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Abstract

Molecular imaging techniques serve an integral role in clinical practice for the diagnosis
and prognosis of various morbidities. Positron emission tomography (PET) is an imaging modality
employing radiolabelled probes to visualize biochemical processes. Radiochemical synthesis is
used to incorporate radioactive isotopes into small molecules or peptides targeting a protein of
interest. Access to radiotracers is therefore dependent on the availability of radiochemical methods
for the addition of radionuclides. This thesis describes the key steps in the process of developing
a new radiotracer, from designing methodologies for their synthesis, to the production and
evaluation of a novel probe, and finally the analysis of tracer kinetics in PET imaging. Beginning
with Chapter 1, PET and radiochemistry will be introduced.

Chapter 2 is focused on a general methodology to access 'C-amides, using transition
metal-catalyzed additions of organozinc iodides to C-isocyanates. In the chapter’s central article,
[*1C]CO:2 produced directly from the cyclotron was captured and converted to reactive 'C-
isocyanate electrophiles before being derivatized by aryl and alkyl organozinc iodides. Additional
work on the development of alternative 1*C-carbonyl compounds is also described.

Chapter 3 presents the radiolabelling of one such *C-carbonyl, describing the development
of a radiotracer based on the selective Rev-erb inhibitor SR9009. Given recently elucidated
potential for therapeutic applications of Rev-erb inhibitors like SR9009 in the management of
cardiovascular disease, (R)- and (S)-[**C]SR9009 were synthesized for cardiac investigation of
circadian biology.

Chapter 4 explores a novel approach to prepare *C-amino acids with [**C]CO2 via carbon
isotope exchange. In this chapter, a-amino acids are condensed to Schiff bases using aldehydes;
this intermediate can then undergo a carboxylation/decarboxylation cycle in which isotopically-
labelled carbon (*'C, 13C, 1*C) is incorporated. The key paper details the optimization of carbon-
11 labelling to prepare enantiopure L- and b-*1C-amino acids for imaging.

Chapter 5 discusses the pharmacokinetic and metabolic evaluation of [*®F]flubrobenguane
(FBBG) in clinical imaging populations to determine radiotracer kinetics. Patients underwent
FBBG PET scans to evaluate cardiac denervation. Blood samples were collected and processed to
derive vital parameters for image analysis and interpretation. Patient cohorts were statistically

compared to evaluate disease-specific differences in the pharmacokinetics of FBBG.
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Chapter 1: Existing Knowledge



1.1. Positron Emission Tomography

1.1.1. Medical Imaging

Due to the invasive nature of surgical interventions and clinical practices like tissue
biopsies in patient diagnosis and care, medical imaging has been increasingly relied upon to
monitor and evaluate patient condition commencing with the discovery of x-rays around the cusp
of the 20™ century.? In the 130 years since, imaging technologies have become an invaluable
medical tool for disease diagnosis and management, enabling clinicians to gather insights into the
inner workings of the human body while foregoing the need for intrusive medical procedures. In
their place, medical imaging techniques can be used to visualize internal structures underneath
layers of skin, tissue and bones, as well as to monitor and diagnose abnormalities that may be
pathological.

Many forms of imaging technologies exist in regular clinical practice.? This involves the
identification and subsequent evaluation of internal pathology, providing information about the
stage of disease and potentially the best course for treatment. Functional measurement techniques
such as electroencephalography (EEG) and electrocardiograms (ECG), used to compute electrical
signals in the brain and heart respectively, do not themselves produce images but provide
invaluable data that can be translated to maps or other visual interpretations.® Their readings can
substantiate diagnosis of clinical morbidities all while avoiding intensive examinations and
imposing diagnostic procedures.*

More advanced imaging techniques like computed tomography (CT), magnetic resonance
imaging (MRI), and ultrasound (US) allow for anatomical and morphological imaging, supplying
physiological mapping of the body’s inner structures and tissues. Nuclear techniques like single-
photon emission computed tomography (SPECT) and positron emission tomography (PET) on the
other hand can provide essential biological information via molecular imaging of the body’s
processes.® While technologies like MRI and US can still be used for functional imaging, as with
functional MRI to monitor blood flow or using echocardiography US to visualize the heart, they
are lacking in the biochemical information provided by a molecular technique.

Each imaging modality can serve a vital role in diagnostic practice, although few offer as
much potential for enriched biochemical understanding as PET. The downside comes with poor

spatial resolution; multimodality imaging systems like PET/CT and PET/MRI aim to address the



variances in imaging characteristics, pairing the high-resolution imaging and anatomical data of
CT or MRI with the molecular data provided by PET.

Nuclear imaging modalities rely on the fact that the body contains negligible levels of
endogenous radioactive biomolecules, allowing for rapid and simple distinguishing of injected
radioactivity.® These radiopharmaceuticals are chemical compounds (most often small molecules,
peptides and large bioconjugates) in which one (and in some situations, more than one) atom has
been replaced by a radioisotope. They are most frequently used for imaging purposes, as well as
medical radioligand therapy in certain cases wherein these injected radiopharmaceuticals deliver

targeted therapeutic radiation within the body.’

1.1.2. PET Imaging

Radionuclides refer to atomic nuclei unstable due to their excess of nuclear energy.® The
release of this energy is known as radioactive decay, occurring either via y-, a- and p-decay. The
first method of decay, y-emission, occurs through the release of a gamma photon, those of which
can be detected by gamma cameras employed in SPECT imaging.® The most used isotope for this
is technetium-99m.*° In comparison, a-decay is the process of decay from one atomic nucleus to
another through the emission of an a-particle, like with actinium-225 eventually decaying to stable
thallium-205.1* Alpha emitters can be employed in medicine, like in cancer treatment, with
targeted therapy effectively killing cancer cells.*? Finally, B-decay is the process of emitting an
electron (B) or a positron (B*); the latter is used for positron emission tomography.*?

PET imaging employs probes containing radioisotopes that undergo p* decay.
Radioisotopes are typically produced using a medical cyclotron, a particle accelerator harnessing
magnetic centripetal acceleration to bombard a target material with positively charged hydrogen
nuclei.'* Upon production, these isotopes begin to undergo decay, emitting a positron (B*) and a
neutrino (ve) in the process.’® When administered (usually via intravenous injection) to a subject,
like pre-clinical animal models or humans in clinical patient cohorts, a radiotracer accumulates in
target tissues dependent on its pharmaceutical properties and distribution, as well as on target
characteristics.

The radioisotope undergoes radioactive degradation; each nuclide has a half-life (ti2), the
time in which half of the sample decays. The amount of radioactivity that remains after a given

amount of time can be calculated with the decay equation:



A= Aje ™
where,
A = radioactivity at time t
Ay = radioactivity at time 0

1= In(2)
tl/2

Subsequent the decay of the radioactive isotope, the emitted positron will travel through
tissue until it spontaneously collides with an electron. Since positrons are anti-particles of electrons
this causes a matter-antimatter reaction defined as an “annihilation event”, which leads to the

release of two gamma photons in opposite, antiparallel directions (Figure 1.1).
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Figure 1.1. Positron emission tomography. The process in which PET imaging operates; following decay
and emission of positron, “annihilation events” occur and release antiparallel gamma photons. These can
be detected using rings of scintillators surrounding a subject administered the radioactive probe; event hits

are then assembled into accumulated heat maps. Created with BioRender.



To capture visual representation of this decay, the imaging subject is placed on a bed
surrounded by a PET scanner, a series of rings made of scintillators or semi-conductor-based
detectors.® The energy of a gamma photon is absorbed by scintillation, then converted to an
electrical signal to be processed and registered as a photon detection. Due to the presence of the
antiparallel photon, a simultaneous detection by scintillators in the array allows for the drawing of
a line of response between two hits. Throughout the scan, this occurs several thousands of times
and with sufficient instances of coincidence, positron annihilation events can be localized. The
series of near-simultaneous detections of coincidence are corrected for photon scattering and
random events, and using iterative reconstruction algorithms, an image is generated to provide
distribution heat maps of annihilation events.

While the spatial resolution of PET remains one of its biggest limitations, the development
of dual imaging technologies like PET/CT and PET/MR has assisted in the co-registration of

functional imaging with clearer structural scans.!’

1.1.3. Applications

PET imaging can play a vital role in a wide variety of clinical and research-oriented cases.
These are largely divided into three core purposes: medical-, biochemical-, and drug development-
related investigations. In each of these applications, trace quantities are injected in which
biological effects are not triggered.

Perhaps the most frequent indication for PET imaging is in clinical practice, wherein it can
be used to inform on diagnosis and prognosis of disease in patients that arrive at medical care
facilities. Provided there is either access to a production cyclotron and radiochemistry unit on-site
or to an off-site production facility capable of shipping and distributing radiotracer product,
patients can undergo PET scans to evaluate disease pathology. This information is invaluable, as
it can provide conclusive evidence of the presence and/or progression of disease state. One of the
most frequently used clinical radiotracers is ['®F]fluorodeoxyglucose ([*F]FDG), a glucose
analogue containing a radioactive isotope of fluorine-18 that accumulates in sites with high
metabolic activity. While [*®F]JFDG has many applications in the clinic, its primary usage is in
oncological diagnostics for localization of tumours within the body due to elevated uptake into

malignant tissue.'®



Beyond medical diagnostics, PET imaging can be used in research settings to further
ameliorate the understanding of biological and biochemical processes. Due to the functional
information that can be derived from images, researchers can gain insight on target behaviour and
characteristics. For example, a research group from the National Institutes of Health in Bethesda,
Maryland explored rates of cerebral protein synthesis using L-[*'C]-leucine, a carbon-11-labelled
radiotracer of the branched-chain amino acid. By monitoring its brain uptake and using
compartmental modelling, rates of incorporation into proteins within the brain were derived.°2°

Molecular imaging with PET further addresses questions for drug development and
pharmacology. Developing a drug to market takes years and can cost billions of dollars, and so it
IS best to be confident in the drug’s ability to “go the distance”. PET imaging can provide valuable
reassurance in the drug’s binding, tissue uptake, as well as its overall ability to be delivered to the
target (like, for example, across the blood brain barrier). Furthermore, from studying the target’s
binding potential, pharmaceutical companies can determine a sufficient and optimal dosing range
that can be well-tolerated by patients.

These applications each reinforce the strength and value of PET, but none would be possible

without the immense amount of work that goes into the development of radiopharmaceuticals.

1.2. Radiochemistry

1.2.1. Considerations

The development of PET radiotracers requires expertise from several diverse fields of
scientific research, from organic chemistry to pharmacology, biochemistry to physics, and clinical
medicine to image analysis and quantification. The radiotracer development process first begins
with radiochemistry. Whereas in synthetic chemistry reaction optimization aims to exclusively
maximize chemical yield, radiochemical synthesis is instead focused on the relationship between
the maximum yield within the confines of the radioisotopic half-life. While reaction yield tends to
increase over time, the amount of radioactivity decreases over time. This balancing act is a primary
focus in radiochemistry, and ultimately radiotracer development.

Reaction success can be measured by different metrics, most commonly radiochemical
conversion (RCC), radiochemical yield (RCY), radiochemical purity (RCP), activity yield (AY)
and molar activity (Am).



Radiochemical conversion is measured as the chromatographic ratio of desired product to
all radioactive products in a crude or semi-crude mixture. This is most frequently determined via
radioHPLC or radioTLC, in which a small aliquot of the reaction mixture is sampled. RCC alone
is not a sufficient determination of radiochemical reaction success as it does not account for all
process steps; RCY is a superior metric to depict product conversion through the process
entirety.?422

Radiochemical yield is a measure of the efficiency of the radioactive labelling procedure.
This value accurately measures the yield of the process, from delivery of the radioisotope, through
incorporation into the desired compound, and towards product formation. RCY is commonly
calculated for products of gaseous or volatile precursors by multiplying the RCC with the trapping
efficiency (TE), the measure of trapped radioactivity relative to untrapped radioactivity. This is
especially important with [*C]carbon dioxide, which will be discussed in more detail later.

Radiochemical purity is the isolated ratio of desired product to all radioactive products. It
is important not to confuse RCC with RCP despite their similarities: RCP is specifically in
reference to isolated products and is a quality control metric as opposed to a measurement of
reaction efficiency like RCC.

Activity yield is defined as the amount of radioactive product at the end of synthesis but in
which it is not decay corrected. This measurement is frequently used to assess the utility of the
production process with a greater focus on reaction time. A reaction with a 50% RCY recorded 20
minutes after radioisotope delivery differs greatly from one recorded 2 hours post-delivery. This
is especially important with shorter-lived isotopes undergoing multiple half-lives during synthesis.

Molar activity is the measured radioactivity per mole of the given compound. Am is an
essential metric when considering image quality. Radioactive products are formed in incredibly
low concentrations due to the nanomole levels of delivered radioisotope. To ensure non-
competitive binding to target receptors, the amount of unlabelled, stable isotope-containing
product should be minimized. This is especially critical when studying low-density receptors or
toxic molecules, to avoid high mole loading in subject injections.

Before proceeding with development, it is important to consider certain criteria: this largely
includes (1) the choice of biological target, whether it be informed by disease-implications or for
enriched biochemical understanding, (2) the ligand, whether it be a drug-like small molecule or

larger delivery methods like antibodies, (3) the radioisotope, and (4) the method for incorporation.



1.2.2. Molecular Target

Several important considerations exist when designing radiotracers, often beginning with
selecting a target of interest. Choice of target can come from different reasonings, like its
importance in disease pathology, a desire to probe its biochemical mechanism, or its role in a
drug’s effects on the body. All decisions first come from choosing a biomedical question to answer
and identifying the biological target that can best provide that information. It is not only about
determining what mysteries need to be elucidated, but also what mysteries should be elucidated to
satisfy the interest and demands of clinicians. Most target selection therefore comes from trying to
address unmet needs in medical research and practice.

Selecting a viable target involves identifying conditions most likely to lead to a successful
hit, to avoid the high costs of development from particle accelerator to clinic. Promising
radiotracers should have high specificity for the molecular target of interest and conversely have
low non-specific uptake into other tissues. Specificity, in the context of radiopharmaceuticals,
indicates the radiotracer’s ability to bind to targets. Selectivity on the other hand is the preference
to bind to its intended target compared to off-target sites. Having high affinity for and rapid uptake
into the target tissue is also important to ensure image quality. Sufficient retention within the target
tissue provides high contrast with the background. As such, the binding characteristics and
function of the desired target as well as its distribution and localization in the body are instrumental
in the development of a radiotracer.

An essential characteristic that radiochemists and radiopharmacists optimize is binding
potential (BP). This measurement is made up of the total target density (Bmax) and the binding
affinity for said target, depicted through the radiotracer dissociation constant (Kq), and represents
the interaction between the radiotracer and the target.?3

Perhaps the most essential element in target selection comes from access to promising

ligands for further investigation.

1.2.3. Ligand

With a biomedical question in mind and a target selected, the next major decision comes
in choosing a selective and specific ligand that can form the basis of the radiotracer and the vehicle
for the radiolabel.?*2¢ Selection of a ligand can be done in one of two main ways: (1) identifying

known ligands or therapeutics that can be radiolabelled or, (2) de novo synthesis of radiotracers.



The former is often a strong starting point — beginning with an already established ligand
with known binding properties for the target of interest ensures enough activity to establish the
effectiveness of the radiotracer without requiring significant synthesis or optimization. Many
ligands are thus selected from an existing library of active candidates, often populated by known
drugs from pharmaceutical literature and practice. While this approach can provide a route to more
rapid translation into radiochemistry and beyond, it is limited by requiring a sufficiently
appropriate chemical methodology for synthetic access, and a logical labelling site on the selected
molecule.

Alternatively, radiotracers can be developed through de novo synthesis, frequently
discovered as hits from high-throughput screening. Extensive libraries are constructed with
potential compounds for a particular target, with the expectation that only a few would be viable
for translation to radiochemistry. Improvements using structure activity relationship (SAR) studies
can identify the perfect candidate to derive a successful radiotracer candidate.

Potential radiotracers must satisfy a few key conditions in order to be desirable and have

clinical efficacy. They include, but are not limited to:

« A nanomolar or subnanomolar dissociation constant indicating affinity for
the target, to achieve sufficiently low mass dose;

« High specificity and high selectivity, to differentiate from background and
off-target binding;

« Metabolic stability and its ability to be quantified, to account for remaining
parent compound,;

« Asite for radiolabelling.

Using these qualities, the challenge is to identify which candidates should be radiolabeled
and tested using preclinical imaging in either animal models or cell studies. Much like medicinal
chemistry, optimizing binding properties is essential.

Of the utmost importance is identifying a site for radiolabelling. In the process of
radiolabelling a probe candidate, an element is substituted for a radioactive isotope. To not adjust
the pharmacokinetic properties of the selected ligand(s), identifying a radioisotope already

contained within the structure provides great value.



1.2.4. Radioisotope

Amongst the toolbox of radionuclides used for PET imaging, there are four non-metal
isotopes most frequently used in the synthesis of small molecule radioactive ligands: three short-
lived isotopes in carbon-11 (*C, t2 = 20.34 min), nitrogen-13 (2N, ti2 = 9.97 min) and oxygen-
15 (¥0, t12 = 2.04 min), and a longer-lived isotope, fluorine-18 (*8F, ty2 = 109.8 min). Outside of
the myocardial perfusion imaging (MPI) radiotracers [**N]Jammonia and [*®*O]water, clinical
radiopharmaceuticals are primarily labelled with carbon-11 and fluorine-18, and much of the
radiosynthetic focus is on incorporation of these radionuclides into chemical compounds.?”

Radiometals are an alternative for radiolabelling.?® Some of the more frequently used
radiometal isotopes are gallium-68, zirconium-89, and copper-64. Their incorporation into
molecules is typically very simple in relation to 1C and *F and they are therefore a strong option
for production facilities. In most radiometal-based radiopharmaceuticals the metal is bound to a
chelating agent possessing a linkage between itself and a ligand pharmacophore. An additional
advantage in their use is the potential to exchange out a diagnostic isotope like the three
aforementioned for a therapeutic alternative — this is explored by the field of theranostics (therapy
and diagnostics).

However, carbon-11 and fluorine-18 are still the predominant isotopes in the radiolabelling
of PET imaging agents. Due to the half-life of fluorine-18 being more convenient for widespread
distribution and handling, it is often the desired isotope of the two. However, by virtue of carbon’s
presence as the backbone of organic molecules, fewer pharmaceutically relevant compounds
contain native fluorine atoms than carbon atoms. As such, and in spite of the limitations (which
will be discussed shortly), carbon-11 is an incredibly attractive radioisotope for radiotracer
development. What remains to be seen is how these isotopes are incorporated into the chosen

ligand.

1.2.4. Method of Incorporation

Discovering new ways to add radioactive isotopes into ligands of interest is at the core of
the field of synthetic radiochemistry.?® Radiochemists employ a diverse array of synthetic
methodologies, from classical organic reactions that have been adapted to incorporate radioactive
isotopes, to novel methodologies and approaches developed with radiosynthesis in mind. Much of

the challenges are in line with organic chemistry, with a focus on improving product conversions
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and reaction optimization. However, the unique difficulties posed by working with decaying
materials puts a much larger focus on time constraints, and on technical challenges for handling
radioactivity. Additionally, radiosyntheses typically produce trace amounts of product on the
nanomole scale. As such, analytical techniques become of the utmost importance to assess reaction
success. Radiochemists have nonetheless, for several decades, pioneered labelling strategies
within the confines and constraints of radioactive decay and with reliable methods of product
characterization.

Selecting a radiosynthetic approach depends on the radioisotope being incorporated and
the radiochemical synthon being used — different reaction scaffolds exist for [*1C]CO2 compared
to [C]CHeal, for example. The value in having a wider array of possible methodologies for
incorporation and synthesis is to find the highest yielding approach that is compatible with the
functionality included in the ligand precursor.

While methods can be completed manually, and often are for optimization purposes,
radiosyntheses frequently employ automated synthesis modules and microfluidic systems to assist
in handling, reproducibility, and in minimizing radiation exposure (Figure 1.2). These synthesis
units can be operated remotely while shielded behind protective lead enclosures, and typically are
made up of a reaction vessel, delivery valves, and an onboard preparative column chromatography
system for product purification. Methods are programmed as lists of timed commands, ensuring
consistent reaction conditions and reliability with reduced chance of human error.

The process begins with the synthesis of precursors for radiolabelling. In addition to
precursors, radiochemists purchase or prepare standards for product identification — typically done
with high performance liquid chromatography connected to a radiation detector.

Radiolabelling can be done in two different ways: direct or indirect labelling. The former
refers to the incorporation of the radioisotope directly into the target molecule, often replacing a
stable isotope of the same element without altering any biological properties. This is the case in
most small molecules that are labelled, like having carbon-11 in place of what is typically a
naturally abundant carbon isotope. Alternatively, indirect labelling focuses on the use of prosthetic
groups to assist in labelling in cases where the ligand may be too complex. This tends to involve
labelling a smaller molecule that can then be attached to a larger target molecule. Radiometals, for

example, are bound to chelators attached to the target molecule.
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Figure 1.2. Automated synthesis module schematic. The layout of valves and lines for the Synthra

Melplus Research automated radiosynthesis unit.

Following radiosynthesis, the crude product is purified by chromatographic methods. The

desired product is isolated, and then readied for animal or patient injection.

1.2.5. Formulation

The process of reformulation is essential for the preparation of radiotracers for preclinical
and clinical applications. The main purposes are to (1) concentrate the radiotracer to achieve higher
radioactivity concentrations in a smaller volume, (2) remove undesirable organic solvents, salts,
and/or extreme pH solutions that are not biocompatible, and (3) subsequently formulate the tracer
in a suitable solution for injection. Current synthetic methods tend to produce products in volumes
far too large for preclinical applications, ensuring concentrations are too low to have suitable image
quality.

Traditionally, the fraction collected from the HPLC has a high content of organic solvent
and is therefore collected and diluted in large volumes of water. This is then passed slowly over a
solid phase extraction cartridge, removing the solvent and trapping the radiotracer. It is then eluted
with a minimal volume of ethanol, before being suspended in saline or other injection vehicles to

be used in subsequent imaging studies.
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1.3. Carbon-11

1.3.1. General Characteristics

Due to the ubiquitous presence of carbon in organic compounds, the radioactive isotope
carbon-11 is an invaluable nuclide to perform isotopic radiolabelling for the purposes of PET
imaging. Carbon’s existence as the backbone for drug molecules offers the unique and important
quality of accessing radiolabelled molecules of interest without requiring modification of their
chemical structure, and their biological properties as a result. This isotopologue labelling,
exchanging natural carbon for carbon-11, is solely reliant on a sufficient chemical methodology
for access, whereas in the case of, say, fluorine-18, it is additionally dependent on the native
presence of a fluorine-19 atom within the drug molecule.

The half-life of 1'C is simultaneously sufficiently long to allow for multistep syntheses,
product purifications and dose reformulation, whilst being short enough to allow for consecutive
studies on the same patient or subject in one day. This directly contrasts with F with which the
longer half-life prevents subsequent studies. However, it is limited in its ability to be distributed;
the half-life poses significant challenges for carbon-11 radiotracers to be used outside of facilities
with on-site cyclotrons.

Many radiotracers labelled with carbon-11 are used for applications in oncology,
cardiology, and in neuropathies.

Detection and evaluation of cancer remains one of the most common clinical uses for PET
imaging, and carbon-11 is a staple in its radiotracers. Tracers like [**C]methionine and [*'C]choline
are frequently employed in oncologic diagnosis for brain and prostate cancers, respectively.30-3
Cancer PET imaging is frequently performed with [®F]FDG, although investigation into
alternatives labelled with carbon-11 continues.

Cardiovascular diseases can be rapidly diagnosed and evaluated using carbon-11-based
PET radiotracers. A commonly used carbon-11 radiotracer is [*C]meta-hydroxyephedrine
([**CIHED), primarily used to assess cardiac sympathetic innervation as a norepinephrine analog
taken up by sympathetic nerve terminals within the heart.36-38 [*1C]Acetate is another, used in
cardiac imaging to assess myocardial oxygen consumption. It can also be used for imaging certain
types of tumours, like prostate cancer.®

Imaging the brain can provide vital information in the diagnosis of neuropathologies

involving dementia and neurological decline, or psychiatric disorders. Pittsburgh Compound B
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([**C]PIB) is used for imaging beta-amyloid plaques in the brain and is therefore frequently used
for disease research and diagnosis for Alzheimer’s.®%#? Alternatively, a radiotracer like
[*1C]raclopride detects dopamine D2 receptors in the brain and can be used for studying disorders
like Parkinson’s disease, addiction, and schizophrenia.**** Another example is [*!C]flumazenil,
used to study neurological conditions like epilepsy by binding to GABA-benzodiazepine receptors
in the brain. 546

Radiochemistry with carbon-11 offers significant challenges due to its shorter half-life,
restricting traditional synthetic methods and all but eliminating time-consuming processes. It’s
often essential to design protocols that introduce the carbon-11 radionuclide at the last step and to
do so with a short reaction time. An important consideration before approaching synthesis is
therefore how to deliver carbon-11, as this will affect the scope of reactions available as well as

the resulting reaction time.

1.3.2. Production and Precursors

Carbon-11 is regularly produced in a cyclotron by proton bombardment of nitrogen-14 gas
using the *N(p,o)'*C nuclear reaction. The target is also enriched with either Oz or Hz gas, forming
[*1C]carbon dioxide ([**C]CO2) or [**C]methane ([*!C]CHa4) respectively. Most medical cyclotrons
are loaded with gas containing trace amounts of oxygen in order to produce [*!C]CO: in-target,

which can then be immediately reduced to [**C]CHa4 as part of the radiosynthetic process.

["'CICH, [''cico,

( N N\ \ ( N\ N N )
["cjccel, [""CJHCN ['"CICH;l |- [""CICH;0H ["'cjco ["'C]RCO,MX [""CJRNHCO,
(. J /L J \ J L J J L _J
( N\ N\ A ( N\ N N )
['cicocl, [''cics, [''CICH;OTf [''CICH,0 [''CICOF, ["'CIRCOCI ["'CIRNCO
. L J L J . L J J J

Figure 1.3. Primary and secondary 'C intermediates. [*'1C]CH, and [**C]CO- can be produced directly

from the cyclotron and subsequently derivatized into secondary intermediates.
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The focus of this thesis will largely be on the use of [*!*C]CO2 produced directly from the
cyclotron, however, the less reactive [**C]CHa and [*!C]CO2 intermediates are often converted to
more reactive reagents (Figure 1.3). Conversion is often dependent on specialized setups within
radiosynthesis units, and so using the simplest intermediates direct from the cyclotron adds

additional value.

1.3.3. Labelling Techniques

Several different techniques exist for labelling with carbon-11.2947-52

1.3.3.1.11C-Methylation

Most carbon-11 labelling techniques employ 'C-methylation of hydroxy, amino or thiol
groups with either [**C]methyl iodide ([1C]CHsl) or [*1C]methyl triflate ([1*C]CHsOTf) prepared
rapidly from [*C]COz2 or [*1C]CHa4. The reliability of this method has made it the primary source
for 1'C-radiolabelled compounds, with heteroatom methylations that proceed simply and do not
often require complex optimizations.

Carbon-11-labelled methyl iodide is most frequently formed in a gas phase production
scaffold following the reduction of [*!C]CO2 to [*'C]JCH4 via a nickel catalyst and a final
conversion to [Y!C]CHsl using iodination with l2. This can then be further converted to
[*'C]ICHsOTf by passage through a silver triflate column for substrates requiring superior
reactivity. These 1*C-methylation precursors have been used regularly in the production of clinical
radiotracers, like L-[methyl-!C]methionine, [*!C]Pittsburgh Compound B ([*!C]PiB), [methoxy-
1C]raclopride and [*!C]DASB.

However efforts to expand the arsenal of 1*C-chemistry have been made in recent years
due to inconsistent prevalence of these methyl groups in drug targets, potential metabolic
demethylation, and the requirement for this post-production derivatization to these methylating
agents from [*C]CO: or [*!C]CHa.

1.3.3.2.11C-Cyanation
Cyanation using ['!C]hydrogen cyanide ([*!*C]JHCN) is an alternative approach for
accessing product derivatization; it is obtained from [*!C]CO2 after reduction to [**C]CHa4 followed

by a platinum-catalyzed reaction with ammonia. Due to requiring this additional catalytic step,
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few automated radiosynthesis units are equipped to regularly produce [**C]JHCN and so there has
been relatively limited exploration into its potential. Synthetic methodologies are also still quite
restricted, however valuable approaches like the Strecker synthesis for access to a-amino acids (to
be discussed later) and the synthesis of nitriles like in [*!C]LY2795050 demonstrate the potential

strength of C-cyanation.

1.3.3.3.11C-Carbonylation

Interest has been paid to the development of *C-carbonylation chemistry, accessing *'C-
carbonyl products via the secondary precursors [*C]carbon monoxide ([**C]CO), [**C]phosgene
([**C]COCI), and [*C]carbonyl difluoride ([*!C]COF>).

[1C]CO is commonly produced from [*C]CO:2 using columns packed with metal
reductants (like zinc or molybdenum) maintained at temperatures beyond 400 °C. This setup
requires a specific apparatus not commonly found in automated radiosynthesis units however, and
has thusly limited the uptake of !C-carbonylation chemistry using ['!C]CO. Additionally,
implementation of [*!C]CO into radiotracer candidates typically uses transition-metal catalysts
which can often be difficult to handle by production chemists and/or relatively expensive to use in
regular, routine radiosynthesis. Palladium catalysis obviates this financial barrier, but does not
overcome the additional challenges of handling [*C]CO. Nonetheless, clinical radiotracer
production using [**C]CO can still be achieved, like in the case of [carbonyl-1!C]raclopride (which
contrasts [methoxy-1*C]raclopride, wherein it is labelled at a more metabolically stable position).

[*LC]COCI2 is most frequently produced through the conversion of [1*C]COz to [*C]CHsa,
followed by chlorination to [*!C]CCls and oxidation to [**1C]COCI.. Until recent methods that will
be covered later, 1*C-ureas and *C-carbamates were most commonly prepared using this synthetic
precursor. The use of [*1C]COCI2 has nonetheless remained limited to a small number of research
programs in spite of its high reactivity due to concerns over traces of Clz gas and the requirements
for cumbersome and specialized production set ups. Its rapid formation of product is perhaps best
demonstrated by the formation of [*!C]JEMD-95885 for NMDA receptor imaging.

[*C]COF: is a relatively new synthon with similar reactivity to [*!C]COCI2 but with a far
simpler production route using [*'C]CO:2 from the cyclotron, converting to [**C]CO and followed

by passage over a silver fluoride cartridge to yield the desired intermediate. While there is a lot of
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promise thanks to its relatively simple means of preparation, there has been limited exploration

into its capabilities at this time.

1.3.3.4.11C-Carboxylation

[*LC]Carbon dioxide has traditionally been a difficult option for carbon-11-labelling due to
moderate reactivities and the potential for isotopic dilution with atmospheric CO2.53%* Reactivity
is especially important as carbon dioxide frequently requires reactive nucleophiles or catalytic
conditions for bond formation. Industrially, this is achieved using large excess of COz; this is not
feasible in radiochemistry in which the amount of [*C]CO2 delivered is incredibly low (in the
nmol range). These constraints limit the translation of several literature methods, requiring robust
development to find what can work.

Isotopic dilution is also a significant problem due to molar activity. Due to low levels of
carbon-11 produced, non-radioactive reagents are in extreme excess, and so any impurities can
have a significant outcome on the reaction itself as well as eventual imaging characteristics. It’s
especially important with [**C]CO: due to the abundant presence of atmospheric CO2. A labelling
pathway should therefore be designed to minimize the possible contamination with carbon-12,

Despite these limitations, [*1C]CO: labelling is of great interest as rapid synthesis may be
achievable when delivered directly from the cyclotron to radiosynthesis units or reaction vessels
handled manually. Additionally with the modularity of carbonyls and their ubiquitous presence in
drug molecules, as well as general stability to metabolic outcomes that would prove to be a
hinderance for *C-methylated probes, methods to directly label this moiety would access a vast
range of targets, including [*C]carboxylic acids, [*'C]ureas, [*!C]carbamates, [*'C]thioureas, and
[*Clamides.

An important consideration to determine uptake of a tracer in clinical rotation is the
complexity, or conversely, the ease of the radiosynthesis. Use of carbon-11 requires an on-site
cyclotron, and thus needs an in-house radiosynthetic core unit capable of preparing radiotracers
according to GMP standards for clinical use. The staff may be but are not always organic chemists,
and thus the importance of straightforwardly prepared or easily sourced precursors, as well as
simple synthetic procedures, is invaluable. Developing reproduceable methodologies is vital to

ensure adaptability across various worldwide clinical infrastructures.
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While direct labelling methods employing [*C]CO2 are promising, very few successful
radiopharmaceuticals have been translated to the clinic. Radiotracers like the monoamine oxidase-
B ligand [*C]SL25.1188,%>-%" the fatty acid amide hydrolase ligand [**C]JCURB,%° and the renal
imaging tracer [*!:C]PABAS%6! represent the bulk of [*1C]COz-derived clinical probes.

1.4. Method Development

1.4.1. General Considerations

Radiopharmaceuticals would otherwise be inaccessible without the toolbox of
methodologies developed by radiochemists. Determining novel ways to produce the desired
functionality while incorporating the radioisotopic label carries much of the synthetic burden in
developing PET radiotracers. Production chemists in cyclotron facilities do not always come with
organic chemistry backgrounds, and as such, key syntheses need to be as simplistic, reproducible,
and approachable as possible to ensure widespread adaptation of the method. With this in mind,
developing a method has to ensure it accounts for reaction time, to respect radioactive decay, for
product yield, to ensure sufficient radioactivity in the final product, and for the ease of the method,

to ensure its likelihood of being taken up by clinical production facilities.

1.4.2. Approaches

There are different approaches to method development depending on the state of the
pertaining chemical literature. Radiochemists can often “borrow” from organic chemistry,
adapting currently known methodologies and adjusting as required to account for radiosynthetic
limitations. However, when there is a general lack of research into the topic, radiosynthesis can
also forge its own path and be borne from theory instead of adaptation.

The development of methods from theory is typically done by evaluating holes in the
current availability of radiosyntheses and determining where to go next. It’s often informed by
gaps in the data and a need for new methodologies that address specific problems. This is often
accompanied by significant development in the stable isotope space, harnessing the method to
demonstrate its utility and effectiveness before translating to a radiosynthetic lens.

In chapter 2, the development of a methodology from the proposed reactivity of an
organometallic nucleophile and a radiolabelled electrophile made from [*1C]CO: produced directly

by the cyclotron will be discussed. In this method, reactivity with 1*C-isocyanates was explored.
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Organozinc halides were theorized to be sufficiently reactive when under control from transition
metal catalysis but still tolerant of functionality in the scope of accessible substrates. A substrate
scope using stable isotopes was conducted to demonstrate the utility of the method and to optimize
the catalyst alongside reaction conditions. The method was then adapted to radiochemical
synthesis to access 'C-amides.

On the other hand, many methods are inspired from current literature in organic synthesis or
from reactions in nature. Radiochemistry tends to be a handful of years delayed from the
discoveries in synthetic chemistry, requiring extra time in adapting its methodologies due to the
technical challenges of reaction time, automated operation, and exposure to radiation. As such,
methodologies are frequently developed in reference to stable isotope chemistry that has been
established and proven in literature. This turns the problem into more of a technical challenge,
attempting to adjust the conditions of the reaction to suit what is required in radiochemical
synthesis.

In chapter 4, the development of a methodology adapted from the enzymatic decarboxylation
of a-amino acids is described. This approach, inspired by the catalyzed extrusion of CO:2 by the
aromatic amino acid decarboxylase, can derive labelled amino acids using isotopic exchange and
following a carboxylation-decarboxylation cycle. In this method, we develop conditions tailored
to fit the expectations of carbon-11 radiochemistry (reaction time, stoichiometry, automation, etc)

in parallel with colleagues addressing carbon-13 and carbon-14 labelling.

1.5. Radiotracer Development

While developing a method focuses on maximizing yield, developing a radiotracer shifts to
yielding enough. Further study only demands sufficient activity at the end of synthesis and doesn’t
necessarily require high percentage yields. The more important considerations are focused on rapid
syntheses and high radiochemical purity. Additionally, molar activity is stressed in the production
to ensure low amounts of mass loading.

Radiotracers undergo preclinical validation before being translated to the clinic. They often
undergo extensive investigation with in vitro studies assessing binding affinity and specificity, cell
studies to evaluate uptake and retention, and animal studies to determine distribution and
pharmacokinetics. Promising candidates that pass preclinical testing can move on to clinical trials,

beginning with development of standard operating procedures for reliable and reproducible
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syntheses. What follows tends to be human studies to evaluate safety, dosimetry, and imaging
performance.

Chapter 3 details the development of (R)- and (S)-[*'C]SR9009, a radiotracer candidate for
imaging Rev-erb’s role in circadian biology. While the pharmaceutical racemate is currently
patented, potential enantiomeric differences in imaging characteristics indicates the importance of
an approach to enantiopure radiotracers. As such, a synthesis conserving stereochemistry was
developed to provide precursors for labelling and for optimization of carbon-11 radiosynthetic

conditions.

1.6. Image Analysis

Proper analysis of PET images is essential in its interpretation. Scans are evaluated based on
high uptake areas that appear as hot spots in the image; these indicate increased biochemical
activity with the body’s processes. Low uptake represents the opposite, suggesting reduced
function in those tissues. It is often quantified in terms of standardized uptake value (SUV), a
measure used to assess the concentration of radiotracer in regions of interest. SUV is calculated by
dividing the concentration of radioactivity in the tissue by the injected dose per unit of body mass.
This normalizes the uptake of the radiotracer for variations in injected dose and patient size,
allowing for more standardized comparisons between scans and patients.

Chapter 5 will discuss the evaluation and analysis of [*®F]flubrobenguane in clinical cohorts.
The radiotracer, used to image cardiac sympathetic innervation, was first injected into patients of
different clinical indications to evaluate its effectiveness in comparison to the gold standard,
[*CIHED. Blood samples were collected from each patient in order to derive the input function
for [*8F]flubrobenguane. Metabolic outcomes and pharmacokinetic parameters were measured to
develop image corrections for data interpretation. This work details the process of analyzing a

radiotracer and its images, and for making medical decisions with the data provided.
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Chapter 2: 1'CO2-Fixation to Access 'C-Carbonyls
Novel Method Development

This chapter and discussion contains information from multiple published studies.
e FOCUS: Mair et al. “Rhodium-Catalyzed Addition of Organozinc lodides to Carbon-11
Isocyanates™ Org. Lett. 2020, 22 (7), 2746-2750. doi: 10.1021/acs.orglett.0c00729.
o Contributions: Project lead, completed experiments, wrote manuscript.
e Ismailani, Munch, Mair et al. “Interrupted aza-Wittig reactions using iminophosphoranes

to synthesize !!C-carbonyls” Chem. Commun. 2021, 57, 5266-5269. doi:
10.1039/D1CC01016F.

o Contributions: Assisted with 1'C translation and performed 'C experiments.
e Ozenil, Kogler, Mair et al. “Intramolecular Friedel-Crafts Acylation of [*'C]Isocyanates

Enabling the Radiolabeling of [carbonyl-'!C]DPQ” Chem. — Eur. J. 2024. doi:
10.1002/chem.202400581.

o Contributions: Assisted with 1C translation and experiments.
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2.1. Context

2.1.1. [\!C]CO2-Fixation

The low amounts of [*C]CO2 contained within the nitrogen carrier gas delivered from the
cyclotron, as well as its gaseous state, call for efficient capturing of [1C]CO:z in solution. However,
[*C]CO2 possesses poor solubility in polar organic solvents and thus necessitates reliable trapping
techniques and/or methods.! This can be accomplished technically, like with cryogenic trapping
or molecular sieves, or through chemical fixation. Many chemical approaches have been
developed since the 1940s, ranging from harnessing organometallics to form a more soluble and
non-gaseous intermediate, to the use of superbases in order to improve [*C]CO: solubility and to
increase trapped radioactivity in solution.

Grignard reagents have been employed in the fixation of [*!C]CO2, most notably in the
preparation of 1C-carboxylic acids and 'C-amides.>* While these methods work efficiently, the
high reactivity of Grignard reagents limits the scope of applications and requires strict handling
that may not be compatible with automated radiosynthesis units. Due to rapid absorption of
atmospheric CO2 and the moisture sensitivity of Grignard reagents, it is important to carefully
prepare and store them pending radiochemical synthesis to avoid magnesium salt precipitation and
reaction poisoning, and to ensure higher molar activities.

Methyllithium has also been shown to readily accept [**C]CO: to form a dilithium salt of
acetone acetal.® This can be further converted to [*'C]acetone following hydrolysis, and can be
used as a secondary precursor.®” Silylated amines were shown by Ram et al. to produce O-silyl
carbamates when exposed to [*C]CO: at elevated temperatures, which could then be reduced to
tertiary methylamines.2 However, the use of these unstable species poses severe obstacles for
radiochemical automation to mitigate side reactivity and the presence of moisture.

In order to access more structurally diverse and pharmaceutically-relevant products, base-
mediated [*'C]CO2-fixation was explored thanks in part to inspiration from industrial-focused
“green” processes of a similar nature.® Triethylamine was first relied upon in dichloromethane for
the C-carboxylation of aniline and aliphatic amines.'® These then undergo dehydration with

phosphoryl chloride (POCIs) to yield *'C-isocyanates.
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2.1.2. Y1C-lIsocyanates

Isocyanates are heterocumulenes made up of both C=0 and C=N bonds. They can be used
as highly reactive electrophiles and, dependent on the nucleophile involved, can generate carbonyl-
based moieties. However, the elevated chemical reactivity of isocyanates is mirrored in its toxicity,
in which they can be acutely toxic, and are one of the most common causes of occupational
asthma.'! Industrial handling of isocyanates is greatly concerned in minimizing the risks of
exposure. This offers a uniquely valuable opportunity in radiochemistry wherein the incredibly
low concentrations of radiolabelled product being formed negates the concerns of toxicity while

still allowing for the harnessing of higher reactivities.

2.1.2.1. Synthesis

HC-Isocyanates were first prepared with [*1C]phosgene in reaction with an amine,*?-1° but
due to the limited availability of [*!C]phosgene production apparatuses, the method was limited in
its use. More recent approaches use fixation bases like the amidine diazabicyclo[5.4.0]undec-7-
ene (DBU)® and the phosphazene 2-tert-butylimino-2-diethylamino-1,3-dimethyl-perhydro-
1,3,2-diazaphosphorine (BEMP)'’ to yield ionic carbamates, followed by conversion to 'C-
isocyanates either through acid dehydration with phosphoryl chloride (POCIs)'® or through

Mitsunobu chemistry with phosphines and azo compounds (Figure 2.1).1%:20

either

11c1c0 o) _ A) POCI 0
R—NH, [DB]T2> &0 )Po%k ]
or R—NH or R—N
BEMP B) DBAD, PBu;

Figure 2.1. The common methods for preparation of !C-isocyanates. Using amines, [*'C]CO; directly
produced by the cyclotron, and trapping bases like DBU and BEMP, the two conversion techniques to

access C-isocyanates are either (A) acid dehydration or (B) Mitsunobu chemistry.

Following their preparation, 'C-isocyanates can then be further derivatized by a

nucleophile to access a series of 1*C-carbonyl compounds.
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2.1.3. Y1C-Carbonyl Compounds

Carbonyl groups are commonly found throughout bioactive molecules and pharmaceutical
candidates. While *C-methylation is frequently reliant on O-, N-, and S-methylation (and in some
rare cases, "*C-methylation) that may not always be compatible with radiotracer candidates, 'C-
carbonylation to access *C-carbonyls offers a far more versatile approach. As has been previously
discussed, [*C]CO, [*C]JHCN and ['C]COCI. are frequently harnessed to access labelled
carbonyls, but none are as convenient as [**C]COz2. As such, the enrichment of methodologies to
access C-carbonyls with [**C]CO: is paramount to the development of radiotracer candidates.

Depending on the nucleophile used, various *C-carbonyls can be made. These primarily

include, but are not limited to: *C-ureas, '*C-carbamates, 1'C-carboxylic acids, and *C-amides.
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"c-Carbamates ''C-Thiocarbamates ''C-Amides

Figure 2.2. 'C-Carbonyl targets. Reliable labelling techniques to access C-carbonyls would provide

many opportunities for PET radiotracer development.

2.1.3.1. 1'C-Ureas

Urea functionalities are abundant in medicinal chemistry, thanks in part to their capability
to form multiple stable hydrogen bonds with receptor targets.?* Their modular nature is valuable
for the development of large libraries of potential drug compounds, and by extension PET
radiotracers. Methods for accessing 'C-ureas have traditionally been through [Y!C]COCI:,
however its availability for radiosynthesis units remains a problem. As such, methodologies for
synthesis with [*1C]CO: offers much easier implementation and more widespread access.

One of the first instances of preparing *C-ureas with [**C]CO2 was from Chakraborty et
al. in the 90s, in which they bubbled [*C]CO:2 directly into a solution of LHMDS, followed by
hydrolysis with ammonium chloride, then a condensation to ['!CJuracil (Figure 2.3).?? This
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method, however, is not widely applicable to a wide variety of derivatized ureas and is limited in
the pharmaceutically relevant targets it can access. An alternative approach is to activate the
intermediate ionic carbamate formed by conversion to an 1*C-isocyanate — this strategy drastically

improved access to urea-based radiotracers.?

Chakraborty et al.
\ 0
>S|i s|< ["'c]co,, THF _SI‘N 8-\ NH,CI, H,0 Q Diethyl malate HN
\N/ —> ﬁ é
. Si— H,N” “NH, H,SO, oA\ I
/\ H
Haji Dheere et al.
0\
H
1) [''c]co,, DBU (o]
R’NHZ ) [''C]CO, > R. ‘ R’NYN\R OZN\U Y
2) DBAD, PBu; N N O
o]
[''C]AR-A014418

Figure 2.3. Radiosynthetic approaches to C-ureas. One of the first synthetic approaches to labelling *'C-
ureas targeted [*'C]uracil. Further improvement of carbon-11 methodologies provided !C-isocyanate

intermediates that can be reacted with amines for a general synthesis to 1!C-ureas like [1!C]JAR-A014418.

An early adoption of [11C]CO2-fixation to form 'C-ureas targeted a glycogen synthase
kinase-3 (GSK-3) inhibitor AR-A014418.%* Following preparation of an *'C-isocyanate with 4-
methoxybenzylamine and addition of 2-amino-5-nitrothiazole, [*!C]AR-A014418 was prepared in
8% uncorrected RCY. Similarly, the fatty acid amide hydrolase (FAAH) inhibitor [*'C]PF-
04457845,% the beta-adrenoceptor ligand [*'C]JCGP12177,%6 and a novel cholesterol 24-

hydroxylase inhibitor?” have been prepared with [**C]CO3-fixation techniques.

2.1.3.2. 1'C-Carbamates

Carbamate moieties play a critical role in modern drug discovery and development.?® Their
metabolic stability within the body is a key characteristic prescribing their use in pharmaceutical
and medicinal chemistry. Similar to ureas they offer a modular opportunity for ligand
development, allowing for rapid iteration of the N- and O-termini to derive a large catalogue. Also

similar to ureas, traditional *'C-carbamate synthesis was achieved using [**C]COCI2 and with
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[*1C]CO.% Expansion of radiochemical protocols for *C-carbamate synthesis could improve the

selection of radiotracers available to clinicians.

Hooker and Wilson
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Figure 2.4. Radiosynthetic approaches to *'C-carbamates. Independent but simultaneous development of
1C-carbamate synthesis from Hooker and Wilson gained access to labelling strategies. Subsequent the
enrichment of C-isocyanate techniques, additional *C-carbamates could be accessed like the FAAH
inhibitor [*!C]CURB.

Hooker et al. harnessed [1!C]COq-fixation with amines, alkyl chlorides, and DBU to
provide *C-carbamates in strong yields (Figure 2.4).6 The synthesis of [*1C]metergoline, a ligand
for serotonin and dopamine receptors, was performed in demonstration and proceeded in 32%
decay-corrected RCY. Using the same method, they produced the histone deacetylase inhibitor
[F1CIMS-275 in 25% decay-corrected RCY . Following shortly after the DBU-mediated method,
Wilson et al. shared a similar method using methylating agents and BEMP-mediation.!” The
synthesis of [*1C]GR103545, an agonist of the kappa opioid receptor, was completed in 13% non-
decay corrected RCY.

Rather than direct reaction with alkyl electrophiles using the ionic carbamate formed
following [*C]CO.-fixation, Wilson et al. explored conversion to 'C-isocyanates, as mentioned
previously.'® Using this method, they prepared the FAAH inhibitor [*:C]JURB694 in 8% non-decay
corrected RCY; this radiotracer has been investigated preclinically and translated to human
use.3132 Cyclic carbamates and oxazolidinones could also be prepared, as demonstrated by the
synthesis of ['!C]SL25.1188 in 12% non-decay corrected RCY and its subsequent human

translation.33-3
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2.1.3.3. !C-Carboxylic Acids

Carboxylic acids are part of many pharmacophores of pharmaceuticals and therapeutic
agents.® The capabilities for hydrogen bond formation impart vital importance in a large number
of drugs and drug candidates. Approaches to radiolabelling this functionality have long been a
focus, although limitations still exist. Targeting *C-carboxylic acids, namely C-amino acids, is

the focus of Chapter 4, and will therefore be discussed further in that context.

2.1.3.4. 1C-Amides

Amides are one of the most common functional groups found in drug molecules, while
amide bond formation is amongst the most frequent reactions in synthetic and medicinal
chemistry.®” Developing a methodology to access '*C-amides would be one of the most valuable
tools in the radiochemist’s toolbox and unlock countless possibilities for PET imaging targets. The
difficulty in their preparation comes from the limitations in precursors; carbon-11 can only be
delivered in single carbon units, like [*!C]CHsl and [*'C]CO2, and so methodologies for 'C-
amides require both formation of a C—C bond, and activated intermediates that can readily form
C—N bonds (Figure 2.5).

Traditional methods for the preparation of C-amides rely on the coupling of 'C-
carboxylic acids and amines either at elevated temperatures? or through further activation of the
H1C-carbonyl via conversion to 'C-acyl chlorides.®® However, due to isotopic dilution with
atmospheric CO, alternative methods are required to control reagent stoichiometry and to isolate
the reaction’s reagents from moisture and atmosphere.

A more recent approach harnesses the reactivity of 'C-isocyanates to begin with a pre-
formed C—-N bond and to rely on the former strategy of carbon-carbon bond formation by using
Grignard reagents.®® By forming a !C-carbamate anion which is then converted to a 'C-
isocyanate using Mitsunobu reagents in situ, the intermediate was further derivatized with methyl
Grignard to yield [*!C]melatonin in sufficient yields and molar activity for continued investigation.
However, very few products were found to be successful using COz, and only two products were
tested with [*1C]CO2. This is potentially due to the excessive reactivity of Grignard reagents,
limiting its capacity to tolerate functionality and restricting its translation to simple compounds
void of heteroatoms or other popular moieties in drug molecules. With that in mind,

organometallics with more controlled reactivity become of interest.
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Figure 2.5. Radiosynthetic approaches to *C-amides. Requiring both the C~C and C-N bond to be formed,
11C-amides necessitate intermediate synthesis that can satisfy both conditions. Approaches have typically
gone through **C-carboxylic acids or *C-acyl chlorides along with condensation with an amine, but more

recent work has explored *C-isocyanates with reactive nucleophiles like Grignards.

2.1.4. Organozinc Halides and Transition Metal Catalysis

2.1.4.1. Organozinc Halides

Alternative organometallics to Grignard reagents with sufficiently lowered reactivity are
organozinc halides. These reagents typically have tolerance and superior compatibility for
functionality and complexity due to their relatively poor reactivity with most electrophiles.*® As
such, in theory we can access more pharmaceutically relevant products thanks to the robustness of
a derivatizing nucleophile based on organozinc halides. They’re frequently prepared by the direct
insertion of zinc into organic halides,** although significant work has been done by Dr. Paul
Knochel to improve access to diverse organozinc intermediates using a lithium chloride
accelerant.*?

Importantly, while organozinc halides have limited reactivity on their own, they are
drastically improved under the addition of transition metal catalysts based from rhodium,
palladium, nickel, copper, and others.*® This elevated control satisfies the potential for greater
stability towards functional groups while also ensuring sufficient reactivity with isocyanates and

H1C-isocyanates prepared in situ.

2.1.4.2. Transition Metal Catalysis
Transition metals have been historically used sparingly in radiochemical methodologies

for carbon-11, largely limited to *'C-carbonylations with [*!C]CO.* The proper handling and
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addition of these reagents can often be a technical difficulty using automated radiosynthesis units,
as they’re frequently moisture and atmosphere sensitive and are quite expensive if used in routine
productions. Isocyanates had been employed previously with palladium catalysts in which the
palladium induced C-N bond formation.*>#¢ On the other hand, C-C bond formation using

palladium catalysts and isocyanates had been relatively unexplored.

R—[Rh] R—NCO
R—M
o ~[Rh]
——
[Rh]
o) H'
JU R
R N
H

Figure 2.6. Possible catalytic cycle of rhodium-based catalysts. A suggested pathway for rhodium’s

addition to isocyanates, followed by its mediation of nucleophilic addition.

Nonetheless, rhodium catalysts had been found to catalyze the addition of aryl boronic acids
to isocyanates, offering an interesting starting point for further investigation.*’ Following
transmetallation with the boronic acid, the aryl rhodium species adds across the isocyanate’s C=N
or C=0 bond to form rhodium(l) complexes that can undergo protonolysis to release the desired
amide product (Figure 2.6). This methodology was similarly conducted using organostannanes,*
and thus appeared like a promising avenue for exploration with organozinc halides and for

translation to carbon-11 radiochemistry.
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2.2.1. Statement of the manuscript

The manuscript “Rhodium-Catalyzed Addition of Organozinc lodides to Carbon-11
Isocyanates” was accepted into Organic Letters and published on March 24, 2020. This paper
details the development of a methodology to access '!C-amides using rhodium catalysis and
organozinc iodides.

| conducted the development of the methodology and optimization with alkyl and aryl zinc
iodides, with assistance from Moustafa Fouad (BSc Candidate) on the aryl scope. | synthesized
organozinc iodides, with assistance from Moustafa Fouad. | performed the radiochemical
translation, optimization, and scope, with technical collaboration from Uzair Ismailani (MSc/PhD
Candidate) and Dr. Maxime Munch (PDF) for the automation of the method. | isolated a
representative radiotracer and performed all product and precursor characterization. | wrote the

manuscript with editing from Dr. Benjamin Rotstein. All authors approved the final version.

2.2.2. Abstract

Amides were prepared using rhodium-catalyzed coupling of organozinc iodides and
carbon-11 (*1C, ti2 = 20.4 min) isocyanates. Non-radioactive isocyanates and sp? or sp? organozinc
iodides generated amides in 13-87% vyields. Incorporation of cyclotron-produced [*!C]CO: into
H1C-amide products proceeded in 5-99% yields. The synthetic utility of the methodology was
demonstrated through the isolation of [*C]N-(4-fluorophenyl)-4-methoxybenzamide ([*'C]6g)
with a molar activity of 267 GBqg-umol?* and 12% radiochemical yield in 21 minutes from

beginning of synthesis.
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2.2.3. Introduction

Positron emission tomography (PET) is a non-invasive nuclear medicine technology used
for in vivo molecular imaging. Carbon-11 ('C, #12 = 20.4 min), a short-lived PET isotope, is
commonly used for labeling small molecules and peptide radiotracer candidates, though its utility
is limited by the availability of chemical methodologies suitable for its incorporation.!? The
abundance and diversity of organic frameworks in radiopharmaceuticals therefore calls for

continued development of novel ''C-labeling techniques to satisfy imaging needs.

Amides are a prodigious functional group in synthetic and biological molecules and amide
bond formation is among the most commonly used and important reactions in drug discovery.>*
However, many powerful synthetic strategies using stable isotopes prove wasteful, impractical
and/or ineffective when applied to carbon-11 radiochemistry. Conventional approaches to amide
synthesis focus on acylation of an amine, and indeed the same can be accomplished using low
molecular weight ''C-acid chlorides.> Still, ''C can only be produced in single carbon units, most
frequently as [!'C]CO2, and therefore more general methods directed at rapid formation of both
the C—N and the C—C bonds of amides are needed to leverage existing medicinal chemistry

approaches for radiotracer development.

Established methods for the preparation of !'C-amides use amines and ''C-carboxylic
acids, the latter prepared from organolithium or Grignard reagents and ['!C]CO2. These syntheses
require great care due to the use of reagents that can readily react with atmospheric CO:2 resulting
in lower molar activity products. Recent advances using less reactive organometallic precursors
for [M'C]CO:-fixation®” overcome this obstacle, but still require multistep activation to
intermediate acid chlorides, which themselves often require purification.®~!! Alternative synthetic
approaches have been developed for 'C-carbonylation with ['!C]carbon monoxide, using either
preformed arylpalladium complexes!? or alkyl iodide coupling mediated by nickel.!*> While these
options are effective in synthesizing complex amide products, only a few laboratories prepare

[”C]CO.M

46



11CO2
conventional o) carbon-11

synthesis radiosynthesis [M]<
\mJLR R

"NH,

Figure 2.7. Strategies for stable isotope and carbon-11 amide synthesis.

An alternative strategy toward ''C-amides is to begin with !C-N formation, for example
through an ''C-isocyanate or !"C-carbamyl chloride intermediate (Figure 1), followed by
derivatization with a carbon-based nucleophile. Indeed, Grignard reagents have recently been
successfully deployed in such a context for preparing ''C-amides, although their elevated reactivity
and limited functional group compatibility may restrict practical applications in
radiopharmaceutical synthesis.!> Organozinc halides represent another class of organometallics
offering greater stability towards many chemical moieties. Previously, a limited scope of amides
had been prepared from allyl and propargyl organozinc halides and aryl isocyanates.!® Direct
addition of alkyl and benzyl organozinc halides to isocyanates did not, however, yield amides, but
rather carbamates and urea byproducts. Foreseeing a potential direct route to !'C-amides that could
prove useful in PET radiochemistry, we set out to evaluate conditions redirecting organozinc halide

reactivity with isocyanates towards selective C—N bond formation.

We herein report a transition metal-catalyzed coupling of organozinc iodides and
isocyanates to produce a diverse scope of amides. This approach is effective with in situ prepared

C-isocyanates to generate !'C-amides in suitable yields for radiotracer development.

2.2.4. Results and discussion

Arylzinc iodides were the initial target for reaction discovery. First, the addition of
phenylzinc iodide (1a) to phenyl isocyanate (2a) to produce benzanilide (3a) was used to develop
coupling conditions (Table 1). Only trace product was detected in the absence of a catalyst (Table
1, entry 1). While Pd(OAc)2 proved ineftective for improvement of conversion, [Rh(Cl)(cod)]2
successfully yielded 3a in 71% yield (entries 2—-3). [Rh(OH)(cod)]2 also demonstrated strong
selectivity and conversion with a yield of 74% (entry 4). The yields were not further improved by

the use of heat, which led to a slight increase in symmetrical diphenyl urea formation (entry 5).
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More polar solvents could also facilitate the reaction (entries 6—8), which would prove important
for radiochemical applications. A significant drop in yield upon reversing the order of reactant
addition indicated the importance of premixing the isocyanate with the catalyst before introducing

organozinc iodides (entry 9).

Figure 2.8. Optimization of arylzinc iodide reaction conditions.

catalyst H Ph
Ph—2Znl -NCO @ ——— - \ﬂ/
solvent o
1a 2a 3a a
Entry Solvent Catalyst Yield 3a [%]°
1 THF - <5
2 THF Pd(OAC) <5
3 THF [Rh(CI)(cod)]2 75,°71
4 THF [Rh(OH)(cod)]. 78,6 74
5d THF [Rh(OH)(cod)]2 68
Et,0 [Rh(OH)(cod)]. 30
7 ACN [Rh(OH)(cod)]2 62
DMSO [Rh(OH)(cod)]. 19
g® THF [Rh(OH)(cod)]2 13

@Unless otherwise specified, reactions were carried out n=1 with la (0.4
mmol), 2a (0.2 mmol) and 2.5 mol% catalyst in solvent (2 mL) at room
temperature. °Yields were calculated using calibrated HPLC-UV peak
integration. Isolated yields. 950 °C ®Reversed order of addition.

The scope of the reaction was evaluated for arylzinc iodides under the optimized conditions
with various isocyanates (Table 2). Electron-deficient aryl isocyanates reacted smoothly, affording
the products 3b-3d in good yields. Conversely, coupling with electron-rich 2-methoxyphenyl
isocyanate (2e) was accompanied by a reduced isolated yield (3e). One or more ortho-methyl
substituents were well-tolerated on isocyanates with only slightly decreased product yields (3f-
3g). Benzyl, phenethyl, isopropyl and allyl isocyanates could also be used to form amides 3i-3I.
Functionalized electron-rich arylzinc iodides were superior in reactivity, improving nucleophilicity
of the reagent, as with 3m compared to those with electron-withdrawing groups such as products

3n and 3o.
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Figure 2.9. Substrate scope with respect to arylzinc iodides.

[Rh(OH)(cod)], 1
R1-Znl NCO R ’NTR
THF, rt, 30 min o)
1 2 3
1_
R'=aryl .
H H
H N__Ph N_ _Ph H
N_ _Ph ~ N_ _Ph
Y T Y Y
o] o o)
3a (75 + 2%) 3b (87%) 3c (81%) 3d (79%)
n=2
N_ _Ph N ph N _Ph N _Ph
o s o o
o) o) o) o)
3e (31%) 3f (62%) 3g (68%) 3h (71%)
N ph N ph N__ph N ph
~
o e T e
o) o) o o)
3i (23 + 2%) 3j (57%) 3k (63%) 31 (27%)
o)
H
_N
o)
3m (74%) 41 + 3% 30 (29 + 6%)
: n= 2
H
CO,Et T T
(6] OMe
3%) (47%) 3r (27%)
cl
H
N
0
3s ( 83%) 3t (76%) 3u (32%)

@Reaction conditions: 1 (2 equiv., 0.4 mmol), 2 (1 equiv.,, 0.2 mmol),
[Rh(OH)(cod)]. (2.5 mol%, 0.005 mmol), THF (2 mL), rt, 30 min, under Ar.

Alkyl organozinc iodides were prepared!” and successfully coupled with isocyanates under
similar conditions to prepare C-alkyl amides, with longer reaction times required for complete
conversion. Notably, addition of [Rh(OH)(cod)]2 suppresses the previously reported carbamate

formation.'®! Various additives were evaluated for their effect on reaction progress. Conversions
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dropped with the addition of triethylamine,'® while phenol,'” DBU, and azo compounds were well

tolerated (see ESI), suggesting the possibility of a one-pot ''C-amide synthesis from COs.

Similar steric and electronic trends could be observed with alkylzinc iodides as with
arylzinc iodides (Table 3): more electron-poor isocyanates proceeded with useful product yields
(4b—4c¢) and ortho-substituents were moderately tolerated (4e—4g), while electron-donating groups
or alkyl isocyanates fared worse (4e, 4i—4j). In general, products of ethylzinc iodide were isolated
in higher yields compared to those prepared from methylzinc iodide, though functionality trends
were maintained throughout (for the full zinc iodide reaction scope, including additional

compounds, see the supporting information).

Figure 2.10. Scope with respect to alkylzinc iodides.

H
[Rh(OH)(cod)], N R2
R2-Znl -NCO —— \ﬂ/
THF, rt, 24 h o)
1 2 4
2 _
R2 = alkyl .
H
N ® AN H N & N m
r 1 e e
(0] (0] O
4a (64 +1%) 4bR=CF4(60%) 4d R =NO, (59%) 4f (13%)
n=5 4c R =F (41%) 4e R = OMe (10%)
N et N et H N et
- - N Et -
bl bl N bl
o) o) ) o)
4g (32 = 1%) 4h (30 = 2%) 4i (<5%) 4j (22%)
n=2 n=2
H
H N Me H H
N_ _Me - N_ _Me N_ _Me
- - -
N T N Ne
(6] (0] 0]
4K (43%) 4l (47%) 4m (10%) 4n (13%)

8Reaction conditions: 1 (3 equiv.,, 0.6 mmol), 2 (1 equiv., 0.2 mmol),
[Rh(OH)(cod)]2 (2.5 mol%, 0.005 mmol), THF (2 mL), rt, 24 h, under Ar.

Satisfied with this characterization of rhodium-catalyzed organozinc iodide coupling with

stable isotope isocyanates, the findings provided a framework to develop a method for ''C-

labelling. Less reactive methylzinc iodide was selected for optimization, aiming towards
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[''Clacetanilide due to its relevance as a parent compound to metabolic paracetamol, one of the

most commonly used analgesics.?’

Figure 2.11. Optimization for [1!C]acetanilide synthesis.

©\ ) [''C]CO,, base i) catalyst ©\ 9
ii) additives MeZnl 1C.
NH;  solvent N''co ” Me
5a ["'C]2a ["'Cl4k a
Entry Base TE [%]° RCY [%]° TE x RCY [%]
1(n=2) BEMP 99 +1 15+1 20
2d BEMP 75 5 4
3¢ BEMP 60 11 7
4f DBU >99 74 74
59 DBU 92 78 72
6(n=4) DBU 95+3 81+2 77
7h DBU 68 40 27
8 DBU 68 12 8
gi DBU 90 81 73
10K DBU 89 80 71

@Reaction conditions: i) 5a (22.90 pumol), base (35.50 umol), ACN (500 pL), <2
min; ii) PBus (45.80 umol) and DBAD (45.80 umol), ACN (100 pL), 1 min; iii)
15 min "Trapping efficiency *Radiochemical yield, calculated from integration of
radioHPLC signal “DMSO *DMF ‘Coupling performed for 10 min 9[Rh(Cl)(cod)].
used as catalyst "50 °C 0 °C i2.0 equiv. DBU ¥2.5 equiv. DBU

Initial trials using a POCl-induced dehydration procedure for the synthesis of ''C-

isocyanates?!??

proved incompatible with the coupling conditions. Dehydration using Mitsunobu
reagents?>?* (tributyl phosphine and di-tert-butyl azodicarboxylate, DBAD) in acetonitrile
provided more reliable access to [''C]phenyl isocyanate and was also compatible with the
subsequent rhodium-catalyzed coupling with methylzinc iodide (Table 4, entries 1-3). DBU, a
base more commonly used with Mitsunobu dehydration, provided a substantial increase to both
the trapping efficiency and RCY (entries 4—6). Various amounts of DBU were used to evaluate
stoichiometric effect on the reaction; 1.5 equivalents yielded the best results for trapping and

conversion (entries 6, 9—10).

With an optimized procedure in hand, a series of biologically relevant compounds were
labeled with ''C using this technique (Table 5). Isocyanates were prepared in situ using an
automated ''C synthesis system before being routed to a secondary reactor containing the rhodium

catalyst. The coupling reaction was commenced with the addition of organozinc iodide (0.3 mL,
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3.3-9.8 equivalents), then reacted for 10—15 minutes before aqueous quenching and radioHPLC

analysis. Peak integration was performed in order to derive radiochemical yields and product

identities were confirmed by coinjection with nonradioactive standards of each compound. The

method ensures reliable trapping conditions while also leading to moderate to strong radiochemical

purity and yield. A number of compounds were prepared, including the biologically-relevant fert-

butyl protected ['C]N-acetyl glutamic acid ([''C]6d), the agrochemical [!'C]propanil ([!!C]6e),

and a pharmaceutically-relevant ['!C]acetanilide ([!!C]4K).

Figure 2.12. Carbon-11 substrate scope.

i) [''C]CO,, DBU, ACN (IDI
_NH, ) DBAD, PBug, ACN _N'CO [Rh(OH)(cod)], N'C-
5 ["Cl2 Ho
9
RIS DINES H
H H
["'Clak [''CI3a [''Cl6a
RCY: 81 £2% RCY: 47 £ 2% RCY: 94 + 2%
TE: 95 +3% TE: 84 £ 6% TE: 65 £ 5%
n=4 n=2 n=2
9 0 o
I
Sle e Il
N° 7Y N7 11
H B \N,C\
H
["'Cleb ["'Cl6¢ ["'Cled
RCY:99 £ 1% RCY: 74 £ 7% RCY: 55 £ 14%
TE: 65 5% TE: 67 £5% TE: 71 2%
n=2 n=2 n=2
9
11
119 ol \N,C\
LN SO H
H H
["'Cl6e ["'C]ef O]
RCY:5 2% RCY: 15 £ 5% RCY: 76 + 5%
TE: 74% TE: 82 + 3% TE: 67 +5%
n=2 n=2 n=2

aSee ESI for general procedure (P5). Standard error given for all reactions.
Amide [''C]6g was selected for further isolation to demonstrate the utility of this labeling

technique. A fully automated method was implemented (see ESI) with a total time of 21 minutes

from delivery of [!'C]CO: to end of semi-preparative HPLC purification (C18, aqueous
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acetonitrile mobile phase). The decay-corrected radiochemical yield was 12% from [''C]CO:

delivery with a molar activity of 267 GBq-umol-!' (Scheme 4).

Figure 2.13. Automated synthesis and isolation of amide [*'C]6g.

) [''CJCO,, DBU, ACN o
i) DBAD, PBug, ACN 1
Sn. i) Znl, [Rh(OH)(cod)] SN
NH2 ’ 2 H
5¢ ["'Cleg

Activity Yield: 1.7 GBq (12% RCY)
Molar Activity: 267 GBq ymol™' (EoS)
Time of Isolation: 21 minutes

See ESI for details.

2.2.5. Conclusion

In conclusion, we have developed a transition metal-catalyzed synthesis of amides that can
be translated for use with ''C. Organozinc iodides and isocyanates can be coupled using rhodium-
catalysis to synthesize a wide array of amide products under mild reaction conditions and with fast
synthesis times. 'C-Amide products can be derived in suitable yields and fully automated for
practical radiotracer synthesis. This method will represent a new strategy for ''C-labeling of

biologically relevant amides.
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2.3. Supporting Information

2.3.1. General Information

All chemicals and solvents used were bought commercially and were not further purified unless
indicated otherwise. All reactions were routinely carried out under inert (argon or nitrogen)
atmosphere. All solvents used were anhydrous. 1,4-dioxane was distilled in the lab. All reaction
products were confirmed using TLC, mass spectrometry, and *H-NMR. Purification of reaction
products was carried out by flash column chromatography using silica gel. Analytical thin layer
chromatography (TLC) was performed on aluminum or glass backing. Visualization was
accomplished with UV light. *H-NMR spectra obtained using Magritek Spinsolve 80 Carbon,
Bruker AVANCE 300 or Bruker AVANCE 400. Spectral data are reported in ppm using solvent
as the reference (CDCls at 7.26 ppm for *H NMR). *H NMR data was reported as: multiplicity (ap
= apparent, br = broad, s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet), integration,
and coupling constant(s) in Hz. Mass spectrometry was performed using Waters Xevo TQD with
an Acquity UPLC H-Class Plus system. Radiolabeled amides were synthesized using Synthra
Melplus Research module. All products generated were characterized in accordance to the

literature.

Phenyl Isocyanate (> 98%), phenethyl isocyanate (96%), 4-(trifluoromethyl) phenyl isocyanate
(98%), o-tolyl isocyanate (98%), m-tolyl Isocyanate (98%), and isopropy! isocyanate (98%-+) were
purchased from Alfa Aesar. 4-fluorophenyl isocyanate (99%), 2-methoxyphenyl isocyanate
(99%), and phenethyl isocyanate (98%) were purchased from Oakwood Chemicals. 2,6-
dimethylphenyl isocyanate (99%) and benzyl isocyanate (99%) were purchased from Thermo
Fischer Scientific. lodobenzene (98%), 4-methoxy iodobenzene (98%), ethyl 3-iodobenzoate
(98%), 4'-iodoacetophenone (98%), 1-chloro-4-iodobenzene (99%) were purchased from sigma
Aldrich. Anhydrous tetrahydrofuran (THF, > 99%, distilled before use), ethyl acetate (EtOAc, >
99.9%), anhydrous diethylene glycol dimethyl ether (diglyme > 99.5%), acetonitrile (99.8%+),
trichloromethylsilane (TMSCI, 99%), and 1,2-dibromoethane (98%+) were purchased from
Sigma-Aldrich. Hydroxy(1,5-cyclooctadiene) rhodium(l) dimer (min. 97%), chloro(1,5-
cyclooctadiene)rhodium(l) dimer (min. 97%), and palladium(ll) acetate (min. 98%) and zinc

powder (99.9%) were purchased from Strem Chemicals.
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2.3.2. Synthetic Procedures

P1 - Synthesis of alkylzinc iodides.

Following literature methods, a flame dried flask (equipped with magnetic stir bar and reflux
condenser) was charged with zinc dust (26.00 mmol) in THF (2.00 mL). 1,2-Dibromoethane (0.10
mL) was added and the mixture was heated to reflux with a heat gun. This was repeated a further
two times, after which the reaction mixture was cooled to room temperature and TMSCI (0.10 mL)
was added slowly followed by 10 minutes of vigorous stirring. Primary alkyl iodide (26.00 mmol)
was added as a solution of THF (10.0 mmol) then stirred and heated at 50 °C for 18 hours. The
concentration of alkylzinc iodide was determined using iodometric titration.

P2 - Synthesis of phenyl zinc iodide.

Following literature methods,* 10 mmol (654 mg) of zinc dust was added to a 10 mL oven-dried
round bottom flask. The flask was heated by a heat gun for 10 minutes under vacuum. To the solid,
2.5 mL of diglyme, followed by 0.16 mmol (0.02 mL) of TMSCI, followed by 5 mmol (0.56 mL)
of iodobenzene were added under inert atmosphere (argon). The reaction mixture was then stirred
for 24 hours at 130 °C. The final mixture was centrifuged, and the supernatant was extracted.
Concentration of the phenylzinc iodide solution was determined using an iodometric titration
procedure. The final concentration of the phenylzinc iodide used for the reactions in Tables 1 and
2 was 1.03 M.

P3 - Synthesis of functional arylzinc iodide-lithium chloride compounds.

Following literature methods? and applying modifications, a dry and argon-flushed Schlenk-tube,
equipped with a magnetic stirring bar and a rubber septum, was charged with LiCl (0.90 mmol)
and heated to 250 °C for 5 min under high vacuum. After cooling to room temperature under
vigorous stirring, InCls (0.09 mmol) was added and the Schlenk-tube was again heated to 250 °C
for 5 min under high vacuum. After cooling to room temperature, zinc powder (9.0 mmol, 3.0
equiv) and dry THF (4.5 mL) were added. The resulting suspension was treated with a few drops
of trimethylsilyl chloride and heated briefly to reflux. Subsequently, the corresponding aryl iodide
(3.0 mmol, 1.0 equiv) was added and the reaction mixture was heated under given conditions.?
The reaction mixture was then centrifuged. The supernatant liquid was transferred via a syringe
into an oven-dried test tube. The final concentration of the resulting arylzinc iodides were

determined by iodometric titration.
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P4 - Synthesis of amides using organozinc iodides and isocyanates.

To a 10 mL oven-dried round bottom flask, 0.005 mmol (2.3 mg) of [Rh(OH)(cod)]2 is added.
Then, 2 mL of THF and 0.2 mmol of isocyanate are added. The reaction mixture is stirred for 5
minutes before the addition of 0.4 mmol of arylzinc iodide or 0.6 mmol of alkylzinc iodide. The
reaction is stirred for 30 minutes (24 hours for alkylzinc iodides) under inert atmosphere at room
temperature. The reaction is then quenched with 2.0 mL saturated aqueous ammonium chloride
(NH4*CI") The mixture was extracted with EtOAc (3 x 10 mL); the organic phase was washed with
brine (10 mL), dried over MgSOs, concentrated under reduced pressure and purified by flash
column chromatography (using silica gel, 0-25% ethyl acetate/hexane gradient).

*This procedure is better completed when scaled out rather than scaled up. In testing on a 1 mmol scale,
the reactivity was not consistent from batch to batch; comparatively, multiple reaction set ups in parallel
could reliably reproduce similar results.

P5 - Synthesis of radiolabeled amides.

Using Synthra Melplus Research module, 22.90 umol of the amine with 35.50 umol of DBU in
500 pL ACN are added in Reactor 1. 45.80 umol of DBAD with 45.80 umol of PBusin 200uL
ACN are added in Vial 1. Carbon-11 CO:z ([*!C]CO2) — generated from bombardment of a gas
target filled with a pressurized N2/O2 mixture using a Siemens 11 MeV cyclotron, typically 40-55
uA for 1-2 minutes — was trapped at -180 °C in a steel coil. [**C]COz2 is then bubbled into a 2
mL glass reactor vessel, after which the contents in vial 1 are immediately added into the reactor
to convert the carbamate to the radiolabeled isocyanate. After reacting for 1 minute, the solution
is transferred to a vial charged with 1.0 mg of [Rh(OH)(cod)]2. 0.3 mL of organozinc iodide is
then added and allowed to react for 15* minutes. The mixture is subsequently quenched with 1.0
mL of deionized water, followed by addition of ethyl acetate. The mixture is centrifuged to rapidly
separate the layers. The organic phase is sampled and analyzed using radioHPLC. Trapping
efficiency is calculated as the decay-corrected activity yield in the reactor relative to the steel coil
using calibrated proximal radiation detectors. Product yield is determined according to relative
peak integrations on radioHPLC, with decay-correction to time of injection. When needed, a sand
bath was used to heat the reaction.

*Products [*C]6d and ['*C]6g were reacted for 10 minutes.
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P6 — Automated synthesis of radiolabeled amides.

Using Synthra Melplus Research module, 22.90 umol of the amine with 35.50 umol of DBU in
500 pL ACN are added in Reactor 1. 45.80 umol of DBAD with 45.80 umol of PBusin 200uL
ACN are added in Vial A3. 1.0 mg of [Rh(OH)(cod)]2 in 0.4 mL ACN was added in Vial A2. 0.3
mL of organozinc iodide was placed in Reactor 2 while 1.0 mL of 1 M HCI (aq) was added to Vial
B1. Carbon-11 CO2 ([*'C]CO2) — generated from bombardment of a gas target filled with a
pressurized N2/O2 mixture using a Siemens 11 MeV cyclotron, 55 pA for 20 minutes — was
trapped at -180 °C in a steel coil. [*!C]CO:z is then bubbled into a 2 mL glass reactor vessel, after
which the contents in Vial A3 are immediately added into the reactor to convert the carbamate to
the radiolabeled isocyanate, stirring for 1 minute. Vial A2 was added to the reaction mixture, then
directed towards reactor 2. The solution was allowed to react for 10 minutes with the organozinc
iodide. The mixture is subsequently quenched with the contents of B1. This solution was added to
the HPLC injection loop and injected onto a Macherey-Nagel Nucleodur C18 HTec column (5 pum,
250x10 mm). It was purified using 45:55 acetonitrile to 0.1 M ammonium formate mobile phase
at a flow rate of 5 mL/min. The isolated product was verified by analytical radioHPLC and molar
activity was determined via a calibration curve. Trapping efficiency is calculated as the decay-

corrected activity yield in the reactor relative to the steel coil using calibrated proximal radiation

detectors.
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Figure S2.1. Synthra Melplus Research apparatus scheme.
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2.3.3. Experimental Data
3a. N-phenyl benzamide

o

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (31 mg, yield 78%).
!H-NMR (80 MHz, CDCls): d 7.87 (d, 2H), 7.83 (s, 1H),
7.63 (d, 2H), 7.57 (t, 1H), 7.50 (t, 2H), 7.39 (t, 2H), 7.17
(t, 1H). MS (ESI+): Calculated C1:H13NO as 197.08,
[M+H] found as 198.22 m/z.

accordance to the literature.

Characterized in

3c. N-4-fluorophenyl benzamide

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (35 mg, yield 81%),
IH-NMR (80 MHz, CDCl): & 7.89 (m, 2H), 7.77 (s,
1H), 7.62 (d, 2H), 7.38 (t, 2H), 7.23 (M, 3H). MS (ESI+):
Calculated C13H10FNO as 215.07, [M+H] found 216.03

m/z. Characterized in accordance to the literature.>

3e. N-2-methoxyphenyl benzamide

OMe Hp

o
Followed the general procedure of amide synthesis (P4),
product obtained as a white solid. (14 mg, yield 31%),
'H-NMR (80 MHz, CDCls): 8.55 (m, 2H), 7.91 (m, 2H),
7.50 (m, 3H), 6.94 (m, 3H) 3.96 (s, 3H). MS (ESI+):
Calculated C14H13NO; as 227.09, [M+H] found 228.09

m/z. Characterized in accordance to the literature.”

3b. N-4-trifluoromethylphenyl benzamide

o

(o}

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (45 mg, yield 87%),
!H-NMR (80 MHz, CDCls): d 7.91 (s, 1H), 7.89 (d, 2H),
7.79 (d, 2H), 7.65 (d, 2H), 7.60 (m, 1H), 7.53 (t, 2H).
MS (ESI+): Calculated C14H10F3NO as 265.07, [M+H]
found as 266.08 m/z. Characterized in accordance to the

literature.®

3d. N-2-nitrophenyl benzamide

N
[0}

Followed the general procedure of amide synthesis (P4),
product obtained as a yellow solid (38 mg, yield 79%).
IH-NMR (80 MHz, CDCly): § 7.24 (t, 1H), 7.55 (m, 2H),
7.63 (t, 1H), 7.74 (t, 1H), 8.01 (m, 2H), 8.30 (dd, 1H),
9.03 (dd, 1H), 11.38 (s, 1H). MS (ESI+): Calculated
Ci3H10N203; as 242.07 [M+H] found 243.07 m/z.

Characterized in accordance to the literature.®

3f. N-2,6-dimethylphenyl benzamide

'y
Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (28 mg, yield 62%),
'H-NMR (80 MHz, CDCls): & 7.94 (m, 2H), 7.59 (m,
1H), 7.51 (m, 3H), 7.15 (m, 3H), 2.41 (s, 6H). MS
(ESI+): Calculated C15sH1sNO as 225.12, [M+H] found
226.13 m/z.

literature.®

Characterized in accordance to the
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3g. N-2-methylphenyl benzamide

H

N

op: :

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (17 mg, yield 68%),
'H-NMR (80 MHz, CDCls): 5 7.98 (d, 1H), 7.90 (d, 2H),
7.65 (s, 1H), 7.58 (m, 1H), 7.52 (m, 2H), 7.29 (m, 1H),
7.24 (m, 1H), 7.14 (m, 1H), 2.35 (s, 3H). MS (ESI+):

Calculated C14H13NO as 211.10, [M+H] found 212.13

m/z. Characterized in accordance to the literature.*

3i. N-isopropyl benzamide

VS

Followed the general procedure of amide synthesis
(P4), product obtained as a white solid (8 mg, yield
25%). 'H-NMR (80 MHz, CDCls): § 7.60 (dd, 2H), 7.25
(tt, 1H), 7.20 (dt, 2H), 5.75 (bs, 1H), 4.15 (sept, 1H),
1.15 (d, 6H). MS (ESI+): Calculated CyH1sNO as
163.10, [M+H] found 164.15 m/z. Characterized in

accordance to the literature.®

3k. N-phenethyl benzamide

S
Followed the general procedure of amide synthesis (P4),
product obtained as a white solid. (26mg, yield 63%),
1H-NMR (80 MHz, CDCl3): 6 7.69 (d, 2H), 7.46 (t, 1H),
7.38 (t, 2H), 7.31 (t, 2H), 7.23 (t, 3H), 6.40 (s, 1H), 3.69
(g, 2H), 2.91 (t, 2H). MS (ESI+): Calculated C15H1sNO
as 225.12, [M+H] found 226.21 m/z. Characterized in

accordance to the literature.!

3h. N-3-methylphenyl benzamide

oy
Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (18 mg, yield 71%),
!H-NMR (80 MHz, CDCls): § 7.87 (d, 2H), 7.75 (s, 1H),
7.56 (m, 4H), 7.42 (d, 1H), 7.26 (m, 1H), 6.98 (m, 1H),
2.21 (s, 3H). MS (ESI+): Calculated Ci4H13NO as
211.10, [M+H] found 212.10 m/z. Characterized in

accordance to the literature.*

3j. N-benzyl benzamide

A

0
Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (24 mg, yield 57%),
'H-NMR (80 MHz, CDCls): § 7.82 (d, 2H), 7.51 (t, 1H),
7.43 (t, 2H), 7.36 (m, 4H), 7.29 (m, 1H), 6.69 (s, 1H),
4.64 (d, 2H). MS (ESI+): Calculated Ci4H13NO as
211.10, [M+H] found 212.04 m/z. Characterized in

accordance to the literature.1°

3l. N-allyl benzamide

H
4\/"\[1/3

(0]

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (9 mg, yield 27%). *H-
NMR (80 MHz, CDCls): & 7.78 (dd, 2H), 7.45-7.50 (m,
1H), 7.25 (dt, 2H), 6.75 (bs, 1H), 5.85-5.95 (m, 1H),
5.20 (dd, 1H), 5.13 (ddd, 1H), 4.00-4.05 (m, 2H). MS
(ESI+): Calculated C10H11NO as 161.08, [M+H] found
162.08 m/z.

literature.?

Characterized in accordance to the
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3m. N-phenyl 4-methoxybenzamide

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (34 mg, yield 74%).
!H-NMR (80 MHz, CDCl3): & 7.83 (m, 2H), 7.82 (m,
1H), 7.62 (m, 2H), 7.37 (m, 2H), 7.14 (m, 1H), 6.96 (m,
2H), 3.87 (s, 3H). MS (ESI+): Calculated C14H13NO> as
227.09, [M+H] found 228.27 m/z. Characterized in

accordance to the literature.!2

30. N-phenyl 4-acetylbenzamide

Followed the general procedure of amide synthesis (P4),
product obtained as a light yellow solid (9mg, yield
34%), *H-NMR (80 MHz, CDCls): § 7.92 (m, 2H), 7.89
(m, 2H), 7.67 (s, 1H), 7.54 (m, 4H), 2.61 (s, 3H). MS
(ESI+): Calculated C15H13NO; as 239.09, [M+H] found
240.12 m/z.

Characterized in accordance to the

literature.13

3g. N-phenyl 3-ethylester benzamide

N
CO,Et
o

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (16 mg, yield 47%),
'H-NMR (80 MHz, CDCls): § 8.41 (s, 1H), 7.92 (d, 2H),
7.65 (dd, 1H), 7.39 (t, 2H), 7.30 (t, 2H), 7.21 (dd, 1H),
451 (g, 2H), 1.52 (t, 3H). MS (ESI+): Calculated
CisH1sNO3 as 269.11, [M+H] found 270.08 m/z.

Characterized in accordance to the literature.14

3n. N-phenyl 4-chlorobenzamide

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (14 mg, yield 44%),
!H-NMR (80 MHz, CDCls): & 7.96 (d, 2H), 7.84 (d,
2H), 7.61 (t, 1H), 7.55 (t, 2H), 7.42 (d, 2H). MS (ESI+):
Calculated C13H10CINO as 231.05, [M+H] found 232.07

m/z. Characterized in accordance to the literature.12

3p. N-phenyl 2-methoxybenzamide

H

oY

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (20 mg, yield 43%).
!H-NMR (80 MHz, CDCl3): & 9.80 (s, 1H), 8.28 (m,
1H), 7.69 (m, 2H), 7.37 (m, 1H), 7.34 (m, 2H), 7.13 (m,
2H), 7.02 (m, 1H), 4.03 (s, 3H). MS (ESI+): Calculated
C14H13NO; as 227.09, [M+H] found 228.23 m/z.

Characterized in accordance to the literature.12

3r. N-4-fluorophenyl-2-methoxybenzamide

Followed the general procedure of amide synthesis (P4),
product obtained as a yellow solid (13 mg, yield 27%).
IH-NMR (80 MHz, CDCls): § 9.78 (s, 1H), 8.29-8.27
(m, 1H), 7.65-7.62 (m, 3H), 7.52-7.48 (m, 1H), 7.13 (t,
H), 7.07-7.02 (m, 3H), 4.05 (s, 3H). MS (ESI+):
Calculated C14H1,FNO; as 245.09, [M+H] found 246.24

m/z. Characterized in accordance to the literature.1s
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3s. N-4-fluorophenyl 4-methoxybenzamide

(o)

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (27mg, yield 83%),*H-
NMR (80 MHz, CDCl3): & 7.95 (d, 2H), 7.80 (m, 2H),
7.19 (m, 2H), 7.06 (d, 2H), 3.83 (s, 3H). MS (ESI+):
Calculated C14H12FNO; as 245.09, [M+H] found 260.21

m/z. Characterized in accordance to the literature.®

3u. N-benzyl 4-chlorobenzamide

o

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid
44%), 1H-NMR (80 MHz, CDCI3): 6 7.76 (d, 2H), 7.64
(d, 2H), 7.55 (t, 1H), 7.41 (t, 2H), 7.17 (d, 2H), 4.54 (d,
2H) . MS (ESI+): Calculated C14H12CINO as 245.06,

[M+H] found 246.07 m/z. Characterized in accordance

(14mg, yield

to the literature.1®

4b. N-4-trifluoromethylphenyl propanamide

H
N
oy
F3C °

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (26 mg, yield 60%).
IH-NMR (300 MHz, CDCl3):  7.59 (dd, 4H), 7.37 (bs,
1H), 2.41 (dd, 2H), 1.24 (t, 3H). *C-NMR (100 MHz,
CDCly): 17252, 141.12, 126.45, 124.24, 119.50,
118.82, 30.97, 9.66. MS (ESI+):
CioH10FsNO as 217.07, [M+H] found 218.23 m/z,
calculated 218.20. Spectra given, page S22.

Calculated

3t. N-2-methylphenyl 4-methoxybenzamide

e

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (24mg, yield 76%), *H-
NMR (80 MHz, CDCl3): & 7.92 (s, 1H), 7.87 (m, 1H),
7.83 (dd, 1H), 7.17 (dd, 2H), 6.68 (d, 2H), 3.87 (s, 3H),
2.33 (s, 3H). MS (ESI+): Calculated CisH1sNO; as
241.11, [M+H] found 242.13 m/z. Characterized in

accordance to the literature.t”

4a. N-phenyl propanamide

N
SRS
Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (19.6mg, yield 64%),
IH-NMR (80 MHz, CDCls): & = 7.52 (m, 2H), 7.33 (1,
2H), 7.11 (m, 2H), 2.39 (q, 2H), 1.25 (t, 3H, CH3). ).
MS (ESI+): Calculated CoH1:NO as 149.08, [M+H]

found 150.11 m/z. Characterized in accordance to the

literature.1®

4c. N-4-fluorophenyl propanamide

o

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (13.7mg, yield 41%),
'H-NMR (80 MHz, CDCls): § = 7.97 (s, 1H), 4.43 (dd,
2H), 6.94 (t, 2H), 2.33 (g, 2H), 1.27 (t, 3H). MS (ESI+):
Calculated CyH1oFNO as 167.07, [M+H] found 168.08

m/z. Characterized in accordance to the literature.?®
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4d. N-2-nitrophenyl propanamide

NO,
N
1

Followed the general procedure of amide synthesis (P4),
product obtained as a yellow solid (22.8mg, yield 59%),
!H-NMR (80 MHz, CDCl3): § = 10.34 (s, 1H), 8.83 (dd,
1H), 8.22 (dd, 1H), 7.71 (m, 1H), 7.16 (m, 1H), 2.57 (q,
2H), 1.28 (t, 3H). MS (ESI+): Calculated CgH10N203 as
194.07, [M+H] found 195.13 m/z. Characterized in

accordance to the literature.2°

4f. N-2,6-dimethylphenyl propanamide

ol

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (3.5mg, yield 10%).
!H-NMR (80 MHz, CDCl3): & 7.94 (m, 2H), 7.59 (m,
1H), 2.41 (s, 6H), 2.54 (q, 2H), 1.23 (t, 3H). MS (ESI+):
Calculated C1;H1sNO as 177.12, [M+H] found 178.22

m/z. Characterized in accordance to the literature.?!

4h. N-3-methylphenyl propanamide

N
o
Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (10.2 mg, yield 31%).
IH-NMR (80 MHz, CDCls): & = 7.72 (m, 1H), 7.37 (d,
1H), 7.31 (d, 1H), 7.15 (t, 1H), 6.90 (d, 1H), 2.37 (q,
2H), 2.31 (s, 3H), 1.21 (t, 3H). MS (ESI+): Calculated
CioH1sNO as 163.10, [M+H] found 164.13 m/z.

Characterized in accordance to the literature.?3

4e. N-2-methoxyphenyl propanamide

OMe H

N

o
Followed the general procedure of amide synthesis (P4),
product obtained as a brown oil (3.6 mg, yield 10%). *H-
NMR (80 MHz, CDClz): 6 = 10.34 (s, 1H), 8.83 (dd,
1H), 8.22 (dd, 1H), 7.71 (m, 1H), 7.16 (m, 1H), 2.57 (q,
2H), 1.28 (t, 3H). MS (ESI+): Calculated C1oH13NO> as
179.09, [M+H] found 180.06 m/z. Characterized in

accordance to the literature.2°

4g. N-2-methylphenyl propanamide

i

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (10.4 mg, yield 32%).
!H-NMR (80 MHz, CDCl3): & = 7.68 (m, 1H), 7.37 (m,
1H), 7.31 (d, 1H), 7.17 (t, 1H), 2.38 (s, 2H), 2.30 (q,
2H), 1.22 (t, 3H). MS (ESI+): Calculated C1oH13NO as
163.10, [M+H] found 164.18 m/z. Characterized in

accordance to the literature.?

4j. N-phenethyl propanamide

N
ShaS
Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (7.8mg, yield 22%).
IH-NMR (80 MHz, CDCls): & = 7.15 (m, 4H), 6.02 (s,
1H), 3.55 (q, 2H), 2.86 (t, 2H), 2.17 (q, 2H), 1.13 (t, 3H).
MS (ESI+): Calculated C11H1sNO as 177.12, [M+H]
found 178.02 m/z. Characterized in accordance to the

literature.?2
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4k. N-phenyl acetamide

oY

Followed the general procedure of amide synthesis (P4),
product obtained as a white solid (11.6mg, yield 43%).
!H-NMR (80 MHz, CDCl3): § = 9.02 (s, 1H), 7.53 (d,
2H), 7.29 (t, 2H), 7.11 (t, 1H), 2.13 (s, 3H). MS (ESI+):
Calculated CgHgNO as 135.07, [M+H] found 136.05

m/z. Characterized in accordance to the literature.??

4m. N-2-methylphenyl acetamide

oy

Followed the general procedure of amide synthesis (P4),
product was obtained as a white solid (3.1 mg, yield
10%). 'H-NMR (80 MHz, CDCls3): = 8.52 (s, 1H), 7.39
(s, 1H), 7.25 (m, 1H), 7.21 (t, 1H), 6.88 (t, J= 7.6 Hz,
1H), 2.33 (s, 3H), 2.16 (s, 3H). MS (ESI+): Calculated
CoH11NO as 149.08, [M+H] found 150.02 m/z.

Characterized in accordance to the literature.?

2.5.4. Calibration Curves

41. N-4-trifluoromethyl acetamide
H

o

Followed the general procedure of amide synthesis (P4),
product was obtained as a white solid (19.1mg, yield
47%). *H-NMR (80 MHz, CDCl3): § = 10.28 (s, 1 H),
7.74 (m, 4H), 2.12 (s, 3H). MS (ESI+): Calculated
CoHgFsNO as 203.06, [M+H] found 204.16 m/z.

Characterized in accordance to the literature.?*

4n. N-3-methylphenyl acetamide

N
or
Followed the general procedure of amide synthesis (P4),
product was obtained as a white solid (3.2 mg, yield
13%). *H-NMR (80 MHz, CDCly): § = 8.57 (s, 1H), 7.42
(m, 1H), 7.31 (m, 1H), 7.08 (t, 1H), 7.02 (t, 1H), 2.30 (s,
3H), 2.22 (s, 3H). MS (ESI+): Calculated CoH1:NO as
149.08, [M+H] found 150.08 m/z. Characterized in

accordance to the literature.26

. *Used with HPLC to determine benzanilide
Benzanilide conversion
y =7928.9x + 17339 '
[J]
© methoxybenzanilide
% 2000000.000
[=
0.000 - ‘ ‘ ‘ g 100000 1 1ggsesx-7a662 . .
0 200 400 600 < 1000000 R?=09772 .-
©
Concentration (umol/L) % 500000 o P
= 0 L&
0 5 10
Concentration (uM)
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2.3.5. Optimization

Figure S2.2. Optimization of alkyl zinc iodide reaction conditions

catalyst H
Et—7n| _NCO additives _N \”/ Et
solvent o)
1i 2a 4a a
Entry Temperature (°C) Additives P Catalyst © Conversion ¢
1 rt - - 0%
2 rt - [Rh(OH)(cod)]- 60%
3 50 - [Rh(OH)(cod)]- 60%
4 0 - [Rh(OH)(cod)]- 50%
5 rt NEts [Rh(OH)(cod)]2 10%
6 rt PhOH [Rh(OH)(cod)]- 60%
7 rt DBU [Rh(OH)(cod)]> 40%
8 rt DBAD [Rh(OH)(cod)]- 50%
9 rt - [Pd(PPh3)a] 0%
10 rt - Pd(OAC)2 0%
11 rt - [RhCI(PPh3)s] 0%
12 rt - [Rh(CI)(cod)]2 60%

2 Reaction conditions: 1a (3 equiv., 0.6 mmol), phenyl isocyanate (1 equiv., 0.2 mmol), THF (2 mL), 18
h, under Ar. ® Additive (1 equiv., 0.2 mmol). ¢ 2.5 mol% catalyst charge was employed. ¢ Conversions
determined based on relative UPLC peak intensities compared to undesired side products.



2.3.6. Substrate Scope

Figure S2.3. Amide synthesis using organozinc iodides and isocyanates.

H
[Rh(OH)(cod)], (2.5 mol%) N
R’an + R,NCO R’ \ﬂ/
@]
Organozinc Reagent Isocyanate Amide Product . 0
Entry 1(a-m) 2a-) 3(a— x) or 4(a— ) Yield [%]
H
Znl N NCO - N _Ph
1 ® oy .
~ 0O
la 2a 3a
Znl NCO H
2 ©/ | : “/\ T 87
F3C/ |:3C/\/ o)
la 2b 3b
H
Zn| ( \WNCO NP
3 c NS o 81
la 2C 3c
N
Znl N NCO 'TIOZH Ph
4 [ :l (j/ @ j b 79
oM
Zn L NCO T o
5 ©/ (j/ ST 31
\/ = (@]
la 20 3e
Znl | H
N NCO N N\n/Ph
6 | | 62
/\ = O
la of 3f
H
znl ‘\ NCO __N__Ph
. (Y D 68
/ 4 O
H
Znl \/\ NCO \ N Ph
8 H\ P Yj b 71
Pz o

la

2h
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Entry Organozinc Reagent Isocyanate Amide Product Yield [%]

H
NCO N__Ph
T 2
O

2i

©
N
=

[EE
QO

\
' o=<ZI

10 ~._~._NCO 57
la 2j 3
Znl NCO H
o O oy
11 _ | /\ 5 63
la 2k 3k
znl N__ph
NCO O~
12 ©/ A - 27
(@]
21
la 3l
OMe
O B (jmo HW/Q
13 N 74
MeO = (;/ o)
1b 2a o
3m
Cl
Znl N NCO H
14 | _ N 44
Cl o)
1c 2a
3n
71l Ac
n N NCO H
15 | _ | N 34
Ac y 2 P 0
30
oM
© NCO H
16 P Mj 43
~ 0  OMe
2a
le 3p
EtOOC Znl N NCO H
17 | _ | N COOEt 47
1f 2 7 ©
a 3
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Entry Organozinc Reagent Isocyanate Amide Product Yield [%]
OMe
NCO
Znl | N N H
18 P ﬁ\f 27
F NS O  owme
le 2c 3r
OMe
19 _ f - 83
MeO F~ /|\j o
1b 2c F
3s
71 OMe
NCO H
N N
20 | | N 76
29 3t
Cl
=
L
21 s 32
cl ~._~._NCO
1c 2j ©
3u
EtOOC o NCO \/\/H)(Q\
22 | _ | - COOEt  Trace
_ (@)
1f 2k
3v
Ac
Znl ~._NCO H
Y N
23 P | j Trace
Ac F = (@]
1d 2 F
3w
71l COOEt
o ® o HWQ
24 Trace
EtOOC Z @ o
1 2a
g 3X
CN
Znl N NCO H
25 | _ ( N 0
NC | J 0
1h 2a o
3y
NCO H
Et/ZnI (j/ N\H/Et
26 0 _ 0 64
i
2a 4a

70



Entry Organozinc Reagent Isocyanate Amide Product Yield [%]
NCO H
zni N B
27 Et o 60
1i F3C FsC
2b 4b
NCO H
28 Et” _ PP A i
1i F F
2c 4c
Znl G NCO o2 H Et
4n X
29 Et | W/ ij b 59
Li = Z (e}
2d 4d
OMe OI\/IeH
_Znl NCO N_ _Et
30 Et - Al 10
i = O
2e 4e
H
_2nl ~.~NCO |\ N__Et
31 Et | (\f bt 13
1i = ~~_ 0
of 4f
H
_Znl ‘\ NCO ~_N__Et
32 Et (j | \fg 32
1i % Z
29 49
NCO H
_Znl | N NN N\H/Et
33 Et P L\f 5 31
1i Z
2h 4h
X
= | j\/H
2 - 2N | (/ N\n/ Et
~._._-NCO z Trace
i .
2) 4i
NCO H
o2 (\ N N ;
35 i P P o
2k 4
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P
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Entry Organozinc Reagent Isocyanate Amide Product Yield [%]
NCO H
_7nl N N\n/Me
37 Me - . 05 47
1j 3 Ne
2b 4l
H
_znl ~._~NCO A _N__Me
38 Me | [ bl 10
1 _— ~~ O
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2h 4n
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40 y Pz Ej 0o Trace
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H
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N Et
Znl
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43 o 0
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4r
H
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n e
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2.3.8. Characterization
3a. N-phenyl benzamide (80 MHz, CDCls)
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3c. N-4-fluorophenyl benzamide (80 MHz, CDCls)
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3e. N-2-methoxyphenyl benzamide (80 MHz, CDCls)
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3g. N-2-methylphenyl benzamide (80 MHz, CDCls)

1D-1H-32-6.4-7-90
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3i. N-isopropyl benzamide (80 MHz, CDCls)

1D-1H-32-6.4-7-90

8.0 7.5 7.0

4.0 35
f1 (ppm)

3j. N-benzyl benzamide (80 MHz, CDCls)

1D-1H-32-6.4-7-90

8.0 7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0 35
f1 (ppm)

2.8

2.6

2.4

r2.2

2.0

80



3k. N-phenethyl benzamide (80 MHz, CDCls)
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3m. N-phenyl 4-methoxybenzamide (80 MHz, CDCls)
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3n. N-phenyl 4-chlorobenzamide (80 MHz, CDCls)
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30. N-phenyl 4-acetylbenzamide (80 MHz, CDCls)
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3q. ethyl 3-(phenylcarbamoyl)benzoate (80 MHz, CDCls)
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3s. N-4-fluorophenyl 4-methoxybenzamide (80 MHz, CDCls)
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3u. N-benzyl 4-chlorobenzamide (80 MHz, CDCls)
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4b. N-4-trifluoromethylphenyl propanamide
'H-NMR (300 MHz, CDCls): 6 7.59 (dd, 4H), 7.37 (bs, 1H), 2.41 (dd, 2H), 1.24 (t, 3H).
13C-NMR (100 MHz, CDCls): 172.52, 141.12, 126.45, 124.24, 119.50, 118.82, 30.97, 9.66.
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4c. N-4-fluorophenyl propanamide (80 MHz, CDCls)
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4e. N-2-methoxyphenyl propanamide (80 MHz, CDCls)
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4g. N-2-methylphenyl propanamide (80 MHz, CDCls)
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4j. N-phenethyl propanamide (UPLC trace)
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41. N-trifluoromethyl acetamide (80 MHz, CDCls)
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4n. N-3-methylphenyl acetamide (UPLC trace)
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6¢c. Ethyl 4-[(4-fluorophenyl)carbamoyl]benzoate
!H-NMR (300 MHz, CDCls): & 8.13 (dd, 2H), 7.91 (dd, 2H), 7.61 (m, 2H), 7.07 (m, 2H), 4.41 (q,

2H), 1.42 (t, 3H)
13C-NMR (75 MHz, CDCla): 165.7, 164.9, 159.7 (d, J = 243 Hz), 138.4, 133.6 (d, J = 3 Hz), 130.0,

127.0, 122.2 (d, J = 7.5 Hz), 115.8 (d, J = 22.5 Hz), 61.5, 14.3
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2.3.9. Representative HPLC Data

The peaks indicated by solid arrows are present in the chromatograms following coinjection of
products with additional nonradioactive standard. The differences in elution times are due to UV-
Vis and radiation detectors placed in series, and in all cases were consistent with delays observed

at the time of acquisition. Due to modifications of the radioHPLC system, these delays have varied
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[''C]4-methoxy-N-phenylbenzamide
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[''C]flutamide ¢
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2.4. Extended Discussion
2.4.1. Lessons

2.4.1.1. Alternative Organometallics

While the yields of the derived *C-amides in our study were sufficient for continued
investigation, the intention with radiochemical method development is to target the preparation of
practical radiotracer candidates; this demands diverse and robust tolerance for functionality to
access compounds that are biologically active and/or akin to pharmaceuticals, and for easy-to-
reproduce syntheses. For the former point, heteroaromatic systems are incredibly common in drug-
like molecules, but were inaccessible using our rhodium-catalyzed addition of organozinc iodides.
This was, we believe, a result of the rhodium catalyst and its interactions with N and O-groups.
We evaluated alternative catalysts (as indicated in the publication, as well as others not listed) for
their reactivity and tolerance, but found no improvements in reaction yield nor in functionality.

To the latter point, organozinc iodides are relatively difficult reagents to work with, due to
their high sensitivity to water and a problematic quench that produces poorly soluble zinc
hydroxide byproducts. While this was considered in the design of our methodology and was
initially solved with an aqueous workup of our crude mixtures, performing extractions on
radioactive products is not an efficient procedure nor one that can be easily adapted in radiotracer
production facilities.

This led to the investigation of alternative organometallics. Our first inclination was to use
organostannanes in place of organozinc halides, evaluating the nucleophile’s effect on robustness
(Figure 2.19). While we observed comparable yields, we did not notice any differences in
functional group tolerance or access to more complex and diverse pharmaceutical scaffolds.
Translation to carbon-11 chemistry also indicated limitations in yield. Given we felt our current
catalytic systems (palladium-, platinum-, rhodium-based) were not sufficient, and that these strong
organometallic precursors appeared restricted in their capabilities, we turned towards copper

catalysis and boronic esters for an alternative scheme.
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Figure 2.19. Rhodium-catalyzed reaction of isocyanates with organostannanes. A robustness assay
evaluating a standard reaction in the presence of additives was used to test the effectiveness of
organostannane nucleophiles. Poor tolerance for heteroatoms limited the translatability of the method for
the preparation of carbon-11-labelled pharmaceuticals. Nonetheless, the method was translated and found

to successfully provide product yield, albeit with lowered reactivity.
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Figure 2.20. Copper-catalyzed reaction of isocyanates with boronic esters. A robustness assay was
performed to determine the effectiveness of boronic esters at producing amides from isocyanates. Superior
tolerance indicated the potential applicability for carbon-11 radiochemistry, however sensitivity to the

Mitsunobu reagents and acidic conditions make in situ *'C-isocyanate formation a problem to address.

Development with stable isotopes was primarily conducted by a BSc candidate in our
research group, Kirabo Nekesa; we once again performed a robustness assay, evaluating a baseline
reaction’s success in the presence of additives containing various functionalities and substituents
(Figure 2.20). This study determined the method was capable of producing amides from
isocyanates with much more tolerance for structurally diverse compounds, including
heteroaromatic systems and drug-like functional groups. However, radiochemical translation
proved more difficult due to the methods of preparing '!C-isocyanates (POCIs dehydration and

Mitsunobu conversion) not being compatible with copper catalysis.
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With this in mind, development of a possible substitute to traditional methods for 'C-
isocyanate preparation may provide a reaction scheme that satisfies the requirements for copper

catalysis, boronic esters, and *:C-amide preparation.

2.4.1.2. Interrupted aza-Wittig using iminophosphoranes to synthesize *'C-carbonyls

Current 1!C-isocyanate syntheses are limited in their scope; acid dehydration with POCls
requires highly acidic conditions posing challenges for [*!C]CO: trapping as well as reactivity,
while Mitsunobu conversions require high loading of azo reagents and phosphines that can be
difficult to purify. An alternative approach to forming *'C-isocyanates that avoids these limitations
therefore provides strong value for radiochemists.

Iminophosphoranes (or phosphinimines) are organophosphorus compounds with the
structure RsP=NR’. They have been shown to undergo the aza-Wittig reaction with CO2 to produce
isocyanates.! In the 1C space, van Tilburg et al. accessed unsymmetrical 1*C-ureas through 'C-
isocyanates derived from phenyltriphenylphosphinime.? Del Vecchio et al. developed the method
further with cyclic 'C-ureas and 'C-carbamates through a Staudinger aza-Wittig sequence.®
However, few linear carbamates were produced in low yields, and required both explosive azide
precursors and forcing conditions with elevated temperatures.

As such, we sought to develop a robust methodology using [*!C]CO:-fixation and
iminophosphoranes to access 'C-ureas, 'C-carbamates, 'C-thiocarbamates, and 'C-amides
without requiring highly acidic POCls, Mitsunobu reagents, explosive azides, toxic phosphines,

and/or harsh conditions common in other methodologies (Figure 2.14).
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Figure 2.14. Interrupted aza-Wittig with iminophosphoranes. This methodology can access *C-carbonyls,
like 1*C-carbamates, !C-thiocarbamates, 1!C-ureas, and !C-amides from iminophosphorane precursors via

an *C-isocyanate intermediate.
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This project was led by another graduate student in our group, Dr. Uzair Ismailani, and was
later assisted by myself and a post-doctoral fellow, Dr. Maxime Munch. The development of the
chemical method — discovering nucleophilic additions compatible with iminophosphorane-CO2
coupling conditions with stable isotopes — was completed by Dr. Ismailani. With translation to
radiochemistry, given my aforementioned work in adapting rhodium-mediated organozinc
additions to !C-isocyanates to a radiochemical system, we worked in cooperation to complete the
same for iminophosphoranes.

Reactions were first tested manually. This was performed in reactors constructed in-house
(Figure 2.15) by fitting a long test tube with a septum cap, then adding (a) a long needle for
[*C]CO2 delivery, (b) an input needle for reagent addition, and (c) an output vent needle connected
to a sodium hydroxide trap to capture any residual [*1C]COz. The septum was then painted with
solidifying paste and the vial was purged with argon or nitrogen to ensure an isolated atmosphere.
Following precursor loading and cyclotron production, [**C]CO2 was bubbled into the solution

and allowed to trap. The reaction was left to run in a sand bath before being quenched and collected

—

Figure 2.15. Manual radiosynthesis reaction vessel. Reactors were constructed using lab materials and used

for analysis.

only once per reaction. Limitations in the amount of activity that can be produced, the reproducibility, and
the technical difficulties associated with product purification if completed in manual reactors led to the

automation of the method on a radiosynthesis unit.

While this methodology provided product yields, we quickly identified that we could not
carry out high activity runs with reliable consistency, and so we turned towards the automation of
the method using a radiosynthesis unit.

Adaptation of a manual method to an automated radiosynthesis unit carries with it many
challenges. For starters, given the very low mass loading and volumes of solutions used in
radiochemical reactions, as well as the careful handling and specific addition required for many
reagents, the transfer of solutions throughout the unit’s lines can be a major difficulty. Translation

becomes just as much a technical difficulty as it is a chemistry problem.
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We worked to acclimate the process of 1C-isocyanate synthesis from iminophosphorane
precursors on an automated Synthra Melplus Research radiosynthesis module (Figure 2.16). The
time list — a series of commands delivered to the radiosynthesis unit for manipulation of valves
and volume transport — developed for the organozinc work was adjusted and implemented for
iminophosphorane chemistry. Following reaction completion, the solution was injected onto a
built-in on-line HPLC column for purification. We completed this process for 11 representative
substrates, including isolations for pharmaceutically relevant targets like [1*C]glibenclamide (62%
isolated RCY), [*'CJURB694 (13% isolated RCY), and an antiarrhythmic compound (33%
isolated RCY).

B SR9009 Method 1min tef
Timne [rnin] | Function | Parameter =
0.00 Valve Position Reset all Valves
0.05 Valve Position AC power relais = Position 2 =
010 Digital Qutput High Voltage = ON
012 WValve Position VEE [He/NH3) = Position 2
0.14 Walve Position W1 Target / H2 = Position 2
016 Valve Position Y2C02 Trap = Position 2
018 Valve Position V44 [Gas phase / direct) = Position 2
0.20 Walve Position VE1 = Position 2
0.22 Valve Position V46 = Position 2
i, 0.24 Yalve Position 19 Reactor 1 vac = Position 2

o 0.26 Valve Position W22 Vacuum/Exhaust = Position 2

- 028 Analog Output No.1 = 1000 mv
0.30 Display Information "Beam started?"'

Figure 2.16. Automated radiosynthesis unit. The Synthra Melplus Research radiosynthesis unit can be used
for radiochemical syntheses while operated remotely from behind lead shielding via programmed time lists

of control commands. The synthesis unit itself (A) and a representative time list (B) are shown.

Our research group has continued to work with iminophosphoranes, this time extending to an
application with prostate-specific membrane antigen (PSMA) radiotracer design. Several students
have contributed to the project, including Dr. Ismailani, Dr. Munch, MSc candidate Abhishek
Patel, BSc candidate Hala Almeneim, and BSc candidate Hunter Valley. My role throughout has
been to assist with 1*C implementation, having developed the method alongside Dr. Munch and
Dr. Ismailani, and since then to oversee training and supervision for project development.

Most PSMA-targeting small molecule inhibitors first consist of a PSMA-binding domain; this
is typically a urea-based binding motif, most often a glutamate-ureido core. These pharmacophores
are then connected through a linker moiety to a chelator that can be labeled with various
radiometals or radionuclides. While many promising candidates exist, a general and rapid method

to radiolabel PSMA radioligand candidates would enable improved understanding of the structure-
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activity relationship and aid in rational design of a new generation. Given the ureido center,

[11C]CO.-fixation offers a methodological approach for library synthesis of PSMA candidates.

R R R o R
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Figure 2.17. Proposed reaction scheme for general PSMA radioligand synthesis. Iminophosphorane

reaction with [**C]CO; and an amine nucleophile produces candidates for PSMA radiotracer development.

We envisioned a reaction scheme using 'C-isocyanates derived from iminophosphoranes
reacting with amine nucleophiles to yield *'C-ureas (Figure 2.17). By sequentially alternating the
iminophosphorane and nucleophilic amine, a catalogue of derivations can be produced. This
approach was applied to a number of different urea substrates, of which many were isolated for

subsequent PET imaging. This project is nearing completion and submission.

2.4.1.3. Intramolecular Friedel-Crafts acylation of 1'C-isocyanates

Our work with isocyanates attracted the attention of an international research group seeking
to form 1!C-labelled o,B-aromatic lactams, in particular for the synthesis of [1C]DPQ for imaging
of poly (ADP-ribose) polymerase (PARP). We in turn supported a visit by Dr. Marius Ozenil from
the Medical University of Vienna, Austria, in order to assist with translation of his methodology
to carbon-11 and automated radiotracer production. Their method proceeds via an intramolecular
AICIs-guided Friedel-Crafts acylation of isocyanates, first optimized using stable isotopes. Upon
Dr. Ozenil’s arrival to our facilities, we looked to prepare 'C-isocyanates in situ for subsequent
cyclization. The established Mitsunobu conditions to convert amines to 1*C-isocyanates proved to
be incompatible and so we instead turned towards POCIs acid dehydration. This succeeded as,
fortunately, the simultaneous addition of POCIs and AICls formed a Lewis-acid-base adduct
displaying improved solubility and reactivity.

With this optimized methodology fully translated (Figure 2.18), Dr. Ozenil completed a
substrate scope with amine precursors before returning to Vienna and completing the production
and isolation of [*!C]DPQ.
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Figure 2.18. Intramolecular Friedel-Crafts acylation of [*'CJisocyanates. An AICls;-guided acylation of

[1!Clisocyanates can yield a,B-aromatic lactams starting from amines and [!C]CO..

2.5.2. Perspectives
2.5.2.1. Conclusions

In this section of the thesis, our aim was to develop a methodology to access *!C-amides
for radiotracer production. In that task we succeeded, yielding several radiolabelled products in
strong yields for continued investigation. The modular nature of 'C-carbonyl labelling was
demonstrated, allowing for rapid alterations of both the organozinc halide and the amine to
generate a diverse library of radiotracer candidates. This approach was further exemplified using
iminophosphoranes and put into practice with the generation of PSMA probes. We also completed
extensive investigation using stable isotopes, establishing yet another method that can be used to
derive amides, and further improving on the understanding of isocyanate behaviour with transition
metal catalysis.

While limitations in the diversity of products were elucidated, we could nonetheless access
biologically active compounds that could be explored in imaging. The use of organozinc iodides
appears to be feasible with many simple compounds and would be an option for the generation of

11C-amide radiotracer candidates.

2.5.2.2. Future Directions

Continued investigation into alternative catalytic systems and organometallics or other
nucleophiles would allow for the discovery of a broadly applicable and general approach to 'C-
amides. While our data suggests organostannanes may not be an ideal candidate for further
investigation, boronic esters showed enough promise to merit attention.

Applications with organozinc iodides for imaging studies have yet to be explored but could

show promise in the development of radiotracer candidates.
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Chapter 3: Synthesis and Development of (R)- and (S)-[*!C]SR9009

Radiotracer Development

This chapter and discussion contains information from soon-to-be published studies.
e FOCUS: Mair et al. “Synthesis of (R)- and (S)-[**C]SR9009 for Rev-erb Imaging” Planned
submission. 2024.

o Contributions: Project lead, completed experiments, wrote manuscript.

107



3.1. Context

3.1.1. Rev-erb and the Circadian Clock

The daily systematic alterations in behaviour and physiology according to time and light
exposure are known as circadian rhythms, triggered by the intrinsic timekeeping “circadian clock™.
With an approximately 24-h period, these diurnal rhythms constitute an autonomous control center
over expression, accumulation, and degradation of gene products therein establishing a molecular
oscillation. At its core is a feedback loop of transcription factors directed and synchronized by
external environmental stimuli like light exposure and food intake that trigger the suprachiasmatic
nucleus (SCN), the internal clock pacemaker.'*

The central role in regulation begins with the heterodimeric relationship of the brain and
muscle Arnt-like protein 1 (BMAL1) and the circadian locomotor output cycles kaput (CLOCK).
These two factors heterodimerize in the cytoplasm, promoting the expression of period (PER) and
cryptochrome (CRY) genes, which then complex and translocate into the nucleus. With sufficient
accumulation, PER:CRY inhibits the transcriptional activity of BMALL1:CLOCK, thereby limiting
their own expression. This creates an oscillating pattern of expression with peaks of high and

minimums of low expression.**
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Figure 3.1. Circadian rhythm feedback loop. The body’s internal clock originates from a transcript
feedback loop, regulated by its own products. Rev-erb acts as the master control protein while also
imparting control over many clock-controlled genes (CCGs) implicated in inflammation, metabolism, and

cellular function.

An additional arm of feedback comes from the induction of Rev-erb expression by

BMALL:CLOCK. Rev-erb itself represses the expression of BMAL1, providing an overarching
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feedback loop and regulatory control. As a result, Rev-erb is viewed as the principal regulator of
the circadian clock. These proteins belong to the nuclear receptor superfamily 1, group D (NR1D).
There are two isoforms of the receptor: Rev-erba (NR1D1) and Rev-erbp (NR1D2). Current
understanding is that Rev-erba provides more control over the circadian machinery, with Rev-erba
knockout studies causing circadian disruption not conversely seen with Rev-erbf knockout. That
being said, the two are believed to work in concert for regulatory control and they are thought to
play similar roles.**

Rev-erb and clock proteins further regulate additional genes (known as clock-controlled genes,
CCGs) that are involved in biochemical pathways and cellular functions including inflammation
and metabolism. In addition to their master control over the circadian period, these peripheral
implications lead to an essential authority over biological functionality. Rev-erba in particular is a
potent regulator of metabolism in areas of the body like the liver, gastrointestinal tract, immune

cells, muscles, adipose tissue, and in the heart.**

3.1.2. Cardiovascular Disease

Diurnal rhythms are observed in several heart-related physiological characteristics like
clotting, the autonomic nervous system’s alterations in contractility and heart rate, and in heart
behaviour itself.>® Beyond normal function, circadian rhythms play a key role in the onset,
development and outcomes of many cardiovascular diseases like atherosclerosis, arrhythmias, and
myocardial infarctions. Disruptions and asynchronicity in cardiac circadian rhythms can develop
into cardiomyopathies and systolic dysfunction with outcomes leading to death.®? Even the
pathological incidence of cardiovascular diseases occurs over the 24-h rhythm: sudden cardiac
death, arrhythmias, stroke, and pulmonary embolisms all occur most frequently in the early
morning.*3

Treating heart failure arising from the worsening of cardiac health following myocardial
infarction remains a clinical challenge. While patients who suffer heart attacks frequently receive
sufficient medical care to alleviate acute presentations of symptoms, the surgical reperfusion
treatment triggers adverse inflammatory responses that lead to infarct expansion and terminal
cardiac remodeling. This inflammation is driven by the NLR family pyrin domain containing 3

(NLRP3) protein expressed in macrophages, one of the main CCGs mediated by Rev-erb.1415
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Investigating pharmacological targeting of the circadian clock to mitigate the effects of NLRP3-

driven inflammation is a natural area of interest.

3.1.3. SR9009

In understanding the vital role Rev-erb plays in circadian biology and its potential implications
in clinical pathologies, synthetic ligands for its modulation are of research interest. Heme was
identified as the natural, endogenous ligand of Rev-erb, coordinated by two key residues — a
histidine on helix 11 and a cysteine on helix 3.1 Following these findings, exploration into ligand
scaffolds was used to identify potential ligands for exogeneous modulation. The first ligand
identified was SR6452, later renamed to GSK4112.17 The Rev-erb agonist was found to modulate
CCG expression, however it was limited for in vivo use due to its systemic distribution and in its
poor agonism of Rev-erb.’® It nonetheless provided a base structure from which a class of
compounds could be further derived with SAR analysis.*®

From these structural improvements, two ligands have been further studied in vivo: SR9011
and SR9009.2° With significantly more potency for Rev-erb than GSK4112, these two candidates
— in particular, SR9009 — have been investigated for their pharmaceutical potential in biological
control and regulation of the circadian clock. Additional candidates demonstrated possible activity
for Rev-erb agonism, however they have yet to be explored in depth.?* A more recent agonist,
SLT1267, with a distinct chemical scaffold from SR9009 and its analogues has recently been

characterized and is continuing to be investigated.??
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Figure 3.2. Most prominent Rev-erb agonists. The structures of most Rev-erb agonists contain a tertiary
amine at its core with differences in one of the branch arms. The most commonly investigated are GSK4112,
SR9011, and SR9009. A newer candidate, SLT1267, diverges from this core.
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SR9009 is a tertiary amine containing three arms — a nitrothiophene, a chlorobenzylamine, and
a pyrrolidine ethyl carbamate. Current approaches for its synthesis proceed with two subsequent
reductive aminations, first forming a secondary amine with two branches before attaching the
third.?* The pyrrolidine in particular possesses a chiral stereocenter that can impart orientation in
its final structure. These variations in stereochemistry can lead to differences in drug potency and
efficacy, and can even offer differing imaging profiles.>* However, the current, patented, industry
synthesis for producing SR9009 pharmaceutically uses racemic pyrrolidine, providing a mixture
of products to be administered.?

While initially intended to be used for sleep-related disorders, SR9009 has been investigated
for alternative clinical uses thanks to its regulation of Rev-erb and thus CCGs. One of the most
predominant off-label indications stemmed from findings that Rev-erb modulates skeletal muscle
oxidative capacity and therefore exercise capacity.?® As such, abuse of SR9009 under the name
Stenabolic has become a significant issue in the bodybuilding community, receiving a prohibition
from the World Anti-Doping Agency. It has also been investigated for use in treating cancers like
small-cell lung cancer,?” and for supressing inflammation via inhibition of inflammasomes.?® This
anti-inflammatory effect is perhaps most relevant in the heart, where SR9009 administration has
long demonstrated improvements in cardiac function and outcomes.?®32 Dr. Tami Martino and her
team specifically investigated SR9009’s effects on treating cardiac reperfusion injury, in which
just one day of treatment drastically improved infarct recovery and survival rate.**

Translation of these findings to clinical trials for use in human patients has however been
delayed by Rev-erb-independent effects from SR9009 treatment. Using a Rev-erb deletion mouse
model, SR9009 treatment was nonetheless found to demonstrate effects on cell proliferation and
metabolism, suggesting off-target functionality that could account for any of its anti-inflammatory
and cardioprotective behaviours.®® Additional evaluations identified LXRo as an off-target
pathway offering anti-cancer effects.%® While GSK4112 had significantly higher selectivity for
Rev-erb over LXRa, SR9009 has the opposite behaviour with strong selectivity for LXRa.%

With conflicting schools of thought, we theorized using [*1C]SR9009 to investigate its specific
uptake in the heart could provide vital insight on the drug’s mechanism of action. As previously
discussed, ''C-carbamates are frequently prepared using [*C]CO2-fixation with amines, alkyl
halides, and fixation bases like DBU and BEMP to mediate the reaction.®%3® These methods offer

an opportunity to access [*!*C]SR9009 from an amine precursor.
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3.1.4. Clarifications

Selection of a molecular target with a biochemical involvement in the clinical indication
of interest is a typical first-step in the design and development of a radiotracer. By selecting a
target with varied expression or activity depending on disease presence and/or severity, one may
be able to successfully differentiate a patient compared to a healthy volunteer through imaging
means; a radiotracer to this effect would be quite promising in a clinical space. The clinical value
of [**C]SR9009 still needs to be investigated, as it is widely expressed throughout the body and is
temporally active as opposed to being linked to a disease-state.!? Given this point, an SR9009-
based radiotracer may have poor clinical value and could be found to be a poor imaging probe in
the diagnosis of disease.

However, in pharmacological or molecular studies with a radiotracer, there is no
requirement for medical or biochemical readout. In this intended study, investigation into the
specific uptake across different tissues sufficiently justifies the development of a SR9009-based
probe. With our intentions being to evaluate levels of uptake in the heart depending on the route
of administration (intravenous, intraperitoneal, or subcutaneous injection), aspirations for disease-
based imaging are secondary and not a marker of success for the radiotracer.

Furthermore, evidence of specific binding or a lack thereof does not invalidate SR9009 as
a therapeutic. Regardless of its method of action, whether it be via Rev-erb in the heart or
elsewhere in the body, or through downstream effects from LXRa, the phenotypic response of
SR9009 treatment has nonetheless been positive and promising in pre-clinical models of heart
failure. Investigation into its pharmacokinetic and pharmacodynamic behaviour with PET imaging
provides additional information from which we can make educated decisions on continued target
SAR, on therapeutic doses and regimens, on the mechanism of action like localization and
biomarker correlation, and on additional research focuses into SR9009, Rev-erb, and their

implications in cardiovascular health.
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3.2.1. Statement of the manuscript

The manuscript “Synthesis of (R)- and (S)-[**C]SR9009 for Rev-erb Imaging” is currently
in preparation for submission. In this paper, | detail the production of a synthetic route to SR9009
that retains stereochemistry, along with the translation to carbon-11.

| completed the development of an enantiopure synthetic route to (R)- and (S)-
radiolabelling precursors. | optimized the radiochemical labelling of [**C]SR9009, and developed
the conditions for isolation. | wrote the manuscript with editing from Dr. Benjamin Rostein. All
authors approved the final version. Continued investigation with PET imaging is expected to be

carried out by future graduate students.

3.2.2. Abstract

Current approaches to clinical care for myocardial infarction often lead to a profound
inflammatory response that can pathologically progress towards more severe cardiac morbidities
and heart failure. The body’s intrinsic circadian clock has a strong influence on inflammation and
the recruitment of inflammasomes. Pharmacological inhibition of a key circadian regulator, Rev-
erb, with the agonist (x)-SR9009 has demonstrated therapeutic potential for remediation of
reperfusion injury and improvement of clinical outcomes. Further investigation into the dynamics
of Rev-erb and its role in cardiovascular disease can be achieved with molecular imaging; positron
emission tomography is a nuclear medicine imaging modality harnessing radioactive small
molecules to visualize biochemical processes. Radiolabelling of SR9009 with the PET
radionuclide carbon-11 (*C) was completed and optimized for radiotracer production and
subsequent imaging studies. Additionally, enantiopure syntheses were developed to provide (R)-
and (S)-[**C]SR9009 for comparative analysis.
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3.2.3. Introduction

Ischemic heart disease leading to myocardial infarction is a leading cause of morbidity and
mortality.! Most patients make it to the hospital in time to receive the standard of care —
reperfusion, the process of blockade removal within the artery thus restoring flow to the infarcted
tissue — however this triggers a rapid inflammatory response known as ‘reperfusion injury’ in
which the infarct region expands, and the heart undergoes deleterious cardiac remodelling with
risk of pathological progression towards heart failure.> Although we cannot currently identify
specific individuals at risk with sufficient precision, an alternative strategy is to therapeutically
minimize this inflammatory trigger, reducing progression towards cardiac injury and improving
clinical outcomes.3#

Recent studies suggest a strong circadian influence on inflammatory processes warranting
additional investigation into these pathways.>® The circadian clock is an approximately 24-hour
biological cycle that regulates behavioural and physiological functions. It is comprised of a
primary feedback loop, containing transcription factors BMAL1 and CLOCK that heterodimerize
to promote transcription of Period (PER) and Cryptochrome (CRY) genes. PER and CRY proteins
inhibit transcriptional activity of the BMAL1/CLOCK heterodimer thereby repressing their own
expression. A secondary loop modulates BMALL1 transcription; CLOCK and BMALL induce Rev-
erb expression, which then ultimately represses BMALL.” As a result, Rev-erb is thought to be a
vital regulator of the circadian clock and the time-dependent oscillation of biochemical
functionality.

Rev-erb proteins are members of the nuclear receptor superfamily 1, group D (NR1D).
There are two forms of the receptor, Rev-erbo. (NR1D1) and Rev-erbf (NR1D2), and while more
is currently known about the function of Rev-erba, they’re believed to play similar roles.® This
important function in modulating circadian rhythm imparts regulatory control of copious
biochemical processes including metabolism and inflammatory response.® In particular, the
circadian regulatory mechanism plays an essential role in inflammasome and immunocyte
recruitment to infarcted myocardial tissue.'® With this understanding, subsequent the discovery of
heme as the natural ligand of Rev-erb,'%1? synthetic agonists and antagonists were designed for
pharmaceutical intervention of the critical machinery.!3

One such pharmaceutic is SR9009, a Rev-erb agonist with promising results for therapeutic

intervention in the treatment of post-myocardial ischemia reperfusion injury.'* However, SR9009
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has, perhaps contradictorily, been found to act independent of Rev-erb in cell proliferation and
metabolism, and in the immunological treatment of lethal prostate cancer subtype 1.1>16
Investigation into the localization of administered SR9009 can elucidate which regulatory pathway
offers primary control over inflammatory response and thus cardiac repair. Additionally, valuable
information on the biochemical behaviour of Rev-erb can be gained from probing its dynamics
post-myocardial infarction along with the effects of agonism with inhibitors like SR9009.

Positron emission tomography (PET) is a non-invasive, nuclear medicine imaging
technique used to visualize biochemical processes by harnessing the decay properties of
radiolabelled probes. Radiotracers, often drug-like as small molecules or peptides, are prepared by
labelling with radioactive isotopes which, upon decay, can be visualized using PET cameras.
Carbon-11 (*!C) is a frequently used PET isotope with a half-life of 20.4 minutes. Due to the
abundance of carbon in organic scaffolding, carbon-11 is an invaluable radioisotope thanks to the
theoretical potential to label any organic drug molecule. Carbon-11 is most frequently produced
from a cyclotron as carbon dioxide, and several methods have been developed to apply this in
radiochemical syntheses to achieve more complex radiotracer candidates.'’'® As simultaneously
discovered by Hooker et al. and Wilson et al., 1*C-carbamates can be accessed with [**C]CO: direct
from the cyclotron.?*2° This radiosynthesis offers a potential route towards radiolabelling SR9009
to reveal crucial findings on its pharmaceutical properties.

We describe herein a novel synthetic approach, followed by radiosynthesis of (R)- and (S)-
[*1C]SR9009 for the purposes of PET analysis in murine models.

3.2.4. Materials and Methods

3.2.4.1. Precursor and Standard Synthesis

SR9009 has two enantiomeric forms, (R)- and (S)-SR9009, dependent on the
stereochemistry of the bond connecting the pyrrolidine. Due to potential differences in imaging
and pharmaceutical characteristics?~2® it was important to first develop a synthetic route that
begins with enantiopure starting materials and avoids racemization throughout. SR9009 was
therefore prepared by a multistep pathway according to literature methods with minor
modifications to ensure conservation of the stereocenter.'®> Polarimetry was used to validate
enantiomeric enrichment — 10 mg of sample was dissolved in dichloromethane and tested on the

polarimeter.

121



N-(4-chlorobenzyl)-1-(5-nitrothiophen-2-yl)methanamine (3): 5-nitrothiophene-2-
carboxaldehyde (1, 0.57 g, 3.6 mmol) was added to a solution of 4-chlorobenzylamine (2, 0.44
mL, 3.6 mmol) in dichloroethane (12.0 mL) at room temperature. After the mixture was stirred for
5 min, sodium triacetoxyborohydride (1.10 g, 5.0 mmol) was added at room temperature. The
solution was stirred for 16 hours before the mixture was quenched with saturated agqueous
NaHCOs. Extraction with EtOAc and purification via column chromatography (20-60% EtOAc
in hexanes) provides the title compound as a pale-yellow oil (26%). *H-NMR (80 MHz, CDCl=):
6 7.80 (m, 1H), 7.30 (m, 4H), 6.87 (m, 1H), 3.99 (m, 2H), 3.83 (s, 2H). MS-ESI: m/z calculated
C12H11CIN202S as 282.02, [M+H] found as 283.04.

Tert-butyl 3-formylpyrrolidine-1-carboxylate (5R and 5S): To a solution of (R or S)-tert-
butyl 3-(hydroxymethyl)pyrrolidine-1-carboxylate (4R or 4S) in DCM (0.17 M) was added Dess-
Martin Periodinane (1.5 equiv.) at room temperature. To the stirred solution was then slowly added
H20 (1.1 equiv.) after which the suspension turned completely white. Stirring was continued for 1
h followed by the addition of Et2O (0.02 M w.r.t the alcohol) and the resulting suspension was
gently concentrated in vacuo to a few mL after which Et.O was added. The solution was washed
with 1:1 NaHCOs3 and Naz2S20s3 until the phases become clear. Extraction with Et2O and
purification via column chromatography (20-60% EtOAc in hexanes) provides the title compound
as a colourless oil (30% R, 28% S). *H-NMR (80 MHz, CDCla3): § 9.69 (s, 1H), 3.75-3.44 (m, 4H),
3.38-2.87 (m, 1H), 2.27-2.08 (m, 2H), 1.46 (s, 9H). LR MS-ESI: m/z calculated CéHoNOs3 as
143.06, [M+H —tBu] found as 144.01.

Tert-butyl-3-({[(4-chlorobenzyl)(5-nitrothiophen-2-yl)methyl]amino}methyl)pyrrolidine-
1-carboxylate (6R and 6S): To a solution of N-(4-chlorobenzyl)-1-(5-nitrothiophen-2-
yl)methanamine (3, 70 mg) in DCE (1 mL) was added tert-butyl 3-formylpyrrolidine-1-
carboxylate (5R or 5S, 74 mg) followed by NaBH(OACc)s3 (106 mg). The reaction was left at room
temperature with stirring overnight. The mixture was diluted with EtOAc and saturated aqueous
NaHCOs and the layers were separated. The organic layer was washed with saturated aqueous
NaHCOs, brine, dried with MgSOa4, concentrated, and purified by column chromatography (30—
70% EtOAC in hexanes) to give the title compound (46% R, 51% S), which was then immediately
deprotected. LR MS-ESI: m/z calculated Ci1sH20CIN304S as 409.09, [M+H — tBu] found as 410.24.

3-({[(4-chlorophenyl)methyl][(5-nitrothiophen-2-yl)methyl]azaniumyl}methyl)pyrrolidin
-1-ium dichloride salt (7R and 7S, precursor): To a vial of 6R or 6S was added 2 mL of 4 M HCI
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in dioxane. The reaction mixture was stirred for 1 hour, then concentrated to yield the title
compound. *H-NMR (80 MHz, CDCls): 6 7.77 (m, 1H), 7.29 (m, 4H), 6.83 (m, 1H), 3.73 (m, 2H),
2.95-3.69 (m, 6H), 2.44 (m, 3H), 1.88 (m, 1H), 1.44 (m, 1H). LR MS-ESI: m/z calculated
C17H20CIN3O2S as 365.10, [M+H] found as 366.22.
Ethyl-3-({[(4-chlorophenyl)methyl][(5-nitrothiophen-2-yl)methylJamino}methyl)

pyrrolidine-1-carboxylate (8R and 8S, standard): To a solution of 7R or 7S in DCM (2 mL) was
added NEts (0.1 mL) and ethyl chloroformate (0.1 mL). The reaction was stirred for 1 h, before
being diluted with EtOAc and saturated aqueous NaHCO3, and being separated. The organic layer
was dried with MgSOas, concentrated, and purified by column chromatography (30-70% EtOAc
in hexanes) to give the title compound (70%). *H-NMR (80 MHz, CDClz): 8 7.79 (m, 1H), 7.31
(m, 4H), 6.85 (m, 1H), 4.12 (m, 2H), 3.74 (m, 2H), 3.60 (m, 2H), 3.11 (m, 4H), 2.46 (m, 2H), 1.84
(m, 3H), 1.25 (m, 3H). LR MS-ESI: m/z calculated C20H24CIN304S as 437.12, [M+H] found as
438.10.

cl cl

ON_ g o A I
I/ / H,N
/
D_/ NBoc

1 2 3 6R or 6S

Cl

Cl
(i) (iv)
> cl ON_ g N
O:N__s +NH
| _ W
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7R or 7S 8R or 8S
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Figure 3.3. Synthesis of [1!C]SR9009 standard and precursor. Reagents and conditions: (i) NaBH(OAC)s,
DCE, rt, 24 h, 26%; (ii) (R)-1-Boc-pyrrolidine-3-carboxaldehyde or (S)-1-Boc-pyrrolidine-3-
carboxaldehyde (prepared as previously described), NaBH(OAC)s, DCE, r.t., 1 h, 46% R yield, 51% S yield:;
(iii) 4 M HCl in dioxane, r.t., 1 h, quantitative; (iv) NEts, ethyl chloroformate, DCM, r.t., 1 h, yield 70% R
yield, 72% S yield.
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3.2.4.2. Radiotracer Synthesis
Radiochemistry was performed on a Synthra Melplus Research module. Solutions of precursor
(7R or 7S, 25 mM), bromoethane (300 mM.), and BEMP (75 mM) were prepared in anhydrous
N,N-dimethylformamide (DMF). Aliquots (100 uL) of each were added directly to the reactor,
which was then sealed. [*C]Carbon dioxide ([**C]COz2) produced from the cyclotron was
trapped in a steel coil at -180 °C, which was then subsequently heated to 25 °C under a stream of
helium at 3 mL/min to deliver [*1C]CO:2 into the reaction solution. The amount of [*1C]CO2 was
monitored until peak activity, after which the reactor was sealed off and left to react for 10
minutes at 40 °C. For optimization studies, 700 uL of 1 M HCI was added to the reactor, the
solution was purged with helium, and the resulting mixture was transferred to a vial fitted with a
vent needle. The crude reaction was sampled and analyzed by radioHPLC to determine
radiochemical conversion (RCC) and trapping efficiency (TE). RCC was determined by
integration of radiation detector chromatograms. TE was determined from decay-corrected
measurements of activity in the post-quench solution to the peak activity in the steel coil.

For preparative studies, the crude mixture was diluted with 0.7 mL of 0.1 M AMF before
being purified by high-performance liquid chromatography (HPLC) using a Luna C18 column (10
i, 100 A, 250 x 10 mm) with increasing concentrations of acetonitrile in 0.1 M ammonium formate
(70% for 7 minutes, 90% for 13 minutes). The product was collected in a bulk vessel charged with
20 mL of H20 and passed through a Sep-Pak C18 Plus Light cartridge. The cartridge was first
washed with 10 mL of H20 before being eluted with multiple fractions of 0.1 mL of EtOH. The
most concentrated fraction was selected and diluted with saline (1.9 mL), after which the contents
were passed through a 0.22 um sterile filter. Quality control analysis was performed with co-
injection of the nonradioactive standard using a Waters 2695 Alliance HPLC equipped with a
Phenomenex Luna C18 (10 pum, 100 A, 250 mm x 4.6 mm) column, Waters 2487 Dual A
Absorbance Detector, and a Carroll & Ramsey Associates 105-S high-sensitivity radiation
detector. Radiochemical yield (RCY) and molar activity (Am) were decay-corrected to end of

synthesis.
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3.2.5. Results and Discussion

3.2.5.1. Enantiopure Synthesis

Treatment of 5-nitrothiophene-2-carboxaldehyde (1) with chlorobenzylamine (2) in the
presence of sodium triacetoxyborohydride provided the secondary amine 3. This was further
reacted with both (R)- and (S)-pyrrolidine carboxaldehyde prepared from oxidations of their
corresponding alcohol to yield the tertiary amines 6R and 6S. This intermediate could then be Boc-
deprotected to provide the radiolabelling precursor (7R and 7S), and then further reacted with
triethylamine and ethyl chloroformate to access (R)- and (S)-SR9009 (8R or 8S). Stereochemistry
was retained throughout the synthesis, as measured by polarimetry (protected precursor S = -12.6,
R = +13.2; standard S = -9.0, R = +10.6). The precursor was prepared as a hydrochloride salt to

be stored for longer periods of time.

3.2.5.2. Radiochemistry

Initial attempts to label the precursor according to literature methods resulted in no reaction
(Figure 3.4). Conditions were therefore first narrowed down with a model substrate to conserve
precursor (Supplemental Figure S1). Additional base improved trapping but led to significant
degradation of the precursor and therefore no reactivity (entry 2). Lowering the temperature
drastically improved the yields, providing both (R)- and (S)-[**C]SR9009 in 7 and 6% yields
(entries 3—4). Continued lowering of the temperature disabled reactivity (entries 5-6). Due to the
poor stability of the precursor in the basic medium, a 1-minute reaction was attempted with a
significant improvement to conversion and doubling of the yields (entry 7). Alternative bases did
not perform as well as BEMP (entries 8-9).

Automated radiosynthesis was established to produce (R)- and (S)-[**C]SR9009 in 13%
decay-corrected yield 20 minutes after [1*C]CO2 delivery. Molar activity was determined to be 6

GBq umol* at the end of synthesis.
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['1C]SR9009 optimization
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Figure 3.4. Radiochemical optimization for [*C]SR9009. Conditions were evaluated to determine their

effects on trapping efficiency and radiochemical conversion.

3.2.6. Conclusion

In conclusion, [*C]SR9009 has been labelled using optimized [*C]CO2-fixation
radiochemistry. Both enantiomers of the labelling precursors were prepared with stereochemically-
conserving syntheses to target (R)- and (S)-[*!C]SR9009 for imaging. Animal studies can
subsequently be performed to determine localization and dynamics of Rev-erb within murine

models.
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3.3. Supplementary Information

3.3.1. Characterization
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Tert-butyl 3-formylpyrrolidine-1-carboxylate
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N-(4-chlorobenzyl)-1-(5-nitrothiophen-2-y)-N-(pyrrolidine-3-ylmethyl)methanamine (contains residual

EtOAC)
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3.4. Extended Discussion

3.4.1. Lessons

Given the poor throughput yield of the precursor synthesis, to conserve product we turned

towards a model substrate for establishing a baseline on reaction conditions. Both 2-

phenylpiperidine and 4-phenylpiperidine were evaluated; the presence of a conjugated system

branching from a heterocycloalkane offered a representative reaction scaffold with which we could

optimize more efficiently. The amine in both piperidine and pyrrolidine have similar pKa’s (~11),

and therefore should offer similarities in their behaviour with 1C-carboxylation.

2-phenylpiperidine 1'C optimization

1) [*'C]COo, (1), DBU (2)
2) ethylating agent (3)

15

H DMF, time, temperature o Nl
EtO (o}
optimization results

ethylating time temperature TE (%) RCC (%) RCY (%)

iodoethane 10 min 75 °C 93 17 16

iodoethane 1 min 75°C 93 12 11
bromoethane 10 min 75°C 83 9 8
bromoethane 1 min 75°C 83
bromoethane 10 min 25 °C 73 42 31
bromoethane 1 min 25°C 73 37 27
iodoethane&P 10 min 75°C 12 41 5

an = 2, Pautomated on radiosynthesis unit, includes acid purge
ZLICO2 A
Product
— Rad B
uv
— Rad
— W Product
A
11CO [\
T T T 1 T —y
0 5 10 15 10
Time (min) Time (min)

Figure 3.5. Model optimization with 2-phenylpiperidine. Initial manual optimization of 2-phenylpiperidine

proceeded accordingly. However, upon addition of an acid purge in the automated synthesis, a secondary

product formed in high yields. This model was therefore deemed inaccurate for optimization.
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Beginning first with 2-phenylpiperidine, we completed a brief optimization scope
evaluating the literature conditions (Figure 3.6). We began to narrow down conditions that
improved the synthesis, like a decrease in temperature, but upon translation to an automated
radiosynthesis unit we discovered a new major side product forming (product B). We theorized
that this product was an intramolecular ring closure, forming a tetrahydropyridine isoindolone, a
class of compounds known as valmerins.! After working with similar targets in our work with
intramolecular Friedel-crafts acylations as described in a previous chapter, we tested a readily
available standard to confirm the identity of the valmerins side product. Our hypothesis was that
this was occurring through formation of the desired carbamate, followed by extrusion of an ethanol

leaving group to form the new ring (Figure 3.7).

1) ["'C]CO, (1), DBU (2)

2) Etl (3)
N . 5 > N
H DMF, 10 min, 75 °C )\

(o] OEt
N — N
EtO/gO o
“B”

Figure 3.6. Proposed mechanism for valmerin synthesis. The primary side product is believed to occur by

initial formation of the desired product, followed by a ring closure mediated by base in the reaction pot.

Determining that this would not be an accurate model for labelling of SR9009, we instead
evaluated 4-phenylpiperidine using the established literature conditions with iodoethane and DBU
at 75 °C, providing the desired product in 6% RCY overall (Figure 3.8). Yields doubled by
switching to a milder ethylating agent in bromoethane. We sought to evaluate the identity of the
major side product, believing it to possibly be an adduct of *CO2 and DBU with the ethylating
agent that forms prior to the 'C-carboxylation of the amine; we tested the differences in the
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reaction when the ethylating agent was added separately after bubbling of 1CO2 and observed
significant improvements in conversion. This side product was eliminated however, and yields
improved dramatically, when using BEMP in place of DBU — we yielded our desired product in
43% RCY with near quantitative conversion.

4-phenylpiperidine 1'C optimization

NH 1) ['C]CO; (1), DBU (2) j\

2) ethylating agent (3) N™ "OEt

DMF, time, temperature o

optimization results

ethylating time temperature TE (%) RCC (%) RCY (%)
iodoethane 10 min 75 °C 15 43 6
iodoethane 10 min 100 °C 16 22 4
bromoethane 10 min 75°C 17 83 14
bromoethane 10 min 100 °C 25 82 21
bromoethane 10 min 50 °C 27 55 15
bromoethane 5 min 75°C 20 75 15
bromoethane 1 min 75°C 25 65 16
bromoethane? 10 min 100 °C 13 90 12
bromoethane® 10 min 100 °C 11 85 9
bromoethane® 10 min 100 °C 44 98 43
ethyl triflate 10 min 75°C 4 0 0
2 order of addition: dbu/amine + co,, then etbr; ® 2 equiv DBU © BEMP instead of DBU

Figure 3.7. Model optimization with 4-phenylpiperidine. Optimization was determined to be more
appropriate with the 4-phenylpiperidine scaffold to avoid the intramolecular side product observed
previously. Upon changing to BEMP and a milder ethylating agent in bromoethane, the reaction yields

improved dramatically.

Translation to the SR9009 precursor scaffold presented significant side products as well.
Most could be explained by precursor/standard degradation; evaluations of stability for SR9009
and its precursor under the reaction conditions indicated exceptionally poor tolerance for basic
conditions, and thus strict control of equivalents of BEMP were necessary. Additional side

products were not identified.
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3.4.2. Perspectives

3.4.2.1. Conclusions

In this part of the thesis, we wished to develop a radiotracer based on the Rev-erb agonist,
SR9009. We adapted and optimized a literature method for the preparation of *C-carbamates in
order to access [*!C]SR9009 for imaging studies. An enantioselective precursor synthesis was
developed to produce (R)- and (S)-[**C]SR9009, both to provide a novel approach to yield
enantiopure product, and to evaluate differences in imaging characteristics based on the chosen

enantiomer.

3.4.2.2. Future Directions

Imaging with [**C]SR9009 will follow. Assessment of specific uptake into tissues or
organs of interest is merely the beginning of potential imaging studies that can be performed,
however. Given the time-dependent expression of Rev-erb as a result of the feedback loop of the
circadian cycle, evaluations of tracer uptake and distribution at various times throughout the day
could provide interesting differences to observe. Nearly every cell contains its own circadian clock,
and so variations in when certain tissues express Rev-erb at its highest level of expression could
result in image characteristics that vary by the hour.

Additionally, while imaging studies in healthy mice could provide useful conclusions on
levels of uptake (potentially indicating the mechanism of action of SR9009), an evaluation of the
radiotracer’s potential in disease applications would be an avenue of interest. Determining whether
differing levels of expression of Rev-erb could be an indication of disease state could offer
prognostic and diagnostic value for [**C]SR9009.

Furthermore, radiotracers provide value in assisting with SAR and drug design, allowing
for evaluation of target binding and probe pharmacokinetics without investing financially into the
development of a drug. Whether SR9009 or its similar analogues acts on Rev-erb or alternatively
through, for example, LXRa, can be determined using imaging in a rapid and efficient manner.

Additional candidates can be evaluated using this demonstrated method.
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Chapter 4: Synthesis of *1C-Amino Acids

Novel Method Development

This chapter and discussion contains information from multiple published studies.

e FOCUS: Mair et al. “Carbon-11-Carboxylate Exchange in a-Amino Acids” Planned
submission to Canadian Journal of Chemistry.

o Contributions: Project lead, completed experiments, wrote manuscript.

e Doyle, Mair et al. ““A practical guide for the preparation of C1-labeled a-amino acids using
aldehyde catalysis with isotopically labeled CO2” Nat. Prot. 2024. doi: 10.1038/s41596-
024-00974-4.

o Contributions: Developed ''C method, wrote 1C section of manuscript.

e Bsharat and Doyle, Munch, Mair et al. “Aldehyde-catalyses carboxylate exchange in a-
amino acids with isotopically labelled CO2” Nat. Chem. 2022, 14, 1367-1374. doi:
10.1038/s41557-022-01074-0.

o Contributions: Assisted with and completed 'C development and experiments.

e Munch, Mair et al. “Photocatalyzed radiosynthesis of 'C-phenylacetic acids” J. Label.

Compd. Radiopharm. 2023, 1-6. doi: 10.1002/jlcr.4073.

o Contributions: Assisted with and finished *'C experiments.
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4.1. Context

4.1.1. Carbon Isotope Exchange

While labelling with deuterium and tritium has been explored extensively,* the direct exchange
of carbon isotopes has long been a difficult and relatively underappreciated topic. However, a
recent increase in the exploration of carbon isotope exchange (CIE) has developed strategies for
labelling with carbon-13, carbon-14 and with carbon-11.2° The pioneering methods — palladium-
catalyzed CIE of acid chlorides with [**C]CO,* nickel-mediated exchange with [**C]CO2,>¢ and a
[*4C]CO: conversion of aromatic carboxylates in the presence of a copper salt” — paved the way
for continued exploration of carbon labelling using isotopic exchange scaffolds.

These techniques would later inform extension to carbon-13 and carbon-11 labelling. In 2020,
the research groups of Davide Audisio and of Rylan Lundgren independently reported carboxylate
isotope replacement using [**C]CO:z to access phenylacetic acids for the pharmaceutically-relevant
labelling of non-steroidal anti-inflammatory drugs (Figure 4.1).8° Audisio et al., in collaboration
with the group of Magnus Schou, notably explored the first example of CIE using [*!C]CO:2 with
faster reaction times. These methods however used conditions that were relatively harsh, and so
they were later improved by the same groups in 2021 by harnessing photochemical strategies to
overcome limitations (Figure 4.2).10.1

Carbon-11 isotopic exchange suffers from a major limitation in the way of low molar activities,
given that the final product is identical to the initial precursor, albeit with *C in place of "®C. This
may not always be problematic: in cases where there is already an abundance of the stable form
endogenous to the body, like amino acids, there will always be a high mass dose of the non-
radioactive counterpart and as such molar activity is not as vital. Nonetheless, alternative
methodologies ensuring higher molar activity are valuable tools. To this end, we established a
method for the synthesis of 'C-phenylacetic acids using photochemical carboxylation of
alkylbenzene derivatives (Figure 4.2).12 Work largely completed by Dr. Maxime Munch in our
research group required completion of the carbon-11 scope as well as preparative isolation for
demonstration of its potential applicability to imaging. To that end, | contributed to addressing the
technical challenges of photochemical radiolabelling, to the synthesis of the remaining scope
targets, and to the isolation of ['!C]fenoprofen as a target compound. This work succeeded in

improving molar activities, although only moderately, warranting extended investigation.

140



Lundgren and co.

R R
R ok _L°clco, R OH
G pvso  ©
(o) (o)
Y B
(o]

MeO Cl o
['*C]Naproxen ['*C]Zomepirac ['3C]lbuprofen
(86%), 94% (67%), 99% (80%), 89%

Audisio and co.
R R
ocs __ LCI€0 OH
Ph DMSO Ph
(o) (o)
Cl Cl
r oo
(o) N OH
OH
OH \ | X
fo) (o}
['3C]Ibuprofen ['*C]Fenclofenac ["'C]Tolmetin
(80%), 89% (65%), 10% RCY 3% RCY

Figure 4.1. Early adoption of carbon-13 and carbon-11 isotope exchange. While many of the methodologies
were first discovered using carbon-14, attempts to label with alternative carbon isotopes soon appeared,
beginning with the work from Lundgren and Audisio. Lundgren and co. accessed carbon-13 labelled non-
steroidal anti-inflammatory drugs like naproxen and ibuprofen to demonstrate the methodology; carbon-13
incorporation and product yield were used to indicate reaction success. Independently but in parallel,
Audisio and co. targeted carbon-13, carbon-14 and the first iteration of carbon-11 carbon isotope exchange
to access similar products; incorporations of carbon-13 and carbon-14 as well as radiochemical yields for

carbon-14 and carbon-11 were used to measure reaction performance.
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Figure 4.2. Photochemical C-carboxylations. Due to harsh reaction conditions with thermal methods, the
groups of Audisio and Lundgren sought photochemical frameworks to access similar carbon isotope
exchange reactions. These methodologies were used to access carbon-13-, carbon-14- and carbon-11-
labelled products under the catalysis of carbazole-containing photocatalysts. Our group followed with work

specific to carbon-11 labelling and its required conditions, using a C—H carboxylation.
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4.1.2. 1'C-Amino Acids

The critical role played by amino acids (AAs) in vital biological functions is apparent, with
key involvement in protein synthesis, neurotransmission, and cell signalling. Given their frequent
transport throughout and consumption within the body, labelled amino acids offer significant value
for PET imaging, most notably in the study of cancer biology.*? In fact, labelled amino acids may
offer an improvement over commonly used [*®F]FDG due to lower baseline uptake into glucose-
consuming tissues like the brain, heart, and areas of inflammation.

Many synthetic approaches exist, though there is no one single preferred and generalized
strategy for their labelling. The Strecker reaction is perhaps one of the most common methods for
11C-amino acid preparation, using an aldehyde and an amine in the presence of [*!C]JHCN (Figure
4.3), and was first exemplified with [*!C]aminocyclopentanecarboxylic acid.'® The reaction,
however, required carrier-added cyanide — i.e. delivered alongside stable isotope gas to assist with
reaction kinetics — that can be problematic for dose formulation. Following this work however was

the development of amino acids, like [*!C]valine,*® as well as [*'C]leucine and [*'C]tryptophan.’

Strecker synthesis

NH;

R 11 R_ "ICN R_ ""COOH
[''CJHCN NaOH
o NH, NH,

Figure 4.3. Strecker synthesis for *C-amino acids. The Strecker synthesis is a general radiolabelling
methodology to prepare a-amino acids. While it is currently the most widely applicable method in the

literature, it requires a custom apparatus for the production of [!C]JHCN.

Upon the discovery of no-carrier-added carbon-11 delivery techniques amenable to the
Strecker reaction, methods to access ['!C]phenylalanine, [*'C]leucine and [*'C]valine were
established, followed by modifications in 2003 for improved attempts at [*'C]phenylalanine and
[*1C]tyrosine.®1% Improvements to carbon-11 chemistry assisted further in the progression of the
method, resulting in an automated synthesis that obviates the need for immediate purification and
specialized delivery systems for [*!C]JHCN by instead using [*!C]NaCN.%?®

An alternative approach to the synthesis of !C-amino acids utilizes Schiff base precursors,

condensed amines and aldehydes, in which the a-carbon’s reactivity is elevated (Figure 4.4).21:2?
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Various extended iterations exist,*>? including [*C]CHsl methylations of the a-carbon.?®30
Naturally, 1*C-methylations of homocysteine are a logical labelling site as well, 33 although they

are limited exclusively to the preparation of [1!C]methionine.

AA "C-methylations

COOtBu H,
I—[""CICH.R , H* 11 COOH
N Ph » R’ CY
Y NH,
Ph

R= H, CH3, CH3CH2, CH3CH2CH2

Cys "'C-methylation

Solid’s\/YCOOH ["CICH;l H311C/SWCOOH
Support —_—

NH, NH,

AA 1C-carboxylation

H . Li 1 +
- C]JCO,, H
)<H n-BuLi }\ ['CICO,
R N=C: R N=C: R NH,

"COOH

Figure 4.4. Alternative methods for 1*C-AA synthesis. Methylations using [**C]CHsl can be used to access

specific amino acids. Carboxylations with lithiated precursors have also been developed.

Despite being relatively underexplored in the literature, *C-carboxylations with [*!C]CO2
direct from the cyclotron would provide a reliable and simple method for accessing *C-amino
acids. A methodology with [*1C]COz carboxylation of a-lithioisocyanides was identified, and used
to provide [**C]glycine and [*!C]phenylalanine,® [*1C]lysine,3* [*1C]tyrosine, and [*'C]proline.¢

The most used PET C-AA radiotracer is [*C]methionine, typically for brain tumour
imaging.3"*8 Few others have been translated to regular clinical production with most studies only
having been performed with small animals and preclinical work. Others like [*'C]tyrosine,
[1*C]DOPA % and [*!C]glutamine*! have been investigated in smaller studies, but have yet to be
fully validated for rotation in imaging. A potential area of interest for PET imaging is in the
evaluation of oxidative metabolism of branched-chain amino acids (BCAA) in cardiac
homeostasis, with underlying mechanisms having been recently identified.*? As such, labelling of
[*'C]leucine, [*Clisoleucine, and/or ['C]valine offers valuable opportunities for novel

investigation into this newly explored relationship.
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reaction inspiration

2"0,PO
HN _
HZNJ\ H
H,0, H* H,0, H
03P 2_03P
HN H H
HN _

Opportunity for carboxylate exchange

Figure 4.5. Aromatic amino acid decarboxylase and carboxylate exchange. The enzymatic extrusion of
CO; from amino acids is a reversible process. Observing condensation of amino acids with pyridoxal

phosphate into a Schiff base, this reaction scaffold offers the potential for inspiration into *C-AA labelling.

4.1.3. Aldehyde-catalysed carboxylate exchange in a-amino acids with labelled CO2

Given the importance of carbon-11-labelled amino acids, as well as the value in isotopically
labelled a-amino acids with alternative labels like carbon-13 and carbon-14, we sought to develop
a general approach to their preparation. In the specific case of amino acids, their spontaneous rates
of decarboxylation are extremely slow due to being unable to stabilize the anion formed.*3
However, nature achieves the extrusion of COz from a-amino acids using aromatic amino acid
decarboxylases — these convert amino acids into imines via a condensation with pyridoxal
phosphate, and decarboxylate to form an aza-allyl intermediate that can be hydrolysed to an amine
(Figure 4.5).44%5 With this being a reversible process, we saw an opportunity for a potential re-
carboxylation with labelled COs-.

Carbon dioxide’s utility as a labelling synthon has been demonstrated thus far in this thesis by

harnessing fixation techniques with trapping bases. We instead envisioned an aldehyde-catalysed
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isotopic exchange reaction, which was realized for labelling with carbon-14, carbon-13 and
carbon-11.%¢ Following condensation of amino acids with an aryl aldehyde catalyst, the Schiff base
was exposed to *COz2 to provide labelled products (Figure 4.6). Various aldehyde catalysts were
examined with carbon-13 labelling; it was determined that electron-deficient and electrophilic
catalysts like those containing strong electron-withdrawing groups give fast initial rates of
carboxylate exchange but are consumed and degrade rapidly leading to a lower final incorporation
of the label. Conversely, electron-rich catalysts like 4-anisaldehyde progress at a relatively slow

rate but result in higher concentrations of labelled product.

CIE reaction scheme

R Cat. AICHO R -

H,N” NCO,H Base, “CO, H,N” +*CO,H

Figure 4.6. Carbon isotope exchange reaction scheme. The conversion of a-amino acids into their
isotopically labelled counterparts using *CO- can be performed with the presence of aldehyde catalyst via

a carboxylation/decarboxylation pathway.

This reaction scheme was performed with carbon-14 for the labelling of phenylalanine and
with carbon-13 to access a diverse scope of a-amino acids. The reaction process leads to
racemization of the amino acid, creating a mixture of the L- and D-isomers. To overcome this
process, literature methods like dynamic kinetic resolution and enzyme-catalysed conversions
were used with carbon-13 products to ensure enrichment of the desired form. Additionally,
attempts to perform enzymatic resolutions have been shown to be successful with carbon-11
radiochemistry.*” Chromatographic resolution could also be performed to separate both the L- and
D-products.

In parallel to the work with carbon-13 and carbon-14, Dr. Maxime Munch and | developed the
method for radiolabelling with carbon-11. We worked in tandem, simultaneously building a
substrate scope with aromatic, aliphatic, and polar sidechain products including tyrosine,
tryptophan, leucine, methionine, lysine, glutamine, phenylalanine, and non-proteinogenic products

thyroxine and glutathione (Figure 4.7). Following our publication in Nature Chemistry, we looked
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to target the production and isolation of *'C-amino acids for imaging studies. | took over as the
project lead, further optimizing and simplifying the approach for routine production and
developing a reliable isolation of racemic [*C]phenylalanine. The method as well as the labelling
with carbon-13 and carbon-14 were further detailed in a Nature Protocol article.*®

MCIE reaction scope

j‘\ PhCHO, Cs,CO5 R [cjco, N j
H,N~ >cO,H MeOH,75°C, 1h Ph”"XN“"Nc0o,Cs  DMSO, 90 °C, 10 min H,N” 11CO,H
HO HN
|
HoN

H2N 11C02H HZN 11C02H HZN 11C02H H2N 11C02H HzN 11C02H

["'CIPhe ["'ClLeu ["'cyTyr ["'cITrp ["'ClLys
TE = 25+ 6% TE = 11 + 5% TE = 13 £ 2% TE=18+1% TE = 19+ 5%
RCY = 24 + 6% RCY = 9% RCY = 10 + 4% RCY = 16 + 1% RCY = 12 + 4%

Ay = 8.4 GBg/mmol

(o)

I
H
H,N__O 1 o) N__O
H
K/[ HO | HS
I
H,N™ "co,H H,N™ "co,H H,N™ ""CO,H H,N™ ""CO,H
[''CIGIn ['"'ClMet ["'CIThyroxine [''C]Glutathione
TE=154+5% TE=17 +5% TE=5+1% TE=11+3%
RCY = 13 + 4% RCY =17 + 4% RCY = 4% RCY =11 + 4%

Figure 4.7. 11C-AA substrate scope. Imines were prepared immediately prior to radiolabelling performed
on a Synthra Melplus synthesis module. Final products were evaluated by radio-HPLC to determine yield.

TE = trapping efficiency. RCY = radiochemical yield. Am = molar activity.
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4.2.1. Statement of the manuscript

The manuscript “Carbon-11-Carboxylate Exchange in a-Amino Acids” is in preparation
for a planned submission to the special issue for Radiochemistry in the Canadian Journal of
Chemistry. In this paper, | elaborate on the optimization of a method to access **C-amino acids for
purposes of PET imaging following our work in Nature Chemistry and Nature Protocols. Pilot
imaging with [*C]leucine was performed to evaluate feasibility.

Imine stability testing was performed by Abhishek Patel (BSc Candidate) under my
guidance. The reaction condition scope was developed by me and Dr. Maxime Munch (PDF) in
collaboration. | completed the aldehyde catalyst evaluation, with assistance from Abhishek Patel
in the preparation of imine precursors. | evaluated the chiral catalyst and developed isolation
conditions, with additional assistance from Abhishek Patel. I produced [*'C]leucine for imaging,
with assistance from Ariel Buchler (PhD Candidate) for animal handling and PET. | wrote the
manuscript with editing from Dr. Benjamin Rotstein and Abhishek Patel. All authors approved the

final version. Extended investigation into imaging is expected to be performed by Abhishek Patel.

4.2.2. Abstract

Radiolabeled amino acids offer a broad spectrum of applications in clinical care and
pharmaceutical development. Traditional methods of labelling are limited in their availability,
requiring specialized synthetic requirements, and robustness, targeting only a select list of amino
acids. We discovered a simple and efficient approach using aldehyde-catalysed carboxylate
exchange to access labelled a-amino acids; this method can be used to prepare !C-amino acids.
Seeking enrichment of the carbon-11 methodology, and the preparation of radiotracers suitable for
animal imaging, we explored further optimization and probe development. In this article we detail
precursor stability, the evaluation of aldehyde catalysts, optimal reaction conditions, and the
production of enantiopure radiolabelled amino acids. We then tested [*'C]leucine, a branched-

chain amino acid, in the interest of investigating oxidative metabolism in cardiovascular disease.

Keywords: Carbon-11, carboxylation, amino acids, radiochemistry, catalysis
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4.2.3. Introduction

Positron emission tomography (PET) is a non-invasive nuclear medicine technology for in
vivo molecular imaging. Carbon-11 (*!C, ti2 = 20.4 min) is a short-lived PET isotope commonly
used for labelling of small molecules and peptides; carbon’s presence in all organic molecules
presents the opportunity for isotopologue labelling without any structural modifications. Carbon-
11-labelled amino acids (AAs) offer significant potential as PET imaging agents, to be used for
disease monitoring, prognostication and therapeutic evaluation, and for biochemical profiling of
pharmacodynamics and pharmacokinetics of potential drug candidates.® AA-based radiotracers
have become especially valuable for the study of cancer biology due to increased uptake, and
aromatic AAs have found a place in the evaluation and diagnosis of neurological disorders.?3

Leading strategies for labelling AAs are via the Strecker reaction with [**C]JHCN,*® with
which many cyclotrons and radiosynthesis units are not equipped to deliver, or methylation with
[*1C]CHial, albeit only in applicable cases (such as with [1!C]methionine). Alternative approaches
harness 'C-carboxylations using activated lithiated precursors;® these can provide several
essential amino acids but require tedious organic syntheses to prepare and often have post-labelling
steps to achieve the desired product.l®*? Specific syntheses for labelling of the side chain exist,
but are not widely applicable to all amino acid targets.*® Furthermore with a short decay half-life,
carbon-11 necessitates rapid, late-stage label-incorporation often not compatible with traditional
literature methodologies.

Understanding a need for a general and efficient approach to 'C-amino acids, we
developed an isotopic exchange reaction scheme harnessing aldehyde catalysis to direct a cycle of
carboxylation and decarboxylation with labelled CO..141> This process can be realized with the
use of simple aldehyde catalysts to form Schiff base intermediates, and can access most
proteinogenic targets. Our method was developed for the use of carbon-13 and carbon-14, as well
as for carbon-11 using [*'C]CO: produced directly from the cyclotron. However, limitations in
relative reactivity with carbon-11 were elucidated. In addition, techniques used for enantiomeric
resolution proved useful for carbon-13 labelling but have yet to be translated to our carboxylation
process.

With that consideration, we sought to enrich the labelling methodology to be amenable to

conditions that suit carbon-11, its handling, and its short half-life. We also wished to identify an
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approach to enantiopure 'C-amino acids. We herein detail the carbon-11 optimization of our

carboxylate exchange to access labelled a-amino acids.

R Cat. ArCHO R

)\ - Base, *CO, = )\

H,N” “CO,H H,N” *CO,H

Figure 4.8. Synthesis of 1!C-amino acids using carbon isotope exchange.

4.2.4. Results and Discussion

4.2.4.1. Imine Precursors

In order to promote quicker reaction times necessary for carbon-11 implementation, imines
were pre-formed using a condensation of amino acids with aldehydes in methanol. This proved
essential for improving the reactivity. The condensation proceeds quantitatively, verified by 'H
NMR to observe the presence of an aldehyde proton peak. Each imine is individually prepared in
advance of radiolabelling. While we initially attempted to prepare imines in a much larger batch
scale from which we could take aliquots for radiolabelling, this approach proved ineffective due
to insolubility of the isolated imine precursor. Using individually prepared imines, we instead
assessed their stability over time to determine their approximate shelf-lives. Monitoring the
gradual degradation of our synthesized imine determined that the condensed product should be
kept for no more than a week, with significant degradation observed by that time.

We further evaluated the stability of the imine under the reaction conditions. Imines were
prepared using three aldehyde catalysts: benzaldehyde, an electron-deficient substituted 4-
fluorobenzaldehyde, and an electron-rich 4-methoxybenzaldehyde. These were dissolved in
deuterated dimethyl sulfoxide (ds-DMSO) before being subjected to similar conditions to our
radiolabelling — heated to 90 °C, bubbled with CO: for 45 seconds — and then left to react for 10
minutes with CO2 atmosphere. Upon completion, the samples were evaluated by NMR
(Supplemental Figure S1-S3). The 4-methoxybenzaldehyde imine was found to have the most
significant decomposition to either the free aldehyde or a degradation product, with only 81% of
the imine remaining. Conversely, the 4-fluorobenzaldehyde exhibited the slowest decomposition,
with 93% of the imine remaining after the simulated reaction. The baseline benzaldehyde

displayed 90% imine stability after 10 minutes. With these variations in imine stability within our
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reaction window, it became apparent the importance of the nature of the aldehyde catalyst in order

to maximize yield.

4.2.4.2. 11C-Labelling Optimization

Conditions for the carbon-11 isotopic exchange reaction were evaluated with both 4-
methoxybenzaldehyde, the model catalyst used in optimization for carbon-13 chemistry, and with
benzaldehyde, a baseline catalyst with sufficient imine stability. Adaptation of the standard
conditions established by our colleagues at the University of Alberta provided poor translatability
limited by the reaction time (Figure 4.9, entry 1). Alterations in temperature and catalyst loading,
reacting under the presence of base to mediate the reaction, or using a different catalyst provided
only marginal improvements to the reaction yield (entries 2—-6).

Pre-formed imines offered great value by obviating the need for formation in situ. This
significantly improved reaction yields (entry 8), and with higher imine concentration we achieved
the standard reaction for [*!C]phenylalanine in 24% RCY with benzaldehyde (entry 9) and 15%
RCY with 4-methoxybenzaldehyde (entry 10).

A faster reaction time could not be achieved with higher temperatures (entry 12), nor can
the yields be improved with longer times (entry 13). Lower cesium carbonate loading resulted in
comparable trapping and conversion (entries 14-15), while higher amounts of cesium carbonate
decreased reactivity (entry 16). The reaction proceeds only slightly worse with K3POa in place of
Cs2CO0s, but could not be performed with Li2COs due to insolubility (entries 18-19).

Additives were evaluated for their effects on the reaction: bases like DABCO, TMEDA
and NaOH, as well as the crown ether 18-Crown-6 and chelator Kryptofix 222, provided only
minor decreases in yield (entries 20-24). Increased loading of base disabled the reaction entirely
(entries 25-27).
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MCIE reaction optimization

Ph O 1.["'c]co, Ph O
DMSO, temp, time

R \/&
z OCs - K(R\
| 2. HCl OH
X ¢N NH,

optimization results

[imine] Cs,CO3; Aldehyde Time Temp. Vpmso TE RCC RCY
Enty R (M) (mol%) (mol%) (min) (°C) (mL) Additive (%) (%) (%)
1 OMe 012 40 20 10 70 0.50 - 10 24 2
2 OMe 012 40 20 10 70 0.50 DBUP 12 16 2
3 OMe 01°2 40 60 10 90 0.50 - 8 80 6
4 OMe 012 40 60 10 90 0.50 DBU® 15 56 8
5 OMe 012 40 80 10 90 0.50 DBUP 9 89 8
6 H 0.12 40 80 10 90 0.50 DBU® 13 46 6
7 H 0.1 50 100 10 70 0.50 - 13 74 10
8 H 0.1 50 100 10 90 0.50 - 15 99 14
9 H 0.2 50 100 10 90 0.75 - 25 95 24
10 OMe 0.2 50 100 10 90 0.75 - 6 97 15
11 H 022 50 100 10 90 0.75 - 13 90 12
12 H 0.2 50 100 5 110 0.75 - 19 97 18
13 H 0.2 50 100 20 90 0.75 - 22 99 22
14 H 0.2 40 100 10 90 0.75 - 28 94 26
15 H 0.2 40 100 10 110 0.75 - 27 99 27
16 H 0.2 100 100 10 90 0.75 - 10 95 10
17 H 0.2 50 100 10 90 0.75°¢ - 18 99 18
18 H 0.2 0d 100 10 90 0.75 - 17 97 16
19 H 0.2 0¢ 100 10 90 0.75 - 0 0 0
20 H 0.2 50 100 10 90 0.75 DABCO® 17 98 17
21 H 0.2 50 100 10 90 0.75 TMEDAP 21 99 21
22 H 0.2 50 100 10 90 0.75 NaOHf 20 95 19
23 H 0.2 50 100 10 90 075 18CeP 23 97 22
24 H 0.2 09 100 10 90 0.75 K222b 25 56 14
25 H 0.2 50 100 10 90 075 KOtBuM 12 0 0
26 H 0.2 50 100 10 90 0.75 DBU! 19 0 0
27 H 0.2 50 100 10 90 0.75 DABCO' 51 0 0

aimines prepared in situ with 100% ArCHO and AA, P 50 mol %, ¢ dg-DMSO, 9 K3PO, (50 mol %), € Li,CO3 (50 mol %), f 10 mol %,
9 K,CO3 (50 mol %), " 100 mol %, ' 200 mol %

Figure 4.9. Radiochemical optimization for the preparation of *:C-amino acids.
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aldehyde optimization

Ph O 1.["'c]co, Ph O
H/ﬂ\ DMSO, 90 °C, 10 m k(k
OCs >
2. HCI OH
R/,N NH,
CHO
CHO CHO /©/ CHO CHO
9 O~ IO
MeO | O:N F
benzaldehyde (Bnz) 4-methoxyBnz 4-dimethylaminoBnz 4-nitroBnz 4-fluoroBnz
TE: 25%, RCC: 95%  TE: 16%, RCC: 97% TE: 11%, RCC: 75% TE: 5%, RCC: 2% TE: 10%, RCC: 99%
RCY: 24% RCY: 15% RCY: 8% RCY: 0% RCY: 10%
LT o oo o 0
o
-trlfluoromethyIan 2- methoxanz 2-hydroxyBnz 2-hydroxyBnz napthaldehyde
TE: 12%, RCC: 99%  TE: 16%, RCC: 98% TE: 5%, RCC: 99% TE: 19%, RCC:21% TE: 16%, RCC: 99%
RCY: 12% RCY: 16% RCY: 5% RCY: 4% RCY: 16%

with 1 eq. KOtBu

Me
©:CHO C[CHO C[CHO ©:CHO ©iCHO
Me Me Ph tBu iPr

2-methylBnz 2,6-dimethylBnz 2-phenylBnz 2-tert-butylBnz 2-isopropylBnz
TE: 28%, RCC: 97%  TE: 15%, RCC: 99%  TE: 11%, RCC:99%  TE: 17%, RCC: 75%  TE: 10%, RCC: 99%
RCY: 27% RCY: 15% RCY: 11% RCY: 13% RCY: 10%
CHO
(o]
CHO |/<
| CHO _ 7§ o—é
E/>_ N 2N 0._CHO
furfural 3-Pyr-carboxaldehyde 2-Pyr-carboxaldehyde Garner’s aldehyde benzyloxyacetaldehyde
TE: 16%, RCC: 99%  TE: 23%, RCC: 55% TE: 11%, RCC: 40%  TE: 24%, RCC: 70% TE: 11%, RCC: 45%
RCY: 16% RCY: 13% RCY: 4% RCY: 17% RCY: 5%
COMe COPh H
CHO COMe \r
Me” Me”
acetophenone benzophenone acetaldehyde acetone isobutyraldehyde isovaleraldehyde
TE: 14%, RCC: 20% TE: 11%, RCC: 62% TE: 0%, RCC: 0% TE: 0%, RCC: 0% TE: 14%, RCC: 75% TE: 15%, RCC: 60%
RCY: 3% RCY: 7% RCY: 0% RCY: 0% RCY: 11% RCY: 9%

Figure 4.10. Aldehyde catalyst evaluation.

4.2.4.3. Aldehyde Catalysts

The aldehyde catalyst was assessed for effects on reactivity (Figure 4.10). Electronics were
evaluated in both the ortho- and para- positions with only moderate decreases in yield. Sterics
appeared to offer improvements initially, but did not stand with further addition of bulk.

Heteroatom-containing catalysts demonstrated slight decreases in yield. Ketones like
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acetophenone and benzophenone exhibited significant decreases in reaction effectiveness, whereas

acetaldehyde and acetone were found to be volatile under the conditions and lead to no reaction.

4.2.4.4. Chiral Catalyst

An enantioselective carbon isotope exchange using a chiral aldehyde catalyst was

evaluated with carbon-13 and carbon-14 conditions.'® We tested the application of these axially

chiral urea-tethered aldehydes for enantioselective radiosynthesis (Figure 4.11). The reaction only

proceeded using phenylalanine and without base, unlike the conditions for carbon-13 and carbon-

14 labelling. Despite the lower yields, the enantiomeric ratio was determined to be 67:33,

indicating minor enrichment of the desired enantiomer (Supplemental Figure S4). Restrictions in

reaction time however limited the capacity for complete enrichment and for elevated yields.

OH

<08

leu
leu
phe
phe
phe
phe
phe
phe

2.["'c]c0o,
CHO
O HN/&O
v@ 3 HCl

chiral catalyst tests

/@ 1. AA, C52C03
HN MeOH, 70°C, 1 h

DMSO, 90 °C, 10 m

optimization results

DBU 2 31 0
0 0

DBU 2 36 0

- 5 38
DABCO?2 15 0
TMEDA® 0 0
KOtBu P 12 0
KOtBu @ 21 0

a2 equiv. ° 1 equiv.

amino acid base TE (%) RCC (%) RCY (%)

0

O O O o N O O

\

0:0
0:0
0:0
67:33
0:0
0:0
0:0
0:0

R, ""COOH

NH,

Figure 4.11. Chiral catalyst evaluation.
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4.2.4.5. Chiral Resolution

To separate the two enantiomers formed in the production of (+)-1!C-AAs, we developed
an enantiomeric resolution using chromatographic separation with chiral recognition. The Astec
Chirobiotic™ T column contains the glycopeptide teicoplanin, which possesses 23 chiral centers
capable of altering the retention times of two enantiomers, most frequently with amino acids.'’
Optimization of the resolution of the two enantiomers suggested 20% methanol in water as the
ideal mobile phase; L- and D-leucine could be resolved on a preparative scale with a nearly 3
minute difference in their elution times (Supplemental Figure S4.5).

Attempts to isolate L-[*'C]leucine from D-[*!C]leucine were successful, however due to
low residence time of the L-enantiomer on the column, significant co-elution with the similarly
eluted unreacted [*!C]CO:2 remained a major problem (Supplemental Figure S6). To remedy this,
given leucine’s poor solubility in organic solvents, subsequent the preparative injection the column
was purged with 90% methanol in water to elute [*!C]CO2 before changing to the 20% mobile
phase for resolution of the two enantiomers. This approach successfully provided L-[*'C]leucine

sufficient for further study.

4.2.4.6. PET Imaging with [*'C]Leucine

In parallel, to evaluate feasibility for animal studies, (+)-[*'C]leucine was isolated for
imaging (Supplemental Figure S7). Doses of 250 uCi in 200 uL of saline were injected into two
C57BL/6 mice (1 M, 1 F) and imaged for 60 minutes (Figure 4.12). Radiotracer localization was
visualized primarily in the liver, albeit with measurable uptake in the heart. Given the many roles
AAs can play within the body as well as both their incorporation into proteins and their degradation
into amines that are reused in biochemical cycles, further analysis with compartmental modeling

would be necessary to evaluate accurate tracer distribution.
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Figure 4.12. PET imaging with [*C]leucine in C57BL/6 mice.

4.2.5. Conclusion

In conclusion, we sought to enrich our carbon isotopic exchange reaction for the
preparation of carbon-11-labelled a-amino acids. Pre-formation of the imine intermediate
significantly improved reactivity. Several aldehyde catalysts were found to be tolerated, however
significant improvements to radiochemical yields were not elucidated. While the use of a chirally-
locked catalyst did not provide sufficient enrichment or yield, we developed a chromatographic
resolution to prepare enantiopure *C-amino acids for imaging in animals. A pilot evaluation

showed measurable uptake sufficient for extended study and further modeling.

4.2.6. Experimental

Imine Preparation: Amino acid (0.15 mmol, 1 equiv.) and Cs2COs3 (24.4 mg, 0,075 mmol,
0.05 equiv.) were added to a vial equipped with a stir bar which was then sealed, equipped with an
exhaust needle, and filled with argon by performing three vacuum/argon re-filling cycles.
Anhydrous MeOH (750 uL) and catalytic aldehyde (0.15 mmol, 1 equiv.) were then added, and
the reaction mixture was heated to 70 °C for 1 h while stirring. The vial was then equipped with
an exhaust needle and the solvent was removed by flowing argon over the reaction mixture which
was cooled to room temperature. The crude material was dried in vacuo for 1 h and then used
directly for the radiolabelling experiment.

Cyclotron Production: No-carrier-added [*'C]CO2 was generated by the “N(p,a)!'C
nuclear reaction after bombardment of a gas target filled with a pressurized N2/O2 mixture using a
11 MeV Siemens CTI Eclipse HP/RD Hybrid Cyclotron (University of Ottawa Heart Institute PET
Radiochemistry Facility). After beaming for 120 seconds at 55 pA, around 7.4 GBq of [*1C]CO2
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was produced. After end-of-bombardment, target content was transferred to a Synthra MelPlus
Research module using a helium flow. [**C]CO2 was flowed through a nitrogen oxides trapping
cartridge and cold-trapped at -180 °C. After recording peak activity in the cold trap, [11C]CO2 was
transferred to the reaction vessel by heating the trap to 25 °C and flowing helium at a flow rate of
3 mL/min.

Radiochemistry: Imine precursor was dissolved in anhydrous DMSO (750 uL) and
subsequently transferred to the synthesis module reactor. The reactor was sealed and flushed with
He. After [*1C]CO: production and delivery, the reactor was heated to 90 °C for 10 min while
stirring. After 10 min the reactor was cooled to 30 °C, then 0.45 mL of 1 M HCI was added to the
vessel. Helium was then bubbled into the reaction mixture for 1 minute to remove most of the
unreacted ['C]CO.. Confirmation of radiolabelled compound identity was then performed by
radio-HPLC.
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4.3. Supplementary Information

4.3.1. Imine Stability
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Figure S4.1. Stability tests with 4-fluorobenzaldehyde. (a) *H-NMR of imine. (b) *H-NMR of imine after

reaction conditions.
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Figure S4.2. Stability tests with benzaldehyde. (a) *H-NMR of imine. (b) *H-NMR of imine after reaction

conditions.
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4.3.2. Chiral Catalyst
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Figure S4.4. L- and D-[*!C]phenylalanine with partial L-enrichment. Red is 7y, grey is UV.

4.3.3. Chiral Resolution
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Figure S4.5. Preparative resolution of L- and D-leucine.
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Figure S4.6. Analytical resolution of 'CO,, L-
and D-[*'C]leucine. Red is y, grey is UV.

Figure S4.7. Isolation of [*'C]leucine. Red is v,
grey is UV.
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4.3.4. Representative NMRs
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Benzaldehyde w/ Tyr
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Benzaldehyde w/ Trp
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Benzaldehyde w/ Met
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Benzaldehyde w/ Glutathione:
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Benzaldehyde w/ Thyroxine
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2-Pyridinecarboxaldehyde w/ Phe:
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4.4. Extended Discussion

4.4.1. Lessons

Insight into the mechanism of *'C-carboxylation was completed in parallel to the work with
13C from the University of Alberta. The reaction was initially hypothesized to proceed through an
aza-allyl anion intermediate formed following decarboxylation of the imine species. This offered
a potential scaffold for “transfer carboxylation”, beginning first with one amino acid and driving
carboxylation at an alternative site to derive an entirely different amino acid (Figure 4.13). A
process like this would aid in improving molar activity for 11C-synthesis, as the starting state would
differ from the final product. We tested this by condensation of phenylglycine with
isovaleraldehyde in an attempt to observe carboxylation at both sites from the aza-allyl anion
intermediate. However, in doing so we did not observe any leucine product, suggesting the aza-

allyl anion intermediate may not be involved in the reaction mechanism.

-Co,

RCHO co,

N Ph
oé\)\
Ph C32C03, [11C]C02 - Ph
)\ Standard conditions )
H,N” NCO,H H,N” 11CO,H H,N~ 11CO,H
not TE = 19%, RCC = 96%
observed RCY =18% (n = 2)

Figure 4.13. Transfer carboxylation. An approach to access *C-AAs without using the same AA precursor
offers potential improvements in molar activity. However, this transfer carboxylation technique did not
proceed as predicted, also indicating the reaction had to be proceeding through an alternative intermediate

than hypothesized.

In Alberta, further study of the mechanism with carbon-13 supported an alternative
intermediate; addition of D20 under standard conditions lead to the observation of both CO2 and
H/D exchange, with <1% vyield of the proto-/deutero-decarboxylation product that would form

from an aza-allyl anion. Furthermore, while acetone could be used to catalyse carboxylate
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exchange, a non-enolizable amino acid like 2-aminoisobutyric acid yielded no product. In place of
the aza-allyl anion, the carboxylation of an imino-enol intermediate followed by decarboxylation
was suggested.

An additional challenge in producing radiolabelled amino acids comes from enantioselectivity
of the method. Given the methodology leads to the racemization of the selected amino acids upon
decarboxylation, an approach to separation would be necessary. Methodologies used in the
separation of 3C-amino acids are generally incompatible with the time constraints of carbon-11,
like nickel-mediated dynamic kinetic resolution. In an attempt to recreate a literature method for
enzymatic resolution of D- and L-amino acids, we constructed a column containing an
immobilized D-amino acid oxidase/catalase enzyme complex with a Sepharose support. The
oxidase is capable of selectively deaminating D-amino acids, thus allowing for more efficient
separation of a ketoacid from the remaining L-amino acid.

While this method had been demonstrated to work with [*!C]leucine prepared via Strecker
synthesis with [*!C]HCN, it proceeded far too slowly to be amenable to our conditions. In the case
of the Strecker method, a very low quantity of amino acid product is prepared; by contrast, our
methodology begins with amino acids as the starting material and thus comes with much higher
loading to be processed by the enzymatic system. As such, the optimum incubation time of 15
minutes determined by Barrio et al. was not sufficient and thus the method was not viable for

enantiomeric resolution.

4.4.2. Perspectives

4.4.2.1. Conclusions

In this chapter, we targeted new methodologies to access labelled amino acids using carbon
isotope exchange. We sought improvements for *C-amino acid synthesis that suit the specific
conditions set out by radiosynthetic requirements. A sizeable scope of potential catalytic aldehydes
was assessed with only minor variations in reactivity observed. We also evaluated a chiral catalyst
with the intention of pushing carboxylation to one face, selectively enriching towards L- or D-
amino acids; the approach worked, but only provided minor enrichment and low yields in the given
reaction time.

Chiral resolution was used to isolate L-['!C]leucine for imaging studies. BCAAs have

recently become an imaging target of interest for diagnosis and evaluation of cardiovascular
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conditions due to elevated oxidative metabolism within the damaged heart. As such, pilot images

were collected using racemic [*!C]leucine as a proof-of-concept in a mouse model.

4.4.2.2. Future Directions

Continued investigation into imaging with [*!C]leucine can offer important information for
BCAA metabolism. Assessments of specific uptake into tissues of interest can be performed to
determine the baseline distribution; with this understanding, pharmacological blockade can be
employed to evaluate the impact of key proteins and transporters. BCAAs undergo a transport
process into the cytosol where they either undergo incorporation into proteins or a metabolic
deconstruction process yielding intermediate coenzymes and free CO2 (Figure 4.16). Key enzymes
like BCAT and BCKDH as well as transporters like LAT1 and SLC25A44 are instrumental to the
manipulation of BCAAs like leucine once in the cellular space. Pharmacologic manipulation of
these processes can provide insight into the rates of oxidative metabolism and can be used to model

the distribution of [*'C]leucine once injected in the body.
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Figure 4.14. [*!C]BCAA outcomes in the body. Amino acids are transported into the cell where they can
be integrated into proteins or degraded into intermediates for other biochemical cycles and pathways. Given
the retention of the carbon-11 label, determining the rates of these processes can allow for accurate

guantification of images.
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Chapter 5: Pharmacological Outcomes and Metabolism of [*F]Flubrobenguane

Radiotracer Analysis

This chapter and discussion contains information from multiple published studies.

e FOCUS: Mair et al. “Pharmacological and metabolic parameters of [*®F]flubrobenguane
in clinical imaging populations” J. Nucl. Cardiol. 2023, 30, 2089-2095. doi:
10.1007/s12350-023-03338-9.

o Contributions: Project lead, coordinated two imaging sites, completed all
experiments and analysis, wrote manuscript.

e Zelt, Britt, Mair et al. “Regional distribution of fluorine-18-flubrobenguane and carbon-
11-hydroxephedrine for cardiac PET imaging of sympathetic innervation” J. Am. Coll.
Cardiol. Img.. 2021, 14 (7), 1425-1436. doi: 10.1016/j.jcmg.2020.09.026.

o Contributions: Performed blood analysis, metabolic outcome assessment, reviewed

manuscript.
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5.1. Context
5.1.1. Radiotracer Metabolism

5.1.1.1. Compartmental Modeling

The accurate analysis of PET images is instrumental for its interpretation. An important
consideration is the outcome of the injected radiotracer, whether it be uptake into on- and off-
target tissues, elimination to excretory organs, or metabolic transformations into a different
compound. As such, compartmental models are constructed to account for all radioactivity within
the body.'> The biochemical state in which a radiochemical species can be found following
injection are known as compartments; within each the activity is considered to be homogenously
distributed. Change in concentration within one compartment is a function of the concentrations
in other compartments, and thus the compartmental model can be described in terms of linear,
first-order differential equations that depict and describe characteristics like tracer perfusion,

transport, uptake and washout.

1 1
. :
Co K1 > C4 :
blood or B | tissue of '
plasma « [ g interest :
: :
' 1

1

Figure 5.1. One-tissue compartment model. Radiotracer distribution in the body is depicted with
compartmental models that track the different states of the radionuclide. The 1TCM is the simplest

expression, however more complex models are often required to quantify probe kinetics.

Plasma or blood pool tends to be the first component of the model, although it is not itself
a compartment. The injected radiotracer into the blood stream is instead a measurable quantity,
and thus can be used to derive additional parameters or can aid in reducing the model to the lowest
number of compartments for ease of analysis. The simplest model is that of the one-tissue
compartment model (Figure 5.1). It is comprised of the blood pool and a compartment for the
isotope in tissue, with rates of transport between. The transport between the blood pool into the
tissue represents perfusion, and thus a model like this accurately describes freely diffusible tracers

such as [**OJwater or [**NJammonia.

184



In practice, compartmental models are often far more complicated and have to consider all
processes that the radiotracer is subjected to within the body. It is therefore important to clarify
that it is not the radiotracer itself that is modelled, but the instances of radioactivity as a whole.
The parent compound can undergo changes within a given tissue, whether it be incorporation into
other larger molecules like in the case of amino acid integration into peptides and proteins, or a

process like metabolism in which the radiotracer is degraded.

5.1.1.2. Radiometabolites

The metabolic outcome of a radiotracer is of great importance; at least one metabolite of
the injected radiotracer will retain the radiolabel and is therefore known as a radiometabolite.
Proper quantification demands accounting for these given that both the parent radiotracer and its
radiometabolic products will contribute to the collected PET image.®® If the radiometabolite is
lipophilic enough to migrate to other tissues or if significant concentrations of radiometabolite
exist in the plasma, it must also be factored into the modelling and subtracted from uptake data.

Blood samples are often drawn during imaging to evaluate the concentration of parent
compound over the course of the scan. A constant blood sampling technique like arterial
cannulation can be used for quantitative data analysis but can be invasive and inconvenient for
many patient cohorts. Venous sampling is less invasive of a procedure than arterial sampling,
however it is dependent on the sampling site and on radiotracer clearance. In place of blood
sampling one can also use a reference tissue time-activity-curve, but this requires a region in which
there is no specific uptake of the radiotracer while also possessing similar non-specific binding as
the tissue or organ of interest. Additionally, it needs to be sufficiently close to the target organ so
as to be visible in the same PET image but with enough distance to not have spillover from adjacent
radioactivity hotspots. This can be especially difficult to satisfy for both brain and cardiac PET
imaging and so sampling remains the gold standard.

These samples are then treated to isolate plasma, within which the fraction of parent
compound is measured using high-performance liquid chromatography.’® From there, kinetic

modeling fitting the data to a mathematical function can be completed.
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5.1.1.3. Input Function

The input (or delivery) function is a measurement of the concentration of parent compound
within plasma as a function of time. It plays a vital role in image interpretation in order to
normalize tissue uptake across different organs, different patients, and different studies entirely.!
While arterial input functions can be technically challenging and invasive for patients, image-
derived input functions are frequently regarded as a more practical alternative.?13

Obtaining a radiometabolite-corrected input function requires multiple steps:

1. Measurement of whole blood and plasma activity to derive the plasma-to-whole blood
ratio — PBR(t)

2. Parent fraction in plasma, determined by HPLC analysis of plasma samples — PF(t)

3. Analysis of binding to proteins circulating in plasma to determine the freely distributed,

unbound radiotracer — fp

Following the development of these corrections, in which imaging alone is not sufficient,
the input function can then be used alongside either arterial blood sample concentrations or image-

derived volumes of interest drawn in tissues of interest.

5.1.2. Cardiac ANS Imaging

The autonomic nervous system is a network of neurons controlling the body’s involuntary
functions and internal organs.'* It is made up of the sympathetic nervous system (SNS), often
known as the “fight or flight” system in which it prepares the body for action, the parasympathetic
nervous system (PNS), coined the “rest and digest system” to regulate the body at rest, and the
enteric nervous system, which is dedicated to control of the gastrointestinal tract. The sympathetic
and parasympathetic systems play integral roles in cardiac function with essential mediation of
blood flow, contractility, and heart rate.*516

Parasympathetic neurons originate from the brain stem’s nucleus ambiguus via the vagus
nerve, projecting into cardiac ganglia where acetylcholine is released. Conversely, sympathetic
neurons extend from the locus coeruleus to ganglia where norepinephrine is released into the
synaptic cleft. While parasympathetic fibres are mainly present throughout the atrium, the

sympathetic nervous system is prevalent throughout the ventricular myocardium. The heart is
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under continuous control from the PNS whereas it is activated during periods of stress from the
SNS. Altered autonomic function is characteristic of several cardiac pathologies, and so physicians
turn towards molecular imaging techniques like PET to diagnose and evaluate these conditions.

From this interest, several radiotracer options have arisen (Figure 5.2).17-?
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Figure 5.2. Autonomic nervous system PET imaging. Neuronal imaging has been investigated for diagnosis
and evaluation of cardiovascular diseases. Several radiotracers for the sympathetic nervous system (purple,
left) and the parasympathetic nervous system (orange, right) have been developed and studied for cardiac
PET.

5.1.2.1. PNS Imaging

Research and development of radiotracers targeting the cardiac parasympathetic nervous
system has historically been limited. While there has been significant work on developing imaging
agents for the brain, very little has been successful in imaging myocardial PNS activity.?
Examples like the postsynaptic muscarinic receptor-targeting [*C]methiodide quinuclidinyl
benzilate (['*CIMQNB) and acetylcholine esterase’s [*C]donepezil have been investigated, but
neither has shown enough promise for extension to clinical validation and regular usage.
[*8F]Fluoroethoxybenzovesamicol ([*®F]JFEOBV) is used for imaging the vesicular acetylcholine
transporter and while it has predominantly been investigated in the brain,?*% recent research into

its use in imaging cardiac innervation has shown promise.2®
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5.1.2.2. SNS Imaging

To date, the most extensively used radiotracers for imaging sympathetic innervation are
[*2%I]meta-iodobenzylguanidine ([*2IJmIBG) using SPECT, and [*C]meta-hydroxyephedrine
([**C]HED) for PET imaging (Figure 5.3). The former has predominantly been used in imaging of
the whole myocardium rather than region-specific determinations, largely due to the limited spatial
resolution for SPECT imaging. Interest in modernizing and developing a PET radiotracer using
[*Z2IImIBG’s benzylguanidine scaffold led to the development of an alternative, [*®F]meta-
fluorobenzylguanidine ([*®F]mFBG),?” as well as pre-clinical evaluations completed within our
lab.?® Continued investigations into its mechanism of action and tracer kinetics are ongoing,
however it has already begun to be investigated for clinical use for cardiac sympathetic imaging.?°

Alternatively, [*!C]JHED represents the most frequently used radiotracer for neuronal
imaging, with routine production in some radiochemistry facilities and PET clinics. However,
carbon-11 radiotracers are limited in their potential for distribution, requiring an on-site cyclotron
and operating facility, and thus a fluorine-18 alternative offers great value. Addressing that need,
a novel 8F-labelled radiotracer known as flubrobenguane (LMI11195 or N-[3-bromo-4-(3-

[*8F]fluoropropoxy)benzyl]guanidine) was developed.

NH OH "ICH, NH
1
123) HO NH Br J\
HJLNHZ D/\H NH,
CH3 13F/\/\O
['211mIBG [""C]HED ['F]FBBG

Figure 5.3. Radiotracers for sympathetic innervation. [*2IJmIBG, [*'C]HED, and the more recently

explored [*®F]FBBG are used for imaging cardiac neuronal activity.

5.1.3. [*F]Flubrobenguane
5.1.3.1. Fluorine-18

Fluorine-18 (*8F, ti2 = 109.7 min) is the predominant PET radioisotope alongside carbon-
11. It is produced most frequently by a cyclotron with the proton bombardment of enriched
[*8O]water. This leads to the production of aqueous [‘®F]fluoride ([*8F]F) which can be used as a
nucleophile in organic synthesis. Alkyl [*®F]fluorides are typically prepared with nucleophilic

substitutions displacing leaving groups (-OTf, -OTs, halides, etc). Due to its longer half-life, 18F
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is the ideal isotope for radiolabelling with the intention of distribution to off-site imaging centers.
Radiotracers like [*®F]FDG, [‘®F]fluorodopa, [*F]flumazenil, and [*®F]florbetapir remain amongst

the most commonly used in PET imaging as a result of their half-life and their dispensation.

5.1.3.2. FBBG

Flubrobenguane (FBBG) resembles [*2IJmIBG in its benzylguanidine core and behaves
similarly in its pharmacokinetics and distribution in preclinical animal models.*® However, in an
effort to improve its distribution and functionality as a radiotracer, it’s labelled instead with
fluorine-18. Also like [*?]IImIBG, FBBG is a substrate for the norepinephrine transporter, a protein
responsible for sodium chloride-dependent reuptake of norepinephrine and dopamine from the
synaptic cleft into the presynaptic neuron.

Its use in a patient cohort of healthy volunteers proved successful and found feasibility in
the determination of myocardial sympathetic activity.3! With this data in mind, and with the
fluorine-18 radiolabel, FBBG is well positioned to become the new gold standard for PET imaging

of cardiac innervation in place of [*!C]HED.

5.1.4. [®F]FBBG vs [\!C]HED for cardiac PET imaging of sympathetic innervation
5.1.4.1. Summary

In a previously published study, we evaluated FBBG in clinically relevant patient cohorts
for the assessment of myocardial sympathetic nerve function.®? This was compared in parallel to
[**CJHED. Participants (25), including healthy volunteers and those with ischemic and non-
ischemic cardiomyopathy, were administered FBBG and HED in separate imaging sessions and
then compared. FBBG and HED were found to have a strong correlation in measuring global
innervation and regional denervation within the myocardium. Notably, the ventricular retention
was remarkably similar for both radiotracers, with no significant differences found in radiotracer
behaviour at the regional level. As such, this study confirmed the viability of FBBG for use in a
clinical setting evaluating neuronal activity in the myocardium, and established its applicability in

evaluating cardiomyopathies.
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5.1.4.2. Limitations

A major limitation in this study was the use of corrections to the input function that were
derived from studies with healthy volunteers from Sinusas et al.3! While these may still be suitable,
pathologies relevant for imaging (like ischemic and non-ischemic cardiomyopathy) may have
differences in tracer distribution, uptake and washout, and so cohort-specific (or at the very least
non-healthy) corrections may be necessary. This was further remarked by Sinusas in a response to

the publication.3?

5.1.4.3. Contributions

During each scan, venous blood samples were collected from a cannula placed in a vein in
the antecubital fossa of the opposite arm to injection at a series of timepoints (0.5, 1, 2, 5, 10, 20,
30, 40, 60 min). The samples were contained in heparinized tubes and stored on ice to be
transported from the clinical PET room to a radiochemistry wet lab. There, samples were treated
to either HPLC or SPE separation to analyse the percent of activity attributed to parent compound.

This process is described in detail in the following section and publication.
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5.2.1. Statement of the manuscript

The manuscript “Pharmacological and metabolic parameters of [*®F]flubrobenguane in
clinical imaging populations” was accepted into Journal of Nuclear Cardiology and published on
July 26, 2023. In this paper, | detail the development of an HPLC and SPE method for metabolic
analysis of blood samples derived from patients undergoing [*®F]FBBG imaging, followed by the
derivation of an input function for clinical populations.

Blood samples were collected at two separate sites — the University of Ottawa Heart
Institute (UOHI) and the Royal Institute of Mental Health Research (IMHR) — by imaging staff.
Blood was transported from the clinic to the wet lab by me, Jason Zelt (MD/PhD Candidate),
Kirabo Nekesa (BSc Candidate), Myriam Adi (BSc Candidate) and Dr. Benjamin Rotstein for
UOHI samples, and by me and Katie Dinelle (MSc) for IMHR. | performed blood handling, as
well as HPLC and SPE method development and separations, with assistance from Dr. Benjamin
Rotstein. Plasma protein binding was determined by me, Jason Zelt, Kirabo Nekesa, Myriam Adi
and Dr. Benjamin Rotstein. Parallel imaging studies were performed by Jason Zelt, Zacharie Saint-
Georges (MD/PhD Candidate), Katie Dinelle, Dr. Lisa M. Mielniczuk (MD), Dr. Jakov Shlik (MD,
PhD), Dr. Rob Beanlands (MD) and Dr. Robert DeKemp (PhD). Images were analyzed by me,
Zacharie Saint-Georges and Dr. Robert DeKemp. Data analysis and input function derivatization
was performed by me, Dr. Robert DeKemp and Dr. Benjamin Rotstein. [*®F]Flubrobenguane was
developed by Lantheus Medical Imaging, represented by Dr. Simon Robinson (PhD). | wrote the
manuscript with assistance from Dr. Robert DeKemp and Dr. Benjamin Rotstein. All authors

approved the final version.
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5.2.2. Abstract

Background: Cardiac sympathetic nervous system molecular imaging has demonstrated
prognostic value. Compared with meta-[*!C]hydroxyephedrine, [*®F]flubrobenguane (FBBG)
facilitates reliable estimation of SNS innervation using similar analytical methods and possesses a
more convenient physical half-life. The aim of this study was to evaluate pharmacokinetic and
metabolic properties of FBBG in target clinical cohorts.

Methods: Blood sampling was performed on 20 participants concurrent to FBBG PET imaging
(healthy = NORM, non-ischemic cardiomyopathy = NICM, ischemic cardiomyopathy = ICM,
post-traumatic stress disorder = PTSD). Image-derived blood time-activity curves were
transformed to plasma input functions using cohort-specific corrections for plasma protein
binding, plasma-to-whole blood distribution, and metabolism.

Results: The plasma-to-whole blood ratio was 0.78 + 0.06 for NORM, 0.64 + 0.06 for PTSD and
0.60 = 0.14 for (N)ICM after 20 minutes. 22 + 4% of FBBG was bound to plasma proteins.
Metabolism of FBBG in (N)ICM was delayed, with a parent fraction of 0.71 + 0.05 at 10 minutes
post-injection compared to 0.53 + 0.03 for PTSD/NORM. While there were variations in metabolic
rate, metabolite-corrected plasma input functions were similar across all cohorts.

Conclusions: Rapid plasma clearance of FBBG limits the impact of disease-specific corrections

of the blood input function for tracer kinetic modeling.

Key Words: flubrobenguane, PET, fluorine-18, metabolism, sympathetic nervous system
Abbreviations:

FBBG [‘®F]Flubrobenguane

HED Meta-['!C]hydroxyephedrine
HF Heart failure

ICM Ischemic cardiomyopathy

NET Norepinephrine transporter
NICM Non-ischemic cardiomyopathy
PET Positron emission tomography
PPB Plasma protein binding

PTSD Post-traumatic stress disorder

SNS Sympathetic nervous system
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5.2.3. Introduction

[*8F]Flubrobenguane, or N-[3-bromo-4-(3-[*®F]fluoropropoxy)benzyl]guanidine (FBBG,
also known as LMI11195), is a recently developed radiotracer designed for imaging of the cardiac
sympathetic nervous system (SNS) using positron emission tomography (PET). Its uptake into
myocardium, mediated by the norepinephrine transporter (NET), is diminished in patients with
ICM as a result of progressive denervation.? The two most prominent SNS molecular imaging
agents are meta-[*?%I]iodobenzylguanidine (mIBG) used in gamma scintigraphy and single-photon
emission computed tomography (SPECT), and meta-[‘'C]hydroxyephedrine (HED) used in PET.
These radiotracers have shown utility in cardiac imaging clinical trials, assisting in mortality
prognostication, evaluation of arrhythmias and in identifying highest risk for sudden cardiac death
in patients suffering from cardiomyopathies.®>> Non-invasive SNS imaging offers considerable
potential for cardiac care, although limitations exist with the current methods.

Despite the availability of mIBG, suboptimal image quality and semi-quantification® have
limited its utility in cardiac SNS imaging. Furthermore, while PET offers superior image quality
over SPECT,? the short half-life of carbon-11 (20.4 min) in HED limits clinical access and wider
distribution. FBBG is a benzylguanidine similar to mIBG but carries a fluorine-18 nuclide for PET
imaging with a convenient 110-minute half-life that can support wider availability, multi-site
clinical trials, and quantitative imaging protocols. FBBG shares similar biodistribution profiles to
mIBG in preclinical models.>"® We explored a similar comparison with HED, and demonstrated
that FBBG and HED provide equivalent regional quantitative distribution in patient cohorts with
and without ischemic cardiomyopathy.?® Additionally, a first-in-human study reported on
dosimetry, biodistribution and safety in 12 healthy subjects.*®

Accurate quantification of NET distribution using kinetic modeling requires a set of
corrections, including for blood metabolites, to obtain accurate parent plasma input functions.
Sinusas et al. reported such measurements in healthy volunteers,*® which we applied in our initial
analysis of FBBG imaging in cardiomyopathy patients.? However, these corrections may not be
applicable to all patients, particularly those with dysfunctional NET activity.* To this end, we
have further investigated the blood-based distribution and metabolic profiles of FBBG in relevant
clinical imaging populations.

The aims of this study were to determine the plasma metabolite and distribution profiles

needed to obtain accurate input functions for FBBG in patients with non-ischemic cardiomyopathy
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(NICM), ischemic cardiomyopathy (ICM), and in healthy volunteers (NORM). Additionally, we
included patients with post-traumatic stress disorder (PTSD) as part of ongoing research into a
group at elevated risk of heart failure.'?> Beginning with an image-derived blood input function of
the radiotracer, we determined the amount of freely available parent fraction (non-metabolized
FBBG) in plasma throughout our PET data acquisition. To access this function, we observed the
ratio of activity in the plasma compared to whole blood, the binding of FBBG to plasma proteins,

and the metabolism of the parent compound in plasma over time.

5.2.4. Methods
Patient Population

We previously reported FBBG cardiac imaging in ischemic and nonischemic
cardiomyopathy patients and healthy volunteers.? Data reported herein were collected both from a
subsample of the previously reported cohort as well as additional subjects recruited using the same
criteria. Recruitment methodology for patients with PTSD can be found in the Supplemental
Information. Characteristics of imaging subjects can be found in Table S1. The study was approved
by the Ottawa Health Science Network Research Ethics Board. All patients provided informed

consent.

PET Imaging and Blood Collection

Patients underwent 40-minute or 60-minute dynamic FBBG PET imaging in a supine
position while awake in a GE Discovery 690 PET-CT scanner (Waukesha, WI1) or Siemens mMR
PET-MR scanner (Knoxville, TN). The radiosynthesis of FBBG was performed as previously
described.>1%13 A bolus of 3 MBg/kg FBBG (followed by a 10 mL saline push) was administered
intravenously. Venous blood (>2 mL) was collected into heparinized tubes through a cannula
placed in a vein in the antecubital fossa of the opposite arm to injection at a series of nominal
timepoints (0.5, 1, 2, 5, 10, 20, 30, 40, 60 min).

Plasma Protein Binding

Tracer binding to plasma proteins is assumed to occur instantaneously following injection

and to remain stable over the course of imaging. The free fraction in plasma (fp) was determined
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using ultracentrifugation. fr was calculated by subtracting the bound fraction from 1. More details

on the methodology can be found in the Supplemental Information.

Plasma-to-Whole Blood Ratio

Tracer uptake into red blood cells follows a biexponential time-course and affects
concentration in plasma available for exchange with target tissues.!* To account for this time-
dependent effect, activity in aliquots of plasma and whole blood were compared to derive a plasma-
to-whole blood concentration ratio (PBR). The methodology is further described in the
Supplemental Information.

A curve describing the cohort-specific plasma-to-whole blood ratio over time was

determined by fitting to the function shown in Equation 1:

PBR(t) = Ae™™" + B(1 — e™™) (1)

where t is the blood sample time in minutes, and A, B, m, and n are function parameters
derived for each cohort. Area under the curve (AUC) was calculated using GraphPad Prism 9.0

(La Jolla, CA), following the trapezoid rule.

Plasma Metabolites

Samples were prepared similarly to the HPLC protocol described elsewhere!®!® and in the
Supplemental Information. A solid-phase extraction method to separate FBBG from metabolites
was validated against patient samples also analyzed by HPLC. The results were equivalent by both
methods. Protein-free plasma samples were loaded onto a Sep-Pak Light C18 cartridge and washed
with increasing concentrations of acetonitrile in water (0%, 10%, 20%, 20%, 30%, 70%, 100%,
100%). Each sample and residual activity on the cartridge was then assayed on a y-counter. Polar
metabolites were eluted with <30% acetonitrile, whereas the parent compound was eluted with
>70%. The resulting collected activity was summed to determine the fraction of parent compound
in plasma.

A curve describing the cohort-specific unaltered parent FBBG fraction (PF) over time was

determined by fitting to Equation 2:
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PF(t)=1—e )

where t is the blood sample time in minutes, and t is a time constant describing the rate of

conversion to metabolites in each cohort.

Metabolite-Corrected Image-Derived Plasma Input Function

Dynamic PET images were analyzed with Hybrid Viewer PDR 6.1.2 software (Hermes
Medical Solutions). Spherical regions of interest were drawn in the left atrial cavity and the
resulting whole-blood time-activity curves, Cws(t), were recorded (Figure 1). To account for small
variations in tracer arrival time, a gamma variate function was fit to the bolus first-pass data (0-2
min), and the Cwa(t) curves were resampled to unit area with the peak centered at 1 minute post-
scan start.

For each scan, a final image-derived input function was then calculated according to

Equation 3, representing the concentration of unaltered parent FBBG in arterial plasma:
Crp(t) = Cyp(t) X PBR(t) X PF(t) X fp 3)

where t is the dynamic image sampling time in minutes. Area under the curve (AUC) was

then calculated as the time frame-weighted activity.

Statistics

Data are reported as a mean with standard deviation or mean with 95% confidence interval.
Metabolic time constants, PBR(t) constants and AUC values were compared between groups using
one-way ANOVA. Curve fitting, statistical analysis and graphical representation were performed

using GraphPad Prism.
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Figure 5.1. Cardiac PET imaging with [*8F]flubrobenguane. FBBG PET images showing tracer uptake at
30-60 minutes post-injection in a 70-year-old man with ischemic cardiomyopathy. Placement of a spherical
volume-of-interest in the left ventricle (LV) cavity is illustrated in red for acquisition of the whole-blood

time activity data.

5.2.5. Results
Plasma Protein Binding

Among patient cohorts (NICM =5, ICM =5, NORM =5, PTSD = 5), there were 4 NICM,
4 1CM, 2 NORM and 2 PTSD data sets available. The remaining participants were not included
due to missing blood sampling prior to radiotracer administration. The bound fraction was found
to be 23 £ 4% in NICM, 22 + 1% in ICM, 17 £ 5% in NORM, and 27 + 5% in PTSD. The overall
mean value was 22 *+ 4%, with no significant difference between patient groups (ANOVA, p >

0.05) as shown in Figure 2A.
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Figure 5.2. Metabolic and pharmacokinetic measurements of [*®F]flubrobenguane. (A) Fraction of FBBG
bound to plasma proteins (n = 2-4/group), (B) plasma-to-whole blood ratio of radioactivity following i.v.
administration of FBBG (n = 5/group), (C) fraction of parent FBBG, 0-60 minutes (n = 5/group), (D) parent

plasma input function time activity curves, 0-3 minutes (n = 5/group).

Plasma-to-Whole Blood Ratio

The plasma-to-whole blood ratio reached a maximum of 1.4 + 0.1 early after injection
before settling to 0.78 £ 0.1 for NORM, 0.64 £ 0.1 for PTSD and 0.60 + 0.1 for the cardiomyopathy
cohorts ((N)ICM) at 20 minutes post-injection (Figure 2B). There was no significant difference
in AUC between cohorts (ANOVA, p > 0.05). Fits were derived according to the formula described
by Equation 1 and plotted (Figure S1). Parameters A, B, m, and n were compared; significant
differences were found in parameter n between ICM and other cohorts (Table 1, p = 0.038 vs
NORM, p =0.002 vs NICM, p = 0.010 vs PTSD).
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Figure 5.3. Fitted parameters for plasma-to-blood ratio (PBR) and parent fraction (PF).

PF
A B m (min-?) n (min-t) T (min)
NORM 0.86 £0.13 0.75x0.10 0.06 = 0.06 1.71+1.30 7.99 £ 1.57
NICM 0.92+0.04 0.63£0.20 0.02+0.01 1.06 £0.40 15.87 £8.42
ICM 0.90£0.09 0.61 £0.05 0.03+£0.01 192+1.63* | 10.81+1.95
PTSD 0.85+0.16 0.69+0.04 0.12+0.16 1.37£0.87 8.80£2.70
ANOVA p=.762 p=.275 p=.281 p=.278 p=.063

Values are mean * standard deviation; * p < .05 vs. NORM

Plasma Metabolites

The parent fraction was determined for each of the cohorts (Figure 2C). After 10 minutes,
the parent fraction was 0.71 £+ 0.05 and 0.53 + 0.03 in the (N)ICM and healthy/PTSD cohorts
respectively. After 30 minutes, 0.32 + 0.06 and 0.24 + 0.02 unaltered parent fraction remained for
(N)ICM and for healthy/PTSD groups. Parent fraction for all groups was 0.20 + 0.03 by 60
minutes. Fits were prepared to describe the parent fraction of FBBG over time (Figure S2).
Metabolic rate constants were derived according to Equation 2 for each cohort (Table 1, t=7.80
in NORM, 8.43in PTSD, 14.47 in NICM and 10.80 in ICM). No significant difference was found,
although a trend towards significance between NORM and NICM was present (p = 0.066). AUCs
were calculated, with significant differences between NORM and NICM revealed following an
overall significant ANOVA (Table 2, p = 0.048).

Metabolite-Corrected Image-Derived Plasma Input Function

Whole blood time activity curves were sampled from regions of interest drawn in the left
atrium in dynamic PET images. Subsequent data normalization, followed by corrections using
Equation 3 provided plasma input functions (Figure 2D). Calculations of AUC were used to
compare cohorts; no significant difference existed between cardiomyopathic patients and healthy

volunteers (Table 2).
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Figure 5.4. Area under the curve analyses of PBR, PF, and Cep.

AUCpggp AUCpp ) AUCc, .
NORM 48.66 £ 3.12 19.41 +2.36 0.62 +0.08
NICM 4253+1098  28.06+7.78*  0.61+0.04

ICM 40.36 £ 3.31 23.43 £ 2.60 0.56 £ 0.06

PTSD 42.33+£3.91 20.52 +4.19 0.55+0.09

ANOVA p=.217 p =.048 p=.333

Values calculated 0—60 min, mean + standard deviation;

*p <.05vs NORM

5.2.6. Discussion

Pharmacokinetic metrics such as plasma protein binding, metabolism and activity
distribution between plasma and whole blood were determined for the radiotracer FBBG to
improve accuracy of imaging quantification. From these data it can be observed that, while there
are variations in metabolic profiles for clinical imaging populations, the plasma input functions of
FBBG are similar among sampled cohorts. Delayed metabolism in cardiomyopathy patients may
be related to reduced cardiac output and hence reduced passage through metabolic organs.
Ultimately, the similarity of the parent input functions suggests a universal metabolite correction
may be appropriate.

The data for the NORM cohort were subsequently compared to the first-in-human study
done by Sinusas et al.’® There were no significant differences found between the two groups of
healthy volunteers, with a peak mean plasma concentration at 1-2 min, and clearance to 0.00078
+ 0.00083 percent of injected dose per millilitre (%1D/mL) within 5 minutes (in comparison to
0.00046 = 0.00007 %ID/mL). Furthermore, the metabolism resembled that of the prior cohort,
with parent fractions of 0.49 + 0.11, and 0.23 + 0.05 at 10- and 30-minutes post-injection
respectively in comparison to previously reported 0.37 £ 0.19 at 15 min, and 0.19 = 0.13 at 30 min.

This study has some limitations, namely in the collection of venous samples. Kinetic
analysis of PET imaging data ideally proceeds from arterial blood activity distribution to reflect
parent tracer in plasma as input to compartmental or graphical tracer kinetic models. This,
however, presents a clinical obstacle due to the invasiveness of arterial blood sampling. Image-

derived input functions can be deployed to arrive at similar quantification without invasive blood
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sampling, but lacks corrections for PBR, PF, and f,. As demonstrated by Harms et al.,** venous
blood samples can be used in quantification of HED cardiac SNS imaging, but requires an
empirically derived venous-to-arterial transformation. Additionally, our study was completed
across two sites with minor differences in tracer administration and blood collection protocols
resulting in small timing inconsistencies in the data. These are unlikely to affect the quantitative
results presented.

Finally, the limited sample size of this study may obscure additional meaningful
differences in metabolism or pharmacokinetics between cohorts. The observed differences appear
to be offset and minimized by rapid clearance of activity from whole blood. The resulting input
functions suggest the validity of a single set of corrections for cardiomyopathy and control imaging

subjects.

5.2.7. New Knowledge Gained and Conclusion

Cardiomyopathy patients metabolize the sympathetic nervous system radiotracer
[*8F]flubrobenguane more slowly than healthy control subjects. This could lead to increased
radiotracer concentrations in circulating blood available for uptake into tissue and adrenergic
neurons. However, [*8F]flubrobenguane is rapidly cleared from blood in cardiomyopathy patients,
PTSD patients, and healthy subjects and therefore no statistical differences were observed in total
radiotracer availability in plasma over the course of imaging. Accurate quantification of
sympathetic innervation using [‘®F]flubrobenguane is unlikely to be confounded by metabolic
differences in cardiomyopathy patients.

We assessed the pharmacokinetic and metabolic parameters of the cardiac SNS tracer
[*8F]flubrobenguane (LMI11195) in target imaging populations. Slower tracer metabolism was
observed in cardiomyopathy patients compared to healthy volunteers. FBBG clears rapidly from
circulation and therefore disease-specific metabolite blood input corrections may be unnecessary

given comparable distribution in plasma.
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5.3. Supplementary Information

5.3.1. General Information

PTSD Recruitment:

Individuals with PTSD are veterans or members of the Canadian Armed Forces with a history of
military-related trauma recruited from the Operational Stress Injury clinic at the Royal Ottawa
Mental Health Centre. The Mini International Neuropsychiatric Interview as well as the Clinician
Administered PTSD Scale and the Life Events Checklist for DSM-5 were administered by a
trained psychiatrist to confirm a PTSD diagnosis.'® This study was approved by the Royal Ottawa
Health Care Group Research Ethics Board (#2018035).

Plasma Protein Binding:

Patient plasma was obtained through centrifugation (3200 RPM at 4 °C for 7 minutes) of a blood
sample collected prior to tracer administration. Around 750 kBq of FBBG was added to a 500 pL
aliquot of plasma, which was then incubated for 10 minutes at 37 °C. Approximately 400 uL of
the spiked plasma was loaded into the upper level of a Millipore ultrafiltration tube (Centrifree®)
with a 30,000 Da molecular weight cut-off. The remaining 100 uL was used to aliquot precisely
measured volumes (20 uL) into 3 counting tubes. The filtration devices were then centrifuged for
10 minutes at 3200 RPM. Once complete, the filtrate was aliquoted (20 uL) into 3 additional
counting tubes. The counting tubes were placed into a rack and activity was measured on a Hidex
AMG gamma counter. Triplicates were then averaged to determine the plasma protein binding for

each imaging subject.

Plasma-to-Whole Blood Ratio:

500 uL of whole blood was sampled from each timepoint. The blood vials were then centrifuged
to isolate plasma, from which 500 puL was collected. The aliquots were then placed on the y-counter
to determine their counts. At each timepoint, the ratio of activity in the plasma was then compared
to the whole blood to determine PBR.
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HPLC Metabolites:

Whole blood samples drawn during PET were centrifuged to isolate plasma. Plasma samples were
mixed with urea (1 g) and then diluted to 2 mL with water. They were then co-injected with
unlabeled FBBG on to a column-switching radio-HPLC?® equipped with a Waters OASIS HLB
capture column and a Luna 10 pm C18 100 A analytic column (250 x 4.60 mm). The capture
column was eluted with 1% MeCN/H20 for 4 minutes prior to valve-switching, at which point the
capture column was eluted in reverse direction and in line with the analytical column using 27.5%
MeCN/0.1 M ammonium formate buffer. Flow rates were 1 mL/min. The compound retention was
~16 min and was confirmed by monitoring the UV chromatogram. A fraction collector was used
to gather the eluate with 2 min resolution, then assayed for activity on a y-counter. Polar
metabolites were summed and compared to the parent compound to determine the fraction of
FBBG.
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5.3.2. Supplemental Figures
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Figure S5.1. Plasma-to-whole blood ratio, mean and 95% CI. (A) Measured PBR data, (B) PBR fitted
functions, (C) NORM, (D) NICM, (E) ICM, (F) PTSD.
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Figure S5.2. Parent fraction, mean and 95% CI. (A) Measured PF data, (B) PF fitted functions, (C)
NORM, (D) NICM, (E) ICM, (F) PTSD.
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Figure S5.3. Left atrial time-activity curves. Full cohort (A) 0-3 minutes; (B) 0-60 minutes. (C) NORM,
(D) NICM, (E) ICM, (F) PTSD.
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NORM, (C) NICM, (D) ICM, (E) PTSD.
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Figure S5.5. Parent plasma input function time-activity curves. After data normalization and formula
correction. (A) Full cohort, (B) NORM, (C) NICM, (D) ICM, (E) PTSD.
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5.3.3. Supplemental Tables

Figure S5.6. Characteristics of imaging subjects

NORM NICM ICM PTSD
n=>5 n=>5 n=>5 n=>5

Clinical Data

Male 5 (100) 3 (60) 5 (100) 3 (60)

Age (yrs) 51.0+7.38 62.4+4.3 68.0 £ 6.5 46.4 + 5.6

Caucasian 2 (40) 2 (40) 5 (100) -

BMI (kg/m?) 27.2+35 28.8+54 30.6+3.3 28.8+3.1

NYHA class (I/lI/111/1V) 0/0/0/0 1/3/0/0 2/2/0/0 0/0/0/0

Heart rate (mint) 62.6 £ 8.3 65.8+13.5 58.2+3.5 70.0+11.1

Systolic blood pressure (mmHgQ) 131.6 £11.1 131.2+22.6 133.6 £16.3 124.4+14.6
Imaging data

FFBG Dose (MBQ) 257.9+37.9 276.4£51.8 293.6 £19.6 257.6 £28.7

LVEF (%) 60.2+5.6 39.8+6.9 33.5+£8.0 62.4+7.0
Laboratory data

NT-proBNP (pg/mL) <50 392.6+443.8 428.6+319.2 67.3+5.1

Creatinine (uLM) 88.3+15.0 80.2+22.5 106.6 +48.1 80.5+22.6
Medications

B-blockers 0(0) 5 (100) 5 (100) 0(0)

ACE/ARB 0 (0) 2 (40) 1 (20) 0 (0)

Diuretics 0(0) 1 (20) 3 (60) 0 (0)

Lipid lowering agents 1 (20) 4 (80) 5 (100) 1 (20)

Values are n (%) or mean + standard deviation

5.3.4. Supplemental References

16.  Sheehan DV, Lecrubier Y, Sheehan KH, et al. The Mini-International Neuropsychiatric

Interview (M.1.N.1.): The Development and Validation of a Structured Diagnostic Psychiatric
Interview for DSM-1V and ICD-10. J Clin Psychiatry 1998;59(S20):22—-33.
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5.4. Extended Discussion

5.4.1. Lessons

We determined that a disease-agnostic input function may be sufficient for image analysis
and quantification with ['®F]flubrobenguane, likely due to its rapid clearance from circulation.
While our data was derived from venous sampling as opposed to the preferred albeit invasive
arterial sampling, the findings could be sufficient in indicating the pharmacokinetic and metabolic
profile of [*®F]FBBG. A study comparing venous sampling to arterial blood draws could further
demonstrate the validity of the method.

Additionally, we developed and corroborated a solid-phase extraction methodology to
separate flubrobenguane from its metabolites for determination of the parent compound fraction.
While HPLC is a reliable approach, not all facilities are outfitted with an instrument capable of
performing chromatographic separations; SPE on the other hand is more universally applicable

and requires very little that isn’t already present in most radiochemistry laboratories.

5.4.2. Perspectives

5.4.2.1. Conclusions

Flubrobenguane is a novel radiotracer undergoing investigation for imaging cardiac
sympathetic innervation. Studies indicate its potential as an imaging agent as well as its
comparability to [**CJHED. In our analysis, we assessed the pharmacokinetic properties of the
radiotracer as well as its metabolic outcomes in order to develop an input function for image
quantification. This was completed in multiple disease cohorts and healthy volunteers to determine
the potential differences across groups. We determined that a generalized input function would be

acceptable for [*8F]flubrobenguane image analysis.

5.4.2.2. Future Directions

The PAREPET Il study (NCT03493516, Prediction of ARrhythmic Events with Positron
Emission Tomography) is currently underway and is anticipated to be completed in 2025. Its
findings will inform on the potential for [*®F]flubrobenguane imaging of cardiac sympathetic
innervation to evaluate risks for sudden cardiac death. Given the current determinations on the
radiotracer, it shows great promise in acting as a stronger alternative to the gold standard [*!C]HED
due to its *8F label and the ability to be widely distributed.
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Chapter 6: Final Discussion
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6.1. Afterword

PET imaging has become an invaluable tool for both clinical use in diagnosis and patient
stratification, and in improving understanding of biochemical pathways in the body. The
development of PET radiotracers is a considerable process, often beginning with radiochemistry
and the synthesis of new target ligands. Many traditional organic syntheses are incompatible with
radiochemistry-specific considerations, primarily half-life management and the very low
concentrations of radioactive synthon produced, and so novel methodologies need to be prepared.
Following method development, radiotracers can be labelled and isolated for imaging studies,
whether it be for animal models or clinical patient evaluations. After image collection, proper
analysis of images is important to ensure accurate quantification and interpretation of the data.

In this thesis, radiochemistry using [1*C]CO2 was discussed in depth. Chapter 2 and chapter
4 detail the development of two methodologies to access 'C-amides and ''C-amino acids
respectively, using both fixation chemistry and isotopic exchange. Chapter 3 focuses on the
development of a !C-carbonyl-labelled radiotracer intended to be used for cardiac imaging.
Additionally, this thesis describes the validation of radiotracers via image analysis in clinical
patient cohorts; chapter 5 elaborates on the process of compartmental modeling and properly

interpreting collected images following PET studies.

6.1.1. Chapter 2

Traditional syntheses for amides prove ineffective or inefficient when translated to
radiochemistry. Many radiochemistry-specific approaches to *:C-amides are limited in their scope,
either requiring longer multistep syntheses to prepare sufficiently reactive intermediates or lacking
both reactivity and reaction control to access pharmaceutically relevant products. Seeing a need
for a general method, we sought to develop the synthesis of !C-amides using tuneable reactivity
and 1C-isocyanates prepared in situ.

In chapter 2, our work in Organic Letters with the rhodium-catalyzed coupling of
organozinc iodides and 'C-isocyanates is described. Extensive investigation of the chemistry
informed translation to radiosynthesis, followed by the preparation of a scope demonstrating the
capacity of the reaction. The modular nature of the method, being able to rapidly evaluate a series
of organozinc iodide nucleophiles alongside various isocyanate electrophiles, suggests potential

value in radiochemical compound library evaluations. Additionally, a derivatized *'C-amino acid,
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[*C]IN-acetyl glutamic acid, was prepared in line with our interest in amino acid biochemistry and
could be used for imaging studies.

Desiring improved reactivity and product diversity inspired additional investigation into
alternative organometallics, methods to prepare ''C-isocyanates, and targeting general synthesis
of 11C-carbonyls; our work in Chemical Communications, Chemistry — A European Journal, and
additional unpublished data is briefly discussed.

Access to 1C-amides remains a challenge with current carbon-11-labelling methodologies,
largely due to the need to form both the **C-N bond and the *C-C bond during radiosynthesis.
While Grignard reagents can be used to derivatize 'C-isocyanates, their excessive reactivity limits
their functionality. Organozinc iodides offer more versatility, especially given reactivity mediated
by rhodium catalysis, but they lack sufficient compatibility to access heteroatoms common in drug-
like molecules. Alternative organometallics have yet to solve this need; organostannanes do not
show a significant improvement in functional group tolerance, and while boronic acids have shown
promise in coupling with isocyanates to produce amides, the required catalytic systems remain
problematic with reagents for 'C-isocyanate synthesis in situ. No significant advances in 'C-
amide synthesis have been published since, and so *'C-amides remain an important target for
radiosynthetic method development.

However, given the potential compatibility of boronic acids and/or esters with
heteroaromatic moieties that we observed in our robustness assays, alternative means of accessing
HC-isocyanates that avoid the use of problematic phosphine ligands would be an area for
additional research. This could possibly be resolved using iminophosphoranes, as they undergo
purification prior to use in radiolabelling, eliminating problematic reagents; this opposes the
current Mitsunobu reaction that occurs in situ. Iminophosphoranes have been demonstrated to be
a promising means of access to *C-carbonyl compounds, especially in their ability to build out
sequential libraries with modular syntheses; our lab’s investigation into urea pharmacophores
consisting of amino acid building blocks demonstrates the ease-of-radiosynthesis of this approach.
Additional targets have also been accessed since with 1C-isocyanates, such as in the targeting of

additional *C-carbonyl compounds like *:C-benzimidazolones and *C-formamides.'?
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6.1.2. Chapter 3

Rev-erb is a key regulator of circadian biology, imparting significant control over
inflammatory processes in the body. The circadian clock has been demonstrated to play a vital role
in instigating cardiac inflammation following myocardial infarction and the strong inflammatory
response to its standard treatment — reperfusion. Pharmacological treatment of Rev-erb using (%)-
SR9009 shows promise in the management of cardiac inflammation, lowering activation of the
NLRP3 inflammasome. However, translation to human studies requires investigation into the
biochemical implications, as SR9009 has been found to also act independently of Rev-erb.

In chapter 3, (R)- and (S)-[**C]SR9009 were prepared to evaluate Rev-erb distribution and
dynamics. An enantiopure synthesis to conserve the stereocenter was developed so as to evaluate
variations in isomer imaging behaviour. Radiochemical optimization of reaction conditions
provided [**C]SR9009 in suitable yields for additional projects concerned with imaging.

Circadian effects on cardiovascular health have continued to be investigated in recent
years, regardless of the mechanism of action (i.e. whether it be through Rev-erb or downstream
effects from alternative effectors like LXRa). The circadian clock therefore remains a vital target
for pharmacological intervention to improve outcomes post ischemia and subsequent reperfusion,
or in a progressive and declining condition like heart failure. Regardless of the pharmacodynamics
of SR9009 treatment, the phenotypic response of its dosing results in improved cardiac outcomes
and function, and so it still offers great value in clinical care.

Nonetheless, our successful labelling of SR9009 with carbon-11 allows for investigation
into the behaviours of the drug once in the body. We can decipher additional information on its
distribution throughout the body with measurable uptake in tissues and organs of interest and can
evaluate the differences depending on the method of administration into the body. Further analysis
of its metabolism and method of excretion from the body could provide useful pharmacological
information for clinical trials in cardiovascular care.

Additional targets of Rev-erb could be worthy of investigation for both clinical care and in
radiotracer design, like SR9011 and the antagonist of Rev-erb, SR8278.2 Differences in affinity
for Rev-erb and for potential off-targets like LXRo may suggest a superior drug or imaging agent
depending on the results of the imaging studies and the conclusions on the source of

cardioprotective effects.
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6.1.3. Chapter 4

C-Amino acids are often either made with specific radiosyntheses tailored to each
individual target, or using the general Strecker synthesis with the scarcely available *C-synthon,
[*XCJHCN. With this in mind, a general synthesis for labelled amino acids would allow for more
widespread methodological adaptation, providing valuable biochemical studies and potential for
diagnostic purposes. In particular, variations in oxidative metabolism and higher concentrations of
circulating branched chain amino acids like leucine have been connected to cardiovascular
diseases and their prognosis.

Additional work from our lab, described in our work in the Journal of Labelled Compounds
and Radiopharmaceuticals, targeted the synthesis of *1C-phenylacetic acids using photochemical
methods. The preparation of 1'C-carboxylic acids has long been explored by the field, although
more reliable and improved methods are still in demand. Carbon isotope exchange (CIE) is a
growing focus for radiochemists and others preparing carbon-labelled products given the
simplicity of the reaction approach. The potential to label **C-carboxylic acids like in 'C-amino
acids could be addressed with CIE.

In chapter 4, our work in Nature Chemistry, Nature Protocols, and an additional upcoming
submission describes the carboxylation/decarboxylation reaction scaffold that allows for the
labelling of a-amino acids. Using aldehyde catalysts, stable isotope-containing amino acids are
condensed into Schiff bases which can then undergo carboxylation by *CO2, followed by
decarboxylation to provide the desired *C-amino acid. Seeking improvements to the *'C-labelling
methodology and wishing to simplify the process, we evaluated alternative catalysts and conditions
and demonstrated the reaction tolerance. Additionally, methods to derive L- and b-1*C-amino acids
were tested, with enantiomeric resolution providing enantiopure [**C]leucine for imaging.

Having already completed substantial optimization for the !C-labelling methodology,
continued investigation into asymmetric syntheses for L- and D-'!C-amino acids would be a
preferred next step. While evaluation of a chiral catalyst to promote protonation on one face of the
substrate yielded poor 'C-labelling results, the method worked successfully under different
conditions with alternative carbon isotopes. Identifying an aldehyde with more rapid reaction rates
capable of enriching the enantiomer prepared could provide simpler means of achieving
enantiopure *C-amino acids. Alternative catalytic additions such as a chiral Lewis acid might also

contribute to enantioenrichment such that resolution of the two enantiomers becomes easier.
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Given the interest in applying photocatalysis to carbon isotope exchange methodologies
discussed in chapter 4, there may yet be compatibility with the labelling of a-amino acids. Recent
work has employed photodecarboxylation in a very similar manner to yield amines from amino
acids; the potential for recarboxylation may be worth investigating.*

The branched chain amino acids — leucine, isoleucine and valine — have become
increasingly more relevant in the context of cardiovascular health in recent years. Imaging with
[*1C]leucine can provide vital information on the rates of oxidative metabolism within the heart,

and potentially offer diagnostic or evaluative insight into several cardiac pathologies.

6.1.4. Chapter 5

[*8F]Flubrobenguane is a fluorine-18-labelled radiotracer for imaging the norepinephrine
transporter; its potential in the evaluation of cardiac denervation and comparisons to [**C]JHED
were investigated by our team. Pharmacokinetic parameters required to construct an input function
are an important part of evaluating and analysing the derived images. However, previous studies
of [*F]FBBG employ a function derived from healthy volunteers and not the clinically-relevant
cohorts that would be undergoing imaging for disease diagnosis and prognosis.

In chapter 5, our work in the Journal of Nuclear Cardiology and the Journal of the
American College of Cardiology’s Cardiovascular Imaging details the evaluation of
[*8F]flubrobenguane in clinical imaging populations. In parallel to imaging studies conducted at
two clinical sites, we collected blood samples that were treated and analysed to determine
pharmacological and metabolic parameters. These were then used to develop disease-specific input
functions to evaluate the significance and any potential differences in biochemistry between
cohorts. Our findings determined that while there may be underlying differences in biochemical
behaviour amongst groups, a universal input function would be sufficient due to rapid clearance
rates. While more metabolically stable alternatives to [*F]FBBG exist, like [*2FJmFBG and other
novel targets in the literature, our findings determined we can still collect high contrast images in
spite of these rates of metabolism.

In addition to the development of disease-specific input functions for image analysis, | also
translated metabolite analysis from dual-column HPLC to a more practical SPE method that can

be much more easily adapted at imaging facilities. Not only could this be used for [*®F]FBBG
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blood analysis, the success in translating the method demonstrates the capability for other tracers

to also be analysed by this approach.

6.1.5. General

This thesis details significant advances in methodologies for both radiosynthesis and tracer
evaluation, intending to be adaptable and efficient for production facilities around the world.
Translational radiochemistry is an important concept to ensure that radiotracers and their synthetic
means of preparation are easily reproducible and practical; implementing radiochemical
methodologies depends on their simplicity and the ease in their syntheses, and so developing
methods that can be automated and adapted is paramount.

In chapter 2, milder organometallics than the literature standard of Grignard reagents were
used to prepare 'C-amides. The rhodium-catalyzed coupling of organozinc iodides with
isocyanates was completely automated on a radiosynthesis unit and included rapid in situ
preparation of 1'C-isocyanates and their subsequent derivatization. Isolation of these compounds
proceeded with ease, also demonstrating the modularity of these *C-carbonyl compounds to build
out SAR libraries. Additional methods to simplify current literature methods for *'C-carbonyl
compounds was completed.

In chapter 3, an enantiopure synthesis for SR9009 was developed. This is important as the
(R)- and (S)- enantiomers of a drug may exhibit differences in pharmacological effect and in
imaging characteristics. Our approach is simple and involves only one additional step to retain
stereochemistry and provide enantiopure product at the end as opposed to the industrial method
for the racemate. This was then used for radiolabelling to prepare [**C]SR9009 for imaging studies
to provide additional information on the context of its mechanism of action. The synthesis was
automated and includes reformulation of the radiopharmaceutical for imaging studies.

In chapter 4, a novel approach to !C-amino acids was developed. This method is very easy
to reproduce, requiring the purchase of easily-accessible amino acids and simple aldehyde
catalysts. The automated carbon isotope exchange is compatible with chiral resolution techniques
to isolate pure L- or p-!C-amino acids for imaging. This method is far simpler than current
literature as it can be generalized to all amino acids, and doesn’t require secondary synthons of
carbon-11 that might be difficult to prepare. Direct carboxylation with [**C]CO2 remains one of

the most efficient means of introducing carbon-11 into molecules.
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Finally, in chapter 5, image-derived input functions simplify the PET technician’s
workflow in image analysis. With our data suggesting the use of a universal input function being
sufficient, we obviate the need to develop disease-specific metrics requiring constant blood
sampling from imaging subjects. [**F]JFBBG has been demonstrated to be a similar tracer to the
current standard in [*!C]JHED, allowing for an increase to its distribution potential with the longer-

living fluorine-18 radioisotope.
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