino)propyl 6-(3-((tert-

butoxycarbonyl)amino)propoxy)quinoline-4-carboxylate (11)
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Appendix B: MS

Figure B-7. LC-MS of 6-(3-((tert-butoxycarbonyl)amino)propoxy) quinoline-4-carboxylic
acid (6)
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Appendix B: MS

Figure B-8. LC-MS of tert-butyl (S)-(3-((4-((2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)carbamate (7)
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Appendix B: MS

Figure B-9. LC-MS of (S)-6-(3-aminopropoxy)-N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-
2-oxoethyl)quinoline-4-carboxamide (8)
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Appendix B: MS

Figure B-10. LC-MS of (R)-2-((tert-butoxycarbonyl)amino)-3-((3-((4-((2-((S)-2-cyano-
4.,4-difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-
3-oxopropane-1-sulfonic acid (18)
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Appendix C: HRMS

Figure C-1. HRMS spectrum of (R)-2-amino-3-((3-((4-((2-((S)-2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-3-
oxopropane-1-sulfonic acid (1)
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Appendix C: HRMS
Figure C-2. HRMS spectrum of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-

2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-fluoronicotinamido)-3-
oxopropane-1-sulfonic acid (19)
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Appendix D: Prep-HPLC

Figure D-1. Prep-HPLC of (S)-4,4-difluoro-1-glycylpyrrolidine-2-carbonitrile (13)
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Appendix D: Prep-HPLC

Figure D-2. Prep-HPLC of 6-(3-((tert-butoxycarbonyl)amino)propoxy) quinoline-4-

carboxylic acid (6)
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Appendix D: Prep-HPLC

Figure D-3. Prep-HPLC of tert-butyl (S)-(3-((4-((2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-
2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)carbamate (7)
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Appendix D: Prep-HPLC

Figure D-4. Prep-HPLC of (R)-2-amino-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-
1-yI)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-3-oxopropane-1-sulfonic acid
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Appendix D: Prep-HPLC

Figure D-5. Prep-HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-

oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-fluoronicotinamido)-3-

oxopropane-1-sulfonic acid (19)
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Appendix E: HPLC/Radio-HPLC

Figure E-1. HPLC of (R)-2-amino-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-
2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-3-oxopropane-1-sulfonic acid (1)
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Appendix E: HPLC/Radio-HPLC

Figure E-2. HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-fluoronicotinamido)-3-
oxopropane-1-sulfonic acid (19)
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Appendix E: HPLC/Radio-HPLC

Figure E-3. Radio-HPLC of 6-[*8F]fluoronicotinic acid 2,3,5,6-tetrafluoropheny! ester
([18F]F-Py-TFP) (21)
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Appendix E: HPLC/Radio-HPLC

Figure E-4. Co-elution of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-fluoronicotinamido)-3-
oxopropane-1-sulfonic acid (19) in blue and (R)-3-((3-((4-((2-((S)-2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-
(*®F)nicotinamido)-3-oxopropane-1-sulfonic acid (22) in red on radio-HPLC.
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Appendix E: HPLC/Radio-HPLC

Figure E-5. Radio HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-(*8F)nicotinamido)-3-oxopropane-
1-sulfonic acid (22). The conditions include DMSO, 2-butanone, DIPEA and heat.
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Appendix E: HPLC/Radio-HPLC

Figure E-6. Radio HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-(*8F)nicotinamido)-3-oxopropane-
1-sulfonic acid (22). The conditions include DMSO and DIPEA.
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Appendix E: HPLC/Radio-HPLC

Figure E-7. Radio HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-(*8F)nicotinamido)-3-oxopropane-
1-sulfonic acid (22). The conditions include ethanol absolute, triethylamine, hydrogen

carbonate and heat.
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Appendix E: HPLC/Radio-HPLC

Figure E-8. Radio HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-(*8F)nicotinamido)-3-oxopropane-
1-sulfonic acid (22). The conditions include ethanol absolute, 2,6-lutidine and DIPEA.
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Appendix E: HPLC/Radio-HPLC

Figure E-9. Radio HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-(*8F)nicotinamido)-3-oxopropane-
1-sulfonic acid (22). The conditions include a phosphate buffer (pH 7.75).
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Appendix E: HPLC/Radio-HPLC

Figure E-10. Radio HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-(*8F)nicotinamido)-3-oxopropane-
1-sulfonic acid (22). The conditions include a phosphate buffer (pH 7.75) and heat.
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Appendix E: HPLC/Radio-HPLC

Figure E-11. Radio HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-(*8F)nicotinamido)-3-oxopropane-
1-sulfonic acid (22). The conditions include a phosphate buffer (pH 8.6).
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Appendix E: HPLC/Radio-HPLC

Figure E-12. Radio HPLC of (R)-3-((3-((4-((2-((S)-2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)carbamoyl)quinolin-6-yl)oxy)propyl)amino)-2-(6-(*8F)nicotinamido)-3-oxopropane-
1-sulfonic acid (22). The conditions include THF, DIPEA and heat.
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