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Abstract

18F.Labeled aromatic amino acids (AAA) are valuable tools for the detection of oncological
and neurological disorders using positron emission tomography (PET). Despite their potentiall,
only a minority of AAA tracers have been applied in clinical diagnostics due to the lack of
efficient radiosynthetic protocols available. This work presents a practical procedure for the
preparation of ten structurally diverse 8F-labeled AAA via alcohol-enhanced Cu-mediated
radiofluorination of chiral Ni- or Cu-[(Benzylprolyl)amino]phenone-glycine/alanine (Ni/Cu-
BPX) auxiliaries.

Herein, chiral Ni-BPX (also known as “Belokon’) complexes, which serve as easily-removable
dual-protecting group functionalities, are demonstrated to be ideal for synthetic and
radiosynthetic purposes. Accordingly, the application of (S)-Ni-BPX complexes towards
several synthetically challenging a-methyl-substituted-AAA (a-Me-AAA) tracers is reported.
In addition, the employment of (R)-Ni-BPX enabled the novel 3-(R)-[*®F]fluorophenylalanine
(3-(R)-[*®F]FPhe) tracer to be accessed. The applicability of Cu-BPX complexes towards *8F-
labeled AAA production has also been described for the first time. The application of Cu-
instead of Ni-complexes in association with Cu-mediated radiofluorination advantageously
requires only a single trace metal to be determined for '®F-labeled AAA products, in order to
fulfill the requirements of current good manufacturing production (cGMP). The methodology,
which furnishes 8F-labeled AAAs in high radiochemical yields (RCY), and excellent
enantiomeric and radiochemical purities (RCP), provides significant advancements compared
to literary procedures and paves the way for future AAA tracer preparations using the approach
outlined herein.

In addition, 3-[*®F]fluorophenylserine (3-[*8F]FPheSer), a potential noradrenergic system
imaging agent, was successfully prepared. As the noradrenergic system is adversely affected
by neurological disorders, 3-[*3F]FPheSer—PET may afford invaluable diagnostic information.

Finally, a one-step preparation of the promising prosthetic group 4-[*®F]fluorophenylboronic
acid ([*8F]FPBA), previously demonstrated to be suitable for radiolabeling of biopolymers, has
been developed.



Kurzzusammenfassung

18E-Markierte aromatische Aminoséuren (AAS) sind zu wichtigen diagnostischen Instrumenten
zur Erkennung von onkologischen und neurologischen Erkrankungen mit Hilfe der Positronen-
Emissions-Tomographie (PET) geworden. Trotz ihres grolen Potenzials fanden bisher nur
wenige AAS-Tracer Anwendung in der klinischen Diagnostik, da effiziente Syntheseprotokolle
fir deren Herstellung fehlten. Das Ziel dieser Arbeit war daher die Entwicklung eines
praktischen Verfahrens zur Herstellung von ®F-markierten AAS. Das Markierungsprotokoll
basierte auf der alkoholverstarkten Cu-vermittelten Radiofluorierung von chiralen Ni- bzw. Cu-
[(Benzylprolyl)amino]phenon-glycin/alanin (Ni/Cu-BPX) Auxiliaren. Mit dem etablierten
Radiosyntheseprotokoll konnten insgesamt zehn verschiedene 8F-markierte AAS hergestellt

werden.

Dabei haben sich vor allem chirale Ni-BPX-Komplexe (auch als "Belokon-Komplexe"
bekannt), die als leicht entfernbare Dual-Auxiliar-Funktionalitaten dienen, fir synthetische und
radiosynthetische Zwecke als am besten geeignet herausgestellt. Dementsprechend wird in der
vorliegenden Arbeit die Anwendung von (S)-Ni-BPX Komplexen auf mehrere, synthetisch
anspruchsvolle a-Me-AAS-Tracer beschrieben. Dartiber hinaus ermdglicht der Einsatz von (R)-
Ni-BPX den Zugang zu dem neuen, duferst innovativen Tracer 3-(R)-[*®F]Fluorphenylalanin
(3-(R)-[*®F]FPhe).

Des Weiteren wurde erstmals die Eignung von Cu-BPX-Komplexen fiir die Radiosynthese von
BE-markierten AAS beschrieben. Vorteilhaft fiir den Einsatz von Cu- anstelle von Ni-BPX-
Komplexen ist, dass im Fall von Cu-vermittelten cGMP-Produktionen nur auf ein
Ubergangsmetall gepriift werden muss. Im Fall der Ni-BPX Komplexe muss sowohl auf Cu als
auch auf Ni gepriift werden. Die beschriebene Methodik, die die Synthese von ®F-markierten
AAS in hohen radiochemischen Ausbeuten (RCY) sowie enantiomeren und radiochemischen
Reinheiten (RCP) ermdglicht, liefert bedeutende Fortschritte im Vergleich zu den in der
Literatur beschriebenen Verfahren und ebnet den Weg fiir die eine verbreitete Nutzung von 8F-
markierten AAS in der klinischen Diagnostik mittels PET.

Dariiber hinaus wurde 3-[*®F]Fluorphenylserin (3-[*3F]FPheSer), ein potentieller PET-Ligand,
fur die Bildgebung des noradrenergen Systems hergestellt. Da das noradrenerge System haufig
durch neurologische Erkrankungen geschadigt wird, hat der Radiotracer 3-[*®F]FPheSer das
Potenzial, wertvolle Informationen fiir die Diagnose von neurologischen Stérungen zu liefern.

SchlieBlich wurde eine einstufige Herstellung der vielversprechenden prosthetischen Gruppe



A-[*®F]Fluorphenylboronséure ([**F]JFPBA) entwickelt, die sich fiir die Radiomarkierung von

Biopolymeren eignet.

In dieser Arbeit konnte eine innovative Herstellungsmethode fiir $8F-markierte AAS entwickelt
werden, die die Herstellung der Vorlaufer vereinfacht und sich zudem fiir die routinemagige
Herstellung fur diagnostische Zwecke eignet. Daruber hinaus konnten effiziente
Herstellungsverfahren flr einen noradrenergen Tracer und eine prosthetische Gruppe etabliert

werden.
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1. Introduction

1.1.1. The Tracer Principle

In 1923, George von Hevesy devised the first experiments using radionuclides to provide
information on metabolic processes. In one of his most renowned experiments, he placed the
roots of a bean plant, Vicia Faba, in an aqueous solution containing the radionuclide 2?Pb. The
uptake and distribution throughout the plant of the radionuclide ?!2Pb was subsequently
determined by quantifying the amount of radioactivity detected from the ashes of the respective
plant parts (Fig. 1).! For this seminal work and his use of the *2P radionuclide towards metabolic
studies in animals, von Hevesy (Fig. 2) was awarded the Nobel prize and the Copley medal
“For his distinguished work on the chemistry of radioactive elements and especially for his

development of the radioactive tracer techniques in the investigation of biological processes”.?

212ph uptake & distribution
throughout plant

Figures 1 & 2. George von Hevesy and his bean plant experiment.>2

George von Hevesy’s Tracer Principles:

1. Radioactive isotopes of an element behave identically as the non-radioactive isotopes
of the same element.

2. The effect of radioactivity should not alter the chemical and physical properties in the
environment of the experimental system.

3. Tracers should not have deleterious influences on the biological environment they are
intended to study.

4. The tracer should be as analogous to the non-radioactive compound as possible.

5. Solely the radioactive isotope is traced, not the molecule.

Today, von Hevesy’s legacy remains in nuclear medicine through the tracer principles he first
developed. The application of radiotracers is widely used for the diagnosis of a plethora of

disorders and diseases and therefore plays an invaluable role in clinical practice. The tracer



principle is exploited by modern diagnostic methods such as PET and SPECT, which will be

discussed in the following sections.?

1.1.2. Positron Emission Tomography

Carl David Anderson is credited with the discovery of the positron in 1932, for which he
received the Noble Prize for Physics in 1936.*° In Anderson’s landmark manuscript, “The
Positive Electron” the term “positron” was coined as an antonym of “electron” by the review
editor.®> Indeed, positrons (*B) can be thought of as positively-charged (anti-matter) electrons,
considering their similar mass. A notable example of a positron-emitting radioisotope is the
naturally occurring potassium-40 isotope (“°K), which constitutes a tiny quantity (0.0117%) of
potassium. Interestingly, “°K is the most abundant radioisotope found in humans, and it was
found that approximately 4,400 “°K nuclei undergo decay per second in the average human

(weighing ca. 70 kg).®

Principally, positrons are generated following nuclear transmutation (radioactive decay) of
proton-rich nuclei. Using 8F-decay as an example, we can observe how a proton is converted
to a neutron in the nucleus of the atom producing the stable (non-radioactive) 0 nucleus, a
positron and a neutrino (Scheme 1). The use of small molecular probes (or tracers) containing
a positron-emitting radionuclide is the fundamental method by which positron emission
tomography (PET) functions as a diagnostic tool.

18F —_— 180 +B+ + Ve
Scheme 1. *8F Decay

PET is a non-invasive imaging technique that allows pathological and physiological processes
to be visualized on a molecular level in real-time.” PET affords invaluable information
concerning metabolic patterns, molecule-enzyme interactions, signal-transduction processes,
receptor status, and transport to be identified. In contrast, medical imaging techniques such as
magnetic resonance imaging (MRI), ultrasound (US), computed tomography (CT), and X-ray,

provide only morphological and anatomical information.

Counterintuitively, it is not the emitted positrons that are being detected during a PET
measurement, but the antiparallel gamma (y) quants released from the annihilation reactions
that proceed positron-emission. As a positron is ejected from the nucleus following decay, the
kinetic energy of the resulting positron (characteristic of the parent radioisotope) causes

positron migration away from the nucleus. Ultimately, the kinetic energy of the positron is lost



following collisions with neighboring particles after deceleration, the positron combines with

an electron under positronium formation.

A positronium is an unstable system where the mass of an electron and a positron is converted
into energy and annihilate each other to release gamma-rays (Fig. 3). A positronium system can
be classified as either a para or ortho-positronium depending on the relative orientations of the
positron and electron spins. The para-positronium (p-Ps) has a mean half-time of 0.125 ns and
decays into an even number (2, 4, 6) of antiparallel gamma quants (511 keV). Para-positronium
systems typically release only two gamma quants, which allows the position of the annihilation
event to be determined using PET. The ortho-positronium (0-Ps) has a mean half-time of 142.05
ns and decays preferentially into three gamma quants, making the ortho-positronium system
less desirable for PET. The gamma-radiation produced from annihilation is released at an
approximate 180° angle, and the coincident detection of this radiation is registered by the
scintillation crystals in the surrounding PET detector units. The final PET image following
measurement is reconstructed based on the quantity of coincident gamma-radiation over a
specific time. Finally, from the PET image, the approximate localization and relative

accumulation of the positron-emitting isotope can be determined in vivo.

Stable 1®0 Decay Product
Detector

[ Positron Migration ] Gamma radiation
511 KeV

Positron Emission . .

Annihilation

Image Reconstruction

Gamma radiation
511 KeV

© (owerr)

Neutrino Emission

Figure 3. Schematic of major events during positron emission, thermalization, annihilation,

and detection.



1.1.3. Positron-Emitting Radionuclides

The choice of radioisotope for PET imaging is not always an obvious one, with each
radionuclide having respective advantages and limitations. Radiochemists must consider which
radionuclides are most feasible for successful radiosynthesis and PET imaging experiments.
The accessibility and physical properties of radionuclides such as half-life, B*-intensity, and
maximum positron energy are the most considered criteria prior to radiosynthesis. A table

below displays some of the significant radionuclides for PET imaging studies (Tab. 1).

PET Half-life (tv) R*-Intensity Maximum  Positron (B")
Radionuclide Energy (MeV)

¢ 20.4 min (%) 99.9% 0.960

13N 9.97 min (%) 100% 1.199

150 2.04 min (%) 99.9% 1.730

18F 109.7 min (B*) 96.7% 0.634

68Ga 67.6 min (B*) 88.9% 1.899

%4Cu 12.7h (B*) 17.5% 0.653

897y 78.4h (B%) 22.7% 0.902

124) 100.2d (B*) 11.7%, 10.7% 1.535, 2.138

Table 1. Main short-lived positron-emitters and their respective physical properties.

Generally, the accepted time for operations for a PET-isotope is three half-lives.® Therefore,
short-lived isotopes such as 'C, N, and O require an on-site cyclotron and rapid
radiosynthesis protocols to be practical for PET imaging studies. Moreover, if we wished to
observe a lengthy metabolic pathway in vivo using PET, radionuclides with relatively longer
half-lives would be most suitable. In contrast to small molecules, which typically exhibit short
clearance rates from the blood, the clearance of the biopolymers (e.g. proteins) is a considerably
slower process. Accordingly, longer-lived positron-emitting radionuclides ®Cu and zr are
used for the radiolabeling of biopolymers. *?4l is a positron-emitting radionuclide that can be

used to trace even longer metabolic processes using PET imaging.

The B*-intensity of a radionuclide is the probability of positron formation following radioactive
decay. Generally, radionuclides with higher B*-intensity values are preferable for PET imaging
studies due to the greater magnitude of positrons produced, and the smaller amount of
undesirable gamma quants released. The latter feature reduces the amount of false-coincidence

detections during a PET experiment and reduces associated radiation safety risks.



The maximum positron energy of the radionuclides provides us with information about the
distance the positron will travel before losing kinetic energy and reacting with an electron in an
annihilation reaction. Ideally, radionuclides would have a lower maximum positron energy, as
the positron would have less kinetic energy to migrate away from the parent radionuclide, and
therefore the position of annihilation would be closer to the place of the radioactive decay. The
shorter the distance between the annihilation and location of the initial positron decay, the
higher the image resolution obtained from a PET experiment. Various examples of PET tracers

are shown in Fig. 4.

Notably, 8Ge/%®Ga generator enables the production of %8Ga in the absence of a cyclotron.°
However, the incorporation of radiometals (°®Ga, ®*Cu, and #2Zr) into precursor molecules
requires the presence of chelators (e.g. HBED-CC, Fig. 4. D). This feature may result in the

radiometals being unsuitable for small molecule radiolabeling.
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Figure 4. Examples of PET tracers: A) [°O]H.0 ([**0]1), B) [*!C]C-methionine ([*'C]2),
C) 3,4-dihydroxy-6-[*®F]fluoro-L-phenylalanine (6-[*®F]DOPA, ([*F]3), and D) [*®Ga]Ga-
PSMA-11 ([®*Ga]4).

In summary, there are some criteria for positron-emitting radionuclides: For example, the half-
life must be long enough to enable the tracing of the desired metabolic processes or target.
Additionally, a longer half-life allows multi-step radiosynthesis and to trace the metabolism of
tracers over a longer time frame, and may also permit transport to other clinical institutions.
Another important criterion is the accessibility of the radionuclide. Most of the radionuclides

in Table 1. are produced at a cyclotron.



1.1.4. Introduction of Fluorine-18

The most prominent radionuclide for PET imaging studies, *8F, exhibits advantageous physical
properties that satisfy many of the aforementioned criteria. For example, the half-life of ®F
(109.7 min) poses fewer limitations on radiosynthesis times, permits tracer transport, and
accommodates lengthy PET measurements. The low positron energy of ¥F (0.635 MeV)
affords desirable high-quality PET image resolution, and the high B*-branching of fluorine-18
(96.9% R*-emission) increases PET imaging sensitivity. Furthermore, approximately 20% of
pharmaceuticals contain a fluorine atom, thereby facilitating tracer design. As fluorine is the
most electronegative element, the introduction of fluorine into a molecule can have a dramatic
effect on the overall physicochemical properties of the molecule. Accordingly, the in vivo
distribution of an '®F-labeled molecule typically deviates somewhat from its unlabeled
molecular counterpart. Although this contradicts one of the tracer principles, the latter feature
may be exploited by radiochemists to enhance the binding affinity of a tracer or to confer
stability to a molecule susceptible to metabolic degradation (e.g. 2-[**F]FDG).

Fluorine-18 is usually produced at a cyclotron. The first cyclotron was devised by Ernest
Lawrence and Stanley Livingston in 1932 (Fig. 5 & 6).!! Principally, a cyclotron is a machine
that accelerates charged particles, such as hydrides, protons, or deuterons, to high energies
which enable to induce nuclear reactions (Tab. 2). The acceleration of the charged particles can
be achieved using a combination of an oscillating current and two powerful and oppositely
charged magnets (Dees). The charged particle is accelerated until it reaches the desired energy

to initiate a nuclear reaction with the target (e.g. [**O]H.0).

Feb. 20, 1934. E. O. LAWRENCE 1,948,384
METHOD AND APPARATUS FOR THE ACCELERATION OF IONS
Filed Jan. 26, 1932 2 Shoets-Sheet 1

Figures 5 & 6. (Left) Excerpt from the original cyclotron patent submitted by Ernest Lawrence
(1934) depicting particle acceleration inside a cyclotron. (Right) Ernest Lawrence and Stanley

Livingston with a cyclotron in 1932.11:12



The major production method of [*®F]F is the bombardment of 0-enriched water (H2'%0)
with protons using the *80(p,n)*®F nuclear reaction. The highly efficient reaction permits the
production of over 500 GBq of [*8F]fluoride. It is important to consider whether electrophilic
or nucleophilic [*®F]fluorine is required for the radiosynthetic process. Either radiolabeling
route will significantly impact the applicable ®F-fluorination procedures and specific activity
(As) of the final product.

Nuclear reaction Target Chemical Form of 8F Molar Activity (Ci/mmol)
150 (*He, p)!°F H.0 1F ag) 10°

180(p,n)18|: H2180 18F_(aq) 105

180(p,n)°F 180,(0,1% F») [F]F, 1-10

20Ng(d,0)8F Ne(0,1% F») [*8F]F, 1-50

Table 2. Nuclear reactions generating *8F.1

1.2. Radiofluorination Procedures

The ®F-incorporation into a suitable precursor molecule is not always a trivial task. The
relatively minute concentrations of [*®F]fluorine used for radiofluorinations prohibits the
transferability of standard fluorination procedures from organic synthesis to radiochemistry.
The !8F-incorporation into a suitable precursor molecule proceeds by either electrophilic
substitution of electron-rich systems or via nucleophilic aromatic substitution reactions of
electron-poor systems. Radiochemists must contend with various challenges to achieve the
highest RCY's and As values as possible. In order to minimize the effect of radioactive decay,
radiofluorinations are carried out as rapidly as possible. Consequently, ‘®F-labeling often
requires high reaction temperatures and is ideally carried out as late as possible in the tracer
preparation. Therefore, an emphasis is often placed on “late-stage” or “direct radiofluorination”
protocols, which are easier to implement into automated radiosynthesis modules. The latter is
needed for cGMP production of PET tracers and routine clinical applications. Alternatively,
8F-labeled building blocks (prosthetic groups) are commonly employed towards the indirect

radiolabeling of more complex molecules (see Section 1.2.14).



1.2.1.  Electrophilic Radiofluorination

The preparation of [*8F]F2 gas via 2°Ne(d,«)'®F reaction (Tab. 2) is the primary method by which
[*®F]F; is produced for electrophilic radiofluorination. Alternatively, the *80(p,n)!8F reaction
using highly-enriched 80 in an Al target chamber can be used to generate [*®F]F2.2 In both
instances, fluorine-18 adheres to the target walls and must be flushed with F. gas to initiate
isotopic exchange responsible for the removal of [*®F]F.. In this way, tracers produced by
electrophilic radiofluorination may have lower molar activity (Am) due to the competing
reaction of the precursor with °F. Solen et al. reported the use of high As (30 GBg/umol) [*éF]F2
production by the electric discharge of [*®F]JCHsF (Scheme 2).1* Furthermore, as the non-
radioactive 1°F isotope also has an equal possibility to react with the precursor compound as

18F the theoretically achievable RCY via electrophilic radiofluorination using [*®F]F2 is 50%.

18 - _
CHl [FIF Kaze o oy rep 20-30 kV

MeCN 140 nmol F,
S ['*F16

> ["°FIF,

Scheme 2. Preparation of electrophilic [*8F]F2 by electrical discharge.'*

A notable example of electrophilic radiofluorination was the first radiosynthesis of 2-[*8F]FDG
([*®F]6) by Ido et al. in 1976.% Although this seminal work provided a method for 2-[*F]FDG
to be accessed, the lack of regioselectivity of the radiofluorination (due to the high reactivity of
the electrophilic [*®F]F. was a considerable disadvantage. This drawback gave rise to multiple
unwanted radiofluorinated side-products. Taking into account that the As would also be very
low, and the purification of the final tracer was challenging, improved radiosynthetic methods
were highly sought after. A short overview of some notable examples of electrophilic

radiofluorinations are presented in Scheme 3.
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Scheme 3. The preparations of electrophilic radiofluorination agents.6-20



1.2.2.  Nucleophilic Radiofluorination

Before successful nucleophilic radiofluorination, several pre-processing steps of [1®F]fluoride
must be carried out. The cyclotron produces [*®F]F in a solution of the previously bombarded
H,'80 sample. Consequently, the high solvation with neighboring water molecules severely
hinders the ability of ['F]F to act as a nucleophile. Typically, the irradiated water containing
the [*F]F" is passed through an ion-exchange resin (e.g. QMA cartridge), allowing the water to
pass through the resin, and trapping the [*®F]fluoride. This allows for expensive target water
(H2!80) to be recycled. Thereafter, the [*F]F may be eluted from the resin with a weak base
such as Cs2COs3, Rb2CO3, KoCO3, or ammonium salt (Fig. 7). Following elution, a phase transfer
catalyst such as Kryptofix-222 (Kz2.) is added to the reaction vial, and the [*®F]fluoride is
repeatedly dried (two or three cycles) via azeotropic distillation with MeCN to remove
remaining water traces. The resulting anhydrous [*®F]fluoride is highly nucleophilic due to the
weak ion-pairing between [*8F]F and counterion of the alkali metal cations (due to size/charge

disproportionality of the two ions).

/N
(/()oﬁo()\_} 0
P e,
o p
['8F117 18

Figure 7. Kryptofix-222/K[*®F]F ([*®F]17), and tetraethylammonium bicarbonate (18).

Despite nucleophilic radiofluorination being widely adopted for radiopharmaceutical
production, there are two main disadvantages of this strategy: Firstly, the use of base can lead
to unwanted side-product formation and may cause precursor degradation, and secondly, the
azeotropic drying steps are very time-consuming. An overview of the F-preprocessing steps

is displayed in Fig. 8.
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Figure 8. Diagram showing major ®F-preprocessing steps prior to nucleophilic

radiofluorination.

1.2.3.  Aliphatic 18F-Substitution

In practice, nucleophilic aliphatic *8F-substitution is the most widely applied method for the
production of *8F-labeled radiopharmaceuticals. A good leaving group (LG), such as the halides
Cl, Br, and 1, or certain sulfonates (e.g. OTos, OTf), is required for aliphatic ®F-fluorination.
Aliphatic *8F-fluorinations mainly proceed by an Sn2 mechanism. Nucleophilic 8F-fluorination
via Sn2 mechanism can be advantageously employed to furnish a defined stereocenter in an
18F-labeled product. For example, Hamacher et al. successfully optimized the radiosynthesis of
[*®F]21 via nucleophilic radiofluorination (Scheme 4).2! The Sn2 mechanism of the triflate with
nucleophilic [*F]F causes an inversion of the stereochemical center (Walden inversion),

thereby furnishing [*®F]FDG as the major product.

OAc OH
18F KF~, K
AcO OAc o HO
18 "OH
19 [18F]20 ["8F121

Scheme 4. Preparation of [*F]FDG ([*®F]21) via nucleophilic radiofluorination.?

The preparation of O-(2-[*®F]fluoroethyl)-L-tyrosine ([*®F]FET, [*®F]23), as reported by
Hamacher et al., is an important AAA tracer radiosynthesis relevant to this work (Scheme 5).22
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The nucleophilic radiofluorination proceeds with n.c.a. [*®F]fluoride to access a
radiofluorinated intermediate compound, which is subsequently deprotected using
trifluoroacetic acid (TFA) to furnish [*®F]23. The advantages of this procedure include the
relatively short radiosynthesis time (75 min), the rapid purification by solid-phase extraction
(SPE) and HPLC, high RCP, Am (>18 GBg/umol) and RCYs. Moreover, the method was easy
to implement into an automated radiosynthesis module and is currently the leading protocol for
[*F]23 production. [*®F]23 is currently applied for the routine clinical diagnosis of cerebral
tumor detection using PET, and in the context of this project, we wish to use [*®F]FET as a
reference AAA tracer in comparison the newly developed ‘®F-labeled AAAs.

o'Bu 1. ['°FITBAF, 5 min OH

T HN. i T ®F NH
0sO ~"o T 2. TFA, 7 min ~"0o 2

22 ['8F]23

RCY: 55-60%

Scheme 5. The preparation of [*3F]23 via nucleophilic radiofluorination.??
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1.2.4. Aromatic 18F-Substitution

A
©
NH o AN 18
X 2 NaNO, X "8F-exchange X F 19 BE
" e "X s OC
4 Pyrolysis 8
N=N [FF124
B

. @H cat., ['8F]F R X

“©/N _—
|
/

Scheme 6. A) Balz-Schiemann reaction, and B) Wallach reaction.?*-%

Early examples of aromatic ®F-fluorination include the Balz-Schiemann and Wallach reactions
(Schemes 6 A & B). Unfortunately, these protocols are cumbersome and furnish ‘8F-labeled

arenes in low RCYs, 2426

/\ 1op 18¢ dSF o s
AL R | LG LG AN|Le| 46 ~F
R—O; —» Y R— <> R (~ <> R— —» R— |

N <P QnF Z N

Meisenheimer complex

A

B
0 0
r/N r/N
N—¢ OEt ["8FIKF/K 0, N—/ OEt
/@(ﬂ/ DMF, 150 °C, 30 min /@%/

N 18 N

0 0
25 ['8F]26

Scheme 7. A) The proposed mechanism of nucleophilic aromatic radiofluorination, and B)
Preparation of [*3F]26.%

Nucleophilic aromatic *8F-substitution protocols typically proceed via SnAr mechanism
(Scheme 7 A), whereby the presence of a good LG and an electron-withdrawing group (EWG)
such as NOz and NMes" is typically required. The preparation of [*8F]flumazenil ([**F]26) (a
PET tracer for central benzodiazepine receptor imaging) is an example of radiofluorination via

13



SnAr mechanism (Scheme 7 B).?” However, the high temperatures required for short reaction
times using this strategy may not be compatible with sensitive precursors and functional groups.
Moreover, the scope of this reaction is limited by the necessity of an EWG.

@gf

18
o 1. ['®F]F", TEAB, b Q
DMF 120 °C, 20 min OH
OBU 2.6 M HCI, 100 °C, 3 min NH,
NBoc,
OH
OBoc ['8F]28

27 (RCY: 12% n.d.c. |

Scheme 8. Preparation of [8F]28 using spirocyclic iodonium(lI1) ylide precursor.?®

In 2016, Liang et al. reported the preparation of 6-[*8F]fluoro-m-tyrosine (6-[*F]FMT, [*¢F]28)
utilizing spirocyclic iodonium(lIl) ylide precursors (Scheme 8).28 [®F]28 was obtained in low
RCY and the lengthy precursor synthesis (17% vyield over five steps), this limited the
practicality of this protocol. Additionally, the authors failed to account for the loss of

[*®F]fluoride on the reaction vessel walls when making their RCY determination.

1.2.5.  Radiofluorination via Isotopic Exchange

There are several accounts of isotopic *8F-for-1°F exchange being used as a radiofluorination
approach towards 8F-labeled AAA preparations.?®-3? Isotopic 8F-for-1°F exchange typically
requires the presence of an activating group (e.g. aldehyde) on the aromatic ring. C. Melean et
al. reported the use of Rh(PPhs)sCl (Wilkinson’s catalyst) towards 2-[*3F]fluoro-L-
phenylalanine (2-[*8F]FPhe, [*F]35) and 2-[*®F]fluoro-L-tyrosine (2-[®F]FTyr, [*®F]36)
preparations (Scheme 9) following ®F-for-1°F isotopic exchange via decarbonylation.®
However, the very high reaction temperatures significantly limited the practicality of this
protocol. A further drawback of this procedure is the relatively poor ee of the final products
(>88%).
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8¢ 0
['8F]31 Rh(F’Phs 3Cl OH
[*F132 150 °C, 20 min /I/: / < 190°C, 30 min NH;
2

['8F]35, R, = H, RCY: 43%
['8F]36, R, = OH, RCY: 49%

['®F]133,R=H
['8F]34, R = OBn

Scheme 9. Preparation of 2-[*8F]35 and 2-[*F]36 using Wilkinson s catalyst.*

In a similar protocol to C. Melean et al., a three-step radiosynthesis of 4-[*®F]fluoro-L-
tryptophan (4-[*F]FTrp, [®F]40) was also reported (Scheme 10).3!Although desirable ee
values were obtained in the final product, the 11 step precursor synthesis, harsh reaction

temperatures, inefficient hydrolysis, and low RCY limited the practicality of this procedure.

O o)
H F BnO H 18 BnO
. N ['°FITBAF
/I;N> < 80 °C, 15 min /I; > '<
o \ Boc
37 [18F]38
18
F
0
(TR Qj/ | OH
150 °C, 20 min /l; 150 °C, 30 min N NH,
Boc H
['8F]39 ['8F]40

RCY: 8%
ee: >99%

Scheme 10. Preparation of [*®F]40 using Wilkinson's catalyst.®
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1.2.6.  Radiofluorination via Quaternary Anilinium and Triarylsulfonium

Salts
A)
Boc o
I [18F]KF/K222
®
IS oo~ M M
=N
41 ['8F142 ['®F143

RCY: 55-65%

(R =CHj, Br, CI, I, OCHy| ['8F]45

R
44

Scheme 11. A) Preparation of ['®]43, and B) Triarylsulfonium salts towards SnAr
radiofluorination. 33

In 1997, Caroll et al. reported a one-pot two-step preparation of norchloro[*¢]fluoroepibatidine
([*8F]43) via SnAr radiofluorination of a trimethylammmonium salt precursor (Scheme 11 A).*
Mu et al. reported the use of triarylsulfonium salts towards the ‘®F-labeling of arenes based on
the SnAr mechanism (Scheme 11 B).%

1.2.7. Radiofluorination Using Diaryliodonium Salts

A © '8¢ | | 18F
X ®
|
X X 18FIKE. K X X | X X
- D g, LTIKF Koog g 10 + TR, andlor Ry + TR
R4 ©/ \O R T | R P | R
B o) '8¢

X @ X OTs, OTT, I, Br

N | S [18F]KF K22 RZ_ H, CI, Br, |, CH3 OCH3
4 v a2e

R.-L \ R R3—20Me 3-OMe, 4-OMe, 4-

U /

Me, 4-OBn, H, 4-1, 4-Br, 4-CI

Scheme 12. Diaryliodonium salts towards aromatic 8F-labeling.383°

It was found that diaryliodonium salts could be employed towards arene 8F-incorporation with
a wide substrate scope; this proved advantageous compared to the aforementioned protocols
(Scheme 12 A).*>%" The regioselective radiofluorination of diaryliodonium salts is afforded due

to the steric and electronic effects of the respective heteroarenes.®®3° For asymmetrical
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heteroarenes (Scheme 12 B), ‘®F-incorporation is found to proceed onto the more electron-

deficient arene.

The aryl substituents were determined to have a substantial impact on the rate of
radiofluorination of diaryliodonium salts. Gail et al. reported that ortho-substituents on the
aromatic ring provide enhanced ‘®F-labeling rates.*® The “ortho effect”, could be explained by
an iodine-centered bipyramidal intermediated species, which preferentially directs the
incoming [*®F]F nucleophile (Scheme 13). In this way, diaryliodonium salts with substituents

in the ortho-position furnish elevated RCYs.*

A
BFe
’ (? 8¢ 18
X ['®FIF X F
I R
R > I <
= =
A B
B
Ar—I| — + 18-
/ ol \\\\
18|I: 18|I:
iy My —
/! Ar /I Ar C 18F®
Ar Ar . |
T, 1®
1L 1L /'|H§\ —
i X
18 18 . an
. }T_ 'i:/\\ : R Pz
Ar/I‘Ar Ar/ \Ar
18
Ar7 "?Ar'

Ar'SF + Arl
or Arl + Ar''éF

Scheme 13. A) Radiofluorination of diaryliodonium salts B) Proposed “turnstile” mechanism
for the radiofluorination of diaryliodonium salts. C) ‘®F-Diaryliodonium salt intermediate
state.*

In 2015, DiMagno et al. succeeded to prepare [*®F]3 with n.c.a. [*®F]fluoride using a
diaryliodonium salt precursor (Scheme 14).%> The authors reported a high Am of [*®F]3 (35
GBg/umol) using this method). Despite this protocol being implemented successfully into an
automated module, lengthy precursor synthesis (28% over five steps) and low RCY's limited
the feasibility of this approach. Although the use of diaryliodonium salts provides a
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radiofluorination strategy that encompasses a wide substrate scope, their applications towards

routine radiopharmaceutical preparations for clinical applications have been limited to date.

o)
1. ['"°FIKF/Kgpo HO OH
2. H2804 HO 18F NH2
RCY: 14 + 4%
OMe ee: > 95%

47

Scheme 14. Nucleophilic radiofluorination towards '’F-labeled AAAs.*
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1.2.8. The Minimalist Approach

o ® 3) Add solvent __
X LG >

LG = NMes, Phl, (4-MeOPh)]
\ X = 1, Br, ClOy, TfO, HCO;

O.__H
© CEDG [ O. H 1) Elutionof "F 0 H\
X 2) Evaporation of MeOH

1. 8F-Fixation on QMA cartridge
2. MeOH rinsing of QMA
3. 18F-Elution with precursor in MeOH
4. Evaporation of MeOH (ca. 2-3 min)
v 5. Add solvent and increase temperature
@] H
185

Figure 9. The minimalist approach.*®

The minimalist approach, described by Richarz et al., is a procedure devised to save time by
omitting the routine azeotropic drying step, and negating the typically required base or
alternative additives.*® The method demonstrates that positively-charged precursors, such as a
quaternary anilinium, diaryliodonium, or triarylsulfonium salts (onium salts), act as a counter-
anions for [*®F]F displacement on the QMA cartridge, and elute the [*®F]fluoride into the
reaction vessel (Fig. 9). This technique has been demonstrated to have a broad substrate scope

and accommodates for base-sensitive precursors and products.
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1.2.9. Aromatic Transition Metal-Mediated Radiofluorination
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Scheme 15. Umpolung of nucleophilic n.c.a. [*®F]fluoride: oxidative addition into a Pd

complex, proceeded by reductive elimination to furnish the desired ‘F-labeled arene.**

In 2011, Lee et al. reported a sophisticated two-step fluorination protocol for the late-stage 8F-

incorporation of arenes using a radiofluorinated Pd(IV) complex ([*F]49) (Scheme 15).* This

approach utilizes high Am nucleophilic fluorine-18 for the preparation of an electrophilic

radiofluorination Pd(IV) complex ([®F]49), which acts as an electron acceptor. The reaction

mechanism permits the 8F-incorporation of electron-rich arenes, an otherwise significant

challenge using conventional radiofluorination strategies. However, the two-step procedure

increases the radiosynthesis time and requires azeotropic drying.
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Scheme 16. Overview of Ni-mediated radiofluorination.*®
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Later, the same group developed a radiofluorination procedure employing hypervalent iodine
oxidant [bis(onio)-substituted aryliodine(111)] (50), which generates an in situ radiofluorination
agent (Scheme 16).*> The method builds on the previous findings and enables a one-step
oxidative fluorination protocol for the late-stage ‘®F-incorporation of arenes using agqueous
solutions of [*®F]fluoride. Despite the successes of Pd- and Ni-mediated radiofluorination
protocols, major drawbacks such as the necessity to handle and prepare air- and moisture-
sensitive transition metal complexes have hampered their adaptation for routine
radiopharmaceutical production.*®*’ Moreover, any radiopharmaceuticals produced using these
methods would require the determination of the Pd- or Ni-content as part of the quality control

(QC) evaluation as outlined by the cGMP regulations.

OMe 20Tf
| N
/ Pz
| R3 N
X I<
N by NHB ©/ N
> oc
-Ni Z>0OMe
50

2)12 M HCI, 130 °C, 5-10 min 2 F

N
0=S=0 — - R1 R3
O,N R, 1) [18|:]KF, 18-crown-6, MeCN, rt, 5 min :@\/\‘/
R1 = R 180 V2

52a: R4, = R,= OBoc, R3=H
52b: R1 = R2= OBOC, R3= COZMe
52c: R1 = OBOC, R2=H, R3= COzMe

['®F]53: Ry = Ry= OH, Ry= H
['8F]3: Ry = R,= OH, R3= COOH
['8F]28: R, = OH, R,=H, R;= COOH

Scheme 17. Ni-Mediated radiofluorination towards "*F-labeled AAAs.*
In 2015, Zlatopolskiy et al. applied the previously described Ni-mediated radiofluorination
method towards the preparation of clinically relevant doses of [*®F]3 (RCY: 7 + 1%), [*®F]28
(RCY: 5 + 1%), and [‘®F]fluoro- L-dopamine ([*®F]FDA, [*®F]53, 12 + 2%) (Scheme 17).%8
Despite the one-pot two-step procedure furnishing very high Am values for [*8F]3 (175
GBg/umol) and [*®F]28 (60 GBg/umol), the low RCYs of the 8F-labeled AAAs and the
moisture sensitivity of the 52a-c were drawbacks of this approach. The latter aspect hampered

the protocol from being implemented into an automated radiosynthesis module.
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1.2.10. Cu-Mediated Radiofluorination

BE-Fluorinated arenes may also be accessed from their respective iodonium salt-, boron-, or

stannane-containing precursors using the Cu(ll)-mediated radiofluorination protocols

pioneered by the groups of Scott and Gouverneur. Cu-Mediated radiofluorination enables the

BE-incorporation into electron-poor, electron-neutral and electron-rich arenes, and tolerates the

presence of many functional groups.

[(MeCN),Cu(OTf)y],
® ['®FIKF, KxCO3, top
| X 18-crown-6 X
0 | SR > | R
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Bpin N 18 2\774 18F
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Scheme 18. Timeline of Cu-mediated radiofluorination developments.*®->
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Cu-Mediated radiofluorination reported by Ichishii et al. employed [(MeCN)4Cu(OTf)2] as a
mediator and used (aryl)iodonium salts as substrates (Scheme 18 1).® Following these findings,
Tredwell et al. developed a novel Cu-mediated fluorination procedure employing aryl-
boropinacol esters (Ar-Bpin) as substrates (Scheme 18 11).%° The proposed reaction mechanisms
for Cu-mediated radiofluorination are described in Scheme 19. Ar-Bpin substrates in
combination with [Cu(OTf)2(py)s], furnished ®F-labeled arenes with impressive *F-
incorporation rates (Scheme 18 I1). Further developments by Mossine et al. and Makaravage et
al. expanded the scope of Cu-mediated radiofluorinations to incorporate boronic acids and aryl

stannanes, respectively (Scheme 18 11 & 1V).5%2

The group of Scott et al. recently reported the use of aminoquinolines as directing groups
towards Cu-mediated aryl C-H bond radiofluorinations (Scheme 18 V).> One major advantage
of this procedure is the omission of a LG (e.g. Bpin) commonly required for aryl *¥F-labeling.
The final removal of the aminoquinoline moiety is achieved via base hydrolysis of the amide,
furnishing the final product in moderate RCYs. Despite C-H 8F-fluorination showing some
promising results, the reaction has a limited substrate scope and requires strongly basic
deprotection conditions. The same group later reported the Cu-mediated radiofluorination of
aryl halides (Scheme 18 V1).>* However, the presence of a suitable directing group is required

for this reaction.
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Scheme 19. A) Proposed mechanism for  Cu-mediated radiofluorination

using(mesityl)(aryl)iodonium salts, and B) Bpin-substituted arene. >

In contrast to the aforementioned Ni-/Pd-mediated radiofluorination approaches, Cu-mediated
radiofluorination permitted aerobic conditions and advantageously employed bench-stable and
easily-accessible/commercially available Cu-mediators. Despite the preliminary success of
these Cu-mediated radiofluorinations, radiopharmaceutical applications on a preparative scale
using these strategies remained a challenge. In 2015, Zlatopolskiy et al. described how Cu-
mediated radiofluorinations using diaryliodonium salts and Bpin-substituted arenes could be
achieved on a larger scale using a “low-base” approach. The method employed relatively less
K2COs for *8F-glution, accounting for the base-sensitivity of the Cu-mediator.>® The application
of the “minimalist” approach (Section 1.2.8.), whereby [*®F]fluoride is directly eluted from the
anion-exchange resin by an alcoholic solution containing a suitable labeling precursor (e.g.
diaryliodonium, triarylsulfonium or quaternary ammonium), was also applied towards Cu-
mediated radiofluorination protocols. In these instances, the minimalist approach was found to
enhance Cu-mediated radiofluorination due to the omission of time-consuming azeotropic

drying and the absence of a base.*
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1.2.10.1. Cu-Mediated Radiofluorination Towards 18F-labeled AAA
Preparations

. NH,
O 1.[°F]IF, [Cu(py)4(OTf),]
{ 5 (PY)a(OT, N
' N 2. H,S0Oy4, 130 °C 18 N
Bpin Boc H

56 ['8F157
RCY: 16 + 2%
ee: 89%
Scheme 20. Schéllkopf auxiliary towards '’F-labeled AAAs.”®

Schafer et al. employed Cu-mediated radiofluorination towards 6-[*®F]FTrp using the
Schollkopf auxiliary (Scheme 20).%° However, it was found that the ee of the final tracers was
not always above 95% and that harsh reaction conditions (H2SO4, 130 °C) were required to
ensure complete deprotection. Consequently, this made the synthesis more difficult to
implement into automated modules. Additionally, the precursor synthesis route (37% over six
steps) was lengthy. In 2017, Zarrad et al. reported the Cu-mediated radiofluorination using
arylstannane precursors (Scheme 21). The protocol allowed AAA tracers including 6-
[*®(F]FDOPA ([*®F]3), 6-[*®F]FMT ([*®F]28), 2-[®F]FTyr ([*®F]36), and [**F]OMFD ([*¢F]62)
to be accessed in high RCYs of 32-54% on a preparative scale.>’ Notably, this protocol
described the highest RCY for 6-[*®F]JFDOPA (54 + 5%) to date.

\Sln/ o 1) ['®F]F", Et,;NOTf 18 o)
Cu(OTf , DMA
ORs [100(°C, )12(()pr}r/1)i?1], air _ OH
R, N(Boc), 2) 48% HBr, 130 °C, 15 min R NH
R, R
58, R, = R, = OBoc, R = Et ['8F]3, Ry = R, = OH, 54 + 5%
59, Ry = H, R, = OBoc, R3 = Et ['®F]28, R, = H, R, = OH, 42 + 2%
60, R = OBoc, Ry = H, R3 = Et ['®F]36, R; = OH, R,=H, 48 + 7%
61, Ry = OBoc, R, = OMe, R3 = tBu ['8F]62, R, = OH, R, = OMe, 32%

Scheme 21. Cu-Mediated radiofluorination of arylstannanes towards "*F-labeled AAAs.”’

Cu-Mediated radiofluorination of a diaryliodonium salts have also been used to furnish 2—
A[*8F]FPhe ([*®F]35, [‘®F]68, [*6F]64) (Scheme 22).55585° The “minimalist” approach has been
employed for the preparation of [‘®F]64.

25



65, 66, 67

1. ['®F]F, [(MeCN),CuOTf]
85 °C, DMF, 20 min
2. NaHy.Hp0, EtOH, 100 °C, 5 min
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1. ['®F]F", [(MeCN),CuOTf]
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O I
@)

2.12 M HCI, 80 °C, 10 min

1. ['®F]F", [(MeCN),CuOTf]
DMF, 85 °C, 20 min
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o

Zlatopolskiy et al.
OH 2015

NH,

['®F164
RCY: 60 + 6%
ee: >99%

Modemann et al.
H 2019

NH»

['8F]35

RCY: 48 + 8%
ee: >99%

O
Orlovskaya et al.
OH 2019

NH,

['®F135, ['®F]68, ['°F]64

RCY: 22-69%
ee: >95%

Scheme 22. Cu-Mediated radiofluorination towards ['°F] 35, [1°F] 68 and ['°F] 64.%>°%°

1.2.11. Alcohol-Enhanced Cu-Mediated Radiofluorination

1) "8F-Elution with EtyNHCO4

in n-BuOH
2) [Cu(OTf)a(py)al

DMA, 110 °C, 20 min, air

[R1 = BPin, B(OH),, Sn(CHa)s]

RCY: 80-99%

Scheme 23. Alcohol-enhanced Cu-mediated radiofluorination.®

In 2016, Zischler et al. reported the beneficial effect of primary and secondary alcohols on the
Cu-mediated radiofluorination of ) (Het)Aryl-Bpins,-B(OH). and —SnR3 (Scheme 23).%6 These

findings contradict the previously held assumption that alcohols are unsuitable solvents for Cu-

mediated radiofluorination.®® The general procedure allows the efficient radiolabeling of a

broad range of substrates, such as (het)aryltrialkylstannanes, (hetero)arylboronic acids, and

pinacolyl boronate, with 80-99% RCY. Moreover, the approach describes 8F-elution using

EtsNHCO3 and alcoholic solutions; in this way, the time-consuming azeotropic drying step is

circumvented. Compared to other alcohols, n-BuOH afforded the highest *®F-incorporation
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rates for Bpin-substituted arenes (RCC: 94 + 2%) and arylboronic acids (RCC: 98 + 4%). Using
the alcohol-enhanced Cu-mediated radiofluorination protocol [*8F]3 and [‘®F]53 were accessed
in high RCY and Am values (39 and 37 GBg/umol respectively) (Scheme 24).

Bpin 1. ['®FIF" elution with Et,NHCO; 18
NHBoc in n-BuOH, [Cu(py)4(OTf),], NH,
DMA, 110 °C, 10 min _
BocO 2. 12 M HCI, 130 °C, 5 min HO
OBoc OH
18
69 ['®F153
RCY: 35 + 3%
Bpin o 1. ['®FIF" elution with Et,NHCO; 18 0
O'Bu in n-BuOH, [Cu(py)4(OTf)y], OH
N(B DMA, 110 °C, 10 min
BocO (Boc), - _ - NH,
oc 2.12 M HCI, 130 °C, 5 min HO
OBoc OH
18
20 ['8F13
RCY: 40 + 4%

Scheme 24. Preparation of [*F]3 via alcohol-enhanced Cu-mediated radiofluorination.*®

1.2.12. Cu-Mediated Radiofluorination Using Pyridine-Based Additives

['°FICSF, Koo, s
X [Cu(OTR(py)al pyridine P\

-R - b
| P DMF, 110 °C, 20 min, air | R

Bpin

Scheme 25. Pyridine-enhanced Cu-mediated radiofluorination.®°

In 2017, Antuganov et al. first described the presence of pyridine to increase ‘®F-labeling
efficiency via Cu-mediated radiofluorination (Scheme 25).%° However, this protocol required
time-consuming azeotropic drying. Two years later, the same group reported a more powerful
method of ‘8F-labeling by combing aspects from the minimalist approach with the addition of
DMAPOTT (71) as a PTC and base (Fig. 10).5! The use of Oasis WAX cartridges (a weak
lipophilic anion-exchange cartridge) was found to be advantageous compared to alternative
QMA or Chromafix® cartridges for this method. The DMAPOTT in a solution of DMA serves
to elute the fixed 8F (with elution efficiency of ca. 78%) and serves to increase the efficiency
of the Cu-mediated radiofluorination substantially. Consequently, the ‘Antuganov approach’
requires only 0.25 M equivalents of [Cu(OTf)2(py)4](Y) compared to the precursor (Fig. 10).
This ultimately reduces the Cu-content present in the final reaction mixture, an important factor
for cGMP radiopharmaceutical production.
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Cartridge NaHCO, and H,0
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Figure 10. The Antuganov approach towards Cu-mediated radiofluorination.®*

In the context of this project, alcohol-enhanced Cu-mediated radiofluorination has the

following advantages:

1.

The rapid and high *8F-incorporation rates of electron-rich arene substrates, including
those typically prevalent in AAAs.

The bench and moisture stability of the Cu-mediator complexes, therefore enabling their
use for routine AAA tracer production in automated synthesis modules.

The facile one-step preparation/commercial availability of the Cu-mediators.

The commercial availability of Bpin-substituted reagents, thereby facilitating precursor
synthesis.

The method permits the employment of arylstannane-based precursors as alternatives to

Bpin- or boronic acid-substituted arenes.
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1.2.13. Prosthetic Groups in Radiochemistry

Prosthetic Group B

Scheme 26. Indirect radiofluorination strategy using a prosthetic group.

In many cases, the late-stage/direct radiofluorination of sensitive and complex molecules (e.g.
peptides and proteins) is either very challenging or impossible. This is mainly due to the harsh
reaction conditions, such as organic solvents, and high temperatures required for direct
radiofluorination.®? Instead, indirect radiofluorination methods using prosthetic groups can be

a more practical alternative towards the production of ‘®F-labeled biomolecules (Scheme 26).

Y
W@ ‘I @

oTf n-BuyN['®F] -
x5 - x ",
(h=1,23)

72, Spiperone

=

n=1,X=B
n=2,X=B
n=2,X=1I
n=3 X=B

Py

Scheme 27. Radiosynthesis of ®F-fluoroalkyl-spiperone ([*®F]72) via prosthetic group.®

Radiochemists have developed a series of 8F-labeled auxiliary synthons (prosthetic groups),
that selectively couple to the target biomolecule under mild reaction conditions (Scheme 27).
Prosthetic groups typically contain a leaving group (LG) suitable for radiolabeling, and a
separate LG used for the prosthetic groups coupling to a biomolecule.®* For example, many
research groups have succeeded to apply the (3 + 2) azide-alkyne Huisgen cycloaddition (Click
reaction) towards radiosynthetic protocols.54-*¢ Chemical and enzymatic stability of the 1,2,3-
triazole moieties, as well as excellent radiolabeling regioselectivity, functional group tolerance,
and mild reaction conditions are the main advantages of applying click chemistry towards
biomolecule labeling. However, the presence of a Cu catalyst required for these protocols may
cause peptide and protein degradation as well as other toxicity issues. To circumvent these

limitations, Neumaier et al. reported the preparation of the prosthetic group C-(4-
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[*8F]fluorophenyl)-N-phenyl nitrone ([*®F]JFPPN, [*8F]73) towards 1,3-dipolar cycloaddition
reactions with maleimides under a wide range of conditions (Scheme 28 A).%” Unfortunately, it
was found that the relatively high temperatures (80-110 °C) were inappropriate for the

radiofluorination of peptides and proteins.

A
® 0
N O EtOH.,, 0.01 M HCI
= 0 ag - -
+ [ N-R 10 min, rt
O o)
['8F]75
18F endo/exo ca. 2/1
['8F173 74 RCY: 87-92%
B
O H oF
— MeOzC
N-Hydroxyaniline= /NC?O@ Cul, Et;N, MeC,0
EtOH,q, 0.01 M HCI, N
18F 10 min, rt (0] @
18
[°F176 18
['8F173 ["8F177
RCY: 90% RCY: <75%

Scheme 28. [*®F]83 as a versatile radiolabeled building block.5”-%

In 2014, the same group reported the preparation of 8F-labeled B-lactams via the Kinugasa
reaction (Scheme 28 B).%® The mild click conditions and fast kinetics of the radio-Kinusaga
reaction make the protocol an attractive indirect radiofluorination method for the radiolabeling

of biopolymers, proteins, and peptides.

B,(OH)y,
© 1gr  Pd(dppfCly, 18F
["®FIKF, Kapo KOAc, DMSO
’ o B ——————
| | DMF, 145°C.20min | 90°C.20min  HO.
|
HO
78 ['8F]79 ['éF]80
RCY: 15-44% RCY: 28-39%

Scheme 29. PG [*®F]80 radiosynthesis.5°
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In 2013, Gouverneur et al. applied the prosthetic group 4-[*®F]fluorophenylboronic acid
([*®F]FBPA, [*8F]80) towards AA, protein and peptide radiolabeling (Schemes 29 & 30).%° The
radiosynthetic protocol employed diaryliodonium salts and Suzuki-Miyaura borylation to
furnish the prosthetic group [F]80, which in turn is used for site-specific Suzuki-Miyaura

coupling (SMC) with a suitable biomolecule. Despite the potential of [*3F]80 for biomolecule

radiolabeling, the main limitations of this protocol include the low RCY's (5-10%).

0
0 0 O
L C
| 18

['®F182

81
61, Pd cat.
ca- RCY: 83%
o oH 8, 37 °C, 30 min o
e
>(O\H/NH |
o)
83
['8F184
RCY- 87%

Scheme 30. SMC with aryl iodides 81 & 83.%°

Ferrieri et al. recently reported the application of [*®F]FPBA towards boron imaging in maize.”
However, the procedure did not provide a RCY for the generation of [*®F]FPBA, used an excess

of Cu-mediator, and involved a lengthy purification protocol.
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1.3. Aromatic Amino Acids

The fundamental aromatic amino acid (AAA) molecular structure consists of an aromatic ring
together with the amino acid core structure of a carboxylic acid and an amine group. All
naturally occurring AAAs are chiral molecules. The stereochemical determination of amino
acids is of particular importance as the D & L enantiomers give rise to vastly differing biological
activity. The Nobel laureates Cahn, Ingold, and Prelog devised a systemic method for the
unambiguous determination of chiral centers with either S (sinister = left) or R (rectus = right)
annotation. However, the stereochemical determination of amino acids is usually represented
in either D or L form: this can be derived from the glyceraldehyde the amino acid can
theoretically be derived from (Fig. 11).

o)
O d O~__OH

Ho,N——H WH

= © ‘NH2®

OH

H——H
NH,
=
-0
A
85

Figure 11. Stereochemistry of Phe: Fischer projection & Cahn-Ingold-Prelog configuration.

85

In the context of this project, it is crucial that the desired ®F-labeled AAA enantiomer is
obtained. Therefore, the enantiomeric excess (ee) value of the AAA tracer must be over 95%

following radiosynthesis.
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1.3.1. Synthesis of Amino Acids

o) KCN NH, NH,
—_— —_—
N Al OH
RTTH  NHCI R™ Oy HCl,; R
o
R = AA side chain [ rac. amino acid]
/’\
Mannich-type (O _:NH % E%) HO. NH
- NH3 2
Reaction /(I‘I,f/ > ., — _x. i
R™ 'H R H R H
H@
R/ \C\\ B, S— & e S— H—O NH2
N PN -Hzo k‘i\C\
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Carboxylic Acid PON HN. _HH  HH HoNC )
HzN\C/Hﬂ Hy "2cl &y —= 7S
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N, N J N3
H H™ - H®H
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o) H™ 1 H i

Scheme 31. Mechanism of Strecker synthesis of racemic amino acids.”

In 1850, Adolph Strecker succeeded in synthesizing racemic amino acids by reacting aldehydes
with potassium cyanide, ammonia, and hydrochloric acid (Scheme 31).”* The Mannich-type
nucleophilic addition of ammoniato the carbonyl carbon atom and the subsequent condensation
yields the racemic amine mixture. The Strecker reaction has been described as “excellent but
tedious” in a more modern appraisal, and methods for more efficient were highly sought after.”
Another example of amino acid preparation is the Hell-Volhard-Zelinsky (HVZ) reaction,
frequently employed in combination with Gabriel’s synthesis.”*" Unfortunately, these

synthetic routes cannot produce enantiomerically pure amino acids.
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1.3.2. Ni- and Cu-BPB Complexes Cl

Cw) o0 E oo MRS
7 1 Y ey

Figure 12. (S/R)-NI/CU-BPX Belokon ” complexes.
In 1988, Belokon et al. applied Ni(ll) complexes of Schiff bases derived from (S)-O-[(N-
benzylpropyl)amino]-benzophenone (BPB) and Gly/Ala (BPX) towards the asymmetric
synthesis of enantiomerically pure a-amino acids (Fig. 12) (Scheme 32).”® Belokon reported
alkylation reactions of benzyl halides upon Ni-BPB complexes affording high diastereomeric
excesses (de >80%). The Ni-BPB-AA complex diastereomers were found to be easily separable
by column chromatography. Subsequent deprotection/decomplexation reaction using HCI was
found to furnish the desired amino acids in excellent (70-90%) yields with >95% ee (Scheme
33 1). The protocol also enables the recovery of the chiral reagents of the Ni-BPB complexes

following deprotection.
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o | H‘? Ph
Ph (R)N‘ /O O
N\
86 (0] N NI /
@Ph

{91, Major Product)

Scheme 32. A) Sterically bulky Ph-group, and B) Proposed alkylation mechanism upon Ni-BPB
complex.”
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Scheme 33. Overview of notable AAA preparations using Ni/Cu-BPX complexes.®78-80

Belokon also applied Cu-BPB chiral auxiliaries as alternatives to Ni-BPB complexes towards
enantioselective AA synthesis.”” However, Ni-BPB complexes were generally favored as the

paramagnetic nature of Cu(l1)-BPB was found to hamper NMR characterization. Nevertheless,
35



Schneider et  al. described  the use of  the ligand (S)-2-(N-(2-
methylthio)benzylprolyl)aminobenzophenone to prepare a five-coordinate Cu-BPB-Gly
complex (94).” In this instance, the authors reported a higher yield (81%), although lower de
(90%), for the corresponding Ni-BPB-AAA intermediate compared to the Cu-BPB-AAA (103)
derivative. This is due to the poor coordination of the axial methylthio ligand to Ni(ll). As the
axial sulfur donor serves to further sterically shield the top face of the coordination plane
towards incoming electrophiles, the Michael addition proceeds with greater
diastereoselectivity. The protocol allowed the desired Fmoc-protected L-y-carboxyglutamic
acid (97) to be prepared in good yield and excellent enantiomeric purity (ee >99%) (Scheme 33
).

In 2015, Soloshonok et al. described the preparation of (2R, 3S)-a-(1-oxoisoindolin-3-
yl)glycine (98) via aldol reaction of 97 upon 86."° Following a cascade of transformations, the
diastereomerically pure intermediate (98) was isolated by column chromatography. Thereafter,
the diastereomerically pure AAA 99 was accessed in excellent yield (Scheme 33 I11). The group
of Maleev reported the preparation of enantiomerically pure (ee > 99%) 103 via aza-Michael
addition (Scheme 33 1V).8° The protocol provides selective intermolecular N-functionalization
of indoles, which is otherwise challenging owing to the highly nucleophilic C-3 position of

indoles.

Precursor Synthesis
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Y Tyr (105) o o
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(j/k (j/k [18F]23
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Scheme 34. Preparation [*®F]23, as reported by Krasikova et al.®!
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Krasikova et al. used Ni-BPB complexes to access [*®F]JFET ([*®F]23) in high RCYs (Scheme
34).8 Another approach by the same group using (S)-Ni-BPB-(R/S)-Ala was implemented
towards the preparation of a-methyl-2-[*®F]FTyr ([*®F]111) (Scheme 35).8283

o F o
N, 0._0O \D\ N, 0.0 OMe 18F o]
V2 Br 7
: ))\“\ :/[ 18 OCHs : /Ni\ :/I; HCI
07N N [CFI09 . o7 W W7 — et
l 'BUOK, CH,Cly, l 18F HO s 2
Ph 40 °C, 5 min Ph

87 ['8F1110 ["8F1111

18 Ph

Scheme 35. Asymmetrical approaches towards radiolabeled a-methyl-AAAs.

From a radiochemist’s perspective, the preparation of enantiomerically pure *8F-labeled AAAs

using Ni- or Cu-BPB complexes is an attractive method for the following reasons:

1. Precursor synthesis can theoretically be achieved on a multi-gram scale in a single step
from commercially available Bpin-substituted benzyl halides.

2. The diastereomeric products are easily separable using column chromatography.

3. The facile UV detection (A = 330-420 nm) of the Ni/Cu-BPB and Ni/Cu-BPB-AAA
precursor complexes aids chromatographic isolation.

4. The simple and high vyielding three-step procedure towards Ni/Cu-BPB from
commercially available reagents.

5. The possibility to substitute components of the Ni/Cu-BPX complexes in order to access
the desired amino acid product (e.g. (R)-Ni-BPB).

6. The rapid and high-yielding deprotection reaction under acidic conditions.

7. The bench and moisture stability of the Ni/Cu-BPB-AA complexes.

8. The amine and carboxylic acid functionalities are protected, thereby permitting late-

stage Cu-mediated radiofluorination.
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1.4. Aromatic Amino Acids as PET Tracers

HOD/\‘
o HO NH,

Dopamine
oH )

NH, OH OH

HO HO
Phe
HO NH; HO ~NH

Noradrenaline Adrenaline

Figure 13. Phe as a building block for protein synthesis and neurotransmitter biosynthesis.?*

AAAs are small molecular building blocks involved in a variety of biological functions,
including protein synthesis and neurotransmitter biosynthesis (Fig. 13). Accordingly, amino
acids may act as promising PET tracer candidates to visualize these biological processes. For
example, the increased uptake of AAAs in tumor cells can be easily observed using PET using
AAA tracers. In order to exploit the diagnostic potential of ®F-labeled AAAs, it is essential to

have an understanding of AAA metabolic pathways.

The vast potential of ®F-labeled AAAs for PET imaging studies has led many research groups
to investigate their respective preparations. Yet as previously outlined, the enantioselective
preparation of AAAs and the necessity of PGs pose considerable synthetic obstacles. In
addition, the 8F-incorporation, deprotection, and purification may also present pertinent

challenges.

In certain cases, preparative procedures report promising synthetic strategies and 8F-
incorporation rates, only for harsh deprotection conditions to limit their implementation
towards automation or substantially reduce the overall RCY. Alternatively, optimal
radiosynthesis can be achieved, but only following rigorous, and therefore impractical,
precursor preparations. Essentially, for a protocol towards ‘F-labeled AAAs to be deemed
practical, a compromise must be ascertained whereby both the precursor synthesis and
radiosynthesis must be reasonably achievable.
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1.4.1. Aromatic Amino Acid Metabolism

A general overview of AAA metabolism with respect to the blood-brain barrier (BBB) is
displayed in Fig. 14.858¢ The BBB is a semipermeable border that serves to protect the brain
from potentially harmful molecules. In this way, the BBB is highly selective in the manner by
which it allows or blocks the passage of specific molecules into the brain.®” In principle, the
AAA tracer will be metabolized in a similar manner to the unlabeled AAA (in accordance with
the Tracer Principles). This concept may be exploited to visualize specific AAA metabolic
pathways using PET, which may have associated abnormalities.
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OH
NH NHCH,

HO
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Figure 14. Overview of the BBB with AAA metabolism pathways.

The carboxylic acid group is required for an amino acid to pass the BBB. Hence, a monoamine
molecule, such as dopamine, cannot pass the BBB; L-DOPA must first pass the BBB before
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being metabolized to dopamine via amino acid decarboxylase (AADC) enzyme.® Thus, if we
wish to observe the dopaminergic system using PET, an appropriate strategy is to administer
[*8F]3, which crosses the BBB and is subsequently metabolized to 6-[*F]Fdopamine (Fig. 14,
15). Despite enzymatic degradation being a mechanistic component of the [*®F]3—PET tracer,
premature decarboxylation of [8F]3 prior to its transport across the BBB by AADC blocks the

tracer’s passage into the brain. An overview of notable *8F-labeled AAAs are shown in Fig. 15.

In order to address this issue, L-AAA tracers are often co-administered with peripheral AADC
inhibitors such as benserazide.®® Benserazide, which is unable to permeate through the BBB
itself, has some structural similarities comparable with L-amino acids and serves to inhibit
AADC. Enzymatic degradation of [*®F]3 also occurs via methylation by catechol-O-methyl
transferase (COMT) enzyme.?®% COMT is one of several enzymes that is involved in the
inactivation of various catecholamines, including [*®F]3, dopamine, adrenaline, and
noradrenaline. One strategy to minimize the degradative potential of COMT is the co-
administration of Entacapone, which enables [®F]3 to have a longer effect in the brain.
However, a further strategy to minimize the role of COMT in [*8F]3 degradation is the complete
removal of one of the catechol hydroxyl groups to form 6-[*F]FMT ([*®F]28), thereby
preventing COMT from recognizing and degrading the tracer. Additionally, monoamine
oxidase (MAO) enzymes also further metabolize monoamines such as dopamine,

noradrenaline, and adrenaline.

0] 0] 0
HO HO
OH OH OH
18p NH, 18 NH, HO 18p NH,

['8F]35, 2-['®F]FPhe ['8F]28, 6-["®FIFMT ['8F]3, 6-['®F]FDOPA
0 18 0]
/©/\HJ\OH MOH
1SF\/\O NH, HO NH;
['8F]23, ['8FIFET ['8F]36, 2-["®F]F Tyr

Figure 15. Notable '®F-labeled AAA PET tracers.
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1.4.2. The Noradrenergic System

Any part of the body that produces or is affected by the neurotransmitter noradrenaline (NA,
112) is part of the noradrenergic system (Fig. 16). The primary function of the noradrenergic
system is to prepare the body for action (e.g. fight or flight responses). Accordingly, NA release
is found to be relatively low during sleep and relatively high during periods of stress. NA is
produced in the locus coeruleus (LC), located in the pons region of the brain, and is found to
enhance alertness and arousal. NA is additionally responsible for a variety of functions,
including heart and blood rate regulation in the rest of the body. Irrespective of its location, NA
exhibits the same mechanism: binding and activating adrenergic receptors on the cell surface.
The noradrenergic system has also been linked with many psychiatric and neurodegenerative
disorders. Specifically, in Alzheimer’s disease (AD), a significant loss of neurons occurs in the

LC.95’96

OH OH OH
HO HO m‘z
112, Noradrenaline 113, Adrenaline ['8F]114, 37'8F]FPheSer

Figure 16. Noradrenaline (112, NA), adrenaline (113, A), and [‘8F]114).

In Parkinson’s disease (PD), the loss of dopamine (DA) neurons in the substantia nigra is
typically preceded by the degeneration of the LC-NA neurons.®” Thus far, there have been
numerous reports in the literature of noradrenergic system visualization in vivo.*¢1% However,
these studies have usually concerned with the NA transporter density rather than the metabolic
pathways of NA. The AAA tracer 3-[*®F]fluoro- L-phenylserine ([*®F]114), structurally similar
to NA and adrenaline (113), could provide invaluable metabolic information concerning the
noradrenergic system using PET (Fig. 16). Consequently, the novel tracer [*®F]114 could aid

the diagnosis of patients suffering from AD, PD, and other neurodegenerative disorders.
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1.4.3. 18F-Labeled AAAs Towards Cerebral Tumor Imaging

Central nervous system (CNS) malignancies are the abnormal growth of cells in the spinal cord
or brain tissue. In 2019, the American Cancer Society estimated that the number of deaths
associated with CNS tumors to be approximately 17,500.1% The diverse and complex nature of
the CNS tumors often necessitates a combination of diagnostic and therapeutic techniques
including radiation therapy, surgery, chemotherapy, and immunotherapy. Formerly, cerebral
malignancy treatment consisted of solely radiotherapy and surgery. However, with recent
developments in immunotherapy and chemotherapeutics, the need for rapid assessment of the
therapies by response detection became of crucial importance. In this way, appropriate imaging
is a fundamental component of CNS disease management.

Figure 17. MRI images of a patient with glioblastoma (WHO 1V). The images on the left indicate
tumor presence. The middle images show apparent tumor growth following daily
Temozolamide (75 mg/m?) therapy. The images on the right show reduction of the tumor volume
following Decadron administration (6 mg twice daily) one month later.%

MRI serves to provide images that effectively delineate aqueous tissue structures with
appreciable contrast and high spatial resolution (Fig. 17). Although MRI is well-established in
clinical environments, effective cerebral malignancy identification, and management with
solely MRI remains notoriously challenging. This is often due to anatomical distortions of
healthy brain components in close proximity to the cerebral tumor, providing poor image
contrast quality and structural ambiguity. This phenomenon is known as pseudoprogression:

inflammatory response to therapy, which is near-impossible to distinguish compared to true
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tumor progression.%” In Fig. 17, it appears as though a patient has significantly increased tumor

growth following Temozolamide therapy, followed by tumor reduction one month later.

CE-T1 MRI T2 MRI BE.FET PET
5—-15 min 20 — 40 min

N N NH,
['8F]23

Figure 18. Contrast-enhanced (CE) MRI & [*®F]FET-PET.1%

This occurrence and similar phenomena represent a considerable limitation of MRI towards
cerebral malignancy management. The AAA tracer [*8F]23 emerged as an advantageous tracer
alternative to [*8F]FDG ([*8F]3) towards tumor brain imaging using PET. [*®F]23 is a tracer
derivative of Tyr that exploits the overexpression of LAT1 amino acid transporter prevalent in
tumor cells.?® Healthy cell accumulation of [*®F]23 is considerably lower than tumor

accumulation, allowing the latter to be easily identified in PET images (Fig. 18).

1.4.4. Amino Acids as PET Tracers for Parkinson’s Disease

PD is a neurodegenerative disorder in the central nervous system (CNS) that primarily affects
the motor system.%® However, patients also experience more difficulties with non-motor
symptoms such as behavioral and cognitive problems (e.g. Dementia) over longer periods.!*
Motor symptoms associated with PD arise as a result of cell death in the substantia nigra region
of the brain. This causes the neurotransmitter dopamine to be less prevalent in the regions where
dopamine is released (e.g. the striatum). Although the initial cause of cell death in the substantia
nigra is not fully understood, the build-up of abnormal aggregates of proteins, Lewy bodies, in
the neurons has been demonstrated to have a substantial effect.!** A Lewy body comprises of

the a-synuclein protein as well ubiquitin, aB crystalline, and neurofilament protein.

As of 2015, PD was reported to have affected approximately 6.2 million people, with 117,400

fatal cases.!*2!'® The life expectancy upon PD diagnosis typically ranges from 7-15 years.!*
a3



As there is no cure for PD, the optimum way to prolong life expectancy in patients is by efficient
diagnosis and subsequent treatment planning. As it is known that dopamine levels in the
substantia nigra region in the brain are reduced in patients suffering from PD, an efficient
method that has been developed involves the radiolabeling of L-DOPA (e.g. 6-[*®F]FDOPA.
[*F]3) which can provide diagnostic information using PET imaging. The primary reasoning
behind administering [*8F]3 rather than [*®F]53, is that the amino acid core structure is required
for the molecule to pass through the BBB (Section 1.4.1.).
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2. Aims & Objectives

Efficient radiosynthetic methods for the production of radiopharmaceuticals are urgently
needed to satisfy the increasing demand for clinical diagnostics using PET. Many existing
radiosynthetic protocols towards aromatic amino acid (AAA) PET tracers lack efficacy and are
therefore deemed too impractical for routine clinical applications. As an unfortunate
consequence, the vast potential of ®F-labeled AAAs remains to be fully explored. This work
aims to establish a general procedure for accessing ‘8F-labeled AAAs (Scheme 36). In order to
realize this goal, the following steps should be carried out:

1. The development of efficient synthetic protocols for radiolabeling precursors. Ideally,
the precursors, such as Bpin-substituted Ni-BPX-AAA complexes, should be prepared
in a few steps from commercially available reagents.

2. The optimization of the alcohol-enhanced Cu-mediated radiofluorination of Bpin-
substituted Ni-BPX-AAA complexes.

3. The optimization of deprotection and isolation procedures for the 8F-labeled AAAs.
Feasibility studies of Cu-BPX complexes towards ‘®F-labeled AAA preparations.

5. The investigation of the applicability of Ni-BPX complexes for the preparation of
[8F]FPheSer, a potential imaging agent for the noradrenergic system.

6. Implementation of the established protocol for the preparation of F-labeled AAAs into
an automated radiosynthesis module.

R R
4R, 4 R,

Bpin
0] (N\ 0._0O
s R
/i /M\ :/IjR1 /‘ /M\ :/IjR1 ’ o ~COOH
NI 0 N e T W

| A | Bpi
pin C
R, R, Rs
M = Ni/Cu

Ry Ry R; = H/CH,
A: Alkylation R, = H/Ph
B: Cu-mediated radiofluorination R; = OH/MOMO
C: Hydrolysis/Deprotection R, = CI/H

Scheme 36. Overview of precursor synthesis and radiosynthesis steps.
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For coherency, the respective objectives and strategies discussed herein are divided into organic
preparative (Section 3. 1.) and radiochemical (Section 3. 08.) sections. In order to facilitate the
successful adaption of the ‘®F-labeled AAAs production method for routine clinical application,

emphasis will be placed on optimization concerning the following criteria:

e Starting material costs and commercial availability of the reagents

e Radiochemical yields (RCYSs), molar activities (Am), enantiomeric excess (ee)
e Current good manufacturing practice (cGMP) compliance

e Preparation times

e Reproducibility

e Implementation of the procedure towards automated modules

Following successful preparation, the F-labeled AAAs should be subjected to preclinical
evaluation. An additional focus of the thesis concerns the development of the promising
prosthetic group 4-[*®F]fluorophenylboronic acid via Cu-mediated radiofluorination. The latter
BE_synthon has been recently reported to enable site-specific peptide/protein labeling via
Suzuki-Miyaura coupling (SMC) (Scheme 37).°° However, limitations of the literary

preparation of [*F]80, include arduous multi-step precursor preparation and low RCYs.

Scheme 37. Site-specific labeling of biomolecules using prosthetic group [*¢F]80.1%
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3. Results & Discussion

3.1. Preparation of Alkylating Agents

HO HO MOMO

Pinacol - MOMBr
g-OH Et,0, Molecular sieves Bpin DIPEA, CHCly Bpin

|
OH

115 116, 98% 117, 90%

Scheme 38. The preparation 117.

The synthesis towards alkylating agent 119 commenced with the pinacol protection of the

commercially available (4-hydroxy-2-methyl)phenylboronic acid (115) using 4 A molecular

sieves in Et20, the reaction proceeded with near quantitative yields (Scheme 38). The methoxy-

O-methyl-protection (MOM) of 116 was achieved using bromomethyl methyl ether (MOMBI)

and N,N-diisopropylethylamine (DIPEA) in CH2Cl2. The MOM-PG was chosen to facilitate the

global acidic deprotection of the radiofluorinated Ni-BPX-AAA during the radiosynthesis.
MOMO MOMO MOMO

NBS, AIBN, hv -
Bpin  Cyclohexane, 30 °C, 4 h Bpin

Bpin
Br Br Br
17 118, 85% 119
Scheme 39. Preparation of alkylating agent 118.
The radical bromination of 117 in a quartz reaction vessel using N-bromosuccinimde (NBS),
azobisisobutyronitrile (AIBN), and an irradiating light source (550 W) afforded the alkylating
agent 118 in high yield (Scheme 39) and trace amounts of side product 119. MOM-protection
of the commercially available 3-bromo-4-methylphenol (120) was achieved using a prepared
2.1 M MOMCI solution in toluene and DIPEA (Scheme 40).11® Thereafter, the Suzuki-Miyaura

borylation of 121 under inert conditions allowed the compound 122 to be accessed in 63% yield.

"o 8" mowmc, pipea _ MOMO B pd(dppf)CH,Cl, Bopin, MOMO Bpin
CH,Cly, 0 °C-rt, 24 h KOAc, DMF, 70 °C

120 121, 93% 122, 63%

Scheme 40. The preparation of 122.

The radical bromination of 122 was carried out similarly to the previously described protocol
to furnish the alkylating agent 123 with moderate yield (Scheme 41). Moreover, the para-

position of the MOM-PG proved to have a profound negative influence on the stability of the
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product (123). A possible explanation could be that partial MOM-deprotection occurs during

the radical bromination, giving rise to side-products and associated impurities.

. MOMO Bpin
MOMO Bpin NBS, AIBN, hv
Cyclohexane, 30 °C, 4 h

122

Br
123, 68%

Scheme 41. Preparation of the alkylating agent 123.

Alkylation of the commercially available 124-126 upon 86 and 87 afforded the desired

diastereomer (S,S)-Ni-BPX-AAA complexes (127a-c) in good Yyields.

Despite both

diastereomeric NiBPX-AAA complexes being formed upon alkylation, the isolation of the

desired (S,S)-Ni-BPB-AAA diastereomers 127a-j was easily achieved by column

chromatography and recrystallization (Scheme 42).

Rs3

Ph

Z:;jkk o Bpin Z:::k§>
:Ii Br O/E\N/

0.0
Ni R

R3

119, 123-126 _ N Bpin
©/km NaH, DMF/MeCN, 0 °C-rt, 2 h @Rz

(S/R)-Ni-BPX (86, 87)

127a-i

Scheme 42. Alkylation of upon (S/R)-Ni-BPX complexes.

Entry Alkylating agent Ni-BPX complex

1 124, Rz = H, 0-Bpin 86, Rt=H R2=Ph

2 125, Rz = H, m-Bpin 86, Rt=H R2=Ph

3 126, Rs = H, p-Bpin 86, R1=H R2=Ph

4 119, R3 = 5-OMOM, 2-Bpin 86, Rt=H R2=Ph

5 123, R3 = 4-OMOM, 2-Bpin 86, Rit=H R2=Ph

6 124, Rz = H, 0-Bpin 87,Ri1=CHs, R2=H
7 125, Rz = H, m-Bpin 87,R1=CH3, R2=H
8 126, Rs3 = H, p-Bpin 87, R1=CHs, R2=H
9 119, R3 = 5-OMOM, 2-Bpin 87,Ri1=CHs, R2=H

Product
127a
127b
127c
127d
127e
127f
1279
127h
127i

Yield (%)
78
81
85
78
40
72
76
79
46

Table 3. Preparation of Bpin-substituted Ni-BPX complexes 127a-i via alkylation.
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3.2. Preparation of Reference Compounds

Reference compounds are the non-radioactive fluorinated (*°F) compounds used for product
confirmation by chromatographic analysis. Moreover, reference compounds are required to
construct the calibration curves needed for the carrier amount or As determination of an 8F-
labeled product. Most of the AAA reference compounds, including 2-4-FPhe, 6-FMT, and 2-

FTyr, were commercially available in either L-AAA or racemic (L & D) enantiomeric forms.

MOMO F
HO F mowmsr, pipea _ MOMO F NBS, AIBN, hv
CHoCly, tt, 24 h Cyclohexane, 30 °C, 4 h

Br

128 129, 78% 130, 63%
Scheme 43. Preparation of the alkylating agent 130.

However, some of the Ni-BPX-AAA and o-Me-AAAs reference compounds required
preparation. MOM-protection of the commercially available 3-fluoro-4-methylphenol (128)
allowed 129 to be accessed in good yield (Scheme 43). Thereafter, radical bromination of 129
was carried out wusing NBS and AIBN to furnish 2-(2-(bromomethyl)-4-
(methoxymethoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (130), which was purified
by column chromatography and quickly used in the following alkylation reaction due to

stability concerns.

Ni-BPX-AAA reference compounds were prepared in a similar manner as previously described
to furnish the diastereomeric Ni-BPX-AAAs (127a-c), whereby the commercially available
131-133 were employed as alkylating agents. Mrs. Elizaveta Urusova prepared 134b. The
synthetic route towards the a-Me-AAA reference compounds proceeded with the alkylation
reaction upon (S)-Ni-BPB-(RS)-Ala (87) with excellent yields (Scheme 44).1Y

Koo T
Ny P

e T C““ R

130-133 _
[f:j/i\Rz NaH, DMF/MeCN, 0 °C-rt, 2 h [:EJ/J\ 2

(S)-Ni-BPX (86, 87) 134a-f

Scheme 44. Alkylation of 130-133 upon 86 and 87./
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Entry Alkylating agent Ni-BPX complex Product Yield (%)

1 131, R3=H, o-F 86, R1=H R2=Ph 134a 72
2 132, Rs=H, m-F 86, Rt=H R2=Ph 134b 78
3 130, R3 = 4-OMOM, 2-F 86, R1=H R2=Ph 134c 64
4 131, R3=H, o-F 87, R1=CHs, R2=H 134d 74
5 132, Rs=H, m-F 87,R1=CHs, R2=H 134e I
6 133, Rz =H, p-F 87,R1=CHs, R2=H 134f 82

Table 4. Preparation of reference compounds 134a-f via alkylation.

3.3. Preparative Strategies Towards 6-[18F]FDOPA Precursor

OPG
PGO Ph

|
©/kph ©/kph o

(S)-Ni-BPB-Gly, 86
Scheme 45. Overview of the proposed synthetic route towards a 6-[*3F]FDOPA precursor.

A couple of synthetic strategies towards a 6-[*®F]JFDOPA precursor were attempted (Scheme
45).

3.4.1. Synthetic Route A

The initial synthetic route commenced with the acetal protection of the 4-methylcatechol (135)
using acetone, phosphorous trichloride in benzene (Scheme 46). Acidic deprotection of the
acetal PG was found to be achieved under similar conditions as the MOM-PG. Therefore, the
global acidic deprotection of the Ni-BPB-AAA complex and the catechol moiety could be
achieved during radiosynthesis. Following protecting group incorporation, aryl iodination of
136 using iodine and silver sulfate in EtOH was successfully carried out in 51% vyield. For this
step, the dropwise addition of the iodine in EtOH into the reaction mixture was necessary to
maintain a low reaction temperature. In this way, the formation of a diiodinated product was

minimized.
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HO PCl;, acetone ><O lp, Ag;SO, O |
Benzene, rt, 18 h EtOH, 0 °C-rt, 18 h ><
HO o o
135 136, 79% 137, 51%

Scheme 46. Synthesis of aryl iodide 137.

The Suzuki-Miyaura borylation (SMB) of 137 afforded 138 in good yield. The subsequent
radical bromination step using NBS and AIBN was carried out in cyclohexane to prepare the
appropriate alkylating agent 139. Although 139 was successfully formed (Fig. 19), the radical
bromination reaction was found to generate many degradative products, and we failed to isolate

139 successfully (Scheme 57).

><O ' Pd(dppf).CH,Cly, Bopin, >< Bpin _NBS, AIBN.
O KOAC, DMF, 70 oC Cyclohexane

137 138, 69% 139

Scheme 47. Attempted preparation of alkylating agent 139.

It was thought that varying the temperature, radical initiator (AIBN) concentration or reaction
solvent would provide product stability. However, without success, we turned our attention to

alternative catechol protecting groups.
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Figure 19. Superimposed NMR spectra of starting material 138 (green) and 139 (red). Product
formation is evident due to the appearance of the benzylic bromide peak at 4.94 ppm.

As discussed previously, labile PGs in the para position to the benzyl position presented a
considerable stability issue upon radical bromination. In order to circumvent this problem, we
succeeded in substituting the acetal-PG for both Boc- and MOM-PGs (Scheme 47).

RO Bpin RO Bpin
Ij/\ P NBS, AIBN :@%
77 -
RO Cyclohexane RO

Br
R = MOM-, 140 R = MOM-, 142
R = Boc-, 141 R = Boc-, 143

Figure 20 & Scheme 47. TLC indicating product decomposition following attempted radical
bromination.

Despite the alternative PGs being employed, radical bromination was still not achievable under
the revised conditions (Fig. 21). After several further attempts had failed, the synthetic route
was abandoned.
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Figure 21. Radical bromination reaction apparatus.

Although MOM-PGs provide rapid deprotection under acidic conditions and are ideal for
radiosynthetic purposes, we experienced several instability issues with some of the MOM-
protected compounds despite keeping them stored at —8 °C and under Ar. Accordingly, Wuts
et al. reported the sensitivity of MOM-PGs towards I, Brz, and Cl2.1® As quite a number of the
reactions in this work are brominations, iodinations or generate HBr (alkylation), in some cases
we were forced to apply the MOM-protected compound to the subsequent reaction in order to

avoid product losses.

3.4.2. Synthetic Route B

PB Ph
N T OMOM  Bypin, : T OMOM
O/\N N K N/

I
[f:]/i\Ph | Ph Bpin

144 145

Scheme 48. Intended synthetic route towards target 145 via late-stage borylation.

A second synthetic route towards a [*8F]3 precursor (145) focused on the late-stage introduction
of the Bpin LG via SMB (Scheme 48). Initially, the radical chlorination of 146 was carried out
(Scheme 49) towards the benzylic chloride 147. Unfortunately, no evidence of product
formation was obtained despite multiple attempts. Radical bromination of 146 resulted in the
deiodination of the compound.
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XA = X Dﬁ
(0] I Cyclohexane, hv
146 147

Scheme 49. Attempted radical chlorination of 146

MOM-protection of 4-methylcatechol (148) using MOMCI and DIPEA in cyclohexane
afforded 149 in good yields (Scheme 50). lodination of 149 was found to give rise to selective
deprotection, as described by the group of Keith et al.}*® Owing to the impractical nature of this
occurrence and the relatively expensive Ag2SOg, pursuit of the aryl iodide 150 via this synthetic

pathway was abandoned.

HO MOMO MOMO
j@/ MOMCI soln. .~ j@/ I, AQZ/SO4 :@i
HO DIPEA, CH,ClI, MOMO EtOH, 0 °C-rt MOMO |

148 149, 81% 150

Scheme 50. Preparation of 150.

With the exchange of the PGs, the aryl iodide 146 was converted to 150 via deprotection using
TFA, followed by MOM-protection using MOMCI (Scheme 51). However, the radical
bromination of 150 gave rise to multiple unstable products (Scheme 52). Therefore, with the

successful preparation of a suitable alkylating agent, synthetic route B was also discontinued.

MOMO
MOMCI soln DIPEA CH20I2 MOMO |

150, 61%

Scheme 51. PG-Substitution to afford 150.

MOMOI:( NBS, AIBN, hv MOMOI)?Br 86, NaH
- |l | eeees > 144
MOMO | Cyclohexane, 30 °C-rt MOMO | DMF/MeCN

150 151

Scheme 52. Attempted radical bromination towards 151.
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3.5. Preparation of (R)-AAA Tracer Precursor

The use of (R)-Ni-BPB complexes allows the (R)-AAA enantiomer to be accessed. The role of
non-natural D-amino acids is not fully understood to date; there have been conflicting reports
in the literature surrounding their function and metabolism. The development of an *8F-labeled
D-AAA may reveal new metabolic pathways to be exploited for tumor detection using PET.12

Bpin
Ph P
N, 0.0
s
(T ““
/
O~ 'N NI
@Ph NaH, DMF/MeCN Bpin
Ph
(R)-Ni-BPB-Gly, 88 152, 78%

Scheme 53. Preparation of 3-(R)-[*®F]FPhe precursor 152.

Alkylation of 125 upon the 88 was achieved in 78% yield (Scheme 53). The commercially
available alkylating agent 125 was purposefully selected, as the initial PET measurements in
healthy rat models indicated that the 3-position for ®F-labeled AAAs provided the highest brain

uptake values (see Appendix).
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3.6. Preparation of (S)-AAA Tracer Precursor Using Cu-BPB-Gly Complexes

Cu-BPB complexes have been demonstrated to be suitable alternatives to Ni-BPB complexes.’
Schneider et  al. described  the use of  the ligand (S)-2-(N-(2-
methylthio)benzylprolyl)aminobenzophenone to prepare a five-coordinate Cu-BPB-Gly
complex (93). As Cu would be used for Cu-mediated radiofluorination, and now, as a Cu-BPB

auxiliary, a single trace metal would be used for the entirety of the AAA tracer preparation.

Y

0._0 (1
: N‘C‘( T N 125 : N‘C/OTO
N N A

o)
I NaH, DMF/MeCN |

(S)-Cu-BPB-Gly, 93 153
Scheme 54. (S)-Cu-BPB-Gly complexes towards radiolabeling precursor 153.

From a cGMP perspective, the advantageous omission of Ni would negate the required testing
for an additional trace metal. The synthesis of suitable Cu-BPB complexes for the precursor
synthesis was investigated. Initially, alkylation of 125 upon 93 did not proceed, and we searched
for alternative Cu-BPB complexes (Scheme 54). Saghiyan et al. reported the use of (S)-N-(2-
benzoylphenyl)-1-(3,4-dichlorobenzyl)pyrrolidine-2-carboxamide  (3,4-DCBPB)  towards
enhanced asymmetric synthesis of a-amino acids.!?* The chlorinated benzyl substituents
afforded the desired (S,S)-diastereomer upon alkylation. Accordingly, the alkylation of 125
upon 87 afforded the precursor 154 in moderate yield (Scheme 55).

Cl . Cl
Cl Bpin Cl

Br .
< :N\ 0.0 125 N, 0.0 Bpin
I Cu ' - Cu
= / \ :/|/ NaH, DMF/MeCN /— / \ :/|/
0“>N N 07N N %
Ph Ph
Cl Cl

(S)-Cu-BPB-Gly, 89 154, 61%

Scheme 55. (S)-Cu-BPB-Gly complexes towards *8F-labeled AAAs.
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One drawback of this approach is the paramagnetism of Cu-BPB complexes, therefore making

them unsuitable for NMR analysis.

3.7. Preparations Towards [18F]FPheSer

A
Ph | —Bpin

{

PB
o 0. _0
N T o " 2% =
A U - )
0“ >N N VAN

\\/

' | ©OH Bpin
Ph Ph

(S)-Ni-BPB-Gly, 86
Scheme 56. Prospective preparation of [*®F]FPheSer precursors.

The facile preparation of the previous Ni-BPB-AAA precursor compounds prompted the
investigation of potential noradrenergic tracers based on their analogous structure to
noradrenaline (123) (Fig. 16). Moreover, aldol reactions upon Ni-BPB complexes had been
previously reported in the literature.” Using an (R)-Ni-BPB complex (e.g. 88), one can
selectively access the desired (2S,3R)-stereoconfiguration in the final ®F-labeled AAA via aldol
reaction, and deprotection. Although using an (S)-Ni-BPB-Gly would generate the alternative
PheSers containing the “non-natural” (2R,3S)-stereoconfiguration, these initial reactions were
carried out as a proof-of-principle synthesis in order to ensure the aldol reaction proceeded
under the desired reaction conditions. Accordingly, PheSer-based AAA tracer precursors were
perceived to be accessed upon aldol reaction of suitably-substituted benzaldehydes upon (S)-
Ni-BPB-Gly complexes (86) (Scheme 56). Initially, the preparation of the corresponding

reference compounds 156 and 158 were carried out prior to the precursor (Scheme 57).
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Scheme 57. Aldol reactions upon Ni-BPB complexes.

3.7.1. Synthetic Route A

0 Ph 2z
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Figure 22 & scheme 58. Attempted aldol reactions upon 86, and corresponding TLC.

Despite the successful preparation of 156 and 158 via aldol reaction upon 86, the aldol reactions

using boronic acid and Bpin-substituted benzaldehydes proved far more challenging (Scheme

58). Although there was evidence of product formation, rapid degradation was observed despite

altering the base concentration, employing several additives (e.g. DABCO), and augmenting

the reaction temperature (Fig. 22).
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3.7.2. Synthetic Route B
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Scheme 59. Aldol reaction of 159 upon 86.

A secondary approach towards a suitable [*®F]FPheSer precursor involved the aldol reaction of
3-iodobenzaldehyde (159) upon 86 (Scheme 59). Unfortunately, the Suzuki-Miyaura borylation
of 160 failed to access the desired precursor 161 (Scheme 60).
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Scheme 60. Attempted aryl borylation towards 161.

3.7.3. Synthetic Route C

Due to the unsuccessful aldol reactions of boron-containing benzaldehyde, a number of
arylstannanes derivatives (163) and (166) were synthesized. As previously described,
arylstannanes are also substrates of Cu-mediated radiofluorination and act as viable alternatives

to aryl-boronic acids and Bpin-substituted arenes.
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Scheme 61. Preparative procedures towards stannylated benzaldehydes 163 and 166.1%2

The stannylation of 162 afforded the desired 163 in excellent yield.??> The MOM-protection of
the commercially available 164 furnished 165 in 31% yield. Thereafter, the stannylation of 165
allowed 166 to be accessed in 28% yield (Scheme 61). The aldol reactions of 163 and 166 upon
86 were found to proceed well, allowing the desired Ni-BPB-AAA precursors to be accessed
in good yields (Scheme 62). Unfortunately, it was found that these stannylated Ni-complexes
showed signs of instability, irrespective of being kept under argon and being stored in a
refrigerator (-8 °C). This was mirrored from the inconsistent high-resolution mass spectrum

(HRMS) results, which indicated complex degradation.
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Scheme 62. Preparation of stannylated precursors 167 and 168.
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3.08. Radiochemistry
3.08.1. Cu-Mediated Radiofluorination

Following precursor synthesis, the radiolabeling of the corresponding precursors was carried
out according to the alcohol-enhanced Cu-mediated radiofluorination protocol. The Cu-
mediator employed for radiofluorination was commercially available [Cu(OTf)2(py)4]. The
optimized alcohol-enhanced Cu-mediated radiofluorination conditions allowed the F-labeled
Ni-BPB-AAAs to be furnished with high radiofluorination rates (Table 4). The radiolabeling

was optimized with respect to temperature, time, and precursor/Cu quantity (Figure 28 & 29).

At a later stage in the project, we began to explore the use of alternative Cu-mediators for
radiofluorination. After some initial screening radiofluorination experiments on model
compounds, we discovered that tetrakis(imidazo(1,2-b)pyridazine) copper(ll) triflate
(Cu(imida) mediator 171) was found to furnish slightly higher 8F-incorporation rates than
[Cu(OTf)2(py)s] in some instances. Although the [Cu(imida)(OTf)] complex is not
commercially available, it was easily prepared from Cu(OTf), (169) and 170 according to the
method described by Antuganov et al. The preparation of 171 was carried out by Niklas Kolks
(Scheme 63).1%

H
Cu(OTf), + 4 J > J Tf),
(OTN SN / i-PrOH, 70 °C to rt, 1 h Cu©

169 170 u(imida) mediator, 171

Scheme 63. Preparation of tetrakis(imidazo(1,2-b)pyridazine) copper(ll) triflate.
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3.08.2. Optimization of 18F-Labeling Conditions
Optimization with respect to reaction temperature was carried out with precursor 127b at
100 °C, 110 °C, and 120 °C. It was found that 110 °C for 15 minutes afforded the highest *éF-

incorporation of the three temperatures (Fig. 23).

18F-Incorporation vs Temperature
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5 10 15 20 25 30
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Figure 23. The dependency of *8F-incorporation on temperature. Conditions: [*F]Fluoride
(~50 MBq) was loaded onto a QMA-COs" cartridge from the male side. The cartridge was
washed with water (1 mL) in the same direction and flushed with air (5 mL). Thereafter, 8F
was eluted from the female side with a solution of E&4NHCO3 (3 mg) in MeOH (0.7 mL). The
MeOH was evaporated under a flow of air within 5 min. A solution of 127b (10 umol) and
Cu(OTf)2(py)s (13.6 mg, 20 pumol) in n-BUuOH/DMA (1:3, 750 pL) was added, the reaction
mixture was heated at the corresponding temperature for 15 min under air, diluted with water

(1 mL) and analyzed by HPLC. All experiments were carried out in triplicate.
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Figure 24. The dependency of ®F-incorporation on Cu mediator concentration. Conditions:
[*8F]Fluoride (~50 MBq) was loaded onto a QMA-COs" cartridge from the male side. The
cartridge was washed with water (1 mL) in the same direction and flushed with air (5 mL).
Thereafter, 8F was eluted from the female side with a solution of EtaNHCO3 (3 mg) in MeOH
(0.7 mL). The MeOH was evaporated under a flow of air within 5 min. A solution of 127b (10
pmol) and the corresponding Cu(OTf)2(py)s amount in n-BUOH/DMA (1:3, 750 uL) was added,
the reaction mixture was heated at the 110 °C for 15 min under air, diluted with water (1 mL)

and analyzed by HPLC. All experiments were carried out in triplicate.

The relative concentration of the Ni-BPB-AAA precursor with respect to the concentration of
the Cu-mediator was found to have a profound impact on the rate of ®F-incorporation. The
optimization of the Cu-mediator concentration was carried out whilst bearing in mind that the
Cu-content in the '8F-labeled AAA solution should be as low as possible. Optimization with
respect to the equivalents of [Cu(OTf)2(py)s] was carried out with precursor 127b at 110 °C. It
was found that the application of 2 molar equivalents of [Cu(OTf)2(py)4] at 110 °C for 15
minutes afforded the highest F-incorporation among the tested conditions (Fig. 24). The data
obtained correlated with the n-BuOH/DMA solvent ratio of (1:3) as outlined in the alcohol-

enhanced manuscript by Zischler et al.*®
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3.08.3. Cu-Mediated Radiofluorination of Ni-BPX-AAA Complexes
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R1 = H/CH3
R, = H/Ph
R3 = MOMO/OH

Scheme 64. 8F-Incorporation rates via Cu-mediated radiofluorination.

Entry | Ni-BPX-AAA Precursor RCC (%) (n=4)
1 127a, Ry, R3= H, Rz = Ph, 0-Bpin [*8F]134a (92 + 5)
2 127b, Ry, Rs = H, R, = Ph, m-Bpin [*8F]134b (90 + 2)
3 127c, R1,R3 = H, Rz = Ph, p-Bpin [®F]172 (86 * 4)
4 127d, R1= H, Rz = Ph, R3= 5-OMOM, 0-Bpin [8F]173 (90 + 3)
5 127e, R1 = H, Rz = Ph, R3 = 4-OMOM, 0-Bpin [*8F]134c (90 + 6)
6 127f, R1 = CHs, R = H, R3= H, 0-Bpin [8F]134d (84 + 6)
7 1279, Ry = CHs, R, = H, R3 = H, m-Bpin [*8F]134e (89 £ 7)
8 127h, Ry = CHs, Rz = H, Rs = H, p-Bpin [F8F]134f (92 + 4)
9 127i, Ry = CH3, R2 = H, R3 = 5-OMOM, 0-Bpin [®F]174 (84 + 3)

Table 5. ¥F-Labeling: Ni-BPX-AAA (127a—i, 10 pmol), Cu(OTf)2(py)s (20 umol), [*BF]F-
[EtsNHCO3 (50-1500 MBq), 250 uL n-BuOH/750 uL DMA, air, 110 °C, 15 min. All experiments
were carried out at least in triplicate. Radio-HPLC was used to determine the RCYs, given in

the form of mean * standard deviation.

The radiofluorination of the Ni-BPB-AAA complexes was carried out according to the
aforementioned alcohol-enhanced Cu-mediated radiofluorination protocol (Scheme 64). The

BE.incorporation was found to be very high in all cases (Table 5).
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3.08.4. Optimization of Deprotection Conditions

The final step of the AAA tracer radiosynthesis was the deprotection of the radiofluorinated
Ni/Cu-BPB-AAA intermediates ([*®F]134a—f, [®F]172—174). We found this step to be more
challenging than anticipated, as the deprotection was not proceeding with low concentrations
of HCI, contrary to the literature.”® Moreover, we also required the deprotection reaction to

cleave the MOM-protecting groups present in several precursors.

Initially, we attempted to use C18 cartridges to isolate the !8F-labeled Ni-BPB-AAA
intermediates prior to deprotection. However, it was found that large volumes of MeCN or
MeOH were required to elute the *8F-labeled products from the cartridges effectively. As larger
reaction mixture volumes are typically undesirable, due to lengthy evaporation times and
potential automated radiosynthesis complications, we chose to evaporate the n-BUOH/DMA

prior to deprotection.

We found that the removal of n-BuOH/DMA from the reaction vial prior to the addition of HCI
became a crucial aspect for successful Ni-BPB-AAA decomplexation to occur. The removal of
n-BuOH/DMA under reduced pressure was achieved in 12 min at 110 °C. Thereafter, 1 mL 12

M HCI was added to the reaction vial, and the reaction mixture was stirred at 110 °C for 15 min.
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Figure 25. Deprotection of 8F-labeled Ni-BPX-AAA intermediates at 110 °C.

The deprotection step was optimized with respect to time, temperature, and HCI concentration.
It was found that 12 m HCI (1 mL) at 110 °C for 15 min provided the highest deprotection yield
(Fig. 25) (Scheme 65). Exceeding any of these parameters usually resulted in lower RCY's or
the infeasibility of the method towards automated module implementation.
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Scheme 65. Optimized deprotection of radiofluorinated intermediate complexes.

Successful deprotection was typically observable by the color change from deep red to pale
yellow. The color change indicates the decomplexation of the radiolabeled Ni(ll)-complex
intermediates, which appear deep red. Following successful deprotection, the stirred HCI
solution was removed from the reaction vial under reduced pressure at 110 °C for 15 min. The
introduction of a base-trap (containing 2 M NaOH), placed after the cold-trap, was required to

remove [*®F]HF formed from the reaction of HCI and unreacted [*®F]fluoride.

One obstacle that we encountered was the formation of a radiofluorinated side-product during
2-[®FIFTyr ([*8F]36), 6-[**FIFMT ([‘®F]28), and a-Me-6-[**F]FMT ([*®F]175) preparations
(Fig. 26). This observation may have been due to a side-reaction initiated by the cleaved MOM-
PGs. Accordingly, the collection of [*8F]36, [*8F]28, and [‘®F]175 product peaks had to be very
precise. Therefore, in these instances, RCY had to been forfeited to obtain RCP >95% in the
products.

00"00 = 02'00  04'00 = 06'00  08'00  10'00  min

cps *1000
4,001 P
2,001
0,00

00"00 = 02'00  04'00 = 06'00  08'00  10'00  min

Figure 26. Chromatogram showing side product formation during [*3F]36 synthesis.
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3.08.5. 18F-labeled AAA Isolation & Purification

The crude 8F-labeled AAA residue following HCI evaporation was dissolved with 1 mL 6%
EtOH solution, and isolated by semi-preparative HPLC. The products were confirmed by the
co-injection of the *8F-labeled AAA and the suitable AAA reference compound.

3.09. General Overview of Radiosynthesis
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Figure 27. A general overview of the major radiosynthesis steps.

The radiosynthetic protocol towards ‘®F-labeled AAA is illustrated in Fig. 27. The outlined

steps include:

I.  ®F-Fixation onto a QMA light carbonate cartridge

I.  Elution of [*8F]F into the reaction vessel using a methanolic solution of EtaNCO3
I1l.  Evaporation of methanol

IV.  Addition of Ni-BPX-Gly and Cu-mediator in n-BuOH/DMA into the reaction vessel
V.  Evaporation of n-BUOH/DMA reaction solvents

VI.  Addition of 1 mL 12 m HCI

VII.  Evaporation of acidic solution and HPLC purification
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3.10. Preparation of 18F-Labeled AAAs Using (S or R)-Ni-BPX-AAA
Complexes

C\N\ e 1) ['°FIF",[Cu(OTf)z2(py)a] "
: f&/@ 2) n-BuOH/DMA, 110 °C, 15 min P S COOH
3) 12 M HCI, 110 °C, 15 min ®/E<NH2
Bpin R,
Ry = H/CH3
R, = H/Ph
R; = MOMO/OH

Scheme 66. Preparation of ®F-labeled AAAs using (S)-Ni-BPX-AAA complexes.

Entry | Ni-BPX-AAA Precursor RCY (%) (n =6)
1 127a, R1,Rs=H, R2 = Ph, 0-Bpin [*®F]35 (52 + 6)
2 127b, R1, Rs = H, R, = Ph, m-Bpin [*8F]68 (58 + 2)
3 127¢, R, R3= H, R, = Ph, p-Bpin [8F]74 (56 + 4)
4 127d, R1= H, Rz = Ph, Rs = 5-OMOM, 0-Bpin [*F]28 (26 + 5)
5 127e, R1 = H, Rz = Ph, R3 = 4-OMOM, 0-Bpin [*8F]36 (25 + 5)
6 127f, R1 = CHs, R, = H, R = H, 0-Bpin [8F]176 (50 + 3)
7 1279, Ry = CHs, Rz = H, Rz = H, m-Bpin [*F]177 (56 + 4)
8 127h, Ry = CHs, Rz = H, Rs = H, p-Bpin [8F]178 (53 £ 4)
9 127i, R = CHs, Rz = H, Rs = 5-OMOM, 0-Bpin [BF]175 (42 £ 7)

Table 6. 18F-labeled AAA products.

The application of the optimized radiosynthesis conditions furnished the 8F-labeled AAAs in
20-60% RCY, with ee > 95%, and RCP >95% (Scheme 66). Similarly, the applied protocol
using a Bpin-substituted (R)-Ni-BPB-AAA precursor yielded [®F]179 (Scheme 67).

Ph
N OO 1) ["°FIF"[Cu(OT;(py)a] .

NG 2) n-BuOH/DMA, 110 °C, 15 min F _~-COOH

o~ N N _ 3)12MHCI, 110 °C, 15min NH,

Bpin
@Ph
['8F1179
152 RCY: 48-52%
ee: >95%

Scheme 67. Preparation of 3-(R)-[*®F]FPhe ([*®F]179).
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3.11. Preparation of 18F-AAA Tracers Using a Cu-BPX-AAA Complex

Cl
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Cl RCY: 42 + 2%
154 ee: >95%

Scheme 68. Preparation of [®F]68 using Cu-BPB complexes.

The established radiosynthetic protocol using a Bpin-substituted Cu-BPB-AAA precursor also
afforded [‘®F]68 in good RCY and excellent purity (Scheme 68). However, the deprotection
step appeared to be more challenging in this instance. Thus, [*®F]68 was obtained in a lower
RCY than from the Bpin-substituted Ni-BPB-AAA precursor (127b) derivative. Nevertheless,
the employment of Cu- instead of Ni-containing precursors has the advantage of requiring only

a single trace metal determination as part of radiopharmaceutical QC analysis.
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3.12. Preparation of 3-[18F]FPheSer
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‘ 167, p-Sn(CH3)3 R = H, ’ ['8F]180, p-'8F, R = H, ’

168, m-Sn(CH3); R = MOMO ['8F]181, m-"8F, R = MOMO

Scheme 69. Attempted radiofluorination of 167 and 168.

Despite the successful preparation of precursors 167 and 168 via aldol reaction of trimethyltin-
substituted benzaldehydes upon 86, the instability of the compounds proved to be a significant
limitation. This was reflected by the precursor degradation that was observed during MS
characterization. Unfortunately, Cu-mediated radiofluorination of the trimethyltin-substituted
Ni-BPB-AAA precursors provided no evidence of a radiolabeled product (Scheme 69).
Similarly, the radiofluorination protocol reported by Zarrad et al. failed to produce the desired
18F-labeled Ni-BPB-AAA intermediates.>” One possible explanation for this failure may be that
the acidic proton from the B-hydroxyl group interfered with the Cu-mediated radiofluorination
mechanism. However, it is more likely that the Sn(CHs)s group sensitivity or complex

instability was responsible.

OH © ] OH ©
8o S 1) [°FIF", [Cu(OT)(py)d] 18E ")
meOtBu 2) n-BuOH/DMA, 110 °C, 15 min R) OH
NHBoc 3) 12 M HCI, 110 °C, 15 min NH;
182 ['8F1114
RCY: 55 + 3%
RCP: >95%
de: >95%

Scheme 70. Preparation of [*®F]114.

A final attempt towards [*F]114 was carried out using a Boc-protected precursor 182 (prepared
by Mrs. Elizaveta Urusova). Using the established alcohol-enhanced Cu-mediated
radiofluorination protocol, [*®F]114 was obtained upon the deprotection of the radiolabeled
intermediate ([*®F]183) in very high RCY with excellent RCP and de (Scheme 70).
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3.13. Preparation of 7-[18F]FTrp

0 i 0
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Scheme 71. Preparation of ['®F]185.

The established radiosynthetic method was additionally applied towards the preparation of 7-
[*®F]FTrp ([*®F]185) from the precursor 184 (provided by Niklas Kolks) (Scheme 71). Schifer
et al. described how [‘®F]185 can be applied for the visualization of Trp-accumulating tumors
using PET.% However, the application of the established protocol furnished [®F]185 upon
deprotection of the radiolabeled intermediate ([*3F]186) in a lower RCY than the reported value

in the literature.

3.14. Preparation of Prosthetic Group [18F]FPBA
OH 18

I F
B ~OH Cu-mediated radiofluorination
-------------------------- > HO. g
HO< B

]
] HO

HO
187 ['®F]180
Scheme 72. Proposed reaction scheme towards the prosthetic group [*®F]80.

Finally, this work sought to optimize the preparation of the promising prosthetic group 4-
[*8F]fluorophenylboronic acid ([*®F]FPBA, [*®F]80), a powerful 8F-synthon for site-specific
Suzuki-Miyaura coupling (Scheme 72). Initially, the established Cu-mediated radiofluorination
protocol was applied towards the preparation of [®F]80. Despite unexpectedly rapid
radiofluorination (ca. 50% RCY in 0.5 min), product degradation and the generation of side-
products limited this protocol (Fig. 28). The presence of n-BuOH was found to be one source
responsible for rapid side-product formation. Possibly, this may be due to the reactive nature of

a bisboronic acid substrate, and a Cu(ll) complex in the presence of a tertiary alcohol.
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Figure 28. Radio-HPLC traces showing unreacted [*F]F, [*®F]80, and an unknown
radiolabeled impurity: A) After 0.5 min, B) after 30 min. Gradient Al (see Experimental

section).
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Figure 29. ®F-Incorporation with and without n-BuOH.

Although the use of pure DMA afforded more product stability, it was clear that degradation
also occurred from some other source (Fig. 29). The degradation was identified to be related to
the Cu-mediator concentration in the reaction mixture. The standard Cu-mediated
radiofluorination procedure towards ®F-labeled AAAs uses two molar equivalents of the Cu-
mediator to furnish the AAA tracer in high RCYs. However, it became evident that a secondary
reaction concerning the boronic acid motif of [*3F]80 occurs, due to a subsequent Cu-mediated
pathway. In this way, we encountered a synthetic dilemma whereby the Cu-mediator is required
for successful radiofluorination, yet is simultaneously responsible for product degradation. In
any case, we attempted to establish a radiofluorination procedure with lower concentrations of
[Cu(OTf)2(py)s] to minimize product degradation. Unfortunately, this approach was found to

substantially reduce the RCY, and ultimately rendered the procedure redundant.
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In order to overcome this limitation, we turned our attention to the Antuganov approach towards
the 8F-labeling of arenes (Fig. 10).5! As this protocol employs DMAPOTf and only 0.25 molar
equivalents of Cu-mediator, it was found that side-product formation was largely suppressed,
and the applied method successfully furnished [*8F]80 in high RCYs (as determined by HPLC)

within 15 minutes.

The radiosynthetic procedure towards [*®F]80 was further optimized with respect to Cu
equivalent amount, Cu-mediator type, and temperature (Figs. 30-32) (Scheme 73).
Interestingly, the use of the Cu(imida) (171) instead of [Cu(OTf)2(py)4] provided significantly
reduced RCCs.

18F-incorporation using DMA and DMAPOTf
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Figure 30. ®F-Incorporation using the Antuganov approach.
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Figure 31. The dependency of ®F-incorporation on Cu mediator concentration.
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Reaction temperature optimization
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Figure 32. The dependency of ®F-incorporation on temperature.
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Scheme 73. The preparation of [8F]80.

Retrospectively, we revisited our previous synthetic dilemma concerning the highly reactive
nature of [*8F]80 in the presence of a Cu(ll) complex and sought to harness the reactivity of
[*8F]80 to our advantage. Accordingly, we were attracted by the possibility of developing a one-
pot radiolabeling and cross-coupling reaction, and now looked to classical Cu-catalyzed

synthesis procedures (e.g. Chan-Lam coupling) for suitable reactions (Scheme 74).

OH N
! 18 R 8
B F =
~OH
/©/ [18F] /©/ Cu(ll) complex
HO-< > HO._ -~~~ TTTTTToTTTooooTos > A
B Cu-mediated B DMA RA-
HO radiofluorination HO =
187 ['8F180 ['8F]188

Scheme 74. Proposed one-pot two-step preparation.

Despite several initial attempts to instigate the secondary cross-coupling reaction, our efforts
were met with failure. Irrespective of these early setbacks, we intend to explore this promising

pathway further in the future.
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3.15. Automated Synthesis

MEDH TEAQTF Cu+Pre. Luft Dcm water HBr  NaOH
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Figure 33. Automated synthesis schematic used to produce AAA tracers.

The preparation of [*8F]68 was exemplarily carried out using an automated module to furnish
the ‘8F-labeled product (Fig. 33). However, a robust radiosynthetic protocol was not established
due to limitations concerning the evaporation of the acidic reaction solvent at 130 °C. In certain
modules, the reactor pressure may be too high to accommodate these temperatures and
pressures. Therefore, longer deprotection at lower temperatures may be a more suitable option
in these cases.
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3.16. 18F-Labeled Product Analysis

The radiochemical and chemical purities of the final products were determined using HPLC.
The retention times (k) of the reference compounds were compared with retention times of the

final products to confirm the successful radiosynthesis of the tracer (see experimental section).

3.17. Carrier Amount & Specific Activity Determination

Following a literary procedure,®® the carrier amounts in the final AAA preparations were
determined as an alternative to the As or Am of the products, which both dependent on
radioactivity amount. The batch of (['®F]68) obtained after HPLC purification was left to stay
for 24 h and thereafter concentrated under reduced pressure. The residue was redissolved in
0.2% H3PO4 in 6% EtOH (1 mL), and 10 uL was injected into the HPLC system. The peak area

was determined, and the carrier amount was calculated according to the calibration curve (A =
210 nm) (Fig. 34).

Calibration curve for [18F]68
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y =0,0032x + 0,3973
R?=0,9797
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Amount (umol)

Figure 34. Carrier amount determination of [®F]68 using HPLC

Peak Area of injected (10 pL) 3-FPhe = 6.96 mAU.
Mass of 3-FPhe per batch: 39.8 ng. Amount of 3-FPhe per batch: 0.22 pmol.

76



3.18. Cu- and Ni-Content Determination

Sample Ni Cu

Mean Amount per Mean [mg/L] | Amount per product

[mg/L] product batch (mg) batch (mg)
2-[*8F]FPhe 0.125 0.004 0.703 0.021
3-[*8F]FPhe 0.215 0.006 1.803 0.054
4-[BF]FPhe 0.041 0.001 0.82 0.024
2-[BF]FTyr 2.016 0.060 4.413 0.013
6-[*°F]FMT 27.4 0.082 84.6 0.2538
o-Me-2-[*®F]FPhe 0.845 0.025 1.213 0.036
a Me-3-[®F]FPhe 9.42 0.028 15 0.045
o-Me-4-[*®F]FPhe 58.3 0.1749 124 0.372
3-[*8F]FPhe* - - 0.248 0.007

Table 7. ICP-MS-Determined Cu & Ni-content of final products.

The presence of Ni and Cu traces in the final product were determined using inductively coupled

plasma mass spectrometry (ICP-MS). This analysis was carried out at the central analytical
department (ZEA-3) in the Jilich research center (FZJ). The table above displays the Cu- & Ni-

content in the final products (Tab. 7).

The trace metal concentrations obtained from these analyses were found to be within the

acceptable range of cGMP guidelines. Therefore, the established radiosynthetic protocol

furnishes !8F-labeled AAAs in ready-to-use solutions, which can be directly applied for

preclinical evaluation.

*Qbtained using the Bpin-substituted Cu-BPB complex 154.
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4,

Conclusion

This work describes a general protocol for the preparation of a number of structurally diverse

1BF-labeled AAAs by applying a combination of late-stage alcohol-enhanced Cu-mediated

radiofluorination with chiral Ni or Cu complexes as precursors (Fig. 35). This protocol provides

significant improvements compared to previously described AAA tracer preparations. The

following objectives were realized:

1.

The Bpin-substituted Ni-BPB complexes are easily accessible on a multi-gram scale
from commercially available starting materials in a few synthetic steps.

Late-stage !8F-incorporation via alcohol-enhanced Cu-mediated radiofluorination
enabled the efficient radiolabeling of Bpin-substituted Ni/Cu-BPX complexes.

The rapid decomposition of the intermediate radiofluorinated Ni/Cu-BPX complexes
was easily achieved under acidic conditions.

The developed HPLC conditions employed aqueous EtOH as the mobile phase enabled
the rapid isolation of the 18F-labeled AAAs in ready-to-use solutions in high RCYs, with
very high enantiomeric and radiochemical purities.

Bpin-Substituted [*®F]FPheSer precursors could not be obtained via a simple aldol
reaction of a Bpin-substituted aldehyde upon Ni-BPB complexes, owing to product
instability.

The alcohol-enhanced Cu-mediated radiofluorination of precursor 182, prepared via
multi-step synthesis, enables the preparation of 3-[*®F]FPheSer, as a novel tracer for the
potential imaging of the noradrenergic system.

Bpin-Substituted Cu-BPX precursors can also be used for the preparation of 8F-labeled
AAAs. This approach has the advantage of using a single trace metal for AAA tracer
preparation.

The established radiochemical protocol is well-suited for implementation into an
automated radiosynthesis module, thus facilitating the routine cGMP production of the
1BF-labeled AAAs. Despite the successfully preparation of [*8F]68 using an automated
module, a robust fully-automated protocol has yet to be established.

Cu-Mediated radiofluorination enables the one-step preparation of [®F]FPBA, a

prosthetic group for subsequent conjugation to biopolymers.
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Figure 35. Overview of tracer products and prosthetic groups with their associated RCYs.

To conclude, alcohol-enhanced Cu-mediated radiofluorination of BPin-substituted Ni/Cu-
BPX-AAA complexes is a powerful and practical procedure for the rapid production of
structurally diverse '®F-labeled AAAs. The attractiveness of the method is highlighted by the
accessibility of the radiolabeling precursors in a few synthetic steps and high RCYs. The single-
step preparation of the prosthetic group [*®F]JFPBA from a commercially available compound

is a further achievement of this work.
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5. Experimental

5.1. Organic Synthesis

If not otherwise stated, all chemical compounds, including reference compounds and solvents
were obtained from Merck (Sigma-Aldrich, Germany), Thermo-Fisher Scientific (Alfa Aesar
and Acros, Germany), Fluorochem (United Kingdom). They were used directly without prior
purification. Thin-layer chromatography (TLC) experiments were carried out using pre-coated
plates of silica gel 60 F254 (Merck, Darmstadt, Germany), and were analyzed under a UV lamp
at 254 nm. Moisture sensitive reactions were carried out in pre-heated glassware (2 h at 140 °C)
and proceeded under an argon atmosphere. All reactions were stirred magnetically, and the
organic layers were dried over anhydrous MgSOa. *H NMR spectra were collected applying a
Bruker Avance 11 300 (Bruker Corporation, MA, USA) (300 MHz), Bruker Avance (600 MHz),
Bruker Avance 200 (200 MHz), or Varian Inova (400 MHz) spectrometer using CDCls or
(CD3)2S0 as a solvent. *H and *3C chemical shifts are reported in ppm relative to residual peaks
of deuterated solvents. Higher-order NMR spectra were approximately interpreted as first-order
spectra, if possible. The observed signal multiplicities are characterized as follows: s = singlet,
d = doublet, t = triplet, q = quartet, quin = quintet, m= multiplet, and br = broad. Coupling
constants (J) were reported in hertz (Hz). 3C NMR spectra [additional APT (Attached Proton
Test)] were collected via Bruker Avance 11 300 (75.5 MHz), Varian Inova (101 MHz), Bruker
Avance 200 (50.3 MHz), and Bruker Avance 11 600 (125.9 MHz). 1°F spectra were collected
applying a Bruker Avance I 300 and Bruker Avance II 600 (376 MHz), All chemical shifts (9,
ppm) are provided with respect to the residual deuterated solvent peaks. Low-resolution
electron spray ionization mass spectrometry [LRMS (ESI)] analyses of compounds were
obtained using a LTQ Orbitrap XL (Thermo Fisher Scientific, Bremen, Germany). High-
resolution electron spray ionization mass spectrometry [HRMS (ESI)] analyses of compounds
were obtained using a Fourier-transform ion-cyclotron resonance LTQ FT Ultra (Thermo Fisher
Scientific, Bremen, Germany). Low resolution electron impact ionization mass spectrometry
gas chromatography (LRMS/GC) analyses were carried out using a 1SQ GCMS system
(Thermo Fisher Scientific, Bremen, Germany) equipped with ISQ (single quadrupole
massspectrometer) and Trace 1310 (GC-chromatograph) under following conditions: ionization
potential: 70 eV; detecting ion polarity: positive; scan: m/z 50-500; GC column: Optima 5
Accent 30 mx0.25 mm IDx0.25 um FD (Macherey-Nagel, Diren, Germany), temperature
gradient (°C): 0-5 min: 70; 5-10 min: 70—270; 10-15 min: 270; GC injector + transfer line:
isotherm 300 °C; flow rate (carrier gas): 1.2 mL/min (He, splitting: 1:10). High resolution
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electron impact ionization mass spectrometry gas chromatography (HRMS/GC) analyses were
carried out using a Exactive GC system (Thermo Fisher Scientific, Bremen, Germany) equipped
with Orbitrap mass analyzer, Trace 1310 (GC-chromatograph) and TriPlus (RSH autoinjector)
under following conditions: ionization potential: 70 eV; detecting ion polarity: positive; ion
source temperature: 250 °C; resolution: 60000; scan: m/z 50-500; GC column: TraceGold-5
SIL MS 30 mx0.25 mm IDx0.25 pum FD (Thermo Fisher Scientific, Bremen, Germany),
temperature gradient (°C): 0—-1 min: 40; 1-17 min: 40—280; 17-22 min: 280; GC injector +
transfer line: isotherm 300 °C; flow rate (carrier gas): 1 mL/min (He, split: 1:20). Elemental
analysis (C, H): Vario MICRO Cube (Elementar Analysensysteme GmbH, Langenselbold,
Germany). Elemental analysis (C, H, O): Vario EL Cube (Elementar Analysensysteme GmbH,
Langenselbold, Germany); analyses were carried out in triplicate.

The C-Bpin signal was unobservable in the **C NMR spectra.

The preparation of the MOMCI solution (2.1 m, 18% w/w, 0.91 g/mL) in toluene was carried
out according to the protocol described by Berliner et al.11

The compounds relevant to this work prepared by either Niklas Kolks or Elizaveta Urusova are

shown in Fig 36.

Cl

Ph
[:) 0
- N\Nf/
A S

To 0__0 0__0 -

SN :/[ Ni f N

>/ VAR (@) N N
N o \N 0N N

o) N |
| I | Ph
Ph H Ph
Cl
86 87 88 89
OH O o) H
Bpin (S N
(R) O'Bu ’ O'Bu m Cu(OTf),
NHBoc Bpin 1\ NHBoc NV A
182 184 171

Fig 36. Compounds prepared by Niklas Kolks or Elizaveta Urusova.
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5.1.1.  General Procedure for Alkylation Upon Ni/Cu-BPA-Gly or Ala

(GP1)
NaH (60% suspension in mineral oil) (1.6 equiv) was added in small portions to a solution of

Cu/Ni-(S)-BPA-Gly or -Ala (1 equiv) and the corresponding alkylating agent (1.6 equiv) in
DMF/MeCN (1:2) at 0 °C and the reaction mixture was stirred at 0 °C for 20 min and thereafter,
stirred at room temperature for an additional 2 hours. The reaction mixture was poured into an
ice-cold 0.5 M pH 5.5 sodium phosphate buffer (10 mL), the resulting emulsion was extracted
thrice with EtOAc, and washed thrice with brine. The organic fraction was dried and
concentrated under reduced pressure to give a red residue, which was purified by column
chromatography on silica gel using a gradient elution of acetone/CHCI3 to afford the crude
product which was further purified by chromatography on C18 silica gel using gradient elution
with agueous MeCN and, finally, triturated with EtOAc/hexane to yield green Cu-BPB-AA or
red Ni-BPA-AA solid, respectively.

5.1.2. General Procedure for Aldol Upon (S)-Ni-BPB-Gly (GP2)

NaH (60% suspension in mineral oil) (1.6 equiv) was added in small portions to a solution of
Ni-(S)-BPA-Gly (1 equiv) and the corresponding aldehyde (1.6 equiv) in DMF/MeCN (1:2) at
0 °C and the reaction mixture was stirred at 0 °C for 20 min and thereafter, stirred at room
temperature for an additional 2 hours. The reaction mixture was poured into an ice-cold 0.5 M
pH 5.5 sodium phosphate buffer (10 mL), the resulting emulsion was extracted thrice with
EtOAc, and washed thrice with brine. The organic fraction was dried and concentrated under
reduced pressure to give a red residue, which was purified by column chromatography on silica
gel using a gradient elution of acetone/CHCIs to afford the crude product which was further
purified by chromatography on C18 silica gel using gradient elution with aqueous MeCN and,
finally, triturated with EtOAc/hexane to yield red Ni-BPA-AAA solid.

5.1.3.  General Procedure for Radical Bromination (GP3)

A solution of the corresponding toluene (1 equiv), NBS (1.1 equiv), and AIBN (0.1 equiv) in
cyclohexane (40 mL) was stirred under Ar under irradiation with a light source (550 W) in a
quartz reaction vessel for 3 hours. The reaction mixture was filtered, and the filter cake was
washed with hexane. The organic extract was dried and concentrated under reduced pressure to
give a yellow oil, which was purified by column chromatography on silica gel using a gradient

elution of EtOAc/hexane to give the desired product.
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5.1.4.  General Procedure for Suzuki-Miyaura Borylation (GP4)

A suspension of KOAc (3 equiv), the corresponding aryl halide (1 equiv), B2pinz (1.5 equiv),
and Pd(dppf)Cl2-CH2Cl2 (0.1 equiv) in anhydrous DMF (30—40 mL) was stirred at 70 °C under
Ar for 6 h. The resulting emulsion was cooled to ambient temperature and added to H.O (40
mL) before being extracted with EtOAc (4 x 30 mL). The combined organic fractions were
washed with H2O (4 x 30 mL), brine (4 x 30 mL), dried, and concentrated under reduced
pressure to give the crude product which was further purified by column chromatography to
yield the desired product.

5.1.5.  General Procedure for MOM-Protection (GP5)

A solution of 2.1 M MOMCI solution in toluene (10 mL) prepared according to a literary
procedure!® was slowly added to a stirred ice-cold solution of the corresponding phenol (68.4
mmol) and DIPEA (10 mL, 7.42 g, 57.4 mmol) in anhydrous CH2Cl> (40 mL) under Ar.
Thereafter, the cooling bath was removed, and the reaction mixture was stirred for 24 hours.
The reaction mixture was washed with H,O (3 x 30 mL), brine (3 x 30 mL), dried, and
concentrated under reduced pressure. The crude orange residue was purified by column
chromatography (EtOAc/hexane, gradient elution 10-40%), affording the desired product.

5.1.6.  General Procedure for Stannylation (GP6)

Hexamethyldistannane (2 equiv) and the corresponding arene (1 equiv) were stirred under Ar
for 20 minutes. Di(chlorobis(diphenyl phosphine butane) palladium (11) (0.1 equiv) was added,
and the mixture was stirred at reflux until the starting material was completely consumed in the
reaction (ca. 24 h). The reaction mixture was cooled to room temperature, filtered through
Celite®, and concentrated under reduced pressure. The crude product residue was redissolved
in EtOAc and purified by column chromatography (CH2Clz/cyclohexane, gradient elution 80—
50% and 0.5% acetic acid) to afford the desired product.

5.1.7.  General Procedure for lodination (GP7)

A solution of iodine (1 equiv) in ethanol (50 mL) was added dropwise to a stirred solution of
the corresponding arene (1 equiv) and Ag>SO4 (1 equiv) in ethanol (80 mL) at 0 °C. The black
reaction mixture was allowed to come to room temperature before being stirred for 18 hours.
The resulting green reaction mixture was filtered through Celite®, washed with ethanol (3 x 20
mL), and the combined fractions were poured slowly into a saturated sodium bicarbonate
solution (40 mL). The organic fractions were washed with water (3 x 30 mL), brine (2 x 30 mL),
and dried over anhydrous MgSOas. The dried solution was concentrated under vacuum and

purified by silica gel column chromatography to afford the desired product.
83



4,4,5,5-Tetramethyl-2-(2-methyl-4-hydroxyphenyl)-1,3,2-dioxaborolane (116)

HO HO

oy  Pinacol, Molecular sieves 4 A

B Et,0, rt, 18 h Bpin
OH

115 116, 98%

Following a literature procedure,* a suspension of molecular sieves (4 A) (7 g) in a solution of
(2-methyl-4-hydroxyphenyl)boronic acid (115, 5.00 g, 33.0 mmol), and pinacol (4.14 g, 35.0
mmol) in anhydrous Et,O (100 mL) was stirred under Ar at ambient temperature for 18 hours.
The reaction mixture was filtered, and the filter cake was washed with Et,O. The filtrate was
dried and concentrated under reduced pressure to give an oily residue, which was purified by
column chromatography using gradient elution with EtOAc/hexane affording the title

compound in 98% vyield (7.61 g, 32.5 mmol) as a colorless oil.
Rf0.62, (1:10 EtOAc/hexane).

IH NMR (400 MHz, CDCls) § 7.68 (t, J = 9.9 Hz, 1H), 6.66 — 6.58 (m, 2H), 5.24 (s, 1H), 2.49
(s, 3H), 1.33 (s, 12H).

13C NMR (101 MHz, CDCls) § 157.80, 147.57, 138.02, 116.78, 111.83, 83.25, 24.82, 22.17. C-

Bpin was not observed.

HRMS/GC: R; 12.90 min, C13H1903B*, [M]* calcd. 234.1422, observed 234.1421; correct

isotopic pattern.

Elemental analysis calcd (%) for C13H1903B (234.4): C 66.70, H 8.18; found C 66.69, H 8.17.
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2-(4-(Methoxymethoxy)-2-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (117)

HO MOMO

MOMBr, DIPEA
Bpin CH,Cl,, 0 °C-rt, 18 h Bpin

116 117, 90%

MOMBr (0.7 mL, 1.07 g, 8.56 mmol) was slowly added to a stirred ice-cold solution of 4,4,5,5-
tetramethyl-2-(2-methyl-4-hydroxyphenyl)-1,3,2-dioxaborolane (116) (1.00 g, 4.27 mmol) and
DIPEA (1.49 mL, 1.11 g, 8.55 mmol) in anhydrous CH>Cl> (40 mL) under Ar. Thereafter, the
cooling bath was removed, and the reaction mixture was stirred for 18 hours. The reaction
mixture was washed with H20 (2 x 30 mL) and washed with brine (2 x 30 mL). The organic
fraction was and concentrated under reduced pressure to give an oily brown residue, which was
purified by column chromatography using gradient elution with EtOAc/hexane (0-20%)
affording the title compound in 90% vyield (1.07 g, 3.85 mmol) as a yellow oil.

Rf 0.31, (1:20 EtOAc/hexane).

IH NMR (300 MHz, CDCl3) § 7.75 (d, J = 9.0 Hz, 1H), 6.90 — 6.82 (m, 2H), 5.21 (s, 2H), 3.49
(s, 3H), 2.56 (s, 3H), 1.36 (s, 12H).

13C NMR (101 MHz, CDCls) § 159.27, 147.27, 137.75, 117.41, 112.32, 93.96, 83.18, 55.98,
24.88, 22.38.

HRMS (ESI) m/z (M + Na)*, C13H19BOsNa* calcd. 301.1582, observed 301.1584; correct

isotopic pattern.
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2-(4-(Methoxymethoxy)-2-bromomethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

(118)
MOMO MOMO
NBS, AIBN, hv
Bpin Cyclohexane Bpin

Br

117 119, 85%

The above compound (118) was prepared according to GP3 whereby, 117 (4.00 g, 14.3 mmol),
NBS (2.55 g, 14.3 mmol), AIBN (0.40 g, 2.44mmol) and cyclohexane (40 mL) were utilized.
Yield: 85% (4.36 g, 1.70 mmol). 118 was directly introduced to the next step owing to its
instability.

Rf 0.14, (1:10 EtOAc/hexane).

IH NMR (200 MHz, CDCl3) § 7.77 (d, J = 8.3 Hz, 1H), 7.07 (d, J = 2.4 Hz, 1H), 6.96 (dd, J =
8.3, 2.4 Hz, 1H), 5.20 (s, 2H), 4.89 (s, 2H), 3.47 (s, 3H), 1.36 (s, 12H).

13C NMR (50 MHz, CDCls) § 159.56, 146.36, 138.31, 117.81, 115.16, 94.12, 83.68, 56.15,
56.03, 33.75, 24.89. C-Bpin was not observed.

2-Bromo-4-(methoxymethoxy)-1-methylbenzene (121)

MOMO B
"o o MOMCI, DIPEA, \@ r
CH,Cly, 0 °C-rt, 24 h

120 121, 93%

The above compound (121) was prepared according to GP5 whereby 120 (4.6 g, 24.6 mmol),
DIPEA (10 mL), MOMCI solution (10 mL, 7.42 g, 57.4 mmol), and CH2Cl, (40 mL) were
utilized. Yield: 93% (5.30 g, 23 mmol).

R 0.75, (1:2 EtOAc/hexane).

IH NMR (400 MHz, CDCls) § 7.28 (d, J = 2.5 Hz, 1H), 7.15 (dd, J = 8.4, 0.5 Hz, 1H), 6.92 (dd,
J=8.4,2.5Hz, 1H), 5.15 (s, 1H), 3.49 (s, 1H), 2.35 (s, 1H).

13C NMR (101 MHz, CDCls) & 155.76, 131.06, 130.97, 124.76, 120.24, 115.42, 94.65, 55.99,
21.89.
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HRMS/GC: R: 12.90 min, CgH11BrO.*, [M]* calcd. 229.9937, observed 229.9935; correct
isotopic pattern.

Elemental analysis calcd (%) for CoH10BrO> (231.09): C 46.78, H 4.80, O 13.85; found C 46.7
+<0.1,H479+£0.17,014.2+<0.1.

2-(5-(Methoxymethoxy)-2-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (122)

MOMO Br ) MOMO Bpin
\(>/\ Pd(dppf)C|2CH2C|2, szlnz -
KOAc, DMF, 70°C,6h

121 122, 63%

The above compound (122) was prepared according to GPX whereby, 121 (0.5 g, 2.16 mmol),
Bopinz (0.66 g, 2.6 mmol), Pd(dppf)Cl2-CH2Cl2 (0.1 g, 0.15 mmol), and KOAc (0.44 g, 4.54
mmol) and DMF (10 mL) were utilized. Yield: 72% (0.43 g, 1.55 mmol).

Ry. 0.45, (1:10 EtOAc/hexane).

IH NMR (300 MHz, CDCl3) & 7.41 (d, J = 2.8 Hz, 1H), 7.09 (d, J = 8.3 Hz, 1H), 7.01 (dd, J =
8.3, 2.8 Hz, 1H), 5.17 (s, 2H), 3.48 (s, 3H), 2.48 (s, 3H), 1.34 (s, 12H).

13C NMR (101 MHz, CDCls) & 154.38, 138.18, 130.85, 123.27, 118.84, 94.58, 83.47, 77.00,
55.87, 24.86, 21.23.

HRMS (ESI) m/z (M + Na)*, CisH2304BNa* calcd. 301.1582, observed 301.1584; correct

isotopic pattern.
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2-(2-(Bromomethyl)-5-(methoxymethoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (123)

MOMO Bpin MOMO Bpin
NBS, AIBN
Cyclohexane, hv, 3 h

Br
122 123, 68%

The above compound (123) was prepared according to GP3 whereby, 122 (0.62 g, 2.25 mmol),
NBS (0.40 g, 2.45 mmol), AIBN (44 mg, 0.245 mmol) and cyclohexane (40 mL) were utilized.
Yield: 68% (0.55 g, 1.54 mmol). 123 was directly introduced to the next step owing to its
instability.

Rr. 0.60, (1:3 EtOAc/hexane).

H NMR (300 MHz, CDCl3) & 7.49 (dd, J = 9.9, 2.6 Hz, 1H), 7.17 — 7.02 (m, 2H), 5.20 (d, J =
6.0 Hz, 2H), 3.50 (s, 3H), 2.53 (s, 2H), 1.37, 1.39 (2xs, 12H).

88



(S,S)-Ni-BPB-2-BpinPhe (127a)

Gy L e

NaH, DMF, MeCN
Ph O pin

86 127a, 78%

The above compound (127a) was prepared according to GP1 whereby, 86 (0.52 g, 1.05 mmol),
124 (0.5 g, 16.8 mmol), NaH (60% suspension in mineral oil) (70 mg, 16.8 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 78% (0.59 g, 0.82 mmol).

Rf0.42, (1:20 acetone/CHCIy).

IH NMR (300 MHz, CDCls) & 8.32 (d, J = 13.2 Hz, 1H), 8.05 (d, J = 7.3 Hz, 2H), 7.89 — 7.76
(m, 1H), 7.55—7.21 (m, 8H), 7.19 — 7.00 (m, 3H), 6.60 (t, J = 7.6 Hz, 1H), 6.54 — 6.47 (m, 1H),
5.95 (d, J = 7.6 Hz, 1H), 4.36 (d, J = 12.6 Hz, 1H), 4.27 (t, J = 5.9 Hz, 1H), 3.87 (d, J = 5.9 Hz,
2H), 3.55 — 3.35 (M, 2H), 3.32 — 3.04 (m, 2H), 2.84 — 2.66 (M, 1H), 2.62 — 2.44 (m, 1H), 2.15
—1.86 (m, 2H), 1.19 (s, 6H), 1.11 (s, 6H).

13C NMR (75 MHz, CDCls) § 180.34, 178.47, 170.73, 142.74, 142.50, 136.92, 134.00, 133.72,
133.34, 132.05, 131.47, 131.36, 131.09, 129.01, 128.76, 128.70, 128.56, 128.35, 127.90,
127.32,126.44, 126.18, 123.05, 120.38, 83.64, 72.96, 70.80, 62.99, 57.13, 42.35, 31.06, 24.94,
24.34, 23.80. C-Bpin was not observed. Pairs of methyl groups of the Bpin residue were
inequivalent. o- and m-Carbons of the phenyl group of the [(2-

amido)phenyl]phenylmethanimine fragment were inequivalent.

HRMS (ESI) m/z (M + H)", CaH43N3OsNiB™ calcd. .714.2644, observed 714.2642; correct

isotopic pattern.
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(S,5)-Ni-BPB-3-BpinPhe (127b)

Bpin

oy

T ” 125 CN‘ OT/Q ) CNf/o

o)
NaH, DMF, MeCN O/\N = Ni T
AW
Ph Bpin 0” N N7
U N

o Q
\ 127b 3:1

!

HO

/

83%

The above compound (127b) was prepared according to GP1 whereby, 86 (0.78 g, 1.56 mmol),
125 (0.65 g, 2.20 mmol), NaH (60% suspension in mineral oil) (100 mg, 2.50 mmol) and
DMF/MeCN 1:2 (10 mL) were utilized. Yield: 83% (0.90 g; total yield of 159b and the
corresponding boronic acid). In this instance partial hydrolysis of the pinacol moiety proceeding
reversed-phase purification was observable in the *H NMR spectrum. As boronic acids are
typically even better substrates for the alcohol-enhanced Cu-mediated radiofluorination than
the corresponding Bpin esters, no attempt to separate it (or to convert it back into the Bpin ester)
was made and the mixture was directly used for the radiolabeling step. Omission of the RP

purification step could lead to lower *®F-incorporation rates.
Rf0.42, (1:20 acetone/CHCIy).

'H NMR (400 MHz, CDCls; before RP purification) & 8.33 (d, J = 8.7 Hz, 1H), 8.02 (d, J=7.4
Hz, 2H), 7.82 (d, J = 7.4 Hz, 1H), 7.61 (s, 1H), 7.59 — 7.47 (m, 2H), 7.45 — 7.37 (m, 2H), 7.35
—7.22 (m, 4H), 7.20 — 7.12 (m, 2H), 6.81 (d, J = 7.4 Hz, 1H), 6.68 (d, J = 3.9 Hz, 2H), 4.32 (d,
J =135 Hz, 1H), 4.26 (dt, J = 13.5, 7.2 Hz, 1H), 3.48 (d, J = 12.7 Hz, 1H), 3.30 (dd, J = 9.6,
7.6 Hz, 1H), 3.20 (dd, J = 13.7, 4.6 Hz, 1H), 3.16 — 3.09 (m, 1H), 2.95 (dd, J = 13.7, 6.0 Hz,
1H), 2.60 — 2.42 (m, 1H), 2.40 — 2.26 (m, 2H), 2.02 — 1.90 (m, 1H), 1.83 — 1.71 (m, 1H), 1.31
(s, 6H), 1.29 (s, 6H).

13C NMR (101 MHz, CDCls; before RP purification) & 180.30, 178.60, 171.11, 143.02, 136.82,
135.08, 134.14, 133.71, 133.50, 133.29, 133.18, 132.24, 131.54, 129.67, 128.98, 128.86,
128.76, 128.73, 128.15, 127.91, 127.17, 126.00, 123.40, 120.40, 83.82, 71.51, 70.33, 63.13,
57.15, 40.15, 30.74, 24.86, 24.77, 23.28. C-Bpin was not observed. Pairs of methyl groups of
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the Bpin residue were inequivalent. o- and m-Carbons of the phenyl group of the [(2-

amido)phenyl]phenylmethanimine residue were inequivalent.

HRMS (ESI) m/z (M + H)*, CaoH42N30sNiB™ calcd. 714.2644, observed 714.2643; correct

isotopic pattern.
(S,S)-Ni-BPB-4-Bpin-Phe (127c)

Bpin

C o

N‘ 0 N o0
- Br 126 z /N Bpin
> 07N N

NaH, DMF, MeCN
™ DA%

86 127¢c, 85%

The above compound (127c) was prepared according to GP1 whereby, 86 (1.00 g, 2.00 mmol),
126 (0.95 g, 3.2 mmol), NaH (60% suspension in mineral oil) (130 mg, 3.2 mmol) and
DMF/MeCN 1:2 (20 mL) were utilized. Yield: 85% (1.22 g, 1.70 mmol).

Rf 0.42, (1:20 acetone/CHCI3).

IH NMR (400 MHz, CDCls) & 8.28 (d, J = 8.7 Hz, 1H), 8.01 (d, J = 7.1 Hz, 2H), 7.89 (d, J =
7.9 Hz, 2H), 7.61 — 7.52 (m, 2H), 7.52 — 7.45 (m, 1H), 7.35 — 7.29 (m, 3H), 7.23 (d, J = 7.9 Hz,
2H), 7.20 — 7.14 (m, 2H), 7.00 (d, J = 7.6 Hz, 1H), 6.70 (d, J = 3.9 Hz, 2H), 4.34 — 4.25 (m,
2H), 3.45 (d, J = 13.2 Hz, 1H), 3.29 (t, J = 8.6 Hz, 1H), 3.12 — 2.97 (m, 2H), 2.83 (dd, J = 13.2,
6.2 Hz, 1H), 2.25 (dd, J = 15.5, 7.1 Hz, 2H), 2.20 — 2.08 (m, 1H), 2.07 — 1.97 (m, 1H), 1.65 —
1.50 (m, 1H), 1.36 (s, 6H) 1.35 (s, 6H).

13C NMR (101 MHz, CDCls3) 6 180.42, 178.65, 171.23, 142.94, 138.91, 135.32, 134.19, 133.50,
133.14, 132.37, 131.54, 130.00, 129.80, 129.12, 128.95, 128.77, 128.72, 127.83, 127.12,
126.03, 123.41, 120.57, 83.78, 71.28, 70.34, 63.34, 57.41, 39.54, 30.66, 24.90, 24.67, 23.19.
C-Bpin was not observed. Pairs of methyl groups of the Bpin residue were inequivalent. o- and
m-Carbons of the phenyl group of the [(2-amido)phenyl]phenylmethanimine residue were

inequivalent.

HRMS (ESI) m/z (M + H)", C4oH2N30sNiB* calcd. 714.2644, observed 714.2643; correct

isotopic pattern.
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(S,S)-Ni-BPB-2-Bpin-5-MOMO-Phe (127d)

MOMO

Cw 9 " Cw 9 ;o
_ T ” 119 _ o/-\/ T/@

NaH, DMF, MeCN
- oy

86 127d, 70%

The above compound (127d) was prepared according to GP1 whereby, 86 (1.76 g, 3.53 mmol),
119 (1.89 g, 5.29 mmol), NaH (60% suspension in mineral oil) (142 mg, 3.54 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 70% (1.90 g, 2.46 mmol).

Rf 0.34, (1:8 acetone/CHCI3).

IH NMR (400 MHz, CDCls) & 8.39 (dd, J = 8.7, 1.0 Hz, 1H), 8.06 (d, J = 7.0 Hz, 2H), 7.74 (t,
J=10.1 Hz, 1H), 7.51 — 7.29 (m, 4H), 7.21 (d, J = 2.0 Hz, 1H), 7.19 — 7.04 (m, 4H), 6.92 (dd,
J=8.3,2.4 Hz, 1H), 6.59 (ddd, J = 8.2, 7.0, 1.0 Hz, 1H), 6.51 (dd, J = 8.2, 2.0 Hz, 1H), 5.93
(d, J=7.7 Hz, 1H), 4.93 (dd, J = 34.0, 6.8 Hz, 2H), 4.38 (d, J = 12.6 Hz, 1H), 4.25 (dd, J = 7.6,
4.8 Hz, 1H), 4.01 — 3.82 (m, 2H), 3.51 (d, J = 12.7 Hz, 1H), 3.41 (dd, J = 10.5, 6.8 Hz, 1H),
3.37 — 3.23 (m, 2H), 3.21 (s, 3H), 2.93 — 2.73 (m, 1H), 2.62 — 2.45 (m, 1H), 2.18 — 1.92 (m,
2H), 1.18 (s, 6H), 1.10 (s, 6H).

13C NMR (101 MHz, CDCls3) & 180.22, 178.49, 170.62, 159.22, 144.59, 142.92, 138.38, 133.96,
133.74, 133.36, 132.03, 131.51, 129.09, 128.78, 128.69, 128.54, 128.27, 128.16, 126.12,
123.14, 120.25, 118.62, 114.73, 93.88, 83.41, 72.74, 70.83, 62.92, 57.13, 55.87, 42.60, 30.81,
24.89, 24.42, 23.88. C-Bpin was not observed. Pairs of methyl groups of the Bpin residue were
inequivalent. o- and m-Carbons of the phenyl group of the [(2-

amido)phenyl]phenylmethanimine residue were inequivalent.

HRMS (ESI) m/z (M + H)", C42Hs7N30O7NiB* calcd. 774.2856, observed 774.2853; correct

isotopic pattern.
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(S,5)-Ni-BPB-2-Bpin-4-MOMO-Phe (127¢)

P MOMO Bpin P
o'y \o ©/\ Cw 0

: N T OMOM
/\N 23 -
I NaH, DMF, MeCN
Ph O pin

86 127e, 41%

The above compound (127e) was prepared according to GP1 whereby, 86 (0.58 g, 1.16 mmol),
123 (0.5 g, 1.40 mmol), NaH (60% suspension in mineral oil) (56 mg, 1.40 mmol) and
DMF/MeCN 1:2 (15 mL) were utilized. Yield: 41% (0.37 g, 0.51 mmol).

Rf0.71, (1:10 acetone/ CHCI5).

IH NMR (400 MHz, CDCls) & 8.36 (d, J = 8.5 Hz, 1H), 8.03 (d, J = 7.2 Hz, 2H), 7.72 (d, J =
8.2 Hz, 1H), 7.47 — 7.27 (m, 4H), 7.23 — 6.99 (m, 5H), 6.90 (d, J = 7.0 Hz, 1H), 6.57 (t, J = 7.2
Hz, 1H), 6.48 (d, J = 7.8 Hz, 1H), 5.90 (d, J = 6.9 Hz, 1H), 4.91 (dd, J = 32.9, 6.6 Hz, 2H), 4.35
(d, J = 12.6 Hz, 1H), 4.28 — 4.19 (m, 1H), 3.96 — 3.78 (m, J = 20.8 Hz, 2H), 3.48 (d, J = 12.7
Hz, 1H), 3.44 — 3.36 (m, 1H), 3.34 — 3.23 (m, 2H), 3.18 (s, 3H), 2.89 — 2.71 (m, 1H), 2.59 —
2.41 (M, 1H), 2.14 — 1.92 (m, 2H), 1.15 (s, 6H), 1.08 (s, 6H).

13C NMR (101 MHz, CDCl3) § 180.19, 178.49, 170.61, 159.21, 144.55, 142.84, 138.36, 133.91,
133.72, 133.34, 132.00, 131.48, 129.07, 128.75, 128.67, 128.52, 128.25, 128.13, 127.33,
126.10, 123.12, 120.27, 118.59, 114.71, 93.85, 83.38, 72.71, 70.80, 62.90, 57.12, 55.84, 42.56,
30.79, 24.86, 24.39, 23.85. C-Bpin was not observed. Pairs of methyl groups of the Bpin residue
were inequivalent. o- and m-Carbons of the phenyl group of the [(2-
amido)phenyl]phenylmethanimine fragment were inequivalent.

HRMS (ESI) m/z (M + H)", Ca2HsN3O7NiB* calcd. 774.2856, observed 774.2853; correct

isotopic pattern.
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(S,S)-Ni-BPA-2-BpinPhe (127f)

Bpin C\
[ e Pe
: N‘N\ Br - N‘ :/I;
124
0N >
I NaH, DMF, MeCN
H Bpin

87 127f, 72%

The above compound (127f) was prepared according to GP1 whereby, 87 (0.40, 0.92 mmol),
124 (0.44 g, 1.48 mmol), NaH (60% suspension in mineral oil) (70 mg, 1.75 mmol) and
DMF/MeCN 1:2 (10 mL) were utilized. Yield: 72% (0.50 g, 0.77 mmol).

Rf. 0.42, (1:10 acetone/CHCIy).

IH NMR (400 MHz, CDCls) & 8.49 (d, J = 8.7 Hz, 1H), 7.97 (d, J = 7.2 Hz, 2H), 7.89 (d, J =
7.2 Hz, 1H), 7.47 — 7.39 (m, 2H), 7.37 — 7.30 (m, 4H), 7.28 — 7.20 (m, 2H), 7.13 (dd, J = 7.9,
1.6 Hz, 1H), 6.92 — 6.86 (m, J = 7.9 Hz, 1H), 4.36 (d, J = 12.6 Hz, 1H), 3.73 (d, J = 13.4 Hz,
1H), 3.55 (dd, J = 13.4, 3.5 Hz, 2H), 3.43 (ddt, J = 14.8, 7.5, 3.5 Hz, 1H), 3.30 (t, J = 8.3 Hz,
1H), 2.83 — 2.67 (M, 1H), 2.36 — 2.24 (m, 2H), 2.12 — 2.00 (m, 1H), 1.91 — 1.77 (m, 1H), 1.60
(s, 3H), 1.26 (s, 6H), 1.20 (s, 6H).

13C NMR (101 MHz, CDCls) 6 182.00, 181.45, 161.94, 142.57, 141.88, 136.84, 133.68, 133.33,
133.24, 131.65, 130.95, 130.93, 128.88, 128.68, 126.52, 123.53, 123.34, 120.88, 83.69, 74.69,
70.17, 62.92, 57.29, 44.70, 30.85, 25.65, 25.25, 24.24, 23.36. C-Bpin was not observed. Pairs

of methyl groups of the Bpin residue were inequivalent.

HRMS (ESI) m/z (M + H)", CasHaoN3OsNiB* calcd. 652.2488, observed 652.2484; correct

isotopic pattern.
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(S,S)-Ni-BPA-3-BpinPhe (1599)
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The above compound (127g) was prepared according to GP1 whereby, 87 (0.55 g, 1.26 mmol),
125 (0.50 g, 1.68 mmol), NaH (60% suspension in mineral oil) (74 mg, 1.85 mmol) and
DMF/MeCN 1:2 (10 mL) were utilized. Yield: 72% (0.57 g, 0.91 mmol). RP Chromatography
using aqueous MeCN and consequent evaporation of the eluent at 40 °C caused hydrolysis of
Bpin ester to give the corresponding boronic acid as side product. As boronic acids are typically
even better substrates for the alcohol-enhanced Cu-mediated radiofluorination than Bpin esters,
no attempt to separate it (or to convert it back into the Bpin ester) was made and the mixture
was directly used for the radiolabeling step. Omission of the RP purification step could lead to

lower F-incorporation rates.

Ry. 0.45, (1:10 acetone/CHCIy).

'H NMR (400 MHz, CDCls; before RP purification) & 8.60 (d, J = 8.7 Hz, 1H), 7.94 (d, J = 7.6
Hz, 2H), 7.80 (d, J = 6.5 Hz, 1H), 7.50 (s, 1H), 7.40 — 7.22 (m, 8H), 6.93 (t, J = 7.3 Hz, 1H),
433 (d, J = 12.6 Hz, 1H), 3.55 (d, J = 12.6 Hz, 1H), 3.39 (d, J = 13.3 Hz, 1H), 3.31 — 3.18 (m,
2H), 2.94 — 2.86 (m, 1H), 2.51 — 2.36 (m, 1H), 2.30 — 2.16 (m, 2H), 2.00 — 1.89 (m, 1H), 1.76
—1.66 (m, 1H), 1.62 (s, 3H), 1.22 (s, 6H), 1.18 (s, 6H).

13C NMR (101 MHz, CDCls; before RP purification) § 181.51, 181.12, 161.19, 143.08, 137.32,
134.53, 133.88, 133.61, 133.55, 133.43, 133.08, 131.66, 128.90, 128.67, 128.09, 123.65,
123.00, 120.96, 83.75, 74.23, 70.00, 62.70, 57.11, 47.53, 30.77, 24.84, 24.80, 24.61, 23.04. C-
Bpin was not observed. Pairs of methyl groups of the Bpin residue were inequivalent.

HRMS (ESI) m/z (M + H)", CasHaoN3OsNiB* calcd. 652.2488, observed 652.2484; correct

isotopic pattern.
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(S,)-Ni-BPA-4-BpinPhe (127h)
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The above compound (127h) was prepared according to GP1 whereby, 87 (0.50 g, 1.15 mmol),
126 (0.55 g, 1.85 mmol), NaH (60% suspension in mineral oil) (74 mg, 1.85 mmol) and
DMF/MeCN 1:2 (10 mL) were utilized. Yield: 83% (0.59 g, 0.95 mmol, total yield of 127h and
the corresponding boronic acid). RP Chromatography using aqueous MeCN and consequent
evaporation of MeCN at 40 °C under reduced pressure caused partial hydrolysis of Bpin ester
to give the corresponding boronic acid as side product. As boronic acids are typically even
better substrates for the alcohol-enhanced Cu-mediated radiofluorination than Bpin esters, no
attempt to separate it (or to convert it back into the Bpin ester) was made and the mixture was
directly used for the radiolabeling step. Omission of the RP purification step could lead to

substantially lower 8F-incorporation rates.

Ry. 0.49, (1:10 acetone/CHCIy).

'H NMR (400 MHz, CDCls; before RP purification) § 8.54 (d, J = 8.6 Hz, 1H), 7.97 — 7.91 (m,
2H), 7.83 (d, J = 8.0 Hz, 2H), 7.56 (s, 1H), 7.37 — 7.26 (m, 5H), 7.16 (d, J = 8.0 Hz, 2H), 6.96
(t, J = 7.0 Hz, 1H), 4.30 (d, J = 12.7 Hz, 1H), 3.51 (d, J = 12.7 Hz, 1H), 3.39 (d, J = 13.3 Hz,
1H), 3.27 — 3.14 (m, 2H), 2.83 (d, J = 13.3 Hz, 1H), 2.27 — 2.10 (m, 3H), 2.01 — 1.89 (m, 1H),
1.64 (s, 3H), 1.62 — 1.54 (m, 1H), 1.33 (s, 12H).

13C NMR (101 MHz, CDClg; before RP purification) 5 181.55, 180.88, 161.00, 142.97, 138.55,
135.08, 133.82, 133.72, 133.10, 131.63, 130.02, 128.90, 128.67, 123.70, 123.13, 121.18, 83.72,
74.52,70.04, 62.87, 57.30, 48.05, 30.73, 25.43, 24.79, 24.72, 22.94.

HRMS (ESI) m/z (M + H)", CasHsoN3OsNiB* calcd. 652.2488, observed 652.2485; correct

isotopic pattern.
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(S,5)-Ni-BPA-2-Bpin-5-MOMO-Phe (127i)
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87 127i, 46%

The above compound (1271) was prepared according to GP1 whereby, 87 (765 mg, 1.76 mmol),
119 (1.00 g, 2.81 mmol), NaH (60% suspension in mineral oil) (0.32 g, 8.0 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 46% (0.57 g, 0.80 mmol).

Ry. 0.54, (1:8 acetone/CHCI5).

IH NMR (400 MHz, CDCl3) 5 8.52 (d, J = 8.6 Hz, 1H), 8.02 — 7.97 (m, 2H), 7.84 (d, J = 8.4
Hz, 1H), 7.35 (t, J = 7.5 Hz, 2H), 7.31 — 7.20 (m, 4H), 7.12 — 7.05 (m, 2H), 6.99 (dd, J = 8.4,
2.4 Hz, 1H), 6.91 — 6.84 (m, 1H), 5.04 (d, J = 0.5 Hz, 1H), 4.39 (d, J = 12.6 Hz, 1H), 3.75 (d, J
= 13.6 Hz, 1H), 3.60 — 3.48 (M, 4H), 3.35 (d, J = 5.6 Hz, 3H), 2.98 — 2.82 (m, 1H), 2.78 (s, 2H),
2.35 (ddd, J = 18.8, 12.0, 6.8 Hz, 2H), 2.15 — 2.05 (m, 1H), 1.95 — 1.83 (m, 1H), 1.73 (s, 2H),
1.59 (s, 3H), 1.23 (t, J = 14.8 Hz, 12H).

13C NMR (101 MHz, CDCl3) § 181.59, 161.88, 159.35, 143.99, 142.66, 138.61, 133.71, 133.36,
133.33, 131.72, 128.92, 128.74, 123.60, 123.35, 120.90, 118.93, 114.29, 94.03, 83.52, 74.55,
70.22, 62.91, 57.45, 56.10, 44.63, 30.91, 29.59, 25.34, 25.22, 24.33, 23.41. C-Bpin was not

observed. Pairs of methyl groups of the Bpin residue were inequivalent.

HRMS (ESI) m/z (M + H)*, C37H44N307NiB* calcd. 712.27040, observed 712.26955; correct

isotopic pattern.

97



2-Fluoro-4-(methoxymethoxy)-1-methylbenzene (129)

HO F Momcl, DIPEA _ MOMO F
CH,Cly, 0 °C-rt, 24 h

128 129, 78%

The above compound (129) was prepared according to GP5 whereby 128 (8.63 g, 68.4 mmol),
DIPEA (10 mL), MOMCI solution (10 mL), and CH>Cl> (40 mL) were utilized. Yield: 78%
(9.07 g g, 53.3 mmol).

Rr. 0.32, (1:10 EtOAc/hexane).

IH NMR (400 MHz, CDCls) § 7.14 — 7.04 (m, 1H), 6.81 — 6.72 (m, 2H), 5.15 (s, 2H), 3.49 (s,
3H), 2.23 (d, J = 1.9 Hz, 3H).

13C NMR (101 MHz, CDCl3) § 161.44 (d, J = 244.3 Hz), 156.33 (d, J = 10.8 Hz), 131.42 (d, J
= 6.8 Hz), 117.85 (d, J = 17.4 Hz), 111.64 (d, J = 3.2 Hz), 103.86 (d, J = 25.5 Hz), 94.63, 55.95,
13.76 (d, J = 3.1 Hz).

1F NMR (376 MHz, CDCls) § -115.14.
HRMS/GC: Rt 7.91 min, CgH1:FO.", [M]" calcd. 170.0738, observed 170.0737.

Elemental analysis calcd (%) for CoH10FO2 (170.18): C 63.52, H 6.52, O 18.80; found C 63.7
+0.22,H6.84 £0.01, 0 21.4 + 0.22.
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1-(Bromomethyl)-2-fluoro-4-(methoxymethoxy)benzene (130)

MOMO F NBS, AIBN . MOMO F
cyclohexane, hv, rt, 3 h

Br
129 130, 63%

The above compound (130) was prepared according to GP3 whereby, 129 (1 g, 5.90 mmol),
NBS (1.15 g, 6.50 mmol), AIBN (100 mg, 0.61 mmol) and cyclohexane (40 mL) were utilized.
Yield: 63% (0.93 g, 3.7 mmol).

R 0.63, (1:3 EtOAc/hexane).

IH NMR (400 MHz, CDCls) § 7.32 — 7.24 (m, 1H), 6.83 — 6.76 (m, 2H), 5.16 (s, 2H), 4.50 (d,
J=0.7 Hz, 2H), 3.47 (s, 3H).

13C NMR (101 MHz, CDCls) § 161.20 (d, J = 250.1 Hz), 158.89 (d, J = 10.9 Hz), 131.67 (d, J
=5.0 Hz), 118.28 (d, J = 14.6 Hz), 112.33 (d, J = 3.1 Hz), 104.19 (d, J = 24.8 Hz), 94.42, 56.15,
26.09 (d, J = 3.9 Hz).

F NMR (376 MHz, CDCls3) § —114.27.
LRMS/GC: R 10.59 min, CoH10BrFO,", [M]" calcd. 247.98, observed 248.00.

HRMS/GC: R: 10.97 min, CgH11FO,*, [M]* calcd. 247.9843, observed 247.9840; correct

isotopic pattern.
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(S,S)-Ni-BPB-2-FPhe (134a)

2 o A 5 rede

NaH, DMF, MeCN
Ph O Q F

86 134a 69%

The above compound (134a) was prepared according to GP1 whereby, 86 (0.94 g, 1.89 mmol),
131 (0.5 g, 2.65 mmol), NaH (60% suspension in mineral oil) (120 mg, 3.0 mmol) and
DMF/MeCN 1:2 (20 mL) were utilized. Yield: 69% (0.83 g, 1.29 mmol; according to the *H-
NMR solvate with 0.5 mol. Et20).

Rf 0.35, (1:8 acetone/CHCIs).

IH NMR (400 MHz, CDCI3) § 8.28 (d, J = 8.7 Hz, 1H), 7.99 (d, J = 7.2 Hz, 2H), 7.61 — 7.47
(m, 2H), 7.46 — 7.40 (m, 1H), 7.40 — 7.09 (m, 9H), 6.98 (d, J = 7.5 Hz, 1H), 6.65 (d, J = 4.1 Hz,
2H), 4.29 (dd, J = 9.1, 3.5 Hz, 2H), 3.56 — 3.43 (m, 1H), 3.31 (t, J = 8.3 Hz, 1H), 3.22 — 3.06
(m, 2H), 3.02 - 2.89 (M, 1H), 2.47 — 2.23 (m, 3H), 2.01-1.87 (m, 1H), 1.78 — 1.58 (m, 1H).

13C NMR (101 MHz, CDCI3) & 180.25, 178.41, 171.98, 162.03 (d, J = 246.6 Hz), 142.90,
134.07, 133.56, 133.18, 132.89 (d, J = 4.4 Hz), 132.32, 131.53, 129.70, 129.34 (d, J = 8.1 Hz),
128.95, 128.91, 128.76, 128.19 (d, J = 3.1 Hz), 127.14, 126.21, 124.73 (d, J = 3.2 HZz), 123.25,
123.09 (d, J = 15.8 Hz), 120.49, 115.74, 115.52, 70.79, 70.34, 63.23, 57.03, 33.28, 30.76, 23.11.
o- and m-Carbons of the phenyl group of the [(2-amido)phenyl]phenylmethanimine residue

were inequivalent.
19F NMR (376 MHz, CDCl3) § —115.29.

HRMS (ESI) m/z (M + H)+, C34H30N30O3NiF+ calcd. 606.1698, observed 606.1698; correct

isotopic pattern.

The analytical data were in accordance with the literature.*'’
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(S,S)-Ni-BPB-3-FPhe (134b)

30 o 0 oo
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& e

86 134b, 88%

The above compound (134b) was prepared according to GP1 whereby, 86 (0.52, 10.5 mmol),
1-(bromomethyl)-3-fluorobenzene (132, 0.5 g, 16.8 mmol), NaH (60% suspension in mineral
oil) (70 mg, 16.8 mmol) and DMF/MeCN 1:2 (30 mL) were utilized. Yield: 88% (0.59 g, 0.82
mmol; according to the *H-NMR solvate with 0.5 mol. Et,0).

Rf0.42, (1:20 acetone/CHCIy).

IH NMR (400 MHz, CDCls) & 8.23 (d, J = 8.3 Hz, 1H), 8.01 (d, J = 6.7 Hz, 2H), 7.65 — 7.49
(m, 2H), 7.48 — 7.38 (M, 1H), 7.39 — 7.22 (m, 4H), 7.21 — 7.00 (m, 3H), 6.98 — 6.78 (m, 3H),
6.73 — 6.59 (m, 2H), 4.38 — 4.12 (m, 2H), 3.58 — 3.40 (m, 2H), 3.32 (t, J = 7.9 Hz, 1H), 3.23 —
3.11 (m, 1H), 3.06 (d, J = 12.1 Hz, 1H), 2.87 (dd, J = 12.1, 4.9 Hz, 1H), 2.62 — 2.43 (m, 1H),
2.43 - 2.28 (m, 2H), 2.08 — 1.89 (m, 1H), 1.86 — 1.69 (m, 1H).

13C NMR (101 MHz, CDCl3) & 180.37, 178.22, 171.36, 163.07 (d, J = 246.6 Hz), 142.91,
138.32 (d, J = 7.4 Hz), 134.07, 133.53, 133.25, 132.49, 131.51, 130.15 (d, J = 8.2 Hz), 129.90,
129.08 (d, J = 22.6 Hz), 128.83, 128.80, 127.76, 127.17, 126.23, 126.20, 126.06, 123.44,
120.63, 117.34 (d, J = 21.0 Hz), 114.37 (d, J = 20.9 Hz), 71.13, 65.83, 63.32, 57.23, 39.53,
30.73, 23.20. o- and m-Carbons of the phenyl group of the [(2-
amido)phenyl]phenylmethanimine residue were inequivalent.

19F NMR (376 MHz, CDCls) 5 ~112.49.

HRMS (ESI) m/z (M + H)*, C34H30N3O3NiF" calcd. 606.1698, observed 606.1698; correct

isotopic pattern.
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(S,5)-Ni-BPB-2-F-4-MOMO-Phe (134c)

OMOM

C\N‘ ° Br F C\N\ /

SN T T OMOM
A 130 . P NN /@/
NaH, DMF, MeCN I
"’ O

86 134c, 63%

The above compound (134c) was prepared according to GP1 whereby, 86 (1.06 g, 2.13 mmol),
130 (0.85 g, 3.41 mmol), NaH (60% suspension in mineral oil) (136 mg, 3.40 mmol)
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 63% (0.89 g, 1.34 mmol).

Ryf. 0.57, (1:8 acetone/CHCI5).

IH NMR (400 MHz, CDCls) § 8.26 (d, J = 8.7 Hz, 1H), 8.00 (d, J = 7.3 Hz, 2H), 7.59 — 7.47
(m, 2H), 7.42 (t, J = 6.8 Hz, 1H), 7.31 (t, J = 7.4 Hz, 2H), 7.27 — 7.22 (m, 2H), 7.20 — 7.10 (m,
2H), 7.08 — 6.98 (m, 2H), 6.94 (d, J = 7.4 Hz, 1H), 6.91 — 6.85 (m, J = 3.1 Hz, 1H), 6.71 — 6.56
(m, 2H), 5.06 (dd, J = 23.4, 6.7 Hz, 2H), 4.30 (d, J = 12.7 Hz, 1H), 4.25 (t, J = 5.1 Hz, 1H),
3,51 (d, J = 12.7 Hz, 1H), 3.42 (s, 3H), 3.37 — 3.29 (m, 1H), 3.16 (d, J = 7.5 Hz, 1H), 3.11 (d,
J=5.1Hz, 1H), 3.03 — 2.90 (m, 1H), 2.65 — 2.46 (M, J = 9.6 Hz, 1H), 2.46 — 2.27 (m, 2H).

13C NMR (101 MHz, CDCls) § 180.21, 178.36, 171.91, 157.13 (d, J = 240.9 Hz), 153.68 (d, J
= 1.8 Hz), 142.83, 133.97, 133.55, 133.13, 132.31, 131.51, 129.68, 128.88, 128.81, 128.77,
128.20, 128.17,127.15, 126.20, 123.76 (d, J = 17.8 Hz), 123.28, 120.52, 120.25 (d, J = 4.1 Hz),
116.95 (d, J=8.0 Hz), 116.06 (d, J = 24.3 Hz), 95.00, 70.72, 70.36, 63.18, 57.06, 56.02, 33.55,
30.78, 23.10. o- and m-Carbons of the phenyl group of the [(2-

amido)phenyl]phenylmethanimine residue were inequivalent.

19F NMR (376 MHz, CDCls) 5 -124.36.

HRMS (ESI) m/z (M + H)", C3ssHsN3OsNiF™ calcd. 666.1909, observed 666.1910; correct

isotopic pattern.

102



(S,S)-Ni-BPA-2-FPhe (134d)

Ph
(O oo F C_w 0

- NQ Br :/IQ
S/
O/\N N 131 -
| NaH, DMF, MeCN
H

87 134d, 73%

The above compound (134d) was prepared according to GP1 whereby, 87 (0.29 g, 0.66 mmol),
131 (0.17 g, 0.90 mmol), NaH (60% suspension in mineral oil) (36 mg, 0.90 mmol) and
DMF/MeCN 1:2 (10 mL) were utilized. Yield: 73% (263 mg, 0.48 mmol).

Ryr. 0.61, (1:10 acetone/CHCIy).

IH NMR (400 MHz, CDCls) & 8.49 (d, J = 8.5 Hz, 1H), 7.93 (d, J = 8.5 Hz, 2H), 7.54 (d, J =
2.4 Hz, 1H), 7.45 — 7.29 (m, 5H), 7.26 — 7.23 (m, 2H), 7.19 (td, J = 7.5, 1.1 Hz, 1H), 7.06 —
6.99 (m, 1H), 6.96 — 6.90 (m, 1H), 4.30 (d, J = 12.7 Hz, 1H), 3.56 (d, J = 12.7 Hz, 1H), 3.34 —
3.16 (m, 4H), 2.53 — 2.35 (m, 1H), 2.30 — 2.13 (m, 2H), 1.92 (td, J = 10.8, 6.4 Hz, 1H), 1.76 —
1.68 (M, 1H), 1.63 (s, 3H).

13C NMR (101 MHz, CDCls) § 181.47, 181.16, 161.99 (d, Jr, c=nv = 2.6 Hz), 161.13 (d, J =
248.5 Hz), 142.81, 133.84, 133.62, 133.07, 132.46 (d, J = 4.1 Hz), 131.64, 129.31 (d, J = 8.3
Hz), 128.98, 128.74, 124.54 (d, J = 3.4 Hz), 123.60, 123.42, 122.68 (d, J = 15.2 Hz), 121.21,
115.53 (d, J = 22.7 Hz), 74.13, 70.04, 62.81, 57.02, 39.60, 30.73, 25.61, 22.93.

19F NMR (376 MHz, CDCl3) § -116.72.

HRMS (ESI) m/z (M + H)*, CaH2sN303NiF* calcd. 544.1541, observed 544.1542; correct
isotopic pattern.

The analytical data were in accordance with the literature.*'’
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(S,S)-Ni-BPA-3-FPhe (134e)

Ph
X o Cm
VAN Br132 . _ O:Ii:/[::iz

7
0“>N N
| NaH, DMF, MeCN
[:%:]/ “H [:%:]/ “H

87 134e, 77%

The above compound (134e) was prepared according to GP1 whereby, 87 (0.20 g, 0.46 mmol),
132 (0.15 g, 0.79 mmol), NaH (60% suspension in mineral oil) (33 mg, 0.83 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 77% (0.194 g, 0.35 mmol).

Ry: 0.55, (1:10 acetone/CHCI3).

IH NMR (400 MHz, CDCl3) & 8.52 (d, J = 8.7 Hz, 1H), 7.93 (d, J = 7.2 Hz, 2H), 7.51 (s, 1H),
7.40 —7.29 (M, 4H), 7.26 — 7.20 (m, 2H), 7.07 (td, J = 8.4, 1.8 Hz, 1H), 7.01 - 6.91 (m, J = 7.2
Hz, 2H), 6.86 (d, J = 7.6 Hz, 1H), 4.29 (d, J = 12.7 Hz, 1H), 3.54 (d, J = 12.7 Hz, 1H), 3.34 (d,
J=13.5 Hz, 1H), 3.29 — 3.19 (m, 2H), 2.82 (d, J = 13.5 Hz, 1H), 2.52 — 2.33 (m, 1H), 2.33 —
2.13 (m, 2H), 2.00 — 1.87 (m, 1H), 1.80 — 1.69 (m, 1H), 1.62 (s, 3H).

13C NMR (101 MHz, CDCls)  181.61, 180.81, 162.93 (d, J = 246.8 Hz), 161.13, 143.01,
137.89 (d, J = 7.3 Hz), 133.92, 133.82, 133.11, 131.63, 130.01 (d, J = 8.1 Hz), 129.00, 128.75,
126.45 (d, J = 2.7 Hz), 123.76, 123.06, 121.29, 117.38 (d, J = 21.2 Hz), 114.38 (d, J = 21.0
Hz), 74.28, 70.06, 62.91, 57.20, 47.21, 30.78, 25.64, 22.91.

1F NMR (376 MHz, CDCls) § -112.42.

HRMS (ESI) m/z (M + H)*, CaH2sN303NiF* calcd. 544.1541, observed 544.1541; correct

isotopic pattern.
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(S,S)-Ni-BPA-4-FPhe (134f)

o' Cw
O/:\N Nk\N Br133 > - Oﬁ/@

| NaH, DMF, MeCN
H

87 1341, 82%

The above compound (134f) was prepared according to GP1 whereby, 87 (0.24 g, 0.54 mmol),
133 (0.16 g, 0.87 mmol), NaH (60% suspension in mineral oil) (34 mg, 0.87 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 82% (0.26 g, 0.48 mmol).

Rr. 0.53, (1:10 acetone/CHCIy).

IH NMR (400 MHz, CDCls) 8.53 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 8.5 Hz, 2H), 7.52 (s, 1H),
7.42 —7.21 (m, 5H), 7.16 — 7.04 (m, 4H), 6.97 (t, J = 7.9 Hz, 1H), 4.30 (d, J = 12.7 Hz, 1H),
3.54 (d, J = 12.7 Hz, 1H), 3.33 (d, J = 13.6 Hz, 1H), 3.29 — 3.20 (m, 2H), 2.81 (d, J = 13.6 Hz,
1H), 2.48 — 2.32 (m, 1H), 2.32 — 2.15 (m, 2H), 1.95 (td, J = 10.7, 6.4 Hz, 1H), 1.76 (dtd, J =
8.8, 6.4, 3.2 Hz, 1H), 1.63 (s, 3H).

13C NMR (101 MHz, CDCls) & 181.64, 180.89, 162.53 (d, J = 246.2 Hz), 161.07, 143.00,
133.91, 133.89 (d, J = 4.8 Hz), 132.24, 132.16, 131.65, 131.21 (d, J = 3.4 Hz), 129.03, 128.78,
123.79, 123.12, 121.33, 115.49 (d, J = 21.2 Hz), 74.58, 70.03, 62.97, 57.26, 46.93, 30.83, 25.36,
22.87.

19F NMR (376 MHz, CDCl3) § -115.23.

HRMS (ESI) m/z (M + H)*, Co9H2sN3O3NiF" calcd. 544.1541, observed 544.1541; correct

isotopic pattern.
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2,2,5-Trimethylbenzo[d][1,3]dioxole (136)

HO o
D/ PCl3, acetone ><
HO Benzene, rt, 18 h 0

135 136, 79%

Following a literature procedure,4®

a solution of phosphorous trichloride (6.59 g, 48 mmol) in
benzene (10 mL) was slowly added to a stirred solution of 135 (15.0 g, 120.8 mmol) and acetone
(10.6 mL, 72 mmol) in benzene (150 mL) under Ar. The reaction mixture was allowed to stir
for 18 h at room temperature, before being slowly added to a saturated solution of K>COz (100
mL). The organic phase was washed with 10% w/v NaOH solution (100 mL), brine (3 x 40
mL), dried over anhydrous MgSQO4, and concentrated under vacuum to give the title compound

in (15.66 g, 95.4 mmol) 79% yield as a colorless oil.
R 0.68, (1:10 EtOAc/hexane).
'H NMR (300 MHz, CDCls) § 7.15 (s, 1H), 6.74 — 6.66 (m, 2H), 2.53 (s, 3H), 1.72 (s, 6H).

The analytical data were in accordance with the literature.*?*
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5-lodo-2,2,6-trimethylbenzo[d][1,3]dioxole (137)

><O:©/ l2, Ag2SOy4 _ ><O:©i
N EtOH, 0 °C-rt, 18 h o |
136

137, 51%

A solution of iodine (11.1 g, 35.6 mmol) in ethanol (50 mL) was added dropwise to a stirred
solution of 136 (5.84 g, 35.6 mmol) and Ag2SO4 (9.0 g, 35.6 mmol) in ethanol (80 mL) at 0 °C.
The black reaction mixture was allowed to come to room temperature before being stirred for
18 hours. The resulting green reaction mixture was filtered through Celite®, washed with
ethanol (3 x 20 mL), and the combined fractions were poured slowly into a saturated sodium
bicarbonate solution (40 mL). The organic fractions were washed with water (3 x 30 mL), brine
(2 x 30 mL), and dried over anhydrous MgSOa. The dried solution was concentrated under
vacuum and purified by silica gel column chromatography to afford the title compound in 51%
yield (137, 5.24 g, 18.0 mmol) as pale yellow oil. 137 was directly introduced to the next step

owing to its instability.
Rr. 0.33, (hexane).

IH NMR (300 MHz, CDCls) § 7.15 (s, 1H), 6.74 — 6.66 (m, 1H), 2.35 (s, 3H), 1.67 (s, 6H).
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4,4,5,5-Tetramethyl-2-(2,2,6-trimethylbenzo[d][1,3]dioxol-5-yl)-1,3,2-dioxaborolane

(138)
>< :@i Pd(dppf)CH,Cls, 132p|n2 XO:(;(
KOAc, DMF, 70 °C, 18 h o) B

138, 69%

pin

The above compound (138) was prepared according to GP4 whereby, 137 (2 g, 6.25 mmol),
B2pin2 (3.2 g, 12.5 mmol), Pd(dppf)CH2Cl> (0.51 g, 0.6 mmol), KOAc (1.84 g, 18.7 mmol) and
DMF (40 mL) were utilized. Yield: 69% (138, 1.25 g, 4.32 mmol) as colorless crystals.

Rf: 0.24, (1:10 EtOAc/hexane).

IH NMR (300 MHz, CDCls) 8 7.15 (s, 1H), 6.59 (s, 1H), 2.48 (s, 3H), 1.66 (s, 6H), 1.33 (s,
12H).

13C NMR (75 MHz, CDCl3) § 149.61, 144.92, 139.78, 117.44, 114.57, 110.41, 83.18, 25.78,
24.85, 21.88. C-Bpin was not observed. Pairs of methyl groups of the Bpin residue were
inequivalent.

HRMS (ESI) m/z (M + H)", CisH2304B* calcd. 291.17677, observed 291.17652; correct

isotopic pattern.
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(R,R)-Ni-BPB-3-Bpin-Phe (152)

Bpin
Ph
p) Ph
NN T 125 N O N o o
0N N > N \N_/
| WS

88
\ 152 3:1

/
/ +
NaH, DMF, MeCN o >N N
Ph | Bpin O~ 'N Nl
) N H

P/OH

O

/

78%

The above compound (152) was prepared according to GP1 whereby, 88 (713 mg, 1.43 mmol),
125 (0.51 g, 1.7 mmol), NaH (60% suspension in mineral oil) (91 mg, 2.28 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. This product mixture is confirmed in the MS. Yield:
78% (795 mg). In this instance partial hydrolysis of the pinacol moiety proceeding reversed-
phase purification was observable in the *H NMR spectrum. As boronic acids are typically even
better substrates for the alcohol-enhanced Cu-mediated radiofluorination than the
corresponding Bpin esters, no attempt to separate it (or to convert it back into the Bpin ester)
was made and the mixture was directly used for the radiolabeling step. Omission of the RP

purification step could lead to lower ®F-incorporation rates.
R 0.43, (1:20 acetone/chloroform).

IH NMR (400 MHz, CDCl3)  8.31 (d, J = 8.7 Hz, 1H), 8.22 (d, J = 8.7 Hz, 2H), 8.03 (t, J =
7.9 Hz, 5H), 7.94 (d, J = 7.3 Hz, 2H), 7.82 (d, J = 7.3 Hz, 1H), 7.76 (s, 2H), 7.64 — 7.10 (m,
20H), 7.03 (d, J = 7.6 Hz, 2H), 6.83 — 6.62 (m, 9H), 4.38 — 4.12 (m, 5H), 3.48 — 3.38 (m, 2H),
3.37 — 3.26 (m, 2H), 3.21 (dd, J = 13.8, 4.7 Hz, 1H), 3.16 — 3.08 (m, 1H), 3.05 (dd, J = 13.8,
3.9 Hz, 2H), 2.96 (dd, J = 13.8, 6.1 Hz, 1H), 2.89 — 2.76 (m, 3H), 2.56 — 2.41 (m, 1H), 2.34 (dt,
J=9.6,6.1 Hz, 1H), 2.26 (dd, J = 15.1, 7.5 Hz, 3H), 2.11 — 1.93 (m, 5H), 1.88 (s, 6H), 1.79 —
1.67 (m, 1H), 1.36 (dd, J = 13.0, 6.1 Hz, 1H), 1.34 — 1.24 (m, 12H).

13C NMR (101 MHz, CDCls3) & 180.46, 179.84, 171.47, 142.77, 136.40, 134.50, 134.09, 133.56,
133.41, 133.09, 132.45, 131.62, 131.55, 129.96, 129.25, 129.07, 128.92, 128.82, 128.12,
127.87, 127.07, 123.64, 83.87, 71.31, 70.52, 70.43, 63.57, 57.47, 39.48, 30.69, 24.88, 24.80,
23.50. C-Bpin was not observed. Pairs of methyl groups of the Bpin residue were inequivalent.

109



HRMS (ESI) m/z (M + H)", 152: CoH42N3OsNiB™ calcd. 714.26492, observed 714.26443;
correct isotopic pattern.

(S,S)-Cu-BPB-3-BpinPhe (154)
Cl Cl Cl Cl

Bpin

o__0
N o sl Faes
A/ 5./
07N 125 -~ OAN ,
I NaH, DMF/MeCN, 0 °C-rt |
Ph Ph

Bpin

Cl Cl
89 154, 61%

The above compound (154) was prepared according to GP1 whereby, 89 (0.40 g, 0.66 mmol),
125 (0.314 g, 1.06 mmol), NaH (60% suspension in mineral oil) (42 mg, 1.06 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 61% (0.33 g, 0.40 mmol).

The paramagnetic nature of Cu(ll) rendered characterization by NMR spectroscopy
inapplicable.

Rf 0.42, (1:20 acetone/CHCI3).

HRMS (ESI) m/z (M + H)", C40H39N30sCuClsB* calcd. 823.1405, observed 823.1386; correct
isotopic pattern.
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(S,S)-Ni-BPB-4-F-PheSer (156)

Ph Ph
] @* )
<;:N‘/O o i [_:N\/o o
: N T 155 _ ;\/N F
N > 0N N

P /
0° >N

| NaH, DMF/MeCN, 0 °C-rt |
OH
Ph Ph

86 156, 62%

The above compound (156) was prepared according to GP2 whereby, 86 (0.80 g, 1.61 mmol),
155 (0.30 g, 2.42 mmol), NaH (60% suspension in mineral oil) (0.1 g, 2.5 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 62% (0.62 g, 1.00 mmol) as red crystalline solid.

Rr. 0.41 (1:8 acetone/CHCl3).

IH NMR (400 MHz, CDCls) 5 8.48 (dd, J = 8.7, 1.2 Hz, 1H), 7.61 (m, 3H), 7.51 — 7.44 (m,
2H), 7.42 — 7.27 (m, 7H), 7.27 — 7.22 (m, 2H), 7.18 (d, J = 7.2 Hz, 1H), 6.87 (dd, J = 8.3, 1.8
Hz, 1H), 6.81 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 4.96 (d, J = 9.6 Hz, 1H), 4.71 (dd, J = 9.6, 5.4 Hz,
1H), 4.42 (d, J = 5.5 Hz, 1H), 3.78 (d, J = 13.9 Hz, 2H), 3.55 (d, J = 13.9 Hz, 1H), 3.38 (dd, J
= 9.6, 3.6 Hz, 1H), 2.53 (m, 1H), 2.22 (dd, J = 12.9, 10.2 Hz, 1H), 1.90 (ddd, J = 13.9, 7.7, 3.6
Hz, 1H), 1.49 (m, 1H), 1.43 — 1.31 (m, 1H).

13C NMR (101 MHz, CDCls) & 181.85, 178.04, 173.03, 163.24 (d, J = 248.5 Hz), 143.37,
135.82, 135.79, 133.79, 133.62 (d, J = 81.9 Hz), 131.97, 131.15, 130.41, 129.57 (d, J = 7.9 Hz),
129.53, 129.21, 128.97, 127.43, 125.94, 123.84, 121.01, 115.65 (d, J = 21.2 Hz), 73.62, 72.74,
68.32, 60.01, 55.41, 31.39, 23.78.

F NMR (376 MHz, CDCl3) 5 —113.30.
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(S,S)-Ni-BPB-2-F-5-MeO-PheSer (158)
(0]

MeO H
'y :

/\/\T 157

NaH, DMF/MeCN, 0 °C-rt
[j/ “Ph

86 158, 70%

The above compound (158) was prepared according to GP2 whereby, 86 (673 mg, 1.35 mmol),
157 (0.25 g, 1.62 mmol), NaH (60% suspension in mineral oil) (87 mg, 2.18 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 70% (0.62 g, 0.95 mmol) as red solid.

Ry: 0.35, (1:8 acetone/CHCI5).

'H NMR (300 MHz, CDCls) & 8.51 (d, J = 8.6 Hz, 1H), 7.64 — 7.55 (m, 3H), 7.41 — 7.26 (m,
7H), 7.25 —7.16 (m, 3H), 7.02 (m, 1H), 6.84 (dd, J = 8.3, 1.7 Hz, 1H), 6.78 (m, 1H), 4.44 (d, J
= 4.3 Hz, 1H), 3.95 (d, J = 13.8 Hz, 1H), 3.71 — 3.60 (m, 2H), 3.57 (s, 3H), 3.32 (dd, J = 9.4,
3.7 Hz, 1H), 2.47 — 2.35 (m, 1H), 2.35 — 2.21 (m, 1H), 1.98 — 1.85 (m, 1H), 1.65 (s, 1H), 1.43
(m, 2H). Spectrum contains dichloromethane and acetone impurity peaks.

13C NMR (101 MHz, CDCls) & 181.76, 178.41, 174.26, 155.17 (d, J = 42.4), 143.34, 133.80,
133.51 (d, J = 106.6 Hz), 131.94, 131.11, 130.23, 129.26 (J = 15.4 Hz), 128.93 (d, J = 21.0
Hz), 126.73, 126.13, 123.49, 120.77, 116.12 (d, J = 24.7 Hz), 115.27 (d, J = 8.4 Hz), 113.44,
73.12, 68.17, 66.73, 59.58, 55.56, 54.85, 31.27, 23.71.

19F NMR (376 MHz, CDCls) § —126.48.

HRMS (ESI) m/z (M + H)*, C3sH32N3OsNiF* calcd. 652.17522, observed 652.17529, correct

isotopic pattern.
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(S,S)-Ni-BPB-5-1-PheSer (160)

| Q Ph
H ) |
N\ oT N, 0.0
- é N'
=2 - oW N
NaH, DMF/MeCN, 0 °C-rt e
OH
©)\Ph ©)\Ph
86 160, 62%

The above compound (160) was prepared according to GP2 whereby, 86 (358 mg, 0.72 mmol),
159 (200 mg, 0.86 mmol), NaH (60% suspension in mineral oil) (46 mg, 1.15 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 62% (324 mg, 0.44 mmol).

Rt. 0.36 (1:8 acetone/CHCIs).

IH NMR (300 MHz, CDCl3) & 8.65 (d, J = 8.7 Hz, 1H), 7.84 (d, J = 7.0 Hz, 2H), 7.61 (s, 3H),
7.48 —7.11 (m, 10H), 6.95 — 6.74 (m, 2H), 4.94 (s, 1H), 4.65 (s, 1H), 4.37 (d, J = 5.3 Hz, 1H),
3.99 (d, J = 13.8 Hz, 1H), 3.58 (d, J = 13.8 Hz, 2H), 3.39 (dd, J = 9.5, 4.0 Hz, 1H), 2.45 — 2.24
(m, 2H), 1.95 (dd, J = 13.8, 6.7 Hz, 1H), 1.45 (dd, J = 10.3, 6.7 Hz, 2H).
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4-Trimethylstannylbenzaldehyde (211)

0 o)
/@)J\H SnyMeg PdCly(dppb) ﬁH
Br Toluene, 95 °C, 24 h :ST
162 163, 90%

The above compound (163) was prepared according to GP6 whereby, 162 (0.2 g, 10.8 mmol),
hexamethyldistannane (0.46 mL, 0.73 g, 22.2 mmol), di(chlorobis(diphenyl phosphine butane)
palladium (I1) (7.58 mg, 0.108 mmol) and toluene (40 mL) were utilized. Yield: 90% (0.26 g,
0.967 mmol).

Rr. 0.71 (1:10 EtOAc/Hex).

IH NMR (300 MHz, CDCls) & 10.00 (s, 1H), 7.82 (d, J = 7.9 Hz, 2H), 7.69 (d, J = 7.9 Hz, 2H),
0.36 (s, 9H).

The analytical data were in accordance with the literature.??

3-Bromo-5-(methoxymethoxy)benzaldehyde (165)

0 0]
HO MOMCl soln. O 0 H
DIPEA, CH,Cly, 0 °C-rt

Br Br
164 165, 31%

The above compound (165) was prepared according to GP5 whereby, 164 (1 g, 4.97 mmol),
and CH2Cl> (40 mL) were utilized. Yield: 31% (0.378 g, 1.54 mmol).

Rr: 0.75 (1:2 EtOAc/hexane).

IH NMR (400 MHz, CDCl3) § 9.92 (s, 1H), 7.67 — 7.66 (m, 1H), 7.50 — 7.46 (m, 2H), 5.24 (s,
2H), 3.51 (s, 3H).

13C NMR (101 MHz, CDCls) § 190.41, 158.46, 138.74, 126.21, 125.51, 123.52, 115.39, 94.54,
56.34.
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3-(Methoxymethoxy)-5-(trimethylstannyl)benzaldehyde (166)

O O

MOM MOM
OMO H SnyMeg PdCly(dppb) oMo H

-
-

Toluene, 95 °C, 36 h
Br Sn

/l\

165 166, 28%

The above compound (166) was prepared according to GP6 whereby, 165 (0.4 g, 1.63 mmol),
hexamethyldistannane (0.70 mL, 3.36 mmol), 1,1
Bis(diphenylphosphino)ferrocene]dichloropalladium (I1) (11 mg, 0.108 mmol) and toluene (40
mL) were utilized. Yield: 28% (0.148 g, 0.016 mmol).

R 0.83 (1:10 EtOAc/hexane).

IH NMR (300 MHz, CDCl3) 5 10.01 (s, 1H), 7.64 (s, 1H), 7.52 — 7.37 (m, 2H), 5.25 (s, 2H),
3.52 (s, 3H), 0.48 — 0.22 (m, 9H).

13C NMR (75 MHz, CDCls) § 192.62, 157.27, 145.34, 137.02, 131.09, 130.29, 115.39, 94.45,
56.18, -9.40.

Compound 166 degraded during MS analysis.
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(S,S)-Ni-BPB-4-trimethylstannyl-PheSer (167)

Ph
\/—/\ " @ )
N\ O —Sn/©)1\ N O 0 /
Y 7\ H NK Sn™
163 g AN \
NaH, DMF/MeCN, 0 °C-rt | By
@)\Ph ©)\Ph

86 167, 82%

The above compound (167) was prepared according to GP2 whereby, 86 (0.3 g, 0.6 mmol), 163
(0.26 g, 0.967 mmol), NaH (60% suspension in mineral oil) (39 mg, 0.967 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 82% (0.378 g, 0.49 mmol).

Ry. 0.38 (1:10 acetone/CHCI53).

IH NMR (300 MHz, CDCls) & 8.61 (d, J = 8.7 Hz, 1H), 7.63 (m, 5H), 7.34 (m, 7H), 7.15 (m,
3H), 6.88 (dd, J = 8.2, 1.4 Hz, 1H), 6.78 (t, J = 7.6 Hz, 1H), 4.91 (d, J = 9.8 Hz, 1H), 4.70 (dd,
J=9.8,5.4 Hz, 1H), 4.41 (d, J = 5.4 Hz, 1H), 4.02 (d, J = 13.9 Hz, 1H), 3.54 (d, J = 13.9 Hz,
1H), 3.46 — 3.34 (m, 1H), 3.21 (dd, J = 9.8, 4.0 Hz, 1H), 2.47 (dd, J = 18.7, 9.8 Hz, 1H), 2.15
(td, J = 10.6, 6.2 Hz, 1H), 2.03 — 1.89 (m, 1H), 1.68 — 1.39 (m, 2H), 0.23 — 0.01 (M, 9H).

HRMS (ESI) m/z (M + H)*, Ca7H39N304NiSn* calcd. 768.13943, observed 768.13957; correct
isotopic pattern.
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(S,S)-Ni-BPB-3-trimethylstannyl-5-MOMO-PheSer (168)

0]

MOMO
H Ph

C\N\) o0 OMOM

< N 0
; T /Sln\ ; /N'
166 0“>N N

ot | ¢ Sn—
©)\Ph NaH, DMF/MeCN, 0 °C-rt @)\Ph OH TN

86 168, 87%

The above compound (168) was prepared according to GP1 whereby, 86 (0.14 g, 0.28 mmol),
166 (148 mg, 0.45 mmol), NaH (60% suspension in mineral oil) (18 mg, 0.45 mmol) and
DMF/MeCN 1:2 (30 mL) were utilized. Yield: 87% (201.6 mg, 0.24 mmol).

Rt. 0.58 (1:10 acetone/CHCl3).

IH NMR (300 MHz, CDCls) 8 8.57 (d, J = 8.6 Hz, 1H), 7.50 (m, 3H), 7.34 — 7.17 (m, 6H), 7.17
—7.04 (M, 4H), 6.99 (s, 1H), 6.80 (dd, J = 8.2, 1.4 Hz, 1H), 6.75 — 6.66 (m, 1H), 4.98 — 4.85
(m, 2H), 4.62 (s, 1H), 4.33 (d, J = 5.5 Hz, 1H), 3.89 (d, J = 13.9 Hz, 1H), 3.55 — 3.38 (M, 2H),
3.27 - 3.14 (m, 4H), 2.36 — 2.18 (m, 3H), 1.85 (t, J = 9.2 Hz, 1H), 1.48 — 1.32 (m, 2H), 0.12 —
-0.12 (m, 9H).

13C NMR (75 MHz, CDCls) § 181.19, 178.17, 172.77, 157.37, 144.53, 143.55, 140.82, 133.99,
133.97, 133.00, 132.19, 130.91, 130.23, 129.38, 128.75, 128.26, 127.97, 126.80, 125.58,
123.84, 123.47, 120.79, 115.67, 94.60, 73.81, 73.17, 67.50, 59.19, 55.96, 54.65, 31.28, 23.609,
-9.67.

Compound 168 degraded during MS analysis.
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6. NMR Spectra

2-(4-(Methoxymethoxy)-2-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (117) *H NMR (CDCls)
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I‘C NMR (101 MHz, CDCP)QI 7,147.27,137.75, 117.41, 112.32, 93.96, 83.18, 55.98,
24.88,22.38.
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2-(2-(Bromomethyl)-4-(methoxymethoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (118) (CDCls) H
NMR (400 MHz) **C NMR (101 MHz)
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(S,S)-Ni-BPB-2-BpinPhe (127a) (CDCls) *H NMR (300 MHz, CDCl3) and **C NMR (75 MHz)
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(S,S)-Ni-BPB-3-BpinPhe (127b) (CDCls) *H NMR (400 MHz)
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(101 MHz), °F NMR (376 MHz)
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(S,S)-Ni-BPB-3-FPhe (134b) (CDCls) 'H NMR (400 MHz), 3C NMR (101 MHz), *F NMR (376 MHz)
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(5,5)-Ni-BPB-2-F-OMOM-Tyr (134c) (CDCls) *H NMR (400 MHz), *C NMR (101 MHz), *F NMR

(376 MHz)
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(S,S)-Ni-BPA-2-FPhe (134d) (CDCls) *H NMR (400 MHz), *C NMR (101 MHz), *F NMR (376 MHz)
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(S,S)-Ni-BPA-3-FPhe (134€) (CDCls) *H NMR (400 MHz), *C NMR (101 MHz), °F NMR (376 MHz)
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(S,S)-Ni-BPA-4-FPhe (134f) (CDCls)'H NMR (400 MHz), 3C NMR (101 MHz), 1*F NMR (376 MHz)
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4,4,5,5-Tetramethyl-2-(2,2,6-trimethylbenzo[d][1,3]dioxol-5-yl)-1,3,2-dioxaborolane
(138) (CDCls) H NMR (400 MHz) *C NMR (101 MHz)
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(S,S)-Ni-BPB-4-F-PheSer (156) (CDCIz) 'H NMR (400 MHz) 3C NMR (101 MHz) °F NMR (376

MHz)
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(S,S)-Ni-BPB-5-1-PheSer (160) (CDCls) *H NMR (400 MHz) **C NMR (101 MHz)
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3-Bromo-5-(methoxymethoxy)benzaldehyde (165) (CDCIs) *H NMR (400 MHz) 3C NMR (101

MHz)
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3-(Methoxymethoxy)-5-(trimethylstannyl)benzaldehyde (166) (CDCIs) *H NMR (400 MHz) 13C

NMR (101 MHz)
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S,S)-Ni-BPB-4-trimethylstannyl-PheSer (167) (CDCls) *H NMR (400 MHz) *C NMR (101 MHz)
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6.1.2. Mass Spectra

#191079_FTICRMS_3-FPhe_pos #1-10 RT: 0.00-0.27 AV: 10 NL: 1.41E7
T: FTMS + p ESI Full ms [150.00-1000.00]
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#191079_FTICRMS_ACX_3-D-FPhe_pos #1-10 RT: 0.01-0.28 AV: 10 NL: 3.33E7
T: FTMS + p ESI Full ms [150.00-1000.00]
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191079 FTICRMS Cu-BPB3-FPhe pos#1-10 RT: 0.01-028 AV: 10 NL: 4.77E&
T: FTMS + p ESI Full ms [150.00-1000.00]
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7. Radiochemistry

7.1.1. Radiochemical Terminology and Nomenclature
Radiochemical Yield

The radiochemical yield (RCY) is defined as “the amount of activity in the product expressed
as the percentage (%) of starting activity used in the corresponding process (e.g., synthesis,
separation, etc.). The quantity of both must be decay corrected to the same point in time before

the calculation is made.”?®

Enantiomeric Excess

Enantiomeric excess (ee) is a purity measurement for chiral molecules. The ee indicates the
relative presence of one enantiomer with respect to the other enantiomer in a percentage value

(Equation 1.). An ee value of over 95% is desired for final AAA tracer products.
ee (%) = ((R-S)/(R + S) x 100)
Equation 1. Enantiomeric excess equation.

Chiral HPLC columns were used to determine the ee of the AAA tracers, providing adequate
separation between the L- and D- enantiomers (Fig. 37). The co-injection of the AAA tracers
with a suitable reference compound can provide clear information regarding the enantiomeric

configuration (L or D) of the product and the ee.

Bor #213 [modified by chemie] Chirobiotic 3-LD-FPhe uv_vis_1 Bor #288 [modified by chemie] Chirobiotic 3-L-[18F]FPhe LB500
WVL:210 nm|

s &
K

2
K

T T T T T T T T T T
00 10 20 30 40 50 60 7.0 80 9.0 104 | 00 20 40 60 80 100 120 14,0
Retentionszeit [min] Retentionszeit [min]

Figure 37. HPLC chromatographs of racemic reference compound 3-FPhe and final product
3-(S)-[*®F]FPhe tracer. Chirobiotic T column: 60% EtOH 1 mL/min isocratic conditions.

7.2. General Information and Procedures

[*®F]Fluoride was produced by bombardment of enriched [*®0]H-0 by 16.5 MeV protons via
180(p,n)*8F reaction using BC1710 cyclotron (The Japan Steel Works Ltd., Shinagawa, Japan)
at the INM-5 (Forschungszentrum Jilich).
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All radiosyntheses were carried out using anhydrous n-BuOH and DMA stored over molecular
sieves in Acroseal® flasks (Thermo-Fisher Scientific, Acros, Germany) and under ambient air.
Cu(OTf)2(py)s was prepared according to the literature procedure® and stored under ambient
conditions. Sep-Pak Accell Plus QMA light carbonate cartridges (46 mg) and Oasis Wax 1cc

cartridges were purchased from Waters GmBH (Eschborn, Germany).

7.2.1. Preprocessing of [18F]Fluoride
[®F]Fluoride was processed prior to radiosynthesis as follows: A solution of aqueous

[*8F]fluoride was loaded onto a QMA light carbonate (anion-exchange cartridge) from the male
side. Washing and flushing were also carried out from the male side. The [*®F]fluoride was
eluted from the female to the male side.

7.2.2. Synthesis of FET
[*®F]FET was prepared at the cyclotron facility of INM-5 (Forschungszentrum, Jilich GmbH)
as previously reported.??

7.3. General Procedure for the 18F-Labeling of Ni-BPB-AAAs (RGP1)
The radiosynthesis commenced with the loading of [*8F]fluoride (500-5000 MBq) onto a

QMAZ® light carbonate cartridge (preconditioned with 1 mL H,0) followed by subsequent
elution with Et4NHCO3 (3 mg, 15.7 pmol) in MeOH (0.75 mL). Thereafter, all volatiles were
removed under reduced pressure at 80 °C for 5 minutes, a solution of the corresponding
precursor (10 pumol) and Cu(OTf)2(py)s (20 umol) in DMA/nBuUOH 2:1 (0.75 mL) added and
the reaction mixture was stirred at 110 °C for 15 min. The mixture was then concentrated under
reduced pressure at 110 °C for 10 min. 12 m HCI (1 mL) was added, the reaction mixture was
stirred at 110 °C for 15 min and concentrated at the same temperature under reduced pressure.
Thereafter, the residue was taken up in 6% EtOH (1 mL) and purified using high-performance
liquid chromatography (HPLC). Unless otherwise stated, all columns were fitted with a
precolumn protector (Phenomenex, SecurityGuard Cartridge System).

7.4. Preparation of [18F]FPBA (RGP2)
In a similar manner to a literature protocol, the radiosynthesis commenced with the loading of

[*8F]fluoride (50-500 MBq) onto an Oasis® Wax 1cc cartridge (preconditioned with 5 mL of
0.5 M NaHCOz and 10 mL H20) from the male side. Thereafter, the cartridge was washed with
1 mL i-PrOH in the same direction and dried using compressed air. [*®F]Fluorine was eluted
with DMAPOTT (6.7 mg, 25 pmol) in 0.5 mL DMA from the female side into the reaction
vessel containing 1,4-benzenediboronic acid (3.3 g, 20 umol) and Cu(OTf)2(py)s (3.6 mg, 5.3
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pmol) in DMA (0.5 mL). The mixture was heated (110 °C, 15 min) under aerobic conditions.
The ‘8F-incorporation was determined using HPLC.

7.5. HPLC

Gradient Al: H2O/MeCN, 2 mL/min, Chromolith SpeedROD®, 50 x 4.6 mm (Merck
Millipore); gradient: 0—2 min: 5% MeCN, 2-2.5 min 5—20% MeCN, 2.5-6 min: 20% MeCN,
6—7 min 20—70% MeCN, 7-9 min: 70% MeCN, 9-12 min 70—5% MeCN.

Gradient A2: H2O/MeCN, 3 mL/min, Chromolith SpeedROD®, 50 x 4.6 mm (Merck
Millipore); gradient: 0—-2 min: 5% MeCN, 2-2.5 min: 5—70% MeCN, 2.5-7 min: 70% MeCN,
7—8 min: 70—5% MeCN, 8-9 min: 5% MeCN.

Gradient B1: 1.3 mL/min 0.2% H3PO4 in 6% EtOH (v/v), Synergi Hydro-RP, 4 um, 80 A, 250

mm x 4.6 mm (Phenomenex, Aschaffenburg, Germany.

Gradient B2: 1.3 mL/min 0.2% H3sPO4 in 4% EtOH (v/v), Synergi Hydro-RP, 4 um, 80 A, 250
mm x 4.6 mm (Phenomenex, Aschaffenburg, Germany). These conditions were used for the
isolation of 6-[*®F]FMT and 2-[8F]FTyr.

Gradient B3: 1.0 mL/min 10% EtOH Synergi Hydro-RP, 4 um, 80 A, 250 mm x 4.6 mm

(Phenomenex, Aschaffenburg, Germany).

Gradient B4: 6 mL/min 0.1% TFA in 10% EtOH (v/v), Hydro RP Synergi 250 mm x 10 mm
Synergi Hydro-RP, 4 um, 80 A, 250 mm x 4.6 mm (Phenomenex, Aschaffenburg, Germany),
isocratic. These conditions were used for the isolation of 2-4-['®F]Phes and 2-4-aMe-
[*®F]Phes.

Gradient B5: 6 mL/min 0.1% TFA in 15% EtOH (v/v), Hydro RP Synergi 250 mm x 10 mm
Synergi Hydro-RP, 4 um, 80 A, 250 mm x 4.6 mm (Phenomenex, Aschaffenburg, Germany).
These conditions were used for the isolation of 4-[*F]FTrp.

Gradient C: 1 mL/min 60% EtOH Chirobiotic T column (Astec®), 5 um, 100 A isocratic 1-12

min. A precolumn protector was not utilized in this case.

HPLC analyses were carried out on a Dionex Ultimate 3000 HPLC system and a DAD UV
detector coupled in series with a Berthold Nal detector or on a homemade HPLC system
consisting of a Knauer 80-P pump, a Knauer K-2500 UV/vis detector (Knauer, Berlin,
Germany), and a Rheodyne manual injector coupled in series with a Nal(Tl) well-type
scintillation detector model 276 photomultiplier base with an ACE mate amplifier and BIAS
supply (EG&G Ortec Ametek, Meerbusch, Germany). Semipreparative HPLC separations were

carried out using the same HPLC systems or a homemade HPLC system equipped with a
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Hitachi L-6000 pump (Merck, Darmstadt), a Knauer K-2500 UV/vis detector (Knauer, Berlin,
Germany), and a Rheodyne manual injector (5 mL loop) coupled in series with a Nal(TI) well-
type scintillation detector model 276 photomultiplier base with an ACE mate amplifier and
BIAS supply (EG&G Ortec Ametek, Meerbusch, Germany). The unselective adsorption of 8F
onto HPLC columns was determined to be < 10% in each case. The UV and radioactivity
detectors were connected in sequence, giving a time delay of 0.1-0.9 min between the
corresponding responses, depending on the flow rate. The identity of the '®F-labeled products
was confirmed by the co-injection of the respective non-radioactive reference compound. All
radiosyntheses were carried out at least three times. In most cases, the standard deviation (SD)

of RCCs did not exceed 10% of the mean values.

7.6. Automated Synthesis of Radiofluorinated Amino Acids

All automated radiosyntheses were carried out in a home-made synthesis module. FFKM valves
(Christian Burkert GmbH&Co. KG, Ingelfingen, Germany) were applied. All connections
between the valves were made using PTFE tubes and PEEK fittings. The flow scheme for the
preparation of radiolabeled amino acids is depicted in (Fig. 38). Synthetic air and He (Westfalen

AG, Muenster, Germany) were used as operating gases.

syn. air
33

F-18 from
cyclotrone

dispenser

Figure 38. Process flow diagram (PFD) for the automated radiosynthesis\of 18- labeled
AAAs. A: MeOH (2 mL); B: EtsNHCOs (3 mg, 15.7 pmol) in MeOH (0.75 mL); C:
Cu(OTf)2(py)s (13.6 mg, 20 umol) and radiolabeling precursor (10 umol) in DMA/n-BuOH
(3:1) (0.75mL); E: 37% HCI (1 mL); F: 6% EtOHaq (1 mL).
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1. Loading of [*®F]fluoride onto a QMA ion exchange cartridge;
2. Washing of the QMA with MeOH (2 mL);
3. Closing air valve (50), and system venting;

4. Elution of [*F]fluoride from the ion-exchange cartridge with a methanolic solution of
EtsNHCO;s into RV 1;

5. Open air valve (50) to transfer methanolic solution from QMA to RV 1 completely;

6. Evaporation of MeOH in RV1 at 80 °C for 3-5 min using a flow of synthetic air under
reduced pressure;

7. Addition of a solution of the radiolabeling precursor (10 pmol) and Cu(OTf)2(py)4 (20 umol)
in n-BUOH/DMA 1:3 (0.75 mL);

8. Heating of the reaction mixture in RV1 at 110 °C for 15 min;

9. Evaporation of reaction mixture in RV1 at 110 °C for 10 min;
10. Addition of 37% HCI (1 mL) and heating at 110 °C for 15 min;
11. Evaporation of reaction mixture in RV1 at 130 °C for 10 min;
12. Addition of 6% EtOHaq (1 mL) in RV1;

13. Injection of the loop content onto the HPLC column and elution with 6%* EtOHaq (0.2%
H4PO3) at 1.3 mL/min;

14. Manual collection of the product fraction in a collection vial (CV1).
*Depending on the desired *8F-labeled AAA.
As previously described, the aforementioned radiosynthetic protocol was not robust.
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8. Radio HPLC Traces and RCC Data for 18F-Labeled Products
[8F]134a (Gradient Al)

Seq #329 [modified by j.zischler] Raytest

907

Voltage [mV]

0.0 2,0 4,0 6.0 8,0 10,0 125
Retentionszeit [min]

Nr. Retentionszeit  Intensitit Integral
min mAU %
1 0,81 1,065 276
2 8,07 67,890 97.24
Total: 69,855 100,00

[*8F]134b (Gradient A1)

140 Seq #288 [modified by j.zischler] Meta FPhe Ni BPB Alcohol enhanced Raytest
120+
1 Ph P
: C\ )
N Vv
100+ . \N. /O:/l/O
] z |
] 5./ N,
T o o“>N N /@
PO | 18
8 1 Ph
L 60
] 1
a0 ['8F1134b

— D .
0.0 20 4.0 6.0 8.0 10,0 12,5
Retentionszeit [min]

Nr. Retentionszeit Intensitdt Integral
min mAU %
1 0,68 9,128 9,45
2 7.97 91,921 90.55
Total: 101,048 100,00
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[*8F]189 (Gradient A1)

120 Seq #387 [modified by A.craig] Raytest
] a
100+ PB m’%\;b
80 N\ /O o 1
Ni I
/ ‘
S O N N
E 60 I 18F
& Ph
K
40
['®F1189
20
] @*’\ \
N :‘\
10 ] . . . . | . . . . . . . . . . . . |
0,0 2,0 4,0 6.0 8,0 10,0 12,5
Retentionszeit [min]
Nr. Retentionszeit Intensitdt Integral
min mAU Yo
1 0,98 2,484 3,92
2 843 90,829 96.08
Total: 93,312 100,00
[*8F]190 (Gradient A1)
600 Seq #644 [modified by A.craig] Raytest
) P
Ph o°
500 ) o
] [ :N\ /O (0]
400 /: Ni T 18
] 07N N7
S 1 I
£, 300 Ph
% 4
S : 18
= 200-] ['°F]190
4 >
100- \p‘?'rb a
] o
l v
VAN J
-50 — T L I S B T T
0,0 2,0 4,0 6,0 8,0 10,0 12,5
Retentionszeit [min]
Nr. Retentionszeit  Intensitdt Integral
min mAU Y%
1 0,84 57,485 14,38
2 3,39 14,358 2,94
3 8,04 468,332 82,68
Total: 540,175 100,00
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[*8F]191 (Gradient Al)

Voltage [mV)

Seq #332 [modified by j.zischler]

Raytest

SO,G_
&

25,0 PB 92

] [\ OMOM
20,0+ _N\N_/O 0

S/ \

] 07N
15,0

] Ph "F
10,[F_

['8F1191

5,0+ T ‘ T ‘ T — T T
0.0 2,0 4,0 6.0 8.0 10,0 12,5
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 0,95 1,222 5,28
2 8.07 22 987 94 72
Total: 24,209 100,00
[8F]134c (Gradient Al)
300 Seq #369 [modified by j.zischler) Raytest
2501 on
] o
| X
200 N 0.0 N
| /: /N'\ T OMOM '
s ] 0° N N7
E 1504 |
& Ph 'OF
:
0 ['®F]134c
507-
| ]
~ A
-20
0,0 2,0 4,0 6,0 8,0 10,0 12,5
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 0,80 6,724 5,48
2 8,44 198,105 94,52
Total: 204,829 100,00
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[*8F]192 (Gradient Al)

700 Seq #346 [modified by j.zischler] Raytest
] cl
] Cl
600
| of
] 29
500 Vv
i N 0.__0
ey
N 0“>N N7
g 3001 | 18
S Ph
200+
] Cl
1 ['®F1192
100+ q';s
, R
o
L.er_
-50 T T T T T T T T T T T T
0.0 2,0 4,0 6.0 8.0 10,0 12,5
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 1,24 14,748 3,41
2 8.69 480,914  96.59
Total: 495,662 100,00
[‘®F]134d (Gradient Al)
Bor #282 [modified by chemig] RCC 2-A-Me-[18F]FPhe 2 LB500
W
PB 2
[ . :N\ . (0] O
: N '
Pz d
0” N N
H 18F
& ['®F1134d
\’Q
0,00 1,00 3,00 4,00 5,00 6.00 7.12
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 0,62 198,870 21,28
2 4,45 722,458 78,72
Total: 921,328 100,00
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[*8F]134e (Gradient Al)

Bor #154 AC alpha-Me-3[18F]FPhe 5 LBS500
<
,b‘.
e PB
{ \ 18
F
\ o0._0
5 N\
O
I
H
18
& ['°F]134e
’QV
0,00 1,00 2,00 3,00 4,00 5,00 6,00 7,00 a.bo
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 0,71 71,571 16,76
2 4,61 529,945 83,24
Total: 601,516 100,00
[*8F]134f (Gradient A1)
Bor #189 RCC alpha-Me-4[18F]FPhe (AC328) 2 LB500
s
.‘\)'
e Ph
/ \ /\/D
o /\N /O/
['®F1134f
a
,Q‘%\
0,00 1,00 2,00 3.00 4,00 5,00 6.00 7.00 8.00
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 0,61 44,688 4,31
2 4,50 1006,396 95,69
Total: 1051,084 100,00
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[*8F]193 (Gradient Al)

4500 Seq #634 [modified by A.craig] Raytest
,\'\
Ph A
(L
3.000 ( N 0.0 PMOM
- : Nij
PV ﬁ/@
s
E ] |
g 2,000+ H "F
§ 4
['®F1193
1 o
1.000 ‘Q‘.gz
4 N
QL J
-500 — —— —— 1 ‘ [
0,0 2,0 4,0 6.0 8,0 10,0 12,5
Retentionszeit [min]
Nr. Retentionszeit Intensitidt Integral
min mAU %
1 0,85 639,907 16,13
2 777 3230428 83,87
Total: 3870,335 100,00
[*8F]183 (Gradient A2)
140 Seq #652 [modified by A.craig] Raytest
] &
120 o
Vv
100+ OH O
1 18F I ;
80+ O'Bu
0 NHBoc
2 60
g ['®F]183
S ]
40
] oo
20 N
4 N J
20— — T T A — T | T
0,0 2,0 4,0 6,0 8,0 10,0 12,5
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 1,04 9,850 13,78
2 8,00 105,556 86,22
Total: 115,406 100,00
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[18F]186 (Gradient A1)

180CU TEAOTI #512 [modified by admin_chemie] RCC 7-[18F]FTrp LB500
] e
LCL N &
1 9
150
125
100
2
< 4
£ 757
5&: A .
5,01
7| Flow: 3,000 mi/min -
'207“‘\‘“|"‘\“‘|"‘\“‘\"'\“‘\“'|“‘
0.0 1,0 2,0 30 4,0 50 6,0 70 8,0 9.0 10,0
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %o
1 0,43 16,699 10,85
2 8,04 154.669 89.15
Total: 171,367 100,00
9. Quality Control of Products
2-FPhe (Gradient B1)
Bor #423 [modified by chemig] QC 2-a-Me-[18F]FPhe 15 mins uv viIs 1
WVL210 nm
el
4%{:?
N
(0]
OH
NH
E 2
I S S—
G,OI ' '110‘ ‘2‘,0' ' '3!0' ‘ ‘4f0‘ ' '5!0‘ ‘ 'efo' ' '7‘,0‘ ' ‘a',o' ' ‘9“0' '1:3,3
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 3,56 2782,507 100,00
Total: 2782,507 100,00
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2-[*8F]FPhe ([*®F]35) (Gradient B1)

Bor #418 [modified by chemig] QC 218F]FPhe 20 mins 1200C LB500
&
.b\‘
LN
lnl 0)
|| |II oH
|
| I| 18 NH;
| '.I [8F]35
o
[
[
II
e S i \_.I_-___ — I —
000 100 200 300 400 500 600 700 800 900 998
Retentionszeit [min]
Nr. Retentionszeit Intensitit Integral
min mALU Yo
1 419 163 696 100.00
Total: 163,696 100,00
3-FPhe (Gradient B1)
Bor #438 [madified by chemig] QC 3-FPhe Uv VIS 1
WVL:210 nm
o‘o' o '113' 2‘,5' '3‘,3‘ o '5fo‘ o I6{3‘ o '7',5‘ o 'afs 'm',o' ' ‘14,0
Retentionszeit [min]
Nr. Retentionszeit Intensitéat Integral
min mAU %
1 3.65 687,692 100.00
Total: 687,692 100,00
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3-[*F]FPhe ([*®F]68) (Gradient B1)

Bar #435 [modified by chemie] QC 3-[18F]FPhe 20 mins nBuOH/DMA 2 LB500
A
[N
o
OH
NH,
18F
['®F169
|
O‘O‘ o I'II,3I o ‘215‘ o ‘3‘,8‘ o IG!GI o I6!3I o I?!EI o ‘B‘,B I1DI‘[] ‘ ‘11,9
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 4.06 1004256 100.00
Total: 1004,256 100,00
4-FPhe (Gradient B1)
Bor #441 [modified by chemieg] QC 4-FPhe UV VIS 1
WVL:210 nm
)
lb:.?‘.b
N
0]
NH
= 2
T
(]‘DI o I113‘ o I2!5I o ‘3‘,8I o ‘510- o '613‘ o I7!5I o ‘838 ‘IC;‘U ‘h‘l)
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 4.33 441.810 100.00
Total: 441,810 100,00
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4-['8F]FPhe ([*8F]64) (Gradient B1)

167

200 7Seq #651 [modified by A.craig] — Raytest
751 9
1 &
] ,u‘?@
150+ S
1 0
125
2 o o
=™ [1®F164
50
1 |
25 k
* I
20+ T T T T T T T T T
0,0 2,0 4,0 6,0 8,0 10,0 12,7
Retentionszeit [min)]
Nr. Retentionszeit Intensitiat Integral
min mAU %
1 4,97 143,092 100,00
Total: 143,092 100,00
6-FMT (Gradient B2)
Bor #401 [modified by chemie] 6-FMT 2 UV VIS 1
WVL:210 nm
(A
rhii\
L
F 0]
OH
NH»
OH
I LV J :
O,O‘Il'l‘,Ol‘IQ,IOI‘ISjOII‘tleIIISEO‘IIGI,OI"T!OIIIB‘,D IQI,O‘ 1I(J,6
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 4.48 22917384 100.00
Total: 2291,784 100,00




6-[18F]FMT (['8F]28) (Gradient B2)

300 Seq #668 [modified by A.craig] = Raytest
b I
] W @
250+ N =
18F 0
200
OH
% 150 NH,
® | OH
2 100 ['®F]28
50-
-50-""|""|""[""{ MU L A P B
0,0 13 2,5 3.8 5,0 6,3 7.5 8,8 10,7
Retentionszeit [min]
Nr. Retentionszeit  Intensitdt Integral
min mAU %
1 4,81 241,305 100,00
Total: 241,305 100,00
2-FTyr (Gradient B2)
Bor #403 [medified by chemie] 2-FTyr UV VIS 4
WWVL:280 nm)|
&
,Fb‘\’sa
N
F (0]
OH
NH
HO 2
— T
0,00 100 200 300 ‘400 500 800 700 8,00 2,00 9,95
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 3.49 104.956 100.00
Total: 104,956 100,00
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2-[*F]FTyr ([*®F]36) (Gradient B2)

120.5€q #661 [modified by A craig] Raytest
o
5
] Q
=
100-| ‘
] o 1
'59 ]
- '\’ :
80-| ‘
1 18F e} !
5 1 |
E o0 OH |
g NH;
2 | HO :
] ['8F]36 |
T S S
0,0 1,3 25 3,8 5,0 6,3 7.5 8,8 10,0

Retentionszeit [min]

Nr. Retentionszeit Intensitdt Integral
min mAU %
1 3,97 78,543 100,00
Total: 78,543 100,00

a-Methyl-2-FPhe (Gradient B1)

Bor #323 [modified by chemie] QC A-Me 2-D/L-FPhe reference compound 4 Uv_VIS_1
WVL:210 nm
Q
&
4(’)6

T k‘,Jr/\
— __
00 13 25 38 50 63 75 88 100 12,0
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 5,08 358,252 100,00
Total: 358,252 100,00
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a-Methyl-2-[*®F]FPhe (['®F]176) (Gradient B1)

Bor #425 [modified by chemig] QC 2-a-Me-[18F]FPhe 15 mins 2 LB500
Yy
:QJ?‘,\
N
"8F 0
X~ OH
~ NH,
['8F1176
_—
O‘OI o I113‘ 2!5I I3‘,8I o ‘SEOI - I6!3I - I?!SI o IB‘ISI o ‘16‘0‘ I12‘0
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU /)
1 541 196,987 100,00
Total: 196,987 100,00
a-Methyl-3-FPhe (Gradient B1)
Bor #326 [modified by chemie] QC A-Me 3-D/L-FPhe reference compound Uv_VIsS_1
WVL:210 nm
Sl
0:0- o -1-‘3- o -2‘5- o -3:8 o -5-0. o .6-3 - --7:5- -8‘8- o -16‘0- -12.‘0
Retentionszeit [min]
Nr. Retentionszeit Intensitét Integral
min mAU %o
1 5,80 280,639 100,00
Total: 280,639 100,00

170




a-Methyl-3-[*®F]FPhe (['®F]177) (Gradient B1)

Bor #155 AC alpha-Me-3[18F]FPhe QC control LB500
Nel
.b??
['8F177
1
T
0.0 1.3 25 3{8 5:[1 SJ:! 7{5 E!B 10,0 I 12,0
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 5,85 842,027 100,00
Total: 842,027 100,00
a-Methyl-4-FPhe (Gradient B1)
Bor #310 [modified by chemie] QC alpha-Me 4-D/L-FPhe reference compound 2 UV_VIS_1
WVL:210 nm
3
,G;b
N
O
R OH
< NH,
F
J Ty . — _ - — I -
0,0 13 25 38 50 63 7.5 88 10,0 12,0
Retentionszeit [min]
Nr. Retentionszeit Intensitét Integral
min mAU %
1 5.86 320.770 100.00
Total: 320,770 100,00
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a-Methyl-4-[*®F]FPhe (['®F]196) (Gradient B1)

Bor #298 [modified by chemie]

QC 4-A-Me-[18F]FPhe 2

LB500

S

S
)

r% )

['®F]178

T
5.0

T T
6,3

0,0 13 25 3.8 7.5 8.8 10,0 12,0
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 6,51 35,846 100,00
Total: 35,846 100,00
a-Methyl-6-[®F]FMT ([*®F]175) (Gradient B1)
600 Seq #637 [modified by A.craig] — Raytest
i |3
] 1o
500+ . s
] v 1
400 ; 0]
HO.
S , OH
£ 300 !
% 1 : 18 NH2
£ ! F
s I 18
> o] 1175
100 |
W :
N |
| |
— T T |
50— '\‘"‘\"“\"“\""w“':\""\ T "
0,0 13 25 38 5,0 6,3 75 88 10,0 12,2
Retentionszeit [min]
Nr. Retentionszeit Intensitit Integral
min mAU %
1 478 4,369 1,04
2 6,20 411,247 98,96
Total: 415616 100,00
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3-[!8F]FPheSer ([18F]114) (Gradient B3)

450 Seq #658 [modified by A.craig] - Raytest
4 ELI‘?
_ '
A i
o i
4 N I
300+ ;
1 OH O
= 18F - I
£ 1 ;OH
2 NH, |
2 |
| '®F1114 |
100} i
L L L0 L B RN '
0,0 1,3 25 38 5,0 6,3 7.5 838 10,0 121
Retentionszeit [min]
Nr. Retentionszeit Intensitdt Integral
min mAU %
1 417 314.812 100,00
Total: 314,812 100,00
FPBA (Gradient Al)
300 Seq #463 [modified by A.craig] 1-fluoro-4-borophen Uv_VIS 1
j WVL:230 nm
1 A
250 ,':?"Q
1 N
200+ OH
: O
2 4
E 150 OH
g o
50
I I o~ e
'50_"“\""\"“I“"\““I“"\"“I"“\
0,0 13 2,5 3,8 5,0 8,3 7.5 8.8 10,1
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 3,91 224,830 100,00
Total: 224,830 100,00
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[*8F]FPBA ([*8F]80) (Gradient Al)

350 Seq #531 [modified by A.craig] Raytest

300
2501
200

1504

Voltage [mV]

100

50

0.0 13 25 38 50 6.3 75 88 10,0 116
Retentionszeit [min]

Nr. Retentionszeit Intensitdt Integral
min mAU %
1 1,05 37,504 9,33
2 407 262,105 89,69
3 8,27 4,075 0,98
Total: 303,683 100,00

10. Determination of Enantiomeric Excess for AAA PET Tracers
rac-2-FPhe (35) (Gradient C)

Bor #211 [modified by chemie] Chirobiotic 2-LD-FPhe UV VIS 1
WVL:210 nm
K
’G)‘

o}
(R)
< “OH
NH
F 2
0.0 1!0 2}0 3,‘0 4!0 5‘.0 6‘.0 ?!0 8!0 9:0 I 10.6
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 517 379,213 50,19
2 6.33 230.063 49.81
Total: 609,276 100,00
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2-[*®F]FPhe ([*®F]35) (Gradient C)

Seq #649 [modified by A.craig]

Raytest

60,0

Voltage [mV]

00 13 25 38 50 63 75 8,8 10,0
Retentionszeit [min]
Nr. Retentionszeit  Intensitdt Integral
min mAU %
1 578 42,251 100,00
Total: 42,251 100,00
rac-3-FPhe (Gradient C)
Bor #213 [modified by chemie] Chirobiotic 3-LD-FPhe Uv VIS 1
WVL:210 nm
el
.E?P
&
R)
Y “OH
NH,
F
1
0,0 1JD 24‘0 3{0 4!0 510 6‘.0 7‘,n BjO 9‘,0 I 10.4
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 4,90 373,068 50,00
2 6.50 184.506 50.00
Total: 557,574 100,00
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3-[*®F]FPhe ([*®F]68) (Gradient C)

Bor #288 [modified by chemie] Chirobiotic 3-L-[18F]FPhe LB500
xa
R
(0]
(S)
OH
NH,
18F ['8F]76
0,0 20 40 6.0 80 100 12,0 14,0
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 5,32 592,219 100,00
Total: 592,219 100,00
3-(R)-[*8F]FPhe (['8F]197) (Gradient C)
Bor #258 SA Chirobiotic ACX 3-D-[18F]FPhe 10uL 3.9 mL soln LB500
,I\NQ’
(@)
(R)
v~ “OH
NH,
F ['8F)197
0:0 S 2:0 ' ‘ 4;0 o 6:0 8,0 10,0 12,0 . 14,0
Retentionszeit [min]
Nr. Retentionszeit Intensitat Integral
min mAU %
1 7.18 593,283 100.00
Total: 593,283 100,00
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3-[*8F]FPheSer ([*®F]114) (Gradient C)

200 7Seq #656 [modified by A.craig] Raytest
175rf &
15(%5
1252 18F R

100 NH,

Voltage [mV]

] 18
5 ['8F]114
50
25

- e

0,0 13 25 3.8 50 6,3 7.5 8.8 10,0 12,

Retentionszeit [min]

o

Nr. Retentionszeit Intensitat Integral
min mAU %
1 5,07 152,784 100,00
Total: 152,784 100,00
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11. Supplmentary Information: PET Evaluation

All images and graphs courtesy of Prof. apl. Heike Endepols, Mr. Lukas Vieth and Mrs.
Maximiliane-Felicia Kramer.

11.1.1. 2-[18F]FPhe in Healthy Rats with /without Benserazide
0-30 min 30-60 min 60-90 min 90-120 min

2-[°F]FPhe
without
benserazide

2-[°FIFPhe
with
benserazide

-a- 2-FPhe + Benz
-#- 2-FPhe
2 1000 - £ o
> >
7 7501 &
o c 403
s 500 - g
250 - 204
0 : L] L] 0 -‘ L] 1
0 50 100 0 50 100
Time, min Time, min

Figure 39. 2-[*®F]FPhe in healthy rats with/without benserazide.
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11.2.2. 3-[18F]FPhe in Healthy Rats with /without Benserazide

A 0-30 min 30-60 min 60-90 min 90-120 min

3-[18F]FPhe
without
benserazide

3-[18F]FPhe
with

Bone SUV,, B@ benserazide

12309 -= 3-['8F]FPhe + benserazide g0
_[18

1000 -= 3-[28F]FPhe >_g &
750 2

c 40
500 - ‘©
@

250 4 20

0 ! L] L} 0 1 L]
0 50 100 0 50 100
Time, min Time, min

Figure 40. 3-[*®F]FPhe in healthy rats with/without benserazide.
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11.2.3. 3-(S)-[18F]FPhe in Healthy Rats with/without Benserazide
0-30 min 30-60 min 60-90 min 90-120 min

3-[°F]FPhe
without
benserazide

3-["°F]FPhe
with
benserazide

1250- 15
-s- 3-[ F]F-D-Phe + bens. "
510009 ™ 3.["FJF-D-Phe =° 60
> 750 A
2 < 40
2 5001 S
2 20
250
0 ‘ T T 0 Ll 1
0 50 100 0 2 100
Time, min Time, min
Figure 41. 3-(S)-[*®F]FPhe in healthy rats with/without benserazide.
Without benserazide With benserazide
= 3 °FIF-L-Phe
80 ™ 3°FIF-D-Phe 80
2 60 2 60
=] £
>
= =
AN v a0
c f=
£ 5
o 20| @ 20
0% T T 0 T T
0 50 100 0 50 100

Time, min Time, min
Figure 42. Comparison of 3-[*®F]F-L/D-Phe and in healthy rats with/without benserazide.
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11.2.4. 4-[18F]FPhe in Healthy Rats without Benserazide

4-["°F]FPhe
without
benserazide

SUwa
0-30 min 30-60 min 60-90 min 90-120 min

80
0

0 50 100 0 50 100
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Figure 43. 4-[*®F]FPhe in healthy rats with/without benserazide.
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11.2.5. a-Methyl-2-[18F]FPhe in Healthy Rats with/without Benserazide
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Figure 44. a-Methyl-2-[*®F]FPhe in healthy rats with/without benserazide.
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11.2.6. a-Methyl-3-[18F]FPhe in Healthy Rats with/without Benserazide
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Figure 45. a-Methyl-3-[*8F]FPhe in healthy rats with/without benserazide.
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11.2.7. a-Methyl-4-[18F]FPhe in Healthy Rats with/without Benserazide
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Figure 46. a-Methyl-4-[*®F]FPhe in healthy rats with/without benserazide..
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11.2.8. 7-[18F]FTrp in Healthy Rats with Benserazide
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Figure 47. 7-[*®F]FTrp in healthy rats with/without benserazide.
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11 2.9. 3-[18F]FPheSer in Healthy Rats
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Figure 48. 3-[*®F]FPheSer in healthy rats with/without benserazide.
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11.2.10. Tumor Model Mice
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Figure 49. ®F-labeled AAAs in tumor model mice with/without Benserazide.
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11.2.11. Chicken Embryo PET with [18F]FET and 3-[18F]FPhe

Figure 50. Chicken embryo PET experiments with [*®F]FET (A, C) and 3-[*®F]FPhe (B). The
yellow arrows indicate the chicken embryo’s brain, and the white arrows indicate the chicken

embryo’s eyes.
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Figure 51. Chicken Embryo PET experiments showing 3-[*®F]FPhe tracer uptake in the tumor.

Chicken embryo PET and MRI images courtesy of Mrs. Carina Stegmayr.
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12. Appendix

Abbreviations

°C Degrees Celsius
Angstrom
A Adrenaline
AA Amino acid
AAA Aromatic amino acid
AAAH Aromatic amino acid hydroxylase
AADC Aromatic amino acid decarboxylase
Ac Acetyl
AcOH Acetic acid
AD Alzheimer’s disease
AIBN Azobisisobutyronitrile
APT Attached proton test
aq Aqueous
As Specific activity
Am Molar activity
BBB Blood-brain barrier
Boc tert-butoxy-carbonyl
Bn Benzyl
BPB N-Benzylproline benzophenone
Bpin Boronic acid pinacol ester
B2pin Bis(pinacolato)diboron
BPX (S)-O-[(N-benzylpropyl)amino]-phenone-derivative
Bq Becquerel
Bu Butyl
c.a. Carrier added
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Calcd Calculated

cat catalytic

cod Cyclooctadiene

COMT Catechol-O-methyltransferase
CT Computed tomography

Cu-BPB Cu-[(Benzylprolyl)amino]benzophenone

d Days

DA Dopamine

de Diastereomeric excess
DIPEA N,N-Diisopropylethylamine
DMA Dimethylacetamide

DMAP 4-Dimethylaminopyridine

DMAPOTf  4-Dimethylaminopyridine-triflate

DMF Dimethylformamide

DMSO Dimethylsulfoxide

E Energy

ee enatiomeric excess

Eq Equivalents

ESI Electrospray ionization

Et Ethyl

EtOH Ethanol

EWG Electron-withdrawing group

[®FIFDG  2-[*®F]Fluoro-2-desoxy-D-glucose
[*®F]FDOPA  6-[*®F]Fluoro-3,4-dihydroxyphenylalanine
[*8F]FET O-(2-[*8F]Fluoroethyl)-tyrosine
[*®F]FPBA  4-[*8F]fluorophenylboronic acid

2-FPhe 2-Fluorphenylalanine
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2-[*®F]FPhe
4-FPhe
4-[*®F]FPhe
Fig.

6-FMT
6-[|F]FMT
FTyr

A

g

GBq

GC

Gly

HPLC
HTP
hv

HVZ
Hz
ICP-MS

INM

K222

kJ

LAT1

LC

2-[*®F]Fluorophenylalanine
4-Fluorophenylalanine
4-[*8F]Fluorophenylalanine
Figure

6-Fluoro -meta-tyrosine
6-[*8F]Fluoro-meta-tyrosine
2-Fluorotyrosine
Forschungszentrum Julich GmhH
Gram

Gigabecquerel

Gas Chromatography

Glycine

Hour

High-performance liquid chromatography
5-Hydroxytryptophan

light

Hell-Volhard-Zelinsky

Hertz

Inductively coupled plasma mass spectrometry
Institute for Nuclear Medicine
Infrared

Coupling constant

Kryptofix®222

Kilojoules

Liter

L-Amino acid transporter 1

Locus coeruleus
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LG Leaving group

LOR Line of response

m- meta-

M Molar

mAU Milli-atomic units
MAO Monoamine oxidase
max Maximum

Me Methyl

MeCN Acetonitrile

MeOH Methanol

Mes Mesityl-

MeV Mega electronvolt
mg milligrams

min Minutes

MOM Methoxy-O-methyl
mol Mole

MRI Magnetic resonance imaging
MS Mass spectroscopy
Ms Mesylate

NA Noradrenaline

NBS N-bromosuccinimide
n.c.a. No carrier-added
Ni-BPB Ni-[(Benzylprolyl)amino]benzophenone

Ni-BPX Ni-[(Benzylprolyl)amino]phenone-derivative

NMR Nuclear magnetic resonance
0- ortho-
p- para-
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PD
Pd(dppf)Cl:
PET
Ph
Phe
PG
pKa
pPpm
Pr

Ps
Py
RCC
RCP
RCY
Rt
RP

rt

sat.
SMB
SMC
SNATr
sol.
SPE

SPECT

tie

Parkinson’s disease
[1,1'-Bis(diphenylphosphino)ferrocene]dichloropalladium(ll)
Positron emission tomography
Phenyl

Phenylalanine

Protecting group

Acid dissociation constant

Parts per million

Propyl

Positronium

Pyridine

Radiochemical conversion
Radiochemical purity
Radiochemical yield

Relation to front

Reversed-phase

Room temperature

Seconds

Saturated

Suzuki-Miyaura borylation
Suzuki-Miyaura coupling
Nucleophilic aromatic substitution
Solution

Solid Phase Extraction

Single photon emission computed tomography
Time

Half life
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TEA
tert-
Tf
TFA
THF
TLC
Trp
Ts

uv

Tetraethylammonium
tertiary-

Triflate

Trifluoroacetic acid
Tetrahydrofuran

Thin layer chromatography
Tryptophan

Tosylate

Ultraviolet

Volt

Volume
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