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Abstract / Abstrait

Histone deacetylases (HDACs) is a family of epigenetic enzymes which control vital biological processes,
most importantly gene activation. Dysregulation of HDACs in the brain is implicated in Alzheimer’s and
Parkinson’s diseases, and neuropsychiatric disorders. Mapping of HDAC levels within the normal and
pathological brain can be accomplished via positron emission tomography (PET) using recently developed
tracers [1!C]Martinostat and [*®F]Bavarostat. Widespread use of these tracers is hampered by their
challenging radiosynthesis and poor radiochemical yields. We developed new potential HDAC PET tracers
while leveraging the superior radiochemistry of silicon-fluoride acceptors (SiFAs). When attached to
silicon, non-radioactive °F can undergo isotopic exchange with PET radioisotope 18F under mild
conditions with high RCY. The resulting tracer is chemically identical to the precursor, negating the need
for HPLC purification. SiFA usefulness is usually limited by their poor pharmacokinetic properties due to
the bulky lipophilic groups required to prevent hydrolysis of the Si-F bond in vivo. However, in this case
lipophilicity of these groups is leveraged to confer blood-brain barrier permeability, similarly to the
adamantyl group. Pharmacokinetic properties can be further tuned by using diverse heteroaromatic rings.
Using presented scaffolds, we developed new potential tracers for neurological HDAC imaging while
maintaining high radiochemical yields of SiFA technology

Les histones désacétylases (HDACs) forment une famille d'enzymes épigénétiques qui régulent des
processus biologiques vitaux, notamment I'activation des genes. La dysrégulation des HDACs dans le
cerveau est impliquée dans les maladies d'Alzheimer et de Parkinson, ainsi que dans les troubles
neuropsychiatriques. L'élucidation des niveaux de HDAC dans le cerveau normal et pathologique peut étre
réalisée grace a la tomographie par émission de positons (TEP) a I'aide de traceurs récemment développés
tels que le [1!C]Martinostat et le ['8F]Bavarostat. Cependant, I'utilisation de ces traceurs est entravée par
leur radiosynthése complexe et leurs faibles rendements radiochimiques. Nous avons développé de
nouveaux traceurs potentiels de TEP pour les HDAC en exploitant la radiochimie supérieure des accepteurs
de fluorure de silicium (SiFAs). Lorsqu'ils sont liés au silicium, les atomes de fluor non radioactifs °F
peuvent subir un échange isotopique avec l'isotope radioactif de la TEP 8F dans des conditions douces et
avec un rendement élevé. Le traceur résultant est chimiquement identique au précurseur, éliminant ainsi
la nécessité de la purification par HPLC. La valeur des SiFAs est généralement limitée par leurs médiocres
propriétés pharmacocinétiques en raison des groupes lipophiles volumineux nécessaires pour prévenir
I'hydrolyse de la liaison Si-F in vivo. Cependant, dans ce cas, la lipophilicité de ces groupes est exploitée
pour conférer une perméabilité a la barriere hémato-encéphalique, de maniére similaire au groupe
adamantyle. Les propriétés pharmacocinétiques peuvent étre ajustées davantage en utilisant diverses
structures hétéroaromatiques. A I'aide des structures présentées, nous avons développé de nouveaux
traceurs potentiels pour l'imagerie des HDAC neurologiques tout en maintenant des rendements
radiochimiques élevés grace a la technologie des SiFAs.
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IC50 half-maximal inhibitory concentration

iPrMgCl isopropyl magnesium chloride

IR infrared (spectroscopy)

J coupling constant

K222 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane

Ki dissociation constant

LAH lithium alluminum hydride

LiHMDS lithium bis(trimethylsilyl)amide

m multiplet or milli

m/z mass to charge ratio

mCPBA meta-chloroperoxybenzoic acid

MeCN acetonitrile

MeOH methanol

min minute(s)

MHz megahertz

mol mole(s)
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MsCl

n-Buli

NMR

oTf

PEG

PET

PPh3

r.t.

Rf

SAHA

sec

SiFA

TBAF

TBAI

TBDMS

tBu

t-Buli

TFA

THF

THP

TLC

TMS

methanesulfonyl chloride
n-butyl lithium

nuclear magnetic resonance
trifluoromethanesulfonate
Polyethylene glycol

positron emission tomography
triphenylphosphine

quartet

room temperature

retention factor

singlet

suberoylanilide hydroxamic acid
second(s)

silicon fluoride acceptor
tetra-n-butyl ammonium fluoride
tetra-n-butyl ammonium iodide
tert-butyldimethyl silyl
tert-butyl

tert-butyl lithium
trifluoroacetic acid
tetrahydrofuran
tetrahydropyran

thin layer chromatography

trimethylsilyl
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TMSOTf

Yamaguchi's reagent

trimethylsilyl trifluoromethanesulfonate

2,4,6-trichlorobenzoyl chloride
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Chapter 1: Introduction

1.1 Origins of Positron Emission Tomography

In 1929, physicist Paul Dirac postulated the existence of anti-particles with the same mass as electrons but
holding an opposite charge®. Their existence was confirmed in 1932 by Carl Anderson who coined the term
“positron” (B*) to describe these particles. During the 1930s, several groups studied B*, and determined
that certain radioactive isotopes are capable of emitting them, and also determined that they will undergo
annihilation when they collide with an electron, forming two beams of gamma radiation. This annihilation
must satisfy the law of conservation of linear momentum and total energy, which means the pair of gamma
photons are always emitted at 180° from each other to produce no net momentum in the system, and the
beams of gamma radiation are always 511 KeV in energy due to conversion of the mass of the particles
into emitted energy described by the equation E = mc?. This annihilation event forms the core principle of
positron emission tomography (PET) as it is possible to simultaneously detect the two gamma rays and
trace backwards to find the point of annihilation. By combining a B* emitting radioisotope with a chemical
vector that is capable of binding to a biologically important endogenous target in vivo (also known as a
biomarker), it's possible to create a non-invasive tool that can visualize in vivo distribution and
concentrations of the probe target. PET imaging can visualize both typical and pathological activity in
tissues, and is an indispensable tool today for disease diagnosis and treatment, as well as for biological
studies and drug development®.

PET radioisotopes are produced using compact circular particle accelerators called cyclotrons which
produce energetic particle beams to generate different radioisotopes by bombarding various targets. The
first cyclotron was created by Ernest Lawrence in 1930 at the University of California, Berkley and used the
same concepts that modern accelerators still use*. An unwinding spiral path that passes multiple times
through two D-shaped electromagnets (a so-called “dee”) and a cleft between them. The particles move
with a constant speed and radius within the magnetic field, but accelerates in the electric field with every
pass through the cleft, while a deep vacuum is maintained within the path to prevent loss due to molecular
collision with gas particles. As the particles accelerate, their path also increases by the increasing radius of
the path, eventually producing a highly energetic beam by the time it reaches the target at the end®>.
Lawrence proceeded to build a larger version with Stanley Livingston and David Sloan using stronger
electromagnets and incorporating a second dee opposite the first, managing to produce a 1.2 MeV proton
beam in 1931°. Though rudimentary compared to modern cyclotrons which can produce beams up to 2600
MeV using as many as 8 electromagnets®, these early cyclotrons were used to good effect to produce an
abundance of new synthetic radioisotopes during the 1930s’. The first human PET imaging experiment
was performed in 1945 by the Tobias group, who wanted to determine the fate of inhaled CO in humans.
Several test subjects were made to inhale [*!C]CO followed by pure oxygen, and the radioactivity of the
various organs were measured using a Geiger counter, along with the exhaled CO; collected in soda lime,
and the group determined that inhaled CO can be excreted?®.

After an initial burst of interest for PET radioisotopes in the 1940s, their use declined due to prevailing
skepticism that their short half-lives would not be useful for biological applications. At the same time, the
discovery of the long-lived **C offered a more flexible label for biological studies. However, by the mid
1950s, better detector technology were developed that could take advantage of the simultaneous gamma
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ray emissions of B* annihilation”®. In 1951, both the Wrenn, Good, Handler and Sweet and Brownell groups
reported that it was possible to find the source of the simultaneous gamma emission of f* annihilation by
placing newly-designed scintillation detectors opposite to each other'® !, In 1953, Sweet constructed a
PET scanner that could be used to detect brain tumors using two scintillation detectors mounted in
parallel, and rigged to move together in a linear fashion. Improvements on scanners continued throughout
the 1960s and 1970s with Rankowitz and Robertson designs using a circular array of 32 scintillation
detector that is capable of scanning an entire horizontal slice, Kuhl and Edwards’s developing the concept
of overlaying the radioactivity map with body structures scan'?, and Cormack, Hounsfield, and Ambrose’s
work on producing of image reconstruction algorithms®® 1*, By the 1970s, short-lived PET radioisotopes
like 0, BN, IC, and F found significant renewed interest due to their ability of producing higher
resolution images compared to techniques using single photon emitter isotopes. Ter-Pogossian, Phelps,
and Hoffman in collaboration with Oak Ridge National Laboratory constructed the PET tomograph for
human imaging with 96 detectors in 1973. The group injected [*'C]D-glucose into human subjects to
produce the first human PET scans of glucose metabolism, as well as studies using *NHz and 'CO to image
various organs*®. Today, PET/CT scanners employ hundreds of thousands of scintillation detectors and can
achieve spatial resolutions of 2 — 3 mm using a wide variety of PET tracers for numerous biological targets®
14,15 The nomenclature for cyclotron nuclear reactions is presented as “Target Material (Beam Type,
Emission) Resulting isotope”. For example, the irradiation of 80 by a beam of deuterium to produce 8F
with an emission of an alpha particle wall be written as ?°Ne(d, a)*F.

A radiopharmaceutical is a group of drug compounds that contain radioactive isotopes for therapeutic or
diagnostic purposes. Radioactivity is measured in the Sl unit Becquerel (Bq) or non-SlI but still widely used
unit Curie (Ci). One Becquerel is defined as the amount of activity that gives rise to one nuclear
disintegration per second (s), and can be directly interconverted with Curie where 1 Ci = 37 MBg. Another
relevant property in medicinal applications is the intensity of ionizing radiation the product emits, or the
radiation dose measured in Gray (Gy) or Sieverts (Sv) as this is the measure that determines the
effectiveness of the therapeutic radiopharmaceutical and dictate the final dose administered to the
patient. The yields of radiochemical reactions are described in terms of radiochemical yield (RCY), which
is the radioactivity of the product divided by the input radioactivity corrected for the decay to the same
time, rather than overall chemical yields of the reactions. RCY reporting can be given either as decay
corrected where product radioactivity is back-corrected to omit decay loss due to reaction time to better
represent the reaction efficiency, or non-decay corrected where the product activity is reported directly
to give a better representation of final product properties. This difference in reporting can result in very
significant differences depending on isotope half-life and reaction time. The consensus in recent
nomenclature is that RCY should be reported after correction for decay?®.

1.2 PET Radioisotopes

A PET tracer is a type of radiopharmaceutical used for non-invasive in vivo imaging of important biological
targets that employs a radioisotope that decays by positron emission. In order to produce a PET tracer, a
PET radioisotope is combined with a chemical vehicle capable of binding to the biological target of interest.
Generally, the synthesis process involves pre-fabricating a cold precursor ready to be loaded with the
isotope, producing the isotope and immediately performing the radiolabeling reaction as quickly as
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possible, isolating and purifying the tracer, then sterilization and formulation of the radiopharmaceutical
into an injectable matrix before being quickly administered to a patient®. The choice of isotope (Table 1-
1) is an important decision in tracer design, with the half-life, emission properties, and available labeling
chemistries being the most important factors to consider.

Entry Radioisotope Half-Life Positron Energy E,ax (KeV) Positron decay (%)
1 6By 16.2 h 1310 54
2 e 20.3 min 961 100
3 62Ccy 9.8min 2910 98
4 64Cu 12.8 h 656 19
5 18 110 min 634 97
6 52Fg 8.2h 800 57
7 66Ga 9.5h 4153 56
8 68Ga 67.6 min 1899 89
9 124 424d 2100 23
10 52Mn 134.2 h 0.58 29
11 BN 10.0 min 1190 100
12 50 2.1 min 1732 100
13 82Rb 76's 3150 95
14 94mTe 52.5 min 2470 72
15 86y 14.7h 3150 34
16 89zr 78.4h 897 23

Table 1-1: List of common PET radioisotopes and their emission properties!’

All PET radioisotopes will decay to stable products, so the produced tracer will only have a limited lifespan
before it no longer has sufficient activity to produce a good image. It is important that the half-life of the
chosen radioisotope is long enough to complete the chemical incorporation with the precursor, and the
final tracer needs to match the biological timescale to provide adequate sensitivity while minimizing
unnecessary radiation burden to the patient. Certain antibody — receptor binding processes may require
several hours after injection to reach equilibrium with their target!” and so must be conjugated with longer
lived isotopes like 84Cu (t12 = 12.8 h), 8Zr (ti» = 78.4 h), or 2%l (t12 = 4.2 d). Short-lived isotopes such as
150 (Entry 12) and N (Entry 11) are limited to very fast processes, as their half-lives do not usually allow
for complex chemical transformations. The transportation time to move PET tracers from the
manufacturing sites to the imaging facility can also impose significant logistical challenges depending on
the isotope used, and may limit the availability of tracers that make use of these isotopes to sites with
production capabilities on the premises.

As time passes between isotope production and injection the A, of the tracer will decrease, which may
impact the quality of the resulting PET image. Generally, the nature of the biological target will influence
the stringency of A, requirements for the particular tracer. Higher A, is needed to achieve good image
quality without eliciting a physiological response for easily saturable targets. As a rule of thumb, only ~1%
of targets should be bound by the imaging agent in order to prevent negative effects in the patient (i.e.
the tracer principle)®. For example, a tracer based on highly bioactive scaffolds such as [*!C]carfentanil
used to investigate p-opioid receptors has an injection limit of <0.03 pg/kg resulting in an A, requirement
of >75 GBg/umol at injection to use'®. Even more extreme, the tracer (+)-['®F]flubatine designed using a
highly toxic epibatidine alkaloid scaffold requires an A, >700 GBg/umol®. On the other hand, tracers
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based on scaffolds of endogenous molecules like amino acids, fatty acids, or sugars typically have much
less strict An, requirements as there is low chance of toxicity and may go as far as only having total activity
injection requirements??.

Emitted B* also have different starting kinetic energies as they leave the nucleus depending on the isotope
source, which has an impact on image resolution. A higher kinetic energy means a longer average travel
distance before annihilation, resulting in blurring of the PET image. Low energy emitters like 8F and ®*Cu
have average B* travel distances lower than 1 mm in tissue which will provide high-resolution images,
while high energy emitters like N, 1°0, ®8Ga, and ?*| will have some degree of blurring. Current full-body
PET imaging devices typically only have resolution of ¥4 mm meaning the blurring from B* travel range is
minimal for use in full body scans, but the impact may be fairly significant for applications like brain
imaging or small animal scans which require much higher resolutions?2.

B*:1.2%
EC: 1.8%

67.6 min
68Ga

1.57 ps
B*: 87.7%

. 0,
EC: 8.9% 1,077 MeV

Stable

GBZn

Figure 1-1: Different decay paths of %8Ga*

PET radioisotopes can also undergo a mixture of different decay paths that produce non-B* emissions,
reducing the detectable signal of the isotope. Additionally, the extraneous emissions can also contribute
to signal contamination to reduce image quality. For example, ®3Ga decays to %®Zn by B* emission (Figure
1-1) 89 % of the time and 11% by electron capture which is lost signal. Of the " emission, 87.7 % decays
directly to the ®Zn ground state, while the remaining 1.2% decays to an excited state of 8Zn which decays
to the ground state through emission of an additional gamma photon at 1.077 MeV. Since PET detectors
are tuned for the 511 KeV radiation emitted by B* annihilation, this emission does not directly interfere
with scans, but it has been found to still contaminate the PET signal through a scattering interaction with
tissue to generate lower energy gamma radiation within the detection range of most PET scanners. The
same issue is present through the electron capture decay pathway, which does not contribute to a
detectable PET signal but still results in signal contamination as 1.8 % of the decay path goes to this same
excited state??.

Isotopes also have different available chemistry to them for incorporation into tracers. Radiometals, such
as ®Cu and ®8Ga are currently limited to incorporation by chelation, which means a suitable chelator
moiety must be designed into the probe rendering them unsuitable for applications in brain imaging due
to their size. The available incorporation chemistry is also closely related to the half-life as the PET tracer
needs to be synthesized, purified, sterilized, tested, and injected into the patient within the span of a few
half-lives. This means most traditional synthetic reactions, particularly the ones requiring overnight
stirring, are incompatible with very short-lived isotopes like 0 and 3N, and they cannot usually be
incorporated into complex molecules fast enough to produce a tracer with high A.. Besides time
constraints, it is also preferable to complete radiolabeling reactions within as few steps as possible when
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using isotopes with relative short half-lives such as 1C, '8F, or 1%4| so ideally the reactions should be fast,
simple, and highly tolerant to functional groups!’. Commercial synthesis of PET tracers is usually
performed using automated synthesis modules to allow safe handling of the high amounts of radioactivity.
Depending on the labeling method, synthesis automation can often pose significant technical challenges
as these systems are only capable of simple operations like fluid transfer, mixing, and heating. Small
reaction volumes, sensitive manipulations, and unconventional reaction setups all introduce complications
that can limit the widespread usability of a labeling strategy, even if manual synthesis produces good
results®. Therefore, tracer design and labeling strategies also need to take into account the user
friendliness of its steps in order to have a successful translation into the clinic.

Finally, PET tracers need to conform to all the biological targeting requirements that normally applies in
drug development. The radioisotope needs to be incorporated into a drug platform that is capable of
quickly delivering the isotope to its intended target with high selectivity and specificity in order to obtain
a high-quality image. In order to achieve good image resolution while minimally impacting the biological
function of the target, PET tracers are typically radiolabeled using the minimum quantity of starting
material possible. This means that the resulting tracer typically need nanomolar binding affinity towards
its target due to the relatively small quantity of injected drug material?*. Off-target or non-specific binding
would also negatively impact the PET image by creating background noise that interfere with target
visualisation. The metabolic stability of the full drug construct also needs to be carefully evaluated.
Radiopharmaceuticals are almost always administered intravenously, and degradation of the tracer by the
kidneys and liver will usually begin to occur within minutes of injection. Biological half-lives of the tracer
need to be adequately long to allow for the tracer to accumulate sufficiently at the target in order to obtain
good signal to background ratios, but very few tracers can resist extensive metabolism in vivo over the full
duration of a PET scan session irrespective of radionuclide used?®.

1.3 8F PET Tracers

With excellent decay properties of both low energy at 634 KeV and a high 97% decay by B* emission with
only 3 % by EC with no interference, '8F is capable of producing excellent resolution images. Additionally,
with its superior half-life of 110 min, it’s long-living enough to undergo complex synthesis and transport
spanning up to several hours while still offering good A, for injection, but is short-lived enough to limit the
radiation dose to the patient®®. With these properties, ¥F has become the most popular radioisotope used

for PET tracers and makes up the majority of FDA approved commercial products®?’.
Entry Target Beam Product  Approx. A, (GBg/umol)
1 ['®0]0, H* ['8FIF, 0.600
2 Ne 2Ht ['®FIF, 0.100
3 ['80JH,0 H* BF aq) 600
4 H,0 *He* 8F aq) 50

Table 1-2: Methods of *8F Production by Cyclotron?’

Several nuclear reactions are available to produce 8F by cyclotron for either electrophilic or nucleophilic
incorporation into PET tracers (Table 1-2), but the most widely used are proton beam bombardment of
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water or of O, gas enriched with the stable isotope of oxygen 0. The nucleophilic form of fluoride forms
in water as 8F (.4 and has a much higher A, and is thus the preferred form for tracer production, requiring
~1 h bombardment of [*¥0]H,0 in a cyclotron (Entry 3). It is also possible to use naturally abundant
[**0]H,0, but this method requires a costly *He source (Entry 4). The electrophilic form of ¥F is produced
as [*®F]F, gas usually using deuteron bombardment of neon (Entry 2) or proton bombardment of [*¥0]0,
gas (Entry 1), depending on the target material and beam source availabilities. The drawback of resulting
[*8F]F, gas is a tendency to be absorbed by transfer tubing requiring the addition of non-radioactive F, gas
as a carrier to extract it out of the cyclotron’s target. This results in cyclotron-produced electrophilic 8F
having a much lower A, compared to its nucleophilic form, reducing its usefulness?’.

18F has been used for radiolabeling of a wide variety of complex targeting moieties including small organic
molecules, metabolic derivatives like carbohydrates, amino acids, and steroids, and higher molecular
weight compounds like peptides, proteins, and oligonucleotides. The most common metabolic pathway of
18F radiotracers is defluorination by cytochrome p450 oxidase, resulting in release of anionic 8F . The free
18F-is quickly taken up by the bone apatite®® and thus the metabolic stability of ‘®F radiotracers can be
approximated by measurement of bone PET signal. The most widely used PET tracer today is the ¥F-based
glucose derivative 2-deoxy-2-[*®F]fluoro-D-glucose ([*®F]FDG) originally reported in 1978 by Ido et al.
mostly used for cancer imaging but has wide variety of applications?.

To produce a novel *8F PET tracer, late-stage incorporation into a complex scaffold must be undertaken in
order to minimize loss due to decay. Numerous fluorination reactions are known, but many are not suitable
for application in this context. In order for a fluorination method to be viable for *8F, it should ideally have
a fast reaction time of only a few minutes, as well as having very good orthogonality and functional group
tolerance to minimize purification complexity of the molecule after radiosynthesis®®. Methods to
incorporate 8F in aliphatic and aromatic scaffolds have been explored since the 1960s, and today a variety
of methods exist in the radiofluorination toolbox to accommodate a wide variety of scaffolds and
functional groups®.

1.4 Electrophilic Radiofluorination

Due to the low A, use of electrophilic ¥F is typically limited to the substrates incompatible with
nucleophilic fluorination methods!’. Though available to be used as fluorine gas directly from the
cyclotron, the highly reactive nature of [*®F]F, requires careful control of the reaction temperature or
highly dilute solutions. Fluorine gas can be converted to less reactive fluorination reagents such as xenon
difluoride, trifluoromethyl, perchloryl fluoride, or acetylhypofluorite before use to reduce reactivity3® 3.
The most prominent example of electrophilic fluorination is with the original synthesis [*®F]FDG in 1978,
which was fluorinated by both [*8F]F, (Scheme 1-1) and CFsOF*2,

1. 8F[F,) OH
aco TA° CClqF, ~78°C HQ
AcO 2 2. HCI, 130 °C HO :

F “oH
11 12

Scheme 1-1: Radiofluorination of [¥F]FDG
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Highly reactive electrophilic fluorination agents can be used to directly fluorinate electron-rich arenes, but
this often results in poor stereoselectivity which can significantly complicate purification due to undesired
side reactions. For example, Murali et al. aimed to produce 6-[*®F]fluoro-m-tyrosine 1-4 using direct
electrophilic fluorination for PET imaging aromatic L-amino acid decarboxylase enzymes [*®F]F, was
converted to the less reactive [*F]CHsCOOF by passing through a column of NaOAc-3H,0 and subjected
precursor to direct fluorination hoping to use substituent effects to direct fluorination positions on the
ring. However, though they did produce the desired regioisomer as the major product, they also produced
significant quantities of both the 2-fluoro 1-5 and 2,6-difluoro 1-6 products resulting in a poor overall yield
and requiring extensive purification (Scheme 1-2)33,

E 8F (or F)
NH; [18F]ACOFH
COOH COOH COOH
AcOH 18p 18F (or F
OH
13 22.0 % 21.9% 8.5%
1.4 1-5 1-6

Scheme 1-2: Radiofluorination of [*®F]fluoromethyl-m-tyrosine

OMe

OMe OMe OMe
CF3;COOH E
—_— + +
CFCl;, -78 °C
F
1-7 Rel F
- elative
distribution: 35
1-8 1-9 1-10
OMe
CFCI3 -78°C <j/ <j\
Sn(CH3)3 Rel F Sn(CHg)3 Sn(CH3 3
elative
1-1 distribution: 70.4 1.6

1-8 1-12 113
Scheme 1-3: Regioisomer distribution of direct fluorination and fluorodestannylation reactions

The poor selectivity of aromatic electrophilic substitution has since been addressed in several ways.
Coenen and Moerlein found that demetallation strategy by employing trimethyltin, trimethylgermanium
and trimethylsilicon derivatives of the aryl starting material 1-7 can significantly improve regioselectivity,
with the tin derivative 1-11 being the most efficient substrates in this reaction (Scheme 1-3)3* %, This
method is well known for the applications in preparation of L-[*8F]-fluoro-DOPA 1-15, a PET tracer used to
image dopaminergic neurons for diagnosis of Parkinson’s disease that has electron rich ring that is difficult
to fluorinate by nucleophilic means. Namavari et al. used destannylation to achieve a decay corrected RCY
of 1-15 of 25% (Scheme 1-4)%°.
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SnMej; 1. [18F]F2 18

CFCl3, 10 min, r.t.
BocO I HO
COOEt 2. HCI COOH
reflux, 5 h

BocO HOH,CHN HO HoN
1-14 1-15

Scheme 1-4: Radiofluorination of L-[*8F]-fluoro-DOPA

Milder and more selective electrophilic N-8F fluorination agents were also developed by several groups
(Figure 1-2). [*®F]-N-fluoropyridinium triflate 1-16 and [*F]-N-fluoro-2-pyridone 1-17 were both
synthesized by Oberdorfer et al. through ['®F]F; fluorination of trimethylsilylpyridinium triflate®” and 2-
(trimethylsiloxy)-pyridine, respectively®®. Satayamurthy et al. synthesized a series of [*®F]-N-fluoro-N-
alkylsulfonamides and found [*®F]-N-fluoro-endo-norbornyl-p-tolylsulfonamide 1-18 to be the most
reactive as a fluorination reagent. These [*F]N-fluoro compounds are often used for radiolabeling
Grignard and organolithium precursors (Scheme 1-5)%,

O O\ Az

| N—S
18p OTF 185 8l

1-16 1-17 1-18

RV Vs N
S\ S [ D

13; N*
1-19 120 g

Figure 1-2: [*8F]N-fluoro compounds used for electrophilic radiofluorination

Teare et al. reported the synthesis and use of [*®F]N-fluorobenzenesulfonimide 1-19 which can be used
for radiofluorination of allylsilanes and trimethylsilanol ethers*,

X . A
| ["°FIF, |
N _— e + B F—gi—
| oTf MeCN, -42 °C p OTf
SiMes 8F
1-21 1-16
X
| .
N*
M | 18,
9¢ 18p OTF F
—_—
THF, 5 °C
122 1-23

Scheme 1-5: Preparation of and radiofluorination using [*8F]N-fluoropyridinium triflate

The same group also managed to produce [*®F]Selectfluor 1-20, the 8F version of a commercial reagent
commonly used for electrophilic fluorination, and successfully used it to radiofluorinate arylstannanes
catalysed by AgOTf, achieving ~18 % decay corrected RCY (Scheme 1-6)*1.
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SnR'; 18 ' 18
AgOTHf, ['8F1Selectfluor

- i
R\% | acetone, 65 °C \/ | i [ D
1-20 kcl

['8F]Selectfluor

Y
N

R'= Me, Bu

Scheme 1-6: Radiofluorination using [*®F]Selectfluor

Though useful in achieving milder labeling conditions with superior selectivity, these [*®F]N-fluoro
compounds require high An in order to produce appreciable RCY in the final product. To improve An,
Bergman and Solin introduced a strategy to produce [*®F]F, by using a high A, nucleophilic fluoride.

'
e
18 . o] CO o
K222, ['8FIKF 20-30 KV .
CHjl  ————  [8FICH.F —>  [%FF,
MeCN ' (o) (O 0
: K/N\)

K222
Scheme 1-7: Generation of high An, [*®F]F, by electrical discharge chamber

18F[KF] with Kryptofixa;, (K222) are standard nucleophilic radiofluorination conditions which will be
discussed in Section 1.6. This complex is reacted with iodomethane through nucleophilic substitution to
produce [*F]CHsF at 75 % RCY. The [*®F]CHsF is then purified by gas chromatography and transferred to an
electric discharge chamber preloaded with carrier fluorine gas. When subjected to electrical discharge,
[*8F]CHsF releases [*8F]F, at a higher An, than the cyclotron-produced [*¥F]F, (Scheme 1-7)*2 which Teare et
al. used to produce the high A, [*®F]Selectfluor 1-20 used in their methodology’®. However, widespread
use of this reagent has not been adopted despite its usefulness in radiosynthesis this method requires an
electrical discharge chamber, significantly increasing process complexity for tracer synthesis*.

Significant developments in synthetic strategy have made electrophilic 8F useable in some situations, but
the biggest hurdle yet to be overcome is low An. Though historically many PET tracers were originally
synthesized by electrophilic means, its use has since been surpassed by nucleophilic methods to produce
higher A tracers.

1.5 Preparation of [*®F]fluoride for Nucleophilic Radiofluorination

The most practical F-fluorination method uses ®F q) produced by bombardment of [*¥0]H,0 in the
cyclotron, followed by delivery is from the target without the addition of a non-radioactive carrier.
However, aqueous 8F (.4 must typically be dehydrated before it can undergo further reactions. Although
fluoride is a good nucleophile, it has strong H-bonding interaction with water and become strongly
hydrated (AHhyqr = 506 kJ/mol)*° which deactivates it towards nucleophilic reactions. Typically, *¥F(,q) from
the cyclotron is trapped on a strong anion exchange (SAX) cartridge, which is packed with polymeric
material functionalized with quaternary ammonium groups. The excess [*0]H,0 is thus removed for
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subsequent recovery and the cartridge can be rinsed with water to remove impurities. ¥F is then eluted
by displacing it with a base, usually a poor nucleophile base such as carbonate or bicarbonate in a solution
of acetonitrile (MeCN) with a low water content, typically 10-15 %

Azeotropic Drying Method

Anhydrous "Munich" Method

1. Trap Fluoride . R . . .
on Anion Exchange Cartridge 2. Elute Fluoride 3. Azeotropic Distillation 2. On-cartridge Drying 3. Elute Fluoride
K222/KHCO4 ['8FIKF/K222
18F-in ['80]H,0 or ['8FITBAF MeCN + Argon/N, K222/KOH
TBAHCO3 Aqueous Eluent
v VW
hIlls,:. '!lr!CHO:{ MeCN rLlsF_ ’LQH'/TSO'
/l\ /l\ Heat + vacuum /l\ /l\
18
FIKF/K222
18 [ 181 ! ['8FIKF/K222 Residual water
["®OH]H20 ["°FITBAF 18 ['®FIKF/K222
. ['"*FITBAF MeCN
discarded Aqueous eluent . Ready for Use
Ready for use discarded
collected

Figure 1-3: Methods for producing nucleophilic *¥F for radiofluorination

In order to improve the solubility and nucleophilicity of free fluoride in organic solvents, the counterion
used for the fluoride is either bulky such as tetrabutylammonium (TBA), or an alkali metal like potassium
enclosed within a crown ether 18-crown-6 or a kryptand kryptofix 2.2.2 (K222) which provide “naked”
fluoride due to charge separation. This solution is used to elute the fluoride from the cartridge. The water
in the eluate is then removed by azeotropic distillation with MeCN under vacuum for a few minutes to
produce sufficiently anhydrous free fluoride in the form of [*®F]KF/K222 or [*®F]TBAF for nucleophilic
reactions. However, it is difficult to achieve completely anhydrous conditions with this method and trace
guantities of water will usually be present despite best efforts. Under these basic conditions, trace water
can produce free hydroxide which may contribute to competing hydrolysis or elimination reactions
resulting in the formation of by-products*. Small variations in the azeotropic drying process are acommon
issue in RCY consistency from batch to batch, and some fluoride will always be lost during drying due to
its volatility and absorption into the walls of drying vessels®.

Azeotropic drying can be avoided entirely by eluting fluoride using anhydrous MeCN, but elution from SAX
cartridge in this case requires strong base such as hydroxide in the eluent rather than weak carbonate
bases. This approach is so-called “Munich method” of fluoride preparation, where fluoride is first captured
on an anion exchange cartridge and washed with anhydrous MeCN and blown with dry argon to remove
residual water. Next, a pre-complexed mixture of KOH/K222 is dissolved in anhydrous MeCN and used to
elute the fluoride to produce an anhydrous solution of nucleophilic [*®F]KF. However, careful control of
eluent quantity is required as this method results in large excess of hydroxide in the labeling solution.
Therefore, careful neutralization and buffering with weak carboxylic acids, such as oxalic acid is needed to
limit hydroxide competition while maintaining fluoride nucleophilicity (Figure 1-3)% 47,

1.6 Nucleophilic Aliphatic Radiofluorination
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Direct nucleophilic radiofluorination of aliphatic substrates proceeds via an Sx2 mechanism, and reactions
are typically performed at elevated temperatures up to ~100 °C in order to achieve suitably rapid reaction
times. High temperatures in combination with the basic conditions means many substrates are susceptible
to B-elimination to form the corresponding styrene, as well as competition by hydroxide to form alcohol
side products. The presence of these side reactions also means products almost always require high
performance liquid chromatography (HPLC) to purify the product after synthesis. Fluoride is easily
protonated to form HF (Ez = 565 kJ/mol) which inactivates it towards nucleophilic reactions, so polar
aprotic solvents such as dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), N,N-
dimethylacetamide (DMA), and MeCN are the typical used®?. There is also evidence that certain substrates
benefit from the use of bulky protic solvents like tert-butanol and tert-amyl alcohol which prevent tight
coordination, creating a reactive fluoride species with attenuated activity but adequate nucleophilicity to
help prevent B-elimination**,

1. ["®FIKF, K222 OH
OAc MeCN, reflux
oTf —_— o
HO
Aco/é‘ﬁ\/ 2. NaOH HO OH
AcO OAc 18
1-24 ['®F-FDG

1-2

o}
18,
_Boc 1. [°FIKF, K222 NH
N MeCN, 135 °C |
(L . o o
BocO
ONS N7 o 2.1 M HCI, 105 °C \IQ[

18,
F
1-25 ['®F]fluoro-3-dexoy-L-thymidine (['®F]-FLT)

1-26

1. ["®FIKF, K222

ON MeCN, 100 °C ON
_—
2.1 M HCI
= ome !

["8FIfluoromisonidazole (['®F]-FMISO)
1-28

Scheme 1-8: Production of common PET tracers by direct nucleophilic aliphatic radiofluorination

The typical leaving groups employed are usually halogens or sulfonic acid esters. Sulfonic acid esters are
better leaving groups than halogens for nucleophilic fluorination, with tosylate being the least and triflate
being the most reactive. The overall order of reactivity of commonly used leaving groups is F < Cl < Br < |
< 4-methylbenezenesulfonate (tosylate) = methanesulfonate (mesylate) < 4-nitrobenzenesulfonate
(nosylate) < trifluoromethanesulfonate (triflate)®®. Using more reactive leaving groups is generally
associated with higher RCY but also increases the potential for competing elimination reactions, especially
at elevated temperatures®. Reaction conditions, including the fluoride preparation method, reaction
temperature, solvent, and leaving group choice usually require extensive optimization to maximize RCY
and minimize side products to facilitate purification. Sensitive functional groups on the precursor also
often require protection, and a subsequent deprotection step is frequently employed after fluorination
(Scheme 1-8)%.
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Despite these drawbacks, numerous commonly-used PET tracers are produced for clinical applications
using this strategy, including [*¥F]FDG 1-2, nucleotide analogue [*3F]fluoro-3-deoxy-L-thymidine ([*¥F]FLT)
1-26, and [*®F]fluoromisonidazole ([*®F]FMISO) 1-28 just to name a few®®,

1.7 Nucleophilic Aromatic Radiofluorination

Nucleophilic radiofluorination of aromatic rings typically requires ring activation by electron-withdrawing
groups (EWG) ortho or para to the leaving group, though certain substrates can also be fluorinated on
weakly activated positions. Approximate ring activation ability of commonly used EWG are Ac < CHO <
CN = CF3 < NOa. Fluorination conditions are usually harsher than aliphatic nucleophilic conditions, with
temperatures often exceeding 100 °C. Solvents compatible with this temperature are typically DMF or
DMSO, while radiofluorination of substrates capable of reacting at lower temperatures can be performed
in MeCN. Leaving groups are either halogens or electron-poor nitrogen groups, with the approximate
order of reactivity being: | < Br < Cl < F < NO; = NMes* (Table 1-3)Y.

2 K222, [8FIKF OF
—_—
N 150 °C, DMSO /©/
X

Leaving group Y

X tituent

substituen HI  HBr HCI HF  NO;  NMes'
CN - 33 24 70 73 68
NO, 10 35 70 47 87

Table 1-3: Leaving group and EWG effect on RCY®°

Fluorine can work as an adequate leaving group in certain substrates, allowing for isotopic exchange (IE)
of °F by 8F to produce a product that is chemically identical to the precursor. With this method, it’s
possible to simplify the purification process, as unreacted precursor does not need to be removed from
the reaction mixture. However, the efficiency of IE is typically poor, and it usually results in tracers with
low specific activity. Nevertheless, this strategy is sometimes useful for producing 2F labelled versions of
existing drugs containing aryl fluorine which can be used for pharmacokinetic studies* such is the case
with the synthesis of [*¥F]haloperidol 1-30, the fluorinated version of a antipsychotic drug at 5% decay
corrected RCY*°. More commonly however, it is preferable to use a better leaving group such as NO; in
order to achieve a higher A.,.. For example, serotonin 2A receptor PET imaging agent [*®F]altanserin 1-32 is
routinely produced by ®F-fluorination of the nitro precursor in ~20 % decay corrected RCY with A, above
1 Ci/umol (Scheme 1-9)*.
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Scheme 1-9: Preparation of PET imaging agents by aromatic radiofluorination

Similar to aliphatic nucleophilic radiofluorination, the harsh conditions result in poor functional group
tolerance, so radiosynthesis is often designed with protecting groups that are removed after
radiosynthesis. In some cases, additional synthetic steps after radiolabeling are required, which
significantly impact RCY. For example, Jacobson’s protocol for synthesis of [®F]hydroxyflutamide derivative
1-36, (Scheme 1-10) results in 10% decay corrected RCY over 3 steps®!
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Scheme 1-10: Functional group manipulations after radiosynthesis of [*F]hydroxyflutamide derivative

Heteroaromatic substrates containing nitrogen in the ring are generally more electron deficient than their
non-heteroaromatic counterparts, and EWGs are not always required for ring activation. Substrates usually
take advantage of the electronic structure of the heteroaromatic ring, with leaving groups at the most
activated positions*®. Radiolabeling conditions typically require high heat or microwave irradiation to keep
reaction times low, for example serotonin 5-HTia receptor imaging agent [*®FJWAY-100635 1-38 was
synthesised by conventional heating in 60-65 % RCY, while the use of the microwave reactor increased
RCY to 93 %. However, though reaction times are low, total manipulation time to account for purification
is 50—70 min, which results in a decay corrected RCY of 15-25 % (Scheme 1-11)?,
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Scheme 1-11: Radiofluorination of 6-fluoropyridinyl analogue [*F]WAY-100635
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Attempts to improve functional group tolerance and vyields of SyAr led to the development of
diaryliodonium salts precursors 1-39 as electrophiles. Introduced in 1995 by Pike and Aigbirhio,
diaryliodonium reacts with nucleophilic fluoride to give the desired product 1-40 or 1-42 and an iodinated
byproduct 1-41 or 1-43°; regioselectivity can be guided by electronic or steric features as fluoride addition
will occur on the more electron deficient ring. Regioselectivity is also guided by an “ortho effect” where
addition is biased towards the aromatic ring that has a substituent ortho to the iodonium, and an ortho
substituent can also generally improve the RCY of this class of reactions. The basis of the ortho effect is
believed to be due to the formation of an iodine centered trigonal bipyramidal intermediate after fluoride
addition. Due to the increased steric bulk of the ortho substituents, the bulkier ring will be positioned in
the equatorial position, syn to the fluoride and thus promoting its introduction into the ring. For the
selection of the ortho substituents, hydrophobic moieties such as alkyl can enhance the effect by
producing a lipophilic microenvironment to support formation of the transition state on hypervalent
iodine, while electron donating groups (EDG) such as an ortho-methoxy will direct fluorine away from the
ring®2.
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Scheme 1-12: Radiofluorination using diaryliodonium salts

The addition of a radical scavengers such as 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) can improve
the yield, possibly by helping to stabilize the iodonium precursor during the relatively harsh radiolabeling
conditions®. Pike et al’s attempted to synthesize glutamate receptor mGIuR5 PET imaging agent 1-45
using both bromo 1-44 and diaryliodonium tosylate salt 1-46 precursors. Using similar heating and
microwave conditions, they achieved only 6 % decay corrected RCY on the bromo precursor with optimized
conditions, but 28 % RCY using the diaryliodonium salt that had no ortho substituent, with only trace
formation of [*®F]Jmethoxyfluorobenzene side product 1-48 (Scheme 1-13)°2,
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Scheme 1-13: Radiosynthesis of mGIuR5 PET radioligands
30



The main limitation of using diaryliodonium salt precursors is their relative instability and difficulty in
synthesis and purification. EWG substituents are still needed for ring activation and substituents must be
capable of withstanding the oxidative conditions used to form the diaryliodonium salt. Using the method
on complex substrate usually results in lower RCY as the precursor has a tendency to decompose under
radiofluorination conditions®.
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Scheme 1-14: Radiofluorination of non-activated arene using spirocyclic iodonium ylide

These issues were addressed by Rotstein et al., who advanced the strategy of using hypervalent iodonium
precursors through introduction of spirocyclic iodonium ylides (SCIDY) for arene radiofluorination (Scheme
1-14). This neutral iodonium species has simplified precursor synthesis and purification compared to
diaryliodonium salts and has the major advantage of being compatible in fluorinating hindered and
electron-rich arenes. The superior RCY is achieved through using an optimized spirocyclic auxiliary which
helps to stabilize the SCIDY precursor from decomposition and disproportionation issues seen in
diaryliodonium precursors.

Spirocyclic iodonium ylides is a fairly recent radiofluorination method and one of the few that have
successfully radiofluorinated non-activated and electron rich arenes like 1-49. Though it is possible to
fluorinate these substrates with the electrophilic methods discussed in Section 1.5, it would be preferential
to have methods available to perform radiofluorination using high An, nucleophilic fluoride instead. To this
end, groups have developed and adapted transition metal mediated cross-coupling reactions for
radiofluorination to address this gap in available methodologies.
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1.8 Metal-Mediated Radiofluorination
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Scheme 1-15: Palladium-mediated radiofluorination

Methods of radiofluorination of arenes using transition metal-mediated cross-coupling reactions were
developed in the early- to mid-2010’s. Cross-coupling reactions to produce aryl fluoride were previously
known, but usually required hour-long reaction times that are too slow for radiolabeling applications>
Ritter et al. first reported fast palladium-mediated cross-coupling conditions for radiofluorination. The
method uses a two-step process with two different palladium complexes. First, standard nucleophilic
fluorination conditions are used to coordinate fluoride to form a high oxidation state Pd(IV) species 1-52,
which functions as the oxidant (Scheme 1-15A). The substrate is prepared by installing a boronic ester at
the site of desired fluorination to form 1-54 and is coupled to a second palladium complex 1-53 to form a
Pd(Il) complex 1-55 carrying the substrate. The two complexes are combined and fluoride-bearing
palladium can then perform a ligand transfer via oxidative addition to the substrate palladium, forming a
Pd(IV) complex with substrate and fluoride while reducing itself to Pd(ll) in the process. Finally, reductive
elimination of the fluoride and substrate produces the fluorinated final product 1-56 (Scheme 1-15B)®.
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The palladium strategy first produces an electrophilic fluorination reagent that can be subsequently used
to fluorinate substrates intolerant to direct fluorination. Ritter et al. recognized the added reaction time
and complexity of the two-step process and subsequently published an improved single step procedure
by replacing palladium with a nickel complex (Scheme 1-16).

OzN !
' 2
o. ' 20Tf
_s 18 .

N 9= ['8FIKF, K222, 1-58
Ni—N - “ - i
P ' BN B
Z |N \ 7/ MeCN, rt. \/ | @ N|
X7 R | MeO Z Zowe

% ' oxidant
R

1-58

Scheme 1-16: Nickel-mediated radiofluorination

The reaction uses the same principle as the palladium method, and the substrate is borylated and coupled
to nickel to form the initial complex 1-57. However, the oxidant and fluoride source are separated, and a
hypervalent iodine reagent 1-58 is used as an oxidant during the radiolabeling reaction such that there is
no longer a need to prepare the fluoride as in the palladium reaction. The reaction also has the advantage
of tolerance towards aqueous fluoride, so radiolabeling can be performed with aqueous F directly from
the cyclotron forgoing the usual ion exchange and azeotropic drying steps, which results in a faster
synthesis®’. Despite these advancements, this method exhibited complications during scaleup, as
increases in cyclotron water in the reaction mixture caused significant degradation of both the oxidant and
nickel complex. Basic reaction conditions resulting from anion exchange to dry the fluoride was also
incompatible, and careful buffering was necessary to achieve any appreciable yield, adding further
complexity and reproducibility issues to this method®® >,
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Scheme 1-17: Copper-mediated radiofluorination

Both the Gouverneur and Sanford groups reported radiofluorination of aryl and heteroaryl boronic esters
and acids through adaptation of previously reported nonradioactive fluorination procedures using copper
and KF. The main challenge was optimization of conditions for the arylboronate ester to be efficient with
extremely low equivalents of fluoride typical for radiofluorination (Scheme 1-17)%°. Sanford further
developed copper-mediated fluorination by using arylstannane precursors rather than boronates as an
alternative °.
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Scheme 1-18: Ruthenium-mediated radiofluorination

Finally, the Ritter group also developed ruthenium-mediated deoxyfluorination conditions using the
chloroimidazolium salt fluorination reagent Phenofluor (i-PrimCl) 1-60 (Scheme 1-18). This reagent is
known to be capable of activating electron-rich phenols for deoxyfluorination, but its use is usually limited
to conditions where fluoride is in excess, since i-PrimCl forms a positively charged uronium intermediate
after addition to the phenol which can sequester fluoride as the ion pair and decrease its nucleophilicity.
The group devised a strategy to use ruthenium to coordinate to the ring and reduce the electron density
to further activate the ring. Unlike the previously reviewed methods using Pd, Ni, and Cu, the ruthenium
is used only for ring activation so the reactions are redox neutral and will be more tolerant towards redox-
sensitive functional groups®.

1.9 Non-Carbon Based Radiofluorination Strategies

Formation of C-¥F bond in complex substrates continue to have limitations irrespective of specific
methodology. For most substrates and methods high temperatures are required to complete the reaction
in a timeframe suitable for the half-life of F. Furthermore, these methods often require lengthy and
intensive purification procedures after radiosynthesis to remove side products and unreacted precursor,
usually via HPLC which adds significant delays to total production time, despite the short reaction period.
In order to circumvent these issues, strategies to introduce *F via non-carbon bonds have been developed
to take advantage of strong and facile bond formation between fluorine and other atoms. These methods
involve integrating certain functional groups into the probe to enable fast and mild radiolabeling, and
currently, Si-®F, B-18F, Al-'®F, S-18F, and P-'¥F have been used for this purpose with varying degrees of
success. Because these methods have clean reaction profiles purification of the final product can often be
achieved via simple solid phase extraction method that uses small pre-packed disposable cartridges that
do not require a pump to operate. These methods are highly reproducible, easily integrated into
automated synthesis systems, and require only a fraction of the time that HPLC purification needs at a
significantly reduced cost.
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Scheme 1-19: Radiofluorination using aluminum
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Anionic fluoride can coordinate strongly to Al(Ill) as a ligand (>670 kJ/mol), forming an Al-*¥F complex
even at low fluoride concentrations typical of radiofluorination. Introduced by McBride et al., this
strategy involves integrating the Al-¥F metal complex to biomolecules through a chelator such as 1,4,7-
triazacylononane-1,4,7-triacetic acid (NOTA; Scheme 1-19). After chelation, the construct could be
subjected to simple cartridge purification before formulation for injection®. This method directly
competes with PET radiometals such as ®Ga with its comparable half-life, with 8F having superior B*
emission properties and lower production costs, but with the downside of a more complex
radiosynthetic procedure. Similar to positron-emitting radiometals, this method is suitable for peptidyl
and protein-based tracers but is usually incompatible with small molecule tracers due to the need for
large chelator functionalities®.
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Scheme 1-20: Production of *8F trifluoroborate salts

Ting et al. introduced the radiofluorination of boronic esters 1-63 to produce trifluoroborate salts 1-64.
This reaction can be performed in agueous media and the resulting B—F bond is strong (~580 kJ/mol) and
stable in vivo. The method requires mixing cyclotron fluoride with cold carrier fluoride source to ensure a
minimum of 3 equivalents of fluoride to stoichiometrically occupy all boron valencies, but this does not
always result in the low An. (Scheme 1-20A). However, reaction times are usually slow and low yielding
unless it is performed in high concentrations at microliter volumes, and the need to concentrate eluted
18F to this scale increase manufacturing challenges. Furthermore, this method often requires HPLC
purification after radiosynthesis®3.

Gabbai et al. demonstrated the viability of 8F-fluorination via isotope exchange (IE) on boron. IE is a
method that uses a precursor that is chemically identical to the radiolabelled product, where the only
transformation is exchange of pre-installed °F with F (Scheme 1-20B). Since precursor 1-65 and product
1-66 are chemically identical, a time- and labor-consuming HPLC purification procedures can be
circumvented using cartridge purification. This also simplifies automation as there is no requirements to
integrate an HPLC system into the synthesis unit®®. Perrin et al. further developed trifluoroborate IE and
successfully labeled several synthons which were then appended to peptides such as a fluorescent dimeric
RGD with high tumor uptake for oncological imaging °°.
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Scheme 1-21: Radiofluorination using arylfluorosulfate
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Recently, the Sharpless group introduced sulfur radiofluorination through IE using arylfluorosulfate
functionalities, dubbed SuFEx. Originally designed as a click chemistry functional handle to attach
nucleophile targets, arylfluorosulfates 1-67 have also demonstrated its ability to capture ®F for
radiolabeling purposes (Scheme 1-21). The group demonstrated the efficiency and functional group
tolerance of the method using 35 test substrates. SUFEx proceeds with >90 % RCY under mild conditions,
and since radiolabeling is performed by IE the products could be purified by cartridge. Fluorosulfates have
been previously used in the context of warheads for covalent protein modifications in vivo, but the group
demonstrated that their reactivity in bulk water is low and it needs to be immobilized in the right
orientation to its binding partner for activation. This means arylfluorosulfate-based radiotracers are
typically stable in vivo avoiding covalent binding to nucleophilic amino acids. Sharpless et al. demonstrated
the viability of this method by producing a [*®F]fluorosulfate-functionalized analog of Olaparib which
targets tumor biomarker poly(ADP-ribose) polymerase 1. Though this method has only recently emerged,
it holds great potential as a valuable addition to the radiofluorination toolkit®’.
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Scheme 1-22: Radiofluorination using fluorophosphine

Radiofluorination using fluorophosphines by IE was recently reported by Hong et al. The group studied
radiolabeling efficiency and hydrolytic stability of differently substitueted phosphines and concluded that
bulky substituents showed the best results as their lead compound contains two di-tert butyl groups on
phosphine 1-69 (Scheme 1-22). This compound achieving RCY >97% with heating and 50% RCY at room
temperature, and 1-70 maintained in vivo stability 120 minutes after injection in mice. Advantages of this
method also include compatibility with aqueous solutions, which allows using fluoride directly from the
cyclotron, and simple cartridge purification of the product. The group conjugated this fluorophosphine
core onto human serum albumin and achieved direct radiofluorination of the protein conjugate at ~5%
RCY®8,

1.10 Silicon-Fluoride Acceptors (SiFAs)

Similar to aluminum, boron, sulfur, and phosphorus, silicon can also form a strong bond with fluorine (565
kJ/mol for Si-F vs 485 kj/mol for C-F) and its use in ®F radiochemistry dates back to the 1950s with
synthesis of [*8F]SiF4 using metal-fluoride complexes®°. Early application in radiochemistry comes from the
1970s when hexamethyldisiloxane was used to capture [*8F]HF in order to facilitate 8F transport in the
form of fluorotrimethylsilane®®. Though thermodynamically stable, the covalent radius of silicon is much
larger compared to carbon and the Si-F bond is highly polarized, which contributes to poor kinetic stability
and silicon’s susceptibility towards nucleophilic attack. Additionally, silicon’s low energy empty d-orbitals
can allow a tetravalent silicon to act as a weak Lewis acid, further facilitating hydroxyl group attack in
aqueous conditions. The hydrolysis of Si-F bond proceeds by Sy2-like mechanism, but contrary to carbon,
a pentavalent intermediate is formed which assists in the substitution (Scheme 1-23)%.
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Scheme 1-23: Mechanism of hydrolysis of organofluorosilanes suggested by Hohne et al.}’®

The first in vivo evaluation of Si-'®F was performed in 1985 by Rosenthal et al. who synthesized
[*8F]fluorotrimethylsilane from chlorotrimethylsilane and [*¥F]tetraethylammonium fluoride with 80% RCY
and administered it into mice. They observed immediate and extensive fluoride uptake into bone which
indicated a lack of in vivo stability due to high defluorination’®. These results highlight the major limitation
of Si-F usage in biological settings, as the low kinetic stability of the bond means organofluorosilanes
readily hydrolyze at biological pH. The group measured the half-life of [*¥F]fluorotrimethylsilane and found
it had <1.5 min lifetime at 20 °C in water, and speculated that the poor kinetic stability could be improved
by using bulky groups on silicon to sterically shield the Si-F bond and prevent hydrolysis”.
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Scheme 1-24: Anhydrous fluoride production through [*F]fluorotrimethylsilane

Early uses of Si-F by Gatley et al. exploited its ease of hydrolysis by using [*®F]fluorotrimethylsilane as a
fluorination reagent. Aqueous ¥F from the cyclotron is captured on calcium phosphate and eluted using
base into a solution of bistrimethylsilyl sulfate 1-75 to generate [*F]fluorotrimethylsilane 1-76.
Afterwards, adding a base such as tetraethylammonium hydroxide or potassium tert-butoxide along with
K222 can hydrolyze the Si-F bond in anhydrous MeCN to liberate nucleophilic fluoride for fluorination
(Scheme 1-24). Using this method, azeotropic drying was not necessary to prepare nucleophilic fluoride
and the group managed to produce [*®F]FDG achieving 30-60% RCY"*.

However, the incorporation of Si-F into PET tracers did not occur until validation of the claim by Rosenthal
et al. using sterically hindered substituents to shield the Si-F bond, which was simultaneously performed
by the Blower and Schirrmacher et al. in 2006. Both groups investigated a series of alkyl and aryl
silylfluorides bearing different bulky substituents and concluded on the importance of tert-butyl groups
on silicon to achieve sufficient hydrolytic stability for in vivo applications’? 73 Silicon-fluoride acceptor (SiFA)
is a term used to describe these molecules and Schirrmacher et al. established that di-tert-butyl phenyl
SiFA 1-78 provided the best in vivo stability.

Schirrmacher et al. also established labeling procedures using IE with their test substrate di-tert-butyl
phenyl SiFA, which proceeded at rt in 15 min using standard K222/[*®F]KF conditions in MeCN for
nucleophilic radiofluorination, giving 80-95% RCY with An up to 194 — 230 GBg/umol using 1 ug of
precursor (Scheme 1-24). These conditions were also applied for direct one-step radiolabeling of complex
substrates like a SiFA conjugated to a fully unprotected Tyr3-octreotate (TATE) peptide which will be
discussed in section 1.11. Similar to other previously described IE radiolabeling methods , HPLC
purification was avoided and the compounds were successfully purified using C-18 cartridges’.

37



Isotopic Exchange Substitution

, Ry \{/ Ry’
; &t 18FIKF, K222 F 18 izt
' i I
Le : y G, ["8FIKF, = su\R1 B ['®F]KF, K222, AcOH y Ry
©/ \’< LR | MeCN, rt. R | DMSO, 90°C AR |

Ry /Ry = Aryl, Alkyl R1/ Ry = Aryl, Alkyl
1-78 : O™
LG = H; OH, OR, s‘o»\[o oJ
o] o)
Lo/

Scheme 1-25: Radiolabeling strategies for SiFA by isotopic exchange or leaving group strategies.

The Blower group employing a leaving group strategy for fluorination, employing silanes, silanols and
silylethers as starting materials. The group converted tert-butyldiphenylmethoxysilane to [*F]tert-
butyldiphenylfluorosilane using aqueous 8F without azeotropic drying in 5 minutes’2. The leaving groups
method was further developed by the Ametamey group and expanded to using hydride, hydroxy, and
other alkoxy leaving groups to produce similar results as via IE. The method uses similar K222/[*8F]KF
conditions with the addition of acetic acid to protonate hydroxy and alkoxy groups to improve their leaving
ability, but unlike IE also required heating to 65 — 90 °C in order to achieve similar RCY’*. Lu et al. also
developed crown ether leaving groups capable of chelating potassium. This results in a conceptually
elegant system that doesn’t require K222 in the reaction cocktail, but the method is hampered by the poor
solubility of [*®F]KF in organic solvents and only results in ~10% RCY (Scheme 1-25)7°. DFT calculations in
condensed phase (MeCN) show product formation by IE is isoenergetic, while using more stable silanol or
silane precursors results in endergonic reactions. The anionic pentavalent hydrosilicate intermediates are
also calculated to be higher in energy than fluorosilicate intermediate that for IE, resulting in higher energy
requirements to employ LG strategy and the comparative efficiency of IE®.

The requirement of bulky blocking groups for SiFA chemistry is an inherent limitation of this technology
due to the high lipophilicity of these compounds. This lipophilicity issue has limited more widespread use
of SiFA in radiotracers space despite its excellent radiolabeling properties. Compounds without tert-butyl
groups rapidly hydrolyze even if aryl groups are used as steric blocking groups. Thus,
[*8F]triphenylfluorosilane has a poor serum stability half-life of 5 min. Compounds bearing a single tert-
butyl group, e.g. [*®F]tert-butyldiphenylfluorosilane, are stable to in vitro stability tests but had observable
bone uptake after injection in rats’?indicating hydrolysis of the Si-F bond in vivo. Only compounds bearing
two tert-butyl groups such as [*®F]di-tert-butylphenylfluorosilane exhibited adequate stability for in vivo
applications’. The steric blocking groups impact on biodistribution of tracers in vivo is generally
characterized by high accumulation in the liver and non-specific uptake in organs resulting in poor
pharmacokinetic properties and limited binding to the target. In brain imaging applications, some
lipophilicity is necessary in order to cross the protective blood-brain barrier (BBB) membrane through
passive diffusion, so attempts have been made to adapt SiFA for this application. However, if the
compound is too lipophilic (logD > 4), it will instead tend to become trapped in the greasy portion of the
bilayer and fail to penetrate’®. The first small molecule SiFAs produced by the Blower and Schirrmacher
groups exhibited the phenomenon.?
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Scheme 1-26: Radiolabeling of heteroaromatic SiFAs

In an effort to reduce the inherent lipophilicity of SiFAs without modifying the di-tert-butyl groups, Murphy
et al. developed a series of heteroaromatic SiFAs that replaces the phenyl ring with five-membered and
fused heteroaromatic rings (Scheme 1-26). The group successfully used optimized radiolabeling conditions
to successfully label all derivatives by IE with good RCCs from 81 to 91% after only 2 minutes using 150
nmol of precursor, and identified the benzothiophenes as their lead compound with >90% RCC for their
derivatives. The group further demonstrated the applicability of hetSiFAs by synthesizing a N-hydroxy
succinimide ester functionalized benzothiophene SiFA derivative 1-117 and conjugated it with a
cholecystokinin tetrapeptide, and successfully fluorinated the peptide-hetSiFA conjugate with 58% decay
corrected yield. The radiolabeled construct was injected into mice and was found to have good in vivo
stability with minimal fluoride bone uptake’®.

1.11 SiFA Peptide Radiopharmaceuticals

Peptide biomolecules have seen widespread use in nuclear medicine, owing to their ability to interact with
numerous pathologically significant targets expressed on cell surfaces. Work on the SiFA platform primarily
involved trying to mitigate its lipophilicity through the introduction of hydrophilic auxiliaries and also using
SiFA in conjunction with peptides which are more tolerant towards structural modifications as well as SiFA
lipophilicity compared to small molecules’. Since peptides are not stable towards harsh C-'¥F radiolabeling
conditions, they are usually labeled indirectly through the conjugation of a ¥F bearing prosthetic group to
the peptide by a functional handle. This synthetic method is multi-stepped and usually technically complex
for automation, so the simplified labeling and purification of SiFA is well suited for this purpose. To this
end, a series of SiFA building blocks were developed with functional handles that could be conjugated to
a variety of peptides or linkers either before or after radiofluorination 1-80 to 1-92 (Figure 1-4)%.
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Figure 1-4: Functionalized phenyl SiFA for peptide conjugation
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Derivatives of octapeptides octreotide or TATE with high affinity for somatostatin receptor subtype 2
(SSTR2), highly expressed in neuroendocrine tumors are used for clinical PET imaging of these tumors. The
peptide construct is internalized into the cell after interacting with the receptor and accumulates in the
cancerous cells, permitting PET imaging of the tumor”’. Clinically used PET imaging agent [*3Ga]Ga-DOTA-
TATE uses the PET radiometal ®Ga attached to the targeting peptide through a metal chelator 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA). Early work by Schirrmacher et al. attempted to
adapt this platform for SiFA use by directly removing the chelation moiety and replacing it with SiFA. They
demonstrated that it’s possible to label unprotected SiFA conjugated TATE directly, but the produced tracer
suffered from low A, and high lipophilicity, rendering it unsuitable for imaging’®. This resulted in the
subsequent development of 2-step procedures for peptide labeling, and Schirmaccher et al. first use an
aldehyde functionalized SiFA core 1-80 which could be rapidly labeled with high A, (>5000 Ci/mmol),
quickly purified by C-18 cartridge, and subsequently conjugated at room temperature to a pre-installed N-
terminal amino-oxy group on the TATE peptide’®. The SiFA IE method was further improved via adoption
of the previously mentioned “Munich method” for simplified fluoride preparation avoiding azeotropic
drying. Furthermore, it has been shown that SiFA peptides can be successfully directly labeled in one step,
without the need for a 2-step process’® .
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Figure 1-5: [*8F]SiFAlin-TATE use for SSTR2 imaging

The SiFA-TATE platform was progressed extensively and culminated with development of [*8F]SiFAlin-TATE
1-93, which contains a variety of polar auxiliaries to mask the SiFA lipophilicity (Figure 1-5)8. [*8F]SiFAlin-
TATE can be directly labeled using the Munich method, taking full advantage of SiFA radiochemistry.
Studies that compare [%8Ga]Ga-DOTA-TATE to [*®F]SiFA/in-TATE in mice showed similar biodistribution
profiles, with [*®F]SiFAlin-TATE showing superior tumor uptake (18.51% + 4.89% vs. 14.10% + 4.84% ID/g).
These positive results of pre-clinical studies culminated in the first clinical study of [*8F]SiFA/in-TATE in 2019
in 13 patients which confirmed its usability as a PET imaging agent producing similar image quality as
clinically validated [*®Ga]Ga-DOTA-TATE”®.
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Figure 1-6: [*®F]Lu-rhPSMA-7 used for PSMA imaging and cancer treatment

The incorporation of SiFA into a variety of peptide-targeting moieties have been attempted by several
groups, all following a similar strategy®®. The typical construct consists of the peptide conjugated to a linker
with built-in hydrophilic auxiliaries and a functional handle, which can be used to conjugate to the SiFA
moiety before or after radiolabeling®. The Wester group conjugated SiFA onto prostate-specific membrane
antigen inhibitor (PSMA) peptide used for targeting prostate cancer 1-94. Their group introduced a DOTA
which significantly decreases lipophilicity, and provides the option of chelating other radiometals such as
8Ga, Mn, and Y’Lu. ®Ga provides another PET isotope option if F is not available, *'!In can provide
SPECT imaging modality, and '"’Lu is a beta radiation emitter that can kill cancer cells and is used for
radioligand therapy (RLT) rather than imaging (Figure 1-6)%. The compound underwent clinical studies in
202 patients and showed excellent imaging resolution, tumor uptake, and biodistribution similar to ®Ga
based PMSA probes®. The capability of simultaneous imaging and treatment using SiFA and *’’Lu promises
to improve dosimetry, as previously two chemically different compounds using %8Ga for imaging and *”’Lu
for treatment would have been necessary, affecting dosimetry precision®®,

Lindner et al. also conjugated phenyl SiFA to fluiclatide, a bicyclic peptide used for imaging integrin
glycoproteins upregulated in many cancer types. Polar groups were used in the linker composition, and
the group added several amino acids to improve pharmacokinetics resulting in a tracer that had good
tumor uptake and biodistribution in mouse model®°.

Despite these successes, the difficulty in optimizing and refining pharmacokinetics of SiFA-peptide
conjugates is not trivial. The Ametamay group conjugated SiFA to gastrin-releasing peptide receptor (GRPr)
targeting peptides for use in several cancer types, utilizing the same strategy of adding polar groups to
attenuate the SiFA lipophilicity, but was unable to produce a good candidate due to low tumor uptake and
poor hepatobiliary clearance®. Lindner et al. also conjugated phenyl SiFA to GRPr targeting peptide
bombesin, adding several polar groups such as PEG groups, carbohydrate, and amino acid residues.
Despite these efforts, the conjugate still had high liver accumulation and could not be used to successfully
image desired targets®.
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1.12 SiFA in Proteins
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Scheme 1-27: Two-step SiFA radiolabeling of proteins

Radiofluorination of large biomolecules such as proteins and antibodies are typically performed using
carbon based F prosthetic groups which are labeled, HPLC purified, and finally conjugated. The reaction
is technically difficult and can take upwards of several hours to deliver the final product®. With the success
and ease of SiFA conjugation on peptides, similar strategies can be applied to proteins to simplify this
process. A two-step procedure is usually used, first with SiFA radiolabeling of a prosthetic group, followed
by the conjugation of the latter to the protein of interest (Scheme 1-27). These prosthetic groups include
maleimide 1-83 or thiol 1-88 functionalized SiFA cores which were used to label rat serum albumin (RSA)
with adequate RCY (~5%) for blood pooling imaging and had good in vivo stability®®. Isocyanate
functionalized SiFA 1-86 was later developped to enable direct conjugation to lysine sidechains, eliminating
the need to pre-functionalize the protein for conjugation. This method was used to label RSA,
apotransferrin, and bovine 1gG with 30 — 80% RCY depending on SiFA/protein ratio and good A, (2.7 — 4.5
Ci/umol)®’. Though SiFA IE remained efficient in the presence of most functional groups, base-sensitive
active-esters, e.g. N-hydroxysuccinimide esters (NHS) hydrolyze under normal radiolabeling conditions.
However, buffering the labeling cocktail with oxalic acid solved this issue, and active ester [*3F]SiFB was
labeled using this cocktail in 56% RCY while avoiding hydrolysis. RSA was also labeled with [*®F]SiFB and
showed similar biodistribution to established tracer [®F]RSA, but with the advantage of a technically
simplified radiosynthetic procedure®®,

Glaser et al. was also able to apply SiFA IE methodology to label human epidermal growth factor-targeted
affibody Zuera2891, Used for imaging HER2-positive breast cancer. A C-terminus cysteine modification was
used to conjugate the affibody to a maleimide functionalized SiFA. Remarkably, the construct was directly
labelled in aqueous conditions with heating to 95 °C for 15 min in RCY of 38%. Unfortunately, the tracer
had poor hydrolytic stability with high '8F uptake in bones as well as poor tumor uptake, so it was not
further evaluated®. Nevertheless, the ability to apply SiFA IE for direct one-step ®F-labeling of a large
biomolecule is noteworthy.
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1.13 SiFA in Small Molecules

The use of SiFA in small molecules has been limited because SiFA motif significantly alters the
physicochemical properties and pharmacokinetics of the small molecule targeting vector of similar size®®.
As a result, only a handful of small molecule PET tracers integrating SiFA have been reported, with only a
single report of a relatively successful tracer.
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Scheme 1-28: SiFA based [*®F]fluoromisonidazole for hypoxia imaging

Bohn et al. reported SiFA labeled version of [*F]fluoromisonidazole 1-98 which is used clinically to image
hypoxia, and attempted to decrease the size of the bulky substituents on SiFA to limit lipophilicity despite
consistent reports of steric requirements on silicon. Bohn et al. synthesized several alkyl and aryl
derivatives of a SiFA based ['®F]fluoromisonidazole and found that only dinaphthyl and di-tert-butyl
derivatives 1-99 were sufficiently stable in vivo(Scheme 1-28). These sterically hindered compounds were
unsuccessful as PET tracers in preclinical studies due to high lipophilicity resulting in retention of those
tracers in lung capillaries®.
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Scheme 1-29: SiFA based [*3F]fluorothymidine for cancer imaging

The Schulz group produced SiFA analogues of nucleosides and nucleotides with ~40% RCY and high A, (10
Ciumol) from the corresponding hydrosilane starting material as a potential replacement for
[*8F]fluorothymidine 1-100 used in cancer imaging, but did not test them to generate in vivo data due to
concerns about the compound’s high lipophilicity (Scheme 1-29)°%.
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Scheme 1-30: SiFA based [*®F]fallypride for D,-receptor imaging

Wingler et al. developed SiFA analogues (e.g. 1-103) of the D,-receptor imaging agents [‘®F]fallypride 1-
102 and [*®F]desmethoxyfallypride. However, these tracers had 44- to 650-fold lower affinity to D,, though
still in a usable nanomolar range. Some of these tracers were successfully labeled by IE in ~¥60% RCY, but
the lead candidate 1-103 with the highest affinity towards D,-receptor target was labeled in RCY of only
16.6% and could not be purified using simple cartridge purification (Scheme 1-30). The group did not
report an in vivo evaluation of this tracer®.
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Scheme 1-31: SiFA based bivalent 5-HT;a serotonin receptor ligands

Hazari et al. developed putative SiFA based bivalent 5-HTia serotonin receptor ligand 1-104. The tracer
uses two 5-HT;a targeting domains based on evidence suggesting the target 5-HT receptors exist in dimeric
and oligomeric forms. This multimeric approach also serves to help masking the lipophilicity of SiFA. The
tracer was radiolabeled from the hydrosilane precursor resulting in ~50% RCY and high Am (13 Ci/umol)
(Scheme 1-31). The compound readily crossed the BBB, and exhibited high uptake 5-HTia rich regions in
rat models as well as expected reduction of uptake in serotonin-depleted rat models. This is a rare example
of a relatively successful in vivo imaging result using SiFA in small molecules and suggests it is possible to
compensate for the lipophilicity of SiFA on small molecules with adequate masking®3. However, no further
evaluation of this tracer has been reported in almost a decade since the original publication.

Irrespective of imaging target, binding motif, and labeling methodology, the intrinsic lipophilicity of SiFA
remains a major drawback of this method and limits its widespread use in small molecule space despite
the benefits in purification and radiolabeling. Peptide and protein-based tracers address this problem
through the introduction of adequate hydrophilicity to mask the SiFA and have found recent success in
clinical trials with good imaging quality due to the advantage of much simpler radiosynthesis compared to
carbon-based 8F PET tracers. However, small molecules are usually unable to tolerate the extensive
structural modifications necessary to employ this strategy while maintaining bioactivity and cannot
typically employ SiFA as the imaging motif, and the issue of lipophilicity usually presents a major problem?®.
Strategy to derivatize existing small molecule PET tracers with SiFA technology has mostly failed due to the
massive change in the pharmacokinetics of the targeting moiety that cannot be easily overcome. However,
there has also been some success in employing SiFA in the context of brain imaging if adequate masking
of its lipophilicity is present, and SiFA derivatives seems to retain their ability to cross the BBB. The greatest
potential for successfully integrating SiFA in small molecules is to integrate it into a PET imaging probe
scaffold that already have a significant hydrophilic binding region present to offset the lipophilicity of SiFA.
In this manner, the high lipophilicity of SiFA will theoretically have minimal impact on binding, while
conferring brain permeability and a highly simplified radiolabeling process. In this thesis | report a potential
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scaffold that meets these requirements, which can be used to PET image histone deacetylases (HDACs) in

the brain.
W@—f» ) ;

Condensed chromatin Relaxed chromatin
transcription repression transcription activation

1.14 Histone Deacetylases

Figure 1-7: Histone acetylation control on gene expression

In the nucleus eukaryotic cells, DNA is wrapped tightly around histone proteins by ionic interaction of
positively charged histones with the negatively charged DNA backbone. This restricts access of
transcription machinery to DNA, preventing gene expression under normal circumstances. Epigenetic
modifications to chromatin either in the form of DNA or histone modifications are necessary to allow gene
transcription. One such epigenetic modification is histone acetylation, where the positively charged e-
amino group of lysine on the histone is neutralized by acetylation, decreasing ionic interactions and
loosening the bound DNA to allow for transcription. This reversible acetylation process controls gene
expression levels, with histone of lysine acetyltransferase enzymes (HATs) transferring acetyl groups from
acetyl-CoA to lysine residues on histones to activate gene transcription and HDACs removing the acetyl
groups to deactivate the transcription (Figure 1-7)%*.
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Entry Protein Class Cofactor Subcellular

localization
1 HDAC 1 | zZn? Nucleus
2 HDAC 2 [ Zn?* Nucleus
3 HDAC 3 I Zn?* Nucleus/Cytoplasm
4 HDAC 8 | Zn? Nucleus
5 HDAC 4 lla Zn?* Nucleus/Cytoplasm
6 HDAC 5 lla Zn?* Nucleus/Cytoplasm
7 HDAC 7 lla Zn?* Nucleus/Cytoplasm
8 HDAC 9 lla Zn?* Nucleus/Cytoplasm
HDAC 6 Ilb Zn?* Cytoplasm
10 HDAC 10 b Zn?* Cytoplasm
11 HDAC 11 \Y Zn% Nucleus
12 Sirtuin 1 m NAD* Nucleus
13 Sirtuin 2 1] NAD* Nucleus
14 Sirtuin 3 1] NAD* Nucleus/Cytoplasm
15 Sirtuin 4 1 NAD* Mitochondria
16 Sirtuin 5 1] NAD* Mitochondria
17 Sirtuin 6 1] NAD™* Mitochondria
18 Sirtuin 7 1] NAD* Nucleus
19 Sirtuin 8 1] NAD* Nucleus

Table 1-4: Classes, types and localization of mammalian histone deacetylases

18 HDACs discovered in mammals can be divided into two groups depending on the cofactor: zinc-
dependent “classic” HDACs and nicotinamide-adenine-dinucleotide (NAD)-dependent sirtuins which are
also referred to as class Il Sir2-like proteins. The zinc-dependent HDACs are numbered according to their
chronological order of discovery and are divided into 4 classes based on DNA sequence similarity (Table 1-
4)%,

Class | (HDACs 1-3, 8) share sequence similar to the yeast transcription regulator reduced potassium
dependency 3 (Rpd3) protein and share high homology within the class, with 45 — 95% amino acid
sequence identity between the four individual HDACs. They are mainly located in the nucleus but can also
be localized in the cytoplasm or other cell organelles which suggests they interact with other targets
beyond histones. Classes lla (HDACs 4, 5, 7, 9) and IIb (HDACs 6, 10) share some similarities in their catalytic
domains as Class I, but also contain sequence domains that differ significantly and instead are similar to
yeast histone deacetylase 1 protein (Hdalp). Also similar to Class | is the highly conserved catalytic domain
within the members of Class Il, and the 4 HDACs of Class lla share 48 — 57% sequence identity. HDAC 10
and HDAC 6 share a sequence identity of 55% and differ from the other Class Il members in that they share
a unique feature of a duplicate independently functioning catalytic domain not seen in any other HDAC. .
All members of Class Il HDACs show some presence in cytoplasm which suggests their major roles in
deacetylating non-histone targets. HDAC 11 is the only Class IV member which shares catalytic domain
sequence homology with both Class | and Il. It is known to regulate protein stability of DNA replication
factor CDT1 and expression of anti-inflammatory cytokine interleukin 10%°.
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All classic HDACs isoforms share a common catalytic deacetylation mechanism and a conserved active site
amino acid sequence. The site consists off a tubular pocket, a zinc-binding site, and active residues of a
tyrosine and two histidine that are H-bonded with two aspartic acids. Using HDAC8 as an example, once
an acetylated e-amino group of lysine enters the pocket, it coordinates to the zinc, and then histidine
residue H143 acts as a base and facilitates nucleophilic attack of the carbonyl by activating a water
molecule also coordinated to zinc. The other histidine H142 helps to stabilize the tetrahedral intermediate
as an electrostatic catalyst along with a tyrosine residue is also positioned near zinc, opposite to the
histidine residues®. The zinc and tyrosine residues also participate in activating the target carbonyl for
nucleophilic attack (Scheme 1-32). These catalytic residues are conserved across all zinc-based HDAC
isoforms except for Class lla, where the tyrosine residue is replaced by histidine, thought to function in a
similar capacity®.
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Scheme 1-32: Catalytic Mechanism of HDAC 8

HATs have high substrate specificity with each class having a particular histone that it acts upon, but this
is not observed in HDACs which appear to have diverse targets and details of substrate specificity is still
under investigation. Biological evaluation of HDACs is difficult, as most HDACs have significantly decreased
activity when purified to homogeneity and tested in vitro. HDACs appear also to have an adequate level
of redundancy as studies in knockout animal models show that different isoforms can compensate for the
lack of activity of the knocked-out enzyme both within the same class and sometimes from another class.
However, constitutive knockout of multiple HDACs is lethal either during embryonic or early postnatal
development, highlighting their individual importance®. Beyond histones, a study identified over 1700
individual cytoplasmic, mitochondrial, and nuclear proteins involved in diverse cellular processes as
targets for deacetylation®®. Given the wide-ranging biological implication of HDACs, they likely play vital
roles in regulating numerous protein activities through control of acetylation levels along with their
obvious roles in opposing the function of HATs to control gene expression. Aberrant expression of HDAC
has been shown to affect gene expression directly, and it is implicated in many human diseases including
cancer, neurological disorders, inflammatory diseases, metabolic disorders, cardiac diseases, and
pulmonary diseases®.
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Figure 1-8: Classes of HDACi

Beside low in vivo activity, biological evaluation of the functions of individual HDAC isoform is also
complicated by the lack of tools to selectively inhibit HDAC isoforms. This obstacle is due to highly
homologous HDAC active sites, making selectivity an ongoing issue when designing HDAC inhibitors
(HDACI). The first identified HDACi was the short-chain fatty acid n-butyrate 1-107 in 1977 in a report by
Riggs et al. that showed millimolar concentrations of 1-107 was capable of inducing accumulation of
acetylated histones (Figure 1-8B)%. Next, the natural product Trichostatin A 1-105, isolated from a strain
of Streptomyces in 1990 by Yoshida et al., was found to increase acetylation, and was the first member of
the group of HDACi bearing a hydroxamic acid motif}’%. This class of HDACi bind by insertion of a long
aliphatic chain into the binding pocket, allowing the hydroxamic acid to coordinate to the zinc center in a
bidentate fashion through the carbonyl and the hydroxyl groups (Figure 1-8A)%°. Trapoxin, the first in the
group of cyclic peptide-based HDACis, was isolated in 1993 and was also the first HDACi found to
irreversibly inhibit HDAC activity through an epoxyketone moiety (Figure 1-8D)!%. Two important HDACi
reported in 1998 greatly accelerated their clinical interest: suberoylanilide hydroxamic acid (SAHA) 1-106
a hydroxamic acid HDACi was reported by Richon et al'!; and romidepson, a cyclic peptide was isolated
from Chromabaterium violaceum. The latter coordinates the HDAC zinc center through a thiol chain that
arises from in vivo reduction of an intramolecular disulfide bond°2. Romidepson underwent phase | clinical
trials and was found to be effective against T-cell lymphoma, which quickly spiked interest in HDACi as
potential chemotherapy agents for cancer. SAHA was approved by FDA in 2006 for chemotherapy use,
followed in 2009 by romidepsin 1-111%°. The final class of HDACi are benzamides, with the first report in
1999 of entinostat 1-110 (Figure 1-8C)!%, This class of HDACi binds to the zinc center through the carbonyl
and amino group to form a chelate complex and is characterized by slow binding resulting in time-
dependent inhibition, as it converts from a transiently bound form to a strongly bound pseudo-irreversible
form1%

These early HDACi such as SAHA and Trichostatin A are “pan-HDAC inhibitors”, capable of binding to nearly
all HDACs. Affinity to individual isoform may vary, with some isoform inhibition requiring concentrations
higher than pharmacologically feasible levels, but these HDACi are generally considered non-selective®.
Development of selective inhibitors is challenging due to binding site homology, but selective inhibition of
some isoforms is easier to achieve than others. Both n-butyrate and trapoxin 1-112 could not inhibit HDAC
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105 Benzamide class inhibitors also

6, which suggested distinct differences in its binding pockets
preferentially inhibit Class | HDACs, except for HDAC 8. These insights, along with high-throughput
screening methods, have resulted in recent reports of a few isoform-specific HDACi%®, but the development
of specific HDACi for every isoform is still an ongoing challenge. The limited selectivity of available HDACi
is likely the source of opposing results in their biological evaluation, such as conflicting reports of pan-
HDACi promoting both pro- and anti-inflammatory effects when administered to different cell lines
contributing to inflammatory pathways'%. Despite these challenges, HDACi has led to significant advances
in furthering our understanding of the diverse roles of HDACs in pathology of different diseases including
neurological disorders. Association between aberrant HDAC expression patterns and several neurological
disorders has been well established, and the potential application of HDACi to treat these disorders was
investigated in mouse and cell models?’.

1.15Implication of HDACs in Neurological Disorders

Despite poor isoform selectivity, treatment of neurological conditions with HDACi has emerged as an
attractive approach to treat both acute injury and a variety of chronic neurological issues. The HDACi
valproic acid 1-109 is commonly used as an antiepileptic drug and mood stabilizer and has been tested in
stroke models, suggesting it acts through CNS targets. Cerebral ischemia is a mechanism of acute brain
injury resulting from impaired blood flow to the brain, which can cause ischemic stroke leading to
permanent disability or death. Both in vitro and in vivo data has suggested that HDACi promotes
neuroprotection following ischemia by reducing brain infarction and suppressing neuroinflammation%,
Though evidence suggests global HDAC inhibition is sufficient to induce neuroprotective effects after
ischemia, the explanation for these beneficial effects remains controversial due to the non-selective nature
of the inhibition and the large array of targets implicated in the neuronal function and survival in response
to injury. However, one established and important mode of neuroprotection is via decreasing
inflammation to prevent secondary tissue damage after ischemia. Administering HDACi has been shown
to decrease cerebral inflammation through up-regulation of numerous cell survival-promoting factors such
as interleukin-10 which restricts inflammatory gene activation, erythroid 2-related factor Nrf2 which
increases resistance to oxidative stress, heat-shock protein HSP70 a key anti-apoptotic which suppresses
death-promoting factors, and anti-apoptotic Bcl2 protein which suppress microglia and monocyte
activation®,

HDACi has also been tested in animal models of various neurodegenerative diseases. Alzheimer’s disease
(AD) is the most common neurodegenerative disorder which affects ~1 in 9 people aged 65 and older. The
disease involves progressively worsening cognitive impairment and memory loss leading to dementia and
noncognitive symptoms such as delusions, agitation, personality changes, and mood swings!'®. The
relationship between acetylation patterns and AD has been studied using in vivo and in vitro models and
has shown the ability of HDACi to reduce the severity of AD symptoms and affect the buildup of
intracellular neurofibrillary tangles of abnormally phosphorylated tau-proteins, a hallmark of AD
pathology. Several studies in mouse model using a variety of different HDACi have shown improvements
in memory function, synaptic plasticity, and ameliorated cognitive deficiencies. The positive effects on
memory were achieved even when HDACi was administered at a late stage after the onset of neuronal cell
death. Though the HDACi used in the studies were not isoform-specific, the most suitable isoform targets
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for AD have been identified as HDAC2 and HDAC6?’. Overexpression of HDAC2 has been shown to
negatively impact memory and decrease synaptic plasticity!'!, while post-mortem analysis of AD brain
samples showed aberrant expression levels of HDAC6 in cortices and hippocampi®'?. HDAC6 is known to
interact with non-histone targets a-tubulin and tau proteins, both of which are related to learning and
memory. Acetylating a-tubulin improves axonal transport!'®, and acetylating tau protein protects them
from hyperphosphorylation which causes aggregation!'4. The link between decreasing HDAC6 expression
in AD mouse model causing restored learning and memory is likely related to increased acetylation of
these two non-histone targets.

Parkinson’s disease (PD) is a common neurodegenerative disorder affecting ~2% of people above the age
of 65. The disease is characterized by motor dysfunctions such as resting tremors, muscle rigidity, difficulty
in starting a movement, and hypokinesia. The pathological feature of PD is the presence of neuronal
misfolded a-synuclein protein deposits, as well as degeneration of dopaminergic neurons in the substantia
nigra pars compacta region of the brain causing dopamine depletion!'>. Though the exact causes and
molecular basis for PD are not yet fully understood, in vitro and in vivo models, as well as clinical data
suggest a link between disease pathology and altered histone acetylation-mediated gene expression®?’.
Data suggests a-synuclein binds to histones resulting in a reduction of acetylation and causing damage to
dopaminergic neurons!!®. Due to this relationship between histone acetylation and PD, HDACi has been
speculated as a promising treatment with several being tested in preclinical studies and clinical trials. Pan-
HDACi valproic acid showed good promise in animal models through the activation of numerous
neuroprotection targets as well as suppressing neuroinflammation which accompanies neurodegradation
of PD, but the 2 clinical trials conducted in PD patients both failed to elicit any improvement of
symptoms!'’. Other pan-HDACi sodium phenylbutyrate, vorinostat, and Trichostatin A have also been
tested, and all exhibited beneficial neuroprotective activity through activation of neurotrophic factors
which helps preserve dopaminergic neurons from neurotoxicity, as well as neuroinflammation
suppression. However, reports also indicate adverse effects of HDACI, such as valproic acid inducing
apoptosis in differentiating neurons in the hippocampus and Trichostatin A inducing cell death in
dopaminergic neurons. These conflicting results is likely due to studies performed using homogeneous cell
cultures with the function of the inhibitor differing depending on cell type!?’. The role of individual HDACs
in PD pathology is not fully elucidated and it is likely that additional trials are warranted with isoform-
specific inhibitors to elucidate the correct pharmacological use of HDACi in PD.

Huntington’s disease (HD) is an inherited autosomal dominant genetic neurodegenerative disorder that
affects ~2 in 100 000 people worldwide. The disease is characterized by progressive movement
dysfunction, cognitive impairment, and behavioral disturbances. The disease currently has no treatment
to halt or slow its progression, and it is eventually fatal ~20 years after symptom onset. The key feature of
HD pathology is an abnormally high count of a CAG sequence at the 5’ end of the huntingtin gene coding
region, which results in a misfolded huntingtin with a polyglutamate region causing aggregation. This
aggregation eventually cause HD symptoms through inducing cell apoptosis, mitochondrial dysfunction,
transcriptional dysregulation, and eventually neurodegeneration!!®. Due to the connection between
transcriptional dysregulation and disease pathology as well as studies in mouse models and human HD
patients showing reduced histone acetylation, HDACi is currently undergoing trials as potential
treatments. Several pan-HDACi were tested in vitro and in vivo with positive results, increasing lifespan in
animal models of HD and improving their motor performance. The pan-HDACi phenylbutyrate was tested
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in human trials with good results in patients exhibiting early HD symptoms, with blood samples showing
marked decrease in transcriptional abnormalities''®. Identifying the roles of different HDAC isoforms in HD
is an ongoing process, but knockout studies have implicated HDAC1 as an important target as it led to
acetylation and degradation of the huntingtin by increasing acetylation of a lysine residue on the
protein!?®. Reports also implicate HDAC3 and HDAC6 as important in the pathophisiology of HD, though
studies with these two isoforms had conflicting results. 1%7. These issues are the result of the lack of isoform
specific HDACi to fully elucidate the implication of different HDACs in HD.

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder affecting ~5 in 100 000 people
worldwide. The disease is characterized by damage to motor neurons leading to progressive muscle
atrophy, paralysis, and death within 2 — 5 years after the onset of symptoms?!?L. Studies in animal models
and in human patients reveal a large variety of pathological issues such as cell apoptosis, defective axonal
transport, oxidative stress, mitochondrial dysfunction, and sustained immunological response, but the
primary trigger for motor neuron death is still a matter of debate. Postmortem study of human tissues
shows some evidence that decreased histone acetylation may contribute to ALS pathogenesis which
initiated several preclinical studies and clinical trials to investigate potential benefits of HDACi in ALS.
Valproic acid was studied in mouse models and demonstrated the ability to delay disease onset and
improve survivability with chronic treatment before symptom onset!??, but human clinical trials did not
show such benefits in slowing down disease progression or improving survivability when administered to
patients'?3, Similarly, phenylbutyrate also showed promise in in vivo studies and was able to improve
neuronal survival and survivability even when administered after disease onset. Clinical trials conducted
using phenylbutyrate had positive results as it could slow down disease progression when administered
after symptom onset'?*, Additionally, trials using it in combination with an antioxidant agent also being
tested for ALS treatment showed more promising results, with higher survivability than each treatment
achieved individually*®®. A major obstacle in developing HDACi for ALS treatment is the lack of
understanding of the mechanism of neuroprotection that HDAC inhibition confers in this setting, which
limits translation into the clinic. ALS pathology is also marked by dysregulation of many cellular processes,
and HDACIi’s effects on non-epigenetic processes, such as microtubule dynamics and intracellular
transport, are also likely a contributing factor. Mouse model experiments using Trichostatin A showed that
inhibition of HDACG6 increased tubulin acetylation, which is associated with prolongation of survival in
ALS'®, but the exact role of HDAC6 in this context beyond epigenetic mechanisms is yet to be fully
elucidated!®’. Again, there is a lack of tools to help determine HDAC isoform activity in ALS to help develop
more personalized treatment options.

Spinal muscular atrophy (SMA) is a childhood-onset neurodegenerative disease that affects ~1 in 10 000
people worldwide and is one of the leading genetic causes of childhood mortality which remains
untreatable!?®, The disease pathology involves loss of a-motor neurons in the spinal cord which causes
limb and trunk muscle atrophy The genetic cause of a-motor neuron loss is the deletion or mutation of
the survival motor neuron gene SMN1 resulting in SMN protein deficiency. However, the redundant SMN2
is retained and capable of producing SMN proteins and the SMA symptom severity depends on the copy
number of SMN2 and, consequently, the SMN levels 1?7, This provides a basis for treating SMA by HDACi
as increasing histone acetylation has been shown to induce SMN2 transcription to increase SMN protein
levels. Several in vivo studies were conducted in mouse models, and HDACi sodium butyrate, valproic acid,
Trichostatin A, and SAHA all showed increased SMN protein levels as well as improved motor function,
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muscle mass, and survivability!®’. However, despite early results of motor function improvement, full-scale
human clinical trials with phenylbutyric acid 1-108 failed to confer any improvement in the severity of SMA
symptoms despite increasing survival rate by 250% in mouse models!?® 12 The exact mechanism of
HDACI’s beneficial effects and isoform contribution is not yet elucidated, and drug development is
complicated by inter-animal and inter-individual variability in responses®®’

1.20 PET Neuroimaging of HDACs

HDAC involvement in brain function is extensive but remains poorly characterised. Beyond
neurodegenerative diseases, evidence also indicates a role for HDACs in autism spectrum disorders,
addiction, stress, and depression through numerous studies, though the exact mechanisms are poorly
defined. Most studies report increased or decreased expression of HDACs, but are unable to draw clear
conclusions on whether their involvement is upstream or downstream from disease pathogenesis.
Mechanistic studies of the exact role of HDACs in neurological diseases are slowly being elucidated, but
the lack of availability of isoform-selective probes has hindered progress'*°. Translation of in vivo and in
vitro results to a clinical setting has benefited from the availability of new non-invasive tools to directly
visualize HDAC expression in the brain, more conclusively linking the expression levels to symptom
progression. These tools helped elucidate of the roles of HDACs in these diseases as well as guided
treatment options.

[''C] Martinostat
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Scheme 1-33: Radiosynthesis of [*!C]Martinostat

The Hooker group addressed this urgent need for non-invasive tools for HDAC neuroimaging, by
developing the HDAC PET imaging tracer [*'C]Martinostat 1-114 in 2014. Similar to other HDACi in its class,
[*!C]Martinostat uses a hydroxamic acid as a chelator zinc-cofactor located at the binding site of classic
HDACs. PET imaging modality is added via an 'C PET radioisotope, and an adamantyl moiety is used as a
capping group that increases the lipophilicity to allow the molecule to penetrate the BBB (Scheme 1-33).
Isoform binding affinity assay showed that the tracer selectively binds to HDAC isoforms 1 — 3 with high
affinity as well as to HDAC6 with somewhat lower affinity!3l. To date, [*!C]Martinostat has been used in

several clinical studies on HDAC dysregulation in neurological diseases, including AD and schizophrenia®3?
133
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Scheme 1-34: Radiosynthesis of ['®F]Bavarostat

Despite its success, the Hooker group recognised the limited HDAC isoform selectivity of [!1C]Martinostat
and developed the second generation HDAC PET tracer [*8F]Bavarostat (1-116) reported in 2017. They
noted that the main issues of [1!C]Martinostat are its relatively poor isoform selectivity, the relatively short
half-life of 1C at just over 20 minutes making it difficult to handle and transport, and its poor RCY. They
addressed these issues with the new tracer, which is selective for HDAC 6, while being labeled with the
longer-lived 8F using ruthenium catalyzed deoxyfluorination of the precursor 1-115. However, the
downside of ['®F]Bavarostat is a complex 3-steps radiosynthesis, using cumbersome ruthenium catalyst,
resulting in a relatively low 8.1% non-decay corrected RCY after HPLC purification (Scheme 1-34)1%4,

The difficult radiochemistry limits widespread use and availability of [*8F]Bavarostat due to the significant
technical challenges in providing sufficiently large doses and continuous supply of this tracer. This issue
presents an opportunity to employ a superior radiolabeling methodology to produce an HDAC PET tracer
that retains the advantages of F and isoform selectivity while drastically improving the convenience of
the synthesis and the RCY of the tracer. Both [*'C]Martinostat and ['®F]Bavarostat employ an adamanty!
group to increase lipophilicity, as the otherwise highly hydrophilic hydroxamic and amine-functionalized
tracer would not be able to cross the blood-brain barrier'**. The convenient presence of a highly lipophilic
auxiliary on the core scaffold that does not directly interact with its target is an ideal situation to employ
SiFA, which has already shown promise in brain imaging settings. We aimed to leverage SiFA lipophilicity
to our advantage by directly replacing the adamantyl group as the lipophilic portion of the molecule. Using
the ['®F]Bavarostat scaffold, we anticipated that replacement of the adamantly cap with SiFA or HetSiFA
scaffold will maintain HDAC 6 isoform selectivity while significantly improving the ease of radiosynthesis
and yield. Lipophilicity can be further tuned by using different heteroaromatic SiFA cores, and we expect
that the resulting product could eventually be a more accessible alternative to these currently available
tracers.
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Chapter 2: Synthesis and evaluation of HDAC PET tracer candidates

2.1: Introduction

To accomplish the plan outlined in section 1-20 we aimed to develop a SiFA-based HDAC-targeting PET
tracer that greatly outperforms ['®F]Bavarostat in radiolabeling efficiency, while maintaining similar
biodistribution properties and imaging quality. To achieve this goal, we planned to synthesize a series of
potential tracers that incorporate both phenyl and heteroaromatic SiFA cores into the Bavarostat scaffold,
as well as develop a pipeline to evaluate the binding efficiency and pharmacokinetics of our products.
Radiolabeling of compounds containing hydroxamic acid is also known to be difficult,! so we decided to
first synthesize a substrate using the well-established phenyl SiFA core to verify the efficiency of SiFA
radiochemistry in presence of a free hydroxamic acids. Once we demonstrated the ability to label
hydroxamic acids using phenyl SiFA, we would proceed with the synthesis of additional compounds using
other HetSiFA cores developed by our group, as well as evaluating biological behavior of these compounds
with in vitro and in vivo assays.

Hydroxamic acid to bind
to HDAC zinc center

['®FIBavarostat ["’F]PhSlFA Derivative | Ydroxamic acid

chelator

18,
F “’F
Ssi
SlFA Derivative >r \©\/
Linker

Adamantane lipophilicity used for
blood-brain barrier permeability
cLogP: 5.022 cLogP: 4.981
241 2-2

SiFA replaces adamantane Linker

Scheme 2-1: Proposed phenyl SiFA-Bavarostat derivative

This first substrate 2-2 involves direct replacement of the adamantane moiety in [®F]Bavarostat 2-1 with
phenyl SiFA (Scheme 2-1). The rough estimation of lipophilicity of adamantane using ChemDraw’s
calculated octanol/water partition coefficient cLogP revealed that it is fairly similar to that of phenyl SiFA
value at 5.022 compared to 4.981 of phenyl SiFA, and we predicted that this change would have minimal
impact to the molecule’s pharmacokinetic properties. Adamantane has been demonstrated to be an
effective auxiliary that can be used to help compounds cross the blood-brain barrier,! which prompted its
use in the design of the brain HDAC PET tracers [*8F]Bavarostat and [*!C]Martinostat.? Other studies studies
have shown that silicon compounds have similar effect on blood-brain barrier permeability® so we
expected that 2-2 would have a capacity of penetrating the blood-brain barrier.
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2.2: Synthesis of PhSiFA-based ['®F]Bavarostat derivative

Hydroxamic acid tBu o

tBu (o}
F\Sli OH amide coupling FQd
tBu” N7 B o
| N u | tBu
N N
215 24

Lithium-halogen
exchange

o] o]
Br Alkylation Br
L R G— |
NH Br. N
2-6 2-7 2-5

Scheme 2-2: Retrosynthetic plan of phSiFA derivative 2-15

Our initial plan was to first form the core structure of the molecule 2-5 through alkylation of the benzyl
bromide 2-7 with the secondary amine fragment 2-6. As discussed previously in section 1-10, the synthesis
of functionalized phenyl SiFA cores is well established, and our initial plan hinged on using lithium-halogen
exchange to install the SiFA on 2-5. Hydroxamic acid functionalities are commonly installed by reacting a
methyl or ethyl ester in the presence of hydroxyl amine and a base (KOH or NaOH), which is the method
used in the synthesis of ['®F]Bavarostat and [*'C]Martinostat. However, an alternative method must be
used for our substrates to avoid hydrolysis of the Si-F bond in the presence of hydroxide. Therefore, we
opted to use amide coupling of the carboxylic acid with hydroxylamine to form the desired product 2-15.

(o}

o)
Br. Br.
\©\/ | . OtBu  Cs,CO; (1 equiv.) | OtBu
NH Br DMF, 25°C, 18 h N

69 %
2-6 2-7 & 2-5

Scheme 2-3: Synthesis of 2-5

Compound 2-5 was successfully synthesized by alkylation of (4-bromophenyl)methylamine 2-6 with tert-
butyl 4-(bromomethyl)benzoate 2-7 using cesium carbonate in 69% yield (Scheme 2-3), but subsequent
lithiation attempts to install the SiFA using this substrate were unsuccessful.
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B 1. Organometal reagent (2.1 equiv.) F }Bu Q
r ) .
THF, -78 °C, [time Si
\©\/ | o [ ] g tBU/ | o
N
2. then Di-tert-butyl(difluoro)silane (1.1 equiv.) N

. THF, -78°C, 18 h
25 2-4
Organometal Time before
Entry reagent quench Result
1 tert-butyl lithium 30 min Complex mixture
2 tert-butyl lithium 10 min Complex mixture
3 tert-butyl lithium 3 min 2-5 recovered
4 tert-butyl lithium 1 min 2-5 recovered
5 iPrMgCl 15h 2-5 recovered

Table 2-1: Conditions for SiFA installation using organometal reagents

We initially attempted to use previously established protocols for SiFA installation through lithium-halogen
exchange (Table 2-1), letting the starting material react with tert-butyl lithium for 30 minutes at -78 °C
before quenching with di-tert-butyl(difluoro)silane (Entry 1). This was unsuccessful and resulted in a
complex mixture, and no desired products could be isolated. We suspected that the issue might be
decomposition of the lithiated intermediate so we decided to decrease the reaction time before adding
di-tert-butyl(difluoro)silane. Decreasing the reaction time to 10 minutes produced the same result (Entry
2), so we decided to attempt the reaction at 3 minutes (Entry 3) and 1 minute (Entry 4) before quenching.
However with this reaction time, only starting material 2-5 was recovered. We also attempted to switch
to a Grignard reagent using iPrMgCl instead of lithium-halogen exchange, but this attempt was also
unsuccessful with mostly starting material 2-5 recovered (Entry 5).

tBu [e] tBu

I I i
F\ F\
Si - si
tBu” | OtBu Alkylation tBu” . | otBu
N Br HN
2-4 2-10 213

Scheme 2-4: Alternative route for synthesis of phenyl SiFA derivative 2-4

Due to the challenges faced in the lithiation of 2-5, we decided to pursue an alternative strategy (Scheme
2-4). SiFA installation could be performed in the early stage, and we planned to employ a benzyl bromide
functionalized SiFA 2-10 which has been previously been synthesized by Kostikov et al.® The fragment 2-
10 would be used to alkylate the secondary amine 2-13, after which the hydroxamic acid could be installed.

1. t-BuLi (2.1 equiv)
THF, -78 °C, 30 min
then

Br t-Bu,SiF (1.1 equiv) E }BU PPh; (1.1 equiv) E }BU

\©\/ 25°C, 18 h ~d CBry (1.1 equiv Ssi

- > tBu

tBu o,

O<ieoms 2. HCI (10 equiv) DCM, 0-25°C, 4 h \©\/Br
MeOH, 25 °C, 18 h OH 74 %

72 % over 2 steps
2-8 2-9 2410

Scheme 2-5: Synthesis of phenyl SiFA benzyl-bromide 2-10

The benzyl bromide phenyl SiFA core 2-10 was synthesized (Scheme 2-5) from commercially available
TBDMS protected 4-bromobenzyl alcohol 2-8 via lithium halogen exchange using tert-butyl lithium and di-
tert-butyldifluorosilane, followed by removal of the TBDMS protection group with HCl to form the free
alcohol 2-9 and subsequent conversion to the benzyl bromide through Appel reaction.
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Br CH3NH,HCI(10 equiv) N
OtBu EtsN (2 equiv) BuOt | OtBu
_
THF, 0-25°C, 18 h

2-11 © ° °
- 82% 2-84
Br CH3NH; (10 equiv) \N
Et3N (2 equiv) H
OtBu —_ OtBu
THF, 0-25°C, 18 h
(0]
211 70% 212 O

Scheme 2-6: Synthesis of tert-butyl 4-((methylamino)methyl)benzoate 2-10

The second fragment 2-12 was synthesized from commercially available tert-butyl 4-
(bromomethyl)benzoate 2-11 via alkylation with methylamine using a published procedure by Hjelmgaard
et al. (Scheme 2-6)?° An initial attempt to use more readily available methylamine HCl salt resulted in over
alkylation, producing the bis-alkylated tertiary amine product 2-84 rather than the desired product.
However, switching reagents to free methylamine solution in THF was successful in producing the desired
product 2-12 in 70% yield. We presume that this difference in reactivity was possibly due to the lack of
available free methylamine when using the HCI salt, which results in overalkylation. Another potential
solution to this issue would be the addition of a stronger base or pre-mixing the methylamine salt with
the base to produce more available free amine for the alkylation.

tBu o
e }Bu \N 1. Cs,CO3 (1.2 equiv) Fl
Na Si
>si H DMF, 25°C, 18 h tBu” OH
tBu + OtBu —_— |
2. TFA (10 equiv) N
Br o DCM, 25°C, 18 h
49 % over 2 steps
2410 212 213

Scheme 2-7: Synthesis of 2-13 through alkylation using phenyl SiFA benzyl bromide

With the key fragments 2-10 and 2-12 in hand, we proceeded with alkylation using cesium carbonate as
the base and were able to produce the desired compound 2-4 in 54% yield. After alkylation, the tert-butyl
ester was hydrolyzed using trifluoroacetic acid to give the free carboxylic acid 2-13 (Scheme 2-7) as a
precursor for hydroxamic acid installation.

tBu o tBu o

Fl NH,0H (10 equiv) Fol
S EtsN (10 equiv) S ~OH
tBu | OH 3 tBu | N
N Coupling reagent (5 equiv) N H

DMF, 25 °C, 18 h

213 215
Entry Coupling reagent Hydroxylamine Yield (%)
1 EDC NH,OH 23
2 HBTU NH,OH 52
3 Yamaguchi's reagent NH,OH 61

Table 2-2: Optimization for installation of hydroxamic acid

We first used EDC as the amide coupling reagent with hydroxylamine as it was commonly used for
hydroxamic acid formation in literature? but had a poor result with only 23% yield from the coupling (Entry
1), so we also tried reagents we had on hand including HBTU (Entry 2) and 2,4,6-trichlorobenzoyl chloride
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(Yamaguchi’s reagent) (Entry 3), with both affording 2-15 in moderate yields. As Yamaguchi’s reagent
provided the marginally better result at 61% yield, we decided to use it as the standard coupling reagent
for hydroxamic acid installation on subsequent derivatives.

We found that it was impractical to purify 2-15 by normal phase column chromatography due to a strong
tailing effect in a normal phase. It was feasible to use reverse phase HPLC for purification. However we
lacked the capacity for preparative scale separation and it significantly limited our throughput. Acommon
strategy to simplify the purification process of hydroxamic acids is to synthesize the O-protected
hydroxamic acids,* which can be readily deprotected to generate the desired hydroxamic acids usually with
minimal purification.

tBu (o} tBu (o}

F\SI_ NH,0-R (10 equiv) F\sl,' o

i h

tBu” | OH EtsN (10 equiv) B | N7R
N Yamaguchi's reagent (5 equiv) N H

DMF, 25°C, 18 h

213 2-85 R=Bn
2-86 R=TMS
Entry Hydroxylamine Yield (%) 214 R=THP
1 NH,-OBn 54
2 NH,-OTMS 0
3 NH,-OTHP 62

Table 2-3: Optimization for installation of hydroxamic acid

We decided to try commercially available benzyl, trimethylsilyl, and tetrahydropyran protected
hydroxylamine as the coupling partner to produce the corresponding protected hydroxamic acids (Table
2-3). The benzyl protected derivative 2-85 was successfully synthesized in 54% yield (Entry 1) and we were
pleased to find that it can be easily purified on normal phase silica. However, when subjected to
hydrogenation conditions using H, and palladium on carbon for deprotection, we observed formation of
significant quantities of side products, making this protecting group unsuitable for our purposes. We found
trimethylsilyl protecting group to be too labile as 2-86 underwent significant deprotection during normal
phase column purification on silica gel (Entry 2). Finally, we found that THP protected derivative 2-14
worked well for our purposes, allowing it to be purified using silica gel column chromatography and
deprotected by hydrolysis in HCI without necessitating additional column purification (Entry 3).

tBu (o} tBu 0o

A F ' THP:
Si (0] HCl Ngi ' )
Bu” N TR — 1L S o o
r!n H Et,0,25°C, 1h | N :
74 % N '

214 215
Scheme 2-8: Deprotection of THP protected hydroxamic acid 2-14

Treating the THP protected derivative 2-14 with ethereal HCl produces the free hydroxamic acid 2-15
(Scheme 2-8) which can be purified through trituration with additional ether to afford the product. We
also found that deprotection could be achieved within 15 minutes using 5 M aqueous HCI, then purified
by cartridge purification using C-18 cartridges, which is a part of a standard SiFA radiosynthesis protocol.
This means that it is feasible to ®F-label the THP-protected compound 2-14, remove THP group, and then
purify a free hydroxamic acid by cartridge, similarly to a SiFA radiosynthesis process.
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2.3 Synthesis of methoxy pyridine HetSiFA-based ['®F]Bavarostat derivatives

~
o 1. NaH (1.2 equiv) e }Bu 0/
THF, reflux, 1 h
B~ et Th Ssi
| 2. t-BuLi (2.1 equiv) tBu Z |
\N N,Boc THF, -78 °C, 30 min ~ _Boc
H then N N
t-Bu,SiF, (1.1 equiv) H
2-16 25°C, 18 h 247

Scheme 2-9: Synthesis of methoxy aminopyridine SiFA core

In a separate project, our group has been developing less lipophilic heteroaromatic HetSiFA cores,
including a methoxy pyridine SiFA functionalized with an amino group 2-17 (Scheme 2-9) that serves as a
functional handle and point of attachment to peptides. To expand the scope of HDACi candidates in hand
we decided to incorporate this HetSiFA core with the Bavarostat scaffold to produce a less lipophilic
candidate.

tBu
F }B“ o Amide coupling Fol Amide coupling Fo }Bu o
Si Si Si
tBu” N | o) tBu” | 0 BuNF | .«
R OtBu
X N7 N Sy -
| f I H
No OtBu o
222 OH 221 2419 2:20
0 (o]

Scheme 2-10: Strategy for synthesis of HetSiFA amide derivative

The first derivative we aimed to make was 2-22 which attaches the pyridine hetSiFA core 2-19 to the aryl
hydroxamic acid via an amide functionality. With Boc-protected amino-pyridine SiFA core 2-17 already in
hand from other projects, we decided to first synthesize 2-19 which can be amide-coupled with the acyl

chloride 2-20 to produce 2-21, followed by installation of the hydroxamic acid using the same strategy as
for the phenyl SiFA derivative 2-14 (Scheme 2-10).
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\‘/ o~ \‘/ o~ \‘/ o~
F\Si NaH (1.2 equiv) F\Si TFA (20 equiv) F\Si
—_— —_—
>( = | DMF, 25°C, 1h >( Z | DCM, 25°C, 8 h >r Z |
\N _Boc then . N _Boc 92 % N s

N CHj3 I(1.1 equiv) N N N N
H 25°C, 18 h | H
83 %
217 ’ 218 2-19
2-19 By 0~
o (COCI); (1.1 equiv) (1.0 equiv) F\Sli
DMF cat. o Eta (5 equiv) tBu” X o]
—>
HO Toomzsoc7n DCM, 25°C, 18 h | _
OtBu OtBu 729 N T
o OtBu
2-3 2-20 2-21 o
not jsolated
Bu 07 Bu 0
N \' 1. TFA ( 20 equiv)
Pt .
tBu | A o DCM, 25 °C, 8 h
P - I
N T Et,0,25°C, 5 h 2. NH,0-THP (10 equiv)
H H Et;N (10 equiv
N 82% No _TH of (10equiv)
OH (0) Yamaguchi's reagent (5 equiv)
2-22 o 2-23 5 DMF, 25°C, 18 h

61 % over 2 steps
Scheme 2-11: Synthesis of methoxy aminopyridine SiFA core

To avoid over-alkylation, we attempted to directly install the methyl group on the Boc-protected SiFA core
2-17 synthesized by other group members for different projects. We were pleased to find that 2-17 could
be methylated using sodium hydride base and iodomethane, producing the desired product 2-18 at 83%
yield which was then subjected to TFA deprotection to form the desired hetSiFA core 2-19 ready for amide
coupling.

Tert-butyl 4-(chlorocarbonyl)benzoate 2-20 was prepared using commercially available 4-(tert-
butoxycarbonyl)benzoic acid 2-3 by a known procedure, ®> and used immediately without purification to
amide couple with 2-19 to produce 2-21. Subsequent tert-butyl ester deprotection and installation of the
THP-protected hydroxamic acid functionality to produce 2-23 uses the same amide coupling procedure
developed for the phenyl SiFA derivative 2-14 described above. The THP group was removed using ethereal
HClI to produce the free hydroxamic acid 2-22 which was purified by trituration as described above
(Scheme 2-11).

tBu O tBu O By o~

F! Amide coupling F! Alkylation F.
>Si >SI \Sli Br
By N | By | Bu” N | + OtBu
X X ~
N7 N N7 N N SN
I N I H °
Nooh OtBu
2-25 2-26 219 2-24

[¢] [¢]
Scheme 2-12: Strategy for synthesis of HetSiFA amine derivative 2-25

A second methoxy pyridine derivative we aimed to synthesize was 2-25 which has the amine functionality
in the linker between the benzohydroxamic acid and HetSiFA core as opposed to the amide linker of 2-21.
We aimed to use the same SiFA core 2-19 and commercially available 4-(bromomethyl)benzoic acid tert-
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butyl ester 2-24 and assembe the two fragments by alkylation followed by deprotection and amide
coupling to install the hydroxamic acid in 2-25 (Scheme 2-12).

tBu 0/
Pl
i
Bu 07 2-24 Bu” Y
F\sl_ (1.1 equiv) |
i i X
Bu” % | NaH (1.2 equiv) N N
\N N/ DMF, Temp, Time l OtBu
H
2-19 2:26 o}
Entry Temperature (°C) Time (min) Base Result
1 25°C 18h Cs,CO3 No conversion
2 60 °C 18h Cs,CO3 No conversion
3 25°C 18 h LIHMDS No conversion
4 60 °C 18h LiHMDS Complex Mixture
5 25°C 18 h NaH No conversion
6 90 °C 24 h NaH Complex Mixture

Table 2-4: Attempts of synthesis of 2-26 by direct alkylation of 2-19

We experienced considerable difficulty performing the key alkylation step (Table 2-4), likely due to poor
nucleophilicity of the secondary amine of 2-19 conjugated to the pyridine ring. First, alkylation attempts
were made using cesium carbonate as the base (Entry 1), but even upon heating to 60 °C (Entry 2) there
was no conversion. Lithium bis(trimethylsilyl)amide (Entry 3, 4) and sodium hydride (Entry 5, 6) both
resulted in no conversion at room temperature, while elevating the temperature resulted in complex
mixtures with no desired product.

-
o9 o [ e
B v (1.1 equiv) F\Sli :Si :
r Bu O TBAI (0.1 equiv.) tBu = tBu =z | .
Ssi y NaH (2 equiv.) - | . « '
1
1Bu | DMF, 25 °C, 5 h N7 N N ril ' OtBu
S H/ | OtBu osu | I
.
219 2-26 o 2-29 0 ' 2-24
'
1% 14%

Scheme 2-13: Attempted alkylation of 2-19 using 2-24 with TBAI

We decided to attempt activation of benzyl bromide 2-24 prior to alkylation by addition of 10 mol%
tetrabutylammonium iodide (TBAI) to effect in-situ generation of a more electrophilic benzyl iodide
through Finkelstein reaction. We were pleased that under these conditions, alkylation proceeded to form
2-26, although only in 11% vyield due to the concurrent hydrolysis of the silicon-fluoride bond to form the
silanol side product 2-29 (Scheme 2-13). While we were unable to confirm the source of OH", we suspect
that the hydrolysis occurred either during aqueous work-up or due to the traces of water in the reagents
as the silanol side product was observed even after drying tetrabutylammonium iodide on vacuum for 24
h along with using freshly distilled DMF.
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- KF (1.5 equiv) e

tBu O tB
HOLL AcOH (3 equiv) Flt o
Si K222 (1. i Si
Bu” 7z | (1.5 equiv) Bu” = |
x> THF, 85°C, 24 h S
N7 N NT N
l OtBu l OtBu
229 © 226 0

Scheme 2-14: Attempted re-fluorination of silanol 2-29

We attempted to re-fluorinate the silanol byproduct 2-29 to recover the desired product (Scheme 2-14),
but were unable to detect formation of 2-26 after heating at 85 °C for 24 h. This prompted us to consider
a different strategy for preparation of the SiFA core 2-19 via LAH reduction of the corresponding Boc-
protected amine.

Reduction of the Boc-protecting group on 2-17 to the methyl using lithium aluminum hydride to produce
2-19 in one step had high conversion, but generated mixture of the desired product 2-19 and the over-
reduced silane 2-30. This mixture was carried forward as is, as the silane could be re-fluorinated after the
alkylation step. It was possible to fully convert 2-17 into the silane 2-30 if the reaction was allowed to
proceed for 24 h, but we found significant decrease in yield of this reaction due to decomposition which
would have decreased the utility of this reaction sequence to maximize the yield of 2-26.

2-24

(o}

(1.1 equiv) ~
tBu O
.y o~ o B o~ TBAI (0.1 equiv.) R
Na . ~a; NaH (2 equiv.) P
Si LAH (4 equiv.) Si tBu =z
tBu” z | — » B z | —_— |
o NS
« _Boc  THF. 85°C, 5 ~ _ DMF, 25 °C, 5h N N
N N N N |
H H OtBu
217 R=F 219 R=F 2-26
R=H 2-30 R=H 2-87 o
Isolated as a mixture Isolated as a mixture
By 07 3. KF (1.5 equiv.)
: A AcOH (1.1 equiv.)
e
Br ! tBu = | K222 (1.5 equiv.)
: N
OtBu N N THF, 75°C, 24 h
o ! | OtBu
2-24 !
! 2-26
H
H

19% over 3 steps
Scheme 2-15: Synthesis of 2-26 by reduction of 2-17, alkylation, then re-fluorination

The mixture of 2-19 and 2-30 was used to alkylate 2-24 in presence of sodium hydride and
tetrabutylammonium iodide and the resulting mixture of 2-26 and 2-87 was subjected to fluorination
conditions using Kryptofix 2.2.2., KF, and acetic acid to successfully produce 2-26 in an overall 19% yield
over 3 steps (Scheme 2-15).
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B O/ tBu O/

By 07 1. TFA (20 equiv) r_ [Bu Fl
N DCM, 25°C, 8 h >Si A HCI By’ N

—_—
! 1B
tBu” X 2. NH,0-THP (10 equiv) Y | Et,0,25°C,5h | _
| P Et3N (10 equiv) N/ N 59 % N N
N N Yamaguchi's reagent (5 equiv) | H | H
| 0 N_ _THP ~oH
otBu  DMF, 25°C, 18 h ~o
o}

49 % over 2 steps
2-26 [¢] 2-31 2-25

Scheme 2-16: Synthesis of final product 2-25 from 2-26

With 2-26 in hand, we deprotected the carboxylic acid followed by amide coupling to install the THP
protected hydroxamic acid 2-31. The latter was deprotected with ethereal HCI to form free hydroxamic
acid final product 2-25 (Scheme 2-16) as described above.

Proposed derivative

tBu O tBu
~4 i
tBu” /l tBu” /l
X X
N N
| H | H
“OH N\OH
225 2-39

Scheme 2-17: Proposed derivative 2-39 compared to 2-25

During the development of pyridine SiFA cores, we found that the presence of the methoxy group helped
improve the hydrolytic stability of the Si-F bond, but at the cost of decreased radiolabeling efficiency. On
the other hand, the desmethoxy pyridine SiFAs were adequately stable for PET applications and showed
excellent efficiency in ®F-labeling via SiFEx. As such, we next designed desmethoxy pyridine SiFA
hydroxamic acid 2-39 expecting better radiolabeling efficiency while maintaining adequate hydrolytic
stability (Scheme 2-17).

tBu
tBu
R N
1 -~
Bu” | LAH (4 equiv.) tBu Z |
~ _Boc  THF, 85°C, 5h Sy
NTON 12%

2-40 2-41

Scheme 2-18: Synthesis of 2-41 from 2-40 by reduction of Boc protecting group

The pyridine SiFA core was provided by other members of the group as the Boc-protected starting material
2-40. We decided first to employ the previously successful Boc-reduction using LAH, to produce 2-41, but
the reaction resulted in only 12% yield with significant loss of product by decomposition through
protodesilylation (Scheme 2-18).
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1. K222 (1.5 equiv.)

NaH (1.2 equiv) KF (1.5 equiv.)
tBu DMF, 25°C,1h tBu AcOH (3 equiv.) Bu
F\SIi then HO\SIi THF, 85°C, 18 h F\SIi
_then o >
By NF | CHal (1.1 equiv) tBu” Y | 2. TFA (20 equiv) Bu” |
o
~ Boc 25°C,18 h ~ _Boc DCM, 25°C, 8 h ~ _

N N N N N N
H 58 % | 79 % over 2 steps H

2-40 2-42 2-41

Scheme 2-19: Synthesis of 2-41 from 2-40 by alkylation with iodomethane

Next, we tried alkylation of 2-40 with iodomethane, and found that while the reaction had good
conversion it resulted in the hydrolysis of the Si-F bond to give the silanol 2-42, even when performing the
reaction using freshly distilled DMF. However, we were pleased to discover that the silanol could be re-
fluorinated, and after Boc-deprotection we obtained our desired methylated fragment 2-41 (Scheme 2-
19).

2-24 tBu
(1.1 equiv)
NaH (1.2 equiv) tBu” Y
Si TBAI (0.1 equiv) |

tBu” =z —_— ¢ = X E Br
Xy | W DMF, 70°C, 18 h N T/\©Yot8u /\©\(0'BU
2-41 2-43 2-24
Scheme 2-20: Attempted synthesis of 2-43 from 2-41 by alkylation with 2-24

To install 2-24 on 2-41, we first tried to use the same activation strategy through using 10 mol % tetrabutyl
ammonium iodide, but this failed to produce any desired product (Scheme 2-20).

tBu

® 2-24 HoLL
Fl u (1.1 equiv) Bu” '
N NaH (1.2 equiv) « | U oar
| DMF, 25 °C, 18 h NT N : OtBu
:
S Sy Boe 79% Boc oBu !
H . 0
0 H
240 2-44 ' 2-24

Scheme 2-21: Attempted synthesis of 2-43 from 2-41 by alkylation with 2-24

We then tried to reverse the order of alkylation, and successfully alkylated 2-24 on the Boc-protected
starting material 2-40 with good conversion, but again only managed to isolate the corresponding silanol
2-44 (Scheme 2-21).

Bu 1. K222 (1.5 equiv.) tBu NaH (1.2 equiv) tBu
HoLl /:(';(}_1‘ '(53‘3““'?")) Fud DMF, 25°C, 1h N
_Si c equiv. P then P
tBu z | THF, 85°C. 18 h tBu z | _ tBu =z |
SN 2. TMSOT (3.5 equiv) S S CHsl (1.1 equiv) SN
| 2, 6-Lutidine ( 5 equiv) H 70°C, 18 h |
Boc OtBu  DCM,25°C, 1.5h OtBu OtBu
25 % over 2 st
o) 0 over Z steps o o
2-44 2.45 2-43

Scheme 2-22: Attempted synthesis of 2-43 from 2-44 by alkylation using iodomethane
73



We used the same fluorination conditions and managed to successfully fluorinate 2-44 to produce the
corresponding silyl fluoride, which we attempted to selectively deprotect the Boc group using TMSOTf and
2,6-lutidine. We found the selectivity for Boc deprotection was fairly poor and significant product loss due
to global deprotection was observed, though the desired product 2-45 was still isolated at 25% yield over
2 steps. However, attempts to alkylate 2-45 with iodomethane were unsuccessful with poor conversion
(Scheme 2-22).

Fl 224

7 '
Si (3.6 equiv.) tBu z ' oBr
tBu” . | '
| Et3N (2.5 equiv.) o N : otBY
N ~~  THF, Microwave, 300W, 66 °C,2 h N N '
N7 N | '
OtBu |

H 0%
241 243 o ' 2-24

Scheme 2-23: Synthesis of 2-43 from 2-41 by microwave-assisted alkylation with 2-24

For the next attempt, we decided to use the previously synthesized substrate 2-41 and attempt alkylation
of 2-24 through activation by microwave irradiation. Using a published protocol®® we successfully
performed the alkylation to produce 2-43 at 40% yield (Scheme 2-23).

tBu 1. TFA ( 20 equiv) E }Bu F\Sli
F\Sl_ DCM, 25°C, 8 h )gi N HCI By SN
—_—
i B
tBu” X 2. NH,O-THP (10 equiv) Y | Et,0,25°C,5h | _
| > EtsN (10 equiv) NN 54% NN y
N N Yamaguchi's reagent (5 equiv) | H l N
| OtBu DMF, 25 °C, 18 h N\O/THF’ OH
71 % over 2 steps o o
2-43 o 2-44 2-39

Scheme 2-24: Synthesis of 2-43 from 2-41 by microwave-assisted alkylation with 2-24

With 2-43 in hand, we proceeded with tert-butyl ester deprotection then installation of THP protected
hydroxamic acid using our previous conditions to produce 2-44, which was then deprotected using
ethereal HCl to provide the free hydroxamic acid 2-39 (Scheme 2-24).

Reductive tBu
tBu am/nanon

lB
i F\ Y Amide F\ _oTHP
\ S
\ﬁj\ \/@)L ,OTHP Ikylatlon '\ﬁj\ COUP"”Q

Scheme 2-25: Retrosynthetic plan of long amide derivative 2-48

The binding pocket of HDACs are linear to accommodate lysine side chains as their main biological target.
We decided to produce an elongated variant of our amide derivative 2-22 in hopes that the longer design
might improve substrate binding. We designed 2-48 elongated by one glycine unit to maintain a similar
structure in the binding portion compared to our other substrates, but spacing the SiFA further away from
the hydroxamic acid. For the synthesis of the amide derivative 2-48, we attempted a more convergent
synthesis by pre-installing the THP protected aryl hydroxamic acid fragment 2-54 to reduce the number of
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functional group manipulations at the end of the synthesis. Fragment 2-54 could be functionalized into an
aldehyde and coupled to 2-29 to directly produce the desired product 2-48 (Scheme 2-25).

2-52 .
e '
u ©Q (1.1 equiv) By 07 :
Ssi Base F\SI. |
- i ' o]
tBu | A Coupling reagent(s) tBu” | A 0o | H |
> ' N
P DMF, Temperature, 24 h P JI\/N ' HO)I\/ ~B
N ONH NTN “Boc °e
2-50 2-51 H H 2-52
'
Entry Coupling reagent 1 Coupling reagent 2 Base Temp (°C) Yield (%)
1 HATU (1.1 equiv.) HOBt (1.1 equiv.)  DIPEA (5 equiv.) 25 35
2 HATU (1.1 equiv.) HOBt (1.1 equiv.) DIPEA (5 equiv.) 40 28
3 HATU (1.1 equiv.) HOB (3 equiv.) DIPEA (5 equiv.) 60 42
4 HATU (1.1 equiv.) HOBt (5 equiv.) DIPEA (5 equiv.) 60 34
5 POCI; (3.5 equiv.) - Pyridine (10 equiv.) 25 22
6 HATU - DIPEA (5 equiv.) 25 69

Table 2-5: Optimization of amide coupling of 2-50 with 2-52 to produce 2-51

Boc-deprotection of the methoxy pyridine SiFA core provided 2-50, and we began by attempting to install
the N-Boc sarcosine fragment 2-52 by amide coupling (Table 2-5). Our first attempt was successful in
producing the desired product 2-51, but only in 35% yield (Entry 1), due to poor conversion. We tried to
address the low conversion by increasing both the equivalents of HOBt used and the reaction temperature
(Entry 2 — 4), but eventually found that using only HATU as the coupling reagent and performing the
reaction at room temperature provided the best result (Entry 6).

HO EDC (1.1equiv)  HO 7
NH,-OTHP (1.1 equiv) N MnO; (15 equiv.) H
o ——— SOTHP ~powzsocen NS
DCM, 25 °C, 2 h DCM, 25°C, 6 h OTHP
0

63% 89% o
253 2-54 2-55
E }Bu O/ }Bu (0]
si ) si
tBu | AS 0 | TFA (20 equiv. tBu | X o) |
0,
_ J]\/N\ DCM. 25°C, 4 h _ J]\/NH
N N Boc N N
H 86% H
2-51 2-56
2-55
(1 equiv.)

tBu

tBu
F NaBH;CN (1.2 equiv.)
F. ~d 3
\Su _Si _OTHP EtsN (2 equiv.)
AcOH cat.
Et,0, 25 °C 1h )]\/ MeOH/THF 1:1),25°C, 6 h

88%

Scheme 2-26: Synthesis of 2-45 from 2-51 by reductive amination

The aldehyde functionalized hydroxamic acid fragment 2-55 was synthesized in 2 steps from the 4-
(hydroxymethyl)benzoic acid 2-53 using a literature procedure?’. We then successfully coupled it to 2-56
by reductive amination to produce 2-48 at 29% vyield. We also attempted to convert 2-54 to the
corresponding benzyl bromide and benzyl mesylate for alkylation as an alternative route, but both
reactions failed to produce the desired product. THP protected 2-48 was then deprotected using ethereal
HCI to produce the free hydroxamic acid 2-45 (Scheme 2-26).

75



Reductive tBu Ne
\

amination N

F—Si—<\/|k

/ / B
N |::> B - |::> \~Boc
| N | "
~, =
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Scheme 2-27: Retrosynthetic plan for synthesis of pyrazole derivative 2-46

Alkylation / Deprotection

The pyrazole derivative 2-46, could be made by the same reductive amination strategy using the previously
synthesized hydroxamic acid aldehyde fragment 2-55. The main pyrazole core was synthesized by other
members and provided as the Boc-protected fragment 2-59 (Scheme 2-27).

tBu\ Nw NaH (1.1 equiv.) tBu \N\N B
" \
F S'_<\/|k CHal (1.1 equiv.) HO—Si—<\/|k + F— SI_<\/|k 5
B N/Boc DMF, 25°C, 4 h tBu/ N/Boc tBu N~ oc
H | |
2.50 72% conversion 2.60 2-61

Scheme 2-28: Alkylation of pyrazole SiFA core 2-59

The methylation of 2-59 progressed with good conversion, but produced a mixture of the desired product
2-61 and the corresponding silanol 2-60 (Scheme 2-28) despite the use of the freshly distilled solvents.

\ \ KF (1.5 equiv.) \

; ; 18-crown-6 (1.5 equiv.) tBu N
Ne nBuLi (2.2 equiv.) 1B N ~
</|Nk Bu;SHOI 2 equiv) ”\S N\IN AcOH (3 equiv.) F—\Si—<\/|Nk

—Si —_—
—_— I /
\ \-Boc THF, 78-25°C, 18h g/ _<\/k Boc  'HF 60°C.2h 18U N~
H N :
2-62 2-63 2-59

Scheme 2-29: Synthesis of pyrazole SiFA core 2-59

The synthesis of the pyrazole SiFA core developed by our group is 2-steps from commercially available
pyrazole starting material 2-62. The reaction sequence passes through the silane precursor 2-63 before
fluorination to form 2-59 (Scheme 2-29). We decided to address the hydrolysis issues we observed by
switching the reaction sequences and performing the alkylation steps on the silane intermediate then
performing fluorination afterwards.

A( N\N NaH (1.1 equiv.) A( TFA 2 A(
—Si CHjl (1.1 equiv.) _</k equiv. _</k
H=si—(_ | ) (1.1 equiv) | |
7<_<\/kN Boc DMF, 25°C, 4 h 7< \ oc DOM. 25 °C 4n 7< \
H 63% 84%
2-63 2-64 2-65

Scheme 2-30: Synthesis 2-65 from silane starting material 2-63

Using the silane 2-63, we successfully performed the alkylation using iodomethane to produce 2-64, which
was then deprotected to produce 2-65 (Scheme 2-30).
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\ 2-55 B AR ;
By, N<y (1 equiv.) H—/S'—<\/Ik s
H—Si—<\/|k NaBHsCN (1.2 equiv)  tBU N : [
/ Et;N (2 equiv.) ' -
—~ ! H
B N AcOH cat. l N : OTHP
H 2-66 OTHP o
2-65 ] > - '
MeOH/THF (1:1), 25 °C, 6 h ; 2.55
H

o
7%

Scheme 2-31: Synthesis 2-66 from 2-65 by reductive amination

Reductive amination was performed using the previously synthesized hydroxamic acid fragment 2-55 to
produce 2-66. The reaction had high conversion, but only produced 7% isolated yield of 2-66 (Scheme 2-
31). Due to the poor yield, we decided to try an alternative alkylation sequence to verify if we could obtain
a better overall yield.

K222 (1.5 equiv.) {Bu \N '
\ (1 12::1N) Bu, N~n KF (1.5 equiv.) F—S|—<l :
tBu . N~y NaH (2.1 equiv.) H—/Si—<\/|k AcOH (8 equiv.) — \ N ' Br
H—/S|—<\/|k “DMF 25°C.8h . tBu N THF, 60°C, 18 h | ' OtBu
tBu N | 240 OtBu !
H 83% OtBu ° 2.68 ! 224 ©
2-65 2-67 [¢] H

Scheme 2-32: Synthesis 2-67 from 2-65 by alkylation

We found the alkylation of the silane core 2-65 using the benzyl bromide 2-24 proceeded efficiently and
produced 2-67 in 83% yield. We decided to fluorinate this substrate before proceeding with the
hydroxamic acid installation, and found that the reaction was slow and required 8 equivalents of acetic
acid to proceed, obtaining 2-68 in 34% yield (Scheme 2-32).

\

tBu Nw 1. TFA (20 equiv.) tBu N< tBu N<

N N
\ N DCM, 25°C, 4 h F—Si Hel %

F=si— | N —=_» F-Si \
/ tBu Et,0,25°C, 1h

tBu N 2. Yamaguchi's reagent (1.5 equiv.) N tBu N
| EtsN (10 equiv.) | H | H
OtBu NH,-OTHP (5 equiv.) N 71% No
DMF, 25°C, 8 h OTHP OH
2-68 2-69 2-46

(0] 32% over 2 steps o o

Scheme 2-33: Synthesis 2-67 from 2-65 by alkylation

With 2-68 in hand, we proceeded with tert-butyl ester deprotection and amide coupling to install the THP
protected hydroxamic acid to form 2-69, which was then deprotected using ethereal HCI to form the free
hydroxamic acid 2-46 (Scheme 2-33).

2.4 Synthesis of SAHA - based SiFA tracers
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2.37 Hydroxamic acid zinc caping group 2-70 Hydroxamic acid zinc

chelator chelator

Scheme 2-34: Proposed SAHA based SiFA PET tracers

We designed the next generation of HetSiFA-hydroxamic acid PET tracer candidates based on the structure
of the clinically validated HDACi Vorinostat (SAHA) 2-37. Besdies its application as an anticancer drug,
SAHA was tested in clinical trials for neurological applications, but failed due to its poor brain
bioavailability. This is likely due to SAHA being a target for active efflux by Pgp and Bcrpl efflux
transporters®®. A SiFA derivative using this scaffold would replace the capping benzene ring with either a
phenyl or a heteroaromatic SiFA core (Scheme 2-34). The addition of silicon and tert-butyl groups was
hypothesized to prevent these SiFA derivatives from being targeted by the same efflux transporters and
allow for its use in neurological imaging. Even if this isn’t the case, a SiFA PET tracer based on the SAHA
scaffold could still be useful for non-neurological applications, similar to how [Y!C]Martinostat which was
originally developed for brain PET imaging had also been successfully used for other organs'’

N-methyl morpholine (2.2 equiv.)

9 o]
CDMT (1.2 equiv.) NaOH H
lo) NH2OTHP (1 equiv.) N
HO ~ NoTHP ————————————>  HO OTHP
DCM, 25 °C 5h MeOH / H,0 (3:1) 50°C, 18 h 5
o
2-90 249 58 % 2.72
2-52
(1 equiv.)
. tBu tBu
tBu EDC (1.1 equiv.) Fl Fl
FoL HOBL (1.1 equiv.) _Si Ssi
B> EtsN (1.1 equiv.) tBu \©\ o] " Hel tBu \©\ o) y
—_—_— —_
o N Et,0,25°C,1h N
DMF, 257C.5h N SoTHP  C HM ~on
NHz 9% o 829% 4
271 2-73 2-74

Scheme 2-35: Synthesis of phenylISiFA-SAHA derivative 2-74

THP protected hydroxamic acid 2-72 was successfully synthesized from commercially available suberic acid
monomethyl ester 2-90 using a literature procedure?!, and served as the coupling partner to several amine
functionalized SiFA cores to produce the tracer candidates. For the phenylISiFA derivative, aniline SiFA 2-
71 was prepared via published procedure??, and was successfully coupled to the hydroxamic acid fragment
2-72 by amide coupling using EDC and HOBt to produce the THP protected derivative 2-73, which was then
deprotected using ethereal HCl to form the free hydroxamic acid 2-74 (Scheme 2-35).
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\ \ N
tBu\ N\N Dioxane, 25 °C, 6 h E \Si IN o y HCI F_/Si_<\/|k "
—Si —_— — —_—
F ’SIM . .52 ; N H Et,0, 25 °C, 1 h B NMN\
tBu N~ (1 equiv.) Y N OTHP N

H EDC (1.2 equiv.) o 79 %

2.59 HOBt (1 .2. equiv.) ) 2.75 2.76
N-Methylmorpholine (1.2 equiv.)

48 % over 2 steps

Scheme 2-36: Synthesis of pyrazoleSiFA-SAHA derivative 2-76

For the HetSiFA derivatives, we employed the pyrazole SiFA core to synthesize the first tracer candidate.
The previously synthesized Boc-amino pyrazole core 2-59 was deprotected then amide coupled to the
hydroxamic acid fragment 2-52 with EDC and HOBt to form 2-75, which was then deprotected to produce
the final free hydroxamic acid 2-76 (Scheme 2-36).

F\‘/ o F\‘/ o~ F\i/ o
Ng; mCPBA (2.1 equiv.) Ng; TFA (20 equiv.) Ssi
>r | ~ DCM, 25°C, 18h >r | A DCM, 25°C, 4 h >r
P~ _Boc + _Boc

N H 87 % N 91 % NH;

217 =

Scheme 2-37: Synthesis of pyridine N-oxide SiFA core 2-78

We next synthesized pyridine n-oxide SiFA derivative. This core was chosen over the previously employed
parent pyridine to both increase the hydrophilicity of the final compound as well as improving the
substrate’s radiolytic stability. The mechanism of radiolytic decomposition of these scaffolds is proposed
to be mainly due to oxidation from reactive oxygen species formed by the radiolysis of water'?. Previously
synthesized pyridine SiFA core 2-17 was oxidized using mCPBA to successfully produce the pyridine n-oxide
SiFA 2-77 which was Boc deprotected to give the free amine 2-78 (Scheme 2-37).

2-52
(1.1 equiv.) tBu O tBu O
F.

HATU (1.1 equiv.) F I
i HCI ~
S| DIPEA 2 equw) S - N _Si
tBu | A o " Et,0,25°C, 1h tBu | A 0
DMF, 25 °c 6h s ] s
N7 N SOTHP N N
82 % | H 79 % | H

2 2-79 2-80
2-78

Scheme 2-38: Synthesis of pyridine N-oxide SiFA -SAHA derivative 2-80

The SiFA core 2-78 was then successfully amide coupled to the hydroxamic acid fragment 2-52 using HATU
to form 2-79. After coupling, the free hydroxamic acid can be produced through deprotection using
ethereal HCI (Scheme 2-38).
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2.5 Radiolabeling

With the precursors in hand, we proceeded to attempt radiolabeling of the substrates. Free hydroxamic
acids are known to be difficult to radiolabel?, so our initial goal was to first verify if SiFA labeling was
compatible with this functional group using our phenyl SiFA derivatives 2-14 and 2-15 which had good
literature precedence on superior radiochemistry. PhenylSiFA is known to be capable of achieving >90%
radiochemical conversion (RCC) within a few minutes at room temperature®, so that would be a best-case
scenario in our radiolabeling tests with free hydroxamic acids. However, even if the conversion is half of
that value, it would still likely indicate a much higher performance than ['®F]Bavarostat’s reported RCY of
8.1%.

E }Bu (¢} 18g }Bu (o]
Ssi _OL Ssi _O.
tBu | H R ['8F]TBAF tBu | H R
N MeCN, 25 °C, 5 - 15 min N
214 R=THP ['8F]2-14 R = THP
215 R=H ['®F]2-15 R=H
Entr R Reaction Radiochemical
y time (min) conversion (%)
1 H 5 48
2 H 10 62
3 H 15 64
4 THP 5 88
5 THP 10 92
6 THP 15 99

Table 2-6: Radiolabeling results of Phenyl SiFA derivative

Since the THP group could be quickly removed as part of the SiFA labeling procedure, we decided to
attempt to radiolabel both the THP protected and free hydroxamic acid derivatives 2-14 and 2-15 (Table
2-6). Aqueous ¥F from the cyclotron was captured on an anion exchange QMA cartridge and eluted with
tetrabutylammonium tosylate to provide nucleophilic fluoride in the form of ['¥F]TBAF, and then
azeotropically distilled to dryness before reconstituted in anhydrous MeCN. Both free hydroxamic acid 2-
15 (Entry 1-3) and THP protected 2-14 (Entry 4-6) precursors were radiolabeled, and RCC was measured
by radioTLC at 5-minute intervals. As discussed in the introduction, reproducibility of radiolabeling
reactions in these conditions is sometimes an issue due to inconsistent drying of the fluoride, so a phenyl
SiFA standard is also used as a point of comparison for these compounds.

We were pleased to find that both THP-protected and free hydroxamic acids are capable of radiolabeling
(Table 2-6), with the THP protected 2-14 having a comparable performance to the phenyl SiFA standard.
While the free hydroxamic acid functionality of 2-15 negatively impacted the labeling efficiency, the
reaction is still highly efficient especially when compared to F-labeling of ['®F]Bavarostat. After
radiolabeling, we confirmed that we could successfully deprotect the THP protected compound in aqueous
HClI and purify it by SPE using C-18 cartridge.
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tBu O 45 Bu O
F\SI' F\Sl.
l l
tBu” =z | fo) tBu” z | (o}
I I
['®FITBAF
| N MeCN, 25 °C, 5 - 60 min | N
N\O/R ’ ’ N\O/R
223 R=THP o ['®F12-23 R = THP g
222 R=H ["*F12-22 R = H

Ent R Reaction Radiochemical

Ty time (min) conversion (%)
1 H 5 0
2 H 10 0
3 H 15 0
4 H 60 0
5 THP 5 41
6 THP 10 43
7 THP 15 48
8 THP 60 63

Table 2-7: Radiolabeling of 2-23 and 2-22 using [*®F]TBAF

We proceeded to radiolabel the THP protected and free hydroxamic acids of the derivatives bearing our
hetSiFA cores. The amide derivatives 2-23 and 2-22 were subjected to [*8F]TBAF radiolabeling conditions.
Unfortunately, the free hydroxamic acid derivative 2-22 failed to label even after 60 minutes (Entry 1-4),
while THP protected 2-23 was successfully labeled at 48% RCC after 15 minutes (Entry 7) and 63% after 60
minutes (Entry 8).

tBu O/ tBu O/
~d PR
l l
tBu” | Bu” Y |
X X
N N " ['8F]TBAF = N N u
| N_ _R MeCN, 25 °C, 5 - 60 min l No R
() (0]
231 R=THP o ['®F12-31 R=THP o
225 R=H ['®F]12-25 R=H
Ent R Reaction Radiochemical
Ty time (min) conversion (%)
1 H 5 0
2 H 10 0
3 H 15 0
4 THP 5 22
5 THP 10 37
6 THP 15 43

Table 2-8: Radiolabeling of 2-31 and 2-25 using [*®F]TBAF

The amine derivatives 2-31 and 2-25 showed comparable behavior to the amide derivatives during
radiolabeling (Table 2-8). The free hydroxamic acid 2-25 also failed to label (Entry 1-3) while the THP-
protected derivative 2-31 achieved 43% conversion after 15 minutes (Entry 6). Since the success of
radiolabeling free hydroxamic acids observed in the phenylISiFA derivative did not translate to the HetSiFA
derivatives, a two-stepped approach would have been necessary for radiolabeling our HetSiFA candidates.
However, we decided to work towards maintaining the advantage of the simple one-step radiolabeling
process of SiFAs.
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tBu O tBu O
F\SI, 18F |
l l
tBu” =z | [e] tBu” z | o
NS NS
N ["8F]KF/K222 N
H — H
l N\O/R MeCN, 25 °C, 5 - 60 min | N\O/R
2-23 R=THP o ['8F]2-23 R = THP o
222 R=H ['®F]2-22 R=H

Entr R Reaction Radiochemical

Y time (min) conversion (%)
1 H 5 30
2 H 10 46
3 H 15 55
4 H 60 86
5 THP 5 73
6 THP 10 84
7 THP 15 87
8 THP 60 87

Table 2-9: Radiolabeling of 2-23 and 2-22 using “Munich” method

We re-attempted radiolabeling of our candidates using the “Munich” method described in section 1.5,
following literature precedence of its successful implementation with SiFA with high RCY!*. We were
pleased to find both amideSiFA derivatives 2-23 and 2-22 had significantly improved results using these
conditions (Table 2-9). The free hydroxamic acid 2-22 was successfully labeled to 55% RCC within 15
minutes (Entry 3) and the THP protected derivative 2-23 achieved 87% conversion within 15 minutes (Entry
7), comparable with the RCC of the phenylSiFA standard.

wu 07 T
A Al
l l
tBu” z | Bu” Z |
X X
N N Y ['8FIKF/K222 _ N N 9y
| No MeCN, 25 °C, 5 - 60 min | N
OH OH
- 18, -
2-25 o ['8F]2-25 o
Ent Reaction Radiochemical
y time (min) conversion (%)
1 5 3
2 10 5
3 15 7
4 60 13

Table 2-10: Radiolabeling of 2-25 using “Munich” method

The free hydroxamic acid 2-25 was also labeled using the “Munich” method (Table 2-10), albeit only
achieving a RCC of 7% after 15 minutes (Entry 3) and 13% after 60 minutes (Entry 4).

E }Bu [e] 18 }Bu o
si _OH >si _OH
tBu [ N ["®FIKF/K222 tBu [ H
N MeCN, 25 °C, 5 - 60 min N
2-15 ['*F12-15

Ent Reaction Radiochemical

Ty time (min) conversion (%)
1 5 43
2 10 66
3 15 72
4 60 82
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Table 2-11: Radiolabeling of 2-15 using the “Munich” method

PhenylISiFA derivative 2-15 was also relabeled using the Munich method (Table 2-11), providing an
improvement to 72% after 15 minutes (Entry 3). Since all three substrates had better results using the
Munich method, we decided to use this protocol for radiolabeling subsequent derivatives.

tBu tBu
F\S'. "F\S'.
1 1
tBu” z | By 7 |
N N
N N ['®FIKF/K222 = N N
| H\ MeCN, 25 °C, 5 - 60 min | H\
OH 1 OH
2-39 0 ["°F12-39 o
Ent Reaction Radiochemical
y time (min) conversion (%)
1 5 76
2 10 79
3 15 84
4 60 87

Table 2-12: Radiolabeling of 2-39 using “Munich” method

We decided to focus our efforts to radiolabel the free hydroxamic acid as the “Munich” method has
demonstrated its tolerance towards this functional group. The DesmethoxySiFA derivative 2-39 was also
successfully labeled (Table 2-12) with a RCC of 83% after 15 min at 25 °C (Entry 3), comparable to the
phenyISiFA standard.

-
By 0 0 185 }B ) o)
R Ssi OH
tBu/S' S o N/OH tBu” A o) | N7
| | N [18FIKF/K222 | _ J\/N H
N NJ\/N MeCN, 25 °C, 5 - 60 min N N
N H
2-45 ['8F]2-45
Ent Reaction Radiochemical
Ty time (min) conversion (%)
1 5 6
2 10 23
3 15 28
4 60 59

Table 2-13: Radiolabeling of 2-45 using “Munich” method

The elongated amide derivative 2-49 was also successfully radiolabeled (Table 2-13) with a RCC of 28%
after 15 min (Entry 3). This RCC is lower than desired, but may still be adequate for radiotracer production.

\ \

tBu, Nw tBu N<

\ N \ N
F—Si—<\/|k 18F—/SI—<\/|k
s 1BU

N N
| H ['®FIKF/K222 _ |
N 3 ~ f N
SOH MeCN, 25 °C, 5 - 60 min 15 “OH
246 ['®F]2-46

I

] [0)
Entr Reaction Radiochemical
Y time (min) conversion (%)
1 5 0
2 10 0
3 15 0
4 60 6
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Table 2-14: Radiolabeling of 2-46 using “Munich” method

Unfortunately, the pyrazole derivative labeled poorly (Table 2-14), achieving 6% RCC after 60 min (Entry
4). Successful implementation of this compound would require a two-step process with labeling of the
THP protected precursor then performing deprotection afterwards to achieve adequate An.

tBu

s U
tBu” 0 tBu” 0
N N
N “oH ['®FIKF/K222 N “oH
H 0 MeCN, 25 °C, 5 - 60 min H a
274
['®F12-74
Entn Reaction Radiochemical
Y time (min) conversion (%)
1 5 60
2 10 71
3 15 82
4 60 89

Table 2-15: Radiolabeling of 2-74 using “Munich” method

The phenylSiFA — SAHA derivative 2-74 was successfully labeled using “Munich” method (Table 2-15)
reaching 82% conversion after 15 minutes (Entry 3), similar RCC to the phenylSiFA standard.

\ o \
::Bu\s. N<N o o U\S. N\IN o
—Sij -3l
7 _<\/|k ¥ ['8FIKF/K222 / _<\/k N
tBu N ~oH > Bu N ~OoH
H MeCN, 25 °C, 5 - 60 min H
lo) [¢]
2-76 ['®F12-76
Entr Reaction Radiochemical
Y time (min) conversion (%)
1 5 33
2 10 37
3 15 42
4 60 47

Table 2-16 Radiolabeling of 2-76 using “Munich” method

We were pleased to see that this pyrazole - SAHA derivative 2-76 provided better radiolabeling results

(Table 2-16) compared to the Bavarostat pyrazole derivative, achieving 42% RCC after 15 minutes (Entry
3).

tBu O/ 4 tBu O/
F\SI 8F\Sl
i .
tBu” | X o) e A 0
H 18 H
s N ['"SFIKF/K222 | s N
hll H OH MeCN, 25 °C, 5 - 60 min l}l u OH
(o} (¢} 0 o}
- 2-80 - ['®F]2-80
Entr Reaction Radiochemical
y time (min) conversion (%)
1 5 64
2 10 74
3 15 81
4 60 80

Table 2-17: Radiolabeling of 2-80 using “Munich” method
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Finally, the pyridine N-Oxide — SAHA derivative 2-80 was also successfully labeled (Table 2-17), having a
similar RCC to phenylSiFA standard with 81% conversion after 15 minutes (Entry 3). This RCC is similar to
the phenyl SiFA — SAHA derivative 2-74, and we were pleased to see one of our more hydrophilic
heteroaromatic cores perform equally well as the phenyl SiFA version.
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RCC at 15 min

Entry Precursor Labeling Method (%) Structure
tBu o]
F
’ _Si _O
1 PhenylISiFA - THP TBAOTs 99 tBu N
H
N
214
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~
Si OH
tBu” H/
N
3 PhenylISiFA Munich 72
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S
N
| §
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Z
N
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7 AmideSiFA Munich 55 “OH
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si N
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N\
OH
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~,
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7 N
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A ! 246 “OH
1
14 PhenylISiFA - SAHA Munich g2tBu \©\ 9 0 H
N
NM ~OH
v o
2-74
tBu\ N\N o
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Table 2-18: Summary of radiolabeling results
2.6. Hydrolytic stability.

The hydrolytic stability of our SiFA compounds was evaluated to confirm that these compounds would be
adequately stable towards hydrolysis in the timeframe of a PET scan (Table 2-19). The compounds were
fully dissolved in a 1:1 mixture of MeCN and water then subjected to a pH 10 buffer as a stress-test as
some half-lives in more biologically representative pH 7 buffer were too long to measure. Most of our
compounds had excellent hydrolytic stability even in pH 10 with half-lives in the tens of hours. Only the
PyrazoleSiFA — SAHA 2-76 (Entry 7) and N-OxideSiFA — SAHA 2-80 (Entry 8) derivatives had slightly
decreased stability, but are still likely adequately stable for in vivo applications.

Entry Compound Half-Life at pH 10 (h) Structure
F }Bu (o]
~,
Si OH
tBu” N~
1 PhenylSiFA 115 | H
N
215
E }Bu O/
>si
tBu | X
2 ineSi Z
AmineSiFA 2135 N N
| §
~,
oH
225
tBu O/ Ie)
A4
1
tBu” o)
3 AmideSiFA 76 N
| N
~,
2-22 OH
tBu o
Fod,
Si
tBu | AS
=
4 Desmethoxy 59 N N H
| N
“oH
2-39
o]
; Bu 0 o)
~N,
Si OH
5 Long AmideSiFA 74 B | X o N7
H
J
N7 N
H
2-45
.5
>si
6 PhenyISiFA - SAHA 86 tBu \©\ 0 H
N
N)k/\/\/wr ~oH
H
\ 2.74 o]
t8
FU\S' o
-9l
o _<\/|k N
7 PyrazoleSiFA - SAHA 0.23 Y N OH
276 o
E }Bu O/
si
tBu X o
| H
+ 2 N
8 N-OxideSiFA - SAHA 27 o oH
o 2-80 o)
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Table 2-19 — Hydrolytic stability assay of SiFA HDAC PET tracers

2.7 Evaluation of HDAC binding activity

We performed in vitro binding affinity assay of our compounds to HDAC6 enzyme to evaluate their efficacy.
HDAC6 was chosen as this was the target isoform of Bavarostat?.

o] 0 X
H H
N N
\n/ v N/\n/ v N 0" o
z H z H
O)i o \ 4-methylcoumarin

HN (o] Jated lysi
(Ac)Leu-Gly-Lys(Ac)-AMC \f acetylated lysine
2-34

0o A 0 A

N N
YN 0" o YN 0" o X
2 H HDAC6 B H Trypsin
— = — L =
HoN 0" o
- 2.35 2:36

HN\(O NH,

Scheme 2-39: In vitro HDAC inhibition assay

The assay uses a peptide substrate 2-34 with an acetylated lysine unit and a fluorescent 4-methylcoumarin
moiety that is inactive while attached to the peptide. When treated with HDAC, the lysine will deacetylate
to form 2-35, making the substrate susceptible to digestion by the peptidase trypsin. Once digested, 4-
methylcoumarin 2-36 will be released which is detected by a UV detector, and the corresponding signal
will relate to HDAC activity (Scheme 2-39). A serial-dilution of our potential HDAC inhibitors is performed
and the sulutions of different concentrations are incubated with this substrate 2-34 and HDAC6, then
digested with trypsin and the fluorescence is measured to determine the half maximal inhibitory
concentration (/Cso). This value describes the molar concentration of inhibitor that will decrease HDAC6
activity by 50%, so a lower value indicates a higher potency of the inhibitor.

As ICsp is a measurement of competitive displacement between 2-34 and the inhibitor, the resulting value
will be dependent on the quantity of 2-34 used in the assay and its specific binding affinity. Due to this
factor, direct comparison of literature ICsq is sometimes difficult since this value is only comparable if the
same substrate and loading quantity was used. We thus convert /Cso to the inhibitory constant K, which
describes the intrinsic binding affinity of the inhibitor to the enzyme, irrespective of the assay setup. This
conversion was done using the Cheng-Prusoff equation K = ICso/(1 + [L]/ Kb)), where [L] is the concentration
of the ligand 2-34 used and Kp is the affinity constant which is the equilibrium concentration of 2-34 that
occupies 50% of receptor sites in the HDAC in the absence of any competition®.
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Measured K;
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Table 2-20: Measured K; of SiFA compounds and standards against HDAC6

The fluorogenic peptide substrate was synthesized using literature procedures’ and HDAC6 binding affinity
of all substrates were determined (Table 2-20). In order to validate the effectiveness of the binding assay,
Martinostat 2-38 was synthesized according to literature procedure®, and commercially available SAHA 2-
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37 was purchased to use as standards. The determined SAHA K; of 21.3 £ 9.7 nM (Entry 1) is comparable
to literature values of 22 + 9 nM in the publication of assay methodology using this substrate®.

The performance of Martinostat and SAHA were comparable in this assay, similar to the conclusion from
the assay performed in the Martinostat publication, but our determined binding affinities do not match
their reported values which determined binding affinities for both compounds to be one order of
magnitude lower. 2, SAHA and Martinostat assays were repeated multiple times in an attempt to
reproduce the values in the Martinostat publication, but measured K; was consistent across all assays.
SAHA measurement was also performed with every subsequent assay to validate the result for the SiFA
candidates. We eventually concluded that this assay was performing as intended, and that the numerical
differences are likely due to an inherent limitation of this particular methodology as the SAHA results
reported in the original publication of this assay did match our results®. Since the relative performance of
Martinostat and SAHA also matches literature, we felt that the assay should also be adequate at evaluating
the relative performance of compounds against standards and help us determine a lead candidate.

The reported binding affinity of Bavarostat against HDAC6 is 60 nM?, which is one order of magnitude
worse than Martinostat’s at 4.1 nM, but has the advantage of isoform selectivity towards HDAC6. As such,
we foresaw a similar decrease in potency for our tracers in comparison to the standard. The overall best
performing compound was the Pyridyl SiFA derivative 2-25 at 159 + 38 nM (Entry 5), followed closely by
the three SAHA derivatives 2-74, 2-76, and 2-80. The Amide derivative 2-22 had the worst performance
with a measured K; greater than 50 uM (Entry 4). Elongating the amide linkage appears to improve the
binding affinity, with the HetSiFA derivative 2-45 having a K of 650 nM (entry 7). Somewhat surprisingly,
the DesmethoxySiFA derivative 2-39, experienced a marked decrease in affinity compared to its methoxy
counterpart with a Ki of 983 nM (Entry 6) despite having a structural modification far removed from the
binding portion of the molecule. However, this was in agreement with our computational docking results
which will be discussed in section 2.8. Generally, we were pleased that all substrates except 2-22
maintained activity towards HDAC6 with several substrates having relative K towards SiFA and Martinostat
that suggest they would have similar activity as Bavarostat.

Since SAHA was a better HDAC6 binder than Bavarostat, we expected that the SiFA compounds based off
its scaffold would have better binding affinities than the compounds based on Bavarostat. We were
pleased to find that this is the case for all three hydroxamic acids as they had similar binding affinities that
were better than all non-SAHA substrates except 2-25 (Entry 9 - 11). However, the di-t-butylfluorosilyl
substituent incurred some penalty in bind affinity of these compounds, and they are all about one order
of magnitude worse in measured K; compared to SAHA.

2.8 Computational evaluation of substrates

After experimentally determining K values of several hydroxamic acid derivatives, we decided to evaluate
the possibility of using a protein docking software FITTED to design future derivatives. By evaluating
docking scores against our experimental values, we hope to validate the effectiveness of using software
assistance in designing more potent future derivatives. The software has been specifically designed to use
an optimized energy function designed for metalloenzyme coordination, and have shown good results
with modeling the zinc coordination of HDACi%. Another reason this software was used is its usability as
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a screening software that can quickly produce results without employing significant computational power.
All docking studies were performed on a consumer computer using 10 binding iterations to minimize time,
and binding predictions would likely increase significantly by increasing iterations.

Compound FITTED FITTED FITTED Hybrid

Entry Compound Ki (nM)

Code Score Energy MScore Score
1 Bavarostat 241 -86.90 -65.63 132.56 -108.11
2 SAHA 2-37 21.3+9.7 -85.69 -97.17 77.88 -98.15
3 Martinostat 2-38 23.7+9.2 -34.79 -64.25 109.54 -52.31
4 PhenylISiFA 215 575+ 217 -81.28 -17.71 146.56 -104.73
5 AmideSiFA 2-22 6127 + 226 -85.97 -38.54 102.45 -104.33
6 AmineSiFA 2-25 159 + 38 -84.64 -12.78 136.11 -106.42

Table 2-21: Docking scores of potential HDACi against HDAC6 — Bavarostat cocrystal using FITTED

We first performed self-docking of Bavarostat with the reported Bavarostat — HDACG6 crystal to verify if the
docking software could successfully reproduce the crystal structure. This validation was successful and the
resulting scores are used as a baseline to compare against our candidates (Table 2-21). We next docked
our completed substrates with the Bavarostat — HDAC6 crystal structure to validate docking results against
the measured Ki. FITTED generates five scores based on different factors, so experimental values were
used to determine which score best represented our compounds. We found that the FITTED MScore
(positive is better) best correlated to experimental results, with the AmideSiFA 2-22 (entry 5) scoring worse
than the PhenylSiFA 2-15 (Entry 4) and the AmineSiFA 2-25 (Entry 6) derivatives. The FITTED score
(negative is better) and hybrid score (negative is better) scored the three compounds similarly while the
FITTED energy score (negative is better) was not representative of experimental results with AmideSiFA 2-
22 scoring the best of the three compounds. We also tried docking SAHA 2-37 (Entry 2) and Martinostat
2-38 (Entry 3) to this model, but these two compounds were both better represented by FITTED Energy
rather than the MScore.

Figure 2-1: Overlap of candidates docking at zinc centre of Bavarostat — HDAC6 cocrystal

Fitted was able to successfully docking all compounds by bi-dentate chelation of the hydroxamic acid to
the zinc centre (Figure 2-1) despite the low number of docking iterations, suggesting correct modeling of
the binding portion of the molecule.
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Compound FITTED FITTED FITTED Hybrid

Entry Compound Code Ki("M) Score Energy MScore Score
1 Bavarostat 241 - -81.19 -52.47 91.22 -95.79
2 Martinostat 2-38 23.7+9.2 -32.99 -61.15 61.22 -42.79
3 PhenylSiFA 2415 575+ 217 -34.72 -7.41 90.67 -49.23
4 AmideSiFA 2-22 6127 + 226 -77.06 -11.33 88.79 -91.27
5 AmineSiFA 2-25 159 + 38 -77.23 -8.44 93.45 -92.18

Table 2-22: Docking scores of potential HDACi against HDAC6 — SAHA cocrystal using FITTED

We suspected that the poor docking result for SAHA and Martinostat might be due to poor compatibility
to the Bavarostat cocrystal, so we re-performed the docking using HDAC6 — SAHA cocrystal to verify the
validity of using the FITTED MScore for our compounds (Table 2-22). We found that the FITTED Mscore
was still the most representative of the experimental results of the SiFA substrates (Entry 3 —5) while none
of the other scores were representative. Bavarostat and Martinostat were also evaluated using this model,
and while Bavarostat scored within the same range as our SiFA compounds (Entry 1), Martinostat still
scored poorly (Entry 2). With these results, we concluded that the computational estimation of binding
efficiency of our SiFA compounds is best done using the FITTED MScore, but the scores are likely not
representative of the actual magnitude of difference in K. The validity of the binding score is likely also
tied to the mode of binding, and modifications of the aryl hydroxamic acid portion of the molecule would
likely require re-evaluation of the different FITTED scores using experimental results.
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Table 2-23: Docking results of new set of proposed compounds

With validation completed, we proceeded to evaluate potential ideas for the next set of potential
compounds using FITTED (Table 2-23). To address the poor binding result of the amideSiFA derivative 2-
22, we wanted to design an elongated derivative to produce a better fit in the linear binding channel of
HDAC6. We designed derivative 2-45 with hybrid scores of 112.72 and 87.49 against the Bavarostat and
SAHA cocrystals respectively (Entry 1 — 2), which is an improvement against the evaluation for 2-22 using
the Bavarostat cocrystal where it scored 102.45.
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The group had also produced a pyrazole SiFA core that we wanted to incorporate into this scaffold, and we
decided to compare the Pyrazole amine 2-46 (Entry 3 —4)and Pyrazole amide 2-47 (Entry 5 — 6 )derivatives.
This is because in addition to optimizing hydrolytic stability and radiolabeling efficiency in the development
of PET tracers, radiolysis is also a potential issue that needs to be evaluated during radiosynthesis scale-
up. The choice of the pyrazole core was due to concerns of radiolytic stability of pyridine SiFA compounds
that occurred during scale-up validation of pyridine SiFA tracers. Using FITTED, we concluded that the
Pyrazole amine 2-46 would be the superior choice with superior MScore results over the amide derivative
2-47 using both cocrystal models (Entry 2 — 5).

Finally, evaluation of the des-methoxy pyridine derivative 2-39 (Entry 7 — 8) resulted in lower scores
compared to its methoxy counterpart AmineSiFA 2-25, even though the structural changes are far-
removed from the binding portion of the molecule. This result was then correlated with its measured K;
which was worse than the AmineSiFA, supporting the validity of this FITTED score at predicting binding.

2.9 Autoradiography

Next, we employed autoradiography to evaluate the affinity of our tracer candidates to HDACs in the brain
tissues in competitive binding experiments with validated tracer [*!C]Martinostat.

o
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1. Fix rat brain 2. Treat slide with 3. Treat slide with  4.Expose to
slices to slide inhibitor solution ["'C]Martinostat ~ X-Ray film
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Figure 2-2: Evaluation of candidate tracers using autoradiography

Rat brain slices fixed to the glass slides were incubated with SiFA HDAC tracer candidates then incubated
in [11C]Martinostat which competitively binds to the same targets. The brain slides are then exposed to X-
Ray film to measure radioactivity distribution (Figure 2-2). A superior HDAC inhibitor would result in more
efficient displacement of [*C]Martinostat, resulting in lower tissue radioactivity signal compared to the
baseline experiment when the slides are incubated in a solution of ['!C]Martinostat alone. A negative
control was performed using non-radioactive Martinostat in a self-blocking competition and a baseline
was set by directly subjecting the brain slice to [1!C]Martinostat. Signal from tracer slides were compared
against the baseline and negative control results to evaluate candidate performance, and the signal
difference between grey and white matter regions were also evaluated as an indicator of binding
specificity.

Greasy compounds can potentially bind non-specifically through hydrophobic interactions with the cell
membranes. White matter rich regions are made up primarily of myelinated neuronal axons which are
about 70% lipid. Unspecific binding in the brain is thus characterized by high compound accumulation in
these regions. As gray matter is primarily made up of neuronal cell bodies where HDACs are located, we
expect specific binding to targets to occur primarily in gray-matter rich regions!?. In the context of
autoradiography, if the cold tracer successfully binds to its target in the gray matter-rich regions,
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[*!C]Martinostat would accumulate less in those regions resulting in a lower signal. Conversely, if our
candidates have low non-specific binding, they would not accumulate in white matter-rich regions such as
the corpus collosum and cerebellum arbor vitae which would allow excess [*!C]Martinostat to accumulate

in those regions resulting in a higher signal.
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Table 2-24: Autoradiography result using [*'C]Martinostat

Slides of 5 brain slices were prepared, and each compound was tested in quadruplet using 3 slides to verify
binding potency and distribution (Table 2-24). The slides were pre-incubated in a solution of 0.6 mM
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solution of the our candidate tracer and cold Martinostat, washed, then treated to a solution containing
80 pCi of [Y!C]Martinostat. As expected, the baseline control without tracer treatment showed strong
signal in all areas, with no visible differentiation between gray and white-matter tissues (Entry 1). The lack
of differentiation in the baseline test is due to excessive [!!C]Martinostat required to perform the
incubation, which results in complete saturation of the brain slice.

Corpus callosum

Arbor vitae

Figure 2-3: White matter-rich regions in the brain

We were pleased to see all SiFA-based HDAC tracer candidates showed clear signal differences between t
he white-matter rich regions of the corpus callosum and arbor vitae in the cerebellum, indicating low non-
specific binding (Entry 3 — 7). Self-blocking using cold Martinostat 2-38 (Entry 2) showed lower overall
signal compared to the SiFA derivatives, which correlates to its superior performance in HDAC6 IC50
experiments. As expected, compounds with >1 uM binding affinities showed less signal reduction in
comparison to those with nanomolar affinities, though interestingly, even the worse performing derivative
in the in vitro assay AmideSiFA 2-22 (Entry 5) showed a similar distribution pattern as the other tracers.
This distribution pattern suggests that 2-22 is binding to a target, though it is likely not HDACG6 as the K;
results suggests it is not selective for this isoform. The compound could be specific to another HDAC
isoform, but there is also the possibility of off-target binding as HDACi are known to sometimes also target
the hERG potassium ion channel protein both in humans and animal models, which is also prevalent in
similar brain regions as HDACs®3.
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Table 2-25: Quantification of signal change in cerebellum of [*!C]Martinostat autoradiography

The autoradiography signal data is quantified, and signal change between baseline and SiFA inhibitors can
be compared against Martinostat self-blocking results. Signal in the gray-matter rich region of the
cerebellum is used to compare signal changes. Signal was taken from 3 different points in each brain slice
and averaged, and the average signal is compared to the blank baseline, where the greater the percent
decrease in signal indicate greater inhibition (Table 2-25). Self blocking with Martinostat 2-38 showed a
signal decrease at 53%, consistent with both visual analysis of the slides and its performance in the in vitro
HDACG6 assay (Entry 1). Of the SiFA derivatives, phenylSiFA 2- (Entry 2), amineSiFA 2-25 (Entry 3) and long
amideSiFA 2-45 (Entry 5) derivatives all had similar performances. The performance of 2-45 closely
matches its HDAC6 assay result which was comparable to 2-15, but it is somewhat surprising that that 2-
25 did not perform measurably better than the other substrates despite having the best experimental K.
This may suggest 2-25 having a superior isoform specificity towards HDACS, resulting in similar overall
binding profile as the rest in autoradiography, but cannot be concluded with only these results. Similarly,
the pyrazole derivative 2-46 surprisingly performed worse than the AmideSiFA 2-22, despite having Ki
values closer to that of the PhenyISiFA derivative 2-15. This may again suggest unequal isoform selectivity
across these compounds but again it is difficult to draw definitive conclusions with limited autoradiography
results.

97



2.10 In vivo evalutation
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Table 2-26: In vivo PET imaging result using phenylSiFA derivative [*8F]2-15

We proceeded with in vivo evaluation of a candidate in rat model in order to validate the capability of SiFA
hydroxamic acids to penetrate the blood-brain barrier and determine the cerebral distribution. High
activity radiosynthesis was performed using modified automation setup developed Lindler et al.*, and the
THP protected phenylSiFA derivative 2-14 was chosen as the lead candidate due to its good performance
in in vitro assays and excellent RCC in radiolabeling experiments. The THP protected precursor 2-14 was
successfully radiolabeled with 830 mCi of [*8F]KF via SiFEx followed by deprotection by HCl to afford [*8F]2-
15 with a measured activity of 174 mCi at the end of synthesis, a non-decay-corrected RCY of 21%. The
tracer was formulated in 15 mL phosphate buffered saline then neutralized with addition of 22 uL5 M
NaOH and a Sprague-Dawley rat was injected with 60 mCi of tracer and a brain PET scan was acquired
immediately for 1 hour (Table 2-26). The PET scan was then overlayed with a generic rat brain MRI to
identify signal distribution in different brain regions. Upon visual analysis, [®F]2-15 appeared to have poor
blood-brain barrier permeability, with most of the PET signal distributed in the soft tissue outside the skull.
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Figure 2-4: Brain region standard uptake over time of phenylISiFA derivative ['F]2-15

However, when the time-activity curve (i.e. plots of standardized uptake values vs. time) was determined
for cerebellum, cerebral cortex, hindbrain, pons, and hippocampus, we were pleased to see that there was
a steady increase in uptake which suggests that the compound is successfully accumulating over time in
the brain, though the kinetics of accumulation was slow (Figure 2-3). Over time, accumulation was highest
in the cortex and cerebellum while hippocampus had the lowest accumulation. This biodistribution pattern
is promising as it does correlate to literature data using rodent models, which saw the same pattern of
nearly doubled cerebellum accumulation in relation to the hippocampus®. This data, in conjunction with
HDAC6 binding assay and autoradiography all help support that [*8F]2-15 might be binding to its intended
target.
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3. Summary and future direction

3.1 Summary

Histone deacetylases are important targets for PET imaging in the brain due to their involvement in
numerous neurological conditions. Current PET tracers that address this need are [*®F]Bavarostat and
[*!C]Martinostat, but both tracers suffer from difficult radiosynthesis, and poor RCY2. We attempted to
address this issue through using SiFAs, which are capable of fast and high yielding radiolabeling reactions
at room temperature through isotopic exchange, and do not require HPLC purification. The primary
disadvantage of SiFAs is the requirement for lipophilic tert butyl groups on silicon for kinetic shielding to
prevent hydrolysis of the Si-F bond, which has a significant impact on the pharmacokinetic properties of
the tracers. Due to this limitation, successful applications of SiFAs are mostly limited to peptides where
the lipophilicity can be masked using hydrophilic auxiliaries. There are very few literature examples of SiFAs
successfully used to design small molecule PET tracers as these platforms cannot usually tolerate SiFA
lipophilicity modification. We identified ['®F]Bavarostat as a potential small molecule scaffold that could
be used with SiFA as this core could replace the lipophilic adamantane auxiliary used to cross the blood-
brain barrier.
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Table 3-1: HDAC6 binding affinity and radiolabeling result of first set of Bavarostat derivatives

We first incorporated phenyl and pyridine SiFA cores into the Bavarostat scaffold and synthesized three
potential candidates and evaluated them using an in vitro HDAC6 binding assay and found that 2-15 and
2-25 had good target specificity. We also managed to successfully label the substrates using “Munich”
method and demonstrate the applicability of SiFA radiochemistry in the presence of free hydroxamic acids,
which typically inhibits F-fluorination methods based on C-'¥F bond formation (Table 3-1).
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Table 3-2: HDAC6 binding affinity and radiolabeling result of the second set of Bavarostat derivatives

We successfully improved radiolabeling efficiency of AmineSiFA 2-25 with DesmethoxySiFA derivative 2-
39 but this reduced binding affinity (Entry 1), and we improved the poor HDACG6 specificity of AmideSiFA
derivative 2-22 with 2-45, but the substrate had worse RCC (Entry 2). We also produced the PyrazoleSiFA
derivative 2-47 to address potential issues of radiolysis with the pyridine SiFA cores, but this compound
was labeled in poor RCC (Table 3-2). We then validated the docking software FITTED as a potential tool
that could guide our design of future candidates.

We validated biodistribution of our compounds using autoradiography and found that all compounds had
differentiated accumulation in gray and white-matter rich regions of the brain, indirectly indicative of
specific binding. This result is particularly interesting for 2-22, which had no HDAC6 specificity according
to our binding assay, and suggests either affinity towards other HDAC isoforms or off-target binding. We
continued with in vivo evaluation of phenylSiFA derivative 2-15, successfully performing radiolabeling in
high radioactivity using automated synthesis unit and confirming blood brain barrier penetration and in
vivo stability. We found that though the kinetics of brain penetration was slow, the compound was able to
cross the blood brain barrier, while the biodistribution of PET signal in the brain regions suggested selective
binding to HDAC targets.
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Table 3-3: HDACS6 binding affinity and radiolabeling result of SAHA derivatives

We also synthesized three SiFA derivatives of SAHA as the next generation of putative HFAC tracers for PET
imaging. Though SAHA was not successfully used for treatment of neurological conditions, its poor
bioavailability in the brain is likely due to active efflux. Therefore, its modification to reduce susceptibility
to the same efflux transporters may provide higher brain bioavailability, thus adapting them for PET
imaging . Even if these candidates are poor brain imaging tools, they could also be used for HDAC imaging
in other organs. All three compounds exhibited good HDAC6 binding affinity and were successfully labeled
with good RCC (Table 3-3). SAHA and Bavarostat derivatives were also evaluated in hydrolytic stability assay
and were confirmed to all have adequate stability against hydrolysis for in vivo applications.

3.2 Future direction

With the autoradiography result, our next step is to increase the scope of the binding assay to include
other HDAC isoforms. Though Bavarostat had the highest binding affinity towards HDACS, it still showed
moderate affinity towards HDACs 4, 5, 7, 8, 10, and 11. Additionally, SAHA is considered a pan-HDACi
capable of inhibiting class |, Il, and IV HDACs?3, so a PET imaging agent based on this scaffold would likely
also have poor isoform selectivity. As we only performed HDAC6 binding assay, our result is not
representative of the full capabilities of these candidates, and expanding the in vitro binding assay to all
twelve isoforms would be required to properly evaluate these compounds.

;.B“‘ Jl(\/ VQ)L ;B“‘ M VQ)L

Figure 3-1: Potential candidates for new Bavarostat based SiFA PET tracers

We were pleased to find that our SiFA hydroxamic acids still retained some affinity towards HDACS6, but all
derivatives also had higher K; values compared to Martinostat and SAHA, and thus will not translate into
good PET imaging agents. In our attempt to improve amideSiFA derivative 2-22, we validated our idea that
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a longer linker portion may improve target binding, and as such we believe that a way to improve the
affinity of the Bavarostat derivatives to HDACs is to elongate the molecule through introduction of either
an alkyl or polyethylene glycol (PEG) linker domain to increase the distance between the SiFA core from
the hydroxamic acid (Figure 3-1). The length of this linker could also be adjusted to verify if it influences
binding and to find the optimal linker length for optimal binding affinity.

tBu o] tBu

o
Fl AL
Si OH Si OH
= I I l \/Q/\)‘\u/ = I l A N/
)1(\/0 N Jl“(\/\)\/N
3-3

3-4
Figure 3-2: Potential candidates for Martinostat based SiFA PET tracers for HDAC imaging.

Additionally, we would also like to adapt the Martinostat scaffold to produce the corresponding SiFA PET
tracers (Figure 3-2). Martinostat’s higher binding affinity means a SiFA PET tracer based on its scaffold
would likely also result in better binding, similar to the results we observed with the SiFA — SAHA
compounds. While Martinostat is hindered by its poor isoform selectivity, it has already seen successful
use in drug development?!’, demonstrating the usefulness of a pan-HDAC PET tracer. Using SiFA could result
in a tracer with improved RCY and a more user-friendly radiosynthesis which would result in a more widely
available HDAC PET tracer for similar applications.

tBu tBu
F

Fl
si si
tBu o o} tBu o} o
o OH OH
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H noH H nooH
3.5 36

Figure 3-3: Potential candidates for new SAHA based SiFA PET tracers for HDAC imaging.

The SiFA PET tracers based on the SAHA scaffold showed promise in their binding affinity and radiolabeling
results, but the addition of a SiFA to the already lipophilic SAHA chain might result in poor
pharmacokinetics and higher non-differentiated binding. We did not have the opportunity to validate
these compounds using autoradiography, but we believe that the lipophilicity could be improved if we
replaced the SAHA alkyl chain with a PET linker. Oxygen-incorporated SAHA analogues have been shown
to retain good HDAC inhibitory activity?*, and a SiFA analogue using this scaffold would result in a less
lipophilic compound that would be less susceptible to non-specific binding. We also aim to vary the length
of both of the alkyl chain on both our current SAHA derivatives and the proposed PEG chain derivatives to
see if we could find an optimal distance between the SiFA and the hydroxamic acid to maximize binding
affinity, and if it could have an effect on isoform selectivity (Figure 3-3).

We hope that these modifications would result in a lead candidate that could eventually be brought to
human trial. To achieve this goal, we would need to perform more in-depth biological evaluation of the
candidate beyond evaluating its binding affinity towards all HDAC isoforms. We would first need to perform
in vivo evaluation of our compounds in primate models that more closely replicate human biology to
evaluate both brain and organ biodistribution and verify that there is minimal bone uptake during the
course of the scan, indicative of defluorination in vivo. Studies using knock-out animal models would
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conclusively validate both successful target and potential off-target binding. Finally, toxicology studies
would also need to be performed to evaluate safety and metabolic profile of the compound.
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Materials and Methodologies:

Chemicals and solvents were purchased from Sigma Aldrich, Alfa Aesar, Strem Chemicals, TCI
or Oakwood Chemicals. Chemicals were used as received without further purification. Solvents
were dried and purified using a PureSolv MD 7 (from Innovative Technology) or MB SPS 800
(from MBraun). DMF was distilled over CaH2 under a positive pressure of N2. Unless otherwise
noted, reactions were performed in flame-dried glassware under a positive pressure of N2 using
standard synthetic organic, inert atmosphere techniques.

Proton nuclear magnetic resonance ('"H NMR) spectra were acquired using Varian Mercury 400
MHz, Bruker AVIIIHD 800 MHz, Varian Inova QANUC 500 MHz, Varian VNMRS 500 MHz, Bruker
AVIIIHD 500 MHz, or Bruker AVIIIHD 400 MHz spectrometers. Chemical shifts (8) are reported in
parts per million (ppm) and are calibrated to the residual solvent peak. Coupling constants (J) are
reported in Hz. Multiplicities are reported using the following abbreviations: s = singlet; brs=broad
singlet; d = doublet; t = triplet; g = quartet; m = multiplet (range of multiplet is given). Carbon
nuclear magnetic resonance ('*C NMR) spectra were acquired using Varian VNMRS 125 MHz,
Bruker AVIIIHD 125 MHz, or Bruker AVIIIHD 101 MHz spectrometers. Chemical shifts (&) are
reported in parts per million (ppm) and are calibrated to the residual solvent peak. ('°F NMR)
spectra were acquired using Varian VNMRS 470 MHz, Bruker AVIIIHD 470 MHz or Bruker AVIIIHD
376 MHz spectrometers. Chemical shifts (&) are reported in parts per million (ppm) and are
calibrated to the residual solvent peak.

High resolution mass spectra (HRMS) were recorded using a Bruker maXis Impact TOF mass
spectrometer. Fourier-transform infrared (FT-IR) spectra were recorded on an alpha Bruker FT-
IR spectrometer. Analytical thin-layer chromatography was performed on pre-coated 250 mm
layer thickness silica gel 60 F254 plates (EMD Chemicals Inc.). Visualization was performed by
ultraviolet light and/or by staining with potassium permanganate. Purifications by column
chromatography were performed using Biotage IsoleraTM One, Santai SepaBeam, Agilent 1260
Infinity, or standard column chromatography using silica gel (40-63 um, 230-400 mesh).
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Compound 2-4:

Br 212
j\ (1.2 equiv)
Si 052003 (1.2 equiv) j\
ES e W<

DMF 25°C, 18 h
2-10

Chemical Formula: CpgH42FNO,Si
Exact Mass: 471.30

Procedure: A flame-dried 50 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 25 mL dry DMF. The reaction vessel was evacuated and
backfilled with N2, and 2-10 (422 mg, 1.28 mmol, 1 equiv.) was added followed by 2-12 (332 mg,
1.5 mmol, 1.2 equiv.) and cesium carbonate (489 mg, 1.5 mmol, 1.2 equiv.). The mixture was
allowed to stir at ambient temperature for 18 h then quenched with 40 mL of cold distilled water.
The resulting heterogeneous, biphasic reaction mixture was then extracted with EtOAc (25 mL x
3). The combined organic phases were washed with 25 mL of brine then dried over NaxSOy,
filtered, and concentrated in vacuo. The resulting oil was purified by silica gel column
chromatography (10% EtOAc in hexanes) to afford 2-4 as a clear oil (380 mg, 0.81 mmol) in 54%
yield.

Characterization:

Rr = (EtOAc/hexane 20:80): 0.57; IR (neat) v = 2955.92, 2927.72, 2857.28, 2360.55, 1700.73,
1588.39, 1538.61, 1507.00, 1473.29, 1396.72, 1245.18, 1227.29, 1201.13, 1133.87, 1085.46,
1028.63, 950.42, 825.33, 808.88, 766.08, 646.03, 478.96 cm"; 'H NMR (500 MHz, CDCI3) 5 8.00
—7.94 (m, 2H), 7.60 — 7.55 (m, 2H), 7.49 — 7.43 (m, 2H), 7.41 — 7.35 (m, 2H), 3.60 (s, 2H), 3.54
(s, 2H), 2.22 (s, 3H), 1.62 (s, 9H), 1.07 (d, J = 1.2 Hz, 18H) 3C NMR (126 MHz, CDCI3) & 165.79,
144.30, 140.58, 133.99, 133.96, 132.11, 130.80, 129.44, 128.60, 128.07, 80.84, 61.81, 61.75,
42.45, 28.23, 27.36, 20.32, 20.23; °F NMR (471 MHz, CDCI3) & -188.98; HRMS: Calcd. for
C2sHa2FNNaO,Si [M+Na]* = 494.2861 m/z, found = 494.2851 m/z.
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Compound 2-13:

\ S @AT
. OH
j\Si | o TFA (20 equiv.) Ssi
24 DCM, 25°C, 8 h F o
o] 213
2-4

Chemical Formula: Co4H34FNO,SI
Exact Mass: 415.23

Procedure: A flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 15 mL of DCM, 2-4 (380 mg, 0.81 mmol, 1 equiv.), and
trifluoroacetic acid (1.24 mL, 16.2 mmol, 20 equiv.). The mixture was then stirred at ambient
temperature for 8 h then concentrated in vacuo. To the resulting oil was added 1 mL toluene and
the resulting mixture was concentrated in vacuo. The resulting residue was purified by silica gel
column chromatography (5% MeOH in DCM) to afford the TFA salt of 2-13 as a white solid (189
mg, 0.337 mmol) in 85% yield.

Characterization:

Rs = (MeOH/DCM 10:90): 0.48; IR (neat) v = 2961.09, 2934.18, 2891.43, 2860.07, 1702.54,
1668.92, 1611.77, 1555.33, 1470.33, 1418.12, 1389.83, 1365.87, 1264.19, 1196.88, 1179.38,
1134.11, 1107.38, 1014.64, 935.93, 824.12, 812.66, 737.22, 702.98, 675.71, 587.27, 482.98 cm-
: 'TH NMR (500 MHz, CDCI3) & 8.05 — 7.99 (m, 2H), 7.61 — 7.56 (m, 2H), 7.50 — 7.45 (m, 2H),
7.38 (d, J = 7.6 Hz, 2H), 3.93 (s, 3H), 3.61 (s, 2H), 3.55 (s, 2H), 2.22 (s, 3H), 1.07 (d, J = 1.2 Hz,
18H); 13C NMR (126 MHz, CDCI3) & 170.20, 134.57, 134.54, 132.04, 130.48, 130.34, 129.52,
60.16, 59.80, 39.95, 27.30, 20.28, 20.18; "*F NMR (471 MHz, CDCI3) & -188.97; HRMS: Calcd.
for CosHasFNO,Si [M+H]* = 416.2416 m/z, found = 416.2422 m/z.
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Compound 2-14:

Yamaguchls reagent (1.5 equiv.)
ﬁ\ EtsN (10 equiv.) ﬂ\
S| NH,-OTHP (5 equiv.) S|

DMF, 25°C, 8 h

2-14

Chemical Formula: CygH43FN,O3Si
Exact Mass: 514.30

Procedure: A flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum flushed with nitrogen and charged with 10 mL of DMF and 2-13 (203 mg, 0.383
mmol 1 equiv.). While stirring, the mixture is cooled in an ice bath and triethylamine (528 uL, 3.83
mmol, 10 equiv.) is added, followed by Yamaguchi’s reagent (89 uL, 0.575 mmol, 1.5 equiv.). The
mixture is stirred at 0 °C for 15 min and NH.OTHP (223 mg, 1.91 mmol, 5 equiv.) is added, and
the solution is removed from the ice bath and stirred at ambient temperature for 8 h. The mixture
is poured into 25 mL EtOAc and washed with 25 mL saturated aqueous NaHCOs; followed by
brine, and the retained organic phase then dried over Na>SOy, filtered, and concentrated in vacuo.
The resulting oil is purified by silica gel column chromatography (1 — 5% MeOH in DCM) to afford
2-14 as a clear gel that solidified on standing (121 mg, 0.235 mmol) in 62% vyield.

Characterization:

Rr = (MeOH/DCM 5:95): 0.78; IR (neat) v = 3246.35, 2935.94, 2858.59, 2796.40, 1722.36,
1656.40, 1577.81, 1474.78, 1446.11, 1384.47, 1285.60, 1207.58, 1115.18, 1027.71, 946.52,
904.86, 825.57, 810.48, 730.06, 646.88, 470.82 cm™'; '"H NMR (500 MHz, CDCI3) & 8.85 — 8.75
(m, 1H), 7.77 —= 7.72 (m, 2H), 7.61 — 7.55 (m, 2H), 7.48 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 7.7 Hz,
2H), 5.10 (t, J = 3.2 Hz, 1H), 4.03 (ddd, J = 11.6, 9.4, 2.9 Hz, 1H), 3.72 — 3.64 (m, 1H), 3.59 (s,
2H), 3.54 (s, 2H), 2.21 (s, 3H), 1.97 — 1.90 (m, 1H), 1.93 — 1.84 (m, 2H), 1.67 (s, 1H), 1.72 - 1.59
(m, 1H), 1.07 (d, J = 1.2 Hz, 18H); '*C NMR (126 MHz, CDCI3) & 144.09, 140.48, 134.01, 133.98,
130.69, 129.08, 128.05, 127.20, 102.75, 62.73, 61.83, 61.61, 42.43, 28.09, 27.36, 25.06, 20.32,
20.23, 18.69; F NMR (471 MHz, CDClI3) 8 -188.96; HRMS: Calcd. for C29H44FN20O3Si [M+H]* =
515.3105 m/z, found = 515.3110 m/z.
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Compound 2-15:

N
Sk /©A' s O S DAT §
" ~,
g o7 to” __HA oS ~OH
4\ 2-14 ° 4\ 2-15 ¢}

Et,0,25°C, 1h

Chemical Formula: Cp4H35FN0,Si
Exact Mass: 430.25

Procedure: A 5-dram glass vial equipped with a Teflon-coated stir bar and a rubber septum was
charged with 3 mL diethyl ether and 2-14 (50 mg, 0.097 mmol, 1 equiv.). 3mL of 1 M ethereal HCI
is added dropwise while stirring, and the resulting suspension was stirred at ambient temperature
for 1 h. The vial is sealed and put into a -20 °C freezer for 1h and the supernatant is carefully
removed and discarded. The white precipitate is triturated 3 times with cold diethyl ether, and then
dried to provide the HCI salt of 2-15 as a white solid (31 mg, 0.072 mmol) in 74% vyield.

Characterization: Rf = (MeOH/DCM 10:90): 0.44; IR (neat) v = 3168.47, 2960.88, 2933.89,
2891.76, 2860.03, 2712.19, 2632.90, 1644.55, 1469.37, 1366.07, 1314.37, 1217.09, 1156.01,
1107.26, 1014.09, 936.34, 896.72, 823.78, 813.43, 734.90, 676.08, 647.30, 586.20, 536.13,
483.80 cm™'; "TH NMR (500 MHz, DMSO) & 11.39 (d, J = 17.1 Hz, 2H), 9.13 (s, 1H), 7.83 (d, J =
8.0 Hz, 2H), 7.76 — 7.70 (m, 4H), 7.64 (d, J = 7.7 Hz, 2H), 4.43 (td, J = 10.7, 4.6 Hz, 2H), 4.35 —
4.21 (m, 2H), 2.52 (dd, J = 5.0, 3.1 Hz, 3H), 1.02 (d, J = 1.2 Hz, 18H); 3C NMR (126 MHz, DMSO)
0 163.89, 134.70, 134.59, 134.38, 134.34, 134.05, 133.44, 132.19, 131.92, 131.20, 127.65, 58.62,
58.36, 38.73, 27.48, 20.22, 20.12; F NMR (471 MHz, DMSO) & -187.29; HRMS: Calcd. for
C24H36FN2028i [M"‘H]+ =431.2525 m/z, found = 431.2523 m/z.
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Compound 2-18:

NI
Sl NaH (1.1 equlv \Si
>r TOWF, 25°C. 10 >r Z |
_Boc then ~ N,Boc

CHgl (1.1 equiv) N
25°C,3h |

218

Chemical Formula: CyoH35FN,O3Si
Molecular Weight: 398.59

Procedure: A flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 10 mL dry DMF. The reaction vessel was evacuated and
backfilled with N2, and 2-17 (340 mg, 0.884 mmol, 1 equiv.) was added followed by sodium hydride
(47 mg, 0.972 mmol, 1.1 equiv.). The mixture was then stirred at ambient temperature for 1 h and
iodomethane (61 uL, 0.972 mmol, 1.1 equiv.) was added dropwise. The resulting mixture was
stirred for 3 h at ambient temperature under N, then quenched with 25 mL of cold distilled water.
The resulting heterogeneous, biphasic reaction mixture was then extracted with EtOAc (25 mL x
3). The combined organic phases were washed with 25 mL of brine then dried over Na;SOs,
filtered, and concentrated in vacuo. The resulting residue was purified by silica gel column
chromatography (5% EtOAc in hexanes) to afford 2-18 as a clear gel (292 mg, 0.884 mmol) in
83% yield.

Characterization:

Rr = (EtOAc/hexane 5:95): 0.78; IR (neat) v = 2966.66, 2934.93, 2893.23, 2859.79, 1708.67,
1580.50, 1550.89, 1473.66, 1423.52, 1363.50, 1352.23, 1299.50, 1246.36, 1221.73, 1142.23,
1071.01, 1030.67, 894.90, 824.71, 809.79, 771.10, 644.38, 586.20, 494.71, 443.55 cm™'; 'TH NMR
(500 MHz, CDCI3) & 8.32 (s, 1H), 7.45 (s, 1H), 3.87 (s, 3H), 3.46 (s, 3H), 1.57 (s, 9H), 1.05 (d, J
= 1.4 Hz, 18H); 3C NMR (126 MHz, CDCI3) & 169.76 (d, J = 4.2 Hz), 158.37, 154.42, 153.97,
153.91, 113.01, 112.89, 99.35, 81.29, 54.33, 34.15, 28.36, 27.24 (d, J = 1.5 Hz), 20.57, 20.48; '°F
NMR (471 MHz, CDCI3) & -187.15; HRMS: Calcd. for CyoH3sFN203Si [M+H]* = 399.2479 m/z,
found = 399.2476 m/z.
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Compound 2-19:

\‘/ O/ \‘/ O/
F\S. TFA (20 equiv) FQd
i —_— Si
>r Z | DCM, 25°C, 8h >r Z |
N Boc ™
N lil’ N7 N
N
2418 2-19

Chemical Formula: C45H,7FN,OSi
Molecular Weight: 298.48

Procedure: A flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 10 mL of DCM, 2-18 (270 mg, 0.693 mmol, 1 equiv.), and
trifluoroacetic acid (1.05 mL, 13.9 mmol, 20 equiv.). The mixture was then stirred at ambient
temperature for 8 h then concentrated in vacuo. To the resulting clear liquid was added 1 mL
toluene and the resulting mixture was concentrated in vacuo. The resulting residue was purified
by silica gel column chromatography (1 - 5% MeOH in DCM) to afford the TFA salt of 2-19 as a
white solid (262 mg, 0.627 mmol) in 92% vyield.

Characterization:

Rs = (MeOH/DCM 10:90): 0.48; IR (neat) v = 3268.81, 2955.41, 2937.28, 2895.07, 2862.50,
1680.35, 1645.90, 1612.62, 1472.41, 1428.70, 1391.24, 1234.89, 1197.73, 1180.05, 1131.12,
1110.95, 1055.79, 1020.14, 932.77, 824.77, 720.18, 647.70, 586.49, 484.20, 461.62, 437.64 cm-
; TH NMR (500 MHz, CDCI3) 5 15.87 (s, 1H), 10.31 — 10.12 (m, 1H), 7.75 (s, 1H), 5.89 (s, 1H),
3.99 (s, 3H), 2.99 (d, J = 4.7 Hz, 3H), 1.04 (d, J = 1.3 Hz, 18H); *C NMR (126 MHz, CDCls) &
173.08, 164.45, 164.17, 157.38, 144.08, 144.02, 117.66, 115.34, 108.23, 108.10, 86.57, 55.62,
28.70, 27.07, 20.47, 20.38; "°F NMR (471 MHz, CDCI3) & -76.06, -186.05; ; HRMS: Calcd. for
C15H2sFN20Si [M+H]* = 299.1954 m/z, found = 299.1949 m/z.
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Compound 2-21:

o 219

N 5
Ssii A\

(COCI), (1.1 equiv) (1.0 equiv) >( | 9 ' Si 2

HO! DMF cat. Et3N (5 equiv) P H >r |
o “bomzscTn oM. 2s°C. 18h N T : X,
\’< o ' N N

'
I W< W< :

o H 2419
2-23 2-20 2-21 !

not isolated Chemical Formula: Cp7H3gFN,04Si
Molecular Weight: 502.70

Procedure:

To a 5-dram vial equipped with Teflon-coated stir bar and a rubber septum was added TFA salt 2-
19 (212 mg, 0.608 mmol, 0.8 equiv.) and 10 mL of 1M ethereal HCI. The suspension was stirred
at ambient temperature for 15 min then concentrated in vacuo to afford a white residue. A flame-
dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a rubber septum was
charged with 10 mL dry DCM. The reaction vessel was evacuated and backfilled with N2, and
cooled in an ice bath to 0 °C, and 2-23 (135 mg, 0.609 mmol, 1.0 equiv.) was added. Next, oxalyl
chloride (57 uL, 0.660 mmol, 1.1 equiv.) was added dropwise, followed by one drop of DMF. The
mixture was stirred for 10 min at 0 °C then removed from the ice bath and allowed to come to
ambient temperature and stirred for 2 h under N, before being concentrated in vacuo. The
resulting residue was dissolved in 5 mL dry DCM, cooled in an ice bath to 0 °C, and to it was
added the material from the 5-dram vial along with triethylamine (354 uL, 2.54 mmol, 5 equiv.).
The mixture was stirred for 10 min at 0 °C then removed from the ice bath and allowed to come
to ambient temperature. The mixture is stirred for 18 h at ambient temperature under N> then
quenched with 25 mL of distilled water. The resulting heterogeneous, biphasic reaction mixture
was then extracted with EtOAc (25 mL x 3). The combined organic phases were washed with 25
mL of brine then dried over Na>SOy, filtered, and concentrated in vacuo. The resulting residue
was purified by silica gel column chromatography (25% EtOAc in hexanes) to afford 2-21 as a
clear gel (220 mg, 0.437 mmol) in 72% yield.

Characterization:

R = (EtOAc/hexane 25:75): 0.32; IR (neat) v = 2967.88, 2935.02, 2893.87, 1714.47, 1658.50,
1574.79, 1552.26, 1473.74, 1447.02, 1363.93, 1287.40, 1222.70, 1163.21, 1116.28, 1072.70,
1014.84, 924.19, 824.98, 809.51, 732.99, 703.25, 645.96, 624.17, 583.30, 489.99, 444.37 cm"";
H NMR (400 MHz, cdcls) 5 8.36 (s, 1H), 7.87 — 7.80 (m, 2H), 7.41 — 7.31 (m, 2H), 6.35 (s, 1H),
3.59 (s, 3H), 3.49 (s, 3H), 1.56 (s, 9H), 0.98 (d, J = 1.3 Hz, 18H); 13C NMR (126 MHz, CDCls) &
170.39, 169.88, 169.84, 164.79, 159.34, 155.10, 155.04, 140.10, 133.24, 129.85, 129.33, 129.07,
127.97, 115.83 (d, J = 14.6 Hz), 103.25, 81.51, 54.49, 35.85, 28.12, 27.12, 20.47, 20.38; °F NMR
(376 MHz, cdcls) 5 -186.62; HRMS: Calcd. for Co7Ha0FN204Si [M+H]* = 503.2736 m/z, found =
503.2747 m/z.
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Compound 2-91:

\i/ O/
F
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| K | on
221 o]

2-91 o

Chemical Formula: Cp3H31FN;04Si
Exact Mass: 446.20

Procedure: A flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 10 mL of DCM, 2-21 (200 mg, 0.397 mmol, 1 equiv.), and
trifluoroacetic acid (610 uL, 7.94 mmol, 20 equiv.). The mixture was then stirred at ambient
temperature for 8 h then concentrated in vacuo. To the resulting clear liquid was added 1 mL
toluene and the resulting mixture was concentrated in vacuo. The resulting residue was purified
by silica gel column chromatography (5% MeOH in DCM) to afford the TFA salt of 2-91 as a white
solid (189 mg, 0.337 mmol) in 85% yield.

Characterization:

Rr = (MeOH/DCM 10:90): 0.64: IR (neat) v = 3225.84, 3118.24, 3061.72, 2935.03, 2860.40,
1657.38, 1568.77, 1503.16, 1470.34, 1425.91, 1286.41, 1204.66, 1114.39, 1089.65, 1037.50,
1021.10, 949.47, 896.64, 874.46, 837.31, 824.72, 734.60, 661.37, 602.50, 509.52, 439.79 cm"";
H NMR (400 MHz, cdcls) 5 8.38 (s, 1H), 8.01 — 7.94 (m, 2H), 7.49 — 7.42 (m, 2H), 6.37 (s, 1H),
3.61 (s, 3H), 3.52 (s, 3H), 0.99 (d, J = 1.3 Hz, 17H); 13C NMR (126 MHz, cdcls) 5 170.13, 170.09,
170.03, 159.02, 154.92, 154.87, 141.07, 130.87, 129.84, 128.22, 116.32, 103.30, 54.58, 36.01,
27.08, 20.45, 20.36; ®F NMR (471 MHz, CDCls) & -75.82, -186.40; HRMS: Calcd. for
CasHs1FN2NaO4Si [M+Na]* = 469.1929 m/z, found = 469.1917 m/z.
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Compound 2-23:
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Chemical Formula: CgH40FN305Si
Exact Mass: 545.27

Procedure: A flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum flushed with nitrogen and charged with 10 mL of DMF and 2-91 (130 mg, 0.232
mmol 1 equiv.). While stirring, the mixture is cooled in an ice bath and triethylamine (323 uL,
2.32mmol, 10 equiv.) is added, followed by Yamaguchi’s reagent (54 uL, 0.348 mmol, 1.5 equiv.).
The mixture is stirred at 0 °C for 15 min and NH.OTHP (136 mg, 1.16 mmol, 5 equiv.) is added,
and the solution is removed from the ice bath and stirred at ambient temperature for 8 h. The
mixture is poured into 25 mL EtOAc and washed with 25 mL saturated aqueous NaHCO; followed
by brine, and the retained organic phase then dried over Na,SO,, filtered, and concentrated in
vacuo. The resulting oil is purified by silica gel column chromatography (1 — 5% MeOH in DCM)
to afford 2-23 as a clear gel that solidified on standing (62 mg, 0.114 mmol) in 49% yield.

Characterization:

Rr = (MeOH/DCM 10:90): 0.86; IR (neat) v = 221.60, 2937.30, 2894.60, 2860.04, 1656.13,
1575.56, 1553.10, 1520.72, 1473.87, 1446.41, 1426.37, 1357.73, 1305.55, 1277.14, 1223.32,
1184.37, 1129.16, 1115.20, 1074.10, 1014.58, 949.82, 903.11, 825.81, 810.56, 736.15, 647.17
cm™’; 'TH NMR (500 MHz, cdcl3) 8 9.29 (s, 1H), 8.36 (s, 1H), 7.60 (d, J = 7.9 Hz, 2H), 7.42 - 7.28
(m, 2H), 6.32 (s, 1H), 5.07 (s, 1H), 4.01 (t, J = 10.1 Hz, 1H), 3.69 — 3.61 (m, 1H), 3.58 (s, 3H),
3.49 (s, 3H), 1.94 — 1.78 (m, 3H), 1.61 (q, J = 16.1 Hz, 3H), 1.02 — 0.94 (m, 18H); 3C NMR (126
MHz, cdcls) & 170.09, 169.85, 159.18, 155.20, 155.14, 139.57, 133.54, 128.33, 126.99, 103.03,
102.66, 62.59, 54.51, 35.93, 28.05, 27.11, 25.01, 20.46, 20.36, 18.55; '°F NMR (376 MHz, cdcl3)
0 -186.55; HRMS: Calcd. for C2sH41FN3OsSi [M+H]* = 546.2794 m/z, found = 546.2797 m/z.
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Compound 2-22:

2.23 2-22
Chemical Formula: Cy3H3,FN304Si
Exact Mass: 461.21

Procedure: A 5-dram glass vial equipped with a Teflon-coated stir bar and a rubber septum was
charged with 3 mL diethyl ether and 2-23 (30 mg, 0.055 mmol, 1 equiv.). 3mL of 1 M ethereal HCI
is added dropwise while stirring, and the resulting suspension was stirred at ambient temperature
for 1 h. The vial is sealed and put into a -20 °C freezer for 1h and the supernatant is carefully
removed and discarded. The white precipitate is triturated 3 times with cold diethyl ether, and then
dried to provide the HCI salt of 2-22 as a white solid (22 mg, 0.045 mmol) in 82% yield.

Characterization: Rf = (MeOH/DCM 10:90): 0.62; IR (neat) v = 3217.74, 2955.77, 2935.57,
2893.67, 2860.47, 2361.57, 1645.21, 1575.65, 1553.82, 1473.68, 1446.61, 1357.35, 1306.83,
1223.59, 1074.94, 1026.70, 1014.11, 825.45, 810.32, 738.01, 703.58, 647.00 cm™'; '"H NMR (500
MHz, DMSO) & 10.28 (s, OH), 8.08 (s, 1H), 7.66 — 7.61 (m, 2H), 7.36 — 7.30 (m, 2H), 6.91 (s, 1H),
3.63 (s, 3H), 3.49 (s, 3H), 0.95 (d, J = 1.3 Hz, 20H); '*C NMR (126 MHz, CDCl;) 5 174.84, 168.19,
143.86, 139.00, 133.10, 131.58, 109.01, 60.59, 40.78, 32.08, 25.17 (d, J = 11.9 Hz); "F NMR
(376 MHz, cdcls) & -186.54; HRMS: Calcd. for C23H33FN304Si [M+H]* = 462.2219 m/z, found =
462.2218 m/z.
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Compound 2-26:
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Chemical Formula: Co7H41FN,03Si
Exact Mass: 488.29

Procedure: A flame-dried 100 mL round bottom flask equipped with a Teflon-coated stir bar and
a rubber septum was charged with 30 mL of dry THF, and 2-17 (250 mg, 0.65 mmol, 1 equiv.).
The vial is cooled in an ice bath to 0 °C, and 1M solution of LAH in THF (2.6 mL, 2.6 mmol, 4
equiv.) was added dropwise to the solution while stirring. After addition, the solution is removed
from the ice bath and allowed to warm to room temperature, and a reflux condenser is fitter to the
flask. The vial is then placed in an oil bath and heated to 85 °C for 5 h, then removed from the oil
bath and placed into an ice bath to cool to 0 °C. The reaction is then quenched with a solution of
of 0.5 mL acetone in 5 mL of water, and the resulting mixture was filtered through a pad of celite,
which is subsequently washed with EtOAc (3 x 25 mL) which is collected and combined with the
filtrate. The combined filtrate is washed with 20 mL of brine then dried over Na,;SQ,, filtered, and
concentrated in vacuo. The resulting oil is purified by silica gel column chromatography (5%
EtOAc in hexane) to produce 178 mg white solid as a mixture of 2-19 and 2-30.

The 178 mg of white solid mixture of 2-19 and 2-30 is added to a flame-dried 20 mL round bottom
flask equipped with a Teflon-coated stir bar and a rubber septum was charged with 10 mL of dry
DMF. While stirring at ambient temperature, NaH (61 mg, 1.26 mmol, 2 equiv.) is slowly added,
and the dark heterogeneous mixture is allowed to stir at ambient temperature for 1 h, next 4-
bromomethylbenzoic acid tert-butyl ester (189 mg, 0.70 mmol, 1.1 equiv.) is added, followed by
TBAI (20 mg, 0.065 mmol, 0.1 equiv.) and the mixture is allowed to stir for an additional 4h at
ambient temperature, then quenched with 20 mL of distilled water. The resulting heterogeneous,
biphasic reaction mixture was then extracted with EtOAc (20 mL x 3). The combined organic
phases were washed with 25 mL brine retaining the organic phase, which is dried over Na;SOu,
filtered, and concentrated in vacuo. The resulting oil was purified by silica gel column
chromatography (5% EtOAc in hexanes) to afford 70 mg of an off-white solid mixture of 2-26 and
2-87.

The 70 mg of off white solid is added to a flame-dried 20 mL round bottom flask equipped with a
Teflon-coated stir bar and a reflux condenser was charged with 10 mL dry THF, and Kryptofix
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2.2.2. (85 mg, 0.22 mmol, 1.5 equiv.), KF (13 mg, 0.22 mmol, 1.5 equiv.), and AcOH glacial (9.3
uL, 0.16 mmol, 1.1 equiv.) was added. The mixture is heated in an oil bath to 85 °C and stirred
for 48 h then quenched with 15 mL of water. The resulting heterogeneous, biphasic reaction
mixture was then extracted with EtOAc (25 mL x 3). The combined organic phases were washed
with 25 mL of brine then dried over Na,SOy, filtered, and concentrated in vacuo. The resulting
residue was purified by silica gel column chromatography (5% EtOAc in hexanes) to afford 2-26
as an off-white solid (61 mg, 0.12 mmol) in 19% overall yield over 3 steps.

Characterization:

R = (EtOAc/Hexane 20:80): 0.58; IR (neat) v = 2955.92, 2927.72, 2857.28, 2360.55, 1700.73,
1588.39, 1538.61, 1507.00, 1473.29, 1396.72, 1245.18, 1227.29, 1201.13, 1133.87, 1085.46,
1028.63, 950.42, 825.33, 808.88, 766.08, 646.03, 478.96 cm™'; 'H NMR (400 MHz, cdcls) & 8.14
(s, 1H), 7.98 — 7.91 (m, 2H), 7.32 — 7.26 (m, 2H), 4.89 (s, 2H), 3.75 (s, 3H), 3.06 (s, 3H), 1.58 (s,
9H), 1.03 (d, J = 1.3 Hz, 18H); *C NMR (126 MHz, cdcls) & 170.64, 170.61, 165.65, 161.88,
155.39, 155.33, 143.60, 130.85, 129.74, 126.92, 105.23, 105.11, 86.16, 80.88, 53.77, 53.05,
36.14, 29.70, 28.20, 27.35, 20.65, 20.55; '°F NMR (376 MHz, cdcls) & -187.46; HRMS: Calcd. for
CarHa2FN205Si [M+H]* = 489.2943 m/z, found = 489.2952 m/z.
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Compound 2-92:
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Chemical Formula: Cp3H33FN,03Si
Exact Mass: 432.22

Procedure: A flame-dried 10 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 5 mL of DCM, 2-26 (61 mg, 0.12 mmol, 1 equiv.), and
trifluoroacetic acid (184 uL, 2.4 mmol, 20 equiv.). The mixture was then stirred at ambient
temperature for 8 h then concentrated in vacuo. To the resulting clear liquid was added 1 mL
toluene and the resulting mixture was concentrated in vacuo. The resulting residue was purified
by silica gel column chromatography (1 - 5% MeOH in DCM) to afford the TFA salt of 2-92 as an
off-white solid (64 mg, 0.11 mmol) in 96% yield.

Characterization:

R = (EtOAc/hexane 70:30): 0.37; IR (neat) v = 2956.33, 2936.34, 2897.91, 2862.70, 1693.52,
1674.44, 1613.12, 1475.22, 1426.43, 1253.57, 1197.40, 1136.13, 1087.15, 1018.22, 825.72,
811.05, 718.71, 649.78 cm-'; "H NMR (500 MHz, cdcls) & 9.08 (s, 1H), 8.16 (s, 1H), 8.04 (d, J =
7.9 Hz, 2H), 7.34 (d, J = 7.9 Hz, 2H), 5.90 (s, 1H), 4.94 (s, 2H), 3.78 (s, 3H), 3.14 (s, 3H), 1.03 (s,
18H):; 1¥C NMR (126 MHz, cdsod) & 172.77, 172.74, 167.93, 155.79, 143.34, 143.28, 140.21,
130.52, 130.14, 126.49, 109.71, 89.92, 55.41, 54.35, 37.08, 26.17, 19.93, 19.84; "°F NMR (376
MHz, cdsod) & -76.88, -187.12; HRMS: Calcd. for CasHssFN203Si [M+H]* = 433.2317 m/z, found
= 433.2313 m/z.
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Compound 2-31:
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Chemical Formula: CygH42FN304Si
Exact Mass: 531.29

Procedure: A flame-dried 10 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum flushed with nitrogen and charged with 5 mL of DMF and 2-92 (62 mg, 0.11 mmol
1 equiv.). While stirring, the mixture is cooled in an ice bath and triethylamine (267 uL, 1.1 mmol,
10 equiv.) is added, followed by Yamaguchi’s reagent (26 uL, 0.17 mmol, 1.5 equiv.). The mixture
is stirred at 0 °C for 15 min and NH.OTHP (65 mg, 0.55 mmol, 5 equiv.) is added, and the solution
is removed from the ice bath and stirred at ambient temperature for 8 h. The mixture is poured
into 15 mL EtOAc and washed with 15 mL saturated aqueous NaHCO3; followed by brine, and the
retained organic phase then dried over Na>SOy, filtered, and concentrated in vacuo. The resulting
oil is purified by silica gel column chromatography (35% EtOAc in hexane) to afford 2-31 as a
clear oil that solidified on standing (30 mg, 0.056 mmol) in 51% yield.

Characterization:

Rs = (MeOH/DCM 10:90): 0.63; IR (neat) v = 3228.05, 2935.32, 2893.97, 2858.36, 1651.59,
1587.85, 1537.59, 1499.30, 1473.24, 1435.22, 1399.25, 1204.57, 1084.71, 1027.27, 807.99,
644.59, 477.97 cm'; 'TH NMR (500 MHz, cdcls) 5 9.04 (s, 1H), 8.14 (s, 1H), 7.70 (d, J = 7.8 Hz,
2H), 7.29 (d, J = 7.9 Hz, 2H), 5.87 (s, 1H), 5.07 (s, 1H), 4.88 (s, 2H), 3.99 (td, J = 10.4, 2.8 Hz,
1H), 3.77 (s, 3H), 3.63 (dd, J = 10.4, 5.3 Hz, 1H), 3.05 (s, 3H), 1.89 (dt, J = 10.5, 5.3 Hz, 1H),
1.68 — 1.55 (m, 4H), 1.03 (s, 18H); 1*C NMR (126 MHz, cdcls) 8 170.67, 170.64, 161.83, 155.34,
155.28, 143.29, 130.75, 127.51, 127.34, 105.35, 105.24, 102.68, 86.17, 62.65, 53.80, 52.94,
36.17, 28.07, 27.35, 25.02, 20.64, 20.54, 18.64; "®F NMR (376 MHz, cdcls) & -187.39; HRMS:
Calcd. for CasHasFN304Si [M+H]* = 532.3007 m/z, found = 532.2999 m/z.
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Compound 2-25:

2-31 o 2:25 0

Chemical Formula: Cy3H34FN303Si
Exact Mass: 447.24

Procedure: A 5-dram glass vial equipped with a Teflon-coated stir bar and a rubber septum was
charged with 3 mL diethyl ether and 2-31 (15 mg, 0.028 mmol, 1 equiv.). 3mL of 1 M ethereal HCI
is added dropwise while stirring, and the resulting suspension was stirred at ambient temperature
for 1 h. The vial is sealed and put into a -20 °C freezer for 1h and the supernatant is carefully
removed and discarded. The white precipitate is triturated 3 times with cold diethyl ether, and then
dried to provide the HCI salt of 2-25 as a white solid (8 mg, 0.027 mmol) in 59% vyield.

Characterization:

Rf = (MeOH/DCM 10:90): 0.42; IR (neat) v = 3117.13, 2932.25, 2859.26, 1627.67, 1595.16,
1474.55, 1417.21, 1291.78, 1228.09, 1087.15, 1004.23, 823.48, 807.55, 739.61, 645.23, 577.01,
478.50, 437.04 cm'; "H NMR (500 MHz, DMSO) & 13.62 (s, 1H), 11.25 (s, 1H), 9.04 (s, 1H), 7.80 — 7.75
(m, 2H), 7.65 (s, 1H), 7.44 — 7.39 (m, 2H), 6.55 (s, 1H), 5.01 (d, J = 6.0 Hz, 2H), 3.96 (s, 3H), 3.25 (d, J =
3.4 Hz, 3H), 1.02 (d, J = 1.3 Hz, 18H); *C NMR (126 MHz, MeOD) & 172.73, 155.85, 138.99, 131.94,
127.55, 126.72, 109.67, 89.91, 55.41, 54.27, 37.10, 26.16, 19.94, 19.85; '9F NMR (376 MHz, cdcls) & -
185.34; HRMS: Calcd. for C23HasFN3OsSi [M+H]* = 448.2426 m/z, found = 448.2424 m/z.
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Compound 2-50:
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Chemical Formula: C414H25FN,0OSi
Exact Mass: 284.17

Procedure: A flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 10 mL of DCM, 2-17 (570 mg, 1.48 mmol, 1 equiv.), and
trifluoroacetic acid (2.3 mL, 29.7 mmol, 20 equiv.). The mixture was then stirred at ambient
temperature for 8 h then concentrated in vacuo. To the resulting clear liquid was added 1 mL
toluene and the resulting mixture was concentrated in vacuo. The resulting residue was purified
by silica gel column chromatography (1 - 5% MeOH in DCM) to afford the TFA salt of 2-50 as a
white solid (5630 mg, 1.33 mmol) in 90% yield.

Characterization:

Rr = (MeOH/DCM 10:90): 0.61; IR (neat) v = 3294.81, 3123.10, 2938.25, 2862.61, 1668.11,
1615.98, 1551.29, 1471.88, 1415.45, 1365.47, 1301.41, 1239.17, 1182.02, 1134.37, 1091.26,
1018.65, 826.30, 810.30, 765.03, 722.31, 648.44, 579.87, 529.96, 473.86 cm™; '"H NMR (500
MHz, CDCI3) & 14.90 (s, 1H), 7.96 (s, 2H), 7.67 (s, 1H), 6.23 (s, 1H), 3.92 (s, 3H), 1.04 (d, J =
1.4 Hz, 18H); 3C NMR (126 MHz, CDCI3) & 172.60, 172.56, 157.57, 142.65, 142.58, 109.95,
109.83, 91.08, 55.74, 27.05, 20.44, 20.34; "°F NMR (471 MHz, CDCI3) & -75.90, -186.07; HRMS:
Calcd. for C14H26FN2OSi [M+H]* = 285.1793 m/z, found = 285.1787 m/z.
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Compound 2-51:
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Chemical Formula: CooH3gFN304Si
Exact Mass: 455.26

Procedure: A flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 10 mL of THF, is cooled in an ice bath to 0 °C. Boc-sarcosine
(260 mg ,1.37 mmol, 1.1 equiv.) and HATU (522 mg, 1.37 mmol, 1.1 equiv.) are added, followed
by DIPEA (1.1 mL, 6.25 mmol, 5 equiv.). The solution is removed from the ice bath and allowed
to warm to ambient temperature, and allowed to stir for 15 min. 2-50 (500 mg, 1.25 mmol, 1 equiv.)
is added to the mixture and the mixture is stirred at ambient temperature for 24 h then quenched
with 30 mL of distilled water. The resulting heterogeneous, biphasic reaction mixture was then
extracted with EtOAc (25 mL x 3). The combined organic phases were washed with 25 mL
saturated aqueous NaHCO3; followed by brine retaining the organic phase, which is dried over
Na,SOQ;,, filtered, and concentrated in vacuo. The resulting oil was purified by silica gel column
chromatography (15% EtOAc in hexanes) to afford 2-51 as a clear oil (391 mg, 0.86 mmol) in
69% yield.

Characterization:

R = (EtOAc/Hexane 20:80): 0.40; IR (neat) v = 2968.28, 2935.25, 2896.36, 2860.25, 2360.05,
1699.24, 1574.85, 1509.43, 1473.23, 1447.94, 1376.50, 1303.77, 1245.90, 1206.20, 1149.03,
1092.44, 1031.01, 825.82, 810.28, 769.64, 695.75, 646.37, 483.94 cm™'; '"H NMR (500 MHz,
CDCI3) 5 8.56 (s, 1H), 8.23 (s, 1H), 7.86 (s, 1H), 4.11 — 3.98 (m, 2H), 3.90 (s, 3H), 3.02 (s, 3H),
1.51 (s, 9H), 1.05 (d, J = 1.3 Hz, 18H); *C NMR (126 MHz, CDCI3) & 170.88, 154.57, 154.27,
95.49, 81.20, 54.63, 35.96, 28.31, 27.24, 27.23, 20.58, 20.48; '°F NMR (471 MHz, CDCl3) & -
187.01; HRMS: Calcd. for Ca2HssFN3O4Si [M+H]* = 456.2688 m/z, found = 456.2681 m/z.
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Compound 2-56:

Sl TFA (20 equlv S,
>( | DCM 25°C,4h >(
Jl\/ JJ\/ N

2-56
2-51

Chemical Formula: C17H30FN30,Si
Exact Mass: 355.21

Procedure: A 10 mL round bottom flask equipped with a Teflon-coated stir bar and a rubber
septum was charged with 5 mL of DCM, 2-51 (100 mg, 0.22 mmol, 1 equiv.), and trifluoroacetic
acid (336 uL, 4.4 mmol, 20 equiv.). The mixture was then stirred at ambient temperature for 4 h
then concentrated in vacuo. To the resulting clear liquid was added 1 mL toluene and the resulting
mixture was concentrated in vacuo. The resulting residue was purified by silica gel column
chromatography (1 - 5% MeOH in DCM) to afford the TFA salt of 2-56 as a white solid (90 mg,
0.19 mmol) in 86% yield.

Characterization:

Rs = (MeOH/DCM 10:90): 0.48; IR (neat) v = 3239.18, 3088.96, 3032.64, 2968.42, 2935.98,
2895.42, 2861.14, 1680.09, 1573.21, 1524.05, 1472.87, 1446.92, 1375.65, 1363.97, 1198.78,
1178.68, 1134.75, 1091.36, 1031.70, 969.50, 824.48, 807.57, 721.73, 676.28, 644.96, 579.92,
484.58, 441.85 cm™; '"H NMR (500 MHz, CDCI3) & 8.21 (s, 1H), 7.68 (d, J = 8.1 Hz, 1H), 4.00 (s,
2H), 3.90 (s, 3H), 2.78 (s, 3H), 1.05-1.01 (m, 18H); 3*C NMR (126 MHz, CDCl3) 6 163.05, 162.77,
153.58, 117.69, 115.37, 55.14, 33.95, 27.11, 20.51, 20.42; '°F NMR (471 MHz, CDCl;) 5 -75.88, -
186.57; HRMS: Calcd. for C17H31FN3O2Si [M+H]* = 356.2164 m/z, found = 356.2163 m/z.
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Compound 2-48:

2-55
(1 equiv.)

NaBH3CN (1.2 equiv.)
S' Et;N (2 equiv.) S'
)j\/ AcOH cat. J]\/ U
~

MeOH/THF (1:1), 25 °C, 6 h

2-48

Chemical Formula: C39H45FN4O5Si
Exact Mass: 588.31

Procedure: A flame-dried 10 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 4 mL 1:1 mixture of THF and MeOH. 2-56 (90 mg, 0.19 mmol,
1 equiv.) along with 2-55 (47 mg, 0.19 mmol, 1 equiv.) are added, followed by EtsN (53 uL, 0.38
mmol, 2 equiv.). The flask in heated in an oil bath to 40 °C and stirred for 1 h, and NaBH3sCN (46
mg, 0.23 mmol, 1.2 equiv.) is added, followed by 1 drop of AcOH glacial. The mixture is removed
from the oil bath and allowed to come to ambient temperature, and stirred for 6 h then
concentrated in vacuo. The resulting residue is dissolved in 15 mL EtOAc and washed with 10 mL
saturated aqueous NaHCO3; followed by brine retaining the organic phase, which is dried over
NaxSOys, filtered, and concentrated in vacuo. The resulting oil was purified by silica gel column
chromatography (1 - 5% MeOH in DCM) to afford 2-48 as a clear liquid that solidified on standing
(32 mg, 0.054 mmol) in 29% yield.

Characterization:

Rs = (MeOH/DCM 15:85): 0.84: IR (neat) v = 3246.35, 2935.94, 2858.59, 2796.40, 1722.36,
1656.40, 1577.81, 1474.78, 1446.11, 1384.47, 1285.60, 1207.58, 1115.18, 1027.71, 946.52,
904.86, 825.57, 810.48, 730.06, 646.88, 470.82 cm'; "TH NMR (400 MHz, CDCI3) & 9.69 (s, 1H),
9.05 (s, 1H), 8.27 (s, 1H), 7.86 (s, 1H), 7.77 (d, J = 7.8 Hz, 2H), 7.47 (d, J = 7.9 Hz, 2H), 5.10 (t,
J =3.0 Hz, 1H), 4.02 (td, J = 10.4, 2.9 Hz, 1H), 3.89 (s, 3H), 3.71 (s, 2H), 3.67 (dd, J = 10.5, 5.4
Hz, 1H), 3.19 (s, 2H), 2.39 (s, 3H), 1.89 (q, J = 7.3 Hz, 3H), 1.65 (qd, J = 10.5, 6.8 Hz, 3H), 1.05
(d, J = 1.3 Hz, 18H); *C NMR (126 MHz, CDCls) 5 171.76, 170.24, 154.20, 154.14, 153.14,
143.05, 132.04, 132.02, 127.93, 127.92, 127.18, 114.54, 114.42, 102.73, 96.69, 96.67, 82.64,
65.87, 62.71, 58.15, 54.60, 40.40, 40.37, 29.72, 28.04, 27.28, 27.16, 25.02, 20.62, 20.52, 20.49,
20.39, 18.64; "°F NMR (471 MHz, CDCls) & -186.93; HRMS: Calcd. for CsoHasFN4OsSi [M+H]* =
589.3216 m/z, found = 589.3209 m/z.
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Compound 2-45:

-
s 0 _© e s OH
1
| A o] | H/ —_— X 0 | N7
)j\/ Et,0,25°C, 1h | J\/ H
Z N — N
N N N N
H H
2-48

2-45

Chemical Formula: CosH37FN4O4Si
Exact Mass: 504.26

Procedure: A 5-dram glass vial equipped with a Teflon-coated stir bar and a rubber septum was
charged with 3 mL diethyl ether and 2-48 (18 mg, 0.031 mmol, 1 equiv.). 3mL of 1 M ethereal HCI
is added dropwise while stirring, and the resulting suspension was stirred at ambient temperature
for 1 h. The vial is sealed and put into a -20 °C freezer for 1h and the supernatant is carefully
removed and discarded. The white precipitate is triturated 3 times with cold diethyl ether, and then
dried to provide the HCI salt of 2-45 as a white solid (14 mg, 0.027 mmol) in 88% vyield.

Characterization: Ry = (MeOH/DCM 15:85): 0.48; IR (neat) v = 3238.37, 3119.83, 3061.67,
2966.36, 2935.03, 2898.50, 1726.78, 1574.95, 1472.14, 1427.93, 1391.27, 1366.65, 1243.53,
1166.09, 1153.56, 1096.93, 1003.14, 825.11, 660.94, 600.80, 517.13, 439.78 cm™"; "H NMR (500
MHz, MeOD) & 8.57 (s, 2H), 8.17 (d, J = 2.5 Hz, 1H), 7.88 (d, J = 1.4 Hz, 1H), 7.84 — 7.79 (m,
1H), 7.76 (d, J = 8.0 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.49 (d, J = 8.3 Hz, 1H), 3.93 (d, J = 1.0
Hz, 3H), 3.77 (d, J = 14.0 Hz, 2H), 3.27 (d, J = 3.4 Hz, 2H), 2.41 (s, 3H), 1.07 (d, J = 1.3 Hz, 18H);
13C NMR (126 MHz, MeOD) & 174.74, 167.08, 150.37, 144.61, 141.94, 126.69, 126.63, 117.60,
102.43, 96.03, 56.28, 50.07, 32.39, 26.08, 26.07, 20.00, 19.91; '°F NMR (376 MHz, cdsod) & -
186.51; HRMS: Calcd. for CasHassFN4O4Si [M+H]* = 505.2641 m/z, found = 505.2640 m/z.
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Compound 2-42:

d./ NaH (1.1 equiv.) HO:‘i/
>( I | A CHl (1.1 equiv.) >( | A
—_—
A _Boc DMF. 25°C.4h _ Boc
2-40 2.42

Chemical Formula: C4gH34N203Si
Exact Mass: 366.23

Procedure: A flame-dried 50 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 20 mL dry DMF. The reaction vessel was evacuated and
backfilled with N2, and 2-40 (450 mg, 1.26 mmol, 1 equiv.) was added followed by sodium hydride
(55 mg, 1.38 mmol, 1.1 equiv.). The mixture was then stirred at ambient temperature for 1 h and
iodomethane (86 uL, 1.38 mmol, 1.1 equiv.) was added dropwise. The resulting mixture was
stirred for 4 h at ambient temperature under Nz then quenched with 30 mL of cold water. The
resulting heterogeneous, biphasic reaction mixture was then extracted with EtOAc (25 mL x 3).
The combined organic phases were washed with 25 mL of brine then dried over Na>SO;, filtered,
and concentrated in vacuo. The resulting residue was purified by silica gel column
chromatography (10% EtOAc in hexanes) to afford 2-42 as an oil (270 mg, 0.73 mmol) in 58%
yield.

Characterization:

R = (EtOAc/Hexane 20:80): 0.52; IR (neat) v = 3501.04, 2965.07, 2932.14, 2889.30, 2857.42,
2359.15, 1712.83, 1687.75, 1579.52, 1548.06, 1473.36, 1427.45, 1365.11, 1310.67, 1282.16,
1255.65, 1235.60, 1152.19, 1100.64, 1019.34, 857.24, 822.44, 766.60, 638.69, 443.55 cm'; 'H
NMR (500 MHz, CDCls) 5 8.61 (dd, J = 2.0, 0.9 Hz, 1H), 7.89 (dd, J = 8.3, 2.0 Hz, 1H), 7.75 (dd,
J=8.3,1.0 Hz, 1H), 3.45 (s, 3H), 1.55 (s, 10H), 1.09 — 1.03 (m, 2H), 1.05 (s, 17H); 1*C NMR (126
MHz, CDCls) 5 155.59, 154.42, 152.50, 143.05, 125.56, 117.89, 81.27, 77.23, 34.00, 28.32, 27.77,
20.32; HRMS: Calcd. for C1oHssN203Si [M+H]* = 367.2411 m/z, found = 367.2409 m/z.
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Compound 2-93:

\‘/ Kryptofix 2.2.2. (1.5 equiv.) \‘/

Ho | KF (1.5 equiv.) Fl

>(S| N AcOH (3 equiv.) o >(S' N
0,
| A _soc THF, 85°C, 18 h | A _soc
N Iil N lil
2-42

2-93

Chemical Formula: C1gH33FN,0,Si
Exact Mass: 368.23

Procedure: A flame-dried 50 mL round bottom flask equipped with a Teflon-coated stir bar and a
reflux condenser was charged with 20 mL dry THF and 2-42 (140 mg, 0.38 mmol, 1 equiv.),
Kryptofix 2.2.2. (215 mg, 0.57 mmol, 1.5 equiv.), KF (32 mg, 0.57 mmol, 1.5 equiv.), and AcOH
glacial (65 uL, 1.14 mmol, 3 equiv.) was added. The mixture is heated in an oil bath to 85 °C and
stirred for 18 h then quenched with 30 mL of water. The resulting heterogeneous, biphasic reaction
mixture was then extracted with EtOAc (25 mL x 3). The combined organic phases were washed
with 25 mL of brine then dried over Na,SO,, filtered, and concentrated in vacuo. The resulting
residue was purified by silica gel column chromatography (5% EtOAc in hexanes) to afford 2-93
as an oil (129 mg, 0.35 mmol) in 92% yield.

Characterization:

R = (EtOAc/Hexane 10:90): 0.87; IR (neat) v = 2963.20, 2934.07, 2892.60, 2860.85, 2360.55,
1712.01, 1582.13, 1545.88, 1473.12, 1424.20, 1391.34, 1353.13, 1310.98, 1279.40, 1255.82,
1236.62, 1152.04, 1141.40, 1100.52, 1017.72, 858.18, 837.12, 823.57, 766.45, 649.51, 625.16,
584.28, 505.86, 442.67 cm'; "TH NMR (500 MHz, CDCl3) & 8.57 (dd, J = 1.8, 1.1 Hz, 1H), 7.86 —
7.78 (m, 2H), 3.45 (s, 3H), 1.56 (s, 9H), 1.08 (d, J = 1.2 Hz, 18H); 13C NMR (126 MHz, CDCls) &
156.04, 154.36, 152.02, 151.98, 142.49, 142.46, 123.11, 123.00, 117.89, 81.41, 33.89, 28.31,
27.16, 20.32, 20.22; "°F NMR (471 MHz, CDCl3) & -189.22; HRMS: Calcd. for C1oHssFN20,SiNa
[M+Na]* = 391.2188 m/z, found = 391.2174 m/z.
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Compound 2-41:

>(Slﬁ TFA (20 equiv.) Xs'm
DCM, 25°C, 4 h
7 Boc ! ! 7
N ’\ll/ N H/
2-41

2-93

Chemical Formula: C44H25FN,Si
Exact Mass: 268.18

Procedure: A 10 mL round bottom flask equipped with a Teflon-coated stir bar and a rubber
septum was charged with 5 mL of DCM, 2-93 (129 mg, 0.35 mmol, 1 equiv.), and trifluoroacetic
acid (535 uL, 7.1 mmol, 20 equiv.). The mixture was then stirred at ambient temperature for 4 h
then concentrated in vacuo. To the resulting clear liquid was added 1 mL toluene and the resulting
mixture was concentrated in vacuo. The resulting residue was purified by silica gel column
chromatography (40% EtOAc in hexane) to afford the TFA salt of 2-41 as a white solid (115 mg,
0.30 mmol) in 86% vyield.

Characterization:

R = (EtOAc/Hexane 60:40): 0.61; IR (neat) v = 3251.46, 3195.93, 3115.68, 2936.32, 2895.16,
2862.63, 1685.86, 1649.09, 1611.44, 1472.23, 1200.34, 1180.72, 1131.52, 1060.38, 1003.09,
824.30, 812.02, 799.73, 721.23, 652.69, 510.43, 454.63, 438.70 cm; '"H NMR (500 MHz, CDCls)
510.31 (s, 1H), 7.93 (dd, J = 9.0, 1.7 Hz, 1H), 7.87 (d, J = 1.4 Hz, 1H), 6.79 (d, J = 9.0 Hz, 1H),
3.02 (d, J = 4.0 Hz, 3H), 1.07 (d, J = 1.2 Hz, 18H); "*C NMR (126 MHz, CDCls) 5 154.98, 147.71,
147.67, 141.56, 114.67, 108.74, 28.66, 26.96, 20.27, 20.18; "°F NMR (471 MHz, CDCl3) 5 -76.08,
-188.04; HRMS: Calcd. for C14HasFN2Si [M+H]* = 269.1844 m/z, found = 269.1847 m/z.
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Compound 2-43:

,
,;\i/ 224 Si N
g (3.6 equiv.) >r | '
>r \Ej EtN (2.5 equiv.) _ o Br
> N N '
Z -~ THF, Microwave, 300W, 66 °C, 2 h | ' O
N7 o :
1 e}
2-43 e} \|< ! 2-24

Chemical Formula: Co6H39FN20,Si
Exact Mass: 458.28

2-41

Procedure: A flame-dried 10 mL microwave reactor vial equipped with a Teflon-coated stir bar
was charged with 3 mL dry THF and 2-41 (107 mg, 0.27 mmol, 1 equiv.), EtsN (96 uL, 0.69 mmol,
2.5 equiv.), and 4-bromomethylbenzoic acid tert-butyl ester 2-24 (269 mg, 0.99 mmol, 3.6 equiv.)
was added to the vial, which is then closed with a rubber cover and crimp seal. The microwave is
set to heat to 66 °C for 2 h and the vial is placed into the reactor cavity and subjected to microwave
irradiation. After reaction end, the vial is allowed to cool to ambient temperature. The crip and
rubber cap are removed and the mixture was concentrated in vacuo. The resulting residue was
purified by silica gel column chromatography (5% EtOAc in hexane) to afford 2-43 as a clear gel
that solidified on standing (48 mg, 0.11 mmol) in 40% yield.

Characterization:

Rr = (EtOAc/Hexane 10:90): 0.52; IR (neat) v = 2962.55, 2932.66, 2893.04, 2859.25, 2361.39,
1712.00, 1538.69, 1502.32, 1472.31, 1391.92, 1366.61, 1291.31, 1255.34, 1163.62, 1107.79,
1012.49, 937.10, 813.11, 752.53, 648.16, 579.53, 485.42, 441.0 cm™"; '"H NMR (500 MHz, CDCl3)
6 8.39 (dd, J = 2.0, 0.9 Hz, 1H), 7.99 — 7.92 (m, 2H), 7.65 (dd, J = 8.6, 2.0 Hz, 1H), 7.33 — 7.28
(m, 2H), 6.55 (dd, J = 8.5, 0.9 Hz, 1H), 4.89 (s, 2H), 3.09 (s, 3H), 1.60 (s, 10H), 1.08 (d, J=1.3
Hz, 18H); '*C NMR (126 MHz, cdcls) 5 165.63, 159.13, 153.12, 153.08, 143.44, 143.02, 142.98,
130.87, 129.77, 126.83, 113.97, 105.21, 80.87, 52.79, 35.95, 28.20, 27.28, 20.45, 20.35; "*F NMR
(376 MHz, cdcls) & -74.90, -189.50; HRMS: Calcd. for C26HaoFN202Si [M+H]* = 459.2838 m/z,
found = 459.2819 m/z.
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Compound 2-94:

\‘/ :

FSsi >si N
T ey |
—_—
Z DCM, 25°C, 4 h &
" T

N7 N
o K | OH
2-43 0

2-94 o

Chemical Formula: Cp,H31FN,0,Si
Exact Mass: 402.21

Procedure: A 10 mL round bottom flask equipped with a Teflon-coated stir bar and a rubber
septum was charged with 3 mL of DCM, 2-43 (48 mg, 0.11 mmol, 1 equiv.), and trifluoroacetic
acid (170 uL, 2.2 mmol, 20 equiv.). The mixture was then stirred at ambient temperature for 4 h
then poured into 15 mL EtOAc and washed with saturated NaHCO3 solution then concentrated in
vacuo. The resulting residue was purified by silica gel column chromatography (60% EtOAc in
hexane) to afford 2-94 as a white solid (37 mg, 0.092 mmol) in 84% yield.

Characterization:

Rs = (MeOH/DCM 10:90): 0.54; IR (neat) v = 2959.98, 2933.12, 2893.33, 2859.53, 2361.04,
1692.49, 1589.75, 1539.89, 1504.81, 1471.50, 1395.16, 1273.54, 1138.39, 1107.64, 1016.37,
937.12, 824.23, 813.13, 755.13, 649.48, 485.94 cm™'; 'H NMR (500 MHz, CDCls) & 8.40 (dd, J =
2.0, 0.9 Hz, 1H), 8.10 — 8.05 (m, 2H), 7.68 (dd, J = 8.5, 2.0 Hz, 1H), 7.37 (d, J = 8.1 Hz, 2H), 6.57
(dd, J = 8.6, 0.9 Hz, 1H), 4.93 (s, 2H), 3.12 (s, 3H), 1.08 (d, J = 1.2 Hz, 18H); "*C NMR (126 MHz,
CDCls) & 159.08, 153.03, 145.06, 143.13, 130.58, 127.07, 114.21, 105.29, 52.92, 36.10, 27.28,
20.46, 20.36; "°F NMR (471 MHz, CDCls) & -189.45; HRMS: Calcd. for CazHs2FN20,Si [M+H]* =
401.2212 m/z, found = 403.2214 m/z.
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Compound 2-44:

N N
Si Si
>( | A Yamaguchi's reagent (1.5 equiv.) >( X
_ Et;N (10 equiv.) | P
"

NH,-OTHP (5 equiv.) NN /Ej
o > H
OH DMF, 25°C, 8h | N
0~ Yo

2-94 o 2-44 0o

Chemical Formula: C7H49FN3O3Si
Exact Mass: 501.28

Procedure: A flame-dried 10 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum flushed with nitrogen and charged with 5 mL of DMF and 2-94 (30 mg, 0.058 mmol
1 equiv.). While stirring, the mixture is cooled in an ice bath and triethylamine (81 uL, 0.58 mmol,
10 equiv.) is added, followed by Yamaguchi’s reagent (14 uL, 0.087 mmol, 1.5 equiv.). The mixture
is stirred at 0 °C for 15 min and NH>OTHP (34 mg, 0.29 mmol, 5 equiv.) is added, and the solution
is removed from the ice bath and stirred at ambient temperature for 8 h. The mixture is poured
into 15 mL EtOAc and washed with 15 mL saturated aqueous NaHCO3; followed by brine, and the
retained organic phase then dried over Na>SOy, filtered, and concentrated in vacuo. The resulting
oil is purified by silica gel column chromatography (35% EtOAc in hexane) to afford 2-44 as a
clear oil that solidified on standing (24 mg, 0.049 mmol) in 84% yield.

Characterization:

Rr = (MeOH/DCM 10:90): 0.72; IR (neat) v = 3208.57, 2933.47, 2893.77, 2858.80, 1649.77,
1588.36, 1537.98, 1502.52, 1471.74, 1393.27, 1346.05, 1205.57, 1109.86, 1012.72, 935.96,
904.17, 814.07, 649.01, 579.59, 559.06, 537.93, 484.16 cm™'; "TH NMR (500 MHz, CDCl;) & 8.80
(s, 1H), 8.38 (dd, J = 2.0, 0.9 Hz, 1H), 7.76 — 7.70 (m, 2H), 7.66 (dd, J = 8.5, 2.0 Hz, 1H), 7.36 —
7.30 (m, 2H), 6.55 (dd, J = 8.6, 1.0 Hz, 1H), 5.09 (t, J = 3.1 Hz, 1H), 4.89 (s, 2H), 4.02 (ddd, J =
11.9, 9.6, 3.0 Hz, 1H), 3.67 (dtd, J=11.1,4.2, 1.8 Hz, 1H), 3.09 (s, 3H), 1.97 — 1.83 (m, 3H), 1.73
—1.59 (m, 3H), 1.08 (d, J = 1.2 Hz, 18H); *C NMR (126 MHz, CDCl;) & 159.09, 153.12, 153.08,
143.26, 143.08, 143.05, 130.76, 127.53, 127.35, 114.25, 114.14, 105.22, 102.76, 62.73, 52.72,
36.01, 28.08, 27.28, 25.04, 20.46, 20.36, 18.6; '°F NMR (471 MHz, CDCl;) d -189.47; HRMS:
Calcd. for C27H41FN3O3Si [M+H]* = 502.2896 m/z, found = 502.2890 m/z.
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Compound 2-39:

0L T T

HCI N N
H Et,0,25°C, 1h | y
N NS
O (o) OH

2-44 o 2-39 o
Chemical Formula: CyH3,FN30,Si
Exact Mass: 417.22

Procedure: A 5-dram glass vial equipped with a Teflon-coated stir bar and a rubber septum was
charged with 3 mL diethyl ether and 2-44 (10 mg, 0.020 mmol, 1 equiv.). 3mL of 1 M ethereal HCI
is added dropwise while stirring, and the resulting suspension was stirred at ambient temperature
for 1 h then concentrated in vacuo. The resulting residue is purified by reverse phase HPLC (C-
18 column, 5 — 95% MeCN in 0.1% aqueous formic acid) to afford the formate salt of 2-39 as a
white solid (5 mg, 0.011 mmol) 54% yield.

Characterization: Ry = (MeOH/DCM 10:90): 0.62; IR (neat) v = 3212.43, 2959.98, 2933.12,
2893.33, 2859.53, 2361.04, 1692.49, 1589.75, 1539.89, 1504.81, 1471.50, 1395.16, 1273.54,
1138.39, 1107.64, 1016.37, 937.12, 824.23, 813.13, 755.13, 649.48, 485.94 cm™'; '"H NMR (500
MHz, MeOD) 6 8.03 — 7.97 (m, 2H), 7.82 - 7.76 (m, 2H), 7.44 — 7.39 (m, 2H), 7.18 (d, J = 9.2 Hz,
1H), 4.98 (s, 2H), 3.32 (s, 3H), 1.11 (d, J = 1.2 Hz, 18H); 3C NMR (126 MHz, MeOD) & 159.18,
152.37, 152.33, 142.92, 142.88, 126.84, 126.58, 113.60, 113.49, 105.76, 52.35, 35.32, 26.31,
19.85, 19.75; "9F NMR (376 MHz, cdsod) & -190.34; HRMS: Calcd. for C22H33FN30,Si [M+H]* =
418.2321 m/z, found = 418.2306 m/z.
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Compound 2-44:

\ \

Ne NaH (1.1 equiv.) A( Ne

N, : \
H_Si_<\/|k CHl (1.1 equiv.) H_Si_<\/|k
7< y~Boc DMF, 25°C 4h 7< N~ Boe
H |

2-63 2-64
Chemical Formula: C4gH35N30,Si
Exact Mass: 353.25

Procedure: A flame-dried 50 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 20 mL dry DMF. The reaction vessel was evacuated and
backfilled with N2, and 2-43 (460 mg, 1.35 mmol, 1 equiv.) was added followed by sodium hydride
(64 mg, 1.38 mmol, 1.1 equiv.). The mixture was then stirred at ambient temperature for 1 h and
iodomethane (92 uL, 1.38 mmol, 1.1 equiv.) was added dropwise. The resulting mixture was
stirred for 4 h at ambient temperature under Nz then quenched with 30 mL of cold water. The
resulting heterogeneous, biphasic reaction mixture was then extracted with EtOAc (25 mL x 3).
The combined organic phases were washed with 25 mL of brine then dried over Na>SO;, filtered,
and concentrated in vacuo. The resulting residue was purified by silica gel column
chromatography (10% EtOAc in hexanes) to afford 2-44 as an oil (315 mg, 0.85 mmol) in 63%
yield.

Characterization:

Rr = (EtOAc/Hexane 10:90): 0.58; IR (neat) v = 2964.74, 2930.69, 2890.53, 2857.47, 2113.74,
1702.53, 1516.82, 1469.14, 1453.41, 1425.03, 1404.76, 1391.35, 1365.34, 1323.57, 1254.42,
1222.94, 1145.53, 1081.55, 1012.54, 819.56, 799.80, 766.36, 625.41, 584.91 cm™'; '"H NMR (500
MHz, CDCl3) 6 6.52 (s, 1H), 4.06 (s, 1H), 3.92 (s, 3H), 3.37 (s, 3H), 1.53 (s, 9H), 1.08 (s, 18H);
3C NMR (126 MHz, CDCl3) 8 153.70, 150.49, 138.26, 80.67, 39.48, 34.47, 28.53, 28.45, 19.06;
HRMS: Calcd. for C1gH3sN302SiNa [M+Na]* = 376.2391 m/z, found = 376.2397 m/z.
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Compound 2-65:

\

A( N NN
~N
_</Ik TFA (20 equiv.) H— S'_</|k
_TFA (20 equiv.) o
7< ~Boc DpCM, 25°C, 4 h 7< \

2-64 2-65
Chemical Formula: C3H27N3Si
Exact Mass: 253.20

N/
H

Procedure: A 10 mL round bottom flask equipped with a Teflon-coated stir bar and a rubber
septum was charged with 5 mL of DCM, 2-64 (315 mg, 0.85 mmol, 1 equiv.), and trifluoroacetic
acid (1.3 mL, 17 mmol, 20 equiv.). The mixture was then stirred at ambient temperature for 4 h
then concentrated in vacuo. To the resulting clear liquid was added 1 mL toluene and the resulting
mixture was concentrated in vacuo. The resulting residue was purified by silica gel column
chromatography (40% EtOAc in hexane) to afford the TFA salt of 2-65 as a yellow gel that
solidified on standing (262 mg, 0.71 mmol) in 84% vyield.

Characterization:

R = (EtOAc/Hexane 50:50): 0.48; IR (neat) v = 3287.97, 2932.59, 2892.22, 2859.16, 2124.94,
1672.94, 1644.08, 1553.07, 1469.75, 1411.84, 1390.69, 1366.06, 1285.04, 1180.88, 1135.22,
1012.50, 820.20, 797.18, 719.16, 464.44, 443.23 cm™; "TH NMR (500 MHz, CDCl3) & 5.67 (s, 1H),
4.01 (s, 1H), 3.88 (s, 3H), 2.89 (s, 3H), 1.09 (s, 18H); 3C NMR (126 MHz, CDCIl3) & 163.89,
155.16, 143.17, 96.86, 37.89, 31.02, 28.38, 19.00; HRMS: Calcd. for Cq3H3sN3Si [M+H]* =
254.2047 m/z, found = 254.2056 m/z.
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Compound 2-67:

2-24

§< \N (1.1 equiv.) \ '
) ~N NaH (2.1 equiv.) N<\ -
H—si—\ | —————————» H-Si | ¢ Br
_ DMF, 25°C,8h \ ' °
N 7< N ' \ﬁ
°\|< : 224 ©
2-65 267 I

Chemical Formula: C5H41N30,Si
Exact Mass: 443.30

Procedure: A flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum was charged with 10 mL dry DMF. The reaction vessel was evacuated and
backfilled with N2, and 2-65 (250 mg, 0.65 mmol, 1 equiv.) was added followed by sodium hydride
(55 mg, 1.36 mmol, 2.1 equiv.). The mixture was then stirred at ambient temperature for 1 h and
4-bromomethylbenzoic acid tert-butyl ester (194 mg, 0.71 mmol, 1.1 equiv.). The resulting mixture
was stirred for 8 h at ambient temperature under N then quenched with 30 mL of cold water. The
resulting heterogeneous, biphasic reaction mixture was then extracted with EtOAc (25 mL x 3).
The combined organic phases were washed with 25 mL of brine then dried over Na>SO;, filtered,
and concentrated in vacuo. The resulting residue was purified by silica gel column
chromatography (10% EtOAc in hexanes) to afford 2-67 as an oil (210 mg, 0.54 mmol) in 83%
yield.

Characterization:

R; = (EtOAc/Hexane 20:80): 0.61; IR (neat) v = 2962.29, 2929.60, 2889.00, 2855.86, 2361.26,
2112.85, 1711.72, 1610.88, 1538.11, 1468.94, 1432.19, 1413.07, 1365.88, 1289.43, 1254.46,
1163.40, 1113.99, 1017.90, 929.86, 849.61, 820.72, 804.29, 750.07, 707.72 cm"; '"H NMR (500
MHz, CDCls) & 7.97 — 7.92 (m, 2H), 7.40 — 7.34 (m, 2H), 5.74 (s, 1H), 4.48 (s, 2H), 4.03 (s, 1H),
3.89 (s, 3H), 2.84 (s, 3H), 1.61 (s, 9H), 1.06 (s, 18H); 13C NMR (126 MHz, CDCls) 5 165.78,
158.85, 143.83, 139.29, 130.75, 129.51, 127.67, 98.95, 80.83, 56.45, 39.18, 37.43, 28.56, 28.22,
19.05; HRMS: Calcd. for CosHaN3O,Si [M+H]* = 444.3041 m/z, found = 444.3047 m/z.
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Compound 2-68:

\ Kryptofix 2.2.2. (1.5 equiv.) \
N\N KF (1.5 equiv.) N\N
H—Si—<\/|k AcOH (8 equiv.) F—Si—<\/|k
7< T THF, 60°C, 18h 7< N
O\|< | (o}
2.67 o) 2-68 o) \K

Chemical Formula: CosH4oFN30,Si
Exact Mass: 461.29

Procedure: A flame-dried 50 mL round bottom flask equipped with a Teflon-coated stir bar and a
reflux condenser was charged with 20 mL dry THF and 2-67 (200 mg, 0.45 mmol, 1 equiv.),
Kryptofix 2.2.2. (254 mg, 0.68 mmol, 1.5 equiv.), KF (39 mg, 0.68 mmol, 1.5 equiv.), and AcOH
glacial (206 uL, 3.6 mmol, 8 equiv.) was added. The mixture is heated in an oil bath to 60 °C and
stirred for 18 h then quenched with 30 mL of water. The resulting heterogeneous, biphasic reaction
mixture was then extracted with EtOAc (25 mL x 3). The combined organic phases were washed
with 25 mL of brine then dried over Na,SO,, filtered, and concentrated in vacuo. The resulting
residue was purified by silica gel column chromatography (10% EtOAc in hexanes) to afford 2-68
as an oil (66 mg, 0.14 mmol) in 32% yield.

Characterization:

R = (EtOAc/Hexane 20:80): 0.60; IR (neat) v = 2964.22, 2934.17, 2892.48, 2860.16, 1711.78,
1611.04, 1540.83, 1471.45, 1434.12, 1412.43, 1391.56, 1366.39, 1289.48, 1254.20, 1163.27,
1114.09, 1018.04, 929.64, 837.23, 824.79, 814.23, 751.91, 658.03, 598.94, 504.13, 440.58 cm"";
H NMR (400 MHz, cdcls) 5 7.92 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 7.9 Hz, 2H), 5.70 (s, 1H), 4.44
(s, 2H), 3.88 (d, J = 1.4 Hz, 3H), 2.80 (s, 3H), 1.58 (s, 9H), 1.05 (s, 18H); '*C NMR (126 MHz,
CDCls) & 165.77, 159.12, 143.86, 130.75, 129.51, 127.67, 80.84, 56.42, 39.76, 37.44, 28.22,
26.94, 20.59, 20.49; "®F NMR (471 MHz, CDCls) & -182.52; HRMS: Calcd. for CasHaiFN3O,Si
[M+H]* = 462.2952 m/z, found = 462.2956 m/z.
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Compound 2-95:

\

N~ N~

< N . N
E—Si | TFA (20 equiv.) F—Si |
\ —_—— \
7< DCM, 25 °C, 4 h

N 7< N
| O\K ! oH
2-68 o) 2-95 0

Chemical Formula: Cp1H3,FN30,Si
Exact Mass: 405.22

Procedure: A 10 mL round bottom flask equipped with a Teflon-coated stir bar and a rubber
septum was charged with 3 mL of DCM, 2-68 (66 mg, 0.14 mmol, 1 equiv.), and trifluoroacetic
acid (214 uL, 2.8 mmol, 20 equiv.). The mixture was then stirred at ambient temperature for 4 h
then poured into 15 mL EtOAc and washed with saturated NaHCO3 solution then concentrated in
vacuo. The resulting residue was purified by silica gel column chromatography (40% EtOAc in
hexane) to afford 2-95 as an off-white solid (45 mg, 0.11 mmol) in 79% vyield.

Characterization:

R = (EtOAc/Hexane 50:50): 0.55; IR (neat) v = 2934.75, 2895.56, 2860.85, 2360.16, 1692.40,
1612.09, 1548.55, 1471.42, 1415.91, 1365.89, 1283.98, 1248.75, 1173.12, 1112.89, 1017.64,
930.83, 837.86, 824.85, 814.17, 752.96, 658.78, 597.61, 503.92, 439.74 cm~'; "TH NMR (400 MHz,
cdcls) 8 8.03 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 5.69 (s, 1H), 4.48 (s, 2H), 3.89 (d, J =
1.3 Hz, 3H), 2.85 (s, 3H), 1.05 (d, J = 1.0 Hz, 18H); 13C NMR (126 MHz, cdcls) 8 170.08, 159.08,
145.42, 130.29, 127.78, 99.14, 56.50, 37.66, 26.92, 20.58, 20.48; °F NMR (471 MHz, CDCls) 5 -
182.52; HRMS: Calcd. for Ca1HssFN3O,Si [M+H]* = 406.2321 m/z, found = 406.2320 m/z.
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Compound 2-69:

Yamaguchi's reagent (1.5 equiv.) N

: h N
—5i Et3N (10 equiv.) F—Si
%{I_u NH,-OTHP (5 equiv.) I_<\/Ik

’i‘ DMF, 25°C, 8 h / ( ’i‘ Ny O
OH N
~o” Yo

295 o] 2-69 o

Chemical Formula: CygH41FN4O3Si
Exact Mass: 504.29

Procedure: A flame-dried 10 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum flushed with nitrogen and charged with 5 mL of DMF and 2-95 (45 mg, 0.11 mmol
1 equiv.). While stirring, the mixture is cooled in an ice bath and triethylamine (155 uL, 1.1 mmol,
10 equiv.) is added, followed by Yamaguchi’'s reagent (25 uL, 0.16 mmol, 1.5 equiv.). The mixture
is stirred at 0 °C for 15 min and NH.OTHP (65 mg, 0.55 mmol, 5 equiv.) is added, and the solution
is removed from the ice bath and stirred at ambient temperature for 8 h. The mixture is poured
into 15 mL EtOAc and washed with 15 mL saturated aqueous NaHCO3; followed by brine, and the
retained organic phase then dried over Na>SOy, filtered, and concentrated in vacuo. The resulting
oil is purified by silica gel column chromatography (3% MeOH in DCM) to afford 2-69 as a clear
oil that solidified on standing (23 mg, 0.047 mmol) in 41% yield.

Characterization:

Rs = (MeOH/DCM 10:90): 0.71; IR (neat) v = 3214.84, 2936.06, 2894.95, 2860.35, 2359.35,
2323.52, 1652.83, 1612.03, 1542.05, 1491.33, 1471.44, 1437.04, 1411.88, 1365.14, 1284.15,
1204.53, 1113.36, 1038.89, 1012.53, 950.76, 903.78, 836.21, 824.35, 736.90, 657.82, 598.21,
502.67, 439.15 cm™'; 'H NMR (400 MHz, cdcls) 5 8.78 (s, 1H), 7.73 — 7.66 (m, 2H), 7.37 (d, J =
8.0 Hz, 2H), 5.69 (s, 1H), 5.08 (t, J = 3.0 Hz, 1H), 4.44 (s, 2H), 4.00 (dd, J = 11.4, 8.9 Hz, 1H),
3.88 (d, J = 1.3 Hz, 3H), 3.69 — 3.59 (m, 1H), 2.80 (s, 3H), 1.88 (g, J = 11.9 Hz, 3H), 1.05 (d, J =
1.1 Hz, 18H); 3C NMR (126 MHz, CDCls) 8 159.04, 143.59, 130.64, 128.08, 127.29, 102.71,
99.18, 62.68, 56.31, 39.73, 39.67, 37.52, 28.10, 26.93, 25.05, 20.58, 20.48, 18.67; '°F NMR (376
MHz, cdcls) 8 -182.54; HRMS: Calcd. for CzsHa2FNsOsSi [M+H]* = 505.3005 m/z, found =
505.3005 m/z.
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Compound 2-46:

\ \

N\N

g SN RS

0,
N Et,0,25°C, 1h 7< N
I H I H
~o” o SoH

2-69 ¢} 2-46 0

Chemical Formula: C51H33FN4O,Si
Exact Mass: 420.24

Procedure: A 5-dram glass vial equipped with a Teflon-coated stir bar and a rubber septum was
charged with 3 mL diethyl ether and 2-69 (10 mg, 0.020 mmol, 1 equiv.). 3mL of 1 M ethereal HCI
is added dropwise while stirring, and the resulting suspension was stirred at ambient temperature
for 1 h then concentrated in vacuo. The resulting residue is purified by reverse phase HPLC (C-
18 column, 5 — 95% MeCN in 0.1% aqueous formic acid) to afford the formate salt of 2-46 as a
white solid (6 mg, 0.014 mmol) 71% yield.

Characterization:

Rf = (MeOH/DCM 10:90): 0.41; IR (neat) v = 2965.03, 2934.47, 2893.74, 2860.68, 1712.11,
1611.24, 1541.65, 1471.69, 1434.32, 1412.60, 1391.65, 1366.50, 1254.14, 1163.01, 1113.47,
1018.06, 929.57, 836.85, 824.26, 813.77, 751.49, 657.33, 597.95, 503.12, 439.86 cm™'; "H NMR
(500 MHz, MeOD) 6 7.71 (d, J = 7.9 Hz, 2H), 7.38 (d, J = 7.9 Hz, 2H), 5.82 (s, 1H), 4.48 (s, 2H),
3.86 (d, J = 1.2 Hz, 3H), 2.87 (s, 2H), 1.07 (d, J = 1.2 Hz, 18H); '*C NMR (126 MHz, MeOD) &
166.58, 159.04, 142.98, 130.82, 127.55, 126.80, 99.22, 55.80, 36.74, 25.91, 20.00, 19.90; "°F
NMR (471 MHz, MeOD) & -183.10; HRMS: Calcd. for C21H34FN4O>Si [M+H]* = 421.2430 m/z,
found =421.2414 m/z.
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2. Phenyl SiFAHA

Compound 2-73:

2-72
(1 equiv.)
EDC (1.1 equiv.)
HOBt (1.1 equiv.)

>(SI\©\ ES: ;51 un:h >(S\©\ M O M O

Chemical Formula: C,7H45FN20,4Si
Exact Mass: 508.31

Procedure: A flame-dried 10 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum flushed with nitrogen and charged with 5 mL of DMF and 2-72 (54 mg, 0.20 mmol
1 equiv.). While stirring, the mixture is cooled in an ice bath and EDC (34 mg, 0.22 mmol, 1.1
equiv.) is added, followed by 2-71 (50 mg, 0.22 mmol, 1 equiv.) along with EtsN (30 uL, 0.22 mmol,
1.1 equiv.). The mixture is stirred at 0 °C for 15 min and HOBt (29 mg, 0.22 mmol, 1.1 equiv.) is
added, and the solution is removed from the ice bath and stirred at ambient temperature for 5 h.
The mixture is poured into 15 mL EtOAc and washed with 15 mL saturated aqueous NaHCO3
followed by brine, and the retained organic phase then dried over Na;SOQ., filtered, and
concentrated in vacuo. The resulting oil is purified by silica gel column chromatography (3%
MeOH in DCM) to afford 2-73 as a white solid (23 mg, 0.098 mmol) in 49% yield.

Characterization:

Rs = (MeOH/DCM 2:98): 0.22; IR (neat) v = 2967.88, 2935.02, 2893.87, 1714.47, 1658.50,
1574.79, 1552.26, 1473.74, 1447.02, 1363.93, 1287.40, 1222.70, 1163.21, 1116.28, 1072.70,
1014.84, 924.19, 824.98, 809.51, 732.99, 703.25, 645.96, 624.17, 583.30, 489.99, 444.37 cm"";
H NMR (500 MHz, CDCls) & 8.37 (s, 1H), 7.58 (s, 4H), 7.41 (s, 1H), 4.98 (s, 1H), 3.97 (s, 1H),
3.66 (ddt, J= 9.5, 5.6, 2.8 Hz, 1H), 2.38 (t, J = 7.4 Hz, 2H), 2.16 (s, 2H), 1.87 — 1.65 (m, 5H), 1.61
(d, J = 4.4 Hz, 1H), 1.42 (dd, J= 7.2, 3.7 Hz, 5H), 1.28 (s, 2H), 1.07 (d, J = 1.1 Hz, 18H); '*C NMR
(126 MHz, CDCls) 3 171.80, 170.68, 162.57, 139.52, 134.79, 134.76, 128.70, 128.59, 118.75,
102.44, 62.51, 37.35, 36.52, 33.05, 29.71, 28.42, 28.31, 27.99, 27.32, 25.23, 25.00, 20.33, 20.23,
18.53; °F NMR (471 MHz, CDCls) 5 -188.86; HRMS: Calcd. for CpiHaFN4O.Si [M+H]* =
421.2430 m/z, found = 421.2414 m/z.
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Compound 2-74:

Ssi o HCI Si o
-
>r \©\ N /(j Fuo. 2% H
N)K/\/\/WN\O o N SOH
H
(o]
2-73

H
[¢]
2-74

Chemical Formula: C,,H37FN,O3Si
Exact Mass: 424.26

Procedure: A 5-dram glass vial equipped with a Teflon-coated stir bar and a rubber septum was
charged with 3 mL diethyl ether and 2-73 (10 mg, 0.020 mmol, 1 equiv.). 3mL of 1 M ethereal HCI
is added dropwise while stirring, and the resulting suspension was stirred at ambient temperature
for 1 h then concentrated in vacuo. The resulting residue is purified by reverse phase flash
chromatography (C-18 column, 5 —95% MeCN in 0.1% aqueous formic acid) to afford the formate
salt of 2-74 as a white solid (8 mg, 0.016 mmol) 82% yield.

Characterization:

Rr = (MeOH/DCM 10:90): 0.52; IR (neat) v = 2934.42, 2850.93, 2050.85, 1660.77,
1574.71, 1471.00, 1429.80, 1391.74, 1365.95, 1090.18, 1012.88, 858.54, 825.32,
661.76, 602.77, 507.96 cm™'; '"H NMR (400 MHz, cdsod) & 7.60 (d, J = 8.0 Hz, 2H), 7.54 (d, J =
8.0 Hz, 2H), 2.38 (t, J = 7.5 Hz, 2H), 2.09 (t, J = 7.4 Hz, 2H), 1.74 — 1.59 (m, 5H), 1.40 (s, 4H),
1.05 (s, 18H); '*C NMR (126 MHz, MeOD) & 173.39, 171.57, 168.75, 140.02, 134.32, 134.28,
118.89, 78.14, 77.88, 77.62, 53.40, 36.51, 32.29, 28.50, 28.43, 26.41, 25.29, 25.18, 19.76, 19.66;
F NMR (376 MHz, cdsod) 8 -189.82; HRMS: Calcd. for C2Hs7FN203SiNa [M+Na]* = 447.2450
m/z, found = 447.2440 m/z.
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Compound 2-59:

\ 18-crown-6 (1.5 equiv.) \
N KF (1.5 equiv.) N~
\

< N X ) N
H—Si I AcOH (3 equiv.) . F=si |
\ Boc
7< N/Boc -

THF, 60°C,2h N
H H

2-63 2-59
Chemical Formula: C17H3,FN30,Si
Exact Mass: 357.22

K

>\

Procedure: A flame-dried 50 mL round bottom flask equipped with a Teflon-coated stir bar and a
reflux condenser was charged with 20 mL dry THF and 2-63 (315 mg, 0.93 mmol, 1 equiv.), 18-
crown-6 (367 mg, 1.4 mmol, 1.5 equiv.), KF (81 mg, 1.4 mmol, 1.5 equiv.), and AcOH glacial (159
uL, 2.8 mmol, 3 equiv.) was added. The mixture is heated in an oil bath to 60 °C and stirred for 2
h then quenched with 30 mL of water. The resulting heterogeneous, biphasic reaction mixture was
then extracted with EtOAc (25 mL x 3). The combined organic phases were washed with 25 mL
of brine then dried over Na,SQOy, filtered, and concentrated in vacuo. The resulting residue was
purified by silica gel column chromatography (25% EtOAc in hexanes) to afford 2-59 as a clear
gel that solidified on standing (303 mg, 0.85 mmol) in 91% vyield.

Characterization:

Rf = (MeOH/DCM 10:90): 0.52; IR (neat) v = 3238.37, 3119.83, 3061.67, 2966.36,
2935.03, 2898.50, 1726.78, 1574.95, 1472.14, 1427.93, 1391.27, 1366.65, 1243.53,
1166.09, 1153.56, 1096.93, 1003.14, 825.11, 660.94, 600.80, 517.13, 439.78 cm™; 'H
NMR (500 MHz, CDCls) 5 6.66 (s, 1H), 3.93 (t, J = 1.4 Hz, 3H), 1.53 (s, 9H), 1.10 (d, J = 1.1 Hz,
18H); 13C NMR (126 MHz, CDCls) & 152.56, 146.79, 103.86, 39.84, 39.77, 29.72, 28.39, 26.89,
20.60, 20.51; "9F NMR (471 MHz, CDCls) & -182.35; HRMS: Calcd. for C17H3sFNsO,Si [M+H]* =
358.2321 m/z, found = 358.2316 m/z.
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Compound 2-96:

\

A( N< A(
N N<
F—Si—<\/|k HCl AN IN
_Boc Dioxane, 25°C, 6 h \
N NH
H 2

2-59 2-96

Chemical Formula: C1,H24FN3Si
Exact Mass: 257.17

Procedure: A 10 mL round bottom flask equipped with a Teflon-coated stir bar and a rubber
septum was charged with 2-59 (85 mg, 0.24 mmol, 1 equiv.), and 5 mL of 4 M HCI solution in
dioxane was added to flask. The mixture was then stirred at ambient temperature for 4 h then
concentrated in vacuo. The resulting residue was purified by silica gel column chromatography
(40% EtOAc in hexane) to afford 2-96 as an off-white solid (47 mg, 0.17 mmol) in 73% yield.

Characterization:

Rr = (EtOAc/Hexane 60:0): 0.70; IR (neat) v = 3429.37, 3328.57, 3212.27, 2959.33,
2933.84, 2896.38, 2860.48, 1696.53, 1614.68, 1535.93, 1470.82, 1434.60, 1413.64,
1283.05, 1092.70, 1010.31, 936.49, 837.23, 824.96, 814.37, 769.88, 658.26, 597.39,
509.72, 438.82 cm™'; 'TH NMR (500 MHz, CDCl3) & 5.78 (s, 1H), 3.85 (d, J = 1.4 Hz, 3H), 1.07
(d, J = 1.3 Hz, 18H); *C NMR (126 MHz, CDCl3) & 153.57, 137.00 (d, J = 14.6 Hz), 101.55 (d, J
= 4.9 Hz), 39.44 (d, J = 8.2 Hz), 26.86, 20.55, 20.45; "°F NMR (471 MHz, CDCls) & -182.66;
HRMS: Calcd. for C12HasFN3Si [M+H]* = 258.1796 m/z, found = 258.1786 m/z.
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Compound 2-75:

2-52
(1 equiv.)
EDC (1.2 equiv.) \
HOBt (1.2 equiv.) A( N

.
N-Methylmorpholine (1.2 equiv. . =N 9] ' Q
DMF, 25°C, 6 h N ~o” No” ! Ho ~o” Yo
NH, H H
2-52 0
.

o
2.96 2-75

Chemical Formula: Cy5H45FN404Si
Exact Mass: 512.32

Procedure: A flame-dried 10 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum flushed with nitrogen and charged with 5 mL of DMF and 2-52 (26 mg, 0.11 mmol
1 equiv.). While stirring, the mixture is cooled in an ice bath and EDC (18 mg, 0.12 mmol, 1.2
equiv.) is added, followed by 2-96 (32 mg, 0.11 mmol, 1 equiv.) along with N-methyl morpholine
(13 uL, 0.12 mmol, 1.2 equiv.). The mixture is stirred at 0 °C for 15 min and HOBt (16 mg, 0.12
mmol, 1.2 equiv.) is added, and the solution is removed from the ice bath and stirred at ambient
temperature for 5 h. The mixture is poured into 15 mL EtOAc and washed with 15 mL saturated
aqueous NaHCO:s; followed by brine, and the retained organic phase then dried over NaxSOy,
fitered, and concentrated in vacuo. The resulting oil is purified by silica gel column
chromatography (3% MeOH in DCM) to afford 2-75 as a white solid (38 mg, 0.074 mmol) in 64%
yield.

Characterization:

Rs = (MeOH/DCM 5:95): 0.42; IR (neat) v = 3225.84, 3118.24, 3061.72, 2935.03, 2860.40,
1657.38, 1568.77, 1503.16, 1470.34, 1425.91, 1286.41, 1204.66, 1114.39, 1089.65, 1037.50,
1021.10, 949.47, 896.64, 874.46, 837.31, 824.72, 734.60, 661.37, 602.50, 509.52, 439.79 cm"";
H NMR (400 MHz, cdcls) 8 8.79 (s, 1H), 8.08 (s, 1H), 6.89 (s, 1H), 4.98 (s, 1H), 3.91 (s, 3H), 3.61
(d, J = 11.2 Hz, 1H), 2.32 (t, J = 7.3 Hz, 2H), 2.08 (s, 2H), 1.79 (d, J = 10.0 Hz, 1H), 1.35 (s, 5H),
1.07 (s, 18H); 13C NMR (126 MHz, CDCls) 5 170.48, 146.47, 105.58, 102.31, 62.38, 39.89, 39.82,
36.62, 33.02, 29.71, 28.36, 27.96, 26.84, 25.11, 25.02, 20.60, 20.50, 18.44; °F NMR (471 MHz,
CDCls) & -182.40; HRMS: Calcd. for CasHasFNsO4SiNa [M+Na]* = 535.3086 m/z, found =
535.3093 m/z.

147



Compound 2-76:

\ \

AVARY AVARN
F—Si |N f H Hel F—Si " |N 9
— _ » F—Sj
_<\/k N E,0, 25°C, 1h \ q
~ ~N,
N 0" Yo N OH
H H
0 )

2-75 2-76

Chemical Formula: CyoH37FN4O3Si
Exact Mass: 428.26

Procedure: A 5-dram glass vial equipped with a Teflon-coated stir bar and a rubber septum was
charged with 3 mL diethyl ether and 2-75 (12 mg, 0.023 mmol, 1 equiv.). 3mL of 1 M ethereal HCI
is added dropwise while stirring, and the resulting suspension was stirred at ambient temperature
for 1 h then concentrated in vacuo. The resulting residue is purified by reverse phase flash
chromatography (C-18 column, 5 - 95% MeCN in 0.1% aqueous formic acid) to afford the formate
salt of 2-76 as a white solid (8 mg, 0.018 mmol) 79% vyield.

Characterization:

Rs = (MeOH/DCM 10:90): 0.47; IR (neat) v = 3258.65, 2934.42, 2860.93, 2050.85, 1660.77,
1574.71, 1471.00, 1426.80, 1391.74, 1365.95, 1090.18, 1012.88, 838.57, 825.35, 661.76,
602.77, 507.91, 441.12 cm™"; "TH NMR (400 MHz, cdsod) & 8.54 (s, 1H), 6.80 (s, 1H), 3.90 (s, 3H),
2.36 (t, J = 7.4 Hz, 2H), 2.09 (t, J = 7.3 Hz, 1H), 1.74 — 1.55 (m, 3H), 1.38 (s, 5H), 1.08 (s, 18H);
13C NMR (201 MHz, MeOD) & 172.61 (d, J = 11.1 Hz), 146.54, 136.22, 105.74, 38.84, 35.77 (d, J
= 18.2 Hz), 32.27, 28.47, 28.39, 25.86, 25.19 (d, J = 8.0 Hz), 20.00 (d, J = 11.9 Hz); °F NMR
(376 MHz, cdsod) & -183.27; HRMS: Calcd. for CaHassFN4O3Si [M+H]* = 429.2692 m/z, found =
429.2686 m/z.

148



Compound 2-77:

\‘/ o \‘/ o
F\ F\

S A mCPBA (2.1 equiv.) Si A
—_—
>r | DCM, 25°C, 18 h >r |
P Boc + 2 Boc
N N7 N7
H
217

N
| H
o

2-77
Chemical Formula: C1gH33FN204Si
Exact Mass: 400.22

Procedure: A flame-dried 10 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum flushed with nitrogen and charged with 5 mL of DCM and 2-17 (200 mg, 0.52 mmol
1 equiv.) along with mCPBA (188 mg, 1.09 mmol, 2.1 equiv.). The solution is stirred at ambient
temperature for 18 h then washed with 15 mL saturated aqueous NaHCO3 followed by brine, and
retaining the organic phase. The aqueous phases were each extracted 3 x with 10 mL DCM,
which was retaining and combined with the other organic phases, then dried over Na,SO., filtered,
and concentrated in vacuo. The resulting oil is purified by silica gel column chromatography (40%
EtOAc in hexane) to afford 2-77 as a clear gel (182 mg, 0.046 mmol) in 87% yield

Characterization:

Rs = (EtOAc/hex 60:40): 0.82; IR (neat) v = 2977.69, 2954.91, 2932.70, 2859.13, 1726.35,
1608.01, 1564.82, 1516.36, 1458.58, 1394.26, 1366.47, 1266.54, 1174.77, 1146.52, 1048.19,
996.93, 901.57, 824.13, 804.88, 765.95, 655.95, 610.78, 582.50, 488.11, 462.60, 450.39 cm'; 'H
NMR (500 MHz, CDCls) 5 9.49 (s, 1H), 8.22 (s, 1H), 7.76 (d, J = 1.0 Hz, 1H), 3.91 (s, 3H), 1.56
(s, 10H), 1.05 (d, J = 1.4 Hz, 18H); 1*C NMR (126 MHz, CDCls) 5 161.96, 161.92, 151.63, 146.01,
142.51, 142.45, 112.68, 112.55, 94.61, 82.47, 55.61, 28.12, 27.13, 20.60, 20.50; "°F NMR (471
MHz, CDCls) & -185.72; HRMS: Calcd. for CioHssFN204Si [M+H]* = 401.2266 m/z, found =
401.2270 m/z.
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Compound 2-78:

F\
Sl TFA (20 equiv.) Si N
>r DCM, 25°C, 4 h >r |
+/ NG
N

|
o

NH,

2-77 2-78

Chemical Formula: C14H25FN,0,Si
Exact Mass: 300.17

Procedure: A 10 mL round bottom flask equipped with a Teflon-coated stir bar and a rubber
septum was charged with 3 mL of DCM, 2-77 (137 mg, 0.34 mmol, 1 equiv.), and trifluoroacetic
acid (526 uL, 6.9 mmol, 20 equiv.). The mixture was then stirred at ambient temperature for 4 h
then concentrated in vacuo. To the resulting clear liquid was added 1 mL toluene and the resulting
mixture was concentrated in vacuo. The resulting residue was purified by silica gel column
chromatography (10% MeOH in DCM) to afford the TFA salt of 2-78 as an off-white solid (128 mg,
0.31 mmol) in 91% yield.

Characterization:

Rr = (MeOH/DCM 15:85): 0.53; IR (neat) v = 3401.72, 3284.31, 2956.08, 2935.55, 2892.86,
2860.61, 1634.29, 1562.53, 1460.53, 1407.20, 1364.51, 1270.77, 1224.57, 1183.23, 1075.67,
998.47, 824.48, 808.55, 663.89, 644.82, 609.19, 474.18, 457.601 cm™; 'H NMR (500 MHz,
CDCIs) 6 8.00 (s, 1H), 6.66 (s, 2H), 6.36 — 6.33 (m, 1H), 3.80 (s, 3H), 1.01 (d, J = 1.4 Hz, 18H);
3C NMR (126 MHz, CDCl3) 8 162.98, 162.95, 152.09, 143.14, 143.08, 108.06, 107.94, 90.58,
55.32, 27.16, 27.15, 20.55, 20.45; '°F NMR (471 MHz, CDCI3) d -75.15, -185.85; HRMS: Calcd.
for C14H36FN202Si [M+H]* = 301.1742 m/z, found = 301.1736 m/z.
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Compound 2-79:

2-52
(1.1 equiv.)

HATU (1.1 equiv.) S
>(3' DIF’EA (2 equiv.) >r I O
DMF, 25°C, 6 h )‘\w M
2-79

Chemical Formula: Cy7H46FN306Si
Exact Mass: 555.31

|O—z+

v
4
®

Procedure: A flame-dried 20 mL round bottom flask equipped with a Teflon-coated stir bar and a
rubber septum flushed with nitrogen and charged with 15 mL of DMF and 2-52 (80 mg, 0.29 mmol
1.1 equiv.). While stirring, DIPEA (92 uL, 0.53 mmol, 2 equiv.) is added, followed by HATU (111
mg, 0.29 mmol, 1.1 equiv.). The mixture is stirred at ambient temperature 15 min then 2-78 (107
mg, 0.26 mmol, 1 equiv.). is added, stirred at ambient temperature for 6 h then poured into 20 mL
of distilled water. The resulting heterogeneous, biphasic reaction mixture was then extracted with
EtOAc (15 mL x 3) and the combined organic phase was washed with 15 mL saturated aqueous
NaHCO; followed by 15 mL of brine brine, then dried over Na;SOy, filtered, and concentrated in
vacuo. The resulting oil is purified by silica gel column chromatography (5% MeOH in DCM) to
afford 2-79 as an oil that solidified on standing (132 mg, 0.024 mmol) in 82% yield.

Characterization:

R = (MeOH/DCM 15:85): 0.80; IR (neat) v = 3165.52, 3131.94, 2935.39, 2860.31, 1700.06,
1668.99, 1605.99, 1561.44, 1504.56, 1459.63, 1392.12, 1281.07, 1239.71, 1194.07, 1179.67,
1114.76, 992.92, 897.51, 825.05, 809.44, 731.52, 644.94, 600.34, 481.09 cm™'; "H NMR (500
MHz, CDCl3) 6 10.23 (s, 1H), 9.01 — 8.98 (m, 1H), 8.25 (s, 1H), 8.07 (d, J = 1.0 Hz, 1H), 4.97 (s,
1H), 3.98 (s, 1H), 3.92 (s, 3H), 3.67 — 3.59 (m, 1H), 2.56 (t, J = 7.2 Hz, 2H), 2.14 (s, 2H), 1.87 -
1.67 (m, 4H), 1.44 (tt, J=7.9, 3.7 Hz, 4H), 1.06 (d, J = 1.3 Hz, 18H); *C NMR (126 MHz, CDCl3)
0 172.42, 162.26, 145.22, 142.31, 142.25, 114.12, 102.41, 96.12, 62.47, 55.74, 37.75, 32.98,
28.43, 28.04, 27.12, 25.04, 24.77, 20.61, 20.52, 18.59; °F NMR (471 MHz, CDCls) d -185.60;
HRMS: Calcd. for C27H47FN3O6Si [M+H]* = 556.3213 m/z, found = 556.3208 m/z.
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Compound 2-80:
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2-79
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o

10

2-80

Chemical Formula: Cp,H3gFN305Si
Exact Mass: 471.26

Procedure: A 5-dram glass vial equipped with a Teflon-coated stir bar and a rubber septum was
charged with 3 mL diethyl ether and 2-79 (26 mg, 0.023 mmol, 1 equiv.). 3mL of 1 M ethereal HCI
is added dropwise while stirring, and the resulting suspension was stirred at ambient temperature
for 1 h then concentrated in vacuo. The resulting residue is purified by reverse phase flash
chromatography (C-18 column, 5 —95% MeCN in 0.1% aqueous formic acid) to afford the formate
salt of 2-80 as a white solid (8 mg, 0.018 mmol) 79% yield.

Characterization:

Rs = (MeOH/DCM 15:85): 0.62; IR (neat) v = 3180.49, 2934.93, 2860.31, 2359.36, 2341.74,
2324.03, 1704.60, 1660.95, 1637.29, 1607.57, 1561.51, 1506.20, 1459.34, 1393.67, 1365.24,
1279.59, 1240.18, 1194.75, 1180.58, 1127.51, 993.81, 825.90, 810.44, 749.23, 667.29, 481.80
cm™'; 'H NMR (500 MHz, MeOD) & 8.57 (s, OH), 8.21 (d, J = 1.0 Hz, 1H), 8.09 (s, 1H), 3.98 (s,
3H), 2.64 (t, J = 7.4 Hz, 2H), 2.12 (t, J = 7.4 Hz, 2H), 1.76 (p, J = 7.2 Hz, 2H), 1.66 (p, J = 7.4 Hz,
2H), 1.42 (dtd, J = 17.4, 8.1, 4.2 Hz, 3H), 1.09 (d, J = 1.3 Hz, 18H); 1*C NMR (126 MHz, MeOD)
5 173.27, 171.50, 164.02, 145.79, 142.06, 141.99, 96.56, 55.18, 36.62, 32.25, 28.38, 28.29,
26.14, 25.14, 24.52, 20.01, 19.91; F NMR (471 MHz, MeOD) & -186.69; HRMS: Calcd. for
CaoHaoFNsOsSi [M+H]* = 472.2637 m/z, found = 472.2634 m/z.

152



HDACG fluorogenic inhibition assay

The procedure for in vitro HDAC6 binding assay was adapted from previous reports” 8 All assays
were performed using black medium binding Fluorotrac 200 96-well plates from Greiner Bio-One.
Fluorescence measurements were performed using Molecular Devices SpectraMax i3x plate
reader set to 10 scans per well with excitation and emission wavelengths of 360 and 460 nm
respectively and 15 nm bandwidth. Assay buffer was formulated using 50 mM Tris base, 137 mM
NaCl, 2.7 mM KCI, 1 mM MgCl; in distilled water and adjusted to pH 8.0 using 1M HCI, then
adding 0.5 mg/mL bovine serum albumin and 1.7 vol% DMSO. The buffer was passed through a
50 pM filter and used immediately. Human recombinant HDAC6 was purchased from the Cayman
Chemical Company (>90% as determined by SDS-PAGE), was divided into 6.25 ug aliquots and
stored at —80 °C. Aliquot were thawed on ice and diluted with buffer to provide a stock solution of
4 ng/uL the day of use. HDAC substrate Ac-Leu-Gly-Lys(Ac)-AMC synthesized through published
procedure’ was dissolved in DMSO to 8.0 mM then diluted to 8.0 uM with assay buffer. Trypsin
from porcine pancreas (25 g/L in 0.9% NaCl from Sigma Aldrich) was thawed on ice then diluted
to 0.4 mg/mL with assay buffer immediately before use. Dilution series of inhibitor candidates
were prepared at 12 concentrations from 50 uM DMSO stock solutions with assay buffer. Due to
poor substrate affinity of 2-22, it was prepared at 12 concentrations from 500 yM DMSO stock
solution.

Plates were set up with duplicate or ftriplicate measurements of HDAC inhibitors at 12
concentrations each, along with 6 wells of control. Negative controls received 25 L of assay
buffer, and 25 pL fluorogenic substrate solution, while positive controls received 10 uL of buffer,
15 L of HDAC enzyme solution, and 25 pL of fluorogenic substrate solution. Other wells received
10 L of inhibitor solution and 15 pL of HDAC enzyme solution. The assays were initiated by
addition of 25 uL of substrate (final concentration of 3.75 yM) to all wells. The plate was gently
tapped and incubated at 37 °C for 30 mins, then 50 pL of trypsin solution was added to all wells
and incubation was continued for a further 30 mins at 25 °C. Endpoint fluorescence
measurements were then recorded and ICs values were calculated by nonlinear regression using
a sigmoidal 4PL analysis with GraphPad Prism 8.2. The ICs, were converted to Ki using Cheng-
Prusoff equation Ki = ICso/(1+ [S])/Km) where [S] is the concentration of the substrate and K, is the
affinity constant of the substrate at 6 yM for HDAC6 according to literature®.
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Manual radiolabeling protocol #1

Irradiated cyclotron target carrying ['8F]fluoride in '8O-enriched water was moved using negative
pressure and passed through a pre-conditioned Sep-Pak Light QMA cartridge (Waters) as an
aqueous solution, and the water was collected in a waste bottle. Trapped ['®F]fluoride (5 — 10 mCi
(185 — 370 MBq) was eluted with 1.8 mg tetrabutylammonium tosylate (TBAOTSs) dissolved in 2
mL EtOH and 20 yL H20O into a vial. ['®F]fluoride was azeotropically dried by evaporation at 90°C
first under a flow of nitrogen for 10 minutes, then under vacuum for 15 minutes. Activity was then
redissolved in 2 mL MeCN. Aliquots of activity were added to vials containing 50 nmol of precursor
in MeCN (100 pL). The reactions were aged at the temperature and analyzed in triplicate by
Raytest MiniGITA radioTLC at the indicated time points.

Manual radiolabeling protocol #2 “Munich” method

Irradiated cyclotron target carrying ['®F]fluoride in 0-enriched water was moved using negative
pressure and passed through a pre-conditioned Sep-Pak Light QMA cartridge (Waters) as an
aqueous solution, and the water was collected in a waste bottle. The cartridge is then rinsed with
MeCN (10 mL) to remove the traces of water. K222/KOH eluent is prepared by dissolving 91 ymol
Kryptofix-222 and 83 umol KOH in water and lyophilised, then dissolving the lyophilized powder
in 0.5mL MeCN. Trapped ["®F]fluoride (5 — 10 mCi (185 — 370 MBq)) is eluted using K222/KOH
eluent, then diluted with 0.5mL MeCN and 20uL of 1 M oxalic acid was added. Aliquots of activity
were added to vials containing the 50 nmol of precursor in MeCN (100 pL). The reactions were
aged at the temperature and analyzed in triplicate by Raytest MiniGITA radioTLC at the indicated
time points.

Autoradiography

Sodium HEPES buffer was formulated using 30 mM Na HEPES, 110 mM NaCl, 5 mM KCI, 2.5
mM CaCl;, and 1.2 mM MgCl. in distilled water then adjusted to pH 7.4 using aqueous 5 M NaOH
solution and passed through a 50 uM filter and stored in the refrigerator. Solutions of inhibitor
candidates were prepared using 50 yM DMSO stock solutions diluted with HEPES buffer to 10
MM solutions. Frozen Sprague-Dawley rat brain tissue sections affixed to glass slides were
thawed at room temperature and pre-incubated in Na HEPES buffer for 10 minutes. The sections
were allowed to fully air dry and then incubated for 20 minutes with HDAC inhibitor solution, then
washed for 1 minute with cold sodium HEPES buffer and allowed to fully air-dry. Negative control
was incubated with sodium HEPES buffer for 20 minutes then air-dried. [""C]Martinostat was
synthesized by the Montreal Neurological Institute PET Chemistry Unit and 473 pCi
[M"C]Martinostat was dissolved in 85 mL of sodium HEPES buffer. Brain slides were incubated
with [""C]Martinostat solution for 20 minutes then the slides were washed 3 times successively (1
minute/each) in ice-cold sodium HEPES buffer, then immersed in ice-cold distilled water for 30
seconds. Slides were air dried, and were then exposed on Fujifilm sensitive phosphor imaging
plates (FUJIFILM BAS 500) for 4 hours. Imaging plates were imaged using an Amersham
Typhoon biomolecular imager (50 mm spatial resolution).
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Automated radiosynthesis of 2-2B

tBu o ["*FIKF/K222 tBu o}

FJ N
Ssi _OL then Ssi _OH
tBu N7 THP HClaq) tBu N
l H . > | H
N MeCN, 25 °C, 30 min N

214 21% ['®F]2-14

No-carrier-added aqueous ['®F]fluoride was produced by ®O(p,n)'®F nuclear reaction using an
enriched ['®0]H.0 target with the cyclotron (IBA Cyclone 18/9 MeV cyclotron) at the Montreal
Neurological Institute-Hospital. Radiolabeling and purification were carried out using an
automated radiosynthesis unit Scintomics GRP equipped with a previously described manifold
setup™. 150 nmol of 2-14 (1 mM solution in MeCN) was loaded into the reaction vial along with
20 L of 1 M oxalic acid solution.

Irradiated cyclotron target carrying ['®F]fluoride in '8O-enriched water was moved using negative
pressure and passed through a pre-conditioned Sep-Pak Light QMA cartridge (Waters) as an
aqueous solution, and the water was collected in a waste bottle. The QMA cartridge captured
['®F]fluoride was measured using a dose calibrator (Capintec CRC) to be 830 mCi (30.7 GBq)
then washed with 10 mL MeCN. K222/KOH eluent is prepared by dissolving 137 umol Kryptofix-
222 and 125 ymol KOH in in water and lyophilised, then dissolving the lyophilized powder in
0.5mL MeCN. Trapped ['"®F]fluoride is eluted using K222/KOH eluent into the reaction vial pre-
loaded with precursor and oxalic acid. Reaction vial was allowed to sit for 15 minutes at 25 °C,
then 2 mL of 5 M HCI solution was added to the vial via syringe. The reaction vial was allowed to
sit for another 15 minutes at 25 °C. The reaction mixture was diluted with 10 mL of phosphate-
buffered saline, then removed from the reaction vial and passed through a Sep-Pak C-18 Plus
Light cartridge (Waters), collecting into the waste bottle. The C-18 cartridge was washed with a
further 10 mL of phosphate-buffered saline, collected into the waste bottle, then eluted using 3
mL of EtOH through a sterile filter into a sterile vial. The solution was diluted with 15 mL phosphate
buffered saline then neutralized with addition of 22 yL 5 M NaOH. The desired product ['®F]2-14
was obtained in non-decay-corrected RCY of 21% 174 mCi (6.44 GBq) with a total synthesis time
of 39 minutes.

PET Acquisition and processing.

PET acquisition was performed using a CTl Concorde R4 microPET for small animals (Siemens
Medical Solutions). A Sprague-Dawley rat was first anesthetized using 5% isoflurane in oxygen
and then maintained throughout the procedure with 2% isoflurane. A transmission scan was first
performed using a rotating ®’Co source for attenuation correction. Freshly produced radiotracer
['8F]2-14 was injected of the in the tail vein (5.7 mCi (211 MBq) in 600 uL, with a molar activity of
1.14 Ci/ pmol (42.2 GBg/umol)), concomitant with the beginning of the emission scan, which
lasted for 60 min in list mode. Breathing rate was monitored throughout and temperature was
monitored using a rectal thermometer and maintained at 37 £ 1°C using an electric blanket.
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Images for both tracers were reconstructed using a maximum a posteriori (MAP) algorithm (voxel
size: 0.6 x 0.6 x 1.2 mm) and corrected for scatter, dead time, and decay.

MINC tools (www.bic.mni.mcgill.ca/ServicesSoftware) was used for image processing and
analysis. Dynamic tissue-activity images were averaged and co-registered with generic Sprague-
Dawley rat brain sMRI using six degrees of freedom. For standard uptake value, co-registered
dynamic tissue-activity images were reframed into 27 sequential time frames of increasing
durations (8 x 30 s, 6 x 1 min, 5 x 2 min, and 8 x 5 min), and individual sub-structure activity
levels were quantified.
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Appendix

H, 13C, and °F NMR Spectra Relevant to Chapter 2
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RadioTLC Spectra Relevant to Chapter 2
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tBu [e] tBu (0]
FU 18F\|
S O _si
tBu \©\/|\/©)J\H THP ['8FITBAF tBu \©\/|\/©)LH
N MeCN, 25 °C N
2-14 2-2A
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance Rf Area %Area
Counts %
Free fluoride 0.044 257.600 11.56
Labeled 0.171 1970.067 88.44
Compound
tBu o tBu (0]
FU AN
si PN _si
tBu \©\/|\/©)ku THP ['®FITBAF tBu \O\/l\/O)(H
N MeCN, 25 °C N
214 2-2A
Labelling time: 10 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance Rf Area %Area
Counts %
Free fluoride 0.044 183.571 8.76
Labeled 0.171 1912.143 91.24
Compound
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" Lo,
N MeCN, 25 °C
2-14
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 173.714 7.55
Labeled 0.171 2126.429 92.45
Compound
tBu o
Fl
tBu | H THP [WSF]TBAF
N MeCN, 25 °C
214
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 96.882 5.96
Labeled 0.171 1528.882 94.04
Compound

tBu
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Fl
_si _OH
tBu \©\/ | \/@)(H ["*FITBAF
N MeCN, 25 °C
215
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 842.6207 53.30
Labeled 0.171 738.2759 46.70
Compound
tBu o
FQ
tBu \©\/ | ﬁu THP ['*FITBAF
N MeCN, 25 °C
214
Labelling time: 10 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 816.259 44.16
Labeled 0.171 1032.037 55.84
Compound

2-2B
tBu (0}
N
i
tBu” |
N
22A

PION

THP
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s Lo,
N MeCN, 25 °C
2-14
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance Rf Area %Area
Counts %
Free fluoride 0.044 741.364 33.97
Labeled 0.171 1441.273 66.03
Compound
tBu (0]
Fl
>si O
tBu | H THP ['®FITBAF
N MeCN, 25 °C
214
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 282.423 21.23
Labeled 0.171 1047.923 78.77
Compound

tBu
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Fl
_si _OH
tBu | N ['®F]KF/K222
\(>\/N\/(>)L MeCN, 25 °C
215
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance Rf Area %Area
Counts %
Free fluoride 0.044 4264.549 56.72
Labeled 0.171 3253.824 43.28
Compound
tBu (o]
Fl
>si _OH
tBu | ﬁ ['®FIKF/K222 -
\Ej\/N\/Ej)L MeCN, 25 °C
215
Labelling time: 10 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 4094.000 34.40
Labeled 0.171 7806.000 65.60
Compound
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Fl
_Si _OH
tBu | N ['®F]KF/K222
\(>\/N\/(>)L MeCN, 25 °C
215
Labelling time: 15 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance Rf Area %Area
Counts %
Free fluoride 0.044 3616.059 27.96
Labeled 0.171 9315.235 72.04
Compound
tBu o
FQ
_Si _OH
tBu | m ['®F]KF/K222
\(>\/N\/(>)L MeCN, 25 °C
215
Labelling time: 60 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 2049.108 17.54
Labeled 0.171 9633.631 82.46
Compound
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FQJ RNy
_Si _OH _si _OH
tBu | N ['®FIKF/K222 _ tBu | H
N MeCN, 25 °C N

Labelling time: 5 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance Rf Area %Area
Counts %
Free fluoride 0.044 7056.328 47.39
Labeled 0.171 7832.131 52.61
Compound
tBu (o] 18 tBu (o}
IEjsli _OH F)sli _OH
Bu | u ['8FIKF/K222 - tBu | H
N MeCN, 25 °C N
215 2-2B

Labelling time: 10 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 3960.75 24.97
Labeled 0.171 11899.50 75.03
Compound
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Fl
_si _OH
tBu | N ['®F]KF/K222
\(>\/N\/(>)L MeCN, 25 °C
215
Labelling time: 15 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance Rf Area %Area
Counts %
Free fluoride 0.044 3032.119 24.34
Labeled 0.171 9424.610 75.66
Compound
tBu (o]
Fl
>si _OH
tBu | ﬁ ['®FIKF/K222 -
\Ej\/N\/Ej)L MeCN, 25 °C
215
Labelling time: 60 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 2293.815 18.74
Labeled 0.171 9948.278 81.26
Compound
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L
tBu/SI = o]
|
N N ['®FITBAF
| H\ _THP MeCN, 25 °C
(0]
2-23
o
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 1369.939 59.38
Labeled 0.171 937.000 40.62
Compound
tBu O/
Fod
tBu/SI =z o]
|
N N ['®FITBAF
|)k©\'(ﬂ\ _THP MeCN, 25 °C
O
2-23
o
Labelling time: 10 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 1630.978 53.52
Labeled 0.171 1416.304 46.48
Compound

tBu O
"’F\S'.
I
Bu” | o)
NS
N N
H
| N __THP
(o]
2:32A 5
tBu O/
N
Ssi
Bu” & 0
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FQd
tBu/SI z 0
|
N N ['®FITBAF
| H\ _THP MeCN, 25 °C
(6]
2-23
(¢]
Labelling time: 15 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 1393.206 53.68
Labeled 0.171 1201.971 46.32
Compound
tBu O/
Ny}
tBu/SI =z o)
|
N N ['®FITBAF
|)k©\'(ﬂ\ _THP MeCN, 25 °C
O
2-23
o
Labelling time: 60 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 790.632 38.37
Labeled 0.171 1270.000 61.63
Compound

tBu O
"’F\S'.
I
Bu” | o)
NS
N N
H
| N __THP
(o]
2:32A 5
tBu O/
N
Ssi
Bu” & 0
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L
tBu/SI = o]
|
N N ['®FITBAF
| H\ _THP MeCN, 25 °C
(0]
2-23
o
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 1537.327 57.31
Labeled 0.171 1144.939 42.69
Compound
tBu O/
Fod
tBu/SI =z o]
|
N N ['®FITBAF
|)k©\'(ﬂ\ _THP MeCN, 25 °C
O
2-23
o
Labelling time: 10 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 1735.086 56.02
Labeled 0.171 1362.429 43.98
Compound

tBu O
"’F\S'.
I
Bu” | o)
NS
N N
H
| N __THP
(o]
2:32A 5
tBu O/
N
Ssi
Bu” & 0
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FQd
tBu/SI z 0
|
N N ['®FITBAF
| H\ _THP MeCN, 25 °C
(6]
2-23
(¢]
Labelling time: 15 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 1530.238 46.32
Labeled 0.171 1773.619 53.68
Compound
tBu O/
Ny}
tBu/SI =z o)
|
N N ['®FITBAF
|)k©\'(ﬂ\ _THP MeCN, 25 °C
O
2-23
o
Labelling time: 60 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 856.714 35.16
Labeled 0.171 1579.786 64.84
Compound

tBu O
"’F\S'.
I
Bu” | o)
NS
N N
H
| s
2:32A 5
tBu O/
N
Ssi
Bu” & 0
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NS NS
N N " ['®FIKF/K222 ‘ N N "
| N\O/THP MeCN, 25 °C o | N\O/THP
2-23 2-32A

Labelling time: 5 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance R Area %Area
Counts %
Free fluoride 0.044 3299.078 49.76
Labeled 0.171 3330.294 50.24
Compound
tBu O/ 18 tBu O/
~d FQd
tBu/SI =z o] tBu/SI =z o]
< <
N N ['8FIKF/K222 N N
l)kO\WH\O/THP MeCN, 25 °C lkO\'rH\O/THP
2-23 3 2:32A o

Labelling time: 10 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 1945.953 27.25
Labeled 0.171 5193.977 72.75
Compound
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>
N N ['®FIKF/K222
O
2-23
o
Labelling time: 15 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 947.310 18.66
Labeled 0.171 4128.667 81.34
Compound
tBu O/
N
tBu/SI =z o)
|
N N ['8FIKF/K222
l)k©\(“\ _THP MeCN, 25 °C
O
2-23
o
Labelling time: 60 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 455.000 7.58
Labeled 0.171 5548.000 92.42
Compound

F
Ssi

tBu z

NS

N

tBu O
wF\S'.
I

tBu” =

301



NS NS
N N " ['®FIKF/K222 ‘ N N "
| N\O/THP MeCN, 25 °C o | N\O/THP
2-23 2-32A

Labelling time: 5 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance R Area %Area
Counts %
Free fluoride 0.044 3934.854 51.37
Labeled 0.171 3724.500 48.63
Compound
tBu O/ 18 tBu O/
~d FQd
tBu/SI =z o) tBu/SI =z o)
< <
N N ['®F]KF/K222 N N
l)kO\WH\O/THP MeCN, 25 °C lkO\'rH\O/THP
2-23 ) 2-32A Is)

Labelling time: 10 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 2259.167 29.30
Labeled 0.171 5451.556 70.70
Compound
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NS NS |
N N " ['®FIKF/K222 ‘ N N "
| N\O/THP MeCN, 25 °C o | N\O/THP
2-23 2-32A

Labelling time: 15 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance R Area %Area
Counts %
Free fluoride 0.044 1093.545 20.20
Labeled 0.171 4320.545 79.80
Compound
tBu O/ 18 tBu O/
~d FQd
tBu/SI =z o] tBu/SI =z o]
< <
N N ['8FIKF/K222 N N
l)kO\WH\O/THP MeCN, 25 °C lkO\'rH\O/THP
2-23 3 2:32A o

Labelling time: 60 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 371.563 6.80
Labeled 0.171 5091.625 93.20
Compound
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tBu O/ tBu O/
Fod RN
tBu/SI =z o] tBu/SI z o)
< <
N N ['8FIKF/K222 N N
OH OH
2-22 0 2-32B o
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 9394.000 75.64
Labeled 0.171 3025.000 24.36
Compound
tBu O/ tBu O/
Fod RN
tBu/SI =z o] tBu/SI z o)
< o
N N ['8FIKF/K222 N N
OH OH
222 o 2-32B o
Labelling time: 10 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 9232.074 64.30
Labeled 0.171 5126.605 35.70
Compound
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tBu O/ tBu O/
FQd RN
tBu/SI =z o) tBu/SI z o)
P <
N N ['8FIKF/K222 N N
OH OH
2-22 o 2-32B o
Labelling time: 15 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 7708.836 50.71
Labeled 0.171 7494.382 49.29
Compound
tBu O/ tBu O/
FQd RN
tBu/SI z o) tBu/SI z o)
9§ <
N N ['8F]KF/K222 N N
OH OH
2-22 o 2-32B o
Labelling time: 60 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 2577.653 21.25
Labeled 0.171 9552.020 78.75
Compound
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tBu O/ tBu O/
FQd RN
tBu/SI =z o) tBu/SI z o)
P <
N N ['8FIKF/K222 N N
OH OH
2-22 0 2-32B o
Labelling time: 5 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 6698.053 70.32
Labeled 0.171 2826.421 29.68
Compound
tBu O/ tBu O/
F\I. 18F\|.
tBu/SI =z o] tBu/SI z o)
P <
N N ['8FIKF/K222 _ N N
OH OH
2-22 o 2:32B o
Labelling time: 10 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance Rf Area %Area
Counts %
Free fluoride 0.044 7604.429 56.43
Labeled 0.171 5871.143 43.57
Compound
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tBu O/ tBu O/
FQd RN
tBu/SI =z o) tBu/SI z o)
P <
N N ['8FIKF/K222 N N
OH OH
2-22 0 2-32B o
Labelling time: 15 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 7042.794 44.99
Labeled 0.171 8610.632 55.01
Compound
tBu O/ tBu O/
FQd RN
tBu/SI z o) tBu/SI z o)
9§ <
N N ['8F]KF/K222 N N
OH OH
2-22 o 2-32B o
Labelling time: 60 min
TLC conditions: 10% MeOH in DCM
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 1282.377 14.16
Labeled 0.171 7773.117 85.84
Compound
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tBu O/

ZT

X
N lil ['8FIKF/K222
MeCN, 25 °C
SoH
225

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Labelling time: 5 min

Integration TLC

Substance R Area %Area
Counts %

Free fluoride 0.044 10303.00 95.89

Labeled 0.171 442.00 411

Compound

NS
N N ['®FIKF/K222
H
| N MeCN, 25 °C
OH
2.25

Labelling time: 10 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %

Free fluoride 0.044 10713.92 95.49

Labeled 0.171 506.08 4.51

Compound

tBu O/

BRI
N
.
OH
2-33B

ZT

~,
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tBu O/

ZT

X
N lil ['8FIKF/K222
MeCN, 25 °C
SoH
225

Labelling time: 15 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %

Free fluoride 0.044 12976.14 94.51

Labeled 0.171 754.31 5.49

Compound

X
N N " ['®FIKF/K222
| No MeCN, 25 °C
OH
2-25

Labelling time: 60 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance Rf Area %Area

Counts %
Free fluoride 0.044 8000.200 82.98
Labeled 0.171 1640.400 17.02
Compound

tBu O/

BRI
X
"
SoH
2-33B

ZT

309



tBu O/

ZT

X
N lil ['8FIKF/K222
MeCN, 25 °C
SoH
225

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Labelling time: 5 min

Integration TLC

Substance R Area %Area
Counts %

Free fluoride 0.044 7157.304 97.02

Labeled 0.171 220.174 2.98

Compound

X
N N " ['®FIKF/K222
| No MeCN, 25 °C
OH
2-25

Labelling time: 10 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance Rf Area %Area
Counts %

Free fluoride 0.044 12672.94 94.75

Labeled 0.171 701.77 5.25

Compound

tBu O/

BRI
N
.
OH
2-33B

ZT

~,
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tBu O/

ZT

X
N lil ['8FIKF/K222
MeCN, 25 °C
SoH
225

Labelling time: 15 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %

Free fluoride 0.044 13337.44 93.00
Labeled 0.171 1003.63 7.00
Compound

tBu 0/

Fl
Si

X
N N " ['®FIKF/K222
| No MeCN, 25 °C
OH
2-25

Labelling time: 60 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance Rf Area %Area

Counts %
Free fluoride 0.044 6926.963 87.31
Labeled 0.171 1006.519 12.69
Compound

tBu O/

BRI
X
"
SoH
2-33B

ZT
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Iz

['8FIKF/K222

Labelling time: 5 min

Ny
Si OH
tBu” | A o) | -
. A
N

MeCN, 25 °C

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 10649.00 93.87
Labeled 0.171 695.00 6.13
Compound

B 0 o 1op_ 1B o~ 0
tB:>SI' N o \/©)(N/OH } o N e VQ)LH/OH
LA A N
245 248

Labelling time: 10 min
TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)
Integration TLC
Substance R Area %Area

Counts %
Free fluoride 0.044 8895.571 85.36
Labeled 0.171 1525.286 14.64
Compound
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Iz

['8FIKF/K222

Labelling time: 15 min

Ny
Si OH
tBu” | A o) | -
. A
N

MeCN, 25 °C

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 9500.000 72.72
Labeled 0.171 3564.000 27.28
Compound

B 0 o 1op_ 1B o~ 0
tB:>SI' N o \/©)(N/OH } o N e VQ)LH/OH
LA A N
245 248

Labelling time: 60 min
TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)
Integration TLC
Substance R Area %Area

Counts %
Free fluoride 0.044 2105.647 37.08
Labeled 0.171 3573.059 62.92
Compound
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Iz

['8FIKF/K222

Labelling time: 5 min

Ny
Si OH
tBu” | A o) | -
. A
N

MeCN, 25 °C

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %
Free fluoride 0.044 11431.18 93.85
Labeled 0.171 749.18 6.15
Compound
B 0 o 1op_ 1B o~ 0
PN o AN o
LA A N
245 248
Labelling time: 10 min
TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)
Integration TLC
Substance R Area %Area
Counts %
Free fluoride 0.044 8103.182 76.66
Labeled 0.171 2466.758 23.34
Compound
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Iz

['8FIKF/K222

Labelling time: 15 min

Ny
Si OH
tBu” | A o) | -
. A
N

MeCN, 25 °C

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 9335.553 72.00
Labeled 0.171 3629.681 28.00
Compound

B 0 o 1op_ 1B o~ 0
tB:>SI' N o \/©)(N/OH } o N e VQ)LH/OH
LA A N
245 248

Labelling time: 60 min
TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)
Integration TLC
Substance R Area %Area

Counts %
Free fluoride 0.044 2123.667 41.20
Labeled 0.171 3030.917 58.80
Compound
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Labelling time: 5 min

/
N
['8FIKF/K222 | H
MeCN, 25 °C N\OH
2-49

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area
Counts

Free fluoride 0.044 12811.22

Labeled 0.171 121.33

Compound

%Area
%
99.06
0.94
tBu \N\

\ N
BF—gi
/ '_<\/|k
tBu

Labelling time: 10 min

N
['®FIKF/K222 o | H
MeCN, 25 °C N\OH
2-49

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area
Counts

Free fluoride 0.044 13026.25

Labeled 0.171 28.19

Compound

%Area

%

99.78

0.22
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Labelling time: 15 min

/
N
['8FIKF/K222 | H
MeCN, 25 °C N\OH
2-49

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area
Counts

Free fluoride 0.044 13957.68

Labeled 0.171 112.00

Compound

%Area
%
99.20
0.80
tBu \N\

\ N
BF—gi
/ '_<\/|k
tBu

Labelling time: 60 min

N
['®FIKF/K222 o | H
MeCN, 25 °C N\OH
2-49

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area
Counts

Free fluoride 0.044 9453.105

Labeled 0.171 110.105

Compound

%Area

%

98.85

1.15
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Labelling time: 5 min

/
N
['8FIKF/K222 | H
MeCN, 25 °C N\OH
2-49

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area
Counts

Free fluoride 0.044 12487.18

Labeled 0.171 142.64

Compound

%Area
%
98.87
1.13
tBu \N\

\ N
BF—gi
/ '_<\/|k
tBu

Labelling time: 10 min

N
['®FIKF/K222 o | H
MeCN, 25 °C N\OH
2-49

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC
Substance R Area
Counts
Free fluoride 0.044 12673.88
Labeled 0.171 75.06

Compound

%Area

%

99.41

0.59
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Labelling time: 15 min

/
N
['8FIKF/K222 | H
MeCN, 25 °C N\OH
2-49

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area
Counts

Free fluoride 0.044 10648.00

Labeled 0.171 241

Compound

%Area
%
99.98
0.02
tBu \N\

\ N
BF—gi
/ '_<\/|k
tBu

Labelling time: 60 min

N
['®FIKF/K222 o | H
MeCN, 25 °C N\OH
2-49

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area
Counts

Free fluoride 0.044 12023.56

Labeled 0.171 748.21

Compound

%Area

%

94.14

5.86
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NS NS
N N ['8FIKF/K222 N N
l H MeCN, 25 °C > l H
“OoH ' “OoH
2.39 2-47

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Labelling time: 5 min

Integration TLC

Substance R Area %Area
Counts %
Free fluoride 0.044 1172.500 24.19
Labeled 0.171 3675.038 75.81
Compound
tBu tB
F\ I 1BF\ I
tBu/SI Z tBu/SI Z
< <
N N ['®FIKF/K222 = N N
l/\©\'(n\ MeCN, 25 °C |/\©\(H\
OH OH
2-39 o) 2-47 8

Labelling time: 10 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 1058.182 20.59
Labeled 0.171 4081.636 79.41
Compound
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NS NS
N N ['8FIKF/K222 N N
l H MeCN, 25 °C > l H
“OoH ' “OoH
2.39 2-47

Labelling time: 15 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %
Free fluoride 0.044 1097.091 16.16
Labeled 0.171 5690.182 83.84
Compound
tBu tB
F\I, 1BF\I,
By NF mu/s' =
< <
N N ['®FIKF/K222 = N N
l/\©\'(n\ MeCN, 25 °C |/\©\(H\
OH OH
2-39 o) 2-47 8

Labelling time: 60 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 438.905 12.85
Labeled 0.171 2977.952 87.15
Compound
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NS NS
N N ['8FIKF/K222 N N
l H MeCN, 25 °C > l H
“OoH ' “OoH
2.39 2-47

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Labelling time: 5 min

Integration TLC

Substance R Area %Area
Counts %
Free fluoride 0.044 1545.115 28.02
Labeled 0.171 3968.846 71.98
Compound
tBu tB
F\ I 1BF\ I
tBu/SI Z tBu/SI Z
< <
N N ['®FIKF/K222 = N N
l/\©\'(n\ MeCN, 25 °C |/\©\(H\
OH OH
2-39 o) 2-47 8

Labelling time: 10 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 1382.250 20.98
Labeled 0.171 5206.208 79.02
Compound
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NS NS
N N ['8FIKF/K222 N N
l H MeCN, 25 °C > l H
“OoH ' “OoH
2.39 2-47

Labelling time: 15 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %
Free fluoride 0.044 934.000 17.50
Labeled 0.171 4402.000 82.50
Compound
tBu tB
FQd. RN
tBu/SI Z tBu/SI Z
< <
N N ['®FIKF/K222 ‘ N N
l/\©\'rn\ MeCN, 25 °C l/\©\(H\
OH OH
2-39 o 2-47 o

Labelling time: 60 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance Rf Area %Area

Counts %
Free fluoride 0.044 376.200 12.77
Labeled 0.171 2570.400 87.23
Compound
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Labelling time: 5 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance Rf Area
Counts

Free fluoride 0.044 6054.839

Labeled 0.171 9237.323

Compound

Labelling time: 10 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance Rf Area
Counts

Free fluoride 0.044 4182.49

Labeled 0.171 10081.80

Compound

Ny

Si
tBu” o)
N
['8F]KF/K222 H SoH

MeCN, 25 °C (0]

2-81

%Area

%

39.59

60.41

RNy

ZT

Si
tBu” \©\ o}
['8FIKF/K222 ”k/\/\/ﬁ-r “oH

MeCN, 25 °C o

2-81

%Area
%
29.32

70.68
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Labelling time: 15 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance Rf Area
Counts
Free fluoride 0.044 2378.06
Labeled 0.171 10691.73
Compound
tBu
F\I.

Labelling time: 60 min

TLC conditions: 10% MeOH in DCM

Integration TLC

Substance R Area
Counts

Free fluoride 0.044 1066.000

Labeled 0.171 8442.484

Compound

N

Si
tBu” o)
N
['8FIKF/K222 ” SoH

MeCN, 25 °C o

2-81

%Area
%
18.20

81.80

tBu
~d

Si
tBu” \©\ o}
[PFIKF/K222 ”M “OH

18F

ZT

MeCN, 25 °C o)

2-81

%Area

%

11.21

88.79
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Fo BE_ |
Bu” X l X
\ﬁj\ H\ ['8FIKF/K222 | e H
N7 OH MeCN, 25 °C, 5 - 60 min NTN ~oH
o) o]

Labelling time: 5 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance Rf Area %Area

Counts %
Free fluoride 0.044 1386.690 35.71
Labeled 0.171 2496.069 64.29
Compound

N BRI ?
o7 | | b i H 18FIKF/K222 tBU/SI\fj\ il H
fli/ HMN\OH MeCl\[l, 2.’]> °C, 5-60 min l}’l/ HMN\OH
0 o

Labelling time: 10 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 1643.000 25.76
Labeled 0.171 4736.000 74.24
Compound
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F |I 1sF\S|. 0o
tBu” | X (o] tBu” l X o
s H\ ['8FIKF/K222 | e A
N7 OH MeCN, 25 °C, 5 - 60 min NTN ~OH
o) o]

Labelling time: 15 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance Rf Area %Area
Counts %
Free fluoride 0.044 1735.333 19.28
Labeled 0.171 7264.000 80.72
Compound
o~ ~

N BRI ?
o7 | | b i H 18FIKF/K222 tBU/SI\fj\ il H
fli/ HMN\OH MeCl\[l, 2.’]> °C, 5-60 min l}’l/ HMN\OH
0 o

Labelling time: 60 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 1134.000 20.02
Labeled 0.171 4531.000 79.98
Compound
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Fo BE_ |
Bu” X l X
\ﬁj\ H\ ['8FIKF/K222 | e H
N7 OH MeCN, 25 °C, 5 - 60 min NTN ~oH
o) o]

Labelling time: 5 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance Rf Area %Area
Counts %
Free fluoride 0.044 7088.875 58.90
Labeled 0.171 4946.500 41.10
Compound
tBu - B e
Si S

~ I 18F |
i )
tBu” A o By X o
| — R ['8FIKF/K222 | s H
NTN “oH MeCN, 25 °C, 5 - 60 min NN “oH
o o

Labelling time: 10 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 6441.000 52.60
Labeled 0.171 5804.308 47.40
Compound
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FJ e ]
tBu” I X (o] tBu” X
| s H\ ['8FIKF/K222 | e H
N7 OH MeCN, 25 °C, 5 - 60 min NTN ~oH
o) o}

Labelling time: 15 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance Rf Area %Area

Counts %
Free fluoride 0.044 6441.000 52.60
Labeled 0.171 5804.308 47.40
Compound

N BRI ?
o7 | | b i H 18FIKF/K222 tBU/SI\fj\ il H
fli/ HMN\OH MeCl\[l, 2.’]> °C, 5-60 min l}’l/ HMN\OH
0 o

Labelling time: 60 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 5265.769 40.84
Labeled 0.171 7628.077 59.16
Compound
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\

tBu N

tBu, N<

["®FIKF/K222

\ N e}
F—Si
/ _<\/|k y
Bu N ~OoH
H

o
2-76

Labelling time: 5 min

"BF—Si
72U iy
tBu N SOH

MeCN, 25 °C

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %
Free fluoride 0.044 10084.19 69.19
Labeled 0.171 4490.89 30.81
Compound
tBu _%ll o tBu\ N\N o
F=si—\ | q [18FIKF/K222 N MH\
tBu ”k/\/\/\'(N\OH ooN 25°C tBu H OH

Labelling time: 10 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area

Counts
Free fluoride 0.044 9268.793
Labeled 0.171 3445.793
Compound

%Area

%

72.90

27.10
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\

tBu N

["®FIKF/K222

\ N e}
F—Si
/ _<\/|k y
Bu N ~OoH
H

o

MeCN, 25 °C

2-76
Labelling time: 15 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %

Free fluoride 0.044 9545.000 68.90
Labeled 0.171 4309.000 31.10
Compound

tBu \N\N o

;_S'_u H\ ['8FIKF/K222

! N OH MeCN, 25 °C

Labelling time: 60 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 7160.500 66.39
Labeled 0.171 3625.500 33.61
Compound

tBu, N<

"BF—Si
72U iy
tBu N SOH
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\

tBu N

["®FIKF/K222

\ N e}
F—Si
/ _<\/|k y
Bu N ~OoH
H

o

MeCN, 25 °C

2-76
Labelling time: 5 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %

Free fluoride 0.044 9113.625 66.74
Labeled 0.171 4541.063 33.26
Compound

tBu \N\N o

;_S'_u H\ ['8FIKF/K222

! N OH MeCN, 25 °C

Labelling time: 10 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area

Counts %
Free fluoride 0.044 8666.500 62.27
Labeled 0.171 5251.167 37.73
Compound

tBu, N<

"BF—Si
72U iy
tBu N SOH

332



\

tBu N

["®FIKF/K222

\ N e}
F—Si
/ _<\/|k y
Bu N ~OoH
H

o

MeCN, 25 °C

2-76
Labelling time: 15 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area %Area
Counts %

Free fluoride 0.044 9193.000 57.94
Labeled 0.171 6672.179 42.06
Compound

tBu \N\N o

;_S'_u H\ ['8FIKF/K222

! N OH MeCN, 25 °C

Labelling time: 60 min

TLC conditions: 1:1 MeCN:H20(1% TFA, 1% NaOAc)

Integration TLC

Substance R Area

Counts %
Free fluoride 0.044 6590.000 52.67
Labeled 0.171 5923.000 47.33
Compound

%Area

tBu, N<

"BF—Si
72U iy
tBu N SOH
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HDACS6 binding assay results
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Compound 2-25
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Compound 2-39

5000000

300000&-

2000000

[ ]
®
o
o
o
o
o
o

]

sion

Emis

1000000

1 1 1 1
-4 -2 0 2 4

log(Concentration) [uM]

Structure:

N
>si
tBu Z

Compound 2-46
6x106
[
4x1064
o
[7)
Q2
S
W 2x106-
I 1 I 1
-4 -2 0 2 4
log(Concentration) [uM]

Structure

337



Structure:

Compound 2-74
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Compound 2-80
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