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Zusammenfassung

Fluor-18 (Ty, = 110 min) ist an medizinischen Zyklotrons einfach und in sehr hohen
Ausbeuten ohne Tréger-Zusatz, d.h. praktisch ohne Isotopen-Verdiinnung durch Fluor-19, herstellbar.
Daher konnen [*®F]-markierte Tracer in hohen spezifischen Aktivitdten synthetisiert werden. Die
Konzentrationen konnen im nano- bis picomolaren Bereich liegen und ermdglichen somit PET-
Messungen im Korper, so dass Stoffechselprozesse praktisch ohne konzentrationsbedingte
Verénderungen in vivo untersuchbar sind.

Aromatische [**F]-Aminosauren wie [**F]Tyrosin oder [**F]DOPA werden seit langem
klinisch als PET-Tracer angewandt, konnen jedoch (ber elektrophile Radiofluorierungen
verfahrensbedingt nur in niedrigen Aktivitdtsmengen und geringen spezifischen Aktivitaten hergestellt
werden. Ein Verfahren zur einfachen nukleophilen [**F]-Fluorierung direkt am Benzolring existiert
bisher nicht. Bei der betreffenden Verbindungsgruppe handelt es sich um elektronenreiche Aromaten,
die einer nukleophilen Substitution (SyAr) nicht unmittelbar zuganglich sind. Im Gegensatz zur
,klassischen* organischen Chemie fehlten grundlegende Arbeiten zu SyAr, so dass wir in Tlbingen
mit entsprechenden Untersuchungen vor einigen Jahren begonnen hatten. Diese Arbeiten werden im
Grundlagenteil dieser Dissertation an substituierten Benzolen weitergefiihrt und auf Pyridine
ausgedehnt. Im zweiten Teil sind Radiosynthesen fiir zwei neue [*®F]-Verbindungen als PET-Tracer
fir hypoxisches Tumorgewebe sowie als PSMA-Ligand flir Prostata-Tumore mit neuartigen
radiopharmazeutischen Konzepten entwickelt worden.

Zur Realisierung von SyAr in elektronenreichen Aromaten sind elektronenziehende
Substituenten notwendig. Bisher war die Substitution der quaterndren Ammoniumgruppe praktisch
nicht untersucht, lediglich war in dem Reaktionssystem die Bildung von [*®F]CH; als dominierende
Nebenreaktion bekannt. Die Experimente an verschieden substituierten Benzaldehyden zeigen keine
Nebenreaktion und auch hohe radiochemische Ausbeuten, wenn die quaterndre Ammoniumgruppe in
ortho Position lokalisiert ist. Erwartungsgemall entsprechen Substitutionsausbeuten im Ubrigen
denjenigen der Nitrogruppe. Fiir [*°F]-Markierungsstrategien bietet die quaterndre Ammoniumgruppe
jedoch den in der Praxis wichtigen Vorteil der schnellen und effizienten Abtrennung vom [*°F]-
Produkt.

Die grundlegenden Arbeiten zur SyAr mittels [*°F]-Fluorid wurden auf Pyridine ausgedehnt,
und fiihrten u.a. zum prinzipiellen Resultat, dass [*®F]-Pyridin-Derivate als Surrogate fiir Benzol bzw.
als prosthetische Gruppe z.B. zur ['®F]-Markierung geeignet sind. In Hinblick auf [**F]-
Markierungsreaktionen ist es von grof3er Bedeutung, dass die SyAr an Pyridinderivaten in der Regel
mit Ausbeuten von tber 80% verlauft und im Gegensatz zu den korrespondierenden Benzolderivaten
die Effekte von +M-Substituenten deutlich schwécher ausgepragt sind. Die z.T. unerwarteten
Ergebnisse der Dissertation liefern substantielle Informationen zu weitergehenden systematischen

Anwendungen in der Entwicklung neuartiger Radiopharmaka fiir die Molekulare Bildgebung.






Abstract

[*®F]fluoride is easily produced at medical cyclotrons in very high yields and without
addition of carrier. Therefore, [**F]-labelled tracers can be synthesized with high specific activities.
Although aromatic amino acids such as 6-['°F]fluoro-L-DOPA, 2-[**F]Fluoro-L-tyrosine and 6-
[**F]fluorophenylalanine are clinically well accepted since quite a while, yet easy and efficient
radiofluorinations at benzene ring are still remained to be highly desirable. Since such amino acids
possess electron rich aromatic ring, [°F]-labelling by SyAr has to be facilitated by means of an
auxiliary group (EWG) that must be removed at EOS. However, in order to eliminate this additional
step, an interesting alternative is the use of substituted pyridines in which nitrogen atom acts as an
electron-withdrawing group (EWG).

In present study, the rate of radiofluorinations in various substituted pyridines was studied.
When compared to 2-nitrobenzaldehyde, the labelling yield of 2-nitropyridine (84+3%, 20 min) was
almost similar to that of 2-nitrobenzaldehyde (83+1%, 20 min) at 140°C. In addition, [**F]-labelling
reactions were also carried out in pyridines substituted in ortho position by electron-donating groups
such as —CH; and —OCHa. It was observed that pyridines having —-NO, as a leaving group showed
almost 90% RCYs at all temperatures (140°C to 60°C) irrespective of being substituted by ~OCH; or —
CHs; groups in ortho position. Energies of activations (E;) were calculated for the substituted 2-
nitropyridines. In case of all compounds, energies of activation were found in the range of 4-25 kJ /
mol. Contrary to 2-nitrobezaldehyde (24 kJ / mol) and nitrobenzene (63.5 kJ / mol), E, for 2-
nitropyridine was clearly lower (6.5 kJ / mol).

Another important aspect in [**F]-labelling is the protection of —OH. For this, the hydrolysis of
new substituted benzyloxy protected groups for hydroxyl was carried out by acidic as well as catalytic
transfer hydrogenation. Time and temperature dependent analysis showed that 2,4-dimethyl benzyl
and p-xylyl groups can be easily cleaved at 120°C within 10 min after hydrolysis with 32% HCI by
giving almost 80% RCYs. In addition, pxylyl was hydrolysed under mild conditions with ca 75% of
RCY at 70°C at 10 min by using ammonium formate as a hydrogenating reagent.

[*®F]-labelling was carried out in order to develope the new precursors for PET-imaging of
hypoxia ([*|F]JFNT) and prostate cancer ([**F]JFPy-DUPA-Pep). Hypoxia radiotracer ([**F]JFNT) is a
new compound that can utilize the amino acid transporter system to enter the hypoxic tissues and
hence, its uptake can be expectedly enhanced for PET imaging. At EOS, 40+1% (decay uncorrected)
of [*®*F]FNT was synthesized with radiochemical purity of > 98% within 90 min. For radiosynthesis
via SyAr of a PSMA (prostate-specific membrane antigen) targeting ligand ([**F]Py-DUPA-Pep), the
method involves one step radiosynthesis of prosthetic group [(**F)FPy-TFP] itself and one step for
coupling with peptide. At the end of synthesis, 48+0.9% (decay uncorrected) of [*°F]FPy-DUPA-Pep
was synthesised with radiochemical purity of > 98% within 50 min. Hence, an efficient method of
radiosynthesis for [**F]FNT and [**F]FPy-DUPA-Pep has been developed. Thus, both of these

radiotracers can be used for PET imaging in clinical applications.
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1. INTRODUCTION

1.1 Radiopharmacy

Radiopharmacy is the area handling the methods and procedures for development, research
and production of tracers to be used as radiopharmaceuticals in clinical applications. Those tracers
mainly are biological compounds labelled with an appropriate radionuclide allowing to study
physiological and biochemical processes directly within the body. Those radionuclides emit y-
radiation penetrating the body barrier and, for probing, nuclear medical imaging techniques such as
Single Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET)
can be applied in clinical diagnostics. In principle, it is a really unique feature of PET to assess
metabolic functions in a selective and even quantitative way as turnover rates of the metabolic
pathway of interest can be determined in vivo. Moreover, the concentrations of a tracer applied in
diagnostic application are in the range of a few pumoles and picomoles so that metabolic processes
remain unchanged.

This diagnostic approach was first published by George Hevesy in 1924 and was termed as the
“tracer method”. Therein, he applied this method for studying absorption, distribution and elimination
of bismuth in rabbits’. In 1943, he was awarded the Nobel Prize for his remarkably important
contribution to medicine. Since then, his method is one of the essential tools in medical research.
Interestingly, within the past ten years, PET-applications of tracers as radiopharmaceuticals received a
particular enhancement by a fast technological development of the different imaging modalities such
as Ultrasouund Imaging (Ul), Computed Tomography (CT), Magnetic Resonance Tomography (MRT
or MRI), Optical Imaging (Ol), and SPECT and PET? both of which are combined with CT as hybrid
scanning systems.

Principally, the PET system detects the pairs of gamma rays (y-rays) emitted indirectly by a
positron-emitting radionuclide (Table 1-1)** incorporated in the tracer. Afterwards, the images
reflecting the tracer concentrations in different tissues in the 3-dimensional space within the body are
reconstructed by computer programmes with suitable algorithms.

In order to conduct a scan, a short-lived radioactive tracer is injected into the living subject
and a registration of the tracer concentration is made as the radioactive tracer decays. In case of a
positron decay (positive beta decay), the radioisotope emits a positron (e*) which travels in the tissue
for a short distance of a few millimeters or centimeters, during which it loses its kinetic energy, and
interacts with an electron forming the positronium (8%)>®°. This encounter annihilates by producing a
pair of photons of 511 keV moving in opposite directions (180°). The detection of these y-rays is
carried out by PET that consists of a circular arrangement of scintillation detectors. In these rings of
detectors, pairs of opposite detectors are connected for coincidence measurements. As a result, the two
y-rays of the annihilation process hit both of the opposite detectors and are detected within the time

frame of a few nanoseconds. Thus, a burst of light is created that is detected by photomultiplier tubes.
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The visual field is defined by the central area covered by areas of coincidence. Hence, this technique
basically depends on the simultaneous i.e. the coincident registration of the pair of photons moving in
opposite directions. Alternatively, the time of y-photons can be measured as it depends on the distance
between the point of annihilation and the two opposite detectors i.e. the time of flight (TOF) of y-
photons is registered and, thus, the 3-D information is obtained.

AV
‘ Loss af Kinetic Enargy

e+ + e Positron + Electron
Positronium
e +e
l Life-time up to fow us

1 LAV aVaVa Ve N Y2
(511 kel (511 kel
Annihilation Radiation {180%)

Fig 1.1 Positron emission and annihilation®®

The most recent development includes PET/MRI* ** for simultaneous registration by both
imaging modalities. MRI is known to provide exquisite structural details while PET gives the
information about the biochemical process that a radiotracer follows within the body. Due to the
instability of photomultipliers within strong magnetic fields of MRI, the PET-technology was
developed in a new way by using silicon avalanche photodiode detector that is a highly sensitive

semiconductor electronic device having functional analogy to photomultipliers (Fig 1.2)".

S 4

/

LSO crystal block Ampifier and electrorics
PD array

Fig 1.2 Combination of PET/MRI (a) drawing of PET/MR (b) MRI compatibale PET
detector modules (c) single PET detector module™
Examples of the molecular mechanism underlying PET measurements are receptor binding,
metabolism, transport across the cell membrane, and binding to several kinds of macromolecules
(DNA, RNA, proteins). Thus, for interesting PET applications, a variety of criteria are to be met
generally such as lipophilicity (logP < 1.5-2) and high binding affinity (low Kgy) together with a high
specificity of the target molecule®.




Introduction

1.2 PET Radionuclides

Positron emitting radionuclides are neutron deficient and can only be produced by
acceleraters for which the medical cyclotrons are typical examples. The range of the path, in which -
particles lose energy by collisions, is specific for the employed radionuclide. Various PET-

radionuclides produced at a cyclotron are shown in Table 1-1.

Table 1-1 Positron emitters® used for PET

Nuclide Half-Life Decay Mode (%) Ep-+. max (KEV)
e 20.4 min B* (99.8), EC (0.2) 960
BN 9.96 min B (100) 1190
0 2.03 min B* (99.9), EC (0.1) 1720
*Op 2.5 min B (99.8), EC (0.2) 3250
8 109.6 min B* (97), EC (3) 635
"Br 98 min B* (75.5), EC (24.5) 1740
"*Br 16.1h B* (57), EC (43) 3900
Se 7.1h B* (65), EC (35) 1320
120) 1.35h B* (64), EC (36) 4100
124) 4.18d B* (25), EC (75) 2140
K 7.6 min B (100) 2680

»Co 17.5h B* (77), EC (23) 1500
®Cu 23.4 min B* (93), EC (7) 3920
*ICu 3.32h B* (62), EC (38) 1220
®Cu 9.7 min B* (98), EC (2) 2930
%Cu 12.7h B* (18), B~ (37), EC (45) 655
®Ga 9.45h B* (57), EC (43) 4153
®Ga 68.3 min B* (90), EC (10) 1900
%MRb 6.3h B* (26), EC (74) 780
“Rb 1.3 min B" (96), EC (4) 3350
Soy 14.7h B (34), EC (66) 1300
8gr 32h B* (24), EC (76) 1150
“Ti 3.1h B* (86), EC (14) 1040
e 52 min B* (72), EC (28) 2470
2As 26 h B* (88), EC (12) 2515
8Zr 78.4 h B* (22), EC (78) 900

Among all isotopes of the organic elements, only a very few exist and are characterized by
short half-lives. Another important aspect is the fact that very small masses of those radionuclides that
are used for the PET registration (Table 1-2)*".

In PET measurements, 37 MBq to 370 MBq are the typical amounts of radioactivity. The mass
can be calculated by the following mass-activity-equation of the radioactive decay, the mass (m) can
be calculated for the different radionuclides (Table 1-2).

_ Aw

m
AN,

In this mass-activity equation:
A = Total radioactivity

w = Atomic weight / Molecular weight

3
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A = Decay constant
Na = Avogadro’s number, 6.02 x 10
Half-life (ty,,) is calculated from the decay constant (A):

In2
}f
For comparison, *C is added in Table 1-2 because it is a neutron rich radionuclide and has a

long half-life. That emits B -particles exclusively resulting in a complete absorption within the tissue
and, hence, any registration outside the body is not possible by means of the nuclear medical
techniques. Moreover, due to the long half-life, the mass of an activity of 37 MBq is equal to 0.224

mg. In contrast, in case of **C, the activity of 37 MBq gives rise to a mass of only 1.19 pg.

Table 1-2 Radionuclides of the organic elements suited for PET-registration'!

Radionuclides . Mass
E B (Neutron-deficient) AL 37 MBq = ?g
o) 0 (B9 2.03 min 1.62x 10%g
N BN (B 9.96 min 6.9x 10%g
C "C (B 20.4 min 1.19 x 10™g
P P (B 2.5 min 3.97 x 10 g
H - - -
F for ‘H’, ‘OH’ () 109.6 min 1.05x 10™M g
For Comparison
(Neutron-rich)
C “c @) | 5730 a | 2.24x10"g

1.3 [*®F]-Labelled Radiopharmaceuticals

Among all, the remarkability of fluorine-18 as a positron emitter can be attributed to its
physical as well as nuclear properties such as its sterically similar size (1.35 A") to hydrogen (1.20 A")
and the high electronegative character (y: 3.98). In addition, the almost complete positron decay (97%,
by emission of B*) and the low energy of the positron [635 keV (maximum), 2.3 mm mean range in
matter] are particularly advantageous in terms of resolution of PET-images™. It can also be produced
reliably in a routine way on a large scale (> 100 GBq), and its relatively long half-life (t;,=109.6 min)
opens the possibility that ['°F]-radiopharmaceuticals can be synthesized in nuclear medicine facilities
without a cyclotron. Moreover, the direct distribution of [*®F]-radiopharmaceuticals to the
neighbouring PET centers, which do not have a cyclotron, allows the use of PET in the clinical
environment. It is important to note that the incorporation of fluorine-18 can enhance the biochemical
specificity of the tracer molecule with high sensitivity. This further facilitates the imaging and

quantification of a biochemical processes in vivo'™ (Table 1-3).
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Table 1-3 [*®F]-labelled PET-tracers interesting for clinical use

14-15

[*°F]-Labelled Radiotracer

Radiosynthesis

Clinical Application

2-Deoxy-2-[**F]fluoro-D-glucose
(2-["°*F]FDG)

Nucleophilic fluorination

Glucose metabolism

3-Deoxy-3-["°F]fluoro-D-glucose
(2-[*F]FDG)

Nucleophilic fluorination

Glucose transport

6-[*°*F]FluoroDOPA

Fluorodematallation

Dopamine metabolism

6-[**F]Fluorodopamine

Nucleophilic fluorination

Cardiac sympathetic
innervations

2-[°F]Fluoro-L-tyrosine
([°FIFTyr)

Fluorodestannylation

Dopamine metabolism

6-[**F]Fluoro-L-m-tyrosine
([*F]F-m-Tyr)

Fluorodestannylation

Dopamine metabolism

[**F]Fluoroethyltyrosine
([°FIFET)

O-alkylation with
[*®F]fluoroethyltosylate

Tumor imaging

[®®F]Fluoro-a-methyltyrosine
([*F]FAMT)

Electrophilic fluorination with

[®*F]AcOF

Tumor imaging

Electrophilic fluorination with

Neutral amino acid

18 -
6-[°F]Fluorophenylalanine [°F]ACOF transport
[*®F]Fluoromisoindazole N-alkylation with L

([°*FIFMISO) [**Flepifluorohydrin Hypoxia imaging

1-(5-[*°F]Fluoro-5-deoxy-a-D-
arabinofuranosyl)-2-nitroimidazole
(["°F]FAZA)

Fluorodetosylation

Hypoxia imaging

3’-deoxy-3’-[*°F]Fluorothymidine
(["°F]FLT)

Nucleophilic fluorination

DNA synthesis

[**F]Fluorocholine

Nucleophilic fluorination

Lipid synthesis

[°F]Fluoroacetate

Nucleophilic fluorination

Lipid synthesis

(-)-6-[**F]Fluoronorepinephrine

Nucleophilic fluorination

Cardiac sympathetic
innervations

16a-[**F]Fluoro-17R-estradiol

Nucleophilic displacement of

aliphatic cyclic sulfone

Estrogen receptor
positive tumors

2-[*®F]Fluoro-4-boronophenylalanine

Electrophilic fluorination with

["®F]AcOF

Neutron capture therapy
titration

6-[*®F]Altanserin

Nucleophilic aromatic
substitution

5HT 4 receptors

[*®F]Fluoroethylspiperone

N-alkylation with
[*®F]fluoroethyltosylate

D, receptor

[**F]Fleroxacin

Nucleophilic displacement of

mesylate

Antibiotic
pharmacokinetics

5-[**F]Fluorouracil

Electrophilic fluorination

Tumor imaging

2-p-Carbomethoxy-3-p-(4-
[**F]fluorophenyl)tropane
(["°FICFT)

Fluorodestannylation

Dopamine transport

For studies of metabolic pathways, the concept of “blocked metabolism” plays an important

role for which [*®*F]JFDG is the classical example. The fact behind “blocked metabolism” is the
reversible sequence of the biochemical cycles. 2-[**F]FDG and 3-[**F]JFDG have been synthesized and

clinically evaluated in the past. Among these two analogues, 2-[**F]FDG is widely used as a clinical

research tool and as a diagnostic agent in oncology and neurology. Though both analogues of glucose

can be transported across the cellular membrane efficiently but once entered, their way of further

5



Introduction

cellular metabolism describes the preference of 2-[°FJFDG over 3-['*F]FDG (Fig 1.3)'°. The
priniciple behind the mechanism of 2-['**F]JFDG in clinical studies is the missing —OH group at C-2
that is needed for glycolysis. So, the [**F]-substituent at C-2 blocks further phosphorylation because of
the high energy of the C-F bond. Thus, 2-[**F]JFDG remains trapped in the second metabolic step in
the form of 2-[*®*F]FDG-6-phosphate after reaction with hexokinase. As a result, the distribution of 2-
[*®*F]FDG provides a good index of cellular turnover of glucose within the tumor or the organ of
interest. In addition, its efficient radiosynthesis from high activities of [**F]fluoride ion ensures its

availability to the imaging centres within a few half-lives of transport time'"?.

Glucose 2-FDG 3-FDG
CH,OH CHOH (kO
. o]
O\ oH S on OH
AN Ho NS L
OH OH
Transport ” H

I
e || e |y %
I *

co,

Fig 1.3 Metabolic pathways of glucose and its radio-analogues™

Among amino acids used in preclinical and clinical research, the most frequently discussed
include 6-[**F]fluoro-L-DOPA, 6-[**F]fluoro-m-tyrosine ([**F]F-m-Tyr), 2-[**F]Fluoro-L-tyrosine
([*®*F]FTyr) and 6-[**F]fluorophenylalanine??’. 6-[**F]fluoro-L-DOPA is one of the few established
radiopharmaceuticals having extensive applicability in neurology for diagnosis of central motor
disorders such as Parkinson’s disease and schizophrenia®. As far as [*°*F]JFTyr is concerned, it was
reported® that this radiotracer could be used as an index of protein synthesis for oncology. Later
studies showed that though [*®*F]FTyr accumulated in tumors, the actual process being measured was
the one of the neutral amino acid transporters rather than that of protein synthesis®. In addition to
these amino acids, the clinical utility of 6-[**F]fluorophenylalanine to assess neutral amino acid
transport both in normal human brain and tumor tissues was also investigated®'.

Two tyrosine analogues such as [“*F]fluoroethyltyrosine ([**F]FET) and [**F]fluoro-a-
methyltyrosine ([**F]JFAMT) have been studied for imaging brain tumors®®. Imaging results for
[|*F]FET in a series of patients with suspected primary or recurrent intracerebral tumors were
comparable to [*C]methionine®. Similarly, [**FJFAMT exhibited tumor-to-background ratios

significantly higher than [**F]FDG in brain tumor®.
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1.3.1 [**F]Fluoride Production

Fluorine-18 may be produced by several methods (Table 1-4)%*, but by far, the most useful one
is at a cyclotron via proton irradiation of **O-enriched water [**O (p, n)**F (E, = 16— 3 MeV]* and
fluorine-18 is obtained as a solution of [**F]Fluoride in the irradiated target water. Thus, this method
ensures the production of 70 GBg and even more from a single irradiation whereas only 5-15 mCi
(0.185 GBq to 0.55 GBq) of radiotracer is needed to be injected into a human subject for a single PET
examination. Another attractive feature of this method of production is that fluorine-18 is obtained in a
“no-carrier-added” form (n.c.a.). This means that the [**F]fluoride ion has a very high specific activity
(i.e., ratio of [*®F]fluoride ion radioactivity to the mass of carrier or total fluoride ion). Typically, the
specific activity exceeds 185 GBg/umol (5 Ci/umol). Theoretically, the maximum value of specific
activity of fluorine-18 (ty,,:109.6 min) is 63,000 GBg/pmol (1.7 x 10° Ci/mmol). Such a high specific
activity also enables radiotracers to be administered to human subjects in low mass doses (less than 1-

10 nmol) generally without toxic or pharmacological effects.

Table 1-4 [*®*F]Fluorine production pathways*

Nuclide Bop, N)®F  O(He, p)*°F Ne(d, a)°F BO(p, n)*°F
Target H,'®0? H,O Ne (200 pmol F,)° | **0,, Kr (50 pmol F»)°
Particle Energy 16 —»3 36—>0 14—»0 16 —»3
Main Product Form "F " PF [**F]F, [°FIF,
Exp. Yield
[GBq/uAh] 2.22 0.26 0.40 1.0
Specific Activity N N N N
[MBg/umol] ~600.103 ~50.103 =100 ~600
®Ti-target with Ti window Ppassivated Ni target ‘two step process, Al target

Among other methods, the *He-irridiation of *°O is of minor importance because the nuclear
reaction °Li (n, o)) *H/*®O (°*H, n) *®F only allows activity productions of < 1 GBq and also causes °H
waste problems®’. That process had some importance when cyclotrons were rare and nuclear power
plants were accessible.

For radiofluorinations via electrophilic substitution reactions, [**F]F, is required. For this
purpose, “’Ne and *®0 gas targets are used. The major problem in both cases is the fact that fluorine-18
gets absorbed on target walls so that an addition of elemental fluorine to the target gas is mandatory
and, thus, high specific activities can not principally be attained®”. Since two consecutive irradiations
are essential with the *0,-target for saving enriched material, the **Ne (d, o)) '®F-reaction is the most
practical and widely used process for the production of electrophilic fluorine-18.

As an alternative, proton irradiation of ®0-oxygen gas is brought into use because the nuclear
data of the 0 (p, n) ®F-reaction exhibited higher production yields (from threshold 3 MeV up to 30
MeV proton energy)®. In addition, the saturation integral yield encourages irradiation up to about Ep <
20 MeV.
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1.3.2 [*®F]Fluorination Methods
The chemical reactions commonly used for radiosynthesis of [*°F]-labelled
radiopharmaceuticals fall into the following two categories:
1. electrophilic fluorination,

2. nucleophilic fluorination.

1.3.2.1 Electrophilic [**F]Fluorination

This method utilizes the electrophilic form of ([*°F]F,) for labelling of organic molecules.
However, due to high reactivity and desctructive property of ([**F]F,, numerous fluorinating reagents
have been synthesized from fluorine gas. Such reagents included acetyl hypofluorite, xenon difluoride,
diethylaminosulfurtrifluoride, perchloryl fluoride (CIOsF), nitrosyl fluoride, N-fluoro-N-
alkylsulfonamides, N-fluoro-2-pyridone, and N-fluoropyridinium triflates etc. As all of these reagents
are produced in a carrier-added method, therefore, all electrophilic fluorinations are principally carrier-
added and finally result in radiotracers with low specific activities. This disadvantage is a serious
limitation in the utility of this method.

Another major drawback is that the maximum achievable radiochemical yield (RCY) is only
50% as in reactions with [*®*F]F, only one of the two fluorine atoms is incorporated into the product.
Despite the drawbacks such as low specific activity, reduced radiochemical yields (RCYs), and poor
regioselectivity, this method has been the choice for radiosynthesis of clinically important [**F]-
labelled radiopharmaceuticals such as 6-[**F]fluoro-L-DOPA.

Several attempts were made to reduce the amount of fluorine-19 carrier in the synthesis of
electrophilic *®F-labelled tracers. Hence, higher molar specific activities of about 30 GBg/pumol of
[*°F]F, were tried to be obtained via electric gaseous discharge of [**F]methylfluoride prepared by
n.c.a. nucleophilic substitution (Scheme 1-1)*, yet the method was not brought into a general

application.

140 nmol F,

Scheme 1-1 Electrophilic [**F]fluorine generated by electric gaseous discharge®

1.3.2.2 Nucleophilic [**F]Fluorination

Unlike electrophilic [**F]fluorinations, the specific activities are higher in this method of
labelling. This is due to the fact that [*°F]fluoride as a nucleophile can be obtained in a n.c.a. form.
Moreover, [*®F]fluoride can be produced in an easy and an efficient way by a medical cyclotron.
Following irradiation of a [**OJwater target, the [**F]fluoride ion is obtained in an aqueous solution
that makes it unreactive for further reaction as water molecules mask the free [**F]fluoride ion by

solvation.
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Therefore, removal of water is essential and is primarily carried out by azeotropic distillation
with acetonitrile (MeCN) along with the addition of a cationic counterion. This is achieved by using
some soft metal ions such as potassium, rubidium or caesium complexed by a cryptand such as
kryptofix-222 (PTC), or tetraalkylammonium salts. However, addition of these salts also leads to the
addition of another anion to the reaction mixture. For this purpose, non-nucleophilic anions are
selected such as carbonates since these do not compete with [**F]fluoride ion during reaction. After
addition of a base such as K,CO; along with K222, water is evaporated in order to activate the anion
(*®F) towards n.c.a. [*®F]fluorination (Fig 1.4)".

lSDI:p,I'I}I18F
on H,'#0

18F'{H2180}n in H218L-J

1) adsorption on anion
exchange resin
2) elution with ag. K;CO4/K2.2.2

1) addition of ag. K2CO4/K2.2.2 (‘”\Om /“1‘
2) azeolropic evaporalion
with MeCN (x 3) l"*—-‘._/o D& 18F-(H,0), in H0
\_/
l azeotropic evaporation
with MeCN (x 2)
/“\
= O K O\rﬂ_J' wF (HzO)m

Fig 1.4 Flow chart showing the structure of [**F]KF-K222 complex and its preparation from
cyclotron-irradiated [**OJwater by two alternative processes™

To the dried residue of activated [“°*F]KF-K222 complex, precursor dissolved in dipolar
aprotic solvent is added. Solvents such as dimethylsulfoxide (DMSO) and N,N-dimethylformamide
(DMF) are usually used as these solvents not only dissolve the organic precursors but also solubilize
the [“F]KF-K222 complex.

Although the use of “ionic” (polar protic) is generally thought to be impossible for
nucleophilic substitution, tert.BuOH as a solvent along with cesium fluoride (CsF) was successfully
implemented for this purpose by Kim et al. in 2007%. It was reported that the rate of fluorination
increased with increasing bulk of the alcohol (reaction rates followed the order: tert. BuOH > i-PrOH >
EtOH > MeOH; or simply: tertiary > secondary > primary alcohol)*. The reason was that the tertiary
alcohols do not coordinate so tightly with fluoride ion, and hence, flexibility is exhibited between
solvent and nucleophile (Fig 1.5)*. This breakthrough has proved the tolerance of nucleophilic
substitution reactions for water up to 20% in reaction media. The use of such “ionic” liquids has been

extended for the radiosynthesis of clinically important tracers such as [**F]JFDG and [**F]JFLT***.
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Nuoride by H-bonding (0] "flexible fluoride”
J_L I:I ax a good nucleophile

Cs } -HOt-Bu —FOH——{:}——HO{— =

H- bondmg S~ g D Reduced side reactions
formation A by protic atmosphere
| atfac

C Enhanced leaving group ability R ,,({\ L HOtBu

O i H-bonding
& protic medi
H-bonding protic media

Fig 1.5 Reactivity-enhancing effects of tert-alcohol on nucleophilic fluorination reaction®

1.3.3 Nucleophlic Aromatic [**F]Fluorination

To facilitate [**F]-labelling of aromatic compounds such as tyrosine or phenylalanine, an
appropriate leaving group must be present together with an auxiliary group in ortho or para position to
the leaving group, both with strong electron-withdrawing properties. In various studies, the utility of
such an approach has been shown**“.

A good leaving group is mandatory. Among all leaving groups, the nitro (-NO,) and
trimethylammoniumtriflate [-N*(CH3); SOsCF5] groups account for an efficient radiosynthesis of
[*®FJaryl fluorides resulting in high RCYs. However, halogens are used less frequently. The order of
reactivity of leaving groups towards nucleophilic aromatic substitution (SyAr) reactions in dependence
on increasing RCY is as follows:

-NO,= -N*(CHa3); > -F >-Br > -Cl

Isotopic exchange of *F by *°F, despite of resulting in high RCYs, has not been in the focus
of interest since the specific activities to be achieved are thought to be unattractively low due to the
presence of *F-carrier (c.a.). However, as reported earlier*”, this type of radiofluorination showed
distinct advantages because the ratio of the rate constants of the *®F/*°F exchange (ke) exceeded those
for the displacement of other halogens (kp) up to 10°.

In order to reduce the electron density of benzene ring and to enhance its reactivity towards
SNATr, an auxiliary group such as -NO,, cyano (-CN) or carbonyl group is required. These groups are
particularly of choice due to their highly positive values of Hammett constants [c (para): +0.78 (-
NO,), +0.66 (-CN)]. Among all, the most feasible and favourable is the aldehyde group (-CHO) since
it can be removed easily by means of catalytic decarbonylation by using Wilkinson’s catalyst*® *°.

The use of diphenyliodonium salts (Ar-1"-Ar;) has the distinct advantage that it eliminates the

need of an auxiliary group on benzene ring™**

. In this case, the more electron deficient ring is
preferably attacked by the [*®F]fluoride ion. However, it has limited applicability due to the unwanted

radioactive by-products (Scheme 1-2)%,
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X
.
| 18 1BE
n.c.a.FFluoride
+
R R, R Ry

X =Cl, Br, I, OTs, CIO,, CF,SO,

RorR,=H, Cl, Br, I, NO,, CH,, OCH,

Scheme 1-2 General procedure of [**F]-labelling via diaryliodonium salts®®

For the synthesis of radiotracers such as 6-[**F]-L-DOPA via nucleophilic aromatic

substitution reaction, it is necessary to protect the —OH groups. For this purpose, usually, the —CH,

group is used. However, —-OCHs strongly inactivates the benzene ring towards SyAr via electron-

donating mesomeric effect (M+) and, thus, decreases the RCY. Hence, it was essential to study the

impact of -OCHj; groups on the rate of radiofluorination via SyAr in substituted benzaldehydes. Bin et

al. carried out a systematic study in methoxy-substituted ortho nitrobenzaldehydes™. It was found that

4-methoxy-2-nitrobenzaldehyde (i), 4,5-dimethoxy-2-nitrobenzaldehyde (ii) and 3,4-dimethoxy-2-

nitrobenzaldehyde (iii), potential precursors for synthesis of [‘*F]-labelled tyrosine or DOPA, gave

maximum RCY's of > 85%. Even the precursors substituted with three (iv) and four (v) —OCH; groups

showed good RCYs™ (Fig 1.6).

CHO
NO,
0]
RCY,: 89+4.2%

H3CO\©\ 3CO:©\

NO,
(||) (iii)
RCY,,,: 87.8% o 86+4.2%
OCH,4 OCH,4
H3CO. i :OCH3 H3CO i OCH;
NO,
(IV) )
RCY,,: 812.4% RCY,,,: 48t4.5%

Fig 1.6 Methoxy substituted 2-nitrobenzaldehydes™
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For enhancing nucleophilc aromatic substitution, an interesting alternative is the heteroatom
within the hetroaromatic system, for which pyridine is the leading example. The ortho position of the
nitrogen is known to be well suited for a nucleophilic substitution reaction. Labelling with fluorine-18,
however, was only studied in a few cases for which '®F-substituted purines®® and nicotinic acid
amides® are typical examples (Table 1-5). Dolci et al. (1999) evaluated the scope of nucleophilic
aromatic fluorinations of 2-substituted pyridine rings using the activated [“*F]KF-K222 complex
(Scheme 1-3)***°. This is of particular interest since in case of substituted benzenes without an

auxiliary group, a nucleophilic substitution is thought to be almost impossible to occur.

X
n.c.a. F®FIFluoride
P aN
N/ LG N F

LG =-N(CH,),", -NO,, -Br, -Cl

Scheme 1-3 [*®F]-labelling of 2-substituted pyridines®*°

The main advantage of using the pyridine system for radiosyntheses of radiopharmaceuticals
is the lack of one additional step i.e. the removal of activating group (such as removal of —-CHO by
Wilkinson’s catalyst) after the radiosyntheses.

However in the pyridine system, it is almost impossible to get good RCYs when
radiofluoriation via SyAr is to be performed in meta position. This is due to the fact that the meta
position is not activated towards SyAr by an electron-withdrawing mesomeric effect of the N-atom.
For the first time, meta position in pyridines was labelled by [**F]fluoride by SyAr using
diaryliodonium salts (Scheme 1-4)%.

"
|+ 18F
X EeFIFluoride ‘ A
» P
N OCHj N

Scheme 1-4 ['®F]-labelling in meta position in pyridines via diaryliodonium salts®

In this case, electron density is lower in meta position of pyridine ring than in benzene
substituted by —OCH; group in para position. This particular fact assured a very selective
radiofluorination in the pyridine ring, and nevertheless, the RCY's so obtained were as high as 55-63%

after 30 min of reaction time.
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Table 1-5 Examples of [*®F]fluorinated heteroaromatic radiopharmaceuticals®®

Radiotracers

Structural Formuals

2-[**F]Fluoronicotinic acid diethylamide

2-[**F]Fluoronicotine

[6-Pyridinyl-*F]fluoro-WAY-100635

X
N-(2-Aminoethyl)-5-[**F]fluoropyridine-2- ‘
carboxamide & N,
o
o\ NH\NH2
2-[*®F]Fluoroisonicotinic acid hydrazide | X
/ 18
N F

Nor-chloro[*®F]fluoroepibatidine

["®*FINIDA52158

(-)-9-(2-[*®F]Fluoropyridinyl)cytisine
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2-Amino-6-(2-[**F]fluoropyridin-4- \
ylmethoxy)-9-(octyl-g-D-glucosyl)-purine \ )\
NH,

N-[3,5-bis(Trifluoromethyl)benzyl]-N-
methyl-5-(4-bromophenyl)-2-[**F]fluoro-7-
methyl-8-o0xo0-7,8-dihydro-
[1,7]naphthyridine-6-carboxamide

1-[3-(2-[*®F]Fluoro-pyridin-3-yloxy)-propyl]-

pyrrole-2,5-dione @ ~o > Q

N-[3-(2-[*°F]Fluoropyridin-3-yloxy)propyl]- ||
2-bromoacetamide

1.3.4 Indirect [**F]Fluorination

In some cases, indirect [*®F]-labelling methods are applied. These procedures imply a two step
of radiosynthesis in which the primary step is the [*®F]-labelling of a prosthetic group or a synthon that
is coupled in a secondary step with another molecule to form the final product. Important procedures
via prosthetic groups are the ['*F]fluoroalkylation, [**F]fluoroacylation, and the [**F]fluoroamidation
(Scheme 1-5)°%,

The various [**F]fluorinated synthons used for direct [**F]-labelling mehods include
[*®F]fluorobenzylhalides, aceto-4-[**F]fluorophenone, 2- or 4-[**F]fluoroaniline, 4-[**F]fluoro
phenyl lithium, 1-[*®F]fluoro-4-haloarenes, 4-cyano-1-[*®F]fluorobenzene, 4-[**F]fluorophenol and 4-
[*®F]fluorobenzaldehyde®.
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18 H
/MY n.c.a[*°F] fluoride " Y R-Z-H 18 Z-R
X n F F
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X
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; .
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Z=N,0,S
R = Alkyl, Aryl

61-62

Scheme 1-5 [**F]-labelling via [**F]-labelled prosthetic group

1.4 Radiopharmaceuticals for PET Imaging of Hypoxia

For PET imaging of hypoxia, a probe was needed that could compete directly with
intracellular O, when supply of O, was inadequate to accommodate the electrons produced by the
electron-transport chain (Fig 1.7)%. Aiming at this purpose, Chapman® used ““C-labelled derivatives
of N-alkyl-2-nitroimidazoles that were trapped successfully in hypoxic cells but still showed electron-

transport activity.

Cytochrome oxidase
0, H,O

0, —* >0 — »HO, —“»OH—*»HO

z 2 S500 |
Peroxidases
ROS path HQO
el Lipid, nucleic acid, protein damage

Fig 1.7 Pathway of electron-transport chain in absence of adequate cellular oxygen®

The reason was the fact that 2-nitroimidazole possesses the ideal capability to follow
intracellular metabolism depending on the oxygen concentration within the tissues. As a first step, the
nitro group traps electrons produced from respiratory cycle and forms a radical anion i.e. -NO, (Fig
1.8). If O, is sufficiently high in cells, it will compete with the nitro group in trapping electrons from —
NO, and, hence, nitroimidazole radical will return to its parent state. On the other hand, if cells are
deficient in O, then, nitroimidazole radical is reduced to an amine-derivative that further reacts with
intracellular macromolecules leading to irreversible trapping. The reduction process is usually
catalyzed by reductases such as xanthine oxidase, lipogenases, and NADPH oxidases. This reduction
process occurs on the flavin site and results in transferring a single electron to the heteroaromatic —

NO, group, and thus, converts it to the hydroxylamine®"®.
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Fig 1.8 Cyclic pathway showing intrecellular metabolism of —~NO, of 2-nitroimidazole®

Upto now, many radiotracers, containing 2-nitroimidazole rings, have been synthesized for
PET-imaging of hypoxia (Fig 1.9). Among all, [**F]FMISO and [**F]FAZA are the most widely used
ones®”%. For radiofluorination of hypoxia precursors such as [**FJFMISO, two basic strategies have
been used that involve a one step or a two step radiosynthesis involving nucleophilic substitution
reaction:

a) direct [*°F]-labelling approach by nucleophilic substitution,
b) coupling of a pre [*®F]-labelled precursor with 2-nitroimidazole.

125 N 129 N N
o N / e} N / H3C 10 N /
OH
NO, NO, NO,
SH OH OH OH &
F*IIAZR [*11AzA [SFIFAZA

I N

1o
[*FFAZR [*®FIFMISO

Fig 1.9 Molecular structures of some widely discussed hypoxia tracers

For uptake in the cells, many transport systems of cell membrane are utilized by radiotracers.
As far as transportation of amino acids is concerned, numerous amino acid transport systems have
been characterised including L, y'L, A, ASC, asc, b®*, B®* and x, Gly, n and T%. Among all, system
L is a major one as it transports large neutral amino acids in a Na’-independent manner and it includes
two isoforms i.e. LAT1 and LAT2 (L-type amino acid transporterl and 2)*7 (Fig 1.10). LAT1

transports large neutral amino acids such as Leu, Val, Phe, Tyr, Trp, Met, and Hist.

16



Introduction

unknown

bo*AT LAT2

lumen | | extracellular space

Fig 1.10 Schematic illustration of the role played by LAT1 and LAT2"

As a new concept, a bifunctional hypoxia tracer having both 2-nitroimidazole and p-tyrosine
with propane as a linker was to be synthesized as it might be transported hypothetically into the cells
via amino acid transporter system (LAT1). For this purpose, methyl N-[(benzyloxy)carbonyl]-O-[2-
{[(4-methylphenyl)sulfonyl]Joxy}-3-(2-nitro-1H-imidazol-1-yl)propyl]tyrosine (see 3.3.1, €) was
chosen for radiosynthesis of O-[2-[**F]fluoro-3-(2-nitro-1H-imidazol-1-yl)propyl]tyrosine ([**F]FNT],
i) (Fig 1.11).

COOH

[SFIFNT

(@ (b)
Fig 1.11 (a) Structural formula of [**F]JFNT; (b) Three dimensional structure of [**F]JFNT

1.5 [*®F]Fluorination of PSMA Targeting Ligands

The targeting of glutamate carboxypeptidase II, also known as prostate-specific membrane
antigen (PSMA) is one of the most favourable approach because of its presence in prostate epithelium.
As a dimeric, type Il integral membrane-glycoprotein, it consists of a large, globular extracellular
localized domain (ED, amino acids 45-750), a hydrophobic transmembrane domain (TM, amino acids
20 to 44) and an endocytic intracellular targeting motif (CD, amino acids 1 to 19, binding site)™ (Fig
1.12).

17



Introduction

i
i

(LU
Cytosol

Fig 1.12 Integral structure of prostate specific membrane antigen (PSMA)"

It over-expresses only in localized and metastatic prostate cancer. Its expression level
increases with increase of tumor growth. It is considered as the most suitable protein for LNCaP-

targeting drug delivery studies because of its internalization through clathrin-coated pits’ (Fig 1.13).

(3 .
;:} Binding ° Targeting
ease & v 4
/ ' A ™ P y ntervglization
s (1 —D

PSA  Secrelion i
rr"

Supramolecular —
hydrogel capsule Prostate cancer cell (LNCaP)

Fig 1.13 Schematic illustration of PSA-DUPA binding by PSMA in LNCaP cells"

Due to the specificity of over expression of PSMA exclusively in prostate cancer (PCa) and
related cell lines (e.g. LNCaP, LNCaP C4-2), numerous PSMA-specific tracers have been synthesized
and evaluated until now*™. Among all those ligands, [*"Tc]-labelled analogues of 2-[3-(1,3-
dicarboxypropyl)ureido]pentanedioic acids (DUPA, a well-known high affinity inhibitor of PSMA)
with 7 to 16 atom spacers have shown high specificity and selective tumor uptakes with very little
accumulation in other tissues except kidney”. Especially, the linking of DUPA to 8-aminooctanoic
acid followed by two phenylalanine residues (for maximal interaction with hydrophobic pockets of the
protein) created an imaging ligand with excellent potential for clinical studies™.

However, to label tracers, such as DUPA or DUPA analogues, the suitable prosthetic group is
required that can be labelled with fluorine-18 with high yields along with 95-96% of purity. So, the
18F_labelled prosthetic group can be coupled with proteins in high radiochemical yields (RCYs) and,
thus, yielding > 98% pure radiotracer for further biological analysis. For this purpose, the most

commonly used prosthetic group is N-succinimidyl 4-[*®F]fluorobenzoate ([**F]SFB)">"". Recently, an
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automated radiosynthesis of [*°F]SFB has been optimized’’ using synthetic routes proposed by Scott et
al.. The main drawback was that the radiosynthesis of [**F]SFB is performed through multiple steps.

Another approach has been reported” to label larger peptides (such as NOTA-octreotide) by
using AI'®F. However, the disadvantage of this method was the formation of two interchangeable
diastereoisomers (R; = 17.4 and 19.8 min) that could not be separated even after HPLC purification.
Alternatively, direct one-step [*°F]-labelling” of peptides was performed via nucleophilic aromatic
substitution using —-CN or —CF; as electron-withdrawing groups in ortho position to the
trimethylammonium group (TMA) as leaving group. This method showed promising results for
labelling peptides, however, the approach is incompatible with non-protected side chains of amino
acids.

Upto now, the most promising prosthetic group for labelling peptides is 6-[**F]fluoronicotinic
acid 2,3,5,6-tetrafluorophenyl ester ([**F]FPy-TFP), first reported by Olberg et al.’. It involves one
step radiosynthesis of prosthetic group itself and then, after simple cartridge purification, one step for
coupling with peptide. The other advantage of using this prosthetic group for labelling peptides lies in
the fact that [**F]FPy reduces the lipophilicity of resulting peptide by many folds as compared to
['®F]SFB because the calculated lipophilicity of [**F]JFPy-DUPA-Pep (logP: 2.32+0.95) is clearly
lower than that of [**F]FB-DUPA-Pep (logP: 3.12+0.93)%%,

The goal of this work was the radiosynthesis of the new [**F]-labelled DUPA conjugate
([*®*F]FPy-DUPA-Pep) suitable for PSMA-specific imaging of prostate tumors. For labelling, 2,3,5,6-
tetrafluorophenyl 6-[*®F]-fluoronicotinate ([*°F]FPy-TFP) was used as a prosthetic group (Fig 1.14).

(@ ]
9 | ¥ NH _NH:
o :
X I NH/\/NH NH W\N\NH/J\/ji \[o\/
. \ _ e} o/ NH Ho” YO Ho
= N
[*F]FPy-DUPA-Pep
(b)

Fig 1.14 (a) Structural formula of [**F]FPy-DUPA-Pep; (b) Three dimensional structure of
[*F]FPy-DUPA-Pep
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1.6 Automated Modules for Synthesis of Radiotracers

Automated radiosyntheses have been one of the most important aspects for production of PET
radiopharmaceuticals in a reliable, cost-effective and most efficient way. Basically, the design of
automated radiotracer synthesis is according to the general organic synthesis. An automatic module
constitutes laboratory unit operations (LUO) with a feedback controlling system that usually
comprises of sensors®. LUO are the same as organic synthetic steps, such as addition of reagents,
evaporation of solvents, regulation of temperature, and cartridge purifications (solid phase extraction).

However, the development of automated modules is quite different from the automated
machines used for organic synthesis. The difference lies in the fact that radiosynthesis is usually
carried out at micro scale (concentrations: mg or pg/uL or mL) as compared to organic syntheses
(concentrations: mg or g/mL or L). Other important factors are the time limitations (due to half-lives
of the radioactive isotopes) and the shielding requirements in order to avoid the exposure to radiations.
These limitations are thought to make automatic radiochemical processes quite difficult to perform.

Since 1980, there has been a great evolution regarding development as well as utilization of
automated radiosynthesis because of the possibility of using high starting activities (> 10 GBq). The
earliest automated modules included hard-wired automatic syntheses of [*'C]glucose®* and “*NH,*,
automated syntheses of L-[**N]glutamate®® by microprocessor-based system, and syntheses of [°Br]-
labelled radiopharmaceuticals®’ by automated production modules. Later in 1990, the interest of using
automated systems highly increased due to the successful one-pot synthesis of [**F]JFDG® by a
stereospecific route via nucleophilic substitution that became possible only after development of new

cyclotron targets for the production of [**F]fluoride ion from H,**0*

. At present, due to the high
demands of automated modules for routine synthesis of PET radiopharmaceuticals, technological
problems have been overcome by applying new engineering strategies, such as in case of syntheses of
6-[*®F]fluoro-L-DOPA via electrophilic fluorodestannylation® and [**C]flumazenil using Anatech RB-
86 robot system®. In addition, the automatic production as well as the handling of PET radiotracers is
also important in clinical studies for drug application both in vivo and in vitro. For this purpose, many
modules have been built that include new features such as automated quality control of the final
labelled compound in order to assure its purity®, infusion systems for automated injection of
radiopharmaceuticals®, automated dose dispensing systems having calibrated dose delivery system
that functions automatically according to the intended injection times*. Another interesting
development was the automated delivery systems having pneumatic transporter system *® that includes
PLC (programmable logic controller), a small control box and a new loading station in order to avoid
exposure to radiations.

The most important step towards final formulation of a radiotracer involves the purification
either by solid phase extraction or by radio HPLC semipreparative separation. Afterwards, it is highly

desirable to get rid of the excessive volumes of eluents that can be possibly achieved by evaporation.
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Hence, in modern automation technology®, these modifications have been incorporated in order to get

the final product with high RCY, specific activity and chemical purity (> 99%).
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2. PROBLEM

Among all positron-emitting radioisotopes, fluorine-18 is most widely used. For synthesis of
[*°F]-labelled radiotracers such as 6-[**F]-L-FDOPA for PET, most commonly used pathway is
electrophilic substitution using [**F]JF, and [**F]acetylhypofluorite as reagents. However, this
methodology results in the low specific activity of the radiotracer and thus, its utility for
radiofluorination is limited. Contrarily, radiopharmaceuticals with high specific activities can be
obtained by nucleophilic substitution using n.c.a. [*°F]fluoride ion produced efficiently at cyclotron.
But to introduce '®F ion directly at aryl carbons is almost impossible resulting because of high
electron density of benzene ring. To overcome this, usually, SyAr reactions are performed on aromatic
systems that are highly activated towards attack of nucleophile (*°F ion). This ring activation is
achieved by substituting benzene ring by an additional electron-withdrawing group such as aldehyde
(-CHO).

In addition to the auxiliary group, a suitable leaving group, bearing electron-withdrawing
properties, must also be present on benzene ring. Among leaving groups, —-NO, and —N"(CHs); are
thought to be the best that give relatively high RCYs when compared to halogens (—F, —Br, —ClI).
Along with, SyAr has to be performed in the presence of electron-donating groups such —OCH; (for —
OH protection) and —CHg; (for linking glycine moiety). Such groups are known to decrease SyAr very
strongly when present in para or in ortho position to the leaving group. Thus, it appeared highly
desirable to study the impact of such groups on the rates of radiofluorinations via SyAr. However, upto
now, the effect on SyAr was studied only in substituted 2-nitrobenzaldehydes® and no data has been
reported for -N*(CHs)s.

For this purpose, various —OCH3; and —CHj; substituted benzaldehydes bearing quaternary ammonium
salt [-N"(CHa)s] as leaving group have been designed in order to study the kinetics of SyAr by
[*®F]fluoride (Fig 2.1).

R> Ry

R; LG
R4

LG = N*(Me;),CF.SO,

R, R, R,=H, R,=CHO
R, =CH, R,=CHO,R, R,=H
R, R,=H, R, = OCH,, R, = CHO
R, R,=H,R,=OCH, R,=CHO
R, =H, R, R, = OCH,, R, = CHO

R,=CH, R, R, R,=H

R, R,=CH, R, R,=H

Fig 2.1 Homoaromatic model compounds having —-N*(CHjs); as a leaving group
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After radiolabelling, auxiliary group (e.g. -CHO) can be removed easily by decarbonylation
using Wilkinson’s catalyst®. In order to avoid the use of an activating group, an interesting alternative
is pyridine ring in which the nitrogen atom acts as an electron-withdrawing group. Recently, [*°F]-

labelling was performed on 2-substituted pyridines via SyAr, and unexpectedly very high RCYs were

d58-59 d 58-59

reporte However, the model compounds so studie were without electron-donating
substituents (EDG), such as —OCHjs (use for —OH protection prior to labelling) and —CH; (used for
linking glycine moiety). Hence, it appeared very important to study the impact of such subsituents on
kinetics of radiofluorination. For this purpose, various model compounds are selected in the present
study (Fig 2.2). Additionally, energies of activations (E,) will be calculated by Arrhenius plots for

comparison with homoaromatic analogues (substituted benzaldehydes).

X Ry
/
Rs N LG

LG =NO,, F, Br, Cl
R,, R, = H; 2-substituted pyridines
R, = CH,, R, = H; model compound for azaphenylalanine
R, = OCH,, R, = H; 3-methoxy-2-substituted pyridines
R, = OCH,, R, = CH,; model compound for azatyrosine

Fig 2.2 Heteroaromatic model compounds for radiofluorinations

Another important way of radiofluorinations is SyAr by isotopic exchange (**F/*°F) but this
method is rarely performed as the specific activities to be achieved are usually very low due to the
presence of “*F-carrier (c.a.). Thus, in present work, [*°F]-labelling will be carried out in dependence
on the substrate concentrations for 2-[*®F]-fluoropyridine as it may be of practical importance both for
preclinical and clinical applications.

In [*®F]-labelling, the protection of —OH substituent is another important aspect and it is
usually carried out by using —CHj3; group. But the hydrolysis conditions utilized for this purpose are
very harsh such as 150°C and HBr that make hydrolysis highly incompatible with the automatic
modules because of the corrosive effects on walls, fittings, tubings, and valves. Hence, it becomes
necessary to find new protecting groups that can be hydrolysed under mild experimental conditions.
For this purpose, various O-protecting groups have been selected such as benzyl (—OBn), 3-
methylbenzyl (-m-xylyl), 4-methylbenzyl (—p-xylyl), 3,5-dimethylbenzyl, and 2,4-dimethylbenzyl
(Fig 2.3) and the cleavage will be performed by acidic as well as catalytic transfer hydrogenation in

order to develop a new approach towards protection/deprotection of —OH group.
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Fig 2.3 Model compounds having different O-protecting groups for hydrolysis studies

Along with amino acids, radiotracers for PET imaging of hypoxia are also of high clinical
importance. Till now, among all hypoxic radiotracers, [**F]JFMISO and [**F]JFAZA are most widely
used. Among these, ['*®*FJFAZA is more efficient as it utilizes the nucleoside transporter system for
entering the cells. However, as another alternative to increase the uptake of ['*F]-labelled hypoxic
tracer in cells, a bifunctional PET-radiotracer has been designed ([**F]JFNT) as a new approach in
which p-tyrosine is coupled to 2-nitroimidazole (Fig 2.4). Hypothetically, it can utilize an amino acid
transporter system (such as LAT1%7) to enter the cells. In present work, its organic as well as

radiosynthesis via nucleophilic aliphatic substitution reaction will be performed.

18F
o
COOH
N NO
HoN <\ 2

T

N
Fig 2.4 Structure of hypoxic radiotracer ([**F]FNT)

In addition, a new PSMA (prostate-specific membrane antigen) targeting ligand ([**F]Py-
DUPA-Pep) will be synthesized. This new radiotracer is supposed to enhance the PSMA specific
imaging of prostate tumors. In it, DUPA is linked via 8-aminooctanoic acid to two phenylalanine rings
that may increase the binding with hydrophobic pits of the membrane. Radiofluorinations will be

carries out via prosthetic group [(**F)FPy-TFP] Fig 2.5.

O

(@]
NH/\/NH l NH Y\/\MNHWi 1,)(
\ 0 NH HO No HO
O/

X
S
N

Fig 2.5 Structure of a new PSMA targeting ligand ([**F]FPy-DUPA-Pep)
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3. RESULTS AND DISCUSSIONS

3.1 Nucleophilic Aromatic Substitution

For nucleophilic aromatic substitution, an auxiliary group is required in ortho or para position
to the leaving group. Most widely used leaving groups are -NO,, -N" (Mes)s, and halogens (-F, -Br, -
Cl). Theoretically, for these leaving groups, increasing order of RCY is -N* (Me3s); = -NO,> -F > —Br
> —Cl. For an auxiliary group, an electron-withdrawing group is used. Commonly used electron-
withdrawing groups are cyanide (-CN), nitro (-NO,) and carbonyl groups. The dependence of RCY on
auxiliary groups can be seen (Fig 3.1) clearly as RCY is only 1+0.1% in case of nitrobenzene.
However, it increases fast (> 80%) for the compounds, where —-NO, (c) and —CHO (d) groups are

present as electron-withdrawing groups in para position to the leaving group (-NO,).

NO,
OCHj,
NO,
80 1%
©
CHO
NO, NO,
0% 1+0.1%
@ (b)
NO,
81+5%
(d)
LG =-NO,

Fig 3.1 Dependence of the radiochemical yields (RCYs) of radiofluorinations on auxiliary

group in substituted nitrobenzenes®’

The most convenient auxiliary group used so far*** ** is aldeyhde (-CHO) because of its
feasible removal. The decarbonylation reaction can be performed by using Wilkinson’s catalyst
[RhCI(PPh;3);] or a palladium/carbon catalyst. Recently, it was reported that Wilkinson’s catalyst has
several advantages with respect to reaction rates and mild conditions over palladium/carbon catalyst**

* The mechanistic scheme of decarbonylation by Wilkinson’s catalyst is as follows:
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Wilkinson's Catalyst

RCHO
0]
H
PhsP-,, .-PPhg
IRt
PhSP/‘ CoR
Cl
(18¢)
(i) Oxidative Addition
(ii) Dissociation
(iii)Deinsertion (ii) K/v oot
(iv) Reductive Elimination 8
(v) As_socia}tio_n Cl H
(vi) Dissociation PhSP.,I/// \\\2 PhaP.,. /
Rh‘ "//3n3 —COR
co 7 \
PhgP (16€") PhsP o
(16€7)

H
"IRn®
Ph3P/‘ o
cl

—> -
Decarbonylated Product RH (18¢")

Fig 3.2 Mechanism of decarbonylation by rhodium catalyst (Wilkinson’s catalyst)>

Because of the easy and fast decarbonylation, —CHO is usually used as an auxiliary group in
order to reduce the electron density of benzene ring and, thus, to activate it towards SyAr. Among
leaving groups, the Kinetics of -NO, in radiolabelling of benzaldehydes substituted by —OCH; groups
has been reported previously®. But in benzaldehydes having —N*(Mes)s, the effect of electron
donating groups such as —-OCH; (+M) or —CHjs (+1) on radiofluorinations was yet to be studied. For
this purpose, various homoaromatic model compounds were synthesized throughout this work (see
3.1.1).

On the contrary, in order to avoid this additional step (removal of -CHQO) in radiosyntheses, an
interesting alternative appeared to be the use of substituted pyridines. Because of the presence of N-
atom within the ring, pyridine resembles benzene having strong electron-withdrawing groups. This
specific characteristic of pyridine is evident by the following two examples i.e. amination by sodium
amide, known as the “Chichibabin reaction” and alkylation or arylation by organolithium compounds
(Fig 3.3).
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l

R
| + H3
e -
H H Ma*
h)
I s
| 8- 8+ Heat | LiH
e 4 CgHg—L —— H|l— P + L
N K/ N CeHs

Li+ CgHs

Fig 3.3 SNAr by (a) Chichibabin reaction b) Arylation using organolithium compound

The above two examples have shown that the reactivity of pyridine towards nucleophilic
substitution is so great that even the powerfull basic hydride ion (~H ) can be displaced. In comparison
to benzene, this fast kinetics is reflected by the relatively higher chemical shift values of ‘*H-NMR
(8.54 ppm) as well as **C-NMR (150 ppm) of C-atom adjacent to the highly electronegative N-atom of
the ring (Fig 3.4).

(7.63) (7.51)
137 134
X124 (7.22) 129(7.43)
128(7.28) ‘ 150 (8.56) 129(7.79)
N 137

CHO
Fig 3.4 Comparison of *H-NMR (values in brackets, blue colour) and *C-NMR (red colour)
chemical shift values (6, ppm) in benzene, pyridine and benzaldehyde
For studying the kinetics of radiofluorinations in pyridines substituted by electron-donating
groups such as —OCHs or —CHj3; group, different heteroaromatic model compounds (see 3.1.2) were

designed comprising of different leaving groups (—NO,, —F, —Br, —ClI).

3.1.1 Homoaromatic Model Compounds

Among homoaromatics, different compounds having quaternary salt [-N"(CHs);] as a leaving
group were selected (Fig 3.5) because that had not been studied in case of SyAr until now. Compound
(2) corresponds to be the model compound for synthesis of phenylalanine with —CHj; representing the

position for the glycine moiety. Furthermore, the compounds (3), (4) and (5) were tested to study the
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influence of —OCH; groups on [**F]fluorination as hydroxyl groups are usually protected as —OCH;
e.g. in case of [**F]-L-tyrosine and [**F]JFDOPA. Compounds (6) and (7) were labelled in order to
check the kinetics of —~N"(Mes); group as a leaving group even without the presence of an auxiliary
group.

Another model compound (8) was designed having —CHO and —CHg; groups both in ortho
position to the leaving group. Two synthetic pathways [Scheme-5: route (a) and (b)] were followed but
instead of the desired product, some by-products were obtained as confirmed by NMR and mass

spectra.

CHO

With -CHO in -para

With -CHO in -para or in -ortho and
- in - H,C CHO
CHj in -ortho HaC 3
LG

®

OCH; OCH;

OCHj OCH,
With -CHO in -ortho and -OCH,, (?\
-para or -meta
CHO CHO CHO
LG LG LG
©)] 4) ©)
With -CH, in -ortho
HyC H,C CH,
LG LG

© ™ LG = -N*(Me,),CF,SO;

Fig 3.5 Substituted benzaldehydes having quaternary ammonium salt as a leaving group

3.1.1.1 Organic Synthesis
Above mentioned homoaromatic model compounds were synthesized by the following

pathways (see 5.2):

CH
Scheme-1 CHO ®
Methyltrifluoromethane sulfonate
(1.75 eq)
DCM, RT
N"(CH,)3CF4SO;
N(CH3), 3)3LF3503

(1): %Yield: 87%
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Organic synthesis was carried out by one step. Precursor (1) was directly synthesized from
commercially available starting compound using methane trifluoromethane sulfonate in DCM at RT.

Scheme-2
R3
R, R,
K,CO, (2.5 eq), R,
R3 Ry Dimethylamine Rs Ry Methyltrifluoromethane
hydrogenchloride (2.5 eq) sulfonate (1.75 eq)
DMSO/water, 170°C DCM, RT R,
N(CH3),
N(CH2)3CF4S0;
(2a, 3a, 4a) 2,3,4)

(2): Ri= CH3; R,=H; R3;=CHO (%Y ield: 80%)
(3): Ri=CHO; R,= H; R3= OCH3; (%Yield: 81%)
(4): Ri= CHO; Ry= OCHj3; Rs= H (%Yield: 85%)

Organic synthesis was carried out via two steps. First step was the formation of N,N-
dimethylamine by substitution of the fluoro group using dimethylamine hydrogenchloride in the
presence of K,CO; as a base. A DMSO/water mixture was used as a solvent system and the reaction
was carried out at 170°C. Final precursors (2, 3, 4) were synthesized from intermediates (2a, 3a, 4a)

by using methane trifluoromethane sulfonate in DCM at RT.

Scheme-3
OCH,
H.CO K,CO, (2.5eq), HyCO Methyltrifluoro OCH;
H3CO nBuLi (1.6 M, 1 eq) 3 Dimethylamine methane sulfonate
DMF (1 eq) 70--80°C hydrogen chloride (2.5 eq) (175 eq)
’ DMSO/water, 160°C DCM, RT cHo
water,
H4CO g 1HF HCO F HsCO N(CH5),
’ + -
CHO CHO N"(CH3)3CF 53S0y,
(5a) (5b) (5)

(%Yield: 75%)

Compound (5) was synthesized by a three-step synthesis. First step was a formylation for
introducing the —CHO group in ortho position to the fluoro group using n-BuLi along with DMF at -
70 to -80°C in THF as solvent. Substitution of the fluoro group by N,N-dimethylamine was carried out
at 160°C by dimethylamine hydrogenchloride in presence of K,CO; as base producing the
intermediate (5b) and using methane trifluoromethane sulfonate in DCM at RT yielding the precursor
(5).

Scheme-4

Organic synthesis of compound (8) was carried out by two routes. But from each route,

instead of the expected product, several by-products were formed. The structure of the by-product

formed via route (b) was confirmed by NMR as well as mass spectra.
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Route (a)
LiAIH, (1.5 eg), 0°C, NaHCO, (5 eq), +
THF, 70°C (30 min) PCC (2 eq), Mel (10 eq), DMF
_— —_— >
0,
Hooc CHy  HoH,C 2&:" °C ome CH, OHC CH, OHC CHs
NH(CH
NH, NH, NFz ero )
(8a) (8b) (8c)

Note: Always a mixture of monomethylamine and dimethylamine was obtained instead of only (8c)
which couldn’t be separated because of the same retention factors on TLC and same retention times on

HPLC, therefore, the synthetic route was changed to route (b).

Route (b)
LiAIH, (1.5 eq), 0°C, NaBH, (1.7 eq), 3M H,SO, .
THF, 70°C (30 min) (0.25 eq) PCC (2ea). DCM, 0°C
37% HCHO (1.7 eq), OHC CH
HOOC CHsy HOH,C CH, T‘;{F, _looc(_zooeg) HOH,C CHs 3
N(CH3), N(CH3),
NH, NH, (92)
(8a)
PCC (2 eg), DCM, 0°C
ch/@ _ NMR showed _
1,8-dimethyl-1,4-dihydro-2H-3,1-benzoxazine
N o as the main product
H C/ \/
3
(9b)
Scheme-5
Methyltrifluoro
NaHCO, (5 eq), Mel (10 eq) methane sulfonate (1.75 eq)
DMF, RT DCM, RT
Ry Rz R{ R, Ry R,
NH, N(CH3), N"(CH2)3CF 3507
(6a, 7a) 6,7)

(6): Ri=H; R,=CHj; (%Yield: 80%)
(7): Ri= CHg; Ry=CHj3 (%Yield: 77%)

The organic synthesis was carried out via two steps. At first, the methylation of —-NH, group
was performed by using NaHCO; as a base and iodomethane (Mel) as an alkylating reagent. Reaction
was carried out at room temperature (RT) in DMF as a solvent. Secondly, the precursors (6, 7) were

synthesized from intermediates (6a, 7a) by using methane trifluoromethane sulfonate in DCM at RT.

3.1.2 Heteroaromatic Model Compounds
For enhancing nucleophilc aromatic substitution, an interesting alternative is the heteroatom

within the hetroaromatic system, for which pyridine is the leading example. The neighbouring position
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of the nitrogen is known to be well-suited for a nucleophilic substitution reaction (see Fig 3.3).
Labelling with fluorine-18, however, was only studied in a few cases for which '*F-substituted
purines®® and nicotinic acid amides®’ are typical examples. Dolci et al. (1999) evaluated for the first
time the scope of nucleophilic aromatic fluorinations of 2-substituted pyridine rings using the
activated [**F]FK-K222 complex (carbonated Kryptofix system)®®>°. However, the effect of electron-
donating substituents on nucleophilic substitution has not been studied until now. That is of particular
interest, since in case of substituted benzenes without an auxiliary group, a nucleophilic substitution is
thought to be almost impossible to occur. So, different compounds were selected comprising of nitro
or halopyridines substituted by —CH; or —OCHj3 or by both groups or by —CHO group in ortho position
to the leaving group (Fig 3.6).

X X X X
Monosubstituted | | | |
N/ NO, N/ E N/ Br N/ Cl
(10a) (10b) (10c) (10d)
CH CH CH CH
With -CH, in -ortho
N/ NO, N/ F N/ Br N/ cl
(11a) (11b) (11c) (11d)
Yyt otiog
With -OCH, in -ortho Eji | _ — —
N/ NO, N F N Br N cl
(122) (12b) (12¢c) (12d)
OCH
. . N OCHj SN OCHj,4 SN 3
With -OCH, in -ortho and | | |
CH, in -meta HoC N NO,  HiC N/ F HC N Br
(132) (130) (139
CHO CHO CHO
X X X
With -CHO in -ortho | | |
=
N/ F N/ Br N cl
(14a) (14b) (14c)

Fig 3.6 Model compounds of substituted pyridines for studies of heteroaromatic SyAr

3.1.2.1 Organic Synthesis
Most of the compounds were commercially available. The rest were synthesized as described

in the following.

Scheme-7
| Xy, H,50,, 30 9% H,0, (15 eq) ‘ X
= RT =
N NH, N NO,

(10a) (%Yield: 70%)
Compound (10a) was synthesized by direct oxidation of amino (-NH;) group into —-NO, group
in acidic media (H,SO,) in the presence of 30% H,0, at RT.
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Scheme-8

/E\/iOH NaOMe (L.2 eq), DMF ‘ N0
o R ralogenated benayl, RT " e
(12d): R=H; LG=CI (%Yield: 80%)
(13a): R=CH3; LG= NO, (%Yield: 81%)
(13c): R= CH3; LG= Br (%Yield: 85%)

Simple methoxylation was carried out for preparation of compounds (12d, 13a, 13c) in the

presence of base (NaOMe) in DMF using Mel at RT.
Scheme-9 (Synthesis of Reference Standards)

OCHj OCH,
‘ X KF (2 eq), K222 (3.1 eq) ‘ X
O,
_ DMF, 140°C _
R N NO, R N F

(12b): R=H (%Yield: 60%)
(13b): R=CH; (%Y ield: 56%)

Standards (12b, 13b) were prepared from precursors (12a, 13a) by nucleophilic aromatic
substitution using KF in presence of K222 and DMF at 140°C.

3.1.3 Analytical Assay of the ['®F]-Labelled Product
In analytical radiochemistry, the identity and purity of [**F]-labelled products is checked
precisely mainly by radio-TLC and radio-HPLC. For all [*®F]-labelling experiments, three analytical

protocols were applied.

3.1.3.1 Method 1

Aliguots from the reaction mixture after radiofluorination are spotted on TLC plates along
with a spot for the standard (marked under UV by spotting the [*®F]fluoride activity). These TLC
plates are analysed by means of a phosphor imager. In addition, HPLC analytics was also carried out
by using a Nal (TI)-scintillation detector for highly volatile [**F]-labelled products and because of low
resolution of TLC. Peaks of ['®F]-labelled products were identified in radio-HPLC by comparing the
UV signals shown by non radioactive standards with the radioactive signal. Furthermore, the peaks of
final [*°F]-labelled compounds were collected and activity was additionally measured by a y-counter
and, thus, RCY was calculated by relating the activity of the product peak to the total activity injected
in the HPLC-system.

3.1.3.2 Method 2
In order to apply LC/MS analysis, carrier-added nucleophilic fluorinations were performed in
the presence of a K*F (spray-dried) as a carrier (c.a. reaction). In these experiments, K'°F is added to

increase the mass of fluorinated product because the mass of *®F-labelled product is too low to be
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detected by LC/MS. Such c.a. experiments may lead to poor RCY but allow the characterization of
'8F-labelled products by finding the mass of [*°F]-product the within the fraction collected by HPLC of

specific retention time.

3.1.3.3 Method 3
By this method, identification was carried out by comparing the retention times (R;, HPLC)
and R; values (TLC) of the [*®F]-labelled product resulting after hydrolysis of different precursors.

3.2 Factors Effecting ['®F]Fluorination by SyAr

3.2.1 Effect of Electron-Withdrawing Group (EWG)

In case of homoaromatic compounds with a quaternary ammonium group, the maximum RCY
(89+0.6%) was observed for compound (1) after a reaction time of 10 min. This high yield is caused
by the presence of formyl group (-CHO) as an electron-withdrawing substituent in para position to the
leaving group. But as discussed above, the -CHO group has to be removed after a labelling step. In
order to eliminate that additional step, the interesting alternative is the use of pyridine instead of
benzene as the nitrogen atom present in the ring acts as an auxiliary group and has an unambiguous
effect in enhancing RCYs as can be seen in case of 2-nitropyridine exhibiting a radiochemical yield of
84+3% at a temperature of 140°C after 20 min as also reported in the literature® (Table 3-1;
Appendix-1).

Table 3-1 Radiochemical yields (RCY's) at different temperatures and reaction times for 2-
nitropyridine, nitrobenzene and 2-nitrobenzaldehyde.

Temperature % RCY
Compound  pmoles/mL (°C) 7min | 20min | 30 min
©\ 81.2 140°C - - 1+0.1
NO,
0 84+3
| N o1 140°C 76x1.1 (90£3)* 88+1
=
N NOz 60°C 65+2 79+2 80+3
140°C 84+0.4 831 82+3.6
66.2
NO,
Sho 60°C 57+3 61+3.5 | 62£3.6

Labelling conditions (for all compounds): Precursor (10 mg), DMF (1 mL), Kryptofix 2.2.2
(15 mg), 3.5 % K,CO3 (100 pL), *Analysis by HPLC

When compared to nitrobenzene® and 2-nitrobenzaldehyde®, the labelling yield of 2-

nitropyridine (84+3%, 20 min) was almost similar to that of 2-nitrobenzaldehyde (83+£1%, 20 min) at
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140°C, but for both compounds, the labelling yield is reduced by one third after 7 min at lower
temperatures e.g. 60°C. However, 2-nitropyridine still remained to be substituted in a yield of 80% at
30 min at 60°C (Table 3-1).

For halogens as leaving groups, ®F/*°F isotopic exchange resulted in relatively high RCYs as
compared to —Br and —Cl. In case of 2-fluoropyridine, RCY was found to be 83+£1.5% at 140°C after a
reaction time of 20 min (Appendices-2, 3, 4; Table 3-2).

Table 3-2 Radiochemical yields (RCYS5s) at different temperatures and reaction times of 2-
halopyridines and 2-halobenzaldehydes.

2-Halo % RCY 2-Halo % RCY
pyridines el e L (20 min)  Benzaldehydes® Frmal s (30 min)
X CHO
| A 103 (%%ilz')i ©i 81 7541
F
X CHO
| N (003) O; 54 7440.7
X . CHO
B O T @[ no | eess

Labelling conditions (for all compounds): Precursor (10 mg), DMF (1 mL), Kryptofix 2.2.2
(15 mg), 3.5 % K,CO3(100 pL), *Analysis by HPLC
When at 140°C the labelling of 2-fluoropyridine and that of 2-fluorobenzaldehyde® were
compared, 2-fluoropyridine was labelled in a RCY of 83+15% within 20 min but 2-
fluorobenzaldehyde showed a RCY of 75£1% within 30 min (Table 3-2). Interestingly, the RCY
observed in case of 2-bromopyridine (56x£3%) and 2-chloropyridine (57+£3%) were quite lower than
their corresponding benzaldehydes (Table 3-2).
From the above results, it can be concluded that the electron-withdrawing efficiency of the
heteroatom in pyridine appears to be stronger than that of the aldehyde group in benzene and, thus,

high RCY's can be obtained within short reaction times when using —NO, as a leaving group.

3.2.2 Effect of Electron-Donating Groups (EDGS)

In case of benzenes, the introduction of a methyl group increases the electron density of the
aromatic ring (+1-effect) and, thus, the reactivity towards nucleophilic attack is reduced. A methoxy
group exhibits an even stronger electronic effect (+M-effect), and hence, the nucleophilic substitution
is less facilitated. Thus, it was necessary to study the effect of such groups on the overall RCY,
because for the syntheses of radiopharmaceuticals, model compounds are usually designed having

electron-donating substitutents on aromatic rings. Methoxy (-OCHjs, for —OH protection) and methyl
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(—CHs, linker for glycine moiety) are two such substituents that may be involved to the synthesis of
final radiotracers.

3.2.2.1 Effect in Homoaromatics

Among homoaromatics, model compounds (2, 3, 4, 5, 6 and 7) were synthesized for this
purpose. In case of compound (2) having methyl group in ortho position to the leaving group [-
N*(CHs)s] and in meta position to the -CHO group, RCY was 69+1% at 3 min and decreased to
53+1.1% after 30 min. In addition, for compounds (6, 7), ca 2% of RCYs were obtained at 3 min.
These very low RCY values were due to the absence of an auxiliary group (-CHO) on the benzene ring
(Appendix-5; Fig 3.7).

90 1
4 / \
/ -—
] \ OCH,
5 1) (n=3) o oo

—v—(2) (n=3)
—e—(3) (n=3) cHo
—®

—(
(
(
4) (n=3) LG
(
—(
—(

% RCY

5) (n= 3) ©®)

(6) (7)
LG = -N*(Me,),CF,SO;

Time [min]

Fig 3.7 Dependence of the RCYs on reaction time at 140°C for SyAr by [**F]fluoride

As all reactions were performed at 140°C, the maximum decrease in RCY (36+1.5%, 3 min)
was observed in case of compound (3) in which the electron-donating effect (+M) of —OCHj; group
was very strong because of being present in para position to the leaving group. For compound (4), this
mesomeric effect was minimal (RCY: 51+0.4%, 3 min) as —OCHz is present in meta position to the —
N*(CHs)s. In case of compound (5) bearing two methoxy groups, in para and meta position to the
leaving group, the maximum RCY was 41+1.4% at a reaction time of 3 min. However, in all above
mentioned compounds (3, 4, 5), the RCY decreased down to ca 10% at 30 min (Fig 3.7).

That decrease in RCY was due to the dominant competing demethylation resulting in the
formation of ®F-CH,. In addition, the kinetics of forming by-products such as '®F-CH5; and N,N-

dimethylaminobenzaldehyde became fast with passage of time® (Fig 3.8).

R

F o
@ CHy I K222 BF + H3C—F + @
NoOF S—o0

/ cH, I DMF 140 °C
HaC F O
CH3

Fig 3.8 Demethylation after [**F]fluorination
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3.2.2.2 Effect in Heteroaromatics

Model compounds composed of pyridine rings with —CH3; or —OCHj substituents in ortho
position to leaving groups were used for [**F]fluorination by SyAr. For 3-methyl-2-nitropyridine
(11a), the labelling yield was the highest at 140°C (89+1%, 30 min). Compared to 3-methyl-2-
nitrobenzaldehyde (48+5%, 7 min)¥, the labelling yield was higher (84+2%, 7 min) for 3-methyl-2-
nitropyridine at 140°C (Table 3-3). In case of 3-methyl-2-nitrobenzaldehyde (11a), it may be recalled

that the lower yield was due to the formation of a by-product by a condensation reaction®’ (Fig 3.9).

K,CO,, Kryptofix 222 Q O

NO, DMF, A

R CHj

CHO
R = H or OCH,

Fig 3.9 Condensation reaction for precursors containing o-nitrotoluene structure®’

In case of 3-methoxy-2-nitropyridine (12a) at 140°C after 1 min of reaction time, 88+1%
RCY was obtained. When compared to 3-methoxy-2-nitrobenzaldehyde (66.5+4, at 30 min)®,
labelling yields were higher for 3-methoxy-2-nitropyridine (91+0.4, at 30 min) at 140°C (Table 3-3).
For 3-methoxy-6-methyl-2-nitropyridine (13a) at 30 min of reaction time, a high yield of 81+1% was
obtained at 140°C.

The attack of nucleophile (*®F") to substitute -NO, group in 3-methoxy-2-nitropyridine (12a)
can be explained by the following resonating structures of the corresponding substituted 2-
nitropyridines (Fig 3.10).

CHj3

CH3 CH3 CH3
\ 'O:
N C Nu
NU )

Fig 3.10 Resonance structures for SyAr in 3-methoxy-2-nitropyridine (Nu = nucleophile)

It strongly reflects the electron deficiency at C-2 and C-6 due to the electron-withdrawing
effect of the nitrogen atom of pyridine and, thus, it highly activates the ring for SyAr. The value of
B3C-NMR chemical shift value (148 ppm) shows higher electrophilicity of C-atom bearing —NO, group
in case of 3-methoxy-2-nitropyridine than in corresponding analogue (3-methoxy-2-
nitrobenzaldehyde, 137 ppm). This fact is also evident in 3-methyl-2-nitropyridine in which high
RCYs at 140°C can be attributed to higher electrophilicity (158 ppm) as compared to that of 3-
methoxy-2-nitrobenzaldehyde (148 ppm).
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Table 3-3 RCY at 140°C for 2-nitropyridines and 2-nitrobenzaldehydes® substituted by
electron-donating groups (EDG).

% RCY
EDG Compound pmoles/mL n . 0 i o
OCH;
| b 65 5 | 90:01 | 9004 | 104
. @ | 20 041 @714y
OCH;
“OCH,;
~ 55.2 4 | 70143 | 673 66.5+4
CHO
CHy
| b 72.4 > | sar2 | sl 891
= ' * - - (87+3)*
N NO,
CH,
_CHs
61 6 | 4845 | 45.6:49 | 45+45
NO,
CHO
CH \ OCH3
- 3]
& | 59.5 4 | 7916 | 8106 8141
-OCH; HsC N/ NO,

Labelling conditions (for all compounds): Precursor (10 mg), DMF (1 mL), Kryptofix 2.2.2 (15
mg), 3.5 % K,CO3 (100 uL), *Analysis by HPLC

When comparing the methyl substituent with the methoxy group, interestingly, the methoxy
and methyl group in ortho position to the leaving group showed only a small effect on the labelling
reaction. The observation is even more evident in case of 2-nitropyridine substituted by both groups
i.e. methoxy (in ortho position to —-NO,) and methyl (in meta position to -NO,).

Among halogens, the effect of electron-donating substituents such as —-OCHs; and —CHs was
more pronounced in —Cl and —Br substituted pyridines than in pyridines having —F as leaving group
(Table 3-4). In case of 3-methyl-2-fluoropyridine (11b), 3-methoxy-2-fluoropyridine (12b) and 6-
methyl-3-methoxy-2-fluoropyridine (13b), high RCYs of 80+1%, 78+1%, and 55+3%, respectively,
were obtained at 140°C. The results showed that in 2-fluoropyridines, substitution by a methyl
(80%£1%) or a methoxy (78+1%) group resulted in almost the same RCY at 140°C after 30 min.

Comparison of 3-methyl-2-fluoropyridine (11b) and 3-methyl-2-fluorobenzaldehyde®” showed
that both compounds have high and almost similar RCYs of 80+1% (30 min) and 79+3% (3 min),
respectively (Table 3-4).
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Table 3-4 RCYs for radiofluorinations of 2-halopyridines and 2-halobenzaldehydes®’ substituted
by electron-donating groups (EDG).

Substituent Compound pmoles/mL n % RCY=SD (30 min)
\ CH3
| 90 4 80+1
N/ F
CHy
61+1.4
_ 72.4 4 (79:3)"
CHO
\ CH3
| 58 4 47+1.6
N/ Br
-CH,4 CH,
@; 50 5 5045
CHO
\ CH3
| 78 4 13.6£1
N/ Cl
CH3
@: 65 5 61+8
Cl
CHO
N OCH,
| 79 5 78+1
N/ F
OCH
\ 3
_OCHs | 53 4 41£3
= (39£1.4)
~
| o 20 3 20+0.7
b (25£3)*
N Cl
N OCHj
| 71 4 553
-(243 HsC N/ F
“OCH; N
| 49.5 3 20+0.6%
HsC N/ Br

Labelling conditions (for all compounds): 140°C, Precursor (10 mg), DMF (1 mL), *Analysis
by HPLC, "Maximum RCY at 3 min.

In case of 2-bromo-3-methylpyridine (11c), 2-bromo-3-methoxypyridine (12c) and 2-bromo-
3-methoxy-6-methylpyridine (13c), the maximum RCYs obtained after 30 min of reaction time were
47+1.6%, 41+3%, and 20+0.6%, respectively (Table 3-4). The RCY for 2-bromo-3-methyl-pyridine
(11c) was almost similar to 2-bromo-3-methylbenzaldehyde® (50+5%) at 30 min at 140°C (Table 3-

4),
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Among the halogen derivatives, RCYs were the lowest for —-CH; and —OCHj; substituted 2-
chloropyridines. Even at 140°C, the maximum RCYs for 2-cholro-3-methylpyridine and 2-chloro-3-
methoxypyridine were around 20% at a reaction time of 30 min (Table 3-4). Contrarily, RCY obtained
for the corresponding 2-chloro-3-methylbenzaldehyde was 61+8% (30 min).

In summary, the effect of electron-donating groups was more pronounced at lower
temperature. However, methoxy- and methyl- substituted pyridines can efficiently be substituted by
[*®F]fluoride at reaction temperatures > 100°C within a reaction time between 10 and 30 min. In
addition, pyridines having a —NO, leaving group showed RCYs of almost 90% irrespective of being
substituted by —CH3; or —OCHj5 group in ortho position. Among halogens, RCYs remained as high as
80% at 140°C for methyl- or methoxy- substituted 2-fluoropyridines. But the reason of the low yield
of labelling of 6-methyl-3-methoxy-2-fluoropyridine (13b) may be attributed to unknown side-
reactions. In addition, in case of methyl substituted 2-chloro- and 2-bromopyridines, electron-donating
effects were stronger in reducing RCYs as compared to the corresponding methyl substituted
benzaldehydes. Also, the lower RCY obtained in case of 2-halo-3-methoxypyridines in comparison to
that of 2-halo-3-methylpyridines indicated a significant impact of the -OCH; over the —CHs group on

the radiofluorination reaction.

3.2.3 Effect of Temperature

In radiofluorinations via SyAr reactions, the effect of temperature on RCYs in dependence on
reaction time is usually very significant, and hence, it was essential to study the [**F]-labelling for all
precursors at different temperatures (30°C to 140°C) as well as at different reaction times (1, 3, 7, 10,
20, 30 min). For all precursors, fast kinetics of radiofluorinations were observed at high temperature
such as 140°C, whereas there was a rapid decrease in RCY's when decreasing the temperature to 30°C.

For simple 2-substituted pyridines, 2-nitropyridine (10a) showed 79+0.5%, 84+3% and
88+1% at 140°C after 10, 20 and 30 min, respectively. At 60°C, 65£2%, 79+2% and 80+3% were
obtained at 10, 20 and 30 min of reaction time, respectively (Appendix-1; Fig 3.11). Even, at 30°C, the

maximum RCY still was 63+0.8% after 30 min.

- —
90 *

80 %
!

70 v / AN

60 - l/ P - |

50 /

40 (10a)

301 —v—140°C
20 - —u—120°C
—e—60°C
F' 3
101 / —4—30°C

0 5 10 15 20 25 30
Time [min]

% RCY

Fig 3.11 Dependence of RCY on time and temperature for 2-nitropyridine (10a) in SyAr
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In case of 2-fluoropyridine (10b), the RCY was around 80% at 140°C at 20 min, and it
decreased slightly to 68+0.8% (20 min) at 120°C. This effect of temperature was more pronounced at
60°C where RCY's of 19+1.6% were observed after 30 min of reaction time (Appendix-2; Fig 3.12).

90

80
]
70 /./l
60 - ﬁ/E
5 50 / —=—120°C, n=4 X
> —e—60°C, n=3 |
o 404 =
S N F
804 (10b)
20 -
104 - .
A
T T T T T T
0 5 10 15 20 25 30
Time [min]

Fig 3.12 Dependence of RCY on time and temperature 2-fluoropyridine (10b) for **F/*°F
exchange

For 2-bromopyridine (10c) and 2-chloropyridine (10d), RCYs were as low as 40-50% even at
140°C after 20 min of reaction time. However, at 120°C and at 60°C, the RCYs for (10c¢) and (10d)
were around 15% and 3%, respectively, after a reaction time of 30 min (Appendices-2,3; Fig 3.13).
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% » N/ Br N/ Cl
/E% (10¢) (10d)

5+ /r P
/
;;

Time [min]
Fig 3.13 Dependence of RCY on time and temperature for 2-bromo (10c) and 2-chloropyridine
(10d) for the substitution of halogen by [**F]fluoride

In case of 2-nitropyridines substituted by —CHs; or —OCHj5 group, maximum RCY's were in the
range of 81-90% at 140°C at 30 min of reaction time. For 3-methyl-2-nitropyridine (11a), even at 1
min, 72+2% RCY was obtained at 140°C and it increased to 87+1.5% at 10 min of reaction time. But
at 120°C after 30 min, maximum RCY of 72+3 % was obtained while at 60°C it decreased to 51+1.4%
after 30 min (Appendix-1; Fig 3.14).
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Fig 3.14 Dependence of RCY on time and temperature for 3-methyl-2-nitropyridine (11a) in case
of -NO, substitution by [**F]fluoride

When going down to 30°C, the RCY decreased to 13+£0.5%. The great difference was due to
the formation of a [*°F]-labelled by-product. The TLC analysis (Ry: 0.48) illustrated that 60% of this
[*®F]-labelled by-product formation occurred at 30°C, while it was only 3% at 140°C (Fig 3.15).

¢—> Solvent

Front
Standard
T R .. - Spot
~ ~> 3% ' ' 60%
' 20% 40%
Base gy ;;roduct
Line po

¢ 9
140°C 120°C 60°C 30°C

“p-

Fig 3.15 Radio-TLC plates monitoring the SyAr of 3-methyl-2-nitropyridine (11a) by

[*®F]fluoride at 30°C, 60°C, 120°C and 140°C after 30 min (Eluent: PE/EtAc: 3/1)

For 3-methoxy-2-nitropyridine (12a), after 30 min at all temperatures, maximum yields were
in the range of 88-91% (Appendix-1; Fig 3.16). At 120°C, 86+1% and 90+0.6% RCY's were observed
at reaction time of 10 and 30 min, respectively. Even at 60°C and 30°C, labelling yields of 77+1.5%
and 49+0.9% were found after 10 min, respectively. However, the highest RCY (88+2%) at 60°C was
obtained at 30 min. But at 1 min, RCYs were as low as 14.6+3% at 60°C and 33+4% at 120°C.
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Fig 3.16 Dependence of RCY on time and temperature for the reaction of 3-methoxy-2-
nitropyridine (12a) with [**F]fluoride

For 3-methoxy-6-methyl-2-nitropyridine (13a), even at 1 min at 140°C, 57+3% RCY was
observed that increased to 79+1.6% at 7 min. At 120°C after 10 min of reaction time, RCY was
79+1.3%. However, when going down to lower temperatures such as 60°C and 30°C, maximum RCY's
(30 min) were 70+1% and 22+1%, respectively (Appendix-1; Fig 3.17).
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Fig 3.17 Dependence of RCY on time and temperature for 3-methoxy-6-methyl-2-nitropyridine
(13a) in case of —NO, substitution by [**F]fluoride

For substituted 2-fluoropyridines, the highest RCY (80+1%, 30 min) was obtained for 2-
fluoro-3-methylpyridine. However, in case of 2-fluoro-3-methoxypyridine, RCYs were 74+0.8% and
78+0.6% at 10 min and 30 min, respectively. The important role of temperature in enhancing the yield
of nucleophilic substitution reactions was particularly illustrated by decreasing the reaction
temperature to 120°C where RCYs were 59+2%, 49+1% and 46+2%, respectively, for compounds
(11b, 12b, 13b) after a reaction time of 30 min (Appendix-2; Fig 3.18).
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Fig 3.18 Dependence of RCY on time and temperature for substituted 2-fluoropyridines via

8F/*°F exchange

In case of 2-bromo-3-methylpyridine (11c) and 2-bromo-3-methoxypyridine (12c), 47+1.6%

and 41+3% of RCYs, respectively, were obtained at 140°C after 30 min of reaction time. However, the

RCY for both compounds decreased to 20% when lowering the temperature to 120°C. For 2-bromo-3-
methoxy-6-methypyridine (13c), 28+1.1% (30 min) RCY was observed at 140°C (Appendix-3; Fig

3.19).
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Fig 3.19 Dependence of RCY on time and temperature for substituted 2-bromopyridines in case

of —Br substitution by [**F]fluoride

For 2-chloro-3-methylpyridine (11d) and 2-chloro-3-methoxypyridine (12d), RCYs were

around 10% even at 140°C at 30 min of reaction time. However, the RCYs for both compounds

decreased to 2% when lowering down the temperature to 120°C (Appendix-4; Fig 3.20).

43



Results and Discussions

304

25+ —v—140°C, n=4, 11d
—=—120°C, n=5, 11d
—<—140°C, n=3, 12d

—»—120°C, n=4, 12d

20 +

15 1

% RCY

10 T

\
4
N
(11d)

CH3| N OCH4
/

cl N cl
(12d)

]
|
-
|
\

Time [min]

Fig 3.20 Dependence of RCY on time and temperature for substituted 2-chloropyridines via

SNAr

For 2-fluoropyridine substituted by —-CHO (EWG) in ortho position to the leaving group, the
highest RCY (77+1.3%) was obtained at 1 min of reaction time while it decreased to 8+1.5% at 30
min. Similarly, at 60°C, the highest RCY (75+0.6%) was observed at 1 min but decreased to 54+3%
after 30 min. However, the reduction in RCY was more pronounced at high temperature (140°C) than
at lower one (60°C) (Appendix-2; Fig 3.21).
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Fig 3.21 Dependence of RCY of radiofluorination on time and temperature for 2-fluoro-3-

nicotinaldehyde (14a)

In case of 2-bromo-3-nicotinaldehyde (14b), 84+4% and 85+1% of RCYs were obtained at
140°C and at 100°C, respectively, after 3 min of reaction time. Thereafter, the RCY decreased to 50%
at 30 min. At 60°C, also a high yield of 79.5+1% of RCY was obtained at 20 min, after which it

decreased to 76+1% at 30 min. However, the RCY at 30°C was 50+7% after 30 min. Hence, the curve

showed a slow but steady increase in RCYs with the passage of time at 60°C and 30°C (Appendix-3;

Fig 3.22).
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Fig 3.22 Dependence of RCY on time and temperature for 2-bromo-3-nicotinaldehyde (14b)
after radiofluorinations

For 2-chloro-3-nicotinaldehyde (14c), the maximum RCY so obtained was around 75% at
140°C (1 min) and at 60°C (30 min). At 100°C, maximum RCY was 70£2.5% after 1 min of reaction
time but it decreased rapidly to 1.5+0.4% at 30 min (Appendix-4; Fig 3.23).
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Fig 3.23 Dependence of RCY on time and temperature for 2-chloro-3-nicotinaldehyde (14c) for
—Cl substitution by [**F]fluoride

These results showed that at lower temperatures, the dependency of RCY on time was more
pronounced as compared to at 140°C, especially in case of substituted 2-nitropyridines. Further, fast
kinetics of radiofluorination via SyAr was observed in case of all precursors. However, among all
halopyridines, substituted 2-fluoropyridines showed good RCYs at 140°C. In addition, in case of
substituted 2-bromo- and 2-chloropyridines, the RCYs remained < 50% at all temperatures after 30
min of reaction time. However, for 2-halo-3-nicotinaldehydes having —CHO as an electron
withdrawing substituent (EWG), RCY was highly dependent on reaction time and also, fast kinetics

(RCY=80%) were observed at high temperatures > 100°C after 3 min but afterwards yields decreased
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to < 50% at 30 min of reaction time because of the strong dominating decomposition reaction. But at
low temperatures < 60°C, labelling yields were increasing with time, being maximum (=70%) at 30

min.

3.2.4 Specific Activities in Isotopic Exchange (*°F/*°F)

In case of homoaromatic systems such as [**F]JFDOPA, radiofluorinations are mainly
performed via electrophilic substitution by means of [**F]F, containing high amount of carrier. Hence,
specific activities typically are in the range between 4 MBg/pumol and 20 MBg/pmol. Contrarily, high
attainable specific activities are possible via SyAr by [*°F]fluoride (n.c.a.) produced by cyclotrons.
Although in isotopic exchange, specific activity is assumed to be low, *®F-labelling was studied in
dependence on the substrate concentrations for 2-[*®F]-fluoropyridine (Table 3-5).

Specific activities ranged from 0.524 GBg/umole at the substrate concentration of 103
pmoles/mL to 11.65 GBg/umol for 1.03 umoles/mL (Table 3-5). Although, the higher specific activity
was obtained at a lower RCY of 20%, it could be of practical importance both for preclinical and
clinical applications. The reason is that very high amounts of [**F]fluoride can be produced at
commonly used medical cyclotrons (> 120 GBq in 1 h) and so, in spite of lower radiochemical yields,

high amounts of the product are obtained.

Table 3-5. Specific activities of isotopic exchange in 2-fluoropyridine by [**F]fluoride.

X
| _ % RCY+SD* ®Specific Activity
N F [EOS, GBg/umol]
Amount [mg] pmoles/mL
10 103 90+2 0.524
5 51.5 68+1 0.792
1 10.3 59+3 3.44
0.5 5.15 45+2 5.24
0.1 1.03 20+2 11.65

Labelling conditions: DMF (1 mL), 140°C, 20 min , *Analysis by HPLC, ®Specfic activity
at end of synthesis (EOS) after application of an aliquot of a 60 GBq [*®F]fluoride batch
obtained after irradiation for 60 min with a current of 35 pA.

In conclusion, the results showed that *F/*°F isotopic exchange in 2-fluoropyridine is an
efficient labelling technique resulting in radiochemical yields up to 80% in short reaction times even if
2-fluoropyridine is substituted by an electron-donating group. Moreover, this labelling technique can
be of high practical value since specific activities can be a factor of 100 and much better than

electrophilic radiofluorinations.
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3.2.5 Leaving Group Tendency in Pyridines
In the light of all results as shown above, the following tendency was observed in the order of
increasing RCY among all leaving groups in case of substituted pyridines:
-NO, > -F > -Br > -CI
Hence, it became clear that [*°F]fluorodenitration demonstrates the fast kinetics even at
temperature as low as 60°C and even in presence of electron-donating substituents. Furthermore, the

isotopic exchange (**F/*°F) also showed high RCY's but in strong dependence on time and temperature.

3.2.6 Energy of Activation (E,)

Rate constants (k’, min™) can be determined from time and temperature dependent curves of
RCYs, and hence, by utilizing the vlues of k’, the activation energies (E,)* of radiofluorinations can
be calculated by Arrhenius plots. Theoretically, a labelling reaction is assumed to follow the pseudo-
first-order Kinetics because concentration of precursor is always much higher than the corresponding
n.c.a. [*®F]fluoride. For the kinetics of such reaction, the rate is equivalent to the following differential
equation:
-d[F)/dt =k’ [°F]
By separating variables:
-A[F)/[F]=kdt
Integrating this equation (boundary conditions C,—»C and 0 —»t) gives:
-In (BFIV°F ) =kt
IN[*FJo-IN[*®*F ] =kt
In([“F1/[°F1) =kt
Incorporating [*°F]; = [**F],-RCY:
In([®F1/[**F]s-RCY) =kt or In(1-RCY/[**F],) =kt
As the concentration of ['®F], is almost negligible, thus, the above equation will be equal to:

In(1-RCY) = k’{

Hence, a graph of In(1-RCY) versus reaction time gives a linear function with a slope of —k’.
The temperature dependency of labelling reactions is shown by the temperature dependency of the rate
constant. The rate constant (k’) increases exponentially with increasing temperature. This is expressed
usually by the following equation:
k’=Ae™  (Aandb are empirically determined constants)

According to Arrhenius, —E,/R can substitute the constant “b”, where E, is the activation
energy and R is the gas constant (R = 8.314 J/K mol). Therefore, the equation can be written as:
K = Ae-(Ea/RT)
which may be written in natural logarithmic way as:
Ink’ = InA-(E./RT)
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Hence, from a plot of Ink’ against 1/T (K), a linear function with the slope of -E./R is
obtained. Thus, for the calculation of activation energy mathematically, at least two rate constants
measured at different temperatures for one reaction are used:

For Ty: Ink; = InA-E4/(RT,) For T,: Ink, = INA-E,/(RT))
Subtraction of T, from T, leads to:

In(ky/kp) = EJ/R(L/T,-1/T,)

From this equation, the activation energy is equivalent to:

[E. = R[T.T./(T:-T2)]In(ky/ko)l

In order to calculate the Arrhenius constants (rate constants, min™), RCYs of 2-nitropyridine
(10a), 3-methyl-2-nitropyridine (11a), 3-methoxy-2-nitropyridine (12a), and 3-methoxy-6-methyl-2-
nitropyridine (13a) were chosen at different time points (1, 3, 7, 10, 20, and 30 min) and at four
different temperatures (140°C, 120°C, 60°C, and 30°C). From these rate constants (k’), energy of
activation (E,) was determined graphically. However, for the above mentioned compounds (10a, 11a,
12a, and 13a), E, were calculated from the rate constants (k’) obtained at 120°C, 60°C and 30°C
because at 140°C, maximum RCYs at 7 to 30 min of reaction times were as high as 80-90%. The
linearity of all graphs was evaluated by the correlation coefficient R A reliable linear graph would be
assumed to have “R®’ in the range of 0.7-1.00. Fig 3.24 (Appendicies-6, 8, 10, 12) shows the

calculation of k> from linear functions for substituted 2-nitropyridine.
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Fig 3.24 Linear functions for determination of k’ values for substituted 2-nitro pyridines
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Linear functiones obtained from above correlation curves of all four compounds (10a, 11a,
12a, 13a) were as follows:
For 2-nitropyridine (10a):
T (140°C): In (1-RCY/100) = -1.197-0.031*t
T (120°C): In (1-RCY/100) = -0.672-0.064*t
T (60°C): In (1-RCY/100) = -0.213-0.055*t
T (30°C): In (1-RCY/100) = -0.140-0.033*t
For 3-methyl-2-nitropyridine (11a):
T (140°C): In (1-RCY/100) = -1.464-0.0298*t
T (120°C): In (1-RCY/100) = -0.452-0.032*t
T (60°C): In (1-RCY/100) = -0.064-0.023*t
T (30°C): In (1-RCY/100) = -0.051-0.00265*t
For 3-methoxy-2-nitropyridine (12a):
T (140°C): In (1-RCY/100) = -2.183-0.0077*t
T (120°C): In (1-RCY/100) = -0.748-0.062*t
T (60°C): In (1-RCY/100) = -0.450-0.063*t
T (30°C): In (1-RCY/100) = -0.086-0.036*t
For 3-methoxy-6-methyl-2-nitropyridine (13a):
T (140°C): In (1-RCY/100) = -1.145-0.023*t
T (120°C): In (1-RCY/100) = -0.707-0.041*t
T (60°C): In (1-RCY/100) = -0.0021-0.043*t
T (30°C): In (1-RCY/100) = -0.0117-0.0086*t

The values of constants (k) were calculated from these above mentioned linear functions
obtained graphically by plotting In (1-RCY) values against respective time points at different
temperatures. These k’ values obtained at 120°C, 60°C and 30°C were utilized further in Arrhenius
plot of Ink’ versus 1/T*10 values for calculation of E, for SyAr (Fig 3.25, Appendicies 7, 9, 11, 13).
Energies of activation were calculated from linear functions obtained from Arrhenius plots (Fig 3.23).

For 2-nitropyridine (10a):

Ink’ = -0.595-823.02 * 1/T
E.=823.02 x 8.314 / 1000
= 6.5 kJ/mol = 1.6 kcal/mol

For 3-methyl-2-nitropyridine (11a):

Ink’ = 4.579-3037.99 * 1/T
E.=3037.99 x 8.314 / 1000
= 25.3 kd/mol = 6 kcal/mol
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Fig 3.25 Arrhenius plot for substituted 2-nitropyridines for calculation of activation energy

For 3-methoxy-2-nitropyridine (12a):
Ink’ =-1.512-482.26* 1/T
E.=482.26 x 8.314 / 1000
= 4.5 kJ/mol = 1.1 kcal/mol

For 3-methoxy-6-methyl-2-nitropyridine (13a):
Ink’ =1.577-1796.41 * 1/T
E.=1796.41 x 8.314/ 1000
= 14.9 kJ/mol = 3.6 kcal/mol

In case of the compounds 10a, 11a, 12a, and 13a, energies of activation were found in the

range of 4-25 kJ/mol. E, for 2-nitropyridine was clearly lower (6.5 kJ/mol) than both of 2-
nitrobezaldehyde® (24 kd/mol) and nitrobenzene® (63.5 ki/mol). This fact is illustrated by the fast

kinetics of radiofluorinations in substituted 2-nitropyridines as compared to the homoaromatic

analogues. Moreover, it shows stronger electron-withdrawing ability of the nitrogen atom in pyridine

than that of -CHO in benzenes and hence, the pyridine system is highly activated towards SyAr.

Within the substituted 2-nitropyridines, E, for 3-methyl-2-nitropyridine (model compound for

azaphenylalanine) was higher (25 kJ/mol) than 3-methoxy-2-nitropyridine (4.5 kJ/mol). Such high
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value of E, might be attributed to the formation of radioactive by-product at temperatures < 140°C for
3-methyl-2-nitropyridine (see 3.4.3). However, for 3-methoxy-2-nitropyridine (12a), the RCYs were
high (ca 88%) at all temperatures (except 30°C) at 7 to 10 min of reaction time. Thus, E, observed in
3-methoxy-2-nitropyridine (4.5 kJ / mol) was almost equal to that of 2-nitropyridine (6.5 kJ / mol).

For 3-methoxy-6-methyl-2-nitropyridine (13a), E, was lower (14.9 kJ / mol) than 3-methyl-2-
nitropyridine (25 kJ / mol). This difference could also be due to the strong dominating competing
reaction at lower temperatures that decreased the RCY sharply to 51+1.4% at 60°C after 30 min of
reaction time whereas for 3-methoxy-6-methyl-2-nitropyridine (13a), relatively higher RCY (70+£1%)
was observed at 60°C at 30 min.

In conclusion, heteroaromatic systems having —NO; as a leaving group showed lower values of
E. than homoaromatic analogues. Consequently, substituted 2-nitropyridines showed fast kinetics in

radiofluorinations by SyAr.

3.2.7 Selection of Protecting Groups

In case of SyAr, hydroxylic groups must be protected in order to avoid solvation effects which
strongly reduce the reactivity of [*®F]-fluoride. For this purpose, usually, methylation of hydroxyl
groups is applied (as in compound 13a). Subsequently, demethylation is typically performed by HBr
or HI under elevated temperature such as 150°C and often gives rise to only low deprotection yields.
To improve the deprotection yields, Wagner et al.’® and Tierling et al."® applied benzyl group instead
of methyl group for radiosynthesis of 6-[**F]Fluoro-L-DOPA by isotopic exchange (**F /*°F). Yet,
they used HBr at 150 °C for deprotection. Such reaction conditions, however, are poorly suited, e.g.,
for synthesis of sensitive compounds or for the automated radiosyntheses. In the last case, those harsh
conditions led to the corrosive effects on walls, fittings, and tubings as experienced previously*.

Hence, it was necessary to study new phenolic hydroxyl protecting groups for n.c.a.
nucleophilic aromatic radiofluorination aiming at mild deprotection conditions and high deprotection

yields. As shown in Fig 3.26, a number of model precursors (for azatyrosine) were synthesized.

CH,
\ o\ O\/© 0
AL LT
_ |
H3C N NO, H;C N/ NO, HaC N/ NO,
(131) (15) (16)
CH,
\/@ B B
N © O\/©/ °
| CHg | X | X
= CH
HC N NO, HaC N NO, HaC N NO, :
17 (18) (19)

Fig 3.26 Model precursors for studying and optimizing hydrolysis conditions
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As a model synthesis, the n.c.a. preparation of 2-[**F]fluoro-3-hydroxy-6-methyl-pyridine
from O-protected 3-hydroxy-6-methyl-2-nitropyridine was chosen. In addition, different conditions
such as acidic hydrolysis and catalytic transfer hydrogenation (catalytic hydrolysis) were applied for
cleavage of benzyloxy protecting groups.

3.2.7.1 Acidic Hydrolysis

Deprotection of 2-[**F]fluoro-3-hydroxy-6-methyl pyridine protected with methyl, benzyl, 3-
methylbenzyl (m-xylyl), 4-methylbenzyl (p-xylyl), 3,5-dimethylbenzyl and 2,4-dimethylbenzyl using
four different acidic media [HI (Nal/48% HBr), 48% HBr, 32% HCI, and 70% TFA] was studied
(Table 3-5).

Table 3-5 RCY after hydrolysis of substituted benzyloxy intermediates at 150°C at 10 min (n=3).

Intermediates % RCY
HI 48%HBr 32%HCI 70%TFA
| X
58+0.1
e (61+0.9)* 51+1.2 29.7+£1 22+0.4
X \/@
/EI 85+0.3 69+0.5 36+1.5 19+0.5
PN
(i)
CHg
A v@ 79+0.8 67+1.3 38+1.4 18.5+1
| P
(|||)
CHg
N \/@ 77.5+£1 71+1.6 55+0.3 33+0.1
| =
N
(IV)
CH,
X v©/ 81+0.1 71+£0.5 69+0.9 46+1.6
| A (85+1.8)* (76+1.3)* | (79+1.6)* | (50+1.5)*
CH,
A VQ/ 82+0.9 78+2.1 77+1.8 78+0.1
| % L (87+2)* (84+0.7)* | (82+L1)* | (80+0.3)*
(Vl)

*RCYs calculated from y-counter in collected peaks after HPLC-separation
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At 150°C, good RCYs could be obtained in a reaction time of 10 min. For 2-[**F]fluoro-3-
methoxy-6-methylpyridine (i), overall RCY was 58+0.1% when hydrolysed by HI (Nal/48%HBr),
whereas hydrolysis with 70% TFA resulted only in a yield of 22+0.4% (Table 3-5).

However, for all studied benzyloxy intermediates, hydrolysis by HI (Nal/48% HBr) gave
almost 80% vyield of the deprotected product. With 70% TFA, a good RCY (78+0.1%) was also
obtained in case of 3-[(2,4-dimethylphenyl)methoxy]-2-[**F]fluoro-6-methylpyridine (vi). Lowest
yield after hydrolysis with 70% TFA was observed in case of 2-[**F]fluoro-6-methyl-3-(m-
tolylmethoxy)pyridine ~ (iii)  (18.5+1%) and  3-benzyloxy-2-[**F]fluoro-6-methylpyridine (i)
(19+0.5%). For deprotection of 2-[**F]fluoro-6-methyl-3-(m-tolylmethoxy)pyridine (iii) and 3-
benzyloxy-2-[*®F]fluoro-6-methylpyridine (ii) using 48% HBr, the RCYs were ca. 70%. In contrast,
after hydrolysis with 32% HCI, RCYs were only about 35% (Table 3-5).

After hydrolysis of 3-[(3,5-dimethylphenyl)methoxy]-2-[*®F]fluoro-6-methylpyridine (iv) by
HI (Nal/48% HBr) and 48%HBr, ca 70% of hydrolysed product was obtained whereas RCYs of
hydrolysis decreased to 55+0.3% and 33+0.1% with 32%HCI and 70%TFA, respectively.

In case of 3-[(2,4-dimethylphenyl)methoxy]-2-[*®F]fluoro-6-methylpyridine (vi) and 2-
[*®F]fluoro-6-methyl-3-(p-tolylmethoxy)pyridine (v) (Table-3-5), high RCYs of ca. 80% were
obtained with strong acids i.e. HI (Nal/48% HBr), 48% HBr, and 32% HCI. However, hydrolysis of 2-
[*®F]fluoro-6-methyl-3-(p-tolylmethoxy)pyridine (v) with 70%TFA, at 150°C after 10 min of reaction
time resulted in 46+1.6% of hydrolysed product.

3.2.7.2 Effect of Time and Temperature

In general, a fast reaction was observed within the first 10 min and during this period
maximum radiochemical yields (RCYs) were obtained.

In case of 2-[*®F]fluoro-6-methyl-3-(p-tolylmethoxy)pyridine (v), hydrolysis with 32% HCI at
120°C resulted in RCY of 68+0.4% at 10 min and 57+0.3% at 3 min with full consumption of the
protected intermediate. At 60°C, RCY decreased to 47+0.5% at 10 min and at least 5% of the
protected intermediate was still present in the reaction media. At room temperature (RT), 45% of the
starting material was left along with 39£1% of hydrolysed product (Appendix-14; Fig 3.27).

In contrast, hydrolysis with 70% TFA at 120°C resulted in the RCY of 43+1.4% at 10 min and
35+1.3% at 3 min. Labelled intermediate (unhydrolysed) was almost 51% and 5% at 3 min and 10
min, respectively. At 60°C, RCY decreased to 29+1.9% at 10 min with at least 50% of labelled
intermediate still present in reaction media. At RT, labelled reaction intermediate was 70% with
hydrolysed product (23+0.2%) (Appendix-14; Fig 3.27).

53



Results and Discussions

% RCY

80

70

60

50

40+

30

20

104

HsC N

—

/ —
-

- — —

/1/ o e

g —v—150°C, n=3
—n—120°C, n=3
—e—60°C,n=3
—A—25°C, n=3

A

o

2 4 6 8 10

Time [min]
Hydrolysis with 32% HCI

% RCY
=

—v—150°C, n=3
—u—120°C, n=3
—o—60°C,n=3
—4—25°C,n=3
; S ——
,/! i/.
]
l/
I
"
1/4/7
0 2 6 8 10
Time [min]
Hydrolysis with 70% TFA

Fig 3.27 Hydrolysis of 2-[**F]fluoro-6-methyl-3-(p-tolylmethoxy)pyridine (v) in dependence of
RCYs on reaction time at different temperatures

For 2,4-dimethylbenzyl as a protecting group as in 3-[(2,4-dimethylphenyl)methoxy]-2-
[**F]fluoro-6-methylpyridine (vi), hydrolysis with 32% HCI at 120°C resulted in RCY of 72+0.7% at
10 min and 57+1% at 5 min with no unhydrolysed intermediate. At 60°C, RCY decreased to 55+0.5%
at 10 min with no labelled intermediate. At RT, RCY of hydrolysed product was 39+0.5% at 10 min

(Appendix-14; Fig 3.28). The labelled intermediate was completely hydrolysed after 5 min at 120°C,
60°C and RT. Moreover, at 120 °C, hydrolysis with 70% TFA resulted in RCY of 57+£0.8% at 10 min
and 49+1.1% after 5 min. At lower temperatures (60°C, RT) RCY's decreased to 40 % and less.
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Fig 3.28 Hydrolysis of 3-[(2,4-dimethylphenyl)methoxy]-2-[*®F]fluoro-6-methylpyridine (vi) in
dependence of RCYs on reaction time at different temperatures
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The sum of RCYs of the product (P) and the unreacted intermediate (I) was always lower than
100% (Appendix-13) and radiofluoride as a side product originating from the concomitant hydrolytic
cleavage of C—"®F-bond was observed in the reaction mixture. Significant quantities of radiofluoride
were formed, especially if 70% TFA was used for the deprotection (Appendix-14). In case of 3-[(2,4-
dimethylphenyl)methoxy]-2-[*®*F]fluoro-6-methylpyridine (vi), radiofluoride was the main radioactive
product after 7 and 10 min of incubation with 70% TFA at RT and 60°C. The yield of 2-[**F]fluoro-3-
hydroxy-6-methylpyridine increased with increasing of reaction temperature and reached 78+0.1%
after 10 min of incubation at 150°C. In contrast, if the p-xylyl group was used as a protecting group,
the significant amount of radiofluoride was observed when applying 70% TFA at 120°C and 150°C
for deprotection, thus, only 46% yield of the desired deprotected product could be obtained.

3.2.7.3 Catalytic Transfer Hydrogenation
In addition to acidic hydrolysis, catalytic hydrolysis was also carried out using 10% Pd/C as a

catalyst in presence of 1,4-cyclohexadiene (1,4-CHD) or ammonium formate (HCOONH,) as
hydrogenating reagents. For 2-[**F]fluoro-6-methyl-3-(p-tolylmethoxy)pyridine (v), the rate of
catalytic hydrolysis with 1,4-CHD was rather slow and resulted only in 1-3% of the deprotected
pyridol in MeOH at 70°C after 3 min of reaction time (Appendix-14; Fig 3.29). RCYs increased to
45.0£1.2% and 57+1% after 7 min and 10 min, respectively, and reached the maximum (68+0.7%)

only after 30 min of reaction time.
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‘ .
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8 |
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Catalytic Transfer Hydrogenation

Fig 3.29 Catalytic transfer hydrogenation of 2-[*®*F]fluoro-6-methyl-3-(p-tolylmethoxy)pyridine
(v) in dependence of RCYs on time at 70°C

Contrarily, when HCOONH, instead of 1,4-CHD was used as a hydrogenating reagent,
60.0£1.4% of the deprotected product was obtained under the same reaction conditions already after 1
min of reaction time. The RCY first increased gradually and reached 75.0+0.6% after 10 min.
Thereafter, it dropped to about 59+1.1% when the hydrogenation was allowed to run for 30 min,

presumably, due to hydrogenolytic cleavage of C—'*F bond (Appendix-14; Fig 3.29).
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In summary, among the protecting groups so tested, p-xylyl (4-methylbenzyl) and 2,4-
dimethylbenzyl groups are proven to be the best hydroxyl protecting groups for n.c.a SyAr
radiofluorination. The model deprotection of the respective benzyl ethers with 32% HCI at 120°C gave
2-[**F]fluoro-3-hydroxy-6-methylpyridine in 80% vyield already after 10 min of reaction time.
Additionally for p-xylyl group, the fast and clean cleavage by catalytic transfer hydrogenation using
ammonium formate as a hydrogenating agent was demonstrated. Due to the mild deprotection
conditions (70°C, 10 min), p-xylyl and 2,4-dimethylbenzyl protecting groups are well suited for the

automated radiosynthesis.

3.2.8 Correlation of RCYs with *C-NMR values (5, ppm)

The total effect of all substituents on the electron density of the carbon atom bearing the
leaving group (LG) may be derived from the *C-NMR chemical shifts (5, pm) of this carbon position.
In the work of Rengan et al.'® and Ding et al.'®, a correlation of the RCY with the deshielding of the
carbon atom bearing the leaving group was found (R? = 0.53'% R? = 0.87'%). However, the
correlations of RCYs with **C-NMR chemical shift values were exclusively limited to structurally
similar compounds™. Rengan for the first time tried to study this correlation between structurally
different compounds (R?= 0.53) but belonging to the same system (homoaromatic).

Theoretically, the deshielding of the LG-substituted carbon atom is considered to be a measure
of its electrophilicity. This suggests that at the reaction centre (where LG is attached) a downfield
chemical shift (larger ppm value) indicates a lower electron density and hence, results in a higher
radiochemical yield for nucleophilic substitution. Therefore, the labelling yield may additionally be
discussed in dependence on the chemical shift of the particular carbon atom.

For this purpose, a correlation curve of *C-NMR chemical shifts values with RCYs of all
substituted pyridines was calculated but the value of the regression coefficient was rather low (R® =
0.57). Taking out the results for the two compounds (8, 9) (Table 3-6), the R® value of 0.75 was
obtained (Fig 3.30).

% RCY
I3
o

10 T T T T T T T T 1
125 130 135 140 145 150 155 160 165 170

13 CNMR-chemical shift values [0, ppm]

Fig 3.30 Correlation of RCYs versus **C-NMR chemical shift values
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Table 3-6 RCYs and *C-NMR chemical shift values (5, ppm) of C-atoms bearing leaving groups

in substituted pyridines and substituted benzenes

13 13
Nr. Pyridines C-NMR o rcv* N, Benzenes™ C-NMR o pcy+
[6, ppm] [8, ppm]
S CHj
1 | P 165 78 16 ;:[ 164 66
N F CHO
\ CHO
2 | 164 83 17 @[ 167 75
N/ F E
\ CHO
3 | 159 84 18 @[ 149 83
N/ NO, NO,
~ o CHy
4 | 157 88 19 148 46
N/ NO, "
CHO
SN OCHjg
5 | 152 76 - - - -
4
N F
\ CHO
6 | 152 57 20 C[ 133 65
N/ Cl Cl
N OCHjg
7 | 151 53 - - - -
HaC N/ F
N OCHj, ’
8 | 148 90 21 137 67
N/ NO, "o
CHO o
N CHg
9 | 148 12 22 @[ 135 61
4 (@]
N Cl b
N OCHj
10 \ 145 81 - - - -
HaC N/ NO,
\ CHO
11 \ P 143 56 23 ©[ 127 73
:
N OCH,4
12 | 135 16 24 . 125 51
N/ Cl '
N CHg
13 \ P 133 40 - - - -
N OCH,
14 \ 130 39 - - - -
N/ Br
N OCHj
15 | 129 14 ; - ) .
HsC N/ Br

*Standard deviations range from 0.1 to 5 for all values of RCYs

The reason for removing these two precursors (8, 9) was very high RCY (90%) for 3-

methoxy-2-nitropyridine than that of 2-chloro-3-methylpyridine (12%), though chemical shift value of

C-atom bearing leaving groups in both cases was same (148 ppm) (Table 3-6).
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The study for the correlation of *C-NMR values versus RCY was also carried out in
substituted pyridines and the homoaromatic analogues® (Fig 3.31). Therein, a poor correlation was
obtained (R? = 0.37). A reason could be the formation of radioactive/UV-active by-products as it was
observed in some of the substituted 2-nitrobenzaldehydes i.e. in case of 3-methyl-2-nitrobenzaldehyde
(see 3.2.2.2).

90 .8 4
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80 A

>
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30 R?=0.37

20 -

.12
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Fig 3.31 Correlation of RCYs versus *C-NMR chemical shift values

In labelling, these side reactions become more influential by causing the precursor to be less
reactive. That is particularly to be taken into consideration because the radioactive compounds are
present in low concentrations (umoles to pmoles) while other components are used in millimolar
amounts for the labelling reactions. So, in radiofluorinations, the [Precursor]/[**F]F ratios applied are
very high. In case, if no side reaction occurs that may consume or deactivate the **F ion, there should
be a complete incorporation of '®F into the precursor forming the reaction product. Only the time
needed for the completion of the reaction should vary according to the electrophilicity of the
precursor. This may explain why the low RCYs, observed as a result of side reactions, appeared to

have a poor correlation with the **C-NMR chemical shift values as reactivity parameters.
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3.3 A New Class of Hypoxia PET-Tracer: [**F]JFNT

As a new concept, a bifunctional hypoxia PET-tracer ([**F]FNT, i) having p-tyorsine coupled
with 2-nitroimidazole was chosen. In [**F]FNT, p-tyrosine moiety may hypothetically increase the
transportation across the cell by utilizing amino acid transporter system. O-[2-[**F]fluoro-3-(2-nitro-
1H-imidazol-1-yl)propyl]tyrosine ([**F]FNT, i) was prepared from methyl N-[(benzyloxy)carbonyl]-
O-[2-{[(4-methylphenyl)sulfonyl]oxy}-3-(2-nitro-1H-imidazol-1-yl)propyl]tyrosine (e) via aliphatic
nucleophilic substitution.

3.3.1 Organic Synthesis

Precursor for radiosynthesis of [*®F]FNT was synthesized by the synthetic pathway as

described in following scheme (see 5.4.1).

HyCOOC NHCbz

/ e

S

A

N\) OTs < O\)\/OTS
O\)\/OTS

O\)i Triethylamine, DMF,

OTs 2-nitroimidazole.
60°C © —
H5CO0C NHCbz ] '
H3COOC NHCbz H4CO0C NHCbz = O,N
DAST, DCM, -78°C
®

H3CO0C NHCbz H3COOC NHCbz

Scheme-10
OH
(o]
CHy o
OH
o CH3
PPh,, dioxalane, THF
10
DEAD, 60°C AcOH, H,0/MeCH, (b)
RT
NHCbz
H;COOC NHCbz

OTsCI (1 eq),
pyridine, RT

Triethylamine, DMF,
2-nitroimidazole,
60°C

(e): (%Yield: 69%)
(9): (%Yield: 57%)
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3.3.2 Radiosynthesysis
Radiosynthesis of ["*F]FNT from precursor (e) synthesized as shown in Scheme-10, was
carried out in following way (see 5.4.2).

3 mg K,CO,, 7 mg
(e) K222, 1 mL DMSO, (h)
140°C, 3 min

H3;COOC NHCbz H,CO0C NHCbz HOOC NH,

70%TFA, 120°C, !
20 min (0

E*HFNT

3.3.3 [*®*F]-Labelling

[*®F]-labelling of precursor (e) was performed under various sets of experimental conditions in
order to increase the RCY and to minimize the by-product formation. For this purpose, different
solvents were tried. All labelling experiments were repeated at least three times and were carried out in
dependence on time (1, 2, 3, 5, 7, 10, 15, 20 min) and temperature (140°C, 120°C, 110°C). In a first
set of experiments, acetonitrile (MeCN) was used with 3.5 mg of K,CO; and 15 mg of K222. Highest
RCY was 29+0.9% (2 min) at 90°C (Appendix-15; Fig 3.32).

—=—MeCN; 90°C; 3.5mg K,CO,; 15mg K222
—=—MeCN; 100°C; 3.5mg K,CO,; 15mg K222
—e—DMF; 120°C; 3.5mg K,CO,; 15mg K222
25 - —A—MeCN:DMSO (1:1); 120°C; 3.5mg K,CO,; 15mg K222
—¢— MeCN:2-methyl-1-butanol (1:9); 100°C; 3.5mg Cs,CO_; 15mg K222
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Fig 3.32 RCY of methyl N-[(benzyloxy)carbonyl]-O-[2-[**F]fluoro-3-(2-nitro-1H-imidazol-1-
yh)propyl]tyrosine (h) in dependence on time under various experimental conditions

However, increase in temperature (100°C) also increased the RCY (39+1%, 3 min) but there

was a sharp decrease in RCY's at both temperatures (90°C, 100°C) with time. Hence, the lowest RCYs
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of 7.2+0.8% and 3.5+1.4% were observed after 20 min of reaction time with MeCN at 90°C and
100°C, respectively (Appendix-15; Fig 3.32).

In another set of experiments, MeCN was used in combination with other solvents such as
DMSO and amylbutanol. When radiofluorination was performed at 120°C with MeCN/DMSO (1:1),
maximum RCY so observed was 37.2+0.6% at 3 min and the minimum was 9.3+1% after 20 min.
However, when MeCN/2-methyl-1-butanol (1:9) mixture was used as a solvent system along with 3.5
mg of cesium carbonate (Cs,COs), a slowly increasing trend in RCY was observed with 19+1.1% and
37+£1.5% of RCY at 7 and 20 min, respectively. However, when DMF was used as a solvent along
with same amounts of base and K222, ca 45% RCY was obtained at 120°C (Appendix-15; Fig 3.32).

Among all solvents, DMSO proved to be the best one. In it, maximum RCY so obtained was
ca 50% at 3 min. However, when temperature was lowered to 110°C, the highest RCY (45+1.3%) for
formation of [*®F]-labelled intermediate (methyl N-[(benzyloxy)carbonyl]-O-[2-[*®F]fluoro-3-(2-nitro-
1H-imidazol-1-yDpropyl] tyrosine, h) was observed after 5 min of reaction time using standard
experimental conditions such as 3.5 mg of K,COzand 15 mg of K222. Further studies for optimization
of labelling conditions were carried out in DMSO (Appendix-16; Fig 3.33).

When temperature was increased to 120°C, 56x1.5% of maximum RCY was obtained at 3 min
(3.5 mg K,COg3, 10 mg of K222). However, almost similar RCY (58+1.3%) was obtained at 120°C
when only the amount of K,CO; was reduced to 1.8 mg. By increasing temperature to 140°C, highest
RCY (81+0.9%, 3 min) was obtained by using 3 mg of K,CO; and 7 mg of K222. When base was
changed to KHCO; (2 mg) and amount of K222 was further reduced to 2 mg, RCY decreased to
37+1% after 10 min of reaction time (Appendix-16; Fig.3 33).
—e—110°C; 3.5mg K,CO
—=—120°C; 3.5mg K,CO,; 15mg K222
—»—120°C; 3.5mg K,CO,; 10mg K222
—=—120°C; 1.8mg K,CO,; 15mg K222

—4—140°C; 3mg K,CO,; 7Tmg K222
—¢—140°C; 2mg KHCO,; 2mg K222

; 15mg K222

3

3

\iii-

T T T T T T T T T T 1
6 9 12 15 18 21

Time [min]

% RCY

Fig 3.33 RCY of methyl N-[(benzyloxy)carbonyl]-O-[2-[**F]fluoro-3-(2-nitro-1H-imidazol-1-
yhpropyl] tyrosine (h) in dependence on reaction time in DMSO

Except in the case of MeCN/2-methyl-1-butanol (1/9; v/v) (Fig 3.32), all reactions showed fast

reaction kinetics within 5 min, but thereafter RCYs decreased to sharply to 20% and even less at 20
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min (Fig 3.32, 3.33). The reason of the decreasing tendency in RCY with time was the formation of
by-products as verified by LC/MS analysis (Fig 3.34). For LC/MS analysis, samples (5 pL) taken
directly from the (c.a.) labelling reaction mixtures were injected. The results showed two by-product
mass peaks (174 [M+1]" and 331 [M+1]") and the mass peak of the product (502 [M+1]"). It appeared
to be evident from structures related to the mass peaks that the side reaction was most probably the
alkaline hydrolysis catalysed by phase transfer catalyst as previously experienced® in the
radiosynthesis of [*®*F]FPy-TFP (see 3.4.4). In addition, the results of radiofluorinations in the present

study also predicted that the rate of side-reaction was directly proportional to the amount of K222.

Mass: 174 [M+1]"

331 [MHL] 502 [M+1]"

]
200 4
150 4
100
2
ol
! —T T ' T T T ' T T
0 L1 10 15 20 25 rmin
02N
F:N)
ChzHN COOCH, S
H3
ChzHN

Fig 3.34 LC/MS analysis of reaction mixture after radiofluorinations of precursor (¢) HPLC
conditions: Column: ODS Hypersil C18, 100 x 2.1 mm, 5um; Eluent: A = water with 2mM
NH,OAc, B = methanol with 2mM NH,OAc; Gradient: 100% A at 0 min to 5 min, from 5 min to
10 min, 100% B; Flow rate: 0.5 mL/min; Injection Volume: 5 pL, Mode: ACPI (+)].

3.3.4 Hydrolysis

Conditions of hydrolysis were examined in acidic media. For this purpose, 70% trifluoroacetic
acid (TFA) and 32% hydrochloric acid (HCI) were used at different temperatures (90°C, 120°C,
140°C).Time dependent analysis (10, 15, 20 min) was carried out and all experiments were repeated
for three times (n = 3). RCYs were additionally measured by y-counter.

At all temperatures, maximum RCYs were obtained after 20 min of reaction time. After
hydrolysis with 70%TFA at 90°C, only 11+1% of RCY was obtained. However, when temperature
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was increased to 120°C, RCY of hydrolysis increased to 56+1.5% (Fig 3.35). But at 140°C, maximum
RCY was as low as 36+0.7% because of strong decomposition reaction of [*®F]-labelled intermediate
(h). In contrast, RCYs after hydrolysis with 32%HCI were around 10-20% at temperatures ranging
from 90°C to 120°C (Appendix-17; Fig 3.35).

604 —®=—70% TFA, 90°C, n=3
—e—70% TFA, 120°C, n=5 ¢

50 4 70% TFA, 140°C, n=4
| —v—32% HCI, 90°C, n=3
32% HCI, 120°C, n=4
40 H Y
o ‘//////////

20 +

% RCY

10

Time [min]

Fig 3.35 RCY of O-[2-[**F]fluoro-3-(2-nitro-1H-imidazol-1-yl)propyl] tyrosine (i) in
dependence on reaction time with 70%TFA and 32%HCI
Hence, maximum RCYs after hydrolysis were obtained after hydrolysis with 70%TFA at

120°C after 20 min of reaction time.

3.3.5 HPLC Purification

After hydrolysis, the product was isolated from the reaction mixture by preparative HPLC
with a reversed phase preparative column using gradient elution by MeCN/water (0.1%TFA). Three
peaks were observed in HPLC chromatogram (Fig 3.36). First peak at 3.5 min, second one at 6.7 min

([**F]FNT, i) and third one at 14.7 min (labelled intermediate with hydrolysis at ester group only).

200

s00--
B0+ ’

400 MEH 2 b ARG A 0,0 %
"Wildter Zmh NHADAC: 100,0 % [lsF]FNT

(Fy= 6.7 tmin )

ips

2004

Lofelonw L

Flow: 5,000 mL'min

-100-4— — — = — :
0.0 2.0 4.0 6.0 g0 100 12.0 17.8
min 4.0 16.0

Fig 3.36 HPLC chromatogram for preparative analysis (see 5.4.2.4)
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Product peak collected from HPLC was passed through a cartridge in order to reduce the
volume. At end of synthesis (EOS), quality control of [**F]FNT in final formulation was carried out by
using reversed phase analytical column with the same gradient elution as mentioned above for
preparative step. HPLC chromatogram showed only one peak at 8.9 min ([*®F]FNT, i) in radioactive
region and no signal in UV (A:254 nm, 220 nm) (Fig 3.37).

1.200 —
oA 1000 % UV_VIS_ 254 nin
1.000
200+
(Fe= 8.9 mmun)
gEDD— C:00 % wE000 %
2 %A 0,0 %

B: 00 %
lowy: 1,000 mL'min
L

["FIFNT

200+

100 —_ . | . — | min
10.0 . 20.0 250
0.0 5.0 min 15.0

Fig 3.37 HPLC chromatogram for quality control (see 5.4.2.4)
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3.4 A New PSMA-Targeting Ligand: [**F]FPy-DUPA-Pep

In this part of the work, a new PSMA (prostate-specific membrane antigen) targeting ligand,
DUPA-Pep having DUPA linked via 8-aminooctanoic acid to two phenylalanine rings (for maximum
binding) was synthesized. Indirect labelling method was chosen using 2,3,5,6-tetrafluorophenyl 6-
[*®F]-fluoronicotinate ([*®F]FPy-TFP) as a prosthetic group to be coupled with DUPA-conjugate
(DUPA-Pep).

3.4.1 Organic Synthesis

Precursors and standards for radiosynthesis of [**F]FPy-DUPA-Pep was synthesized by the
synthetic pathway as described in following schemes (see 5.5.1).
Scheme-11

Synthesis of the prosthetic group (FPy-TFP) was carried out as follows.

(o]
” TFP-OH (1 eq),
X DCC (0.9 eq), Trimethylamine, .
| — DCMRT ___THRRT
= E

cl N CF,;S0, (H30)3

(k)
K222, KF, MeCN
RT 15 min
K

(|)
FPy-TFP

m

(K): (%Yield: 79%)
(N: (%Yield: 37%)
Synthesis of Fmoc-protected peptide was performed as under.
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Scheme-12
Synthetic steps of FPy-DUPA-Pep are shown below.
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3.4.2 Radiosynthesis of [**F]FPy-DUPA-Pep
Radiosynthesis of [**F]JFPy-DUPA-Pep was done in following way (see 5.5.2).

F
F
K222 , KHCO,
40°C, tBuOH/MeCN
10 min F
F

CF,SO, (H30)3

Peptide,

NaHCO,,

60°C,
MeCN/H,O o

10 min

\ W‘/EQW Jvi

18p N

)

[*®F]FPy-DUPA-Pep

3.4.3 Labelling of [*®F]FPy-TFP

[*®F]-labelling of the prosthetic group ([**F]FPy-TFP) was performed under various sets of
experimental conditions in order to increase the RCY and to minimize the by-products formation. Two
main by-products were formed during labelling as reported elsewhere®®. One of the by-product (2TFP-
Py, R, = 19.5 min under analytical HPLC conditions) was visible in UV, and was formed by
substitution of trimethylammonium group with tetrafluorophenylether (TFP) while the other by-
product was 6-[*®*F]fluoronicotinic acid (R; = 7.5 min under analytical HPLC conditions) formed by
basic hydrolysis of precursor. Temperature for all experiments was 40°C as high temperature was
reported to increase the formation of 6-[**F]fluoronicotinic acid®. All experiments were repeated 2-4
times (Table 3-7,-8).

3.4.4 Effect of Solvent and Base

One set of experiments was carried out using conventional [**F]-labelling conditions such as
10 mg precursor, 3.5 mg K,COjz, 15 mg K222, and 1 mL of DMF at 40°C for 10 min (Table 3-7). Low
RCY (19+1%) was observed while the major product so obtained was 6-[**F]fluoronicotinic acid
(80+0.8%). In addition, almost 40% of UV-active by-product (2TFP-Py, non radioactive) was also
present in the reaction media.

When 2 mg of KHCO;were used for 7 mg of precursor using 7 mg of K222 in 1 mL of MeCN
at 40°C, 72+1.3% of [*°F]JFPy-TFP was obtained along with 20% of 6-[**F]fluoronicotinic acid.
Almost 40% of 2TFP-Py was formed (Table 3-7). So, amounts of precursor and K222 were changed to

8 mg and 2 mg, respectively. The amount of KHCO; was same as above. Solvent so used in this set of
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experiments was MeCN/tBuOH (1:4) (Table 3-8). As a result, the maximum RCY (90+0.9%) of
[*®F]FPy-TFP synthesis was obtained at 20 min. Also, at 10 min of reaction time, RCY was as high as
86% along with very low yield (< 1%) of 6-[**F]fluoronicotinic acid. Although, 85+0.7% of [**F]-
labelled product was obtained at 20 min of reaction time after applying same reaction conditions in
ImL of MeCN instead of MeCN/tBuOH. 5% of hydrolysed by-product was observed at this time

point. However, at 10 min, product so formed was almost 70% (Table 3-7).

Table 3-7 RCY for the radiosynthesis of [**F]FPy-TFP in 1 mL of solvent

Solvent Precursor K222 Base Time RCY
(mL) (mg) (mg) (mg) (min) [°FIFPy-TFP
DMF 3 10 mg 15mg 3.5 mg (K,COs) 10 19+1 (16+0.8)*
10 71+1 (69+1.2)*
4 8 mg 2mg 2 mg ( KHCO3) 15 79+1.4 (75+£0.9)*
MeCN 20 851 (82+0.6)*
3 7mg 7 mg 2 mg ( KHCOy) 10 72+1.3 (68+1.1)*
2 3mg 2 mg 2 mg ( KHCOy) 15 79+1.2 (76+0.8)*
*Analysis by TLC

When using 30 pL of 0.8 M TBA-HCO; as a phase transfer catalyst and as a base instead of
K,CO; along with 9 mg of precursor and 1 mL of MeCN/tBuOH (1:4) as a solvent, [*°F]FPy-TFP was
obtained with a yield of 25+1.1% in 10 min of reaction time. Hydrolysed [**F]-labelled by-product

was almost 60%. However, only 5% 2TFP-Py was formed (Table 3-8).

Table 3-8 RCY for the radiosynthesis of [**F]FPy-TFP in MeCN/tBUOH (2:8)

Precursor K222 Base Solvent Time RCY
(mg) (mg) (mg) (mL or pL) (min) [18F]FPy—TFP
4 9 mg 30uL of 0.8M TBA-HCO, 1mL 10 25+1.1 (23+0.5)*
10 86+0.3 (81+0.5)*
5| 8mg 2mg | 2mg(KHCO;) Lmb 15 88+1.4 (85+0.7)
20 90+0.9 (89+0.5)*
2 5mg 2 mg 2 mg ( KHCO,) 500uL 15 83+1 (80+1)
2 3mg 2 mg 1.6 mg ( KHCO3) 1mL 15 90+1 (89+0.7)*
3 3mg 1.6 mg | 1.6 mg (KHCOs3) 1mL 15 82.5+0.7 (81+1.1)*
2 3mg 1.6 mg | 1.6 mg (KHCOs3) 500uL 15 81+1.5 (78+0.6)*
3 1.5mg 1 mg 1 mg (KHCO;) 300uL 15 38+0.4 (33+0.5)*
*Analysis by TLC

Hence, the results of ['®F]-labelling with K,CO; or TBA-HCO; showed 6-[**F]fluoronicotinic

acid as a major product. This indicated the increased rate of alkaline hydrolysis catalysed by phase
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transfer catalyst (K222). So, all other experiments were carried out with KHCO3 and very low amounts
of K222 (< 5 mg).

By lowering the precursor amount to 3 mg, the highest RCY (90+1.3%) was obtained after
using 1.6 mg of KHCOzand 2 mg of K222 in 1 mL of MeCN/tBuOH (1:4). 6-[**F]fluoronicotinic acid
formed under such conditions was only 1.5%. When lowering the precursor amount to 1.5 mg with 1
mg of KHCO;and 1 mg of K222, a low RCY (380.9%) for [**F]JFPy-TFP was obtained. Almost 50%
of 6-[*®F]fluoronicotinic acid was observed under these conditions (Table 3-8).

In short, the best conditions for [**F]-labelling of [*°*F]FPy-TFP were found with a precursor
amount of 8 mg along with 2 mg of K222 and 2 mg of KHCO; in 1 mL of MeCN/tBuOH (1:4) at 10

min of reaction time.

3.4.5 Cartridge Purification

[*|F]FPy-TFP was purified by using Oasis cartridges having both cation exchange and
reversed phase properties. The main advantage of using this cartridge was the fact that it retained the
positively charged precursor (precursor having quarternary ammonium as a leaving group). So, it
became easy to elute the [**F]-labelled products. Different concentrations of MeCN (20%, 40%, 50%,
60% and 65%) were tried as eluents in order to get rid of by-products or to minimize the amount of
by-products in eluate. The best purification was observed with 65% MeCN. So, [**F]FPy-TFP was
eluted from Oasis cartridge by 2.1 mL of MeCN. Because of larger volumes of solvent (such as 2.1
mL), it was necessary to evaporate the solvent. For this purpose, evaporation was carried out 100°C
under argon but there was also a loss of almost 30% of [**F]FPy-TFP because of its hydrolysis into 6-
[*®F]fluoronicotinic acid. So, in order to reduce the volume, timing, and to avoid hydrolysis, eluate
after the first purification was passed through two preconditioned Strata-x cartridges (C18, RP) and
product was eluted directly into the vial (containing DUPA-Pep and NaHCO3) by 500 pL of 80%
MeCN.

3.4.6 Coupling with DUPA-Pep

Coupling of DUPA-Pep with carried out at 40°C, 50°C and 60°C and analysis was made by
dependence on time. For this purpose, 100 puL samples were taken from reaction mixture at 3, 7, 10,
20, and 30 min for HPLC analysis. Product peaks were collected from HPLC and were measured by y-
counter. Highest RCY (95%1.2%) for radiosynthesis of [**F]FPy-DUPA-Pep was observed at 60°C at
10 min of reaction time with 2 mg of peptide and 8 mg of NaHCO; (Appendix-18; Fig 3.38).

[*®F]FPy-DUPA-Pep synthesis was also carried out with 1 mg of peptide and 5.5 mg of
NaHCO; at 60°C, the observed RCY was still as high as 90% within 10 min.
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Fig 3.38 RCY of [*®®F]FPy-DUPA-Pep at different temperatures in dependence on time

3.4.7 Chemical Stability of [*®F]FPy-DUPA-Pep

Chemical stability of [*®F]Fpy-DUPA-Pep was checked by taking 100 pL as an aliquote from
final formulation in EtOH and by adding 100 pL of different chemicals such as isotonic phosphate
buffered saline (PBS), 0.1N HCI and 0.2M NaHCOj; for 15 min. It was observed that [*F]Fpy-DUPA-
Pep was stable at all temperatures (RT, 40°C, 60°C) in PBS. Also, when checked at 37°C in 0.1N HCI
(pH: 2-3) or in 0.2M NaHCO; (pH: 8-9), no decomposition or defluorination was observed because
only one product peak ([*°F]FPy-DUPA-Pep: R; = 10.2 min) could be seen in HPLC.

3.4.8 HPLC-Purification

After preparative separation by using isocratic elution (28% MeCN), the product peak
([*®F]FPy-DUPA-Pep, 6.5 min) was subjected to cartridge purification in order to concentrate it in 200
pL of ethanol (EtOH). In order to check the radiochemical purity, analysis for quality control was
carried out using gradient system (MeCN/water, 0.1% TFA). HPLC chromatogram showed only one
signal in radioactive region and no signal in UV (A: 254 nm, 220 nm) (Fig 3.39).

In summary, an efficient method for the radiosynthesis of a new PSMA targeting ligand
([*®F]FPy-DUPA-Pep) was developed using [*®F]FPy-TFP as a prosthetic group. 48+0.9% overall
RCY (without decay correction) was obtained within 50 min with a radiochemical purity of > 98% at
EOS.
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Fig 3.39 HPLC chromatogram for quality control of [**F]FPy-DUPA-Pep (see 5.5.2.4)
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4. SUMMARY

The main objective of the present study was to develop the most convenient pathway for
nucleophilic radiofluorinations to be applied in radiosyntheses of [**F]-labelled aromatic compounds
such as 6-[**F]fluoro-L-DOPA, 2-[**F]Fluoro-L-tyrosine and 6-[**F]fluorophenylalanine for clinical
PET-imaging. In particular, for [*®F]-labelled aromatic amino acids radiofluorinations allowing the
direct nucleophilic introduction of [*®F]-fluoride do not exist, yet they are needed in order to obtain the
[*®F]-tracers in high specific activities i.e. in a high ratio of [**F]-labelled compound to the (non
radioactive) [*°*F]-one because that is the prerequisite for following the metabolic pathways without
any alterations originated by the high concentrations of the [*°F]-isotopomeric compound of the tracer.
In order to perform radiofluorinations via nucleophilic aromatic substitution (SyAr) the benzene ring
must be substituted by a suitable leaving group and an auxiliary group (e.g. —CHO), both bearing
electron-withdrawing properties. Among leaving groups, —~NO, and —N"(CHs); are thought to be the
best when aiming at high RCYs. Moreover, in the compounds of interest, SyAr has to be performed in
the presence of electron-donating groups such —OCHj; (for —OH protection) and —CHj; (for linking
glycine moiety). However, these groups are known to decrease SyAr very strongly when present in
para or in ortho position to the leaving group. Thus, it appeared highly desirable to study the impact of
such groups on the rates of radiofluorinations via SyAr because, upto now, the effect on SyAr was
studied only in substituted 2-nitrobenzaldehydes> and no data has been reported for —-N*(CHs)s.

For this purpose, various —OCH; and —CHs; substituted benzaldehydes bearing quaternary
ammonium salt [-N*(CHs)s] as leaving group (Compounds: 1-7) were labelled by [**F]fluoride. A very
strong impact of electron-donating groups on RCYs was observed as in compounds (3, 4, 5) with one
and two —OCH; groups in para or meta or in both meta and para position to the leaving group (RCY:
10% to 80%). The maximum RCY of 69£1% was observed at 3 min in case of compound (2) having —
CH; group in ortho position to the leaving group. Also, for compound (5) having two —OCH3 groups,
the highest RCY was 41+1.4% (3 min). In all above mentioned compounds, the RCY decreased fast
with reaction time by reaching around 10%. The reason for this reduction in RCY's could be attributed
to the competing reaction that became dominant with passage of time as indicated by formation of
[*®F]-CH5 and N,N-dimethyl amino substituted benzenes as by-products. The results proved that
electron-donating groups in substituted benzenaminium salts do show strong impact on RCYs but in
the presence of good auxiliary group (-CHO), RCYs as high as 50% could be obtained.

After radiolabelling, auxiliary group can be removed easily by decarbonylation using
Wilkinson’s catalyst*. However, in order to eliminate this additional step, an interesting alternative is
the use of substituted pyridines in which the nitrogen atom within the ring reduces the electron density
of the ring and, thus, makes it highly activated towards SyAr for which the “Chichibabin reaction” is
the well known example. In this work, the rate of radiofluorinations in various substituted pyridines
(10-13) was studied. When compared to 2-nitrobenzaldehyde®, the labelling yield of 2-nitropyridine
(84+3%, 20 min) was almost similar to that of 2-nitrobenzaldehyde (83+£1%, 20 min) at 140°C. Also,
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in 2-halo pyridines, RCYs were either higher or almost equal to their corresponding homoaromatic
analogues (see 3.2.1). In addition, [*®F]-labelling reactions were also carried out in pyridines
substituted in ortho position by electron-donating groups such as —CH; and —OCHjs. It was observed
that the effect of electron donating substituents was more pronounced in reducing RCY's (80% to 7%)
at lower temperatures in substituted halopyridines (11-13) that were efficiently substituted at a
reaction temperature > 100°C within a reaction time between 10-30 min. In contrast, pyridines having
—NO, as a leaving group showed almost 90% RCYs at all temperatures (60°C to 140°C) irrespective
of being substituted by —OCH; or —CHs groups in ortho position.

Radiofluorinations are rarely performed by isotopic exchange (**F/*°F) as the specific activities
to be achieved are thought to be unattractively low due to the presence of **F-carrier (c.a.).Thus, [**F]-
labelling was studied in dependence on the substrate concentrations for 2-[**F]-fluoropyridine. The
results showed the specific activities ranged from 0.524 GBg/umole at the substrate concentration of
103 pumoles/mL to 11.65 GBg/umole for 1.03 pumoles/mL. Although, the higher specific activity was
obtained at a lower RCY of 20%, yet it might be of practical importance both for preclinical and
clinical applications because very high amounts of [*®F]fluoride can be produced at commonly used
medical cyclotrons (> 120 GBg/h) and so, in spite of lower radiochemical yields, high amounts of the
product are obtained.

Additionally, energies of activations (E,) were determined for the substituted 2-nitropyridines
(10a, 11a, 12a. 13a) by Arrhenius plots. In case of all compounds, energies of activation were found
in the range of 4-25 kJ / mol. Contrary to 2-nitrobezaldehyde® (24 kJ / mol) and nitrobenzene® (63.5
kJ / mol), E, for 2-nitropyridine was clearly lower (6.5 kJ / mol). This fact strongly advocates the fast
kinetics of radiofluorinations in substituted 2-nitropyridines as compared to their homoaromatic
analogues. For substituted 2-nitropyridines, E, for 3-methyl-2-nitropyridine (11a) was greater (25 kJ /
mol) than 3-methoxy-2-nitropyridine (4.5 kJ / mol) and 3-methoxy-6-methyl-2-nitropyridine (14.9 kJ /
mol). This very high value of E, for 3-methyl2-nitropyridine (11a) might be attributed to the formation
of radioactive by-product at temperatures < 140°C (see 3.4.3).

Another important aspect in [*°F]-labelling is the protection of —OH substituent which is
usually carried out by using —CHj3 group. But the hydrolysis conditions utilized for this purpose are
very harsh such as 150°C and HBr so that an application of the particular labelling procedure in
automatic modules becomes difficult because of the corrosive effects on walls, fittings, tubings, and
valves'®. Hence, it was desirable to find new protecting groups that could be hydrolysed under mild
experimental conditions. For this purpose, hydrolysis of benzyloxy O-protecting groups was
performed by acidic as well as catalytic transfer hydrogenation. Results proved 2,4-dimethyl benzyl
and p-xylyl groups to be the best among all so tested. Time and temperature dependent analysis
showed that both protecting groups could easily be cleaved at 120°C within 10 min after hydrolysis
with 32% HCI by giving almost 80% RCYs. In addition, p.xylyl was hydrolysed under mild conditions
with ca 75% of RCY at 70°C at 10 min by using ammonium formate (HCOONH,) as a hydrogenating

reagent.
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In short, substituted 2-nitropyridines among all above mentioned compounds can be a
surrogate of benzenes because of not only efficient radiofluorination by giving ca 90% RCY, but also
because of elimination of one additional step (decarbonylation) in radiosynthesis of radiotracers. Thus,
no need of electron-withdrawing group is required for [**F]-labelling. In additions, p-xylyl can be used
as O-protecting group in future because of its easy cleavage under mild conditions (70°C, 10 min).

As it has been discussed before® 7% that *C-NMR chemical shift values could be
correlated to RCYs because these values are direct indicator of electrophilicity of the carbon atom
bonded with the leaving group. However, all previous studies® %% had to limit their findings only
on structurally similar compounds. In the present work, for the first time, a complete correlation was
found for those compounds even together with the structurally different heteroaromatic compounds
(see 3.2.8). That is clearly due to the fact of vey well defined reaction parameters. Contrary to the
previous theory, good value of linear regression (R? = 0.7) was obtained. Hence, it was proved that
correlations can be studied among compounds bearing different substituents and irrespective of the
substituents present on ring. However, this theory works only when there is no side or competing
reaction going on.

[*®F]-labelling was carried out in order to develope the new precursors for PET-imaging of
hypoxia ([*°F]JFNT) and prostate cancer ([**F]JFPy-DUPA-Pep). Hypoxia radiotracer ([**F]JFNT) is a
new compound that can utilize the amino acid transporter system to enter the hypoxic tissues and
hence, its uptake can be expectedly enhanced for PET imaging. Its radiosynthesis was carried out by
two steps; first step being the [**F]-labelling via nucleophilic aliphatic substitution and second step
being hydrolysis. [*°F]-labelled intermediate (h) was confirmed by correlating its R; and R; values with
cold standard whereas ["*F]JFNT formed after hydrolysis was confirmed by LCMS (353 (100%)
[M+1]*. At EOS, 40+1% (decay uncorrected) of [**F]FNT was synthesized with radiochemical purity
of > 98% within 90 min.

For radiosynthesis via SyAr of a PSMA (prostate-specific membrane antigen) targeting ligand
([*®F]Py-DUPA-Pep), the method involves one step radiosynthesis of prosthetic group [(*°F)FPy-TFP]
itself and one step for coupling with peptide. This prosthetic group was labelled with high RCYs of
almost 90%. Also, the precursor could be easily removed from labelled product by cartridge
purification and afterwards, the eluate was directly used for coupling with peptide i.e. DUPA-Pep. The
other advantage of using this prosthetic group lies in the fact that [*®*F]FPy reduces the lipophilicity of
resulting peptide by many folds as compared to [**F]SFB because the calculated lipophilicity of
[*®F]FPy-DUPA-Pep (logP: 2.32+0.95) is clearly lower than that of [**F]JFB-DUPA-Pep (logP:
3.12+0.93)°"%, At the end of synthesis, 48+0.9% (decay uncorrected) of [**F]FPy-DUPA-Pep was
synthesised with radiochemical purity of > 98% within 50 min.

Hence, an efficient method of radiosynthesis for [**F]JFNT and [**F]FPy-DUPA-Pep has been

developed. Thus, both of these radiotracers can be used for PET imaging in clinical applications.
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5. EXPERIMENTAL

5.1 General

All chemicals and solvents for organic synthesis and [**F]-radiochemical synthesis were
purchased from the Aldrich (Germany), Fluka (Germany), Riedel-de Haén (Germany), Sigma
(Germany), Alfa Aesar (England), ABCR (England), and Merck (Germany). All chemicals and
solvents were directly used in the synthesis without purification.

Following precursors for direct [*®F]-labelling and reference standards (for radiofluorinations)
were purchased commercially: 3-methoxy-2-nitropyridine (12a, Aldrich, 98%), 3-methyl-2-
nitropyridine (11a, Synchem OHG, 98%), 2-bromopyridine (10c, Aldrich, 99%), 2-bromo-3-
methoxypyridine (12c, Aldrich, 97%), 2-bromo-3-methylpyridine (11c, ABCR, 98%), 2-
chloropyridine (10d, Aldrich, 99%), 2-chloro-3-methylpyridine (11d, ABCR, 98%), 2-fluoropyridine
(10b, Aldrich, 98%), and 2-fluoro-3-methylpyridine (11b, ABCR, 97%), 4-fluoro-3-
methylbenzaldehyde (Aldrich, 97%), 2-fluorotoluene (Aldrich, 98%), 2,6-difluorotoluene (Aldrich,
98%).

5.1.1 Analytical Assay

Analytical assay was carried out by thin-layer chromatography (TLC) with silica gel plates
(Polygram® Silica G/UVs4, 8 X 4 cm, Macherey Nagel, Germany) as stationary phase visualized under
UV-lamp (254 nm) for cold synthesis and under phosphor imager (Raytest, FLA3000) for
radiosynthesis. In addition, radio high pressure liquid chromatography (HPLC, P680 Dionex) equipped
with Nal (TI)-scintillation detector (Raytest, GABI, Raytest, Gemany) and a UV detector (GY-400,
254 nm), was used for further identification of [*°F]-labelled products.

For additional measurement of radiochemical yields (RCYs), a y-counter (1480 Wallac
WIZARD 3>, Perkin Elmer, USA) was used. However, for purification of intermediates in the organic
synthesis, middle pressure liquid chromatography system (MPLC, Buichi, Switzerland) was applied for
the purification using columns packed with silica gel 60 (0.040-0.063 mm, Merck) as stationary phase.

Eluents for TLC as well as for MPLC analysis were mixtures of petroleum ether (60/90°C)
and ethyl acetate (PE/EtOAc, v/v) while for HPLC, the mixtures were of methanol (MeOH),
acetonitrile (MeCN) and water (H,0).

Sep-Pak® plus alumina N (Waters, USA), Sep-Pak® light C18 (Waters, USA), Strata-X (30
mg/mL, Phenomenex), and Sep-Pak® plus oasis (MCX, Waters) catridges were used for purification of
[*®F]-labelled products.

Analysis by liquid chromatography coupled with mass-spectrometry on a quadrupole LC/MS
(Agilent Technologies, Model 1200). Melting points (m.p.) were determined using Gallekamp device
(MPG 350, USA).
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5.1.2 Spectral Analysis

MS spectra were measured by using Triple Stage Quadrupole TSQ 70 Finnigan MAT-
Massenspektrometer (Finnigan-MAT, Bremen, Germany).

'H-NMR and **C-NMR were carried out on Avance 400 (Bruker, USA) operating at 400 and
100.6 MHz, respectively. 'H chemical shifts (§) are reported in ppm relative to residual peaks of
deutrated solvent. The observed signal multiplicities are characterized as follows: s = singlet, d =
doublet, t = triplet, m = multiplet.*C chemical shifts are reported relative to the peaks of solvents.
(DMSO-dg: § = 2.49 in *H-NMR and & = 39.5 in ®*C-NMR, CDCls: § = 7.25 in *H-NMR and & = 77.0
in *C-NMR).

5.2 Synthesis of Homoaromatic & Heteroaromatic Model Compounds (1-18)

5.2.1 2,3-Dimethoxy-6-fluorobenzaldehyde (5a)

n-BuLi (28 mL, 41 mmol, 1.6M, 0.7 g/dm® was added dropwise to the solution of 3,4-
dimethoxy fluorobenzene (5 mL, 6.4 g, 1.17 g/dm?, 41 mmol) dissolved in 80 mL of THF under argon
at the temperature of -70 to -80°C using acetone/dry ice bath. After 2.5 h, 3.2 mL (41 mmol) of N,N"-
dimethylformaide (DMF) was added and the reaction mixture was kept stirring at room temperature
for 30 min. Afterwards, reaction mixture was quenched by adding 15 mL of acetic acid. Then, it was
extracted by diethylether (DEE, 250 mL), washed by brine (250 mL) and water, dried over anhydrous
sodium sulfate (Na,SQOy,), filtered and solvent was evaporated. Crude product was cleaned by using
PE/EtOAC (4:1) as a solvent system at a flow rate of 5 mL/min. White solid (5 g, 27 mmol) was
obtained as product (%yield: 66%).

O
H3C/ \3/ A

'H-NMR (DMSO-Dg, 400.16 MHz):

8 9.96 (1H, s, CHO), 7.05 (1H,, d, 3,5 = 7.89 Hz, Ph), 6.8(1Hs, d, *Js, = 8.79 Hz, Ph), 3.48 (3H, s,
OCHs), 3.67 (3H, s, OCHy).

BC-NMR (DMSO-Ds, 100.63 MHz):

8 183 (C-CHO), 164 (C-6), 149 (C-2), 134 (C-3), 119 (C-4, d, *J46= 4 Hz), 116 (C-5, d, %J56 = 26 Hz),
56 (C-OCHs), 51 (C-3CHa).

IR #/cm™(T%):

2944 (90%), 2871 (93%), 2841 (92%), 2762 (97%), 1695 (30%), 1607 (60%), 1587 (72%), 1484
(26%), 1454 (65%), 1442 (65%), 1418 (81%), 1405 (76%), 1390 (52%), 1306 (78%), 1276 (60%),
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1251 (22%), 1235 (35%), 1190 (70%), 1157 (83%), 1078 (47%), 1045 (26%), 965 (46%), 940 (75%),
868 (70%), 810 (48%), 777 (50%), 724 (74%), 704 (56%), 671 (77%).

MS-EI (70 eV) m/z:

183.7 (100 %) [M-1]", 153.7 (34 %) [M-CH,0]", 93.8 (22 %) [M-C;H-]", 43 (18 %) [M-C¢H,FO,]".
HRMS (EI) m/z measured : 184.05332 [M] ‘m/z calculated: 184.053556.

m.p.: 112°C. Ry¢: 0.14 (PE/EtOAC 1:1).

5.2.2 General Procedure for Dimethylamine Substitution of Fluoro (2a, 3a, 4a, 5b)

N,N"-dimethylamine hydrogen chloride (2.5 eq) and potassium carbonate (K,COs 2.5 eq) were
added to the solution of fluoro precursors in DMSO/water (2.5:1). The reaction mixture was refluxed
at 150°C for 4 h. Afterwards, the reaction mixture was poured in water (200 mL), extracted with DEE
(250 mL), washed by brine and water, dried over anhydrous Na,SO,, filtered and solvent was
evaporated. Crude products were cleaned by MPLC using PE/EtOAc [5:1 (2a, 3a); 4:1 (4a); 2:1 (5b)]
as a solvent system at a flow rate of 5-6 mL/min. %Yield was 61-63% for all compounds and all of
these were in form of pale yellow oil except compound (4a, pale yellow solid).

5.2.2.1 3-Methyl-4-N,N"-dimethylaminobenzaldehyde (2a)

'H-NMR (400.16 MHz, DMSO-Dy):

8 10.1(1H, s, CHO), 7.8 (1He,s, d, *Js5 = 8.4 Hz, Ph), 7.07 (1H,, s, Ph), 6.54 (1Hs, d, ®J5¢ = 8.4 Hz, Ph),
2.7 (6H, s, 2CHs), 2.3 (3H, s, CHy).

B3C-NMR (100.63 MHz, DMSO-Dy):

§ 192.1 (C-CHO), 170 (C-4), 157 (C-2), 132 (C-6), 129 (C-1), 127 (C-3), 117 (C-5), 56 (C-2CHs), 21
(C-CHs).

IR ¥/cm™(T%):

2946 (85%), 2834 (83%), 2791 (82%), 2722 (90%), 1679 (29%), 1594 (22%), 1565 (55%), 1500
(45%), 1476 (79%), 1445 (64%), 1418 (76%), 1372 (72%), 1333 (55%), 1313 (58%), 1230 (30%),
1186 (62%), 1156 (56%), 1137 (61%), 1099 (27%), 1053 (66%), 1004 (87%), 956 (43%), 933 (75%),
897(76%), 821 (48%), 778 (51%), 744 (68%), 731 (60%), 703 (80%).

MS-EI (70 eV) m/z:

163 (100%) [M]*, 148 (50%) [M-CHs]", 132 (28%) [M-CH,OH]", 118 (15%) [M-C,Hs0]", 91 (16%)
[C7H7]+-

Ry: 0.54 (PE/EtOAC 5:1).
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5.2.2.2 5-Methoxy-2-N,N"-dimethylaminobenzaldehyde (3a)
o) 4
C/ \5/ \

|
2

NN

K (|3H3

O

Hs

'H-NMR (400.16 MHz, DMSO-Dg):

§ 10.1 (1H, s, CHO), 7.1 (1Hg, s, Ph), 6.9 (1Hs, d, %334 = 8.5 Hz, Ph), 6.84 (1H,, d, *J,45 = 8.43 Hz, Ph),
3.7 (38H, s, OCHy), 2.7 (6H, s, 2CHy).

BC-NMR (100.63 MHz, DMSO-Dy):

§ 192.1 (C-CHO), 152 (C-5), 149 (C-2), 129 (C-1), 123 (C-4), 121 (C-3), 111.5 (C-6), 55.4 (C-OCH,),
46.1 (C-2CHy).

IR #/cm™*(T%):

2944 (85%), 2834 (79%), 2789 (86%), 1676 (32%), 1607 (76%), 1572 (87%), 1494 (25%), 1453
(56%), 1415 (59%), 1381 (61%), 1301 (57%), 1275 (34%), 1234 (45%), 1185 (63%), 1164 (59%),
1151 (44%), 1089 (72%), 1034 (35%), 950 (66%), 937 (65%), 926 (63%), 869 (68%), 822 (57%),
774(55%), 729 (90%), 687 (53%).

MS-EI (70 eV) m/z:

179 (100%) [M]", 163.1(16%) [M-CHs]*, 151 (25%) [M-CO]", 136 (19%) [M-CHsCO]*, 119 (23%)
[M-C,H,0,]".

Ry: 0.43 (PE/EtOAC 1:1).

5.2.2.3 6-Methoxy-2-N,N"-dimethylaminobenzaldehyde (4a)

P \N/CH3
CHj N CHj

'H-NMR (400.16 MHz, DMSO-Dg):

8 9.5 (1H, s, CHO), 7.30 (1H,, d, %J,5 =7.67 Hz, Ph), 6.42 (1Hs, m, Ph), 6.33 (1H;, d, %J;4=7.80 Hz,
Ph), 3.83 (3H, s, OCHj), 2.7 (6H, s, 2CHs).

B3C-NMR (100.63 MHz, DMSO-Dy):

& 190 (C-CHO), 163 (C-6), 157 (C-2), 135 (C-4), 115 (C-1), 113 (C-3), 106 (C-5), 56 (C-OCHs), 43
(C-2CHy).
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IR #/cm™(T%):

2949 (89%), 2837 (81%), 2788 (81%), 1671 (41%), 1611 (79%), 1571 (87%), 1496 (35%), 1451
(61%), 1420 (57%), 1382 (58%), 1299 (54%), 1271 (31%), 1232 (35%), 1179 (63%), 1169 (49%),
1153 (54%), 1091 (74%), 1027 (32%), 961 (63%), 941 (71%), 916 (57%), 873 (69%), 821 (56%), 770
(65%), 719 (90%), 683 (52%).

MS-EI (70 eV) m/z:

179 (100%) [M]*, 162.1 (92%) [M-CHs]*, 150.2 (68%) [M-CHO]", 147.2 (56%) [M-CH,O]".

HRMS (El) m/z measured : 179.09645 [M]* m/z calculated: 179.094616.

m.p.: 64°C. Ry: 0.21 (PE/EtOAC 4:1).

5.2.2.4 2,3-Dimethoxy-6-N,N"-dimethylaminobenzaldehyde (5b)

(@) 4
H3C/ \T|/ \T
2 6 CH
C|)/ N \T/ 3
CHj K CH,
@)

'H-NMR (DMSO-Dg, 400.16 MHz):

8 10.2 (1H, s, -CHO), 7.2 (1H,, d, *J,5 = 8.22 Hz, Ph), 6.91 (1Hs, d, *Js4 = 9.01 Hz, Ph), 3.85 (6H, s,
20CH;), 3.45 (3H, s, CHs).

BC-NMR (DMSO-Dg, 100.63 MHz):

8 189 (C-CHO), 151 (C-2), 148 (C-6), 146 (C-3), 122 (C-4), 119 (C-1), 113 (C-5), 61 (C-OCH,), 56
(C-OCHj), 45 (C-2CHs).

IR #/cm™*(T%):

2961 (87%), 2837 (90%), 1686 (40%), 1608 (75%), 1507 (30%), 1483 (37%), 1453 (47%), 1417
(52%), 1340 (85%), 1304 (81%), 1229 (27%), 1192 (42%), 1149 (47%), 1115 (46%), 1069 (43%),
1045 (37%), 1027 (27%), 951 (35%), 832 (41%), 798 (45%), 765 (43%), 765 (42%), 765 (51%), 708
(52%).

MS-EI (70 eV) m/z:

209 (88 %) [M]*, 194 (100 %) [M- CH4]",166 (27 %) [M-CH; COJ", 137 (28 %) [M-C4HyN]", 85.1
(39 %) [CsHgO]", 43.2 (73%) [CH5CO]".

HRMS (EI) m/z measured : 209.10534 [M]* m/z calculated: 209.105176.

Ry: 0.45 (PE/EtOAC 2:1).

5.2.3 General Procedure for Dimethylation of Amino-Group (2a, 3a, 4a, 5b)
Sodium bicarbonate (NaHCO3, 5 eq) was added to the solution of starting material (methyl
anilines) in DMF (7 mL). Afterwards, iodomethane (Mel, 10 eq) was added slowly at 0°C. After 1.5 h,

reaction was stopped, and reaction mixture was extracted with DEE (250 mL), washed by brine and
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water, dried over anhyd.Na,SQ,, filtered and solvent was evaporated. Cleaned products (6a, 7a; yellow

oil; %yield: 75%) were obtained with chemical purity > 98%.

5.2.3.1 2-N,N’-Dimethylaminotoluene (6a)

7
NN
C‘3H3 (|:H3

'H-NMR (400.16 MHz, DMSO-Dg):

8 7.03 (2H46, m, Ph), 6.91 (1Hs, d, %J; 4= 7.99Hz, Ph), 6.83 (1Hs, d, %J5 ¢= 7.73Hz, Ph), 2.7 (6H, s,
2CHs) 2.19 (3H, s, CHs).

BC-NMR (100.63 MHz, DMSO-Dy):

§ 152 (C-2), 131 (C-6), 130 (C-1), 128 (C-4), 122(C-5), 118 (C-3), 44 (C-2CH;), 18 (C-CHs).

IR ¥/cm™(T%):

3144 (90%), 1642 (86%), 1396 (69%), 1427 (89%), 1400 (89%), 1249 (17%), 1192 (19%), 1135
(21%), 1069 (68%), 1042 (48%), 1019 (20%), 934 (49%), 847 (47%), 779 (51%), 751 (49%), 710
(79%), 707 (68%), 683 (80%).

MS-EI (70 eV) m/z:

134.2 (100%) [M-1]", 120 (76%) [M-CH]", 118 (48%) [M-CH,]", 104 (40%) [M-C,H.]*, 91 (40%)
[C7H7]+-

R¢: 0.73 (PE/EtOAC 4:1).

5.2.3.2 2-N,N’-Dimethylamino-m-xylene (7a)

CH, CH,

'H-NMR (400.16 MHz, DMSO-Dy):

8 6.83 (3H455, M, Ph), 2.73 (6H, s, 2CH3), 2.29 (6H, s, 2CH3).

BC-NMR (100.63 MHz, DMSO-D):

8 149 (C-2), 137 (C-3,1), 129 (C-4,6), 125 (C-5), 42 (C-2CHjs), 19 (C-2CH).

IR #/cm™(T%):

3110 (90%), 1744 (83%), 1479 (77%), 1419 (75%), 1373 (87%), 1246 (15%), 1219 (29%), 1143
(24%), 1049 (67%), 1018 (11%), 941 (55%), 843 (63%), 789 (43%), 751 (71%).
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MS-EI (70 eV) m/z:
149 (100%) [M]", 134 (80%) [M-CHs]", 118 (60%) [M-C;H,]", 105 (40%) [M-CsHg]".
R¢: 0.93 (PE/EtOAC 1:1).

5.2.4 General Procedure for Quaternization (1, 2, 3,4, 5,6, 7)

Methyltrifluorimethane sulfonate (1.75 eq) was added to the solution of starting material
(dimethylamino precursors: 2a, 3a, 4a, 5b, 6a, 7a) in DCM under argon. After 4 hours, reaction was
stopped. DCM was evaporated and the product was crystallized from DCM/DEE (5:1). All products
were obtained as white solids (%yields: 75-85%).

5.2.4.1 4-Formyl-N,N,N-trimethylbenzenaminium trifluoromethanesulfonate (1)

0PN X oo
I ||
NP N 0—S F

/ \CH3 I
H4C O F

'H-NMR (400.16 MHz, DMSO-Dy):

8 10.1 (1H, s, CHO), 7.67 (2H3s, d, *J,5 = 8 Hz, Ph), 6.78 (2H,6, d, *Js5 = 8.8 Hz, Ph), 3.03 (9H, s,
Me).

BC-NMR (100.63 MHz, DMSO-Dg):

§ 192.1 (C-CHO), 151.1 (C-1), 136.8 (C-4), 130.9 (C-3, 5), 121.7 (C-2, 6), 56.4 (C-8, 9, 10).

IR #/cm™*(T%):

3046 (93%), 2941 (93%), 2835 (98%), 2298 (98%), 1701 (97%), 1609 (96%), 1497 (80%), 1483
(84%), 1474 (84%), 1457 (88%), 1416 (88%), 1368 (86%), 1317 (91%), 1252 (28%), 1223 (41%),
1195 (63%), 1160 (48%), 1119 (71%), 1099 (52%), 1078 (56%), 1051 (51%), 1025 (29%), 984 (53%),
958 (67%), 940 (69%), 909 (70%), 890 (85%), 848 (64%), 818 (65%), 757 (77%), 744 (92%), 710
(89%).

MS-FAB (70 eV) m/z:

164.1 (100%) [M-CF5COO]".

m.p.: 109°C

5.2.4.2 4-Formyl-N,N,N,2-tetramethylbenzenaminium trifluoromethanesulfonate (2)

o/\4/3\2/CH3
DR
~¢& N\ 0—sS F
/ T CH, | ‘
HyC O F
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'H-NMR (400.16 MHz, DMSO-Dg):

8 10.1(1H, s, CHO), 8.85(1Hs, d, *Js ¢ = 8.36 Hz, Ph), 8.49(1Hs, s, Ph), 7.56 (1Hg, d, *Js, ¢ = 8.85 Hz,
Ph), 2.7 (9H, s, 3CH5).

B3C-NMR (100.63 MHz, DMSO-Dy):

§ 192.1 (C-CHO), 149.05 (C-1), 137(C-4), 136 (C-5), 132 (C-3), 128.4 (C-2), 122.7 (C-6), 56.61 (C-
3CHy), 22.7 (C-CHs).

IR ¥/cm™(T%):

3052 (93%), 2296 (98%), 1691 (60%), 1609 (93%), 1584 (88%), 1496 (76%), 1480 (81%), 1389
(90%), 1376 (90%), 1315 (92%), 1255 (26%), 1223 (30%), 1197 (76%), 1147 (33%), 1092 (78%),
1067 (60%), 1026 (20%), 962 (80%), 947 (58%), 820 (73%), 777 (65%), 756 (72%), 739 (90%), 679
(86%).

MS-FAB (70 eV) m/z:

178.1 (100%) [M]*, 163.1 (16%) [M-CH;]*, 136 (27%) [M-CH5-CQJ".

m.p.:115°C

5.2.4.3 2-Formyl-4-methoxy-N,N,N-trimethylbenzenaminiumtrifluoromethanesulfonate (3)

@]
H3C/O\4/3\2) F
l| P l LCHs _| | -
~¢ \N+\ | |
I_|SC/ CHy F

'H-NMR (DMSO-Dg, 400.16 MHz):

$ 10.19 (1H, s, CHO), 8.00 (1H3, s, Ph), 7.87 (1Hs, d, *Js = 8.8 Hz, Ph), 7.46 (1H, dd, *Js5 = 8.5 Hz,
Ph), 4.00 (3H, s, OCH3), 3.71 (9H, s, 3CHs).

BC-NMR (DMSO-Dg, 100.63 MHz):

8 193.0 (C-CHO), 160.1 (C-4), 137.0 (C-1), 131.1 (C-2), 126.0 (C-6), 124.3 (C-5), 118.7 (C-3), 57.0
(C-3CH;), 56.3 (C-OCHy).

IR ¥/cm™(T%):

3085 (93%), 3045 (92%), 2985 (94%), 2951 (94%), 2851 (95%), 2287 (96%), 1700 (67%), 1686
(62%), 1609 (89%), 1585 (61%), 1493 (77%), 1462 (82%), 1447 (82%), 1407 (86%), 1309 (83%),
1255 (17%), 1221 (37%), 1203 (70%), 1146 (31%), 1082 (86%), 1029 (18%), 956 (72%), 942 (75%),
922 (52%), 901 (64%), 830 (51%), 770 (69%), 754 (65%), 690 (84%), 660 (83%).

MS-FAB (70 eV) m/z:

194 (100 %) [M]*, 179 (14 %) [M-CHs]", ,164 (8 %) [M-CH5-CHs]", 150 (6 %) [M-CH;-CH,]*, 136
(8 %) [M-CH3-CH,-CH,]".

m.p.:112°C
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5.2.4.4 2-Formyl-6-methoxy-N,N,N-trimethylbenzenaminiumtrifluoromethanesulfonate (4)

4/ \6 e) F
([ R S ||
o NN 0—sS F
| / en, I
CHs &-@C © F
O

'H-NMR (DMSO-Dg, 400.16 MHz):

8 10.3 (1H, s, CHO), 7.35 (1Hs, s, Ph), 7.31 (1Hs, d, *Js¢ = 8.22 Hz, Ph), 6.91 (1H,, d, 3J,5= 8.11 Hz,
Ph), 3.83 (3H, s, OCHz), 3.60 (9H, s, 3CH3).

BC-NMR (DMSO-Ds, 100.63 MHz):

5 183 (C-CHO), 164 (C-3), 149 (C-1), 134 (C-5), 119 (C-4), 116 (C-6, 2), 56 (C-OCHs), 51 (C-3CHy)
IR #/cm™*(T%):

3085 (93%), 3045 (92%), 2985 (94%), 2951 (94%), 2851 (95%), 2287 (96%), 1700 (67%), 1686
(62%), 1609 (89%), 1585 (61%), 1493 (77%), 1462 (82%), 1447 (82%), 1407 (86%), 1309 (83%),
1255 (17%), 1221 (37%), 1203 (70%), 1146 (31%), 1082 (86%), 1029 (18%), 956 (72%), 942 (75%),
922 (52%), 901 (64%), 830 (51%), 770 (69%), 754 (65%), 690 (84%), 660 (83%).

MS-FAB (70 eV) m/z:

194 (100 %) [M]", 179 (14 %) [M-CH,]", 164 (8 %) [M-CH3-CH3]", 150 (6 %) [M-CH;-CH,]", 136 (8
%) [M-CH3-CH,-CH,]".

m.p.: 109°C

5.2.4.5 2-Formyl-3,4-dimethoxy-N,N,N trimethylbenzenaminiumtrifluoromethanesulfonate

()
Hs C
J
H3C/ \4/ \2)
l| :!_ CH3 O F
NN |
/ \ O0—sS F
HoC |
0] F

'H-NMR (400.16 MHz, DMSO-D):
§ 10.1(1H, s, CHO), 8.01(1Hs, d, %Js ¢ = 8.35 Hz, Ph), 6.93 (1Hs, d, %Js s = 8.5 Hz, Ph), 3.7(3H, s,
OCHs) 3.85(3H, s, OCH;) 3.6(9H, s, 3CHS).
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BBC-NMR (100.63 MHz, DMSO-Dy):

8 183 (C-CHO), 153.8 (C-3), 151 (C-4), 143 (C-1), 121 (C-5), 118 (C-6), 115 (C-2), 61 (C-OCHj), 57
(C-3CH), 56 (C-OCHy).

IR #/cm™*(T%):

3056 (95%), 2952 (94%), 1699 (77%), 1586 (84%), 1499 (81%), 1484 (69%), 1466 (76%), 1433
(90%), 1400 (82%), 1370 (91%), 1325 (87%), 1258 (31%), 1226 (41%), 1153 (44%), 1066 (75%),
1028 (36%), 982 (81%), 945 (68%), 934 ( 71%), 894 (88%) , 848 (85%), 833 (84%), 808 (72%),
781 (79%) 756 (80%), 704 (92%), 689 (89%), 675 (90%).

MS-FAB (70 eV) m/z:

224.1 (100%) [M]*, 210.1 (62%) [M-N]*, 194.1 (16%) [M-CH,0]", 147.1 (24%) [M-CgHs]".

m.p.: 138°C

5.2.4.6 N,N,N,2-tetramethylbenzenaminium trifluoromethanesulfonate (6)

N .

| T

AN O—s | F
| /N\CH l)' F
CH H;C s

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.83 (1Hs, d, *J5, = 7.84 Hz, Ph), 7.49 (1Hs,6, m, Ph), 7.31 (1H,, d, *J,5 = 7.67 Hz, Ph), 3.66 (9H, s,
3CHj3), 2.72 (3H, s, CHa).

BC-NMR (DMSO-Dg, 100.63 MHz):

8 146 (C-1), 139 (C-4), 134 (C-3), 130 (C-2), 129 (C-5), 121 (C-6), 56 (C-3CH3), 22 (C-CHs).

IR ¥/cm™(T%):

3040 (94%), 1742 (96%), 1492 (71%), 1419 (89%), 1392 (94%), 1256 (16%), 1223 (29%), 1147
(23%), 1080 (79%), 1062 (69%), 1027 (20%), 944 (59%), 853 (67%), 785 (62%), 762 (61%), 718
(81%), 710 (78%), 683 (91%)

MS-FAB (70 eV) m/z:

150 (100 %) [M]", 135 (20 %) [M-CH;]".

m.p.:82°C
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5.2.4.7 N,N,N,2,6-pentamethylbenzenaminium trifluoromethanesulfonate (7)

'H-NMR (DMSO-Ds, 400.16 MHz):

CH,

§=7.91 (1Hs, s, Ph), 7.89 (1Ha, d, 3J;, = 7.84 Hz, Ph), 7.06 (1Ha, d, %J45= 7.84 Hz, Ph), 3.51 (9H, s,
3CH), 2.15 (6H, s, 2CHy).

BC-NMR (DMSO-D, 100.63 MHz):
§ = 147 (C-1), 135 (C-3,5), 133 (C-2,6), 132 (C-4), 57 (C-3CHs), 18 (C-2CH3).

IR #/cm™*(T%):

3094 (94%), 1738 (94%), 1482 (75%), 1421 (86%) 1394 (90%), 1255 (18%), 1223 (30%), 1153

(24%), 1058 (67%), 1029 (16%), 943 (65%), 840 (64%), 792 (53%), 756 (73%).

MS-FAB (70 eV) m/z:

164 (100 %) [M]", 149(27 %) [M-CH]".

m.p.:131°C

5.2.5 2-Amino-3-hydroxymethyl toluene (8a)

30 mL of lithium aluminium hydride (LiAIH,, 30 mmol) (1.5 eq) was added dropwise using

dropping funnel to the flask containing 2-amino-3-methyl benzoic acid (3 g, 20 mmol) dissolved in 40

mL of THF at 0°C under argon. When bubble formation stopped, ice bath was removed and it was

kept stirring at room temperature for 2 h. Afterwards, it was refluxed at 70°C for 20 min. Then, the

reaction was stopped and reaction mixture was quenched with THF/H,O (1:1, 50 mL) at 0°C. Reaction

mixture was filtered, extracted by DCM (250 mL), washed by water, dried over anhyd.Na,SO,,

filtered, solvent was evaporated. 2.65 g (19.3 mmol) of product was obtained as pinkish white solid

(Yoyield: 97%).




Experimental

'H-NMR (400.16 MHz, DMSO-Dg):

8 7.29(1H4, t, 3J45 = 7.60 Hz, Ph), 6.89(1Hs, t, %Js4 = 7.57 Hz, Ph), 6.74 (1Hs, m,Ph), 4.10 (2H, s,
CH,), 3.77 (3H, s, OH, NH,), 2.09 (3H, s, CH).

BC-NMR (100.63 MHz, DMSO-Dy):

8 142 (C-2), 133 (C-3), 130 (C-5), 127 (C-6), 125 (C-4), 120 (C-1), 61 (C-CH,), 17 (C-CHs).

IR ¥/cm™(T%):

3404 (62%), 3322 (54%), 3026 (80%), 2961 (76%), 2935 (75%), 2913 (75%), 2862 (69%), 1897
(90%), 1729 (90%) 1629 (61%), 1598 (68%), 1470 (40%), 1433 (59%), 1349 (77%), 1320 (66%),
1268 (61%), 1235 (59%), 1203 (73%), 1169 (68%), 1142 (79%), 1089 (67%), 1014 (24%), 971 (61%),
949 (68%), 887 (65%), 750 (34%), 683 (19%).

MS-EI (70 eV) m/z:

138 (100%) [M+1]", 120 (80%) [M-H,0]", 106 (60%) [M-CH50]*, 91 (40%) [C;H/]".

m.p.:83°C. Ry: 0.42 (PE/EtOAC 1:1).

5.2.6 2-Dimethylamino-3-hydroxymethyl toluene (9a)

3.1 g (23 mmol) of 2-amino-3-hydroxymethyl toluene (8a) and 6 g (158 mmol, 7 eq) of
sodium borohydride (NaBH,) dissolved in 7 mL of THF were added to the flask containing 1mL of
37% formaldehyde (HCHO, 0.158 moles) and 0.05 mL of sulfuric acid (H,SO,), under argon at 10-
20°C using acetone/NaCl in an ice bath. At the end of reaction, solid sodium hydroxide (NaOH) was
added and supernatant was separated, residue was washed by water, extracted by DEE (300 mL).
Then, both organic layers were combined, and were washed by brine, dried over anhyd.Na,SO,,
filtered and solvent was evaporated. Crude product was cleaned by MPLC using PE/EtAc (2:1) at a

flow rate of 6mL/ min. 2 g (14.8 mmol) of cleaned product was obtained as oil (%oyield: 65%).

OH

5 3
|
NN

CHg CHg

P )
=

'H-NMR (400.16 MHz, DMSO-Dy):

8 7.27 (1H4, t, 245 = 7.50 Hz, Ph), 7.19 (1Hs, d, 3Js4 = 7.57 Hz, Ph), 7.08 (1He, s, Ph), 5.30 (1H, s,
OH), 3.96 (2H, s, CH,), 2.93 (6H, s, 2CHj), 2.36 (3H, s, CH).

BBC-NMR (100.63 MHz, DMSO-Dy):

8 148 (C-2), 133 (C-1), 131 (C-6), 129 (C-4), 126 (C-3), 122 (C-5), 63 (C-CH,), 42 (C-2CH;), 18(C-
CHs).
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IR #/cm™(T%):

3545 (72%), 3422 (64%), 3126 (81%), 2876 (76%), 2845 (65%), 2713 (55%), 2762 (79%), 1989
(90%), 1841 (87%) 1731 (71%), 1698 (58%), 1467 (60%), 1429 (69%), 1343 (71%), 1326 (56%),
1270 (51%), 1239 (69%), 1213 (83%), 1149 (58%), 1132 (69%), 1100 (57%), 1009 (21%), 956 (59%),
934 (48%), 819 (55%), 770 (44%), 643 (10%).

MS-EI (70 eV) m/z:

165 (100%) [M]*, 150 (80%) [M-CHs]", 122 (60%) [M-CH5-CO]".

Rs: 0.72 (PE/EtOAC 1:1).

5.2.7 General Procedure for Oxidation (8b, 9b)

Substituted benzaldehyde (8a, 9a) dissolved in 20 mL of DCM was added into the flask
containing oxidizing reagent (pyridinium chlorochromate, PCC, 2 eq) at RT. After 2 h, reaction was
stopped and reaction mixture was extracted by DEE (250 mL), washed by water, dried over
anhyd.Na,SO,, filtered and solvent was evaporated. Crude products were cleaned by MPLC using
PE/EtOACc (4:1) solvent system at a flow rate of 5-6 mL/min. Compound (8b) was obtained as oil
whereas compound (9b) was obtained as white solid (%oyield: 60%).

5.2.7.1 2-Amino-3-methyl benzaldehyde (8a)

‘O
r ~
SN N

CHj3

'H-NMR (400.16 MHz, DMSO-Dy):

8 9.81 (1H, s, CHO), 7.51 (1He, d, %Js5= 7.83 Hz, Ph), 7.07 (1H,, d, ®J,5 = 7.57 Hz, Ph), 6.79 (1Hs,
m,Ph), 3.11 (2H, s, NH,), 2.10 (3H, s, CH).

BC-NMR (100.63 MHz, DMSO-D):

8 193 (C-CHO), 149 (C-2), 144 (C-4), 135 (C-6), 131 (C-1), 129 (C-5), 124 (C-3), 18 (C-CH5).

IR ¥/cm™(T%):

3460 (85%), 3345 (70%), 3041 (95%), 2855 (91%), 2741 (95%), 1656 (51%), 1612 (30%), 1562
(40%), 1466 (56%) 1434 (57%), 1380 (71%), 1343 (80%), 1272 (69%), 1219 (41%), 1134 (83%),
1087 (65%), 1001 (63%), 920 (73%), 850 (88%), 767 (59%), 740 (47%), 694 (49%)

MS-EI (70 eV) m/z:

135 (80%) [M]", 120 (100% ) [M-CHa]*, 106 (60%) [M-CHO]", 92 (40%) [M-CH;CO]".

R¢: 0.82 (PE/EtOAC 1:1).
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5.2.7.2 1,8-Dimethyl-2,4-dihydro-1H-3,1-benzoxazine (9b)

'H-NMR (400.16 MHz, DMSO-Dg):

8 7.34 (1Hs, s, Ph), 7.1 (2Hg, d, 3J;6 = 7.83 Hz, Ph), 4.82 (4H,,, m, 2CH,), 3.03 (3H, s, N-CHj),
2.10 (3H, s, CH).

BC-NMR (100.63 MHz, DMSO-Dy):

§ 147 (C-8a), 131 (C-7), 129 (C-8), 125 (C-4a), 123 (C-6), 85 (C-CH,), 67 (C-CH,), 40 (C-NCH,)., 18
(C-CHy)

IR #/cm™*(T%):

3341 (54%), 3005 (85%), 2890 (81%), 2835 (75%), 2778 (88%), 1920 (90%), 1741 (91%), 1595
(70%), 1471 (36%), 1445 (59%), 1397 (64%), 1377 (69%), 1346 (74%), 1319 (78%), 1296 (74%),
1262 (66%), 1252 (57%), 1232 (52%), 1163 (86%), 1132 (65%), 1092 (57%), 1063 (53%), 1040
(38%), 1009 (55%), 963 (76%), 942 (58%), 913 (26%), 894 (60%), 828 (71%), 770 (33%), 745 (30%),
693 (42%), 675 (59%).

MS-EI (70 eV) m/z:

163 (80%) [M]", 148 (100% ) [M-CHs]", 133 (60%) [M-C,Hs]", 103 (40%) [M-CsH;NO]*, 91 (31%)
[C7H7]+-

Ry: 0.53 (PE/EtOAC 4:1).

5.2.8 2-Nitropyridine (10a)

1.0 g (10.6 mmol) of 2-aminopyridine was dissolved in 10 mL of concentrated H,SO, and the
resulting solution was cooled to 0°C using an ice bath. To this solution, a cooled (5°C) mixture of 30%
aqueous hydrogen peroxide (H,0,, 15 mL) in 30 mL of concentrated H,SO,was added dropwise, while
maintaining the temperature below 15°C. The colour of the solution changed from yellow to green. It
was Kkept stirring at room temperature overnight and then, carefully basified with 3M aqueous KOH.
The resulting mixture was then filtered, extracted with EtOAc (250 mL), washed with water and brine,
and dried over anhydrous Na,SO,. The solvent was evaporated and the residue was separated by
MPLC using PE/EtOAc (1:1) as mobile phase at a flow rate of 20 mL/min. 910 mg of 2-nitropyridine

was obtained as yellow solid (%yield: 69%).
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'H-NMR (DMSO-Dg, 400.16 MHz):

8 9.07 (1Hg, bdd, Jzpp= 0.91, 4.5 Hz, Py), 8.69 (1Hs, dd, *J;, = 8.24 Hz, Py), 8.62 (1H,, td, *J,5= 7.02
Hz, Py), 8.3 (1Hs, ddd, 3Js 6= 5.28 Hz, Py).

BC-NMR (DMSO-Ds, 100.63 MHz):

8 158 (C-2), 150 (C-6), 141 (C-4), 130 (C-5), 118.5 (C-3).

IR ¥/cm™(T%):

3113 (90%), 3089 (90%), 2880 (92%), 1727 (93%), 1562 (89%), 1545 (70%), 1531 (62%), 1464
(80%), 1429 (70%), 1383 (84%), 1353 (58%), 1313 (76%), 1251 (78%), 1145 (80%), 1087 (80%),
1040 (79%), 994 (69%), 856 (66%), 813 (61%), 740 (60%), 700 (67%), 688 (56%).

MS-EI (70 eV) m/z:

124 (10%) [M]", 94.1 (18%) [M-NOQ]", 78.1 (100%) [M-NO,]".

m.p.:73°C. R¢: 0.45 (PE/EtAc 1:1).

5.2.9 General Procedure for —-OH Protection (12d, 13a, 13c, 15, 16, 17, 18, 19)

Solution of sodium methoxide of MeONa (1.2 eq) in DMF (5 mL) was added dropwise to a
stirred solution of hydroxyl substituted pyridines in DMF (20 mL) under argon. Afterwards, the
mixture was stirred for 30 min. Thereafter, the reaction mixture was cooled to 4 °C and the respective
Mel (1.2 eq) or benzyl halogenide (1.2 eq) was added. The reaction mixture was allowed to stir at RT
for 10 h. Then the mixture was diluted with water (75 mL) and extracted with ethylacetate (200 mL).
The organic phase was separated, washed with water, dried over anhydrous Na,SO,, filtered and
concentrated under reduced pressure. The crude product was purified either by MPLC at a flow rate of
15 mL/min or by flash chromatography using PE/EtOAc (1:1) as mobile phase and then recrystallized
from pentane. All compounds were obtained as white solids except compound (14, yellow solid)
(%yield: 80-85%).

5.2.9.1 3-Methoxy-2-chloropyridine (12d)

e
N
G\N/Z\ N
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'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.96 (1Hg, m, Py), 8.01 (1Hs, dd, *Js6= 8.2 Hz, Py), 7.81 (1H,, dd, 3J,5=0.91, & 8.37 Hz,), 3.67 (3H,
s, OCHy).

B3C-NMR (DMSO-Dg, 100.63 MHz):

8 151 (C-3), 141 (C-6), 139 (C-2), 124 (C-5), 122 (C-4), 57 (C- OCH).

IR ¥/cm™(T%):

3063 (84%), 3051 (83%), 2988 (86%), 2953 (89%), 2575 (89%), 2099 (90%), 1927 (90%), 1871
(91%), 1816 (92%), 1707 (92%), 1564 (48%), 1466 (54%), 1437 (74%), 1413 (47%), 1300 (52%),
1287 (36%), 1276 (49%), 1208 (53%), 1186 (59%), 1125 (63%), 1084 (44%), 1058 (45%), 1009
(47%), 964 (70%), 908 (66%), 791 (30%), 731 (46%), 689 (27%).

MS-EI (70 eV) m/z:

143 (100%) [M]*, 100 (32%) [M-CHsCO]*, 93.1 (36%) [M-CHCI]".

m.p.: 51°C. Ry: 0.69 (DCM/DEE 19:1).

5.2.9.2 3-Methoxy-6-methyl-2-nitropyridine (13a)

CHj,

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.84 (1H,, d, *J,5 = 8.54 Hz, Py), 7.56 (1Hs, d, J5, = 8.85 Hz, Py), 3.91 (3H, s, OCH;), 2.42 (3H, s,
CH).

BC-NMR (DMSO-Dg, 100.63 MHz):

8 148.2 (C-3), 147.3 (C-6), 145 (C-2), 129 (C-5), 125 (C-4), 57 (C-OMe), 22 (C-Me).

IR ¥/cm™(T%):

3031 (89%), 2952 (90%), 2852 (90%), 1923 (94%), 1738 (95%), 1618 (88%), 1536 (40%), 1487
(42%), 1455 (61%), 1442.94 (60%), 1374 (45%), 1304 (44%), 1288 (43%), 1267 (59%), 1240 (58%),
1182 (76%), 1153 (73%), 1120 (43%), 1013 (63%), 995 (60%), 915 (71%), 830 (36%), 811 (57%),
767 (56%), 717 (57%), 666 (52%).

MS-EI (70 eV) m/z:

168.1 (16%) [M]*, 122.1 (60%) [M-NO,]", 92.1 (100%) [M-NO,-CH,Q]", 65 (24%) [M-C,H3N,05]".
m.p.: 84°C. Ry: 0.08 (PE/EtAc 5:1)
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5.2.9.3 2-Bromo-3-methoxy-6-methylpyridine (13c)

.
N
H3C/6\N/2\Br

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.35 (1Hs, d,*Js4 = 8.24 Hz, Py), 7.23 (1H,, d, %J45 = 8.24 Hz, Py), 3.83 (3H, 5, OCH3), 2.36 (3H, s,
CHb).

BC-NMR (DMSO-Dg, 100.63 MHz):

§ 150 (C-3), 149.7 (C-6), 130 (C-2), 123 (C-5), 121 (C-4), 56 (C-OCHy), 23 (C-CHs).

IR #/cm™*(T%):

2994 (85%), 2940 (86%), 2837 (86%), 1558 (72%), 1524 (89%), 1452 (65%), 1432 (63%), 1362
(67%), 1281 (63%), 1260 (65%), 1222 (70%), 1177 (79%), 1147 (74%), 1078 (57%), 1014 (70%), 994
(69%), 859 (73%), 825 (55%), 738 (60%), 666.23 (68%).

MS-EI (70 eV) m/z:

201 (100%) [M-1]", 158 (15%) [M-CH,CO]", 122.1 (37%) [M-Br]*, 92.1 (86%) [M-CH,BroO]".

m.p.: 58°C. Rs: 0.3 (DCM/DEE 19:1).

5.2.9.4 3-Benzyloxy-6-methyl-2-nitropyridine (15)

O
T|/4§T/O\7/ "
H3C/6\N/2\N+¢O
C|)_

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.93 (1H,, d, ®J,5 = 8.59 Hz, Py), 7.59 (1Hs, d, *Js, = 8.59 Hz, Py), 7.44 (5H, m, J = 8.5 Hz, Ph),
5.32 (2H, s, CH,), 2.42 (3H, s, CH).

BC-NMR (DMSO-Dg, 100.63 MHz):

& 149 (C-3), 147 (C-6), 144 (C-2), 135 (C-8), 129 (C-5), 128 (C-10, 12), 127 (C-9, 13), 126 (C-4), 71
(C-CH,), 22.2 (C-CH).
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IR #/cm™(T%):

2911 (89%), 1771 (80%), 1606 (81%), 1584 (87%), 1526 (42%), 1479 (66%), 1469 (62%), 1460
(54%), 1376 (66%), 1366 (55%), 1284 (49%), 1271 (56%), 1162 (59%), 1143 (60%), 1115 (45%),
1025 (65%), 912 (68%), 899 (79%), 823 (39%), 768 (31%), 749 (78%), 689 (45%), 656 (48%).

MS-EI (70 eV): m/z:

216 (6%) [M-C,HJ]*, 164 (21%) [M-CsHgN]*, 105 (100%) [C;HsO]*, 77 (19%) [CeHs]", 43 (30%)
[C,H:0]".

m.p.: 97 °C. Ry: 0.66 (PE/EtOAC 2:1).

5.2.9.5 6-Methyl-3-(3"-methylbenzyloxy)-2-nitropyridine (16)

(|:H3
P Ny
5/‘\3/0\7/1"\./|l'
H3C/(|3|\N/l\N+;O

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.92 (1H,, d, 3J,5 = 8.59 Hz, Py), 7.59 (1Hs, d, *Js4 = 8.59 Hz, Py), 7.29 (1H¢, t, ®Js 5 = 7.58 Hz,
Ph), 7.20 (2H, s, m, Ph), 7.15 (1H,, d, *J; 5 = 7.08 Hz, Hy,), 5.27 (2H, s, CH,), 2.42 (3H, s, CHa),
2.30 (3H, s, CHy).

BC-NMR (DMSO-D, 100.63 MHz):

8 149 (C-3), 147 (C-6), 145 (C-2), 141 (C-17), 129 (C-3"), 128 (C-5), 127 (C-5", 4), 126 (C-2"), 125
(C-67), 119 (C-4), 71 (C-CH,), 22 (C-CHs), 21 (C-CHy).

IR ¥/cm™(T%):

2921 (84%), 1781 (90%), 1610 (78%), 1594 (85%), 1530 (42%), 1489 (63%), 1479 (62%), 1455
(54%), 1376 (62%), 1359 (57%), 1284 (44%), 1256 (47%), 1163 (61%), 1150 (61%), 1115.23 (55%),
1025 (55%), 912 (58%), 894 (69%), 823 (42%), 779 (31%), 740 (77%), 690 (45%), 666 (58%).

MS-EI (70 eV): m/z:

230 (4%) [M-C,H,]*, 178 (24%) [M-CsHgN]*, 105 (100%) [C;HsO]", 77 (12%) [CeHs], 43 (32%)
[C.H:0]".

m.p.: 125 °C. R¢: 0.39 (PE/EtOAC 2:1).
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5.2.9.6 3-(3",5"-Dimethylbenzyloxy)-6-methyl-2-nitropyridine (17)

[
2'%3’\4'
g
T|/ \T/ ~ T N ~ch,
H3C/6\N/2\N+?o

@)

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.90 (1Hy, d, %J,5= 8.59 Hz, Py), 7.58 (1Hs, d, *Js4 = 8.59 Hz, Py), 7.01 (2Hz ¢, S, Ph), 6.96 (1Hy, S,
Ph), 5.22 (2H, s, CH,), 2.42 (3H, s, CH3), 2.25 (6H, s, 2CH3).

BC-NMR (DMSO-Dg, 100.63 MHz):

5 148 (C-3), 147 (C-6), 145 (C-2), 143 (C-1"), 137 (C-3', 57), 135 (C-5), 129 (C-4"), 128 (C-2', 6"),
125 (C-4), 71 (C-CH,), 22 (C-CH3), 21 (C-2CHy).

IR #/cm™*(T%):

2916 (87%), 1610 (82%), 1559 (78%), 1529 (50%), 1481 (67%), 1455 (68%), 1369 (57%), 1299
(71%), 1282.81 (54%), 1261.28 (64%), 1246 (68%), 1162 (77%), 1150 (81%), 1116 (62%), 1045
(71%), 914 (75%), 888 (85%), 837 (49%), 816 (58%), 788 (58%), 720 (84%), 685 (56%), 667 (77%).
MS-EI (70 eV): m/z:

230 (8%) [M-C3Hs]", 178 (22%) [M-CsHsO]", 119 (40%) [CgH,O]", 105 (100%) [C;HsO]", 77 (22%)
[CsHs]", 43 (28%) [C,H,0]".

m.p.: 107°C. Ry: 0.45 (PE/EtOAC 2:1).

5.2.9.7 6-Methyl-3-(4"-methylbenzyloxy)- 2-nitropyridine (18)

'H-NMR (DMSO-Dg, 400.16 MHz):
8 7.93 (1H4, d, %345 = 8.59 Hz, Py), 7.57 (1Hs, d, Js4 = 8.09 Hz, Py), 7.29 (2H, ¢, d, *J¢ 5 = 8.08 Hz,
Ph), 7.19 (2Hgz 5, d, 3J3 » = 7.58 Hz, Ph), 5.26 (2H, s, CH,), 2.41 (3H, s, CHs), 2.28 (3H, s, CHs).
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BC-NMR (DMSO-Dg, 100.63 MHz):

8 148 (C-3), 147 (C-6), 145 (C-2), 140 (C-1"), 137 (C-4"), 133 (C-5), 129 (C-3', 57), 127 (C-2', 6"),
126 (C-4), 71 (C-CHj,), 22 (C-CHj), 21 (C-CHs).

IR #/cm™*(T%):

2922 (89%), 1905 (94%), 1640 (95%), 1618 (89%), 1559 (74%), 1529 (47%), 1520 (46%), 1482
(64%), 1455 (60%), 1416 (86%), 1374 (50%), 1315 (75%), 1280 (46%), 1248 (62%), 1185 (80%),
1152 (74%), 1118 (55%), 1032 (67%), 1020 (66%), 916 (73%), 850 (88%), 819 (48%), 799 (45 %),
787 (48%), 715 (83%), 666 (60%).

MS-EI (70 eV): m/z:

230 (6%) [M-C,H4]", 178 (24%) [M-CsHgN]*, 105 (100%) [C;HsO]", 77 (18%) [CeHs]*, 43 (8%)
[C.H:O]".

m.p.: 130 °C. Ry: 0.56 (PE/EtOAc 2:1).

5.2.9.8 3-(2",4"-Dimethylbenzyloxy)-6-methyl-2-nitropyridine (19)

4

& \3/0\7/
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O

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.98 (1H,, d, %J,5 = 8.59 Hz, Py), 7.60 (1Hs, d, *Js, = 8.58 Hz, Py), 7.26 (1Hg, d, *Js 5 = 7.58 Hz,
Ph), 7.03 (1Hg, s, Ph), 6.99 (1Hs, d, *J5 & = 8.08 Hz, Ph), 5.24 (2H, s, CH,), 2.42 (3H, s, CH5), 2.31
(3H, s, CH3), 2.25 (3H, s, CH3).

BC-NMR (DMSO-Ds, 100.63 MHz):

8 148 (C-3), 147 (C-6), 144 (C-2), 138 (C-1), 137 (C-4"), 131 (C-5), 129 (C-3"), 127 (C-5"), 125 (C-
4"), 69 (C-CH,), 22 (C-CHs), 21 (C-CHs), 19 (C-CHs).

IR ¥/cm™(T%):

2918 (83%), 1723 (90%), 1613 (81%), 1534 (43%), 1508 (56%), 1482 (64%), 1450 (54%), 1374
(60%), 1354 (59%), 1283 (43%), 1248 (42%), 1214 (66%), 1154 (54%), 1110 (53%), 1042 (72%),
1008 (58%), 975 (71%), 912 (58%), 896 (69%), 826 (34%), 801 (55%), 777 (58%), 767 (63%), 734
(74%), 717 (74%), 705 (66%), 665 (50%).

MS-EI (70 eV): m/z:

230 (6%) [M-C5He]", 178 (22%) [M-CsHs0]", 119 (76%) [CsH;0]", 105 (100%) [C;Hs0]", 43 (44%)
[C.H:0]".

m.p.: 110 °C. Ry: 0.49 (PE/EtOAcC 2:1).
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5.2.10 General Procedure for Synthesis of Standards (12b, 13b)

A mixture of potassium fluoride (KF, 12 mmol, spray-dried) and kryptofix-222 (K222, 3 eq)
was heated at 140°C under argon for 20 min, then, substituted 2-nitropyridine in 20 mL of DMF was
added and the reaction solution was heated for 20 min. Afterwards, reaction mixture was poured into
water (25 mL), extracted with DEE (250 mL), washed with 25 mL of 1N NaOH, water and with brine.
Thereafter, it was dried over anhyd. Na,SO, and the solvent was evaporated. Crude product was
cleaned by MPLC using PE/EtOAc (3:1) as mobile phase at a flow rate of 20 ml/min. Cleaned
products were obtained as oils (%oyield: 60%).

5.2.10.1 2-Fluoro-3-methoxypyridine (12b)

'H-NMR (DMSO-Dg, 400.16 MHz):

§ 7.70 (1Hg, m, Py), 7.62 (1Hs, ddd, %Js ¢ = 6.41 Hz, Py), 7.27 (1H,, m, Py), 3.86 (3H, s, OCH5).
BC-NMR (DMSO-D, 100.63 MHz):

8 154 (C-2), 151 (C-2), 142 (C-3, d, *Jc.r = 26 Hz), 136 (C-6, d, Jc.r = 13.4 Hz), 123(C-4, d, Jcr =
3.82 Hz), 117 (C-5), 56 (C- OCHs).

IR #/cm™*(T%):

3053 (74%), 3043 (83%), 2990 (86%), 2953 (89%), 2575 (89%), 2099 (90%), 1927 (90%), 1871
(91%), 1820 (92%), 1710 (92%), 1564 (48%), 1468 (54%), 1439 (74%), 1413 (47%), 1300 (52%),
1287 (36%), 1276 (49%), 1208 (53%), 1186 (59%), 1125 (63%), 1084 (44%), 1058 (45%), 1009
(47%), 964 (70%), 808 (66%), 691 (30%), 631 (46%), 589 (37%).

MS-EI (70 eV) m/z:

127.1 (100%) [M]*, 84.1 (43%) [M-CH5CO]".

R¢: (PE/EtAc 3:1):0.36

5.2.10.2 2-Fluoro-3-methoxy-6-methylpyridine (13b)

'H-NMR (DMSO-Ds, 400.16 MHz):
8 7.15(1Hs, d, %Js, = 8.1Hz, Py), 7.10(L Ha, d, %J,5 = 7.99 Hz, Py), 3.87 (3H, s, OCHy), 2.56(3H, s,
CHy).
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BC-NMR (DMSO-Dg, 100.63 MHz):

8 159 (C-2), 153 (C-2), 149 (C-6, d, Jc.r = 9.8 Hz), 141 (C-3, d, Jc.r = 26 Hz), 121 (C-5), 120 (C-4, d,
Jor=3.82 Hz), 56.6 (C- OCH3), 24.5 (C-CHj).

IR #/cm™*(T%):

2994 (85%), 2940 (86%), 2837 (86%), 1658 (72%), 1524 (89%), 1452 (65%), 1432 (63%), 1362
(67%), 1281 (73%), 1260 (55%), 1219 (70%), 1177 (79%), 1147 (74%), 1078 (57%), 1014 (70%), 994
(79%), 869 (73%), 825 (55%), 718 (60%), 660 (68%).

MS-EI (70 eV) m/z:

141.1 (100%) [M]*, 126.1 (43%) [M-CHs]", 98.1 (24%) [M-CH,CO]".

Ry: 0.32 (PE/EtOAC 5:1)

5.3 Radiofluorination of Model Compounds (1-19)
General procedure for [**F]-labelling of all model compounds (1-19) is shown in Fig 5.1 and is
described as under.

5.3.1 Production of [**F]fluoride

No-carrier-added (n.c.a.) [**F] fluoride was produced at the cyclotron (PET trace, GE Medical
Systems, Uppsala) of the PET-Center in Ulm via the **0 (p,n) *®F nuclear reaction by irradiation of >
95% enriched [*®0] water with 16.5 MeV protons.

5.3.2 [**F]-Labelling

Aqueous [*°F]fluoride (40-50 MBq) was added into a 5 mL sealed vial containing 100 pL of
3.5% aqueous K,CO; and 15 mg K222. The [*®F]fluoride solution was dried for 20 min under argon
flow (ca. 2 mL/min) at 140°C by azeotropic distillation with acetonitrile (2 x 1 mL). Afterwards, 10
mg of precursor dissolved in 1 mL of DMF was added into the reaction vial containing the [“*F]KF-
K222 complex and the reaction mixture was heated to the labelling temperature (140°C, 120°C,
100°C, 60°C, 30°C). After some time (1, 3, 7, 10, 20, 30 min), sample was withdrawn from reaction
mixture for further analysis by radio-TLC and radio-HPLC. For 2-substituted pyridines (10a, 10b, 10c,
10d), samples were withdrawn for analysis (20 min) after cooling down the reaction mixture to 0°C
because of high volatility of 2-[**F]fluoropyridine (b.p.: 126°C).

5.3.3 Cartridge Purification

After 30 min of labelling of compounds (13a, 15, 16, 17, 18, 19) at 140°C, reaction mixture
was diluted with water upto 20 mL and passed through the combination of Alumina N and C18
cartridges. Free [*°F]fluoride retained on the alumina phase. Subsequently, the labelled product was
eluted with 3 mL of dichloromethane (DCM) from the C18 cartridge. DCM was evaporated at room

temperature under flow of argon. The residue was subjected to hydrolysis.
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In case of catalytic hydrogenation, the [*°F]-labelled intermediate [2-[**F]fluoro-6-methyl-3-
(4-methylbenzyloxy)pyridine, (v)] was eluted from the C18 cartridge with 3 mL of acetonitrile
(MeCN). Solvent was evaporated and the residue was dissolved in 500 pL of dry MeOH.

5.3.4 Acidic Hydrolysis

1 mL of acid was added to the labelled intermediate. Afterwards, the reaction mixtures were
heated at 150°C for 10 min. HI (10 mg of Nal in 1 mL of 48% HBr), 48% HBr, 32% HCI, and 70%
TFA were used for hydrolysis.

For 3-(2,4-dimethylbenzyloxy)-2-[*°F]fluoro-6-methylpyridine (v) and 2-[**F]fluoro-6-methyI-
3-(4-methylbenzyloxy)pyridine (vi), time dependence experiments were additionally performed at
temperatures of 25°C (RT), 60°C, and 120°C. At every time point (1, 3, 5, 7, and 10 min), quenching
of the reaction mixture was carried out by addition of 500 pL to 1 mL of 5% KHCO; till pH 8 was
achieved. Aliquots of the reaction mixture (5 pL) were taken and analyzed by radio-HPLC and radio-
TLC.

5.3.5 Transfer Hydrogenation

Dried 2-[**F]fluoro-6-methyl-3-(4-methylbenzyloxy)pyridine (v) was dissolved in 500 pL of
MeOH and transferred into a vial containing 20 mg of 10% Pd/C. Hydrogenating reagent, 1,4-
cyclohexadiene (1,4-CHD, 147 pL, 1.55 mmoles) or ammonium formate (HCOONH,, 49 mg, 0.77
mmoles), dissolved in 500 pyL of dry MeOH was added to the mixture. Afterwards, the reaction
mixture was heated at 70°C (reflux temperature). Aliquots (5 uL) were taken from the reaction
mixture at 1, 3, 5, 7, 10, 20 and 30 min and filtered using Millipore filters (Millex®-GV, 0.22 pm). The
resulting filtrates were analyzed by radio-TLC and radio-HPLC.

5.3.6 Radio-TLC Analysis

Silica gel plates were used as stationary phase while mobile phase was mixture of PE/EtOAC
(v/v). Visualization and quantification was carried out by phosphor imager. The R; values in
PE/EtOAc (3:1) were as follows: 0.69 for p-[**F]fluorobenzaldehyde, 0.68 for 2-['*F]fluoro-5-
methoxybenzaldehyde, 0.65 for 2-[**F]fluoro-6-methoxybenzaldehyde, 0.67 for 2-['°F]fluoro-3-
methylbenzaldehyde, 0.66 for  6-[**F]fluoro-2,3-dimethoxybenzaldehyde, 0.64 for  2-
[**F]fluoropyridine, 0.22 for 2-[**F]fluoro-3-methoxypyridine, 0.48 for 2-[*®F]fluoro-3-methylpyridine,
0.38 for 2-[*®F]fluoro-3-methoxy-6-methylpyridine for 2-[*®*F]fluoro-3-methoxy-6-methylpyridine. The
Ry value for 2-[*°F]fluoro-3-hydroxy-6-methylpyridine was 0.59 in PE/EtOAC (1:1).

5.3.7 Radio-HPLC Analysis

HPLC analysis was performed using reversed phase column (Phenomenex Luna, 5 p, C18,
250 x 10 mm) and eluents comprising of mixture of MeCN/water (0.1%TFA) at a flow rate of 1
mL/min. The k" values in 30% MeCN with 0.1% TFA were as follows: 3.6 for 2-[**F]fluoro-3-
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hydroxy-6-methylpyridine, 0.95 for 2-[**F]fluoro-3-methylpyridine, 0.98 for 2-[**F]fluoro-3-methoxy-
6-methylpyridine. However, the k" values in 20% MeCN (0.1% TFA) were 0.72 for 2-
[**F]fluoropyridine and 0.81 for 2-[**F]fluoro-3-methoxypyridine.

In case of analysis by radio-HPLC, the fraction of the [**F]-labelled product was collected and
measured by means of a y-counter. The radiochemical yield (RCY) was calculated by relating the
radioactivity of the product peak to the total amount of radioactivity injected onto the column.
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Fig 5.1 Radiofluorinations of model precursors (1-19) via SyAr by [**F]fluoride
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5.4 Synthesis of O-[2-[*®F]Fluoro-3-(2-Nitroimidazol)propyl]tyrosine ([**F]JFNT])

5.4.1 Organic Synthesis
Organic synthesis of precursor (e) was carried out according to the scheme-10 as described in

results and discussion. Detailed description of each step is presented in the following:

54.1.2 Methyl  N-[(benzyloxy)carbonyl]-O-[(2,2-dimethyl-1,3-dioxane-4-yl)methyl]
tyrosinate (a)

[TUPAC: Methyl 2-(benzyloxycarbonylamino)-3-(4-((2,2-dimethyl-1,3-dioxane-4-
yl)methoxy)phenyl) propanoate]

1.2 g (4.6 mmol, 1.5 eq) of triphenylphosphine (PPhz) and 0.5 mL (3.6 mmol, 1.2 eq) of
dioxolane were added to the solution of 1g (3.17 mmol) of Z-L-tyorsine methyl ester in 20 mL of
tetrahydrofuran (THF). Afterwards, 1.65 mL (3.7 mmol) of diethyl azodicarboxylate (DEAD, 2.25 M,
40%) was added into it and the reaction mixture was heated at 60°C for 3 h. Later, solvent was
evaporated and residue was cleaned by flash chromatography using dry silica 60 as stationary phase
and PE/EOtAc 2:1 as mobile phase. 1.0 g (2.33 mmol, 74%) of product was obtained as oil.

A
0 1 1/ \4._0/ \O/L\\cm
\, / N/

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.33 (1Hs, d, %Js1 = 7.15 Hz, Ph), 7.31 (1Hs, m, Ph), 7.28 (1Hs, d, 3J;, = 7.30 Hz, Ph), 7.21 (1H,, d,
%J,1 = 7.15 Hz, Ph), 7.09 (1Hg, m, Ph), 6.97 (1Hs, d, *Js ¢ = 8.39 Hz, Ph), 6.95 (1Hj, d, *J3»= 8.40
Hz, Ph), 5.26 (1H, s, NH), 5.12 (1H;, s, CH,), 4.66 (1Hyo, s, CH), 4.15 (5H; g ¢, m, CH,, CH), 3.95
(2H, m, CH,), 3.71 (3H, s, OCHs), 2.94 (2H1;, m, CH,), 1.40 (3H, s, CH3), 1.37 (3H, s, CHs).
BC-NMR (DMSO-Dg, 100.63 MHz):

§172.1 (C-12), 156.2 (C-8,4”), 136.1 (C-4), 130.3 (C-2°,6"), 128.1 (C-2,6), 126.3 (C-3,5), 125.2 (C-1),
115.1 (C-3°,5%), 110.1 (C-10"), 74.3 (C-8°), 69.1 (C-CH,), 67.3 (C-CH,), 65.2 (C-CH,), 55.1 (C-10),
52.3 (C-CHj), 38.6 (C-CHy), 27.4 (C-CHj), 25.3 (C-CHs).
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IR #/cm™(T%):

3335 (93%), 3033 (95%), 2986 (91%), 2951 (91%), 1719 (55%), 1612 (85%), 1585 (91%), 1511
(49%), 1454 (75%), 1371 (73%), 1351 (78%), 1239 (46%), 1209 (38%), 1178 (56%), 1157 (64%),
1111 (77%), 1081 (67%), 1048 (43%), 1025 (51%), 910 (85%), 839 (61%), 775 (77%), 738 (62%),
697 (53%).

MS-EI (70 eV) m/z:

443.1(28%) [M]", 428.1 (55%) [M-CHs]*, 384.2 (38%) [M-C,H3;0,]", 367.1 (58%) [M-CsH.]",
340.1(85%) [M-CgH-]", 324.1 (71%) [M-CgH;0]", 307.1(100%) [M-CgHgO,]" .

HRMS (El) m/z measured: 443.196 [M]*, m/z calculated: 443.194

R¢: 0.73 (PE/EtOAC 2:1).

5.4.1.3 Methyl N-[(benzyloxy)carbonyl]-O-[2,3-dihydroxypropyl]tyrosinate (b)
[TUPAC: Methyl 2-(benzyloxycarbonylamino)-3-(4-(2,3-dihydroxypropoxy)
phenyl)propanoate]

20 mL of acetic acid (AcOH) was added to the solution of 2 g (4.66 mmol) of compound (&) in
water (15 mL)/methanol (10 mL) and then, the reaction mixture was kept stirring at room temperature
overnight. Next day, reaction mixture was poured into ice-cold water and afterwards, solid sodium
bicarbonate (NaHCO3) was added slowly to it till the formation of carbon dioxide (CO,) was ceased.
Then, it was extracted by diethylether (DEE, 250 mL), washed by saturated solution of sodium
bicarbonate (250 mL), dried over anhydrous sodium sulfate (Na,SO,), filtered, and solvent was
evaporated. Crude product was cleaned by MPLC by gradient elution by using first PE/EtOAc 1:1 at a
flow rate of 10 mL /min and later 100% EtOAc at a flow rate of 40 mL/min. 1.4 g (3.6 mmol, 77%) of

product was obtained as oil.

L L / "~on
_1/ \4_0/ \OH

N/ \_/
H3C—O/ \NH
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'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.33 (1He, d, *Js1 = 7.15 Hz, Ph), 7.31 (1Hs, m, Ph), 7.28 (1Hs, d, *J;, = 7.30 Hz, Ph), 7.21 (1H,, m,
Ph), 7.06 (1Hg, m, Ph), 6.97 (1Hs, d, 35 ¢ = 8.39 Hz, Ph), 6.95 (1Hg, d, *J3,= 8.40 Hz, Ph), 5.12
(1H7, s, CH,), 4.70 (1Hy, s, CH), 4.04 (2H7, dd, 3J; ¢= 8.00 Hz, CH,), 3.75 (1Hg, ddd, *Jg ¢-= 8.00
Hz, CH), 3.71 (3H, s, OCHj), 3.56 (2Hg, m, CHy), 2.94 (2Hyy, d, %J11.10 = 6.67 Hz, CH,), 3.22 (3H, s,
20H, NH).

BC-NMR (DMSO-Ds, 100.63 MHz):

8§ 171.2 (C-12), 155.5 (C-8,4°), 136.1 (C-4), 131.3 (C-2°,6"), 129.3 (C-2,6), 128.2 (C-3,5), 126.1 (C-1),
124.1 (C-1°), 116.4 (C-3,5"), 71 (C-8’), 69.1 (C-CHy), 67.2 (C-CH,), 64.5 (C-CH,), 55.6 (C-10), 52.1
(C-OCHg), 37.3 (C-CH,).

IR ¥/cm™(T%):

3348 (88%), 3034 (94%), 2951 (90%), 1702 (46%), 1611 (84%), 1584 (90%), 1511 (49%), 1454
(75%), 1440 (74%), 1355 (70%), 1243 (44%), 1215 (42%), 1178 (56%), 1111 (70%), 1041 (46%), 930
(81%), 878 (83%), 825 (72%), 802 (77%), 775 (76%), 740 (64%), 697 (56%).

MS-EI (70 eV) m/z:

404.2 (20%) [M+1]%, 360.1 (81%) [M-C,Hs0O]*, 343.1 (44%) [M-C,H,0,]", 252.1 (56%)
[CisHsNO,]*, 181 (68%)[M-Cy3H105]", 154.1(80%) [CsH1.NO,]*, 136.1 (85%) [CsHsO,]", 107.1
(100%) [C;H0]".

HRMS (EI) m/z measured: 404.176 [M+1]", m/z calculated: 404.171

Rs: 0.13 (PE/EtOAC 1:1).

5.4.1.4 General Procedure for Tosylation

p-Tosylchloride (OTsCI, 1.1 eq for monotosylation; 2.2 eq for ditosylation) was added to the
solution of 3.34 mmol of compound (b) in 15 mL of pyridine as a solvent under inert conditions of
argon. It was kept stirring at room temperature for 3 h. Afterwards, reaction mixture was added into
300 mL of DEE and then, it was washed by 250 mL of 5% HCI, afterwards by 300 mL of
sat.NaHCO3, and then by brine (250 mL). It was dried over anhyd.Na,SO, and after that, solvent was
evaporated. Crude product was cleaned by MPLC by using PE/EtOAc 1:1 at flow rate of 6 mL/min.
1.1 g (2.02 mmol, 60%) of monotosylated product (c) and 1 g (1.43 mmol, 45%) of ditosylated product

(d) were produced as oils.
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54.1.4.1 Methyl N-[(benzyloxy)carbonyl]-O-[2-hydroxy-3-{[(4-methylphenyl)sulfonyl]
oxy}propyl]tyrosinate (c)
[TUPAC: Methyl 2-(benzyloxycarbonylamino)-3-(4-(2-hydroxy-3-(tosyloxy)propoxy)phenyl)

propanoate]
O
HL,C 12 11 6 6*/5*\4 /CH3
’ \O/ \10/ \1/ \5' o
o) NH 2 ‘4, . \\8/1*\2*/3,
Ny N N o\
/(‘3 OH
6\1/2

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.78 (2Hxg+, M, Ph), 7.35 (2Hz«5+, m, Ph), 7.33 (2H,6, m, Ph), 7.31 (2Hs5, m, Ph), 7.28 (1H;, m,
Ph), 7.07 (2Hy ¢, m, Ph), 6.95 (2Hs s, m, Ph), 5.12 (2H;, s, CH,), 4.66 (1Hiy, m, CH), 4.59 (2H s,
OH, NH), 4.09 (5H; g, m, CH,, CH), 3.71 (3H, s, OCHj), 3.13 (2H11, d, ®J1110 = 6.67 Hz, CH,), 2.41
(3H, s, CHy).

BC-NMR (DMSO-D, 100.63 MHz):

5 171.2 (C-12), 157.2 (C-8), 154.3 (C-4*), 145.1 (C-4*), 136.3 (C-4), 130.2 (C-5*,3*), 129.1 (C-2,6),
128.2 (C-2*,6%), 127.3 (C-3,5), 125.3 (C-1), 115.1 (C-3°,57), 73.2 (C-CHy,), 70 (C-CH,), 67 (C-CHy,),
68.3 (C-8”), 55 (C-10), 52.1 (C-CHy), 37 (C-CHy), 21.1 (C-CHy).

IR ¥/cm™(T%):

3314 (92%), 3034 (94%), 2932 (90%), 1719 (70%), 1659 (37%), 1612 (85%), 1598 (90%), 1511
(65%), 1438 (80%), 1387 (75%), 1355 (65%), 1245 (55%), 1189 (35%), 1095 (60%), 1049 (70%), 978
(68%), 939 (77%), 814 (65%), 742 (77%), 698 (73%), 664 (53%).

MS-EI (70 eV) m/z:

558 (40%) [M+1]", 460.1 (100%) [M-C4HsNO,]", 443.1 (44%) [M-C,H;NO;]*, 352.1 (56%) [M-
CyiH1,NO5]", 298 (68%) [C17H1sNO4]", 245.1 (80%) [C1oH13SOs]", 136.1 (85%) [CgHgO,]", 107.1
(100%) [C;H,0]".

HRMS (EI) m/z measured: 558.41 [M+1]", m/z calculated: 558.376

Ry: 0.47 (PE/EtOAC 1:1).
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54.1.4.2 Methyl N-[(benzyloxy)carbonyl]-O-[2,3-{di[(4-methylphenyl)sulfonyl]oxy}
propyl]tyrosinate (d)
[TUPAC: Methyl 2-(benzyloxycarbonylamino)-3-(4-(2,3-bis(tosyloxy)propoxy)phenyl)

propanoate]
(0]
H,C 12 11 6 6*/ 5*\4*/ %HS
313\ / \10/ \1/ \5'
o NH 2 ‘4‘ 7 \\s/l*\z*/a*
Ny ° N N T \
‘ o
e ~7 .
// \1‘/ \3
N L
N N
6\ /2

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.76 (4Hpngrpege, M, Ph), 7.35 (4Hgxsx352, M, Ph), 7.33 (2H,6, m, Ph), 7.29 (4H355 5, M, Ph), 7.07
(2H, ¢, m, Ph), 5.26 (1H, s, NH), 5.12 (2H5, s, CH,), 5.02 (1Hg, ddd, *Jg o= 8.24 Hz, CH), 4.66 (1H,
m, CH), 4.21 (2H, dd, *J; g= 8.24 Hz, CH,), 4.42 (2Hy, m, CH,), 3.71 (3H, s, OCH3), 2.95 (2H1;, d,
*J1110 = 6.67 Hz, CH,), 2.44 (3H, s, CH3), 2.39 (3H, s, CHa).

BC-NMR (DMSO-D, 100.63 MHz):

5172 (C-12), 156.1 (C-8), 154.3 (C-4’), 146 (C-4°), 145.3 (C-4*), 136.1 (C-4), 130.2 (C-6",2), 129.3
(C-2°,6°), 128.3 (C-5*,3*), 127.2 (C-2,6), 126.8 (C-2°,6°), 126 (C-2*,6%), 125 (C-3,5), 124.3 (C-1"),
114.1 (C-3°,5”), 75 (C-8”), 71 (C-CHy,), 69 (C-CH,), 67 (C-7), 55 (C-10), 52.6 (C-CHs,), 22.6 (C-
2CHy).

IR ¥/cm™(T%):

3384 (96%), 3033 (95%), 2953 (93%), 1720 (59%), 1611 (89%), 1597 (84%), 1511 (59%), 1453
(79%), 1400 (86%), 1364 (53%), 1293 (76%), 1242 (52%), 1212 (58%), 1189 (43%), 1174 (21%),
1111 (79%), 1096 (69%), 1043 (59%), 1018 (60%), 1001 (60%), 930 (52%), 813 (45%), 755 (53%),
695 (62%), 664 (38%).

MS-EI (70 eV) m/z:

712 (36%) [M+1]", 668 (92%) [M-C,H30]", 560 (32%) [M-CgH1,0,]", 489 (60%) [M-C13H1505]", 383
(68%) [C17/H1906S,]", 307 (100%) [M-CyeH504]", 289 (44%) [M-CyH300s]", 165 (40%) [M-
C33H37O7]+-

HRMS (EI) m/z measured: 712.655 [M+1]", m/z calculated: 712.549

R¢: 0.57 (PE/EtOAC 1:1).
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5.4.1.5 General Procedure for 2-Nitroimidazole Coupling

Triethylamine (1.5 eq) was added to the solution of compound (c or d = 1 eq) in N,N"-
dimethylformaide (DMF). Afterwards, 2-nitroimidazole (1 eq) was added into the reaction mixture and
it was heated at 60°C for 1-2 days. Then, reaction mixture was poured into toluene and was
concentrated under vacuum in order to get rid of DMF. After evaporation, residue was dissolved in
EtOAc (250 mL), washed by sat.NaHCO; (250 mL,, brine (300 mL) and dried over anhyd.Na,SO.,.
After drying, it was filtered and solvent was evaporated. Crude product was cleaned by MPLC by
gradient elution by using first PE/EtOAc 1:1 at a flow rate of 15 mL/min and later 100% EtOAc at a
flow rate of 20 mL/min. 1.0 g (1.53 mmol, 65%) of compound (e) and 1.31 (2.61 mmol, 69%) of
compound (f) were obtained as white solids.

54.151 Methyl N-[(benzyloxy)carbonyl]-O-[2-{[(4-methylphenyl)sulfonyl]oxy}-3-(2-
nitro-1H-imidazol-1-yl)propyl]tyrosine (e)

[TUPAC: Methyl 2-(benzyloxycarbonylamino)-3-(4-(3-(2-nitro-1H-imidazole-1-yl)-2-
(tosyloxy)propoxy)phenyl)propanoate]

- A=

: 6 ‘
= L
g

'H-NMR (DMSO-Dg, 400.16 MHz):

7.27 (4Hz 5 5o5-, M, Ph), 6.99 (2H, ¢, m, Ph), 5.26 (1H, s, NH), 5.12 (2H-, s, CH,), 4.70 (1Ho, m,
CH), 4.62 (2Hy, m, CH,), 4.54 (1Hg, ddd, Jg o= 9.30 Hz, CH), 4.37 (2H;, dd, *J; g= 7.67 Hz, CH, ,
3.71 (3H, s, OCH3), 2.95 (2Hy4, d, %1110 = 6.67 Hz, CH,).

BC-NMR (DMSO-Ds, 100.63 MHz):

§ 172.1 (C-12), 162.3 (C-4’), 156.3 (C-8), 146.3 (C-1*), 145.6 (C-4°), 136.5 (C-4), 133.2 (C-3°5°),
132.3 (C-6",2), 130.5 (C-2,6), 129.1 (C-3,5,2°,6°), 114.3 (C-3°,5"), 75.1 (C-8°), 71 (C-CH,), 67 (C-
CH,), 55.5 (C-10), 52.3 (C-OCHj), 49.1 (C-9°), 37.5 (C-CH,), 22.1 (C-CHy).
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IR #/cm™(T%):

3385 (95%), 3034 (95%), 2954 (93%), 1715 (60%), 1611 (89%), 1597 (84%), 1511 (59%), 1486
(55%), 1439 (80%), 1359 (43%), 1238 (56%), 1189 (52%), 1175 (38%), 1052(63%), 1017 (59%), 913
(56%), 897 (50%), 856 (75%), 837 (58%), 814 (56%), 742 (48%), 698 (56%), 663 (42%).

MS-EI (70 eV) m/z:

653 (100%) [M+1]", 609 (24%) [M-C,H50]", 549 (20%) [M-C4H;05]", 501 (21%) [M-C,H1;0,]", 324
(56%) [C13H14N305S]".

HRMS (El) m/z measured: 653.18107 [M+1]", m/z calculated: 653.191666

m.p.: 115°C. Ry: 0.37 (PE/EtOAc 1:1).

54.15.2 Methyl N-[(benzyloxy)carbonyl]-O-[2-{[(4-methylphenyl)sulfonyl]oxy}-3-(2-
nitro-1H-imidazol-1-yl)propyl]tyrosine (f)

[TUPAC: Methyl 2-(benzyloxycarbonylamino)-3-(4-(2-hydroxy-3-(2-nitro-1H-imidazole-1-
yh)propoxy)phenyl)propanoate]

A N .
o NH 2 & 7 o 1[
\8/9 \3,/ \o/ \8./ \,\(/\N
P Ly

N

6\1/2

'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.53 (1Hgx, *J3+ 2« = 2.00 Hz, CH), 7.43 (1H,+, m, CH), 7.33 (1He, d, *Jg; = 7.15 Hz, Ph), 7.31 (1H5,
d, ®Js6 = 7.30 Hz, Ph), 7.28 (1Hs, d, *J;, = 7.30 Hz, Ph), 7.24 (1H,, d, *J,, = 7.15 Hz, Ph), 6.97
(2Hz ¢ m, Ph), 6.90 (2H3 5 m, Ph), 5.12 (2H;, s, CH,), 4.79 (1Hg, ddd, ®Jg ¢= 9.00 Hz, CH), 4.69
(2Hg, m, CH,), 4.66 (1Hyo, m, CH), 4.24 (2H, dd, *J; g= 7.40 Hz, CH,) , 4.16 (2H, s, OH, NH), 3.71
(3H, s, OCHj), 2.95 (2Hy4, d, 3J11 10 = 6.67 Hz, CH,).

BC-NMR (DMSO-Ds, 100.63 MHz):

8 172.3 (C-12), 160.4 (C-4"), 156.5 (C-8), 146.7 (C-1*), 136.5 (C-4), 131.3 (C-6",2"), 129.2 (C-2,6),
128.3 (C-3*), 127.5 (C-3,5), 125.3 (C-2*), 116.1 (C-3",5"), 70 (C-CH,), 67 (C-CH,), 64 (C-8"), 55.6
(C-10), 52.4 (C-CHs), 49.4 (C-9°), 37 (C-CH,).
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IR #/cm™(T%):

3345 (93%), 3029 (91%), 2951 (89%), 1711 (56%), 1610 (81%), 1521 (66%), 1506 (49%), 1489
(56%), 1440 (65%), 1360 (30%), 1225 (39%), 1171 (51%), 1160 (57%), 1108 (50%), 1043 (46%), 955
(76%), 920 (60%), 834 (61%), 776 (65%), 730 (59%), 677 (49%), 640 (60%).

MS-EI (70 eV) m/z:

499 (10%) [M+1]", 382 (15%) [M-CoHs]*, 301 (34%) [M-C1sH1sN]*, 230 (60%) [M-C1sH»,NO]*, 124
(65%) [C;HgO,]", 107 (100%) [C;H;0]", 91 (94%) [C;H;]", 79.2 (40%) [CeH]".

HRMS (El) m/z measured: 499.151 [M+1]", m/z calculated: 499.067

m.p.: 112°C. Ry 0.14 (PE/EtOAC 1:1).

5.4.1.6 Methyl N-[(benzyloxy)carbonyl]-O-[2-fluoro-3-(2-nitro-1H-imidazol-1-yl)propyl]
tyrosine ()

[TUPAC: Methyl 2-(benzyloxycarbonylamino)-3-(4-(2-fluoro-3-(2-nitro-1H-imidazole-1-
yh)propoxy) phenyl)propanoate]

0.12 mL (0.9 mmol, 1 eq) of diethylaminosulfur trifluoride (DAST) was added slowly to the
solution of 440 mg (0.9 mmol) of compound (c) in 10 mL of dichloromethane (DCM) at -78°C under
argon. It was kept stirring for 6 h. Afterwards, the temperature of reaction mixture was increased
slowly and at -20°C, it was quenched by addition of 5 mL of water. Then, the organic layer was
washed by brine (250 mL), dried over anhyd.Na,SO,. It was filtered and solvent was evaporated.
Residue was dissolved in PE/EtOAc 1:1, precipitates so formed were removed by filtration and filtrate
was cleaned by MPLC by gradient elution by using first PE/EtOAc 1:1 and later 100% EtOAc at a
flow rate of 20 mL/min. 0.250 g (0.514 mmol, 57%) of white solid was obtained as a final product.

o ‘ ' /No2
e NN \N/“\
N
] C T
N
6\1/2
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'H-NMR (DMSO-Dg, 400.16 MHz):

8 7.89 (1Hg+, 3Jg+ o« = 2.00 Hz, CH), 7.28 (5H12356 M, Ph), 7.17 (1H,~, m, CH), 7.02 (4Hy 5 5 ¢, M,
Ph), 5.26 (1H, s, NH), 5.12 (2H;, s, CH,), 4.84 (3Hg ¢, m, CH,, CH), 4.69 (1Hy, m, CH), 4.43 (2H,
dd, 337 g=5.73 Hz, CH,), 3.71 (3H, 5, OCHs), 2.95 (2H13, d, *J11 10 = 6.04 Hz, CH,)

BC-NMR (DMSO-Ds, 100.63 MHz):

8 172.4 (C-12), 159.5 (C-4"), 155.3 (C-8), 143.2 (C-1*), 136.6 (C-4), 131.4 (C-2/,6"), 129.5 (C-2,6),
128.7 (C-3,5), 127.2 (C-2*,3*), 116.3 (C-3",5"), 75 (d, *Jc.r = 15 Hz C-8°), 69 (d, "Jc.r = 156 Hz C-
CHy,), 66.6 (C-CHy), 55 (C-10), 52 (C-OCHj), 50 (d, “Jc.r = 163 Hz C-9), 37 (C-CHy).

IR ¥/cm™(T%):

3340 (95%), 3034 (97%), 2954 (93%), 1708 (51%), 1611 (85%), 1537 (67%), 1510 (49%), 1486
(55%), 1438 (75%), 1359 (40%), 1240 (41%), 1179 (60%), 1161 (57%), 1111 (70%), 1047 (56%), 950
(86%), 912 (80%), 836 (63%), 776 (65%), 740 (60%), 697 (59%), 640 (70%).

MS-EI (70 eV) m/z: 483 (12%) [M-H,O]", 349 (36%) [M-CsH;,0,]", 303 (20%) [M-Cy;H;504]", 278
(16%) [M-C13H1505]", 172 (100%) [CsH;FN30,]", 107 (36%) [C;H,0]*, 91.1 (72%) [C/H/]".

HRMS (EI) m/z measured: 483.16928 [M+1]", m/z calculated: 483.167941

Rs: 0.28 (PE/EtOAC 1:1).

5.4.2 Radiosynthesis of [**F]FNT

Radiosynthesis for [**F]JFNT is shown in Fig 5.2 and is described as below.

5.4.2.1 [**F]-Labelling

No-carrier-added (n.c.a.) [*®F] fluoride was produced at the cyclotron (PET trace, GE Medical
Systems, Uppsala) at the PET-Center, Ulm, via the **O (p,n) *°F reaction by irradiating > 95%
enriched [*®0] water with 16.5 MeV protons. The [**F]fluoride activity (200+1 MBq) was introduced
into a vial containing 3 mg of potassium carbonate (K,CO3) and 7 mg of kryptofix-222 (K222).
Afterwards, the [*°F] fluoride solution was dried for 10 min under a mild stream of argon (ca. 2
mL/min) at 140°C by azeotropic distillation with acetonitrile (2 x 0.8 mL). Then, 5 mg of precursor
dissolved in 1 mL of dimethylsulfoxide (DMSO) was added to the reaction vial containing the
[|*F]KF-K222. Labelling reaction was performed at 140°C. After 3 min, reaction mixture was diluted
upto 10 mL of water and was passed through the combination of Alumina N and C18 cartridges. Free
fluoride [*®F] was trapped in Alumina while product was eluted from C18 cartridge by 1 mL of
70%TFA into a vial for hydrolysis. Hydrolysis was performed at 120°C. After 20 min, reaction
mixture was quenched by 750 pL of 6N NaOH untill pH 8 was obtained. Then, reaction mixture was
passed through Alumina N and was injected into HPLC for preparative synthesis. Product peak so
collected was diluted by 20 mL of water and was passed through preconditioned Strata-X cartridge.
["|*F]JFNT was eluted by 500 pL of ethanol (EtOH). 80+1.1 MBq of [|F]JFNT (40+1%, decay

uncorrected, n = 3) were obtained within 90 min at EOS.
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5.4.2.2 Radio-TLC Analysis

Samples (5 pL) were withdrawn at 1, 2, 3, 5, 7, 10, 15, and 20 min directly from reaction
reaction after labelling step for radio-TLC analysis of [*°F]-labelled intermediate (h). PE/EtOAC 1:1
was used as mobile phase. For reference, standard spot was visualized under UV-lamp (254 nm) and
was marked by radioactive spot. Quantitative assay of radioactive spots was carried out by phosphor
imager. The Ry value of [*°F]-labelled intermediate (methyl N-[(benzyloxy)carbonyl]-O-[2-[**F]fluoro-
3-(2-nitro-1H-imidazol-1-yl)propyl] tyrosine, h) was found to be 0.3.

5.4.2.3 LC/MS Analysis

For the purpose of identification of hydrolysed product, radiosynthesis of [**FJFNT was
carried out as a carrier-added (c.a.) synthesis in order to get MS-compatible amounts of the desired
compounds. The experiments were performed in order to check the mass of product [**F]FNT by
LC/MS. The [**F]fluoride solution was introduced into a 5 mL sealed vial containing 50 uL of 1%
aqueous K™F, 100 pL of 3.5% aqueous K,COs and 15 mg K222, the following steps were the same as
in case of no-carrier added (n.c.a.) [**F]-fluorinations. After hydrolysis, 20 puL samples were injected
into HPLC and the peaks showing signals in radioactive detector were separated. The fraction (50 pL)
from each peak was injected into the LC/MS system. A HP ODS (100 x 2.1 mm, 5u) column was
used. Eluents were methanol/water (20/80, v/v) buffered with ammonium acetate (144 mg/L) and flow
rate was 0.3 mL/min. The mass peak [ACPI (+) mode] 353 (100%) [M+1]* for [**F]FNT confirmed R,
of the product on HPLC system.

5.4.2.4 Radio-HPLC Analysis

Analytical assay by high pressure liquid chromatography (HPLC) was performed for both of
the labelling and the hydrolysis steps. After labelling reaction, 20 pyL from reaction mixture were
analysed by HPLC having reversed-phase column (Phenomenex Luna, 5 p, C 18, 250 x 4.6 mm) using
isocratic elution (MeCN/H,O with 0.1%TFA; 50:50) at a flow rate of 2 mL/min. [*°F]-labelled
intermediate showed R; value of 7.9 min and its peak was collected and was measured by a y-counter.
The RCYs were calculated by relating the radioactivity of the product peak to the amount of the
radioactivity injected into HPLC.

For preparative step after hydrolysis, 1 mL of reaction mixture was injected into HPLC
having reversed-phase preparative column (Phenomenex Luna, 5 W, C 18, 250 x 10 mm) using
gradient elution of solvent A (water with 2 mM NH,OAc) and solvent B (MeOH with 2 mM
NH,OAC), at a flow rate of 5 mL/min for 10 min (A: 100 to 0%; B: 0 to 100%). [**F]FNT peak (R 6.7
min) was collected. However, analytical assay for quality control was carried out using same column
as for labelling step and under gradient elution conditions as for preparative step but at a flow rate of 1
mL/min. R, value of ["*F]FNT (radiochemical purity > 98%) under quality control conditions was 8.9

min.
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Fig 5.2 Radiosynthesis of ['*F]FNT: A new hypoxia tracer for PET-Imaging

110



Experimental

5.5 Synthesis of New PSMA Targeting Ligand ([*®F]FPy-DUPA-Pep])
5.5.1 Organic Synthesis

5.5.1.1 6-Chloronicotinic acid 2,3,5,6-tetrafluorophenylester (j)

It was synthesized according to Lit**. To the solution of 6-chloronicotinic acid (2 g, 13 mmol)
and tetrafluorophenol (2.2 g, 13 mmol) in dioxane (80 mL), 2.6 g (125 mmol) of NN*-
dicyclohexylcarbodimide (DCC) were added under argon and the reaction mixture was stirred at room
temperature overnight. Afterwards, reaction mixture was filtered and solvent was removed under
vacuum. The residue was dissolved in hot hexane (30 mL) and was filtered immediately. After a short
period of time, white crystals began to form in the filtrate. Later, the filtrate was put in a freezer
overnight. Next day, crystals were filtered and washed by ice-cold hexane (2 x 65 mL). 3.2 g (10.3
mmol) of product (j) was obtained as white solid (%oyield: 80%).

|
0 N Ny
o
T‘/‘\T/KO/%T NG
CI/G\N/2 "

'H-NMR (DMSO-Dg, 400.16 MHz):

8 9.19 (1H,, s, Py), 8.37 (1H,, d, *J,5 = 8.27 Hz, Py), 8.07 (1Hs, dd, °J,5= 0.8 Hz, ®J,5 = 8.7 Hz, Py),
7.09 (1Hg, tt, “3 = 6.5 Hz, *Jy £ = 9.26 Hz, Ph).

BC-NMR (DMSO-D, 100.63 MHz):

8 161 (C-CO), 155 (C-6), 152 (C-3°,5"), 150 (C-3°,5%), 150 (C-2), 146 (C-2",67), 145 (C-2’,6°), 137 (C-
4), 129 (C-3), 119 (m, C-17), 116 (C-5), 101 (m, C-4").

MS-EI (70 eV) m/z: 306.1 (30%) [M+H]*, 157 (100%) [M-CeH,F]*, 107 (36%) [C;H-O]", 91.1
(61%) [C/H:]".

HRMS (EI) m/z measured: 305.9985 [M+1]", m/z calculated: 305.9940

R¢: 0.65 (PE/EtOAC 5:1).

5.5.1.2 N,N,N-Trimethyl-5-((2,3,5,6-tetrafluorophenoxy)-carbonyl)pyridin-2-aminium
trifluoromethanesulfonate (k)

It was also synthesized according to the procedure as described earlier®. The solution of
compound (j, 1.0 g, 3.3 mmol) in 15 mL of tetrahydrofuran (THF) was filtered into a 35 mL vial
capped with a rubber septum. A steady stream of trimethylamine gas at room temperature was passed
through the filtrate under vigorous stirring. After 5 min, a white precipitate started to form and the

reaction was allowed to proceed for 3 h under trimethylamine flow. The solid material was filtered off
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and washed with DEE (150 mL) and DCM (100 mL). 0.53 g (1.5 mmol) of N,N,N-trimethyl-5-
((2,3,5,6-tetrafluorophenoxy) carbonyl)pyridin-2-aminium chloride was suspended in DCM (100 mL)
under an argon by ultrasonification. To the vigorously stirred suspension, trimethylsilyl
trifluoromethanesulfonate (0.78mL, 4.4 mmol) was added over 10 min. The solution was filtered, and
volatile components were removed under reduced pressure. The dry residue was washed with DEE (3
x 50 mL), dried under vacuum, affording 0.5 g of N,N,N-trimethyl-5-((2,3,5,6-tetrafluorophenoxy)
carbonyl)pyridin-2-aminium trifluoromethanesulfonate (k) as a white fluffy solid (%yield: 32%).

|
N
I
T|/‘\T/7\O/1%T/3\F
N F

CF,S0, (H3C)3N

'H-NMR (DMSO-Ds, 400.16 MHz):

§ 10.2 (1Hg, S, Py), 9.37 (1H4, d, ®J,3 = 8.14 Hz, Py), 7.27 (1Hs, d, *J54 = 8.5 Hz, Py), 7.14 (1H,, m,
Ph), 3.67 (9H, s, N(CH3)s).

BC-NMR (DMSO-Ds, 100.63 MHz):

§ 162 (C-CO), 155 (C-2), 152 (C-3°,5"), 146 (C-2°,6"), 144 (C-6), 142 (C-4), 128 (C-5), 117 (m, C-1°),
114 (C-3), 98 (m, C-4").

MS-EI (70 eV) m/z: 329.1 (100%) [M]*, 314.1 (30%) [M-CH]".

HRMS (EI) m/z measured: 329.1253 [M]*, m/z calculated: 329.0913

5.5.1.3 6-Fluoronicotinic acid 2,3,5,6-tetrafluorophenyl ester (1)

A mixture of spray dried potassium fluoride (KF, 7.3 mg, 0.12 mmol) and K222 (59 mg, 0.16
mmol) in dry MeCN (1.0mL) was stirred for 5 min. To this mixture, a solution of 50 mg (0.10 mmol)
of compund (k) in 0.5 mL of dry MeCN was added and the resulting mixture was stirred for 15 min at
room temperature. Afterwards, the reaction mixture was diluted with 2.0 mL water/0.1% TFA,
filtered, and purified by reversed-phase preparative chromatography using C18 column (Phenomenex
Luna, 250 mm x 21.2 mm, 5 um) at a flow rate of 10 mL/min with a gradient of 40-80% MeCN/0.1%
TFA over 30 min. From the collected fractions, MeCN was removed under reduced pressure and the
aqueous phase was extracted with DCM (3 x 25mL). The combined organic phases were washed with
water (20 mL), brine (20 mL), dried over anhydrous Na,SQ,, filtered and the organic phase was
removed in vacuum affording 10 mg of 6-fluoronicotinic acid 2,3,5,6-tetrafluorophenyl ester (I) as a
waxy off-white solid (%yield: 37%).
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'H-NMR (DMSO-Dg, 400.16 MHz):

8 9.02 (1H,, dd, “J,4 = 2.49 Hz, °J,5 = 0.81 Hz, Py), 7.55 (1H,, d, 3J;5 = 8.76 Hz, Py), 7.10 (1Hs, m,
Py), 7.07 (1H4, m, Ph).

C-NMR (DMSO-Ds, 100.63 MHz):

8 173 (C-6), 166 (C-6), 160 (C-CO), 152 (C-2), 151 (C-3°,5%), 145 (C-2",6"), 143 (C-3’,5"), 137 (C-4),
123 (C-3), 118 (m, C-17), 108 (C-5), 106 (C-5), 97 (m, C-4°).

MS-EI (70 eV) m/z: 290.2 (12%) [M+H]", 141.2 (100%) [M-CgH,F4]", 107 (41%) [C;H;0]", 91.1
(52%) [C/H7]".

HRMS (EI) m/z measured: 290.0249 [M+1]", m/z calculated: 290.0235

R¢: 0.58 (PE/EtOAC 7:1).

5.5.1.4 2-[3-(3-Benzyloxycarbonyl-1-tert-butoxycarbonyl-propyl) ureido]pentanedioic acid
ditert-butyl ester (m)

Triethylamine (TEA, 2.3 mL, 16.4 mmol) was added slowly to the solution of L-glutamate di-
tert-butyl ester hydrochloride (2.0 g, 6.76 mmol) and triphosgene (329.8 mg, 1.12 mmol) in DCM
(25.0 mL) at -78 °C under argon. After stirring for 2 h at -78 °C, the solution of L-Glu(OBn)-OtBu
(2.4 g, 8.2 mmol) and TEA (1.4 mL, 9.82 mmol) in DCM (5.0 mL) was added. Afterwards, the
reaction mixture was stirred at RT overnight. Next day, the reaction mixture was quenched with 1 M
HCI (till the pH 3-4) and the organic layer was separated, washed with brine and dried over anhyd.
Na,SO,. After evaporation, the crude product was purified by flash chromatography using
hexane/EtOAc 1:1 to yield 2.5 g of product (m) (%yield: 82%) as a colourless oil.

0]
I

OtBu

BnO T(
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'H-NMR (DMSO-Dg, 400.16 MHz):

§ 7.3 (5H, m, Ph), 5.3 (2H, s, NH), 5.08 (2H, s, Ph-CH,), 4.5 (1H, s, CH), 4.3 (1H, s, CH), 2.5 (2H, m,
Glu-H), 2.4 (2H, m, Glu-H), 2.1 (1H, m, Glu-H), 2.05 (1H, m, Glu-H), 1.9 (1H, m, Glu-H), 1.87 (1H,
m, Glu-H), 1.5 (9H, s, CH;tBu), 1.4 (9H, s, CH3tBu), 1.39 (9H, s, CH3tBu).

BC-NMR (DMSO-Ds, 100.63 MHz):

3 176 (C-CO), 174 (C-CO), 173 (C-CO), 158 (C-urea-C0O), 136 (C-Ph-C), 128.7 (C-Ph-2CH), 128.4
(C-Ph-2CH), 84 (C-2C-tBu), 79 (C-C-tBu), 67 (C-CH,), 55 (C-Glu-2CH), 32 (C-Glu-2CH,), 30 (C-
Glu-2CHjy), 28 (C-9C-tBu), 27 (C-3C-tBu).

MS-EI (70 eV):

Positive mode m/z: 579.32 [M+H] ", Negative mode m/z: 577.33 [M-H] .

HRMS (EI) m/z measured: 579.2879 [C3H4N,O,]", m/z calculated: 579.3179

R¢: 0.71 (Hexane/EtOAcC 1:1).

55.1.5  2-[3-(1,3-Bis-tert-butoxycarbonyl-propyl)-ureido]pentanedioic acid 1-tert-butyl
ester [DUPA(OtBu)3-OH] (n)
2-[3-(3-benzyloxycarbonyl-1-tert-butoxycarbonyl-propyl)-ureido]pentanedioic acid tri-tert-
butyl ester [DUPA(OtBu);-OBn] (1.2 g, 1.78 mmol) was hydrogenated over 10% Pd/C (0.2 g) in 25
mL of EtOAc at atmospheric pressure of hydrogen for 16 h. The reaction mixture was filtered through
a pad of celite and concentrated under reduced pressure. The residue was recrystallized from

EtOAc/hexane to give 0.96 g of compound (n) (%yield: 93%) as a colourless solid.

HO T(

=
otBu” YO

OtBu
(n)

'H-NMR (DMSO-Dg, 400.16 MHz):

d 5.1 (2H, s, NH), 4.4 (1H, s, CH), 4.3 (1H, s, CH), 2.6 (2H, m, Glu-H), 2.3 (2H, m, Glu-H), 2.2 (1H,

m, Glu-H), 2.1 (1H, m, Glu-H), 1.9 (2H, m, Glu-H), 1.5 (27H, m, CH;tBu).

BC-NMR (DMSO-Dg, 100.63 MHz):

3 179 (C-CO), 176 (C-CO), 173 (C-CO), 158 (C-urea-CO), 84 (C-2C-tBu), 79 (C-C-tBu), 55 (C-Glu-

CH), 54 (C-Glu-CH), 34 (C-Glu-2CHy), 32 (C-Glu-2CHy), 28 (C-12C-tBu).

MS-EI (70 eV):

Positive mode m/z: 489.31 [M+H] ", Negative mode m/z: 487.3 [M-H] .

HRMS (EI) m/z measured: 489.2814 [Cy3H.:N,Oq]", m/z calculated: 489.2833

R¢: 0.66 (Hexane/EtOAC 2:3).

114



Experimental

5.5.1.6 DUPA-Aoc-Phe-Phe-NH(CH,),NH5"-TFA (DUPA-Pep) (0)

Solid phase peptide synthesis was performed on the 1,2-diaminoethane preloaded trityl
resin (Novabiochem, cat. nr. 856084) in syringes equipped with polytetrafluoroethylene (PTFE) frites.

Washings after couplings and deprotections (pro 1 mL of resin): N,N-dimethylformamide
(DMF, 3 x 5 mL), isopropanol (iPrOH, 3 x 5 mL), DMF (3 x 5 mL).

Coupling: diisopropylcarbodiimide (DIC, 4 eq) was added to a stirred ice-cold solution of the

N-Fmoc protected amino acid (4 eq) and hydroxybenzotriazole (HOBt, 4 eq) in DMF (4 mL/mL of
resin). After 2 min, the solution was added to the deprotected and DMF-preswollen peptidyl resin and
the mixture was gently shaken for 3 h. As in case of peptide synthesis on the diamines preloaded trityl
resins, the coupling efficiency could not be exactly assessed by the Kaiser test, as it was not carried
out. For attachment of the N-terminal urea unit, 2-[3-(1,3-bis-tert-butoxycarbonyl-propyl)-
ureido]pentanedioic acid 1-tert-butyl ester [DUPA(OtBu);-OH], a double coupling with 1,5-fold
excess of the DUPA(OtBu); was used.

Fmoc-Deprotection: A solution of DMF/piperidine (4:1) was added to the Fmoc-protected

peptidyl resin and the mixture was shaken for 1 min. Thereafter, the resin was drained, a fresh solution
of DMF/piperidine (4:1) was added to the resin and shaking was continued for a further 2 min. Finally,
the resin was drained, a fresh solution of DMF/piperidine (4:1) was added to the resin and shaking was
continued for a further 18 min.

Cleavage from resin and removal of t-Bu-groups: After the final coupling the peptidyl resin

was additionally washed with dichloromethane (DCM, x 3), drained and treated with trifluoroacetic
acid/triisopropylsilane/water (TFA/TIS/H,0, 95/2.5/2.5) for 1 min (3 x 5 mL/mL of resin). The
combined TFA fractions were incubated at ambient temperature for 45 min and concentrated under
reduced pressure at the bath temperature < 30 °C. The residue was dissolved in TFA (10 mL/mL resin)
and incubated at ambient temperature for further 3 h. The mixture was concentrated under reduced
pressure at the bath temperature < 30 °C and the residue was carefully triturated first with Et,O and,
thereafter, with EtOAc to give the crude depsipeptide which was further purified as a colorless solid
by preparative HPLC using reversed phase column with eluents of 29% MeCN in H,O (0.1% TFA) at
a flow rate of 9 mL/min with detection under UV and after lyophilization DUPA-Pep (%yield: 56—

67%) was obtained as white solid.

(0)
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Analytic HPLC:

Column: Nucleosil-100-5 C18 HD (4.6 mm x 250 mm, Macherey-Nagel); Gradient: 0—15 min — 29%
MeCN (0.1% TFA), 15-18 min — 29 to 99% MeCN (0.1% TFA), 18-25 min — 99% MeCN (0.1%
TFA); Flow rate: 1.2 mL/min; Detection: UV: A = 210, 254 nm; R; = 6.5 min; Purity > 98%.

MS-EI (70 eV):

Positive mode m/z: 798.4 [M+H] ", Negative mode m/z: 796.4 [M-H]".

HRMS (El) m/z measured: 798.4028 [CsgHssN;O11]", m/z calculated: 798.4032; m/z measured:
796.3883 [CagHs4N;O41]", m/z calculated: 796.3887

5.5.1.7 DUPA-Aoc-Phe-Phe-NH(CH,),NH,-6-F-Nic (p)

2,3,5,6-tetrafluorophenyl 6-fluoronicotinate (4.8 mg, 16.45 umol) was added to a solution of
DUPA-Pep (5.14 mg, 5.64 pmol) in 0.15 M sodium bicarbonate (NaHCO3, 400 uL; pH = 8.30) and
acetonitrile (MeCN, 500 pL). The resulting colorless solution was incubated at ambient temperature
for 3 h. The reaction was quenched by addition of TFA (40 pL) and the product (p) (4.0 mg, 77%) was
isolated as a colorless solid by semipreparative HPLC using gradient elution at a flow rate of 1.2

mL/min with detection under UV.

0}

0
I VN N
H NH/\/NH | NHOY\WNHWj: jl)/
l 0o O/ NH HO \O HO ~

X
Z
N

(P)
Analytic HPLC:
Column: Nucleosil-100-5 C18 HD (4.6 mm x 250 mm, Macherey-Nagel); Gradient: 0-1 min — 25%
MeCN (0.1% TFA), 1-18 min — 25 to 75% MeCN (0.1% TFA), 18-24 min — 75% MeCN (0.1%
TFA); Flow rate: 1.2 mL/min; Detection: UV: A = 210, 220, 254, 280 nm; R, = 8-10 min; Purity >
98%.
MS-EI (70 eV):
Positive mode m/z: 943.4 [M+Na]", 921.4 [M+H]".
HRMS (EI) m/z measured: 943.3970 [C4sHs;FNgO1,Na]*, m/z calculated: 943.3972; m/z measured:
921.4151 [CusHssFNgO1,]", m/z calculated: 921.4153.
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5.5.2 Radiosynthesis
Radiosynthesis for [**F]FPyDUPA-Pep is shown in Fig 5.3 and is described as below.

55.2.1 [*®F]FPy-TFP

The activity (800+1.1 MBq) was introduced into a 5 mL sealed vial containing 2 mg KHCO3;
and 2 mg kryptofix-222. The [*®F] fluoride solution was dried for 10 min under a mild stream of argon
(ca. 2 mL/min) at 140°C by azeotropic distillation with acetonitrile (2 x 0.8 mL). Then, the reaction
vial containing the [**F]KF-K222 complex was put in ice-cold water to lower down its temperature to
20°C and afterwards, 8 mg of precursor (k) dissolved in 1 mL of MeCN/tBuOH (1:4) was added.
Labelling reaction was performed at 40°C. After 10 min, reaction mixture was quenched by addition
of few drops of TFA till pH 4 was obtained. Reaction mixture was diluted with water up to 20 mL was
passed through the combination of two preconditioned oasis cartridges (Oasis MCX Plus, extraction
cartridge, Sep-Pak®, Waters). Product was eluted using 2.1 mL of 65% MeCN.

5.5.2.2 [*F]FPy-DUPA-Pep

Product fraction was passed through two preconditioned Strata-x cartridges (33p, polymeric
reversed phase, 30 mg/ mL, Phenomenex) and product was eluted by 500 pL of 80% MeCN directly
into a vial containing 1 mg of peptide, 5.5 mg NaHCO;, and 300 pL of water. Coupling reaction was
carried out at 60°C for 10 min. Afterwards, 800 pL of reaction mixture were injected into HPLC (P680
Dionex) equipped with Nal (TI)-scintillation detector (GABI, Raytest, Gemany) and coupled with a
UV detector (GY-400, 254 nm). Reversed-phase preparative column (Phenomenex Luna, 5 u, C18,
250 x 10 mm) was used. Isocratic analysis was carried out by using 28% MeCN as mobile phase at a
flow rate of 6.5 mL/min for 10 min. Peak of labelled peptide (6.5 min) was collected from system and
was passed through preconditioned Strata-X cartridge after diluting it up to 40 mL with water. [**F]-
labelled peptide was eluted by 200 pL of EtOH. [**F]FPy-DUPA-Pep (380+1 MBq, 48+0.9% RCY,
decay uncorrected) was obtained with purity of > 98%.

5.5.2.3 Radio-TLC Analysis

Samples (5 pL) were withdrawn 10, 15 and 20 min directly from reaction reaction for radio-
TLC analysis of [**F]FPy-TFP. Silica gel plates were used as stationary phase and PE/EtOAc (7:1)
was used as mobile phase. Standard spot was visualized under UV-lamp (254 nm) and was marked by
radioactive spot. Quantitative assay of radioactive spots was carried out by phosphor imager (Raytest,
FLA3000). The Ryvalue of [**F]FPy-TFP was found to be 0.6.

5.5.2.4 Radio-HPLC Analysis
Analytical assay by high pressure liquid chromatography (HPLC) was performed using
gradient elution of solvent A (water with 0.1%TFA) and solvent B (MeCN with 0.1%TFA), started

with 90% of solvent A at 1 min, then went down to 20% of solvent A at 14 min and continued with
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20% of solvent A till 20 min at a flow rate of 1.5 mL/min. Column so used for analytical purpose and
quality control was reversed-phase column (Phenomenex Luna, 5 u, C18, 250 x 4.6 mm). The R;
values for [*®*F]FPy-TFP and [*®F]FPy-DUPA-Pep are 15.7 min and 10.3 min, respectively.

Product fractions comprising of [**F]FPy-TFP and [*®F]JFPy-DUPA-Pep were collected from
HPLC and were measured by a y-counter. The RCYs were calculated by relating the radioactivity of
the product peak to the amount of the radioactivity injected into HPLC.
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Appendices

7. APPENDICES

Appendix-1: RCY at different temperatures and different times of substituted 2-nitropyridines of following pattern:

Nr.

10a

1la

12a

13a

Substituent
R, R,
-H -H
-CHj -H
-OCH; -H
-OCH; | -CH;

Temp.

(°C)

140°C
120°C
60°C
30°C
140°C
120°C
60°C
30°C
140°C
120°C
60°C
30°C
140°C
120°C
60°C
30°C

4
4
3
3
5
5
4
3
5
3
5
3
4
5
3
3

1 min
69+1.2
52+3
3.8+1.6
1+0.3
7242
18+1
4.9+0.3
1+0.1
88+1
33+4.5
14.6%3
5+1
57+3
14.4+1
5+0.2
1.6x1

X Ry
5
R, N NO,
%RCY+SD
0,
YoRCY+SD (TLC) 0 (HPLC)
3 min 7 min 10 min 20 min 30 min 20 30

73+0.9 76+1.1 79+0.5 83.5+3 88+1 3 90+3 -
56+0.5 60+2.4 77+0.8 89+0.3 91+2.3 - - -
19+3 52+7 65+2 7912 80+3 - - -
13+0.5 39+1 48+0.5 59+1 63+0.8 - - -
76+1.6 84+2 87+1.5 88+1 89+1 2 - 87+3
40+2 56+3 65+1.2 68+2 72+3 - - -
11+0.6 18+0.8 32124 | 42+16 51+14 - - -
2.7+0.5 5+0.1 7.1+0.2 | 9.5+0.5 | 13#0.5 - - -

89+1 90+0.1 90+0.3 90+0.4 91+0.4 2 - 87t1.4
57+4.5 70x1 86x1 88.7+1 90+0.6 - - -
34.5+3 70.5+3 7715 83.5+4 88+2 2 - 78.5+1
11+1.3 26x1.2 49+0.9 57+0.7 66+1.1 - - -
68+0.7 79+1.6 80+0.7 81+0.6 81+1 2 - 79+0.4

48+2 78.5%1 79+1.3 80+0.6 81+0.6 - - -
12+1 30£1.6 37+2 62+2 70+1 - - -
2.3+0.2 | 5.6+0.6 7+0.3 14+1 22+1 - - -

Labelling conditions (for all compounds): Precursor (10 mg), DMF (1 mL), Kryptofix 222 (15 mg), 3.5 % K,CO3 (100 pL)
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Appendix-2: RCY at different temperatures and different times of substituted 2-fluoropyridines of following pattern:

N
=
R, N F
NI Substituent T(igo' 0 %RCY+SD (TLC) ] W?E'C;EE?D
R, R, 1 min 3 min 7 min 10 min 20 min 30 min 20 30
140°C 4 - - - - 83+1.5 - 4 90+2 -
10b -H -H 120°C 4 7+2 4313 59+2 6313 68+0.8 71+2 - - -
60°C 3 1+0.3 3+0.3 4+0.4 9+0.3 13+0.8 19+1.6 - - -
11b CH, H 140°C 4 3014 5143 69+3.5 7114 78+1.3 80+1 - - -
120°C 3 1.9+0.1 | 14.5%2 36+0.3 46+1.6 56+0.4 59+2 - - -
12b OCH, H 140°C 5 3143 56+4 7311 74+0.8 7610 78+0.6 - - -
120°C 3 1.5+0.5 6+0.5 17+1.3 2240.5 4044 48.5+1 - - -
13b OCH; CH, 140°C 4 10+1.5 28+1 41.5+1 46+1.6 53+1.8 5513 - - -
120°C 3 1.5+0.5 | 2.8+0.3 9.3+1 19+0.3 36+0.6 4612 - - -
140°C 3 77£1.3 70£3.5 60+£3.4 | 48435 17+£3.5 8+1.5 - - -
1l4a -CHO -H
60°C 3 70£2.5 75+0.6 68+3 64+1.5 5743 5413 - - -

Labelling conditions (for all compounds): Precursor (10 mg), DMF (1 mL), Kryptofix 222 (15 mg), 3.5 % K,CO; (100 pL)
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Appendix-3: RCY at different temperatures and different times of substituted 2-bromopyridines of following pattern:

X Ry
/
R; N Br
. %RCY+SD
Substituent %RCY+SD (TLC
. T ° (TLC) n (HPLC)
R, R, 1 min 3 min 7 min 10 min 20 min 30 min 20 30
140°C - - - - 5643 - 3 6613 -
10c -H -H 120°C 3.1+1 o9+1 11+0.7 12+0.7 14+0.7 16+0.4 - - -

3

3

60°C 3 | 04+01 | 0.8+0.3 | 2+0.4 | 26+02 | 3x0.4 | 3.1+03 | - - -

e | oy 4 | oc [ o4 9+0.1 | 14+2.6 | 187+1 | 275+1 | 401 | 47xl6 | - - -

3 120°C | 3 [ 2.2t04 | 35:03 | 47+01 | 9.9+1 | 15+0.6 | 19+08 | - - -

12¢ 140°C | 4 | 10£1.3 | 20%2 28+1 32+41 | 39413 | 413 2 - 39+1.4

“OCH; H o e 5 [ 22:05 | 6205 | 13:12 | 1641 | 24208 | 28411 | - - -

13c 140°C | 3 [ 37#05 | 7+16 | 1152 | 1243 14+3 | 2006 | - - -
-OCH; | -CH,

3 | 13+04 | 5:03 | 10¢05 | 11+08 | 12+0.3 | 165+3 | - - -

5 | 81#3.6 | 844 80+3 76+2 61+3 49+3 - - -

100°C | 4 78+4 85+1 | 8351 | 81+2 72+4 6016 - - -

60°C 3 50+3 7143 75+2 78+1 | 795+1 | 76+l - - -

30°C 3 27+8 39+3 43+7 457 49+6 50+7 - - -
Labelling conditions (for all compounds): Precursor (10 mg), DMF (1 mL), Kryptofix 222 (15 mg), 3.5 % K,CO; (100 pL)

120°C
140°C

14b = -CHO -H
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Appendix-4: RCY at different temperatures and different times of substituted 2-chloropyridines of following pattern:

N
=
Rs N cl
NF. Substituent T(irg)p' . %RCY+SD (TLC) ] %(E'%IJ_SD
R, R, 1 min 3 min 7 min 10 min 20 min 30 min 20 30
140°C 3 - - - - 57+3 - 3 61+2 -
120°C 3 [ 23x02 [ 52+02 | 703 8+1 12415 | 1241 | - - -
10 H H 100°C 3 [ 16x02 | 3504 | 5x05 | 911 | 10#1.1 | 11#1 - - -
60°C 3 | 06+01 | 1x04 | 1.3+04 | 1.7+0.1 | 1.9+0.1 | 2:0.1 - - -
11d ch, N 140°C 4 | 18+13 | 5%l 7.2+0.6 9+1 12¢1 | 136%1 | - - -
120°C 5 3.1+2 | 51#35 | 6+2.6 7.3%3 9+3 10+£3.6 | - - -
12d | oop, N 140°C 3 | 17+03 | 9x13 | 12+12 | 13#1 | 16+1.2 | 20%0.7 | 2 - 25+3
120°C 4 | 19+03 | 3x05 | 45t1 | 53+06 | 125+2 | 1653 | - - -
140°C 4 7525 67+3 42+4 11+2 | 35209 | 2+0.6 - - -
100°C 3 | 70+25 | 63t15 | 512 | 40+2.8 3+1 15+04 | - - -
14¢ -CHO -H
60°C 5 24+3 | 505+2 | 6514 | 69+2.2 | 7435 | 75+24 | - - -

30°C 4 8+1.5 26+3 31+6 22+3 14+3 8+2 - - -
Labelling conditions (for all compounds): Precursor (10 mg), DMF (1 mL), Kryptofix 222 (15 mg), 3.5 % K,CO; (100 pL)
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Appendix-5: RCY (n = 3) at 140°C at different times of substituted benzenaminium salts of following pattern:

R, Ry
+
R3 N(CH3),
R4
. %RCY+SD
[0)
NF Substituent YoRCYxSD (TLC) (HPLC)
R; R, Rs R4 1 min 3 min 7 min 10 min 20 min 30 min 3 min 10 min
1 -H -CHO -H -H 79+1.1 80+1 86+0.9 89+0.6 82+1.2 81+1 - 88+1
2 -CH; -CHO -H -H 58+1.7 69+1 64+1.3 63+2 55+0.9 53+1.1 73+0.6 -
3 -H -OCH; -H -CHO 31+1 36+1.5 27+1.2 22+0.5 19+0.8 15+1.4 38+1.7 -
4 -H -H -OCH; -CHO 43+0.7 51+0.4 37+0.6 26+1.9 23+1.7 18+1 55+1 -
5 -H -OCH; -OCHg; -CHO 33+1.5 41+1.4 39+1.1 35+0.9 27+1.2 1141 43+1.2 -
6 -CH; -H -H -H 0.2+0.1 1.2+1.1 0.6+0.1 0.2+0.1 0.1+0 0.0+0 - -
7 -CH; -H -H -CH; 0.5+0.3 1.7+1 1.4+0.4 1.3+0.5 0.4+0.1 0.3+0.2 - -

Labelling conditions (for all compounds): Precursor (10 mg), DMF (1 mL), Kryptofix 222 (15 mg), 3.5 % K,CO3 (100 ulL)
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Appendix-6: In (1-RCY) values at different times and temperatures for calculation of rate constants (k’) graphically for 2-nitropyridine

X
=
N NO,
Time In (1-RCY)
(min) 140°C 120°C 60°C 30°C
1 -1.171 -0.734 -0.039 -0.0101
3 -1.309 -0.821 -0.211 -0.139
7 -1.427 -0.916 -0.734 -0.494
10 -1.561 -1.47 -1.05 -0.654
20 -1.802 -2.207 -1.561 -0.892
30 -2.12 -2.408 -1.61 -0.994
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Appendix-7: k’ values at different temperatures calculated graphically for plotting against reciprocal of temperature in Arrhenius plot for 2-

TIK]
413
393
333
303

1/T°10°
2.42
2.54
3.00
3.3

nitropyridine

X

=
N

NO,

0.033
0.055
0.064
0.031

Ink
-3.47
-2.75
-2.90
-3.41
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Appendix-8: In (1-RCY) values at different times and temperatures for calculation of rate constants (k’) graphically for 3-methyl-2-nitropyridine

\ CHj,
pZ
N NO,
Time In (1-RCY)
(min) 140°C 120°C 60°C 30°C
1 -1.273 -0.1985 -0.05 -0.0101
3 -1.427 -0.511 -0.116 -0.0274
7 -1.833 -0.821 -0.1985 -0.0513
10 -2.04 -1.05 -0.386 -0.074
20 -2.12 -1.14 -0.545 -0.0998
30 -2.21 -1.273 -0.713 -0.14
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Appendix-9: k’ values at different temperatures calculated graphically for plotting against reciprocal of temperature in Arrhenius plot for 3-methyl-2-

TIK]
413
393
333
303

nitropyridine

\ CH3

/

N NO,

1/T710° K’

2.42 0.03
2.54 0.032
3.00 0.023
3.3 0.0027

Ink’
-3.51
-3.44
-3.77
-5.91
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Appendix-10: In (1-RCY) values at different times and temperatures for calculation of rate constants (k’) graphically for 3-methoxy-2-nitropyridine

‘ N OCHg4
N/ NO,
Time In (1-RCY)
(min) 140°C 120°C 60°C 30°C
1 -1.171 -0.734 -0.039 -0.0101
3 -1.309 -0.821 -0.211 -0.139
7 -1.427 -0.916 -0.734 -0.494
10 -1.561 -1.47 -1.05 -0.654
20 -1.802 -2.207 -1.561 -0.892
30 -2.12 -2.408 -1.61 -0.994

139



Appendices

Appendix-11: In (1-RCY) values at different times and temperatures for calculation of rate constants (k”) graphically for 3-methoxy-2-nitropyridine

T K]
413
393
333
303

1/T 107
2.42
2.54
3.00
3.3

X
bz

N

OCH,

NO,

0.033
0.055
0.064
0.031

Ink
-3.47
-2.75
-2.90
-341
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Appendix-12: In (1-RCY) values at different times and temperatures for calculation of rate constants (k’) graphically for 3-methoxy-6-methyl-2-
nitropyridine

Time
(min)

10
20
30

140°C
-0.844
-1.14
-1.561
-1.61
-1.661
-1.661

X

/
HaC N

120°C

-0.1555

-0.654
-1.537
-1.561
-1.61
-1.661

OCH,

NO,

In (1-RCY)
60°C
-0.0513
-0.128
-0.357
-0.462
-0.968
-1.204

30°C
-0.016
-0.0233
-0.058
-0.0726
-0.151
-0.248
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Appendix-13: k’ values at different temperatures calculated graphically for plotting against reciprocal of temperature in Arrhenius plot for 3-methoxy-
6-methyl-2-nitropyridine

TIK]
413
393
333
303

HaC

1/T°10°
2.42
2.54
3.00
3.3

X
7z

N

OCH,

NO,

K
0.023
0.04
0.04
0.009

Ink’
-3.77
-3.22
-3.22
-4.71
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Appendix-14: RCY after hydrolysis of intermediates (v, vi) at different temperatures and at different reaction times (n=3)

Acid/

N Reagent

32% HCI

v)
70% TFA

1,4-CHD
HCOONH,

32% HCI

(vi)

70% TFA

Temp
(°C)

150°C
120°C
60°C
RT
150°C
120°C
60°C
RT
70°C
70°C
150°C
120°C
60°C
RT
150°C
120°C
60°C
RT

1 min
P I
50+1 34+0.7
46+1.1 50+1.3
29+1.4 59+0.5
25+1 65+0.8
39+1.3 40+1
30+0.5 65+1
17+0.7 75%1.6
9+1 80+1.1
1+0.2 82+0.6
60+1 5+0.4
59+0.4 3+1
50+1.1 7+1.5
38+1.3 9.5+1
27+1 15+1.3
51+0.5 46+0.7
39+0.3 50+1
25+0.7 48+0.6
11+0.1 60+1.7

3 min
P |
56+1.5 0
57+0.3 0
33+0.9 40+1
29+1.5 | 59+0.6
41+£1.7 | 17+1.1
35+1.3 51+1
19+0.6 | 71+0.9
10+0.1 79+1
3+0.5 77+1.1
63+1.2 3+0.8
61+1.2 0
53+1 0
41+1.7 4+0.4
29+0.4 8.3+1
54+0.8 | 24+1.6
43+0.7 20+1
27+1 18+1.2
17£1.1 33+1

%RCYxSD (TLC)
5 min
P |
66+2 0
61+1 0
37418 | 27+1.6
34+0.7 50+1
43+1.5 9+0.7
39+1.5 45+1
21+1.6 69+1
14+1.1 75+1
31+1 28+0.5
65+1.1 1.7+1
63+0.5 0
57+1 0
47405 0
31+0.7 0
66+1.3 0
49+1.1 0
31+0.1 0
22+0.5 0

7 min
P |
67+0.5 0
65+1.7 0
40+1.3 | 15%0.7
36+1.1 49+1
44.2+0.5 0
41+0.3 | 3713
26x1.4 6711
17+1 71+1.1
45+0.7 | 22+0.3
67+1.4 0
75£1.4 0
69+0.9 0
51+0.8 0
3314 0
77.7+0.1 0
51+1.7 0
33+1.3 0
27+0.1 0

10 min
P I
69+0.9 0
68+0.4 0
47405 | 5%0.2
39+1 45+1
46x1.6 0
43+1.4 | 5+04
29+1.9 | 55+1.3
21+0.5 | 70+1
57+1 13+0.9
75+1.3 0
77+1.8 0
72+0.7 0
55+0.5 0
35+0.1 0
78+0.1 0
57+0.8 0
37+1.1 0
29+0.7 0

%RCY+S
D (HPLC)

10 min

79+1.6
73+1
49.5+1.2
41+0.7
50%1.5
48+1
31+1.2
23+0.2
61+1.4
79+1.5
82+1.1
75+1.3
58+1.2
39+0.5
80+0.3
63+1.5
41+0.9
34+1
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Appendix-15: RCY after labelling (n = 2) of hypoxia precursor (e) by using 5 mg of precursor under different sets of experimental conditions

; Label
(mir) Cond.!
1 27.1+1

2 29+0.9
3 25.7+£0.6
5 21.4+1.2
7 16.7£1.5
10 11.2+1
15 9.8+1
20 7.2£0.8

Labelling conditions:

Label Cond.?

22.4+0.7
37.1+1.3
39+1
21.1+0.5
19.1+0.8
10.8+1
6+1.3
3.5+1.4

%RCY+SD (TLC)
Label Cond.?

38+0.6
42.4+15
21.6+1.1
13.9+1.3
7.4+1.7
3.7¢1
1.5+0.9
0.8+0.6

! MeCN; 90°C; 3.5mg K,CO;; 156mg K222
2MeCN; 100°C: 3.5mg K,CO3; 156mg K222
$DMF; 120°C; 3.5mg K,COs; 15mg K222

*MeCN:DMSO (1:1); 120°C; 3.5mg K,COs; 15mg K222

Label Cond.*

19.7+0.9
25.6+0.5
37.2+0.6
34+1.1
30.4+1
24.7+1.3
12.1+1.8
9.3+1

> MeCN:2-Methyl-1-butanol (1:9); 100°C; 3.5mg Cs,CO3; 15mg K222

Label Cond.®

1.1+0.5
3.7+0.6
5.2+0.8
11.6+1
19+1.1
29.3+1.6
33.4+1.7
3715
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Appendix-16: RCY after labelling (n = 3) of hypoxia precursor (e) by using 5 mg of precursor and ImL of DMSO under different sets of experimental

conditions

Time %RCY+SD (TLC)

(min) | Label Cond.? | Label Cond.? | Label Cond.> | Label Cond.* | Label Cond.® | Label Cond.’
1 42.3+1.5 20+0.8 15+0.5 63+0.9 5+0.5 29+0.9
2 48.9+1.4 44 5+0.6 30+0.6 79+1.8 9+0.6 38+0.8
3 41.4+1.3 47+1 36%1 81+0.9 14+0.7 56%1.5
5 37.4+0.6 58+1.3 45+1.3 68+1.6 21+0.6 47+1.3
7 22.5+0.8 49+1.1 31+15 39+1 27+0.5 23+1.3
10 10.8+0.6 3515 25%+1.6 25+1.1 371 11+1
15 8.3+0.9 23.1+1.6 17.3+0.9 11+1.2 51+0.9 9+0.6
20 4.2+1 11.9+0.9 13.5+0.7 6+1 21+0.3 4+0.5

Labelling conditions:
'120°C; 3.5mg K,COs; 15mg K222
?120°C; 1.8mg K,COs; 15mg K222
*110°C; 3.5mg K,COs; 15mg K222
4140°C; 3mg K,CO3; 7mg K222
°140°C; 2mg KHCO3; 2mg K222
®120°C; 3.5mg K,COs; 10mg K222
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Appendix-17: RCY after lhydrolysis (n = 3) of [**F]-labelled hypoxia intermediate (h) under different sets of experimental conditions

O,N

o 18
F
HOOC NH,
. Temp %RCY+SD (HPLC)

Acid o - - - - - -
(°C) 10 min 15 min 20 min 30 min 60 min 120 min
90°C 1+0.6 5+0.8 11+1 20+1 31+1.1 53+0.9

70% TFA 120°C 29+1 39+1.3 56+1.5 - - -
140°C 5+0.9 16+1.1 36+0.7 - - -
90°C 1+0.9 3+1 9+1.3 - - -

32% HCI
120°C 441 11+0.7 20+0.8 - - -
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Appendix-18: RCY (n = 3) after coupling of [**F]FPy-TFP with DUPA-Pep at different temperatures and different times.

18

Temp
(°C)
40°C
50°C
60°C

3 min
9+0.1
25+0.5
26+0.3

%RCYxSD (HPLC)
7 min 10 min 20 min
20+0.5 44+0.3 81+1
70+0.6 92+1.1 86+1.2
75%0.6 95+1.2 58+1

30 min
88+1.1
8211
40+0.9
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