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Abstract

Interest in photochemical processes both in academia and industry is increasing, but
uptake is still limited due to low efficiency and/or scalability of current processes.
Photochemical synthesis of highly reactive hydroperoxides so-called ‘p-peroxyquinols’ is of
particular interest for synthetic organic chemistry and pharmaceutical manufacturing, given
their involvement in the synthesis of antimalarial drugs and complex natural products. Batch
synthesis of p-peroxyquinols in large scale can be challenging, given its instability in
flammable solvents and long reaction times of up to 48 h. Continuous flow photooxidation
of p-substituted phenols using singlet oxygen and supercritical CO, could be a suitable
alternative. In this Thesis, this methodology is explored in telescoped syntheses of

compounds with potential pharmaceutical interest.

Chapter 1 gives an introduction to flow chemistry including an overview of parameters
and concepts used in the field. It highlights the advantages, challenges, and applications of
flow chemistry both in academia and industry. A brief description of continuous flow
photochemistry is also given, including recent advances using singlet oxygen in supercritical
CO,. Chapter 2 describes the high-pressure batch and flow reactors used in this work, as well

as the Standard Operating Procedures (SOP) for each system.

Chapters 3 and 4 explore the continuous flow dearomatisation of p-substituted phenols
using singlet oxygen in supercritical CO, (Chapter 3) and its applications in the telescoped
synthesis of 1,2,4-trioxanes, a scaffold present in antimalarial drugs such as Artemisinin
(Chapter 4). The dearomatisation of p-substituted phenols was carried out using a
photosensitiser and Light Emitting Diodes (LEDs) to generate singlet oxygen. 1,2,4-trioxanes
were then synthesised via an acid catalysed acetalization/oxa-Michael addition cascade with
aldehydes. The substrate scope was expanded to a variety of p-peroxyquinols and 1,2,4-
trioxanes, investigating functional group robustness, degree of substitution, and type of

substituent.

Chapter 5 reports the telescoped synthesis of 2-substituted-1,4-benzoquinones, an
important class of compounds with a variety of medicinal properties. The p-peroxyquinols
formed through dearomatisation of p-substituted phenols, following the methodology
developed in Chapter 3, were converted into 2-substituted-1,4-benzoquinones via acid-
catalysed 1,2-alkyl shift of p-peroxyquinols. Optimisation of reaction conditions was initially

carried out in batch, and the best conditions were then transferred to the continuous flow



system. Several packed bed reactor designs were investigated in order to optimise the

reaction yields.

Chapters 6 and 7 present studies for the telescoped synthesis of 1,2,4-dioxazinanes and
1,3-oxazolidines, respectively. For both target compounds, an aminalisation/aza-Michael
addition step using either a N-sulfinyl imine or N-sulfonyl imine was involved in the process.
In Chapter 6, the synthesis of 1,2,4-dioxazinanes was investigated as this scaffold has been
shown to have antimalarial activity, but synthetic methodologies to produce these
compounds are scarce in the literature. The reaction conditions for both the asymmetric and
racemic synthesis of 1,2,4-dioxazinanes were attempted in batch using a p-peroxyquinol and
N-sulfonyl/sulfinyl imines previously synthesised. In Chapter 7, a synthetic route was
designed for the asymmetric synthesis of 1,3-oxazolidines in four steps starting from the
dearomatisation of p-substituted phenols. The reduction of p-peroxyquinols was examined
in batch, and subsequent experiments were carried out to make 1,3-oxazolidines from p-

quinols and N-sulfinyl imines.

In Chapter 8, a summary of the work developed in this Thesis is outlined, highlighting
the main findings and challenges in exploring the continuous flow photooxidation of p-
substituted phenols in telescoped syntheses. The discussion is guided by the Thesis aims

defined in the introduction chapter. Ideas for potential future work are also presented.



Declaration

| declare that the work presented in this Thesis is a record of my own work for the period
of October 2018 to June 2021. This Thesis has not been accepted in partial or complete
fulfilment of any other degree or personal qualification. Where any work has been carried
out in collaboration, the relevant researcher or researchers have been acknowledged both

below specifically and within each chapter.

Chapters 3 and 4 were written up for publication in Organic Process Research &
Development, in collaboration with Wu, L.; Blake, A. J.; Taylor, L. J.; Argent, S. P.; Poliakoff,
M.; Boufroura, H.; George, M. W. (in press, DOI: https://doi.org/10.1021/acs.oprd.1c00111)

Chapter 5 results have been written up for publication in a special issue of Molecules,
entitled “singlet oxygen-photooxygenation of organic compounds”, in collaboration with

Boufroura, H.; Moore, J. C.; Poliakoff, M.; George, M. W.

Proaro flose

Bruna Lacerda da Silva Abreu, 25th June 2021



Abbreviation List

Pe Critical Density

T Lifetime of Singlet Oxygen

ka Rate of Decay of Singlet Oxygen

'0, Singlet Oxygen

30, Triplet Oxygen

AP| Active Pharmaceutical Ingredient
Amb Amberlyst-15

ACT Artemisinin-based Combination Therapy
BPR Back-Pressure Regulator

Boc,0 Di-tert-Butyl Dicarbonate

CSA Camphorsulfonic Acid

dr Diastereomeric Ratio

DABCO 4-Diazabicyclo[2.2. 2]octane

DDQ 2,3-Dichloro-5,6-dicyanobenzoquinone
DCE Dichloroethane

DCM Dichloromethane

DMAP Dimethylaminopyridine

DMC Dimethyl Carbonate

DMF Dimethylformamide

DMS Dimethyl Sulfide

DMSO Dimethyl Sulfoxide

EDG Electron-Donating Group

EWG Electron-Withdrawing Group

ESI-MS Electrospray lonisation Mass Spectrometry
ee Enantiomeric Excess

Et Ethyl

EPDM Ethylene Propylene Diene Monomer
EC External Conversion

FEP Fluorinated Ethylene Propylene

F8 Highly fluorinated modified TPFPP
HFE 3-Ethoxyperfluoro(2-methylhexane)
HFIP Hexafluoro-2-propanol

HOMO Highest-Occupied Molecular Orbital



PVC
PPQ
PTSA
RDS
S1
Sens
So
STY
SOP
Sc
SCF
Te
T1
TRIP

TBHP
TBSCI
TBAF
TDCPP
THF
TPFPP
TPP
TR

High performance liquid chromatography
Internal Conversion
Intersystem Crossing

Light Emitting Diodes

Limiting Oxygen Concentration
Lowest-Unoccupied Molecular Orbital
Methyl

Mesyl

Nuclear Magnetic Resonance
Acetate

Outer Diameter

Potassium Peroxymonosulfate
Critical Pressure

Polyvinyl Chloride
p-Peroxyquinol
p-Toluenesulfonic Acid
Rate-determining step

First Excited Singlet State
Photosensitiser

Singlet Ground State
Space-time yield

Standard Operating Procedures
Supercritical

Supercritical Fluid

Critical Temperature

Lowest Excited Triplet State

(R)-3,3'-Bis(2,4,6-triisopropylphenyl)-1,1'-binaphthyl-2,2'-
diyl hydrogenphosphate

tert-Butyl Hydroperoxide
tert-Butyldimethylsilylchloride
Tetrabutylammonium Fluoride
5,10,15,20-Tetrakis(2,6-dichlorophenyl)porphyrin
Tetrahydrofuran
5,10,15,20-Tetrakis(pentafluorophenyl) porphyrin
5,10,15,20-Tetraphenylporphyrin

Thermo reactor



TLC
TATP
TEA

Tf

TFA
TMSOTf
UV-Vis
XRD

Thin Layer Chromatography

Triacetone Triperoxide

Triethylamine

Triflate

Trifluoroacetic Acid

Trimethylsilyl Trifluoromethanesulfonate
Ultraviolet-Visible

X-ray Diffraction



Compound numbering guide

All compounds synthesised in this Thesis were numbered according to their class, as
shown in Scheme 1. By-products and intermediates were numbered in relation to the

compound that originated them.
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Scheme 1. Summary of classes of compounds synthesised in this Thesis and their respective
numbering guide.
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1. Introduction

1.1. Flow chemistry: the transition from flasks to tubes

The majority of chemicals and pharmaceuticals are still produced using batch processes,*
with large vessels or continuous stirred tank reactors. The advantages of batch processes
include the robustness, simplicity, and relative low cost of equipment required.?2 However,
there are challenges that still need to be overcome including inefficient heat and mass

transfer, reproducibility, safety hazards, and light penetration for photochemical reactions.?

Over the past ten years, there has been an increased use of flow rather than batch
chemistry, which has been driven by both academia and the pharmaceutical industry? 4, in
helping to address the challenges previously mentioned for batch reactions. Indeed, a Web
of Science search showed that the number of publications returned from the search term

“flow chemistry” has increased since 2010 (Figure 1).
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Figure 1. Number of publications between 2010 and 2020 returned from the search term “flow
chemistry” (Web of Science).

What is flow chemistry? Flow chemistry consists of pumping reagents through channels
or tubing to perform reactions in a continuous stream rather than in a traditional flask.}
Continuous flow systems can be designed from a variety of commercially available flow

reactors (Figure 2) or customised depending on the reaction needs.
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Figure 2. Examples of commercially available flow reactors: Vapourtec R-series,*! Tube-in-tube
membrane reactor,’? and Ammonite electrolysis flow cell.*?

1.1.1. Advantages and applications of flow chemistry

There are numerous possible advantages for a continuous flow approach over a batch
process, such as increased heat and mass transfer; reduced reaction time; increased safety;
easy screening, optimisation and automation; in-line analysis and purification; and scaling-

up.® These advantages will be discussed in the following paragraphs.

Efficient heat and mass transfer are achieved due to the reduced diameters of the flow
tubing, which increases the surface-to-volume ratio.* > As these parameters are better
controlled in flow, reactions often have an enhanced selectivity and yield. For example, the
batch synthesis of monoprotected diamines is usually problematic in batch, forming a
mixture of protected products. In 2015, Bradley and Jong reported continuous flow

monoprotection of diamines with high selectivity and yields up to 91%.°

Reaction time is often shortened in flow because of the efficient mixing inside the tubing.
For example, Noel and co-workers have shown that trifluoromethylation of styrenes could
be achieved with a reduced reaction time from 24 h in batch to 2 h in flow, both at a scale of

1.5 mmol, 5 mL using a flow photomicroreactor..'’

Exposure to hazardous and/or explosive chemicals is of great concern in batch reactions,
especially at large scale. Therefore, researchers have been developing continuous flow
strategies for the safe generation of these compounds.!® For instance, Lehmann developed
a simple and safe continuous flow formation of highly reactive and unstable diazomethane

from non-hazardous N-methylurea at a multi-gram scale of 4.9 g/h.%°

Reaction screening, optimisation and automation are also facilitated using a flow
approach. A review written by Wu and co-workers showed that automation combined with

flow chemistry enabled a facile design of experiments, which can often be time-consuming
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and laborious in batch. Through screening a variety of parameters such as catalysts, solvents,

and substrates, reaction conditions could be rapidly and automatically optimised.?

Flow reactions can also be analysed and purified in-line. For instance, Ley and co-workers
have reported a controlled flow synthesis of piperazine-2-carboxamide using in-line infrared
spectroscopy.?! This technique enabled real-time analysis, thus reducing the overall time
required for reaction optimisation. Regarding the use of in-line purification, a recent review
on the use of scavenger columns, distillation, nanofiltration, and extraction methods in-line
highlighted the potential of these techniques in medicinal chemistry.?2 Moreover, Jamison
and co-workers published one of the first studies using a liquid-liquid extraction membrane

(called Zaiput) in the flow synthesis of an anticholinergic drug, Atropine.??

In contrast to batch processes, in which the size of the reactor defines the scale of the
reaction, flow systems are easier to scale-up. This is because by adding multiple reactors in
series or running the reaction for longer periods of time, reactions can be scaled-up from

milligram to kilogram-scale.?*

1.1.2. Main parameters and concepts in flow chemistry

The main parameters and concepts to be considered in developing a flow process are
the stoichiometry, residence time, steady state, space-time yield (STY), and productivity,

which are typically different from a batch setup.?

The stoichiometry of flow reactions (Equation 1)3 is calculated considering the molar
flow rate of each reagent, n, which is the product between its volumetric flow rate, ¢, and
molar concentration, M. This applies particularly where each reagent involved is pumped
into the flow reactor from separate feedstocks. In batch conditions, stoichiometry is

determined by the molar concentration of reagents in the reaction medium.

n=qgM (1)

Residence time, RT, is the time that the reagents spend in the reactor zone and can be
estimated by the ratio of the reactor volume, V, to the overall flow rate, g, (Equation 2).2 This
is the equivalent to the reaction time in batch, which is the time a given mixture is held under
fixed conditions. Estimating the residence time can be challenging because other factors
need to be considered such as the dead volume in packed bed reactors, and the solubility of

gas in liquid-gas transformations.?
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RT = v 2

=3 (2)

In flow chemistry, there is a concentration gradient throughout the reactor zone, in
which the concentration of the substrate decreases along the tubing.® A steady state is
reached when the concentration of substrate and product at a given position in the reactor
zone remains constant. Conversion and vyield are often calculated under steady state
conditions and in-line analysis is a powerful tool to continuously monitor the time taken to

reach steady-state.

Pressure-driven delivery of solutions in flow systems typically operate under a laminar
flow regime with a characteristic parabolic velocity profile.?®> This velocity profile is a
consequence of the fluid moving in layers, varying its speed from zero at the tubing walls, in
which the fluid encounters the highest resistance to movement, reaching its maximum
velocity in the centre of the tube. This is different from batch processes, where the
concentration of starting material decreases with time and is assumed to be homogeneous

in the flask.

Other parameters commonly reported in flow chemistry experiments are STY and
productivity. STY is defined as the product quantity, n, per volume of reactor, V, and time, t

(Equation 3). Productivity is the ratio between product quantity and time (Equation 4).3

STY = n 3

=7 (3)
n

Productivity = 7 4)

1.1.3. Telescoped syntheses

The syntheses of fine chemicals and complex molecular frameworks both at bench and
industrial scale are traditionally carried out in a stepwise manner in batch.?2® Nonetheless,
the energy and time demand, risk of exposure to hazardous intermediates, and the
environmental impact in downstream processing (e.g. work-up and purification) have

prompted researchers to find alternative technologies to perform multi-step processes.

Continuous flow telescoped synthesis is a multi-step process in which reagents are
added one at a time without isolation of intermediates. The most common difficulties in

developing a telescoped process in flow are identifying solvents compatible with all
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reactions, and by-product formation which can interfere in subsequent steps of the process.
These challenges have been addressed in recent years and flow chemistry has emerged as
an enabling tool for the efficient synthesis of complex molecules, natural products and Active
Pharmaceutical Ingredients (APIs). It also enables a safe generation and use of hazardous

intermediates in multi-step synthesis.?*33

A recent example of continuous flow telescoped synthesis of an APl was reported by
Thompson and co-workers in 2019. They developed a methodology for the synthesis of an
anticancer agent lomustine,3* used for the treatment of brain tumour and lymphoma (Figure
3). The flow system designed was built using Fluorinated Ethylene Propylene (FEP) tubing
and Zaiput liquid-liquid flow extractor. The synthesis consists of a carbamylation followed by
a nitrosation, with a total residence time of 9 min, representing more than thirteenfold
reduction in reaction time compared to previous batch processes. The reaction conditions
were rapidly optimised using a Desorption Electrospray lonisation Mass Spectrometry (DESI-
MS) method and Chemtrix microreactor with autosampler. Pure lomustine was obtained by

further extraction and washing, avoiding wasteful chromatography methods.

O/NHz H,0 oNo
NO
and TEA i.] @)))) 9 @ 9 @)») O/HIN\/\CI

50 °C 25°C
1 min 8 min
DCM
Figure 3. Continuous flow telescoped synthesis of lomustine by Thompson and co-workers using
FEP tubing reactors and Zaiput liquid-liquid extractor. Reprinted (adapted) with permission from ref
34. Copyright 2019 American Chemical Society.*

ON
Copy G

A second example from 2019 was the convergent flow synthesis of antibacterial drug
linezolid in seven continuous steps, with an isolated yield of 73%.3° The total reaction time
was substantially reduced from the reported batch process (> 60 h) to less than 5 h in flow
to produce 3.8g of Linezolid. At the time, it was the highest number of reaction steps ever
carried out in continuous flow without intermediate purification or solvent exchange (Figure

4).

16



lithium tert-butoxide
2 (in 1:1 THF:DCE, 1.5 equiv.)

Zone 3

Reactor Iil
13

R\

(103)) (in dioxane, 1 equiv.)

Ty=-35°C Reactor VI Reactor Vi

g =4 min 2

— >
Zone 2 (((400 )
F -
z > — Reactor V
2 NOz Reactor IV
6 40°C
(in 3:1 dioxane:DMF, 1 equiv.) q tgr = 12 min
o 01M
W o
5
0=
tributylamine b
(in 3:1 dioxane:DMF, 1 equiv.) tR =40 min Q .
Ha (9) O\Pf
linezolid (1) Kﬁo
73% yield NH
816 mg/h
7 continuous steps (fL Me
(027 8'3!'.‘%,‘2?,,,," - 10 em 1/4" OD. stainless steel membrane phase
- b'np«aturo reactor packed bed reactor separator

0.11, 1.03 mL 1/16" OD.
0.04" |.D. chilled reactors

vhmi

1.10.2.10,4.40 mL 1/16"
0O.D. 0.04"1.D. heated

membrane back pressure
regulator

continuous surge
separator

B
.

" 12

reactor
Intermediates . oj O .
gF] O Me Me (Nj [N O
ipr” F NH
“we Ll A X ot ) (T G
P
NH

NO;
14

NH; 2
3 c)‘ Me

Figure 4. Continuous flow telescoped synthesis of linezolid by Jamison and co-workers separated
in three main zones: zone 1, generation of epoxide 13 from 8; zone 2, generation of aniline 3 from 5
and 6; and zone three; coupling of 3 and 13 from zones 1 and 2, followed by formation of
oxazolidinone ring to form linezolid.**

1.1.4. Challenges and future perspectives in flow chemistry

Despite the many advantages that flow chemistry offers compared to batch processes,

there are still challenges to be overcome for a wider implementation at industrial scale.

These include handling of solids, cost of investment, background knowledge, and cultural

barriers, which will be depicted below.

The use and generation of solids can cause serious blockages.®® Ley and co-workers

addressed the issue of solid generation in the oxidation of nitroalkanes using potassium
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permanganate.’’ The fouling caused by the formation of insoluble aggregates of manganese
dioxide was circumvented by submerging the T-piece mixer in an ultrasound bath. Other
ways to avoid blockages are to use diluted streams of reactants, large diameter tubing, or

multiphasic systems.3® 39

Another issue is the cost to implement flow systems. Owing to the high price of
commercially available flow reactors, researchers have been encouraged to build their own

40-42

flow setups to meet the reactions needs, which can reduce the overall cost of the

process.*?

An insufficient number of chemists with flow chemistry knowledge is one of the reasons
why this technique is still not widely implemented in industries.** Therefore, it is essential
that continuous flow chemistry is acknowledged at every level of chemical education.
Moreover, chemists have been performing synthesis in batch for many years. Changing their
attitude towards new technologies such as flow chemistry is necessary to drive significant

advances in industrial processes.®

The possibility to extend the processing window and easily access unusual reaction
conditions such as extremely high temperatures, use of unstable intermediates, and
photochemistry are promising areas for further development and industrial implementation.
An interesting new development was highlighted by Jamison and Jensen who recently
published an integrated robotic platform for the synthesis of drug substances in continuous
flow.* In combination with Artificial Intelligence planning and automation, their research
shows the potential of a future with fully autonomous synthesis of chemicals, in which

chemists spend less time on laborious tasks and more time creating new ideas.

1.2. Continuous flow photochemistry and applications in telescoped

syntheses

1.2.1. The origins, advantages, and hurdles of photochemistry

Photochemistry is a branch of chemistry that studies chemical transformations induced
by light. Some photochemical reactions occur naturally in the presence of sunlight: from the
synthesis of vitamin D in our skins to one of the most important processes for our survival —

the production of oxygen by photosynthesis.

The first ever described synthetic photochemical reaction was published in 1834 by

Trommsdorff.* He observed that when the sesquiterpene lactone santonin was exposed to
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sunlight, it turned yellow and its crystals were fragmented. However, it was only in 1912 in
“The photochemistry of the future” by Ciamician that photochemistry finally emerged as a
promising area of research.*’ He highlighted the importance of photochemistry as a potential
clean alternative to conventional synthesis and foresaw a future in which light would be

widely implemented in industry.

“On the arid lands there will spring up industrial colonies without smoke and without
smokestacks; forests of glass tubes will extend over the plains and glass buildings will rise
everywhere; inside of these will take place the photochemical processes that hitherto have
been the guarded secret of the plants, but that will have been mastered by human industry
which will know how to make them bear even more abundant fruit than nature, for nature

is not in a hurry and mankind is.”

Giacomo Ciamician (1912)

The advantages of photochemical transformations are numerous. Light not only
provides the energy necessary for the reactions, but also generates excited-state molecules
which can undergo chemical transformations that are difficult to achieve in their ground
states.*® In addition, photons are regarded as traceless reagents and photochemistry is
therefore considered an attractive strategy for the development of sustainable

methodologies.*

However, photochemistry remains an underdeveloped research area and its industrial
applications are limited to a few well-established processes. This includes the synthesis of
Nylon 6 precursor caprolactam (Toray),*® rose oxide (Symrise),® and antimalarial drug

Artemisinin (Sanofi).>2

One of the reasons for the low industrial and academic uptake of photochemistry is that
traditional batch processes are often limited in scale due to poor light penetration.>
According to the Beer-Lambert law, in which I is the incident intensity and ¢ is the molar
absorption coefficient, the intensity of light transmitted, I, decreases exponentially with the
path length, [, and concentration, ¢, as shown in Equation 5. Another common issue is the
short lifetime of excited-state molecules for reactions that require more time in order to

achieve completion.*®

I = 1,108 (5)
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The advantages of continuous flow approaches to photochemical transformations have
driven an increasing interest in the area and numerous reviews have been published in recent
years.>*>” This is in part due to the small tubing used in flow reactors, which increases light
penetration. In addition, light exposure is easily controlled by adjusting the flow rate,
avoiding the formation of side-products by over irradiation, another common issue in batch

photochemistry.>®

Flow chemistry has also facilitated the safe and efficient utilisation of singlet oxygen in
photooxidations. This particular reaction and its main features such as singlet oxygen and

CO; as an alternative solvent will be discussed in the next sections.

1.2.2. Singlet oxygen (*0;)

“I don't understand it Dr. von Tappeiner. The paramecia were all wiggling just fine

a minute ago, but now these over by the window seem to be dead.”
Oscar Raab (1898)

In the 1890s Oscar Raab, a medical researcher working on the toxicity of a natural dye
acridine derivative on a single-celled organism, observed that the experiments carried out
with oxygen in the presence of light showed much higher lethality than those in the dark.®
However, the electronic structure of the Reactive Oxygen Species (ROS) involved in the

photooxygenation of the microorganism was yet unknown.

In the 1920s, Mullikan described the electronic structure of molecular oxygen, arguing
that it would originate a triplet ground state (3Z,) as well as two excited singlet states (A;
and 1%,).>% % Three years later, Kautsky attempted to characterise the ROS involved in the
photooxidation of leucomalachite green, which was assumed to have a 'X; electronic
configuration.®* However, Gaffron showed that the energy transfer between a
hematoporphyrin dye (146 kJ/mol) and the suggested '%; oxygen species (157 kJ/mol) would
be incompatible.®? Kautsky then reformulated his hypothesis and assigned the reactive

singlet oxygen state as 'A;.%

Although the first studies on the electronic structure of singlet oxygen were reported in
the 1930s, it was only thirty years later when the scientific community widely recognised the
existence of singlet oxygen, owing to the discovery of its chemiluminescence in NaOCI-H,0,
solutions.®* Further investigations on singlet oxygen structure and reactivity were published

in a seminal work by Foote,% some of which will be further explored in the next sections.
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Structure and reactivity of 10,

Singlet oxygen is the first electronically excited state of molecular oxygen. The ground
state molecular orbitals of oxygen help to explain the low reactivity of O, (3Z;) towards most
diamagnetic organic molecules by a spin restriction. This is because the n* orbitals in the
triplet ground state of the paramagnetic molecular oxygen possess aligned spins and hence
would have to accept a pair of electrons with the same orientation to fill the orbitals.®® For
this reason, the reactivity of ground state oxygen is mainly limited to single-electron transfers
from, for example, transition metals and organic radicals.®” To enhance the oxidising power
of molecular oxygen by removing the spin restriction, energy transfer enables the formation
of two excited states (*Ag and ') in which the electrons have opposite spins and therefore,
can oxidise a wide range of molecules. The lifetime of singlet oxygen (1) for the second
excited state 'X; is very short in gas-phase (t = 12 s) and reactions involving this species have
never been reported.®® ® ¥, rapidly decays through a spin-allowed transition to its
analogous 'A; often called “singlet oxygen”, whose lifetime is much longer in gas-phase (t =

45 min) due to a forbidden transition to the triplet ground state’ (Figure 5).

o 2p — — —
A A 1] 1 |
TR 1 T | ;
Al 1] 4] 1] Al 4]
TR T T T
w4
3 1 1
Eg Ag 28
Ground state First singlet state Second singlet state
94 kJ/mol I
157 kJ/mol |

Figure 5. Molecular orbitals for ground state (3y) and excited states (*Ay and*3y) of oxygen. The
energy levels of the singlet states are relative to the triplet ground state.

Although the lifetime of singlet oxygen is high in gas-phase (t = 45 min), it drastically
decreases to microseconds in solution.”* This is due to a collisional energy transfer to the
vibrational modes of the solvent. The lifetime of singlet oxygen is also affected by other
parameters such as isotope effects, photosensitiser concentration, and light source power,

which will be discussed below.”?

The isotope effect down-shifts the solvent vibrational frequencies, resulting in poor
overlap with the vibronic transitions of 0, and, consequently, less 0, quenching (Figure 6 -
left).”® For example, solvents containing C-H bonds have vibrational frequencies (3050 cm™)

that are closer to 'O, vibronic transition 0 — 3 (3286 cm™) when compared to their

21



deuterated form C-D (2240 cm). This off-resonance factor of deuterated solvents results in
a longer lifetime of singlet oxygen, when compared to the correspondent non-deuterated

solvents (Figure 6 - right).
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Figure 6. Left: oxygen vibronic transitions compared to the frequencies of solvent vibrational modes.
C-H and C-D bonds are derived from aromatic solvents and O-H and O-D bonds from water or
alcohols;”® Right: singlet oxygen lifetime comparison between non-deuterated and deuterated
solvents.”

Increased concentrations of photosensitiser (Sens) can also cause the deactivation of
10,, through the formation of a radical ion pair between the excited triplet-state (3Sens*) and
ground state (Sens) of the photosensitiser (Equation 6). The following electron-transfer from
the radical anion (Sens™) to molecular oxygen forms a superoxide radical anion (0,°). This
highly reactive species subsequently quenches 0, to ground state molecular oxygen (30,)

(Equation 7).72

)
3Sens* + Sens — Senst + Sens™ = Sens* + Sens + 0," (6)

0, + 10, > 0,7 + 30, +22kJ (7)

High-power light sources facilitate electron ejection from photosensitisers with low
jonisation potential, such as commonly used porphyrins (Equation 8).”* The formation of

superoxide further deactivates singlet oxygen, as previously shown in Equation 7.

hv hv . 02 . —
Sens — 3Sens* — Senst + e~ = Senst + 0, (8)
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Thermal and photochemical pathways to generate 10,

The thermal reaction of hydrogen peroxide with sodium hypochlorite,”> arene
endoperoxides,’® or potassium peroxymonosulfate (Oxone),”” forms singlet oxygen through
a chemical reaction. However, the use of strong oxidants is not desirable as they can react
directly with the substrate, have a poor functional group tolerance, and have low atom
economy.’® On the other hand, singlet oxygen can be generated photochemically by using
molecular oxygen, a light source, and a photosensitiser. Visible light photosensitisers are
coloured conjugated compounds capable of initiating a chemical reaction by absorbing light
and transferring energy it to a reactant, in this case, molecular oxygen. In solution, oxygen is
colourless and absorbs only small amounts of light and thus, a photosensitiser is needed for
the excitation of oxygen to its singlet state. The most common photosensitisers used for

|’80

photooxidation are methylene blue,” rose bengal,®® and 5,10,15,20-tetraphenylporphyrin

(TPP)® (Figure 7). For the energy transfer occur, the photosensitiser triplet state needs to be

higher in energy that the oxygen singlet state (94 kJ/mol).

| Qo O
L0,

N
| cr I
Methylene blue
143 kJ/mol O O
Rose b?ngal Tetraphenylporphyrin (TPP)
165 kJ/mol 138 kJ/mol
Figure 7. Common photosensitisers for photooxidations and their respective triplet state

energies.5%

In some instances sunlight can be an economical light source, employed for example in
the synthesis of rose oxide,® oxidation of naphthalene,® and other photochemical
reactions.® However, these processes rely on solar irradiance, the intensity of which varies
with the location, weather, and time of day, directly affecting the reproducibility of
experiments.*® Due to the difficulty of controlling solar radiation, xenon arc, metal-halide,
and mercury artificial lamps are commonly used in this type of reaction.®’ In recent years,
LEDs have received significant attention due to their advantages over traditional lamps, such
as low cost, narrow light emission spectra, high efficiency, and long radiative lifetime. A

number of photooxidations using LED sources have been reported in the literature.®

Photooxidations can occur in two different pathways: Type | and Type Il as shown in

Figure 8.8 Initially, the photosensitiser is excited to a higher energetic state by absorption of
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a photon. At this stage, this species can react with either the substrate or solvent (Type 1), or

with molecular oxygen (Type Il).

Oxygenated s Oxygenated
products ens products
0, hv Substrate

Radicals or
+«——— Sens* ———— 10,

radical ions  Substrate or
solvent

Figure 8. Types | and Il pathways of photosensitisation.

0,

In Type | photooxidations, radicals or radical ions are formed through either electron or
hydrogen transfer between the photosensitiser and the substrate or solvent, yielding
oxygenated products after reacting with ground state oxygen. This process is favoured by
high concentrations of substrate as the excited photosensitiser reacts firstly with the
substrate. Photosensitiser loss is one of the problems that can occur since the
photosensitiser radical anion generated in this process can be oxidised by molecular oxygen
and therefore, cannot be regenerated.’® Over long irradiation times, traces of oxygen radicals
may cause photobleaching: a photochemical alteration of the photosensitiser that makes it

permanently unreactive.’*

In Type Il (Figure 9), the photosensitiser in the ground state (So) absorbs a photon,
exciting an electron to the first excited state (S;). After a radiationless intersystem crossing
(ISC) to the excited triplet state (Ti), an external conversion (EC) transfers energy to the
ground state of molecular oxygen forming singlet oxygen and regenerating the ground state
photosensitiser. The decay of the excited state can also occur through side processes, such
as internal conversion (IC), fluorescence, and phosphorescence. The major advantage of Type
Il photooxidation is that the photosensitiser is regenerated and thus can be reused. This
process is favoured by low concentration of photosensitiser and oxygen, low reactivity of Ty,

and high intersystem crossing yield of the photosensitiser.®?
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To perform photooxidations in a sustainable manner, the photochemical pathway to
generate singlet oxygen was chosen for this Thesis. This is because molecular oxygen is
considered a “green reagent”, as it is harmless to the environment, and replaces toxic and
corrosive oxidants. Molecular oxygen is also inexpensive, readily available, and reactions
involving O; have high atom efficiency, as the two atoms of oxygen are incorporated in the
final molecule.®®* On the other hand, there are some challenges with photochemical
oxidations. In particular, the low solubility of oxygen in most organic solvents and water, low
mass transfer, and risk of explosion when using oxygen in flammable solvents.®* These
challenges have been addressed by performing photooxidations using singlet oxygen in an

alternative medium such as CO..

1.2.3. Supercritical CO> (scCO) as an alternative solvent

Most solvents used in the chemical and pharmaceutical industries are volatile organic
compounds (VOCs).%® Chlorofluorocarbons, for example, are VOCs which are known to have
a negative impact on the environment through depletion of the ozone layer.’® The discovery
of these harms led to an increase in industrial and scientific interest in using alternative
solvents such as ionic liquids and supercritical fluids (SCFs).%” For the purpose of this Thesis,
SCFs were chosen as the reaction medium given their low impact on the environment,

research group’s expertise, and desirable properties, which will be further discussed.

A supercritical fluid state is reached when the pressure (P.), temperature (T.) and density
(pc) of a fluid is raised beyond its critical point, in which the liquid-gas phase boundary no
longer exists.®® Supercritical systems are found in nature in geothermal systems of

volcanoes,” and the interior and atmosphere of gas giants such as Jupiter and Saturn.'®
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Supercritical fluids have properties similar to both liquids and gases, such as low
viscosity, and high diffusivity and density. These properties can be easily tuned by adjusting
the pressure and temperature in small increments. SCFs are fully miscible with gases, which
increases the mass transfer and reaction kinetics compared to biphasic gas-liquid systems.
The density of a supercritical fluid is directly related to the solvent strength, and it often

increases with pressure and decreases with temperature.??

The most commonly used supercritical fluids found in the literature are water and
carbon dioxide.’%% 103 This is due to their low toxicity, high abundance, and versatility to
partake in a variety of chemical reactions. However, processes that employ supercritical
water encounter some challenges,'® such as incovenient high temperature and pressure
needed to maintain the critical conditions (T. = 374 °C and P. = 221 bar), requiring high
investments in terms of equipment, and the formation of corrosive chemicals and salt
precipitation. For these and other reasons that will be further explored in the next section,

CO, was chosen as the reaction medium for this Thesis.

Applications of scCO:

Carbon dioxide is an abundant, nontoxic and inexpensive gas. It is often obtained as a
by-product from other processes in industry such as production of ammonia'® and reused in
supercritical conditions (73.8 bar and 31.1 °C).1°% The phase diagram for CO; is shown in

Figure 10.
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Figure 10. Phase diagram of carbon dioxide showing its critical point (73.8 bar and 304.1 K =
31.1°c).*”
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In the 1970s, Zosel patented one of the first and most important applications of scCO,,
substituting dichloromethane as an extraction medium for the decaffeination of coffee on
an industrial scale.’® Since then, supercritical CO, has been employed in a variety of

101 eJuent for chromatography,*®® synthesis

processes such as extraction of natural products,
of polymers,'’® and textile processing.’'! More recently, it has been used as a coolant for

nuclear engineering,'? and as a solvent or additive for the synthesis of drug nanoparticles.*3

Singlet oxygen in supercritical CO;
Supercritical CO; is a highly desirable solvent for oxidations using singlet oxygen. It is
fully oxidised and thus non-flammable; easily removed by reducing the system pressure; and

is fully miscible with oxygen, facilitating mass transfer and increasing reaction kinetics.'**

The lifetime of 0, in supercritical CO; (5.1 ms at 150 bar and 41 °C) was first reported
by Worrall.}*> In this study, the overall rate of decay of singlet oxygen (ka) was analysed in
terms of pressure and temperature (Figure 11 - left). It was shown that ka increases with
oxygen concentration and scCO; fluid density. Moreover, the rate constant of decay of singlet
oxygen by ground state oxygen was determined as 1.9 x 10* dm>.mol™.s at 150 bar and 41
°C, a value comparable to other organic solvents. Regarding the scCO; fluid density, low
density, which is favoured in high temperature and low pressure (Figure 11 - right), results in

lower ka and longer 10, lifetime.
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Figure 11. Left: rate constant of the decay of singlet oxygen (ks) dependence on temperature
and pressure in scCO;; Right: density of scCO; as a function of temperature and pressure 1%

Despite the high solubility of O, in scCO,, the solubility of organic molecules in this

solvent can be difficult as carbon dioxide is a linear molecule with a small dipole, only capable
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of solvating small and weakly polar solutes.!'® Fortunately this physicochemical issue can be

addressed by the addition of a polar co-solvent!'’” or surfactants.!®

1.2.4. Continuous flow photooxidations using *O- in scCO>

One of the earliest studies of photooxidations involving singlet oxygen occurred in 1867,
when Fritzsche performed a 1,4-cycloaddition of 0, to naphthacene (Scheme 2 - A).}*® The
first compound isolated from this type of reaction was dihydroergosterol peroxide, a
transannular peroxide formed from the eosin-sensitised oxidation of ergosterol'! 120
(Scheme 2 - B). Since then, numerous compounds have been synthesised using singlet
oxygen, with recent reviews of the literature demonstrating its use in the synthesis of natural

products and drugs.”® 121

1 02
U0 ==X

Naphthacene Dihydronaphthacene peroxide

'0,, hv, Eosin

HO

Ergosterol Dihydroergosterol peroxide
Scheme 2. Photooxidation of naphthacene (A)**¢ and ergosterol (B).1*°

The non-flammability and full miscibility of supercritical CO, with singlet oxygen was
extensively explored by our research group. The photooxidation of a-terpinene using
5,10,15,20-tetrakis(pentafluorophenyl) porphyrin (TPFPP) as a photosensitiser in scCO, gave
ascaridole in quantitative yields (Scheme 3 - A).122 This methodology was further employed
to other substrates such as 2,3-dimethyl-2-butene (Scheme 3 - B) and 1-methyl-

cyclohexene!?® (Scheme 3 - C).
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A hv, Oy, TPFPP (0.07 mol%) - 2
") scCO,

a-Terpinene Ascaridole

hv, Oz, TPFPP (0.4 mol%)
® = : L ooH

scCO,
2,3-dimethyl 2,3-dimethyl-2-butene
-2-butene hydroperoxide L TPFPP |
c hv, O,, TPFPP (0.4 mol%) OOH
(©) = + +
Se2 OOH OOH
1-methyl .
-cyclohexene 1-methyl-cyclohexene hydroperoxides

Scheme 3. Scope of batch photooxidations with singlet oxygen in scCO; by our research group
using a-terpinene (A), 2,3-dimethyl-2-butene (B), and 1-methyl-cyclohexene (C).*** 23 The chemical
structure of the photosensitiser TPFPP used is highlighted in the scheme.

This methodology was then transferred to a high-pressure continuous flow system, using
a sapphire tube reactor (Scheme 4). Photooxidation of a-terpinene resulted in 3000 times
scale-up relative to the previous batch results.!'* In the same work, the photooxidation of
citronellol under similar conditions led to a 9 times improvement of the space-time yield in

relation to the experiments carried out in a batch Schlenk reactor.

1
/\)\/\)\ ek R * MOH
HO = TPFPP.hv  HO HO \
OOH
Citronellol Citronellol hydroperoxides

Scheme 4. Continuous flow system for photooxidation using 10, in scCO,. CO;is delivered by HPLC
pump; O; is added via Rheodyne dosage unit; M1 and M2 are the mixers; Subs is the substrate solution
containing the photosensitiser; R is the sapphire tube reactor; BPR is the back-pressure regulator; and
F is the glassware flask to collect the crude mixture, attached to the condenser C.21
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Immobilised photosensitisers were also examined, as these can be easily separated from
the reaction mixture, avoiding further purifications. The previous continuous flow setup used
was then adapted with a packed sapphire tube ?* Eight photosensitisers and four different
polymer supports were screened for both photooxidations of citronellol and a-terpinene.
The photosensitiser 4-[10,15,20-tris(2,6-dichlorophenyl)-21H,23H-porphin-5-yl]-benzoic
acid (TDCPP-COOH) immobilised in amino polyvinyl chloride (PVC-NH;) beads (Scheme 5)
resulted in the highest space-time yield (> 100 mmol.L2.min) for the model reactions,

showing excellent recyclability and stability.

H
NH, TDCPP-COOH A

(0]

TDCPP-COOH

Scheme 5. Synthesis of photosensitiser PVC-TDCPP.2%4

The continuous flow photooxidation of a-terpinene and citronellol was further
investigated using a fluorous biphasic catalysis in supercritical CO, (Figure 12).1° The long-
chain modified TPFPP (F8-TPFPP) solution in 3-ethoxyperfluoro(2-methylhexane) (HFE) could
be recycled ten times maintaining high activity. This resulted in a 20 times reduction of

photocatalyst loading compared to the previous TPFPP/dimethyl carbonate (DMC) system.

CFy
s/ (CFa)y
F8/HFE Substrate
M2
) STN(CF2,
Recycle sl—_1 CFq

F8-TPFPP

Figure 12. Continuous flow system with fluorous phase recycling for photooxidation using 10, in scCO;
and structure of photosensitiser F8-TPFPP. CO; is delivered by HPLC pump; O; is added via Rheodyne
dosage unit; M1 and M2 are the mixers; F8-TPFPP/HFE and substrate solution are delivered by HPLC
pumps; R is the sapphire tube reactor; BPR is the back-pressure regulator; and F is the glassware flask
to collect the crude mixture, attached to the condenser C and immersed in an ultrasonic batch §.1%°

30



Given the excellent results obtained for the photooxidation a-terpinene and citronellol,
our group applied this methodology on the synthesis of antimalarial spirobicyclic trioxanes
in continuous flow (Scheme 6).12° The photooxidation of 4-methylpent-3-en-2-ol was
followed by an acid-catalysed cyclisation using silica/BFs. The reaction conversion in flow was
similar to the equivalent batch method in dichloromethane. However, catalyst leaching was

observed, and the conversion decreased after 20 min of reaction.

o]

OH hv, Oy, OH l:é o\O
X
TPFPP, scCO, BF3-SiO, O/D
OOH
4-Methylpent- Spyrobicyclic
3-en-2-ol trioxane

Scheme 6. Continuous flow synthesis of spyrobicyclic trioxanes using 10, in scC0,.2%

A green alternative production of antimalarial Artemisinin using liquid CO, was later
published in 2015.1 The continuous flow methodology improved process safety when
compared to previous methodologies,'?® as the hydroperoxides are generated in situ in a
non-flammable solvent. It also enabled the recycling of starting materials and catalyst, which
had a positive impact in the overall cost of the process. More details on this reaction will be

given in Chapter 4.

In 2018, a continuous photooxidation of cyclopentadiene with singlet oxygen in CO, was
reported, forming unstable endoperoxide species.'?® These compounds were further reacted
in telescoped synthesis to synthesise four different products with high productivity. The final

products were obtained by only altering the temperature or adding quenching reagents

HO
T)-on = @T@ ki
CO, ;
O,Dosing [~ [T H .
P 2 H
ump Rheodyne - config. A

Static Thermal !

Mixer 1 Reactor !
config
B /" " ___ Reagent

Feed

downstream (Scheme 7).

@ 105, COs (,50)
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cyclopentadiene

LEDs
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Organic
Pump 1 Organic

Photoreactor
: Pump 2

Statict-} -
Mixer 3
Back Pressure
Regulator

Scheme 7. Continuous flow system for the photooxidation of cyclopentadiene using 10; in liquid and
s¢cCO; and telescoped synthesis of four products from endoperoxide intermediate.’?® CO; is delivered
by HPLC pump; O; is added via Rheodyne dosage unit; substrate and other organic solutions are
delivered by HPLC pumps; photoreactor is a high-pressure sapphire tube; thermal reactor is a tubular
reactors (1/4” o.d., 0.049” wall thickness, 150 mm length) filled with glass beads.

Mixer 2
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The above work on cyclopentadienes was extended to functionalised fulvenes.®*° This
procedure demonstrated a valuable use of these endoperoxides formed in situ to form
difficult to access 7-membered ring lactones and hydroxycyclopentenones derivatives by

tuning the flow rate of CO; and co-solvent used (Scheme 8).

R
R
/ R O R\/
10, CO, o O / 0
A \ OH OH

Functionalised 7-membered ring
fulvenes lactones

Scheme 8. Continuous flow photooxidation of functionalised fulvenes using 0, in scCO,.

Hydroxycyclopentenones
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1.3. Thesis Aims

Flow chemistry is a rapidly growing area of research with increasing interest from both
the scientific community and industry, as an enabling tool for the synthesis of chemicals and
pharmaceutical compounds. In particular, continuous flow photooxidations using singlet
oxygen in supercritical CO, have enabled a more efficient, sustainable, and safer utilisation
of 10,. This powerful strategy has been applied in the multi-step synthesis of furfuryl alcohol
and antimalarial drug Artemisinin. Thus, the design and applications of new photooxidation
reactions in flow are highly desirable to promote further implementation of photochemistry

in industry, which is still very limited.

The general aim of this thesis is to explore the continuous flow photooxidation of p-
substituted phenols and its applications in telescoped syntheses of compounds with
potential medicinal interest. The photooxidation step is performed using singlet oxygen in
supercritical CO,. Telescoped syntheses are conducted by modifying the continuous flow

system according to the reaction needs. The specific aims of this work are:

1. To explore the applications of our custom-built high-pressure continuous flow
photooxidation system.

2. To conduct further studies on the photooxidation of p-substituted phenols and
telescoped synthesis of 1,2,4-trioxanes previously developed in our group.

3. To investigate the applications of photooxidation of p-substituted phenols in
telescoped syntheses of other molecular scaffolds with potential pharmaceutical

interest.
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2. Methods and Materials

2.1. High-pressure continuous flow system for photooxidation and

telescoped synthesis

The approach described in this Thesis is based on high-pressure flow chemistry. An
early study of reactions using high-pressure flow reactors was reported by Peter Koll in the
late 70’s, initially investigating the intermolecular ene reaction with nonactivated enophiles
in high pressure and temperature.’®¥3% |n 1986, a major review by McHugh and

Subramaniam?®**

showed applications and advantages of using supercritical fluids in thermal
and photochemical reactions, heterogeneous catalysis, and hydrolysis. A growing interest in
supercritical fluids then emerged in the 1990s, with numerous studies showing applications
in the extraction of analytes, synthesis of particles for drug delivery, polymerisations, and

others 96, 135-140

Since 1995, our group has been active in research regarding the design, manufacture,
and use of high-pressure continuous flow systems in scCO,.141° Of particularly relevance to
the work carried out in this Thesis are flow reactors that have been designed and modified
to enable the photochemical generation of singlet oxygen in scCO; using a sapphire tube and
LED arrays.114122,124-127,125,130, 151,152 The most recent continuous flow system used at the start
of this Thesis is shown in Figure 13, and further modifications will be described throughout
this Thesis. This versatile high-pressure flow system was built with individual components,
and it can be adapted to enable different photooxidation and telescoped synthesis

experiments.
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Figure 13. Photograph of the high-pressure flow system for photooxidations using singlet oxygen
and supercritical CO; and its main components: a Jasco PU-2080-CO, pump (€O, pump); modified
Rheodyne 7000L O; dosage unit (O; dosage unit); Jasco PU-980 HPLC pumps (organic pumps); (static
mixers); high-pressure sapphire photo reactor with LED blocks (photo reactor); Jasco BP-1580-81
back pressure regulator (BPR); Julabo F250 and Haake K15 cooling baths (cooling baths); custom-
built pressure and temperature monitors, and Eurotherm temperature controllers (P and T monitors
and controllers); PicolLog data logger (PC/data logger); and custom-built trip box (trip box). More
details are given in Figure 14.

2.1.1. Description of the flow apparatus

A general schematic of the experimental setup is shown in Figure 14. The numbers and
letters in grey (X) correspond to each component’s code assigned in the high-pressure

apparatus and general schematic.

The gaseous streams from Jasco PU-2080-CO, HPLC pump (4583) and Rheodyne 7000L
0O, dosage unit (5224) are combined in the first mixer (M1). The gas mixture is then mixed
with the Jasco PU-980 HPLC pump (5822) organic stream in the second mixer (M2), which
subsequently flows through the high-pressure sapphire tube reactor irradiated by the LED
lights (5954 and 5955). After the photo reactor, a second Jasco PU-980 HPLC pump (5821) is
added to dilute the organic stream and avoid blockages, flowing through a thermo reactor
(only for telescoped processes). Finally, the product is collected after the Jasco BP-1580-81
back pressure regulator (3835) outlet. Each component of the system will be discussed in

detail in section 2.1.2.
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Figure 14. General schematic of the high-pressure flow system with its components. The identification number for each component is showed in grey. The system contains a Jasco PU-
2080-CO; pump (€O, pump - 4583); Air Products liquid CO, UltraPure cylinder (CO; cylinder); modified Rheodyne 7000L O, dosage unit (O, DU - 5224); BOC O, compressed gas (O: cylinder);
Jasco PU-980 HPLC pumps (organic pumps — 5821 and 5822); static mixers (M1 and M2); pressure transducers (8331 and 7908); high-pressure sapphire photo reactor with LED blocks (photo
reactor and LEDs — 5954 and 5955); Jasco BP-1580-81 back pressure regulator (BPR - 3835); data logger; thermocouples; pressure monitors (5353 and 4281); temperature monitors (3666
and 4282); temperature controllers (5918, 3669, and 2680); 1/16” stainless steel tubing; data and electric power cables; and manual valves (VX), in which X is a number. Cooling baths (1968
and 1969) and trip box (5352) were not represented in this scheme. The gaseous streams from CO, pump (4583) and O, dosage unit (02 DU - 5224) are mixed in static mixer 1 (M1). Next, the
solution of substrate from organic pump (5822) is combined with the gas mixture in static mixer 2 (M2), flowing through a high-pressure sapphire photo reactor with LED blocks (5954 and
5955). Another organic pump (5821) is added after the photo reactor to dilute the stream with the reaction solvent, and the crude is collected after the back-pressure regulator BPR (3835).
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More details of the components are given in the next section.




2.1.2. Components

The high-pressure apparatus used is made of different components, which are shown
below. A simplified scheme containing the specific components will be presented for each

reaction in the thesis when applicable.

e Pipes and valves: 316 stainless steel tubes are used to connect the components in the
flow system using Swagelok® fittings, with an outer diameter (o0.d.) of 1/16”. Leakages
might occur due to unreliable metal-to-metal seals, improperly installed tube fittings, or
poor tubing handling. Hence, all unions should be tested prior to each experiment using
Snoop® liquid to identify any air flow from the fittings. The manual valves are used to
stop and start the fluid flow from either the pumps or gas cylinders to the system. They
are provided by either the High-Pressure Equipment Company (HiP 15-11AF1, two-way
straight valve, 1/16” o0.d.), or Scientific Systems, Inc (SSI, 2-way through valve, 1/16” o0.d.).

e CO, pump (4583): the Jasco™ PU-2080-CO, HPLC pump delivers and controls the flow

rate of liquid CO,. The gas from a cylinder at room temperature and pressure (ca. 58 bar)
is liquified by a cooling unit (at -5 °C via an electric cooling method) and pressurised by
the pumps via slow suction, quick delivery (S5QD). An in-line filter (stainless steel, 1/8”,
Swagelok®, 60-micron pore size) was installed after the CO, cylinder outlet to avoid any
small impurities going to the CO, pump. The CO; pump was tested regularly using a flow
meter to ensure that the flow rate was accurate. Pressure tests were performed before
each experiment, pumping CO, against a closed valve to ensure that it can build up
pressure (over-pressure is set to 200 bar). To avoid any failure from the pump check
valves due to a change in temperature and/or pressure, the CO, pump should remain on
and isolated from the rest of the system by a manual valve.

e 0, dosage unit (5224): a 2-position-6-port switching valve HPLC (modified Rheodyne®
7000L) was used to dose and transfer oxygen from the cylinder (180 bar) to the system

(120 bar) through a difference in pressure, as shown in Figure 15.
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Figure 15. Scheme and photograph of the modified Rheodyne 7000L oxygen dosage unit. There
are 3 slots on the rotor which joins the 6 ports, and the sample loops are 10 uL. In the first position
(left), sample loop 1 is loaded with O, at cylinder pressure (180 bar) whilst previously filled sample
loop 2 transfers O, through pressure gradient to the system (Rig). When the rotor changes to the
second position (right), sample loop 1 delivers Oz whilst sample loop 2 is filled with O..

This valve has two sample loops (10 pL) containing O, at the cylinder pressure and a 3-
slot rotor seal that joins the ports in pairs. In the first position (Figure 15: left), while the
sample loop 1 is being filled with O, from the cylinder, the sample loop 2 is delivering the gas
to the flow system due to a pressure gradient. When the rotor switches (Figure 15: right), the
sample loop 1, that was previously filled with O,, delivers the gas to the system while sample

loop 2 is now being filled.

The pressure from the O; cylinder should be at least 20 bar above the system pressure.
This is because if the O; cylinder pressure is lower than the set system pressure, the reaction
mixture may back-flow into the oxygen line, which could cause a potential explosion.
Regarding the pressure trip setups, the high-pressure system trip is set to be at least 20 bar
below the low-pressure trip for the oxygen to avoid any back-flow issues as mentioned

above. A one-way check valve is also located between the cylinder and the dosage unit.

The concentration of oxygen must be below the limiting oxygen concentration (LOC) for
the solvent in use to avoid any combustion> and, as a general practice, it was kept below 6
% in all cases. To change the concentration of O, in the system, the size of the sample loops
and the switching time can be altered. If the switching time is too slow or the sample loop is
too big, it will create oxygen slugs that causes irregular mixing and spikes in O,
concentration.’® On the other hand, if the switching time is too fast, lower amounts of

oxygen might be transferred per switch and the overall concentration of oxygen will be lower
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than calculated. For a specific sample loop, the calculations should consider the pressure
difference between the system and O, cylinder and the desired O»: substrate molar ratio,
whilst maintaining the overall concentration of oxygen below 6 %. For these reasons, the
154

sample loop used was fixed at 10 pL and the switching time was kept between 4 and 16s.

An example of this calculation can be found in 2.1.4.

o HPLC organic pumps (5821 and 5822): High-Performance liquid chromatography (HPLC)
pumps deliver and control the flow rate of liquids into the system. Provided by Jasco™
(PU-980 Intelligent HPLC pump Module), these pumps had their efficiency tested
regularly by pumping for a fixed time into a volumetric flask. Pressure tests were
performed before each experiment, as described for the CO, pump.

o Mixers (M1 and M2): the two mixing chambers are used to pre-heat (40 °C) and ensure
efficient mixing between different streams. The mixers are made of a stainless-steel
tubing (1/4” o.d., 0.049” wall thickness, 3.1” in length) packed with sand, surrounded by
an aluminium heating block.

e Photo reactor: the current photo reactor was built by the University of Nottingham’s
Workshop (Figure 16). It consists of a 316 stainless steel body with connections to the
high-pressure system, a sapphire tube (Saint-Gobain Crystals, 10 mm o.d., 1 mm wall
thickness, 240 mm long) packed with 6 mm glass beads, and a Lexan™ tube (clear
polycarbonate, 18 mm o.d., 2 mm wall thickness and 212 mm length). Both the sapphire
and Lexan™ tubes are held by the lower and upper part of the reactor structure. The
sapphire tube is sealed to the metal body by two EPDM (ethylene propylene diene
monomer) O-rings at each end of the tube to allow any movement caused by thermal
expansion of the sapphire, with 1/8” autoclave engineer fittings to connect it to the flow
system. The Lexan™ tube surrounds the sapphire cylinder (ca. 2 mm space), creating an
additional protection layer while enabling coolant to flow between the two tubes. The
small gap between the tubes allows the LED units to be positioned as close as possible to
the reactor, enhancing irradiation. Lastly, the versatile design enables the incorporation
of different lengths of sapphire and Lexan™ tubes, allowing the reactor volume to be

altered.
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Figure 16. Simplified scheme and photographs of the high-pressure photo reactor. Green arrow:
upward reaction flow; Blue arrow: downward reactor cooling flow; T = K-type thermocouple. The two
stainless steel plates are screwed to the three struts and the LED units are held to the reactor by grub

screws inserted through the top part of the metal body.

e LED lights and controllers (5954 and 5955): the photo reactor is surrounded by six blocks
of white visible light LEDs, each one containing 5 x Citizen Electronics Co. Ltd 1000 Lumen
12 W LEDs (Figure 17). Their intensities are controlled by two control boxes. To increase
the efficiency of the photochemical reaction, the absorption spectrum of the

photosensitiser used should overlap with the emission spectrum of the light source.

[ ABRA T — ™ 447 nm At10 cm

Irradiance / uW em”

X W0 40 0 &0 0 80
i " Wavelength / nm
Figure 17. Photograph and the emission spectrum of the Citizen white visible light LED block.

e Cooling baths (1968 and 1969): a recirculating cooler Julabo F250 maintains the
temperature of the photo reactor by circulating water at 35.5 °C between the sapphire

and Lexan™ tubes. In order to prevent over-heating, the LED lights are cooled to - 5 °C
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by a refrigerated Haake K15 water bath using a mixture of 1:1 water/glycol. Ethylene
glycol works as an antifreeze agent that decreases the freezing point of water.!>

Thermo reactor: the thermo reactor is a tubular reactor (1/4” o.d., 1 mm wall thickness,
156 mm length) surrounded by a heating aluminium block containing two electric
cartridges of 100 W each. The tube is packed with 2 mm o.d. glass beads in the bottom
and Amberlyst® 15 in the top (Figure 18). The up-flow stream in the thermo reactor firstly
passes through the glass beads, which works as a pre-mixer before the mixture reacts
with the catalyst. Further modifications of the thermo reactor will be discussed in other

chapters.

» Heating block
» Amberlyst-15

» Glass beads

» Tubular reactor

Figure 18. Simplified scheme of the thermo reactor: a tubular reactor (1/4” o.d., 1 mm wall
thickness, 156 mm length) filled with glass beads and Amberlyst-15, surrounded by a heating
aluminium block containing two electric cartridge of 100 W each. Green arrows: direction of the
reaction flow.

Back Pressure Regulator ‘BPR’ (3835): a Jasco™ BP-1580-81 BPR is used to control the
system pressure and is located at the end of the flow system. To avoid potential
blockages, the BPR temperature is usually set at 50 °C. If the set pressure is lower than
the measured pressure, it could indicate a leak in the system. Conversely, if the measured
pressure is higher than the set pressure, it suggests a blockage in the apparatus
downstream of the pressure transducer.

Temperature controllers (3669, 5918, and 2680): the heating blocks temperature is
controlled by Eurotherm 2216 units through K-type thermocouples.

Temperature and pressure monitors (4282, 3666, 4281 and 5353): West 6700 and 2300
units are used to monitor the mixers temperature as well as the thermo reactor through
a K-type thermocouple. For safety reasons, a fail-safe cut off is pre-set at 10 °C above the
experimental temperature. The RDP A105 flush diaphragm pressure transducers convert
pressure into electrical signal, which is received by the pressure monitors. Pressure

monitors (University of Nottingham’s Workshop) are used to monitor both the system
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and oxygen pressure through two pressure transducers: one located between the oxygen
cylinder and the Rheodyne O, dosage unit (5224), and the other one immediately after
the CO, pump (4583). The system monitor has a high limit pre-set value (20 bar above
the set pressure) and the oxygen monitor has both a high limit pre-set value (10 bar
above the set pressure) and a low limit pre-set value (20 bar below the oxygen set
pressure and at least 20 bar above the high limit value for the system pressure) to ensure
no back-flow from the system.

Trip box (5352): a safety device built by the University of Nottingham’s Workshop (Figure
19). It receives electric signals from the temperature (3666 and 4282) and pressure
monitors (5353 and 4281) and cuts off the power supply from the temperature
controllers (2680, 3669 and 5918), HPLC pumps (5821 and 5822), Rheodyne O, dosage
unit (5224) and LED controllers (5954 and 5955). If the measured parameters exceed, fall
below the pre-set values, or the red button on the trip box is pressed, the experiment
will be safely shut down. When the system is tripped, the CO, pump remains on to
remove any blockages and the remaining O, in the pipes. After the system has tripped,
all the components that were shutdown should be switched off and the trip box should

be reset. Prior to each experiment, all trips should be tested.

3666 5352

B
4282 4< )
4281 ‘ 1@
o

Trip Box I

5353

- Pressure Temperature - Temperature

monitor monitor | Il controller

_6 LED 0, Organic
controllers dosage unit pump

Figure 19. Scheme and photograph of the trip box and its components connected to it. It receives
electric signals from pressure and temperature monitors and cuts-off power supply to the

temperature controllers, HPLC pumps, Oz dosage unit and LED controllers. The blue lines represent
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o Data logger: the Pico® Technology TC-08 thermocouple data logger is connected to a PC
via USB and relevant data (mixers, thermo reactor, and photo reactor temperatures and
system pressure) is recorded using the PicolLog software. This tool is useful to monitor
both the system pressure and temperature stabilisation during the initials steps of the
standard procedure. It also helps diagnosing the cause of a system trip, showing the time

that it happened and any associated data.

2.1.3. Standard Operating Procedures (SOP) for high-pressure continuous

flow system

The schematic for all high-pressure flow systems used in this Thesis with its components
are shown below. The idle conditions, standard, shutdown, blockage, and emergency
procedures are described in detail. The code numbers printed in grey (X) in the SOP
correspond to the numbers on the various component in the flow systems schematics

(Figures 20 to 23).

Safety Warning: these reactions involve high pressures and require appropriately rated
apparatus due to potentially explosive reaction between O, and organic compounds. The PhD
student gives no undertaking as to the suitability of this equipment when used in other
laboratories, particularly because national and local safety regulations may vary between
locations. The equipment described is not necessarily the only type that could be used, nor
possibly the best available. It is the responsibility of each researcher to check the suitability

and safety of their own equipment for such experiments in their laboratories.

43



5353 4281

A [
V5 4583 V1 V3 5224 V2
CO; | ;l; I m i ;]; } m 0O,
Cylinder| \/ |/| v I/’ Cylinde
Cco, 8331 0,DU 7908
Vé Pump
——
5918
M1 3666
[
Organic va 5822
Solvent Pump )
5821 E} 7\
3835 a2 w
BPR Organic S
Pump
— Solution of substrate
3 Photo 3669
Reactor M2
LEDs | _'—1_.__-5-
5955
Product

| | Temperature
1 controller

Pressure - Temperature
monitor monitor
1/16” stainless s Data cable :', Thermocouple
steel tubing

Manual

anua D Pressure T— T-piece @ Data
valve transducer (= logger
Figure 20. High-pressure continuous flow system schematic with its components (Chapter 3). The identification number for each component is showed in grey. The gaseous streams from CO; pump

(4583) and O; dosage unit (02 DU - 5224) are mixed in static mixer 1 (M1). Next, the solution of substrate from organic pump (5822) is combined with the gas mixture in static mixer 2 (M2),
flowing through a high-pressure sapphire photo reactor with LED blocks (5954 and 5955). A second organic pump (5821) is added after the photo reactor to dilute the stream with the reaction

solvent, and the crude is collected after the back-pressure regulator BPR (3835).
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Figure 21. High-pressure continuous flow system schematic with its components (Chapter 4). The identification number for each component is showed in grey. The description is similar to Figure

20, with the addition of thermo reactor between organic pump (5821) and BPR (3835).
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Figure 22. High-pressure continuous flow system schematic with its components (Chapter 5 — Part I). The identification number for each component is showed in grey. The description is similar to

Figure 20, without organic pump (5821).
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Figure 23. High-pressure continuous flow system schematic with its components (Chapter 5 — Part Il). The identification number for each component is showed in grey. The description is similar to
Figure 8, without organic pump (5821) and with the addition of a packed bed reactor between the photo reactor and BPR (3835).
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Idle Conditions

When the system is not being operated, the following procedure should be carried out:

1.

All the temperature controllers (5918, 2680 and 3669), cooling baths (1968 and 1969),
LED controllers (5954 and 5955), O, dosage unit (5224), and organic pumps (5821 and
5822) should be turned off.

All the other units should remain turned on, including all the pressure and temperature
monitors (4282, 3666, 4281 and 5353), BPR (3835) and CO, Pump (4583).

Valves V1, V2, V3, V4, and V6 closed and valve V5 open.

Standard Operating Procedure

1.

N o v &M w

10.

11.
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Calculate the required pump flow rates considering its efficiency, O, dosage unit
switching time, molar ratio substrate: O,, overall O, concentration, and sample loop size
for the reaction to be performed.

Check if there are any leakages using Snoop liquid on all the couplings, and that all
thermocouples are attached, LED lights are working, pressure transducers are calibrated,
BPR is holding pressure, and pressure and temperature trips are working and set to the
right values.

Start the data logger on the PC.

Set the trips of the system pressure (5353) and oxygen pressure (4281).

Set the BPR (3835) to 120 bar.

Set the CO, pump (4583) to 2 mL/min and start pumping.

Open the valve V1 to allow the CO; to enter the system and allow the system to reach
the set pressure.

Set the CO, pump (4583) to the desired flow rate for the reaction and allow the system
time to equilibrate (20 min).

Meanwhile, set the temperature controllers (5918, 2680 and 3669), and cooling baths
(1968 and 1969) to the desired temperatures.

20 min after the CO, pump (4583) was started, set the correct switching time on the O,
dosage unit (5224).

Turn on the O; cylinder and open the valve V2 to allow the oxygen to fill the O, dosage

unit (5224).



12.

13.
14.

15.

16.

17.

18.

Start the O, dosage unit (5224) and open the valve V3 to allow the oxygen to enter the
system.

Allow the system time to equilibrate (20 min).

Meanwhile, prepare the solutions for the reaction and turn on the LED controllers (5954
and 5955).

20 min after the O, dosage unit (5224) was started, prime, set flow rates and start the
HPLC pumps, pumping the solvent used for the solution (5822 and 5821).

Open the valves V4 and V6 to allow the organic solvent to enter the system and allow
the system time to equilibrate (20 min).

After 20 min since the HPLC pumps (5822 and 5821) were started, pump your desired
solutions.

The system is now under standard conditions.

Shutdown Procedure

LA

Switch off the LED controllers (5954 and 5955).

Close the valves V4 and V6 and then stop the HPLC pumps (5822 and 5821).

Close the valve V3 and turn off the O, dosage unit (5224), as well as the oxygen cylinder.
Purge the system with CO; at 2 mL/min (20 min).

After 20 minutes, turn off the temperature controllers (5918, 2680 and 3669), and
cooling baths (1968 and 1969).

Prime, open the valves V4 and V6, and start the HPLC pumps (5822 and 5821) pumping
pure solvent at 1 mL/min each, together with the CO, pump at 1 mL/min (30 min).
After 30 min, stop the HPLC pumps (5822 and 5821), close the valves V4 and V6, and
allow the system to purge with CO; at 2 mL/min (20 min).

After 20 min, close the valve V1 and stop the CO, pump (4583).

Release the pressure slowly by reducing the set pressure at the BPR (3835) to

atmospheric pressure in 20 bar increments.

Blockage Procedures

Situation 1 (small blockage): after the system tripped, the system pressure automatically

decreases.

1. Close the valves V2, V3, V4 and V6.
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. Turn off the O, dosage unit (5224), oxygen cylinder, LED controllers (5954 and 5955),

temperature controllers (5918, 2680 and 3669) and cooling baths (1968 and 1969).

Keep flushing the system with CO; until the pressure stabilises at the set system pressure.
Reset the trip box (5352) and flush the system with CO; at 2 mL/min, with the temperature
controllers (5918, 2680 and 3669) and photo reactor cooling bath (1968) switched on to
maintain the supercritical condition and remove any remaining oxygen in the system (30

min).

. After 30 min, turn off the temperature controllers (5918, 2680 and 3669) and cooling

baths (1968 and 1969), open the valves V4 and V6, and start the HPLC pumps at 1 mL/min
each (5822 and 5821), as well as the CO; at 1 mL/min (30 min).

. After 30 min, close the valves V4 and V6, stop the HPLC pumps (5822 and 5821), and

finally flush the system with CO, at 2 mL/min (20 min).

. After 20 min, close the valve V1 and stop the CO, pump (4583).

Release the pressure slowly by reducing the set pressure at the BPR (3835) to atmospheric

pressure in 20 bar increments.

Situation 2 (moderate blockage): after the system tripped, the system pressure continues
to build up.
Close the valves V2, V3, V4 and V6.
Turn off the O, dosage unit (5224), oxygen cylinder, LED controllers (5954 and 5955),
temperature controllers (5918, 2680 and 3669) and cooling baths (1968 and 1969).
Release the pressure slowly by reducing the set pressure at the BPR (3835) in 20 bar
increments until the pressure stabilises. If necessary, close valve V1, stop the CO, pump
(4583), and release the pressure to the atmospheric pressure following the same
procedure.

Repeat steps 4-8 from the Situation 1.

Situation 3 (severe blockage): after the system tripped, the pressure continues to build
up and cannot be released via the BPR.

Repeat steps 1-3 from the Situation 2.

If the system is still under pressure after setting the BPR to O bar, carefully loosen any
unions in which the blockage might have occurred with the fume hood sash as low as
possible.

Repeat step 4-8 from the Situation 1.



Emergency Procedure

In the event of an emergency where the system is not automatically tripped, the following

procedure should be followed:

1. Hit the red emergency stop button located on the trip box (5352). This will cut off the
power supply from the temperature controllers (5918, 3669 and 2680), HPLC pumps
(5821 and 5822), O, dosage unit (5224), and LED controllers (5954 and 5955).

2. Close the valves V2, V3, V4 and V6.

3. Turn off the O, dosage unit (5224), as well as the oxygen cylinder.

4. Turn off the temperature controllers (5918, 3669 and 2680), HPLC pumps (5821 and
5822), LED controllers (5954 and 5955) and cooling baths (1968 and 1969).

5. The CO, pump (4583) will stay on to aid with flushing and cooling the system.

6. The system must be allowed to cool down. Do not remove the blast shield or attempt to
release the pressure before the temperature readings are both below 40 °C.

7. Release the pressure slowly by reducing the set pressure at the BPR (3835) in 20 bar
increments.

8. When the pressure and temperature hazards have been dealt with, press the square reset

button on the side of the trip box (5352) to allow full power back to the system.

2.1.4. Example of excel spreadsheet calculation for high-pressure continuous

flow experiments
0,, hv, TPFPP, HFIP
biphenyl, 40 °C, 26 min
>99%
HOO
1n 2n
1M
Scheme 9. Model reaction for calculation: continuous flow photooxidation of 4-isopropylphenol
in

Table 1. Calculation of quantity of chemicals for a model starting material solution (1 M) for the
photooxidation of 4-isopropylphenol 1n (Scheme 8).

] ] M.W Mass Density Volume
Chemicals Equivalents Mol (g/mol) () (g/mL) (mL)
4-isopropylphenol (1.0 M) 1.0 0.0140 136.19 1.9067 - -
HFIP - - - - 0.902 14.0
Biphenyl 0.04 0.0006 154.21 0.0864 - -
TPFPP 0.0005 0.000007 | 974.55 0.0068 - -
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Table 2. Calculations to obtain CO; set flow rate, molar ratio Oz: substrate, O; Rheodyne switching time, and O; overall concentration for the photooxidation of 4-
isopropylphenol 1n (Scheme 8). The CO; set flow rate is calculated by dividing the desired flow rate by the CO, pump efficiency; The O, Rheodyne switching time is the ratio
of O, molar flow rate to mol transferred per switch and is kept between 4 and 16s by adjusting the desired molar ratio O,: substrate; The O overall concentration is
calculated by dividing the O; flow rate by the total flow rate.

KEY
Values to Edit
Calculated Values
Values to be Recorded

Parameters Value Unit Notes
CO;
Desired Flow Rate 0.15 mL/min -
Pump Efficiency 95.0 % Table 3 — CO, pump efficiency calculation
Set Flow Rate 0.16 mL/min Desired Flow Rate/(Pump Efficiency/100)
Mass Flow Rate 0.1463 g/min Density of CO, (58 bar)*Set Flow Rate
Molar Flow Rate 0.0033 mol/min Mass Flow Rate/M.W. CO,
4-isopropylphenol (1.0 M)
Molar Concentration of Substrate 0.0010 mol/mL solution -
Mass Concentration of Substrate 0.1362 g/mL solution Mass of substrate/Volume of Solution
Mol Required 0.01 mol Molar Concentration of substrate*Volume of Solution
Mass Required 1.9067 g Mol substrate®*M.W substrate
Mass Flow Rate 0.00681 g/min Flow Rate Solution*Mass Concentration of substrate
Molar Flow Rate 0.00005 mol/min Flow Rate Solution*Molar Concentration of substrate
Co-solvent = HFIP
Molar Concentration of co-solvent 0.01 mol/mL solution Density of co-solvent/M.W Co-solvent
Molar Ratio co-solvent : Substrate 9.50 :1 mol subs. Molar concentration co-solvent/molar concentration substrate
Volume of Solution = Volume of co-solvent 14.00 mL -
Mol Required 0.1330 mol Mol substrate*Molar Ratio co-solvent:substrate
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Mol co-solvent*M.W. Co-solvent

Mass Required 22.3440 g
Flow Rate of Solution = F.R. of co-solvent 0.050 mL/min -
Mass Flow Rate 0.07980 g/min Flow Rate Solution*Mass Concentration of co-solvent
Molar Flow Rate 0.00047 mol/min Flow Rate Solution*Molar Concentration of co-solvent
0,
System Pressure 120 bar -
Set Pressure 180 bar -
Molar Ratio O, : Substrate 2 :1 mol subs. -
Molar Flow Rate 0.0001 mol/min Molar Flow Rate Substrate*Molar Ratio O,:Substrate
Mass Flow Rate 0.0031998 g/min Molar Flow Rate*M.W. O,
Density (20 °C, Set Pressure) 0.25237 g/mL -
Density (20 °C, System Pressure) 0.16745 g/mL -
Sample Loop Volume 0.01 mL -
Mol in Sample Loop (20 °C, Set Pressure) 0.000079 mol Sample Loop Volume*Density at Set Pressure/M.W.
Mol in Sample Loop (20 °C, System Pressure) 0.000052 mol Sample Loop Volume*Density at System Pressure/M.W.
Mol transferred per switch 0.000027 mol Mol Sample Loop(Set Pressure)-Mol Sample Loop(Sys. Pressure)
Switching Frequency 3.768017 mint Molar Flow Rate/mol transferred per switch
Conversion 1 minto 0.1 s 600 0.1s 1 min =60 seg =600 0.1s
Switching Time (0.1 s) 159.234952 0.1s (1/Switching Frequency)*Conversion to 0.1 s
Switching Time (s) 15.9 S Conversion 0.1stos
Overall concentrations
Total Molar Flow Rate 0.003948 mol/min Sum of Molar Flow Rates
CO, 84.17 mol % (CO; Flow Rate/Total Flow Rate)*100
4-isopropylphenol (1.0 M) 1.27 mol % (Substrate Flow Rate/Total Flow Rate)*100
Co-solvent = HFIP 12.03 mol % (Co-solvent Flow Rate/Total Flow Rate)*100
0, 2.53 mol % (O, Flow Rate/Total Flow Rate)*100
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Table 3. CO, pump efficiency calculation. For a set volume and flow rate of CO,, the measured average time is calculated using a flow meter connected after the BPR.
The measured flow rate is the ratio of the volume of CO; inside the pump (58 bar, -5 °C) to the average time measured using the flow meter. The CO, pump efficiency is then
calculated by dividing the measured flow rate by the set flow rate.

Parameters at 1 bar
Temperature (°C) 20
Measured Volume CO; (mL) 20
Set Flow Rate (mL.min) 0.15
Measure Time (s)
1 15.60
2 16.08
3 15.91
4 15.78
5 15.86
6 15.70
7 15.76
8 15.82
9 15.60
10 15.71
Measured Average Time (s) 15.78
Measured Average Time (min) | 0.2630

Parameters Value Unit Comment
Mass of CO, 0.03660 g Density of CO, (1 bar, 20 °C)*Volume of CO; (1 bar, 20 °C)
Volume of CO, (58 bar, -5 °C) 0.03754 mL Mass of CO,/density of CO, (58 bar, -5 °C)
Measured Flow Rate 0.14271 mL.min*! Volume of CO»(58 bar, -5 °C)/Average time
CO, Pump Efficiency 95 % Measured flow rate/Set flow rate
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2.2. High-pressure view cell

A high-pressure view cell (Figure 24) was employed to test the solubility of the starting
material solution in scCO, at the set temperature and pressure of the experiments carried
out in the high-pressure continuous flow apparatus. If solid particles were observed after the
set conditions were reached, that indicates that the starting materials were not soluble in

these conditions and could cause blockages in the continuous flow system.

The solubility tests were performed using the high-pressure view cell apparatus built at
the University of Nottingham and the training was conducted in collaboration with Ana

Patricia Pacheco. For more details about the solubility tests carried out in this Thesis, see

Chapter 4.

B - h
Figure 24. Photograph of the side (left) and front (right) of the high-pressure view cell: (a)
internal thermocouple, (b) magnetically overhead stirrer, (c) external thermocouple, (d) view ports
with sapphire windows, (e) frame with Lexan™ safety screen, (f) safety key, (g) electrical wires to
power heating cartridges, (h) inlet/outlet pipes, (i) sealing clamps and (j) heads. For details of
operation see below.
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2.2.1. Description of the high-pressure view cell apparatus

A schematic of the high-pressure view cell system (Figure 25) is shown below in detail.
The code numbers printed in grey (X) correspond to the numbers on the various components

in the high-pressure view cell schematic.

The CO; flow is controlled by a valve (V1) and back-flow is prevented by a non-return
valve (NRV 1) before V1. The pressure monitor receives information from the pressure
transducer (PT1), whereas the temperature controller and monitor, from the thermocouples.
The pressure monitor is connected to the trip box, which cuts off the power supply to the
temperature controller if the pressure exceeds the pre-set value. The high-pressure view cell
(1/8” tubing) is connected to the rest of the system (1/16” tubing) through reducers (R1 and

R2), and the second valve (V2) allows the system to be vented to atmosphere.

Overhead stirrer

0O [ Y

T—{ T LJ
N A

High-pressure view cell

Temperature D <I HIP 1/16 Stainless
-T Thermocouple Valve — el bipe

Controller
— 1/8 Stainless

Temperature Non return steel pi
pipe
Monitor (D Reducer

valve
——— Data cable
|:| Pressure i] Pressure é Cylinder Power cable
Monitor Transducer

Figure 25. Schematic of the high-pressure view cell system with all its components. The high-

pressure view cell coupled with an overhead stirrer is charged with the reaction reagents, and the

system is pressurised with CO; by opening the non-return valve V1, whilst V2 is closed. A pressure
monitor and temperature controller are connected to the trip box.

The fixed volume (100 mL) high-pressure view cell is made of 316 stainless steel and is
equipped with a magnetic stirrer (Figure 26 - h). Sapphire viewing windows (Figure 26 - b)

are positioned at each end and are held within the view port (Figure 26 - a) using EPDM O-
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rings (Figure 26 - g). These windows allow visualisation of the contents while pressure and

temperature parameters are varied. It has a safety key clamp system (Figure 26 - c and f) and

is rated for use at pressures up to 34.5 MPa and 300 °C. The view cell is heated by six heating

cartridges (Figure 26 - e) which fit into the cylindrical wall of the apparatus.

Figure 26. Schematic of the side (left) and front (right) of the high-pressure view cell: (a) view

ports, (b) sapphire windows, (c) sealing clamps, (d) stirrer blade, (e) heating cartridges, (f) safety key

and needle, (g) EPDM O-ring and (h) magnetically coupled overhead stirrer.

2.2.2. Standard Operating Procedures for high-pressure view cell

Standard Operating Procedure

o v~ w

Ensure that the COSHH form is completed and signed.

Assemble the two heads: place a Teflon spacer in the groove, fit EPDM O-ring around the
sapphire window, lay the head onto a level surface and insert the sapphire window,
keeping it straight at all times.

Place O-rings at either end of the view cell body.

Fit rear head with the clamp and tighten all fittings in the body.

Charge the cell with solid reactants via the open front end.

Check that the stirrer (if needed), heating cartridges, pressure transducer monitor,
temperature controller and thermocouples are all connected.

Fit the front head, ensuring that the O-ring is in place and clamp it.

Ensure that the safety screen is in place before proceeding.

Slowly open V1 until the pressure monitor shows 1500 psi and close V1. Check all fittings

for leaks with ‘Snoop’ liquid.
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10.If required, vent the cell by closing V1 and opening V2. Adjust any leaking fittings as soon
as the system is at atmospheric pressure.

11.Repeat step 7 after adjusting fittings. Vent any remaining gas until the cell is at
atmospheric pressure.

12.0pen V1 to purge the view cell with a flow of CO; at around 30 psi for 30 min in order to
remove residual oxygen.

13.If liquid reactants are required, they should be added by injection through the still open
safety valve.

14.Fit and hand tighten the key.

15.Close V2, open V1 to fill the cell with around 800 psi CO, and then close V1 and stir to
ensure sufficient mixing for 5 minutes.

16. Set the heaters to the desired temperature.

17.Allow the view cell to reach its final temperature. Monitor the pressure in the vessel
constantly throughout this process.

18.0nce the temperature has been reached, open V1 top up the view cell with CO; to its final
pressure and then close V1.

19.Monitor the temperature and pressure throughout the experiment.

Shutdown Procedure

1. After the desired reaction time, set the temperature controller to zero and allow it to cool
down to room temperature.

2. Vent CO; slowly into the fume hood, opening V2. Once at ambient temperature and
pressure, remove the key; undo the fittings, followed by the clamp.

3. Open and clean the cell.
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2.3. General remarks and analytical methods

2.3.1. Materials

Commercially available starting materials and solvents were obtained from Sigma-
Aldrich, Alfa Aesar, Acros, Fischer Scientific or Fluorochem, and were used without further
purification. The carbon dioxide (liquid UltraPure) and oxygen compressed gas cylinders

were supplied by Air Products and BOC, respectively.

2.3.2. Thin layer chromatography (TLC) and automated flash chromatography

Experiments were monitored by TLC using pre-coated silica-gel on aluminium plates with
fluorescent indicator. The plates were visualised by either UV irradiation (A = 254 nm) or p-

anisaldehyde stain.

Purification of compounds were carried out using a Teledyne Isco CombiFlash® flash
chromatography column coupled with UV-vis detector, unless stated otherwise. A suitable
RediSep®Rf silica gel column was put in the system and the crude mixture was dry loaded
with silica powder into a cartridge, which was then placed in the solid sample position. A
separation methodology is then developed, and the system is primed with the eluent system
chosen. The fractions are collected by the fraction collector and isolated compounds are

obtained after solvent removal.

2.3.3. Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectroscopy spectra were recorded at 20 °C on Bruker AV 400 MHz or AV HD-400
MHz. For quantification purposes, biphenyl was used as internal standard unless stated

otherwise.

'H NMR spectroscopy chemical shifts (5) are reported in parts per million (ppm) followed
by: multiplicity, coupling constants (J) in Hz, number of protons, assighment. The values were
calculated relative to residual *H nuclei in CDCls (6 = 7.26, singlet) or CDsOD (6 = 3.31,
quintet), using MestReNova software. The multiplicity of signals was designated by the
following abbreviations: (s) singlet; (bs) broad singlet; (d) doublet; (dd) doublet of doublets;
(ddd) doublet of doublets of doublets; (dt) doublet of triplets; (t) triplet; (appt), apparent
triplet; (td) triplet of doublets; (q) quartet; (gd) quartet of doublets; (hept) heptet;

(heptd) heptet of doublets; and (m) multiplet.
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13C NMR spectroscopy spectra were recorded on the spectrometers mentioned above
at 101 MHz with *H NMR spectroscopy decoupling. Chemical shifts were reported relative to
residual 3C nuclei in CDCl; (6 = 77.16, triplet) or CD;OD (& = 49.00, septet), also using

MestReNova.

2.3.4. Ultraviolet-Visible (UV-vis) absorption

UV-vis spectra were recorded on the miniature OceanOptics Flame-S-UV-VIS-ES
spectrometer with a Deuterium-Halogen light source and GP400-2-SR fibres in a 1 cm quartz

cuvette. The analyses were carried out using an OceanView software.

2.3.5. Electrospray lonisation Mass Spectrometry (ESI-MS)

Mass spectrometry measurements were conducted using a Bruker MicroTOF mass
spectrometer with electrospray ionisation (ESI-MS). Samples were prepared in acetonitrile

or methanol for the acquisition.

2.3.6. High-performance liquid chromatography (HPLC)

HPLC calibration curves and quantifications were performed using an Agilent 1200
Liguid Chromatography system with UV detector, Water Nova-Pak C18 column (3.9 x 150
mm, 4 um diameter particles and 60 A pores) and Water Nova-Pak C18 pre-column (3.9 x 20
mm, 4 um diameter particles). Data analyses were conducted using Agilent OpenlLab

software.

2.3.7. X-ray diffraction (XRD)

XRD structure determinations were performed by Dr. S. Argent at the University of
Nottingham using an Agilent SuperNova Atlas S2 diffractometer. Single crystals were put in
fomblin film on a micromount and the temperature was kept at 120 K. The structure was
solved using the Olex2 software,**® with the ShelXTstructure solution program using Intrinsic
Phasing,®” and refined with the ShelXL refinement package using Least Squares

minimisation.*®
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3. Continuous flow dearomatisation of p-substituted phenols

using singlet oxygen in supercritical CO;

3.1. Introduction

Dearomatisation strategy is a powerful tool to access valuable precursors for organic
synthesis, in which aromatic planar structures are transformed into 3D complex
architectures.’® % |n particular, the oxidative dearomatisation of phenols is one of the most
utilised approaches in the synthesis of complex natural products.?621%* This reaction results
in either 2,4- or 2,5-cyclohexadienones products, depending on the reagents and substitution

on the aromatic ring (Scheme 10).

OH

0] 0
R Oxidative OOH OH
dearomatisation R or @LR

ortho substituted phenol 2,4-cyclohexadienone scaffold

(0] (0]
Oxidative
dearomatisation Q or Q

R OOH HO R
para substituted phenol 2,5-cyclohexadienone scaffold
Scheme 10. Oxidative dearomatisation of ortho and para substituted phenols.

OH

p-Peroxyquinols (PPQs) are one of the products obtained through the dearomatisation
of p-substituted phenols. Their structure consists in a 2,5-cyclohexadienone ring bearing two
para substituents, including a hydroperoxyl group. Whilst peroxides are commonly found in
natural products such as marine metabolites, terpenes, and steroidal peroxides,®> PPQs
rarely occur in the nature.”” For instance, Kandenol C which was isolated from the plant
Kandelia candel, was reported as an unusual sesquiterpene due to its p-peroxyquinol

group.®® (Scheme 11).
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(0]
o, 6 2
KOH 5 3
R OOH
Kandenol C p-peroxyquinol (PPQ) Glutinosin C
Isolgtgd fro_m K. qa_n_del Isolated from /. glutinosa
Antimicrobial activities Antitumor and anti-inflammatory activities

Scheme 11. Structure of p-peroxyquinol (PPQ) and examples of naturally occurring PPQs:
Kandenol C*%¢ and Glutinosin C.*”

These compounds are useful building blocks in the total synthesis of natural products
(Scheme 12). Rengyolone, isolated from the fruits of Forsythia koreana, was found to have
anti-inflammatory activities by inhibiting the production of nitric oxide, a biological response

16?2 showed that the reduction of

regulator.2®® Its synthesis reported by Hikino and co-workers
4-(2-hydroxyethyl)-p-peroxyquinol (hydroxyethyl-PPQ) followed by spontaneous cyclisation
gave rengyolone (Scheme 12 - A). Cleroindicin D, found in the plant Clerodendrum indicum
which is commonly used in the treatment of rheumatism in India,'’® was also produced via a
hydroxyethyl-PPQ (Scheme 12 - B).}! This oxidative dearomatisation strategy was also
employed in the synthesis of a tetracyclic framework of a natural product stelleralide A,

which is a potent anti-HIV agent (Scheme 12 - C).}"2

o o 0
DMS
® o - ;
HO OOH OH ory

4-(2-hydroxyethyl)-p-peroxyquinol Rengyolone
Hydroxyethyl-PPQ Isolated from F. koreana
Anti-inflammatory activities
(0]
p-TsOH, CHCl3
(B) _— —_—
r.t
HOO OH
Hydroxyethyl-PPQ Cleroindicin D

Isolated from C. indicum
Antirheumatic properties

(1) PPh, 0 °C
(2) LHMDS, HMPA
MeMgBr, THF, -78 °C

Tricyclic-PPQ Tetracyclic framework
of natural product Stelleralide A

Scheme 12. Synthesis of natural products rengyolone®®® and cleroindicin D,*”* and tetracyclic
framework of stelleralide A2 using PPQs.

169
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The p-peroxyquinol scaffold presents a rich and varied chemistry due to the 2,5-
cyclohexadienone structure’® (Scheme 13). For example, 1,2-addition of a methyl Grignard
reagent to the ketone in a spirocyclic dienone results in a 4,4-disubstituted 2,5-
cyclohexadiene bearing an alcohol group (Scheme 13 — 1,2-addition).}’* The electron-poor
double bond in p-quinol A can participate in Lewis-acid catalysed Diels-Alder cycloaddition
with cyclopentadiene to give bicyclic cycloadducts (Scheme 13 - cycloadditions).}”> Another
transformation with this reactive double bond was studied by Carrefio and co-workers in the
epoxidation of p-quinol B using tert-butyl hydroperoxide (TBHP) and
benzyltrimethylammonium hydroxide (Triton-B) (Scheme 13 - epoxidation).’® Lastly, Hayashi
reported an intramolecular Michael addition to the enone, forming a bicyclo[4.3.0]nonene

framework (Scheme 13 — Michael addition).'”’

o o]
TBHP, Triton-B
| (
- THF, 0 °C )
HO" “—Ts HO" “—Ts
p-quinol B

9, i :
Q Q MeMgBr, THF .

H
BF3.0Et,
| | _ -78°C _
DCM, - 78 °C _ NE©! NEe]
b

HO Et : Et
p-quinol A HO BocoN o] Boc,N o)
L Spirocyclic dienone

C J

Michael addition

O

(0]
CF3COO
MeCN, 0 °C

Scheme 13. Possible chemical transformations in the 2,5—cyc/ohexad/enone ring of PPQs: 1,2-
addition,*” cycloaddition,’” epoxidation,*”® and Michael addition.?””

The reported synthetic routes to produce PPQs through oxidative dearomatisation of p-
substituted phenols use predominantly singlet oxygen. One of the first studies using this
strategy was demonstrated by Hikino and co-workers in 1988 (Scheme 14 - A).%° |rradiation
of a solution containing p-cresol, oxygen and photosensitiser Rose Bengal for 10 h gave a
mixture of PPQ A (45%), p-quinol (10%) and Pummerer’s ketone (3%). They also investigated

the effects of solvent, showing that the best results were achieved in methanol when
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compared to acetone and ethyl acetate. Almost two decades later, Carrefio et al. developed
a more efficient protocol for the synthesis of p-peroxyquinols using oxone as the source of
singlet oxygen (Scheme 14 - B).”” Oxone is a triple salt (2KHSOs-KHSO4-K>S04) which
decomposes in aqueous basic solution to form singlet oxygen. This protocol was applied to a
broad scope of phenols (11 examples) and gave good to excellent yields with reaction times
of 15-140 min. In 2013, another photosensitised procedure was reported, using a porphyrinic
photosensitiser TPP (Scheme 14 - C).178 The scope of reaction was mainly focused on phenols
bearing an ester group in the chain of the para-substituent (4 examples), with subsequent
reduction and cyclisation to form oxaspirocycles. For instance, methyl 3-(4-hydroxyphenol)

propionate (HPP) was photooxidised in 16 h of reaction yielding 90% of PPQ C.

OH 0} (0]
Rose Bengal, MeOH
(A) 9 + +
hv, O, 10 h
OOH OH

p-cresol PPQ A p-quinol Pummerer’s ketone
47 % 10 % 3%
OH (0}
®) Oxone, NaHCO3, H,O/MeCN
rt., 15 min
93 % OOH
3,4,5-trimethyl phenol PPQ B
Singlet oxygen generated by decomposition of Oxone
NaH003
Oxone — == HOOSOs + 0080y —— '0:+ HOSO + 08Oy
2
OH (0] o
©) TPP, O,, white LED 1) PPhgs, CHCl3, r.t., 20 min
rt., CHCls, 16 h 2) PTSA, CHCI3, 50 °C, 2 h
90 % OOH 80 % 0
COOMe COOMe o
HPP PPQC Oxaspirocycle

Scheme 14. Oxidative dearomatisation of phenols via photochemically (rose bengal - A*®° and
TPP - C)*”8 or chemically (Oxone - B)’” generated singlet oxygen.

More recently in 2020, an alternative procedure was developed producing PPQs using a
two-module photosensitiser system (Scheme 15). Coeffard and co-workers published a
catalytic substrate-selective photooxidation using iodo-boron dipyrromethene (iodo-
BODIPY) and quinine as a photosensitiser-catalytic additive system.'’”® They stated that

BODIPY is responsible for the photo-generation of singlet oxygen and that quinine acts like a
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modulator to selectively favour the photooxidation of hydrogen-bond-donor substrates. For
instance, when the photooxidation of a mixture of anthracene (non-hydrogen-bond donor)
and p-cresol (hydrogen-bond donor) was tested in the presence of quinine, 45% of p-cresol

PPQ was produced along with 20% of anthracene endoperoxide.

5 mol % iodo-BODIPY

OH (0]
40 mol % quinine O@O
+ +
CDCl3, O,

green LED, rt, 2 h

Q Anthracene
endoperoxide

45 % 20 %

Anthracene p-cresol p-cresol PP

iodo-BODIPY
iodo-boron dipyrromethene

Scheme 15. Recent procedure on the oxidative dearomatisation of phenols: photosensitisation
using a quinine-BODIPY system to generate singlet oxygen.”

Even though various methodologies for the synthesis of p-peroxyquinols from phenols
have been described in the literature, they still present some challenges to overcome. For
instance, procedures using photochemically generated singlet oxygen frequently have long
reaction times (up to 48 h)’® and high yields are obtained using costly and toxic halogenated
solvents.}’®17° |n the case of Carrefio’s procedure,”’ the excessive amount of oxidant (5 eq.
of Oxone) makes this process less atom efficient, and large quantities of base (15 eq. of
NaHCOs) requires further quenching and extraction, generating more waste. Moreover, the
large-scale production of PPQs is often limited by their potential explosive properties — e.g.
triacetone triperoxide (TATP)® — and instability in oxidisable solvents.’®! As a result, this

process has rarely been scaled-up beyond 2 g/day.
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3.2. Aims and general strategy

Given the ongoing interest in oxidative dearomatisation of phenols!®* 82 gnd inspired by
the challenges associated with photooxidation of p-substituted phenols, our research group
developed a different approach. It consists in a continuous flow photooxidation of p-
substituted phenols 1 using singlet oxygen in supercritical CO,, using a custom-built high-
pressure apparatus’®? (Scheme 16). The photooxidation is mediated by photosensitiser
TPFPP and the solutions were prepared in methanol as the co-solvent. To monitor the time
to reach the steady-state and to calculate *H NMR spectroscopy conversions and vyields,

biphenyl was used as an internal standard.

0, hv, TPFPP, CO,

MeOH, 40 °C
26 min
R OOH
1 2
3IM Yield (Productivity)
OCHj;
Oy i Ox i Om 0 :
OOH OOH OOH OOH
2Wu-1 2Wu-2 2Wu-3 2Wu-4

94 % (31 g/day) 85 % (34 g/day) >99 % (39 g/day) 93 % (31 g/day)
Scheme 16. Summary of previous work on the dearomatisation of p-substituted phenol
derivatives by Dr. Wu.?>?

Following up this recently developed methodology, the aims for this Chapter were:

e To expand the scope of the high-pressure continuous flow photooxidation of p-
substituted phenols using singlet oxygen in supercritical CO,.

e Toincrease the productivity of the p-peroxyquinols 2 using this process.
To address these aims, the following strategies were adopted:

1. The scope of the photooxidation of phenols was investigated, considering
functional group robustness, degree of substitution in the aromatic ring and

type of substituent at para position (Scheme 17).
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OH (0]
MeOH, TPFPP, biphenyl

hv, O, CO,, 40 °C

R OOH
1 2
Functional group robustness Degree of substitution
OH OH OH OH OH
H\
| _RZ R3_I _RZ
\%
R R! R! R
R = containing hydroxyalkyl, =10 90
alkoxyalkyl, amide alkyl, R', RZ and R? = alkyl 0 40 ot
carboxyalkyl, haloakyl 3° or 49 carbon

Scheme 17. General strategy for expanding the scope of the dearomatisation of p-substituted
phenols 1.

2. The productivity of the process was examined considering the concentration of

starting materials and flow rates.
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3.3. Results and discussion

Given the recent methodology developed by our research group, the scope and scaling
up of the reaction was further explored using the apparatus described in the flow diagram

depicted in Figure 27.

OH o)
MeOH,TPFPP, biphenyl

hv, O, CO,, 40 °C

R OOH
1 2
co, 0,DU
Pump
( §> . Mixer 1
Organic 407G
Pump 2
MeOH
T g Photo
[><] Reactor g
Organic -
BPR Pump 1
120 bar Substrate
solution
Mixer 2
40°C
Product

Figure 27. Top: general scheme of the dearomatisation of p-substituted phenols 1 using 10, and scCO,.
Bottom: a simplified scheme of the high-pressure flow system used: photo reactor (10 mm outer
diameter ‘o0.d.’, 240 mm length, 1 mm wall thickness, effective volume = 5.2 mL, filled with 38 glass
beads with 6 mm o.d., at 40 °C); cooling baths (photo reactor = 35.5 °C, LED lights =- 5 °C); trips (system
set pressure = 120 bar, high trip = 140 bar; oxygen set pressure = 180 bar, high trip = 190 bar, low trip
= 160 bar; mixers set temperature = 40 °C, high trip = 50 °C). Flow rates and residence times: (1) CO;
0.15 mL/min, HPLC pumps 0.05 mL/min, residence time = 26 min; (2) CO; 0.3 mL/min, HPLC pumps 0.1
mL/min, residence time = 13 min. Concentration of TPFPP = 0.05 mol%. Biphenyl used as the internal
standard for *H NMR spectroscopy quantification.

3.3.1. Reaction Mechanism

The proposed mechanism for the dearomatisation of p-substituted phenols is initiated
by a [4+2] cycloaddition!®® through a syn-addition (suprafacial) of the oxygen to the p-
substituted phenol. In this pseudo hetero-Diels-Alder reaction, the frontier molecular
orbitals illustrate the HOMO-LUMO interaction between the electron-rich p-substituted

phenol and the electron-deficient singlet oxygen, which is fundamental for the reaction to
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occur (Figure 28). Interestingly, the m* HOMO orbital of singlet oxygen is geometrically

orthogonal to the m* LUMO and it is formed by an out of phase combination of lone pairs

orbitals.*8*

OH

OH OH

Pl
A

OH OH

Figure 28. Proposed HOMO-LUMO interactions between the frontier molecular orbitals of a p-
substituted phenol and singlet oxygen.

It was proposed that the reaction goes through a concerted pathway,®® starting with
the reversible formation of a singlet exciplex transition state 1-i through a partial charge
transfer from the electron-rich aromatic ring on 1 to the singlet oxygen. This exciplex can
undergo two different quenching pathways: chemical quenching with the formation of the
endoperoxide 1-ii, which then undergoes a ring-opening to form p-peroxyquinol 2; or
physical quenching through a kinetically unfavoured spin-forbidden intersystem crossing to

a ground-state complex 1-iii, regenerating molecular oxygen (Scheme 18).

OoH 1 OH OJH Q
=
0 0--"7 [4+2] Photocycloaddition e}
1§ -
+ 0 o2 1 OH o)
SN
ﬁ R R OOH
1 1-i e 1-ii 2
R
3 OH

302
R
1-iii
Scheme 18. Proposed mechanism for the dearomatisation of p-substituted phenols 1.
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Lastly, mechanistic and kinetics analysis revealed that the addition of singlet oxygen at
the ipso and para sites of phenol is favoured due to the lower Gibbs activation energy in
comparison to the analogous ortho and meta positions (Figure 29).18¢ This is rationalised by
the electron distribution in the p-substituted phenol, in which the hydroxyl group donates
charge to the C2/C6 (ortho) and C4 (para) carbons, generating a partial positive charge in the
COH-ipso position. 4-Substituted phenols direct the ipso-para regioselectivity of
endoperoxide formation, evidenced by electron-donating groups in this site exclusively
leading to p-peroxyquinols.”” The electron-donating groups at para position increase the 1,3-

diene HOMO energy, enhancing the HOMO-LUMO interaction.
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Figure 29. Relative Gibbs energy for the reaction of 10, with phenol. Green box represents the ipso-
para endoperoxide and the red box represents the ortho-meta endoperoxide. The values in bold and
italic (kJj/mol) refer to the reaction free energy and the activation energy barrier, respectively.’5

3.3.2. Scope of the dearomatisation of p-substituted phenols: Part |

To expand the scope and increase productivity of the production of p-peroxyquinols 2,
the dearomatisation strategy was applied to nine other phenols with various substituents at
ortho, meta, and para positions. Methanol (MeOH) was chosen as the co-solvent because it
is a protic polar solvent, which stabilises the charged transition state and aggregates the
reactants through solvation of the exciplex (Scheme 18).1 In this first part of the discussion,

the productivity and degree of substitution on the phenols were investigated (Table 4).
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Table 4. Summary of results on the continuous flow dearomatisation of p-substituted phenols using 10; in scCO; (Part I).

OH

0, hv, TPFPP, CO,
© MeOH, 40 °C
R R OOH
1a-c 2a-c
Concentration Residence NMR_ NMR yield Pro;ect_efi
Product (M) time (min) conversion of 2 (%) productivity
‘ ‘ ‘ of 1 (%) ‘ 0 (g/day)
1.0 26 >99 95 10
o)
1 3.0 26 >99 96 29
OOH
2a
3.0 13 83 88 47
© 3.0 26 >99 >99 33
2 OOH
2b 3.0 13 >99 >99 66
o)
3 1.0 26 >99 >99 12
OOH
2c

Reactions were carried out in the high-pressure continuous flow apparatus following the guidelines on Figure 27. *H NMR spectroscopy yields, and projected productivities were
calculated using 0.05 eq. of biphenyl as the internal standard.

71



The first reaction to be investigated was the dearomatisation of p-cresol 1a (Entry 1 —
Table 4). Full conversion and excellent yield (95%) were obtained when the reaction was
performed at 1 M. To increase the projected productivity, the reaction was repeated at 3 M,
which gave a similar conversion and yield, with a threefold increase in projected productivity
(29 g/day) compared to the previous experiment at 1 M. When the residence time was

halved, the projected productivity of p-peroxyquinol 2a was higher (47 g/day).

Next, the degree of substitution on the aromatic ring was explored with mono-, di- and
tri- substituted phenols. Full conversion and excellent yield (96%) were obtained for p-cresol
1a at 3.0 M concentration and 26 min of reaction, with a slight drop of conversion and yield
when the reaction time was halved (Entry 1 —Table 4). For both 3,4-dimethylphenol 1b (Entry
2 —Table 4) and 2,4,6-trimethylphenol 1c (Entry 3 — Table 4), full conversion and quantitative
yields were achieved. In the case of phenol 1c, the reaction was performed at 1 M due to
solubility issues. These reactions have proven to be easily scalable, with high productivities

of up to 66 g/day.

There was no significant difference in yield of p-peroxyquinols 2 between mono-, di- and
tri- substituted phenols. It was rationalised that p-cresol 1a with just one methyl group makes
the aromatic ring sufficiently electron-rich for the [4+2] cycloaddition due to a positive
inductive effect (Figure 30). Although the addition of other methyl groups would increase the
electron density on the aromatic ring, there was not a significant improvement in the rate of

reaction.

o s
o OH *Hali i H
5H/1C Csto
s« H
cZ . !
& .OHOHY v
s 7Gx o 02 o HP FHATSHY
H *,l'a'H » 8
1a 1b 1c

Figure 30. Positive inductive effect (+ I) of the CHs; group on the aromatic ring for p-cresol 1a, 3,4-
dimethylphenol 1b, and 2,4,6-trimethylphenol 1c.

3.3.3. Scope of the dearomatisation of p-substituted phenols: Part Il

After investigating the productivity and the effect of multiple methyl groups on the
aromatic ring, a variety of substituents in the alkyl chain of the para position of the phenol
was studied. These substituents included a tertiary carbon (t-Bu), alkyl ether, amino acid,

benzylic, protected O-benzylic, and electron-withdrawing groups (Table 5).
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Table 5. Summary of results on the continuous flow dearomatisation of p-substituted phenols using 10 in scCO; (Part ).

0, hv, TPFPP, CO, 0
MeOH, 40 °C
R OOH
1d-i 2d-i
. . . . . Projected
Product Concentration Residence time NMR conversion | NMR yield Y
M min of 1 (% of 2 (%
| ™ (min) | (%) (%) (&/day)
°© 3.0 26 Blockage
OOH
1
2d 1.0 26 61 59 8
Oij\/\
2 o5 TocH; 1.0 26 47 46 6
2e
o) o cla
3 NH 1.0 26 25 26 6
OOH
t—BuO/gO
2f
o
T
4 0.1 26 11 0 0
OOH
29
°© oTBS 0.1 26 16 16 0.3
> OOH
2h 1.0 26 54 56 11
o
CF
6 ook 1 26 0 0 0
2i

The reaction was carried out in the high-pressure continuous flow apparatus following the guidelines on Figure 27. *H NMR spectroscopy yields and projected productivities were calculated using
0.05 eq. of biphenyl as the internal standard. H NMR spectroscopy conversion of 1 was calculated as the following: *H NMR Conversion of 1 = 100 — X, where X = 1H NMR Recovery of 1.
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Dearomatisation of 4-tert-butylphenol 1d

To better understand the effect of bulky substituents, the reaction with 4-tert-
butylphenol 1d was examined (Entry 1 — Table 5). When the reaction was performed at 3 M,
precipitation of solid caused the flow system to trip. The reaction was then repeated at a
lower concentration (1 M). The tert-butyl group had a negative effect on the reaction rate
when compared to p-cresol 1a under the same conditions (Entry 1 - Table 4), due to steric
effects. In addition, although tert-butyl is an electron-donating group, it has no ocx bond
adjacent to the m-orbital on the aromatic ring and therefore, does not donate electron
density by hyperconjugation. Even though the yield was moderate, this is the first time that

a p-peroxyquinol is synthesised with a bulky tert-butyl group in para position.

Dearomatisation of 4-(2-methoxyethyl)phenol 1e

The next step was to study the influence of an alkyl ether substituent in 4-(2-
methoxyethyl)phenol 1e (Entry 2 — Table 5). The reaction was carried out at 1.0 M due to
solubility issues of the starting material in MeOH. Surprisingly, the yield was much lower
(46%) than expected. It was rationalised that the long chain (-CH,CH,OCHs) may cause steric
hindrance, with the electrons from the lone pair in the methoxy group repelling the ones
from the singlet oxygen (Figure 31). This would make difficult for the oxygen to approach the

aromatic ring, as there is a strong electron density around the methoxy group.

To support this, theoretical calculations of an estimator of steric hindrance (E«) or
Dynamic Parameter of Steric Hindrance (DPSH) could be performed.'®”-18 These calculations

could predict the contribution of steric effects in the rate of reaction.

/.,
o0=0\:Q°

Ho
le

Figure 31. Proposed electronic repulsion of oxygen lone pairs between singlet oxygen and 1e methoxy
group during the [4+2]-cycloaddition.

Dearomatisation of N-Boc-L-tyrosine methyl ester 1f

L-tyrosine is an amino acid and precursor for catecholamines such as hormones
dopamine and norepinephrine.!® As this amino acid has a phenol ring in its structure, its

reactivity was tested using this new photooxidation methodology. First, both the reactive
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amino and carboxylic groups were protected to avoid any side reactions. Starting from the
commercially available L-tyrosine methyl ester 1f*, the amino group was protected with di-
tert-butyl dicarbonate (Boc,0) using triethylamine (TEA) in dichloromethane (DCM)*®
(Scheme 19). Under these conditions, N-Boc-L-tyrosine methyl ester 1f was obtained in 56%

yield as a white powder.

OH " TEA, Boc,0, DCM OH
24 h, rt.
o 56 % o
o7y S0
NH, HN\H/O

LGN

1 1f
Scheme 19. Protection of L-tyrosine methyl ester 1f* with Boc;O.

The photooxidation of N-Boc-L-tyrosine methyl ester 1f was performed at 1.0 M as the
compound was not soluble at higher concentrations (Entry 3 — Table 5). The reaction
afforded only 26% vyield of 2f, with projected productivity of 6 g/day. Similarly to 4-(2-
methoxyethyl) phenol 1e, it was hypothesised that the steric hindrance present in 1f might
explain the low conversion and yield observed. The conversion and yield could possibly be
increased using a longer residence time, but for means of comparison with other phenols,

this parameter was not altered.
Dearomatisation of 4-(hydroxymethyl) phenol 1g

The next phenol to be investigated was 4-(hydroxymethyl) phenol 1g bearing a benzylic
alcohol in para position. In 2018, Griesbeck’s group published the synthesis of a series of p-
peroxyquinols via dearomatisation of p-substituted phenols using Oxone (potassium
peroxymonosulfate).’®* However, their methodology was not suitable for 4-(hydroxymethyl)
phenol 1g and the corresponding p-peroxyquinol 2g was unable to be synthesised (Scheme

20).

OH (0}
Oxone (15 eq.), H,O

N
NaHCOs3 (20 eq.)

HO OOH
OH

19 2g
Scheme 20. Dearomatisation of 4-(hydroxymethyl) phenol 1g by Griesbeck.*® X represents that
no product was observed for the reaction.
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To synthesise the desired molecule, the dearomatisation of 4-(hydroxymethyl) phenol
1g was first performed in batch under similar conditions to those in flow. Deuterated
chloroform (CDCls) was used as the solvent as it promotes a longer 10, lifetime and the H
NMR spectroscopy analysis could be carried out straightaway. Deuterated methanol (CD;0D)

was added as a polar co-solvent to solubilize 4-(hydroxymethyl) phenol 1g (Scheme 21).

OH le)
CDCls, CD30D, TPFPP
hv, Oy r.t
HO— OOH
OH
19 2g
0.05M

Scheme 21. Batch photooxidation of 4-(hydroxymethyl) phenol 1g.

The reaction was monitored by *H NMR spectroscopy, but after 4 h of reaction, the
analysis showed a complex mixture. Nevertheless, the mass spectrometry analysis showed
the peak of the product. Additionally, the potassium iodide starch paper test, used to identify

the presence of strong oxidants, was positive.

Given the above results, the dearomatisation of 4-(hydroxymethyl) phenol 1g was
carried out in the high-pressure flow system using MeOH as the co-solvent at 0.1 M (Entry 4
— Table 5). Although the Kl test was positive during the reaction, the product could not be
observed on the H NMR spectroscopy analysis. This may be due to polymerisation of 4-
hydroxybenzyl alcohol 1g, which has been reported to occur in the presence of an oxidising
agent.’ In addition, traces of 4-hydroxybenzaldehyde were identified, possibly because

singlet oxygen oxidized the benzylic alcohol to the corresponding aldehyde.**

Dearomatisation of 4-((tert-butyldimethylsilyloxy)methyl)phenol 1h

To avoid a possible polymerisation or overoxidation, the benzylic alcohol of 4-
(hydroxymethyl) phenol 1g was protected as a silyl ether with tert-
butyl(chloro)dimethylsilane (TBSCI) following a procedure published by Fasan et al.'**

(Scheme 22).
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OH OH OTBS

1. TBSCI, imidazole, DMF, 0 °C
+
2.30°C,12h

OH OTBS OTBS
1g 1h 1
32M 88 % 10 %
Scheme 22. Batch hydroxyl protection of 4-hydroxymethyl phenol 1f using TBSCI and imidazole
in DMF.

Phenol 1h was obtained in 88% isolated yield, as well as a side-product 1h’ in 10% yield.
During the course of reaction, the TLC showed an additional spot with a higher retention
factor (Rf) relative to the desired product 1h. A sample was analysed by *H NMR spectroscopy
and showed that both the phenolic and benzylic hydroxyl groups were protected, forming
1h’. Even though the reaction was not fully selective for the synthesis of the monoprotected

alcohol, excellent isolated yield of the product 1h was obtained.

With the protected phenol in hand, the reaction was performed in flow (Entry 5 — Table
5). To avoid any blockages caused by a possible polymerisation, the reaction was first carried
out at 0.1 M, giving 2h with a 16% yield. The concentration was increased to 1.0 M, resulting
in a 3.5-fold yield increase (56%) and projected productivity of 11 g/day. There were no signs
of polymerisation or over oxidation of 1h, and the silyl ether protecting group remained
intact in the reaction conditions. Once again, the steric hindrance caused by the large OTBS

group and O-lone pair electron repulsion might explain the moderate yields obtained.

Dearomatisation of 4-hydroxybenzotrifluoride 1i

To analyse the effect of electron-withdrawing groups, the dearomatisation was
attempted with 4-hydroxybenzotrifluoride 1i, a phenol bearing a CF; substituent in the para

position (Entry 6 — Table 5).

After 3 h of reaction monitored by 'H NMR spectroscopy, no conversion of 1i was
observed and 2i could not be synthesised. This phenol structure revealed to be quite stable
towards the photooxidation, and not even traces of the product could be identified. The CF3
substituent has a powerful deactivating effect on the aromatic ring, removing electron
density through a negative inductive effect. Consequently, the HOMO orbital energy is
decreased and the HOMO-LUMO overlap is unfavoured.
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3.4. Conclusions

In this chapter, the high-pressure flow setup was successfully employed in the
photooxidation of p-substituted phenols using singlet oxygen and supercritical CO, (Scheme
23). This methodology provided a platform to access p-peroxyquinols with good to excellent
yields up to > 99%, easy scaling-up, high projected productivities of up to 67 g/day, and short
residence times as low as 13 min. For safety reasons, only small quantities of p-peroxyquinols
were isolated for characterisation purposes. The continuous flow approach also provides a
more effective and safer utilisation of singlet oxygen. The p-peroxyquinols are generated
continuously, avoiding accumulation of large volumes of potentially explosive compounds,
in a non-flammable solvent CO,. In addition, this reaction utilises a renewable solvent (CO;)
and oxidising reagent (*0,). Carbon dioxide is released from the reaction mixture, minimising
organic waste and facilitating further purification, whereas singlet oxygen increases high

atom efficiency, incorporating both oxygen atoms in the final compound.

OH
0, hv, TPFPP, CO,
MeOH, 40 °C
Condition? = 26 min
Condition® = 13 min R OOH
1 2
3M Yield (Productivity)?

Yield (Productivity)°

OCH,

[ON : Ox i (ON i O@ 0
OOH OOH OOH OOH OOH
2a

2Wu-1 2Wu-2 2b 2c*

95 % (10 g/day)® 94 % (31 g/day)® 85 % (34 g/day)®  >99 % (33 g/day)® >99 % (12 g/day)?
96 % (29 g/day)? 83 % (55 g/day)® 34 % (27 g/day)® >99 % (66 g/day)®
88 % (53 g/day)®

o) o o) o
O Ty T O
OOH OOH oon OCHs
2d*

2Wu-3 2Wu-4 2e*
>99 % (39 g/day)? 93 % (31 g/day)? 59 % (8 g/day)? 46 % (6 g/day)?
86 % (67 g/day)° 83 % (55 g/day)°
|
O 0.0 O (¢} O
OH OTBS
NH CF3
OOH /g OOH OOH OOH
t-Bu0” ~O
2f* 2g* 2h* 2i*
26 % (6 g/day)? X 56 % (11 g/day)? X

Concentration of TPFPP: 0.05 mol %; photo reactor (10 mm O. D., 240 mm length, 1 mm wall
thickness, effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d.); biphenyl as the
internal standard. *1 M in MeOH.

Scheme 23. Summary of the dearomatisation of p-substituted phenols 2. Black compounds
correspond were synthesised by Abreu and blue compounds were reported by Dr. Wu.»*? X represents
compounds that could not be synthesised.
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The scope of the dearomatisation of p-substituted phenols was expanded from four
(synthesised by Dr. Wu) to eleven p-peroxyquinols, including three novel compounds, with
yields of up to > 99%. The production of some p-peroxyquinols was also scaled-up to 67

g/day. p-Peroxyquinols 2g and 2i could not be produced using this methodology.

The effects of concentration and residence time on the projected productivity, degree
of substitution, and the nature of the substituent on the phenol ring were also investigated.
High concentrations (3.0 M) and low residence times (13 min) resulted in higher
productivities, except for phenol 2Wu-2. Whilst the yields of p-peroxyquinol were similar at
1.0 and 3.0 M concentrations, a decrease in yield was observed when the residence time was
doubled, showing that the yield is more affected by the residence time than concentration
of starting material. Regarding the degree of substitution, no significant effect on the yield
was observed between mono-, di-, and tri- methyl substituted phenols (2a, 2Wu-1, 2b and
2c). Concerning the types of substituents, the yield of p-peroxyquinol increased depending
on the nature of the carbon substituent at para position in the order of quaternary (2d) <
secondary (2Wu-4) < primary (2a), possibly because of steric hindrance and/or
hyperconjugation effects. The negative effect on the yield caused by steric hindrance, EWG
removal of electron density of the aromatic ring, or electronic repulsion by O-lone pair on
the substituent, was also observed in 2e, 2f and 2h. This methodology has proven to be
compatible with protecting groups in compounds 2f and 2h, as they remained intact in the
reaction conditions, avoiding possible side-reactions with their reactive benzylic hydroxyl,

carboxylic and amino groups.

The results from this chapter have been recently accepted in the Organic Process

Research & Development journal:

Wu, L.; Abreu, B. L.; Blake, A. J.; Taylor, L. J.; Argent, S. P.; Poliakoff, M.; Boufroura, H.;
George, M. W., Multi-gram Synthesis of Trioxanes Enabled by a Supercritical CO; Integrated

Flow Process. Org. Process Res. Dev. 2021.DOI: https://doi.org/10.1021/acs.oprd.1c00111
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3.5.Experimental procedures

Continuous flow oxidative dearomatisation of p-substituted phenols using singlet

)

oxygen in supercritical CO; (general guidelines)

€O, 0.DU
Pump
Mixer 1
Organic 40°%C
Pump 2
MeOH
T 8 Photo
><] Reactor g
Organic -
BPR Pump 1
120 bar Substrate
solution
Mixer 2
40°C

Product

Figure 32. A simplified scheme of the high-pressure flow system for the dearomatisation of p-
substituted phenols.

System parameters: Photo reactor (10 mm outer diameter (0.d.)), 240 mm length, 1 mm
wall thickness, effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d., at 40 °C);
Cooling baths (photo reactor = 35.5 °C, LED lights = - 5 °C); Trips (System set pressure = 120
bar, high trip = 140 bar; Oxygen set pressure = 180 bar, high trip = 190 bar, low trip = 160

bar; Mixers set temperature = 40 °C, high trip = 50 °C), biphenyl as the internal standard.

Standard procedure parameters for different concentrations and residence times (see

Chapter 2, section 2.1.3 for more details)

-3 M, residence time (RT) = 26 min: CO; (0.15 mL/min and overall [CO;] = 69%), O, (180
bar, sample loop = 10 pL, switching time = 10.6 s, molar ratio O,: phenol = 1:1 and the overall

[0,] = 3.1 mol%), and HPLC pumps (0.05 mL/min).

-3 M, RT = 13 min: CO; (0.3 mL/min and overall [CO,] = 69%), O, (180 bar, sample loop
=10 pL, switching time = 5.3 s, molar ratio O,: phenol = 1:1 and the overall [0,] = 3.1 mol%),
and HPLC pumps (0.1 mL/min).
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- 1M, RT =26 min: CO; (0.15 mL/min and overall [CO,] = 71%), O (180 bar, sample loop
=10 pL, switching time = 15.9 s, molar ratio O,: phenol = 2:1 and the overall [0,] =2.1 mol%),
and HPLC pumps (0.05 mL/min).

- 0.1 M, RT = 26 min: CO, (0.15 mL/min and overall [CO,] = 72%, O, (180 bar, sample
loop =10 plL, switching time = 15.9 s, molar ratio O.: phenol = 20:1 and the overall [0;] = 2.1
mol%), and HPLC pumps (0.05 mL/min).

Reaction procedure: The standard procedure for the flow apparatus is described in
Chapter 2, section 2.1.3. In this case, a solution of p-substituted phenol, TPFPP and biphenyl
in MeOH was prepared and sonicated for 30 min. This solution was pumped into the system,
combined with the gaseous mixture (CO, and O,) on Mixer 2 and then passed through the
photo reactor. MeOH was pumped after the photo reactor to dilute the mixture and avoid
any blockages, and the crude was collected after the BPR. After reaching the steady state, a
sample was collected for 3 min, nitrogen blow down for 3 min, and analysed by *H NMR
spectroscopy. All the remaining peroxides formed were quenched with a saturated solution

of thiourea in MeOH.

Reactions were monitored by *H NMR spectroscopy analysis of samples taken every 30
min. The steady state time was determined when two consecutives *H NMR spectroscopy
analysis showed constant conversion and yield values. Samples collected for purification
were taken after the steady state was reached. All the remaining reaction mixture was
guenched with a saturated solution of thiourea in MeOH. The conversion of p-substituted
phenols 1 was calculated as the following: *H NMR Conversion of 1 = 100 — X, where X = H

NMR Recovery of 1.

Data collected for known compounds is consistent with the literature. Compounds were

isolated is small quantities due to potential hazards associated with organic hydroperoxides.
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3.5.1. Dearomatisation of p-cresol 1a

OH (0}
MeOH, TPFPP, biphenyl
hv, Oy CO,, 40 °C

OOH
1a 2a
3M

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols.

- Reaction 1 (3 M, 26 min): 12 mL solution of p-cresol 1a (1 eq, 35.9 mmol, 3.89 g, 3 M),
TPFPP (0.05 mol%, 18.0 umol, 17.5 mg) and biphenyl (0.04 eq, 1.44 mmol, 0.222 g) in MeOH.

Results: The system reached a steady state after 3 h of reaction. *H NMR spectroscopy

analysis: conversion of 1a = 99%, yield of 2a = 96% and projected productivity = 29 g/day.

- Reaction 2 (3 M, 13 min): 18 mL solution of p-cresol 1a (1 eq, 54.0 mmol, 5.84 g, 3 M),
TPFPP (0.05 mol%, 27.0 pumol, 26.3 mg) and biphenyl (0.04 eq, 2.16 mmol, 0.333 g) in MeOH.

Results: The system reached a steady state after 2 h of reaction. *H NMR spectroscopy
analysis: conversion of 1a = 83%, yield of 2a = 88% and projected productivity = 47 g/day.
Another sample was collected for 1.5 h (9 mL), concentrated under reduced pressure and
purified by flash chromatography column, eluted with a mixture of EtOAc/Cyclohexane (1:1)

to give 2a (19.3 mmol, 2.71 g, 71%) as an off-white solid.

- Reaction 3 (1 M, 26 min): 15 mL solution of p-cresol 1a (1 eq, 15.0 mmol, 1.62 g, 1 M),
TPFPP (0.05 mol%, 7.50 umol, 7.31 mg) and biphenyl (0.04 eq, 0.600 mmol, 92.5 mg) in
MeOH.

Results: The system reached a steady state after 3 h of reaction. *H NMR spectroscopy

analysis: conversion of 1a = 99%, yield of 2a = 95% and projected productivity = 10 g/day.

4-Hydroperoxy-4-methylcyclohexa-2,5-dien-1-one 2a’’

7/ OOHs
'H NMR (400 MHz, Chloroform-d): § 8.28 (s, 1H, 8), 6.90 (d, J = 10.2 Hz, 2H, ),6.30(d, J=

10.2 Hz, 2H, 2/4), 1.42 (s, 3H, 7).
13C NMR (101 MHz, Chloroform-d): 5 185.5 (3), 149.7 (1/5), 130.5 (2/4), 78.7 (6), 22.9 (7).
HRMS (ESI) m/z calcd [C;HsOsNa]* ([M + Na]*): 163.0366, found 163.0363.
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3.5.2. Dearomatisation of 3,4-dimethylphenol 1b

OH
MeOH, TPFPP, biphenyl
hv, O, CO,, 40 °C
HOO
1b 2b
3M

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols.

- Reaction 1 (3 M, 26 min): 17 mL solution of 3,4-dimethylphenol 1b (1 eq, 51.0 mmol,
6.23 g, 3 M), TPFPP (0.05 mol%, 25.5 umol, 24.9 mg) and biphenyl (0.04 eq, 2.04 mmol, 315
mg) in MeOH.

Results: The system reached a steady state after 1.5 h of reaction. *H NMR spectroscopy
analysis: conversion of 1b = > 99%, yield of 2b = > 99% and projected productivity = 33 g/day.
Another sample was collected for 10 min (0.5 mL), concentrated under reduced pressure and
purified by flash chromatography column, eluted with a mixture of EtOAc/Cyclohexane (3:7
to 7:3) to give 2b (1.49 mmol, 229 mg, 99%) as an off-white solid. After that, the CO, and
organic pumps flow rates, as well as the O, switching time were changed for the next reaction

accordingly.
- Reaction 2 (3 M, 13 min): the solution was the same from reaction 1.

Results: The system reached a steady state after 1.5 h of reaction. *H NMR spectroscopy

analysis: conversion of 1b = > 99%, yield of 2b = > 99% and projected productivity = 66 g/day.

4-Hydroperoxy-3,4-dimethylcyclohexa-2,5-dien-1-one 2b”’

sHOO \s
'H NMR (400 MHz, Chloroform-d): § 9.51 (s, 1H, 9), 6.93 (d, J = 10.0 Hz, 1H, 1), 6.22 (dd, J =

10.0 Hz, 2.0 Hz, 1H, 2), 6.11 (m, 1H, 4), 2.08 (d, J = 1.4 Hz, 3H, 7), 1.35 (s, 3H, 8).

13C NMR (101 MHz, Chloroform-d): 6 186.7 (3), 161.5 (5), 151.9 (1), 129.7 (2), 128.1 (4), 80.5
(6),22.4 (8),18.1 (7).

HRMS (ESI) m/z calcd [CsH1003Na]* ([M + Na]*): 177.0522, found 177.0523.
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3.5.3. Dearomatisation of 2,4,6-trimethylphenol 1c

OH (0]
MeOH,TPFPP, biphenyl

hv, O, CO,, 40 °C
OOH

1c 2c
1™

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols.

Reaction 1 (1 M, 26 min): 15 mL solution of 2,4,6-trimethylphenol 1c (1 eq, 15.0 mmol,
2.04 g, 1 M), TPFPP (0.05 mol%, 7.50 umol, 7.31 mg) and biphenyl (0.07 eq, 1.05 mmol, 162
mg) in MeOH.

Results: The system reached a steady state after 1.5 h of reaction. *H NMR spectroscopy
analysis: conversion of 1c = > 99%, yield of 2c = > 99% and projected productivity = 12 g/day.
Another sample was collected for 1 h (3 mL), concentrated under reduced pressure and
purified by flash chromatography column, eluted with a mixture of EtOAc/Cyclohexane (1:1)

to give 2¢ (2.97 mmol, 500 mg, 99%) as a pale-yellow solid.

4-Hydroperoxy-2,4,6-trimethylcyclohexa-2,5-dien-1-one 2¢”’

7 O0OH 10
'H NMR (400 MHz, Chloroform-d): & 8.28 (bs, 1H, 10), 6.64 (s, 2H, ), 1.90 (s, 6H, ),

1.36 (s, 3H, 7).

13C NMR (101 MHz, Chloroform-d): 5 186.9 (3), 144.6 (1/5), 136.8 (2/4), 78.7 (6), 23.2 (7),
16.1 (2/9).

HRMS (ESI) m/z calcd [CoH1,03Na]* ([M + Na]*): 191.0679, found 191.0683.
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3.5.4. Dearomatisation of 4-tert-butylphenol 1d

OH 0
MeOH, TPFPP, biphenyl

hv, O, CO,, 40 °C
OOH

1d 2d
Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols.

- Reaction 1 (3 M, 26 min): 27 mL solution of 4-tert-butylphenol 1d (1 eq, 81.2 mmol,
12.2 g, 3 M), TPFPP (0.05 mol%, 40.6 umol, 39.6 mg) and biphenyl (0.04 eq, 3.25 mmol, 501
mg) in MeOH.

Results: After 3 h of reaction, the flow system got tripped due to over pressure caused

by solid precipitation.

- Reaction 2 (1 M, 26 min): 15 mL solution of 4-tert-butylphenol 1d (1 eq, 15.0 mmol,
2.25 g, 1 M), TPFPP (0.05 mol%, 7.50 umol, 7.31 mg) and biphenyl (0.07 eq, 1.05 mmol, 162
mg) in MeOH.

Results: The system reached a steady state after 4 h of reaction. *H NMR spectroscopy
analysis: conversion of 1d = 61%, yield of 2d = 59% and projected productivity = 8 g/day.
Another sample was collected for 0.5 h (1.5 mL), concentrated under reduced pressure and
purified by flash chromatography column, eluted with a mixture of EtOAc/Cyclohexane (1:1)
to give 2d (0.834 mmol, 152 mg, 55%) as an off-white solid.

4-(Tert-butyl)-4-hydroperoxycyclohexa-2,5-dien-1-one 2d (novel compound)

o] "OOH 7

9 "
10

'H NMR (400 MHz, Chloroform-d): § 8.11 (s, 1H, 7), 7.06 (d, J = 10.4 Hz, 2H, ),6.39(d, /=
10.4 Hz, 2H, 2/4), 1.03 (s, 9H, ).

13C NMR (101 MHz, Chloroform-d): 5 185.3 (3), 148.8 (1/5), 132.1 (2/4), 85.8 (6), 39.6 (8),
26.0 ( )

HRMS (ESI) m/z calcd [C10H140sNal* ([M + Na]*): 205.0835, found 205.0833.
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3.5.5. Dearomatisation of 4-(2-methoxyethyl)phenol 1e

OH (0]
MeOH,TPFPP, biphenyl

hv, Oy CO,, 40 °C
’ HOO

OCHj; OCH3
1e 2e

1M
Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols.

Reaction 1 (1 M, 26 min): 20 mL solution of 4-(2-methoxyethyl)phenol 1e (1 eq, 20.0
mmol, 3.04 g, 1 M), TPFPP (0.05 mol%, 10.0 umol, 9.75 mg) and biphenyl (0.07 eq, 1.40 mmol,
216 mg) in MeOH.

Results: The system reached a steady state after 3 h of reaction. *H NMR spectroscopy
analysis: conversion of 1le = 47%, yield of 2e = 46% and projected productivity = 6 g/day.
Another sample was collected for 1 h (3 mL), concentrated under reduced pressure and
purified by flash chromatography column, eluted with a mixture of EtOAc/Cyclohexane (1:1)

to give 2e (1.32 mmol, 242 mg, 44%) as a white powder.

4-Hydroperoxy-4-(2-methoxyethyl)cyclohexa-2,5-dien-1-one 2e!%°

OCHg 10
'H NMR (400 MHz, Chloroform-d): § 9.47 (s, 1H, 7), 6.96 (d, J = 10.2 Hz, 2H, ),6.29(d, J =
10.2 Hz, 2H, 2/4), 3.47 (t,J = 5.9 Hz, 2H, 9), 3.31 (s, 3H, 10), 2.03 (t, J = 5.9 Hz, 2H, 8).
13C NMR (101 MHz, Chloroform-d): 6 185.8 (3), 148.3 (1/5), 130.4 (2/4), 79.7 (6), 67.5 (9),
58.9 (10), 36.4 (8).
HRMS (ESI) m/z calcd [CoH1204Na]* ([M + Na]*): 207.0628, found 207.0627.
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3.5.6. Protection of L-tyrosine methyl ester 1f* with Boc (Batch)

OH OH
TEA, Boc,0, DCM
o 24 h,rt. o
o7y o7

NH, HN\H/07<

o}

1+ 1§

0.3M

Procedure: L-tyrosine methyl ester 1f* (1.0 eq, 50.3 mmol, 9.81 g, 0.3 M) was added to
dichloromethane (145 mL), followed by the addition of trimethylamine (2.0 eq, 101 mmol,
13.9 ml). The solution was cooled down to 0 °C with an ice-bath and di-tert-
butyl dicarbonate (1.1 eq, 55.0 mmol, 12.0 g) was added in portions. After the reaction
mixture was stirred for 24 h at room temperature, an acidic extraction using 1 M citric acid (2
x 40 mL), followed by water (40 mL) and brine (2 x 80 mL) was performed, and the organic

phase was dried over Na,SQ,, filtrated and concentrated under vacuum.

Results: The product was purified by flash chromatography column and eluted with a

mixture EtOAc/Cyclohexane (3:7) to give 1f (27.9 mmol, 8.24 g, 56%) as a white solid.

Methyl (tert-butoxycarbonyl)-L-tyrosinate 1f'°°

OH 7

SoNe
14
13

MHlil 2.0
oK
O 16

'H NMR (400 MHz, Chloroform-d): 6 6.95 (d, J = 8.3 Hz, 2H, 1/5), 6.72 (d, J = 8.3 Hz, 2H, 2/4),
6.16 (s, 1H, 17), 5.03 (d,/= 8.4 Hz, 1H,11), 4.53 (dt,J= 8.4,6.0 Hz, 1H, 8), 3.71 (s,
3H, 10), 3.03 (dd, J = 14.0, 6.0 Hz, 1H, 7), 2.95 (dd,J= 14.0, 6.0 Hz, 1H, 7’), 1.41 (s, 9H,
14/15/16).

13C NMR (101 MHz, Chloroform-d): 6§ 172.8 (9), 155.5 (12), 155.3 (3), 130.5 (1/5), 127.6 (6),
115.6 (2/4), 80.4 (13), 54.7 (8), 52.4 (10), 37.7 (7), 28.4 (14/15/16).

HRMS (ESI) m/z calcd [CisH21N1O0sNal* ([M + Na]*): 318.1312, found 318.1313.
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3.5.7. Dearomatisation of N-Boc-L-tyrosine methyl ester 1f

OH (0}
MeOH,TPFPP, biphenyl
hv, O, COy, 40 °C
(0] 2, 2 O OOH
o7y S0y

HN\H/O\K HN\H/O\’<

(0] (0}

1f 2f

1™

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols.

Reaction 1 (1 M, 26 min): 15 mL solution of N-Boc-L-tyrosine methyl ester 1f (1 eq, 15.0
mmol, 4.43 g, 1 M), TPFPP (0.05 mol%, 7.50 umol, 7.31 mg) and biphenyl (0.04 eq, 0.600
mmol, 92.5 mg) in MeOH.

Results: The system reached a steady state after 3.5 h of reaction. *H NMR spectroscopy
analysis: conversion of 1f = 25%, yield of 2f = 26% and projected productivity = 6 g/day.
Another sample was collected for 40 min (2 mL), concentrated under reduced pressure and
purified by flash chromatography column, eluted with a mixture of EtOAc/Cyclohexane (1:1)

to give a novel compound 2f (0.605 mmol, 198 mg, 30%) as a white solid.

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(1-hydroperoxy-4-oxocyclohexa-2,5-dien-1-yl)
propanoate 2f (novel compound)

2 4
O 1 5
; OOH;
S
15
14

12Hfil 13,0
O
(0]

17

1H NMR (400 MHz, Methanol-ds): § 7.00 — 6.94 (m, 2H, 1/5), 6.31 (d, J = 10.0 Hz, 1H, 2), 6.22
(d,J=10.0 Hz, 1H, 4), 4.20 (dd, J = 10.2, 3.2 Hz, 1H, 9), 3.70 (s, 3H, 11), 2.34 (dd, J = 14.2, 3.2

Hz, 1H, 8), 2.05 (dd, J = 14.2, 10.2 Hz, 1H, &), 1.41 (s, 9H, ).
13C NMR (101 MHz, Methanol-d.): § 187.4 (3), 173.7 (10), 157.4 (13), 151.1 (1), 150.2 (5),
132.0 (2), 130.7 (4), 80.8 (6), 80.6 (14), 52.9 (11), 50.9 (9), 39.4 (8), 28.7 ( ).

HRMS (ESI) m/z calcd [C1sH21N107Nal* ([M + Na]*): 350.1210, found 350.1210.
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3.5.8. Dearomatisation of 4-(hydroxymethyl)phenol 1g (Batch)

OH o
CDCI3, CD30D, TPFPP

hv, Oz rt, 1.5h

HO OOH
OH

1g 2g
0.05M

Procedure: In a sealed vial with a magnetic stir bar and a balloon filled with O,, a solution
of 4-(hydroxymethyl)phenol 1g (1 eq, 0.202 mmol, 25.1 mg, 0.05 M) and TPFPP (0.1 mol%,
0.202 pmol, 196 pg) in CDCls (3 mL) and CDsOD (1 mL) was added at room temperature. The
sealed vial was put inside a beaker with water and irradiated by a block of white visible light
LEDs (containing 5x 1000 Lumen LEDs). After 1.5 h of reaction, a sample was analysed by *H
NMR spectroscopy, but the spectra showed a complex mixture. The presence of the desired

product was supported by a Kl starch paper test and HRMS.

HRMS (ESI) m/z caled [C;HsO4]* (M*): 156.1370, found 156.1381.

3.5.9. Dearomatisation of 4-(hydroxymethyl)phenol 1g

OH o}
MeOH, TPFPP, biphenyl

N

hv, O, CO,, 40 °C

HO OOH
OH

19 2g
0.1M
Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols.

Reaction 1 (0.1 M, 26 min): 15 mL solution of 4-(hydroxymethyl)phenol 1g (1 eq, 1.50
mmol, 186 mg, 0.1 M), TPFPP (0.05 mol%, 0.750 umol, 730 pg) and biphenyl (0.07 eq, 0.105
mmol, 16.2 mg) in MeOH.

Results: After 4 h of reaction, the 'H NMR spectroscopy analysis showed conversion of
1g = 10%, but no signals of the product 2g. However, a Kl starch paper test detected the
presence of p-peroxyquinol. Another sample was collected for 50 min (2.5 mL) overa 1.5 M
solution of Na,S,03; to quench the p-peroxyquinol. The crude was extracted with MeOH,
concentrated under vacuum and analysed by 'H NMR spectroscopy, which only showed

peaks of the starting phenol 1g.
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3.5.10. Protection of 4-(hydroxymethyl)phenol 1g with TBS (Batch)

OH OH OTBS
1. TBSCI, imidazole, DMF, 0 °C
+
2.30°C,12h
OH OTBS OTBS
1g 1h 1’
3.2M

Procedure: In a sealed 100 mL round-bottom flask with a magnetic stir bar and nitrogen-
filled balloon, 4-(hydroxymethyl)phenol 1g (1.0 eq, 64.5 mmol, 8.00 g, 3.2 M) was added and
diluted with dry DMF (20 mL) over an ice bath at 0 °C. After cooling down, imidazole (1.2 eq,
77.4 mmol, 5.27 g) and tert-butyldimethysilyl chloride (1.2 eq, 77.4 mmol, 11.7 g) were
added into the solution and the reaction mixture was stirred for 5 min. The reaction was then
allowed to warm up under an oil bath at 30 °C and it was kept stirring for 12 h. After
completion, the reaction was diluted with Et,0 (200 mL). A saturated solution of NH4Cl (250
mL) was then added to the mixture, followed by addition of brine (250 mL) during extraction
with diethyl ether. The ethereal phase was dried over MgSOQ,, filtrated and concentrated

under vacuum.

Results: The product was purified by flash chromatography column and eluted with a
mixture of EtOAc/Cyclohexane (1:4) to give 1h (56.9 mmol, 13.6 g, 88%) as a yellow oil and
1h’ (6.47 mmol, 2.28 g, 10%) as a colourless liquid.

4-(((Tert-butyldimethylsilyl)oxy)methyl)phenol 1h'%®

14 OH
3
2 4

4 s M

T & /sz

Na

7 oSiT 1013
9

(0]

H NMR (400 MHz, Chloroform-d): § 7.18 (d, J = 8.6 Hz, 2H, 1/5), 6.77 (d, J = 8.6 Hz, 2H, 2/4),
5.98 (s, 1H, 14), 4.68 (s, 2H, 7), 0.96 (s, 9H, 11/12/13), 0.12 (s, 6H, 8/9).

13C NMR (101 MHz, Chloroform-d): & 154.9 (3), 133.2 (6), 128.1 (1/5), 115.4 (2/4), 65.1 (7),
26.1(11/12/13), 18.6 (10), -5.0 (8/9).

HRMS (ESI) m/z calcd [C13H220,SiNa]* ([M + Na]*): 261.1281, found 261.1295.
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tert-butyl((4-((tert-butyldimethylsilyl)oxy)benzyl)oxy)dimethylsilane 1h’1%’

1H NMR (400 MHz, Chloroform-d): 6 7.18 (d, J = 8.6 Hz, 2H, 6/7), 6.81 (d, J = 8.6 Hz, 2H,
8/9), 4.68 (s, 2H, 10), 1.00 (s, 9H, 1/2/3), 0.94 (s, 9H, 13/14/15), 0.20 (s, 6H, 4/5), 0.10 (s,
6H, 11/12).

HRMS (ESI) m/z caled [C1oH350,Si2Na]* ([M + Na]*): 375.2146, found 375.2145.
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3.5.11. Dearomatisation of 4-((tert-butyldimethylsilyloxy)methyl)phenol 1h

OH (0}
MeOH, TPFPP, biphenyl

hv, O, COy, 40 °C

HOO OTBS
OTBS

1h 2h
Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols.

- Reaction 1 (0.1 M, 26 min): 20 mL solution of 4-((tert-butyldimethylsilyloxy)methyl)
phenol 1h (1 eq, 2.00 mmol, 476 mg, 0.1 M), TPFPP (0.05 mol%, 1.00 umol, 975 ug) and
biphenyl (0.07 eq, 0.140 mmol, 21.6 mg) in MeOH.

Results: The system reached a steady state after 4 h of reaction. *H NMR spectroscopy

analysis: conversion of 1h = 16%, yield of 2h = 16% and projected productivity = 312 mg/day.

- Reaction 2 (1 M, 26 min): 16 mL solution of 4-((tert-butyldimethylsilyloxy)methyl)
phenol 1h (1 eq, 16.0 mmol, 3.81 g, 1 M), TPFPP (0.05 mol%, 8.00 umol, 0.780 pg) and
biphenyl (0.07 eq, 1.12 mmol, 173 mg) in MeOH.

Results: The system reached a steady state after 4 h of reaction. *H NMR spectroscopy
analysis: conversion of 1h = 54%, yield of 2h = 56% and projected productivity = 11 g/day.
Another sample was collected for 30 min (1.5 mL), concentrated under reduced pressure and
purified by flash chromatography column, eluted with a mixture of EtOAc/Cyclohexane (1:4)
to give 2h (0.673 mmol, 182 mg, 45%) as a pale-yellow solid. Even though the **C NMR
spectroscopy was too diluted, and the carbonyl signal was missing, it was decided not to

isolate this compound again for safety reasons (compound turned black inside the freezer).

4-(((Tert-butyldimethylsilyl)oxy)methyl)-4-hydroperoxycyclohexa-2,5-dien-1-one 2h (novel
compound)

T
'H NMR (400 MHz, Chloroform-d): &6 8.16 (s, 1H, 7), 6.97 (d, J = 10.3 Hz, 2H, 1/5), 6.38 (d, J
=10.3 Hz, 2H, 2/4), 3.76 (s, 2H, 8), 0.88 (s, 9H, 12/13/14), 0.06 (s, 6H, 9/10).
13C NMR (101 MHz, Chloroform-d): & 146.2 (1/5), 132.0 (2/4), 82.0 (6), 66.6 (8), 25.9

(12/13/14), 18.4 (11), -5.3 (9/10).
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3.5.12. Dearomatisation of 4-hydroxybenzotrifluoride 1i

OH
MeOH,TPEPP, biphenyl
hv, O, CO,, 40 °C
CF, HOO CF,
1i 2i
1™

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols.

Reaction 1 (1 M, 26 min): 20 mL solution of 4-hydroxybenzotrifluoride 1i (1 eq, 20.0
mmol, 3.24 g, 1 M), TPFPP (0.05 mol%, 100 umol, 9.75 mg) and biphenyl (0.07 eq, 1.40 mmol,
216 mg) in MeOH.

Results: Samples were taken and analysed by *H NMR spectroscopy every 30 min for 4

h, but no product 2i was observed. The starting material was fully recovered.
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4. Continuous flow telescoped synthesis of 1,2,4-trioxanes

4.1. Introduction

Trioxanes are a class of organic compounds containing a molecular framework
consisting of a six-membered heterocyclic ring with three oxygen atoms. The most common
isomers found in the literature are 1,2,3-, 1,3,5- and 1,2,4-trioxanes, which will be discussed

below (Figure 33).

1 1"\ ~5 1
£ TS5 4
Ne) Ne) ~

1,2,3-trioxane 1,3,5-trioxane 1,2 ,4-trioxane
Figure 33. Most common isomers of trioxane: 1,2,3-, 1,2,5- and 1,2,4-trioxane.

This scaffold was discovered by Pratesi in 1885, when paraformaldehyde was heated up
with sulfuric acid forming a cyclic trimer called 1,3,5-trioxane.'®® This trioxane is mainly used

19 and has applications in the synthesis of zeolites?®

as an anhydrous source of formaldehyde
and polyoxometallates (POMs).? In contrast, 1,2,3-trioxanes are scarce in the literature.
One of the only examples of this compound was identified as an intermediate in the
oxidation of 2,4-didehydroadamantane.?° Among its isomers, 1,2,4-trioxanes are by far the

ones with the greatest academic and medicinal interest.

The growing interest in 1,2,4-trioxanes was motivated by the discovery of artemisinin in
the 1970s, representing a new potent class of antimalarial drugs.?®®> Malaria is a major life-
threatening disease (Figure 34) responsible for 229 million infections and 409,000 deaths in
2019.2% This disease is caused by Plasmodium parasites and transmitted through Anopheles
mosquito bites (Figure 34). Although RTS,S is the only approved malaria vaccine,?® it has
shown low efficacy (29-36%), encouraging the development of numerous other vaccines
which are still in early clinical trials.?’® Nevertheless, the most well-established prevention
and treatment for malaria are vector control using insecticides, and the use of antimalarial

drugs, such as artemisinin.
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- Malaria transmission is not known to occur
Malaria transmission occurs in some places

- Malaria transmission occurs throughout
Figure 34. World map of where Malaria occurs®®” and photograph of a female Anopheles
mosquito.?%

Artemisinin can be isolated from the extracts of the plant Artemisia annua and its
structure consists of a sesquiterpene lactone with a unique 1,2,4-trioxane pharmacophore
(Figure 35). Its endoperoxide bridge is known to be essential for its pharmacological

activity.?®

Artemisinin

Figure 35. Photograph of the plant Artemisia annua®° and chemical structure of artemisinin
with 1,2,4-trioxane framework highlighted in blue.

Artemisinin-based Combination Therapy (ACT) is currently the most effective and used
treatment for malaria worldwide.?!! In addition to its antimalarial properties, its derivatives
(e.g. artemether, dihydroartemisinin and artesunate) were found to have numerous

medicinal properties (Figure 36). Some of these biological activities include anticancer,?!?

213 214
1, l,

antivira antibacteria antidiabetic,?®> and more recently, artemisinin has been studied
for the treatment of SARS-CoV-2 (COVID-19).2%% 2 The numerous applications of Artemisinin
are related to the varied mechanisms of action, high selectivity and potency, low toxicity,

and fast-acting.?
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Artemether Dihydroartemisinin Artesunate
Figure 36. Most common derivatives: artemether, dihydroartemisinin and artesunate. 1,2,4-
trioxane scaffold is highlighted in blue and the derivatisation for each compound is shown in green.

However, the main commercial source of artemisinin is still A. annua, production of
which is limited and unpredictable.?! This results in global shortages and consequently price
fluctuation. In 2013, Sanofi developed the first industrial semi-synthesis of artemisinin from
artemisinic acid.>? The synthesis was achieved in four steps with 40% overall yield, producing
approximately 60 tonnes of artemisinin per year (Scheme 24). The most challenging step in
this transformation was the photooxidation of anhydride of dihydroartemisinic acid (DHAA),
followed by Hock cleavage and cyclisation (Scheme 25), because it results in numerous

impurities and moderate yield of 41%.

H:
7 H,, MeOH, Et3N EtOC(O)CI, K,CO3
Ru catalyst CH.Cl,
99% >99 %
HOOC EO
Biosynthetic 95 / 5 selectivity
Artemisinic acid Dihydroartemisinic acid (DHAA)

Hock cleavage
Cyclisation

41%

Hg lamp, TPP, air

TFA, CH,Cl,

Artemisinin
40 % overall yield

Scheme 24. Industrial semi-synthesis of artemisinin by Sanofi.>?

Anhydride hydroperoxide
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Hock
cleavage

closure

Artemisinin
Scheme 25. Hock cleavage followed by ring closure mechanism in the synthesis of Artemisinin by
Sanofi.*?

The first continuous flow approach for the semi-synthesis of artemisinin was published
by Seeberger, obtaining artemisinin in 46% overall yield.'?® However, the use of costly
halogenated solvent DCM, toxic trifluoroacetic acid (TFA), and inconvenient low
temperatures (-20 °C) for the key photooxidation step are problematic for scale-up. This
procedure paved the way for the development of more sustainable continuous flow

approaches.

Our research group reported a greener alternative for the continuous flow production
of artemisinin from dihydroartemisinic acid using cheap and non-flammable liquid C0,.1%’
The reaction was catalysed by Amberlyst-15 with photosensitiser TPP or TPFPP immobilised

in the acid catalyst (packed bed), obtaining artemisinin in 39% overall yield (Scheme 26).

[CO;z + O3]

COzH
3 + [co-solvent]
DHAA

sensitizer-Amberlyst ] -

Fixed-bed photoreactor

[CO,+0;] —-f—
BPR
(180 bar) 1 + [co-solvent]

Scheme 26. A greener continuous flow semi-synthesis of artemisinin from DHAA using liquid
C02.127

Given the challenges related to artemisinin’s production and increasing drug resistance

reported in parts of South-East Asia of artemisinin and its derivatives,??° ongoing research
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has focused on the development of novel 1,2,4-trioxane compounds with potential

antimalarial activities.??!?%3

One of the earliest publication on the synthesis of 1,2,4-trioxanes was reported by Payne
and Smith in 1957.22* Cyclohexene epoxide in the presence of hydrogen peroxide, acetone,
and tungstinic acid (H,WO.), afforded trans-1,2-cyclohexanediol and trioxane A in 24% and
20% vyield respectively (Scheme 27). Due to significant contamination of trioxane A with
highly explosive triacetone triperoxide (TATP) — formed by reaction between hydrogen

peroxide and acetone — the crude reaction was hydrogenated for safety reasons.

H
O: H,0,, H,WO, acetone @0% O,OH
o) +
o] i
50 °C, 4h A O’O ‘OH
H
Cyclohexene Trioxane A Trans-1,2-cyclohexanediol

epoxide 20 % 24 %
Scheme 27. Synthesis of 1,2,4-trioxanes through oxidation of cyclohexene epoxide.??*

In 1990, an alternative method was proposed by Singh et. al. through photooxidation of
allylic alcohols, called Schenk-ene reaction.?”> Using methylene blue as the photosensitiser,
B-hydroxyhydroperoxides (B-HHPs) were obtained in moderate vyields. Acid catalysed

condensation between B-HHPs and acetone gave trioxane B in 38 — 66% yield (Scheme 28).

/©)v0H EtOAc, Methylene blue, O, /@JJ\(\ _H*, acetone Q)R/
X hv,0-10°C,10-16h 0°C 12h

Allylic alcohol 37-55% B-HHP 38 - 66 % Trioxane B
X =H, Me, OMe, F, CI

Scheme 28. Synthesis of 1,2,4-trioxanes through photooxidation of allylic alcohol.??

A different photooxidation procedure was published by Jefford and co-workers, this
time through a [4+2]-cycloaddition between singlet oxygen and 1,4-dimethylnaphthalene
(1,4-DMN).2%® The endoperoxide intermediate formed would then collapse into 1,4-DMN p-
peroxyquinol, followed by an acid catalysed acetalisation/oxa-Michael addition cascade with
acetaldehyde to give trioxane C in quantitative yield (Scheme 29). They also applied this

strategy to other substrates such as enol ethers and 1,4-dihydronaphthalene.??”- 228
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OO THF, Rose bengal, 02 MeCHO
hv, - 78 °C Amberlyst-15
overnlght

9 %
1,4-DMN 1,4-DMN p-peroxyquinol ¢ Trioxane C

Scheme 29. Synthesis of 1,2,4-trioxanes through photooxidation of 1,4-DMN.?%¢

Other examples of syntheses of 1,2,4-trioxanes have also been reported in the

29

literature, including oxidative photocycloaddition of 2H-pyrans,?*® p-benzoquinone/

cyclooctatetraene,? and oxygen mediated reaction between arylamines and aldehydes.?3!

Inspired by the synthesis of 1,2,4-trioxanes via acetalisation/oxa-Michael cascade,??®
and recent findings on the oxidative dearomatisation of p-substituted phenols,”” Rovis et. al.
published a novel asymmetric synthesis of 1,2,4-trioxanes combining these two strategies
(Scheme 30).1°® The acetalisation/oxa-Michael addition step was catalysed by a chiral 1,1'-
spirobiindane-7,7'-diol (SPINOL) derived phosphoric acid and a thiourea derivative as co-
catalyst. The scope of the reaction was expanded using different aldehydes and p-
peroxyquinols, giving twenty 1,2,4-trioxanes with high enantiomeric excess (ee) and

diastereomeric ratio (dr), and yields between 45 — 95%.

0 Acid catalyst (5 mol %) 0
OH " Oxone, NaHCO, co-catalyst (5 mol %)
H,O/MeCN DCE, 50°C, 12-48 h H
rt., 15 - 140 min O\ R2 16)
1
R 55-93 % 45-95% R oxo)w,Rz
[ ) 90-98 % ee
CF > 20:1 dr
s 8 20 examples
PhHN N CF4
H
SPINOL-derived Thiourea derivative
acid catalyst co-catalyst

Ar = 2,4 6-triisopropylphenyl
.

J

Scheme 30. Synthesis of 1,2,4 trioxanes via oxidative dearomatisation of p-alkyl-phenols
followed by acetalisation/oxa-Michael cascade.’®

This procedure has proven to be an efficient way to synthesise 1,2,4-trioxanes with high
yields, selectivity, and good functional group tolerance. Further applications in the synthesis
of other 1,2,4-trioxanes have been reported, including studies on their cytotoxicity and
pharmacokinetics.?3* 233 However, this procedure presents several challenges. The use of
costly and toxic halogenated solvent dichloroethane (DCE), long reaction times, and the need

to isolate hazardous p-peroxyquinols hampers the scalability of this process from a safety,
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economical, and environmental point of view. In fact, this procedure has never been scaled-

up above 0.1 mmol scale (< 40 mg of trioxane isolated).
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4.2. Aims and general strategy

Given the successful results obtained for the continuous flow dearomatisation of p-
substituted phenols 1 (Chapter 3) combined with the methodology developed by Rovis and
co-workers,'% our research group developed a novel continuous flow telescoped synthesis
of 1,2,4-trioxanes 3. The photooxidation of p-substituted phenols 1 using singlet oxygen and
supercritical CO, was coupled to an acetalisation/oxa-Michael cascade with an aldehyde 4,
catalysed by Amberlyst-15 (Scheme 31). Due to incompatibility for the second step of the

process, which will be discussed in the next section, the co-solvent was changed to EtOAc.

OH
Oy, hv, TPFPP, CO,, EtOAc Amberlyst-15, 40 °C, 3.6 min
HFIP (2 eq), 40 °C, 26 min O%/ R2 ) o
e R' OOH 4 Rlo. A,
(6] R
st nd
1 15! step 2 2" step 3
™ Yield 1t step / Yield 2" step
Productivity
H
vo ST oo yo L) oo L) oy, ()
0 0 ha 0 0
¥ g T ¥
Ko, 0 o .0
(6] (0]
3Wu-1 3Wu-2 3Wu-3 3ac
95% /21 % 47 %119 % >99% /72 % 95 % /88 %
4 g/day 4 g/day 14 g/day 15 g/day

Scheme 31. Summary of previous work on the continuous flow telescoped synthesis of 1,2,4-
trioxane in our research group.>2

The aims for this Chapter were:

e To expand the scope of the continuous flow dearomatisation of p-substituted
phenols 1 using EtOAc as the co-solvent.
e To expand the scope of the continuous flow telescoped synthesis of 1,2,4-

trioxanes
The following strategies were considered to address the above aims:

1. The photooxidation of p-substituted phenols 1 in EtOAc was first investigated
with the compounds previously synthesised in MeOH.
2. Next, the scope was expanded to p-substituted phenols 1 bearing other

functional groups at para-position.
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3. Following that, the scope of the telescoped synthesis of 1,2,4-trioxanes 3 was
expanded, screening various aldehydes 4 and p-peroxyquinols 2.
4. Different thermo reactor designs were considered and built in an attempt to

increase the yield for the cyclisation step.
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4.3. Results and discussion

Following the recent work developed by Dr. Wu, the scope of 1,2,4-trioxanes was further
explored. In this continuous flow multi-step synthesis, the photooxidation of p-substituted
phenols 1 using singlet oxygen in supercritical CO, was coupled with an acetalisation/oxa-
Michael addition between p-peroxyquinols 2 and aldehydes 4. This cyclisation step was
undertaken using a packed bed tubular reactor (thermo reactor) filled with an acid catalyst

Amberlyst-15 (Figure 37).

OH (0] (0]
Oz, hv, TPFPP, CO,, EtOAC Amberlyst-15, 40 °C
0,
HFIP (2 eq), 40 °C Oy _R2 1 o
R R OOH 4 Ro A
R
15t st 2" st
1 step 2 step 3
1™
CO; 0,DU
Pump
Mixer 1
Organic 404G
P 2
Aldehyde ump Thermo
. Reactor
solution
40 °C
g Photo
Reactor K
N Organic I
BPR § 40°C Pump 1
120 bar Substrate
solution
Mixer 2
40 °C
Product

Figure 37. Top: general scheme of the telescoped synthesis of 1,2,4-trioxanes. Bottom: a simplified
scheme of the high-pressure flow system used: photo reactor (10 mm outer diameter ‘0.d.”, 240 mm
length, 1 mm wall thickness, effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d., at
40 °C); thermo reactor (1/4 inch o.d., 1 mm wall thickness, 15 cm length, loaded with Amberlyst-15
and glass beads at 40 °C, high trip = 50 °C); cooling baths (photo reactor = 35.5 °C, LED lights = - 5 °C);
trips (system set pressure = 120 bar, high trip = 140 bar; oxygen set pressure = 180 bar, high trip = 190
bar, low trip = 160 bar; mixers set temperature = 40 °C, high trip = 50 °C). Flow rates and residence
times: (1) CO; 0.15 mL/min, HPLC pumps 0.05 mL/min, residence time (photo reactor) = 26 min and
(thermo reactor) = 3.6 min; (2) CO; 0.2 mL/min, HPLC pumps 0.1 mL/min, residence time (photo
reactor) = 17 min and (thermo reactor) = 2.3 min. Concentration of TPFPP = 0.3 mol%. Biphenyl used
as the internal standard for *H NMR spectroscopy quantification.
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4.3.1. Reaction Mechanism

The proposed mechanism for the cyclisation step starts with the nucleophilic attack of
the hydroperoxyl group in p-peroxyquinol 2 to the electrophilic site of the aldehyde 4,
leading to peroxyhemiacetal 2-i. The oxa-Michael addition step is initiated by the activation
of the ketone by Amberlyst-15 to form 2-ii, followed by a 1,4-conjugated addition of the
hydroxy group to the cyclohexadienone double bond in 2-iii. After regeneration of the acid

catalyst to form 2-iv, a keto-enol tautomerisation affords the 1,2,4-trioxane 3 (Scheme 32).

H+
- 0 %
Acetalisation Acid catalysis |
(O H* transfer +H*
| _— D —~
kRz » OH -H > OH
10-OH 4 o. o.
R - -
2 24 24ii

Acid catalyst

OH :
Oxa-Michael regeneratlon (A H*  Keto-enol
Addition tautomerlsm
—_— Of:/H +H
R1
o A

“0” "R2
2-iii 2-iv 3
Scheme 32. Proposed mechanism for the formation of 1,2,4-trioxanes 3.

One of the challenges in performing multi-step reactions is to find a suitable co-solvent
for both stages of the process, whilst maintaining a homogeneous solution throughout the
process to avoid blockages within the flow equipment. In Chapter 3, MeOH was used as the
co-solvent for the dearomatisation of p-substituted phenols 1. However, previous studies
from Dr. Wu showed that this solvent was not suitable for the oxa-Michael addition step.'*?
This is because MeOH is also nucleophilic, and it attacks the protonated aldehyde 4-i, to form
the species 4-ii (Scheme 33). This tetrahedral intermediate then collapses into 4-iii through
elimination of water. Acetalisation between p-peroxyquinol 2 and 4-iii gives the peroxyacetal

4-iv, regenerating the acid catalyst. For this reason, the co-solvent was changed to ethyl

acetate (EtOAc).
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2 .. 2 MeO 2
R MeSH 4 Q) R
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Ho T o Me  acetalisation
— @
! R oM
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R' O-OH
2 o\O)\R2
4-iv
Scheme 33. Proposed mechanism for the side reaction between p-peroxyquinol 2 and aldehyde

4.

4.3.2. Dearomatisation of p-substituted phenols 1 using EtOAc as co-solvent

As the dearomatisation of p-substituted phenols had been previously carried out using
MeOH as a co-solvent, the reactions had to be repeated using an alternative medium to test

its suitability (Scheme 34).

OH o 0

Acetalisation/
O,, hv, TPFPP, CO,, oxa-Michael addition

EtOAc, 40 °C Oy R? ) o)
R R' OOH 4 Rlo, A,
0" "R
t d
1 15t step 2 2% step 3

1™

Scheme 34. Dearomatisation of p-substituted phenols in EtOAc in the proposed telescoped
synthesis of 1,2,4-trioxanes.

Previous studies have described good results on the synthesis of 1,2,4-trioxanes in
dichloroethane.’®> However, halogenated solvents are not compatible with the high-
pressure flow setup used, as there is potential for corrosion of the tubing.?** Ethyl acetate
was chosen as it is considered a recommended solvent?*> and is easily removed from the
reaction mixture. In addition, the absorbance spectrum of the photosensitiser TPFPP in
EtOAc overlaps with the emission spectrum of the white LED lights used in the system (Figure

38).
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Figure 38. Left: absorbance spectrum of TPFPP in EtOAc (concentration = 0.8 ug/mL). Right:
emission spectrum of the Citizen LED lights.

The first compound to be tested for the photooxidation of p-substituted phenols using
EtOAc as the co-solvent was p-cresol 1a (Table 6). In the first experiment (Entry 1 — Table 6),
poor conversion (31%) and yield (28%) were obtained in 35 minutes of residence time. To
improve the reaction conversion, yield, and productivity, a co-catalyst hexafluoro-2-
propanol (HFIP) was added to the starting solution (Entry 2 — Table 6). Even with a shorter
residence time of 26 min, the addition of HFIP seemed to be crucial for this reaction, as over

a threefold increase in yield (95%) and projected productivity (10 g/day) was observed.

Table 6. Continuous flow dearomatisation of p-cresol 1a in EtOAc.

OH
EtOAc, TPFPP, bipheny!
h\/, 02Y COz, 40 °C

OOH

Residence time Conversion Yield of 2a Pro;ect.efd
{min) Co-catalyst of 1a (%) (%) productivity
(g/day)
1 35 - 31 28 3
2 26 HFIP (2 eq.) 95 95 10

High-pressure setup and other reaction parameters are shown in Figure 37. The thermo reactor was
not used for this reaction and the aldehyde solution was substituted for EtOAc only.

HFIP is miscible with most organic solvents and has low nucleophilicity compared to
other non-fluorinated alcohols. Particularly, HFIP has a strong ability to form hydrogen bonds
and to stabilise polarised species.?*® Based on Li and co-workers recent findings on the effect
of HFIP in hydride-transfer,?®” a catalytic mechanism was proposed (Scheme 35). It was

suggested that two molecules of HFIP could form an aggregate with p-cresol 1a and oxygen
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through hydrogen bonding, bringing the reactants closer and assisting the [4+2]
cycloaddition. The endoperoxide 1a-i would then form a second cluster with the co-catalyst,

facilitating the hydride-transfer to give p-peroxyquinol 2a.

F3C\(CF3 F3C\(CF3
O. o
HH [4+2]-Cycloaddition H 8+|| O
0.,,.0._CF; .0) {0 HOO
‘\ HY 0
lo CFs Z
o*
1a 1a-i 2a

Scheme 35. Proposed catalytic mechanism for the [4+2] cycloaddition assisted by HFIP based on
Li and co-workers mechanism.?%”

4.3.3. Dearomatisation of p-substituted phenols 1 using EtOAc as co-solvent

and HFIP as co-catalyst: scope of reaction

The scope of the continuous flow oxidative dearomatisation of p-substituted phenols 1
in scCO, was explored using EtOAc as the co-solvent and HFIP as the co-catalyst. Eleven p-
peroxyquinols 2 were synthesised from mono-, di-, and tri- substituted phenols, as well as

phenols bearing various substituents in the para position, as shown in Table 7.
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Table 7. Summary of results on the continuous flow dearomatisation of p-substituted phenols 1 in
EtOAc/HFIP. High-pressure setup and other reaction parameters are shown in Figure 37.

OH o)
0, hv, TPFPP, CO, EtOAc
HFIP (2 eq.), 40 °C, 26 min
R' R! OOH
1b-m 2b-m
Concentration NMR. NMR yield Pro;ect_e.d
(M) Conversion of 2 (%) productivity
‘ of 1 (%) ‘ ’ (g/day)
1 @ 1.0 >99 >99 11
OOH
2b
o
2 1.0 >99 >99 12
OOH
2c

0
OOH 1.0 Blockage
3
0.5 48 49 3

OOH
2e
T
5 oon ,tl 0.5 11 9 1
t-BuO” ~O
2f
o)
@HOH 0.1 Blockage
6
OOH
29 0.05 Blockage
0
@HOTBS
7 1.0 54 50 10
OOH
2h
o
8 m 1.0 >99 >99 12
OOH
2j
o
9 Ij\ﬂ 1.0 50 42 8
ooH NHBoc
2k
o
10 Ij\/YOCHs 1.0 71 58 9
OoH [
21
o o o
66
11 — 0.5 73 @m:2m' = | 2703
OOH o. OH 2m’' =4
O 1:16)
2m 2m’
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Dearomatisation of phenols 1b, 1c, 1d, 1e, and 1f

The photooxidation of p-substituted phenols was first carried out with seven phenols
previously tested in Chapter 3, using EtOAc and HFIP. Yields obtained for p-peroxyquinols 2b
to 2e (Entries 1 to 4 — Table 7) in EtOAc/HFIP were similar to the ones in MeOH in Chapter 3
(2b = >99%, 2c = >99%, 2d = 59%, 2e = 46%). For phenol 2d (Entry 3 — Table 7), the
concentration had to be lowered to 0.5 M, as the system tripped when the reaction was
performed at 1 M. As for phenol 2f (Entry 5 — Table 7), the yield dropped almost a third in
EtOAc/HFIP (9%) when compared to the reaction in MeOH (26%).

Dearomatisation of 4-(hydroxymethyl)phenol 1g and 4-((tert-
butyldimethylsilyloxy)methyl)phenol 1h

In Chapter 3, the dearomatisation of 4-(hydroxymethyl)phenol 1g was unsuccessful in
MeOH as the high-pressure system tripped during the reaction. The experiment was then
repeated in EtOAc/HFIP (Entry 6 — Table 7). At 0.1 M concentration, the system tripped due
to a sudden raise in the system pressure after 1 h of reaction. To assess whether the blockage
was caused by the starting solution or the p-peroxyquinols formed, the same reaction was
carried out once again in the same conditions, but with the LED lights turned off to inhibit
the formation of 10,. The system shut down within the same time frame, concluding that
precipitation from the starting solution was causing the blockage. The substrate
concentration was then halved, which resulted in the blockage occurring after 2 h of
reaction. It was then hypothesised that the precipitation of the highly polar starting material

was occurring when the solution was diluted with scCO..

To test this hypothesis, a phase behaviour experiment was performed in a high-pressure
static view cell, with a mechanical stirrer. A solution of 4-hydroxymethyl phenol 1g, HFIP,
TPFPP, and biphenyl in EtOAc was put in a vial inside the view cell (Figure 39 - left),
pressurised and heated up to mimic the same conditions in flow (120 bar, 40 °C). However,
the strong colour of TPFPP made visual analysis difficult and the solid precipitation observed
could not be attributed specifically to the phenol 1g due to the presence of other compounds

in the mixture (Figure 39 - right).
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Figure 39. Solubility test in a high-pressure static view cell with a solution of phenol 1g, HFIP,
TPFPP and biphenyl in EtOAc and CO.. Left: solution inside the view cell at 69 bar, 40 °C; right: view
cell at 120 bar, 40 °C. The blue circles correspond to solid precipitation.

A second experiment with only 4-(hydroxymethyl) phenol 1g, EtOAc and CO, was then
performed (Figure 40). In the first picture (Figure 40 - A), COx and EtOAc, are not miscible.
The view cell was then heated up to 40 °C and slowly pressurised up to 120 bar. The cloudy
state in Figure 40 - B represents the critical point in which the density of CO, largely
fluctuates, resulting in light scattering (critical opalescence).?®® The supercritical phase is
achieved when the temperature and pressure are above the critical point (73.8 bar and 31.1
°C), as shown in Figure 40 - C. From this experiment it was demonstrated that 4-
hydroxymethyl phenol 1g was not soluble in the conditions performed in flow (120 bar and
40 °C) in scCO,, as shown in Figure 40 - C, which explains the blockage issue that resulted in

the system trip.

e,

* co, ()

EtOAC (1)

Figure 40. Solubility test in a high-pressure static view cell with 4-(hydroxymethyl)phenol 1g, EtOAc
and CO,. The orange bars show the amount of 4-(hydroxymethyl)phenol 1g in the vial, and the blue
bar shows the liquid-gas phases. (A) Vial with phenol 1g inside the view cell, filled with EtOAcg and
CO,(q) at 69 bar, 40 °C; (B) critical point, in which CO; density largely fluctuates (critical opalescence);
(C) Supercritical phase between CO, and EtOAc, with most of 4-(hydroxymethyl)phenol 1g not soluble
in solution.

Given the dearomatisation of 4-(hydroxymethyl)phenol 1g was not possible in these

conditions, the photooxidation of 4-((tert-butyldimethylsilyloxy)methyl)phenol 1h with the
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benzyl group protected with tert-butyldimethylsilyl was repeated in EtOAc/HFIP (Entry 7 —
Table 7). The moderate conversion (54%) and yield (50%) obtained for 2h were slightly lower

when compared to the ones obtained in MeOH (conversion of 54% and yield of 56%).

Dearomatisation of 5-indanol 1j

After carrying out the dearomatisation of the phenols previously tested in Chapter 3,
the scope was expanded to other four p-substituted phenols 1. The photooxidation of 5-
indanol 1j, which is a bicyclic compound with a cyclopentene ring attached to the aromatic
ring, was carried out (Entry 8 — Table 7). Although the reaction reached full conversion and
guantitative yield of 2jin 1.5 h, the system over pressured due to solid precipitation in 2 h of

reaction.

Dearomatisation of N-Boc-tyramine 1k

Next, we decided to investigate tyramine 1k*, a fermentation product of tyrosine that
is formed by a decarboxylation reaction through tyrosine decarboxylase enzymes. To avoid
any side reactions, the free amino group in 1k* was protected with Boc,O before carrying
out the photooxidation?° (Scheme 36). N-Boc-tyramine 1k was obtained as a white solid in

excellent isolated yield of 91%.

oH TEA, Boc,0, THF, MeOH oH
18 h, r.t.
91 %
H
H2N XO\H/N
(¢}
1k* 1k
0.2M

Scheme 36. Protection of tyramine 1k* with Boc,0

The dearomatisation of N-Boc-tyramine 1k (Entry 9 — Table 7) gave a moderate yield of
42% and projected productivity of 8 g/day. This represents almost a fivefold increase in yield

compared to N-Boc-L-tyrosine methyl ester 1f.
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Dearomatisation of 3-(4-hydroxyphenyl)propionate 1/ and 4-(4-hydroxyphenyl)-2-

butanone 1m

For the two phenols tested above, the viability of a spontaneous intramolecular
cyclisation was investigated with a phenol bearing either an ester 1l (Entry 10 — Table 7) or a

ketone 1m (Entry 11 — Table 7) in the para substituent alkyl chain .

3-(4-Hydroxyphenyl) propionate 1l gave p-peroxyquinol 2l in moderate yield (58%) and
high projected productivity (9 g/day), and the ester functionality remained intact during the
photooxidation. However, p-peroxyquinol 2m obtained from 4-(4-hydroxyphenyl)-2-
butanone 1m spontaneously cyclised to give a spirocyclic peroxyhemiacetal 2m’ (62% yield),
as shown in Scheme 37. Products 2m and 2m’ were obtained as a yellow oil containing a
ratio of 2m: 2m’ of 1:6. This inseparable mixture was also reported by Carreiio and co-

workers with a similar ratio of 2m: 2m’ of 19:81.%°

H* transfer

[

HOO
'_\'
o)

) OH

O-0

2m 2m’
Scheme 37. Mechanism for the intramolecular acetalisation of p-peroxyquinol 2m.

4.3.4. Continuous flow telescoped synthesis of 1,2,4-trioxanes

Following the synthesis of eleven p-peroxyquinols using EtOAc (co-solvent) and HFIP (co-
catalyst) in continuous flow, the scope of the synthesis of 1,2,4-trioxanes was explored using

Amberlyst-15 as an acid catalyst (Scheme 38).

OH (0} o
Oy, hv, TPFPP, CO,, EtOAc Amberlyst-15, 40 °C, 3.6 min
HFIP (eq), 40 °C, 26 min Oy R? ) o)
R R' OOH 4 R o\o/L ,
st nd R
1 15! step 2 2"9 step 3

Scheme 38. Acetalisation/oxa-Michael addition cascade in the proposed telescoped synthesis of
1,2,4-trioxanes. High-pressure setup and other reaction parameters are shown in Figure 37.

Amberlyst-15 is a robust polymeric acid catalyst which has been reported to facilitate

acetalisation/Michael cascade reactions.?®! It can also be immobilised in packed bed
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reactors, simplifying purification, and its porosity enables easy penetration of the solution in
supercritical CO,. For these reasons, a thermo reactor designed by Dr. Wu was added to the
high-pressure flow setup.’®? The thermo reactor TR1-Amb consists of an electric-heated
tubular reactor packed with Amberlyst-15 and glass beads (Scheme 39). Glass beads are
added at the bottom of the reactor to enable pre-mixing of the two streams of p-
peroxyquinol 2 and aldehyde 4 solutions before they come into contact with Amberlyst-15.
A layer of glass wool was put at each end of the tubular reactor to prevent the solid catalyst

to flow into the system.

e N » Heating block
‘> Amberlyst-15

o of» Glass beads
(o (2 mm o.d.)

15cm

------------- » Tubular reactor < «» Glass wool

TR1-Amb

Scheme 39. Schematic of thermo reactor design TR1-Amb: 1/4 inch outer diameter ‘0.d.”, 1 mm
wall thickness, 15 cm length, effective volume = 0.9 mL, loaded with 0.75 g of Amberlyst-15, 0.85 g of
glass beads 2 mm o.d. and glass wool layer as each end of the tubular reactor.

Expanding the scope of 1,2,4-trioxanes using different aldehydes

The phenol derivative chosen for initial investigation was p-cresol 1a as it provided
excellent yield of 95% of p-peroxyquinol 2a and the methyl substituent provides low steric
hindrance towards the subsequent cyclisation step. Three 1,2,4-trioxanes were synthesised
varying the aldehyde counterpart for the acetalisation/oxa-Michael addition step, using
Amberlyst-15 at 40 °C (Table 8). 1,2,4-Trioxanes were numbered by combining the codes

from the p-peroxyquinol 2 and the aldehyde 4 that originated them.
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Table 8. Expanding the scope of the continuous flow telescoped synthesis of 1,2,4-trioxanes 3
using different aldehydes 4. High-pressure setup and reaction parameters are shown in Figure 37.

OH Q TR1-Amb, 3.6 min 0
Oy, hv, TPFPP, CO, EtOAc Amberlyst-15, 40 °C
HFIP (eq), 40 °C, 26 min Oy R o)
95 % OOH da-c o A
15t step 2" step 0" R
1a 2a 3a(a-c)
1M 4a R =Phenyl
4b R = Isopropyl
4c R = Cyclohexyl

Projected
productivity
(g/day)

Yield (%) ‘ Overall yield

Entry ‘ Compound ‘ ‘ of 3 (%)

1% step ‘ 2" step

1 WO 95 36 34 6
o
(*)-3aa
o T o K
2 ?) 95 98 93 14
o
(¥)-3ab
3a° " O 95 88 84 15
o) O
\I
O,O
3b® (¥)-3ac 95 62 59 21

These reactions were performed in collaboration with Dr. Wu. ° Reaction performed solely by Dr. Wu.
bResidence times: 15 step = 17 min and 2" step = 2.3 min.

The stereochemistry of the 1,2,4-trioxanes obtained was deduced from XRD analyses of
1,2,4-trioxanes synthesised in collaboration with Dr. Wu,**? IH NMR spectroscopy of the
crude reactions, and literature data.® 22 The 'H NMR spectroscopy of all crude reactions
showed only signals for one diastereoisomer. In addition, X-ray analysis of 1,2,4-trioxane 3ac
and other examples reported by Jefford??® and Rovis!® showed the formation of cis-fused

1,2,4-trioxanes with high dr (>20:1) and were isolated as a single diastereoisomer (Figure

41).
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Figure 41. Left: single-crystal XRD and structure of 1,2,4-trioxane 3ac (Abreu and Dr. Wu*>?).
Right: structure of 1,2,4-trioxanes synthesised by Jefford®?® and Rovis.'® The cis stereochemistry on
the 1,2,4-trioxanes is highlighted in blue.

The formation of cis-fused 1,2,4-trioxanes is kinetically controlled and the high

diastereoselectivity arises from the reduced 1,3-diaxial interaction in the cyclisation

242

transition state,”** giving the favoured 1,2,4-trioxanes (pair of enantiomers 3-i and 3-ii) as

shown in Scheme 40.

0 o]
KH»H enantiomers diastereoisomers H enantiomers
/\O - B e EE— -
(e}
Rﬁ R‘l
O. ,
O) ‘R2 R2 O\O)\RZ
3-i 3-iii
H H ¥ o) +
0f.o—f~r? -
H HO
o) R
Favoured Disfavoured

Scheme 40. Diastereoselective control on the formation of 1,2,4-trioxanes from the reduced 1,3-
diaxial interaction in the cyclisation transition state. One diastereoisomer is obtained as a mixture of
enantiomers (3-i and 3-ii).

The poor overall yield of 3aa (Entry 1 — Table 8) might be explained by the fact that
electron-rich aldehydes such as benzaldehyde 4a lead to a peroxyhemiacetal intermediate

which is less thermodynamically favoured.?*?

Although the best yield was achieved when isobutyraldehyde 4b was used (Entry 2 —
Table 8), cyclohexanecarboxaldehyde 4c was chosen for further screening of the reaction
(Entry 3a — Table 8). This is because 4c gave excellent yield (84%) and is less prone to

polymerisation compared to 4b.

To demonstrate that production of 1,2,4-trioxanes might be further increased, the

experiment with 4c was carried out with shorter residence time (Entry 3b — Table 8).
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Although there was a drop in yield from 84% (Entry 3a — Table 8) to 59%, the projected

productivity was raised to 21 g/day in comparison to 15g/day in the previous experiment.

Expanding the scope of 1,2,4-trioxanes using different p-substituted phenols

After screening different aldehydes for the synthesis of 1,2,4-trioxanes using p-cresol
1a, another nine p-substituted phenols 1 were investigated for the acetalisation/oxa-Michael

cascade step using cyclohexanecarboxaldehyde 4c (Table 9).

116



Table 9. Expanding the scope of the continuous flow telescoped synthesis of 1,2,4-trioxanes 3
using different phenols 1. High-pressure setup and reaction parameters are shown in Figure 37.

OH Q TR1-Amb, 3.6 min Q
Oy, hv, TPFPP, CO,, EtOAC Amberlyst-15, 40 °C
HFIP (eq), 40 °C, 26 min O%/R o
95 % OOH da-c oL
15t step 2"d step o° R
1a 2a 3a(a-c)
Y 4a R = Phenyl
4b R = Isopropyl
4c R = Cyclohexyl

NMRyield (%) guerallnmR | Frolected

Concentration

Entry ‘ Compound (M) Ttep — vield of 3 (%) prc():/udc;;\;ity
1 1.0 >99 85 84 16
2 1.0 >99 0 0 0
3 0.5 49 0 0 0
4 1.0 49 82 40 9
52 1.0 42 0 0 0
6° 1.0 50 56 28 8
7 1.0 58 90 52 12
8 0.5 66 0 0 0

@ Reaction performed by Dr. Wu. ° Product not isolated.
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The synthesis of 1,2,4-trioxanes 3bc (Entry 1 — Table 9), 3ec (Entry 4 — Table 9) and 3lc
(Entry 7 — Table 9) gave excellent yields for the 2" step of up to 90%. In particular, 1,2,4-
trioxane 3bc had high overall yield (84%) and projected productivity of 16 g/day (Entry 1 —
Table 9) owing to the quantitative yield for the 1%t step (> 99%). On the other hand, moderate
overall yields of 3ec (Entry 4 — Table 9) and 3Ic (Entry 7 — Table 9) were achieved as their
photooxidation step were not as efficient as 3bc. Although the overall yields were moderate,

the projected productivity of 1,2,4-trioxanes remained excellent (~10 g/day).

Purification challenges arose in the synthesis of 1,2,4-trioxane 3hc (Entry 6 — Table 9).
'H NMR spectroscopy and HRMS analyses showed the formation of 3hc, but the product
could not be purified. This compound was found to be unstable on silica during flash
chromatography purification, which was confirmed by a 2D thin layer chromatography (TLC)
analysis. A sample of the crude mixture was then concentrated under vacuum and a
crystallisation with diethyl ether was attempted, but no crystals could be formed. In another
crude sample containing the starting phenol 1h, p-peroxyquinol 2h and 1,2,4-trioxane 3hc,
tetrabutylammonium fluoride ‘TBAF’ was added to deprotect the silyl ether group®* in an
attempt to facilitate purification. However, deprotected trioxane 3hc’ was not identified in

the 'H NMR spectroscopy analysis after 24 h of reaction and a complex mixture was formed

TBAF, THF, rt éj\
TBSO

2h 3hc 3hc’

Crude mixture
Scheme 41. Attempted deprotection of crude mixture containing phenol 1h, p-peroxyquinol 2h
and trioxane 3hc with TBAF. X represents that 1,2,4-trioxane 3hc’ could not be obtained.

(Scheme 41).

TBSO
TBSO

Given the purification of 3hc was unsuccessful, the synthesis of a similar 1,2,4-trioxane
from p-peroxyquinol 2h was attempted, using isobutyraldehyde 4b instead of
cyclohexacarboxaldehyde 4c. The reaction was monitored by *H NMR spectroscopy for 4 h,

but no signals for the 1,2,4-trioxane 3hb were observed (Scheme 42).
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OH 0 O

TR1-Amb
EtOAC/HFIP, TPFPP, bipheny! Amberlyst-15, 40 °C, 3.6 min
N
hV, O2I COz, 40 °C, 26 min (e} TBSO (o)
50 % HOO H O.
OTBS OTBS 0

1h 2h 4b 3hb
1™ 1.2M

Scheme 42. Attempted continuous flow telescoped synthesis of 1,2,4-trioxane 3hb from p-
peroxyquinol 2h and isobutyraldehyde 4b. X represents that product 3hb could not be obtained.

1,2,4-Trioxanes 3cc (Entry 2 — Table 9), 3dc (Entry 3 — Table 9), 3Wu-4 (Entry 5 — Table
9) and 3mc (Entry 8 — Table 9) could not be obtained using this methodology. The steric
hindrance of the para substituent in the transition state to form the 1,2,4-trioxanes 3dc
(Entry 3 —Table 9) and 3Wu-4 (Entry 5 — Table 9) might explain the disfavoured formation of
the product. The instability of 1,2,4-trioxane 3cc (Entry 2 — Table 9) combined with steric

effects disfavours the formation of this product.

The catalysed intramolecular cyclisation of p-peroxyquinol 2m’ to give 1,2,4-trioxane 3m
(Scheme 43 - A) and the acetalisation/oxa-Michael addition between 2m and 4c (Scheme 43
- B) were also investigated. The formation of 1,2,4-trioxane 3m was thought to be hampered
by the unfavoured transition state in 2m’. Then, it was attempted to shift the equilibrium to
2m by reacting with aldehyde 4c, but no 1,2,4-trioxane 3mc was observed (Entry 8 — Table
9). An acid-catalysed aldol reaction between the ketone in 2m and aldehyde 4c is a possible

side reaction that could occur in these conditions.

:OH O /-J\ o
O\O Amberlyst-15, 40 °C

/o .o
o o ° OH =77 Xoomemes -
(A) 0
- .0
p— o) ) O
m
HOO 0 3m
0 o]
0 OH 5 Amberlyst-15, 40 °C
2m am | B e -
o
s oI
4c
3mc

Scheme 43. (A) Proposed intramolecular cyclisation of 2m’ to form 3m; (B) Proposed
acetalisation/oxa-Michael addition between 2m and 4c to give trioxane 3mc (B). X represents an
unfavoured attack of the hydroxyl group and X represents that the product could not be formed.

119



15cm

Continuous flow telescoped synthesis of 1,2,4-trioxanes using different thermo

reactor designs

To improve the yields for the second step of the process, different thermo reactor
designs were developed and tested (Scheme 44). Based on thermo reactor TR1-Amb, 0.75 g
of Amberlyst (Amb) and 0.85 g of glass beads were used for design TR2-Amb, split in four
alternate layers instead of two. In the last design TR3-Amb, the tubular reactor was packed

with a mixture of 0.75 g Amb and 0.85 g glass beads, but with the outer diameter of glass
beads decreased to 0.5—-0.75 mm.

1 .
4 \» Heating block g » Glass wool . Column frits
Egm ----- » Amberlyst-15
i ~» Amberlyst-15
33333330
% :
O%}-» Glass beads ~» Glass beads
(2mmo.d.) - Amberlyst-15 (0.5-0.75S mmo.d.)
______ Glass beads
L L Y » Tubular reactor < > Glass wool (2mmo.d.)
| 1
TR1-Amb TR2-Amb TR3-Amb
T Flow

Scheme 44. Schematic of thermo reactor designs, using a tubular reactor (1/4 inch outer diameter
‘0.d.”, 1 mm wall thickness, 15 cm length) loaded with glass beads and Amberlyst-15 (Amb): TR1-Amb:
effective volume = 0.9 mL, bottom layer = glass beads (0.85 g, 2 mm o.d.), top layer = Amb (0.75 g),
glass wool layer at each end. TR2-Amb: effective volume = 0.9 mL, glass beads = 0.85 g, 2 mm o.d.
(two layers), Amb = 0.75 g (two layers), glass wool layer at each end. TR3-Amb: effective volume = 1.1
mlL, mixture of glass beads (0.85 g, 0.5 —0.75 mm o.d.) and Amb (0.75 g), column frits at each end.

To test the efficiency of these thermo reactor designs, they were employed in the
synthesis of 1,2,4-trioxane 3bc as a model reaction. The yields and productivities were then

compared to the original design TR1-Amb (Table 10).
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Table 10. Telescoped synthesis of trioxane 3bc using different thermo reactor designs. High-
pressure setup and reaction parameters are shown in Figure 37.

OH o) 0}

EtOAc/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C
hv, O, CO,, 40 °C, 26 min O o

>99% OOH H o.
1b 2b 0

™ 4c

Entr Type of thermo  Residence time NMR yield Overall NMR roZL(ch;:::d3bc
¥ reactor 2" step (min) 2" step (%) vyield 3bc (%) P y
(s/day)
1 TR1-Amb 3.6 85 84 16
2 TR2-Amb 3.6 90 89 17
3 TR3-Amb 4.4 95 94 18

The reaction carried out with TR2-Amb resulted in an increase of 5% and 1 g/day in
overall yield and projected productivity of 3bc respectively (Entry 2 — Table 10) when
compared to the experiment with TR1-Amb (Entry 1 — Table 10). With the design TR3-Amb
(Entry 3 — Table 10), there was a 10% vyield increase when compared to TR1-Amb (Entry 1 —
Table 10), resulting in a projected productivity of 18 g/day. Although the increase in yield
and productivity of the last thermo reactor designed were not significant, these results are

promising, and this reactor could be tested with other substrates in the future.
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4.4. Conclusions

In this chapter, the previous methodology on photooxidation of p-substituted phenols
1 using singlet oxygen in supercritical CO, was employed in a telescoped synthesis of 1,2,4-

trioxanes 3.

Due to co-solvent incompatibility for the second step of the process, the photooxidation
step had to be re-optimised in an alternative co-solvent EtOAc. Addition of 2 equivalents of
HFIP as a co-catalyst gave a threefold yield increase and this optimised condition was used

for reaction screening.

The scope of the reaction was expanded from four (synthesised by Dr. Wu) to fifteen p-
peroxyquinols 2, with yields of up to > 99% (Scheme 45). From the two novel compounds
synthesised, p-peroxyquinol 2j possessing a 5-membered ring substituent gave quantitative
yields but caused blockages in the system. On the other hand, tyramine derivative 2k gave a
moderate yield of 42%. No intramolecular cyclisation occurred with 2l bearing an ester

group, whereas 2m containing a ketone substituent spontaneously cyclised to give 2m’.
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OH o o
Acetalisation/
Oy, hv, TPFPP, CO, EtOAc Oxa-Michael Addition
HFIP (eq), 40 °C, 26 min o 0
§ R’
R’ R1 OOH g2 Osg A,
1a-m 2a-m R
] L 4
Yield (Productivity) 3
1™
OCHjs
O\]\;jT 0 O\]\;j; 0. i 0
OOH OOH OOH OOH OOH
2a 2Wu-1 2b 2Wu-2 2c
28 % (3 g/day)? 0 a >99 % (11 g/da 56 % (11 g/da >99 % (12 g/da
95 % (10 g/day) 88 % (10 g/day) 6 (11 g/day) 6 (11 g/day) 6 (12 g/day)
0 0 0 ©)
OOH OOH OOH
2Wu-3 2j 2Wu-4 2d*
47 % (6 g/day) >99 % (12 g/day)P >99 % (11 g/day) 49 % (3 g/day)
|
o} o o
Ij\/\ Omo Ij\/\ @T/OH
OCH; NHBoc
NHB
OOH OOH oc OOH OOH
2e 2f* 2k 2g*
49 % (6 g/day) 9 % (1 g/day) 42 % (8 g/day) X
o} 0 o o o
OTBS
OCHj,4 —_—
2h 2| 2m*c 2m*™*
50 % (10 g/day) 58 % (9 g/day) 4 % (0.3 g/day) 62 % (4 g/day)

Concentration of TPFPP = 0.3 mol %; photo reactor (10 mm o.d., 240 mm length, 1 mm wall thickness,
effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d.); biphenyl as the internal standard. *0.5
M concentration. 2Residence time = 35 min, without HFIP. PSystem got tripped after 2 h of reaction. ©2m
was spontaneously converted to the hemiacetal 2m’.

Scheme 45. Summary of the dearomatisation of p-substituted phenols scope using EtOAc and 2
equivalents of HFIP. Blue compounds were synthesised by Dr. Wu. X represents compounds that
could not be synthesised.

After optimising the photooxidation of p-substituted phenols 1 in EtOAc/HFIP, the
telescoped synthesis of 1,2,4-trioxanes was performed through an acetalisation/oxa-Michael
addition cascade between peroxyquinols 2 and aldehydes 4, catalysed by Amberlyst-15
(Scheme 46).

First, the scope of reaction was investigated using peroxyquinol 2a and four aldehydes
(3Wu-1, 3aa, 3ab and 3ac), with yields from 21% to 98% for the second step. Although the
best yield was obtained with isobutyraldehyde 4b, cyclohexanecarboxaldehyde 4c was

chosen for further screening as it is less prone to polymerisation. To increase productivity,
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the reaction with 4c was repeated with a lower residence time, giving 21 g/day of 1,2,4-

trioxane 3ac.

Next, the scope was extended using aldehyde 4c and six p-peroxyquinols 2 with yields
(2" step) and productivities of up to 95% and 18 g/day respectively. 1,2,4-Trioxanes 3cc, 3dc,

3Wu-4, 3hb and 3mc could not be obtained using this methodology.

Combining the 1,2,4-trioxanes previously synthesised by Dr. Wu, a total of ten 1,2,4-
trioxanes were produced using a continuous flow telescoped approach, including four novel
compounds (3bc, 3ec, 3hc and 3Ic). The methodology has proven to be robust for a variety
of aldehydes 4 and mono- and di-substituted p-peroxyquinols 2. This novel continuous flow
multi-step process is safer, avoiding the isolation of hazardous p-peroxyquinols 2 which are
reacted in situ. It is also sustainable, using CO; as the solvent and small quantities of EtOAc
as the co-solvent instead of toxic dichloromethane previously used, minimising organic
waste. The use of a catalytic packed bed reactor also facilitates work-up and avoids
decomposition of the 1,2,4-trioxanes as they are not exposed to Amberlyst-15 for long

periods of time.

The results from this chapter have been accepted in the Organic Process Research &

Development journal:

Wu, L.; Abreu, B. L.; Blake, A. J.; Taylor, L. J.; Argent, S. P.; Poliakoff, M.; Boufroura, H.;
George, M. W., Multi-gram Synthesis of Trioxanes Enabled by a Supercritical CO; Integrated
Flow Process. Org. Process Res. Dev. 2021.DOI: https://doi.org/10.1021/acs.oprd.1c00111
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OH

R!

1a-m
1M

(£)-3Wu-1
95% /21 %
4 g/day

0,, hv, TPFPP, COy, EtOAC

HFIP (2 eq), 40 °C, 26 min

15t step

(¥)-3aa
95 % /36 %
6 g/day

oY N O O%%HOE\\O
o° o

(*)-3cc

o W Oﬁ O o Mo k

NHBoc
(*)-3Wu-4

X

(%)-3Wu-2
47 % 119 %
4 g/day

(@] (0]
Amberlyst-15, 40 °C, 3.6 min
o%/ R? R O
R 0OH dac o
2nd step 0" R?
2a-m 3(a-m)(a-c)
4a RZ=Phenyl  yieiq 15tstep / Yield 2™ step
4b R* = Isopropyl Productivity
4c R? = Cyclohexyl

(#)-3ab
95 % /98 %
14 g/day

(¥)-3ac
95 % /88 % 95 % /62 %?
15 g/day 21 g/day

(+)-3bcP
>99 % /95 %
18 g/day

o O o~ o\ O o~ Og‘\O

[0} W
.0
O’O o O
OCH3
(£)-3Wu-3 (%)-3dc* (£)-3ec
>99%/72% X 49 % /82 %
14 g/day 9 g/day
H H
oo () o o [
H . .
o OY\O WO Wo
0 o’ o
o
TBSO
O~ "OCHj O
(%)-3hc® (£)-3lc (%)-3mc*
50 /56 58 % /90 % X
8 g/day 12 g/day

Concentration of TPFPP = 0.3 mol %; photo reactor (10 mm o.d., 240 mm length, 1 mm wall thickness, effective volume = 5.2 mL, filled
with 38 glass beads with 6 mm o.d., at 40 °C); thermo reactor TR1-Amb: (1/4” 0.d., 0.049” wall thickness, 15 cm length, effective volume =
0.9 mL), filled with 0.75 g of Amb-15 and 0.85 g of glass beads (2 mm o.d.); biphenyl as the internal standard. *0.5 M concentration. 2
Residence time for the 15! step = 17 min and 2"¢ step = 2.3 min. PDifferent thermo reactor design: TR3-Amb: effective volume = 1.1 mL,
filled with 0.75 g of Amb-15 and 0.85 g of glass beads (0.5 - 0.75 mm o.d.). °Product not isolated.

Scheme 46. Summary of the telescoped synthesis of 1,2,4-trioxanes 3. Blue compounds were
synthesised by Dr. Wu. X represents compounds that could not be synthesised.
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4.5.Experimental procedures

Continuous flow oxidative dearomatisation of p-substituted phenols
using singlet oxygen in supercritical CO, (general guidelines)

OH 0]

EtOACc, TPFPP, biphenyl
HFIP, hv, Oy COy, 40 °C

R R OOH
1 2
€O, 0.DU
Pump
< ;; . Mixer 1
Organic 40°C
Pump 2

EtOAc

Photo

>< Reacto
' Organic —

BPR Pump 1

120 bar Substrate
solution

Mixer 2
40°C

Product

A simplified scheme of the high-pressure flow system for the dearomatisation of p-substituted
phenols.

System parameters: Photo reactor (10 mm outer diameter (0.d.)), 240 mm length, 1 mm
wall thickness, effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d., at 40 °C);
Cooling baths (photo reactor = 35.5 °C, LED lights = - 5 °C); Trips (System set pressure = 120
bar, high trip = 140 bar; Oxygen set pressure = 180 bar, high trip = 190 bar, low trip = 160

bar; Mixers set temperature = 40 °C, high trip = 50 °C), biphenyl as the internal standard.

Standard procedure (Chapter 2, section 2.1.3) parameters for different concentrations

and residence times

-1 M, residence time = 35 min: CO, (0.10 mL/min and overall [CO,] = 77%), O, (180 bar,
sample loop = 10 pL, switching time = 15.9 s, molar ratio O,: phenol = 2:1 and the overall [O;]

= 3.5 mol%), and HPLC pumps (0.05 mL/min).
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-1 M, residence time = 26 min: CO, (0.15 mL/min and overall [CO,] = 84%), O, (180 bar,
sample loop = 10 pL, switching time = 15.9 s, molar ratio O,: phenol = 2:1 and the overall [O;]

= 2.5 mol%), and HPLC pumps (0.05 mL/min).

- 0.5 M, residence time = 26 min: CO; (0.15 mL/min and overall [CO;] = 84%), O, (180
bar, sample loop = 10 pL, switching time = 15.9 s, molar ratio O,: phenol = 4:1 and the overall

[0,] = 2.6 mol%), and HPLC pumps (0.05 mL/min).

- 0.1 M residence time = 26 min: CO; (0.15 mL/min and overall [CO,] = 85%), O, (180
bar, sample loop = 10 pL, switching time = 15.9 s, molar ratio O,: phenol = 20:1 and the
overall [02] = 2.5 mol%), and HPLC pumps (0.05 mL/min).

- 0.05 M residence time = 26 min: CO; (0.15 mL/min and overall [CO,] = 85%), O» (180
bar, sample loop = 10 pL, switching time = 15.9 s, molar ratio O.: phenol = 40:1 and the
overall [02] = 2.5 mol%), and HPLC pumps (0.05 mL/min).

Reaction procedure: After the standard procedure (Chapter 2, section 2.1.3) was
performed, a solution of p-substituted phenol, HFIP, TPFPP and biphenyl in EtOAc was
prepared and sonicated for 30 min, unless stated otherwise. This solution was pumped into
the system, combined with the gaseous mixture (CO, and O,) on Mixer 2 and then passed
through the photo reactor. EtOAc was pumped after the photo reactor to dilute the mixture
and avoid any blockages, and the crude was collected after the BPR. After reaching the
steady state, a sample was collected for 3 min, nitrogen blow down for 3 min, and analysed
by 'H NMR spectroscopy. All the remaining p-peroxyquinols formed were quenched with a

saturated solution of thiourea in MeOH.

Reactions were monitored by *H NMR spectroscopy analysis of samples taken every 30
min. The steady state time was determined when two consecutives *H NMR spectroscopy
analysis showed constant conversion and yield values. Samples collected for purification
were taken after the steady state was reached. All the remaining reaction mixture was
guenched with a saturated solution of thiourea in MeOH. The conversion of p-substituted
phenols 1 was calculated as the following: *H NMR Conversion of 1 = 100 — X, where X = H

NMR Recovery of 1.

Data collected for known compounds is consistent with the literature. Compounds were
isolated is small quantities due to potential hazards associated with organic hydroperoxides

and endoperoxides.
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4.5.1. Dearomatisation of p-cresol 1a

OH 0}
EtOAc, TPFPP, biphenyl
hv, Oy CO,, 40 °C

OOH
1a 2a

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

- Reaction 1 (1 M, 35 min): 10 mL solution of p-cresol 1a (1 eq, 9.99 mmol, 1.08 g, 1 M),
TPFPP (0.3 mol%, 30.0 umol, 29.2 mg), biphenyl (0.07 eq, 0.699 mmol, 108 mg) in EtOAc.

Results: The system reached a steady state after 3 h of reaction. *H NMR spectroscopy

analysis: conversion of 1a = 31%, yield of 2a = 28% and projected productivity = 3 g/day.

- Reaction 2 (1 M, 26 min): 10 mL solution of p-cresol 1a (1 eq, 9.99 mmol, 1.08 g, 1 M),
TPFPP (0.3 mol%, 30.0 umol, 29.2 mg), biphenyl (0.07 eq, 0.699 mmol, 108 mg) and HFIP (2
eq, 20.0 mmol, 2.10 mL) in EtOAc.

Results: The system reached a steady state after 3 h of reaction. *H NMR spectroscopy

analysis: conversion of 1a = 95%, yield of 2a = 95% and projected productivity = 10 g/day.

Full characterisation in Chapter 3.
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4.5.2. Dearomatisation of 3,4-dimethylphenol 1b

OH
EtOAc, TPFPP, biphenyl
HFIP, hv, O, CO,, 40 °C
HOO
1b 2b
1™

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

- Reaction (1 M, 26 min): 15 mL solution of 3,4-dimethylphenol 1b (1 eq, 15.0 mmol,
1.83 g, 1 M), TPFPP (0.3 mol%, 45.0 umol, 43.9 mg), HFIP (2 eq, 30.0 mmol, 3.20 mL) and
biphenyl (0.07 eq, 1.05 mmol, 162 mg) in EtOAc.

Results: The system reached a steady state after 1.5 h of reaction. *H NMR spectroscopy

analysis: conversion of 1b = > 99%, yield of 2b = > 99% and projected productivity = 11 g/day.

Full characterisation in Chapter 3.

4.5.3. Dearomatisation of 2,4,6-trimethylphenol 1c

OH o)
EtOAc, TPFPP, biphenyl

HF|P, hV, 02’ COQ, 40 OC
OOH

1c 2c
1™

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

Reaction (1 M, 26 min): 15 mL solution of 2,4,6-trimethylphenol 1c (1 eq, 15.0 mmol,
2.04 g, 1 M), TPFPP (0.3 mol%, 45.0 umol, 43.9 mg), HFIP (2 eq, 30.0 mmol, 3.20 mL) and
biphenyl (0.07 eq, 1.05 mmol, 162 mg) in EtOAc.

Results: The system reached a steady state after 1.5 h of reaction. *H NMR spectroscopy

analysis: conversion of 1c = > 99%, yield of 2c = > 99% and projected productivity = 12 g/day.

Full characterisation in Chapter 3.
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4.5.4. Dearomatisation of 4-tert-butylphenol 1d

OH 0}

EtOAc, TPFPP, biphenyl

HFIP, hv, O, CO,, 40 °C
OOH

1d 2d
Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

- Reaction (1 M, 26 min): 20 mL solution of 4-tert-butylphenol 1d (1 eq, 20.0 mmol, 3.00

g, 1 M), TPFPP (0.3 mol%, 60.0 umol, 58.5 mg), HFIP (2 eq, 40.0 mmol, 4.20 mL) and biphenyl
(0.07 eq, 1.40 mmol, 216 mg) in EtOAc.

Results: After 2.5 h of reaction, the flow system got tripped due to over pressure caused

by solid precipitation.

- Reaction (0.5 M, 26 min): 15 mL solution of 4-tert-butylphenol 1c (1 eq, 7.52 mmol,
1.13 g, 0.5 M), TPFPP (0.3 mol%, 22.6 umol, 22.0 mg), HFIP (2 eq, 15.0 mmol, 1.60 mL) and
biphenyl (0.07 eq, 0.526 mmol, 81.2 mg) in EtOAc.

Results: The system reached a steady state after 4 h of reaction. *H NMR spectroscopy

analysis: conversion of 1d = 48%, yield of 2d = 49% and projected productivity = 3 g/day.

Full characterisation in Chapter 3.
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4.5.5. Dearomatisation of 4-(2-methoxyethyl)phenol 1e

OH (0]

EtOAc, TPFPP, biphenyl

HFIP, hv, O, CO,, 40 °C
: HOO

OCHj3 OCH3
1e 2e
1™

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

Reaction (1 M, 26 min): 15 mL solution of 4-(2-methoxyethyl)phenol 1e (1 eq, 14.8
mmol, 2.25 g, 1 M), TPFPP (0.3 mol%, 44.4 umol, 43.3 mg), HFIP (2 eq, 29.6 mmol, 3.20 mL)
and biphenyl (0.07 eq, 1.04 mmol, 160 mg) in EtOAc.

Results: The system reached a steady state after 3 h of reaction. *H NMR spectroscopy

analysis: conversion of 1e = 48%, yield of 2e = 49% and projected productivity = 6 g/day.

Full characterisation in Chapter 3.
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4.5.6. Dearomatisation of N-Boc-L-tyrosine methyl ester 1f

OH 0
EtOAc, TPFPP, biphenyl
HFIP, hv, O, CO,, 40 °C
O 2, L2 (0] OOH
07 o7y
HNTOK HN\H/O\’<
o] o
1f 2f
05M

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

Reaction (0.5 M, 26 min): 28 mL solution of N-Boc-L-tyrosine methyl ester 1f (1 eq, 14.0
mmol, 4.13 g, 0.5 M), TPFPP (0.3 mol%, 42.0 umol, 40.9 mg), HFIP (2 eq, 28.0 mmol, 2.90 mL)
and biphenyl (0.07 eq, 0.980 mmol, 151 mg) in EtOAc.

Results: The system reached a steady state after 4 h of reaction. *H NMR spectroscopy

analysis: conversion of 1f = 11%, yield of 2f = 9% and projected productivity = 1 g/day.

Full characterisation in Chapter 3.
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4.5.7. Dearomatisation of 4-(hydroxymethyl)phenol 1g

OH (0]
EtOAc, TPFPP, biphenyl

N
HFIP, hv, O, CO,, 40 °C

HO OCH
OH

19 29
Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

- Reaction 1 (0.1 M, 26 min): 15 mL solution of 4-(hydroxymethyl) phenol 1g (1 eq, 1.50
mmol, 186 mg, 0.1 M), TPFPP (0.3 mol%, 4.50 umol, 4.39 mg), biphenyl (0.07 eq, 0.105 mmol,
16.2 mg), and HFIP (2 eq, 3.00 mmol, 315 L) in EtOAc.

Results: After 1 h of reaction, the flow system got tripped due to over pressure caused

by solid precipitation.

- Reaction 2 (0.05 M, 26 min): 15 mL solution of 4-(hydroxymethyl) phenol 1g (1 eq, 750
pmol, 93.1 mg, 0.05 M), TPFPP (0.3 mol%, 2.25 umol, 2.19 mg), biphenyl (0.07 eq, 52.5 umol,
8.10 mg), and HFIP (2 eq, 1.50 mmol, 158 pL) in EtOAc.

Results: After 2 h of reaction, the flow system got tripped due to over pressure caused

by solid precipitation.

133



4.5.8. Solubility test of 4-(hydroxymethyl)phenol 1g (high-pressure view cell)

ﬁ Overhead stirrer

OH

Outlet

OH
19

High-pressure view cell

Simple schematic of the high-pressure view cell. More details about this setup can be found in
Chapter 2.

The following tests were performed following the standard and shutdown procedures

for the high-pressure view cell (see Chapter 2).

- Test 1: A 5 mL solution of 4-(hydroxymethyl)phenol 1g (1 eq, 501 umol, 62.2 mg, 0.1
M), TPFPP (0.3 mol%, 1.50 umol, 1.46 mg), biphenyl (0.07 eq, 35.1 umol, 5.41 mg), and HFIP

(2 eq, 1.00 mmol, 105 uL) was added to a vial and put inside the view cell.

Results: After the system reached supercritical conditions used in the previous flow
experiments (120 bar, 40 °C), it was observed solid particles on the window of the view cell.

To confirm if the solid was the phenol 1g, another test was carried out.

- Test 2: 4-(hydroxymethyl) phenol 1g (1 eq, 1.50 mmol, 186 mg) was added to a vial and
put inside the view cell, followed by the addition of 15 mL of EtOAc, resulting in a 0.1 M

solution.

Results: After the system reached the supercritical conditions (120 bar, 40 °C), it was

observed solid particles of phenol 1g on the window of the view cell.
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4.5.9. Dearomatisation of 4-((tert-butyldimethylsilyloxy)methyl)phenol 1h

OH (0]
EtOAc, TPFPP, biphenyl

HFIP, hv, O,, CO,, 40 °C
HOO \—OTBS
OTBS

1h 2h
1™

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

- Reaction (1 M, 26 min): 12 mL solution of 4-((tert-butyldimethylsilyloxy)methyl)phenol
1h (1 eq, 12.0 mmol, 2.86 g, 1 M), TPFPP (0.3 mol%, 36.0 umol, 35.1 mg), HFIP (2 eq, 24.0
mmol, 2.52 mL) and biphenyl (0.07 eq, 0.840 mmol, 130 mg) in EtOAc.

Results: The system reached a steady state after 3.5 h of reaction. *H NMR spectroscopy

analysis: conversion of 1h = 54%, yield of 2h = 50% and projected productivity = 10 g/day.

Full characterisation in Chapter 3.
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4.5.10. Dearomatisation of 5-indanol 1j

OH O
EtOAc, TPFPP, biphenyl

HF|P, hV, 02, COz, 40 0C
HOO

1j 2j
1™
Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

Reaction (1 M, 26 min): 15 mL solution of 5-indanol 1j (1 eq, 15.0 mmol, 2.01 g, 1 M),
TPFPP (0.3 mol%, 45.0 umol, 43.9 mg), HFIP (2 eq, 30.0 mmol, 3.20 mL) and biphenyl (0.07
eq, 1.05 mmol, 162 mg) in EtOAc.

Results: A sample was analysed after 1.5 h of reaction: *H NMR spectroscopy conversion
of 1j = > 99%, yield of 2j = > 99% and projected productivity = 12 g/day. However, after 2 h
of reaction, the flow system got tripped due to over pressure caused by solid precipitation.
The compound was not isolated as a pure compound, but the *H NMR spectroscopy sighals

could be assigned in the sample.

7a-Hydroperoxy-1,2,3,7a-tetrahydro-5H-inden-5-one 2j (novel compound)

'H NMR (400 MHz, Chloroform-d): 6 6.93 (d, J = 9.9 Hz, 1H, 1), 6.26 (dd, J = 9.9, 1.8 Hz, 1H,
), 6.15-6.14 (m, 1H, 3), 2.89-2.80 (m, 1H, 4), 2.55-2.47 (m, 1H, 4’), 2.16-2.04 (m, 2H, 6), 1.98-
1.89 (m, 1H, 5), 1.77-1.67 (m, 1H, 5°).
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4.5.11. Boc protection of tyramine 1k*

OH OH
TEA, Boc,0, THF, MeOH
18 h, r.t.
A Xowr“
(@]
1k* 1k
02M

Procedure: In a sealed round-bottom flask with a magnetic stir bar and nitrogen-filled

balloon, tyramine 1k* (1 eq, 58.3 mmol, 8.00 g, 0.2 M) was added to a mixture of dry THF

(280 mL) and MeOH (40 mL), followed by the addition of triethylamine (1 eq, 58.3 mmol,

8.12 mL). The solution was cooled down to 0 °C with an ice-bath and di-tert-butyl dicarbonate

(1 eq, 58.3 mmol, 12.7 g) was added in portions. After the reaction mixture was stirred for

18 h at room temperature, the solvent was removed under vacuum and the crude was

diluted with EtOAc (250 mL). An acidic extraction using 1 M HCI (60 mL), followed by water

(50 mL) and brine (50 mL) was performed. The organic phase was dried over Na,SOy, filtrated

and concentrated under vacuum.

Results: The product was purified by flash chromatography column and eluted with a

mixture EtOAc/Cyclohexane (1:4 to 3:7) to give 1k (53.1 mmol, 12.6 g, 91%) as a white solid.

Tert-butyl (4-hydroxyphenethyl)carbamate 1k*4°

12 O H °

13>( \ﬂ/g 8

14 o

'H NMR (400 MHz, Chloroform-d): § 7.02 (d, J = 8.4 Hz, 2H, ), 6.81(d,J=8.4Hz, 2H,
4.70 (bs, 1H, 9), 3.36 - 3.34 (m, 2H, 8), 2.72 (t, J = 6.9 Hz, 2H, 7), 1.47 (s, 9H, ).
13C NMR (101 MHz, Chloroform-d): 6 156.5 (10), 155.0 (3), 130.3 (6), 129.9 (1/5), 115.6 (
79.8 (11),42.2 (8), 35.4 (7), 28.5 ( ).
HRMS (ESI) m/z calcd [C13H20NOs]* ([M + H]*): 238.1438, found 238.1441
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4.5.12. Dearomatisation of N-Boc-tyramine 1k

OH o]
EtOAc, TPFPP, biphenyl
HFIP, hv, Op, CO,, 40 °C

OOH
NHBoc NHBoc
1k 2k
1™

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

Reaction (1 M, 26 min): 18 mL solution of N-Boc-tyramine 1k (1 eq, 18.0 mmol, 4.27 g,
1 M), TPFPP (0.3 mol%, 54.0 umol, 52.6 mg), HFIP (2 eq, 36.0 mmol, 3.81 mL) and biphenyl
(0.04 eq, 720 umol, 111 mg) in EtOAc.

Results: The system reached a steady state after 4 h of reaction. *H NMR spectroscopy
analysis: conversion of 1k = 77%, yield of 2k = 42% and projected productivity = 8 g/day.
Another sample was collected for 30 min (1.5 mL) and concentrated under reduced pressure.
Purification was carried out using flash chromatography column, with a mixture of

EtOAc/Cyclohexane (1:1) to give 2k (654 umol, 176 mg, 43%) as a colourless oil.

Tert-butyl (2-(1-hydroperoxy-4-oxocyclohexa-2,5-dien-1-yl)ethyl)carbamate 2k (novel
compound)

(e}
2 4
1 5
o] OOH7
9
13
12.0.11_NH1o
S
5 O

'H NMR (400 MHz, Chloroform-d): § 10.10 (s, 1H, 7), 6.94 (d, J = 10.2 Hz, 2H, ), 6.31(d, J
=10.2 Hz, 2H, 2/4), 4.83 (bs, 1H, 10), 3.20 — 3.15 (m, 2H, 9), 1.96 — 1.92 (m, 2H, 8), 1.40 (s,
9H, ).

13C NMR (101 MHz, Chloroform-d): & 185.6 (3), 156.3 (11), 148.1 (1/5), 131.0 (2/4), 80.3 (12),
80.1 (6), 36.7 (8), 35.6 (9), 28.5 ( ).

HRMS (ESI) m/z calcd [C13H1oN1OsNal* ([M + Na]*): 292.1155, found 292.1152.
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4.5.13. Dearomatisation of 3-(4-hydroxyphenyl)propionate 11

OH (0}
EtOAc, TPFPP, biphenyl

HFIP, hv, Oy, CO,, 40 °C
HOO

07 > OCH, 07 OCH;

11 2
1™

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation
of p-substituted phenols

Reaction (1 M, 26 min): 18 mL solution of 3-(4-hydroxyphenyl)propionate 1l (1 eq, 18.0
mmol, 3.24 g, 1 M), TPFPP (0.3 mol%, 54.0 umol, 52.6 mg), HFIP (2 eq, 36.0 mmol, 3.81 mL)
and biphenyl (0.07 eq, 1.26 mmol, 194 mg) in EtOAc.

Results: The system reached a steady state after 2 h of reaction. *H NMR spectroscopy
analysis: conversion of 1l = 71%, yield of 2l = 58% and projected productivity = 9 g/day.
Another sample was collected for 30 min (1.5 mL) and concentrated under reduced pressure.
Purification was carried out using flash chromatography column, with a mixture of

EtOAc/Cyclohexane (3:7 to 7:3) to give 21 (763 umol, 162 mg, 51%) as an off-white solid.

Methyl 3-(1-hydroperoxy-4-oxocyclohexa-2,5-dien-1-yl)propanoate 11*°°

07 “OCHg

'H NMR (400 MHz, Chloroform-d): § 9.37 (s, 1H, 7), 6.88 (d, J = 10.2 Hz, 2H, ),6.32(d,J=
10.2 Hz, 2H, 2/4), 3.65 (s, 3H, 11), 2.33 (t, J = 7.7 Hz, 2H, 9), 2.08 (t, J = 7.7 Hz, 2H, 8).

13C NMR (101 MHz, Chloroform-d): § 185.7 (3), 173.4 (10), 148.2 (1/5), 131.3 (2/4), 80.6 (6),
52.2 (11), 30.7 (8), 28.4 (9).

HRMS (ESI) m/z calcd [C10H1305]* ([M + H]*): 213.0757, found 213.0763.
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15.0 mmol, 2.46 g, 0.5 M), TPFPP (0.3 mol%, 45.0 umol, 43.9 mg), HFIP (2 eq, 30.0 mmol,

4.5.14. Dearomatisation of 4-(4-Hydroxyphenyl)-2-butanone 1m

OH 0 0
EtOAc, TPFPP, biphenyl

HFIP, hv, O,, CO,, 40 °C
HOO o)

(e} 0 OH
1m 2m 2m’
05M

Reaction performed under general guidelines for the continuous flow oxidative dearomatisation

of p-substituted phenols

Reaction (0.5 M, 26 min): 30 mL solution of 4-(4-Hydroxyphenyl)-2-butanone 1m (1 eq,

3.20 mL) and biphenyl (0.07 eq, 1.05 mmol, 162 mg) in EtOAc.

analysis: conversion of 1m = 73%, 2m (yield = 4%, projected productivity = 0.3 g/day) and
2m’ (yield = 62%, projected productivity = 4 g/day). Another sample was collected for 30 min
(1.5 mL) and concentrated under reduced pressure. Purification was carried out using flash
chromatography column, with a mixture of EtOAc/Cyclohexane (3:7 to 7:3) to give 2m/2m’

(663 umol, 130 mg, 44%) as a yellow oil as an inseparable mixture containing a ratio of

Results: The system reached a steady state after 4.5 h of reaction. *H NMR spectroscopy

2m:2m’ of 1:6.

3-Hydroxy-3-methyl-1,2-dioxaspiro[5.5]undeca-7,10-dien-9-one 2m’24°

1H NMR (400 MHz, Chloroform-d): & 7.40 (dd, J = 10.5, 3.1 Hz, 1H, 2), 6.79 (dd, J = 10.3, 3.1
Hz, 1H, 4), 6.27 (dd, J = 10.5, 1.8 Hz, 1H, 1), 6.25 (dd, J = 10.3, 1.8 Hz, 1H, 5), 4.18 (s, 1H,
2.23-2.15 (m, 1H, 7), 1.95 — 1.92 (m, 2H, 8), 1.65 - 1.59 (m, 1H,

i
(@) g ~8
10 OH 1

(9), 75.4 (6), 29.7 (8), 28.9 (7), 25.2 (10).

HRMS (ESI) m/z calcd [C10H1204Na]* ([M + Na]*): 219.0628, found 219.0622.
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13C NMR (101 MHz, Chloroform-d): & 185.5 (3), 146.3 (2), 145.5 (4), 130.4 (5), 128.6 (1), 99.9



4-Hydroperoxy-4-(3-oxobutyl)cyclohexa-2,5-dien-1-one 2m?*°

'H NMR (400 MHz, Chloroform-d): § 9.98 (s, 1H, 11), 6.85 (d, J = 10.3 Hz, 2H, ), 6.30(d, J
=10.3 Hz, 2H, 2/4), 2.40 (t, J = 7.5 Hz, 2H, 8), 2.09 (s, 3H, 10), 1.98 (t, J = 7.5 Hz, 2H, 7).

13C NMR (101 MHz, Chloroform-d): § 207.5 (9), 185.5 (3), 149.0 (1/5), 131.0 (2/4), 80.7 (6),
37.3(8),30.1 (10), 29.1 (7).

HRMS (ESI) m/z calcd [C10H120:Na]* ([M + Na]*): 219.0628, found 219.0622.
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Continuous flow telescoped

synthesis of 1,2,4-trioxanes

photooxidation of p-substituted phenols (general guidelines)

from

OH O (0]
EtOACc/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C
hv, O, CO,, 40 °C O 0]
R! 15t step R1 OOH HJ\ 2 2" step R1O /l\
R \O R2
1 2 4 3

Cco;
Pump
Mixer 1
Organic 40°C
Pump 2 Thermo
EtOAc Reactor
40°C
Photo
Reactor )
N Organic I
40°C Pump 1

Substrate
solution
Mixer 2
40°C

Product

A simplified scheme of the high-pressure flow system for the telescoped synthesis of 1,2,4-
trioxanes

System parameters: Photo reactor (10 mm outer diameter (0.d.)), 240 mm length, 1 mm
wall thickness, effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d., at 40 °C);
Cooling baths (photo reactor = 35.5 °C, LED lights = - 5 °C); Trips (system set pressure = 120
bar, high trip = 140 bar; Oxygen set pressure = 180 bar, high trip = 190 bar, low trip = 160
bar; Mixers set temperature = 40 °C, high trip = 50 °C); thermo reactors (1/4 inch 0.d., 1 mm
wall thickness, 15 cm length, loaded with Amberlyst-15 and glass beads at 40 °C, high trip =

50 °C), biphenyl as the internal standard for *H NMR spectroscopy analysis.
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Specifications of thermo reactors:

- TR1-Amb: effective volume = 0.9 mL, filled with a layer of 0.75 g of Amberlyst-15 and
another layer of 0.85 g of glass beads 2 mm o.d. A glass wool layer was put at each end of

the tubular reactor.

- TR2-Amb: effective volume = 0.9 mL, filled with 0.75 g of Amberlyst-15 (two layers)
and 0.85 g of glass beads 2 mm o.d. (two layers). The layers of Amberlyst-15 and glass beads

were intercalated, and a glass wool layer was put at each end of the tubular reactor.

- TR3-Amb: effective volume = 1.1 mL, filled with a mixture of 0.75 g of Amberlyst-15

and 0.85 g of glass beads 0.5 —0.75 mm o.d. A column frit was put at each end of the tubular

reactor.
— » Heating block
4 \ eating bloc - Glass wool - Column frits
----- » Amberlyst-15
----- » Amberlyst-15
§ ..... » Glassbeads  Joo ) [ » Glass beads
=4 (2mmo.d.) » Amberlyst-15 (0.5-0.75mmo.d.)
...... Glass beads
1L ~J-» Tubular reactor < - Glass wool (2mmo.d.)
I
TR1-Amb TR2-Amb TR3-Amb

T Flow

A simplified scheme of the thermo reactors used in this chapter.
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Standard procedure (Chapter 2, section 2.1.3) parameters for different

concentrations:

-1 M (residence time 1°' step = 26 min): CO, (0.15 mL/min and overall [CO;] = 84%), O,
(180 bar, sample loop = 10 uL, switching time = 15.9 s, molar ratio O,: phenol = 2:1 and the
overall [02] = 2.5 mol%), and HPLC pumps (0.05 mL/min).

- 0.5 M (residence time 1°* step = 26 min): CO, (0.15 mL/min and overall [CO,] = 84%),
0, (180 bar, sample loop = 10 pL, switching time = 15.9 s, molar ratio O,: phenol = 4:1 and
the overall [O;] = 2.6 mol%), and HPLC pumps (0.05 mL/min).

- 1 M (residence time 1% step = 17 min): CO, (0.2 mL/min and overall [CO;] = 77%), O,
(180 bar, sample loop = 10 L, switching time = 8.0 s, molar ratio O: phenol = 2:1 and the
overall [0O2] = 3.5 mol%), and HPLC pumps (0.1 mL/min).

Reaction procedure: After the standard procedure (Chapter 2, section 2.1.3) was
performed, a solution of p-substituted phenol, HFIP, TPFPP and biphenyl in EtOAc was
prepared and sonicated for 30 min. This solution was pumped into the system, combined
with the gaseous mixture (CO; and O;) on Mixer 2 and then passed through the photo
reactor. A solution of aldehyde in EtOAc was pumped after the photo reactor, the streams
were combined and passed through a thermo reactor. The crude was collected after the BPR
and all the remaining peroxides were quenched with a saturated solution of thiourea in
MeOH. After reaching the steady state, a sample was collected for 3 min, nitrogen blow

down for 3 min, and analysed by *H NMR spectroscopy.

All 1,2,4-trioxanes were isolated as single diastereoisomers.
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4.5.15. 1,2,4-Trioxane 3aa from p-cresol 1a and benzaldehyde 4a

TR1-Amb
EtOAc/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C, 3.6 min
hV, 02’ COZ, 40 0C, 26 min (@] O
95 % OOH H O.
1a 2a o
1™ 4a
1.2M 3aa

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

Reaction (1 M, 26 min): 10 mL starting solution of p-cresol 1a (1.0 eq, 10.0 mmol, 1.08
g, 1.0 M), TPFPP (0.30 mol%, 30.0 umol, 29.2 mg), HFIP (2.0 eq, 20.0 mmol, 2.10 mL) and
biphenyl (0.070 eq, 700 umol, 108 mg) in EtOAc. After 2 h of reaction, a 10 mL benzaldehyde

4a solution (1.2 eq, 12.0 mmol, 1.22 mL, 1.2 M) was pumped after the photo reactor.

Results: The system reached a steady state after 3.5 h of reaction. *H NMR spectroscopy
analysis of 3aa: yield for 2" step = 36%, overall yield = 34%, projected productivity = 6 g/day.
Another sample was collected for 30 min (1.5 mL) and concentrated under reduced pressure.
Purification was carried out using flash chromatography column, with a mixture of

EtOAc/Cyclohexane (1:4) to give 3aa (410 umol, 101 mg, 27%) as a white solid.

(+)-(4aS,8aR)-8a-Methyl-3-phenyl-4a,8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-one 3aa?3

o)
O
) o]
O\o)’g"/g 11
'H NMR (400 MHz, Chloroform-d): 6§ 7.42 — 7.33 (m, 5H, ), 6.95 (dd, /=104,

3.0 Hz, 1H, 1), 6.22 (s, 1H, 8), 6.17 (dd, J = 10.4, 1.1 Hz, 1H, 2), 4.41 (q, J = 3.0 Hz, 1H, 5), 2.84
(ddd, J = 17.5, 3.0, 1.1 Hz, 1H, 4), 2.79 (dd, J = 17.5, 3.0 Hz, 1H, 4’), 1.44 (s, 3H, 7).

13C NMR (101 MHz, Chloroform-d): § 195.0 (3), 151.1 (1), 133.6 (9), 130.4 (12), 129.9 (2),
128.6 (11/13), 127.3 (10/14), 103.8 (2), 78.1 (6), 77.1 (5), 41.2 (4), 20.8 (7).

HRMS (ESI) m/z calcd [C14H1404Na]* ([M + Na]*): 269.0784, found 269.0783.
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4.5.16. 1,2,4-Trioxane 3ab from p-cresol 1a and isobutyraldehyde 4b

OH

TR1-Amb
EtOAc/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C, 3.6 min
hV, 021 COz, 40 0C, 26 min (@] (0]
95 % OOH H O.
1a 2a 0
1™ 4b
1.2M 3ab

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

Reaction (1 M, 26 min): 10 mL starting solution of p-cresol (1.0 eq, 10.0 mmol, 1.08 g,
1.0 M), TPFPP (0.30 mol%, 30.0 umol, 29.2 mg), HFIP (2.0 eq, 20.0 mmol, 2.10 mL) and
biphenyl (0.070 eq, 700 umol, 108 mg) in EtOAc. After 2 h of reaction, a 10 mL
isobutyraldehyde 4b solution (1.2 eq, 12.0 mmol, 1.10 mL, 1.2 M) was pumped after the

photo reactor.

Results: The system reached a steady state after 3.5 h of reaction. *H NMR spectroscopy
analysis of 3ab: yield for 2" step = 98%, overall yield = 93%, projected productivity = 14
g/day. Another sample was collected for 1 h (3 mL) and concentrated under reduced
pressure. Purification was carried out using flash chromatography column, with a mixture of

EtOAc/Cyclohexane (1:4) to give 3ab (1.97 mmol, 418 mg, 66%) as a pale-yellow solid.

(+)-(4aS,8aR)-3-Isopropyl-8a-methyl-4a,8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-one 3ab?*3

1H NMR (400 MHz, Chloroform-d): & 6.84 (dd, J = 10.4, 3.0 Hz, 1H, 1), 6.07 (dd, J = 10.4, 0.9
Hz, 1H, 2), 5.01 (d, J = 5.1 Hz, 1H, 8), 4.15 (q, J = 3.0 Hz, 1H, 5), 2.73 (ddd, J = 17.4, 3.0, 0.9 Hz,
1H, 4),2.70 (dd, J = 17.4, 3.0 Hz, 1H, 4’) 1.77 (septd, J = 6.9, 5.1 Hz, 1H, 9), 1.33 (s, 3H, 7), 0.89

(d,J = 6.9 Hz, 6H, ).
13C NMR (101 MHz, Chloroform-d): 5 195.3 (3), 151.2 (1), 129.7 (2), 107.2 (8), 77.9 (6), 76.4
(5), 41.1 (4), 31.0 (9), 20.7 (7), 16.8 (d, J = 10.5 Hz, ).

HRMS (ESI) m/z calcd [C11H1604Nal* ([M + Na]*): 235.0941, found 235.0934.
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4.5.17. 1,2,4-Trioxane 3ac from p-cresol 1a and cyclohexanecarboxaldehyde

4c
OH 0
TR1-Amb
EtOAC/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C, 2.3 min
hv, O, COy, 40 °C, 17 min 0 0
95 % OOH H o.
1a 2a 0
1M 4c
1.2M 3ac

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

Reaction (1 M, 17 min): 72 mL solution of p-cresol 1a (1.0 eq, 72.0 mmol, 7.79 g, 1.0 M),
TPFPP (0.30 mol%, 216 umol, 211 mg), HFIP (2.0 eq, 144 mmol, 15.1 mL) and biphenyl (0.070
eq, 5.04 mmol, 777 mg) in EtOAc. After 1 h of reaction, a 72 mL cyclohexanecarbaldehyde 4c

solution (1.2 eq, 86.4 mmol, 10.5 mL, 1.2 M) was pumped after the photo reactor.

Results: The system reached a steady state after 2 h of reaction. *H NMR spectroscopy
analysis of 3ac: yield for 2" step = 62%, overall yield = 59%, projected productivity = 21 g/day.
Another sample was collected for 8.5 h (51 mL) and concentrated under reduced pressure.
Purification was carried out using flash chromatography column, with a mixture of

EtOAc/Cyclohexane (1:4) to give 3ac (16.2 mmol, 4.10 g, 31%) as a white solid.

(+)-(4aS,8aR)-3-Cyclohexyl-8a-methyl-4a,8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-one 3ac'®®

H NMR (400 MHz, Chloroform-d): & 6.84 (dd, J = 10.4, 3.0 Hz, 1H, 1), 6.07 (d, J = 10.4, 1H,
), 5.02 (d, J = 5.3 Hz, 1H, 8), 4.14 (q, J = 3.0 Hz, 1H, 5), 2.73 (dd, J = 17.4, 3.0 Hz, 1H, 4), 2.68

(dd,J=17.4,3.0Hz, 1H, 4’), 1.69 — 1.61 (m, 5H, ), 1.55—1.46 (m, 1H, 9), 1.33

(s, 3H, CH3), 1.21—0.99 (m, 5H, ).

13C NMR (101 MHz, Chloroform-d): & 195.3 (3), 151.3 (1), 129.7 (2), 106.7 (8), 78.0 (6), 76.5

(5),41.2 (4), 40.5 (9), 27.0 ( ), 26.3 (12), 25.7 ( ), 20.7 (7).

HRMS (ESI) m/z calcd [C14H2104]* ([M + H]*): 253.1436, found 253.1434.
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4.5.18. 1,2,4-Trioxane 3bc  from 3,4-dimethylphenol 1b and

cyclohexanecarboxaldehyde 4c

OH (0]

o}
EtOAc/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C
hv, O, CO,, 40 °C, 26 min ) o
>99 % OOH H O.
1b 2b 0

™ 4c
1.2M 3bc

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

- Reaction 1 (1 M, 26 min, TR1-Amb): 15 mL starting solution of 3,4-dimethylphenol 1b
(1.0 eq, 15.0 mmol, 1.83 g, 1.0 M), TPFPP (0.30 mol%, 45.0 umol, 43.9 mg), HFIP (2.0 eq, 30.0
mmol, 3.20 mL) and biphenyl (0.070 eq, 1.05 mmol, 162 mg) in EtOAc. Thermo reactor TR1-
Amb (residence time = 3.6 min). After 1 h of reaction, a 10 mL cyclohexanecarboxaldehyde

4c solution (1.2 eq, 12.0 mmol, 1.52 mL, 1.2 M) was pumped after the photo reactor.

Results: The system reached a steady state after 2 h of reaction. *H NMR spectroscopy
analysis of 3bc: yield for 2" step = 85%, overall yield = 84%, projected productivity = 16 g/day.
Another sample was collected for 1 h (3 mL) and concentrated under reduced pressure.
Purification was carried out using flash chromatography column, with a mixture of

EtOAc/Cyclohexane (3:7) to give 3bc (2.49 mmol, 663 mg, 83%) as a yellow oil.

- Reaction 2 (1 M, 26 min, TR2-Amb): same as Reaction 1, with thermo reactor TR2-Amb

(residence time = 3.6 min).

Results: The system reached a steady state after 2 h of reaction. *H NMR spectroscopy

analysis of 3bc: yield for 2" step = 90%, overall yield = 89%, projected productivity = 17 g/day.

- Reaction 3 (1 M, 26 min, TR3-Amb): same as Reaction 1, with thermo reactor TR3-Amb

(residence time = 4.4 min).

Results: The system reached a steady state after 2 h of reaction. *H NMR spectroscopy

analysis of 3bc: yield for 2" step = 95%, overall yield = 94%, projected productivity = 18 g/day.
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(%)-(4aS,8aR)-3-cyclohexyl-8,8a-dimethyl-4a,8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-one
3bc (novel compound)

14

'H NMR (400 MHz, Chloroform-d): § 5.92 (s, 1H, 2), 4.99 (d, J = 5.3 Hz, 1H, 9), 4.08 (t, J = 2.9
Hz, 1H, 5), 2.66 (d, J = 2.9 Hz, 2H, 4), 2.01 (s, 3H, 8), 1.66 — 1.59 (m, 5H, ),
1.49 —1.42 (m, 1H, 10), 1.28 (s, 3H, 7), 1.18 —0.97 (m, 5H, ).

13C NMR (101 MHz, Chloroform-d): & 194.8 (3), 161.3 (1), 127.7 (2), 106.5 (9), 79.7 (6), 77.0
(5), 41.1 (4), 40.3 (10), 26.9 ( ), 26.2 (13), 25.6 ( ), 20.0 (7), 18.3 (8).

HRMS (ESI) m/z calcd [C1sH2204Nal* ([M + Na]*): 289.1410, found 289.1423.
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4.5.19. 1,2,4-Trioxane  3cc  from  2,4,6-trimethylphenol 1c and

cyclohexanecarboxaldehyde 4c

OH o} O

TR1-Amb
EtOAc/HFIP, TPFPP, biphenyl Amberlyst—15,v40 °C, 3.6 min
X
hv, Ogv C02, 40 °C, 26 min (0] fo)
> 99 % OOH O.
1c ° 2c H o)
1™

4c
12M 3cc

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

Reaction (1 M, 26 min): 15 mL starting solution of 2,4,6-trimethylphenol 1c (1.0 eq, 15.0
mmol, 2.04 g, 1.0 M), TPFPP (0.30 mol%, 45.0 umol, 43.9 mg), HFIP (2.0 eq, 30.0 mmol, 3.20
mL) and biphenyl (0.07 eq, 1.05 mmol, 162 mg) in EtOAc. After 2 h of reaction, a 10 mL
cyclohexanecarboxaldehyde 4c solution (1.2 eq, 12.0 mmol, 1.52 mL, 1.2 M) was pumped

after the photo reactor.

Results: The reaction was carried out for 4 h and monitored by *H NMR spectroscopy

every 30 min. However, trioxane 3cc was not identified and a complex mixture was formed.
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4.5.20. 1,2,4-Trioxane 3dc  from 4-tert-butylphenol 1d and

cyclohexanecarboxaldehyde 4c

oH Q TR1-Amb Q
EtOAC/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C, 3.6 min
hv, Op, CO,, 40 °C, 26 min 0 o
49 % OOH HJ\O o. O)\O
1d 2d ”
0.5M ey 3de

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

Reaction (0.5 M, 26 min): 22 mL starting solution of 4-tert-butylphenol 1d (1.0 eq, 11.0
mmol, 1.65 g, 0.50 M), TPFPP (0.30 mol%, 33.0 umol, 32.2 mg), HFIP (2.0 eq, 22.0 mmol, 2.30
mL) and biphenyl (0.070 eq, 770 umol, 119 mg) in EtOAc. After 3.5 h of reaction, a 12 mL
cyclohexanecarboxaldehyde solution (1.2 eq, 7.20 mmol, 872 L, 0.60 M) was pumped after

the photo reactor.

Results: The reaction was carried out for 5 h and monitored by *H NMR spectroscopy

every 30 min. However, trioxane 3dc was not identified and a complex mixture was formed.
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4.5.21. 1,2,4-Trioxane 3ec from 4-(2-methoxyethyl)phenol 1le and

cyclohexanecarboxaldehyde 4c

OH e} (0]

TR1-Amb
EtOAc/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C, 3.6 min
hV, 02Y 002, 40 OC, 26 min O (o)
49 % HOO HJKO MeO L )\O
O
OMe OMe e

le 2e 12M 3ec
1™

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

Reaction (1 M, 26 min): 18 mL solution of 4-(2-methoxyethyl)phenol 1e (1.0 eq, 18.0
mmol, 2.74 g, 1.0 M), TPFPP (0.30 mol%, 54.0 umol, 52.6 mg), HFIP (2.0 eq, 36.0 mmol, 3.81
mL) and biphenyl (0.070 eq, 1.26 mmol, 194 mg) in EtOAc. After 2 h of reaction, a 12 mL
cyclohexanecarboxaldehyde solution (1.2 eq, 14.4 mmol, 1.72 mL, 1.2 M) was pumped after

the photo reactor.

Results: The system reached a steady state after 3.5 h of reaction. *H NMR spectroscopy
analysis of 3ec: yield for 2" step = 82%, overall yield = 40%, projected productivity = 9 g/day.
Another sample was collected for 1 h (3 mL) and concentrated under reduced pressure.
Purification was carried out using flash chromatography column, with a mixture of

MeOH/DCM (1:20) to give 3ec (945 umol, 280 mg, 32%) as a yellow oil.

(%)-(4aS,8aR)-3-cyclohexyl-8a-(2-methoxyethyl)-4a,8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-
one 3ec (novel compound)

9
H3CO 7 O\O)j,o,lﬂ 12 s
14 14

15

H NMR (400 MHz, Chloroform-d): & 6.85 (dd, J = 10.4, 3.0 Hz, 1H, 1), 6.07 (dd, J = 10.4, 1.2
Hz, 1H, 2), 4.99 (d, J = 5.4 Hz, 1H, 10), 4.26 (g, J = 3.0 Hz, 1H, 5), 3.57 — 3.42 (m, 2H, 8), 3.29
(s, 3H, 9), 2.74 (dd, J = 17.6, 3.0 Hz, 1H, 4), 2.66 (ddd, J = 17.6, 3.0, 1.2 Hz, 1H, 4’), 2.03 —
1.85 (m, 2H, 7), 1.76 — 1.59 (m, 5H, ), 1.52—1.44 (m, 1H, 11), 1.19-0.97 (m,
5H, ).

13C NMR (101 MHz, Chloroform-d): & 195.6 (3), 150.5 (1), 129.8 (2), 106.6 (10), 79.4 (6), 75.3
(5), 66.5 (8), 58.7 (9), 40.9 (4), 40.4 (11), 35.6 (7), 27.0 ( ), 26.2 (14), 25.6 ( ).
HRMS (ESI) m/z calcd [C16H2sN105]* ([M + NH4]*): 314.1962, found 314.1966.
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4.5.22. 1,2,4-Trioxane 3hb from 4-((tert-butyldimethylsilyloxy)methyl)phenol
1h and isobutyraldehyde 4b

OH
Q TR1-Amb Q
EtOAC/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C, 3.6 min
N
hv, Ozy COZ, 40 °C, 26 min (6] TBSO 0
50 % HOO H O.
OTBS OTBS (¢}

1h 2h 4b 3hb
1™ 1.2M

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

Reaction (1 M, 26 min): 15 mL starting solution of 4-((tert-
butyldimethylsilyloxy)methyl)phenol 1h (1.0 eq, 15.0 mmol, 3.57 g, 1.0 M), TPFPP (0.30
mol%, 45.0 umol, 43.9 mg), HFIP (2.0 eq, 30.0 mmol, 3.20 mL) and biphenyl (0.070 eq, 1.05
mmol, 162 mg) in EtOAc. After 2.5 h of reaction, a 15 mL isobutyraldehyde 4b solution (1.2

eq, 18.0 mmol, 1.12 mL, 1.2 M) was pumped after the photo reactor.

Results: The reaction was carried out for 4 h and monitored by *H NMR spectroscopy

every 30 min. However, trioxane 3hb was not identified in any of the analysis.
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4.5.23. 1,2,4-Trioxane 3hc from 4-((tert-butyldimethylsilyloxy)methyl)phenol

1h and cyclohexanecarboxaldehyde 4c

OH
Q TR1-Amb Q
EtOAC/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C, 3.6 min
hV, 021 COz, 40 °C, 26 min (@] TBSO (0]
50 % HOO H O.
OTBS OTBS (0]

1h 2h 4c 3hc
1M 1.2M

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

Reaction (1 M, 26 min): 19 mL starting solution of 4-((tert-
butyldimethylsilyloxy)methyl)phenol 1h (1.0 eq, 19.0 mmol, 4.52 g, 1.0 M), TPFPP (0.30
mol%, 57.0 umol, 56.2 mg), HFIP (2.0 eq, 38.0 mmol, 4.12 mL) and biphenyl (0.070 eq, 1.26
mmol, 205 mg) in EtOAc. After 2.5 h of reaction, a 10 mL cyclohexanecarboxaldehyde 4c

solution (1.2 eq, 12.0 mmol, 1.22 mL, 1.2 M) was pumped after the photo reactor.

Results: The system reached a steady state after 4.5 h of reaction. *H NMR spectroscopy
analysis of 3hc: yield for 2" step = 56%, overall yield = 28%, projected productivity = 8 g/day.
Another sample was collected for 1 h (3 mL) and the following purification methods were

attempted:

e Flash chromatography column: The product decomposed using this method when eluted
with a mixture of EtOAc/Cyclohexane (1:4). A 2D thin layer chromatography (TLC) was
then performed and confirmed the decomposition of the product over silica with the
same elution used in the flash chromatography column.

e  Crystallisation with Et,0: a sample was concentrated under vacuum to give a dark brown
oil. Crystallisation using diethyl ether did not work, even after the solution was put in the

freezer for 24 h.

The compound could not be isolated, but the *H NMR spectroscopy signals could be

assigned in the sample and a HRMS was obtained.
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(%)-(4aS,8aR)-3-cyclohexyl-8a-(2-methoxyethyl)-4a,8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-
one 3hc (novel compound)

'H NMR (400 MHz, Chloroform-d): 6 6.80 (d, J=8.6 Hz, 1H, 1), 6.34 (d, J = 8.6 Hz, 2H, 2), 4.94

(d, J = 6.1 Hz, 1H, 11), 4.12 (g, J = 7.1 Hz, 1H, 4), 3.81 (d, J = 10.6 Hz, 1H, 5), 3.76 - 3.74 (m,

2H, 3), 3.68 (d, J = 10.6 Hz, 1H, 5’), 1.77 = 1.53 (m, 5H, ), 1.53=1.42 (m, 1H,
), 1.20-0.97 (m, 5H, ), 0.87 (s, 9H, ), 0.05 (s, 6H, 6/7).

HRMS (ESI) m/z calcd [C20H3405SiNa]* ([M + Na]*): 405.2068, found 405.2047.
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4.5.24. Deprotection of crude mixture of 1,2,4-Trioxane 3hc, phenol 1h and p-

peroxyquinol 2h
gl:t TBAF THF, rt ﬁ:t
TBSO
TBSO
TBSO
2h 3hc 3hc’

Procedure: An aliquot of 1.5 mL of the crude mixture containing 1h, 2h and 3hc (1.0 eq,
1.50 mmol) from experiment 4.5.23 was concentrated under vacuum and diluted with THF
(28 mL) in inert atmosphere, resulting in a red solution. Tetra-butylammonium fluoride
‘TBAF’ (1.50 eq, 2.25 mmol, 588 mg) was then added to the reaction mixture at room
temperature and the brown solution was stirred for 24 h. After that, the solution was
guenched with a saturated solution on NH4Cl (10 mL), followed by extraction with EtOAc (3

x 10 mL). The organic layer was dried over MgSQ,, filtered and concentrated under vacuum.

Results: a flash chromatography column of the reaction mixture was performed with
EtOAc/Cyclohexane (1:4), but trioxane 3hc’ was not observed in any of the fractions in *H

NMR spectroscopy.
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4.5.25. 1,2,4-Trioxane 3lc from 3-(4-hydroxyphenyl)-propionate 1l and

cyclohexanecarboxaldehyde 4c

H
0 Q TR1-Amb Q
EtOAc/HFIP, TPFPP, biphenyl Amberlyst-15, 40 °C, 3.6 min
hv, Oz, CO,, 40 °C, 26 min o0 o HsCO o)
58 %
o HJ\O ) O\o)\O

O~ "OCHj; O~ “OCHs3 4c 3lc

11 21 1.2M

1™

Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

Reaction (1 M, 26 min): 18 mL starting solution of 3-(4-hydroxyphenyl)-propionate 1l
(1.0 eq, 18.0 mmol, 3.24 g, 1 M), TPFPP (0.30 mol%, 54.0 umol, 52.6 mg), HFIP (2.0 eq, 36.0
mmol, 3.81 mL) and biphenyl (0.070 eq, 1.26 mmol, 194 mg) in EtOAc. After 2 h of reaction,
a 10 mL cyclohexanecarboxaldehyde 4c solution (1.2 eq, 12.0 mmol, 1.52 mL, 1.2 M) was

pumped after the photo reactor.

Results: The system reached a steady state after 3.5 h of reaction. *H NMR spectroscopy
analysis of 3lc: yield for 2" step = 90%, overall yield = 52%, projected productivity = 12 g/day.
Another sample was collected for 27 min (1.35 mL) and concentrated under reduced
pressure. Purification was carried out using flash chromatography column, with a mixture of

MeOH/DCM (1:20) to give 3lc (469 mmol, 152 mg, 35%) as a yellow oil.
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(x)-Methyl  3-((4aS,8aR)-3-cyclohexyl-6-o0x0-5,6-dihydrobenzo[e][1,2,4]trioxin-8a(4aH)-yl)
propanoate 3lc (novel compound)

@
15
OCHs

10

H NMR (400 MHz, Chloroform-d): § 6.84 (dd, J = 10.5, 2.9 Hz, 1H, 1), 6.12 (dd, J = 10.5, 0.9
Hz, 1H, 2), 4.99 (d, J = 5.4 Hz, 1H, 11), 4.16 (q, J = 2.9 Hz, 1H, 5), 3.68 (s, 3H, 10), 2.76 (dd, J =
17.7, 2.9 Hz, 1H, 4), 2.72 (ddd, J = 17.7, 2.9, 0.9 Hz, 1H, 4’), 2.54 (ddd, J = 16.4, 9.9, 6.2 Hz,
1H, 8), 2.42 (ddd, J = 16.4, 10.0, 6.0 Hz, 1H, &), 2.10 (ddd, J = 14.8, 9.9, 6.0 Hz, 1H, 7), 2.01
(ddd, J = 14.8, 10.0, 6.2 Hz, 1H, 7°), 1.71 — 1.57 (m, 5H, ), 1.53 - 1.45 (m, 1H,
), 1.21—0.98 (m, 5H, ).

13C NMR (101 MHz, Chloroform-d): & 195.0 (3), 172.9 (9), 149.4 (1), 130.7 (2), 106.7 (11),
79.0 (6), 75.3 (5), 52.1 (10), 40.9 (4), 40.4 (12), 30.5 (7), 27.3 (8), 27.0 ( ), 26.2 (15), 25.7
( ).

HRMS (ESI) m/z calcd [C17H2406Na]* ([M + Na]*): 347.1465, found 347.1467.
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4.5.26. 1,2,4-Trioxane 3m and 1,2,4-trioxane 3mc from 4-(4-hydroxyphenyl)-2-

butanone 1m and cyclohexanecarboxaldehyde 4c

Amberlyst-15, 40 °C

OH (0] (6] o
EtOAc, HFIP, TPFPP, biphenyl O/o
+ 3m
hv, Oy, CO,, 40 °C
HOO (? (0]
0 @ Amberlyst-15, 40 °C
1m 2m 2m O\&O 0.
0.5M 4% 62 % O (0]
4c 3mc

0.6 M
Reaction performed under general guidelines for the continuous flow telescoped synthesis of
1,2,4-trioxanes from photooxidation of p-substituted phenols

- Reaction 1 (0.5 M, 26 min): 30 mL starting solution of 4-(4-hydroxyphenyl)-2-butanone
1m (1.0 eq, 15.0 mmol, 2.46 g, 0.50 M), TPFPP (0.30 mol%, 45.0 umol, 43.9 mg), HFIP (2.0
eq, 30.0 mmol, 3.21 mL) and biphenyl (0.070 eq, 1.05 mmol, 162 mg) in EtOAc.

Results: The reaction was carried out for 3.5 h and monitored by *H NMR spectroscopy

every 30 min. However, trioxane 3m was not identified in any of the analysis.

- Reaction 2 (0.5 M, 26 min): after 4h of Reaction 1, a 12 mL
cyclohexanecarboxaldehyde 4c solution (1.2 eq, 7.20 mmol, 872 uL, 0.60 M) was pumped

after the photo reactor.

Results: The reaction was carried out for another 2 h and monitored by *H NMR
spectroscopy every 30 min. However, trioxane 3mc was not identified and a complex mixture

was formed.
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5. Continuous flow telescoped synthesis of 2-substituted 1,4-

benzoquinones

This project arose from an observation during the scoping investigation of the
dearomatisation of p-substituted phenols, see Chapter 3. In one reaction performed with an
ester p-peroxyquinol 2l in batch in the presence of Amberlyst-15, no cyclisation product 3l
was observed. Instead, an unexpected rearrangement of the p-peroxyquinol occurred to

form a 1,4-benzoquinone 51 (Scheme 47).

0O 0] ‘ (0]
Amberlyst-15, r.t. | |
CDCly OCH;
HOO o o 9
v O
5l '
0O~ "OCH; 0
21 ' 3l
Not formed

Scheme 47. 1,4-benzoquinone 51 from methyl 3-(4-hydroxyphenyl) propionate p-peroxyquinol 2I.
No cyclisation product 3l was observed.

5.1. Introduction

Quinones are cyclohexadienediones, a class of compounds that contain two carbonyl
groups that are ortho or para to each other. Natural quinones’ core structures are mainly
derived from three aromatic rings: benzene, naphthalene or anthracene, and are classified
in benzoquinones, naphthoquinones, or anthraquinones, respectively.?*® Polyquinones are
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usually dimers?*” or trimers?*® of their respective quinones.

More specifically, 1,4-benzoquinones are found across a variety of living species*
(Scheme 48 - A), and possess a variety of medicinal properties®® (Scheme 48 - B). These
compounds have been isolated from, for example, plant N. laevis (2,6-Dimethoxy-1,4-
benzoquinone);**! bacteria E. coli (Coenzyme Q8, which is essential for the regulation of
genes, respiration, and oxidative stress adaptation);?*2 fungus B. bassiana (Oosporein, which
has antimicrobial properties);?** and humans (Coenzyme Q10, found in every cell of the bodly,
possessing important antioxidant properties).?>* CoQ10 also plays a significant role in the
electron-transfer respiratory chain, through a redox reaction with Nicotinamide Adenine
Dinucleotide (NADH) in the synthesis of Adenosine Triphosphate (ATP), the main compound

responsible for the storage and transfer of energy in cells®> (Scheme 48 - A). 1,4-
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Benzoquinones have also been reported to have additional pharmacological properties, such

as anticancer (2,5-diaziridinyl-1,4-benzoquinone - DZQ),**® antimalarial (Xylariquinone A),%*’
antibacterial (Herbimycin A)*%, and anti-inflammatory (2,5-(1-hydroxybutyl) 1,4-
benzoquinone)?*° (Scheme 48 - B).

(@] (0]

HSCO\¢iOCH3 HSCO% HCO
(A) HO
H HsCO N7 TH
o] o} ¢

HsCO Ny JH
o

2,6-DMBQ Coenzyme Q8 Coenzyme Q10
N. laevis (plant)  Regulation of genes and respiration Oosporein  Electron-transfer chain and antioxidant
E. coli (bacteria) Antimicrobial (Human cells)
B. bassiana (fungus)

0 A o MeQ

NS Me OMe ; o OH

(B)
VN Cl OMe
(6] (0]
DzQ Xylariaquinone A oo
Anticancer Antimalarial AAt"’a'roln?-lﬁ/ 2,5-(1-hydroxybutyl) 1,4-benzoquinone
ntiviral (HIV) Anti-inflammatory
Herbimycin A
Antibiotic

Scheme 48. Naturally occurring 1,4-benzoquinones across different kingdoms (A) and other
pharmacological properties (B).

1,4-Benzoquinones, such as 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) and
coenzyme Q8, are known to be oxidants.?®® DDQ has been reported to abstract a pair of
hydrogen atoms from acenaphthene (Scheme 49 - A).?5! Coenzyme Q8, on the other hand,
participates in a charge transfer complex with thiolate in de novo disulfide bond generation
(Scheme 49 - B).22 1,4-Benzoquinone itself can react with acetic anhydride in an acid-
catalysed Thiele reaction (Scheme 49 - C).2%3 In this type of reaction, acetic anhydride forms
acetyl cation in the presence of acid, which then reacts with 1,4-benzoquinone in a
conjugated addition with acetic acid. Re-aromatisation followed by the nucleophilic attack

of the phenol to another acetyl cation gives the final product (Scheme 50).
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OH

NC cl ‘
Dehydrogenatlon . OO
NC Cl

OH
Acenaphthene
OH
H;CO H;CO = H
+H* s
® ‘ HaCO T HgCO
O ””’f S_ + OH
Coenzyme Q8 :/ =/T
sH/s s
9 OAc
O O +
(€) + )J\ )J\ H
o 0 OAc
OAc
1,4-BQ

Scheme 49. 1,4-benzoquinones as oxidants: DDQ (A), Coenzyme Q8 (B) and 1,4-BQ (C).

o}
\([)( 71/ \( Tl/ AC;OH - AcOH
OAc OAc
Ac,0 Workup
AcOH \
OH+ c OAc OAc
‘o N :C_J*\ :OH OAc

Scheme 50. Thiele reaction mechanism.?%3

1,4-Benzoquinones also participate in conjugated nucleophilic addition as Michael
acceptors and cycloadditions, which makes this moiety an import and versatile building block

in organic syntheses,24% 264

As Michael acceptors, 1,4-benzoquinones can form mono-, di-, or tri- substituted
benzoquinones or hydroquinones via conjugated addition of carbon and heteronucleophiles
(Scheme 51 - A).%%° It was also reported that an excess of benzoquinone can lead to
substituted 1,4-benzoquinones (Scheme 51 - B).2%° 1,4-Benzoquinones can also participate in
arylation reactions to form a-functionalised aldehydes (Scheme 51 - C)*® and 3-ketoesters
(Scheme 51- D)*®’. However, the products were isolated as their corresponding cyclic

hemiacetals which are more stable.
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+ Pd(OAC),

(0]
C- nucleophlle
o OH OH O
O~ EOH PhSO,H SO2Ph N 0
@) ) ® [ TN —=— | SNu
0o O nucleophile S-nucleophile = Oxidation
le} OH OH

1,4- BQ

Substituted 1,4-BQ

N-nucleophile
/ OH N
a i 0 i i i
(o}
°y  oH HQ,
N o1 Chiral amine cat. o
© | R — " —
o) RZ\)LH
OH OH
Substituted 1,4-BQ a-arylation of aldehyde

(0]

Cinchonidine (20 mol%) O
COgtBu HO O
¢ o O
Cl
CO,Bu
2,6- DCBQ ’BUO?C

HO
66% yield
a-arylation of p-ketoester 80% ee

Scheme 51. 1,4-Benzoquinones as Michael-acceptors: Addition of carbon and
heteronucleophiles (A), followed by further oxidation to form substituted 1,4-benzoquinones (B); a-
arylation of aldehydes (C) and £ -ketoesters (D).

Cycloadditions require electron-deficient dienophiles/dipolarophiles such as 1,4-
benzoquinones, which are excellent reagents for these types of reaction. They have been

268 such as the enantioselective

employed in numerous total syntheses of natural products,
synthesis of the steroid hormone (+)-cortisone (Scheme 52 Error! Reference source not
found.- A).2%® The mutagen aflatoxin B, was synthesised by Corey and Zhou through a [3+2]
cycloaddition between 2-methoxy-1,4-benzoquinone (2-MBQ) and 1,3-dihydrofuran
(Scheme 52 - B).2’° Besides thermal cycloaddition, these benzoquinones can also undergo
Patterno-Blichi [2+2]-photocycloadditions in the presence of K;5,0s and TFA (Scheme 52 -

Error! Reference source not found.C).?’”* The mechanism for this particular reaction starts

with the addition of sulfate radical ion to the alkyne, forming a vinyl radical intermediate,
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which then reacts with molecular oxygen to form an organosulfonic species. A [2+2]-
cycloaddition with the carbonyl of 1,4-benzoquinone generates an oxetene, which after
rearrangement and release of sulfate radical ion, gives an acyl radical intermediate. The
following reaction with superoxide anion in the presence of acid, decarboxylation, and keto-
enol tautomerism gives the final product observed (Scheme 53). Besides [2+2]
cycloadditions, the first metal catalysed [2+2+2] cycloaddition between 2-MBQ and diynes
was reported by Bower and co-workers.?”? This methodology was then applied in the total

synthesis of the anti-leishmanial justicidone (Error! Reference source not found. - D).

27 st
EtO _1.Diels-Aider _ Et© Steps
2 Hydrogenation —_—
1,4-8Q (+)-Cortisone
O
- MeO D Chiral cat. 7 steps.
+
o  [3+ 2] cycloaddition
o
2-MBQ
Aflatoxin B,
2 (0]
K5S,0g, TFA, blue LEDs
© N A Rl
R [2 + 2]-cycloaddition
0 Paterno-Buchi HO
1,4-BQ
i PP ¢
z (Ir
(D) + 2 + 2 + 2] cycloaddition
MeO = [ oy MeO
0 [Rh(coe).Cl],, DCE (0]
(4-NCCqHy)sP O
(0]
2_MBQ 0 o
o—/
Justicidone

Scheme 52. 1,4-Benzoquinones as dienophiles/dipolarophiles: synthesis of (+)-cortisone (A);
aflatoxin B, (B); Patterno-Biichi [2+2]-photocycloaddition (C); and synthesis of justicidone (D).

164



82082-
R 2+2]

- [
_~ SO blue LED . -H* OSOsH  cycloaddition
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Scheme 53. Mechanism of Patterno-Biichi [2+2]-photocycloaddition between 1,4-benzoquinone
and a substituted alkyne.

In general, 1,4-benzoquinones can be biosynthesised, for example in the case of
Coenzyme Q10,?”% or chemically synthesised from hydroquinones, dimethoxybenzenes, and
phenols predominantly. Other chemical pathways and substrates for the synthesis of 1,4-
benzoquinones include the oxidation of hydroquinone acetates,?’* N-arylsulphonamides?’®

and anilines,?’® thermal rearrangement of cyclobutenones,?”” and others.24% 278

One of the earliest synthesis of 1,4-benzoquinones from phenols used Fremy’s salt

[potassium nitrodisulfonate, (KSO,),NO] (Scheme 54 - A).?”® Since then, many other oxidants

have been used for the oxidation of phenols, including heavy metal oxidants,?0%°

® nitric acid,®®” and ammonium cerium nitrate.?® Alternative strategies

hydroperoxides,®
have also been employed, such as the Claisen rearrangement of o-benzoquinone from the
oxidation of 4-methoxyphenol (Scheme 54 - B).2%* However, these oxidations can be

281,289 45 the initial

inefficient due to the lack of selectivity and formation of by-products,
phenoxy radical intermediates are highly reactive and undergo multiple side reactions. Also,
they often require strong oxidants in corrosive conditions and/or toxic, expensive and
inconvenient transition metal catalysts, hampering its application at large scale. Only few
studies have reported metal-free selective oxidation of phenols, for example, using onion-
like carbon (OLC) nanocatalysts (Scheme 54 - C).2° The synthesis of substituted 1,4-
benzoquinones from phenols is also economically attractive, as the product is often more

expensive than the corresponding phenol.??

165



OH (0]

A) © (KSO3),NO (Fremy’s salt)

O

1,4-BQ

OH (@] (0]
| MeO 2 steps MeO P
(®) Cuel. 0. it (CHo)Me
0 _—
Cu®, MeCN o OH

OMe (@] (0]

6-substituted 2-methoxy
5-hydroxy-1,4-BQ

OH (0]
OLC, t-BuOOH
(0]

2,3,6-trimethyl-1,4-BQ
Scheme 54. Examples of 1,4 benzoquinones from phenols: synthesis using Fremy's salt (A),
Claisen rearrangement strategy via o-benzoquinones (B) and metal-free selective oxidation of
substituted phenols (C).

Given the ongoing synthetic importance of dearomatisation strategies of aromatic
compounds,®? 2°* Murahashi has reported three publications on the synthesis of 2-
substituted quinones through oxidative dearomatisation of p-substituted phenols (Scheme
55).281283 The cyclohexadienone bearing a p-tert-butoxide group would then undergo a 1,2-

alkyl shift, yielding 2-substituted-1,4-benzoquinone in a selective manner.

[RuCly(PPhg),] _Lewis acid _
+-BuOOH, benzene CH.CI, -78 °C
t-BuOO R

Scheme 55. Selective synthesis of 2—substituted—l,4—benzoqumones via dearomatisation of p-
substituted phenols.

Selective metal catalysed oxidation of phenols appear to have previously been
underexploited and limited, in some cases, by bulky substituents in specific positions on the
phenol.?®*2% Murahashi’s procedure, therefore, has advantages such as an expanded scope
of the reaction, including 1,4-benzoquinones bearing two or three substituents which are
challenging to prepare, and selectivity at the 2-position of the cyclohexadienone ring.2%2
However, this methodology could be further improved to enable a safe and efficient scaling-
up. The oxidative dearomatisation step uses an air sensitive catalyst

tris(triphenylphosphine)ruthenium(ll) dichloride (RuCly(PPhs)s),?” which makes processing
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complicated. In addition, tert-butyl hydroperoxide could readily cause runaway reactions,?®
especially in highly flammable solvents such as benzene. For the second step, an
environmentally undesirable solvent (dichloromethane) and acid catalyst (titanium chloride)
are used. In addition, the low temperature required (-78 °C) and the use of dichloromethane

makes the process expensive and unattractive for scale-up.
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5.2. Aims and general strategy

Even though the literature concerning the synthesis of 1,4-benzoquinones 5 is extensive,
new sustainable and selective methodologies for their synthesis are still required.?** 3% My
recent work on the dearomatisation of p-substituted phenols 1 in continuous flow, combined

281-283

with Murahashi’s findings, suggested a new synthetic route for 2-substituted-1,4-

benzoquinones. The aims for this Chapter were:

e To explore whether the dearomatisation of p-substituted phenols can be used in the
synthesis of 2-substituted-1,4-benzoquinones in batch.
e To transfer this batch methodology to a telescoped continuous flow approach.

e To begin expanding the scope of the synthesis of 2-substituted-1,4-benzoquinone.
To address the above aims, the following strategies were put in place:

1. A synthetic route for the telescoped synthesis of 2-substituted-1,4-benzoquinones 5
was developed. It consists of two consecutive steps: continuous flow dearomatisation of p-
substituted phenols 1 using singlet oxygen in supercritical CO,, followed by a catalysed 1,2-

alkyl shift to form 2-substituted-1,4-benzoquinones 5 (Scheme 56).

Oy, hv, CO,, TPFPP 1,2-alky! shift

co-solvent catalyst R
R OOCH
1 2 5
Scheme 56. Proposed telescoped synthesis of 2-substituted-1,4-benzoquinones.

2. The reaction was tested in similar conditions previously reported by Murahashi for

reproducibility purposes.

3. Then, the second step of the proposed synthesis of 1,4-benzoquinones 5 was
investigated in batch, screening different catalysts, concentrations of starting material,

catalyst loadings, temperatures, and solvents.

4. Telescoped synthesis was then investigated in continuous flow and this approach was

extended to other 1,4-benzoquinones 5.
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5.3. Results and discussion

5.3.1. Project inspiration: rearrangement of p-peroxyquinols to 1,4-

benzoquinones

During previous studies on the synthesis of 1,2,4-trioxanes (Chapter 4), an
intramolecular cyclisation of p-peroxyquinol 2l was attempted in batch, screening different
temperatures and catalyst loading (Table 11). CDCl; was used as the solvent so the samples

could be taken directly from the reaction mixture and analysed by *H NMR spectroscopy.

Surprisingly, 1,4-benzoquinone 5l was identified instead of the cyclisation product 3l.
The ratio of 1,4-benzoquinone 5I: p-peroxyquinol 2l increased with reaction time (Entry 1 —
Table 11). However, complete decomposition of both compounds occurred after heating up
the reaction to 40 °C (Entry 2 — Table 11). The reaction was repeated with less Amberlyst-15
and the product obtained after purification was confirmed to be the 1,4-benzoquinone 5I,

with 8% isolated yield (Entry 3 — Table 11).

Table 11. Screening of catalyst loading and temperature in the attempted intramolecular
cyclisation of methyl 3-(4-hydroxyphenyl) propionate p-peroxyquinol 2I.

o) o) o) o
Amberlyst-15 (300 % wiw) f
+ H
CDCly OCHjz !
o)
HOO 0 0 HO Pl
)
51 ;
07 >OCHs 0°™H | O
21 2r P
0.1 M Not formed

Entry  Temperature (°C) Time (h) NMR ratio 5l: 2I NMR ratio 2I’: 2|
1 1:45 1:4.9
1 r.t.
2 1:1.8 1:3.9
2 2 Decomposition
40
3? 2 Isolated yield: 51 (8%), 21 (6%)

1H NMR spectroscopy yields were calculated using 0.05 of biphenyl as the internal standard. °
Amberlyst (100% w/w)

In most experiments, hydrolysis of 21 occurred, possibly catalysed by Amberlyst-15.3%

|302

Thermolysis of the p-peroxyquinol*** would then occur, resulting in the formation of the

compound 2l (Scheme 57).
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+O/ OCH | OCHj3; O COCHS

Scheme 57. Possible mechan/sm for the hydro/ys:s and thermolysis of 2l to generate 2.

The reaction was then transferred to flow, under similar conditions used in the
telescoped synthesis of 1,2,4 trioxanes (Scheme 58). The overall yield of 1,4-benzoquinone
51 was 10% (17% for the second step), with a residence time of 3.6 min and productivity of 1
g/day. This result was promising since the reaction had not been yet optimised. Therefore,

the 1,2-alkyl shift step became the object of further investigation.

OH EtOAc, HFIP, TPFPP Q o Q
hv, O,, CO,, 40 °C Amberlyst-15, 40 °C
26 min 3.6 min
58 % HOO 17% OCH;  HO
0 0

07 OCH; 07 0CH;4 51 07 oH

11 21 2r

1™

Concentration of TPFPP: 0.3 mol %; 2 equiv. HFIP; 0.75 g Amberlyst-15, biphenyl as the internal standard for NMR yields.
Scheme 58. Telescoped synthesis of 1,4-benzoquinone 51 in flow under similar conditions for the
synthesis of 1,2,4-trioxanes.

5.3.2. 1,2-alkyl shift of p-peroxyquinol 2a: initial studies

Following up the discovery of the 1,2-alkyl shift of p-peroxyquinols 2, this reaction was

further investigated in batch (Scheme 59).

OH (0] 0}
0,, hv, CO,, TPFPP 12-alkyl shift
co-solvent catalyst R
R OOH
1 2 5
R' = alkyl
Scheme 59. 1,2-alkyl shift of p-peroxyquinols 2 in the proposed telescoped synthesis of 1,4-
benzoquinones 5.
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Reaction Mechanism

Based on Murahashi’s work,?® it was hypothesised that the carbonyl of the p-
peroxyquinol 2 would be activated by acid via a dienone-phenol rearrangement, forming a
cation 2-i. The rate-determining step is the 1,2-shift of the alkyl group in para position to
form species 2-ii, which is followed by deprotonation to give 2-iii. Elimination of water and

regeneration of the catalyst would give the 2-substituted-1,4-benzoquinone 5 (Scheme 60).

H+
L:O H‘o+ o/H
% rate-determining
fast fast step
*“H
HOO R HOO R HOO R
2 2-i
_H
o O’H O
-H* - Hzo
R
oY fast R R
OOH O« H 0
OH
2-ii 2-iii 5

Scheme 60. Proposed mechanism for the synthesis of 2-substituted-1,4-benzoquinones 5.

The migratory aptitude of the group in para position of the phenol has also been studied
by Murahashi et al., who concluded that groups which are stabilised by resonance or are
electron-donating can undergo the 1,2-alkyl shift more easily, resulting in higher yields.?*
303 The migratory aptitude is a result of the ability to stabilise the carbocation and it was

ordered as Ph > iPr > Et > Me.

Reproducibility test of Murahashi’s procedure

To test if the procedure reported by Murahashi was reproducible for an analogous
substrate, the reaction was performed under similar conditions?®? (Scheme 61 - A), with p-
peroxyquinol 2a instead of 4-(tert-butylperoxy)-2,5-cyclohexadienone 2Mu (Scheme 61 - B).
It was decided to start with p-peroxyquinol 2a as the methyl migration is the most
challenging and the optimised methodology developed would then give better results for
other substituents. However, when similar conditions were replicated, no signals of the

product were identified in *H NMR spectroscopy analysis.
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TiCly (1.2 eq.), DCM

(A) )
1.-78 °C (30 min)
o]
ooty 2 0°C (1h) o
0.33 M 92 % 5a
2Mu
0 o)
TiCly (1.2 eq.), DCM
®l I - SN A -
1.-78 °C (30 min)
OOH 2.0°C(1h) 0
2a 5a
0.33 M

Scheme 61. (A) Synthesis of 2-methyl-1,4-benzoquinone by Murahashi?®2and (B) under similar
conditions using p-peroxyquinol 2a. X represents that the product could not be formed.

Initial studies in batch

As the conditions reported by Murahashi failed to give the desired product, a series of
experiments were designed to try to obtain 1,4-benzoquinone 5a. To do so, different acid
catalysts such as BFs.OEt,,, triflic acid, TFA, PTSA, and Amberlyst-15 were tested. The
reactions were performed with different concentrations of p-peroxyquinol 2a, catalyst
loadings, and temperatures (Table 12). As these were initial investigations to check if the
reaction could work, no internal standard was used. Instead, *H NMR spectroscopy ratios of
products and by-products to starting material were compared to find a condition suitable for

further optimisation.
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Table 12. Summary of the initial experiments for the synthesis of 1,4-benzoquinone 5a.

O O OH O
Acid catalyst, CDCl3 @\ <> Q
OOH o) OH
5a 1a 2a’

2a

Catalyst Concentration Catal_yst Temp::rature Time (h) !\IMR !\IMR .NMR
2a (M) loading (°C) Ratio 5a: 2a Ratio 1a: 2a Ratio 2a’: 2a
1 BF;.0OEt; 1.2 eq. r.t. 1 Decomposition
2 TfOH 1.2 eq. r.t. 1 Decomposition
3 1.2 eq. r.t. 24 No reaction
4 TFA 0.2 1.2 eq. 40 24 No reaction
5 4.8 eq. 40 24 0 0 1:3.6
1.2 eq. 40 4 1:2.4 1:94 0
6 PTSA
1.2 eq. 40 24 Decomposition
40 2 1:8.3 1:45.4 0
7 0.1 40 4 1:5.0 1:28.0 0
40 24 1:1.3 1:9.6 0
40 2 1:4.9 1:35.0 0
8 Amberlyst- 0o 100% w/w 40 4 1:3.0 1:23.3 0
15 40 24 1:0.6 1:2.6 0
9 r.t. 24 1:4.9 1:45.5 0
40 2 1:3.1 1:9.8 0
10 1.0 40 4 1:1.8 1:6.8 0
40 24 Decomposition
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Strong acids such as Lewis acid BF;.0Et; (Entry 1 — Table 12) and Brgnsted acid TfOH (pK, = -
15)3% (Entry 2 — Table 12) led to complete decomposition of the starting material, after only 1 h
of reaction at room temperature. Although lower temperatures could have been tested, these
acids would be incompatible with the stainless steel of the high-pressure flow system. Therefore,

other acids were investigated.

To avoid decomposition of the starting material, a weaker acid TFA (pKa = 0.52)3% was tested.
In the first two experiments, no reaction was observed even when the temperature was
increased from room temperature (Entry 3 — Table 12) to 40 °C (Entry 4 — Table 12). Increasing
the acid catalyst loading (Entry 5 — Table 12) caused the reduction of p-peroxyquinol 2a to p-

quinol 2a’. TFA was likely not strong enough to protonate the carbonyl in the p-peroxyquinol 2a.

When the reaction was carried out with PTSA (pKa = - 6.0),3% a 'H NMR spectroscopy ratio
of 1: 2.4 of 1,4-benzoquinone 5a: p-peroxyquinol 2a was observed after 4 h, but complete
decomposition occurred after 24 h of reaction (Entry 6 — Table 12). Notably, a small conversion
of p-peroxyquinol 2a to the corresponding phenol 1a also occurred. It is possible

that PTSA activates 2a’ and facilitates rearomatisation of the ring to give p-cresol 1a.

To investigate the difference between homogeneous and heterogeneous catalysis,
Amberlyst-15 (pKs = - 6.5)37 was used as an equivalent polymer-supported acid catalyst to PTSA,
as both compounds possess a benzenesulfonic group and have similar pK; values. Indeed, at 0.2
M similar results were obtained after 4 h of reaction between both catalysts (Entries 6 and 8 —

Table 12).

Although few experiments were performed, there was an indication that the concentration
of substrate might have an influence on the ratio of 5a: 2a. Comparing the values obtained in
Entries 7, 8 and 10 on Table 12 after 4 h of reaction, the ratios of 1,4-benzoquinone 5a increased
from 1: 5.0 at 0.1 M (Entry 7 — Table 12) to 1: 1.8 at 1.0 M (Entry 10 — Table 12). However, no H
NMR spectroscopy signals for either the p-peroxyquinol 2a or the 1,4-benzoquinone 5a were
detected at 1.0 M after 24 h of reaction (Entry 10 — Table 12). Instead, a complex mixture was

formed.

Regarding the effect of temperature, there was a significant increase in ratio of 1,4-
benzoquinone 5a from 1: 4.9 to 1: 0.6 when the reaction was heated up to 40 °C for 24 h (Entry

8 — Table 12) compared to room temperature (Entry 9 — Table 12).
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Based on these experiments, two parameters were fixed to carry out the optimisation: The
concentration of substrate was fixed at 0.5 M and the reaction time was set at 4 h. As for the
solvent system, EtOAc/HFIP was selected because the first step of the proposed telescoped
synthesis had previously been carried out in this solvent mixture. After fixing the concentration
of 2a, reaction time and solvent system, other catalysts and temperatures were screened to

optimise the reaction.

5.3.3. 1,2-Alkyl shift of p-peroxyquinol 2a: batch optimisation of catalyst and

temperature

For the first part of the optimisation, five acid catalysts were tested: diphenylphosphinic acid
(Ph2POzH), trimethylsilyl trifluoromethanesulfonate (TMSOTf), camphorsulfonic acid (CSA),
niobium phosphate (NbOPQO,4) and Amberlyst-15. The reaction was also analysed at four different

temperatures between -78 °C and 60 °C (Table 13).
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Table 13. 1,2-alkyl shift of p-peroxyquinol 2a: optimisation of catalyst and temperature.

0 o)
Acid catalyst, EtOAc + 2 eq. HFIP
4h
OOH le}
2a 5a
05M
NMR . NMR
Catalyst Temperature . NMR yield .
Catalyst loadin °C) Conversion 5a (%) yield 1a
8 (%) i (%)
1 Ph,PO2H 40 0 No reaction
2 (£)-CSA 40 23 2 3
1.2 eq.
3 TMSOTf 40 Decomposition
4 NbOPO, 40 81 5 0
5 40 78 5 2
6° 40 84 5 2
0,
7 Amberlyst-15 100% -78 0 No reaction
w/w
8 r.t. 33 3 0
9 60 94 Complex mixture

Biphenyl (0.05 eq.) was used as internal standard for \H NMR spectroscopy analysis. @ Addition of 4A
molecular sieves

The first catalysts tested (Entries 1 to 3 — Table 13) have been reported to activate the

carbonyl- in p-quinols?*3%

and therefore, were thought to be good candidates for this reaction.
However, no reaction was observed with Ph,PO,H (Entry 1 —Table 13) and poor yields of 5a were
obtained with (#)-CSA (Entry 2 — Table 13). Complete decomposition of 2a occurred with TMSOTf
(Entry 3 — Table 13). Indeed, this catalyst was found to cleave the O-O bond in organic

peroxides.3%

NbOPO, (pK. = -8.2) is a solid acid catalyst, which maintains excellent activity at high
temperatures and reactions in presence of water.3'° Compared to the reaction with Amberlyst-
15 under similar conditions (Entry 5 — Table 13), niobium phosphate gave a slightly higher

conversion, but with the same yield of 5% (Entry 4 — Table 13).
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To investigate if the removal of water could increase the yield of 5a, 4A molecular sieves
were added to the reaction (Entry 6 — Table 13), but there was no difference in yield compared

to Entry 5.

Different temperatures were also tested (Entries 7 to 9 — Table 13). Based on Murahashi’s
experiments, the reaction was cooled down to — 78 °C (Entry 7 — Table 13), but there was no
conversion of starting material. At room temperature (Entry 8 — Table 13), a slightly lower yield
of 5a (3%) was obtained when compared to 40 °C (Entry 5 — Table 13), whereas heating up the

reaction to 60 °C led to complete decomposition of 2a (Entry 9 — Table 13).

In all experiments, moderate to high conversions of substrate were observed, even though
the yields obtained of 5a were very poor. Although *H NMR spectroscopy analysis did not shown
signals for other by-products, it might be that 1,4-benzoquinone 5a had polymerised in the
presence of acid catalyst, as this has been observed for a similar compound 1,4-benzoquinone 3!
As the flow setup proposed would have the catalyst in a packed bed, it was thought that 1,4-
benzoquinone 5a would be exposed to the acid for a shorter period of time and therefore,

diminish possible polymerisation.

5.3.4. 1,2-Alkyl shift of p-peroxyquinol 2a: continuous flow test using Amberlyst-
15 and NbOPO4

As the best results obtained were the same for both solid acid catalysts (Amberlyst-15 and
NbOPQ,), these reactions were tested in flow and the results were compared (Table 14). More
information about the conditions used in these experiments, can be found in the experimental

procedures.
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Table 14. Comparison between the continuous flow telescoped synthesis of 1,4-benzoquinone 5a
with Amberlyst-15 and NbOPO., and simplified scheme of the high-pressure setup used.

4.4 min

Acid catalyst, 40 °C

0]

oH 26 min Q
EtOAc, TPFPP, biphenyl, HFIP
hv, O,, CO,, 40 °C
94 % OCH
1a 2a
™
Flow rate = 0.15 mL/min
[CO,]=83%
CO;
Pump
Mixer 1
Organic 40°C
Pump 2 Thermo
EtOAc Flow rate Reactor
0.05 mL/min

Photo
Reactor

BPR
120 bar

Mixer 2
40°C

Product

Thermo reactor and

S

0,DU

Organic
Pump 1

Flow rate
0.05 mL/min

NMR conversion

(0]
5a

Sample loop = 10 pL
Switching time = 15.9 s
Molar ratio 0,:10 = 2:1
[0;]=2.6%

Substrate
solution

H (1)
Entry Catalyst B 1a (%) NMR yield 5a (%)
1 Amberlyst-15 TR3-Amb (0.75 g) 78 4
2 NbOPO, TR3-NbP (0.75 g) 84 1

System specifications: photo reactor (10 mm outer diameter ‘0.d.”, 240 mm length, 1 mm wall thickness,
effective volume = 5.2 mlL, filled with 38 glass beads with 6 mm o.d., at 40 °C) and thermo reactor (1/4”
o0.d., 0.049” wall thickness, 15 cm length, effective volume = 1.1 mL, at 40 °C) was packed with either: TR3-
Amb = 0.75 g Amberlyst-15 and 0.85 g of 0.5-0.75 mm o.d. glass beads; or TR3-NbP = 0.75 g NbOPO, and
2.5g0of 1.5—-2mm o.d. glass beads. Concentration of TPFPP = 0.3 mol%, and biphenyl (0.05 eq.) was used
as internal standard for H NMR spectroscopy analysis.

For the experiment using Amberlyst-15 (Entry 1 — Table 14), the thermo reactor TR3-Amb

with smaller glass beads (0.5 — 0.75 mm o.d.) was used as it gave better results in Chapter 4.

However, as NbOPO, (NbP) is a finer powder, different thermo reactor designs had to be made

to avoid blockages or leakages (Figure 42).
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\-» Heating block

----- » Glass wool - Column frits - Column frits

.. NDP - NbP

> NbP

% : -p  Glass beads
(0.5-0.75mmo.d.)

Glass beads

% (0.5-0.75 mm o.d.) OOf-» Glass beads

(2mmo.d.)

y » Tubular reactor e *....» Sand

1

TR1-NbP TR2-NbP TR3-NbP
Figure 42. Different niobium phosphate (NbP) packed bed reactor schemes: TR1-NbP = 0.75 g NbP +
1.990.5-0.75 mm o.d. glass beads; TR2-NbP = 0.75 g NbP + 1.6 g 0.5 — 0.75 mm o.d. glass beads and
TR3-NbP = 0.75 g NbP + 2.0 g 2 mm o.d. glass beads.

The first design (TR1-NbP) failed when the reactor was connected to the nitrogen line and
the glass beads and NbP went through the glass wool. To avoid that, a column frit and a layer of
sand were installed at each end of the tubular reactor (TR2-NbP). However, when the reactor
was connected to the flow system and CO; flowed through it, the system reached overpressure
possibly because NbP was highly compacted. In the last design (TR3-NbP), the sand layers were
removed, and bigger glass beads were mixed with NbP to avoid overpacking. This reactor was

successfully implemented for the reaction in Entry 2 — Table 14.

Although both reactions had very poor yield, Amberlyst-15 was chosen as the acid-catalyst

for further batch optimisation.

5.3.5. 1,2-Alkyl shift of p-peroxyquinol 2a: batch optimisation of solvent

After studying the influence of concentration on starting material, temperature and catalyst,
seven different solvents were tested to improve the yield of 1,4-benzoquinone 5a: dimethyl
carbonate (DMC), EtOAc, 2-Methyltetrahydrofuran (Me-THF), acetonitrile (MeCN), MeOH,
toluene/HFIP and CDCls, at 0.5 M concentration of peroxyquinol 2a using Amberyst-15 at 40 °C
(Table 15).
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Table 15. 1,2-alkyl shift of p-peroxyquinol 2a: optimisation of solvent.

o) o OH o
Amberlyst-15 (100 % w/w)
solvent, 40 °C, 4 h OMe
OOH 0 OOH
2a 5a 1a 5a’
0.5M
NMR Conversion NMRyield NMRyield NMR yield
Ent Sol t
ey olven (%) 5a (%) 1a (%) 5a’ (%)
1 DMC 49 2 traces -
2 EtOACc 13 2 traces -
3 Me-THF No reaction
4 MeCN 17 2 traces -
5 MeOH 20 - - 15
6 Toluene/HFIP 53 5 traces i
1:3

7 CDCl3 84 4 traces -

Biphenyl (0.05 eq.) was used as internal standard for *H NMR spectroscopy analysis.

The initial idea was to investigate whether there was a correlation between solvents’
dielectric constants and yield of 5a, as there is a formation of a carbocation during the

rearrangement and choosing the right solvent can be crucial to the reaction.

)*12 and polar aprotic solvents EtOAc (€ = 6.02)%*'® and

Apolar aprotic solvent DMC (g = 3.20
Me-THF (e = 6.97)%" resulted in either very poor yields of 5a (Entries 1 and 2 — Table 15) or no
conversion (Entry 3 — Table 15). Whilst similar results were obtained with highly polar aprotic
MeCN (g = 37.5)3*° (Entry 4 — Table 15), a different product 5a’ was observed when the reaction
was performed in polar protic MeOH (g = 32.6)3!® (Entry 5 — Table 15). This is because methanol

undergoes 1,4-conjugate addition to the cyclohexadienone ring in 2a, catalysed by Amberlyst-

15. Tautomerisation followed by elimination of the catalyst, gives 5a’ (Scheme 62).
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Scheme 62. Mechanism of 1,4-conjugate addition of methanol to peroxyquinol 2a.

Murahashi published a separate article specifically about the 1,2-alkyl shift of a methyl
group, as this migration is very challenging, changing the solvent system to toluene/HFIP 1:3.23
Compared to the experiment in EtOAc + 2 eq. HFIP (Entry 5 — Table 13), the toluene/HFIP mixture

did not show any improvement, resulting in the same 5% yield of 5a (Entry 6 — Table 15).

The final solvent tested was CDCls, as it was the medium for the initial studies (Table 12).
Although the dielectric constant of chloroform is quite low (g = 4.8),%Y the results were very

similar (Entry 7 — Table 15) to the ones with EtOAc/HFIP and toluene/HFIP solvent mixtures.

Optimisation of the concentration of 2a, temperature, catalyst, and solvent for the 1,2-alkyl
shift of peroxyquinol 2a did not improve the yield significantly, with only 5% of 1,4-benzoquinone
5a obtained in the best results, using either toluene/HFIP or CDCl3 The dielectric constant of the
solvents was not a good predictor for this reaction, as CDCl; and toluene/HFIP gave similar yields
of 5a and have different dielectric constants. It was then hypothesised that instead of the

reaction yield being low, that the quantification method was not suitable.

5.3.6. 1,2-alkyl shift of p-peroxyquinol 2a: quantification methods

In previous experiments, *H NMR spectroscopy yields were calculated from samples taken
directly from the reaction mixture, which were concentrated with nitrogen-blow down and
diluted in CDClI; for analysis. However, it is possible that 1,4-benzoquinone 5a co-evaporated in
this process, resulting in an “apparent” low yield. To test this hypothesis, volatility tests were

undertaken, as shown in Table 16.
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Table 16. 1,2-alkyl shift of peroxyquinol 2a: volatility tests.

o} o]
Amberlyst-15 (100 % wiw)
CDCl3, 40°C, 2 h
OOH o
2a 5a
1™
Entry Method Duration (min) Ratio 5a: 2a
1 Original sample - 1:3.1
2 Nitrogen blown down 1:3.6
3 Rotary evaporator 30 1:4.9
4 Schlenk line 1:6.1

A sample was taken directly from the reaction mixture, diluted with CDCls; and analysed by
'H NMR spectroscopy as a control experiment (Entry 1 — Table 16). The same sample was then
concentrated and analysed subsequently by three different methods: nitrogen blow down (Entry

2 —Table 16), rotary evaporator (Entry 3 — Table 16) and Schlenk line (Entry 4 — Table 16).

The ratio 5a: 2a decreased by almost half after successive solvent removal techniques, which
gave an indication that the yields of 1,4-benzoquinone 2a obtained previously could have been

higher than expected. In fact, 1,4-benzoquinone was found to undergo sublimation.3®

To find the most suitable quantification method for the synthesis of 1,4-benzoquinone 5a, a
reaction was quantified by 'H NMR spectroscopy using biphenyl as the internal standard and
HPLC calibration curve. For the reaction using biphenyl, two samples were taken: one was
concentrated using nitrogen blow down and diluted with CDCl; and the other was analysed
directly from the reaction mixture and diluted with CDCl; to avoid co-evaporation of 5a (Table

17).
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Table 17. 1,2-alkyl shift of peroxyquinol 2a: quantification methods.
Amberlyst-15 (100 % w/w)
toluene/HFIP 1:3, 40 °C, 4 h

Conversion | Yield 5a Yield 1a

OOH
2a
0.2M

Quantification method

(%) (%) (%)
1 1H NMR yield with internal | BiPhenyl? 45 3 traces
2 standard (0.05 eq.) Biphenyl 49 11 traces
3 Calibration curve HPLC 47 11 -

@ Sample was concentrated by nitrogen blow down for 3 min. The *H NMR spectroscopy conversion
was calculated as the following: *H NMR Conversion of 2a = 100 — X, where X = *H NMR Recovery of 2a.

Similar conversions were obtained for all three experiments conducted (Entries 1 to 3 —
Table 17). For the first two experiments carried out using biphenyl as the internal standard, there
was a significant divergence in the yield of 5a caused by removal of solvent by nitrogen blow
down (Entries 1 and 2 — Table 17). When the experiment was repeated and quantified by HPLC
calibration curve (Entry 3 — Table 17), in which the solvent wasn’t removed for the analysis, the

results were comparable to the ones using biphenyl without solvent removal (Entry 2 — Table 7).

These results showed that using both HPLC calibration curve and biphenyl as the internal
standard without solvent removal were appropriate methods to quantify 2-methyl-1,4-
benzoquinone 5a. Although the yields obtained for 5a using these two methods were higher
(Entries 2 and 3 — Table 17) than the previous one with solvent removal (Entry 1 — Table 17), the

1,2-alkyl shift of p-peroxyquinol 2a was still inefficient, giving poor yields of 11%.
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5.3.7. Continuous flow telescoped synthesis of 1,4-benzoquinone 5n:

methodology development

Following the challenging optimisation of the synthesis of 1,4-benzoquinone 5a, another p-
peroxyquinol with a better migrating group was investigated for the 1,2-alkyl shift reaction. First,
p-peroxyquinol 2n had to be prepared (Table 18) to be used in the optimisation reactions in

batch.

Table 18. Continuous flow photooxidation of 4-isopropylphenol 1n using MeOH as the co-solvent.

OH o)
MeOH, TPFPP, biphenyl
hv, Oy, CO,, 40 °C

26 min OOH
1n 2n
Entr Concentration 1n NMR Conversion NMR yield 2n Isolated yield
Y (M) (%) (%) 2n (%)
1 1 69 64 61
2 3 89 85 76

System specifications: photo reactor (10 mm outer diameter ‘0.d.”, 240 mm length, 1 mm wall thickness,
effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d., at 40 °C) and concentration of TPFPP
=0.3mol%. Entry 1: overall [CO,] = 71%, molar ratio O,:1n = 2:1, O, switching time = 15.9 s and overall [O]
=2.1%; Entry 2: overall [CO,] = 68%, molar ratio O,:1n = 1:1, O, switching time = 10.6 s and overall [O;] =
3.1%. Biphenyl (0.05 eq.) was used as internal standard for *H NMR spectroscopy analysis. The *H NMR
spectroscopy conversion was calculated as the following: H NMR Conversion of 1n = 100 — X, where X =
1H NMR Recovery of 1n.

The photooxidation of 4-isopropylphenol 1n gave good yields of 2n (Entry 1 — Table 18), with

an increase of 21% in yield when the concentration was tripled (Entry 2 — Table 18).

Next, the synthesis of 1,4-benzoquinone 5n was investigated in batch with different solvents
and temperatures, using Amberlyst-15 as the acid catalyst. The results for each experiment were

presented when maximum conversions were obtained (Table 19).
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Table 19. 1,2-Alkyl shift of p-peroxyquinol 2n: optimisation of solvent and temperature.

o (0]
Amberlyst-15 (100 % w/w)

OOH

Solvent Temperature Time (min) Conversion Yield 5n

(°C) (%) (%)
1 Toluene/HFIP 1:3 40 30 100 55
2° Toluene/HFIP 1:3 40 30 - 59
3 EtOAc + 2 eq. HFIP 40 30 86 36
4 EtOAc/HFIP 1:3 40 60 100 47
5 EtOAc/HFIP 1:3 20 120 100 69
6 HFIP 20 20 100 >99
7 HFIP 0 20 100 80

Yields were obtained from *H NMR spectroscopy analysis using biphenyl (0.05 eq.) as internal
standard. ® Reaction was performed without biphenyl and the yield 5n is the isolated yield.

The first condition tested was the one that resulted in the best yield of 1,4-benzoquinone
5a, with toluene/HFIP 1:3 as the solvent mixture at 40 °C (Entry 1 — Table 19). Surprisingly, the
yield of 1,4-benzoquinone 5n was 55%. When the reaction was repeated without internal
standard, an isolated yield of 59% was obtained (Entry 2 — Table 19). However, the gap between

conversion and yield was still considerable.

When the reaction was repeated with EtOAc + 2 eq. HFIP (Entry 3 — Table 19), a lower yield
of 36% was achieved. Increasing the amount of HFIP (Entry 4 — Table 19), resulted in an increase

of 11% in yield compared to Entry 3.

The gap between conversion and yield in these experiments was still quite significant, even
though the yields were much higher for 5n compared to 5a. This might be due to a selectivity
issue, as the carbocation formed during the rearrangement (see Scheme 60) would be very
reactive. Then, the experiment was repeated at 20 °C (Entry 5 — Table 19) and 1,4-benzoquinone
5n was obtained in 69%, an increase of 22% compared to the same experiment at 40 °C in Entry

4.
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As the addition of HFIP increased the yield of 5n (Entries 3 and 4 — Table 19), the reaction
was also carried out solely in HFIP (Entry 6 — Table 19). 1,4-Benzoquinone 5n was then obtained
in quantitative yield, with full conversion of the substrate. In fact, HFIP was found to be an
excellent solvent to stabilise cationic intermediates due to its high dielectric constant (e = 15.7)
and low nucleophilicity.?*® When the experiment was repeated at 0 °C, the yield decreased by
20% (Entry 7 —Table 19), showing that the optimal temperature for this reaction was 20 °C (Entry
6 — Table 19).

Following the optimisation of the 1,2-alkyl shift of p-peroxyquinol 2n, the reaction was then
tested in flow. As the optimal condition has HFIP as the reaction medium, the dearomatisation
of 1n had to be repeated in this co-solvent and quantified before telescoping the two reactions

(Scheme 63).

OH o, hv,TPFPP CO, HFIP  §
40 °C, 26 min
>99 %
OOH
1n 2n

1™
Scheme 63. Continuous flow photooxidation of 4-isopropylphenol in HFIP (same high-pressure setup from
Table 18). System specifications: photo reactor (10 mm outer diameter ‘0.d.’, 240 mm length, 1 mm wall
thickness, effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d., at 40 °C), overall [CO;] =
84%, molar ratio 0,:1n = 2:1, O, switching time = 15.9 s, overall [O;] = 2.5% and concentration of TPFPP =
0.05 mol%. Biphenyl (0.05 eq.) was used as internal standard for *H NMR spectroscopy analysis.

Quantitative yields of 2n were obtained when the reaction was performed using HFIP as the
co-solvent and scCO; at 1 M: an increase of about 40% when compared with the same reaction
in EtOAc/HFIP (Entry 1 - Table 18). The next step was to investigate the continuous flow

telescoped synthesis of 1,4-benzoquinone 2n from 4-isopropylphenol in HFIP (Table 20).
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Table 20. Continuous flow telescoped synthesis of 1,4-benzoquinone 2n using HFIP as the co-solvent.

OH 0o, hv.TPFPP,CO, HFIP  § Q
40 °C, 26 min Amberlyst-15, 20 °C
>99 %
OOH i
1n 2n 5n

‘ Packed bed reactor and catalyst loading / Overall NMR yield

Entry ;:‘)e ‘ TR3-Amb (0.75g)  TR3-Amb I1 (0.25 g) ‘ TR4-Amb (1.05 g)
\ 2n (%) \ S5n(%) 2n(%)  5n (%) \ (%)  5n(%)
1 1 - - 0 83 0 82
2 | 15 - - 8 76 0 82
3 2 0 80 20 68 0 82
4 | 25 3 78 28 61 0 82
5 3 7 77 37 52 0 82
6 | 35 9 75 ] - - -
7 4 12 72 ] - - -

System specifications: photo reactor (10 mm outer diameter ‘0.d.”, 240 mm length, 1 mm wall thickness,
effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d.). Thermo reactors (1/4” o.d., 0.049”
wall thickness, 15 cm length) were packed with Amberlyst-15 (Amb-15) and 0.5-0.75 mm glass beads (gb)
in the following specifications: TR3-Amb: 0.75 g Amb-15 + 0.85 g gb, effective volume = 1.1 mL, residence
time = 5.5 min; TR3-Amb Il: 0.25 g Amb-15 + 2.05 g gb, effective volume = 1.4 mL, residence time = 7 min;
TR4-Amb: 1.05 g Amb-15 only, effective volume = 0.6 mL, residence time = 3.0 min. Concentration of TPFPP
=0.05 mol% and biphenyl (0.05 eq.) was used as internal standard for *H NMR spectroscopy analysis.

The packed bed reactor (TR3-Amb) filled with 0.75 g Amberlyst-15 was the first one to be
tested. The reaction was monitored by *H NMR spectroscopy for four hours, in which the overall
yield of 1,4-benzoquinone 5n decreased over time. It was hypothesised that the quantity of

Amberlyst-15 might have been the cause for these results.

To investigate if the decrease in yield was affected by the amount of acid catalyst, other two
thermo reactors were built and charged with either 0.25 g (TR3-Amb 1l) or 1.05 g (TR4-Amb) of

Amberlyst-15. All three thermo reactors design schemes can be compared in Figure 43 .
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- Column frits - Column frits

21> Amberlyst-15 8-> Amberlyst-15

£2..» Glass beads
(0.5-0.75 mm o.d.)

TR3-Amb and TR3-Amb Il TR4-Amb

Figure 43. Different Amberlyst-15 (Amb) packed bed reactor schemes: TR3-Amb = 0.75 g Amb-15 + 0.85 g
0.5—-0.75 mm o.d. glass beads; TR3-Amb Il = 0.25 g Amb-15 + 2.05 g 0.5 — 0.75 mm o.d. glass beads and
TR4-Amb = 1.05 g Amb-15 with no glass beads

The reaction was then repeated with 0.25 g of Amberlyst-15 using packed bed reactor TR3-
Amb Il. The decrease in yield of 5n was even more pronounced with less quantity of acid, with
an overall drop of 30% over 2h of reaction. On the other hand, when a larger amount of
Amberlyst-15 was used (TR4-Amb), the overall yield stabilised at 82% (yield for 2" step = 83%),

with productivity of 9 g/day.

The decrease in yield of 5n was proportional to the appearance of p-peroxyquinol 2n in the
first two experiments, with the sum of both yields maintained relatively stable. On the other
hand, p-peroxyquinol 2n was not identified when the packed bed reactor was filled with 1.05 g

of Amberlyst-15 (Figure 44).
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Figure 44. Left: overall *H NMR spectroscopy yields of 1,4-benzoquinone 5n (BQ); right: sum of
overall yields of 5n and p-peroxyquinol 2n (HP) monitored over time for reactions in Table 20.
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These results suggest that Amberlyst-15 was deactivated over time, with a more drastic
effect on the yield of 5n when lower amounts of catalyst were used. The appearance of p-
peroxyquinol 2n could be explained by the fact that less active sites were available to catalyse
the 1,2-alkyl shift and, therefore, less p-peroxyquinol 2n was converted into 1,4-benzoquinone

5n throughout the experiment.

After developing a methodology for the synthesis of 1,4-benzoquinone 5n using thermo
reactor TR4-Amb, the next step was to expand the scope to other 1,4-benzoquinones. For each
compound, the photooxidation had to be tested first in HFIP and then telescoped with the 1,2-

alkyl shift of p-peroxyquinols.

5.3.8. Continuous flow telescoped synthesis of 1,4-benzoquinones: scope of
reaction

The methodology developed was tested with p-peroxyquinol 20, bearing an ethyl group at

the migrating para position. The photooxidation of 4-ethylphenol 10 was first performed in flow,

giving a quantitative yield of p-peroxyquinol 20. After that, the 1,2-alkyl shift was telescoped with

the dearomatisation of p-substituted phenol 1o and the results are shown in Table 21.
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Table 21. Continuous flow telescoped synthesis of 1,4-benzoquinone 50

0, hv, TPFPP, CO, HFIP o Q
40 °C, 26 min Amberlyst-15, 20 °C
>99 %

OOH o)
10 20 50

‘ Packed bed reactor and catalyst loading / Overall NMR yield

Entry Time (h) ‘ TR4-Amb (1.05 g) ‘ TR4-Amb 11 (1.92 g) TR4-Amb 111 (4.38 g)
2% So(%) | 20(%)  So(%)  20(%)  5o0(%)
1 1 6 80 : : : :
2 2 13 71 0 76 0 64
3 25 26 60 0 77 0 66
4 3 36 56 0 75 0 69

Same high-pressure setup and system specifications from Table 20, except for thermo reactors. Each
thermo reactor (1/4” o.d., 0.049” wall thickness) was packed with Amberlyst-15 (Amb-15) in the following
specifications: TR4-Amb: length = 15 cm, 1.05 g Amb-15, effective volume = 0.6 mL, residence time = 3 min;
TR4-Amb II: length = 30 cm, 1.92 g Amb-15, effective volume = 0.9 mL, residence time = 4.5 min; TR4-Amb
1lI: length = 70 cm, 4.38 g Amb-15, effective volume = 1.5 mL, residence time = 7.5 min. Yields were obtained
from *H NMR spectroscopy analysis using biphenyl (0.05 eq.) as internal standard.

When the reaction was performed with the packed bed reactor TR4-Amb, there was a
significant drop in yield of 1,4-benzoquinone 50 over 2 h of reaction. Instead, another packed
bed reactor was built (TR4-Amb Il) with a larger amount of Amberlyst-15 and longer residence
time of 4.5 min. The overall yield of 50 maintained relatively constant at 76% (yield for 2" step
= 77%), with productivity of 7 g/day. However, increasing the amount of catalyst to 4.38 g (TR4-

Amb lll) proved less efficient, resulting in overall 10% less yield of 50.

It is not surprising that the formation of 1,4-benzoquinone 50 was less efficient than the
previous 1,4-benzoquinone 5n, as the ethyl group has a lower migratory aptitude and

stabilisation of the intermediate carbocation compared to isopropyl.

This methodology was also applied in the synthesis of 2-methyl-1,4-benzoquinone, the
original substrate tested in the beginning of this Chapter, as shown in Table 22. The
photooxidation of p-cresol 1a in HFIP gave a quantitative yield, whereas the overall yield of 1,4-

benzoquinone 5a was relatively stable at 13% (yield for 2" step = 13%), with productivity of 1
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g/day. Although this methodology gave good yields for 1,4-benzoquinones 5n and 50, the

telescoped synthesis of 5a is still a challenge to be overcome.

Table 22. Continuous flow telescoped synthesis of 1,4-benzoquinone 5a

OH o, hv, TPFPP, CO, HFIP O Amberlyst-15, 20 °C o
40 °C, 26 min 4.5 min
>99 %
OOH
1a 2a 5a
1M

Overall NMR yield

2a (%) 5a (%)
1 4 14
2 2 23 14
3 2.5 41 13
4 3 51 12

Same high-pressure setup and system specifications from Table 20, except for thermo reactor. The packed
bed reactor TR4-Amb Il (1/4” o.d., 0.049” wall thickness, 30 cm length) was packed with 1.92 g of
Amberlyst-15, with effective volume = 0.9 mL and residence time = 4.5 min. Yields were obtained from H
NMR spectroscopy analysis using biphenyl (0.05 eq.) as internal standard.
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5.4. Conclusions

1,2-alkyl shift of p-peroxyquinol 2a: initial studies, optimisation, and quantification

methods

Following the discovery of a 1,2-alkyl shift of p-peroxyquinols during previous studies on the
synthesis of 1,2,4-trioxanes, a continuous flow telescoped synthesis of 2-substituted-1,4-
benzoquinones was proposed. To test reproducibility, the rearrangement step was carried out
with p-peroxyquinol 2a instead of 4-(tert-butylperoxy)-2,5-cyclohexadienone 2Mu, under similar
conditions reported by Murahashi?®? (Scheme 64). In this study, no product 5a was obtained and

2a was mostly decomposed.

(0}
O
OOH X )
2a TiCly (1.2 eq.), DCM
0} 1.-78 °C (30 min)
92 % 2.0°C(1h) 0
5a
0OO0t-Bu
2Mu

Scheme 64. Reproducibility test for the synthesis of 1,4-benzoquinone 5a (batch) with 2-methyl-1,4-
benzoquinone 2a using Murahashi’s prodedure.?? X represents that the product 5a was not observed.

This reaction was then optimised in batch, screening different concentrations of 2a (0.1, 0.2,
0.5 and 1 M), temperatures (-78 °C, 0 °C, 40 °C, and 60 °C), acid catalysts (BFs.OEt,, TfOH, TFA,
PTSA, Ph,PO3H, CSA, TMSOTf, NbOPO4 and Amberlyst-15), and solvents (DMC, CDCls, Me-THF,
MeCN, MeOH, EtOAc, toluene/HFIP and EtOAc/HFIP). The optimal condition gave only 5% yield
of product 5a, using Amberlyst-15 as the acid catalyst at 40 °C in either toluene/HFIP or
EtOAc/HFIP solvent mixtures (Scheme 65).
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OH Q' Amberlyst-15 (100 % wiw), 40 °C, 4 h
Dearomatisation Toluene/HFIP 1:3 or EtOAc + 2 eq. HFIP
5%
OCH o)
1a 2a 5a
0.5M

Scheme 65. 1,2-alkyl shift of p-peroxyquinol 2a: best result obtained from the optimisation in batch.

Various parameters were screened to increase the yield of this reaction, but since none gave
higher yields than 5%, the quantification method was then investigated. From volatility tests
undertaken with a sample of 1,4-benzoquinone 5a, it was observed that this compound co-

evaporates, even with mild solvent removal techniques such as nitrogen blown down (N,BD).

To investigate the validity of the previous quantification method used (internal standard
with sample concentrated by N,BD), a model reaction was analysed using three techniques:
internal standard with and without N>BD, and HPLC calibration curve, as shown in Scheme 66.
These experiments showed that solvent removal affected the quantification analysis and that
both the internal standard and HPLC methods gave consistent results when the solvent was not

removed. However, the yields of 5a obtained through these two methods were still poor (11%).

Internal standard (with N,BD)

3% 0

Amberlyst-15 (100 % w/w) Internal standard (without N,BD) @\
/Y
5a

toluene/HFIP 1:3, 40 °C, 4 h "
OOH HPLC calibration curve

2a M %

02M
Scheme 66. 1,2-alkyl shift of peroxyquinol 2a quantified by three different methods: internal
standard (with N,BD); internal standard (without N,BD); and HPLC calibration curve.

Continuous flow telescoped synthesis of 1,4-benzoquinone 2n: methodology

development

Given the difficulties in improving the yield of 1,4-benzoquinone 5a, the phenol was
substituted for 1n, which has a better migratory aptitude at the para position. First, the starting
material was prepared in flow to be used in batch for optimisation tests, giving good yields of

64% and 85% depending on the concentration of 1n, as shown in Scheme 67.
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OH 0, hv, TPFPP, CO,, MeOH 0

40 °C, 26 min

1M=64%

3M=85% OOH
1n 2n

Scheme 67. Continuous flow photooxidation of 4-isopropylphenol 1n using 10; in scCO, and MeOH as
the co-solvent.

The 1,2-alkyl shift of 2n was tested in batch and optimised using three different solvent
systems (toluene/HFIP, EtOAc/HFIP and HFIP) and three temperatures (0 °C, 20 °C, and 40 °C).
The optimal condition found was using Amberlyst-15 (acid catalyst) in HFIP at 20 °C, which gave

full conversion and an excellent quantitative yield of 1,4-benzoquinone 2n in only 20 min

(Scheme 68).
OH O Amberlyst-15 (100 % wiw), 20°C
Dearomatisation HFIP, 20 min
>99 %
OOH 0
1n 2n 5n
02M

Scheme 68. 1,2-alkyl shift of p-peroxyquinol 2n: best result obtained from the optimisation in batch.

Continuous flow telescoped synthesis of 1,4-benzoquinones: scope of reaction

After developing the methodology in batch, the reaction was transferred to a continuous
flow telescoped setup and the scope was expanded to other 1,4-benzoquinones. To start with,
the first step of the reaction was carried out in flow with three phenols using HFIP as the co-
solvent (Scheme 69). Quantitative yields were obtained for all three p-peroxyquinols tested,

which are higher than the yields obtained previously in MeOH (Chapter 3).
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OH 0, hv, TPEPP, CO, HFIP 0
40 °C, 26 min
R R OOH
1 2
1M NMR vyield (isolated yield)
Productivity

1,2 - alkyl shift

,,,,,,,,,,,,, >

o O

(o} 0 (0]
HOO ; Hogé HO(;;
2n

2a 20
>99 % > 99 % (95 %)
10 g/day 11 g/day

>99 %
12 g/day

Scheme 69. Summary of the continuous flow photooxidation of p-substituted phenols using 10, in
5¢CO; and HFIP as the co-solvent.

Next, the scope of the 1,2-alkyl shift was expanded to three different 1,4-benzoquinones in

a continuous flow telescoped approach, as shown in Scheme 70. It was found that the migratory

aptitude of the group in para position seems to depend on the nature of the carbon and it was

ordered Me (5a) < Et (50) < jPr (5n). In particular, the migration of iPr gave a good overall yield

of 83% for 5n and a productivity of 9 g/day in only 4.5 min of residence time. The p-peroxyquinols

were reacted in situ in a non-flammable solvent CO,, enabling safe scaling-up of the synthesis of

1,4-benzoquinones, in short residence times of up to 5 min.
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oH O,, hv, TPFPP, CO, HFIP Q Amberlyst-15, 20 °C 2
40 °C, 26 min 3-4.5min
15t step 2M step R
R R OOH o)
1 2 5
1M Yield 15 step / Yield 2™ step
Productivity
Thermoreactor type
(0] (0} (0]
O (0] O
5a 50 5n
>99% /13 % >99% /77 % >99%/83%
1 g/day 7 g/day 9 g/day
TR4-Amb |1 TR4-Amb Il TR4-Amb

Scheme 70. Continuous flow telescoped synthesis of 1,4-benzoquinones: scope of reaction. Productivities
were calculated with the overall yield of 1,4-benzoquinone. All packed bed reactors have 1/4” o.d., 0.049”
wall thickness, and were loaded with Amberlyst-15 (Amb-15). TR4-Amb: length = 15 cm, effective volume
=0.6 mL, 1.05 g Amb-15, residence time = 3 min; and TR4-Amb II: length = 30 cm, effective volume = 0.9
mlL, 1.92 g Amb-15, residence time = 4.5 min.

In summary, a methodology for the continuous flow telescoped synthesis of 2-substituted-
1,4-benzoquinones was developed, starting from cheap and readily available p-substituted
phenols at a multi-gram scale. This procedure has proven to be atom efficient and sustainable,
as the two atoms of oxygen are incorporated in the resulting p-peroxyquinol,® substituting toxic
oxidants (t-BuOOH) and corrosive catalysts (TiCls). It is also safer, as the p-peroxyquinols are
generated in scCO,, which is a non-flammable solvent, and reacted in situ. The 1,2-alkyl
rearrangement step also was improved when compared to Murahashi’s procedure: the reaction
was performed at ambient temperature instead of -78 °C, which is inconvenient for the
scalability of this process; the solvent was substituted to supercritical CO, with small amounts of
HFIP as a co-solvent, instead of dichloromethane; and the corrosive/toxic TiCl, catalyst was
replaced by Amberlyst-15, which is not only non-toxic but also facilitates further purification as

it is immobilised in a packed bed reactor.
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A publication featuring the results from this chapter is to be submitted in the journal

Molecules for a special issue entitled “singlet oxygen-photooxygenation of organic compounds”

Abreu, B. L.; Boufroura, H.; Moore, J. C.; Poliakoff, M.; George, M. W., Telescoped
continuous flow synthesis of 2-substituted-1,4-benzoquinones from para-substituted phenols

using singlet oxygen in supercritical CO,.
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5.5.Experimental procedures

Data collected for known compounds is consistent with the literature.

5.5.1. 1,2-alkyl shift of methyl-3-(1-hydroperoxy-4-oxocyclohexa-2,5-dien-1-yl)-

propanoate 2/ (Batch)
o o) o) o
Amberlyst-15, CDCls : :
OCH; | |
HOO HO 0 3
© © L0 !
51 ! !
07 "OCH,4 O OH o ;
21 2r SR
0.1 M Not formed

Standard procedure: Amberlyst-15 was added to a 2 mL solution of methyl-3-(1-

hydroperoxy-4-oxocyclohexa-2,5-dien-1-yl)-propanoate 2l (1.0 eq, 199 umol, 42.3 mg) in CDCls.

The solution was stirred, resulting in a brown reaction mixture. *H NMR spectroscopy was

recorded from a 0.5 mL sample, taken directly from the reaction mixture.

Reaction 1, Test 1: Amberlyst (300% w/w, 127 mg) at room temperature. After 1 h of

reaction: *H NMR spectroscopy ratio 5l: 21 was 1: 4.5 and *H NMR spectroscopy ratio 2I’: 2I

was 1: 4.9.

- Test 2: After 2 h of reaction, *H NMR spectroscopy ratio 5I: 21 was 1: 1.8 and *H NMR
spectroscopy ratio 2I’: 2l was 1: 3.9.

- Test 3: The reaction mixture was then heated up to 40 °C. After 2 h of reaction, complete
decomposition was observed in the *H NMR spectrum.

Reaction 2: Amberlyst (100% w/w, 42 mg) at 40 °C. After 2 h of reaction, Amberlyst-15 was

washed with chloroform (3x 5mL), filtered out, and the filtrate was concentrated under

vacuum. The product and by-product were purified by flash column chromatography column

and eluted with a gradient of 0-50% EtOAc/Hexane to give 51 (16.1 umol, 3.12 mg, 8%) as a

yellow oil, and 2I (12.2 umol, 2.23 mg, 6%) also as a yellow oil.
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Methyl 3-(3,6-dioxocyclohexa-1,4-dien-1-yl)propanoate 51°*°

. 10
g 9 _OCHj;
1Y

(e} (0]
1H NMR (400 MHz, Chloroform-d): § 6.77 (d, J = 10.1 Hz, 1H, 2), 6.73 (dd, J = 10.1, 2.4 Hz, 1H, 3),

6.59 (dt, J = 2.4, 1.4 Hz, 1H, 5), 3.68 (s, 3H, 10), 2.76 (td, J = 7.1 Hz, 1.4 Hz, 2H, 7), 2.58 (t, J = 7.1
Hz, 2H, 8).

13C NMR (101 MHz, Chloroform-d): & 187.6 (4), 187.2 (1), 172.5 (9), 147.6 (6), 136.9 (2), 136.6
(3), 133.2 (5), 52.0 (10), 32.0(8), 24.7 (7).

HRMS (ESI) m/z calcd [C1oH1004Na]* ([M + Na]*): 217.0471, found 217.0471.

3-(1-Hydroxy-4-oxocyclohexa-2,5-dien-1-yl)propanoic acid 2l (novel compound)

2 4

1 5

8
9

(6] OH
1H NMR (400 MHz, Chloroform-d): & 6.95 (d, J = 10.2 Hz, 2H, 1/5), 6.35 (d, J = 10.2 Hz, 2H, 2/4),

2.83-2.78 (m, 2H, 8), 2.37 = 2.31 (m, 2H, 7).
13C NMR (101 MHz, Chloroform-d): & 184.0 (3), 175.1 (9), 143.0 (1/5), 130.0 (2/4), 77.2 (6), 30.7
(7), 25.7 (8).
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5.5.2. Telescoped synthesis of methyl 3-(3,6-dioxocyclohexa-1,4-dienyl)
propanoate 5/ (flow)

OH EtOAc, HFIP, TPFPP Q 0

hv, O,, CO,, 40 °C Amberlyst-15, 40 °C
26 min 3.6 min
58 % HOO 17 % OCHs HO

07 ™ 0CH; 07 > 0CH; 51 07 >OH
1 21 2r

Cylinder Pressure = 180 bar
ST=159s
Sample Loop =10 pL

0.15 mL/min

0.05 mL/min

Mixer 1
40°C

Organic
Pump 2

Thermo
Reactor

EtOAc

0.05 mL/min

Photo

Reactor ;
Organic
Pump 1

Substrate
solution

Mixer 2
40°C

Product

Scheme 71. Simplified schematic diagram of the high-pressure flow system used for the telescoped
synthesis of 1,4-benzoquinone 5V

System parameters: Photo reactor (10 mm outer diameter (0.d.)), 240 mm length, 1 mm
wall thickness, effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d., at 40 °C);
thermo reactor TR1-Amb (1/4” o.d., 0.049” wall thickness, 15 cm length, effective volume = 0.9
mL, loaded with 0.75 g Amberlyst® 15 and 0.85 g of glass beads with 2 mm o.d. at 40 °C, high trip
= 50 °C); cooling baths (photo reactor = 35.5 °C, LED lights = -5 °C); Trips (System set pressure =
120 bar, high trip = 140 bar; Oxygen set pressure = 180 bar, high trip = 190 bar, low trip = 160
bar; Mixers set temperature = 40 °C, high trip = 50 °C), biphenyl as the internal standard. The
standard procedure (Chapter 2, section 2.1.3) was performed with CO, (0.15 mL/min and overall
[CO,] = 83%), O, (180 bar, sample loop = 10 pL, switching time = 15.9 s, molar ratio O,: 1l = 2:1
and the overall [O;] = 2.6 mol%), and HPLC pumps (0.05 mL/min).
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Procedure: A starting solution of methyl-3-(4-hydroxyphenyl)-propionate 11 1 M (1.0 eq,
18.0 mmol, 3.24 g), TPFPP (0.30 mol%, 0.050 mmol, 52.6 mg), HFIP (2.0 eq, 36.0 mmol, 3.80 mL)
and biphenyl (0.070 eq, 1.26 mmol, 194 mg) in EtOAc (18 mL) was prepared and sonicated for 30
min. After performing the standard procedure, starting solution was then pumped into the
system at 0.05 mL/min, combined with the gaseous mixture (CO, and O) on Mixer 2 and then
passed through the photo reactor, with a residence time of 26 min. EtOAc was pumped after the
photo reactor at 0.05 mL/min and the streams were combined and passed through a thermo

reactor, with a residence time of 3.6 min.

Results: The system reached a steady state after 3.5 h of reaction and a sample was collected
for 3 min, nitrogen blow down for another 3 min and analysed by *H NMR spectroscopy. 5l was
obtained in 10% overall yield (17% for the second step), with productivity of 1 g/day, and 21’ in

3% overall yield (5% for the second step).

5.5.3. Reproducibility test for the synthesis of 1,4-benzoquinone 5a (batch)

o} (0]
TiCly (1.2)(2q.), DCM
1.-78 °C (30 min)
OOH 2.0°C(1h) o)
2a 5a
0.33M

Procedure: In an oven-dried round bottom flask with a magnetic stirring bar, charged with
dry DCM (1 mL), TiCls (1.2 eq, 1.20 mmol, 130 pL) was added under inert atmosphere, turning
into a light-yellow solution. The solution was then stirred at -78 °C for 30 min, which turned into
purple. p-peroxyquinol 2a (1.0 e, 1.00 mmol, 140 mg) was dissolved in DCM (2mL) and added
dropwise into the reaction mixture, resulting in an orange suspension. The reaction was stirred
for 1 h at 0 °C, quenched with saturated NaHCOj; solution (5 mL), diluted with 5 mL of DCM, and
stirred for another 30 min. The solution was then filtered over a pad of Celite, extracted with
DCM (2 x 10 mL) and dried over MgSQO,. The supernatant was filtered and concentrated under

reduced pressure.

Results: 'H NMR spectroscopy analysis of the crude showed a complex mixture of signals

with no product or starting material identified.
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5.5.4. 1,2-alkyl shift of p-peroxyquinol 2a: initial studies (batch)

(0} (0] OH (0]
Acid catalyst, CDCl3 @\ (; Q
OOH e} OH
5a 1a 2a’

2a

Standard procedure: Acid catalyst was added to a solution of p-peroxyquinol 2a in CDCls.
The solution was stirred, resulting in a brown reaction mixture. *H NMR spectrum was recorded

from a 0.5 mL sample taken directly from the reaction mixture.

SET 1: catalyst BF3.OEt;

e Reaction 1: 2 mL solution (0.2 M) of 2a (1.0 eq, 0.400 mmol, 56.1 mg) and BF3.0Et; (1.2 eq,
0.480 mmol, 60 pL), at room temperature and under inert atmosphere. After 1 h of reaction,

complete decomposition was observed in the *H NMR spectroscopy.

SET 2: catalyst TfOH

e Reaction 2: 2 mL solution (0.2 M) of 2a (1.0 eq, 0.400 mmol, 56.1 mg), and TfOH (1.2 eq,
0.480 mmol, 40 uL) at room temperature and under inert atmosphere. After 1 h of reaction,

complete decomposition was observed in the *H NMR spectroscopy.

SET 3: catalyst TFA

e Reaction 3: 1 mL solution (0.2 M) of 2a (1.0 eq, 0.200 mmol, 28.2 mg), TFA (1.2 eq, 0.480
mmol, 40 pL) and biphenyl (0.050 eq, 10 umol, 2.10 mg) at room temperature. After 24 h of
reaction, no reaction occurred.

e Reaction 4: similar conditions as Reaction 3, at 40 °C. After 24 h of reaction, no reaction
occurred.

e Reaction 5: Similar conditions as Reaction 3, at 40 °C and TFA (4.8 eq, 1.92 mmol, 100 pL.

After 24 h reaction, *H NMR spectroscopy ratio 2a’: 2a was 1: 3.6.

SET 4: catalyst PTSA

e Reaction 6, Test 1: 2 mL solution (0.2 M) of 2a (1.0 eq, 0.400 mmol, 56.1 mg) and PTSA (1.2
eq, 0.480 mmol, 83.2 mg), at 40 °C. After 4 h of reaction, *H NMR spectroscopy ratio 5a: 2a

was 1: 2.4 and *H NMR spectroscopy ratio 1a: 2a was 1: 9.4.
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- Test 2: After 24 h of reaction, complete decomposition was observed in the *H NMR

spectroscopy.

SET 5: catalyst Amberlyst-15

Reaction 7, Test 1: 2 mL solution (0.1 M) of 2a (1.0 eq, 0.200 mmol, 28.1 mg) and Amberlyst-

15 (100% w/w, 28.1 mg), at 40 °C. After 2 h of reaction, *H NMR spectroscopy ratio 5a: 2a

was 1: 8.3 and *H NMR spectroscopy ratio 1a: 2a was 1: 45.4.

- Test 2: After 4 h of reaction, *H NMR spectroscopy ratio 5a: 2a was 1: 5.0 and *H NMR
spectroscopy ratio 1a: 2a was 1: 28.0.

- Test 3: After 24 h of reaction, *H NMR spectroscopy ratio 5a: 2a was 1: 1.3 and *H NMR
spectroscopy ratio 1a: 2a was 1: 9.6.

Reaction 8, Test 1: 4 mL solution (0.2 M) of 2a (1.0 eq, 0.800 mmol, 112 mg) and Amberlyst-

15 (100% w/w, 112 mg), at 40 °C. After 2 h of reaction: *H NMR spectroscopy ratio 5a: 2a

was 1: 4.9 and *H NMR spectroscopy ratio 1a: 2a was 1: 35.0.

- Test 2: After 4 h of reaction, *H NMR spectroscopy ratio 5a: 2a was 1: 3.0 and *H NMR
spectroscopy ratio 1a: 2a was 1: 23.3.

- Test 3: After 24 h of reaction, *H NMR spectroscopy ratio 5a: 2a was 1: 0.6 and *H NMR
spectroscopy ratio 1a: 2a was 1: 2.6.

Reaction 9: 1 mL solution (0.2 M) of 2a (1.0 eq, 0.200 mmol, 28.1 mg) and Amberlyst-15

(100% w/w, 28.1 mg), at room temperature. After 24 h of reaction, *H NMR spectroscopy

ratio 5a: 2a was 1: 4.9 and *H NMR spectroscopy ratio 1a: 2a was 1: 45.5.

Reaction 10, Test 1: 2 mL solution (1.0 M) of 2a (1.0 eq, 2.00 mmol, 280 mg) and Amberlyst-

15 (100% w/w, 280 mg), at 40 °C. After 2 h of reaction, *H NMR spectroscopy ratio 5a: 2a

was 1: 3.1 and *H NMR spectroscopy ratio 1a: 2a was 1: 1: 9.8.

- Test 2: After 4 h of reaction, *H NMR spectroscopy ratio 5a: 2a was 1: 1.8 and *H NMR
spectroscopy ratio 1a: 2a was 1: 6.8.

- Test 3: After 24 h of reaction, complete decomposition of 2a and 5a.
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2-Methyl-1,4-benzoquinone 5a3%

H NMR (400 MHz, Chloroform-d): & 6.74 (d, J = 10.1 Hz, 1H, 2), 6.69 (dd, J = 10.1, 2.3 Hz, 1H, 3),
6.61—6.59 (m, 1H, 5), 2.04 (s, 3H, 7).

13C NMR (101 MHz, Chloroform-d): & 187.9 (1), 187.7 (4), 146.0 (6), 136.7 (2), 136.6 (3), 133.5
(5), 15.9 (7).

5.5.5. 1,2-alkyl shift of p-peroxyquinol 2a: optimisation of catalyst and

temperature (batch)

0 0 OH
Acid catalyst, EtOAc + 2 eq. HFIP
4h
OOH 0
2a 5a 1a
05M

Standard procedure: Acid catalyst (1.2 eq, 1.20 mmol) was added to a 2 mL solution of p-
peroxyquinol 2a (1.0 eq, 1.00 mmol, 140 mg) and biphenyl (0.050 eq, 50.0 pmol, 8.20 mg) in
EtOAc (1.8 mL) + HFIP (2.0 eq, 2.00 mmol, 0.2 mL) as the solvent system, unless stated otherwise.
The solution was stirred for 4 h, and a *H NMR spectroscopy was recorded from a 0.1 mL sample

from the reaction mixture, which was then concentrated by nitrogen blow down for 3 min.

SET 1: catalyst Ph,PO,H

e Reaction 1: Diphenylphosphinic acid (262 mg) at 40 °C. Results from *H NMR spectroscopy =

no reaction observed.

SET 2: catalyst TMSOTf

e Reaction 2: Trimethylsilyl trifluoromethanesulfonate (0.2 mL) at 40 °C. Results from *H

NMR spectroscopy = complete decomposition of 2a.
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SET 3: catalyst CSA

Reaction 3: (+)-Camphorsulfonic acid (279 mg) at 40 °C. Results from *H NMR spectroscopy
= conversion 2a = 23%, yield 5a = 2% and yield of 1a = 3%.

SET 3: catalyst NbOPQq

Reaction 4: Niobium oxide phosphate (245 mg) at 40 °C. Results from *H NMR spectroscopy

= conversion 2a = 81% and yield 5a = 5%.

SET 4: catalyst Amberlyst-15

Reaction 5: 4 mL solution of 2a (1.0 eq, 2.00 mmol, 280 mg), Amberlyst-15 (100% w/w, 280
mg), biphenyl (0.050 eq, 100 umol, 15.2 mg) in EtOAc (3.6 mL) and HFIP (2.0 eq, 4.00 mmol,
0.4 mL), at 40 °C. Results from *H NMR spectroscopy = conversion 2a = 78%, yield 5a = 5%
and yield of 1a = 2%.

Reaction 6: similar conditions to Reaction 5, with the addition of 4A molecular sieves. Results

from *H NMR spectroscopy = conversion 2a = 78%, yield 5a = 5% and yield of 1a = 2%.

SET 5: catalyst Amberlyst-15 at different temperatures

Reaction 7: similar conditions to Reaction 5, at -78 °C. Results from *H NMR spectroscopy =

no reaction observed.

Reaction 8: similar conditions to Reaction 5, at room temperature. Results from *H NMR

spectroscopy = conversion 2a = 33% and yield 5a = 3%.

Reaction 9: similar conditions to Reaction 5, at 60 °C. Results from *H NMR spectroscopy =

conversion 2a = 94% and complex mixture that could not be analysed.
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5.5.6. Telescoped synthesis of 2-methyl-1,4-benzoquinone 5a (flow)

oH 26 min Q 4.4 min o
EtOAc, TPFPP, biphenyl, HFIP Acid catalyst, 40 °C
hv, O,, CO,, 40 °C
94 % OOH O
1a 2a 5a
1™

Same flow setup as section 5.5.2

e Reaction 1: acid catalyst Amberlyst-15

System parameters: similar as section 5.5.2 with thermo reactor TR3-Amb (1/4” o0.d., 0.049”
wall thickness, 15 cm length, effective volume = 1.1 mL, loaded with 0.75 g Amberlyst® 15 and
0.86 g of glass beads with 0.5 —-0.75 mm o.d.).

Procedure: similar as section 5.5.2, with a starting solution of p-cresol 1 M (1.0 eq, 14.0
mmol, 2.52 g), TPFPP (0.30 mol%, 42.0 umol, 41.3 mg), HFIP (2 eq, 28.0 mmol, 2.90 mL) and
biphenyl (0.050 eq, 0.700 mmol, 108 mg) in EtOAc (14 mL), and thermo reactor residence time
of 4.4 min.

Results: 'H NMR spectroscopy overall yield of 5a = 4% and yield for the second step = 4%.
e Reaction 2: acid catalyst NbOPO,

System parameters: similar to section 5.5.2 with thermo reactor TR1-NbP (1/4” o.d., 0.049”
wall thickness, 15 cm length, effective volume = 1.1 mL, loaded with 0.75 g NbOPO, and 2.0 g of

glass beads 2 mm o.d.).
Procedure: same as Reaction 1.

Results: 'H NMR spectroscopy overall yield of 5a = 1% and yield for the second step = 1%.
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5.5.7. 1,2-alkyl shift of p-peroxyquinol 2a: optimisation of solvent (batch)

(0]
Amberlyst-15 (100 % w/w)
solvent, 40 °C, 4 h OMe
OOH OOH

2a
05M

Standard procedure: Amberlyst-15 (100% w/w, 140 mg) was added to a 2 mL solution of p-
peroxyquinol 2a (1.0 eq, 1.00 mmol, 140 mg) and biphenyl (0.050 eq, 50.0 pmol, 8.10 mg) in
various solvents, unless stated otherwise. The solution was stirred for 4 h, and a *H NMR
spectroscopy was recorded from a 0.1 mL sample from the reaction mixture, which was then

concentrated by nitrogen blow down for 3-5 min.

SET 1: solvent DMC

e Reaction 1: Dimethyl carbonate (2 mL). Results from *H NMR spectroscopy = conversion 2a

=49%, yield 5a = 2% and traces of 1a.

SET 2: solvent EtOAc

e Reaction 2: EtOAc (2 mL). Results from *H NMR spectroscopy = conversion 2a = 13%, yield

5a = 2% and traces of 1a.

SET 3: solvent Me-THF

e Reaction 3: 2-Methyltetrahydrofuran (2 mL). Results from *H NMR spectroscopy =

reaction was observed.

SET 4: solvent MeCN

e Reaction 4: Acetonitrile (2 mL). Results from *H NMR spectroscopy = conversion 2a = 17%,

yield 5a = 2% and traces of 1a.

SET 5: solvent MeOH

e Reaction 5: Methanol (2mL). The sample was dried over MgSO,, filtrated, and concentrated
under reduced pressure. As the product has previously decomposed over silica during flash
chromatography purification, only a *H NMR spectroscopy of the crude could be obtained.

Results from *H NMR spectroscopy = conversion 2a = 20%, yield 5a’ = 15%.
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SET 6: solvent toluene/HFIP 1:3

e Reaction 6: toluene (0.5 mL) and HFIP (1.5 mL). Results from *H NMR spectroscopy =

conversion 2a = 53%, yield 5a = 5% and traces of 1a.

SET 7: solvent CDCls

e Reaction 7: deuterated chloroform (2 mL). Results from *H NMR spectroscopy = conversion

2a = 84%, yield 5a = 4% and traces of 1a.

4-Hydroperoxy-5-methoxy-4-methylcyclohex-2-en-1-one 5a’ (novel compound)

(0]

2 4
1 5 7
OMe

8/ OOH
1H NMR (400 MHz, Chloroform-d): § 6.92 (m, 1H, 1), 6.01 (dd, J = 10.2, 1.2 Hz, 1H, 2), 4.17 (dd, J

=11.6,5.1Hz, 1H, 5), 3.51 (s, 3H, 7), 2.88 (ddd, ) = 16.8, 5.1, 1.2 Hz, 1H, 4), 2.40 (dd, ) = 16.8, 11.6
Hz, 1H, 4’), 1.34 (s, 3H, 8).

13C NMR (101 MHz, Chloroform-d): & 197.8 (3), 153.2 (1), 129.8 (2), 84.9 (6), 76.2 (5), 58.4 (7),
41.1(4), 16.6 (8).

HRMS (ESI) m/z calcd [CsH1304]* ([M + H]*): 173.0808, found 173.0793.
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5.5.8. 1,2-Alkyl shift of p-peroxyquinol 2a: volatility tests (batch)

o o]
Amberlyst-15 (100 % w/w)
CDCl3,40°C, 2 h
OOH 0
2a 5a
1™

Standard procedure: Amberlyst-15 (100% w/w, 280 mg) was added to a 2 mL solution of p-
peroxyquinol 2a (1.0 eq, 2.00 mmol, 280 mg) in CDCls. The solution was stirred for 2 h, and

volatility tests were undertaken from a 0.1 mL sample from the reaction mixture.

- Test 1: a sample was analysed by *H NMR spectroscopy, without any solvent removal
(ratio 5a: 2a was 1: 3.1).

- Test 2: NMR spectroscopy sample from Test 1 was evaporated by nitrogen blow down
for 30 min, diluted with 0.6 mL CDCl; and analysed by *H NMR spectroscopy (ratio 5a: 2a
was 1: 3.6).

- Test 3: NMR spectroscopy sample from Test 2 was put in the rotary evaporator for 30
min, diluted with 0.6 mL CDCl; and analysed by *H NMR spectroscopy (ratio 5a: 2a was
1:4.9).

- Test 4: NMR spectroscopy sample from Test 3 was put in the Schlenk line for 30 min,

diluted with 0.6 mL CDCl; and analysed by *H NMR spectroscopy (ratio 5a: 2a was 1: 6.1).
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5.5.9. 1,2-alkyl shift of p-peroxyquinol 2a: quantification methods (batch)
o OH
Amberlyst-15 (100 % wiw)
toluene/HFIP 1:3,40°C, 4 h
0
5a 1a

SET 1: internal standard (biphenyl)

OOH
2a
02M

Procedure: Amberlyst-15 (100% w/w, 112 mg) was added to a 4 mL solution of p-
peroxyquinol 2a (1.0 eq, 0.800 mmol, 112 mg) and biphenyl (0.050 eq, 40.0 umol, 6.20 mg) in
toluene/HFIP 1:3 (1 mL toluene + 3 mL HFIP). The solution was stirred for 4 h at 40 °C.

- Test 1: one sample (0.1 mL) was taken from the reaction mixture, concentrated by
nitrogen blow down for 3 min, and diluted with 0.6 mL CDCls. Results from *H NMR
spectroscopy = conversion 2a = 45%, yield 5a = 3% and traces of 1a.

- Test 2: another sample (0.1 mL) was taken from the reaction mixture and directly diluted
with 0.5 mL CDCls. Results from *H NMR spectroscopy: conversion 2a = 49%, yield 5a =

11% and traces of 1a.

SET 2: HPLC calibration curve

Procedure: Amberlyst-15 (100% w/w, 112 mg) was added to a 4 mL solution of p-
peroxyquinol 2a (1.0 eq, 0.800 mmol, 112 mg) in toluene/HFIP 1:3 (1 mL toluene + 3 mL HFIP)
and stirred at 40 °C for 24 h. Three samples were collected for HPLC analysis: 0 h, 4 h, and 24 h.

- Test 1: after 4 h of reaction, conversion 2a = 47% and yield 5a = 11%

- Test 2: after 24 h reaction, conversion 2a = 79% and yield 5a = 16%

Calibration curves and quantification analysis for both the p-peroxyquinol 2a (PPQ) and 2-

methyl-1,4-benzoquinone 5a (BQ) can be found in section 5.6 (Appendix).
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5.5.10. Photooxidation of 4-isopropylphenol 1n (flow)

OH O
MeOH, TPFPP, biphenyl

hv, O,, CO,, 40 °C
26 min OOGH

1n 2n

Cylinder Pressure = 180 bar
ST=159s
Sample Loop = 10 pL

0.15 mL/min

0.05 mL/min

>

BPR
120 bar

Photo
Reactor

Organic
Pump 1

Substrate
solution

Mixer 2
40°C

Product

Scheme 72. Simplified schematic diagram of the high-pressure flow system used for the
photooxidation of 4-isopropylphenol 1n

e Reaction 1: concentration of 4-isopropylphenol 1n=1M

System parameters: Photo reactor (10 mm outer diameter (0.d.)), 240 mm length, 1 mm
wall thickness, effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d., at 40 °C);
cooling baths (photo reactor = 35.5 °C, LED lights = -5 °C); trips (system set pressure = 120 bar,
high trip = 140 bar; oxygen set pressure = 180 bar, high trip = 190 bar, low trip = 160 bar; mixers
set temperature = 40 °C, high trip = 50 °C), biphenyl as the internal standard. The standard
procedure (Chapter 2, section 2.1.3) was performed with CO; (0.15 mL/min and overall [CO,] =
71%), O, (180 bar, sample loop = 10 pL, switching time = 15.9 s, molar ratio O,: phenol = 2:1 and

the overall [O;] = 2.1 mol%), and HPLC pump (0.05 mL/min), unless stated otherwise.

Procedure: A starting solution of 4-isopropylphenol 1n (1.0 eq, 18.0 mmol, 2.45 g, 1 M),
TPFPP (0.050 mol%, 9.00 umol, 9.10 mg) and biphenyl (0.050 eq, 0.900 mmol, 139 mg) in MeOH

(18 mL) was prepared and sonicated for 30 min. After performing the standard procedure,
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starting solution was then pumped into the system at 0.05 mL/min, combined with the gaseous
mixture (CO; and O) on Mixer 2 and then passed through the photo reactor, with a residence

time of 26 min.

Results: The system reached a steady state after 3 h of reaction and a sample was collected
for 3 min, nitrogen blow down for another 3 min and analysed by 'H NMR spectroscopy:
conversion of 1n = 69% and yield of 2n = 64%. Another sample was collected for 2 h (6 mL),
concentrated under reduced pressure and purified by flash chromatography column (5% MeOH

in DCM), giving 2n (3.66 mmol, 615 mg, 61%) as a yellow solid.

e Reaction 2: concentration of 4-isopropylphenol 1n=3 M

System parameters: similar to Reaction 1, with overall [CO,] = 68%) and O, (switching time

=10.6 s, molar ratio O,: phenol = 1:1 and the overall [0;] = 3.1 mol%).

Procedure: similar to Reaction 1, with a starting solution of 4-isopropylphenol 1n (1.0 eq,
42.0 mmol, 5.72 g, 3 M), TPFPP (0.050 mol%, 21.0 umol, 20.1 mg) and biphenyl (0.050 eq, 2.10
mmol, 324 mg) in MeOH (14 mL).

Results: The system reached a steady state after 4 h of reaction and a sample was collected
for 3 min, nitrogen blow down for another 3 min and analysed by 'H NMR spectroscopy:
conversion of 1n = 89% and yield of 2n = 85%. Another sample was collected for 1 h (3 mL),
concentrated under reduced pressure and purified by flash chromatography column (5% MeOH

in DCM), giving 2n (6.84 mmol, 1.15 g, 76%) as a yellow solid.

4-Hydroperoxy-4-isopropylcyclohexa-2,5-dien-1-one 2n (novel compound)

s/ TOOH~
'H NMR (400 MHz, Chloroform-d): § 8.92 (s, 1H, ;), 6.89 (d,J=10.3 Hz, 2H, 1/5), 6.36 (d, /= 10.3
Hz, 2H, 2/4), 2.05 (hept, J = 6.9 Hz, 1H, 8), 0.93 (d, J = 6.9 Hz, 6H, 9/10).
13C NMR (101 MHz, Chloroform-d): & 186.4 (3), 148.9 (1/5), 131.9 (2/4), 84.3 (6), 34.4 (8), 17.3
(9/10).

HRMS (ESI) m/z calcd [CoH1303]* ([M + H]*): 169.0859, found 169.0863.
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5.5.11. 1,2-Alkyl shift of p-peroxyquinol 2n: solvent and temperature (batch)

o}
Amberlyst-15 (100 % w/w)
OOH
(6]
2n 5n
02M

Standard procedure: Amberlyst-15 (100% w/w, 67.2 mg) was added to a 2 mL solution of p-
peroxyquinol 2n (1.0 eq, 0.400 mmol, 67.2 mg) and biphenyl (0.050 eq, 20.0 umol, 3.10 mg). The
solution was stirred, and a *H NMR spectroscopy was recorded from a 0.1 mL sample from the

reaction mixture, diluted in 0.5 mL CDCls.

SET 1: Temperature = 40 °C

e Reaction 1: EtOAc (1.92 mL) and HFIP (2.0 eq, 0.800 mmol, 80.0 uL). After 30 min
reaction, conversion 2n = 86% and yield 5n = 36%.

e Reaction 2: Toluene (0.5 mL) and HFIP (1.5 mL). After 30 min reaction, conversion 2n =
100% and yield 5n = 55%.

e Reaction 3: Amberlyst-15 (100% w/w, 168 mg) was added to a 5 mL solution of p-
peroxyquinol 2n (1.0 eq, 1.00 mmol, 168 mg) in toluene (1.25 mL) and HFIP (3.75 mL).
After the solution was stirred for 4 h, Amberlyst-15 was filtered out and washed with the
reaction solvent (3 x 2 mL). The filtrate was concentrated under reduced pressure and
the remaining solvent was removed using a Schlenk line, giving 5n (0.588 mmol, 88.3 mg,
59%) as a dark brown solid.

e Reaction 4: EtOAc (0.5 mL) and HFIP (1.5 mL). After 1 h reaction, conversion 2n = 100%
and yield 5n = 47%.

SET 2: Temperature = 20 °C (room temperature)

e Reaction 5: EtOAc (0.5 mL) and HFIP (1.5 mL). After 2 h reaction, conversion 2n = 100%
and yield 5n = 69%.
e Reaction 6: HFIP (2 mL). After 20 min reaction, conversion 2n = 100% and yield 5n =

>99%.
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SET 3: Temperature =0 °C

e Reaction 7: HFIP (2 mL). After 20 min reaction, conversion 2n = 100% and yield 5n = 80%.

2-1sopropyl-1,4-benzoquinone 5n?8?

O 9
1H NMR (400 MHz, Chloroform-d): § 6.78 (d, J = 10.1 Hz, 1H, 1), 6.73 (dd, J = 10.1, 2.4 Hz, 1H, 2),

6.57 (dd, J = 2.4, 1.1 Hz, 1H, 4), 3.06 (heptd, J = 6.9, 1.1 Hz, 1H, 7), 1.16 (d, J = 6.9 Hz, 6H, 8/9).
13C NMR (101 MHz, Chloroform-d): & 188.3 (6), 187.3 (3), 155.2 (5), 137.2 (1), 136.1 (2), 130.5
(4), 26.9 (7), 21.5 (8/9).

214



5.5.12. Photooxidation of 4-isopropylphenol 1n — Part Il (flow)

O, hv, TPFPP, CO, HFIP Q
40 °C, 26 min
>99 %
OOH
1n 2n

1M
Same high-pressure flow system as section 5.5.10.

System parameters: similar to section 5.5.10, with overall [CO,] = 84% and overall [0;] = 2.5

mol%).

Procedure: similar to section 5.5.10, with a starting solution of 4-isopropylphenol 1n 1 M
(1.0 eq, 14.0 mmol, 1.91 g), TPFPP (0.050 mol%, 7.00 pumol, 7.20 mg) and biphenyl (0.040 eq,
0.560 mmol, 86.1 mg) in HFIP (14 mL).

Results: The system reached a steady state after 2.5 h of reaction and a sample was collected
for 3 min, diluted with 0.5 mL CDCl; and analysed by *H NMR spectroscopy: conversion of 1n =
97% and yield of 2n = > 99%.
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5.5.13. Telescoped synthesis of 2-isopropyl-1,4-benzoquinone 5n (flow)

OH o, v, TPFPP.CO, HFIP  § Q
40 °C, 26 min Amberlyst-15, 20 °C
>99 %
OOH
o
1n 2n 5n
1™
Cylinder Pressure = 180 bar

0.15 mL/min ST=159s

Sample Loop = 10 pL

Mixer 1
40°C

Thermo
Reactor

0.05 mL/min

Photo

Reactor |
Organic
BPR Pump 1

120 bar

Substrate
solution

Mixer 2
40°C

Product

Scheme 73. Simplified schematic diagram of the high-pressure flow system used for the telescoped
synthesis of 2-isopropyl-1,4-benzoquinone 5n

e Reaction 1: thermo reactor (0.25 g Amberlyst-15, 5.5 min residence time)

System parameters: photo reactor (10 mm outer diameter (0.d.)), 240 mm length, 1 mm
wall thickness, effective volume = 5.2 mL, filled with 38 glass beads with 6 mm o.d., at 40 °C);
thermo reactor TR3-Amb Il (1/4” o0.d., 0.049" mm wall thickness, 15 cm length, effective volume
= 1.4 mL, loaded with 0.25 g Amberlyst-15 and 2.05 g of glass beads with 0.5 - 0.75 mm o.d, at
20 °C); cooling baths (photo reactor = 35.5 °C, LED lights = -5 °C); trips (system set pressure = 120
bar, high trip = 140 bar; oxygen set pressure = 180 bar, high trip = 190 bar, low trip = 160 bar;
mixers set temperature = 40 °C, high trip = 50 °C), biphenyl as the internal standard. The standard
procedure (Chapter 2, section 2.1.3) was performed with CO; (0.15 mL/min and overall [CO,] =
84%), O, (180 bar, sample loop = 10 pL, switching time = 15.9 s, molar ratio O,: phenol = 2:1 and

the overall [O;] = 2.5 mol%), and HPLC pump (0.05 mL/min), unless stated otherwise.
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Procedure: A starting solution of 4-isopropylphenol 1n 1 M (1.0 eq, 14.0 mmol, 1.91 g),
TPFPP (0.050 mol%, 7.00 umol, 7.20 mg) and biphenyl (0.040 eq, 0.560 mmol, 86.1 mg) in HFIP
(14 mL) was prepared and sonicated for 30 min. After performing the standard procedure,
starting solution was pumped into the system at 0.05 mL/min, combined with the gaseous
mixture (CO; and O,) on Mixer 2, and then passed through the photo reactor (residence time =

26 min) and thermo reactor (residence time = 7 min).

Results: samples were collected for 2 min, diluted with 0.5 mL CDCl; and analysed by *H

NMR spectroscopy.

- 1hof reaction, yield of 2n = 0%, yield of 5n = 83%, yield of 2n + 5n = 83%

- 1.5 h of reaction, yield of 2n = 8%, yield of 5n = 76%, yield of 2n + 5n = 84%
- 2 hofreaction, yield of 2n = 20%, yield of 5n = 68%, yield of 2n + 5n = 88%

- 2.5hof reaction, yield of 2n = 28%, yield of 5n = 61%, yield of 2n + 5n = 89%
- 3 hofreaction, yield of 2n = 37%, yield of 5n = 52%, yield of 2n + 5n = 89%

e Reaction 2: thermo reactor (0.75 g Amberlyst-15, 5.5 min residence time)

System parameters: similar to Reaction 1, with thermo reactor TR3-Amb (effective volume

= 1.1 mL, loaded with 0.75 g Amberlyst-15 and 0.85 g of glass beads with 0.5 -0.75 mm o.d).
Procedure: similar to Reaction 1, with thermo reactor residence time of 5.5 min.

Results: samples were collected for 2 min, diluted with 0.5 mL CDCl; and analysed by *H

NMR spectroscopy.

- 2 hof reaction, yield of 2n = 0%, yield of 5n = 80%, yield of 2n + 5n = 80%

2.5 h of reaction, yield of 2n = 3%, yield of 5n = 78%, yield of 2n + 5n = 81%
- 3 hofreaction, yield of 2n = 7%, yield of 5n = 77%, yield of 2n + 5n = 84%

3.5 h of reaction, yield of 2n = 9%, yield of 5n = 75%, yield of 2n + 5n = 84%
- 4 hof reaction, yield of 2n = 12%, yield of 5n = 72%, yield of 2n + 5n = 84%
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e Reaction 3: thermo reactor (1.05 g Amberlyst-15, 3 min residence time)

System parameters: similar to Reaction 1, with thermo reactor TR4-Amb (effective volume

= 0.6 mL, loaded with 1.05 g Amberlyst-15).
Procedure: similar to Reaction 1, with thermo reactor residence time of 3 min.

Results: samples were collected for 2 min, diluted with 0.5 mL CDCl; and analysed by *H

NMR spectroscopy.

- 1hof reaction, yield of 2n = 0%, yield of 5n = 82%, yield of 2n + 5n = 82%
- 1.5 hof reaction, yield of 2n = 0%, yield of 5n = 82%, yield of 2n + 5n = 82%
- 2 hof reaction, yield of 2n = 0%, yield of 5n = 82%, yield of 2n + 5n = 82%
- 2.5hof reaction, yield of 2n = 0%, yield of 5n = 82%, yield of 2n + 5n = 82%
- 3 hofreaction, yield of 2n = 0%, yield of 5n = 82%, yield of 2n + 5n = 82%

This reaction resulted in overall yield of 5n = 82% (2" step yield = 83%), and productivity of
9 g/day.
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5.5.14. Photooxidation of 4-ethylphenol 10 (flow)

Oy, hv, TPFPP, CO,, HFIP Q
40 °C, 26 min
>99 %
OCH
10 20

1M
Same high-pressure flow system as section 5.5.10.

System parameters: similar to section 5.5.10, with overall [CO,] = 84% and overall [0;] = 2.5

mol%).

Procedure: similar to section 5.5.10, with a starting solution of 4-ethylphenol 10 1 M (1.0
eq, 14.0 mmol, 1.71 g), TPFPP (0.050 mol%, 7.00 umol, 7.20 mg) and biphenyl (0.040 eq, 0.560
mmol, 86.1 mg) in HFIP (14 mL).

Results: The system reached a steady state after 1.5 h of reaction and a sample was collected
for 3 min, diluted with 0.5 mL CDCl; and analysed by *H NMR spectroscopy: conversion of 10 =
97% and yield of 20 = > 99%. Another sample was collected for 25 min (1.25 mL), concentrated
under reduced pressure and purified by flash chromatography column (EtOAc/Hexane 1:1),
giving 20 (1.19 mmol, 183 mg, 95%) as an off-white solid.

4-Ethyl-4-hydroperoxycyclohexa-2,5-dien-1-one 20'%°

2/ 0OH
'H NMR (400 MHz, Chloroform-d): § 9.14 (s, 1H, 7), 6.87 (d, = 10.2 Hz, 2H, 2/6), 6.33 (d, J = 10.2

Hz, 2H, 3/5), 1.74 (g, J = 7.6 Hz, 2H, 9), 0.84 (t, J = 7.6 Hz, 3H, 9).

13C NMR (101 MHz, Chloroform-d): & 186.4 (4), 149.8 (2/6), 131.3 (3/5), 82.4 (1), 29.0 (8), 7.9
(9).

HRMS (ESI) m/z calcd [CsH1003Na]* ([M + Na]*): 177.0522, found 177.0522.
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5.5.15. Telescoped synthesis of 2-ethyl-1,4-benzoquinone 50 (flow)

OH 0] (0}

O, hv, TPFPP, CO, HFIP
40 °C, 26 min Amberlyst-15, 20 °C
>99 % @\/
OOH o}
10 20 50
1™

Same flow setup as section 5.5.13
e Reaction 1: thermo reactor (1.05 g Amberlyst-15, 3 min residence time)

System parameters: similar to section 5.5.13, with thermo reactor TR4-Amb (1/4” o.d.,
0.049" mm wall thickness, 15 cm length, effective volume = 0.6 mL, loaded with 1.05 g Amberlyst-
15, at 20 °C).

Procedure: similar to 5.5.13, with a starting solution of 4-ethylphenol 10 1 M (1.00 eq, 11.0
mmol, 1.34 g), TPFPP (0.050 mol%, 5.23 umol, 5.10 mg) and biphenyl (0.040 eq, 0.442 mmol,

68.2 mg) in HFIP (11 mL), and thermo reactor residence time = 3 min.

Results: samples were collected for 2 min, diluted with 0.5 mL CDCl; and analysed by *H

NMR spectroscopy.

- 1hof reaction, yield of 20 = 6%, yield of 50 = 80%, yield of 20 + 50 = 86%
- 2 hof reaction, yield of 20 = 13%, yield of 50 = 71%, yield of 20 + 50 = 84%.

Another sample was collected for 20 min (1 mL), concentrated under reduced pressure and
purified by flash chromatography column (EtOAc/Hexane 1:4), giving 50 (0.706 mmol, 96.1 mg,
71%) as yellow solid.

- 2.5hof reaction, yield of 20 = 26%, yield of 50 = 60%, yield of 20 + 50 = 86%
- 3 hofreaction, yield of 20 = 36%, yield of 50 = 56%, yield of 20 + 50 = 92%

e Reaction 2: thermo reactor (1.92 g Amberlyst-15, 4.5 min residence time)

System parameters: similar to Reaction 1, with thermo reactor TR4-Amb Il (30 cm length,

effective volume = 0.9 mL, loaded with 1.92 g Amberlyst-15).

Procedure: similar to Reaction 1, with thermo reactor residence time of 4.5 min.
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Results: samples were collected for 2 min, diluted with 0.5 mL CDCl; and analysed by *H

NMR spectroscopy.

- 2 hof reaction, yield of 20 = 0%, yield of 50 = 76%, yield of 20 + 50 = 76%
- 2.5hof reaction, yield of 20 = 0%, yield of 50 = 77%, yield of 20 + 50 = 77%
- 3 hofreaction, yield of 20 = 0%, yield of 50 = 75%, yield of 20 + 50 = 75%

This reaction resulted in overall yield of 50 = 76% (2" step yield = 77%), and productivity of
7 g/day.

e Reaction 3: thermo reactor (4.38 g Amberlyst-15, 7.5 min residence time)

System parameters: similar to Reaction 1, with thermo reactor TR4-Amb Ill (70 cm length,

effective volume = 1.5 mL, loaded with 1.92 g Amberlyst-15).
Procedure: similar to Reaction 1, with thermo reactor residence time of 7.5 min.

Results: samples were collected for 2 min, diluted with 0.5 mL CDCl; and analysed by *H

NMR spectroscopy.
- 2 hof reaction, yield of 20 = 0%, yield of 50 = 64%, yield of 20 + 50 = 64%
- 2.5hof reaction, yield of 20 = 0%, yield of 50 = 66%, yield of 20 + 50 = 66%
- 3 hofreaction, yield of 20 = 0%, yield of 50 = 69%, yield of 20 + 50 = 69%

321

2-Ethyl-1,4-benzoquinone 50

H NMR (400 MHz, Chloroform-d): & 6.76 (d, J = 10.1 Hz, 1H, 2), 6.71 (dd, J = 10.1, 2.3 Hz, 1H, 3),
6.57 - 6.56 (m, 1H, 5), 2.47 (q,J = 7.4, 2H, 7), 1.14 (t, J = 7.4 Hz, 3H, 8).

13C NMR (101 MHz, Chloroform-d): & 188.0 (1), 187.7 (4), 151.0 (6), 137.0 (2), 136.4 (3), 131.8
(5),22.2 (7), 11.7 (8).
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5.5.16. Telescoped synthesis of 2-methyl-1,4-benzoquinone 5a — Part Il (flow)

OH o, hv, TPFPP, CO, HFIP O o

Amberlyst-15, 20 °C
40 °C, 26 min 4.5 min
>99 %
OOH 0
1a 2a 5a
1™

Same flow setup as section 5.5.10

System parameters: similar to section 5.5.10, with thermo reactor TR4-Amb Il (1/4” o.d.,
0.049" mm wall thickness, 30 cm length, effective volume = 0.9 mL, loaded with 1.92 g Amberlyst-
15, at 20 °C).

Procedure: similar to section 5.5.10, with a starting solution of p-cresol1a1 M (1.0 eq, 11.0
mmol, 1.19 g), TPFPP (0.050 mol%, 5.34 umol, 5.20 mg) and biphenyl (0.040 eq, 0.443 mmol,

68.3 mg) in HFIP (11 mL), and thermo reactor residence time = 4.5 min.

Results: samples were collected for 2 min, diluted with 0.5 mL CDCl; and analysed by *H

NMR spectroscopy.

- 1 hofreaction, yield of 2a = 14%, yield of 5a = 4%, yield of 2a + 5a = 18%
- 2 hofreaction, yield of 2a = 14%, yield of 5a = 23%, yield of 2a + 5a = 37%.

2.5 h of reaction, yield of 2a = 13%, yield of 5a = 41%, yield of 2a + 5a = 54%.
- 3 hofreaction, yield of 2a = 12%, yield of 5a = 51%, yield of 2a + 5a = 63%.

This reaction resulted in overall yield of 5a = 13% (2" step yield = 13%), and productivity of
1 g/day.
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5.6. Appendix

HPLC calibration curve for 1,2-alkyl shift of p-peroxyquinol 2a
(a) System specifications

Jasco 3080 PU X-LC Ultra High-Pressure Pump system with UV detector, Phenomenex Luna
C18 column (4.6 x 250 mm, 5 um diameter particles and 100 A pores) and Water Nova-Pak C18

pre-column (3.9 x 20 mm, 4 um diameter particles).

Table 23. HPLC methodology parameters for calibration curve for 1,2-alkyl shift of p-peroxyquinol 2a

Flow rate 1.0 ml.min*
Column oven temperature 26 °C
UV wavelength 254 nm
Time 8 min
Injection volume 5 uL (PPQ) and 1 uL (BQ)
Retention time 3.2 min (PPQ) and 5.2 (BQ)
Pressure 176 bar
Solvent system 50 % deionised water + 50 % acetonitrile

PPQ = p-peroxyquinol 2a and BQ = 2-methyl-1,4-benzoquinone 5a

(b) Sample preparation — p-peroxyquinol 2a

A 50 mM stock solution of p-peroxyquinol 2a (0.25 mmol, 35 mg) was prepared in
chloroform (5 mL). Solutions with different concentrations were prepared from the stock

solution, as shown below (Table 24).

Table 24. Sample preparation calculations for p-peroxyquinol 2a

Volume from stock Final volume o e Final concentration
Entry Dilution factor

solution (mL) (mL) (mM)

2 1 20 20 2.5
3 1 50 50 1
4 1 100 100 0.5
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(c) Sample preparation — 2-methyl-1,4-benzoquinone 5a

A 20 mM stock solution of 2-methyl-1,4-benzoquinone 5a (0.5 mmol, 61 mg) was prepared

in chloroform (25 mL). Diluted solutions were prepared as it follows (Table 25).

Table 25. Sample preparation calculations for 2-methyl-1,4-benzoquinone 5a

Volume from stock Final volume Dilution factor Final concentration
solution (mL) (mL) (mM)
0.50 2 4 5
0.25 2 8 2.5
0.25 5 20 1
0.25 10 40 0.5

(d) Calibration curve and chromatogram — p-peroxyquinol 2a

An aliquot of 2 mL was taken from each concentration solution and transferred to an HPLC
vial to be analysed (Table 26). Each concentration point was performed in triplicate. The

calibration curve (Figure 45) and HPLC chromatogram (Figure 46) are shown below.

Table 26. HPLC data collection for p-peroxyquinol 2a calibration curve.

Area (mAU.s)

Concentration (mM)

2
5.0 1296878 1313701 1326329
2.5 739100 714909 722901
1.0 269930 267086 267086
0.5 139606 138602 141043
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Figure 45. Calibration curve for p-peroxyquinol 2a. The linear equation is Area = 268142 x
Concentration with R? = 0.9982.
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Figure 46. HPLC chromatogram of p-peroxyquinol 2a (5 mM)

225



(e) Calibration curve and chromatogram — 2-methyl-1,4-benzoquinone 5a

An aliquot of 2 mL was taken from each concentration solution and transferred to an HPLC
vial to be analysed (Table 27). Each concentration point was performed in triplicate. The

calibration curve (Figure 47) and HPLC chromatogram (Figure 48) are shown below.

Table 27. HPLC data collection for 2-methyl-1,4-benzoquinone 5a calibration curve. Each
concentration point was performed in triplicate.

Area (mAU.s)

Concentration (mM) —F————
2 3

5.0 5193938 2013670 2013670
2.5 1220113 1143126 1150269
1.0 437203 426275 399712
0.5 189828 185255 181099
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Figure 47. Calibration curve for 2-methyl-1,4-benzoquinone 5a. The linear equation is Area = 434097
x Concentration with R? = 0.992.
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Figure 48. HPLC chromatogram of 2-methyl-1,4-benzoquinone 5a (5 mM)

HPLC quantification of 1,2-alkyl shift of p-peroxyquinol 2a (section 5.5.9)

Each sample was taken directly from the reaction mixture and diluted for HPLC
quantification using the reaction solvent system (toluene/HFIP 1:3), as show in Table 28. An

aliquot of 2 mL was then transferred to a HPLC vial and then analysed (Table 29).
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Table 28. Sample preparation for HPLC quantification of 1,2-alkyl shift of p-peroxyquinol 2a

Reacti
caction Sample from Final volume HPLC sample

Dilution factor concentration
(M)

concentration

(M) reaction (mL) (mL)

0.2 0.125 5 40 0.005 (5 mM)
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HPLC sample

Table 29. HPLC quantification for the 1,2-alkyl shift of p-peroxyquinol 2a (section 5.5.9 in toluene/HFIP 1:3

Reaction Compound Area concentration Reaction Average reaction Conversion Yield
time (h) P (mAU.s) (mM) concentration (M) concentration (M) PPQ 2a (%) BQ 5a(%)
1261004 4.70 0.19
0 PPQ 0.19 - -
1260981 4.70 0.19
672223 2.51 0.10
PPQ 0.10 47 -
4 669028 2.50 0.10
177811 0.41 0.02
BQ 0.02 - 11
180197 0.42 0.02
275015 1.03 0.04
PPQ 0.04 79 -
" 275713 1.03 0.04
276111 0.65 0.03
BQ 0.03 - 16
282679 0.65 0.03
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6. Continuous flow telescoped synthesis of 1,2,4-dioxazinanes

6.1. Introduction

Dioxazinanes are 6-membered saturated heterocyclic rings containing two oxygen and
one nitrogen atoms. They are named according to the disposition of the heteroatoms in the

ring, commonly occurring as 1,5,2-, 1,3,5-, 1,4,2- and 1,2,4-dioxazinanes (Figure 49).

. R
05 SO/\NS,R (0] N
NK\) L Nr] Zorj
R™ o R” O ~0

1,5,2-dioxazinane 1,3,5-dioxazinane 1,4,2-dioxazinane 1,2,4-dioxazinane
Figure 49. Different types of dioxazinanes: 1,5,2-, 1,3,5-, 1,4,2-, and 1,2,4-dioxazinane.

This scaffold is found in extracts from natural products such as Baobab fruit**? and
Carqueja plant®® (Scheme 74 - A). Dioxazinanes are potential synthetic intermediates in
peptide synthesis, since these compounds have been reported in a-ketoacid-hydroxylamine
(KAHA) ligation.3?* They are useful intermediates in the synthesis of spironucleoside (+)-
hydantocidin, a chiral substituted furan which possesses herbicidal activities (Scheme 74 -
B).3?® The dioxazinane moiety is also found in Sarcoviolin 8, an extract from the mushroom S.

leucopus which is reported to have antioxidant properties (Scheme 74 - C).3%
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Scheme 74. Dioxazinanes reported in the literature: extracts from natural products (A), synthetic
intermediates (B), and antioxidant properties (C).

The most common dioxazinanes reported in the literature are 1,4,2-,3?7-332 1 5,2-3333%

337

and 1,3,5-dioxazinanes.3% 1,2,4-Dioxazinanes, on the other hand, are largely

underexploited with only two examples in the literature regarding their synthesis, and no

natural products or drugs were reported to have this moiety.?** 33

In 2018, Tokala®*® investigated the synthesis of 3,6-substituted-1,2,4-dioxazinanes as
potential antimalarial/anticancer drug candidates, in a four-step synthesis from
acetophenone derivatives (Scheme 75). However, the experimental procedures in this
publication were not described in detail, lacking crucial information such as vyields,

characterisation, reaction times, and discussion of selectivity.
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Scheme 75. Synthesis of 3,6-substituted-1,2,4-dioxazinanes by Tokala.33®

In the second published example, a 1,2,4-dioxazinane was synthesised from p-
peroxyquinol and an imine, using Amberlyst-15 as the acid catalyst (Scheme 76).2*? Although
the compound was obtained with high diastereoselectivity, the procedure was limited in

scope (only one example) and it was not enantioselective.

(0]
Amberlyst-15, CH,Cl,, 45 °C | H
X
Me
OOH .
H Ph “Ph
57 %
>20:1dr

Scheme 76. Synthesis of 1,2,4-dioxazinane by Rubush?*?
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6.2. Aims and general strategy

The synthesis of 1,2,4-dioxazinanes, which as can be seen from above is largely
unexplored, could lead to the discovery of new drug candidates for the treatment of malaria
and cancer. Particularly, the endoperoxide bridge, present in the 1,2,4-dioxazinane structure,
is believed to be essential for the anti-cancer and anti-malarial properties of artemisinin.33°
Indeed, one example of 1,2,4-dioxazinane reported in a thesis demonstrated activity against
all of D17 canine osteosarcoma, M21 human melanoma, lung, and prostate carcinoma cells.
The asymmetric synthesis of such compounds has never been reported. Thus, the specific

aims for this Chapter were:

e To explore the synthesis of 1,2,4-dioxazinanes using 0, and dearomatisation strategy.
e To extend this approach for the racemic and asymmetric synthesis of 1,2,4-dioxazinanes.
e Touse the newly developed methodology for telescoped continuous flow processes from

p-substituted phenols.
The following strategy was used to address these aims:

1. A methodology was proposed for the telescoped synthesis of 1,2,4-dioxazinanes (6

242,338 and

and 9) from p-substituted phenols 1 (Scheme 77). This was based on the literature
previous protocols developed in this Thesis (Chapters 3 and 4). The intention was to facilitate
safe scale-up, as the hazardous p-peroxyquinols 2 are synthesised and reacted in situ in a
non-flammable solvent (CO,). This synthetic route starts from the dearomatisation of p-
substituted phenols 1 in supercritical CO, using singlet oxygen, followed by

aminalisation/aza-Michael addition of p-peroxyquinol 2 to either N-sulfonyl imine 7 (racemic

synthesis) or N-sulfinyl imine 10 (asymmetric synthesis).
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OH 0 9 R3
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Scheme 77. Proposed continuous flow telescoped synthesis of 1,2,4-dioxazinanes (6 and 9) from
p-substituted phenols 1 using N-sulfonyl imines 7 (A) or N-sulfinyl imines 10 (B).

2. The racemic synthesis was the first to be investigated in batch to save the cost of using
chiral reagents in the early stages. Different N-sulfonyl imines 7 were synthesised, bearing

either an electron-withdrawing or electron-donating groups attached to their aromatic rings.

3. The second step of the proposed racemic synthesis of 1,2,4-dioxazinanes 6 was tested

in batch with different N-sulfonyl imines 7.

4. Then, the asymmetric version of 1,2,4-dioxazinane 9 was investigated, using p-
peroxyquinol 2 and N-sulfinyl imines 10 in batch, while screening different temperatures,

catalysts, and equivalents of N-sulfinyl imine 10.
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6.3.Results and discussion

6.3.1. Synthesis of N-sulfonyl imines

The racemic synthesis of 1,2,4-dioxazinanes 6 was initially investigated. To examine the
aminalisation/Aza-Michael addition step, N-sulfonyl imines 7 had to be synthesised first

(Scheme 78).

OH o 0 R3
Dearomatisation Aminalisation / Aza-Michael addition OQ/

(Chapter 3)

Scheme 78. Synthesis of N-sulfonyl imines 7 in the proposed racemic synthesis of 1,2,4-
dioxazinanes 6.

N-sulfonyl imines 7 were chosen because imines bearing an arenesulfonyl group at the
nitrogen atom are commonly used in the literature due to their enhanced stability and cheap
preparation compared to their aliphatic equivalents.?*® Their synthesis was based on a
protocol reported by Cid,*** which consists on the condensation of sulfonamides and

aldehydes, catalysed by pyrrolidine.

Reaction Mechanism

The reaction mechanism starts with the activation of the aromatic aldehyde 4 by
nucleophilic attack of the catalyst pyrrolidine to form an iminium reactive species. The attack
of sulfonamide 8 on the iminium reactive species, followed by regeneration of pyrrolidine,

gives N-sulfonyl imine 7 (Scheme 79).
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Scheme 79. Mechanism for the pyrrolidine catalysed formation of N-sulfonyl imines 7 from
aldehydes 4 and sulfonamides 8.
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Synthesis of N-sulfonyl imines in batch

To study how the electronic effects would influence the subsequent aminalisation, N-
sulfonyl imines 7 possessing electron-donating (EDG) or electron-withdrawing (EWG)

substituents, as well as unsubstituted aromatic rings were made (Table 30).

Table 30. Summary of results for the synthesis of N-sulfonyl imines 7.

R3
e C\ o /©/
H S NH (10 mol %), DCM (dry), 4A MS s
R2 R®

60 °C (sealed vial), 24 h | ©
4 8 H
4aR?2=H 8aR3=NO, R?

7
7a R2=NO, R®=NO,
7b R2=NO, R®=Me
7¢ RZ=H R®=NO,
7d R2=H R®=Me

N-sulfonyl
imine
1 7a NO, NO, 0 0
2 7b NO: Me 1:0.3 0
3 7c H NO; 1:0.1 77
4 7d H Me 1:0.2 83

Initially, two N-sulfonyl imines (7a and 7b) bearing a strong EWG (-NO3) in the N-
benzylidene ring (R?) were synthesised (Entries 1 and 2 — Table 30). A complex mixture was
formed when both substituents had an electron-withdrawing group (Entry 1 — Table 30),

possibly because the resulting N-sulfonyl imine 7a was too reactive and could undergo side-
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reactions. When R® was changed to an electron-donating group, *H NMR spectroscopy
analysis showed a high ratio of N-sulfonyl imine 7b to sulfonamide 8b of 1: 0.3 before
purification (Entry 2 — Table 30). However, recrystallisation proved challenging and an

attempted flash chromatography resulted in complete hydrolysis of 7b.

N-sulfonyl imines 7c¢ and 7d bearing an unsubstituted aromatic ring at R? were
successfully obtained after recrystallisation (Entries 3 and 4 — Table 30). As expected, higher
yields of 7d (Entry 4 — Table 30) were achieved compared to 7c (Entry 3 — Table 30) as the
EDG at R® increases the nucleophilicity of the N-sulfonamide 8b for the nucleophilic attack

on to aldehyde 4a.

6.3.2. Racemic synthesis of 1,2,4-dioxazinanes with N-sulfonyl imines

After accomplishing the synthesis of two N-sulfonyl imines (7c and 7d), the final step of

the synthesis of 1,2,4-dioxazinanes 6 was investigated in batch, as show in Scheme 80.

OH 0 (0] R3
Dearomatisation Aminalisation / Aza-Michael addition o/©/
----------------------------------- > H
(Chapter 3) R3 SN %
R1 R1 OOH O /©/ R O\O
s
1 2 R 6
N0
©)\H 7
7c R®=NO,
7d R®=Me

Scheme 80. Aminalisation/Aza-Michael addition in the proposed racemic synthesis of 1,2,4-
dioxazinanes 6.

Proposed Reaction Mechanism

The proposed mechanism for this reaction (Scheme 81) was based on work developed
by Rubush and co-workers.?*? The nucleophilic attack of p-peroxyquinol 2 to N-sulfonyl imine
7, would form a racemic mixture of peroxyaminal 7’. Each enantiomer can undergo an aza-
Michael addition, in which the attack of N-peroxyaminal can happen in either of the double
bonds, resulting in different diasteroisomers. Then, tautomerisation of their corresponding
enolate gives 1,2,4-dioxazinane 6-i with three stereocentres and eight possible
stereoisomers. If the reaction occurs under kinetic control as the formation of 1,2,4-
trioxanes, cis-fused 1,2,4-dioxazinanes would be formed, reducing the number of possible

stereoisomers to four.

237



(0] A\O (0]
N .SO,R®  Aminalisation 1. Aza-Michael addition H
)lx) ‘I_TN'SOZR:; 2. Tautomerisation N,SOZR3
Ph” T H » »
R Ooi_/ O\O/Lq Ph O\O/L\" Ph
2 ! v 6-i
Mixture of enantiomers 3 stereocentres

8 possible stereoisomers
Scheme 81. Proposed mechanism for the racemic synthesis of 1,2,4-dioxazinanes 6-I possessing
three stereocentres and eight possible stereoisomers.

Attempted racemic synthesis of 1,2,4-dioxazinanes in batch

The cyclisation step between p-peroxyquinol 2a and N-sulfonyl imines 7 was initially
tested in batch under similar conditions based on Rubush’s findings2*? (Scheme 76), as show

in Table 31.

Table 31. Summary of results for the synthesis of 1,2,4-dioxazinanes 6 from p-peroxyquinol 2a
and N-sulfonyl imines 7.

RS 0] 3
o N /@ Amberlyst-15 (100 % w/w) /@R
A\ O
S 1

.8 H
+ NI % DCM (dry), MgSQOy, 24 h N,s\\o
OOH ©)\H 2eq O\O
2a 7c R3=NO, 6
0.1M 7 7d R®=Me 6ac R3 = NO,
6ad R® = Me
N-sulfonyl 1,2,4- Temperature | Results from 'H NMR of
imine dioxazinane (°C) the crude mixture
1 7c 6ac NO; r.t. 6ac not identified
2 7d 6ad Me reflux 6ad not identified

N-sulfonyl imine 7c bearing an electron-deficient sulfonyl group was the first to be tested
(Entry 1 — Table 31). 'H NMR spectroscopy analysis of the crude mixture showed no signals
for 1,2,4-dioxazinane 6ac. However, the starting materials and hydrolysis of N-sulfonyl imine
7c were observed in the same analysis. The reaction was then tested with N-sulfonyl imine
7d, under reflux conditions (Entry 2 — Table 31). Analysis of the crude by H NMR
spectroscopy showed similar results: 1,2,4-dioxazinane 6ad was not identified, and starting

materials and hydrolysis of 7d were observed.
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6.3.3. Asymmetric synthesis of 1,2,4-dioxazinanes with N-sulfinyl imines

After the disappointing results obtained for the racemic synthesis of 1,2,4-dioxazinanes
6, an asymmetric variant of this reaction was tested using p-peroxyquinols 2, derived from

the dearomatisation of p-substituted phenols 1, and chiral N-sulfinyl imines 10 (Scheme 82).

OH (0] (0]
Dearomatisation Aminalisation/Aza-Michael addition H O
--------------------------------- > v
(Chapter 3) H O 1 N .St RS
R R' OOH Sn-StRs R \o
1 2 4
R 10 9 R4

Scheme 82. Aminalisation/Aza-Michael addition in the proposed asymmetric synthesis of 1,2,4-
dioxazinanes 9.

Proposed Reaction Mechanism

The reaction mechanism would be very similar to the racemic synthesis presented in
Scheme 81. In this proposed asymmetric synthesis, the nucleophilic attack of p-peroxyquinol
2 could happen in either of the Re or Si faces of the N-sulfinyl imine 10a, forming
peroxyaminals 10a’ and 10a”. Aza-Michael addition followed by tautomerisation would lead
to 1,2,4-dioxazinane 9-i with three stereocentres and eight possible stereoisomers (Scheme
83 - A). If the reaction is under kinetic control, only cis-fused 1,2,4-dioxazinanes are formed,

and as it is for 1,2,4-trioxanes, the number of possible stereoisomers is reduced to four.

342-344 it was

However, based on diastereofacial selectivity studies of N-sulfinyl imines,
proposed that the nucleophilic attack of p-peroxyquinol 2 would be favoured on the Si face
of N-sulfinyl imine 10a, forming predominantly (S,S)-peroxyaminal 10a’. This is because by
using the open non-chelation controlled model, the attack on the Re face is disfavoured due

to steric hindrance of the bulky tert-butyl group (Scheme 83 - B).

It is worth mentioning that the models to predict the stereochemical outcome of
additions to N-sulfinyl imines are still under debate and stereoinduction in generally
considered unpredictable.3*? This is due to the fact that other parameters such as solvent and

chelation to metals can change the diastereofacial selectivity.
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Scheme 83. (A) Proposed mechanism for the asymmetric synthesis of 1,2,4-dioxazinane 9-i. (B)
Proposed open non-chelation model to predict the diastereofacial selectivity in the nucleophilic
addition to N-sulfinyl imine 10a, forming predominantly (S,S)-peroxyaminal 10a’.

Chiral N-sulfinyl imines would be ideal reagents for the aminalisation step as they form
aminals enantioselectively, which are often challenging to prepare due to their inherent
reversibility and racemisation.>* The sulfinyl group can be easily removed in mild

conditions,3*® enabling further functionalisation of the amine if necessary.

Attempted asymmetric synthesis of 1,2,4-dioxazinanes in batch

The synthesis of 1,2,4-dioxazinanes 9 was first attempted in batch, starting with p-
peroxyquinol 2a and N-sulfinyl imine 10a. In this initial study, different catalysts, catalyst

loadings, reaction times, and temperatures were screened (Table 32).
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Table 32. Initial studies on the synthesis of 1,2,4-dioxazinanes 9aa from p-peroxyquinol 2a and N-sulfinyl imine 10a.

0] 0]
o
OH
2a’ 4d

H 9
.
LT
O,N 10a

OOH
2a

0.07M

(>

(0]
O.

S
.St
N”">tBu
(¢}
9aa
NO.

2

Solvent Catalvst Catalyst Temperature Time (h) NMRratio NMRratio NMRratio NMR ratio
¥ loading (°C) CEERPL 23’: 2a 4d: 10a 3ad: 2a
- - r.t 0 No reaction
CDCl5
- - 50 24 0 No reaction
Benzene-d6 - - 75 0 1:3.1 0 0

MsOH 0.15 eq. 50 24 0 No reaction

CDCl5 60% w/w 0 - 1:7.1 1:3.8

Amberlyst-15 50 5
300% w/w 0 - 1:1.5 1:0.3

241



Initially, this reaction was carried out without catalyst at three temperatures (Entries 1
and 2 —Table 32). No reaction occurred up to 50 °C (Entry 1— Table 32), and the only product
identified in the *H NMR spectroscopy at 75 °C was the reduced p-peroxyquinol 2a’, due to a
possible thermolysis of p-peroxyquinol 2a (Entry 2 — Table 32).

Next, the addition of acid catalyst was tested (Entries 3 to 5 — Table 32). Methanesulfonic
acid (MsOH) did not result in any reaction at 50 °C after 24 h (Entry 3 — Table 32). Amberlyst-
15 was then screened at different catalyst loadings (Entries 4 and 5 — Table 32). In both
reactions, hydrolysis of N-sulfinyl imine 10a (Scheme 84) and a cyclisation product were

observed.

]

H O
~ ,é+ hydrolysis O
N j< —_— H+ HN-S*
tBi
O,N 10a 0N Y

4d 1a
Scheme 84. Hydrolysis of the N-sulfinyl imine 10a.

The XRD analysis (Figure 50), as well as *H and *C NMR spectroscopy spectra of the
cyclisation product matched with 1,2,4-trioxane 3ad (synthesised in batch) instead of the
expected 1,2,4-dioxazinane 9aa’ (Scheme 85). It was rationalised that 1,2,4-dioxazinane 3ad
was not formed because aldehyde 4d has a carbonyl that is more electrophilic and, thus,
more reactive towards the nucleophilic addition of p-peroxyquinol 2a, relative to N-sulfinyl
imine 10a. Increased formation of 1,2,4-trioxane 3ad over time shifts the hydrolysis
equilibrium towards the aldehyde 4d, driving this cyclisation further. Finally, the increase of
catalyst loading resulted in the formation of more 1,2,4-trioxane 3ad, and consequently more

hydrolysis of N-sulfinyl imine 10a (cf Entries 4 and 5 — Table 32).
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Figure 50. Left: picture of the analysed crystal of 3ad; Right: XRD structure for 3ad synthesised
by B. Abreu and analysed by Dr. S. Argent.

o 0
CDCl3, Amberlyst-15 (300 % w/w)
50°C,5h NH
OOH 57% o O
2a H 9aa’
0.07 M NO,
O2N 4d "H NMR matched "H NMR not matched

3S*, 4aS*, 8aR*
Scheme 85. Cyclisation product identified to be 1,2,4-trioxane 3ad instead of 1,2,4-dioxazinane
9aa’. The structure was also confirmed by XRD analysis.

Following the challenges highlighted by initial studies, another set of experiments was
designed using biphenyl as an internal standard for *H NMR spectroscopy quantification

(Table 33).

243



Table 33. Summary of results for the asymmetric synthesis of 1,2,4-dioxazinanes 9aa from p-peroxyquinol 2a and N-sulfinyl imine 10a.

Catalyst Temperature NMR conversion NMRyield NMRyield | NMRyield NMR yield
Ent | t talyst .
| e Catalys Loading (°C) 2a (%) 2a’ (%) 4d (%) 3ad (%) 23" (%)
1 40 24 - 0 22 10 0
22 Amberlyst-15 | 300% w/w r.t. 24 - 0 4 0 0
Dry DCM
3* r.t. 24 - 0 17 35 0
4 Ph,PO,H r.t. 24 - 0 0 0 0
r.t. 4 22 22 0 0 0
5 DMAP r.t. 24 35 34 0 0 0
0.15 eq. r.t. 48 37 36 0 0 0
CDCls

6 DMAP 40 48 56 44 0 0 0
7¢ DMAP r.t. 72 92 27 0 0 22
8 DABCO r.t. 24 51 23 0 0 0

'H NMR spectroscopy conversions and yields were obtained using 0.05 eq. biphenyl as the internal standard. Reactions in which p-peroxyquinol 2a decomposed or did not
have a clear signal on *H NMR spectroscopy due to overlap with impurities, could not have their conversion calculated and are represented by -.  Addition of MgS0s; 2 eq.
of N-sulfinyl imine 10a; © The reaction was performed without the addition of N-sulfinyl imine 10a. The desired product 9aa was not included in the table as it was unable to
be synthesised in these conditions.
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Initially, conditions for the aza-Michael addition similar to those described in Rubush’s
dissertation (Scheme 76) were tested (Entries 1 to 3 — Table 33). In the first experiment, only
hydrolysis of the N-sulfinyl imine 10a into aldehyde 4d, along with the formation of 1,2,4-
trioxane 3ad were observed (Entry 1 — Table 33). To supress hydrolysis, the reaction was
repeated at room temperature with the addition of MgS0O, as a water scavenger (Entry 2 —
Table 33). Although hydrolysis was partially supressed, 1,2,4-dioxazinane 9aa was not
formed. As the 1,2-addition of p-peroxyquinol 2a is an equilibrium reaction, it was then
investigated the addition of 2 equivalents of N-sulfinyl imine 10a at room temperature to
favour the formation of the hemiaminal and subsequent cyclisation (Entry 3 — Table 33).

However, not only 10a was hydrolysed but the formation of 1,2,4-trioxane 3ad increased.

An alternative acid catalyst Ph,PO;H was then tested (Entry 4 — Table 33), as this
compound has been reported to catalyse similar reactions such as acetalisations,?** but no

reaction occurred.

Finally, based on Carrefio’s publication on aminalisations catalysed by
dimethylaminopyridine (DMAP) and 4-diazabicyclo[2.2. 2]octane (DABCO),*® these two
catalysts were used in the last experiments (Entries 5 to 8 — Table 33). The addition of DMAP
at room temperature led to the reduction of the p-peroxyquinol 2a into 2a’, which increased
with reaction time (Entry 5 — Table 33) and temperature (Entry 6 — Table 33). To understand
if the reduction was occurring due to DMAP or the N-sulfinyl imine 10a, a reaction was
performed without 10a (Entry 7 — Table 33). Not only was the p-peroxyquinol 2a reduced to
the p-quinol 2a’, but also an endoperoxide species 2a” was identified, likely due to an

KO

intramolecular Michael addition on the p-peroxyquinol 2a (Scheme 86).
o)

:/\HV
-~y
QH
2a

Scheme 86. Proposed mechanism for the intramolecular Michael add/t/on on p-peroxyquinol 2a.

To avoid reduction of p-peroxyquinol 2a, DABCO was used (Entry 8 — Table 33) as it is
less basic than DMAP.3*” However, only p-quinol 2a’ was observed on *H NMR spectroscopy

analysis.
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6.4.Conclusions

Racemic synthesis of 1,2,4-dioxazinanes with N-sulfonyl imines

Following the strategy proposed for the synthesis of 1,2,4-dioxazinanes from p-
substituted phenols, the racemic version was the first one to be explored. Different N-
sulfonyl imines were synthesised to be further used in the investigation of the
aminalisation/Aza-Michael addition, which is the second step of the reaction. Although two
N-sulfonyl imines could not be obtained either because of decomposition (7a) or purification
issues (7b), the other two N-sulfonyl imines (7c and 7d) were produced in high isolated yields

(Scheme 87).

OH (o} (0}

R3
Dearomatisation Aminalisation / Aza-Michael addition O/©/
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, - C

(Chapter 3)

7a R2=NO, R¥=NO, X
7b RZ=NO, R®=Me X
7c R2=H R3®=NO, 77%
7d R2=H R®=Me 83%

Scheme 87. Summary of the synthesis of N-sulfonyl imines 7. X represents that the product was
not formed or could not be purified.

Two N-sulfonyl imines (7c and 7d) were tested for the racemic synthesis of 1,2,4-
dioxazinanes 6 (Scheme 88), under similar conditions reported by Rubush.?** However, no

product was formed in both reactions.

OH 0 0 R3
Dearomatisation DCM (dry), Amberlyst-15 (100 % w/w) O/©/
----------------- R H n
(Chapter 3) MgSOy, 24 h N’S\‘O
R? R OOH R3 O. o
1 2
N /©/ 6
N7 6ac R® = NO
| O gad RO = Me
H
7c R®=NO,
7 7d R®=Me

Scheme 88. Summary of the racemic synthesis of 1,2,4-dioxazinanes 6 with N-sulfonyl imines 7.
X represents that the product could not be synthesised.
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Asymmetric synthesis of 1,2,4-dioxazinanes with N-sulfinyl imines

Similarly to the previous strategy for the synthesis of 1,2,4-dioxazinanes 6, the second
step of the proposed asymmetric route was first investigated in batch (Scheme 89). The

cyclisation was carried out using N-sulfinyl imine 10a.

OH (0] o
Dearomatisation solvent, temperature, catalyst o
e e e B | e Xo-----mmmmmme- > H v+
(Chapter 3) H o N'S\tBu

v
OOH - O.
1a 2a /©)\N ~tBu o)\©
9aa
O2N 10a NO,

Scheme 89. Summary of the asymmetric synthesis of 1,2,4-dioxazinane 9aa. X represents that
the product could not be synthesised.

In preliminary studies, both temperature and addition of catalyst were screened. Non-
catalysed reactions resulted in no conversion of starting material and increase in
temperature caused reduction of p-peroxyquinol 2a. Only starting materials were observed
with the addition of MsOH as an acid catalyst. When the reaction was carried out with
Amberlyst-15, hydrolysis of N-sulfinyl imine 10a was identified, as well as the formation of

1,2,4-trioxane 3ad.

The reaction was also carried out in similar conditions to the ones reported by Rubush.?*?
Temperature, addition of MgS0O4, and equivalents of N-sulfinyl imine 10a were screened with
two acid catalysts (Amberlyst-15 and diphenylphosphinic acid), which resulted in either
hydrolysis of 10a and formation of 1,2,4-trioxane 3ad (Amberlyst-15), or no reaction
(Ph2PO3H). It is possible that hydrolysis was caused by adsorbed water present in Amberlyst-
15.

Regarding the use of base catalysts, DMAP and DABCO were tested at different
temperatures, but only reduction of p-peroxyquinol 2a was identified in both cases. An
endoperoxide species 2a” was also identified in the *H NMR spectroscopy analysis when the

reaction with DMAP was carried out without N-sulfinyl imine 10a.
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6.5. Experimental procedures

Data collected for known compounds is consistent with the literature.

6.5.1. Synthesis of N-sulfonyl imines

R3
%o (O o LT
H S NH (10 mol %), DCM (dry), 4A MS s
+ NH2 N \\O
R2 R3 60 °C (sealed vial), 24 h | y
4 8
R2

4aR2=H 8a R%=NO, 7

7a RZ=NO, R®=NO,
7b R2=NO, R3=Me
7c RZ=H R3=NO,
7d R2=H R®=Me

General procedure: In a microwave sealed vial, sulfonamide 8 (1.0 eq, 1.40 mmol) was
added in dry DCM (4 mL), followed by the addition of 4A molecular sieves (1.40 g), aldehyde
4 (1.0 eq, 1.40 mmol) and pyrrolidine (10 mol%, 0.140 mmol, 12.0 uL). The reaction mixture
was then stirred at 60 °C for 24 h, resulting in a yellow solution. The solution was filtered

through a short pad o Celite and concentrated under reduced pressure.

e Reaction 1 (R? = NO; and R® = NO,): p-nitrobenzenesulfonamide 8a (283 mg) and p-
nitrobenzaldehyde 4d (212 mg).*H NMR spectroscopy showed a complex mixture with no
signals of the product 7a.

e Reaction 2 (R? = NO; and R® = CHs): p-toluenesulfonamide 8b (240 mg) and p-
nitrobenzaldehyde 4d (212 mg). *H NMR spectroscopy showed a ratio 7b: 8b = 1: 0.3
(77%). Purification of product 7b was attempted by recrystallisation, but with no success.
Flash column chromatography purification (EtOAc/Hexane 1:3) resulted in full hydrolysis
of 7b over silica.

e Reaction 3 (R? = H and R® = NO;): p-nitrobenzenesulfonamide 8a (283 mg) and
benzaldehyde 4a (1.2 eq, 1.7 mmol, 0.2 mL). *H NMR spectroscopy showed a ratio 7c: 8a
=1:0.1(91%). The product 7c was obtained as a yellow powder (1.08 mmol, 314 mg, 77%)
after recrystallisation from pentane.

e Reaction 4 (R? = H and R® = CH3): p-toluenesulfonamide 8b (240 mg) and benzaldehyde
4a (1.2 eq, 1.7 mmol, 0.2 mL). *H NMR spectroscopy showed a ratio 7d: 8b = 1: 0.2 (83%).
The product 7d was obtained as a white solid (1.16 mmol, 300 mg, 83%) after

recrystallisation from diethyl ether.
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(E)-N-Benzylidene-4-nitrobenzenesulfonamide 7¢348

" A NO,
o\é/@l

I\ 9

'H NMR (400 MHz, Chloroform-d): § 9.13 (s, 1H, 7), 8.39 (d, /= 9.0 Hz, 2H, 10/12), 8.22 (d, J
= 9.0 Hz, 2H, 9/13), 7.96 (d, J = 6.9 Hz, 2H, 1/5), 7.68 (t, J = 7.5 Hz, 1H, 3), 7.53 (appt, J = 7.7
Hz, 2H, 2/4).

13C NMR (101 MHz, Chloroform-d): & 172.5 (7), 150.8 (8), 144.3 (11), 135.9 (3), 132.1 (6),
131.8 (1/5), 129.5 (9/13), 129.5 (2/4), 124.5 (10/12).

HRMS (ESI) m/z calcd [C13H11N204S]* ([M + H]*): 291.0434, found 291.0443.

(E)-N-Benzylidene-4-methylbenzenesulfonamide 7d34°

'H NMR (400 MHz, Chloroform-d): § 9.03 (s, 1H, 7), 7.93 (d, J = 7.1 Hz, 2H, 1/5), 7.89 (d, J =
8.3 Hz, 2H, 9/13), 7.62 (t, J = 7.4 Hz, 1H, 3), 7.49 (appt, J = 7.7 Hz, 2H, 2/4), 7.35 (d, J = 8.3 Hz,
2H, 10/12), 2.44 (s, 3H, 14).

13C NMR (101 MHz, Chloroform-d): § 170.1 (7), 144.6 (11), 135.2 (8), 134.9 (3), 132.4 (6),
131.3 (1/5), 129.8 (10/12), 129.2 (2/4), 128.1 (9/13), 21.7 (14).

HRMS (ESI) m/z calcd [C14H1aNO,S]* ([M + H]*): 260.0740, found 260.0740.
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6.5.2. Synthesis of 1,2,4-dioxazinanes 6 from p-peroxyquinol 2a and N-

sulfonyl imines 7

R3
0 o Q/ Amberlyst-15 (100 % wiw)
s

+ N \\O DCM (dry), MgSOy, 24 h
|
OOH H 2 eq.
2a 7¢ R3=NO,
0.1 M 7 7d R%=Me

(0] R3
el
N~ \\O

O\O)\(j

6

6ac R® = NO,
6ad R® = Me

General procedure: N-sulfonyl imine 7 (2.0 eq, 0.403 mmol), Amberlyst-15 (100% w/w,

28.1 mg), and MgS0, (100 mg) were added to a 2 mL solution of p-peroxyquinol 2a (1.0 eq,

0.201 mmol, 28.1 mg, 0.1 M) in dry DCM under inert atmosphere. The solution was stirred

for 24 h and 'H NMR spectroscopy was recorded from a 0.1 mL sample from the reaction

mixture after filtration to remove MgSQO,4, which was then concentrated by nitrogen blow

down for 3 min.
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was not identified.

identified.

Reaction 1 (R® = NO,): (E)-N-benzylidene-4-nitrobenzenesulfonamide 7¢ (116 mg) at

room temperature. Results from crude *H NMR spectroscopy = 1,2,4-dioxazinane 6ac

Reaction 1 (R® = CHs): (E)-N-benzylidene-4-methylbenzenesulfonamide 7d (104 mg)

under reflux. Results from crude *H NMR spectroscopy = 1,2,4-dioxazinane 6ad was not



6.5.3. Synthesis of 1,2,4-dioxazinanes 9 from p-peroxyquinol 2a and N-sulfinyl

imine 10a (initial studies)

H C')
.
OoN 10a HC,)+ @H
N’S\tBu O,N (0]
OH
2OOH O ” ad %o
a 9aa a 3ad
NO NO,

0.07 M 2

General procedure: N-[tert-butyl-sulfinyl]-p-nitrobenzaldimine 10a was added to a 0.5
mL solution of p-peroxyquinol 2a in CDCls. The solution was stirred, resulting in a yellow
reaction mixture. *H NMR spectroscopy was recorded from a 0.5 mL sample taken directly

from the reaction mixture.

SET 1: No addition of catalyst

e Reaction 1, Test 1: 2a (1.0 eq, 36.4 umol, 5.10 mg) and 10a (1.1 eq, 40.0 umol, 10.2 mg),
at room temperature. After 24 h of reaction, only starting materials were observed in the
'H NMR spectroscopy.
- Test 2: The reaction mixture was then heated up to 50 °C. After 24 h of reaction, only
starting materials were observed in the *H NMR spectroscopy.
e Reaction 2: 2a (1.0 eq, 36.4 umol, 5.10 mg) and 10a (1.1 eq, 40.0 umol, 10.2 mg), at 75

°Cin benzene-d6. After 24 h of reaction, *H NMR spectroscopy ratio 2a’: 2a was 1: 3.1.

SET 2: acid catalyst MsOH

e Reaction 3: 2a (1.0 eq, 36.4 umol, 5.10 mg), 10a (1.1 eq, 40.0 umol, 10.2 mg) and MsOH
(0.15 eq, 5.46 umol, 0.5 mg), at 50 °C. After 24 h of reaction, only starting materials were

observed in the *H NMR spectroscopy.

SET 3: acid catalyst Amberlyst-15

e Reaction 4: 2a (1.0 eq, 36.4 umol, 5.10 mg), 10a (1.1 eq, 40.0 umol, 10.2 mg) and
Amberlyst-15 (60% w/w, 3.10 mg) at 50 °C. After 5 h of reaction, *H NMR spectroscopy
ratio 4d: 10a was 1: 7.1 and 3ad: 2a was 1: 3.8.

e Reaction 5: 2a (1.0 eq, 36.4 umol, 5.10 mg), 10a (1.1 eq, 40.0 umol, 10.2 mg) and
Amberlyst-15 (300% w/w, 15.3 mg) at 50 °C. After 5 h of reaction, *H NMR spectroscopy
ratio 4d: 10a was 1: 1.5 and 3ad: 2a was 1: 0.3.
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4-Nitrobenzaldehyde 4d3°>°

5
6

'H NMR (400 MHz, Chloroform-d): § 10.16 (s, 1H, 1), 8.40 (d, ) = 8.7 Hz, 2H, 4/6), 8.08 (d, J =
8.7 Hz, 2H, 3/7).
13C NMR (101 MHz, Chloroform-d): § 190.4 (1), 151.3 (5), 140.2 (2), 130.6 (3/7), 124.5 (4/6).
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6.5.4. Synthesis of 1,2,4-dioxazinanes 9 from p-peroxyquinol 2a and N-sulfinyl

imine 10a
H o
O,N 10a H (,)+ /@)J\H
NS Bu O,N ] o)
OOH SN OH O‘o o
2a 9aa 2a’ 4d 3ad 2a
0.1M NO, NO,

General procedure: N-[tert-butyl-sulfinyl]-p-nitrobenzaldimine 10a (1.0 eq, 0.201 mmol,
51.2 mg), catalyst (0.15 eq, 30.2 umol) and biphenyl (0.050 eq, 10.1 umol, 1.50 mg) were
added to a 2 mL solution of p-peroxyquinol 2a (1.0 eq, 0.200 mmol, 28.0 mg) in dry DCM
under inert atmosphere, unless stated otherwise. The solution was stirred and *H NMR
spectroscopy was recorded from a 0.1 mL sample from the reaction mixture, which was then

concentrated by nitrogen blow-down for 3 min.

SET 1: acid catalyst Amberlyst-15

e Reaction 1 (40 °C): (300% w/w, 84.0 mg) and 40 °C. Results from *H NMR spectroscopy =
10% vyield of 3ad, and 22% yield of 4d.

e Reaction 2 (20 °C, MgS0.): Amberlyst-15 (300% w/w, 84.0 mg), MgS04 (200% w/w, 102
mg) at room temperature. Results from *H NMR spectroscopy = 4% yield of 4d.

e Reaction 3 (20 °C, 2 eq. N-sulfinyl imine 10a): Amberlyst-15 (300% w/w, 84.0 mg), 10a
(2.0 eq, 0.400 mmol, 102 mg), and room temperature. Results from *H NMR spectroscopy
=35% yield of 3ad, and 17% yield of 4d.

SET 2: acid catalyst Ph,PO,H

e Reaction 4 (20 °C): Diphenylphosphinic acid (7.00 mg) and room temperature. Results
from H NMR spectroscopy = no reaction occurred. Only signals from the starting

material were observed.

SET 3: base catalyst DMAP

e Reaction 5, Test 1: 0.6 mL solution of 2a (1.0 eq, 0.301 mmol, 42.1 mg), 10a (1.0 eq, 0.300
mmol, 76.3 mg), DMAP (0.15 eq, 45.0 umol, 5.50 mg) and biphenyl (0.050 eq, 14.9 umol,
2.30 mg) in CDCl3, at room temperature. After 4 h of reaction, *H NMR spectroscopy 22%
conversion of 2a, and 22% vyield of 2a’.

- Test 2: After 24 h of reaction, *H NMR spectroscopy 35% conversion of 2a, and 34%

yield of 2a’.
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- Test 3: After 48 h of reaction, *H NMR spectroscopy 37% conversion of 2a, and 36%
yield of 2a’.
e Reaction 6: Same quantities as Reaction 5, but at 40 °C. After 48 h of reaction, *H NMR
spectroscopy 56% conversion of 2a, and 44% yield of 2a’.
e Reaction 7: Same quantities as Reaction 5, but N-sulfinyl imine 10a was not added to this
reaction. After 72 h of reaction, *H NMR spectroscopy 92% conversion of 2a, 27% yield
of 2a’, and 22% yield of 2a”".

SET 4: base catalyst DABCO

e Reaction 8 (r.t.): 1,4-diazabicyclo[2.2.2]octane (3.00 mg) in CDCl; at room temperature.

Results from *H NMR spectroscopy = 51% conversion of 2a, 23% yield of 2a’.

6-Methyl-7,8-dioxabicyclo[4.2.0]oct-4-en-3-one 2a”’ (novel compound)

'H NMR (400 MHz, Chloroform-d): § 6.75 (dd, J = 10.3, 2.4 Hz, 1H, 1), 6.02 (dd, /= 10.3, 1.1
Hz, 1H, 2), 4.47 (m, 1H, 5), 3.01 (ddd, J = 17.8, 2.6, 1.1 Hz, 1H, 4), 2.70 (dd, J = 17.8, 3.4 Hz,
1H, 4’), 1.63 (s, 3H, 7).

13C NMR (101 MHz, Chloroform-d): & 194.0 (3), 149.3 (1), 127.7 (2), 81.0 (5), 78.5 (6), 37.9
(4), 21.8 (7).

Further analysis should be carried out to confirm the structure above, such as IR spectroscopy

and HRMS.
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6.5.5. Synthesis of 1,2,4-trioxane 3ad

(0]
CDCl3, Amberlyst-15 (300 % w/w)
50°C,5h H
o o]
OOH /@)LH O\o)»,,©\
2a 3ad
O,N a NO,

0.07M ad
0.14 M

0]

General procedure: In a 10 mL solution of p-peroxyquinol 2a (1.0 eq, 0.714 mmol, 100
mg) in chloroform, 4-nitrobenzaldehyde 4d (2.0 eq, 1.45 mmol, 219 mg) and Amberlyst-15
(300% w/w, 300 mg) were added at 40 °C. The solution was stirred for 5 h, resulting in a
brown reaction mixture. Amberlyst was filtered out of the solution, and the filtrate was

concentrated under vacuum.

Results: The product was purified by flash column chromatography column and eluted
with a gradient of 0-30% EtOAc/hexane to give 3ad (0.412 mmol, 120 mg, 58%) as a yellow

crystalline material.

(3S,4aS,8aR)-8a-Methyl-3-(4-nitrophenyl)-4a,8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-one
3ad232

8 10
O\O)""@:
12
14 NO,

13

'H NMR (400 MHz, Chloroform-d): 6 8.21 (d, J = 8.8 Hz, 2H, 11/13), 7.59 (d, J = 8.8 Hz, 2H,
10/14), 6.92 (dd, J = 10.4, 2.9 Hz, 1H, 3), 6.30 (s, 1H, 8), 6.17 (dd, J = 10.4, 1.0 Hz, 1H, 2), 4.45
(9,J=2.9Hz, 1H, 5), 2.87 (ddd, J = 17.7, 2.9, 1.0 Hz, 1H, 6), 2.82 (dd, J = 17.7, 2.9 Hz, 1H, &’),
1.46 (s, 3H, 7).

13C NMR (101 MHz, Chloroform-d): & 194.5 (1), 150.5 (3), 149.1 (12), 139.8 (9), 130.1 (2),
128.3 (10/14),123.8 (11/13), 102.2 (8), 78.5 (4), 77.2 (5), 41.0 (6), 20.7 (7).

HRMS (ESI) m/z calcd [C14H13N10¢Na]* ([M + Na]*): 314.0635, found 314.0628.

1H and *3C NMR spectroscopy data was found in only one publication in the literature (Ref
233), but the chemical shifts are not consistent with the data reported in this Thesis. However,
the *H NMR spectroscopy values reported don’t match with the structure, no XRD analysis

was given, and name of the compound was incorrect.
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6.6.Appendix

Experimental procedure

Single crystals of C14H13NOg¢ 3ad were submitted to Dr. S. Argent for XRD analysis at the
University of Nottingham. A suitable crystal was put in fomblin film on a micromount on
a SuperNova Atlas S2 diffractometer. The temperature was kept at 120(2) K. Using the
software Olex2,'*® the structure was solved with the ShelXTstructure solution program using
Intrinsic Phasing®®’” and refined with the ShelXL refinement package using Least Squares

minimisation.>®

Crystal data and structure refinement

Empirical formula Ci4H13NOsg Index ranges g<l<8

Formula weight 291.25 Reflections 9834
collected

Temperature/K  120(2) Independent 2358 [Rimt= 0.0203,

Crystal system  monoclinic reflections Rsigma = 0.0139]

Space grou Cc i

Po group Data/restraints/p 2358/2/191

a/A 7.2011(2) arameters

b/A 25.7849(8) I(:izoodness-of-flt on . s

c/A 7.1727(3)

of° 90 Final R indexes R;= 0.0259, wR;=
1>=20 (I 0.0680

B/° 95.776(3) [ (0

v/° 90 Final R indexes [all R; = 0.0262, wR;=

o data] 0.0684

Volume/A3 1325.06(8)
Largest diff.

Z 4 o 0.15/-0.18
peak/hole / e A3 /

pcalcg/Cm3 1.460

p/mm 0.985 Flack parameter  0.05(5)

F (000) 608.0

Crystal size/mm3 0.222 x 0.123 x 0.033

Radiation CuKa (A =1.54184)

20 range for data

AR 6.856 to 146.846
collection/
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> Prob = S50
© Temp = 120
©
®
o
=
|
)}
)
c\n
~
»
®
%)
>
o
=
=
o
[
a
|
O
Z -60 bamwga Clcl R = 0.03 RES= 0 -7 X

Crystal data: C14H13NOs (M =291.25 g/mol): monoclinic, space group Cc (no. 9), a = 7.2011(2) A, b =
25.7849(8) A, c= 7.1727(3) A, 8= 95.776 (3)°, V = 1325.06(8) A%, Z= 4, T= 120(2) K, u(CuKa) = 0.985
mm?, Dcalc = 1.460 g/cm?3, 9834 reflections measured (6.856° < 20 < 146.846°), 2358 unique (Rint =
0.0203, Rsigma = 0.0139) which were used in all calculations. The final Ry was 0.0259 (I > 20(l))
and wR; was 0.0684.

Refinement model description
Number of restraints: 2; number of constraints: unknown. Details:

1. Fixed Uiso. At 1.2 times of All C(H) groups, All C(H,H) groups; At 1.5 times of: All C(H,H,H)
groups

2.a. Ternary CH refined with riding coordinates: C10(H10), C15(H15)

2.b. Secondary CH2 refined with riding coordinates: C17(H17A,H17B)

2.c. Aromatic/amide H refined with riding coordinates: C5(H5), C6(H6), C8(H8), C9(H9),
C20(H20), C21(H21)

2.d. Idealised Me refined as rotating group: C14(H14A,H14B,H14C)
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Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters

(A2x10%) for 3ad. U, is defined as 1/3 of the trace of the orthogonalised Uy, tensor.

Atom X y z U(eq)
N1 8654(2) 4015.5(7) 5239(2) 29.9(4)
02 10217(2) 4127.7(6) 4828(2) 38.2(4)
03 8107(2) 3568.1(6) 5372(3) 42.3(4)
C4 7368(3) 4439.1(7) 5591(3) 23.9(4)
C5 7997(2) 4946.5(7) 5485(3) 24.0(4)
6 6760(2) 5345.2(7) 5765(3) 22.9(3)
c7 4943(2) 5227.6(7) 6147(2) 20.7(3)
cs8 4368(2) 4715.2(7) 6268(2) 23.0(4)
c9 5584(3) 4313.2(7) 5990(3) 24.8(4)
C10 3537(2) 5647.3(7) 6407(3) 21.9(4)
011 2266.2(16) 5632.9(5) 4745.9(18) 22.7(3)
012 743.1(15) 5988.3(5) 5112(2) 25.9(3)
c13 1500(2) 6509.6(7) 5203(3) 24.9(4)
c14 -194(3) 6828.3(8) 5603(4) 36.3(5)
C15 3076(3) 6540.0(7) 6798(3) 24.5(4)
016 4411.9(16) 6130.6(5) 6596.1(17) 23.0(3)
C17 4157(3) 7044.6(7) 6759(3) 27.5(4)
C18 4755(2) 7173.4(7) 4852(3) 26.0(4)
019 6092.8(18) 7452.7(6) 4677(2) 34.4(3)
C20 3625(3) 6960.8(7) 3204(3) 28.9(4)
c21 2157(3) 6657.3(7) 3361(3) 27.8(4)

258



Anisotropic Displacement Parameters (A2x103) for 3ad. The Anisotropic displacement

factor exponent takes the form: -2n2[h2a*2U11+2hka*b*U12+...].

Atom
N1
02
03
C4
C5
C6
c7
C8
(6°]

C10
011
012
C13
Cl4
C15
016
C17
C18
019
C20
C21

Un
29.8(8)
30.6(7)
40.0(8)
24.3(8)
19.7(7)
21.2(8)
20.8(8)
20.3(8)
26.2(8)
20.0(8)
17.3(5)
14.6(5)
21.0(8)
23.9(9)
22.7(8)
20.3(6)
25.1(8)
20.1(8)
23.4(7)
31.2(9)
28.4(9)

Bond Lengths for 3ad

Uz,
32.7(8)
46.0(8)
28.6(7)
27.9(8)
32.6(9)
26.5(8)
26.0(8)
29.6(9)
26.3(8)
25.8(8)
25.6(6)
24.2(6)
23.3(8)

31.9(10)
26.7(8)
24.1(6)
26.4(8)
22.5(7)
34.7(7)
29.1(8)
27.3(9)

Atom Atom

N1
N1
N1
Cca
ca
Cc5
cé6
c7
c7
Cc8
C10
C10

02
03
ca
s
c9
c6
c7
cs
C10
c9
011
016

Uiz
26.8(9)
39.7(9)

57.5(11)
19.1(9)
19.6(9)
20.9(9)
14.9(8)
19.2(9)

21.4(10)
20.0(9)
25.0(7)
39.1(8)

30.5(10)

53.0(14)

24.6(10)
24.3(7)

30.3(10)

35.1(11)
44.9(9)

26.3(10)

26.2(10)

Length/A
1.226(2)
1.226(2)
1.470(2)
1.389(3)
1.383(3)
1.388(2)
1.397(2)
1.390(2)
1.507(2)
1.384(3)
1.427(2)
1.397(2)

Uz
0.5(7)
4.2(7)
-2.2(7)
0.9(7)
1.1(7)
1.2(6)
1.5(6)
3.3(7)
2.0(7)
1.7(6)
-2.3(5)
-0.8(6)
-1.6(7)
-4.5(9)
-3.2(7)
-1.4(5)
-7.4(7)
-1.9(7)
0.8(6)
3.5(7)
0.5(7)

Atom Atom

011
012
C13
C13
C13
Ci5
Ci5
C17
C18
C18
C20

012
C13
Ci14
Ci5
C21
016
C17
C18
019
C20
C21

Uiz
0.3(7)
12.1(6)
1.0(7)
-0.1(7)
1.4(7)
1.4(6)
0.7(6)
2.7(6)
0.2(7)
2.5(7)
0.6(5)
4.3(5)
2.9(7)
4.3(9)
4.9(7)
0.9(5)
-0.4(7)
1.4(7)
2.1(6)
2.8(7)
-4.9(7)

Length/A
1.4728(15)
1.450(2)
1.522(2)
1.530(3)
1.497(3)
1.445(2)
1.518(2)
1.511(3)
1.219(2)
1.472(3)
1.329(3)

U
9.1(6)
12.5(6)
8.2(6)
7.6(7)
1.2(6)
-0.5(7)
2.5(6)
-1.0(6)
-0.2(7)
0.4(6)
4.9(4)
3.1(4)
0.7(6)
7.0(7)
1.7(7)
2.0(5)
0.8(7)
3.2(6)
-3.3(5)
-1.0(7)
1.0(7)
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Bond Angles for 3ad

Atom Atom Atom Angle/® Atom Atom Atom Angle/®
02 N1 O3 123.41(17) C13 012 011 107.56(11)
02 N1 C4 118.38(16) 012 C13 cC14 101.80(14)
03 N1 C4 118.21(16) 012 C13 C15 109.18(14)
5 C4 N1 118.43(16) 012 C13 C21 110.28(15)
9 c4 N1 118.40(16) C14 C13 C15 112.30(16)
9 C4 C5 123.16(16) C21 C13 Cl4 111.07(17)
6 C5 C4 118.21(16) C21 C13 C15 111.76(15)
s C6 C7 119.65(16) 016 C15 C13 109.80(14)
c6 C7 C10 121.53(15) 016 C15 C17 106.03(13)
8 C7 C6 120.64(15) C17 C15 C13 111.91(15)
c8 C7 C10 117.82(15) C10 016 C15 111.27(12)
9 c8 cC7 120.39(16) Cc18 C17 C15 113.50(15)
c4 C9 C8 117.94(16) 019 C18 C17 121.56(18)
011 Cl0 C7 105.10(14) 019 C18 C20 121.04(18)
016 Cl0 C7 110.51(14) C20 C18 C17 117.38(15)
016 Cl0 011 110.45(14) C21 C20 C18 122.10(18)
C10 011 012 105.15(12) C20 C21 C13 123.31(18)

Hydrogen Atom Coordinates (Ax10?) and Isotropic Displacement Parameters (A?x103) for

3ad

Atom X y z U(eq)
H5 9213.17 5017.12 5234.06 29
H6 7139.18 5688.94 5697.69 27
H8 3158.63 4642.03 6536.79 28
H9 5212.42 3969.17 6068.55 30
H10 2877.67 5573.22 7507.35 26

H14A -1177.3 6778.07 4613.05 54

H14B 138.7 7188.79 5678.2 54

H14C -611.08 6719.09 6770.75 54
H15 2559.01 6504.86 8004.77 29

H17A 3386.97 7324.72 7152.86 33

H17B 5257.63 7022.29 7653.38 33
H20 3947.78 7041.56 2014.58 35
H21 1504.76 6530.17 2270.96 33
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7. Continuous flow telescoped synthesis of 1,3-oxazolidines

7.1. Introduction

Oxazolidines are saturated five-membered heterocyclic compounds, with nitrogen and
oxygen atoms in the 1 and 3 positions. They are found in a variety of natural products with
potent antibacterial and antitumor properties, mainly in the tetrahydroisoquinoline alkaloids
(TAAs) family.3*! The naphthyridinomycin and quinocarcin families are subgroups of TAAs
containing oxazolidine rings: Naphthyridinomycins inhibits DNA, RNA, and protein synthesis
in bacterias;**? Tetrazomine has increased cytotoxicity against P388 leukemia and both
Gram-positive and Gram-negative bacteria;**? and quinocarcin has shown activity against

leukaemia, lung cancer, and adenocarcinoma (Scheme 90).3°* Other compounds in these

355, 356

families also possess similar biological activities.

(0]
NoH
"/Nvf Me

NE
2
OMe (o}

Naphthyridinomycin (-)-Tetrazomine (-)-Quinocarcin
Scheme 90. Oxazolidines found in natural products: Naphthyridinomycin, (-)-tetrazomine and (-)-

quinocarcin.

The use of oxazolidines as chiral auxiliaries has been reported in various reactions

8 reduction of ketones to

(Scheme 91 - A),*7 including cyclopropanation of alkenes,*
alcohols,**® Grignard addition to ketones,3* aziridinations,?*! and others.362-3%> They can also
be used as chiral ligands for transition metal catalysts3®® (Scheme 91 - B), such as the disulfide

oxazolidine ligand used for ethylation of aldehydes with organozinc Et,Zn3¢’

and in palladium-
catalysed allylic alkylation using phosphinooxazolidine ligands.3®® Finally, a few oxazolidines
have been used as synthetic intermediates (Scheme 91 - C), as in the formation of 3-
substituted and 1,3-disubstituted tetrahydroisoquinolines (THIQs),%®° and in an oxazolidine

thermal rearrangement yielding 1,5,2-dioxazinanes.333
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Ph
o CH,N,

Fh S Ph\EO> /O PhMgBr Ph\[o Ph
(A) N \_p, Pd(OAC), N \pp Ay T N> “'OH
Me Me Y Ts Y Ts

Cyclopropanation Grignard addition

?\}_\s—s/_{j 5

N
(B) \
PPh,
MeO OMe

Ligand for Et,Zn Ligand for [Pd(allyl)Cl],

HgBr
N Ph n-BusSnH, Et;B

-—

: Z‘ - N Ph toluene i?‘Ph
H OJ“ HO

OH
1,3-substituted THIQ 3-substituted THIQ
Scheme 91. 1,3-oxazolidines applications: (A) Chiral auxiliaries, (B) chiral ligands for transition
metal catalysts, and (C) synthetic intermediates.

Historically, 1,3-oxazolidines have been synthesised through condensation of amino
alcohols and aldehydes or ketones,*®® but often required harsh conditions such as high
temperatures and strong acids, and give poor stereoselectivity.3’° For this reason, different
techniques under milder conditions have been developed such as mortar-pestle grinding
(Scheme 92 - A),*”! and a diastereoselective synthesis variant was also reported (Scheme 92
- B).3”2 Other methods using different substrates have also been developed,* 374 including
ring-opening cyclisation of epoxides with amines and aldehydes (Scheme 92 - C),*”® Pd-
catalysed Aza-Wacker reaction between amino alcohols and electron-deficient alkenes,*’®
and intramolecular Aza-Michael addition of y-hydroxy-a,[3-unsaturated carbonyls to imines

(Scheme 92 - D).3”7
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Scheme 92. Synthesis of 1,3-oxazolidines: condensation of amino alcohols and
aldehydes/ketones by (A) grinding or (B) microwave, (C) epoxide ring-opening cyclisation, and (D)
Aza-Michael addition of imines and y-hydroxy-a, B-unsaturated carbonyls.

The synthesis of 1,3-oxazolidines via Aza-Michael addition®”’ paved the way for new
stereoselective methodologies, as this approach had poor stereoselectivity. The inherent
reversibility of the formation of hemiaminals/aminals, makes the asymmetric synthesis of
oxazolidines challenging. The first catalytic enantioselective synthesis of aminals was only

8

reported in 2008 by Antilla and co-workers,3’® and the literature in this field is still

underdeveloped.3”

380, 381

Given current interest in the desymmetrisation of p-quinols, and the need for new

methodologies to synthesise oxazolidines in a stereoselective manner, researchers have

developed alternative synthetic routes from substituted imines and p-quinols.2* 308

p-Quinols are important scaffolds found in natural products (Scheme 93 - A) including
cornoside? (T. capensis) and elisabethol®3 (P. elisabethae). Some of these compounds have
biological activities such as antitumor®* and antibiotic*® (Scheme 93 - B). Finally, they are
also versatile building blocks®® for the synthesis of p-quinones®” and can undergo [4+2]-
cycloadditions®®® (Scheme 93 - C). This multifunctional scaffold is rich in its chemistry,
possessing two double bonds that are 1,4-Michael acceptors, a carbonyl that can undergo
1,2-substitution and a nucleophilic hydroxy group on the C-4 position. It is not surprising that

380, 381

the desymmetrisation of p-quinols has been an important area of study, as it can lead

to highly functionalised molecules that are not easily synthesised.
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Diels-Alder reaction of p-quinol
Scheme 93. p-quinols found in natural products (A), compounds with biological activity (B), and
applications in organic synthesis (C).

In 2014, Rubush reported a stereoselective synthesis of 1,3-oxazolidines from p-
substituted quinols and imines.?*! These reactions had high diastereoselectivity and good
yields when Ph,PO;H was used as the acid catalyst (Scheme 94 - A). It was also reported an
enantioselective synthesis variant using a chiral TRIP phosphoric acid catalyst ((R)-3,3'-
bis(2,4,6-triisopropylphenyl)-1,1'-binaphthyl-2,2’-diyl  hydrogenphosphate), at high
diastereoselectivity but modest enantiomeric excess and low yield were obtained (Scheme
94 - B). Furthermore, the reaction scope was limited to N-alkyl and N-aryl imines, and
unsuccessful results were obtained when N-sulfonyl imines, O—methyl oximes or tosyl-

hydrazones were employed.
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Scheme 94. Acid-catalysed synthesis of 1,3-oxazolidines using Ph,PO;H (A) and chiral TRIP
phosphoric acid (B) catalysts by Rovis and Rubush.?*!

In the same year, Carrefio and co-workers published a base-catalysed synthesis of 1,3-
oxazolidines®® using a similar approach to Rubush and co-workers. Moderate to good yields
along with high diastereoselective ratios were obtained when the reaction was performed
with DMAP in dichloromethane (Scheme 95 - A). The effect of substituents on both the N-
arylsulfonyl and the aldehyde’s aromatic ring moieties was also studied: higher conversions
were obtained when an electron-donating group was attached to N-tosyl and an electron-
withdrawing substituent was present in the imine. Unexpectedly, a change in solvent led,
exclusively, to the formation of a tricyclic compounds via a cascade aza-Diels-Alder after the
intramolecular aza-Michael addition (Scheme 95 - B). Finally, a mechanistic study detailing
the stereochemical outcome of the reaction concluded that the attack of the p-quinol

hydroxy group on the imine dictates the final stereochemistry of the oxazolidine ring.
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Scheme 95. (A) Base-catalysed synthesis of 1,3-oxazolidines using DMAP; (B) Formation of a
tricyclic compound via Aza Diels-Alder cascade catalysed by DABCO/LiC0O,.3%
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7.2. Aims and general strategy

The synthesis of novel compounds containing a 1,3-oxazolidine ring is highly desirable
due to their potential medicinal properties and varied synthetic uses, as shown above.
Although the asymmetric synthesis of 1,3-oxazolidines from p-quinols has been previously
reported by Rubush,?*! the modest enantiomeric excess and low yield obtained motivates

the development of new enantioselective routes. Therefore, the aims of this Chapter were:

e To explore whether the dearomatisation of p-substituted phenols can be applied to
produce 1,3-oxazolidines.

e To extend this approach to the asymmetric synthesis of 1,3-oxazolidines.

e Todevelop a telescoped continuous flow process, using this new methodology, from

p-substituted phenols.
To address these aims, the following strategy was adopted:

1. A synthetic route for the asymmetric telescoped synthesis of 1,3-oxazolidines 11 was
proposed as a starting point, as shown in Scheme 96. It consists of three consecutive steps:
dearomatisation of p-substituted phenols 1, reduction of p-peroxyquinols 2, and
aminalisation/Aza-Michael cascade. The reaction is to be performed in scCO, using singlet
oxygen in a continuous flow regime with the intention to improve safety and scalability of

the process.

OH
Dearomatisation Reductlon Aminalisation/aza-Michael add|t|on o
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, H O
(Chapter 3) o 1 N- S'f
R1 OOH R1 OH S s R0 R®
1 12
R4 10
R4
Scheme 96. Proposed continuous flow telescoped synthesis of 1,3-oxazolidines 12 from p-
substituted phenols 1.

2. The first reaction to be investigated in batch was the formation of p-quinol 2’ from

the reduction of p-peroxyquinol 2.

3. Using p-quinol 2’ obtained previously, the cyclisation step was to be carried out with

N-sulfinyl imine 10.
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7.3.Results and discussion

7.3.1. Synthesis of p-quinol 2a’

Given the dearomatisation of p-substituted phenols had already been studied in Chapter

3, the next step was to investigate the reduction of p-peroxyquinols 2 to form p-quinols 2’

(Scheme 97).

OH 0 o) 0
Dearomatisation Reduction Aminalisation/aza-Michael addition e
(Chapter 3) H o N-SF

1 A R’ ‘RS
R? R! OOH R OH \N,S’:R5 0
1 2 2 12
R4 10

R4
Scheme 97. Reduction of p-peroxyquinols 2 to p-quinols 2’ in the proposed asymmetric synthesis
of 1,3-oxazolidines 12.

p-Peroxyquinol 2 was reduced using dimethyl sulfide (DMS) as a reducing agent,
following a protocol published by Adimurthy and co-workers.3® This methodology was
particularly chosen as the only by-product formed is dimethyl sulfoxide (DMSO), which is a

solvent that would not be expected to interfere in the future telescoped synthesis.

Reaction Mechanism

The generally accepted mechanism for this reduction involves a nucleophilic attack of
the sulfur atom in DMS to the distal oxygen in p-peroxyquinol 2a, followed by a Sn2
displacement to give p-quinol 2a’ (Scheme 98). A kinetics study has shown that the oxygen

transfer to dimethyl sulfide is the rate-determining step (rds), followed by fast proton

transfer from protonated dimethyl sulfoxide to form p-quinol 2a’.3%°

rds fast O

—_— H ——— + é+

\S/
o‘?ay' o~ S OH
0
2a 2a’
Scheme 98. Mechanism for the reduction of p-peroxyquinol 2a to p-quinol 2a’ by dimethyl
sulfide. ‘Rds’ indicates the rate-determining step.
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Reduction of p-peroxquinol 2a with DMS in batch

The reaction was then carried out and optimised at room temperature, varying the

amount of DMS, as shown in Table 34.

The reaction gave excellent yields in all experiments in a short amount of time.
Considering yield, reaction time and equivalents of DMS for future telescoped synthesis, the
best condition to be reproduced in continuous flow would be 4 eq. of DMS (Entry 2 — Table

34), which gives > 90% yield in only 30 min.

Table 34. Optimisation of the reduction of p-peroxyquinol 2a reaction with DMS.

O
DMS, CDCl3
r.t.
HOO HO
2a 2a’
0.1M

Entry DMS (eq.) Time (h) NMR yield (%)

0.5 81
1 2

1.0 97

0.5 93
2 4

1.0 >99
3 6 0.5 >99
4 8 0.5 >99
5 10 0.5 >99

1H NMR spectroscopy yields were obtained using biphenyl! (0.05 eq.) as the internal standard.
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7.3.2. Asymmetric synthesis of 1,3-oxazolidines

After finding the most efficient condition for the reduction of p-peroxyquinol 2a, the

aminalisation/Aza-Michael addition step of the synthesis of 1,3-oxazolidines 12 was

explored.
OH (e} 0
Dearomatisation Reduction Aminalisation/aza-Michael addition H O
(Chapter 3) H O N,S'+
R R1OOH R1OH N R R
) ) N"""RS
2 )
R4 10 12
R4

Scheme 99. Aminalisation/Aza-Michael addition in the proposed asymmetric synthesis of 1,3-
oxazolidines 12.

Proposed Reaction Mechanism

The proposed mechanism of this reaction was based on work developed by Carrefio et
al (Scheme 100).3% The 1,2-addition of the hydroxide on p-quinol 2’ to the N-sulfinyl imine
10 can occur on both Re and Si faces. As mentioned previously, N-sulfinyl imine 10 as a chiral
auxiliary is believed to favour one hemiaminal over the other (10-i and 10-ii), as well as their
respective 1,3-oxazolidines (12-i to 12-iv). The stereochemical outcome of this reaction is
difficult to be determined as the existent models to predict the diastereofacial selectivity of

nucleophilic addition to N-sulfinyl imines vary depending on the reaction conditions.?*?

R Si
.8t Aminalisati
N o minalisation ”\
o Y Hij-SOR®
R24"H R? 0 (0]
Siface . "R2
10 10 1. Aza-Michael addition "o
.. i j 4
K o R 0 2. Tautomerisation 1 N-S* \
z §t "o~ R
‘0" N 3 R2
IR Aminalisation nn- SOR 124
2 1
H™ R R
ng ) 3 _stereocent_res
10 10-ii 8 possible stereoisomers
Scheme 100. Proposed mechanism for the synthesis of 1,3-oxazolidines 12 from p-quinols 2’ and
N-sulfinyl imines 10.
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Attempted asymmetric synthesis of 1,3-oxazolidines in batch

Different parameters were screened for the synthesis of 1,3-oxazolidines 12 with N-
sulfinyl imine 10a (synthesised by Dr. J. Moore), including type of catalyst, catalyst loading,

temperature, and addition of drying agents, as shown in Table 35.

Table 35. Summary of the conditions screened for the synthesis of 1,3-oxazolidines 12 in batch.

H o %
.
o \N’S\K @H o o OH
0N 10a 5 NS By /©)J\H
CDClj O,N
OH 4d 1a
2a’ 12aa  \o,

Entr Catalvst Catalyst Temperature | Time NMR ratio NMR ratio

g g loading (°c) (h) 4d: 10a 1a: 22’

1 0.15 eq. r.t 24 No reaction

2 DMAP r.t 24 No reaction

1.0eq.

3 40 24 No reaction
4 1 1:9.5 1:3.0
AMPEYSt- | 100% w/w 40 1 1:79 1:0.8

5* 15

24 1:2.9 1:0.4

* Addition of 4 A molecular sieves. The desired product 1,3-oxazolidine 12a’a was not included in the
table as it was unable to be synthesised in these conditions.

4-Dimethylaminopyridine (DMAP) has previously been reported to catalyse the
synthesis of oxazolidines by facilitating the aminalisation step.3°® As DMAP (pK, = 9.7)* is
not a strong enough base to deprotonate the hydroxyl in p-quinol 2a’ (pK. = 13.1),3? it is
more likely that the catalysis would occur via nucleophilic addition of DMAP to the imine,
forming a more reactive electrophile. However, only starting materials were observed when
a catalytic amount of DMAP was used in the reaction (Entry 1 — Table 35). Increasing the
quantity of catalyst (Entry 2 — Table 35) or heating up to 40 °C (Entry 3 — Table 35), did not
result in any reaction. One reasonable explanation could be that the lower electrophilicity in
N-sulfinyl imines 9 compared to N-sulfonyl imines 7 hampers the nucleophilic attack of

DMAP.

An acid catalysed version of this type of reaction using Amberlyst-15 has also been

reported.?”! In 1 h of reaction (Entry 4 — Table 35), a ratio of aldehyde 4d: N-sulfinyl imine
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10a of 1: 9.5 was observed in the *H NMR spectroscopy, along with some impurities. A
fraction of 2a’ was converted back to its corresponding phenol 1a. It was thought initially
that the re-aromatisation was aided by oxidation of N-sulfinyl imine 10a, but N-sulfonyl imine
7e signals were not found in the 'H NMR spectroscopy spectrum of the reaction mixture.
Another possibility is that Amberlyst-15 could activate 2a’ and facilitate the re-aromatisation

of the ring to give p-cresol 1a (Scheme 101).

H O H o
o ot o .t-Bu
R)\N S\I-Bu RJ\N'S-‘O
O 10a Te OH

OH Amberlyst-15
2a’ 1a
Scheme 101. Proposed routes for the re-aromatisation of p-quinol 2a’ to p-cresol 1a via
oxidation of N-sulfinyl imine 10a to N-sulfonyl imine 7e, or activation by Amberlyst-15. X represents a
route that was disregarded due to lack of formation of N-sulfonyl imine 7e.

To minimise hydrolysis of N-sulfinyl imine 10a, 4A molecular sieves were added to the
reaction vessel in order to trap any water that could be formed during the reaction (Entry 5
— Table 35). However, hydrolysis of 10a to 4d and re-aromatisation of 2a to 1a continued to

occur and even after 24 h of reaction, no 1,3-oxazolidine 12a’a was formed.
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7.4.Conclusions

Synthesis of p-quinol 2a’

According to the strategy proposed for the asymmetric synthesis of 1,3-oxazolidines in
this Chapter, the first step to be studied was the reduction of p-peroxyquinols 2. The
reaction was carried out using DMS as the reducing agent and further optimised, giving

guantitative yield in only 1 h when 4 eq. of DMS was used at room temperature (Scheme

102).

OH 10 o (0]
DMS (4 eq.), CDCl3 Aminalisation/
Dearomatisation rt,1h aza-Michael addition H O
—_— B e > 12
(Chapter 3) >99% H O N-S?
v, R! o RS
R’ OOH OH \N’S‘R5
1 2a 2a’ 12
0.1 M R4 10
R4

Scheme 102. Optimised reduction of p-peroxyquinol 2a to p-quinol 2a’ using DMS.

Asymmetric synthesis of p-quinol 2a’

After optimising the reduction of p-peroxyquinol 2a, the aminalisation/Aza-Michael
addition was investigated (Scheme 103). 1,3-Oxazolidine 12a’a could not be formed in any of
the experiments: DMAP-catalysed reactions resulted in no conversion of starting material,

whilst Amberlyst-15 caused hydrolysis of the N-sulfinyl imine 10a and re-aromatisation to p-

cresol 1a.
OH
DMS (4 eq.), CDCl3
Dearomatisation rt,1h catalyst, temperature
B e - H O
(Chapter 3) >99% H O &
. St N—S(
R’ OOH OH O)\N >tBu o t-Bu
1 2a 22 oN 10a
0.1 M
12a’a NO,

Scheme 103. Attempted asymmetric synthesis of 1,3-oxazolidines 12a’a from p-quinol 2a’ and
N-sulfinyl imine 10a. X represents that no product 12a’a was formed in the reaction.
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7.5.Experimental procedures

Data collected for known compounds is consistent with the literature.

7.5.1. Reduction of p-peroxyquinol 2a

DMS, CDCly
r.t.
HOO HO
2a 2a’
0.1 M

Standard procedure: A stock solution of 0.1 M of p-peroxyquinol 2a (1.0 eq, 500 umol,
70.1 mg) and biphenyl (0.050 eq, 25.3 umol, 3.90 mg) in 5 mL of CDCl; was prepared. For
each set of tests, an NMR spectroscopy tube was filled with 0.7 mL of the stock solution,
containing 2a (1.0 eq, 70.0 umol, 9.81 mg), biphenyl (0.050 eq, 3.54 umol, 0.546 mg), and a
different amount of DMS was then added to the reaction mixture. The reactions were
performed at room temperature without stirring. *H NMR spectroscopy spectra were

recorded at different reaction times.

SET 1: 2.0 eq. DMS

e Reaction 1, Test 1: DMS (2.0 eq, 0.140 mmol, 10.0 pL). After 0.5 h of reaction, *"H NMR
spectroscopy = 81% yield of 2a’.
- Test 2: After 1 h of reaction, *H NMR spectroscopy = 97% yield of 2a’.

SET 2: 4.0 eq. DMS

e Reaction 2, Test 1: DMS (4.0 eq, 0.280 mmol, 20.0 uL). After 0.5 h of reaction, *"H NMR
spectroscopy = 93% yield of 2a’.
- Test 2: After 1 h of reaction, *H NMR spectroscopy = >99% vyield of 2a’.

SET 3: 6.0 eq. DMS

e Reaction 3: DMS (6.0 eq, 0.420 mmol, 30.0 uL). After 0.5 h of reaction, 'H NMR

spectroscopy = >99% yield of 2a’.

SET 4: 8.0 eq. DMS

e Reaction 4: DMS (8.0 eq, 0.560 mmol, 40.0 uL). After 0.5 h of reaction, 'H NMR

spectroscopy = >99% yield of 2a’.

SET 5:10.0 eq. DMS
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e Reaction 5: DMS (10.0 eq, 0.700 mmol, 50.0 uL). After 0.5 h of reaction, 'H NMR

spectroscopy = >99% yield of 2a’.

2393

4-Hydroxy-4-methylcyclohexa-2,5-dien-1-one 2a

HO ‘7
1H NMR (400 MHz, Chloroform-d): 6 6.86 (d, J = 10.1 Hz, 2H, 1/5), 6.05 (d, J = 10.1 Hz, 2H,

2/4),3.21 (s, 1H, 8), 1.44 (s, 3H, 7).
13C NMR (101 MHz, Chloroform-d): 6 185.9 (3), 152.8 (1/5), 127.0 (2/4), 67.2 (6), 26.8 (7).
HRMS (ESI) m/z calcd [C;Hs0,]* ([M + H]*): 147.0417, found 147.0408.
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7.5.2. Synthesis of 1,3-oxazolidine 12a’a from p-quinol 2a’ and (E)-2-methyl-

N-(4-nitrobenzylidene)propane-2-sulfinamide 10a

H 0
.
0 \N/ST< @:(H o 0 OH
OzN 10a o N/S\t-Bu /©)J\H
cDCly ON
OH 4d 1a
22’ 12aa  NO,

Standard procedure: (E)-2-methyl-N-(4-nitrobenzylidene)propane-2-sulfinamide 10a

(1.0 eq, 0.299 mmol, 76.0 mg) and catalyst were added to a solution of p-quinol 2a’ (1.0 eq,

0.264 mmol, 37.0 mg) in CDCls. The solution was stirred, resulting in a yellow reaction

mixture. *H NMR spectroscopy was recorded from a 0.6 mL sample, taken directly from the

reaction mixture.

SET 1: base catalyst DMAP

Reaction 1: 0.6 mL solution of 2a’ and DMAP (0.15 eq, 44.9 umol, 6.00 mg) at room

temperature. After 24 h of reaction, only starting materials were observed in the *H NMR

spectroscopy.

Reaction 2: similar conditions as Reaction 1, but DMAP (1.0 eq, 0.299 mmol, 37.0 mg). In
24 h of reaction, only starting materials were observed in the *H NMR spectroscopy.
Reaction 3: similar conditions as Reaction 1, but at 40 °C. After 24 h of reaction, only

starting materials were observed in the *H NMR spectroscopy.

SET 2: acid catalyst Amberlyst-15

Reaction 4: 3 mL solution of 2a’ and Amberlyst-15 (100% w/w, 37.0 mg) at 40 °C. After 1
h of reaction, *H NMR spectroscopy ratio 4d: 10a was 1: 9.5 and 1a: 2a’ was 1: 3.0.

Reaction 5, Test 1: same conditions as Reaction 4, with addition of 4 A molecular sieves

to the reaction mixture. After 1 h of reaction, *H NMR spectroscopy ratio 4d: 10a was 1:
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7.9, 1a: 2a’ was 1: 0.8.

Test 2: After 24 h of reaction, *H NMR spectroscopy ratio 4d: 10a was 1: 2.9 and 1a:
23’ was 1: 0.4.



8. Final conclusions and future work

The conclusions and future work for this Thesis will be depicted for each chapter based

on the aims outlined on Chapter 1 (Scheme 104), as repeated below:

Aim 1: To explore the applications of a custom-built high-pressure continuous flow

photooxidation system.

Aim 2: To conduct further studies on the photooxidation of p-substituted phenols 1 and

telescoped synthesis of 1,2,4-trioxanes 3 previously developed in our group.

Aim 3: To investigate the applications of photooxidation of p-substituted phenols in
telescoped syntheses of other molecular scaffolds with potential pharmaceutical interest

(1,4-benzoquinones 5, 1,2,4-dioxazinanes 6 and 9, and 1,3-oxazolidines 12).

-

(0]
H
R' j
o. .
AP s
3 © R (6]
Amberlyst-15
40 °C R
O%/RQ 0
4 et 5
(Chapter 4 - Aim 2) R o
OoH ‘é@ Re i R
N-
\\
0,, hv, TPFPP, CO, R2©/<’Ho7 . ¢<H 2/@
(ChCO-SOI;enIt\ 2 ""‘(chaptere-A\m 3) R1o N" S0
apter 3 - Aim / <
1 rd V<
W, “k ;\‘—S': R
e, - RS
8’62 10 o

DMS
r.t.

(Chapter 7 - Aim 3)

(Chapter 7 - Aim 3)

H O
N-S?
R' OH R', R®
R

4

C J

(Aim 1)
Scheme 104. Conclusion of the PhD Thesis highlighting the specific aims addressed in each chapter:
Chapter 3 — photooxidation of p-substituted phenols 1 to p-peroxyquinols 2 (Aim 2); Chapter 4 —
telescoped synthesis of 1,2,4-trioxanes 3 (Aim 2); Chapter 5 — telescoped synthesis of 1,4-
benzoquinones 5 (Aim 3); Chapter 6 — telescoped synthesis of 1,2,4-dioxazinanes 6 and 9 (Aim 3); and
Chapter 7 — telescoped synthesis of 1,3-oxazolidines 11 (Aim 3). Aim 1 is involved in all chapters. X
means that the product could not be formed.
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Chapter 3: Continuous flow dearomatisation of p-substituted phenols

using singlet oxygen in supercritical CO, (Aims 1 and 2)

OH
O, hv, TPFPP, CO,
MeOH, 40 °C
120 bar, 13 - 26 min
R OOH

R
1 2
7 examples
up to 99 % yield
up to 66 g/day
Scheme 105. The continuous flow photooxidation of p-substituted phenols 1 using singlet

oxygen in supercritical CO..

Aim 1: The high-pressure photooxidation flow system containing a sapphire
photoreactor was employed in the continuous flow dearomatisation of p-substituted
phenols 1 using singlet oxygen in supercritical CO,. This setup enabled a safe and effective
use of singlet oxygen by performing the photooxidation in a non-flammable solvent (CO;) in
a continuous flow regime, in which light penetration in enhanced and over-irradiation is

avoided.

Aim 2: This methodology previously developed in our research group®®? was further
explored: the scope of reaction was expanded from four to eleven p-peroxyquinols 2, with
yields and productivities of up to 99% and 66 g/day, respectively (Scheme 105). This was a
significant improvement when compared to projected productivities of 1.6 g/day and 12

g/day in previous works’” 169

The substituent effect on the phenol 1 was also investigated. The degree of substitution
did not have a significant impact on the yield, whereas the nature of the substituent, e.g. a
t-Bu group, had a notable negative effect on the yield when compared to a methyl
substituent. Steric hindrance and lone pair electron repulsion also had a negative influence
on the yield when different types of substituents were examined. In addition, protecting
groups such as tert-butoxycarbonyl (Boc) and methoxy (MeO) were not affected in the

reaction conditions.

During this work, numerous challenges were addressed including the concentration of
the starting solution, which was decreased depending on the solubility of the p-substituted
phenol 1 or the forming p-peroxyquinol 2. 4-(hydroxymethyl) phenol 1g caused blockage in

the system, so derivatisation was required to conduct the photooxidation. No
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photooxidation product could be synthesised when an electron-withdrawing group was

present at the para position in 4-hydroxybenzotrifluoride 1i.

Future work: To further increase the scale of this reaction, a larger photo reactor or
adding more photo reactors in series could be investigated. Although large quantities of p-
peroxyquinols should not be isolated due to potential explosion hazards, this would be
particularly interesting for multi-step synthesis as the p-peroxyquinols would be generated
and used in situ. However, care should be taken regarding the overall concentration of
oxygen and precipitation of solids during the process, as they can potentially cause
explosions or blockages. In addition, in-line analysis could be incorporated in the continuous
flow setup, such as high-pressure IR or NMR spectroscopy, to enable rapid analysis and
optimisation. Future investigations could also explore the different reactivities of the p-

peroxyquinol 2 building block, such as 1,2-addition to the carbonyl and cycloadditions.
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Chapter 4: Continuous flow telescoped synthesis of 1,2,4-trioxanes (Aims

1and 2)
OH
Oy, hv, TPFPP, CO,, Q Amberlyst-15, 0
EtOAc, HFIP (2 eq.) 40°C, 2.3 - 3.6 min
H
40 °C, 120 bar O« _R? o
17 - 26 min ~ R
1 R' OOH 4 .
! O
1 2 3
11 examples 8 examples
up to 99 % yield up to 98 % yield
up to 19 g/day up to 21 g/day

Scheme 106. The continuous flow telescoped synthesis of 1,2,4-trioxanes 3 from photooxidation
of p-substituted phenols 1.

Aim 1: The continuous flow telescoped synthesis of 1,2,4-trioxanes 3 was performed in
the high-pressure flow system, which was adapted to incorporate a thermo reactor (Scheme
106). The thermo reactor consists in a tubular reactor packed with an acid catalyst Amberlyst-
15 and glass beads to aid mixing. The outlet of the photo reactor containing p-peroxyquinols
2 would then flow through the packed bed reactor together with a solution of aldehydes 4

to promote the acetalisation/oxa-Michael addition cascade.

Additional investigations were conducted using three different designs of thermo
reactor in order to increase the yield for the acetalisation/oxa-Michael addition step.
Although a small increase in yield (10%) was obtained for a model reaction, these are

promising results for future reactor modifications.

Aim 2: The first step of the process had to be re-optimised due to solvent incompatibility
for the second step when MeOH was used as the co-solvent. Ethyl acetate with 2 equivalents
of HFIP was found to be the optimal condition to perform both steps in sequence. Eleven p-
peroxyquinols 2 were synthesised with yields of up to > 99%. Interestingly, 4-(4-
hydroxyphenyl)-2-butanone 2m bearing a ketone in para position spontaneously cyclised
into spirocyclic peroxyhemiacetal 2m’. Similar challenges associated with concentration of

starting solution and blockages caused by free benzylic group were addressed in this chapter.

Using the methodology designed in our research group,*>? eight 1,2,4-trioxanes 3 were
synthesised. The scope was explored with various p-peroxyquinols 2 and aldehydes 4
counterparts, with yields and productivities of up to 98% and 21 g/day, respectively.
Compared to previous methods in the literature,’®> 233 productivities were significantly

increased from < 300 mg/day to up to 21 g/day. Moreover, reaction times were efficiently
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decreased from 12-48 h to 3.6 min. This protocol also enabled a safer synthesis of 1,2,4-
trioxanes 3 by generating and reacting hazardous p-peroxyquinols 2 in situ. Toxic
halogenated solvents such as dichloromethane previously used, were substituted by CO,
with small quantities of co-solvent, minimising organic waste. Several challenges arose in this
step of the process. For instance, purification of 1,2,4-trioxane 3hc was attempted using flash
column chromatography, 2D thin layer chromatography and crystallisation, but were
unsuccessful. To facilitate isolation of the product, deprotection of the benzylic group in
1,2,4-trioxane 3hc using TBAF was attempted, but only decomposition was observed. Four
1,2,4-trioxanes (3cc, 3dc, 3hb, and 3mc) could not be synthesised either because of steric

hindrance, deactivation of the 2,5-cyclohedienone ring, or unfavoured transition states.

Future work: The scope of the 1,2,4-trioxanes 3 could be explored using aldehydes 4 and
p-peroxyquinols 2 bearing heterocyclic, electron-withdrawing, alkenyl, or alkynyl functional
groups. Further scaling-up and in vitro tests for antimalarial and anticancer activities of these
1,2,4-trioxanes 3 should be considered, as this would be of high interest for pharmaceutical
companies. Future studies could investigate additional functionalisation of these
compounds. For instance, it has been reported that the double bond in the enone ring of the
1,2,4-trioxane 3 can react in Diels-Alder cycloaddition to form tricyclic structures.3%® This
reactive site can also be brominated, epoxidised, or reduced.'*® Finally, the continuous flow
telescoped asymmetric synthesis of these 1,2,4-trioxanes 3 could be examined using, for

example, chiral phosphoric acid catalysts.?®
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Chapter 5: Continuous flow telescoped synthesis of 2-substituted 1,4-

benzoquinones (Aims 1 and 3)

OH (0} (0}
Oy, hv, TPFPP, Amberlyst-15,
COy, HFIP, 40 °C 20°C, 3-4.5min
120 bar, 26 min =Y
R R OOH 0
1 2 5
4 examples 4 examples
up to 99 % yield up to 83 % yield
up to 12 g/day up to 9 g/day

Scheme 107. The continuous flow telescoped synthesis of 2-substituted 1,4-benzoquinones 5
from photooxidation of p-substituted phenols 1.

Aim 1: A methodology was developed in the continuous flow high-pressure system for
the telescoped synthesis of 2-substituted-1,4-benzoquinones 5 from the photooxidation of
p-substituted phenols 1 (Scheme 107). Similarly to the synthesis of 1,2,4-trioxanes 3 in
Chapter 4, a tubular reactor packed with Amberlyst-15 was incorporated after the photo

reactor to promote the 1,2-alkyl shift of the para substituent on p-peroxyquinol 2.

Aim 3: Initial studies in batch to reproduce the conditions found in the literature®® for
the second step of the process were conducted using titanium chloride (TiCls) in
dichloromethane. However, only decomposition of p-peroxyquinol 2a bearing a methyl
substituent at para position was observed. Thus, a series of parameters were screened in
order to optimise the 1,2-alkyl shift of p-peroxyquinol 2a in batch: concentration of substrate,
temperature, acid catalysts and solvent systems. However, the best condition found using
Amberlyst-15 at 40 °C in either toluene/HFIP or EtOAc/HFIP only gave traces of 1,4-

benzoquinone 5a (5%).

In order to confirm if the quantification methods were accurate, volatility tests were
performed with 1,4-benzoquinone 5a. The tests proved that 5a co-evaporates with even mild
solvent removal techniques, such as N, blown down. Different quantification methods were
then compared, showing that HPLC and 'H NMR spectroscopy using internal standard

without solvent removal gave the same results.

When the substrate was changed to p-peroxyquinol 2n with an isopropyl at the para
position and optimisation of the reaction was carried out in batch, 1,4-benzoquinone 5n was
obtained in quantitative yields. Both the photooxidation of p-substituted phenol 1n and the
telescoped synthesis of 5n were conducted in the continuous flow apparatus, resulting in an

overall yield of 83% of 5n.
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In total, four 1,4-benzoquinones 5 were synthesised with overall yields and
productivities of up to 83% and 9 g/day, respectively. Compared to the procedure found in
the literature,?? this protocol is atom efficient, substituting t-BuOOH for molecular oxygen.
It is safer, as the p-peroxyquinols 2 are generated in small quantities at any one time and
reacted in situ in a non-flammable solvent CO,, instead of using large quantities of potentially
explosive t-BuOOH. The scale and reaction time was improved from 1.8 g/day in batch to up
to 9 g/day in a continuous flow regime with total residence time of 30 min. Moreover, the
second step is performed at ambient temperature instead of -78 °C; the solvent was
substituted for CO, with small amounts of HFIP as a co-solvent instead of dichloromethane;
and the toxic TiCls catalyst was replaced by Amberlyst-15, which is non-toxic and facilitates

downstream purification.

Future work: The scope of the synthesis of 1,4-benzoquinones 5 could be further
investigated with other p-substituted phenols 1. Previous studies have found that a similar
1,2-alkyl shift of the para substituent occurs with high regioselectivity resulting in 2-
substituted-1,4-benzoquinone 5. To test this hypothesis, p-substituted phenols 1 bearing
substituents at various positions should be tested. The migration of cyclic and spirocyclic
substituents could be interesting to investigate. Allylic and benzylic para substituents have a
strong ability to stabilise carbocations and are also potential candidates to be examined. The
synthesis of 1,4-benzoquinone 5a should be further optimised, since this strategy could be

applied on the total synthesis of natural products such as Vitamin K; or coenzyme Q10.

283



Chapter 6: Continuous flow telescoped synthesis of 1,2,4-dioxazinanes

(Aims 1 and 3)
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Scheme 108. Attempted continuous flow telescoped synthesis of 1,2,4-dioxazinanes 6 and 9
from photooxidation of p-substituted phenols 1.

Aim 1: The continuous flow telescoped synthesis of 1,2,4-dioxazinanes 6 and 9 was
designed to be performed in the high-pressure flow setup in two consecutive steps: first,
photooxidation of p-substituted phenols 1, as shown in Chapter 3; and second, an
aminalisation/aza-Michael addition cascade using either N-sulfonyl imines 7 or N-sulfinyl

imines 10, as shown in Scheme 108.

Aim 3: The second step of the racemic synthesis of N-sulfonyl-1,2,4-dioxazinanes 6 was
tested in batch with p-peroxyquinol 2a and two N-sulfonyl imines 7, which were previously
synthesised through condensation of sulfonamides 8 and aldehydes 4. Similar conditions

d242

reported by Rubush were reproduce using Amberlyst-15 as the acid catalyst, but no

product was formed.

The asymmetric synthesis of N-sulfinyl-1,2,4-dioxazinanes 9 was then attempted with p-
peroxyquinol 2a and N-sulfinyl imine 10a. After screening acid and base catalysts,
temperatures and solvent, no product was obtained. In acidic conditions using Amberlyst-15,
1,2,4-trioxane 3nd was formed instead. This is possibly due to a hydrolysis of N-sulfinyl imine
10a into aldehyde 4d, which then reacted with p-peroxyquinol 2a through an
acetalisation/oxa-Michael addition. Base catalysts only caused reduction of the p-

peroxyquinol 2a into p-quinol 2a’.

Future work: Further studies could be conducted in order to enable the
aminalisation/aza-Michael addition step. For example, N-sulfonyl imines 7 with different

combinations of electron-donating/withdrawing groups at their benzene rings could be
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tested, as only two were used in this chapter. Instead of N-sulfonyl imines 7, imines with N-
aliphatic substituents might enhance the nitrogen’s nucleophilicity for the following Aza-
Michael addition step and avoid steric hindrance issues. Additionally, N-sulfinyl imines 10
with a less strong electron-withdrawing group at the benzylidene ring could be interesting to
investigate, as the NO, substituent makes the N-sulfinyl imines 10 highly reactive and more
prone to hydrolysis. To avoid hydrolysis of both N-sulfonyl imines 7 and N-sulfinyl imines 10,
the experiments could be tested with thoroughly dried Amberlyst-15 to make sure that no

moisture is present in the system.
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Chapter 7: Continuous flow telescoped synthesis of 1,3-oxazolidines

(Aims 1 and 3)
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Scheme 109. Attempted continuous flow telescoped synthesis of 1,3-oxazolidines 12 from
photooxidation of p-substituted phenols 1.

Aim 1: The continuous flow telescoped synthesis of 1,3-oxazolidines 12 was designed to
be performed in the high-pressure flow setup. The proposed synthetic route would start from
the photooxidation of p-substituted phenols 1, as shown in Chapter 3, followed by reduction
to form p-quinol 2, which would then react with N-sulfinyl imine 10a in an aminalisation/aza-

Michael addition cascade, as shown in Scheme 109.

Aim 3: The second step, the reduction of p-peroxyquinol 2a, was the first to be
investigated in batch, giving quantitative yields of p-quinol 2a’ after optimisation of reaction
conditions reported in the literature using dimethyl sulfide as the reducing agent.3® The
third step of the synthetic route was then examined in batch with p-quinol 2a’ and N-sulfinyl
imine 10a using either an acid (Amberlyst-15) or base catalyst (DMAP), reproducing similar
protocols from the literature.?*! 3% However, 1,3-oxazolidine 12a’a could not be synthesised:
No reaction was observed when using DMAP, and Amberlyst-15 caused hydrolysis of N-
sulfinyl imine 10a. In addition, p-substituted phenol 1a was also identified in the reactions

using Amberlyst-15 due to a possible re-aromatisation.

Future work: the telescoped synthesis of 1,3-oxazolidines 12 could focus on using other
N-sulfinyl imines 10 bearing a neutral or electron-donating group in their benzylidene rings
at para position. This is because the N-sulfinyl imine 10a used possesses a nitro substituent
which is strongly electron-withdrawing, making this compound highly reactive and prone to
hydrolysis. A continuous flow telescoped synthesis of 1,3-oxazolidines 12 could be developed
using N-sulfonyl imines 7 instead of N-sulfinyl imines 10, as the reaction in batch has been
previously reported.?*" 3% For instance, the reduction of p-peroxyquinol 2a performed in
batch is promising to be transferred to the flow setup as it gave quantitative yields of p-quinol

23’ and the only by-product DMSO would not interfere in subsequent steps.
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8.1. Final words

Continuous flow photochemical processes have increasingly gained interest from both
the scientific community and industries as a rapid and safe enabling tool for the synthesis of
complex natural products and pharmaceutical compounds. However, the scalability of these
processes is still limited, and the development of new reactor designs is needed to enable

further breakthroughs.

In this PhD Thesis, the applications of high-pressure continuous flow photooxidations
using singlet oxygen in supercritical CO, were further explored using a custom-built high-
pressure flow system designed at the University of Nottingham. The photooxidation of p-
substituted phenols provided a platform for multigram-scale telescoped syntheses of 1,2,4-
trioxanes and 1,4-benzoquinones, both of which are scaffolds with potential medicinal
properties such as antimalarial and anticancer. Although attempts to synthesise 1,2,4-
dioxazinanes and 1,3-oxazolidines using this platform were unsuccessful, further studies
could be conducted to find suitable conditions for these reactions using imines with different

substituents whilst avoiding their hydrolysis.

As more studies are published showing the scalability, efficiency, and long-term cost
benefits of continuous flow photochemical reactions, | anticipate wider uptake of these
processes in chemical and pharmaceutical industries. In particular, | hope that industries
keep developing more atom efficient and sustainable synthetic routes, for example using

singlet oxygen as a traceless reagent and supercritical CO; as an alternative solvent.

Pruxra Ao
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