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Abstract

Rapid synthesis is essential for carbon-11, a routinely used radioactive isotope with a physical half-life of
20.4 minutes. Typically, cyclotron production delivers the isotope as [''C]CO; or [''C]CHa, which can be
converted to secondary carbon-11 precursors ([''C]CN, [''C]CHsl, etc.), although the transformations lead
to loss of activity yields. Hence, direct fixation of [''C]CO: into complex molecules is appealing for
operational simplicity and time efficiency.

Photocatalysis unlocks rapid reactivity under mild conditions. Our lab has developed photocatalytic
methods to prepare ''C-amino acids and ''C-phenylacetic acids from [''C]CO,. These functional groups are
found in biochemicals and drug molecules, opening synthetic routes to novel radiopharmaceuticals.

We have developed a photocatalytic method to prepare a-hydroxy ''C-carboxylic acids, a
functionality found in various metabolites and neuroactive drugs. This method leverages readily available
ketone substrates as precursors for radiolabelling with [''C]CO», assisted by an iridium-based photocatalyst.
We have employed experimental design using Bayesian optimisation to improve the radiochemical yields
of "'C-a-hydroxy acids. Furthermore, we have developed conditions that efficiently extract [''C]CO, into
the reaction medium independent of the substrate structure, which overcomes a shortcoming of previously
reported methods.

Subsequently, we have prepared a scope of ''C-a-hydroxy acids to demonstrate the method’s
versatility. Since characterization of ''C-a-hydroxy acids requires their non-radioactive standards, we
developed a metal-free photocatalysed synthesis of a-hydroxy acids with stable CO,. We were able to
synthesize all requisite non-radioactive standards and, in the process, demonstrated the breadth of the metal-

free method.
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Chapter 1

Introduction

1.1 Radiochemistry for positron emission tomography

Molecular imaging is a non-invasive means to obtain functional information of cellular and biological
processes. Positron emission tomography (PET) is a widely used molecular imaging modality used for
research and diagnosis in the fields of oncology, cardiology and neurology, and in drug discovery.!'* PET

relies on molecular probes, or tracers to generate the image.

1.1.1 The tracer principle

PET imaging begins with the preparation of a molecular imaging ligand, referred to as tracer. A tracer
comprises of a positron emitting radionuclide attached to a targeting ligand. Generally, the targeting ligand
is a bioactive molecule such as a drug, metabolite or their derivative.!!

The tracer principle suggests that the radioactive tracer exhibits identical physical and chemical
properties to its native counterpart and the administered dose of the tracer is a sub-pharmacological dose.
Dosage of the tracer is key, since PET images are primarily used for diagnosis, any pharmacological effects
from tracer administration results in perturbation of the biological system and can lead to unreliable images.
Adhering to these principles translates to preparation of a tracer that is chemically identical to its non-
radioactive counterpart and is administered in trace amounts to the subject of interest.

The prepared tracer is then injected into the subject of interest, generally an animal (for pre-clinical
studies) or a human patient. The radionuclide emits a positron, which annihilates with an electron in near
proximity to produce two coincident y-photons which are detected by the array of detectors in a PET
scanner. The data collected is algorithmically reconstructed to produce an image of the spatial and temporal

distribution of the tracer.>*
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Figure 1 Radiochemistry is required for tracer development in diagnostic PET imaging

Figure created using BioRender

1.1.2 Radiochemistry for molecular imaging

The development of chemistries to incorporate a radionuclide into a tracer gave rise to the field of
radiochemistry for molecular imaging. For diagnostic imaging, commonly employed radionuclides include
positron emitting small atoms including ''C, "*F, N and 0. Primarily, these nuclides are preferred in
clinical settings for their short half-lives (ti2) which limits unnecessary exposure to radioactivity.!*”!

Fluorine-18 (ti» = 109.8 mins) is the most popular radioisotope for PET imaging due to the
prevalence of 2-["*F]fluoro-2-deoxy-D-glucose (['*F]FDG) in clinical imaging, accounting for 95% of PET
studies.”’ Since fluorine rarely occurs in natural biomolecules, tracers radiolabelled using fluorine-18 rely
on being isosteric to a native ligand, as observed with ["*F]FDG. Hence, the tracers require experiments to
validate their isosteric nature and the tracer can never perform identically to its native counterpart. Carbon
forms the backbone of a very large spectrum of bioactive molecules. Hence, replacing an existing carbon-
12 atom of a biomolecule with carbon-11 is an appealing radiolabelling strategy.

Carbon-11 (ti2 = 20.4 mins) is a widely used radioisotope for diagnostic PET imaging. The
radionuclide is produced through the "N(p,a)''C nuclear reaction. The nuclear reaction takes place in a
cyclotron, where a proton beam bombards a ['*N]N, target. Depending on the additive gas in the target,

cyclotron generated carbon-11 affords two primary precursors. When H, is used as an additive, the



precursor yielded is [''C]CH4 while O, as an additive yields [''C]CO.. Since a no-carrier-added target is
used, high enrichment of carbon-11 is observed in the target. However, external contamination of the gas
target cannot be entirely eradicated. Either of the precursors are generated in trace quantities (up to 100
nmol) with a very significant (at least 99.9%) amount of non-radioactive precursors.”!

From the primary carbon-11 precursors, [''C]JCHs and [''C]CO,, a multitude of secondary
precursors can be prepared. Chiefly, secondary precursors such as [''C]CO, [''C]JHCN and [''C]CH;I are
routinely employed for tracer synthesis. While improving on reactivity, these precursors often require
complex set ups for preparation from primary precursors and lead to loss of activity during the

transformation.

Primary Precursors

11C]COo, < el » ["'CICH
['CIco, < 2% 0,/C030, 4 4

<
4,
z Secondary Precursors D

Zn/A
NH3,Pt/A

v

[1CJCO ["CJCH;0H — 5 ["C]CHSl ["CJHCN

AgOTf/A

[""CICH,OTf

Figure 2 Reaction pathways for generation of ''C-precursors



1.1.2.1 Terminology for Radiopharmaceutical sciences

The unique reaction conditions arising from radioactive decay and low concentrations demand that
radiochemical reactions be measured using different set of performance parameters as agreed upon within
the field of radiopharmaceutical sciences:!”!

Activity (inf. Radioactivity) measures
According to IUPAC, ‘radioactivity’ is the qualitative term to describe the spontaneous decomposition or
rearrangement of a nuclei resulting in an emission of radiation. ‘Activity’ is the quantitative measurement
of radioactivity, the number of decays of a given amount of material over a fixed time interval. (SI unit —
‘Becquerel’ (Bq), equal to one disintegration per second)

Specific Activity (As) and Molar Activity (A)

A — Measured activity per gram of compound (GBg/mg)
A — Measured activity per mole of compound (GBg/pmol)

Yield measures
Radiochemical conversion (RCC) is measured as the activity of the product, as a percentage (%) of the
starting activity used, corrected for radioactive decay. This is identical to the concept of ‘chemical yield’
used in non-radioactive chemistry. Typically, RCC is determined using radioHPLC.

In the case of gaseous radionuclide precursors such as [''C]CO; or [''C]CO, the activity at the end
of radionuclide production cannot be extracted into a radiochemical reaction with quantitative efficiency.
Instead, activity is measured for the resultant reaction mixture to determine the ‘trapping efficiency’ (TE)
of the gaseous radionuclide precursor. TE is measured as a percentage (%) of total activity produced. TE
corrects RCC for the amount true activity that is available to react.

Together with the correction, we define the all-encompassing radiochemical yield (RCY), which is

the percentage (%) of activity generated that converted to product.

RCY =TE x RCC



1.1.3 Radiochemistry with Carbon-11

Due to the very short half-life of carbon-11, the incorporation of the radionuclide occurs in the final or
penultimate step of tracer synthesis. Referred to as late-stage functionalization, such strategies are common
to both primary and secondary carbon-11 precursors. Popular radiochemical strategies to incorporate
carbon-11 include:
e Methylation of nucleophilic centres using secondary precursors [''C]CH;I or [''C]CH;0Tf
e C-C bond formation using secondary precursors ([''C]CO, [''C]CN, etc.) through transition metal
mediated coupling/catalysis
e Carboxylic acids and their derivatives from [''C]CO, carboxylation using organometallic reagents
or copper catalysts
The simplicity afforded by ''C-methylation has made it the most common strategy for carbon-11
radiolabelling. Generally, a nucleophilic heteroatomic centre is methylated using [''C]JCH;I or
[''C]CH;OTHf, under mildly basic conditions in a single step (Figure 3.b). Occasionally, ''C-methylation is

employed at the cost of modifying the native ligand (Figure 3.c).

a o b

["C]Methionine H311C’S\/\)L0H
NH,
F /©)J\/\/
["'C]Nicotine (j/n
1CH3 Spiperone [""C]N-Methyl Spiperone (NMSP)

¢ Cl HO, H311C’0

— HN—NQ s — HN—NQ . = HN-ND
No 7 Ne 7 N 7

JO R JO G JO G

cl al cl al al al

Rimonabant desmethyl JHU75528 [MClJHU75528

11CH3

Figure 3 Tracers prepared using ''C-methylation

(a) Tracers with identical structures to native ligands (b),(c) PET tracers for neuroimaging (b) Methylation
of native ligand (Spiperone, antipsychotic drug) (c) Structural modification for methylation (Rimonabant,
CB; targeting ligand)



[''C]CO is a well-established precursor with a straightforward synthetic route and a variety of developed
"C-carbonylations. However, it has poorly translated to clinical PET tracer synthesis due to the lack of
automated synthesis units for [''C]CO.I'" A similar case holds true for [''CJHCN, a lack of widespread
adoption of commercially available automated synthesis modules. Although, [''C]JHCN has been essential
to generate different functionalities such as nitriles, hydantoins and (thio)cyanates. Through further steps,
['"C]HCN has been employed to prepare various carboxylic acid derivatives as well.['!

As alluded to earlier, direct functionalization of the primary carbon-11 precursor [''C]CO., is
appealing due to activity not being lost to during the transformation to secondary precursors.
Functionalization of [''C]CO, is common using organometallic reagents (Grignard, organolithiums, etc.),
providing access to carboxylic acids and a spectrum of carboxylic acid derivatives (Figure 4). Although
these conditions are harsh, and require robust substrates, often with multiple protecting groups to prevent
unfavourable reactivity. Furthermore, the reaction conditions must be rugged, requiring moisture-free

conditions, which makes reproducibility difficult in a clinical production environment.

Carboxylic acids Asymmetrical ureas
R 11II R 118 R’
\/C\OH \Nf \N/ 9
A A R, JIC.-R
N N
x| H H
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0.1%-1% 0O PR3/POCI
“N(p.a)"'c 2> ["c]co, Sl R-N:11C:0
0o l 9
1l
R. 1C.__R’ R. "C.
N C 0" Q N"~"R
H R. 1C< H
N H .
Carbamates H Amides
Formamides

Figure 4 Preparation of ''C-carboxylic acid derivatives



1.2 Photocatalysed methods for carbon-11 radiochemistry
Photochemistry has emerged as an exclusive route for certain organic transformations. Moreover, it has
emerged as an important strategy for late stage functionalization in natural product synthesis, agrochemicals

2l Given the importance of late-stage functionalization in

and active pharmaceutical ingredients.!
radiochemistry, photochemistry has been adapted to the constraints of radiochemistry. Photocatalysed
methods for PET isotopes, namely ''C and '®F have emerged over the past decade.!'”

Photochemical methods for carbon-11 have emerged for various established precursors from the
cyclotron-produced [''C]CO, and secondary precursors emerging from transformations including
[''C]CH;I, [''C]CO and [''C]CN". In the subsequent sections, notable photochemical methods using various

"C-precursors have been described. Alongside, the non-radioactive methods they were adopted from are

compared to understand the key changes made for radiochemistry.

1.2.1 Photocatalysed coupling with ["'C]CH;I

In 2021, Pipal and coworkers!'*! disclosed a radiomethylation strategy to prepare ''C and *H labelled tracers
via a nickel mediated photoredox coupling (Figure 5) and the precursors used here are [''C]CH;I and
[*H]CH:I respectively. The strategy employs a visible light activated photoredox catalyst to generate a silyl
radical (tris(trimethylsilane)silane), which subsequently generates a [''C]JCH5" radical. Concurrently, the
arylnickel halide intermediate is formed. An oxidative capture of [''C]CHs by the arylnickel halide
intermediate converts it to a [''C]CH;-arylnickel intermediate which is reductively eliminated to yield the
coupled product. A variety of radiotracers were synthesized from aryl-halide precursors while alkyl-halide
precursors performed poorly, potentially due to poor reductive elimination from the nickel complex. The
method is notable for being one of the initial methods published that provided a benchmark for reaction set

up and scale for subsequent photocatalytic carbon-11 radiochemistry.
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Figure 5 Metallophotoredox radiomethylation using [''C]CH;l

The method was adapted from the lab’s previous work reported by Zhang et al.!'*! which was an identical,
but non-radioactive nickel mediated photoredox coupling. The changes made to adapt the non-radioactive
method for radiochemistry were -

e Decrease in reaction time from 6 h — 5 min

e Decrease in total reaction volume from 2 mL — 300 pL

e Decrease in concentration of substrate from 0.25 M — 0.015 M
The above changes are generally expected in adaptation for radiochemistry. However, notable changes in
the radiochemical method were the following:

e Increase in photocatalyst loading from 1 mol% [Ir] — 2 mol% [Ir]

e Increase in metal catalyst loading from 0.5 mol% [Ni] — 17 mol% [Ni]
The increased loading of catalysts enabled reducing reaction time from hours down to a few minutes. Short
reaction times (<10 mins) are essential for carbon-11 methods given its physical half-life of 20.4 mins. For
instance, if a reaction were run for 20 minutes, about 50% of the activity produced would be rendered

useless regardless of reactivity.



1.2.2 Photocatalysed coupling with [''C]CN-

Li, Nicewicz and coworkers reported a photocatalytic method over multiple reports!'®!”! for aryl C-H ''C-
radiocyanation and deoxy-''C-radiocyanation (Figure 6.a). The former method suffered from poor site-
selectivity on arene substrates (X = H) which the latter overcame through the installation of a methoxy
directing group (X = OMe). Regardless, the proposed mechanism involves the acridinium based
photocatalyst activating the substrate to form a radical cation, followed by nucleophilic radiocyanation to
form a Meisenheimer-like radical intermediate. Finally, the intermediate is oxidised to yield the ''C-
cyanated product. Notably, the reports were limited to a scope of electron rich arenes, although tolerated
nitrogenous heterocycles.

Similar to the radiomethylation method, this radiocyanation was adapted from the lab’s previous
work reported by McManus and Nicewicz.!"¥! General adaptations were made for radiochemistry by
reducing the reaction volume and the substrate concentration, and the catalyst loading was increased.
Furthermore, a more readily available source of CN” was required due to carbon-11’s inherently low
concentrations. This led to the switch from trimethylsilyl cyanide (TMSCN) to tetrabutylammonium
bicarbonate (TBAB, forming [''C]TBACN) as a labile [''C]CN" trap, formed in situ or preformed).

These works paved the way for Li and Nicewicz!'” to report a decarboxylative radiocyanation
strategy to yield ''C-nitriles (Figure 6.b). The strategy shifts from a deoxy-cyanation to a decarboxylation-
cyanation. The substrate compatibility of this method shifts from electron-rich arenes of previous reports
to a spectrum of alkyl and benzyl positions on drug molecules that furnish a diverse library of carbon-11

labelled drug molecules, metabolites, amino acids and peptides.
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Figure 6 Photocatalysed radiocyanation using acridinium based photocatalysts

1.2.3 Photocatalysed carboxylation and isotopic exchange with [''C]CO;

Amidst the development of methods for secondary carbon-11 precursors, a myriad of strategies to label
with [''C]CO, were reported. Proximal to the radiomethylation strategy in 2021, Kong et al.*” reported a
mild metal-free approach to synthesize ''C-carboxylic acids using carbon isotope exchange (CIE). No
precursor synthesis is required as the native substrate acts as the precursor. It has been proposed that upon
activation of the substrate using an organic phthalonitrile photocatalyst, a radical-polar crossover occurs
causing the substrate to decarboxylate. The decarboxylation forms the anion 7(I) which is labelled by
[''C]COx to yield the corresponding acid (Figure 7.a).

The CIE method enables a one-step strategy for radiolabelling carboxylate groups with carbon-11
and is amenable to labelling a diverse range of radiotracers with phenylacetic acid moieties. However, since
the precursor and final product are isotopologues, they exhibit identical physical and chemical properties.
It is impossible to separate the radioactive product from the non-radioactive product (which, in this case is

also the precursor). Due to the presence of non-radioactive product, the molar activity (Am) of the
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formulation is low for in vivo use (Figure 7.c). High molar activities are sought after to ensure the tracer
dose is within pharmacological limits. Routinely used carbon-11 PET tracers are reported to have A, values
between ~1-200 GBg/umol®?'** to prepare a useful dose for PET imaging.

Nonetheless, this method was the first photocatalysed route for carbon-11 radiolabelling using
[''C]CO.. The method is inspired by isotopic labelling methods reported for ['¥'*C]CO, by Kong et al.
(2020)*) and Destro et al.** (Figure 7.b). Through a thermal metal-free CIE strategy, Destro et al.
proposed that thermal decarboxylation of the amino acid salt leads to formation of the anion 7(I) which
reacts with [*'*C]CO, to form isotopic phenylacetic acids. As described in subsequent sections, anions
akin to 7(I) are commonly proposed to be the reactive intermediate during photocatalysed carboxylation.
Moreover, the formation of such anions is possible through multiple reductive pathways such as successive
single electron transfer (SSET) or through radical-polar crossover. However, the method was limited to
non-heteroatomic and sterically unhindered phenylacetic acids. Furthermore, the method performed poorly

with [''C]CO; and only one substrate was labelled with a reasonable yield.
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Figure 7 Carbon Isotope Exchange (CIE) for isotopic labelling

Obtaining low molar activity is an inherent flaw to CIE chemistry, to overcome this hurdle, Munch et al. (25]

developed a direct photocatalysed carboxylation of benzylic positions to prepare ''C-phenylacetic acids
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(Figure 8.a). The absence of non-radioactive product improves molar activity as no inherent source of non-
radioactive CO; exists beyond impurities from multiple sources. A similar scope of phenylacetic acids from
the CIE method were labelled. More importantly, the molar activity was improved by an order of magnitude
bringing it to a range for more usable for PET imaging (Figure 8.d).

The method was adopted from the photocarboxylation reported by Meng et al.*”) to install
carboxylic acid groups on benzylic positions (Figure 8.b). The mechanism commences through a thiol-
mediated hydrogen atom transfer to form the benzylic radical 8(I) which is further reduced by a single
electron transfer from the photocatalyst to form the anion 8(II), which reacts with CO, to yield the
carboxylic acid. Such a mechanism reflects a classic radical polar crossover, given the formation of an
anion from the reduction of a radical. The mechanism was partially verified though deuterium labelling
experiments (Figure 8.c) where a kinetic isotopic effect (KIE) was observed in both intermolecular and
intramolecular experiments. Primary KIE observed in the first experiment suggests the formation of the
radical 8(I) to be a potential rate determining step. The second experiment bolsters the role of 8(I) being
the rate determining intermediate. Since carboxylation through 8(II) is understood to be a less reversible
pathway, the reduction of 8(I) should proceed given the high reduction potential of the photocatalyst. The
carboxylation step to form the product from 8(II) is generally a fast step. Experimental verification could
be done by looking at isotopic effects with ['*C]CO..

Furthermore, during their experiments they detected the formation of alkylated photocatalysts. The
photocatalyst 4CzIPN has one of its nitrile (CN) groups replaced by a benzyl group or phenylethyl group
(Figure 8.e). Such alkylated photocatalysts have greater reduction potentials (Phenethylated catalyst,
4CzPEBN[P*/ P71 = -1.69 V vs SCE) compared to the unmodified catalyst (4CzIPN[P*/ P =-1.43 V vs
SCE), and it has been proposed that the alkylated photocatalyst is the active photocatalyst in the reaction.*”)
Hence, Munch et al. switched to preforming the alkylated photocatalyst to skip the induction period of the
reaction where the photocatalyst is alkylated. Switching the photocatalyst shortens the reaction time and is

the most critical change to adapt the method to radiochemistry.

12



a Munch et. al

- 1CO,H
SARNCE st
Pr3SiSH, 455 nm LEDs —_ P1
RT, 10 min F

b Meng et. al

iPrsSis: DN : R PC* N Q R
‘ > ! ) i
©/\ ©/\ .

8(ll
8(l) (1) O |

P2 COH CJ Q
o 0 Xioe (0
iPrySiSH, 455 nm LEDs L

4CzBnBN

=
RT. 24h P2 - 4CzIPN
P2 D CO,H H_ CO5H
C Meng et. al
(Mechanistic studies) iPrySiSH, 455 nm LEDs
RT,24h Ph
58%, 4.9:1
CO,oH H_ CO5H
/Q)Q @ ‘ iPrSiSH, 455 nm LEDs /<)>< /<))<
RT, 24 h
21%, 1:6
d (selected example) Munch et. al € Meng et. al
1" (Transformation of PC)
CO,H
©/ \©)\ e
H iPr3SiSH, 455 nm LEDs
P2 + . >
©/\ RT, 24h > P1
[MC]Fenoprofen

molar activity: 0.79 GBg/pmol

Figure 8 Direct photocatalysed carboxylation of benzylic positions
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Most recently, Malandain et al.'*® reported a photocatalysed carboxylation with [''C]CO, to prepare ''C-
carboxylic acids from activated styrenes and acrylamides using a formate salt mediated strategy (Figure
9.a). While the method was primarily developed for ['*'*C]CO,, four substrates were labelled with carbon-
11. The mechanism hinges on the formation of a radical anion species 9(I) (Figure 9.d). Isotopic enrichment
of sodium formate in the presence [*C]CO suggest an equilibrium between CO, and 9(I). The rest of the
mechanism follows from the non-radioactive work the method has been adopted from.

This work has been developed from the report by Alektiar et al.*”) where carboxylation of styrenes
is undertaken directly using formate (Figure 9.b). Here, they propose the formation of radical anion 9(I)
through a thiol-mediated hydrogen atom transfer. The radical anion reacts with the styrene to cause a
homolytic fission. The more stable radical 9(II) is formed due to stabilization of the radical from the phenyl
group at the a-position. While a carboxylation at the a-position might occur, the radical formed would be
less stable, making this route highly reversible. Next, the substrate is reduced through a hydrogen atom
transfer from the thiol to yield the product. The mechanism is supported through an experiment using
deuterated sodium formate and indicating the source of the proton (Figure 9.c).

Unlike methods described in earlier sections, which hinge on the formation of an anion species for
carboxylation, this formate mediated method follows a radical-only mechanism. The method activates the
carbon-11 precursor instead of the substrate molecule. Such an alternate path can create greater consistency
in substrate compatibility as the conditions are tuned for the activation of a consistent moiety.

The carbon-11 formate carboxylation was employed to prepare four substrates with useful
radiochemical yields. This method can carboxylate of f-benzylic positions and serves as complementary to
the work by Munch et al. in preparing carboxylic acids at a-benzylic positions. Nevertheless, due to the
presence of sodium formate in the reaction, the products have a low A (Figure 9.¢), caused due to the

introduction of non-radioactive CO into the reaction from the ""C-sodium formate equilibrium with CO,.
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Figure 9 Photocatalysed hydrocarboxylation of benzylic styrenes

1.2.4 Overarching theme of photocatalysis with carbon-11

This section highlighted carbon-11 photocatalysis reports against corresponding non-radioactive methods

from which they have been adopted for radiochemistry. Importantly, mechanistic insights from the non-

radioactive method carry-over to the radiochemical method. For instance, one approach with [''C]CO; is

to activate the substrate for carboxylation, where the formation of an anion at the a-position of the substrate

through reduction is the key step. Another approach is to activate [''C]CO, through the initiation of an

equilibrium with a formate radical anion, where the reaction proceeds through a radical mechanism.

Furthermore, the purpose of this section was to specifically highlight key strategies employed to adopt non-

radioactive methods for radiochemistry —

e Reduction of total reaction volumes from ~2 mL for most non-radioactive methods to <500 pL for

the radiochemical methods to account for trace concentrations of carbon-11 produced.
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e Increased concentration loading of catalyst for radiochemical methods (up to 9-fold increase in
concentration from the non-radioactive method) for short reaction times (<10 mins) required due

to carbon-11’s physical half-life of 20.4 minutes.

1.3 The current state of photocatalysed carboxylation

As observed with photochemical methods for carbon-11, olefins have received the most attention for
functionalization. The interest extends to non-radioactive methods where extensive research has been
conducted for the functionalization of CO, onto olefins. Carbonyl compounds and imines have been far less
explored for CO, carboxylation. These substrates give rise to a-substituted carboxylic acids, which are
important functionalities in various bioactive molecules.

Carboxylation of imines yields a-amino carboxylic acids, commonly referred to as amino acids.
Amino acids are a commonly found moiety in various pharmacophores and are present endogenously in all
living systems. Consequently, carboxylation of carbonyl compounds gives rise to a-hydroxy carboxylic
acids, a functionality found in various metabolites and bioactive ligands. Thus far, only a handful of
methods have been reported to prepare these compounds. The subsequent sections will highlight the
mechanistic similarities between non-radioactive carboxylation methods for olefins described in earlier
sections and notable carboxylation methods for imines and carbonyl compounds.

Fan et al.®" reported their photocatalysed CO, fixation to prepare diaryl a-amino acids. This
method formed the basis for umpolung reactivity across C=X (X = N,O) bonds as the earliest published
report within this section. The method employs imines derived from ketone substrates for carboxylation.
Upon irradiation, the neutral photocatalyst reduces the imine 10(S) to 10(ii) through a single electron
transfer, which is in resonance with the carbanion 10(iii) (Figure 10). 10(iii) has been proposed to be the
reactive intermediate, supported by a computational spin density study. Unlike olefins, which would require
a SSET for the formation of the reactive carbanion, the charge on 10(iii) is localised at the carbon to react
with CO,. The carboxylation forms the free acid which undergoes and methylation workup to yield the

product 10(P). The scope includes diaryl a-amino acid methyl esters with various stereoelectronic
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substituents and an aryl-methyl amino acid. The lack of any reported free a-amino acids could be due to
the reversible nature of such carboxylation reactions. Reversibility of the carboxylation makes the free
amino acid less stable for isolation. Experiments on alkyl-phenyl ketoimines did not yield any carboxylated
product, potentially due to poor stabilization of the carbanion 10(iii) formed and clearly highlighting a
limitation of the method. Regardless, the method hinges on the activation and subsequent reduction of the

substrate for to form an anion for carboxylation of the imine.
Fan et al.

1

R
- +
Cy,NMe, MeCN
N\

blue LEDs, RT, 24 h

RZ
N

v

10(8) 10(P)
R1,R2=AlkyI,AryI

RZ R RZ R!

oN— ‘N—©
— — CO,

“«—> 2

\ 4 \ 4
10(ii) 10(iii)

Figure 10 Umpolung photocarboxylation of imines with CO;
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Development of a photocarboxylation with imines set up works by Cao et al.®*" and Okumura ez al.?**

on
photocarboxylation of ketone substrates to prepare a-hydroxy acids. On theme with olefins, both methods
propose different intermediates, but the mechanisms rely on SSET to form a reactive carbanion intermediate
that undergoes carboxylation. Cao et al. proposes the formation of a silyl ether-like carbanion 11(iii) while
Okumura et al. propose a carbonate-stabilized carbanion 12(iii).

Cao et al. (Figure 11.a) employs a silane chloride to improve selectivity of carboxylation 11(P),
compared to the primary unwanted ketone dimer product 11(U). The selectivity improves due to the
bulkiness of the trimethylsilane (TMS) group (Figure 11.b). The mechanism utilizes TMS through
covalently bonding to the ketone oxygen upon the first reduction to 11(ii). The covalency helps to stabilize
the carbanion intermediate 11(iii) upon SSET.

Similar to previous methods, the first reduction of the SSET occurs on the oxygen due to the
transient formation of a carbanion on the oxygen followed by the a-carbon. CO, undergoes an electrophilic
addition onto 11(iii) to furnish the a-hydroxy acid 11(P) (Figure 11.a). The proposed mechanism is
supported by a radical trapping experiment using TEMPO, highlighting the formation of 11(ii) and
reduction experiments using D,O confirming the formation of 11(iii) (Figure 11.b). The substrate scope is
highly diverse, from diaryl o-hydroxy carboxylic acids to carboxylation of alkyl-aryl ketones, alkyl-
ketoester ketones and aldehydes, clearly demonstrating the versatility of this method. A majority of this

scope has been reported as the free hydroxy acid. However, substrates with carbanion destabilizing motifs

were isolated as hydroxy acid methyl ester perhaps due to the reversibility of the carboxylation step.

18



a Cao et al.
(@)

R OH
O Ir HO
\ / 'ProNEt, TMSCI, DMA ,
RAN blue LEDs, RT, 24 h N\ 3%
1(S) Ir ) Iri(ppy)(dtbbpy)IPFs e

R' = H, Alkyl, Aryl

R! R?
e, PN IR S < CO,

(i) 1iii)

b Cao et al. (Mechanistic studies) o
OH HO OH

@) Ir HO
+ L
Pr,NEt, TMSCI, DMA + O O

blue LEDs, RT, 24 h
Ph Ph Ph Ph

11(P) 11(U)

y

Entry Change 11(P) 11(U)

- 80% 19%

2 no TMSCI 14%  21%
3 TEMPO 0% 0%
D
o Ir HO
> 1 eq. 39% yield, 26% D
D,0, Pr,NEt, DMA 10 eq. 83% yield, 70% D
blue LEDs, RT, 24 h
Ph Ph

Figure 11 Photocarboxylation of ketones with silane-directed selectivity

19



Concurrently, yet independently, Okumura et al.** reported a photocarboxylation method for
ketone and aldehyde substrates using an iridium photocatalyst coupled with 1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzimidazole (DMBI) as an electron and proton donor (Figure 12.a). The reported mechanism
follows a SSET route where the first reduction occurs on the oxygen due to its electronegativity and forms
the carbonate radical 12(ii). The subsequent reduction forms a familiar carbanion intermediate 12(iii).
Formation of these intermediates are supported by the low formation of the reduced ketone 12(iv) in the
absence of CO;. Finally, the reported mechanism suggests that intermediate 12(iii) reacts with CO; to yield
the a-hydroxy acid 12(P) (Figure 12.a).

Notably missing among mechanistic experiments is the reaction performed in the presences of a
radical scavenger such as TEMPO. Such an experiment would better suggest formation of proposed
intermediates. The dual electron-proton (SET-HAT) donating nature of DMBI would suggest a possible
mechanistic route similar to the mechanism reported by Fan et al*” for this reaction is through the
formation of a ketyl-carbanion. Rather than considering a SET for the first step, consider the first step to
form a ketyl radical through hydrogen atom transfer from DMBI followed by a SET to form a ketyl-
carbanion. This ketyl-carbanion would be similar to 12(iii) with the notable absence of carbonate. A
standard carboxylation after would furnish the desired hydroxy acid.

Regardless, the substrate scope ranges from diaryl ketones, alkyl-aryl ketones and aldehydes.
Recently, this method was adapted to use an organic N-BAP (diazabenzoacenaphthenium cation, P1)

photoredox catalyst.!**! Importantly, the fundamental mechanism for both reports remain ambiguous.
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Figure 12 Photocarboxylation of ketones using an [Ir]/DMBI couple

1.3.1 Potential for adapting non-radioactive methods with carbon-11

Mechanistic similarity between radioactive and non-radioactive methods implies that majority of
mechanistic basis for a potential method to be adopted for radiochemistry comes from non-radioactive
studies. The low concentration and short physical half-life of carbon-11 imposes limitations on mechanistic
experimentation to quantitatively measure reactivity as analytical measurements are not sufficiently
sensitive.

A requirement to adopt non-radioactive methods must be a thorough mechanistic understanding of
the reaction supported by experimental evidence. Such understanding should be extended beyond reactivity
to understand kinetics and stability. The smaller scale and shorter reaction times demand fast kinetics and,
the analysis of non-radioactive products (ex. NMR, LC-MS) differs vastly from radioactive products (ex.

radioHPLC) requiring an understanding of the stability of products under varied conditions.
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1.4 Bayesian Optimisation

Every method described in earlier sections had a screening and optimisation phase during method
development. Traditionally, the optimisation campaign is undertaken by varying one variable at a time
(OVAT). For example, consider a reaction is being optimized for the highest yield. To begin, a component
of the reaction is switched based on the chemist’s intuition and tested. There are three possible outcomes —
an improvement in yield, near identical yields or a decrease. Generally, an improvement leads to another
component being changed and tested, while the latter two cases call for a change of the same component.
The cycle is repeated until the yield improves to a satisfactory range and the optimisation is declared to be
completed.

An OVAT optimisation doesn’t necessarily lead to the highest yielding conditions. When it does,
the conditions generally are not obtained within the least number of experiments. OVAT campaigns treat
each component independently. Using a Bayesian optimizer (BO), each experiment performed towards the
optimisation campaign is quantified, accounting for inter-component dependencies. The two key pillars of
a BO framework are:**!

e A prior distribution function that enables defining prediction functions (or surrogate models)
e An acquisition function to determine the optimal series of queries (here, experiments to perform)
that fit the surrogate model
Experimental Design via Bayesian Optimisation (EDBO+)* is a software to enable reaction optimisation
using BO. The platform is fine-tuned to encode chemical reactions, defining an appropriate surrogate model
to determine the experiments to perform. The general workflow for EDBO+ involves:
e Determination of a reaction space (ex. concentrations, catalysts, etc.) and the objectives (ex. yield,
selectivity, etc.) to be optimized by the user, which is mathematically represented by the optimizer.
e The optimizer determines a batch of experiments to be performed using the acquisition function.
o The initial set of experiments determined by the optimizer engage the maximum number

of variables to represent the reaction space
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e The experimental data is input into the optimizer, where the surrogate model provides predictions
and concurrently, refines the acquisition function to suggest new experiments.

The primary benefit of such an approach is the use of statistically driven predictions, where data backs up

every subsequent experiment. To maximize output parameters (such as yields), a maximum is found within

the prediction function. Such a maximum, that fits well to the prediction function, represents the true

optimal conditions in each reaction space.
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Figure 13 Comparison of an OVAT workflow with Bayesian optimisation
*Dashed line represents a potentially higher yielding condition that was not realized during optimisation
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1.5 a-Hydroxy carboxylic acids in PET imaging
a-Hydroxy carboxylic acids are prevalent as a functional moiety in various disconnected niches. Notably,
they are found in active ingredients for skincare products®®*”, as important metabolites in plants and

3839 and in various muscarinic acetylcholine receptor (mAChR) antagonists.[*”

animals!

The latter two have been explored in the context of PET imaging in humans. Lactic acid, or lactate
(due to its deprotonated state under physiological conditions) is a metabolite found in humans and a by-
product of the glycolytic cycle. Furthermore, high lactate concentrations in the blood have been associated
with diseased states including cancer'*'! and cardiovascular disease.[* L-3-!'C-lactate has been synthesized
for PET imaging and evaluated for feasibility. Unfortunately, due to back diffusion of unmetabolized
labelled lactate, the estimations from the study were poor. To introduce a metabolic endpoint for lactate, a
potential strategy is to synthesize r-1-''C-lactate. The proposed tracer has a clear metabolic endpoint
through decarboxylation (verified by L-1-'*C-lactate) and consists of functionalization to a a-hydroxy acids
moiety (Figure 14.a).

mAChRs are a part of the muscarinic cholinergic system, which controls the parasympathetic
nervous system (PNS), or the vagal nervous system. The role of PNS has not been elucidated in diseased

states. [+

I A large focus of muscarinic PET imaging is on brain imaging, however some studies have been
undertaken for cardiovascular PET imaging.*) Various mAChR ligands have been radiolabelled with
carbon-11 and evaluated in vivo for humans, including [''C]N-Methyl Quinuclidinyl benzilate
([""CIMQNB)“¢! " ["'C]Tropanyl benzilate ([''CJTRB)*" and [''C]N-methyl-4-piperidyl benzilate
([""CINMPB)“!! (Figure 14.b).

While the tracers consist of a-hydroxy acid moieties, these tracers have been prepared through ''C-
methylation of native mAChR antagonist ligands. [''C]Quinuclidinyl benzilate ([''C]JQNB) has been
prepared through di-lithiation of benzophenone using Li metal, followed by carboxylation with [''C]CO,

to yield benzilic acid, which was coupled to quinuclidinol to yield [''C]JQNB.*) However, to the best of

our knowledge, [''C]JQNB has not been evaluated in vivo. As alluded to earlier, methylation of a ligand can
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impact its pharmacokinetics. For example, the cationic nature of [''CIMQNB by virtue of being a

quaternary ammonium salt, leads to the tracer’s impermeability through the blood-brain barrier."*!
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Figure 14 a-Hydroxy acids in metabolism and mAChR antagonists
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1.6 Research Objectives

The general maturation of chemical methods has made direct fixation of [''C]CO; an efficient and appealing
route for carbon-11 radiolabelling. Furthermore, photocatalysis with carbon-11 precursors for
radiolabelling is an emerging methodology to prepare PET tracers. For widespread adoption,
photocatalysed methods must be extended to prepare a variety of functionalities found in existing and
unrealized PET ligands. We were interested in radiolabelling a-hydroxy carboxylic acids, since PET tracers
for muscarinic receptor ligands, that consist of this a-hydroxy acids moieties, have not been labelled
natively for in vivo evaluation. We believed that a method to prepare a-hydroxy ''C-carboxylic acids would
enable the preparation of multiple mAChR targeting PET ligands within two steps.

We sought to develop a method for carboxylation for readily available ketone substrates with
[''C]CO; to prepare a-hydroxy ''C-carboxylic acids. Given the breadth of non-radioactive methods for
carboxylation of carbonyls derivatives (ketones, aldehydes and imines), the process of adapting a non-
radioactive method for radiochemistry presented a broad scope of conditions. To this end, we intended to
use a Bayesian optimizer to determine optimal radiochemical conditions in the least number of experiments.
To demonstrate the versatility of the method, we wanted to radiolabel various carbonyl substrates and
evaluate the impact of stereoelectronic groups. We hope that by establishing mild photocatalysed conditions
to prepare a-hydroxy ''C-acids, we provide straightforward access to a novel functionality in every

radiochemist’s toolbox.
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Chapter 2

Results and Discussion

2.1 Preliminary experiments for !'C-carboxylation of benzophenone

We commenced our investigation with a non-radioactive reaction for carboxylation of benzophenone to
prepare 2,2-diphenyl-2-hydroxyacetic acid (benzilic acid). Based on radioactive photocatalytic conditions
developed by our group and reported non-radioactive conditions, we determined preliminary conditions.
The photocatalyst was picked for its high E°p[Ir"/I""] = -1.61 eV and concurrently, the amine (‘Pr,NEt)
was picked for its low oxidation potential and widespread use as an electron donor, the base (Cs2CQO3) was
picked for its mild strength to buffer acidity from the oxidised amine and the solvent was directly adopted

20311 Our preliminary experiment was set up using

from a previous method for its tolerance of blue light.!
non-radioactive CO; and synthesised benzilic acid with a 62% yield (Figure 15.a).

Based on this result, we adopted this reaction with radioactive CO, by reducing the reaction scale
from 0.2 mmol (in 2 mL solvent) down to 0.05 mmol (in 0.5 mL solvent) substrate, proportionally reducing
other components. This scale was the minimum volume required for efficient delivery of radioactive COs.
Although the scale was reduced to the minimum usable scale, the substrate remained in excess as [''C]CO>
is produced in nanomole quantities (Section 1.1.2). Nevertheless, this reaction yielded [''C]benzilic acid
with a 39% RCY (Figure 15.b) and we deemed the yield to be satisfactory.

However, qualitative observations of the radioHPLC UV chromatogram suggested a higher than
anticipated presence of benzilic acid. We suspected that cesium carbonate introduced non-radioactive CO;
into the reaction through equilibration with COs>. To this end, we replaced gaseous CO, in our non-
radioactive conditions with an inert argon atmosphere. The conditions still yielded benzilic acid with a
lower but comparable yield of 39% (Figure 15.c). Introduction of non-radioactive CO, from carbonate

necessitated exploring conditions free of carbonate bases or bases that hold “masked” forms of CO,. Non-

radioactive CO; in the reaction can reduce the molar activity (Am) of the radioactive product.
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Figure 15 Preliminary experiments for ''C-carboxylation of benzophenone

To employ conditions free of carbonate bases, we had a choice between two non-radioactive methods -
Okumura’s DMBI-mediated carboxylation and Cao’s silyl-directed carboxylation. We adopted the silyl-
directed method for its well understood mechanism supported by multiple experiments. As alluded to
earlier, a concrete mechanism enables troubleshooting and improving a non-radioactive method for
radiochemistry. We made two key changes to the method for radiochemistry —

e Reduced reaction scale to 1/4" the original scale from 0.2 mmol (in 2 mL solvent) down to 0.05

mmol (in 0.5 mL solvent)

e Increased photocatalyst concentration 4-fold from 0.5 mol% to 2 mol%
The reaction was productive, yielding [''C]benzilic acid with a 17% RCY. The reactivity under this
condition went down drastically, with radiochemical conversion nearly being 1/3™ of the carbonate
conditions. The primary reduction of yield in the new conditions comes from the new base in KOPiv. Non-

radioactive CO, from carbonate contributes to the overall concentration of CO; in the reaction which could
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drive faster kinetics for a rate-law directly proportional to CO,. Nevertheless, we ran control experiments
to verify the reaction was photocatalytic in nature (Figure 16). First, we removed the iridium photocatalyst
Ir which yielded no conversion. Next, we removed the sacrificial electron donor iPr,NEt, which is
responsible for the reducing nature of Ir upon irradiation, and as earlier, this yielded no conversion. The

control experiments established the conditions were photocatalytic in nature (Figure 17.a).

N
+ iPr,NEt, KOPiv Ho. . kO
©) O Me;SiCl, DMA O

blue LEDs, RT, 5 min O

3.a 5.a

TE = 65% | RCC = 26% | RCY = 17%
Controls
No [Ir(ppy)2(dtbbpy)]PFs | RCY = 0%
No PryNEt | RCY =0 %

Figure 16 Carbonate-free preliminary conditions

2.2 Optimisation campaign
2.2.1 Bayesian Optimisation
The goal of the optimisation campaign was to identify the highest yielding chemical conditions. Given
consistent physical conditions, we believed that radiochemical conversion (RCC) would have greater
variation from the chemical nature of the reagents compared to trapping efficiency (TE). We identified the
role of each component in the reaction based on the reported non-radioactive mechanism (Figure 17.a). The
four components in the carbonate-free conditions are —

e Photocatalyst (PC): (ex. [Ir(ppy):(dtbbpy)]PFs) undergoes excitation through irradiation,

responsible for reduction of the substrate

e Sacrificial Electron Donor (SED): (ex. ‘Pr.NEt) generally a nitrogenous base, undergoes oxidation

from the PC to enable the reduction of the substrate
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e Base: (ex. KOPiv) generally a weak and non-nitrogenous base, maintains basic pH and provides
counter-ions during substrate reduction
o Additive (A): (ex. Me3SiCl) Lewis acid-like behaviour, to improve the stability of the ketyl
carbanion int. B (Figure 17.a). Furthermore, acts as a bulky group to improve selectivity towards
carboxylation compared to the pinacol product.
Through a literature review for reported photocarboxylation methods, we compiled a variety of reagents to
screen, categorized based on the four components mentioned above (Figure 17.b). The photocatalysts were
picked based on reduction potentials and lifetime of excited states. For instance, the iridium complex Ir
and 4-DPAIPN have similar reduction potentials (E°rp[PC/PC] = -1.5 to -1.6 eV). However, the metal
complex Ir has a much longer lifetime. A similar argument applies for the ruthenium complex Ru and
4-CzIPN (E°rp[PC/PC] = -1.3 to -1.4 eV). The sacrificial electron donors were picked based on their
oxidation potentials, ranging from (E°rp[SED"/SED] = -0.8 to -1.1 V) with iPr,NEt being the weakest and
DABCO being the strongest to oxidize.

Bases were picked to compare against the starting conditions with KOPiv — a stronger base in
KO'Bu to improve quenching of the oxidized amine SED" and a softer counter ion in CsOPiv to improve
stability of Int. B upon formation. Strong differences in yields from the base used could highlight the role
of the base in the reaction. However, the reported non-radioactive mechanism does not suggest a significant
role of the base. Finally, the additive was not varied significantly as the non-radioactive method by Cao et
al. explored various silane and non-metallic halides as additives. Although a bulkier Ph3SiCl was screened
alongside Me3SiCl to explore whether added bulk can improve reactivity.

Using Bayesian optimisation, we sought to screen through the fewest possible combinations of the
four categories, while quantifying the interactions of all the components in the reaction to converge towards

the highest yielding conditions.
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Photocatalysts Sacrificial e- Donors Bases Additives
[Ir(dtbpy)(ppy)2](PFg) iProNEt KOtBu Ph3SiCl
[Ru(bpy)s](PFs)2 Cy,NMe KOPiv Me;SiCl
4-DPAIPN DABCO CsOPiv —
4-CzIPN — - —

Figure 17 Mechanism driven screening using Bayesian optimisation

We decided to run the screening campaign in sets of four experiments using EDBO+. Our workflow used
the command-line interface (CLI) in tandem with Microsoft Excel to input and access data from the
optimizer. We set up the optimizer with each of the reagents as a variable in the requisite category. For
example, ‘Additive’ was set up as a category of two variables — Me3;SiCl and Ph3SiCl. Then we added the
independent result parameters to maximize — radiochemical conversion (RCC) and trapping efficiency
(TE). After the set up, the optimizer generated a spreadsheet with four suggested experiments.

For round 1, this is chosen through an initial random exploration by the optimizer. Subsequent
rounds used previously input experimental data to determine new predictions. The conditions suggested for
each round by the optimizer and their experimental results are presented in Table 1. Furthermore, the

optimizer reported predictions after we input experimental data from round 1. The average variance of the
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predictions (for the next round, at the end of each round) has been reported under the tables to represent the

optimizer’s confidence in predictions.

Table 1 Experiments during the Bayesian optimisation campaign

(]

(

+ > OH
o) SED, Base HO
O Additive, DMF 0 O
blue LEDs, RT, 5 min
3.a 5.a
a Round 1

Entry Photocatalyst Sacrificial e Donor Base Additive TE RCC
1 [Ru(bpy)s](PFs)2 Cy,NMe CsOPiv Me;SiCl 45% 1%

2 [Ir(dtbbpy)(ppy)2]PFe iProNEt KOtBu MesSiCl 65% 26%

3 4DPAIPN iProNEt KOPiv Me3SiCl 77% 23%

4 4CzIPN iProNEt KOtBu Ph3SiCl 72% 0%

Next round prediction’s variance TE = 13% | RCC = 14%
b Round 2

Entry Photocatalyst Sacrificial e Donor Base Additive TE RCC
5 [Ru(bpy)sl(PFs), iPr,NEt KOPiv Ph;SiCl 60% 0%

6 4DPAIPN iProNEt CsOPiv Ph3SiCl 68% 15%

7 4DPAIPN DABCO KOtBu Me3SiCl 37% 0%

8 [Ir(dtbbpy)(ppy)2]PFe Cy,NMe KOPiv Ph3SiCl 31% 73%
Next round prediction’s variance TE = 4% | RCC = 8%

€ Round 3

Entry Photocatalyst Sacrificial e Donor Base Additive TE RCC

9 [Ir(dtbbpy)(ppy)2]PFs DABCO KOtBu Me;SiCl 70% 0%
10 4DPAIPN CysNMe KOPiv Ph3SiCl 23% 47%

" 4DPAIPN iProNEt KOtBu Me3SiCl 21% 1%
12 [Ir(dtbbpy)(ppy),]PFs iProNEt CsOPiv Ph3SiCl 25% 63%

Next round prediction’s variance TE = 8% | RCC = 3%
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The optimizer included every variable from each category during round 1, barring DABCO as an SED.
Potentially, this initialized every variable for the optimizer but the predictions for this round were not strong
given the average variance of the predictions given by the optimizer were >10% (Table 1.a). An important
result here were the conditions with 4-CzIPN (Table 1.4) which yielded no product. As highlighted in

2326 4.CzIPN might undergo an initiation phase through the alkylation of the photocatalyst

earlier works!
which improves the catalyst’s reduction potential. The reduced photocatalyst is either a poor reductant for
the substrate or the excited photocatalyst is poor at oxidising iPr.NEt to reduce itself, hence displaying no
conversion. Since the rest of the components are present in other conditions, 4-CzIPN is ruled out by the
optimizer for subsequent rounds of optimisation.

The second round yielded polarized results. Notably the conditions in Table 1.8 performed
significantly better than the initial conditions (Figure 16) with an RCC of 73%. Two conditions produced
no product (Table 1.5/1.7). The conditions involving the ruthenium complex (Table 1.5) are unsurprising
as very poor conversion was observed in the previous round. The reduction potential of the complex is
within the range of 4-CzIPN and does not display any conversion for the same reasons. Another interesting
observation in round 2 was obtaining 0% RCC with DABCO (Table 1.7). Given the non-zero trapping
efficiency recorded, and further observing similar results with the base in the next round (Table 1.9), we
theorized the formation of a strong CO,-DABCO adduct (Figure 18.a) which prevented carboxylation.
DABCO is a sterically unhindered and strained nitrogenous base, it exhibits properties like nitrogenous
superbases used trap [''C]CO.” (Figure 18.b). Superbases such as DBU and BEMP trap CO; to form
intermediate carbamates that can be decoupled for further reactivity.

The metal photocatalyst [Ir(ppy):(dtbbpy)]PFs] and phthalonitrile based organic photocatalyst
4-DPAIPN were preferred for the next round as the only yield producing catalysts. (Table 1.c) Intuitively,
we expected such preference given both photocatalysts have a higher E°%p (PC*/PC’) compared to the
ruthenium complex and 4-CzIPN. The predictions this round improved with variances of the predictions

decreasing to <10% (Table 1.b). Since the predictions aligned with our intuition for conditions of future
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experiments, we decided to screen another round of conditions with the optimizer. We expected the
optimizer to narrow conditions down to the best performing photocatalyst between [Ir(ppy):(dtbbpy)]PFs]

and 4-DPAIPN coupled with the optimal SED and base for the photocatalyst.

a Formation of CO,-DABCO adduct ¢ Range of minimum and maximum predicted RCC
N N Round-over-round improvement
J
R N 90
X T 5 @
DABCO 0=C=0 5 70
>
S 60
o
b Superbases for CO, fixation _S 50
5 40
[}
S
S 30
=
O
14

(e
|
R=N 20
C2 Rt e
N
0
<\\ 0 1 2 3 Final

DBU Round
BEMP

Figure 18 Observations from the Bayesian optimisation campaign

After running experiments for the third round, while conditions involving 4-DPAIPN showed promise, the
optimizer had converged its top predicted RCCs for conditions employing the iridium complex
([Ir(ppy)2(dtbbpy)]PF¢]) as a photocatalyst (Table 2.a). We anticipated identical conditions with 4-
DPAIPN and the iridium complex to yield fairly equally, given their similar reduction potentials. However,
the lower lifetime of the organic photocatalyst could lead to poorer performance. The conditions with the
highest predicted RCC (Table 2.1) after 12 experiments had not been run in previous rounds. The top 5
predictions after round 3 were different combinations of the iridium complex with one of the pivalate bases
(CsOPiv/KOPiv) along with Cy;:2NMe or 'Pr,NEt as the sacrificial electron donor. The predictions
highlighted key intuitive observations —

e Reduction potential and lifetime of the excited state of the photocatalyst are essential to reactivity

e Weak bases are sufficient to quench the oxidized amine formed and increased strength of the base

does not improve reactivity

e The additive plays an electronic effect, not a steric effect
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e Amines with a low oxidation potential perform the best coupled with a photocatalyst with the
highest reduction potential
Note: The effect of the counter-ion on Int. B could not be explained as CsOPiv showed very poor solubility
in the reaction mixture compared to KOPiv, significantly impacting light penetration into the reaction vial
and hampering reactivity.

To our surprise, the top predicted condition (Table 2.1) ended up being the condition with the
highest RCC in the campaign. Notably, the only difference in the final condition compared to the initial
was switching out the amine from ‘Pr,NEt to Cy,2NMe highlighting the importance of the photocatalyst-
SED combination. While ‘Pr,NEt has the lower oxidation potential, factors such as constrained sterics
might make the iridium-Cy;NMe couple more favoured. The experimental result outperformed the
prediction, and we believed this to be the highest performing condition given the low average predicted
variance of other predictions (Table 2.a). Furthermore, the predicted RCCs improved round-over-round and
the range of yields from predictions for suggested experiments continued to narrow (Figure 18.c). This

suggested the optimizer had narrowed to the most optimal conditions and no further screening was required.

Table 2 Final conditions after Bayesian optimisation campaign

a Top 3 predictions after 12 experiments

Entry Photocatalyst Sacrificial e Donor Base Additive RCC Predicted RCC
1 [Ir(dtbbpy)(ppy)2IPFs Cy,NMe KOPiv MesSiCl 89% 79£3%
2 [Ir(dtbbpy)(ppy)2IPFs iPr,NEt CsOPiv Ph,SiCI 61%* 58+2%
3 [Ir(dtobpy)(ppy)2JPFs Cy,NMe KOPiv Ph,SiCI 72%* 71£2%

Next round prediction’s variance TE = 6% | RCC = 2%
*From earlier rounds

b Final conditions after optimization

+ » OH
o O Cy,NMe, KOPiv HO O

Me;SiCl, DMA
blue LEDs, RT, 10 min o

y
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An important facet of this campaign has not been discussed intentionally — trapping efficiency. After the
first round, we believed TE was driven by the base and SED. Like Figure 18.a, we believed the amines
present in the reaction mixture formed CO,-adducts or interacted non-covalently at the least. However, we
couldn’t find any evidence to support this theory. We continued with the Bayesian optimisation solely
focusing on RCC. We believed that conversion only depended on the chemical nature of the conditions,
given the physical conditions remained the same. Supported by round-over-round average variance of
predictions, the predictions for RCC became stronger while the predictions for TE remained uncertain. We
believed that TE was not only driven by the chemical nature of the conditions. To improve TE,
stoichiometric changes were required. To this end, we decided to screen various concentrations for identical

chemical conditions (Table 3).

Table 3 Impact of concentration of reagents to optimized conditions

( (-

+ > OH
o) @ Cy,NMe, KOPiv HO
O Me3SiCl, DMA O
blue LEDs, RT, 10 min O
3.a 5.a
Entry  Benzophenone (M)  Cy,NMe (M) KOPiv (M) TE RCC
1 0.1 0.2 0.2 40 71
2 0.2 0.2 0.1 39 79
3 0.1 0.2 0.1 36 72
4 0.1 04 0.01 25 53
5 0.2 0.02 0.2 49 6

First, we established a baseline using standard concentrations (Table 3.1). Varying concentration ratios of
the components at the same order of magnitude has negligible impact on TE and RCC (Table 3.2/3.3).
While there might be a notable impact on the rate constant, short reaction times lead to negligible change
in conversion. Further, these concentrations were at the limit of dissolution, a higher concentration of base

(>0.2 M) would remain suspended in the solvent, hindering the irradiated light to penetrate.
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When the concentration of the components is decreased by an order of magnitude with respect to
the substrate, we observe significant impact on TE and RCC (Table 3.4/3.5). The data strongly suggests a
direct proportionality to concentration of the components in the rate constant, leading to a significant
decrease in conversion. A decrease in concentration of the base slightly reduced both TE and RCC
suggesting a dual role. The basic conditions improve CO; solubility in the reaction improving TE and
quenching oxidized SED improves turnover of the photocatalytic cycle improving RCC. Decrease in
concentration of the SED majorly attenuated reactivity (RCC) highlighting its role in the photocatalytic
cycle being turnover. Hence, we continued with the standard stoichiometry for the substrate scope. We
theorized that other than the base in the reaction improving TE, the physical set up has a role to play with

TE performance.

2.2.1.1 An outlook on Bayesian optimisation for reaction optimisation

Through this campaign we found EDBO+ to be an unbiased guide for optimisation experiments.
Reports™>*!! have found Bayesian optimisation to outperform human decision-making by requiring fewer
number of experiments and displaying lower variance in outcomes from the initial set of experimental data.
We found Bayesian optimisation to display its true potential when multiple dependent variables are
screened. For instance, we know based on the reported mechanism (Figure 17) that the photocatalyst and
SED are dependent variables. Intuitively, it is difficult to envision the performance of each combination.
Bayesian optimisation accounts for such dependencies de novo, taking the human out of the loop. We
believe Bayesian optimisation in everyday laboratory practices could facilitate more efficient optimisation

campaigns by enabling data-driven decisions for future experiments.

2.2.2 Physical set up changes to improve trapping efficiency

Over the course of the optimisation campaign and the substrate scope we identified multiple parts of our
reaction set up hindering reaction performance. Common to all iterations of our set ups is a tapered
microwave vial attached with an attached stainless-steel needle for ['!C]CO delivery and an exhaust needle.

Our initial radiochemistry set up used a sodium hydroxide (Ascarite) cartridge directly attached to the
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exhaust needle. This was sufficient to ensure isotopic CO; did not escape into the atmosphere after delivery
and cause unnecessary radiation exposure. However, we found it difficult to identify at what timepoint does
the delivery of activity end, to determine the time point to slow down bubbling of the He push gas through
the reaction mixture as excess bubbling releases trapped isotopic CO,. It was not possible to obtain a
measure of escaped [''C]CO: during delivery after reaction completion to determine the endpoint, as
addition of 1 M HCl released unreacted [''C]CO, adding to total escaped [''C]CO:x.

Note: Since TE and RCC are dependent on each other, unreacted [''C]CO; escaping out of the reaction
mixture is accounted for by a lower TE but higher RCC. Conversely, if none of the unreacted [''C]CO>
escaped, it would be accounted for by a higher TE but lower RCC.

Since both processes were continuous, we thought the measurement of activity escaping from the
reaction vessel in real-time would enable monitoring both parameters. Hence, we extended the tubing
between the exhaust and Ascarite cartridge that led into a Capintec dose calibrator, enabling real-time
activity monitoring (Figure 19.a).

Next, we found gas flow to reduce over subsequent experiments until the Ascarite cartridge was
replaced. The cartridge was manually packed with Ascarite and held together with cotton. The cartridge
was reused for multiple experiments and stored under sealed conditions. However, the cartridge was
exposed to the atmosphere during the reaction which introduced moisture into the cartridge. Ascarite is a
granular material, which clumps under moisture. Formation of such clumps blocked gas flow within the
cartridge and downstream, in the entire reaction vessel. The issue required a straightforward solution, loose
packing of the cartridge, which significantly reduced Ascarite clumping. Concurrently, we switched out
cotton for glass wool to reduce any moisture in the packed Ascarite’s vicinity. Together, the solution
improved gas flow without any impact to trapping activity.

Importantly, the blockage highlighted the importance of air flow, or the lack thereof. We found that

activity was largely delivered as a bolus from the [''C]CO, trap. Hence, bubbling push gas beyond the
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delivery of most activity only reduced trapped activity. We found 45 seconds of bubbling at 20 mL/min to
be sufficient to deliver activity from the trap, improving our TE significantly (Figure 19.b.2).

Our final inconsistency was identified while performing a scope on various ketone substrates. After
experimenting with our initial scope of substrates, we sought to duplicate results for successful substrates.
After performing duplicate experiments, we found >5% deviations in RCYs. Initially a pattern could not
be identified, although upon inspecting sets of experiments (often multiple radiochemistry experiments
were performed sequentially), we found experiments performed later in the set consistently yielded poorly.
We theorized the source of reduction of performance was from the degradation of the synthesized product.
An acid quench using 1 M HCI led to decarboxylation of synthesized a-hydroxy acids. The delay in
radioHPLC injections of the later experiments led to greater degradation before injection, leading to the
inconsistency. While radioHPLC analysis could be undertaken without quenching the reaction, an acid

quench provides sharper chromatograms, improving accuracy of peak integrations.

a Radiochemistry setup b TE, RCC and RCY improvements

Exhaust Delivery

["cjco, Trap

—— IO
: i Cy;NMe, KOPi

| Cyclotron ! o) y2NMe, iv «

' ‘ i

Me3SiCl, DMA

' ] ;
- """""" blue LEDs, RT, 10 min
J
R 3.a 5.a
- . : :
1 He (push) gas H
.
L - Entry Change TE RCC RCY
-
A Reaction vessel (Tapered microwave vial) 1 - 21 89 2
2 Gas flow 7 55 40
B Sodium hydroxide (Ascarite) cartridge 3 Quench* 9 8 73
Dose calibrator (Capintec) *n=2

Figure 19 Diagram of radiochemistry set up and impact of physical set up changes made
Since [''C]benzilic acid 5.a was required in the highest yields for further experiments, we developed a
gradient to isolate the compound 5.a without an acid quench (Figure 19.b.3). The rest of the scope used an
acid quench performed right before radioHPLC injections, since optimisation of chromatographic

conditions for each substrate was impractical. Delaying the quench to the last moment ensured minimal
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impact to TE and RCC from degradation. More importantly, the set up led to consistent TE between all

radiochemical experiments.

2.3 Synthesis of non-radioactive standards

After completion of the optimisation campaign, the next step was to scope a variety of substrates. Unlike
non-radioactive chemistry, the carbon-11 compounds prepared cannot be characterized using traditional
methods such as NMR and MS (due to radioactive decay and trace concentrations of the isotope). Hence,
characterization relies on co-injection of the non-radioactive compound (standard) with the radioactive
compound into a radioHPLC set up. Since both compounds have identical physical and chemical properties,
they co-elute during an HPLC injection. The carbon-11 compound is detected through a y-detector while
the non-radioactive compound is visible on the UV chromatogram.

To this end, we employed the method reported by Cao et al.®! to prepare the non-radioactive
standards. We picked 4-acetylbiphenyl 3.b to replicate the reported conditions, primarily to make NMR
analysis more straightforward. The reaction was performed as reported, unfortunately the reaction yielded
the dimer (pinacol-like product) 4.b(i) as the major product (Figure 20.1). Since this result was in-line with
the absence of a silane (TMSCI), we attempted the reaction with fresh bottle of TMSCI. The reaction
continued to yield 4.b(i) as the major product, however we isolated our desired product 4.b at a low 8%
yield (Figure 20.2). We had observed the formation of benzilic acid 4.a with Cs,COj3 in the absence of CO»
during our control experiments (Figure 15). Hence, we decided to switch bases (Figure 20.3) to push the
carboxylation through introducing CO; in solution from the carbonate base. However, these conditions
yielded 4.b poorly with a yield of 6%.

The goal of non-radioactive synthesis for radiochemistry is solely for the purpose of
characterization of the radioactive compound. Yields are not relevant if sufficient material is obtained for
such. However, we were unable to replicate the reported selectivity for 4.b after multiple attempts. The
only variation we had compared to the reported method was the absence of a glovebox to prepare the

reaction flask. We used Schlenk techniques instead to procure a CO, atmosphere in the flask.
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Entry Change 4.b 4.b(i)
1 - n.d. 45%
2 TMSCI 8% -*
3 -KO'Bu, +Cs,C0; 6% -*

*not isolated

Figure 20 Initial experiments to synthesize non-radioactive standards

2.3.1 Serendipitous discovery of photocarboxylation conditions

We decided to search for conditions that were less sensitive to air. Our suspicions for the conditions (Figure
20) performing poorly to yield 4.b was the lack of a sufficiently inert atmosphere. We found
photocarboxylation or electrocarboxylation to be the only routes to prepare a-hydroxy carboxylic acids
within a single step from ketone substrates. The established thermal route was multistep, requiring the
cyanation of the ketone substrate to prepare a cyanohydrin, then hydrolysis to obtain the a-hydroxy acid.

Given the mechanistic similarities of photocarboxylation of alkenes, imines and ketones
highlighted in Chapter 1, we looked at photocarboxylation methods reported for all functionalities,
specifically for conditions that can be performed without a strict CO, atmosphere created in glovebox. We
found the method reported by Xu et al.®? for dicarboxylation of alkenes using formate, carbonate and CO,
(Figure 21.a). Interestingly, the reaction in the absence of CO, gas yielded the monocarboxylation product
with very good yields.

Based on this observation, we set up an experiment using 4-Acetylbiphenyl (3.b) as our substrate
with the reported conditions, albeit switching out CO, for Ar. The reaction was performed at room
temperature due to set up limitations. However, no conversion (favourable or unfavourable) was observed
in the reaction. Then, we performed the reaction as reported with 4-Acetylbiphenyl and we were pleased to

find the reaction yielded 4.a as the major product with a 51% yield (Figure 21.b). A formate mediated
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photocarboxylation has not been reported for carbonyl substrates.!**! Determination of whether formate is
a carboxylate source, a reductant or both in the reaction would require mechanistic studies. Observing no
conversion in the absence of CO; strongly suggests the gas being the primary carboxylate source and the
reaction likely follows a SSET-type mechanism. Further efforts would involve replacing reaction
components with isotopic reagents to identify roles and could be an avenue for future investigations.

This method provided sufficient material for co-injection in radioHPLC and characterization.
Hence, no further optimisation was undertaken. We decided to use these conditions to synthesize non-
radioactive standards for substrates with non-zero RCC during radiochemistry experiments. We synthesised

a library of 13 compounds with yields up to 94%.

a Xuetal
= @
O »
+ . J CO, DABCO, COOH * H
Na*O™ H Cs,C03, DMSO
blue LEDs, RT, 12 h

0~ "OH O~ "OH
12 PC) 4czIPN 2a 2b

Entry Change 2.a 2b

1 - 83% 8%

2 N, instead of CO, 0% 90%

b Our experiment using 4-acetylbiphenyl

CH PC CH
: o . 3COOH
o) . CO, DABCO,  HO
Na*O~ "H Cs,C0O3, DMSO
Ph blue LEDs, RT, 12 h Ph
Yield = 51%
3.b 4b
Entry Change 4.b
1 - 51%
2 Ar instead of CO, 0%

Figure 21 Formate mediated synthesis of non-radioactive standards
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Table 4 Scope of non-radioactive standards synthesized using formate mediated photocarboxylation

*Isolation using Workup 2 (without Chromatography) “Isolated, degraded during characterization

0 4CzIPN

(o]
._' = * 2N o, pAsco,
v Na*O~ "H 2, DAB ._
Z Cs,CO5, DMSO

blue LEDs, RT, 12 h

Alkyl-aryl ketone Aldehyde

4,4 -substituted diaryl ketones

HO_ COOH HO_ COOH

sl

4.b 51%

HO_ COOH

4.c 36% 4.d 0%

4-substituted diaryl ketones

HO_ COOH

4.e 28%*

HO COOH
HO COOH HO_ COOH HO_ COOH

o0 OO0 LO0

4.£81% 4.9 94% 4.h 30%* 4.i 82%*

3-substituted diaryl ketone 2-substituted diaryl ketones

HO_ ,COOH
NC I I

4 19%*

HO_ COOH

HO. COOH HO_, COOH
SRe OO LU0
C CF3
4.k 82% 4.1 65% 4.m 70%
diaryl k
HO, COOH HO, COOH HO. COOH
0
4.n 9%* 4.m 81% 4.p 41%*

A chromatography-free workup was adopted from the report by Okumura et al.**! (Workup 2) for certain

substrates, potentially at the cost of lower yields as sufficient material was obtained regardless. The method

was employed to carboxylate an aldehyde to synthesize 4.c, with a yield of 36%. Although much of the

starting material went through unfavourable conversions. Based on our radiochemistry experiments we

moved on to primarily diaryl ketone substrates. The dimethoxy substituted 4.d showed no conversion, while

other substrates with electron donating group (EDG) substitutions (4.g, 4.f and 4.m) had the highest yields

and were the most stable to decarboxylation. We found some electron withdrawing group (EWG)
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substitutions (4.k and 4.f) to show high yields, however often these compounds readily decarboxylated in
solution, especially under acidic conditions. Compounds 4.m and 4.n significantly degraded in NMR
solvents, and sampling a compound in DMSO led to signals that corresponded to the starting material.
Nonetheless, our threshold for yields were >20%, as this provided sufficient material for characterization

and co-injection in radioHPLC. All yields obtained were over our determined threshold.

2.4 Substrate scope of a-hydroxy-!'C-carboxylic acids

We were interested in the isotopic labelling of ketone substrates activated by at least one phenyl group.
Radiochemistry conditions and reaction set up (Figure 19) were employed for all substrates successfully
labelled with carbon-11. Since TE was primarily driven through physical changes to our reaction set up
(2.2.2), it remained consistent at 92+7% (n=24) for all substrates.

Our initial interest was to establish the breadth of ketone substrates (Table 5). First, we looked at
the impact of strong stereoelectronic groups on RCC. We picked 4,4’-disubstituted ketones to prepare 5.d
and 5.e to represent a strong EDG and a strong EWG respectively. We found no formation of 5.d suggesting
that EDGs are not favourable due to destabilization of the carbanion on int. B (Figure 17), which prevents
carboxylation. On the other hand, a lower yield from the difluoro substituted 5.e suggests a greater
stabilization of int. B leading to either slower kinetics, or a greater rate of decarboxylation of the product
5.e leading to a lower observed yield. Either way, 5.e yielding lower than benzilic acid (5.a).

Next, we moved to carboxylation of 4-substituted ketones to test functional group tolerance of the
method. 5.f and 5.g are simple aryl and alkyl substituted benzilic acid forms presenting similar yields, albeit
performing slightly worse than benzilic acid (5.a). The decline in the yield for 5.f stems from a negative
mesomeric effect, which stabilizes the carbanion int. B, preventing carboxylation. During the formation of
5.g, the carbanion intermediate int. B is minorly destabilized, which reduced carboxylation. The impact of
a stronger electron-withdrawing trifluoromethyl substitution (5.h) followed a similar trend to 5.a from its
negative inductive effect. Surprisingly, a nitrile substitution led to poor conversion to form 5.j due to the

strong mesomeric nature of nitrile that stabilizes int. B to a greater degree than 5S.e.
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Through the methoxy substituted S.i we found the limit of tolerating an electron donating
substitution. While the dimethoxy substituted 5.d shows no conversion, monomethoxy is tolerated with a
significantly lower yield compared to 5.a. Lastly, we looked at the impact of EWGs at the ortho-aryl and
meta-aryl positions. Meta-chloro substituted 5.k provided an unexpectedly high yield, due to a lowered
inductive effect from a meta-substitution, which minorly destabilized int. B similar to 5.g. Substrates 5.1
and 5.m furnished similar yields to 5.h, highlighting the mechanism being driven primarily by electronic
effects and not being impacted by any steric effects.

Afterwards, we looked at conformationally restricted 5.n and 5.0. No conversion was observed for
the fluorenone derived 5.n, the corresponding int. B formed is aromatized by the formation of the carbanion,
making the carboxylation highly unfavoured. Meanwhile, 5.0 performed similar to other electron-
withdrawing substrates. However, the lower yield compared to 5.a is due to the restricted conformation
destabilizing int. B, and not from slower kinetics due to stabilization. Lastly, we prepared an o-hydroxy
acid 5.p with a heterocyclic ketone substrate benzothiophene which performed worse than 5.a due the

heterocycle replacing a formal benzene ring.
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Table 5 RCYs for substrate scope of a-hydroxy-''C-carboxylic acids

o) (0]
Ir HO,
0 Cy,NMe, KOPiv . !
Z Me;SiCl, DMA Z
3 blue LEDs, RT, 10 min 5

Average Trapping Efficiency 92+7%

Aldehyde Alkyl-aryl ketone 4,4'-substituted diaryl ketones
HO_"COOH HO_"COOH
! H [ HO_""COOH HO_"COOH HO_""COOH
O O MeOOMe FF
5.b 1% (n=1) 5.c 3% (n=2) 5.a 72+2%" (40£1%) 5.d 0% 5.e 56+4%
4 ituted diaryl k
HO_"COOH
l l HO_"COOH HO_"lcOOH HO_"COOH HO_"COOH
O Me’mi FsC ll ll Meo’)%“ NC““
5.£52+1% 5.9 54+3% 5.h 41£3% 5.i 20£1% 5.j 3% (n=2)
3-substituted diaryl ketone 2-substituted diaryl |
HO, 1
I © CoolH HO_"COOH HO_"COOH
cl 8
5.k 66+3% 5.1 39+4% 5.m 35£4%

Miscellaneous diaryl ketones

HO_"COOH HO_"COOH HO_""COOH
S
0 *OO SRV,
5.n 0% 5.0 33+2% 5.m 57+1%
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2.4.1 Attempts to improve reactivity with low yielding substrates

We attempted to carboxylate 4-acetylbiphenyl 3.b and 4-biphenylcarboxaldehyde 3.c which were an
aldehyde and alkyl-aryl ketone activated by a biphenyl group. While both led to formation of their
respective products, they had RCC values <5% which is not a usable range for further chemistry. We
theorized the activation of the substrate to generate int. B (Figure 17) had slow kinetics leading to low
RCCs. Due to the low yields obtained for 5.b and 5.¢ we looked at modifications for existing conditions to
improve RCC.

Our first solution was to introduce sodium formate into the current conditions (Table 6.2), with the
expectation a radical mechanism proceeding from int. A. Malandain et a/. used a formate mediated
mechanism to drive reactivity without SSET by generating a radical anion of CO; and proceeding through
a radical addition. However, the conversion remained the same suggesting no change in the mechanism
being followed. While the photocatalyst-SED couple can reduce the substrate, it is unable to reduce CO- to
form the radical anion species.

To attempt the formation of the radical anion, we attempted an entirely formate mediated condition,
switching our SED to DABCO and adding sodium formate to the conditions (Table 6.3). DABCO-formate
mediated methods have been employed for non-radioactive carboxylation of olefins and imines. These
methods rely on DABCO to reduce formate to the radical anion, followed by subsequent reduction or
carboxylation by the radical anion. Since the optimisation campaign revealed that no conversion is observed
with DABCO as the SED (Table 1.7/1.9), an alternative mechanism driven by formate carboxylation would
have been required for these conditions to be successful. Unfortunately, no conversion was observed.

Finally, finding little success in employing a formate mediated mechanism, we decided to adopt
the method reported by Okumura et alP?!, which uses 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-
benzoimidazole (DMBI) as a reductant (Table 6.4). DMBI is a strong reductant and hydrogen atom transfer
agent being commonly used in semiconductors.” Given the success with alkyl-aryl ketones and aldehydes
in their non-radioactive work, a DMBI mediated route could improve reactivity with less activated

substrates. As alluded to earlier, given the dual nature of DMBI, the reaction could proceed through a radical
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polar crossover mechanism to furnish the product with lower activation energies. However, no conversion
was observed here either.

Given these results, we believe the stabilization of int. B plays a crucial role in dictating the kinetics
of synthesis of 5. Attempts to access alternate mechanisms require significantly revised conditions. Hence,

poor stabilization of the intermediate in alkyl-aryl ketones and aldehydes is characteristic of the substrates

and will remain a limitation for this method.

Table 6 Attempts to carboxylate 4-acetylbiphenyl with [''C]CO;

Os_OH

O *
+ L
O Cy,NMe, KOPiv O OH
O Me;SiCl, DMA O

blue LEDs, RT, 10 min

y

3.b

5.b
Entry Change RCY
1 - 3%
2 +HCOONa 3%
3 -Cy,NMe, +HCOONa,+DABCO 0%
0 (@) OH
X
+ > H
O DMBL,ACN O ©
blue LEDs, RT, 10 min O
3.b 5.b
Entry Change RCY
4 - 0%
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2.5 Synthesis of ['!C]Quinuclidinyl Benzilate (QNB)
Our successful synthesis of benzilic acid (5.a) enables the radiolabelling of a host mAChR targeting PET
tracers in their native form. To demonstrate one such application, we decided to prepare [''C]JQNB. The

preparation of [''C]JQNB has been reported previously*

, although the synthesis involves the use of
metallic lithium to prepare a lithiated int. B which reacts with [''C]COz to yield [''C]benzilic acid. The
conditions are likely not easily reproducible under clinical settings, as the tracer has not been evaluated in
humans to our knowledge.

We employed a straightforward nucleophilic substitution to prepare [''C]JQNB. We prepared the
mesylate of quinuclidinol 6 to enable direct substitution of benzilic acid 4.a. Preliminary evidence from
LC-MS using nonradioactive benzilic acid 4.a with the mesylate 6 in the presence of DIPEA as a weak base
suggested formation of QNB (Figure 22.a). Given the preliminary data suggested that the substitution
worked, we attempted to telescope the substitution directly after preparing radioactive benzilic acid S.a.
Unfortunately, both at room temperature and heating the reaction up to 150°C yielded no conversion to 7.
However, precipitation in experiment (Figure 22.b.2) suggested that due to the stoichiometric presence of

pivalate in the reaction, a competing adduct is forming with the mesylate 6 instead of QNB 7. Future efforts

will focus on isolating radioactive benzilic acid 5.a to prevent the competing substitution reaction.
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a Preliminary experiment
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iProNEt
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@ ’ HO o DMA, rt, 1h 0O o
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LC-MS ES* Calculated 338.1, Found 338.1

b Experiments with activity

v

OH

‘ Il
2 eq.

fe} Cy,NMe, KOPiv HO
Me;SiCl, DMA O 6
blue LEDs, RT, 10 min O
3.a

5.a
Ir ) Irl(ppy)(dtbbpy)]PFe
Entry Temperature 7
1 10 mins, RT 0%
2 10 mins, 150°C 0%

Figure 22 Attempts at synthesis of [''C]QNB
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Chapter 3

Conclusions and Future Directions

3.1 Conclusion

Direct fixation of [''C]CO, is a highly efficient route to prepare carbon-11 labelled PET tracers.
Photocatalysis is an emerging methodology to incorporate [''C]CO; for carbon-11 radiolabelling. To this
end, we have developed a photocatalysed synthesis of a-hydroxy ''C-carboxylic acids. This method
leverages readily available ketones as precursors for radiolabelling with [''C]CO,, assisted by an iridium-
based photocatalyst. We employed a Bayesian optimisation software (EDBO+) during an optimisation
campaign. Bayesian optimizers are data-driven tools providing greater efficiency and consistency in
reaction optimisation compared to human decision-making. Using EDBO+, we improved synthetic yields
of [''C]2-hydroxy-2,2-diphenylacetic acid from an RCC of 17% to 72%, bringing it to a useful range for
production of PET tracers. a-hydroxy acids are found in bioactive ligands and metabolites, enabling native
radiolabelling of existing PET tracers and opening a route to unrealized PET tracers.

We demonstrated the versatility of this method by synthesizing a scope of 14 carbon-11 labelled
o-hydroxy acids with radiochemical yields ranging from 20-73%. The scope includes 2/3/4-substituted
benzilic acids with heteroatomic functional groups, a heterocyclic ketone and a mono-hydroannulene core
commonly found in drug molecules. Furthermore, we developed a metal-free photocatalytic method to
prepare a-hydroxy acids with non-radioactive CO, to characterize the radioactive compounds. We

synthesized a scope of 14 compounds including 3 unreported molecules with yields up to 82%.
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3.2 Future Directions

An immediate goal for the project is the preparation of [''C]Quinuclidinyl Benzilate ([''C]JQNB). The
ligand is a very potent inhibitor of mAChRs (K4 = 0.27 nM) and its methiodide salt [''C]N-methyl QNB
has been evaluated in vivo with human subjects. The charged nature of [''C]MQNB makes the tracer
impermeable through the blood-brain barrier. The native ligand [''C]JQNB would not suffer from such
impermeability, and a mild and efficient synthesis of the tracer would enable a more straightforward clinical
production of the tracer.

In the near future, a goal for the project would be the exploration of strongly electron withdrawing
substrates to understand the impact of electronics on the proposed intermediate int. B that forms prior to
carboxylation. Mechanistic experiments described for non-radioactive methods in earlier sections highlight
the formation of such an intermediate for carboxylation. Potential substrates to inquire the electronic effects
of int. B include trifluoromethoxy substituted ketones, aldehydes and a-keto ester substrates. Such
substrates consist of strong electron withdrawing groups at the a-position to the reactive carbon and could
enable access to substrates which are not substituted by aromatic groups. An application to probe at the
electronic limit of the method is through the preparation of [1-''C]lactate. While [1-''C]lactate is potentially
very difficult to be synthesized using this method on account of its highly inactivated precursor, the
synthesis of a 3-trifluoromethyl derivative of lactic acid could still be possible as a bioisostere. The purpose
of attempting to carboxylate such substrates is to identify the performance limits of the method beyond
diaryl species. Key performance parameters include reduction potentials of the photocatalyst, the
nitrogenous base and the substrate, and the lifetime of the photocatalyst.

Finally, a logical next step to carboxylation of carbonyls is the carboxylation of imine substrates to
yield a-amino acids. Especially, imine substrates derived from previously successful ketone substrates
serve as a useful starting point. a-Amino acids are prevalent in various bioactive molecules and are found
in many endogenous molecules in our body. Such prevalence of a-amino acids makes them a highly

appealing target to radiolabel with carbon-11, especially with high activity yields and molar activities.
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a Substrates to probe beyond diaryl ketones b Potential synthesis of [1-''C]lactate analog
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b Potential route for photocatalysed ''C-carboxylation of imines
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Figure 23 Future directions

Expanding mild and efficient photocatalytic methods to a broad scope of functionalities would make them

more adaptable in clinical settings, making the methods practical resource in every radiochemist’s toolbox.
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Chapter 4

Experimental

4.1 Materials

4.1.1 General

All reactions were set up under inert atmosphere with anhydrous reagents unless otherwise specified.
Commercially available chemicals were obtained from Sigma-Aldrich, TCI Chemicals, Oakwood

Chemicals and Thermo Scientific, and were used as received.

4.1.2 Radioactive reactions

Before commencing all radiochemical reactions, isotopic [''C]CO, was generated through a Siemens
Eclipse HP/RP Hybrid Cyclotron located at the National Cardiac PET Centre at the University of Ottawa
Heart Institute. Unless otherwise mentioned, cyclotron parameters were default and the N, target (with
additive O,) was beamed at 40 pA for 2 mins. The irradiated target enriched with [''C]CO, was delivered
to a Synthra Mel plus module, where a CO; trap cooled to -180 °C using liquid nitrogen freezes [''C]CO>
over a coil, generally yielding ~4 GBq of activity.

All photochemical reactions were performed in a sealed tapered microwave vial (2 dram) placed
between two Kessil AI60WE Tuna Blue lamps (maximum intensity, white to blue light), 2.5 cm from the
reactor vessel. A delivery line from the Synthra Mel plus module was attached to the reactor vessel using
a stainless-steel needle. Helium is used as a push gas to deliver isotopic CO; from the heated coil into the
reaction vessel. A sodium hydroxide (Ascarite) cartridge was attached over the exhaust needle to measure
escaped [''C]CO; after delivery.

Activity measurements for the reactor vessel and Ascarite cartridge were made using Capintec
CRC-15 Dual PET dose calibrator. Yield calculations were performed using radioHPLC (Agilent 1100

Series HPLC + Raytest Gabi radio detector OR Waters 2695 HPLC + Custom radio detector) set up.
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Measured activity and radioHPLC integrations were decay-corrected for yield calculations using ti2[''C] =

20.364 min.

4.1.3 Non-radioactive reactions

All photochemical reactions were performed using standard Schlenk techniques and carried out under a
carbon dioxide atmosphere unless otherwise noted. Reactions were set up in a 10 mL Schlenk flask and
placed in a water bath to maintain room temperature. Kessil A160WE Tuna Blue lamp (maximum intensity,
blue light) was placed 1 cm from the water bath (2 cm from Schlenk flask).

Reactions were monitored using liquid chromatography-mass spectrometry (LC-MS), recorded on
Waters Xevo-TQD and thin-layer chromatography (TLC) using UV light as visualizing agents and KMnO4
as developing agents. 'H and '*C NMR were recorded on Bruker Avance 11 400 (‘H: 400 MHz and "*C: 101
MHz). Chemical shifts (8) for '"H and *C NMR spectra are given in ppm relative to tetramethyl silane
(TMS). The residual solvent signals were used as references for 'H and '>*C NMR spectra and the chemical
shifts converted to the TMS scale (CDCls: 8H = 7.26 ppm, 6C = 77.16 ppm; (CD3)>SO: 6H = 2.50 ppm,

0C =39.52 ppm).
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4.2 Radioactive Methods

4.2.1 General synthesis of "'C-a-hydroxy carboxylic acids (Optimisation Campaign)

An oven-dried microwave vial with a stir bar was charged with all solid reagents, doubly sealed and then
evacuated backfilled with Ar (3x). Reagents used: 50 umol (1 equiv.) ketone, 100 umol (2 equiv.) base,
100 pmol (2 equiv.) amine, 65 umol (1.3 equiv.) silane and 2 umol (2 mol%) photocatalyst. The leftover
liquid reagents along with 500 pL of solvent were dissolved together in a vial. Before attaching the delivery
line and Ascarite cartridge to the reactor vessel, the mixture of liquid reagents was dissolved with other
solid reagents. The reactor vessel was placed between the lamps and the delivery line and exhaust were
attached. Immediately after, the production of [''C]CO, was started. When isotope production was
completed, the microwave vial was irradiated with the lamps and isotope delivery is commenced. Helium
is bubbled at 20 mL/min until all activity has been delivered, then slowed down to 10 mL/min until the
reaction is complete. The reaction was stirred for 5 minutes under irradiation. After 5 minutes, the delivery
line was raised out of solution, and the reaction is quenched with 1 mL of 1 M HCI. The reaction was stirred
for 1 minute until no further activity is collected in the exhaust cartridge. Finally, activity measurements

were made and 100 puL of the reaction mixture was used for radioHPLC.

4.2.2 Synthesis of ''C-a-hydroxy carboxylic acids (Substrate Scope)

An oven-dried microwave vial with a stir bar was charged with 50 pmol (1 equiv.) ketone and 14 mg (2
equiv.) potassium pivalate. In a sealed vial was prepared the mixture (A) of 21.4 uL (2 equiv.) Cy:NMe
and 8.2 pL (1.3 equiv.) TMSCI in 400 pL of dimethylacetamide (DMA). 1 mg (2 mol%)
[Ir(dtbbpy)(ppy)2]PFs was obtained from a 10 mM stock solution (B) of the complex in DMA. Mixture A
was added to the vial and vortexed until homogenous, then the vessel was placed between the lamps and
the delivery line and exhaust were attached. Immediately after, the production of [''C]CO, was started.
Before completion of production, 100 uL. of mixture B was added to the reactor vessel. When isotope
production was completed, the microwave vial was irradiated with the lamps and isotope delivery was

commenced. Helium was bubbled at 20 mL/min for exactly 45 seconds, until all activity had been delivered.
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The reaction was stirred for 10 minutes under irradiation. After 10 minutes, activity measurements were
made on the reaction vessel and exhaust. Finally, 100 pL of the reaction mixture was dissolved in 300 pL

of freshly prepared 2:1 solution of 1 M HCI/ACN for radioHPLC analysis.
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4.3 Non-radioactive methods

4.3.1 Synthesis of phthalonitrile-based photocatalysts

4-DPAIPN
An oven-dried 25 mL Schlenk flask with a stir bar was charged with 3.6 mmol (6 equiv.) diphenylamine

(DPA) and 4.8 mmol (8 equiv.) sodium hydride. The vial was sealed, evacuated and backfilled with argon,
then 4 mL of dimethylformamide (DMF) was added. The mixture was stirred for 1 h at 50 °C. Then 0.6
mmol of tetrafluoroisophthalonitrile (4-F-IPN) was dissolved in 2 mL DMF and added dropwise to the
Schlenk flask. The mixture was further stirred for 4 h at 50°C. After stirring the reaction was cooled down
to room temperature and quenched with 0.5 mL water. The reaction mixture was further diluted with water
and extracted with EtOAc. The organic layer was then washed with 10% LiCl in water (w/v) to remove
extracted DMF and the organic layer was concentrated in vacuo. Flash chromatography was performed
using DCM in hexanes 0% — 70%. The product fractions were concentrated, then redissolved in DCM and
precipitated using pentanes. 4-DPAIPN was isolated with a 26% yield (187 mg), spectral data were
consistent with literature reports.>")

4-CzIPN

To an oven-dried 50 mL Schlenk flask with a stir bar was charged with 5.0 mmol (5 equiv.) 9H-carbazole
(Cz) and 7.5 mmol (7.5 equiv.) sodium hydride. The vial was sealed, evacuated and backfilled with argon,
then 15 mL of tetrahydrofuran (THF) was added. The mixture was stirred for 30 mins at room temperature.
Then 1.0 mmol of tetrafluoroisophthalonitrile (4-F-IPN) was dissolved in 5 mL THF and added dropwise
to the Schlenk flask. The mixture was further stirred for 16 h at room temperature. After stirring the reaction
was quenched with 1 mL water. The reaction mixture was further diluted with water and extracted with
EtOAc and the organic layer was concentrated in vacuo. Flash chromatography was performed using DCM
in hexanes 0% — 55%. The product fractions were concentrated, then redissolved in DCM and precipitated
using pentanes. 4-CzIPN was isolated with a 38% yield (299 mg), spectral data were consistent with

literature reports.*”!
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4.3.2 Synthesis of non-radioactive standards (General procedure)

An oven-dried 10 mL Schlenk flask with a stir bar was charged with 0.2 mmol (1 equiv.) ketone, 0.004
mmol (2 mol%) photocatalyst, 0.6 mmol (3 equiv.) sodium formate, 0.06 mmol (30 mol%) 1,4-
diazabicyclooctane (DABCO) and 0.5 mmol (2.5 equiv.) cesium carbonate. The vial was sealed, evacuated
and backfilled with CO», then 2 mL of dimethyl sulfoxide (DMSO) was added. The flask was placed in a
water bath to maintain the flask at room temperature, in front of a lamp to be irradiated for 3 hours to 6
hours. Reaction completion was monitored using thin-layer chromatography (TLC) in 80% EtOAc (with
0.5% AcOH)/Hexanes. The reaction was quenched using 4 mL. 1 M HCI and stirred for 5 minutes. The
reaction mixture was extracted using EtOAc and the organic layer was washed with brine to remove DMSO.
One of the following workups was performed for each substrate —

Workup 1 - The organic layer was concentrated in vacuo and dissolved in 20% EtOAc/Hexanes to load on
silica for flash chromatography. Flash chromatography was performed using EtOAc (with 0.5% AcOH) in
Hexanes 20% — 50% to isolate the product.

Workup 2 — The organic layer was extracted with 10% NaHCOs The aqueous layer was acidified using
dropwise addition of 12 M HCI until pH<2.5. The neutralized aqueous layer was extracted with EtOAc and

this organic layer was concentrated in vacuo to isolate the product.

4.3.3 NMR Spectral data
2-([1,1'-biphenyl]-4-yl)-2-hydroxypropanoic acid (4.b)

HO_ COOH
Synthesised using General procedure (Workup 1), 51% yield, white solid
"H NMR (600 MHz, DMSO) & 7.70 — 7.55 (m, 6H), 7.46 (t, 2H) 7.36 (t, 1H) 1.64 (s, 3H) *C NMR (151
MHz, DMSO) ¢ 176.0, 143.7, 139.9, 138.9, 128.9, 127.4, 126.7, 126.1, 104.4, 74.8, 68.3. Spectra were

consistent with data reported in literature.[*"
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2,2-bis(4-fluorophenyl)-2-hydroxyacetic acid (4.e)

HO_ COOH

OQ,

Synthesised using General procedure (Workup 2), 28% yield, yellow solid

'"H NMR (600 MHz, DMSO) & 7.41 — 7.35 (t, 4H), 7.19 — 7.10 (t, 4H) *C NMR (151 MHz, DMSO) §
174.4, 160.6, 139.9, 129.1, 114.5, 104.4. Spectra were consistent with data reported in literature.*!!
2-([1,1'-biphenyl]-4-yl)-2-hydroxy-2-phenylacetic acid (4.f)

HO_ COOH

OOO

Synthesised using General procedure (Workup 1), 81% yield, white solid

"H NMR (600 MHz, DMSO) § 7.68 — 7.60 (dd, 4H), 7.48 — 7.40 (m, 6H), 7.38 — 7.32 (m, 3H), 7.31 - 7.26
(t, 1H) ®C NMR (151 MHz, DMSO) & 174.7, 143.7, 142.9, 139.8, 139.1, 129.0, 127.8, 127.8, 127.5, 127.4,
127.1,126.7, 126.1, 80.2. Spectra were consistent with data reported in literature.*!!
2-hydroxy-2-phenyl-2-(p-tolyl)acetic acid (4.g)

HO_ COOH

OO

Synthesised using General procedure (Workup 1), 81% yield, white solid
'"H NMR (600 MHz, DMSO) & 7.40 — 7.33 (m, 2H), 7.33 — 7.28 (t, 2H), 7.27 — 7.22 (d, 3H), 7.14 — 7.09

(d, 2H), 2.27 (s, 3H) *C NMR (151 MHz, DMSO) § 174.8, 144.0, 140.9, 136.3, 128.2, 127.6, 127.1, 127.1,

120.4, 104.4, 80.1. Spectra were consistent with data reported in literature.*"!
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2-hydroxy-2-phenyl-2-(4-(trifluoromethyl)phenyl)acetic acid (4.h)

HO_ COOH

Synthesised using General procedure (Workup 2), 30% yield, yellow oil

"H NMR (600 MHz, DMSO) § 7.72 — 7.67 (d, 2H), 7.62 — 7.58 (d, 2H), 7.39 — 7.33 (m, 5H). *C NMR
(151 MHz, DMSO) 6 174.2, 170.5, 143.2, 128.1, 128.0, 127.7, 127.0, 124.8, 124.7, 80.2. Spectra were
consistent with data reported in literature.*"

2-hydroxy-2-(4-methoxyphenyl)-2-phenylacetic acid (4.i)

HO_ COOH

MeO ll ll

Synthesised using General procedure (Workup 2), 82% yield, yellow oil

"H NMR (600 MHz, DMSO) § 7.35 (d, 2H), 7.31 (t, 2H), 7.27 (d, 3H), 6.88 (d, 2H), 3.73 (s, 3H). *C NMR
(151 MHz, DMSO) 6 174.9, 158.4, 144.0, 135.7, 128.4,127.7,127.2, 113.0, 104.4, 79.9, 55.1. Spectra were
consistent with data reported in literature.*"

2-hydroxy-2-(4-cyano)-2-phenylacetic acid (4.j)

HO_ COOH

AT C

Synthesised using General procedure (Workup 2), 19% yield, yellow oil
"H NMR (600 MHz, DMSO) & 7.79 (d, 2H), 7.56 (d, 2H), 7.38 — 7.26 (m, 5H). *C NMR (151 MHz,
DMSO) s 173.8, 149.0, 142.9, 131.7, 128.1, 128.0, 127.7, 126.8, 118.7, 110.0, 80.1. Spectra were

consistent with data reported in literature.[*?
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2-(3-chlorophenyl)-2-hydroxy-2-phenylacetic acid (4.k)

HO_ COOH

Cl
Synthesised using General procedure (Workup 1), 82% yield, yellow oil
"H NMR (600 MHz, DMSO) § 7.40 — 7.25 (m, 9H). *C NMR (151 MHz, DMSO) § 174.2, 146.2, 143.2,
132.5,129.7, 128.0, 127.4 (q), 126.9, 126.9, 126.0, 104.4, 80.1. Spectra were consistent with data reported
in literature.*"!
2-(2-fluorophenyl)-2-hydroxy-2-phenylacetic acid (4.1)

HO_ COOH

Synthesised using General procedure (Workup 1), 65% yield, yellow solid

"H NMR (600 MHz, DMSO) § 7.53 (d, 2H), 7.40 — 7.25 (m, 4H), 7.16 (t, 1H), 7.08 (t, 1H), 6.94 (t, 1H).
BC NMR (151 MHz, DMSO) § 174.1, 161.1, 159.5, 141.3, 129.8, 129.0, 127.3 (d), 123.6, 115.7, 104.4,
77.76, 68.3. Spectra were consistent with data reported in literature.*"
2-(2-(trifluoromethyl)phenyl)-2-hydroxy-2-phenylacetic acid (4.m)

HO_ COOH

3
Synthesised using General procedure (Workup 1), 70% yield, yellow oil
'"H NMR (600 MHz, DMSO) § 7.77 (d, 1H), 7.53 — 7.40 (m, 7H), 6.77 (d, 1H). ®C NMR (151 MHz,

DMSO0) 6 174.7,174.3, 142.9, 142.2, 131.3, 130.4, 128.2, 128.1, 128.0, 127.0, 126.9, 104.4, 81.0.
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2-hydroxytricyclo[9.4.0.03,8]pentadeca-1(15),3,5,7,11,13-hexaene-2-carboxylic acid (4.0)

HO_ ,COOH

Synthesised using General procedure (Workup 1), 81% yield, pale yellow solid
'"H NMR (600 MHz, DMSO) § 7.76 — 7.70 (m, 2H), 7.18 — 7.12 (m, 4H), 7.11 — 7.06 (m, 2H), 3.29 —
3.20 (m, 2H), 2.92 — 2.81 (m, 2H). *C NMR (151 MHz, DMSO) § 174.2, 172.0, 142.0, 137.1, 129.7,
127.2,125.4,124.8, 78.1.
2-hydroxy-2-phenyl-2-(thiophen-2-yl)acetic acid (4.p)
HO_ COOH
S

SRv
Synthesised using General procedure (Workup 2), 41% yield, dark purple solid
'"H NMR (600 MHz, DMSO) & 7.47 — 7.42 (m, 3H), 7.32 (t, 2H), 7.28 (t, 1H), 7.07 (s, 1H), 6.98 (s, 1H).

BC NMR (151 MHz, DMSO) § 173.7, 148.1, 143.5, 127.8, 127.6, 126.4, 126.2, 125.6, 125.5, 78.2.
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Appendix A

radioHPLC Chromatograms
[''C]2-hydroxy-2,2-diphenylacetic acid (5.a)
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[''C]2,2-bis(4-fluorophenyl)-2-hydroxyacetic acid (5.e)
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[''C]2-([1,1'-biphenyl]-4-yl)-2-hydroxy-2-phenylacetic acid (5.f)
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[''C]2-hydroxy-2-phenyl-2-(p-tolyl)acetic acid (5.g)
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[''C]2-hydroxy-2-(4-methoxyphenyl)-2-phenylacetic acid (5.i)
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[''C]2-(3-chlorophenyl)-2-hydroxy-2-phenylacetic acid (5.k)
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[''C]2-(2-fluorophenyl)-2-hydroxy-2-phenylacetic acid (5.1)
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['C]2-(2-(trifluoromethyl)phenyl)-2-hydroxy-2-phenylacetic acid (5.m)
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["'C]2-hydroxytricyclo[9.4.0.03,8] pentadeca-1(15),3,5,7,11,13-hexaene-2-carboxylic acid (5.0)
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[''C]2-hydroxy-2-phenyl-2-(thiophen-2-yl)acetic acid (5.p)
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Appendix B
NMR Spectra

Note: Unassigned signals are from solvent impurities during the chromatography (workup 1) or direct
isolation (workup 2) steps of General procedure. The impurities are limited to water, ethyl acetate, acetic
acid (workup 1) and pivalic acid (from KOPiv, workup 2).

2-([1,1'-biphenyl]-4-yl)-2-hydroxypropanoic acid (4.b)
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13C NMR (151 MHz, DMSO)
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2,2-bis(4-fluorophenyl)-2-hydroxyacetic acid (4.e)

HO_ COOH
JORSN

'"H NMR (600 MHz, DMSO)
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13C NMR (151 MHz, DMSO)
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2-([1,1'-biphenyl]-4-yl)-2-hydroxy-2-phenylacetic acid (4.f)

HO_ COOH

'"H NMR (600 MHz, DMSO)
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13C NMR (151 MHz, DMSO)
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2-hydroxy-2-phenyl-2-(p-tolyl)acetic acid (4.g)

HO_ ,COOH

'"H NMR (600 MHz, DMSO)
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13C NMR (151 MHz, DMSO)
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2-hydroxy-2-phenyl-2-(4-(trifluoromethyl)phenyl)acetic acid (4.h)

HO_ COOH

'"H NMR (600 MHz, DMSO)
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13C NMR (151 MHz, DMSO)
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2-hydroxy-2-(4-methoxyphenyl)-2-phenylacetic acid (4.i)

'"H NMR (600 MHz, DMSO)
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13C NMR (151 MHz, DMSO)
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2-hydroxy-2-(4-cyano)-2-phenylacetic acid (4.j)

HO_ COOH

AT T

'"H NMR (600 MHz, DMSO)
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13C NMR (151 MHz, DMSO)
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2-(3-chlorophenyl)-2-hydroxy-2-phenylacetic acid (4.k)

HO_ COOH

Cl

'H NMR (600 MHz, DMSO)

AP-C-116.10.fid
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13C NMR (151 MHz, DMSO)

AP-C-116.11.fid
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2-(2-fluorophenyl)-2-hydroxy-2-phenylacetic acid (4.1)

HO_ COOH

'"H NMR (600 MHz, DMSO)

AP-C-117.104fid
1d_1H_1min DMSO {Ct\data} Rotstein 8

(2800
2600
(2400
(2200
jJ / (2000
(1800
1600
(1400
(1200
1000
f-800
(600
(400

200

_ Lo

[--200

T T T T T T T T T T T T T T T T T T T T T
L0 ns 1.0 10.5 10.0 95 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 156 1.0 05
1 (ppm)

90



13C NMR (151 MHz, DMSO)
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2-(2-(trifluoromethyl)phenyl)-2-hydroxy-2-phenylacetic acid (4.m)

HO_ COOH

(L

3

'"H NMR (600 MHz, DMSO)
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Note: The compound is unstable in solution and attempts to obtain an NMR results in degradation of the

compound back to the starting ketone 3.m, which is observed in the aromatic region.
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13C NMR (151 MHz, DMSO)
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2-hydroxytricyclo[9.4.0.03,8]pentadeca-1(15),3,5,7,11,13-hexaene-2-carboxylic acid (4.0)

HO_ ,COOH

'"H NMR (600 MHz, DMSO)
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13C NMR (151 MHz, DMSO)
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2-hydroxy-2-phenyl-2-(thiophen-2-yl)acetic acid (4.p)

HO_ COOH
S

W

'"H NMR (600 MHz, DMSO)
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13C NMR (151 MHz, DMSO)
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