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Abstract

The primary focus of this PhD research was the development and synthesis of
several potential PET imaging agents for the PARP-1 and SV2A proteins. The first
section of this thesis details the synthesis of a small library of novel PARP-1
inhibitors (HM library) with capacity for application as PET imaging agents. The core
structure of these compounds was that of established PARP-1 inhibitor olaparib and
was modified with a novel linker to allow incorporation of aromatic units that could
undergo late-stage radiolabelling. The physicochemical properties of this library
were determined via HPLC methodology and subsequently, four candidates were
submitted to in vitro biological testing of PARP-1 inhibition. Finally, an initial
optimisation study for the radiosynthesis of a novel fluorine-18 PET imaging agent
for PARP-1 was conducted.
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olaparib General structure of HM library

The second section describes a new six-step racemic synthesis of ['"®F]MNI-1038
an established PET imaging agent for the SV2A protein via an organotin precursor,
and the fluorine-19 equivalent. Modification of this route and utilisation of
asymmetric iminium organocatalysis facilitated the first enantioselective synthesis
of the important PET radiotracer ['®F]SynVesT-1 in eight steps, and the

corresponding fluorine-19 analogue.
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The final section describes the exploration of two novel transition metal-catalysed
methods for the transformation of ubiquitous phenols via aryl
nonafluorobutanesulfonates. Firstly, a new ruthenium-catalysed reaction for the
iodination of arenes was examined. This study produced some promising results
and demonstrated the potential for application of this methodology in the synthesis

of SPECT imaging agents.
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Subsequently, a novel sodium iodide-accelerated, palladium-catalysed reaction

was developed for the construction of aryl C—P bonds. The synthetic utility of this
methodology was then exemplified through the synthesis of various
organophosphorus compounds including triarylphosphine oxides, dialkyl
arylphosphine oxides, aryl phosphonates and an aryl phosphinate. Furthermore,
this reaction was employed for the synthesis of an organic light emitting diode
(OLED) material and a phosphonophenylalanine mimic with applications in

medicinal chemistry.
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1.0 Introduction

1.1 Molecular Imaging

Numerous medicinal imaging technologies have been developed throughout the
innovation of modern healthcare including computed tomography (CT), ultrasound
(US), magnetic resonance imaging (MRI), positron emission tomography (PET) and
single photon emission computed tomography (SPECT). These techniques have
been thoroughly examined in multiple review articles.’- Molecular imaging is a non-
invasive technique defined as “the visualisation, characterisation and measurement
of biological processes at the molecular and cellular levels in humans and other
organisms” by the Molecular Imaging Centre of Excellence (MICoE) Standard
Definitions Task Force in 2007.” Molecular imaging agents, also commonly referred
to as molecular probes or (radio)tracers, are frequently utilised to generate a signal
which can be detected and computed to afford a 2- or 3-dimensional image for visual
analysis. In the case of PET and SPECT, nanomolar quantities of tracers containing
a radionuclide are generally used to minimise detrimental pharmacological effects.
These are commonly known as radiotracers due to the small quantity administered.?
Therefore, PET and SPECT radiotracers must interact with the desired biological

target with high potency and specificity to obtain satisfactory images."?

One of the key advantages of PET and SPECT is the capability to perform imaging
with unlimited depth penetration.® Furthermore, PET and SPECT offer the greatest
sensitivity via the detection of radiolabelled imaging agents. However, CT and MRI
demonstrate superior spacial resolution (Table 1)."?° Consequently, hybrid imaging
techniques such as PET/CT and SPECT/CT have been utilised more frequently in
recent years to combine the detailed anatomical imagery of CT with the highly
sensitive radiotracer detection of PET and SPECT.'%"" These molecular imaging
technologies have been utilised to investigate and/or enhance many factors of
modern healthcare including diagnosis, disease pathology, prognosis, and disease
state monitoring during the treatment of various conditions such as neurological,
oncological and central nervous system disorders.®-'®¢ Additionally, drug discovery
can benefit from molecular imaging as valuable insight can be obtained into the
absorption, distribution, mode of action, metabolism and excretion of novel

pharmaceuticals which can be subsequently exploited for dose determination.'”
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Table 1 — Spatial resolution and sensitivity of CT, MRI, PET and SPECT"2°

Imaging Technique Spatial Resolution Sensitivity
50—-200 pm (preclinical
oT um (p ) _
0.5—1 mm (clinical)
25-100 pm (preclinical)
MRI 103 to 105M
~1 mm (clinical)
1-2 mm (preclinical)
PET 107" to 1072 M
5—7 mm (clinical)
1-2 mm (preclinical)

SPECT 107"t 107" M
8—10 mm (clinical)

1.1.1 Positron Emission Tomography Imaging

PET imaging is performed by the administration of a tracer which contains a
radionuclide that has an excess of protons. The inherent instability of PET
radionuclides is resolved through the conversion of a proton into a neutron, a
positron, and a neutrino.” The positively-charged positron (B*) is then emitted from
the nucleus in a process known as beta-plus decay. The emitted positron travels a
short distance of 0.5-2 centimetres within the surrounding tissue until it collides with
a negatively-charged electron (B~) (Figure 1)."® The collision of a positron and
electron results in a matter-anti-matter annihilation event producing two gamma ray
photons (y-rays) of equal energy and a neutrino particle.’ These 511 keV y-rays
are emitted in opposing directions of 180° to each other and are simultaneously
detected by photon detectors surrounding the imaging subject. Photon detection
cameras employ coincidence detection circuitry to record simultaneously emitted y-
rays of 511 keV to determine lines of coincidence and the approximate location of
coincidence events.'® The data accumulated from numerous coincidence events
can then be computed to identify the spatial origin of annihilation events and thus,
image where the radiotracer has been distributed in the subject.>'® Furthermore,
data can be collected quantitatively as a function of time to provide detailed imagery

of radioactivity distribution in vivo."51°
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Figure 1 - Positron Emission Tomography.? (Reprinted with permission from P. W.
Miller, N. J. Long, R. Vilar and A. D. Gee, Angew. Chem. Int. Ed., 2008, 47, 8998—
9033. Copyright 2008 John Wiley and Sons.)

1.1.1.1 PET Imaging Radionuclides

A range of radionuclides are employed for PET imaging which decay primarily
through positron emission and have short half-lives. A selection of the most
frequently used PET radioisotopes is shown in Table 2. Crucially, the radionuclide
selected for application must possess a suitable half-life for the time-frame of the
desired PET imaging study.'® Generally, the half-life of a PET or SPECT radiotracer
should be shorter than the half-life of the incorporated radionuclide to allow any
signals generated by non-specific distribution to be biologically removed and
produce a clear image of the specific biological target.? The short half-lives of PET
radioisotopes limit the dose of ionising radiation that the subject is exposed to and
enable multiple imaging studies to be carried out on a patient within short
timescales. Conversely, the use of isotopes with short half-lives demands that PET
radiotracers be prepared through fast and efficient synthetic procedures followed by
facile purification to limit radioactivity decay as far as practicable.'®'9 It is widely
accepted that the overall preparation time for a PET or SPECT radiotracer be no
longer than two to three times the half-life of the chosen radionuclide.®

Consequently, most clinical facilities that conduct PET imaging require an on-site
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cyclotron for the production of radioisotopes immediately before radiotracer

synthesis which incurs significant costs.®

Table 2 — PET imaging radionuclides?'°

] . Half-life Maximum Decay
Radionuclide ) Mode of Decay
(mins) Energy (MeV) Product
1C 20.3 B* 0.97 118
BN 10 B* 1.20 13C
150 2 B* 1.74 15N
18F 109.7 B* 0.64 180
64Cu 762 B*/electron capture 0.66 64N
68Ga 68.1 B*/electron capture 1.90 68Zn
Br 972 B*/electron capture 4.00 6Se
124) 6019.2 B*/electron capture 2.14 124Te

The incidence of gallium-68 radiotracers has increased in recent years, however
carbon-11 and fluorine-18 remain the most frequently utilised radionuclides in PET
imaging agents.?'320 Carbon-11 is prepared through proton bombardment of
['“N]nitrogen gas within the target of a cyclotron and emission of an alpha particle
(equivalent to two protons and two neutrons) known as the "“N(p,a)''C nuclear
reaction. The presence of oxygen or hydrogen within the cyclotron target chamber
results in production of [''"C]CO. and ['"C]CHs respectively.'”” The maijority of
carbon-11 radiotracers are prepared from these precursors and given that carbon-
11 has a short half-life of 20.3 minutes, the chemical reactions that can be utilised
for radiolabelling are limited and synthetically challenging.'-'® Recently, a review of
carbon-11 radiolabelling methods was published by Kilbourn and Scott in 2021."7
Furthermore, the synthetic challenges presented by carbon-11 incorporation limit
the use of carbon-11 radiotracers to PET centres with a cyclotron.2'"-'® However,
carbon is the most abundant atom in bioactive compounds and replacement of

carbon-12 with carbon-11 results in a negligible isotope effect.? Consequently, the
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resultant radiotracer will possess the same biochemical and physicochemical

properties as the non-radioactive equivalent.5'8

Fluorine-18 is produced from a cyclotron as either ['®F]fluorine or ['®F]fluoride, for
use in electrophilic and nucleophilic radiolabelling reactions respectively. Proton
bombardment of a gas target containing ['®OJoxygen (Kr, 50 umol F2) ('®0O(p,n)'éF
nuclear reaction) or deuteron-irradiation of [?°Ne]neon (200 umol F2) (*°Ne(d,a)'8F
nuclear reaction) produces carrier-added ['®F]fluorine. The addition of ['°F]fluorine
as an isotopic carrier dilutes the molar activity (Am) of ['®F]fluorine produced. The
molar activity is a measurement of radioactivity per mole of compound and is
commonly reported as becquerels per micromole (Bq umol'). To ensure high quality
PET imaging and avoid pharmacological toxicity, it is crucial to obtain radionuclides
with high molar activity.?' Consequently, the ®O(p,n)'®F nuclear reaction which
affords ['®F]fluorine with molar activity of 0.35-2.00 GBgq pmol™' is commonly
favoured over the 2°Ne(d,a)'®F nuclear reaction which produces ['®F]fluorine with
molar activity of 0.04-0.40 GBq umol='.2223 Alternatively, no carrier-added
['8F]fluoride is prepared as an aqueous solution through proton bombardment of
['®OJenriched water ('®0O(p,n)'®F nuclear reaction). In recent years, nucleophilic
radiofluorination using no carrier-added ['®F]fluoride aqueous solutions has become
increasingly favoured due to reports of ['®F]fluoride production with high molar
activities of up to 4 x 10* GBq ymol™" and more facile handling.'”2'23 A thorough
discussion of radiofluorination methodology is outwith the scope of this thesis.
However, multiple extensive reviews of radiofluorination have been published in

recent years.7:21-23

Unlike carbon, fluorine is typically not found in naturally occurring biomolecules and
so a hydrogen atom or hydroxyl group is commonly substituted with fluorine-18 as
a bioisosteric replacement. The resultant fluorine-18 radiotracer exhibits only a
slight change in structural steric due to the similar atomic size of fluorine and
hydrogen. The addition of fluorine has also been reported to facilitate additional
hydrogen-bonding and in some cases even improve potency, with an increasing
number of pharmaceuticals incorporating at least one fluorine atom.'®23
Furthermore, the C—F bond is the strongest bond in organic molecules and
metabolic loss of ['®F]fluoride is unlikely.? PET radiotracers labelled with fluorine-18

are generally favoured over a carbon-11 equivalent due to advantageous properties
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of fluorine-18 including a relatively moderate half-life (109.7 mins), high percentage
of beta-plus decay (97% B*, 3% electron capture) and relatively low maximum
emission energy (0.64 MeV).'82324 The half-life of fluorine-18 is suitably short to
limit exposure of PET imaging subjects to ionising radiation, whilst also significantly
longer than carbon-11 which allows for a more complex synthetic route and longer
PET studies.? Furthermore, the longer half-life of fluorine-18 enables PET centres
without a cyclotron to receive a once daily delivery of radiotracer to perform a full
day of PET studies without the expense of an on-site cyclotron.®'® Collectively, the
high percentage of beta-plus decay, relatively low positron energy (maximal positron
range of 2.4 mm) and capacity for longer PET studies of the subject provides higher

resolution imaging.6.8.18.19.24

1.1.2 Single Photon Emission Computed Tomography Imaging

Similarly, SPECT imaging requires the administration of a radiotracer. However,
unlike PET radiotracers, the radionuclides incorporated into SPECT imaging agents
decay through emission of y-rays directly. These y-rays are then processed by a
lead or tungsten collimator placed in front of a gamma camera which allows only
photons at a perpendicular angle of incidence to reach the detector face of the
camera.! The collimator is essential to identify the spacial origin of the incident rays
however, the majority of photons (>99%) do not reach the gamma camera.’®10
Furthermore, the spatial resolution of SPECT is limited due to the inherent error of
the collimator. Consequently, SPECT imaging is several orders of magnitude less
sensitive and produces images of lower resolution than PET imaging.? Typically,
these gamma cameras are rotated around the imaging subject to obtain projections
at multiple defined angles.®'® The data collected from numerous tomographic
projections is utilised to produce three-dimensional images. Notably, SPECT
imaging has the capability for multiplexing, in which multiple radiotracers containing
different radionuclides that emit at distinct energies can be detected to study several

biological targets simultaneously.’%10

1.1.2.1 SPECT Imaging Radionuclides

Numerous radionuclides undergo gamma-decay and can be utilised for SPECT
imaging.?'” A selection of the most frequently used SPECT radioisotopes is shown
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in Table 3. Notably, the radionuclides employed for SPECT imaging emit lower
energy y-rays than those produced from the annihilation of PET radioisotopes. As
such, SPECT radionuclides possess much longer half-lives than PET radioisotopes
and this allows for SPECT imaging agents to be synthesised in longer or more
complex routes.? This additional time also enables longer imaging procedures and
allows for SPECT studies of slow biological processes.'® Furthermore, SPECT
radiotracers can be transported from a site of synthesis to the site of imaging without
a substantial loss in radioactivity. Consequently, SPECT is widely used in clinical
settings since an on-site cyclotron is not compulsory. Additionally, more synthetic
flexibility and the lower cost of a gamma camera has made SPECT imaging more
widely accessible than PET. Nonetheless, both PET and SPECT are widely used

for molecular imaging due to their respective distinct advantages.'®

Table 3 — SPECT imaging radionuclides?'”

Primary Decay
Radionuclide Half-life (h) Mode of Decay
Energy (MeV) Product
67Ga 78.3 Electron capture ~ 0.09/0.19/0.30 67Zn
9mTc 6 Isomeric transition 0.14 9Tc
"N 67.9 Electron capture 0.17/0.25 "1Cd
123| 13.2 Electron capture 0.16 123Te
2017 73.1 Electron capture 0.17 201Hg

Of the suitable radionuclides, technetium-99m and iodine-123 are the most
frequently employed for SPECT radiotracers. The majority of SPECT imaging (80%)
is currently conducted using technetium-99m radiotracers due to their favourable
half-life (6 h) and primary y-ray emission energy (0.14 MeV)."” One key advantage
of the radioisotope technetium-99m is that it is easily generated through the decay
of molybdenum-99 using a commercially available ®®Mo/*®™Tc generator and thus,
does not require the use and associated costs of a cyclotron."" The *°*Mo/**™Tc
generator produces [*™Tc]-pertechnetate with technetium-99 in its highest
oxidation state of +7.2 The synthetic route required to incorporate technetium-99m
into a tracer is more complicated than other SPECT radioisotopes such as iodine-
123. However, numerous synthetic kits have been developed for the preparation of

technetium-99m radiotracers.'” These kits typically reduce [*°™Tc]-pertechnetate
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with stannous ions (Sn?*) to afford technetium-99m in the +4 oxidation state which
then undergoes chelation with a variety of agents to give a technetium-99m metal
complex radiotracer.? The full scope of chelating agents for the preparation of
technetium-99m radiotracers is extensive however, multiple reviews of these have
been published in recent years.'”?5> Careful consideration of the resultant
technetium-99m metal complex must be made to examine if the biological
interactions of the tracer are compromised. One limitation of technetium-99m
radiotracers is for SPECT imaging of neurological conditions as the metal complex

can exhibit restricted distribution across the blood-brain barrier (BBB).2

Conversely, iodine-123 is commonly utilised for SPECT imaging of neurological
conditions. All iodine radioisotopes are prepared as radio-iodide and are commonly
distributed as sodium iodide in sodium hydroxide (0.01-0.1 M).? lodine-123 is
produced through a variety of cyclotron mediated nuclear reactions which can be
grouped into two distinct categories. The first category produces iodine-123 directly
through either alpha, deuteron or proton bombardment of an antimony or tellurium
target via the 2'Sb(a,2n)'23l, 22Te(d,n)'?3l, '2Te(p,n)'?3l, ?4Te(p,2n)'?%l nuclear
reactions.?627 Notably, these nuclear reactions produce additional iodine
radioisotopes such as iodine-124 and iodine-125. These impurities are difficult to
remove from the desired iodine-123 product and therefore, limit the application of
these methods for iodine-123 production.'”?” The second category affords iodine-
123 indirectly via xenon-123 decay to iodine-123. A target of xenon-124 or iodine-
127 can be subjected to proton- or deuteron-irradiation to afford caesium-123 or

xenon-123 which naturally decay to give iodine-123. These methods proceed via

the 124Xe(p,2n)123Cs - 128%a > 123|’ 124Xe(p’pn)123xe - 123|7 127|(p’5n)123xe > 123
and '?71(d,6n)'>Xe = '2% nuclear reactions.?62” Of these reactions, the

124Xe(p,2n)'>Cs = '22Xe = '23| nuclear reaction is widely favoured as iodine-124
and iodine-125 are not produced. Furthermore, xenon-123 is unreactive which
allows for its facile isolation from the reaction and can then undergo decay to the

desired iodine-123 radioisotope with minimal contamination.'”?

Notably, all strategies for iodine-123 production require the use of a cyclotron.
However, the relatively longer half-life of iodine-123 (13.2 h) compared to PET
radionuclides allows for commercial production and distribution over larger

distances. Another important advantage is the availability of additional iodine
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radioisotopes including iodine-124, iodine-125 and iodine-131 which allows one
tracer to be radiolabelled with a variety of isotopes with differing applications (Table
4).2 lodine-125 is a longer lived low energy radionuclide (1425.4 h, 0.035 MeV)
which can be used for pre-clinical development but does not have sufficient energy
for imaging.?” Additionally, iodine-131 has a relatively short half-life of 192 hours
and is more commonly used in radiotherapy than imaging due to its emission of
higher energy y-rays of 0.36 and 0.64 MeV.?* Therefore, pre-clinical development
of a tracer can be conducted using iodine-125 and the same tracer can then be
radiolabelled with iodine-123 and employed to SPECT image thyroid cancer.
Moreover, the equivalent iodine-131 compound can be administered for
radiotherapy of the tumour. Due to the availability of PET radioisotope iodine-124,
the same tracer can also be prepared for applications in PET imaging with greater

sensitivity and resolution.?’

Table 4 — lodine radioisotopes??’

Gamma Emission

Radionuclide Half-life (h) Emission Application
Energy (MeV)
123 13.2 gamma 0.16 SPECT
124) 100.3 beta/gamma 0.51 PET
preclinical
U] 14254  Auger/gamma 0.035

development
131 192 beta/gamma 0.36/0.64 radiotherapy

These iodine radioisotopes are generally incorporated into tracers through
construction of a covalent bond to a carbon atom of the tracer compound. The
synthetic chemistry employed for labelling organic compounds with iodine
radioisotopes is discussed further in Section 2.3.1. Typically, a radioisotope of
iodine is incorporated into a tracer as a replacement for a hydrogen atom, as is the
case for PET radionuclide fluorine-18. When compared with fluorine-18, radioiodine
causes a more notable structural change due to its larger atomic radius.? However,
radiolabelling with iodine radioisotopes produces a less significant structural change
to a tracer than the incorporation of technetium-99m to give a metal complex.
Furthermore, a vast array of radioiodination methods have been developed in recent

years and prompted a review of this field by Dubost et al. in 2020.28
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1.2 Poly(ADP-Ribose) Polymerase 1 (PARP-1)

1.2.1 PARP-1 Structure and Function in DNA Damage Response

Poly(ADP-ribose) polymerase 1 (PARP-1), also known as ADP-ribosyltransferase 1
(ARTD1), is a DNA-dependent enzyme abundantly found within the nucleus of
eukaryotic cells.?® The PARP-1 protein comprises six domains; the N-terminal DNA
binding domain (DBD) which encompasses three distinct zinc finger domains (Zn1,
Zn2 and Zn3), the automodification domain (BRCT) containing the BRCA-1 C-
terminus fold, the tryptophan-glycine-arginine rich domain (WGR) and the C-
terminal catalytic domain (CAT) which contains an alpha-helical subdomain (HD)

and ADP-ribosyltransferase fold subdomain (ART) (Figure 2A).30-35

CAT ]
CAT (+dsDNA) Il

Figure 2 — Autoinhibited PARP-1 protein structure (A) and allosteric activation of

PARP-1 catalytic domain via conformational shift upon DNA binding (B).%° (J. D.

Steffen et al., Fluorescent sensors of PARP-1 structural dynamics and allosteric

regulation in response to DNA damage, Nucleic Acids Res., 2016, 44, 20, 9771-
9783, by permission of Oxford University Press.)

This enzyme is one of seventeen proteins recognised as the poly(ADP-ribose)
polymerases (PARPs), which are categorised as a family since each protein

possesses a characteristic region of high sequence homology to the catalytic
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domain (residues 786 to 1014) of PARP-1.343¢ PARP-1 was the first of this protein
family to be identified during seminal research conducted by Chambon et al. from
1963 to 1966. This work focused on the enzymatic consumption of nicotinamide
mononucleotide, one of five vital precursors for the biosynthesis of coenzyme
nicotinamide adenine dinucleotide (NAD™), by a DNA-dependent protein to produce
polymeric chains of ADP-ribose.?”38 Shortly thereafter, studies from the research
groups of Hayaishi®®4? and Sugimura*'-*3 corroborated this discovery and initiated
the vast research field of ADP-ribosylation and PARP proteins that now exists. One
of the major functions of PARP proteins is the catalytic cleavage of an N-glycosidic
bond within coenzyme NAD" to afford nicotinamide and ADP-ribose (Figure 3). The
resultant ADP-ribose units are transferred onto target proteins and DNA in a process
known as ADP-ribosylation.3”444% This enzymatic activity can facilitate addition of a
single ADP-ribose unit known as mono-ADP-ribosylation (MARYylation). Upon
repetition, elongated polymeric branched chains of ADP-ribose (PAR) are formed
through poly-ADP-ribosylation (PARylation).® Furthermore, ADP-ribosylation of the

PARP automodification domain is referred to as autoPARYylation.
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All of the PARP proteins with the exception of PARP-13 exhibit ADP-
ribosyltransferase catalytic activity in the form of either MARylation or
PARYylation.*"#8 Although each PARP protein possesses a highly conserved ADP-
ribosyltransferase catalytic domain, only PARP-1, PARP-2, PARP-4, PARP-5a
(tankyrase 1) and PARP-5b (tankyrase 2) are responsible for PARylation of proteins
(PARylation).484° Notably, it is reported that PARP-1 is responsible for 85-90% of
all ADP-ribosylation by the entire PARP family and consequently, has been the most
extensively studied of all the PARP proteins.*44550 The majority of the PARP family
perform mono(ADP-ribosyl)ation (MARYylation).5" MARYylation plays a role in
numerous cellular processes such as regulation of the actin cytoskeleton or
membrane organelles, signal transduction, and responses to unfolded proteins or
cytoplasmic stress.% It is believed that both the primary and secondary structure of
PARP proteins determines the type of ADP-ribosyltransferase catalytic activity that
will be performed.*®%! Consequently, the PARP proteins can be more accurately
denoted as diphtheria toxin-like ADP-ribosyltransferases (ARTDs).294751,52
Furthermore, tRNA 2'-phosphotransferase (TRPT1) is occasionally included as an

additional eighteenth member but possesses a significantly derived structure.*”->2

Traditionally, this enzymatic activity was regarded solely as a post-translational
modification performed on histones and nuclear proteins. However, recent studies
have shown that PARP protein mediated ADP-ribosylation is crucial to numerous
fundamental cellular functions such as transcription, chromatin structure
modulation, recombination and the DNA damage repair (DDR) pathway.4%:485354
Notably, PARP-1 plays a vital role in the DDR pathway and therefore genome
stability.*> A variety of exogenous and endogenous factors cause damage to the
DNA double helix structure in the form of base modifications, abasic sites, and
single- or double-strand breaks (SSBs or DSBs).33%® SSBs are the most common
form of DNA damage and if left unrepaired lead to incomplete DNA replication and

transcription, genome instability, DSBs and ultimately cell death.33

PARP-1 mediated PARYylation performs an instrumental function in the excision of
DNA lesions through the base excision repair (BER) pathway (Figure 4).5¢ When
damage occurs to a DNA nucleotide via either endogenous or exogenous sources,
DNA glycosylase cleaves the N-glycosidic bond between the erroneous or damaged

nucleotide base and the DNA deoxyribose sugar/phosphate backbone to excise the
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base, producing an apurinic/apyrimidinic (abasic or AP) site.33555
Apurinic/apyrimidinic endonuclease 1 (APE1) then excises the abasic/AP site to
generate a SSB. PARP-1 rapidly identifies this SSB within milliseconds and binds
adjacent to the SSB site using zinc finger 1 and 2, and the tryptophan-glycine-
arginine rich domain (WGR).3%7:%8 The third zinc finger (Zn3) does not partake in
binding but forms inter-domain interactions that are vital for PARP-1 catalytic
activation.3* Furthermore, the WGR domain interacts with the bound DNA and also
partakes in inter-domain interactions.>* PARP-1 is thought to move between DNA
strands through a monkey bar mechanism in which the higher affinity Zn1 and Zn2
domains remain bound to a strand of DNA whilst the lower affinity WGR domain
“swings” to a different DNA strand. Subsequent dissociation of Zn1 and Zn2 from
the original DNA strand allows PARP-1 to transfer and bind to the second DNA
strand.%® This can also be referred to as intersegment transfer and is estimated to
facilitate a threefold increase in the rate of DNA damage detection than PARP-1

diffusion alone.3*

Unbound PARP-1 exists as an autoinhibited structure commonly described as
“pbeads on a string” (Figure 2A).3-32 Upon binding to damaged DNA, PARP-1
undergoes allosteric activation via a conformational shift also known as global
structural compaction (Figure 2B).30-3% PARP-1 shifts to a significantly more ordered
structure in which the N- and C- termini are in close proximity to one another,
resulting in an increased number of DNA-protein and protein-protein inter-domain
interactions.®° Inter-domain interactions induced by this conformational change
result in the destabilisation of the alpha-helical subdomain (HD) within the catalytic
domain (CAT) of PARP-1. The displacement of two leucine residues (L698 and
L701) from the interior of the HD reduces its stability, prompting loss of PARP-1
autoinhibition and activation of the ADP-ribosyltransferase fold (ART) catalytic
function (Figure 2B).%°

Following allosteric activation, the ART domain performs PARYylation of arginine,
glutamate, aspartate, cysteine, lysine, and serine residues within histones
(heteroPARYylation), and autoPARYylation of the PARP-1 automodification domain
(BRCT).23 The resultant chains of poly(ADP-ribose) (PAR) (consisting of up to 200
monomeric units) act to recruit the scaffolding protein x-ray repair cross-

complementing protein 1 (XRCC1). Shortly thereafter, DNA repair enzymes
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including DNA polymerase beta (Pol B), bifunctional polynucleotide kinase 3'-
phosphatase (PNKP) and DNA ligase Il (LIG3) are recruited to the SSB site and
repair the damaged DNA strand.’%%” Additionally, the elongated PAR chains
possess a considerable negative charge and steric bulk which promotes chromatin
relaxation and successively, facilitates access of the recruited DNA repair enzymes
to the SSB site.?% Furthermore, it is thought PAR chains prompt the release of
autoPARylated PARP-1 from the broken DNA strand via electronic and steric
repulsion.3%33 Following the release of PARP-1 from the DNA strand, PAR chains
present on the autoPARylated PARP-1 inhibit DNA binding and enzymatic activity.
Subsequently, PAR glycohydrolase (PARG) mediated degradation of these PAR

chains restores PARP-1 to the original autoinhibited “beads on a string” state.3%-57

DNA
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free ends of the DNA.

The scaffold protein XRCC1
localizes on SSB sites.

XRCC1 is PARylated by PARP1
and then recruits Polp and LIG3
on SSB sites to promote damage
repair.

Figure 4 — DNA SSB repair mediated by PARP-1 via BER pathway.¢ (Adapted
from Figure 1 of Padella et al., J. Hematol. Oncol., 2022, 15, 1-21, under the

terms of the Creative Commons Attribution 4.0 International License.)
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1.2.2 PARP-1 Inhibitors as Cancer Therapeutics

The vital function of PARP-1 in the repair pathway of DNA single strand breaks has
made it an attractive target for medicinal chemistry research and particularly, for the
treatment of cancer. Current statistics from Cancer Research UK indicate that 50%
of UK residents born after 1960 will develop cancer at some stage of their life.®" This
prevalence of disease presents an obvious demand for additional research and
development of novel anti-cancer treatments. Furthermore, PARP-1 is highly
expressed in numerous forms of cancer due to elevated levels of cellular stress,

proliferation and metabolism when compared to normal healthy cells.62-64

The majority of PARP-1 inhibitors developed thus far have been designed to mimic
the native ligand coenzyme NAD* and competitively bind to the PARP-1 catalytic
domain which obstructs binding of NAD* and therefore inhibits production of
poly(ADP-ribose).336566 |n the presence of a PARP-1 inhibitor, PARP-1 cannot
perform PARylation to signal and recruit DNA repair factors which prevents the
repair of DNA single strand breaks (SSBs) via the BER pathway, as previously
described. Subsequently, incomplete DNA replication and transcription creates

genome instability and DNA double strand breaks (DSBs) are produced.>*

PARP-1 inhibitors are typically employed for the treatment of cancer through two
distinct strategies. The first technique involves the administration of a PARP-1
inhibitor in combination with chemotherapy or radiation therapy and is an adjuvant
or adjunct therapy.>467.88 This therapeutic approach can produce greater efficacy
due to the inhibition of PARylation which impedes the repair of therapy induced DNA
damage in cancerous cells, in an effect known as chemo/radio-sensitisation.?’
Conversely, the second strategy applies PARP-1 inhibitors as a single agent or
monotherapy for the treatment of BRCA-mutated cell lines through exploiting the
genetic concept of synthetic lethality (Figure 5).3.8% Due to the inhibition of PARP-
1, DNA strands with SSBs inevitably develop DSBs. In normal cell lines, DNA DSBs
are repaired via the homologous recombination (HR) repair pathway, which utilises
a homologous DNA strand to restore the original double-stranded DNA structure
and facilitates cell survival.®>’% The PARP-1 protein does not serve a direct function
in the HR pathway and DSBs can be repaired in normal cell lines despite the
inhibition of PARP-1 activity.3®> Conversely, both breast cancer type 1 (BRCA1)
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susceptibility protein and breast cancer type 2 (BRCAZ2) susceptibility protein
perform essential functions in the HR pathway.”! In patients with deleterious
heterozygous germline mutations in the BRCA1 and BRCAZ2 genes, the wild-type
BRCA allele is lost during tumorigenesis.®' Consequently, DNA DSBs in BRCA-
mutated cell lines cannot be repaired through HR and are therefore repaired via
non-homologous end joining (NHEJ).>* However, NHEJ is a nonconservative DNA
repair method and ultimately cultivates cell death.3".7° In 2005, both Bryant et al. and
Farmer et al. reported that BRCA-mutated cells displayed increased sensitivity to
PARP-1 inhibitors due to their deficiency in homologous recombination.”?73
Consequently, both groups proposed that PARP-1 inhibitors could be administered
for the treatment of patients with BRCA-mutated cancers as a novel higher efficacy
yet lower toxicity approach than application of chemotherapy or radiation therapy.
This tactic of exploiting PARP-1 inhibitors to force DNA repair through an inherently

flawed pathway and promote cell death is termed synthetic lethality.
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Figure 5 — Synthetic lethality of PARP-1 inhibition in BRCA-mutated cells.>*
(Reprinted with permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Nat. Rev. Clin. Oncol., An update on PARP inhibitors — moving to
the adjuvant setting, A. Sonnenblick et al., Copyright 2015.)
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To date, four PARP-1 inhibitors have been granted global approval for the treatment
of BRCA-mutated cancers; olaparib (1), rucaparib (2), niraparib (3) and talazoparib
(4) (Figure 6). Developed by Menear et al. (KuDOS Pharmaceuticals/AstraZeneca)
in 2008, olaparib (1) was first granted global approval in 2014.747° Olaparib (1) was
approved by the European Medicines Agency (EMA) for the treatment of relapsed,
BRCA-mutated (germline/somatic), high-grade, serous epithelial ovarian, fallopian
tube or primary peritoneal cancer following complete or partial response to platinum-
based chemotherapy. Furthermore, olaparib (1) was approved by The United States
Food and Drug Administration (FDA) for monotherapy in patients with germline
BRCA-mutated advanced ovarian cancer following at least three prior lines of
chemotherapy. Subsequently, olaparib (1) has received numerous EMA and FDA
approvals for the treatment of various cancers including breast, pancreatic and
prostate cancer.”® Currently, olaparib (1) is the most widely employed PARP-1

inhibitor and the research field concerning further applications is extremely active.

In 2016, rucaparib (2) (Clovis Oncology) was granted global approval as a
monotherapy for patients with BRCA-mutated (germline/somatic) advanced ovarian
cancer following at least two prior lines of chemotherapy.”” Rucaparib (2) approvals
were then extended to include maintenance therapy of reoccurring ovarian, fallopian
and primary peritoneal cancer and treatment of BRCA-mutated metastatic
castration-resistant prostate cancer in 2018 and 2020 respectively.”® In addition,
niraparib (3) (Merck) received global approval in 2017 for maintenance treatment of
patients with recurrent epithelial ovarian, fallopian tube or primary peritoneal cancer
who exhibit a complete or partial response to platinum-based chemotherapy.”®
These approvals were subsequently extended in 2020 to permit the use of niraparib
(3) as a late-line treatment in the aforementioned cancers.”® Furthermore,
talazoparib (4) (Pfizer) received global approval in 2018 for treatment of BRCA-
mutated (deleterious germline), HER2-negative, locally advanced or metastatic
breast cancer.”®’® Notably, talazoparib (4) exhibits higher potency PARP-1
inhibition and trapping than any other PARP-1 inhibitor currently in pre-clinical

development or clinical application.50.70

Several PARP-1 inhibitors are currently in clinical development but have not
received global approval at this time including fuzuloparib (5), pamiparib (6) and

veliparib (7) (Figure 6). Clinical trials of fuzuloparib (5) (Jiangsu Hengrui
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Pharmaceuticals) began in 2019 for the treatment of breast, lung, ovarian, and
pancreatic cancer.”® In 2020, fuzuloparib (5) was granted first approval in China for
the treatment of BRCA-mutated (deleterious germline), platinum-sensitive,
recurrent ovarian, fallopian tube or primary peritoneal cancer following at least two
prior lines of chemotherapy.® Similarly, in 2021, pamiparib (6) (BeiGene) received
first approval in China as a third-line treatment for the same class of carcinomas as
fuzuloparib (5) following six years of clinical trials.®! In contrast, veliparib (7) (Abbott
Laboratories) has not currently gained approval despite extensive investigation in
more than one hundred clinical trials since its discovery in 2006. These clinical trials
have focused on application of veliparib (7) for the treatment of fallopian tube,

ovarian, peritoneal, lung and breast cancer.8283
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Figure 6 — Structures of approved and clinical candidate PARP-1 inhibitors

Although each of these inhibitors contain a nicotinamide mimetic moiety and bind to
the catalytic site of PARP-1, they have presented profiles of PARylation inhibition
and cytotoxicity that do not directly correlate. It is now widely accepted that this
variation is due to the capacity of each inhibitor to trap PARP-1 on a DNA strand
which generates a cytotoxic lesion, replication fork collapse and ultimately cell
death.3'6669 The mechanism by which PARP-1 inhibitors facilitate trapping of
PARP-1 on DNA strands remains under active investigation. Currently, the widely

accepted mechanism postulates that the extent of PARP-1 trapping is dictated by
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inhibitor induced allostery. At this time, PARP-1 inhibitors can be classified as type
l, Il (e.g. olaparib and talazoparib) or lll (e.g. rucaparib, niraparib and veliparib).3366
Type | inhibitors impose a strong allosteric effect that destabilises the HD domain
and increases trapping of PARP-1 at the site of DNA damage, which in turn
generates slow release of PARP-1. Type Il inhibitors have minimal effect on the HD
domain stability and consequently, on trapping of PARP-1. Conversely, type llI
inhibitors improve stability of the HD domain which promotes release of PARP-1

from the site of DNA damage and thus exhibit relatively poor PARP-1 trapping.

Until recently, PARP-1 inhibitors have primarily been used for the treatment of
cancer following multiple lines of chemotherapy. However, the application of PARP-
1 inhibitors as a front-line treatment for cancer is a growing field of research.®*
Significantly, olaparib (1) and niraparib (3) were approved by the FDA, in 2018 and
2020 respectively, as first-line maintenance treatments for patients with advanced
ovarian or metastatic pancreatic cancer.248 However, the use of PARP-1 inhibitors
as a first-line maintenance treatment may also have negative implications on
subsequent PARP-1 inhibitor application via PARP-1 inhibitor resistance. PARP-1
inhibitor resistance is an area of active research and is believed to develop through
numerous mechanisms.338485 Emerging fields of research include the application of
combination therapies to combat PARP-1 inhibitor resistance and PARP-1 inhibitors
as a front-line treatment for BRCA-mutated cancers before or possibly without

chemotherapy.33.84.85

1.2.3 PARP-1 Inhibitor-Derived PET and SPECT Imaging Agents

As previously discussed, PARP-1 is highly expressed in tumour cells and thus acts
as a biomarker for cancer.5* Consequently, radiotracers which bind to PARP-1
present an excellent opportunity for nuclear imaging of numerous cancers. For
example, PARP-1 is highly expressed in brain tumours including glioblastoma whilst
the surrounding healthy tissue exhibits very low expression.®® Therefore, imaging
agents with affinity for PARP-1 can be employed to selectively image glioblastoma
tumours within the brain.8 Furthermore, PARP-1 imaging agents facilitate non-
invasive quantification of in vivo PARP-1 expression which can aid prediction of
response to PARP-1 inhibitor treatment, prognostic evaluation, tailored therapy

dosing and monitoring of cancer treatment response.®*87-8 Additionally, given the
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numerous PARP-1 inhibitors currently in development it can be advantageous to
prepare an equivalent radiotracer to obtain crucial information for drug development
such as in vivo distribution and pharmacokinetics.5* In recent years, interest in this
field has grown significantly resulting in the development of multiple PET and
SPECT radiotracers that target the PARP-1 protein.648 The majority of these

imaging agents have been structural derivatives of established PARP-1 inhibitors.88

The first PET imaging agent based on a PARP-1 inhibitor was a phenanthridinone
derivative known as ["'C]PJ34 ([''C]9) (Scheme 1). The carbon-11 equivalent of
potent PARP-1 inhibitor PJ34 (ICs0 = 20 nM) was prepared by Tu et al. in 2005 via
a base-mediated methylation of precursor 8 with [''C]methyl iodide.?® The resultant
radiotracer [''C]PJ34 ([''C]9) was shown to accumulate in necrotic tissue of the

pancreas with elevated PARP-1 expression in a rat model of type 1 diabetes.
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Scheme 1 — Radiosynthesis of [''C]PJ34 (['1C]9)

1.2.3.1 Rucaparib-Derived PET and SPECT Imaging Agents for PARP-1

A series of nuclear imaging agents have been derived from the structure of PARP-
1 inhibitor rucaparib (2). PET imaging agents include ['®F]FluorThanatrace (FTT)
(['®F]10) and ["®F]WC-DZ-F (['®F]11) from Zhou et al. in 2014 and 2018 respectively
(Figure 7).91.92 Of these radiotracers, ['®F]FTT (['8F]10) has been the most studied
with numerous phase | clinical trials reported on clinicaltrials.gov for the
investigation of multiple cancers including ovarian (NCT03604315, NCT02637934),
breast (NCT03846167), pancreatic (NCT03492164), prostate (NCT03334500,
NCT05242744), and glioblastoma (NCT04221061), many of which are still active.8

Notably, Makvandi et al. reported in 2018 that PET imaging with ['"®F]FTT (['®F]10)
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could be utilised to quantify PARP-1 expression in ovarian carcinomas following a
phase | clinical trial (NCT02637934).87:9 Phase | clinical trials of ["®F]FTT (['F]10)
have produced promising results thus far and prompted the progression of this PET
radiotracer into phase Il trials commencing in April 2022 (NCT05226663). This trial
aims to improve nuclear imaging of breast cancer patients through PET/CT imaging
with ['8F]FTT (['®F]10).

o) 18F
_\_ 18
['®F]FluorThanatrace (['8F]10) ['®FIWC-DZ-F (['8F]11)

Figure 7 — Rucaparib-derived PET radiotracers

Moreover, SPECT imaging agents have been developed containing the
benzimidazole core of rucaparib (2) including ['?°1]KX-1 (['?°1]12) and ['?°1]KX-02-
019 (['?51113) (Figure 8).%4% Promisingly, bicyclic benzimidazole ['?°1]KX-1 (['251]12)
showed high uptake and correlation with PARP-1 expression in tumour cells.
Notably, pre-injection with olaparib (1) did not reduce radiotracer accumulation
which may indicate non-specific biodistribution of ['2°[[KX-1 (['251]12). Furthermore,
['2%1]KX-02-019 (['*°1]13) was prepared as an iodine-125 equivalent of PET
radiotracer ['®F]FluorThanatrace (FTT) (['®F]10). However, in vitro and in vivo
studies revealed that ['?51]KX-02-019 (['?%1]13) exhibits greater affinity for PARP-2
over PARP-1 and produces a five-fold greater accumulation of radioactivity in
thyroid tissue than in tumour cells which indicates extensive loss of radioiodine. It is
also worth noting that an alpha-emitting astatine-211 equivalent of ['®F]FTT
(['®F]10) and ['®I]KX-02-019 (['*®I]13), known as [?"'AtlMM4 ([>''At]14), was
reported by Makvandi et al. in 2019 with implications as a novel therapeutic

radiopharmaceutical.
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Figure 8 — Rucaparib-derived SPECT radiotracers and radiotherapeutic
[PTAIMM4 ([211At]14)

1.2.3.2 Olaparib-Derived PET and SPECT Imaging Agents for PARP-1

The majority of nuclear imaging agents developed for the PARP-1 protein have been
derived from the 4-substituted phthalazinone core structure of olaparib (1) due to
the clinical success of this PARP-1 inhibitor. Given the advantages of PET imaging
previously discussed, most of the tracers designed to target PARP-1 contain PET

radionuclides although some SPECT imaging agents have also been investigated.

In 2011, Weissleder and co-workers reported the olaparib-derived PET radiotracer
['®F]BO (['®F]15) in which the 4-H-piperazine moiety was substituted with a large
terminal multi-ring system containing a pendant fluorine-18 radionuclide (Figure
9).97:%8 This imaging agent was prepared through a [4+2] inverse-electron-demand
Diels-Alder cycloaddition of a terminally tetrazine-substituted olaparib precursor and
fluorine-18 radiolabelled frans-cyclooctene. Notably, this radiotracer retained
moderate PARP-1 inhibition potency (ICso = 17.9 nM) in vitro when compared to
olaparib (1) (ICso = 5 nM) despite significant structural modification. Furthermore, in
vivo PET studies of ['®F]BO (['®F]15) have shown specificity for PARP-1 via
correlated radiotracer uptake and PARP-1 expression, and reduced accumulation

in the presence of olaparib (1) in ovarian, breast and pancreatic cancer models.%+88

In 2015, Skrydstrup and co-workers synthesised a carbon-11 isotopologue of
olaparib, ['"Clolaparib ([''C]1), via a three-component carbonylation of an aryl
palladium precursor with ['"'"C]carbon monoxide (Figure 9).°° In addition, this
procedure facilitated the repeated synthesis (n = 3) of ['"Clolaparib ([''C]1) in

excellent radiochemical purity (99 + 1%) and yield (75 £ 10%). However, the aryl
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palladium precursor required for this preparation was found to be labile under an
atmosphere of air and consequently, was impracticable for further pre-clinical
development. To date, this remains the sole preparation of [''Clolaparib ([''C]1) to
the best of our knowledge which may be due to the general preference for fluorine-
18 radiotracers in this field or an absence of applicable carbon-11 radiolabelling

methods.

Additionally, in 2015, Reiner and co-workers developed ['®F]PARPI (['8F]16a) (ICso
= 2.83 nM) in which the 4-H-piperazine moiety was substituted with a fluorine-18
radiolabelled benzamide moiety (Figure 9).8¢ Ex vivo and in vivo pre-clinical studies
in mouse models confirmed uptake and colocalisation of ['®F]PARPi (['®F]16a) in
orthotopic brain carcinomas, and facilitated delineation in oral and B-cell lymphoma
tumour models via PET/CT and PET/MRI imaging.8” Notably, ['®F]PARPi (['8F]16a)
is only the second PARP-1 inhibitor-derived nuclear imaging agent to reach clinical
trials thus far. Phase | clinical trials are currently ongoing to investigate the
application of this radiotracer for PET imaging of carcinomas of the brain
(NCT04173104), and head and neck (NCT04173104).28 One disadvantage of this
imaging agent was the incorporation of fluorine-18 via a three-step labelling
procedure which afforded ['®F]PARPI (['8F]16a) in 10% radiochemical yield (non-
decay corrected) in a total synthesis time of 90 minutes. In 2020, a more efficient
one-pot, two-step radiolabelling procedure for the preparation of ['®F]PARPI
(['®F]16a) was developed. However, a low radiochemical yield of 9.6% (non-decay

corrected) was afforded from this procedure which required 66 minutes.'°

Furthermore, in 2015, Reiner and co-workers also reported two equivalent
radiotracers labelled with iodine radioisotopes suitable for PET and SPECT imaging,
known as [2#131]]12-PARPI (['24131]]16b) (ICs0 = 9 nM) (Figure 9).'°' In vivo PET and
SPECT studies in orthotopic mouse models revealed that ['2413]]I12-PARPI
(['*#1311]16b) was highly selective for PARP-1 in glioblastoma carcinomas and
uptake was blocked by prior administration of olaparib (1). However, high levels of
radioactivity were detected within thyroid tissue compared to tumour cells with a
1.82 + 0.25 ratio. This may indicate a significant degree of deiodination in vivo and

render ['24131]]12-PARPi ([24131]]16b) unsuitable for clinical application.
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Figure 9 — Olaparib-derived nuclear imaging agents for PARP-1 from Reiner and

co-workers and Skrydstrup and co-workers

Concurrently, multiple olaparib-derived nuclear imaging agents were developed by
Sutherland and co-workers, including Adele Blair, Filip Zmuda, and Kerry O’Rourke.
The aim of this work was to develop novel olaparib-derived PET and SPECT
imaging agents with the capacity to undergo late-stage radiolabelling with fluorine-
18, carbon-11 or iodine-123/125. From a library of twenty-seven compounds, three
were identified as lead candidates following physicochemical properties
determination, via high-performance liquid chromatography (HPLC) methodology,
and cell-free assessment of PARP-1 inhibition. Consequently, synthetic procedures
were investigated for the preparation of ['231]16b (also denoted as [*I]I2-PARPI
(['1116b) by Reiner and co-workers), ['®F]16a (also denoted as ['®F]PARPi (['8F]16a)
by Reiner and co-workers), and ['®F]17 which exhibited cell-free PARP-1 inhibitory

potency similar to that of olaparib (1) (Figure 10).102-105

Firstly, a synthetic procedure was developed for the preparation of ['23125]]16b via
a solid state halogen exchange radioiodination reaction.'®? Application of this
method facilitated the synthesis of ['23I]16b in 36.5 + 7.2% radiochemical yield (non-
decay corrected, n = 6). Subsequently, ['%31]16b demonstrated high uptake and
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retention in an ex vivo subcutaneous xenograph mouse model of glioblastoma and
was correlated with expression of PARP-1 and a biomarker of proliferation which
indicated PARP-1 specificity. Notably, ex vivo biodistribution studies also revealed

rapid hepatobiliary clearance of ['231]16b as previously observed for olaparib (1).

Thereafter, the Sutherland group sought to develop a fluorine-18 radiolabelling
procedure for the synthesis of ['8F]16a.'%° However, despite optimisation efforts the
nucleophilic aromatic substitution reaction investigated for the preparation of
['8F]16a generated a maximum of 19% radiochemical conversion, observed via
HPLC of the crude product. Consequently, the focus of this study was transferred
to the optimisation of a synthetic procedure for the preparation of ['®F]17. A two-
step one-pot radiolabelling method was then developed and afforded ['®F]17 in 9 +
2% radiochemical yield (non-decay corrected, n = 7) for ex vivo biodistribution
studies in subcutaneous xenograph mouse model of glioblastoma. These studies
showed that ['®F]17 was specific for PARP-1 and retained within tumours. However,
PET imaging with ['®F]17 generated high levels of radioactivity within the skeletal
system due to in vivo defluorination and subsequent accumulation of radiofluoride

in bone.

Finally, the Gouverneur and Cornelissen research groups have also been active in
this research field. Notably, Wilson et al. published the radiosynthesis of a fluorine-
18 isotopologue of olaparib in 2019, known as ['®F]olaparib (['®F]1).'% This
isotopologue was prepared in 18 £ 3% radiochemical yield (non-decay corrected, n
= 5) via copper-mediated radiofluorination of a boronic ester precursor, a
methodology that was developed previously within the Gouverneur group.'07-108 As
expected, in vitro and in vivo studies conducted in xenograph mouse models of
pancreatic ductal adenocarcinoma demonstrated high levels of ["®F]olaparib (['®F]1)
uptake that correlated with high PARP-1 expression and was blocked through prior
administration of olaparib (1). Significantly, this work was the first successful
production of an isotopologue for the globally approved PARP-1 inhibitor olaparib
(1) and presents a novel opportunity to PET image PARP-1 and olaparib (1)

biodistribution in vivo in the future.
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40



1.3 Synaptic Vesicle Glycoprotein 2A (SV2A)

1.3.1 Structure, Localisation and Proposed Functions of SV2A

First discovered by Buckley and Kelly in 1985, synaptic vesicle glycoprotein 2A
(SV2A) is a twelve-transmembrane glycoprotein located in the membrane of
secretory vesicles within neuronal and endocrine cells.'® The SV2A glycoprotein
consists of two transmembrane domains (TM domain 1 and 2, each of which
contains six transmembrane helices), two intracellular domains (a cytoplasmic
amino domain and loop between transmembrane helices 6 and 7), and one
extracellular domain (an intravesicular loop between transmembrane helices 7 and
8) (Figure 11). Figure 11a below shows a two-dimensional protein topology of the
SV2A glycoprotein structure. Furthermore, Figure 11b and 11c display three-
dimensional models of the inward-open and outward-open conformations of the

SV2A glycoprotein respectively.

The synaptic vesicle 2 (SV2) family of proteins, to which SV2A belongs, was one of
the first synaptic vesicle protein families discovered in vertebrates and includes two
additional paralogs, SV2B and SV2C.""%1"" Notably, SV2A and SV2B are the major
paralogs of the SV2 family whilst SV2C is commonly described as the minor
paralog."'? The SV2 glycoproteins possess highly conserved amino acid sequences
with shared identities of 57-65%.""%"13 Interestingly, the majority of conserved
amino acid sequences are located within the transmembrane domains and the C-
terminal region.''>114 Conversely, the N-terminal region is the least homologous
within each SV2 paralog."'? In addition, the intravesicular loop between
transmembrane helices 7 and 8 present in each SV2 glycoprotein is the second
least conserved region. However, the distinct intravesicular loop of each SV2
paralog consistently contains 3-5 N-glycosylated residues and repetitive
hydrophobic residues, with preference for phenylalanine.''? Consequently, it is
thought that the N-glycosylated intravesicular loop is instrumental to differing

localisation and functions of each SV2 paralog.'
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Figure 11 — Structure of the SV2A glycoprotein.’'® (Reprinted from Figure 6 of W.
Ldscher et al., CNS Drugs, 2016, 30, 1055-1077, under the terms of the Creative

Commons Attribution 4.0 International License.)

Despite the high degree of shared identity within the SV2 family of glycoproteins,
each paralog exhibits differing localisation within the central nervous system. In the
brain, SV2A is expressed in almost every region of the synaptome whilst SV2B
exhibits substantial overlapping expression with SV2A but is present to a lesser
degree.S Conversely, SV2C has a significantly more limited regional expression

with its presence detected in only a few areas of the brain."'? Furthermore, SV2A is
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present in both the glutamatergic and GABAergic neurons whereas it is thought that
SV2B is limited to most glutamatergic neurons, and SV2C is restricted to GABAergic
neurons.'* This varied distribution throughout the synaptome indicates that the SV2
glycoproteins are not employed for the transportation of specific neurotransmitters.
Thus far, there is a lack of evidence to support the theory that the SV2 family are

neurotransmitter transporters.''®

In 1999, Janz et al. reported that SV2A- and SV2A/SV2B-knockout mice suffered
from epileptic seizures and increased postnatal mortality. Notably, the absence of
both SV2 paralogs resulted in presynaptic accumulation of calcium ions (Ca?*)
which in turn generated abnormal neurotransmitter release and induced epilepsy.'"”
To the best of our knowledge, this was the first report of a correlation between the
expression of the SV2 family glycoproteins and epilepsy. It has since been proposed
that SV2A plays a role in calcium ion-mediated exocytosis via the regulation of

presynaptic calcium ion concentration or as a target for residual calcium ions.'3.118

Notably, the research field concerning the function of the SV2 family of glycoproteins
has witnessed a marked increase since 2004 following the discovery that the anti-
epileptic drug levetiracetam (UCB L059, Keppra®) (18) binds to SV2A.
Consequently, numerous review articles regarding the possible functions of the SV2
family glycoproteins have been published in recent decades.’!3114.116,118,119 Tq
briefly summarise, it is currently widely accepted that SV2A performs a crucial
function in neurotransmission, specifically vesicle trafficking and exocytosis in the
presynaptic region. Furthermore, SV2A expression has been reported as a
biomarker of multiple neurological diseases including epilepsy, Parkinson’s disease,
Alzheimer’s disease, and schizophrenia. Nonetheless, the function of SV2A in
neurological processes and diseases remains largely unknown and thus, is currently

an active field of research.

1.3.2 SV2A as a Therapeutic Target for Epilepsy

Levetiracetam (18) was developed in a joint venture between UCB Pharma and
Loscher et al. (Figure 12).11° UCB Pharma discovered Levetiracetam (18), originally
denoted as UCB L059, in 1977 whilst attempting to produce a second generation of

nootropic pharmaceuticals. It was hoped that this novel generation would succeed
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the current market drug piracetam (19) that is employed for the treatment of cortical
myoclonus, cerebrovascular insufficiencies, and age-associated cognitive
impairment.’® Levetiracetam (18) was prepared as the S-enantiomer 2-ethyl
derivative of piracetam (19). Despite the analogous structure of levetiracetam (18),
this drug candidate failed to enact any significant effect in patients with cognitive
impairment. Subsequently, levetiracetam (18) was administered in murine models
of epilepsy and was found to successfully suppress epileptic seizures. UCB Pharma
then initiated a collaboration with Loscher et al. in 1989 to conduct further studies in
rat models of temporal lobe epilepsy.'” In the successive pre-clinical studies,
levetiracetam (18) exhibited a unique activity profile compared to any previous anti-
seizure drugs (ASDs) or anti-epileptic drugs (AEDs). This prompted the nomination
of levetiracetam (18) as a clinical candidate for the treatment of epilepsy, and its
investigation in numerous clinical trials.’® Notably, levetiracetam (18) was the first
ASD/AED pharmaceutical to target the SV2A glycoprotein. However, this was not
evident at the time of approval by the FDA (US Food and Drug Administration) in
1999 and later the EMA (European Medicines Agency) in 2000 as a novel
ASD/AED.'® Since 2000, levetiracetam (18) has become the most frequently

employed ASD for the treatment of epilepsy under the brand name of Keppra®.''°
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Figure 12 — Structures of ASD/AEDs piracetam (19), levetiracetam (18), and

brivaracetam (20)

In 1993, Noyer et al. (UCB Pharma) identified the unique stereoselective binding
site of tritium-labelled levetiracetam ([*H]18) on synaptic plasma membranes within
the hippocampus, cortex and cerebellum (Figure 12).'2° Furthermore, in 2004,
Lynch et al. identified this binding site (previously known as the levetiracetam
binding site) as the SV2A glycoprotein.'?' The findings from Lynch et al. were
supported by numerous successive studies which reported correlation between

SV2A binding affinity and anti-seizure potency.’® These studies provided
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confirmation that SV2A was a viable target of novel therapeutic pharmaceuticals for
the treatment of epilepsy. Subsequently, UCB Pharma developed a structural
derivative of levetiracetam (18) known as brivaracetam (20) which exhibited
selectivity for the SV2A glycoprotein with significantly higher affinity than
levetiracetam (18).722-127 Brivaracetam (20) was approved by the EMA and FDA in
2016 as an adjunctive treatment for drug refractory partial-onset seizures in patients

with epilepsy. '10.128.129

Moreover, UCB Pharma sought to develop novel SV2A ligands with increased
affinity and anti-seizure potency compared to both levetiracetam (18) and
brivaracetam (20). Ultimately, it was hoped that these ligands would be suitable for
late-stage radiolabelling for application in PET imaging agent of the SV2A protein.
A vast of library of more than five hundred compounds was prepared and screened
in silico via a three-dimensional pharmacophore model derived from six analogues
of levetiracetam (18).13° A selection of candidates was then assessed by in vitro
determination of pharmacological, physicochemical, absorption, distribution,
metabolism, and elimination (ADME), drug metabolism and pharmacokinetics
properties.’™® Subsequently, three heterocyclic nonacetamide ligands with high
affinity for SV2A and anti-seizure potency were identified. These SV2A ligands
include UCB-A (21), UCB-H (22) and UCB-J (23) with each containing an acetamide
moiety mimic in the form of a five or six-membered heterocycle-substituted

pyrrolidinone core (Figure 13).13°

(Jﬂd éﬂd N’UO
Q, AL L

UCB-A (21) UCB-H (22) UCB-J (23)
Figure 13 — Heterocyclic nonacetamide ligands UCB-A (21), UCB-H (22) and
UCB-J (23)

45



1.3.3 PET and SPECT Imaging Agents for SV2A

The ubiquitous expression of SV2A within the glutamatergic and GABAergic
neurons throughout almost every region of the brain renders this glycoprotein an
attractive biomarker for nuclear imaging of synaptic density. Recently, synaptic
density has been shown to decrease in multiple neurological disease states and
therefore, the desire to quantitatively PET image the SV2A glycoprotein has
significantly grown.116.118.131-133 [1C] and [**MTc]Levetiracetam ([''C]18 and
[**™Tc]18) were developed by Cai et al., Rashed et al., and Sanad et al. for PET
and SPECT imaging respectively (Figure 14).134-136 However, these imaging agents
exhibit relatively low affinity for SV2A (K = 2.5 pM for levetiracetam (18)) and slow
brain penetration when compared with latterly discovered ligands and therefore,

have not undergone further development.''1.118,132
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Figure 14 — Levetiracetam-derived PET and SPECT imaging agents

Additionally, a range of carbon-11 and fluorine-18 PET radiotracers for SV2A were
developed in the last decade by UCB Pharma, in collaboration with Yale University,
Uppsala University and University of Liege. Recently, these PET and SPECT
radiotracer candidates have been described in detail by multiple review
articles.'16.118.131-133 To summarise, the SV2A ligands discovered by UCB Pharma
have been further developed into PET radiotracers [''CJUCB-A ([''C]21)'%,
['®F]UCB-H (['®F]22)"38-140 and ['"C]UCB-J ([''C]23)"#' (Figure 15)."3" During pre-
clinical in vivo testing, ['"CJUCB-J ([''C]23) displayed efficient and reversible
binding kinetics with high levels of uptake across the brain, relatively low nonspecific
binding, and moderate metabolism in non-human primates.'*' Notably, pre-
administration of levetiracetam (18) resulted in a significant blocking effect of up to
89% occupancy indicating specific binding of ['""CJUCB-J ([''C]23) to SV2A in
vivo.'*! Conversely, despite desirable nanomolar affinity for SV2A, [''"CJUCB-A
([''C]21)"37 and ["®F]UCB-H (['8F]22)'38-140 exhibit slower binding and low specific

binding to SV2A respectively.!!.132
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Subsequently, [''CJUCB-J ([''C]23) was progressed into human clinical trials and
was found to facilitate in vivo PET imaging of SV2A in a consistent manner to pre-
clinical imaging studies.'' 3" Of these PET radiotracers from UCB Pharma,
['"CJUCB-J ([''C]23) has become the most frequently employed in this field of
research due to the favourable properties it has displayed for in vivo PET imaging.
Thus far, ['"CJUCB-J ([''C]23) has been utilised for PET imaging studies to
examined numerous conditions including Alzheimer’s disease, Parkinson’s disease,
Lewy body dementia, Huntington’s disease, obesity, ischemic stroke, and human
immunodeficiency virus.'#2-150 Furthermore, a fluorine-18 equivalent ['®F]JUCB-J
(['®F]23) was subsequently developed due to the favourable properties of fluorine-
18 relative to carbon-11 for nuclear imaging. As expected, ["®FJUCB-J (['®F]23)
produced promising results during pre-clinical in vivo studies of non-human
primates, similar to ['"CJUCB-J ([''C]23)."5" However, ['®FJUCB-J (['®F]23) was
synthesised via nucleophilic aromatic substitution of an iodonium salt precursor
which required very high temperatures (200 °C) and produced a very poor
radiochemical yield of only 1-2%. Furthermore, chiral HPLC was required to
facilitate separation of enantiomers as the final synthetic step which can be both

costly and time consuming.’""
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Figure 15 — PET Imaging agents [''CJUCB-A ([''C]21), ['®FJUCB-H (['8F]22),
['CJUCB-J ([''C]23), and ['8F]UCB-J (['éF]23)

Consequently, a second generation of nuclear imaging agents were derived from
the structure of [""C]JUCB-A ([''C]21) and ["'CJUCB-J ([''C]23), namely
['®F]SynVesT-1 (['®F](R)-24), ['®F]SynVesT-2 (['®F]25) and ['8F]SDM-16 (['®F]26)
(Figure 16). Notably, this most recent series of SV2A radiotracers have been
designed with consideration to late-stage facile incorporation of a fluorine-18
radionuclide. In 2019, ['8F]SynVesT-1 (['®F](R)-24) was simultaneously synthesised
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by Constantinescu et al., and by Li et al. via similar approaches.'52153 The synthetic
route employed by each group is discussed in greater detail in Section 2.2.1 of this
thesis. Due to the parallel nature of research, this PET imaging agent was previously
denoted in literature as ['®F]MNI-1126 or ['®F]SDM-8. However, a consensus was
reached and the name ['®F]SynVesT-1 (['®F](R)-24) is now widely utilised for clarity.
Non-human primate pre-clinical studies have consistently shown that ['®F]SynVesT-
1 (['®F](R)-24) exhibits very favourable properties for in vivo PET imaging of
SV2A.1%2-154 Moreover, as reported for ["'CJUCB-J (['1C]23), ["®F]SynVesT-1
(['®F](R)-24) has displayed high brain uptake, high binding affinity with specificity for
SV2A, and suitable pharmacokinetics in a first-in-human study conducted by
Naganawa and Li et al. in 2021."%5 Notably, ['®F]SynVesT-1 (['®F](R)-24) was found
to possess a higher binding potential than ['"CJUCB-J ([''C]23) indicating excellent

potential as a PET imaging agent for SV2A with increased synthetic accessibility.%®

Finally, concurrent to the work described in Section 2.2 of this thesis, two derivatives
of ['"®F]SynVesT-1 (['®F](R)-24) have been developed, termed ['®F]SynVesT-2
(['®F]25, previously ['®F]SDM-2) and ['®F]SDM-16 (['®F]26).'%6:'5" Pre-clinical
studies in non-human primates have found that ['®F]SynVesT-2 (['F]25)
exhibits similar binding potential yet faster pharmacokinetics than ['"'C]JUCB-J
([''C]23) and consequently, generates high quality PET images.'*® Furthermore,
pre-clinical data indicates that ['®F]SynVesT-2 (['8F]25) is suitable for quantitative
kinetic modelling and translation into human clinical trials at Yale PET Centre is
ongoing.'®® Notably, pre-clinical studies of ['®F]SDM-16 (['®F]26) in non-human
primates have shown that this SV2A ligand displays greater metabolic stability than
any previous SV2A PET radiotracers and therefore, potential utility for the

quantification of SV2A in the wider central nervous system.
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Figure 16 — PET Imaging agents ['®F]SynVesT-1 (['®F](R)-24), ['®F]SynVesT-2
(['8F]25), and ['6F]SDM-16 (['8F]26)
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1.4 Conclusion

In summary, through the innovation of modern healthcare a diverse toolkit of
molecular imaging technologies has been produced which facilitates non-invasive
imaging of numerous diseases and biological processes. Of these techniques, PET
and SPECT offer superior sensitivity via the detection of nuclear imaging agents,
and improved spacial resolution is attained when hybridised with CT. Thus far, PET
and SPECT have been primarily utilised to diagnose and monitor oncological,
cardiological and neurological diseases. However, in recent years, interest in the
application of PET and SPECT imaging in drug development has grown; in the
future, these imaging methods may become vital tools in the pharmaceutical
research and approval process. Consequently, the demand for novel PET and
SPECT imaging agents for a variety of biological targets continues to increase each
year. Thus far, the use of carbon-11, fluorine-18, technetium-99m, and iodine-123
radionuclides has dominated this field, and numerous PET and SPECT radiotracers
have proven very successful in clinical applications. However, there remains clear
opportunity for innovation in this research area through the discovery of novel
radiotracers. Furthermore, the development of superior radiolabelling methods will

be crucial to the growth of these molecular imaging techniques.

In the field of oncology, nuclear imaging of the PARP-1 protein has garnered
significant attention from both the academic and clinical research communities
following the pioneering clinical success of PARP-1 inhibitor olaparib (1). PARP-1
inhibitors exploit synthetic lethality to induce cell death in tumours via inhibition of
PARylation and subsequent DNA repair in patients with BRCA1/2-mutations.
Multiple PARP-1 inhibitors have been found to produce remarkable clinical
responses in a range of cancer types. PARP-1 presents an attractive biomarker for
tumours and thus, PARP-1 inhibitors have become a structural basis for the
development of novel nuclear imaging agents. Moreover, the majority of PET and
SPECT imaging agents for PARP-1 developed thus far have been derived from
olaparib (1). Despite significant advances in this field, multiple PARP-1 inhibitor-
derived radiotracers have been deemed impracticable for further development due
to challenging radiosynthesis procedures, poor radiochemical yields, or unsuitable
in vivo properties. As such, additional research is required to identify a PARP-1
inhibitor-derived nuclear imaging agent that can be prepared in high radiochemical
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yield and exhibits favourable in vivo properties for PET or SPECT imaging.
Development of such a radiotracer could enable the investigation and greater

understanding of the PARP-1 protein and various cancer types.

Furthermore, in the last decade, multiple nuclear imaging agents targeting the SV2A
glycoprotein have emerged in the field of neurology. Ultimately, the development of
anti-seizure drug levetiracetam (18) for the treatment of epilepsy lead to
identification of SV2A as the binding site of the drug within the brain. Since this
discovery, significant interest has grown regarding the role of SV2A in epilepsy and
its overall function within the brain; thus, SV2A has become the subject of multiple
research programmes. However, despite recent efforts, the function of SV2A has
not been fully elucidated at this time and further research is required. Additionally,
the presence of SV2A in the glutamatergic and GABAergic neurons throughout the
synaptome presents this transmembrane glycoprotein as a potential biomarker for
synaptic density. Synaptic density is known to change throughout the course of
many neurological conditions including Alzheimer’s disease, Parkinson’s disease,
schizophrenia, and epilepsy. Consequently, nuclear imaging of SV2A provides a
valuable opportunity to quantitatively evaluate changes to synaptic density within
the brain over the course of these neurological conditions. As this is an emerging
field of research, the number of SV2A radiotracers currently available is very limited
and the development of novel nuclear imaging agents is an ongoing process.
Crucially, improved synthetic methods for the preparation of SV2A radiotracers
currently in pre-clinical development or clinical trials would be extremely

advantageous to this expanding research field.
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2.0 Results and Discussion

2.1 Synthesis of Novel Olaparib-Derived PET Imaging Agents for
PARP-1

2.1.1 Unpublished Previous Work in the Sutherland Group

Since 2012, the Sutherland group have worked to develop novel PET and SPECT
imaging agents for PARP-1, for employment in the monitoring and treatment of
various cancer types. The recurrent focus of this research has been specifically on
small molecule PARP-1 inhibitors derived from olaparib (1), with an integral capacity
for late-stage radiolabelling. Following on from the published work described in
Section 1.2.3.2,102-105.158-161 the group sought to design and synthesise a novel
library of PARP-1 inhibitor PET imaging agents with increased metabolic stability
and that could undergo facile radiofluorination as the final synthetic step. It was
proposed that this new series of compounds would largely conserve the structure of
compound 16a, shown in Figure 17 below, and incorporate alternative benzamide
motifs for fluorine-18 radiolabelling, via a nucleophilic aromatic substitution (SnAr)

reaction.

LG A CLO

olaparib (1) ['°F]16a

Figure 17 — Structure of olaparib (1) and Sutherland group compound 16a

It is widely known that SnAr reactions are promoted by the presence of electron-
withdrawing substituents in the ortho- or para- positions, relative to the leaving group
that is displaced, due to increased stability of the intermediate. In 2016, Gouverneur
and co-workers published a review of fluorine-18 radiolabelling methods for
haloarenes and haloheteroarenes with pertinence to PET radiotracer synthesis.?® In

this review, the authors highlighted that halide-displacing SnAr reactions using
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fluorine-18 have been widely and successfully facilitated by the presence of either
electron-withdrawing substituents or heteroatoms, in the ortho- or para- positions.
For example, Cremer and co-workers employed a para-nitro substituent in the
synthesis of ['®F]PK14105 (['®F]28), via an SNAr reaction of chloride precursor 27,
for PET imaging of peripheral-type benzodiazepine binding sites (Scheme 2).762
Nitroarenes are frequently exploited as precursors for SnAr radiofluorination
reactions and generally provide higher radiochemical yields (RCY) than haloarene
equivalents. Importantly, this work by Cremer and co-workers demonstrated that
halides are favourably substituted for fluorine-18 in SnAr reactions of
halonitroarenes. Furthermore, research by Crouzel and co-workers shown below in
Scheme 2 exemplifies fluorine-18 radiolabelling of ortho-substituted electron-
deficient halopyridines 29a and 29b via SnAr reactions, in high radiochemical

yields.'83

[18F]F_, Rb2C03
DMSO
140 °C, 0.33 h
['8F]PK14105 (['8F]28)
RCY = 15%
N. X ['8F]F-, K,CO4 N_ 18F
B B
= Kppo, DMSO %
180 °C, 0.33 h
X = Cl, 29a ['®F130
X =Br, 29b X =Cl, RCY =57%

X =Br, RCY =87%

Scheme 2 — Radiofluorination of electron-deficient arenes via SnAr reactions

Consequently, Kerry O’Rourke of the Sutherland group synthesised a small library
of novel PARP-1 inhibitors containing electron-deficient fluorobenzamide moieties,
compounds 31, 32, 33 and 34, herein referred to as the KO library (Figure 18).158
This series of compounds was synthesised as fluorine-19 analogues for evaluation
of physicochemical properties and in vitro PARP-1 inhibitory potency, since these
attributes are presumed to be identical for the fluorine-18 equivalent compounds.
Additionally, chloride or bromide analogues were synthesised for each compound
in this library, to serve as appropriate precursors for radiofluorination via a SnAr

reaction.
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Figure 18 — Library of PARP-1 inhibitors synthesised by the Sutherland group

To determine which compounds in the KO library were suitable for further
development as PET imaging agents, compounds 31, 32, 33 and 34 were subjected
to physicochemical properties analysis wusing high performance liquid
chromatography (HPLC) methodology.®®'%* Full experimental detail, results and
discussion of physicochemical properties testing for these compounds can be found
in the PhD thesis of Kerry O’Rourke.’®® All four compounds exhibited satisfactory
physicochemical properties and were consequently submitted to extensive in vitro
studies of PARP-1 inhibitory potency and cytotoxicity.'®®'%5 In vitro testing was
performed using immunofluorescence-based assays of PARylation and colony
formation assays in two glioblastoma cell lines, G7 and E2 stem cells. A selection
of half-maximal inhibitory concentration (ICso) values obtained from these
PARYylation inhibition assays are shown in Table 5 below. Full experimental detail,
results and discussion of in vitro work performed can be found in the PhD thesis of
Maria C. Liuzzi.'®® This analysis revealed that compounds 31 and 34 possess the
necessary physicochemical properties to cross the blood-brain barrier (BBB) and
are more potent and cytotoxic PARP-1 inhibitors than olaparib (1), under our
experimental conditions. It was concluded that both compounds 31 and 34 were
suitable for further development as PET imaging agents for PARP-1 and

radiosynthesis of ['8F]31 would be investigated in future projects.
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Table 5 — ICso values of olaparib (1) and compounds 31 and 34 in glioblastoma G7

and E2 stem cell lines

PARylation Inhibition
Compound No. ICs0 (NM)
G7 E2

1 4.92 417

/\ 31 0.851 1.12
N
sasve

34 0.319 0.552

2.1.2 Proposed Research

The overall objective of this research project was to expand upon the work
previously carried out within the Sutherland group on new PARP-1 inhibitors for PET
imaging, based on the structure of olaparib (1). The first aim of this project was to
prepare the olaparib core 35 using the synthetic route previously published by the
Sutherland group.'? Subsequently, the olaparib core 35 would be employed in a
coupling reaction with BODIPY FL propionic acid 36 to obtain an established PARP-
1 inhibitor with fluorescent properties, olaparib-BODIPY FL (37) (Scheme 3)."66.167
Olaparib-BODIPY FL (37) would then be applied for the development of in vitro
biological studies of PARP-1 inhibition by our project collaborators at the Institute of
Cancer Sciences, University of Glasgow. Such studies include a competitive

inhibitor displacement fluorescence assay, which would allow various binding
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properties of novel olaparib analogues with PARP-1 to be assessed. Furthermore,
our collaborators would employ olaparib-BODIPY FL (37) to investigate the uptake

and retention of olaparib (1) in the nuclei of glioblastoma cell lines.

35 36 olaparib—BODIPY FL (37)

Scheme 3 — Proposed synthesis of olaparib-BODIPY FL (37)

The third aim, and key objective, of this project was to design and synthesise a
library of novel olaparib-derived PARP-1 inhibitors with susceptibility to late-stage
fluorine-18 radiolabelling methods, for use as PET radiotracers. It was proposed
that this series of compounds, herein referred to as the HM library, would employ
an alternative scaffold design and radiofluorination methodology to PARP-1

inhibitors previously investigated by the Sutherland group.

Prior to this project, multiple key interactions were identified between various PARP-
1 inhibitors and the PARP-1 catalytic site.?58-170 |t had been suggested that
olaparib (1) exhibits potent binding to PARP-1 due to these same interactions
(Figure 19A). The aryl ring of the phthalazinone system participates in non-polar T—
T stacking with tyrosine-907, and the amide moiety participates in hydrogen bonding
to serine-904 and glycine-863. Further hydrogen bonding interactions are present
between the meta-benzyl carbonyl and methionine-890. Therefore, it was proposed
that all compounds of the HM library would retain the olaparib core structure 35 and

consequently exhibit high PARP-1 inhibitory potency.
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Figure 19 — Key binding interactions of olaparib (1) with PARP-1 catalytic site

In December 2020, Gajiwala and co-workers published a crystal structure of the
human PARP-1 catalytic domain complexed with olaparib (1) (PDB ID: 7kk4).""
One month later in January 2021, Neuhaus and co-workers also reported a crystal
structure of the human PARP-1 catalytic domain complexed with olaparib (1) (PDB
ID: 7AAD).? All key interactions observed in these studies are in agreement (Figure
19B), though differ from those previously proposed. The phthalazinone system
participates in non-polar TT—1 stacking and cation-11 interactions, through the 3-N
atom, with tyrosine-907. The carbonyl of the phthalazinone participates in hydrogen
bonding to serine-904 and glycine-863. Cation-1r interactions were also observed
between the phthalazinone, through the 2-N atom, and histidine-862. Additional
non-polar T—1r stacking was reported between the central fluorobenzyl ring and
tyrosine-896, which also participates in hydrogen bonding to the meta-benzyl
carbonyl. Finally, the carbonyl of the cyclopropylamide moiety was found to
hydrogen bond to a conserved water molecule. No key interactions have been
observed between the catalytic site of PARP-1 and the piperazine or cyclopropyl
moieties of olaparib (1) to date. Notably, in 2004, Fujii and co-workers reported that
a large hydrophobic pocket is formed adjacent to the PARP-1 catalytic site following
binding of an inhibitor ligand.'”? This pocket is found on the opposite side of the
catalytic domain to the region in which the phthalazinone moiety of olaparib (1) is

bound.

Reiner and co-workers have reported multiple olaparib-derived structures, such as
compound ['®F]15, in which the 4-NH-piperazine moiety is substituted with a long
lipophilic hydrocarbon chain and coupled to a bulky terminal ring system (Figure
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20).97.98.173 These compounds retain potency for PARP-1 despite significant

structural modification and are applicable as fluorescent or PET imaging agents.
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olaparib (1) ['8F]15
ICSO =5nM |C50 =17.9 nM

Figure 20 — Olaparib analogue ['8F]15 synthesised by Reiner and co-workers

Evidently, this absence of key binding interactions outwith the core scaffold of
olaparib 35 and the large adjacent hydrophobic pocket permit the PARP-1 catalytic
site to tolerate a diverse range of modified olaparib-based ligands. As such, it was
proposed the HM library compounds would be synthesised by acylation of the
olaparib core 35 with succinic anhydride to introduce a lipophilic hydrocarbon linker
to the scaffold (Scheme 4). Resulting intermediate 38 would provide a pendant

carboxylic acid handle for coupling to a range of fluoroarene nucleophiles.

(0]
0 0% _0
N o
_N o DMAP (10 mol%) Z 0
MeCN, reflux
T
LT

General structure of HM library

Scheme 4 — Proposed synthesis of novel PARP-1 inhibitors for PET imaging
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As a result of this new scaffold, the HM library of PARP-1 inhibitors would have an
elongated structure and increased degree of flexibility compared to previous
Sutherland group compounds. It was proposed that these structural changes may
result in alternative interactions within the PARP-1 catalytic site and influence
inhibitory potency. Furthermore, it was hoped that a greater understanding of PARP-
1 inhibitor SAR could be obtained. Fluorine-19 analogues would be synthesised
exclusively at this stage of the project, as previously discussed for the KO library, to
mimic the fluorine-18 equivalents in subsequent physicochemical properties

analysis and in vitro biological studies.

Once synthesised, this small library of potential PET radiotracers would be
subjected to physicochemical properties evaluation using high performance liquid
chromatography (HPLC) techniques developed by Tavares et al., to identify the
compounds with optimal drug-like properties.'®* The properties to be determined
include the partition coefficient (log P), percentage plasma protein binding (%PPB),
membrane partition coefficient (Km) and membrane permeability (Pm). Those with
favourable physicochemical properties would then be assessed for PARP-1
inhibitory potency by our collaborators at the Institute of Cancer Sciences, University
of Glasgow, using a range of in vitro studies in two glioblastoma models. Should any
of these compounds show scope for development as a PET imaging agent for
PARP-1, a corresponding precursor would be synthesised and a fluorine-18

radiolabelling method investigated.

In 2014, Gouverneur and co-workers reported a novel radiolabelling procedure of
aryl pinacol boronic  ester  precursors  using ['®F]fluoride  and
tetrakis(pyridine)copper(ll) bis(trifluoromethanesulfonate), via a Chan-Lam-inspired
radiofluorodeborylation reaction.’®” This method was applicable to a wide range of
electron-deficient and electron-rich arenes with diverse functionality, and was
employed in the radiosynthesis of three established PET imaging agents in high
radiochemical yields. Additionally, Gouverneur and co-workers published an
optimised procedure for this same radiofluorodeborylation reaction in 2016.'% The
authors proved this procedure to be both robust and reliable by successfully
synthesising eight further PET radiotracers across three different laboratories and

synthetic modules.

58



Therefore, it was proposed that this methodology would be used in the
radiosynthesis of fluorine-18 analogues of the HM library compounds (Scheme 5).
When required, aryl pinacol boronic ester precursors would be obtained by coupling
carboxylic acid intermediate 38 with the appropriate commercially available aryl

boronic ester nucleophiles.

[Cu(OTfa(pY)al : DMF or DMA
["8FIKF/Kp00 ; 120°C, 20 min

0]

NH
_N 0
CLOL
n| —18F
o} =

Scheme 5 — Proposed radiofluorination procedure

Finally, as discussed in Section 2.1.1, compound 31 was previously identified as a
more potent PARP-1 inhibitor than olaparib (1) and selected for further development
as a PET imaging agent. Therefore, an additional aim of this project was to

investigate the radiosynthesis of ['8F]31 via a SnAr reaction (Scheme 6).
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Scheme 6 — Proposed radiosynthesis of ['8F]31
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2.1.3 Synthesis of the Olaparib Core Structure

The first aim of this project was to synthesise the olaparib core structure 35, as this
is the key intermediate for the preparation of all subsequent olaparib (1) analogues.
It was proposed that this would be achieved following the synthetic route to
compound 35 previously published by the Sutherland group (Scheme 7).'%2 This
method was adapted from synthetic procedures reported by Menear et al. in 2008

for the preparation of olaparib (1).74174

(@]
0 ' CN 0
0 1) NaOMe, MeOH
9 0°Cthenrt,2h o) 43 F e
O + MeO-P. CN
MeO ™ 2)MeSOzH, 0.5h R0 CI:Ett%N, Tlt-u:18 ) \ @
96% -\ ° en rt,
OH MeO OMe 98% F
40 a1 42 44
1) 13 M NaOH | 2) NHoNH,.H,0
H,0, 90 °C 70°C, 72 h
24 h 96%
0 0o
O NH 6 M HCI NH HBTU, Et;N
N EtOH N DMF, i, 1 h
7 0 7 0
rt, 24 h /N
O N 71% O N HN NBoc
— 46
NH NBoc
F K/ F K/ 50°C,72h
35 47 71%

Scheme 7 —Synthetic route for preparation of the olaparib core (35) published by
the Sutherland group

Firstly, phosphorylation of commercially available 2-carboxybenzaldehyde (40) was
performed under basic conditions using dimethylphosphite (41) and sodium
methoxide to afford benzofuran-1-one phosphonate ester 42 in 79% yield (Scheme
8). Notably, this reaction afforded 42 in a lower yield than previously reported by the
Sutherland group.’®? This was likely due to experimental variability commonly
observed between distinct reactions, and is produced by differences in reaction

scale, handling technique, and ambient conditions.
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Scheme 8 — Synthesis of benzofuran-1-one phosphonate ester 42

The phosphonate ester moiety of benzofuran-1-one 42 was then transformed
through a Horner-Wadsworth-Emmons (HWE) reaction with 2-fluoro-5-
formylbenzonitrile (43) in the presence of triethylamine to give alkene 44 in 89%
yield (Scheme 9). The E and Z isomeric ratio of the isolated product 44 was
determined by 'H NMR spectroscopy to be 75:25, respectively. HWE reactions
typically favour formation of E-alkenes, as observed here, and this selectivity can
be rationalised through consideration of the reaction intermediates. Following
nucleophilic attack of the phosphonate ester-stabilised anion at the benzaldehyde
carbonyl, the anti oxaphosphetane is formed faster than the syn oxaphosphetane.
The preceding betaine intermediate undergoes rotation to generate the anti
oxaphosphetane faster as this reduces steric interactions. Subsequent elimination
from the anti oxaphosphetane to form the E-alkene is also faster than the
corresponding Z-alkene formation. No efforts were made to influence the E/Z
selectivity of this step or to separate the isomers of alkene 44 as the alkene

geometry was inconsequential to the succeeding synthetic step.

o}
0 | CN EtsN, THF 0
+ —_— CN
p= 0 °C then rt \ @\
- F 21 h, 89%
MeO OMe F
42 43 44

Scheme 9 — Synthesis of alkene 44 via a HWE reaction

The next stage in the preparation of the olaparib core 35 was to introduce a
carboxylic acid handle, for subsequent amide coupling, and the phthalazinone
moiety, vital for PARP-1 binding interactions. Both transformations were achieved
using a one-pot, two-step procedure (Scheme 10). Alkene 44 was treated with 13
M aqueous sodium hydroxide at 90 °C resulting in hydrolysis of the nitrile
functionality to the corresponding carboxylic acid. This was followed by the addition
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of hydrazine monohydrate at a lower temperature of 70 °C to facilitate a
cyclocondensation reaction. Subsequent acidification of the crude reaction mixture
using 6 M aqueous hydrochloric acid afforded phthalazinone 45 in 66% yield over
two steps. Repetition of this one-pot procedure produced phthalazinone 45 in
variable yields, therefore it was proposed that these transformations would be

performed independently with the aim of improving reproducibility and overall yield.
0
0
1) 13 M NaOH NH
o) 90 °C, 18 h _N
\ eN 2) NH,NH,.H,0
@\ 70.°C, 72 1 COH
F 66% O
F

44 45

Scheme 10 — Synthesis of phthalazinone 45 via a one-pot, two-step procedure

Literature procedures reported by Menear et al. were employed for the synthesis of
intermediates 48 and 45 in a stepwise manner from alkene 44 (Scheme 11).'7°
Firstly, transformation of the benzofuran-1-one moiety was carried out using
hydrazine monohydrate under acidic conditions to give phthalazinone 48 in 88%
yield. Hydrolysis of the nitrile functionality in intermediate 48 was then achieved with
2 M sodium hydroxide and afforded phthalazinone 45 in excellent 92% yield.
Employment of this alternative synthetic route overcame significant reproducibility
issues of the previous one-pot procedure and phthalazinone 45 was isolated in high
yields at both milligram and multigram scale. Additionally, phthalazinone 45 was
prepared in a significantly shorter reaction time of 42 h, and higher yield of 81% over
two steps. Furthermore, this sequential approach was more atom economical. In
the one-pot method, 13 M aqueous sodium hydroxide, 14 equivalents of hydrazine
monohydrate and 6 M aqueous hydrochloric acid were employed. The stepwise
procedures required only 1.2 equivalents of hydrazine monohydrate, 25 mol% of

acetic acid and 2 M aqueous sodium hydroxide.
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Scheme 11 — Synthesis of phthalazinone 45 via two sequential reactions

Following the preparation of phthalazinone 45, the next objective was to introduce
a piperazine ring to the scaffold through an amide coupling reaction. Under standard
conditions, there is an inherent risk that piperazine (49) will undergo dimerisation
with the carboxylic acid of 45. Therefore, it was necessary to protect one of the
nucleophilic nitrogen atoms of piperazine (49). A tert-butyloxycarbonyl (boc)
protecting group was identified as a suitable choice since the reaction conditions
required for both installation and deprotection do not interfere with any other
functionality or synthetic steps in this route. Following a literature procedure, N-Boc
piperazine (46) was prepared from piperazine (49) and di-tert-butyl dicarbonate (50)
in 91% yield (Scheme 12).176

HN >L 0o o J< CH,Cl, HU 5
+ _— =
L_NH o)Lo)J\o 0°Ctort, 21 h hig \y<
91% o)
49 50 46

Scheme 12 — Mono N-Boc protection of piperazine 49

Subsequently, the N-Boc-protected olaparib core 47 was prepared from carboxylic
acid 45 and N-Boc piperazine (46), via an amide coupling reaction, in 97% yield
(Scheme 13). This amide bond formation was achieved using O-benzotriazole-
N,N,N',N'-tetramethyluroniumhexafluorophosphate (HBTU), a uronium-based

coupling reagent, in the presence of triethylamine.
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Scheme 13 — Synthesis of N-Boc-protected olaparib core 47

The proposed mechanism for this HBTU-mediated synthesis of 47 is shown below
in Scheme 14."7 Under basic conditions, carboxylic acid 45 undergoes
deprotonation to form carboxylate anion 51, which then attacks the electrophilic
carbon of the uronium moiety within HBTU (52), via a nucleophilic substitution (Sn2)
reaction. The resultant intermediate 53 is then attacked by the O-benzotriazole
(OBt) anion 54, in an additional Sn2 reaction, to give the OBt activated ester
intermediate 55 and tetramethylurea (56). Subsequently, nucleophilic N-Boc
piperazine (46) attacks intermediate 55, in a final Sn2 reaction, to give
hydroxybenzotriazole (HOBt) (57) and the desired amide 47. When performing
HBTU-mediated couplings, it is advantageous to add the nucleophilic amine, such
as N-Boc piperazine 46, to the reaction mixture following formation of intermediate
55. This prevents nucleophilic attack of the amine into HBTU (52), which can lead

to formation of a guanidylated-amine side-product.’””
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Scheme 14 — Mechanism of HBTU-mediated synthesis of 47

Finally, the N-Boc-protected olaparib core 47 underwent deprotection using 6 M
aqueous hydrochloric acid to afford the desired olaparib core 35 in 95% yield
(Scheme 15). In conclusion, the seven-step synthetic route described above was

scalable and employed to produce multi-gram quantities of 35 in good yield.

0
6 M HCI NH
EtOH _N o
1,22 h
95% O N
= NN

35

Scheme 15 — N-Boc deprotection of 47 to afford the olaparib core 35
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2.1.4 Synthesis of Olaparib-BODIPY FL (37)

Following the successful synthesis of the olaparib core 35, the next project aim was
to functionalise the 4-NH-piperazine ring with a pendant BODIPY fluorophore for the
preparation of olaparib-BODIPY FL (37). Olaparib-BODIPY FL (37) was originally
reported by Reiner and co-workers as a fluorescent probe applicable to in vivo
imaging studies of PARP-1 inhibition.'6.167 In a PARP-1 activity assay, olaparib-
BODIPY FL (37) exhibited an ICso of 12.2 nM which, although less potent than
olaparib (1) (ICso of 1.7 nM), indicates sufficient PARP-1 affinity for molecular
imaging (Figure 21). Furthermore, olaparib-BODIPY FL (37) displayed selectivity for
PARP-1 in murine models of ovarian and pancreatic cancer. Subsequently, Reiner
and co-workers have demonstrated the multifaceted utility of olaparib-BODIPY FL
(37) as a fluorescent PARP-1 imaging agent in glioblastoma cell lines.'0'-178.179 Ag
of 2017, olaparib-BODIPY FL (37) is under investigation in a phase I/l clinical trial
for application as a fluorescent PARP-1 binding imaging agent in oral squamous cell
cancer.'® As described in Section 2.1.2, this project sought to employ a fluorescent
probe for molecular imaging of PARP-1 in glioblastoma cell lines. Based on the
above literature precedent from Reiner and co-workers, olaparib-BODIPY FL (37)

was selected as a suitable agent.

olaparib (1) olaparib—BODIPY FL (37)
ICSO = 17 nM ICSO = 122 nM

Figure 21 —ICso of olaparib (1) and olaparib-BODIPY FL (37)

The preparation of olaparib-BODIPY FL (37) began with the synthesis of BODIPY
FL propionic acid 36 using literature procedures.'8".182 First, commercially available
pyrrole-2-carboxyaldehyde (58) underwent a Wittig olefination under mild conditions
with methyl (triphenylphosphoranylidene)acetate to give the desired E-alkene 59 in
79% vyield (Scheme 16). The geometry of this alkene was confirmed by '"H NMR

spectroscopy of the isolated product, which showed two doublets between 6—8 ppm
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with coupling constants indicative of a vicinal frans relationship. The E-alkene was
produced selectively over the Z-isomer since the negative charge of the
phosphonium ylide generated from methyl (triphenylphosphoranylidene)acetate is
stabilised via delocalisation by the methyl ester moiety. Due to this stabilising effect,
the reaction proceeds more slowly and affords a later trans oxaphosphetane
transition state with a more planar structure with reduced steric repulsions.
Furthermore, this delocalisation of the ylide negative charge onto the methyl ester
carbonyl generates a strong dipole along the H.C-CO2>Me bond. Adoption of the
frans oxaphosphetane transition state produces a favourable antiparallel orientation
of this dipole and the dipole which exists along the C=0 bond of aldehyde 58. Alkene
59 was subsequently reduced via hydrogenation with 10% wt. palladium on carbon.
Full conversion to the corresponding alkane was observed by "H NMR spectroscopy
after 3 h, which allowed for facile purification using a short plug of Celite® to afford

methyl 3-(1'H-pyrrol-2'-yl)propanoate (60) in 92% yield (Scheme 16).

10% Pd/C (3.5 mol%)

N CH,Cly, rt N MeOH, rt N
2V12; )
H 18 h, 79% H 3 h, 92% H
58 59 60

Scheme 16 — Synthesis of 60 via Wittig and hydrogenation reactions

Assembly of the BODIPY fluorophore was undertaken next. Methyl 3-(1'H-pyrrol-2'-
yl)propanoate (60) was coupled with commercially available 3,5-dimethylpyrrole-2-
carboxaldehyde (61) in the presence of phosphorous(V) oxychloride generating a
dipyrrin intermediate. Formation of this intermediate was evident by thin layer
chromatography after 3 h, and subsequent addition of boron trifluoride diethyl
etherate and HUnig’s base provided BODIPY propionic ester 62 in 66% yield. Ester
hydrolysis of BODIPY propionic ester 62 was then achieved using concentrated
hydrochloric acid to give BODIPY propionic acid 36 in 66% yield (Scheme 17).

_ 1) POCl3, CH,Cl,
<0 wh_/ 0°Cthenrt,3h Q
DIPEA
CO,Me 0 °C then rt CO,Me
2

61 60 14.h, 66% 62 36

Scheme 17 — Synthesis of BODIPY propionic ester 62 and acid 36

conc. HCI
H,O, THF

0 °C thenrt
50 h, 66%

CO,H
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With both BODIPY propionic acid 36 and the olaparib core 35 in hand, an HBTU-
mediated amide coupling reaction was performed in the presence of triethylamine
to afford the desired olaparib-BODIPY FL (37) in 93% yield (Scheme 18).

HBTU, EtsN O
F-g© ) DMFrt 05h

93%

35 36 Olaparib—BODIPY FL (37)

Scheme 18 — Synthesis of olaparib-BODIPY FL (37)

Notably, formation of the N,N'-diacylated piperazine moiety resulted in the
appearance of rotational isomers in the 'H and '*C NMR spectra of olaparib-
BODIPY FL (37). It has been proposed that the amide functionalities of such
substituted piperazine rings possess partial double bond character, and as such
free rotation of the C—N bond of the amide is restricted.’® Consequently, it was
believed the rotamers observed in the NMR spectra of olaparib-BODIPY FL (37)

were due to restricted rotation between cis and trans isomers (Figure 22).

cis-olaparib—BODIPY FL trans-olaparib—BODIPY FL

Figure 22 — Proposed cis and trans isomers of olaparib-BODIPY FL (37)

Rotational isomers were most clearly observed in the "H NMR spectrum, for signals
relating to hydrogen atoms of the piperazine ring (which appeared as four signals,
integrating to two protons each, between 3.10 ppm and 3.70 ppm), and the adjacent

CH2 (which appeared as two signals, integrating to one proton each, at 2.71 and
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2.78 ppm). Upon heating the '"H NMR sample to 100 °C, rotamer peaks underwent
coalescence due to rapid interconversion of the cis and trans isomers (Figure 23).
Furthermore, rotational isomers were observed for all compounds subsequently

synthesised in this project which contain the N,N'-diacylated piperazine moiety.
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Figure 23 — Expansion of '"H NMR spectra of olaparib-BODIPY FL (37)

The photophysical properties of olaparib-BODIPY FL (37) were then examined
through measurement of absorption and emission spectra. The absorption spectrum
was recorded in methanol at the varied concentrations of 1 yM, 5 uM, and 10 uM,
and showed a maximum at 504 nm, with a molar extinction coefficient of 64779 M
cm™" (Figure 24). The emission spectrum was also measured in methanol at a
concentration of 1 yM, which displayed maximum emission at 511 nm (Figure 24).
Emission spectra recorded at concentrations of 5 yM, and 10 uM in methanol
displayed intense off-scale emission bands attesting to the highly fluorescent
character of olaparib-BODIPY FL (37).
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Absorption and Emission Data for Olaparib-BODIPY FL
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Figure 24 - Absorption and emission spectra for olaparib-BODIPY FL (37)

Investigations are currently underway at the Institute of Cancer Sciences, University
of Glasgow, into the applications of olaparib-BODIPY FL (37) for in vitro biological
studies of PARP-1. Development of an in vitro competitive displacement
fluorescence assay of PARP-1 inhibition is ongoing. In the future, submission of
novel olaparib analogues to this assay will facilitate evaluation of cellular uptake,
distribution, PARP-1 affinity, and retention.

2.1.5 Synthesis of Novel Olaparib-Derived PARP-1 Inhibitors

Extension of the olaparib core structure 35 via coupling to succinic anhydride was
then explored. Initially, N-acylation of the olaparib core 35 was attempted using 2
equivalents of succinic anhydride and catalytic amounts of 4-dimethylaminopyridine
(10 mol%) (DMAP) under reflux (Table 6, entry 1). Under these conditions, full
conversion of the olaparib core 35 was observed within 24 h; however, purification
of the carboxylic acid product 38 proved challenging. Following aqueous acid-base
extraction, '"H NMR spectroscopy of the product revealed a mixture of 38 and
succinic acid in a 45 : 55 ratio. Separation of this mixture was previously attempted
by flash column chromatography, employing an eluant system of 10% methanol and
0.1% acetic acid in dichloromethane. However, due to the polarity and acidic

functionality of both compounds, co-elution of 38 and succinic acid was observed.
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Subsequent attempts to isolate 38 by trituration or recrystallisation from a range of
common organic solvents also proved unsuccessful. Consequently, the decision
was made to employ an acid-base extraction as the sole method of purification,
which necessitated optimisation of the reaction conditions to prevent formation of

substantial quantities of succinic acid.

Under these initial reaction conditions, excess succinic anhydride in the crude
reaction mixture was subjected to aqueous acidic and basic conditions, resulting in
hydrolysis to succinic acid. It was therefore proposed that the equivalents of succinic
anhydride used in this procedure would be adjusted. Employment of the olaparib
core 35 and succinic anhydride in equal molar ratio was found to significantly reduce
production of succinic acid, and gave 38 and succinic acid in an 85 : 15 ratio (entry
2). This prompted the decision to employ succinic anhydride as the limiting reagent,
and the olaparib core 35 in a slight excess (entry 3). These optimised conditions

afforded carboxylic acid intermediate 38 in 81% vyield.

Table 6 — Optimisation of acylation conditions for the synthesis of 38

0
0 o
o 0}
N 7 O H
O N DMAP (10 mol%) N 0
i /\ MeCN, reflux O N o
N
O F (_NH F K/NWOH
35 38
Equiv. of
Equiv. of Time Ratio of Isolated Yield
Entry succinic . i
35 ] (h) 38 : succinic acid? of 38 (%)
anhydride
1 1 2 24 45 :55 -
2 1 1 18 85:15 -
3 1.2 1 16 96 : 4 81

aDetermined using "H NMR spectroscopy.

With a synthetic route now established for the synthesis of carboxylic acid
intermediate 38, the focus of the project was to couple 38 to a range of fluoroarene

nucleophiles. Commercially available 2-nitro-4-fluorotoluene (63) underwent
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hydrogenation using 10% wt. palladium on carbon to give 2-methyl-5-fluoroaniline
(64) in 62% yield (Scheme 19). However, the volatility of aniline 64 when exposed
to elevated temperatures (30—-40 °C) in vacuo made handling impracticable.
Consequently, reduction of 2-nitro-4-fluorotoluene (63) was repeated and the
resultant aniline 64 was treated with 2 M hydrochloric acid to give 2-methyl-5-
fluoroaniline hydrochloride (65) in 98% yield (Scheme 19).

. £ 1)10% Pd/C (10 mol%) .
H, (1 atm), MeOH
10% Pd/C (10 mol%) t, 6 h
H, (1 atm), MeOH 2) 2 M HCl in Et,0 _
HaN t, 2 h, 62% O2N 1, 0.2 h, 98%. CIH-HN
64 63 65

Scheme 19 - Synthesis of anilines 64 and 65

Carboxylic acid intermediate 38 was then submitted to coupling reactions with eight
structurally diverse fluoroarene nucleophiles, including 2-methyl-5-fluoroaniline
hydrochloride (65), ortho- and para-fluoroanilines, 4-fluorobenzyl amine, 4-
fluorobenzyl alcohol, 4-fluorothiophenol and 4-fluoroindole (Scheme 20). HBTU was
employed as the coupling agent in the presence of triethylamine to afford
compounds 66—73 in adequate yields for this stage of the project. Optimisation of
these coupling conditions was not explored, and accordingly moderate yields of 66—
73 were obtained. It should be noted that these coupling conditions will require
optimisation for the future syntheses of any compounds nominated for further
development as PET imaging agents. It was proposed that this series of compounds
would allow the impact of altering the fluorine labelling site (66, 67 and 68),
increasing lipophilicity and steric bulk (68 and 69), further extension and flexibility of
the scaffold (70 and 71) and installation of alternative heteroatoms or heteroarenes
(71, 72 and 73) to be investigated. Furthermore, the range of fluoroarene
nucleophiles selected for preparation of this library were chosen due to the
commercial availability of the corresponding aryl boronic ester nucleophiles or their

ease of synthesis.
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Scheme 20 — Synthesis of novel PARP-1 inhibitors for PET imaging. #Stirred at

room temperature for 3 h. *Stirred at room temperature for 2 h.

2.1.6 Physicochemical Properties Evaluation of Novel Olaparib-Derived
PARP-1 Inhibitors

With this new generation of olaparib analogues at our disposal, the next objective
was to identify which of these compounds possessed favourable physicochemical
properties. As with therapeutic drug discovery, it is advantageous to assess the
bioavailability of potential radiotracers during the preliminary stages of development.
Ultimately, these compounds are intended for use as PET imaging agents for PARP-
1 in various cancer types including glioblastoma which occurs within the brain. As
such, it is imperative that these compounds penetrate the blood-brain barrier (BBB).
Physicochemical properties which influence the partition of radiotracers across the
BBB include the partition coefficient (log P), percentage plasma protein binding

(%PPB), membrane partition coefficient (Km) and permeability coefficient (Pm).
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2.1.6.1 Partition Coefficient

The lipophilicity of an organic compound is a quantitative expression of the affinity
that compound possesses towards lipophilic environments.'® The partition
coefficient (log P) is the most widely employed descriptor of lipophilicity.
Traditionally, log P is determined experimentally through liquid/liquid extraction, also
known as the “shake flask” method.'®% In this method, a compound is partitioned
between two equilibrated immiscible phases, typically octanol and water.'® The
resultant concentration of compound measured in each of these phases provides a
ratio, and the log of this ratio is defined as the partition coefficient (log P) (Figure
25).

[Concentration]OCtanol)

log P =1 (
o9 9 [Concentration]yyater

Figure 25 — Equation for log P calculation

However due to the time consuming nature of the “shake flask” method, alternative
experimental and in silico methods to measure log P have since been developed,
including HPLC methodology using a C18 column.'84185.187  Fyrthermore,
lipophilicity is commonly exploited for prediction of absorption, distribution,
metabolism, and elimination (ADME) properties, and BBB-permeability of
therapeutic drugs.'®87 In addition, compounds with moderate log P values (1.5—
4.5) are able to penetrate the BBB most effectively; compounds with low (< 0) or
high (> 5) log P values are prone to rapid in vivo metabolic clearance and high

percentage plasma-protein binding, respectively.

2.1.6.2 Plasma Protein Binding

Once a drug compound enters the bloodstream it participates in a wide variety of
interactions with constituents of the plasma. Human serum albumin (HAS) and as-
acid glycoprotein (AGP) are two proteins found in high abundance within the plasma
that bind to drug compounds with significant affinity.'8® As a result, only the unbound
fraction of a drug is free to interact with the intended biological target and cause

therapeutic effects. The percentage of a drug that is bound to the plasma protein
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(%PPB) can be measured traditionally through equilibrium dialysis or ultrafiltration
methods; however, HPLC techniques have been developed for more efficient
evaluation of %PPB.16418%.1%0 These HPLC methods involve the use of columns in
which the silica stationary phase has been bonded to immobilised HSA protein.
Compounds with higher %PPB display poorer in vivo brain penetration and
metabolic clearance, which in turn leads to bioaccumulation in off-target
organs.'64.185.189 |n the context of radiotracers for applications in the brain, the effects

of high %PPB would result in poor quality images from a poor signal-to-noise ratio.

2.1.6.3 Membrane Partition Coefficient and Permeability

To cross the BBB a drug compound will also be subject to interactions with cellular
membranes which is often the rate-limiting factor of drug absorption.’®' The
membrane partition coefficient (Km) and permeability (Pm) are two fundamental
physicochemical properties used to describe such interactions. The membrane
partition coefficient (Km) is the equilibrium constant of partitioning of a compound
between a cell membrane and an aqueous phase.’'-'9 As such, Kn provides a
quantitative expression of all interactions between a drug and cellular membrane.
Chromatography methods have been developed to measure Kn using immobilised
artificial membranes (IAM).164.191-193 These techniques employ columns in which the
silica stationary phase has been bonded to phosphatidyl choline to mimic a lipid
bilayer. Additionally, permeability (Pm) is a quantitative expression of the permeation
of a compound across a cellular membrane via passive diffusion. Pm is directly
proportional to Km with molecular weight (MW) as a proportionality constant (Figure
26).191-193

Km
Pm = ——
™ MW

Figure 26 — Equation for P, calculation

2.1.6.4 Physicochemical Properties of Novel PARP-1 Inhibitors

In the 2012 study by Tavares et al., ten established imaging agents were submitted
to physicochemical properties determination via HPLC methodology, and the results

compared with in vivo brain distribution data.'®* From this analysis, the authors
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reported an ideal value range for each of these physicochemical properties as
criteria with which candidate radiotracers can be assessed (Table 7). Potential
imaging agents with physicochemical properties values within these ranges are
considered likely to permeate the BBB. Moreover, the authors proposed that this
technique offers a reliable high-throughput system for screening and ranking of
candidate radiotracers to aid with lead compound selection in future radiotracer

development programmes.

Table 7 — Physicochemical properties criteria for potential imaging agents

Physicochemical Property Ideal Value
log P <4.0
%PPB <95%
Km <250
Pm <0.5

All eight compounds synthesised in this project were submitted to physicochemical
properties evaluation using these HPLC methods (Table 8, Section 3.3, Appendix
[). Physicochemical properties listed for olaparib (1) were previously determined
within the Sutherland group using this method.'®? Due to technical issues, attempts
to determine log P using HPLC methods proved impracticable. However, both
calculated and experimental log P values for olaparib (1) were found to be similar.
Consequently, the decision was made to use calculated log P (cLog P) values,

obtained from ChemDraw Prime 17.1 software in this instance.

From this library, four compounds were selected for in vitro testing due to limited
resources. In general, all the compounds tested possess physicochemical
properties within the desirable criteria for a BBB-permeable radiotracer, except for
compound 73 (shown in red). Compound 73 containing a 4-fluoroindole moiety was
the only compound to demonstrate high %PPB outwith the ideal range, and
exhibited the highest membrane partition coefficient, Km, and permeability, Pm
values of any compound tested. Additionally, compound 72 possessed the highest
log P of this library and high %PPB extremely close to the upper limit of the ideal
range (shown in red). These factors led to the decision that compounds 72 and 73

would be excluded from further development. Of the remaining analogues under
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consideration, compound 71 possessed the highest %PPB, Kn and Pn values and
thus was also excluded. No further differentiation could be made based on the HPLC
measured values. Subsequently, compound 68 was excluded in favour of 69 based
on contribution to SAR investigations. In conclusion, compounds 66, 67, 69 and 70

were nominated for in vitro assessment of PARP-1 inhibitory potency.

Table 8 — Physicochemical properties of novel olaparib-derived PARP-1 inhibitors

for PET imaging

Compound No. cLogP %PPB Kn P
0
O NH 2.02
_N .
1 & 75.9 - -
N
O ON YA 1.95*
F
0

66 237 879 40.8 0.0730

N
o H
O
NH
_N 0
67 2.37 83.3 31.8 0.0568
CLO 8
FK/NNN
o) L
(0]
NH
2 0 F
68 2.86 86.4 45.7 0.0798
CLOL 2, L)
N
F ENJ\H
O

69 3.35 842 393 0.0670
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Table 8 — Physicochemical properties of novel olaparib-derived PARP-1 inhibitors

for PET imaging (continued)

Compound No.

70
71
72
(@]
Y
_N
o 73

*log P value was experimentally determined using HPLC methods.

cLog P %PPB Kn P

2.44

3.12

3.62

2.72

83.8

90.3

94.2

98.5

31.3 0.0546

60.3 0.105

86.5 0.150

142  0.244
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2.1.7 In Vitro Biological Evaluation of Novel Olaparib-Derived PARP-1

Inhibitors

Olaparib (1) and compounds 66, 67, 69 and 70 were submitted to in vitro biological
evaluation by Maria C. Liuzzi at the Institute of Cancer Sciences, University of
Glasgow. All in vitro studies discussed herein were conducted in two glioblastoma
models. Glioblastoma is a cancer type that overexpresses PARP-1 and is the
biological target of oncology research carried out by our collaborators. It is common
for glioblastoma cell lines from distinct patients to respond differently to identical
therapeutic treatments. As such, two distinct cell lines were employed in this study,
the G7 and E2 stem cell lines. Comprehensive experimental detail, results, and
discussion of the in vitro studies discussed herein can be found in the PhD thesis of

Maria C. Liuzzi.'®%

PARP-1 inhibitory potency was assessed via immunofluorescence PARYylation
assays. As previously discussed in Section 1.2.1, PARP-1 facilitates and undergoes
PARYylation in a vital step of the repair pathway for DNA single-strand breaks.
Therefore, the degree of PARYylation is indicative of PARP-1 activity levels. For each
assay, G7 or E2 cells were incubated with the compound of interest at eight distinct
concentrations between 0.1-24 nM. Each compound was tested at these eight
concentrations in triplicate wells. Furthermore, each assay was performed three
times (n = 3). The quantity of PARylated protein within nuclei was measured via
staining with fluorescent antibodies. The activity of PARP-1 was quantified as the
ratio of PAR-positive nuclei to total nuclei (mean nuclear fluorescence) per cell per
well, normalised to positive and negative controls, and then expressed as a
percentage. Subsequently, the percentage of PARP-1 activity was plotted against
concentration to afford a dose-response curve (Table 9). Using GraphPad Prism 7.0
software, a four-parameter logistic model was fitted to the resultant curves to
calculate an 1Cso value for each compound (Table 9, provided by Maria C. Liuzzi).
For responses that generated a partial dose-response curve (i.e., did not reach 50%
inhibition of PARP-1 activity between 0.1-24 nM), it was not possible to fit a logistic
model. In such cases (e.g., compound 70 in E2 cells), the ICsg value was determined
via extrapolation from the raw data. For responses that produced no dose-response
curve (i.e., negligible or no inhibition of PARP-1 activity between 0.1-24 nM), the

ICso value could not be extrapolated from the raw data and was concluded to be
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higher than the maximum concentration of compound tested in these assays (> 24
nM).

In the G7 stem cell line, no dose-response curve was observed for any of the
compounds tested, including olaparib (1). However, this result does not indicate a
complete absence of PARP-1 inhibitory potency. It can be concluded that, in this
cell line, the ICsg values for all compounds tested are greater than 24 nM. Repetition
of this assay across a wider concentration range would be required to obtain

accurate I1Cso values.

In the E2 stem cell line, compounds 66 and 67 were found to inhibit PARP-1 with
similar dose-response to olaparib (1). The 1Cso value of compound 66 was found to
be 16.9 nM, and as such 66 is only marginally less potent than olaparib (1), which
exhibited an ICso value of 11.0 nM. For compound 67, an ICsp value of 8.11 nM was
determined and was the only compound found to be a more potent PARP-1 inhibitor
than olaparib (1). Evidently, the position of the fluorine atom on the pendant arene
only moderately influences binding and potency. A dose-response curve was not
produced from testing of compound 69 across this concentration range. As such,
the ICso value of compound 69 could not be accurately determined and was
concluded to be greater than 24 nM. This reduction in efficacy suggests that the
increased lipophilicity and steric bulk of the pendent fluoroarene moiety are
detrimental to binding. Compound 70, with an I1Cso value of 35.5 nM, showed a
threefold reduction in potency compared to olaparib (1), although it retained
sufficient inhibitory effect at nanomolar concentrations. This drop in potency may be
due to the structure elongation and increased flexibility of the pendent fluoroarene

moiety.

It can be concluded from these results that compounds 66, 67 and 70 are potent
PARP-1 inhibitors in vitro and would likely exhibit high affinity for PARP-1 in vivo. Of
these compounds, 66 and 67 display the greatest similarity to olaparib (1) and scope

for further development as PET radiotracers for PARP-1.

80



% activity

Table 9 — Dose-response curves and calculated 1Cso values of olaparib (1) and

novel PARP-1 inhibitors in glioblastoma G7 and E2 cell lines

G7 stem cells treated with PARPI

doses: 24 - 0.1 nM E2 stem cells treated with PARPi

doses: 24 - 0.1 nM

125 125
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Table 10 — Dose-response curves and calculated 1Cso values of olaparib (1) and

novel PARP-1 inhibitors in glioblastoma G7 and E2 cell lines (continued)

70 >24.0 35.5

2.1.8 Radiochemistry

2.1.8.1 Synthesis of Aryl Pinacol Boronic Ester Precursor 74

In parallel with the biological evaluation of the HM library of novel olaparib-
analogues, an objective of this project was to prepare aryl pinacol boronic ester
precursor 74. It was proposed that precursor 74 would be a suitable substrate with
which to adapt and optimise the copper-mediated radiofluorodeborylation
procedure, published by Gouverneur and co-workers, for application with the FXen

synthesiser at the West of Scotland PET centre.07.108

Initially, the olaparib core (35) was submitted to an HBTU-mediated amide coupling
reaction with commercially available 4-carboxylphenylboronic acid pinacol ester
(75) in DMF (Table 10, entry 1). Under these conditions, full conversion of the
olaparib core (35) was observed within 16 h via TLC. However, purification of the
boronic ester product proved problematic and 74 was isolated in only 18% yield. It
was proposed that this low yield was due to retention or hydrolysis of 74 on the silica
stationary phase during flash column chromatography. Subsequent repetition of this
procedure without the use of chromatographic purification did not significantly
improve the isolated yield of 74 (entry 2). Further investigation revealed that 74
exhibits poor solubility in most common organic solvents, with exception of
chloroform. This led to the theory that liquid/liquid extraction using ethyl acetate was
the cause of low product recovery thus far. Consequently, this coupling reaction was
repeated employing acetonitrile as an alternative solvent that could be readily
evaporated in vacuo prior to liquid/liquid extraction using chloroform (entry 3).

Notably, changing the solvent to acetonitrile allowed for full reaction of the olaparib
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core (35) within the same time frame as when DMF was employed. It is also worth
noting that trituration was required to remove tetramethylurea (56), a by-product of
HBTU-mediated coupling reactions (Scheme 14). Under these optimised conditions,
aryl pinacol boronic ester precursor 74 was afforded in 75% yield. Moreover, in
another attempt, by-product tetramethylurea (56) was removed through repetitive
liquid/liquid extraction using chloroform and a saturated aqueous sodium

bicarbonate solution but this was found to be detrimental to the yield of 74 (entry 4).

Table 11 — Optimisation of pinacol boronic ester 74 synthesis

O HBTU, EtgN i
NH Solvent O NH
O N . r, 0.5—1h ~N o
BPin N&I BPin
O o T CLG T
F K/NH F I

o 75
a5 then 50 °C 24
Entry Solvent Time (h) Purification Yield of 74 (%)
1 DMF 16 LLE?, FCC and trituration 18
2 DMF 18 LLE®? and trituration 23
3 MeCN 16 LLE? and trituration 75
4 MeCN 16 LLEP 55

Note: LLE? = liquid/liquid extraction using ethyl acetate, LLE? = liquid/liquid

extraction using chloroform, and FCC = flash column chromatography.

With an effective method for the preparation and purification of precursor 74 now
established, development of the copper-mediated radiofluorodeborylation
procedure could commence. However due to significant disruption from the covid-
19 coronavirus pandemic, development of this radiosynthetic method was

suspended and could not be undertaken within the time constraints of this project.
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2.1.8.2 Synthesis of Analytical Standard 31 and Precursors 39 and 76

Whilst the HM library of novel olaparib-analogues underwent biological evaluation,
the focus of this project shifted to the radiosynthesis of ['®F]31. Previously in the
Sutherland group, it was shown that fluorine-19 analogue 31 and chloride precursor
39 could be readily prepared from the olaparib core 35, via HBTU-mediated amide
bond formation with the appropriate halobenzoic acids, in moderate yields (Table
11, entries 1 and 2). As such, this procedure was adapted for the synthesis of
compounds 31 and 39 in this project. Changing the reaction solvent from DMF to
acetonitrile was found to afford the desired products in higher yields using shorter

reaction times (entries 3 and 4).

Table 12 — Synthesis of 39 and 31 via HBTU-mediated amide coupling reactions

0]
0]

NH NO,  HBTU, Et;N O NH
N
O _ N Y@ Solvent _ o NO,
Q * HO -
rt, 0.5—1h N
N/\| O X then 50 °C O @
F NH F

o X
35 31,X=F
39, X =Cl
Entry Product Solvent Time (h) Isolated Yield (%)
12 31 DMF 48 55
24 39 DMF 48 42
3 31 MeCN 18 64
4 39 MeCN 16 84

aSynthesis performed by Kerry O’Rourke.

However, following flash column chromatography chloride precursor 39 was found
to contain 40% tetramethylurea (56). It was imperative that the tetramethylurea (56)
impurity was removed so not to inhibit nucleophilic attack of ['®F]fluoride in the
subsequent SNAr radiolabelling reaction, since this would be employed as the
limiting reagent. Purification was achieved by trituration using the minimal volume

of chloroform and chilled hexane. Notably, these alternative conditions produced

84



chloride precursor 39 in 84% yield, a twofold increase when compared to the use of
DMF (Table 11, entries 2 and 4).

Additionally, it was proposed that the phthalazinone 2-NH moiety of chloride
precursor 39 could participate in hydrogen bonding to the nucleophilic ['®F]fluoride
and impede the radiochemical yield of this reaction. Consequently, it was decided
that the radiosynthesis of ['®F]31 would also be attempted using an analogous Boc-
protected chloride precursor 76. Following a Boc-protection procedure previously
employed in the Sutherland group, precursor 76 was prepared in 79% yield from
chloride precursor 39 using di-tert-butyl dicarbonate (50) and catalytic amounts of
DMAP, under mild conditions (Scheme 21).1%5

o) o)
NH o o NBoc
— N >LO)J\O)J\OJ< — N
o) NO, 50 o) NO,
O '\(F Y@ DMAP (10 mol%) O ’\(j Y@
N MeCN, rt N
F 4h, 79% F
0O Cl o cCl
39 76

Scheme 21 — Synthesis of Boc-protected chloride precursor 76

2.1.8.3 Development of HPLC Conditions

Following any attempt to prepare ['®F]31, it would be necessary to confirm the
identity and purity of the isolated product through comparison of chromatographic
retention time (tr) with known analytical standards using analytical HPLC. As such,
HPLC conditions were required for chromatographic separation of ['®F]31 and 39 or
76. Development of this HPLC method was performed using 31 as a non-radioactive
analytical standard. Initially, eluant systems comprising ethanol and water were
explored since aqueous formulation of radiotracers is required for in vivo application.
However, large percentages of ethanol were required for elution and so alternative
solvent systems were investigated. It was found that elution with isocratic 35%
acetonitrile in water at a flow rate of 1 mL min™" facilitated sufficient separation of
chloride precursor 39 (t = 10.973 min) and standard 31 (t- = 9.200 min) (Figure 27).
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Figure 27 — Analytical HPLC UV chromatograms of standard 31 and chloride

precursor 39
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Application of this isocratic method to analyse a sample containing both precursors
39 and 76, and standard 31 resulted in complete retention of 76. As such, alternative
HPLC conditions were explored. It was found that elution with a gradient of 35-75%
acetonitrile in water at a flow rate of 1 mL min~" facilitated optimal separation of
chloride precursor 39 (t = 10.973 min), Boc-protected chloride precursor 76 (tr =
17.940 min), and standard 31 (t- = 9.193 min) (Figure 28).

450 mAU WVL:254 nm
B Precursor 39
4 -17.940
| Standard 31 / <«— Precursor 76
300+
| \ 1-9.#310.973
200
100 3-16,180
: Lmsso
T
-50 T T T T T I T min
0.0 5.0 10.0 15.0 20.0 25.0 30.0 36.0

Figure 28 — Analytical HPLC UV chromatogram of chloride precursor 39, Boc-

protected chloride precursor 76 and standard 31

The radiosynthesis of ['®F]31 would be performed at the West of Scotland PET
centre using a fully automated GE TRACERIab™ FXrn synthesiser with in-built
semi-preparative HPLC capability for product purification. The schematic of this
synthesiser can be found in Appendix Il. Since ['®F]fluoride would be used as the
limiting reagent, excess precursor 39 or 76 would be present in the crude reaction
mixtures. However when precursor 76 would be employed, it was expected that
residual 76 would undergo deprotection to precursor 39 concurrently with a
deprotection step to afford ['®8F]31 from the Boc-protected equivalent. As such,
development of semi-preparative HPLC conditions was required for
chromatographic separation of ['®F]31 and 39 only. Due to the short half-life of

['8F]fluoride (110 min) and consequent decay of ['8F]31 it would be advantageous
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to the radiochemical yield for this HPLC method to be as short as practicable.
Furthermore, the FXrn synthesiser is capable of isocratic eluant flow only. It was
found that elution with 35% acetonitrile in water at a flow rate of 3 mL min~" facilitated
optimal separation of chloride precursor 39 (t = 15.173 min) and standard 31 (t: =
12.820 min) (Figure 29).

180 mAU WVL:254 nm
i 1-15.173
150
] Precursor 39 —_—
100
50—
200
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.6
220 7mAU WVL:254 nm
— 2-12.820
] Standard 31 —>
150
100
50—
7 1-0.613
| T
20 | e i
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 21.1

Figure 29 — Semi-preparative HPLC UV chromatograms of chloride precursor 39
and standard 31
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2.1.8.4 Production of ['®F]Fluoride

['8F]Fluoride was produced by irradiation of 95-97 atom% ['®Olenriched water in a
niobium target chamber, via the '80O(p,n)'8F nuclear reaction, in a GE Healthcare
PETtrace 860 cyclotron at the West of Scotland PET Centre (Scheme 22). The
resultant aqueous ['®F]fluoride was transferred to the FXrn synthesiser and passed
through an ion exchange cartridge to trap the ['®F]fluoride whilst allowing collection
of valuable residual ['®O]enriched water. The ['®F]fluoride was then eluted from the
ion exchange cartridge using a solution of 85% acetonitrile in water containing a
potassium counterion and phase transfer catalyst, and then transferred to the
reaction vessel. Potassium carbonate was selected to produce ['8F]KF due to the
non-nucleophilic and weakly basic carbonate anion.?® Kryptofix® 222 (Kz22), an
aminopolyether cryptand, was chosen as the phase transfer catalyst to increase the
solubility and nucleophilicity of ["®F]fluoride in organic solvent via complexation of
the potassium cation.?? In this resultant solution, [*®F]fluoride is a weak nucleophile
due to participation in hydrogen bonding with water molecules and as such must
undergo dehydration to restore nucleophilic reactivity. Consequently, the
['8F]fluoride solution was dried under vacuum via azeotropic distillation with

acetonitrile at 110 °C to produce ‘naked’ ['®F]fluoride as a ['®F]KF/Kz22 complex.

proton
bombardment 1)
['80JH,O —————— BF-in['80H,0 — ' ['80]H,0
180(p,n)'8F
nuclear reaction 2) KoCO3z, Koop
MeCN, H,O
O
H/ \H
o o ) 0] \
<70 O:\\ MeCN &0 0:\\ L AN
N K+ N 18- ~—— N K+ N O\ 8RS /O
R T R T
0] O ) 0] H H
_/ __/ \O/

Scheme 22 — Production of ['®F]fluoride as a ['®F]KF/K222 complex
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2.1.8.5 Radiosynthesis of ['®F]31 from Precursor 39

Having established suitable HPLC and ['®F]fluoride production conditions, the next
objective was to develop a procedure for the synthesis of ['®F]31 from chloride
precursor 39 via a SNAr reaction. Polar aprotic solvents are favoured for nucleophilic
radiofluorination reactions due to their inherent disinclination to participate in
hydrogen bonding with ['®F]fluoride.’®* As such, it was proposed that this
radiolabelling reaction would be examined using acetonitrile and dimethyl sulfoxide
(DMSO). In each instance, semi-preparative HPLC was employed to isolate the
product, the radiochemical yield was measured in mega becquerels immediately
following transfer of the product into a sample vial (as soon as practicable), and then
an aliquot was submitted to analytical HPLC. Firstly, the purity of the product was
evaluated by integration of all peaks in the UV and radio-HPLC chromatograms, and
expressed as a ratio of ['®F]31 to ‘impurities’. The term ‘impurities’ denotes residual
chloride precursor 39 and any other UV active side-products. Due to the small
quantities of ['®F]31 produced, the UV chromatogram was typically very weak.
Subsequently, the aliquot was spiked with standard 31 and the resultant UV
chromatogram overlayed with the radio-HPLC chromatogram for confirmation of the
product identity by comparison of retention times. Notably, the sample was passed
sequentially through the diode array detector and then the gamma detector which
resulted in a small difference in retention times. Therefore, a single compound

produced peaks in the UV and radio chromatograms with 0.2 minute separation.

An initial attempt was performed using acetonitrile at 90 °C for 5 minutes which
afforded only trace quantities of ['8F]31 (Table 12, entry 1). Due to the extremely
small quantity of ['®F]31 produced, HPLC purification proved challenging and a
mixture of compounds was collected including ['®F]fluoride and chloride precursor
39. Next the solvent was changed to DMSO and the reaction temperature was
increased to 110 °C (entry 2). It was found that these conditions increased the
radiochemical yield to 7%, and both the UV and radiochemical purity were
significantly improved as a result. The radiochemical yield was increased further to
15% by extending the reaction time to 15 minutes (entry 3). Consequently, the
increased radiochemical conversion led to greater chromatographic separation of
['8F]131 and ["®F]fluoride, and so ['®F]31 was isolated in 93% radiochemical purity.

Regrettably, a software malfunction resulted in collection of additional non-
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radioactive impurities which were observed in the UV chromatogram (Figure 30).
Finally, increasing the reaction time to 20 minutes was not conducive to

improvement of the radiochemical yield (entry 4).

In conclusion, ['®F]31 was afforded from precursor 39 in the highest radiochemical
yield of 15% and 93% radiochemical purity using DMSO at 110 °C for 15 minutes.
Moreover, it is reasonable to assume that the chemical purity of 23%, observed in
the HPLC UV chromatogram, would be vastly improved in future syntheses of

['8F]31 under these conditions.

Table 13 — Radiosynthesis of ['®F]31 from precursor 39

o O
O v LY
[18F]KF/K222 % N O NO2

KP Oy

O F
['8F]31
aRatio of bRatio of Decay
Entry Solvent Teomp' Ti'?e ['8F]31 : ['®F]31:  Corrected
) (min) Impurities ['8F]F- RCY (%)
1 MeCN 90 5 0.1:99.9 2:98 -
2 DMSO 110 5 83:17 57 : 43 7
3 DMSO 110 15 23:77° 93:7 15
4 DMSO 110 20 68 :32 100:0 10

aDetermined from analytical HPLC UV spectra. “Determined from analytical radio-
HPLC spectra. °Ratio could not be determined with accuracy due to shoulder peak
impurity (UV peak 2, t = 8.853 min) (Figure 30).
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Figure 30 — Overlay of analytical HPLC non-spiked UV (shown in pink) and radio

(shown in black) chromatograms relating to Table 12, entry 3.
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2.1.8.6 Radiosynthesis of ['®F]31 from Precursor 76

The radiosynthesis of ['®F]31 was next attempted using Boc-protected chloride
precursor 76. The first objective of this work was to determine suitable conditions
for Boc-deprotection of the intermediate produced by the radiolabelling step. It was
previously demonstrated by the Sutherland group, that water could be employed for
Boc-deprotection of a similar olaparib-derived analogue.’® This procedure was
adapted and the reaction exemplified using precursor 76 as an appropriate mimetic.
It was found that precursor 76 underwent rapid deprotection to precursor 39 using
a 1 : 1 mixture of water and DMSO at 120 °C in only 5 minutes (Scheme 23). HPLC
analysis of the crude reaction mixture showed 96% conversion to precursor 39 with

4% trace impurities.

NBoc
O N H,O/DMSO (1:1)
= o) NO, 120 °C, 5 min

N 96% conversion
sasve

o

76

Scheme 23 — Water-mediated Boc-deprotection of precursor 76

With an efficient Boc-deprotection procedure established, conditions for
radiolabelling of Boc-protected chloride precursor 76 were investigated. In the first
instance, precursor 76 was submitted to a SnAr reaction using ['®F]fluoride and
DMSO at 110 °C for 20 minutes. These conditions and subsequent deprotection
produced ['8F]31 in 5% radiochemical yield and 100% radiochemical purity (Table
13, entry 1). However, as reported for a previous radiolabelling reaction (Table 12,
entry 3), a ‘shoulder peak’ impurity was observed in the UV chromatogram (t; =
8.907 min) in significant quantity. This two-step procedure was then attempted using
a shorter 15 minute radiolabelling step (entry 2). Under these conditions, ['8F]31
was afforded in 6% radiochemical yield, 100% chemical purity and 88%
radiochemical purity. Regrettably, 20% of the crude reaction mixture was sent to the
waste stream due to a technical issue within the FXrn synthesiser and so the true
radiochemical yield of this process was likely 8%. It is reasonable to postulate that
further attempts under these conditions would yield ['®F]31 in slightly increased
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radiochemical yields. Furthermore, additional measures could be taken to trap
excess ['®F]fluoride following the radiolabelling step, such as incorporation of an

aluminium oxide cartridge before semi-preparative HPLC purification.

Table 14 — Radiosynthesis of ['®F]31 from precursor 76

0
1) ['8FIKF/Kzpn O NH
DMSO, 110 °C _N o XO,
2) H,0, 120 °C N
O 18|:
['8F]31
. Decay
Step1  “Ratio of ['*F]31: bRatio of
Entry Corrected
Time (min) Impurities [18|:]31 . [18F]F_
RCY (%)
1 20 41 : 59 100: 0 5
2 15 100: 0 88 : 12 6

aDetermined from analytical HPLC UV spectra. “Determined from analytical radio-
HPLC spectra.

From this brief screening of reaction conditions, it was found that use of precursor
76 afforded ['®F]31 in lower radiochemical yield than precursor 39 when treated with
identical radiofluorination conditions. Notably, no excess Boc-protected chloride
precursor 76 was observed during semi-preparative HPLC purification. As such, it
is reasonable to presume that deprotection of the radiolabelled intermediate to give
['8F]131 was also successful. Therefore, the overall longer synthesis duration due to
the additional deprotection step was likely the cause of lower radiochemical yields
when precursor 76 was employed. Due to significant disruption from the covid-19
coronavirus pandemic, further development of a radiosynthetic method for the

preparation of ['®F]31 was suspended at this stage.
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2.1.9 Conclusions and Future Work

In summary, the core structure of olaparib (35) was synthesised in multi-gram
quantities via a seven-step synthetic route and subsequently derivatised. A
fluorescent PARP-1 inhibitor, olaparib-BODIPY FL (37), was prepared from the core
structure of olaparib (35) in five steps. Olaparib-BODIPY FL (37) is currently
employed in the development of an in vitro competitive displacement fluorescence
assay of PARP-1 inhibition and investigations of olaparib (1) cellular uptake and
retention in glioblastoma models. Once optimisation of this in vitro assay is
complete, it would be worthwhile to submit both the KO and HM libraries of novel
olaparib-derived PARP-1 inhibitors for testing. This would allow for an evaluation of
cellular uptake and distribution, PARP-1 affinity and retention for each analogue.
Comparison of these attributes would facilitate a SAR analysis of the complimentary

libraries.

A library of eight novel olaparib-derived PARP-1 inhibitors was prepared containing
a lipophilic hydrocarbon chain linker and terminal fluoroarene system. This library of
compounds was subjected to physicochemical properties determination via HPLC
methodology. Assessment of this data facilitated the selection of four analogues that
exhibit favourable drug-like properties for penetration of the BBB in vivo.
Compounds 66, 67, 69 and 70 were then submitted to in vitro biological evaluation
of PARP-1 inhibitory potency and cytotoxicity in two glioblastoma models. It was
found that analogues 66, 67 and 70 are potent PARP-1 inhibitors; of these
compounds, 66 and 67 displayed similar potency to olaparib (1). Moreover, 67 (ICso
value of 8.11 nM) was the only analogue found to be a more potent PARP-1 inhibitor
than olaparib (1) (ICso value of 11.0 nM). Therefore, compounds 66 and 67 will likely
exhibit high affinity for PARP-1 in vivo and demonstrate promise for further

development as PET radiotracers for the PARP-1 protein.

The next stage of this project will be the development of ['®F]67 as a PET imaging
agent for PARP-1. This work has been initiated and an optimised procedure has
been established for the synthesis of aryl pinacol boronic ester precursor 74 in 75%
yield. Concurrent to this project Cornelissen, Gouverneur and co-workers reported
extensive optimisation of the copper-mediated radiofluorodeborylation procedure

that was intended for use in this project.’06.195.1% |n their efforts to produce
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['®F]olaparib (['®F]1), the authors found that application of tetrakis(imidazo[1,2-
b]lpyridazine)copper(ll) bis(trifluoromethanesulfonate), a novel copper(ll) complex,
in 1,3-dimethyl-2-imidazolidinone (DMI) at 120 °C for 20 minutes provided optimal
radiochemical yields. Furthermore, it was reported that superior radiochemical
yields were achieved when the phthalazinone 2-NH moiety of olaparib (1) was
protected with a 2-(trimethylsilyl)ethoxymethyl (SEM) group. As such, initially
precursor 74 will be treated under these optimised radiofluorodeborylation
conditions (Scheme 24). If insufficient radiochemical yields are obtained, it would be
advisable to prepare the SEM-protected precursor 77 and employ this alternative

precursor for the synthesis of ['®F]16a (Scheme 24).

o] o]
e
NH N/\O/\/SI\
N SEMCI, N
Z o NaH, THF 7 o]
BPin BPin
0 °C then rt
L CL
F F N
o]

0]
74 7

1) [Cu(OTH),(impy),]

[CU(OT(impy)d] | | [BFIKF/Kyzp, DMI

['8F]KF/Ko0, DMI ! 0 120 °C, 20 min
120 °C, 20 min !
2) TFA
125 °C, 20 min

['®F]16

Scheme 24 — Proposed synthetic routes for the preparation of ['8F]16a

Following successful application of this radiofluorodeborylation method for the
preparation of ['8F]16a, this approach could also be used for the synthesis of
['8F]67. The aryl pinacol boronic ester precursor 78 (or SEM protected equivalent)
will be prepared via an HBTU-mediated coupling reaction of carboxylic acid 38 and
2-aminophenylboronic acid pinacol ester (Scheme 25). Precursor 78 will then be

employed in the radiosynthesis of ['®F]67.
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Scheme 25 — Proposed radiosynthesis of ['®F]67

Preliminary investigations have been conducted into the radiosynthesis of ['8F]31
via a SNAr reaction with ["®F]fluoride using precursors 39 and 76. It was found that
use of precursor 76 afforded ['®F]31 in lower radiochemical yield than precursor 39
when treated with identical radiolabelling conditions. A procedure was developed
for the preparation of ['®F]31 in 15% radiochemical yield and 93% radiochemical
purity using precursor 39 in DMSO at 110 °C for 15 minutes. In addition, increased
reaction times were not conducive to improved radiochemical yields. In the future,
further optimisation is required for the radiosynthesis of ['®F]31. It would be
reasonable to screen higher reaction temperatures and alternative fluoride chelating
agents, such as tetra-n-butylammonium hydrogen carbonate (TBAHCO3) which
produces nucleophilic tetra-n-butylammonium ['®F]fluoride (['8F]TBAF) in situ.'®”
Previous work by the Sutherland group found that use of ['®F]TBAF afforded higher
radiochemical yields than use of a ['®F]KF/K222 complex, in an aliphatic nucleophilic
radiofluorination reaction.’® Initially, it would be advisable to perform this
optimisation without purification of the crude reaction mixture. Analytical HPLC of
the crude reaction mixture will allow for evaluation of radiochemical conversion.
Once the radiochemical conversion of this process has been optimised, alternative
conditions for semi-preparative HPLC purification of ['®F]31 should be explored to

improve chromatographic separation and chemical purity.
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Once efficient procedures have been established for the radiosynthesis of ['8F]67
and ['8F]31, parallel in vivo PET imaging studies could be performed. Such studies
would allow assessment and comparison of the in vivo distribution of these
analogues. It was found that ['8F]67 is a potent PARP-1 inhibitor that displays lower
levels of cytotoxicity than ['®F]31 which is a more potent inhibitor. Analysis of PARP-
1 specific binding and off-target interactions may provide valuable insight into the
variation of PARP-1 inhibitory potency and cytotoxicity exhibited by these distinct

scaffolds.

Additionally, in silico methods could be exploited to gain a deeper understanding of
the SAR of olaparib-derived PARP-1 inhibitors. The analogues produced in the KO
and HM libraries could be subjected to computational molecular docking with the
PARP-1 catalytic site to observe key binding interactions. This could be achieved
employing the recently published crystal structures of the human PARP-1 catalytic
domain complexed with olaparib (1) (PDB ID: 7kk4 and 7AAD).3%'"" If successful,
this may also provide justification for the variation of PARP-1 inhibitory potency and

cytotoxicity exhibited by these distinct scaffolds.
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2.2 Novel Enantioselective Synthesis of ['®F]SynVesT-1 (['®F](R)-
24): A PET Imaging Agent for SV2A

2.2.1 Proposed Research

Although it is widely acknowledged that the synaptome undergoes significant
alterations in numerous neurological conditions, thus far no techniques have been
established for in vivo analysis of synaptic structure and function within clinical
settings. In collaboration with Professor Seth Grant and Dr Adriana Tavares at the
University of Edinburgh, the overall aim of this research project is to enable advance
in vivo imaging of synaptic structure and function in living humans over the course
of their lifespan using SV2A PET imaging and new synaptomics technology. It was
proposed that this novel technique will have implications in neuropathology,
diagnosis and monitoring of neurological conditions, development of therapeutic
agents, and treatment of neurological diseases. As previously discussed in Section
1.3.3, ['®F]SynVesT-1 (['®F](R)-24) has been identified as a lead candidate for
development as a PET imaging agent for the SV2A protein, and was shown to
possess optimal kinetic and binding properties for in vivo imaging during pre-clinical
and clinical validation.'?-1% |t was proposed that ['®F]SynVesT-1 (['®F](R)-24)
would be employed in this work for in vivo quantitative PET imaging of the SV2A
protein to measure synaptic density within the brain of murine animal models across
the natural ageing and lifetime. The data generated from this in vivo imaging will
then be validated at novel scale and resolution using pioneering single-synapse-

resolution synaptome mapping developed by Grant and co-workers in 2018.198

As such, it would be necessary to prepare significant quantities of ['®F]SynVesT-1
(['®F](R)-24) and the corresponding racemate ['®F]MNI-1038 (['8F]24) for utilisation
in the optimisation of an in vivo quantitative SV2A PET imaging technique. As briefly
highlighted in Section 1.3.3, prior to this project ['®F]SynVesT-1 (['®F](R)-24) was
synthesised by Constantinescu et al., and concurrently by Li et al. employing similar
approaches. Both synthetic strategies were derived from the original synthesis of
SV2A ligand UCB-J (23) developed by Mercier et al. in 2014."3° The synthetic route
reported by Constantinescu et al. for the preparation of ['®F]SynVesT-1 (['®F](R)-
24) consisted of eight steps including chiral resolution via semi-preparative chiral

HPLC as the fifth step (Scheme 26).'2 To summarise, 3-bromo-5-
99



fluorobenzaldehyde (79) was submitted to a Wittig reaction with
(carbethoxymethylene)triphenylphosphorane, a Michael addition with nitromethane,
reduction under acidic conditions with iron, and base-mediated intramolecular
cyclisation to produce pyrrolidin-2-one 83 as a racemic mixture. Semi-preparative
chiral HPLC was subcontracted to a specialised purification company for the
isolation of the desired R-enantiomer (R)-83, which then underwent N-alkylation
with 4-(chloromethyl)-3-methylpyridine hydrochloride, and a palladium-catalysed
stannylation with hexamethylditin. Subsequently, the resultant organotin precursor
(R)-85 was subjected to copper-mediated nucleophilic radiofluorination conditions
developed by Sanford, Scott and co-workers to afford ['8F]SynVesT-1 (['8F](R)-24)

in 10% radiochemical yield."®9

_0 (coza /COZEt NO, CO,Et
PPh; , THF, rt MeNO,, DBU, MeCN
12 h, 95% 0°Cthenrt, 12 h, 80%
F Br
F Br F Br
79 80 81
Fe, HCI
EtOH, rt
24 h, 70%
0 0
HN . . HN CIH-H,N  CO,Et
semi-preparative
chiral HPLC EtsN, EtOH, reflux
/@\ 24 h, 49%
F Br F Br F Br
(R)-83 83 82
NaH, KI
THF, 60 °C 7N\
12h,89% | CHN _ /7

/ 7N
dﬂ SnoMeq NéﬂN o ['*FIF", Cu(OTf), NjﬂN 2
d PAEPra) 9 9

K,COs, KOTf
LiCl otoluene : pyridine, DMA :
10032)0/18 h 110 °C, 20 mins
° RCY 10%
F SnMej F 18
(R)-84 (R)-85 ['®FISynVesT-1

(["®F1(R)-24)
Scheme 26 — Synthesis of ['®F]SynVesT-1 (['8F](R)-24) by Constantinescu et al.
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In parallel, Li et al. prepared ['®F]SynVesT-1 (['®F](R)-24) in seven steps including
chiral resolution via semi-preparative chiral HPLC as the fifth step (Scheme 27).153
Overall, 3-bromo-5-fluorobenzaldehyde (79) underwent sequential transformations
identical to those reported by Constantinescu et al. using analogous reaction
conditions. One key exception was that reduction of nitroalkane 81 and subsequent
intramolecular cyclisation were performed using a one-pot, two step procedure to
give pyrrolidin-2-one 83 in a significantly higher yield of 66%. Comparatively, lactam
83 was afforded from nitroalkane 81 in 34% yield over two individual steps by
Constantinescu et al.’*? Subsequently, racemate intermediate 84 was subjected to
chiral resolution to isolate the required R-enantiomer (R)-84. Notably, ['®F]SynVesT-
1 (['®F](R)-24) was produced in a higher radiochemical yield of 19% (decay
uncorrected) treating the same organotin precursor (R)-85 with copper-mediated

nucleophilic radiolabelling conditions using ['F]fluoride.

o rcozEt CO,Et NO, CO,Et
\
g PPhy , THF, CH,Cl “ MeNO,, DBU
5°C, 1 h, 100% —-20 °C, 2 h, 100%
F Br
F Br F Br
79 80 81
1) Fe, NH,4CI | 2) sat. NaOH
EtOH, H,0 1, 66%
rt, 16 h
0
VA 0 é/\ é/\ HN
— N semi-preparative CIH-N
d chiral HPLC cl
: NaH, TBAI, THF
0 °C then rt
/@\ 16 h, 62% F Br
F Br
(R)-84 83
Sn,Meg | LiCl, toluene
105°C, 1 h
Pd(PPhg), 607
7\ ['8F]F-, Cu(OTf),
N \ 0 K,COg, KOTF
_— d pyridine, DMA d

110 °C, 20 mins

RCY 19%
(decay-uncorrected)
F SnMejz F

18F

(R)-85 ['8FISynVesT-1
(["®F1(R)-24)

Scheme 27 — Synthesis of ['8F]SynVesT-1 (['®F](R)-24) by Li et al.
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Both aforementioned strategies for the production of ['®F]SynVesT-1 (['8F](R)-24)
utilise non-enantioselective procedures to synthesise racemic intermediates and
exploit chiral HPLC to separate the R- and S-enantiomers at late stages. However,
these approaches require costly chiral HPLC columns and necessitate large scale
syntheses since 50% of the material is discarded following chiral resolution.
Furthermore, semi-preparative HPLC introduces a troublesome production
bottleneck as limited quantities of material can undergo chromatographic separation
during each injection. Consequently, it was decided that the use of semi-preparative
chiral HPLC would be circumvented during this project through employment of
enantioselective reactions. Therefore, the key aim of this project was to develop a
novel enantioselective synthetic route to ["®F]SynVesT-1 (['®F](R)-24) in parallel

with a complimentary route to the racemate compound ['®F]MNI-1038 (['8F]24).

In 2016, Li et al. developed an asymmetric procedure for the synthesis of [''C]JUCB-
J ([''C]23) using an enantioselective Michael addition to implement the desired
stereochemistry in an early synthetic stage.'*' It was proposed that this literature
route would be adapted and optimised for the synthesis of ['®F]SynVesT-1 (['F](R)-
24) in this work (Scheme 28). Initially, benzaldehyde 79 would undergo a Henry
reaction with nitromethane to give nitrostyrene 86. The chiral organocatalyst O-
desmethyl quinidine (87) would be prepared in one step from quinidine (88) via a
desmethylation reaction. Submission of nitrostyrene 86 to an enantioselective
Michael addition with dimethyl malonate using the quinidine-derived catalyst 87
would provide intermediate (R)-89. Additionally, nitrostyrene 86 would undergo
coupling with dimethyl malonate in the absence of a chiral catalyst to afford the
racemate intermediate 89. Subsequently, compound 89 would be utilised as an
analytical standard to determine the enantiomeric ratio of intermediate (R)-89 via
chiral HPLC analysis. Following optimisation of the key chiral step, intermediate (R)-
89 would undergo reduction of the nitro functionality and subsequent base-mediated
intramolecular cyclisation of amine (R)-90 to produce lactam (R)-91. Successive
decarboxylation under acidic conditions, N-alkylation with 4-(chloromethyl)-3-
methylpyridine hydrochloride, and palladium-catalysed stannylation with
hexamethylditin would then be performed to obtain the desired organotin precursor
(R)-85.
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Previous investigations by Li et al. have examined the production of ['®F]SynVesT-
1 (['®F](R)-24) from various precursors analogous to organotin compound (R)-85
including, but not limited to, an iodonium ylide precursor and pinacol boronic ester
precursor.'53290 Notably, the authors concluded that organotin precursor (R)-85
provided the highest radiochemical yield of ['®F]SynVesT-1 (['®F](R)-24). As such,
(R)-85 was identified as an appropriate precursor for utility in this project. Following
successful development of an enantioselective synthetic route, it was proposed that
both the racemate 85 and (R)-85 would be prepared on a large scale. The
radiosynthesis of the racemate ['®F]MNI-1038 (['®F]24) would then be optimised
using the copper-mediated nucleophilic radiofluorination conditions from Sanford,
Scott and co-workers by collaborators at the University of Edinburgh.'®®
Subsequently, the optimised radiolabelling procedure would be utilised to prepare
sufficient quantities of ['®F]SynVesT-1 (['®F](R)-24) for application in the

development of a quantitative in vivo PET imaging study.
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Scheme 28 — Proposed enantioselective synthesis of ['®F]SynVesT-1 (['®F](R)-
24)

2.2.2 Initial Enantioselective Synthetic Route to ['®F]SynVesT-1 (['®F](R)-24)

Development of the proposed asymmetric synthetic route to ['®F]SynVesT-1
(['®F](R)-24) began with optimisation of a Henry reaction between 3-bromo-5-
fluorobenzaldehyde (79) and nitromethane. This reaction was mediated by
ammonium acetate which deprotonates nitromethane to form a nitronate anion
stabilised by resonance. The resultant nitronate then undergoes an aldol reaction
with 3-bromo-5-fluorobenzaldehyde (79) to produce a B-nitroalcohol intermediate.
Subsequently, acidic conditions facilitate dehydration of the B-nitroalcohol to afford
nitrostyrene 86. Following a procedure developed within the Sutherland group for
the coupling of nitromethane with electron-rich benzaldehydes, an initial reaction

was performed in toluene under reflux for 15 h (Table 14, entry 1).2°" However,
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application of these conditions with electron-poor benzaldehyde 79 produced a
complex mixture of compounds that proved challenging to separate. Nitrostyrene 86
was successfully purified by flash column chromatography however, the product
was isolated in only 26% yield and consequently, alternative reaction conditions
were explored. It was found that the employment of acetic acid/nitromethane (2 : 1)
as the reaction solvent under reflux for 16 h generated a complex mixture of
compounds resulting from decomposition (entry 2).2°2 Subsequently, decreasing the
reaction temperature to 90 °C allowed for the preparation of nitrostyrene 86 in 74%
yield (entry 3). The geometry of the isolated alkene 86 was confirmed by '"H NMR
spectroscopy, which showed two doublets with 13.6 Hz coupling constants

indicative of a vicinal frans relationship.

Table 15 — Optimisation of Henry reaction conditions for the synthesis of 86

Ox MeNO,
/Sj\ NH,OAC N
F Br
F Br
79 86
Entry Solvent Temp. (°C) Time (h) Yield of 86 (%)

1 toluene reflux 5 26
2 acetic acid/MeNO2 (2 : 1) reflux 16 -
3 acetic acid/MeNO2 (2 : 1) 90 5 74

Preparation of O-desmethyl quinidine (87) was undertaken next via a
desmethylation reaction of the commercially available cinchona alkaloid quinidine
(88). In the first instance, a reaction was performed using 3 equivalents of sodium
ethanethiolate in DMF at 115 °C, as reported by Li et al. (Table 15, entry 1).'4! Under
these conditions desmethylation was slow and only 56% conversion to 87 was
observed by 'H NMR spectroscopy after 115 h. In an effort to promote efficient
reactivity, the reaction was repeated at 130 °C which generated 64% conversion
after only 16 h (entry 2). It was found that the addition of 2 equivalents of sodium
ethanethiolate facilitated further reactivity and 83% conversion of quinidine (88) was
observed by 20 h. However, no further significant progress was detected by 39 h

with 88% conversion achieved and O-desmethyl quinidine (87) was subsequently
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isolated in 32% yield. In one final attempt using sodium ethanethiolate, 3 equivalents
were added at the start of the procedure followed by an additional 3 equivalents
after 22 h (entry 3). Full reaction of quinidine (88) was observed by 44 h; however,
O-desmethyl quinidine (87) was isolated in only 64% vyield. In each attempt,
employing sodium ethanethiolate for desmethylation of quinidine (88), flash column
chromatography was required for isolation of 87 from the resultant by-products. It
was proposed that due to the polarity and basic character of compound 87, partial
retention on the silica stationary phase may be responsible for the observed
disparity between reaction conversion and isolated yields. Desmethylation mediated
by boron tribromide is another commonly exploited method in the literature which
generates gaseous methyl bromide and a dibromo(aryloxy)borane intermediate.
Successive aqueous work-up facilitates hydrolysis of this intermediate to the desired
phenolic product. Notably, the resultant boric acid and hydrobromic acid by-products
are miscible with aqueous solutions and sufficient purification of the desmethylated
product can be achieved without flash column chromatography. Subsequently,
treatment of quinidine (88) with boron tribromide in dichloromethane under reflux for
only 2 hours, followed by acid-base extraction afforded O-desmethyl quinidine (87)
in 81% yield (entry 4).203

Table 16 — Synthesis of O-desmethyl quinidine (87)

. Ho, N
H
MeO HO
N
quinidine (88) O-desmethyl

quinidine (87)

Entry Reagent (equiv.) Solvent Temp. (°C) Time (h) Yield of 87 (%)

1 EtSNa (3) DMF 115 115 -
2 EtSNa (5) DMF 130 39 32
3 EtSNa (6) DMF 130 44 64
-78 °C then
4 BBr3 (4) CH2Cl2 2 81
reflux
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The next objectives undertaken were the preparation of intermediate (R)-89 and
assessment of enantioselectivity via chiral HPLC analysis of the enantiomeric ratio
(er). Firstly, nitrostyrene 86 was subjected to conjugate addition with dimethyl
malonate under basic conditions using triethylamine to provide intermediate 89 in
60% yield for utility as a HPLC calibrant (Scheme 29). An enantioselective Michael
addition of dimethyl malonate to nitrostyrene 86 catalysed by O-desmethyl quinidine
(87) was then performed. Cinchona alkaloid-derived compound 87 was developed
by Deng and co-workers as a bifunctional organocatalyst for enantioselective
conjugate additions.?%4-20% O-Desmethyl quinidine (87) is reported to adopt a
gauche-open conformation and a network of hydrogen bonding interactions is
formed between the quinuclidine moiety of 87 and the Michael donor, and between
the phenolic hydroxy moiety of 87 and both the Michael donor and acceptor (Figure
31). These interactions orientate and stabilise the transition state facilitating
enantioselectivity. In the first instance, nitrostyrene 86 was treated with dimethyl
malonate and O-desmethyl quinidine (87) (5 mol%) in tetrahydrofuran at =20 °C.
However, '"H NMR spectroscopy indicated that the reaction stopped at 74%
conversion of 86 after 18 h. Addition of 5 mol% 87 produced only a marginal
increase to 81% conversion by 42 h and the desired product (R)-89 was
subsequently isolated in 72% yield. Given the importance of hydrogen bonding to
the transition state it was proposed that an elevated reaction mixture concentration
would promote reactivity. As such, an additional reaction was performed using
twenty-fold larger scale (4 mmol) and five-fold higher concentration (0.5 M) with a
decreased catalyst loading of 3 mol% 87. Under these conditions, full reaction of
nitrostyrene 86 was observed after 16 h and intermediate (R)-89 was afforded with

a 94 : 6 enantiomeric ratio and in 81% yield (Scheme 29) (Appendix IlI).

M602C\/002Me

NOZ COQMe MeOZC\/COZMe N02 N02 COzMe
O-desmethyl quinidine
CO,Me Et;N, THF X 87 (3 mol%) <~ ~CO,Me
r, 17 h THF, -20 °C, 16 h
60%, 51 : 49 er 81%, 94 : 6 er
F Br F Br F Br
89 86 (R)-89

Scheme 29 — Synthesis of intermediates (R)-89 and 89
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gauche-open conformation of Michael addition
O-desmethyl quinidine (87) transition state

Figure 31 — Gauche-open conformer of O-desmethyl quinidine (87) and resultant

transition state of enantioselective Michael addition

With a synthetic approach established for the preparation of intermediate (R)-89 in
good vyield and high enantioselectivity, conditions for reduction of the nitro
functionality were investigated (Table 16). Initially, intermediate (R)-89 was treated
with zinc and hydrochloric acid in ethanol at room temperature (entry 1). After 24 h,
no reaction was observed and subsequent elevation of the reaction temperature to
60 °C produced a complex mixture of compounds which did not include starting
material (R)-89 or amine (R)-90. Switching the solvent to methanol allowed for a
four-fold higher reaction mixture concentration (0.2 M) to be employed with zinc and
hydrochloric acid (entry 2). However, again no reaction took place at room
temperature and successive stirring under reflux afforded a complex mixture of
unidentified compounds. Subsequent applications of zinc with acetic acid, and iron
with hydrochloric acid also resulted in a mixture of unidentified compounds, likely
formed via decomposition of the starting material (R)-89 (entries 3 and 4). In addition
to these conditions derived from the Béchamp reduction, an attempt to prepare
amine (R)-90 was carried out using tin(ll) chloride in ethyl acetate under reflux (entry
5).209.210 Under these conditions, a complex mixture was again formed which did not
contain the desired product. Only partial separation of the crude mixture was
achieved by flash column chromatography, but this permitted tentative identification
of lactam (R)-91 as one of the major side-products. In work by Benaglia and co-
workers, the use of trichlorosilane and Hunig’'s base was reported as a metal-free
procedure applicable to the reduction of aliphatic nitro compounds.?'!212
Submission of intermediate (R)-89 to these conditions also generated an
inseparable mixture of unidentified compounds (entry 6). Next, the decision was

made to attempt hydrogenation of (R)-89 with Raney nickel under 2 bar of pressure
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using a Parr shaker apparatus however, no reaction was detected and only starting
material was recovered after 4 h (entry 7). Further examination of the literature
provided an alternative nickel-catalysed procedure, which was employed for the
reduction of nitroalkanes analogous to (R)-89 in the synthesis of (R)-baclofen and
(R)-rolipram 213214 Consequently, (R)-89 underwent reduction using nickel boride
and hydrogen formed in situ from reaction of nickel(ll) chloride and sodium
borohydride in methanol (entry 8). After stirring for only 0.5 h at room temperature,
full reaction of (R)-89 was observed by TLC and "H NMR spectroscopy. Following
flash column chromatography, '"H NMR and mass spectroscopy revealed that the
product contained a 1 : 2.3 ratio of lactams (R)-91 and (R)-92. Further
chromatographic separation of these lactams was not possible due to similar

retention on silica.

Table 17 — Attempted synthesis of amine intermediate (R)-90

NO, CO,Me CH-H,N  CO,Me

Ki)\oozlvle \_;/kCOZMe

)
(oS
F Br F Br . F/©\Br F/©

1O
8

(R)-89 (R)-91 (R)-92
Reagents
Entry i Solvent Temp. and Time Outcome
(equiv.)
1 Zn (5), HCI (2) EtOH rt,24 hthen 60 °C,46h  complex mixture
2 Zn (5), HCI (2) MeOH rt, 20 h then reflux, 19 h  complex mixture
3 2Zn(5), AcOH (5) MeOH 60 °C, 20 h complex mixture
4 Fe (5), HCI (2) MeOH rt, 24 h complex mixture
complex mixture
5 SnCl2-2H20 (5) EtOAc reflux, 20 h o
containing (R)-91
HSICls (3.5), :
CH2Cl2 0°Ctort,16 h complex mixture
DIPEA (5)
H> [2 bar], no reaction
7 MeOH rt, 4 h
Raney Ni observed
NiCl2-6H20 (2), 1: 2.3 mixture of
MeOH rt, 0.5 h
NaBH4 (11) (R)-91 : (R)-92
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After evaluation of the reaction conditions screened thus far, employment of nickel
boride for the reduction of intermediate (R)-89 displayed the most promise for further
development. As such, it was proposed that lactam (R)-91 would be prepared
directly from (R)-89 in a single synthetic procedure. Therefore, optimisation of the
reaction conditions would be required to limit reduction of the C-Br bond within
intermediate (R)-89. However, subsequent attempts carried out at lower
temperatures of 0 °C and -20 °C produced complex mixtures and only partial

reaction of starting material (R)-89.

This prompted a comparison of the attempts to reduce intermediate (R)-89
described in this work with the reduction of analogous nitroalkane 81 in the distinct
syntheses of ['®F]SynVesT-1 (['®F](R)-24) reported by Constantinescu and
Huang."2153 Under the reaction conditions employed by Constantinescu et al.,
using iron and hydrochloric acid in ethanol, nitroalkane 81 underwent reduction to
the desired amine 82 in 70% yield (Scheme 26) whilst intermediate (R)-89
generated a complex mixture of inseparable compounds. Following evaluation of
the chemical structure of nitroalkanes (R)-89 and 81, it is not clear why these

compounds react in such a different manner.

2.2.3 Revision of Synthetic Strategy

Given the difficulties encountered in attempts to prepare amine (R)-90 and lactam
(R)-91 thus far, an alternative approach was sought for the enantioselective
synthesis of ['®F]SynVesT-1 (['®F](R)-24) which would not involve the use of
dimethyl malonate. It was proposed that asymmetric organocatalysis would be
exploited once again in this secondary route due to the high degree of
enantioselectivity than can be achieved using chiral organocatalysts, as exemplified
in the first synthetic route. Notably, concurrent with production of this thesis,
Benjamin List and David W.C. MacMillan were awarded the Nobel Prize in
Chemistry 2021 for the development of asymmetric organocatalysis.?'® In 2000,
seminal work by the independent research groups of List and MacMillan described
the use of proline and chiral imidazolidinone organocatalysts, respectively for novel
enantioselective transformations.?'-2'” These pioneering studies initiated the rapid
growth and establishment of organocatalysis as the third field within asymmetric

synthesis, alongside transition metal and enzymatic catalysis, over the last two
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decades.?'8220 Subsequently, numerous chiral amine organocatalysts have been
developed including the diarylprolinol silyl ethers (S)-93 and (S)-94, first reported by
the Jgrgensen and Hayashi research groups simultaneously in 2005 (Figure
32).221.222 Gince their discovery, the Jargensen-Hayashi catalysts including (R)-93
and (R)-94, and numerous diarylprolinol silyl ether derivatives have been widely
employed as versatile and highly enantioselective organocatalysts in the synthesis

of complex natural products and pharmaceuticals.?23-225

FsC FsC
D A A
N OTMS N~ '(-OTMS N OTMS N oTMS
H H H H
Q Q O CFs O CF,
F FsC

3C
()93 (Ry-93 (5)-94 (R-94

Figure 32 — Jargensen-Hayashi diarylprolinol silyl ether organocatalysts

Based on literature precedent, a novel enantioselective synthetic route to
['8F]SynVesT-1 (['®F](R)-24) exploiting enantioselective aminocatalysis at an early-
stage was designed (Scheme 30). Initially, a Wittig reaction would be performed
with benzaldehyde 79 and (triphenylphosphoranylidene)acetaldehyde to produce
cinnamaldehyde 95. Subsequently, the Jargensen-Hayashi organocatalyst (R)-94
would be employed to mediate an asymmetric Michael addition of nitromethane to
give a,B-unsaturated aldehyde 95. The resultant aldehyde (R)-96 would then
undergo successive Pinnick oxidation to the corresponding carboxylic acid (R)-97
using sodium chlorite and hydrogen peroxide. Esterification with thionyl chloride in
methanol would afford methyl ester (R)-98. Given the structural similarity of
nitroalkanes (R)-98 and 81, it was anticipated that treatment of (R)-98 with zinc
under acidic conditions and subsequent base-mediated intramolecular cyclisation
would generate pyrrolidin-2-one (R)-83, in a similar manner to the synthesis of 83
from 81 by Constantinescu et al.'®? Furthermore, it was proposed that the
preparation of pyrrolidin-2-one (R)-83 in a single step would be investigated through
application of nickel(ll) chloride and sodium borohydride. As previously described in
Section 2.2.1, submission of pyrrolidin-2-one (R)-83 to N-alkylation with 4-
(chloromethyl)-3-methylpyridine hydrochloride, and palladium-catalysed
stannylation with hexamethylditin would subsequently afford the desired organotin
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precursor (R)-85. Throughout development of a fluorine-18 radiolabelling procedure

for the synthesis of ['®F]SynVesT-1 (['®F](R)-24), it would be necessary to confirm

the identity and purity of the isolated product by comparison of chromatographic

retention time (t;) with the equivalent fluorine-19 analogue using analytical HPLC.

Therefore, this synthetic route would also be performed starting with 3,5-

difluorobenzaldehyde (99) for preparation of the non-radioactive HPLC standard
SynVesT-1 ((R)-24) (Scheme 30).
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Scheme 30 — Revised proposal for enantioselective synthesis of SynVesT-1 ((R)-
24) and ['®F]SynVesT-1 (['®F](R)-24)
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2.2.4 Racemic Synthetic Route to MNI-1038 (24) and ['®F]MNI-1038 (['®F]24)

With a novel enantioselective strategy devised for the synthesis of SynVesT-1 ((R)-
24), organotin precursor (R)-85 and subsequently ['®F]SynVesT-1 (['®F](R)-24), the
decision was made to prioritise preparation of the corresponding racemates MNI-
1038 (24), precursor 85 and ['®F]MNI-1038 (['8F]24). The basis of this decision was
multifaceted. Firstly, preparation of these racemic compounds via a complimentary
route would facilitate optimisation of the synthetic procedures succeeding formation
of nitroalkanes 98 and 103 without using valuable chiral material. In addition, this
would generate racemic analytical standards for evaluation of enantioselectivity in
the subsequent asymmetric synthetic route via chiral HPLC. Ultimately, in vivo
kinetics studies of both ['®F]SynVesT-1 (['®F](R)-24) and ['®F]MNI-1038 (['®F]24)
would be performed via dynamic PET imaging for development of a quantitative
PET imaging technique for the SV2A protein. However, it would be preferable to
perform optimisation of the copper-mediated nucleophilic radiofluorination reaction
conditions using the racemate organotin precursor 85 generating ['®F]MNI-1038
(['®F]24) before attempting the synthesis of ['®F]SynVesT-1 (['®F](R)-24).

2.2.4.1 Synthesis of MNI-1038 (24)

The synthesis of MNI-1038 (24) began with a Wittig olefination of commercially
available 3,5-difluorobenzaldehyde (99) with methyl
(triphenylphosphoranylidene)acetate under mild conditions to provide multigram
quantities of methyl cinnamate 105 in 87% yield (Scheme 31). As previously
discussed in Section 2.1.4, the phosphonium ylide employed in this Wittig reaction
is resonance stabilised and consequently gave 105 as the E-alkene. The geometry
of the isolated alkene 105 was confirmed by 'H NMR spectroscopy, which showed
two doublets with vicinal trans coupling constants of 16.0 Hz. Notably, an initial
attempt to prepare 105 using an elevated reaction temperature of 50 °C produced
a complex mixture of unidentified side-products. Following a literature procedure
from Constantinescu et al., the a,B-unsaturated methyl ester functionality of methyl
cinnamate 105 then underwent conjugate addition with nitromethane in the
presence of a strong base, 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU), to afford
nitroalkane 103 (Scheme 31).'%2 In the first instance, numerous side-products were

generated and purification of 103 was attempted by flash column chromatography
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using an eluant system comprised of ethyl acetate and petroleum ether (40-60).
However, co-elution of nitroalkane 103 with an unknown side-product was observed
by "H NMR spectroscopy of the isolated product. During a subsequent reaction
under the same conditions, further investigation revealed that this impurity exhibited
identical retention on silica to nitroalkane 103, except when elution was performed
with dichloromethane in hexane. Application of these conditions enabled isolation
of nitroalkane 103 in 47% yield.

CO,Me COQMe N02 COzMe
0 2
z J =
PhgP MeNO,, DBU
THF, rt MeCN, 0 °C to rt
F F 16 h, 87% 16 h, 47%
F F F F
929 105 103

Scheme 31 — Synthesis of intermediates 105 and 103

Following preparation of nitroalkane 103 at gram-scale, the next objective was to
identify suitable reaction conditions for reduction of the nitro functionality. Initially,
employment of zinc powder under acid conditions was examined (Scheme 32). In
the first instance, nitroalkane 103 was treated with zinc and hydrochloric acid at
room temperature however, no reaction was observed by 'H NMR spectroscopy
after 26 h. Consequently, the reaction temperature was increased to 40 °C which
produced a complex mixture of compounds after 120 h that did not include the
desired amine 106. In contrast, employment of zinc in the presence of acetic acid
facilitated full reaction of nitroalkane 103 in 3 h at room temperature. Nonetheless,
a complex mixture of compounds was also generated under these conditions and

SO an alternative procedure was sought.

CIH-HyN CO,Me NO, CO,Me NH, CO,Me
Zn, HCI, MeOH Zn, AcOH, MeOH
rt, 26 h then rt,3h
40 °C, 120 h
F F 0°C, 120 F F F
106 103 107

Scheme 32 — Attempts to reduce nitroalkane 103 using zinc under acid conditions
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With the previous attempts to reduce nitroalkane (R)-89 (Table 16, Section 2.2.2) in
mind, it was anticipated that pyrrolidin-2-one 104 could be prepared directly from
nitroalkane 103 through a one-pot, two-step procedure catalysed by nickel boride.
Given that this synthetic procedure would be subsequently employed for reduction
of nitroalkane 98, containing a C—Br bond liable to reduction, the decision was made
to use catalytic quantities of nickel boride. Subsequent reaction of nickel(ll) chloride
(10 mol%) and sodium borohydride (5 equiv.) in methanol provided nickel boride
and hydrogen gas, which in turn mediated efficient reduction and intramolecular
cyclisation of nitroalkane 103 to afford pyrrolidin-2-one 104 in 63% yield (Scheme
33). The final stage in the synthesis of MNI-1038 (24) was the sodium hydride-
mediated N-alkylation of pyrrolidin-2-one 104 with 4-(iodomethyl)-3-methylpyridine,
which was formed in situ via a Finkelstein-type reaction of 4-(chloromethyl)-3-
methylpyridine hydrochloride and potassium iodide.??® Generation of the weaker
alkyl C—l bond, relative to the corresponding C—CI bond, was exploited to promote
nucleophilic attack of pyrrolidin-2-one 104 via an Sn2 reaction. After stirring in
tetrahydrofuran at 60 °C for 18 h, MNI-1038 (24) was isolated in 64% yield and

sufficient quantity for application as an analytical HPLC standard (Scheme 33).

O 7N\
NO, CO,Me CIH<N§’\ 7N\
27 NiCly-6H50 (10 mol%%) HN /Y N o

NaBH,, MeOH Kl, NaH, THF =/ N
, 0.75 h, 63% 0 °C then 60 °C
18 h, 64%
F F F F
F F
103 104 MNI1038 (24)

Scheme 33 — Synthesis of MNI-1038 (24) via pyrrolidin-2-one 104

2.2.4.2 Synthesis of 85: Precursor to ['*F]MNI-1038 (['3F]24)

The synthetic route established for the preparation of MNI-1038 (24) was then
employed for the synthesis of organotin precursor 85 as a racemic mixture. Firstly,
a Wittig reaction of commercially available 3-bromo-5-fluorobenzaldehyde (79) and
methyl (triphenylphosphoranylidene)acetate under the previously determined
conditions gave E-alkene 108 in 82% yield. As expected, "H NMR spectroscopy of
the isolated product showed two doublets with vicinal trans coupling constants of

16.0 Hz. In addition, this procedure was consistently high yielding and subsequent
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reactions performed at multigram scale under these conditions provided methyl
cinnamate 108 in 90% yield (Scheme 34). Next, methyl cinnamate 108 underwent
conjugate addition with nitromethane in the presence of DBU to give nitroalkane 98.
Given the side-products and moderate yields obtained during the analogous
synthesis of nitroalkane 103, it was proposed that additional control would be
exerted over the addition of DBU and the reaction temperature in this instance. It
was found that, on a small scale (1.48 mmol), the dropwise addition of DBU over 1
h at 0 °C, followed by a 2 h reaction facilitated full reaction of methyl cinnamate 108,
and preparation of nitroalkane 98 in 64% vyield (Scheme 34). Subsequently, the
reaction was performed on a twenty-fold larger scale (30.1 mmol), in which DBU
was added dropwise over 1.5 h at 0 °C and then stirred for 2 h. The reaction mixture
was then promptly warmed to room temperature and full reaction of 108 was
observed after 3 h. Under these conditions modified for larger scale synthesis,

multigram quantities of nitroalkane 98 were produced in 53% yield.

0 CO,Me CO,Me NO, CO,Me
z /) _
PhgP MeNO,, DBU
THF, rt MeCN, 0 °C
F Br  18h,90% 2 h, 64%
F Br F Br
79 108 98

Scheme 34 — Synthesis of intermediates 108 and 98

The next stage in the synthesis of precursor 85 was reduction and intramolecular
cyclisation of 98 to give pyrrolidin-2-one 83 (Table 17). Following the previously
devised procedure, nitroalkane 98 was treated with nickel(Il) chloride (10 mol%) and
sodium borohydride (5 equiv.) in methanol at room temperature. After only 0.25 h,
starting material 98 was no longer observed by TLC and so the reaction was
quenched to prevent production of side-product 109 via C-Br bond reduction.
However, pyrrolidin-2-one 83 was subsequently isolated in only 39% yield which
prompted the decision to attempt optimisation of this procedure (entry 1). Multiple
side-products were detected by TLC under these initial conditions and so, it was
proposed that a lower concentration reaction mixture could decrease the prevalence
of undesired side-reactions. However, subsequent attempts carried out at lower
concentrations of 0.02 M and 0.1 M resulted in no reaction or facilitated only partial

reaction of nitroalkane 98 (entries 2 and 3). Following a literature procedure,
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preparation of the active nickel boride catalyst prior to addition of nitroalkane 98 was
also found to result in low levels of conversion to the desired product and led to a 1
: 0.15 mixture of 98 to 83 even after 18 h (entry 4).2?7 It was found that reducing the
reaction mixture temperature to 0 °C for the duration of sodium borohydride addition
followed by stirring at room temperature enabled full reaction of nitroalkane 98 after
0.25 h and fewer side-reactions were observed by TLC. Nonetheless, this method
was not conducive to improvement of the yield and pyrrolidin-2-one 83 was afforded
in only 23% vyield (entry 5). Next, this two-step, one-pot reaction was performed
employing alternative catalyst loadings of 5, 20 and 30 mol% (entries 6-8).
Application of 5 mol% nickel(ll) chloride produced a mixture of numerous
compounds after 2 h from which pyrrolidin-2-one 83 was isolated in only 27% yield
(entry 6). Employment of 20 and 30 mol% nickel(ll) chloride facilitated full reaction
of nitroalkane 98 after 0.25 h. However, '"H NMR spectroscopy of the crude material
revealed that pyrrolidin-2-one 83 was the minor product in each mixture. Notably,
subsequent evaporation of the NMR solvent at 45 °C in vacuo for 1.5 h was found
to facilitate production of pyrrolidin-2-one 83 as the major component. Therefore, it
was suggested that the major product initially obtained under these conditions was
the uncyclised amine 110, which then underwent intramolecular cyclisation to give
pyrrolidin-2-one 83 when heated to 45 °C in vacuo. Regrettably, the use of 20 and
30 mol% nickel(ll) chloride afforded inseparable mixtures of pyrrolidin-2-one 83 and
debrominated analogue 109 (entries 7 and 8). Given the insights gained, it was
proposed that the isolated yields of pyrrolidin-2-one 83 described in entries 1 and 5
were lower than anticipated due to partial cyclisation of amine 110 following full
reduction of nitroalkane 98. Subsequently, nitroalkane 98 was treated with 10 mol%
nickel(Il) chloride and sodium borohydride at room temperature for 0.25 h on a
sixteen-fold larger scale (3.19 mmol). The resultant amine intermediate 110 then
underwent intramolecular cyclisation at 45 °C in vacuo for 1.5 h. Pyrrolidin-2-one 83
was subsequently isolated in approximately 52% vyield, although contained 9% 109

which could not be removed via flash column chromatography (entry 9).
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Table 18 — Synthesis of pyrrolidin-2-one 83

NO, CO,Me NICh 61,0 HN HN NH, CO,Me
NaBH, (5 equiv.)
MeOH
F Br E Br F F Br
98 83 109 110
Equiv. of Reaction Temp. and
Entry Outcome
NiCl2-6H20 Conc. Time
1 10 mol% 0.2M rt, 0.25 h 39% yield
2 10 mol% 0.02 M rt, 2 h no reaction?
3 10 mol% 0.1 M rt, 28 h 1 : 1 mixture of 98 : 832
4 10 mol%?® 0.2 M rt, 18 h 1 :0.15 mixture of 98 : 832
0 °C then _
) 10 mol% 0.2M 23% yield
rt, 0.25 h
6 5 mol% 0.2M rt, 2 h 27% yield

7 20 mol% 0.2M rt, 0.25 h¢ 1:0.13 mixture of 83 :109?
8 30 mol% 0.2M rt, 0.25 h¢ 1: 0.17 mixture of 83 :109?
52% vyield
(1 : 0.10 mixture of 83 : 1097)
aDetermined using 'H NMR spectroscopy. ®“Nickel(ll) chloride (10 mol%) and

9 10 mol% 0.2M rt, 0.25 h°

sodium borohydride (1.5 equiv.) were stirred in methanol at rt for 0.5 h prior to
addition of nitroalkane 98 and sodium borohydride (3.5 equiv.). ¢Intramolecular

cyclisation of amine 110 achieved via heating to 45 °C in vacuo for 1.5 h.

Pyrrolidin-2-one 83 was then submitted to N-alkylation with 4-(chloromethyl)-3-
methylpyridine hydrochloride using potassium iodide and sodium hydride as
previously described. Employment of these conditions allowed for the preparation
of intermediate 84 in 45% yield (Scheme 35). Subsequently, whilst performing this
reaction on a multigram scale, liquid/liquid extraction of the reaction mixture proved
challenging due to an emulsion, likely formed by residual mineral oil. Consequently,
intermediate 84 was isolated in a slightly diminished yield of 37% and it was

proposed that sodium hydride would be subjected to washing with hexane prior to
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usage in all successive reactions at large scale. It is worth noting that intermediate
84 and the corresponding debrominated compound could not be fully separated by
chromatographic purification at this stage. Intermediate 84 then underwent
palladium-catalysed stannylation using hexamethylditin and
tetrakis(triphenylphosphine)palladium(0) (20 mol%) in the presence of lithium
chloride to give 85 in 37% yield at first attempt. Notably, a debrominated side-
product was isolated in 30% yield which was significantly higher than anticipated.
This indicated that following oxidative insertion of the palladium(0) catalyst to the C—
Br bond, transmetallation with hexamethylditin proceeded slowly resulting in
significant protodepalladation. Given that hexamethylditin is liable to oxidation in air,
it was proposed that the distannane utilised for this reaction had undergone partial
degradation in storage and an alternative supply was purchased.?28.22° Repetition of
this procedure employing an alternative batch of hexamethylditin was subsequently
performed at an approximately three-fold larger scale (1.64 mmol) and resulted in
the synthesis of organotin precursor 85 in 71% yield (Scheme 35). Under these
conditions, sufficient quantities of 85 were prepared for subsequent development of
a radiofluorination procedure for the synthesis of ['"®F]MNI-1038 (['F]24).

CIH-N / /
HN —/ ¢ N N 0 Pd(PPhs), (20 mol%) Né’\N 0

— N

Kl, NaH, THF Sn,Meg, LiCl
0 °C then 60 °C toluene, reflux
19 h, 45% 24 h, 71%
F Br
F Br F SnMe;
83 84 85

Scheme 35 — Synthesis of intermediate 84 and organotin precursor 85
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2.2.5 Revised Enantioselective Synthetic Route to SynVesT-1 ((R)-24) and
['8F]SynVesT-1 (['®F](R)-24)

2.2.5.1 Enantioselective Synthesis of SynVesT-1 ((R)-24)

In parallel with the development of a radiofluorination procedure using racemates
MNI-1038 (24) and organotin precursor 85, the enantioselective synthesis of
SynVesT-1 ((R)-24) and (R)-85 was investigated. The first objective in the synthesis
of SynVesT-1 ((R)-24) was preparation of cinnamaldehyde 100 from commercially
available 3,5-difluorobenzaldehyde (99) and
(triphenylphosphoranylidene)acetaldehyde via a Wittig reaction. In the first instance,
residual 99 was observed by TLC after stirring in tetrahydrofuran at room
temperature for 16 h. To accelerate this Wittig olefination, the temperature of the
reaction mixture was increased to 50 °C, which facilitated full conversion of 99 to
100 after an additional 26 h, and subsequent isolation of cinnamaldehyde 100 in
58% yield. Herein, this reaction was performed at 50 °C for 21 h to prepare
multigram quantities of cinnamaldehyde 100 in 74% yield (Scheme 36). The
phosphonium ylide employed in this Wittig reaction is resonance stabilised by the
adjacent carbonyl and therefore selectively afforded 100 as the E-alkene. The
geometry of 100 was confirmed by 'H NMR spectroscopy, in which the a- and -
hydrogen atoms relative to the carbonyl share a vicinal frans coupling constant of
16.0 Hz.

CHO CHO
-0 > =
PhyP
THF, 50 °C
E F 21 h, 74%
F F
99 100

Scheme 36 — Synthesis of cinnamaldehyde 100 via a Wittig reaction

Conditions for the asymmetric Michael addition of nitromethane to cinnamaldehyde
100 exploiting Jergensen-Hayashi organocatalyst (R)-94 were then explored. In this
reaction, condensation of secondary amine organocatalyst (R)-94 with the carbonyl
of cinnamaldehyde 100 generates an a,B-unsaturated iminium ion 111 in the

presence of an acidic cocatalyst (Scheme 37 inset). Formation of this iminium
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intermediate lowers the lowest unoccupied molecular orbital (LUMO) energy and
increases the electrophilicity of the B-position, relative to a,B-unsaturated aldehyde
100. Consequently, the decreased energy gap between the LUMO of iminium ion
111 and the highest occupied molecular orbital (HOMO) of nitromethane promotes
the subsequent conjugate addition. The iminium ion 111 adopts an EE
configuration such that the difluorophenyl moiety points away from the bulky
trimethylsilyl group to minimise unfavourable steric interactions. Furthermore, the
pendant meta-trifluoromethyl-substituted phenyl moieties of catalyst (R)-94
sterically hinder one diastereotopic face of the iminium ion 111.223230-234
Consequently, nucleophilic attack of nitromethane occurs at the B-position from the
exposed Re-face to give the corresponding enamine intermediate. Subsequent
hydrolysis regenerates catalyst (R)-94 and affords the enantioenriched aldehyde
(R)-101.

In 2007, Wang and co-workers reported a three-step asymmetric synthesis of (R)-
and (S)-baclofen, a GABAs receptor antagonist.?®® Starting from 4-
chlorocinnamaldehyde, the authors employed Jgrgensen-Hayashi organocatalyst
(S)-93 (see Figure 32 for structure) to induce chirality in the first synthetic step via
an enantioselective Michael addition of nitromethane. In this procedure, adapted
from Hayashi’s original method, Wang and co-workers used equal catalytic loadings
of (S)-93 (20 mol%) and cocatalyst benzoic acid (20 mol%) in ethanol at 0 °C to
afford the corresponding conjugate addition product in 75% vyield and 97%
enantiomeric excess. It was proposed that this method would be suitable for the
synthesis of aldehyde (R)-101 using the alternative organocatalyst (R)-94, which
was selected for utility in this work due to reports of increased reactivity and

enantioselectivity compared with (S)-93.221.223

However, application of these conditions using (R)-94 (20 mol%) produced no
reaction of cinnamaldehyde 100 after 17 h. Consequently, the reaction mixture was
warmed to room temperature which facilitated full reaction of 100 after 46 h but
resulted in significant side-reactions (Scheme 37). Notably, in a preliminary attempt,
aldehyde (R)-101 was unstable when exposed to silica gel. Therefore, the decision
was made to forgo chromatographic purification of (R)-101 and the resultant
carboxylic acid (R)-102, opting instead to purify the corresponding methyl ester (R)-

103. As such, the reaction mixture underwent liquid/liquid extraction with acid and
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then base, and the resultant intermediate (R)-101 was submitted to a Pinnick
oxidation without further purification. Oxidation of aldehyde (R)-101 was achieved
using sodium chlorite under mild acidic conditions and hydrogen peroxide, as a
hypochlorous acid scavenger, after stirring at 0 °C for only 0.75 h.235236 Following
liquid/liquid extraction, carboxylic acid (R)-102 was subjected to esterification with
methanol and thionyl chloride under reflux for 3 h to afford nitroalkane (R)-103 in
20% vyield over three steps and with an enantiomeric ratio of 93 : 7, as determined
by chiral HPLC (Appendix Ill). This reaction clearly exemplified that the Jargensen-
Hayashi organocatalyst (R)-94 could be employed to produce aldehyde (R)-101 in
excellent enantiomeric purity however, alternative conditions were sought with the

aim of diminishing side-reactions to increase the overall yield of nitroalkane (R)-103.

CHO MeNO, K) NaClO,, H,0, v
= (R)-94 (20 mol%) y KHQPO‘; HQO '
PhCO,H (20 mol%) : ' :

EtOH, 0°C, 17 h MeCN
X 0°C, 0.75 h
= F then rt, 46 F = F =

100 (R)-101 (R)-102
: : SOCl, | 0°C then
: FaG ! MeOH | reflux, 3 h
5 Q 5 - @ PhCO, '
, CF, ) 3 N7~ CF4 i NO, CO,Me
Pl ! CHoNO, S | 2 e
N OTMS 5 - 7/% o X . v
E Q CF3 : CFs ~ ™\ CFs3 E 3
| (A)-94 : F 111 | F .
R (R)-103

Yield over three steps
20%,93:7 er

Scheme 37 — Initial enantioselective synthesis of nitroalkane (R)-103 and

stereochemical model of Re-face nucleophilic attack to iminium ion 111 (inset)

In 2010, Devine and co-workers at Merck developed an asymmetric synthesis of
telcagepant, a CGRP receptor antagonist used for the treatment of migraine.?” A
vital step in this synthetic route was enantioselective Michael addition of
nitromethane to 2,3-difluorocinnamaldehyde, catalysed by Jgrgensen-Hayashi
organocatalyst (S)-93 (see Figure 32 for structure). The authors reported that
application of alcoholic solvents and benzoic acid cocatalyst as originally reported

by Hayashi and co-workers resulted in significant side-reactions, and up to 24%
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yield of side-products.?3® In brief, detailed studies revealed that the use of pivalic
and boric acids as dual-cocatalysts in aqueous tetrahydrofuran suppressed these
side-reactions, and provided optimal reaction times and yields. Therefore, an
attempt to prepare aldehyde (R)-101 from cinnamaldehyde 100 was carried out
using nitromethane (6 equiv.), organocatalyst (R)-94 (5 mol%), pivalic acid (5 mol%)
and boric acid (50 mol%) in a mixture of tetrahydrofuran and water (7 : 1) (Scheme
38). On a 0.8 mmol scale, 95% conversion of 100 to (R)-101 was observed by 'H
NMR spectroscopy after stirring at room temperature for 100 h. Crucially, no side-
reactions were observed using 'H NMR spectroscopy. As before, liquid/liquid
extraction was employed to isolate intermediates (R)-101 and (R)-102 in sufficient
purity for subsequent synthetic steps. Aldehyde (R)-101 was then submitted to
Pinnick oxidation with sodium chlorite and hydrogen peroxide at 0 °C for 1 h which
facilitated 88% conversion to the corresponding carboxylic acid (R)-102.
Subsequently, thionyl chloride-mediated esterification with methanol was performed
and the desired nitroalkane (R)-103 was isolated in 27% yield over three steps with
a 94 : 6 er (Appendix Ill).

Given that these alternative conditions inhibited the production of side-products and
afforded nitroalkane (R)-103 in a slightly higher yield with excellent enantiomeric
purity using a four-fold lower organocatalyst loading, this procedure was adopted
for the subsequent synthesis of (R)-103 (Scheme 38). On an approximately four-
fold larger scale, the enantioselective Michael addition of nitromethane to
cinnamaldehyde 100 proceeded at a marginally slower rate and reached 83%
conversion to aldehyde (R)-101 after 100 h. However, no further significant progress
was detected by 117 h with 85% conversion achieved. Subsequently, treatment of
aldehyde (R)-101 with Pinnick oxidation conditions provided full conversion to
carboxylic acid (R)-102 in 2 h, and esterification with methanol and thionyl chloride
achieved 100% conversion after 1.5 h under reflux. Notably, these amended
conditions allowed for the preparation of methyl ester (R)-103 in an improved yield

of 55% over three steps and excellent enantioselectivity (93 : 7 er) (Appendix III).
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MeN02

CHO (R)-94 (5 mol%) NO, CO,H
tB H 1% NaCIOZ, H202
_ UCO,H (5 mol%) L e s L
B(OH)3 (50 mol%) : :
MeCN, 0 °C
THF : H,0 (7 : 1), 1t A=1h
F F A=100h F F B=2h F F
B=117h - . - -
100 (R)-101 (R)-102
Scale (TTTTTTmm oy )
A= 0.800 mmol FsC !
B =3.15 mmol ! SOCl,, MeOH A=4h
Q ! O0°Cthenreflux | B=15h
{ > CF3 !
N oTMs
' N02 COzMe

e Q
""""""""""" F F

(R)-103
Yield over three steps
A= 27%,94 :6 er
B=55%,93:7 er

Scheme 38 — Alternate enantioselective synthesis of nitroalkane (R)-103

Pyrrolidin-2-one (R)-104 was then prepared from nitroalkane (R)-103 in 43% yield
and 94 : 6 er via the nickel boride-catalysed one-pot, two-step procedure previously
developed for nitro reduction and intramolecular cyclisation (Scheme 39). Next, N-
alkylation of pyrrolidin-2-one (R)-104 with 4-(chloromethyl)-3-methylpyridine
hydrochloride was performed according to the previously described method to
provide SynVesT-1 ((R)-24) in 45% yield however, a slight loss in enantiopurity was
observed (82 : 18 er) (Appendix Ill). Nonetheless, SynVesT-1 ((R)-24) was prepared

in sufficient quality and quantity for application as an analytical HPLC standard.

O 7N\
NO, CO,Me CIH'Nd/\ 7 N
27 NiCl,6H,0 (10 mol%) HN —/ T N\ 0
; NaBH,, MeOH Kl, NaH, THF d
r, 0.75 h then R 0 °C then 60 °C, 19 h :
45 °C in vacuo, 1.5 h 45%, 82 : 18 er
F F 43%, 94 : 6 er /@\
F F
F F
(R)-103 (R)-104 SynVesT-1
((R)-24)

Scheme 39 — Synthesis of SynVesT-1 ((R)-24) via pyrrolidin-2-one (R)-104
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2.2.5.2 Enantioselective Synthesis of (R)-85: Precursor to SynVesT-1 ((R)-24)

The novel asymmetric synthetic route developed for the preparation of SynVesT-1
((R)-24) was then exploited for the final objective of this work, the enantioselective
synthesis of organotin precursor (R)-85. Firstly, 3-bromo-5-fluorobenzaldehyde was
reacted with (triphenylphosphoranylidene)acetaldehyde at 50 °C to afford multigram
quantities of E-alkene 95 in 81% yield via a Wittig reaction (Scheme 40). As
expected, '"H NMR spectroscopy of 95 confirmed that the a- and B-hydrogen atoms

relative to the carbonyl share a vicinal trans coupling constant of 16.0 Hz.

o CHO CHO
- PhsP/) =
THF, 50 °C
F Br  18h,81%
F Br
79 95

Scheme 40 — Synthesis of cinnamaldehyde 95 via a Wittig reaction

Cinnamaldehyde 95 then underwent enantioselective Michael addition of
nitromethane using (R)-94 (5 mol%), pivalic acid (5 mol%) and boric acid (50 mol%)
in a mixture of tetrahydrofuran and water (7 : 1) (Scheme 41). On a 1 mmol scale,
100% conversion of 95 to aldehyde (R)-96 was achieved after stirring at room
temperature for 117 h and no side-products were observed by 'H NMR
spectroscopy. As before, liquid/liquid extraction was exploited to isolate
intermediates (R)-96 and (R)-97 in sufficient purity for subsequent synthetic steps.
Aldehyde (R)-96 was then subjected to Pinnick oxidation using sodium chlorite and
hydrogen peroxide at 0 °C for 3 h which facilitated 100% conversion to the
corresponding carboxylic acid (R)-97. Finally, thionyl chloride-mediated
esterification of (R)-97 with methanol was performed under reflux which generated
100% conversion to methyl ester (R)-98 after 1.5 h. Subsequently, nitroalkane (R)-
98 was isolated in 57% yield over three steps with an excellent enantiomeric ratio
of 94 : 6 (Appendix Ill). Consequently, this procedure was repeated at a significantly
larger scale (23.3 mmol) for the synthesis of nitroalkane (R)-98 in multigram
quantities. Notably, the enantioselective Michael addition of nitromethane to
cinnamaldehyde 95 achieved 86% conversion to aldehyde (R)-96 after 139 h but no

further significant progress was detected by 163 h. Similarly, limited conversion was
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noted for the larger scale synthesis of aldehyde (R)-101. These results indicate that
a slightly increased catalyst loading of (R)-94 may be required to achieve full
reaction of cinnamaldehydes 100 or 95 in subsequent enantioselective Michael
additions performed at multigram scale. Nonetheless, successive treatment of
aldehyde (R)-96 with Pinnick oxidation and esterification conditions, as previously
described, allowed for the preparation of nitroalkane (R)-98 in 52% yield over three

steps.

MeNO, _ _
CHO (R)-94 (5 mol%) N02 CHO N02 COZH
h % NaCIOZ, H202
_ BUCO,H (5 moi%) L s s K)
B(OH); (50 mol%) -

MeCN, 0 °C
THF : H,O (7 : 1), 1t A=3h
F Br A=117h F Br B=3h F Br

B=163h - . - .
95 (R)-96 (R)-97
Scale (TTTTTTT Ty \
A= 1.00 mmol F4C '
B =23.3 mmol ! | SOCl,, MeOH | A=1.5h
O cFy 0°Cthenreflux | B=2h

5 NO, CO,Me
(Do, P

(R)-94 5 @\
""""""""""""" F Br

(R)-98
Yield over three steps
A= 57%,94:6 er
B =52%

Scheme 41 — Enantioselective synthesis of nitroalkane (R)-98

Next, nitroalkane (R)-98 was submitted to nickel boride-catalysed nitro reduction
and intramolecular cyclisation via the one-pot, two-step procedure previously
developed. The resultant pyrrolidin-2-one (R)-83 was afforded in approximately 44%
yield as a highly enantioenriched mixture (92 : 8 er) but also contained the
debrominated equivalent (R)-109 in a ratio of 1 : 0.18 (Scheme 42) (Appendix III).
In this reaction, the addition of sodium borohydride was performed in four portions
over ten minutes since nickel boride and hydrogen gas are produced in a vigorous
exothermic reaction, as was the procedure at sub-molar scale. However, given the
significantly larger scale of this reaction (12.2 mmol), this rate of addition generated
a significant rise in temperature which may have promoted reduction of the C—Br
bond resulting in a higher prevalence of the dehalogenated side-product (R)-109.

Pyrrolidin-2-one (R)-83 was then subjected to N-alkylation with 4-(chloromethyl)-3-
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methylpyridine hydrochloride using potassium iodide and sodium hydride as
previously described, except that the sodium hydride was washed with hexane prior
to use, to circumvent the presence of mineral oil in subsequent purification. Under
these conditions, intermediate (R)-84 was prepared at gram scale in 50% yield with
no detrimental impact on the enantiomeric ratio (93 : 7 er) (Appendix Ill). As before,
it is worth noting that intermediate (R)-84 and the corresponding debrominated
compound could not be fully separated by chromatographic purification at this stage.
Intermediate (R)-84 then underwent palladium-catalysed stannylation using
hexamethylditin and tetrakis(triphenylphosphine)palladium(0) (20 mol%) in the
presence of lithium chloride to give organotin precursor (R)-85. Regrettably, the
corresponding debrominated side-product formed via protodepalladation was
isolated in a considerable 42% yield. Given that the conditions used in this instance
were identical to those which gave racemate 85 in 71% yield, it was suggested that
the alternative batch of hexamethylditin employed in this reaction was of lower purity
potentially due to oxidative degradation in storage. Notwithstanding, the desired
organotin precursor (R)-85 was isolated in 27% yield. Furthermore, due to the nature
of the chiral HPLC column it was deemed impracticable to determine the

enantiomeric ratio of organotin precursor (R)-85.

(0] 7N\

NO, CO,Me CIH-Nd’\ 7 N

L NiCl,6H,0 (10 mol%) H@ —/ N\ o
. NaBH,, MeOH KI, NaH, THF d

rt, 0.25 h then 0°Cthen60°C,19h H
45 °C in vacuo, 1.5 h Q 50%, 93 : 7 er
o/ a .
F Br 44%4 92 : 8 er E Br
F Br

(R)-08 (-3 .
luene
PA(PPhy), (20 mol%) | 10
i reflux
SnyMeg, LiCl 24 h, 27%

F : SnMey

(R)-85
Scheme 42 — Enantioselective synthesis of organotin precursor (R)-85. “Mixture of

(R)-83 and debrominated side-product (R)-109 in a ratio of 1 : 0.18.
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2.2.6 Radiosynthesis of ['"®F]MNI-1038 (['8F]24) and ['8F]SynVesT-1 (['®F](R)-
24)

Development of a radiofluorination procedure was then undertaken by Tim Morgan
at the University of Edinburgh, using a GE TRACERIab™ FXgn synthesiser with in-
built semi-preparative HPLC capability for product purification. Initially, racemic
organotin precursor 85 was submitted to copper-mediated nucleophilic
radiolabelling originally developed by Sanford, Scott and co-workers, using the
experimental conditions reported by Constantinescu et al.'®%'%° However, HPLC
analysis of the reaction mixture displayed negligible conversion of ['®F]fluoride to
['®F]MNI-1038 (['®F]24) via comparison of chromatographic retention time with the
MNI-1038 (24) standard. Next, a pre-dissolution step was incorporated in which the
['®F]fluoride was stirred in DMA at 100 °C for 5 minutes prior to the addition of
precursor 85, copper(ll) trifluoromethanesulfonate and pyridine.?*® This approach
was also found to produce negligible conversion of ['®F]fluoride to ['®F]24. Although
the organotin precursor and other reagents were used in large excess to the
['8F]fluoride, HPLC analysis of the reaction mixture showed that precursor 85 was
fully consumed within the 20 minute reaction. As such, the decision was made to
introduce precursor 85, copper(ll) trifluoromethanesulfonate and pyridine to the
synthesiser without pre-mixing which led to a considerable increase in conversion.
Screening the equivalents used of each reagent was subsequently performed and
the highest conversion to ['8F]24 was achieved using precursor 85 (5.00 mg, 11.2
pmol), copper(ll) trifluoromethanesulfonate (8.00 mg, 22.1 umol) and pyridine (20.0
pL, 248 ymol) in DMA (0.7 mL) at 110 °C for 20 minutes.

With radiolabelling conditions established, ['®F]24 was subsequently purified by
semi-preparative HPLC using an optimal isocratic mobile phase of 50% acetonitrile
in 0.1 M aqueous ammonium acetate. Given that ['®F]24 would be subsequently
administered in vivo for PET imaging of the SV2A protein, it was necessary to
reformulate the fluorine-18 radiolabelled product into a saline solution containing the
minimum volume of ethanol via solid phase extraction (SPE). Initial reformulation
attempts employed a Sep-Pak® tC18 vac or C18 plus short cartridge but were
deemed impracticable due to incomplete retention of ['®F]24 and produced lower
isolated radiochemical yields. Subsequently, optimal reformulation of ['®F]24 as a

10% ethanol in saline solution was achieved using an Oasis® HLB cartridge.

128



The optimised radiolabelling procedure was then applied to organotin precursor 85
for production of ['®F]MNI-1038 (['®F]24) in triplicate. Starting from 53.4 + 2.7 GBq
of ['®F]fluoride, this procedure allowed for the preparation of ['®F]MNI-1038 (['8F]24)
in 12 £ 2% radiochemical yield with a radiochemical purity of >99%, in a total
synthesis time of 58 minutes (n = 3) (Scheme 43). Furthermore, the molar activity
of ['®F]24 was calculated as 163 * 45 GBq pmol™' through comparison of the
analytical HPLC UV chromatograms of the product with those of the MNI-1038 (24)
standard at known concentrations. Finally, the enantioenriched organotin precursor
(R)-85 was submitted to this procedure in triplicate. Starting from 58.5 £ 1.8 GBq of
['8F]fluoride, ['®F]SynVesT-1 (['®F](R)-24) was afforded in 12 + 1% radiochemical
yield with a radiochemical purity of >99%, in a total synthesis time of 57 minutes (n
= 3). In addition, the molar activity of ['®F](R)-24 was calculated as previously
described with the analytical HPLC standard SynVesT-1 ((R)-24) to be 50.9 + 7.2
GBq upmol™'. Thus far, the molar activity of ['®F]MNI-1038 (['®F]24) and
['®F]SynVesT-1 (['®F](R)-24) produced through this procedure has been variable

due to a low number of experimental replicates (n = 3).

['8F]F- (53.4 + 2.7 GBq) N
K,CO,, KOTf

Cu(OTf),, pyridine, DMA
110 °C, 20 mins

n=3
F SnMey F 18F

85 ['8F]MNI-1038 (['8F]24)
RCY =12 £ 2%
RCP =>99%
A, =163 + 45 GBq pymol"

N N ['8F]F- (58.5 + 1.8 GBq) N N
= d K,COj, KOTf d

: Cu(QTf),, pyridine, DMA :
@\ 110 °C, 20 mins /@\
n=3
F SnMe; F

(R)-85 ['8F1SynVesT-1 (['8F](R)-24)
RCY=12%1%
RCP =>99%
A, =50.9 + 7.2 GBq ymol~’

Scheme 43 — Radiosynthesis of ['®F]MNI-1038 (['8F]24) and ['®F]SynVesT-1
(['®F1(R)-24)
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2.2.7 PET Imaging of SV2A with ['F]MNI-1038 (['®F]24) and ['®F]SynVesT-1
(['*F1(R)-24)

Following the development of optimised synthetic routes to radiotracers ['®F]MNI-
1038 (['®F]24) and ['®F]SynVesT-1 (['®F](R)-24), the focus of the project transferred
to the development of a quantitative in vivo PET imaging technique for the SV2A
protein. It is vital to possess a thorough knowledge of the kinetic properties of a
radiotracer to enable in vivo application in quantitative PET imaging studies. Whilst
the kinetic properties of these imaging agents have been previously examined in
both non-human primates and healthy humans, there has been no comparative

kinetics assessment in murine models published thus far.152.153,155

In work performed by Carlos J. Alcaide-Corral and Catriona Wimberley, at the
University of Edinburgh both ['®F]MNI-1038 (['8F]24) and ['®F]SynVesT-1 (['®F](R)-
24) underwent kinetic properties evaluation in the mouse brain via dynamic PET/CT
imaging of eight naive male C57BI16/J mice over 2 hours following administration of
the chosen radiotracer. The resultant PET images were summed from 30 to 60
minutes and the standard uptake values (SUVs) produced were converted into SUV
maps of the whole brain (Figure 33, A and B). SUV refers to the ratio of radioactivity
concentration in tissue at a specific time to the injected dose of radioactivity per
kilogram of body weight. Furthermore, the PET images were registered to a mouse
brain atlas that had been obtained by MRI to determine regional SUVs. It was found
that both ["®F]MNI-1038 (['®F]24) and ['®F]SynVesT-1 (['8F](R)-24) exhibit similar
spatial distribution throughout the 53 regions of the brain that were analysed but
with substantially different degrees of uptake. In Figure 33 A and B, the SUV maps
are displayed in the coronal, axial, and sagittal planes using a colour scale in which
regions of high uptake are shown in red and regions of low uptake or “spill over” are
shown in blue. In Figure 33 A, moderate uptake of ["®F]MNI-1038 (['®F]24) can be
observed across the brain including in the cerebellum and optical nerves (two eyes
clearly shown in the axial slice) (green regions). Furthermore, low uptake was
observed in the striatum, hippocampus, and thalamus (blue regions). Conversely,
the highest uptake of ['®F]MNI-1038 (['®F]24) was recorded in the cortex and
olfactory bulb (yellow/orange regions). In Figure 33 B, significantly higher uptake of
['®F]SynVesT-1 (['®F](R)-24) was observed in all brain regions when compared to
['®FIMNI-1038 (['®F]24). Moderate uptake of ['8F]SynVesT-1 (['®F](R)-24) was
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recorded in the striatum, hippocampus, thalamus, optical nerves, and medulla
(green regions). Furthermore, high uptake was observed in the cortex and olfactory

bulb (red/yellow regions) which are known to possess high synaptic density.

Additionally, the total SUVs of the whole brain were plotted against time to afford
time activity curves for each radiotracer (Figure 33C). These curves demonstrate
that the enantioenriched ['®F]SynVesT-1 (['®F](R)-24) (red line) underwent rapid
and significantly higher uptake into brain tissue than the racemic mixture ['®F]MNI-
1038 (['®F]24) (blue line). However, SUVs are a measure of the total uptake of a
radiotracer including non-displaceable uptake such as non-specific binding and
tissue perfusion. To perform a quantitative analysis of ['®F]SynVesT-1 (['®F](R)-24)
bound specifically to the SV2A protein, it is necessary to measure the proportion of
radiotracer that partakes in non-displaceable uptake. Common methods employed
for this measurement include arterial blood sampling and reference tissue regions.
However, arterial blood sampling is challenging in murine models due the small
animal size, and the wide-spread occurrence of the SV2A protein within the brain
does not allow for identification of a reference tissue region without the presence of
radiotracer. Consequently, studies are underway to investigate the use of dynamic
PET imaging with factor analysis to quantify radiotracer in the blood via an image-
derived input function. Subsequent estimation of the non-displaceable uptake of
['®F]SynVesT-1 (['®F](R)-24) will facilitate quantitative measurement of specific

binding of the radiotracer to the SV2A protein.
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Figure 33 — Average SUV maps of ['®F]MNI-1038 (['®F]24) (A) (C, blue line) and
['®F]SynVesT-1 (['®F](R)-24) (B) (C, red line) in whole mouse brain. Images A and
B courtesy of Carlos J. Alcaide-Corral and Catriona Wimberley. Image of mouse

was created using BioRender.com.
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Figure 34 (continued) — SUV Time activity curves (C) of ['®F]MNI-1038 (['8F]24)
(A) (C, blue line) and ['®F]SynVesT-1 (['®F](R)-24) (B) (C, red line) in whole mouse

brain . Graph C courtesy of Carlos J. Alcaide-Corral and Catriona Wimberley.

2.2.8 Conclusions and Future Work

In summary, a synthetic route for the preparation of ["®F]MNI-1038 (['®F]24) and two
enantioselective synthetic routes toward ['8F]SynVesT-1 (['®F](R)-24) were
investigated. Both asymmetric routes to the organotin precursor (R)-85 exploited
organocatalysed enantioselective Michael addition reactions to induce chirality in
early synthetic stages. The initial asymmetric route explored, which employed the
bifunctional organocatalyst O-desmethyl quinidine (87), was ultimately deemed
impracticable due to challenges encountered when various attempts were made to

reduce the nitro functionality of the Michael addition product (R)-89.

As such, an alternative enantioselective synthesis of ['®F]SynVesT-1 (['8F](R)-24)
and complimentary route to the racemate compound ["®F]MNI-1038 (['8F]24) were
designed. Firstly, a four-step synthetic route was developed for the preparation of
the fluorine-19 analogue MNI-1038 (24). These synthetic procedures were then
applied and further optimised for the synthesis of 85 the organotin precursor to
['®FIMNI-1038 (['®F]24), in five steps. Racemic HPLC standard MNI-1038 (24) and

precursor 85 were then utilised by our collaborators to develop a copper-mediated

133



nucleophilic radiofluorination procedure for the preparation of ['®F]MNI-1038
(['®F]24). The second asymmetric route, which utilised the Jargensen-Hayashi
diarylprolinol silyl ether organocatalyst (R)-94, was first optimised and employed for
the synthesis of fluorine-19 equivalent SynVesT-1 ((R)-24) in six synthetic steps.
Finally, this enantioselective synthetic approach was applied for the synthesis of
(R)-85 the organotin precursor to ['®F]SynVesT-1 (['®F](R)-24), in seven steps.
Crucially, this novel enantioselective synthetic route allowed for the preparation of
both the HPLC standard SynVesT-1 ((R)-24) and precursor (R)-85 in excellent 93 :

7 enantiomeric ratios without application of costly chiral resolution techniques.

Organotin precursor (R)-85 was subsequently submitted to the optimised fluorine-
18 radiolabelling conditions to afford '8F]SynVesT-1 (['®F](R)-24). Both radiotracers
['®FIMNI-1038 (['®F]24) and ['®F]SynVesT-1 (['®F](R)-24) were then subjected to
preliminary in vivo kinetic properties evaluation in mouse brain and the total uptake
was measured. The next stage of this project will be to determine the specific
binding of ['®F]SynVesT-1 (['®F](R)-24) to the SV2A protein to enable the

development of a quantitative PET imaging technique.

Therefore, future synthetic work will focus on the synthesis of precursor (R)-85 in
multigram quantities. The initial Wittig reaction, Michael addition, Pinnick oxidation
and esterification steps of the novel enantioselective synthetic route described were
consistently good yielding and generated products with high enantiopurity.
However, one area which requires optimisation is the limited 85% conversion to
aldehyde (R)-101 noted for the enantioselective Michael addition of nitromethane to
cinnamaldehyde 95 when carried out at larger scales. It is reasonable to suggest
that a slightly increased catalyst loading of 7.5 mol% (R)-94 will be sufficient to
achieve full reaction of cinnamaldehyde 95 in subsequent syntheses performed at
multigram scale. Notably, the three synthetic steps following nitroalkane (R)-98
formation gave moderate yields and further investigation of these reactions should
be carried out to maximise the overall yield of this synthetic route. The nickel boride-
catalysed reduction of nitroalkane (R)-98 proceeds efficiently in 100% conversion
however, a significant degree of debromination was also observed. It is reasonable
to suggest that the reaction temperature be maintained at 20 °C throughout the
addition of sodium borohydride to limit this dehalogenation side-reaction.

Furthermore, the subsequent intramolecular cyclisation to give pyrrolidin-2-one (R)-
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83 could be accelerated through addition of a base such as triethylamine, or possibly
even promote cyclisation at room temperature. This may limit any dehalogenation
formed during the intramolecular cyclisation reaction at 45 °C which may contain

residual traces of nickel boride.

Moreover, the synthesis of intermediate (R)-84 could be attempted using an
alternative synthetic route (Scheme 44). Carboxylic acid intermediate (R)-97 could
be prepared from 3-bromo-5-fluorobenzaldehyde (79) in three steps as previously
described, then treated with nickel(ll) chloride and sodium borohydride followed by
hydrochloric acid to afford amine (R)-112. Coupling of amine (R)-112 and 3-methyl-
4-pyridinecarboxaldehyde under standard reductive amination conditions could
then be exploited to afford intermediate (R)-113. Subsequently, intramolecular
cyclisation of this intermediate could be achieved through a condensation reaction
performed under Dean-Stark conditions to afford pyrrolidin-2-one intermediate (R)-
84.240

NO, CO,H 1) NiCly-6H,0 (10 mol%)

U NaBH,, MeOH CH-HN — COM - N X" NH CO.H
: ,0.25 h (] =/ 0 { 2
z > > =

2) 1 M HCl EtsN, AcOH :
) o
F Br F Br
F Br

(R)-97 (R-112 (R)-113

' toluene
¢ reflux
\

(Ry-84

Scheme 44 — Alternative synthetic route to intermediate (R)-84

In addition, the palladium-catalysed stannylation reaction to afford organotin
precursor (R)-85 from (R)-84 has shown variable yields which appears to be

dependent on the purity of the hexamethylditin reagent. Future work could
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investigate the use of a pinacol boronic ester precursor (R)-114 and exploit a
copper(ll)-catalysed nucleophilic radiofluorination method developed by
Gouverneur and co-workers for the synthesis of ['®F]SynVesT-1 (['®F](R)-24)

(Scheme 45)_106,153,195,196

7N\ B,Pin,, KOAc 7N\ [Cu(OTH)o(impy)q] 7N 0
N_ ° PdCl,(dppf) Nj’\wo ['8F]KF/Kgpp, DMI N U

DMF, 80 °C 120 °C, 20 min
F/©\Br F/©\BPin F©\18F
(R)-84 (R)-114 ['®F]SynVesT-1
(['®F1(R)-24)

Scheme 45 — Proposed synthesis of ['8F]SynVesT-1 (['®F](R)-24) via pinacol

boronic ester precursor (R)-114
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2.3 Transition Metal-Catalysed Reactions of Aryl Nonaflates

2.3.1 Introduction

Aryl and heteroaryl iodides are a fundamental class of organic compound, abundant
in natural products, agrochemicals, and pharmaceutical drugs such as 115-119
(Figure 34).24-246 |odoarenes, and haloarenes in general, are also crucially
important synthetic intermediates that are commonly utilised for the preparation of
organometallic reagents and free-radical intermediates, and transition metal-
catalysed cross-coupling reactions to facilitate a wide-variety of chemical
transformations via the formation of C—C, C-N, C—O and C-S bonds.?47-254 Aryl
iodides are particularly valuable intermediates as they possess increased reactivity
relative to bromides, chlorides and fluorides, owing to the comparatively weak C—I

bond_248,255
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plakohypaphorine C (117) (R=H, R' =)
produced by the Carribean sponge
Plakortis simplex
Figure 35 — Aryl iodides in natural products, agrochemicals, and pharmaceutical

drugs

Due to the significant utility of aryl iodides, many general strategies have been
developed for the synthesis of these haloarenes. Traditional methods include direct
iodination of a C—H bond via electrophilic aromatic substitution using a strong
oxidant or electrophilic iodine reagent, and the indirect iodination of aryl
organolithium intermediates formed via directed lithiation, or aryl diazonium
intermediates via the Sandmeyer reaction.?*”-2%6-262 However, these procedures

typically require harsh reagents and conditions that are detrimental to functional
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group tolerance, are limited to the iodination of activated aryl systems and suffer

from poor regioselectivity or polyiodination.

Modern studies, including those performed by the Sutherland group, have therefore
sought to develop mild procedures for the regioselective iodination of arenes that
can be applied for the synthesis of complex target compounds. A range of metal-
free conditions have been developed in recent years for oxidative, photo-induced or
radical iodination of starting materials such as aryl halides, carboxylic and boronic
acids, triflates and anilines or hydrazines via aryl diazonium salt
intermediates.03.104263-276 However, recent advances in the field of aryl iodination
have been predominantly concentrated on transition metal-catalysed reactions
including copper or nickel-catalysed halogen exchange, ruthenium-catalysed
pseudo-halogen exchange, copper or gold-catalysed iododeboronation,
electrophilic aromatic substitution with an electrophilic iodine reagent facilitated by
a gold, indium, iron or silver catalyst, and C—H activation catalysed by palladium,

copper, rhodium, ruthenium or cobalt.!03:248,255,277-281

As previously discussed in Section 1.1.2, aryl and heteroaryl iodides containing
radioactive nuclides of iodine, including iodine-123, iodine-124, iodine-125 and
iodine-131, are indispensable within the discipline of molecular imaging.?-2427.28.282
Traditionally, radioiodine has been incorporated into organic molecules via
nucleophilic or electrophilic aromatic substitution.?24282.283 |odine radioisotopes are
produced as nucleophilic iodide and generally supplied as aqueous solutions of
sodium iodide in the presence of sodium hydroxide.® This is advantageous for
employment in nucleophilic aromatic substitution reactions including the
radioiodination of aryl iodides (containing iodine-127) via isotope exchange, and aryl
bromides or chlorides via halogen exchange.?24282.284 However, the utility of isotope
exchange reactions is limited due to competition between radioactive and non-
radioactive iodide which generates an inseparable mixture of isotopic compounds
with poor molar activity.?®? In addition, halogen exchange reactions of aryl bromides
and chlorides commonly require high temperatures and long reaction times.284
Furthermore, the separation of aryl radioiodides from residual haloarene starting
materials can prove challenging.?®? Extended purification times are especially
detrimental to the preparation of radiopharmaceuticals since synthesis duration

must be minimised as far as practicable to preserve radioactivity.
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Alternatively, activated arenes can undergo direct radioiodination of C—H bonds via
electrophilic aromatic substitution, following the oxidation of radioactive sodium
iodide with an oxidant such as chloramine-T (120), Pierce™ iodination reagent (121)

(formerly lodo-Gen®), N-chlorosuccinimide (122) and peracetic acid (123) (Figure
35)_2,24,282—284

O
o\\S//o o6 Cl\N)LN’Cl I\A\ o
cl N__N & OpH
cl- \ﬂ/ ~Cl
o
chloramine-T (120) Pierce™ iodination N-chlorosuccinimide (122) peracetic acid (123)
reagent (121)

Figure 36 — Common reagents employed for oxidation of radioactive sodium iodide

For arenes that are not activated towards electrophilic aromatic substitution,
organometallic intermediates such as aryl organostannanes are commonly
prepared from the corresponding aryl bromides via palladium-catalysed stannylation
(Scheme 46). Upon treatment with an electrophilic source of radioiodide, formed in
situ using sodium radioiodide and an oxidant, the labile C—Sn bond present within
these intermediates facilitates an ipso-electrophilic aromatic substitution
reaction.22428.282-284  Thjs oxidative iododestannylation reaction is the most
frequently employed method of radioiodination within the field of nuclear medicine
and affords radioiodinated arenes in high yields with regioselectivity.?®2%2 The key
limitations of this technique include the use of strong oxidising reagents which are
intolerant of many functionalities, and the potential for residual tin residues within

the radioiodinated imaging agents that would have in vivo toxicity implications.
Br Pd(0) 123,

SnMe 123
. X 3 Na'=°l X
R R R
= (Me3Sn), % Oxidant Y

Scheme 46 — Oxidative radioiododestannylation via an ipso-electrophilic aromatic

substitution reaction

Over the last four decades the use of SPECT imaging agents has significantly
increased and thus the demand for mild and efficient radioiodination methods that

overcome the limitations of traditional methods as previously described has grown.
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With respect to the radioiodination of arenes, the fields of nucleophilic and
electrophilic aromatic substitution have witnessed the development of milder
conditions that are suitable for application to a wider scope of substrates. Notably,
the majority of novel radioiodination methods developed in recent years have been
transition metal-catalysed reactions including nickel(0)-catalysed halogen exchange
of aryl bromides, copper(l)-, copper(ll)- or gold(l)-catalysed iododeboronation,
copper(ll)-catalysed three-component cycloaddition via click chemistry, and N-
acylsulfonamide directed C—H activation via palladacycle formation. A nhumber of
these recent advances were established within the Sutherland research group, and
a summary of modern radioiodination methodologies was recently collated in a
review article that was published collaboratively by the Sutherland and Cailly

research groups.?®

From this range of established synthetic procedures for the preparation of aryl
iodides and radioiodides, it can be observed that aryl halides and organometallic
intermediates are the most frequently employed starting materials and precursors.
However, as previously highlighted, the utility of these intermediates and associated
procedures is intrinsically limited by harsh reaction conditions and challenging
purification of the desired products. Phenol-derived aryl sulfonates such as
methanesulfonates (mesylates, Ms, 124), p-toluenesulfonates (tosylates, Ts, 125),
trifluoromethanesulfonates (triflates, Tf, 126) and nonafluorobutanesulfonates
(nonaflates, Nf, 127) are commonly referred to as pseudo-halides due to their
capability to mimic the electrophilic behaviour of aryl halides (Figure 36).225 The
inherent utility of these pseudo-halides is due to the more labile C-O bond and
increased electrophilicity of the ipso-carbon, relative to the parent phenolic species,
generated by the adjacent electron-withdrawing sulfonyl moiety, and that the
sulfonate ion (RSQO37) is an excellent leaving group.286287 Furthermore, triflates and
nonaflates exhibit increased reactivity relative to mesylates and tosylates due to the
strongly electron-withdrawing properties of their perfluoroalkyl moieties.?86.287
Consequently, aryl sulfonates and perfluoroalkylsulfonates in particular have been
employed as alternative starting materials in a wide-range of nucleophilic
substitution reactions and cross-coupling reactions for the production of C—C, C—N,
C—P and C-S bonds.287-301
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Figure 37 — Structures of phenol-derived aryl sulfonates

These aryl sulfonates are readily accessible from the corresponding phenols, of
which there is a broad and generally inexpensive, commercially available scope.
Furthermore, phenolic functionality is ubiquitous within bioactive compounds such
as steroids, amino acids and numerous FDA approved pharmaceuticals.'?® Current
synthetic methods to prepare aryl halides directly from phenols require harsh
conditions which impedes their wide-spread application as substrates for iodination
or radioiodination.392:3%% Although the use of phenol-derived aryl sulfonates for
transition metal-catalysed cross-coupling reactions has become increasingly
common in recent years, there has been very limited reports of their utility for the

production of aryl halides.

In 2005, Huffman and co-workers developed a three-step procedure for the
synthesis of aryl bromides and iodides in which phenol substrates underwent
successive transformation to aryl triflates, and then neopentylboronate esters via
palladium(0)-catalysed borylation (Scheme 47).3% The resultant boronate
intermediates were then subjected to iododeboronation through treatment with
oxidant chloramine-T (120) and sodium iodide to afford the corresponding aryl
iodides via electrophilic aromatic substitution. Although effective for electron-rich
arenes, this synthetic approach was not compatible with electron-deficient
substrates. Ultimately, this synthetic approach was deemed too elaborate and

inefficient for the preparation of aryl iodides from phenols.
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Scheme 47 — Three-step synthesis of aryl iodides from phenols by Huffman and

co-workers

A more direct approach for the synthesis of aryl halides from phenols was later
pioneered by Buchwald and co-workers, who developed the first transition metal-
catalysed halogenation of aryl triflates via palladium(0)-catalysed pseudo-halogen
exchange reactions. In 2009, the Buchwald research group reported the preparation
of aryl fluorides and shortly thereafter in 2010, the complimentary synthesis of aryl
bromides and chlorides directly from aryl triflates  employing
tris(dibenzylideneacetone)dipalladium(0) and the sterically hindered
dialkybiarylphosphine ligand ‘BuBrettPhos (128) (Scheme 48).28%:3% This procedure
was shown to generate a diverse range of aryl bromides and chlorides in good yields
of 63—-84% after 20—24 h however, the use of multiple additives was required. The
potassium halide sources exhibited poor solubility in toluene which necessitated the
use of polyethylene glycol 3400 (PEG3400) as a phase transfer catalyst. In addition,
the potassium triflate by-product was observed to inhibit the production of the
desired aryl halides and prompted the addition of Lewis acid tri-iso-butylaluminium.
However, a significant quantity of C—C cross-coupling between tri-iso-
butylaluminium and the aryl substrate was then observed. Subsequently, the
addition of 2-butanone was found to inhibit cross-coupling through the production of
aluminium alkoxides and facilitated the preparation of aryl halides in good yields.
Despite further optimisation for improved utility with a wider substrate scope, this
palladium(0)-catalysed pseudo-halogen exchange has not been shown to be
applicable for the synthesis of aryl iodides from aryl triflates, thus far.306-3%9 Notably,

this seminal work by Buchwald and co-workers established that aryl sulfonates
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could be successfully employed in lieu of aryl halides for transition metal-catalysed

halogenation.

Pd,(dba)s (1.5-2.5 mol%) 5 OMe
BuBrettPhos (3.75-6.25 mol%) ' O
~OTf KX (1.5 equiv.), PEG3400 X i MeO P('Bu),
J SO U
=z 2-butanone (1.5 equiv.) = O
: . .
BusAl (1.5 equiv.) X = Br or Cl ipy

toluene, 100 °C
20-24 h, 63—-84%

______________________

Scheme 48 — Palladium-catalysed synthesis of aryl bromides and chlorides from

aryl triflates by Buchwald and co-workers

Subsequently in 2012, Hayashi and co-workers developed an alternative approach
for the bromination of aryl triflates using an electron-rich ruthenium(ll) catalyst,
tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)

trifluoromethanesulfonate (129) (5 mol%), with lithium bromide in 1,3-dimethyl-2-
imidazolidinone (DMI) (Scheme 49).3'° This pseudo-halogen exchange reaction
was found to proceed at a mild temperature of 100 °C in modest timescales and
without the use of additives. A selection of electronically diverse aryl triflates was
submitted to these conditions and the bromination of electron-deficient arenes was
achieved in high yields of 83—97%. However, the synthesis of electron-rich aryl and
heteroaryl bromides required elevated temperatures (120 °C), an increased loading
of catalyst 129 (10 or 15 mol%) loading, or increased equivalents of lithium bromide
(3 or 6 equiv.). Furthermore, significantly longer reaction times of up to 48 h were
necessary to obtain yields of 70-93%. Notably, selective reactivity with the triflate
functionality of 4-chloronaphthalen-1-yl trifluoromethanesulfonate was observed
which demonstrates the utility of this method for the preparation of dihaloarenes with

scope for subsequent orthogonal functionalisation.
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Scheme 49 — Ruthenium-catalysed synthesis of aryl bromides from aryl triflates by

Hayashi and co-workers

In the same study, Hayashi and co-workers also treated four aryl triflates with
ruthenium(ll) catalyst 129 (5 mol%) and sodium iodide (3 equiv.) in DMI to afford
aryl iodides 130-133 (Scheme 50). The authors found that use of an elevated
reaction temperature (120 °C) and equivalents of the halide source (3 equiv.) was
essential for iodination of all four aryl triflates. Electron-deficient aryl iodides 130 and
131 were prepared readily in high yield; however, the synthesis of ortho-substituted
132 required an increased loading of catalyst 129 (10 mol%). In addition, the
iodination of moderately electron-rich 4-tert-butylphenyl trifluoromethanesulfonate
was achieved but required the use of 15 mol% of ruthenium(ll) catalyst 129 and 6
equivalents of sodium iodide to afford 133 in only 56% vyield after 48 h.
Consequently, the authors concluded that this methodology was not widely
applicable to the synthesis of electron-rich aryl iodides. To the best of our
knowledge, this procedure from Hayashi and co-workers was the first transition
metal-catalysed halogenation of phenols via aryl sulfonates that demonstrated

scope for application to aryl iodination.

[Cp*Ru(MeCN)3]OTf

N OTf (5 mol%) Ny X |
P Nal (3 equiv.), DMI, 120 °C 2

so SN ool o RN o1

130, 94% (3 h) 131, 95% (12 h) 132, 84%7 (24 h) 133, 56% (48 h)

R

Scheme 50 — Ruthenium-catalysed synthesis of aryl iodides from aryl triflates.
aReaction performed using [Cp*Ru(MeCN)3]OTf (129) (10 mol%). ’Reaction
performed using [Cp*Ru(MeCN)3]OTf (129) (15 mol%) and Nal (6 equiv.).
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Hayashi and co-workers hypothesised that this reaction proceeds through a
ruthenium(Il)/ruthenium(lV) catalytic cycle (Scheme 51).3'° The authors concluded
that the electron-donating nature of the pentamethylcyclopentadiene (Cp*) ligand
was crucial to the observed reactivity following unsuccessful aryl halogenation
attempts using a catalytic system developed three years previous for the
halogenation of alkenyl triflates, comprised of ruthenium(lll) acetylacetonate
(Ru(acac)s) (3 mol%), ethylmagnesium bromide (12 mol%) and 3,4,7,8,-tetramethyl-
1,10-phenanthroline (3 mol%).2'" The electron-donating nature of the Cp* ligand
generates an electron-enriched ruthenium(ll) catalyst 129, which is activated for
oxidative addition to the aryl triflate 134. Oxidative addition of 134 produces a
cationic n'-arylruthenium(lV) complex 135 which then undergoes anion exchange
of the triflate group with a halide anion, and subsequent co-ordination of the halide
produces the neutral ruthenium species 136. Finally, reductive elimination affords

the aryl halide product 137 and regeneration of the ruthenium(ll) catalyst 129.
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Scheme 51 — Proposed catalytic cycle of ruthenium-catalysed halogenation

In addition to the aforementioned research on the utility of aryl triflates in pseudo-
halogen exchange reactions, aryl nonaflates were also investigated by Larhed and
co-workers in 2013.3'2 Derived from the palladium(0)-catalysed halogenation of aryl
triflates reported by Buchwald and co-workers, Larhed and co-workers developed a

one-pot, two-step, microwave-assisted palladium(0)-catalysed procedure for the
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fluorination of phenols via aryl nonaflate intermediates (Scheme 52). In the first step
of this procedure, a small series of phenols underwent conversion to aryl nonaflates
using perfluoro-1-butanesulfonyl fluoride (nonaflyl fluoride) in the presence of
caesium fluoride. The authors reported that reaction times varied significantly
dependent upon the nucleophilicity and solubility of the phenol substrate.
Subsequently, fluorination was performed using
tris(dibenzylideneacetone)dipalladium(0) (2 mol%) with Buchwald ligand
‘BuBrettPhos (128) (6 mol%) and proceeded rapidly under microwave heating at
180 °C to afford aryl fluorides in 41-85% vyield over two steps. Although tolerant of
many functionalities, including tertiary amines, ethers, nitriles, ketones and esters,
the authors found that this methodology was not compatible with electron-rich or
protic substrates. Furthermore, a competitive reaction employing 1 equivalent of
caesium fluoride, caesium chloride and caesium bromide underwent fluorination in
greater than 90% conversion, with less than 10% of the aryl chloride and traces of
the aryl bromide products observed. Notably, no attempts to prepare aryl chlorides,

bromides, or iodides from phenols under these conditions were described.

FoC4SO,F (1.5 equiv.) Pd,(dba)s (2 mol%)
- OH CsF (2 equiv.) ij/osochg BuBrettPhos (6 mol%) ~F
R < R
= toluene, 50 °C MW, 180 °C, 0.5-1 h Z
1 h—7 days

41-85% over two steps
Scheme 52 — One-pot, two-step palladium-catalysed synthesis of aryl fluorides

from phenols via aryl nonaflates by Larhed and co-workers

2.3.2 Previous Work in the Sutherland Group

The deficit of mild yet robust methods for the synthesis of aryl iodides and
radioiodides from ubiquitous phenols via transition metal-catalysed reactions,
prompted investigations within the Sutherland group. To the best of our knowledge,
the ruthenium(ll)-catalysed iodination of aryl triflates reported by Hayashi and co-
workers is the sole exemplar of this transformation but exhibits limited utility for
application with electron-deficient arenes (Scheme 50).2'° It was proposed that this
methodology would be adopted as a starting point from which to further develop a
transition metal-catalysed synthesis of aryl iodides from phenols. However, it was

envisaged that an alternative phenol-derived intermediate to the aryl triflate would
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be required to promote this pseudo-halogen exchange reaction without the use of

forcing conditions.

Notably, nonaflates possess multiple advantageous properties when compared to
triflates.?8” Aryl nonaflates can be readily prepared from the corresponding phenols
under basic conditions with nonaflyl fluoride, a relatively inexpensive industrial by-
product. Furthermore, this reagent is considerably less expensive than analogous
reagents for the synthesis of aryl triflates such as triflic anhydride. In addition,
nonaflates are significantly more stable than the equivalent triflates which are prone
to hydrolysis, and can undergo purification via column chromatography and storage
over prolonged periods of time.2%42% As such, there has been a significant increase
in the application of nonaflates as alternatives to triflates in transition metal-
catalysed cross-coupling reactions over the last two decades.?87,290-292,294-296,298—
301,312-314 |nterestingly, nonaflates are more reactive than the analogous triflates in
some palladium-catalysed cross-coupling reactions, and are less likely to undergo
O-SO: bond cleavage during Stille reactions.?®7:3'3 This improved reactivity is likely
due to the augmented electron-withdrawing  properties of the
nonafluorobutanesulfonate moiety due to the greater number of fluorine atoms

compared with triflates.

Therefore, it was proposed that phenols would be converted to aryl nonaflates and
then subjected to iodination via pseudo-halogen exchange catalysed by the
ruthenium(ll)-catalyst, tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)
trifluoromethanesulfonate (129). It was anticipated that the increased reactivity of
aryl nonaflates, versus triflates, would also allow for a lower catalyst loading of
ruthenium(ll) catalyst 129 (5 mol%) than that used by Hayashi and co-workers (5—
15 mol%). In preliminary work performed by Nikki Sloan, 2-naphthyl nonaflate (139)
was prepared in 99% yield from 2-naphthol (138) and nonaflyl fluoride in the
presence of triethylamine at room temperature (Table 18). Subsequently, screening
of iodination conditions was carried out using 2-naphthyl nonaflate (139) with 5
mol% of ruthenium(ll) catalyst 129 and 1.5 equivalents of sodium iodide at 120
°C.'8" |nitially, the aprotic, high boiling point solvents DMF and N-methyl-2-
pyrrolidone (NMP) were explored as less expensive alternatives to DMI (Table 18,
entries 1 and 2). Under these conditions, the use of NMP facilitated the preparation
of iodide 130 in 47% yield, whilst DMF afforded 130 in only 10% yield. In subsequent
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attempts that employed 3 equivalents of sodium iodide, the use of DMF was clearly
superior and gave iodide 130 in 92% yield although no improvement of yield was
observed for the reaction using NMP (entries 3 and 4). Next, a brief screen of
temperatures revealed that the reaction temperature could be lowered to 100 °C
with no detrimental impact on the efficiency of this iodination or the yield of iodide
130 (entries 5 and 6). Under the optimised conditions, treatment of nonaflate 139
with ruthenium(ll) catalyst 129 (5 mol%) and sodium iodide (3 equiv.) in DMF,
afforded iodide 130 in 93% yield after only 1 h at 100 °C (entry 5).

Table 19 — Initial screen of reaction conditions for the ruthenium-catalysed

iodination of aryl nonaflates using 2-naphthyl nonaflate (139)

FoC4SO.F [Cp*Ru(MeCN)5]OTf
OH EtsN, CH,Cl, 0302C4Fg (5 mol%) |
0 °Cthenrt Nal, Solvent
16 h, 99%
138 139 130

Entry Solvent Equiv.of Nal Temp.(°C) Time (h) Yield of 130 (%)

1 NMP 1.5 120 3 47
2 DMF 1.5 120 3 10
3 NMP 3 120 2 47
4 DMF 3 120 2 92
5 DMF 3 100 1 93
6 DMF 3 80 4 88

Next, a series of electronically diverse aryl nonaflates were prepared under mild
conditions from the corresponding phenols in 74—99% yield, using nonaflyl fluoride
in the presence of triethylamine at room temperature (Scheme 53). These aryl
nonaflates were then submitted to the optimised iodination conditions of
ruthenium(ll) catalyst 129 (5 mol%) and sodium iodide (3 equiv.) in DMF at 100 °C
(Scheme 53). As expected, the pseudo-halogen exchange of electron-deficient aryl
nonaflates 140-144 proceeded efficiently to generate the corresponding iodides in
83—-100% yield after only 3—4 h. However, the more electron-rich 3-chlorophenyl
nonaflate (145) required an extended reaction time of 16 h to afford iodide 152 in a

moderate yield of 45%. Furthermore, electron-rich anisole nonaflates 146 and 147
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were poorly converted, 20% and 10% conversion respectively, to the corresponding

iodides even after prolonged reactions of 72 h.

F9C4SOQF [Cp*Ru(MeCN)B]OTf
AN OH Et3N, CH2C|2 AN OSOZC4F9 (5 mOl%) (j/l
Rt Rt R—
% 0°Cthenrt, 16 h = Nal (3 equiv.), DMF =
Nf = SOZC4F9 100 C
MeO2C
139, 99% 140, 77% 141, 89% 142, 83% 143, 92%
ONf cl ONf MeO ONf ONf
0 o 10NN
MeO
144, 98% 145, 94% 146, 88% 147, 74%3
C” i MeO,C : : C’ :
130, 93% (1 h) 148, 91% (3 h) 149, 100% (3 h) 150, 94% (3 h) 151, 90% (4 h)
131, 83% (4 h) 152, 45% (16 h) 153, N/A (20%5) 154, N/A (10%P)

Scheme 53 — Synthesis of aryl nonaflates from phenols and preliminary
investigation of ruthenium-catalysed iodination. ?Reaction took 48 h. °Conversion

to iodide determined using '"H NMR spectroscopy after 72 h.

Subsequently, attempts were made to optimise the iodination of 4-methoxyphenyl
nonaflate (147) to establish suitable conditions for application with a range of
electron-rich nonaflates. However, a maximum yield of only 36% was achieved
despite increasing the loading of ruthenium(ll) catalyst 129, equivalents of sodium

iodide, temperature, and reaction duration (Scheme 54).

[Cp*Ru(MeCN);]OTf

0S0,C,F (15 mol%) C A
MeO” i: Nal (6 equiv.), DMF MeO

140 °C, 96 h, 36%
147 154

Scheme 54 — Highest yielding synthesis of 4-iodoanisole (154)
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2.3.3 Proposed Research

The overall aim of this project was the continued development of transition metal-
catalysed methods for the iodination of readily available phenols via aryl nonaflates,
under relatively rapid and mild conditions. Following on from the work reported by
Hayashi and co-workers®'? and the preliminary investigations carried out within the
Sutherland group,®' it was proposed that a series of structurally and electronically
diverse aryl nonaflates would be synthesised from the corresponding commercially
available phenols (Scheme 55). These aryl nonaflates would then be subjected to
iodination via a ruthenium(ll) catalyst 129-catalysed pseudo-halogen exchange
reaction. Given the preliminary results of this project, it was proposed that further
optimisation of this reaction would be necessary for application to electron-rich
arenes. Once a general, mild, and efficient iodination procedure was established
and the scope of this transformation was identified, the next aim of this project would
be the synthesis of structurally complex aryl iodides. Finally, it was proposed that
the methodology developed using iodine-127, would be subsequently adapted and
applied to the preparation of SPECT imaging agents using radioactive isotopes of

iodine and established as a novel radioiodination procedure.

FgC4SOzF [Cp*RU(MeCN)S]OTf
@/OH EtsN, CH.Cl, ©/OSOQC4F9 (5 mol%) !
R— |  --emmeeee--- > R— | e - R—
O 0 °C then rt N Nal (3 equiv.), DMF, 100 °C  ~\F

Scheme 55 — Proposed synthesis of aryl iodides from phenols via aryl nonaflates

2.3.4 Ruthenium-Catalysed lodination of Aryl Nonaflates

2.3.4.1 Synthesis of Aryl Nonaflates

The first aim of this project was to prepare a library of aryl nonaflates which would
subsequently be used to establish the scope and limitations of the ruthenium(ll)-
catalysed iodination reaction and perform further procedural optimisation where
necessary. A selection of twelve commercially available phenols were treated with
nonaflyl fluoride and triethylamine under mild conditions to afford the analogous aryl
nonaflates 139-147 and 155-157 in 67-94% yield (Scheme 56). This procedure

was generally very efficient with complete conversion of most phenol substrates to
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the corresponding nonaflates observed by TLC after 1-3 h. It is worth noting that 2-
naphthyl nonafluorobutanesulfonate (139) was afforded in 67% yield due to a
handling error; however, nonaflate 139 was previously synthesised in 99% yield
under equivalent conditions by Nikki Sloan. Furthermore, purification of the desired
nonaflates via column chromatography was facile and performed using a very short
length of silica gel. The substrate scope included nine nonaflates previously utilised
within this project (139-147) and was expanded to include a moderately electron-
rich biphenyl nonaflate (155) and electron-deficient fluorinated analogues (156 and
157). Notably, this library of aryl nonaflates was found to be stable in refrigerated

storage for four years.

FoC4SO.F
- OH Et3N CH.Cl, o 0S02C4F
R R
= °C then rt =
0S0,C4Fg /©/030204F9 /©/080204F9 /©/030204F9
MeOZC 02N
139, 67% (1 h) 140, 90% (2 h) 141, 92% (16 h) 142, 86% (3 h)
0S0,C,F
/©/OSOQC4F9 ﬁ/(j/ 24l I\©/OSOZC4F9 : 0S0,C,Fy
143, 85% (1.5 h) 144, 94% (2 h) 145, 82% (2 h) 146, 92% (2 h)
0S0,C,Fqg
/©/080204F9 O Oosogofg ®[030204F9
® i
147, 93% (2 h) 155, 93% (2 h) 156, 83% (16 h) 157, 84% (3 h)

Scheme 56 — Synthesis of aryl nonaflates

In addition, it was envisaged that a more structurally complex aryl nonaflate would
be synthesised to examine the utility of this iodination methodology for compounds
with biological applications. As described in Section 1.2.3.2, an olaparib-derived
SPECT imaging agent ['%31]16b was previously developed within the Sutherland
group for visualisation of the PARP-1 protein.'®? One limitation of the preparation of
this radiotracer was the high temperature of 210 °C required to facilitate

radioiodination of a bromide precursor via a solid state halogen exchange reaction.
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Therefore, it was proposed that radiotracer ['23I]16b could alternatively be prepared
from the corresponding nonaflate analogue 158 under relatively mild conditions
using this ruthenium(ll)-catalysed pseudo-halogen exchange reaction. As is
standard practice, this work would initially be performed using iodine-127 to
minimise non-essential handling of radioactivity and afford 16b, and then repeated
with iodine-125 and iodine-123 to prepare ['?°1]16b and ['?’I]16b respectively
(Scheme 57).

0] 0]

O NH [Cp*Ru(MeCN);]OTf O NH
- (5 mol%) ~N o

------------------- >

0]
ONf =« ° *|
N [*INal, DMF, 100 °C O N
CLG T SO
o

0]

158, Nf = SOQC4F9 [*|]16 *| = 123| 125| 127|

Scheme 57 — Proposed synthesis of SPECT imaging agent 16b

Consequently, the olaparib core structure 35 (synthesis previously described in
Section 2.1.3) was submitted to an HBTU-mediated coupling reaction with
commercially available 4-hydroxybenzoic acid (159) in the presence of triethylamine
(Scheme 58). Consultation of the literature provided precedent for DCC and EDCI-
mediated amide bond forming reactions with 4-hydroxybenzoic acid (159) in good
yields, without mitigation of its bifunctionality via installation of a protecting
group.3'%316 Notably, Wood and co-workers reported that the DCC-mediated amide
coupling of acid 159 with methylpiperazine was favoured over a competitive side-
reaction with the hydroxy functionality of 1589 when performed at elevated
temperatures.®'S As such, the decision was made to forgo the use of a protecting
group on the hydroxy functionality of acid 159 in the interest of time, and this amide
coupling reaction was performed in acetonitrile under reflux. Under these conditions,
the desired phenolic intermediate 160 was afforded in a low yield of 33%, although
in sufficient quantity for subsequent applications. Somewhat unsurprisingly, a side-
product identified as compound 161 using NMR spectroscopy and mass
spectrometry was isolated in 16% yield during the purification of 160 via column
chromatography. This side-product may have formed via ester bond formation

between intermediate 160 and 4-hydroxybenzoic acid (159) due to the
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nucleophilicity of the hydroxy functionality within 160. Additionally, an ester-linked
dimer of 4-hydroxybenzoic acid (159) may have formed and underwent subsequent
amide coupling with the olaparib core structure 35. Finally, intermediate 160 was
then treated with nonaflyl fluoride under the standard basic conditions used

previously, to give nonaflate 158 in an excellent yield of 91% after only 4 h.

0]

NH

O NH OH HBTU, EtgN O N
MeCN Z
N 0 - Hop 9 o
rt,0.5h N
N/\ 0 then reflux O @
L_NH 18 h, 33% F
F o]
160

35 159

FgC4SO,F
EtzN, CH,Cl,

0 °Cthenrt
4 h, 91%

0]

L
N 0
ONf
N
LG LY
o

158, Nf = SOgC4F9

Scheme 58 — Synthesis of aryl nonaflate 158 via intermediate 160

2.3.4.2 Investigation of Ruthenium-Catalysed lodination

Following the synthesis of aryl nonaflates 139-147 and 155-158 , the next objective
was to duplicate the preliminary results of the ruthenium(ll)-catalysed pseudo-
halogen exchange reaction reported within the Sutherland group (Scheme 53).16"
Initially, 2-naphthyl nonaflate (139) was treated with the optimal conditions
established thus far, 5 mol% of ruthenium(ll) catalyst 129 with 3 equivalents of
sodium iodide in DMF at 100 °C (Table 19, entry 1). Notably, the ruthenium(Il)
catalyst 129 employed in this reaction is highly sensitive to air and moisture.
Nonetheless, our efforts were focussed on the development of this methodology
without the use of glovebox or Schlenk techniques. As such, a dry, sealed reaction
vessel containing sodium iodide was employed, and the ruthenium(ll) catalyst 129
was added as a solution in anhydrous DMF under argon. However, '"H NMR
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spectroscopy of the reaction mixture after 24 h revealed only 19% conversion from
nonaflate 139 to iodide 130. The iodination of 2-naphthyl nonaflate (139) was then
repeated using more stringent air handling techniques including rigorous drying of
all materials prior to use, handling ruthenium(ll) catalyst 129 under argon at all times
including weighing, and use of 3 A molecular sieves (entry 2). This adjustment in
protocol resulted in full conversion of nonaflate 139 to the desired iodinated product
after 19 h, and 2-iodonaphthalene (130) was isolated in an excellent yield of 92%.
Consequently, the decision was made to adopt this method as the general
ruthenium(ll)-catalysed iodination procedure. Electron-deficient nonaflates 140, 141
and 143 were also subjected to iodination using this general procedure (entries 3—
5). Under these conditions, p-cyanophenyl nonaflate (140) was converted to the
corresponding iodide in 70% conversion and 4-iodobenzonitrile (148) was afforded
in 40% yield. However, nonaflates 141 and 143 underwent only 38% and 32%
conversion respectively to the analogous iodides even after extended reaction times
of 66 h.

Table 20 — Initial ruthenium-catalysed iodination of aryl nonaflates

[Cp*Ru(MeCN)3]OTf

N 0S0,C4Fg (5 mol%) N |
R{)/ Nal (3 equiv.), DMF, 100 °C " =
139, R = C4H4 130, R= C4H4
140, R = p-CN 148, R = p-CN
141, R = p-CO,Me 149, R = p-CO,Me
143, R = p-CHO 151, R = p-CHO
Stringent Air Conversion to Isolated Yield
Entry Nonaflate Time (h) ] .
Handling? lodide (%) of lodide (%)
1 139 No 24 19 -
2 139 Yes 19 100 92
3 140 Yes 24 70 40
4 141 Yes 66 38 -
5 143 Yes 66 32 -

aAs described in text above. ’Determined using "H NMR spectroscopy.

The incomplete conversion to the desired aryl iodides observed in these initial
reactions, despite significantly longer reaction times compared to previous work in

the Sutherland group, was deemed unsatisfactory. Furthermore, this procedure
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would be inadequate for future application of this methodology to radioiodination for
which reaction times must be minimised as far as practicable. After consideration of
the sensitivity of the ruthenium(ll) catalyst 129 to both air and moisture, it was
decided that a new batch of catalyst would be investigated. The catalyst 129 batch
in use at that time had been exposed to air and moisture on numerous occasions
over a period of six months which would likely have had a detrimental impact on
catalytic activity. Employing a newly sourced batch of catalyst 129 from the same
supplier (Strem Chemicals), p-cyanophenyl nonaflate (140) was once again
subjected to the general ruthenium(ll)-catalysed iodination procedure and
underwent 86% conversion to 4-iodobenzonitrile (148) after 18 h (Table 20, entry
1). This increase in conversion of 16% was indicative that the older batch of
ruthenium(ll) catalyst 129 used previously had undergone degradation to some
degree as hypothesised. Two additional electron-deficient nonaflates, p-nitrophenyl
nonaflate (142) and p-acetylphenyl nonaflate (144) were submitted to this general
procedure with the new batch of catalyst 129 (entries 2 and 3). Full reaction of
nonaflate 142 was observed after 24 h and the corresponding iodide 150 was given
in 63% yield. Furthermore, nonaflate 144 underwent 58% conversion to iodide 131
after 24 h and 4-iodoacetophenone (131) was subsequently isolated in a moderate
yield of 46%. Consequently, this new batch of ruthenium(ll) catalyst 129 was

employed for all subsequent reactions.

Table 21 — lodination using new batch of ruthenium(ll) catalyst 129

[Cp*Ru(MeCN)3]OTf

©/080204F9 (5 mOlo/o) ©/ |
R— R
Z Nal (3 equiv.), DMF, 100 °C Z

3 A Molecular Sieves

140, R = p-CN 148, R = p-CN
142, R = p-NO, 150, R = p-NO,
144, R = p-COMe 131, R = p-COMe

Isolated Yield of
Entry Nonaflate Time (h) Conversion to lodide (%)?

lodide (%)
1 140 18 86 -
2 142 24 100 63
3 144 24 58 46

aDetermined using "H NMR spectroscopy.
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Although these results were encouraging, additional investigations were necessary
to pursue reduced reaction times whilst maintaining or even improving conversion.
Firstly, electron-deficient aryl nonaflates 140 and 141 were submitted to the general
ruthenium(ll)-catalysed pseudo-halogen exchange procedure (Table 21, entries 1
and 2). These reactions underwent analysis via '"H NMR spectroscopy after 3 h to
facilitate comparison with the results previously reported within the Sutherland
group. It was found p-cyanophenyl nonaflate (140) and methyl 4-
nonafluorobutanesulfonyloxybenzoate (141) underwent 71% and 30% conversion
respectively to the corresponding iodides 148 and 149. Notably, these reactions
produced similar conversion to equivalent experiments that employed the previous
batch of catalyst 129 but were achieved after significantly shorter periods of time as
desired (Table 19). However, both reactions exhibited lesser reactivity than reported

in the preliminary results of this project (Scheme 53).

The efforts of this project were then directed towards the iodination of 2-naphthyl
nonaflate (139) given that this substrate had provided the highest conversion to and
yield of the corresponding iodide from the library of aryl nonaflates thus far (Table
21). Initially, nonaflate 139 was subjected to the general ruthenium(ll)-catalysed
iodination procedure and underwent 90% conversion to 2-iodonaphthalene (130)
after only 1 h (entry 3). In an attempt to promote complete iodination of nonaflate
139, this reaction was then performed in duplicate except the reaction mixture was
degassed under argon for five minutes prior to heating (entry 4). This was achieved
by placing the reaction vessel into an ultrasonic bath and bubbling argon through
the reaction mixture whilst on degas mode with a 23 gauge vent needle. Conversely,
86% conversion to iodide 130 was observed indicating that degasing had a very
slight detrimental impact on the reaction efficiency. To substantiate this theory, the
iodination of p-cyanophenyl nonaflate (140) was repeated and the reaction mixture
was degassed in an identical manner (entry 5). Notably, only 53% conversion to 4-
iodobenzonitrile (148) was achieved after 3 h compared to 71% conversion when
performed without degasing (entry 1). As such, it was concluded that degasing of
the reaction mixture negatively impacts the activity of catalyst 129 and this step was

omitted from all subsequent applications of this methodology.

Next, the iodination of nonaflate 139 was performed at two millimolar scales in

parallel, one identical to the preceding attempts and the other at two-fold larger scale
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(entries 6 and 7). It was proposed that increasing the scale of this experiment and
consequently the quantity of ruthenium(ll) catalyst 129 employed from 3 milligrams
to 6 milligrams would help to minimise any negative impact on productivity caused
by inherent balance error or air/moisture sensitivity during handling. At the two-fold
larger scale of 0.235 millimoles, nonaflate 139 underwent greater than 95%
conversion to 2-iodonaphthalene (130) with only trace quantities of 139 observed
by "H NMR spectroscopy after 1.5 h (entry 7). Furthermore, iodide 130 was isolated
in a good yield of 78%. This was a satisfactory improvement upon the equivalent
experiment performed at 0.117 millimoles in which 90% conversion to iodide 130
was observed and 2-iodonaphthalene (130) was isolated in 67% yield (entry 6). As
such, electron-deficient nonaflates 140, 141 and 142 were then subjected to the
ruthenium(ll)-catalysed iodination procedure at an increased scale (entries 8—10).
Notably, these conditions facilitated the highest conversion of each aryl nonaflate to

the corresponding iodide thus far and within a reduced reaction duration of only 3 h.

Table 22 — Reduction of reaction time for ruthenium-catalysed iodination

[Cp*Ru(MeCN);]OTf

©/OSOZC 4Fg (5 mol%) N |
R R
Z Nal (3 equiv.), DMF, 100 °C =
3 A Molecular Sieves
140, R = p-CN 148, R = p-CN
141, R = p-CO,Me 149, R = p-CO,Me
139, R = C4H, 130, R = C,H,
142, R = p-NO, 150, R = p-NO,
Scale Time Conversion Isolated Yield
Entry Nonaflate Degassed ] )
(mmol) (h) to lodide (%)? of lodide (%)
1 140 0.125 No 3 71 -
2 141 0.115 No 3 30 -
3 139 0.117 No 1 90 -
4 139 0.117 Yes 1 86 -
5 140 0.125 Yes 3 53 -
6 139 0.117 No 1.5 90 67
7 139 0.235 No 1.5 >95 78
8 140 0.249 No 3 74 -
9 141 0.230 No 3 60 -
10 142 0.237 No 3 89 -

aDetermined using "H NMR spectroscopy.
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Despite the incremental improvements made to this methodology thus far, the
reactivity and yields attained were consistently lesser than those reported in the
preliminary results of this project (Scheme 53). In an attempt to promote reactivity,
the temperature of this procedure was increased to 110 °C and screened using
nonaflates 139, 141, and 144 (Scheme 59). Although moderate to good reactivity
was observed with each nonaflate employed, the elevated reaction temperature did
not facilitate a significant improvement in conversion to the resultant aryl iodides
130, 149, and 131, relative to previous experiments performed at 100 °C (Tables
19-21).

[Cp*Ru(MeCN)3]OTf

i (j/osozofg (5 mol%) NS |
N0 N
F Nal (3 equiv.), DMF, 110 °C F

3 A Molecular Sieves

Me020/©/ MeOC/©/

130, 90%2 (3 h) 149, 57%%2 (3 h) 131, 62%2 (4 h)

Scheme 59 — Elevation of temperature for ruthenium-catalysed iodination.
aConversion to iodide determined using '"H NMR spectroscopy. Isolated yield of
41%.

The final variable investigated was the water content of the anhydrous DMF supply
that had been used in all previous experiments within this project. Karl Fischer
titration was performed on a sample of anhydrous DMF by a technician, Frank
McGeoch and an average water content of 47 ppm was measured via six
independent titrations. Although the water content was marginally within the
manufacturer specifications of less than 50 ppm, it was proposed that the water
traces present in the solvent were inhibiting the activity of ruthenium(ll) catalyst 129.
Consequently, a new supply of anhydrous DMF was sourced and five aryl
nonaflates were resubmitted to the general ruthenium(ll)-catalysed iodination
procedure (Scheme 60). It was found that four of these pseudo-halogen exchange
reactions proceeded with the highest reactivity and efficiency observed thus far. The
one exception to this was methyl 4-iodobenzoate (149) which was produced in 58%

conversion and consequently, was not subjected to purification in this instance. In
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addition, four of the five aryl iodides were isolated in good to excellent yields of 54—
86% after sufficiently brief reaction durations of 1.5—4 h. As such, it was concluded
that this reaction is sensitive to trace quantities of water within the reaction solvent
and that anhydrous DMF should be dispensed from the most anhydrous source

practicable for the successful application of this methodology.

[Cp*Ru(MeCN),]OTf

AN OSOZC4F9 (5 m0|°/o) X |
R-r R—r
= Nal (3 equiv.), DMF, 100 °C =

3 A Molecular Sieves

130, 86% (1.5 h) 148, 64% (3 h) 149, N/A (3 h) 150, 86% (3 h) 131, 54% (4 h)
(>95%3) (86%3) (58%) (>95%3) (71%3)

Scheme 60 — Improved ruthenium-catalysed iodination of aryl nonaflates.

aConversion to iodide determined using '"H NMR spectroscopy.

The next objective of the project was to determine the substrate scope of this
methodology using the diverse library of aryl nonaflates synthesised previously.
However due to significant disruption caused by the covid-19 coronavirus pandemic,
this research project was suspended for a prolonged period. After access to the
research laboratory had been restored, it was necessary to replace both the
ruthenium(ll) catalyst 129 and anhydrous DMF which had undergone degradation
by air and moisture with new batches. Notably, catalyst 129 underwent a significant
colour change from orange to black during this time. Upon receipt of a new batch of
ruthenium(ll) catalyst 129 from Strem Chemicals, visual inspection of the catalyst
prompted the suspicion that this batch had undergone degradation prior to its arrival.
As a quality control measure, this newly delivered batch of ruthenium(ll) catalyst
129 was employed for the iodination of 2-naphthyl nonaflate (139) under the general
iodination conditions developed in this project (Table 22, entry 1). However, no
reaction was observed by '"H NMR spectroscopy and it was established that this
batch of catalyst 129 was inactive. Consequently, a second new batch of catalyst
129 was then sourced from the same supplier and presented as a dark brown
powder upon delivery. As such, this secondary batch of catalyst 129 was employed

for the iodination of 2-naphthyl nonaflate (139) under the general conditions in
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triplicate (entries 2—4). However, it was found that conversion of nonaflate 139 to 2-
iodonaphthalene (130) was limited to 40—46% despite increased reaction times of
up to 4 h. To confirm that this low reactivity was common to other substrates, this
batch of catalyst 129 was then employed for the iodination of two additional aryl
nonaflates, (1,1'-biphenyl)-4-yl nonaflate (155) and (4-trifluoromethyl)phenyl
nonaflate (156) (entries 5 and 6). As expected, none or poor conversion to the
analogous iodides was observed by "H NMR spectroscopy. Further investigation
revealed that each batch of ruthenium(ll) catalyst 129 received following the covid-
19 coronavirus pandemic had originated from the same bulk production lot which
had been manufactured three years earlier. As such, it was concluded that this

supply of catalyst 129 was of unreliable quality due to prolonged storage.

Table 23 — Quality control of ruthenium(ll) catalyst 129

[Cp*Ru(MeCN)3]OTf

i ©/OSOQC4F9 (5 mol%) NS I
S Nal (3 equiv.), DMF, 100 °C N
3 A Molecular Sieves
139, R = C4H4 130, R= C4H4
155, R = p-Ph 162, R = p-Ph
156, R = p-CF 163, R = p-CF,
Entry Nonaflate Time (h) Conversion to lodide (%)°
1 139 1 0
2 139 1.5 46
3 139 3 45
4 139 4 40
5 155 3 0
6 156 3 27

aDetermined using "H NMR spectroscopy.

2.3.4.3 Investigation of an Alternative Ruthenium Catalyst

Following the supply issues relating to ruthenium(ll) catalyst 129, it was proposed
that the triflate anion of catalyst 129 may be interchangeable with a complementary
weakly coordinating anion. Crucially, this alternative catalyst would be sourced from
a different supplier (Sigma-Aldrich) than catalyst 129. The decision was made to

explore the use of an analogous ruthenium(ll) catalyst,
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tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll) hexafluorophosphate
(164) (Figure 37). Based on literature precedent by Hayashi and co-workers, it was
envisaged that the hexafluorophosphate anion of ruthenium(ll) catalyst 164 would

be a suitable substitute given the desired application of the catalyst.3'0

® ®
j|z o :|: P
6
R R
MeCN—"' | ~NCMe MeCN—"' | ~NCMe
NCMe NCMe
129 164

Figure 38 — Structure of ruthenium(ll) catalysts 129 and 164

As was now standard practice in this project, ruthenium(ll) catalyst 164 was first
investigated with 2-naphthyl nonaflate (139) due to the high conversion and yields
obtained previously when this substrate was treated with ruthenium(ll) catalyst 129.
Initially, 2-naphthyl nonaflate (139) was submitted to the general iodination
procedure with ruthenium(ll) catalyst 164 (4.5 mol%) and sodium iodide in DMF at
100 °C and monitored regularly by "H NMR spectroscopy (Table 23, entry 1). Under
these conditions, 79% conversion to 2-iodonaphthalene (130) was observed after 5
h and allowed for the isolation of iodide 130 in 59% yield. Comparison of this result
with a previous experiment using ruthenium(ll) catalyst 129 established that the use
of ruthenium(ll) catalyst 164 resulted in a slower and less productive reaction.
Therefore, it was concluded that 164 was a less reactive catalyst than 129.
Consequently, the reaction using 164 was repeated with an increased catalyst
loading of 6.5 mol% which produced full conversion after 3 h, and 2-
iodonaphthalene (130) was afforded in 75% yield (entry 2). Although this catalyst
facilitated a more sluggish reaction, these conditions were deemed a suitable
substitute for those previously developed with catalyst 129. The attention of the
project then shifted to investigate the scope of this pseudo-halogen exchange
reaction mediated by ruthenium(ll) catalyst 164. Nonaflates 141 and 144 were
submitted to these conditions and produced 59% and 54% conversion respectively
after 3 h (entries 3 and 4). Notably, these reactions did not make substantial further
progress after 6 h, at which point 64% and 60% conversion was observed

correspondingly.
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Table 24 — lodination of aryl nonaflates using ruthenium(ll) catalyst 164

0S0,C,F [Cp*Ru(MeCN)z]PF I
R{j/ 24l g 31FTe R@/
I |
Z Nal (3 equiv.), DMF, 100 °C Z

3 A Molecular Sieves

139, R = C4H4 130, R= C4H4
141, R = p-CO,Me 149, R = p-CO,Me
144, R = p-COMe 131, R = p-COMe
Conversion Isolated
[Cp*Ru(MeCN)3]PFe Time ] .
Entry Nonaflate to lodide Yield of
(164) (mol%) (h) )
(%) lodide (%)
1 139 4.5 5 79 59
2 139 6.5 3 100 75
3 141 6.5 6 64 -
4 144 6.5 6 60 -

aDetermined using "H NMR spectroscopy.

Consequently, the loading of ruthenium(ll) catalyst 164 was further increased to 8.5
mol% and a series of five aryl nonaflates were submitted to this iodination procedure
(Scheme 61). Under these conditions, electron-deficient p-nitrophenyl nonaflate
(142) and p-acetylphenyl nonaflate (144) underwent good conversion to the
corresponding iodides after 4 and 7 h respectively. As envisaged, the elevated
loading of catalyst 164 was found to facilitate a more efficient and productive
iodination of nonaflate 144. Subsequently, iodides 150 and 131 were isolated in
good vyields of 56% and 65%. Notably, the disparity between reaction conversion
and isolated yield of iodide 150 was caused by repetitive purification via flash
column chromatography and preparative thin layer chromatography. In addition,
marginally less electron-deficient nonaflates 141, 156 and 157 underwent low to
moderate conversion to iodides 149, 163 and 165 despite elongated reaction times
of up to 22 h. Generally, very little (up to 13%) or no reaction progress was observed
after the initial 5 h of these experiments, indicating a significant decline in the
catalytic activity of 164 over time. Finally, the iodination of aryl nonaflate 158,
potential precursor to PARP-1 SPECT imaging agent ['2%1]16b, was attempted using
the same conditions. It was found that aryl nonaflate 158 underwent 26% conversion
to the non-radioactive analogue 16b after 5 h, and no further reaction progress was

observed by 'H NMR spectroscopy of the mixture after 24 h. Although the
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conversion was relatively low, this reaction demonstrated that this novel
methodology could be applied successfully to more complex organic compounds
such as SPECT imaging agents. From this substrate screen it is evident that further
optimisation will be required to utilise ruthenium(ll) catalyst 164 for the iodination of

aryl nonaflates via pseudo-halogen exchange.

[Cp*Ru(MeCN)]PF

- 0S0:C4Fg (8.5 mol%) !
R R
Z Nal (3 equiv.), DMF, 100 °C /

3 A Molecular Sieves

oo Lo O
02N MeOC MeOQC F3C F

150, 56% (4 h) 131, 65% (7 h) 149, N/A (22 h) 163, N/A (5 h) 165, N/A (22 h)
(92%7) (78%3) (56%7) (48%3) (25%7)

0

LN
N 0
|
o
CLG O
@)

16, N/A (5 h)
(26%9)

Scheme 61 — lodination of aryl nonaflates using increased loading of ruthenium(Il)

catalyst 164. Conversion to iodide determined using '"H NMR spectroscopy.

2.3.5 Metal-Free lodination of Aryl Nonaflates via an SnAr Reaction

Concurrent with the development of a ruthenium(ll)-catalysed pseudo-halogen
exchange procedure, a metal-free iodination method was also briefly investigated
given the possible environmental and economic benefits. Consultation of the
literature provided multiple examples in which aryl iodides were prepared from aryl
triflates via nucleophilic aromatic substitution (SnAr) reactions.7-31° Typically in
these studies, aryl triflates were treated with multiple equivalents of sodium iodide
in high boiling point solvents at elevated temperatures. Since nonaflates contain a
greater quantity of electronegative fluorine atoms compared with triflates, it was

proposed that the nonaflate group may be a suitable or even superior leaving group

163



for displacement from an arene within an SnAr reaction. As such, it was proposed
that a series of aryl nonaflates would be submitted to iodination via an SnAr reaction
through facile treatment with sodium iodide at an elevated temperature (Scheme
62).

LNy O80T Nal Sowvert Heat !
I = SNAI' I =

Scheme 62 — Proposed iodination of aryl nonaflates via an SnAr reaction

Given that SNAr reactions are promoted by the presence of electron-withdrawing
substituents in the ortho- or para- positions relative to the leaving group, p-
nitrophenyl nonaflate (142) was selected for screening of reaction conditions. Firstly,
p-nitrophenyl nonaflate (142) was treated with 5 equivalents of sodium iodide in
toluene under reflux and inert conditions (Table 24, entry 1). However, no reaction
was observed by 'H NMR spectroscopy after 5 h. To allow for elevation of the
reaction temperature, DMF was employed as the solvent in a subsequent attempt
(entry 2). Under these conditions, full conversion of nonaflate 142 to 4-
iodonitrobenzene (150) was not achieved despite an extended reaction time of 91
h. A maximum conversion of 58% was observed, as were traces of decomposition
likely caused by prolonged exposure to high temperatures. To increase the rate and
reactivity of this procedure, two further attempts were made at higher temperatures
of 140 °C and 160 °C. Elevation of the reaction temperature to 140 °C resulted in a
substantially higher reaction rate and 48% conversion to iodide 150 was observed
after 20 h (entry 3). However, 15% of the aryl nonaflate starting material remained
and p-nitrophenol (166) was produced as a side-product in 37% conversion.
Subsequently, the rate of this reaction was further accelerated when performed at
160 °C with only 27% of nonaflate 142 remaining after 3 h, and full consumption
achieved by 20 h (entry 4). Moreover, this increased temperature of 160 °C was
found to accelerate the rate at which p-nitrophenol (166) was produced with respect

to iodide (150) and was given in 42% conversion.

Notably, p-nitrophenol (166) was not observed when this reaction was carried out
at up to 120 °C and was produced in increasingly higher quantities with elevation of
the reaction temperature. Notwithstanding, it was concluded from this series of

experiments that a temperature of 160 °C would be required to facilitate this SnAr
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reaction in an appropriate timescale. Subsequently, NMP was employed as an
alternative polar, aprotic solvent with a high boiling point at a reaction temperature
of 160 °C to examine the impact of solvent on this reaction (entry 5). Although full
consumption of nonaflate 142 was achieved after only 5 h, the production of p-
nitrophenol (166) in 57% conversion was equally significant. Therefore, it was
proposed that this side-product was formed via hydrolysis with water traces present
within each solvent. Moreover, it was concluded that the production of p-nitrophenol
(166) was greatly dependant on the reaction temperature and would not be inhibited
by the employment of a particular solvent. Consequently, the decision was made to
focus the efforts of this project on the synthesis of aryl iodides from aryl nonaflates

via palladium-catalysed pseudo-halogen exchange reactions.

Table 25 — Screen of SNAr reaction conditions with p-nitrophenyl nonaflate (142)

0S0,C,Fg Nal (5 equiv.), Solvent /©/| E /©/OH i
0 NJ@/ 3 A Molecular Sieves O.N O,N

2 2

142 150 l 166
Entry Solvent Temp. (°C) Time (h) Ratio of 142 : 150 : 1667
1 toluene reflux 5 100 0 0
2 DMF 120 91 42 58 0
3 DMF 140 20 15 48 37
4 DMF 160 20 0 58 42
5 NMP 160 5 0 43 57

aDetermined using "H NMR spectroscopy.

2.3.6 Palladium-Catalysed lodination of Aryl Nonaflates

As discussed in Section 2.3.1, Larhed and co-workers reported a microwave-
assisted palladium(0)-catalysed method for the synthesis of aryl fluorides from aryl
alcohols via aryl nonaflate intermediates.3'? In summary, the authors established a
one-pot, two-step method in which phenols were first converted to aryl nonaflates
using nonaflyl fluoride with caesium fluoride, and then subjected to microwave-

assisted fluorination catalysed by tris(dibenzylideneacetone)dipalladium(0)
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(Pd2(dba)s) (2 mol%) and ‘BuBrettPhos (128) (6 mol%) in toluene at 180 °C. This
one-pot procedure was exploited for the preparation of aryl fluorides in moderate to
good yields over two steps. Furthermore, the authors identified that fluorination was
substantially favoured over chlorination or bromination through a competitive
experiment employing all three corresponding caesium salts in equal quantity.
However, the scope of this methodology was not extended to include the synthesis
of aryl chlorides, bromides, or iodides from phenols. Given that the facile iodination
of arenes via aryl nonaflate intermediates was of interest to the Sutherland group, it
was proposed that this methodology from Larhed and co-workers would be further
investigated and adapted for the synthesis of aryl iodides using sodium iodide in lieu
of a caesium halide salt (Scheme 63). In addition, it was envisaged that this work
would explore the use of lower reaction temperatures and the absence of microwave

irradiation.

Pd,(dba)s (2 mol%)

~0S0,C4Fq BuBrettPhos (6 mol%) ~! | Meo ‘ P(Bu), !
i S ol

----------------------- - R-r o Pr
Nal (2 equiv.), Solvent '
3 A Molecular Sieves

______________________

Scheme 63 — Proposed palladium-catalysed iodination of aryl nonaflates

2-Naphthyl nonaflate (139) was selected as the substrate for investigation of
reaction conditions due to the high conversion and yields of the corresponding
iodide 130 obtained within the aforementioned ruthenium(ll)-catalysed project.
Firstly, nonaflate 139 was treated with Pdz(dba)s (2 mol%), ‘BuBrettPhos (128) (6
mol%) and sodium iodide in toluene at 140 °C (Table 25, entry 1). These conditions
facilitated a slow reaction with no iodide 130 observed by TLC after 4 h, and only
9% conversion observed by 'H NMR spectroscopy after 22 h. In a subsequent
attempt, Pd2(dba)z and Buchwald ligand 128 were combined in half of the reaction
solvent total volume and stirred at room temperature for 0.25 h before preparation
of the reaction mixture (entry 2). This modification of the reaction procedure
increased the initial reaction rate and 8% conversion to iodide 130 was produced
after only 3 h. However, no further progress was observed up to 19 h and thus,
iodide 130 was not given in a greater overall conversion. Elevation of the reaction
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temperature from 140 °C to 160 °C was also found to accelerate the rate of
iodination with a marginally higher conversion of 12% measured after 3 h (entry 3).
Once more, no further reactivity was observed despite an elongated reaction time
of 19 h. Given that pre-stirring Pd2(dba)s with Buchwald ligand 128 and performance
of this reaction at 160 °C produced the highest conversions thus far, all subsequent
attempts employed these conditions. A brief screening of high boiling point solvents
was then carried out (entries 4—6). The reaction performed in p-xylene produced
iodide 130 in 12% conversion indicating equivalent reactivity to the employment of
toluene (entry 4). However, no reactivity was observed in either attempt using DMF
or NMP after 19 h (entries 5 and 6).

Table 26 — Initial screening of reaction conditions for palladium-catalysed iodination

OMe
Pd,(dba)s (2 mol%) ' O
. MeO

OSOZC4F9 tBUBrettPhOS (6 m0|°/o) | ' P(tBU)Z
Nal (2 equiv.), Solvent O

3 A Molecular Sieves i .
139 130 \ Pr

______________________

Conversion to

Ent Pre-stir? Solvent Temp. (°C Time (h
i p- (°C) M) odide (%)

1 No toluene 140 22 <)
2 Yes toluene 140 3 8
3 No toluene 160 3 12
4 Yes p-xylene 160 18 12
5 Yes DMF 160 19 0
6 Yes NMP 160 19 0

aAs described in text above. ’Determined using "H NMR spectroscopy.

With poor conversion observed thus far, the loading of Pd2(dba)z and Buchwald
ligand 128 was increased to 4 mol% and 12 mol% respectively (Table 26, entry 2).
As expected, this promoted reactivity but the resultant 18% conversion of nonaflate
139 to iodide 130 was an insufficient development (entry 2). To substantiate this
finding, p-nitrophenyl nonaflate (142) was also submitted to this procedure using 2

mol% Pdz(dba)sz and 6 mol% Buchwald ligand 128, and then repeated with a two-
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fold higher catalyst and ligand loading (entries 3 and 4). Overall, this substrate
demonstrated lower reactivity than 2-naphthyl nonaflate (139) and a similar increase
in reactivity with the use of higher catalyst and ligand loading. Following this screen
of conditions, it was concluded that iodination of aryl nonaflates using catalytic
quantities of Pdz(dba)s and ‘BuBrettPhos (128) with sodium iodide was inefficient.
Furthermore, it was concluded that application of both Pd>(dba); and Buchwald
ligand 128 in higher catalytic loadings or one equivalent may facilitate the desired
iodination; however, these conditions were deemed financially undesirable, and this

methodology was not further investigated.

Table 27 — Screening of catalyst loading for palladium-catalysed iodination

......................

. OMe
Pd,(dba)s, BuBrettPhos O
MeO

. ' 1
R©/080204F9 Nal (2 equiv.) i N I o EE Bu),
| | 1
= toluene, 160 °C = O

3 A Molecular Sieves ! [
139, R = C4H4 130, R= C4H4 , Pr
142, R = p-NO, 150, R=pNO, |

! 'BuBrettPhos (128) !

______________________

Pd>(dba); ‘BuBrettPhos Pre- Time Conversion

Entry Nonaflate .
(mol%) (128) (mol%) stir®  (h)  to lodide (%)°

1 139 2 6 No 3 12
2 139 4 12 Yes 18 18
3 142 2 6 Yes 3 8
4 142 4 12 Yes 3 14

aAs described in text above. ’Determined using "H NMR spectroscopy.

In 2011, Peng et al. reported a palladium(0)-catalysed Heck reaction of aryl
nonaflates with various terminal alkenes mediated by iodide salts, albeit developed
using a very limited substrate scope (Scheme 64).2% The authors proposed that the
aryl nonaflate first underwent a Finkelstein reaction with the substoichiometric iodide
salt to produce the corresponding aryl iodide, followed by a Heck reaction with the
terminal alkene catalysed by palladium(ll)bis(triphenylphosphine) dichloride
(PdCI2(PPhs)2) (5 mol%). This hypothetical mechanism was based on a two-fold
higher yield attained when a Heck reaction of p-chlorophenyl nonaflate and methyl

acrylate was performed in the presence of an iodide salt. Furthermore, the authors
168



reasoned that this increased reactivity was due to improved oxidative addition of the
aryl iodide intermediate to the palladium catalyst. However, no studies of the

mechanism were performed to validate this claim.

X COMe (4 equiv.)

080,C4Fyg PdCl,(PPhs), (5 mol%) | 78% ©/\/002Me
©/ Nal (0.1 equiv.), Et3N (4 equiv.) ©/
DMF, 80-90 °C, 6 h
167 168 169

Scheme 64 — Pd/iodide salt mediated Heck reaction of phenyl nonaflate 167 by
Peng et al.

It was proposed that if the hypothesis from Peng et al. was correct, preparation and
isolation of the resultant aryl iodide from an aryl nonaflate would be possible simply
through deprivation of the methyl acrylate from this reaction. The first objective of
this work was to reproduce the Heck reaction of phenyl nonaflate (167) and methyl
acrylate as described by Peng et al. before attempting to isolate iodobenzene (168)
(Scheme 64). Initially, phenyl nonaflate (167) was prepared from phenol (170)
following the previously developed procedure with nonaflyl fluoride and
triethylamine, in an excellent yield of 90% (Scheme 65). Following the method
described by Peng et al., the palladium(0)/iodide salt-mediated Heck reaction of
phenyl nonaflate (167) and methyl acrylate was then attempted at 90 °C. Under
these conditions, a mixture of phenyl nonaflate (167) and methyl trans-cinnamate
(169) was afforded in a ratio of 1 : 1 after 6 h, and an unidentified side-product was
observed. Notably, this side-product was confirmed not to be iodobenzene via 'H
NMR spectroscopy. The Heck reaction was then attempted using 1 equivalent of
sodium iodide at 90 °C and produced a 1 : 1 mixture of 167 and 169 after 6 h, which
allowed for the isolation of 169 in only 31% vyield. Furthermore, elevation of the
reaction temperature to 110 °C also produced a mixture of 167 and 169 in a ratio of
1.2 : 1 after 6 h. Finally, the use of an increased PdCl>(PPhs)2 loading of 10 mol%
with 1 equivalent of sodium iodide at 90 °C gave a mixture of 167 and 169 in a ratio
of 0.3 : 1 after 6 h. However, methyl trans-cinnamate (169) was then isolated in a

significantly lower yield than expected of only 42% (Scheme 65).
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FoC4SO,F X CO:Me (4 equiv.)

OH EtsN, CH,Cl, 08S0,C4Fg PdCly(PPhs), (10 mol%) X CO,Me
©/ 0 °C then rt ©/ Nal (1 equiv.), Et3N (4 equiv.) ©/\/
3 h, 90% DMF, 90 °C, 6 h, 42%
170 167 169

Scheme 65 — Optimised conditions for the synthesis of phenyl nonaflate (167) and

methyl frans-cinnamate (169)

Notably, the production of iodobenzene (168) was not observed under these
conditions. However, during each attempt to prepare methyl tfrans-cinnamate (169),
in equivalent yield to that reported by Peng et al., an unidentified side-product was
observed by 'H NMR spectroscopy of the reaction mixture. Given the poor
conversion and yields obtained thus far, it was proposed that the identity of this side-
product and the pathway by which it is formed would be investigated. Phenyl
nonaflate (167) was treated with PdCIl>(PPh3), (10 mol%), sodium iodide and
triethylamine in DMF at 90 °C for 6 h (Scheme 66). However, methyl acrylate was
withheld from this reaction to inhibit the synthesis of 169. As envisaged, this
facilitated production of the unidentified side-product which then underwent isolation
and characterisation via NMR spectroscopy and mass spectrometry. Subsequently,
the side-product was identified as a novel tetraarylphosphonium salt (TAPS),
tetraphenylphosphonium nonaflate (171) and was isolated in 16% vyield. Literature
precedent for the palladium-catalysed synthesis of tetraphenylphosphonium
bromide, tetraphenylphosphonium iodide and tetraphenylphosphonium triflate was
consulted to substantiate this conclusion.??° In addition, it was proposed that TAPS
171 was formed via reductive elimination of phenyl and a triphenylphosphine ligand
of PdClI2(PPhs). from a palladium(ll) intermediate.3?!

PdCI,(PPhg), (10 mol%)
OS0,C4Fg Nal (1 equiv.), Et;N (4 equiv.) ® o
o P e
DMF, 90 °C, 6 h, 16%

O

167 171
Scheme 66 — Palladium-catalysed synthesis of TAPS 171
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Over the past two decades, interest in TAPSs has grown due to their utility as
alternative cross-coupling reagents,®?2323 superior thermally stable ionic
liquids,324325 catalysts for the synthesis of cyclic carbonates and oxazolidinones
from epoxides,®6-328 PET imaging agents for oncology and cardiology
application,32%-33% and solubility-control groups that are capable of supporting a
variety of reagents, ligands and catalysts within small molecule and peptide
synthesis.320.334-343 TAPSs were prepared from substituted aryl halides or triflates
and triphenylphosphine using either a palladium- or nickel-catalysed procedure as
reported by Marcoux and Charette in 2008.329-338 Although widely employed, these
methods are intolerant of some functionalities and require elevated reaction
temperatures of 145-180 °C. Furthermore, these procedures have not yet been

applied for the synthesis of nonaflate TAPSs, to the best of our knowledge.

Given the observed propensity of aryl nonaflate 167 to undergo carbon—phosphorus
bond formation with triphenylphosphine, the palladium-catalysed procedure for the
synthesis of tetraphenylphosphonium nonaflate (171) was further optimised (Table
27). The addition of triphenylphosphine in stoichiometric quantities (1 equiv.)
allowed for the preparation of TAPS 171 in a significantly improved yield of 57%
(entry 1). Next, the vital roles of both the additive sodium iodide and triethylamine in
this process were demonstrated by withholding each from distinct reactions, which
consequently failed to produce TAPS 171 within the timeframes observed (entries
2 and 3). Use of less than four equivalents of triethylamine was shown to be
detrimental to the reaction rate, with significantly longer reaction times of up to 21 h
required to achieve full conversion of phenyl nonaflate (167), and yield of TAPS 171
(entries 4 and 5). Furthermore, this C—P bond forming reaction was not facilitated

when attempted using toluene, dioxane or acetonitrile (entries 6-8).
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Table 28 — Optimisation of palladium-catalysed synthesis of TAPS 171

PdCly(PPhj), (10 mol%)

OSOzo4F9 PPh3 (1 equiv.), Nal Q S

oy OO Somoen
Et3N, Solvent, 90 °C

O

167 171
Equiv. of Equiv. of Isolated Yield
Entry Solvent Time (h)
Nal EtsN of 171 (%)

1 1 4 DMF 6 57

2 0 4 DMF 3 -

3 1 0 DMF 22 -

4 1 1 DMF 21 39

5 1 2 DMF 6 45

6 1 4 toluene 4 -

7 1 4 acetonitrile 4 -

8 1 4 1,4-dioxane 4 -

As such, a subsequent screening of palladium catalysts was performed using 1
equivalent of triphenylphosphine and sodium iodide, with 4 equivalents of
triethylamine in DMF at 90 °C (Table 28). Firstly, the use of PdCl>(PPhs). was
examined at alternative loadings of 5 mol% and 15 mol% (entries 1 and 2). Neither
catalyst loading was beneficial to the yield of TAPS 171 however, an increase in
reaction rate was observed when 15 mol% PdCIl2(PPhs). was employed and full
conversion of phenyl nonaflate (167) was achieved after only 4 h. Subsequently, a
screen of catalysts including Pd>(dba)s, Pd(PPhs)s, Pd(dppf)Cl. and Pd(OAc). was
performed (entries 3-6). Each palladium catalyst facilitated full conversion of
nonaflate 167 after 4 h and produced tetraphenylphosphonium nonaflate (171) in
moderate to good yield. It was found that Pd>(dba)s, Pd(PPhs)s and Pd(dppf)Cl>
were less productive than PdCI>(PPhs). at equivalent loading of 10 mol%, whilst
Pd(OAc). offered superior reactivity and gave TAPS 171 in a good yield of 68%.
This optimised method allowed for the synthesis of tetraphenylphosphonium
nonaflate (171) in good vyield under milder conditions than those previously
described in the literature for analogous halide and triflate TAPSs. As such, following

a delay caused by the covid-19 coronavirus pandemic, the decision was made to
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investigate the application of this methodology for additional C—P bond forming

reactions of aryl nonaflates.

Table 29 — Screening of palladium catalysts for the synthesis of TAPS 171

Palladium Catalyst
1 equiv.), Nal (1 equiv.) ®

0S0,C4Fy PPh; ( @OSO c
¢ >—P4< > 2C4Fg
©/ EtsN (4 equiv.)

DMF, 90 °C ©

167 171
Entry Catalyst (mol%) Time (h) Isolated Yield of 171 (%)
1 PdCI2(PPhs)2 (5 mol%) 6 41
2 PdCIz(PPhs)2 (15 mol%) 4 54
3 Pdz(dba)z (10 mol%) 4 40
4 Pd(PPhs)s (10 mol%) 4 40
5 Pd(dppf)Cl2 (10 mol%) 4 54
6 Pd(OAc)2 (10 mol%) 4 68
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2.3.7 lodide-Accelerated, Palladium-Catalysed Phosphorylation Reactions of
Aryl Nonaflates

2.3.7.1 Background of Metal-Catalysed Aryl Phosphorylation

Aryl phosphorus compounds are readily utilised in a range of disciplines including
organic synthesis,?*4-347 materials chemistry,348-3%5 and medicinal chemistry.356-365
The value of these compounds has provoked significant interest in the field of
organophosphorus chemistry. Over the past five decades, a substantial quantity of
research has been conducted to improve traditional procedures and establish novel
methodology for the construction of aryl carbon—phosphorus bonds. The most
commonly exploited method for aryl phosphorylation was once the reaction of aryl
organometallic reagents, such as Grignard or organolithium species, with
electrophilic chlorophosphorus reagents.34%:366-368 However in 1981, Hirao and co-
workers established a milder aryl C—P bond-forming process via palladium-
catalysed cross-coupling of electrophilic aryl bromides with various dialkyl phosphite
reagents under basic conditions (Scheme 67).3°370 Furthermore, the authors
subsequently demonstrated that this method could also be readily adopted for the
preparation of vinylphosphonates via cross-coupling of vinyl bromides with dialkyl

phosphite reagents. 370371

Pd(PPhy), (5 mol%) o
Br (R"),P(O)H, EtsN

I
\ -
R TS i 1H1
= neat or toluene, 90 °C R P R

2-64 h, 3-96%

Pd(PPhg), (5 mol%)

(0]
R  Br (R3),P(O)H, EtsN 1
j— R R\ RS
R? R2 neat or toluene, 90 °C 1_ ?3
0.2-30 h, 66-98% R R

Scheme 67 — Palladium-catalysed C—P cross-coupling by Hirao and co-workers

This seminal work by Hirao and co-workers has inspired numerous derivative
studies of metal-catalysed aryl C—P bond-formation, with focus on the use of
palladium, nickel and copper catalysts, which have been reviewed periodically.3"%
377 In addition, much of this research has sought to further optimise the palladium-
catalysed Hirao reaction, expand its application to a wider scope of electrophilic
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arenes and organophosphorus P(O)-H substrates, and elucidate the mechanism
by which aryl C—P bond-formation proceeds.’’8-3% Aryl halides are frequently
employed as the electrophilic aryl substrate of the Hirao reaction and derived
methods however, phenols are ubiquitous within biologically active compounds
such as steroids, amino acids and numerous FDA approved pharmaceuticals.'?®
Consequently, there is considerable interest in the phosphorylation of phenol-
derived aryl sulfonates via Hirao-type reactions. As previously discussed in Section
2.3.1, phenol-derived aryl sulfonates such as mesylates, tosylates, triflates and
nonaflates are commonly exploited intermediates due to their increased reactivity
relative to the corresponding phenol. Aryl mesylates and tosylates have been shown
to undergo cross-coupling with P(O)-H compounds including dialkyl phosphites,
alkyl arylphosphinates, and secondary phosphine oxides via palladium, nickel, and
dual nickel/photoredox catalysis.3¥7-38° |n 2015, Kwong and co-workers reported the
first palladium-catalysed cross-coupling of aryl mesylates and tosylates with dialkyl
phosphites and alky!l arylphosphinates (Scheme 68).38” The authors employed a
catalytic system of Pd(OAc), (0.5-2 mol%) and sterically hindered
dialkybiarylphosphine ligand CM-Phos (172) (2—8 mol%) under basic conditions to
prepare a diverse library of tertiary phosphine oxides in high yields of 65-99% after
18 h reactions at 110 °C. Furthermore, this method was successfully employed for
the phosphorylation of biologically active phenols 17B-estradiol, a sex steroid
hormone,®®° and 6-hydroxyflavone, a flavonoid neutralising modulator of GABAA

receptors,3®! in good yields via mesylate intermediates.

Pd(OAc), (0.5-2 mol%) O
CM-Phos (2-8 mol%) o ! PCy,
o X R'R2P(O)H, DIPEA 5 5 ~NX
R+ X \‘1R2 !
Z BUOH/EtOH, 110°Cc R _J RY 1 O
18 h, 65-99% 5
X = OSO,CH '
or OSO,CeH,CHa CM-Phos (172)

______________________

Scheme 68 — Palladium-catalysed C—P cross-coupling by Kwong and co-workers

In 2021, concurrent with the work described herein, the research groups of Ding and
Xu independently reported one-pot procedures for the palladium-catalysed
phosphorylation of phenols via aryl fluorosulfonate intermediates (Scheme
69).392.393 Both groups treated a range of phenols with gaseous sulfuryl fluoride
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under basic conditions to afford aryl fluorosulfonates in situ, which were then
submitted to phosphorylation with a range of dialkyl phosphites, alkyl
arylphosphinates, and secondary phosphine oxides. In each case, C-P cross-
coupling was achieved using Pd(OAc)z (5 mol%) with a bidentate bisphosphine
ligand, either DPEPhos (173) or 1,1'-bis(diphenylphosphine)ferrocene (dppf) (174),
in the presence of base at 80 °C. These methods were tolerant of a broad range of
functionality and allowed for the preparation of diverse tertiary phosphine oxides in
good yields after short reaction times. In addition, Xu and co-workers demonstrated
the utility of their one-pot protocol with a selection of more structurally complex
compounds including a naturally occurring flavone apigenin, a steroid 176-estradiol

and an olaparib-derived PARP inhibitor.

SO,F, Pd(OAc), (5 mol%)
. OH EtsN xOS02F | DPEPhos (6 mol%)

RN RN P‘ R2 Ph
Z THF, 1,6 h Z R'R2P(O)H, K,CO4 ; R
: Ph

80 °C, 12h 72-86%
DPEPhos (173)

____________________

1) TMSOH, rt, 0.5 h | <~ R-ph |
SO,F, 2) Pd(OAc); (5 mol%) 0 : ; Ph
N OH DIPEA N OSO,F dppf (10 mol%) b n2 . Fe
R— R— | N \ i
(s MeCN A R'R2P(O)H, DIPEA R U Q_P”Ph E
n,3h 80 °C, 5 h, 47-97% dppt (174)

Scheme 69 — One-pot palladium-catalysed phosphorylation of phenols via aryl

fluorosulfonates by independent groups of Ding and Xu

Furthermore, aryl triflates have also been commonly investigated as fluorosulfonate
intermediates to facilitate the phosphorylation of phenols.320.372-374,377,382,394-397
However, as previously discussed in Section 2.3.2, aryl nonaflates offer a less
expensive alternative with increased reactivity despite improved stability in storage.
Notably, there are very limited reports of metal-catalysed C-P bond-forming
reactions that employ aryl nonaflate intermediates. Generally, those reported in the
literature are singular examples provided for comparison purposes within studies
that are primarily focussed on the use of aryl halides or triflates.3%-40" |n 1999,
Lipshutz and co-workers reported the first and only study of C-P bond-forming
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reactions specifically for application with aryl nonaflates, to the best of our
knowledge (Scheme 70).4%? In this work, the authors submitted a small library of aryl
nonaflates albeit limited in structural or electronic diversity to C—-P cross-coupling
with diphenylphosphine borane using Pd(PPhz)s (5 mol%) under basic conditions.
The corresponding library of triarylphosphine boranes was afforded in high yields of

68—100% after short reaction times of only 3-8 h at a mild temperature of 40 °C.

BH Pd(PPhs), (5 mol%) BHj
o 0S0:C4Fg } KoCOj3, MeCN A
R{j/ T gRePh St
= HO 40°C,3-8h, 68-100% R Ph

Ph L

Scheme 70 — Palladium-catalysed C—P cross-coupling by Lipshutz and co-workers

2.3.7.2 Proposed Research

Given the advances in metal-catalysed C-P bond-forming reactions made since the
discovery of the Hirao reaction and the improved reactivity of aryl nonaflates versus
triflates or halides, the decision was made to develop a palladium-catalysed
procedure for the cross-coupling of phenol-derived aryl nonaflates with secondary
P(O)-H compounds. Moreover, it was envisaged that this methodology would
circumvent the use of additional phosphine ligands or toxic gaseous reagents
required for existing procedures and would allow for the preparation of tertiary
P(O)-H compounds in short reaction times. The conditions previously optimised for
the synthesis of TAPS 171, the use of palladium acetate (Pd(OAc)2) (10 mol%),
sodium iodide and triethylamine, would initially be explored for the cross-coupling of
aryl nonaflates with diphenylphosphine oxide to afford functionalised
triphenylphosphine oxides (Scheme 71). Subsequently, the scope of the optimised
procedure would be further investigated through cross-coupling of an aryl nonaflate
with a range of secondary P(O)—-H reagents. Furthermore, it was proposed that the
utility of this methodology would be shown through the synthesis of aryl phosphorus

compounds with established applications in materials and medicinal chemistry.

Pd(OACc), (10 mol%) o)
o 0502C4F PhyP(O)H (1 equiv.) B
R - X\ "Ph
% Nal (1 equiv.), Et;N (4 equiv.) R P Ph
DMF, 90 °C

Scheme 71 — Proposed synthesis of triarylphosphine oxides from aryl nonaflates
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2.3.7.3 Synthesis of Supplementary Aryl Nonaflates

The first objective of this project was to prepare a supplementary library of aryl
nonaflates which would be used to optimise the palladium-catalysed
phosphorylation reaction and subsequently investigate the scope and limitations of
this methodology. A series of ten commercially available phenols which possess
diverse substitution and electronic properties were treated with nonaflyl fluoride and
triethylamine under mild conditions to afford the analogous aryl nonaflates 175-184
in 39-93% yield (Scheme 72). Generally, this procedure was very efficient with
complete reaction of most phenol substrates observed within 1-5 h by TLC and the
resultant aryl nonaflates were subsequently isolated in high yields of 70-93%.
However, two exceptions to this were 2'-hydroxyacetophenone and 2-
hydroxypyridine. These substrates did not achieve full conversion despite forcing
conditions, including the use of DMAP (10 mol%) and elevated temperatures, or
significantly longer reaction times of up to 166 h. The poorer reactivity shown by
these substrates was likely due to the inductive effect of the electron-withdrawing
acetyl group and heteroatom located at the ortho position of each phenol starting
material. Consequently, 2-acetylphenyl nonaflate (181) and pyridin-2-yl nonaflate

(184) were afforded in moderate yields of 39% and 66% respectively.
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FyC4SO,F

~OH Et3N CH,Cl, o 0S0:C4Fg
R R _(j/
= °C then rt =

/©/OSOZC4F9 @/080204% \©/080204F9 0S0,C4F,

175, 87% (2 h) 176, 76% (3 h) 177, 86% (5 h) 178, 72% (2 h)

0OS0,C4Fq O OSOZC4F9 @;0204&3
/[j N
tBU H

179, 93% (5 h) 180, 90% (3 h) 181, 39%°7
0OSO0,C,F
Zuas N_0S0,C,Fs
O -
OSOzC4Fg Br
182, 70% (16 h) 183, 88% (1 h) 184, 66% (166 h)

Scheme 72 — Preparation of a second library of aryl nonaflates. “Reaction was
performed at room temperature for 4 h, in the presence of DMAP (10 mol%) for 18

h, and then under reflux for 21 h.

2.3.7.4 Optimisation and Investigation of Mechanism

Initially, five aryl nonaflates were submitted to C-P cross-coupling with
diphenylphosphine oxide using Pd(OAc)2 (10 mol%), sodium iodide (1 equiv.), and
triethylamine (4 equiv.) in DMF at 90 °C (Scheme 73). The selection of Pd(OAc)z,
triethylamine and DMF at 90 °C was substantiated by previous procedural
optimisation for the synthesis of TAPS 171 and literature examples of their
applications in C—P bond formation.369-371.378-386 nder these conditions, '"H NMR
spectroscopy showed that phenyl nonaflate (167) and 2-naphthyl nonaflate (139)
underwent full conversion to the corresponding triarylphosphine oxides 185 and 186
after short reaction times of 4 and 3 h, respectively. Furthermore, the
phosphorylated products 185 and 186 were isolated in yields of 53% and 93%.
However, the phosphorylation of p-substituted aryl nonaflates 175, 179, and 147
proved challenging and only traces of the desired C—P coupled products 187, 188,
and 189 were observed after 4 h. The reaction of p-tolyl nonaflate (175) was allowed
to continue but achieved only 70% conversion despite an extended reaction time of

24 h. Notably, no residual diphenylphosphine oxide was observed in the reaction
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mixture by 3'P NMR spectroscopy and subsequently, (p-tolyl)diphenylphosphine
oxide (187) was isolated in 41% yield. Repetition of this reaction at an elevated
temperature of 120 °C was found to increase the reaction rate and facilitated 70%
conversion after only 6 h. However, the diphenylphosphine oxide cross-coupling

partner was fully consumed within this period preventing any further progress.

Pd(OAC)2 (10 mol%) 1

SN 0S0,C4Fqg Ph,P(O)H (1 equiv.) X P\\Ph
R—E::j/ R Ph
= Nal (1 equiv.), EtsN (4 equiv.) =

DMF, 90 °C

Q Q
P\Ph P‘Ph P‘Ph R~Ph R~Ph
By MeO

185, 53% (4 h) 186, 93% (3 h) 187, 41% (24 h) 188, trace? (4 h) 189, trace? (4 h)
Scheme 73 — Initial screening of aryl nonaflates for the palladium-catalysed C-P

bond-forming reaction. ?Determined using 'H NMR spectroscopy.

Therefore, optimisation studies were required and p-tolyl nonaflate (175) was
deemed a suitable model substrate for this work due to the weak inductive effect of
the methyl substituent. The results obtained thus far indicated that
diphenylphosphine oxide was consumed as the phosphorus cross-coupling partner
through an additional route. Mechanistic studies by the groups of Ackermann,
Stawinski, Montchamp and Keglevich have shown that secondary P(O)-H
compounds 190 exist in equilibrium with the phosphinous acid P-OH form 191 and
that this tautomer performs multiple roles in metal-catalysed C—P bond-forming
reactions (Scheme 74).378.380.383-386,403 These groups have established that the P—
OH tautomer 191 performs reduction of the palladium(ll) pre-catalyst to the active
palladium(0) species, acts as a ligand, and participates as the nucleophilic cross-
coupling partner. Consequently, 30 mol% of the secondary P(O)-H compound 190
is required to prepare 10 mol% of the ligated active palladium(0) species 192 from
Pd(OAc).. Given that 1 equivalent of the secondary P(O)-H compound 190 is
consumed as the cross-coupling partner, a minimum of 1.3 equivalents is required

to facilitate total conversion of the aryl substrate.
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Pd"

o OH (10 mol%) R R
R-P., — P HO-P-Pd°-R-OH
g H R™ "R N R R

190 191 0 192
(30 mol%) Ig
R-T~
R OH

Scheme 74 — Reduction and ligation of palladium(ll) pre-catalyst by tautomeric

phosphinous acid form of secondary P(O)-H compound

p-Tolyl nonaflate (175) was next treated with 1.5 equivalents of diphenylphosphine
oxide and the standard conditions of Pd(OAc). (10 mol%), sodium iodide, and
triethylamine in DMF at 90 °C (Table 29, entry 1). These conditions facilitated an
improved conversion of 84% after 72 h. However, diphenylphosphine oxide was fully
consumed after 72 h preventing full conversion of nonaflate 175. Consequently, a
screening of reaction temperatures up to 120 °C was performed with 1.5 equivalents
of diphenylphosphine oxide (entries 2—4). It was found that a minimum temperature
of 110 °C was required to achieve full conversion of nonaflate 175 and (p-
tolyl)diphenylphosphine oxide (187) was afforded in 58% yield after 24 h. Further
elevation of the reaction temperature to 120 °C provided a significant acceleration
in reaction rate with full conversion of nonaflate 175 observed after only 4 h.

Furthermore, phosphorylated product 187 was isolated in 78% yield.
Table 30 — Screening of reaction temperature for the palladium-catalysed C-P
bond-forming reaction
Pd(OAc), (10 mol%) o

080,C4Fy Ph,P(O)H (1.5 equiv. I
/@/ 2P(O)H ( quiv.) P\\Ph
Nal (1 equiv.) Ph

Et;N (4 equiv.), DMF

175 187
Conversion to Isolated Yield of
Entry Temp. (°C) Time (h)
187 (%)? 187 (%)
1 90 72 84 -
2 100 24 80 -
3 110 24 100 58
4 120 4 100 78

aDetermined using "H NMR spectroscopy.
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Having established a set of improved conditions for the palladium-catalysed C-P
cross-coupling of p-tolyl nonaflate (175) and diphenylphosphine oxide in a short
reaction time and high yield, the next objective undertaken was an investigation of
the impact of additives on reaction rate and outcome. Thus far, sodium iodide had
been employed as an additive. However, ionic additives such as salts of acetate
and chloride are frequently employed to promote palladium-catalysed cross-
coupling reactions, including the Hirao reaction and its derivatives.378380,382,404-407
Therefore, a screening of sodium acetate and sodium chloride was performed using
p-tolyl nonaflate (175) with Pd(OAc). (10 mol%), diphenylphosphine oxide and
triethylamine in DMF at 120 °C (Table 30, entries 1 and 2). Notably, both alternative
additives facilitated phosphorylation of 175 albeit at significantly slower rates than
sodium iodide (entry 3), and reaction times of 22 h and 32 h were required to achieve
full conversion of aryl nonaflate 175. Furthermore, (p-tolyl)diphenylphosphine oxide
(187) was afforded in lower yields of 55% and 64%.

Table 31 — Screening of additives for the palladium-catalysed C-P bond-forming

reaction

Pd(OAc), (10 mol%)

o)
0S0,C4Fg Ph,P(O)H (1.5 equiv.) I
/©/ 2 R~ph
Additive, EtsN (4 equiv.) Ph

DMF, 120 °C
175 187
Entry Additive (equiv.) Time (h) Isolated Yield of 187 (%)
1 NaOAc (1) 22 55
2 NaCl (1) 32 64
3 Nal (1) 4 78
4 Nal (0.1) 8 76
5 None 24 79

Given that the application of sodium iodide facilitated the most efficient and high
yielding phosphorylation reaction, the role of iodide in this palladium-catalysed C-P
cross-coupling reaction was further explored. The cross-coupling of p-tolyl nonaflate
(175) and diphenylphosphine oxide was performed in triplicate, with each reaction
using either 0, 0.1 or 1 equivalents of sodium iodide (Figure 38). Dimethyl

terephthalate (0.31 equiv.) was included in each experiment as an internal standard
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to measure the reaction conversion at time intervals via '"H NMR spectroscopy. The
integrals of the signals corresponding to the methyl moiety present in 175 and 187
were calibrated to that of the methyl ester moieties of dimethyl terephthalate. The
data obtained from this screening is presented in Figure 38, a conversion graph of
175 to 187. As previously observed, the reaction that employed 1 equivalent of
sodium iodide was complete after 4 h (~95% conversion). In contrast, only 51%
conversion was observed after the same period when 0.1 equivalents of sodium
iodide were used. Furthermore, a total reaction time of 8 h facilitated complete
reaction of 175 (~95% conversion) which indicated that the action of iodide was
indeed catalytic in nature. Moreover, the absence of sodium iodide clearly
demonstrated the significant acceleration of reaction rate generated by this additive.
Without sodium iodide present, only 12% conversion was observed after 4 h and a
prolonged reaction time of 24 h was required to attain completion (~96%

conversion).

Pd(OAC), (10 mol%) o

0S0,C4Fy PhoP(O)H (1.5 equiv.) I
/©/ 2 R~pPh
Nal (0, 0.1 or 1 equiv.) Ph

EtsN (4 equiv.), DMF, 120 °C

CO,Me
175 ©/ 187
MeO,C (0.31 equiv.)

100 -

90 -

80 -

70 A

60 -

50 -

40 -

% Conversion

30 1 ~a—Nal (1.0 equiv.)
20 A —a—Nal (0.1 equiv.)

No Nal
10 -

0’. T T T T T T T T T T 1

0 2 4 6 8 10_ 12 14 16 18 20 22 24
Time (h)

Figure 39 — Graph of conversion versus time for the synthesis of (p-

tolyl)diphenylphosphine oxide (187) to examine additive effects
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These reactions were then repeated without dimethyl terephthalate present for the
length of time needed to facilitate full conversion of 175 (entries 3-5). Notably, the
phosphorylated product 187 was afforded in similar yields for all three procedures
(76—79%), and the efficient phosphorylation reaction facilitated by stoichiometric
sodium iodide was deemed most favourable. As such, the conditions described by
Table 30, entry 3 were herein referred to as the optimised conditions for the iodide-

accelerated, palladium-catalysed C—P bond-forming reaction of aryl nonaflates.

Within the literature, it has been suggested that additives such as sodium iodide
accelerate palladium-catalysed cross-coupling reactions due to the formation of aryl
iodide intermediates via the Finkelstein reaction.??8408409 These intermediates
possess labile C—l bonds which undergo oxidative addition with palladium at an
accelerated rate relative to the original aryl substrate. For example, the
palladium(0)-catalysed Heck reaction of aryl nonaflates with terminal alkenes
mediated by iodide salts as reported by Peng et al., discussed previously in Section
2.3.6. Consequently, the decision was made to investigate whether 4-iodotoluene
(193) was generated as an intermediate during the cross-coupling of p-tolyl
nonaflate (175) and diphenylphosphine oxide. A series of control reactions were
performed employing the optimised conditions except in the absence of one reagent
to prevent the production of (p-tolyl)diphenylphosphine oxide (187). Control
reactions without diphenylphosphine oxide, Pd(OAc). and triethylamine were
monitored by "H NMR spectroscopy over 24 h however, no reactivity was observed

under these conditions (Scheme 75).

Pd(OAc), (10 mol%)

0S0,C4Fq Nal (1 equiv.) I
Q/ Et3N (4 equiv.), DMF /©/
120 °C, 24 h
175 193

Ph,P(O)H (1.5 equiv.)

08S0,C4Fg Nal (1 equiv.),
/©/ Et3N (4 equiv.), DMF
120 °C, 24 h
175 193

Q

Pd(OAc), (10 mol%)

0OS0,C4Fq Ph,P(O)H (1.5 equiv.) |
/©/ Nal (1 equiv.), DMF /©/
120 °C, 24 h
175 193

Scheme 75 — Investigation of 4-iodotoluene (193) as an intermediate
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Furthermore, the use of 4-iodotoluene (193) as the aryl substrate for C—P cross-
coupling with diphenylphosphine oxide was explored by Leanne Riley of the
Sutherland group. 4-lodotoluene (193) was treated with the optimised reaction
conditions in the absence of sodium iodide (Scheme 76). Notably, full conversion of
193 was observed after only 1.5 h but the phosphorylated product 187 was isolated
in a low yield of 34%. When compared to the equivalent reaction that employed p-
tolyl nonaflate (175) with sodium iodide (1 equiv.), which required a 4 h reaction to
afford 187 in 78% yield, this transformation was slightly faster but significantly lower
yielding. Given the results of these investigations, it was concluded that aryl iodide
intermediates such as 4-lodotoluene (193) are not generated during the iodide-

accelerated, palladium-catalysed C—P bond-forming reaction.

Pd(OAc), (10 mol%) 0

I Ph,P(O)H (1.5 equiv.) I
Joan
EtsN (4 equiv.), DMF Ph

120 °C, 1.5 h, 34%

193 187
Scheme 76 — Palladium-catalysed cross-coupling of 4-iodotoluene (193) with

diphenylphosphine oxide

Based on these mechanistic experiments and the existing literature in this field, a
mechanism for the iodide-accelerated, palladium-catalysed C-P bond-forming
reaction of aryl nonaflates was proposed (Scheme 77). As previously discussed, the
groups of Ackermann, Stawinski, Montchamp and Keglevich have shown that the
tautomeric P—OH form of a secondary P(O)—-H compound can reduce a palladium(ll)
pre-catalyst and then coordinate to afford a palladium(0) species, and subsequently
act as a nucleophilic cross-coupling partner.378.380.383-38  Consequently,
diphenylphosphine oxide exists in equilibrium with the tautomer phosphinous acid
194. Initially, tautomer 194 (10 mol%) performs the reduction of Pd(OAc)2 (10 mol%)
and coordination with 194 (20 mol%) affords the active palladium(0) species 195. In
the presence of sodium iodide, oxidative addition of the aryl nonaflate to 195 may
then be followed by loss of the nonaflate ligand to afford sodium nonaflate. This
would generate the palladium(ll) complex 196 which remains coordinatively
unsaturated with the iodide anion only weakly coordinated. Furthermore, it is
proposed that the coordinatively unsaturated nature of 196 may accelerate the rate

at which the nucleophilic coupling partner phosphinous acid 194 coordinates to the
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palladium(ll) complex.4’® Subsequent deprotonation performed by triethylamine
affords palladium(ll) complex 197 from which the desired phosphorylated product
198 is formed via reductive elimination. Alternatively, iodide is known to impose a
larger trans effect than other anions when complexed to palladium.*% lodide is a
strong o-donating ligand which weakens the coordination between the metal and
the ligand in the trans position relative to the iodide. Consequently, substitution
reactions of the ligand frans to iodide are accelerated in comparison with other
anions. It is reasonable to suggest that this may also be responsible for the
acceleration of this palladium-catalysed C-P cross-coupling reaction by sodium
iodide.

Pd"(OAc),
0 OH
3 x PhF:hP Ph/P\Ph
19
Ph —ONf
Arxp,ph Ph,
HO-P—Pd0-
O Ph’ Pd P OH Oxidative Addition
198
Ar Fh
(HO)thP\PdO:ﬁ’Ph HO thp]zpdll
HoPhp” O
Reductive Eliminati
eductive climina |on‘ NaONf/*/
(HO)Ph,P_ AT ©
/Pd” Ph (HOPPhP -
(HO)Ph,P P<ph P ©
00 (HO) th
197
EtsN-HI (HO)PhoP_ d"/ o
©
(HO)PhoP” P\Ph — PhI;HP\H
EtsN

Scheme 77 — Proposed mechanism for the iodide-accelerated, palladium-

catalysed C—P bond-forming reaction of aryl nonaflates
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2.3.7.5 Substrate Scope

Using the optimised conditions established with p-tolyl nonaflate (175), the scope of
the iodide-accelerated, palladium-catalysed phosphorylation reaction was
investigated with diphenylphosphine oxide and a range of aryl nonaflates (Scheme
78). This methodology was shown to be widely applicable to a library of twenty aryl
nonaflates that possess a variety of structures and different electronic properties.
Furthermore, the majority of triarylphosphine oxides were produced in high yields
after short reaction times of only 4 h. Only one substrate from the library of aryl
nonaflates screened was found to be incompatible with this procedure. Submission
of p-nitrophenyl nonaflate (142) failed to produce the corresponding triarylphosphine
oxide and 'H NMR spectroscopy of the reaction mixture showed full decomposition
of 142. Comparison of methyl-substituted tertiary phosphine oxides 187, 199, 200,
and 201 showed that substitution in the ortho position necessitated a slightly longer
reaction time and was detrimental to yield, relative to equivalent substitution at the
meta and para positions. This ortho-substitution effect was more pronounced for
electron-withdrawing substituents as shown by tertiary phosphine oxides 204 versus
205. Biaryl nonaflates such as 2-naphthyl nonaflate (139) and (1,1'-biphenyl)-4-yl
nonaflate (155) were particularly reactive and afforded 186 and 202 in high yields of
93% and 96%, respectively. Aryl nonaflates bearing an electron-donating
substituent also required slightly longer reaction times as evidenced by the
production of 189 in 64% yield after 6 h. In contrast, electron-deficient aryl
nonaflates underwent full conversion to triarylphosphine oxides in 4 h and were
isolated in high yields. In addition, aryl nonaflates that possess halide substituents
including fluoride and chloride were also compatible. However, submission of 3-
bromophenyl nonaflate (183) to this procedure afforded a mixture of products.
Following flash column chromatography, analysis via 'H and *'P NMR spectroscopy
revealed that bis-phosphine oxide 212 was given as the major product, whilst the
desired triarylphosphine oxide was a minor product. Consequently, this reaction was
repeated using 3 equivalents of diphenylphosphine oxide to promote bis-coupling
and 212 was afforded in 57% vyield after 5 h. Furthermore, this procedure was also
compatible with heterocyclic nonaflates such as pyridin-2-yl nonaflate (184) for the

preparation of 213 in 60% yield.
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Pd(OAC), (10 mol%) 0
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o 0S02C4F Ph,P(O)H (1.5 equiv.) ~h=Ph
| |
R R Ph
= Nal (1 equiv.), Et3N (4 equiv.) =
DMF, 120 °C

(0] (0] (0]

1 1 1 P\Ph

R~Ph R~Ph R~Ph P‘Ph
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185, 67% (4 h) 187, 78% (4 h) 199, 95% (4 h) 200, 81% (4 h) 201, 58% (7 h)
ook o o o

AcHN
188, 64% (6 h) 186, 93%7 202, 96% (4 h) 189, 64% (6 h) 203, 65% (6 h)
P\ P\
\f{@ Ph p Ph : ,P\Ph : ,P\Ph
MeO,C

204, 96% (4 h) 205,37% (4 h) 206, 82% (4 h) 207,77% (4 h) 208, 89% (4 h)
/@P\Ph irP\Ph \CFP\Ph h/PWCrP‘Ph UP\Ph
209, 87% (4 h) 210, 51% (4 h) 211,87% (4 h) 212, 57% 213,60% (4 h)

Scheme 78 — Scope of aryl nonaflates employed in the iodide-accelerated,
palladium-catalysed C—P bond-forming reaction. ?Reaction performed with
Ph2P(O)H (1 equiv.) at 90 °C. Reaction performed with 3-bromophenyl nonaflate
(183) and Ph2P(O)H (3 equiv.).

Next, the focus of this work was to investigate the scope of nucleophilic phosphorus
coupling partners that could be employed for C—P cross-coupling with aryl
nonaflates. This study was performed using p-tolyl nonaflate (175) as a model aryl
substrate due to its utility in previous optimisation work. Initially, p-tolyl nonaflate
(175) would be reacted with bis(p-tolyl)phosphine oxide, di(n-butyl)phosphine oxide
(214), diethyl phosphite and ethyl phenylphosphinate under the conditions
optimised for biaryl P(O)-H compounds. Of these organophosphorus compounds,
only di(n-butyl)phosphine oxide (214) was not commercially available. Following a
literature procedure from Busacca and co-workers, 214 was efficiently prepared
from diethyl phosphite and 2 M n-butylmagnesium chloride in diethyl ether solution
in 90% yield (Scheme 79).4™"
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Scheme 79 — Synthesis of di(n-butyl)phosphine oxide (214)

As expected, the cross-coupling of nonaflate 175 with bis(p-tolyl)phosphine oxide
proceeded efficiently under the optimised conditions for the synthesis of (p-
tolyl)diphenylphosphine oxide (187), and tris(p-tolyl)phosphine oxide (215) was
isolated in 63% yield after 4 h (Scheme 80). In contrast, the attempted
phosphorylation reactions with di(n-butyl)phosphine oxide (214) and diethyl
phosphite generated no reaction or only trace quantities of the desired product 217
even after extended reaction times of 24 h. Resultant attempts performed at an
elevated temperature of 150 °C failed to promote phosphorylation and enabled
partial degradation of nonaflate 175 to p-cresol after 24 h. Furthermore, the reaction
of nonaflate 175 with ethyl phenylphosphinate produced an inseparable complex

mixture of products when performed at 120 °C and subsequently at 90 °C.

For this reason, the use of Pd(PPh3s)4 (10 mol%) was then explored given its historic
application in the Hirao reaction.®%%-3"" The iodide-accelerated phosphorylation
reaction of nonaflate 175 with di(n-butyl)phosphine oxide (214) was repeated except
using Pd(PPhs)s (10 mol%) and produced dialkylphosphine oxide 216 in 58% yield
after only 5 h at 120 °C. Under identical conditions, the cross-coupling of nonaflate
175 and diethyl phosphite produced the desired phosphonate ester 217 and an
unknown side-product in a ratio of 2 : 1 respectively. A brief screening of reaction
temperatures between 60-90 °C was then performed for the reactions of nonaflate
175 with diethyl phosphite and ethyl phenylphosphinate. It was found that when
using more reactive phosphorus coupling partners such as these a reaction
temperature of 80 °C afforded 100% conversion to the desired C—P coupled
products efficiently with minimal side-reactions. Using Pd(PPhs)4 (10 mol%) at this
optimal temperature, phosphonate 217 and phosphinate 218 were given in 67% and
73% yield after 6 h and 4 h, respectively. Notably, triphenylphosphine oxide was
commonly observed as a by-product when Pd(PPhs)s was employed as the catalyst
for this methodology. However, this impurity was successfully removed via flash
column chromatography, trituration, or a successive combination of both
techniques. Finally, C—P coupling of p-tolyl nonaflate (175) and triphenylphosphine
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was attempted to exemplify the utility of this method for the synthesis of substituted
TAPSs such as 219. An initial reaction performed using the same conditions as for
the synthesis of TAPS 171 produced an inseparable mixture of compounds after
only 4 h. A larger excess of the coupling partner triphenylphosphine (4 equiv.) was
subsequently proven to be advantageous to limiting the formation of side-products
albeit to the detriment of the reaction rate. This modified procedure facilitated the

preparation of (p-tolyl)triphenylphosphonium nonaflate (219) in a good yield of 69%.

3Pd(OAC), or PPd(PPhs), (10 mol%) o

0S0,C4Fqg R'R2P(O)H (1.5 equiv.) B
o

Nal (1 equiv.), EtsN (4 equiv.), DMF R

175
0 9 0
@P\@ Y, - b~
187, 78%2 215, 63%7 216, 58%®
(120 °C, 4 h) (120 °C, 4 h) (120 °C, 5 h)

0 2 ©

1] -~

OEt :::
S)

0S0,C,4Fyg
217, 67%P 218, 73%°P 219, 69%°
(80 °C, 6 h) (80 °C, 4 h) (90 °C, 19 h)

Scheme 80 — Scope of phosphorus coupling partners employed in the iodide-
accelerated, palladium-catalysed C—P bond-forming reaction. °‘Reaction performed

using Pd(OAc)2 (10 mol%) with coupling partner PPhs (4 equiv.).

2.3.7.6 Synthesis of Aryl Phosphorus Compounds with Functionality

Having explored the mechanism and scope of the iodide-accelerated, palladium-
catalysed C—P bond-forming reaction, the next aim of this project was to exploit this
methodology to transform phenols into aryl phosphorus compounds with
applications in various fields of chemistry. The first target compound selected was
(1-pyrenyl)diphenylphosphine oxide (222), an electron transporting blue-light-

emitter for use in organic light emitting diodes (OLEDs).#'? In the first step, pyren-1-
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ol (220) was treated with nonaflyl fluoride and triethylamine under mild conditions to
afford 1-pyrenyl nonaflate (221) in 87% yield (Scheme 81). Using the conditions
optimised for cross-coupling of biaryl P(O)-H compounds, nonaflate 221 underwent
phosphorylation with diphenylphosphine oxide to give (1-
pyrenyl)diphenylphosphine oxide (222) in a good yield of 73%. Previous synthesis
of this compound started from 1-bromopyrene and required three steps, lithiation,
phosphorylation and oxidation.4'2-414 Notably, this novel methodology facilitated the
synthesis of 222 from commercially available material in only two steps and

circumvented the use of organolithium reagents such as n-butyl lithium.

OH 0S0,C4Fy Pd(OAc), (10 mol%) B
O FgC4SOzF ‘ thP(O)H (1 5 eqUiV.) \\Ph
“ EtsN, CH,Cl, “ Nal (1 equiv.) Ph
0 °C then rt EtsN (4 equiv.) “
O 3 h, 87% O DMF, 120 °C
4 h, 73%

220 221 222

Scheme 81 — Synthesis of (1-pyrenyl)diphenylphosphine oxide (222)

Next, a commercially available L-tyrosine derivative bearing benzyloxycarbonyl and
methyl ester protecting groups (223) was converted to the corresponding aryl
nonaflate 224 under the standard conditions previously described and was isolated
in 94% vyield (Scheme 82). To explore the use of this method with structurally
complex compounds, the cross-coupling of nonaflate 224 and diphenylphosphine
oxide was performed under the conditions optimised for biaryl P(O)-H compounds.
The resultant triarylphosphine oxide 225 was isolated in 55% vyield after a reaction
time of 12 h. Notably, 225 was shown to be unstable at high temperatures when left
stirring for longer. For example, a reaction time of 22 h returned only a 42% yield.
L-Tyrosine-derived nonaflate 224 was also submitted to iodide-accelerated
phosphorylation with diethyl phosphite using Pd(PPhs)s (10 mol%) at 80 °C for 6 h
to give phosphonate 226 in 72% yield at 1 mmol scale. Global deprotection of 226
was then achieved using 6 M hydrochloric acid under reflux to afford 4-phosphono-
L-phenylalanine hydrochloride (227) in 88% yield after 6 h. This phosphorylated
amino acid has been employed in numerous medicinal chemistry studies including
the development of novel thrombin inhibitors and as competitive N-methyl-D-

aspartic acid antagonists.394415-418

191



CO,Me
Phihpmcw
1

o
225

Pd(OAc), (10 mol%)
Ph,P(O)H (1.5 equiv.)
Nal (1 equiv.)

EtsN (4 equiv.)
DMF, 120 °C
12 h, 55%

FgC4SO,F

/@/\‘/COQMG EtsN, CH,Cl, /©/YCOZMG
HO NHCbz 0 °C then rt C4Fo0,S0 NHCbz

223 2, 94% 224

Pd(PPhg)4 (10 mol%)
(EtO),P(O)H (1.5 equiv.)
Nal (1 equiv.)

EtsN (4 equiv.)
DMF, 80 °C
6 h, 72%

Q/\KCOZH 6 M HCI @/\rcoznvle
HO reflux EtO
HO~p NH,-HCI EtO\II:I) NHCbz

0]

I 6 h, 88%
(@)
227 226

Scheme 82 — Synthesis of phosphorylated phenylalanine analogues 225 and 227

2.3.8 Conclusions and Future Work

In summary, a large library of aryl nonafluorobutanesulfonates was efficiently
prepared from the corresponding phenols in excellent yields under mild conditions
and was submitted to investigations of novel transition metal-catalysed iodination
and phosphorylation reactions. Initially, the iodination of aryl nonaflates was
investigated with an electron-rich ruthenium(ll) catalyst,
tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)

trifluoromethanesulfonate (5 mol%) (129), in the presence of sodium iodide. Due to
the air and moisture sensitivity of 129, the handling procedure of this reaction
required optimisation and was then exploited for the preparation of a small series of
aryl iodides. However, subsequent issues with the supply of 129 prevented further
exploration of this procedure. Consequently, the analogous ruthenium(ll) catalyst,
tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll) hexafluorophosphate
(164), was sourced from an alternative manufacturer and an equivalent study was
performed. Further optimisation revealed that an increased catalytic loading of 164
(8.5 mol%) was necessary to achieve comparable conversion to catalyst 129 (5

mol%) and required longer reaction times.
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In the future, an increased 10—-15 mol% loading of ruthenium(ll) catalyst 164 could
be explored to attain higher levels of iodination in reduced reaction times.
Alternatively, the ruthenium(lll) catalyst,
dichloro(pentamethylcyclopentadienyl)ruthenium(lll) polymer, could be
investigated. This catalyst has been shown by Butkevich et al. to exhibit equivalent
reactivity to catalyst 129 for the iodination of aryl triflates when employed at a
loading of only 5 mol% and is less expensive.*'® Furthermore, ruthenium(ll) catalyst
129 could be further explored if prepared in-house. Following a two-step procedure
reported by Fagan et al, 129 could be produced through treatment of
dichloro(pentamethylcyclopentadienyl)ruthenium(lll) polymer with 1 M lithium
triethylborohydride, followed by acetonitrile under reflux and then silver triflate.4?°
Regardless of the specific ruthenium(ll) catalyst chosen to proceed with, these initial
findings suggest that further procedural optimisation will be required for application
with electron-rich aryl nonaflates. Finally, it is proposed that this methodology will
ultimately be adapted for the radioiodination of aryl nonaflate precursors to SPECT
imaging agents such as PARP-1 inhibitor ['23I]16b.

A brief investigation of a metal-free procedure for the iodination of aryl nonaflates
via an SNAr reaction was also carried out. This study explored conditions for a
pseudo-halogen exchange of the electron-deficient p-nitrophenyl nonaflate (142)
with an excess of sodium iodide at elevated temperatures. Ultimately, this method
was deemed impracticable due to the high temperatures (140 or 160 °C) required
for efficient conversion. Furthermore, these temperatures resulted in significant
thermal decomposition of aryl nonaflate 142 to the corresponding p-nitrophenol
(166) starting material. Notably, the desired aryl iodide was achieved with a
maximum conversion of only 58% and also produced the corresponding phenol

(42%) as a significant by-product.

The project then explored a pseudo-halogen exchange reaction for the iodination of
aryl nonaflates catalysed by tris(dibenzylideneacetone)dipalladium(0) and the
sterically hindered dialkybiarylphosphine ligand ‘BuBrettPhos (128). However,
screening of reaction conditions including temperature, solvent, and catalytic
loading of Pdz(dba)s and ‘BuBrettPhos (128) failed to produce the desired aryl

iodides in conversions greater than just 18%. Therefore, this method was also
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regarded as impracticable, and an alternative palladium-catalysed strategy was

sought.

An iodide mediated, palladium-catalysed Heck reaction of aryl nonaflates and
terminal alkenes using sodium iodide and palladium(ll)bis(triphenylphosphine)
dichloride (5 mol%) was investigated. However, attempts to isolate an aryl iodide
intermediate, which this reaction was proposed to proceed through were
unsuccessful. Moreover, no evidence of an aryl iodide intermediate was observed
under the various reaction conditions employed. Notably, a side-product
subsequently identified as tetraphenylphosphonium nonaflate (171) revealed the
propensity of aryl nonaflates to participate in C—P bond-forming reactions with
phosphorus ligands in the presence of sodium iodide and a palladium catalyst. The
palladium-catalysed C—P cross-coupling reaction was then optimised to prepare
TAPS 171 in good yield under milder conditions than literature preparations of

analogous halide and triflate TAPSs.

The conditions developed for the synthesis of TAPS 171 were then investigated for
cross-coupling of aryl nonaflates with secondary aryl P(O)-H compounds. After
further optimisation and preliminary mechanistic studies, it was found that sodium
iodide significantly accelerated the rate of palladium-catalysed C—P bond-formation
(six-fold increase) and a mechanism was proposed. It was suggested that this
acceleratory effect occurs due to formation of a coordinatively unsaturated
palladium(0) complex or the trans effect of iodide when complexed to a palladium
intermediate. The broad scope of this optimised, iodide-accelerated, palladium-
catalysed C—P bond forming reaction was exemplified with a range of structurally
and electronically diverse aryl nonaflates to afford tertiary arylphosphine oxides in
high yields after short reaction times. Additional optimisation extended the scope of
nucleophilic secondary phosphorus P(O)-H coupling partners that were applicable
with this methodology to include substituted phosphine oxides, dialkyl phosphine
oxides, dialkyl phosphites and alkyl arylphosphinates.

Finally, the synthetic utility of this methodology was shown through the synthesis of
organophosphorus compounds with established applications in materials and
medicinal chemistry. A blue-light-emitter (1-pyrenyl)diphenylphosphine oxide (222)

for OLEDs was prepared from commercially available pyren-1-ol in 64% yield over
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two steps. Furthermore, biologically active 4-phosphono-L-phenylalanine
hydrochloride (227) was prepared from a commercially available L-tyrosine

derivative in 60% vyield over three steps.

Within the Sutherland group, a focus of significant research efforts is the
development of novel fluorescent amino acids for molecular imaging.*2'-426 |n the
future, the iodide-accelerated, palladium-catalysed C—P bond-forming reactions
developed in this work could be employed for the synthesis of L-tyrosine-derived
fluorescent amino acids (Scheme 83). Concurrent with the composition of this
thesis, a 5 mol% loading of Pd(PPhs)s was investigated for the synthesis of
phosphonate 226 from L-tyrosine-derived nonaflate 224 by Leanne Riley. Under
these conditions, phosphonate 226 was afforded in only a slightly lower yield of 65%
and a reaction time of 7 h was required. Moving forward, phosphonate 226 could
undergo selective deprotection of the ethyl phosphonate ester using
bromotrimethylsilane followed by treatment with methanol to afford phosphonic acid
228.%27 Subsequently, a library of stilbene-type amino acids could be prepared from
phosphonic acid 228 through oxidative palladium-catalysed Heck-inspired cross-
coupling with a range of functionalised styrenes, and subsequent global
deprotection with 6 M hydrochloric acid.*?® Notably, this synthetic approach would
allow for rapid late-stage structural diversification from the common intermediate
228 and facilitate an investigation of the relationship between structure and

fluorescent properties of this amino acid scaffold.
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Scheme 83 — Proposed synthesis of novel stilbene-type fluorescent amino acids
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3.0 Experimental

3.1 General Experimental

All reagents and starting materials were obtained from commercial sources and
used as received unless otherwise stated. Dry solvents (acetonitrile,
dichloromethane, THF, toluene) were purified using a PureSolv 500 MD solvent
purification system. All reactions were performed under an atmosphere of air unless
otherwise stated. Dry glassware was oven-dried at 140 °C for a minimum of 16 h,
cooled to room temperature in vacuo and then purged with argon. Brine is defined
as a saturated aqueous solution of sodium chloride. Merck aluminium-backed plates
pre-coated with silica gel 60 (UV2s4) were used for thin layer chromatography and
were visualised under UV light (254/365 nm) then stained with iodine, potassium
permanganate, vanillin or ninhydrin solution. Flash column chromatography was
carried out using Merck Geduran Si 60 (40—63 um). "H and '*C NMR spectra were
recorded on Bruker DPX 400, Bruker AVI 400, Bruker AVIII 400 ('H 400 MHz; 3C
101 MHz) spectrometers or a Bruker AVIIl 500 ('H 500 MHz; '*C 126 MHz)
spectrometer with chemical shift values reported in ppm relative to tetramethylsilane
(61 0.00 and ¢ 0.0), CDCl3 (6n 7.26 and &c 77.2), CD3OD (6n 3.31 and ¢ 49.0),
DMSO-ds (61 2.50 and ¢ 39.5) or 3-(trimethylsilyl)propionic-2,2,3,3,-ds acid sodium
salt in D20 (6w 0.00 and &¢ 0.0). Assignments of "H and '*C NMR signals are based
on COSY, DEPT, HSQC and HMBC experiments. Mass spectra were obtained
using a JEOL JMS-700 spectrometer or a Bruker microTOFq high resolution mass
spectrometer. Melting points were determined on a Gallenkamp melting point
apparatus and are uncorrected. Infrared spectra were recorded neat on a Shimadzu
FTIR-84005 spectrometer. Optical rotations were determined as solutions
irradiating with the sodium D line (A = 598 nm) using an Autopol V polarimeter. [a]p
values are reported in units 10™" deg cm? g~'. UV-Vis spectra were recorded on a
Perkin EImer Lambda 25 instrument and fluorescence spectra were recorded on a
Shimadzu RF-5301PC spectrofluorophotometer. Emission data were measured
using an excitation slit width of 3 nm and emission slit width of 5 nm. Chiral HPLC
spectra were recorded on Shimadzu LC-20AD prominence liquid chromatograph
with a CBM-20A prominence communications bus module, DGU-20A5 prominence
degasser, SPD-M20A prominence diode array detector (210 or 254 nm) and a

Shimadzu CTO-20AC prominence column oven (25 °C). Analysis was performed
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using 20 uL sample injections and methods were calibrated with the corresponding
racemic mixtures. Data acquisition and processing was performed using

LabSolutions 1.21 SP1 chromatography software.
3.2 PARP-1 Experimental

(+)-3-Dimethoxyphosphoryl-3H-2-benzofuran-1-one (42)'%?

7

0
6 1
0]
5 3
4 P:O
-\
MeO™ bte

In an oven-dried flask under argon, a stirred solution of sodium methoxide (25% wt.
in methanol) (12.2 mL, 53.3 mmol) in methanol (76 mL) was cooled to 0 °C and
dimethyl phosphite (41) (4.59 mL, 50.0 mmol) was added dropwise. 2-
Carboxybenzaldehyde (40) (5.00 g, 33.3 mmol) was added portionwise to the
reaction mixture, which was then warmed to room temperature and stirred for 2 h.
Methanesulfonic acid (3.89 mL, 59.9 mmol) was then added dropwise to the reaction
mixture and a white suspension was formed. The reaction mixture was concentrated
in vacuo, the resulting residue suspended in water (50 mL) and the crude product
extracted with dichloromethane (3 x 50 mL). The combined organic layers were
dried (MgSOs.), filtered and concentrated in vacuo. The crude material was purified
by trituration with diethyl ether to give (z)-3-dimethoxyphosphoryl-3H-2-benzofuran-
1-one (42) as a white solid (6.37 g, 79%). Mp 90-91 °C (lit."%2 90-91 °C); dn (400
MHz, CDs0OD) 3.72 (3H, d, J 10.8 Hz, CH3s), 3.91 (3H, d, J 10.8 Hz, CH3), 6.10 (1H,
d, J10.8 Hz, 3-H), 7.68 (1H, t, J 7.5 Hz, 5-H), 7.75 (1H, d, J 7.5 Hz, 4-H), 7.83 (1H,
t, J 7.5 Hz, 6-H), 7.94 (1H, d, J 7.5 Hz, 7-H); &¢c (101 MHz, CD30D) 54.9 (d, 2Jcr 6.8
Hz, CHs), 55.3 (d, 2Jcp 7.4 Hz, CH3), 76.4 (d, "Jcp 167.0 Hz, CH), 124.7 (d, 3Jcp 3.0
Hz, CH), 126.2 (d, 2Jcp 4.1 Hz, C), 126.8 (d, 5Jcp 1.9 Hz, CH), 131.2 (d, *Jcp 2.9 Hz,
CH), 135.9 (d, *Jcp 2.8 Hz, CH), 145.2 (d, 3Jcp 4.0 Hz, C), 171.3 (d, 3Jcp 2.7 Hz, C);
m/z (El) 242 (M*. 37%), 213 (10), 199 (9), 133 (100), 105 (13), 77 (17), 51 (5).
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2-Fluoro-5-[(Z/E)-(3"-ox0-2"-benzofuran-1"-ylidene)methyl]benzonitrile (44)'°2

In an oven-dried flask under argon, (x)-3-dimethoxyphosphoryl-3H-2-benzofuran-1-
one (42) (6.30 g, 26.0 mmol) and 2-fluoro-5-formylbenzonitrile (43) (3.52 g, 23.6
mmol) were dissolved in anhydrous tetrahydrofuran (95 mL) and cooled to 0 °C.
Triethylamine (3.62 mL, 26.0 mmol) was added dropwise to the reaction mixture,
which was then warmed to room temperature and stirred for 21 h. The resultant
suspension was concentrated in vacuo and the crude residue suspended in water
(80 mL). The product was collected by vacuum filtration and washed with water (2
x 80 mL), hexane (2 x 80 mL) and diethyl ether (2 x 80 mL) to give 2-fluoro-5-[(Z/E)-
(3"-oxo-2"-benzofuran-1"-ylidene)methyl]benzonitrile (44) as a white solid (5.54 g,
89%). NMR spectra showed a 3:1 mixture of E and Z isomers. Only signals for the
major isomer are recorded. The product was used in subsequent synthesis without
separation of the major and minor isomers. Mp 164-167 °C (lit."%? 164-167 °C); on
(400 MHz, DMSO-ds) 6.98 (1H, s, 1'-H), 7.65 (1H, t, J 9.0 Hz, ArH), 7.67-7.75 (1H,
m, ArH), 7.92 (1H, td, J 7.6, 1.0 Hz, ArH), 7.97-8.00 (1H, m, ArH), 8.08 (1H, dt, J
8.0, 1.0 Hz, ArH), 8.12-8.21 (2H, m, 2 x ArH); éc (101 MHz, DMSO-ds) 100.8 (d,
2Jcr 15.8 Hz, C), 103.4 (CH), 113.8 (C), 117.4 (d, ?Jcr 20.0 Hz, CH), 121.0 (CH),
122.6 (C), 125.4 (CH), 130.9 (CH), 131.0 (d, *Jcr 3.7 Hz, C), 134.2 (CH), 135.4
(CH), 136.7 (d, 3Jcr 9.0 Hz, CH), 139.5 (C), 145.4 (C), 161.5 (d, "Jcr 258.1 Hz, C),
165.9 (C); m/z (El) 265 (M*. 100%), 237 (12), 208 (64), 182 (10), 133 (13), 104 (14),
63 (29), 45 (8).
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2-Fluoro-5-[(4"-ox0-3"H-phthalazin-1"-yl)methyl]benzonitrile (48)'">

In an oven-dried flask under argon, 2-fluoro-5-[(Z/E)-(3"-oxo0-2"-benzofuran-1"-
ylidene)methyl]benzonitrile (44) (5.43 g, 20.5 mmol) was suspended in anhydrous
tetrahydrofuran (55 mL) and degassed for 0.5 h. To the degassed solution was
added hydrazine monohydrate (1.19 mL, 24.6 mmol). The reaction mixture was
stirred at room temperature for 2 h. Acetic acid (0.300 mL, 5.24 mmol) was added,
and the reaction mixture was heated to 60 °C for 19 h. The reaction mixture was
cooled to 50 °C and water (55 mL) was added slowly, resulting in the formation of a
white precipitate. The reaction mixture was cooled to room temperature and the
precipitate was collected by vacuum filtration. This was washed with a solution of
tetrahydrofuran and water (1:1) (20 mL) and then diethyl ether (3 x 20 mL) to give
2-fluoro-5-[(4"-oxo0-3"H-phthalazin-1"-yl)methyllbenzonitrile (48) as a white solid
(5.03 g, 88%). Mp 213-215 °C. Spectroscopic data were consistent with the
literature.'”® 64 (400 MHz, DMSO-ds) 4.37 (2H, s, 1'-H2), 7.46 (1H, t, J 9.0 Hz, 3-H),
7.71 (1H, ddd, J9.0, 5.3, 2.3 Hz, 4-H), 7.84 (1H, dd, J 7.9, 7.5 Hz, 6"-H), 7.88-7.94
(2H, m, 6-H and 7"-H), 7.98 (1H, d, J 7.9 Hz, 8"-H), 8.26 (1H, d, J 7.9 Hz, 5"-H),
12.57 (1H, s, NH); oc (101 MHz, DMSO-ds) 36.0 (CHz2), 99.9 (d, ?Jcr 15.3 Hz, C),
114.0 (C), 116.5 (d, ?Jcr 19.5 Hz, CH), 125.3 (CH), 126.1 (CH), 127.9 (C), 129.0
(C), 131.6 (CH), 133.6 (CH), 134.0 (CH), 135.7 (d, *Jcr 3.6 Hz, C), 136.6 (d, 3JcF
8.6 Hz, CH), 144.4 (C), 159.3 (C), 161.2 (d, 'Jcr 254.4 Hz, C); m/z (ESI) 581
(2MNa*. 100%).
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2-Fluoro-5-[(4"-0x0-3"H-phthalazin-1"-yl)methyl]benzoic acid (45)'°?

Method A: To a stirred suspension of 2-fluoro-5-[(Z/E)-(3"-ox0-2"-benzofuran-1"-
ylidene)methyl]benzonitrile (44) (5.53 g, 20.8 mmol) in water (210 mL) was added
13 M aqueous sodium hydroxide solution (31.5 mL, 410 mmol). The reaction mixture
was heated to 90 °C and stirred for 18 h. After cooling to 70 °C, hydrazine
monohydrate (14.1 mL, 291 mmol) was added to the reaction mixture slowly then
stirred for a further 72 h. The reaction mixture was then cooled to room temperature,
acidified with 6 M aqueous hydrochloric acid solution to pH 2 and stirred at room
temperature for 1 h, which produced a red precipitate. The resultant precipitate was
collected by vacuum filtration. This was washed with water (3 x 150 mL) and diethyl
ether (3 x 150 mL). The crude material was purified by trituration with acetone to
give 2-fluoro-5-[(4"-oxo-3"H-phthalazin-1"-yl)methyl]benzoic acid (45) as a pale pink
solid (4.09 g, 66%). Mp >300 °C. Spectroscopic data were consistent with the
literature.'®? &y (400 MHz, DMSO-ds) 4.36 (2H, s, 1'-H2), 7.24 (1H, dd, J 10.8, 8.5
Hz, 3-H), 7.54-7.62 (1H, m, 4-H), 7.79-7.87 (2H, m, 6-H and 6"-H), 7.90 (1H, td, J
7.5, 1.3 Hz, 7"-H), 7.98 (1H, d, J 7.5 Hz, 8"-H), 8.26 (1H, dd, J 7.8, 1.3 Hz, 5"-H),
12.60 (1H, s, NH), 13.24 (1H, br s, OH); é¢ (101 MHz, DMSO-ds) 36.3 (CH2), 117.0
(d, 2Jcr 22.8 Hz, CH), 119.1 (d, 2Jcr 10.7 Hz, C), 125.5 (CH), 126.1 (CH), 127.9 (C),
129.1 (C), 131.6 (CH), 131.9 (CH), 133.6 (CH), 134.3 (d, *Jcr 3.4 Hz, C), 134.9 (d,
3Jcr 8.7 Hz, CH), 144.9 (C), 159.4 (C), 160.3 (d, 'Jcr 255.5 Hz, C), 165.0 (d, 3JcF
2.8 Hz, C); m/z (ESI) 297 (M-H)~. 100%).

Method B: To a stirred suspension of 2-fluoro-5-[(4"-oxo-3"H-phthalazin-1"-
yl)methyl] benzonitrile (48) (5.03 g, 18.0 mmol) in water (21 mL) was added 2 M
aqueous sodium hydroxide solution (18.9 mL, 37.8 mmol). The reaction mixture was
heated to 90 °C and stirred for 23 h. After cooling to room temperature, the reaction

mixture was filtered in vacuo and the sinter funnel was washed with water (5 mL).
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The filtrate was then heated to 60 °C and 2 M aqueous hydrochloric acid solution
(30 mL) was added dropwise, which produced a white precipitate. The crude mixture
was cooled to 50 °C and the product collected by vacuum filtration. This was washed
with water (30 mL) and diethyl ether (3 x 30 mL) to give 2-fluoro-5-[(4"-oxo0-3"H-
phthalazin-1"-yl)methyllbenzoic acid (45) as a white solid (4.93 g, 92%).

Spectroscopic data were consistent with that described above.

tert-Butyl piperazine-1-carboxylate (46)'°2

HN™Y
K/N\g/O\’<

A stirred solution of piperazine (49) (0.500 g, 5.80 mmol) in dichloromethane (12
mL) was cooled to 0 °C, and to this was added a solution of di-tert-butyl dicarbonate
(0.633 g, 2.90 mmol) in dichloromethane (6 mL) dropwise over 0.5 h. The reaction
mixture was left stirring in an ice bath at 0 °C and allowed to slowly reach room
temperature for 21 h. The crude mixture was washed with water (20 mL), the organic
and aqueous layers were separated, and the aqueous layer extracted with
dichloromethane (3 x 20 mL). The combined organic layers were dried (MgSQOa),
filtered and concentrated in vacuo to give tert-butyl piperazine-1-carboxylate (46) as
a white solid (0.490 g, 91%). Mp 46—48 °C (lit.'9% 46—-48 °C); 6 (400 MHz, CD30D)
1.46 (9H, s, Bu), 2.75 (4H, t, J 5.0 Hz, 4 x NCH>), 3.38 (4H, t, J 5.0 Hz, 4 x NCH>);
oc (101 MHz, CD30OD) 28.7 (3 x CH3), 44.8 (2 x CH2), 46.3 (2 x CH>), 81.1 (C),
156.4 (C); m/z (Cl) 187 (MH*. 78%), 175 (5), 131 (100), 87 (20), 73 (10).
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tert-Butyl  4-{2'-fluoro-5'-[(4"'-ox0-3""H-phthalazin-1""  yl)methyl]benzoyl}

piperazine-1-carboxylate (47)'%?

To a stirred solution of 2-fluoro-5-[(4"-ox0-3"H-phthalazin-1"-yl)methyl]benzoic acid
(45) (4.91 g, 16.5 mmol) and O-benzotriazole-N,N,N',N'-
tetramethyluroniumhexafluorophosphate (6.87 g, 18.1 mmol) in anhydrous N,N'-
dimethylformamide (82 mL), under argon, was added triethylamine (3.44 mL, 24.7
mmol). The reaction mixture was stirred at room temperature for 1 h. tert-Butyl
piperazine-1-carboxylate (46) (3.37 g, 18.1 mmol) was added to the reaction
mixture, which was then heated to 50 °C and stirred for 40 h. The reaction mixture
was cooled to room temperature, diluted with ethyl acetate (240 mL) and washed
with water (3 x 80 mL). The organic layer was dried (MgSQas), filtered and
concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 4% methanol in dichloromethane to give tert-butyl 4-
{2'-fluoro-5'-[(4"'-ox0-3"'H-phthalazin-1"-yl)methyl]benzoyl}piperazine-1-
carboxylate (47) as an off-white solid (7.47 g, 97%). Mp 214-216 °C (Iit."°? 214-216
°C); o1 (400 MHz, CDCls) 1.46 (9H, s, ‘Bu), 3.27 (2H, br s, NCH>), 3.38 (2H, t, J 5.1
Hz, 2 x NCH), 3.51 (2H, br s, 2 x NCH), 3.75 (2H, br s, 2 x NCH), 4.28 (2H, s, 1"-
H2), 7.03 (1H, t, J 8.8 Hz, 3'-H), 7.27-7.36 (2H, m, 4'-H and 6'-H), 7.68-7.80 (3H,
m, 6"'-H, 7"'-H and 8"-H), 8.44-8.50 (1H, m, 5"-H), 10.52 (1H, s, NH); 6c (101 MHz,
CDCl3) 28.5 (3 x CHz), 37.9 (CH2), 42.1 (2 x CH2), 47.0 (2 x CH>), 80.5 (C), 116.3
(d, 2Jcr 22.2 Hz, CH), 124.1 (d, 2Jcr 17.9 Hz, C), 125.2 (CH), 127.3 (CH), 128.5 (C),
129.3 (d, 3Jcr 3.7 Hz, CH), 129.7 (C), 131.7 (d, 3Jcr 8.1 Hz, CH), 131.8 (CH), 133.8
(CH), 134.5 (d, *Jcr 3.0 Hz, C), 145.7 (C), 154.6 (C), 157.1 (d, 'Jcr 246.1 Hz, C),
160.6 (C), 165.2 (C); m/z (El) 466 (M*. 17%), 365 (40), 311 (30), 281 (100), 254
(30), 196 (12), 178 (42), 165 (10), 85 (16), 57 (57).
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4-[4"-Fluoro-3"-(piperazine-1""-carbonyl)benzyl]-2H-phthalazin-1-one (35)'°2

To a stirred suspension of tert-butyl 4-{2'-fluoro-5-[(4"'-ox0-3"'H-phthalazin-1"-
yl)methyllbenzoyl}piperazine-1-carboxylate (47) (3.73 g, 8.00 mmol) in ethanol (100
mL) was added 6 M aqueous hydrochloric acid solution (200 mL). The suspension
was stirred at room temperature for 22 h. The reaction mixture was concentrated in
vacuo and the resultant residue partitioned between 6 M aqueous sodium hydroxide
solution (100 mL) and ethyl acetate (100 mL). The organic and aqueous layers were
then separated, and the aqueous layer was extracted with ethyl acetate (2 x 100
mL). The combined organic layers were dried (MgSOs), filtered and concentrated in
vacuo. The crude material was purified by flash column chromatography eluting with
10% methanol in dichloromethane to give 4-[4"-fluoro-3"-(piperazine-1"-
carbonyl)benzyl]-2H-phthalazin-1-one (35) as a white solid (2.78 g, 95%). Mp 193—
195 °C. Spectroscopic data were consistent with the literature.'? &y (400 MHz,
CDCI3) 2.25-3.15 (4H, m, 4 x NCH), 3.16-3.96 (4H, m, 4 x NCH), 4.25 (2H, s, 1"-
H2), 5.99 (1H, br s, NH), 6.97 (1H, t, J 8.8 Hz, 5"-H), 7.24-7.35 (2H, m, 2"-H and 6"-
H), 7.64-7.76 (3H, m, 5-H, 6-H and 7-H), 8.38-8.46 (1H, m, 8-H), 12.01 (1H, br s,
CONHN); ¢ (101 MHz, CDCl3) 37.9 (CHz), 43.3 (CH2), 45.9 (CH3), 46.4 (CH2), 48.4
(CHy), 116.1 (d, 2Jcr 22.1 Hz, CH), 124.4 (d, ?Jcr 18.4 Hz, C), 125.2 (CH), 127.3
(CH), 128.4 (C), 129.2 (d, 3Jcr 3.8 Hz, CH), 129.7 (C), 131.3 (d, 3Jcr 8.0 Hz, CH),
131.7 (CH), 133.8 (CH), 134.3 (d, *Jcr 3.0 Hz, C), 145.7 (C), 157.2 (d, "'Jcr 247.7
Hz, C), 160.8 (C), 165.0 (C); m/z (ESI) 367 (MH*. 100%).
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Methyl (E)-3-(1'H-pyrrol-2'-yl)acrylate (59)*2°

3’ 2
4’
MCOZMG
s ~N 3
H

To a stirred solution of methyl (triphenylphosphoranylidene)acetate (3.51 g, 10.5
mmol) in anhydrous dichloromethane (15 mL) in an oven-dried flask under argon,
was added a solution of pyrrole-2-carboxaldehyde (58) (0.500 g, 5.26 mmol) in
anhydrous dichloromethane (10 mL). The reaction mixture was stirred at room
temperature for 18 h and then concentrated in vacuo. The crude material was
purified by flash column chromatography eluting with 20% ethyl acetate in hexane
to give methyl (E)-3-(1'H-pyrrol-2'-yl)acrylate (59) as a pale beige solid (0.627 g,
79%). Mp 80-82 °C (lit.*?° 86—88 °C); 6H (400 MHz, CDCl3) 3.78 (3H, s, CH3), 6.03
(1H, d, J 15.9 Hz, 2-H), 6.26-6.30 (1H, m, 4'-H), 6.55-6.59 (1H, m, 3'-H), 6.91-6.95
(1H, m, 5-H), 7.58 (1H, d, J 15.9 Hz, 3-H), 8.70-9.09 (1H, br s, NH); éc (101 MHz,
CDCl3) 51.7 (CH3), 110.9 (CH), 111.1 (CH), 114.6 (CH), 122.6 (CH), 128.5 (C),
134.7 (CH), 168.3 (C); m/z (ESI) 174 (MNa*. 100%).

Methyl 3-(1'H-pyrrol-2'-yl)propanoate (60)*>°

A stirred solution of methyl (E)-3-(1H-pyrrol-2’-yl)acrylate (59) (0.618 g, 4.09 mmol)
and 10% palladium on carbon (0.152 g, 0.143 mmol) in methanol (6 mL) was
degassed with hydrogen for 1 h. The reaction mixture was stirred under an
atmosphere of hydrogen for a further 2 h. The crude reaction mixture was purified
through a short pad of Celite® eluting with methanol to give methyl 3-(1'H-pyrrol-2'-
yl)propanoate (60) as a light brown oil (0.576 g, 92%). Spectroscopic data were
consistent with the literature.*?® 64 (400 MHz, CDCl3) 2.65 (2H, t, J 6.8 Hz, 2-Hy),
292 (2H, t, J 6.8 Hz, 3-H2), 3.71 (3H, s, CH3), 5.93 (1H, br s, 3'-H), 6.08-6.14 (1H,
m, 4'-H), 6.64-6.71 (1H, m, 5-H), 8.53 (1H, br s, NH); éc (101 MHz, CDCls) 22.7
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(CHa), 34.5 (CH2), 51.9 (CHs), 105.6 (CH), 108.1 (CH), 116.9 (CH), 131.1 (C), 174.7
(C); m/z (ESI) 176 (MNa*. 100%).

Methyl 3-[4',4'-difluoro-5',7'-dimethyl-4’-bora-3'a,4'a-diaza-s-indacene- 3'-yl]

propionate (62)*3°

In an oven-dried flask under argon, methyl 3-(1H-pyrrol-2’-yl)propanoate (60) (0.250
g, 1.63 mmol) and 3,5-dimethylpyrrole-2-carboxaldehyde (61) (0.220 g, 1.79 mmol)
were dissolved in anhydrous dichloromethane (16 mL) and cooled to 0 °C.
Phosphorous(V) oxychloride (0.167 mL, 1.79 mmol) was added dropwise to the
reaction mixture, which was then warmed to room temperature and stirred for 3 h.
The reaction mixture was cooled to 0 °C, and N,N-diisopropylethylamine (1.28 mL,
7.34 mmol) and boron trifluoride diethyl etherate (0.810 mL, 6.56 mmol) were added.
The reaction mixture was warmed to room temperature and stirred for 14 h. The
crude reaction mixture was then diluted with brine (30 mL) and filtered through a
short pad of Celite®, which was then washed with dichloromethane (16 mL). The
organic and aqueous layers were separated, and the aqueous layer was extracted
with dichloromethane (4 x 30 mL). The combined organic layers were dried
(MgSO0s.), filtered and concentrated in vacuo. The crude material was purified by
flash column chromatography eluting with 100% dichloromethane to give methyl 3-
[4',4'-difluoro-5',7'-dimethyl-4'-bora-3'a,4'a-diaza-s-indacene-3'-yl]propionate  (62)
as a dark red solid (0.331 g, 66%). Mp 74-76 °C (lit.*3° 76—78 °C); 61 (400 MHz,
CDCl3) 2.24 (3H, s, ArCH3), 2.56 (3H, s, ArCH3), 2.77 (2H, t, J 7.6 Hz, 2-H>), 3.29
(2H, t, J 7.6 Hz, 3-H2), 3.69 (3H, s, CH3), 6.10 (1H, s, 6'-H), 6.26 (1H, d, J 4.0 Hz,
2'-H), 6.87 (1H, d, J 4.0 Hz, 1'-H), 7.07 (1H, s, 8'-H); 6c (101 MHz, CDCI3) 11.4
(CHs), 15.1 (CH3s), 24.1 (CH2), 33.4 (CH2), 51.9 (CH3), 116.8 (CH), 120.6 (CH), 124.0
(CH), 128.2 (CH), 133.4 (C), 135.4 (C), 144.0 (C), 157.2 (C), 160.6 (C), 173.1 (C);
m/z (ESI) 329 (MNa*. 100%).
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3-[4',4'-Difluoro-5',7'-dimethyl-4’-bora-3'a,4'a-diaza-s-indacene-3'-yl]propionic
acid (36)30

A stirred solution of methyl 3-[4',4'-difluoro-5',7'-dimethyl-4'-bora-3'a,4'a-diaza-s-
indacene-3'-yl]propionate (62) (0.0650 g, 0.212 mmol) in tetrahydrofuran (1.5 mL)
and water (1 mL) was cooled to 0 °C. Concentrated hydrochloric acid (0.450 mL,
5.40 mmol) was added to the reaction mixture, which was then warmed to room
temperature and stirred for 50 h. The reaction mixture was concentrated in vacuo
and the crude residue was purified by flash column chromatography eluting with 4%
methanol in dichloromethane to give 3-[4',4'-difluoro-5',7'-dimethyl-4'-bora-3'a,4'a-
diaza-s-indacene-3"-yl]propionic acid (36) as a dark red solid (0.0407 g, 66%). Mp
192—-195 °C (lit.*3° 194-196 °C); dn (400 MHz, DMSO-ds) 2.26 (3H, s, ArCH3), 2.47
(3H, s, ArCH3), 2.60-2.67 (2H, m, 2-H), 3.04-3.11 (2H, m, 3-H>), 6.31 (1H, s, 6"-
H), 6.38 (1H, d, J4.0 Hz, 2'-H), 7.09 (1H, d, J4.0 Hz, 1'-H), 7.70 (1H, s, 8'-H), 12.30
(1H, br s, OH); oc (101 MHz, DMSO-ds) 11.0 (CH3), 14.5 (CH3), 23.5 (CH>), 32.4
(CH2), 116.5 (CH), 120.4 (CH), 125.4 (CH), 128.8 (CH), 133.0 (C), 134.6 (C), 144.3
(C), 156.9 (C), 159.5 (C), 173.4 (C); m/z (ESI) 315 (MNa*. 100%).

4_{3"_[4"'_(1 llll-oxo-3llll-{4lllll’4lllll_difl uoro-s""',7lllll-dimethy|_4lllll-bora-3 "llla,
4"""a-diaza-s-indacene-3"""-yl}propyl)piperazine-1"‘-carbonyl]-4"-
fluorobenzyl}-2H-phthalazin-1-one (37)66

To a stirred solution of 3-[4'4'-difluoro-5',7'-dimethyl-4'-bora-3'a,4'a-diaza-s-
indacene-3'-yl]propionic acid (36) (0.0500 g, 0.171 mmol) and O-benzotriazole-
N,N,N',N'-tetramethyluroniumhexafluorophosphate (0.0710 g, 0.188 mmol) in
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anhydrous N,N'-dimethylformamide (2 mL), under argon, was added triethylamine
(0.0360 mL, 0.257 mmol). The reaction mixture was stirred at room temperature for
0.5 h. 4-[4"-Fluoro-3"-(piperazine-1"-carbonyl)benzyl]-2H-phthalazin-1-one (35)
(0.0630 g, 0.171 mmol) was added to the reaction mixture, which was then heated
to 50 °C and stirred for 18 h. The reaction mixture was cooled to room temperature,
diluted with ethyl acetate (5 mL) and washed with water (5 mL). The organic layer
was dried (MgSOs), filtered and concentrated in vacuo. The crude material was
purified by flash column chromatography eluting with 0—4% gradient of methanol in
dichloromethane to give 4-{3"-[4"-(1""-0x0-3""-{4"",4""-difluoro-5"",7""-dimethyl-
4""-bora-3""a,  4""a-diaza-s-indacene-3""-yl}propyl)piperazine-1"-carbonyl]-4"-
fluorobenzyl}-2H-phthalazin-1-one (37) as a red foam (0.102 g, 93%). UV/Vis
(methanol) Amax (¢, M~ cm™") = 504 nm (64779) measured at concentrations of 1 uM,
5 uM, and 10 uM and Aem = 511 nm. Spectroscopic data were consistent with the
literature.'® &y (500 MHz, DMSO-ds, T = 100 °C) 2.27 (3H, s, CH3), 2.49 (3H, s,
CHa), 2.75 (2H, t, J 7.8 Hz, 2""-H>), 3.15 (2H, t, J 7.8 Hz, 3""-Hz2), 3.50 (8H, br s, 4 x
NCH2), 4.33 (2H, s, 1'-H2), 6.27 (1H, s, 6""-H), 6.40 (1H, d, J 4.0 Hz, 2""-H), 7.08
(1H,d, J4.0 Hz, 1""-H), 7.18 (1H, t, J 9.0 Hz, 5"-H), 7.34 (1H, dd, J 6.5, 2.2 Hz, 2"-
H), 7.39-7.44 (1H, m, 6"-H), 7.58 (1H, s, 8""-H), 7.81 (1H, t, J 7.6 Hz, 7-H), 7.87
(1H,t, J 7.6 Hz, 6-H), 7.93 (1H, d, J 7.6 Hz, 5-H), 8.29 (1H, d, J 7.6 Hz, 8-H), 12.25
(1H, br s, NH); 6c (126 MHz, DMSO-ds, T = 100 °C) 10.3 (CH3), 13.8 (CH3), 23.4
(CHz2), 30.9 (CH>), 36.0 (CHz2), 115.3 (d, 2Jcr 21.5 Hz, CH), 116.5 (CH), 119.7 (CH),
123.4 (d, 2Jcr 18.3 Hz, C), 124.4 (CH), 124.7 (CH), 125.6 (CH), 127.7 (C), 128.2
(CH), 128.4 (d, 3Jcr 3.9 Hz, CH), 128.8 (C), 130.8 (CH), 131.1 (d, 3Jcr 8.1 Hz, CH),
132.7 (CH), 134.1 (C), 134.3 (d, “Jcr 3.3 Hz, C), 143.4 (C), 144.1 (C), 156.1 (d, "Jcr
245.4 Hz, C), 157.5 (C), 158.6 (C), 158.8 (C), 163.8 (C), 169.4 (C), (signals of the
piperazine ring (4 x CH2) and a quaternary carbon from BODIPY moiety were not
observed); m/z (ESI) 663 (MNa*. 100%).

208



4-{3"-[4"'-(1""-Ox0-4"""-butanoic acid)-piperazine-1"'-carbonyl]-4"-

fluorobenzyl} -2H-phthalazin-1-one (38)

In an oven-dried flask under argon, 4-[4"-fluoro-3"-(piperazine-1"-carbonyl)benzyl]-
2H-phthalazin-1-one (35) (0.0660 g, 0.180 mmol), succinic anhydride (0.0150 g,
0.150 mmol) and 4-(dimethylamino)pyridine (0.00180 g, 0.0150 mmol) were
dissolved in anhydrous acetonitrile (3 mL). The reaction mixture was stirred under
reflux for 16 h and then concentrated in vacuo. The resultant residue was partitioned
between saturated aqueous sodium bicarbonate solution (15 mL) and ethyl acetate
(15 mL). The organic and aqueous layers were then separated. The aqueous layer
was acidified to pH 2 with 1 M aqueous hydrochloric acid solution and extracted with
ethyl acetate (3 x 15 mL). The combined organic layers were dried (MgSOa), filtered
and concentrated in vacuo to give 4-{3"-[4"-(1""-0x0-4""-butanoic acid)-piperazine-
1"'-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (38) as a white solid (0.0567 g,
81%). Mp 200-205 °C; vmax/lcm™ (neat) 3169 (NH/OH), 2922 (CH), 1782 (C=0),
1636 (C=0), 1439, 1247, 842. NMR spectra showed a 1:1 mixture of rotational
isomers. Signals for both rotational isomers are recorded. én (400 MHz, CD30D)
2.55-2.73 (8H, m, 2 x 2"""-H; and 2 x 3""-H>), 3.28 (2H, br s, 2 x NCH), 3.35 (2H,
brs, 2 x NCH), 3.47-3.53 (4H, m, 4 x NCH), 3.62-3.75 (6H, m, 6 x NCH), 3.77—
3.83 (2H, m, 2 x NCH), 4.36 (4H, s, 2 x 1-H2), 7.14 (2H, t, J9.0 Hz, 2 x 5"-H), 7.35—
7.41 (2H, m, 2 x 2"-H), 7.43-7.49 (2H, m, 2 x 6"-H), 7.77-7.88 (4H, m, 2 x 6-H and
2 x7-H), 7.92 (2H, dd, J 7.4, 3.4 Hz, 2 x 5-H), 8.34 (2H, d, J 7.6 Hz, 2 x 8-H); éc
(101 MHz, CD30D) 28.8 (2 x CH2), 30.1 (2 x CHy), 38.1 (2 x CH2), 42.4 (CH>), 42.9
(CH), 43.0 (CH2), 43.2 (CH), 46.0 (CH2), 46.5 (CH), 47.9 (CH2), 48.1 (CH), 117 .1
(d, 2Jcr 21.9 Hz, 2 x CH), 124.6 (d, 2Jcr 18.2 Hz, C), 124.6 (d, 2Jcr 18.2 Hz, C),
126.7 (2 x CH), 127.5 (2 x CH), 129.1 (2 x C), 130.1 (d, 3Jcr 3.8 Hz, CH), 130.1 (d,
3Jcr 3.8 Hz, CH), 130.8 (2 x C), 132.8 (2 x CH), 133.3 (d, 3Jcr 8.1 Hz, 2 x CH),
135.0 (2 x CH), 136.4 (d, *Jcr 3.4 Hz, 2 x C), 147.6 (2 x C), 158.3 (d, "Jcr 247.0 Hz,
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2xC),162.2 (2 x C), 167.2 (C), 167.3 (C), 172.8 (C), 172.8 (C), 176.6 (2 x C); m/z
(ESI) 489.1563 (MNa*. C24H23FN4NaOs requires 489.1545).

2-Methyl-5-fluoroaniline (64)**'

A stirred solution of 2-nitro-4-fluorotoluene (63) (0.123 mL, 1.00 mmol) and 10%
palladium on carbon (0.106 g, 0.100 mmol) in methanol (10 mL) was degassed with
hydrogen for 0.5 h. The reaction mixture was stirred under an atmosphere of
hydrogen for a further 2 h. The reaction mixture was passed through a short pad of
Celite® eluting with methanol and concentrated in vacuo. The crude material was
purified by flash column chromatography eluting with 10% diethyl ether in petroleum
ether (40-60) to give 2-methyl-5-fluoroaniline (64) as a light brown oil (0.0780 g,
62%). Spectroscopic data were consistent with the literature.*3' o4 (500 MHz,
CDCl3) 2.11 (3H, s, CH3), 3.68 (2H, br s, NH), 6.33-6.43 (2H, m, 4-H and 6-H),
6.92-7.00 (1H, m, 3-H); é¢c (126 MHz, CDCl3) 16.8 (CH3), 101.7 (d, ?Jcr 24.6 Hz,
CH), 104.9 (d, ?2Jcr 21.0 Hz, CH), 117.8 (d, *Jcr 2.6 Hz, C), 131.3 (d, 3Jcr 9.6 Hz,
CH), 145.9 (d, 3Jcr 10.6 Hz, C), 162.4 (d, 'Jcr 241.4 Hz, C); m/z (El) 125 (M*. 82%),
124 (100), 108 (8), 97 (10), 84 (15), 77 (11), 57 (16).

2-Methyl-5-fluoroaniline hydrochloride (65)

A stirred solution of 2-nitro-4-fluorotoluene (63) (0.397 mL, 3.22 mmol) and 10%
palladium on carbon (0.343 g, 0.322 mmol) in methanol (32 mL) was degassed with
hydrogen for 0.5 h. The reaction mixture was stirred under an atmosphere of

hydrogen for a further 6 h. The reaction mixture was passed through a short pad of

Celite® eluting with diethyl ether and concentrated in vacuo. The crude material was
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dissolved in diethyl ether (3.22 mL) and 2 M hydrochloric acid in anhydrous diethyl
ether solution (3.22 mL) was added, which formed a white precipitate. The
suspension was stirred at room temperature for 10 minutes. The precipitate was
collected by vacuum filtration and washed with diethyl ether (3 x 10 mL) to give 2-
methyl-5-fluoroaniline hydrochloride (65) as a white solid (0.513 g, 98%).
Decomposition >140 °C; vmax/cm™" (neat) 2822 (NH), 2598 (CH), 1562, 1535, 1503,
1256, 868, 824; 6+ (400 MHz, CD30D) 2.38 (3H, s, CH3), 7.09-7.22 (2H, m, 4-H and
6-H), 7.41 (1H, dd, J 8.6, 5.8 Hz, 3-H); dc (101 MHz, CDsOD) 16.4 (CHs), 111.6 (d,
2Jcr 25.9 Hz, CH), 116.8 (d, ?Jcr 21.0 Hz, CH), 129.1 (d, “Jcr 3.6 Hz, C), 132.0 (d,
3Jcr 9.8 Hz, C), 134.4 (d, 3Jcr 8.6 Hz, CH) 162.5 (d, 'Jcr 246.2 Hz, C); m/z (El)
125.0646 (M*. C7HsFN requires 125.0641), 251 (26%), 159 (5), 124 (100), 107 (8),
97 (10), 77 (11), 56 (13).

4-{3"-[4"'-(1""-Ox0-4""-{N-[4"""'-fluorophenyl]butanamide})-piperazine-1"-
carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (66)

To a stirred solution of 4-{3"-[4"-(1""-0x0-4""-butanoic acid)-piperazine-1"-
carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (38) (0.0720 g, 0.154 mmol) and O-
benzotriazole-N,N,N',N'-tetramethyluroniumhexafluorophosphate (0.0641 g, 0.169
mmol) in anhydrous N,N'-dimethylformamide (1.5 mL), under argon, was added
triethylamine (0.0320 mL, 0.230 mmol). The reaction mixture was stirred at room
temperature for 1 h. 4-Fluoroaniline (0.0146 mL, 0.154 mmol) was added to the
reaction mixture, which was then heated to 50 °C and stirred for 22 h. The reaction
mixture was cooled to room temperature, diluted with ethyl acetate (5 mL) and
washed with water (5 x 5 mL). The organic layer was dried (MgSOQs), filtered and
concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 4% methanol in dichloromethane to give 4-{3"-[4"-(1""-
oxo-4""-{N-[4""-fluorophenyl]butanamide})-piperazine-1"-carbonyl]-4"-

fluorobenzyl}-2H-phthalazin-1-one (66) as a white solid (0.0505 g, 59%). Mp 180-
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182 °C; vmax/cm™' (neat) 3271 (NH), 3210 (NH), 3071 (CH), 2978 (CH), 2916 (CH),
1620 (C=0), 1550, 1504, 1435, 1358, 1211, 1165, 1010, 833. NMR spectra showed
a 1:1 mixture of rotational isomers. Signals for both rotational isomers are recorded.
O+ (400 MHz, CDCl3) 2.67-2.84 (8H, m, 2 x 2""-H; and 2 x 3""-Hy), 3.19-3.86 (16H,
m, 16 x NCH), 4.27 (4H, s, 2 x 1"-H2), 6.92 (4H, t, J 8.4 Hz, 2 x 3""-H and 2 x 5""-
H), 7.02 (2H, t, J 9.2 Hz, 2 x 5"-H), 7.28-7.35 (4H, m, 2 x 2"-H and 2 x 6"-H), 7.42—
7.49 (4H, m, 2 x 2""-H and 2 x 6""-H), 7.67-7.80 (6H, m, 2 x 5-H, 2 x 6-H and 2 %
7-H), 8.42-8.49 (2H, m, 2 x 8-H), 8.68 (1H, br s, CONHPh), 8.72 (1H, br s,
CONHPh), 11.34 (1H, br s, CONHN), 11.36 (1H, br s, CONHN); éc (101 MHz,
CDCl3) 28.7 (2 x CH2), 32.3 (CH2), 32.4 (CH), 37.7 (2 x CH2), 41.6 (CH2), 42.0
(CH2), 42.1 (2 x CH2), 45.1 (CH>), 45.7 (CH), 46.8 (CH3), 47.0 (CH2), 115.5 (d, 2JcF
22.4 Hz, 4 x CH), 116.3 (d, 2Jcr 22.0 Hz, CH), 116.3 (d, 2Jcr 22.0 Hz, CH), 121.4
(d, 3Jcr 7.4 Hz, 2 x CH), 121.5 (d, 3Jcr 7.4 Hz, 2 x CH), 123.6 (d, 2Jcr 18.0 Hz,
C),123.7 (d, ?Jcr 18.0 Hz, C), 125.1 (2 x CH), 127.2 (2 x CH), 128.4 (2 x C), 129.3
(d, 3Jcr 3.2 Hz, CH), 129.5 (d, 3Jcr 3.2 Hz, CH), 129.6 (2 x C), 131.8 (2 x CH), 131.9
(d, 3Jcr 7.5 Hz, CH), 131.9 (d, 3Jcr 7.5 Hz, CH), 133.8 (2 x CH), 134.5 (d, *Jcr 3.9
Hz, 2 x C), 134.6 (d, “Jcr 3.2 Hz, 2 x C), 145.6 (C), 145.6 (C), 157.1 (d, 'Jcr 249.3
Hz, 2 x C), 159.1 (d, 'Jcr 243.5 Hz, 2 x C), 160.8 (2 x C), 165.2 (C), 165.4 (C),
170.7 (2 x C), 171.0 (C), 171.1 (C); m/z (ESI) 582.1909 (MNa*. C3oH27F2NsNaO4
requires 582.1923).

4-{3"-[4"'-(1""-Ox0-4""-{N-[2"""'-fluorophenyl]butanamide})-piperazine-1"-
carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (67)

The reaction was carried out according to the previously described procedure for
compound 66, using 4-{3"-[4"-(1""-0x0-4""-butanoic acid)-piperazine-1"'-carbonyl]-
4"-fluorobenzyl}-2H-phthalazin-1-one  (38) (0.0650 g, 0.139 mmol), O-
benzotriazole-N,N,N',N'-tetramethyluroniumhexafluorophosphate (0.0580 g, 0.153
mmol), anhydrous N,N'-dimethylformamide (1.5 mL), triethylamine (0.0290 mL,
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0.208 mmol) and 2-fluoroaniline (0.0134 mL, 0.139 mmol). The crude material was
purified by flash column chromatography eluting with 3% methanol in
dichloromethane to give 4-{3"-[4""-(1""-0x0-4""-{N-[2""-fluorophenyl]butanamide})-
piperazine-1"-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (67) as a white solid
(0.0382 g, 49%). Mp 125-127 °C; vmax/cm™' (neat) 3252 (NH), 3188 (NH), 3009
(CH), 2916 (CH), 1616 (C=0), 1533, 1433, 1354, 1222, 1169, 1011. NMR spectra
showed a 1:1 mixture of rotational isomers. Signals for both rotational isomers are
recorded. o+ (400 MHz, CDCI3) 2.67-2.84 (8H, m, 2 x 2""-Hz and 2 x 3""-H>), 3.19—
3.87 (16H, m, 16 x NCH), 4.28 (4H, s, 2 x 1'-H2), 6.95-7.11 (8H, m, 2 x 3""-H, 2 x
5""-H, 2 x ArH and 2 x 5"-H), 7.28-7.37 (4H, m, 2 x 2"-H and 2 x 6"-H), 7.65-7.80
(6H, m, 2 x 5-H, 2 x 6-H and 2 x 7-H), 8.16-8.31 (4H, m, 2 x ArH and 2 x CONHPh),
8.43-8.50 (2H, m, 2 x 8-H), 11.20-11.41 (2H, m, 2 x CONHN); 6c (101 MHz, CDCIs)
28.7 (2 x CH2), 32.5 (2 x CH2), 37.8 (2 x CH2), 41.6 (CH), 42.0 (CH>), 42.1 (2 x
CH>), 45.1 (CH2), 45.6 (CH), 46.8 (CH2), 47.0 (CH2), 114.9 (d, ?Jcr 19.1 Hz, CH),
114.9 (d, 2Jcr 19.1 Hz, CH), 116.3 (d, 2Jcr 21.9 Hz, CH), 116.3 (d, 2Jcr 21.9 Hz,
CH), 122.0 (d, 3Jcr 5.7 Hz, 2 x CH), 123.7 (d, 2Jcr 17.4 Hz, C), 123.7 (d, 2Jcr 17.4
Hz, C), 124.3 (d, 3Jcr 7.3 Hz, CH), 124.4 (d, 3Jcr 7.3 Hz, CH), 124.5 (d, “Jcr 3.1 Hz,
2 x CH), 125.1 (2 x CH), 126.5 (2 x C), 127.3 (2 x CH), 128.4 (2 x C), 129.3 (d, 3Jcr
3.0 Hz, CH), 129.5 (d, 3Jcr 3.0 Hz, CH), 129.6 (2 x C), 131.7 (2 x CH), 131.9 (d,
3Jcr 8.0 Hz, 2 x CH), 133.7 (2 x CH), 134.6 (d, *Jcr 3.3 Hz, 2 x C), 145.6 (2 x C),
152.6 (d, 'Jcr 243.0 Hz, 2 x C), 157.1 (d, "Jcr 248.4 Hz, 2 x C), 160.8 (2 x C), 165.2
(C), 165.3 (C), 170.6 (C), 170.7 (C), 170.8 (2 x C); m/z (ESI) 582.1909 (MNa*.
CsoH27F2NsNaO4 requires 582.1923).

213



4-{3"-[4""-(1""-Ox0-4""-{N-[2""'-methyl-5"""-fluorophenyl]butanamide})-
piperazine-1"'-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (68)

The reaction was carried out according to the previously described procedure for
compound 66, using 4-{3"-[4"-(1""-0x0-4""-butanoic acid)-piperazine-1"'-carbonyl]-
4"-fluorobenzyl}-2H-phthalazin-1-one (38) (0.150 g, 0.322 mmol), O-benzotriazole-
N,N,N',N'-tetramethyluroniumhexafluorophosphate  (0.134 g, 0.354 mmol),
anhydrous N,N'-dimethylformamide (3 mL), triethylamine (0.135 mL, 0.966 mmol)
and 2-methyl-5-fluoroaniline hydrochloride (65) (0.0520 g, 0.322 mmol). The
reaction mixture was initially stirred at room temperature for 3 h and then at 50 °C
for 44 h. The reaction mixture was cooled to room temperature, diluted with ethyl
acetate (20 mL) and washed with saturated aqueous sodium bicarbonate solution
(10 mL), water (10 mL) and 2 M aqueous lithium chloride solution (10 mL). The
organic layer was dried (MgSQa,), filtered and concentrated in vacuo. The crude
material was purified by flash column chromatography eluting with 0—4% gradient
of methanol in dichloromethane to give 4-{3"-[4"-(1""-ox0-4""-{N-[2""-methyl-5""-
fluorophenyllbutanamide})-piperazine-1"-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-
1-one (68) as a white solid (0.0314 g, 17%). Mp 133—135 °C; vmax/cm™" (neat) 3264
(NH), 3210 (NH), 3055 (CH), 2924 (CH), 1636 (C=0), 1535, 1435, 1350, 1281,
1227, 1173, 1011, 910. NMR spectra showed a 1:1 mixture of rotational isomers.
Signals for both rotational isomers are recorded. é+ (400 MHz, CDClI3) 2.20 (3H, s,
CHas), 2.22 (3H, s, CH3), 2.65-2.85 (8H, m, 2 x 2""-H> and 2 x 3""-H), 3.22-3.88
(16H, m, 16 x NCH), 4.28 (4H, s, 2 x 1"-H2), 6.70 (2H, t, J 8.2 Hz, 2 x 4""-H), 6.98—
7.09 (4H, m, 2 x 5"-H and 2 x 3""-H), 7.28-7.37 (4H, m, 2 x 2"-H and 2 x 6"-H),
7.67-7.84 (8H, m, 2 x 5-H, 2 x 6-H, 2 x 7-H and 2 x 6""-H), 8.20 (1H, br s,
CONHPh), 8.25 (1H, br s, CONHPh), 8.41-8.50 (2H, m, 2 x 8-H), 11.20 (1H, br s,
CONHN), 11.25 (1H, br s, CONHN); 6c (101 MHz, CDCl3) 17.3 (2 x CH3), 29.2 (2 %
CH2), 32.7 (CH2), 32.7 (CH2), 37.8 (2 x CH2), 41.6 (CH2), 42.0 (CH2), 42.1 (CH>),
42.1 (CH2), 45.1 (CH), 45.6 (CH), 46.8 (CHy), 47.0 (CH2), 109.1 (d, 2Jcr 26.1 Hz,
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2 x CH), 110.9 (d, 2Jcr 21.5 Hz, 2 x CH), 116.3 (d, 2Jcr 22.1 Hz, 2 x CH), 123.0—
123.2 (m, 2 x C), 123.5 (d, 2Jcr 17.9 Hz, C), 123.7 (d, 2Jcr 17.9 Hz, C), 125.1 (2 x
CH), 127.3 (2 x CH), 128.4 (2 x C), 129.4 (d, 3Jcr 2.9 Hz, CH), 129.5 (d, 3Jcr 2.9
Hz, CH), 129.6 (2 x C), 131.0 (d, 3Jcr 3.8 Hz, CH), 131.1 (d, 3Jcr 3.8 Hz, CH), 131.7
(2 x CH), 131.9 (d, 3Jcr 7.9 Hz, 2 x CH), 133.8 (2 x CH), 134.6 (d, “Jor 3.4 Hz, 2 x
C), 137.2 (d, 3Jcr 11.2 Hz, 2 x C), 145.6 (2 x C), 157.1 (d, "Jor 248.7 Hz, 2 x C),
160.8 (C), 160.8 (C), 161.4 (d, 'Jcr 242.8 Hz, 2 x C), 165.2 (C), 165.3 (C), 170.8
(C), 170.9 (C), 170.9 (2 x C); m/z (ESI) 596.2075 (MNa*. Ca1H20F2NsNaOy requires
596.2080).

4-{3"-[4""-(1""-Ox0-4""-{N-[2""",6"""'-dimethyl-4"""'-fluorophenyl]butanamide})-
piperazine-1"'-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (69)

The reaction was carried out according to the previously described procedure for
compound 66, using 4-{3"-[4"-(1""-0x0-4""-butanoic acid)-piperazine-1"'-carbonyl]-
4"-fluorobenzyl}-2H-phthalazin-1-one (38) (0.100 g, 0.214 mmol), O-benzotriazole-
N,N,N',N'-tetramethyluroniumhexafluorophosphate (0.0891 g, 0.235 mmol),
anhydrous N,N'-dimethylformamide (2 mL), triethylamine (0.0450 mL, 0.323 mmol)
and 2,6-dimethyl-4-fluoroaniline (0.0275 mL, 0.214 mmol). The reaction mixture was
initially stirred at room temperature for 0.5 h and then at 50 °C for 18 h. The crude
material was purified by flash column chromatography eluting with 4% methanol in
dichloromethane  to  give  4-{3"-[4"-(1""-ox0-4""-{N-[2"",6""-dimethyl-4""-
fluorophenyllbutanamide})-piperazine-1"-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-
1-one (69) as a white solid (0.0446 g, 36%). Mp 136—138 °C; vmax/cm™" (neat) 3221
(NH), 2978 (CH), 2907 (CH), 1632 (C=0), 1466, 1433, 1223, 1128, 1011, 746. NMR
spectra showed a 1:1 mixture of rotational isomers. Signals for all rotational isomers
are recorded. 6+ (500 MHz, CDCl3) 2.12-2.32 (12H, m, 4 x CHz3), 2.52-2.89 (8H, m,
2 x 2"-Hz and 2 x 3""-H), 3.17-3.88 (16H, m, 16 x NCH), 4.27 (4H, s, 2 x 1'-H>),
6.67-8.84 (4H, m, 2 x 3""-H and 2 x 5""-H), 7.02 (2H, t, J 9.0 Hz, 2 x 5"-H), 7.28—
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7.37 (4H, m, 2 x 2"-H and 2 x 6"-H), 7.64—7.81 (8H, m, 2 x 5-H, 2 x 6-H and 2 x 7-
Hand 2 x CONHPh), 8.41-8.48 (2H, m, 2 x 8-H), 11.17—11.86 (2H, m, 2 x CONHN);
&c (126 MHz, CDCls) 18.6-18.9 (m, 4 x CHs), 28.8 (CHz), 28.9 (CH2), 31.3 (CHa),
31.3 (CH), 37.8 (2 x CHy), 41.6 (CHz), 42.0 (CHa), 42.1 (CHy), 42.2 (CH2), 45.1
(CHa), 45.7 (CHz), 46.8 (CH2), 47.1 (CH2), 114.4-115.4 (m, 4 x CH), 116.3 (d, 2Jcr
21.8 Hz, CH), 116.3 (d, 2Jcr 21.8 Hz, CH), 123.7 (d, 2Jcr 17.9 Hz, C), 123.7 (d, 2Jcr
17.9 Hz, C), 125.1 (2 x CH), 127.3 (2 x CH), 128.4 (2 x C), 129.3 (d, 3Jcr 2.6 Hz,
CH), 129.4 (d, 3Jcr 2.6 Hz, CH), 129.6 (2 x C), 130.0 (2 x C), 131.7 (2 x CH), 131.9
(d, 3Jcr 7.8 Hz, 2 x CH), 133.8 (2 x CH), 134.6 (2 x C), 137.9 (d, 3Jcr 8.8 Hz, 4 x
C), 145.6 (2 x C), 157.1 (d, "Jor 248.2 Hz, C), 157.1 (d, Jcr 248.2 Hz, C), 160.8 (2
x C), 161.2 (d, 'Jcr 245.3 Hz, 2 x C), 165.2 (C), 165.3 (C), 170.8 (C), 170.9 (C),
171.2 (C), 171.2 (C); m/z (ESI) 610.2216 (MNa*. CszHa1F2NsNaOa requires
610.2236).

4-{3"-[4"'-(1""-Ox0-4""-{N-[4"""'-fluorobenzyl]butanamide})-piperazine-1""-
carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (70)

The reaction was carried out according to the previously described procedure for
compound 66, using 4-{3"-[4"-(1""-ox0-4""-butanoic acid)-piperazine-1"'-carbonyl]-
4"-fluorobenzyl}-2H-phthalazin-1-one  (38) (0.0650 g, 0.139 mmol), O-
benzotriazole-N,N,N',N'-tetramethyluroniumhexafluorophosphate (0.0580 g, 0.153
mmol), anhydrous N,N'-dimethylformamide (1.5 mL), triethylamine (0.0290 mL,
0.208 mmol) and 4-fluorobenzylamine (0.0159 mL, 0.139 mmol). The reaction
mixture was cooled to room temperature, diluted with ethyl acetate (5 mL) and
washed with brine (5 x 5§ mL). The organic layer was dried (MgSQsa.), filtered and
concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 4% methanol in dichloromethane to give 4-{3"-[4"-(1""-

oxo-4""-{N-[4""-fluorobenzyl] butanamide})-piperazine-1"-carbonyl]-4"-

216



fluorobenzyl}-2H-phthalazin-1-one (70) as a white solid (0.0326 g, 41%). Mp 135—
137 °C; vmax/cm™" (neat) 3281 (NH), 3188 (NH), 3064 (CH), 2904 (CH), 1628 (C=0),
1549, 1508, 1433, 1354, 1282, 1219, 1009. NMR spectra showed a 1:1 mixture of
rotational isomers. Signals for both rotational isomers are recorded. on (400 MHz,
CDCl3) 2.53-2.77 (8H, m, 2 x 2""-Hoand 2 x 3""-Hy), 3.17-3.86 (16H, m, 16 x NCH),
4.27 (4H, s, 2 x 1'-Hz), 4.35 (4H, d, J 5.8 Hz, 2 x 6""-H>), 6.66 (1H, t, J 5.8 Hz,
CONHC), 6.71 (1H, t, J 5.8 Hz, CONHC), 6.92 (4H, t, J 8.2 Hz, 2 x 3""-H and 2 x
5""-H), 7.02 (2H, t, J 8.8 Hz, 2 x 5"-H), 7.20 (4H, dd, J 8.2, 5.6 Hz, 2 x 2""-H and 2
x 6""-H), 7.28-7.36 (4H, m, 2 x 2"-H and 2 x 6"-H), 7.66—7.80 (6H, m, 2 x 5-H, 2 x
6-H and 2 x 7-H), 8.43 (2H, d, J 6.8 Hz, 2 x 8-H), 11.34 (1H, br s, CONHN), 11.37
(1H, br s, CONHN); éc (101 MHz, CDCls) 28.6 (2 x CH2), 31.3 (CH2), 31.4 (CHy),
37.8 (2 x CH2), 41.5 (CH), 42.0 (2 x CH2), 42.1 (CH), 42.9 (2 x CH2), 45.1 (CH>),
45.7 (CH.), 46.8 (CH2), 47.1 (CH2), 115.4 (d, ?Jcr 21.5 Hz, 4 x CH), 116.3 (d, ?Jcr
22.0 Hz, 2 x CH), 123.7 (d, 2Jcr 17.8 Hz, C), 123.7 (d, ?Jcr 17.8 Hz, C), 125.1 (2 x
CH), 127.2 (2 x CH), 128.4 (2 x C), 129.3 (2 x CH), 129.4 (d, 3Jcr 7.8 Hz, 4 x CH),
129.6 (2 x C), 131.7 (2 x CH), 131.8 (d, 3Jcr 7.8 Hz, 2 x CH), 133.7 (2 x CH), 134.3
(d, *Jcr 3.2 Hz, C), 134.4 (d, *Jcr 3.2 Hz, C), 134.6 (d, *Jcr 3.4 Hz, 2 x C), 145.5 (2
x C), 157.1 (d, "Jcr 248.4 Hz, 2 x C), 160.8 (2 x C), 162.1 (d, "Jcr 246.3 Hz, 2 x C),
165.2 (C), 165.3 (C), 170.8 (C), 170.9 (C), 172.2 (2 x C); m/z (ESI) 596.2063 (MNa".
Cs1H29F2NsNaO4 requires 596.2080).

4-{3"-[4"'-(1""-Ox0-4""-{N-[4"""-fluorobenzyl]butanoate})-piperazine-1""'-
carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (71)

The reaction was carried out according to the previously described procedure for
compound 66, using 4-{3"-[4"-(1""-ox0-4""-butanoic acid)-piperazine-1"'-carbonyl]-
4"-fluorobenzyl}-2H-phthalazin-1-one (38) (0.100 g, 0.214 mmol), O-benzotriazole-
N,N,N',N'-tetramethyluroniumhexafluorophosphate (0.0891 g, 0.235 mmol),
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anhydrous N,N'-dimethylformamide (2 mL), triethylamine (0.0450 mL, 0.323 mmol)
and 4-fluorobenzyl alcohol (0.0233 mL, 0.214 mmol). The reaction mixture was
initially stirred at room temperature for 0.5 h and then at 50 °C for 18 h. The crude
material was purified by flash column chromatography eluting with 3% methanol in
dichloromethane to give 4-{3"-[4"-(1""-0x0-4""-{N-[4""-fluorobenzyl]butanoate})-
piperazine-1"-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (71) as a white solid
(0.0550 g, 45%). Mp 83-85 °C; vmax/cm™ (neat) 3179 (NH), 3001 (CH), 2901 (CH),
1732 (C=0), 1638 (C=0), 1510, 1466, 1433, 1354, 1221, 1153, 1011, 829. NMR
spectra showed a 1:1 mixture of rotational isomers. Signals for both rotational
isomers are recorded. o1 (5600 MHz, CDCI3) 2.53-2.75 (8H, m, 2 x 2""-H, and 2 x
3""-Hy), 3.20-3.87 (16H, m, 16 x NCH), 4.29 (4H, s, 2 x 1'-H), 5.08 (4H, s, 2 x 6""-
H2), 6.94-7.08 (6H, m, 2 x 5"-H, 2 x 3"-H and 2 x 5""-H), 7.27-7.41 (8H, m, 2 x
2"-H, 2 x 6"-H, 2 x 2""-H and 2 x 6""-H), 7.66—7.79 (6H, m, 2 x 5-H, 2 x 6-H and 2
x 7-H), 8.47 (2H, d, J 5.6 Hz, 2 x 8-H), 11.29-11.65 (2H, m, 2 x CONHN); ¢ (126
MHz, CDCl3) 27.9 (2 x CH2), 29.3 (2 x CH), 37.7 (CHz2), 37.8 (CH>), 41.5 (CH>), 42.0
(2 x CH2), 42.1 (CH2), 45.0 (CH2), 45.6 (CH2), 46.8 (CH2), 47.0 (CH2), 65.8 (2 x
CH), 115.5 (d, ?2Jcr 21.5 Hz, 4 x CH), 116.2 (d, 2Jcr 22.1 Hz, CH), 116.3 (d, 2JcF
22.1 Hz, CH), 123.6 (d, 2Jcr 17.8 Hz, C), 123.7 (d, 2Jcr 17.8 Hz, C), 125.1 (2 x CH),
127.2 (2 x CH), 128.4 (2 x C), 129.3 (d, 3Jcr 2.9 Hz, CH), 129.5 (d, 3Jcr 2.9 Hz, CH),
129.6 (2 x C), 130.2 (d, 3Jcr 8.4 Hz, 4 x CH), 131.7 (2 x CH), 131.8 (2 x C), 131.8
(d, 3Jcr 8.2 Hz, 2 x CH), 133.7 (2 x CH), 134.6 (d, “Jcr 3.5 Hz, 2 x C), 145.6 (2 x
C), 157.0 (d, "Jcr 247.7 Hz, 2 x C), 160.9 (2 x C), 162.7 (d, 'Jcr 247.3 Hz, 2 x C),
165.1 (C), 165.3 (C), 169.9 (C), 170.0 (C), 172.8 (2 x C); m/z (ESI) 597.1901 (MNa".
C31H28F2N4NaOs requires 597.1920).
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4-{3"-[4"'-(1""-Ox0-4""-{N-[4"""-fluorophenyl]butanethioate})-piperazine-1"-
carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (72)

The reaction was carried out according to the previously described procedure for
compound 66, using 4-{3"-[4"-(1""-0x0-4""-butanoic acid)-piperazine-1"'-carbonyl]-
4"-fluorobenzyl}-2H-phthalazin-1-one (38) (0.150 g, 0.322 mmol), O-benzotriazole-
N,N,N',N'-tetramethyluroniumhexafluorophosphate  (0.134 g, 0.354 mmol),
anhydrous N,N'-dimethylformamide (3 mL), triethylamine (0.0670 mL, 0.481 mmol)
and 4-fluorothiophenol (0.0343 mL, 0.322 mmol). The reaction mixture was initially
stirred at room temperature for 2 h and then at 50 °C for 46 h. The reaction mixture
was cooled to room temperature, diluted with ethyl acetate (20 mL) and washed with
a saturated aqueous sodium bicarbonate solution (10 mL), water (10 mL) and 2 M
aqueous lithium chloride solution (10 mL). The organic layer was dried (MgSQa),
filtered and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 0-3% gradient of methanol in dichloromethane to give
4-{3"-[4"-(1""-ox0-4""-{N-[4""-fluorophenyl]butanethioate})-piperazine-1"'-

carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (72) as a white solid (0.0893 g,
48%). Mp 108-110 °C; vmax/cm™" (neat) 3194 (NH), 2994 (CH), 2909 (CH), 1705
(C=0), 1643 (C=0), 1489, 1466, 1435, 1227, 1011, 733. NMR spectra showed a
1:1 mixture of rotational isomers. Signals for both rotational isomers are recorded.
oH (400 MHz, CDCl3) 2.64 (2H, t, J 6.4 Hz, 2""-H>), 2.72 (2H, t, J 6.4 Hz, 2""-H>),
3.04 (4H, t, J 6.4 Hz, 2 x 3""-H>), 3.22-3.86 (16H, m, 16 x NCH), 4.28 (4H, s, 2 x
1'-H2), 7.03 (2H, t, J 8.8 Hz, 2 x 5"-H), 7.08 (4H, t, J 8.8 Hz, 2 x 3""-H and 2 x 5""-
H), 7.29-7.42 (8H, m, 2 x 2"-H, 2 x 6"-H, 2 x 2"""-H and 2 x 6"""-H), 7.67-7.80 (6H,
m, 2 x 5-H, 2 x 6-H and 2 x 7-H), 8.43-8.51 (2H, m, 2 x 8-H), 11.04 (1H, br s,
CONHN), 11.09 (1H, br s, CONHN); 6c (101 MHz, CDCls) 28.0 (CH2), 28.1 (CH>),
37.8 (CH2), 37.8 (CH2), 38.3 (CH2), 38.3 (CH2), 41.6 (CH>), 42.0 (CH2), 42.1 (CH>),
42.1 (CH2), 45.1 (CH2), 45.6 (CH), 46.8 (CH2), 47.0 (CH2), 116.3 (d, 2Jcr 21.5 Hz,
CH), 116.4 (d, 2Jcr 21.5 Hz, CH), 116.6 (d, 2Jcr 22.2 Hz, 4 x CH), 122.9 (d, *Jcr 3.4
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Hz, 2 x C), 123.7 (d, 2Jcr 17.9 Hz, C), 123.8 (d, ?Jcr 17.9 Hz, C), 125.1 (2 x CH),
127.3 (2 x CH), 128.4 (2 x C), 129.3 (d, 3Jcr 3.4 Hz, CH), 129.5 (d, 3Jcr 3.4 Hz, CH),
129.6 (2 x C), 131.7 (2 x CH), 131.9 (d, 3Jcr 8.1 Hz, 2 x CH), 133.8 (2 x CH), 134.6
(d, *Jcr 3.4 Hz, 2 x C), 136.7 (d, 3Jcr 8.6 Hz, 4 x CH), 145.6 (2 x C), 157.1 (d, "Jcr
248.3 Hz, 2 x C), 160.7 (2 x C), 163.6 (d, 'Jcr 251.1 Hz, 2 x C), 165.1 (C), 165.3
(C), 169.4 (C), 169.5 (C), 197.1 (C), 197.2 (C); m/z (ESI) 599.1531 (MNa*.
CaoH26F2N4NaO4S requires 599.1535).

4-{3"-[4""-(1""-Ox0-4""-{N-[4"""-fluoroindole]butanamide})-piperazine-1"'-
carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (73)

The reaction was carried out according to the previously described procedure for
compound 66, using 4-{3"-[4"-(1""-ox0-4""-butanoic acid)-piperazine-1"'-carbonyl]-
4"-fluorobenzyl}-2H-phthalazin-1-one (38) (0.150 g, 0.322 mmol), O-benzotriazole-
N,N,N',N'-tetramethyluroniumhexafluorophosphate  (0.134 g, 0.354 mmol),
anhydrous N,N'-dimethylformamide (3 mL), triethylamine (0.0670 mL, 0.481 mmol)
and 4-fluoroindole (0.0435 g, 0.322 mmol). The reaction mixture was initially stirred
at room temperature for 0.5 h and then at 50 °C for 40 h. The crude material was
purified by flash column chromatography eluting with 0—4% gradient of methanol in
dichloromethane to give 4-{3"-[4"'-(1""-0x0-4""-{N-[4""-fluoroindole]butanamide})-
piperazine-1"-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (73) as a white solid
(0.0375 g, 20%). Mp 141-143 °C; vmax/cm™' (neat) 3161 (NH), 3007 (CH), 2899
(CH), 1716 (C=0), 1639 (C=0), 1622 (C=0), 1487, 1464, 1433, 1354, 1288, 1197,
1153, 1012, 925. NMR spectra showed a 1:1 mixture of rotational isomers. Signals
for both rotational isomers are recorded. o4 (400 MHz, CDCl3) 2.81 (2H, t, J 6.4 Hz,
2""-Hy), 2.89 (2H, t, J 6.4 Hz, 2""-H>), 3.24-3.47 (8H, m, 2 x 3""-H>, 4 x NCH), 3.53—
3.93 (12H, m, 12 x NCH), 4.28 (4H, s, 2 x 1"-H2), 6.74 (2H, d, J 3.8 Hz, 2 x 3""-H),
6.94 (2H, dd, J 9.4, 8.2 Hz, 2 x 5""-H), 7.04 (2H, t, J 8.6 Hz, 2 x 5"-H), 7.21-7.28

(2H, m, 2 x 6""-H), 7.29-7.40 (4H, m, 2 x 2"-H and 2 x 6"-H), 7.53 (2H, d, J 3.8 Hz,
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2 x 2""_H), 7.65-7.81 (6H, m, 2 x 5-H, 2 x 6-H and 2 x 7-H), 8.16 (1H, d, J 8.4 Hz,
7""-H), 8.19 (1H, d, J 8.4 Hz, 7""-H), 8.43-8.50 (2H, m, 2 x 8-H), 11.07 (1H, br s,
CONHN), 11.15 (1H, br s, CONHN); &c (101 MHz, CDCls) 27.4 (2 x CHy), 31.0
(CHz), 31.1 (CH2), 37.8 (2 x CHy), 41.7 (CHz), 42.1 (CH2), 42.2 (2 x CHy), 45.2
(CHa), 45.7 (CH2), 46.9 (CHz), 47.1 (CHz), 105.0 (2 x CH), 109.2 (d, 2Jcr 18.5 Hz, 2
x CH), 112.7 (2 x CH), 116.3 (d, 2Jcr 22.0 Hz, CH), 116.3 (d, 2Jcr 22.0 Hz, CH),
119.3 (d, 2Jcr 21.9 Hz, 2 x C), 123.7 (d, 2Jcr 17.5 Hz, C), 123.8 (d, 2Jcr 17.5 Hz, C),
124.7 (2 x CH), 125.1 (2 x CH), 126.1 (d, 3Jcr 7.4 Hz, 2 x CH), 127.3 (2 x CH),
128.4 (2 x C), 129.3 (d, 3Jor 3.4 Hz, CH), 129.6 (d, Jcr 3.4 Hz, CH), 129.6 (2 x C),
131.7 (2 x CH), 131.9 (d, 3Jcr 8.1 Hz, 2 x CH), 133.8 (2 x CH), 134.6 (d, “Jcr 3.5
Hz, 2 x C), 137.8 (d, 3Jcr 9.2 Hz, 2 x C), 145.6 (2 x C), 155.7 (d, "Jor 249.0 Hz, 2
C), 157.1 (d, "Jor 248.5 Hz, 2 x C), 160.7 (C), 160.8 (C), 165.2 (C), 165.4 (C), 169.9
(C), 170.0 (C), 170.8 (2 x C); m/z (ESI) 606.1924 (MNa*. CazH27F2NsNaOs requires
606.1923).

4-{3"-[4"'-(Benzoyl-4""-boronic acid pinacol ester)piperazine-1"'-carbonyl]-4"-
fluorobenzyl}-2H-phthalazin-1-one (74)*32

To a stirred solution of 4-carboxylphenylboronic acid pinacol ester (75) (0.337 g,
1.36 mmol) and O-benzotriazole-N,N,N',N'-
tetramethyluroniumhexafluorophosphate (0.569 g, 1.50 mmol) in anhydrous
acetonitrile (14 mL), under argon, was added triethylamine (0.290 mL, 2.08 mmol).
The reaction mixture was stirred at room temperature for 1 h. 4-[4"-Fluoro-3"-
(piperazine-1"-carbonyl)benzyl]-2H-phthalazin-1-one (35) (0.500 g, 1.36 mmol)
was added to the reaction mixture, which was then heated to 50 °C and stirred for
16 h. The reaction mixture was cooled to room temperature and concentrated in
vacuo. The resultant residue was dissolved in chloroform (80 mL) and washed with
a saturated aqueous sodium bicarbonate solution (6 x 80 mL). The organic layer

was dried (MgSQa), filtered and concentrated in vacuo. The crude material was
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purified by trituration from a mixture of chloroform and hexane to give 4-{3"-[4"-
(benzoyl-4""-boronic acid pinacol ester)piperazine-1"-carbonyl]-4"-fluorobenzyl}-
2H-phthalazin-1-one (74) as a white solid (0.608 g, 75%). Mp 284-286 °C (lit.432
288-291 °C); 6n (400 MHz, CDCls) 1.34 (12H, s, 4 x CH3), 3.10-4.00 (8H, m, 8 x
NCH), 4.28 (2H, s, 1'-H2), 7.02 (1H, br s, 5"-H), 7.28-7.44 (4H, m, 2"-H, 6"-H, 2""-H
and 6""-H), 7.65-7.90 (5H, m, 5-H, 6-H, 7-H, 3""-H and 5""-H), 8.42-8.52 (1H, m, 8-
H), 11.20 (1H, br s, NH); éc (101 MHz, CDCl3) 25.0 (4 x CH3), 37.8 (CH2), 42.4 (2 %
CH.), 47.3 (2 x CHy), 84.2 (2 x C), 116.3 (d, 2Jcr 21.7 Hz, CH), 123.7 (d, 2Jcr 17.9
Hz, C), 125.1 (CH), 126.3 (2 x CH), 127.3 (CH), 128.4 (C), 129.3 (d, 3Jcr 3.5 Hz,
CH), 129.6 (C), 131.7 (CH), 131.8 (d, 3Jcr 8.0 Hz, CH), 133.8 (CH), 134.6 (d, *JcF
3.4 Hz, C), 135.1 (2 x CH), 137.6 (C), 145.6 (C), 157.1 (d, 'Jcr 249.0 Hz, C), 160.8
(C), 160.8 (C), 165.3 (C), 170.6 (C); m/z (ESI) 619 (MNa*. 100%).

4-{3"-[4"'-(2""-Chloro-5""-nitrobenzoyl)piperazine-1"'-carbonyl]-4"-
fluorobenzyl}-2H-phthalazin-1-one (39)

Method A: To a stirred solution of 2-chloro-5-nitrobenzoic acid (231) (0.121 g, 0.600
mmol) and O-benzotriazole-N,N,N',N'-tetramethyluroniumhexafluorophosphate
(0.250 g, 0.660 mmol) in anhydrous acetonitrile (3 mL), under argon, was added
triethylamine (0.125 mL, 0.900 mmol). The reaction mixture was stirred at room
temperature for 0.5 h. 4-[4"-Fluoro-3"-(piperazine-1"-carbonyl)benzyl]-2H-
phthalazin-1-one (35) (0.220 g, 0.600 mmol) was added to the reaction mixture,
which was then heated to 50 °C and stirred for 16 h. The reaction mixture was
cooled to room temperature and concentrated in vacuo. The resultant residue was
dissolved in chloroform (20 mL) and washed with a saturated aqueous sodium
bicarbonate solution (3 x 20 mL). The organic layer was dried (MgSQOa), filtered and
concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 2% methanol in dichloromethane. Further purification

by trituration from chloroform and hexane gave 4-{3"-[4"-(2""-chloro-5""-
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nitrobenzoyl)piperazine-1"-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (39) as
an off-white solid (0.277 g, 84%). Mp 139-141 °C; vmax/cm™" (neat) 3457 (NH), 2970
(CH), 1728 (C=0), 1636 (C=0), 1437, 1229, 909, 806. NMR spectra showed a 1.2:1
mixture of rotational isomers. Signals for both rotational isomers are recorded. on
(400 MHz, CDCl3) 3.10-3.58 (8H, m, 8 x NCH), 3.59-4.18 (8H, m, 8 x NCH), 4.26
(2H, s, 1"-H2), 4.31 (2H, s, 1'-H2), 6.99 (1H, t, J 8.8 Hz, 5"-H), 7.08 (1H, t, J 8.8 Hz,
5"-H), 7.27-7.40 (4H, m, 2 x 2"-H and 2 x 6"-H), 7.56 (1H, d, J 8.8 Hz, 3""-H), 7.63
(1H, d, J 8.8 Hz, 3""-H), 7.68-7.82 (6H, m, 2 x 5-H, 2 x 6-H, 2 x 7-H), 8.11-8.26
(4H, m, 2 x 4""-H and 2 x 6""-H), 8.42-8.50 (2H, m, 2 x 8-H), 10.99 (1H, br s, NH),
11.03 (1H, br s, NH); éc (101 MHz, CDCls3) 37.7 (CHz), 37.8 (CH2), 41.8 (CH2), 41.9
(CH2), 42.2 (CH>), 42.2 (CH2), 46.6 (CH), 46.7 (CH2), 47.1 (CH2), 47.3 (CH2), 116.2
(d, 2Jcr 22.6 Hz, CH), 116.4 (d, 2Jcr 22.6 Hz, CH), 123.3-123.7 (m, 2 x CH, 2 x C),
125.1 (CH), 125.1 (CH), 125.3 (CH), 125.4 (CH), 127.3 (CH), 127.4 (CH), 128.4 (C),
128.5 (C), 129.5 (d, 3Jcr 3.2 Hz, CH), 129.6 (d, 3Jcr 3.2 Hz, CH), 129.7 (2 x C),
131.0 (CH), 131.2 (CH), 131.8 (CH), 131.8 (CH), 132.0 (d, 3Jcr 8.7 Hz, CH), 132.1
(d, 3Jcr 8.7 Hz, CH), 133.8 (2 x CH), 134.6 (d, *Jcr 3.4 Hz, C), 134.7 (d, *JcF 3.4 Hz,
C), 136.6 (C), 136.7 (C), 137.4 (2 x C), 145.6 (2 x C), 146.8 (C), 147.0 (C), 157.0
(d, 'Jcr 248.3 Hz, C), 157.2 (d, 'Jcr 248.3 Hz, C), 160.6 (2 x C), 164.7 (C), 164.8
(C), 165.2 (C), 165.4 (C); m/z (ESI) 572.1083 (MNa*. C27H213°CIFNsNaOs requires
572.1107).

4-{3"-[4""-(2""-Fluoro-5""-nitrobenzoyl)piperazine-1"‘-carbonyl]-4"-
fluorobenzyl}-2H-phthalazin-1-one (31)

The reaction was carried out according to the previously described procedure for
compound 39, using 2-fluoro-5-nitrobenzoic acid (232) (0.0555 g, 0.300 mmol), O-
benzotriazole-N,N,N',N'-tetramethyluroniumhexafluorophosphate (0.125 g, 0.330
mmol), anhydrous acetonitrile (3 mL), triethylamine (0.0630 mL, 0.450 mmol) and
4-[4"-fluoro-3"-(piperazine-1"'-carbonyl)benzyl]-2H-phthalazin-1-one (35) (0.110 g,
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0.300 mmol). The reaction mixture was initially stirred at room temperature for 1 h
and then at 50 °C for 18 h. The crude material was purified by flash column
chromatography eluting with 0-2% gradient of methanol in dichloromethane to give
4-{3"-[4"-(2""-fluoro-5""-nitrobenzoyl)piperazine-1"-carbonyl]-4"-fluorobenzyl}-2 H-

phthalazin-1-one (31) as a pale yellow solid (0.103 g, 64%). Mp 140-142 °C;
vmax/cm™' (neat) 3400 (NH), 2980 (CH), 1782 (C=0), 1643 (C=0), 1437, 1259, 1170,
1008. NMR spectra showed a 1.1:1 mixture of rotational isomers. Signals for both
rotational isomers are recorded. o4 (400 MHz, DMSO-de) 3.07-3.46 (8H, m, 8 x
NCH), 3.50-3.87 (8H, m, 8 x NCH), 4.30 (2H, s, 1'-H2), 4.35 (2H, s, 1'-H2), 7.20 (1H,
t, J 9.0 Hz, 5"-H), 7.26 (1H, t, J 9.0 Hz, 5"-H), 7.32-7.50 (4H, m, 2 x 2"-H and 2 x
6"-H), 7.62 (1H, dd, J 8.8 Hz, 3""-H), 7.64 (1H, dd, J 8.8 Hz, 3""-H), 7.73-8.01 (6H,
m, 2 x 5-H, 2 x 6-H, 2 x 7-H), 8.20-8.30 (2H, m, 2 x 8-H), 8.32-8.46 (4H, m, 2 %
4"-H and 2 x 6""-H), 12.56 (1H, br s, NH), 12.61 (1H, br s, NH); éc (101 MHz,
DMSO-ds) 36.4 (2 x CH>), 40.8 (CH), 41.2 (CH2), 41.4 (CH>), 41.7 (CH), 45.9
(CH2), 46.1 (CHy), 46.5 (2 x CH2), 115.8 (d, ?Jcr 21.8 Hz, CH), 115.9 (d, 2Jcr 21.8
Hz, CH), 117.7 (d, ?Jcr 24.4 Hz, CH), 117.7 (d, 2Jcr 24.4 Hz, CH), 123.4 (d, ?Jcr
18.2 Hz, 2 x C), 124.8-125.2 (m, 2 x CH, 2 x C), 125.4 (2 x CH), 126.0 (2 x CH),
127.2 (d, 3Jcr 10.9 Hz, CH), 127.2 (d, 3Jcr 10.9 Hz, CH), 127.9 (2 x C), 128.9 (d,
3Jcr 11.9 Hz, CH), 129.0 (d, 3Jcr 11.9 Hz, CH), 129.0 (C), 129.1 (C), 131.4 (CH),
131.5 (CH), 131.8 (d, 3Jcr 7.1 Hz, CH), 131.8 (d, 3Jcr 7.1 Hz, CH), 133.4 (CH), 133.5
(CH), 134.8 (d, *Jcr 3.1 Hz, 2 x C), 144.1-144.4 (m, 2 x C), 144.7 (C), 144.8 (C),
156.3 (d, 'Jcr 245.7 Hz, C), 156.4 (d, "Jcr 245.7 Hz, C), 159.3 (C), 159.4 (C), 161.0
(d, 'Jcr 255.9 Hz, 2 x C), 161.9 (C), 162.0 (C), 164.0 (C), 164.1 (C); m/z (ESI)
556.1393 (MNa*. C27H21F2NsNaOs requires 556.1403).
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4-{3"-[4"'-(2""-Chloro-5""-nitrobenzoyl)piperazine-1"‘-carbonyl]-4"-
fluorobenzyl}-2-(tert-butyloxycarbonyl)phthalazin-1-one (76)

To a stirred solution of 4-{3"-[4"-(2""-chloro-5""-nitrobenzoyl)piperazine-1"'-
carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (39) (0.257 g, 0.467 mmol) in
anhydrous acetonitrile (2.5 mL) in an oven-dried flask under argon, was added di-
tert-butyl dicarbonate (0.122 g, 0.560 mmol) and 4-(dimethylamino)pyridine
(0.00570 g, 0.0467 mmol). The reaction mixture was stirred at room temperature for
4 h and then concentrated in vacuo. The residue was dissolved in chloroform (30
mL) and washed with water (3 x 20 mL). The organic layer was dried (MgSOa),
filtered and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 2% methanol in dichloromethane to give 4-{3"-[4"-(2""-
chloro-5""-nitrobenzoyl)piperazine-1"-carbonyl]-4"-fluorobenzyl}-2-(tert-
butyloxycarbonyl)phthalazin-1-one (76) as a pale yellow solid (0.240 g, 79%). Mp
171-173 °C; vmax/cm™" (neat) 3002 (CH), 2861 (CH), 2715, 1765 (C=0), 1638
(C=0), 1433, 1346, 1246, 1145, 1005, 743. NMR spectra showed a 1.1:1 mixture
of rotational isomers. Signals for both rotational isomers are recorded. &4 (400 MHz,
CDCI3) 1.64 (9H, s, Bu), 1.67 (9H, s, Bu), 3.15-3.50 (8H, m, 8 x NCH), 3.64-4.12
(8H, m, 8 x NCH), 4.28 (2H, s, 1'-H2), 4.32 (2H, s, 1-H), 6.98 (1H, t, J 8.8 Hz, 5"-
H), 7.08 (1H, t, J 8.8 Hz, 5"-H), 7.28—-7.42 (4H, m, 2 x 2"-H and 2 x 6"-H), 7.54-7.67
(4H, m, 2 x 5-H and 2 x 3""-H), 7.68-7.78 (4H, m, 2 x 6-H and 2 x 7-H), 8.14-8.27
(4H, m, 2 x 4""-H and 2 x 6""-H), 8.40-8.50 (2H, m, 2 x 8-H); éc (101 MHz, CDCl5)
27.9 (3 x CHs), 28.0 (3 x CH3s), 38.0 (CH2), 38.2 (CH2), 41.8 (CH2), 41.8 (CH2), 42.1
(CH2), 42.2 (CHz), 46.5 (CH), 46.7 (CH), 47.1 (CH2), 47.3 (CH2), 86.0 (2 x C),
116.2 (d, 2Jcr 21.9 Hz, CH), 116.4 (d, 2Jcr 21.9 Hz, CH), 123.3-123.7 (m, 2 x CH,
2xC),125.3 (2 x CH), 125.3 (CH), 125.4 (CH), 128.2 (CH), 128.2 (CH), 128.9 (2 x
C), 129.1 (C), 129.2 (C), 129.3 (d, 3Jcr 3.3 Hz, CH), 129.4 (d, 3Jcr 3.3 Hz, CH),
131.0 (CH), 131.2 (CH), 132.0 (d, 3Jcr 7.8 Hz, CH), 132.1 (d, 3Jcr 7.8 Hz, CH), 132.1
(2 x CH), 134.1 (2 x CH), 134.2 (d, *Jcr 3.3 Hz, C), 134.3 (d, “Jcr 3.3 Hz, C), 136.6
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(C), 136.7 (C), 137.3 (2 x C), 145.4 (2 x C), 146.9 (C), 146.9 (C), 151.2 (C), 151.2
(C), 157.1 (d, "Jcr 249.1 Hz, C), 157.2 (d, "Jcr 249.1 Hz, C), 158.3 (2 x C), 164.6
(C), 164.8 (C), 165.1 (C), 165.3 (C); m/z (ESI) 672.1623 (MNa*. C32H29*5CIFNsNaO7
requires 672.1632).

4-{3"-[4""-(2""-Chloro-5""-nitrobenzoyl)piperazine-1"‘-carbonyl]-4"-
fluorobenzyl}-2H-phthalazin-1-one (39)

Method B: To a 50 mL v-vial was added 4-{3"-[4"-(2""-chloro-5""-
nitrobenzoyl)piperazine-1"-carbonyl]-4"-fluorobenzyl}-2-(tert-
butyloxycarbonyl)phthalazin-1-one (76) (1.0 mg, 0.0015 mmol), dimethyl sulfoxide
(0.25 mL) and water (0.25 mL). The reaction mixture was heated to 120 °C for 5 min
then cooled to room temperature. An aliquot of the crude reaction mixture (0.050
mL) was diluted with acetonitrile (0.10 mL) and water (0.10 mL). The identity of the
product was confirmed by HPLC analysis. The crude product solution (0.010 mL)
was loaded onto a C18 Phenomenex Synergi™ 4 um Hydro-RP 80 A (150 mm x
4.60 mm) LC column using a Dionex™ UltiMate™ 3000 HPLC system. A flow rate
of 1.0 mL min™' was used with mobile phase conditions: 0.0-13.0 min 35%
acetonitrile in water, 13.0—-14.0 min 45% acetonitrile in water, 14.0-15.0 min 55%
acetonitrile in water, 15.0-16.0 min 65% acetonitrile in water, 16.0—-26.0 min 75%
acetonitrile in water, 26.0-36.0 min 35% acetonitrile in water. Detection was
achieved using a UV variable wavelength detector at 254 nm. HPLC data collection
and analysis were performed using Chromeleon 6.8 chromatography software and
analytical methods were calibrated with standard solutions of 39 and 76. 4-{3"-[4"-
(2""-Chloro-5""-nitrobenzoyl)piperazine-1"'-carbonyl]-4"-fluorobenzyl}-2 H-

phthalazin-1-one (39) eluted at 10.9 min and was afforded in 96% conversion.

226



4-{3"-[4""-(2""-['®F]Fluoro-5""-nitrobenzoyl)piperazine-1"'-carbonyl]-4"-
fluorobenzyl}-2H-phthalazin-1-one (['®F]31)

Method A: No-carrier-added aqueous ['®F]fluoride (444 MBq at the end of cyclotron
target irradiation) was produced by irradiation of 95-97 atom % ['®O]enriched water
in a niobium target chamber (2.7 mL target volume), via the '8O(p,n)'®F nuclear
reaction, in a GE Healthcare PETtrace 860 cyclotron at the West of Scotland PET
Centre. The aqueous ['®F]fluoride was transferred to a GE TRACERIab™ FXgn
synthesiser and trapped on a Waters Sep-Pak® Light QMA cartridge. ['®F]Fluoride
was eluted into the reaction vessel using a solution of Kryptofix® 222 (8.00 mg) and
potassium carbonate (1.45 mg) in acetonitrile (0.85 mL) and water (0.15 mL). This
solution was heated to 85 °C and dried under vacuum for 5 min. Anhydrous
acetonitrile (1.0 mL) was added to the reaction vessel. The reaction mixture was
then heated to 110 °C and dried under vacuum for 2 min. The reaction vessel was
cooled to 70 °C and a solution of 4-{3"-[4"'-(2""-chloro-5""-nitrobenzoyl)piperazine-
1"-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (39) (4.00 mg) in anhydrous
dimethyl sulfoxide (1.00 mL) was added under nitrogen. The reaction mixture was
heated to 110 °C and stirred for 0.25 h. The crude reaction mixture was then cooled
to 50 °C, diluted with 35% acetonitrile in water (3.0 mL) and loaded onto a C18
Phenomenex Synergi™ 4 uym Hydro-RP 80 A (150 mm x 10.0 mm) LC column. The
crude material was purified by semi-preparative HPLC eluting with 35% acetonitrile
in water at a flow rate of 3 mL min~'. The radiolabelled product was detected by a
gamma detector at a retention time of approximately 12.0 min and was collected in
approximately 6.0 mL of 35% acetonitrile in water. The identity and purity of the
radiolabelled product were confirmed by performing analytical radio-HPLC. A
sample of the radiolabelled product was loaded onto a C18 Phenomenex Synergi ™
4 ym Hydro-RP 80 A (150 mm x 4.60 mm) LC column using a Dionex™ UltiMate ™
3000 HPLC system. Isocratic mobile phase conditions of 35% acetonitrile in water

at a flow rate of 1.0 mL min~" for 0.0-20.0 min was used. Detection was achieved
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using a UV variable wavelength detector at 254 nm and an Eckert & Ziegler photo-
multiplier tube FlowCount gamma radio-detector. HPLC data collection and analysis
were performed using Chromeleon 6.8 chromatography software and analytical
methods were calibrated with standard solutions of 39 and 31. 4-{3"-[4"-(2""-
['8F]Fluoro-5""-nitrobenzoyl)piperazine-1"-carbonyl]-4"-fluorobenzyl}-2H-

phthalazin-1-one (['®F]31) was afforded in 15% decay corrected radiochemical yield
(42.2 MBq at the end of product isolation) with a radiochemical purity of 93%. The
total synthesis time from delivery of ['®F]fluoride into the reaction vessel to isolation

of product was approximately 46 min.

Method B: No-carrier-added aqueous ['®F]fluoride (555 MBq at the end of cyclotron
target irradiation) was produced and transferred to the reaction vessel of a GE
TRACERIab™ FXgn synthesiser as previously described for method A. This solution
was heated to 85 °C and dried under vacuum for 5 min. Anhydrous acetonitrile (1.0
mL) was added to the reaction vessel then heated to 110 °C and dried under
vacuum for 2 min. The reaction vessel was cooled to 70 °C and a solution of 4-{3"-
[4™-(2""-chloro-5""-nitrobenzoyl)piperazine-1"-carbonyl]-4"-fluorobenzyl}-2-(tert-

butyloxycarbonyl)phthalazin-1-one (76) (4.00 mg) in anhydrous dimethyl sulfoxide
(1.0 mL) was added under nitrogen. The reaction mixture was heated to 110 °C and
stirred for 15 min. The reaction vessel was cooled to 50 °C and water (1.0 mL) was
added. The reaction mixture was heated to 120 °C and stirred for 5 min. The crude
reaction mixture was then cooled to 50 °C, diluted with 35% acetonitrile in water (3.0
mL) and purified as previously described for method A. The radiolabelled product
was detected by a gamma detector at a retention time of approximately 11.5 min
and was collected in approximately 4.0 mL of 35% acetonitrile in water. The identity
and purity of the radiolabelled product were confirmed by performing analytical
HPLC as previously described for method A, except calibrated with standard
solutions of 39, 31 and 76. 4-{3"-[4"-(2""-['®F]Fluoro-5""-nitrobenzoyl)piperazine-
1"-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (['®F]31) was afforded in 6%
decay corrected radiochemical yield (18.3 MBq at the end of product isolation) with
a radiochemical purity of 88%. The total synthesis time from delivery of ['®F]fluoride

into the reaction vessel to isolation of product was 51 min.
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3.3 HPLC Methods for Physicochemical Properties Analysis

All physicochemical analyses were performed using a Dionex™ UltiMate™ 3000
series, and data acquisition and processing performed using Chromeleon 6.8
chromatography software. Standard and novel compounds were dissolved in 1:1
organic and aqueous phase mixture, prepared to a concentration of 0.5 mg/mL. The
HPLC system oven was set to 25 °C, and UV detection achieved using a diode array

detector (190-800 nm). Analysis was performed using 5 pL sample injections.

C18 Chromatography for Determination of Lipophilicity (Log P)'64

Log P values were determined using a Phenomenex Luna® 5 um C18 100 A (50 x
3 mm) column. The retention time for each compound of interest was measured
using filtered acetonitrile and 0.01 mM phosphate buffered saline as the mobile
phase at pH 4.0, pH 7.4 and pH 10.0. The pH was adjusted by the addition of
concentrated hydrochloric acid or 0.05 M sodium hydroxide solution. The mobile
phase flow rate was set at 1.0 mL min~'. The chromatographic hydrophobicity index
(CHI) value for all compounds was determined by measuring the retention time of
each compound under the following mobile phase conditions: 0—10.5 min, 0—100%
acetonitrile; 10.5-11.5 min, 100% acetonitrile; 11.5—-12.0 min, 100-0% acetonitrile;
12.0-15.0 min, 0% acetonitrile. System calibration was achieved using the following
compounds and plotting their mean CHI values against the measured retention time
under all three pH conditions: theophylline (CHI = 15.76), phenyltetrazole (CHI =
20.18), benzimidazole (CHI = 30.71), colchicine (CHI = 41.37), acetophenone (CHI
= 64.90), indole (CHI = 69.15), butyrophenone (CHI = 88.49) and valerophenone
(CHI = 97.67). Using the calibration curves obtained and the following equations
from a validated study, the log P of the compounds was calculated using Excel 2019

Software.
CHI Log D = 0.054CHI - 1.467
Where CHI Log D is the CHI value projected to the logarithmic scale.

log P =0.047CHIN + 0.36HBC - 1.10

229



Where CHIN is the gradient chromatographic hydrophobicity index of the non-

ionised compound and HBC is hydrogen bond donor count.

Immobilised Artificial Membrane (IAM) Chromatography for Determination of

Membrane Permeability (Pm) and Membrane Partition Coefficient (Km)'4

Pm and Km values were determined using previously developed methodology on a
Registech IAM.PC.DD2 (150 x 4.6 mm) column. Acetonitrile and 0.01 mM
phosphate buffered saline at pH 7.4 was used as the mobile phase, with a flow rate
of 1.0 mL min~'. The retention time of each compound of interest was measured
under an isocratic mobile phase with the percentage acetonitrile ranging from 30—
70%. The retention time of citric acid, as an unretained compound, under an
isocratic mobile phase of 100% phosphate buffered saline was used for system
corrections. The following equations were used to calculate Pn and Km of the
compounds of interest using Excel 2019 Software.

(t-to)
Kiam = rt s
0

Where kiam = solute capacity factor on the IAM column, t. = retention time of

compound and to = retention time of unretained compound.

=) 1
Ve m
Where Vs = volume of the IAM interphase created by the immobilised phospholipids,

Vm = total volume of the solvent within the IAM column and K, = membrane partition

coefficient.

V, = WPhC+ Wc1o+ Wes

B 6PhC 6C10 603

Where the specific weight of PhC (8pnc) = 1.01779 g mL™" and C10/Cs (Bc1o/c3) =
0.86 g mL™"; Wenc = 133 mg, Wc1o = 12.73 mg and Wc3 = 2.28 mg.

Vm=frxt0

Where f; = flow rate.
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K

Fm™ aw

Where P = permeability and MW = molecular weight.

Human Serum Albumin (HSA) Chromatography for Determination of

Percentage of Plasma Protein Binding (%PPB)"6*

%PPB values were determined using previously developed methodology on a
ChromTech HSA 5 um (3.0 x 50 mm) column. Isopropanol and 0.01 mM phosphate
buffered saline at pH 7.4 was used as the mobile phase, with a flow rate of 1.8 mL
min~'. The retention time of each compound of interest was measured under the
following mobile phase conditions: 0—3 min, 0-30% isopropanol; 3—10 min, 30%
isopropanol; 10.5-11.0 min, 30-0% isopropanol; 11.0-15.0 min, 0% isopropanol.
System calibration was achieved using the following reference compounds: warfarin
(%PPB = 98.0), nizatidine (%PPB = 35.0), bromazepam (%PPB = 60.0),
carbamazepine (%PPB = 75.0), nicardipine (%PPB = 95.0), ketoprofen (%PPB =
98.7), indomethacin (%PPB = 99.0) and diclofenac (%PPB = 99.8). The %PPB for
the reference compounds were converted to the linear free energy related log K
value, which when plotted against retention time on the HSA column, afforded a line
equation from which the log K value of the unknown compounds could be extracted.
The log K values of the unknown compounds could then be converted to %PPB.
Log K and subsequent %PPB calculations for the compounds of interest were

performed using Excel 2019 Software.

) %PPB
bgK_bng-%PPB

%PPB=

(101 - 10'°9K)
(1+10°9%)
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3.4 SV2A Experimental

(E)-2-(3'-Bromo-5'-fluorophenyl)nitroethene (86)

F Br

In an oven-dried flask under argon, 3-bromo-5-fluorobenzaldehyde (79) (0.500 g,
2.46 mmol), ammonium acetate (0.455 g, 5.90 mmol) and nitromethane (4.93 mL,
91.0 mmol) were dissolved in acetic acid (10 mL). The reaction mixture was heated
to 90 °C and stirred for 5 h. The reaction mixture was cooled to room temperature,
diluted with ethyl acetate (30 mL) and washed with water (3 x 30 mL). The organic
layer was dried (MgSOs), filtered and concentrated in vacuo. The crude material
was purified by flash column chromatography eluting with 20% dichloromethane in
hexane to give (E)-2-(3'-bromo-5'-fluorophenyl)nitroethene (86) as a pale yellow
solid (0.447 g, 74%). Mp 89-91 °C; vmax/lcm™' (neat) 3103 (CH), 3080 (CH), 1641
(C=C), 1574, 1512, 1423, 1346, 1279, 974, 845; &4 (400 MHz, CDCl3) 7.20 (1H,
ddd, J 8.8, 2.4, 1.6 Hz, 4'-H), 7.38 (1H, ddd, J 7.6, 2.4, 1.6 Hz, 6"-H), 7.49 (1H, t, J
1.6 Hz, 2"-H), 7.53 (1H, d, J 13.6 Hz, 1-H), 7.88 (1H, d, J 13.6 Hz, 2-H); 6c (101
MHz, CDCls) 114.6 (d, 2Jcr 22.5 Hz, CH), 122.5 (d, 2Jcr 24.5 Hz, CH), 123.9 (d, 3Jcr
9.8 Hz, C), 128.1 (d, *Jcr 3.3 Hz, CH), 133.6 (d, 3Jcr 8.6 Hz, C), 136.2 (d, *Jcr 2.9
Hz, CH), 139.2 (CH), 162.9 (d, 'Jcr 253.3 Hz, C); m/z (ESI) 267.9371 (MNa".
CsHs"°BrFNNaO- requires 267.9380).
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4-{(1'S)[(2"R,4"S,5"R)-5"-Ethenyl-1"-azabicyclo[2.2.2]octan-2"-
yl]lhydroxymethyl}quinolin-6-ol (87)%%4

In an oven-dried flask under argon, a stirred solution of quinidine (88) (0.162 g,
0.500 mmol) in anhydrous dichloromethane (17 mL) was cooled to -78 °C, and to
this was added dropwise, 1 M boron tribromide in dichloromethane (2.00 mL, 2.00
mmol). The reaction mixture was warmed to room temperature and stirred under
reflux for 2 h. The reaction mixture was cooled to 5 °C and quenched with 2.5 M
aqueous sodium hydroxide solution (10 mL). The organic and aqueous layers were
separated, and the aqueous layer was extracted with dichloromethane (2 x 10 mL).
The aqueous layer was acidified with 1 M aqueous hydrochloric acid to pH 8, and
the resulting white suspension was extracted with dichloromethane (5 x 10 mL). The
combined organic layers from this part of the work-up were dried (MgSOa), filtered
and concentrated in vacuo to give 4-{(1'S)-[(2"R,4"S,5"R)-5"-ethenyl-1"-
azabicyclo[2.2.2]octan-2"-yllhydroxymethyl}quinolin-6-ol (87) as a pale yellow solid
(0.125 g, 81%). Mp >140 °C (decomposition); [a]p?? +253.7 (¢ 1.0, EtOH).
Spectroscopic data were consistent with the literature.?®* &y (400 MHz, CD3s0D)
1.00-1.10 (1H, m, 3"-HH), 1.47-1.65 (2H, m, 8"-Hz), 1.73 (1H, br s, 4"-H), 2.15—
2.26 (1H, m, 3"-HH), 2.27-2.37 (1H, m, 5"-H), 2.74-2.85 (1H, m, 7"-HH), 2.87-2.98
(2H, m, 6"-HH and 7"-HH), 3.07 (1H, td, J 9.2, 2.4 Hz, 2"-H), 3.64 (1H, ddd, J 13.4,
7.8,2.2 Hz, 6"-HH), 5.03-5.15 (2H, m, H.CCHC), 5.58-5.68 (1H, m, 1-H), 6.15 (1H,
ddd, J 17.2, 10.2, 7.8 Hz, H.CCHC), 7.28 (1H, d, J 2.4 Hz, 5-H), 7.29-7.35 (1H, m,
7-H), 7.63 (1H, d, J 4.6 Hz, 3-H), 7.89 (1H, d, J 8.8 Hz, 8-H), 8.58 (1H, d, J 4.6 Hz,
2-H); oc (101 MHz, CDs0OD) 21.1 (CH2), 26.9 (CHz), 29.6 (CH), 41.1 (CH), 50.4
(CH2), 50.8 (CH>), 60.6 (CH), 72.1 (CH), 105.1 (CH), 115.3 (CH2), 119.7 (CH), 123.3
(CH), 128.3 (C), 131.4 (CH), 141.4 (CH), 143.9 (C), 147.4 (CH), 149.5 (C), 158.0
(C); m/z (ESI) 311 (MH*.100%).
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Dimethyl (1°R)-2-[1'-(3",5"-difluorophenyl)-2'-nitroethyljmalonate ((R)-89)

NO, CO,Me

2 Y2 CoMe

o o

L,
To a stirred solution of (E)-2-(3'-bromo-5'-fluorophenyl)nitroethene (86) (0.984 g,
4.00 mmol) in anhydrous tetrahydrofuran (4 mL) in an oven-dried flask under argon,
was added dimethyl malonate (0.600 mL, 5.25 mmol). The reaction was cooled to
-20 °C and a  solution of  4-{(1'S)-[(2"R,4"S,5"R)-5"-ethenyl-1"-
azabicyclo[2.2.2]octan-2"-yllhydroxymethyl}quinolin-6-ol (87) (0.0380 g, 0.122
mmol) in anhydrous tetrahydrofuran (4 mL) was added dropwise. The reaction
mixture was stirred at —20 °C for 16 h. The mixture was warmed to room temperature
and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 20% diethyl ether in hexane. Further purification by
dissolution in @ minimum amount of warm diethyl ether and triturated with cold
hexane gave dimethyl (1'R)-2-[1'-(3",5"-difluorophenyl)-2'-nitroethyllmalonate ((R)-
89) as a white solid (1.22 g, 81%). Mp 71-73 °C; vmax/cm™" (neat) 2963 (CH), 1743
(C=0), 1724 (C=0), 1551, 1435, 1366, 1273, 1250, 1153, 864; [a]p?' -2.9 (c 1.0,
CHCI3); o1 (500 MHz, CDCls) 3.65 (3H, s, CH3), 3.78 (3H, s, CH3), 3.80 (1H, d, J 8.5
Hz, 2-H), 4.21 (1H, ddd, J 9.3, 8.5, 4.8 Hz, 1'-H), 4.86 (1H, dd, J 13.8, 9.3 Hz, 2'-
HH), 4.91 (1H, dd, J 13.8, 4.8 Hz, 2-HH), 6.94 (1H, dt, J 9.0, 2.0 Hz, 4"-H), 7.17—
7.21 (2H, m, 2"-H and 6"-H); &c (126 MHz, CDCl3) 42.3 (d, *Jcr 1.8 Hz, CH), 53.3
(CHs), 53.4 (CH3), 54.4 (CH), 76.7 (CH2), 114.4 (d, 2Jcr 22.4 Hz, CH), 119.5 (d, 2Jcr
24.2 Hz, CH), 123.4 (d, 3Jcr 10.0 Hz, C), 127.2 (d, *Jcr 3.2 Hz, CH), 140.4 (d, 3JcF
7.8 Hz, C), 162.7 (d, 'Jcr 252.6 Hz, C), 167.0 (C), 167.5 (C); m/z (ESI) 399.9809
(MNa*. C13H13"°BrFNNaQOs requires 399.9802). The enantiomeric ratio was
determined by HPLC analysis with a CHIRALCEL® OD-H column (95:5,
hexane:'PrOH, flow rate of 1.0 mL/min): fmajor = 24.04 min, tminor = 20.97 min; 96:4

er.
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Dimethyl (*)-2-[1'-(3",5"-difluorophenyl)-2'-nitroethylJmalonate (89)

N02 COQMe

To a stirred solution of (E)-2-(3'-bromo-5'-fluorophenyl)nitroethene (86) (0.100 g,
0.406 mmol) in anhydrous tetrahydrofuran (2 mL) in an oven-dried flask under
argon, was added dimethyl malonate (0.0603 mL, 0.528 mmol) and triethylamine
(0.0736 mL, 0.528 mmol). The reaction mixture was stirred at room temperature for
17 h and then concentrated in vacuo. The crude material was purified by flash
column chromatography eluting with 20% diethyl ether in hexane to give dimethyl
(x)-2-[1"-(3",5"-difluorophenyl)-2'-nitroethyllmalonate (89) as a colourless oil, which
solidified upon standing (0.0923 g, 60%). Spectroscopic data as for ((R)-89). The
enantiomeric ratio was determined by HPLC analysis with a CHIRALCEL® OD-H
column (95:5, hexane:'PrOH, flow rate of 1.0 mL/min): tmajor = 20.89 min, tminor =
24.06 min; 51:49 er.

(E)-3-(3'-Bromo-5'-fluorophenyl)prop-2-enal (95)

CHO
3.~ 2

F Br

3-Bromo-5-fluorobenzaldehyde (79) (6.09 g, 30.0 mmol) and
(triphenylphosphoranylidene)acetaldehyde (10.0 g, 33.0 mmol) were dissolved in
anhydrous tetrahydrofuran (300 mL), under argon. The reaction mixture was heated
to 50 °C and stirred for 18 h. The reaction mixture was cooled to room temperature
and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 10% diethyl ether in hexane to give (E)-3-(3'-bromo-5'-
fluorophenyl)prop-2-enal (95) as a pale yellow solid (5.57 g, 81%). Mp 65-67 °C;
vmax/cm™' (neat) 3071 (CH), 2862 (CH), 1659 (C=0), 1628 (C=C), 1574, 1427, 12609,
1126, 976, 849; on (400 MHz, CDCl3) 6.68 (1H, dd, J 16.0, 7.6 Hz, 2-H), 7.20 (1H,
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dt, J 8.9, 2.0 Hz, 6'-H), 7.32 (1H, dt, J 7.8, 2.0 Hz, 4'-H), 7.36 (1H, d, J 16.0 Hz, 3-
H), 7.48-7.51 (1H, m, 2'-H), 9.72 (1H, d, J 7.6 Hz, 1-H); &c (101 MHz, CDCls) 113.8
(d, 2Jcr 22.2 Hz, CH), 121.5 (d, ?Jcr 24.6 Hz, CH), 123.5 (d, 3Jcr 9.9 Hz, C), 127.5
(d, “Jor 3.2 Hz, CH), 130.8 (CH), 137.6 (d, 3Jcr 8.3 Hz, C), 149.1 (d, “Jer 2.7 Hz,
CH), 162.9 (d, "Jcr 253.2 Hz, C), 192.9 (CH); m/z (ESI) 250.9469 (MNa*.
CoHs"°BrFNaO requires 250.9478).

Methyl (3R)-3-(3'-bromo-5'-fluorophenyl)-4-nitrobutanoate ((R)-98)

NO, CO,Me

To a stirred solution of (E)-3-(3'-bromo-5'-fluorophenyl)prop-2-enal (95) (0.229 g,
1.00 mmol) in tetrahydrofuran (3 mL) and water (0.4 mL), was added pivalic acid
(0.00510 g, 0.0500 mmol), boric acid (0.0310 g, 0.500 mmol), nitromethane (0.330
mL, 6.00 mmol) and (R)-a,0-bis[3,5-bis(trifluoromethyl)phenyl]-2-
pyrrolidinemethanol trimethylsilyl ether ((R)-94) (0.0300 g, 0.0500 mmol). The
reaction mixture was stirred at room temperature for 117 h and concentrated in
vacuo. The resultant residue was dissolved in ethyl acetate (20 mL) and washed
with 1 M aqueous hydrochloric acid (20 mL), saturated aqueous sodium bicarbonate
(20 mL) and brine (20 mL). The organic layer was dried (MgSOQa.), filtered and
concentrated in vacuo to give (3R)-3-(3'-bromo-5'-fluorophenyl)-4-nitrobutanal ((R)-
96) as a yellow oil, which was used without further purification. (3R)-3-(3'-Bromo-5'-
fluorophenyl)-4-nitrobutanal ((R)-96) was dissolved in acetonitrile (5 mL) and cooled
to 0 °C. To this was added a solution of potassium dihydrogen phosphate (0.104 g,
0.764 mmol) in water (2.5 mL), hydrogen peroxide (0.140 mL, 1.37 mmol, 30% w/w
in water) and a solution of sodium chlorite (0.271 g, 3.00 mmol) in water (5 mL). The
reaction mixture was stirred at 0 °C for 3 h and quenched with sodium sulfite (0.378
g, 3.00 mmol). The mixture was stirred at room temperature for 0.5 h. The reaction
mixture was then acidified with 1 M aqueous potassium bisulfate (4 mL) and
extracted with ethyl acetate (3 x 15 mL). The combined organic layers were dried
(MgSO0Os4), filtered and concentrated in vacuo to give (3R)-3-(3'-bromo-5'-

fluorophenyl)-4-nitrobutanoic acid ((R)-97) as a yellow oil, which was used without
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further purification. To a stirred solution of (3R)-3-(3-bromo-5'-fluorophenyl)-4-
nitrobutanoic acid ((R)-97) in methanol (3 mL) at 0 °C, was added thionyl chloride
(0.110 mL, 1.50 mmol). The reaction mixture was warmed to room temperature and
then stirred under reflux for 1.5 h. The reaction mixture was cooled to room
temperature and concentrated in vacuo. The resultant residue was dissolved in ethyl
acetate (20 mL) and washed with water (20 mL). The aqueous layer was extracted
with ethyl acetate (2 x 20 mL). The combined organic layers were dried (MgSOa),
filtered and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 60% dichloromethane in hexane to give methyl (3R)-
3-(3'-bromo-5'-fluorophenyl)-4-nitrobutanoate ((R)-98) as a colourless oil, which
solidified upon standing (0.181 g, 57% over three steps). Mp 39-40 °C; vmax/cm™"
(neat) 3082 (CH), 2955 (CH), 1724 (C=0), 1547, 1435, 1373, 1354, 1269, 1219,
1173, 914, 864; [a]p'® +7.6 (¢ 0.1, CHCI3); &1 (400 MHz, CDCls) 2.74 (1H, d, J 7.6
Hz, 2-HH), 2.74 (1H, d, J 7.2 Hz, 2-HH), 3.66 (3H, s, CH3), 3.91-4.00 (1H, m, 3-H),
4.61 (1H, dd, J 13.2, 8.2 Hz, 4-HH), 4.72 (1H, dd, J 13.2, 6.4 Hz, 4-HH), 6.91 (1H,
dt, J 8.9, 1.9 Hz, 6'-H), 7.15-7.21 (2H, m, 2"-H and 4'-H); 6c (101 MHz, CDCls) 37.2
(CH2), 39.6 (d, *Jcr 1.8 Hz, CH), 52.3 (CH3), 78.7 (CH2), 113.8 (d, 2Jcr 22.1 Hz, CH),
119.1 (d, 2Jcr 24.3 Hz, CH), 123.4 (d, 3Jcr 9.9 Hz, C), 126.6 (d, *Jcr 3.2 Hz, CH),
142.5 (d, 3Jcr 7.7 Hz, C), 162.8 (d, 'Jcr 253.2 Hz, C), 170.6 (C); m/z (ESI) 341.9742
(MNa*. C11H11"°BrFNNaQs requires 341.9748). The enantiomeric ratio was
determined by HPLC analysis with a CHIRALCEL® AD-H column (98:2,
hexane:'PrOH, flow rate of 1.0 mL/min): tmajor = 22.35 min, tminor= 20.30 min; 94:6

er.

(4R)-4-(3'-Bromo-5'-fluorophenyl)pyrrolidin-2-one ((R)-83)'%?

To a stirred solution of (3R)-3-(3"-bromo-5'-fluorophenyl)-4-nitrobutanoate ((R)-98)
(3.91 g, 12.2 mmol) in methanol (61 mL), was added nickel(ll) chloride hexahydrate
(0.290 g, 1.22 mmol). Sodium borohydride (2.31 g, 61.0 mmol) was added in four

portions over 0.2 h, producing a black precipitate and the evolution of gas. The
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reaction mixture was stirred at room temperature for 0.25 h and then filtered through
a short pad of Celite® with dichloromethane (300 mL). The filtrate was concentrated
in vacuo at 45 °C for 1.5 h. The resultant residue was dissolved in chloroform (100
mL) and washed with water (100 mL). The organic and aqueous layers were
separated, and the aqueous layer was extracted with chloroform (2 x 100 mL). The
combined organic layers were dried (MgSOs), filtered and concentrated in vacuo.
The crude material was purified by flash column chromatography eluting with 5%
methanol in diethyl ether to give (4R)-4-(3'-bromo-5'-fluorophenyl)pyrrolidin-2-one
((R)-83) and (4R)-4-(3'-fluorophenyl)pyrrolidin-2-one ((R)-109) in a ratio of 1 : 0.18
as a white solid (1.38 g, 44%). Mp 110-111 °C; [a]p®® -18.5 (¢ 0.1, CHCIs).
Spectroscopic data were consistent with the literature.’>? Signals for ((R)-83) are
recorded. 6n (400 MHz, CDCl3) 2.43 (1H, dd, J 16.8, 8.4 Hz, 3-HH), 2.74 (1H, dd, J
16.8, 8.8 Hz, 3-HH), 3.39 (1H, dd, J 9.6, 6.8 Hz, 5-HH), 3.59-3.71 (1H, m, 4-H),
3.75-3.83 (1H, m, 5-HH), 6.67 (1H, br s, NH), 6.91 (1H, dt, /9.2, 2.0 Hz, 6'-H), 7.15
(1H, dt, J 8.0, 2.0 Hz, 4-H), 7.18-7.21 (1H, m, 2'-H); éc (101 MHz, CDCIz) 37.7
(CH2), 39.8 (d, *Jcr 1.8 Hz, CH), 49.1 (CH2), 113.0 (d, ?Jcr 21.7 Hz, CH), 118.1 (d,
2Jcr 24.4 Hz, CH), 123.2 (d, 3Jcr 10.0 Hz, C), 126.0 (d, *Jcr 3.1 Hz, CH), 146.4 (d,
3Jcr 7.7 Hz, C), 163.0 (d, 'Jcr 252.5 Hz, C), 177.0 (C); m/z (ESI) 280 (MNa*. 100%).
The enantiomeric ratio was determined by HPLC analysis with a CHIRALCEL® AD-
H column (97:3, hexane:PrOH, flow rate of 1.0 mL/min): tmajor = 27.78 min, tminor =
37.31 min; 92:8 er.

(4R)-4-(3'-Bromo-5'-fluorophenyl)-1-[(3""-methylpyridin-4"-
yl)methyl]pyrrolidin-2-one ((R)-84)'%?

Sodium hydride (0.857 g, 21.4 mmol, 60% dispersion in mineral oil) was added to
an oven-dried flask under argon and cooled to 0 °C. This was washed with hexane
(50 mL) and then dried in vacuo at room temperature for 1 h. The flask was cooled
to 0 °C, and anhydrous tetrahydrofuran (27 mL) was added. To this solution was
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added (4R)-4-(3'-bromo-5'-fluorophenyl)pyrrolidin-2-one ((R)-83) (1.38 g, 5.35
mmol), 4-(chloromethyl)-3-methylpyridine hydrochloride (1.11 g, 6.23 mmol) and
potassium iodide (0.888 g, 5.35 mmol). The reaction mixture was warmed to room
temperature and then stirred at 60 °C for 19 h. After cooling to 0 °C, the reaction
was quenched with water (50 mL) and concentrated in vacuo. The resultant residue
was dissolved in ethyl acetate (80 mL) and washed with water (80 mL). The aqueous
layer was extracted with ethyl acetate (2 x 80 mL). The combined organic layers
were dried (MgSOsa), filtered and concentrated in vacuo. The crude material was
purified by flash column chromatography eluting with 10% methanol in diethyl ether
to give (4R)-4-(3'-bromo-5'-fluorophenyl)-1-[(3"-methylpyridin-4"-
yl)methyl]pyrrolidin-2-one ((R)-84) as a pale yellow solid (0.968 g, 50%). Mp 113-
115 °C; [a]p'® +28.9 (¢ 0.1, CHCI3). Spectroscopic data were consistent with the
literature.'2 64 (400 MHz, CDCl3) 2.31 (3H, s, CH3s), 2.59 (1H, dd, J 17.0, 7.8 Hz, 3-
HH), 2.91 (1H, dd, J 17.0, 8.6 Hz, 3-HH), 3.23 (1H, dd, J 9.2, 6.0 Hz, 5-HH), 3.51—
3.66 (2H, m, 4-H and 5-HH), 4.43 (1H, d, J 15.4 Hz, 7"-HH), 4.59 (1H, d, J 15.4 Hz,
7"-HH), 6.84 (1H, dt, J 9.2, 2.0 Hz, 6'-H), 7.04 (1H, d, J 4.8 Hz, 5"-H), 7.11 (1H, br
t, J 2.0 Hz, 2"-H), 7.15 (1H, dt, J 8.0, 2.0 Hz, 4'-H), 8.38-8.46 (2H, m, 2"-H and 6"-
H); dc (101 MHz, CDClIs) 16.1 (CHs), 36.9 (d, “Jcr 1.9 Hz, CH), 38.2 (CH.), 43.7
(CH2), 53.5 (CH2), 113.0 (d, 2Jcr 21.8 Hz, CH), 118.2 (d, 2Jcr 24.4 Hz, CH), 122.6
(CH), 123.3 (d, 3Jcr 10.0 Hz, C), 125.9 (d, “Jcr 3.2 Hz, CH), 131.7 (C), 142.7 (C),
146.0 (d, 3Jcr 7.6 Hz, C), 148.2 (CH), 151.6 (CH), 162.9 (d, "Jcr 252.8 Hz, C), 173.1
(C); m/z (ESI) 363 (MH*. 100%). The enantiomeric ratio was determined by HPLC
analysis with a CHIRALCEL® AD-H column (92:8, hexane:'PrOH, flow rate of 1.5
mL/min): tmajor = 39.05 min, tminor= 31.28 min; 93:7 er.
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(4R)-4-[3'-Fluoro-5'-(trimethylstannyl)phenyl]-1-[(3"-methylpyridin-4"-
yl)methyl]pyrrolidin-2-one ((R)-85)"%3

Lithium chloride (0.265 g, 6.25 mmol) was added to a flask and dried in an oven at
140 °C overnight. (4R)-4-(3-bromo-5'-fluorophenyl)-1-[(3"-methylpyridin-4"-
yl)methyl]pyrrolidin-2-one ((R)-84) (0.454 g, 1.25 mmol) was dried under high
vacuum for 1 h, purged with argon and dissolved in anhydrous toluene (13 mL). The
oven-dried flask was cooled to room temperature in vacuo and then purged with
argon. The (4R)-4-(3'-bromo-5'-fluorophenyl)-1-[(3"-methylpyridin-4"-
yl)methyl]pyrrolidin-2-one ((R)-84) solution was added to the flask and degassed
under argon for 0.33 h. Tetrakis(triphenylphosphine)palladium(0) (0.289 g, 0.250
mmol) was added and the mixture degassed under argon for a further 0.2 h.
Hexamethylditin (0.520 mL, 2.51 mmol) was added and the reaction mixture was
stirred under reflux for 24 h. After cooling to room temperature, the reaction was
quenched with aqueous potassium fluoride (3 mL, 30% w/w) and stirred for 1 h. The
crude mixture was filtered through a short pad of Celite® with ethyl acetate (300 mL)
and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 5% methanol in diethyl ether to give (4R)-4-[3'-fluoro-
5'-(trimethylstannyl)phenyl]-1-[(3"-methylpyridin-4"-yl)methyl] pyrrolidin-2-one ((R)-
85) as a white solid (0.152 g, 27%). Mp 106-108 °C; [a]o?° +25.1 (¢ 0.1, CHCIs).
Spectroscopic data were consistent with the literature.'®? &y (400 MHz, CDCl3) 0.29
(9H, s, 3 x CH3), 2.31 (3H, s, CH3), 2.65 (1H, dd, J 17.0, 8.2 Hz, 3-HH), 2.92 (1H,
dd, J 17.0, 9.0 Hz, 3-HH), 3.21-3.33 (1H, m, 5-HH), 3.54-3.67 (2H, m, 4-H and 5-
HH), 4.41 (1H, d, J 15.6 Hz, 7"-HH), 4.63 (1H, d, J 15.6 Hz, 7"-HH), 6.82 (1H, dt, J
10.0, 2.0 Hz, 2'-H), 7.01-7.11 (3H, m, 4-H, 6'-H and 5"-H), 8.39-8.44 (2H, m, 2"-H
and 6"-H); o¢c (101 MHz, CDCI3) -9.3 (3 x CHzs), 16.1 (CHs3), 37.1 (d, *Jcr 1.6 Hz,
CH), 38.5 (CH.), 43.7 (CH2), 54.1 (CHz), 113.4 (d, 2Jcr 21.8 Hz, CH), 121.0 (d, 2Jcr
17.5 Hz, CH), 122.4 (CH), 129.7 (d, *Jcr 2.8 Hz, CH), 131.7 (C), 143.0 (C), 143.8
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(d, 3Jcr 5.6 Hz, C), 146.4 (d, 3Jcr 2.8 Hz, C), 148.1 (CH), 151.4 (CH), 162.9 (d, "Jor
252.8 Hz, C), 173.8 (C); m/z (ESI) 449 (MH*. 100%).

(E)-3-(3",5'-Difluorophenyl)prop-2-enal (100)

CHO
3.~ 2

3,5-Difluorobenzaldehyde (99) (3.00 g, 21.1 mmol) and
(triphenylphosphoranylidene)acetaldehyde (7.06 g, 23.2 mmol) were dissolved in
anhydrous tetrahydrofuran (300 mL), under argon. The reaction mixture was heated
to 50 °C and stirred for 21 h. The crude mixture was cooled to room temperature
and concentrated in vacuo. The resultant residue was dissolved in ethyl acetate
(100 mL) and washed with water (100 mL). The aqueous layer was extracted with
ethyl acetate (2 x 100 mL). The combined organic layers were dried (MgSOs),
filtered and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 10% diethyl ether in petroleum ether (40-60) to give
(E)-3-(3',5"-difluorophenyl)prop-2-enal (100) as a pale yellow solid (2.63 g, 74%).
Mp 94-96 °C; vmax/cm™' (neat) 3094 (CH), 2970 (CH), 1690, 1670 (C=0), 1609
(C=C), 1589, 1450, 1323, 1115, 980, 837; 6+ (500 MHz, CDCl3) 6.68 (1H, dd, J 16.0,
7.5Hz, 2-H), 6.89 (1H, tt, J 8.5, 2.3 Hz, 4"-H), 7.05-7.11 (2H, m, 2"-H and 6'-H), 7.38
(1H, d, J 16.0 Hz, 3-H), 9.73 (1H, d, J 7.5 Hz, 1-H); oc (126 MHz, CDClI3) 106.4 (t,
2Jcr 25.4 Hz, CH), 111.2 (dd, ?2Jcr 19.8 Hz, *Jcr 6.3 Hz, 2 x CH), 130.7 (CH), 137.3
(t, 3Jcr 9.5 Hz, C), 149.5 (t, “Jcr 3.0 Hz, CH), 163.4 (dd, "Jcr 250.2 Hz, 3Jcr 12.6 Hz,
2 x C), 193.0 (CH); m/z (ESI) 191.0278 (MNa*. CgHsF2NaO requires 191.0279).
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Methyl (3R)-3-(3",5'-difluorophenyl)-4-nitrobutanoate ((R)-103)

N02 COZMe

The reaction was carried out according to the previously described procedure for
methyl (3R)-3-(3'-bromo-5'-fluorophenyl)-4-nitrobutanoate ((R)-98) using (E)-3-
(3',5"-difluorophenyl)prop-2-enal (100) (0.530 g, 3.15 mmol), tetrahydrofuran (7 mL),
water (1 mL), pivalic acid (0.0161 g, 0.158 mmol), boric acid (0.0977 g, 1.58 mmol),
nitromethane (1.02 mL, 18.9 mmol) and (R)-a,a-bis[3,5-bis(trifluoromethyl)phenyl]-
2-pyrrolidinemethanol trimethylsilyl ether ((R)-94) (0.0944 g, 0.158 mmol). (3R)-3-
(3',5"-Difluorophenyl)-4-nitrobutanal ((R)-101) was afforded as a yellow oil, which
was used without further purification. The subsequent reaction was carried out using
(8R)-3-(3',5-difluorophenyl)-4-nitrobutanal  ((R)-101), acetonitrile (16 mL),
potassium dihydrogen phosphate (0.320 g, 2.35 mmol) in water (8 mL), hydrogen
peroxide (0.420 mL, 4.10 mmol, 30% w/w in water) and sodium chlorite (0.855 g,
9.45 mmol) in water (16 mL). The reaction mixture was stirred at 0 °C for 2 h then
quenched with sodium sulfite (1.19 g, 9.45 mmol) and stirred at room temperature
for 0.5 h. (3R)-3-(3',5"-Difluorophenyl)-4-nitrobutanoic acid ((R)-102) was afforded
as a yellow oil, which was used without further purification. The subsequent reaction
was carried out using (3R)-3-(3',5"-difluorophenyl)-4-nitrobutanoic acid ((R)-102),
methanol (11 mL) and thionyl chloride (0.350 mL, 4.80 mmol). The crude material
was purified by flash column chromatography eluting with 60% dichloromethane in
hexane to give methyl (3R)-3-(3',5'-difluorophenyl)-4-nitrobutanoate ((R)-103) as a
colourless oil, which solidified upon standing (0.449 g, 55% over three steps). Mp
51-53 °C; vmax/lcm™' (neat) 3094 (CH), 2959 (CH), 1732 (C=0), 1624, 1597, 1551,
1439, 1373, 1119, 980, 856; [a]p'® +9.6 (¢ 0.1, CHCI3); &n (400 MHz, CDCl3) 2.75
(1H, d, J 7.6 Hz, 2-HH), 2.75 (1H, d, J 7.2 Hz, 2-HH), 3.67 (3H, s, CH3), 3.93-4.03
(1H, m, 3-H), 4.62 (1H, dd, J 13.0, 8.2 Hz, 4-HH), 4.73 (1H, dd, J 13.0, 6.6 Hz, 4-
HH), 6.74 (1H, tt, J 8.6, 2.2 Hz, 4'-H), 6.75-6.82 (2H, m, 2'-H and 6"-H); ¢ (101
MHz, CDCI3) 37.2 (CHy), 39.9 (t, Jcr 2.1 Hz, CH), 52.3 (CH3), 78.8 (CH2), 103.9 (4,
2Jcr 25.3 Hz, CH), 110.7 (dd, ?Jcr 18.8 Hz, 4Jcr 7.3 Hz, 2 x CH), 142.3 (t, 3Jcr 8.9
Hz, C), 163.4 (dd, "Jcr 251.1 Hz, 3Jcr 12.9 Hz, 2 x C), 170.6 (C); m/z (ESI) 282.0547
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(MNa*. C11H11F2NNaO4 requires 282.0548). The enantiomeric ratio was determined
by HPLC analysis with a CHIRALCEL® AD-H column (95:5, hexane:'PrOH, flow rate
of 1.0 mL/min): fmajor = 14.84 min, tminor = 12.30 min; 93:7 er.

(4R)-4-(3',5'-Difluorophenyl)pyrrolidin-2-one ((R)-104)

The reaction was carried out according to the previously described procedure for
(4R)-4-(3'-bromo-5'-fluorophenyl)pyrrolidin-2-one ((R)-83) using methyl (3R)-3-
(3',5"-difluorophenyl)-4-nitrobutanoate ((R)-103) (0.418 g, 1.61 mmol), methanol (8
mL), nickel(ll) chloride hexahydrate (0.0383 g, 0.161 mmol) and sodium borohydride
(0.305 g, 8.05 mmol). The reaction mixture was stirred at room temperature for 0.75
h and then filtered through a short pad of Celite® with dichloromethane (50 mL). The
filtrate was concentrated in vacuo at 45 °C for 1.5 h. The resultant residue was
dissolved in chloroform (20 mL) and washed with water (20 mL). The organic and
aqueous layers were separated, and the aqueous layer was extracted with
chloroform (2 x 20 mL). The combined organic layers were dried (MgSOs), filtered
and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 5% methanol in diethyl ether to give (4R)-4-(3',5"-
difluorophenyl)pyrrolidin-2-one ((R)-104) as a white solid (0.138 g, 43%). Mp 94-96
°C; vmax/cm™ (neat) 3314 (NH), 3186 (CH), 2924 (CH), 1694 (C=0), 1659, 1624,
1597, 1447, 1304, 1115, 980, 856; [a]o'® —25.9 (¢ 0.1, CHCI3); 1 (400 MHz, CDCls)
2.44 (1H, dd, J 16.9, 8.2 Hz, 3-HH), 2.74 (1H, dd, J 16.9, 9.0 Hz, 3-HH), 3.39 (1H,
dd, J 9.6, 6.8 Hz, 5-HH), 3.61-3.72 (1H, m, 4-H), 3.75-3.83 (1H, m, 5-HH), 6.67—
6.74 (1H, br s, NH), 6.71 (1H, tt, J 8.8, 2.4 Hz, 4'-H), 6.75-6.81 (2H, m, 2"-H and 6'-
H); ¢ (101 MHz, CDCl3) 37.7 (CH>), 40.0 (t, *Jcr 2.1 Hz, CH), 49.1 (CH>), 102.8 {t,
2Jcr 25.2 Hz, CH), 109.9 (dd, ?Jcr 18.5 Hz, 4Jcr 7.0 Hz, 2 x CH), 146.2 (t, 3Jcr 8.8
Hz, C), 163.4 (dd, "Jcr 250.1 Hz, 3Jcr 12.9 Hz, 2 x C), 177.1 (C); m/z (ESI) 220.0539
(MNa*. C10H9F2NNaO requires 220.0544). The enantiomeric ratio was determined
by HPLC analysis with a CHIRALCEL® AD-H column (95:5, hexane:'PrOH, flow rate

of 1.0 mL/min): tmajor = 18.85 min, fminor = 26.08 min; 94:6 er.
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(4R)-4-(3',5'-Difluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-
one ((R)-24)'%3

In an oven-dried flask under argon, (4R)-4-(3',5'-difluorophenyl)pyrrolidin-2-one
((R)-104) (0.120 g, 0.608 mmol), 4-(chloromethyl)-3-methylpyridine hydrochloride
(0.141 g, 0.791 mmol) and potassium iodide (0.101 g, 0.608 mmol) were dissolved
in anhydrous tetrahydrofuran (3 mL) and cooled to 0 °C. Sodium hydride (0.0980 g,
2.43 mmol, 60% dispersion in mineral oil) was added and the solution was warmed
to room temperature and then to 60 °C. The reaction mixture was stirred at 60 °C
for 19 h. After cooling to 0 °C, the reaction was quenched with water (20 mL) and
concentrated in vacuo. The resultant residue was dissolved in ethyl acetate (20 mL)
and washed with water (20 mL). The aqueous layer was extracted with ethyl acetate
(2 x 20 mL). The combined organic layers were dried (MgSQ,), filtered and
concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 10% methanol in diethyl ether to give (4R)-4-(3',5"-
difluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-one  ((R)-24) as a
white solid (0.0830 g, 45%). Mp 106-108 °C; [a]p'® +21.9 (c 0.1, CHCIs).
Spectroscopic data were consistent with previously published data.'®® &4 (400 MHz,
CDCl3) 2.31 (3H, s, CH3), 2.60 (1H, dd, J 17.0, 8.2 Hz, 3-HH), 2.91 (1H, dd, J 17.0,
8.6 Hz, 3-HH), 3.24 (1H, dd, J 8.0, 5.6 Hz, 5-HH), 3.53-3.66 (2H, m, 4-H and 5-HH),
442 (1H, d, J 15.6 Hz, 7"-HH), 4.62 (1H, d, J 15.6 Hz, 7"-HH), 6.66—6.76 (3H, m,
2'-H, 4'-H and 6'-H), 7.04 (1H, d, J 5.2 Hz, 5"-H), 8.39-8.45 (2H, m, 2"-H and 6"-H);
Oc (101 MHz, CDCl3) 16.1 (CHs), 37.1 (t, *Jcr 2.1 Hz, CH), 38.2 (CH2), 43.7 (CH2),
53.5 (CH2), 102.9 (t, 2Jcr 25.4 Hz, CH), 109.8 (dd, 2Jcr 18.6 Hz, 4Jcr 7.0 Hz, 2 x
CH), 122.5 (CH), 131.7 (C), 142.8 (C), 145.8 (t, *Jcr 8.8 Hz, C), 148.1 (CH), 151.5
(CH), 163.4 (dd, "Jcr 250.4 Hz, 3Jcr 12.8 Hz, 2 x C), 173.2 (C); m/z (ESI) 303 (MH".
100%). The enantiomeric ratio was determined by HPLC analysis with a
CHIRALCEL® AD-H column (90:10, hexane:PrOH, flow rate of 1.5 mL/min): tmajor =
27.60 min, tminor= 22.20 min; 82:18 er.
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(E)-Methyl 3-(3'-bromo-5'-fluorophenyl)prop-2-enoate (108)

COzMe
3.2 2

6’ 2'

F Br
o

3-Bromo-5-fluorobenzaldehyde (79) (6.80 g, 33.5 mmol) and methyl
(triphenylphosphoranylidene)acetate (12.3 g, 36.9 mmol) were dissolved in
anhydrous tetrahydrofuran (335 mL), under argon. The reaction mixture was stirred
at room temperature for 18 h and then concentrated in vacuo. The crude material
was purified by flash column chromatography eluting with 5% diethyl ether in
petroleum ether (40-60) to give (E)-methyl 3-(3'-bromo-5'-fluorophenyl)prop-2-
enoate (108) as a white solid (7.79 g, 90%). Mp 98-100 °C; vmax/cm™" (neat) 3075
(CH), 2951 (CH), 1709 (C=0), 1639 (C=C), 1570, 1261, 1234, 1177, 999, 841; 6n
(500 MHz, CDCls) 3.82 (3H, s, CH3), 6.42 (1H, d, J 16.0 Hz, 2-H), 7.15 (1H, dt, J
9.0, 2.0 Hz, 4'-H), 7.26 (1H, dt J 7.8, 2.0 Hz, 6'-H), 7.44 (1H, t, J 2.0 Hz, 2'-H), 7.56
(1H, d, J 16.0 Hz, 3-H); &c (126 MHz, CDCIs) 52.1 (CHs), 113.5 (d, 2Jcr 22.2 Hz,
CH), 120.7 (d, 2Jcr 24.7 Hz, CH), 120.8 (CH), 123.3 (d, 3Jcr 10.0 Hz, C), 127.1 (d,
4Jcr 3.2 Hz, CH), 138.0 (d, 3Jcr 8.4 Hz, C), 142.0 (d, *Jcr 2.7 Hz, CH), 162.9 (d, 'Jcr
251.6 Hz, C), 166.7 (C); m/z (El) 257.9690 (M*. C10Hs"®BrFO2 requires 257.9692),
227 (100%), 120 (100), 94 (17), 86 (31), 84 (49).

Methyl (%)-3-(3'-bromo-5'-fluorophenyl)-4-nitrobutanoate (98)

NO, CO,Me

4 2

6’ 2'

F Br
2

To a stirred solution of (E)-methyl 3-(3'-bromo-5'-fluorophenyl)prop-2-enoate (108)
(0.383 g, 1.48 mmol) in anhydrous acetonitrile (7 mL), under argon, was added
nitromethane (0.400 mL, 7.40 mmol). The reaction mixture was cooled to 0 °C and
1,8-diazabicyclo[5.4.0]lundec-7-ene (0.230 mL, 1.54 mmol) was added dropwise

over 1 h and stirred for a further 2 h. The crude mixture was concentrated in vacuo
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and the resulting residue was partitioned between ethyl acetate (15 mL) and water
(15 mL). The aqueous layer was extracted with ethyl acetate (2 x 15 mL). The
combined organic layers were dried (MgSOs), filtered and concentrated in vacuo.
The crude material was purified by flash column chromatography eluting with 60%
dichloromethane in hexane to give methyl (£)-3-(3-bromo-5-fluorophenyl)-4-
nitrobutanoate (98) as a colourless oil, which solidified upon standing (0.305 g,
64%). Spectroscopic data as for ((R)-98). The enantiomeric ratio was determined
by HPLC analysis with a CHIRALCEL® AD-H column (98:2, hexane:'PrOH, flow rate
of 1.0 mL/min): treakr = 20.30 min, tpeake = 22.50 min; 50:50 er.

(+)-4-(3'-Bromo-5'-fluorophenyl)pyrrolidin-2-one (83)'%?

The reaction was carried out according to the previously described procedure for
(4R)-4-(3'-bromo-5'-fluorophenyl)pyrrolidin-2-one ((R)-83) using methyl (£)-3-(3"-
bromo-5'-fluorophenyl)-4-nitrobutanoate (98) (1.02 g, 3.19 mmol), methanol (16
mL), nickel(ll) chloride hexahydrate (0.0758 g, 0.319 mmol) and sodium borohydride
(0.605 g, 16.0 mmol). The crude material was purified by flash column
chromatography eluting with 4% methanol in dichloromethane to give (+)-4-(3'-
bromo-5'-fluorophenyl)pyrrolidin-2-one (83) and (z)-4-(3'-fluorophenyl)pyrrolidin-2-
one (109) in a ratio of 1 : 0.10 as a colourless oil, which solidified upon standing
(0.428 g, 52%). Spectroscopic data as for ((R)-83). The enantiomeric ratio was
determined by HPLC analysis with a CHIRALCEL® AD-H column (97:3,
hexane:PrOH, flow rate of 1.0 mL/min): treakr = 27.62 min, tpeakz = 36.91 min; 50:50

er.
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(¥)-4-(3'-Bromo-5'-fluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-
2-one (84)'%3

The reaction was carried out according to the previously described procedure for
(4R)-4-(3',5-difluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-one ((R)-
24) using (x)-4-(3'-bromo-5'-fluorophenyl)pyrrolidin-2-one (83) (0.350 g, 1.36 mmol),
4-(chloromethyl)-3-methylpyridine hydrochloride (0.315 g, 1.77 mmol), potassium
iodide (0.226 g, 1.36 mmol), anhydrous tetrahydrofuran (7 mL) and sodium hydride
(0.218 g, 5.44 mmol, 60% dispersion in mineral oil). The crude material was purified
by flash column chromatography eluting with a 5-10% gradient of methanol in
diethyl ether to give (£)-4-(3'-bromo-5'-fluorophenyl)-1-[(3"-methylpyridin-4"-
yl)methyl]pyrrolidin-2-one (84) as a colourless oil, which solidified upon standing
(0.220 g, 45%). Spectroscopic data as for ((R)-84). The enantiomeric ratio was
determined by HPLC analysis with a CHIRALCEL® AD-H column (92:8,
hexane:'PrOH, flow rate of 1.5 mL/min): treaks = 30.95 min, tpeake = 39.23 min; 49:51

er.

(*)-4-[3’-Fluoro-5'-(trimethylstannyl)phenyl]-1-[(3"-methylpyridin-4"-
yl)methyl]pyrrolidin-2-one (85)'53

The reaction was carried out according to the previously described procedure for

(4R)-4-[3'-fluoro-5'-(trimethylstannyl)phenyl]-1-[(3"-methylpyridin-4"-

yl)methyl]pyrrolidin-2-one ((R)-85) using lithium chloride (0.348 g, 8.20 mmol), (*)-
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4-(3'-bromo-5'-fluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-one (84)
(0.596 g, 1.64 mmol), anhydrous toluene (16 mL),
tetrakis(triphenylphosphine)palladium(0) (0.379 g, 0.328 mmol) and
hexamethylditin (0.700 mL, 3.39 mmol). The crude material was purified by flash
column chromatography eluting with 5% methanol in diethyl ether to give (+)-4-[3'-
fluoro-5'-(trimethylstannyl)phenyl]-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-one
(85) as a white solid (0.524 g, 71%). Spectroscopic data as for ((R)-85).

(E)-Methyl 3-(3',5'-difluorophenyl)prop-2-enoate (105)

CO,Me
3~ 2
6’ 2
F F

The reaction was carried out according to the previously described procedure for
(E)-methyl  3-(3'-bromo-5'-fluorophenyl)prop-2-enoate  (108) using  3,5-
difluorobenzaldehyde (99) (1.42 g, 10.0 mmol), methyl
(triphenylphosphoranylidene)acetate (3.68 g, 11.0 mmol) and anhydrous
tetrahydrofuran (200 mL). The reaction mixture was stirred at room temperature for
16 h. The crude material was purified by flash column chromatography eluting with
5% diethyl ether in petroleum ether (40-60) to give (E)-methyl 3-(3',5-
difluorophenyl)prop-2-enoate (105) as a white solid (1.73 g, 87%). Mp 93-95 °C;
vmax/cm™' (neat) 3090 (CH), 2959 (CH), 1724 (C=0), 1639 (C=C), 1620, 1589, 1431,
1281, 1172, 1119, 980, 845; 61 (500 MHz, CDCIz) 3.82 (3H, s, CH3), 6.42 (1H, d, J
16.0 Hz, 2-H), 6.83 (1H, tt, J 8.5, 2.3 Hz, 4'-H), 6.99-7.06 (2H, m, 2"-H and 6'-H),
7.58 (1H, d, J 16.0 Hz, 3-H); oc (126 MHz, CDCI3) 52.1 (CH3), 105.6 (t, 2Jcr 25.5
Hz, CH), 110.8 (dd, 2Jcr 19.8 Hz, “Jcr 6.2 Hz, 2 x CH), 120.7 (CH), 137.8 (t, 3Jcr 9.6
Hz, C), 142.4 (t, *Jcr 3.0 Hz, CH), 163.4 (dd, "Jcr 249.3 Hz, 3Jcr 12.7 Hz, 2 x C),
166.8 (C); m/z (El) 198.0501 (M*. C10HsF202 requires 198.0492), 167 (100%), 139
(38), 119 (31), 78 (18), 63 (25).
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Methyl (%)-3-(3',5'-difluorophenyl)-4-nitrobutanoate (103)*3

N02 COQMG

To a stirred solution of (E)-methyl 3-(3',5'-difluorophenyl)prop-2-enoate (105) (1.71
g, 8.65 mmol) in anhydrous acetonitrile (40 mL) under argon, was added
nitromethane (2.35 mL, 43.3 mmol). The reaction mixture was cooled to 0 °C and
1,8-diazabicyclo[5.4.0]lundec-7-ene (1.29 mL, 8.65 mmol) was added dropwise over
0.5 h. The reaction mixture was left stirring in an ice bath at 0 °C and allowed to
slowly reach room temperature over 16 h. The reaction mixture was concentrated
in vacuo and the resulting residue was partitioned between ethyl acetate (20 mL)
and water (20 mL). The aqueous layer was extracted with ethyl acetate (2 x 20 mL).
The combined organic layers were dried (MgSOQOs), filtered and concentrated in
vacuo. The crude material was purified by flash column chromatography eluting with
60% dichloromethane in hexane to give methyl (%)-3-(3',5-difluorophenyl)-4-
nitrobutanoate (103) as a colourless oil, which solidified upon standing (1.05 g,
47%). Spectroscopic data as for ((R)-103). The enantiomeric ratio was determined
by HPLC analysis with a CHIRALCEL® AD-H column (95:5, hexane:'PrOH, flow rate
of 1.0 mL/min): tpeakr = 12.42 min, tpeak2 = 14.98 min; 50:50 er.

(+)-4-(3",5"-Difluorophenyl)pyrrolidin-2-one (104)53

The reaction was carried out according to the previously described procedure for
(4R)-4-(3'-bromo-5"-fluorophenyl)pyrrolidin-2-one ((R)-83) using methyl (+)-3-(3',5"-
difluorophenyl)-4-nitrobutanoate (103) (0.078 g, 0.30 mmol), methanol (1.5 mL),
nickel(ll) chloride hexahydrate (0.0071 g, 0.030 mmol) and sodium borohydride

(0.057 g, 1.5 mmol). The reaction mixture was stirred at room temperature for 0.75
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h and then diluted with dichloromethane (14 mL). The resulting solution was filtered
through a short pad of silica with 10% methanol in dichloromethane (100 mL) and
concentrated in vacuo at 45 °C. The crude residue was dissolved in chloroform (30
mL) and washed with water (20 mL). The aqueous layer was extracted with
chloroform (2 x 20 mL). The combined organic layers were dried (MgSOs), filtered
and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 4% methanol in dichloromethane to give (+)-4-(3',5"-
difluorophenyl)pyrrolidin-2-one (104) as a white solid (0.037 g, 63%). Spectroscopic
data as for ((R)-104). The enantiomeric ratio was determined by HPLC analysis with
a CHIRALCEL® AD-H column (95:5, hexane:’PrOH, flow rate of 1.0 mL/min): tpeax
= 18.62 min, tpeak2= 25.85 min; 50:50 er.

(¥)-4-(3",5'-Difluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-one
(24)153

The reaction was carried out according to the previously described procedure for
(4R)-4-(3',5-difluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-one ((R)-
24) using (x)-4-(3',5"-difluorophenyl)pyrrolidin-2-one (104) (0.100 g, 0.507 mmol), 4-
(chloromethyl)-3-methylpyridine hydrochloride (0.117 g, 0.659 mmol), potassium
iodide (0.0842 g, 0.507 mmol), anhydrous tetrahydrofuran (3 mL) and sodium
hydride (0.0812 g, 2.03 mmol, 60% dispersion in mineral oil). The reaction mixture
was stirred at 60 °C for 18 h. After cooling to room temperature, the reaction was
quenched with water (30 mL) and the mixture was extracted with ethyl acetate (3 x
30 mL). The combined organic layers were dried (MgSOa), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 0-3% gradient of methanol in dichloromethane to give (%)-4-(3',5-
difluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-one (24) as a white
solid (0.0980 g, 64%). Spectroscopic data as for ((R)-24). The enantiomeric ratio
was determined by HPLC analysis with a CHIRALCEL® AD-H column (90:10,
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hexane:PrOH, flow rate of 1.5 mL/min): tmajor = 27.66 Min, tminor = 22.09 min; 51:49

er.

3.5 Transition Metal-Catalysed Reactions of Aryl Nonaflates

Experimental

2-Naphthyl nonafluorobutanesulfonate (139)*3*

8 1

7 OSOQC4F9
L

5 4

In an oven-dried flask under argon, 2-naphthol (1.00 g, 6.94 mmol) was dissolved
in anhydrous dichloromethane (15 mL) and cooled to 0 °C. Triethylamine (2.42 mL,
17.4 mmol) was then added followed by perfluoro-1-butanesulfonyl fluoride (1.87
mL, 10.4 mmol). The reaction mixture was warmed to room temperature and stirred
for 1 h. The crude mixture was then diluted with dichloromethane (50 mL) and
washed with water (3 x 50 mL). The organic layer was dried (MgSOQa), filtered and
concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 5% ethyl acetate in petroleum ether (40-60) to give 2-
naphthyl nonafluorobutanesulfonate (139) as a colourless oil (1.97 g, 67%).
Spectroscopic data were consistent with the literature.*3* 64 (400 MHz, CDCl3) 7.39
(1H, dd, J 9.0, 2.5 Hz, 3-H), 7.54-7.63 (2H, m, 2 x ArH), 7.77 (1H, d, J 2.5 Hz, 1-
H), 7.84-7.92 (2H, m, 2 x ArH), 7.93 (1H, d, J 9.0 Hz, 4-H); éc (101 MHz, CDCI3)
119.4 (CH), 119.7 (CH), 127.3 (CH), 127.7 (CH), 128.1 (CH), 128.2 (CH), 130.7
(CH), 132.5 (C), 133.5 (C), 147.5 (C); m/z (ESI) 425 (M-H)". 100%).
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4-Cyanophenyl nonafluorobutanesulfonate (140)2%

6

]@/OSOZC4F9
NC 2

3

The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-cyanophenol (0.200 g, 1.68
mmol), anhydrous dichloromethane (5 mL), triethylamine (0.590 mL, 4.23 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.460 mL, 2.56 mmol). The reaction mixture
was stirred at room temperature for 2 h. The crude material was purified by flash
column chromatography eluting with 20% ethyl acetate in petroleum ether (40—60)
to give 4-cyanophenyl nonafluorobutanesulfonate (140) as a white solid (0.609 g,
90%). Mp 109-110 °C (lit.?°® 111-112 °C); dn (500 MHz, CDCl3) 7.44 (2H, d, J 9.0
Hz, 2-H and 6-H), 7.79 (2H, d, J 9.0 Hz, 3-H and 5-H); ¢ (101 MHz, CDCl3) 113.0
(C), 117.2 (C), 122.8 (2 x CH), 134.6 (2 x CH), 152.4 (C); m/z (El) 401 (M*. 38%),
337 (33), 219 (12), 118 (47), 102 (100), 90 (71), 77 (41), 69 (99).

Methyl 4-nonafluorobutanesulfonyloxybenzoate (141)%%°

3

2/©/080204F9
Me0,C™ ™ 5

The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using methyl 4-hydroxybenzoate (0.200
g, 1.32 mmol), anhydrous dichloromethane (5 mL), triethylamine (0.460 mL, 3.30
mmol) and perfluoro-1-butanesulfonyl fluoride (0.360 mL, 2.00 mmol). The reaction
mixture was stirred at room temperature for 16 h. The crude material was purified
by flash column chromatography eluting with 15% ethyl acetate in petroleum ether
(40-60) to give methyl 4-nonafluorobutanesulfonyloxybenzoate (141) as a
colourless oil (0.526 g, 92%). Spectroscopic data were consistent with the
literature.?%® &4 (400 MHz, CDCl3) 3.94 (3H, s, OCH3), 7.36 (2H, d, J 8.9 Hz, 3-H and
5-H), 8.14 (2H, d, J 8.9 Hz, 2-H and 6-H); éc (101 MHz, CDCls) 52.7 (CH3), 121.6
(2 x CH), 130.5 (C), 132.0 (2 x CH), 152.9 (C), 165.6 (C); m/z (El) 434 (M*. 70%),
403 (40), 339 (100), 151 (38), 123 (42).
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4-Nitrophenyl nonafluorobutanesulfonate (142)>%°

6

5/©/0802C4Fg
O,N 2

2 3

The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-nitrophenol (0.200 g, 1.44 mmol),
anhydrous dichloromethane (5 mL), triethylamine (0.500 mL, 3.59 mmol) and
perfluoro-1-butanesulfonyl fluoride (0.390 mL, 2.17 mmol). The reaction mixture
was stirred at room temperature for 3 h. The crude material was purified by flash
column chromatography eluting with 10% ethyl acetate in hexane to give 4-
nitrophenyl nonafluorobutanesulfonate (142) as a white solid (0.521 g, 86%). Mp
67-68 °C (lit.2*® 68—70 °C); 6n (400 MHz, CDCls) 7.49 (2H, d, J 9.2 Hz, 2-H and 6-
H), 8.36 (2H, d, J 9.2 Hz, 3-H and 5-H); éc (101 MHz, CDCl3) 122.6 (2 x CH), 126.1
(2 x CH), 147.3 (C), 153.5 (C); m/z (El) 421 (M*. 30%), 327 (29), 219 (12), 131 (40),
77 (99), 69 (100).

4-Formylphenyl nonafluorobutanesulfonate (143)%%°

6
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-hydroxybenzaldehyde (0.100 g,
0.819 mmol), anhydrous dichloromethane (3 mL), triethylamine (0.290 mL, 2.08
mmol) and perfluoro-1-butanesulfonyl fluoride (0.220 mL, 1.22 mmol). The reaction
mixture was stirred at room temperature for 1.5 h. The crude material was purified
by flash column chromatography eluting with 30% ethyl acetate in petroleum ether
(40-60) to give 4-formylphenyl nonafluorobutanesulfonate (143) as a viscous oil
(0.280 g, 85%). Spectroscopic data were consistent with the literature.?®® 64 (500
MHz, CDCIz) 7.48 (2H, d, J 8.7 Hz, 2-H and 6-H), 8.01 (2H, d, J 8.7 Hz, 3-H and 5-
H), 10.05 (1H, s, CHO); 6c (101 MHz, CDCl3) 122.4 (2 x CH), 131.9 (2 x CH), 136.0
(C), 153.6 (C), 190.2 (CH); m/z (El) 404 (M*. 40%), 339 (100), 219 (8), 121 (15), 93
(25), 65 (43).
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4-Acetylphenyl nonafluorobutanesulfonate (144)%%

6
5 OSOQC4F9
0 2
3

The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-hydroxyacetophenone (0.272 g,
2.00 mmol), anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02
mmol) and perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction
mixture was stirred at room temperature for 2 h. The crude material was purified by
flash column chromatography eluting with 50% diethyl ether in hexane to give 4-
acetylphenyl nonafluorobutanesulfonate (144) as a white solid (0.786 g, 94%). Mp
38-40 °C (lit.?°°> 38—40 °C); o1 (500 MHz, CDCIs) 2.63 (3H, s, CH3), 7.39 (2H, d, J
8.9 Hz, 2-H and 6-H), 8.06 (2H, d, J 8.9 Hz, 3-H and 5-H); éc (126 MHz, CDCIs)
26.8 (CHs), 121.8 (2 x CH), 130.7 (2 x CH), 137.0 (C), 152.9 (C), 196.3 (C); m/z (El)
418 (M*. 30%), 403 (100), 339 (38), 219 (8), 131 (11), 120 (37), 107 (38).

3-Chlorophenyl nonafluorobutanesulfonate (145)43°
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 3-chlorophenol (0.257 g, 2.00
mmol), anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction mixture
was stirred at room temperature for 2 h. The crude material was purified by flash
column chromatography eluting with 100% hexane to give 3-chlorophenyl
nonafluorobutanesulfonate (145) as a colourless oil (0.672 g, 82%). Spectroscopic
data were consistent with the literature.*3® &y (400 MHz, CDCl3) 7.18-7.24 (1H, m,
ArH), 7.30-7.33 (1H, m, ArH), 7.37-7.43 (2H, m, 2 x ArH); 6c (101 MHz, CDCls)
119.9 (CH), 122.2 (CH), 129.0 (CH), 131.1 (CH), 135.8 (C), 149.9 (C); m/z (El) 410
(M*. 33%), 348 (9), 346 (27), 127 (28), 111 (44), 99 (34), 84 (100).
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3-Methoxyphenyl nonafluorobutanesulfonate (146)%°

6
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 3-methoxyphenol (0.219 mL, 2.00
mmol), anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction mixture
was stirred at room temperature for 2 h. The crude material was purified by flash
column chromatography eluting with 20% diethyl ether in hexane to give 3-
methoxyphenyl nonafluorobutanesulfonate (146) as a colourless oil (0.747 g, 92%).
Spectroscopic data were consistent with the literature.?8® 64 (400 MHz, CDCl3) 3.83
(3H, s, OCHg), 6.82 (1H, t, J 2.4 Hz, 2-H), 6.89 (1H, ddd, J 8.4, 2.4, 0.8 Hz, 4-H),
6.93 (1H, ddd, J 8.4, 2.4, 0.8 Hz, 6-H), 7.34 (1H, t, J 8.4 Hz, 5-H); 6c (101 MHz,
CDCI3) 55.8 (CH3), 107.7 (CH), 113.4 (CH), 114.2 (CH), 130.7 (CH), 150.6 (C),
161.0 (C); m/z (ESI) 429 (MNa*. 100%).

4-Methoxyphenyl nonafluorobutanesulfonate (147)2%

6
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-methoxyphenol (0.372 g, 3.00
mmol), anhydrous dichloromethane (10 mL), triethylamine (1.05 mL, 7.50 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.810 mL, 4.50 mmol). The reaction mixture
was stirred at room temperature for 2 h. The crude material was purified by flash
column chromatography eluting with 10% diethyl ether in petroleum ether (40—60)
to give 4-methoxyphenyl nonafluorobutanesulfonate (147) as a colourless oil (1.13
g, 93%). Spectroscopic data were consistent with the literature.?®> 64 (500 MHz,
CDCl3) 3.82 (3H, s, CH3), 6.92 (2H, d, J 9.2 Hz, 3-H and 5-H), 7.21 (2H, d, J 9.2 Hz,
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2-H and 6-H); &c (126 MHz, CDCls) 55.8 (CHs), 115.2 (2 x CH), 122.5 (2 x CH),
143.4 (C), 159.2 (C); m/z (EI) 406 (M*. 12%), 219 (5), 123 (100), 95 (14), 69 (11).

(1,1'-Biphenyl)-4-yl nonafluorobutanesulfonate (155)*3¢

The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-phenylphenol (0.340 g, 2.00
mmol), anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction mixture
was stirred at room temperature for 2 h. The crude material was purified by flash
column chromatography eluting with 10% diethyl ether in hexane to give (1,1"-
biphenyl)-4-yl nonafluorobutanesulfonate (155) as a white solid (0.838 g, 93%). Mp
4547 °C (Iit.**% 45.5-46.7 °C); o1 (400 MHz, CDCls3) 7.36 (2H, d, J 8.8 Hz, 3-H and
5-H), 7.38-7.42 (1H, m, 4'-H), 7.44-7.49 (2H, m, 3'-H and 5'-H), 7.54-7.58 (2H, m,
2'-H and 6'-H), 7.65 (2H, d, J 8.8 Hz, 2-H and 6-H); ¢ (101 MHz, CDCl3) 121.8 (2 x
CH), 127.3 (2 x CH), 128.2 (CH), 129.0 (2 x CH), 129.1 (2 x CH), 139.5 (C), 141.8
(C), 149.3 (C); m/z (ESI) 475 (MNa*. 100%).

4-(Trifluoromethyl)phenyl nonafluorobutanesulfonate (156)%%°

6
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-hydroxybenzotrifluoride (0.200 g,
1.23 mmol), anhydrous dichloromethane (5 mL), triethylamine (0.430 mL, 3.09
mmol) and perfluoro-1-butanesulfonyl fluoride (0.330 mL, 1.84 mmol). The reaction
mixture was stirred at room temperature for 16 h. The crude material was purified
by flash column chromatography eluting with 20% ethyl acetate in petroleum ether
(40-60) to give 4-(trifluoromethyl)phenyl nonafluorobutanesulfonate (156) as a
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colourless oil (0.454 g, 83%). Spectroscopic data were consistent with the
literature.?® &y (400 MHz, CDCIs) 7.43 (2H, d, J 8.8 Hz, 2-H and 6-H), 7.75 (2H, d,
J 8.8 Hz, 3-H and 5-H); &¢c (101 MHz, CDCls) 122.2 (2 x CH), 123.4 (q, "Jcr 273.4
Hz, CF3), 127.9 (q, 3Jcr 3.6 Hz, 2 x CH), 131.0 (q, 2Jcr 33.4 Hz, C), 152.0 (C); m/z
(El) 444 (M*. 44%), 145 (100), 133 (36), 78 (32), 69 (41).

2-Fluorophenyl nonafluorobutanesulfonate (157)

6
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 2-fluorophenol (0.178 mL, 2.00
mmol), anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction mixture
was stirred at room temperature for 3 h. The crude material was purified by flash
column chromatography eluting with 10% diethyl ether in hexane to give 2-
fluorophenyl nonafluorobutanesulfonate (157) as a colourless oil (0.661 g, 84%).
vmax/cm™' (neat) 1612 (C=C), 1501 (C=C), 1431, 1227, 1200, 1142, 1096, 895, 760;
oH (400 MHz, CDCl3) 7.19-7.24 (1H, m, 6-H), 7.27 (1H, ddd, J 9.8, 8.4, 1.4 Hz, 3-
H), 7.33-7.41 (2H, m, 4-H and 5-H); ¢ (101 MHz, CDClI3) 117.8 (d, 2Jcr 18.2 Hz,
CH), 123.6 (CH), 125.2 (d, 3Jcr 4.1 Hz, CH), 129.8 (d, 3Jcr 7.1 Hz, CH), 137.3 (d,
2Jcr 13.4 Hz, C), 153.9 (d, "Jcr 254.6 Hz, C); m/z (ESI) 416.9614 (MNa*.
C10HaF10NaO3S requires 416.9614).
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4-{3"-[4""'-(4""-hydroxybenzoyl)piperazine-1"'-carbonyl]-4"-fluorobenzyl}-2H-
phthalazin-1-one (160) and 4-{3"-[4"'-(4""-{4"""'-hydroxybenzoyloxy}benzoyl)
piperazine-1"'-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (161)

To a stirred solution of 4-hydroxybenzoic acid (233) (0.345 g, 2.50 mmol) and O-
benzotriazole-N,N,N',N'-tetramethyluroniumhexafluorophosphate (1.04 g, 2.75
mmol) in anhydrous acetonitrile (13 mL), under argon, was added triethylamine
(0.520 mL, 3.75 mmol). The reaction mixture was stirred at room temperature for
0.5 h. 4-[4"-Fluoro-3"-(piperazine-1"-carbonyl)benzyl]-2H-phthalazin-1-one (35)
(0.916 g, 2.50 mmol) was added and the reaction mixture was then stirred under
reflux for 18 h. The reaction mixture was cooled to room temperature and
concentrated in vacuo. The resultant residue was dissolved in 20% isopropanol in
chloroform (100 mL) and washed with water (100 mL). The organic and aqueous
layers were then separated, and the aqueous layer was extracted with 20%
isopropanol in chloroform (100 mL). The combined organic layers were dried
(MgSO0s.), filtered and concentrated in vacuo. The crude material was purified by
flash column chromatography eluting with 5% methanol in dichloromethane to give
4-{3"-[4"-(4""-hydroxybenzoyl)piperazine-1"'-carbonyl]-4"-fluorobenzyl}-2H-
phthalazin-1-one (160) as an off-white solid (0.403 g, 33%) and 4-{3"-[4"'-(4""-{4""'-
hydroxybenzoyloxy} benzoyl)piperazine-1"'-carbonyl]-4"-fluorobenzyl}-2H-
phthalazin-1-one (161) as a white solid (0.241 g, 16%).

Data for 160: Mp 165-167 °C; vmax/cm™ (neat) 3379 (OH), 3163 (NH), 3009 (CH),
2906 (CH), 1647 (C=0), 1606 (C=0), 1429, 1232, 1168, 1004, 842, 790, 748; &1
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(500 MHz, DMSO-de) 3.22 (2H, br s, 2 x NCH), 3.37-3.80 (6H, m, 6 x NCH), 4.33
(2H, s, 1-H2), 6.80 (2H, d, J 8.2 Hz, 3""-H and 5""-H), 7.23 (1H, t, J 9.0 Hz, 5"-H),
7.28 (2H, d, J 8.2 Hz, 2""-H and 6""-H), 7.36 (1H, dd, J 6.5, 2.5 Hz, 2"-H), 7.44 (1H,
ddd, J9.0, 5.0, 2.5 Hz, 6"-H), 7.81 (1H, dd, J 8.0, 7.0 Hz, 7-H), 7.87 (1H, dd, J 8.0,
7.0 Hz, 6-H), 7.95 (1H, d, J 8.0 Hz, 5-H), 8.26 (1H, d, J 8.0 Hz, 8-H), 9.90 (1H, br s,
OH), 12.60 (1H, s, NH); 6c (126 MHz, DMSO-de) 36.4 (CH), 41.3-41.6 (m, 2 x
CHz), 46.4-46.6 (m, 2 x CH2), 114.9 (2 x CH), 116.0 (d, 2Jcr 21.5 Hz, CH), 123.5
(d, ?2Jcr 18.4 Hz, C), 125.5 (CH), 125.6 (C), 126.1 (CH), 127.9 (C), 128.9 (d, 3Jcr 3.5
Hz, CH), 129.1 (C), 129.4 (2 x CH), 131.5 (CH), 131.8 (d, 3Jcr 8.1 Hz, CH), 133.5
(CH), 134.8 (d, *Jcr 3.2 Hz, C), 144.8 (C), 156.4 (d, "Jcr 245.1 Hz, C), 158.9 (C),
159.4 (C), 164.0 (C), 169.5 (C); m/z (ESI) 509.1600 (MNa*. C27H23FN4NaO4
requires 509.1596).

Data for 161: Mp 258-260 °C; vmad/cm™ (neat) 3186(NH/OH), 2835 (CH), 1720
(C=0), 1646 (C=0), 1623(C=0), 1607 (C=0), 1434, 1263, 1231, 1196, 1157, 1061,
1000, 844, 762; 54 (500 MHz, DMSO-ds) 3.06-3.88 (8H, m, 8 x NCH), 4.33 (2H, s,
1-Hz), 6.93 (2H, d, J 8.7 Hz, 3""-H and 5""-H), 7.24 (1H, t, J 8.5 Hz, 5"-H), 7.33
(2H, d, J 8.0 Hz, 3""-H and 5""-H), 7.35-7.40 (1H, m, 2"-H), 7.41-7.47 (1H, m, 6"-
H), 7.51 (2H, d, J 8.0 Hz, 2""-H and 6""-H), 7.72-7.97 (3H, m, 5-H, 6-H and 7-H),
7.99 (2H, d, J 8.7 Hz, 2""-H and 6""-H), 8.25 (1H, d, J 8.0 Hz, 8-H), 10.58 (1H, br
s, OH), 12.60 (1H, s, NH): &c (126 MHz, DMSO-ds) 36.5 (CHz), 41.1-41.6 (m, 2 x
CHy), 46.0-46.5 (m, 2 x CH2), 115.7 (2 x CH), 116.0 (d, 2Jcr 21.4 Hz, CH), 119.0
(C), 122.1 (2 x CH), 123.5 (d, 2Jcr 18.3 Hz, C), 125.5 (CH), 126.1 (CH), 127.9 (C),
128.6 (2 x CH), 128.9 (d, 3Jcr 2.6 Hz, CH), 129.1 (C), 131.6 (CH), 131.8 (d, 3Jcr 8.9
Hz, CH), 132.3 (2 x CH), 132.9 (C), 133.5 (CH), 134.8 (d, “Jcr 2.3 Hz, C), 144.8 (C),
151.6 (C), 156.4 (d, 'Jcr 245.4 Hz, C), 159.4 (C), 162.9 (C), 164.1 (C), 164.2 (C),
168.6 (C); m/z (ESI) 629.1790 (MNa*. CasH27FN4NaOs requires 629.1807).

259



4-{3"-[4""'-(4""-Nonafluorobutanesulfonyloxybenzoyl)piperazine-1'"'-

carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (158)

The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-{3"-[4"-(4""-hydroxybenzoyl)
piperazine-1"-carbonyl]-4"-fluorobenzyl}-2H-phthalazin-1-one (160) (0.341 g, 0.700
mmol), anhydrous dichloromethane (4 mL), triethylamine (0.250 mL, 1.79 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.190 mL, 1.06 mmol). The reaction mixture
was stirred at room temperature for 4 h. The crude material was purified by flash
column chromatography eluting with 5% methanol in dichloromethane to give 4-{3"-
[4"-(4""-nonafluorobutanesulfonyloxybenzoyl)piperazine-1"'-carbonyl]-4"-
fluorobenzyl}-2H-phthalazin-1-one (158) as an off-white solid (0.490 g, 91%). Mp
116—118 °C; vmax/cm™~" (neat) 3200 (NH), 2894 (CH), 1634 (C=0), 1424, 1227, 1200,
1138, 1005, 888, 766; 6n (400 MHz, CDCI3) 3.00—4.07 (8H, m, 8 x NCH), 4.29 (2H,
s, 1-H2), 7.03 (1H, br s, 5"-H), 7.28-7.43 (4H, m, 2"-H, 6"-H, 3""-H and 5""-H), 7.51
(2H, d, J 8.0 Hz, 2""-H and 6""-H), 7.64-7.83 (3H, m, 5-H, 6-H and 7-H), 8.38-8.56
(1H, m, 8-H), 11.50 (1H, br s, NH); ¢ (101 MHz, CDCl3) 37.8 (CH2), 41.5-42.9 (m,
2 x CHy), 46.2—-48.5 (m, 2 x CH2), 116.3 (d, ?Jcr 22.1 Hz, CH), 122.0 (2 x CH), 123.6
(d, 2Jcr 17.9 Hz, C), 125.1 (CH), 127.3 (CH), 128.4 (C), 129.4 (d, 3Jcr 3.6 Hz, CH),
129.5 (2 x CH), 129.6 (C), 131.7 (CH), 132.0 (d, 3Jcr 8.2 Hz, CH), 133.8 (CH), 134.7
(d, “Jcr 3.3 Hz, C), 135.4 (C), 145.6 (C), 150.6 (C), 157.1 (d, 'Jcr 248.1 Hz, C),
160.9 (C), 165.3 (C), 168.8 (C); m/z (ESI) 791.1001 (MNa*. C31H22F10N4NaOeS
requires 791.0993).
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2-lodonaphthalene (130)*%

Method A: A stirrer bar, 3 A molecular sieves and sodium iodide (0.106 g, 0.705
mmol) were added to a microwave tube and dried in an oven at 140 °C overnight.
2-Naphthyl nonafluorobutanesulfonate (139) (0.100 g, 0.235 mmol) was dried under
high vacuum for 1 h, purged with argon and dissolved in anhydrous N,N’-
dimethylformamide (1.0 mL). The oven-dried microwave tube was cooled to room
temperature in vacuo and then purged with argon.
Tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)
trifluoromethanesulfonate (0.00600 g, 0.0118 mmol) was weighed into an oven-
dried vial under argon and added to the microwave tube. The 2-naphthyl
nonafluorobutanesulfonate (139) solution was added to the microwave tube. The
tube was sealed, heated to 100 °C and stirred for 1.5 h. The reaction mixture was
cooled to room temperature and partitioned between ethyl acetate (10 mL) and
water (10 mL). The aqueous layer was extracted with ethyl acetate (3 x 10 mL) and
the combined organic layers were dried (MgSQOas), filtered and concentrated in
vacuo. The crude material was purified through a short pad of silica, eluting with
100% petroleum ether (40-60) to give 2-iodonaphthalene (130) as a white solid
(0.0510 g, 86%). Mp 50-52 °C (lit.*3” 53-55 °C). dn (400 MHz, CDCl3) 7.47-7.52
(2H, m, 2 x ArH), 7.58 (1H, d, J 8.7 Hz, 4-H), 7.70-7.74 (2H, m, 2 x ArH), 7.79-7.82
(1H, m, ArH), 8.25 (1H, br d, J 1.2 Hz, 1-H); éc (101 MHz, CDCls) 91.7 (C), 126.7
(CH), 126.9 (CH), 127.0 (CH), 128.0 (CH), 129.7 (CH), 132.3 (C), 134.6 (CH), 135.2
(C), 136.8 (CH); m/z (El) 254 (M*. 100%), 127 (93), 126 (21), 77 (13).

Method B: The reaction was performed as described in method A above, except
using sodium iodide (0.135 g, 0.900 mmol), 2-naphthyl nonafluorobutanesulfonate
(139) (0.128 g, 0.300 mmol), anhydrous N,N'-dimethylformamide (1.2 mL) and
tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll) hexafluorophosphate
(0.00980 g, 0.0194 mmol). The reaction mixture was heated to 100 °C and stirred
for 3 h. The reaction mixture was cooled to room temperature, diluted with ethyl

acetate (15 mL) and washed with water (3 x 15 mL). The organic layer was dried
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(MgSOQsa), filtered and concentrated in vacuo. The crude material was purified
through a short pad of silica, eluting with 100% hexane to give 2-iodonaphthalene
(130) as a white solid (0.0568 g, 75%). Spectroscopic data were consistent with that

described above.

4-lodobenzonitrile (148)*38

6 |
A

The reaction was carried out according to the previously described method A
procedure for 2-iodonaphthalene (130) using sodium iodide (0.112 g, 0.747 mmol),
tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)
trifluoromethanesulfonate  (0.00640 g, 0.0125 mmol), 4-cyanophenyl
nonafluorobutanesulfonate (140) (0.100 g, 0.249 mmol) and anhydrous N,N’-
dimethylformamide (1.0 mL). The reaction mixture was stirred at 100 °C for 3 h. The
crude material was purified by flash column chromatography, eluting with 5% diethyl
ether in petroleum ether (40-60) to give 4-iodobenzonitrile (148) as a white solid
(0.0365 g, 64%). Mp 122-124 °C (lit.#*® 120-121 °C). 61 (400 MHz, CDCl3) 7.36 (2H,
d, J 8.6 Hz, 3-H and 5-H), 7.84 (2H, d, J 8.6 Hz, 2-H and 6-H); ¢ (101 MHz, CDCl3)
100.4 (C), 111.9 (C), 118.3 (C), 133.3 (2 x CH), 138.6 (2 x CH); m/z (El) 229 (M".
80%), 102 (100), 84 (95), 69 (31), 49 (38).

Methyl 4-iodobenzoate (149)43

5

IO
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The reaction was carried out according to the previously described method A
procedure for 2-iodonaphthalene (130) using sodium iodide (0.104 g, 0.694 mmol),
tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)

trifluoromethanesulfonate  (0.00590 g, 0.0116  mmol), methyl 4-
nonafluorobutanesulfonyloxybenzoate (141) (0.100 g, 0.230 mmol) and anhydrous

N,N'-dimethylformamide (1.0 mL). The reaction mixture was stirred at 110 °C for 3
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h. The crude material was purified by flash column chromatography eluting with 10%
ethyl acetate in petroleum ether (40-60) to give methyl 4-iodobenzoate (149) as a
white solid (0.0247 g, 41%). Mp 114-116 °C (lit.*3” 119-120 °C). 6n (400 MHz,
CDCl3) 3.91 (3H, s, CH3), 7.74 (2H, d, J 8.7 Hz, 3-H and 5-H), 7.80 (2H, d, J 8.7 Hz,
2-H and 6-H); 6c (101 MHz, CDCI3z) 52.4 (CHs), 100.8 (C), 129.7 (C), 131.2 (2 x
CH), 137.8 (2 x CH), 166.7 (C); m/z (El) 262 (M*. 93%), 231 (100), 203 (38), 76
(67).

4-lodonitrobenzene (150)%3°

5 |
ol
Method A: The reaction was carried out according to the previously described
method A procedure for 2-iodonaphthalene (130) using sodium iodide (0.107 g,
0.711 mmol), tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)
trifluoromethanesulfonate  (0.00610 g, 0.0119  mmol), 4-nitrophenyl
nonafluorobutanesulfonate (142) (0.100 g, 0.237 mmol) and anhydrous N,N’-
dimethylformamide (1.0 mL). The reaction mixture was stirred at 100 °C for 3 h. The
crude material was purified through a short pad of silica, eluting with 20% ethyl
acetate in petroleum ether (40-60) to give 4-iodonitrobenzene (150) as a white solid
(0.0505 g, 86%). Mp 170-172 °C (lit.**® 171-173 °C). 61 (400 MHz, CDCl3) 7.91
(2H, d, J 8.0 Hz, 3-H and 5-H), 7.94 (2H, d, J 8.0 Hz, 2-H and 6-H); &c (101 MHz,
CDCl3) 102.8 (C), 125.0 (2 x CH), 138.8 (2 x CH), 148.0 (C); m/z (Cl) 250 (MH".
60%), 209 (12), 193 (15), 124 (30), 113 (22), 85 (78), 69 (100).

Method B: The reaction was carried out according to the previously described
method B procedure for 2-iodonaphthalene (130) using sodium iodide (0.112 g,
0.750 mmol), tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)
hexafluorophosphate (0.0109 g, 0.0216 mmol), 4-nitrophenyl
nonafluorobutanesulfonate (142) (0.105 g, 0.250 mmol) and anhydrous N,N’-
dimethylformamide (1.0 mL). The reaction mixture was stirred at 100 °C for 4 h. The

crude material was purified by preparative layer chromatography, eluting with 2%
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diethyl ether in hexane to give 4-iodonitrobenzene (150) as a white solid (0.0345 g,

56%). Spectroscopic data were consistent with that described above.

4-lodoacetophenone (131)4%°

6 |
O
2

Method A: The reaction was carried out according to the previously described
method A procedure for 2-iodonaphthalene (130) using sodium iodide (0.107 g,
0.717 mmol), tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)
trifluoromethanesulfonate  (0.00610 g, 0.0120 mmol), 4-acetylphenyl
nonafluorobutanesulfonate (144) (0.100 g, 0.239 mmol) and anhydrous N,N’-
dimethylformamide (1.0 mL). The reaction mixture was stirred at 100 °C for 4 h. The
crude material was purified by flash column chromatography eluting with 5% diethyl
ether in petroleum ether (40—60) to give 4-iodoacetophenone (131) as a white solid
(0.03160 g, 54%). Mp 84-85 °C (lit.**° 82-84 °C). &1 (400 MHz, CDCls3) 2.57 (3H, s,
COCH3), 7.66 (2H, d, J 8.6 Hz, 3-H and 5-H), 7.83 (2H, d, J 8.6 Hz, 2-H and 6-H);
oc (101 MHz, CDCIz) 26.6 (CHs), 101.2 (C), 129.9 (2 x CH), 136.5 (C), 138.1 (2 %
CH), 197.5 (C); m/z (ESI) 269 (MNa*. 100%).

Method B: The reaction was carried out according to the previously described
method B procedure for 2-iodonaphthalene (130) using sodium iodide (0.135 g,
0.900 mmol), tris(acetonitrile)pentamethylcyclopentadienylruthenium(ll)
hexafluorophosphate (0.01300 g, 0.0258 mmol), 4-acetylphenyl
nonafluorobutanesulfonate (144) (0.125 g, 0.300 mmol) and anhydrous N,N’-
dimethylformamide (1.2 mL). The reaction mixture was stirred at 100 °C for 7 h. The
crude material was purified by flash column chromatography eluting with 5% diethyl
ether in hexane to give 4-iodoacetophenone (131) as a white solid (0.04800 g, 65%).

Spectroscopic data were consistent with that described above.
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Phenyl nonafluorobutanesulfonate (167)%4°
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using phenol (0.200 g, 2.12 mmol),
anhydrous dichloromethane (7 mL), triethylamine (0.740 mL, 5.31 mmol) and
perfluoro-1-butanesulfonyl fluoride (0.570 mL, 3.17 mmol). The reaction mixture
was stirred at room temperature for 3 h. The crude material was purified by flash
column chromatography eluting with 10% diethyl ether in petroleum ether (40—60)
to give phenyl nonafluorobutanesulfonate (167) as a colourless oil (0.720 g, 90%).
Spectroscopic data were consistent with the literature.4° 5 (400 MHz, CDCls) 7.27—
7.33 (2H, m, 2-H and 6-H), 7.37-7.42 (1H, m, 4-H), 7.43-7.50 (2H, m, 3-H and 5-
H); 6c (101 MHz, CDCI3) 121.5 (2 x CH), 128.5 (CH), 130.4 (2 x CH), 150.0 (C); m/z
(El) 376 (M*. 42%), 312 (13), 219 (4), 143 (10), 93 (73), 84 (35), 77 (94), 69 (35),
65 (100).

Methyl (2E)-3-phenylprop-2-enoate (169)**

A stirrer bar and sodium iodide (0.0225 g, 0.150 mmol) were added to a microwave
tube and dried in an oven at 140 °C overnight. The oven-dried microwave tube was
then cooled to room temperature in vacuo and purged with argon. To the microwave
tube was added palladium(ll) bis(triphenylphosphine) dichloride (0.0105 g, 0.0150
mmol) and a solution of phenyl nonafluorobutanesulfonate (167) (0.0564 g, 0.150
mmol) in anhydrous N,N’-dimethylformamide (0.9 mL), followed by triethylamine
(0.0840 mL, 0.600 mmol). Methyl acrylate (0.0540 mL, 0.600 mmol) was added
dropwise to the microwave tube, which was then sealed, heated to 90 °C and stirred
for 6 h. The reaction mixture was cooled to room temperature, diluted with ethyl

acetate (10 mL) and washed with water (3 x 10 mL). The organic layer was dried
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(MgSO0s.), filtered and concentrated in vacuo. The crude material was purified by
flash column chromatography eluting with 10% diethyl ether in petroleum ether (40—
60) to give methyl (2E)-3-phenylprop-2-enoate (169) as a white solid (0.0102 g,
42%). Mp 35-37 °C (lit.44' 33-35 °C). 1 (500 MHz, CDClIs3) 3.81 (3H, s, CHa), 6.45
(1H, d, J 16.0 Hz, 2-H), 7.35-7.42 (3H, m, 4'-H and 2 x ArH), 7.50-7.56 (2H, m, 2 x
ArH), 7.70 (1H, d, J 16.0 Hz, 3-H); éc (126 MHz, CDCIz) 51.9 (CHzs), 118.0 (CH),
128.2 (2 x CH), 129.0 (2 x CH), 130.4 (CH), 134.5 (C), 145.0 (CH), 167.6 (C); m/z
(ESI) 185 (MNa*. 100%).

Tetraphenylphosphonium nonafluorobutanesulfonate (171)

4
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Method A: A stirrer bar and sodium iodide (0.0225 g, 0.150 mmol) were added to a
microwave tube and dried in an oven at 140 °C overnight. Phenyl
nonafluorobutanesulfonate (167) (0.0564 g, 0.150 mmol) was dried under high
vacuum for 1 h, purged with argon and dissolved in anhydrous N,N'-
dimethylformamide (0.9 mL). The oven-dried microwave tube was cooled to room
temperature in vacuo and then purged with argon. To the tube was added
triphenylphosphine (0.0393 g, 0.150 mmol) and palladium(ll)
bis(triphenylphosphine) dichloride (0.0105 g, 0.0150 mmol), followed by the phenyl
nonafluorobutanesulfonate (167) solution and triethylamine (0.0850 mL, 0.610
mmol). The tube was then sealed, heated to 90 °C and stirred for 6 h. The reaction
mixture was cooled to room temperature, diluted with ethyl acetate (10 mL), and
washed with water (5 x 10 mL). The organic layer was dried (MgSOQa), filtered and
concentrated in vacuo. The crude material was purified by trituration with diethyl
ether to give tetraphenylphosphonium nonafluorobutanesulfonate (171) as an off-
white solid (0.0550 g, 57%). Mp 147-149 °C; vmax/cm™" (neat) 3068 (CH), 1439,
1266, 1192, 1107, 1050, 999, 723; o1 (400 MHz, CDCl3) 7.57-7.67 [8H, m, 4 x (2-
H and 6-H)], 7.72-7.81 [8H, m, 4 x (3-H and 5-H)], 7.89 (4H, tdt, J 7.6, 2.1, 1.3 Hz,
4 x 4-H); &c (101 MHz, CDCl3) 117.7 (d, "Jcp 89.8 Hz, 4 x C), 130.9 (d, 3Jcp 12.9
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Hz, 8 x CH), 134.6 (d, 2Jcp 10.4 Hz, 8 x CH), 135.9 (d, “Jcp 3.1 Hz, 4 x CH); m/z
(ESI) 339.1289 (M*. C24H20P requires 339.1297); m/z (ESI) 298.9434 (M~. C4F903S
requires 298.9430).

Method B: The reaction was performed as described in method A above, except
using sodium iodide (0.0225 g, 0.150 mmol), phenyl nonafluorobutanesulfonate
(167) (0.0564 g, 0.150 mmol), anhydrous N,N’-dimethylformamide (0.9 mL),
triphenylphosphine (0.0393 g, 0.150 mmol),
tris(dibenzylideneacetone)dipalladium(0) (0.0137 g, 0.0150 mmol) and
triethylamine (0.0850 mL, 0.610 mmol). The reaction mixture was stirred at 90 °C
for 4 h. The crude material was purified by trituration with diethyl ether to give
tetraphenylphosphonium nonafluorobutanesulfonate (171) as an off-white solid

(0.0379 g, 40%). Spectroscopic data were consistent as described above.

Method C: The reaction was performed as described in method A above, except
using sodium iodide (0.0225 g, 0.150 mmol), phenyl nonafluorobutanesulfonate
(167) (0.0564 g, 0.150 mmol), anhydrous N,N’-dimethylformamide (0.9 mL),
triphenylphosphine (0.0393 g, 0.150 mmol),
tetrakis(triphenylphosphine)palladium(0) (0.0173 g, 0.0150 mmol) and triethylamine
(0.0850 mL, 0.610 mmol). The reaction mixture was stirred at 90 °C for 4 h. The
crude material was purified by trituration with diethyl ether to give
tetraphenylphosphonium nonafluorobutanesulfonate (171) as an off-white solid

(0.0386 g, 40%). Spectroscopic data were consistent as described above.

Method D: The reaction was performed as described in method A above, except
using sodium iodide (0.0225 g, 0.150 mmol), phenyl nonafluorobutanesulfonate
(167) (0.0564 g, 0.150 mmol), anhydrous N,N’-dimethylformamide (0.9 mL),
triphenylphosphine (0.0393 g, 0.150 mmol), [1,1"-
bis(diphenylphosphino)ferrocene]dichloropalladium(ll) complex with
dichloromethane (0.0122 g, 0.0150 mmol) and triethylamine (0.0850 mL, 0.610
mmol). The reaction mixture was stirred at 90 °C for 4 h. The crude material was
purified by trituration with diethyl ether to give tetraphenylphosphonium
nonafluorobutanesulfonate (171) as an off-white solid (0.0521 g, 54%).

Spectroscopic data were consistent as described above.
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Method E: The reaction was performed as described in method A above, except
using sodium iodide (0.0600 g, 0.400 mmol), phenyl nonafluorobutanesulfonate
(167) (0.150 g, 0.400 mmol), anhydrous N,N’-dimethylformamide (2.4 mL),
triphenylphosphine (0.105 g, 0.400 mmol), palladium(ll) acetate (0.00900 g, 0.0400
mmol), and triethylamine (0.220 mL, 1.58 mmol). The reaction mixture was stirred
at 90 °C for 4 h. The crude reaction mixture was cooled to room temperature, diluted
with ethyl acetate (15 mL) and washed with water (5 x 15 mL). The organic layer
was dried (MgSOs), filtered and concentrated in vacuo. The crude material was
purified by trituration with diethyl ether to give tetraphenylphosphonium
nonafluorobutanesulfonate (171) as an off-white solid (0.173 g, 68%).

Spectroscopic data were consistent as described above.

4-Methylphenyl nonafluorobutanesulfonate (175)>%°
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using p-cresol (1.08 g, 10.0 mmol),
anhydrous dichloromethane (33 mL), triethylamine (3.48 mL, 25.0 mmol) and
perfluoro-1-butanesulfonyl fluoride (2.70 mL, 15.0 mmol). The reaction mixture was
stirred at room temperature for 2 h. The crude material was purified by flash column
chromatography eluting with 5% diethyl ether in petroleum ether (40-60) to give 4-
methylphenyl nonafluorobutanesulfonate (175) as a colourless oil (3.40 g, 87%).
Spectroscopic data were consistent with the literature.?®® 64 (400 MHz, CDCls) 2.38
(3H, s, CH3), 7.16 (2H, d, J 8.6 Hz, 3-H and 5-H), 7.24 (2H, d, J 8.6 Hz, 2-H and 6-
H); éc (101 MHz, CDCIl3) 21.0 (CHa), 121.2 (2 x CH), 130.8 (2 x CH), 138.6 (C),
148.0 (C); m/z (ESI) 413 (MNa*. 100%).
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3-Methylphenyl nonafluorobutanesulfonate (176)
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using m-cresol (0.209 mL, 2.00 mmol),
anhydrous dichloromethane (5 mL), triethylamine (0.700 mL, 5.02 mmol) and
perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.00 mmol). The reaction mixture
was stirred at room temperature for 3 h. The crude material was purified by flash
column chromatography eluting with 100% petroleum ether (40-60) to give 3-
methylphenyl nonafluorobutanesulfonate (176) as a colourless oil (0.588 g, 76%).
vmax/cm™' (neat) 2970 (CH), 1740, 1425, 1354, 1231, 1198, 1142, 1117, 930; 61 (400
MHz, CDCl3) 2.41 (3H, s, CH3), 7.06-7.12 (2H, m, 2-H and 6-H), 7.17-7.22 (1H, m,
4-H), 7.29-7.36 (1H, m, 5-H); éc (101 MHz, CDClI3) 21.5 (CH3), 118.4 (CH), 122.0
(CH), 129.3 (CH), 130.0 (CH), 141.0 (C), 149.9 (C); m/z (El) 389.9953 (M*.
C11H7F903S requires 389.9972), 326 (24), 151 (38), 107 (100), 91 (38), 77 (49).

3,5-Dimethylphenyl nonafluorobutanesulfonate (177)*%

6
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 3,5-dimethylphenol (0.244 g, 2.00
mmol), anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction mixture
was stirred at room temperature for 5 h. The crude material was purified by flash
column chromatography eluting with 5% diethyl ether in hexane to give 3,5-
dimethylphenyl nonafluorobutanesulfonate (177) as a colourless oil (0.691 g, 86%).
Spectroscopic data were consistent with the literature.*3® 64 (400 MHz, CDCls) 2.35
(6H, s, 2 x CH3), 6.89 (2H, br s, 2-H and 6-H), 7.01 (1H, br s, 4-H); é¢c (101 MHz,
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CDCls) 21.4 (2 x CHs), 118.9 (2 x CH), 130.1 (CH), 140.5 (2 x C), 149.9 (C); m/z
(ESI) 427 (MNa*. 100%).

2-Methylphenyl nonafluorobutanesulfonate (178)>%°

6
5 OSOQC4F9
L

3

The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using o-cresol (0.270 g, 2.50 mmol),
anhydrous dichloromethane (8 mL), triethylamine (0.870 mL, 6.25 mmol) and
perfluoro-1-butanesulfonyl fluoride (0.680 mL, 3.77 mmol). The reaction mixture
was stirred at room temperature for 2 h. The crude material was purified by flash
column chromatography eluting with 5% diethyl ether in hexane to give 2-
methylphenyl nonafluorobutanesulfonate (178) as a colourless oil (0.708 g, 72%).
Spectroscopic data were consistent with the literature.?®® 64 (400 MHz, CDCls) 2.40
(3H, s, CHg), 7.23-7.34 (4H, m, 3-H, 4-H, 5-H and 6-H); 6c (126 MHz, CDCl3) 16.6
(CH3), 121.4 (CH), 127.8 (CH), 128.4 (CH), 131.1 (C), 132.3 (CH), 148.8 (C); m/z
(ESI) 413 (MNa*. 100%).

4-tert-Butylphenyl nonafluorobutanesulfonate (179)2%°
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-tert-butylphenol (0.300 g, 2.00
mmol), anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction mixture
was stirred at room temperature for 5 h. The crude material was purified by flash
column chromatography eluting with 100% hexane to give 4-tert-butylphenyl
nonafluorobutanesulfonate (179) as a colourless oil (0.802 g, 93%). Spectroscopic
data were consistent with the literature.?®> 64 (400 MHz, CDCls) 1.33 (9H, s, t-Bu),
7.20 (2H, d, J 9.0 Hz, 3-H and 5-H), 7.45 (2H, d, J 9.0 Hz, 2-H and 6-H); éc (101
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MHz, CDCls) 31.4 (3 x CHs), 34.9 (C), 120.9 (2 x CH), 127.3 (2 x CH), 147.8 (C),
151.8 (C); m/z (ESI) 455 (MNa*. 100%).

4-Acetamidophenyl nonafluorobutanesulfonate (180)%42
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-acetamidophenol (0.302 g, 2.00
mmol), anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction mixture
was stirred at room temperature for 3 h. The crude material was purified by flash
column chromatography eluting with 100% diethyl ether to give 4-acetamidophenyl
nonafluorobutanesulfonate (180) as a white solid (0.781 g, 90%). Mp 102-103 °C.
Spectroscopic data were consistent with the literature.*4? 54 (400 MHz, CDCls) 2.19
(3H, s, CH3), 7.23 (2H, d, J 9.0 Hz, 2-H and 6-H), 7.41 (1H, br s, NH), 7.60 (2H, d,
J 9.0 Hz, 3-H and 5-H); éc (101 MHz, CDCl3) 24.7 (CH3), 121.1 (2 x CH), 122.1 (2
x CH), 138.0 (C), 145.7 (C), 168.6 (C); m/z (ESI) 456 (MNa*. 100%).

2-Acetylphenyl nonafluorobutanesulfonate (181)
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 2-hydroxyacetophenone (0.240
mL, 2.00 mmol), anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02
mmol) and perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction
mixture was stirred at room temperature for 4 h. 4-(Dimethylamino)pyridine (0.0240
g, 0.200 mmol) was then added and the reaction mixture was stirred at room
temperature for 18 h before heating under reflux for 21 h. The crude material was
purified by flash column chromatography eluting with 20% diethyl ether in hexane

to give 2-acetylphenyl nonafluorobutanesulfonate (181) as a colourless oil (0.322 g,
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39%). vmax/lcm™' (neat) 1697 (C=0), 1604 (C=C), 1423, 1227, 1200, 1142, 891, 775;
OH (400 MHz, CDCl3) 2.64 (3H, s, CHzs), 7.36 (1H, dd, J 8.4, 1.2 Hz, 6-H), 7.48 (1H,
td, J 7.6, 1.2 Hz, 4-H), 7.60 (1H, ddd, J 8.4, 7.6, 2.0 Hz, 5-H), 7.81 (1H, dd, J 7.6,
2.0 Hz, 3-H); &c (101 MHz, CDCls) 29.7 (CHs), 122.9 (t, 8Jcr 1.8 Hz, CH), 128.7
(CH), 130.8 (CH), 132.5 (C), 133.8 (CH), 147.1 (C), 196.8 (C); m/z (ESI) 440.9820
(MNa™. C12H7F9gNaO4S requires 440.9814).

4-Nonafluorobutanesulfonyloxybenzophenone (182)

The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 4-hydroxybenzophenone (0.200 g,
1.01 mmol), anhydrous dichloromethane (5 mL), triethylamine (0.350 mL, 2.51
mmol) and perfluoro-1-butanesulfonyl fluoride (0.270 mL, 1.50 mmol). The reaction
mixture was stirred at room temperature for 16 h. The crude material was purified
by flash column chromatography eluting with 20% ethyl acetate in petroleum ether
(40-60) to give 4-nonafluorobutanesulfonyloxybenzophenone (182) as a beige solid
(0.341 g, 70%). Mp 42-43 °C; vmax/cm™" (neat) 2980 (CH), 1740 (C=0), 1651 (C=C),
1424, 1227, 1202, 1138, 889, 797, 731; 6n (400 MHz, CDCl3) 7.42 (2H, d, J 8.6 Hz,
3-H and 5-H), 7.52 (2H, t, J 7.6 Hz, 3'-H and 5'-H), 7.63 (1H, t, J 7.6 Hz, 4'-H), 7.80
(2H, d, J 7.6 Hz, 2'-H and 6'-H), 7.91 (2H, d, J 8.6 Hz, 2-H and 6-H); éc (101 MHz,
CDCI3) 121.5 (2 x CH), 128.7 (2 x CH), 130.1 (2 x CH), 132.3 (2 x CH), 133.2 (CH),
136.9 (C), 137.7 (C), 152.3 (C), 194.9 (C); m/z (El) 480.0083 (M*. C17HoF904S
requires 480.0078), 169 (89), 105 (84), 84 (93), 63 (81).
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3-Bromophenyl nonafluorobutanesulfonate (183)
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using 3-bromophenol (0.356 g, 2.06
mmol), anhydrous dichloromethane (5 mL), triethylamine (0.720 mL, 5.17 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.560 mL, 3.11 mmol). The reaction mixture
was stirred at room temperature for 1 h. The crude material was purified by flash
column chromatography eluting with 100% petroleum ether (40-60) to give 3-
bromophenyl nonafluorobutanesulfonate (183) as a colourless oil (0.830 g, 88%).
vmax/cm™" (neat) 1582 (C=C), 1468, 1425, 1354, 1227, 1200, 1142, 1034, 897, 785;
o+ (400 MHz, CDCl3) 7.26 (1H, ddd, J 8.2, 2.0, 0.8 Hz, 6-H), 7.34 (1H, t, J 8.2 Hz,
5-H), 7.47 (1H, t, J 2.0 Hz, 2-H), 7.55 (1H, ddd, J 8.2, 2.0, 0.8 Hz, 4-H); &c (101
MHz, CDCl3) 120.3 (CH), 123.2 (C), 125.0 (CH), 131.4 (CH), 131.9 (CH), 149.9 (C);
m/z (El) 453.8920 (M*. C10H4"°BrF9OsS requires 453.8921), 392 (21), 390 (22), 173
(20), 171 (20), 157 (27), 155 (28), 83 (100), 78 (50), 63 (59).

Pyridin-2-yl nonafluorobutanesulfonate (184)%°'
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using pyridin-2-ol (0.190 g, 2.00 mmol),
anhydrous dichloromethane (6 mL), triethylamine (0.700 mL, 5.02 mmol) and
perfluoro-1-butanesulfonyl fluoride (0.540 mL, 3.01 mmol). The reaction mixture
was stirred at room temperature for 166 h. The crude material was purified by flash
column chromatography eluting with 30% diethyl ether in hexane to give pyridin-2-
yl nonafluorobutanesulfonate (184) as a colourless oil (0.495 g, 66%).
Spectroscopic data were consistent with the literature.?®' 64 (400 MHz, CDCls) 7.19
(1H, br d, J 8.2 Hz, 3-H), 7.40 (1H, ddd, J 7.4, 4.8, 0.4 Hz, 5-H), 7.90 (1H, ddd, J
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8.2, 7.4, 2.0 Hz, 4-H), 8.42 (1H, dd, J 4.8, 2.0 Hz, 6-H); &c (101 MHz, CDCls) 115.4
(CH), 124.4 (CH), 141.1 (CH), 148.9 (CH), 156.1 (C); m/z (ESI) 400 (MNa*. 100%).

Triphenylphosphine oxide (185)4%°

A stirrer bar and sodium iodide (0.0600 g, 0.400 mmol) were added to a microwave
tube and dried in an oven at 140 °C overnight. Phenyl nonafluorobutanesulfonate
(167) (0.150 g, 0.400 mmol) was dried under high vacuum for 1 h, purged with argon
and dissolved in anhydrous N,N’-dimethylformamide (2.4 mL). Diphenylphosphine
oxide (0.121 g, 0.600 mmol) was dried in vacuo for 1 h. The oven-dried microwave
tube was cooled to room temperature in vacuo and then purged with argon. To the
tube was added diphenylphosphine oxide and palladium(ll) acetate (0.00900 g,
0.0400 mmol), followed by the phenyl nonafluorobutanesulfonate (167) solution and
triethylamine (0.220 mL, 1.58 mmol). The tube was sealed, heated to 120 °C and
stirred for 4 h. The reaction mixture was cooled to room temperature, diluted with
ethyl acetate (15 mL) and washed with 2 M aqueous lithium chloride solution (3 x
15 mL). The organic layer was dried (MgSOsa), filtered and concentrated in vacuo.
The crude material was purified by flash column chromatography eluting with 2%
methanol in diethyl ether to give triphenylphosphine oxide (185) as a white solid
(0.0740 g, 67%). Mp 144-146 °C (lit.**® 148-149 °C); dn (400 MHz, CDCl3) 7.42—
7.50 [6H, m, 3 x (3-H and 5-H)], 7.55 (3H, ttd, J 7.5, 1.6, 1.6 Hz, 3 x 4-H), 7.62-7.72
[6H, m, 3 x (2-H and 6-H)]; 6c (101 MHz, CDCls) 128.6 (d, 3Jcp 12.1 Hz, 6 x CH),
132.1 (d, *Jcp 2.8 Hz, 3 x CH), 132.2 (d, 2Jcp 10.0 Hz, 6 x CH), 132.7 (d, "Jcp 104.5
Hz, 3 x C); m/z (ESI) 301 (MNa*. 100%).
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(2-Naphthyl)diphenylphosphine oxide (186)*
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0600 g, 0.400 mmol), 2-
naphthyl nonafluorobutanesulfonate (139) (0.171 g, 0.400 mmol), anhydrous N,N’-
dimethylformamide (2.4 mL), diphenylphosphine oxide (0.0809 g, 0.400 mmol),
palladium(ll) acetate (0.00900 g, 0.0400 mmol) and triethylamine (0.220 mL, 1.58
mmol). The reaction mixture was stirred at 90 °C for 3 h. The crude material was
purified by flash column chromatography eluting with 30% ethyl acetate in
dichloromethane to give (2-naphthyl)diphenylphosphine oxide (186) as a pale
yellow solid (0.122 g, 93%). Mp 106—108 °C. Spectroscopic data were consistent
with previously published data.*4® 54 (400 MHz, CDCl3) 7.44—7.51 [4H, m, 2 x (3"-H
and 5'-H)], 7.52-7.67 (5H, m, 5 x ArH), 7.68—7.77 [4H, m, 3 x (2'-H and 6'-H)], 7.85—
7.94 (3H, m, 3 x ArH), 8.29 (1H, d, J 13.6 Hz, 1-H); éc (101 MHz, CDCls) 127.0 (d,
3Jcp 10.8 Hz, CH), 127.1 (d, °Jcp 0.6 Hz, CH), 128.0 (d, °Jcp 0.8 Hz, CH), 128.3 (d,
4Jcp 2.2 Hz, CH), 128.4 (d, 2Jcp 9.8 Hz, CH), 128.7 (d, 3Jcp 12.1 Hz, 4 x CH), 129.1
(CH), 129.8 (d, 'Jcp 104.6 Hz, C), 132.1 (d, *Jcp 2.6 Hz, 2 x CH), 132.3 (d, 2Jcp 10.1
Hz, 4 x CH), 132.6 (d, 3Jcp 13.2 Hz, C), 132.8 (d, "Jcp 103.9 Hz, 2 x C), 134.2 (d,
2Jcp 9.4 Hz, CH), 134.9 (d, “Jcp 2.4 Hz, C); m/z (ESI) 351 (MNa*. 100%).
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(4-Methylphenyl)diphenylphosphine oxide (187)%44
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Method A: The reaction was carried out according to the previously described
procedure for triphenylphosphine oxide (185) using sodium iodide (0.0600 g, 0.400
mmol), 4-methylphenyl nonafluorobutanesulfonate (175) (0.156 g, 0.400 mmol),
anhydrous N,N'-dimethylformamide (2.4 mL), diphenylphosphine oxide (0.121 g,
0.600 mmol), palladium(ll) acetate (0.00900 g, 0.0400 mmol) and triethylamine
(0.220 mL, 1.58 mmol). The reaction mixture was stirred at 120 °C for 4 h. The crude
material was purified by flash column chromatography eluting with 30% ethyl
acetate in dichloromethane to give (4-methylphenyl)diphenylphosphine oxide (187)
as a white solid (0.0905 g, 78%). Mp 118-120 °C. Spectroscopic data were
consistent with previously published data.*** &y (400 MHz, CDCls) 2.40 (3H, s, CHs),
7.27 (2H, dd, J 8.0, 2.8 Hz, 3-H and 5-H), 7.41-7.49 [4H, m, 2 x (3'-H and 5'-H)],
7.50-7.59 (4H, m, 2-H, 6-H, 2 x 4'-H), 7.62-7.71 [4H, m, 2 x (2'-H and 6'-H)]; ¢
(101 MHz, CDCls) 21.8 (d, °Jcp 1.3 Hz, CH3), 128.6 (d, 3Jce 12.1 Hz, 4 x CH), 129.3
(d, '"Jep 107.0 Hz, C), 129.4 (d, 3Jcp 12.5 Hz, 2 x CH), 131.9 (d, “Jcp 2.7 Hz, 2 x
CH), 132.2 (d, ?Jcp 9.8 Hz, 4 x CH), 132.3 (d, ?Jcp 10.3 Hz, 2 x CH), 133.0 (d, "Jcp
104.3 Hz, 2 x C), 142.6 (d, *Jcp 2.7 Hz, C); m/z (ESI) 315 (MNa*. 100%).

Method B: The reaction was carried out according to the previously described
procedure for triphenylphosphine oxide (185) using sodium iodide (0.00300 g,
0.0200 mmol), 4-methylphenyl nonafluorobutanesulfonate (175) (0.0780 g, 0.200
mmol), anhydrous N,N’-dimethylformamide (1.2 mL), diphenylphosphine oxide
(0.0610 g, 0.302 mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and
triethylamine (0.110 mL, 0.790 mmol). The reaction mixture was stirred at 120 °C
for 8 h. The crude material was purified by flash column chromatography eluting
with 2% methanol in diethyl ether to give (4-methylphenyl)diphenylphosphine oxide
(187) as a white solid (0.0441 g, 76%). Spectroscopic data were consistent as

described above.
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Method C: To an oven-dried microwave tube under argon, was added
diphenylphosphine oxide (0.0610 g, 0.302 mmol) and palladium(ll) acetate (0.00450
g, 0.0200 mmol), followed by a solution of 4-methylphenyl
nonafluorobutanesulfonate (175) (0.0780 g, 0.200 mmol) in anhydrous N,N’-
dimethylformamide (1.2 mL). Triethylamine (0.110 mL, 0.790 mmol) was then added
and the tube was sealed. The reaction mixture was heated to 120 °C and stirred for
24 h. The reaction mixture was cooled to room temperature, diluted with ethyl
acetate (15 mL) and washed with 2 M aqueous lithium chloride solution (3 x 15 mL).
The organic layer was dried (MgSOQOsa), filtered and concentrated in vacuo. The crude
material was purified by flash column chromatography eluting with 2% methanol in
diethyl ether to give (4-methylphenyl)diphenylphosphine oxide (187) as a white solid

(0.0461 g, 79%). Spectroscopic data were consistent as described above.

Method D: A stirrer bar and sodium acetate (0.0328 g, 0.400 mmol) were added to
a microwave tube and dried in an oven at 140 °C overnight. 4-Methylphenyl
nonafluorobutanesulfonate (175) (0.156 g, 0.400 mmol) was dried under high
vacuum for 1 h, purged with argon and dissolved in anhydrous N,N'-
dimethylformamide (2.4 mL). Diphenylphosphine oxide (234) (0.121 g, 0.600 mmol)
was dried in vacuo for 1 h. The oven-dried microwave tube was cooled to room
temperature in vacuo and then purged with argon. To the tube was added
diphenylphosphine oxide (234) and palladium(ll) acetate (0.00900 g, 0.0400 mmol),
followed by the 4-methylphenyl nonafluorobutanesulfonate (175) solution and
triethylamine (0.220 mL, 1.58 mmol). The tube was sealed, heated to 120 °C and
stirred for 22 h. The reaction mixture was cooled to room temperature, diluted with
ethyl acetate (15 mL) and washed with 2 M aqueous lithium chloride solution (3 x
15 mL). The organic layer was dried (MgSOsa), filtered and concentrated in vacuo.
The crude material was purified by flash column chromatography eluting with 2%
methanol in diethyl ether to give (4-methylphenyl)diphenylphosphine oxide (187) as
a white solid (0.0642 g, 55%). Spectroscopic data were consistent as described

above.

Method E: A stirrer bar and sodium chloride (0.0234 g, 0.400 mmol) were added
to a microwave tube and dried in an oven at 140 °C overnight. 4-Methylphenyl
nonafluorobutanesulfonate (175) (0.156 g, 0.400 mmol) was dried under high

vacuum for 1 h, purged with argon and dissolved in anhydrous N,N'-

277



dimethylformamide (2.4 mL). Diphenylphosphine oxide (234) (0.121 g, 0.600 mmol)
was dried in vacuo for 1 h. The oven-dried microwave tube was cooled to room
temperature in vacuo and then purged with argon. To the tube was added
diphenylphosphine oxide (234) and palladium(ll) acetate (0.00900 g, 0.0400 mmol),
followed by the 4-methylphenyl nonafluorobutanesulfonate (175) solution and
triethylamine (0.220 mL, 1.58 mmol). The tube was sealed, heated to 120 °C and
stirred for 32 h. The reaction mixture was cooled to room temperature, diluted with
ethyl acetate (15 mL) and washed with 2 M aqueous lithium chloride solution (3 x
15 mL). The organic layer was dried (MgSOa), filtered and concentrated in vacuo.
The crude material was purified by flash column chromatography eluting with 2%
methanol in diethyl ether to give (4-methylphenyl)diphenylphosphine oxide (187) as
a white solid (0.0745 g, 64%). Spectroscopic data were consistent as described

above.
(4-tert-Butylphenyl)diphenylphosphine oxide (188)%4°
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0600 g, 0.400 mmol), 4-tert-
butylphenyl nonafluorobutanesulfonate (179) (0.173 g, 0.400 mmol), anhydrous
N,N'-dimethylformamide (2.4 mL), diphenylphosphine oxide (0.121 g, 0.600 mmol),
palladium(ll) acetate (0.00900 g, 0.0400 mmol) and triethylamine (0.220 mL, 1.58
mmol). The reaction mixture was stirred at 120 °C for 6 h. The crude material was
purified by flash column chromatography eluting with 2% methanol in
dichloromethane to give (4-tert-butylphenyl)diphenylphosphine oxide (188) as an
orange solid (0.0857 g, 64%). Mp 113—115 °C. Spectroscopic data were consistent
with previously published data.4° 4 (400 MHz, CDCl3) 1.32 (9H, s, 3 x CH3), 7.41-
7.49 (6H, m, 6 x ArH), 7.50-7.56 (2H, m, 2 x 4'-H), 7.58 (2H, dd, J 11.8, 8.6 Hz, 2-
H and 6-H), 7.63—7.72 [4H, m, 2 x (2"-H and 6'-H)]; ¢ (101 MHz, CDCl3) 31.2 (3 %
CHs), 35.2 (C), 125.7 (d, 3Jcp 12.4 Hz, 2 x CH), 128.6 (d, 3Jcp 12.1 Hz, 4 x CH),
129.2 (d, "Jecp 106.9 Hz, C), 131.9 (d, “Jcp 2.8 Hz, 2 x CH), 132.1 (d, 2Jcp 10.3 Hz,
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2 x CH), 132.2 (d, 2Jcp 9.9 Hz, 4 x CH), 133.0 (d, "Jep 104.3 Hz, 2 x C), 155.5 (d,
“Jop 2.8 Hz, C); m/z (ESI) 357 (MNa*. 100%).

(4-Methoxyphenyl)diphenylphosphine oxide (189)4°°
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0600 g, 0.400 mmol), 4-
methoxyphenyl nonafluorobutanesulfonate (147) (0.162 g, 0.400 mmol), anhydrous
N,N'-dimethylformamide (2.4 mL), diphenylphosphine oxide (0.121 g, 0.600 mmol),
palladium(ll) acetate (0.00900 g, 0.0400 mmol) and triethylamine (0.220 mL, 1.58
mmol). The reaction mixture was stirred at 120 °C for 6 h. The crude material was
purified by flash column chromatography eluting with 2% methanol in diethyl ether
to give (4-methoxyphenyl)diphenylphosphine oxide (189) as a pale yellow solid
(0.0784 g, 64%). Mp 103-105 °C (lit.4°® 106-108 °C); dn (400 MHz, CDCIz) 3.84
(3H, s, CH3), 6.96 (2H, dd, J 8.8, 2.4 Hz, 3-H and 5-H), 7.40-7.55 (6H, m, 6 x ArH),
7.58 (2H, dd, J 11.2, 8.8 Hz, 2-H and 6-H), 7.62-7.71 [4H, m, 2 x (2"-H and 6'-H)];
dc (101 MHz, CDCls) 55.5 (CH3), 114.2 (d, 3Jce 13.1 Hz, 2 x CH), 123.8 (d, "Jcp
110.8 Hz, C), 128.6 (d, 3Jcp 12.1 Hz, 4 x CH), 131.9 (d, *Jcp 2.7 Hz, 2 x CH), 132.2
(d, 2Jcp 10.0 Hz, 4 x CH), 133.2 (d, "Jcp 104.7 Hz, 2 x C), 134.1 (d, 2Jcp 11.2 Hz, 2
x CH), 162.6 (d, *Jcp 2.8 Hz, C); m/z (ESI) 331 (MNa*. 100%).

(3-Methylphenyl)diphenylphosphine oxide (199)*46
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0600 g, 0.400 mmol), 3-

methylphenyl nonafluorobutanesulfonate (176) (0.156 g, 0.400 mmol), anhydrous
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N,N'-dimethylformamide (2.4 mL), diphenylphosphine oxide (0.121 g, 0.600 mmol),
palladium(ll) acetate (0.00900 g, 0.0400 mmol) and triethylamine (0.220 mL, 1.58
mmol). The reaction mixture was stirred at 120 °C for 4 h. The crude material was
purified by flash column chromatography eluting with 2% methanol in diethyl ether
to give (3-methylphenyl)diphenylphosphine oxide (199) as a pale orange solid
(0.111 g, 95%). Mp 112—114 °C. Spectroscopic data were consistent with previously
published data.**® 64 (400 MHz, CDCIs) 2.36 (3H, s, CH3), 7.29-7.41 (3H, m, 4-H,
5-H, and 6-H), 7.42—-7.49 [4H, m, 2 x (3'-H and 5'-H)], 7.54 (2H, ttd, J 7.3, 1.7, 1.6
Hz, 2 x 4'-H), 7.58 (1H, brd, J 12.4 Hz, 2-H), 7.62-7.71 [4H, m, 2 x (2"-H and 6'-H)];
dc (101 MHz, CDCls) 21.6 (CHs), 128.4 (d, 3Jcp 12.9 Hz, CH), 128.6 (d, 3Jcp 12.1
Hz, 4 x CH), 129.3 (d, ?Jcp 10.3 Hz, CH), 132.0 (d, *Jcp 2.7 Hz, 2 x CH), 132.2 (d,
2Jcp 9.9 Hz, 4 x CH), 132.5 (d, 'Jcp 104.5 Hz, C), 132.6 (d, 2Jcp 9.5 Hz, CH), 132.8
(d, “Jcp 2.8 Hz, CH), 132.9 (d, "Jcp 104.2 Hz, 2 x C), 138.6 (d, 3Jcp 12.1 Hz, C); m/z
(ESI) 315 (MNa*. 100%).

(3,5-Dimethylphenyl)diphenylphosphine oxide (200)4°°
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 3,5-
dimethylphenyl nonafluorobutanesulfonate (177) (0.0810 g, 0.200 mmol),
anhydrous N,N’-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g,
0.302 mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine
(0.110 mL, 0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The
crude material was purified by flash column chromatography eluting with 1-2%
gradient of methanol in diethyl ether to give (3,5-dimethylphenyl)diphenylphosphine
oxide (200) as a pale yellow solid (0.0493 g, 81%). Mp 118-120 °C. Spectroscopic
data were consistent with previously published data.%® &y (400 MHz, CDCl3) 2.31
(6H, s, 2 x CH3), 7.16 (1H, br s, 4-H), 7.27 (2H, brd, J 12.0 Hz, 2-H and 6-H), 7.42—
7.49 [4H, m, 2 x (3"-H and 5'-H)], 7.54 (2H, tdt, J 7.4, 1.7, 1.6 Hz, 2 x 4'-H), 7.62—
7.71[4H, m, 2 x (2'-H and 6'-H)]; 6c (101 MHz, CDCl3) 21.4 (2 x CH3), 128.6 (d, 3Jcp
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12.1 Hz, 4 x CH), 129.8 (d, 2Jcp 9.9 Hz, 2 x CH), 131.9 (d, “Jop 2.8 Hz, 2 x CH),
132.2 (d, "Jep 104.1 Hz, C), 132.2 (d, 2Jcp 9.9 Hz, 4 x CH), 132.9 (d, 'Jep 103.9 Hz,
2 x C), 133.8 (d, “Jep 2.9 Hz, CH), 138.3 (d, 3Jcp 12.9 Hz, 2 x C); m/z (ESI) 329
(MNa*. 100%).

(2-Methylphenyl)diphenylphosphine oxide (201)%44
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0600 g, 0.400 mmol), 2-
methylphenyl nonafluorobutanesulfonate (178) (0.156 g, 0.400 mmol), anhydrous
N,N’-dimethylformamide (2.4 mL), diphenylphosphine oxide (0.121 g, 0.600 mmol),
palladium(ll) acetate (0.00900 g, 0.0400 mmol) and triethylamine (0.220 mL, 1.58
mmol). The reaction mixture was stirred at 120 °C for 7 h. The crude material was
purified by flash column chromatography eluting with 2% methanol in diethyl ether
to give (2-methylphenyl)diphenylphosphine oxide (201) as an off-white solid (0.0679
g, 58%). Mp 119-121 °C (lit.#** 121.5-122.9 °C); o1 (400 MHz, CDCI3) 2.45 (3H, s,
CHas), 7.03 (1H, ddd, J 14.0, 7.5, 1.3 Hz, 6-H), 7.13 (1H, br td, J 7.5, 2.0 Hz, 5-H),
7.28 (1H, brdd, J 7.5, 4.0 Hz, 3-H), 7.41 (1H, tt, J 7.5, 1.3 Hz, 4-H), 7.44-7.50 [4H,
m, 2 x (3'-H and 5"-H)], 7.55 (2H, ttd, J 7.4, 1.8, 1.6 Hz, 2 x 4'-H), 7.61-7.70 [4H, m,
2 x (2'-H and 6'-H)]; ¢ (101 MHz, CDCl3) 21.8 (d, 3Jcp 4.6 Hz, CH3), 125.3 (d, 3Jcp
12.9 Hz, CH), 128.7 (d, 3Jcp 12.1 Hz, 4 x CH), 131.0 (d, 'Jcp 103.5 Hz, C), 131.9 (d,
4Jcp 2.8 Hz, 2 x CH), 132.0 (d, 3Jcp 10.5 Hz, CH), 132.1 (d, ?Jcp 9.9 Hz, 4 x CH),
132.2 (d, *Jep 2.6 Hz, CH), 133.0 (d, "Jcp 103.7 Hz, 2 x C), 133.6 (d, 2Jcp 12.8 Hz,
CH), 143.5 (d, ?Jcp 8.1 Hz, C); m/z (ESI) 315 (MNa*. 100%).
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(1,1"-Biphenyl)-4-yldiphenylphosphine oxide (202)%43
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), (1,1"-
biphenyl)-4-yl nonafluorobutanesulfonate (155) (0.0905 g, 0.200 mmol), anhydrous
N,N'-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g, 0.302
mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine (0.110 mL,
0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The crude material
was purified by flash column chromatography eluting with 1% methanol in diethyl
ether to give (1,1'-biphenyl)-4-yldiphenylphosphine oxide (202) as a pale brown oil
(0.0680 g, 96%). Spectroscopic data were consistent with previously published
data.**3 &y (400 MHz, CDCls3) 7.39 (1H, tt, J 7.3, 1.7 Hz, 4'-H), 7.43-7.52 (6H, m, 6
x ArH), 7.53-7.63 (4H, m, 4 x ArH), 7.66-7.78 (8H, m, 8 x ArH); &¢c (101 MHz,
CDCIl3) 127.3 (d, 3Jcp 12.5 Hz, 2 x CH), 127.4 (2 x CH), 128.3 (CH), 128.7 (d, 3Jcp
12.2 Hz, 4 x CH), 129.1 (2 x CH), 131.2 (d, "Jcp 105.6 Hz, C), 132.1 (d, *Jcp 2.7 Hz,
2 x CH), 132.2 (d, 2Jcp 10.0 Hz, 4 x CH), 132.7 (d, 2Jcp 10.3 Hz, 2 x CH), 132.7 (d,
Jcp 104.8 Hz, 2 x C), 140.0 (d, °Jcp 0.7 Hz, C), 144.8 (d, *Jcr 2.8 Hz, C); m/z (ESI)
377 (MNa*. 100%).

(4-Acetamidophenyl)diphenylphosphine oxide (203)*47

The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 4-
acetamidophenyl nonafluorobutanesulfonate (180) (0.0866 g, 0.200 mmol),
anhydrous N,N’-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g,
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0.302 mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine
(0.110 mL, 0.790 mmol). The reaction mixture was heated to 120 °C and stirred for
6 h. The reaction mixture was cooled to room temperature, diluted with ethyl acetate
(15 mL) and washed with water (3 x 15 mL). The organic layer was dried (MgSQa),
filtered and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 8% methanol in diethyl ether to give (4-
acetamidophenyl)diphenylphosphine oxide (203) as a brown solid (0.0431 g, 65%).
Mp 144-146 °C (lit.**” 150-152 °C); o1 (400 MHz, CDCI3) 2.14 (3H, s, CH3), 7.40-
7.50 (6H, m, 6 x ArH), 7.54 (2H, ttd, J 7.4, 1.7, 1.6 Hz, 2 x 4'-H), 7.58-7.69 (6H, m,
6 x ArH), 9.28 (1H, br s, NH); ¢ (101 MHz, CDCls) 24.6 (CHs), 119.7 (d, 3Jcp 12.6
Hz, 2 x CH), 126.3 (d, "Jcp 108.7 Hz, C), 128.7 (d, 3Jcp 12.2 Hz, 4 x CH), 132.1 (d,
2Jcp 10.0 Hz, 4 x CH), 132.2 (d, “Jcp 2.6 Hz, 2 x CH), 132.4 (d, "Jcp 105.2 Hz, 2 x
C), 133.1 (d, 2Jcp 10.9 Hz, 2 x CH), 142.4 (d, “Jcp 3.0 Hz, C), 169.6 (C); m/z (ESI)
358 (MNa*. 100%).

(4-Acetylphenyl)diphenylphosphine oxide (204)*4¢
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 4-
acetylphenyl nonafluorobutanesulfonate (144) (0.0836 g, 0.200 mmol), anhydrous
N,N'-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g, 0.302
mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine (0.110 mL,
0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The crude material
was purified by flash column chromatography eluting with 2% methanol in diethyl
ether to give (4-acetylphenyl)diphenylphosphine oxide (204) as a pale yellow solid
(0.0615 g, 96%). Mp 116-118 °C (lit.#4¢ 120.0-120.5 °C); o1 (400 MHz, CDCl3) 2.63
(38H, s, CH3), 7.42-7.52 [4H, m, 2 x (3'-H and 5'-H)], 7.53—-7.60 (2H, m, 2 x 4'-H),
7.61-7.71 [4H, m, 2 x (2"-H and 6'-H)], 7.79 (2H, dd, J 10.8, 8.4 Hz, 2-H and 6-H),
8.02 (2H, dd, J 8.4, 2.0 Hz, 3-H and 5-H); éc (101 MHz, CDCls) 27.0 (CH3), 128.2
(d, 3Jcp 12.1 Hz, 2 x CH), 128.8 (d, 3Jcp 12.3 Hz, 4 x CH), 132.0 (d, "Jcp 105.2 Hz,
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2 x C), 132.2 (d, 2Jcp 10.0 Hz, 4 x CH), 132.4 (d, “Jop 2.7 Hz, 2 x CH), 132.6 (d,
2Jep 10.1 Hz, 2 x CH), 137.9 (d, "Jep 101.0 Hz, C), 139.6 (d, “Jop 2.7 Hz, C), 197.7
(d, 5Jcp 0.8 Hz, C); m/z (ESI) 343 (MNa*. 100%).

(2-Acetylphenyl)diphenylphosphine oxide (205)
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 2-
acetylphenyl nonafluorobutanesulfonate (181) (0.0836 g, 0.200 mmol), anhydrous
N,N'-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g, 0.302
mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine (0.110 mL,
0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The crude material
was purified by flash column chromatography eluting with 6% methanol in diethyl
ether to give (2-acetylphenyl)diphenylphosphine oxide (205) as a yellow solid
(0.0236 g, 37%). Mp 119-121 °C; vmax/cm™" (neat) 3055 (CH), 1694 (C=0), 1435,
1246, 1188, 1107, 721; 61 (400 MHz, CDCl3) 2.45 (3H, s, CH3), 7.41-7.55 (7H, m,
7 x ArH), 7.58-7.69 (7H, m, 7 x ArH); éc (101 MHz, CDCl3) 29.6 (CH3), 128.3 (d,
3Jcp 9.2 Hz, CH), 128.4 (d, 3Jcp 12.5 Hz, 4 x CH), 130.3 (d, 3Jcp 11.9 Hz, CH), 131.3
(d, "Jep 99.4 Hz, C), 131.7 (d, *Jcp 2.8 Hz, 2 x CH), 131.9 (d, *Jcp 3.7 Hz, CH), 132.0
(d, 2Jcp 10.1 Hz, 4 x CH), 133.4 (d, "Jcp 108.2 Hz, 2 x C), 135.0 (d, 2Jcp 10.5 Hz,
CH), 144.6 (d, 2Jcp 6.9 Hz, C), 201.6 (d, 3Jcp 2.7 Hz, C); m/z (ESI) 343.0858 (MNa*.
C20H17NaO2P requires 343.0858).
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4-(Diphenylphosphoryl)benzophenone (206)
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 4-
nonafluorobutanesulfonyloxybenzophenone (182) (0.0960 g, 0.200 mmol),
anhydrous N,N'-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g,
0.302 mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine
(0.110 mL, 0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The
crude material was purified by flash column chromatography eluting with 2%
methanol in diethyl ether to give 4-(diphenylphosphoryl)benzophenone (206) as a
pale yellow solid (0.0624 g, 82%). Mp 138—140 °C; vmax/lcm™' (neat) 3028 (CH), 1659
(C=0), 1435, 1285, 1196, 1111, 926, 717; &n (400 MHz, CDCl3) 7.45-7.54 (6H, m,
6 x ArH), 7.55-7.64 (3H, m, 3 x ArH), 7.65-7.74 [4H, m, 2 x (2"-H and 6"-H)], 7.76—
7.89 (6H, m, 6 x ArH); 6c (101 MHz, CDCls) 128.6 (2 x CH), 128.8 (d, 3Jcp 12.2 Hz,
4 x CH), 129.8 (d, 3Jcp 12.1 Hz, 2 x CH), 130.3 (2 x CH), 132.0 (d, "Jcp 105.1 Hz,
2 x C), 132.2 (d, 2Jcp 10.0 Hz, 6 x CH), 132.4 (d, “Jcp 2.8 Hz, 2 x CH), 133.2 (CH),
136.9 (C), 137.1 (d, "Jcp 101.3 Hz, C), 140.7 (d, *Jcp 2.8 Hz, C), 196.2 (d, 5Jcp 0.8
Hz, C); m/z (ESI) 405.1017 (MNa*. C2sH19NaO2P requires 405.1015).

(4-Methoxycarbonylphenyl)diphenylphosphine oxide (207)#4°

The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), methyl
4-nonafluorobutanesulfonyloxybenzoate (141) (0.0870 g, 0.200 mmol), anhydrous
N,N'-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g, 0.302
mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine (0.110 mL,
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0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The reaction mixture
was cooled to room temperature and diluted with ethyl acetate (10 mL). The organic
layer was washed with 2 M aqueous lithium chloride solution (3 x 10 mL) and then
water (2 x 10 mL). The organic layer was dried (MgSOs), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 2% methanol in diethyl ether to give (4-
methoxycarbonylphenyl)diphenylphosphine oxide (207) as an off-white solid
(0.0518 g, 77%). Mp 101-103 °C (lit.#4®* 104-105 °C); dn (400 MHz, CDCIz) 3.93
(3H, s, CH3), 7.42—7.51 [4H, m, 2 x (3'-H and 5'-H)], 7.56 (2H, ttd, J 7.5, 1.6, 1.5 Hz,
2 x 4'-H), 7.61-7.70 [4H, m, 2 x (2'-H and 6'-H)], 7.76 (2H, dd, J 11.6, 8.4 Hz, 2-H
and 6-H), 8.11 (2H, dd, J 8.4, 2.4 Hz, 3-H and 5-H); ¢ (101 MHz, CDCl3) 52.6 (CH3),
128.8 (d, 3Jcp 12.2 Hz, 4 x CH), 129.5 (d, 3Jcp 12.1 Hz, 2 x CH), 132.0 (d, "Jcp 105.1
Hz, 2 x C), 132.2 (d, ?Jcp 10.2 Hz, 4 x CH), 132.3 (d, ?Jcp 10.8 Hz, 2 x CH), 132.3
(d, #Jcp 2.7 Hz, 2 x CH), 133.3 (d, *Jcp 2.7 Hz, C), 137.8 (d, 'Jcp 101.2 Hz, C), 166.4
(d, °Jcp 0.8 Hz, C); m/z (ESI) 359 (MNa*. 100%).

(4-Cyanophenyl)diphenylphosphine oxide (208)*4
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 4-
cyanophenyl nonafluorobutanesulfonate (140) (0.0802 g, 0.200 mmol), anhydrous
N,N'-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g, 0.302
mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine (0.110 mL,
0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The reaction mixture
was cooled to room temperature and diluted with ethyl acetate (10 mL). The organic
layer was washed with 2 M aqueous lithium chloride solution (3 x 10 mL) and then
water (2 x 10 mL). The organic layer was dried (MgSOs), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 2% methanol in diethyl ether to give (4-cyanophenyl)diphenylphosphine oxide

(208) as a pale brown oil (0.0536 g, 89%). Spectroscopic data were consistent with
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previously published data.**® &y (400 MHz, CDCls) 7.44-7.54 [4H, m, 2 x (3'-H and
5'-H)], 7.59 (2H, ttd, J 7.5, 1.7, 1.6 Hz, 2 x 4'-H), 7.61-7.70 [4H, m, 2 x (2'-H and 6'-
H)], 7.71-7.84 (4H, m, 2-H, 3-H, 5-H and 6-H): &c (101 MHz, CDCls) 115.7 (d, *Jcp
3.2 Hz, C), 118.0 (d, 5Jcp 1.6 Hz, C), 128.9 (d, 3Jop 12.4 Hz, 4 x CH), 131.3 (d, "Jecp
105.7 Hz, 2 x C), 132.1 (d, 3Jcp 11.4 Hz, 2 x CH), 132.1 (d, 2Jcp 10.3 Hz, 4 x CH),
132.7 (d, “Jcp 3.1 Hz, 2 x CH), 132.7 (d, ?Jcp 10.1 Hz, 2 x CH), 138.6 (d, "Jcp 99.5
Hz, C): m/z (ESI) 326 (MNa*. 100%).

[4-(Trifluoromethyl)phenyl]diphenylphosphine oxide (209)*4®

The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 4-
(trifluoromethyl)phenyl nonafluorobutanesulfonate (156) (0.0890 g, 0.200 mmol),
anhydrous N,N’-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g,
0.302 mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine
(0.110 mL, 0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The
reaction mixture was cooled to room temperature and diluted with ethyl acetate (10
mL). The organic layer was washed with 2 M aqueous lithium chloride solution (3 x
10 mL) and then water (2 x 10 mL). The organic layer was dried (MgSQOa), filtered
and concentrated in vacuo. The crude material was purified by flash column
chromatography eluting with 1% methanol in diethyl ether to give [4-
(trifluoromethyl)phenyl]diphenylphosphine oxide (209) as a pale brown oil (0.0604
g, 87%). Spectroscopic data were consistent with previously published data.**® &y
(400 MHz, CDCl3) 7.49 [4H, td, J 7.4, 2.4 Hz, 2 x (3'-H and 5-H)], 7.58 (2H, t, J 7.4
Hz, 2 x 4'-H), 7.66 [4H, dd, J12.4, 7.4 Hz, 2 x (2'-H and 6'-H)], 7.72 (2H, dd, J 8.4,
2.4 Hz, 3-H and 5-H), 7.82 (2H, dd, J 11.2, 8.4 Hz, 2-H and 6-H); 6c (101 MHz,
CDCls) 123.7 (q, "Jcr 273.6 Hz, CF3), 125.5 (dq, 3Jcp 12.0 Hz, 3Jcr 3.8 Hz, 2 x CH),
128.9 (d, 3Jcp 12.3 Hz, 4 x CH), 131.8 (d, "Jcp 105.4 Hz, 2 x C), 132.2 (d, 2Jcp 10.1
Hz, 4 x CH), 132.5 (d, “Jcp 2.8 Hz, 2 x CH), 132.7 (d, 2Jcp 10.1 Hz, 2 x CH), 133.8
(qd, 2Jcr 32.9 Hz, *Jcp 2.9 Hz, C), 137.3 (d, "Jcp 101.2 Hz, C); m/z (ESI) 369 (MNa*.
100%).
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(2-Fluorophenyl)diphenylphosphine oxide (210)
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 2-
fluorophenyl nonafluorobutanesulfonate (157) (0.0790 g, 0.200 mmol), anhydrous
N,N’-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g, 0.302
mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine (0.110 mL,
0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The reaction mixture
was cooled to room temperature and diluted with ethyl acetate (10 mL). The organic
layer was washed with 2 M aqueous lithium chloride solution (3 x 10 mL) and then
water (2 x 10 mL). The organic layer was dried (MgSOs), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 2% methanol in diethyl ether to give (2-fluorophenyl)diphenylphosphine oxide
(210) as a pale yellow solid (0.0303 g, 51%). Mp 119-121 °C; vmax/cm™' (neat) 3010
(CH), 1601, 1437,1273, 1191, 1119, 823, 757; 6+ (400 MHz, CDCl3) 7.05-7.13 (1H,
m, 3-H), 7.31 (1H, brt, J 7.6 Hz, 5-H), 7.47 [4H, td, J 7.4, 3.2 Hz, 2 x (3"-H and 5'-
H)], 7.52-7.61 (3H, m, 4-H and 2 x 4"-H), 7.73 [4H, dd, J 12.6, 7.4 Hz, 2 x (2"-H and
6'-H)], 7.83-7.93 (1H, m, 6-H); &¢c (101 MHz, CDCls) 116.2 (dd, 2Jcr 22.8 Hz, 3Jcp
5.6 Hz, CH), 120.4 (dd, 'Jcp 100.6 Hz, 2Jcr 18.6 Hz, C), 124.7 (dd, 3Jcp 10.6, *JcF
3.4 Hz, CH), 128.6 (d, 3Jcp 12.6 Hz, 4 x CH), 131.9 (dd, ?Jcp 10.6 Hz, 5Jcr 2.0 Hz,
4 x CH), 132.2 (d, *Jep 2.9 Hz, 2 x CH), 132.3 (d, 'Jcp 108.6 Hz, 2 x C), 134.8—
135.0 (m, 2 x CH), 163.1 (dd, "Jcr 251.3 Hz, ?Jcp 2.1 Hz, C); m/z (ESI) 319.0654
(MNa*. C1gH14FNaOP requires 319.0659).
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(3-Chlorophenyl)diphenylphosphine oxide (211)

The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 3-
chlorophenyl nonafluorobutanesulfonate (145) (0.0820 g, 0.200 mmol), anhydrous
N,N’-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.0610 g, 0.302
mmol), palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine (0.110 mL,
0.790 mmol). The reaction mixture was stirred at 120 °C for 4 h. The reaction mixture
was cooled to room temperature and diluted with ethyl acetate (10 mL). The organic
layer was washed with 2 M aqueous lithium chloride solution (3 x 10 mL) and then
water (2 x 10 mL). The organic layer was dried (MgSOs), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 2% methanol in diethyl ether to give (3-chlorophenyl)diphenylphosphine oxide
(211) as an off-white solid (0.0544 g, 87%). Mp 99-101 °C; vmax/cm™" (neat) 3055
(CH), 1439, 1400, 1188, 1119, 1076, 795, 752, 721; 61 (400 MHz, CDCl3) 7.40 (1H,
td, J 7.8, 3.3 Hz, 5-H), 7.44-7.60 (8H, m, 8 x ArH), 7.61-7.71 (5H, m, 5 x ArH); ¢
(101 MHz, CDCIs) 128.8 (d, 3Jcp 12.3 Hz, 4 x CH), 130.1 (d, 3Jcp 13.0 Hz, CH),
130.3 (d, 2Jcp 9.4 Hz, CH), 132.0 (d, "Jcp 105.4 Hz, 2 x C), 132.0 (d, 2Jcp 10.7 Hz,
CH), 132.2 (d, ?Jcp 10.0 Hz, 4 x CH), 132.2 (d, *Jcp 1.8 Hz, CH), 132.4 (d, *Jcp 2.9
Hz, 2 x CH), 135.1 (d, 3Jcp 15.7 Hz, C), 135.3 (d, "Jcp 101.6 Hz, C); m/z (ESI)
335.0365 (MNa*. C1sH143°CINaOP requires 335.0363).
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1,3-Bis(diphenylphosphoryl)benzene (212)+°
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), 3-
bromophenyl nonafluorobutanesulfonate (183) (0.0910 g, 0.200 mmol), anhydrous
N,N'-dimethylformamide (1.2 mL), diphenylphosphine oxide (0.121 g, 0.600 mmol),
palladium(ll) acetate (0.00450 g, 0.0200 mmol) and triethylamine (0.110 mL, 0.790
mmol). The reaction mixture was stirred at 120 °C for 5 h. The reaction mixture was
cooled to room temperature and diluted with ethyl acetate (10 mL). The organic
layer was washed with 2 M aqueous lithium chloride solution (3 x 10 mL) and then
water (2 x 10 mL). The organic layer was dried (MgSOs), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 3% methanol in dichloromethane to give 1,3-bis(diphenylphosphoryl)benzene
(212) as a colourless oil (0.0545 g, 57%). Spectroscopic data were consistent with
previously published data.*®® &y (400 MHz, CDCls) 7.40 [8H, td, J 7.6, 2.8 Hz, 4 x
(3-H and 5-H)], 7.52 (4H, ttd, J 7.4, 1.5, 1.3 Hz, 4 x 4'-H), 7.53-7.60 [8H, m, 4 x
(2'-H and 6'-H)], 7.61 (1H, t, J 7.6 Hz, 5-H), 7.68 (1H, tt, J 11.7, 1.2 Hz, 2-H), 7.90—
8.00 (2H, m, 4-H and 6-H); ¢ (101 MHz, CDCls) 128.7 (d, 3Jcp 12.7 Hz, 8 x CH),
129.1 (t, 3Jcp 11.3 Hz, CH), 131.8 (d, "Jcp 105.3 Hz, 4 x C), 132.1 (d, 2Jcp 10.1 Hz,
8 x CH), 132.3 (d, “Jcp 2.8 Hz, 4 x CH), 133.8 (dd, "Jcp 102.1 Hz, 3Jcp 10.9 Hz, 2 x
C), 135.5 (t, 2Jcp 11.2 Hz, CH), 135.6 (dd, 2Jce 10.2 Hz, *Jcp 3.3 Hz, 2 x CH); m/z
(ESI) 501 (MNa*. 100%).
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Pyridin-2-yl diphenylphosphine oxide (213)*%'
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0600 g, 0.400 mmol), pyridin-
2-yl nonafluorobutanesulfonate (184) (0.151 g, 0.400 mmol), anhydrous N,N’-
dimethylformamide (2.4 mL), diphenylphosphine oxide (0.121 g, 0.600 mmol),
palladium(ll) acetate (0.00900 g, 0.0400 mmol) and triethylamine (0.220 mL, 1.58
mmol). The reaction mixture was stirred at 120 °C for 4 h. The reaction mixture was
cooled to room temperature and diluted with ethyl acetate (10 mL). The organic
layer was washed with 2 M aqueous lithium chloride solution (3 x 10 mL) and then
water (2 x 10 mL). The organic layer was dried (MgSOs), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 2% methanol in diethyl ether to give pyridin-2-yl diphenylphosphine oxide (213)
as a white solid (0.0673 g, 60%). Mp 101-103 °C (lit.#%" 106—107 °C); 61 (400 MHz,
CDCl3) 7.34-7.55 (7H, m, 7 x ArH), 7.80-7.86 (1H, m, 3-H), 7.88 [4H, dd, J 12.0,
8.0 Hz, 2 x (2"-H and 6'-H)], 8.30 (1H, t, J 6.8 Hz, 4-H), 8.72-8.81 (1H, m, 6-H); éc
(101 MHz, CDCl3) 125.4 (d, “Jcp 3.2 Hz, CH), 128.5 (d, 3Jcp 12.3 Hz, 4 x CH), 128.5
(d, 3Jcp 19.0 Hz, CH), 132.0 (d, 4Jcp 2.9 Hz, 2 x CH), 132.2 (d, 2Jcp 9.5 Hz, 4 x CH),
132.3 (d, 'Jep 104.5 Hz, 2 x C), 136.3 (d, 2Jcp 9.2 Hz, CH), 150.3 (d, 3Jcp 19.2 Hz,
CH), 156.5 (d, "Jcp 132.2 Hz, C); m/z (ESI) 302 (MNa*. 100%).
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Tris(p-tolyl)phosphine oxide (215)*52
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A stirrer bar and sodium iodide (0.0600 g, 0.400 mmol) were added to a microwave
tube and dried in an oven at 140 °C overnight. 4-Methylphenyl
nonafluorobutanesulfonate (175) (0.156 g, 0.400 mmol) was dried under high
vacuum for 1 h, purged with argon and dissolved in anhydrous N,N'-
dimethylformamide (2.4 mL). The oven-dried microwave tube was cooled to room
temperature in vacuo and then purged with argon. To the tube was added bis(p-
tolyl)phosphine oxide (0.138 g, 0.600 mmol) and palladium(ll) acetate (0.00900 g,
0.0400 mmol), followed by the 4-methylphenyl nonafluorobutanesulfonate (175)
solution and triethylamine (0.220 mL, 1.58 mmol). The tube was sealed, heated to
120 °C and stirred for 4 h. The reaction mixture was cooled to room temperature,
diluted with ethyl acetate (15 mL) and washed with 2 M aqueous lithium chloride
solution (3 x 15 mL). The organic layer was dried (MgSOa), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 2% methanol in diethyl ether to give tris(p-tolyl)phosphine oxide (215) as a
white solid (0.0810 g, 63%). Mp 135—-137 °C (lit.*52 140 °C); o (400 MHz, CDCls)
2.39 (9H, s, 3 x CH3), 7.24 [6H, dd, J 8.0, 2.4 Hz, 3 x (3-H and 5-H)], 7.54 [6H, dd,
J 12.0, 8.0 Hz, 3 x (2-H and 6-H)]; 6c (101 MHz, CDCls) 21.7 (d, °Jcp 1.4 Hz, 3 x
CHs), 129.3 (d, 3Jcp 12.4 Hz, 6 x CH), 129.9 (d, "Jcp 106.7 Hz, 3 x C), 132.2 (d, 2Jcp
10.3 Hz, 6 x CH), 142.3 (d, *Jcp 2.8 Hz, 3 x C); m/z (ESI) 343 (MNa*. 100%).

Di(n-butyl)phosphine oxide (214)*'

In an oven-dried flask under argon, a stirred solution of 2 M n-butylmagnesium
chloride in diethyl ether (5.00 mL, 10.0 mmol) was cooled to 0 °C. To this flask was
added dropwise, a solution of diethyl phosphite (0.390 mL, 3.03 mmol) in anhydrous
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diethyl ether (1.0 mL) over 0.25 h. The reaction mixture was stirred for 0.25 h and
then warmed to room temperature. The mixture was stirred for a further 2 h. The
reaction mixture was cooled to 0 °C and 0.1 M aqueous hydrochloric acid solution
(8 mL) was added dropwise, followed by tert-butyl methyl ether (8 mL). The resultant
biphasic mixture was stirred vigorously for 0.1 h and then allowed to stand for 0.1 h.
The organic layer was decanted from the viscous gel and retained. Dichloromethane
(10 mL) was added to the viscous gel and stirred vigorously for 0.1 h. The resultant
biphasic mixture was filtered through a short pad of Celite® with dichloromethane
(30 mL), and the organic and aqueous layers of the filtrate were separated. The
combined organic layers were dried (MgSOs), filtered and concentrated in vacuo.
The crude material was azeotroped with hexane (10 mL) to give di(n-
butyl)phosphine oxide (214) as a white solid (0.445 g, 90%). Mp 55-57 °C (lit.4"’
55-56 °C). on (400 MHz, CDCI3) 0.94 (6H, t, J 7.4 Hz, 2 x 4-H3), 1.38-1.51 (4H, m,
2 x 3-Hy), 1.52-1.69 (4H, m, 2 x 2-Hy), 1.70-1.90 (4H, m, 2 x 1-H>), 6.86 (1H, dtt, J
445.2, 4.4, 2.8 Hz, HP); &¢c (101 MHz, CDCIs) 13.7 (2 x CHa), 23.9 (d, 2Jcp 8.4 Hz,
2 x CHy), 24.0 (d, 3Jcp 9.6 Hz, 2 x CH>), 28.1 (d, 'Jcp 65.4 Hz, 2 x CHy); m/z (ESI)
185 (MNa*. 100%).

(4-Methylphenyl)di(n-butyl)phosphine oxide (216)
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A stirrer bar and sodium iodide (0.0600 g, 0.400 mmol) were added to a microwave
tube and dried in an oven at 140 °C overnight. 4-Methylphenyl
nonafluorobutanesulfonate (175) (0.156 g, 0.400 mmol) was dried under high
vacuum for 1 h, purged with argon and dissolved in anhydrous N,N'-
dimethylformamide (2.4 mL). Di(n-butyl)phosphine oxide (214) (0.0973 g, 0.600
mmol) was dried in vacuo for 1 h. The oven-dried microwave tube was cooled to
room temperature in vacuo and then purged with argon. To the tube was added
di(n-butyl)phosphine  oxide (214) followed by the 4-methylphenyl
nonafluorobutanesulfonate (175) solution, and the mixture was degassed under
argon for 0.1 h. Tetrakis(triphenylphosphine)palladium(0) (0.0462 g, 0.0400 mmol)

and triethylamine (0.220 mL, 1.58 mmol) were added and the tube was sealed. The

293



reaction mixture was heated to 120 °C and stirred for 5 h. The reaction mixture was
cooled to room temperature, diluted with ethyl acetate (30 mL) and washed with
water (3 x 30 mL). The organic layer was dried (MgSOs), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 0-2% gradient of methanol in diethyl ether to give (4-methylphenyl)di(n-
butyl)phosphine oxide (216) as a white solid (0.0587 g, 58%). Mp 51-53 °C;
vmax/cm™' (neat) 2926 (CH), 2865 (CH), 1462, 1163, 1109, 1054, 900, 808, 757; o+
(400 MHz, CDCI3z) 0.85 (6H, t, J 7.2 Hz, 2 x 4'-H3), 1.30-1.65 [8H, m, 2 x (2'-H2 and
3'-H2)], 1.75-2.00 (4H, m, 2 x 1'-H2), 2.39 (3H, s, 4-CH3), 7.27 (2H, dd, J 8.2, 2.4
Hz, 3-H and 5-H), 7.56 (2H, dd, J 10.6, 8.2 Hz, 2-H and 6-H); ¢ (101 MHz, CDCI3)
13.7 (2 x CH3), 21.6 (d, °Jcp 1.2 Hz, CH3), 23.7 (d, 2Jcp 4.1 Hz, 2 x CH2), 24.2 (d,
3Jcp 14.4 Hz, 2 x CHy), 29.9 (d, "Jcp 68.9 Hz, 2 x CH2), 129.4 (d, 3Jcp 11.4 Hz, 2 x
CH), 129.5 (d, 'Jcp 94.5 Hz, C), 130.5 (d, ?2Jcp 9.0 Hz, 2 x CH), 141.8 (d, *Jcp 2.6
Hz, C); m/z (ESI) 275.1534 (MNa*. C15sH25NaOP requires 275.1535).

Ethyl (4-methylphenyl)phenylphosphinate (218)*53

e @
5 R-OEt
ar
3
5 4'

A stirrer bar and sodium iodide (0.0300 g, 0.200 mmol) were added to a microwave
tube and dried in an oven at 140 °C overnight. 4-Methylphenyl
nonafluorobutanesulfonate (175) (0.0780 g, 0.200 mmol) was dried under high
vacuum for 1 h, purged with argon and dissolved in anhydrous N,N'-
dimethylformamide (1.2 mL). The oven-dried microwave tube was cooled to room
temperature in vacuo and then purged with argon. To the tube was added
tetrakis(triphenylphosphine)palladium(0) (0.0231 g, 0.0200 mmol) and the 4-
methylphenyl nonafluorobutanesulfonate (175) solution, followed by ethyl
phenylphosphinate (0.0450 mL, 0.299 mmol) and triethylamine (0.110 mL, 0.790
mmol). The tube was sealed, heated to 80 °C and stirred for 4 h. The reaction
mixture was cooled to room temperature, diluted with ethyl acetate (15 mL) and
washed with water (3 x 15 mL). The organic layer was dried (MgSOQa), filtered and
concentrated in vacuo. The crude material was purified by flash column

chromatography eluting with 1% methanol in diethyl ether to give ethyl (4-
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methylphenyl)phenylphosphinate (218) as a colourless oil (0.0381 g, 73%).
Spectroscopic data were consistent with previously published data.*>3 &y (400 MHz,
CDCls) 1.36 (3H, t, J 7.2 Hz, OCH,CHs), 2.38 (3H, s, 4-CHs), 4.09 (2H, quin., J 7.2
Hz, OCH.CHs), 7.25 (2H, dd, J 8.0, 3.2 Hz, 3-H and 5-H), 7.39-7.47 (2H, m, 3'-H
and 5-H), 7.50 (1H, ttd, J 7.4, 1.9, 1.3 Hz, 4'-H), 7.70 (2H, dd, J 12.0, 8.0 Hz, 2-H
and 6-H), 7.76-7.84 (2H, m, 2'-H and 6"-H); 6c (101 MHz, CDCls) 16.7 (d, 3Jcp 6.7
Hz, CHs), 21.8 (d, 5Jcp 1.3 Hz, CHs), 61.1 (d, 2Jcp 5.9 Hz, CH>), 128.6 (d, 'Jcp 139.8
Hz, C), 128.6 (d, 3Jcp 13.2 Hz, 2 x CH), 129.4 (d, 3Jcp 13.5 Hz, 2 x CH), 131.7 (d,
2Jcp 10.0 Hz, 2 x CH), 131.9 (d, 2Jcp 10.6 Hz, 2 x CH), 132.1 (d, *Jcp 2.8 Hz, CH),
132.2 (d, 'Jep 137.6 Hz, C), 142.7 (d, “Jep 2.9 Hz, C); m/z (ESI) 283 (MNa*. 100%).

Diethyl (4-methylphenyl)phosphonate (217)%53

The reaction was carried out according to the previously described procedure for
ethyl (4-methylphenyl)phenylphosphinate (218) using sodium iodide (0.105 g, 0.700
mmol), 4-methylphenyl nonafluorobutanesulfonate (175) (0.273 g, 0.700 mmol),
anhydrous N,N'-dimethylformamide (4 mL),
tetrakis(triphenylphosphine)palladium(0) (0.0809 g, 0.0700 mmol), diethyl
phosphite (0.136 mL, 1.06 mmol) and triethylamine (0.390 mL, 2.80 mmol). The
reaction mixture was stirred at 80 °C for 6 h. The crude material was purified by
flash column chromatography eluting with 1% methanol in diethyl ether to give
diethyl (4-methylphenyl)phosphonate (217) as a yellow oil (0.107 g, 67%).
Spectroscopic data were consistent with previously published data.*>3 &y (400 MHz,
CDCl3) 1.31 (6H, t, J 7.2 Hz, 2 x OCH2CH&), 2.39 (3H, s, 4-CH3), 3.99-4.18 (4H, m,
2 x OCH.CH3), 7.26 (2H, ddd, J 8.0, 4.0, 0.4 Hz, 3-H and 5-H), 7.69 (2H, dd, J 13.2,
8.0 Hz, 2-H and 6-H); dc (101 MHz, CDCl3) 16.5 (d, 3Jcp 6.6 Hz, 2 x CH3), 21.8 (d,
SJcp 1.4 Hz, CHa), 62.1 (d, 2Jcp 5.4 Hz, 2 x CH>), 125.2 (d, 'Jcp 190.8 Hz, C), 129.3
(d, 3Jcp 15.5 Hz, 2 x CH), 132.0 (d, 2Jcp 10.4 Hz, 2 x CH), 143.0 (d, *Jcp 3.1 Hz, C);
m/z (ESI) 251 (MNa*. 100%).
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(4-Methylphenyl)triphenylphosphonium nonafluorobutanesulfonate (219)

3
© ©0s0,C4Fs
5

The reaction was carried out according to the previously described procedure for
tris(p-tolyl)phosphine oxide (215) using sodium iodide (0.0450 g, 0.300 mmol), 4-
methylphenyl nonafluorobutanesulfonate (175) (0.117 g, 0.300 mmol), anhydrous
N,N'-dimethylformamide (1.8 mL), triphenylphosphine (0.315 g, 1.20 mmol),
palladium(ll) acetate (0.00670 g, 0.0300 mmol) and triethylamine (0.170 mL, 1.22
mmol). The reaction mixture was stirred at 90 °C for 19 h. The reaction mixture was
cooled to room temperature, diluted with ethyl acetate (20 mL), and washed with
water (3 x 20 mL). The organic layer was dried (MgSOa), filtered and concentrated
in vacuo. The crude material was purified by trituration with diethyl ether to give (4-
methylphenyl)triphenylphosphonium nonafluorobutanesulfonate (219) as a yellow
solid (0.136 g, 69%). Mp 118-120 °C; vmax/cm™" (neat) 3059 (CH), 1437, 1265, 1200,
1106, 1050, 726; on (400 MHz, CDCls) 2.52 (3H, s, ArCHz), 7.48 (2H, dd, J 12.4,
8.4 Hz, 2-H and 6-H), 7.55 (2H, dd, J 8.4, 3.6 Hz, 3-H and 5-H), 7.57-7.65 [6H, m,
3 x (2'-H and 6'-H)], 7.75 [6H, td, J 7.6, 3.6 Hz, 3 x (3'-H and 5'-H)], 7.88 (3H, tdt, J
7.6, 1.9, 1.2 Hz, 3 x 4-H); &c (101 MHz, CDCls) 22.0 (d, °Jcp 1.6 Hz, CH3), 113.8
(d, "Jecp 92.4 Hz, C), 118.0 (d, 'Jcp 90.0 Hz, 3 x C), 130.8 (d, 3Jcp 12.9 Hz, 6 x CH),
131.6 (d, 3Jcp 13.4 Hz, 2 x CH), 134.5 (d, 2Jcp 10.3 Hz, 6 x CH), 134.5 (d, 2Jcr 10.8
Hz, 2 x CH), 135.8 (d, “Jcp 3.0 Hz, 3 x CH), 147.5 (d, *Jcp 3.1 Hz, C); m/z (ESI)
353.1451 (M*. CasH22P requires 353.1454); m/z (ESI) 298.9430 (M~. C4F903S
requires 298.9430).
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1-Pyrenyl nonafluorobutanesulfonate (221)

The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using pyren-1-ol (220) (0.327 g, 1.50
mmol), anhydrous dichloromethane (5 mL), triethylamine (0.530 mL, 3.80 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.410 mL, 2.28 mmol). The reaction mixture
was stirred at room temperature for 3 h. The crude material was purified by flash
column chromatography eluting with 5% diethyl ether in hexane to give 1-pyrenyl
nonafluorobutanesulfonate (221) as a white solid (0.654 g, 87%). Mp 122-124 °C;
vmax/cm™' (neat) 3049 (CH), 1598 (C=C), 1416, 1236, 1193, 1135, 1031, 904, 844;
OH (400 MHz, CDCl3) 7.96 (1H, d, J 8.4 Hz, 2-H), 8.01-8.12 (3H, m, 3 x ArH), 8.15
(1H, d, J 8.4 Hz, 3-H), 8.19-8.30 (4H, m, 4 x ArH); 6c (101 MHz, CDCl3) 118.7 (CH),
119.5 (CH), 123.9 (C), 124.1 (C), 125.1 (CH), 125.8 (C), 126.3 (CH), 126.6 (CH),
126.8 (CH), 127.0 (CH), 128.6 (CH), 129.9 (CH), 130.8 (C), 131.0 (C), 131.1 (C),
142.9 (C); m/z (ESI) 523.0024 (MNa*. C20HoF9eNaO3S requires 523.0021).

(1-Pyrenyl)diphenylphosphine oxide (222)*2

A stirrer bar and sodium iodide (0.0300 g, 0.200 mmol) were added to a microwave
tube and dried in an oven at 140 °C overnight. 1-Pyrenyl nonafluorobutanesulfonate
(221) (0.100 g, 0.200 mmol) and diphenylphosphine oxide (0.0610 g, 0.302 mmol)
were dried under high vacuum for 1 h. The oven-dried microwave tube was cooled
to room temperature in vacuo and then purged with argon. To the tube was added

1-pyrenyl nonafluorobutanesulfonate (221), diphenylphosphine oxide and
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palladium(ll) acetate (0.00450 g, 0.0200 mmol). Anhydrous N,N'-
dimethylformamide (1.2 mL) and triethylamine (0.110 mL, 0.790 mmol) were then
added, and the tube was sealed. The reaction mixture was heated to 120 °C and
stirred for 4 h. The reaction mixture was cooled to room temperature, diluted with
ethyl acetate (15 mL) and washed with water (3 x 15 mL). The organic layer was
dried (MgSOQs.), filtered and concentrated in vacuo. The crude material was purified
by flash column chromatography eluting with 2% methanol in diethyl ether to give
(1-pyrenyl)diphenylphosphine oxide (222) as an off-white solid (0.0588 g, 73%). Mp
233-235 °C. Spectroscopic data were consistent with previously published data.*'?
OH (400 MHz, CDCl3) 7.47 [4H, td, J 7.4, 2.9 Hz, 2 x (3'-H and 5'-H)], 7.57 (2H, ttd,
J7.4,1.7,1.3Hz,2%x4'-H), 7.68-7.80 (5H, m, 5 x ArH), 8.00-8.11 (4H, m, 4 x ArH),
8.19 (1H, d, J 9.2 Hz, ArH), 8.24 (2H, t, J 7.6 Hz, 2 x ArH), 8.94 (1H, d, J 9.2 Hz,
ArH); 6¢ (101 MHz, CDCl3) 123.7 (d, 3Jcp 13.7 Hz, CH), 124.3 (d, 3Jcp 0.9 Hz, C),
125.3 (d, "Jcp 103.6 Hz, C), 125.3 (d, 3Jcp 10.3 Hz, C), 126.3 (CH), 126.5 (d, 2Jcp
6.5 Hz, CH), 126.6 (2 x CH), 127.3 (d, °Jcr 0.8 Hz, CH), 128.8 (d, 3Jcp 12.2 Hz, 4 x
CH), 129.0 (CH), 130.0 (CH), 130.6 (C), 131.2 (d, 5Jcp 0.8 Hz, C), 131.3 (d, 3Jcp
12.2 Hz, CH), 132.0 (d, *Jcp 2.8 Hz, 2 x CH), 132.4 (d, 2Jcp 9.9 Hz, 4 x CH), 133.5
(d, 'Jcp 104.7 Hz, 2 x C), 134.3 (d, ?Jcp 8.2 Hz, C), 134.4 (d, *Jcp 2.6 Hz, C); m/z
(ESI) 425 (MNa*. 100%).

Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-
[(phenylnonafluorobutanesulfonate)-4’-yl]propanoate (224)

3 3
2
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The reaction was carried out according to the previously described procedure for 2-
naphthyl nonafluorobutanesulfonate (139) using methyl (2S5)-2-
[(benzyloxycarbonyl) amino]-3-(4-hydroxyphenyl)propanoate (223) (0.988 g, 3.00
mmol), anhydrous dichloromethane (10 mL), triethylamine (1.05 mL, 7.53 mmol)
and perfluoro-1-butanesulfonyl fluoride (0.810 mL, 4.50 mmol). The reaction mixture
was stirred at room temperature for 2 h. The crude material was purified by flash
column chromatography eluting with 50% diethyl ether in hexane to give methyl

(2S)-2-[(benzyloxycarbonyl)amino]-3-[(phenylnonafluorobutanesulfonate)-4'-
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yl]propanoate (224) as a colourless oil which solidified upon standing (1.72 g, 94%).
Mp 46-48 °C; vmax/cm™ (neat) 3341 (NH), 2959 (CH), 1717 (C=0), 1501 (C=C),
1423, 1200, 1142, 1015, 891; [a]o'” —14.6 (¢ 0.5, MeOH); &1 (400 MHz, CDCl3) 3.09
(1H, dd, J 14.0, 6.4 Hz, 3-HH), 3.19 (1H, dd, J 14.0, 5.6 Hz, 3-HH), 3.72 (3H, s,
OCHs), 4.60-4.72 (1H, m, 2-H), 5.07 (1H, d, J 12.2 Hz, OCHHPh), 5.12 (1H, d, J
12.2 Hz, OCHHPh), 5.26 (1H, d, J 8.0 Hz, NH), 7.18 (4H, br s, 2-H, 3'-H, 5-H and
6'-H), 7.28-7.42 (5H, m, Ph); éc (101 MHz, CDCl3) 37.8 (CH>), 52.6 (CHs), 54.8
(CH), 67.3 (CH2), 121.6 (2 x CH), 128.3 (2 x CH), 128.5 (CH), 128.7 (2 x CH), 131.2
(2 x CH), 136.2 (C), 136.7 (C), 149.0 (C), 155.6 (C), 171.6 (C); m/z (ESI) 634.0549
(MNa*. C22H1sF9NNaO7S requires 634.0552).

Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(triphenylphosphine oxide)-4'-
yl]propanoate (225)
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The reaction was carried out according to the previously described procedure for
triphenylphosphine oxide (185) using sodium iodide (0.0300 g, 0.200 mmol), methyl
(2S)-2-[(benzyloxycarbonyl)amino]-3-[(phenylnonafluorobutanesulfonate)-4'-
yllpropanoate (224) (0.122 g, 0.200 mmol), anhydrous N,N’-dimethylformamide (1.2
mL), diphenylphosphine oxide (0.0610 g, 0.302 mmol), palladium(ll) acetate
(0.00450 g, 0.0200 mmol) and triethylamine (0.110 mL, 0.790 mmol). The reaction
mixture was stirred at 120 °C for 12 h. The reaction mixture was cooled to room
temperature, diluted with ethyl acetate (15 mL), and washed with water (3 x 15 mL).
The organic layer was dried (MgSOQOsa), filtered and concentrated in vacuo. The crude
material was purified by flash column chromatography eluting with 3—4% gradient
of methanol in dichloromethane to give methyl (2S)-2-[(benzyloxycarbonyl)amino]-
3-[(triphenylphosphine oxide)-4'-yl]propanoate (225) as a pale yellow oil (0.0561 g,
55%). vmax/lcm™" (neat) 3206 (NH), 3032 (CH), 1709 (C=0), 1534, 1436, 1175, 1115,
1053, 746; [a]p?® +41.8 (c 0.1, CHCI3); o1 (400 MHz, CDClIs) 3.12 (1H, dd, J 13.6,
6.0 Hz, 3-HH), 3.21 (1H, dd, J 13.6, 5.6 Hz, 3-HH), 3.70 (3H, s, CH3), 4.60-4.75
(1H, m, 2-H), 5.08 (2H, s, CH-Ph), 5.30 (1H, d, J 7.6 Hz, NH), 7.19 (2H, dd, J 8.4,
299



2.4 Hz, 3"-H and 5-H), 7.27-7.35 (5H, m, Ph), 7.45 [4H, td, J 7.1, 2.9 Hz, 2 x (3"-H
and 5"-H)], 7.50~7.60 (4H, m, 2-H, 6-H and 2 x 4"-H), 7.61-7.69 [4H, m, 2 x (2"-H
and 6"-H)J; 8¢ (101 MHz, CDCls) 38.3 (CHz), 52.6 (CHa), 54.7 (CH), 67.2 (CH2),
128.2 (2 x CH), 128.4 (CH), 128.6 (d, 3Jcp 12.2 Hz, 4 x CH), 128.7 (2 x CH), 129.6
(d, 3Jep 12.5 Hz, 2 x CH), 131.5 (d, "Jep 105.3 Hz, C), 132.1 (d, “Jcp 2.9 Hz, 2 x
CH), 132.2 (d, 2Jcp 9.9 Hz, 4 x CH), 132.5 (d, 2Jcp 10.3 Hz, 2 x CH), 132.6 (d, "Jcp
105.1 Hz, 2 x C), 136.2 (C), 140.4 (d, *Jor 1.8 Hz, C), 155.7 (C), 171.7 (C); m/z
(ESI) 536.1596 (MNa*. CaoH2sNNaOsP requires 536.1597).

Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(diethylphenylphosphonate)-4'-
yl]propanoate (226)

3 3
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A stirrer bar and sodium iodide (0.105 g, 0.700 mmol) were added to a microwave
tube and dried in an oven at 140 °C overnight. Methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[(phenylnonafluorobutanesulfonate)-4'-

yl]propanoate (224) (0.428 g, 0.700 mmol) was dried under high vacuum for 1 h.
The oven-dried microwave tube was cooled to room temperature in vacuo and then
purged with argon. To the tube was added methyl (25)-2-
[(benzyloxycarbonyl)amino]-3-[(phenylnonafluorobutanesulfonate)-4'-

yl]propanoate (224), anhydrous N,N’-dimethylformamide (4 mL) and diethyl
phosphite (0.135 mL, 1.05 mmol). The mixture was degassed under argon for 0.1
h. Tetrakis(triphenylphosphine)palladium(0) (0.0809 g, 0.0700 mmol) and
triethylamine (0.390 mL, 2.80 mmol) were added, and the tube was sealed. The
reaction mixture was heated to 80 °C and stirred for 6 h. The reaction mixture was
cooled to room temperature, diluted with ethyl acetate (50 mL) and washed with
water (3 x 50 mL). The organic layer was dried (MgSOs), filtered and concentrated
in vacuo. The crude material was purified by flash column chromatography eluting
with 2% methanol and 2% toluene in diethyl ether to give methyl (2S)-2-
[(benzyloxycarbonyl)amino]-3-[(diethylphenylphosphonate)-4'-yl]propanoate (226)
as a colourless oil (0.228 g, 72%). vmax/cm™" (neat) 3248 (NH), 2983 (CH), 1714
(C=0), 1533, 1225, 1017, 961, 745; [a]p*>® +50.1 (¢ 0.1, CHCI3); 61 (400 MHz, CDCl5)
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1.31 (6H, t, J 7.0 Hz, 2 x OCH2CH3), 3.11 (1H, dd, J 14.0, 6.0 Hz, 3-HH), 3.20 (1H,
dd, J 14.0, 5.6 Hz, 3-HH), 3.71 (3H, s, CH3), 4.00—4.20 (4H, m, 2 x OCH2CH3), 4.61—
4.75 (1H, m, 2-H), 5.07 (1H, d, J 12.4 Hz, OCHHPh), 5.11 (1H, d, J 12.4 Hz,
OCHHPN), 5.28 (1H, d, J 8.0 Hz, NH), 7.20 (2H, dd, J 8.2, 3.6 Hz, 3'-H and 5'-H),
7.27-7.42 (5H, m, Ph), 7.71 (2H, dd, J 13.2, 8.2 Hz, 2'-H and 6'-H); éc (101 MHz,
CDCls) 16.5 (d, 3Jcp 6.6 Hz, 2 x CHg3), 38.3 (CH.), 52.6 (CHs3), 54.7 (CH), 62.2 (d,
2Jcp 5.6 Hz, 2 x CH2), 67.2 (CH2), 127.3 (d, '"Jcp 190.3 Hz, C), 128.2 (2 x CH), 128.4
(CH), 128.7 (2 x CH), 129.6 (d, 3Jcp 15.4 Hz, 2 x CH), 132.1 (d, 2Jcp 10.3 Hz, 2 x
CH), 136.2 (C), 140.7 (d, “Jcp 2.8 Hz, C), 155.7 (C), 171.7 (C); m/z (ESI) 472.1498
(MNa*. C22H2sNNaO7P requires 472.1496).

(2S)-2-Amino-3-[(phenylphosphonate)-4'-yl]propanoic hydrochloride (227)

3 3
2' 2 COZH
O“sz HCl

/\
HO OH

Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[(diethylphenylphosphonate)-4'-
yl]propanoate (226) (0.209 g, 0.465 mmol) was suspended in 6 M aqueous
hydrochloric acid solution (1.70 mL, 10.2 mmol) and stirred under reflux for 6 h. The
reaction mixture was cooled to room temperature and concentrated in vacuo. The
crude material was purified by trituration with diethyl ether to give (2S)-2-amino-3-
[(phenylphosphonate)-4'-yl]propanoic hydrochloride (227) as a white solid (0.115 g,
88%). Mp 218-220 °C; vmax/cm™" (neat) 2745 (OH), 1729 (C=0), 1605, 1501, 1407,
1135, 921; [a]p?® +3.5 (¢ 0.1, H20); 61 (400 MHz, D-0) 3.25 (1H, dd, J 14.6, 7.6 Hz,
3-HH), 3.41 (1H, dd, J 14.6, 5.6 Hz, 3-HH), 4.32 (1H, dd, J 7.6, 5.6 Hz, 2-H), 7.43
(2H, dd, J 8.0, 3.2 Hz, 3'-H and 5"-H), 7.71 (2H, dd, J 12.8, 8.0 Hz, 2"-H and 6'-H);
dc (101 MHz, D20) 38.6 (CH2), 57.3 (CH), 132.3 (d, 3Jcp 14.5 Hz, 2 x CH), 134.0
(d, 2Jcp 10.2 Hz, 2 x CH), 136.2 (d, 'Jcp 180.5 Hz, C), 140.3 (d, *Jcp 3.1 Hz, C),
174.7 (C); m/z (ESI) 246.0527 (MH*. CgH13NOsP requires 246.0526).
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5.0 Appendices

5.1 Appendix

| - Raw Data Obtained from HPLC Determination of

Physicochemical Properties

5.1.1 Percentag

e of Plasma Protein Binding (%PPB) via Human Serum

Albumin (HSA) Chromatography
%PPB Retention
Compound Literature Log K Tr1 Tr2 Tr3 time (min)
Nizatidine 35.0 -0.275 0.360 0.360 0.353 0.358
Bromazepan 60.0 0.165 1217 | 1223  1.227 1.222
Carbamazepine 75.0 0.460 1.067 1.067 1.063 1.066
Nicardipine 95.0 1.200 2613 2623 2.627 2.621
Warfarin 98.0 1.514 1.830 1.830 1.830 1.830
Ketoprofen 98.7 1.633 2250 2247 @ 2.247 2.248
Indomethacin 99.0 1.695 3.063 3.060 3.063 3.062
Diclofenac 99.8 1.920 2920 2923 2.927 2923 |
HSA Calibration Curve
2.500 -
y =0.7688x - 0.4343
20007 2= 0,8382 .
X 1500 | *
o
)
= 1,000 |
0.500 4
0.000 - - : : : .
0.000 :(s&) 1.000 1500 2.000 2500 3.000 3500
-0.500 -

Retention time (min)
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Retention

Compound Tr1 Tr 2 Tr3 . . Log KHSA. % PPB HSA.
Time (min)
66 1640 1.637 1.637 1.638 0.8250 87.85
67 1440 1.443 1.437 1.440 0.6728 83.30
68 1567 1.570 1.570 1.569 0.7719 86.39
69 1477 1477 1473 1.476 0.7002 84.21
70 1460 1.463 1.460 1.461 0.6889 83.84
71 1.773 1.773 1.770 1.772 0.9280 90.34
72 2053 2.050 2.050 2.051 1.143 94.21
73 2653 2650 2.650 2.651 1.604 98.55

5.1.2 Membrane Permeability (Pm) and Membrane Partition Coefficient (Km)
via Immobilised Artificial Membrane (IAM) Chromatography

Compound % 30 40 50 60
Tr1 4.767 2.660 2.183 2.023
66 Tr 2 4.790 2.660 2.183 2.023
Tr3 4.787 2.663 2.183 2.023

Average 4.781 2.661 2.183 2.023

Compound % 30 40 50 60
Tr1 2.537 2.143 2.007
67 Tr 2 4.160 2.533 2.147 2.007
Tr3 4.163 2.533 2.147 2.007

Average 4.162 2.534 2.146 2.007

Compound % 30 40 50 60
Tr1 5.127 2.727 2.200 2.027
68 Tr 2 5.120 2.727 2.203 2.027
Tr3 5.103 2.730 2.203 2.027

Average 5117 2.728 2.202 2.027

Compound % 30 40 50 60
Tr1 4.670 2.613 2.160 2.010
69 Tr 2 4.667 2.610 2.160 2.010
Tr3 4.657 2.607 2.160 2.010

Average 4.665| 2.610 2.160 2.010

Compound % 30 40 50 60
Tr1 4.110 2497 2.123 1.997
70 Tr 2 4.120 2.497 2.123 1.997
Tr3 4117 2.497 2123 1.997

Average 4116 2497 2123 1.997
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Compound % 30 40 50 60
Tr1 6.067 2.843 2.207 2.007
71 Tr 2 6.070 2.840 2.207 2.007
Tr3 6.067 2.843 2.207 2.007
Average 6.068 2.842 2.207 2.007
Compound % 30 40 50 60
Tr1 7.850 3.190 2.303 2.040
79 Tr 2 7.837 3.187 2.303 2.040
Tr3 7.853 3.187 2.303 2.040
Average 7.847 3.188 2.303 2.040
Compound % 30 40 50 60
Tr1 11.510 3.710 2440 2.097
73 Tr 2 11.527 3.707 2440 2.097
Tr3 11.517 3.707 2443 2.097
Average | 11.518 3.708 2.441 2.097
1 1.883
Citric Acid 2 1.880
3 1.881
Average 1.881
Compound| 30 40 50 60 Tl?;t:?:?:) k' Vs Vs/Vm Km Mw Pm
67 4162 | 2534 [2.146 [2.007 | 6587 | 25014 | 0.1481 | 0.0787 | 31.77 | 559.57 | 0.05677
70 4116 | 2497 [2.123[1.997 | 6523 [ 24672 | 0.1481 | 0.0787 | 31.34 | 573.60 | 0.05463
69 4665 | 2610|2160 [2010| 7709 | 3.0974 | 0.1481 | 0.0787 | 39.34 | 587.63 | 0.06695
71 6.068 | 2.842 | 2.207 | 2.007 10.820 4.751 0.1481 | 0.0787 60.34 574.58 | 0.10502
66 4.781]2661[2.183[2.023| 7929 |[3.2145]0.1481 | 00787 | 40.83 | 55957 | 0.07296
73 11.518[ 3.708 [ 2441 [ 2.097 | 22.958 | 11.203 | 0.1481 [ 0.0787 | 142.29 | 583.60 | 0.24381
68 5117 | 2.728 | 2.202 | 2.027 8.657 3.6014 [ 0.1481 | 0.0787 45.74 573.60 | 0.07974
72 7.847 [ 31882303 [2.040 | 14.701 | 6.8141 | 0.1481 | 0.0787 | 86.54 | 576.62 | 0.15009
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5.2 Appendix Il — Schematic of FXrn Synthesiser
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5.3 Appendix Il — Chiral HPLC Traces

Dimethyl (1°R)-2-[1'-(3",5"-difluorophenyl)-2'-nitroethyljmalonate ((R)-89)

Acquired by

Sample Name
Sample ID

Injection Volume
Data File Name
Method File Name
Data Acquired

Data Processed

5% iPrOH, 1.0mL/min
ODH

NO, CO,Me
Y COQMe

C:\LabSolutions\LCsolution\Sample\Holly\HM4-011.Icd
: Admin
: HM4-011
: HM4-011
120 uL
: HM4-011.lcd
: 5%iPrOH-1mLmin.lcm
: 12/06/2019 12:03:46
: 12/06/2019 12:39:08

C:\LabSolutions\LCsolution\Sample\Holly\HM4-011.lcd

mAU
q PDA Multi 1
1 <
i S
10+
57
i ©
1 3
0 &
1 I \ \ . T . i
0 5 10 15 20 25 30 35
min
1 PDA Multi 1/254nm 4nm
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 20.966 53645 863 4.163 5.994
2 24.042 1234959 13532 95.837 94.006
Total 1288604 14394 100.000 100.000
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Dimethyl (*)-2-[1'-(3",5"-difluorophenyl)-2'-nitroethylJmalonate (89)

Acquired by

Sample Name
Sample ID

Injection Volume
Data File Name
Method File Name
Data Acquired

Data Processed

5% iPrOH, 1.0mL/min
ODH

NO, CO,Me

CO,Me

Br

C:\LabSolutions\LCsolution\Sample\Holly\HM4-012 racemic.lcd

: Admin
: HM4-012 racemic
: HM4-012 racemic
;20 uL
: HM4-012 racemic.lcd
: 5%iPrOH-1mLmin.lcm
1 12/06/2019 14:37:49

1 12/06/2019 15:12:50

C:\LabSolutions\LCsolution\Sample\Holly\HM4-012 racemic.lcd

mAU
] N PDA Multi 1
2 S
- (aV)
1
O*W"““_‘“
-1+
; ‘ — ;
0 5 10 15 20 25 30 35
min
1 PDA Multi 1/254nm 4nm
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height % |
1 20.887 284521 3813 50.863 53.547
2 24.064 274863 3307 49.137 46.453
Total 559384 7120 100.000 100.000
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Methyl (3R)-3-(3'-bromo-5'-fluorophenyl)-4-nitrobutanoate ((R)-98)

Acquired by

Sample Name

Sample ID

Injection Volume
Data File Name
Method File Name
Data Acquired
Data Processed

: Admin

NO2 COZMe

: HM4-093 R-enantiomer inj2

: HM4-093 R-enantiomer inj2

HM4-093 R-enantiomer inj2

AD-H; IPA : Hex =2 : 98 @ 1mL/min 30 min

120 uL

: HM4-093 R-enantiomer inj2.lcd
: AD-H_2%iPrOH-Hexane_1mL-min_30min.lcm
: 23/09/2020 14:56:35
: 23/09/2020 17:18:16

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-093 R-enantiomer inj2.lcd

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-093 R-enantiomer inj2.lcd

mAU
] Q PDA Multi
©
J Q
500+
250+
1 Y]
1 3
J &
0 + L
\ \ \ DR \
0 5 10 15 20 25 30
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time¢ Area Height Area % Height %
1 20.302 2249598 42341 5.608 5.712
2 22.353 37867036 698940 94.392 94.288
Tota 40116634 741281 100.000 100.000

333



Methyl (%)-3-(3'-bromo-5'-fluorophenyl)-4-nitrobutanoate (98)

Acquired by

Sample Name

Sample ID

Injection Volume
Data File Name
Method File Name
Data Acquired
Data Processed

NO2 COZMe

Br

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-056 racemate inj6.lcd
: Admin

: HM4-056 racemate inj6

: HM4-056 racemate inj6

HM4-056 racemate inj6

AD-H; IPA : Hex =2 : 98 @ 1mL/min 30 min

120 uL

: HM4-056 racemate inj6.lcd
: AD-H_2%iPrOH-Hexane_1mL-min_30min.lcm
: 23/09/2020 16:08:48
: 23/09/2020 16:38:50

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-056 racemate inj6.lcd

mAU
] g § PDA Multi 1
1 < s
300+
200
100
0 i L
I I l l
0 5 10 15 20 25 30
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 20.301 19520939 373575 49.771 49.925
2 22.503 19700943 374695 50.229 50.075
Tota 39221882 748270 100.000 100.000
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(4R)-4-(3'-Bromo-5'-fluorophenyl)pyrrolidin-2-one ((R)-83)

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-097 R-enantiomer inj1-2.lcd

Acquired by : Admin
Sample Name : HM4-097 R-enantiomer inj1
Sample ID : HM4-097 R-enantiomer inj1

120 uL

: HM4-097 R-enantiomer inj1-2.lcd

: AD-H_3%iPrOH-Hexane_1mL-min_45min.lcm
Data Acquired 1 18/12/2020 12:15:17

Data Processed 1 18/12/2020 16:08:20

HM4-097 R-enantiomer inj1

AD-H; IPA : Hex = 3:97 @ 1 ml/min 45 min

Injection Volume
Data File Name
Method File Name

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-097 R-enantiomer inj1-2.lcd

mAU
1 © PDA Multi 1
. ~
| &
300
200+
100+
n =]
1 3
1 &
0 i t .
1 T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T
0 5 10 15 20 25 30 35 40 45
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time¢ Area Height Area % Height %
1 27.776 44466477 349325 92.469 92.717
2 37.308 3621372 27439 7.531 7.283
Tota 48087849 376764 100.000 100.000
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(¥)-4-(3’'-Bromo-5'-fluorophenyl)pyrrolidin-2-one (83)

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-085 racemate inj1.lcd

Acquired by : Admin
Sample Name : HM4-085 racemate inj1
Sample ID : HM4-085 racemate inj1

120 uL

: HM4-085 racemate inj1.lcd

: AD-H_3%iPrOH-Hexane_1mL-min_40min.lcm
:18/12/2020 11:25:53

1 18/12/2020 12:20:46

Injection Volume

Data File Name
Method File Name
Data Acquired

Data Processed
HM4-085 racemate inj1
AD-H; IPA : Hex = 3: 97 @ 1 ml/min 40 min

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-085 racemate inj1.lcd

mAU
1 S 8 PDA Multi 1
4 © &
J & 3
150+
100
50
Oi T i « A
— — — — — — — — ‘
0 5 10 15 20 25 30 35 40 45
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 27.621 20445832 176929 50.219 51.279
2 36.905 20267282 168103 49.781 48.721
Tota 40713113 345033 100.000 100.000
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(4R)-4-(3'-Bromo-5'-fluorophenyl)-1-[(3""-methylpyridin-4"-
yl)methyl]pyrrolidin-2-one ((R)-84)

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-098 R-enantiomer inj1.lcd

Acquired by : Admin
Sample Name : HM4-098 R-enantiomer inj1
Sample ID : HM4-098 R-enantiomer inj1

120 uL

: HM4-098 R-enantiomer inj1.lcd

: AD-H_8%iPrOH-Hexane_1.5mL-min_55min.lcm
Data Acquired 1 18/12/2020 14:53:27

Data Processed :18/12/2020 16:01:11

HM4-098 R-enantiomer inj1

AD-H; IPA : Hex = 8 : 92 @ 1.5 ml/min 55 min

Injection Volume
Data File Name
Method File Name

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-098 R-enantiomer inj1.lcd

mAU
1501 % PDA Multi 1
| =
100+
507 oo}
1 2
| o
0 L
I l l T I I
0 10 20 30 40 50
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 12.898 1436308 25415 4.938 13.214
2 31.281 2056643 16858 7.070 8.765
3 39.049 25596458 150059 87.992 78.021
Tota 29089410 192332 100.000 100.000
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(¥)-4-(3'-Bromo-5'-fluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-
2-one (84)

Acquired by

Sample Name

Sample ID

Injection Volume
Data File Name
Method File Name
Data Acquired
Data Processed

Br

C:\LabSolutions\LCsolution\Sample\ Guest\Holly\HM4-088 racemate inj1.lcd
: Admin

: HM4-088 racemate inj1

: HM4-088 racemate inj1

HM4-088 racemate inj1
AD-H; IPA : Hex = 8 : 92 @ 1.5 ml/min 45 min

120 uL
: HM4-088 racemate inj1.lcd
: AD-H_8%iPrOH-Hexane_1.5mL-min_45min.lcm
1 18/12/2020 13:45:37
1 18/12/2020 14:40:38

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-088 racemate inj1.lcd

mAU
J 3 PDA Multi 1
| o
| 8 &
N
i [}
™
75
50
25
0 T f :
\ \ \ I \
0 10 20 30 40 50
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 30.953 11331211 93949 49.477 55.280
2 39.229 11570971 76003 50.523 44.720
Total 22902182 169952 100.000 100.000
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Methyl (3R)-3-(3",5'-difluorophenyl)-4-nitrobutanoate ((R)-103)

Acquired by
Sample Name
Sample ID
Injection Volume
Data File Name

Method File Name

Data Acquired
Data Processed

: Admin
: HM4-083 R-enantiomer
: HM4-083
120 uL

: HM4-083 R-enantiomer.lcd

: AD-H_5%iPrOH-Hexane_1mL-min_20min.lcm

NO2 COQMe

: 21/09/2020 15:00:29
: 21/09/2020 17:02:30

HM4-083 R-enantiomer
AD-H; IPA : Hex =5 : 95 @ 1mL/min for 20 min

a2,

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-083 R-enantiomer.lcd

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-083 R-enantiomer.lcd

mAU
J 3 PDA Multi 1
«©
1 N
750
500+
250
i o
, g
1 o
Ofgﬂg,__/\ { 1
T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 20.0
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 12.300 2344308 80172 6.816 8.236
2 14.838 32050660 893298 93.184 91.764
Tota 34394969 973470 100.000 100.000
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Methyl (%)-3-(3',5'-difluorophenyl)-4-nitrobutanoate (103)

Acquired by
Sample Name
Sample ID
Injection Volume
Data File Name

Method File Name

Data Acquired
Data Processed

NO2 COZMe

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-045 racemate.lcd

: Admin

: HM4-045

: HM4-045

120 uL

: HM4-045 racemate.lcd

: AD-H_5%iPrOH-Hexane_1mL-min_20min.lcm
: 21/09/2020 14:37:23

: 21/09/2020 16:52:58

HM4-045 racemate
AD-H; IPA : Hex =5 : 95 @ 1mL/min for 20 min

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-045 racemate.lcd

mAU
1 2 © PDA Multi 1
4 N =}
400+ d s
300-]
200-]
100
0;__jj\wwd ; '
T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ ‘ T T
0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 12.419 11512761 425916 49.770 53.047
2 14.978 11619386 376989 50.230 46.953
Tota 23132147 802905 100.000 100.000
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(4R)-4-(3',5'-Difluorophenyl)pyrrolidin-2-one ((R)-104)

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-084 R-enantiomer.Icd
Acquired by : Admin

Sample Name
Sample ID

Data File Name
Method File Name
Data Acquired

Data Processed
HM4-084 R-enantiomer

: HM4-084 R-enantiomer

: HM4-084 R-enantiomer
Injection Volume 120 uL

: HM4-084 R-enantiomer.lcd
: AD-H_5%iPrOH-Hexane_1mL-min_30min.lcm
: 21/09/2020 16:04:56
: 21/09/2020 17:09:50

AD-H; IPA : Hex =5 : 95 @ 1mL/min for 30 min

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-084 R-enantiomer.lcd

mAU
1 Q PDA Multi 1
750 Q
b 2
500
250+
] g
0 . I
I T \ ‘ \ \
0 5 10 15 20 25 30
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 18.845 52112355 764235 93.708 94.021
2 26.081 3498905 48603 6.292 5.979
Tota 55611260 812838 100.000 100.000
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(*)-4-(3",5'-Difluorophenyl)pyrrolidin-2-one (104)

Acquired by
Sample Name
Sample ID
Injection Volume
Data File Name

Method File Name

Data Acquired
Data Processed

HM4-051 racemate

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-051 racemate.lcd

: Admin

: HM4-051 racemate

: HM4-051 racemate

120 uL

: HM4-051 racemate.lcd

: AD-H_5%iPrOH-Hexane_1mL-min_30min.lcm
1 21/09/2020 15:26:07

:21/09/2020 17:05:10

AD-H; IPA : Hex =5 : 95 @ 1mL/min for 30 min

C:\LabSolutions\LCsolution\Sample\ _Guest\Holly\HM4-051 racemate.lcd

mAU
b ry PDA Multi
© @
& >
150 = &
100+
50
| ] y
0 i T
\ \ \ T \ I
0 5 10 15 20 25 30
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 18.621 10707026 165585 49.838 53.127
2 25.847 10776588 146094 50.162 46.873
Tota 21483614 311679 100.000 100.000
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(4R)-4-(3',5'-Difluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-
one ((R)-24)

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-086 R-enantiomer.lcd

Acquired by : Admin

Sample Name : HM4-086 R-enantiomer

Sample ID : HM4-086 R-enantiomer

Injection Volume 120 uL

Data File Name : HM4-086 R-enantiomer.lcd

Method File Name : AD-H_10%iPrOH-Hexane_1.5mL-min_40min.lcm
Data Acquired : 25/09/2020 11:52:31

Data Processed : 25/09/2020 12:48:08

HM4-086 R-enantiomer
AD-H; IPA : Hex =10: 90 @ 1.5 mL/min 40 min

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-086 R-enantiomer.lcd

mAU
B 2 PDA Multi 1
b 0
] N
200+
150
100 >
b 2
i s
50
(E T i .
‘ T T — T — T T T .
0 5 10 15 20 25 30 35 40
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 22.199 5270064 65819 18.299 21.927
2 27.599 23530368 234349 81.701 78.073
Tota 28800432 300168 100.000 100.000

343



(¥)-4-(3",5'-Difluorophenyl)-1-[(3"-methylpyridin-4"-yl)methyl]pyrrolidin-2-one

(24)

Acquired by
Sample Name
Sample ID
Injection Volume
Data File Name

Method File Name

Data Acquired
Data Processed

C:\LabSolutions\LCsolution\Sample\_Guest\Holly\HM4-057 racemate inj3.lcd
: Admin

: HM4-057 racemate inj3

: HM4-057 racemate inj3

:20 uL

: HM4-057 racemate inj3.lcd

: AD-H_10%iPrOH-Hexane_1.5mL-min_40min.lcm

: 25/09/2020 11:10:17

: 25/09/2020 11:56:22

HM4-057 racemate inj3
AD-H; IPA : Hex =10 : 90 @ 1.5 mL/min 40 min

C:\LabSolutions\LCsolution\Sample\ Guest\Holly\HM4-057 racemate inj3.lcd

mAU
] 5 PDA Multi
J 3 -
i g 8
1 N
150
100
50
0 f
T ‘ T ‘ T T ‘ T T ‘ T T ‘ T T T
0 5 10 15 20 25 40
min
1 PDA Multi 1/210nm 4nm
PDA Chl 210nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 22.091 14525540 182076 49.299 54.822
2 27.658 14938711 150044 50.701 45.178
Tota 29464251 332121 100.000 100.000
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